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Physiological changes of menopause

[bookmark: _Toc129433602]Introduction
The menopause transition (MT) is a natural physiological process all women experience as they age (Nelson, 2008). Epidemiological research indicates that the age at which a woman transitions through menopause has a hereditary factor and is also influenced by ethnicity and geographical location (Davis et al., 2015). For example, in Europe/Australia, the average age of menopause is 51 years, whereas, in Africa/Asia, it is closer to 48 years (Davis et al., 2015). Using the Stages of Reproductive Ageing Workshop (STAW+10), the perimenopausal stage lasts a few years and is marked by irregular menstrual cycles. In contrast, the definition of a postmenopausal woman is when she has not had a menstrual cycle for over 12 months (Monteleone et al., 2018; Talaulikar, 2022). 

Numerous clinical studies have reported that the physiological and psychological changes women experience during MT have a significant and determinantal impact on quality of life (QoL) and health (Stachowiak et al., 2015). These include but are not limited to reduced sexual dysfunction, depression, mood swings, urogenital and vasomotor symptoms, loss of bone and muscle mass (osteoporosis, sarcopenia), and increased fat mass/weight (Monteleone et al., 2018). Due to the complex and challenging physiological changes that occur in MT, it is beyond the scope of this report to cover them all. Instead, it will focus on the aetiology of menopause and its impact on the neuroendocrine system, how this adversely affects the brain, cardiovascular, metabolic, muscular, and skeletal systems, and how exercising could mitigate some of these risks. 

Endocrine changes that occur during menopause
The hypothalamus, pituitary, and ovaries are endocrine glands that regulate the menstrual cycle through a negative feedback loop known as the hypothalamic-pituitary-gonadal axis (HPG) (Acevedo-Rodriguez et al., 2018). The HPG controls the synthesis and secretion of several steroid sex hormones from the ovaries, such as oestrogen, progesterone, and testosterone (Mikhael et al., 2019). Although testosterone levels do not markedly fluctuate during MT, oestrogen levels dramatically change (Giannini et al., 2021). There are three types of endogenous oestrogen: estrone (E1) which becomes the primary form of oestrogen after menopause; 17β-Estradiol (E₂), which is the most influential type of oestrogen and has the most significant decline during MT; and finally, Estriol (E3) which is primarily associated with pregnancy (Juan Pablo Del Rio et al., 2018). E₂ influences numerous cellular pathways in virtually all systems of the body through the activation of oestrogen receptors, specifically alpha (ERα) and beta (ERβ), and the oestrogen response element (ERE) in the nucleus, which is responsible for up or down-regulating gene expression (Rettburg et al., 2013). 

Why the MT process starts remains to be determined. However, research has shown that the number of follicular (granulosa) cells and oocytes in the ovaries decreases due to ageing, leading to hormonal instability and irregular cycles, which eventually cease completely (Atwood et al., 2005). As MT progresses, reduced levels of inhibin B, oestrogen, progesterone, and AMH contribute to a dysfunctional HPG axis, allowing increased gonadotropin-releasing hormone (GnRH) production and secretion from the hypothalamus and increased activin signalling from the pituitary (Nelson et al., 2023). GnRH controls the pulsative secretion of two gonadotropins from the pituitary gland, mainly luteinising hormone (LH) and follicular stimulating hormone (FSH). Consequently, FSH and LH levels substantially increase during and after menopause (Atwood et al., 2005). 

The endocrinological impact of menopause, common symptoms, and associated diseases are shown in Table 1. The following sections discuss how this hormonal imbalance affects the body's systems. 
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[bookmark: _Ref128944161][bookmark: _Toc129433604]Table 1 The possible physiological impact of menopause on the endocrine system and the implications on the systems of the body
	Systems of the body
	[bookmark: _Hlk128941379]Endocrinological impact of menopause
	Symptoms and diseases of menopause
	References

	
HPG axis and ovaries
	↓ E₂
↓ progesterone
↓ Inhibin B
↓ AMH
	↑ FSH
↑ LH
↑ GnHM
	Irregular menses
Amenorrhea
	Monteleone et al., 2018
Acevedo‐Rodriguez et al., 2018
Atwood et al., 2005
Mikhael et al., 2019

