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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. 
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RESUM 

La transició menopàusica, coneguda com a perimenopausa, i, posteriorment, la 

postmenopausa són fases biològiques naturals en la vida de la dona associades a 

l'envelliment reproductiu. Aquests processos es caracteritzen per una senescència en la 

funció ovàrica acompanyada d'una disminució de la producció d'estrògens, que ja es 

produeixen en la perimenopausa amb l'aparició de cicles menstruals irregulars i 

s'accentuen a la postmenopausa. Aquest procés d'envelliment reproductiu sovint 

s'acompanya de símptomes vasomotors (alteracions del son, suors nocturnes i 

sufocacions), i s’associa amb un major risc d'osteoporosi, obesitat i factors de risc 

cardiovascular. En aquesta tesi vam hipotetitzar que dos multi-ingredients que actuen 

front a dianes complementàries, un que inclou curcumina, hesperidina i fitosterols, i l'altre 

els aminoàcids histidina, serina, cisteïna i carnosina, podien exercir efectes beneficiosos 

front a l'obesitat i les alteracions cardiometabòliques que poden aparèixer durant la 

menopausa. Inicialment, vam caracteritzar, en rates, la transició menopàusica utilitzant 

un model d’envelliment reproductiu natural i vam identificar en sèrum, utilitzant 

lipidòmica, biomarcadors potencials de transició menopàusica. En segon lloc, vam 

utilitzar rates ovariectomitzades, un model postmenopàusic amb deficiència d'estrògens, 

i vam demostrar, utilitzant transcriptòmica, que les cèl·lules mononuclears de sang 

perifèrica reflectien els canvis moleculars associats amb la deficiència d'estrògens pel que 

fa a alteracions en la funció immune, la resposta a l'estrès, el metabolisme ossi, el 

metabolisme del colesterol i l'homeòstasi de la glucosa. Finalment, vam revelar que la 

suplementació oral amb els dos multi-ingredients va atenuar l'obesitat i les alteracions 

metabòliques relacionades en rates ovariectomitzades, sent aquests efectes d'una 

magnitud similar als produïts per l’estradiol, un tractament farmacològic que simula la 

teràpia hormonal substitutiva que de vegades es prescriu a les dones durant la 

postmenopausa. Els nostres resultats poden establir les bases per utilitzar aquestes 

formulacions basades en multi-ingredients com a teràpies alternatives per atenuar les 

alteracions relacionades amb la menopausa. 
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DEXA Dual-energy X-ray absorptiometry  

DHEA Dehydroepiandrosterone  

ECM Extracellular matrix
EE Energy expenditure 

ER Oestrogen receptor 

Fasn Fatty acid synthase 

FMP Final menstrual period 

FSH Follicle-stimulating hormone 

GABA Gamma-aminobutyric acid 

GC-MS Gas chromatography-mass spectrometry 
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IL-6 Interleukin-6  

Insr Insulin receptor 

IR Insulin resistance 

IWAT Inguinal white adipose tissue 

LAR Leptin-to-adiponectin ratio 

LC-MS Liquid chromatography-mass spectrometry 

LDL-c Low-density lipoprotein cholesterol 

LH Luteinizing hormone 

LPL Lipoprotein lipase 

M-CSF Macrophage colony-stimulating factor 

M2SH Micronized 2-S-hesperidin 

MCP-1 Monocyte chemoattractant protein-1 

MD Mediterranean diet 

MetS Metabolic syndrome 

MI Multi-ingredient 

MRI Magnetic resonance imaging  

MWAT Mesenteric white adipose tissue 

NAFLD Non-alcoholic fatty liver disease 

NEFAs Nonesterified fatty acids 

NGS Next-generation sequencing 

NIH National Institutes of Health 

NMR Nuclear Magnetic Resonance 

OC Osteocalcin 

OGTT Oral glucose tolerance test 

OPG Osteoprotegerin 

OVX Ovariectomized rats 

OxPhos Oxidative phosphorylation 
PINP Procollagen I amino-terminal propeptide 

PREDIMED PREvención con DIeta MEDiterránea  

R-QUICKI Revised quantitative insulin sensitivity check index 

RANK Receptor activator of nuclear factor kappa-B 

RANKL Receptor activator of nuclear factor kappa-B ligand

RWAT Retroperitoneal white adipose tissue 

STRAW Stages of reproductive aging workshop 

SWAN Study of women’s health across the nation  

T2DM Type 2 diabetes mellitus 

TC Total cholesterol 

TG Triglycerides

TGF-β Transforming growth factor-beta
TNF-α Tumor necrosis factor-alpha  

VMS Vasomotor symptoms 

VLDL-c Very-low-density lipoprotein cholesterol. 

VTE Venous thromboembolism 

WAT White adipose tissue  

WHI Women’s Health Initiative trial 
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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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pattern can change during perimenopause and menopause due to the gradual decline in 

oestrogen levels, which can be translated to higher rates of these alterations in women 

(13–17). 

1.1.1. Menstrual cycle dynamics: Hypothalamus-Pituitary-Gonadal (HPG) axis, 

folliculogenesis and ovulation 

In a normal ovulatory menstrual cycle, which typically lasts between 25 to 35 days, with 

an average duration of 28 days in the absence of pregnancy, there is a complex intricate 

feedback system among the hypothalamus, pituitary gland, and ovaries, known as the 

Hypothalamus-Pituitary-Gonadal (HPG) axis. This process results in the neuro-endocrine 

secretion of various steroidal and non-steroidal hormones, including cyclical changes in 

four main reproductive hormones: luteinizing hormone (LH), follicle-stimulating 

hormone (FSH), oestrogen, and progesterone, forming a critical feedback communication 

system essential for maintaining the menstrual cycle (Figure 1) (18,19). 

Figure 1. Diagrammatic representation of the Hypothalamus-Pituitary-

Ovarian axis. GnRH: gonadotrophin-releasing hormone; LH: luteinizing 

hormone; FSH: follicle-stimulating hormone. Created with biorender.com.  
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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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It is well-established that women are born with a finite pool of immature ovarian follicles. 

Histological follicle counts and mathematical models estimate that each ovary contains 

around 500,000 resting follicles at birth, which decrease to approximately 200,000 per 

ovary by puberty. Throughout a woman's reproductive life, with the onset of the 

menstrual cycle and folliculogenesis, approximately 400 eggs are ovulated, while the 

remaining follicles undergo a continuous and natural process of cell death in the ovary 

known as follicular atresia (19–21). As reproductive aging progresses, this results in a 

nearly exhaustive depletion of follicles during the menopausal transition or 

of remaining follicles is almost completely depleted, dropping below 100 (19,21–23). 

 

Figure 2.  The human menstrual cycle has three distinct phases. The follicular phase is characterized by 

steadily increasing 17β-oestradiol levels. At a critical level of 17β-oestradiol, LH surges, with the trigger 

for ovulation occurring in  the periovulatory  phase.  Ovulation is  followed by the luteal  phase, 

wherein  progesterone  levels  increase,  and  17β-oestradiol  is  present  at  a  moderate  level.  Created  with 

biorender.com.  

perimenopause, with estimates falling below 1,000 follicles. By menopause, the number 
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levels decline significantly, leading to increased irregularity in the menstrual cycle and 

elevated FSH levels, while oestradiol and progesterone levels gradually decline over time 

(19,21,22,24). This diminished follicle reserve and the hormonal imbalance in the HPG 

axis are likely responsible for the initial changes in menstrual cycle regularity with the 

onset of the perimenopausal transition and exacerbated in the menopausal state 

(19,21,22,24). On the other hand, whether the initiation of the menopausal transition, it is 

stemming from reduced follicular reserves or from the dysregulation of the HPG axis in 

the brain, remains a topic of debate (19,21,22,24). What is evident, however, is that both 

the transition itself and the subsequent phase of post-reproductive life bring about 

physiological, behavioral, and neurological changes that can significantly impact the 

quality of life (26).  

1.1.2. Stages of Reproductive Aging Workshop (STRAW): underlying endocrine 

changes during menopausal transition and menopause  

Identifying the precise beginning of perimenopause using hormonal changes as diagnostic 

markers is extremely challenging. However, the  Stages of Reproductive Aging 

Workshop (STRAW+10) staging system (1) categorized the menopausal transition into 

specific phases, helping to a better understanding and management of the changes 

occurring during this period. 

This reduction in follicular reserve leads to the onset of irregular cycles in perimenopause 

(19,21,22,24). Anti-Müllerian hormone (AMH) and inhibin are two hormones included

in  the  transforming  growth  factor-beta  (TGF-β)  family, produced  by  growing follicles 

As menopause approaches and the follicular pool becomes depleted, AMH and inhibin 

and serve as markers of ovarian reserve. They play key roles in inhibiting the transition from

primordial to primary follicles and in regulating FSH secretion, respectively (19,24,25). 
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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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Table 1. The Stages of Reproductive Aging Workshop + 10 staging system for reproductive aging in women. (STRAW +10) 

           MENARCHE                                                            FMP (Stage 0)   

      ↓                                   ↓   

Stage -5 -4 -3b -3a -2 -1 +1a +1b +1c +2 

Terminology 

REPRODUCTIVE MENOPAUSAL TRANSITION POSTMENOPAUSE 

Early Peak Late 
Early Late Early Late 

PERIMENOPAUSE   

Duration variable variable 1-3 years 2 years (1+1) 3-6 years Remaining lifespan 

PRINCIPAL CRITERIA 

Menstrual 

Cycle 

Variable 

to 

regular 

(Puberty) 

Regular Regular 

Subtle 

changes 

in flow or 

length 

Variable Length 

Persistent 

≥ 7-day 

difference in 

length of 

consecutive 

cycles 

≥ 2 skipped cycles 

and an interval of 

amenorrhea of ≥ 

60 days 

Amenorrhea 

for 12 

months 

  

SUPPORTIVE CRITERIA 

FSH 

AMH 

Inhibin B 

  

Low 

Low 

 

Variable* 

Low 

Low 

↑Variable 

Low 

Low 

↑ > 25 IU/L** 

Low 

Low 

↑ Variable* 

Low 

Low 

Stabilizes 

Very Low 

Very Low 

 

AFC   Low Low Low Low Very Low Very Low  

DESCRIPTIVE CHARACTERISTICS 

Symptoms      

Vasomotor 

Symptoms 

Likely 

Vasomotor 

symptoms 

Most likely 

 

Increasing 

symptoms of 

urogenital atrophy 

                                                  * Blood draw on cycle days 2-5 ↑ = elevated 

                                                  **Approximate expected level based on assays using current international pituitary standard 

 

FMP: final menstrual period; FSH: follicle-stimulating hormone; AMH: anti-müllerian hormone; AFC: antral follicle count. Adopted from Harlow et 

al. (2012). 
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In the late reproductive stage -3a many women often experience subtle changes in 

menstrual cycle length and flow, which are specifically manifested with shorter cycles 

(25–26 days) due to a shorter follicular phase (1,19). During the early follicular phase 

(cycle days 2-5), there is a slightly rise in FSH levels, which become more variable. This 

subtle rise in FSH has been attributed to a decrease in small antral follicle production of 

inhibin B and AMH, both of which fail to inhibit the anterior pituitary’s FSH secretion. 

These decreases in inhibin B and AMH, along with low AFC, become evident with 

1.1.2.1. Menopausal transition: perimenopause 

Perimenopause is the transition period from the reproductive to the nonreproductive stage 

of life, including the last reproductive years through the first twelve consecutive months 

of amenorrhea (1). It is characterized by irregular menstrual cycles (with more frequent 

occurrence of anovulatory or delayed ovulatory cycles) and by fluctuating hormone 

levels, which can lead to bothersome symptoms and increased health risk factors. These 

changes in hormone levels (elevated early follicular phase FSH, and decreased oestradiol, 

AMH and inhibin B) mark the progression through the menopausal transition, which 

typically lasts about 4-5 years (24). However, the duration of the transition and symptoms 

can vary significantly depending on when the menopausal transition begins. On average, 

it starts between 44 and 48 years old, with some women experiencing symptoms as early 

as 31 years old and others as late as 54 years old (5,6). The age at the FMP is usually 

Women’s Health Across the Nation (SWAN) with multiethnic cohorts have revealed that 

women experiencing earlier onset of perimenopausal symptoms tend to have a more 

advancing reproductive age and are already apparent in stage -3b (1,19). 

between 51-52 years, ranging from 35 to 58 years (5,6). Studies such as the Study of 
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extended median transition period (8.6 years), compared to those with later onset 

symptoms who may undergo a shorter median transition (4.3 years) (25).  

During perimenopause, the decline in follicle numbers, which correlates directly with 

decreased AMH levels, reaches a critical point when concentrations of inhibin B in the 

follicular phase start to decrease and FSH levels rise (1,27–31). This increase in FSH 

secretion is also associated with a decline in inhibin B (32). Furthermore, it has been 

reported a significant and inverse correlation between these two hormones (Figure 3) 

(33). These changes are recognized as potential early markers of the perimenopausal 

transition; however, their predictive value varies considerably.  

Figure 3. Sex hormone levels during the human menstrual cycle and menopausal transition. 

Image obtained from Davis SR et al. (2015). 
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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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The VMS, particularly hot flashes, are common during this stage, although their 

prevalence tends to peak after the FMP. Thus, while the presence of VMS can indicate 

the late menopausal transition, bleeding patterns and an FSH level of 25 IU/L or higher 

are more reliable indicators (1). It is important to note that individual women may not 

always fit neatly into these staging categories; some may skip the early menopausal 

transition entirely, especially those transitioning later in life, while others may spend 

many years in the early stage, particularly those transitioning at younger ages (25). 

1.1.2.2. Postmenopause 

Menopause is the natural biological phase in a woman's life associated with reproductive 

aging characterized by the permanent cessation of menstrual cycles, marking the end of 

the reproductive stage (1,25,39,40). It is defined as the absence of menstrual periods for 

twelve consecutive months after the FMP,  typically occurring at the age of 51-52 (9,24). 

Natural menopause usually occurs between 45 and 55 years of age and menopause 

occurring around the age of 45 is often classified as early (9,24).  

While early postmenopause Stage +1a marks the end of the 12-month period of 

amenorrhea required to define that the FMP has occurred, early postmenopause Stage 

+1b encompasses the rest of the period characterized by rapid changes in mean FSH and 

continue to fall until approximately 2 years after the FMP (Stage +1a and +1b) (38). 

Symptoms, especially VMS, are most likely to occur during Stages +1a and +1b. On the 

other hand, early postmenopause Stage +1c represents the period of hormonal 

stabilization, characterized by high FSH levels and low oestradiol values, lasting 

approximately 3 to 6 years. Therefore, the entire early postmenopause could last 

approximately 5 to 8 years (1,38). Finally, late postmenopause Stage +2 represents the 

oestradiol levels. Recent data indicate that FSH continues to rise, and oestradiol levels 
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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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Figure 4. Symptoms and health-related complications of menopausal transition include central nervous system-related disorders, 

bodily alterations related to cardio-metabolic changes and musculoskeletal alterations. Created with biorender.com. 
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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 techniques such as dual-energy X-ray absorptiometry (DEXA), 

microcomputed tomography (µCT), 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 ERα-mediated, whereas ERβ may have opposing effects. The presence of 

both ERα and ERβ in human subcutaneous and visceral adipose tissue depots is well 

established. ERα 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 Erα-to-
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ERβ ratio than postmenopausal women (68). Furthermore, postmenopausal women under 

HRT prescription showed an increased Erα-to-ERβ ratio, which was accompanied by 

enhanced insulin sensitivity (87). In animal studies, 17β-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 ERα-null mice, suggesting that the beneficial effects of oestradiol on 

glucose and insulin homeostasis are mediated via Erα (88,89). The protective effects of 

oestrogens against T2DM observed in OVX mice fed a high-fat diet would support the 

idea that targeting ERα 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 mRNA 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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increased risk, and an ALR <0.5 indicates a severe risk of suffering from cardiometabolic 

diseases (99).  

1.2.6. Cardiovascular diseases (CVDs) 

The menopausal transition and the decline in oestrogen levels are linked to alterations in 

the peripheral vasculature and lipid profiles as well as to increased visceral fat accretion, 

which leads to the elevated risk of suffering MetS and CVDs in postmenopausal women 

(86,103–106). The early menopausal transition stage is consistently associated with a 

higher risk of coronary heart disease, stroke and mortality in later life in the 

postmenopausal state (107–109). Furthermore, longitudinal studies have highlighted the 

FMP as a crucial marker for understanding the timing of metabolic changes related to 

menopause (4,17,110). During the 10-year follow-up carried out in the SWAN study, it 

was observed that blood lipid profiles became more atherogenic in women within the year 

interval before and after the FMP, with significant increases in total cholesterol (TC), 

ethnicity, or weight (4). High-density lipoprotein cholesterol (HDL-c) levels increased 

regularly until the FMP occurred, peaking at this point and then declining, leading to a 

small overall decrease in HDL-c across the menopausal transition (4). Consequently, the 

protective anti-atherogenic effect of HDL-c appears to be diminished from 

perimenopause (3,4,106,111). These findings suggest that the increased prevalence of 

CVDs and MetS in postmenopausal women is more likely due to changes occurring 

during the menopausal transition rather than during the postmenopausal state. Monitoring 

lipid profiles in perimenopausal women could improve the primary prevention of CVDs. 

Additionally, women who experience premature menopause display a greater risk of 

developing obesity, which, in turn, is associated with a higher incidence of CVDs and 

MetS (112). 

low-density lipoprotein cholesterol (LDL-c) and apolipoprotein B, regardless of age, 
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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). El 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/m² 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 ERα and ERβ 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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osteoclasts, respectively, particularly in the presence of oestradiol, thereby prolonging 

their lifespan and activity (132,133).  Bone turnover markers in blood, such as serum C-

terminal telopeptide of type I collagen (CTX-1) for bone resorption, and serum 

procollagen type I N propeptide (PINP) and osteocalcin (OC) for bone formation, are 

utilized to assess bone metabolism (131). These markers indicate a disrupted balance 

between bone resorption and formation, which is crucial in the pathogenesis of 

osteoporosis. Following menopause, the marker of bone resorption, CTX-1, is 

significantly elevated in women with osteoporosis, increasing by 79-97%. Markers of 

bone formation, such as OC, were elevated by 37-52%, whereas the increase in PINP was 

not significant and may even be reduced in postmenopausal women (77,78). During the 

menopausal transition, particularly in the late stage, the decline in oestrogen levels leads 

to a significant increase in bone resorption. This is primarily due to the elevated 

production of pro-inflammatory cytokines and the increased expression of receptor 

activator of nuclear factor kappa-B ligand (RANKL) by osteoblast-lineage cells 

(131,133). RANKL binds to its receptor activator of nuclear factor kappa-B (RANK) on 

pre-osteoclasts and mature osteoclasts, promoting osteoclastogenesis and bone resorption 

(134). Concurrently, the production of osteoprotegerin (OPG), a natural inhibitor of 

models have shown that macrophages and monocytes from these animals exhibit 

increased osteoclastogenic potential, even in the absence of macrophage colony-

stimulating factor (M-CSF) and RANKL (13,137). Similarly, peripheral blood 

mononuclear cells (PBMCs) from postmenopausal women demonstrate heightened 

osteoclast activity compared to age-matched controls, indicating that oestrogen 

deficiency directly enhances osteoclast formation and activity (137). These findings 

underscore the critical role of oestrogen in maintaining bone density and highlight the 

RANKL, decreases, further exacerbating bone loss (135,136). Studies in OVX rodent 
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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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(progestogen). Oestrogen therapy alone is suitable for post-menopausal women who have 

undergone hysterectomy, whereas combined oestrogen-progestogen therapy is 

recommended for those women with an intact uterus to prevent endometrial cancer. 

Administration methods include oral, transdermal or vaginal routes, each of them having 

different potential risks. For instance, oral oestrogen therapy, although is widely used, is 

associated with a higher risk of venous thromboembolism (VTE) and stroke. In contrast, 

transdermal and vaginal therapies generally pose lower systemic risks, including a 

reduced risk of VTE and stroke, due to their avoidance of first-pass metabolism in the 

liver, which minimizes their impact on coagulation factors and TG (139). The dynamic 

nature of ovarian endocrine function, characterized by hormonal fluctuations throughout 

the menstrual cycle and fertile years, makes it challenging to replicate these natural 

patterns through HRT prescription during menopause (140). Consequently, the 

complexity of mimicking the hormonal rhythms experienced naturally throughout the 

postmenopausal period would imply a long-term prescription of HRT, which can 

potentially lead to unintended side effects (Figure 5).  

 

 

Figure 5. Schematic representation of the level of various ovarian hormones in reproductive age, post-

menopausal and in women on HRT. Image obtained from Agarwal et al. (2018). 
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In the early 1980s, combining progestogen with oestrogen therapy was found to reduce 

the risk of endometrial cancer associated with treatment based only on oestrogen. This 

discovery led to a substantial increase in HRT use, widely prescribed over the next two 

decades for its perceived benefits in reducing coronary heart disease risk. By the late 

1990s, annual HRT prescriptions in the U.S. peaked at around 90 million, benefiting 

approximately 15 million women. However, in 2002, the release of the Women’s Health 

Initiative trial (WHI) trial results, including post-intervention analysis and cumulative 18-

year follow-up, highlighted increased risks of breast cancer, coronary heart disease, and 

stroke associated with HRT, which led to a sharp decline in its use (Figure 6).  

 

The WHI findings underscored the importance of evaluating the risks and benefits of 

HRT on an individual basis, particularly concerning the age and health status of the 

women receiving it (141). Since the WHI trial findings, it became clear that the safety 

and beneficial effects of HRT are most pronounced when it is initiated under the age of 

60 or within the first 10 years of amenorrhea (139–141). However, these effects also vary 

depending on the type of treatment, route of administration, and duration of use, which is 

generally recommended to be in the short term. Typically, HRT is recommended for up 

to 5 years, with a reduction in dosage if continued beyond this period (141). Therefore, 

Figure 6. Timeline of HT use in US. HT hormone therapy; HERS Heart and Oestrogen/progestin 

Replacement Study; PEPI Postmenopausal Oestrogen/Progestins Interventions; WHI Women’s Health 

Initiative. Image adapted from Cho et al. (2023). 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



INTRODUCTION 

 

39 

 

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).  

 

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. 

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

Outcome/Symptom Formulation Benefit Risk Probable Benefit or Risk 

Vasomotor Symptoms 

E or E+P ✓   Osteoporosis and fractures 

Type 2 Diabetes Mellitus 

Coronary Heart Disease 
E ✓* ✓** *Decreased risk in women <60 within 10 years of menopause 

**Increased risk in women many years past menopause E+P ↔ ↔ 

Stroke 
E or E+P  

✓  

Venous Thromboembolism 

All-Cause Mortality E or E+P ↔ 
Trend toward decreased risk when started early in menopause 

and neutral or increased risk when started later in menopause. 

Breast Cancer 
E ✓   

E+P  
✓  

Endometrial Cancer 
E  

✓  

E+P ✓   

E: oestrogen; P: Progestogen. Adapted from Mehta et al. (2021). 
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3. Nutritional strategies to ameliorate symptoms and metabolic 

HRT prescription is still considered the first line of treatment to manage symptoms or 

metabolic disturbances occurring in postmenopausal women (139). Nevertheless, the 

controversy about the risks associated with HRT derived from the unexpected findings of 

the WHI study in 2002, has led many women to look for alternative therapies, such as 

healthy diets, functional foods, supplements, natural extracts or bioactive compounds 

(142,143), to tackle obesity and the associated metabolic disorders that can occur in 

menopause due to the cessation of oestrogen production. These therapies offer alternative 

treatments for women who cannot undergo HRT for clinical reasons or for those who 

prefer not to be prescribed with HRT. 

Increasing evidence supports that changes in dietary habits are crucial to prevent and 

manage obesity, even to reduce cardiovascular risk. A high adherence to the 

Mediterranean diet (MD), which is characterized by high consumption of unsaturated fat 

from vegetable sources (virgin olive oil and nuts) and of minimally processed plant foods 

(vegetables, fruits, nuts, whole grains and legumes), low consumption of sweets and red 

and processed meat and moderate consumption of fish and dairy products (mainly yogurt 

and cheese) (144), has been shown to significantly reduce cardiovascular risk and, 

especially if the diet is energy-restricted, can also reduce body weight and adiposity (145). 

Thus, The PREvención con DIeta MEDiterránea (PREDIMED) study, which was carried 

that an MD supplemented with extra-virgin olive oil or nuts was associated with a reduced 

risk of CVDs and death compared with a low-fat control diet (146). Furthermore, results 

from the PREDIMED-PLUS study indicated that a 12-month nutritional intervention 

disturbances related to menopause  

out on more than 7,000 middle-aged and elderly subjects from Spain, clearly demonstrated 
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based on an energy-restricted MD with a reduction of about 30% of the daily caloric 

intake decreased adiposity and improved different factors for CVDs in overweight and 

obese middle-aged and elderly subjects with MetS (147). In line with these findings, 

recent evidence indicates that high adherence to this diet provides a cardioprotective 

effect in both perimenopausal and menopausal women (148,149), reducing the risk of 

weight gain, improving cardiometabolic risk factors, and alleviating menopausal 

symptoms during menopause (149). 

Dietary and nutraceutical supplements are composed of natural compounds extracted 

from foods, such as phytoestrogens (e.g., genistein, daidzein), polyphenols (e.g., 

curcumin, hesperidin), phytosterols, and amino acids (e.g., carnosine, histidine, cysteine, 

serine), which provide health benefits, including the prevention and/or treatment of 

diseases at their onset, helping to protect the human body against harmful metabolic 

changes.  

Isoflavones derived from soy, also known as phytoestrogens, are among the most studied 

natural bioactive compounds against menopause-related alterations due to their 

daidzein, the most abundant isoflavones in soy, on menopausal symptoms have shown 

mixed findings. Several studies indicate that genistein can modestly reduce the frequency 

of hot flashes, and similarly, both genistein and daidzein improved bone health markers 

in postmenopausal women, suggesting potential benefits (150). Nonetheless, other 

research has not discovered significant advantages derived from the intake of these 

phytoestrogens, leading to inconclusive results about its overall impact (150–152). The 

discrepancies concerning the effectiveness of genistein and daidzein in reducing 

menopause symptoms can be related to differences in their biological activity among 

individuals due to inter-individual effects on the specific intestinal bacteria and the 

oestrogenic properties (150). However, the outcomes on the health of genistein and 
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metabolite (150–152). In Western populations, only about 25-30% of adults are equol-

producers, whereas in Asian countries such as Japan, Korea, and China, the prevalence is 

significantly higher, ranging from 50-60% (151). This disparity may be attributed to 

dietary habits, as Asian diets typically include a higher intake of fermented soy foods 

containing more bioavailable isoflavone aglycons. These aglycones are more easily 

converted to equol by gut microbiota than the glycoside forms prevalent in Western soy 

food (150–152). 

Several lines of research suggest that the intake of combined supplementation with 

different bioactive compounds (multi-ingredients -MI-), including some studies 

performed by our research group, have shown that a combined intake of various bioactive 

compounds acting against complementary targets is an effective strategy to ameliorate 

obesity and to improve the cardiometabolic health (153–157). To name a few, our group 

demonstrated that the supplementation of combined metabolic activators (CMA), 

including nicotinamide riboside (NAD+ precursor), the potent glutathione precursors 

betaine and N-acetyl-l-cysteine, and L-carnitine tartrate decreased hepatic steatosis in 

hamsters (156) and ameliorated obesity and insulin resistance in mice (153). In this line, 

menopause, which is characterized by multifactorial alterations commonly related to 

cardiometabolic risks and osteoporosis, could also be effectively managed with MI, 

including a blend of bioactive compounds acting against different biological targets 

involved in key processes that can be altered during menopausal transition and 

menopause, in agreement with the idea that better outcomes can be obtained when 

treatments are performed under a multifaceted approach. 

hepatic enzymes needed to produce equol, a higher bioactive and absorbable oestrogenic 
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3.1. Polyphenols and phytosterols  

Many studies have shown the role of dietary polyphenols and phytosterols in the 

prevention of obesity and related chronic health conditions (158–160), exerting many 

beneficial effects related to the prevention or amelioration of CVDs and different features 

of MetS (158,159). The polyphenols curcumin and hesperidin, as well as phytosterols, 

are natural bioactive compounds that show promising effects against metabolic 

disturbances associated with menopause. Various studies carried out in both humans and 

animals have reported the protective effects of the polyphenols curcumin (161,162) and 

hesperidin (163,164) as well as phytosterols (159) against obesity and related diseases. 

Curcumin is a polyphenol that displays well-known antioxidant and anti-inflammatory 

properties. It is obtained from Curcuma longa, the principal source of curcuminoids of 

the spice turmeric, which is used as curry powder in curry dishes (165). Different studies 

carried out in both animals and humans have shown the beneficial effects of curcumin on 

obesity, MetS, T2DM, bone, and female reproductive health (158,160,166–173). With 

demonstrating that the oral supplementation with curcumin for 30 days decreased 

intestinal adiposity accretion, which was accompanied by decreases in the circulating 

diabetic rodents observed a reduction in total fat mass (171,172,174), decreased WAT 

depots as retroperitoneal WAT (RWAT) (171) and lower macrophage infiltration in 

perigonadal WAT (172) after the intake of curcumin. Furthermore, increased lean mass 

(172), increased adiponectin and reduced leptin levels (171), improved insulin sensitivity 

(172,174), and reduced fasting glucose levels (172), even in animals challenged with a 

high-fat (172) and/or high-sugar high-fat diet (174) were reported. Interestingly, 

curcumin's impact on food intake was negligible, indicating that its observed benefits 

regard to obesity in menopause, Morrone et al. (2016) conducted a study in OVX rats 

levels of interleukin-6 (IL-6) and TG (161). Other studies carried out in male obese, 
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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 (Ucp1, Pgc-1α, Ppar-γ, 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 µM) 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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associated with curcumin supplementation, highlighting its potential metabolic benefits 

(169).  

Recent studies have evaluated the impact of curcumin and turmeric on female 

reproductive processes and aging as well as on symptoms related to the menopausal 

status. Interestingly, curcumin influences various physiological processes in the female 

reproductive system, including reproductive aging, ovarian folliculogenesis, and 

oogenesis. Its antioxidant, anti-inflammatory, and anti-apoptotic properties have been 

shown to mitigate the effects of ovarian failure (166,167). In rodent models, curcumin 

promotes ovarian growth and maturation through enhanced proliferation and anti-

apoptotic mechanisms (178–182), stimulates folliculogenesis and shows higher follicle 

reserve (178,180,181,183–185), decreases the concentration of the gonadotropins FSH 

with the idea that the combined supplementation of bioactive compounds can be a suitable 

strategy to tackle reproductive status and menopause, an MI based on curcumin and 

ovarian tissues, demonstrating greater efficacy compared to the individual treatments 

(187). 

Concerning bone health, a study performed in C57BL/6J OVX mice demonstrated that 

curcumin supplementation for 8 weeks ameliorated progressive bone loss and 

osteoporosis. It increased the BMD of the femurs and reduced CTX-1 levels, suggesting 

decreased osteoclast activity. Additionally, curcumin inhibited osteoclastogenesis by 

enhancing the activity and expression of the antioxidant enzyme glutathione peroxidase-

1 (Gpx-1), thereby reducing oxidative stress and impairing RANKL signaling pathways 

critical for osteoclast differentiation (188). Another study confirmed that curcumin 

significantly reversed the bone deterioration caused by ovariectomy in rats over a 60-day 

and LH and increases the levels of oestradiol and AMH  (180,186).  Interestingly, in line 

hesperidin significantly increased oestradiol levels and markedly reduced FSH levels in 
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treatment period, mitigating bone resorption and promoting bone formation (189). 

Furthermore, two studies demonstrated that curcuminoids intake for 4 weeks reduced pain 

and improved physical function in osteoarthritis patients (190,191), showing an efficacy 

comparable to ibuprofen (190). Nevertheless, further clinical trials are needed to confirm 

the potential of curcumin to improve bone health and to ameliorate osteoporosis in 

humans. 

Hesperidin is a flavanone mainly present in citrus fruits (oranges, tangerines, lemons, 

limes, and grapefruits) and in their juices. Recently, hesperidin has emerged as a new 

potential therapeutic agent, showing this bioactive compound’s beneficial effects against 

CVDs risk factors, T2DM, obesity and MetS in both animals and humans. (163,164,192–

198). 

Regarding glucose metabolism, increasing evidence demonstrates that hesperidin can 

exert glucose-lowering properties and can improve IR-related parameters both in rodents 

(199–203) and humans (204–206). In humans, the daily intake of a hesperidin supplement 

(500 mg for 12 weeks in MetS patients (205) or the consumption of 300 mL of orange 

juice/day for 60 days in healthy women (204) decreased fasting glucose and insulin levels, 

as well as the HOMA-IR index. In this line, Ribeiro et al. (2017) also observed reduced 

insulin levels and HOMA-IR index after 12 weeks of daily consumption of 500 mL of 

orange juice in obese individuals (206). These effects of hesperidin on glucose 

metabolism may be partially attributed to the modulation of key regulatory enzymes, such 

as the upregulation of glucokinase, which is involved in glycolysis, and the 

downregulation of the gluconeogenic enzyme glucose-6-phosphatase (199–201,207,208).  

hesperidin (100 mg/kg/day) for 8 weeks decreased the gene expression levels of Isnr in 

On the other hand, Mosqueda-Solís et al. (2018) showed that the administration of 
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RWAT and the mRNA levels of Isnr and Lepr in the liver of male Wistar rats fed a 

hypercaloric western diet (209).  

Hesperidin has also proven to be effective in ameliorating lipid-related alterations in both 

dyslipidemia associated with MetS, which is a significant risk factor for atherosclerosis 

hyperlipidemia and the atherosclerotic plaque area, inhibiting the macrophage foam cell 

formation (210). Furthermore, Mosqueda-Solís et al. found reduced circulating TG levels 

and lower gene expression levels of Lpl and Fasn in RWAT in Wistar rats supplemented 

with this bioactive compound. Although no significant changes were observed in body 

the antihypertensive effects of hesperidin were explored, demonstrating a significant 

reduction in both systolic and diastolic blood pressure (209). On the other hand,  findings 

from a systematic review and meta-analysis evaluating the efficacy of hesperidin 

supplementation on blood pressure concluded that hesperidin intake is not consistently 

associated with significant changes in humans (216).  

The biological properties of hesperidin on bone tissue have also been reported in several 

studies, suggesting this bioactive compound as a potential treatment for managing bone 

diseases like osteoporosis and osteoarthritis (217). Different studies demonstrated that 

dietary intake of hesperidin significantly prevents bone loss in rodent models of 

osteoporosis induced by ovariectomy and these effects were accompanied by an improved 

lipid profile (218–220). According to these authors, hesperidin consumption enhanced 

BMD in the femurs (218–220) and improved femoral strength, preventing trabecula bone 

resorption by reducing the number of osteoclasts (218,219). Furthermore, Lim et al. 

animal models and humans, exhibiting lipid-lowering properties, helping to modulate 

in an LDL receptor-deficient (LDLr−/−) model mice fed with a high-fat diet reduced the 

(164,206,209–215). One study carried out by Sun et al. (2017) showed that hesperidin intake

weight or fat mass in these rats, the authors reported smaller adipocyte size. Furthermore, 
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(2014) also observed in OVX 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 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



INTRODUCTION 

 

49 

 

phytosterols and just can be obtained from the diet. Because of their comparable structure, 

ingested phytosterols cause a competitive exclusion of cholesterol from bile acid micelles 

in the digestive tract, reducing intestinal cholesterol absorption (159,224–227). However, 

once absorbed and metabolized, phytosterols just are maintained in plasma levels at 

approximately 0.5% of TC concentrations. It has been demonstrated that a moderate and 

consistent dose of sterols administered over an extended period can lead to increased 

levels and enhanced effects of these compounds (228). Generally, the intake of 

phytosterols is related to lower TC and LDL-c concentrations (159,224–227). Indeed, the 

European Food Safety Authority (EFSA) supports phytosterol supplementation, 

concluding that consuming 1.5 to 2.4 g/day of phytosterols may lower blood cholesterol 

levels and reduce the risk of coronary heart disease (229). On the other hand, in line with 

menopausal status, Xia et al. (2019) revealed that the consumption of 2 g/day of 

phytosterols significantly lowered blood TC and LDL-c in postmenopausal women with 

a BMI higher than 25 Kg/m², while the supplementation did not show significant effects 

on TG and HDL-C levels  (224).  Furthermore, an increasing number of clinical trials 

further support the anti-obesity effects of these phytosterols in patients with obesity. A 

dietary intake of phytosterols was associated with lower BMI and waist circumference, 

and was effective in preventing obesity and overweight conditions (230). In 2019, 

highlights obtained from randomized controlled trials evidenced that 1-2 g/day of 

phytosterol intake over 16 weeks significantly reduced BMI and body weight in 

individuals with a baseline BMI > 25 kg/m² (231).  

On the other hand, some lines of research suggest that phytosterols may have significant 

effects on glucose metabolism. Studies have shown that phytosterols enhance the 

expression of the glucose transporter 4 (GLUT4) in key tissues such as skeletal muscle, 

cross-sectional Chinese study carried out by Li et al. (2018) demonstrated that a high 
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liver, and white adipose tissue, contributing to reduced glucose levels and improved 

insulin sensitivity (232,233). The activation of the AMPK pathway promotes GLUT4 

translocation and elevates adiponectin levels, thereby supporting glucose homeostasis and 

additional clinical trials would be of great value in shedding more light on the anti-

hyperglycaemic and anti-diabetic effects of phytosterols. 

3.2. Amino acid-related compounds  

Amino acids (AAs) are organic substances with multifaceted functions that are crucial to 

maintaining whole-body homeostasis, such as cell signaling, redox balance, energy 

regulation, immunity, reproduction, and biosynthetic processes. As an example, AAs play 

a vital role in maintaining mucosal integrity and barrier function in the intestinal tract. 

They serve as essential precursors for the synthesis of metabolic active proteins, 

glutathione (GSH), and other molecules utilized by small intestinal mucosal cells (234). 

Given that not all AAs can be synthesized by mammals, an optimal balance of AAs in the 

diet and circulation is crucial for whole-body homeostasis (235). While the role of dietary 

lipids and carbohydrates has been comprehensively studied, there is limited information 

on the significance of dietary AAs in mitigating health risk factors. Different health risk 

factors or diseases associated with menopausal status have been shown to be accompanied 

by diminished circulating levels of some AAs. Thus, negative correlations have been 

found between the circulating levels of glycine, and histidine with obesity and metabolic 

potentially providing benefits against obesity, T2DM, and MetS (159,227). However, 

alterations such as IR (236,237), and between cysteine and BMD in postmenopausal

women with osteoporosis (238). Regarding obesity, higher dietary intake of certain AAs,

including histidine, cysteine and serine, have been shown to be inversely associated with

obesity risk (239). These three AAs are intricately connected in the histidine metabolism  
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Although there is limited information about the effects derived from the intake of different 

AAs, in the context of a nutraceutical supplementation, in mitigating health risk factors, 

increasing accumulative evidence, primarily obtained in rodents, but also in humans, have 

shown that intake of AAs such as histidine (5,8,10,15–17), carnosine (9,11), serine (7,12), 

and cysteine (13,14) can reduce obesity, improve glycaemic control, and alleviate IR, 

inflammation, and oxidative stress. 

L-histidine is a crucial essential AA for mammals and other species, which cannot be 

synthesized de novo in humans and must be obtained through dietary sources (242,243). 

