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SUMMARY

Menopausal transition, known as perimenopause, and later, the postmenopausal state are
natural biological phases in a woman’s life associated with reproductive aging. These
processes are characterized by senescence in the ovarian function accompanied by a
decline in oestrogen production, which already occurs in perimenopause with the
appearance of irregular menstrual cycles and is exacerbated during the postmenopausal
state. This reproductive aging process is often accompanied by various vasomotor
symptoms, such as sleep disturbances, night sweats, and hot flashes, and can be associated
with an increased risk of osteoporosis and with the appearance of obesity and other
cardiovascular risk factors. In this PhD thesis, we hypothesized that two multi-ingredients
acting against complementary targets, one containing the natural bioactive compounds
curcumin, hesperidin, and phytosterols, and the other composed of the amino acid-related
compounds histidine, serine, cysteine, and carnosine can exert beneficial effects against
obesity and related cardiometabolic disturbances associated with menopause. We firstly
characterized the menopausal transition using ovarian-intact middle-aged rats and
analyzed circulating signatures across perimenopause, identifying potential lipidomic-
based biomarkers in serum during the menopausal transition. Secondly, we used
ovariectomized rats, a postmenopausal model with oestrogen deficiency, and we reported,
using a transcriptomics approach, that peripheral blood mononuclear cells reflected the
molecular changes associated with oestrogen deficiency in the postmenopausal stage
concerning alterations in immune function, stress response, bone metabolism, cholesterol
metabolism, and glucose homeostasis. Finally, we revealed that the oral supplementation
with the two above commented multi-ingredients ameliorated obesity and related
metabolic alterations in ovariectomized rats, being these effects of a similar magnitude to
those produced by the administration of oestradiol, a pharmacological treatment that
simulates hormone replacement therapy that is sometimes prescribed to women during
the post-menopausal state. Our findings can pave the way for using these multi-
ingredient-based formulations as alternative therapies to manage menopausal-related

disturbances.





















INTRODUCTION

1. Menopausal Transition and Postmenopause
1.1. Physiology

Beyond natural chronological senescence, the physiological changes of female
reproductive aging begin to manifest during the menopausal transition, known as
perimenopause (1-4). This phase is characterized by the progressive depletion of ovarian
and oocyte function through normal atresia and ovulation, which in turn leads to a decline
in oestrogen and progesterone production (4-7). These changes ultimately mark the end
of the woman's reproductive years, culminating in the postmenopausal state (1-8). This
phase typically occurs between 45 and 55 years of age, occurring at the onset of
perimenopause, on average, at the age of 47.5 (9), and can trigger various changes in the
body, affecting multiple systems and leading to distinct physiological symptoms and

health risks (7-10).

During the reproductive years, the menstrual cycle is regulated by a complex interplay of
hormones that govern the processes of folliculogenesis and ovulation. As women enter
the menopausal transition, these processes become irregular and finally cease, as the
ovaries exhaust their follicular reserves, leading to the end of menstrual cycles and

fertility (6,7).

Interestingly, the changes that emerge during menopausal transition, emphasize the
concept of gender dimorphism (11,12). This is based on observed differences in metabolic
responses between women and men, particularly in fat distribution and accumulation, as
well as the risk of developing certain diseases (12). During the menopausal transition,
gender dimorphism becomes apparent in metabolic responses, with premenopausal
women generally experiencing a lower prevalence of cardiovascular diseases (CVDs),

metabolic syndrome (MetS), and osteoporosis compared to men of the same age. This
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From puberty onward, the pulsatile release of gonadotropin-releasing hormone (GnRH)
from the hypothalamus acts on the anterior pituitary gland, prompting the synthesis and
secretion of the gonadotropins, FSH and LH, into the bloodstream, thus regulating
ovarian function (1-3). At the beginning of the menstrual cycle, all four vital reproductive
hormones (FSH, LH, oestradiol, and progesterone) are at their lowest levels. During the
follicular phase, GnRH stimulates the release of FSH, which promotes the growth of
antral follicles and increases the secretion of oestradiol and inhibin B. This sequence
supports the development and maturation of ovarian follicles until ovulation. As levels of
oestradiol and inhibin B rise, they inhibit further production of FSH and trigger a surge
in LH. This surge in LH is pivotal in inducing ovulation by releasing the oocyte from the
follicle (1-3). Whether fertilization does not occur, during the luteal phase, the corpus
luteum forms from the ruptured follicle and becomes the primary source of progesterone,
along with oestradiol and inhibin A. Approximately seven days after ovulation, the corpus
luteum undergoes degeneration, causing a decline in oestrogen and progesterone levels,
which initiates menstruation. This cyclic hormonal interplay ensures regular opportunities

for fertilization (Figures 1 and 2) (1-3).
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INTRODUCTION

The STRAW staging system, introduced in 2001 and updated a decade later as
STRAW+10, categorizes the stages of transition to menopause primarily by analyzing
changes in menstrual duration and pattern. These menstrual changes serve as the principal
criteria, while known ovarian and endocrine markers of reproductive aging are considered
supportive criteria. The last update included biomarkers such as FSH, AMH, Inhibin B,
antral follicle count (AFC) and also vasomotor symptoms (VMS), which show
considerable promise. However, the lack of standardized assays and the scarce available
data obtained from non-infertility populations remain significant limitations to their
incorporation into the STRAW staging system and their utility as clinical tools for staging

reproductive aging (1).

STRAW+10 describes and divides the adult female life into three broad phases:
reproductive, menopausal transition, and postmenopause. These three phases include a
total of seven sub-stages centred on the Final Menstrual Period (FMP, Stage 0). Stages -
5 to -3 include the Reproductive period; -2 to -1 the Menopausal transition; and +1 to +2
the Postmenopause (Table 1). The time including both early and late stages of menopausal
transition, along with the year following the FMP, is commonly referred to as

perimenopause (Table 1) (1).
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Some researchers attribute the initial endocrine changes in perimenopause primarily to
declining AFC and subsequent alterations in feedback mechanisms that regulate the HPG
axis (34). Others emphasize that a decrease in inhibin could be the earliest detectable
event (35). Recent analyses from population-based cohort studies indicate that an AMH
level of at least 200 pg/ml in late reproductive-age women reliably predicts that
menopause will not occur within the next 5 years (36). AMH has shown greater accuracy
in predicting the time to the FMP compared to FSH, oestradiol, or inhibin, and is less
influenced by factors such as body mass index (BMI), race, or ethnicity (37). However,
despite its potential as a marker of ovarian follicular reserve, AMH is not currently

recommended as a routine diagnostic test for perimenopause.

Furthermore, the role of FSH remains complex; it is often elevated prior to the onset of
menstrual cycle irregularities, sometimes even up to 10 years before the menopausal
transition begins (25). This variability underscores the challenge of using hormonal
markers, including those in the STRAW criteria, beyond cycle length alone. The lack of
consensus on what triggers these hormonal alterations complicates their utility as reliable
biomarkers for perimenopause, it is essential to consider that the menopausal transition is
a dynamic and continuous process with substantial interpersonal variations in the

frequency, intensity and age of onset of symptoms.

In terms of STRAW+10 stages related to menopausal transition, they consist of two
phases and an extra phase for the perimenopausal state, the latter corresponding to the
first year after the last menstrual period. This third stage is the temporal point of
consensus to consider that the woman has reached menopause and, therefore, it is the

starting point of the stage known as postmenopause (1).
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During early menopausal transition Stage -2, women typically experience heightened
variability in menstrual cycle length, characterized by increased variability in menstrual
cycle length, defined as a persistent difference by more than 7 days in the length of two
consecutive cycles, counting the last 10 cycles since the first variable cycle in terms of
length appears. This phase could be marked by menstrual cycles ranging approximately
from 14 to 50 days (19). In this stage, women also exhibit consistently low levels of AMH
and Inhibin B, alongside reduced AFC. Despite these hormonal changes, residual ovarian
follicles in early perimenopause continue to support mostly ovulatory cycles (1). Elevated
FSH levels contribute to the variability in cycle length, which encompasses both normal-

length ovulatory cycles and variable-length anovulatory cycles.

Late menopausal transition Stage -1 is characterized by the occurrence of at least two
skipped menstrual cycles and a minimum of one period of amenorrhea exceeding 60 days
(1). During this stage, menstrual cycles become highly variable in length, accompanied

by significant fluctuations in hormonal levels and an increased incidence of anovulation.

FSH levels may rise into the menopausal range, with levels exceeding 25 IU/L in random
blood draws serving as a characteristic marker of late transition (1). Studies, including
those from the SWAN cohort, have identified distinct patterns of FSH and oestradiol
changes leading up to and following the FMP. Approximately 10 years prior to the FMP,
FSH levels begin to rise steadily, accelerating markedly around 2 years before the FMP,
decelerating shortly before, and stabilizing approximately 2 years post-FMP (24,38).
Conversely, oestradiol levels remain stable until approximately 2 years before the FMP,
after which they decline rapidly, reaching their lowest point at the time of the FMP, and
then stabilizing again by 2 years post-FMP (24,38). These patterns were consistent across
different age groups at FMP and among various racial and ethnic groups, though obesity

has been noted to attenuate the rise in FSH and delay its initial increase (38).
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period in which further changes in reproductive endocrine function are minimal, and
somatic aging processes become more prominent. Symptoms such as vaginal dryness and

urogenital atrophy become increasingly common during this stage.

1.2. Symptoms and health risks of menopause

Menopause is associated with a range of symptoms and health risks, which are influenced
by factors such as ethnicity, individual clinical history, and current health status,
especially obesity, which can affect the prevalence of certain symptoms and exacerbate
both the intensity of the VMS and the risk to suffer metabolic related alterations (26). An
early onset of menopausal transition predicts a longer duration with earlier and more
severe symptoms, which could last more than 10 years (41). For instance, African
American women have been observed to have a longer duration of the menopausal
transition compared to White women (41). Additionally, White, Chinese, and Japanese
women generally have a lower probability of experiencing irregular menstrual cycles

compared to African American and Hispanic women (7).

During the early menopausal transition, certain menopausal symptoms, such as VMS,
begin to appear, with their prevalence significantly increasing in the first 1-2 years after
the FMP during the late transition. This phase is marked by the manifestation of incipient
ovarian failure, leading to the onset of anovulatory cycles and a decline in oestrogen

levels, thereby contributing to a broader spectrum of severe symptoms (1,42).

Although, several studies indicate that risk factors for postmenopausal diseases start to
emerge during perimenopause, within the 5- to 10-year period preceding the onset of
menopause (19,43). Currently, the only clinically accepted sign of the menopausal

transition is cycle length according to STRAW+10 (1). Therefore, further research is
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needed to explore additional biomarkers to shed light on the underlying mechanisms

across different stages.

Indeed, the number of postmenopausal women is increasing as global life expectancy
rises, with women now spending approximately one-third of their lives in the
postmenopausal stage (1,44). Beyond chronological aging, physiological changes during
the menopausal transition contribute to an elevated risk of developing non-communicable
diseases evident in the postmenopausal state, such as osteoporosis, atherosclerosis,
CVDs, stroke, type 2 diabetes mellitus (T2DM), and MetS (45-49). Understanding these
symptoms and health-related risks is essential for developing effective prevention and
management strategies to improve the quality of life for women during perimenopause

and after menopause (Figure 4).
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1.2.1. Vasomotor symptoms (VMS)

Central nervous system-related symptoms, including VMS, sleep issues, anxiety,
depression, as well as mood and cognitive changes, result from neurobiochemical
alterations that occur during menopausal transition. Among these, VMS—characterized
by hot flashes and night sweats, often followed by trembling and chills—are particularly
significant, manifesting in up to 75-80% of women during the menopausal transition and
postmenopause. These distressing symptoms are the hallmark of menopause,

substantially impacting the quality of life for many women (26).

VMS typically emerge as oestrogen levels begin to decline, starting as early as two years
before the FMP. These symptoms peak one year after the FMP during the late menopausal
transition and continue for approximately four years after the FMP in about 50% of
women, with duration varying depending on ethnicity. While some women may
experience VMS for only six months, they can last for over ten years in a minority of
women (19,50,51). The multi-ethnic SWAN study reported that African American and
Hispanic women had the highest rates, longest duration, and greatest severity of VMS,
whereas females of Asian descent had the lowest VMS rates (26,42,51). These ethnicity-
related differences are potentially influenced by the higher prevalence of obesity among

African American women compared to other ethnicities (26).

Hot flashes are among the most frequent VMS experienced by menopausal women,
marked by their abrupt and seemingly unpredictable onset throughout the day and night.
Each episode can last several minutes, beginning with a flushing sensation that spreads
across the upper body, often accompanied by profuse sweating (26,51). Hot flashes are
thought to arise from dysregulation in the HPG axis, involving fluctuations in oestrogen,

LH and FSH levels (51). However, their occurrence does not consistently correlate with
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fluctuations of these hormones; instead, they are more directly associated with the abrupt
deprivation of oestrogen (18,42,51). Menopausal women receiving oestrogen-based
hormone replacement therapy (HRT) have shown higher core temperature sweating

thresholds and reduced frequency of hot flashes compared to those receiving placebo (42).

The exact mechanism underlying VMS remains poorly understood but is hypothesized to
involve disruptions in the hypothalamic temperature-regulation system. It is proposed that
even small increases in core body temperature, acting within a narrowed thermoneutral

zone, may trigger sudden bursts of warmth in the peripheral vasculature (18).

Although VMS are commonly perceived as benign, severe and persistent VMS are linked
to heightened cardiovascular risk profiles (42,51,52). For instance, the SWAN study
reported a 77% higher risk of CVDs among women experiencing frequent VMS
compared to those with infrequent or no symptoms (53). This elevated risk is partly
attributed to the decline in endothelial function that coincides with menopause, likely
exacerbated by reduced oestrogen levels (42). In contrast, a longitudinal study involving
8,881 participants aged 45-50 in the Australian Longitudinal Study on Women’s Health
(ALSWH) over a 20-year period found no consistent evidence linking VMS with
increased clinical outcomes of CVDs (54). Despite previous studies suggesting
associations between VMS and cardiovascular risk factors, this comprehensive
investigation did not substantiate these claims. Therefore, further research is needed to

fully elucidate the implications of VMS on cardiovascular health.

1.2.2. Sleep disorders

Sleep disturbances are a significant concern for women undergoing menopause. During
perimenopause, women often experience a decline in sleep quality, characterized by

difficulties in falling or staying asleep and early awakening (18). A survey conducted
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among over 12,000 women in the SWAN study revealed that nearly 37% of women aged
40 to 55 reported sleep difficulties correlated with the timing of menopausal transition,
with higher rates observed in Caucasian and Hispanic women (55). Research indicates
that sleep disturbances typically begin in the early stages of menopause and peak during
the late transition, after which symptoms tend to stabilize as women progress into

postmenopause (18,55,56).

