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1. Introduction

Pomegranate supplementation alleviates
dyslipidemia and the onset of non-alcoholic
fatty liver disease in Wistar rats by shifting
microbiota and producing urolithin-like
microbial metabolites+

Guadalupe Sanchez-Terrén,® Remigio Martinez,® David Morcuende,?
Victor Caballero® and Mario Estévez () *@

Non-alcoholic fatty liver disease (NAFLD), obesity and related chronic diseases are major non-communic-
able diseases with high mortality rates worldwide. While dietary sugars are known to be responsible for
insulin resistance and metabolic syndrome (MetS), the underlying pathophysiological effects of sustained
fructose consumption require further elucidation. We hypothesize that certain bioactive compounds (i.e.
punicalagin and ellagic acid) from dietary pomegranate could counteract the harmful effects of sustained
fructose consumption in terms of obesity and liver damage. The present study aimed to elucidate both
the molecular mechanisms involved in the pathophysiology associated with fructose intake and the effect
of a punicalagin-rich commercial pomegranate dietary supplement (P) used as a nutritional strategy to
alleviate fructose-induced metabolic impairments. Thus, nineteen Wistar rats fed on a basal commercial
feed were supplemented with either 30% (w/v) fructose in drinking water (F; n = 7) or 30% (w/v) fructose
solution plus 0.2% (w/v) P (F + P; n = 6) for 10 weeks. The results were compared to those from a control
group fed on the basal diet and provided with drinking water (C; n = 6). Body weight and energy intake
were registered weekly. P supplementation decreased fat depots, counteracted the dyslipidemia caused
by F and improved markers of liver injury including steatosis. The study of the microbiota by metage-
nomics and urine by untargeted MS-based metabolomics revealed microbial metabolites from P that may
be responsible for these health benefits.

alcoholic fatty liver disease (NAFLD), insulin resistance, type 2
diabetes mellitus (T2DM), gout, hyperuricemia and cardio-

Fructose consumption has increased strongly in the last
decades, despite the efforts of governments and health
organizations to alert populations on the health risks linked
to sustained intake of simple sugars. The World Health
Organization (WHO) recommends consuming less than 5% of
total calories in the form of reducing sugars." Extensive litera-
ture supports the connection between fructose intake and
several metabolic impairments associated with metabolic syn-
drome (MetS), such as obesity, adiposity, dyslipidemia, non-
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metabolic diseases, likely related to disturbances of liver
metabolism.”

Impaired hepatic energy metabolism and lipid deposition
might be responsible for the negative outputs related to high
fructose consumption. Excessive stimulation of glycolysis and
gluconeogenesis pathways together with decreased activity of
fatty acid oxidation pathways appear to be the basis of these
impairments.> However, it is known that many pathophysiolo-
gical effects of sustained sugar consumption are associated
with events occurring at the gastrointestinal (GIT) level.* Our
previous in vivo study illustrated the deleterious effects of
dietary fructose on glycoxidative stress in both the intralum-
inal contents and GIT tissues and on impaired protein digesti-
bility, as well as its negative impact on the microbiota and the
intraluminal colonic metabolome.’ The glycoxidative reactions
(or pro-glycoxidative status) promoted by excess fructose con-
sumption could also potentially adversely contribute to fruc-
tose-associated metabolic impairments, but other factors are
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involved. At 0.5 g per kg body mass, fructose is transported
into epithelial cells through facilitative glucose transporter 5
(GLUT5) and metabolized in the small intestine to other
species (glucose, lactate, and/or glycerate), which are sub-
sequently released into the portal blood to the liver. Higher
levels of dietary fructose (>1 g per kg body mass) are known to
induce not only overexpression of GLUTS5,” but also the trans-
location of basolateral facilitative glucose transporter 2
(GLUT2) to the apical membrane, optimizing fructose intesti-
nal uptake.® Despite this, high intakes of fructose could over-
whelm the intestinal clearance mechanisms and pass to later
GIT stages, as well as reaching the liver via portal circulation.?
In the liver, GLUTS5 is not expressed at high levels, and GLUT2
is likely the major membrane transporter.®”

Phenolic-rich dietary supplements are commonly marketed
along with health claims of protecting against numerous
health disorders and enhancing health status. Yet, the mole-
cular mechanisms of their potential bioactivities as well as the
actual effectiveness of some of these supplements require
further elucidation. Pomegranate is rich in a variety of pheno-
lic compounds and its consumption is related to assorted
health benefits including anti-obesity, antidiabetic and hepa-
toprotective effects.>® Punicalagin (PU) is a member of the
ellagitannin family naturally present in pomegranate, together
with ellagic acid (EA), which makes punicalagin a component
of great importance from the point of view of health, and the
interaction between the compound and the gut microbiota
seems to be the key to its beneficial effects.'®'! EA is a bio-
active compound with antioxidant properties which is further
biotransformed into urolithins (U), with these latter microbial
metabolites having a remarkable positive impact on human
health.'? Several studies have linked PU supplementation with
improvements in metabolic pathologies such as T2DM
through their ability to interact with intestinal GLUT2."* Other
authors related the inhibition of intestinal GLUT5 with several
plant extracts like green tea and chamomile,” so this encour-
aged us to gain further insight into the unknown impact of PU
on the metabolism of fructose during an in vivo experiment
and the consequences in terms of liver health. We hypothesize
that the above-mentioned bioactive compounds (i.e. PU and
EA) from pomegranate could counteract the harmful effects of
sustained fructose consumption in terms of obesity and liver
damage. To prove whether this hypothesis was correct or not,
Wistar rats were supplemented for 10 weeks with fructose and
a PU-rich commercial pomegranate dietary supplement.
Hence, this study aims to decipher the adverse effects of sus-
tained fructose consumption on hepatic metabolism and the
mechanisms of the potential hepatoprotective effects of a PU-
rich commercial pomegranate dietary supplement (P).

2. Materials and methods
2.1. Chemicals

All chemicals used in the high-performance liquid chromato-
graphy (HPLC) were provided by Fisher Scientific S.L. (Madrid,
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Spain). External standards of urolithins A and B, ellagic acid,
a-aminoadipic and y-glutamic semialdehydes (a-AS and y-GS,
respectively), and pentosidine were acquired from Sigma-
Aldrich (St Louis, USA), similar to the rest of the reagents used
in the analysis. Punicalagins A and B (mixture) were purchased
from Phytolab GmbH & Co. KG (Germany). The standard of
delphinidin chloride was provided by Extrasynthese (Genay,
France). Ultrapure water was prepared using a Milli-Q water
purification system (Millipore Corp., Bedford, MA, USA).

2.2. Animals, feeds, and other materials

Nineteen male Wistar breed rats of the Rattus norvegicus
species were used in our experiment according to Spanish
legal requirements (RD 53/2013), the bioethics committee of
the University of Extremadura (137-2020) and the approval of
the Board of Extremadura (EXP20200904). The design and per-
formance of the experiment, including animal manipulation
and euthanasia, were carried out by licensed veterinarians
with all requirements by legal authority (Direcciéon General de
Sanidad Animal, Junta de Extremadura, Spain). The rats were
supplied by the Animal Experimentation Station from the
University of Extremadura (Caceres, Spain). At the beginning
of the assay, they were 6-7 weeks old and weighed 186 g on
average. During the entire study period, the same rodent basal
feed was used, which was the “Teklad Global Diet 2014”, sup-
plied by ENVIGO (Madison, WI, USA), with a crude protein
content of 14.3%. Detailed information on the composition of
feeds is provided in Table S1 from the ESIL. The PU-rich pome-
granate supplement (Granatum Plus, "Punicalagina Plus con
Pomanox®) was provided by “Antioxidantes Naturales del
Mediterraneo S.L.” as pills (Murcia, Spain).

