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Introduction

Combined supplementation with hesperidin,
phytosterols and curcumin decreases adiposity
and improves metabolic health in ovariectomized
ratsyf

Julio Baudin, &2 Julia Hernandez-Baixauli, 2 £ Sergio Quesada-Vazquez,§?
Francisca Mulero,© Francesc Puiggros,® Lluis Arola*® and Antoni Caimari €2 *9

In recent years many women have looked for alternative therapies to address menopause. Hesperidin,
phytosterols and curcumin are bioactive compounds that can ameliorate some cardiovascular risk factors
associated with menopause, although there are no data concerning the effects of their combined sup-
plementation. We used ovariectomized (OVX) rats, a postmenopausal model with oestrogen deficiency, to
evaluate whether supplementation with a multi-ingredient (MI) including hesperidin, phytosterols and
curcumin for 57 days would display beneficial effects against fat mass accretion and metabolic disturb-
ances associated with menopause. Twenty OVX rats were orally supplemented with either Ml (OVX-MI) or
vehicle (OVX). Furthermore, 10 OVX rats orally received the vehicle along with subcutaneous injections of
17B-oestradiol biweekly (OVX-E2), whereas 10 rats were sham operated and received oral and injected
vehicles (control group; SH). Ml supplementation partly counteracted the fat mass accretion observed in
OVX animals, which was evidenced by decreased total fat mass, adiposity index, the weight of retroperito-
neal, inguinal and mesenteric white adipose tissue (MWAT) depots and MWAT adipocyte hypertrophy.
These effects were accompanied by a significant decrease in the circulating levels of leptin and the mRNA
levels of the fatty acid uptake-related genes Lpl and Cd36 in MWAT. These results were very similar to
those observed in OVX-E2 animals. OVX-MI rats also displayed a higher lean body mass, lean/fat mass
ratio, adiponectin-to-leptin ratio and insulin sensitivity than their OVX counterparts. Our findings can pave
the way for using this M| formulation as an alternative therapy to manage obesity and to improve the car-
diometabolic health of menopausal women.

trogen production by loss of ovarian follicular activity and
function' occurring during the menopausal transition and

Menopause is a biological stage in a woman’s life that is
defined as the permanent cessation of menstrual cycles by
reproductive ageing. The decline and gradual cessation of oes-
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menopause can cause a variety of vasomotor symptoms, such
as hot flushes, sleep disturbances and night sweats.”™* In
addition, this ageing process may be associated with osteo-
porosis,” increased body weight and a change in body fat dis-
tribution from a gynoid to an android pattern, contributing to
increased abdominal fat accretion.®® This excess of adiposity
can exacerbate the appearance of metabolic alterations such as
hypercholesterolemia, hypertension and insulin resistance,
increasing the risk of suffering cardiovascular diseases
(CVDs),*'° which become more evident with age and are one
of the leading causes of death worldwide, accounting for 47%
of deaths in women."!

Hormone replacement therapy (HRT) prescription remains
the most effective solution for symptoms or metabolic disturb-
ances related to the postmenopausal state. Nevertheless, HRT
prescription was challenged by the controversy over its benefits
and risks derived from the unexpected findings of the
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Women’s Ischaemia Syndrome Evaluation (WISE) study in
2002, pointing towards a higher risk of suffering CVDs and
endometrial and breast cancers for some of the HRT treat-
ments.'? Currently, the safety and main side effects depend on
the type of HRT, the duration of the treatment and the
woman’s age at which the HRT starts after the final menstrual
period occurs. Thus, it was described that the benefits are
higher than the risks when HRT is prescribed to healthy
women under 60 or within the first ten years of menopause.'?
HRT effectively reduces vasomotor symptoms and osteoporo-
sis.'> However, HRT has been shown to be less effective
(favourable or neutral effects) in ameliorating body weight
gain and reducing the risk of CVDs (coronary heart disease,
thromboembolism, blood clots and stroke) and affective dis-
orders such as dementia or Alzheimer’s disease, and it is not
advised for women with a medical history of breast or endo-
metrial cancers.'?

In recent years, due to controversy about the risks associ-
ated with HRT, many women have looked for alternative thera-
pies to address menopause. Some supplements, such as
natural extracts, bioactive compounds and nutraceuticals, have
been used as alternative therapies to manage vasomotor symp-
toms and metabolic disturbances related to menopausal state.
One of the best-known natural bioactive compounds with
scientific evidence-based effects is the isoflavones obtained
from soy, also called phytoestrogens, with genistein being the
most abundant of them, accounting for 60% of the total isofla-
vones found in soy."® Phytoestrogens are chemically similar to
17p-oestradiol (173-E2), and they have been extensively studied
due to their ability to bind to oestrogen receptors, producing
oestrogenic effects in target organs. Genistein has twenty
times more selectivity for oestrogen receptor (ER) p than for a,
which is a favourable property because most of the side effects
are produced through binding to ER-a.">'* Nevertheless, there
are many types of phytoestrogens, and their activity in humans
seems to vary between subjects because specific intestinal bac-
teria and/or individual-based hepatic modifications are
needed to convert a precursor into a more active compound.
As an example, only 30% of the population is able to convert
daidzein, a well-studied phytoestrogen of soy, to the most bio-
active and absorbable isoform, called equol diadzein."

Curcumin, hesperidin and phytosterols are other bioactive
compounds from natural origin with promising effects against
metabolic-related disturbances associated with menopause,
although the body of scientific evidence about their effects is
lower when compared to what is reported for phytoestrogens.
Curcumin is a polyphenol obtained from Curcuma longa (tur-
meric) powdered roots commonly used as part of curry powder
in curry dishes and displays well-known antioxidant and anti-
inflammatory properties."® In humans, curcumin also
improves metabolic health by decreasing the surrogated
marker of insulin resistance homeostasis model assessment-
estimated insulin resistance (HOMA-IR)."” Additionally, in
ovariectomized (OVX) rats, a well-established preclinical model
to study menopause in which the ovaries are surgically
removed to mimic the deficiency of circulating oestrogen levels
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occurring in menopause and the associated osteoporosis and
metabolic disorders,'®' curcumin supplementation amelio-
rated progressive bone loss and osteoporosis.>”> Furthermore,
Morrone et al. demonstrated that this bioactive compound dis-
played an anti-hypercholesterolaemic effect and reduced oxi-
dative stress and visceral adiposity in this animal model.*

Hesperidin is a flavonoid mainly present in citrus fruits
(oranges, tangerines, lemons, limes, and grapefruits), in the
juices obtained from these fruits. This bioactive compound
has shown protective effects in humans on the cardiovascular
system because, despite its low bioavailability, it is able to
modulate and reduce several biomarkers of risk factors for
CVDs, such as triglycerides (TG), total cholesterol (TC), LDL-
cholesterol, TNF-a, systolic blood pressure and insulin.>*"°
Furthermore, mounting evidence suggests that hesperidin sup-
plementation exerts an inhibitory effect against obesity, modu-
lating lipid metabolism,>” and beneficial effects on bone
metabolism*® were also reported in OVX rats, improving their
bone mineral density (BMD).>**° Recently, members of our
group demonstrated, in humans, that supplementation with a
hesperidin extract mainly rich in the 25 isomer and presented
in a micronized form (M2SH) increased the bioavailability of
this flavanone,*' paving the way for carrying out additional
studies to evaluate whether this boosted bioavailability is
translated into enhanced cardioprotective effects.

