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Simple Summary: On the basis of the extensive literature, two main strategies have been used to
manipulate intestinal microbial composition and selectively stimulate the growth and activity of
certain species, these being the administration of either prebiotics or food supplements containing
living bacteria such as probiotics. Several animal studies have indicated that certain probiotics,
including Lactobacilli and Bifidobacteria, can suppress body weight gain in rodents, while some
probiotics strains have little effect or promote weight gain. The potential anti-obesity effect of
probiotics seems to depend on the strains used and the underlying mechanisms, leading to their
effects remaining not fully understood. It is in this context that this study was designed to investigate
the potential of two probiotics strains, these being Bifidobacterium animalis subsp. lactis BB-12® and
Lactobacillus plantarum 299v® in rabbits, whereby obesity and metabolic syndrome was first induced
in a first experiment, and the animals were then used in a second experiment to test the hypothesis
of probiotics effect on biochemical and morphometric parameters. The model of obesity induced
by giving a “cafeteria” diet for 14 weeks in this trial demonstrated a change in the biochemical and
morphometric parameters investigated in the ITELV2006 rabbit strain. This study revealed that B.
animalis subsp. lactis BB-12 and L. plantarum 299v strains could exert beneficial effects in reducing the
incidence of obesity and metabolic syndrome in the ITELV2006 rabbit strain.

Abstract: This study aimed first to develop an experimental model of obesity and metabolic syndrome
over 14 weeks using a diet called “cafeteria”, which is a high-fat diet, to evaluate its consequences on
the biochemical and morphometric parameters in ITELV2006 strain rabbits. Second, the trial aimed to
evaluate the effect of two strains of probiotics, these being Bifidobacterium animalis subsp. lactis BB-12®
and Lactobacillus plantarum 299v®, on the obesity and MetS induced during the first experiment.
Opverall, the results of the “cafeteria” diet demonstrated significant changes in numerous biochemical
and morphometric parameters, reproducing obesity and the main clinical manifestations of the
metabolic syndrome in humans. The administration of the two probiotic strains demonstrated an
impact on certain parameters of obesity and induced MetS. This study makes it possible to conclude
that probiotics could be useful in the treatment of obesity and metabolic syndrome of rabbits, but in a
dependent manner. Furthermore, this study evidenced the importance of selecting specific probiotic
strains and dosages to achieve desirable results on rabbits or other species.
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1. Introduction

In recent decades, the incidence of obesity has increased dramatically and it is be-
coming a real global epidemic and a major public health concern, with high prevalence
worldwide [1]. In 2016, the World Health Organization (WHO) reported that more than
1.9 billion human adults over 18 years of age were overweight; among these, 650 million
were obese. In addition, 38.2 million children under 5 years old were estimated in 2019
to be overweight or obese. In Africa, the number of overweight or obese children has
increased by almost 24% since 2000.

Multiple environmental and genetic factors are involved in the development of the
mechanisms of obesity, mainly caused by a pathological excess of fat mass [2—4]. In fact,
the increase of fat mass is a result of a chronic disparity in the energy balance and is due
to a radical change of diets and habits that is actually characterized by an increased con-
sumption of lipids, responsible consequently for the spectacular emergence of metabolic
syndrome disorder related to obesity [5-7]. However, it is worthy to note that this metabolic
syndrome disorder is a collection of cardiovascular and metabolic alterations such as ab-
dominal obesity, lowered HDL, elevated cholesterol and triglycerides, glucose intolerance
and hypertension. Similarly, the diagnostic requires that three of the five criteria mentioned
above have to be present [8]. On the other hand, intestinal microbiota is an additional
parameter described to be related with obesity and is believed to be one of the onset factors
causing the metabolic syndrome [2]. In fact, microbiota represents all the microorganisms
living in a specific environment (the gastrointestinal tract), which is composed of more than
100 billion organisms, mainly represented by bacteria [9]. Overall, microbiota improves the
ability to extract and store energy from foods [10].

The imbalances in the gut microbiota and the increase in plasma lipopolysaccharides
level may also act as inflammatory factors related to the development of glucose intolerance
and to body weight gain [2]. According to Tremaroli and Backhed [11], the intestinal mi-
crobiota has an impact on body weight. This causal relation between intestinal microbiota
and obesity was first demonstrated by Turnbaugh et al. [12] during intestinal transplan-
tation, where the authors noticed that the microbiota of obese mice could reproduce the
obese phenotype in a skinny mouse exempt of intestinal microbes. However, the exact
nature of the mechanisms and changes involved in the composition of gut microbiota
associated with obesity in humans and other animals remains controversial and is not fully
understood [13,14]. Within the extensive literature, two main strategies have been used
to manipulate the intestinal microbial composition and selectively stimulate the growth
and activity of certain species, these being the administration of either prebiotics or food
supplements containing living bacteria such as probiotics [15]. Probiotics are individual or
multiple living bacterial species, mostly used as feed additives, which can confer a health
benefit to the host by improving its microbial balance as well as by modifying the gut micro-
biota, therefore playing beneficial effects on lipid and glucose metabolism [16]. Probiotics
have numerous other functions, including maintaining normal intestinal microorganisms,
protecting animals against gastrointestinal disorders, increasing feed efficiency and body
weight gain, and improving immune system among others [17,18]. Accordingly, several an-
imal studies have indicated that certain probiotics, including Lactobacilli and Bifidobacteria
can suppress body weight gain in rodents [19-21], while some strains of probiotics have
little effect or promote weight gain [22-24]. The anti-obesity potential effect of probiotics
seems to depend on the strains used and the underlying mechanisms leading to their
effects remain unclear and worthy of investigation. Using animal models, fundamental
research has been able to investigate certain of those mechanisms underlying disease pro-
cesses such as obesity and metabolic syndrome disorder. Indeed, as herbivorous animals,
rabbits develop hyperlipidemia rapidly because they are sensitive to high-fat diets [25]
and have specific plasma lipid transfer protein (CETP) and low-density lipoprotein (LDL)
profiles [26]. In fact, due to the interesting physiological status in terms of lipoprotein
metabolism, rabbits are a good and emerging model to investigate obesity and metabolic
syndrome. However, this species has not been widely used under high-fat and high-sugar
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diets to induce obesity or metabolic syndrome disorder [27]. Thus, due to the lack of
studies on the impact of probiotics on the diversity of the gut microbiota of obese animals,
particularly on ITELV2006 strain rabbits, this study aimed to characterize an experimental
model of obesity induced by a diet called “cafeteria” and the different parameters defin-
ing metabolic syndrome. It further aimed to evaluate the main consequences on certain
biochemical and morphometric parameters of the ITELV2006 strain rabbits by testing the
effect of two strains of probiotics, these being Bifidobacterium animalis subsp. lactis BB-12°
and Lactobacillus plantarum 299v®.

2. Materials and Methods

This trial was organized in two experiments. Both of them were carried out according
to the Algerian guidelines for animal care and use. Experiment 1 aimed to first induce
obesity and deduce metabolic syndrome on the rabbits that were then characterized for both
blood biochemical and morphometric parameters. Experiment 2 used the obese animals
from the first experiment to evaluate the effect of two strains of probiotics on the same
parameters. Both experiments and all procedures were approved by the Scientific Council
of Institute of Veterinary Sciences School of Constantine at Université Freres Mentouri
Constantine 1, Algeria under the ethics code UNIV-VS-2019-005 and performed by fully
trained personal.

2.1. Experiment 1
2.1.1. Animals and Breeding Conditions

A total of 40 rabbits, 20 females and 20 males, from the line ITELV2006 were used. This
line was created by cross-breeding rabbits from the local Algerian population (Algerian
female) and the INRA 2666 strain as described by Gacem et al. [28]. Rabbits of 855 + 0.18 g
and same age (5 weeks) at the beginning of the experimental protocol were randomly
selected. The animals were placed in individual cages (40 cm x 98 cm x 57c¢m) arranged in
a flat deck layout to avoid competition between them in front of food. They were housed
in a room with appropriate humidity (50 £ 5%) and temperature (20 + 1.5 °C), and under
a cycle of 12 h controlled lighting. After an acclimatization period of two weeks during
which the animals were fed with a standard rabbit diet, they were then randomly divided
into equal numbered groups, with 20 rabbits per group, these being the normal control
group, “Control”, and the high-fat induced obesity group, “Obese”.

The rabbits of the “Control” group followed an appropriate “ad libitum” feeding,
corresponding to rabbits’ energy requirements for maintenance. The rabbits in the “Obese”
group were also all fed “ad libitum” for 14 weeks using the “cafeteria” diet. Briefly, this
feeding regimen is high in calories and fat, which induces over eating and provides the
animals with free access to ‘cafeteria-type foodstuffs’, which consists of ultra-processed
and energy dense foods known to provoke obesity. The diet is composed of 50% of the
standard diet and 50% of a mixture of food bought in the supermarket, consisting of paté,
biscuits, cheese, crisps, chocolate, peanuts with the respective proportions of 2:2:2:1:1:1
according to the protocol of Darimont et al. [29]. The caloric intake consists of 47% lipids,
27% carbohydrates and 26% proteins. In addition, food intake was recorded daily and
assessed with respect to the amount of the ingested feed for each rabbit.

2.1.2. Plasma Measurements

To evaluate the concentrations of important plasma biochemical parameters represen-
tative of hepatic, muscular, lipidic, and energetic metabolism, blood samples were taken
from all the rabbits from the atrial vein as in [30] prior to diet administration and during
weeks 8 and 14. After 7 h of fasting, samples were collected in heparinized tubes, stored on
ice and centrifuged (1500 rpm/15 min). The plasma was subsequently extracted and stored
at —80 °C until analysis. The fasting blood sugar (GLU), total cholesterol (TC), low-density
lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides (TG), creatinine (CREA),
total proteins (TP), albumin (ALB), aspartate aminotransferase (ASAT), alanine aminotrans-
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ferase (ALAT), alkaline phosphatase (AP) were carried out using an autoanalyzer (ADIVA
1800; Siemens, Berlin, Germany) [31].

2.1.3. Morphometric Measurements

Live body measurements were obtained on all rabbits by mean of a tape measure and
weighing scale prior to the administration of the experimental regime at day 0 (control)
and 8 and 14 weeks. Body weight and abdominal circumference were evaluated weekly
following the procedures previously described [30,32]. The Body Mass Index (BMI) for
each rabbit was computed using the following formula [33]:

BMI = Body weight (kg) [body length (m) x height (m)] ! (1)

2.1.4. Oral Glucose Tolerance Test (OGTT)

The Oral Glucose Tolerance Test or Oral Induced Hyperglycemia (OGTT) is a test that
assesses the ability of body of the animal to lower blood sugar levels after glucose loading.
After 16 h fasting [34], a 60% glucose bolus (0.6g/kg bodyweight) was administered by
gavage and blood samples were withdrawn from the marginal vein before and at different
times after injection (0, 30, 60, 90, 120 and 180 min) as previously described [30]. The OGTT
was performed at different times, before administration of the experimental regime at day
0 and during the 8th and 14th weeks with a glucometer Accu-Chek Performa® (Roche
Diagnostics, Penzberg, Germany) [30,35].

