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ARTICLE INFO ABSTRACT

Keywords: Many women have sought alternative therapies to address menopause. Recently, a multi-ingredient supplement
Histidine (MIS) containing L-histidine, L-carnosine, L-serine, and L-cysteine has been shown to be effective at ameliorating
Serine . hepatic steatosis (HS) in ovariectomized (OVX) rats, a postmenopausal oestrogen deficiency model. Considering
Carnosine . . . . . . .

Cysteine that HS frec!uently accompame.s obesity, which often occurs during menopause, we alme.d toh investigate the
Menopause effects of this MIS for 8 weeks in OVX rats. Twenty OVX rats were orally supplemented with either MIS (OVX-
Obesity MIS) or vehicle (OVX). Ten OVX rats received vehicle orally along with subcutaneous injections of 17-oestradiol
Immunometabolic health (OVX-E2), whereas 10 rats underwent a sham operation and received oral and injected vehicles (control group).
Nutraceuticals MIS consumption partly counteracted the fat mass accretion observed in OVX animals, leading to decreased total

Complementary and alternative therapies

fat mass, adiposity index and retroperitoneal white adipose tissue (RWAT) adipocyte hypertrophy. OVX-MIS rats

also displayed increased lean mass and lean/fat ratio, suggesting a healthier body composition, similar to the
results reported for OVX-E2 animals. MIS consumption decreased the circulating levels of the proinflammatory
marker CRP, the total cholesterol-to-HDL-cholesterol ratio and the leptin-to-adiponectin ratio, a biomarker of
diabetes risk and metabolic syndrome. RWAT transcriptomics indicated that MIS favourably regulated genes
involved in adipocyte structure and morphology, cell fate determination and differentiation, glucose/insulin
homeostasis, inflammation, response to stress and oxidative phosphorylation, which may be mechanisms un-
derlying the beneficial effects described for OVX-MIS rats. Our results pave the way for using this MIS formu-
lation to improve the body composition and immunometabolic health of menopausal women.

Abbreviations: pCT, three-dimensional microcomputed tomography; 17p-E2, 17B-oestradiol; 8-OHdG, 8-hydroxy-2’-deoxyguanosine; ANOVA, analysis of vari-
ance; ATMs, adipose tissue macrophages; BMC, bone mineral content; BMD, bone mineral density; CRP, C-reactive protein; CT, central zone time spent; CTX-1,
carboxy-terminal telopeptide of type I collagen; CVD, cardiovascular diseases; DGE, differential gene expression; EAE, enclosed arms entries; EAT, enclosed arms time
spent; ECM, extracellular matrix; EE, energy expenditure; EPM, elevated plus maze; ER, oestrogen receptor; FDR, false discovery rate; GSH, glutathione; GSSG,
oxidized glutathione; HDL-c., high-density lipoprotein cholesterol.; HOMA-IR, homeostasis model assessment-estimated insulin resistance; HRT, hormone replace-
ment therapy; IR, insulin resistance; IWAT, inguinal white adipose tissue; KEGG, Kyoto Encyclopaedia of Genes and Genomes; LAR, leptin-to-adiponectin ratio; MCP-
1, monocyte chemoattractant protein-1; MetS, metabolic syndrome; MIS, multi-ingredient supplementation, MWAT, mesenteric white adipose tissue; NAFLD,
nonalcoholic fatty liver disease; NGS, next-generation sequencing; Non-HDL-c, high-density lipoprotein cholesterol; OAE, open arm entries; OAT, time spent in open
arms; OC, osteocalcin; OVX, ovariectomized rats; PINP, procollagen I amino-terminal propeptide; RIN, RNA integrity number; RQ, respiratory quotient; R-QUICKI,
revised quantitative insulin sensitivity check index; RWAT, retroperitoneal white adipose tissue; SHAM, sham-operated rats; TC, total cholesterol; TC/HDL-c, total
cholesterol-to-high-density lipoprotein cholesterol ratio; TMC, tissue mineral content; TMD, tissue mineral density.
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J. Baudin et al.
1. Introduction

Menopause is a biological stage in a woman’s life, marking the end of
her reproductive years. It is characterized by the permanent cessation of
menstrual cycles due to the loss of ovarian function. This loss leads to a
decline in oestrogen production, which begins during the menopausal
transition and becomes more pronounced in the postmenopausal state
[1]. This reproductive ageing process can boost the appearance of
different vasomotor symptoms, including sleep disturbances, night
sweats and hot flashes [2,3]. In addition, menopause can trigger oste-
oporosis [4], decreased muscle mass content [4-6] and body weight gain
accompanied by a shift in body fat distribution from a gynoid to an
android pattern, contributing to increased abdominal fat accumulation
[4-6]. Fat accretion may increase oxidative stress and low-grade
inflammation and may trigger the development of metabolic disor-
ders, such as hypertension, dyslipidaemia and insulin resistance (IR),
thereby increasing the risk of cardiovascular diseases (CVD) [7-9].
Notably, both the risks of osteoporosis and CVD increase with age, and
CVD is one of the most prominent causes of death worldwide, ac-
counting for 47 % of deaths among women [10].

Hormone replacement therapy (HRT) is a widely prescribed solution
for alleviating symptoms and ameliorating metabolic alterations asso-
ciated with the postmenopausal state. However, the benefits and risks of
HRT have been a matter of debate due to the unexpected findings ob-
tained in 2002 in the Women’s Ischaemia Syndrome Evaluation (WISE)
study, which reported increased risks of suffering from CVD and endo-
metrial and breast cancers for certain HRT treatments [11]. Currently,
the safety and main side effects of this treatment depend on variables
such as the type of HRT, treatment duration, and age at which the HRT
begins after the final menstrual cycle. Remarkably, the safety and ben-
efits of HRT appear to surpass the risks when it is prescribed to healthy
women under 60 years of age or within the first ten years of amenorrhea
[11]. While HRT effectively reduces vasomotor symptoms and osteo-
porosis, this treatment is less effective at reducing body weight gain and
the risk of CVD (blood clots, stroke, thromboembolism and coronary
heart disease) and at ameliorating affective disorders such as Alz-
heimer’s disease and dementia. Moreover, HRT is not advised for
women with a medical history of endometrial or breast cancer [11].

In recent years, the controversy about the risks associated with HRT
has prompted many women to look for alternative therapies to address
menopause, promoting the emergence of alternative approaches such as
natural extracts, bioactive compounds and nutraceuticals to ameliorate
vasomotor symptoms and metabolic disturbances related to menopause.
Among them, isoflavones derived from soy, commonly known as phy-
toestrogens, are well-researched natural bioactive compounds with
beneficial effects on menopause-related alterations. Genistein, the most
abundant isoflavone in soy, accounts for 60 % of total isoflavones and
exhibits twenty-fold greater selectivity for oestrogen receptor (ER) p
than for ERa. This selectivity is advantageous because most side effects
are associated with binding to ERa [12]. However, the biological ac-
tivity of phytoestrogens varies among individuals because their activity
depends on the metabolism of these precursors into more active com-
pounds, which requires the activity of specific intestinal bacteria and
hepatic enzymes, and both processes involve well-described interindi-
vidual variations. For instance, only the isoflavonoid daidzein is con-
verted into its most bioactive and absorbable isoform, equol daidzein, by
approximately 30 % of the population [13].

In a very recent study, members of this current team showed that, in
ovariectomized (OVX) rats, a postmenopausal model with oestrogen
deficiency, the combined consumption of the bioactive compounds
hesperidin, phytosterols and curcumin effectively reduced obesity and
improved metabolism-related alterations to a very similar extent to
those observed in response to subcutaneous injections of 17f-oestradiol
(17B-E2), a treatment that resembles one of the HRTs administered to
menopausal women [14]. Specifically, this multi-ingredient supplement
(MIS) significantly decreased the total fat mass content; the weights of
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mesenteric (MWAT), retroperitoneal (RWAT) and inguinal (IWAT)
white adipose tissue depots; and the adiposity index in addition to
increasing the total lean mass content and the lean/fat mass ratio,
clearly indicating an improvement in body composition. In addition,
MIS consumption decreased the circulating leptin levels and increased
the level of the surrogate marker of insulin sensitivity, R-QUICKI, as well
as the adiponectin-to-leptin ratio, which has been described in humans
as a predictive and reliable biomarker for adipose tissue inflammation
and the cardiometabolic risk associated with obesity [15]. These find-
ings paved the way to promote the use of this MIS as an alternative
therapy to ameliorate obesity and to improve the cardiometabolic health
of menopausal women and were consistent with our idea that combined
supplementation with different bioactive compounds that act against
complementary targets is a suitable strategy to ameliorate car-
diometabolic risk factors, as was previously documented in different
studies, including some performed by the authors of the present work
[16-19]. Similarly, members of our group have consistently reported a
significant decrease in the circulating level of histidine in patients with
morbid obesity as the severity of nonalcoholic fatty liver disease
(NAFLD) increases [19] and based on these findings, we hypothesized
that the consumption of a blend of amino acid-related compounds,
including histidine, serine, cysteine and carnosine (f-alanyl-L-histidine
dipeptide), could be an effective therapy for ameliorating NAFLD
because (i) histidine is an essential amino acid that needs to be obtained
from the diet; (ii) carnosine is a histidine-containing dipeptide and,
therefore, can increase histidine levels; (iii) cysteine is an inhibitor of the
histidine catabolizing enzyme ammonia lyase; (iv) serine is a precursor
of cysteine; and (v) one of the main hallmarks of NAFLD is oxidative
stress, and serine and cysteine may increase the cellular levels of
glutathione (GSH), the most abundant endogenous antioxidant. This
hypothesis was validated in both diet-induced and genetic
leptin-deficient ob/ob mouse models and in OVX rats, which displayed
decreased hepatic steatosis after the consumption of this amino
acid-related MIS [19]. Considering our previous results concerning the
reported beneficial effects on hepatic steatosis in OVX rats, that NAFLD
is a metabolic disorder that frequently accompanies obesity and meta-
bolic syndrome (MetS) [20], that different studies performed mainly in
rodents but also in humans have shown that supplementation with
carnosine [21,22], serine [23,24], cysteine [25,26] and especially his-
tidine [27-31] can ameliorate obesity, promote glycaemic control, and
ameliorate IR, inflammation or oxidative stress, in the present study, we
hypothesized that this amino acid-related MIS would also be an effective
approach for ameliorating obesity and metabolism-related alterations
that can occur during the postmenopausal period.

