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Fermented Pineapple Juice Consumption Limits Metabolic
Disorders Associated to Sugary Drinks on High-Fat Diet-Fed
Mice

Marie Guérin, Fabienne Remize, Matthieu Bringart, Cynthia Planesse, Philippe Rondeau,
Christine Robert-Da Silva, and Cyrielle Garcia*

Scope: Lactic acid fermentation (LAF) modulates the composition of food,
leading to changes in safety, sensory, and nutritional properties. The effects of
lactic fermented pineapple juice (FJ) supplementation on energetic
metabolism of high-fat diet (HFD) fed mice are compared with either water
(control), sweetened water (SW), bacteria in SW, and pineapple juice (J)
supplementation.
Methods and results: Drink consumption and body weight are measured
during the 6 weeks of experiment, whereas glycemia and lipid content are
determined at the beginning and at the end of the experiment. Total energy
intake is similar between all groups though the volume of juice consumed is
lower than that of SWs. Weight gain is higher for mice provided with sugary
drinks (5.65 ± 1.32 to 7.74 ± 2.98 g) compared to water (4.68 ± 0.93 g). The
FJ is less detrimental to blood carbohydrate regulation than other sugary
drinks. Triglyceride (TG) and total cholesterol content are not modified
following fermented juice or water consumption, contrarily to other sugary
drinks. Whatever the drink, intestinal permeability is preserved. Lactic acid
bacterium (LAB) population in feces is not affected by the beverage but
species composition is modified.
Conclusion: From a health perspective, FJ is preferable to other sugary drinks
to limit metabolic disorders related to HFD.

1. Introduction

Unhealthy diet is one of themain risk factors responsible for obe-
sity and related metabolic diseases. Fruit and vegetable (F&V)
consumption can contribute to health enhancement.[1] Indeed,
they contain various micronutrients, such as vitamins, min-
erals, and phenolic compounds, which offer antiproliferative,
antiinflammatory, and antioxidant properties.[2] Among those,
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pineapple (Ananas comosus) has a high
sugar content and presents a good bal-
ance of sugar with acidity, which con-
tributes to its appreciated flavor.[3] This
fruit can be consumed either fresh or
transformed mainly in juice, fresh-cut,
and cans. Pineapple global production
was above 25 million tons in 2014, and
this fruit is in the top 4 of tropical fruit
in volume and value for export.[4,5] Lac-
tic acid fermentation (LAF) is a valuable
method to extend shelf-life and to en-
hance nutritional and sensory properties
of food, especially F&V, while preserv-
ing their micronutrients.[6,7] Fermented
F&V beverages aremostly developedwith
lactobacillus starters, specially Lactiplan-
tibacillus plantarum species that demon-
strated a short latency in acidic environ-
ment and strong acidification capacity.[8]

Applied to pineapple juice (J), LAF mod-
ulates sensory profile depending on the
bacterial starter used, leading to either
dairy flavors or spicy ones.[8] Moreover,
LAF can increase significantly total phe-
nolic content, radical scavenging activity
and reduces hemolysis of blood cells ex-
posed to free radicals.[8]

The positive effects on health of lactic fermented F&V result
from the combination of F&V properties, in particular for their
content in fibers and phenolics, and changes of composition due
to LAF. They rely on different mechanisms, apart from a direct
decrease of sugar content and increased safety due to inhibition
of foodborne pathogens by acidity. Bacterial enzymes are able to
separate phenolic compounds into monomers to improve their
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bioavailability and thus, induce beneficial effects.[9] Hence, a
decrease of glycemia peak can be expected from the inhibition
of digestive enzymes,[10] by plant polyphenols, possibly of mod-
ified composition after LAF. In addition, a modulation of gut
microbiota can be expected from ingestion of a high population
of viable bacteria[11] but also can result from bioactivemetabolites
from F&V.[12] Numerous positive effects of bacterial metabolites
are reported, among those lactate and exopolysaccharides, which
exert an antioxidant effect.[11]

Improvement of diet-induced metabolic syndrome in mice,
as well as enrichment of gut microbial abundance, has been
demonstrated with the consumption of fermented fruit bev-
erages using yeast probiotics combined with lactic acid bac-
terium (LAB) but did not allow to highlight the specific effects
assignable to the tested bacterial strains.[13] A beneficial effect
of the consumption of LAB fermented apple juices was only
showed on streptozocin-induced diabeticmice.[14,15] In this study,
the aim was to determine if chemical and microbial composi-
tion of fermented pineapple juice (FJ) was able to induce early
observable effects on mouse metabolic disorder apparition. To
achieve that, mice were fed with a high-fat diet (HFD) and
were provided with different beverages, including water, sweet-
ened water (SW), and J, fermented or not, during a 6-week
experiment.