Although it is particularly abundant in red meat and fish, supplementation may be 

necessary in various populations. Some studies linked lower circulating levels of histidine 

to pathological conditions, such as non-alcoholic fatty liver disease (NAFLD), chronic 

obstructive pulmonary disease and chronic kidney disease, in addition to obesity 

(157,239,243). Remarkably, multiple investigations in humans have demonstrated 

associations between the histidine intake and improved conditions related to MetS, 

including overweight and obesity (242–248), especially in women (244,246–248). Thus, 

dietary intake of histidine or the supplementation with this AA restored the circulating 

levels of histidine, which were inversely associated with fat mass (244,248), BMI 

(244,248), waist circumference (244), HOMA-IR (244,248) acute inflammation 

biomarker C-reactive protein (CRP) (244,246) and some pro-inflammatory cytokines 

such as IL-6 and tumor necrosis factor-alpha (TNF-α) (244,246,248). Furthermore, 

increasing evidence in rodents suggests that histidine supplementation exerts an 

inhibitory effect against obesity by suppressing food intake, possibly due to activation of 

histamine neurons in the hypothalamus, where histidine is converted into histamine by 

  

and are essential for the synthesis of GSH (240,241). 
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histidine decarboxylase (HDC) (242,249–251).  On the other hand, some preclinical 

studies have shown that increased levels of histamine in the brain observed after the oral 

supplementation with histidine or via injections of this AAs ameliorated cognitive 

decline, improving learning and memory (252,253), and reducing anxiety-like behavior 

in HDC knock out mice (254,255). 

L-carnosine, a dipeptide synthesized through ATP hydrolysis of β‐alanine and histidine, 

is naturally abundant in skeletal muscle and the brain and is found in smaller amounts in 

other tissues such as the heart, liver and adipose tissue (256). It is present in dietary 

sources such as red meat and fish (256). It has been reported that carnosine 

supplementation has potential preventative and therapeutic benefits against CVDs, 

obesity, MetS and T2DM (256–261). Its beneficial effects can be partly attributed to the 

fact that carnosine acts as a nonenzymatic free-radical scavenger and a natural 

antioxidant. It plays a vital role in inhibiting the formation of advanced glycation end 

products (AGEs), such as glycated hemoglobin (HbA1c), and advanced lipoxidation end 

products (ALEs), such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE), 

carbonyl species (RCS) generated by lipid and sugar oxidation, which are common 

mechanisms in the pathogenesis of CVDs, diabetes and Alzheimer disease (257,260). 

These inhibitory actions can contribute to improve glucose metabolism and to reduce IR, 

as was evidenced by the decreased HOMA-IR observed in different studies 

(257,260,262,263). Thus, in a double-blind randomized pilot trial, the intake of 2g/day of 

carnosine for 12 weeks reduced fasting insulin circulating levels and HOMA-IR, and 

significantly improved the pre-existing impaired glucose tolerance in individuals with 

overweight or obesity (263). Furthermore, L-carnosine can ameliorate atherosclerosis by 

facilitating the removal of aldehydes from atherosclerotic lesions (258). Concerning the 

through its ability to prevent non-enzymatic glycation and the formation of reactive 
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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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(HAL), leading to higher histidine levels through the suppression of its catabolic activity 

(278). This makes it an ideal candidate for regulating histidine levels, particularly in the 

liver. On the other hand, two studies identified a robust association between lower 

circulating levels of cysteine and low BMD (238,279). Baine et al. (2007) reported these 

associations in 110 postmenopausal women with osteoporosis including an increase in 

the bone turnover marker CTX-1 (279). Elshorbagy et al. (2009) found similar 

associations in both men and women over age 40, with the correlations being stronger in 

8 weeks had similar effects to 17β-oestradiol injections in counteracting the loss in BMD 

in OVX mice (280), suggesting an important role for this semi-essential AA in bone 

metabolism. 

L-serine is traditionally considered a non-essential AA because it is synthesized in 

mammals from 3-phosphoglycerate. Serine has a crucial role in central metabolism, 

participating in the synthesis of proteins, nucleic acids, and lipids (281) and therefore, it 

is involved in metabolic homeostasis (241,282). Lower circulating levels of serine in 

humans have been linked to obesity as well as to T2DM  (246,282) and have been found 

in patients with NAFLD (283). Serine serves as a precursor for the synthesis of the AAs 

glycine and cysteine (270). Furthermore, serine plays a crucial role in maintaining redox 

balance by facilitating the synthesis of GSH and folate-dependent NADPH in the liver. 

In response to oxidative stress conditions, serine-dependent one-carbon metabolism 

switches from methylation to trans-sulphuration, which results in the condensation of 

serine with homocysteine to generate cysteine, thereby increasing GSH synthesis (241). 

A combined supplementation of serine and cysteine contributed to elevate the hepatic 

levels of GSH (284) and the intake of serine improved hepatic tissue in injured liver mice 

the 3,009 women included in the study (238). Furthermore, cysteine supplementation for 

models by increasing GSH and lowering TG levels, lipid accretion, and reactive oxidative 

species (ROS) levels (283). 
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In another study carried out with C57BL/6J mice, serine supplementation increased total 

GSH, GSH/GSSG ratio and superoxide dismutase (SOD), and diminished the circulating 

levels of leptin, MDA, interleukin-1 beta (IL-1β) and homocysteine (285). Additionally, 

glucose levels in a non-obese diabetic mouse model (286).  

NAFLD is a metabolic disorder that frequently accompanies obesity and MetS, and that 

can also appear with menopause (287–289). In a very recent study carried out by members 

of our group it was reported a significant decrease in the circulating levels of histidine in 

patients with morbid obesity as the severity of NAFLD increases (157). Interestingly, in 

the same work, the authors demonstrated that the combined supplementation with 

histidine, serine, cysteine and carnosine decreased hepatic steatosis in both diet-induced 

and genetic leptin-deficient ob/ob mouse models and in OVX rats as well as ameliorated 

liver inflammation, IR and hypercholesterolemia in the mice models (157). The authors 

stated that this MI could be an effective therapy for ameliorating NAFLD because (i) 

histidine is an essential AA that needs to be obtained from the diet; (ii) carnosine is a 

histidine-containing dipeptide and, therefore, can increase histidine levels; (iii) cysteine 

is an inhibitor of the histidine catabolizing HAL; (iv) serine is a precursor of cysteine; 

and (v) one of the main hallmarks of NAFLD is oxidative stress, and serine and cysteine 

may increase the cellular levels of glutathione, the most abundant endogenous antioxidant 

(284).   

 

serine intake ameliorated glucose homeostasis reducing body weight, HOMA-IR and 
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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). 
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The boundary between good health and illness is not clearly defined and can vary 

significantly among individuals (297). This variability is particularly evident in the 

context of female reproductive aging, which is influenced by a multitude of factors. These 

factors include changes in cycle length, hormonal alterations within the HPG axis, the 

age at which the FMP occurs, and the resulting pathophysiological conditions. 

Furthermore, genetic individuality and environmental interactions play critical roles in 

this process, among other variables (298). 

On the other hand, the relationship between a healthy, balanced eating pattern and health 

promotion, particularly in nutritional aspects, is relatively well-defined 

(157,192,225,299). However, the intricate composition of food supplements and dietary 

patterns means they can exert both beneficial and detrimental effects on health. Therefore, 

robust evaluation systems are necessary to assess the impacts of alternative therapies to 

Currently, health promotion strategies that rely on food supplements are often hindered 

by the absence of early and measurable biomarkers, specifically predictive biomarkers. 

These types of biomarkers are particularly valuable for identifying individuals at risk or 

detecting the onset of a disease even before symptoms appear. Furthermore, they could 

also anticipate the long-term effects of adopting specific dietary patterns (301,302). 

Therefore, it is of paramount importance to identify and validate early biomarkers that 

can provide insights into the health impacts of nutraceutical supplements before 

functional and physiological alterations manifest during the menopausal transition and 

subsequently in menopause.  

 

HRT, such as nutraceutical supplements, on health and disease states in peri- and post-

menopausal women (300). 
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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 yielding 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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hypoestrogenism associated with menopause has been linked to adverse effects on the 

gut microbiome (113), biochemical pathways involving carbohydrates and lipids (2), 

AA metabolism (2), and hormone regulation (25). Moreover, metabolomics opens 

avenues for developing novel strategies, both pharmacological and nutritional, to 

reprogram metabolism and restore homeostatic balance (304). In shedding more light 

on the elucidation of the mechanisms of different diseases of metabolic origin, such as 

obesity, osteoporosis, CVDs, IR, T2DM, and dyslipidemias  (4,143,305–309). 

4.1. Peripheral Blood Mononuclear Cells (PBMCs) as a source of omics-based 

biomarkers 

Blood is composed of two phases:  

(1) Solid phase, also referred to as the cellular component, which includes 

erythrocytes (red blood cells) and platelets without nuclei; and leukocytes, divided 

into mononuclear types such as lymphocytes (T cells, B cells, Natural Killer cells) 

and monocytes (macrophages and dendritic cells), which present a single round 

nuclei, as well as granulocytes (neutrophils, basophils, and eosinophils), having a 

multi-lobed nuclei (Figure 7) (310,311). 

 

(2) Liquid phase, known as serum or plasma component, which acts as the medium 

for transporting all molecules carried by the blood  (310,311). 
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Although erythrocytes are the most abundant type of blood cells and are responsible for 

transporting oxygen and carbon dioxide throughout the tissues and the entire body, 

leukocytes, while less abundant, play a crucial role in the body's defense against 

infections and diseases (310,311). 

PBMCs are a subgroup of mononuclear white blood cells composed of approximately 80-

85% of lymphocytes (including Natural Killer cells, B cells, and T cells), with the 

remaining 15-20% represented by monocytes, particularly macrophages, whereas 

dendritic cells constitute only 1-2% of all PBMCs (312). PBMCs have been widely 

recognized as a valuable biological material for studying diseases related to the immune 

system, such as autoimmunity-related disorders, and to predict immune-related responses 

to specific interventions (313–317). Furthermore, the use of PBMCs in clinical research 

Figure 7. Lineage diagram of blood cell types in circulation. Created with biorender.com.  
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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). 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



INTRODUCTION 

 

63 

 

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 OVX 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 

OVX 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 OVX 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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Moreover, the ability of PBMCs to capture changes in bone-related metabolism has been 

evidenced in several studies showing that these cells can reflect changes in bone 

remodeling dynamics, making them a valuable tool for investigating osteoporosis 

the expression levels of tgfb3 were significantly downregulated in PBMCs and tgfb3 

mRNA levels in these cells were positively correlated with multiple parameters that 

indicated an altered bone microstructure in OVX rats. Furthermore, under the stimulus of 

moderate-intensity treadmill exercise, the expression of tgfb3 in PBMCs increased, which 

was associated with improvements in trabecular bone parameters. These findings suggest 

that the TGF-β signaling pathway plays a crucial role in bone health and its dysregulation 

may contribute to osteoporosis in postmenopausal women, and that, remarkably, PBMCs 

reflect at gene expression level the alterations of this pathway occurring during the 

postmenopausal state, being also sensitive to interventions addressed to improve bone 

health, such as exercise (361). Therefore, these results reinforce the ability of PBMCs to 

exhibit early changes in response to various stimuli, making these cells a sensitive tool 

for monitoring the effects of different interventions on menopausal health. 

Both the menopausal transition and the postmenopausal state represent significant periods 

in a woman's life, characterized by profound hormonal changes that can influence long-

term health and well-being. There is a clear imperative for substantial advancement in 

research in this field, particularly in the identification of biomarkers associated with the 

menopausal transition. These biomarkers not only can contribute to a better understanding 

of the responsiveness to diverse nutritional interventions but also facilitate the 

characterization of mechanisms of action of bioactive ingredients that may offer health 

benefits during peri- and postmenopause. Therefore, transcriptomics-based approaches in 

PBMCs cannot only help to obtain a deeper knowledge at the molecular level of the 

(360,361).  Notably, a recent study carried out by Li Gao et al. (2021) demonstrated that 
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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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Menopause is a natural phase in a woman's life associated with reproductive aging. It is 

characterized by a decline in ovarian function and by a reduction in oestrogen production 

that already occurs with the appearance of irregular menstrual cycles during the 

menopausal transition, known as perimenopause, and is exacerbated during the 

postmenopausal state. This can lead to vasomotor symptoms and osteoporosis, which are 

frequent health-related complications associated with menopause, but also to obesity and 

metabolic-related disturbances such as hypertension, dyslipidemia, insulin resistance, and 

metabolic syndrome, which, in turn, can increase the risk of suffering from cardiovascular 

Some cross-sectional and longitudinal studies have revealed associations between 

menopause and alterations in a wide array of metabolic biomarkers that were independent 

of the women’s chronological age, suggesting that this biological stage per se triggers 

various metabolic changes. Nevertheless, so far, very few studies have identified 

circulating signatures characteristic of perimenopause and there is still a limited 

understanding about the underlying mechanisms associated with menopause transition. 

Filling this gap can provide valuable scientific knowledge concerning the molecular 

changes occurring at very early stages of perimenopause to pave the way for developing 

novel treatments and lifestyle interventions aimed at preserving the endocrine and 

metabolic functions of perimenopausal women and alleviating at later stages 

postmenopausal-related alterations. 

In recent years, the controversy about some potential risks associated with the 

diseases. Given the notable rise in women's life expectancy, women may spend at least 

being and quality of life. 

a third of their lives in a postmenopausal state, and therefore, there is worldwide interest 
   
in slowing down and ameliorating menopause-related alterations to improve their well-

prescription of hormone replacement therapy (HRT), which usually consists of the 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



HYPOTHESIS AND OBJECTIVES 

68 

 

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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molecular level the effects of these compounds. Nutrigenetics studies have identified 

genetic variants that condition a woman's metabolism during the transition to menopause, 

as well as the response to certain nutrients, predicting individual responses to nutritional 

interventions. Detecting specific biomarkers using other omics sciences, such as 

metabolomics and transcriptomics, can help to monitor and measure these responses, 

providing a clearer understanding of the effectiveness of these bioactive compounds and 

their mechanism of action. Our research has shown that, by interacting with molecular-

level mechanisms, the intake of these natural extracts, bioactive compounds and 

nutraceuticals can promote health benefits by reducing systemic resistance. This 

experience forms the basis from which we pose the challenge of developing precision 

nutrition strategies for one of the least explored woman’s life stages from this perspective: 

the transition to menopause (perimenopause) and postmenopause, aiming to maintain a 

healthier and more sustained state over time. 

In this present PhD thesis focused on this line of research, we hypothesized that the 

consumption of two different multi-ingredients (MI), including each of them a 

blend of bioactive compounds that act against complementary targets can serve as 

an alternative therapy, designed under a multifaceted approach, to ameliorate 

obesity and to improve the cardiometabolic risk associated with the menopausal 

status through the regulation of key biochemical and molecular pathways involved 

summary, the intake of these two MI-based supplements could induce significant 

physiological and metabolic changes, providing benefits during perimenopause and 

through their progression into the postmenopausal state. 

For this purpose, we selected two distinct blends: the first comprising three bioactive 

compounds of natural origin (curcumin, hesperidin, and phytosterols) and the second 

in the appearance and progression of these menopausal-related complications. In 
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consisting of four amino acid-related compounds (histidine, serine, cysteine, and 

carnosine). While most of these compounds have been shown to reduce fat mass and to 

mitigate menopausal-related metabolic changes when administered individually, mainly 

in animal models, to the best of our knowledge, the combined supplementation of the 

three natural bioactive compounds and the four amino acid-related compounds has not 

been yet evaluated. This multifaceted approach could provide better outcomes against 

various health risk factors that manifest during the postmenopausal period.  

In addition, the precise characterization of the menopausal transition (perimenopause) and 

the postmenopausal state using preclinical models to reproduce the early and advanced 

alterations occurring during menopause can enable us to elucidate the molecular 

mechanisms underlying the metabolic adaptations occurring in response to these 

predictable changes, which are crucial for understanding exacerbated effects in 

postmenopausal women. This approach may provide insights into identifying their 

metabolic signatures in response to nutritional interventions.  

The main objective of this PhD thesis was to assess the potential benefits of consuming 

phytosterols, and another comprising amino acid-related compounds such as 

ovariectomized Sprague-Dawley rats, a postmenopausal model with oestrogen 

deficiency, evaluating a wide range of cardiometabolic risk factors associated with the 

postmenopausal status and gaining knowledge on their underlying mechanisms. 

Additionally, the thesis aimed to identify biomarkers of these metabolic risks at the 

early stages of natural reproductive aging using an ovarian-intact middle-aged 

model of rats resembling the characteristics of human perimenopause. 

histidine, serine, cysteine, and carnosine — on the physiology and metabolism of 

two different multi-ingredients (MI) — one containing curcumin, hesperidin, and 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



HYPOTHESIS AND OBJECTIVES 

71 

 

To fulfill this purpose, the following objectives were set: 

1. To accurately characterize menopausal transition in an ovarian-intact middle-aged model 

of Sprague-Dawley rats and to identify circulating signatures across perimenopause using 

2. To precisely characterize a preclinical model of postmenopausal state, namely 

ovariectomized Sprague-Dawley rats, assessing biometric, metabolic and biochemical 

parameters related to obesity, metabolic alterations and osteoporosis, as well as to 

3. To elucidate whether PBMCs can reflect molecular changes associated with oestrogen 

deficiency in the postmenopausal stage induced by ovariectomy in Sprague-Dawley rats 

4. To investigate whether an oral supplementation with a multi-ingredient (MI) including 

hesperidin, phytosterols, and curcumin exerts beneficial effects against fat mass accretion 

and metabolic alterations associated with menopause in ovariectomized Sprague-Dawley 

5. To assess whether an oral supplementation with a multi-ingredient (MI) of amino acid-

related compounds, including L-histidine, L-Carnosine, L-Serine and L-Cysteine exerts 

beneficial effects against fat mass accretion and cardiometabolic risk factors related to 

the postmenopausal state in an ovariectomized Sprague-Dawley rat model (Manuscript 

4). 

6. To explore the underlying mechanisms involved in the beneficial effects against fat mass 

accretion observed after the supplementation with the amino acid-related MI, using a 

transcriptomic approach carried out in the retroperitoneal white adipose tissue of 

ovariectomized Sprague-Dawley rats (Manuscript 4). 

metabolomics and lipidomics approaches (Manuscript 1).  

evaluate whether these parameters are affected by age (Manuscript 2). 

using a transcriptomics approach (Manuscript 2). 

rats (Manuscript 3). 
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ABSTRACT 

Perimenopause is a transitional phase leading to female reproductive senescence, which 

can cause vasomotor symptoms and increase the risk of osteoporosis, obesity, and 

metabolic-related disturbances in middle-aged and elderly women. Nevertheless, little is 

known regarding the underlying mechanisms linked to menopausal transition, which 

could be of great value in designing new treatments and lifestyle-based interventions 

addressed to preserve the endocrine and metabolic functions of perimenopausal women 

and to ameliorate the postmenopausal-related alterations. In this study, we used an 

ovarian-intact middle-aged model of rats resembling the characteristics of human 

perimenopause and applied liquid and gas chromatography quadrupole time-of-flight 

mass spectrometry approaches for the determination of polar and lipid-related metabolites 

to identify characteristic circulating signatures across perimenopause. The gradual loss of 

senescence was associated with altered circulating levels of oestradiol, progesterone and 

luteinizing hormone and, in rats that were in an acyclic state, with histomorphological 

changes in the ovaries, including atrophy and a lack of stromal luteinization and corpus 

luteum. These results were accompanied by progressive significant changes in the 

Furthermore, we identified a set of lipid-related metabolites that already changed with the 

androstan-3,17-diol and 17,18-Dihydroxyarachidonic acid, which could be used as a 

potential multivariate biomarker of early perimenopause. The translational applicability 

of these findings deserves further research.  

Keywords: Lipidomics, perimenopause, immunometabolic health, osteoporosis, 

molecular biomarkers 

4 lysophosphatidylcholines, 2 phosphatidylethanolamines, cholesterol ester  (18:2), 5a-

regularity in the oestrous cycle occurring during the natural transition to reproductive 

lipidomic profile detected in serum as the oestrous cycles were losing regularity. 

transition from a regular to an irregular oestrous cycle, including 9 phosphatidylcholines, 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

75 

 

INTRODUCTION 

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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impairment in female reproductive aging. Ovulation in rats occurs at a regular interval of 

4 or 5 days in young-mature adult female rats (sexual maturity at around 8 weeks of age) 

(15,16). At middle age, when rats are approximately 7-8 months-old (15,17,18), female 

rats proceed through sequential reproductive stages, experimenting with a transition from 

maturation of follicles, followed by atresia without ovulation, culminating in complete 

follicular depletion, arriving when the rats are about 20 month-old to the final stage of 

reproductive senescence in old rats, which is named persistent anoestrous (11,15,19).  

This progression in rat female reproductive aging mirrors the transitions seen in women 

from premenopausal, perimenopausal, and postmenopausal stages (17,20,21).  

Despite these similarities in reproductive aging between female rats and women, there 

has been limited exploration of rodents' natural transition to acyclicity to gain insight into 

adjacent mechanisms of reproductive senescence progression. This is partly due to the 

more common use of ovariectomized models, which are useful in replicating rapid 

hormone depletion and evaluating the postmenopausal stage but may miss underlying 

mechanism changes that initiate and perpetuate the dysregulation of reproductive 

physiology in middle-age (21,22).  

Different studies have identified molecular neuroendocrine changes in the hypothalamus 

during the natural progression from regular reproductive cycles to acyclicity in middle-

aged female rats, comparable with the perimenopausal progression in women (21). These 

changes were associated with altered genes related to sex hormone feedback in HPG 

functions and the DNA methylation of genes required for hormone signaling, as well as 

melatonin and circadian pathways during the different stages of natural reproductive 

aging in female Sprague-Dawley rats (18,23). From a translational perspective, it would 

regular oestrous cycles to irregular cycles and becoming later acyclic (persistent oestrous).

After the cessation of ovulation and entry into persistent oestrous, there is still some 
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be of great value to use biological samples obtained in an easy and minimally invasive 

way to detect changes across perimenopause to settle the bases for designing and 

implementing strategies and interventions at the early stages of natural reproductive 

senescence aimed at preserving the endocrine and metabolic function in women. Recent 

studies in women have revealed an association between reproductive senescence in the 

postmenopausal stage and alterations in the circulating lipidome. Post-menopausal 

women tended to exhibit accelerated patterns of lipidome aging compared to their pre-

menopausal counterparts of the same biological age (24,25). However, the cause-effect 

relationship between lipidomic changes and reproductive senescence remains unclear 

and, to the best of our knowledge, there are no studies based on metabolomic and 

lipidomic approaches to identify circulating signatures characteristic of perimenopause. 

We hypothesized here that changes in circulating metabolite patterns already occur during 

the menopausal transition and, consequently, appear before reaching an advanced stage 

of menopause.  

perimenopause in the metabolome and lipidome to gain insight into the mechanisms 

cycles. For this purpose, we deeply characterized a rat model resembling the 

characteristics of human perimenopause and used both liquid and gas chromatography 

quadrupole time-of-flight mass spectrometry methods for the determination of polar and 

lipid-related metabolites to identify characteristic circulating signatures across 

perimenopause. We reported changes in lipid-related metabolites with the appearance of 

The objectives of this study were (1) to identify novel circulating metabolites influenced 

by natural reproductive senescence in female rats, (2) to elucidate further changes across 

underlying natural reproductive aging, (3) to identify potential non-invasive early 

irregular oestrous cycles, which could pave the way to design and implement potential 

biomarkers of perimenopause during the transition from regular oestrous cycles to irregular 
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therapies in a very early stage of female reproductive aging to slow down or ameliorate 

the health risk factors that can appear with menopause. 

MATERIALS & METHODS 

Animal care 

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. 

Twelve young (3.5 months-old, sexually naïve) and sixty middle-aged (8 months-old), 

female Sprague Dawley rats (INOTIV, Horst, Netherlands) were used at the beginning of 

the study. 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.  

A daily assessment of oestrous cycling of female rats was conducted using the procedure 

described by McLean et al. (2012) (26). To ensure the rats were less stressed or more 

accustomed to handling, one week prior to the study's commencement, rats were handled 

with ultrapure distilled water. The ovarian function/cycle status was evaluated daily via 

cytology of uterine cells obtained from vaginal lavage at 11 am. Vaginal smears were 

morphologically characterized based on the four stages of the cycle: estrus (E), metestrus 

irregular, or acyclic based on the last two weeks (14 days) of their smears. To ensure a 

for 5 minutes per day before monitoring oestrous cyclicity through daily vaginal lavage 

(M), diestrus (D), and proestrus (P) (16,26). Animals were categorized as regular, 

more accurate interpretation of vaginal cytology and oestrous cycle stages, consecutive 
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daily samples were collected and analyzed collectively after one week. Cycle regularity 

was assessed based on the last two weeks (14 days) of their smears. This approach aimed 

to minimize differences in cell morphology among rats and reduce the likelihood of 

exhibited three consecutive 4- to 5-day cycles, irregular animals showed two consecutive 

cycles that were 6 days or longer, and acyclic animals displayed 14 continuous days in 

excluded from the study. This decision was made to focus on evaluating biomarkers or 

early changes in the menopausal transition, and such as, the duration of acyclicity in these 

assigned to one of the following four categories: young rats with regular cycling (Reg-

Yng; n=10), middle-aged rats with regular cycling (Reg-Ma; n=7), middle-aged rats with 

n=8). 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. Rats at 

did not meet the cytological criteria for each group were excluded from analyses for this 

study. Blood was collected by beheading and serum was obtained by centrifugation and 

stored at -80 °C until analysis. The liver, caecum, kidneys, left ovary, gastrocnemius and 

soleus muscle, and right femur, and the white adipose tissue depots (mesenteric -MWAT- 

and periovarian -POWAT- white adipose tissue depots) were rapidly removed, weighed, 

frozen in liquid nitrogen and stored at -70 °C until further analysis. The right ovary was 

capturing transition stages in the oestrous cycle during sample collection. Regular animals 

rats prior to the study was unknown. Based on age and oestrous cycle status, rats were 

groups) or persistent proestrus/estrus (acyclic group) after 4 h of diurnal fasting. Rats that 

persistent oestrous. Rats that exhibited persistent oestrous during the initial 14 days were 

irregular cycling (Irreg-Ma; n=8), and middle-aged rats with persistent oestrous (Acyc-Ma; 

designated age and cycling status were euthanized at proestrus (regular and irregular 
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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- × Fasting 

Insulin level-µU/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 (µU/mL) + log glucose (mg/dL) + log FFA (mmol/l)] (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 (17β-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 µm, and subsequently stained with hematoxylin & eosin (H & E). Ovarian 

images (magnification 15×) were captured using a microscope (SMZ745T; Nikon, 

Tokyo, Japan) coupled with a digital sight camera (DS-Ri1, 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 µL of serum 

sample were added to 400 µL 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 ºC. Supernatants (450 µL) 

were transferred to a new tube and evaporated in a SpeedVac at 45 ºC to dryness. 

Afterward, samples were reconstituted with 30 µL of methoxyamine (40 mg/mL) in 

pyridine and incubated for 90 min at 37 ºC. Finally, samples were sylilated with 45 µL of 

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

GC-EI-qTOF-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 µL of samples were injected with split mode 1:20 at 250 

ºC. 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 4ºC. 50 µL of serum was mixed with 200 μL 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 c10:0, dodecanoic acid c12:0, palmitic acid c16:0, stearic acid c18:0, oleic 

acid c18:1, linoleic acid c18:2, linolenic acid c18:3, 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 4ºC. The supernatant was evaporated to dryness using a SpeedVac 

concentrator, reconstituted with 50 μL of methanol, and analyzed by an Ultra-High-

Performance Liquid Chromatography analysis,  UHPLC-(-ESI)-qTOF-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 µL 

of serum was mixed with 20 µL of 0.8% NaCl and vortexed. Then, 200 µL of 

chloroform:methanol (2:1) was added, and samples were vortexed and centrifuged at 

15000 rpm at 4 ºC for 10 minutes. The lower phase was recovered, evaporated to dryness, 

reconstituted with 100 µL of methanol:methyl-tert-butyl ether (9:1), and analyzed by 

UHPLC-(+ESI)-qTOF-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 II 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 μm, 

2.1 x 150 mm) from Waters for the methanol extraction method (ESI-) and a Kinetex 2.6 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

85 

 

μm EVO-C18 column (100 Å, 100 x 2.1 mm) from Phenomenex for the Folch extraction 

method (ESI+). For the ESI- methodology, chromatographic separation was performed 

with a mobile phase of 100% water with 0.05% acetic acid for phase A and 100% 

acetonitrile for phase B. The column temperature was maintained at 40 ºC, and the 

injection volume was 2 μL. For the ESI+ methodology, the chromatographic method 

involved elution with a ternary mobile phase containing water, methanol, and 2-propanol 

with 10mM ammonium formate and 0.1% formic acid at a 0.6 mL/min flow rate. The 

stationary phase was a Kinetex EVO C18 column (2.6 μm, 2.1 mm X 100 mm), 

thermostated at 60 ºC, enabling the sequential elution of hydrophobic lipids such as 

lysophospholipids, sphingomyelins, phospholipids, diglycerides, triglycerides, and 

cholesteryl esters, among others. The chromatographic separation for ESI+ and ESI- was 

conducted using the gradients specified in Table 1 and the source parameters outlined in 

Table 2. Identification of metabolites was performed using commercial standards and by 

matching their EI mass spectrum and retention time to metabolomic Fiehn library (from 

Agilent) which contains more than 1.400 metabolites. After putative identification of 

lipid-related metabolites, these were semi-quantified in terms of internal standard 

response ratio. 

Time (min) %B Flow (mL/min) Time (min) %B %C 

0 2 0.4 0 10.0 45.0 

1.5 2 0.4 0.5 9.5 45.0 

2.25 7.5 0.4 1.5 7.5 47.7 

8.0 30 0.4 1.6 7.0 58.5 

11.0 50 0.4 5.0 4.0 61.2 

25.0 85 0.4 5.1 3.5 77.4 

26.0 95 0.4 7.5 3.5 80.1 

30.0 95 0.4 9.0 0.0 80.1 

30.1 2 0.4 9.5 0.0 100.0 

31.0 2 0.4 11.5 10.0 100.0 

34.0 2 0.4 11.6 10.0 45.0 

   14.0 10.0 45.0 

 

Table 1.  UHPLC gradient  

ESI (-) ESI (+) 
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Gas Temp. (ºC) 225 

Gas Flow (L/min) 11 

Sheath Gas Temp. (ºC) 300 

Sheath Gas Flow (L/min) 12 

Nebulizer (psi) 35 

Capillary Voltage (V) 3500 

Nozzle Voltage (V) 500 

 

Multivariate and univariate statistical analyses in metabolomics and lipidomics 

datasets 

Statistical multivariate analyses were conducted using both serum metabolomic and 

lipidomic data obtained from middle-aged rat groups (Reg-Ma, Irreg-Ma, and Acyc-Ma) 

to assess the impact of the transition in female reproductive aging on the circulating 

metabolome. These analyses were carried out using RStudio v.2024.04.1 for data 

visualization. Principal component analysis (PCA) was performed to identify grouping 

trends and outliers. Partial least-squares discriminant analysis (PLS-DA) was 

subsequently carried out to assess global metabolic changes across the menopausal 

transition groups. The supervised PLS-DA model was validated using permutation tests 

with 999 iterations and a 5-fold cross-validation method. The top 40 discriminant 

metabolites lipids with variable importance in projection (VIP) values greater than 1 were 

selected as early biomarkers for diagnosing menopausal transition. To evaluate the utility 

of the supervised PLS-DA model and the top 40 lipids identified from the VIP scores as 

potential early biomarkers, we performed area under the ROC curve (AUC) analyses for 

all lipids and the top 40 selected metabolites to examine their utility in predicting 

transition of reproductive senescence. A value of AUC greater than 0.7 among groups 

were considered indicative of a good discriminative capacity of the model.  

Analysis of variance (ANOVA) was employed to identify significant differences in the 

normalized abundances of the filtered features. To account for multiple comparisons and 

Table 2.  Source parameters 
Parameter ESI (+ & -) 
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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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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 

analyzed 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. Differences in ovarian 

atrophy and stromal luteinization were detected using the Chi-squared test. Linear 

relationships between key variables were tested using Pearson’s correlation coefficients. 

Student’s t-test was also used for some single statistical comparisons to detect residual 

differences. Data are presented as the means  SEM (n = 7-10). The level of statistical 

significance was set at bilateral 5%. 

RESULTS 

Monitorization and characterization of the different stages of natural reproductive 

senescence in female rats 

The cycling status of 3.5-and 8-month-old female Sprague-Dawley rats was assessed 

longitudinally for a total period of about 2 months in which the rats were stratified into 

groups according to the stage of ovarian senescence following the classification of the 

human perimenopause-menopause transition as per Stages of Reproductive Aging 

Workshop (STRAW). At the end of this process, all the rats included in the Reg-Yng 

group (n=10), which were included to distinguish chronological aging, displayed regular 

cycling (showing cycles of 4–5 days), whereas 23 middle-aged rats were selected to be 

included in the Reg-Ma group (n=7, displaying cycles of 4–5 days), in the Irreg-Ma group 

(n= 8, showing two consecutive cycles that were 6 days or longer) and in the Acyc-Ma 

group (n=8, displaying 14 continuous days in persistent oestrous) (Table 3). At the end of 
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the study, Reg-Yng animals were about 5 months-old whereas middle-aged rats were 

about 10 months-old and no significant differences among the three middle-aged groups 

were found concerning age (Table 3). 

Data are given as the mean ± SEM (n = 7-10). Relative tissue weights (%) were calculated 

according to the formula (100 * tissue weight/body weight) and were expressed as a percentage 

of body weight. The concentrations of serum parameters were determined at the end of the 

experiment. Leptin-to-adiponectin ratio was calculated as the circulating levels of leptin divided 

by circulating levels of adiponectin. Adiponectin-to-leptin ratio was calculated as the circulating 

levels of adiponectin divided by circulating levels of leptin. 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. CRP: C-reactive protein; HOMA-IR: homeostasis model assessment-estimated insulin 

resistance; MWAT: mesenteric white adipose tissue; NEFAs: nonesterified fatty acids; POWAT: 

periovarian white adipose tissue; R-QUICKI: revised quantitative insulin sensitivity check index; 

TG: triglycerides; TC: total cholesterol. 

 

Reg-Yng (n = 10) Reg-Ma (n = 7) Irreg-Ma (n =8 ) Acyc-Ma (n = 8) 

Initial Age (days ≈ months) 106 ≈ 3.5 247 ≈ 8 247 ≈ 8 247 ≈ 8 

Final Age (days ≈ months) 157 ≈ 5 295 ≈ 10 294 ≈ 10 293 ≈ 10 

Cycling Status Regular Regular Irregular Acyclic 
     

Biometric parameters     

Initial Body Weight (g) 238 ± 3a 273 ± 7b 281 ± 11b 263 ± 4b 

Final Body Weight (g) 268 ± 6ab 282 ± 6a 288 ± 11a 257 ± 5b 
 

Tissue weights (%) 

Uterine horns (%) 0.166 ± 0.020a 0.160 ± 0.018a 0.143 ± 0.013a 0.232 ± 0.014b 

POWAT (%) 1.59 ± 0.19ab 2.13 ± 0.23a 2.17  ± 0.28a 1.48 ± 0.15b 

Liver (%) 2.67 ± 0.09a 2.26 ± 0.04b 2.48± 0.09a 2.53 ± 0.05a 

Caecum (%) 1.26 ± 0.12 1.11 ± 0.06 1.38 ± 0.13 1.15 ± 0.09 

MWAT (%) 0.94 ± 0.11 1.20 ± 0.09 1.13 ± 0.16 0.93 ± 0.10 

Gastrocnemius (%) 0.714 ± 0.013 0.660 ± 0.037 0.678 ± 0.021 0.698 ± 0.024 

Soleus (%) 0.044 ± 0.001 0.043 ± 0.004 0.039 ± 0.003 0.045 ± 0.003 
      

Serum parameters     

Glucose (mmol/L) 6.28 ± 0.22 6.22 ± 0.20 6.00 ± 0.22 6.35 ± 0.14 

Insulin (pmol/L) 19.6 ± 1.5 20.6 ± 0.9 23.3 ± 2.4 27.8 ± 3.6 

NEFAs (mmol/L) 0.88 ± 0.04 1.04 ± 0.06 0.93 ± 0.05 0.95 ± 0.07 

R-QUICKI 0.039 ± 0.002 0.036 ± 0.001 0.034 ± 0.002 0.030 ± 0.002 

HOMA-IR 5.53 ± 0.57 5.73 ± 0.33 5.58 ± 0.49 7.95 ± 1.21 

TG (mmol/L) 0.96 ± 0.06 0.90 ± 0.10 1.10 ± 0.10 1.21 ± 0.13 

TC (mmol/L) 4.02 ± 0.21ab 3.45 ± 0.22a 4.00 ± 0.22ab 4.45 ± 0.22b 

Adiponectin (µg/mL) 15.5 ± 1.7ab 17.2 ± 1.3a 15.9 ± 1.5ab 11.2 ± 0.5b 

Leptin (ng/mL) 3.60 ± 0.68a 8.71 ± 1.62b 6.45 ± 1.18b 4.77 ± 0.61ab 

Adiponectin/Leptin Ratio 5.08 ± 0.69a 2.65 ± 0.63b 2.81 ± 0.36b 2.55 ± 0.30b 

Leptin/Adiponectin Ratio 0.23 ± 0.03a 0.54 ± 0.13b 0.35 ± 0.05b 0.43 ± 0.05b 

CRP (µg/mL) 613 ± 99 452 ± 62 605 ± 76 742 ± 100 

Table 3. Biometric parameters, and serum parameters in female rats during natural reproductive aging  
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Natural reproductive senescence produced slight changes in biometric parameters and 

in classical glucose, lipid and inflammation-related biomarkers 

As expected, at baseline, middle-aged rats displayed higher body weight than young rats 

(Table 3). At the end of the study, both the Reg-Ma and the Irreg-Ma rats showed higher 

body weight than the Acyc-Ma animals, whereas Reg-Ma displayed decreased relative 

liver weight than their Irreg-Ma and Acyc-Ma counterparts (Table 3). This latter effect 

could be attributed, at least in part, to the slight differences in body weight reported among 

the three middle-aged groups of rats because the visual examination of the livers did not 

reveal apparent lipid accumulation in any of the groups. The Acyc-Ma group displayed a 

significant increase in the serum total cholesterol when compared to their Reg-Ma 

counterparts (Table 3). No significant changes were found among the four groups either 

in the circulating levels of TG or in the parameters related to glucose and insulin 

homeostasis, although Acyc-Ma animals displayed numerically higher values of insulin, 

TG and HOMA-IR than their counterparts (Table 3). Similarly, no significant differences 

among groups were found in the circulating levels of the acute inflammation marker CRP 

(Table 3).   