Menopausal women can present increased risks of suffering cognitive
impairment, anxiety and depression [32]. Some preclinical studies have
shown that histidine intake increases the levels of histamine in the brain,
improving learning and memory impairments [33,34] and reducing
anxiety-like behaviours [35,36]. Furthermore, different preclinical and
clinical studies have shown that carnosine supplementation ameliorates
cognitive decline in animal models of Alzheimer’s disease, in elderly
individuals and in subjects with mild cognitive decline [21]. In addition,
some studies performed with rodents [37,38] and one clinical study [39]
suggested that carnosine has beneficial effects on anxiety, stress and
depression-like behaviours. On the other hand, significant associations
between lower levels of cysteine and a lower bone mineral density
(BMD) [40] and higher levels of the bone turnover marker
carboxy-terminal telopeptide of type I collagen (CTX-1) were found in
postmenopausal women [41], suggesting an important role for this
semiessential amino acid in bone metabolism. This idea was reinforced
by the fact that cysteine supplementation for 8 weeks counteracted the
loss of BMD in OVX mice, showing effects similar to those observed after
17p-E2 injections [42].

The main aim of the present study was to evaluate whether oral
intake of an MIS including L-histidine, L-carnosine, L-serine and L-
cysteine for 8 weeks would exert beneficial effects on fat mass accretion
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and cardiometabolic risk factors related to the postmenopausal state in
an OVX rat model and to explore the underlying mechanisms involved.
In this work, we also aimed to investigate the effects of the chronic
administration of the MIS on bone and behavioural-related parameters
to provide insights into the potential of this amino acid-related MIS to
ameliorate the multifactorial alterations that can occur during meno-
pause. The effects of this MIS were compared to those of subcutaneous
injections of 17p-E2, an agent that resembles HRT.

2. Materials & methods
2.1. Ingredients

L-Histidine base (HIS; Ref.: AMI-019) and L-Cysteine (CYS; Ref.:
AMI-011) were purchased from NUTRIFOODS S.L.U. (Barcelona, Spain).
According to the supplier, the products were 99.6 % and 99.7 % pure,
respectively. L- Carnosine 98 % (CAR; 208170250) was purchased from
Thermo Fischer Scientific (Massachusetts, USA). L-Serine (SER; Ref.:
$4500) was purchased from Merck KGaA (Frankfurt, Germany).

2.2. Animals, diet and treatments

The Animal Ethics Committee of the Technological Unit of Nutrition
and Health of EURECAT (Reus, Spain) and the Generalitat de Catalunya
approved all procedures (protocol code 11223). The study followed the
‘Principles of Laboratory Animal Care’, complied with the ARRIVE
guidelines and was conducted in compliance with the EU Directive
2010/63/EU for animal experiments. The rodents used in this research
consisted of forty 24-week-old female Sprague—Dawley rats (JANVIER
LABS, Saint-Berthevin, France). Thirty rats were bilaterally ovariecto-
mized (OVX), and 10 rats underwent a sham operation (SHAM) at the
JANVIER facility. Before they arrived at the animal facility of Eurecat,
the 40 animals were fed a maintenance rodent chow diet for 1 week to
stabilize them because of ovariectomy surgery before shipment at the
age of 25 weeks. Throughout the study, all rats were housed in pairs at
22 °Con a 12 h light/dark cycle with lights on at 9:00 am, and they had
ad libitum access to food and water. After an acclimatization period of 1
week, the 30 OVX rats were divided into three experimental groups
based on the treatment they received for 8 weeks (OVX, OVX-E2, and
OVX-MIS; n=10 rats per group), and the 10 sham-operated (SHAM;
n=10) rats were assigned to the control group. OVX-MIS animals were
supplemented daily for 8 weeks with an MIS that included four amino
acid-related compounds at the following doses per body weight: L-his-
tidine, carnosine and L-serine at 105 mg/kg and L-cysteine at 245 mg/
kg. The dosages were obtained by extrapolating the doses used by our
group for mice in a previous study [19]. Considering the Reagan-Shaw
formula, the doses of histidine, carnosine, and serine used were equiv-
alent to the daily consumption of 1022 mg of these compounds for a
60-kg human [43]. For cysteine, the extrapolated daily intake using the
same formula was 2384 mg. For each compound, these dosages are
considered acceptable, well tolerated and safe in the context of nutra-
ceutical supplementation [27,44-46]. The amino acid-related com-
pounds were dissolved in peach juice enriched with 45.71 mg/mL
fructose along with an acid taste masker (AROMA ACTI’'MASK PRO,
[E414 or gum Arabic]; Metarom Ibérica S.A., Barcelona, Spain) at
10 mg/mL to ensure voluntary consumption and minimize the stress of
the animals. The SHAM, OVX and OVX-E2 groups were supplemented
daily with peach juice + fructose at 45.71 mg/mL (vehicle) for 8 weeks.
Half of the daily treatment was administered orally via a syringe of 1 mL
in a volume of 0.3-0.4 mL between 09:00 and 10:00 am, and the other
half was administered via the same protocol between 12:00 and 1:00 pm
to guarantee the full voluntary consumption of the treatments. Four days
before the beginning of the treatments, the rats were trained to lick
peach juice (0.3 mL) to ensure voluntary consumption. OVX-E2 rats also
received biweekly subcutaneous injections of 25 ug/kg body weight
17p-E2 (Sigma—Aldrich, St. Louis, MO) in a carrier solution of corn oil,
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whereas the remaining groups received the same dose of the vehicle
(corn oil). All groups were fed a standard chow diet (Teklad Global 14 %
Protein Rodent Diet or February 2024, 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 food intake was documented every 7 days.

For urine collection, which was performed at the 8th week of the
study, rats were food deprived for 3 hours (from 8:00 am to 11:00 am)
with access to water. Afterward, rats were housed individually in a
square cage with an adequate amount of hydrophobic sand (LabSand®,
Coastline Global, CA, USA) to cover the bottom of the cage. Animals
were food and water deprived for the duration of the urine collection
(5 hours). Urine drops were collected with a pipette every hour and
transferred into a polypropylene tube with a cap, which was stored at 4
°C. And the end of the period all the urine aliquots collected were pooled
and stored at —80 °C until further analyses.

On Day 57, the rats were sacrificed by decapitation after 6 h of
diurnal fasting and without receiving any treatment. Blood samples
were collected in heparinized tubes, and plasma was obtained by
centrifugation and stored at —70 °C until further analysis. The liver,
caecum, kidneys, gastrocnemius and soleus muscles, the left femur and
tibia, and the RWAT, MWAT and IWAT depots were rapidly removed,
weighed, frozen in liquid nitrogen and stored at —70 °C until further
analysis. The right femur and tibia were also collected, immersed in
70 % ethanol and stored at room temperature until the three-
dimensional microcomputed tomography analysis.

2.3. Body composition analyses

An EchoMRI-700™ device (Echo Medical Systems, L.L.C., Houston,
TX, USA) was used to evaluate the relative lean and fat mass contents of
the rats without anaesthesia on Days 1, 30 and 57. The analyses were
performed in triplicate at 8:00 am under ad libitum conditions, and the
results are presented as a percentage of body weight. Fat mass and lean
mass weights (%) were calculated according to the formula (100~ fat or
lean/body weight) and are presented as a percentage of body weight.
The lean/fat mass ratio was calculated as the lean mass divided by the
fat mass.

2.4. Adiposity index

The adiposity index was calculated as the sum of the weights of the
IWAT, MWAT and RWAT depots (in grams) for each rat and was re-
ported as a percentage of body weight.

2.5. The homeostasis model assessment-estimated insulin resistance
(HOMA-IR) analysis

The HOMA-IR, a surrogate marker of IR, was calculated with the
following formula: (fasting glucose level -mmol/L- x fasting insulin
level-uU/mL-)/22.5 [47].

2.6. Plasma analysis

An enzymatic colorimetric kit was used to determine plasma glucose
levels (992330/QCA, Barcelona, Spain). The circulating levels of total
cholesterol (TC) and high-density lipoprotein cholesterol (HDL-c) were
measured using reflectance spectrophotometry with the Vitros® 5600
Integrated System (QuidelOrtho Corporation, San Diego, CA, USA). The
non-high-density lipoprotein cholesterol (non-HDL-c) level was calcu-
lated by subtracting the HDL cholesterol concentration from the TC
concentration. The TC/HDL-c ratio was calculated as the TC level
divided by the HDL-c level. Circulating insulin levels were measured
using a rat/mouse ELISA kit (10-1250-01/MERCODIA, Upssala, Swe-
den). Plasma leptin levels were determined with a rat ELISA kit (EZRL-
83 K/Millipore, Barcelona, Spain), and the circulating levels of
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adiponectin were quantified using a rat total adiponectin/Acrp30
Quantikine ELISA Kit (RRP300/R&D systems, Minnesota, USA). The
leptin-to-adiponectin ratio (LAR) was calculated as the circulating levels
of leptin divided by the circulating levels of adiponectin. This ratio is
considered a good predictor of type 2 diabetes and MetS [48]. The levels
of the inflammatory markers monocyte chemoattractant protein-1
(MCP-1) and C-reactive protein (CRP) were quantified in plasma using
the BMS631INST and the ERCRP ELISA kits, respectively (INVITROGEN,
Massachusetts, USA). The circulating levels of the biomarkers of bone
turnover, procollagen I amino-terminal propeptide (PINP), osteocalcin
(OC) and CTX-1, were measured using PINP ELISA kit (AC-33F1, IDS,
UK), osteocalcin ELISA kit (AC-12F1, IDS, UK) and CTX ELISA kit
(AC-06F1, IDS, UK).