2. Experimental Section

2.1. Microorganisms

The bacterial strains used, Leuconostoc pseudomesenteroides 56 and
Lactiplantibacillus plantarum 75, previously isolated and geno-
typed, were reactivated then cultured in De Man, Rogosa and
Sharpe (MRS) broth and incubated for 48 h at 30 °C prior to in-
oculation of juice.

2.2. Preparation and Fermentation of Pineapple Juice

Fresh pineapples (A. comosus var. “Queen Victoria”) were washed,
peeled, and cut. The juice was extracted using Philips Micro-
Masticating juice extractor, filtered, and bottled. J was pasteur-
ized in a water bath at 80 °C during 10 min, prior to cooling
to room temperature within 2 h. The following steps were per-
formed under sterile conditions. From L. pseudomesenteroides 56
and L. plantarum 75 bacterial cultures, an inoculation level of
0.05 uOD mL−1, corresponding to 1.107 bacteria mL−1 accord-
ing to McFarland standards, was calculated for each strain from
turbidity at 600 nm. The adequate volume was collected and cen-
trifuged at 5000 × g for 5 min at 10 °C. The cell pellet was washed
twice and resuspended in sterile distilled water. Each bacterial
culture was separately inoculated in J. Inoculated and not in-
oculated juices were incubated at 30 °C for 48 h. Then, the Js
fermented with each strain were mixed and maintained at 4 °C
for 12 days. The level of inoculated LAB in pineapple fermented
juice allowed to be above the amount of 1.106–7 bacteria mL−1

described as having beneficial effect for probiotics according to
FDA/WHO.[1] Following a ½ dilution in sterile water, juices were
stored at −20 °C until use. Beverages were thawed at 4 °C the day
before administration.

2.3. Fermented Pineapple Juice Characteristics

LAB enumeration was performed on MRS agar. Briefly, serial
decimal dilutions of juices were prepared into sterile peptone
water solution and dropped on MRS plates before incubation at
30 °C for 48 h. Yeast andmold counts were performed on glucose
chloramphenicol agar plates. Each determination was performed
in triplicate.
Total soluble solids (TSS) of fermented and not-fermented

juices were determined with ATAGO PAL-3 pocket refractometer
(AtagoUSA Inc.,WA,USA) and expressed as °Brix (±0.1 °B). Fer-
mented and not-fermented juice fiber content was described to be
1.4% from standardized analysis.[16] The Folin–Ciocalteu assay
was used to measure the total polyphenol content of J and FJ as
previously described[17] using microplate reader (Infinite M200
PRO; Tecan, Mannedorf, Switzerland), and the results were ex-
pressed as gallic acid equivalents (GAEs).
The pH of fermented and not-fermented juices was deter-

mined with an uncertainty of 0.1 with a Eutech ph2700 apparatus
(EUTECH Instruments, IL, USA).

2.4. 𝜶-Glucosidase Inhibition Assay of Pineapple Juices

The 𝛼-glucosidase inhibitory activity was determined according
to Zhang et al.[18] and was assayed with type I 𝛼-glucosidase from
baker’s yeast in a 0.1 m sodium phosphate buffer (pH 6.9). A
buffer solution containing 1 U mL−1 𝛼-glucosidase solution was
incubated with J at 37 °C under shaking during 2 min. Inhibi-
tion control was performed with 0.5 mgmL−1 voglibose solution.
A 2mm p-nitrophenol-𝛼-d-glucopyranoside solution (12.5%) was
added as substrate and the absorbance was monitored every
minute for 20 min using a microplate reader (Infinite M200
PRO, Tecan, Männedorf, Switzerland) to follow the released of
the product colored compounds. The 𝛼-glucosidase specific ac-
tivity was calculated from the OD at 405 nm slope, divided by the
enzyme concentration, expressed as OD/(min U).

2.5. Preparation of Sweetened Water Containing LAB

Sucrose concentration in SW was chosen to be similar to that
of J, which exhibited 17.4 °Brix, diluted in water. Under sterile
conditions, a solution at 87.2 g L−1 of sucrose was prepared. In-
oculation was performed as for Js using L. pseudomesenteroides 56
and L. plantarum 75 bacterial cultures with an inoculation level of
0.05 uOD mL−1. SW, with or without LAB, was stored at −20 °C
until use. LAB enumeration, TSS, and pH were carried out as
previously described.

