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Abstract

Alzheimer’s Disease (AD), responsible for 62% of all dementia cases, is a progressive 
neurodegenerative condition that leads to cognitive dysfunction. The prevalence of AD is 
consistently higher in women suggesting they are disproportionately affected by this disease. 
Despite this, our understanding of this female AD vulnerability remains limited. Menopause 
has been identified as a potential contributing factor to AD in women, with earlier menopause 
onset associated with greater AD risk. However, the underlying mechanisms responsible for 
this increased risk are not fully understood. This review examines the potential role of 
menopause in the development of Alzheimer’s Disease providing a mechanistic overview of 
the available literature from hormones to pathology. While literature is now emerging that 
indicates a role of hormonal shifts, gut dysbiosis, lipid dysregulation and inflammation, more 
research is needed to fully elucidate the mechanisms involved. 
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Introduction

Dementia is an umbrella term used to classify a group of debilitating neurological conditions 
such as Alzheimer’s disease (AD) which influence cognitive function leading to changes in 
memory and behaviour (1). With age the predominant risk factor for such conditions, the 
number of dementia cases worldwide is set to increase substantially over the coming decades 
exceeding 139 million cases per year by 2050 (2). The economic impact of dementia treatment 
and care is considerable, with current estimates forecasting a $1.6 trillion cost globally by 
2050 (3). AD is the most common form of dementia, responsible for approximately 62% of 
cases. AD is a progressive neurodegenerative condition characterised by distinctive patterns 
of cognitive dysfunction, memory loss and the neuropathological accumulation of amyloid 
plaques and neurofibrillary tangles (4). 

Dementia prevalence consistently higher in females compared to males (5, 6). This is true for 
AD, with AD prevalence twice as high in women at the age of 65 (5). This trend is predicted to 
continue with a female-to-male dementia ratio of 1·67 anticipated for 2050 (6). Although a 
proportion of this increased prevalence may be attributed to the greater longevity of females, 
other biological and social factors are likely involved, and are becoming increasingly apparent 
in the literature (6). The menopause transition has been posited as a contributor to female 
AD vulnerability, with neuromodulatory  hormones (e.g. estrogenic compounds) becoming 
dysregulated, and therefore resulting in the disruption of various brain systems such as 
bioenergetics, inflammation, and lipid profile (7-10). The impact of menopause in the 
development of AD remains largely understudied, likely owing to the fact that neuroscience 
research is heavily male-skewed (male-to-female ratio of 5.5:1) (11). As a result, the 
mechanisms connecting menopause and AD are yet to be fully resolved. Newly emerging 
research is beginning to elucidate the complex molecular mechanisms within the brain in 
response to menopause. In the present manuscript, we comprehensively review the available 
literature and summarise the mechanisms by which menopause may influence AD 
vulnerability. 

The Menopausal Transition

Menopause occurs 12 months after a woman’s final menstruation. The transition state from 
premenopausal to menopausal, referred to as perimenopause, is when women may have 
menopausal symptoms such as hot flushes, irregular monthly cycles, trouble sleeping, 
depression, irritability and impairment in cognition (12). The menopausal transition typically 
occurs between the ages of 45 and 55 years and lasts for an average of 7 years, although large 
inter-individual difference exists (ranging from 4 years to 14 years) (13), likely relating to 
various lifestyle/circumstantial factors (smoking, perimenopause onset, ethnicity, and race). 
The menopause transition occurs when a woman loses primary ovarian follicles and oocytes 
as a result of natural reproductive ageing (13-15). Using a model to predict the ovarian 
reserves throughout life, Wallace and Kelsey (16) estimate that at age of menarche (average 
12.5 years of age) women have 60% of their ovarian reserves remaining, with 100% reserves 
at pre-birth. At age of perimenopause (40 years) it is predicted that women have only 3% of 
their ovarian reserves remaining (16). According to the Stages of Reproductive Aging 
Workshop, the menopause transition consists of five defined stages: −3) Late reproductive 
stage, -2) early menopausal transition, -1) late menopausal transition, final menstrual period 
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0), and +1) early post- (17). Throughout these stages, hormone production, particularly 
estrogen and progesterone, fluctuate. There is a net decline in the plasma concentrations of 
estrogens and progesterone and a net increase in the concentrations of the gonadotrophins 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Perimenopause, has been 
described as a ‘hormonal shock’, in which estrogen levels widely fluctuate, producing periods 
of irregular hormone-receptor interactions (18). The length of this phase has been reported 
to coincide with aberrant metabolism and immune activation/signalling within the brain (19). 
These fluctuations in hormonal levels have been shown to exasperate depressive symptoms 
in premenopausal women (20, 21) as well as impact memory and recall (22).

Figure 1: Representation of female hormonal transition across lifespan – During puberty estrogen levels increase, this is 
followed by the start of the menstrual cycle in which levels of estrogen and FSH fluctuate in a relatively constant manner. 
This cyclicity continues unless pregnancy occurs and returns shortly after childbirth. Between the ages of 45 and 55 years 
ovarian reserves become increasingly deplete. This results in a loss of cyclicity and aberrant changes in estrogen and FSH 
levels. The perimenopause lasts for an average of 7 years with average onset of menopause occurring at 51 years of age. 
The net change in hormones at menopause is reduced estrogen, progesterone and increased FSH and LH. 

Hormonal components of the menopause 

In this section we discuss the hormonal components of the menopause transition and 
provide a brief overview of their potential relationship with AD and cognitive decline. 
Because these hormones become altered at similar time points in the menopausal 
transition, and the implication do not necessarily arise until decades later it can be difficult 
to disentangle the influence of each hormonal component. Preclinical models represent an 
initial option to tease out this information, providing a mechanistic basis for each. As such 
we provide a summary of such studies in table 1. 
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Estrogenic compounds  

Estrogen is a gonadal hormone important for female sexual development and regulation of 
the menstrual cycle. Estrogen is primarily produced in the ovaries, corpus luteum, and 
placenta, however, other tissues including the liver, brain, and adipose tissue also produce 
estrogen but to a lesser extent (23). The four main types of estrogen: Estrone (E1), Estradiol 
(E2), Estriol (E3), and Estetrol (E4) all derive from cholesterol precursors. The synthesis and 
signalling pathways relating to these forms of estrogen have been extensively reviewed by  
Baker et al Baker (24). Estradiol is the most potent estrogen during the premenopausal period, 
whilst estrone plays a larger role after menopause (23).  Estrogen has three receptors that 
mediate estrogen activity, G-protein–coupled estrogen receptor (GPER1) which is a 
transmembrane receptor, and estrogen receptors -α (ER1) and -β (ER2), which are steroid 
receptors (25).  ER1 levels in hypothalamic neurons are regulated by estradiol. This indicates 
that estrogen can regulate its membrane signalling. Changes in estrogen receptor (ER) levels 
can be observed in patients with dementia (26). 

Estrogen influences numerous processes such as lipid regulation, carbohydrate metabolism, 
skeletal homeostasis, as well as the cardiovascular system. Interestingly, females with AD 
have been found to have significantly reduced levels of 17β-estradiol levels in the brain but 
not in the serum, indicating that female AD patients may have a brain-specific estrogens 
deficit (27), which may relate to the impairment of local estrogen synthesis in the brain (27). 
The depletion of estrogen has been shown to increase Aβ depositions, neuroinflammation, 
and tau pathology. It is also shown to increase obesity and to reduce the effectiveness of 
mitochondria as estrogenic compounds protect the mitochondrial toxicity of amyloid-β (28). 
Estrogen suppresses inflammatory reactions by blocking the adhesion of leukocytes in the 
brain. Furthermore, estrogen upregulates the enzymes α and γ secretase while down 
regulating β-secretase. The initial cleavage of the β site on the amyloid precursor protein 
(APP) by the β-secretase accelerates the formation of Aβ plaques in the brain, however, 
subsequent cleavage of APP by both α and γ secretases assist with the clearance of the 
plaques therefore, protecting neuronal cells from being damaged by the toxicity of Aβ (29-
31). 

