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Introduction

Nutrikinetics and urinary excretion of phenolic
compounds after a 16-week supplementation with
a flavanone-rich ingredient

3 Cindy Romain,? Letizia Bresciani, ¢ ® Pedro Mena, (9 °

® Linda H. Chung,®® Pedro E. Alcaraz®® and

Jananee Muralidharan,
Donato Angelino, (2 ¢ Daniele Del Rio,
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Background: Polyphenols are a broad group of compounds with a complex metabolic fate. Flavanones
and their metabolites provide cardiovascular protection and assistance in long-term body composition
management. Objective: This study evaluates the nutrikinetics and the bioavailability of phenolic com-
pounds after both acute and chronic supplementation with a flavanone-rich product, namely Sinetrol®
Xpur, in healthy overweight and obese volunteers. Design: An open-label study including 20 volunteers
was conducted for 16 weeks. Participants received Sinetrol® Xpur, either a low dose (900 mg per day) or
a high dose (1800 mg per day), in capsules during breakfast and lunch. They were advised to follow an
individualized isocaloric diet and avoid a list of polyphenol-rich foods 48 hours before and during the
pharmacokinetic measurements. Results: Over 20 phase Il and colonic metabolites were measured in the
plasma. Two peaks were observed at 1 h and 7h-10 h after the first capsule ingestion. No significant
differences in the AUC were observed in circulating metabolites between both doses. In urine excretion,
53 metabolites were monitored, including human phase Il and colonic metabolites, at weeks 1 and 16.
Cumulative urine excretion was higher after the high dose than after the low dose in both acute and
chronic studies. Total urinary metabolites were significantly lower in week 16 compared to week 1.
Conclusion: Although the urinary excreted metabolites reduced significantly over 16 weeks, the circulat-
ing metabolites did not decrease significantly. This study suggests that chronic intake might not offer the
same bioavailability as in the acute study, and this effect does not seem to be dose-dependent. The clini-
cal trial registry number is NCT03823196.

a high-fat, high-sugar diet.> Overweight/obesity is the leading
risk factor for type 2 diabetes development, among other non-

In the past decade, obesity has become a major worldwide
health issue. According to the World Health Organization
(WHO), the obese population has tripled since the ‘80s. At this
rate, half of the world’s adult population is predicted to be
overweight or obese by 2030." The main reasons for this
phenomenon are a modern and sedentary lifestyle, linked with
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communicable diseases. Accumulation of visceral adipose
tissue during weight gain is one of the strongest predictors of
insulin resistance.® In particular, fat accumulation in the
ectopic sites (liver, skeletal muscle, heart), independent of
BMI, contributes to insulin resistance development. The use of
natural bioactive compounds such as (poly)phenols has
offered an interesting strategy to prevent and combat the
obesity epidemic and reduce associated risk factors.
(Poly)phenols, first described for their antioxidant effect,
are now acclaimed for their other attributes, such as a ben-
eficial regulation of metabolic activities.* Flavonoids are an
important class of (poly)phenols, which have shown protection
in the development of risk factors of metabolic syndrome such
as type 2 diabetes (T2D), hypertension, cholesterolemia, and
abdominal obesity in various observational and clinical
studies.””” They are a vast family of compounds, including fla-
vanones, flavonols, flavones, flavan-3-ols, anthocyanins and
isoflavones. Naringin and hesperidin are members of the flava-
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none class, which has been widely investigated for its anti-
inflammatory and anti-adipogenic effects.®° These com-
pounds are mainly present in citrus fruits (Citrus sinensis,
Citrus grandis, Lippia graveolens and Citrus paradisi)'®"" and
their chronic consumption has been shown to improve insulin
sensitivity and lipid regulation.">™*

Pharmacokinetic studies suggest that hesperidin and narin-
gin are almost exclusively found in their conjugated forms in
circulation and urinary excretion.'® Metabolites arising from
the conjugation of (poly)phenols in the liver, referred to as
phase-II metabolites, have been accredited for the effects of
(poly)phenols on health. For example, phase-II metabolites of
naringin, namely naringenin-7-glucuronide and naringenin-4"-
glucuronide, have shown anti-inflammatory effects in in vitro
studies.'” Other than the phase-II metabolites, the products of
gut microbial catabolism are also of interest as they have been
reported to provide health effects.””"® Animal studies have
reported the presence of flavonoid metabolites in various
tissues and organs, indicating the potential for action on
specific organs and cells.?>*' Although naringin and hesperi-
din have shown potential for clinical applications, their bio-
availability is limited and depends on various factors such as
interaction with food components, host metabolizing
enzymes, intestinal microbiota and BML”**** Understanding
the biological fate of the ingested compounds, their nutriki-
netics and their bioavailability would allow for improving the
knowledge of the potential health benefits and safety (poly)
phenols.**

Sinetrol® Xpur is a food-based ingredient designed to provide
various naturally bioactive components from Citrus fruits, namely
grapefruit, pomelo and orange, and guarana.** Sinetrol® Xpur is
mainly composed of flavanones and minorly caffeine. In previous
clinical trials, a significant weight loss, coupled with fat mass
decrease, was shown, mainly in the abdomen area, through lipo-
lysis enhancement.>>*” Another study investigated the mecha-
nisms possibly associated with the observed effect, demonstrating
the involvement of the c-AMP (cyclic adenosine monophosphate)-
dependent UCP2 (uncoupled protein 2) pathway in lipolysis.?®
Although the physiological benefits and part of its mechanism of
action have been already described, the nutrikinetics and the bio-
availability of this flavanone-based ingredient have never been
studied.