2.2. Experiment 2

This second part of the current trial, as stated above, examined the effect of two
strains of probiotics, these being Bifidobacterium animalis subsp. lactis BB-12 and Lactobacillus
plantarum 299v on the same biochemical and morphometric parameters described above
(experiment 1). Thus, at the end of the experiment 1, 18 rabbits from the “Obese” group
were categorized randomly using the standard = RAND() function in Microsoft Excel into
three sub-groups of six rabbits (three females and three males) by producing homogenous
new populations in terms of weight and Body Mass Index (data not shown). The obese
rabbits received probiotics diluted in 1 mL of sterile water by mouth (gavage), every day
during a period of one month following the procedure previously described [34]. Bifidobac-
terium animalis subsp. lactis BB-12® and Lactobacillus plantarum 299v® were purchased from
Chr. Hansen Holding A /S (Horsholm, Danemark) and probi AB (Ideon, Lund, Sweden),
respectively. The dose used in the present trial was equivalent to the recommended B.
animalis BB-12® (1 x 10° CFU/mL) and L. plantarum 299v® (1 x 10'° CFU mL) single daily
human dose by each laboratory. For a control test, samples from the water were verified by
plating on MRS medium under anaerobic condition, to confirm the viable count of both
strains, which contain a final dose of 1 x 10° CFU/mL and 1 x 1010 CFU mL, respectively.

A superiority trial approach was used to determine the efficacy of probiotics compared
to the control group. Therefore, the three new experimental groups created using the obese
rabbits from the experiment 1 were as follow:

(i) Group 1: Obese witnesses (TO) rabbits (1 = 6) used as control and without any
probiotic in their feed.

(ii) Group 2: Obese (OL) rabbits (n = 6) given 1 x 10'® CFU mL of Lactobacillus plantarum
299v® [36].

(iii) Group 3: Obese (OB) rabbits (1 = 6) receiving 1 x 10° CFU/mL of Bifidobacterium
animalis subsp. lactis BB-12% [35].

All rabbits were fed “ad libitum” with a standard diet during the one month of trial.
The morphometric and plasma measurements as well as OGTT were monitored at different
times, i.e., before the start of the administration of the probiotics, and 15 days and 30 days
after administration, following the methods described above.
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2.3. Statistical Analyses

All the statistical analyses were performed using XLSTAT 2018.1.1 (AddinSoft, Paris,
France). The accuracy of the data, the residues and thus the homoscedasticity of the
errors were checked with Levene’s and Breusch-Pagan’s tests, and the normality of the
error distribution was appraised using a Kolmogorov-Smirnov test. The analyses were
performed using the repeated measures analysis of variance (RMANOVA). The first model
tested the fixed effects of group (obese and control), sex (female and male) and time (8 and
14 weeks) and all interactions for the morphometric and plasma biochemical parameters
after induction of obesity in rabbits from the Experiment 1. The second model tested
the fixed effects of group (TO (obese control), OL (obese rabbits with L. plantarum 299v
probiotic) and OB (obese rabbits wit B. animalis subsp. lactis BB-12 probiotic)), sex (female
and male) and time (0, 15 and 30 days) and all interactions for the morphometric and plasma
biochemical parameters after probiotics supplementation in rabbits from experiment 2.
Least squares means were generated for all interactions and main effects analyzed in both
experiments. The results following multiple comparisons post-hoc (first with Bonferroni’s
test and then confirmed by Tukey test) were considered significant at p < 0.05. Values are
presented as means + SEM.

3. Results and Discussion
3.1. Experiment 1

The analysis of the biochemical and morphometric parameters at day 0, during (at
8 weeks) and after induction of obesity in the rabbits at 14 weeks made it possible to
observe significant differences (p < 0.001) that are described and discussed in the following
sections. In fact, the results of this first experiment showed that the cafeteria diet induced for
14 weeks caused a significant increase in the fasting blood sugar and the OGTT (p < 0.001),
as well as an alteration of the lipid profile revealed by a significant increase in triglycerides,
cholesterol and LDL (p < 0.001) and a significant decrease in HDL level (p < 0.001). Moreover,
no significant difference was observed for ASAT and ALAT. Significant increases in weight,
abdominal circumference, length, height, and BMI were also observed. The results of the
morphometric parameters revealed that there was a pre-obesity determined by a BMI > 30
(33.29 =+ 3.15 Kg/M?), an increase in weight (3804 + 345 g) and an abdominal circumference
>40 (47.1 £ 0.96 cm). In addition to these, the significant increase in fasting blood sugar,
OGTT, triglycerides, cholesterol and LDL together with the significant decrease in HDL
made it possible to confirm the occurrence of the metabolic syndrome.

3.1.1. Fasting Blood Sugar and Oral Glucose Tolerance Test

The comparison of the results of blood glucose level in the “obese” group to their
control littermates during the period of the trial is given in Figure 1. Furthermore, signif-
icant interactions were detected over time after obesity induction, especially within the
interaction group x time (p < 0.001) (Table 1). However, no significant differences were
found within males and females between the two groups.

Regarding OGTT results, normal blood glucose levels increased irrespective of the
sex in obese rabbits compared to the controls: 1.17 & 0.13 g/L in obese vs. 0.96 £ 0.14 g/L
for the controls at week 8 and 1.93 £ 0.11 g/L in obese vs. 0.98 & 0.07 g/L for the controls
at week 14 (based on mean values for both males and females). In addition, at the 8th
and 14th weeks, obese rabbits had higher blood glucose values and a lower rate of blood
glucose clearance compared to control animals, at all the times studied from 30 min to
180 min. OGTT test showed that animals in the control group had blood glucose levels
similar to normal values after 180 min (Figure S1). However, this parameter remains high
after 180 min in the obese rabbits at the 14th week compared to the controls (Figure S1).
Significant differences were found within groups and time from 0 to 180 min (p < 0.001),
and also one interaction for Time x Group, except at Tgp min (T, Tog, T120, T180; p < 0.001)
and T3 (p < 0.01), as depicted in Table 2. It is important to note that there was no significant
difference within males and females between the two groups.
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Fasting Blood Sugar

The results of this parameter indicated a slight increase in fasting blood sugar at
the 8th week, followed by hyperglycemia at 14th week in obese rabbits. This result is in
accordance with previous studies [30] that noted the occurrence of hyperglycemia when
New Zealand rabbits were subjected to a high-fat diet during 28 weeks. However, the
values obtained in the present study were different from those reported by Yin et al. [37],
who included 37% sucrose in the diet of New Zealand rabbits during a long period of
5 months. Furthermore, according to other earlier studies, there is no significant difference
in fasting blood sugar after the administration of high-fat and sucrose diets in the case of
Japanese white [38] and the male Watanabe heritable hyperlipidemic type rabbits [39].

OGTT

The defects in blood glucose regulation were observed as depicted by the OGTT results.
Indeed, the increase in fasting blood sugar after 180 min for the “obese” group reflects
the inability of the rabbit body to recover normal glucose levels. The precise mechanisms
of action underlying these anomalies are not completely understood [38]. For instance,
previous studies have shown that visceral adipose tissue in obese animals and humans can
cause an increased inflow of fatty acid throughout the portal vein into the liver as a result
of a high-fat diet, which may originate in an insulin resistance state [40,41]. In addition,
insulin resistance is characterized by a failure of cells and tissues to respond appropriately
to insulin in the presence of a normal concentration of insulin or as a normal response to
hyperinsulinism [42]. Other studies have reported that the adipocytes of obese rabbits are
larger than those of normal rabbits [43], which reduces their ability to absorb and oxidize
glucose in comparison to small adipocytes in presence of insulin [44]. These findings
may explain the hyperglycemia observed in the obese rabbits of the present study. An
earlier study by Saisho [45] reported that a period of around 100 days under a “cafeteria”
diet is capable of developing a state of pre-diabetes followed by alteration in both blood
sugar level during fasting and glucose intolerance. Certainly, even though rabbits did not
develop type 2 diabetes, the model could be useful to study the condition that precedes the
clinical manifestation of the pathology, allowing the identification of preclinical markers,
required for the detection of patients at risk.

2.5

*k%

m Control

m Obese
ns

Glucose (g/L)

0.5

0 8 weeks 14 weeks
Time

Figure 1. Comparison of fasting blood sugar of rabbits between control and obese groups at day 0
and at 8 and 14 weeks in experiment 1. Significances: *** p < 0.001; ns: not significant.
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Table 1. Results of the comparisons of the biochemical parameters for the effects of rabbit group (G), sex (S), time (T) and the interactions from experiment 1.

Control Obese Effects 2
Parameters 1 Sex
0 8 14 0 8 14 Group 3 Time Sex SxT GxT SxG GxTxS
M 1.02 be 093¢ 0.99 be 1.12be 1.18"P 1912
GLU g/L *k *ok x4k
8/ F 1.02 be 0.99 be 0.99 be 1.08 be 116" 1.96 2 ns ns ns ns
M 0.66 def 1.14 de 1.234d 0.46f 1.86 b¢ 2622
T L EXE) e XX
C (/L) F 055 1.17 de 1234 0.61 1.84°¢ 2443 s s s s
M 0.16 cde (.24 abe 0.29 ab 0.14 de 0.19 cde 0.17 cde
HDL (g/1) F 0.15¢cde  (p5abe 0322 0.14°¢ 0.19cde  q7ecde s s ns s
M 0.65 b¢ 0.78 be 0.95 be 0.64 bc 0.85 bc 1462
LDL L EXE e R
(/L) F 0.58 ¢ 0.86 b 0.86 b 0.65 b 1.01° 1484 ns ns ns ns
M 0.34°¢ 043¢ 0.49 € 0.28¢ 1.23b 3302
TG L Rk Rk *k%
(8/1) F 0.29°¢ 0.41°¢ 0.49 © 036 ¢ 121 3302 ns ns ns ns
M 487b 12.192 12572 5.01Pb 11.982 12.852
CREA L
(mg/L) F 556 12.46 2 12.76 5.06° 12.822 13.152 ns ns ns s s ns
TP(e/L) M 56.153¢ 569223k 5831abc  5504bc  g820c 79717 - ns s . s s
& F 48.25¢ 52.06 ¢ 59.01 abc 4959 ¢ 55.28 be 76.74 b
M 27.40 P 40.40 ab 40.76 ab 35.58 ab 45.56 2 45872
ALB (g/L - *
(8/1) F 37833 42923 4320ab  3p29ab  3795ab  3goyab ns ns ns s ns
M 43.85 44.89 4736 52.80 55.34 62.33
ASAT(UI/L) F 51.80 52.36 51.18 4156 4428 48.28 ns ns ns ns ns ns
M 47.58 47.92 47.07 46.39 47.75 47.66
ALAT(UI/L) F 45.74 45.89 45.41 46.11 48.15 47.89 ns ns ns s ns ns ns
M 0.94 0.96 1.03 1.13 1.15 1.29
ASAT/ALAT F 1.19 1.20 118 0.92 0.92 1.03 ns ns ns ns ns o ns
M 203.00 2 93.40 ¢ 91.20 ¢ 189.50 @b 92.90 ¢ 105.40 be
AP (UI/L1) F 16670 9200¢  100.00P¢ 176907  98.40Pc  106.20 b ns - s s s s s

! Abbreviations: GLU: Fasting blood sugar, TC: Total Cholesterol, HDL: High-Density Lipoprotein, LDL: Low-Density Lipoprotein, TG Triglycerides, CREA: Creatinine, TP: Total Protein, ALB: Albumin, ALAT:
Alanine Aminotransferase, ASAT: Aspartate Aminotransferase, AP: Alkaline Phosphatase. 2 Significances: ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001. The parameters in each row (for males and
females) not followed with the same superscript letters are significantly different (p < 0.05). 3 Control rabbits versus obese rabbits (with hyper caloric and hyper lipidic rich diet).
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Table 2. Variations of Oral Glucose Tolerance Test (OGTT) evaluated over time on the rabbits in experiment 1 and effects of group (G), sex (S), time (T) and the interactions.