Progesterone

Progesterone is a hormone derived from cholesterol that increases before ovulation and 
peaks during pregnancy as it functions to promote uterine growth (32). Progesterone is 
produced in the gonads or the adrenal cortex and is vital for the maintenance of the uterus 
during pregnancy (33). Progesterone impacts inflammatory mediators, for instance T-cells 
within the uterine cavity (33). Whilst research exploring progesterone in the context of 
memory and cognitive function is sparse and contradictory, some studies suggest a potential 
beneficial relationship (34, 35), while others suggest progesterone disrupts cognitive ability 
(32, 36).

Follicle-stimulating hormone   

Produced in the pituitary gland, follicle-stimulating hormone (FSH) is a glycoprotein 
polypeptide important for menstrual cycle regulation which alongside the luteinizing 
hormone (see next paragraph) ensures that the mature ovarian follicles will proceed to 
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ovulation (37). The menopause transition arises when the ovarian follicle reserve starts to 
deplete. FSH stimulates follicles to enlarge and produce estrogen, but diminishing follicle 
counts reduce follicle stimulation and in turn estrogen production. This loss of estrogen 
feedback leads to unrestricted FSH production. Rodent studies are beginning to provide some 
evidence for FSH in the development of AD and cognitive decline. Increasing levels of FSH in 
OVX mice increases the expression in the C/EBPβ–AEP/δ-secretase pathway, leading to 
increased Aβ deposition, tau pathology and impaired cognition, which can be  nullified via 
FSH blockade (38). Similarly, reduction of Follicle-stimulating hormone receptor expression 
subsequently improves cognition in AD mice (39). Intriguingly, the impact of FSH on cognition 
appears to be somewhat increased by the AD risk gene APOE4 (40). 

Luteinizing hormone

Luteinizing hormone (LH) is a glycoprotein hormone that is co-secreted along with FSH by the 
gonadotrophin cells in the anterior pituitary. LH release is stimulated by gonadotropin-
releasing hormone (GnRH) and inhibited by estrogen (41). As with FSH, levels of LH increase 
throughout the menopausal transition (42). Emerging evidence now suggests that LH also 
plays an important role in CNS function (43) with higher levels of LH being linked with 
neuroplasticity impairment, cognitive dysfunction, and increased risk of AD (43, 44). Similarly 
in ovariectomised mice, decreasing LH levels via pharmacological intervention reduced 
cognitive impairment (45, 46), whilst injection of LH exacerbated behavioural impairment, 
neuronal damage and Aβ deposition in AD mice (47). The mechanistic basis for LH’s role in 
cognitive decline and neurodegenerative disease remains nonetheless in its infancy.

Table 1. Hormonal influence on rodent models of menopause 

Hormone Influence/relationship with AD Reference 

Estrone (E1) 1. ↑Estrone ↓Hippocampal neurogenesis in 
OVX rat, No change in Morris water maze 
performance 

2. ↑Estrone ↓Spatial working memory in OVX 
rats

1. McClure, Barha and 
Galea (48)

2. Engler-Chiurazzi, 
Talboom (49)

Estradiol (E2) 1. ↓ Estradiol ↓ learning and recollection 
memory ↑ depressive and anxious behaviour 
in OVX mice

2. ↓estradiol ↓Mitochondrial function in OVX 
rats

3. ↓ Estradiol ↑inflammation, apoptosis, gliosis, 
↓ neurogenesis in OVX mice

4. ↑Estradiol has no impact on AD pathology in 
APP/PS1 OVX mice

5. ↑ Estradiol ↑ spatial memory and BDNF in 
OVX rats 

1. Kang, Lee (50)
2. Wang, Wang (51)
3. De La Torre, Cerbón 

(52)
4. (46)
5. Bohm-Levine, Goldberg 

(53)
6. Wada, Sameshima (54)
7. Uzum, Bahcekapili (55)
8. McClure, Barha and 

Galea (48)
9. Kang, Ahn (56)
10. Feng and Zhang (57)
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6.  ↑Estradiol improves anxiety like behaviour in 
mouse model of postmenopausal obesity

7. ↑Estradiol ↑Working and Reference Memory 
in Ovariectomized Rats

8. ↑Estradiol ↑Hippocampal neurogenesis in 
OVX rats

9. ↑Estradiol ↑occluding mRNA levels in OVX 
mice

10. ↑Estradiol ↓oxidative stress in OVX rats

Estriol (E3) No evidence available 

Estetrol (E4) No evidence available 

Progesterone 1. ↑Progesterone ↑Performance on object 
placement task in OVX control rats

2. ↓ progesterone ↑ spatial learning in OVX rats

3.  ↑ progesterone ↓ Cognitive abilities

4. ↑Progesterone ↑Learning and memory 
abilities

1. Frye, Duffy and Walf 
(58)

2. Bimonte-Nelson, 
Singleton (59)

3. Bimonte-Nelson, 
Singleton (36)

4. Chesler and Juraska 
(60)

FSH 1. ↓FSH signalling ↑ spatial and recognition 
memory deficits in AD mice

2. ↑ FSH ↑ AD pathology in APOE4 mice

3. ↓FSH through FSH blocking ↑ cognition in AD 
mice.

1. Frolinger, Korkmaz (39) 
2. Xiong, Kang (40)
3. Xiong, Kang (61)

LH 1. ↓LH in OVX AD mice ↓cognitive impairment 

2. ↑LH ↑ Cognitive impairment ↑ Aβ 
depositions in AD mice

1. Zhang, Chen (46)
2.  Jia, Du (47) 
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3. ↓LH ↑ spatial memory and BDNF in OVX rats
4. ↑LH in OVX mice and rats ↓cognitive 

impairment ↓ spatial memory dysfunction

5. ↑LH  in OVX mice ↓ neuronal spine density ↓ 
cognitive ability

3. Bohm-Levine, Goldberg 
(53)

4. Burnham, Sundby (62) 
Casadesus, Milliken (45)  

5. Blair, Palm (63)

Menopause and AD risk 

Hormone dysregulation associated with the menopausal transition may contribute to female 
AD vulnerability. It is increasingly clear that changes in the hormone profile directly influence 
brain function and can be used as a predictor of cognitive decline (estrogen: FSH ratio predicts 
Mild Cognitive Impairment (MCI)) (64). The evidence relating to early menopause and 
increased cognitive decline/AD risk is particularly strong.  It has been observed that females 
who develop menopause at an earlier age have an increased risk of developing AD and display 
greater cognitive decline later in life (Verbal fluency odds ratio: 1.51, visual memory odds 
ratio: 1.43, psychomotor speed hazard ratio: 1.36, global decline hazard ratio: 1.35) (65). This 
is in line with Xi, Gan (66), who reported that longer reproductive periods and later 
menopause onset reduces AD risk (OR = 0.960 = 0.949 respectively).  Furthermore, two recent 
studies utilising the UK biobank data set similarly support this interaction (67, 68), reiterating 
that earlier menopause onset (40-49 HR = 1.21,  <40 HR = 1.71 compared to ≥50 years) or 
reduced estrogen exposure (34-37 years = 28% decrease in dementia compared to <33 years)  
(67) increases dementia risk. 

A similar trend is observed when investigating the impact of surgical menopause in relation 
to Alzheimer’s, Dementia and cognitive decline. Indeed, bilateral ovariectomy prior to natural 
menopause massively increases MCI risk (adjusted OR = 2.21 P < .001) (69). Intriguingly Bove 
et al. report that earlier age at surgical menopause results in a steeper  decline in cognitive 
function, specifically episodic memory and semantic memory, which is accompanied by 
increased AD neuropathology (70). 