Nutrikinetics and bioavailability are key aspects to under-
standing the (poly)phenol action mechanism. Although
several studies are available on the pharmacokinetics of citrus
polyphenols,* to the best of our knowledge, no study has eval-
uated the nutrikinetics and urinary excretion of these com-
pounds during chronic consumption. Indeed, a few chronic
studies conducted on flavan-3-ols, resveratrol, and mango
(poly)phenols have shown inconsistent results on the circulat-
ing and excretory metabolites compared to the acute studies,
raising the question of the effect of repeated exposure of (poly)
phenols and their metabolism.>>*%*°

Based on the above considerations, in this randomized
open-label clinical trial, a flavanone-rich ingredient’s nutriki-
netics and urinary excretion were evaluated after acute and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

chronic supplementation (16 weeks) in healthy overweight or
obese subjects.

Subjects and methods
Supplement composition

A flavanone-rich ingredient was obtained by alcohol and/or
water extraction from specific varieties of Citrus paradisi
Macfad (grapefruit), Citrus sinensis L. Osbec (sweet orange),
and Paullinia cupana Kunth (guarana). This contained 29-36%
of flavanones, of which naringin and hesperidin were con-
sidered markers of grapefruit and both sweet and blood
orange, respectively. Caffeine (2.1-2.9%) was provided through
the guarana extract. Each pill contained 450 mg of flavanone-
rich extract.

Supplement’s bioactive compound characterization

A supplement was prepared by accurately weighing 1000 mg
and dissolving in 100 ml of DMSO. This solution was filtered
through a 0.45 pum filter. The prepared supplement was ana-
lysed by a high-performance liquid chromatography (HPLC)
technique. An Agilent HPLC 1260 apparatus (software Openlab
CDS chemstation edition) coupled with a diode array detector
was used. Separations were carried out by means of a Zorbax
StableBond SB-C18 column (4.6 x 2 mm; 5 um particle size).
Mobile phases A, B and C were water, acetic acid and 100%
acetonitrile, respectively. The linear gradient program was
used as follows: (a) 0 to 5 min 94% A and 6% B; (b) 5 to
10 min 82.4% A, 5.6% B and 12% C; (c) 10 to 15 min 76.6% A,
5.4% B and 18% C; (d) 15 to 25 min 67.9% A, 5.1% B and 27%
C; (e) 25 to 30 min 65% A, 5% B and 30% C; (f) 30 to 35 min
100% C; (g) 35 to 40 min 100% C; (h) 40 to 45 min 64% A and
6% B. Monitoring was performed at 280 nm at a flow rate of
1 mL min~" and injection volume of 25 pL. Flavanones and
caffeine were expressed as naringin, hesperidin and caffeine,
respectively. Naringin, hesperidin and caffeine standards were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and a
kuromanin chloride standard from Extrasynthese (Genay,
France).

Moreover, a detailed characterization of the product using
uHPLC-ESI-MS” analysis was carried out. Detailed methods are
provided in ESI 1.}

Study design and subjects

Twenty healthy overweight or obese men (n = 10) and women
(n = 10) were supplemented with 900 mg per day (n = 10) or
1800 mg per day (n = 10) of the flavanone-based ingredient for
16 weeks. They were recruited by Universidad Catolica San
Antonio (UCAM), Murcia, Spain. Subjects’ agreement was
obtained by signing a written consent form. Ethics approval
was obtained from the Ethical Committee of Universidad
Catolica San Antonio de Murcia in compliance with the guide-
lines laid out in the Declaration of Helsinki** and with Good
Clinical Practices defined in the ICH Harmonized Tripartite
Guideline, CE5551.%* This trial was registered at clinicaltrials.
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gov as NCT03823196. For the enrolment, a randomization
number was generated using a simple block randomization of
1:1 with an additional stratification for sex (40% minimum
and 60% for each sex).