2.7. Urine analysis

A commercial ELISA kit was used to quantify the levels of 8-hydroxy-
2’-deoxyguanosine (8-OHdG) (STA-320/CELL BIOLABS INC. Chicago,
USA) in urine. The levels of this metabolite were normalized to the
creatinine levels, which were analysed using the Creatinine Urinary
Detection Kit (EIACUN/Thermo Fischer Scientific, Massachusetts, USA).

2.8. Analysis of total, oxidized and reduced glutathione levels in the liver

Liver samples were used to quantify the levels of total GSH, reduced
GSH, and oxidized GSH (GSSG) using the Glutathione Colorimetric
Detection Kit from EIAGSHC/INVITROGEN (Massachusetts, USA). The
results are presented in pumol per g of hepatic protein, which was
calculated using the BCA assay method. The GSSG/GSH ratio was
calculated as the oxidized GSH level divided by the reduced GSH level.

2.9. Histological analysis

Buffered formalin (4 % formaldehyde, 4 g/L NaH2PO4, 6.5 g/L
Na2HPO4; pH 6.8) was used to preserve fixed portions of RWAT (n = 8
per group), which were cut at a thickness of 5 um and stained with
haematoxylin & eosin (H&E). An ECLIPSE microscope (ECLIPSE Ti;
Nikon, Tokyo, Japan) coupled to a digital sight camera (DS-Ril, Nikon)
was used to obtain the RWAT images (magnification 100x). Image an-
alyses were performed using ImageJ NDPI software (National Institutes
of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij, accessed on 22
March 2024, version 1.54 g). The AdipoSoft plugin was used to quantify
the adipocyte area in the RWAT sections from the different groups.

2.10. Microcomputed tomography analyses

The bone composition of the right tibia and femur was determined
postmortem in fixed samples by performing three-dimensional micro-
computed tomography (uCT) analysis, as previously described [14]. The
tissue mineral content (TMC), bone mineral content (BMC), tissue
mineral density (TMD) and BMD values were quantified from pCT scans
using GE MicroView software v2.2.

2.11. Indirect calorimetry

The Oxylet Pro™ System (PANLAB, Cornella, Spain) was used to
perform indirect calorimetry analyses of the different groups between
Days 29 and 33 after the beginning of the treatments, throughout 22 h
(from 11:00 am to 09:00 am), under ad libitum conditions and with free
access to water. At 09:00 am, the animals received the corresponding
treatment and were transferred from their cages to an acrylic box
(Oxylet LE 1305 Physiocage, PANLAB). After an initial acclimatization
period of 2 h, the respiratory quotient (RQ), the fat and carbohydrate
oxidation rates and the energy expenditure (EE) were calculated as
previously described [49].
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2.12. Behavioural evaluation

2.12.1. Elevated plus maze (EPM)—anxiety-like behaviour

The animals were tested in the EPM [50] on Day 36 to evaluate
anxiety-like behaviour. The EPM test apparatus consisted of four arms,
two open arms (45 cm long x 10 cm wide) and two enclosed arms with
walls (45 cm long x 10 cm wide x 35 cm height), which were positioned
alternatively and extended from a 10 cm square, common central plat-
form positioned 90° from each other to form the shape of a plus sign. The
apparatus was elevated 50 cm above the floor. The rat was placed in the
centre of the maze (always facing the same closed arm), and videos of
the EPM test were recorded for five minutes (300 s) using a tracking
system (ANY-Maze, version 4.82, SD Instruments, US) and analysed to
score the distance travelled, time spent and the number of entries into
each arm. The apparatus was wiped clean with 70 % ethanol before each
animal was tested. Behavioural measures were defined according to
previous studies [51] and included the following: the frequency of open
and enclosed arm entries (OAEs and EAEs), defined as all four paws
placed inside an arm; total arm entries; and total time spent in the open
(OAT) and enclosed arms (EAT) and in the central area (CT). These data
were used to calculate the percentage of OAEs [% OAEs; (open entrie-
s/open + enclosed entries) x 100], the percentage of EAEs [% EAEs;
(enclosed entries/open + enclosed entries) x 100], the percentage of
OAT [%OAT; (time in open arms/300) x 100], the percentage of EAT [%
EAT; (time in enclosed arms/300) x 100] and the percentage of CT [%
CT; (time in central zone/300) x 100]. Behaviour in the open arms is
indicative of anxiety in the animal, with a large amount of time and
entries into the open arms indicating low anxiety [52], while the dis-
tance travelled in the enclosed arms is considered a measure of loco-
motion [53].

2.12.2. Y-magze test—spatial reference memory

The rodents were subjected to the Y-Maze [54] test on Day 40 to
assess spatial reference memory. This equipment is composed of three
identical arms (45 cm long x 10 cm wide x 25 cm (walls) tall) that are
symmetrically placed at an angle of 120° to each other to form a Y shape.
This assessment consisted of a habituation phase and a test phase. In the
habituation phase, the rats were placed at the end of one of the arms
(“start arm”) facing the wall. The rats were allowed to explore two arms
of the Y-maze for five minutes (300 s), while entry into the third arm was
blocked. The blocked arm was arranged alternately to mitigate potential
bias. After the habituation phase, the rats were returned to their home
cage for a 1 h intertrial interval. During the test phase, the rats were
allowed to explore all 3 arms of the maze (including the novel third arm,
which was previously blocked) for 5 minutes (300 s). The apparatus was
wiped clean with 70 % ethanol before the habituation and test phases of
each animal. The time and number of entries into the novel arm were
analysed using a tracking system (ANY-Maze, version 4.82), and the
number of alternations was calculated as the number of entries into
three different arms in succession. These data were used to calculate the
percentage of entries in the novel arm (number of entries in the novel
arm/total number of entries x 100), the novel arm preference index (%)
using the formula [(time in novel arm/300) x 100] and the spontaneous
alternation (%) with the following formula: {[number of alter-
nations/(total number of arm entries - 2)] x 100} [34]. This test is based
on the natural drive due to the innate curiosity of rodents to explore
novel environments, and a rat with no preference for any of the arms
during the testing session is classified as having poor spatial memory
[54].

2.13. Transcriptomic and gene set enrichment analyses

The transcriptomic analysis was performed on RNA samples from the
RWAT of rats in the OVX and OVX-MIS groups (n = 7 rats per group).
Total RNA was extracted using Tripure Reagent (Roche Diagnostic,
Barcelona, Spain) and purified with Qiagen RNeasy Mini Kit spin
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columns (Izasa, Barcelona, Spain) according to the manufacturer’s in-
structions, and RNA integrity was measured on an Agilent Bioanalyzer
(Agilent Technologies, South Queensferry, UK). All samples had optimal
quality parameters (RIN > 5) and were used for the construction of next-
generation sequencing (NGS) libraries. The subsequent NGS libraries
were converted to FASTQ format using Illumina NovaSeq 6000 in S4
flow cell mode (Illumina Way, California, USA). Gene abundance in all
RNA-seq data (in both raw counts and transcripts per million) was
processed using the Kallisto pipeline [55] based on the Rattus norvegicus
genome from Ensembl release version 107. Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway analysis was performed using all
the gene expression data and was carried out separately for distinctly
upregulated, mixed-direction upregulated, mixed-direction down-
regulated and distinctly downregulated genes. The Benjamini-Hochberg
false discovery rate (FDR) test was performed to manage false-positive
outcomes. Only the pathways exhibiting an FDR-derived g-value less
than 0.05 (adj. p < 0.05) were considered as enriched of pathways ac-
cording to the R package Piano v2.16.0 (nperm=1000) [56]. R/Bio-
conductor package ComplexHeatmap v2.16.0 [57] was used to create a
heatmap to visualize significantly regulated KEGG pathways (adj. p <
0.05) in OVX-MIS animals compared with their OVX counterparts. The
differential gene expression (DGE) analysis was performed using the
R/Bioconductor package DESeq2 v1.40.2 [55], and the Benjami-
ni-Hochberg FDR test was performed to manage false-positive out-
comes. Only the genes exhibiting an FDR-derived g-value less than 0.1
(adj. p < 0.1) were recognized as DGEs. The resulting gene lists were
annotated and filtered for significantly differentially up- and down-
regulated genes (adj. p < 0.1 and log2(fold change) > |0| or < |-0|,
respectively). The log2(fold changes) for each gene were calculated
using the R package Piano v2.16.0 (gene set statistic=reporter) [56].
Fold change values of the significant genes were calculated in Microsoft
Excel from the log2(fold changes). The fold change equals the
OVX-MIS/OVX ratio when the ratio increases or equals —1/ratio when
the ratio decreases. The R package ggplot2 v3.4.4 [58] was used to
create a volcano plot using all the gene expression data to visualize the
expression pattern of the genes that significantly changed (adj. p < 0.1)
between OVX and OVX-MIS animals. For the classification of the bio-
logical processes of the genes that were differentially expressed (adj. p <
0.1) between the OVX-MIS and OVX animals, we used only the “bio-
logical process” category of g:Profiler (g:GOst, https://biit.cs.ut.ee/
gprofiler/gost, accessed on 17 February 2024, version
el10_eg57_p18.4b54a898), which was applied to test functional
enrichment analysis of significantly differentially expressed genes in
biological process pathways [59]. Because the results of the whole
genome array revealed that not all the significantly differentially
expressed genes were identified by the KEGG pathway and g:Profiler
programs, we supplemented the significantly enriched biological pro-
cesses with nonannotated genes from the selected gene set using the
scientific literature from biological databases (NCBI, PubMed and
Human Protein Atlas, https://www.proteinatlas.org/, accessed on 4
March 2024). As processes overlapped, we consolidated them and
assigned new names to better reflect their combined nature.