Menopause and genetic risk factors for AD (APOE4*menopause interaction) 

Genetic factors associated with AD may have altered penetrance in females that may be 
explained in part by menopausal interactions. Although this is yet to be explored across the 
majority of genetic AD risk factors, it appears to be true for APOE4 carriers.  Apolipoprotein 
E4 (APOE4) is one of three common isoforms (APOE2, APOE3 and APOE4) that encode a 299 
amino acid protein APOE. APOE4 is the most common genetic risk factor for the development 
of sporadic late-onset AD and appears to be modulated by sex (71). Indeed, Altmann et al. 
reported that female APOE4 carriers were more likely to convert from healthy individuals to 
MCI/AD (female hazard ratio = 1.81, male hazard ratio: 1.27) and from MCI to AD (female 
hazard ratio: 2.17 and male hazard ratio: 1.51) (72). A similar effect was later reported in a 
large meta-analysis study (73), in which this increased AD risk emerged between the ages of 
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65 and 75 years (Female OR: 4.37 and Male OR: 3.14), which given the known latency in AD 
development (~10 years +), may pertain to a menopausal involvement. A recent study 
consisting of 105,796 multi-ethnic participants found that females with one copy of the 
APOE4 allele had increased AD risk (Female HR: 2.22, Male HR:1.70). Interestingly, this risk 
was reversed in individuals with two copies of the APOE4 allele (HR Female: 3.43 HR Male: 
5.20), adding further complexity to this APOE4*sex interaction. When investigating the 
APOE*sex interaction Balu, Valencia-Olvera (74) found that in aged mice (18 months old) 
female APOE4 carriers had the highest levels of Aβ deposition when compared to female 
APOE3 carriers and male APOE3 and APOE4 carriers, with female APOE3 carriers having 
similar levels of Aβ deposits as male APOE4 carriers. This trend is also seen in the reactive 
microglia, with female APOE4 carriers having the greatest levels of neuroinflammation than 
female APOE3 carriers and male APOE3 and APOE4 carriers, with female APOE3 carriers 
having similar levels of neuroinflammation as male APOE4 carriers (74). Evidence suggests 
that this increased risk in female APOE4 carriers may relate to the changes that occur in and 
throughout the menopause transition (19, 73, 75). Indeed, we (75), and others have reported 
on an APOE4-menopausal interaction (19, 73), which is consistent with greater cognitive 
decline, decreased synaptic plasticity and brain lipid dysregulation. Given this potential 
APOE4-menopause interaction one would speculate there may be a subsequent APOE4-
hormone replacement therapy (HRT) interaction, however the current evidence remains 
mixed. Some studies suggest the possibility of this APOE4-HRT interaction (67, 76, 77) whilst 
others failed to find such an interaction (78, 79). Despite this, our understanding of how this 
relationship directly relates to AD progression remains limited and should be a focus for 
future research. Additionally, the existence of this APOE4*sex/menopause interaction should 
encourage further investigation into other AD susceptibility genes to evaluate their impact 
across both sexes. 

Brain dysregulation during the menopause transition 

Brain Bioenergetics and Metabolism during Menopause 

Neuroimaging has revealed that the menopause transition has a profound impact on brain 
structure, with areas responsible for higher-order cognitive processes most affected (80). 
Multi-modal brain imaging has revealed dysregulation of brain bioenergetics during the 
menopausal transition, resulting in subsequent increases in Aβ deposition and grey matter 
loss, particularly in the posterior cingulate cortex (81). In line with these observations, 
mitochondrial function is reportedly dysregulated during the menopause transition, due to 
Aβ toxicity, which is no longer prevented/protected due to the loss of estrogenic compounds 
(28). Together this emphasises the importance of the mitochondria in female AD vulnerability. 
Given that the mitochondrial dysfunction associated with menopause may relate to Aβ 
toxicity, it is interesting to note that estrogens can influence APP processing (82). One way in 
which this can occur is via the regulation of brain-derived neurotrophic factor (BDNF) which 
possesses an estrogen response element. BDNF is a neuroprotective agent and 
promotes/supports neuronal growth and synaptic plasticity but additionally can modulate 
APP processing via the modulation of alpha-secretase activity.  Furthermore, it has been 
reported that estrogen upregulates mitochondrial genes, with menopausal women 
presenting with AD showing excessive mutations on the mitochondrial gene malonyl-CoA-
Acyl carrier protein transacylase (MCAT) which links with the bioenergetic state transition 
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hypothesis and the subsequent metabolism deficits in the brains of post-menopausal women 
(9, 83). Unsurprisingly, it has also been well reported that estrogen regulates glucose 
homeostasis within the brain (reviewed extensively by Rettberg, Yao and Brinton (84), 
influencing glucose transport (via glucose transporters) and metabolism (via mitochondrial 
modulation). 

Neuroinflammation

Neuroinflammation likely has a causal role in AD pathogenesis, with key immune receptors 
(e.g., TREM2) closely associated with the disease onset and progression. The inflammatory 
response within the brain is conducted by the microglia (the resident phagocytes of the CNS) 
and astroglia and is mediated through cytokines, chemokines, caspases, reactive oxygen 
species, and secondary messengers (85). In addition, peripheral immune activation can have 
consequences on the brain. Whilst some degree of neuroinflammation can be beneficial, for 
instance, in processes related to learning and memory development, uncontrolled 
neuroinflammation (as seen in AD development) has deleterious implications (86). Estrogen 
is believed to possess anti-inflammatory properties (87). Ovariectomised rats display higher 
levels of interleukin-1-beta (IL-1β), interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-
α), which leads to decreased long-term potentiation in the hippocampus (88, 89). This is also 
observed in humans with postmenopausal women showing increased pro-inflammatory 
markers attributed to estrogen deprivation (90). Indeed, Interleukin-8  (IL-8), TNF-α, IL-6, and 
interferon-gamma (IFN-γ), are all found to be expressed at higher levels in blood plasma and 
serum of post-menopausal women (91-93). 

The bioenergetic dysregulation discussed above and the inflammatory profile associated with 
menopause may be linked. In addition to reduced mitochondrial function, a key characteristic 
of AD is the decreased uptake of glucose in the brain. Positron Emission Tomography (PET) 
studies have indicated that regional patterns of brain glucose deficits can be observed in the 
entorhinal cortex and parietal lobes, which can be identified even before a diagnosis of AD 
(94). Declining glucose metabolism in the brain causes a shift to ketone body utilization for 
ATP generation which is associated with increased microglial and astrocytic reactivity (95). 
Ketones are the main alternative fuel when glucose is not available, particularly in adults 
observing restricted diets such as calorific or carbohydrate restrictions, and ketogenic diets 
(96). During AD progression, the reduction in white matter in the brain reflects the decreased 
synthesis of the protective myelin, with myelin being broken down to provide glucose for 
brain functioning, which is seen more in women than in men (97). Menopause is associated 
with deteriorating brain glucose metabolism and inefficient mitochondria, as shown in rats; 
those that underwent OVX surgery displayed an increase in ketones in blood plasma, and a 
decrease in white matter and myelin volumes which indicate the switch to utilising brain lipids 
for ATP generation (98, 99). 

Blood-Brain Barrier integrity 

The blood-brain barrier (BBB) is formed from endothelial cells, astrocyte end-feet and 
pericytes and is critical for brain homeostasis restricting and regulating the movement of 
matter between the blood and the brain. Intriguingly, estrogen has been posited as a 
regulator of BBB integrity, leading to subsequent implications for menopause. Loss/reduction 
in estrogen or ovariectomy typically increases BBB impairment, evidenced by increased 
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permeability and accumulation of BBB breakdown products (100-102). While an increase in 
estrogen is preventative (101-103). The ability of estrogen to modulate BBB integrity is 
believed to be mediated through the estrogen receptors, with ERα- and ERβ-specific agonists 
similarly reducing TJ disruption (104). There is some evidence to suggest that estrogen can 
influence cell-cell adhesion through the modulation of TJ proteins (56, 105-107), offering one 
route as to which estrogen mediates these effects. Alternatively, the anti-inflammatory 
properties of estrogen may also contribute. Indeed, estrogen has been shown to prevent 
inflammation-induced tight junction breakdown through the enhancement of well-known 
anti-inflammatory protein annexin A1 (103). However, the interaction may be more complex 
than initially conceived with evidence suggesting the effects to be age-dependant (i.e. 
Protective for BBB in young, and deleterious for BBB in old) with age-dependant loss of ERα 
offered as a mechanistic rationale for this (105, 108-110). In addition to this, the effects on 
BBB exerted by estrogen may be brain region-specific (109). Furthermore, others have 
highlighted the potential involvement of other hormones (e.g. gonadotropins) (100), as well 
as ERα and Erβ independent effects adding further complexity to this interaction. As such, 
further exploration is warranted to address these added complexities.  