Inclusion and exclusion criteria

Volunteers were selected between 20 and 50 years old, with a
BMI ranging from 25 kg m™ to 30.5 kg m™2. In order to
ensure overweight volunteers’ recruitment with excess fat mass
only (high lean mass can induce a high BMI), an additional
inclusion criterion was set, selecting subjects having a total fat
mass > 25% for men and >32% for women - measured using
a bioelectrical impedance analysis. Subjects under medication,
suffering from metabolic and/or chronic diseases, such as dia-
betes, dyslipidaemia, infectious diseases or asthma, were
excluded. Volunteers with food allergies to components of the
ingredient, smokers, subjects who followed a chronic treat-
ment or went through surgery to modify their body weight in
the last 6 months, as well as pregnant, breastfeeding or meno-
pausal women, were not included in the study.

Diet and physical activity

Subjects were asked to follow an isocaloric diet (individually
calculated and monitored) according to the revised Harris-
Benedict equation,* corresponding to 2200-2500 kcal per day.
Each participant was provided with a list of forbidden foods
(ESI 2t) on Friday and advised not to consume them from
Saturday until Wednesday. On Monday morning, participants
arrived in a fasted state at the study centre at 8 am. First,
blood and urine samples were collected, after which partici-
pants were provided with the pill and followed with a standar-
dized breakfast (low in polyphenols). At 1:00 pm, participants
were provided with another pill, after which they consumed
the standardized lunch. Subjects performed a 24-hour dietary
recall interview twice during the week and once during the
weekend to check their compliance with the recommended
diet. These interviews were conducted at the baseline (W1) and
at the end of the study period. A +10% difference between the
reported and recommended food intake was considered accep-
table. Volunteers received the flavanone-rich ingredient at a
total dose of 900 mg per day (two pills) or 1800 mg per day (4
pills), taken two or four times, at breakfast time and at lunch-
time. Subjects were provided with a pedometer to assess their
physical activity by counting the daily step number detected by
the motion of the hips. Blood pressure was measured with an
automated cuff (Visomat Comfort 20/40) after the volunteer sat
quietly for 5 minutes. Measurements were performed on the
same arm in the same position. Three measures were done
and mean resting BP was calculated. Heart rate was also
recorded using the same automated cuff.

Plasma and urine preparation

Blood sampling was collected by a certified nurse. The arm
where blood extraction would be conducted was cleansed and
sterilized with alcohol. An IV access was put in place in the
arm to extract the blood at different time points (by inserting
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the tubes to the IV access). For plasma, blood was collected in
EDTA tubes and centrifuged at 5000 rpm at 4 °C. Immediately
afterwards, the plasma was pipetted into 3 Eppendorf tubes of
1 mL and then stored at —80 °C. At the end of the study, one
of the 3 frozen aliquots was sent to the University of Parma for
analysis. Plasma samples of all volunteers were extracted using
a micro-solid phase extraction (p-SPE) method as previously
reported.>**® Briefly, 350 uL of plasma were diluted (1: 1) with
o-phosphoric acid 4% (v/v). After plate activation, 600 pL of
sample were loaded on a 96 well p-SPE HLB plate (Oasis® HLB
pElution Plate, 30 pm, Waters), and washed with 200 pL of
water and 200 pL of 0.2% (v/v) acetic acid and finally analytes
were eluted with 60 pL of methanol.

Urine sampling was done from a collection bottle. For each
time frame of the pharmokinetic visit, the urine was stored at
room temperature. After each time frame, the volume of the
urine was recorded, and the bottle was turned to mix the urine
prior to collecting 3 aliquots of 1 mL and then stored at
—80 °C. Urine samples were prepared, as previously reported
by Brindani and colleagues.>® Briefly, urine samples were
defrosted, vortexed, diluted in 0.1% formic acid in water (1:3
v/v), centrifuged at 14 000 rpm for 10 min and finally filtered
through a 0.45 pm nylon filter.

UHPLC-ESI-MS/MS analysis of biological sample metabolites

Plasma and urine samples were analyzed using a UHPLC
DIONEX Ultimate 3000 equipped with a triple quadrupole TSQ
Vantage (Thermo Fisher Scientific Inc., San Jose, CA, USA)
fitted with a heated-ESI (H-ESI) (Thermo Fisher Scientific Inc.)
probe. Separations were carried out by means of a Kinetex EVO
C18 (100 x 2.1 mm), 2.6 pm particle size (Phenomenex,
Torrance, CA, USA), installed with a precolumn -cartridge
(Phenomenex). For chromatographic separation, mobile phase
Awas 0.2% formic acid in water and mobile phase B was aceto-
nitrile containing 0.2% formic acid. The gradient started with
5% B, and isocratic conditions were maintained for 0.5 min.
Eluent B reached 75% after 7.5 min, and the gradient was
maintained for 2 min prior to rapidly re-establishing the start-
ing conditions, which were maintained for 3 min to re-equili-
brate the column. The flow rate was 0.4 mL min~", the injec-
tion volume was 5 pL, and the column temperature was set at
40 °C. The applied MS method consisted of the selective deter-
mination of each target precursor ion by the acquisition of
characteristic product ions in selective reaction monitoring
(SRM) mode (ESI Table 11), applying the negative ionization
mode. The spray voltage was set at 3 kV, the vaporizer tempera-
ture at 300 °C, and the capillary temperature at 270 °C. The
sheath gas flow was 50 units, and the auxiliary gas pressure
was set to 10 units. Ultrahigh-purity argon gas was used for
collision-induced dissociation (CID). The S-lens values were
defined for each compound based on infusion parameter
optimization (ESI Table 17). Conversely, S-lens values were set
using the values obtained for the chemically closest available
standards for compounds that were not available for infusion.
Moreover, caffeine metabolites were analysed following the
well-known metabolism reported for caffeine.>”*® The applied