Parameters ! Sex Control Obese Effects 2

0 8 14 0 8 14 Group 3 Time Sex SXxT GxT SxG GxTxS
commen Y ED 0P fel e fm ol v v m m e w e
commwn Y IRTOAELOMML el WL e e m w e
T T L
T
commmn YT MW M e e w m e w ow
I

1 OGTT = Oral Glucose Tolerance Test evaluated at 0, 30, 60, 90, 120 and 180 min. 2 Significances: ns: not significant; **: p < 0.01; ***: p < 0.001. The parameters in each row (for males and females) not followed

with the same superscript letters are significantly different (p < 0.05). 3 Control rabbits versus obese rabbits (with hyper caloric and hyper lipidic rich diet).
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3.1.2. Lipids

A significant increase (p < 0.001) was recorded from the 8th and the 14th week in
the “obese” group compared to the controls for total cholesterol (TC) (Figure S2A), LDL
(Figure S2B) and triglycerides (TG) (Figure S2C). Inversely, a significant decrease (p < 0.001)
in HDL was observed for the obese rabbits (Figure S2D). Furthermore, significant inter-
actions for LDL, HDL, total cholesterol and triglycerides were observed over time for the
“obese” group from the 8th until the 14th week (Time x Group, p < 0.001) (Table 1). As for
the results above concerning glucose and OGTT, no significant difference (p > 0.05) was
found between males and females of the two groups.

The obesity caused by the “cafeteria” diet led to dyslipidemia. These results are in
agreement with those described in similar studies to our trial [30,46], which observed that
both triglycerides and cholesterol levels are higher in obese rats and rabbits compared
to controls littermates that were subjected to a standard diet. Similar effects on blood
cholesterol level of rabbits fed high-fat and cafeteria diets were also observed in other
studies [47,48], Thus, the hyperlipidemia observed when rabbits were fed the “cafeteria”
diet can be explained by both the high fat content of the diet and its caloric content released
from fat [27]. Among all macromolecules, fat is an ester generally known as a triglyceride
composed of three chains of fatty acids and glycerol. Large amounts of glycerol and fatty
acids are freely mobilized in the bloodstream. Fatty acids are also the main substrates for
the production of Very Low-Density Lipoprotein (VLDL) and Low-Density Lipoprotein
(LDL) in the liver [49]. These changes in the composition of lipoproteins are well known to
be related to an increase in the activity of hepatic 3-hydroxy-3-methylglutaryl coenzyme A
reductase, an enzyme involved in the synthesis of cholesterol. Thus, most free fatty acids
are synthesized in the liver and adipose tissue to form new triglycerides or new fat reserve,
a metabolic event known as lipogenesis [50].

3.1.3. Total Protein, Creatinine and Albumin

A significant increase in the total protein level was observed for the “obese” group
(p < 0.01) at the 14th week (p < 0.001) (Table 1). Creatinine increased also significantly
(p <0.001) at both the 8th and the 14th week (Table 1). Furthermore, a significant difference
in albumin levels was found over time within all the animals (p < 0.01) (Table 1). It is
important to note that no significant difference was detected within males and females
between the obese and control rabbits.

The increase in total proteins in obese rabbits from the 8th to thel4th week of this
trial was not due to an increase in albumin for which we observed constant concentrations
in both rabbit groups. We might partly attribute this increase to an increase in globulins,
which have recently been found to be linked to the development of type 2 diabetes [51].
Therefore, they have been suggested as biomarkers for the development of hepatic fibrosis
in patients with non-alcoholic fatty liver disease [52]. The results observed in this trial
are similar to the results reported in previous experiments [30]. For example, in this latter
study, the authors induced obesity in New Zealand rabbits using a diet with high in fat
and sucrose.

The increase in the level of albumin and creatinine from the 8th until the 14th week,
for all the rabbits, may be on the other hand a consequence of age effect. Accordingly,
animals displayed low values compared to aged animals during the weeks following
the experiment [53,54]. Some trials suggested that a significant relationship might exist
between weight and creatinemia ratio [55].

3.1.4. Aspartate Aminotransferase (ASAT) and Alanine Aminotransferase (ALAT)

In the present study, no significant differences (p > 0.05) in ASAT, ALAT, and the
ASAT/ALAT ratio were found between the two groups over time (Table 1). However, a
significant difference was observed for sex x group interaction for ASAT and ASAT/ALAT
ratio (p < 0.001).
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According to Zhao et al. [38], the activity levels of ALAT, ASAT and the serum
ASAT/ALAT ratio are those commonly used specifically to identify liver damage in domes-
tic animals and to detect biliary obstruction (mild and progressive liver damage). Thus, the
non-modification of these blood parameters between the two groups during the 14 weeks
of the experiment can be for instance explained by the absence of liver damage. However,
it is worthy to note that the findings of a study similar to the experimental design of
our trial [30] showed a significant increase in ASAT and ASAT/ALAT ratio, but after a
longer period of 28 weeks of induction using a diet rich in fat and sucrose [30]. Based on
previous statements, the results observed in our trial may be related to the extent of the
administration of the diet [56].

3.1.5. Alkaline Phosphatase

For this important biochemical parameter, a significant decrease in alkaline phos-
phatase was observed at the 8th and 14th weeks for all the rabbits (p < 0.001) (Table 1), but
without any effect of sex, whatever the group. Alkaline phosphatase is known to have high
activity in cartilage undergoing endochondral ossification [57,58]. This enzyme plays also
a pivotal role in the process of hard tissue mineralization [59,60], therefore explaining the
higher levels observed in young rabbits currently being in growth at the beginning of the
experiment (7 weeks), compared to adults at the end of the first experiment (4 and a half
months). Our findings are further in agreement with previous experiments that reported
no sex effect on alkaline phosphatase [55].

3.1.6. Morphometric Parameters

A significant increase (p < 0.001) was observed in the “obese” group for abdominal
circumference, BMI, weight and abdominal circumference/length ratio (Table 3). However,
no significant difference (p > 0.05) was noted for length and height. At the 8th week, signifi-
cant differences were observed for all the morphometric parameters evaluated in this study
(Table 3). Inversely to the biochemical parameters, significant differences were detected for
females for BMI (p < 0.01) and weight (p < 0.001) (Table 3). Interactions of time x group
were found for abdominal circumference (p < 0.001), abdominal circumference/length ratio
(p < 0.01) and of time x sex for weight (p < 0.001) (Table 3). The weekly monitoring of
body weight for 14 weeks, in the two groups of rabbits allowed us to evaluate in a precise
manner the weight gain during this induction period. We can observe, as expected, a
progressive and significant weight gain within both groups (control and obese). However,
the rabbits of the “obese” group and whatever the sex showed a greater increase in body
weight compared to their littermates (3310 £ 280 vs. 2191 £ 258 g, p < 0.001) at the 8th
week. At the end of the 14th weeks of the trial, this increase stills significant and reached
3804 + 345 g for the obese compared to the control (p < 0.001) (Figure 2).

The induction of obesity in the present study was characterized by an increase in
body weight in rabbits fed the “cafeteria” diet, compared to control rabbits fed a standard
diet. Indeed, a respective increase of 58 and 61% of the body weight and the BMI was
observed at week 14, showing that the rabbits were in moderate obesity and far from a
severe degree of obesity. Similar findings were observed by Carroll et al. [61] with around
45% increase in body weight in young male rabbits fed a high-fat diet, while Arias-Mutis
and co-workers [30] found a weaker increase of 24% and 22% of body weight and BMI,
respectively, in adult New Zealand rabbits. Further data indicated that an induced high-fat
diet for almost two months might cause an increase in food intake, body weight and
accumulation of lipids in adipose tissue [62]. In contrast, Brunner et al. [63] did not observe
any significant difference in weight of the rabbits that were fed a diet rich in fat.

Our study also revealed a significant increase in the abdominal circumference and
the abdominal circumference/length ratio. According to Hariri et al. [64], the fatty acid
composition of foods can play a role in the regulation of body weight. Studies in both
animals and humans have shown that polyunsaturated fatty acids are more easily used as
fuel, while saturated fatty acids are more likely to be accumulated in fatty tissue. Therefore,
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the gain in body weight may be in part explained by the increase in abdominal fat mass [30].
Similarly, the significant differences detected in females for BMI and weight can be related
to a predominance of obesity in females compared to males. Indeed, estrogen in females
facilitates the storage of fat [65].
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Figure 2. Comparison and evolution of weight of the rabbits between control and obese groups at
DO, 8 and 14 weeks in experiment 1. Significances: *** p < 0.001; ns: not significant.

3.1.7. Overall Discussion of the Impact of Cafeteria Diet

The results of the first experiment (induction trial) showed that the high-fat and high-
calorie “cafeteria” diet administered for 14 weeks was well tolerated by the rabbits. In
fact, the weight of the rabbits gradually increased until the end of the induction protocol,
which made it possible to detect central obesity, a state of pre-diabetes characterized by
impaired fasting blood sugar, a worsening of the glucose intolerance and an alteration of
the lipid profile revealed for instance by an increase in triglycerides, cholesterol and LDL
and a decrease in HDL.

Many researchers have used different high-fat diets with levels varying between 10
and 60% to induce obesity and MetS in experimental models and their ability to induce
obesity has been demonstrated by numerous studies [26,66,67]. For example, Zarzoso
etal. [32] fed the rabbits with a high-fat diet for 18 weeks and revealed that the body weight
and blood sugar level were higher in the high-fat diet group compared to the control
rabbits. Other studies in rats have shown that a 64% high sugar (sucrose) level in the diet
does not lead to a difference in weight even until a period of 80 days after the beginning of
the diet [68]. Another study by Romestaing et al. [69] showed that the use of diets enriched
with coconut oil or butter does not induce obesity but induce an increase in adipose mass
after 14 weeks. In addition to the above, another earlier study comparing the effect of
45% High-Fat Lard diet versus to “cafeteria” diet in male rats revealed, in agreement with
our findings, an increase of body mass in animals fed with the cafeteria diet. Indeed,
after 7 weeks of diet, the animals of the “cafeteria” group presented hyperinsulinemia,
glucose intolerance and insulin resistance compared to the animals of the High-Fat Lard
group [70]. It is worthy to note that these authors observed marked obesity in the animals
of the “cafeteria” group compared to animals fed the Lard diet. Overall, our results, and in
comparison to the extensive literature, demonstrate that the “cafeteria” diet used in this
trial is an ideal model for causing obesity.

3.1.8. Overall Discussion Concerning the Induction Obesity and Metabolic Syndrome

In this first experiment, the use of the “cafeteria” diet for 14 weeks induced, according
to Grundy [8], moderate obesity, and consequently a metabolic syndrome, as evidenced
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by four parameters of five tested, including (i) abdominal obesity, (ii) dyslipidemia with a
decrease in HDL, (iii) an increase in total cholesterol, triglycerides and LDL, and (iv) glucose
intolerance and pre-diabetic condition. The results obtained in our study are similar to the
criteria that have been established in humans for the diagnosis of metabolic syndrome [71].
Hepatic steatosis is not included in the MetS diagnostic criteria, but often follows the results
of the metabolic abnormalities. Other results [72] demonstrated that MetS was developed
upon hyper-triglyceridemia, a decrease of HDL and glucose intolerance in male rats fed
the cafeteria diet during a period of 3 months.