2.6. Experimental Parameters

2.6.1. Mouse Model

Forty-six male C57BL/6J mice were used in this study. Animals
were housed in a controlled environment, under constant tem-
perature (21 ± 2 °C), humidity (50% ± 5%), and 12 h light–dark
cycle. All experimental procedures were conducted in compli-
ance with animal protocols approved by the French Ministry of
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Higher Education and Research (project # 019011015097480).
After 5 weeks of acclimatization, mice (12 weeks old and
25.3 ± 1.7 g at the beginning of the experiment, Janvier Labs,
Saint Berthevin, France) were randomly divided into one group
of six mice (control –C– corresponding to water proposed ad
libitum) and four groups of ten mice receiving ad libitum either
SW, LAB in SW (BSW), J, or FJ. Mice receiving sugary drinks
were housed by 5 and those from the control group were housed
by 3, and received food and water ad libitum. All groups were
fed with an HFD corresponding to a 23.5% fat semipure rodent
diet (SF04-001, Specialty Feeds, Glen Forrest, Western Australia)
during the 6-weeks experiment, leading to a preobesity state.
Food and sugary beverage intakes were determined once-a-
week and three times-a-week, respectively, from the difference
between proposed and remaining quantities. The amount of
HFD consumed also included the food losses that may occur
when mice consumed the solid diet. Energy intake was then
estimated per mouse and per day using the energetic value of
each food, neglecting bacteria. Digestible energy of HFD was
19.0 kJ g−1 according to the feed manufacturer. The used value
for J was 1.2 kJ mL−1 and was obtained from the average of
the values found in commercial Js from Reunion Island taking
into account dilution. For SW, the energy value of saccharose
was used (1.5 kJ mL−1). Total energy intake was calculated by
addition of energy intake from HFD and beverage consumption.
Before the beginning of the experiment (baseline values) and

at several evaluation points, body weight was measured, and
blood samples and feces were collected. During this experiment,
two mice of the SW group died on day 25 and one mouse of
the BSW group died on day 29. At the end of the experiment,
mice were sacrificed by cardiac puncture under general anesthe-
sia with isoflurane (2%), and intestine, liver, and adipose tissue
were collected, weighted, and/or measured, and kept for later
analysis at −80 °C.

2.6.2. Assessment of Blood Parameters

After a 12 h fast, glycemiawas assessed from the tail ofmice at the
beginning and at the end of the experiment using a commercial
glucometer (OneTouch Verio Flex meter, OneTouch, USA). An
oral glucose tolerance test (OGTT) was performed on day 39 of
the experiment after a 6 h fast. Glucose (30% of body weight)
was administered by gavage and blood sugar was measured at 0
(baseline), 15, 30, 45, 60, 90, and 120 min.
At the beginning and at the end of the experiment, mice were

fasted for 4 h and blood samples were collected by retro-orbital
sampling and stored at −80 °C. Then, triglyceride (TG) and to-
tal cholesterol concentrations were determined using Triglyc-
erides FS 5′ and Cholesterol FS 10′ kits (DiaSys Diagnostic
Systems GmbH, Holzheim, Germany) according to manufac-
turer’s instructions. Assessment of blood parameters using these
assay kits were within the range previously reported in the
literature.[19–21]

2.6.3. Measurement of Zonula Occludens-1 (ZO-1) in Small
Intestines

ZO-1 levels were determined using a mouse Tight Junction Pro-
tein 1 (TJP 1) ELISA kit (Wuhan Fine Biotech Co., Ltd, Wuhan,

China). Briefly, 200 mg of small intestine (ileum) sample was
mixed with 500 μL of PBS 1X buffer containing a protein kinase
inhibitor, lysed, and centrifuged. The supernatant was collected,
and the assay was performed following the manufacturer’s in-
structions. Results were normalized using total protein contents
measured by bicinchoninic acid assay (BCA). Briefly, samples
were incubated with the BCA reagent at 37 °C for 1 h and ab-
sorbance was read at 562 nm.

2.6.4. Histopathological Evaluation

The small intestine was rapidly removed after sacrifice, weighed,
and divided into duodenum, proximal jejunum, distal jejunum,
and ileum (1:1:1:1 ratio) and flushed with cold saline solution.
Proximal section of the duodenumwas fixed in 4%paraformalde-
hyde, embedded in paraffin, and dissected in 5-μm sections us-
ing Epredia™ HM 340E Electronic Rotary Microtome (Ther-
moFisher Scientific, Waltham, MA, USA). Then, the sections
were stained with hematoxylin and eosin (H&E). Pictures were
obtained using NanoZoomer S60 digital slides scanner (Hama-
matsu Photonics, Hamamatsu City, Japan).