2.3. Characterization of punicalagin-rich pomegranate pills

To determine the chemical composition of the encapsulated
pomegranate powder, HPLC analysis was conducted. The pre-
treatment of the product for the analysis is illustrated as
Fig. S1 from the ESI} for a better understanding of the pro-
cedure. The filtrates were subjected to HPLC using a Shimadzu
Prominence HPLC (Shimadzu Corp., Japan) equipped with a
quaternary solvent delivery system (LC-20AD), a DGU-20AS
online degasser, an SIL-20A autosampler and a SPD-M20A
diode array detector. The column used was a reversed-phase
Agilent Poroshell 120 SB-C18 column (150 x 4.6 mm, particle
size 2.7 pm). Solutions of MilliQ water with 0.1% (v/v) formic
acid (A) and acetonitrile 100% with 0.1% (v/v) trifluoracetic
acid (B) were used as eluents, and the flow rate was maintained
at 0.5 mL min~'. The column was eluted with the following
gradients: 0 min, 7% B; 20 min, 25% B; 35 min, 40% B;
40 min, 60% B, and from 41 to 50 min, 7% B was maintained.
The photodiode array detector was set to measure at a wave-
length of 379 nm and external standards of isomers of punica-
lagins A and B (mixture), ellagic acid and delphinidin were
used for the identification and quantification of the com-
pounds. Quantification was based on the external calibration
curves of each standard with a concentration range over

Food Funct, 2024, 15, 7348-7363 | 7349


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo00688g

Open Access Article. Published on 05 April 2024. Downloaded on 12/4/2025 6:54:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

12.5-100 pg mL~" for punicalagins (A + B), 25-200 pug mL™" for
ellagic acid, and 25-200 pg mL™" for delphinidin chloride.

Each pill, on average, had 231.7 mg of punicalagins (A + B),
7.29 mg of ellagic acid and 0.26 mg of anthocyanins (750 mg
of pomegranate extract). Chromatograms of both punicalagin
samples analyzed and the standard are detailed in Fig. S2 of
the ESL.}

2.4. Experimental design

During a 1-week adaptation period, the rats were individually
identified by means of a perforation code in the auditory pavi-
lion and maintained in ventilated cages, with water and feed
ad libitum, under controlled climatic conditions (20-22 °C temp-
erature, 40-50% humidity and 12-12 hours light/dark cycle).

Once the adaptation period had finished, the animals were
randomly allocated to one of these three experimental groups:
(i) the control group (C), which received the basal feed and
drinking water during the entire assay (n = 6); (ii) the fructose
group (F), in which drinking water was replaced by 30% (w/v)
fructose solution (n = 7); and (iii) the fructose and P group (F +
P), in which drinking water was replaced by 30% (w/v) fructose
solution along with 0.2% (w/v) pomegranate supplement (n =
6). The number of animals was fixed in accordance with pre-
vious statistical assessments to guarantee enough statistical
power to discriminate differences in the assessed parameters
at a significance level (p) of less than 0.05.

The experiment was conducted for 10 weeks. Animals were
checked daily to ensure safety and well-being. During the treat-
ment, food and water/solution consumption were gravimetri-
cally monitored every time they were refilled in order to calcu-
late the energy intake. This procedure was performed depend-
ing on the demand of the animals (every two or three days,
approximately). Body weights were registered weekly.

On average, rats from the F group consumed 9 g fructose
per kg live bodyweight per day. Based on the total amounts of
PU (referring to the sum of punicalagins A and B) in P, and the
quantities of fructose-solution with P consumed by the rats,
the animals ingested an average of 23.68 mg PU per kg body-
weight per day. The dosages provided to animals by oral
administration are compatible with both the recommended
dosage suggested by the pomegranate pill supplier and the
intake of fructose by human beings."*

2.5. Slaughter, necropsy and sampling

The Wistar rats were euthanized at the end of the experimental
period at an approximate age of 16-17 weeks-old and an
average weight of 437 grams. Euthanasia was performed by
exsanguination via cardiac puncture. Previously, the animals
were anaesthetized using 5% inhaled isoflurane. All the blood
was collected in tubes with EDTA and subsequently stored at
—80 °C. Fatty tissues were taken, and the fat depots of the
animals were weighed according to type and location. The sub-
cutaneous adipose tissue (SAT) as well as the visceral adipose
tissue (VAT) were gently removed and individually weighed.
The VAT was dissected from different locations in the
abdomen of the rats (retroperitoneal, perirenal, gonadal and

7350 | Food Funct.,, 2024, 15, 7348-7363

View Article Online

Food & Function

inguinal). The sum of the weight of both depots was con-
sidered as white adipose tissue (WAT)."> Moreover, the fat
depots from the interscapular region were also removed and
weighed as brown adipose tissue (BAT). The liver of the
animals was promptly dissected from the corpses, dispensed
in a suitable container, and stored immediately at —80 °C. A
portion of the tissue was preserved in 5% formalin for micro-
scopic analyses. The urine was aseptically collected through
puncture of the bladder and properly stored. Feces from the
rectum were aseptically dispensed in Eppendorf tubes and
stored at —80 °C until analyses were performed.

2.6. Analytical procedures

2.6.1. Assessment of glycoxidative stress in the liver tissue
2.6.1.1. Protein carbonylation. The detection and quantifi-
cation of a-aminoadipic (a-AS) and y-glutamic semialdehydes
(y-GS) were performed through HPLC technologies in order to
evaluate the accretion of protein carbonyls in the liver as
described previously.'® Thus, 500 mg of tissue was homogen-
ized with 0.5 mL of PBS solution and the remaining steps of
the procedure were the same as those reported in the above-
mentioned study. The results from the quantification of a-AS
and y-GS were expressed individually and as total primary
protein carbonyls (PPC) (nmol carbonyl per mg protein).
2.6.1.2. Pentosidine. Pentosidine is a specific marker of
advanced glycation endproducts (AGEs). The compound was
also assessed using the specific liquid chromatographic pro-
cedure described above (2.6.1.1. Protein carbonylation).'®"”
Tissue homogenates were treated with 10% cold trichloroacetic
acid (TCA) to removed proteins and ethanol-ethyl-acetate (1:1;
v/v) to remove lipids. Purified extracts were filtered through
0.45 pm pore size hydrophilic polypropylene GH Polypro
(GHP) syringe filters (Pall Corporation, Port Washington, NY,
USA). HPLC analysis and conditions were described else-
where.'® The standard of the compound was used to compare
the retention times and to identify the pentosidine peak,
which was manually integrated from fluoresce detector chro-
matograms. Pentosidine was expressed as fluorescence units.
2.6.2. Analysis of the biochemical profile of plasma. The
stored plasma was sent under suitable conditions to the
Internal Medicine Laboratory of the Veterinary Clinic Hospital
on the Faculty of Veterinary (University of Extremadura) to
obtain a complete biochemical profile of the samples.
Specifically, total protein content (TP), albumin (ALB), globulins
(GLB), creatinine (CREAT), urea, phosphorous, alkaline phos-
phatase (ALP), alanine transaminase (ALT), aspartate transamin-
ase/glutamic oxaloacetic transaminase (AST/GOT), triglycerides
(TG), total cholesterol, LDL and HDL were determined. The
samples were analyzed in a Saturno 100 VetCrony® automatic
blood chemistry analyzer (Crony Instruments, Rome, Italy).
2.6.3. Fecal microbiota. DNA was isolated from feces
obtained at slaughter and the microbiota from Wistar rats was
analyzed following the procedure described previously by our
group.” Brieflyy, DNA was isolated from feces using the
MagMAX Microbiome Ultra Nucleic Acid Isolation Kit (Thermo
Fisher Scientific, MA) following the manufacturer’s instruc-
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tions and the KingFisher Flex Instrument (Thermo Fisher
Scientific, Waltham, WA). Genomic DNA was amplified,
sequenced and analyzed using specific primers for the V3 and
V4 variable regions of the 16S rRNA gene employing an
Ilumina MiSeq platform. The analysis of the generated raw
sequence data was carried out using QIIME2 v2021.4., and the
operational taxonomic units (OTUs) were classified by taxon
using the SILVA database (release 138 QIIME) and trained by a
scikit-learn classifier using the UNITE (release 8.3) database.