3.2. Experiment 2

The results showed an improvement from day 15 of the administration of probiotics
for the two groups (OB and OL) compared to the control group, on the parameters of
obesity and metabolic syndrome induced during the first experiments. Thus, a significant
decrease in fasting blood sugar (p < 0.001), OGTT (p < 0.05), total cholesterol (p < 0.001),
triglycerides (p < 0.01) and LDL (p < 0.001), a significant increase in HDL (p < 0.05) and a
significant decrease in weight (p < 0.05) (3523 + 521 g for the OL group and 3498 + 117 g
for OB), abdominal circumference (p < 0.05) (46 & 1.36 cm for OL and 45 =+ 1.33 cm for OB),
and BMI (p < 0.05), by increasing the time of exposition to the probiotics. In contrast, no
significant difference was observed between the two probiotics. The biochemical markers
and morphometric parameters evaluated for the three groups of rabbits, after 4 weeks of
administration of the probiotics are reported in Table 4 and Table 6.

3.2.1. Fasting Blood Sugar and Oral Glucose Tolerance Test

Our findings revealed that blood glucose level decreased significantly (p < 0.05) in the
OL and OB groups compared to the control group (Table 4). Moreover, a greater decrease
was observed for the OB group for which a B. animalis subsp. lactis BB-12 probiotic was
administered. This was found to be highly significant from the 15th until the 30th day after
the administration of the probiotics (p < 0.001), particularly for the OB group, irrespec-
tive of the sex, at day 30 (p < 0.01) compared to the control group (1.7 = 0.12 control vs.
1.68 + 0.12 (OL) vs. 1.59 &+ 0.17 g/L (OB) from the 15th day and (1.64 £ 0.10 control
vs. 1.42 £ 0.10 (OL) vs. 1.34 &+ 0.06 g/L (OB)) on the 30th day, as clearly depicted in
Figure 3. For this parameter, a significant time x group (p < 0.01) interaction was found
(Table 4), but no significant difference was observed between the females and male what-
ever the group.
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Figure 3. Comparison of fasting blood sugar of rabbits between control obese rabbits and treated
groups with probiotics at DO, 15 and 30 days in experiment 2. Significances: ** p < 0.01; ns: not
significant. Groups: TO: Control Obese; OB: Obese + Bifidobacterium animalis subsp. lactis BB-12
probiotic; OL: Obese + Lactobacillus plantarum 299v probiotic.
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Table 3. Results of the comparisons of the morphometric parameters for the effects of rabbit group (G), sex (S), time (T) and interactions from experiment 1.

Control Obese Effects !
Parameters Sex
0 8 14 0 8 14 Group 2 Time Sex SxT GxT SxG GxTxS
Length (cm) M 38.40P 43902 44502 38.90 b 43502 44,602 s s s s s s
F 39.40b 43502 44502 38.40P 43.702 45402
Height (cm) M 20004  2350¢  2600% 19709  2340°¢  2520% ns ns ns ns ns ns
F 19.904 24.00bc 25404 19.90 4 23.10°¢ 25.70 2
Abdominal Circumference M 3080¢  41.80°  4210b° 30809  4330°  46.90° ns ns s ns
(cm) F 31204 40.60 © 43.10° 31.204 42.80 be 47302
Abdominal M 0.80 ¢ 0.95° 0.95P 0.79°¢ 1.00 3 1.052 s s » s s
Circumference/Length ratio F 0.79 0.93b 0.97° 0.81°¢ 0.98 2b 1.052
M 1.99¢ 20.09 be 18.49°¢ 12344 32.632 32.682
3 2 *kk paes *%
BMI* (kg/m”) F 215¢  2221bc  2309b 13264 32892 33922 ns ns ns ns
. M 996 © 2064 4 21384 944 e 3308 b 3665 ab
W ht R R H4F EE e
eight () F 969 © 2318<d  2613°¢ 1004 € 3311P 3943 2 s ns

! Significances: ns: not significant; **: p < 0.01; ***: p < 0.001. The parameters in each row (for males and females) not followed with the same superscript letters are significantly different (p < 0.05). 2 Control

rabbits versus obese rabbits (with hyper caloric and hyper lipidic rich diet). > BMI: Body Mass Index.
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Table 4. Effects of the two probiotics strains supplementation on the biochemical parameters of the obesity and metabolic syndrome in rabbits including comparison of rabbit group (G),
sex (S), time (T) and the interactions from experiment 2.

1 TO OB OL Effects 2
Parameters Sex
0 15 30 0 15 30 0 15 30 Group®  Time Sex SxT GxT SxG GxTxS
M 1.832 1.72b 1.58 be 2012 1.59¢ 1.304 1942 1.73 be 1424
GLU L * *%% *%
8/ F 1.95a 1.72b 1.72b 1914 159 ¢ 1384 2.042 1.64b¢ 1434 ns ns ns ns
M 2.022b 1.85be 1.76 be 2.462bc 1.86 bc 1.474d 2.032 1.89 be 1514
TC L 3% AN XT3
(8/1) F 2892  2453bc  p43be  p57ab  {7ybe 1594 202ab  1g80be 1.574d ns s ns ns
HDL (/L) M 0.15° 0.212b 0.222b 0.212b 0.19 % 0.24 2 0.172 0.23 b 0.272 s . ns ns s s s
& F 0.202b 0.18 2P 0.17 2 0.172b 0.17 2 0.212b 0.19 2P 0.212b 0.202b
M 1.44° 1.37 be 1.20 be 1.552 0.934 0.824 1.44° 0.984 0944
LDL L % %% *
(/1) F 1422 125bc  121be 1,502 1.00 4 0.92 4 1.462 0.84 4 0.76 s s s ns
TG /L) M 3.75 2.94 2.73 2.85 2.93 257 3.53 230 2.04 s . s s s s s
& F 3.08 2.67 2.83 2.83 243 2.03 2.83 2.70 222
CREA (mg/L) M 13.13 12.78 12.77 12.64 12.69 12.60 13.69 13.65 13.65 s . s s s .\ s
& F 13.00 12.97 12.91 12.85 12.76 12.47 12.18 12.18 12.09
TP /L) M 79.51 65.33 64.33 78.40 68.67 68.01 66.33 67.00 68.76 s s . s s s s
& F 68.13 88.43 88.60 84.37 82.40 66.21 89.33 81.33 69.48
ALB (2/1) M 47.36 42.05 42.05 44.06 4317 43.00 38.67 38.73 38.75 s s s s s s s
& F 41.18 4223 4223 36.24 40.60 39.07 46.16 45.40 45.40
M 61.90 53.33 51.14 48.75 49.93 49.13 4753 46.67 47.90
ASAT (UI/L) F 47.10 55.33 54.00 59.13 57.83 55.40 62.73 61.30 49.83 ns ns ns ns ns ns ns
M 47.59 46.25 47.50 52.30 42.74 41.36 4541 4258 4258
ALAT (UI/L) F 45.13 48.62 4723 47,53 51.48 52.80 49.02 50.10 50.10 ns ns ! ns ns ns ns
M 1.32 1.19 1.08 1.00 1.18 1.20 1.09 1.11 1.13
ASAT/ALAT F 1.06 1.14 1.17 1.23 1.15 1.06 1.26 1.25 1.01 ns ns ns ns ns ns ns
AP (UL/L) M 102.2 104.0 103.0 107.5 100.6 99.0 99.6 100.3 101.3 s s s s s s s
F 102.0 105.0 105.0 104.0 104.3 105.6 108.0 106.6 104.6

! Abbreviations: GLU: Fasting blood sugar, TC: Total Cholesterol, HDL: High-Density Lipoprotein, LDL: Low-Density Lipoprotein, TG Triglycerides, CREA: Creatinine, TP: Total Protein, ALB: Albumin, ALAT:
Alanine Aminotransferase, ASAT: Aspartate Aminotransferase, AP: Alkaline Phosphatase. 2 Significances: ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001. The parameters in each row (for males
and females) not followed with the same superscript letters are significantly different (p < 0.05). > Groups: TO: Control Obese; OB: Obese + Bifidobacterium animalis subsp. lactis BB-12 probiotic; OL: Obese +
Lactobacillus plantarum 299v probiotic.
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The OGT test was performed during and after the administration of the probiotics for
4 weeks. On day 0, the fasting glucose level of all the obese rabbits was high, then a small
decrease in glycemia was observed for the OB and the OL groups compared to the obese
control animals from the 15 days (Figure S3A). The OB rabbits showed lower blood glucose
values than the OL rabbits at all-time points studied after 30 min of glucose, and this from
the 15th until 30th day (Figure S3). At 180 min, the OB and OL groups showed blood
sugar levels below the baseline compared to the control group after 15 days (Figure S3F).
Further significant differences (Table 5) were observed within the group for OGTT at 0 min
(p < 0.001) for the OB and OL compared to the control and OGTT at 120 min (p < 0.05) for
the OB group compared to the control and OL groups. For this parameter, a sex effect was
identified at TO (p < 0.001), T30, and T180 min (p < 0.01). The sex x group interaction for
OGTT was only significant at 0 min (p < 0.01), 60 min (p < 0.01) and 120 min (p < 0.001)
(Table 5).

Fasting Blood Sugar

The level of fasting sugar in the blood decreased significantly in the OL and OB groups
compared to the control group. These results are consistent with those obtained by Zhang
et al. [35] in diabetic animal models during the administration of L. plantarum strain 299v
(5 x 107 CFU/mL). These results are also similar to those of other studies, and for example
to those of Tonucci et al. [73] who noted a significant decrease in fasting blood sugar in 50
individuals following the administration of L. Acidophilus La-5 (10° CFU) and B. Animalis
subsp lactis BB-12 (10 CFU/mL) in fermented milk for up to 6 weeks.

OGIT

The OGTT results allowed us to see that the fasting blood sugar levels are lower after
the administration of probiotics in the OB and OL groups at 120 min compared to the
control, but they remain non-significant. Glucose elimination curves (Figure S3) were
similar for the two groups, indicating reduced but non-significant glucose intolerance for
the OB group more than the OL group at all the times from 0 to 180 min. These results
are in agreement with those reported in some studies such as Sato et al. [74] who found a
non-significant reduction in OGTT in rats that consumed L. gasseri SBT 2055 at 107 CFU/mL
for 4 weeks. Similarly, the impact was not very clear using the same strain, from the study
by Hamad et al. [75]. The administration of four Bifidobacteria strains named L66-5, B.
L75-4, B. M13-4 and B. FS31-12, respectively, at 108 CFU/mL for 6 weeks in male rats made
it possible to obtain similar conclusions [76]. Other studies have shown that a 6 week
treatment with B. animalis ssp. lactis 420 at a level of 10° CFU significantly improved glucose
tolerance in mice fed a high-fat diet [77]. According to these authors, a supplementation of
Lactobacillus to a high-fat diet improved glucose tolerance in mice only after 18 weeks of
use. However, no significant difference was observed after 4 weeks of this same study. The
mechanisms underlying this hypoglycemia effect remain unclear. According to Tremaroli
and Béckhed [11], butyrate is produced by the microbiota during the fermentation process
of non-digestible polysaccharides. This molecule functions as an important source of
energy for intestinal epithelial cells [78]. Butyrate also has an impact on metabolism, as
it has a suppressive effect on the oxidation of glucose in the intestinal cells of rats [79].
This implies that butyrate influences the amount of glucose that is metabolized into energy
and the amount converted into fat. It can further affects metabolism by increasing energy
expenditure, improving insulin sensitivity and anti-inflammatory properties [80]. An
interesting study [81] supports these statements, finding that obese individuals had a
reduced concentration of butyrate-producing bacteria compared to lean individuals.
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Table 5. Variations of OGTT evaluated on the rabbits over time in experiment 2 and effects of group (G), sex (S), time (T) and the interactions.