Phytosterols are phytosteroids that present a similar struc-
ture to cholesterol and that are naturally present in consider-
able amounts in pistachios and in oils obtained from rape-
seed, wheat germ and corn, whilst legumes, cereals, fruits, and
vegetables contain lower quantities. The mechanism of action
of ingested phytosterols, due to their similar structure, pro-
duces a competitive exclusion of cholesterol from bile acid
micelles in the intestinal tract, which reduces intestinal chole-
sterol reabsorption. Phytosterol supplementation is supported
by the European Food Safety Authority (EFSA), which con-
cluded that the consumption of approximately 1.5 to 2.4 g per
day of phytosterols and/or stanols may reduce circulating
cholesterol levels in the blood and decrease the risk of coron-
ary heart disease.** Xia et al. 2022 demonstrated that in post-
menopausal women, consuming 2 g per day phytosterols
reduced serum TC and LDL-cholesterol.**

Although supplementation with curcumin, hesperidin and
phytosterol separately exert potential beneficial effects against
fat mass accretion and/or menopausal-related metabolic altera-
tions, mainly in animal models, to the best of our knowledge,
the effects of combined supplementation with these three bio-
active compounds have not yet been evaluated. Different
studies, including some carried out by our research group,**’
have shown that the combined administration of different bio-
active compounds acting against complementary targets is a
suitable strategy to tackle fatty liver and cardiometabolic risk
factors. In line with the idea that better outcomes can be
obtained when treatments are performed under a multifaceted
approach,® we hypothesized that a multi-ingredient (MI) sup-
plement based on the combined supplementation of curcu-
min, hesperidin and pine-tree phytosterols could be an

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05122f

Open Access Article. Published on 10 April 2024. Downloaded on 7/31/2025 7:25:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

effective approach to ameliorate the multifactorial alterations
related to the postmenopausal state. The aim of this study was
to evaluate, in an OVX rat model, whether oral supplemen-
tation for 8 weeks with an MI supplement including hesperi-
din (M2SH), phytosterols and curcumin would exert beneficial
effects against fat mass accretion, metabolic alterations and
osteoporosis associated with menopause. The effects of this
MI were compared to those produced by the administration of
17f-E2, an agent that resembles HRT, in the treatment of
menopause symptoms and associated diseases.

Materials and methods

Ingredients

Lipophytol®-P (PHY; ref no.: L10056) was kindly supplied by
Lipotec S.A.U. (Gava, Spain). This PHY is a dispersible form of
microencapsulated pine tree phytosterols that facilitates their
incorporation in food matrices. According to the supplier, the
product contains 88% phytosterols and 10% maltodextrin.

Curcumin (CUR; ref no.: EXT-887) is a lipophilic polyphenol
[7-bis(4-hydroxy-3-methoxyphenyl )hepta-1,6-diene-3,5-dione]
that was provided by NUTRIFOODS S.L.U. (Barcelona, Spain).
According to the supplier, the total curcuminoid content of
the dry extract was >95%.

Micronized 2S-hesperidin (M2SH; Cardiose®; ref no.:
1306615) was obtained from sweet orange extract (Citrus sinen-
sis) and was kindly provided by HealthTech BioActives -
HTBA - (Murcia, Spain). According to the supplier, the
S-isomer content of this flavanone was 93%.

Animals, diet and treatments

All procedures related to animal experimentation were
approved by the Animal Ethics Committee of the
Technological Unit of Nutrition and Health of Eurecat (Reus,
Spain) and the Generalitat de Catalunya (protocol code 11223).
The study complied with the ARRIVE guidelines, followed the
‘Principles of Laboratory Animal Care’ and was carried out in
accordance with the EU Directive 2010/63/EU for animal
experiments.

The animals used in this study were forty 12-week-old
female Sprague-Dawley rats (ENVIGO, Indianapolis, USA).
Thirty rats were bilaterally ovariectomized (OVX), and 10 rats
were sham-operated (SH) at the ENVIGO facilities. The animals
were fed a maintenance rat chow diet for 3 weeks to stabilize
them after ovariectomy, before shipment at 15 weeks of age. At
their arrival at the animal facility of Eurecat and during the
whole study, rats were housed in pairs at 22 °C under a 12 h
light/dark cycle (lights on at 9:00 am) and had ad libitum
access to food and water. After an adaptation period of 1 week,
the 30 OVX rats were distributed into three experimental
groups depending on the treatment received for 8 weeks (OVX;
OVX-E2; OVX-MI; 1 = 10 per group), and the 10 sham-operated
(SH; n = 10) rats were assigned as the control group. OVX-MI
was supplemented daily for 8 weeks with MI, which included
three products at the following doses per body weight: PHY at
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225 mg kg~'; CUR at 100 mg kg™'; and M2SH at 100 mg kg™ .
The three bioactive compounds were dissolved together in low-
fat condensed milk diluted 1:3 with water. Taking into
account the content of each bioactive compound present in
each ingredient, the doses of PHY, CUR and M2SH used were
equivalent to the daily consumption of 1926 mg of phytoster-
ols, 924 mg of curcumin and 905 mg of hesperidin for a 60 kg
human.?® These dosages are considered acceptable and safe in
the context of multi-ingredient supplementation.?®?*4%4! The
SH, OVX and OVX-E2 groups were also supplemented daily
with low-fat condensed milk, which was diluted 1:3 with
water (vehicle), for 8 weeks. Both treatments (in a volume of
0.5-0.6 mL) were administered orally by a 1 mL syringe at the
same time each day (between 09:00 and 10:00 am). Five days
before the beginning of the treatments, the rats were trained
to lick diluted low-fat condensed milk (0.3 mL) to ensure
voluntary consumption. Each rat fully ingested the daily dose
of the corresponding treatment. OVX-E2 rats also received
biweekly subcutaneous injections of 25 pg kg~ 17p-E2 (Sigma-
Aldrich, St Louis, MO) via a carrier solution of corn oil,
whereas the remaining groups received the same dose of a
vehicle (corn oil).

All groups were fed a standard chow diet (Teklad Global
14% Protein Rodent Diet 2014, Harlan, Barcelona, Spain). The
caloric breakdown of the diet (2.9 kcal g~") was 20% protein,
13% fat, and 67% carbohydrates. Body weight was recorded
once each week, food was renewed daily, and the food intake
was documented every 7 days.

On day 57, rats were sacrificed under anaesthesia (pento-
barbital sodium, 60 mg per kg body weight) after 6 h of
diurnal fasting. Blood was collected by cardiac puncture, and
serum was obtained by centrifugation and stored at —80 °C
until analysis. The liver, caecum, kidneys, gastrocnemius and
soleus muscle, the femur of the left leg and the white adipose
tissue depots (retroperitoneal - RWAT-, mesenteric - MWAT-
and inguinal IWAT - white adipose tissue depots) were rapidly
removed, weighed, frozen in liquid nitrogen and stored at
—70 °C until further analysis. The femur of the right leg was
also collected and immersed in physiological serum and
frozen at —20 °C until three-dimensional microcomputed tom-
ography analysis.

Body composition analyses

Lean and fat mass measurements (in grams) were performed
without anaesthesia at the beginning and at the end of the
study using an EchoMRI-700™ device (Echo Medical Systems,
L.L.C., Houston, USA). The measurements were performed in
triplicate under ad libitum conditions and at 8:00 am, and the
results were expressed as a percentage of body weight.

Adiposity index

The adiposity index was calculated as the sum of the weights
of the IWAT, MWAT and RWAT depot weights (in grams) and
was expressed as a percentage of body weight.
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HOMA-IR and R-QUICKI analyses

The HOMA-IR was calculated using the following formula:
(fasting glucose level — mmol L™ x fasting insulin level - U
mL™")/22.5.*? Insulin sensitivity was evaluated by the revised
quantitative insulin sensitivity check index (R-QUICKI) using
the following formula: 1/[log insulin (WU mL™") + log glucose
(mg dL ™) + log FFA (mmol 17)].*3

Serum analysis

Enzymatic colorimetric kits were used to determine serum TC
(995280/QCA, Barcelona, Spain), HDL-cholesterol (HDL-c) and
VLDL-cholesterol + LDL-cholesterol (VLDL-c + LDL-c)
(EHDL-100/Bioassay Systems, California, USA), triglycerides
(992330/QCA, Barcelona, Spain), glucose (992330/QCA,
Barcelona, Spain) and nonesterified free fatty acids (NEFAs)
(WAKO, Neuss, Germany). To analyse the levels of 17p-E2 at
baseline and progesterone at the end point, the ELISA E2 kit
(CSB-E05110r/CUSABIO, Houston, USA) and the ELISA pro-
gesterone kit (CSB-E07282r/CUSABIO Houston, USA) were
used, respectively. Circulating insulin levels were measured
using a rat/mouse ELISA kit (10-1250-01/MERCODIA, Upssala,
Sweden). Serum leptin levels were determined with a rat ELISA
kit (EZRL-83K/Millipore, Barcelona, Spain), and serum adipo-
nectin levels were quantified by a Rat Total Adiponectin/
Acrp30  Quantikine ELISA kit (RRP300/R&Dsystems,
Minnesota, USA). To quantify the circulating levels of the bio-
markers of bone turnover procollagen I amino-terminal pro-
peptide (PINP), osteocalcin (OC) and carboxy-terminal telopep-
tide of type I collagen (CTX), the PINP ELISA kit (AC-33F1, IDS,
UK), the osteocalcin ELISA kit (AC-12F1, IDS, UK) and the CTX
(AC-06F1, IDS, UK) were used, respectively.