2.6.5. Assessment of Fecal Microbial Population

LAB population was determined in the collected feces at
the beginning, at half, and at the end of the experiment.
Serial dilutions of the samples were made in sterile 0.9%
sodium chloride and spread on MRS plates before incuba-
tion at 37 °C for 48 h. Each determination was performed
in triplicate. Bacterial colonies were subcultured and isolates
were preserved in Protect Microorganism Preservation System
tubes (Technical Service Consultants Ltd, Lancashire, UK) at
−80 °C.
For DNA extraction, InstaGene Matrix (Bio-Rad Laborato-

ries, Marne-la-Coquette, France) was used according to sup-
plier recommendations. Identification was performed on fe-
ces collected at D41 by sequencing of the region coding 16S
RNA according to Fessard et al. (2017).[22] The used primers
were RD1m (5′-GGMTACCTTACGAYTTC-3′) and FD1m (5′-
AGAGTTTGATCHTGGCTCAG-3′) (Eurogentec, Seraing, Bel-
gium). The reaction mixture contained 1X buffer, 0.2 mm dNTP,
0.3 μm per primer, 2.5 mm MgCl2, 0.05 U μL−1 Taq polymerase
(Eurogentec, Seraing, Belgium), andDNA solution. PCRwas per-
formed with Bio-Rad S1000 Thermal Cycler (Bio-Rad Laborato-
ries, Marne-la-Coquette, France). PCR products were then sepa-
rated by electrophoresis (30 min at 100 V) on 0.8% agarose gel
in 0.5X TAE. DNA was stained with ethidium bromide and de-
tected using a UV-illuminator system. PCR product purification
was performed using QIAquick PCR Purification Kit (QIAgen,
Hilden, Germany). Sequencing was achieved by Eurofins Ge-
nomics (Ebersberg, Germany) and the resulting sequences were
compared with NCBI Nucleotide database with the BLASTN pro-
gram. To characterize the genotype of bacterial strains a Rep-PCR
method based on (GTG)5 primer (5′-GTGGTGGTGGTGGTG-
3′) (Eurogentec, Seraing, Belgium) was performed according to
Fessard and Remize (2019).[23] PCR products were then sepa-
rated by electrophoresis (3 h at 50 V) on 0.8% agarose gel in
0.5X TAE.
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Table 1. Juice (J) and fermented juice (FJ) bacterial population, pH, total soluble solids (TSS) content, and inhibition of 𝛼-glucosidase activity (%).

J FJ

Day 0 Day 7 Day 0 Day 7

Bacterial population [log CFU mL−1] 0.0 ± 0.0 0.0 ± 0.0 5.7 ± 1.2 11.8 ± 0.6

pH 3.4 3.4 3.5 3.3

TSS [°Brix] 16.8 17.0 17.9 17.8

Activity inhibition [%]

Dilution 1/5 76.0 ± 5.2 a (21.5) 58.5 ± 12.1 a (29.1)

1/10 65.6 ± 1.9 a (5.6) 49.8 ± 17.5 a (34.9)

1/20 60.2 ± 12.3 a (30.9) 56.9 ± 10.9 a (25.4)

1/40 45.4 ± 2.0 a (3.6)

1/80 42.2 ± 6.4 a (11.1)

Inhibition by voglibose 0.5 mg mL−1: 63.4% ± 1.5%. Results are presented as mean ± SD (CV%). Different letters correspond to significantly different values from two-way
analysis of variance (ANOVA), p < 0.05.

2.7. Statistics

To quantify the sample size, a power analysis was realized with
an 𝛼-level of 0.05 and a 𝛽-level of 0.1 based on previous study in-
vestigating the effect of yeast fermented juice consumption on
mice lipid metabolism.[24] Sample size was adjusted to ten ani-
mals per group for the anticipated animal losses. All values are
expressed as mean ± standard deviation. The statistical analysis
was performed using XLSTAT (Addinsoft). Analysis of variance
(ANOVA) was performed with the Ryan–Einot–Gabriel–Welsch
(REGWQ) test and comparison to control according to Dunnet’s
test. Differences were considered as significant for indicated p-
values.

3. Results

3.1. Pineapple Juice Properties

Bacterial population increased from 5.7 ± 1.2 log of colony-
forming unit (CFU) mL−1 to 11.8 ± 0.6 log CFU mL−1 between
day 0 and day 7 after inoculation, confirming a proper fermenta-
tion of the juice (Table 1). On the same period, no yeast or mold
were detected thus showing the absence of contamination. The
pH values were not significantly modified during fermentation,
as expected since the initial pH of pineapple was already low. TSS
content was not significantly reduced by fermentation.

3.2. Effect of Pineapple Juices on a Digestive Enzyme Activity

J, fermented or not, inhibited 𝛼-glucosidase, involved in carbohy-
drate hydrolysis during digestion. The inhibition of the enzyme
tended to decrease with dilutions of J, fermented or not (Table 1)
(p-value < 0.0001).