2.14. 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 from further analysis. The
assumption of normality was determined using the Kolmogor-
ov—Smirnov test, and the homoscedasticity among groups was evalu-
ated using Levene’s test. When one or both of these conditions were not
met, the data were transformed to the base-10 logarithm to obtain a
normal distribution and/or similar variances before statistical testing.
One-way ANOVA followed by Duncan’s post hoc test (p value <0.05)
were used to assess differences among the four groups in the variables
analysed at one time point in the present study. The Welch test followed
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by the Games-Howell post hoc test were used when homoscedasticity
was not assumed. The Kruskal—Wallis test followed by the Man-
n—Whitney U post hoc test were used as the nonparametric version of
one-way ANOVA when the data did not follow a normal distribution.
Differences among groups in the evolution of body weight (g), fat (%)
and lean mass (%) on Days 1, 30 and 57 were analysed with repeated
measures (RM-) ANOVA with time as a within-subject factor and inter-
vention as a between-subject factor. When a significant interaction was
found between both factors, one-way ANOVA followed by Duncan’s post
hoc test were used to determine intervention-related differences at each
time point among groups. The data are presented as the means + SEMs
(n = 9-10). The level of statistical significance was set at bilateral 5 %.

3. Results

3.1. Effects of ovariectomy on body weight gain, fat accretion and
metabolic-related alterations

At the beginning of the study, two weeks after surgery, the removal
of the ovaries led to a greater baseline body weight in the OVX animals
than in their SHAM counterparts (Table 1). At the end of the study, the
OVX group displayed increased food intake (Table 1) and decreased EE
(Supplementary Table 1) compared to the SHAM group. This finding
could explain, at least in part, the greater body weight, body weight
gain, fat mass percentage and fat mass gain observed at the end of the

Table 1
Cumulative food intake and biometric and plasma parameters in sham-operated
(SHAM) and ovariectomized (OVX) rats after 8 weeks of intervention.

SHAM ovXx OVX- OVX- Intervention
E2 MIS effect (p value)
Cumulative Food 59.7 + 73.4 + 63.5 + 67.7 + 1(<0.001)
Intake (g) 0.4 1.9° 2.73¢ 1.7b¢
Biometric
parameters
Initial body 338 + 412 + 407 + 414 + I(<0.001)
weight (g) 8? 4b 9° 6°
Final body 358 + 472 + 407 + 455 + I(<0.001)
weight (g) 7° 12° 15¢ 12°
Liver (g) 9.8 + 10.2 + 10.0 + 10.0 + NS (0.943)
0.4 0.3 0.6 0.2
Caecum (g) 515+ 6.05 + 5.26 + 5.45 + NS (0.206)
0.15 0.45 0.19 0.37
Kidneys (g) 2.10 £ 1.96 + 211 + 1.98 + NS (0.348)
0.07 0.05 0.10 0.05
Gastrocnemius 219 + 257 + 243 + 2.65 £+ 1(0.002)
3) 0.09° 0.09° 0.10° 0.05°
Soleus (g) 0.190 0.202 0.210 0.202 NS (0.562)
+ + + +
0.007 0.011 0.011 0.009
Plasma
parameters
Glucose (mmol/ 7.36 = 7.77 + 7.92 + 7.83 + NS (0.343)
L) 0.30 0.44 0.15 0.15
TC (mmol/L) 3.73 £ 4.05 + 3.52 £ 4.07+ NS (0.153)
0.30 0.12 0.14 0.15
HDL-c (mmol/L) 2.79 £ 3.07 £ 2.96 + 3.35+ NS (0.235)
0.24 0.16 0.20 0.11
Non-HDL-c 0.94 + 0.98 + 0.57 £ 0.73 £ 1(0.009)
(mmol/L) 0.07° 0.12% 0.10° 0.06™
TC/HDL-c Ratio 1.35 + 1.34 + 1.21 + 1.22 + 1(0.001)
0.02° 0.06"  0.04™  0.01°

Data are presented as the means + SEMs (n = 9-10). Different superscript
lowercase letters (a, b, ¢) indicate significantly different mean values (one-way
ANOVA and Duncan’s post hoc test or Welch’s 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 the intervention. NS: nonsignificant differences. SHAM: sham-operated
rats; OVX: ovariectomized rats; OVX-E2: OVX rats treated with 17p-oestradiol;
OVX-MIS: OVX rats supplemented with the multi-ingredient; TC: total choles-
terol; HDL-c: high-density lipoprotein cholesterol; Non-HDL-c: non-high-density
lipoprotein cholesterol.


https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://www.proteinatlas.org/

J. Baudin et al.

study in the OVX group than in the SHAM group (Table 1 and Fig. 1A-D).
Consistent with the increased fat mass percentage observed in OVX rats,
a significant increase in RWAT, MWAT and IWAT depots, as well as an
increase in the adiposity index, were reported in these animals (Fig. 2A-
D). Concurrently, the OVX group exhibited a lower final lean mass
percentage, a greater loss of lean mass and a lower lean-to-fat ratio
(Fig. 1E-G) than the SHAM group. Furthermore, untreated OVX animals
displayed elevated circulating levels of leptin, adiponectin and insulin
(Fig. 2E-G) in addition to increased HOMA-IR and LAR (Figs. 2H and 21,
respectively). Furthermore, according to the histological analyses of the
RWAT, the removal of the ovaries also triggered adipocyte hypertrophy,
increased the percentage of larger adipocytes and decreased the number
of these cells in the OVX group (Fig. 3). OVX rats also displayed higher
hepatic levels of oxidized GSH (GSSG) (Fig. 4F) than did their SHAM
counterparts. Aside from the metabolic changes observed, OVX rats had
a lower TMD in the right femur and a lower BMD and TMB in the right
tibia than SHAM animals (Table 2). These results were accompanied by
elevated circulating levels of the bone biomarkers of formation and
resorption, OC and CTX-1, respectively (Table 2).

3.2. MIS and 17p-E2 treatments improved body composition and
decreased adipocyte hypertrophy

17p-E2 administration significantly reduced the increase in body
weight observed in the OVX group from Day 30 of intervention onwards
(Fig. 1A) and fully counteracted the body weight gain at the end of the
experimental period (Fig. 1B). These findings could be related, at least in
part, to the lower food intake observed in the OVX-E2 group than in the
OVX group (Table 1). OVX-MIS animals displayed slight decreases in
body weight and body weight gain, although the differences compared
with those in the OVX group were not statistically significant (Figs. 1A
and 1B). This lack of significant effects of MIS consumption could be
partly explained by the similar cumulative food intake observed be-
tween OVX-MIS rats and their OVX counterparts (Table 1). Compared
with OVX animals, both the MIS group and the 17p-E2 injection group
showed a significant progressive decrease in fat mass accretion, an effect
that was statistically significant from Day 30 of intervention onwards
(Fig. 1C). This result indicated a significant decrease in fat mass accu-
mulation in both OVX-MIS and OVX-E2 rats (30 % and 69 % lower,
respectively) (Fig. 1D). These findings are consistent with the significant
decreases in RWAT weight (Fig. 2A) and adiposity index (26 % and 14 %
lower in OVX-E2 and OVX-MIS rats, respectively) (Fig. 2D) observed in
both groups of animals. Nevertheless, these antiadipogenic effects were
more evident in the animals that received the 17p-E2 injections, which
also displayed lower MWAT and IWAT weights than their OVX coun-
terparts (Fig. 2B & 2 C, respectively).

Remarkably, both MIS and 17-E2 injections effectively ameliorated
the adipocyte hypertrophy observed in the RWAT of the OVX group to a
similar extent (Fig. 3A). An inverse pattern was reported for the number
of adipocytes, which was significantly lower in the OVX group than in
the OVX-MIS and OVX-E2 groups (Fig. 3B). Consistent with these find-
ings, representative RWAT histological images revealed larger adipo-
cytes and fewer adipocytes in the OVX group (Fig. 3D) than in the OVX-
E2 (Fig. 3E) and OVX-MIS (Fig. 3F) groups. Furthermore, the adipocyte
size distribution revealed a decrease in the percentage of larger adipo-
cytes and an increase in the percentage of smaller adipocytes in the
RWAT of both OVX-MIS and OVX-E2 animals compared to those in the
OVX rats, exhibiting a similar pattern to that observed in SHAM rats
(Fig. 3G). In this study, we also investigated the impacts of the in-
terventions on the lean mass content and body composition. Both OVX-
MIS and OVX-E2 animals showed a greater lean mass content than their
OVX counterparts from Day 30 onwards (Fig. 1E). Consequently, both
groups exhibited less lean mass loss than did the OVX group (Fig. 1F). In
agreement with these findings, MIS and 17p-E2 treatment resulted in an
increased lean/fat mass ratio compared to that of their OVX counter-
parts from Day 30 onwards (Fig. 1G).
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3.3. Effects of MIS and 17p-E2 interventions on cholesterol metabolism

Although no significant differences were observed in the circulating
levels of TC and HDL-c among groups (Table 1), MIS resulted in a lower
atherogenic TC/HDL-c ratio in the OVX-MIS group than in their OVX
counterparts, and a similar result was found in the OVX-E2 group,
although the differences were not statistically significant (Table 1). The
OVX-E2 group exhibited significantly lower circulating levels of non-
HDL-c than the OVX group (Table 1).