Dysregulation of lipid metabolism

Weight gain, increased visceral fat, and adipose remodelling are reported during menopause 
(111) and may relate to estrogen receptor expression (112). This may be indicative of 
menopause-induced lipid dysregulation. Ovariectomy in rats causes a shift in the lipid profile 
to an atherogenic state with increases total cholesterol and decreases triglycerides, and is 
associated with increased oxidative stress, cell death and neurodegeneration of the 
hippocampus (113). Furthermore, changes in HDL quantity and quality are observed during 
menopause with HDL cholesterol decreasing dramatically (114). This may relate to 
apolipoprotein A-I (ApoA-I)-mediated HDL particle-formation impairment and may be 
ameliorated by omega-3 consumption (114). This is supported by a recent randomised control 
trial which reported favourable effects on the lipid profile in postmenopausal women (115). 
There is evidence to suggest that such dysregulation also occurs within the brain, although 
this has been predominantly studied in preclinical models. For example, lipid peroxidation 
products are increased within the cortex of OVX rats (116) whilst  systemic total antioxidant 
potential is decreased (117). Additionally, estradiol appears to modulate cholesterol and DHA 
within the brain (8, 118). Indeed, administration of the menopause mimic VCD in APOE-TR 
mice resulted in lower levels of DHA in the brains of all animals regardless of genotype with 
expression of the DHA transporter Acsl6 significantly reduced (75). Together these studies 
suggest that the menopause transition alters lipid transport and metabolism within the brain 
with cholesterol and DHA appearing to be particularly affected.
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Figure 2 A mechanistic overview of menopause mediated AD risk. Overview of pathways and processes influenced by 
menopause. Regional specificity is depicted in the diagram if stated in literature Blue = hippocampus, Red = entorhinal cortex, 
teal = parietal lobe, green = cingulate cortex

Gut Microbial dysregulation.

The human microbiome represents a complex community of microbes that live in a 
mutualistic relationship with their host. Gut microbial composition is increasingly recognized 
as a central factor in health and disease, protecting the intestinal gut barrier and preventing 
the establishment of pathogenic microorganisms (119, 120). Over the last 15 years there has 
been increasing evidence of a bidirectional communication system between the CNS and the 
gastrointestinal tract, more commonly referred to as the ‘gut-brain axis’ (121). Liu, Zhou (122) 
investigated the relationship between the menopause transition and dysbiosis in the gut 
microbiome using the faecal samples from 77 menopausal women and 24 healthy female 
controls. The results of this study show that menopausal women had reduced 
Aggregatibacter segnis, Bifidobacterium animalis, and Acinetobacter guillouiae. These 
bacteria are positively correlated with estradiol but negatively correlated with FSH and LH, 
which is indicative of the hormonal changes that occur during the menopausal transition 
(122). In ovariectomised rats, Bifidobacteriaceae and Porphyromonadaceae were reduced 
which led to a reduction in the microbial short-chain fatty acid (SCFA), formate, and an 
increase in isobutyrate, and deficits in spatial working memory (123) Guo, Cao (124) examined 
menopause and estradiol benzoate (estrogen medication) treatment on lipids and the gut 
microbiome in ovariectomised mice by supplementing the mice with. The authors report that 
ovariectomised mice had an increase in Lactobacillus and Eubacterium ruminantium that are 
significantly negatively associated with acylcarnitine synthesis, which synthesises lipids and 
alters membranes. However, there was an increase in bacteria 
Ileibacterium and Bifidobacterium in the estradiol benzoate supplementation; these 
microbes are significantly positively associated with acylcarnitine synthesis (124). As with 
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many explorations of gut-brain interactions, it can be difficult to disentangle direct causal 
effects, and this is particularly true in the context of menopause. Future endeavours should 
attempt to elucidate the contribution of the microbiota in menopause physiology. To achieve 
this more sophisticated experimentation is required. 

Sex, menopause, and AD pathology 

Figure 3 Gut-brain axis is there a menopausal interaction? Menopause transition (orange) alters gut microbial profile which 
may influence lipid metabolism, Acylcarnitine synthesis and short chain fatty acid production. 

Neuroimaging studies have revealed more extensive brain atrophy in women with mild 
cognitive impairment (MCI) or possible AD in comparison to age matched men (125, 126). 
Additionally, women show a faster rate of cognitive decline across both MCI and AD (126). 
Proteomic analysis of the temporal lobe of AD patients indicates that the severity of white 
matter pathology is greater in women, with myelin basic protein (MBP) found to be hyper-
citrullinated. MPB activation is thought to increase protein degradation, via citrullination of 
arginine and deamidation of glutamine and asparagine, which suggests that females have 
greater accumulation of dysfunctional proteins within the brain (7). This is further 
exacerbated in menopausal women, particularly when women develop menopause at an 
earlier age as they exhibit greater white matter hyperintensity fractions when compared to 
those who developed menopause at a later age (127). The entorhinal cortex is one of the first 
structure to be affected by AD pathology. Whilst Aβ deposition in the entorhinal cortex is 
comparable across males and females, women have greater tau pathology (128). This was 
also investigated by Coughlan, Betthauser (129), who found that seven regions across the 
temporal, parietal, and occipital lobes had elevated levels of tau. This was exacerbated by an 
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earlier onset of menopause and later intervention with hormone replacement therapy (129).  
Mosconi, Rahman (81) noted changes in Aβ deposition in response to menopause with 
perimenopausal women displaying significantly higher levels of Aβ in the frontal cortex (81).

Wang, Zhou (130) reported that in female MCI APOE4 carriers’, episodic memory declined 
more sharply than their male counterparts, highlighting a cognitive domain and perhaps brain 
region sensitive to APOE4 in females. Indeed, dysregulation and deterioration of the 
entorhinal cortex are often reported in response to APOE4 insult (131, 132) and may be 
exacerbated to some extent in female carriers (75, 76). Deterioration of white matter, 
temporal lobes, ventricle volume, and hippocampal volume have also been reported to be 
exacerbated in APOE4 female carriers (7, 125, 126). From a pathological perspective,  it has 
been reported that CSF tau-pathology is elevated in female carriers of APOE4, whilst male 
APOE4 carriers have greater Aβ burden. In EFAD mice (which expresses both the 5XFAD 
mutations and human APOE), microglial interactions appear to be dysregulated in APOE4 
female mice leading to greater amyloid burden (133). 

Conclusion 

The menopause transition causes widespread dysregulation of numerous processes within 
the brain predisposing females to AD development. Although the underlying mechanisms 
appear complex and multifactorial, common themes, such as the decreased levels of 
estrogen, the increased levels of FSH, microbiome dysbiosis, and neuroinflammation, which 
we have outlined in this review, are beginning to emerge within the literature (31, 32, 40). 
Determining which processes are critical (i.e., precede the others), and unravelling the 
complexities relating to region specificity will be necessary in the future to complete the 
mechanistic picture, but if achieved this could lead to the identification of novel targets to 
mitigate the deleterious effects of menopause on the brain. 



15

References

1. Alzheimer's Society. Facts for the media about dementia: Alzheimer's Society; 2023 
[Available from: https://www.alzheimers.org.uk/about-us/news-and-media/facts-media.

2. World Health Organization. Global status report on the public health response to 
dementia. 2021.

3. Pedroza P, Miller-Petrie MK, Chen C, Chakrabarti S, Chapin A, Hay S, et al. Global and 
regional spending on dementia care from 2000–2019 and expected future health spending 
scenarios from 2020–2050: An economic modelling exercise. eClinicalMedicine. 
2022;45:101337.