The Reg-Ma group exhibited higher adiponectin serum levels than the Acyc-Ma group, 

while no significant differences were found among the other groups (Table 3). Regarding 

leptin levels, although no significant differences were observed within the middle-aged 

animals, both Reg-Ma and Irreg-Ma rats exhibited higher levels compared to the Reg-

Yng group (Table 3). Despite these slight effects observed among groups in the 

circulating levels of these two key adipocytokines, all middle-aged groups exhibited a 

lower adiponectin/leptin ratio and a higher leptin/adiponectin ratio than the young 

animals, which would suggest an increased cardiometabolic risk with aging regardless 

the ovarian function/oestrous cycle status of middle-aged rats (Table 3). 
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Natural female reproductive aging altered the circulating levels of sexual hormones  

17β-E2 circulating levels were similar between Reg-Yng and Reg-Ma animals and 

significatively decreased as mature female rats progressed to irregular cycles and to 

reproductive senescence, showing both Irreg-Ma and Acyc-Ma animals similar values of 

this hormone (Figure 1A). As was previously described (12,14,15), progesterone serum 

concentrations were significantly decreased in the acyclic females (Figure 1B), an effect 

that could be attributed, at least in part, to a lack of ovulation and corpus luteum 

production, effects that were observed in the Acyc-Ma group according to both the 

cytological analyses and the ovarian histological determinations carried out in these 

middle-aged animals (Figures 2 and 3). In addition, Acyc-Ma rats displayed a significant 

increase in the 17β-oestradiol/progesterone ratio (Figure 1C), as was previously described 

In this regard, a negative correlation was found between 17β-oestradiol/progesterone ratio 

and the total number of corpus luteum (r = -0.440, 95% CI = -0.114 to -0.681, p = 0.010). 

No significant changes among groups were observed in the circulating levels of LH and 

FSH levels (p= 0.099 and p = 0.969 respectively, one-way ANOVA) (Figure 1D and 1E, 

respectively). However, subsequent pairwise comparisons revealed that serum LH 

concentrations residually decreased in acyclic rats when were compared to their young 

and middle-aged regular counterparts (45.1% lower and 49.4%; p=0.029 and p=0.013, 

respectively, Student’s t test), and a similar pattern of decrease were observed in acyclic 

versus irregular animals (43.9% lower, p=0.066, Student’s t test) (Figure 1D). 

 

(12,14) in animals presenting a persistent oestrous state with an absence of corpus luteum. 
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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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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 17β-oestradiol (A), progesterone (B), 17β-

oestradiol/progesterone ratio (C), luteinizing hormone (D) and follicle stimulating hormone (E) in ovarian-

intact Sprague Dawley females at 5- and 10-month-old. 17β-oestradiol/progesterone ratio was calculated as 

the circulating levels of 17β-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. 
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Ma counterparts (Table 3). In contrast, the Acyc-Ma group showed higher uterine 

horns/weight (%) than the other groups (Table 3), which would suggest differences in 

uterine morphology associated with acyclic reproductive patterns.  

The ovarian histological analyses revealed that acyclic rats did not present either stromal 

luteinization or corpus luteum (Figures 2C and 2D), differently to what was observed in 

the other three groups of animals, which  showed similar stromal luteinization (Figure 

2C), and stages of development of the corpus luteum (Figure 2D), indicating that in the 

Reg-Yng, Reg-Ma and Irreg-Ma groups there were a progression of follicular 

luteinization towards the formation and development of normal corpus luteum during the 

representative ovarian section depicted in the Figure 2I, which showed the characteristic 

cyclic rats (Figure 2F) and both the middle-aged cyclic and irregular animals (Figures 2G 

and 2H) exhibited the presence of follicles and corpus luteum in the ovary.  

 

 

 

 

 

 

follicular cysts (FC) and the absence of corpus luteum (12,19). By contrast, the young 

oestrous cycle. The lack of corpus luteus reported in the Acy-Ma rats is illustrated in the 

pattern of changes occurring in persistent oestrous, including the presence of numerous 
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 Figure 2. Ovaries/weight (%) and ovarian histological analyses. Ovaries/weight(%) (A), ovarian atrophy (%) (B) Stromal luteinization (%) (C), total number of Corpus luteum (CL) (D) and 

stages of Corpus Lutea (CL) (n) (E) in ovarian-intact Sprague Dawley females at 5- and 10-month-old. The figures 2B and 2C present qualitative observations and different superscript 

lowercase letters (a, b) indicate significantly different mean values among groups (Pearson's chi-square test, p < 0.05). The figures 2A and, 2D the data are given as the mean ± SEM (n = 7-

10) and 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). The figures 

2E-2H represent the photomicrographs of hematoxylin–eosin-stained ovarian sections (Bar = 100 µm) in ovarian-intact Sprague Dawley females at 5- and 10-month-old. CL: corpus luteum; 

POWAT: periovarian white adipose tissue. FC = follicles cysts; CL: corpus luteum; F: secondaries, preantral and antral follicles. Reg-Yng: regular young rats; Reg-Ma: regular middle-aged 

rats; Irreg-Ma: irregular middle-aged rats; Acyc-Ma: acyclic middle-aged rats. CL: corpus luteum; POWAT: periovarian white adipose tissue.  
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Identification of lipidomic-based signatures across perimenopause  

To identify changes in circulating metabolites occurring along natural reproductive 

senescence, semi-targeted metabolomic and lipidomic analyses were carried out in the 

serum of the Reg-Ma, Irreg-Ma and Acyc-Ma groups. The initial unsupervised PCA 

performed on the polar metabolomics did not reveal separation trends among the groups 

of interest. Furthermore, after adjusting p-values for FDR, no significant changes were 

found in the circulating levels of polar metabolites among the Reg-Ma, Irreg-Ma, and 

Regarding the semi-targeted serum lipidomic analyses, the initial unsupervised PCA 

performed with the 403 hydrophobic metabolites revealed slight separation trends among 

the three groups that were at different stages of natural reproductive senescence (Figure 

3A). Afterwards, a PLS-DA was performed to further explore the lipidomic differences 

among groups. Both the PLS-DA plot (Figure 3B) and its three-dimensional 

representation with three components (Figure 3C), showed a clear separation and 

discriminations among Reg-Ma, Irreg-Ma, and Acyc-Ma groups. Following the 

successful establishment of this PLS-DA model, VIP scores were calculated to identify 

the lipid-related metabolites that contributed more to discriminate the three groups. Based 

on VIP values with thresholds of 1, we selected the top 40 metabolites out of 186 lipids 

with VIP values higher than 1, including 14 phosphatidylcholines (PC), 6 

Lysophosphatidylcholines (LysoPC),  5 TGs, 4 fatty acids (FA), 3 

lysophosphatidylethanolamines (LysoPE), 2 cholesterol ester (ChoE), the 

phosphatidylethanolamine PE(34:2), the diacylglyceride DG(38:7), the androgen 5a-

androstan-3,17-diol-monosulfate-iso3 (5-α-androstan-diol), the muricholic acid (MCA-

iso3), 13-hydroxydocosahexaenoic acid (13-HDHA) and 17,18-Dihydroxyarachidonic 

acid (17,18-DiHETE) (Figure 3D). In addition, ROC curves based on all lipids and the 

Acyc-Ma groups (padj > 0.05, one-way ANOVA) (Supplementary data S1).  
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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-iso3: 

muricholic acid-iso3; PC: phosphatidylcholines; 

PE: phosphatidylethanolamines; TG: 

triglycerides.  
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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-α-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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Figure 4. Effects of natural reproductive senescence 

on serum lipidomic of middle-aged female Sprague-

Dawley rats. (A) Principal components analysis (PCA) 

plot of the 144 significant lipid metabolites. (B) 

Heatmap visualizing (Z score) 144 significant lipids 

altered (adj. p < 0.05) during the natural reproductive 

senescence in the middle-aged rats. Reg-Yng: regular 

young rats; Reg-Ma: regular middle-aged rats; Irreg-

Ma: irregular middle-aged rats; Acyc-Ma: acyclic 

middle-aged rats. 17,18-DiHETE: 17,18-

Dihydroxyarachidonic acid; CE: cholesterol ester; DG: 

diacylglycerides; LysoPC: Lysophosphatidylcholines; 

LysoPE: lysophosphatidylethanolamines; PC: 

phosphatidylcholines; PE: 

phosphatidylethanolamines; SM: sphingomyelins; T4: 

thyroxine hormone; TG: triglycerides.  
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Interestingly, both the multivariate analysis of the top 40 metabolites with VIP scores 

higher than 1 and the univariate analysis showing that 144 lipids that were significantly 

different under the one-way ANOVA, revealed a higher proportion of PC and LysoPC 

families the abundance of which clearly differed among Reg-Ma, Irreg-Ma and Acyc-Ma 

groups. Thus, in addition to cholesterol ester ChoE(18:2), the androgen 5-α-androstan-

diol, (a derivative of dehydroepiandrosterone sulfate -DHEA-S- and dihydrotestosterone 

To detect putative early biomarkers of natural female reproductive aging, we selected, 

among the 144 metabolites that were significantly different among the three groups using 

the one-way ANOVA, those lipid-related metabolites that were significantly different 

between Reg-Ma and Irreg-Ma rats, according to the Duncan post hoc test. In total, we 

cycle characteristic of the Reg-Ma animals to the irregular cycling observed in the Irreg-

Ma rats, suggesting that these metabolites could be potential early biomarkers of 

perimenopause. Specifically, we found changes in the circulating levels of 9 PCs, 4 

LysoPCs, 2 PEs, ChoE(18:2), 5-α-androstan-diol and 17,18-DiHETE. A boxplot 

including these 18 metabolites and their relative quantification in the three middle-aged 

groups was depicted in Figure 5A. A consistent trend of increasing values was observed 

as the cyclicality diminished for most of these parameters, with the exception of 5-α-

androstan-diol, which displayed an inverse behavior. Finally, we generated a new 

heatmap specifically focusing on these 18 metabolites, clearly illustrating their 

discriminatory pattern between the Ma-Reg and the Irreg-Ma groups (Figure 5B). A 

-DHT-), and 17,18-DiHETE (a metabolite derived from arachidonic acid), metabolites

included in these families were consistently identified after carrying out both analyses:

 PE(34:2). 

PC(38:7), PC(O-36:1), PC(O-40:6), LysoPC(20:0)-sn2, LysoPC(23:0), LysoPC(24:0) and 

identified 18 parameters that already changed with the transition from the regular oestrous 
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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-α-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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Figure 5. Effects of natural reproductive senescence on serum lipidomic of middle-aged female Sprague-Dawley rats. 

(A) Boxplots showing the 18 significant early lipid biomarkers selected by p < 0.05 in post hoc test applied between 

regular and irregular middle-aged rats. Different superscript lowercase letters (A, B, C) 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). (B) 

Heatmap visualizing (Z score) top 18F significant lipids altered (adj. p < 0.05) between regular and irregular middle-aged 

rats. (C) Bonferroni-adjusted Pearson correlation matrix of significant circulating hormone and metabolic levels and 18 

significant metabolites. Only correlations adjusted with P<0.05 are plotted. Reg-Yng: regular young rats; Reg-Ma: regular 

middle-aged rats; Irreg-Ma: irregular middle-aged rats; Acyc-Ma: acyclic middle-aged rats. 17,18-DiHETE: 17,18-

Dihydroxyarachidonic acid; ChoE: cholesterol ester; FSH: follicle stimulating hormone; HOMA-IR: homeostasis model 

assessment-estimated insulin resistance; LH: luteinizing hormone; LysoPC: Lysophosphatidylcholines; PC: 

phosphatidylcholines; PE: phosphatidylethanolamines 
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Bone-related parameters did not change during natural female reproductive aging  

No significant changes were found among groups in bone-related parameters, including 

the weight and length of femurs, as well as the femur bone mineral content (BMC) and 

bone mineral density (BMD) analyzed by μCT (Table 4). 

  Reg-Yng Reg-Ma Irreg-Ma Acyc-Ma 

Biometric parameters     

Femurs (g) 1.75 ± 0.03 1.85 ± 0.06 1.82 ± 0.03 1.79 ± 0.03 

Femurs (cm) 3.55 ± 0.02 3.62 ± 0.03 3.64 ± 0.02 3.61 ± 0.02 

      

Microcomputed tomography analyses     

BMD (mg/cc) 750 ± 10 709 ± 17 732 ± 17 749 ± 15 

BMC (mg) 522 ± 12 547 ± 17 563 ± 5 557 ± 9 

Data are given as the mean ± SEM (n = 7-10). Microcomputed tomography analyses in 

femur were quantified from MicroCT scans using GE MicroView software v2.2. Reg-

Yng: Regular young rats; Reg-Ma: Regular middle-aged rats; Irreg-Ma: Irregular middle-

aged rats; Acyc-Ma: Acyclic middle-aged rats. BMD: bone mineral density; BMC: bone 

mineral content. 

 

DISCUSSION 

Reproductive senescence, resulting from hypothalamic and ovarian aging, manifests 

lifespan. Vaginal smears (cytology) and histology are common methods to identify rodent 

cycle stage, interpret potential cycle perturbations, and assess the functional status of the 

HPG axis and reproductive system (12,13,15,34,35). While other indices are more useful 

in humans to determine the reproductive system's functional status (for example, menses, 

basal body temperature, alterations in vaginal pH and cervical mucous viscosity) (16), 

adverse effects occurring during the early menopausal transition, given the similarities in 

the regulatory mechanisms of the female reproductive axis across species. 

oestrous cycle irregularities in rats and mice, marking the decline of their reproductive 

assessments of rodent oestrous cyclicity can offer mechanism insights into potential 

Table 4: Bone-related parameters in female rats during reproductive aging 
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Two studies have reported molecular neuroendocrine alterations in the hypothalamus 

affecting HPG functions, leading to reproductive cycle irregularity and acyclicity in 

middle-aged female Sprague-Dawley rats similar to menopausal transition in women 

(18,23). In one of these studies, Kermath et al. (2014) examined the circulating levels of 

sex hormones and found no significant differences in oestradiol (23). However, our study 

revealed lower levels of this hormone associated with the onset of cycle irregularity and 

acyclicity, which would resemble the situation occurring in women. In this regard, the 

SWAN study, which followed 3302 women aged 42-52 over 8 years, found that the 

circulating levels of oestradiol remained stable until a rapid decline during the last two 

years of the late phase in the perimenopausal woman, with levels settled at low values 

two years after the final menstrual period (FMP) (36). Furthermore, in women, the late 

menopausal transition is also characterized by an increase in the circulating levels of FSH 

(23,36,37)  and, in agreement with this behavior, Kermath et al. (2014) reported a surge 

By contrast, we did not observe such differences, which could be attributed at first glance 

FSH secretion peak occurs (30). Additionally, in our study, the decreased LH levels 

observed in the acyclic animals, when compared to their middle-aged regular and 

irregular counterparts, would indicate altered gonadotropin secretion patterns during 

reproductive aging (38–40), a pattern that was also observed in Kermath et al., although 

the differences were not statistically significant (23). While a regular vaginal cycle does 

not always indicate ovulation, stromal luteinization, which confirms ovulation, 

transforms follicles into corpora lutea (16). As previously described in numerous studies, 

in FSH levels coinciding with the onset of irregularity and acyclicity in middle-aged rats. 

oestradiol/progesterone ratio, which is attributed to a lack of ovulation and corpus luteum

to the fact that rats were not sacrificed during the estrus phase of the cycle, when the 

persistent oestrous is characterized by low levels of progesterone and an increased 17 beta-
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production, and is also accompanied by the presence of numerous follicular cysts and 

age-related ovarian atrophy (12,13,15,19,29,41). In our study, all these hallmarks were 

reported in the acyclic group, reinforcing the translational applicability of this natural 

female reproductive aging rat model, characterized by a decline in ovarian function during 

reproductive senescence caused by hormonal imbalances and changes in the HPG axis, 

The hormonal and histological alterations detailed above can have profound implications 

beyond the reproductive system. Given that lipid compounds, such as glycerolipids, 

glycerophospholipids and sterols play critical roles in cellular structure, energy storage 

and signaling, changes in the circulating lipidome can reflect and potentially drive 

changes in metabolic and physiological states linked with endocrine function (42). 

Lipidomics, the large-scale study of pathways and networks of cellular lipids in biological 

systems, provides a comprehensive understanding of the diverse lipid species and their 

roles in health and diseases such as cardiovascular disease (CVD), MetS, 

neurodegenerative diseases and different types of cancer (42). In our study, we identified 

circulating signatures of perimenopause using a semi-targeted lipidomics approach that 

allows the identification of more than 400 metabolites, reporting that the progressive 

characterized the natural reproductive senescence was associated with marked changes in 

serum lipid-related metabolites, with an independent effect of age. Specifically, PCs were 

the most represented family, and as a general trend, most of the identified lipid families 

(PCs, LysoPCs, PEs, LysoPEs, ChoEs, and TGs) increased as the reproductive aging was 

more evident, while the steroid metabolite 5-α-androstan-diol exhibited the opposite 

pattern. 

 

leading to ovulation failure and the end of the oestrous cycle.  

transition of oestrous cycles encompassing regular, irregular and acyclic stages that 
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To date, only two studies reported changes in circulating lipid-related metabolites 

between premenopausal and postmenopausal women using lipidomics approaches. 

However, none of these studies directly examined these biomarkers in the early stages of 

perimenopause or longitudinally during the menopausal transition (24,25). Nogueira et 

al. showed significant increases in PCs in the postmenopausal state, with strong positive 

correlations between total cholesterol and low-density lipoprotein cholesterol (LDL-c) 

and PC(38:1) and PC(38:2) (24). The significant increase observed in our study in the 

circulating levels of these PCs among Reg-Ma, Irreg-Ma and Acyc-Ma groups are in line 

with these findings and the fact that, in our study, PC(38:2) was one of the top 40 

metabolites that contributed more to discriminate the three groups would suggest that this 

lipid specie is already altered in an early stage of female reproductive aging, as occurred 

with PC(34:2), PC(36:2), and PC(36:4), which in the present research were significantly 

higher in irregular than in regular rats and displayed strong positive correlations with the 

circulating levels of cholesterol. Recent studies showed that plasma levels of PC(34:2) 

and PC(36:2) increased in patients with type 2 diabetes (43,44). In our study, these PCs 

changes cannot be linked to impaired glucose and insulin metabolism because no 

significant changes among middle-aged groups were found in the surrogate markers of 

insulin resistance and sensitivity, HOMA-IR and R-QUICKI, respectively, and no 

correlations were found between these both parameters and the circulating levels of 

PC(34:2) and PC(36:2). Remarkably, the increase in the circulating levels of 

LysoPE(22:6), LysoPE(22:5), and LysoPC(17:0) and the decrease in the plasma 5-α-

androstan-diol sulfate concentrations found in our study during the natural transition to 

that these lipid species followed the same behavior in postmenopausal women compared 

reproductive senescence are in line with the results obtained by Ke et al., which reported 
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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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resulting in lysoPC primarily containing saturated fatty acids (55). Therefore, it is 

plausible to speculate that an increased plasma LCAT activity may be one of the factors 

causing the increase in the serum levels of saturated species of lysoPC observed in this 

study. Other studies have reported that elevated LPCs levels can be produced by increased 

phospholipase A2 (PLA2) activity, which hydrolyzes PC, influencing cell proliferation, 

invasion, and migration in various cancers (55–59) and is overexpressed in breast and 

ovarian cancer patients (59–63). In the present study, the circulating levels of TC 

progressively increased as there was a loss of cyclicity in the middle-aged rats and, 

interestingly, in the Irreg-Ma group, the increase reported in the LysoPC(20:0), 

LysoPC(20:0)-sn2, LysoPC(23:0) and LysoPC(24:0) plasma levels preceded the rise in 

TC, which was only significantly reported in rats displaying acyclicity. These results 

would suggest these four LPCs as potential early biomarkers of hypercholesterolemia and 

would be in agreement with the potential harmful effect on the cardiometabolic health of 

the LPCs containing a saturated fatty acyl chain. Further studies, such as those carried out 

with rats challenged with a hyperlipidemic and atherogenic diet and analyzing additional 

related parameters, such us PLA2 and LCAT activities, at different time points, would be 

of interest to provide more insights into the pathophysiological significance of the 

increased LysoPC(20:0), LysoPC(20:0)-sn2, LysoPC(23:0) and LysoPC(24:0) 

circulating levels concerning CVD and cancer risks in the framework of menopausal 

transition and postmenopause. 

Circulating lipidomes exhibit significant sex-related differences that tend to narrow or 

reverse with age due to the distinct effects of aging on males and females (47,64–69). 

Thus, glycerophospholipid levels are lower in young women than men, but increase more 

rapidly with age in women, resulting in higher levels in older women compared to older 

men (70), which can partly be explained by a drop in oestrogen levels after menopause 
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(71). To name some examples, females displayed greater age-related increases in both 

TGs and glycerophospholipid species (PC, LPC, SM, ChoE, and PE), while in males these 

glycerophospholipids decreased (64,67,68,70,72–76). Furthermore, higher levels and 

abundance of most PCs have been observed in women compared to men in many studies 

(65,67,74,77–79), including species such as PC(40:6), PC(36:5), PC(36:2) and PC(34:2) 

(78,80,81). In women, many studies reported that, regardless of the menstrual cycle or 

reproductive status, glycerophospholipid species concentrations are generally lowest and 

stable during the late 30s to mid-40s, slightly increasing during the mid-40s and showing 

a higher increase in the late 40s and early 50s. Thus, higher concentrations of PC, PE and 

TAG were found in postmenopausal women compared with premenopausal women (47), 

PCs being the species showing the greatest tendency to increase (47,64,65). In our study, 

the increased circulating levels of PC(40:6), PC(36:5), PC(36:2) and PC(34:2) observed 

previous findings observed in women. Furthermore, it was reported that the proportion of 

PE(O-36:5) was significantly greater in women than men (78), and this metabolite was 

detected in our study as an early biomarker of the transition between regular and irregular 

cycles. It is well known that men display a higher risk for CVD early in life, while women 

have a higher risk later in life (82,83) and both the sex and age-related differences in CVD 

risk have been linked to changes in glycerophospholipid metabolism (67). It is well 

known that circulating lipoproteins are affected by female sex steroids, and that primary 

changes are observed during the altered fluctuations in sex hormone levels during the 

menopausal transition (84–86). Whether the differences in the circulating 

glycerophospholipid composition reported in this rat model of natural female 

reproductive senescence could impact on patterns of health and disease during 

in rats in response to the progressive loss of oestrous cycle regularity are in line with these 
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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-α-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 II 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-α-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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after the menopausal transition. Incorporating lipidomic analysis into this assessment can 

provide deeper insights into the molecular changes occurring during these stages. 

CONCLUSIONS 

In the present study, we showed that, in an ovarian-intact middle-aged model of rats, the 

reproductive senescence was associated with altered circulating levels of different HPG-

related sex hormones (oestradiol, progesterone and LH) and, in rats that were in persistent 

stromal luteinization and corpus luteum. These results were accompanied by progressive 

losing regularity. Although circulating lipidomic changes are well-documented in 

postmenopausal women, as far as we know, this is the first work reporting that lipidomic-

related shifts in serum are already detected at very early stages of female reproductive 

senescence in a rat model that resembles the early menopausal transition occurring in 

women. These findings are in line with our hypothesis and allowed us to identify a set of 

cycle, including 9 PCs, 4 LysoPCs, 2 PEs, ChoE(18:2), 5-α-androstan-diol and 17,18-

DiHETE, which could be used as a potential multivariate biomarker of early 

perimenopause. Further clinical trials performed with this target population would be of 

great value to reinforce our findings. A detailed understanding of the molecular changes 

that occur during the menopausal transition can pave the way to design new treatments 

and lifestyle-based interventions addressed to preserve the endocrine and metabolic 

functions of perimenopausal women and to ameliorate in later stages the vasomotor 

symptoms, osteoporosis and metabolic-related diseases that can appear in 

postmenopausal women. 

gradual loss of regularity in the oestrous cycle occurring during the natural transition to 

oestrous, with histomorphological changes in the ovaries, including atrophy and a lack of 

significant changes in the lipidomic profile detected in serum as the oestrous cycles were 

metabolites that already changed with the transition from a regular to an irregular oestrous 
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ABBREVIATIONS 

17β-E2, 17β-oestradiol; 5-α-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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postmenopausal women can lead to rapid bone loss due to increased osteoclast activity 

and are associated with high levels of biomarkers for both bone resorption and formation 

women likely contribute to the development of risk factors and diseases common during 

this stage, which can affect women for a third or more of their lifetime. 

The scientific community has developed advanced rodent models that effectively mimic 

human menopause, providing valuable tools for studying the aging female reproductive 

system. These models enable the generation of preclinical data that can be potentially 

translated to human health, predicting outcomes and addressing menopausal health 

questions. Ovariectomized (OVX) rodents are the gold-standard animal models for 

studying the effects of reproductive aging in menopause. This surgical procedure removes 

the ovaries, mimicking the oestrogen deficiency that occurs during menopause leading to 

osteoporosis and metabolic disorders (38–42), such as visceral obesity, IR, oxidative 

stress, inflammation, atherogenic dyslipidemia, hepatic steatosis, hypertension, low bone 

mineral density (BMD) and trabecular bone remodeling (39,41–43). OVX rodents are a 

good model for studying hormone deprivation effects; however, the age at which OVX is 

performed in rodents may affect the results (41,44). For instance, rats ovariectomized 

pronounced changes in trabecular bone remodeling compared to younger OVX rats (41). 

Peripheral blood mononuclear cells (PBMCs) represent a subset of white blood cells 

comprising lymphocytes and monocytes/macrophages. They traverse the body and can 

mirror gene expression alterations occurring in various tissues in response to internal or 

external stimuli (45). Their accessibility in humans, facilitated by blood isolation 

techniques (46,47), makes that PBMCs can be used to assess biological responses as their 

gene expression profile may reflect the physiological and the pathological states of the 

between 6-9 months old, exhibited lower bone growth rate and BMD, and more 

(34–37). Considering these positive effects, low oestrogen levels in postmenopausal 
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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 is 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- × Fasting 

Insulin level-µU/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 (µU/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 (μCT 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 ProTM System (PANLAB, Cornellà, 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 μmol 

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 µm and stained with hematoxylin & 

eosin (H & E). MWAT and RWAT images (magnification 100×) 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 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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PBMCs 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 

CaCl2 2H20, 0.98mM MgCl2 6H20, 5.4mM KCl, 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 NH4Cl, 10 mM KHCO3, and 100 µM 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 β-mercaptoethanol and purified with the NucleoSpin® TriPrep Column (Macherey-

Nagel, Düren, 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 

q-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 

e110_eg57_p18_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. 
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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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  25 weeks  35 weeks  

 SHAM OVX t-test SHAM OVX t-test 

Food Intake (g/d) 13.6 ± 0.2 15.5 ± 0.5 ** 8.5 ± 0.1 10.5 ± 0.3 *** 

       

Biometric parameters       

Initial body weight (g) 236 ± 3 276 ± 5 *** 338 ± 8 412 ± 4 *** 

Final body weight (g) 264 ± 4 329 ± 8 *** 358 ± 7 472 ± 12 *** 

Δ Body weight (g) 18.5 ± 3.5 35.1 ± 3.5 ** 20.1 ± 5.1 59.3 ± 7.9 *** 

BAT (%) 0.116 ± 0.009 0.088 ± 0.004 * 0.113 ± 0.005 0.088 ± 0.006 ** 

Liver (%) 2.66 ± 0.05 2.30 ± 0.03 *** 2.70 ± 0.05 2.20 ± 0.03 *** 

Caecum (%) 1.08 ± 0.11 0.99 ± 0.05 NS 1.42 ± 0.03 1.31 ± 0.10 NS 

Kidneys (%) 0.537 ± 0.010 0.454 ± 0.009 *** 0.597 ± 0.014 0.424 ± 0.008 *** 

Spleen (%) 0.224 ± 0.008 0.211 ± 0.005 NS 0.238 ± 0.007 0.209 ± 0.007 ** 

Gastrocnemius (%) 0.744 ± 0.011 0.704 ± 0.011 * 0.623 ± 0.022 0.556 ± 0.012 * 

Soleus (%) 0.044 ± 0.001 0.043 ± 0.001 NS 0.054 ± 0.002 0.042 ± 0.002 *** 

        

Blood parameters     

TG (mmol/L) 0.482 ± 0.060 0.408 ± 0.056 NS 1.371 ± 0.110 1.030 ± 0.030 * 

TC (mmol/L) 2.50 ± 0.15 3.01 ± 0.13 * 3.73 ± 0.30 4.05 ± 0.12 NS 

HDL-c (mmol/L) 1.74 ± 0.10 1.98 ± 0.07 NS 2.79 ± 0.24 3.07 ± 0.16 NS 

Non-HDL-c (mmol/L) 0.881 ± 0.070 0.907 ± 0.028 NS 0.940 ± 0.071 0.976 ± 0.124 NS 

MCP-1 (ng/mL) 6403 ± 328 9373 ± 844 ** 4328 ± 682 5803 ± 503 NS 

       

Hepatic parameters       

Total GSH (µmol/g protein) 46.2 ± 9.9 22.9 ± 3.7 * 58.7 ± 3.3 67.7 ± 2.7 * 

Reduced GSH (µmol/g protein) 39.1 ± 9.9 17.5 ± 2.9 NS 48.9 ± 3.1 56.1 ± 2.5 NS 

Oxidized GSH (µmol/g protein) 7.08 ± 0.74 8.09 ± 0.95 NS 9.78 ± 0.21 11.65 ± 0.35 *** 

GSH/GSSG Ratio 6.27 ± 1.96 2.03 ± 0.40 * 4.77 ± 0.18 4.81 ± 0.16 NS 

Data are given as the mean  SEM (n = 10). Δ body weight was calculated as the difference between the 

final body weight and the initial body weight. Relative tissue weights (%) were calculated according to the 

formula (100* tissue weight/body weight) and were expressed as a percentage of body weight. The 

concentrations of blood parameters were determined at the end of the experiment. The GSSG/GSH ratio 

was calculated as the oxidized GSH divided by reduced GSH. Differences between SHAM and OVX 

groups at 25- and 35-week-old were determined by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). 

NS: non-significant difference. SH: sham-operated rats; OVX: ovariectomized rats. BAT: brown adipose 

tissue; GSH: glutathione; GSSG: oxidized glutathione; HDL-c: high-density lipoprotein cholesterol; MCP-

1: monocyte chemoattractant protein-1; non-HDL-c: non-high-density lipoprotein cholesterol; TC: total 

cholesterol; TG: triglycerides.  

 

 

 

 

 

rats at 25 and 35 weeks 

Table 1: food intake, biometric and blood parameters in sham-operated (SHAM) and ovariectomized (OVX) 
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Figure 1 Effects of ovariectomy on RWAT (A), MWAT (B), and IWAT (C) depot weights, adiposity index (D), fat mass (E) Δ fat 

mass (F), lean mass (G), Δ lean mas (H) and lean/fat ratio (I) in sham-operated (SHAM) and ovariectomized (OVX) rats at 25- and 35-

week-old. Data are given as the mean ± SEM (n = 10). Relative RWAT, MWAT and IWAT weights (%) were calculated according to 

the formula (100* tissue weight/body weight) and were expressed as a percentage of body weight. The adiposity index was computed 

as the sum of the RWAT, MWAT and IWAT depot weights (in grams) and is expressed as a percentage of body weight. Fat mass and 

lean mass weights (%) were calculated according to the formula (100* fat or Lean/body weight) and were expressed as a percentage of 

body weight. Lean/fat mass ratio was calculated as the lean mass divided by fat mass. Changes in body weight, fat mass and lean mass 

were calculated as the differences between the final and the initial values of these parameters and are depicted in the figures as Δ values. 

Differences between SHAM and OVX groups at 25- and 35-week-old were determined by Student’s t-test **p < 0.01, ***p < 0.001). 

NS: non-significant difference. SHAM: sham-operated rats; OVX: ovariectomized rats. IWAT: inguinal white adipose tissue; MWAT: 

mesenteric white adipose tissue; RWAT: retroperitoneal white adipose tissue. 
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Figure 2. Effects of ovariectomy on respiratory quotient (A), EE (B), fat oxidation (C) and carbohydrate oxidation (D) in sham-operated 

(SHAM) and ovariectomized (OVX) rats at 25- and 35-week-old. Data are given as the mean ± SEM (n = 10). Indirect calorimetric 

measurements were performed between Days 37 and 42 at 25 weeks and beweeen Day 29 and 33 under ad libitum conditions and over 22 

h (from 11:00 am to 09:00 am) after the beginning of the studies . 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). Differences between SHAM 

and OVX groups at 25- and 35-week-old were determined by Student’s t-test (*p < 0.05). NS: non-significant difference. SHAM: Sham-

operated rats; OVX: Ovariectomized rats. RQ: respiratory quotient; EE: energy expenditure. 
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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. 3I-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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OVX group only produced a slight, but significant decrease in R-QUICKI when 

According to the increased adiposity found in both 25 and 35-weeks-old OVX rats, these 

animals displayed a sharp increase in the circulating leptin levels compared to their 

respective SHAM counterparts (Fig. 4F). Concerning adiponectin blood concentrations, 

higher levels of this adipokine were observed in OVX rats only at 35 weeks (Fig. 4G). 

When this parameter was corrected by the total weight of white adipose tissue, which 

gives an estimation of the effective production of adiponectin by white adipocytes, a 

significant decrease in the adiponectin/g WAT ratio was observed in OVX rats only at 25 

rats at both ages, ovariectomy caused a significant decrease in the adiponectin-to-leptin 

ratio, a biomarker of adipose tissue inflammation and IR (75), and a significant increase 

in the leptin-to-adiponectin ratio, a reliable marker of diabetes risk and MetS (27,82), 

compared to their respective SHAM counterparts (Fig. 4I & 4J). 

 

 

 

 

 

 

 

weeks of age (Fig. 4H). Possibly due to the higher levels of leptin observed in OVX 

compared to the SHAM animals (Fig. 4E). 
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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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Figure 4 Effects of ovariectomy on RWAT (A), MWAT (B), and IWAT (C) depot weights, adiposity index (D), fat mass (E) Δ fat mass 

(F), lean mass (G), Δ lean mas (H) and lean/fat ratio (I) in sham-operated (SHAM) and ovariectomized (OVX) rats at 25- and 35-week-

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-

significant difference. SHAM: sham-operated rats; OVX: ovariectomized rats. HOMA-IR: homeostasis model assessment-estimated insulin 

resistance; NEFAs: nonesterified fatty acids; R-QUICKI: revised quantitative insulin sensitivity check index; WAT: white adipose tissue. 
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the removal of the ovaries in the OVX group induced significantly increased levels of the 

bone formation biomarker OC and the bone resorption biomarker CTX-1, as was 

previously described, suggesting an unbalanced bone formation and resorption activity. 

According to the μCT analyses conducted in the right femur, no significant changes 

between OVX and SHAM groups were observed in BMD and BMC at any age. 

Meanwhile, the μCT determinations performed in the right tibia revealed that 

ovariectomy reduced BMD at 35 weeks (Table 2). 

  25 weeks  35 weeks  

 SHAM OVX t-test SHAM OVX t - test 

       

Biometric parameters       

Femurs (%) 0.756 ± 0.015 0.656 ± 0.012 *** 0.643 ± 0.011 0.515 ± 0.009 *** 

Tibias (%) - - - 0.519 ± 0.007 0.417 ± 0.008 *** 

        

Blood or Serum/Plasma parameters      

OC (ng/mL) 292 ± 11 377 ± 16 *** 114 ± 10 209 ± 24 ** 

CTX-1 (ng/mL) 14.9 ± 1.4 20.7 ± 1.2 ** 14.4 ± 1.4 22.0 ± 1.1 *** 

PINP (ng/mL) 5.85 ± 0.27 6.38 ± 0.40 NS 7.94 ± 0.66 11.10 ± 1.51 NS 

       

Microcomputed tomography analyses (μCT)      

Femur (μCT)      

BMD (mg/cc) 634 ± 16 618 ± 21 NS 356 ± 14 328 ± 14 NS 

BMC (mg) 569 ± 5 591 ± 16 NS 142 ± 6 140 ± 3 NS 

       

Tibia (μCT)       

BMD (mg/cc) - - - 271 ± 15 224 ± 8 * 

BMC (mg) - - - 140 ± 5 134 ± 3 NS 

Data are given as the mean  SEM (n = 10). Relative Femurs and tibias weights (%) were calculated 

according to the formula (100* tissue weight/body weight) and were expressed as a percentage of body 

weight. The circulating levels of the biomarkers of bone turnover in plasma/serum were determined at the 

end of the experiment. Microcomputed tomography analyses in the femur were quantified from MicroCT 

scans using GE MicroView software v2.2. Differences between SHAM and OVX groups at 25- and 35-

week-old were determined by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). NS: non-significant 

difference. SHAM: sham-operated rats; OVX: ovariectomized rats. OC: osteocalcin; CTX-1: carboxy-

terminal telopeptide of type I collagen; PINP: procollagen I amino-terminal propeptide; BMD: bone 

mineral density; BMC: bone mineral content.  

 

 

 

 

 

Table 2: Bone-related parameters in sham-operated (SHAM) and ovariectomized (OVX) rats at 25 and 35 

weeks 
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Transcriptional changes in PBMCs after ovariectomy   

To shed light on the mechanisms underlying the effects of ovariectomy reported, we 

carried out a transcriptomic analysis in PBMCs samples of OVX and SHAM animals. 

KEGG pathway analysis of all the gene expression data revealed that the most 

significantly affected (downregulated) pathways encompassed a comprehensive range of 

immune, inflammation and defence processes, including cytokine‒cytokine receptor 

interactions, chemokine signalling pathways, natural killer cell-mediated cytotoxicity and 

g:Profiler program, and information obtained from the scientific literature and various 

B-cell receptor signalling pathways, among others (Fig 5A). Other frequently classified 

processes included cytoskeleton and cellular networks, such as focal adhesion, adherens 

junction, gap junction, extracellular matrix (ECM) receptor interaction and regulation 

of actin cytoskeleton, as well as pathways related to the degradation of cellular components, 

metabolism, as well as pathways related to glucose homeostasis, were also affected (Fig.

processing and degradation a lesser extent, RNA degradation (Fig.  5A).  DGE  analysis 

5A). Interestingly, most of the pathways related to RNA processing and degradation 

identified  230  genes  that  were  differentially  regulated  between  OVX  and  SHAM

such as the lysosome (Fig. 5A). Furthermore, glycoconjugate and glycerophospholipid

animals, being many of them (60%, 138 genes) downregulated in OVX rats  (Fig. 5B).

Furthermore, the hierarchical clustering  analysis  based  on  the  significantly  regulated  

genes also revealed distinct clustering patterns between OVX and SHAM rats (Fig. 5C). 