This journal is © The Royal Society of Chemistry 2023
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MS method consisted of the selective determination of each
target precursor ion by the acquisition of characteristic
product ions in the selective reaction monitoring (SRM) mode
(ESI Table 17), applying both negative and positive ionization.
Quantification was performed with the calibration curves of
the standards, when available or using the most structurally
similar compound. Data processing was performed using
Xcalibur software (Thermo Fisher Scientific Inc., Waltham,
MA, USA). All data were expressed as mean values + SEM.

Safety parameters

Safety parameters were assessed before inclusion onto the
study (W,) and at the end of the intervention period (Wye).
These included liver function parameters (alanine transamin-
ase (ALT), aspartate aminotransferase (AST), gamma-glutamyl
transferase (GGT)), renal function parameters (urea, creatinine,
sodium (Na), potassium (K)), blood parameters (haemoglobin,
erythrocytes, leucocytes, lymphocytes) and heart rate. The
above safety parameters were evaluated at Laboratory
Munuera, Spain using all standard methods.

Statistical analysis

Data are represented as mean + SEM for blood and urinary
metabolite measurements. Safety parameters and baseline
characteristics are represented by mean + SD. The PKsolver
add-on program was used to perform pharmacokinetic ana-
lyses in Microsoft Excel,’® including area under the curve
(AUCg_24), maximum (Cpax) and average (Cavg) plasma concen-
tration (the latter calculated as AUC;_,,/24 h) and time to
reach the maximum (Tp,.x) plasma concentration. The effect of
dose and time of chronic consumption was determined using
a two-way ANOVA (dose, time effects), and a post-hoc Tukey
HSD test was conducted to evaluate the within-group differ-
ences. The metabolites were log-transformed before the stat-
istical evaluation. Throughout the study, a p-value of 0.05 was
used as a cutoff to determine statistical significance.

Results
Population characteristics

The supplement was given to a population of healthy overweight
or obese subjects. The study design is described in Fig. 1. A total
of 19 subjects concluded the chronic study, whereas one subject,
receiving the high dose, developed diarrhoea and was excluded
from the study, but no link has been established to supplement
ingestion. Baseline parameters indicated no significant differ-
ences between the two groups (Table 1). Safety parameters (ESI
Table 2}) indicated all measured safety parameters were within
limits, and no significant differences were detected during the
study duration. No adverse events linked to the supplement were
reported during the study.

Characterization of the supplement

The basic composition of the supplement is provided in
Table 2, highlighting the 8 main compounds quantified
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| Assessed for eligibility (n= 23) |

|

| Randomized (n= 20) |

/N

I Low dose (n= 10) l I High dose (n=10) |

l 16 Weeks l ( ; Failed protocol (n=1)

I Low dose (n= 10) | | High dose (n=9) |

Fig. 1 Consort flow diagram of the study.

Table 1 Baseline characteristics

Characteristics of all volunteers Low dose High dose  p-Value
N (M/F) 10 (4/6) 9 (6/3) NS
Age (years, mean + SD) 33+10 29+5 NS
Height (cm, mean + SD) 1.70+0.09 1.75+0.07 NS
Weight (kg, mean + SD) 83.1+9.5 87.8+6.1 NS
BMI (kg m~?, mean = SD) 28.67 +0.86 28.83 +1.26 NS

through HPLC analysis. A more detailed (poly)phenolic com-
position analysis was performed to determine the precise
nature of all the different compounds (ESI Table 37). The ana-
lysis allowed the detection of 28 flavanones, 10 (poly)phenolic
compounds and 3 unknown compounds, probably linked to
the flavanone class. Total flavanones resulted in 334.79 mg per
900 mg of powder (739.27 umol per 900 mg).