Oral glucose tolerance test (OGTT)

On day 43, rats were submitted to 6 h of diurnal fasting (from
08:00 am to 02:00 pm). Afterwards, blood was collected from
the saphenous vein (baseline point; time 0), and immediately
after, the rats were challenged with 2 g per kg body weight of
glucose loaded by oral gavage. Blood samples were also col-
lected at 15, 30, 60 and 120 minutes after the glucose load.
Glucose and insulin levels at all time-points were analysed
using the same kits included in the previous section.

Microcomputed tomography analyses

The bone composition of the right femur was determined post-
mortem by three-dimensional microcomputed tomography
(RCT or microCT) analysis. For this purpose, the samples were
immersed in physiological serum and frozen at —20 °C.
Afterwards, femur samples were fixed in 10% neutral buffered
formalin. Comparable regions of interest (ROIs) consisting of
the superior epiphysis, the diaphysis and the inferior epiphysis
from each rat were selected for analysis. Imaging by three-
dimensional microcomputed tomography was performed with
a CompaCT scanner (SEDECAL, Madrid, Spain). Data were
acquired with 720 projections per 360-degree scan, an inte-
gration time of 100 ms with three frames, a photon energy of
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50 keV, and a current of 100 pA. The duration of the imaging
time was 20 min per scan. Three-dimensional rendered images
of femur samples were generated through original volumetric
reconstructed images by MicroView software (GE Healthcare).
The tissue mineral content (TMC), bone mineral content
(BMC), tissue mineral density (TMD) and BMD values were
quantified from MicroCT scans using GE MicroView software
v2.2. These bone composition results were calculated as the
sum of the three ROIs selected for each right femur in nine
rats per group.

Indirect calorimetry and activity measurements

These analyses were performed between days 37 and 42 after
the beginning of the treatments using the Oxylet Pro™ System
(PANLAB, Cornella, Spain), under ad libitum conditions and
with free access to water, over a period of 22 h (from 11.00 am
to 09.00 am). At 09:00 am, the rats received the corresponding
treatment at 09:00 am and were transferred from their cages to
an acrylic box (Oxylet LE 1305 Physiocage, PANLAB). After an
initial acclimatization period of 2 h, the energy expenditure
(EE), respiratory quotient (RQ), fat and carbohydrate oxidation
rates, locomotor activity, and number of rearings were calcu-
lated as previously described.**

Analysis of total, oxidized and reduced glutathione in liver
(GSH/GSSG)

Total glutathione (GSH), reduced GSH and oxidized GSH
(GSSG) were analysed in the liver samples with the commercial
glutathione  colorimetric ~ detection kit  (EIAGSHC/
INVITROGEN; Massachusetts, USA). The results are expressed
as pmol g of hepatic protein, which was calculated using the
BCA assay method.

Histological analysis

Fixed portions of MWAT (n = 8 per group) were preserved in
buffered formalin (4% formaldehyde, 4 ¢ L™" NaH,PO,, 6.5 g
L' Na,HPO,; pH 6.8) were cut at a thickness of 5 pm and
stained with hematoxylin & eosin (H & E). MWAT images (mag-
nification 100x) were taken with a microscope (ECLIPSE Ti;
Nikon, Tokyo, Japan) and coupled to a digital sight camera
(DS-Ri1, Nikon). Image analyses were performed using the
Image] NDPI software (National Institutes of Health, Bethesda,
MD, USA; https:/imagej.nih.gov/ij, accessed on 22 February
2024, version 1.54 g). Adipocyte area quantification in the
MWAT sections of the different groups was analysed using the
Adiposoft plugin.

Gene expression analysis

RNA extraction, cDNA synthesis, and gene expression analyses
using real-time quantitative PCR from MWAT were performed
as previously described,** using primers for the different
genes obtained from Biomers.net (Ulm, Germany) and
included in ESI Table 1.1 Each PCR was performed at least in
duplicate, and hypoxanthine guanine phosphoribosyl transfer-
ase (Hprt) and peptidylprolyl isomerase A (Ppia) were used as
reference genes.

This journal is © The Royal Society of Chemistry 2024
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Statistical analyses

Statistical analyses were performed with IBM SPSS Statistics
28.0 (SPSS, IBM Corp. Armonk, New York, USA). Grubbs’ test
was used to detect outliers, which were discarded for further
analysis. The assumption of normality was determined using
the Kolmogorov-Smirnov test, and the homoscedasticity
among groups was evaluated using Levene’s test. When one or
both of these conditions were not accomplished, data were
transformed to base-10 logarithm to obtain a normal distri-
bution and/or similar variances before statistical testing. One-
way ANOVA followed by Duncan’s post hoc test (p value <0.05)
was used to assess differences among the four groups in most
of the variables analysed in the present study. Welch’s test fol-
lowed by Games-Howell’s post hoc test was used when homo-
scedasticity was not assumed. The Kruskal-Wallis test followed
by the Mann-Whitney U post hoc test was used as the nonpara-
metric version of one-way ANOVA when the data did not follow
a normal distribution. Linear relationships between key vari-
ables were tested using Pearson’s correlation coefficients.
Differences among groups in the circulating levels of glucose
and insulin during the OGTT were analysed by repeated
measures (RM-) ANOVA with time as a within-subject factor
and intervention as a between-subject factor. Overall differ-
ences among groups in the area under the curve (AUC) ana-
lysis, which was calculated for the circulating levels of glucose
and insulin at all study time points with the trapezoid rule
using GraphPad Prism software (GraphPad Software, Inc., La
Joya, CA, USA), were assessed using one-way ANOVA and
Duncan’s post hoc tests. The Mann-Whitney U post hoc t test
was used for single statistical comparisons of oestrogen levels
at baseline between the SH group (n = 10) and OVX rats (n =
30). Student’s ¢ test was also used for some single statistical
comparisons to detect residual differences. Data are presented
as the means + SEM (n = 9-10). The level of statistical signifi-
cance was set at bilateral 5%.

Results

Ovariectomy induced oestrogen deficiency, fat mass accretion
and metabolic alterations related to the postmenopausal state

After 3 weeks of recovery from surgery, before the beginning of
the treatments, the efficacy of ovariectomy was evaluated by
analysing the circulating levels of 178-E2. As expected, the OVX
rats displayed significantly lower levels of this hormone than
their sham-operated counterparts (467 + 124 pg mL ™" vs. 183 +
49 pg mL™"; 60.8% lower, p = 0.005, Mann-Whitney U post hoc
t test).®

Compared to the sham operation performed in SH rats, the
removal of the ovaries in the OVX group increased food intake
(Table 1) and decreased EE (Fig. 1), which accounted for the
higher body weight, weight gain, fat mass percentage, MWAT
and IWAT weight, adiposity index and adipocyte hypertrophy
in MWAT in comparison with their SH counterparts (Table 1
and Fig. 2). Furthermore, OVX animals also showed higher
cholesterol and monocyte chemoattractant protein-1 (MCP-1)
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circulating levels (Table 1) and a lower hepatic GSH/GSSG ratio
than SH animals (Table 2). Altogether, these results indicate
that OVX rats developed hallmarks of cardiometabolic altera-
tions that can occur in the postmenopausal state, as was pre-
viously reported.’® In addition, compared with SH rats, the
OVX animals showed increased circulating levels of the bone
biomarkers OC and CTX-1 (for formation and resorption
activity, respectively) analysed in serum (Table 3), which
accounted for an increased risk of osteoporosis.*”

MI and 17p-E2 treatments decreased adiposity and adipocyte
hypertrophy and promoted a healthier body composition