Of these 230 genes, 43 were unknown, and could not be grouped into any pathway. The 

187 remaining known genes were distributed into different biological processes, according 

to the information obtained via KEGG pathway analysis, enrichment analyses using the 

biological databases (NCBI, PubMed and Human Protein Atlas) (Fig. 5D). The most 
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representative biological processes were cell proliferation, differentiation and death, 

cytoskeleton and cellular network, and immunity, inflammation and response to stress, 
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RNA processing, signalling and lipid metabolism (Fig. 5D). Other biological processes that 

were also affected included energy homeostasis, carbohydrate and lipid metabolism, transport 

of small molecules (ions, amino acids and vitamins) and protein processing and ubiquitination  

(Fig. 5D). The pathways related to these biological processes, and the most representative 

of many of these genes are analysed in the Discussion section. 

genes belonging to these pathways, are included in Table 3. The patterns of expression
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Figure  5  Transcriptional  changes  in  PBMCs  of  OVX  and  SHAM  rats  (n  =6  per  group)  at  35-week-old.  Figure  5A,  Heatmap 

visualizing  significantly  regulated  KEGG  pathways  (adj.  p  <  0.05)  in  OVX  group  in  comparison  with  SHAM  group.  The  colour  scale 

represents negative log10 scale adjusted p values of classes with different directions of regulation. The nondirectionally adjusted p 

values  were  computed  from  the  gene  statistics,  disregarding  the  direction  of  expression.  Mix-direction  down-  and  mix-direction  up 

adjusted  p  values  were  computed  by  considering  the  segment  of  the  statistics  for  genes  that  were  downregulated  and  upregulated, 

respectively.  Dynamically  adjusted  p  values  were  calculated  using  the  expression  direction  and  gene  statistics.  The  distinct  direction  up 

adjusted  p  values  were  exclusively  influenced  by  the  upregulation  of  genes.  In  contrast,  distinct  direction  down  adjusted  p  values  were 

influenced by the downregulation of genes and not influenced by genes with upregulation and downregulation together. Figure 5B,  

volcano  plot  visualizing  gene  expression  changes  in  PBMCs  of  OVX  rats  versus  SHAM  animals.  Significant  down  and  up  genes 

regulated  were  highlighted  with  an  adj.  p  <  0.1  and  a  log2  (Fold-Change)  ≤  -1  or  ≥  1  in  green  and  red  colour,  respectively.  Statistical 

significance was tested using DESeq2. Figure 5C, heatmap visualizing expression pattern of the 230 significant genes with an adj. p < 0.1 

represented by Z score transformed log2 counts per million. Figure 5D, Classification of the biological processes of the genes affected 

by ovariectomy. All known genes (230) that were differentially expressed (adj. p < 0.1) between the OVX-MI and OVX animals  were  

classified  using  g:Profiler,  KEGG,  biological  databases  (NCBI,  human  protein  atlas)  and  the  scientific  literature.  OVX: Ovariectomized  

rats;  SHAM:  sham  operated  rats.  KEGG:  Kyoto  Encyclopaedia  of  Genes  and  Genomes;  PBMCs:  peripheral  blood mononuclear cells. 
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Biological process Main-related pathway Gene name 
Gene 

symbol 
Gene ID FC 

Adj. p 

value 

Immunity, 

inflammation and 

response to stress 

Cytokine mediated 

inflammation 

Interleukin 18 receptor 1 Il18r1 301365 -1.82 0.000 

Interleukin 18 receptor accessory protein Il18rap 373540 -1.49 0.023 

Interleukin 16 Il16 116996 -1.27 0.057 

Interleukin 12 receptor subunit beta 1 Il12rb1 171333 -1.39 0.012 

Prostaglandin-endoperoxide synthase 2 Ptgs2 29527 2.38 0.054 

Suppressor of cytokine signaling 3 Socs3 89829 1.66 0.042 

Chemokine mediated 

inflammation 

BPI fold containing family B, member 4 Bpifb4 499925 -2.40 0.000 

C-X-C motif chemokine receptor 3 Cxcr3 84475 -1.88 0.010 

Platelet factor 4 Pf4 360918 -1.92 0.007 

NK cell-mediated citotoxicity SH3-domain binding protein 2 Sh3bp2 305450 -1.31 0.010 

Response to stress DnaJ heat shock protein family (Hsp40) member B4 Dnajb4 295549 1.25 0.038 

DnaJ heat shock protein family (Hsp40) member B6 Dnajb6 362293 1.15 0.091 

Oxidative stress responsive serine rich 1 Oser1 296346 1.23 0.017 

DnaJ heat shock protein family (Hsp40) member B9 Dnajb9 24908 1.39 0.041 

Heat shock protein 90 alpha family class A member 1 Hsp90aa1 299331 1.21 0.058 

Heat shock protein family A (Hsp70) member 5 Hspa5 25617 1.34 0.011 

Lipid metabolism Fatty acid metabolism Androgen induced 1 Aig1 292486 -1.40 0.057 

3-hydroxyacyl-CoA dehydratase 4 Hacd4 362540 -1.76 0.038 

Enoyl CoA hydratase domain containing 2 Echdc2 298381 2.01 0.005 

Sterol metabolism STAR related lipid transfer domain containing 5  Stard5 502348 -1.50 0.085 

ATP binding cassette subfamily A member 1 Abca1 313210 -1.58 0.046 

SREBF pathway regulator in golgi 1  Spring1 498188 -1.41 0.040 

Phospholipase A2 group IID Pla2g2d 298579 -1.46 0.020 

Phospholipid transfer protein Pltp 296371 -1.79 0.030 

Sex steroid hormone-related HEXIM P-TEFb complex subunit 1 Hexim1 498008 1.30 0.017 

Carbohydrate 

metabolism 

Glucose and insulin 

homeostasis 

Solute carrier family 2 member 4 Slc2a4 25139 -3.19 0.010 

Regulatory associated protein of MTOR complex 1 Rptor 287871 -1.26 0.010 

Growth factor receptor bound protein 7  Grb7 84427 3.00 0.043 

Cell proliferation, 

differentiation and 

death 

Cell differentiation Inhibitor of DNA binding 3 Id3 25585 -1.82 0.017 

KLF transcription factor 6 Klf6 58954 1.41 0.023 

Cell proliferation BTG anti-proliferation factor 2  Btg2 29619 1.35 0.025 

MYB proto-oncogene, transcription factor Myb 498982 2.01 0.010 

PBX homeobox 1 Pbx1 304947 1.54 0.043 

Jun proto-oncogene, AP-1 transcription factor subunit Jun 24516 1.69 0.060 

Cell death - Apoptosis Proliferation and apoptosis adaptor protein 15 Pea15 364052 -1.28 0.063 

Activating transcription factor 5 Atf5 282840 -1.82 0.026 

 SRY-box transcription factor 4 Sox4 364712 1.85 0.017 

 MCL1 apoptosis regulator, BCL2 family member Mcl1 60430 1.19 0.014 

Cytoskeleton and 

cellular network 

Extracellular matrix (ECM) 

organization 

Bone gamma-carboxyglutamate protein Bglap 25295 -1.85 0.010 

Biglycan Bgn 25181 -1.66 0.060 

Regulation of actin 

cytoskeleton 

FYVE, RhoGEF and PH domain containing 4 Fgd4 246174 -1.49 0.046 

CD84 molecule Cd84 501872 -1.42 0.073 

CD28 molecule Cd28 25660 1.26 0.040 

Cytoskeletal filaments Tubulin beta 2B class Iib Tubb2b 291081 -2.25 0.000 

Outer dynein arm docking complex subunit 3 Odad3 315465 13.86 0.081 

RNA processing Splicing Serine and arginine rich splicing factor 3 Srsf3 361814 1.14 0.089 

Serine and arginine rich splicing factor 5 Srsf5 29667 1.22 0.030 

Signaling MAPK signaling pathway Mitogen-activated protein kinase 1 Mapk1 116590 -1.36 0.052 

Dual specificity phosphatase 10 Dusp10 63995 1.62 0.005 

TGF-beta signaling pathway TGF-beta activated kinase 1 binding protein 1  Tab1 315139 -1.25 0.011 

Transforming growth factor, beta 2  Tgfb2 81809 -1.52 0.069 

Transforming growth factor, beta 3 Tgfb3 25717 -3.72 0.030 

DISCUSSION 

In this study, we explored the impact on health of ovariectomy performed at 15 weeks 

and 25 weeks on female Sprague-Dawley rats over a 10-week period. Our findings are in 

line with those previously described in this animal model (42), showing that ovariectomy  

  
149

Table 3: Functional categorization of differentially expressed genes in thePBMCs of OVX rats 

Abbreviations: PBMCs, peripheral blood mononuclear cells, NK, natural killer; OVX, ovariectomized rats. FC: fold changes in OVX vs. SHAM animals. 

The + symbol indicates upregulation, and the - symbol indicates downregulation in the OVX animals. Genes withadj. p value < 0.1 from the microarray 

data analysis are shown. 
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alterations regardless of the age at which ovariectomy was performed. The worsened body 

composition, characterized by increased fat mass accumulation and muscle loss, resulting 

in a decreased lean-to-fat mass ratio, as well as enlarged adipocyte size and a shift towards 

a greater number of larger adipocytes, indicating hypertrophy in RWAT and MWAT 

depots, observed in both OVX groups, can be attributed, at least in part, to the increased 

food intake and the decreased energy expenditure reported in these oestrogen deficient 

rats compared to their respective SHAM counterparts (83–85). In addition, the elevated 

leptin-to-adiponectin and decreased adiponectin-to-leptin ratios displayed by OVX 

animals suggested an increased cardiometabolic risk and adipose tissue inflammation 

(27,82,86,87), which would be consistent with previous research showing that WAT 

hypertrophy is associated with IR and inflammation (88). Furthermore, the enhanced 

secretion of bone formation and resorption biomarkers, which was evidenced by the 

higher circulating levels of osteocalcin and CTX-1, respectively, would account for an 

increased risk of osteoporosis, as was previously reported in both postmenopausal women 

and OVX rodents (5,41,89).  

However, we observed, at the end of the study, a pronounced response in the circulating 

levels of TC and the inflammatory marker MCP-1 in the rats that were ovariectomized at 

15 weeks of age, which displayed significantly higher values than their SHAM 

counterparts, an effect that was not observed when the removal of the ovaries was carried 

out at 25 weeks of age. Very similarly, the hepatic values of the antioxidant marker 

GSH/GSSG ratio significantly decreased only in the younger OVX animals. At first 

glance, these results were unexpected, and it is tempting to speculate that these different 

responses can be attributed to age-related adaptive mechanisms, which might be more 

evident in the older 35-week-old animals, helping to mitigate the severity of these 

metabolic, inflammatory, and oxidative stress-related alterations occurring in response to 

exacerbated various health concerns associated with obesity and immunocardiometabolic 
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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-γ 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-γ (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 il18r1, il18rap, 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), 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

153 

 

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 mapk1 reported in the present 

research is consistent with the findings obtained in a study in which inhibition of MAPK1 

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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Dnajb4, dnajb6, dnajb9, hspa5 and hsp90aa1 genes encode for heat shock proteins 

(HSPs) that are molecular chaperones activated in response to stress and that play critical 

roles in protein folding and cellular homeostasis, being their overexpression linked to 

drug resistance and cancer progression, promoting malignant behaviors and poor 

prognosis, including ovarian, endometrial, cervical, bladder, pancreatic and breast 

cancers in women (121–126). In this sense, the higher mRNA levels of these genes and 

the gene encoding the protein OSER1 (oxidative stress-responsive serine-rich 1) reported 

in our OVX rats compared to their SHAM counterparts would suggest an increased stress 

response occurring in this postmenopausal model that is reflected at gene expression 

levels in PBMCs. Hexim1 encodes the HEXIM P-TEFb complex subunit 1, which is a 

protein that inhibits the activity of ligand-bound oestrogen receptor alpha (ERα), leading 

to the suppression of ERα-dependent gene expression of these receptors (127–129). The 

complex interplay between progesterone receptors (PR) and ER receptors plays a crucial 

(130). It has been described that the maturation and stabilization of the PR can occur 

through the Hsp90 chaperone pathway, involving a collaborative mechanism with Hsp40 

and Hsp70 (121). In our study the lower hexim1 mRNA levels in the PBCMs of OVX 

animals accompanied by the overexpression of genes encoding various HSPs of the 

HSP40 family, such as DNAJB4, DNAJB6 and DNAJB9, HSPA5 (an HSP70 molecular 

chaperone also known as binding immunoglobulin protein -BIP-), and HSP90α, would 

be in line with the aforementioned mechanism concerning the chaperoning of PR by 

HSPs, which has been described in different tissues, such as endometrium (131), vascular 

smooth muscle cells (132), and lung (131,132), and would also be reflected in PBMCs. 

Another study demonstrated that the impact of exogenous HRT treatment including 

oestradiol and progesterone on mammary gland cells in OVX mice was effectively 

role in the activation and regulation of progesterone and oestrogen signaling pathways 
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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 OVX 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, hspa5 overexpression in OVX mice negatively impacted bone health by 

promoting adipogenesis over osteogenesis in bone marrow stromal cells and a treatment 

with the HSPA5 inhibitor HA15 ameliorated bone loss in OVX mice (137). Therefore, 

the increased hspa5 mRNA levels observed in PBMCS of OVX 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. 

17β-oestradiol (17β-E2) significantly enhances macrophage cholesterol efflux, a key 

process in preventing atherosclerosis, by upregulating abca1 via ERα. In vivo 

experiments with OVX mice treated with 17β-E2 showed increased abca1 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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increase in the HDL cholesterol and apoA-I blood levels, a decrease in the circulating 

levels of low-density lipoprotein (LDL) cholesterol and apoB as well as elevated 

leukocyte ABCA1 mRNA expression (139). The positive correlation observed between 

increased HDL levels and abca1 expression would suggest that HRT protect against 

atherosclerosis by promoting ABCA1-mediated cholesterol efflux to HDL particles 

(139). Another gene playing an important role in cholesterol homeostasis is stard5, the 

deletion of which led to decreased plasma membrane cholesterol content and diminished 

intracellular cholesterol levels in macrophages, primarily by reducing cholesterol efflux 

through the ABCA1 pathway (140), highlighting the interconnected roles of stard5 and 

abca1 in maintaining lipid homeostasis. Other studies demonstrated that mice lacking for 

stard5 displayed increased hepatic levels of cholesterol and triglycerides (140,141), 

showing also a dysregulation in the fatty acid synthesis pathway, leading to intracellular 

vacuolization in hepatocytes, elevated IR (HOMA-IR), and accelerated liver fibrosis and 

steatosis as previously reported by members of our research group in OVX rats (43). 

Therefore, it is tempting to speculate that, in the present study, the decreased abca1 and 

stard5 mRNA levels observed in the PBMCs of OVX rats could be potential early 

molecular biomarkers of lipid metabolic-related diseases, such as atherosclerosis, in 35-

week-old OVX animals, although these animals did not display changes in either the 

circulating levels of TC or the non-HDL and HDL plasma concentrations at sacrifice. 

Recent studies have also elucidated the crucial role in lipid homeostasis metabolism of 

with slightly higher levels observed in the liver (143), functioning as a crucial regulator 

in the processing of SREBPs transcription factors, the master regulators of lipid 

homeostasis, particularly in cholesterol and fatty acid synthesis (146). Loss of SPRING 

function leads to decreased levels of precursor and mature SREBPs, impairing the cell's 

spring, also known as C12orf49 (142–145). SPRING exhibits ubiquitous expression, 
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ability to respond to sterol depletion and affecting lipid homeostasis (143). Additionally, 

SPRING depletion disrupts SREBP signaling, impairing SREBP-driven de novo 

lipogenesis and resulting in reduced surface LDLR protein levels and diminished LDL 

uptake, underscoring the role of spring in lipid metabolism (142,143). The lower spring 

expression levels observed in the PBMCs of OVX rats, together with the observed 

downregulation of abca1 and stard5 would reinforce the idea that these blood cells can 

be used as an easily obtainable biological source to characterize potential aspects of both 

cholesterol and lipid metabolism in physiological or pathological conditions, as was 

previously described by members of our group (57,58,69).  

Postmenopausal osteoporosis is characterized by low BMD (17,147) and induces 

relatively rapid bone loss due to increased osteoclast activity (34,35). Related to this, Gao 

when compared to their SHAM counterparts and reported a positive correlation between 

the expression of Tgfb3 and multiple parameters involved in bone microstructure, 

suggesting the members of the TGF-β family as potential biomarkers for postmenopausal 

osteoporosis in OVX rats, due to the key role of these genes in bone homeostasis and 

bone repair, osteogenic differentiation, osteoclast formation, maintaining an optimal 

osteoblast/osteoclast balance (148–150).  Very interestingly, peripheral blood monocytes 

have been described as an important source of osteoclast precursors, making these cells a 

suitable model for studying bone metabolism (151). In our study, the downregulation of 

the genes encoding TAB1, TGFB2 and TGFB3 reported in the PBMCs of OVX rats fully 

supports this idea, giving extra evidence of the usefulness of these blood cells to reflect 

alterations occurring in internal tissues. Notably, our findings regarding the decreased 

expression of bglap, the gene encoding for osteocalcin, found in OVX animals reinforces 

our hypothesis. Despite increased circulating levels of osteocalcin observed in 

et al. observed significantly lower BMD and severe trabecular bone damage in OVX rats 
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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, 

tab1, 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-β, 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-β-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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gene expression level in PBMCs concerning genes related to bone metabolism, it is 

tempting to hypothesize this subset of cells could provide a source of molecular 

biomarkers to monitor the response to nutritional and pharmacological treatments against 

osteoporosis, although further research would be needed to gain knowledge on this issue.  

CONCLUSION 

We reported here 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 approach carried out in PBMCs revealed that this subset of blood cells 

reflected molecular changes associated with oestrogen deficiency occurring in the 

postmenopausal state in these rats, which were evidenced by changes at the 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. 

Understanding these molecular mechanisms can pave the way for the design of targeted 

therapeutic interventions to mitigate the adverse effects of menopause on women's health, 

which could be monitored at the gene expression level using PBMCs, a biological 

material that can be easily and repeatedly collected.  
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69. Caimari A, Crescenti A, Puiggròs F, Boqué N, Arola L, del Bas JM. The intake of a high-

fat diet and grape seed procyanidins induces gene expression changes in peripheral blood 

mononuclear cells of hamsters: capturing alterations in lipid and cholesterol metabolisms. 

Genes Nutr. 2015, 10, 438.  

70. Rudkowska I, Raymond C, Ponton A, Jacques H, Lavigne C, Holub BJ, et al. Validation 

of the Use of Peripheral Blood Mononuclear Cells as Surrogate Model for Skeletal Muscle 

Tissue in Nutrigenomic Studies. Omi A J Integr Biol. 2011, 15, 1–7.  

71. O’Grada CM, Morine MJ, Morris C, Ryan M, Dillon ET, Walsh M, et al. PBMCs reflect 

the immune component of the WAT transcriptome—Implications as biomarkers of 

metabolic health in the postprandial state. Mol Nutr Food Res. 2014, 58, 808–20.  

74. Perseghin G, Caumo A, Caloni M, Testolin G, Luzi L. Incorporation of the Fasting Plasma 

FFA Concentration into QUICKI Improves Its Association with Insulin Sensitivity in 

Nonobese Individuals. J Clin Endocrinol Metab. 2001, 86, 4776–81.  

75. Baudin J, Hernandez-Baixauli J, Quesada-Vázquez S, Mulero F, Puiggròs F, Arola L, et 

al. Combined supplementation with hesperidin, phytosterols and curcumin decreases 

adiposity and improves metabolic health in ovariectomized rats. Food Funct. 

2024, 15, 4905–24.  

76. Crescenti A, del Bas JM, Arola-Arnal A, Oms-Oliu G, Arola L, Caimari A. Grape seed 

procyanidins administered at physiological doses to rats during pregnancy and lactation 

promote lipid oxidation and up-regulate AMPK in the muscle of male offspring in 

adulthood. J Nutr Biochem. 2015, 26, 912–20.  

77. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550.  

78. Väremo L, Nielsen J, Nookaew I. Enriching the gene set analysis of genome-wide data by 

incorporating directionality of gene expression and combining statistical hypotheses and 

methods. Nucleic Acids Res. 2013, 41, 4378–91.  

79. Kolberg L, Raudvere U, Kuzmin I, Adler P, Vilo J, Peterson H. g:Profiler—interoperable 

web service for functional enrichment analysis and gene identifier mapping (2023 update). 

Nucleic Acids Res. 2023, 51, W207–12.  

72. van der Velpen V, Geelen A, Schouten EG, Hollman PC, Afman LA, van ’t Veer P. 

Estrogen Receptor–Mediated Effects of Isoflavone Supplementation Were Not Observed 

in Whole-Genome Gene Expression Profiles of Peripheral Blood Mononuclear Cells in 

Postmenopausal, Equol-Producing Women. J Nutr. 2013, 143, 774–80.  

73. Matthews DR, Hosker JR, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 

Homeostasis model assessment: insulin resistance and fl-cell function from fasting plasma 

glucose and insulin concentrations in man. Diabetologia. 1985, 28, 412–9.  

80. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.
            2016, 35, 21.   

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

165 

 

81. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in 

multidimensional genomic data. Bioinformatics. 2016, 32, 2847–9.  

82. Finucane FM, Luan J, Wareham NJ, Sharp SJ, O’Rahilly S, Balkau B, et al. Correlation 

of the leptin:adiponectin ratio with measures of insulin resistance in non-diabetic 

individuals. Diabetologia. 2009, 52, 2345–9.  

83. Gavin KM, Kohrt WM, Klemm DJ, Melanson EL. Modulation of Energy Expenditure by 

Estrogens and Exercise in Women. Exerc Sport Sci Rev. 2018, 46, 232–9. 
84. Lovejoy JC, Champagne CM, de Jonge L, Xie H, Smith SR. Increased visceral fat and 

decreased energy expenditure during the menopausal transition. Int J Obes. 2008, 32, 
949–58.  

85. Day DS, Gozansky WS, Van Pelt RE, Schwartz RS, Kohrt WM. Sex Hormone 

Suppression Reduces Resting Energy Expenditure and β-Adrenergic Support of Resting 

Energy Expenditure. J Clin Endocrinol Metab. 2005, 90, 3312–7.  
86. Frühbeck G, Catalán V, Rodríguez A, Ramírez B, Becerril S, Salvador J, et al. 

Adiponectin-leptin Ratio is a Functional Biomarker of Adipose Tissue Inflammation. 

Nutrients. 2019, 11, 454.  

87. Frühbeck G, Catalán V, Rodríguez A, Gómez-Ambrosi J. Adiponectin-leptin ratio: A 

promising index to estimate adipose tissue dysfunction. Relation with obesity-associated 

cardiometabolic risk. Adipocyte. 2018, 7, 57–62.  

88. Hepler C, Bass J. Circadian mechanisms in adipose tissue bioenergetics and plasticity. 

Genes Dev. 2023, 37, 454–73.  

90. Caimari A, Oliver P, Palou A. Impairment of nutritional regulation of adipose triglyceride 

lipase expression with age. Int J Obes. 2008, 32, 1193–200.  

91. Tanaka A, Node K. Associations of metabolic disorders with hypertension and 

cardiovascular  disease:  recent  findings  and  therapeutic  perspectives.  Hypertens  Res. 

2024, May 29.  

92. Dillard A, Matthan NR, Lichtenstein AH. Use of hamster as a model to study diet-induced 

atherosclerosis. Nutr Metab (Lond). 2010, 7, 89. 

95. Horváthová M, Ilavská S, Štefíková K, Szabová M, Krivošíková Z, Jahnová E, et al. The 

Cell Surface Markers Expression in Postmenopausal Women and Relation to Obesity and 

Bone Status. Int J Environ Res Public Health. 2017, 14, 751.  

96. Ghosh M, Rodriguez-Garcia M, Wira CR. The immune system in menopause: Pros and 

cons of hormone therapy. J Steroid Biochem Mol Biol. 2014, 142, 171–5.  

98. Olsen NJ. Gonadal steroids and immunity. Endocr Rev. 1996, 17, 369–84.  

99. Saborit-Villarroya I, Del Valle JM, Romero X, Esplugues E, Lauzurica P, Engel P, et al. 
The Adaptor Protein 3BP2 Binds Human CD244 and Links this Receptor to Vav 

Signaling, ERK Activation, and NK Cell Killing. J Immunol. 2005, 175, 4226–35.  

97. Cutolo M, Capellino S, Sulli A, Serioli B, Secchi ME, Villaggio B, et al. Estrogens and 

Autoimmune Diseases. Ann N Y Acad Sci. 2006, 1089, 538–47.  

93. Zhang Z, Wang H, Jiao R, Peng C, Wong YM, Yeung VSY, et al. Choosing hamsters but 

not rats as a model for studying plasma cholesterol‐lowering activity of functional foods. 

Mol Nutr Food Res. 2009, 53, 921–30.  

94. Bravo E, Cantafora A, Calcabrinil A, Ortu G. Why prefer the golden Syrian hamster 

(Mesocricetus auratus) to the Wistar rat in experimental studies on plasma lipoprotein 

metabolism? Comp. Biochem. Physiol. 1994, 107B, 347–355.  

100. Okamura H, Kashiwamura S ichiro, Tsutsui H, Yoshimoto T, Nakanishi K. Regulation of 

interferon-γ production by IL-12 and IL-18. Curr Opin Immunol. 1998, 10, 259–64.  

89. Shetty S, Kapoor N, Bondu J, Thomas N, Paul T. Bone turnover markers: Emerging tool 

in  the  management of osteoporosis.  Indian Journal of  Endocrinology  and  Metabolism. 

2016, 20, 846–52.  

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

166 

 

101. Hyodo Y, Matsui K, Hayashi N, Tsutsui H, Kashiwamura S ichiro, Yamauchi H, et al. IL-

18 Up-Regulates Perforin-Mediated NK Activity Without Increasing Perforin Messenger 

RNA Expression by Binding to Constitutively Expressed IL-18 Receptor. J Immunol. 

1999, 162, 1662–8.  
102. Yasuda K, Nakanishi K, Tsutsui H. Interleukin-18 in Health and Disease. Int J Mol Sci. 

2019, 20, 649.  

103. Kaplanski G. Interleukin‐18: Biological properties and role in disease pathogenesis. 

Immunol Rev. 2018, 281, 138–53.  

104. Yoshimoto T, Takeda K, Tanaka T, Ohkusu K, Kashiwamura S ichiro, Okamura H, et al. 

IL-12 Up-Regulates IL-18 Receptor Expression on T Cells, Th1 Cells, and B Cells: 

Synergism with IL-18 for IFN-γ Production. J Immunol. 1998, 161, 3400–7.  

106. Tsutsui H, Matsui K, Okamura H, Nakanishi K. Pathophysiological roles of interleukin-

18 in inflammatory liver diseases. Immunol Rev. 2000, 174, 192–209.  

107. Terán-Cabanillas E, Hernández J. Role of Leptin and SOCS3 in Inhibiting the Type I 

Interferon Response During Obesity. Inflammation. 2017, 40, 58–67.  

108. Hamilton KL, Lin L, Wang Y, Knowlton AA. Effect of ovariectomy on cardiac gene 

expression:  inflammation  and  changes  in  SOCS  gene  expression.  Physiol  Genomics. 

2008, 32, 254–63.  

109. Wang R, Yu C, Tang Z, Sun J, Wang Y, Zhao Z, et al. Leptin induces altered 

differentiation of keratinocytes by inducing insulin resistance: implications for metabolic 

syndrome-induced resistance of psoriatic therapy. J Dermatolog Treat. 2024, 35, 2309305. 

 110. Emanuelli B, Peraldi P, Filloux C, Chavey C, Freidinger K, Hilton DJ, et al. SOCS-3 

Inhibits Insulin Signaling and Is Up-regulated in Response to Tumor Necrosis Factor-α in 

the Adipose Tissue of Obese Mice. J Biol Chem. 2001, 276, 47944–9.  

105.   Nakanishi  K,  Yishimoto  T,  Tsutsui  H,  Okamura  H.  Interleukin-18  is  a  unique 

cytokine that stimulates both Th1 and Th2 responses depending on its cytokine milieu. 

Cytokine Growth Factor Rev. 2001, 12, 53–72.  

metabolism in ovariectomized rats. Exp Gerontol. 2018, 113, 106–12.

113.   Sankar P, Zachariah B, Vickneshwaran V, Jacob SE, Sridhar MG. Amelioration of

 oxidative stress and insulin resistance by soy isoflavones (from Glycine max) in 

ovariectomized Wistar rats fed with high fat diet: The molecular mechanisms. Exp 

Gerontol. 2015, 63, 67–75.  

114. Vermehren-Schmaedick A, Joshi S, Wagoner W, Norgard MA, Packwood W, Diba P, et 

al. Grb7 Ablation in Mice Improved Glycemic Control, Enhanced Insulin Signaling, and 

Increased Abdominal fat Mass in Females. Endocrinology. 2024, 29, 165, 1–15.  
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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 17β-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 OVX 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 OVX-E2 animals. OVX-MI rats also displayed a higher lean body mass, 

lean/fat mass ratio, adiponectin-to-leptin ratio and insulin sensitivity than their OVX 

counterparts. Our findings can pave the way for using this 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 

1 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 function1 occurring 

during the menopausal transition and menopause can cause a variety of vasomotor 

symptoms, such as hot flushes, sleep disturbances and night sweats.2–4 In addition, this 

aging process may be associated with osteoporosis,5 increased body weight and a change 

in body fat distribution from a gynoid to an android pattern, contributing to increased 

abdominal fat accretion.6–8 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),6–10 which become more 

evident with age and are one of the leading causes of death worldwide, accounting for 

47% of deaths in women.11 

Graphical abstract

INTRODUCTION 
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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 CVDs and endometrial and breast cancers for 

some of the HRT treatments.12 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.12 HRT effectively reduces vasomotor symptoms and osteoporosis.12 

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.12 

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.13 Phytoestrogens are chemically similar to 17β-oestradiol (17β-

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) β than for α, which is a favourable property 

because most of the side effects are produced through binding to ER-α.13,14 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.15 

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.16 In 

humans, curcumin also improves metabolic health by decreasing the surrogated marker 

of insulin resistance homeostasis model assessment-estimated insulin resistance (HOMA-

IR).17 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,18–21 curcumin supplementation ameliorated progressive bone 

loss and osteoporosis.22 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.23 

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-α, 

systolic blood pressure and insulin.24–26 Furthermore, mounting evidence suggests that 

hesperidin supplementation exerts an inhibitory effect against obesity, modulating lipid 

metabolism,27 and beneficial effects on bone metabolism28 were also reported in OVX 

rats, improving their bone mineral density (BMD).29,30 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,31 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.32 Xia et al. 2022 demonstrated that in postmenopausal women, 

consuming 2 g per day phytosterols reduced serum TC and LDL-cholesterol.33 

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,34–37 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,38 we hypothesized that a multi-ingredient (MI) 

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 MI were compared to those produced by the administration 

of 17β-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. (Gavà, 

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 OVX 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.39 These dosages are considered acceptable and safe in the 

context of multi-ingredient supplementation.26,32,40,41 The SH, OVX and OVX-E2 groups 

were also supplemented daily with low-fat condensed milk, which was diluted 1 : 3 with 

water (vehicle), for 8 weeks. Both treatments (in a volume of 0.5–0.6 mL) were 

administered orally by a 1 mL syringe at the same time each day (between 09:00 and 

10:00 am). Five days before the beginning of the treatments, the rats were trained to lick 

diluted low-fat condensed milk (0.3 mL) to ensure voluntary consumption. Each rat fully 

ingested the daily dose of the corresponding treatment. OVX-E2 rats also received 

biweekly subcutaneous injections of 25 µg kg−1 17β-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−1) 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−1 × fasting insulin level – µU mL−1)/22.5.42 Insulin sensitivity was evaluated by the 

revised quantitative insulin sensitivity check index (R-QUICKI) using the following 

formula: 1/[log insulin (µU mL−1) + log glucose (mg dL−1) + log FFA (mmol l−1)].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 17β-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 (µCT 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 µA. 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, Cornellà, 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.44 

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 
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(EIAGSHC/INVITROGEN; Massachusetts, USA). The results are expressed as µmol 

g−1 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−1 NaH2PO4, 6.5 g L−1 Na2HPO4; pH 6.8) were cut at a thickness of 

5 µm and stained with haematoxylin & eosin (H & E). MWAT images (magnification 

100×) 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,44 using primers 

for the different genes obtained from Biomers.net (Ulm, Germany) and included in ESI 

Table 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 t test was used for single 

statistical comparisons of oestrogen levels at baseline between the SH group (n = 10) and 

OVX rats (n = 30). Student's 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 17β-E2. As 

expected, the OVX rats displayed significantly lower levels of this hormone than their 

sham-operated counterparts (467 ± 124 pg mL−1 vs. 183 ± 49 pg mL−1; 60.8% lower, p = 

0.005, Mann–Whitney U post hoc t test).45   

Compared to the sham operation performed in SH rats, the removal of the ovaries in the 

OVX group increased food intake (Table 1) and decreased EE (Fig. 1), which accounted 

for the higher body weight, weight gain, fat mass percentage, MWAT and IWAT weight, 

adiposity index and adipocyte hypertrophy in MWAT in comparison with their SH 

counterparts (Table 1 and Fig. 2). Furthermore, OVX animals also showed higher 

cholesterol and monocyte chemoattractant protein-1 (MCP-1) circulating levels (Table 1) 

and a lower hepatic GSH/GSSG ratio than SH animals (Table 2). Altogether, these results 

indicate that OVX rats developed hallmarks of cardiometabolic alterations that can occur 

in the postmenopausal state, as was previously reported.46 In addition, compared with SH 

rats, the OVX animals showed increased circulating levels of the bone biomarkers OC 

and CTX-1 (for formation and resorption activity, respectively) analysed in serum (Table 

3), which accounted for an increased risk of osteoporosis.47  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

185 

 

  SHAM OVX OVX-E2 OVX-MI 
Intervention effect  

(p value) 

Cumulative food intake (g) 94.9 ± 1.2a 108.4 ± 3.3b 92.9± 2.9a 106.4± 1.6b I (<0.001) 

      

Biometric parameters      

Initial body weight (g) 245 ± 3a 297 ± 5b 289 ± 6b 292 ± 3b I (<0.001) 

Final body weight (g) 264 ± 4a 329 ± 8b 285 ± 5c 323 ± 6b I (<0.001) 

Body weight gain (g) 18.5 ± 3.5a 35.1 ± 3.5b -4.8 ± 3.2c 30.6 ± 4.7b I (<0.001) 

Final fat mass (%) 4.55 ± 0.40a 8.63 ± 0.57b 6.09 ± 0.70a 6.02 ± 0.32a I (<0.001) 

Fat mass gain (g) 0.2 ± 0.9a 12.5 ± 1.1b 2.7 ± 0.6a 8.6 ± 0.6c I (<0.001) 

Final lean mass (%) 88.3 ± 0.4a 84.6 ± 0.6b 85.9 ± 0.8ab 87.0 ± 0.3a I (<0.001) 

Lean/fat mass ratio 21.6 ± 2.0a 10.3 ± 0.9b 15.8 ± 1.7c 14.7 ± 0.8c I (<0.001) 

Final total body water (%) 73.1 ± 0.3a 70.2 ± 0.5b 71.2 ± 0.7b 72.5 ± 0.5ab I (<0.001) 

Liver (g) 6.91 ± 0.19 7.59 ± 0.29 7.72 ± 0.32 7.52 ± 0.16 NS (0.109) 

Caecum (g) 2.80 ± 0.29 3.18 ± 0.13 3.51 ± 0.25 3.43 ± 0.15 NS (0.122) 

Kidneys (g) 1.39 ± 0.03 1.47 ± 0.04 1.50 ± 0.04 1.42 ± 0.03 NS (0.175) 

Gastrocnemius (g) 1.88 ± 0.06a 2.29 ± 0.06b 2.07 ± 0.11ab 2.18 ± 0.06b I (0.007) 

Soleus (g) 0.11 ± 0.00a 0.14 ± 0.01b 0.13 ± 0.01b 0.14 ± 0.01b I (0.006) 

       

Serum parameters      

TG (mmol L−1) 0.48 ± 0.06a 0.41 ± 0.06a 0.89 ± 0.12b 0.46 ± 0.02a I (<0.001) 

MCP-1 (ng mL−1) 6403 ± 328a 9373 ± 844b 9119 ± 1274ab 9969 ± 850b I (0.040) 

TC (mmol L−1) 2.38± 0.09a 2.90 ± 0.07bc 2.62 ± 0.10ab 3.06 ± 0.16c I (<0.001) 

HDL-c (mmol L−1) 1.64 ± 0.09a 1.98 ± 0.08b 1.56 ± 0.06a 2.16 ± 0.12b I (<0.001) 

VLDL-c+LDL-c (mmol L−1) 0.81 ± 0.05 0.91 ± 0.03 0.91 ± 0.06 0.81 ± 0.03 NS (0.193) 

Progesterone (pg mL−1) 159 ± 18 101 ± 8 116 ± 30 109 ± 10  NS (0.144) 

Data are given as the mean ± SEM (n = 9–10). Body weight gain was calculated as the difference between 

the final body weight and the initial body weight. Fat mass gain was calculated as the difference between 

fat mass at the end of the experiment and the baseline point. Fat mass and lean mass weights (%) were 

calculated according to the formula (100 × fat or lean/body weight) and were expressed as a percentage of 

body weight. The lean/fat mass ratio was calculated as the lean mass divided by fat mass. The 

concentrations of serum parameters were determined at the end of the experiment. Different superscript 

lowercase letters (a, b, c) indicate significant different mean values (one-way ANOVA and Duncan's post 

hoc test. Welch test and Games-Howell post hoc test or Kruskal–Wallis test and Mann–Whitney U post 

hoc test, p < 0.05). I: the effect of intervention. NS: non-significant differences. SH: sham-operated rats; 

OVX: ovariectomized rats; OVX-E2: OVX rats treated with 17β-oestradiol; OVX-MI: OVX rats 

supplemented with the multi-ingredient; TG: triglycerides; MCP-1: monocyte chemoattractant protein-1; 

TC: total cholesterol; HDL-c: high-density lipoprotein cholesterol; VLDL-c: very-low-density lipoprotein 

cholesterol; LDL-c: low-density lipoprotein cholesterol. 

 

Table 1: Biometric parameters, cumulative food intake, serum parameters in sham-operated (SH) and 
ovariectomized (OVX) rats after 8 weeks of intervention 
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Fig. 1 Effects of ovariectomy, 17β-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: OVX rats treated with 

17β-oestradiol, OVX-MI: OVX rats supplemented with the multi-ingredient. RQ: respiratory quotient; EE: 

energy expenditure. 
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MI and 17β-E2 treatments decreased adiposity and adipocyte hypertrophy and 

promoted a healthier body composition 

As expected, 17β-E2 administration significantly reduced the final body weight compared 

to the OVX animals and fully counteracted the increase in body weight gain observed in 

the OVX group (Table 1).48 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).45 MI supplementation did not attenuate the increase in body 

weight and body weight gain observed in OVX animals (Table 1). This lack of effect 

could be partly related to the similar food intake observed in the OVX-MI rats compared 

to the OVX group (Table 1). Remarkably, the rats that received the MI supplement or 

17β-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 OVX counterparts (Fig. 2d). Consequently, both the OVX-MI and 

OVX-E2 groups displayed a significantly lower total fat mass gain than the OVX animals 

(Table 1). This effect was more evident in the OVX-E2 group, which showed similar 

levels of fat accretion to those observed in the SH animals (Table 1). Both MI 

supplementation and 17β-E2 injections fully counteracted the increased MWAT average 

adipocyte area observed in the OVX group, showing very similar values to those observed 

in SH rats (Fig. 2e). An inverse pattern was reported for the number of adipocytes, which 

were significantly lower in the OVX group compared to the other three groups (Fig. 2f). 