	
Brain
	↑ amyloid- β
↓ serotonin
↓ dopamine
↓ acetylcholine

	Vasomotor symptoms
Alzheimer's
Mood swings
Depression/Anxiety
Cognitive function
Sleep disturbances
	Deecher and Dorries, 2007
Foster, 2012
Giannini et al., 2021
Archer et al., 2011
Juan Pablo Del Rio., 2018
Rizzo et al., 2020

	
Cardiovascular
	↑ inflammation
↑ LDL-C
↑ triglycerides
↑ testosterone
↑ FFA
	↑ leptin
↓ SHBG
↓ HDL-C
↓ NO
	Atherosclerosis
Vasoconstriction
Hypertension
CVD
Dyslipidaemia
Palpitations
	Collins, 2008
Green et al., 2016
de Kat et al., 2017
Du-Pont et al., 2022
El Khoudary et al., 2016
Loaiza-Betanucur et al., 2021
Novella et al., 2019

	
Metabolic
	↑ testosterone
↑ androgen: E₂ ratio
↑ body fat
↑ central deposition of fat
↓ BMR
	Insulin resistance
Hyperglycaemia
Obesity
Type 2 Diabetes
MetS
	Everson-Rose et al., 2021
Gundmi et al., 2019
Janssen et al., 2010
Karvonen-Gutierrez et al., 2016
Lovejoy et al., 2008
Roa-Diaz et al., 2021
Stackowiak et al., 2015

	
Muscular
	↓ lean muscle mass
↓ testosterone
	Sarcopenia
Stiffened tendons/ligaments
Muscular pain
Decreased strength
	Chidi-Ogbolu and Baar, 2019
Hevener et al., 2020
Hung et al., 2022
Khadilkar, 2019
Rosa-Caldwell and Greene, 2019

	
Skeletal
	↑ IL-1
↑ IL-6
↑ TNF
↓ calcium absorption
	↑ RANKL
↑  osteoclasts
↓ osteoblasts

	Osteopenia
Osteoporosis
Osteoarthritis
Joint pain
Increased fractures (wrist, spine and hip)
	Collins et al., 2019b
Dirchx et al., 2019
Lizneva et al., 2018




[bookmark: _Toc129433607]Vasomotor symptoms
Epidemiological research suggests vasomotor symptoms (VSM), such as hot flashes/flushes and night sweats, typically lasting less than 5 minutes, are recognisable signs of MT (Deecher and Dorries, 2007). Studies have indicated that several interconnected and complex mechanisms may be involved, such as reduced serotonin and increased norepinephrine levels (El Khoudary et al., 2016; Giannini et al., 2021). The most common hypothesis for VSM is that postmenopausal women have a 0.4°C restricted core body temperature (CBT) range, known as the thermoneutral zone (Archer et., 2011). It is thought that fluctuating E₂, FSH, and LH levels disrupt the signalling pathways of the anterior hypothalamus, mainly the preoptic area (POA), which has numerous α and β ERs (Giannini et al., 2021). This narrowed thermoregulatory mechanism registers a slight deviation from normal (36.5 ºC – 37.4 ºC), stimulating systemic peripheral vasodilation and subsequent flushing and sweating, mainly of the chest, neck, and face (Deecher and Dorries, 2007). However, the evidence on VSM remains unclear.

Cognitive and psychological symptoms
Another common complaint of menopause is cognitive and psychological symptoms. Decreased E₂, progesterone, and elevated FSH levels have been attributed to a loss of cognitive function following a decline in ERs activation in the hippocampus and prefrontal cortex of the brain (Foster, 2012; Mao et al., 2022). Low circulating E₂ reduces the synthesis and release of several neurotransmitters in the brain, including dopamine, related to pleasure; serotonin, related to mood and well-being; and acetylcholine, related to memory (Juan Pablo Del Río et al., 2018). The lack of these neurochemicals can cause forgetfulness and a decline in attention, known as 'brain fog', irritability, and low motivation/mood which could predispose women to depression (Rizzo et al., 2020). 