The prevalence of sleep disturbances increases during the menopausal transition, with
nighttime awakenings being the most frequently reported issue. Women experiencing
more severe VMS are more likely to report insomnia. However, it's important to note that
VMS alone does not account for all changes in sleep patterns during this transition period

(18).

1.2.3. Mood changes and related disorders

The menopausal transition is recognized as a pivotal period for the onset of mood
disorders, notably depression and anxiety. The prevalence of these symptoms peaks
during late perimenopause and early postmenopause (18,26,42,57). The research
underscores the pivotal role of fluctuating steroid hormone levels, especially oestrogen,
in mood regulation (18). Women exhibit a lifetime prevalence of major depressive
disorder exceeding 20%, which is twice that of men, underscoring the profound impact
of hormonal fluctuations on women’s mental health (26). During menopause, the decline
and variability in oestrogen levels are strongly associated with heightened risks of
depressive and anxiety symptoms. Three well-established longitudinal and cohort studies
consistently demonstrate that women are at an increased risk of developing major
depressive disorder during the menopausal transition, even in the absence of prior
psychological disorders (58-60).
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1.2.4. Cognitive changes and related disorders

Cognitive-related alterations are a significant concern for perimenopausal women, who
often report experiencing a decline in memory and concentration (26,42). This cognitive
decline can be distressing and can have clinical relevance (61). Longitudinal data obtained
from the SWAN cohort over a four-year period demonstrated a reduction in cognitive
performance, particularly in learning abilities, primarily during the perimenopausal stage
(62). Given the hormonal fluctuations throughout the entire female lifespan, and
considering the role played by sex hormones in the central nervous system, it is not
surprising to observe the onset of mood or neurodegenerative disorders over time.
Anatomical studies have shown that the hippocampus and prefrontal cortex, which are
critical for episodic and working memory, express high levels of oestrogen receptors
(ERs). In these brain regions, oestradiol-dependent activation of ERs can modulate the
synthesis, release, and metabolism of neurotransmitters like serotonin, dopamine, and
acetylcholine, as well as neurosteroids such as dehydroepiandrosterone (DHEA) (63).
Progesterone, on the other hand, has shown opposite effects in inhibiting glutamate
transmission and exciting Gamma-aminobutyric acid (GABA) transmission (64).
However, the link between circulating sex hormone levels and cognitive impairment is
not well-established (26,64). One study evaluated this issue in early postmenopausal
women who were prescribed an HRT for four years, reporting no appreciable differences
in cognition between these women and those receiving a placebo, indicating that HRT

neither harms nor improves cognitive function in early postmenopausal women (65).

In summary, while perimenopausal women often experience cognitive changes, the role
of oestradiol, other sexual hormones, or HRT in mitigating these changes remains

unclear. Further research is needed to better understand the mechanisms underlying
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cognitive disorders during the menopausal transition and to develop effective

interventions.

1.2.5. Body weight gain and obesity

In women, body weight gain and the prevalence of obesity can increase during midlife.
Both ovarian aging and chronological aging may contribute to significant changes in body
composition, including increased fat mass, decreased skeletal muscle mass, and greater
waist circumference (66). Obesity has been associated with a longer menopausal
transition duration (26) and it is well established that oestrogen, regardless of sex, has a
key role as regulator of adipose tissue health and as mediator of adipose tissue
distribution, promoting visceral fat storage (67,68). An increasing body of evidence
obtained from longitudinal studies suggests that, during the menopausal transition, there
is a noticeable shift in body fat distribution from a gynoid to an android pattern,
contributing to increased visceral fat accumulation and a subsequent increase in waist
circumference, which may contribute to increased cardiovascular risk and metabolic

conditions, such insulin resistance (IR), in postmenopausal women (26,66,69—75)

However, it remains unclear whether body weight gain per se is primarily attributed to
the menopausal transition, to aging, or to both factors. Thus, various longitudinal studies
demonstrated an increase in body weight during the menopausal transition, with an
average gain of approximately 0.5 Kg per year (66,71-75), and the SWAN study reported
an absolute cumulative increase in waist circumference of about 5.7 cm over six years
(66). Nevertheless, in some studies, no weight gain was observed (76), which could be
related to the loss of lean body mass. Oestrogen deficiency after menopause leads to an
increase in total body fat, but could also cause a concomitant decrease in lean body mass

(67,69,75), resulting in a little net change in overall weight (77). Furthermore, oestrogen
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has been shown to enhance fatty acid utilization and oxidation in skeletal muscle (13),
which helps to explain why the oestrogen decline during menopause contributes to

reduced fatty acid oxidation, decreased muscle mass, and lower energy expenditure (69).

On the other hand, increasing evidence from human and rodent studies indicates that
oestrogen promotes the growth of metabolically healthier subcutaneous fat over visceral
fat (68,78). Consequently, the decline in oestrogen levels during menopause leads to a
decrease in subcutaneous fat and an increase in visceral fat (26,68,79). Furthermore,
research utilizing technigues such as dual-energy X-ray absorptiometry (DEXA),
microcomputed tomography (UCT), and Magnetic Resonance Imaging (MRI) have
confirmed that postmenopausal women tend to accumulate more abdominal and visceral
adipose tissue compared to premenopausal women (80-83). Various longitudinal studies
with follow-up periods have consistently shown that the shift in body fat content toward
increased visceral fat mass significantly correlates with increased circulating levels of
FSH and decreased oestradiol blood concentrations (66,69). Postmenopausal women
under an oestrogen-based HRT prescription displayed higher weight loss and lower waist-
to-hip ratio and less visceral adipose tissue than women who did not undergo an oestrogen

therapy (84,85).

Oestrogen has also been shown to increase lipolysis in adipose depots and to boost
adipogenesis (hyperplasia) in healthy subcutaneous adipose tissue, while oestrogen
deficiency trigger hypertrophy in unhealthy visceral adipose tissue (68). This mechanism
appears to be ERa-mediated, whereas ER3 may have opposing effects. The presence of
both ERa and ERp in human subcutaneous and visceral adipose tissue depots is well
established. ERa drives most oestrogen-related functions in white adipose tissue (WAT)
(68,86). In overweight and obese women, differences in ER expression in abdominal

adipose tissues have been reported, displaying premenopausal women a higher Era-to-
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ER ratio than postmenopausal women (68). Furthermore, postmenopausal women under
HRT prescription showed an increased Ero-to-ERp ratio, which was accompanied by
enhanced insulin sensitivity (87). In animal studies, 17p-oestradiol administered to
ovariectomized (OVX) mice —a widely recognized postmenopausal preclinical model
with oestrogen deficiency— improved glucose tolerance and insulin sensitivity in wild-
type but not in ERa-null mice, suggesting that the beneficial effects of oestradiol on
glucose and insulin homeostasis are mediated via Ero (88,89). The protective effects of
oestrogens against T2DM observed in OVX mice fed a high-fat diet would support the
idea that targeting ERa could mitigate the alterations of glucose and insulin homeostasis

occurring in the postmenopausal state (89).

Additionally, oestrogen has been suggested to regulate lipoprotein lipase (LPL), an
enzyme responsible for catalyzing the hydrolysis of triglycerides (TG) present in TG-rich
lipoproteins into free fatty acids, allowing their uptake into non-hepatic tissues for the
storage of lipid droplets (68,90). The promoter region of LPL contains oestrogen response
elements that interact with oestrogen receptors, inhibiting its mMRNA expression in 3T3
adipocyte cells (91). Ferrara et al. (92) observed that in obese peri- and postmenopausal
women matched for whole-body composition, abdominal LPL activity was higher and
lipolysis was lower in postmenopausal compared to perimenopausal women. Another
study demonstrated that the visceral to subcutaneous LPL activity ratio and visceral
adipocyte basal lipolysis were significantly higher in ovarian hormone-deficient women,
indicating a shift towards visceral fat storage (79). In addition, in this study, significant
positive correlations between visceral fat area and visceral LPL activity and adipocyte
cell size were found, supporting the notion of fat redistribution towards the visceral

compartment in ovarian hormone-deficient women, an effect that could be mediated, at
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least in part, through the interplay between oestrogen and LPL (79), although correlations

do not imply causality.

WAT acts as an endocrine organ, producing adipokines such as leptin and adiponectin,
which are crucial indicators of metabolic health (93). Leptin, circulates in proportion to
body energy stores, decreases food intake by interacting with its receptor in the
hypothalamus and avoids the ectopic accumulation of fat in tissues other than WAT, such
as the liver and muscle. It has been described that obesity is associated with increased
circulating levels of leptin and IR (94,95). Conversely, adiponectin acts as an insulin
sensitizer and is inversely associated with obesity, T2DM, and MetS (96). In this regard,
Juppi et al. (2022) observed that during the menopausal transition, android adipose tissue
was positively associated with both adiponectin and leptin circulating levels (75). This
increase in adiponectin levels was confirmed by other authors as well (70), although it
appears counterintuitive since lower adiponectin levels are typically linked to increased
visceral adipose tissue (97). A growing body of scientific evidence indicates that the ratios
between insulin and leptin, namely adiponectin to leptin ratio (ALR) and leptin to
adiponectin ratio (LAR), can correlate better with IR and insulin sensitivity than
adiponectin, leptin and the surrogate markers of insulin resistance and sensitivity, the
homeostatic model assessment for insulin resistance (HOMA-IR) and the revised
quantitative insulin sensitivity check index (R-QUICKI), respectively (98-102). Thus,
LAR has been described as a good predictor of T2DM and MetS (98) and, similarly, ALR
would be a biomarker of insulin resistance and adipose tissue inflammation and
dysfunction in humans and has been shown to be clinically useful to identify subjects
susceptible to cardiometabolic diseases (99-102). In this sense, an ALR > 1.0 is

considered normal, while an ALR between >0.5 and <1.0 suggests moderate-to-medium
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Normal levels of endogenous oestrogen exert several cardioprotective effects, improving
endothelial function, decreasing vascular resistance, blood pressure and cardiac
hypertrophy, attenuating proinflammatory pathways, and inhibiting atherogenic
oxidation of LDL (51,113-116). The significant reduction in oestrogen levels during
menopause can adversely affect endothelial cell growth and diminish the inhibitory
impact of female sex hormones on the growth and proliferation of vascular smooth muscle
cells (104). Oestrogen deficiency after menopause may activate the renin-angiotensin
system, upregulate vasoconstrictor endothelin, and impair nitric oxide-mediated
vasodilation (117-119). In addition, ectopic fat accumulation in visceral tissues, such as
the heart, has been observed in postmenopausal women (111). EI Khoudary et al. (2020)
reported that perimenopausal women at the latter stage and postmenopausal women had
higher volumes of pericardial fat than premenopausal women regardless of age, race,
obesity or other covariates (111). Thus, all these changes might collectively contribute to

faster atherogenesis and a higher susceptibility to CVDs in postmenopausal women.

A meta-analysis study conducted by Pu et al. (2017) concluded that oestrogen deficiency
is a crucial factor in the development of MetS in postmenopausal women (106). In this
study, it was estimated that the prevalence of MetS in postmenopausal women was
between 31-55% (106). The metanalysis highlighted that nearly all components
associated with MetS (BMI, waist circumference, LDL-c, TG, blood pressure, fasting
glucose, and insulin) showed adverse changes after menopause, except for HDL-c. For
instance, TG levels increased by an average of 20.44 mg/dL, and LDL-c by 20.77 mg/dL
in postmenopausal women. Additionally, fasting glucose and insulin levels were
significantly higher in postmenopausal women by 4.64 mg/dl and 20.88 mmol/l,
respectively, compared to premenopausal women (106). In line with increased obesity,

BMI and waist circumference were higher by 0.94 kg/m? and 4.12 cm, respectively, in
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postmenopausal women compared to premenopausal women (106). This meta-analysis
also reported increases in both systolic (6.11 mmHg) and diastolic (3.54 mmHg) blood

pressures in postmenopausal women (106).

In line with these findings, another study concluded that abdominal obesity, a major risk
factor for CVDs and MetS, was observed nearly three to five times more frequently in
postmenopausal women compared to their premenopausal counterparts (120).
Furthermore, oestrogen deficiency in nearly half of the postmenopausal women resulted
in the development of MetS, affecting 41.5% of these women, and led to
hypertriglyceridemia in 56.9% of the cases (17,121). On the other hand, a 6-year follow-
up study carried out with premenopausal and early perimenopausal women reported an
absolute cumulative increase of approximately 5.7 cm in waist circumference, which
positively correlated with FSH levels, even after adjusting for baseline waist
circumference (66). In addition, a waist circumference > 88 cm was the most prevalent

factor in menopausal women with MetS across various countries (14,15,122).

In conclusion, the menopausal transition and the associated decline in oestrogen levels
lead to significant metabolic and vascular changes that increase the risk of suffering
CVDs and MetS in postmenopausal women. Understanding these changes and their
implications is crucial for developing effective strategies to mitigate these risks and

improve cardiovascular health in this population.

1.2.7. Osteoporosis

Osteoporosis is a degenerative bone disorder characterized by low bone mass and altered
bone structure, leading to reduced bone mineral density (BMD) and increased
susceptibility to fractures, particularly in the spine, hip, and wrist in postmenopausal

women (26), with around 40% of women over 50 years old experiencing osteoporotic
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fractures (123,124). Although BMD is not considered a direct health threat, the decrease
in this parameter is often associated with bone fragility and increased susceptibility to
fractures, which are significant clinical events (125). While, there are minimal changes in
BMD during premenopausal or the early menopausal transition stage, BMD sharply
declines during the late perimenopause stage (126). Prospective examinations of BMD
across the menopausal transition reveal that bone loss increases dramatically starting a
year before the FMP and continues for the first two years after FMP. In the SWAN study
and in another study, bone loss was found to accelerate from early to late perimenopause
and postmenopause, with annual losses after the FMP of 2.4% in the lumbar spine, 1.4%

in the hip, and 1.7% in the femoral neck (19,126).

Bone mass and strength are significantly determined during perimenopause, a critical
window for modulating bone health and preventing osteoporosis in later life (49,127).
Metabolic factors such as inflammation as well as micronutrient deficiencies during this
period are linked to lower bone strength and mass (127). Notably, the highest rates of
osteoporotic fractures in Europe are observed in northern countries, likely due to
differences in sun exposure and vitamin D production, essential for calcium absorption
and bone mineralization (128). Furthermore, a study carried out in postmenopausal
Japanese women found that vitamin D, K, and B deficiencies significantly increased

fracture risk, with the lowest incidence in those without deficiencies (129).

It is well-established that oestrogen plays a crucial role in bone remodeling by regulating
the activities of osteoblasts and osteoclasts (130). In osteoblasts, oestrogen promotes
differentiation and maturation through the production of insulin-like growth factors (IGF-
1) and the activation of ERa and ERf receptors (131). These receptors mediate both
genomic and non-genomic actions, enhancing osteoblast proliferation and function.