2.6.4. Microscopy analysis of liver tissues. Sections from
formalin-fixed liver samples from treated and control rats were
microscopically assessed by an experienced veterinary pathol-
ogist unaware of the animal treatment groups. Paraffin-
embedded specimens were deparaffinized in xylene and rehy-
drated with successive washes in an increased gradient of
ethanol concentrations. Then, they were stained with
Hematoxylin 80% (LabKem) and Eosin Yellowish (Panreac),
and the slides were examined using a Leica DFC-280 light
microscope. The Leica Q Win Plus Image Analysis System
(Leica Micros Imaging Solutions Ltd, Cambridge, UK) was
used for morphometric analysis. Occurrences of pathophysio-
logical observations such as necrosis, apoptosis, dilation of
biliary canaliculi, or inflammatory cell infiltration were
measured in ten different fields for each section at x20 magnifi-
cation (surfaces of observed fields: 20 x 38 663 pm®).

On the other hand, deparaffinized and rehydrated hepatic
sections were incubated with a CD45 antibody, anti-rat
REAfinity™ APC (Miltenyi Biotec) and Hoechst 33258 (Thermo
Fisher Scientific), once the process to expose antigens had
been carried out. The APC- and Hoechst-treated samples were
excited at 405 nm and 635 nm, respectively, and the images
were taken using a Fluview 1000, Olympus-Evident confocal
microscope.

2.6.5. Hepatic fat content. Total lipids were extracted from
liver tissues (1 g) using a mixture of chloroform : methanol
(1:2), according to the method described previously.'® The
mixture was homogenized by hand and centrifuged twice to
discard larger particles. The residue was then washed again
with chloroform : methanol (1:2) and homogenized in a mixer
mill using small steel balls. Subsequently, the mixture was cen-
trifuged, and the resulting supernatant was transferred into a
previously weighed glass tube. The process was repeated. For
phase separation, KCl (0.1 M) was added to the accumulated
supernatants, and samples were centrifuged. The organic
phase (lower) was collected by passing it through anhydrous
sodium sulfate and then dried using a rotary evaporator.

2.6.6. Untargeted MS-based metabolomics. Metabolites
from the urine of Wistar rats were extracted and analyzed.
Briefly, 150 pL of urine was mixed with 200 pL of methanol
100%, in order to precipitate undesirable compounds. The
mixture was homogenized in a vortex and subsequently centri-
fuged at 9000g and 4 °C for 10 minutes. The supernatants
were placed in new Eppendorf tubes and dried using a cen-
trifugal vacuum concentrator (Gyrozen, Daejeon, Korea). The
residues were reconstituted with 75 pL of methanol (70%) and
centrifuged. The supernatants were placed into singled
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Eppendorf tubes using 0.22 pm nylon-filters. Samples were
analyzed using a Dionex UltiMate 3000 RSLC system coupled
with a Q Exactive high resolution mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA). The specific conditions
for the analysis and data treatment are similar to those
detailed in a previous publication.”

2.6.7. Detection of urolithin-related compounds using a
HPLC-DAD assay. A HPLC assessment of the urine samples
was performed based on the guidelines described by other
authors with small modifications, in order to detect the pres-
ence of urolithin-derived compounds.'® The analytical pro-
cedure for extraction and purification of urine samples was
performed as described in section 2.6.6. The injection volume
was 8 pL for each sample. The identification and quantifi-
cation of the expected compounds were performed using the
Shimadzu Prominence HPLC (Shimadzu Corp., Japan)
described in section 2.3 under similar analytical conditions.
The spectra were recorded in the range of 200-750 nm and the
chromatograms were obtained at 280, 332 and 356 nm.
Urolithin-related compounds were identified using their UV
spectral properties and whenever possible by comparison with
authentic standards. Quantification was based on external cali-
bration curves with linear ranges of 0.1-100 pg mL™" for uro-
lithin A (URO-A) and 0.2-200 pg mL ™" for urolithin B (URO-B).

2.7. Statistical analyses

The statistical analysis of raw data was carried out and para-
metric (i.e., the ANOVA test and Tukey post hoc test) and non-
parametric tests (i.e., Kruskal-Wallis’s test and multiple com-
parisons post hoc test) were applied based on the normality
and homoscedasticity of the data using the R statistical soft-
ware (R 4.2.3) and SPSS version 27.0. Box plots and bar chart
were generated using ggplot2.”° p Values less than 0.05 were
considered statistically significant. Both F- and F +
P-responsive metabolites were assessed using MetaboAnalyst
(https:/www.metaboanalyst.ca/). Principal component analysis
(PCA) as a multivariant analysis was used. Moreover, metab-
olite profile distinctions between the groups were evaluated
using the ANOVA test as a one-factor statistical method to
further analyze the impact of the treatments on the urine
metabolome of Wistar rats.

3. Results

3.1. Caloric intake, body weights and fat depots

Table 1 shows the energy provided by the diet to the different
groups of experimental animals expressed as the median
[interquartile range (IQR)] of kJ per kg body weight registered.
The energy consumed by C was supplied only by the feed
(96.58 kJ per kg body weight) and was statistically similar to
that consumed by F and F + P through the solid feed. However,
drinking fructose-rich solutions provided an extra energy
supply to animals from F and F + P (41.54 and 45.47 kJ per kg
body weight, respectively) as compared to animals from C,
which drank only water. For this reason, there were significant
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Table 1 Energy provided by the feed and the fructose supplemented
waters expressed as median [IQR] values in the experimental consumer
groups fed with a basal diet and drinking water (C), 30% (w/v) fructose
solution (F), or 0.2% (w/v) P in a 30% (w/v) fructose solution (F + P)

Feed energy Fructose-solution Total energy

(kJ day™) energy (kJ day™") intake (kJ day™)
C 96.58 [94.20] 0.00b [0.00] 96.58b [94.20]
F 87.41 [81.63] 41.54a [29.96] 137.08a [88.40]
F+P 78.31[75.75] 45.47a [31.90] 129.28a [76.15]
p value” ns o *

“Significance level in Kruskal-Wallis’ test with the effect of diet (C, F
and F + P). *p < 0.05; **p < 0.01; ***p < 0.001. ns: not significant.
Medians with different letters within the same column were signifi-
cantly different in the multiple comparisons post hoc analysis with the
Bonferroni correction applied (p < 0.05).

differences among the total energy intakes of the experimental
animals during the assay (p < 0.05), with F and F + P being the
groups having the highest total energy intake (137.08 kJ per kg
body weight and 129.28 kJ per body weight, respectively). The
occurrence of P in fructose solution did not affect the solution
intake, and hence, both groups of animals had equivalent
total energy supplies during the assay. Unexpectedly, this
higher energy input did not appear to significantly influence
the weight of the different groups of animals during the experi-
ment, which overall increased similarly from approximately
230 to 423 g (mean weights) (Fig. 1).