3.3. Drink Consumption, Energy Intake, and Weight Gain of Mice

During the 6-week experiment, solid food intake volume and en-
ergy were the same regardless of the drink administered (Table

S1). The volume of sugary drink consumption depended on the
beverage proposed. FJ and J consumptions were lower than SW
and BSW consumption (Figure 1a). The drink consumption was
stable for J and increased significantly for SW and BSW, com-
pared to FJ leading to significantly different consumption of SW
and BSW to that of FJ after 22 days and to that of J after 29 days.
Energy intake of drinks represented 5.1%–10.7% of the total

energy intake for SW and BSW, whereas it was in the range
7.6%–9.3% for J and 4.8%–7.2% for FJ (Figure S1). The ratio
of energy provided by drink to food became different between
water and other drinks after 11 days (p-value = 0.008), between
SW, BSW plus J and FJ after 32 days (p-value = 0.001) and the
difference increased (p-value = 0.0003) thereafter. However, the
groups which consumed sugary drinks showed a total energy
intake similar to that of the control group, because the energy
provided by the drink remained below 11% of the total energy
intake (Figure 1b). The weight gain of mice, measured three-
times a week, did not show statistical difference according to
the groups receiving different sugary drinks (Figure 1c). The
four groups gained more weight than the control group (water),
though slightly significant (p-value = 0.025 after 39 days). Fat
epididymal mass of the BSW group increased significantly
compared to the control group, but this was not found for other
groups receiving sugary dinks (Table S2). Fat mass of the FJ
group was only 10.8% above that of the control. This result
suggests that weight gain was not primarily directed toward fat
weight. Adipose tissue of the control and FJ groups weighted
0.8 ± 0.3 g and 0.9 ± 0.2 g respectively at D41. Conversely, J
consumption increased adipose tissue weight to 1.2 ± 0.4 g
although not significant compared to the control group, and a
significant increase of adipose tissue weight was obtained only
for the BSW group compared to the control group. Weight of the
liver was higher for all groups compared to the control.

3.4. Effect of Fermented Juice on Carbohydrate Metabolism

Glycemia significantly increased after a 6-week supplementation
of BSW and J, by 23.2% and 24.7% respectively compared to the
control group (Figure 2a). OGTT showed a similar regulation for
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Figure 1. Evolution of sugary drink consumption a), energy intake b), and
mice weight c) during the experimentation. Control (C, black curve with
round symbols) corresponded to mice receiving only high-fat diet (HFD)
and water ad libitum. BSW, LAB in sweetened water (blue curve with trian-
gle symbols); FJ, fermented pineapple juice (orange curve with diamond
symbols); J, pineapple juice (dashed orange curve with square symbols);
SW, sweetened water (dashed blue curve with inverted triangle symbols).
Different letters correspond to significantly different values at day 41 from
two-way analysis of variance (ANOVA), p < 0.0001.

the FJ group compared to the control group (Figure 2b). This reg-
ulation appeared to be less efficient for the other groups, espe-
cially for BSW and SW, which exhibited higher glycemic curves.
A difference of the maximum of glycemia reached at 15 min

Table 2. Values from oral glucose tolerance test (OGTT) after 39 days of
experimentation.

Glycemia [mmol L−1] after administration of glucose 30%

15 min 30 min 45 min AUC [mmol L−1 min−1]

C 19.6 ± 2.9 b 14.6 ± 3.1 a 11.9 ± 1.1 a 457.5 ± 226.4 a

SW 21.6 ± 3.1 ab 15.6 ± 2.6 a 14.2 ± 1.9 a 542.7 ± 89.6 a

BSW 23.2 ± 2.7 a 17.6 ± 4.1 a 14.5 ± 3.7 a 663.5 ± 250.8 a

J 23.3 ± 2.1 a 16.2 ± 3.7 a 12.7 ± 2.0 a 475.4 ± 275.4 a

FJ 20.1 ± 1.3 b 14.2 ± 2.4 a 13.5 ± 1.4 a 424.2 ± 158.6 a

Control (C) corresponded to mice receiving only high-fat diet (HFD) and water ad
libitum. BSW, LAB in sweetened water; FJ, fermented pineapple juice; J, pineapple
juice; SW, sweetened water. Different letters correspond to significantly different val-
ues from two-way analysis of variance (ANOVA), p < 0.0001.

was observed, with values of 23.3 mm for BSW and J, 21.8 mm
for SW, and 19.5 mm for the control. AUC increased by 45.0%
for the BSW group, 18.6% for the SW group, and 3.9% for the
J group compared to the control. Although not significant (p-
value= 0.154), our results showed a decrease of AUC for FJ group
compared to other groups (Table 2).