Circulating and excreted metabolites in the acute study (W1)

During W1, after subjects arrived in fasting conditions and
after a (poly)phenol-controlled diet, flavanone-rich ingredient
compounds were evaluated. Among 133 monitored flavanone
and caffeine-derived possible metabolites®?7334%742 3 total of
20 phase II metabolites and catabolites were detected and
quantified in plasma over 24 hours (Table 3). 4'- and 7'-glucur-
onide conjugates of naringenin were the predominant metab-

Table 2 Sinetrol® Xpur basic composition determined by HPLC

Content (g

per 100g)

—  Content
Compound  R¢ (min) Apa (nm) Mean SD  (mg per 900 mg)
Caffeine 13 283 2.22 0.1 19.98
Flavanone 1 16 284.330sh  0.14 0.01 1.26
Isonaringin 18 283.330sh  0.92 0.05 8.28
Naringin 19 284.330sh  19.18 0.96 172.62
Hesperidin 16 284.330sh  8.65 0.52 77.85
Flavanone 2 26 285.330sh  0.17 0.01 1.53
Poncirin 27 285.331sh  0.17 0.01 1.53
Naringenin 29 287.333sh  0.18 0.01 1.62
Total 284.67
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olites in circulation in both groups after the flavanone-rich
ingredient consumption. The sum of glucuronide conjugates
was higher than that of sulfate conjugates in both doses (data
not shown). AUCq_54, Tmax and Cpax were generally not signifi-
cantly different between low- and high-flavanone doses, except
for 3-hydroxybenzoic acid-4-glucuronide, which displayed a
higher AUCy_,4 and Cpy.x in subjects consuming the low dose.
Most metabolites had a T,y of 4 hours. The supplementation
of the flavanone-rich ingredient at breakfast and at lunch
could show a cumulative effect on the observed higher Ty«
values. There was a high inter-individual variability observed
in the AUC(.,, with naringenin-7-glucuronide having the
highest variability in both low (CV: 207.7%) and high doses
(CV: 118.7%). Amongst the colonic metabolites, 3-(phenyl)pro-
pionic acid-3'-sulfate had the highest variability.

Based on the available data on the human and microbial
metabolism of flavanones,>®*%*"*3 about 54 metabolites were
detected and quantified in urine samples (Tables 4 and 5),
including both native phase II and low molecular weight con-
jugated metabolites. The main circulating metabolites, namely
naringenin 4’ and 7’-glucuronides, were also the highest phase
II metabolites excreted over 48 hours. Based on the urinary
excretion of quantified metabolites after the low and the high
dose of the flavanone-rich ingredient, no metabolites reached
a statistically significant difference between the two doses in
the acute study. The predominant metabolites had a coeffi-
cient of variation of greater than 100%. The average of the
coefficient of phase II metabolites was greater than that of
colonic metabolites in all the four groups (average data not
shown). Native conjugated metabolite excretion was equal to
36 pmol in the low dose arm and 77.9 pumol in the high dose
arm (Table 4), whereas the low molecular weight phenolic
excretion was higher compared to native phase II metabolite
excretion, in low and high dose consumption, respectively
(Table 5). The bioavailability was calculated based on the
48-hour cumulative excretion of different flavanone-rich ingre-
dient doses (Table 6): the highest dose resulted in a higher
excretion of metabolites from the ingredient but showed a
poorer bioavailability (27.1 + 4.4%); on the other hand, the
lower dose produced a lower excretion amount of metabolites
but showed a higher bioavailability (44.9 + 12.0%).

Considering the presence of caffeine in the tested sup-
plement (ESI Table 1%), its metabolism was monitored in
plasma and urine (ESI Tables 4 and 51). Overall, besides a few
exceptions, the nutrikinetic profiles of the metabolites were
similar between the two doses in the acute study. Caffeine and
three of its metabolites, including paraxanthine, 1-methyl-
xanthine, and 1,7-dimethyluric acid, were quantified in
plasma (ESI Table 41). The complete set of circulating metab-
olites in each group is presented in Fig. 2.
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Circulating and excreted metabolites in the chronic study
(W16)

The metabolites identified and quantified at the circulatory
and urinary levels after acute consumption were confirmed
after 16 weeks (W16) of supplementation with the flavanone-

9 for the high dose). Coefficient of variation is expressed as CV%

Table 4 48 h cumulative excretion of native metabolites after flavanone-rich ingredient consumption in the two treated arms. Results are expressed as mean + SEM (n = 10 for the low dose, n

“Indicates significant differences between W1 and W16 (time effect).

Hesperetin-3'-glucuronide

Hesperetin-sulfo-

glucuronide
Total phase II metabolites

Naringenin-diglucuronide

Naringenin-sulfo-

Naringenin-diglucuronide
glucuronide

Naringenin-7-glucuronide
Naringenin-4'-glucuronide
Isosakuranetin-sulfate
Hesperetin-7-glucuronide

Isosakuranetin-

glucuronide
Hesperetin-sulfate

Compound

Naringenin-sulfate
Naringenin-sulfate
Eriodictyol-sulfate
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Table 6 Bioavailability data calculated by comparing the ingested amount and the mean excreted amount of flavanone metabolites after
flavanone-rich ingredient consumption from 0 to 24 h, and from 24 to 48 h, considering a daily flavanone consumption of 739.27 umol (334.8 mq)
or 1478.54 pmol (669.6 mg) for the low and high doses, respectively, and from 0 to 48 h, considering a two-day consumption of 1478.54 pmol
(669.6 mg) or 2957.08 pmol (1339.2 mg) of flavanones, for the low and high doses, respectively. Data are expressed as mean + SEM (n = 10 for the

low dose, n = 9 for the high dose)