Parameters ! TO OB OL Effects 2
0 15 30 0 15 30 0 15 30 Group®  Time Sex SXT GxT SxG GxTxS
L T vy v v S
OGTTMM@E/M % 336 am 33 a9 ss s am  am  aw ™ ™o omoomoomomow
e A N A T T
carmoen Y3 34 mm o w2 M W e o w ow oww
L o T L
OGTI(MSN 6/} 1 1 1% 1 ie 1o T 1#  ow ™ ™ v mo o omoom o ons

1 OGTT = Oral Glucose Tolerance Test evaluated at 0, 30, 60, 90, 120 and 180 min. 2 Significances: ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001. The parameters in each row (for males and females) not
followed with the same superscript letters are significantly different (p < 0.05). 3 Groups: TO: Control Obese; OB: Obese + Bifidobacterium animalis subsp. lactis BB-12 probiotic; OL: Obese + Lactobacillus plantarum

299v probiotic.
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3.2.2. Lipids

The treatment with probiotics allowed us to see that there is a significant decrease of
total cholesterol (p < 0.001), triglycerides (p < 0.01) and LDL (p < 0.001) and a significant
increase in HDL (p < 0.05) from the 15th day upon the administration of probiotics (Table 4).
However, no significant difference was observed between the OL and OB groups and
between males and females (Table 4). According to an earlier study [36], a significant
reduction in total cholesterol was observed after the use of the strain L. plantarum 299v
at 5 x 107 CFU/mL during 6 weeks. However, insignificant values were recorded by
others [77] for triglycerides and HDL levels between groups that received B. animalis ssp.
lactis 420 with a dose of 10° CFU for 6 weeks. In rats, a weak effect was observed on
triglycerides between the control group and those that consumed L. gasseri SBT2055 at
10”7 CFU/mL for 4 weeks [75]. Overall, several studies have evidenced that probiotics
have hypercholesterolemia effects in rats and humans, such as B. Bacteriumlongum BL1 [82]
and L. plantarum MAZ2 [83]. Meanwhile, a reduction in total cholesterol and triglyceride
levels and an increase in the high density lipoprotein/low density lipoprotein (HDL/LDL)
ratio was observed in male rats following administration of several Bifidobacteria strains
at 108 UFC/mL for 6 weeks [76]. Thus, one can suggest that the mechanisms involved in
improving the lipid profile, in particular cholesterol and its fractions may be related only to
some probiotics strains, and further studies are needed to better understand the underlying
pathways of this dependency association. It is also important to mention that certain strains
of probiotics are able to incorporate cholesterol into bacterial cells, to hydrolyze bile salts
or to inhibit hydroxylmethylglutaryl-CoA, the enzyme limiting the rate of cholesterogenes,
thereby reducing plasma cholesterol [84].

3.2.3. Creatinine, ALB, PT, ASAT, ALAT and AP in Experiment 2

Our findings revealed that there is no significant difference (p> 0.05) between the
three groups for CREA, ALB, PT, ASAT, ALAT, ASAT/ALAT ratio and AP. However, we
observed a significant decrease in males for total protein and ALAT (p < 0.05). In addition, a
significant and weak sex x group interaction was detected for creatinine (p < 0.05) (Table 4).
Our findings are overall in accordance with those of earlier studies [85-87], who reported
that the levels of total serum proteins, albumin, globulin and AP, of rabbits given probiotics
were not affected. In a similar experimental design to our trial, a study [88] reported
non-significant results in the levels of creatinine in New Zealand rabbits that consumed
multiple doses of anaerobic probiotics during a period of 56 days. On the other hand, the
rabbits of our trial did not exhibit liver damage, because none of the blood metabolites
were altered among the groups that received the probiotics. Importantly, our findings
agree with the no effect observed for ASAT and ALAT, as well as the ratio of ASAT/ALAT
values, in rats consuming L. gasseri SBT2055 at 107 CFU/mL for up to 4 weeks [75]. The
significant but weak (p > 0.05) difference observed between the males and the females
for total proteins is in agreement with the study of Elamin [55], which reported that the
concentration in rabbits was less significant in males over 5 months compared to females
of the same age.

3.2.4. Morphometric Parameters

In this second experiment, and from day 15 to 30 after the administration of probiotics,
abdominal circumference, BMI and body weight induced by the cafeteria diet from the
experiment 1 were significantly reduced by time of exposition (p < 0.05). In fact, the groups
of rabbits that were fed with Lactobacillus plantarum 299v and Bifidobacterium animalis subsp.
lactis BB-12 probiotic strains showed a decrease in body weight compared to the control
group (Figure 4).
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Figure 4. Comparison and evolution of weight of the rabbits between control obese rabbits and the
groups treated with probiotics at days 0, 15 and 30 in experiment 2. Significances: * p < 0.05; ns:
not significant. Groups: TO: Control Obese; OB: Obese + Bifidobacterium animalis subsp. lactis BB-12
probiotic; OL: Obese + Lactobacillus plantarum 299v probiotic.

A sex x group interaction was observed for length (p < 0.001), abdominal circumfer-
ence/length ratio (p < 0.01), BMI and weight (p < 0.05). The significant decrease of length,
BMI and weight was observed for males (Table 6). Generally, our results are in agreement
with earlier studies [77] that evidenced a significantly reduced body weight in mice fed
with a high-fat diet after treatment by B. animalis ssp. Lactis 420 at 10° CFU during 6 weeks.
A combination of two probiotics, these being L. acidophilus and B. bifidus, was also found to
be able to reduce the weight [89]. However, the use of L. plantarum 299v strain at a dose of
1x 10 CFU/mL over 6 weeks on 30 men of good health was not able to induce any weight
loss [36]. Equivalent results using the same strain with an amount of 1 x 108 CFU/mL for
5 weeks in rats fed high cholesterol diets have been reported [83].

The significant decrease of BMI and weight observed in males, especially for the OL
group, can be explained by the body fat content, which is 20 to 25% in females compared to
10-15% in males, whatever the weight, whereas the lean muscle mass in males was more
important. Therefore, we confirm that the body must burn more calories to maintain the
overall muscle mass metabolism and weight [65]. Moreover, the weight decrease can be
explained by the administration of probiotics, which lead to the reduction in the proportion
of Gram-negative microorganisms in the microbiota. This can affect the decrease in the
level of lipopolysaccharides in the bloodstream that in turn reduces the storage of lipids in
adipose tissue, which all together induce a reduction in the weight gain [90]. It is worthy
to mention that different clinical studies are difficult to compare due to differences in
study sizes, study populations, strains, dosages of probiotics used and how they were
administered. In this trial, the short duration of the study (4 weeks) could also be the
reason for the weak of effects on the final values of abdominal circumference, BMI and
weight. On the other hand, according to other authors, the future treatment of obesity with
probiotics should contain a cocktail of several microorganisms [91].
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Table 6. Comparison of the morphometric parameters for the effects of rabbit group, sex, time and interactions after the administration of probiotics from experiment 2.
1 TO OB oL Effects ®
Parameters
Sex 0 15 30 0 15 30 0 15 30 Group?  Time Sex SXT GxT SxG GxTxS

Length (cm) M 44.25 44.0 44.0 44.0 44.33 44.33 46.0 46.0 46.0 ns ns . ns ns ot ns
& F 47.67 47.67 47.67 46.33 46.33 46.33 44.0 44.0 44.0

Height (cm) M 25.75 25.67 25.67 25.50 25.67 25.67 24.67 24.67 24.67 ns ns ns ns ns ns ns
& F 25.67 25.67 25.67 25.67 25.67 25.67 25.67 25.67 25.67

Abdominal Circumference M 47.00 46.33 46.33 47.0 46.67 45.33 46.67 46.33 46.0 .

ns ns ns ns ns ns

(AB) (cm) F 47.33 46.67 46.67 47.33 46.33 45.0 47.00 46.33 45.33
. M 1.06 1.05 1.05 1.07 1.06 1.02 1.01 1.01 1.00 .

AB/Length ratio F 1.00 0.98 0.98 1.02 1.00 0.97 1.07 1.05 1.03 ne ns e ne ne ' ns

BMI ! (kg/m2) M 31.63 31.43 31.22 34.34 31.58 30.13 31.22 29.50 28.05 ns . x ns ns . ns
g/m F 34.13 33.45 33.38 33.33 31.50 30.15 35.84 34.40 34.05

1 BML: Body Mass Index. 2 Groups: TO: Control Obese; OB: Obese + Bifidobacterium animalis subsp. lactis BB-12 probiotic; OL: Obese + Lactobacillus plantarum 299v probiotic. ® Significances: ns: not significant;
*: p <0.05; *: p <0.01; ***: p < 0.001. The parameters in each row (for males and females) not followed with the same superscript letters are significantly different (p < 0.05).
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3.2.5. Overall Discussion about the Effect of Probiotics Supplementation on Obesity and
Metabolic Syndrome

In the present study, treatment with two probiotics, these being B. animalis subsp. Lac-
tis BB-12 and L. Plantarum 299va, demonstrated an improvement in certain parameters of
induced obesity and MetS perceived during the first experiment. In fact, the anti-obesity po-
tential of probiotics has been further confirmed. There was a significant decrease (p < 0.05)
in weight, BMI and abdominal circumference with time for the groups that received pro-
biotics compared to the controls. Studies on animals have shown that the consumption
of probiotics could treat and/or prevent obesity [90]. In this latter study, in which the
authors focused on clinical trials to examine the effect of specific microorganisms on body
weight control, the results indicated that L. gasseri SBT2055, L. rhamnosus ATCC53103 and
the combination of L. rhamnosus ATCC 53,102 and B. lactis Bb12 may reduce obesity, body
weight and weight gain [90]. Furthermore, the probiotics used in our study improved the
four parameters of MetS detected during the first experiment. Another study that used the
B. Pseudocatenulatum CECT 7765 strain in obese insulin-resistant mice reduced metabolic
syndrome through a reduction in weight gain and glucose intolerance [91]. Furthermore,
the administration of B. lactis 420 reduced MetS by decreasing weight and glucose intol-
erance in obese and diabetic mice [77]. Overall, recent studies suggest that manipulating
the composition of the microbial ecosystem in the gut may be a novel approach in the
treatment of obesity [92]. Thus, such a treatment could consist of modifying the composi-
tion of the microbial community of an obese individual by the administration of beneficial
microorganisms. The contradictory results concerning the effects of probiotics on body
weight may be due to the animal model used (rabbit, mouse, rat), the duration of treatment,
the number of colonies used and the protocol for administering of the probiotics. Further
studies are also needed to better understand the underlying mechanisms.

4. Conclusions

A relevant model of obesity induced by giving a “cafeteria” diet for 14 weeks demon-
strated a change in biochemical and morphometric parameters, reproducing a model of
pre-obesity and the main clinical manifestations of the metabolic syndrome. Then, the
treatment with two probiotics, these being B. animalis subsp. lactis BB-12® and L. Plantarum
299va®, demonstrated an improvement in certain induced parameters of obesity and MetS
determined during the first experiment. This study revealed that the used probiotics could
exert beneficial effects, but in a dependent manner, for the rabbit strain we used in this
trial. The anti-obesity potential is established by this preliminary study, as significant
results were obtained against BMI, weight and abdominal circumference. Moreover, the
metabolic syndrome in obese rabbits fed with the high-fat and high-calorie “cafeteria” diet
was demonstrated by inducing a significant improvement in some MetS parameters such
as fasting sugar, OGTT, total cholesterol and LDL, HDL and triglycerides. In this trial, no
significant difference was observed between the effects of the two probiotics. Although
many studies have recognized that probiotics could be useful in the treatment of obesity
and metabolic syndrome, questions remain unanswered regarding the specific strains and
the dosage to be administered. Thus, further research should be directed towards a combi-
nation of two or more probiotics with different strength and/or duration of administration,
in order to reduce and to treat the obesity and the metabolic syndrome in rabbits as well as
in other species.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-7
737/10/2/131/s1, Figure S1: Oral Glucose Tolerance Test (OGTT) of rabbits at DO, 8 and 14 weeks
observed in the experiment 1. Figure S2: Effect of time (age) on the levels of (a) total cholesterol
(TC), (b) Low-Density Lipoprotein (LDL), (c) High-Density Lipoprotein (HDL) and (d) triglycerides
(TG) of rabbits at D0, 8 and 14 weeks measured in the experiment 1. Figure S3: Effect of probiotics
on OGTT concentrations of the rabbits over time. Group TO: Obese witnesses (TO) rabbits used
as control and without any probiotic in their feed. Group OL: Obese rabbits given 1 x 100 CFU
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mL of Lactobacillus plantarum 299v. Group OB: Obese rabbits (1 = 6) receiving 1 x 10’ CFU/mL of
Bifidobacterium animalis subsp. lactis BB-12.