4. Gauthier S, Rosa-Neto P, Morais J, Webster C. World Alzheimer Report 2021: Journey 
through the diagnosis of dementia. Alzheimer’s Disease International. 2021.

5. Huque H, Eramudugolla R, Chidiac B, Ee N, Ehrenfeld L, Matthews FE, et al. Could 
Country-Level Factors Explain Sex Differences in Dementia Incidence and Prevalence? A 
Systematic Review and Meta-Analysis. J Alzheimers Dis. 2023;91(4):1231-41.

6. Nichols E, Steinmetz JD, Vollset SE, Fukutaki K, Chalek J, Abd-Allah F, et al. Estimation 
of the global prevalence of dementia in 2019 and forecasted prevalence in 2050: an analysis 
for the Global Burden of Disease Study 2019. The Lancet Public Health. 2022;7(2):e105-e25.

7. Gallart-Palau X, Lee BST, Adav SS, Qian J, Serra A, Park JE, et al. Gender differences in 
white matter pathology and mitochondrial dysfunction in Alzheimer’s disease with 
cerebrovascular disease. Molecular Brain. 2016;9(1).

8. McNamara RK, Able J, Jandacek R, Rider T, Tso P. Gender differences in rat 
erythrocyte and brain docosahexaenoic acid composition: role of ovarian hormones and 
dietary omega-3 fatty acid composition. Psychoneuroendocrinology. 2009;34(4):532-9.

9. Mosconi L, Berti V, Guyara-Quinn C, McHugh P, Petrongolo G, Osorio RS, et al. 
Perimenopause and emergence of an Alzheimer’s bioenergetic phenotype in brain and 
periphery. PLOS ONE. 2017;12(10):e0185926.

10. Uddin MS, Rahman MM, Jakaria M, Rahman MS, Hossain MS, Islam A, et al. Estrogen 
Signaling in Alzheimer’s Disease: Molecular Insights and Therapeutic Targets for Alzheimer’s 
Dementia. Molecular Neurobiology. 2020;57(6):2654-70.

11. Beery AK, Zucker I. Sex bias in neuroscience and biomedical research. Neurosci 
Biobehav Rev. 2011;35(3):565-72.

12. Santoro N. Perimenopause: From Research to Practice. J Womens Health (Larchmt). 
2016;25(4):332-9.

13. NIHAging. What Is Menopause? : @NIHAging; 2021 [Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/.

https://www.alzheimers.org.uk/about-us/news-and-media/facts-media
https://www.ncbi.nlm.nih.gov/pubmed/


16

14. Greendale GA, Lee NP, Arriola ER. The menopause. The Lancet. 1999;353(9152):571-
80.

15. McKinlay SM. The normal menopause transition: an overview. Maturitas. 
1996;23(2):137-45.

16. Wallace WHB, Kelsey TW. Human Ovarian Reserve from Conception to the 
Menopause. PLoS ONE. 2010;5(1):e8772.

17. Santoro N, Roeca C, Peters BA, Neal-Perry G. The Menopause Transition: Signs, 
Symptoms, and Management Options. The Journal of Clinical Endocrinology & Metabolism. 
2020;106(1):1-15.

18. Marongiu R. Accelerated Ovarian Failure as a Unique Model to Study Peri-
Menopause Influence on Alzheimer's Disease. Front Aging Neurosci. 2019;11:242.

19. Mishra A, Wang Y, Yin F, Vitali F, Rodgers KE, Soto M, et al. A tale of two systems: 
Lessons learned from female mid-life aging with implications for Alzheimer's prevention & 
treatment

Ageing Res Rev. 2022;74:101542.

20. Lithgow BJ, Moussavi Z. Physiological Differences in the Follicular, Luteal, and 
Menstrual Phases in Healthy Women Determined by Electrovestibulography: Depression, 
Anxiety, or Other Associations? Neuropsychobiology. 2017;76(2):72-81.

21. Mulligan EM, Hajcak G, Klawohn J, Nelson B, Meyer A. Effects of menstrual cycle 
phase on associations between the error-related negativity and checking symptoms in 
women. Psychoneuroendocrinology. 2019;103:233-40.

22. Vranić A, Hromatko I. Content-Specific Activational Effects of Estrogen on Working 
Memory Performance. The Journal of General Psychology. 2008;135(3):323-36.

23. Cui J, Shen Y, Li R. Estrogen synthesis and signaling pathways during aging: from 
periphery to brain. Trends in Molecular Medicine. 2013;19(3):197-209.

24. Baker ME. What are the physiological estrogens? Steroids. 2013;78(3):337-40.

25. Oveisgharan S, Yang J, Yu L, Burba D, Bang W, Tasaki S, et al. Estrogen Receptor 
Genes, Cognitive Decline, and Alzheimer Disease. Neurology. 2023;100(14):e1474-e87.

26. Dominguez R, Micevych P. Estradiol rapidly regulates membrane estrogen receptor 
alpha levels in hypothalamic neurons. J Neurosci. 2010;30(38):12589-96.

27. Yue X, Lu M, Lancaster T, Cao P, Honda S-I, Staufenbiel M, et al. Brain estrogen 
deficiency accelerates Aβ plaque formation in an Alzheimer's disease animal model. 
Proceedings of the National Academy of Sciences. 2005;102(52):19198-203.



17

28. Viña J, Lloret A. Why Women Have More Alzheimer's Disease Than Men: Gender and 
Mitochondrial Toxicity of Amyloid-β Peptide. Journal of Alzheimer's Disease. 2010;20:S527-
S33.

29. Correia SC, Santos RX, Cardoso S, Carvalho C, Santos MS, Oliveira CR, Moreira PI. 
Effects of estrogen in the brain: is it a neuroprotective agent in Alzheimer's disease? Curr 
Aging Sci. 2010;3(2):113-26.

30. Pompili A, Arnone B, Gasbarri A. Estrogens and memory in physiological and 
neuropathological conditions. Psychoneuroendocrinology. 2012;37(9):1379-96.

31. Lee JH, Jiang Y, Han DH, Shin SK, Choi WH, Lee MJ. Targeting Estrogen Receptors for 
the Treatment of Alzheimer’s Disease. Molecular Neurobiology. 2014;49(1):39-49.

32. Barros LA, Tufik S, Andersen ML. The role of progesterone in memory: An overview 
of three decades. Neuroscience & Biobehavioral Reviews. 2015;49:193-204.

33. Grider JKC, Michael H. Physiology, Progesterone: StatPearls Publishing; 2022 
2022/05/08.

34. Walf AA, Rhodes ME, Frye CA. Ovarian steroids enhance object recognition in 
naturally cycling and ovariectomized, hormone-primed rats. Neurobiology of learning and 
memory. 2006;86(1):35-46.

35. Ertman N, Andreano JM, Cahill L. Progesterone at encoding predicts subsequent 
emotional memory. Learning & Memory. 2011;18(12):759-63.

36. Bimonte-Nelson HA, Singleton RS, Williams BJ, Granholm AC. Ovarian hormones and 
cognition in the aged female rat: II. progesterone supplementation reverses the cognitive 
enhancing effects of ovariectomy. Behav Neurosci. 2004;118(4):707-14.

37. Sarao MO, Manbeer S. Physiology, Follicle Stimulating Hormone: StatPearls 
Publishing; 2022 2022/05/08.

38. Xiong J, Kang SS, Wang Z, Liu X, Kuo T-C, Korkmaz F, et al. FSH blockade improves 
cognition in mice with Alzheimer’s disease. Nature. 2022;603(7901):470-6.

39. Frolinger T, Korkmaz F, Sims S, Sen F, Sultana F, Laurencin V, et al. Gene-Dose-
Dependent Reduction Fshr Expression Improves Spatial Memory Deficits in Alzheimer's 
Mice. Res Sq. 2024.

40. Xiong J, Kang SS, Wang M, Wang Z, Xia Y, Liao J, et al. FSH and ApoE4 contribute to 
Alzheimer’s disease-like pathogenesis via C/EBPβ/δ-secretase in female mice. Nature 
Communications. 2023;14(1).