Additionally, oestrogen exhibits anti-apoptotic and apoptotic effects on osteoblasts and
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mechanisms by which its deficiency accelerates bone resorption, leading to increased

susceptibility to osteoporosis and fractures in postmenopausal women.

In addition to osteoporosis, changes in body composition during midlife in women lead
to a decrease in lean muscle mass, which is more pronounced after menopause (138).
Although sarcopenia cannot be currently attributed to menopause, this degenerative
process is more evident in aging women than in aging men and seems to occur more
rapidly after menopause and could be related to the increased prevalence of osteoarthritis
after the FMP. Common symptoms of osteoarthritis include pain in the distal
interphalangeal joints and thumb base. This hand osteoarthritis usually subsides within
2-3 years but often predicts future joint disease in the knee and spine. Most women report
knee osteoarthritis symptoms during perimenopause or within five years post-menopause,

likely due to oestrogen deficiency affecting joint tissues (26).

2. Hormone Replacement Therapy (HRT): benefits & risks

HRT is widely prescribed to postmenopausal women to alleviate vasomotor symptoms
and to prevent and ameliorate osteoporosis and metabolic-related alterations associated
with the postmenopausal state. It is currently recognized as the most effective treatment
for acute climacteric syndrome, effectively alleviating vasomotor symptoms, and for
reducing the risk of osteoporosis and T2DM. Nevertheless, there is less evidence
concerning the benefits of HRT against CVDs, showing the treatment neutral or

beneficial effects depending on the patient's medical history (139-141).

The prescription of HRT has undergone changes over time in relation to its modalities
(types, routes, and formulations) and clinical decision making based on the risk-benefit

balance (139). HRT typically involves the administration of oestrogen and progesterone
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nowadays, the convenience of HRT prescription is carefully evaluated by physicians for

each woman (139). In this sense, if HRT is prescribed out of the aforementioned periods,

its potential risks may outweigh the benefits, underscoring the need for personalized

evaluation based on each patient’s medical history, symptoms, and risk factors (Table 2)

(139-141).

Table 2. Risk-benefit balance of menopausal hormone replacement therapy (HRT).

Outcome/Symptom Formulation | Benefit | Risk | Probable Benefit or Risk
Vasomotor Symptoms
Osteoporosis and fractures E or E+P v
Type 2 Diabetes Mellitus
G e Bl E v v** | *Decreased risk in women <60 within 10 years of menopause
y E+P PN PR **Increased risk in women many years past menopause
Stroke
- E or E+P v
Venous Thromboembolism
All-Cause Mortalit E or E+P o Trend toward decreased risk when started early in menopause
y and neutral or increased risk when started later in menopause.
E v
Breast Cancer
E+P v
E v
Endometrial Cancer
E+P v

E: oestrogen; P: Progestogen. Adapted from Mehta et al. (2021).

Due to controversy about the risks associated with HRT and the decline in its prescription,

it is imperative to explore alternative therapeutic approaches through nutritional

interventions. These strategies have the potential to provide sustained benefits over

extended periods of consumption, offering a promising avenue for effectively managing

postmenopausal symptoms and metabolic changes.
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were not mediated by decreased caloric consumption (174). Three mechanisms that can
explain the anti-obesity effects of curcumin are the activation of thermogenesis, the
enhancement of energy expenditure (EE) and the regulation of lipid metabolism. In this
regard, curcumin was also able to enhance EE and stimulate thermogenesis efficiently by
enhancing the activity of AMP-activated protein kinase (AMPK) and increasing ATP
production, causing browning of subcutaneous WAT and RWAT in mice (158,160),
while the browning effects of curcumin in vitro have also been confirmed stimulated gene
expression of thermogenic genes (Ucpl, Pgc-/a, Ppar-y, and Prdm16) in both 3T3-L1
and primary adipocytes derived from subcutaneous WAT (175). Curcumin inhibits
differentiation and reduces fat accumulation in a dose-dependent manner (10-20 uM) in
3T3-L1 cells. Concurrently, curcumin decreased the mRNA levels of CD36, a fatty acid
transporter located on the adipocyte membrane and also reduced the expression of fasn
(176), a key enzyme in the de novo long-chain fatty acid synthesis pathway, and glycerol-

3-phosphate acyltransferase-1 (GPAT-1) (177).

In humans, long-term curcumin treatments have shown significant benefits in subjects
with T2DM. In a 9-month study after curcumin supplementation, 16.4% of participants
in the placebo group were diagnosed with T2DM, whereas none of the subjects included
in the curcumin-treated group were diagnosed with T2DM. The authors found elevated
adiponectin levels and reduced HOMA-IR and fasting glucose levels, improving the
response to the oral glucose tolerance test (OGTT) in the curcumin-treated group (173).
In another 6-month study by the same research group, the authors reported increased
adiponectin and decreased leptin levels, along with improved IR, reduced circulating TG
and visceral and total fat accumulation in diabetic patients (170). Additionally, a meta-

analysis confirmed that the significant decrease in plasma leptin concentrations is
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(2014) also observed in OV X rats a reduction in blood markers of bone resorption (CTX-
1) and formation (OC) following 8 weeks of hesperidin supplementation (220). Overall,
hesperidin intake was accompanied by a lipid-lowering effect, reducing the circulating
levels of TG, TC (218-220), and LDL-c (220). Thus, these results suggest that hesperidin
protects may be useful in the prevention and control against ovariectomy-induced bone
loss and disrupted lipid metabolism. Hesperidin has also shown beneficial effects on
arthritis conditions. In this regard, Umar et al. (2013) revealed that hesperidin mitigated
the detrimental effects on bones and joints associated with rheumatoid arthritis, thereby

suppressing the progression of the disease (221).

Although these results obtained at the preclinical level are promising, human clinical
trials have generally obtained inconclusive findings (192,222). For instance, the uncertain
outcomes regarding blood pressure after hesperidin intake in humans may be attributed
to the limited absorption and bioavailability of hesperidin. Our research team has recently
shown that the supplementation with a micronized form of hesperidin extract, primarily
containing the 2S isomer (M2SH), significantly improves the bioavailability of this
flavanone (222). This exciting discovery opens up opportunities for further investigations
to determine if this heightened bioavailability results in amplified cardioprotective and

bone-related benefits.

Phytosterols are phytosteroids with a similar structure to cholesterol that are naturally
present in large levels in seeds such as pumpkin and sesame; nuts such as pistachios,
walnuts, peanuts and almonds; and vegetable oils derived from rapeseed, sunflower,
wheat germ, corn, soybean and avocado; and legumes, whereas, grains, fruits, and
vegetables contain smaller amounts (223). The body acquires cholesterol through two
main pathways: consumption of cholesterol-containing foods and endogenous production

by the liver. Unlike cholesterol, humans are not able to endogenously synthesize
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effects of this AA on lipid metabolism, Al-Sawalha et al. (2019) observed that a 16-week
L-carnosine intervention countered the increases in RWAT weight, TC, and LDL-c
induced by the intake of a high-fat, high-carbohydrate diet in rats (264). Furthermore,
Mong et al. (2011) reported that histidine and carnosine intake, separately, for 8 weeks
significantly reduced body weight, epididymal fat, and hepatic TG and TC levels,
counteracting the lipogenic effects of a high-fat diet in mice by suppressing the activity
and mRNA expression of key lipogenic enzymes (Glucose-6-phosphate dehydrogenase,
malic enzyme, fatty acid synthase, and HMG-CoA reductase) and sterol regulatory
element-binding proteins (SREBP-1a, -1c, and -2), thereby reducing lipid accumulation
in the liver and adipose tissue (265). Furthermore, carnosine supplementation improved
cognitive decline in animal models of Alzheimer's disease, aged people, and people with
mild cognitive decline (257). On the other hand, carnosine intake showed positive effects

on anxiety, stress, and depression-like behaviors in rodents (266,267) and humans (268).

L-cysteine is considered a semi-essential AA because human beings have the capacity to
synthesize it from the AA methionine (269) and its circulating levels are regulated by its
precursors, essentially serine (270). Altered cysteine homeostasis and reduced blood
levels of this AA have been reported in diabetic human subjects (271,272) and in diabetic
animal models, such as streptozotocin-treated rats (273) and Zucker diabetic fatty rats
(274-276). It has been reported that circulating and tissue GSH levels decrease with age
and diabetes (277). GSH is synthesized de novo from glycine, cysteine, and glutamate,
being L-cysteine the rate-limiting AA for this reaction (240,277). Several preclinical
studies showed that cysteine supplementation restored the hepatic GSH levels (271,274)
and Jain, Sushil K et al. (2009) also observed a reduction in inflammatory markers (MCP-
1 and CRP) and decreased HOMA-IR (275) in Zucker diabetic rats. Furthermore, L-

cysteine is well-described as an inhibitor of the hepatic enzyme histidine ammonia lyase
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4. Biomarkers: essential indicators of the health status and their role in

nutrition studies

According to the National Institutes of Health (NIH), a biomarker is defined as “a
characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention.” (290) Therefore, a biomarker refers to any feature that can be objectively
quantified or measured through various biochemical samples, assessing an organism's
exposure to normal or pathological processes, or their response to dietary or

pharmacological interventions, such as nutraceutical supplements or HRT.

A key focus in modern biomedical research is to decode the intricate relationships
between health, disease states, nutrition, and medications (290,291). In this context, the
discovery of biomarkers serves as invaluable tools for personalized identification of the
boundaries between health and disease, as well as monitoring their progression in
response to dietary interventions. In this context, three main classes of biomarkers can be
identified: (1) the diagnostic biomarkers, detect or confirm the presence of a disease or
an abnormal condition; (2) prognostic biomarkers are employed to assess the
probability of a clinical event, the recurrence of a disease, or the progression of a disease
in patients with a particular medical condition; and (3) predictive biomarkers, which
can indicate the likelihood of an individual or group effectively responding to a specific

treatment due to their inherent characteristics (290,292).

Currently, there are few biomarkers applicable to nutrition, since most are end-point
biomarkers, used in the clinic and which indicate an advanced pathophysiological state,
at which point nutritional interventions as a strategy to prevent diseases or reverse their
onset it is in most cases not useful. For this reason, there is a need to identify biomarkers
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of homeostatic robustness that allow the scientific community to; a) detect early
alterations that can be influenced through a nutritional intervention; b) identify the
metabolic and physiological processes on which foods and nutritional supplements can
act. These biomarkers can, therefore, make it possible to support health claims made on
food, in accordance with European legislation. Thus, it is essential to identify biomarkers
that indicate a predisposition to a pathological state to explore the effects of
nutraceutical/food supplementations on our metabolism (293). Understanding how
nutritional strategies can influence and potentially mitigate this predisposition is crucial
for preventing the progression to more serious health conditions. By detecting early
changes, there is potential to reverse this propensity before it develops into a more severe
condition, such as menopause-related diseases (e.g. obesity, CVDs and osteoporosis).
Given that early changes induced by nutraceutical supplementation are typically subtle
compared to those brought about by pharmacological treatments, new approaches using
sensitive and advanced techniques are necessary for the detection of these small changes
as biomarkers. These approaches should require the collection of non-invasive or
minimally invasive biological material, such as body fluids like blood (the most used),
urine, saliva, and even tears, allowing for their application in clinical studies and the
subsequent identification of biological profiles (gene expression, proteins, and/or
metabolites) associated with a higher risk of developing pathologies (290,292). In this
sense, advancements in omics sciences, including genomics, metabolomics,
transcriptomics, and proteomics, have expanded opportunities for identifying novel
biomarkers of different types due to their high sensitivity (294,295). These approaches
have been extensively researched in the context of various pathophysiological disorders,
utilizing advanced tools to investigate alterations in nucleic acids, proteins, peptides and

metabolites (294-296).

57






INTRODUCTION

In this scenario, although a biomarker can simply be the level of a certain molecule, the
concept of multivariate biomarkers becomes crucial. Multivariate biomarkers combine
variables of different natures, providing precise information about an individual's health
status. To obtain these biomarkers, it is essential to integrate all the data generated by
omics techniques through systems biology. In this context, metabolomics emerges as a
highly valuable tool for assessing evolutionary and multifactorial changes from the
onset of female reproductive aging to menopause (3). These physiological processes
rely on a complex network of mechanisms governed by biochemical reactions mediated
by enzymes and regulatory proteins. The culmination of these interactions manifests in
the metabolome of an organism, which encompasses the complete set of metabolites
present in a cell, tissue, or entire organism. Metabolism functions to counteract these
challenges in order to maintain homeostasis. Over time, disruptions to homeostasis can
lead to alterations in the organism's metabolomic profile. Metabolomic analyses using
multiple platforms [(Nuclear Magnetic Resonance (NMR), Liquid chromatography-
mass spectrometry (LC-MS), Gas chromatography-mass spectrometry (GC-MS)] and
carried out in plasma/serum to detect both polar and hydrophobic metabolites and in
urine (polar metabolites) serve as a critical tool for identifying these disturbances,
potentially vyielding new biomarkers for early detection and diagnosis. These
approaches can be of great value to elucidate how menopause impacts on regulatory
systems affected by changes in hormones and metabolites (303). Consistent cross-
sectional and longitudinal studies have revealed correlations between menopause and a
wide array of metabolic biomarkers, suggesting that the transition to menopause
triggers various metabolic changes independent of chronological aging (3).
Nonetheless, despite these findings, there remains a limited understanding of the

underlying mechanisms associated with the menopausal transition. For instance,
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has been extended to other disorders such as T2DM, obesity, cancer, and Alzheimer’s

disease, as the immune system is closely linked to these pathologies (318-329).

Recent studies have demonstrated that transcriptomic biomarkers derived from PBMCs
offer valuable insights into disrupted global gene expression patterns observed in various
pathologies. PBMCs express about 80% of the genes encoded in the human genome and
reflect the pathophysiological profiles of other internal organs, making them crucial in
toxicological, nutritional, and clinical studies (330-336). This is why they are used as

surrogate tissues that are harder to access directly (337).

Furthermore, these cells offer several advantages. Thus, PBMCs are an easily obtainable
biological material, collected from humans using minimally invasive blood extraction and
easily obtained using isolation techniques (330,334). The sampling requires very basic
means, and this subset of blood cells can be repeatedly collected over the course of a
study differently from what occurs with other tissues such as white adipose depots,
muscle, and liver, allowing for great repeatability. The utilization of PBMCs as a model
that can capture the molecular changes that occur in response to different interventions in
key internal tissues streamlines the extrapolation of findings from animal models to
humans, mitigating the need for invasive procedures such as biopsies and the related

significant discomfort that people may suffer (338-340).