3.5. Sugary Drink Consumption Effect on Lipid Metabolism

After ingestion of an HFD supplemented with sugary drinks,
our results showed a TG concentration at the end of the
experiment (day 41) not significantly increased for groups
supplemented with sugary drinks compared to the control
(Figure 3a). For an unknown reason, groups C and SW exhib-
ited a large discrepancy of TG content at day −1. This result
is due to an intragroup difference that could not be explained.
Hence, the use of these values as references should be done
cautiously and do not allow us to precisely calculate TG evolu-
tion. Sugary drink consumption induced a significant increase
of total cholesterol concentration whatever the drink compared
to the control group at the end of the 6-week supplementation
experiment (Figure 3b). Indeed, blood cholesterol concentration
ranged between 0.9 and 1.1 g L−1 for the groups which con-
sumed sugary drinks, versus 0.7 g L−1 for the control. A differ-
ence of cholesterol concentration between day 1 and day 41 was
observed for SW, BSW, and J groups, but not for the control and
FJ group.

Figure 2. Glycemia at days 2 and 35 a) and oral glucose tolerance test (OGTT) after 39 days of experimentation b). Control (C, black curve with round
symbols) corresponded tomice receiving only high-fat diet (HFD) and water ad libitum. BSW, LAB in sweetened water (blue curve with triangle symbols);
FJ, fermented pineapple juice (orange curve with diamond symbols); J, pineapple juice (dashed orange curve with square symbols); SW, sweetened
water (dashed blue curve with inverted triangle symbols). Different letters correspond to significantly different values from two-way analysis of variance
(ANOVA), p < 0.0001.
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Figure 3. Triglyceride a) and total cholesterol b) concentrations in blood at day −1 and day 41 for the five groups of mice. Control (C) corresponded
to mice receiving only high-fat diet (HFD) and water ad libitum. BSW, LAB in sweetened water; FJ, fermented pineapple juice; J, pineapple juice; SW,
sweetened water. Different letters correspond to significantly different values from two-way analysis of variance (ANOVA), p < 0.0001.

3.6. Sugary Drink Consumption Effect on Intestinal Physiology

Obesity is correlated with an increased intestinal permeability
due to a deficiency in proteins involved in tight junction forma-
tion and function, including the ZO-1 proteins.[25] As we induced
a preobesity state by HFD consumption, ZO-1 concentration was
investigated (Figure 4). This parameter did not change regardless
of the drink consumed (p-value = 0.076).
Intestine weights were not significantly different between the

five studied groups (Table S2). Histopathology of intestinal sec-
tions was performed using H&E staining (Figure 5). BSW group
histological sections were not exploitable due to improper prepa-
ration and were not included in the analysis. No morphological
differences were observed regardless of the sugary drink con-
sumed compared to the control group. Measurements of the
sections showed that crypts depth significantly increased fol-
lowing FJ consumption compared to SW (Figure 6). No signif-
icant differences were obtained regarding villus length and villus
length/crypt depth ratio.

3.7. Evolution of Lactic Bacteria Colonization Following Sugary
Drink Consumption

Given that some of the groups of this study received daily LAB
supplementation, we looked at this population size in the feces

Figure 4. Zonula occludens-1 (ZO-1) concentrations in the small intestine
determined by ELISA for the five groups of mice. Control (C) corresponded
to mice receiving only high-fat diet (HFD) and water ad libitum. BSW, LAB
in sweetened water; FJ, fermented pineapple juice; J, pineapple juice; SW,
sweetened water. Different letters correspond to significantly different val-
ues from two-way analysis of variance (ANOVA), p < 0.0001.

at the beginning of, at half and at the end of the 6-week experi-
ment (Figure 7a). For the control group receiving only a HFD, we
observed an increase in LAB population during the experimenta-
tion, as well as for the SW group. However, for the group receiv-
ing LAB alone (BSW), the J and LAB and juice together (FJ), LAB
population remained stable. LAB species identification was then
performed for C and FJ groups (Figure 7b). The control group
had amajority of L. animalis/murinus (28 identifications out of 43
isolates, i.e., 65.1%) whereas the FJ showed a greater abundance
of Enterococcus faecalis (34 identifications out of 49 isolates, i.e.,
69.4%). E. faecaliswas isolated onMRS agar: this culturemedium
is supposed to be selective to Lactobacilli, but the growth of E. fae-
caliswas previously reported.[26–28] Interestingly, the group receiv-
ing the fermented beverage showed an increased frequency of
L. plantarum detection compared to the control group (+13.1%).
The species L. pseudomesenteroideswas not detected in any group.
By comparing sequencing results with the profiles obtained

by Rep-PCR(GTG)5, we hypothesized that the P1 profile corre-
sponded to L. murinus/animalis isolates (75.6% in C and 18.4%
in FJ by Rep-PCR), the P2 profile to E. faecalis isolates (24.4% in
C and 73.5% in FJ by Rep-PCR), the P3 profile to L. plantarum
isolates (0.0% in C and 6.1% in FJ by Rep-PCR), and the P4 pro-
file to L. reuteri isolates (0.0% in C and 2.0% in FJ by Rep-PCR)
(Figure 7c). The Rep-PCR profiles of strains 75 and 56 were not
found in the analyzed isolates.
Hence, themicrobiota composition inmicewasmodified by FJ

consumption, but microbiota was not colonized by the ingested
bacteria.