In agreement with these results, representative MWAT histological images (H & E 

staining) illustrated larger adipocytes and a lower number of these cells in the OVX group 

(Fig. 2h) than in their SH (Fig. 2g), OVX-E2 (Fig. 2i) and OVX-MI (Fig. 2j) counterparts. 
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Furthermore, a decrease in the percentage of larger adipocytes and an increase of smaller 

adipocytes were found in the MWAT of both OVX-MI and OVX-E2 animals when 

compared to the OVX group, showing both groups of treated rats a very similar pattern 

to those observed in control SH animals (Fig. 2k). Remarkably, OVX-MI rats showed a 

higher lean mass than OVX animals (Table 1). In line with this result, the OVX-MI group 

also displayed an increased lean/fat mass ratio in comparison with their OVX 

counterparts. Although no significant changes were found in the lean mass at the end 

point in the animals that received 17β-E2 (Table 1), they also displayed a significant 

increase in the lean/fat mass ratio when compared to the OVX 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 OVX-

MI group and their SH counterparts (Table 1). 
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MI supplementation decreased the circulating levels of leptin and increased the 

circulating levels of adiponectin corrected by the WAT weight and adiponectin-to-leptin 

ratio 

In agreement with the lower final fat accretion and adiposity index shown in both groups 

in comparison with their OVX counterparts (Table 1 and Fig. 2d), both the OVX-E2 and 

Fig. 2 Effects of ovariectomy, 17β-E2 injections and MI treatment on MWAT (a), RWAT (b), and IWAT (c) depot weights, 

adiposity index (d), adipocyte's area (e), adipocyte's number (f), representative micrographs of hematoxylin–eosin stained 

MWAT sections (bar = 100 μm) from SHAM, OVX, OVX-E2 and OVX-MI groups (g–j, respectively) and adipocyte's size 

distribution (k) in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention. Data are given as the mean 

± SEM (n = 9–10). The adiposity index was computed as the sum of the IWAT, MWAT and RWAT depot weights (in grams) 

and is expressed as a percentage of body weight. In each figure, different superscript lowercase letters (a, b, c) indicate 

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 17β-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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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 OVX counterparts (Fig. 3d). These significant 

effects were not observed in response to 17β-E2 treatment (Fig. 3c and d). 

Fig. 3 Circulating levels of leptin (a), adiponectin (b), total adiponectin per g WAT (c) and 

adiponectin/leptin ratio (d) in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of 

intervention. Data are given as the mean ± SEM (n = 9–10). The ratio of total adiponectin per g WAT was 

computed as the quotient between the circulating levels of total adiponectin and the sum of the IWAT, 

MWAT and RWAT depot weights. In the figures, different superscript lowercase letters (a, b, c) indicate 

significantly different mean values among groups (one-way ANOVA and Duncan's post hoc test, Welch 

test and Games-Howell post hoc test or Kruskal–Wallis test and Mann–Whitney U post hoc test, p < 

0.05). I: effect of intervention. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats 

treated with 17β-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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MI intake improved the surrogate marker of insulin sensitivity R-QUICKI 

OVX rats displayed similar serum levels of glucose and insulin at baseline and after the 

glucose load in comparison with their SH counterparts (Fig. 4a and b, respectively). The 

OGTT performed on day 43 also revealed that neither 17β-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, 17β-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, OVX 

and OVX-MI groups under one-way ANOVA, MI 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 OVX 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 OVX-MI animals (Fig. 4g). 
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MI and 17β-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 OVX and OVX-MI groups showed a significant decrease in EE when compared 

to their SH counterparts, considering both the whole period of 21 hours and the light 

phase (Fig. 1d). A similar pattern was observed for the animals that received 17β-E2, 

although the differences were not statistically significant when compared to the SH 

Fig. 4 Serum levels of glucose (a) and insulin (b) performed on day 43 after an OGTT (2 g kg−1 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, c) indicate significantly different mean values among groups (one-way ANOVA and Duncan's post hoc test, Welch 

test and Games-Howell post hoc test or Kruskal–Wallis test and Mann–Whitney U post hoc test, p < 0.05). I: effect of 

intervention. SH: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17β-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. 
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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). 

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

in response to 17β-E2 treatment 

17β-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). MI intake fully 

counteracted the decrease in HDL-c reported in OVX-E2 rats (Table 1). Furthermore, MI 

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 OVX 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). 

17β-E2 treatment increased hepatic GSH levels 

Significantly higher hepatic levels of total and reduced GSH were observed in OVX-E2 

rats than in OVX and OVX-MI rats, attaining numerically higher levels in OVX-E2 

animals than in their SH counterparts (Table 2). Although no changes among groups were 
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found in oxidized GSH (Table 2), the animals treated with oestrogens also displayed a 

significant increase in the GSH/GSSG ratio, showing similar levels of this parameter as 

the SH rats (Table 2). 

  SHAM OVX OVX-E2 OVX-MI 
Intervention effect  

(p value) 

Hepatic parameters      

Total GSH (µmol g protein−1) 46.2 ± 9.9ab 22.9 ± 3.7a 65.6 ± 9.7b 25.7 ± 4.9a I (0.010) 

Reduced GSH (µmol g protein−1) 39.1 ± 9.9ab 17.5 ± 2.9a 57.4 ± 9.8b 15.0 ± 1.4a I (0.001) 

Oxidized GSH (µmol g protein−1) 7.08 ± 0.74 8.09 ± 0.95 8.21 ± 0.74 8.85 ± 0.53 NS (0.456) 

GSH/GSSG Ratio 6.27 ± 1.96a 2.03 ± 0.40b 7.88 ± 1.62a 1.74 ± 0.20b I (0.004) 

Data are given as the mean  SEM (n = 9-10). GSSG/GSH ratio was calculated as the oxidized GSH divided 

by reduced GSH. Different superscript lowercase letters (a, b) indicate significant different mean values 

(one-way ANOVA and Duncan’s post hoc test, Welch test and Games‒Howell post hoc test or Kruskal‒

Wallis test and Mann‒Whitney U post hoc test, p < 0.05). I: effect of intervention. NS: non-significant 

differences. SH: Sham-operated rats; OVX: Ovariectomized rats; OVX-E2: OVX rats treated with 17β-

oestradiol; OVX-MI: OVX rats supplemented with the Multi-Ingredient. GSH: glutathione; GSSG: 

oxidized glutathione. 

17β-E2 injections fully counteracted the increase in biochemical markers of bone 

turnover induced by ovariectomy 

The OVX and OVX-MI groups showed an increase in femur weight (Table 3) compared 

to that in SH and OVX-E2 animals. No significant changes were found in femur length, 

BMD, BMC or TMC among the groups (Table 3). Nevertheless, the OVX-E2 group 

displayed a significant increase in TMD when compared to their OVX counterparts 

(Table 3). 17β-E2 administration counteracted the increase observed in the OVX animals 

concerning the circulating levels of the biomarkers of bone formation and resorption 

activity, OC and CTX-1, an effect that was not observed after MI supplementation (Table 

3). In addition, OVX-E2 animals showed a significant decrease in the circulating levels 

of PINP, a biomarker of bone formation, in comparison with both the SH and OVX groups 

(Table 3). 

 

Table 2: Hepatic GSH levels in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of 
intervention 
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  SHAM OVX OVX-E2 OVX-MI 
Intervention effect  

(p value) 

Biometric parameters      

Femurs (g) 1.95 ± 0.02a 2.13 ± 0.06b 1.93 ± 0.06a 2.16 ± 0.06b I (0.004) 

Femurs (cm) 3.73 ± 0.04 3.81 ± 0.03 3.66 ± 0.05 3.78 ± 0.04 NS (0.068) 

       

Serum parameters      

OC (ng mL−1) 292 ± 11a 377 ± 16b 255 ± 13a 410± 27b I (<0.001) 

CTX-1 (ng mL−1) 14.9 ± 1.4a 20.7 ± 1.2b 12.7 ± 0.9a 18.2 ± 2.3ab I (0.004) 

PINP (ng mL−1) 5.85 ± 0.27a 6.38 ± 0.40a 4.45 ± 0.45b 6.16 ± 0.86ab I (0.039) 

       

Microcomputed tomography analyses    

BMD (mg cc−1) 634 ± 16 618 ± 21 666 ± 19 623 ± 11 NS (0.209) 

TMD (µg cc−1) 19.3 ± 0.5
ab

 18.3 ± 1.0
a
 21.2 ± 0.9

b
 19.1 ± 0.5

ab
 I (0.044) 

BMC (mg) 569 ± 5 591 ± 16 547 ± 12 570 ± 9 NS (0.065) 

TMC (µg) 11.96 ± 0.06 11.94 ± 0.05 12.14 ± 0.05 11.95 ± 0.09 NS (0.099) 

Both MI and 17β-E2 treatments led to a downregulation of genes associated with fatty 

acid uptake in MWAT 

The mRNA levels of the key genes involved in lipid uptake, Lpl and Cd36, were 

significantly upregulated in the MWAT of the OVX group compared to their control SH 

counterparts (Fig. 5a). Supplementation with MI and treatment with oestradiol fully 

counteracted this increase (Fig. 5a). Furthermore, regarding the expression levels of Acc1, 

a gene involved in fatty acid synthesis, the 17β-E2 group exhibited higher mRNA levels 

of Acc1 compared to their OVX counterparts and displayed similar expression levels of 

this gene to what was observed in the SH group (Fig. 5a). Compared to their OVX 

counterparts, the OVX-MI and OVX-E2 groups showed no changes in the expression 

levels of the key genes related to lipogenesis (Fas), lipolysis (Atgl and Hsl), β-oxidation 

(Cpt1b and Had) and insulin signalling (Insr and Irs1) (Fig. 5a). The mRNA levels 

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

Data are given as the mean  SEM (n = 9-10). The circulating levels of the biomarkers of bone turnover in 

serum were determined at the end of the experiment. Microcomputed tomography analyses in femur were 

quantified from MicroCT scans using GE MicroView software v2.2. Different superscript lowercase letters 

(a, b) indicate significant different mean values (one-way ANOVA and Duncan’s post hoc test, Welch test 

and Games‒Howell post hoc test or Kruskal‒Wallis test and Mann‒Whitney U post hoc test, p < 0.05). I: 

effect of intervention. NS: non-significant differences. SH: Sham-operated rats; OVX: Ovariectomized rats; 

OVX-E2:  OVX rats  treated  with  17β-oestradiol;  OVX-MI:  OVX rats  supplemented  with  the 

Multi- Ingredient;  OC:  osteocalcin;  CTX-1:  carboxy-terminal  telopeptide  of  type  I  collagen;  PINP: 

procollagen I amino-terminal propeptide; BMD: bone mineral density; TMD: tissue mineral density; BMC:

 bone mineral content; TMC: tissue mineral content.  
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of Cd36 and Lpl showed a strong positive correlation (r = 0.722, 95% CI = 0.523–

0.846, p < 0.0001) (Fig. 5b). Furthermore, MWAT weight was also positively correlated 

with Lpl gene expression values in this tissue (r = 0.494, 95% CI = 0.207–0.703, p = 

0.002) (Fig. 5c). Although no significant changes were found among the four groups in 

the mRNA levels of the master regulator of adipogenesis and adipose tissue function,49 

Cebpa, 17β-E2 injections residually decreased the expression levels of this gene in 

comparison with the OVX animals (27.1% decrease; p = 0.026, Student's t test) (Fig. 5a). 

Furthermore, a very similar pattern of expression was observed for the pro-inflammatory 

gene Emr1, which encodes the F4/80 antigen, a marker of M1 classical activated 

macrophages,50 in both OVX-E2 (22.6% lower; p = 0.038 versus OVX animals, 

Student's t test) and OVX-MI (32.0% lower; p = 0.027 versus OVX animals, 

Student's t test), suggesting a slight anti-inflammatory effect of both treatments in 

MWAT (Fig. 5a). 
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DISCUSSION 

Recently, there has been increasing interest in finding therapies that are alternative or 

complementary to HRT in order to address undesired menopausal symptoms and 

associated metabolic disorders. In this regard, several lines of research suggest that the 

intake of hesperidin, phytosterols and curcumin may be beneficial for the management of 

these complications. Nevertheless, no studies thus far have elucidated whether, in 

Fig. 5 The mRNA expression levels of genes related to lipid metabolism in sham-operated (SH) and ovariectomized (OVX) rats 

after 8 weeks of intervention (a). Data are given as the mean ± SEM (n = 9–10). In each figure, different superscript lowercase 

letters (a, b, c) indicate significantly different mean values among groups (one-way ANOVA and Duncan's post hoc test, p < 

0.05). I: effect of intervention. Correlation between Lpl and Cd36 expression levels of genes (b) or MWAT weight (c) in sham-

operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention. The continuous line represents the least-squares 

regression fit, and the shaded area shows the confidence intervals. The Pearson correlation coefficient (ρ) and its confidence 

intervals are presented together with the p value of the correlation analysis. Acc1: acetyl CoA carboxylase 1; Atgl: adipose 

triglyceride lipase; Cd36: fatty acid translocase: homologue of CD36; Cebpa: CCAAT/enhancer binding protein alpha; Cpt1b: 

carnitine palmitoyltransferase 1 beta; Emr1: EGF-like module containing, mucin-like, hormone receptor-like 1; Fas: fatty acid 

synthase; Had: hydroxyacyl-CoA dehydrogenase; Hprt: hypoxanthine guanine phosphoribosyl transferase; Hsl: hormone-sensitive 

lipase; Insr: insulin receptor; Irs1: insulin receptor substrate 1; Lpl: lipoprotein lipase; Mgl1: C-type lectin domain family 10, 

member A; Pparg2: peroxisome proliferator-activated receptor gamma 2; Ppia: peptidylprolyl isomerase A. 
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agreement with our hypothesis that more healthy effects can be obtained using ingredients 

acting against complementary targets, the combined supplementation of these three 

bioactive compounds can be a potential alternative therapy to address menopause. In this 

research, we found oral treatment with a MI supplement, including curcuminoids, 

phytosterols and hesperidin, for 57 days was able to exert beneficial effects against 

obesity, and metabolic alterations were observed in a preclinical model of a 

postmenopausal state with oestrogen deficiency, namely, OVX rats, including (1) 

decreased fat mass accretion, (2) diminished adipocyte size and promoted a shift towards 

decreased number of large adipocytes and increased number of small adipocytes in 

MWAT, (3) downregulated mRNA levels of key genes involved in fatty acid uptake from 

the bloodstream (Lpl and Cd36) in MWAT, (4) enhanced lean body mass and lean/fat 

mass ratio, (5) increased the AL ratio and (6) an improved R-QUICKI value, the surrogate 

marker for insulin sensitivity. These results confirmed our hypothesis, and interestingly, 

most of them were very similar or even superior to what we reported in response to 17β-

E2 administration. 

Many women at menopause experience changes in body composition and body fat 

redistribution, particularly fat accretion in the abdominal region, which could lead to the 

appearance of metabolic disturbances, increasing the risk of metabolic syndrome (MetS) 

and CVDs.6,7 These effects are more pronounced in women who are overweight or obese 

prior to reaching the postmenopausal state.6 The lower adiposity observed in OVX-MI 

rats that were supplemented with the MI when compared to their OVX counterparts 

demonstrated herein could be attributed, at first glance, to the protective effect against 

obesity that has been previously reported for different polyphenols, including curcumin 

and hesperidin, and, to a lesser extent, for phytosterols, in both animal models and 

humans.23,24,27,51,52 Nevertheless, to the best of our knowledge, there are few data 
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available concerning the anti-obesity effects of these 3 bioactive compounds administered 

alone or in combination in OVX rodent models. In this regard, only one study has 

demonstrated that the oral supplementation of curcumin for 30 days significantly 

decreases intestinal adiposity accumulation in OVX rats.23 The protective effects of 

hesperidin and phytosterols orally administered to OVX rodents against fat accretion have 

not previously been reported. Several studies have demonstrated that the significant body 

weight gain and progressive fat accretion in different body areas occurring in menopausal 

and postmenopausal women can be related to a decreased EE.53–55 This effect and a 

significant increase in food intake were observed in the present study in OVX rats, one 

of the best characterized and described animal models to resemble postmenopausal 

women, when compared to their SH counterparts. In the present study, it was plausible to 

speculate that supplementation with MI could partly counteract fat mass gain through the 

enhancement of EE and the inhibition of food intake, two very well-reported mechanisms 

by which different bioactive compounds can exert this beneficial effect.54 In this regard, 

Receno et al. showed that the prolonged intake of curcumin in aged male F344Xbn rats 

decreased food intake.56 Curcumin was also able to enhance EE and to stimulate 

thermogenesis efficiently by enhancing the activity of AMP-activated protein kinase 

(AMPK) and increasing ATP production.57,58 Nevertheless, the lack of effects on EE and 

food intake observed after treatment with this MI supplement would rule out these two 

mechanisms to explain the anti-obesity effects reported in OVX-MI rats. 

Another potential mechanism involved in the antiobesity effects of bioactives is the 

regulation of lipid metabolism. The lower adiposity found in the OVX-MI group could 

be related to the fact that MI supplementation fully counteracted the overexpression of 

the Lpl and Cd36 genes in MWAT caused by ovariectomy. Cd36 encodes a cell surface 

receptor known as fatty acid translocase (FAT), which is responsible for long-chain fatty 
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acid uptake from the bloodstream.59 On the other hand, although the main function of 

LPL is to hydrolyse the TG core of circulating TG-rich lipoproteins, tissue-specific 

regulation of Lpl provides a mechanism for localized control of the uptake of lipoprotein 

lipids that results in a physiologically appropriate distribution of lipids among tissues.59 In 

WAT, Lpl is a marker for adipocyte differentiation, and Lpl expression increases in 

parallel with cellular TG accumulation as preadipocytes differentiate, thus contributing 

to the growth and expansion of adipose tissue.60,61 Therefore, our results suggest that a 

lower fatty acid uptake and storage in white adipose tissue, evidenced by decreased 

MWAT gene expression levels of Cd36 and Lpl, could be one of the mechanisms to 

explain the lower fat mass observed in OVX-MI rats compared to their OVX counterparts. 

The diminished adipocyte area reported in the MWAT in response to MI 

supplementation, which indicated decreased adipocyte hypertrophy, would be in 

agreement with this idea. In agreement with the results reported here, Mosqueda-Solís et 

al. showed that the administration of hesperidin (100 mg per kg per day) for 8 weeks 

decreased the gene expression levels of Lpl in RWAT in male Wistar rats fed a 

hypercaloric western diet, which resulted in a nonsignificant reduction in this adipose 

tissue depot.62 In addition, three different studies demonstrated that curcumin 

supplementation attenuated the overexpression of the hepatic mRNA levels of Cd36 in a 

high-fat-diet-fed C57BL/6J mouse model, which was accompanied by an inhibitory effect 

of curcumin on hepatic lipid accumulation.63–65 

The antiadiposity effect observed in the rats treated with the MI supplement was very 

similar to what we reported in response to 17β-E2 injections. Interestingly, both 

nutritional and pharmacologic treatments seemed to share a common antiadiposity 

mechanism, namely, decreased expression of the Lpl and Cd36 genes. The strong 

positive correlation found between the mRNA levels of both genes found in the present 
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study suggests a potential coregulation mechanism, emphasizing the coordinated role of 

Cd36 and LPL in fatty acid uptake and storage. Furthermore, the positive correlation 

between Lpl mRNA levels and MWAT weight would also be in agreement with the key 

role of this gene in the growth and expansion of WAT. Therefore, although correlations 

do not imply causality, these results contribute to supporting our hypothesis. 

The decreased food intake observed in OVX-E2 animals, which was previously 

reported,66,67 is another mechanism that helps explain the lower fat mass accretion 

triggered by oestradiol administration, which also produced a clear decrease in body 

weight, different from what was observed in response to supplementation with MI. The 

increased lean mass found in OVX-MI rats when compared to their OVX counterparts 

could explain, at least in part, why the decreased adiposity observed after MI 

supplementation was not accompanied by lower body weight gain. Lean mass, which was 

calculated by quantitative magnetic resonance, provides an accurate measurement of 

muscle mass.68 Therefore, the higher lean body mass observed in MI animals might also 

be the result of muscle mass accretion and would also contribute to the higher lean/fat 

mass ratio found in these rats and in OVX-E2 animals, suggesting a healthier body 

composition in both groups.69,70 

As was previously reported, the lower adiposity found in OVX-MI and OVX-E2 rats was 

translated into significantly lower circulating levels of leptin, which are highly and 

positively related to body fat mass, in both individuals with normoweight and obesity.71–

73 Although the anti-obesity effects produced by both the nutraceutical and drug 

treatments were not translated to increased levels of the anti-inflammatory and insulin 

sensitivity-related adipokine adiponectin in the bloodstream,72,73 remarkably, only MI 

supplementation significantly increased adiponectin plasma levels corrected by WAT 

weight, a surrogate marker of effective adiponectin production.74,76 Curcumin 
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administration has been shown in vitro and in animal models of obesity and type 2 

diabetes mellitus (T2DM), as well as in humans with obesity, MetS, and/or T2DM to 

significantly ameliorate diabetes, to increase adiponectin production by adipose tissue 

and to decrease the serum levels of leptin.17,76–80 Several publications have described the 

AL ratio as a biomarker of adipose tissue dysfunction and insulin resistance.81–83 The AL 

ratio has been better correlated with insulin resistance and insulin sensitivity than 

adiponectin, leptin, HOMA-IR and R-QUICKI and is clinically useful to identify subjects 

susceptible to cardiometabolic diseases.81–84 An AL ratio ≥1.0 is considered normal, 

while a ratio between ≥0.5 and <1.0 suggests moderate-to-medium increased risk, and a 

ratio <0.5 indicates a severe risk of suffering from cardiometabolic 

diseases.81,82 Remarkably, in this report, the OVX group exhibited an AL ratio close to 

0.5, indicating a medium to high cardiometabolic risk, and this ratio was increased to 1 

in response to MI supplementation.81,82 These findings strongly suggest that the combined 

intake of hesperidin, phytosterols and curcumin improved metabolic health in the OVX-

MI group. The 27.5% and 26.3% decrease in the circulating levels of insulin and HOMA-

IR, respectively, and the significant increase in the surrogate marker of insulin sensitivity 

R-QUICKI found in OVX-MI rats when compared to their OVX counterparts would 

reinforce this idea. The inclusion of curcumin in the MI supplement may explain, at least 

in part, the aforementioned effects observed in OVX-MI. In this regard, in humans, it was 

shown that after 9 months of curcumin treatment, none of the subjects were diagnosed 

with T2DM, and they exhibited significantly lower HOMA-IR levels,17 indicating 

improved insulin resistance. Additionally, hesperidin could have contributed to the 

insulin-sensitivity effects reported in OVX-MI rats since two studies showed significant 

reductions in insulin and HOMA-IR levels after the consumption of orange juice rich in 

hesperidin.85,86 However, these insulin-related effects were not observed in response to 
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oestradiol injections,87 as occurred in our study in OVX-E2 animals. Altogether, our 

results underscore the potential of MI supplementation as a natural therapy to improve 

insulin sensitivity in postmenopausal women, although further randomized controlled 

trials are needed to shed more light on this issue. 

In the present study, MI supplementation exerted slight beneficial effects on cholesterol 

metabolism, which were evidenced by significantly counteracting the decrease in HDL-c 

serum cholesterol concentrations observed in OVX-E2 animals. Different studies have 

reported that rats are not the most appropriate animal model for diseases related to 

cholesterol alterations88–90 since they efficiently eliminate excess cholesterol through bile 

acid synthesis, imparting a high resistance to cholesterol accumulation in the body, unlike 

what happens with other animal models such as Golden Syrian hamsters.88–90 This 

consideration (and the fact that, in this study, rats were not fed a high-fat-high-cholesterol 

diet) could help to explain the aforementioned results and the lower beneficial effects 

observed in this study compared to the one carried out by our group with Golden Syrian 

hamsters fed a hyperlipidic diet, in which phytosterols significantly decreased both TC 

and VLDL-c + LDL-c.91 Further studies carried out with OVX rats fed a high-fat-high-

cholesterol diet would be useful to gain insight into the potential anti-

hypercholesterolaemic effect of MI. 

Many studies carried out in both OVX rodents and postmenopausal women have 

demonstrated that oestrogen deficiency induces bone loss and osteoporosis, which is 

mainly characterized by decreased BMD5,47 and a significant increase in bone turnover 

(both formation and resorption) markers.30,47,92 These bone-related alterations are 

normally counteracted or ameliorated after HRT treatment.12,93 In the present study, 17β-

E2 administration counteracted the increase in the circulating levels of both bone 

resorption (CTX-1) and bone formation (PINP and OC) turnover markers displayed by 
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OVX animals, an effect that was not observed in rats receiving MI supplementation. 

However, no significant changes in femur BMD among groups were reported, which 

could be attributed to the young age of the rats and to the fact that, in rats, in the short 

term, the femur is more resistant to bone loss and BMD-related alterations than the tibia. 

Therefore, further studies in which the proximal tibia is collected and analysed with rats 

aged between 6–9 months at the time of surgery, which have a lower bone growth rate 

and a significantly more pronounced alteration in trabecular bone remodelling compared 

to younger rats,47 would be very useful to gain more knowledge on this issue. 

In agreement with what was previously described for sex steroids, such as oestrogen, 

which has a well-known antioxidant activity reducing the production of reactive oxygen 

species,94,95 in our study, 17β-E2 treatment fully counteracted the decrease in total and 

reduced GSH as well as in the GSSG/GSH ratio levels observed in OVX animals. The 

anti-inflammatory and antioxidant properties of the polyphenols curcumin and hesperidin 

have been well reported.17,27,96 However, in this study, we observed that MI 

supplementation was not able to prevent the increase in the inflammation marker MCP-1 

and counteract the well-described GSH redox impairment associated with ovariectomy 

surgery.94,97–99 This lack of effects could be tentatively attributed, at least in part, to the 

lower bioavailability of curcumin, since it has been described that the intestinal 

absorption of curcumin is poor and there is a high rate of metabolism and rapid systemic 

degradation of this bioactive compound in the body.100–102 To enhance the absorption and 

health effects of curcumin, several studies focused on loading curcumin into 

capsules17,103,104 and therefore, microencapsulation would be a potential next step to take 

into account in further studies. 

The present study has some limitations. In this regard, it would have been interesting to 

compare the effects of the supplementation of the three bioactive compounds included in 
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the MI (hesperidin, phytosterols and curcumin) separately to elucidate whether the 

combination of these ingredients exerted a synergic or an additive effect. In addition, our 

molecular analyses were limited to gene expression data in MWAT, which were useful 

to shed light on some of the potential mechanisms by which the MI exerted the reporting 

effects, but they do not always match protein levels. Therefore, additional research 

focused on protein levels and/or activity of key players involved in lipolysis (ATGL and 

HSL) and/or β-oxidation (CPT1B and HAD) in MWAT would have been useful to 

elucidate whether the effects of the MI against fat accretion and adipocyte hypertrophy 

were mediated, at least in part, by the activation of these lipid catabolic pathways. Finally, 

immunohistochemical staining to evaluate macrophage infiltration in MWAT and 

molecular analyses in other tissues that play a key role in lipid and glucose metabolism, 

such as liver, would have been of great value to gain more insight into the beneficial 

effects produced by MI supplementation. 

CONCLUSIONS 

We demonstrated here that combined supplementation with hesperidin, phytosterols and 

curcumin reduced fat accretion and adipocyte hypertrophy, and improved the body 

composition in OVX rats. The lower mRNA levels of fatty acid uptake-related genes 

(Lpl and Cd36) in the visceral MWAT may have accounted for the beneficial 

antiadiposity effects of MI supplementation. These effects were accompanied by a 

significant decrease in the circulating levels of leptin, an increase in the AL ratio and an 

improvement in insulin sensitivity, suggesting an enhancement of the metabolic health of 

the MI-supplemented rats. As far as we know, this is the first study evidencing that the 

combination of hesperidin, phytosterols and curcumin exerted such effects and that these 

effects were very similar or in some cases even better to what was observed in response 

to oestradiol administration, a treatment that resembles one of the HRTs given to 
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menopausal women. These results pave the way to promote the use of this MI supplement 

to tackle obesity and to improve the metabolic health of menopausal women. Further 

randomized controlled clinical trials carried out with this target population supplemented 

with this MI formulation would be of great value to shed more light on this issue. 

ABBREVIATIONS 

17β-E2 17β-oestradiol 

Acc1 Acetyl-CoA carboxylase 1 

AL ratio Adiponectin/leptin ratio 

ANOVA Analysis of variance 

Atgl Adipose triacylglycerol lipase 

AUC Area under the curve 

BMC Bone mineral content 

BMD Bone mineral density 

Cd36 Fatty acid translocase, homologue of CD36 

Cebpa CCAAT/enhancer binding protein alpha 

Cpt1b Carnitine palmitoyltransferase 1 beta 

CTX-1 Carboxy-terminal telopeptide of type I collagen 

CUR Curcumin 

CVDs Cardiovascular diseases 

EE Energy expenditure 

Fas Fatty acid synthase 

Emr1 EGF-like module containing, mucin-like, hormone receptor-like 1 

ER Oestrogen receptor 

GSH Glutathione 

GSSG Oxidized glutathione 

Had Hydroxyacyl-CoA dehydrogenase 

HDL-c High-density lipoprotein cholesterol 

HOMA-IR Homeostasis model assessment-estimated insulin resistance 

Hprt Hypoxanthine guanine phosphoribosyl transferase 

HRT Hormone replacement therapy 

Hsl Hormone-sensitive lipase 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

207 

 

Insr Insulin receptor 

IR Insulin resistance 

Irs1 Insulin receptor substrate 1 

IWAT Inguinal white adipose tissue 

LDL-c Low-density lipoprotein cholesterol 

Lpl Lipoprotein lipase 

MCP-1 Monocyte chemoattractant protein-1 

Mgl1 C-type lectin domain family 10, member A 

MI Multi-ingredient 

MWAT Mesenteric white adipose tissue 

M2SH Micronized 2-S-hesperidin 

NEFAs Nonesterified fatty acids 

OC Osteocalcin 

OGTT Oral glucose tolerance test 

OVX Ovariectomized rats 

PHY Phytosterol 

PINP Procollagen I amino-terminal propeptide 

Pparg2 Peroxisome proliferator-activated receptor gamma 2 

Ppia Peptidylprolyl isomerase A 

ROI Regions of interest 

RQ Respiratory quotient 

R-QUICKI Revised quantitative insulin sensitivity check index 

RWAT Retroperitoneal white adipose tissue 

SH Sham-operated rats 

T2DM Type 2 diabetes mellitus 

TC Total cholesterol 

TG Triglycerides 

TMC Tissue mineral content 

TMD tissue mineral density 

VLDL-c Very-low-density lipoprotein cholesterol. 
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FOOTNOTES 

1. † Electronic supplementary information (ESI) available. See 

DOI: https://doi.org/10.1039/d3fo05122f 

2. ‡ Present address: Laboratory of Metabolism and Obesity, Vall d'Hebron-Institut de Recerca, 

Universitat Autònoma de Barcelona, Barcelona, Spain. 

3. § Present address: Liver Vascular Biology Research Group, IDIBAPS Biomedical Research 

Institute, CIBEREHD, University of Barcelona, Spain. 

Supplementary table 1: Nucleotide sequences of primers used for real time quantitative PCR in 

sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of intervention 

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

Acc1 TGCAGGTATCCCCACTCTTC TTCTGATTCCCTTCCCTCCT 

Atgl CACTTTAGCTCCAAGGATGA TGGTTCAGTAGGCCATTCCT 

Cd36 GTCCTGGCTGTGTTTGGA GCTCAAAGATGGCTCCATTG 

Cepba AGCCGAGATAAAGCCAAACA CCTTGACCAAGGAGCTCTCA 

Cpt1β GCAAACTGGACCGAGAAGAG CCTTGAAGAAGCGACCTTTG 

Emr1 GATGTGGAGGATGGGAGATG  GCACGAAACAACAGGAAGGT 

Fas CGGCGAGTCTATGCCACTAT ACACAGGGACCGAGTAATGC 

Had ATCGTGAACCGTCTCTTGGT AGGACTGGGCTGAAATAAGG 

Hprt TCCCAGCGTCGTGATTAGTGA CCTTCATGACATCTCGAGCAAG 

Hsl TCACGCTACATAAAGGCTGCT CCACCCGTAAAGAGGGAACT 

Insr AACGACATTGCCCTGAAGAC CATCCTGCCCATCAAACTCT 

Irs1 CTACACCCGAGACGAACACT TAACCTGCCAGACCTCCTTG 

Lpl TATGGCACAGTGGCTGAAAG CTGACCAGCGGAAGTAGGAG 

Mgl1 CTCCAACACCAAGGCTGAAC GGTCTTCAAGTCCTTCCCCA 

Pparg2 CTGGACCTCTGCTGGTGAT CCGTGGTAAAGGGTTTGATG 

Ppia CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT 

The table shows the nucleotide sequences of primers used for PCR amplification. Primer pairs for PCR 

were designed using Primer3 software and the sequence information were obtained from Genbank. Acc1: 

acetyl CoA carboxylase 1; Atgl: adipose triglyceride lipase; Cd36:  fatty acid translocase: homologue of 

CD36; Cebpa: CCAAT/enhancer binding protein alpha; Cpt1b: carnitine palmitoyltransferase 1 beta; 

Emr1: EGF-like module containing, mucin-like, hormone receptor-like 1; Fas: fatty acid synthase; Had: 

hydroxyacyl-CoA dehydrogenase; Hprt: hypoxanthine guanine phosphoribosyl transferase; Hsl: 

hormone-sensitive lipase; Insr: insulin receptor; Irs1: insulin receptor substrate 1;  Lpl: lipoprotein lipase; 

Mgl1: C-type lectin domain family 10, member A; Pparg2: peroxisome proliferator-activated receptor 

gamma 2; Ppia: peptidylprolyl isomerase A. 
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tissue immunometabolic function in ovariectomized rats  

Combined histidine, carnosine, cysteine and serine consumption 

reduces adiposity and improves metabolic health and adipose
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ABSTRACT 

Many women have sought alternative therapies to address menopause. Recently, a multi-

ingredient (MI) containing L-histidine, L-carnosine, L-serine, and L-cysteine has been 

shown to be effective at ameliorating hepatic steatosis (HS) in ovariectomized (OVX) 

rats, a postmenopausal oestrogen deficiency model. Considering that HS frequently 

accompanies obesity, which often occurs during menopause, we aimed to investigate the 

effects of supplementation with this MI for 8 weeks in OVX rats. Twenty OVX rats were 

orally supplemented with either MI (OVX-MI) or vehicle (OVX). Ten OVX rats received 

vehicle orally along with subcutaneous injections of 17β-oestradiol (OVX-E2), whereas 

10 rats underwent a sham operation and received oral and injected vehicles (control 

group). MI consumption partly counteracted the fat mass accretion observed in OVX 

animals, leading to decreased total fat mass, adiposity index and retroperitoneal white 

adipose tissue (RWAT) adipocyte hypertrophy. OVX-MI rats also displayed increased 

lean mass and lean/fat ratio, suggesting a healthier body composition, similar to the results 

reported for OVX-E2 animals. MI consumption decreased the circulating levels of the 

proinflammatory marker CRP, the total cholesterol-to-HDL-cholesterol ratio and the 

leptin-to-adiponectin ratio, a biomarker of diabetes risk and metabolic syndrome. RWAT 

transcriptomics indicated that MI supplementation favourably regulated genes involved 

in adipocyte structure and morphology, cell fate determination and differentiation, 

glucose/insulin homeostasis, inflammation, response to stress and oxidative 

phosphorylation, which may be mechanisms underlying the beneficial effects described 

for OVX-MI rats. Our results pave the way for using this MI formulation to improve the 

body composition and immunometabolic health of menopausal women. 

Keywords: histidine, serine, carnosine, cysteine, menopause, obesity, immunometabolic health, 

nutraceuticals, complementary and alternative therapies 

1 Running title: Multi-ingredient consumption and menopause-related alterations 
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INTRODUCTION 

Menopause is an aging-related biological stage in a woman's life that is characterized by 

the permanent cessation of menstrual cycles due to the loss of ovarian function, which 

leads to a gradual decline in oestrogen production that already appears during the 

menopausal transition and is exacerbated during the postmenopausal state [1]. This 

reproductive aging process can boost the appearance of different vasomotor symptoms, 

including sleep disturbances, night sweats and hot flashes [2–4], in addition to osteoporosis 

[5], decreased muscle mass content [5–7] and body weight gain accompanied by a shift in 

body fat distribution from a gynoid to an android pattern, contributing to increased 

abdominal fat accumulation [5–9]. Fat accretion may increase oxidative stress and low-

grade inflammation and may trigger the development of metabolic disorders, such as 

hypertension, dyslipidaemia and insulin resistance (IR), thereby increasing the risk of 

cardiovascular disease (CVD) [10–14]. Notably, both the risks of osteoporosis and CVD 

increase with age, and CVD is one of the most prominent causes of death worldwide, 

accounting for 47% of deaths among women [15]. 

Hormone replacement therapy (HRT) is a widely prescribed solution for alleviating 

symptoms and ameliorating metabolic alterations associated with the postmenopausal 

state. However, the benefits and risks of HRT have been a matter of debate due to the 

unexpected findings obtained in 2002 in the Women’s Health Initiative (WHI) study, 

which reported increased risks of suffering from CVDs and endometrial and breast 

cancers for certain HRT treatments [16]. Currently, the safety and main side effects of this 

treatment depend on variables such as the type of HRT, treatment duration, and age at 

which the HRT begins after the final menstrual cycle. Remarkably, the safety and benefits 

of HRT appear to surpass the risks when it is prescribed to healthy women under 60 years 

of age or within the first ten years of amenorrhea [16]. While HRT effectively reduces 
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vasomotor symptoms and osteoporosis, this treatment is less effective at reducing body 

weight gain and the risk of CVDs (blood clots, stroke, thromboembolism and coronary 

heart disease) and at ameliorating affective disorders such as Alzheimer’s disease and 

dementia. Moreover, HRT is not advised for women with a medical history of endometrial 

or breast cancer [16]. 

In recent years, the controversy about the risks associated with HRT has prompted many 

women to look for alternative therapies to address menopause, promoting the emergence 

of alternative approaches such as natural extracts, bioactive compounds and 

nutraceuticals to ameliorate vasomotor symptoms and metabolic disturbances related to 

menopause. Among them, isoflavones derived from soy, commonly known as 

phytoestrogens, are well-researched natural bioactive compounds with beneficial effects 

on menopause-related alterations. Genistein, the most abundant isoflavone in soy, 

accounts for 60% of total isoflavones and exhibits twenty-fold greater selectivity for 

oestrogen receptor (ER) β than for ERα. This selectivity is advantageous because most 

side effects are associated with binding to ERα [17,18]. However, the biological activity of 

phytoestrogens varies among individuals because their activity depends on the 

metabolism of these precursors into more active compounds, which requires the activity 

of specific intestinal bacteria and hepatic enzymes, and both processes involve well-

described interindividual variations. For instance, only the isoflavonoid daidzein is 

converted into its most bioactive and absorbable isoform, equol daidzein, by 

approximately 30% of the population [19]. 

In a very recent study, members of this current team showed that, in ovariectomized 

(OVX) rats, a postmenopausal model with oestrogen deficiency, the combined 

consumption of the bioactive compounds hesperidin, phytosterols and curcumin 

effectively reduced obesity and improved metabolism-related alterations to a very similar 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

222 

 

extent to those observed in response to subcutaneous injections of 17β-oestradiol (17β-

E2), a treatment that resembles one of the HRTs administered to menopausal women [20]. 