On the other hand, Fig. 2 shows the weights of fat depots
from experimental animals expressed as g per kg body weight.
The BAT from C was equivalent to 1.81 g per kg body weight at
the end of the experiment, while their WAT, expressed as the
sum of both SAT and VAT, was 80.93 g per kg body weight. The
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consumption of fructose had a marked and significant lipo-
genic effect on all the fatty tissues analyzed, which were
almost 2-fold significantly higher than those of their control
counterparts (p < 0.001). However, this increase was more pro-
nounced in the VAT (27.13 g per kg body weight increased; p <
0.001) than in the SAT (20.11 g per kg body weight increased; p
< 0.001). Meanwhile, the fatty depots from F + P were signifi-
cantly similar to those of their control counterparts. Hence,
PU supplement counteracted the pro-adipose effect of fructose
in Wistar rats.

3.2. Plasma markers

Table 2 shows the results of the biochemical analyses made on
the plasma from experimental rats fed with basal diet and
drinking water (C), 30% fructose solution (F) or 0.2% P in a
30% fructose solution (F + P). The consumption of fructose
promoted significant changes in some of the analyzed
markers in contrast to C, such as increases in the concen-
trations of albumin (ALB) (2.59 g dL™" vs. 2.34 g dL™" in C),
phosphorus (3.80 mg dL™" vs. 3.30 mg dL ™" in C) and aspartate
transaminase (AST) (48.96 U L™" vs. 25.46 U L™" in C).

The intake of P together with fructose also influenced the
concentration of some biochemical markers. Thus, sup-
plementation with P promoted increased amounts of total pro-
teins (TP) (p < 0.01), ALB (p < 0.05) and globulins (GLOB) (p <
0.001), phosphorus (p < 0.01), cholesterol (p < 0.001) and HDL
(p <0.01) in the plasma of F + P rats as compared to the C and
F counterparts. There was no significant difference in the con-
centration of GOT between F + P and C. However, the levels of
the liver injury marker were significantly lower in the plasma
of F + P rats than in those treated with fructose (p < 0.001).
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Fig. 1 Evolution of the weight of the experimental animals fed with basal diet and either drinking water (C), 30% (w/v) fructose solution (F), or 0.2%
(w/v) P in 30% (w/v) fructose solution (F + P) during the assay (10 weeks). Results are shown as means (dots) and standard deviations (error bars). No
significant differences were found between groups at any of the points of assessment.
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Fig. 2 Weight of the different fat depots, namely, brown adipose tissue (A), white adipose tissue (B), subcutaneous adipose tissue (C), visceral
adipose tissue (D) and total fat depots (E) collected during the necropsy of experimental animals. Wistar rats were fed with basal diet and either
drinking water (C), 30% (w/v) fructose solution (F), or 0.2% (w/v) P in 30% (w/v) fructose solution (F + P). Results are shown as means (dots) and stan-
dard deviations (error bars). Significance values (p) from ANOVA and paired comparisons between dietary treatments (Tukey post hoc test) are dis-

played in figures.

3.3. Liver histopathology, hepatic fat content, and
glycoxidative stress

Diagnosis evaluation of liver tissues is largely based on a
thorough examination of sections stained with hematoxylin

This journal is © The Royal Society of Chemistry 2024

and eosin (H&E). Fig. 3 shows the most representative hepatic
images from H&E staining. Fig. 3A and B correspond to C and
F livers, respectively. As compared to the former, the latter
shows multiple and larger size vesicle cells (namely cellular
ballooning), while livers from F + P rats (Fig. 3C) show hepatic
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Table 2 Statistical analysis of biochemical results from the plasma of experimental rats fed with a basal diet and drinking water (C), 30% (w/v) fruc-
tose solution (F), or 30% (w/v) fructose solution with 0.2% P (F + P) expressed as mean + standard deviation

Parameter® C F F+P p value®
TP (g dL™Y) 3.55b +0.40 3.93b +0.84 5.31a + 1.03 *x
ALB (g dL™) 2.34c +0.22 2.59b + 0.44 3.03a = 0.41 *
GLB 1.21b + 0.26 1.34b + 0.42 2.06a £ 0.28 xxx
CREAT 0.43 £ 0.05 0.47 £ 0.10 0.54 +0.10 ns
Urea (mg dL™Y) 21.78 +3.13 19.44 + 4.02 22.58 + 3.05 ns
Phosphorus (mg dL™") 3.30b + 0.56 3.80ab + 0.88 4.76a + 0.82 **
ALP (U L_l) 3.83 £0.75 3.43 £1.27 3.29+1.11 ns
ALT (UL 13.67 +2.16 18.86 + 6.79 16.86 + 2,12 ns
GOT (U L_l] 25.46b + 3.67 48.96a + 11.08 31.00b + 5.10 xxx
TG (mg dL™Y) 106.83 + 28.34 143.14 +10.43 162.39 + 62.09 ns
Cholesterol (mg dL™) 76.00b + 11.80 67.43b * 5.35 90.00a + 9.17 wox
LDL (mg dL™") 8.33 +3.08 11.54 + 3.17 8.54 +2.24 ns
HDL (mg dL™) 68.90b + 7.54 69.61b + 9.88 84.40a + 4.90 *x*
ALB/GLB ratio 1.99b + 0.37 2.03a £ 0.41 1.49b + 0.22 *
LDL/HDL ratio 0.12b + 0.04 0.17a £ 0.06 0.10c + 0.02 *
TG/HDL ratio 1.55 + 0.39 2.10 £ 0.37 1.91 £ 0.70 ns

“Total protein content (TP); albumin (ALB); %lobulins (GLB), creatinine (CREAT), alkaline phosphatase (ALP); alanine transaminase (ALT); aspar-
tate transaminase (GOT), triglycerides (TG). ” Significance level in the ANOVA test with the effects of diet (C, F and F + P). *p < 0.05; **p < 0.01;
***p < 0.001; ns: not significant. Means with different letters within the same row were significantly different in the Tukey post hoc analysis

(p < 0.05).

%Fat content = 1.80+0.23b

% PFat content = 1.64+0.24b

Fig. 3 H&E-stained histological images and hepatic fat contents (means + standard deviations) expressed as g fat per 100 g liver of livers from the
experimental rats: (A) control group, (B) fructose group, and (C) fructose + P group. Figures A and C show conserved hepatic structure and nuclei-
centered cells with a sharp nuclear membrane and scarce vacuolization. Figure B shows disorganized hepatic cords and severe vacuolization in cells
(arrows in B). Significance level in ANOVA test with the effects of diet (C, F and F + P) on the liver’s fat concentration = p < 0.001. Means with
different letters were significantly different in multiple comparisons post hoc analysis (p < 0.05).

tissue with hardly any vesicle cells. The images also show the 1.80%, while the amount of lipid depots in rats exposed to
hepatic fat content of each group of animals, expressed as g fat  drinking fructose was increased to 4.28% (p < 0.001). On the
per 100 g liver tissue (%). The hepatic fat content of C rats was other hand, the hepatic fat content of F + P rats was 1.61%,
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with these values being statistically similar to the liver fat
deposit in C rats.