4. Discussion

Extensive studies using models of HFD were conducted on
pathobiology of obesity-related diseases since high energy diet re-
sults in obesity and associated metabolic disorders.[29] Metabolic
disorder symptoms cover intraabdominal and intraorgan fat de-
position, glucose intolerance, insulin resistance, peripheral in-
flammation, leptin signaling dysregulation, and increased gas-
trointestinal permeability.[29] Addressing eating behavior by F&V
consumption, specially through functional fermented food, can
be an efficient prevention tool.[6,30] In this study, mice were fed
with a high-caloric diet during a 6-week period to induce a preobe-
sity state, the onset of metabolic disorders. No statistical differ-
ences were observed regarding food intake, but weight gain was
slightly higher formice supplementedwith sugary drinks instead
of water. However, the volume of sugary drink consumed varied
depending on the beverage proposed. These variations may be

Mol. Nutr. Food Res. 2023, 67, 2200670 2200670 (6 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 5. Hematoxylin and eosin (H&E) staining for pathohistological evaluation of intestinal permeability. Structure presentation a), Control (C) corre-
sponded to mice receiving only high-fat diet (HFD) and water ad libitum b). SW, sweetened water c); J, pineapple juice d); FJ, fermented pineapple juice
e). Se, serosa; Mu, muscularis externa; Su, submucosa; Lu, lumen; Cr, crypt; Vi, villus.

due to a stronger appetite for SWs suggesting a greater palata-
bility compared to Js. Possibly, fibers contained in the juices pro-
vided satiety.[31] Js were prepared fromboth the pulp and the core.
Pineapple core is especially rich in dietary fiber: it was previously
estimated at 64.19 g/100 g of dry weight (d.w.) with two third of
insoluble dietary fiber, mainly cellulose and hemicellulose, and
one third of soluble dietary fiber.[32,33] Consumption of high fiber
content enhances satiation and satiety. Fibers stimulate the re-
lease of gastric juice and satiety hormones.[34] They delay gastric
emptying and gastric distension resulting in slower digestion and
absorption in the gastrointestinal tract.[34–36] Soluble fibers pos-
sess a high water-binding capacity, have an important swelling

capacity, and stimulate satiety by activating vagal afferents.[37]

They are also more susceptible to fermentation by colonic bac-
teria, generating short chain fatty acids whose affect appetite
regulation.[38]

As metabolic disorders linked to HFD lead to impaired
carbohydrate and lipid metabolism, blood constants were in-
vestigated. Whatever the beverage, glycemia of mice increased
after 6 weeks of HFD. Compared to the control group having
water, BSW and J group glycemia was higher after 35 days. The
FJ and control groups showed a similar regulation of glucose
concentration according to the OGTT whereas the other groups
showed a tendency to higher glycemic curves. All together

Figure 6. Histological measurements of intestines. Purple bars values refer to the right y axis. Different letters within a measurement correspond to
significantly different values from two-way analysis of variance (ANOVA), p < 0.05.

Mol. Nutr. Food Res. 2023, 67, 2200670 2200670 (7 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 7. Lactic acid bacterium (LAB) population at days 0, 19, and 41 in mouse feces a); proportion of bacterial species identified from isolates of
control (C) and fermented juice (FJ) mouse group feces at day 41 b); Rep-PCR profiles of LAB isolates at day 41 c). Control (C) corresponded to mice
receiving only high-fat diet (HFD) and water ad libitum. BSW, LAB in sweetened water; FJ, fermented pineapple juice; J, pineapple juice; SW, sweetened
water. Species graphically represented the major ones for 16S rRNA coding region sequencing. Different letters correspond to significantly different
values from two-way analysis of variance (ANOVA), p < 0.0001.

these results suggest that FJ consumption, contrarily to other
sugary drinks, does not increase glucose regulation disorders.
Postprandial carbohydrate absorption depends on the amount
of carbohydrate ingested and to their hydrolysis. The inhibition
of hydrolytic enzymes can modulate digestion rate and exert an
antihyperglycemic effect.[39] Silva et al. (2018) suggested that
polyphenols can bind and precipitate digestive enzymes and
that polyphenol extract bioactivity depends on the polyphenol
composition.[40] Guaraná digests showed a dose-independent
inhibitory activity on 𝛼-glucosidase, possibly influencing glucose
metabolism and showing an antihyperglycemic potential.[40]