Moreover, epidemiological and animal studies have argued that the decreased anti-inflammatory effect of E₂ in the central nervous system (CNS) elicits cellular dysregulation, allowing abnormal levels of amyloid-β peptide that have adverse clinical consequences, such as Alzheimer's disease (Davis et al., 2015; Monteleone et al., 2018). Nevertheless, the literature remains inconclusive regarding how much is related to advancing age and how much is associated with menopause (Bimonte-Nelson et al., 2021).
[bookmark: _Ref128944380][bookmark: _Toc129433608]Cardiovascular and metabolic changes
The effects of E₂ on cardiovascular and metabolic pathways in the body are highly complex, interlinked, and not fully understood. To date, literature has demonstrated that low circulating E₂ and progesterone dysregulate gene expression and increase inflammatory cytokines, such as interleukin 6 (IL6), which directly affects vascular integrity and flexibility, increases oxidative stress and reduces nitric oxide (NO) bioavailability (Green et al., 2016; Loaiza-Betancur et al., 2021; DuPont et al., 2022). These actions lead to vasoconstriction, stiffening of the arteries, and endothelium cell proliferation, a contributory factor in atherosclerosis (plaque formation), hypertension, and cardiovascular disease (CVD) (Novella et al., 2019). 

Research has demonstrated that after menopause, there is a disparity in the lipid profile, as shown in Table 2, which is known as dyslipidaemia (Collins, 2008). Typically, LDL-C is transferred and processed in the liver in the presence of E₂; thus, low E₂ allows increased levels of LDL-C to circulate freely in the vascular system (blood), and even though cholesterol is an essential substrate in the cell membrane, too much is atherogenic and a determinant of metabolic syndrome (MetS) (de Kat et al., 2017; Roa-Diaz et al., 2021). 

Table 2 Change in lipid profile observed in postmenopausal women
	Elements of plasma cholesterol
	% Change after menopause

	Low-density lipoprotein cholesterol (LDL-C)
	↑ 10–20%

	High-density lipoprotein cholesterol (HDL-C)
	↓ ≤ 10%

	Triglycerides (TG)
	↑ 10–20%


Source. Collins (2008) 'HDL-C in postmenopausal women: An important therapeutic target', International Journal of Cardiology

Besides cardiovascular changes, data shows that women who have transitioned through menopause have a change in body shape and fat type, mainly from subcutaneous adipose tissue (SAT) of the lower body to a more centrally distributed one of visceral adipose tissue (VAT) (Janssen et al., 2010). It has been suggested that higher testosterone to E₂ concentrations and reduced levels of sex hormone-binding globulin (SHBG) during menopause influence α and β ERs present in adipose tissue by increasing adipocyte activation and the release of free fatty acids (FFAs) from visceral fat lipolysis (Karvonen-Gutierrez et al., 2016). Additionally, oestrogen deficiency leads to the dysregulation of adipocytokines, including leptin, associated with appetite and satiety, and adipsin, which directly influence several pathogenesis conditions, including dyslipidaemia and insulin resistance (Everson-Rose et al., 2021; Stachowiak et al., 2015). 

Research continues to debate whether age or menopause affects insulin resistance (Park et al., 2017; Kim et al., 2014). Evidence supports that E₂ is a vital hormone in glucose homeostasis, insulin regulation, and adenosine triphosphate (ATP)/energy metabolism (Mao et al., 2022; Lovejoy et al., 2008; Pu et al., 2017). Moreover, the decreased action of E₂ on ERα facilitates apoptosis of the insulin-producing β-cells of the pancreas, increases gluconeogenesis in the liver, and inhibits glucose uptake from reduced glucose transporter protein type-4 (GLUT4) in skeletal muscle cells and adipocytes (Rettberg et al., 2013; Santos et al., 2016). Therefore, one plausible reason for insulin resistance could be that as E₂ declines, fluctuations in one or more metabolic pathways force a negative adaptation in another as the body tries to maintain glucose/energy homeostasis (Karvonen-Gutierrez et al., 2016). 

Muscle loss and bone remodelling
Another important risk factor for postmenopausal women concerns the musculoskeletal system. Although increasing age is ascribed to sarcopenia (muscle loss), females over the age of 50 experiencing E₂ deficiency have been shown to have less lean muscle mass (LMM) than males of a similar age (Khadilkar, 2019). This is partly due to the infiltration of adipose fat into the muscle and the deterioration of type II muscle fibres (Rosa-Caldwell and Greene, 2019). This is important as Gundmi et al. (2019) reported that an increase in fat mass and a decrease in LMM could change how energy is utilised by lowering the basal metabolic rate (BMR). 