Author Contributions: Conceptualization, A.B. and A.L.D.; Data curation, A.B., A.L.D. and M.G,;
Formal analysis, A.L.D. and M.G.; Funding acquisition, O.B.; Investigation, A.B., A.L.D. and M.G.;
Methodology, A.B., ALD., LK, EE., EM. and M.G.; Project administration, A.L.D. and O.B,;
Resources, A.B., A.L.D. and O.B.; Software, M.G.; Supervision, A.L.D. and M.G; Validation, N.L. and
M.G.; Visualization, A.B., A.L.D. and M.G.; Writing—original draft, A.B.; Writing—review & editing,
AB,ALD,N.L,LK,EE.,EM,O.B.and M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Both experiments and all procedures were approved by
the Scientific Council of Institute of Veterinary Sciences School of Constantine at Université Fréres
Mentouri Constantine 1, Algeria under the ethics code UNIV-VS-2019-005 and performed by fully
trained personal.

Informed Consent Statement: Not applicable.
Data Availability Statement: No data copyright issues.

Acknowledgments: This work is a part of the “probiotics” project N°D0IN01UN250120180004.
The authors acknowledge the support and help of El-hacene Bererhi Director of Veterinary Insti-
tute Sciences, El-Khroub, Algeria; Wissem Rekhoum from Centre Hospitalo Universitaire (CHU)
Abdelhamid Ibnou Badis, Constantine, Algeria; Yassine Mallem from Ecole Nationale Vétérinaire
Agro-alimentaire et de I’Alimentation, Nantes, France; Fethi Farouk Kebaili from University Freres
Mentouri, Constantine 1, Algeria; Miguel Espigares from Facultad de Farmacia, Granada, Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Andersen, R.E. The spread of the childhood obesity epidemic. Can. Med. Assoc. J. 2000, 163, 1461-1462.

2. Lecomte, V.; Kaakoush, N.O.; Maloney, C.A.; Raipuria, M.; Huinao, K.D.; Mitchell, H.M.; Morris, M.J. Changes in Gut Microbiota
in Rats Fed a High Fat Diet Correlate with Obesity-Associated Metabolic Parameters. PLoS ONE 2015, 10, e0126931. [CrossRef]

3. Martorell, R.; Khan, L.K.; Hughes, M.L.; Grummer-Strawn, L.M. Overweight and obesity in preschool children from developing
countries. Int. J. Obes. 2000, 24, 959-967. [CrossRef]

4. Misra, A.; Gopalan, H.; Jayawardena, R.; Hills, A.P.; Soares, M.; Reza-Albarran, A.A.; Ramaiya, K.L. Diabetes in developing
countries. J. Diabetes 2019, 11, 522-539. [CrossRef]

5. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860-867. [CrossRef] [PubMed]

6.  Shi, H.; Kokoeva, M.V; Inouye, K.; Tzameli, I; Yin, H.; Flier, ].S. TLR4 links innate immunity and fatty acid—induced insulin
resistance. J. Clin. Investig. 2006, 116, 3015-3025. [CrossRef] [PubMed]

7. Shoelson, S.E.; Lee, J.; Goldfine, A.B. Inflammation and insulin resistance. J. Clin. Investig. 2006, 116, 1793-1801. [CrossRef]
[PubMed]

8.  Grundy, S.M. Pre-Diabetes, Metabolic Syndrome, and Cardiovascular Risk. J. Am. Coll. Cardiol. 2012, 59, 635-643. [CrossRef]

9. DiBaise, ].K.; Zhang, H.; Crowell, M.D.; Krajmalnik-Brown, R.; Decker, G.A.; Rittmann, B.E. Gut Microbiota and Its Possible
Relationship With Obesity. Mayo Clin. Proc. 2008, 83, 460—469. [CrossRef] [PubMed]

10. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity
of the Human Intestinal Microbial Flora. Science 2005, 308, 1635-1638. [CrossRef]

11. Tremaroli, V.; Backhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242-249.
[CrossRef]

12. Turnbaugh, PJ.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031. [CrossRef]

13.  Duncan, S.H,; Louis, P; Flint, H.J. Cultivable bacterial diversity from the human colon. Lett. Appl. Microbiol. 2007, 44, 343-350.
[CrossRef]

14. Duncan, S.H.; Lobley, G.E.; Holtrop, G.; Ince, J.; Johnstone, A.M.; Louis, P.; Flint, H.J. Human colonic microbiota associated with
diet, obesity and weight loss. Int. J. Obes. 2008, 32, 1720-1724. [CrossRef] [PubMed]

15. Delzenne, N.M.; Neyrinck, A.M.; Cani, PD. Gut microbiota and metabolic disorders: How prebiotic can work? Br. J. Nutr. 2013,
109, S81-S85. [CrossRef] [PubMed]

16. Gorbach, S.L. Probiotics and gastrointestinal health. Am. |. Gastroenterol. 2000, 95, S2-S4. [CrossRef]


http://doi.org/10.1371/journal.pone.0126931
http://doi.org/10.1038/sj.ijo.0801264
http://doi.org/10.1111/1753-0407.12913
http://doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://doi.org/10.1172/JCI28898
http://www.ncbi.nlm.nih.gov/pubmed/17053832
http://doi.org/10.1172/JCI29069
http://www.ncbi.nlm.nih.gov/pubmed/16823477
http://doi.org/10.1016/j.jacc.2011.08.080
http://doi.org/10.4065/83.4.460
http://www.ncbi.nlm.nih.gov/pubmed/18380992
http://doi.org/10.1126/science.1110591
http://doi.org/10.1038/nature11552
http://doi.org/10.1038/nature05414
http://doi.org/10.1111/j.1472-765X.2007.02129.x
http://doi.org/10.1038/ijo.2008.155
http://www.ncbi.nlm.nih.gov/pubmed/18779823
http://doi.org/10.1017/S0007114512004047
http://www.ncbi.nlm.nih.gov/pubmed/23360884
http://doi.org/10.1016/S0002-9270(99)00806-0

Biology 2021, 10, 131 22 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Timmerman, H.M.; Mulder, L.; Everts, H.; van Espen, D.C.; van der Wal, E.; Klaassen, G.; Rouwers, SM.G.; Hartemink, R.;
Rombouts, FM.; Beynen, A.C. Health and Growth of Veal Calves Fed Milk Replacers With or Without Probiotics. J. Dairy Sci.
2005, 88, 2154-2165. [CrossRef]

Timmerman, H.M.; Veldman, A.; van den Elsen, E.; Rombouts, EM.; Beynen, A.C. Mortality and Growth Performance of Broilers
Given Drinking Water Supplemented with Chicken-Specific Probiotics. Poult. Sci. 2006, 85, 1383-1388. [CrossRef]

Delzenne, N.M.; Neyrinck, A.M.; Backhed, E; Cani, P.D. Targeting gut microbiota in obesity: Effects of prebiotics and probiotics.
Nat. Rev. Endocrinol. 2011, 7, 639-646. [CrossRef] [PubMed]

Gerritsen, J.; Smidt, H.; Rijkers, G.T.; de Vos, W.M. Intestinal microbiota in human health and disease: The impact of probiotics.
Genes Nutr. 2011, 6, 209-240. [CrossRef]

Aronsson, L.; Huang, Y.; Parini, P.; Korach-André, M.; Hékansson, J.; Gustafsson, ].—A.; Pettersson, S.; Arulampalam, V.; Rafter, J.
Decreased Fat Storage by Lactobacillus Paracasei Is Associated with Increased Levels of Angiopoietin-Like 4 Protein (ANGPTL4).
PLoS ONE 2010, 5, €13087. [CrossRef]

Furet, J.-P,; Kong, L.-C.; Tap, J.; Poitou, C.; Basdevant, A.; Bouillot, J.-L.; Mariat, D.; Corthier, G.; Doré, J.; Henegar, C.; et al.
Differential Adaptation of Human Gut Microbiota to Bariatric Surgery-Induced weight loss: Links with Metabolic and Low-Grade
Inflammation Markers. Diabetes 2010, 59, 3049-3057. [CrossRef]

Arora, T.; Anastasovska, J.; Gibson, G.; Tuohy, K.; Sharma, R.K.; Bell, J.; Frost, G. Effect of Lactobacillus acidophilus NCDC 13
supplementation on the progression of obesity in diet-induced obese mice. Br. J. Nutr. 2012, 108, 1382-1389. [CrossRef]

Cani, P.D,; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in Gut Microbiota Control
Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet-Induced Obesity and Diabetes in Mice. Diabetes 2008, 57,
1470-1481. [CrossRef] [PubMed]

Fan, J.; Watanabe, T. Cholesterol-fed and transgenic rabbit models for the study of atherosclerosis. J. Atheroscler. Thromb. 2000, 7,
26-32. [CrossRef] [PubMed]

Wagqar, A.B.; Koike, T.; Yu, Y.; Inoue, T.; Aoki, T.; Liu, E.; Fan, J. High-fat diet without excess calories induces metabolic disorders
and enhances atherosclerosis in rabbits. Atherosclerosis 2010, 213, 148-155. [CrossRef]

Lozano, W.M.; Arias-Mutis, O.].; Calvo, C.J.; Chorro, EJ.; Zarzoso, M. Diet-Induced Rabbit Models for the Study of Metabolic
Syndrome. Animals 2019, 9, 463. [CrossRef]

Gacem, M.; Zerrouki, N.; Lebas, F; Bolet, G. Strategy for developing rabbit meat production in Algeria: Creation and selection of
a synthetic strain. In Proceedings of the 9th World Rabbit Congress, Verona, Italy, 10-13 June 2008; pp. 85-89.