In order to evaluate additional pathophysiological features in
the microscopic images, they were analyzed for the occurrence
of apoptosis, necrosis, intrahepatic biliary dilation, infiltration
and edema. Fig. 4 shows the percentage of each event occurring
in the liver cells of each group. Fructose intake significantly
increased hepatic cell apoptosis, necrosis, intrahepatic biliary
dilation and infiltration as compared to livers from C rats (p <
0.001). Meanwhile, in livers from F + P rats, the drinking solu-
tion significantly promoted higher hepatic cells necrosis, infil-
tration and edema as compared to the livers from the C
counterparts (p < 0.001). However, the presence of P in the fruc-
tose drinking solution decreased hepatic cell apoptosis and
dilation compared with livers from C rats. Compared to F, F + P
significantly showed lower occurrences of hepatic cell apoptosis,
necrosis, dilation, and infiltration, but instead the occurrence
of cell edema in F + P was higher than that in F (p < 0.001).

Fig. 5 shows the most representative images from CD45
staining of the hepatic tissues, which promotes blue fluo-
rescence from immunoglobulins, and red fluorescence from
CD45+ cells. Fig. 5A shows a hepatic region from C rats, while
Fig. 5B and C correspond to a hepatic section from F and F + P
rats, respectively. The images also show the immunological cell
count results from each group of animals (i.e., CD45 cells, lym-
phocytes and macrophages counts), and show that the intake of
fructose significantly increased the amounts of inflammatory
and immunological cells (Fig. 5B) compared to C and F + P.

In addition to the histological assessment, the pathophysio-
logical damage to the livers of Wistar rats caused by drinking
fructose was also evaluated by the detection and quantification
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Fig. 4 Percentage of qualitative events in the livers of rats fed with basal
diet and drinking water (C), 30% (w/v) fructose solution (F), or 0.2% (w/v)
P in 30% (w/v) fructose solution (F + P). ? Infiltration of immune cells.
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of markers of glycoxidative stress. Table 3 shows the concen-
trations of a-AS and y-GS as total primary protein carbonyls
(PPC) and pentosidine in the livers of the experimental rats.
The hepatic level of a-AS of C was 0.63 nmol carbonyl per mg
protein. The intake of fructose and fructose with P promoted
significant lower levels of a-AS in the livers of the rats compared
with their control counterparts (p < 0.01). The hepatic concen-
tration of y-GS was 0.08 nmol carbonyl per mg protein in
C. When fructose solution was ingested, the amounts of the car-
bonyl were higher than those found in the livers from C rats
(p < 0.001). However, supplementation with P in rats drinking
fructose promoted a significantly lower production of the semi-
aldehyde in the livers of F + P rats than in those from C and F
rats (p < 0.01). Considering the PPC as an expression of the sum
of both semialdehydes, the results showed that when the rats
consumed the fructose solution, there was no significant
change in the concentration of PPC between the livers, irrespec-
tive of the dietary treatment. However, P promoted a significant
decrease in the amounts of PPC in the livers from F + P rats as
compared to those from both C and F rats (p < 0.001).
Pentosidine is a marker of advanced protein glycation pro-
cesses. Table 3 reveals that in the livers from C, the levels of
pentosidine reached 0.61 fluorescent units. Fructose treatment
significantly promoted the highest hepatic formation of pento-
sidine (2.57 fluorescent units) (p < 0.001). In the livers from
F + P rats, the concentration of pentosidine also suffered a sig-
nificant increase compared to C, but the levels of pentosidine
in F + P livers were lower than those from their F counterparts.

3.4. Fecal microbiota

The fecal microbiome from experimental rats was analyzed to
assess the extent to which PU supplementation could revert (or
worsen) the already known impact of dietary fructose on the
microbiota of Wistar rats.” Table 4 shows the significant
changes in the relative abundances of some microorganisms
that were detected at the genus level among the different
groups of rats. Compared to C, the microbiome of F was
characterized by a significant increase in uncultured
Lachnospiraceae species and Adlercreutzia spp. Instead, the
intake of P significantly modified the microbiome of F + P
more than the consumption of the fructose solution alone (F),
with respect to their control counterparts. Thus, the micro-
biome of F + P (vs. C) was characterized by increases in
Lachnospiraceae NK4A136 group spp. (p < 0.05), unclassified
Eggerthellaceae spp. (p < 0.05), Oscillibacter spp. (p < 0.05),
Ruminococcaceae spp. (p < 0.05), uncultured Lachnospiraceae
(p < 0.05), Barnesiella spp. (p < 0.05), [Eubacterium] ruminan-
tium group species from Lachnospiraceae family (p < 0.001),
Clostridia vadin BB60 group spp. (p < 0.01), Butyricimonas spp.
(p < 0.05), Colidextribacter spp. (p < 0.05), uncultured
Ruminococcaceae (p < 0.01), uncultured Flavobacteriaceae (p <
0.05) and Peptococcus spp. (p < 0.01). Likewise, P in F-treated
rats significantly promoted decreases in some microorganisms
that occurred in C, such as Lactobacillus spp. (p < 0.01), uncul-
tured Oscillospiraceae spp. (p < 0.05), Streptococcus spp. (p <
0.05) and Lactococcus spp. (p < 0.05).
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Fig. 5 CD45-stained histological images and cell counts (CD45 cells, lymphocytes, and macrophages) in the livers from the experimental rats: (A)
control group, (B) fructose group, and (C) fructose + P group. Significance level in the Kruskal—Wallis test with the effects of diet (C, F and F + P) on
the liver's immunological cells counts = p < 0.01. Medians with different letters were significantly different in multiple comparisons’ post hoc analysis

(p <0.05).

Finally, species from the family Ruminococcaceae (p <
0.01), [Eubacterium] ruminantium group species from
Lachnospiraceae family (p < 0.001), Peptococcus spp. (p < 0.05)
and Bacillus spp. (p < 0.01) showed a significant increase in
their relative abundance in the microbiome of F + P as com-
pared to F. Other species such as Oscillospiraceae UCG-
005 group spp., Clostridium sensu stricto 1 spp., Marvinbryantia
spp.- and uncultured genus of Coriobacteriales species showed
a significant decrease in the microbiota of F + P rats compared
with the F counterparts (p < 0.05, respectively).