Their utility is underscored by their role as sentinel cells, traversing the body and actively
interacting with various tissues to gather information on changes in response to different
stimuli. They respond to internal signals like sex hormones and external factors such as
dietary or bioactive compounds intake (333,341). These interactions can profoundly
influence their gene expression profiles (333) making these changes valuable biomarkers

for diagnosing or predicting the progression of various diseases (342,343).
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Given their potential, research into the gene expression profile of PBMCs has surged,
establishing these cells as valuable tools for identifying diagnostic markers for conditions
such as obesity, cancer, and CVDs (320,342,344-349). Typically, these studies imply the
analysis of the entire gene expression profile of PBMCs from both healthy subjects and
from individuals with different degrees of illness, using microarray analysis to detect even
the smallest variations that may significantly impact on disease progression (347,349). In
the nutrigenomics framework, PBMCs have been extensively utilized as a tissue model
in both human and animal studies related to dietary interventions and nutraceutical
supplementation. Remarkably, PBMCs have demonstrated the ability to reflect the
transcriptomic profile of key organs like the liver, adipose tissue, muscle, and
hypothalamus in response to different feeding conditions (299,330,350) and diverse

dietary patterns (320,330,342—-344,350-358).

Recent studies have emphasized the usefulness of examining the effects of bioactive
compounds, such as isoflavones, on PBMCs in postmenopausal women and OV X rats,
especially concerning CVDs and cancer (357-359). Isoflavones, discussed earlier in
section 3, are phytoestrogens that mimic oestrogenic activity and have been shown to
potentially have a generally positive impact on menopausal women. However, in the
framework of PBMCs, the translational potential of the isoflavones-related findings from
OV X rats to humans remains unclear. Research indicates that, in this subset of blood cells,
the gene expression response to isoflavones is significantly more pronounced in rodent
models compared to humans (357). This discrepancy underscores the necessity for
studying other bioactive compounds in preclinical postmenopausal preclinical models,
such as OV X rats, to gain more knowledge about the translational potential of PBMCs to
reflect at molecular level the effects produced by these therapeutic interventions to

mitigate the adverse effects of menopause on women's health.
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metabolic and hormonal changes associated with menopause but also lay the groundwork
for personalized and effective management strategies to enhance the quality of life of

women during this life stage.
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HYPOTHESIS AND OBJECTIVES

administration of oestradiol and progestin, alone or in combination, has prompted many
women to look for alternative therapies to address menopause. Although HRT remains
the most effective solution for vasomotor symptoms, osteoporosis and metabolic
disturbances related to the postmenopausal state, its prescription is not recommended for
women over 60 years old, nor after more than 10 years since their last menstrual cycle or
during prolonged treatment periods. This caution comes from the controversy over HRT
benefits and risks derived from the unexpected findings of the Women’s Health Initiative
(WHI), pointing towards a higher risk of suffering cardiovascular diseases, and
endometrial and breast cancers in response to certain HRT treatments. Hence, the decision
to prescribe HRT should be thoroughly evaluated and personalized according to each

patient’s medical history, symptoms, and risk factors.

In this framework, alternative therapies have emerged to ameliorate the metabolic
alterations associated with menopause. Several lines of research, including some carried
out by our research group, suggest that the combined supplementation of various
bioactive compounds, natural extracts or amino acid-related compounds, targeting
complementary pathways is an effective strategy to ameliorate multifactorial diseases,
such as fatty liver, and cardiometabolic risk factors. These compounds can positively
influence cellular mechanisms and biochemical pathways disrupted by the metabolic
disorders that can be associated with menopause, providing benefits from the early onset
of these conditions during the menopausal transition through their progression into the

postmenopausal state.

Over recent years, our research has combined the use of classical biochemical and
molecular techniques with the application of omics sciences, as well as system biology
approaches, to deeply characterize the effects of these bioactive compounds, to shed light

on their underlying mechanisms and to identify novel biomarkers reflecting at the
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Perimenopause is a transitional phase leading to menopause, which can extend over
several years with varying onset, duration and completion times (1,2). During this
transition, women experience a variety of physical and psychological symptoms that
could be directly or indirectly linked to changes in sex hormone secretion due to a
dysregulation of the hypothalamic-pituitary—gonadal/ovarian (HPG) axis, longer periods
between consecutive menstrual cycles, gradual decline in ovarian follicular function and
others physiological changes (2-4). The appearance of the first symptoms related to the
menopausal transition are usually vasomotor such as hot flushes, night sweats, sleep
alterations, migraines, and affective disorders. However, the duration and intensity of
these symptoms can vary greatly among women, ethnicity and age of first experience
(5,6). In contrast, postmenopausal symptoms tend to be more detectable due to increased
health risk factors associated with complete oestrogen depletion/deficiency, including
osteoporosis, cardiovascular disease, stroke, insulin resistance, diabetes, metabolic
syndrome (MetS), and ovarian cancer (7-10). Thus, the variability in the vasomotor
symptoms and the lack of longitudinal studies tracking women through the
perimenopausal transition, makes difficult to establish a clear understanding of
perimenopausal symptoms and their underlying mechanisms linked to menopausal

transition.

Preclinical studies with rodents have demonstrated that rats provide a well-established
model for natural reproductive aging. The examination of vaginal smears (cytology) and
vaginal histology are commonly used methods for the identification of the different stages
of the oestrous cycle and assessing the ovarian function during the reproductive
senescence (11-14). The oestrous cycle characterization is crucial, as oocytes have no

regenerative ability and any abnormalities in the ovaries may be directly linked to
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removed from attached tissues such as perigonadal white adipose tissue and uterine horns,
weighted and fixed in 4 vol% neutral buffered formalin until ovarian cytology and
histologic analyses. The left femur was also collected, immersed in 70% ethanol and
stored at room temperature until to carry out a three-dimensional microcomputed

tomography (microCT) analysis.

HOMA-IR and R-QUICKI analyses

The homeostasis model assessment-estimated insulin resistance (HOMA-IR) was
calculated using the following formula: (Fasting Glucose level —-mmol/L- x Fasting
Insulin level-pU/mL-)/22.5 (27). Insulin sensitivity was evaluated by the revised
quantitative insulin sensitivity check index (R-QUICKI) using the following formula:

1/[log insulin (MU/mL) + log glucose (mg/dL) + log FFA (mmol/I)] (28).

Serum analysis

Enzymatic colorimetric kits were used to determine serum total cholesterol (TC)
(995280/QCA, Barcelona, Spain), triglycerides (TG) (992330/QCA, Barcelona, Spain),
glucose (992330/QCA, Barcelona, Spain) and non-esterified free fatty acids (NEFAS)
(WAKO, Neuss, Germany). Circulating insulin levels were measured using a rat/mouse
ELISA kit (10-1250-01/MERCODIA, Uppsala, Sweden), and C-reactive protein (CRP)
was quantified using the ERCRP ELISA kit (INVITROGEN, Massachusetts, USA).
Serum leptin levels were determined with a rat ELISA kit (EZRL-83K/Millipore,
Barcelona, Spain), and serum adiponectin levels were quantified by a Rat Total
Adiponectin/Acrp30 Quantikine ELISA Kit (RRP300/R&D systems, Minnesota, USA).
To quantify the levels of circulating female sex hormones of oestradiol (17B-E2),
progesterone (P), luteinizing hormone (LH) and follicle-stimulating hormone (FSH) at

the endpoint, the ELISA E2 kit (CSB-E05110r/CUSABIO, Houston, USA), ELISA
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progesterone kit (CSB-E07282r/CUSABIO Houston, USA), ELISA LH kit (CSB-
E12654r /CUSABIO, Houston, USA) and ELISA FSH kit (CEA830Ra/Cloud-Clone

Corp., Houston, USA) were used, respectively.

Cytological and Histological Analyses

The excised right ovary from each rat was immediately preserved in buffered formalin
(4% formaldehyde, 4 gr/L NaH2PO4, 6.5 gr/L Na2HPO4; pH 6.8), sectioned at a
thickness of 5 um, and subsequently stained with hematoxylin & eosin (H & E). Ovarian
images (magnification 15x) were captured using a microscope (SMZ745T; Nikon,
Tokyo, Japan) coupled with a digital sight camera (DS-Ril, Nikon). Ovarian
examinations were performed according to the criteria of previous reports (12,13,15,29).
In order to avoid any bias in the analysis, the study employed a double-blind design,
preventing the researchers from viewing any data from the rats during the
histopathological analysis. A detailed microscopic examination of the prepared ovarian
and the criteria for assessment was established through a double correlation by
professional histopathologists (Eldine Patologia SLP, Tarragona, Spain). The ovarian
histopathological examination included an evaluation of follicular development (changes
in the number of primordial, primary, secondary, and antral follicles development,
presence/absence of corpus luteum, changes in development, regression in the number of
corpus luteum) as previously described (19,29,30) in addition to any abnormalities/
lesions, such as the presence/absence of ovarian atrophy. Features of the ovaries

throughout the reproductive aging period are described in detail in the Results section.

Microcomputed tomography analyses

Bone composition of the left femur was determined post-mortem in fixed samples by

three-dimensional MicroCT analysis, as was previously described (31). The bone mineral
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content (BMC) and bone mineral density (BMD) values were quantified from MicroCT

scans using the GE MicroView software v2.2.

Metabolomics and lipidomics analyses of serum
Sample preparation for metabolomic analysis

Metabolites were extracted from serum using a hydroalcoholic solution. 100 pL of serum
sample were added to 400 pL of a solution of 80% methanol containing the internal
standards, succinic-D4 acid, myristic acid-D27, glucose-13C6 and L-Methionine-
(carboxy-13C, methyl-D3) (Sigma-Aldrich, St. Louis, MO) and labeled amino acid mix
standards (Cambridge Isotope Laboratories, Massachusetts, USA). Samples were
vortexed and centrifuged for 5 minutes at 15000 rpm and 4 °C. Supernatants (450 uL)
were transferred to a new tube and evaporated in a SpeedVac at 45 °C to dryness.
Afterward, samples were reconstituted with 30 uL of methoxyamine (40 mg/mL) in
pyridine and incubated for 90 min at 37 °C. Finally, samples were sylilated with 45 pL of

MSTFA + 1 % TMCS at room temperature for 60 min.

GC-EI-gTOF-MS analyses for the determination of polar compounds

A semi-targeted analysis of the serum polar metabolites was performed using a Gas
Chromatography-Quadrupole Time-Of-Flight (GC-qTOF) 7200 equipped with an
electron impact (EI) source (Agilent Technologies, Palo Alto, California, USA). The
chromatographic separation was performed with helium (purity >99.999%) as carrier gas
at a constant flow of 1.1 mL/min. The ramp temperature to perform the separation of
derivatized polar compounds was as follows: initial GC oven temperature was 60 °C; 1
min after injection, the GC oven temperature was increased by 10 °C/min to 320 °C and
held for 10 min. In the inlet, 1 pL of samples were injected with split mode 1:20 at 250

°C. Detection was achieved using mass spectrometry (MS) in electron impact (70 eV)
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mode and full-scan monitoring mode (m/z 50-600) with an acquisition rate of 5 spectra/s.
The ion source and quadrupole temperatures were set at 250 °C and 200 °C, respectively
(Table 5). Identification of metabolites was performed using commercial internal
standards and by matching their EI mass spectrum and retention time to the metabolomic
Fiehn library (from Agilent Technologies, Palo Alto, California, USA), which contains
more than 1.400 metabolites. The internal standards used were Succinic-D4 acid, myristic
acid-D27, glucose-13C6 and L-Methionine-(carboxy-13C, methyl-D3) (Sigma Aldrich)
and labeled amino acid mix standards (Cambridge Isotope Laboratories). After putative
identification of metabolites, these were semi-quantified in terms of internal standard

response ratio.

Sample preparation for lipidomics analyses

For the semi-targeted analysis of the serum lipids, electrospray ionization (ESI- and ESI+)
was employed to cover all ranges of metabolites. For methanol extraction (ESI-), serum
samples were thawed at 4°C. 50 uL of serum was mixed with 200 pL of 100% methanol
and a set of labelled internal standards: cholic acid, chenodeoxycholic acid, deoxycholic
acid, hyodeoxycholic acid, lithocholic acid, ursodeoxycholic acid, taurocholic acid,
taurochenodeoxycholic acid, taurodeoxycholic acid, taurolithocholic acid, glycocholic
acid, glycochenodeoxycholic acid, glycodeoxycholic acid, tauroursodeoxycholic acid,
decanoic acid ¢10:0, dodecanoic acid ¢12:0, palmitic acid c16:0, stearic acid c18:0, oleic
acid c18:1, linoleic acid c18:2, linolenic acid ¢18:3, arachidic acid c20:0, arachidonic acid
c20:4, t4, dehydroisoandrosterone 3-sulfate (DHEAS), oestrone sulfate, corticosterone,
myristic-d27, cortisol-d4, 4-hydroxy-3-methoxymandelic acid-d3, 3-
hydroxytetradecanoic acid-2,2,3,4,4-d5, cholic acid-d4, all of them were purchased to
Sigma Aldrich (St. Louis, MO); LPE 18:1, LPC 20:0, LPC 16:0, LPC 18:0, LPC 18:1,
LPE 16:0, LPC 18:1 -d7, all of them were purchased to Avanti Polar Lipids
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(Alabaster,USA); 12(13)-DiHOME, 9(10)-DiHOME, 9(s)-HODE, 13(s)-HODE, 12(13)-
EpOME, 9(10)-EpOME, thromboxane B2, 15(s)-HETE, 12(s)-HETE, AA-d8, oxy
deuterated linoleic acid oxylipins, deuterated primary COX and LOX, all of them were
purchased to Cayman Chemical (Michigan, USA); and 3-(3-hydroxy-4-
methoxyphenyl)propionic acid d3, Taurocholic Acid-d5, both were purchased to Toronto
Research Chemicals, Toronto, Canada. The mixture was vortexed and centrifuged for 10
min at 15000 rpm at 4°C. The supernatant was evaporated to dryness using a SpeedVac
concentrator, reconstituted with 50 uL of methanol, and analyzed by an Ultra-High-
Performance Liquid Chromatography analysis, UHPLC-(-ESI)-gTOF-MS. For the
extraction of hydrophobic lipids (ESI+), a liquid-liquid extraction with
chloroform:methanol (2:1) based on the Folch procedure was performed. Briefly, 20 puL
of serum was mixed with 20 pL of 0.8% NaCl and vortexed. Then, 200 pL of
chloroform:methanol (2:1) was added, and samples were vortexed and centrifuged at
15000 rpm at 4 °C for 10 minutes. The lower phase was recovered, evaporated to dryness,
reconstituted with 100 pL of methanol:methyl-tert-butyl ether (9:1), and analyzed by
UHPLC-(+ESI)-gTOF-MS using a set of labeled lipid internal standards (SPLASH,
purchased to Avanti Polar Lipids (Alabaster, USA): LPC 18:1-d7, PC 33:1-d7, SM 36:2-

d9, DG 33:1-d7, TG 48:1-d7 and ChoE 18:1-d7.