Week 1 - low dose

Week 16 — low dose

Week 1 - high dose Week 16 - high dose

Bioavailability 0-24 h (%) 63.9+ 8.9 45.2+9.4 42.8+7.6 37.9+7.0
Bioavailability 24-48 h (%) 14.9 + 10.6 15.3 9.4 11.3+6.5 5.7+2.2
Bioavailability 0-48 h (%) 44.9+12.0 30.2+6.3 27.1+4.4 21.8+3.6

Total metabolites

600
LD W1
= LD W16
400 HD WA1
-+ HD W16

\&\;

8 12 16 20 24
time (hours)

Plasma concentration (nM)

o

o -
» -

Fig. 2 The total plasma concentration of the polyphenol metabolites.
Values are expressed as mean + SEM (n = 10 for the low dose (LD), n = 9
for the high dose (HD); W1: week 1, W16: week 16).

rich ingredient. Contrary to the expectations, an overall
reduction in total circulating metabolites was observed. Some
individual metabolites, including naringenin (5-, 7-, or 4')-
sulfo-glucuronide,
3-hydroxybenzoic acid-4-glucuronide, showed a decrease in

3-methoxycinnamic acid-4"-sulfate and

their AUC,._,, significantly irrespective of the dosage, indicat-
ing a time effect on repeated exposure. The decrease in the
AUC,,, of naringenin (5-, 7-, or 4')-sulfo-glucuronide and
3-hydroxybenzoic acid-4-glucuronide was accompanied by a
significant decrease in Tpay, too. Interestingly, the Ty of

some metabolites, such as isosakuranetin (5-, or 7)-sulfate, iso-
sakuranetin (5-, or 7)-glucuronide, hesperetin (5-, 7-, or 3')-
sulfate, hesperetin-3'-glucuronide and benzoic acid-4-sulfate,
decreased over 16 weeks irrespective of the dose and without
differences in Cpax OF Caye. Additionally, a dose-dependent
decrease in the Tpax of naringenin (5-, 7-, or 4')-sulfo-glucuro-
nide, 3-(3'-methoxyphenyl)propanoic acid-4'-sulfate, and 3-(4"-
methoxyphenyl)propanoic acid-3'-glucuronide was observed.
Cmax Of 3-hydroxybenzoic acid-4-glucuronide decreased signifi-
cantly at a low dose and increased insignificantly at a high
dose. Cyyg of 4 metabolites, namely naringenin (5-, 7-, or 4')-
sulfate, eriodictyol (5-, 7-, 3’-, or 4')-sulfate, 3’-methoxycin-
namic acid-4"-sulfate and 3-hydroxybenzoic acid-4-glucuronide,
decreased significantly over 16 weeks. Similar to week 1, the
CV% was higher at week 16, although we observed an interest-
ing trend for reduction in CV% for majority of the compounds
over time.

The mean 48 h cumulative metabolite excretion in urine of
each metabolite confirmed the tendency highlighted for circu-
lating metabolites, displaying higher amounts of excreted
metabolites at W1 than at W16 (Fig. 3). The sum of all native
phase II metabolites, the sum of low molecular weight catabo-
lites and naringenin-diglucuronide reduced significantly over
16 weeks of flavanone-rich ingredient consumption, without
differences between doses (Tables 4 and 5). Among low mole-
cular weight phenolics, methoxybenzene-sulfate, benzoic acid-
4-sulfate, 3-hydroxy-3-(phenyl)propanoic acid-3’-sulfate, cin-

1800.00
S 1500.00
€
2
B 1200.00
[0}
5 LD W1
X 900.00
p —e—LD W16
=
S 600.00 HD W1
gL
e HD W16
= 300.00
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Fig. 3 48 h cumulative excretion of polyphenol metabolites in urine. Values are expressed as mean + SEM (n = 10 for the low dose (LD), n = 9 for

the high dose (HD); W1: week 1, W16: week 16).
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namic acid-4'-sulfate, and 2-hydroxy-2-(3’-hydroxy-methoxyphe-
nyl)acetic acid reduced significantly over time. There were no
dose-dependent changes in the urinary excretion of quantified
metabolites after 16-week flavanone-rich ingredient sup-
plementation and benzoic acid-4-sulfate was the predominant
phenolic metabolite in urine.

After the daily chronic supplementation (W16), non-signifi-
cant changes in the flavanone-rich ingredient bioavailability
were observed, resulting in 30.2 + 6.3% and 21.8 + 3.6% at low
and high doses, respectively.