3.4. MIS and 17p-E2 treatments decreased risk factors for type 2 diabetes

In agreement with the decreased adiposity found in OVX-E2 rats and
according to the well-known association between circulating levels of
leptin and fat mass accretion, 17p-E2 treatment resulted in a significant
decrease in plasma leptin levels, an effect that was nuanced in the OVX-
MIS rats in which numerically lower values of this hormone were
detected, although no significant differences were reported (Fig. 2E).
OVX-E2 animals also displayed decreased circulating levels of adipo-
nectin, whereas no significant differences were observed between OVX
and OVX-MIS rats (Fig. 2F). No significant changes were found in plasma
glucose levels among the groups (Table 1). Remarkably, 17p-E2 in-
jections significantly counteracted the increases in the circulating levels
of insulin (Fig. 2G) and in the surrogate marker of IR, HOMA-IR,
observed in OVX rats (Fig. 2H) (28 % and 38 % lower, respectively,
than those in the OVX group). MIS intake produced decreases in both
parameters (22 % and 24 % lower for plasma insulin levels and HOMA-
IR, respectively, than in the OVX group), although the differences were
not statistically significant (Figs. 2G and 2H). Interestingly, both OVX-
MIS and OVX-2 rats showed a significantly lower LAR -a suitable pre-
dictor of type 2 diabetes- than their OVX counterparts (Fig. 2I). A cor-
relation analysis between HOMA-IR and the LAR revealed a strong
positive correlation (r = 0.585, 95 % CI = 0.330-0.760, p < 0.0005).
Notably, our analysis also revealed significant correlations between the
area and number of adipocytes and these metabolic parameters. Thus,
strong positive correlations were observed between the adipocyte area
and HOMA-IR (r = 0.672, 95 % CI = 0.422-0.827, p < 0.0005) and
between the adipocyte area and the LAR (r = 0.734, 95% CI =
0.517-0.862, p < 0.0005). Conversely, strong inverse correlations were
found between the number of adipocytes and the HOMA-IR score (r =
—0.583, 95 % CI = —0.774 to —0.294, p < 0.0005) and between the
number of adipocytes and the LAR (r = —0.596, 95 % CI = —0.782 to
—0.312, p < 0.0005).

3.5. Effects of MIS and 17p-E2 injections on inflammatory and oxidative
stress biomarkers

Concerning the levels of proinflammatory biomarkers analysed in
plasma, no significant changes were observed in the circulating levels of
the chemokine MCP-1 among the groups (p= 0.238, one-way ANOVA).
Subsequent pairwise comparisons revealed that plasma MCP-1 concen-
trations tended to increase in OVX rats compared to those in their SHAM
counterparts (34.1 % higher; p=0.099, Student’s t test), and both the E2
and MIS treatments counteracted this increase, although the differences
were not statistically significant with respect to their OVX counterparts
(22.2 % and 18.5 % lower, p=0.118 and p=0.102, respectively, Stu-
dent’s t test) (Fig. 4A). In addition, an inverse correlation was observed
between the adipocyte number and MCP1 levels (r = —0.395, 95 % CIL =
—0.653 to —0.053, p < 0.0005). Although the circulating levels of the
acute proinflammatory marker CRP did not increase in OVX rats
compared with SHAM rats, the animals that received the MIS displayed
lower circulating levels of this protein than their OVX counterparts
(Fig. 4B). Intriguingly, OVX-E2 rats showed a sharp increase (146 %
higher compared with OVX animals) in the urinary levels of the marker
of oxidative damage of DNA 8-OHdG [60] (Fig. 4C), an effect that was
not observed in response to MIS treatment. Although no changes in total
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Fig. 1. Body weight (A), A body weight (B), fat mass (C), A fat mass (D), lean mass (E), A lean mass (F) and lean/fat ratio (G) in sham-operated (SHAM) and
ovariectomized (OVX) rats after 8 weeks of intervention. The data are presented as the means + SEMs (n = 10). Changes in body weight, fat mass and lean mass were
calculated as the differences between the final and initial values of these parameters and are depicted in the Figs. 1B, 1D and 1F as A values. Figs. 1A, 1C, 1E and 1G:
I: the effect of intervention, t: the effect of time, Ixt: the interaction between intervention and time (RM-ANOVA, p<0.05). When a significant interaction was
observed between both factors, one-way ANOVA followed by Duncan’s post hoc test or the Kruskal—Wallis test and Mann—Whitney U post hoc test (p < 0.05) were
used to determine intervention-related differences at each time point among groups. Figs. 1B, 1D and 1F: I the effect of the intervention (one-way ANOVA followed
by Duncan’s post hoc test or the Kruskal—Wallis test and Mann—Whitney U post hoc test; p<0.05). In all the figures, different superscript lowercase letters (a, b, c, d)
indicate significantly different mean values among the groups. SHAM: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol,

OVX-MIS: OVX rats supplemented with the multi-ingredient.

GSH levels, reduced GSH levels or the GSH/GSSG ratio were detected
among the groups (Figs. 4D, 4E & 4 G, respectively), all three OVX
groups exhibited significantly higher hepatic levels of oxidized GSH
than their SHAM counterparts, and any treatment could counteract this
increase caused by ovariectomy (Fig. 4F).

3.6. 17p-E2 treatment improved BMC and biochemical markers of bone
turnover

No significant changes in the weight or length of either femurs or
tibias were found among the groups (Table 2). According to the pCT
analyses performed on the right femur, no significant changes in BMD,
BMC or TMC were observed among the groups (Table 2). However, 174-
E2 treatment resulted in an increased TMD in the femur, consistent with
the effects of ovariectomy on the OVX group (Table 2). Moreover, pCT
analyses of the right tibia revealed that 17p-E2 administration increased
the BMC and TMC compared to those in the OVX group (Table 2).
Concerning the circulating levels of the biomarkers of bone turnover,
17B-E2 injections counteracted the increase observed in the level of the
biomarker of bone formation OC in the OVX animals and decreased the
circulating levels of the bone resorption biomarker CTX-1, but the latter
effect was not statistically significant (12.6 % lower, p=0.188 compared
with OVX rats, Student’s t test) (Table 2). Conversely, MIS consumption
did not improve pCT-related parameters in either the femur or tibia and
did not change the circulating levels of bone turnover biomarkers
(Table 2).

3.7. Transcriptional changes in the RWAT of ovariectomized rats after
MIS consumption

We performed a transcriptomic analysis of RWAT samples from OVX
and OVX-MIS animals to provide insights into the mechanisms under-
lying the antiadiposity effects on OVX-MIS rats. KEGG pathway analysis
of all the gene expression data revealed that the most significantly
affected (downregulated) pathways encompassed a comprehensive
range of immune, inflammation and defence processes, including the T-
cell and B-cell receptor signalling pathways, cytokine—cytokine recep-
tor interactions and chemokine signalling pathways, among others
(Figure 5 A). Other frequently classified processes included cytoskeleton
and cellular networks, such as focal adhesion and extracellular matrix
(ECM) receptor interaction, as well as pathways related to the degra-
dation of cellular components, such as the proteasome, endocytosis and
lysosome (Figure 5 A). Furthermore, glycoconjugate and lipid meta-
bolism, as well as pathways related to glucose homeostasis, were also
affected (Figure 5 A). The DGE analysis revealed 188 genes that were
differentially regulated between OVX and OVX-MIS animals, many of
which (62.8 %, 118 genes) were downregulated (Figure 5B). Further-
more, hierarchical clustering analysis based on the significantly differ-
entially expressed genes revealed distinct clustering patterns between
the OVX and OVX-MIS groups (Figure 5 C). Of these 188 genes, 14 were
unknown and therefore could not be grouped into any pathway. The 174
remaining known genes were distributed into different biological pro-
cesses according to the information obtained via KEGG pathway anal-
ysis, enrichment analyses using the g:Profiler program, and information
obtained from the scientific literature and various biological databases
(NCBI, PubMed and Human Protein Atlas) (Figure 5D). The most

representative biological processes were cell proliferation, differentia-
tion and death, cytoskeleton and cellular network, and immunity,
inflammation and response to stress (Figure 5D). Other biological pro-
cesses that were also affected included energy homeostasis, carbohy-
drate and lipid metabolism, transport of small molecules (ions, amino
acids and vitamins) and protein processing and ubiquitination
(Figure 5D). The pathways related to these biological processes, as well
as the most representative genes belonging to these pathways, are
included in Table 3. The patterns of expression of many of these genes
are analysed in the Discussion section.

3.8. MIS and 17p-E2 treatments did not increase EE or substrate
oxidation

No significant variations were identified either in the RQ or in fat and
carbohydrate oxidation among the groups (Supplementary Table 1). A
lower EE was observed in both OVX and OVX-MIS animals than in their
SHAM counterparts, after considering the whole 21-hour period and
both the light and dark phases separately (Supplementary Table 1). A
comparable pattern was observed in the animals that received the 17-
E2 injections, although the differences were not statistically significant
compared to the SHAM animals across the entire 21-hour period and the
dark phase (Supplementary Table 1).

3.9. MIS and 17p-E2 treatments did not affect anxiety-like behaviours or
short-term memory

Rats were subjected to the EPM test to evaluate their anxiety-like
behaviours and the effects of MIS and 17B-E2 treatments. No signifi-
cant differences in any anxiety-like behaviour-related parameters were
detected in the percentage of entries (in the open and enclosed arms,
OAE % and EAE %, respectively) or in the time spent (in the central
zone, open arm and enclosed arm, CT %, OAT % and EAT %, respec-
tively) among the groups (Supplementary Figures 1 A and 1B). Animals
were also challenged with the Y-maze to evaluate their short-term
spatial reference memory and the effects of MIS and 17p-E2 treat-
ments. No differences were detected among the experimental groups in
terms of the percentage of entries and time spent in the novel arm (novel
arm preference index (%)) or spontaneous alternation (%)
(Supplementary Figures 1C-E).