As expected, 17f-E2 administration significantly reduced the
final body weight compared to the OVX animals and fully
counteracted the increase in body weight gain observed in the
OVX group (Table 1).*® These results could be attributed, at
least in part, to the lower cumulative food intake observed in
the OVX-E2 animals in comparison with their OVX counter-
parts (Table 1).*> MI supplementation did not attenuate the
increase in body weight and body weight gain observed in OVX
animals (Table 1). This lack of effect could be partly related to
the similar food intake observed in the OVX-MI rats compared
to the OVX group (Table 1). Remarkably, the rats that received
the MI supplement or 17p-E2 showed, at the end point, a sig-
nificant decrease in fat mass compared to the OVX group
(Table 1). These results agree with the significant decrease in
the weight of all the white adipose tissues analysed (MWAT,
RWAT and IWAT, Fig. 2a-c) as well as with the lower adiposity
index observed in both the OVX-MI and OVX-E2 groups in
comparison with their OVX counterparts (Fig. 2d).
Consequently, both the OVX-MI and OVX-E2 groups displayed
a significantly lower total fat mass gain than the OVX animals
(Table 1). This effect was more evident in the OVX-E2 group,
which showed similar levels of fat accretion to those observed
in the SH animals (Table 1). Both MI supplementation and
17p-E2 injections fully counteracted the increased MWAT
average adipocyte area observed in the OVX group, showing
very similar values to those observed in SH rats (Fig. 2e). An
inverse pattern was reported for the number of adipocytes,
which were significantly lower in the OVX group compared to
the other three groups (Fig. 2f). In agreement with these
results, representative MWAT histological images (H & E stain-
ing) illustrated larger adipocytes and a lower number of these
cells in the OVX group (Fig. 2h) than in their SH (Fig. 2g),
OVX-E2 (Fig. 2i) and OVX-MI (Fig. 2j) counterparts.
Furthermore, a decrease in the percentage of larger adipocytes
and an increase of smaller adipocytes were found in the MWAT
of both OVX-MI and OVX-E2 animals when compared to the
OVX group, showing both groups of treated rats a very similar
pattern to those observed in control SH animals (Fig. 2Kk).
Remarkably, OVX-MI rats showed a higher lean mass than OVX
animals (Table 1). In line with this result, the OVX-MI group
also displayed an increased lean/fat mass ratio in comparison
with their OVX counterparts. Although no significant changes
were found in the lean mass at the end point in the animals
that received 17(3-E2 (Table 1), they also displayed a significant
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Table 1 Biometric parameters, cumulative food intake, serum parameters in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of
intervention

SHAM (0)7:¢ OVX-E2 OVX-MI Intervention effect (p value)
Cumulative food intake (g) 94.9 +1.2% 108.4 +3.3° 92.9 +2.9% 106.4 + 1.6° 1(<0.001)
Biometric parameters
Initial body weight (g) 245 + 37 297 + 5P 289 = 6° 292 + 3P 1(<0.001)
Final body weight (g) 264 + 4° 329 + 8° 285 + 5° 323 +6° 1(<0.001)
Body weight gain (g) 18.5 + 3.5% 35.1+3.5° -4.8+3.2° 30.6 + 4.7° 1(<0.001)
Final fat mass (%) 4.55 + 0.40° 8.63 £ 0.57" 6.09 + 0.70° 6.02 + 0.32° 1(<0.001)
Fat mass gain (g) 0.2 +0.9° 12.5+1.1° 2.7 + 0.6 8.6 + 0.6° 1(<0.001)
Final lean mass (%) 88.3 + 0.4° 84.6 + 0.6" 85.9 + 0.8 87.0 + 0.3 1(<0.001)
Lean/fat mass ratio 21.6 +2.0% 10.3 +0.9" 15.8 £ 1.7° 14.7 £ 0.8° 1(<0.001)
Final total body water (%) 73.1+ 0.3 70.2 +0.5" 71.2+0.7° 72.5 0.5 1(<0.001)
Liver (g) 6.91 +0.19 7.59 +0.29 7.72 +0.32 7.52 +0.16 NS (0.109)
Caecum (g) 2.80 + 0.29 3.18 £ 0.13 3.51+0.25 3.43+0.15 NS (0.122)
Kidneys (g) 1.39 +0.03 1.47 + 0.04 1.50 + 0.04 1.42 +0.03 NS (0.175)
Gastrocnemius (g) 1.88 + 0.06° 2.29 + 0.06" 2.07 +0.11%° 2.18 + 0.06" 1(0.007)
Soleus (g) 0.11 + 0.00% 0.14 + 0.01° 0.13 +0.01° 0.14 + 0.01° 1(0.006)
Serum parameters
TG (mmol L) 0.48 + 0.06° 0.41 + 0.06° 0.89 + 0.12° 0.46 + 0.02° 1(<0.001)
MCP-1 (ng mL™) 6403 + 328° 9373 + 844" 9119 + 1274%° 9969 + 850° 1(0.040)
TC (mmol L) 2.38 + 0.09° 2.90 +0.07> 2.62 + 0.10°° 3.06 * 0.16° 1(<0.001)
HDL-c (mmol L™) 1.64 + 0.09° 1.98 +0.08" 1.56 + 0.06" 2.16 +0.12° 1(<0.001)
VLDL-¢ + LDL-c (mmol L) 0.81 + 0.05 0.91 + 0.03 0.91 + 0.06 0.81 + 0.03 NS (0.193)
Progesterone (pg mL™") 159 +18 101+ 8 116 + 30 109 + 10 NS (0.144)

Data are given as the mean + SEM (n = 9-10). Body weight gain was calculated as the difference between the final body weight and the initial
body weight. Fat mass gain was calculated as the difference between fat mass at the end of the experiment and the baseline point. Fat mass and
lean mass weights (%) were calculated according to the formula (100 x fat or lean/body weight) and were expressed as a percentage of body
weight. The lean/fat mass ratio was calculated as the lean mass divided by fat mass. The concentrations of serum parameters were determined at
the end of the experiment. Different superscript lowercase letters (a, b, c) indicate significant different mean values (one-way ANOVA and
Duncan’s post hoc test. Welch test and Games-Howell post hoc test or Kruskal-Wallis test and Mann-Whitney U post hoc test, p < 0.05). I: the
effect of intervention. NS: non-significant differences. SH: sham-operated rats; OVX: ovariectomized rats; OVX-E2: OVX rats treated with
17p-oestradiol; OVX-MI: OVX rats supplemented with the multi-ingredient; TG: triglycerides; MCP-1: monocyte chemoattractant protein-1; TC:
total cholesterol; HDL-c: high-density lipoprotein cholesterol; VLDL-c: very-low-density lipoprotein cholesterol; LDL-c: low-density lipoprotein

cholesterol.

increase in the lean/fat mass ratio when compared to the OVX
group, similar to what was observed in response to MI admin-
istration (Table 1). In addition, both the OVX and
OVX-E2 groups showed a significant reduction in the final
total body water when compared to the SH animals, while no
significant changes were found between the OVX-MI group
and their SH counterparts (Table 1).

MI supplementation decreased the circulating levels of leptin
and increased the circulating levels of adiponectin corrected
by the WAT weight and adiponectin-to-leptin ratio

In agreement with the lower final fat accretion and adiposity
index shown in both groups in comparison with their OVX
counterparts (Table 1 and Fig. 2d), both the OVX-E2 and
OVX-MI groups showed a significant decrease in the circulat-
ing levels of leptin (Fig. 3a). Although no significant changes
among groups were found in the circulating levels of adiponec-
tin (Fig. 3b), the animals supplemented with the MI displayed
a significant increase in the circulating adiponectin per g WAT
ratio (Fig. 3c) as well as a higher adiponectin-to-leptin (AL)
ratio than their OVX counterparts (Fig. 3d). These significant
effects were not observed in response to 17p-E2 treatment
(Fig. 3c and d).

4910 | Food Funct, 2024, 15, 4905-4924

MI intake improved the surrogate marker of insulin sensitivity
R-QUICKI

OVX rats displayed similar serum levels of glucose and insulin
at baseline and after the glucose load in comparison with their
SH counterparts (Fig. 4a and b, respectively). The OGTT per-
formed on day 43 also revealed that neither 17p-E2 injections
nor MI supplementation produced significant changes in the
circulating levels of glucose and insulin when compared to
those in the OVX group (Fig. 4a and b, respectively).