The low and the high dose accounted for 739.27 pmol
(334.8 mg) and 1478.54 pmol (669.6 mg) of flavanones per day,
respectively. The consideration of the daily consumption
allowed to calculate the daily bioavailability of flavanones.
Considering the first visit (W1), the 0-24 h mean bio-
availability resulted 62.3 + 6.2% in the low dose arm and 45.7
+ 7.5% in the high dose arm (Table 6), indicating a bio-
availability reduction of about 15%. Taking into account the
24-48 h excretion period, the mean bioavailability was twice
lower compared to that calculated after the first day consump-
tion, suggesting that a multiple and continual dose could
influence the bioavailability of the flavanone-rich extract. This
observation was confirmed when the bioavailability after the
16-week treatment was calculated. The 0-24 h mean bio-
availability after the 16-week treatment was —20% in the low
dose arm and —7% in the high dose arm (Table 6).

Finally, contrary to what has been observed for flavanone
metabolites, the chronic consumption (W16) of the flavanone-
rich ingredient resulted in lower circulating concentrations
and excreted amounts of caffeine and its metabolites, com-
pared to acute administration, both in the low and high dose
arms (ESI Table 5%). The total excreted metabolites in each
group are represented in Fig. 3.

Discussion

Sinetrol® Xpur is a (poly)phenol extract rich in flavanones,
mainly containing hesperidin and naringin, and it has been
developed to help body fat mass reduction, within a varied
and balanced diet. This study reports the detailed characteriz-
ation of the supplement and the metabolic fate of its poten-
tially bioactive compounds in an acute (1 week) and chronic
(16 weeks) setup. The characterization of the flavanone-rich
ingredient identified naringenin-7-O-neohesperidoside and
hesperidin-7-O-rutinoside as the main flavonoid compounds.
In line with this (poly)phenolic composition, high concen-
trations of naringenin and hesperidin phase II conjugates
were quantified in plasma, namely 4’, 7 and 3'-glucuronide fla-
vanones. The Ty, values of these conjugated metabolites, gen-
erally >4 h after supplement administration in both arms, indi-
cated that these compounds underwent hydrolysis of their
rhamnoglycosides by lactase phlorizin hydrolase and enzymes
of the intestinal microbiota. Released aglycones are absorbed
and undergo sulfation or glucuronidation after absorption.
This hypothesis is in line with previous studies that reported

This journal is © The Royal Society of Chemistry 2023
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the maximum concentration of these phase II metabolites
4-5 h after citrus fruit consumption.***> Another potential
reason, which may justify the calculated Ty,., for most of the
detected metabolites, could be the study design: flavanone-
rich supplements were administered on two different
occasions (the first one at breakfast, the second one at lunch),
for 24 hours. The accumulation of compounds in plasma
could have led to a later observed Ty, Finally, the calculated
Tmax could represent hybrid values resulting from both the
absorption at the small intestinal level of those metabolites
produced after the consumption of the second dose at lunch,
and those catabolites produced from the native compounds
which reached undigested to the colon after the consumption
of the first supplement dose at breakfast, as previously
reported in a daily repeated-dose human intervention study
with coffee.*®

Comparing the different tested doses, the high dose pre-
sented a higher excretion of total metabolites with respect to
the low dose in both acute and chronic studies. In urine,
several phenylpropanoic, phenylacetic and benzoic acid deriva-
tives were detected, indicating the extensive enzymatic actions
of gut microbiota. Besides hippuric acid, for which mamma-
lian pathways from benzoic acid, phenylalanine and tyrosine
have been reported,*”’ *° benzoic acid-4-sulfate was the metab-
olite excreted at the highest concentration, being this catabo-
lite identified as a potential end-product of several metabolic
pathways including naringenin, caffeic acid and hesperidin.>°
Microorganisms of the gut, such as Bifidobacterium and
Lactobacilli, have shown the ability to metabolize naringenin
and hesperidin into various metabolites, such as 3-(3"-hydroxy-
phenyl)propanoic acid and 3-(phenyl)propanoic acid, which
was confirmed in the present study.’® It is important to insist
that the huge inter-individual variability in the gut microbial
composition could also play an important role in the quantity
and diversity of these metabolites, as recently suggested. We
also observed a high inter-individual variability in the excreted
metabolites, which interestingly showed a lowered variability
at week 16 compared to week 1. Indeed, Fraga and colleagues,
after administration of orange juice to subjects for 60 days,
concluded that stratification of volunteers based on flavanone
metabolite and catabolite production could be a strategy to
explain the high variability in the responsiveness of orange
juice consumption in body fat percentage and blood pressure
reduction.>