UHPLC-ESI-qTOF-MS analyses for the detection of the hydrophobic compounds

For the semi-targeted analysis of the serum lipids by methanol extraction (ESI-) and Folch
extraction (ESI+), both methods utilized an Ultra-High-Performance Liquid
Chromatograph (UHPLC) 1290 Infinity Il Series coupled with a Q-TOF tunnel 6550 mass
spectrometer (Agilent Technologies, Palo Alto, California, USA). Chromatographic
separation employed different analytical columns: a CORTECS C18 Column (1.6 pm,
2.1 x 150 mm) from Waters for the methanol extraction method (ESI-) and a Kinetex 2.6
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control false discovery rates (FDR), significance was determined using the Benjamini-
Hochberg correction with an adjusted p-value (p adj) < 0.05. Fold change values between
groups for the significant lipids were calculated within RStudio. All results deemed
statistically significant at FDR < 0.05 were utilized for further analyses. Statistical
multivariate analyses were conducted using hierarchical clustering analysis (HCA or
heatmap), Bonferroni-adjusted Pearson correlation matrix (p adj. < 0.05), boxplots, as
well as PCA. For PCAs and boxplots among middle-aged rat groups, we utilized the
R/Bioconductor package ggplot2 v3.4.4 (32). For PLS-DA, VIP score values, and AUC
curves, we used the R/Bioconductor package mixOmics v.6.26.0. The Bonferroni-
adjusted Pearson correlation matrix was generated using the R/Bioconductor package
corrplot v.092. The heatmaps were generated using the R/Bioconductor package
ComplexHeatmap v2.16.0 (33), with the Euclidean distance metric selected. The study
utilized various biological databases such as HMDB, PubChem, and LIPID MAPS, along
with scientific literature included in PubMed, to gain insight into the biological function
of the metabolites that were identified as statistically significant among groups and with
the top 40 discriminant lipids detected. The lipids were referenced according to the

HMDB nomenclature recommendations.

Statistical analyses

Statistical analyses to detect differences among the four groups in biometric, histological
and biochemical parameters 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 logarithms to obtain a normal distribution and/or similar variances
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Figure 1. Circulating sex hormone levels during natural female reproductive ageing in Sprague-Dawley rats.
Data are given as the mean + SEM (n = 7-10). Serum 17p-oestradiol (A), progesterone (B), 17p-
oestradiol/progesterone ratio (C), luteinizing hormone (D) and follicle stimulating hormone (E) in ovarian-
intact Sprague Dawley females at 5- and 10-month-old. 17p-oestradiol/progesterone ratio was calculated as
the circulating levels of 17B-oestradiol divided by circulating levels of progesterone. Different superscript
lowercase letters (a, b) indicate significant different mean values (one-way ANOVA and Duncan’s post hoc
test or Welch test and Games—Howell post hoc test, p < 0.05). Reg-Yng: regular young rats; Reg-Ma: regular
middle-aged rats; Irreg-Ma: irregular middle-aged rats; Acyc-Ma: acyclic middle-aged rats. LH: luteinizing
hormone; FSH: follicle stimulating hormone.

Gonadal-related parameters were altered across perimenopause

The Acyc-Ma animals displayed significant lower relative weight of the ovaries than the
other groups (Figure 2A), suggesting ovary atrophy, which was confirmed with the
histological analyses, in which was observed that 60% of the acyclic rats showed this
alteration (Figure 2B). A very similar pattern was reported in the three groups of middle-
aged rats regarding the POWAT/weight (%), displaying the Acyc-Ma animals decreased

relative weight of the WAT surrounding the ovaries compared to their Reg-Ma and Irreg-
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top 40 metabolites with VIP scores higher than 1 were performed (Figure 3D and 3F,
respectively). Both ROC curves showed an AUC higher than 0.7 in all comparisons
among groups, demonstrating the utility of these lipid-related metabolites for
discriminating the rats according to their regularity of the oestrous cycle. Interestingly,
the results revealed that the accuracy of the model was maximal when the top 40
metabolites with VIP scores higher than 1 were used, presenting a ROC AUC of 1 in all
comparisons, suggesting that these 40 lipid-related metabolites could be a reliable
multivariate biomarker to precisely distinguish rats at different stages of perimenopause

(Figure 3F).
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Figure 3. Effects of natural reproductive
senescence on serum lipidomic of middle-aged
female Sprague-Dawley rats. (A) Principal
components analysis (PCA) plot of the 403 lipid
metabolites. (B) 403 measured parameters were
used to set up a PLS-DA-predictive model with
components 1 & 2. (C) 3D PLS-DA-predictive
model, 3 components. (D) ROC curve PLS-DA
3 components of the 403 lipid metabolites. (E)
The distributions of lipid species with the top 40
VIP scores (>1) in 3 components. (F) ROC curve
3 components of top 40 discriminant lipids. Reg-
Yng: regular young rats; Reg-Ma: regular
middle-aged rats; Irreg-Ma: irregular middle-
aged rats; Acyc-Ma: acyclic middle-aged rats.
PC: Principal component; PCA: Principal
components analysis; PLS-DA: partial least
square discriminant analysis; ROC curve:
receiver operating characteristic curve. 13-
HDHA:  13-hydroxydocosahexaenoic  acid;
17,18-DIHETE:  17,18-Dihydroxyarachidonic
acid; ChoE: cholesterol ester; FA: fatty acids;
LysoPC: Lysophosphatidylcholines; LysoPE:
lysophosphatidylethanolamines; MCA-iso03:
muricholic acid-iso3; PC: phosphatidylcholines;
PE: phosphatidylethanolamines; TG:
triglycerides.

Outcome

Acyc—-Ma vs Other(s): 1

e |rreg-Ma vs Other(s): 1

Reg-Ma vs Other(s): 1



RESULTS

On the other hand, the univariate statistical analyses revealed that 144 out of 403
hydrophobic metabolites identified were significantly different among Reg-Ma, Irreg-Ma
and Acyc-Ma groups (padj < 0.05, one-way ANOVA) (Supplementary data S2).
Specifically, changes in the circulating levels of 68/76 PCs, 30/80 LysoPCs, 16/65 TGs,
12/45 LysoPEs, 6/7 phosphatidylethanolamines (PE), 4/16 ChoEs, 4/23 sphingomyelins
(SM), 2/13 diacylglycerides (DG), 5-a-androstan-diol, thyroxine hormone (T4) and
17,18-DIHETE were found. Notably, the families of lysophospholipids showed the
highest saturation levels, being saturated 40% of LysoPCs and 33% of LysoPEs. In
contrast, the families showing the lowest saturation levels were PCs (9%) and TGs (6%).
The PCA performed with the 144 lipids that were significantly changed revealed that the
clustering according to the group's regularity was notable, showing a progressive
discrimination among groups as the regularity of the cycles diminished (Figure 4A).
Furthermore, to better illustrate the changes observed in the PCA, we constructed a
heatmap of the 144 lipids clustered by groups. This visualization method provides a
clearer depiction of the variations in lipid-related metabolites according to the regularity

of the cycles (Figure 4B).
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RESULTS

Bonferroni-adjusted Pearson correlation matrix plot was generated to visualize the
relationships between these 18 metabolites and the circulating levels of the main sex
hormones, triglycerides and total cholesterol, as well as the surrogate markers of insulin
resistance and sensitivity, HOMA-IR and R-QUICKI, respectively (Figure 5C).
Surprisingly, although no correlations were found with the analyzed sex hormones, the
androgen derivative of DHT, 5-a-androstan-diol, showed strong negative correlations
with the phosphatidylcholines PC(34:2), PC(36:4), PC(36:5), and LysoPC(20:0).
Furthermore, as expected, these mentioned PC species exhibited very strong positive
correlations among themselves, as well as with the other PC species and with LysoPCs.
This observation may be attributed to their metabolic interconversion, which supports a
strong and positive correlation. Interestingly, total serum cholesterol positively correlated
with most PC and LysoPC species, while serum triglycerides surprisingly showed a

strongly positive correlation with PE(34:2).
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RESULTS

to climacteric women (25). These findings would reinforce our idea that changes in lipid-

related metabolites are already occurring in the early stages of perimenopause.

The higher levels of PCs, PEs, LysoPCs and LPEs species observed in postmenopausal
women in the aforementioned studies may reflect hormonal changes during menopause
impacting liver lipoprotein metabolism (45) and could be involved in the appearance of
metabolic-related alterations. Thus, fasting blood phospholipid composition primarily
reflects hepatic phospholipid synthesis (46) and it was shown that saturated phospholipids
were positively associated with CVD risk (47). Furthermore, LPCs, the most abundant
lysophospholipid species found in human blood, have been suggested to promote
atherosclerosis by eliciting an inflammatory response when they contain saturated acyl
chains (48,49). Additionally, Steinberg et al. (49) demonstrated that lysoPCs were
presented in higher concentrations in oxidized LDLs. In our study, 40% of the LysoPCs
that significantly changed among the three middle-aged rat groups contained a saturated
acyl chain, including the LysoPC(20:0), LysoPC(20:0)-sn2, LysoPC(23:0) and
LysoPC(24:0) species, which were 4 out of 18 lipids that were already altered coinciding
with the onset of irregular cycles, exhibiting significant increases compared to the regular
cycle group. Remarkably, LysoPC(20:0)-sn2, emerged as the most discriminative
parameter according to the VIP score analysis. The combination of fatty acids bound at
the sn-1 and sn-2 positions largely determines the biophysical properties of cell
membranes, which influence the activities of integral membrane proteins (50,51) and
provide substrates for signaling processes (52,53). Therefore, factors that ensure
membrane phospholipid homeostasis are crucial for maintaining cell function with liver
also playing a relevant role, being involved in extracellular lysophospholipid levels
regulation by modifying the expression of several enzymes (54). Related to this, lecithin

cholesterol acyltransferase (LCAT) cleaves fatty acids from the sn-2 position of PC,
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perimenopause and could contribute to sexual dimorphism in CVD risk at middle age

deserves further research.

The progressive significant decrease reported in the circulating levels of 5-a-androstan-
diol, a metabolite of DHEA-S and DHT linked to androgenic activity, as the loss of
regularity occurred, would also contribute to reinforce the reliability and the translational
applicability of our findings because it was observed that the circulating levels of DHT
decreased along with the oestradiol and testosterone concentrations in postmenopausal
women compared to premenopausal women (87). In the same line, it was described a
pronounced decline in DHEA and its sulfate form, DHEA-S, in aged women (88).
Interestingly, higher levels of PCs were linked to lower androgenic steroid levels in
postmenopausal women (25,72) and, in line with this results, in our study, strong negative
correlations between these metabolite and the phosphatidylcholines PC(34:2), PC(36:4),
and PC(36:5) were found. These findings suggest a link between androgenic hormones
and PCs in reproductive senescence, although additional research would be needed to

gain knowledge on this issue.

DIHETE family is associated with type Il diabetes and inflammatory diseases (89,90).
The transitory increase reported in rats displaying irregular cycles concerning the
circulating levels of 17,18-dihydroxyeicosatrienoic acid (17,18-DIHETE), a metabolite
derived of the omega-6 fatty acid arachidonic acid, and, to a lesser extent, in the plasma
concentrations of 13-HDHA, a metabolite derived from the omega-3 fatty acid
docosahexaenoic acid (DHA) that was identified as one of the 40 metabolites that
contributed more to discriminate the three groups of middle-aged rats, was, at first glance,
an unexpected result. Intriguingly, the levels of these metabolites declined in the acyclic
group of rats, showing these animals even lower levels than those reported in the middle-

aged rats showing regular cycles. PC species stand as a primary reservoir of
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polyunsaturated fatty acids, such as arachidonic and linoleic acids. These fatty acids serve
as precursors for eicosanoids, which exhibit diverse biological activities (91-93).
Interestingly, all the PCs that differed statistically between rats with regular and irregular
cycles were polyunsaturated, except for PC(0-36:1). It is well-established that PUFA
metabolites, including those originating from arachidonic acid, along with
eicosapentaenoic acid (EPA) and DHA, play a key role in the regulation of the
inflammatory response (94). Oestrogens stimulate DHA production in rats, suggesting
that post-menopause oestrogen changes may affect DHA metabolism (95). However,
because the circulating levels of this hormone decreased at similar levels in both irregular
and acyclic groups, it seems unlikely that oestradiol could be responsible, at least in part,
for transitory effects observed in the circulating levels 17,18-DiHETE and 13-HDHA.

Further studies would be needed to clarify this issue.

Given that the average menopausal age for European women is 51 (96), the significant
increases observed around age 50 in the above-commented lipid-related metabolites
likely would correspond to changes in the reproductive status (84). However, many
studies overlook the fact that menopause is preceded by the menopausal transition, a
period marked by menstrual cycle irregularity starting typically in the mid-40s (64),
which could account for early changes in metabolites that could be useful as potential
early biomarkers of perimenopause. In this regard, to the best of our knowledge, there are
only two studies that reported changes in classical lipid-related metabolites within the 1-
year interval before and after the final menstrual period (FMP), or during a follow-up
carried out after 2.5 years during menopausal transition, including increased
concentrations of VLDLs, LDLs, total cholesterol, and LDL-cholesterol, apolipoprotein
B, and reduced LDL particle size. These changes were independent of the women’s

chronological age and may underlie women's increased cardiometabolic risk in their post-
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menopausal years (84,85). These studies highlight the importance of identifying
biomarkers for early diagnosis of perimenopause to minimize the risk of suffering from
CVDs. Our findings give additional insights into this issue, identifying, using a semi-
targeted lipidomic approach, up to 18 lipid-related metabolites that already changed with
the appearance of the irregular cycles, and before that, a significant increase in the
circulating levels of TC was reported. Therefore, it is tempting to speculate that these
lipid-related compounds, including 9 PCs, 4 LysoPCs, 2 PEs, ChoE(18:2), 5-a-androstan-
diol and 17,18-DiHETE, could be used as a potential multivariate biomarker to monitor,
at molecular level, the response to new treatments and lifestyle-based interventions
carried out at very early stages of natural reproductive senescence to preserve the

endocrine and metabolic functions of perimenopausal women.