No changes among groups were found in the circulating
levels of glucose and NEFAs at the endpoint of the study, 57
days after the beginning of the different treatments (Fig. 4c
and e, respectively). However, 17B-E2 injections significantly
increased the insulin levels and the surrogate marker of
insulin resistance HOMA-IR in comparison with their SH and
OVX-MI counterparts at the end point (Fig. 4d and f, respect-
ively). Although no significant changes were found either in
insulin levels or HOMA-IR among the SH, OVX and OVX-MI
groups under one-way ANOVA, MI intervention for 57 days resi-
dually decreased HOMA-IR (26.3% lower, p = 0.043 versus OVX
rats, Student’s t test) and circulating insulin levels (27.5%
lower, p = 0.084 versus OVX rats, Student’s ¢ test) and produced
a significant increase in the R-QUICKI value compared to that

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05122f

Open Access Article. Published on 10 April 2024. Downloaded on 7/31/2025 7:25:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
a) b)
1.0 270 -
i ] T — = ] n ;I_
0.8 A ; l l l
» 1
S 180 1 1T
0.6 A
g 2
2
0.4 | c
2 90
1]
3
0.2 | X
]
T
o
0.0 — T — T — 0 — T — T —
21 hours Light phase  Dark phase 21 hours Light phase Dark phase
c) d)
120 ~ 400 -
a
a T
1
ab ;I_ ;I_
300 b Ib b ab
80 | T b

Fat oxidation (KJ/day/kg"0.75)
EE (KJ/day/kg"0.75)

200 |
40 -
100
0 , 0 I I

21 hours Light phase Dark phase 21 hours Light phase Dark phase
f)
e)
160 2.5 -
1
2.0 -
> i
g 10 T % 1 1
g £ T =
© 4
cE T $ M
S 2 380 - 4=
g8 ;
§8 g0
e E
40 E]
- Z 05 -
0 - T . 0.0 T .
21 hours Light phase  Dark phase 21 hours Light phase  Dark phase

OSH MWOVX [OO0VX-E2 @mEOVX-MI

Fig. 1 Effects of ovariectomy, 173-E2 injections and MI treatment on respiratory quotient (a), carbohydrate oxidation (b), fat oxidation (c), EE (d),
spontaneous locomotor activity (e) and number of rearings (f) in sham-operated (SH) and ovariectomized (OVX) rats between days 37 and 42 after
the beginning of the treatments. Indirect calorimetric measurements were performed between days 37 and 42 under ad libitum conditions and over
22 h (from 11:00 am to 09:00 am). The data obtained during the first hour were discarded for final analyses. All rats were fed a standard chow diet
during the measurements. Data are given as the mean + SEM (n = 9-10). In Fig. 2d, different superscript lowercase letters (a, b) indicate significantly
different mean values among groups (Kruskal—Wallis test and Mann—Whitney U post hoc test, p < 0.05). I: effect of intervention. SH: sham-operated
rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol, OVX-MI: OVX rats supplemented with the multi-ingredient. RQ: respir-
atory quotient; EE: energy expenditure.
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Fig. 2 Effects of ovariectomy, 173-E2 injections and MI treatment on MWAT (a), RWAT (b), and IWAT (c) depot weights, adiposity index (d), adipo-
cyte'’s area (e), adipocyte’'s number (f), representative micrographs of hematoxylin—eosin stained MWAT sections (bar = 100 pm) from SHAM, OVX,
OVX-E2 and OVX-MI groups (g—j, respectively) and adipocyte’'s size distribution (k) in sham-operated (SH) and ovariectomized (OVX) rats after 8
weeks of intervention. Data are given as the mean + SEM (n = 9-10). The adiposity index was computed as the sum of the IWAT, MWAT and RWAT
depot weights (in grams) and is expressed as a percentage of body weight. In each figure, different superscript lowercase letters (a, b, c) indicate sig-
nificantly different mean values among groups (one-way ANOVA and Duncan’s post hoc test or Kruskal—Wallis test and Mann—Whitney U post hoc
test, p < 0.05). I: effect of intervention. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 178-oestradiol, OVX-MI:
OVX rats supplemented with the multi-ingredient. MWAT: mesenteric white adipose tissue; RWAT: retroperitoneal white adipose tissue; IWAT: ingu-

inal white adipose tissue.

in the OVX and OVX-E2 animals, which suggests an improve-
ment in insulin sensitivity (Fig. 4g). In contrast, the
OVX-E2 group displayed a significant decrease in R-QUICKI in
comparison with the SH and OVX-MI animals (Fig. 4g).

MI and 17f-E2 treatments did not enhance energy
expenditure, substrate oxidation or locomotor activity

No significant changes were found in RQ among the groups
(Fig. 1a). Consequently, no changes in carbohydrate and fat oxi-
dation were reported (Fig. 1b and c, respectively). Both the OVX
and OVX-MI groups showed a significant decrease in EE when
compared to their SH counterparts, considering both the whole
period of 21 hours and the light phase (Fig. 1d). A similar
pattern was observed for the animals that received 17p-E2,
although the differences were not statistically significant when

4912 | Food Funct,, 2024, 15, 4905-4924

compared to the SH animals (Fig. 1d). There was a strong posi-
tive correlation between EE and fat oxidation (r = 0.659, p <
0.001), which was not found between EE and the oxidation of
carbohydrates. This result suggests that the decreased EE found
in the OVX groups compared to their SH counterparts was
mainly due to their lower fat oxidation. The decreased EE
observed in the OVX and OVX-MI animals cannot be attributed
to lower locomotor activity since no changes were found either
in this parameter (Fig. 1e) or in the number of rearings (Fig. 1f).

MI supplementation did not produce the deleterious effects
on HDL-c and TG observed in response to 178-E2 treatment

17p-E2 injections residually decreased the circulating levels of
TC (p = 0.043 versus OVX rats, Student’s ¢ test), although the
differences between these two groups were not statistically sig-

This journal is © The Royal Society of Chemistry 2024
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Table 2 Hepatic GSH levels in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention

SHAM (0)7:¢ OVX-E2 OVX-MI Intervention effect (p value)
Hepatic parameters
Total GSH (umol g™* protein) 46.2 + 9.9 22.9 +3.7° 65.6 +9.7° 25.7 + 4.9° 1(0.010)
Reduced GSH (umol g™ protein) 39.1 +9.9°° 17.5 +2.9° 57.4 +9.8" 15.0 + 1.4° 1(0.001)
Oxidized GSH (umol g~* protein) 7.08 +0.74 8.09 + 0.95 8.21+0.74 8.85 + 0.53 NS (0.456)
GSH/GSSG ratio 6.27 + 1.96% 2.03 + 0.40° 7.88 +1.62% 1.74 + 0.20° 1(0.004)

Data are given as the mean + SEM (n = 9-10). GSSG/GSH ratio was calculated as the oxidized GSH divided by reduced GSH. Different superscript
lowercase letters (a, b) indicate significant different mean values (one-way ANOVA and Duncan’s post hoc test, Welch test and Games-Howell post
hoc test or Kruskal-Wallis test and Mann-Whitney U post hoc test, p < 0.05). I: effect of intervention. NS: non-significant differences. SH: sham-
operated rats; OVX: ovariectomized rats; OVX-E2: OVX rats treated with 17p-oestradiol; OVX-MI: OVX rats supplemented with the multi-
ingredient. GSH: glutathione; GSSG: oxidized glutathione.

Table 3 Bone-related parameters in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention

SHAM (0)2:¢ OVX-E2 OVX-MI Intervention effect (p value)
Biometric parameters
Femurs (g) 1.95 + 0.02° 2.13 + 0.06" 1.93 + 0.06° 2.16 + 0.06" 1(0.004)
Femurs (cm) 3.73 £0.04 3.81+0.03 3.66 + 0.05 3.78 £ 0.04 NS (0.068)
Serum parameters
OC (ng mL™) 292 + 117 377 + 16" 255 +13° 410 + 27" 1(<0.001)
CTX-1 (ng mL™%) 14.9 + 1.4° 20.7 +1.2° 12.7 £ 0.9° 18.2 +2.3%° 1(0.004)
PINP (ng mL™") 5.85 + 0.27° 6.38 + 0.40° 4.45 +0.45° 6.16 + 0.86%° 1(0.039)
Microcomputed tomography analyses
BMD (mg cc ™) 634+ 16 618 +21 666 + 19 623 +11 NS (0.209)
TMD (ug cc™?) 19.3 + 0.5%° 18.3 £ 1.0° 21.2 +0.9° 19.1 + 0.5°° 1(0.044)
BMC (mg) 569 + 5 591 + 16 547 + 12 570+ 9 NS (0.065)
TMC (ug) 11.96 + 0.06 11.94 * 0.05 12.14 + 0.05 11.95 + 0.09 NS (0.099)

Data are given as the mean + SEM (n = 9-10). The circulating levels of the biomarkers of bone turnover in serum were determined at the end of
the experiment. Microcomputed tomography analyses in femur were quantified from MicroCT scans using GE MicroView software v2.2. Different
superscript lowercase letters (a, b) indicate significant different mean values (one-way ANOVA and Duncan’s post hoc test, Welch test and Games-
Howell post hoc test or Kruskal-Wallis test and Mann-Whitney U post hoc test, p < 0.05). I: effect of intervention. NS: non-significant differences.
SH: sham-operated rats; OVX: Ovariectomized rats; OVX-E2: OVX rats treated with 17f-estradiol; OVX-MI: OVX rats supplemented with the multi-
ingredient; OC: osteocalcin; CTX-1: carboxy-terminal telopeptide of type I collagen; PINP: procollagen I amino-terminal propeptide; BMD: bone

mineral density; TMD: tissue mineral density; BMC: bone mineral content; TMC: tissue mineral content.

nificant according to one-way ANOVA (Table 1). This result was
mainly explained by the significant decrease in HDL-c serum
levels observed in OVX-E2 animals compared to their OVX
counterparts (Table 1). MI intake fully counteracted the decrease
in HDL-c reported in OVX-E2 rats (Table 1). Furthermore, MI sup-
plementation slightly decreased the VLDL-c + LDL-c serum chole-
sterol levels in comparison with OVX rats, although the differ-
ences were not statistically significant (11% decrease; p = 0.055
versus OVX animals, Student’s ¢ test) (Table 1). In addition, the
circulating TG levels in serum were significantly higher in
OVX-E2 rats than in their OVX-MI counterparts (Table 1).