3.5. Non-targeted metabolomics of urine

The Compound Discoverer software paired compound names
and/or formulas with the calculated weights of the detected
molecules using different databases (i.e., AKos, BioCyc,

7356 | Food Funct., 2024, 15, 7348-7363

Chemspace, FooDB, Human Metabolome Database, KEGG,
LipidMAPS, Mcule, Nature Chemical Biology, Nature
Chemistry, NPAtlas, Toxin, Toxin-Target Database and Urine
Metabolome Database). According to the rutinary calibration
and optimization of the equipment, as well as our metabolite
extraction method, the identification and characterization
(Table S2 of the ESI}) of the metabolites belong to level 2 of
the identification levels proposed by the published metabolo-
mics literature.*

In order to analyze the results, the peak intensities of the
hepatic metabolites were compared using Metaboanalyst soft-
ware (https:/www.metaboanalyst.ca/). More than two thousand
(2052) metabolites were revealed by the untargeted metabolo-
mic analysis of urine from C, F and F + P Wistar rats. The PCA
analysis (Fig. 6A) clearly positioned the urine metabolome of

This journal is © The Royal Society of Chemistry 2024
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Table 3 Concentration of glycoxidative stress markers (mean + stan-
dard deviation) in the liver of Wistar rats fed ad libitum for 10 weeks with
a control base diet and drinking water (C), 30% (w/v) fructose water
solution (F) or 0.2% (w/v) P in 30% fructose solution (F + P)

o-AS” (nmol ~ y-GS” (nmol ~ PPC* (nmol  Pentosidine
carbonyl per carbonyl per carbonyl per (fluorescence
mg protein)  mg protein)  mg protein)  units)
C 0.63a+0.12  0.08b+0.01 0.71la+0.13 0.61c £ 0.11
F 0.48b +0.07  0.10a £ 0.02 0.58a + 0.07 2.57a £ 0.40
F+P 0.37b+0.14  0.04c + 0.02 0.42b +£0.15  1.30b + 0.40

HHK KK KK

pvalue?  **
“q-Amino adipic semialdehyde. ?y-Glutamic semialdehyde. °Total
primary protein carbonyls. ¢ Significance level in one-way ANOVA test
with the effects of diet (C, F and F + P). *p < 0.05; **p < 0.01; ***p <
0.001; ns: not significant. Means with different letters within the same
column were significantly different in the Tukey post hoc analysis

(p <0.05).

Table 4 Significantly different relative abundances of OTUs at the genus
level from rats fed with a basal diet and drinking water (C), 30% (w/v)
fructose solution (F), or 0.2% (w/v) P in a 30% (w/v) fructose solution (F +
P) expressed as a color scale that represents the median relative abun-
dance (MRA) of each OTU

C F F+P
(MRA)* (MRA)* (MRA)* value’

Lactobacillus e
Oscillospiraceae UCG-005
Lachnospiraceae NK4A136 group
Unclassified Eggerthellaceae
Oscillibacter

Ruminococcaceae

Clostridium sensu stricto 1
Uncultured Lachnospiraceae i
Barnesiella *
Uncultured Oscillospiraceae
[Eubacterium] ruminantium group
Clostridia vadinBB60 group
Butyricimonas

Marvinbryantia

Streptococcus

Uncultured genus of
Coriobacteriales

Colidextribacter

Lactococcus

Uncultured Ruminococcaceae
Uncultured Flavobacteriaceae
Peptococcus

Bacillus

Adlercreutzia

*
*

IIIIII

“Median relative abundance (MRA) (data not shown) with different
intensities of brown colour within the same row were significantly
different in the multiple comparison post hoc analysis (p < 0.05): satu-
rated brown: highest MRA; degraded brown: lower MRA; white: no sig-
nificant group in pair-comparisons. ?Significance level in Kruskal-
Wallis’ test with the effects of water supplement in almost two of the
groups: C, F and F + P. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not
significant.

F + P rats on a discriminating cluster where urine metabo-
lomes from C and F were found to be located.

The ANOVA analysis
214 metabolites affected by the different supplementations in

one-factor statistical revealed
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the urine from C, F and F + P animals (ANOVA from ESI (2)7).
Compared to C, the urine metabolome of F showed increased
amounts of benzamide (p < 0.001), indoline (p < 0.01) and nor-
leucine (p < 0.001), among other metabolites. Meanwhile,
some metabolites from F urine, such as biotin (p < 0.001), cou-
marin (p < 0.001) and tryptophol (p < 0.01), were significantly
decreased with respect to C.

The supplementation with P in F-treated Wistar rats pro-
moted significantly higher amounts in urine of 1,3-dihydroxy-
9H-xanthen-9-one (10°-fold higher) (p < 0.001) and uric acid (p
< 0.01) than in urine from C rats. On the other hand, some
metabolites showed lower quantities in the urine from F + P
than their control counterparts, such as biotin and coumarin
(p < 0.001, respectively).

Likewise, the urine metabolome of F + P (vs. F) highlighted
higher abundances of 1,3-dihydroxy-9H-xanthen-9-one (p <
0.001), dihydrouridine (p < 0.01) and tryptophol (p < 0.01),
among others. Meanwhile, the presence of P in F-treated rats
led to a decrease of some urine metabolites found in F, ie.,
benzamide (p < 0.001), indoline (p < 0.01), norleucine (p <
0.001) and uric acid (p < 0.01).

4. Discussion

The current experiment is part of a larger investigation on the
metabolic impairments caused by fructose consumption and
the plausible counteracting effects of a punicalagin-rich pome-
granate commercial supplement. As expected, fructose pro-
moted an increase in fat depots, hepatic fat content and gly-
coxidative stress, as well as inflammatory and immunological
responses in Wistar rats that consumed 30% fructose in drink-
ing water for 10 weeks. Following the recommendation to
reduce sugar intake to less than 5% of the total energy intake
seems to be reasonable." The hypothesis formulated on the
potential health benefits of the punicalagin-rich pomegranate
supplement under study was proved correct as such a sup-
plement was found to counteract lipid deposition, dyslipide-
mia and fatty liver in Wistar rats and could be a supportive
complement to pharmacological treatments aimed to control
obesity, liver steatosis and MetS.

4.1. Fructose intake, dyslipidosis, obesity and liver steatosis

There is extensive literature that relates an excessive fructose
consumption to the onset of several dysmetabolic features
related to lipid and energy metabolism dysfunction, such as
obesity, hypertension, hypertriglyceridemia, T2DM, insulin re-
sistance, hyperuricemia, visceral adiposity and NAFLD, which
are included in the spectrum of pathological conditions
ascribed to the MetS.>?>%3

Intestinal and hepatic fructolysis could per se promote
increased triose-phosphate pools in the liver, common to both
glycolytic and gluconeogenesis processes, as well as to path-
ways related to lipid metabolism.> This metabolic pathway
appears to be the most remarkable molecular mechanism by
which fructose promotes disturbances of energetic metab-
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Fig. 6 Score plot (A) from the PCA analysis of full metabolome data from urine from rats fed with a basal diet and drinking water (C), 30% (w/v)
fructose solution (F), or 0.2% (w/v) P in 30% (w/v) fructose solution (F + P). The location of a punicalagin-derived metabolite responsible for the clus-
tering is denoted in (A). The fragmentation pattern of this metabolite is shown in (B).

olism. Moreover, the passing of fructose through the gastroin-
testinal tract and disturbance caused to the microbiota could
also contribute to the above-mentioned pathophysiological
effects, while this latter microbiome-mediated mechanism
may be little understood.