The present study has some limitations. First, the metabolites detected in this work were
semi-quantified in terms of internal standard response ratio and an absolute quantification
by correlating signal intensities of the lipid-related metabolites with a calibration curve
would be needed to validate the lipidomic changes reported during perimenopausal
transition. In addition, further advances in lipidomics platforms might help capture more
comprehensive and complete lipidome profiles, including the position and saturation
and/or unsaturation of fatty acyl chains in different lipid species, which can impact on the
functionality of lipid-related metabolites. Finally, our results were obtained at preclinical
level and with a relatively small sample size and further clinical trials carried out with
perimenopausal women would be needed to validate our findings. A thorough assessment
of premenopause, perimenopause, and menopause would require highly detailed targeting
of the final menstrual period and the appearance of preceding menopause-related

symptoms, including longitudinal hormone and risk factor measures before, during, and
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ABBREVIATIONS

17B-E2, 17pB-oestradiol; 5-a-androstan-diol, 5a-androstan-3,17-diol-monosulfate-iso3;
Acyc-Ma, acyclic middle-aged rats, ANOVA, analysis of variance; AUC, area under
ROC curve; BMC, bone mineral content; BMD, bone mineral density; CRP, C-reactive
protein; CVDs, cardiovascular diseases; ESI, electrospray ionization, FDR, false
discovery rate; FSH, follicle-stimulating hormone; GC, gas chromatography; HOMA-IR,
homeostasis model assessment-estimated insulin resistance; HPG, hypothalamic—
pituitary—gonadal/ovarian; Irreg-Ma, irregular cycling middle-aged rats; LDL, low-
density lipoprotein; LH, luteinizing hormone; MetS, metabolic syndrome; MWAT,
mesenteric white adipose tissue; R-QUICKI, revised quantitative insulin sensitivity check
index; POWAT, periovarian white adipose tissue; PCA, principal components analysis;
PLS-DA, partial least-squares discriminant analysis; QTOF, quadrupole time-of-flight;
Reg-Ma, regular cycling middle-aged rats; Reg-Yng, regular cycling young rats; T2DM,
Type 2 Diabetes Mellitus; TC, total cholesterol; TG, triglycerides, UHPLC, ultra-high-
performance liquid chromatography; VIP, variable importance in projection; VLDL, very

low-density lipoprotein.
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ABSTRACT

Peripheral blood mononuclear cells (PBMCs) represent an accessible tissue that can
reflect at the gene expression level the metabolic adaptations that occur in different tissues
and distinguish a disease state from a healthy state. We evaluated whether the alterations
occurring in ovariectomized rats, a postmenopausal oestrogen deficiency model, were
affected by the age at which the ovariectomy were performed and, using a transcriptomic
approach, we aimed to elucidate whether PBMCs reflected the molecular changes
associated with the postmenopausal state. Rats who underwent a sham operation were
used as control groups. Our results showed that ovariectomized rats recapitulated most of
the alterations that can occur during the postmenopausal state in women, including
obesity, adipocyte hypertrophy and increased osteoporosis and cardiometabolic risks,
being these effects slightly more evident in rats induced to ovariectomy at a more
advanced age. Our transcriptomic analysis carried out in PBMCs revealed that this subset
of blood cells captured the molecular changes associated with oestrogen deficiency
occurring in the postmenopausal state, which were evidenced by changes at mRNA level
of genes mainly related to immune function, response to stress, lipid metabolism, and
bone homeostasis, providing valuable insights into the pathophysiology of
postmenopausal-related alterations, such as osteoporosis and inmunometabolic diseases.
These findings can pave the way for investigating whether the molecular mechanisms
underlying oestrogen deficiency identified in PBMCs can be modulated by different
therapeutic interventions to monitor and predict the potential effects on the health of these
interventions carried out in the postmenopausal state using cells that can be easily and

repeatedly collected.

Keywords: PBMCs, transcriptomics, menopause, immunometabolic health,

osteoporosis, molecular biomarkers
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INTRODUCTION

Menopause is an aging-related biological stage in women, marked by the permanent
cessation of the menstrual cycle due to the loss of ovarian function. This leads to a gradual
decline in oestrogen production, which is exacerbated during the postmenopausal phase,
triggering various health concerns (1). The decline in ovarian function and the
hypoestrogenic levels occurring in the postmenopausal stage result in vasomotor
symptoms, such as sleep disturbances, night sweats and hot flashes (2—4), as well as
increased risk of osteoporosis (5), decreased muscle mass (5-7) and body weight gain
accompanied by increased abdominal fat accretion, shifting from a gynoid to an android
fat distribution pattern (5-9). This fat accumulation may contribute to oxidative stress and
low-grade inflammation, potentially leading to the development of metabolic disorders
hallmarking metabolic syndrome (MetS) such as hypertension, dyslipidemia and insulin
resistance (IR), thereby increasing cardiovascular diseases (CVD) risk (10—15). Notably,
both osteoporosis and CVD risk rise with age, with CVD being a leading cause of death
worldwide, accounting for 47% of deaths among women (16) and around 40% of women
over 50 years old experience osteoporotic fractures (17). Furthermore, it is well known
that men have a higher risk for MetS and CVD early in life, while women’s risk increases
in the post-menopausal stage, indicating oestrogen's fundamental role in developing risk

factors associated with menopause independent of aging (18-23).

Oestrogens are crucial for cardiovascular and metabolic health, regulating body fat
distribution, preventing visceral fat accumulation, and maintaining metabolic health
through mechanisms such as reducing food intake, enhancing energy expenditure, and
improving fatty acid and glucose catabolism as well as insulin and leptin sensitivity (24—
28). Oestrogens also act as anti-inflammatory and antioxidant agents, preventing
endothelial dysfunction and atherosclerosis (29-33). Conversely, low oestrogen levels in
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organism (46—50). Furthermore, PBMCs have proven valuable in nutritional studies,
highlighting specific effects of diets or nutrients (51-59) and their responses to fasting
(46,57,58). Thus, these cells are known to reflect how nutrients and diets affect different
tissues, playing a crucial role in the regulation of energy metabolism (51,57,58,60).
Notably, PBMCs express molecules implicated in energy homeostasis, such as leptin and
resistin, which are known to be dysregulated in obesity (51,61-68). Furthermore, PBMCs
can serve as reliable indicators of gene expression responses to physiological changes in
tissues that are harder to access directly, such as muscle, white adipose tissue (WAT) and
liver (58,69-71). Consequently, PBMCs are regarded as sentinels and can be utilized as
a surrogate tissue for gene expression analyses (45), although some studies showed
discordant results between PBMCs and other tissues (70,71), especially concerning the

expression of nuclear receptors (71,72).

In this study, we aimed to evaluate whether the alterations occurring in OVX rats related
to osteoporosis and obesity and its associated metabolic disturbances are affected by the
age at which the ovariectomy 1is performed by precisely characterizing this
postmenopausal animal model. Furthermore, we used a transcriptomics approach to
analyze PBMCs gene expression in these OVX animals to elucidate whether these cells
can reflect molecular changes associated with oestrogen deficiency occurring in the
postmenopausal state. This research can pave the way for investigating, in further studies,
whether the molecular mechanisms underlying oestrogen deficiency identified in PBMCs
can be modulated by different nutritional strategies to monitor and predict the potential
effects on the health of these interventions carried out in the postmenopausal state using

cells that can be easily and repeatedly collected.
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MATERIALS & METHODS

Animal care

All procedures related to animal experimentation (two independent studies: 25-week-old
and 35-week-old studies) 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 studies complied with the ARRIVE guidelines,
followed the ‘Principles of Laboratory Animal Care’ and were carried out in accordance
with the EU Directive 2010/63/EU for animal experiments. Female Sprague-Dawley rats
of different ages (12 weeks and 24 weeks, purchased to ENVIGO, Indianapolis, USA and
JANVIER LABS, Saint-Berthevin, France, respectively) were used. At each age of study,
10 rats were bilaterally ovariectomized (OVX) and 10 rats were sham-operated (SHAM)
at the facilities of the suppliers. The animals were fed a maintenance rat chow diet to
stabilize them after ovariectomy, before shipment at 15 and 25 weeks of age, respectively.
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. Both OVX and SHAM
animals 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. Ten weeks
after the arrival of the rats at the animal facility of Eurecat, rats were sacrificed under
anaesthesia (pentobarbital sodium, 60 mg/kg body weight) after 6 h of diurnal fasting.
Blood was collected by cardiac puncture, and serum and plasma were obtained by
centrifugation and stored at -80 °C until analysis. The liver, caecum, kidneys, spleen,
gastrocnemius and soleus muscle, the femur of the left leg, the tibia of the left leg (only

in the 35-week-old study) and the white adipose tissue depots (retroperitoneal -RWAT-,
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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 right femur (in both studies) and the right tibia (only in the 35-week-old study) were
also collected, immersed in 70% ethanol and stored at room temperature until to carry out

a three-dimensional microcomputed tomography analysis.

Blood analysis

Enzymatic colorimetric kits were used to determine the circulating levels of triglycerides
(992330/QCA, Barcelona, Spain), glucose (992330/QCA, Barcelona, Spain),
nonesterified free fatty acids (NEFAs) (WAKO, Neuss, Germany), total cholesterol (TC)
(995280/QCA, Barcelona, Spain) and HDL-cholesterol (HDL-c) (EHDL-100/Bioassay
Systems, California, USA). The non-high-density lipoprotein cholesterol (non-HDL-c)
level was calculated by subtracting the HDL cholesterol concentration from the TC
concentration. Circulating insulin levels were measured using a rat/mouse ELISA kit (10-
1250-01/MERCODIA, Upssala, Sweden). Circulating leptin and adiponectin levels were
determined with a rat ELISA kit (EZRL-83K/Millipore, Barcelona, Spain) and a Rat Total
Adiponectin/Acrp30 Quantikine ELISA Kit (RRP300/R&Dsystems, Minnesota, USA),
respectively. The levels of the inflammatory marker monocyte chemoattractant protein-1
(MCP-1) were quantified using the BMS631INST (INVITROGEN, Massachusetts,
USA). To quantify the circulating levels of the biomarkers of bone turnover Procollagen
I amino-terminal propeptide (PINP), osteocalcin (OC) and carboxy-terminal telopeptide
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.
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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) for each rat and was expressed as a percentage of body

weight.

HOMA-IR and R-QUICKI analyses

The homeostasis model assessment-estimated insulin resistance (HOMA-IR) was
calculated using the following formula: (Fasting Glucose level -mmol/L- x Fasting
Insulin level-uU/mL-)/22.5 (73). 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/l)] (74).

Microcomputed tomography analyses

Bone composition of the right femur (in both 25- and 35-week-old rats) and right tibia
(only in 35-week-old rats) were determined post-mortem in fixed samples by three-
dimensional microcomputed tomography (LCT or microCT) analysis, as was previously
described (75). The bone mineral content (BMC) and BMD values were quantified from

MicroCT scans using GE MicroView software v2.2.
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Indirect calorimetry

The Oxylet Pro™ System (PANLAB, Cornelld, Spain) was used to carry out indirect
calorimetry analyses of the different groups at week 5, 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 acclimatisation
period of 2 h, the respiratory quotient (RQ), the fat and carbohydrate oxidation (CH) rates

and the energy expenditure (EE) were calculated as previously described (76).

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

Liver samples were used to quantify the levels of total glutathione (GSH), reduced GSH,
and oxidized GSH (GSSG) using the Glutathione Colorimetric Detection Kit from
EIAGSHC/INVITROGEN (Massachusetts, USA). The results were expressed in pmol

per g of hepatic protein, which was calculated using the BCA assay method.

Histological Analysis

Fixed portions of MWAT (25-week-old rats) or RWAT (35-week-old rats) (n = 8 per
group) were preserved in buffered formalin (4% formaldehyde, 4 gr/L. NaH2PO4, 6.5
gr/L Na2HPO4; pH 6.8) were cut at a thickness of 5 pm and stained with hematoxylin &
eosin (H & E). MWAT and RWAT images (magnification 100x) were taken with a
microscope (ECLIPSE Ti; Nikon, Tokyo, Japan) and coupled to a digital sight camera
(DS-Ril, 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 March 2024, version 1.54g). Adipocyte area quantification in the MWAT and RWAT

sections of both groups was analysed using the Adiposoft plugin.
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PBMC:s isolation

PBMCs were isolated from blood obtained in 35-weeks-old rats. Briefly, blood samples
(2.5-3.0 mL) were diluted (1:1) with balanced salt solution (BSS), which was prepared
by mixing two stock solutions (1/10); solution A (5.5mM anhydrous D-glucose, 5mM
CaCl, 2H,0, 0.98mM MgCl, 6H20, 5.4mM KCI, 145mM Tris, pH: 7.4) and solution B
(140mM NaCl). PBMCs were isolated by Ficoll gradient separation, according to the
instructions indicated by the manufacturer (GE Healthcare Bio Sciences, Barcelona,
Spain). The pellet was carefully resuspended with 1.5 mL of erythrocyte lysis buffer (155
mM NH4CIl, 10 mM KHCOs, and 100 uM EDTA, pH 7.4) and incubated at room
temperature for 5 minutes. Afterwards, 5 ml of BSS were added to the tube, which was
gently inverted 5 times and centrifuged at 400 g for 10 minutes. Finally, the supernatant

was aspirated and the PBMCs pellet was stored at -70°C until RNA extraction.

Transcriptomic and gene set enrichment analyses

The transcriptomic analysis was performed on RNA samples from the PBMCs of 35-
weeks-old rats in the OVX and SHAM groups (n = 6 per group). Total RNA was extracted
using B-mercaptoethanol and purified with the NucleoSpin® TriPrep Column (Macherey-
Nagel, Dirren, Germany) according to the manufacturer’s instructions, and RNA integrity
was measured on an Agilent Bioanalyzer (Agilent Technologies, South Queensferry,
UK). All samples had optimal quality parameters (RIN > 7) 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 of all RNA-seq data (in both
raw counts and transcripts per million) was processed using the Kallisto pipeline (77)
based on rattus norvergicus genome from Ensembl release version 107. The differential

gene expression (DGE) analysis was performed using the R/Bioconductor package
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DESeq2 v1.40.2 (77), and the Benjamini—Hochberg false discovery rate (FDR) test was
performed to manage false-positive outcomes. Only the genes exhibiting an FDR derived
g-value less than 0.1 (adj. p value < 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 calculated using the R Package Piano v2.16.0 (gene set
statistic=reporter) (78). Fold change values of the significant genes were calculated in
Microsoft Excel from the log2 (fold changes). The fold change equals the OVX/SHAM
ratio when the ratio increases or equals -1/ratio when the ratio decreases. KEGG pathway
analysis was performed separately for distinctly upregulated, mixed-direction
upregulated, mixed-direction downregulated and distinctly downregulated genes based
on an adj. p value < 0.05 that indicated the enrichment of pathways according to the R
package Piano v2.16.0 (nperm=1000) (78). For the Gene Ontology analysis using
g:Profiler, only the “biological process” category (g:GOst,
https://biit.cs.ut.ee/gprofiler/gost, accessed on 17 March 2024, version
el10 _eg57 pl8 4b54a898) was applied to test functional enrichment analysis of
significantly differentially expressed genes in biological process pathways (79). 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 processes 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 4 April 2024).
As processes overlapped, we consolidated them and assigned new names to better reflect
their combined nature. The R package ggplot2 v3.4.4. (80) was used to create a volcano

plot with the DGEs to visualize changes in gene expression between groups.

134



RESULTS

R/Bioconductor package ComplexHeatmap v2.16.0. (81) was used to create a heatmap to
visualize significantly regulated KEGG pathways (adj. p < 0.05) in OVX animals

compared with their SHAM counterparts.