174-E2 treatment increased hepatic GSH levels

Significantly higher hepatic levels of total and reduced GSH
were observed in OVX-E2 rats than in OVX and OVX-MI rats,
attaining numerically higher levels in OVX-E2 animals than in
their SH counterparts (Table 2). Although no changes among
groups were found in oxidized GSH (Table 2), the animals
treated with oestrogens also displayed a significant increase in
the GSH/GSSG ratio, showing similar levels of this parameter
as the SH rats (Table 2).

This journal is © The Royal Society of Chemistry 2024

17p-E2 injections fully counteracted the increase in
biochemical markers of bone turnover induced by ovariectomy

The OVX and OVX-MI groups showed an increase in femur
weight (Table 3) compared to that in SH and OVX-E2 animals.
No significant changes were found in femur length, BMD,
BMC or TMC among the groups (Table 3). Nevertheless, the
OVX-E2 group displayed a significant increase in TMD when
compared to their OVX counterparts (Table 3). 17p-E2 adminis-
tration counteracted the increase observed in the OVX animals
concerning the circulating levels of the biomarkers of bone for-
mation and resorption activity, OC and CTX-1, an effect that
was not observed after MI supplementation (Table 3). In
addition, OVX-E2 animals showed a significant decrease in the
circulating levels of PINP, a biomarker of bone formation, in
comparison with both the SH and OVX groups (Table 3).

Both MI and 17f-E2 treatments led to a downregulation of
genes associated with fatty acid uptake in MWAT

The mRNA levels of the key genes involved in lipid uptake, Lp!
and Cd36, were significantly upregulated in the MWAT of the
OVX group compared to their control SH counterparts

Food Funct., 2024, 15, 4905-4924 | 4913
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Fig. 3 Circulating levels of leptin (a), adiponectin (b), total adiponectin per g WAT (c) and adiponectin/leptin ratio (d) in sham-operated (SH) and
ovariectomized (OVX) rats after 8 weeks of intervention. Data are given as the mean + SEM (n = 9-10). The ratio of total adiponectin per g WAT was
computed as the quotient between the circulating levels of total adiponectin and the sum of the IWAT, MWAT and RWAT depot weights. In the
figures, different superscript lowercase letters (a, b, c) indicate significantly different mean values among groups (one-way ANOVA and Duncan'’s
post hoc test, Welch test and Games-Howell post hoc test or Kruskal—Wallis test and Mann—Whitney U post hoc test, p < 0.05). I: effect of interven-
tion. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol, OVX-MI: OVX rats supplemented with the
multi-ingredient. MWAT: mesenteric white adipose tissue; RWAT: retroperitoneal white adipose tissue; IWAT: inguinal white adipose tissue.

(Fig. 5a). Supplementation with MI and treatment with oestra-
diol fully counteracted this increase (Fig. 5a). Furthermore,
regarding the expression levels of Acc1, a gene involved in fatty
acid synthesis, the 17p-E2 group exhibited higher mRNA levels
of Acc1 compared to their OVX counterparts and displayed
similar expression levels of this gene to what was observed in
the SH group (Fig. 5a). Compared to their OVX counterparts,
the OVX-MI and OVX-E2 groups showed no changes in the
expression levels of the key genes related to lipogenesis (Fas),
lipolysis (Atgl and Hsl), p-oxidation (Cptib and Had) and

4914 | Food Funct, 2024,15, 4905-4924

insulin signalling (Insr and Irs1) (Fig. 5a). The mRNA levels of
Cd36 and Lpl showed a strong positive correlation (r = 0.722,
95% CI = 0.523-0.846, p < 0.0001) (Fig. 5b). Furthermore,
MWAT weight was also positively correlated with Lpl gene
expression values in this tissue (r = 0.494, 95% CI =
0.207-0.703, p = 0.002) (Fig. 5c). Although no significant
changes were found among the four groups in the mRNA
levels of the master regulator of adipogenesis and adipose
tissue function,*® Cebpa, 17B-E2 injections residually
decreased the expression levels of this gene in comparison

This journal is © The Royal Society of Chemistry 2024
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intervention. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol, OVX-MI: OVX rats supplemented with
the multi-ingredient. HOMA-IR: homeostasis model assessment-estimated insulin resistance; NEFAs: nonesterified fatty acids; R-QUICKI: revised

quantitative insulin sensitivity check index.

with the OVX animals (27.1% decrease; p = 0.026, Student’s ¢
test) (Fig. 5a). Furthermore, a very similar pattern of expression
was observed for the pro-inflammatory gene Emri, which
encodes the F4/80 antigen, a marker of M1 classical activated
macrophages,*® in both OVX-E2 (22.6% lower; p = 0.038 versus
OVX animals, Student’s ¢ test) and OVX-MI (32.0% lower; p =
0.027 versus OVX animals, Student’s ¢ test), suggesting a slight
anti-inflammatory effect of both treatments in MWAT (Fig. 5a).

Discussion

Recently, there has been increasing interest in finding thera-
pies that are alternative or complementary to HRT in order to
address undesired menopausal symptoms and associated
metabolic disorders. In this regard, several lines of research
suggest that the intake of hesperidin, phytosterols and curcu-
min may be beneficial for the management of these compli-
cations. Nevertheless, no studies thus far have elucidated
whether, in agreement with our hypothesis that more healthy

This journal is © The Royal Society of Chemistry 2024

effects can be obtained using ingredients acting against comp-
lementary targets, the combined supplementation of these
three bioactive compounds can be a potential alternative
therapy to address menopause. In this research, we found oral
treatment with a MI supplement, including curcuminoids,
phytosterols and hesperidin, for 57 days was able to exert ben-
eficial effects against obesity, and metabolic alterations were
observed in a preclinical model of a postmenopausal state
with oestrogen deficiency, namely, OVX rats, including (1)
decreased fat mass accretion, (2) diminished adipocyte size
and promoted a shift towards decreased number of large adi-
pocytes and increased number of small adipocytes in MWAT,
(3) downregulated mRNA levels of key genes involved in fatty
acid uptake from the bloodstream (Lp! and Cd36) in MWAT, (4)
enhanced lean body mass and lean/fat mass ratio, (5)
increased the AL ratio and (6) an improved R-QUICKI value,
the surrogate marker for insulin sensitivity. These results con-
firmed our hypothesis, and interestingly, most of them were
very similar or even superior to what we reported in response
to 17f-E2 administration.
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Fig. 5 The mRNA expression levels of genes related to lipid metabolism in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of
intervention (a). Data are given as the mean + SEM (n = 9-10). In each figure, different superscript lowercase letters (a, b, c) indicate significantly
different mean values among groups (one-way ANOVA and Duncan’s post hoc test, p < 0.05). I: effect of intervention. Correlation between Lpl and
Cd36 expression levels of genes (b) or MWAT weight (c) in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention. The con-
tinuous line represents the least-squares regression fit, and the shaded area shows the confidence intervals. The Pearson correlation coefficient (p)
and its confidence intervals are presented together with the p value of the correlation analysis. Acc1: acetyl CoA carboxylase 1; Atgl: adipose trigly-
ceride lipase; Cd36: fatty acid translocase: homologue of CD36; Cebpa: CCAAT/enhancer binding protein alpha; Cptlb: carnitine palmitoyltransfer-
ase 1 beta; Emr1: EGF-like module containing, mucin-like, hormone receptor-like 1; Fas: fatty acid synthase; Had: hydroxyacyl-CoA dehydrogenase;
Hprt: hypoxanthine guanine phosphoribosyl transferase; Hsl: hormone-sensitive lipase; Insr: insulin receptor; Irs1: insulin receptor substrate 1; Lpl:
lipoprotein lipase; Mgl1: C-type lectin domain family 10, member A; Pparg2: peroxisome proliferator-activated receptor gamma 2; Ppia: peptidylpro-

lyl isomerase A.