41. Singh DN, Gurdeep. Physiology, Luteinizing Hormone: StatPearls Publishing; 2022 
2022/09/26.



18

42. Hall JE. Endocrinology of the Menopause. Endocrinol Metab Clin North Am. 
2015;44(3):485-96.

43. Bhatta S, Blair JA, Casadesus G. Luteinizing Hormone Involvement in Aging Female 
Cognition: Not All Is Estrogen Loss. Front Endocrinol (Lausanne). 2018;9:544.

44. Blair JA, Bhatta S, McGee H, Casadesus G. Luteinizing hormone: Evidence for direct 
action in the CNS. Hormones and Behavior. 2015;76:57-62.

45. Casadesus G, Milliken EL, Webber KM, Bowen RL, Lei Z, Rao CV, et al. Increases in 
luteinizing hormone are associated with declines in cognitive performance. Molecular and 
Cellular Endocrinology. 2007;269(1):107-11.

46. Zhang YN, Chen XL, Guo LY, Jiang PR, Lu H, Pan K, et al. Downregulation of peripheral 
luteinizing hormone rescues ovariectomy-associated cognitive deficits in APP/PS1 mice. 
Neurobiol Aging. 2024;135:60-9.

47. Jia Y, Du X, Wang Y, Song Q, He L. Sex differences in luteinizing hormone aggravates 
Aβ deposition in APP/PS1 and Aβ(1-42)-induced mouse models of Alzheimer's disease. Eur J 
Pharmacol. 2024;970:176485.

48. McClure RES, Barha CK, Galea LAM. 17β-Estradiol, but not estrone, increases the 
survival and activation of new neurons in the hippocampus in response to spatial memory in 
adult female rats. Hormones and Behavior. 2013;63(1):144-57.

49. Engler-Chiurazzi EB, Talboom JS, Braden BB, Tsang CWS, Mennenga S, Andrews M, et 
al. Continuous estrone treatment impairs spatial memory and does not impact number of 
basal forebrain cholinergic neurons in the surgically menopausal middle-aged rat. Hormones 
and Behavior. 2012;62(1):1-9.

50. Kang WC, Lee YS, Park K, Kong CH, Jeon M, Kim MS, et al. Paeonol alleviates 
postmenopause-induced neuropsychiatric symptoms through the modulation of GPR30 in 
ovariectomized mice. J Ethnopharmacol. 2024;327:118063.

51. Wang D, Wang J, Yu Z, Yao R, Zhang J, Zhao X. Quercetin Alleviates Perimenopausal 
Depression Induced by Ovariectomy Combined with Chronic Unpredictable Mild Stress 
Through Regulating Serum Elements and Inhibiting Ferroptosis in Prefrontal Cortex of Rats. 
Biological Trace Element Research. 2024.

52. De La Torre K, Cerbón MA, Molina-Salinas G, Suárez-Santiago JE, Morin J-P, Roldán-
Roldán G, Picazo O. Synergistic neuroprotective action of prolactin and 17β-estradiol on 
kainic acid-induced hippocampal injury and long-term memory deficit in ovariectomized 
rats. Hormones. 2024.

53. Bohm-Levine N, Goldberg AR, Mariani M, Frankfurt M, Thornton J. Reducing 
luteinizing hormone levels after ovariectomy improves spatial memory: Possible role of 
brain-derived neurotrophic factor. Horm Behav. 2020;118:104590.



19

54. Wada T, Sameshima A, Yonezawa R, Morita M, Sawakawa K, Tsuneki H, et al. Impact 
of central and peripheral estrogen treatment on anxiety and depression phenotypes in a 
mouse model of postmenopausal obesity. PLoS One. 2018;13(12):e0209859.

55. Uzum G, Bahcekapili N, Baltaci AK, Mogulkoc R, Ziylan YZ. Chronic (3-Weeks) 
Treatment of Estrogen (17β-Estradiol) Enhances Working and Reference Memory in 
Ovariectomized Rats: Role of Acetylcholine. Neurochem Res. 2016;41(6):1468-74.

56. Kang HS, Ahn HS, Kang HJ, Gye MC. Effect of estrogen on the expression of occludin 
in ovariectomized mouse brain. Neurosci Lett. 2006;402(1-2):30-4.

57. Feng Z, Zhang JT. Long-term melatonin or 17beta-estradiol supplementation 
alleviates oxidative stress in ovariectomized adult rats. Free Radic Biol Med. 2005;39(2):195-
204.

58. Frye CA, Duffy CK, Walf AA. Estrogens and progestins enhance spatial learning of 
intact and ovariectomized rats in the object placement task. Neurobiology of Learning and 
Memory. 2007;88(2):208-16.

59. Bimonte-Nelson HA, Singleton RS, Hunter CL, Price KL, Moore AB, Granholm AC. 
Ovarian hormones and cognition in the aged female rat: I. Long-term, but not short-term, 
ovariectomy enhances spatial performance. Behav Neurosci. 2003;117(6):1395-406.

60. Chesler EJ, Juraska JM. Acute administration of estrogen and progesterone impairs 
the acquisition of the spatial morris water maze in ovariectomized rats. Horm Behav. 
2000;38(4):234-42.

61. Xiong J, Kang SS, Wang Z, Liu X, Kuo TC, Korkmaz F, et al. FSH blockade improves 
cognition in mice with Alzheimer's disease. Nature. 2022;603(7901):470-6.

62. Burnham V, Sundby C, Laman-Maharg A, Thornton J. Luteinizing hormone acts at the 
hippocampus to dampen spatial memory. Horm Behav. 2017;89:55-63.

63. Blair JA, Palm R, Chang J, McGee H, Zhu X, Wang X, Casadesus G. Luteinizing 
hormone downregulation but not estrogen replacement improves ovariectomy-associated 
cognition and spine density loss independently of treatment onset timing. Hormones and 
Behavior. 2016;78:60-6.

64. Hestiantoro A, Wiwie M, Shadrina A, Ibrahim N, Purba JS. FSH to estradiol ratio can 
be used as screening method for mild cognitive impairment in postmenopausal women. 
Climacteric. 2017;20(6):577-82.

65. Ryan J, Scali J, Carrière I, Amieva H, Rouaud O, Berr C, et al. Impact of a premature 
menopause on cognitive function in later life. BJOG: An International Journal of Obstetrics & 
Gynaecology. 2014;121(13):1729-39.

66. Xi H, Gan J, Liu S, Wang F, Chen Z, Wang XD, et al. Reproductive factors and cognitive 
impairment in natural menopausal women: A cross-sectional study. Front Endocrinol 
(Lausanne). 2022;13:893901.



20

67. Park HK, Marston L, Mukadam N. The Effects of Estrogen on the Risk of Developing 
Dementia: A Cohort Study Using the UK Biobank Data. Am J Geriatr Psychiatry. 2024.

68. Liao H, Cheng J, Pan D, Deng Z, Liu Y, Jiang J, et al. Association of earlier age at 
menopause with risk of incident dementia, brain structural indices and the potential 
mediators: a prospective community-based cohort study. eClinicalMedicine. 2023;60.

69. Rocca WA, Lohse CM, Smith CY, Fields JA, Machulda MM, Mielke MM. Association of 
Premenopausal Bilateral Oophorectomy With Cognitive Performance and Risk of Mild 
Cognitive Impairment. JAMA Network Open. 2021;4(11):e2131448.

70. Bove R, Secor E, Chibnik LB, Barnes LL, Schneider JA, Bennett DA, De Jager PL. Age at 
surgical menopause influences cognitive decline and Alzheimer pathology in older women. 
Neurology. 2014;82(3):222-9.

71. Wang H, Lo MT, Rosenthal SB, Makowski C, Andreassen OA, Salem RM, et al. Similar 
Genetic Architecture of Alzheimer's Disease and Differential APOE Effect Between Sexes. 
Front Aging Neurosci. 2021;13:674318.

72. Altmann A, Tian L, Henderson VW, Greicius MD, Alzheimer's Disease Neuroimaging 
Initiative I. Sex modifies the APOE-related risk of developing Alzheimer disease. Ann Neurol. 
2014;75(4):563-73.