Specifically, supplementation with this multi-ingredient (MI) significantly decreased the 

total fat mass content; the weights of mesenteric (MWAT), retroperitoneal (RWAT) and 

inguinal (IWAT) white adipose tissue depots; and the adiposity index in addition to 

increasing the total lean mass content and the lean/fat mass ratio, clearly indicating an 

improvement in body composition. In addition, MI consumption decreased the circulating 

leptin levels and increased the level of the surrogate marker of insulin sensitivity, R-

QUICKI, as well as the adiponectin-to-leptin ratio, which has been described in humans 

as a predictive and reliable biomarker for adipose tissue inflammation and the 

cardiometabolic risk associated with obesity [21,22]. These findings paved the way to 

promote the use of this MI supplement as an alternative therapy to ameliorate obesity and 

to improve the cardiometabolic health of menopausal women and were consistent with 

our idea that combined supplementation with different bioactive compounds that act 

against complementary targets is a suitable strategy to ameliorate cardiometabolic risk 

factors, as was previously documented in different studies, including some performed by 

the authors of the present work [23–27]. Similarly, members of our group have consistently 

reported a significant decrease in the circulating level of histidine in patients with morbid 

obesity as the severity of nonalcoholic fatty liver disease (NAFLD) increases [27] and 

based on these findings, we hypothesized that the consumption of a blend of amino acid-

related compounds, including histidine, serine, cysteine and carnosine (β-alanyl-L-

histidine dipeptide), could be an effective therapy for ameliorating NAFLD because (i) 

histidine is an essential amino acid that needs to be obtained from the diet; (ii) carnosine 

is a histidine-containing dipeptide and, therefore, can increase histidine levels; (iii) 

cysteine is an inhibitor of the histidine catabolizing enzyme ammonia lyase (HAL); (iv) 
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serine is a precursor of cysteine; and (v) one of the main hallmarks of NAFLD is oxidative 

stress, and serine and cysteine may increase the cellular levels of glutathione, the most 

abundant endogenous antioxidant [28]. This hypothesis was validated in both diet-induced 

and genetic leptin-deficient ob/ob mouse models and in OVX rats, which displayed 

decreased hepatic steatosis after the consumption of this amino acid-related MI [27]. 

Considering our previous results concerning the reported beneficial effects on hepatic 

steatosis in OVX rats, that NAFLD is a metabolic disorder that frequently accompanies 

obesity and metabolic syndrome (MetS) [29], that different studies performed mainly in 

rodents but also in humans have shown that supplementation with carnosine [30,31], serine 

[32,33], cysteine [34,35] and especially histidine [36–40] can ameliorate obesity, promote 

glycaemic control, and ameliorate IR, inflammation or oxidative stress, in the present 

study, we hypothesized that this amino acid-related MI would also be an effective 

approach for ameliorating obesity and metabolism-related alterations that can occur 

during the postmenopausal period. 

Menopausal women can present increased risks of suffering cognitive impairment, 

anxiety and depression [41]. Some preclinical studies have shown that histidine intake 

increases the levels of histamine in the brain, improving learning and memory 

impairments [42,43] and reducing anxiety-like behaviours [44,45]. Furthermore, different 

preclinical and clinical studies have shown that carnosine supplementation ameliorates 

cognitive decline in animal models of Alzheimer’s disease, in elderly individuals and in 

subjects with mild cognitive decline [30]. In addition, some studies performed with rodents 

[46,47] and one clinical study [48] suggested that carnosine has beneficial effects on anxiety, 

stress and depression-like behaviours. On the other hand, significant associations between 

lower levels of cysteine and a lower bone mineral density (BMD) [49] and higher levels of 

the bone turnover marker carboxy-terminal telopeptide of type I collagen (CTX-1) were 
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found in postmenopausal women [50], suggesting an important role for this semiessential 

amino acid in bone metabolism. This idea was reinforced by the fact that cysteine 

supplementation for 8 weeks counteracted the loss of BMD in OVX mice, showing effects 

similar to those observed after 17β-E2 injections [51]. 

The main aim of the present study was to evaluate whether oral intake of an MI 

supplement including L-histidine, L-carnosine, L-serine and L-cysteine for 8 weeks 

would exert beneficial effects on fat mass accretion and cardiometabolic risk factors 

related to the postmenopausal state in an OVX rat model and to explore the underlying 

mechanisms involved. In this work, we also aimed to investigate the effects of the chronic 

administration of the MI on bone and behavioural-related parameters to provide insights 

into the potential of this amino acid-related MI to ameliorate the multifactorial alterations 

that can occur during menopause. The effects of this MI were compared to those of 

subcutaneous injections of 17β-E2, an agent that resembles HRT. 

MATERIALS & METHODS 

Ingredients 

L-Histidine base (HIS; Ref.: AMI-019) and L-Cysteine (CYS; Ref.: AMI-011) were 

purchased from NUTRIFOODS S.L.U. (Barcelona, Spain). According to the supplier, the 

products were 99.6% and 99.7% pure, respectively. L- Carnosine 98% (CAR; 

208170250) was purchased from Thermo Fischer Scientific (Massachusetts, USA). L-

Serine (SER; Ref.: S4500) was purchased from Merck KGaA (Frankfurt, Germany). 

Animals, diet and treatments 

The Animal Ethics Committee of the Technological Unit of Nutrition and Health of 

EURECAT (Reus, Spain) and the Generalitat de Catalunya approved all procedures 

(protocol code 11223). The study followed the ‘Principles of Laboratory Animal Care’, 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



RESULTS 

 

225 

 

complied with the ARRIVE guidelines and was conducted in compliance with the EU 

Directive 2010/63/EU for animal experiments. The rodents used in this research consisted 

of forty 24-week-old female Sprague‒Dawley rats (JANVIER LABS, Saint-Berthevin, 

France). Thirty rats were bilaterally ovariectomized (OVX), and 10 rats underwent a sham 

operation (SHAM) at the JANVIER facility. Before they arrived at the animal facility of 

Eurecat, the 40 animals were fed a maintenance rodent chow diet for 1 week to stabilize 

them because of ovariectomy surgery before shipment at the age of 25 weeks. Throughout 

the study, all rats were housed in pairs at 22 °C on a 12 h light/dark cycle with lights on 

at 9:00 am, and they had ad libitum access to food and water. After an acclimatization 

period of 1 week, the 30 OVX rats were divided into three experimental groups based on 

the treatment they received for 8 weeks (OVX, OVX-E2, and OVX-MI; n=10 rats per 

group), and the 10 sham-operated (SHAM; n=10) rats were assigned to the control group. 

OVX-MI was supplemented daily for 8 weeks with an MI that included four amino acid-

related compounds at the following doses per body weight: L-histidine, carnosine and L-

serine at 105 mg/kg and L-cysteine at 245 mg/kg. The dosages were obtained by 

extrapolating the doses used by our group for mice in a previous study [27]. Considering 

the Reagan–Shaw formula, the doses of histidine, carnosine, and serine used were 

equivalent to the daily consumption of 1022 mg of these compounds for a 60-kg human 

[52]. For cysteine, the extrapolated daily intake using the same formula was 2384 mg. For 

each compound, these dosages are considered acceptable, well tolerated and safe in the 

context of nutraceutical supplementation [28,36,53,54]. The amino acid-related compounds 

were dissolved in peach juice enriched with 45.71 mg/mL fructose along with an acid 

taste masker (AROMA ACTI’MASK PRO, [E414 or gum Arabic]; Metarom Ibérica 

S.A., Barcelona, Spain) at 10 mg/mL to ensure voluntary consumption and minimize the 

stress of the animals. The SHAM, OVX and OVX-E2 groups were supplemented daily 
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with peach juice + fructose at 45.71 mg/mL (vehicle) for 8 weeks. Half of the daily 

treatment was administered orally via a syringe of 1 mL in a volume of 0.3-0.4 mL 

between 09:00 and 10:00 am, and the other half was administered via the same protocol 

between 12:00 and 1:00 pm to guarantee the full voluntary consumption of the treatments. 

Four days before the beginning of the treatments, the rats were trained to lick peach juice 

(0.3 mL) to ensure voluntary consumption. OVX-E2 rats also received biweekly 

subcutaneous injections of 25 µg/kg body weight 17β-oestradiol (Sigma‒Aldrich, St. 

Louis, MO) in a carrier solution of corn oil, whereas the remaining groups received the 

same dose of the vehicle (corn oil). All groups were fed a standard chow diet (Teklad 

Global 14% Protein Rodent Diet 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 food intake was documented 

every 7 days. On Day 57, the rats were sacrificed by decapitation after 6 h of diurnal 

fasting and without receiving any treatment. Blood samples were collected in heparinized 

tubes, and plasma was obtained by centrifugation and stored at -70 °C until further 

analysis. The liver, caecum, kidneys, gastrocnemius and soleus muscles, the left femur 

and tibia, and the RWAT, MWAT and IWAT depots were rapidly removed, weighed, 

frozen in liquid nitrogen and stored at -70 °C until further analysis. The right femur and 

tibia were also collected, immersed in 70% ethanol and stored at room temperature until 

the three-dimensional microcomputed tomography analysis. 

Body composition analyses 

An EchoMRI-700™ device (Echo Medical Systems, L.L.C., Houston, TX, USA) was 

used to evaluate the relative lean and fat mass contents of the rats without anaesthesia on 

Days 1, 30 and 57. The analyses were performed in triplicate at 8:00 am under ad libitum 

conditions, and the results are presented as a percentage of body weight. 
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Adiposity index 

The adiposity index was calculated as the sum of the weights of the IWAT, MWAT and 

RWAT depots (in grams) for each rat and was reported as a percentage of body weight. 

HOMA-IR analysis 

The homeostasis model assessment-estimated insulin resistance (HOMA-IR) was 

calculated with the following formula: (fasting glucose level –mmol/L- × fasting insulin 

level-µU/mL-)/22.5 [55]. 

Plasma analysis 

An enzymatic colorimetric kit was used to determine plasma glucose levels 

(992330/QCA, Barcelona, Spain). The circulating levels of total cholesterol and high-

density lipoprotein cholesterol (HDL-c) were measured using reflectance 

spectrophotometry with the Vitros® 5600 Integrated System (QuidelOrtho Corporation, 

San Diego, CA, USA). The non-high-density lipoprotein cholesterol (non-HDL-c) level 

was calculated by subtracting the HDL cholesterol concentration from the total 

cholesterol concentration. Circulating insulin levels were measured using a rat/mouse 

ELISA kit (10-1250-01/MERCODIA, Upssala, Sweden). Plasma leptin levels were 

determined with a rat ELISA kit (EZRL-83K/Millipore, Barcelona, Spain), and the 

circulating levels of adiponectin were quantified using a rat total adiponectin/Acrp30 

Quantikine ELISA Kit (RRP300/R&D systems, Minnesota, USA). The levels of the 

inflammatory markers monocyte chemoattractant protein-1 (MCP-1) and C-reactive 

protein (CRP) were quantified in plasma using the BMS631INST and the ERCRP ELISA 

kits, respectively (INVITROGEN, Massachusetts, USA). The circulating levels of the 

biomarkers of bone turnover, procollagen I amino-terminal propeptide (PINP), 

osteocalcin (OC) and carboxy-terminal telopeptide of type I collagen (CTX-1), were 
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measured using PINP ELISA kit (AC-33F1, IDS, UK), osteocalcin ELISA kit (AC-12F1, 

IDS, UK) and CTX ELISA kit (AC-06F1, IDS, UK). 

Urine analysis 

A commercial ELISA kit was used to quantify the levels of 8-hydroxy-2’-

deoxyguanosine (8-OHdG) (STA-320/CELL BIOLABS INC. Chicago, USA) in urine. 

The levels of this metabolite were normalized to the creatinine levels, which were 

analysed using the Creatinine Urinary Detection Kit (EIACUN/Thermo Fischer 

Scientific, Massachusetts, USA). 

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

ratio) 

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 are presented in µmol per 

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

Histological analysis 

Buffered formalin (4% formaldehyde, 4 g/L NaH2PO4, 6.5 g/L Na2HPO4; pH 6.8) was 

used to preserve fixed portions of RWAT (n = 8 per group), which were cut at a thickness 

of 5 µm and stained with haematoxylin & eosin (H&E). An ECLIPSE microscope 

(ECLIPSE Ti; Nikon, Tokyo, Japan) coupled to a digital sight camera (DS-Ri1, Nikon) 

was used to obtain the RWAT images (magnification 100×). Image analyses were 

performed using ImageJ NDPI software (National Institutes of Health, Bethesda, MD, 

USA; https://imagej.nih.gov/ij, accessed on 22 March 2024, version 1.54g). The 
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AdipoSoft plugin was used to quantify the adipocyte area in the RWAT sections from the 

different groups. 

Microcomputed tomography analyses 

The bone composition of the right tibia and femur was determined postmortem in fixed 

samples by performing three-dimensional microcomputed tomography (μCT or 

microCT) analysis, as previously described [20]. 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. 

Indirect calorimetry 

The Oxylet ProTM System (PANLAB, Cornellà, Spain) was used to perform indirect 

calorimetry analyses of the different groups between Days 29 and 33 after the beginning 

of the treatments, throughout 22 h (from 11:00 am to 09:00 am), under ad libitum 

conditions and with free access to water. At 09:00 am, the animals received the 

corresponding treatment and were transferred from their cages to an acrylic box (Oxylet 

LE 1305 Physiocage, PANLAB). After an initial acclimatization period of 2 h, the 

respiratory quotient (RQ), the fat and carbohydrate oxidation rates and the energy 

expenditure (EE) were calculated as previously described [56]. 

Behavioural evaluation 

Elevated plus maze (EPM)—anxiety-like behaviour 

The animals were tested in the EPM [57,58] on Day 36 to evaluate anxiety-like behaviour. 

The EPM test apparatus consisted of four arms, two open arms (45 cm long × 10 cm wide) 

and two enclosed arms with walls (45 cm long × 10 cm wide × 35 cm height), which were 

positioned alternatively and extended from a 10 cm square, common central platform 
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positioned 90° from each other to form the shape of a plus sign. The apparatus was 

elevated 50 cm above the floor. The rat was placed in the centre of the maze (always 

facing the same closed arm), and videos of the EPM test were recorded for five minutes 

(300 s) using a tracking system (ANY-Maze, version 4.82, SD Instruments, US) and 

analysed to score the distance travelled, time spent and the number of entries into each 

arm. The apparatus was wiped clean with 70% ethanol before each animal was tested. 

Behavioural measures were defined according to previous studies [59] and included the 

following: the frequency of open and enclosed arm entries (OAEs and EAEs), defined as 

all four paws placed inside an arm; total arm entries; and total time spent in the open 

(OAT) and enclosed arms (EAT) and in the central area (CT). These data were used to 

calculate the percentage of OAEs [% OAEs; (open entries/open + enclosed entries) × 

100], the percentage of EAEs [% EAEs; (enclosed entries/open + enclosed entries) × 

100], the percentage of OAT [%OAT; (time in open arms/300) × 100], the percentage of 

EAT [%EAT; (time in enclosed arms/300) × 100] and the percentage of CT [%CT; (time 

in central zone/300) × 100]. 

Y-maze test—spatial reference memory 

The rodents were subjected to the Y-Maze [60] test on Day 40 to assess spatial reference 

memory. This equipment is composed of three identical arms (45 cm long × 10 cm wide 

× 25 cm (walls) tall) that are symmetrically placed at an angle of 120° to each other to 

form a Y shape. This assessment consisted of a habituation phase and a test phase. In the 

habituation phase, the rats were placed at the end of one of the arms (“start arm”) facing 

the wall. The rats were allowed to explore two arms of the Y-maze for five minutes (300 

s), while entry into the third arm was blocked. The blocked arm was arranged alternately 

to mitigate potential bias. After the habituation phase, the rats were returned to their home 

cage for a 1 h intertrial interval. During the test phase, the rats were allowed to explore 
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all 3 arms of the maze (including the novel third arm, which was previously blocked) for 

5 minutes (300 s). The apparatus was wiped clean with 70% ethanol before the habituation 

and test phases of each animal. The time and number of entries into the novel arm were 

analysed using a tracking system (ANY-Maze, version 4.82), and the number of 

alternations was calculated as the number of entries into three different arms in 

succession. These data were used to calculate the percentage of entries in the novel arm 

(number of entries in the novel arm/total number of entries × 100), the novel arm 

preference index (%) using the formula [(time in novel arm/300) × 100] and the 

spontaneous alternation (%) with the following formula: {[number of alternations/(total 

number of arm entries - 2)] × 100} [43]. 

Transcriptomic and gene set enrichment analyses 

The transcriptomic analysis was performed on RNA samples from the RWAT of rats in 

the OVX and OVX-MI groups (n = 7 rats per group). Total RNA was extracted using 

Tripure Reagent (Roche Diagnostic, Barcelona, Spain) and purified with Qiagen RNeasy 

Mini Kit spin columns (Izasa, Barcelona, Spain) 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 

> 5) and were used for the construction of next-generation sequencing (NGS) libraries. 

The subsequent NGS libraries were converted to FASTQ format using Illumina NovaSeq 

6000 in S4 flow cell mode (Illumina Way, California, USA). Gene abundance in all RNA-

seq data (in both raw counts and transcripts per million) was processed using the Kallisto 

pipeline [61] based on the Rattus norvegicus genome from Ensembl release version 107. 

The differential gene expression (DGE) analysis was performed using the 

R/Bioconductor package DESeq2 v1.40.2 [61], and the Benjamini–Hochberg false 

discovery rate (FDR) test was performed to manage false-positive outcomes. Only the 
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genes exhibiting an FDR-derived q-value less than 0.1 (adj. p value < 0.1) were 

recognized as DEGs. The resulting gene lists were annotated and filtered for significantly 

differentially up- and downregulated genes (adj. p < 0.1 and log2(fold change) > |0| or < 

|-0|, respectively). The log2(fold changes) for each gene were calculated using the R 

package Piano v2.16.0 (gene set statistic=reporter) [62]. Fold change values of the 

significant genes were calculated in Microsoft Excel from the log2(fold changes). The 

fold change equals the OVX-MI/OVX 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) [62]. 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 February 2024, version 

e110_eg57_p18_4b54a898) was applied to test functional enrichment analysis of 

significantly differentially expressed genes in biological process pathways [63]. 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 on 4 March 

2024). As processes overlapped, we consolidated them and assigned new names to better 

reflect their combined nature. The R package ggplot2 v3.4.4 [64] was used to create a 

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

R/Bioconductor package ComplexHeatmap v2.16.0 [65] was used to create a heatmap to 
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visualize significantly regulated KEGG pathways (adj. p < 0.05) in OVX-MI animals 

compared with their OVX counterparts. 

Statistical analyses 

Statistical analyses were performed with IBM SPSS Statistics 28.0 (SPSS, IBM Corp. 

Armonk, New York, USA). Grubbs' test was used to detect outliers, which were discarded 

from further analysis. The assumption of normality was determined using the 

Kolmogorov‒Smirnov test, and the homoscedasticity among groups was evaluated using 

Levene’s test. When one or both of these conditions were not met, the data were 

transformed to the base-10 logarithm to obtain a normal distribution and/or similar 

variances before statistical testing. One-way ANOVA followed by Duncan’s post hoc test 

(p value ≤0.05) were used to assess differences among the four groups in the variables 

analysed at one time point in the present study. The Welch test followed by the Games–

Howell post hoc test were used when homoscedasticity was not assumed. The Kruskal‒

Wallis test followed by the Mann‒Whitney U post hoc test were used as the 

nonparametric version of one-way ANOVA when the data did not follow a normal 

distribution. Differences among groups in the evolution of body weight (g), fat (%) and 

lean mass (%) on Days 1, 30 and 57 were analysed with repeated measures (RM-) 

ANOVA with time as a within-subject factor and intervention as a between-subject factor. 

When a significant interaction was found between both factors, one-way ANOVA 

followed by Duncan’s post hoc test were used to determine intervention-related 

differences at each time point among groups. The data are presented as the means  SEMs 

(n = 9-10). The level of statistical significance was set at bilateral 5%. 
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RESULTS 

Ovariectomy increased body weight gain and fat accretion and triggered metabolic 

alterations related to the postmenopausal state 

At the beginning of the study, two weeks after surgery, the removal of the ovaries led to 

a greater baseline body weight in the OVX animals than in their SHAM counterparts 

(Table 1). As expected [20], at the end of the study, the OVX group displayed increased 

food intake (Table 1) and decreased EE (Supplementary Table 1) compared to the SHAM 

group. This finding could explain, at least in part, the greater body weight, body weight 

gain, fat mass percentage and fat mass gain observed at the end of the study in the OVX 

group than in the SHAM group (Table 1 and Figures 1A-D). Consistent with the increased 

fat mass percentage observed in OVX rats, a significant increase in RWAT, MWAT and 

IWAT depots, as well as an increase in the adiposity index, were reported in these animals 

(Figures 2A-D). Concurrently, the OVX group exhibited a lower final lean mass 

percentage, a greater loss of lean mass and a lower lean-to-fat ratio (Figures 1E-G) than 

the SHAM group. Furthermore, untreated OVX animals displayed elevated circulating 

levels of leptin, adiponectin and insulin (Figures 2E-G) in addition to an increased 

HOMA-IR, a surrogate marker of IR [55], and leptin-to-adiponectin ratio (LAR), a good 

predictor of type 2 diabetes and MetS [66] (Figures 2H and 2I, respectively). In addition, 

according to the histological analyses of the RWAT, the removal of the ovaries also 

triggered adipocyte hypertrophy, increased the percentage of larger adipocytes and 

decreased the number of these cells in the OVX group (Figure 3). OVX rats also displayed 

higher hepatic levels of oxidized glutathione (GSSG) (Figure 4F) than did their SHAM 

counterparts. Aside from the metabolic changes observed, OVX rats had a lower TMD in 

the right femur and a lower BMD and TMB in the right tibia than SHAM animals (Table 

2). These results were accompanied by elevated circulating levels of the bone biomarkers 
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of formation and resorption, OC and CTX-1, respectively (Table 2). Taken together, these 

results clearly indicate that OVX rats exhibit different hallmarks that can appear in the 

postmenopausal state, such as body weight gain, fat mass accretion, adipocyte 

hypertrophy, IR and greater risks of CVD and osteoporosis, as was previously reported 

[20,67,68]. 

Table 1: Cumulative food intake and biometric and plasma parameters in sham-operated (SHAM) and 

ovariectomized (OVX) rats after 8 weeks of intervention 

  SHAM OVX OVX-E2 OVX-MI Intervention effect (p value) 

Cumulative Food Intake (g) 59.7 ± 0.4a 73.4 ± 1.9b 63.5 ± 2.7ac 67.7 ± 1.7bc I (<0.001) 

      

Biometric parameters      

Initial body weight (g) 338 ± 8a 412 ± 4b 407 ± 9b 414 ± 6b I (<0.001) 

Final body weight (g) 358 ± 7a 472 ± 12b 407 ± 15c 455 ± 12b I (<0.001) 
Liver (g) 9.8 ± 0.4 10.2 ± 0.3 10.0 ± 0.6 10.0 ± 0.2 NS (0.943) 

Caecum (g) 5.15 ± 0.15 6.05 ± 0.45 5.26 ± 0.19 5.45 ± 0.37 NS (0.206) 

Kidneys (g) 2.10 ± 0.07 1.96 ± 0.05 2.11 ± 0.10 1.98 ± 0.05 NS (0.348) 
Gastrocnemius (g) 2.19 ± 0.09a 2.57 ± 0.09b 2.43 ± 0.10b 2.65 ± 0.05b I (0.002) 

Soleus (g) 0.190 ± 0.007 0.202 ± 0.011 0.210 ± 0.011 0.202 ± 0.009 NS (0.562) 

       

Plasma parameters      

Glucose (mmol/L) 7.36 ± 0.30 7.77 ± 0.44 7.92 ± 0.15 7.83 ± 0.15 NS (0.343) 

TC (mmol/L) 3.73 ± 0.30 4.05 ± 0.12 3.52 ± 0.14 4.07± 0.15 NS (0.153) 
HDL-c (mmol/L) 2.79 ± 0.24 3.07 ± 0.16 2.96 ± 0.20 3.35± 0.11 NS (0.235) 

Non-HDL-c (mmol/L) 0.94 ± 0.07a 0.98 ± 0.12ab 0.57 ± 0.10c 0.73 ± 0.06bc I (0.009) 

TC/HDL-c Ratio 1.35 ± 0.02a 1.34 ± 0.06ab 1.21 ± 0.04bc 1.22 ± 0.01c I (0.001) 

Data are presented as the means  SEMs (n = 9-10). The serum concentrations of various parameters were determined 

at the end of the experiment. The TC/HDL-c ratio was calculated as the total cholesterol level divided by the HDL-c 

level. Different superscript lowercase letters (a, b, c) indicate significantly different mean values (one-way ANOVA 

and Duncan’s post hoc test or Welch’s test and Games–Howell post hoc test or Kruskal‒Wallis test and Mann‒Whitney 

U post hoc test, p < 0.05). I: the effect of the intervention. NS: nonsignificant differences. SHAM: sham-operated rats; 

OVX: ovariectomized rats; OVX-E2: OVX rats treated with 17β-oestradiol; OVX-MI: OVX rats supplemented with 

the multi-ingredient; TC: total cholesterol; HDL-c: high-density lipoprotein cholesterol; Non-HDL-c: non-high-density 

lipoprotein cholesterol. 

 

MI and 17β-E2 interventions decreased the body fat content and adipocyte hypertrophy 

and improved the body composition 

As expected, 17β-E2 administration significantly reduced the increase in body weight 

observed in the OVX group from Day 30 of intervention onwards (Figure 1A) and fully 

counteracted the body weight gain at the end of the experimental period (Figure 1B) [69]. 

These findings could be related, at least in part, to the lower food intake observed in the 

OVX-E2 group than in the OVX group (Table 1) [70]. OVX-MI animals displayed slight 

decreases in body weight and body weight gain, although the differences compared with 
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those in the OVX group were not statistically significant (Figures 1A and 1B). This lack 

of significant effects of MI consumption could be partly explained by the similar 

cumulative food intake observed between OVX-MI rats and their OVX counterparts 

(Table 1). Compared with OVX animals, both the MI group and the 17β-E2 injection 

group showed a significant progressive decrease in fat mass accretion, an effect that was 

statistically significant from Day 30 of intervention onwards (Figure 1C). This result 

indicated a significant decrease in fat mass accumulation in both OVX-MI and OVX-E2 

rats (30% and 69% lower, respectively) (Figure 1D). These findings are consistent with 

the significant decreases in RWAT weight (Figure 2A) and adiposity index (26% and 

14% lower in OVX-E2 and OVX-MI rats, respectively) (Figure 2D) observed in both 

groups of animals. Nevertheless, these antiadipogenic effects were more evident in the 

animals that received the 17β-E2 injections, which also displayed lower MWAT and 

IWAT weights than their OVX counterparts (Figures 2B & 2C, respectively). 

Remarkably, both MI supplementation and 17β-E2 injection effectively ameliorated the 

adipocyte hypertrophy observed in the RWAT of the OVX group to a similar extent 

(Figure 3A). An inverse pattern was reported for the number of adipocytes, which was 

significantly lower in the OVX group than in the OVX-MI and OVX-E2 groups (Figure 

3B). Consistent with these findings, representative RWAT histological images (H&E 

staining) revealed larger adipocytes and fewer adipocytes in the OVX group (Figure 3D) 

than in the OVX-E2 (Figure 3E) and OVX-MI (Figure 3F) groups. Furthermore, the 

adipocyte size distribution revealed a decrease in the percentage of larger adipocytes and 

an increase in the percentage of smaller adipocytes in the RWAT of both OVX-MI and 

OVX-E2 animals compared to those in the OVX rats, exhibiting a similar pattern to that 

observed in SHAM rats (Figure 3G). In this study, we also investigated the impacts of the 

interventions on the lean mass content and body composition. Both OVX-MI and OVX-
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E2 animals showed a greater lean mass content than their OVX counterparts from Day 

30 onwards (Figure 1E). Consequently, both groups exhibited less lean mass loss than did 

the OVX group (Figure 1F). In agreement with these findings, MI supplementation and 

17β-E2 treatment resulted in an increased lean/fat mass ratio compared to that of their 

OVX counterparts from Day 30 onwards (Figure 1G). 
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Figure 1 Body weight (A), Δ body weight (B), fat mass (C), Δ fat mass (D), lean mass (E), Δ lean mass (F) and lean/fat ratio (G) in sham-

operated (SHAM) and ovariectomized (OVX) rats after 8 weeks of intervention. The data are presented as the means ± SEMs (n = 10). Fat 

mass and lean mass weights (%) were calculated according to the formula (100* fat or lean/body weight) and are presented as a percentage 

of body weight. The lean/fat mass ratio was calculated as the lean mass divided by the fat mass. Changes in body weight, fat mass and lean 

mass were calculated as the differences between the final and initial values of these parameters and are depicted in the figures as Δ values. 

In Figures 1A, 1C, 1F and 1D, in which the evolution of the variables was analysed over time, the statistical comparisons among groups 

were conducted using RM-ANOVA. I: the effect of intervention, t: the effect of time, Ixt: the interaction between intervention and time (RM-

ANOVA, p<0.05). When a significant interaction was observed between both factors, one-way ANOVA followed by Duncan’s post hoc test 

or the Kruskal‒Wallis test and Mann‒Whitney U post hoc test (p < 0.05) were used to determine intervention-related differences at each 

time point among groups. In Figures 1B, 1D and 1F, in which the variables were only analysed at the end of the intervention period, one-

way ANOVA followed by Duncan's post hoc test or the Kruskal‒Wallis test and Mann‒Whitney U post hoc test (p < 0.05) were used to 

assess the effects of the intervention among the four groups. I: the effect of the intervention. In all the figures, different superscript lowercase 

letters (a, b, c, d) indicate significantly different mean values among the groups. SHAM: sham-operated rats, OVX: ovariectomized rats, 

OVX-E2: OVX rats treated with 17β-oestradiol, OVX-MI: OVX rats supplemented with the multi-ingredient. 
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Figure 2 Effects of ovariectomy, 17β-E2 injections and MI treatment on MWAT (A), RWAT (B), and IWAT (C) depot weights; the adiposity 

index (D); the circulating levels of leptin (E), adiponectin (F) and insulin (G); HOMA-IR (H); and the leptin/adiponectin ratio (I) in sham-operated 

(SHAM) and ovariectomized (OVX) rats after 8 weeks of intervention. The data are presented as the means  SEMs (n = 9-10). The adiposity 

index was computed as the sum of the IWAT, MWAT and RWAT depot weights (in grams) and is reported as a percentage of body weight. The 

leptin/adiponectin ratio was calculated as the circulating levels of leptin divided by the circulating levels of adiponectin. In each figure, different 

superscript lowercase letters (a, b, c) indicate significantly different mean values among groups (one-way ANOVA and Duncan’s post hoc test, p 

< 0.05). I: effect of the intervention. SHAM: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated with 17β-oestradiol, 

OVX-MI: OVX rats supplemented with the multi-ingredient. HOMA-IR: homeostasis model assessment-estimated insulin resistance; IWAT: 

inguinal white adipose tissue; MWAT: mesenteric white adipose tissue; RWAT: retroperitoneal white adipose tissue. 
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Size  

Figure 3 Effects of ovariectomy, 17β-E2 injections 

and MI treatment on adipocyte’s area (A), adipocyte’s 

number (B), representative micrographs of 

hematoxylin–eosin stained RWAT sections (bar = 100 

µm) (C-F, respectively) and adipocyte's size 

distribution (G) of SHAM, OVX, OVX-E2 and OVX-

MI groups after 8 weeks of intervention. Data are 

given as the mean  SEM (n = 8). In each figure, 

different superscript lowercase letters (a, b, c) indicate 

significantly different mean values among groups 

(one-way ANOVA and Duncan’s post hoc test or 

Kruskal‒Wallis test and Mann‒Whitney U post hoc 

test, p < 0.05). I: effect of intervention. SHAM: Sham-

operated rats, OVX: ovariectomized rats, OVX-E2: 

OVX rats treated with 17β-oestradiol, OVX-MI: OVX 

rats supplemented with the multi-ingredient. RWAT: 

retroperitoneal white adipose tissue. 
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MI intake improved the total cholesterol to HDL-c ratio, and 17β-E2 intervention 

decreased circulating non-HDL-c levels 

Although no significant differences were observed in the circulating levels of total 

cholesterol (TC) and HDL-c among groups (Table 1), MI supplementation resulted in a 

lower atherogenic TC/HDL-c ratio [71] in the OVX-MI group than in their OVX 

counterparts, and a similar result was found in the OVX-E2 group, although the 

differences were not statistically significant (Table 1). The OVX-E2 group exhibited 

significantly lower circulating levels of non-HDL-c than the OVX group (Table 1). 

Both MI and 17β-E2 treatments decreased the leptin-to-adiponectin ratio, and 17β-E2 

injections improved the surrogate marker of insulin resistance HOMA-IR 

In agreement with the decreased adiposity found in OVX-E2 rats and according to the 

well-known association between circulating levels of leptin and fat mass accretion [72], 

17β-E2 treatment resulted in a significant decrease in plasma leptin levels, an effect that 

was nuanced in the OVX-MI rats in which numerically lower values of this hormone were 

detected, although no significant differences were reported (Figure 2E). OVX-E2 animals 

also displayed decreased circulating levels of adiponectin, whereas no significant 

differences were observed between OVX and OVX-MI rats (Figure 2F). No significant 

changes were found in plasma glucose levels among the groups (Table 1). Remarkably, 

17β-E2 injections significantly counteracted the increases in the circulating levels of 

insulin (Figure 2G) and in the surrogate marker of IR, HOMA-IR, observed in OVX rats 

(Figure 2H) (28% and 38% lower, respectively, than those in the OVX group). MI intake 

produced decreases in both parameters (22% and 24% lower for plasma insulin levels and 

HOMA-IR, respectively, than in the OVX group), although the differences were not 

statistically significant (Figure 2G and 2H). Interestingly, both OVX-MI and OVX-2 rats 
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showed a significantly lower LAR than their OVX counterparts (Figure 2I). A correlation 

analysis between HOMA-IR and the LAR revealed a strong positive correlation (r = 

0.585, 95% CI = 0.330 to 0.760, p < 0.0005). This result suggested that an increased LAR 

could be associated with IR, as was previously reported [73,74]. Notably, our analysis also 

revealed significant correlations between the area and number of adipocytes and these 

metabolic parameters. Thus, strong positive correlations were observed between the 

adipocyte area and HOMA-IR (r = 0.672, 95% CI = 0.422 to 0.827, p < 0.0005) and 

between the adipocyte area and the LAR (r = 0.734, 95% CI = 0.517 to 0.862, p < 0.0005). 

Conversely, strong inverse correlations were found between the number of adipocytes 

and the HOMA-IR score (r = -0.583, 95% CI = -0.774 to -0.294, p < 0.0005) and between 

the number of adipocytes and the LAR (r = -0.596, 95% CI = -0.782 to -0.312, p < 

0.0005). 

MI supplementation reduced the plasma levels of the inflammatory marker CRP, and 

17β-E2 injections increased the urinary levels of the marker of oxidative damage of 

DNA 8-OHdG 

Concerning the levels of proinflammatory biomarkers analysed in plasma, no significant 

changes were observed in the circulating levels of the chemokine MCP-1 among the 

groups (p= 0.238, one-way ANOVA). Subsequent pairwise comparisons revealed that 

plasma MCP-1 concentrations tended to increase in OVX rats compared to those in their 

SHAM counterparts (34.1% higher; p=0.099, Student’s t test), and both the E2 and MI 

treatments counteracted this increase, although the differences were not statistically 

significant with respect to their OVX counterparts (22.2% and 18.5% lower, p=0.118 and 

p=0.102, respectively, Student’s t test) (Figure 4A). In addition, an inverse correlation 

was observed between the adipocyte number and MCP1 levels (r = -0.395, 95% CI = -

0.653 to -0.053, p < 0.0005). Although the circulating levels of the acute proinflammatory 
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marker CRP did not increase in OVX rats compared with SHAM rats, the animals that 

received the MI displayed lower circulating levels of this protein than their OVX 

counterparts (Figure 4B). Intriguingly, OVX-E2 rats showed a sharp increase (146% 

higher compared with OVX animals) in the urinary levels of the marker of oxidative 

damage of DNA 8-OHdG [75] (Figure 4C), an effect that was not observed in response to 

MI supplementation. Although no changes in total GSH levels, reduced GSH levels or 

the GSH/GSSG ratio were detected among the groups (Figure 4D, 4E & 4G, 

respectively), all three ovariectomized groups exhibited significantly higher hepatic 

levels of oxidized GSH than their SHAM counterparts, and any treatment could 

counteract this increase caused by ovariectomy (Figure 4F). 

 

Figure 4 Effects of ovariectomy, 17β-E2 injections and MI treatment on the circulating levels of MCP-1 (A) and CRP (B); urinary 8-OHdG 

concentrations (C); total GSH (D), reduced GSH (E) and oxidized GSH levels in the liver (F); and the hepatic GSH/GSSG ratio (G) in sham-

operated (SHAM) and ovariectomized (OVX) rats after 8 weeks of intervention. The GSSG/GSH ratio was calculated as the oxidized GSH level 

divided by the reduced GSH level. The data are presented as the means  SEMs (n = 9-10). 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 or Kruskal‒Wallis test and Mann‒

Whitney U post hoc test, p < 0.05). I: effect of the intervention. SHAM: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated 

with 17β-oestradiol, OVX-MI: OVX rats supplemented with the multi-ingredient. MCP-1: monocyte chemoattractant protein-1; CRP: C-reactive 

protein; 8-OHdG: 8-hydroxy-2'-deoxyguanosine; GSH: glutathione; GSSG: oxidized glutathione. 
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17β-E2 injections increased the bone mineral content in the tibia and counteracted the 

increase in the level of the biochemical marker of bone turnover osteocalcin induced 

by ovariectomy 

No significant changes in the weight or length of either femurs or tibias were found among 

the groups (Table 2). According to the μCT analyses performed on the right femur, no 

significant changes in BMD, BMC or TMC were observed among the groups (Table 2). 

However, 17β-E2 treatment resulted in an increased TMD in the femur, consistent with 

the effects of ovariectomy on the OVX group (Table 2). Moreover, μCT analyses of the 

right tibia revealed that 17β-E2 administration increased the BMC and TMC compared 

to those in the OVX group (Table 2). Concerning the circulating levels of the biomarkers 

of bone turnover, 17β-E2 injections counteracted the increase observed in the level of the 

biomarker of bone formation OC in the OVX animals and decreased the circulating levels 

of the bone resorption biomarker CTX-1, but the latter effect was not statistically 

significant (12.6% lower, p=0.188 compared with OVX rats, Student’s t test) (Table 2). 