Many women at menopause experience changes in body
composition and body fat redistribution, particularly fat accre-
tion in the abdominal region, which could lead to the appear-
ance of metabolic disturbances, increasing the risk of meta-
bolic syndrome (MetS) and CVDs.*” These effects are more
pronounced in women who are overweight or obese prior to
reaching the postmenopausal state.® The lower adiposity
observed in OVX-MI rats that were supplemented with the MI
when compared to their OVX counterparts demonstrated
herein could be attributed, at first glance, to the protective
effect against obesity that has been previously reported for
different polyphenols, including curcumin and hesperidin,
and, to a lesser extent, for phytosterols, in both animal models
and humans.?*?*>751°2 Nevertheless, to the best of our knowl-
edge, there are few data available concerning the anti-obesity
effects of these 3 bioactive compounds administered alone or

4916 | Food Funct, 2024, 15, 4905-4924

in combination in OVX rodent models. In this regard, only one
study has demonstrated that the oral supplementation of cur-
cumin for 30 days significantly decreases intestinal adiposity
accumulation in OVX rats.>® The protective effects of hesperi-
din and phytosterols orally administered to OVX rodents
against fat accretion have not previously been reported. Several
studies have demonstrated that the significant body weight
gain and progressive fat accretion in different body areas
occurring in menopausal and postmenopausal women can be
related to a decreased EE.”>° This effect and a significant
increase in food intake were observed in the present study in
OVX rats, one of the best characterized and described animal
models to resemble postmenopausal women, when compared
to their SH counterparts. In the present study, it was plausible
to speculate that supplementation with MI could partly coun-
teract fat mass gain through the enhancement of EE and the

This journal is © The Royal Society of Chemistry 2024
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inhibition of food intake, two very well-reported mechanisms
by which different bioactive compounds can exert this ben-
eficial effect.>® In this regard, Receno et al. showed that the
prolonged intake of curcumin in aged male F344Xbn rats
decreased food intake.’® Curcumin was also able to enhance
EE and to stimulate thermogenesis efficiently by enhancing
the activity of AMP-activated protein kinase (AMPK) and
increasing ATP production.’”*® Nevertheless, the lack of
effects on EE and food intake observed after treatment with
this MI supplement would rule out these two mechanisms to
explain the anti-obesity effects reported in OVX-MI rats.

Another potential mechanism involved in the antiobesity
effects of bioactives is the regulation of lipid metabolism. The
lower adiposity found in the OVX-MI group could be related to
the fact that MI supplementation fully counteracted the over-
expression of the Lpl and Cd36 genes in MWAT caused by
ovariectomy. Cd36 encodes a cell surface receptor known as
fatty acid translocase (FAT), which is responsible for long-
chain fatty acid uptake from the bloodstream.’® On the other
hand, although the main function of LPL is to hydrolyse the
TG core of circulating TG-rich lipoproteins, tissue-specific
regulation of Lpl provides a mechanism for localized control of
the uptake of lipoprotein lipids that results in a physiologically
appropriate distribution of lipids among tissues.>® In WAT, Lpl
is a marker for adipocyte differentiation, and Lpl expression
increases in parallel with cellular TG accumulation as preadi-
pocytes differentiate, thus contributing to the growth and
expansion of adipose tissue.’”®! Therefore, our results suggest
that a lower fatty acid uptake and storage in white adipose
tissue, evidenced by decreased MWAT gene expression levels of
Cd36 and Lpl, could be one of the mechanisms to explain the
lower fat mass observed in OVX-MI rats compared to their OVX
counterparts. The diminished adipocyte area reported in the
MWAT in response to MI supplementation, which indicated
decreased adipocyte hypertrophy, would be in agreement with
this idea. In agreement with the results reported here,
Mosqueda-Solis et al. showed that the administration of
hesperidin (100 mg per kg per day) for 8 weeks decreased the
gene expression levels of Lpl in RWAT in male Wistar rats fed a
hypercaloric western diet, which resulted in a nonsignificant
reduction in this adipose tissue depot.’* In addition, three
different studies demonstrated that curcumin supplemen-
tation attenuated the overexpression of the hepatic mRNA
levels of Cd36 in a high-fat-diet-fed C57BL/6] mouse model,
which was accompanied by an inhibitory effect of curcumin on
hepatic lipid accumulation.®™°°

The antiadiposity effect observed in the rats treated with
the MI supplement was very similar to what we reported in
response to 17f-E2 injections. Interestingly, both nutritional
and pharmacologic treatments seemed to share a common
antiadiposity mechanism, namely, decreased expression of the
Lpl and Cd36 genes. The strong positive correlation found
between the mRNA levels of both genes found in the present
study suggests a potential coregulation mechanism, emphasiz-
ing the coordinated role of Cd36 and LPL in fatty acid uptake
and storage. Furthermore, the positive correlation between Lp!

This journal is © The Royal Society of Chemistry 2024
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mRNA levels and MWAT weight would also be in agreement
with the key role of this gene in the growth and expansion of
WAT. Therefore, although correlations do not imply causality,
these results contribute to supporting our hypothesis.

The decreased food intake observed in OVX-E2 animals,
which was previously reported,®®®” is another mechanism that
helps explain the lower fat mass accretion triggered by oestra-
diol administration, which also produced a clear decrease in
body weight, different from what was observed in response to
supplementation with MI. The increased lean mass found in
OVX-MI rats when compared to their OVX counterparts could
explain, at least in part, why the decreased adiposity observed
after MI supplementation was not accompanied by lower body
weight gain. Lean mass, which was calculated by quantitative
magnetic resonance, provides an accurate measurement of
muscle mass.®® Therefore, the higher lean body mass observed
in MI animals might also be the result of muscle mass accre-
tion and would also contribute to the higher lean/fat mass
ratio found in these rats and in OVX-E2 animals, suggesting a
healthier body composition in both groups.®®”°

As was previously reported, the lower adiposity found in
OVX-MI and OVX-E2 rats was translated into significantly
lower circulating levels of leptin, which are highly and posi-
tively related to body fat mass, in both individuals with normo-
weight and obesity.”"”* Although the anti-obesity effects pro-
duced by both the nutraceutical and drug treatments were not
translated to increased levels of the anti-inflammatory and
insulin sensitivity-related adipokine adiponectin in the
bloodstream,””* remarkably, only MI supplementation sig-
nificantly increased adiponectin plasma levels corrected by
WAT weight, a surrogate marker of effective adiponectin
production.”*”’® Curcumin administration has been shown
in vitro and in animal models of obesity and type 2 diabetes
mellitus (T2DM), as well as in humans with obesity, MetS,
and/or T2DM to significantly ameliorate diabetes, to increase
adiponectin production by adipose tissue and to decrease the
serum levels of leptin.'”7®® Several publications have
described the AL ratio as a biomarker of adipose tissue dys-
function and insulin resistance.®’®® The AL ratio has been
better correlated with insulin resistance and insulin sensitivity
than adiponectin, leptin, HOMA-IR and R-QUICKI and is clini-
cally useful to identify subjects susceptible to cardiometabolic
diseases.®’®* An AL ratio >1.0 is considered normal, while a
ratio between >0.5 and <1.0 suggests moderate-to-medium
increased risk, and a ratio <0.5 indicates a severe risk of
suffering from cardiometabolic diseases.®"®* Remarkably, in
this report, the OVX group exhibited an AL ratio close to 0.5,
indicating a medium to high cardiometabolic risk, and this
ratio was increased to 1 in response to MI supplementation.®"%?
These findings strongly suggest that the combined intake of
hesperidin, phytosterols and curcumin improved metabolic
health in the OVX-MI group. The 27.5% and 26.3% decrease in
the circulating levels of insulin and HOMA-IR, respectively,
and the significant increase in the surrogate marker of insulin
sensitivity R-QUICKI found in OVX-MI rats when compared to
their OVX counterparts would reinforce this idea. The
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inclusion of curcumin in the MI supplement may explain, at
least in part, the aforementioned effects observed in OVX-MI.
In this regard, in humans, it was shown that after 9 months of
curcumin treatment, none of the subjects were diagnosed with
T2DM, and they exhibited significantly lower HOMA-IR
levels,"” indicating improved insulin resistance. Additionally,
hesperidin could have contributed to the insulin-sensitivity
effects reported in OVX-MI rats since two studies showed sig-
nificant reductions in insulin and HOMA-IR levels after the
consumption of orange juice rich in hesperidin.®**® However,
these insulin-related effects were not observed in response to
oestradiol injections,®” as occurred in our study in OVX-E2
animals. Altogether, our results underscore the potential of MI
supplementation as a natural therapy to improve insulin sensi-
tivity in postmenopausal women, although further random-
ized controlled trials are needed to shed more light on this
issue.