Darimont, C.; Turini, M.; Epitaux, M.; Zbinden, I.; Richelle, M.; Montell, E.; Ferrer-Martinez, A.; Macé, K. 3-adrenoceptor agonist
prevents alterations of muscle diacylglycerol and adipose tissue phospholipids induced by a cafeteria diet. Nutr. Metab. 2004, 1, 4.
[CrossRef]

Arias-Mutis, O.].; Marrachelli, V.G.; Ruiz-Sauri, A.; Alberola, A.; Morales, ].M.; Such-Miquel, L.; Monleon, D.; Chorro, EJ.; Such,
L.; Zarzoso, M. Development and characterization of an experimental model of diet-induced metabolic syndrome in rabbit. PLoS
ONE 2017, 12, €0178315. [CrossRef] [PubMed]

Kammoun, M,; Picard, B.; Astruc, T.; Gagaoua, M.; Aubert, D.; Bonnet, M.; Blanquet, V.; Cassar-Malek, I. The Invalidation of
HspB1 Gene in Mouse Alters the Ultrastructural Phenotype of Muscles. PLoS ONE 2016, 11, e0158644. [CrossRef] [PubMed]
Zarzoso, M.; Mironov, S.; Guerrero-Serna, G.; Willis, B.C.; Pandit, S.V. Ventricular remodelling in rabbits with sustained high-fat
diet. Acta Physiol. 2014, 211, 36—47. [CrossRef]

Nelson, R.W.; Himsel, C.A.; Feldman, E.C.; Bottoms, G.D. Glucose tolerance and insulin response in normal-weight and obese
cats. Am. J. Vet. Res. 1990, 51, 1357-1362. [PubMed]

Park, K.Y.; Kim, B.; Hyun, C.K. Lactobacillus rhamnosus GG improves glucose tolerance through alleviating ER stress and
suppressing macrophage activation in db/db mice. J. Clin. Biochem. Nutr. 2015, 56, 240-246. [CrossRef] [PubMed]

Zhang, J.; Wang, S.; Zeng, Z.; Qin, Y.; Shen, Q.; Li, P. Anti-diabetic effects of Bifidobacterium animalis 01 through improving
hepatic insulin sensitivity in type 2 diabetic rat model. J. Funct. Foods 2020, 67, 103843. [CrossRef]

Bukowska, H.; Pieczul-Mrdz, J.; Jastrzebska, M.; Chetstowski, K.; Naruszewicz, M. Decrease in fibrinogen and LDL-cholesterol
levels upon supplementation of diet with Lactobacillus plantarum in subjects with moderately elevated cholesterol. Atherosclerosis
1998, 137, 437-438. [CrossRef] [PubMed]

Yin, W,; Yuan, Z.; Wang, Z.; Yang, B.; Yang, Y. A diet high in saturated fat and sucrose alters glucoregulation and induces aortic
fatty streaks in New Zealand White rabbits. Int. J. Exp. Diabetes Res. 2002, 3, 179-184. [CrossRef] [PubMed]

Zhao, S.; Chu, Y.; Zhang, C.; Lin, Y.; Xu, K.; Yang, P; Fan, ].; Liu, E. Diet-induced central obesity and insulin resistance in rabbits.
J. Anim. Physiol. Anim. Nutr. 2008, 92, 105-111. [CrossRef]

Ning, B.; Wang, X.; Yu, Y,; Waqar, A.B.; Yu, Q.; Koike, T.; Shiomi, M.; Liu, E.; Wang, Y.; Fan, J. High-fructose and high-fat
diet-induced insulin resistance enhances atherosclerosis in Watanabe heritable hyperlipidemic rabbits. Nutr. Metab. 2015, 12, 30.
[CrossRef]

Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. Lancet 2005, 365, 1415-1428. [CrossRef]

Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose expression of tumor necrosis factor-alpha: Direct role in obesity-linked
insulin resistance. Science 1993, 259, 87-91. [CrossRef]

Boden, G.; Shulman, G. Free fatty acids in obesity and type 2 diabetes: Defining their role in the development of insulin resistance
and B-cell dysfunction. Eur. J. Clin. Investig. 2002, 32, 14-23. [CrossRef]


http://doi.org/10.3168/jds.S0022-0302(05)72891-5
http://doi.org/10.1093/ps/85.8.1383
http://doi.org/10.1038/nrendo.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21826100
http://doi.org/10.1007/s12263-011-0229-7
http://doi.org/10.1371/journal.pone.0013087
http://doi.org/10.2337/db10-0253
http://doi.org/10.1017/S0007114511006957
http://doi.org/10.2337/db07-1403
http://www.ncbi.nlm.nih.gov/pubmed/18305141
http://doi.org/10.5551/jat1994.7.26
http://www.ncbi.nlm.nih.gov/pubmed/11425041
http://doi.org/10.1016/j.atherosclerosis.2010.07.051
http://doi.org/10.3390/ani9070463
http://doi.org/10.1186/1743-7075-1-4
http://doi.org/10.1371/journal.pone.0178315
http://www.ncbi.nlm.nih.gov/pubmed/28542544
http://doi.org/10.1371/journal.pone.0158644
http://www.ncbi.nlm.nih.gov/pubmed/27512988
http://doi.org/10.1111/apha.12185
http://www.ncbi.nlm.nih.gov/pubmed/2204297
http://doi.org/10.3164/jcbn.14-116
http://www.ncbi.nlm.nih.gov/pubmed/26060355
http://doi.org/10.1016/j.jff.2020.103843
http://doi.org/10.1016/s0021-9150(97)00283-9
http://www.ncbi.nlm.nih.gov/pubmed/9622287
http://doi.org/10.1080/15604280214274
http://www.ncbi.nlm.nih.gov/pubmed/12458659
http://doi.org/10.1111/j.1439-0396.2007.00723.x
http://doi.org/10.1186/s12986-015-0024-3
http://doi.org/10.1016/S0140-6736(05)66378-7
http://doi.org/10.1126/science.7678183
http://doi.org/10.1046/j.1365-2362.32.s3.3.x

Biology 2021, 10, 131 23 of 24

43.

44.

45.
46.

47.

48.

49.
50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kitajima, S.; Morimoto, M.; Liu, E.; Koike, T.; Higaki, Y.; Taura, Y.; Mamba, K.; Itamoto, K.; Watanabe, T.; Tsutsumi, K.
Overexpression of lipoprotein lipase improves insulin resistance induced by a high-fat diet in transgenic rabbits. Diabetologia
2004, 47, 1202-1209. [CrossRef]

Olefsky, ]. M. The effects of spontaneous obesity on insulin binding, glucose transport, and glucose oxidation of isolated rat
adipocytes. J. Clin. Investig. 1976, 57, 842-851. [CrossRef]

Saisho, Y. Importance of beta cell function for the treatment of type 2 diabetes. J. Clin. Med. 2014, 3, 923-943. [CrossRef]

Caeér, C. Inflammation du Tissu Adipeux au Cours de L'obésité Humaine: Implication des Lymphocytes Th17. Ph.D. Thesis,
Pierre and Marie Curie University, Paris, France, 2016.

Sugatani, J.; Osabe, M.; Wada, T.; Yamakawa, K.; Yamazaki, Y.; Takahashi, T.; Ikari, A.; Miwa, M. Comparison of enzymatically
synthesized inulin, resistant maltodextrin and clofibrate effects on biomarkers of metabolic disease in rats fed a high-fat and
high-sucrose (cafeteria) diet. Eur. J. Nutr. 2008, 47, 192-200. [CrossRef]

Zeeni, N.; Daher, C.; Fromentin, G.; Tomé, D.; Darcel, N.; Chaumontet, C. A cafeteria diet modifies the response to chronic
variable stress in rats. Stress 2013, 16, 211-219. [CrossRef]

Nielsen, S.; Karpe, E. Determinants of VLDL-triglycerides production. Curr. Opin. Lipidol. 2012, 23, 321-326. [CrossRef] [PubMed]
Wolfe, R.R.; Klein, S.; Carraro, E; Weber, J.-M. Role of triglyceride-fatty acid cycle in controlling fat metabolism in humans during
and after exercise. Am. J. Physiol. Endocrinol. Metab. 1990, 258, E382-E389. [CrossRef] [PubMed]

Guo, X.; Meng, G; Liu, E; Zhang, Q.; Liu, L.; Wu, H.; Du, H.; Shi, H.; Xia, Y.; Liu, X. Serum levels of immunoglobulins in an adult
population and their relationship with type 2 diabetes. Diabetes Res. Clin. Pract. 2016, 115, 76-82. [CrossRef] [PubMed]
Sahebkar, A.; Sancho, E.; Abell6, D.; Camps, J.; Joven, J. Novel circulating biomarkers for non-alcoholic fatty liver disease: A
systematic review. J. Cell. Physiol. 2018, 233, 849-855. [CrossRef] [PubMed]

Adu, O.; Ladipo, M.; Adebiyi, O.; Akinfemi, A.; Igbasan, F. Performance and blood characteristics of pre-pubertal rabbits fed
varied levels of dietary rare earth element (REE). World Appl. Sci. |. 2009, 6, 1489-1494.

Ewuola, E.; Egbunike, G. Haematological and serum biochemical response of growing rabbit bucks fed dietary fumonisin B1. Afr.
J. Biotechnol. 2008, 7.

Elamin, K.M. Age and sex effects on blood biochemical profile of local rabbits in Sudan. Wayamba |. Anim. Sci. 2013, 5, 548-553.
Semenkovich, C.F,; Heinecke, ].W. The mystery of diabetes and atherosclerosis: Time for a new plot. Diabetes 1997, 46, 327-334.
[CrossRef] [PubMed]

Ali, S.Y,; Sajdera, S.; Anderson, H. Isolation and characterization of calcifying matrix vesicles from epiphyseal cartilage. Proc.
Natl. Acad. Sci. USA 1970, 67, 1513-1520. [CrossRef]

Takagi, M.; Toda, Y. Electron microscopic study of the intercellular activity of alkaline phosphatase in rat epiphyseal cartilage.
Microscopy 1979, 28, 117-127.

Ohta, N.; Kawai, N.; Kawaji, W.; Hirano, H. Changes in alkaline phosphatase activity in rabbit articular cartilage associated with
ageing and joint contracture. Histochemistry 1983, 77, 417-422. [CrossRef] [PubMed]

Thyberg, J.; Friberg, U. Electron microscopic enzyme histochemical studies on the cellular genesis of matrix vesicles in the
epiphyseal plate. J. Ultrastruct. Res. 1972, 41, 43-59. [CrossRef]

Carroll, J.F; Dwyer, TM.; Grady, A.W.; Reinhart, G.A.; Montani, J.-P.; Cockrell, K.; Meydrech, E.F; Mizelle, H.L. Hypertension,
cardiac hypertrophy, and neurohumoral activity in a new animal model of obesity. Am. ]. Physiol. Heart Circ. Physiol. 1996, 271,
H373-H378. [CrossRef]

Milagro, FI.; Campion, J.; Martinez, ].A. Weight gain induced by high-fat feeding involves increased liver oxidative stress. Obesity
2006, 14, 1118-1123. [CrossRef]

Brunner, A.; Henn, C.; Drewniak, E.; Lesieur-Brooks, A.; Machan, J.; Crisco, J.; Ehrlich, M. High dietary fat and the development
of osteoarthritis in a rabbit model. Osteoarthr. Cartil. 2012, 20, 584-592. [CrossRef] [PubMed]

Hariri, N.; Gougeon, R.; Thibault, L. A highly saturated fat-rich diet is more obesogenic than diets with lower saturated fat
content. Nutr. Res. 2010, 30, 632-643. [CrossRef] [PubMed]

Audet, M.; Baillot, A.; Vibarel-Rebot, N. Obésité féminine et activité physique: Mieux comprendre les enjeux liés a la stigmatisation.
Santé Publique 2016, 1, 127-134. [CrossRef]

Alarcon, G.; Roco, J.; Medina, M.; Medina, A ; Peral, M.; Jerez, S. High fat diet-induced metabolically obese and normal weight
rabbit model shows early vascular dysfunction: Mechanisms involved. Int. J. Obes. 2018, 42, 1535-1543. [CrossRef] [PubMed]
Halade, G.V,; Rahman, M.M.; Williams, P.J.; Fernandes, G. High fat diet-induced animal model of age-associated obesity and
osteoporosis. J. Nutr. Biochem. 2010, 21, 1162-1169. [CrossRef]