4. Discussion

In this study, we examined the effects of the intake of the MIS con-
taining histidine, carnosine, cysteine and serine for 8 weeks on
menopause-related complications in OVX rats, a well-established pre-
clinical model of postmenopausal oestrogen deficiency. We described
that OVX rats exhibit different hallmarks that can appear in the post-
menopausal state, such as body weight gain, fat mass accretion, adipo-
cyte hypertrophy, IR and greater risks of CVD and osteoporosis, as was
previously reported [61,62]. Remarkably, MIS consumption exerted
beneficial effects on many of the aforementioned alterations, including
(1) decreased adiposity and RWAT adipocyte hypertrophy, (2) improved
body composition, as evidenced by the increased lean body mass and
lean/fat mass ratio, (3) reduced LAR and TC/HDL-c ratio, (4) decreased
circulating levels of the proinflammatory marker CRP, and (5) improved
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different mean values among groups (one-way ANOVA and Duncan’s post hoc test, p < 0.05). I effect of the intervention. SHAM: sham-operated rats, OVX:
ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol, OVX-MIS: OVX rats supplemented with the multi-ingredient. HOMA-IR: homeostasis model
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multi-ingredient. RWAT: retroperitoneal white adipose tissue.

RWAT gene expression profile towards better adipocyte structure,
morphology and immunometabolic function. Overall, these findings
confirmed our hypothesis and highlighted the potential of the con-
sumption of this amino acid-related MIS as an alternative therapy for
managing obesity and improving immunometabolic health in meno-
pausal women.

The reduced adiposity observed in OVX rats that received the MIS
compared to their OVX counterparts shown herein could be attributed,
at first glance, to the protective effect on obesity that has been previ-
ously reported for different amino acids, including histidine and car-
nosine, and, to a much lesser extent, for serine and cysteine, in both
animal models and humans [21,27,28]. Nevertheless, to the best of our
knowledge, very limited data are available regarding the antiobesity
effects of these four bioactive compounds administered alone or in
combination on OVX rodent models. To the best of our knowledge, only
one study has focused on the effects of a 5-day treatment with histidine
between non-ovariectomized and OVX rats in the context of obesity,
reporting a lower suppressive effect on food intake in OVX animals than
in their counterparts and suggesting the activation of histamine neurons
as a possible potential mechanism to explain the described effects [63].
The decreased EE reported in OVX rats compared to their SHAM coun-
terparts was consistent with numerous studies showing that the body
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weight gain accompanied by progressive fat accretion occurring in
menopausal and postmenopausal women can be associated with a
decreased EE [64,65]. In the present study, a reasonable speculation was
that the intake of the MIS could mitigate fat mass gain through the
enhancement of EE and the inhibition of food intake, two
well-established mechanisms by which different bioactive compounds
could exert their beneficial effects [65]. In this context, two studies
showed that the intake of histidine decreased food intake, which was
accompanied by decreased RWAT weight in aged male Wistar rats [66,
67]. Furthermore, Lopez-Gonzales et al. showed that serine supple-
mentation increased EE by activating brown fat thermogenesis in
high-fat diet-fed C57BL/6 N-Rj male mice [68], and long-term L-serine
administration for 6 months to aged C57BL/6J mice significantly
reduced food intake and body weight gain [24]. In our study, the lack of
effects on food intake and EE observed in OVX-MIS versus OVX rats
indicated that the modulation of these processes was not the mechanism
underlying the antiobesity effects observed in response to MIS
consumption.

Two additional mechanisms involved in the effects of bioactive
compounds against fat accretion are the activation of lipid catabolism-
related pathways (lipolysis and p-oxidation) and the inhibition of lipo-
genesis. At first glance, the increased mRNA levels of the gene encoding
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significantly 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 the intervention. SHAM: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17p-oestradiol, OVX-MIS: OVX rats supplemented
with the multi-ingredient. MCP-1: monocyte chemoattractant protein-1; CRP: C-reactive protein; 8-OHdG: 8-hydroxy-2'-deoxyguanosine; GSH: glutathione; GSSG:

oxidized glutathione.

peroxisomal ACOT4 observed in the RWAT of OVX-MI animals could
suggest the activation of p-oxidation, since the acyl-CoA esters are
transported into the peroxisome via ABCD transporters and undergo
B-oxidation, and the resulting products succinyl-CoA and glutaryl-CoA
can be hydrolysed by this auxiliary enzyme to obtain succinate and
glutarate, which are subsequently transported to mitochondria [69].
Nevertheless, we did not observe changes in the mRNA levels of key
genes involved in lipolysis (Hsl and Atgl), -oxidation (Cpt1b and Had) or
lipogenesis (Accl, Fas, Gpat, and Dgat2); therefore, the reported anti-
obesity effect of MIS is not due to the modulation of these key
lipid-related pathways in the RWAT, at least at the gene expression level.

The beneficial effect on fat mass accretion reported in the OVX-MIS
animals, although significant, was weaker than we observed in response
to 17B-E2 injections. This superior effect observed on OVX-E2 animals
could be attributed to their decreased food intake, one effect that was
previously described [70] and that also contributed to explaining the
clear decrease in body weight and body weight gain observed in
response to this pharmacological treatment, which was not significantly
reported after MIS consumption. Remarkably, both groups of treated
rats displayed a lower loss of lean mass than their OVX counterparts over
time, which is indicative of greater muscle mass accretion [71] and
explains, at least in part, why the decreased adiposity reported after MIS
consumption was not accompanied by significantly lower body weight
in OVX-MIS rats. The increased lean/fat mass ratio found in both
OVX-MIS and OVX-E2 animals reinforces the idea that both 17p-E2 in-
jections and MIS consumption promoted a shift towards a healthier body
composition in OVX rats [72], which was previously described by our
group in response to other bioactive compounds [14].

The hypertrophy observed in the RWAT of OVX animals compared to
that in their SHAM counterparts, which was accompanied by increased
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circulating levels of insulin, HOMA-IR and LAR, a reliable biomarker of
MetS and diabetes risk, is consistent with scientific evidence indicating
that WAT hypertrophy is associated with IR and inflammation [73].
Thus, the lower RWAT hypertrophy observed in both OVX-E2 and
OVX-MIS animals compared to OVX rats could explain, at least in part,
the improved metabolic health observed in both groups of animals, as
evidenced by the decreases in the LAR, the circulating levels of insulin
and the HOMA-IR, although the differences in these two latter param-
eters were statistically significant only for the rats that received the E2
injections. Although correlations do not imply causality, the strong
positive correlations found between HOMA-IR/LAR and the adipocyte
area of the RWAT in all the animals included in the study, as well as the
decreased circulating CRP levels reported in OVX-MIS rats, also suggest
an improvement in the immunometabolic health of the rats that received
the MIS.

Our RWAT transcriptomic analysis reinforced our hypothesis that
decreased hypertrophy in response to MIS consumption is associated
with an immunometabolic benefit. Thus, the increased mRNA levels of
the gene encoding ZFP407, which stimulates insulin-mediated glucose
uptake in adipocytes and protects against adipocyte hypertrophy and IR
in mice [74], as well as the overexpression of the gene encoding
GABRG3, a y-aminobutyric acid (GABA) receptor that mediates the
antiadipogenic, antidiabetic and anti-inflammatory effects of GABA [75,
761, which is found in the RWAT of OVX-MIS animals, are consistent
with this idea. We also detected marked overexpression of Gcgr, a gene
that encodes the glucagon receptor, which is expressed (at low levels) in
WAT and mediates both lipolysis and glucose uptake induced by
glucagon in adipocytes. Remarkably, in humans, GCGR expression was
positively associated with a reduction in both the visceral and subcu-
taneous WAT volume and with improved insulin sensitivity, and in
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Table 2
Bone-related parameters in sham-operated (SH) and ovariectomized (OVX) rats
after 8 weeks of intervention.

SHAM ovx OVX- OVX- Intervention
E2 MIS effect
Biometric
parameters
Femurs (g) 2.26 + 2.38 + 2.28 + 2.31 + NS (0.350)
0.04 0.06 0.05 0.04
Femurs (cm) 3.80 + 3.88 + 3.83 + 391 + NS 0.058)
0.03 0.03 0.03 0.03
Tibias (g) 1.82 £ 1.93 £ 1.89 + 191 £ NS (0.282)
0.03 0.05 0.04 0.04
Tibias (cm) 1.21 + 0.93 + 1.09 + 0.97 + NS (0.304)
0.04 0.04 0.02 0.02
Microcomputed tomography analyses
(uCT)
Right femur (uCT)
BMD (mg/cc) 356 + 328 + 343 +9 312 + NS (0.074)
14 14 10
TMD (mg/cc) 1020 + 936 + 977 + 920 + I(<0.001)
14* 10° 19° 12°
BMC (mg) 142 £ 6 140 +£ 3 145 + 4 138 £3 NS (0.717)
TMC (mg) 137 £ 6 135+ 3 139+ 4 132 +2 NS (0.790)
Right tibia
uCT)
BMD (mg/cc) 271 + 224 + 8 228 + 201 + 1(0.003)
15° 11° 7°
TMD (mg/cc) 900 + 793 + 838 + 779 + I(<0.001)
247 obe 21° 11¢
BMC (mg) 140 + 134 + 3° 153 + 134 + I(<0.001)
5ab 7a 4b
TMC (mg) 135 + 128 + 2° 147 + 127 + 1(0.015)
gab 6° n
Plasma
parameters
OC (ng/mL) 114 + 209 + 137 + 245 + 1(<0.001)
10° 24° 4? 14°
CTX-1 (ng/ 14.4 + 22.0 £ 19.2 + 23.5 £ I(<0.001)
mL) 1.3 1.1b¢ 1.7° 1.5°
PINP (ng/mL) 7.94 £ 11.10 + 8.22 + 8.29 + NS (0.463)
0.66 1.51 0.36 0.50

Data are presented as the means + SEMs (n = 9-10). Different superscript
lowercase letters (a, b, c) indicate significantly different mean values (one-way
ANOVA and Duncan’s post hoc test, p < 0.05). I: effect of the intervention. NS:
nonsignificant differences. SHAM: sham-operated rats; OVX: ovariectomized
rats; OVX-E2: OVX rats treated with 17p-oestradiol; OVX-MIS: OVX rats sup-
plemented 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.

rodents, GCGR activation protected against obesity [77,78]. The
decreased expression of Grb14, a negative regulator of the insulin re-
ceptor signalling pathway that is overexpressed in the WAT of obese
animals and humans and/or in individuals with type 2 diabetes [79-81],
in the RWAT of OVX-MIS animals supports our hypothesis.