73. Neu SC, Pa J, Kukull W, Beekly D, Kuzma A, Gangadharan P, et al. Apolipoprotein E 
Genotype and Sex Risk Factors for Alzheimer Disease: A Meta-analysis. JAMA Neurol. 
2017;74(10):1178-89.

74. Balu D, Valencia-Olvera AC, Islam Z, Mielczarek C, Hansen A, Perez Ramos TM, et al. 
APOE genotype and sex modulate Alzheimer’s disease pathology in aged EFAD transgenic 
mice. Frontiers in Aging Neuroscience. 2023.

75. Pontifex MG, Martinsen A, Saleh RNM, Harden G, Tejera N, Müller M, et al. APOE4 
genotype exacerbates the impact of menopause on cognition and synaptic plasticity in 
APOE-TR mice. The FASEB Journal. 2021;35(5):e21583.

76. Saleh RNM, Hornberger M, Ritchie CW, Minihane AM. Hormone replacement 
therapy is associated with improved cognition and larger brain volumes in at-risk APOE4 
women: results from the European Prevention of Alzheimer’s Disease (EPAD) cohort. 
Alzheimer's Research & Therapy. 2023;15(1):10.

77. Yaffe K, Haan M, Byers A, Tangen C, Kuller L. Estrogen use, APOE, and cognitive 
decline: evidence of gene-environment interaction. Neurology. 2000;54(10):1949-54.

78. Ambikairajah A, Khondoker M, Morris E, de Lange AG, Saleh RNM, Minihane AM, 
Hornberger M. Investigating the synergistic effects of hormone replacement therapy, 
apolipoprotein E and age on brain health in the UK Biobank. Hum Brain Mapp. 
2024;45(2):e26612.



21

79. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The anti-
inflammatory effects of exercise: mechanisms and implications for the prevention and 
treatment of disease. Nat Rev Immunol. 2011;11(9):607-15.

80. Mosconi L, Berti V, Dyke J, Schelbaum E, Jett S, Loughlin L, et al. Menopause impacts 
human brain structure, connectivity, energy metabolism, and amyloid-beta deposition. Sci 
Rep. 2021;11(1):10867.

81. Mosconi L, Rahman A, Diaz I, Wu X, Scheyer O, Hristov HW, et al. Increased 
Alzheimer's risk during the menopause transition: A 3-year longitudinal brain imaging study. 
PLoS One. 2018;13(12):e0207885.

82. Bagit A, Hayward GC, MacPherson REK. Exercise and estrogen: common pathways in 
Alzheimer's disease pathology. Am J Physiol Endocrinol Metab. 2021;321(1):E164-e8.

83. Ratnakumar A, Zimmerman SE, Jordan BA, Mar JC. Estrogen activates Alzheimer's 
disease genes. Alzheimer's &amp; Dementia: Translational Research &amp; Clinical 
Interventions. 2019;5(1):906-17.

84. Rettberg JR, Yao J, Brinton RD. Estrogen: A master regulator of bioenergetic systems 
in the brain and body. Frontiers in Neuroendocrinology. 2014;35(1):8-30.

85. Heneka MT, Carson MJ, Khoury JE, Landreth GE, Brosseron F, Feinstein DL, et al. 
Neuroinflammation in Alzheimer's disease. The Lancet Neurology. 2015;14(4):388-405.

86. Disabato DJ, Quan N, Godbout JP. Neuroinflammation: the devil is in the details. 
Journal of Neurochemistry. 2016;139:136-53.

87. Nadkarni S, McArthur S. Oestrogen and immunomodulation: new mechanisms that 
impact on peripheral and central immunity. Current Opinion in Pharmacology. 
2013;13(4):576-81.

88. Song C, Zhang Y, Cheng L, Shi M, Li X, Zhang L, Zhao H. Tea polyphenols ameliorates 
memory decline in aging model rats by inhibiting brain TLR4/NF-κB inflammatory signaling 
pathway caused by intestinal flora dysbiosis. Exp Gerontol. 2021;153:111476.

89. Yang Q, Zhang Y, Zhang L, Li X, Dong R, Song C, et al. Combination of tea polyphenols 
and proanthocyanidins prevents menopause-related memory decline in rats via increased 
hippocampal synaptic plasticity by inhibiting p38 MAPK and TNF-α pathway. Nutr Neurosci. 
2022;25(9):1909-27.

90. Gameiro CM, Romão F, Castelo-Branco C. Menopause and aging: Changes in the 
immune system—A review. Maturitas. 2010;67(4):316-20.

91. Huang W-Y, Hsin IL, Chen D-R, Chang C-C, Kor C-T, Chen T-Y, Wu H-M. Circulating 
interleukin-8 and tumor necrosis factor-α are associated with hot flashes in healthy 
postmenopausal women. PLOS ONE. 2017;12(8):e0184011.



22

92. Malutan AM, Dan M, Nicolae C, Carmen M. Proinflammatory and anti-inflammatory 
cytokine changes related to menopause. Menopausal Review. 2014;3:162-8.

93. Straub RH. The Complex Role of Estrogens in Inflammation. Endocrine Reviews. 
2007;28(5):521-74.

94. Wilson H, Pagano G, Politis M. Dementia spectrum disorders: lessons learnt from 
decades with PET research. Journal of Neural Transmission. 2019;126(3):233-51.

95. Mishra A, Brinton RD. Inflammation: Bridging Age, Menopause and APOEε4 
Genotype to Alzheimer's Disease. Front Aging Neurosci. 2018;10:312.

96. Cunnane SC, Trushina E, Morland C, Prigione A, Casadesus G, Andrews ZB, et al. Brain 
energy rescue: an emerging therapeutic concept for neurodegenerative disorders of ageing. 
Nature Reviews Drug Discovery. 2020;19(9):609-33.

97. Duarte AI, Santos MS, Oliveira CR, Moreira PI. Brain insulin signalling, glucose 
metabolism and females' reproductive aging: A dangerous triad in Alzheimer's disease. 
Neuropharmacology. 2018;136:223-42.

98. Klosinski LP, Yao J, Yin F, Fonteh AN, Harrington MG, Christensen TA, et al. White 
Matter Lipids as a Ketogenic Fuel Supply in Aging Female Brain: Implications for Alzheimer's 
Disease. EBioMedicine. 2015;2(12):1888-904.

99. Brinton RD, Yao J, Yin F, Mack WJ, Cadenas E. Perimenopause as a neurological 
transition state. Nat Rev Endocrinol. 2015;11(7):393-405.

100. Wilson AC, Clemente L, Liu T, Bowen RL, Meethal SV, Atwood CS. Reproductive 
hormones regulate the selective permeability of the blood-brain barrier. Biochimica et 
Biophysica Acta (BBA) - Molecular Basis of Disease. 2008;1782(6):401-7.

101. Uzum G, Bahçekapılı N, Baltaci AK, Mogulkoc R, Ziylan YZ. Pre- and post-estrogen 
administration in global cerebral ischemia reduces blood-brain barrier breakdown in 
ovariectomized rats. Acta Physiol Hung. 2015;102(1):60-6.

102. Xiao H, Liu J, He J, Lan Z, Deng M, Hu Z. 17β-Estradiol Attenuates Intracerebral 
Hemorrhage-Induced Blood-Brain Barrier Injury and Oxidative Stress Through SRC3-
Mediated PI3K/Akt Signaling Pathway in a Mouse Model. ASN Neuro. 
2021;13:17590914211038443.

103. Maggioli E, McArthur S, Mauro C, Kieswich J, Kusters DHM, Reutelingsperger CPM, et 
al. Estrogen protects the blood-brain barrier from inflammation-induced disruption and 
increased lymphocyte trafficking. Brain Behav Immun. 2016;51:212-22.

104. Shin JA, Yoon JC, Kim M, Park EM. Activation of classical estrogen receptor subtypes 
reduces tight junction disruption of brain endothelial cells under ischemia/reperfusion 
injury. Free Radic Biol Med. 2016;92:78-89.