Conversely, MI consumption did not improve μCT-related parameters in either the femur 

or tibia and did not change the circulating levels of bone turnover biomarkers (Table 2). 
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Table 2: Bone-related parameters in sham-operated (SH) and ovariectomized (OVX) rats after 8 weeks of 

intervention 

  SHAM OVX OVX-E2 OVX-MI Intervention effect 

Biometric parameters      

Femurs (g) 2.26 ± 0.04 2.38 ± 0.06 2.28 ± 0.05 2.31 ± 0.04 NS (0.350) 

Femurs (cm) 3.80 ± 0.03 3.88 ± 0.03 3.83 ± 0.03 3.91 ± 0.03 NS 0.058) 

Tibias (g) 1.82 ± 0.03 1.93 ± 0.05 1.89 ± 0.04 1.91 ± 0.04  NS (0.282) 
Tibias (cm) 1.21 ± 0.04 0.93 ± 0.04 1.09 ± 0.02 0.97 ± 0.02  NS (0.304) 

      

Microcomputed tomography analyses (μCT)    
BMD (mg/cc) 356 ± 14 328 ± 14 343 ± 9 312 ± 10 NS (0.074) 

TMD (mg/cc) 1020 ± 14a 936 ± 10b 977 ± 19c 920 ± 12b I  (<0.001) 

BMC (mg) 142 ± 6 140 ± 3 145 ± 4 138 ± 3 NS (0.717) 
TMC (mg) 137 ± 6 135 ± 3 139 ± 4 132 ± 2 NS (0.790) 

      

Right tibia (μCT)      
BMD (mg/cc) 271 ± 15a 224 ± 8b 228 ± 11b 201 ± 7b I (0.003) 

TMD (mg/cc) 900 ± 24a 793 ± 9bc 838 ± 21b 779 ± 11c I (<0.001) 

BMC (mg) 140 ± 5ab 134 ± 3b 153 ± 7a 134 ± 4b I (<0.001) 
TMC (mg) 135 ± 5ab 128 ± 2b 147 ± 6a 127 ± 4b I (0.015) 

      

Plasma parameters      

OC (ng/mL) 114 ± 10a 209 ± 24b 137 ± 4a 245 ± 14b I (<0.001) 

CTX-1 (ng/mL) 14.4 ± 1.3a 22.0 ± 1.1bc 19.2 ± 1.7b 23.5 ± 1.5c I (<0.001) 

PINP (ng/mL) 7.94 ± 0.66 11.10 ± 1.51 8.22 ± 0.36 8.29 ± 0.50 NS (0.463) 

Data are presented as the means  SEMs (n = 9-10). The circulating levels of the biomarkers of bone turnover in serum 

were determined at the end of the experiment. Microcomputed tomography analyses of the right femur and tibia were 

quantified from MicroCT scans using GE MicroView software v2.2. Different superscript lowercase letters (a, b, c) 

indicate significantly different mean values (one-way ANOVA and Duncan’s post hoc test, p < 0.05). I: effect of the 

intervention. NS: nonsignificant differences. SHAM: sham-operated rats; OVX: ovariectomized rats; OVX-E2: OVX 

rats treated with 17β-oestradiol; OVX-MI: OVX rats supplemented with the multi-ingredient; OC: osteocalcin; CTX-

1: carboxy-terminal telopeptide of type I collagen; PINP: procollagen I amino-terminal propeptide; BMD: bone mineral 

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

 

Transcriptional changes in the RWAT of ovariectomized rats after MI supplementation 

We performed a transcriptomic analysis of RWAT samples from OVX and OVX-MI 

animals to provide insights into the mechanisms underlying the antiadiposity effects on 

OVX-MI rats. KEGG pathway analysis of all the gene expression data revealed that the 

most significantly affected (downregulated) pathways encompassed a comprehensive 

range of immune, inflammation and defence processes, including the T-cell and B-cell 

receptor signalling pathways, cytokine‒cytokine receptor interactions and chemokine 

signalling pathways, among others (Figure 5A). Other frequently classified processes 

included cytoskeleton and cellular networks, such as focal adhesion and extracellular 

matrix (ECM) receptor interaction, as well as pathways related to the degradation of 

cellular components, such as the proteasome, endocytosis and lysosome (Figure 5A). 

Furthermore, glycoconjugate and lipid metabolism, as well as pathways related to glucose 
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homeostasis, were also affected (Figure 5A). The differential gene expression (DGE) 

analysis revealed 188 genes that were differentially regulated between OVX and OVX-

MI animals, many of which (62.8%, 118 genes) were downregulated (Figure 5B). 

Furthermore, hierarchical clustering analysis based on the significantly differentially 

expressed genes revealed distinct clustering patterns between the OVX and OVX-MI 

groups (Figure 5C). Of these 188 genes, 14 were unknown and therefore could not be 

grouped into any pathway. The 174 remaining known genes were distributed into 

different biological processes according to the information obtained via KEGG pathway 

analysis, enrichment analyses using the g:Profiler program, and information obtained 

from the scientific literature and various biological databases (NCBI, PubMed and 

Human Protein Atlas) (Figure 5D). The most representative biological processes were 

cell proliferation, differentiation and death, cytoskeleton and cellular network, and 

immunity, inflammation and response to stress (Figure 5D). Other biological processes 

that were also affected included energy homeostasis, carbohydrate and lipid metabolism, 

transport of small molecules (ions, amino acids and vitamins) and protein processing and 

ubiquitination (Figure 5D). The pathways related to these biological processes, as well as 

the most representative genes belonging to these pathways, are included in Table 3. The 

patterns of expression of many of these genes are analysed in the Discussion section. 
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Figure 5 Transcriptional changes in RWAT of OVX 

and OVX-MI rats (n =7 per group) after 8 weeks of 

intervention. Figure 4A, heatmap visualizing 

significantly regulated KEGG pathways (adj. p < 

0.05) in OVX-MI group in comparison with OVX 

group. The colour scale represents negative log10 

scaled adjusted p values of different directionality 

regulation classes. The non-directional adjusted p 

values were computed from the gene statistics 

disregarding the direction of expression. Mix-

direction down and mix-direction up adjusted p values 

were computed by considering the segment of the 

gene statistics that are downregulated and 

upregulated, respectively. Distinct-directional 

adjusted p values were calculated using expression 

direction along with gene statistics. The distinct-

direction up adjusted p values were exclusively 

influenced by the upregulation of genes. By contrast, 

distinct-direction down adjusted p values were 

influenced by downregulation of genes and not 

influenced by upregulation and downregulation 

together. Figure 4B, volcano plot visualizing gene 

expression changes in RWAT of OVX-MI rats versus 

OVX animals. Significant down and up genes 

regulated were highlighted with an adj. p < 0.1 and a 

log2 (Fold-Change) ≤ -1 or ≥ 1 in green and red colour, 

respectively. Statistical significance was tested using 

DESeq2. Figure 4C, heatmap visualizing expression 

pattern of the 188 significant genes with an adj. p < 

0.1 represented by Z score transformed log2 counts 

per million. Column annotation represents 

intervention groups OVX and OVX-MI. Figure 4D, 

classification into biological processes of the genes 

affected by MI consumption. All known genes (188) 

differentially expressed (adj. p < 0.1) between the 

OVX-MI and OVX animals were classified using the 

g:Profiler, KEGG, biological databases (NCBI, 

human protein atlas) and the scientific literature. 

OVX: Ovariectomized rats; OVX-MI: OVX rats 

supplemented with the Multi-Ingredient; KEGG: 

Kyoto Encyclopaedia of Genes and Genomes; 

RWAT: retroperitoneal white adipose tissue.  
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Table 3: Functional categorization of differentially expressed genes in the RWAT of OVX-MI rats 

Biological process Main-related pathway Gene name 
Gene 

symbol 
Gene ID FC 

Adj. p 

value 

Immunity, 

inflammation and 

response to stress 

Cytokine mediated 

inflammation 

Interleukin 1 beta Il1b 24494 -2.11 0.095 

Fas ligand Faslg 25385 -1.63 0.077 

Prostaglandin-endoperoxide synthase 2 Ptgs2 25526 -1.90 0.087 

Chemokine mediated 

inflammation 

C-X-C motif chemokine ligand 2 Cxcl2 114105 -7.19 0.022 

C-C motif chemokine receptor 7 Ccr7 287673 -2.97 0.001 

Immune cell-cell 

communication 

Cd5 molecule-like Cd5l 310693 -3.95 0.099 

Cd28 molecule Cd28 25660 -1.67 0.030 

C-type lectin domain family 4, member A2 Clec4a2 297584 -3.56 0.000 

Signalling Fc gamma receptor 1A Fcgr1a 295279 -1.58 0.032 

Spi-B transcription factor Spib 499146 -2.84 0.032 

Bruton tyrosine kinase Btk 367901 -1.46 0.093 

Lipid metabolism Fatty acid metabolism Fatty acid binding protein 3 Fabp3 79131 -2.20 0.086 

Acyl-coa thioesterase 4 Acot4 681337 1.56 0.088 

Sterol metabolism Cytochrome P450, family 11, subfamily a, polypeptide 1 Cyp11a1 29680 -1.65 0.053  
Oxidized low density lipoprotein receptor 1 Olr1 140914 -3.35 0.030  
Vacuole membrane protein 1 Vmp1 192129 -1.30 0.059 

Phospholipid 

metabolism 

Sphingomyelin synthase 2 Sgms2 310849 -1.58 0.002 

Sphingomyelin phosphodiesterase 3 Smpd3 94338 -1.68 0.041 

Carbohydrate 

metabolism 

Glucose and insulin 

homeostasis 

Growth factor receptor bound protein 14 Grb14 58844 -1.51 0.030 

Gamma-aminobutyric acid type A receptor subunit gamma 3 Gabrg3 79211 1.82 0.084 

Zinc finger protein 407 Zfp407 307213 1.23 0.010  
Glucagon receptor Gcgr 24953 2.82 0.022 

Cell proliferation, 

differentiation and 

death 

Cell fate determination 

and differentiation 

Fosb proto-oncogene, AP-1 transcription factor subunit Fosb 100360880 -2.78 0.000 

Fos proto-oncogene, AP-1 transcription factor subunit Fos 314322 -2.46 0.032 

Cellular communication network factor 5 Ccn5 29576 -4.51 0.032  
Mesenteric estrogen-dependent adipogenesis Medag 360757 -1.40 0.062  
GLI pathogenesis-related 1 Glipr1 299783 -1.62 0.030  
Growth differentiation factor 10 Gdf10 79216 -1.83 0.099  
Activating transcription factor 5 Atf5 282840 -1.46 0.023  
Secreted frizzled-related protein 2 Sfrp2 310552 -1.63 0.010  
Bone morphogenetic protein 2 Bmp2 29373 -1.30 0.019  
Snail family transcriptional repressor 1 Snai1 1164903 -1.43 0.100  
Early growth response 2 Egr2 114090 -1.91 0.068  
V-set immunoregulatory receptor Vsir 690899 -1.30 0.068  
Tax1 binding protein 3 Tax1bp3 360564 -1.28 0.088  
Activating transcription factor 3 Atf3 25389 -1.51 0.092  
Early growth response 1 Egr1 24330 -1.50 0.037 

Cell proliferation Marker of proliferation Ki-67 Mki67 291234 -1.46 0.030 

Cell death - Apoptosis Niban apoptosis regulator 2 Niban2 362115 -1.19 0.061  
BCL2-related protein A1 Bcl2a1 170929 -1.73 0.055 

Cytoskeleton and 

cellular network 

Extracellular matrix 

(ECM) organization 

Thrombospondin 2 Thbs2 292406 -1.69 0.032 

Secreted protein acidic and cysteine rich Sparc 24791 -1.32 0.041 

Lysyl oxidase Lox 24914 -1.63 0.011 

Htra serine peptidase 1 Htra1 65164 -1.15 0.063 

Camp responsive element binding protein 3-like 1 Creb3l1 362165 -1.35 0.087 

Biglycan Bgn 25181 -1.51 0.084 

TIMP metallopeptidase inhibitor 1 Timp1 116510 -2.40 0.012 

Collagen type I alpha 2 chain Col1a2 84352 -1.47 0.096 

Collagen type V alpha 1 chain Col5a1 85490 -1.23 0.066 

Collagen type V alpha 2 chain Col5a2 85250 -1.21 0.041 

Serpinh1 serpin family H member 1 Serpinh1 29345 -1.32 0.002 

Regulation of actin 

cytoskeleton 

Lymphocyte cytosolic protein 1 Lcp1 306071 -1.52 0.092 

Profilin 1 Pfn1 64303 -1.25 0.068 

Cell adhesion FERM domain containing kindlin 3 Fermt3 309186 -1.52 0.099  
Cadherin 11 Cdh11 84407 -1.87 0.065 

Cytoskeletal filaments Actin, beta Actb 81822 -1.23 0.048 

Energy homeostasis Mitochondrial ATP 

system/oxidative 

phosphorylation 

Uncoupling protein 2 Ucp2 54315 -1.24 0.054 

Cytochrome c oxidase II, mitochondrial Mt-co2 26198 1.44 0.022 

NADH dehydrogenase 5, mitochondrial Mt-nd5 26202 1.40 0.075 

NADH dehydrogenase 6, mitochondrial Mt-nd6 26203 1.43 0.013 

NUBP iron-sulfur cluster assembly factor like Nubpl 299008 1.37 0.061 

Cellular energy sensing Nicotinamide nucleotide adenylyltransferase 2 Nmnat2 289095 1.66 0.030 

Abbreviations: RWAT, retroperitoneal white adipose tissue; FDR, false discovery rate; MI, multi-ingredient; OVX, ovariectomized rats. FC: fold changes 

in OVX-MI vs. OVX animals. The + symbol indicates upregulation, and the - symbol indicates downregulation in the OVX-MI animals. Genes with FDR-

derived adj. p value < 0.1 from the microarray data analysis are shown. 
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MI and 17β-E2 treatments did not increase energy expenditure or substrate oxidation 

No significant variations were identified either in the RQ or in fat and carbohydrate 

oxidation among the groups (Supplementary Table 1). A lower EE was observed in both 

OVX and OVX-MI animals than in their SHAM counterparts, after considering the whole 

21-hour period and both the light and dark phases separately (Supplementary Table 1). A 

comparable pattern was observed in the animals that received the 17β-E2 injections, 

although the differences were not statistically significant compared to the SHAM animals 

across the entire 21-hour period and the dark phase (Supplementary Table 1). 

MI and 17β-E2 treatments did not affect anxiety-like behaviours or short-term memory 

Rats were subjected to the EPM test to evaluate their anxiety-like behaviours and the 

effects of MI and 17β-E2 treatments/intervention. Behaviour in the open arms is 

indicative of anxiety in the animal, with a large amount of time and entries into the open 

arms indicating low anxiety [58], while the distance travelled in the enclosed arms is 

considered a measure of locomotion [76]. No significant differences in any anxiety-like 

behaviour-related parameters were detected in the percentage of entries (in the open and 

enclosed arms, OAE % and EAE %, respectively) or in the time spent (in the central zone, 

open arm and enclosed arm, CT %, OAT % and EAT %, respectively) among the groups 

(Supplementary Figures 1A and 1B). Animals were also challenged with the Y-maze to 

evaluate their short-term spatial reference memory and the effects of MI and 17β-E2 

treatments. This test is based on the natural drive due to the innate curiosity of rodents to 

explore novel environments, and a rat with no preference for any of the arms during the 

testing session is classified as having poor spatial memory [60]. No differences were 

detected among the experimental groups in terms of the percentage of entries and time 

spent in the novel arm (novel arm preference index (%)) or spontaneous alternation (%) 

(Supplementary Figures 1C-E). These data indicate that ovariectomy did not produce 
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alterations in behaviour-related parameters, unlike what was previously described [77,78], 

and this result could partially explain the lack of beneficial effects of MI consumption or 

17β-E2 injections on anxiety-related behaviours and short-term memory. 

DISCUSSION 

In this study, we examined the effects of 8 weeks of supplementation with the MI 

containing histidine, carnosine, cysteine and serine on menopause-related complications 

in OVX rats, a well-established preclinical model of postmenopausal oestrogen 

deficiency. We found that this treatment exerted beneficial effects on obesity and 

immunometabolic-related alterations, including (1) decreased adiposity and RWAT 

adipocyte hypertrophy, (2) improved body composition, as evidenced by the increased 

lean body mass and lean/fat mass ratio, (3) reduced leptin-to-adiponectin and cholesterol 

to HDL-cholesterol ratios, (4) decreased circulating levels of the proinflammatory marker 

CRP, and (5) improved RWAT gene expression profile towards better adipocyte 

structure, morphology and immunometabolic function. Overall, these findings confirmed 

our hypothesis and highlighted the potential of the consumption of this amino acid-related 

MI as an alternative therapy for managing obesity and improving immunometabolic 

health in menopausal women. 

Many postmenopausal women experience changes in body composition and a 

redistribution of body fat towards increased fat accumulation in the abdominal region. 

These changes may lead to the appearance of metabolic disturbances, increasing the risks 

of MetS and CVDs [6,8]. The reduced adiposity observed in OVX rats supplemented with 

the MI compared to their OVX counterparts shown herein could be attributed, at first 

glance, to the protective effect on obesity that has been previously reported for different 

amino acids, including histidine and carnosine, and, to a much lesser extent, for serine 
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and cysteine, in both animal models and humans [30,36,37]. Nevertheless, to the best of our 

knowledge, very limited data are available regarding the antiobesity effects of these four 

bioactive compounds administered alone or in combination on OVX rodent models. To 

the best of our knowledge, only one study has focused on the effects of a 5-day treatment 

with histidine between nonovariectomized and OVX rats in the context of obesity, 

reporting a lower suppressive effect on food intake in OVX animals than in their 

counterparts and suggesting the activation of histamine neurons as a possible potential 

mechanism to explain the described effects [79]. The decreased EE reported in OVX rats 

compared to their SHAM counterparts was consistent with numerous studies showing 

that the body weight gain accompanied by progressive fat accretion occurring in 

menopausal and postmenopausal women can be associated with a decreased EE [80–82]. In 

the present study, a reasonable speculation was that supplementation with the MI could 

mitigate fat mass gain through the enhancement of EE and the inhibition of food intake, 

two well-established mechanisms by which different bioactive compounds could exert 

their beneficial effects [81]. In this context, two studies showed that the intake of histidine 

decreased food intake, which was accompanied by decreased RWAT weight in aged male 

Wistar rats [83,84]. Furthermore, López-Gonzales et al. showed that serine supplementation 

increased EE by activating brown fat thermogenesis in high-fat diet-fed C57BL/6N-Rj 

male mice [85], and long-term L-serine administration for 6 months to aged C57BL/6J 

mice significantly reduced food intake and body weight gain [33]. In our study, the lack of 

effects on food intake and EE observed in OVX-MI versus OVX rats indicated that the 

modulation of these processes was not the mechanism underlying the antiobesity effects 

observed in response to MI consumption. 

The effect on fat mass accretion reported in the OVX-MI animals, although significant, 

was weaker than we observed in response to 17β-E2 injections. This superior effect 
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observed on OVX-E2 animals could be attributed to their decreased EE and food intake, 

two effects that were previously described [20,86,87] and that also contributed to explaining 

the clear decrease in body weight and body weight gain observed in response to this 

pharmacological treatment, which was not significantly reported after MI consumption. 

Remarkably, both groups of treated rats displayed a lower loss of lean mass (expressed 

as a percentage of body weight) than their OVX counterparts over time, which is 

indicative of greater muscle mass accretion [88] and explains, at least in part, why the 

decreased adiposity reported after MI consumption was not accompanied by significantly 

lower body weight in OVX-MI rats. The increased lean/fat mass ratio found in both OVX-

MI and OVX-E2 animals reinforces the idea that both 17β-E2 injections and MI 

consumption promoted a shift towards a healthier body composition in ovariectomized 

rats [89,90], which was previously described by our group in response to other bioactive 

compounds [20]. 

The hypertrophy observed in the RWAT of OVX animals compared to that in their SHAM 

counterparts, which was accompanied by increased circulating levels of insulin, HOMA-

IR and LAR, a reliable biomarker of MetS and diabetes risk, is consistent with scientific 

evidence indicating that WAT hypertrophy is associated with IR and inflammation [91]. 

Thus, the lower RWAT hypertrophy observed in both OVX-E2 and OVX-MI animals 

compared to OVX rats could explain, at least in part, the improved metabolic health 

observed in both groups of animals, as evidenced by the significant decrease in the LAR 

and by the lower circulating levels of insulin (28.2% and 22.1% in OVX-E2 and OVX-

MI rats, respectively) and HOMA-IR (38.4% and 23.6% in OVX-E2 and OVX-MI rats, 

respectively), although the differences in these two latter parameters were statistically 

significant only for the rats that received the E2 injections. Although these correlations 

do not imply causality, the strong positive correlations found between HOMA-IR/LAR 
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and the adipocyte area of the RWAT in all the animals included in the study, as well as 

the decreased circulating CRP levels reported in OVX-MI rats, also suggest an 

improvement in the immunometabolic health of the rats supplemented with the MI. 

Our transcriptomic analysis of the RWAT of both OVX and OVX-MI animals reinforced 

our hypothesis that decreased hypertrophy in response to MI supplementation is 

associated with an immunometabolic benefit. Thus, the increased mRNA levels of the 

gene encoding ZFP407, which stimulates insulin-mediated glucose uptake in adipocytes 

and protects against adipocyte hypertrophy and IR in mice [92], as well as the 

overexpression of the gene encoding GABRG3, a γ-aminobutyric acid (GABA) receptor 

that mediates the antiadipogenic, antidiabetic and anti-inflammatory effects of GABA 

[93,94], which is found in the RWAT of OVX-MI animals, are consistent with this idea. We 

also detected marked overexpression of Gcgr, a gene that encodes the glucagon receptor, 

which is expressed (at low levels) in WAT and mediates both lipolysis and glucose uptake 

induced by glucagon in adipocytes. Remarkably, in humans, GCGR expression was 

positively associated with a reduction in both the visceral and subcutaneous WAT volume 

and with improved insulin sensitivity, and in rodents, GCGR activation protected against 

obesity [95,96]. The decreased expression of grb14, a negative regulator of the insulin 

receptor signalling pathway that is overexpressed in the WAT of obese animals and 

humans and/or in individuals with type 2 diabetes [97–99], in the RWAT of OVX-MI 

animals supports our hypothesis. 

Obesity is characterized by increased collagen production in WAT, which can be 

interpreted as an adaptative response to fat mass accretion, requiring the remodelling of 

the ECM to support adipocyte growth [100–102]. Thus, the downregulation of the genes 

encoding the collagens COL1A2, COL5A1, and COL5A2 observed in the RWAT of 

OVX-MI rats, the levels of which were increased in the epidydimal WAT of obese and 
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type II diabetic db/db mice [100]
, is consistent with the protective effect on hypertrophy 

observed in response to the consumption of this blend of amino acid-related compounds. 

The lower creb3l1, bmp2, lox, timp1, sparc, bgn and htra1 expression levels reported in 

our study reinforce this idea. Thus, CREB3L1 is a transcription factor that can be 

activated by BMP2, which induces the expression of col1a1, col5a1 and possibly col1a2 

[103]. LOX is a protein that enhances collagen crosslinking in the ECM and enhances 

adipocyte tissue stiffness, and its activity and mRNA and protein levels are increased in 

adipocytes and adipose tissue macrophages (ATMs) of both mice and humans with 

obesity [104,105]. Bariatric surgery decreased LOX expression in both subcutaneous WAT 

and peripheral blood mononuclear cells, and macrophage depletion ameliorated obesity‐

induced LOX and WAT stiffening [104], which is in agreement with the beneficial effect 

associated with LOX downregulation. The levels of the tissue inhibitor of matrix 

metalloproteinase 1 (TIMP1), which suppresses the transformation of the ECM, were 

increased in both the WAT [106,107] and serum [106] of obese mice. In addition, timp1 mRNA 

levels are positively correlated with gonadal fat weight [107], and diet-induced obese mice 

lacking TIMP1 displayed smaller adipocyte diameters than their wild-type counterparts 

[108]. Similarly, the expression of the gene encoding SPARC, an ECM-related protein 

involved in adipose tissue remodelling and fibrosis due to its role in collagen assembly, 

was increased in animal models and humans with obesity [109–111], and SPARC mRNA and 

circulating protein levels were positively correlated with BMI in humans [110,111] and with 

waist circumference and total adipose tissue area in women [111]. Furthermore, the mRNA 

levels of the gene encoding biglycan (BGN), which interacts with collagens and elastins 

in the ECM, were higher in both subcutaneous and visceral adipose tissues from obese 

women than in those from normal-weight women and were positively correlated with 

BMI, adipocyte size and total adipose tissue area [112]. OVX-MI rats also displayed 
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significantly decreased RWAT expression of the gene encoding a serine protease present 

in WAT, HTRA1, which plays a key role in ECM turnover in WAT [113]. Treatment of 

mesenchymal stem cells (MSCs) undergoing adipogenesis with exogenous HTRA1 

impaired their development into lipid-laden adipocytes and provoked a loss of important 

ECM components [113]. Overall, the downregulation of these ECM-related genes could be 

interpreted as a favourable adaptative response to the adipocyte hypertrophy observed in 

response to MI supplementation. The decreased mRNA levels of serpinh1, which encodes 

the collagen-specific molecular chaperone HSP47 that protects PPARγ from proteasomal 

degradation, are also consistent with this idea. Thus, HSP47 expression increases with 

obesity and in response to insulin and is positively correlated with BMI, fat mass, and 

waist and hip circumferences in humans, and pharmacological inhibition of HSP47 and 

knockout of serpinh1 in mice results in decreased adiposity [114]. Interestingly, both 

SPARC mRNA and circulating protein levels positively correlated with fasting insulin 

levels and HOMA-IR [109,110], and sparc gene expression with CRP [109] in humans with 

obesity, and TIMP1-injected mice displayed IR [106]. Furthermore, increased levels of the 

proinflammatory proteins TNF-α, IL-6 and MCP-1 and decreased IL-10 concentrations 

were reported in 3T3-L1 adipocytes overexpressing SPARC [109]. In addition, biglycan 

mRNA levels are positively correlated with the expression of inflammation-related genes 

such as TNFα and CD68, mainly in VAT, and with the circulating levels of CRP, insulin, 

HOMA-IR and leptin in women [112]. These results suggest that the decreased sparc, 

timp1, and bgn expression observed in the RWAT of OVX-MI rats could partly account 

for the improvements in adipocyte structure, morphology and immunometabolic function 

observed in the present study in response to MI supplementation. Furthermore, the 

decreased expression of genes involved in cytoskeletal organization (actb, lcp1, and pfn1) 

[115] and cell adhesion (fermt3 and cdh11), the mRNA and/or protein levels of which 
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increase with obesity [115,116], are positively correlated with adipocyte size [117] and 

negatively associated with WAT inflammation and glucose and insulin homeostasis 

[115,116,118], supporting our hypothesis. 

The sharp downregulation of the mRNA levels of genes mainly expressed in 

hypertrophied WAT by ATMs and encoding proteins involved in cytokine (IL1B, FASLG, 

and PTGS2)- and chemokine (CXCL2, CCR7)-mediated inflammation, whose levels 

were increased in WAT in the obese state [119–123] and correlated with macrophage 

infiltration and adipocyte size in visceral WAT [120], strongly suggested that MI 

consumption ameliorated the low-grade inflammation in WAT that occurred as a 

consequence of the fat accretion produced in OVX rats after ovariectomy. The decreased 

cd5l, fcgr1a, spib and btk expression levels found in the RWAT of OVX-MI animals 

reinforce this idea. Notably, cd5l encodes the apoptosis inhibitor of macrophages 

(AIM)/CD5L, which plays an important role in the crosstalk between adipocytes and 

macrophages, activating the TLR-4 pathway in individuals with obesity and, therefore, 

triggering the secretion of proinflammatory chemokines, such as MCP-1, to induce the 

recruitment of proinflammatory M1 macrophages to WAT [124]. Interestingly, human 

macrophages stimulated with PC:CRP, which is formed by the binding of CRP to 

phosphocholine—PC—moieties, exhibited increased secretion of proinflammatory 

cytokines (TNF, IL-1β, and IL-23) in combination with TLRs, identifying Fcγr1a as one 

of the main receptors that triggers PC:CRP-induced inflammation [125]. Relatedly, gene 

regulatory network analyses performed using gene expression data obtained from 

periaortic adipose tissue (PAT) samples from patients with abdominal aortic aneurysm 

(AAA) identified SPIB as one of the main transcription factors regulating key genes 

involved in the TLR and Fcγ receptor signalling pathways [126]. Based on these results, 

the modulation of SPIB to downregulates Fc receptor signalling was proposed as a 
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potential therapeutic strategy to ameliorate inflammation induced by the AAA PAT [126]. 

The downregulation of the gene encoding BTK, a kinase that enhances the 

proinflammatory response in macrophages through NF‐κB and NLRP3 inflammasome 

activity and is overexpressed in diet-induced obese mice [127] and patients with obesity 

and diabetes [128], provides additional scientific evidence supporting our hypothesis. Thus, 

the inhibition of BKT signalling promoted an anti-inflammatory M2-like phenotype in 

macrophages through the activation of oxidative phosphorylation (OxPhos) via the 

upregulation of different genes related to the mitochondrial electron transport chain, 

including mt-co2 [128], which was also overexpressed in the present study. The 

significantly higher expression of three additional genes related to mitochondrial 

respiratory chain complex I (mt-nd5, mt-nd6 and nubpl) in OVX-MI animals than in their 

OVX counterparts suggests, at first glance, an immune-related benefit of the MI in RWAT 

by enhancing the M2-like phenotype in macrophages through the activation of OxPhos, 

although additional research is needed to shed more light on this issue. In addition to 

ATMs, adaptative immune cells, such as T cells, can also play an important role in early 

inflammatory responses in WAT during obesity [129]. Relatedly, the downregulation of the 

gene encoding CD28, which is the strongest T-cell costimulatory molecule in naïve T 

cells, would be consistent with a protective anti-inflammatory effect produced in response 

to MI supplementation since diet-induced obese CD28 knockout mice displayed reduced 

levels of proinflammatory cytokines in the EWAT [129]. 

Another interesting result of this study is the decreased expression of the gene encoding 

the ECM-related protein TSP2 (also known as THBS2), which has been shown to have 

an inhibitory effect on adipogenesis [130], as was also described for SPARC [131]. 

Furthermore, both SPARC [131] and TIMP1 [132] negatively regulate adipogenesis through 

the Wnt signalling pathway, an effect that has also been reported for the gene encoding 
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WISP2 (ccn5), a member of the Wnt1 inducible signalling pathway [133]. Therefore, a 

reasonable speculation is that, at first glance, MI supplementation would activate 

adipogenesis in the RWAT of OVX-MI rats at least in part due to the inhibition of this 

pathway, which would be evidenced by the decreased mRNA levels of sparc, timp1 and 

ccn5. The observed downregulation of the genes encoding the transcription factors ATF3 

[134] and EGR1 [135] and the proteins SNAIL1 [136] and GDF10, also known as BMP3B 

[137], which inhibit adipocyte differentiation, would also be, at first glance, consistent with 

an enhancement of the adipogenic program in the RWAT in response to MI 

supplementation. These results are reinforced by the increased number of adipocytes 

found in the RWAT of both OVX-E2 and OVX-MI animals compared to OVX rats 

according to histological analyses, and the strong inverse correlation pattern observed 

between the adipocyte number and HOMA-IR/LAR is in agreement with the idea that 

adipocyte hyperplasia protects against metabolic dysfunctions and preserves adequate 

WAT expansion [91]. Conversely, our findings also revealed decreased mRNA levels of 

genes encoding important transcription factors (fos [138], fosb [138], atf5 [139], and egr2 [135]) 

and proteins (medag [140], glipr1 [141], sfrp2 [142], bmp2 [143] and vsir [144]) involved in the 

activation of adipogenesis, which would not support the increased formation of 

adipocytes. Remarkably, we did not observe significant increases in the expression of the 

adipogenesis gatekeeper preadipocyte factor 1 [145] (pref-1, also known as dk1, which was 

sharply decreased in our study, FC: -11.7; p adj.=0.21) or in the mRNA levels of the genes 

encoding the master regulators of adipogenesis, PPARγ and C/EBPα [91,145]. Overall, our 

findings did not support increased adipogenesis in the RWAT of OVX-MI animals, 

although additional research focused on the protein levels of key factors involved in the 

adipogenic program and/or on the quantification of RWAT DNA content would be useful 

for shedding more light on this issue. Notably, many of the genes involved in cell fate 
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determination and differentiation that were downregulated in the RWAT of OVX-MI rats 

obesity-related metabolic alterations, such as IR/type 2 diabetes (egr1 [146], ccn5 [133], atf3 

[148], sfrp2 [142], and bmp2 [143]), low-grade chronic inflammation (egr1 [146], egr2 [147], and 

fos [149]) and the cellular stress response (egr1, egr2, fos, fosb and atf3) [150]. Interestingly, 

fat or weight loss was associated with the downregulation of fos [151] and sfrp2 [152] 

expression in human WAT. Overall, these results indicate that the modulation of these 

genes, which play important roles in adipose tissue function and stress response, is a 

favourable adaptive response to the decreased fat accretion and hypertrophy observed in 

the RWAT of OVX-MI rats, which reinforces our hypothesis that an improved 

immunometabolic profile occurs in response to MI supplementation. The impairment of 

the sirtuin (SIRT)/NAD pathway can lead to obesity and WAT dysfunction, considering 

the essential role of this system as a cellular energy sensor [153]. The upregulation of the 

NAD+ biosynthesis-related gene nmnat2 found in the RWAT of OVX-MI animals is an 

additional result that reinforces our findings since, in WAT from monozygotic twins 

whose body weights were discordant, nmnat2 mRNA levels were increased in leaner 

cotwins and negatively correlated with inflammation [153]. 

MI consumption also altered the mRNA levels of genes related to cholesterol homeostasis 

(cyp11a1, olr1, and vmp1) and fatty acid (fabp3 and acot4) and sphingolipid (sgms2 and 

smpd3) metabolism. Takanabe-Mori et al. [154] reported that the expression of the gene 

encoding LOX-1 (also named OLR1), a receptor for oxidized LDL, increased in diet-

induced obese mice and that this protein enhanced the expression of proinflammatory 

cytokines in WAT. Furthermore, increased circulating LOX-1 levels were found in 

menopausal women with obesity, and the plasma levels of this protein positively 

are increased with obesity (e.g., egr1 [146], egr2 [147], ccn5 [133], medag [140], gdf10 [137], atf3 

[148], atf5 [139], sfrp2 [142], and bmp2 [143]), and some of these genes are involved in 
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correlated with BMI and body fat [155]. Interestingly, genetic inhibition of sgms2 boosted 

glucose clearance in part through the enhancement of insulin signalling in WAT [156], and 

in humans, SMPD3 mRNA levels were higher in the WAT of obese women with an 

increased liver fat content, who displayed an inflammatory profile, than in that of obese 

women with a normal hepatic fat content [157]. Thus, the downregulation of olr1, sgms2 

and smpd3 observed in the present study would also favour a healthier immunometabolic 

profile in the RWAT of OVX-MI rats. Two mechanisms involved in the effects of 

bioactive compounds against fat accretion are the activation of lipid catabolism-related 

pathways (lipolysis and β-oxidation) and the inhibition of lipogenesis. At first glance, the 

increased mRNA levels of the gene encoding peroxisomal ACOT4 could suggest the 

activation of β-oxidation, since the acyl-CoA esters are transported into the peroxisome 

via ABCD transporters and undergo β-oxidation, and the resulting products succinyl-CoA 

and glutaryl-CoA can be hydrolysed by this auxiliary enzyme to obtain succinate and 

glutarate, which are subsequently transported to mitochondria [158]. Nevertheless, we did 

not observe changes in the mRNA levels of key genes involved in lipolysis (hsl and atgl), 

β-oxidation (cpt1b and had) or lipogenesis (acc1, fas, gpat, and dgat2); therefore, the 

reported antiobesity effect of MI is not due to the modulation of these key lipid-related 

pathways in the RWAT, at least at the gene expression level. 

Supplementation with MI also produced slight beneficial effects on cholesterol 

metabolism, significantly decreasing the TC/HDL-c ratio compared to that in their OVX 

counterparts. This atherogenic ratio, called the Castelli risk index 1 [71], constitutes a risk 

indicator for CVDs with greater predictive value than each variable separately since an 

increase in the TC concentration is a marker of atherogenic lipoproteins, while a decrease 

in the HDL-C concentration is correlated with numerous risk factors, including the 

components of MetS. At first glance, this result could be partly attributed to the 
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antihypercholesterolaemic and antiatherosclerotic effects of carnosine, which can 

facilitate the removal of aldehydes from atherosclerotic lesions [159] and counteract the 

increased circulating levels of TC and LDL-c in rats fed a high-fat high-carbohydrate diet 

[160]. Nevertheless, in the present study, OVX rats did not show significant changes in 

either TC levels or the TC/HDL-c ratio compared to SHAM animals. Therefore, 

additional studies in which OVX rats are challenged with a hyperlipidic and atherogenic 

diet to induce hypercholesterolemia would be valuable to provide more insights into the 

physiological significance of this effect. 

Surprisingly, we did not observe increased hepatic GSH levels in response to MI 

consumption, contrary to what would be expected in response to the consumption of the 

potent glutathione precursors serine and cysteine, which, in combination with L-carnitine 

and nicotinamide riboside, have been proposed as treatments for NAFLD in humans [161]. 

Remarkably, the increased urinary levels of 8-OHdG observed in OVX-E2 animals, an 

effect that was not observed after MI consumption, could be interpreted as a side effect 

of the 7β-E2 treatment because the 8-OHdG levels increased in response to oestrogen-

induced oxidative stress in a rat model of breast cancer [162], and a nested case‒control 

study concluded that the long-term use of an oestrogen-based HRT was associated with 

an increased risk of suffering from breast cancer in postmenopausal women [163]. 

CONCLUSIONS 

We reported here that the consumption of a blend of histidine, carnosine, cysteine and 

serine by a postmenopausal model with oestrogen deficiency, namely, OVX rats, 

decreased adiposity and RWAT adipocyte hypertrophy and improved body composition, 

as also evidenced by the increased lean body mass and lean/fat mass ratio. The decreases 

in the leptin-to-adiponectin and TC/HDL-c ratios and in the CRP plasma levels, as well 
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as the favourable expression profile of key genes involved in the regulation of the 

cytoskeleton and ECM reorganization, glucose and insulin homeostasis, oxidative 

phosphorylation, cell fate determination and differentiation, inflammation and stress 

response found in the RWAT in response to MI supplementation strongly suggest an 

improvement in immunometabolic health in OVX-MI rats in response to MI 

supplementation. To the best of our knowledge, this study is the first to report that the 

combination of these amino acid-related compounds exerted such effects. Our findings 

pave the way for promoting the use of this MI formulation to ameliorate obesity and to 

improve the immunometabolic health of menopausal women. Further randomized 

controlled clinical trials performed with this target population treated with this MI 

supplement are warranted. 

ABBREVIATIONS 

μCT, three-dimensional microcomputed tomography; 17β-E2, 17β-oestradiol; 8-OHdG, 

8-hydroxy-2’-deoxyguanosine; ANOVA, analysis of variance; ATMs, adipose tissue 

macrophages; BMC, bone mineral content; BMD, bone mineral density; CRP, C-reactive 

protein; CT, central zone time spent; CTX-1, carboxy-terminal telopeptide of type I 

collagen; CVDs, cardiovascular diseases; DGE, differential gene expression; EAE, 

enclosed arms entries; EAT, enclosed arms time spent; ECM, extracellular matrix; EE, 

energy expenditure; EPM, elevated plus maze; ER, oestrogen receptor; FDR, false 

discovery rate; GSH, glutathione; GSSG, oxidized glutathione; HAL, histidine ammonia 

lyase; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model 

assessment-estimated insulin resistance; HRT, hormone replacement therapy; IR, insulin 

resistance; IWAT, inguinal white adipose tissue; KEGG, Kyoto Encyclopaedia of Genes 

and Genomes; LAR, leptin-to-adiponectin ratio; MCP-1, monocyte chemoattractant 

protein-1; MetS, metabolic syndrome; MI, multi-ingredient; MWAT, mesenteric white 
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adipose tissue; NAFLD, non-alcoholic fatty liver disease; NGS, next-generation 

sequencing; non-HDL-c, high-density lipoprotein cholesterol; OAE, open arm entries; 

OAT, time spent in open arms; OC, osteocalcin; OVX, ovariectomized rats; PINP, 

procollagen I amino-terminal propeptide; RIN, RNA integrity number; RQ, respiratory 

quotient; R-QUICKI, revised quantitative insulin sensitivity check index; RWAT, 

retroperitoneal white adipose tissue; SHAM, sham-operated rats; T2DM, type 2 diabetes 

mellitus; TC, total cholesterol; TC/HDL-c, total cholesterol-to-high-density lipoprotein 

cholesterol ratio; TMC, tissue mineral content; TMD, tissue mineral density.  
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Appendix - Supplementary material 

The following are available online at XXXX, Dataset S1: List of genes identified in 

RWAT transcriptomics and DEGs comparing OVX-MI to control OVX. Supplementary 

Table 1: Indirect calorimetry measurements in sham-operated (SH) and ovariectomized 

(OVX) rats between Days 29 and 33 after the beginning of the treatments. Supplementary 

Figure 1: Effects of ovariectomy, 17β-E2 injections and MI treatment on anxiety-like 

behaviour in the EPM (A & B) on Day 36 and on spatial reference memory in the Y-maze 

(C-E) on Day 40 of the study in sham-operated (SHAM) and ovariectomized (OVX) rats. 