The impaired lipid metabolism associated with fructose
consumption could have triggered an increase of adiposity.
The distribution of fat between the different locations seems
to be more important than the total adipose tissues for the
risk of developing obesity-associated diseases.”* The role of
WAT is to store excess dietary fat in the form of triglycerides
(TGs) and to release free fatty acids (FFAs) in times of star-

7358 | Food Funct., 2024, 15, 7348-7363

vation or energy demand. As a source of energy substrate, WAT
responds to variations in the nutritional status and energy
demand of the body.”> WAT is found in both SAT and VAT.
While SAT is associated with improved or preserved insulin
sensitivity, mitigated risk of developing type II diabetes and
other metabolic derangements, VAT is associated with an
increased risk of insulin resistance and dyslipidemia. It is an
independent risk factor for T2DM, hypertension and all-cause
mortality."> Meanwhile, BAT, as a thermogenic adipose tissue
that dissipates energy as heat, is associated with improvements
in circulating triglycerides and insulin sensitivity, among
other beneficial effects.>®

This journal is © The Royal Society of Chemistry 2024
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Based on a previous review,'> we grouped the fat tissues from
the experimental animals into WAT, which included SAT and
VAT, and BAT, depending on their body location. Even though
several assays have related fructose supplementation to increased
body weight,”” > our results suggest that the high fructose intake
did not affect differently the body weight of the animals at the
end of the experiment (Fig. 1), in line with other researchers.’**'
However, the results showed a significant increase of all fat
depots, apparently due to the high fructose intake (Fig. 2), which
also increased the total energy consumption of F (Table 1).

Similar studies concluded that fructose consumption
increased different fat depots, despite the differences in the
experimental designs of the supplementation (12% and 20%
of fructose, respectively) and the analyzed fat tissues (BAT was
not included).***? Knowledge about the impact of fructose
intake on BAT is scarce. The increase of the BAT weight shown
in our experiment could be related to beneficial outputs, but
the increase of BAT did not necessarily imply an increase of its
activity, which is what several researchers highlighted in their
works.?*?* The authors reported that fructose intake could
impair the potential of the tissue for glucose uptake and ther-
mogenesis, which was related to fructose-induced metabolism.

Ectopic lipid accumulation is promoted by nutritional imbal-
ances.”® Altered lipid metabolism might also imply increased
amounts of infiltrated fat in the liver. Early studies in this field
established the existence of a form of non-alcohol related
chronic hepatitis characterized by fatty infiltration of the liver
with inflammation, cellular injury evident by inflammation, cel-
lular ballooning and fibrosis.*® Our hematoxylin and eosin
(H&E)-stained histopathological images allowed us to see that,
certainly, the hepatic tissues of F had more numerous and
bigger vesicle cells than C, as well as higher hepatic fat con-
tents, as markers of lipidosis (Fig. 3B). Our results are in line
with what is already described in the literature.>?”***37 Some
of the authors reported >5% of the hepatic fat content analyzed
by H&E stain as an expression of NAFLD with high fructose con-
sumption, due to the activation of the lipogenic pathway and
the absence of a regulatory mechanism of fructose metabolism,
as fructolysis is an insulin-independent process.** Moreover,
they suggested that the activation of lipogenic pathways is time
and dose dependent, but other factors could explain why other
researchers did not see the lipogenic effect in their experi-
ment,*® with the lack of the expected results related to the
degree of stress experienced by the animals. Thus, although the
hepatic fat content of the livers from F was lower than 5%, our
results suggest an increasing fat deposition in the livers of rats
that were supplemented with 30% fructose in drinking water
for 10 weeks. It is important to note that fatty livers, as a benign
state of liver disease, are more vulnerable to injury from various
causes, increasing the probability of progressing to later stages
of the disease.*

Circulating TG, LDL and total cholesterol in the blood
stream are increased by intestinal and hepatic fructolysis as an
expression of altered lipid metabolism, which will eventually
lead to insulin resistance and hyperglycemia®”*° Surprisingly,
our results revealed a non-significantly increased trend of the
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levels of the markers in the plasma from F compared to
C. However, when the concentration of HDL was considered in
the LDL/HDL ratio, the marker reached the significantly
highest levels in the plasma from F, in agreement with knowl-
edge of the role of fructose on the overproduction of hepatic
LDL vs. the underproduction of HDL.**

4.2. Plasma markers of fructose damage

Regarding plasma markers, the two main proteins in the
blood are albumins and globulin. Albumins are the most
abundant proteins in the blood plasma and transport sub-
stances such as hormones, fatty acid and drugs, being in
humans the primary transport mechanism for fatty acids, bilir-
ubin and other plasma compounds.’® Moreover, albumin
plays a role in the maintenance of the redox state of blood.
Meanwhile, globulin proteins are made by the immune system
and indicate the state of the immune function and the severity
of any inflammation. The biochemical profile of plasma from
F rats showed increased amounts of albumins and non-signifi-
cant changes in the concentration of GLOB, so the ALB/GLOB
ratio was statistically higher in the plasma from F than that
from C (Table 2). The increase in the plasma protein levels
could be related to its role in fatty acid transport, as the other
results of the experiment highlighted an impaired hepatic
lipid metabolism in F rats. Likewise, high albumin levels
could be caused by a physiological response related to anti-
oxidant defense. Moreover, these results are in line with those
of other authors who analyzed several serum markers of
Wistar albino rats after two different supplementations of fruc-
tose in drinking water, and concluded that the intake of fruc-
tose promoted increased amounts of albumin in the animals’
serum.*’ The plasma ALB/GLOB ratio is used to clinically diag-
nose impairments of liver and kidney functions, and decreased
amounts of ALB are associated with inflammation and
advanced states of liver injury.*> So, we would conclude that
despite the changes in the marker’s concentration, it was not
indicative of a consolidated induced severe liver damage but
might be indicative of impaired lipid metabolism, increased
glycoxidative stress and an early stage of lipid steatosis. In fact,
the liver damage caused by fructose consumption was clearly
noted. The most remarkable change in the plasma of F rats
was the increase of the concentration of GOT (also known as
AST), which is used in combination with other enzymes like
ALT to monitor the course of liver disorders. The increased
levels of GOT in the plasma of F rats in the biochemical ana-
lysis distinctively illustrates liver damage, which is manifested
as the release of liver enzymes (Table 2).*?

4.3. Immunological response to fructose consumption

Fructose has been profusely studied in relation to the mecha-
nisms involved in glycoxidative stress for its ability to generate
both reactive oxygen species (ROS) and reactive carbonyl
species (RCS) during metabolism. In vivo experiments of high
fructose consumption have reported AGE accumulation in
different tissues in association with peripheral insulin resis-
tance and lipid metabolism alterations.**
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In a previous work, our group revealed for the first time an
increased accumulation of advanced protein oxidation products
(APOPs) on gastrointestinal tissues after fructose digestion for a
plausible previous in situ glycation process of proteins in the
lumen.® In the current one, we found that the consumption of
high amounts of fructose also increased the accretion of pento-
sidine on hepatic tissue (Table 3), in line with other assays that
revealed a hepatic increase of AGEs as expression of a rise in gly-
coxidative stress in this organ.>**®> The role of PPC as precursors
of AGEs could explain the lack of significant changes in the con-
centration of these markers in the livers from F rats compared
to the C counterparts. The clearance of fructose in the liver
would promote glycoxidative stress, which may contribute to
intracellular damage to DNA and pro-inflammatory responses.
The formation of AGEs can trigger inflammatory pathways
through the activation of some signaling pathways indepen-
dently of caloric intake and weight gain.*®

It has been demonstrated that fructose-induced metabolic
impairments are closely related to inflammation, characterized
by increased inflammation signaling activation in organs such
as the liver.”” The development of NAFLD in mice chronically
fed a fructose diet was associated with increased endotoxin
levels in portal blood for a decrease in tight junction proteins
in the upper part of the small intestine, which would have acti-
vated inflammatory responses.’™*® In line with this, the micro-
scopic observation of the liver from experimental animals
showed significantly higher infiltration of immunological cells
(CD45+, macrophages, and lymphocytes) in F animals.
Consistently, additional pathological microscopic signs of liver
damage such as apoptosis, necrosis, edema, microtubule dis-
tension, etc. were found more often in livers from F rats than
in those from C rats (Fig. 4), illustrating the connection
between fructose intake, glycoxidative stress, AGE accumu-
lation, liver damage and inflammation.