Obesity is characterized by increased collagen production in WAT,
which can be interpreted as an adaptative response to fat mass accretion,
requiring the remodelling of the ECM to support adipocyte growth
[82-84]. The downregulation of a plethora of genes involved in cyto-
skeletal organization (Actb, Lcpl and Pfnl), cell adhesion (Fermt3 and
Cdh11) and ECM remodelling, such as those related to collagen meta-
bolism (Colla2, Col5al, Col5a2, Creb3l1, Bmp2, Sparc, Bgn, Lox and
Serpinh1) and proteolytic degradation of ECM (Timpl and Htral)
observed in the RWAT of OVX-MIS animals is consistent with the pro-
tective effect on adipocyte hypertrophy observed in response to the
consumption of this blend of amino acid-related compounds. Interest-
ingly, most of these genes that were downregulated in our study have
been shown to be upregulated with obesity and positively correlated
with markers of IR and inflammation. Thus, CREB3L1 is a transcription
factor that can be activated by BMP2, which induces the expression of
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Collal, Col5al and possibly Colla2 [85], the levels of which were
increased in the epidydimal WAT of obese and type II diabetic db/db
mice [82] LOX is a protein that boosts collagen crosslinking in the ECM
and enhances adipocyte tissue stiffness, and its activity and mRNA and
protein levels are increased in adipocytes and adipose tissue macro-
phages (ATMs) of both mice and humans with obesity [86,87]. The
levels of the tissue inhibitor of matrix metalloproteinase 1 (TIMP1),
which suppresses the transformation of the ECM, were increased in the
WAT [88,89] of obese mice. In addition, Timpl mRNA levels are posi-
tively correlated with gonadal fat weight [89]. Similarly, the expression
of the gene encoding SPARC, an ECM-related protein involved in adi-
pose tissue remodelling and fibrosis due to its role in collagen assembly,
was increased in animal models and humans with obesity [90-92], and
SPARC mRNA and/or circulating protein levels were positively corre-
lated with BMI, fasting insulin levels, HOMA-IR and CRP in humans
[90-92] and with waist circumference and total adipose tissue area in
women [92]. Furthermore, the mRNA levels of the gene encoding
biglycan (BGN), which interacts with collagens and elastins in the ECM,
were higher in both subcutaneous and visceral adipose tissues from
obese women than in those from normal-weight women and were
positively correlated with BMI, adipocyte size and total adipose tissue
area [93]. In addition, biglycan mRNA levels are positively correlated
with the circulating levels of CRP, insulin, HOMA-IR and leptin in
women [93]. The decreased mRNA levels of Serpinh1, which encodes the
collagen-specific molecular chaperone HSP47 observed in the RWAT of
OVX-MIS animals are also consistent with the idea that MIS intake led to
a favourable adaptative response to the adipocyte hypertrophy. Thus,
HSP47 expression increases with obesity and in response to insulin and
is positively correlated with BMI, fat mass, and waist and hip circum-
ferences in humans [94]. Altogether, these results strongly suggest that
the decreased RWAT weight and hypertrophy observed in OVX-MIS
animals was reflected at gene expression level in improvements in the
structure, morphology and immunometabolic function of their
adipocytes.

The sharp downregulation of the mRNA levels of genes mainly
expressed in hypertrophied WAT by ATMs and encoding proteins
involved in cytokine (IL1B, FASLG, and PTGS2)- and chemokine
(CXCL2, CCR7)-mediated inflammation, whose levels were increased in
WAT in the obese state [95-99] and correlated with macrophage infil-
tration and adipocyte size in visceral WAT [96], strongly suggested that
MIS consumption ameliorated the low-grade inflammation in WAT that
occurred as a consequence of the fat accretion produced in OVX rats
after ovariectomy. The decreased Cd5l and Btk expression levels found in
the RWAT of OVX-MIS animals reinforce this idea. Notably, Cd5I en-
codes the apoptosis inhibitor of macrophages (AIM)/CD5L, which plays
an important role in the crosstalk between adipocytes and macrophages,
activating the TLR-4 pathway in individuals with obesity and, therefore,
triggering the secretion of proinflammatory chemokines, such as MCP-1,
to induce the recruitment of proinflammatory M1 macrophages to WAT
[100]. The downregulation of the gene encoding BTK, a kinase that
enhances the proinflammatory response in macrophages through NF-xB
and NLRP3 inflammasome activity and is overexpressed in diet-induced
obese mice [101] and patients with obesity and diabetes [102], provides
additional scientific evidence supporting our hypothesis. Thus, the in-
hibition of BKT signalling promoted an anti-inflammatory M2-like
phenotype in macrophages through the activation of oxidative phos-
phorylation (OxPhos) via the upregulation of different genes related to
the mitochondrial electron transport chain, including Mt-co2 [102],
which was also overexpressed in the present study. The significantly
increased expression of three additional genes related to mitochondrial
respiratory chain complex I (Mt-nd5, Mt-nd6 and Nubpl) found in
OVX-MIS animals suggests, at first glance, an immune-related benefit of
the MIS in RWAT by enhancing the M2-like phenotype in macrophages
through the activation of OxPhos, although additional research is
needed to shed more light on this issue.

At first glance, the lower mRNA levels of the genes involved in the
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Table 3
Functional categorization of differentially expressed genes in the RWAT of OVX-MIS rats.
Biological process Main-related pathway Gene name Gene Gene ID FC Adj. p
symbol value
Immunity, inflammation and Cytokine mediated inflammation Interleukin 1 beta I1b 24494 -211  0.095
response to stress Fas ligand Faslg 25385 -1.63  0.077
Prostaglandin-endoperoxide synthase 2 Ptgs2 25526 —-1.90 0.087
Chemokine mediated inflammation C-X-C motif chemokine ligand 2 Cxcl2 114105 -7.19  0.022
C-C motif chemokine receptor 7 Cer7 287673 -2.97  0.001
Immune cell-cell communication Cd5 molecule-like Cdsl 310693 -3.95 0.099
Cd28 molecule Ccdzs8 25660 -1.67  0.030
C-type lectin domain family 4, member A2 Clec4a2 297584 -3.56  0.000
Signalling Fc gamma receptor 1 A Fcgrla 295279  -1.58  0.032
Spi-B transcription factor Spib 499146 -2.84 0.032
Bruton tyrosine kinase Btk 367901 -1.46  0.093
Lipid metabolism Fatty acid metabolism Fatty acid binding protein 3 Fabp3 79131 -2.20  0.086
Acyl-coa thioesterase 4 Acot4 681337 1.56  0.088
Sterol metabolism Cytochrome P450, family 11, subfamily a, Cypllal 29680 -1.65 0.053
polypeptide 1
Oxidized low density lipoprotein receptor 1 Olr1 140914 —-3.35  0.030
Vacuole membrane protein 1 Vmp1 192129 —-1.30  0.059
Phospholipid metabolism Sphingomyelin synthase 2 Sgms2 310849 -1.58 0.002
Sphingomyelin phosphodiesterase 3 Smpd3 94338 -1.68  0.041
Carbohydrate metabolism Glucose and insulin homeostasis Growth factor receptor bound protein 14 Grb14 58844 -1.51  0.030
Gamma-aminobutyric acid type A receptor Gabrg3 79211 1.82  0.084
subunit gamma 3
Zinc finger protein 407 Zfp407 307213 1.23  0.010
Glucagon receptor Gegr 24953 2.82 0.022
Cell proliferation, differentiation Cell fate determination and Fosb proto-oncogene, AP—1 transcription Fosb 100360880 —-2.78  0.000
and death differentiation factor subunit
Fos proto-oncogene, AP—1 transcription Fos 314322 —2.46  0.032
factor subunit
Cellular communication network factor 5 Ccn5 29576 —4.51 0.032
Mesenteric oestrogen-dependent adipogenesis Medag 360757 —-1.40  0.062
GLI pathogenesis-related 1 Glipr1 299783 -1.62  0.030
Growth differentiation factor 10 Gdf10 79216  -1.83  0.099
Activating transcription factor 5 Atf5 282840 —-1.46  0.023
Secreted frizzled-related protein 2 Sfrp2 310552 -1.63 0.010
Bone morphogenetic protein 2 Bmp2 29373 -1.30 0.019
Snail family transcriptional repressor 1 Snail 1164903 —-1.43  0.100
Early growth response 2 Egr2 114090 —-1.91 0.068
V-set immunoregulatory receptor Vsir 690899 —-1.30 0.068
Tax1 binding protein 3 Tax1bp3 360564 -1.28  0.088
Activating transcription factor 3 Atf3 25389 —-1.51  0.092
Early growth response 1 Egrl 24330 -1.50 0.037
Cell proliferation Marker of proliferation Ki—67 Mki67 291234 -1.46  0.030
Cell death - Apoptosis Niban apoptosis regulator 2 Niban2 362115 -1.19  0.061
BCL2-related protein A1 Bcl2al 170929 -1.73  0.055
Cytoskeleton and cellular network Extracellular matrix organization Thrombospondin 2 Thbs2 292406 -1.69 0.032
Secreted protein acidic and cysteine rich Sparc 24791 -1.32  0.041
Lysyl oxidase Lox 24914 -1.63  0.011
Htra serine peptidase 1 Htral 65164 -1.15 0.063
Camp responsive element binding protein 3- Creb3l1 362165 -1.35 0.087
like 1
Biglycan Bgn 25181 -1.51  0.084
TIMP metallopeptidase inhibitor 1 Timp1 116510 —2.40  0.012
Collagen type I alpha 2 chain Colla2 84352 -1.47  0.096
Collagen type V alpha 1 chain Col5al 85490 -1.23  0.066
Collagen type V alpha 2 chain Col5a2 85250 —-1.21  0.041
Serpinh1 serpin family H member 1 Serpinh1 29345 -1.32  0.002
Regulation of actin cytoskeleton Lymphocyte cytosolic protein 1 Lepl 306071 -1.52  0.092
Profilin 1 Pfnl 64303 -1.25 0.068
Cell adhesion FERM domain containing kindlin 3 Fermt3 309186 -1.52  0.099
Cadherin 11 Cdhl1 84407  —1.87  0.065
Cytoskeletal filaments Actin, beta Actb 81822 -1.23  0.048
Energy homeostasis Mitochondrial ATP system/oxidative Uncoupling protein 2 Ucp2 54315 -1.24  0.054
phosphorylation Cytochrome c oxidase II, mitochondrial Mt-co2 26198 1.44  0.022
NADH dehydrogenase 5, mitochondrial Mt-nd5 26202 1.40  0.075
NADH dehydrogenase 6, mitochondrial Mt-nd6 26203 1.43 0.013
NUBP iron-sulfur cluster assembly factor like ~ Nubpl 299008 1.37  0.061
Cellular energy sensing Nicotinamide nucleotide adenylyltransferase Nmnat2 289095 1.66  0.030