Soria, A.; Chicco, A.; D’Alessandro, M.a.E.; Rossi, A.; Lombardo, Y.B. Dietary fish oil reverse epididymal tissue adiposity, cell
hypertrophy and insulin resistance in dyslipemic sucrose fed rat model. J. Nutr. Biochem. 2002, 13, 209-218. [CrossRef]
Romestaing, C.; Piquet, M.-A.; Bedu, E.; Rouleau, V.; Dautresme, M.; Hourmand-Ollivier, I.; Filippi, C.; Duchamp, C.; Sibille, B.
Long term highly saturated fat diet does not induce NASH in Wistar rats. Nutr. Metab. 2007, 4, 4. [CrossRef]

Sampey, B.P,; Vanhoose, A.M.; Winfield, H.M.; Freemerman, A.J.; Muehlbauer, M.].; Fueger, P.T.; Newgard, C.B.; Makowski, L.
Cafeteria diet is a robust model of human metabolic syndrome with liver and adipose inflammation: Comparison to high-fat diet.
Obesity 2011, 19, 1109-1117. [CrossRef]


http://doi.org/10.1007/s00125-004-1429-0
http://doi.org/10.1172/JCI108360
http://doi.org/10.3390/jcm3030923
http://doi.org/10.1007/s00394-008-0713-z
http://doi.org/10.3109/10253890.2012.708952
http://doi.org/10.1097/MOL.0b013e3283544956
http://www.ncbi.nlm.nih.gov/pubmed/22617755
http://doi.org/10.1152/ajpendo.1990.258.2.E382
http://www.ncbi.nlm.nih.gov/pubmed/2106269
http://doi.org/10.1016/j.diabres.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27242126
http://doi.org/10.1002/jcp.25779
http://www.ncbi.nlm.nih.gov/pubmed/28063221
http://doi.org/10.2337/diab.46.3.327
http://www.ncbi.nlm.nih.gov/pubmed/9032085
http://doi.org/10.1073/pnas.67.3.1513
http://doi.org/10.1007/BF00495797
http://www.ncbi.nlm.nih.gov/pubmed/6863032
http://doi.org/10.1016/S0022-5320(72)90037-8
http://doi.org/10.1152/ajpheart.1996.271.1.H373
http://doi.org/10.1038/oby.2006.128
http://doi.org/10.1016/j.joca.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22353745
http://doi.org/10.1016/j.nutres.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20934605
http://doi.org/10.3917/spub.160.0127
http://doi.org/10.1038/s41366-018-0020-6
http://www.ncbi.nlm.nih.gov/pubmed/29445240
http://doi.org/10.1016/j.jnutbio.2009.10.002
http://doi.org/10.1016/S0955-2863(01)00214-5
http://doi.org/10.1186/1743-7075-4-4
http://doi.org/10.1038/oby.2011.18

Biology 2021, 10, 131 24 of 24

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Alberti, K.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, ].I; Donato, K.A.; Fruchart, J.-C.; James, W.P.T.; Loria, C.M.; Smith,
S.C., Jr. Harmonizing the metabolic syndrome: A joint interim statement of the international diabetes federation task force on
epidemiology and prevention; national heart, lung, and blood institute; American heart association; world heart federation;
international atherosclerosis society; and international association for the study of obesity. Circulation 2009, 120, 1640-1645.
Gomez-Smith, M.; Karthikeyan, S.; Jeffers, M.S.; Janik, R.; Thomason, L.A.; Stefanovic, B.; Corbett, D. A physiological char-
acterization of the Cafeteria diet model of metabolic syndrome in the rat. Physiol. Behav. 2016, 167, 382-391. [CrossRef]
[PubMed]

Tonucci, L.B.; Dos Santos, K.M.O.; de Oliveira, L.L.; Ribeiro, S.M.R.; Martino, H.S.D. Clinical application of probiotics in type 2
diabetes mellitus: A randomized, double-blind, placebo-controlled study. Clin. Nutr. 2017, 36, 85-92. [CrossRef]

Sato, M.; Uzu, K; Yoshida, T.; Hamad, E.M.; Kawakami, H.; Matsuyama, H.; Abd El-Gawad, [.A.; Imaizumi, K. Effects of milk
fermented byLactobacillusgasseri SBT2055 on adipocyte size in rats. Br. . Nutr. 2008, 99, 1013-1017. [CrossRef]

Hamad, E.M.; Sato, M.; Uzu, K.; Yoshida, T.; Higashi, S.; Kawakami, H.; Kadooka, Y.; Matsuyama, H.; Abd El-Gawad, L.A,;
Imaizumi, K. Milk fermented by Lactobacillus gasseri SBT2055 influences adipocyte size via inhibition of dietary fat absorption
in Zucker rats. Br. |. Nutr. 2008, 101, 716-724. [CrossRef]

Yin, Y.-N.; Yu, Q.-F; Fu, N.; Liu, X.-W.; Lu, F.-G. Effects of four Bifidobacteria on obesity in high-fat diet induced rats. World J.
Gastroenterol. WJG 2010, 16, 3394. [CrossRef]

Stenman, L.; Waget, A.; Garret, C.; Klopp, P.; Burcelin, R.; Lahtinen, S. Potential probiotic Bifidobacterium animalis ssp. lactis 420
prevents weight gain and glucose intolerance in diet-induced obese mice. Benef. Microbes 2014, 5, 437-445. [CrossRef] [PubMed]
Roediger, W. Role of anaerobic bacteria in the metabolic welfare of the colonic mucosa in man. Gut 1980, 21, 793-798. [CrossRef]
[PubMed]

Fleming, S.; Fitch, M.; DeVries, S.; Liu, M.; Kight, C. Nutrient utilization by cells isolated from rat jejunum, cecum and colon. J.
Nutr. 1991, 121, 869-878. [CrossRef] [PubMed]

Vrieze, A.; Holleman, F.; Zoetendal, E.; De Vos, W.; Hoekstra, J.; Nieuwdorp, M. The environment within: How gut microbiota
may influence metabolism and body composition. Diabetologia 2010, 53, 606-613. [CrossRef]

Elli, M.; Colombo, O.; Tagliabue, A. A common core microbiota between obese individuals and their lean relatives? Evaluation of
the predisposition to obesity on the basis of the fecal microflora profile. Med. Hypotheses 2010, 75, 350-352. [CrossRef] [PubMed]
Xiao, J.; Kondo, S.; Takahashi, N.; Miyaji, K.; Oshida, K.; Hiramatsu, A.; Iwatsuki, K.; Kokubo, S.; Hosono, A. Effects of milk
products fermented by Bifidobacterium longum on blood lipids in rats and healthy adult male volunteers. J. Dairy Sci. 2003, 86,
2452-2461. [CrossRef]

Wang, Y,; Xu, N.; Xi, A.; Ahmed, Z.; Zhang, B.; Bai, X. Effects of Lactobacillus plantarum MAZ2 isolated from Tibet kefir on lipid
metabolism and intestinal microflora of rats fed on high-cholesterol diet. Appl. Microbiol. Biotechnol. 2009, 84, 341-347. [CrossRef]
[PubMed]

Kalavathy, R.; Abdullah, N.; Jalaludin, S.; Ho, Y. Effects of Lactobacillus cultures on growth performance, abdominal fat deposition,
serum lipids and weight of organs of broiler chickens. Br. Poult. Sci. 2003, 44, 139-144. [CrossRef] [PubMed]

Abd El-Hady, A.; El-Ghalid, O.; El-Raffa, A. Influence of a herbal feed additives (Digestarom®) on productive performance and
blood constituents of growing rabbits. Eqypt. J. Anim. Prod. 2013, 50, 27-37.

Wang, C.; Li, F; Zhu, Y.; Wang, X.; Sun, L. Impact of probiotics on intestinal microbial community diversity of growing Rex
rabbits. In Proceedings of the 10th World Rabbit Congress, Qingdao, China, 15-18 June 2016; pp. 635-639.

Younis, T.; Al-Gamal, M.; Hesham, A. Impact of probiotic (Lactobacillus planterium) supplementation on productive and
physiological performance of growing rabbits under egyptian conditions. Egypt. . Rabbit Sci. 2019, 29, 125-148.

Abdel-Azeem, A.; Hassan, A.; Basyony, M.; Abu Hafsa, S.H. Rabbit growth, carcass characteristic, digestion, caecal fermentation,
microflora, and some blood biochemical components affected by oral administration of anaerobic probiotic (ZAD®). Egypt. J.
Nutr. Feed. 2018, 21, 693-710. [CrossRef]

Mikirova, N.A.; Casciari, J.].; Hunninghake, R.E.; Beezley, M.M. Effect of weight reduction on cardiovascular risk factors and
CD34-positive cells in circulation. Int. J. Med. Sci. 2011, 8, 445. [CrossRef]

Mekkes, M.; Weenen, T.; Brummer, R.J.; Claassen, E. The development of probiotic treatment in obesity: A review. Benef. Microbes
2014, 5, 19-28. [CrossRef]

Cano, P.G,; Santacruz, A.; Trejo, EM.; Sanz, Y. Bifidobacterium CECT 7765 improves metabolic and immunological alterations
associated with obesity in high-fat diet-fed mice. Obesity 2013, 21, 2310-2321. [CrossRef] [PubMed]

Ley, R.E.; Turnbaugh, PJ.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022-1023.
[CrossRef]


http://doi.org/10.1016/j.physbeh.2016.09.029
http://www.ncbi.nlm.nih.gov/pubmed/27705750
http://doi.org/10.1016/j.clnu.2015.11.011
http://doi.org/10.1017/S0007114507839006
http://doi.org/10.1017/S0007114508043808
http://doi.org/10.3748/wjg.v16.i27.3394
http://doi.org/10.3920/BM2014.0014
http://www.ncbi.nlm.nih.gov/pubmed/25062610
http://doi.org/10.1136/gut.21.9.793
http://www.ncbi.nlm.nih.gov/pubmed/7429343
http://doi.org/10.1093/jn/121.6.869
http://www.ncbi.nlm.nih.gov/pubmed/1903440
http://doi.org/10.1007/s00125-010-1662-7
http://doi.org/10.1016/j.mehy.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20381974
http://doi.org/10.3168/jds.S0022-0302(03)73839-9
http://doi.org/10.1007/s00253-009-2012-x
http://www.ncbi.nlm.nih.gov/pubmed/19444443
http://doi.org/10.1080/0007166031000085445
http://www.ncbi.nlm.nih.gov/pubmed/12737236
http://doi.org/10.21608/ejnf.2018.75774
http://doi.org/10.7150/ijms.8.445
http://doi.org/10.3920/BM2012.0069
http://doi.org/10.1002/oby.20330
http://www.ncbi.nlm.nih.gov/pubmed/23418126
http://doi.org/10.1038/4441022a

	Introduction 
	Materials and Methods 
	Experiment 1 
	Animals and Breeding Conditions 
	Plasma Measurements 
	Morphometric Measurements 
	Oral Glucose Tolerance Test (OGTT) 

	Experiment 2 
	Statistical Analyses 

	Results and Discussion 
	Experiment 1 
	Fasting Blood Sugar and Oral Glucose Tolerance Test 
	Lipids 
	Total Protein, Creatinine and Albumin 
	Aspartate Aminotransferase (ASAT) and Alanine Aminotransferase (ALAT) 
	Alkaline Phosphatase 
	Morphometric Parameters 
	Overall Discussion of the Impact of Cafeteria Diet 
	Overall Discussion Concerning the Induction Obesity and Metabolic Syndrome 

	Experiment 2 
	Fasting Blood Sugar and Oral Glucose Tolerance Test 
	Lipids 
	Creatinine, ALB, PT, ASAT, ALAT and AP in Experiment 2 
	Morphometric Parameters 
	Overall Discussion about the Effect of Probiotics Supplementation on Obesity and Metabolic Syndrome 


	Conclusions 
	References