4.4. Positive outputs from punicalagin-rich commercial
pomegranate-extract consumption

To our knowledge, the present study highlights for the first
time the potential beneficial effects of supplementation with a
pomegranate commercial extract on the pathophysiological
impairments associated with high fructose consumption.
Considered as a functional food, pomegranate (Punica grana-
tum) is one of the oldest fruits involved in a growing number
of studies that analyze the bioactive properties of pomegranate
polyphenols, such as punicalagin (PU) and ellagic acid (EA),
which have been extensively studied in the last years for their
functional activities.® %4

Moreover, pomegranate has been used in the prevention
and treatment of MetS in recent decades, and the effect of
pomegranate on lipid metabolism related to atherosclerosis,
T2DM and NAFLD, as well as on oxidative status, was
described in detail in an interesting review.’° This paper draws
attention to PU and EA as the main actors involved in the
bioactivities displayed by this fruit.

Thus, the consumption of P in a fructose solution appears
to decrease the adipogenic effect of high fructose intake, sig-
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nificantly diminishing the mean weight of adipose tissues
from F + P compared to those from F, i.e., BAT, WAT, SAT, VAT
and total fat depots (Fig. 2). Moreover, the H&E images showed
an improvement in F + P hepatic tissues (Fig. 3C), which in
fact contained a lower content of fat than their F counterparts.
Moreover, the biochemical markers ALB/GLOB, LDL/HDL, or
GOT were also stabilized close to the control values in the
plasma from F + P.

Some studies have shown that pomegranate extract contains
large amounts of bioactive compounds that exhibit strong anti-
oxidant and anti-inflammatory properties.’®®" In fact, the
hepatic markers of glycoxidative stress showed decreased
amounts of both PPC and pentosidine after supplementation
with fructose solution with P (Table 3). Moreover, the dimin-
ished counts displayed by hepatic immunological CD45+ cells,
as well as macrophages and lymphocytes, apparently from P
consumption (Fig. 5B), appear to support the beneficial effect
of PU on the glycoxidative stress and immunological response
described. These results are in line with those from other
authors that showed an antioxidant effect and diminished
amounts of human serum cytokines after the consumption of
ellagic acid-rich pomegranate fruit extract tablets.’

The present results suggest that PU contained in P exerted a
hepatoprotective effect. Based on the literature that related
other antioxidant compounds with impaired function of both
GLUT5 and GLUT2,>'*?7 we believe that the PU-rich extract
used in the experiment might interfere with the intestinal
clearance and uptake and consequently hepatic fructose clear-
ance of fructose, diminishing the negative effects attributed to
its intestinal and hepatic metabolism.

However, this would mean that a greater abundance of fruc-
tose could reach the colon. In fact, when we analyzed the
microbiota of F + P compared to C and F, the results suggested
an increase of the abundance of microorganisms related to the
negative effects of high fructose consumption, such as
Ruminococcaceae spp., uncultured Lachnospiraceae spp. or
Clostridium senso stricto 1 spp., as well as diminished amounts
of some beneficial bacteria such as Lactobacillus spp.,
Lactococcus spp. and Streptococcus spp.>”>”* Nevertheless, the
beneficial effects of the main polyphenols of pomegranate, i.e.,
PU and EA, are attributed precisely to their interaction with
the microbiota, involving species of microorganisms from the
genus Gordonibacter and the family Eggerthellaceae, as respon-
sible for conversion of ellagitannins into urolithins.""** The
occurrence of increased amounts of unclassified
Eggerthellaceae spp. displayed by the microbiome of F + P rats
suggested that in addition to the plausible hepatoprotective
effect of PU by its interaction with GLUTS, its interaction with
the microbiota might be behind the improvement of the
impaired metabolic markers promoted by fructose consump-
tion. Urolithins could have a huge positive impact on health as
an antioxidant and as a gut barrier function enhancer,'*”’
which effectively could be improving in our study, highlighted
by the decrease of glycoxidative stress markers in the liver and
the diminished inflammatory and immunological responses
(Table 3 and Fig. 6B, respectively).

This journal is © The Royal Society of Chemistry 2024
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In addition, the urine metabolome of F + P showed some
changes in the abundance of several metabolites that could be
indicators of both the presence and effect of urolithins. It is
well known that upon urolithin production, they accumulate
in plasma and urine as glucuronide conjugates."®

With the purpose of identifying any potential pomegranate/
PU-derived metabolites in the biological samples of P-treated
animals, we identified 1,3-dihydroxy-9H-xanthen-9-one as one
highly discriminating candidate between urine metabolomics
from F + P, F and C. In the urine of the former group of
animals, this metabolite was found in 10°-fold higher abun-
dance than in the urine metabolome of F and C. This metab-
olite has a urolithin-compatible chemical structure and a
plausible similar bioactivity based on the present results. This
xanthone is, to our knowledge, identified for the first time in
the urine of a mammal provided with pomegranate.

With growing interest in this metabolite, which shares a
formula and molecular weight with urolithin A, we reported
the full characterization of the compound driven by the
Compound Discoverer software (Table S2 of the ESI}). The ion
fragmentation pattern is shown in Fig. 6B. Moreover, based on
the UV spectrum generated in a HPLC-DAD assay, we found
close similarities between an urolithin-compatible compound
and positively identified urolithin-A (URO-A) in urine from F +
P rats, even though the ion fragmentation pattern displayed by
the metabolomic assay was not identical to that reported for
URO-A." Significant differences were found when compared
with the 3 experimental groups of animals since the urolithin
candidate was not even present in the urine from the C and F
groups (Fig. S3 of the ESIY).

Moreover, the metabolomic analysis revealed a lower abun-
dance of uric acid in the urine from F + P compared to
F. Fructose promoted uric acid overproduction,”® but these
impairments might be alleviated in the present study by the
antihyperuricemic properties attributed to urolithins.’® On the
other hand, fructose, which is implicated in the glycoxidation
of proteins that could reach the colon, was found to be respon-
sible of the formation of undesirable microbial metabolites in
the colonic environment.” One of the most concerning issues
is related to the altered metabolism of tryptophan, which was
shown in higher abundance in the colonic metabolome of
fructose-consuming rats compared to a control group.’
Tryptophan microbial metabolism results in different noxious
indolic metabolites.>” The urine metabolome of F rats showed
higher amounts of indoline than their F + P counterparts,
which exhibited the lowest amounts of the compound.
Instead, this last group exhibited higher amounts of tryptophol
than F, with this tryptophan-related metabolite being regarded
as a compound with antioxidant properties and not present in
the urine metabolome of F.*®

In conclusion, the pomegranate supplement under study
has been shown to have a hepatoprotective effect on Wistar
rats challenged with fructose. Several of the physiological
mechanisms may involve interaction with the intestinal trans-
port of fructose and modification of the microbiota that may
result in the formation of bioactive compounds such as uro-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

lithin-A and other urolithin-type compounds that require
further attention, as their formation and bioactivities are
unknown.
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