Moreover, E₂ is crucial for protein synthesis and degradation, specifically in the ER α and β of the nucleus, mitochondria, and satellite cells, which influence muscle mass (size) and muscle fibres quality (Hung et al., 2022; Hevener et al., 2020). Interestingly, Chidi-Ogbolu and Baar (2019) described how low E₂ affects the flexibility of tendons and ligaments (stiffening), suggesting that specific muscular exercises/movements will have a more eccentric load (stretching), which could lead to more injuries. Besides that, the relationship between the nerves and muscles also requires the neurochemical acetylcholine, which, as discussed earlier, is reduced due to E₂ deficiency (Rosa-Caldwell and Greene, 2019). Therefore, it is thought that all these hormonal changes alter a muscular contraction's force and power by changing how the myosin-heavy chain binds to actin, which could be why postmenopausal women have decreased strength (Collins et al., 2019a).

Similarly, E₂ is an essential hormone for bone metabolism as it regulates osteocytes, osteoblasts (production), and osteoclasts (resorption), which are necessary to maintain bone mass density (BMD) (Collins et al., 2019b). Clinical studies have demonstrated how the detrimental actions of FSH and low levels of oestrogen act on the immune signalling pathways by upregulating the receptor activator of nuclear factor kappa B ligand (RANKL), which encourages the formation and resorption activity of osteoclasts (Lizneva et al., 2018; Khadilkar, 2019). This process, along with age-related factors such as decreased daily/physical activity and reduced calcium absorption from the stomach, promotes bone mineral degradation (Dirchx et al., 2019). Hence, reduced bone strength and structure place postmenopausal women at greater risk of osteopenia and primary osteoporosis (Khadilkar, 2019). 

Importance of exercise
The importance of exercise for well-being and health is well documented (UK Government, 2019). Regarding menopausal women, Yeh et al. (2018) compared women who exercised (examples include aerobic, resistance, yoga, and tai chi) to those who were inactive or in a placebo group. The authors concluded that menopausal women participating in aerobic exercise on a short-term basis (less than six months) significantly reduced TG levels and the amount of adipose fat. Moreover, no BMD loss was reported in the lumbar spine (Yeh et al., 2018). This supports the hypothesis that weight-bearing (impact) exercise could decrease the risk of osteoporosis in postmenopausal women (Mohammad Rahimi et al., 2020).

Equally, improved muscle mass from regular exercise could reduce midlife weight gain by increasing BMR, thereby using adipose tissue for energy rather than storing it as visceral fat (Remie et al., 2021). Regular exercise can also improve HDL-C levels and reduce LDL-C and TC levels, lowering the risk of high blood pressure, CVD, and MetS (Loaiza-Betancur et al., 2021). Likewise, improved muscle mass (legs) from walking twice a week improved strength and reduced the risk of falls and fractures as women aged (Asikainen et al., 2006). 

However, the studies on exercise reducing hot flushes/flashes in postmenopausal women remain contradictory. For example, Bailey et al. (2016) reported that a 4-month exercise programme decreased the severity and impact on QoL of hot flushes by directly affecting the thermoregulatory and cerebrovascular responses in the brain. In contrast, Daley et al. (2015) conducted a study that randomly split the participants (n = 261) into three groups: two exercising and one control). The authors found no difference (reduction by 50%) in the severity and frequency of hot flushes/night sweats between the groups. Therefore, in postmenopausal women, exercise for VSM symptom relief would need to be assessed individually to ascertain if it could be helpful. 

Conclusion
The literature has demonstrated that the physiological and psychological changes during menopause are numerous and multifaceted, causing adverse cardiovascular, metabolic, skeletal, and muscular effects (Table 1). At times, the evidence has been conflicting regarding whether the negative health consequences are solely due to menopause, ageing in general, or a combination of both. However, there is evidence that exercise can help reduce some of these risks and improve the quality of life (QoL) of menopausal women. Therefore, all women at all stages of menopause should be encouraged to adhere to the government exercise guidelines (UK Government, 2019). 
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