2

Abbreviations: RWAT, retroperitoneal white adipose tissue; FDR, false discovery rate; MIS, multi-ingredient supplementation; OVX, ovariectomized rats. FC: fold
changes in OVX-MIS vs. OVX animals. The + symbol indicates upregulation, and the - symbol indicates downregulation in the OVX-MIS animals. Genes with FDR-
derived adj. p value < 0.1 from the microarray data analysis are shown.
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negative regulation of adipogenesis through the Wnt signalling pathway
Sparc [103], Timpl [104] and Ccn5 [105] as well as the decreased
expression of the gene encoding the ECM-related protein TSP2 (also
known as THBS2), which has been shown to have an inhibitory effect on
adipogenesis [106], could suggest that MIS would activate adipogenesis
in the RWAT of OVX-MIS rats through the downregulation of these
genes. The observed downregulation of the genes encoding the tran-
scription factors ATF3 [107] and EGR1 [108] and the proteins SNAIL1
[109] and GDF10, also known as BMP3B [110], which inhibit adipocyte
differentiation, would also be, at first glance, consistent with an
enhancement of the adipogenic program in the RWAT in response to MIS
intake. These results are reinforced by the increased number of adipo-
cytes found in the RWAT of both OVX-E2 and OVX-MIS animals
compared to OVX rats according to histological analyses, and the strong
inverse correlation pattern observed between the adipocyte number and
HOMA-IR/LAR is in agreement with the idea that adipocyte hyperplasia
protects against metabolic dysfunctions and preserves adequate WAT
expansion [73]. Conversely, our findings also revealed decreased mRNA
levels of genes encoding important transcription factors (FOS [111],
FOSB [111], ATF5 [112], and EGR2 [108]) and proteins (MEDAG [113],
GLIPR1 [114], SFRP2 [115], BMP2 [116] and VSIR [117]) involved in

14

the activation of adipogenesis, which would not support the increased
formation of adipocytes. Remarkably, we did not observe significant
increases in the expression of the adipogenesis gatekeeper preadipocyte
factor 1 [118] (Pref-1, also known as Dk1, which was sharply decreased
in our study, FC: —11.7; p adj.=0.21) or in the mRNA levels of the genes
encoding the master regulators of adipogenesis, PPARy and C/EBPa [73,
118]. Overall, our findings did not support increased adipogenesis in the
RWAT of OVX-MIS animals, although additional research focused on the
protein levels of key factors involved in the adipogenic program and/or
on the quantification of RWAT DNA content would be useful for shed-
ding more light on this issue. Notably, many of the genes involved in cell
fate determination and differentiation that were downregulated in the
RWAT of OVX-MIS rats are increased with obesity (e.g., Egrl [119], Egr2
[120], Cen5 [105], Medag [113], Gdf10 [110], Atf 3 [121], Af5 [112],
Sfrp2 [115], and Bmp2 [116]), and some of these genes are involved in
obesity-related metabolic alterations, such as IR/type 2 diabetes (Egrl
[119], Cen5 [105], Atf3 [121], Sfrp2 [115], and Bmp2 [116]), low-grade
chronic inflammation (Egrl [119], Egr2 [120], and Fos [122]) and the
cellular stress response (Egrl, Egr2, Fos, Fosb and Atf3) [123]. Interest-
ingly, fat or weight loss was associated with the downregulation of FOS
[124] and SFRP2 [125] expression in human WAT. Overall, these results
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indicate that the modulation of these genes, which play important roles
in adipose tissue function and stress response, is a favourable adaptive
response to the decreased fat accretion and hypertrophy observed in the
RWAT of OVX-MIS rats, which reinforces our hypothesis that an
improved immunometabolic profile occurs in response to MIS
consumption.

Supplementation with MIS also produced slight beneficial effects on
cholesterol metabolism, significantly decreasing the TC/HDL-c ratio
compared to that in their OVX counterparts. This atherogenic ratio,
called the Castelli risk index 1 [126], constitutes a risk indicator for CVD
with greater predictive value than each variable separately since an
increase in the TC concentration is a marker of atherogenic lipoproteins,
while a decrease in the HDL-C concentration is correlated with
numerous risk factors, including the components of MetS. At first glance,
this result could be partly attributed to the antihypercholesterolaemic
and antiatherosclerotic effects of carnosine, which can facilitate the
removal of aldehydes from atherosclerotic lesions [127] and counteract
the increased circulating levels of TC and LDL-c in rats fed a high-fat
high-carbohydrate diet [128]. Nevertheless, in the present study, OVX
rats did not show significant changes in either TC levels or the TC/HDL-c
ratio compared to SHAM animals. Therefore, additional studies in which
OVX rats are challenged with a hyperlipidic and atherogenic diet to
induce hypercholesterolemia would be valuable to provide more in-
sights into the physiological significance of this effect. These slight
positive effects observed regarding cholesterol homeostasis after MIS
consumption were also observed at gene expression level in the RWAT of
OVX-MI animals with the sharp downregulation of the gene encoding
OLR1 (also named LOX-1), which is a receptor for oxidized LDL that
enhanced the expression of proinflammatory cytokines in WAT and that
was increased in diet-induced obese mice [129]. Furthermore, increased
circulating LOX-1 levels were found in menopausal women with obesity,
and the plasma levels of this protein positively correlated with BMI and
body fat [130], suggesting that the downregulation of Olrl observed in
the present study would also favour a healthier immunometabolic pro-
file in the RWAT of OVX-MIS rats.

Surprisingly, we did not observe increased hepatic GSH levels in
response to MIS consumption, contrary to what would be expected in
response to the consumption of the potent GSH precursors serine and
cysteine, which, in combination with L-carnitine and nicotinamide
riboside, have been proposed as treatments for NAFLD in humans [131].
Remarkably, the increased urinary levels of 8-OHdG observed in
OVX-E2 animals, an effect that was not observed after MIS consumption,
could be interpreted as a side effect of the 7p-E2 treatment because the
8-OHdG levels increased in response to oestrogen-induced oxidative
stress in a rat model of breast cancer [132], and a nested case—control
study concluded that the long-term use of an oestrogen-based HRT was
associated with an increased risk of suffering from breast cancer in
postmenopausal women [133].

5. Conclusions

We reported here that the consumption of a blend of histidine, car-
nosine, cysteine and serine by a postmenopausal model with oestrogen
deficiency, namely, OVX rats, decreased adiposity and RWAT adipocyte
hypertrophy and improved body composition, as also evidenced by the
increased lean body mass and lean/fat mass ratio. The decreases in the
LAR and TC/HDL-c ratios and in the CRP plasma levels, as well as the
favourable expression profile of key genes involved in the regulation of
the cytoskeleton and ECM reorganization, glucose and insulin homeo-
stasis, oxidative phosphorylation, cell fate determination and differen-
tiation, inflammation and stress response found in the RWAT in response
to MIS strongly suggest an improvement in immunometabolic health in
OVX-MIS rats in response to MIS. To the best of our knowledge, this
study is the first to report that the combination of these amino acid-
related compounds exerted such effects. Our findings pave the way for
promoting the use of this MIS formulation to ameliorate obesity and to
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improve the immunometabolic health of menopausal women. Further
randomized controlled clinical trials performed with this target popu-
lation treated with this MIS supplement are warranted.
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