23

105. Sandoval KE, Witt KA. Age and 17β-estradiol effects on blood-brain barrier tight 
junction and estrogen receptor proteins in ovariectomized rats. Microvasc Res. 
2011;81(2):198-205.

106. Burek M, Arias-Loza PA, Roewer N, Förster CY. Claudin-5 as a novel estrogen target in 
vascular endothelium. Arterioscler Thromb Vasc Biol. 2010;30(2):298-304.

107. Pellegrini E, Fernezelian D, Malleret C, Gueguen MM, Patche-Firmin J, Rastegar S, et 
al. Estrogenic regulation of claudin 5 and tight junction protein 1 gene expression in 
zebrafish: A role on blood-brain barrier? J Comp Neurol. 2023;531(17):1828-45.

108. Kuruca SE, Karadenizli S, Akgun-Dar K, Kapucu A, Kaptan Z, Uzum G. The effects of 
17β-estradiol on blood brain barrier integrity in the absence of the estrogen receptor alpha; 
an in-vitro model. Acta Histochem. 2017;119(6):638-47.

109. Bake S, Sohrabji F. 17beta-estradiol differentially regulates blood-brain barrier 
permeability in young and aging female rats. Endocrinology. 2004;145(12):5471-5.

110. Moon Y, Lim C, Kim Y, Moon W-J. Sex-Related Differences in Regional Blood–Brain 
Barrier Integrity in Non-Demented Elderly Subjects. International Journal of Molecular 
Sciences. 2021;22(6):2860.

111. Barrea L, Pugliese G, Laudisio D, Colao A, Savastano S, Muscogiuri G. Mediterranean 
diet as medical prescription in menopausal women with obesity: a practical guide for 
nutritionists. Crit Rev Food Sci Nutr. 2021;61(7):1201-11.

112. Ahmed F, Hetty S, Vranic M, Fanni G, Kullberg J, Pereira MJ, Eriksson JW. ESR2 
expression in subcutaneous adipose tissue is related to body fat distribution in women, and 
knockdown impairs preadipocyte differentiation. Adipocyte. 2022;11(1):434-47.

113. Altunkaynak BZ, Unal D, Altunkaynak ME, Halici Z, Kalkan Y, Keles ON, et al. Effects of 
diabetes and ovariectomy on rat hippocampus (a biochemical and stereological study). 
Gynecol Endocrinol. 2012;28(3):228-33.

114. Cho K-H. The Current Status of Research on High-Density Lipoproteins (HDL): A 
Paradigm Shift from HDL Quantity to HDL Quality and HDL Functionality. International 
Journal of Molecular Sciences. 2022;23(7):3967.

115. Wang J, Gaman MA, Albadawi NI, Salem A, Kord-Varkaneh H, Okunade KS, et al. Does 
Omega-3 Fatty Acid Supplementation Have Favorable Effects on the Lipid Profile in 
Postmenopausal Women? A Systematic Review and Dose-response Meta-analysis of 
Randomized Controlled Trials. Clin Ther. 2023;45(1):e74-e87.

116. Abbas AM, Elsamanoudy AZ. Effects of 17β-estradiol and antioxidant administration 
on oxidative stress and insulin resistance in ovariectomized rats. Can J Physiol Pharmacol. 
2011;89(7):497-504.



24

117. Behr GA, Schnorr CE, Simões-Pires A, da Motta LL, Frey BN, Moreira JCF. Increased 
cerebral oxidative damage and decreased antioxidant defenses in ovariectomized and sham-
operated rats supplemented with vitamin A. Cell Biology and Toxicology. 2012;28(5):317-30.

118. Fabelo N, Martin V, González C, Alonso A, Diaz M. Effects of oestradiol on brain lipid 
class and Fatty Acid composition: comparison between pregnant and ovariectomised 
oestradiol-treated rats. J Neuroendocrinol. 2012;24(2):292-309.

119. Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as modulators of 
blood-brain barrier integrity and brain health. Gut Microbes. 2020;11(2):135-57.

120. Dekaboruah E, Suryavanshi MV, Chettri D, Verma AK. Human microbiome: an 
academic update on human body site specific surveillance and its possible role. Archives of 
Microbiology. 2020;202(8):2147-67.

121. Connell E, Le Gall G, Pontifex MG, Sami S, Cryan JF, Clarke G, et al. Microbial-derived 
metabolites as a risk factor of age-related cognitive decline and dementia. Molecular 
Neurodegeneration. 2022;17(1).

122. Liu Y, Zhou Y, Mao T, Huang Y, Liang J, Zhu M, et al. The relationship between 
menopausal syndrome and gut microbes. BMC Women's Health. 2022;22(1).

123. Zeibich L, Koebele SV, Bernaud VE, Ilhan ZE, Dirks B, Northup-Smith SN, et al. Surgical 
Menopause and Estrogen Therapy Modulate the Gut Microbiota, Obesity Markers, and 
Spatial Memory in Rats. Front Cell Infect Microbiol. 2021;11:702628.

124. Guo M, Cao X, Ji D, Xiong H, Zhang T, Wu Y, et al. Gut Microbiota and Acylcarnitine 
Metabolites Connect the Beneficial Association between Estrogen and Lipid Metabolism 
Disorders in Ovariectomized Mice. Microbiol Spectr. 2023:e0014923.

125. Ardekani BA, Convit A, Bachman AH. Analysis of the MIRIAD Data Shows Sex 
Differences in Hippocampal Atrophy Progression. J Alzheimers Dis. 2016;50(3):847-57.

126. Hua X, Hibar DP, Lee S, Toga AW, Jack CR, Weiner MW, Thompson PM. Sex and age 
differences in atrophic rates: an ADNI study with n=1368 MRI scans. Neurobiology of Aging. 
2010;31(8):1463-80.

127. Moir ME, Corkery AT, Senese KA, Miller KB, Pearson AG, Loggie NA, et al. Age at 
natural menopause impacts cerebrovascular reactivity and brain structure. American 
Journal of Physiology-Regulatory, Integrative and Comparative Physiology. 
2023;324(2):R207-R15.

128. Chen XL, Fortes JM, Hu YT, Van Iersel J, He KN, Van Heerikhuize J, et al. Sexually 
dimorphic age-related molecular differences in the entorhinal cortex of cognitively intact 
elderly: Relation to early Alzheimer's changes. Alzheimer's &amp; Dementia. 2023.

129. Coughlan GT, Betthauser TJ, Boyle R, Koscik RL, Klinger HM, Chibnik LB, et al. 
Association of Age at Menopause and Hormone Therapy Use With Tau and β-Amyloid 
Positron Emission Tomography. JAMA Neurol. 2023.



25

130. Wang X, Zhou W, Ye T, Lin X, Zhang J. Sex Difference in the Association of APOE4 
with Memory Decline in Mild Cognitive Impairment. J Alzheimers Dis. 2019;69(4):1161-9.

131. Coughlan G, Larsen R, Kim M, White D, Gillings R, Irvine M, et al. APOE ε4 alters 
associations between docosahexaenoic acid and preclinical markers of Alzheimer's disease. 
Brain Commun. 2021;3(2):fcab085.

132. Miranda AM, Ashok A, Chan RB, Zhou B, Xu Y, McIntire LB, et al. Effects of APOE4 
allelic dosage on lipidomic signatures in the entorhinal cortex of aged mice. Transl 
Psychiatry. 2022;12(1):129.

133. Stephen TL, Cacciottolo M, Balu D, Morgan TE, Ladu MJ, Finch CE, Pike CJ. APOE 
genotype and sex affect microglial interactions with plaques in Alzheimer’s disease mice. 
Acta Neuropathologica Communications. 2019;7(1).



26

1. Females have a greater AD prevalence. 
2. Females who develop menopause earlier have increased AD risk.
3. Deleterious effects broadly relate to dysregulation of immune-metabolic processes.
4. Interestingly such features within the brain may be region specific.  
5. Further elucidation of the underlying mechanisms is still required.  
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