The activity of 𝛼-glucosidase was inhibited by both J and FJ.
This inhibition could induce a slowing-down of carbohydrate
digestion and a spreading of the glycemic curve in the post-
prandial state. It could result from polyphenol composition of
the J, but the impact of fermentation was not evidenced.[41]

Papaya (Carica papaya) purée fermented with L. pseudomesen-
teroides 56 or L. plantarum 75 inhibited 𝛼-glucosidase activity
by 37% or 17%, respectively.[42] Similarly, fermented mango
(Mangifera indica L. cv. “Cogshall”) purée was more inhibitory
than the not-fermented one.[43] The polyphenol composition of
pineapple, different from that of papaya and mango, probably
explained a more limited effect on 𝛼-glucosidase inhibition of
lactic fermented pineapple.[44] Probiotics can enhance fasting
and postprandial blood glucose, glucose tolerance, and hepatic
glycogen synthesis.[45] Hence, the observed effect of FJ on
carbohydrate regulation could result from the presence of active
bacteria.[45,46] A causal link has been previously demonstrated
between HFD diet and altered glucose regulation with higher
AUC values for OGTT, in the same range as observed here.[46]

Our results are consistent with observations on diabetic mice re-
ceiving Aksu apple juice in addition of HFD diet, which showed
a reduced fasting blood glucose level compared to mice receiving
the not-fermented juice and the control group, although not
significant.[14]

To study energy metabolism, lipid profile was measured.
TG concentration was measured since excess carbohydrates
are stored as TGs and both plasma TG and total cholesterol
concentration are dysregulated in metabolic disorders. C57BL/6
mice fed with HFD did not show any change of TG and total
cholesterol levels compared to mice with chow diet.[46] TG
and cholesterol levels did not change during the experiment
for HFD mice supplemented with water. On the opposite, an
increase of circulating lipid content was observed for mice
supplemented with SW, BSW, and J. FJ consumption main-
tained TG and cholesterol levels and adipose tissue weight.
Concomitantly, a decrease in total bacteria population has been
reported for HFD compared to low fat diet.[47] Consumption
of high caloric diets lead to shifts in the diversity of species
belonging to the Firmicutes and Bacteroidetes phyla, reducing the
microbiota diversity.[48] Conversely, the administration of noni
fruit phenolic extract restored gut microbiota structure.[49] FJ
consumption did not change LAB population but did change
species composition in feces. Indeed, the control group mainly
contained L. animalis/murinus whereas the FJ group had a
greater abundance of E. faecalis and a higher proportion of
L. plantarum.
These observations can be related to recent findings showing

that streptozotocin-induced diabetic mice receiving fermented
apple juice showed lower serum TG and total cholesterol

Mol. Nutr. Food Res. 2023, 67, 2200670 2200670 (8 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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levels than mice receiving a nonfermented juice, indicating
a better blood lipid regulation in diabetic mice following FJ
administration.[14] Moreover, LAF has a beneficial health effect
through microbiota interactions, promoting gastro-intestinal
tract health, improving antiinflammatory potential, and control-
ling oxidative stress.[11,50] Interestingly, an increased abundance
of E. faecalis was shown to promote a cholesterol-lowering
effect.[51] Also, HFD mice exhibited a proportion of Firmi-
cutes reaching 62.56%, among those Lactobacillus abundance
increased, compared to the control group fed with a normal
chow.[14] Lactobacillus abundance increased further when fer-
mented apple juice was consumed, possibly because of LAB
added with the fermented juice.[50]

Intestinal permeability is impaired by metabolic disorders,
as shown through a decrease in tight junction protein con-
centration or morphological changes of intestinal surface.[52]

HFD consumption is known to decrease ZO-1 concentration
and to reduce the length of intestinal villi and the depth of
intestinal crypts compared to mice fed with a regular diet.[53–55]

Although it has been demonstrated that polyphenol extracts in-
creased tight-junction protein concentration and thus, enhanced
intestinal barrier integrity, we did not observed modifica-
tions of ZO-1 content by juice consumption compared to the
control group.[49,53,54] Administration of orange juice-derived
nanovesicles to mice fed with a high-caloric diet resulted in an
increase in villi size in mice and thus an improved absorptive
area.[56] This is consistent with the observation of a differ-
ence in crypt depth between SW and FJ, but morphological
changes of the intestine were not significantly different between
groups.
Together our results show that FJ consumption does not in-

crease metabolic disorders resulting from HFD, contrarily to
other sugary drinks. Despite high amounts of sugar, fruit juices
are rich in fibers and phenolic compounds.[2] In addition, LAF
has an impact on phenolic composition.[8] The differences in
health indicators observed between FJ and other sugary drink
consumed possibly results from a combination of pineapple and
LAF positive beneficial effects.
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