Supplementary Table 1: Indirect calorimetry measurements in sham-operated (SH) and ovariectomized (OVX) 

rats between Days 29 and 33 after the beginning of the treatments 

  SHAM OVX OVX-E2 OVX-MI Intervention effect (p value) 

RQ      

21 hours 0.89 ± 0.03 0.87 ± 0.03 0.87 ± 0.02 0.85 ± 0.02 NS (0.803) 

Light phase 0.86 ± 0.04 0.83 ± 0.03 0.83 ± 0.03 0.81 ± 0.03 NS (0.695) 

Dark phase 0.91 ± 0.03 0.90 ± 0.02 0.90 ± 0.02 0.88 ± 0.02 NS (0.878) 

      

Energy Expenditure (KJ/day/kg 0.75)    

21 hours 330 ± 10a 300 ± 7b 304 ± 11ab 289 ± 8b I (0.027) 

Light phase 302 ± 10a 275 ± 9b 276 ± 8b 266 ± 8b I (0.038) 

Dark phase 347 ± 11a 316 ± 7b 322 ± 13ab 304 ± 9b I (0.037) 

      

Fat oxidation (KJ/day/kg^0.75)     

21 hours 107 ± 33 107 ± 25 108 ± 22 118 ± 19 NS (0.988) 

Light phase 122 ± 33 136 ± 31 134 ± 27 145 ± 22 NS (0.952) 

Dark phase 98 ± 34 89 ± 21 91 ± 19 101 ± 17 NS (0.983) 

      

Carbohydrate oxidation (KJ/day/kg^0.75)    

21 hours 227 ± 40 177 ± 32 182 ± 27 155 ± 30 NS (0.475) 

Light phase 163 ± 37 120 ± 36 119 ± 26 93 ± 25 NS (0.689) 

Dark phase 266 ± 44 213 ± 30 222 ± 29 194 ± 33 NS (0.505) 

Indirect calorimetric measurements were performed between Days 29 and 33 under ad libitum conditions and for 22 h 

(from 11:00 am to 09:00 am). The data obtained during the first hour were discarded from the final analyses. All rats 

were fed a standard chow diet during the measurements. The data are presented as the means  SEMs (n = 10). Different 

superscript lowercase letters (a, b) indicate significantly different mean values (one-way ANOVA and Duncan’s post 

hoc test, p < 0.05). I: the effect of the intervention. NS: nonsignificant differences. SHAM: sham-operated rats; OVX: 

ovariectomized rats; OVX-E2: OVX rats treated with 17β-oestradiol; OVX-MI: OVX rats supplemented with the multi-

ingredient. RQ: respiratory quotient. 
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Supplementary Figure 1 Effects of ovariectomy, 17β-E2 injections and MI treatment on anxiety-like behaviour in the EPM (A & B) on Day 36 

and on spatial reference memory in the Y-maze (C-E) on Day 40 of the study in sham-operated (SHAM) and ovariectomized (OVX) rats. The 

data are presented as the means ± SEMs (n = 10). Supplementary Figure 1A, Percentages of entries into the open arms (OAE) and entries into 

the enclosed arms (EAE) in the EPM. Supplementary Figure 1B, Percentage of time spent exploring the central zone (CT), open arms (OATs) 

and enclosed arms (EATs) in the EPM. Supplementary Figure 1C, Percentage of entries into the novel arm in the Y-maze. In Supplementary 

Figure 1D, the percentage of time spent in the novel arm is presented as the arm preference index (%). Supplementary Figure 1E, Frequency of 

alternation into the novel arm as spontaneous alternation (%). SHAM: sham-operated rats, OVX: ovariectomized rats, OVX-E2: OVX rats treated 

with 17β-oestradiol, OVX-MI: OVX rats supplemented with the multi-ingredient. OAE: open arm entry. EAE: enclosed arm entry. CT: central 

zone time. OAT: open arm time. EAT: enclosed arm time.  
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Menopause is a natural phase in a woman's life associated with reproductive aging. It is 

linked to senescence in ovarian function accompanied by a decline in oestrogen 

production that is already evident at the onset of irregular menstrual cycles occurring 

during the menopausal transition, known as perimenopause, and exacerbated during the 

postmenopausal state (362). This reproductive aging process is often accompanied by 

be associated with an increased risk of osteoporosis and with the appearance of CVDs 

menopausal transition, other alterations become more evident in the postmenopausal state 

when there is a nearly complete depletion of oestrogen. Thus, the sharp decline in 

oestrogen production can increase fat mass accretion (especially in the abdominal region), 

oxidative stress and low-grade inflammation, which, in turn, can trigger the appearance 

of metabolic disorders, such as hypertension, dyslipidemia and IR, thereby increasing the 

life expectancy worldwide, who spend at least a third of their lives in the postmenopausal 

state, there is growing interest in slowing down and ameliorating menopause-related 

alterations to improve women's well-being and quality of life.  

In recent years, the controversy about the risks associated with HRT (139) has prompted 

many women to look for alternative therapies to ameliorate VMS, osteoporosis and the 

cardiometabolic-related disturbances associated with the postmenopausal stage. In this 

framework, nutritional-based strategies, such as those based on the consumption of 

natural extracts and nutraceuticals, have been used as alternative and complementary 

therapies to HRT to tackle these menopausal-related alterations. Different studies, 

including some carried out by our research group, have shown that the combined 

administration of various bioactive compounds acting against complementary targets is a 

risk factors (13,66,75,364,365). While VMS are more common in the early stages of the 

various VMS, such as sleep disturbances, night sweats, and hot flashes (1,6,363), and can 

risk of suffering MetS and CVDs (14,16,143,366,367). Considering the rise in women's 
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suitable strategy to address cardiometabolic risk factors (153–157). However, the effects 

of combined supplementation with different bioactive compounds to tackle menopausal-

related metabolic alterations have been scarcely evaluated. In line with the idea that better 

outcomes can be obtained when treatments are performed under a multifaceted approach 

and considering that menopause can be associated with multifactorial alterations, the 

supplementation with a blend of bioactive compounds that can complementarily act on 

cellular mechanisms and biochemical pathways that can be altered during this 

reproductive aging process could provide benefits during the postmenopausal state. Thus, 

the main aim of the present thesis was to assess the potential benefits of consuming two 

different (MIs)—one containing curcumin, hesperidin, and phytosterols, and another 

comprising amino acid-related compounds such as histidine, serine, cysteine, and 

with oestrogen deficiency, evaluating a wide range of cardiometabolic risk factors 

associated with the postmenopausal status and gaining knowledge on their underlying 

mechanisms. 

Beyond the inherent and natural aging course in women, the menopausal transition, also 

known as perimenopause, leads to a series of physiological and cardiometabolic changes 

follicular reserves and ovarian function atrophy, accompanied by dysregulation of the 

HPG axis as a result of declining oestrogen levels over time, which is more evident in 

suggest that menopausal transition per se triggers several metabolic changes in women 

before reaching the postmenopausal state. However, beyond the onset of irregularity in 

associated with female reproductive senescence (1–4). These changes are due to reduced 

menopausal women after the FMP (4–7,19,21,22,24). Despite this, there are very few 

perimenopause, regardless of women’s chronological age (3,24,362). These studies 

carnosine—on the physiology and metabolism of OVX rats, a postmenopausal model 

longitudinal studies that have recognized circulating biomarkers characteristic of 

281 

 

UNIVERSITAT ROVIRA I VIRGILI 
NUTRITIONAL STRATEGIES BASED ON THE COMBINED SUPPLEMENTATION OF BIOACTIVE COMPOUNDS TO AMELIORATE OBESITY 
AND METABOLIC ALTERATIONS OCCURRING AT KEY STAGES OF FEMALE REPRODUCTIVE AGING 
Julio Carlos Baudin Luque 



DISCUSSION 

 

the menstrual cycle, changes in the circulating sex hormone levels and atherogenic lipid 

mechanisms occurring at very early stages of perimenopause and its changes, remain 

limited and poorly understood. Gaining a deeper understanding of these mechanisms 

could pave the way for designing novel treatments and lifestyle-based nutritional 

interventions aimed at preserving the endocrine and metabolic functions in 

perimenopausal women and mitigating postmenopausal-related diseases that may 

significantly impact the quality of life throughout the remaining lifespan (26).  

In this framework, it is essential to identify biomarkers that indicate a predisposition to a 

pathological state to explore the effects of nutraceutical supplements on our metabolism 

(293). Given that early changes induced by nutraceutical supplementation are often 

detecting the onset of the disease before symptoms manifest. New approaches through 

sensitive and advanced techniques in omics sciences, are crucial for detecting these small 

changes as biomarkers. In this context, the second aim of this thesis was to identify omics-

based biomarkers of metabolic risks at the early stages of natural reproductive aging using 

an ovarian-intact middle-aged model of rats resembling the characteristics of human 

perimenopause. 

To accomplish the aims of the present thesis, we firstly precisely characterized a 

preclinical model of the natural reproductive aging based on middle-aged rats in which 

we carried out metabolic and lipidomic approaches in serum to identify circulating 

signatures across perimenopause (Manuscript 1), which was of great value to shed more 

light on the mechanisms involved in menopausal transition and to identify potential 

biomarkers at an early stage of perimenopause. Previous studies have demonstrated that 

parameters, such as TG, TC and LDL-c (1,3,24,362), the underlying molecular 

the ovarian function was evaluated by monitoring the regularity of their oestrous cycle and 

subtle, these biomarkers can be of great value for identifying at-risk individuals or 
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vaginal smears, morphologically characterizing by different types of cells based on the 

four stages of the cycle (estrus, metestrus, diestrus, and proestrus) to detect the onset of 

irregularity and, in a later stage, the acyclicity in female middle-aged rats (368–370), can 

provide insights into mechanisms of the female reproductive axis across species, 

comparable to the transitions observed in women during the stages of premenopause and 

menopausal transition (perimenopause and early postmenopause) (22,370–372). In this 

regard, some studies reported neuroendocrine changes in the hypothalamus of middle-

aged rats, such as the dysregulation of the expression of genes related to sex hormone 

feedback in the HPG axis and the DNA methylation of genes required for hormone 

signaling, in addition to altered circulating levels of sexual hormones, such as 

progesterone and FSH, similar to what is observed in women during the menopausal 

transition (22,371–375).  

transition to reproductive senescence was associated with altered circulating levels of 

different HPG-related sex hormones (oestradiol, progesterone and LH) and, in rats that 

manifested acyclicity and with histomorphological changes in the ovaries, including 

atrophy and a lack of stromal luteinization and corpus luteum, which is in line with 

previous scientific evidence observed in both animal models and women (376–380). 

Thus, the notable decline in the circulating oestradiol levels already reported in the 

present study with the onset of irregularity and maintained in the acyclic rats is consistent 

with those observed in late perimenopause and early postmenopause in women, 

respectively (24,38), highlighting the usefulness of this preclinical model to resemble the 

menopausal transition occurring in women. Specifically, in women, the circulating levels 

of oestradiol are stable until approximately 2 years before the FMP. After this period, 

the assessment of the regularity in the oestrous cycle through cytological examination of 

In our study, the gradual loss of regularity in the oestrous cycle occurring during the natural 
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during the late perimenopausal stage, the circulating levels decline rapidly, reaching their 

lowest point at the time of the FMP, and then stabilize again by 2 years post-FMP (24,38). 

Interestingly, in our study, these hormonal and ovarian-related changes were 

accompanied by altered lipid-related metabolites in serum, which were detected using 

lipidomic approaches. Specifically, we identified 144 metabolites that changed 

significantly among age-matched rats having a regular cycle (resembling premenopause), 

an irregular cycle (resembling perimenopause) and acyclicity (resembling early 

postmenopause). Through multivariate analyses, we identified the 40 metabolites that 

contribute most to the separation of the three stages of reproductive aging, including 

mainly lipids of the phosphatidylcholines, lysophosphatidylcholines, 

lysophosphatidylcholamines, triglycerides, fatty acids and cholesterol esters families. 

Remarkably, the pattern across all subclasses of glycerolipids and glycerophospholipids, 

specially phosphatidylcholines, displayed an accelerated increase in their circulating 

levels in response to the loss of regular cycles as previously described in elderly women 

(46,47) and postmenopausal women (381). Considering that lipid compounds, including 

glycerophospholipids, glycerolipids and sterols display critical roles in cellular structure, 

energy storage and signaling, alterations in the circulating lipidome may mirror and 

potentially influence changes in metabolic and physiological states associated with the 

endocrine function (382). To the best of our knowledge, only two studies reported 

previously changes in circulating lipid-related metabolites associated with reproductive 

aging, but these findings were found by comparing premenopausal and postmenopausal 

women matched by age. The authors reported a similar trend to what was observed in our 

study, observing an increase in the circulating levels of lipid-related metabolites in 

postmenopausal women (381,383). These increases in the circulating lipid-related 

metabolites observed in our study during menopausal transition could be explained, at 
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least in part, by the reported sex-related differences concerning circulating lipidomes that 

tend to narrow or reverse with age, increasing the circulating glycerophospholipid levels 

in middle-aged and elderly women, particularly in the age range of 45-66 years (60,61). 

In line with these findings, another study revealed that most significant age-related 

changes in women occurred around 48 years (64), which coincides with the average age 

of the onset of perimenopause stage (65). It is well known that men display a higher risk 

for CVD early in life, while women have a higher risk later in life (384,385) and both the 

sex and age-related differences in CVD risk have been linked to changes in 

glycerophospholipid metabolism (386). Whether the differences in the circulating 

glycerophospholipid composition reported in this rat model of natural female 

reproductive senescence could impact on patterns of health and disease during 

perimenopause and could contribute to sexual dimorphism in CVD risk at middle age 

deserves further research. To the best of our knowledge, there is a lack of studies focused 

on the identification of omics-based biomarkers in the early stages of perimenopause or 

longitudinally during the menopausal transition. In this regard, interestingly, we also 

identified a set of lipid-related metabolites that already changed with the transition from 

phosphatidylcholines, 4 lysophosphatidylcholines, 2 phosphatidylethanolamines, 

cholesterol ester (18:2), 5a-androstan-3,17-diol and 17,18-Dihydroxyarachidonic acid, 

and could be used as a potential multivariate biomarker of early perimenopause if these 

results are validated in humans. Our findings have contributed to gaining knowledge on 

the molecular changes that occur during the menopausal transition and can pave the way 

to design new nutritional-based interventions addressed to preserve the endocrine and 

metabolic functions of perimenopausal women and to ameliorate in later stages the 

a regular to an irregular oestrous cycle. This combination of lipids was formed by 9 
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vasomotor symptoms, osteoporosis and metabolic-related diseases that can appear in 

postmenopausal women. 

Once we characterized menopausal transition and identified circulating signatures across 

perimenopause, we wanted to characterize OVX rats in terms of biometric, histological, 

metabolic and biochemical parameters related to osteoporosis, obesity and metabolic-

related alterations, to evaluate whether these parameters were affected by age and 

elucidate whether PBMCs could reflect molecular changes associated with oestrogen 

deficiency in the postmenopausal stage (Manuscript 2). OVX rodents are recognized as 

the gold standard models for studying the effects of reproductive senescence in 

menopause. In this preclinical model, ovaries are surgically removed, mimicking the 

oestrogen deficiency that occurs during menopause leading to osteoporosis and metabolic 

disorders (370,387–390). In our study, independently of the age at which the surgery was 

performed (15 or 25 weeks-old), oestrogen deficiency in OVX rats, which have been 

MWAT depots as well as the higher muscle loss and the lower lean-to-fat mass ratio when 

compared to their sham-operated counterparts. This shift towards an unhealthier body 

composition and, more specifically, the hypertrophy observed in WAT depots (396) of 

OVX animals could contribute to explain, at least in part, the higher cardiometabolic risk 

of OVX rats, which was evidenced by increased LAR, which is described as a good 

predictor of T2DM and MetS, and by decreased ALR, indicating levels < 1 adipose tissue 

levels of the bone turnover biomarkers OC and CTX-1 were found in both groups of OVX 

animals, as was previously reported in both postmenopausal women and OVX rodents 

(13,389,399), effects that could be attributed to the oestrogen deficiency that 

dysfunction and IR (99,100,396–398). Regarding bone health, increased circulating 

previously reported (69,390–395), led to hyperphagia and reduced EE, which would 

explain the higher fat mass accretion and adipocyte hypertrophy in RWAT and 
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characterized this preclinical postmenopausal model, considering the key role of this 

hormone in bone metabolism.  

Some articles have shown that the age at which OVX is performed in rodents may affect 

some of the outcomes, especially those related to bone metabolism and osteoporosis 

(389,400). In line with this idea, our findings revealed that the age at which the rats 

underwent surgery slightly affected some of the alterations that occurred, being more 

evident in the deleterious effects on lipid markers (TC), oxidative stress (GSH/GSSG 

ratio) and inflammation (MCP-1) in rats that were ovariectomized at an earlier age (15 

weeks-old). These findings were unexpected because they were not observed in the older 

rats, suggesting that age-related adaptive mechanisms may mitigate these metabolic 

disturbances in rats ovariectomized at an older age (25 weeks-old). On the other hand, in 

the older 35-week-old OVX animals, in which the ovariectomy was carried out at the age 

of 25 weeks, the oestrogen deficiency significantly increased the surrogate marker of 

insulin resistance, HOMA-IR, and decreased BMD in the tibia, which was consistent with 

previous studies showing increased HOMA-IR with age in other animal models (401) and 

decreased BMD in rats underwent ovariectomy between 6 and 9 months of age, which 

exhibited the most osteoporotic response to the surgery (389).  

Given that osteoporosis is a typical hallmark of menopause and the clear link between IR 

and increased CVDs risk (402), and considering that the rat is not the most accurate model 

for studying cholesterol-related diseases (403–405), we focused on 35 weeks-old animals 

(ovariectomized at the age of 25 weeks) to assess the gene expression profile in PBMCs, 

which could offer a more precise picture of the postmenopausal condition, aiding in the 

understanding of the underlying mechanisms associated with this state. Our 

transcriptomic analysis in PBMCs revealed that this subset of blood cells reflected 

molecular changes linked to oestrogen deficiency that occur in the postmenopausal state, 
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offering insights into the pathophysiology of postmenopausal alterations, such as 

osteoporosis and immunometabolic diseases. Thus, the unfavorable modulation at the 

mRNA level of genes related to immune function, response to stress, lipid metabolism, 

and bone homeostasis observed in PBMCs of OVX rats would be in agreement with 

previous research indicating that changes in the circulating levels of sex hormones 

occurring during menopause can disrupt immune function, which, in turn, can trigger 

relevant health problems, such as obesity, osteoporosis, autoimmune diseases, and 

immunodeficiency (406–409). Here, we identified mRNA level changes in genes related 

to immune function, response to stress, lipid metabolism, and bone homeostasis, offering 

insights into the pathophysiology of postmenopausal alterations, such as osteoporosis and 

inmunometabolic diseases.   

The loss of ovarian steroid production occurring in postmenopausal women causes a 

decline in immune function, an alteration that is also associated with aging and is known 

as immunosenescence (406,407). In our study, this phenomenon is reflected in the global 

downregulation at the gene expression level of immune-related pathways in PBMCs of 

the OVX animals. Specifically, the downregulation in mRNA levels of sh3bp2, il18r1, 

il18rap, and il12rb1 observed in OVX rats would suggest a diminished NK cell-mediated 

cytotoxicity in the postmenopausal state, an effect that would be in line with the 

significant reduction in the cytotoxic activity of natural killer (NK) cells reported in 

postmenopausal women (406–409). Thus, the sh3bp2 gene is associated with positive 

regulation of NK  Mediated Cytotoxicity pathway (410), while deficiencies in interleukin-

18 (IL-18) have been shown to result in impaired NK cell activity (411). Furthermore, 

IL-18, often in synergy with interleukin-12 (IL-12), is crucial for activating NK cells and 

stimulating T and B cells to produce IFN-γ, thereby enhancing their cytotoxicity against 

tumor cells (411–414).  
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The higher mRNA levels of socs3 found in PBMCs of OVX rats would also be in line 

with the aforementioned impaired immune response, supported by previous findings in 

the same OVX model, where the increased socs3 expression  was linked to inflammation, 

which was partially mitigated by an HRT treatment (415). Furthermore, SOCS3 inhibits 

insulin signaling and enhances IR (416,417). Therefore, its overexpression in PBMCs 

would be in agreement with the sharp increase of HOMA-IR observed in the OVX 

animals of our study. The negative impact of ovariectomy on glucose and insulin 

homeostasis is further evidenced by the reduced expression of slc2a4 (glut4) and by the 

increased expression of grb7 found in the PBMCs of our OVX animals, because the 

reported changes of both genes were associated with the impairment of glucose and 

insulin signaling pathways, contributing to hyperglycemia and IR (418–421).  

The lower spring expression levels observed in the PBMCs of OVX rats, together with 

the observed downregulation of abca1 and stard5 would suggest a pro-atherogenic profile 

in these oestrogen deficient animals, although they did not display changes in the 

significantly enhanced macrophage cholesterol efflux by upregulating abca1 via ERα, a 

process confirmed in both in vivo experiments with OVX mice and their cell line studies 

(422). Additionally, HRT in non-obese and normolipidemic postmenopausal women 

increased HDL-c and reduced LDL-c levels, correlating with elevated abca1 expression 

(423). On the other hand, the deletion of stard5 resulted in reduced cholesterol efflux via 

the ABCA1 pathway in macrophages and increased hepatic cholesterol and TG, 

indicating its pivotal role in lipid homeostasis (424,425). Furthermore, loss of SPRING 

function impaired SREBP-driven de novo lipogenesis, and the ability to respond to sterol 

depletion, and diminished LDL uptake (426–430). Therefore, our findings reinforce the 

idea that PBMCs can be used as an easily obtainable biological source to characterize 

circulating levels of TC, non-HDL-c and HDL-c at sacrifice. Thus, 17β-oestradiol 
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potential aspects of both cholesterol and lipid metabolism in physiological or pathological 

Regarding bone metabolism, the clear downregulation of the TGF-β-related genes tab1, 

OVX animals, align with the idea of a lower capability of bone mineralization and 

the tibia of our OVX animals. Gao et al. reported that the oestrogen deficiency 

significantly reduced BMD and promoted severe trabecular bone damage in OVX rats, 

and described a positive correlation between the expression of Tgfb3 and multiple 

parameters involved in bone microstructure (361). It is well established that TGF-β family 

members have a key role in bone regeneration and may serve as potential biomarkers for 

postmenopausal osteoporosis in OVX rats, due to their key role in bone homeostasis and 

repair, osteogenic differentiation and osteoclast formation, maintaining an optimal 

encoding biglycan (bgn), which is essential for bone health, ensuring a proper population 

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 and TGF-β-

Our results are in line with previous findings describing that peripheral blood monocytes 

are an important source of osteoclast precursors, making these cells a suitable model for 

studying bone metabolism (439). 

Overall, considering the extensive gene expression changes observed in PBMCs of OVX 

rats, our findings can pave the way for investigating whether the molecular mechanisms 

underlying oestrogen deficiency identified in PBMCs can be modulated by different 

conditions, as was previously described by members of our group (299,350,431).  

tgfb2, and tgfb3 (361,432–436), involved in bone homeostasis, observed in PBMCs of 

reduced BMD occurring during the postmenopausal state (123,437), as was observed in 

osteoblast/osteoclast balance (361,435,436). In our study, the downregulation of the gene 

related genes reported in previous studies (361,432–436,438) is also reflected in PBMCs. 

of mature osteoblasts acting through the TGF-β signaling pathway, observed in the 
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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 and also mitigate the need for invasive procedures such as biopsies 

Once we have described the pathophysiological and metabolic alterations during the 

menopausal transition and the postmenopausal state, we wanted to study, using OVX as 

a postmenopausal preclinical model, whether the supplementation with an MI including 

curcumin, hesperidin, and phytosterols could ameliorate the disturbances reported in the 

postmenopausal state (Manuscript 3). The effects of this MI were compared to those 

produced by the administration of 17β-oestradiol, a compound that resembles HRT, in 

the treatment of menopause symptoms and associated diseases. The use of these three 

bioactive compounds as an MI was in line with our idea that better outcomes can be 

obtained when treatments are performed under a multifaceted approach, using a blend of 

bioactive compounds that act against complementary targets. In this regard, hesperidin 

has shown beneficial effects against obesity and diabetes, the intake of phytosterols may 

be beneficial for the management of lipid metabolism-related alterations, curcumin could 

ameliorate inflammation and oxidative stress, and both hesperidin and curcumin have 

shown positive effects on bone metabolism. Although the beneficial effects of each of 

these compounds were previously reported, the effects of the combined supplementation 

with these three bioactive compounds had not yet been evaluated. The highlights of this 

study provide evidence that the combined supplementation of these bioactive compounds 

can offer significant benefits in managing obesity and menopause-related metabolic 

disturbances, being the observed effects very similar to those reported in response to the 

pharmacological treatment with 17β-oestradiol. 

and the related significant discomfort (338–340). 
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Firstly, the reduced fat mass accretion observed in OVX after 8 weeks of MI 

supplementation, which was evidenced by decreased total fat mass, adiposity index and 

RWAT, MWAT, and inguinal WAT (IWAT) depot weights as well as by diminished 

adipocyte hypertrophy in MWAT could be attributed at first glance, to the protective 

effect against obesity that has been previously reported for different polyphenols, 

including curcumin and hesperidin, to a lesser extent, for phytosterols, in both animal 

The gene expression analyses carried out in the MWAT depot allowed us to gain 

knowledge on some of the potential mechanisms by which the MI exerted its anti-

adiposity effects. Thus, the full counteraction of the overexpression of the Lpl and cd36 

genes in MWAT caused by ovariectomy observed in OVX-MI rats and the strong positive 

correlation observed between both genes emphasized the coordinated role of Cd36 and 

LPL in fatty acid uptake and storage, suggesting that the MI exert its beneficial effects 

against fat accretion by down-regulation the mRNA levels of these two key lipid 

metabolism-related genes. The fact that CD36 is responsible for fatty acid uptake (90), 

while LPL, in WAT, is a marker for adipocyte differentiation, and its expression increases 

in parallel with cellular TG accumulation as preadipocytes differentiate, contributing to 

the growth and expansion of WAT (441,442), would support our idea. Our results are in 

models and humans (159,161–164). Nevertheless, to the best of our knowledge, only one  

study reported beneficial effects using an OVX model, showing that a 30-day curcumin  

intake significantly decreased intestinal adiposity accumulation in OVX rats (161).

In other studies, the prolonged intake of curcumin in aged male F344xBN rats decreased   

food intake (440), increased EE and stimulated thermogenesis, and ATP production 

obesity effects reported in OVX rats that received the MI (OVX-MI).  

with this MI supplement would rule out these two mechanisms for explaining the anti-  

(90,160). However, the lack of effects on EE and food intake observed after treatment 
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line with those reporting that hesperidin supplementation (100 mg/kg/day) for 8 weeks 

reduced the gene expression levels of Lpl in RWAT in male Wistar rats on a hypercaloric 

western diet (209). Furthermore, different studies showed that curcumin intake attenuated 

the overexpression of the hepatic mRNA levels of Cd36 in a high-fat-diet-fed C57BL/6J 

mouse model, which was associated with a decrease in hepatic lipid accumulation (443–

445).  

The lower loss in lean mass, which provides a precise measurement of muscle mass, that 

accompanied the decreased total mass observed in OVX-MI rats resulted in an increased 

lean-to-fat mass ratio in the animals that received the MI, contributing to a healthier 

profile of body composition (446,447). The significantly lower circulating levels of 

in agreement with our findings.  

Remarkably, although all the above-commented effects were observed in response to both 

MI-based and pharmacologic (17β-oestradiol) treatments, including also a common anti-

adiposity mechanism by decreasing the Lpl and Cd36 mRNA levels in WAT, only the MI 

supplementation significantly increased adiponectin plasma levels corrected by WAT 

an increase in ALR, which has been shown to correlate better with IR than other classical 

indexes, such as HOMA-IR, and is clinically useful to identify subjects susceptible to 

QUICKI, found only in OVX-MI would reinforce our results. These differential effects 

between the MI and 17β-oestradiol could be partly attributed to the beneficial effects on 

glucose and insulin homeostasis described for the polyphenols curcumin and hesperidin. 

Thus, concerning curcumin, different studies have shown that this bioactive compound 

displays anti-diabetic properties by increasing adiponectin production in WAT and 

leptin, which are highly and positively related to body fat mass (93,448,449), would be 

weight, a surrogate marker of effective adiponectin production (168,450) and produced 

suffer CVDs (99–102). The increase in the surrogate marker of insulin sensitivity, R-
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decreasing blood levels of leptin in vitro and in animal models of obesity, MetS, and 

Altogether, our results underscore the potential of this MI formulation as a natural-based 

alternative therapy to tackle obesity and improve cardiometabolic health in 

postmenopausal women. Further randomized controlled clinical trials would be of great 

value in gaining insights into the usefulness of this MI in this target population. 

Finally, also using a multifaceted approach, we investigated whether the oral 

supplementation with an MI including L-histidine, L-carnosine, L-serine and L-cysteine 

exerted beneficial effects against postmenopausal-related alterations in OVX rats 

(Manuscript 4), using the same experimental design explained in manuscript 3. This 

blend of amino-acid-related compounds was chosen based on the previous results 

obtained by members of our group, in which it was reported that the intake of this MI 

decreased NAFLD in both diet-induced and genetic leptin-deficient ob/ob mouse models 

and in OVX rats in addition to ameliorate liver inflammation, IR and 

hypercholesterolemia in the mice models (20).  Considering that NAFLD is a metabolic 

disorder that frequently accompanies obesity and MetS, and that can also appear with 

menopause (287–289), and taking into account that previous scientific evidence carried 

out mainly in rodents, but also in humans, reported that supplementation with carnosine 

(257,260), serine (241,285), cysteine (274,275) and especially histidine 

T2DM (168–173), as well as by improving HOMA-IR in humans after 9 months of curcumin 

 treatment (173). Furthermore, the consumption of orange juice rich in hesperidin could   

reductions in insulin and HOMA-IR levels (204,451).  

have contributed to the beneficial effects against IR because two studies reported significant  

(242–244,452,248) can ameliorate obesity, promote glycaemic control, and ameliorate 

IR, inflammation or oxidative stress, the use of this MI could be a potential therapeutic   
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In line with this idea and, similarly to what was reported in response to the intake of the 

MI including hesperidin, curcumin and phytosterols, the supplementation with the amino-

acid-related MI also improved body composition, which was evidenced by decreased fat 

mass accretion, partially counteracting the increases in total fat mass, adiposity index and 

RWAT weight and hypertrophy observed in the OVX rats that received the placebo, as 

well as by increased lean mass and lean-to-fat ratio. These effects were slightly less 

evident to those observed in response to the pharmacological treatment with 17β-

oestradiol, which can be related to its inhibitory effect on food intake and its enhancement 

of increased EE, as was previously reported (453–455). Despite the intake of histidine 

and serine, separately, have been shown to reduce the food intake in various animal 

models (242,250,251), and serine supplementation has been associated with increased EE 

(285). The modulation of these processes was not the mechanism underlying the 

beneficial effects against fat mass accretion observed in our study in response to MI 

consumption.  

The significant amelioration of the adipocyte hypertrophy observed in the RWAT of the 

OVX-MI rats could contribute to explain, at least in part, their significant lower levels of  

LAR, which has been described as a good predictor of T2DM and MetS (98). The clear 

numerical decrease observed in response to the MI in the circulating levels of insulin 

(22.11%) and HOMA-IR (23.6%) and the strong positive correlations between HOMA-

IR and LAR observed when all the animals of the study were considered would support 

this idea. These effects, together with the decreased circulating levels of the acute 

inflammatory marker CRP, an effect that was previously reported in different studies in 

period. 

strategy to address the metabolic alterations that can occur during the postmenopausal

response to the dietary intake of histidine, carnosine and cysteine (244,275,456), would 
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suggest that MI supplementation improved the immunometabolic health of OVX rats. 

These effects could be mainly attributed to histidine. On the one hand, histidine intake 

has been inversely associated with BMI and waist circumference in humans with obesity 

AA has been shown to reduce IR and the circulating levels of the classical biomarkers of 

The transcriptomic analyses carried out in RWAT allowed us to gain knowledge of the 

underlying mechanisms involved in the anti-obesity effects and the immunometabolic 

benefit observed in response to MI supplementation. Thus, the downregulation of a 

plethora of genes involved in and cytoskeletal organization (actb, lcp1 and pfn1) (457)  

and extracellular matrix (ECM) remodeling, such as those related to collagen metabolism 

(col1a2, col5a1, col5a2, sparc, bgn, lox and serpinh1) (458–467) and proteolytic 

degradation of ECM (timp1 and htra1) (468–471), would support the idea that the intake 

of the MI triggered a favorable adaptative response to the adipocyte hypertrophy required 

to support adipocyte growth in response to fat mass accretion. Interestingly, most of these 

genes have been shown to be upregulated with obesity and positively correlated with 

markers of insulin resistance and inflammation. Therefore, the decreased RWAT weight 

(244,246,248), making this relationship clearer in women (244). On the other hand, this 

inflammation CRP and IL-6 (243,244,246–248) and, in obese women, the circulating levels 

of histidine were inversely associated with the aforementioned inflammation-related

responsible for the reported effects, since it has been described that carnosine intake may 

ameliorate CVDs diseases and T2DM, reducing atherogenic processes as well as glucose 

biomarkers (246). Nevertheless, the other amino-acid-related compounds were likely also  

and lipid metabolism-related alterations (257,256), cysteine supplementation showed anti- 

diabetic and anti-inflammatory effects in Zucker diabetic rats (275), and both serine and 

 

cysteine could act against oxidative stress by elevating hepatic GSH levels (284). 
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and hypertrophy observed in OVX-MI animals were reflected at the gene expression level 

in improvements in the structure, morphology and immunometabolic function of their 

adipocytes.  

WAT hypertrophy is characterized by increased expression of inflammatory-related 

genes in adipose tissue macrophages (ATMs). In line with the idea that MI 

supplementation improved the low-grade inflammation in WAT occurring as a 

consequence of the fat mass gain produced in OVX rats after ovariectomy, we also 

reported decreased mRNA levels of different pro-inflammatory genes such as those 

involved in cytokine (il1b, faslg, and ptgs2)- and chemokine (cxcl2, ccr7)-mediated 

inflammation (472–476) as well as in the crosstalk between adipocytes and ATMs (cd5l, 

fcgr1a, spib and btk) (477–481). Remarkably, it has been reported that the activation of 

oxidative phosphorylation (OxPhos) can promote a shift towards an anti-inflammatory 

M2-like phenotype in macrophages, which would be supported in our study by the 

overexpression of the OxPhos-related genes mt-co2, mt-nd5, mt-nd6 and nubpl in the 

RWAT of the OVX-MI animals (481,482). 

The improvement of the immunometabolic health reported in OVX rats that received the 

MI was also reinforced at the RWAT gene expression level by the modulation of key genes 

involved in glucose and insulin homeostasis. Thus, the lower mRNA levels of grb14, a 

negative regulator of the insulin receptor signaling pathway that is overexpressed in the 

WAT of obese animals and humans and/or in individuals with type 2 diabetes (483–485), 

would be in line with this idea. Similarly, the overexpression of gabrg3, which encodes a 

γ-aminobutyric acid (GABA) receptor that mediates the antiadipogenic, anti-diabetic and 

anti-inflammatory effects of GABA (486,487) as well as the overexpression of zfp407, 

encoding for a protein that stimulates insulin-mediated glucose uptake in adipocytes and 
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protects against adipocyte hypertrophy and IR in mice (488), would support our 

hypothesis. 

Overall, the findings reported in the present study can settle the basis for promoting the 

consumption of a blend of histidine, carnosine, serine and cysteine to tackle obesity and 

to improve the immunometabolic health of menopausal women, elucidating some of the 

mechanisms underlying the beneficial effects of this MI, which are mainly related to the 

favorable modulation in RWAT of genes involved in adipocyte structure and 

morphology, inflammation, oxidative phosphorylation and glucose and insulin 

homeostasis. 
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The conclusions of the present thesis are: 

1. In middle-aged rats, the natural menopausal transition, characterized by the gradual 

serum lipidomic profile, identifying circulating signatures of this biological process, 

including changes in the levels of lipids of the phosphatidylcholine, 

lysophosphatidylcholine, phosphatidylethanolamine, lysophosphatidylethanolamine, 

triglycerides, fatty acids and cholesterol ester families. 

 

2. Oestrogen deficiency induced in rats of different ages by the surgical removal of the 

ovaries resembled most of the alterations that can occur in women in the 

postmenopausal state, including obesity, adipocyte hypertrophy, and increased risks 

of osteoporosis and cardiovascular diseases. These effects were slightly more 

pronounced in ovariectomized rats who underwent ovariectomy at an older age (25 

weeks). 

 

3. The global gene expression analysis carried out in peripheral blood mononuclear cells 

of ovariectomized rats reflected 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 

immunometabolic alterations. 

 

 

loss of regularity of the oestrous cycle, led to significant progressive changes in the 
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4. The combined oral supplementation with hesperidin, phytosterols and curcumin 

improved body composition, attenuating the loss of lean mass, the increase in body 

fat, and the adipocyte hypertrophy that occurs in ovariectomized rats. These effects 

were accompanied by an improvement in insulin sensitivity, and the adiponectin-to-

leptin ratio, a marker of cardiometabolic risk, and by a decrease in the expression of 

fatty acid uptake-related genes (Lpl and Cd36) in the visceral mesenteric white 

adipose tissue. 

 

5. The intake of a blend of amino acid-related compounds including histidine, carnosine, 

cysteine, and serine decreased adiposity and retroperitoneal white adipose tissue 

adipocyte hypertrophy and improved body composition, as evidenced by the 

increased lean body mass and lean-to-fat mass ratio. These effects are accompanied 

by decreases in the leptin-to-adiponectin ratio, a risk marker for diabetes and 

metabolic syndrome, and the circulating levels of the pro-inflammatory C-reactive 

protein. 

 

6. The mechanisms underlying the anti-adiposity and the beneficial immunometabolic 

effects of the amino acid-based multi-ingredient are related to favourable changes in 

the expression in the retroperitoneal white adipose tissue of genes involved in 

inflammation, stress response, structure and morphology of adipocytes, cell 

proliferation and differentiation, glucose and insulin homeostasis and 

oxidative phosphorylation. 
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 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. 
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