Statistical analyses

The data are presented as the means £ SEM (n = 10). 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. All the
variables of both studies were analyzed by Student’s t-test to assess differences between
SHAM and OVX animals at 25 and 35 weeks, respectively. The level of statistical

significance was set at bilateral 5%.

RESULTS

Ovariectomy increased body weight, adiposity, fat accretion and food intake and

decreased energy expenditure and lean mass content

As was previously described, ovariectomized rats exhibited significant increases in initial
and final body weight as well as in body weight gain compared to SHAM animals in both
25- and 35-week-old rats (Student’s t-test) (Table 1). Furthermore, these effects were
accompanied by higher adiposity index, relative fat mass and fat mass gain in the OVX
animals than in SHAM rats regardless of the age of the study (Figures 1D-F). The
dissection of the specific WAT depots revealed that 25-weeks-old OVX rats only
displayed a significant increase in IWAT relative weight whereas 35-weeks-old OVX
animals showed higher relative weight of RWAT, MWAT and IWAT than their SHAM
counterparts (Figures 1A-1C). These results reported in both studies concerning body
weight and adiposity could be attributed, at least in part, to the increased daily food intake

(Table 1) and the decreased EE (Figure 2B) observed in OVX rats in comparison with
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their SHAM counterparts of their respective ages. Specifically, ovariectomy-induced a
reduction in EE during the 21-hour and dark phase at 35 weeks of age and the light phase
at 25 weeks of age compared to SHAM rats (Fig. 2B). This decreased EE observed in
OVX animals was not accompanied by shifts in the use of fat and carbohydrates as energy
sources because no changes were observed between groups at both ages in RQ, lipid and

CH oxidation (Fig. 2A, 2C and 2D, respectively).

Furthermore, the impact of ovariectomy also led to decreased lean mass content (Fig.
1G) and increased loss of muscle mass (Fig. 1H) in both 25 and 35-week-old rats
compared to their respective SHAM counterparts at the end of both studies. These
changes in fat mass accretion and loss of muscle content observed in ovariectomized rats
of both ages were reflected in a decreased lean-to-fat ratio, indicating a less healthy body

composition profile resulting from ovariectomy (Fig. 1I).

Concerning the weight of other tissues analyzed, regardless of the age of the study,
ovariectomy resulted in significantly lower relative weight of brown adipose tissue
(BAT), liver and kidneys than their respective SHAM groups. These effects could be
attributed to the higher body weight reported in OVX rats than in SHAM animals because
no differences in these parameters were found when they were expressed in absolute
weight (data not shown). No significant decreases were found in the weight of spleen and
soleus muscle expressed as a percentage of body weight in OVX animals when compared
to SHAM rats at the age of 25 weeks, differently to what was observed in 35-week-old
SHAM and OVX groups (Table 1). The removal of the ovaries in the OVX groups did

not change the relative caecum weight at any age of study (Table 1).
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Ovariectomized rats displayed increased adipocyte hypertrophy and decreased

adipocyte number

The histological analysis carried out in the MWAT of 25-weeks-old rats (Fig. 3A-3E) and
in the RWAT of 35-weeks-old animals (Fig. 3F-3J) revealed a significant increase in the
average adipocyte area (Fig. 3A and 3F, respectively) and a lower adipocyte number (Fig.
3B & 3G, respectively) in OVX rats compared to their SHAM counterparts. Regarding
the adipocyte size distribution quantified at both 25 and 35 weeks (Fig. 3C & 3H,
respectively), there was a significantly higher proportion of larger adipocytes in both
RWAT and MWAT depots of OVX rats compared to SHAM rats, indicating adipocyte
hypertrophy at both ages as a consequence of the removal of the ovaries. In agreement
with these results, representative MWAT and RWAT histological images (H & E
staining) illustrated larger adipocytes and a lower number of these cells in the OVX
animals than in SHAM rats (Fig. 3D-3E for 25-weeks-old rats and Fig. 31-3J for 35-

weeks-old animals).
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Age-dependent effects of ovariectomy on parameters related to lipid metabolism,

oxidative stress, inflammation and glucose and insulin homeostasis

Circulating triglyceride levels were significantly decreased in the OVX animals compared
to their SHAM counterparts only at 35 weeks while circulating TC levels significantly
increased by the ovariectomy at the age of 25 weeks (Table 1). In addition, the circulating
levels of the inflammatory marker MCP1-1 were significantly higher in ovariectomized

25-week-old rats than in the SHAM group of the same age (Table 1).

In terms of hepatic parameters related to glutathione metabolism clear age-dependent
effects were observed. Thus, at 25 weeks, OVX rats showed lower levels of total GSH
than their SHAM counterparts, whereas an inverse pattern was reported in 35-weeks-old
animals (Table 1). Although a similar behaviour to what was observed for total GSH was
reported for reduced GSH, no significant changes between OVX and SHAM groups were
found in this parameter at any age, whereas 35-weeks-old rats displayed increased levels
of oxidized GSH than their sham-operated counterparts (Table 1). The removal of the
ovaries in the OVX group significantly decreased the GSH/GSSG ratio only in 25-weeks-

old animals (Table 1).

No significant changes were observed in blood glucose levels between OVX and SHAM
groups at any age (Fig. 4A). However, ovariectomy specifically produced a significant
increase in the circulating levels of insulin in 35-weeks-old rats (Fig. 4B), which resulted
in significant higher values of the surrogate marker of insulin resistance, HOMA-IR, in
this ovariectomized animals (Fig. 4D). Despite the decreased blood concentrations of
NEFAs reported in 35-weeks-old OVX rats (Fig. 4D), these animals also displayed lower
values of the surrogate marker of insulin sensitivity, R-QUICKI, than their sham-operated

counterparts (Fig. 4E). Concerning 25-weeks-old rats, the removal of the ovaries in the
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Figure 4 Effects of ovariectomy on RWAT (A), MWAT (B), and IWAT (C) depot weights, adiposity index (D), fat mass (E) A fat mass
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old. Data are given as the mean £ SEM (n = 10). The concentrations of serum/plasma parameters were determined at the end of the
experiment. The ratio of total adiponectin/g WAT was computed as the quotient between the circulating levels of total adiponectin and the
grams of fat mass. Leptin/adiponectin ratio was calculated as the circulating levels of leptin divided by the circulating levels of adiponectin.
Adiponectin/leptin ratio was calculated as the circulating levels of adiponectin divided by the circulating levels of leptin. Differences
between SHAM and OVX groups at 25- and 35-week were determined by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). NS: non-
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Ovariectomy increased the biochemical markers of bone turnover and produced slight

changes in bone composition

The analysis of bone-related parameters revealed that the relative weight of the collected
femur at both ages and the tibia collected at 35 weeks were lower in rats undergoing

ovariectomy (Table 2). Concerning the circulating levels of bone turnover biomarkers,
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ovariectomy. On the other hand, the significantly increased values of the surrogate marker
of insulin resistance, HOMA-IR, observed only in the older OVX rats when compared to
their age-matched SHAM counterparts, would agree with the results previously described
in other animal models, showing an increase in this parameter with age (90). In the same
line, the decreased BMD observed specifically in the tibia of the older OVX animals
would be in line with previous research demonstrating that rats that underwent
ovariectomy at 6-9 months of age exhibited the most osteoporotic response due to have a
lower skeletal bone growth and trabecular connectivity compared to rats in which

ovariectomy was induced before 6 months of age (41).

Overall, our results indicated that ovariectomy-induced at both ages triggered health-
related complications, most of them being similar in both 25 and 35-week-old animals,
although the disturbances concerning IR and osteoporosis were higher in the older model,
and the cholesterol, inflammation, and oxidative stress-related alterations were more
exacerbated in the younger animals. Considering that osteoporosis is one of the most
common hallmarks of menopause and that there is a clear relationship between insulin
resistance and increased CVD risk (91), and keeping in mind that the rat is not the most
appropriate animal model for diseases related to cholesterol alterations (92-94), we
considered that the rats in which ovariectomy was induced at 25 weeks (i.e. 35-week-old
animals) may offer a more accurate reflection of the postmenopausal condition.
Therefore, we assessed gene expression profiles in PBMCs of 35-week-old rats to
understand the potential underlying mechanisms associated with the postmenopausal

state.

The downregulation of most of the immune-related pathways observed at gene expression
level in PBMCs of the oestrogen deficient OVX rats would be in line with previous

research showing that the loss of ovarian steroid production occurring in postmenopausal
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women declines the immune function, an alteration that is also associated with aging and
is known as immunosenescence (95,96). Thus, several reports showed that the changes
in sex steroid hormone levels characterizing the menopausal state lead to a dysregulation
of the immune function, which can trigger relevant health problems, including obesity,
osteoporosis, autoimmune diseases, and immunodeficiency (95-98). Steroid hormones
exert a profound influence on the immune response by modulating gene expression in
cells possessing hormone receptors (95-98). During these stages of a woman's life, there
is an increase in pro-inflammatory serum markers such as MCP-1, IL1, IL6, and TNF-
alpha, accompanied by a decrease in T and B lymphocytes, along with a clear diminished
cytotoxic activity of NK cells (95-98), being reversed most of these dysregulations in
response to hormone replacement therapy (HRT) prescription (96). The decreased mRNA
levels of sh3bp2, a gene specifically associated with a positive regulation of Natural Killer
Cell Mediated Cytotoxicity pathway (99), observed in the PBMCs of OVX rats, would
support the idea towards a lower NK cell-mediated cytotoxicity occurring in the
postmenopausal state. Several studies reported that IL-18, in synergy with IL-12,
activates NK cells to produce IFN-y and enhances their cytotoxicity against tumor cells
(100-103). Additionally, IL-18 and IL-12 can also activate T cells and B cells to produce
IFN-y (104-106). A deficiency in IL-18 results in defective NK cell activity (101),
demonstrating the critical role of these cytokines in maintaining effective immune
responses. The downregulation of il/8r1, ill18rap, and il12rb1, observed in our study in
the PBMCs of the OVX animals are in agreement with these findings and would reinforce
the hypothesis that there is an impairment of NK-related immune function in the
postmenopausal state. Human patients with obesity displayed SOCS3 overexpression in
PBMCs and it was demonstrated that both SOCS-3 and leptin play a very important role

in inhibiting the type I interferon (IFN-1) response in these cells during obesity (107),
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which could lead to the suppression of the immune response to viral infections,
considering the key role of IFN-1 in antiviral defense. The higher mRNA levels of socs3
observed in PBMCs of our OVX rats would be in line with the aforementioned impaired
immune response. Our findings are also supported by a previous study carried out in OVX
rats that showed increased socs3 mRNA expression in ventricular tissue, which was
associated with an inflammatory response (108). Interestingly, increased socs3 mRNA
levels were counteracted by oestrogen replacement treatment, although this effect was
not observed at the protein level, suggesting posttranscriptional regulation mechanisms

that maintain SOCS3 protein at similar levels regardless of the oestrogen levels (108).

SOCS3 binds to the insulin receptor and inhibits the activation of insulin receptor
substrate 1 (IRS1) and insulin signaling pathways, enhancing insulin resistance
(109,110), an effect that is induced, at least in part, by leptin through the upregulation of
SOCS3. The higher mRNA levels of socs3 observed in PBMCs of our OVX rats would
be in line with the sharp increase of the surrogate marker of insulin resistance, HOMA -
IR, observed in our study in the postmenopausal model with oestrogen deficiency.
Numerous studies have reported that ovariectomy in rats leads to significant metabolic
disturbances, including elevated fasting blood glucose and insulin levels, and increased
HOMA-IR, indicating IR and glucose intolerance (111-113). These systemic effects can
also be partly explained by the reduced expression of slc2a4, also known as glut4, in the
liver, pancreas, and skeletal muscle of these animals (111-113). Furthermore,
phosphorylated levels of P38 MAPK and AKT are significantly reduced in OVX rats,
linking the inactivation of the P38 MAPK/GLUT4 signaling pathway to decreased
GLUT4 expression and impaired glucose metabolism (112). In addition, GRB7 is an
adaptor protein involved in intracellular signaling pathways, impacting insulin sensitivity,

among other processes (114—117). Different studies showed that female grb7-null mice
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exhibit improved glycaemic control and enhanced insulin signalling in the liver,
evidenced by increased insulin-stimulated phosphorylation of the insulin receptor and
Akt, indicating that GRB7 negatively regulates insulin sensitivity (114). Therefore, the
lower glut4 mRNA levels and the higher grb7 and socs3 gene expression levels found in
our study in the PBMCs of OVX rats would support the utility of PBMCs to reflect
metabolic alterations related to glucose and insulin homeostasis that are produced in

response to oestrogen deficiency induced by ovariectomy.

BPIFB4 is a protein linked to longevity that is found at high levels in Long-Living
Individuals, correlating with a tendency for monocyte-derived macrophages to adopt an
anti-inflammatory M2 phenotype, which is understood as a protective mechanism against
age-related cardiovascular diseases and inflammation (118,119). It is tempting to
hypothesize that the sharp downregulation of bpifb4 expression observed in the present
study might impair immune response modulation and fail to reduce cellular senescence
in postmenopausal rats with oestrogen deficiency. Whether the lower bpifb4 mRNA
levels observed in PBMCs of OVX animals could contribute to accelerated aging and to
the onset of age-related diseases in the postmenopausal stage, potentially increasing the
risk of atherosclerosis and diabetic cardiomyopathy (118,119) would deserve further
research. Related also to aging, the decreased expression of mapk! reported in the present
research is consistent with the findings obtained in a study in which inhibition of MAPK 1
was found in both OVX and natural aging-induced ovarian senescence oestrogen
deficient mice models, suggesting increased apoptotic pathway activation and
cytoskeletal disturbances in muscle tissue (120), which could be linked to the increased
muscle mass loss observed in our OVX rats, highlighting the role of oestrogen deficiency

and aging in promoting muscle atrophy.
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counteracted by progesterone receptor antagonists, thereby suppressing the pathways
induced by both oestrogen and progesterone (133). Therefore, this antagonistic effect
observed after ovariectomy could modulate HSPs expression, suggesting a compensatory
mechanism where the deficiency of oestrogens, as seen in OV X models, accompanied by
decreased levels of progesterone (134-136), could enhance PR availability and chaperone
efficiency, potentially activating or increasing the availability and activity of PR. On the
other hand, hspab overexpression in OVX mice negatively impacted bone health by
promoting adipogenesis over osteogenesis in bone marrow stromal cells and a treatment
with the HSPADS inhibitor HA15 ameliorated bone loss in OVX mice (137). Therefore,
the increased hspa5 mRNA levels observed in PBMCS of OV X rats would suggest that
these blood cells capture to some degree the osteoporosis occurring in our
postmenopausal model, which, considering the important role of progesterone against
bone loss (136), could be related, at least in part, to the decreased of both oestrogen and
progesterone levels reported in the postmenopausal state. This differential regulation of
HSPs and hormone receptors underscores the importance of understanding the distinct
and combined roles of oestrogen and progesterone in both normal and cancerous tissues,
offering insights into potential therapeutic targets for hormone-related cancers and
conditions such as osteoporosis that could be potentially monitored at the molecular level

using PBMCs, although further research would be need to shed light on this issue.