Interestingly, the observations in the chronic study com-
pared to the acute study were contradictory to the expectations.
A reduction in circulating and excreted metabolites at W16
compared to W1 was observed. Although no previous studies
have investigated the chronic effects of citrus (poly)phenol
metabolism, a few studies dealt with the chronic and repeated
consumption of mango and grape (poly)phenols.”** In the
above-mentioned studies, the authors observed that the
repeated exposure to (poly)phenols in a lean population
differed from the obese population. In particular, in the obese
population, the repeated exposure of (poly)phenols resulted in
decreased circulating and excreted metabolites. Contrastingly,
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rodent models have shown that the obese/diabetic state can
increase the mRNA expressions of phase II enzymes in com-
parison to healthy controls, which resulted in an increased
AUC and Cp. of metabolites in obese/diabetic rodents.??
Similar to the phase II enzymes, the cellular efflux transporters
play an important role in determining the cellular availability
of these metabolites, and factors influencing these transpor-
ters can affect the bioavailability and rate of excretion of conju-
gated metabolites. An example is the transporter multidrug re-
sistance-associated protein (MRP)-3 that has shown respon-
siveness to inflammatory stimuli, which could, in turn, affect
the transport of various (poly)phenol metabolites.*® It could
be hypothesized that during the 16-week consumption of the
flavanone-rich ingredient, the changes in adipose tissue and/
or body weight (data not yet published) could alter the meta-
bolic state and, consequently, the catabolism and the uptake
of flavanones contained in the supplement. Rangel-Huerta
and colleagues showed that the consumption of orange juice
protected against DNA damage and lipid peroxidation, modi-
fied several antioxidant enzymes, and reduced body weight in
overweight or obese non-smoking adults regardless of the
(poly)phenol content.>® Although the exact alterations in
(poly)phenol metabolism during the obese state are unknown,
it can be said that there are important considerations to make
while interpreting pharmacokinetic studies depending on the
metabolic state of the study population.

Kim and colleagues observed in a rodent model an
“increase and then decrease” pattern for (epi)catechin deriva-
tives, where the (epi)catechin metabolites in plasma increased
from day 1 to 14 and then decreased to the starting values on
day 28.>° Based on this evidence, it could be suggested that a
possible similar pattern might have occurred in the present
study, although no in-between W1 and W16 time points have
been collected for (poly)phenol metabolite analysis. The
results obtained for a 16-week supplementation with a flava-
none-rich ingredient could indicate an “absorption saturation”
condition involving both enzymes and efflux transporters,
which needs to be confirmed by further studies aimed at
looking at a multiple dose metabolic effect. As suggested by
Kim and colleagues, it can be supposed that some flavanone-
rich ingredient-derived metabolites and catabolites would not
be identified, and some metabolites would be accumulated in
tissues. Several studies showed an accumulation of (poly)phe-
nolic compounds in the liver, lungs, brain, heart and adipose
tissue.'”>*>® Therefore, exploring tissue accumulation of
those metabolites derived from this flavanone-rich ingredient
in future studies would be essential to investigate its possible
mechanisms of action on adipose tissue and, consequently, on
its potential role in weight control.

Despite a reduction in the calculated bioavailability, high
dose supplementation of the flavanone-rich ingredient had a
20% and 44% higher excretion of metabolites compared to low
dose supplementation in acute and chronic studies, respect-
ively. This observation raises an important question: would
quantifying urinary metabolites be sufficient to calculate the
bioavailability of ingested (poly)phenols? The evaluation of
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individual (poly)phenol classes in a systematic review, taking
into consideration only intervention studies, has shown that
hesperidin and naringenin showed a weak recovery yield.””
The limitation of bioavailability evaluation also lies in the lack
of adequate standard compounds, which could lead to an
over- or under-estimation of metabolites. Thus, future discus-
sions on bioavailability evaluation, considering not only
urinary and plasma metabolites, but also factors which could
affect bioefficacy, as well as the possible presence of metab-
olites in target cells, could be of interest. Although evaluating
tissue metabolites and bioefficacy in in vitro and animal
studies could require more resources, it could give detailed
information on the fate of (poly)phenolic metabolites.***° The
sample size of this study is a limitation to be mentioned;
although we did not conduct power estimation for this study,
we relied on previous studies conducted in the chronic setup
for polyphenol pharmacokinetics evaluations. Even though
participants were advised about restrictions on diet, measur-
ing baseline polyphenol levels prior to start of the restriction
diet in future studies would allow to remove the confounders.
Other limitations of this study are mainly related to sample
analysis, since neither faeces nor possible accumulation in
tissues were analysed for their possible flavanone metabolite
content. Moreover, the lack of proper available standard com-
pounds may have led to a possible under- or over-estimation of
the quantified metabolites and catabolites.”® Finally, recruited
people were overweight/obese, and their physiological status
may have influenced the ingredient flavanone metabolism,
and consequently, the results of this study must be carefully
evaluated against a healthy population.

In conclusion, the consumption of a high dose of a flava-
none-rich ingredient, within a varied and balanced diet, in an
acute setup, could increase circulating bioactive (poly)phenolic
metabolites and catabolites compared to a low dose.
Considering the currently available definition of bio-
availability, flavanones consumed at a lower dose appear to be
more bioavailable compared to a high dose, both in acute and
chronic consumption. Future chronic studies with citrus (poly)
phenols are required to understand their absorption bioeffi-
cacy and their possible presence in various tissues.
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