In the present study, MI supplementation exerted slight
beneficial effects on cholesterol metabolism, which were evi-
denced by significantly counteracting the decrease in HDL-c
serum cholesterol concentrations observed in OVX-E2 animals.
Different studies have reported that rats are not the most
appropriate animal model for diseases related to cholesterol
alterations®®°° since they efficiently eliminate excess chole-
sterol through bile acid synthesis, imparting a high resistance
to cholesterol accumulation in the body, unlike what happens
with other animal models such as Golden Syrian hamsters.®*~%°
This consideration (and the fact that, in this study, rats were not
fed a high-fat-high-cholesterol diet) could help to explain the
aforementioned results and the lower beneficial effects observed
in this study compared to the one carried out by our group with
Golden Syrian hamsters fed a hyperlipidic diet, in which phytos-
terols significantly decreased both TC and VLDL-c + LDL-c.”*
Further studies carried out with OVX rats fed a high-fat-high-
cholesterol diet would be useful to gain insight into the poten-
tial anti-hypercholesterolaemic effect of MI.

Many studies carried out in both OVX rodents and postme-
nopausal women have demonstrated that oestrogen deficiency
induces bone loss and osteoporosis, which is mainly character-
ized by decreased BMD>* and a significant increase in bone
turnover (both formation and resorption) markers.***”%>
These bone-related alterations are normally counteracted or
ameliorated after HRT treatment.'>°® In the present study,
17p-E2 administration counteracted the increase in the circu-
lating levels of both bone resorption (CTX-1) and bone for-
mation (PINP and OC) turnover markers displayed by OVX
animals, an effect that was not observed in rats receiving MI
supplementation. However, no significant changes in femur
BMD among groups were reported, which could be attributed
to the young age of the rats and to the fact that, in rats, in the
short term, the femur is more resistant to bone loss and BMD-
related alterations than the tibia. Therefore, further studies in
which the proximal tibia is collected and analysed with rats
aged between 6-9 months at the time of surgery, which have a
lower bone growth rate and a significantly more pronounced
alteration in trabecular bone remodelling compared to
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younger rats,”” would be very useful to gain more knowledge
on this issue.

In agreement with what was previously described for sex
steroids, such as oestrogen, which has a well-known anti-
oxidant activity reducing the production of reactive oxygen
species,”> in our study, 17f-E2 treatment fully counteracted
the decrease in total and reduced GSH as well as in the GSSG/
GSH ratio levels observed in OVX animals. The anti-inflamma-
tory and antioxidant properties of the polyphenols curcumin
and hesperidin have been well reported.'”?”°® However, in
this study, we observed that MI supplementation was not able
to prevent the increase in the inflammation marker MCP-1
and counteract the well-described GSH redox impairment
associated with ovariectomy surgery.”»®”~%° This lack of effects
could be tentatively attributed, at least in part, to the lower bio-
availability of curcumin, since it has been described that the
intestinal absorption of curcumin is poor and there is a high
rate of metabolism and rapid systemic degradation of this bio-
active compound in the body.'°* %> To enhance the absorp-
tion and health effects of curcumin, several studies focused on
loading curcumin into capsules'”'*'** and therefore, micro-
encapsulation would be a potential next step to take into
account in further studies.

The present study has some limitations. In this regard, it
would have been interesting to compare the effects of the sup-
plementation of the three bioactive compounds included in
the MI (hesperidin, phytosterols and curcumin) separately to
elucidate whether the combination of these ingredients
exerted a synergic or an additive effect. In addition, our mole-
cular analyses were limited to gene expression data in MWAT,
which were useful to shed light on some of the potential
mechanisms by which the MI exerted the reporting effects, but
they do not always match protein levels. Therefore, additional
research focused on protein levels and/or activity of key players
involved in lipolysis (ATGL and HSL) and/or p-oxidation
(CPT1B and HAD) in MWAT would have been useful to eluci-
date whether the effects of the MI against fat accretion and
adipocyte hypertrophy were mediated, at least in part, by the
activation of these lipid catabolic pathways. Finally, immuno-
histochemical staining to evaluate macrophage infiltration in
MWAT and molecular analyses in other tissues that play a key
role in lipid and glucose metabolism, such as liver, would have
been of great value to gain more insight into the beneficial
effects produced by MI supplementation.

Conclusions

We demonstrated here that combined supplementation with
hesperidin, phytosterols and curcumin reduced fat accretion
and adipocyte hypertrophy, and improved the body compo-
sition in OVX rats. The lower mRNA levels of fatty acid uptake-
related genes (Lpl and Cd36) in the visceral MWAT may have
accounted for the beneficial antiadiposity effects of MI sup-
plementation. These effects were accompanied by a significant
decrease in the circulating levels of leptin, an increase in the

This journal is © The Royal Society of Chemistry 2024
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AL ratio and an improvement in insulin sensitivity, suggesting
an enhancement of the metabolic health of the MI-sup-
plemented rats. As far as we know, this is the first study evi-
dencing that the combination of hesperidin, phytosterols and
curcumin exerted such effects and that these effects were very
similar or in some cases even better to what was observed in
response to oestradiol administration, a treatment that
resembles one of the HRTs given to menopausal women.
These results pave the way to promote the use of this MI sup-
plement to tackle obesity and to improve the metabolic health
of menopausal women. Further randomized controlled clinical
trials carried out with this target population supplemented
with this MI formulation would be of great value to shed more
light on this issue.

Abbreviations

17B-E2 17p-Oestradiol

Accl Acetyl-CoA carboxylase 1

ALratio  Adiponectin/leptin ratio

ANOVA Analysis of variance

Atgl Adipose triacylglycerol lipase

AUC Area under the curve

BMC Bone mineral content

BMD Bone mineral density

Cd36 Fatty acid translocase, homologue of CD36

Cebpa CCAAT/enhancer binding protein alpha

Cpt1b Carnitine palmitoyltransferase 1 beta

CTX-1 Carboxy-terminal telopeptide of type I collagen

CUR Curcumin

CVDs Cardiovascular diseases

EE Energy expenditure

Fas Fatty acid synthase

Emri EGF-like module containing, mucin-like, hormone
receptor-like 1

ER Oestrogen receptor

GSH Glutathione

GSSG Oxidized glutathione

Had Hydroxyacyl-CoA dehydrogenase

HDL-c High-density lipoprotein cholesterol

HOMA-IR Homeostasis model assessment-estimated insulin
resistance

Hprt Hypoxanthine guanine phosphoribosyl transferase

HRT Hormone replacement therapy

Hsl Hormone-sensitive lipase

Insr Insulin receptor

IR Insulin resistance

Irs1 Insulin receptor substrate 1

IWAT Inguinal white adipose tissue

LDL-c Low-density lipoprotein cholesterol

Lpl Lipoprotein lipase

MCP-1 Monocyte chemoattractant protein-1

Mgl1 C-type lectin domain family 10, member A
MI Multi-ingredient

MWAT Mesenteric white adipose tissue
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M2SH Micronized 2-S-hesperidin
NEFAs Nonesterified fatty acids
oC Osteocalcin
OGTT Oral glucose tolerance test
ovX Ovariectomized rats
PHY Phytosterol
PINP Procollagen I amino-terminal propeptide
Pparg2 Peroxisome proliferator-activated receptor gamma
2
Ppia Peptidylprolyl isomerase A
ROI Regions of interest
RQ Respiratory quotient
R-QUICKI Revised quantitative insulin sensitivity check
index
RWAT Retroperitoneal white adipose tissue
SH Sham-operated rats
T2DM Type 2 diabetes mellitus
TC Total cholesterol
TG Triglycerides
T™C Tissue mineral content
TMD tissue mineral density
VLDL-c Very-low-density lipoprotein cholesterol.
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