17B-oestradiol (17B-E2) significantly enhances macrophage cholesterol efflux, a key
process in preventing atherosclerosis, by upregulating abcal via ERa. In vivo
experiments with OVX mice treated with 17B3-E2 showed increased abcal expression and
cholesterol efflux in macrophages, corroborating the results obtained in cell line studies
(138). Furthermore, a 3-month HRT study consisting of oral oestrogen and progestin

supplementation to non-obese, normolipidemic post-menopausal women revealed an
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postmenopausal women (152—154) and in OVX animals, as occurs in our study, several
studies have shown that the expression of the bglap gene is significantly downregulated
in OVX rats in bone marrow mesenchymal cells, alveolar bone osteoblastic cells, and
femoral tissues (155—157). Overall, our results concerning the downregulation of bglap,
tabl, tgfb2 and tgfb3 observed in PBMCs would be in agreement with the idea pointing
toward the lower capability of bone mineralization and reduced BMD during the
postmenopausal state (148—150,155-157). Furthermore, the bgn gene and its protein
biglycan are crucial for bone and cartilage health. Studies on biglycan-deficient mice have
demonstrated a reduced capacity to generate bone marrow stromal cells (BMSCs), being
this deficiency worsening with age (158). Normally, high levels of biglycan in BMSCs
help control cell proliferation and apoptosis, ensuring a proper population of mature
osteoblasts. In addition, these cells exhibit a diminished response to TGF-B, decreased
collagen synthesis, and increased apoptosis compared to normal cells (158). In our study,
the downregulation of bgn observed in the PBMCs of OVX rats is consistent with the link
between its under expression and bone metabolism-related disorders, and confirms that
the interplay between bgn, TGF-B-related genes and bglap reported in previous studies
(148-150,155-158) is also reflected in PBMCs. Additionally, two studies reported that
ovariectomy led to a significant increase in both mRNA and protein levels of PTGS2,
also known as COX-2, in trabecular tibias (159,160), which is fully aligned with our
findings observed at gene expression level in PBMCs. These studies indicated that cox-2
overexpression might aggravate OVX-induced bone loss by deteriorating trabecular bone
mass and architecture through reduced bone remodeling and decreased resorptive
activity. Therefore, inhibitors of COX-2 could serve as therapeutic agents by correcting
these adverse effects, potentially preserving bone mass and improving bone architecture

in the context of oestrogen deficiency (160). Overall, considering our results obtained at
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ABSTRACT

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 supplementation. 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 disturbances associated with menopause. Twenty OVX rats were orally
supplemented with either MI (OVX-MI) or vehicle (OVX). Furthermore, 10 OVX rats
orally received the vehicle along with subcutaneous injections of 17p3-oestradiol biweekly
(OVX-E2), whereas 10 rats were sham operated and received oral and injected vehicles
(control group; SH). MI supplementation partly counteracted the fat mass accretion
observed in OV X animals, which was evidenced by decreased total fat mass, adiposity
index, the weight of retroperitoneal, 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 OV X-E2 animals. OV X-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 MI formulation as an
alternative therapy to manage obesity and to improve the cardiometabolic health of
menopausal women.

Key words: Hesperidin, phytosterols, curcumin, nutraceuticals, menopause, obesity,
cardiometabolic health, complementary and alternative therapies

! Running title. Multi-ingredient supplementation and menopause-related alterations.
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Menopause is a biological stage in a woman’s life that is defined as the permanent
cessation of menstrual cycles by reproductive aging. The decline and gradual cessation
of oestrogen production by loss of ovarian follicular activity and function! occurring
during the menopausal transition and menopause can cause a variety of vasomotor
symptoms, such as hot flushes, sleep disturbances and night sweats.>* In addition, this
aging process may be associated with osteoporosis,® increased body weight and a change
in body fat distribution 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.!!
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Hormone replacement therapy (HRT) prescription remains the most effective solution for
symptoms or metabolic disturbances related to the postmenopausal state. Nevertheless,
HRT prescription was challenged by the controversy over its benefits and risks derived
from the unexpected findings of Women’s Health Initiative (WHI) study in 2002,
pointing towards a higher risk of suffering CVVDs and endometrial and breast cancers for
some of the HRT treatments.'? 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 osteoporosis.*2
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 disorders such as dementia or
Alzheimer’s disease, and it is not advised for women with a medical history of breast or

endometrial cancers.!?

In recent years, due to controversy about the risks associated with HRT, many women
have looked for alternative therapies to address menopause. Some supplements, such as
natural extracts, bioactive compounds and nutraceuticals, have been used as alternative
therapies to manage vasomotor symptoms 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
isoflavones found in soy.'® Phytoestrogens are chemically similar to 17p-oestradiol (17p-
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
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selectivity for oestrogen receptor (ER) B than for a, which is a favourable property
because most of the side effects are produced through binding to ER-a.1>!* Nevertheless,
there are many types of phytoestrogens, and their activity in humans seems to vary
between subjects because specific intestinal bacteria 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 bioactive 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 (turmeric) 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 occurring in menopause and the associated osteoporosis
and metabolic disorders,*®?! curcumin supplementation ameliorated progressive bone
loss and osteoporosis.??> Furthermore, Morrone et al. demonstrated that this bioactive
compound displayed an anti-hypercholesterolaemic effect and reduced oxidative 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
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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.?42% Furthermore, mounting evidence suggests that
hesperidin supplementation exerts an inhibitory effect against obesity, modulating 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 2S 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 structure to cholesterol and that are
naturally present in considerable amounts in pistachios and in oils obtained from
rapeseed, 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, produces a competitive exclusion of cholesterol from bile acid micelles in the
intestinal tract, which reduces intestinal cholesterol reabsorption. Phytosterol
supplementation is supported by the European Food Safety Authority (EFSA), which
concluded 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 coronary heart disease.? Xia et al. 2022 demonstrated that in postmenopausal 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 alterations, mainly in animal models, to the best of our knowledge, the effects
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of combined supplementation with these three bioactive compounds have not yet been
evaluated. Different studies, including some carried out by our research group,®3' have
shown that the combined administration of different bioactive 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 (M)
supplement based on the combined supplementation of curcumin, hesperidin and pine-
tree phytosterols could be an 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 supplementation for 8 weeks with an MI supplement
including hesperidin (M2SH), phytosterols and curcumin would exert beneficial effects
against fat mass accretion, metabolic alterations and osteoporosis associated with
menopause. The effects of this M1 were compared to those produced by the administration
of 17B-E2, an agent that resembles HRT, in the treatment of menopause symptoms and

associated diseases.
MATERIALS AND METHODS

Ingredients

Lipophytol®-P (PHY:; ref no.: LI0056) 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.
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(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 sinensis) 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 OV X rats were distributed into three experimental groups depending on
the treatment received for 8 weeks (OVX; OVX-E2; OVX-MI; n = 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 225 mg kg—1; CUR at 100 mg kg—1; and M2SH at 100
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mg kg—1. 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 phytosterols, 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.?6324%41 The SH, OV X 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—1 17B-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 (pentobarbital 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
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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 tomography 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.

HOMA-IR and R-QUICKI analyses

The HOMA-IR was calculated using the following formula: (fasting glucose level — mmol
L™t x fasting insulin level — pU mL™)/22.5.% Insulin sensitivity was evaluated by the
revised quantitative insulin sensitivity check index (R-QUICKI) using the following

formula: 1/[log insulin (uU mL™) + log glucose (mg dL ) + log FFA (mmol 171)].43

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 17B-E2 at baseline
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and progesterone at the end point, the ELISA E2 kit (CSB-E05110r/CUSABIO, Houston,
USA) and the ELISA progesterone 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 adiponectin levels
were quantified by a Rat Total Adiponectin/Acrp30 Quantikine ELISA kit
(RRP300/R&D systems, Minnesota, USA). To quantify the circulating levels of the
biomarkers of bone turnover procollagen I amino-terminal propeptide (PINP), osteocalcin
(OC) and carboxy-terminal telopeptide of type I collagen (CTX-1), the PINP ELISA kit
(AC-33F1, IDS, UK), the osteocalcin ELISA kit (AC-12F1, IDS, UK) and the CTX-1

(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 collected 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 postmortem by three-
dimensional microcomputed tomography (LCT 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
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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
integration time of 100 ms with three frames, a photon energy of 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 calculated 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

181



RESULTS

(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 g L™* NaH2POs, 6.5 g L™* Na;HPO4; pH 6.8) were cut at a thickness of
5 pum and stained with haematoxylin & eosin (H & E). MWAT images (magnification
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 ImageJ
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 transferase (Hprt) and peptidylprolyl isomerase A (Ppia) were used as

reference genes.

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
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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 distribution 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 followed by Games—Howell's post hoc test was
used when homoscedasticity was not assumed. The Kruskal-Wallis test followed by the
Mann-Whitney U post hoc test was used as the nonparametric version of one-way
ANOVA when the data did not follow a normal distribution. Linear relationships between
key variables 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 differences among groups in the area under the curve
(AUC) analysis, 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 ttest was used for single
statistical comparisons of oestrogen levels at baseline between the SH group (n = 10) and
OVX rats (n = 30). Student's t 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 significance was set at bilateral 5%.
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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 17B-E2. As
expected, the OVX rats displayed significantly lower levels of this hormone than their
sham-operated counterparts (467 + 124 pg mLvs. 183 + 49 pg mL1; 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 1and Fig. 2). Furthermore, OVX animals also showed higher
cholesterol and monocyte chemoattractant protein-1 (MCP-1) circulating levels (Table 1)
and a lower hepatic GSH/GSSG ratio than SH animals (Table 2). Altogether, these results
indicate that OV X rats developed hallmarks of cardiometabolic alterations that can occur
in the postmenopausal state, as was previously reported.*® In addition, compared with SH
rats, the OV X 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.*’
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Fig. 1 Effects of ovariectomy, 178-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. 1d, 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: OV X rats treated with
17B-oestradiol, OVX-MI: OV X rats supplemented with the multi-ingredient. RQ: respiratory quotient; EE:
energy expenditure.
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MI and 17f-E2 treatments decreased adiposity and adipocyte hypertrophy and

promoted a healthier body composition

As expected, 17B-E2 administration significantly reduced the final body weight compared
to the OV X animals and fully counteracted the increase in body weight gain observed in
the OV X 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
counterparts (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 OV X-MI rats compared
to the OVX group (Table 1). Remarkably, the rats that received the MI supplement or
17B-E2 showed, at the end point, a significant 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 OV X counterparts (Fig. 2d). Consequently, both the OVX-MI and
OVX-E2 groups displayed a significantly lower total fat mass gain than the OV X 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 17B-E2 injections fully counteracted the increased MWAT average
adipocyte area observed in the OV X 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 OV X group compared to the other three groups (Fig. 2f).
In agreement with these results, representative MWAT histological images (H & E
staining) illustrated larger adipocytes and a lower number of these cells in the OV X group

(Fig. 2h) than in their SH (Fig. 2g), OVX-E2 (Fig. 2i) and OV X-MI (Fig. 2j) counterparts.

187



RESULTS

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 OV X group, showing both groups of treated rats a very similar pattern
to those observed in control SH animals (Fig. 2k). Remarkably, OVX-MI rats showed a
higher lean mass than OV X 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 17B-E2 (Table 1), they also displayed a significant
increase in the lean/fat mass ratio when compared to the OV X group, similar to what was
observed in response to MI administration (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 OV X-

MI group and their SH counterparts (Table 1).
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Fig. 2 Effects of ovariectomy, 17B-E2 injections and MI treatment on MWAT (a), RWAT (b), and IWAT (c) depot weights,
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adiposity index (d), adipocyte's area (e), adipocyte's number (f), representative micrographs of hematoxylin-eosin stained

MWAT sections (bar = 100 um) 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, ¢) indicate
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 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. MWAT: mesenteric
white adipose tissue; RWAT: retroperitoneal white adipose tissue; IWAT: inguinal white adipose tissue.

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 OV X counterparts (Table 1 and Fig. 2d), both the OVX-E2 and
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OVX-MI groups showed a significant decrease in the circulating levels of leptin (Fig. 3a).
Although no significant changes among groups were found in the circulating levels of
adiponectin (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 OV X counterparts (Fig. 3d). These significant

effects were not observed in response to 173-E2 treatment (Fig. 3c and d).
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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, ¢) 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 intervention. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats
treated with 17B-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.
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M1 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 performed on day 43 also revealed that neither 17B-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, 173-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, respectively). Although no
significant changes were found either in insulin levels or HOMA-IR among the SH, OV X
and OVX-MI groups under one-way ANOVA, Ml intervention for 57 days residually
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 t test) and
produced a significant increase in the R-QUICKI value compared to that in the OV X and
OVX-E2 animals, which suggests an improvement in insulin sensitivity (Fig. 4g). In
contrast, the OVX-E2 group displayed a significant decrease in R-QUICKI in comparison

with the SH and OV X-MI animals (Fig. 49).
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Fig. 4 Serum levels of glucose (a) and insulin (b) performed on day 43 after an OGTT (2 g kg* of body weight) and
glucose (c), insulin (d), NEFAs (e), HOMA-IR (f), and R-QUICKI (g) at the end of the study in sham-operated (SH)
and ovariectomized (OVX) rats after 8 weeks of intervention. The integrated area under the curve (AUC) was
determined for glucose and insulin circulating levels using GraphPad Prism software (GraphPad Software, Inc., La
Joya, CA, USA). Glucose (c), insulin (d), NEFAs (e), HOMA-IR (f) and R-QUICKI (g) at the end of the study are also
shown. Data are given as the mean + SEM (n = 9-10). In Fig. 4a and b, the statistical comparisons among groups were
conducted using RM-ANOVA or two-way ANOVA, p < 0.05. In Fig. 4c—g, different superscript lowercase letters (a,
b, ¢) 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
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.

MI and 17-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 oxidation were reported (Fig. 1b and c, respectively).
Both the OV X and OV X-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 compared to the SH
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animals (Fig. 1d). There was a strong positive 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).

M1 supplementation did not produce the deleterious effects on HDL-c and TG observed

in response to 17f-E2 treatment

17B-E2 injections residually decreased the circulating levels of TC (p=
0.043 versus OVX rats, Student's t test), although the differences between these two
groups were not statistically significant 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). Ml intake fully
counteracted the decrease in HDL-c reported in OVX-E2 rats (Table 1). Furthermore, Ml
supplementation slightly decreased the VLDL-c + LDL-c serum cholesterol levels in
comparison with OVX rats, although the differences were not statistically significant
(11% decrease; p = 0.055 versus OV X animals, Student's t 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 OV X-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
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