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Abstract

Studies have shown differences in specific cognitive ability domains and risk of Alzheimer’s

disease between the men and women at later age. However it is important to know that sex

differences in cognitive function during adulthood may have their basis in both organizational

effects, i.e., occurring as early as during the neuronal development period, as well as in

activational effects, where the influence of the sex steroids influence brain function in adulthood.

Further, the rate of cognitive decline with aging is also different between the sexes. Understanding

the biology of sex differences in cognitive function will not only provide insight into Alzheimer’s

disease prevention, but also is integral to the development of personalized, gender-specific

medicine. This review draws on epidemiological, translational, clinical, and basic science studies

to assess the impact of sex differences in cognitive function from young to old, and examines the

effects of sex hormone treatments on Alzheimer’s disease in men and women.

1. Introduction

The popular quote, “Men are from Mars and women are from Venus”, has been commonly

applied to many different situations including physiology, sociology and pathology; the

gender differences in cognitive functioning are no exception. The differences of learning and

memory between male and female brains are confirmed by both human and animal studies

from early development stages throughout their life spans. In addition, many neurological

diseases exhibit gender biases, such that one sex has a greater prevalence or severity of the

disease than the other. Neurological diseases in the young and the elderly also demonstrate

gender-specific responses to therapies. However, the question is how much, rather than

whether or not, the biology of sex contributes to normal cognitive function. Accordingly,

such understanding may provide better insight into the factors that contribute to the risk of
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cognitive impairment. Here, we will be focusing on sex hormones - especially the role of

estrogens, progesterone and testosterone – on mechanisms that relate to neuronal function

and associated cognitive ability in the adult and aged individual.

2. Sex differences in cognition

Gender differences in cognitive function in adulthood and ageing have been well

demonstrated. For example, men perform better on spatial memory while women excel at

verbal and object location (Table 1). The sex differences in cognitive function and brain

structures in later life have been demonstrated by Magnetic resonance imaging (MRI) in

human studies. For instance, studies found that men demonstrated larger amygdala and

thalamus volumes compared to women [1; 2; 3], whereas the size of hippocampus is larger

in females compared to males [1; 4]. It is also worth noticing that there are a relatively

higher number of androgen receptors in the amygdala [5] and a relatively higher number of

estrogen receptors in the hippocampus [6].

2.1. Sex-type cognitive behavioral tests

Differing performances between the sexes have been observed on a number of common

learning tasks in both human and animal literature. There are four classes of memory tasks

for which sex differences have been frequently reported: spatial, verbal, autobiographical,

and emotional memory. Typically, it has been commonly believed that males show an

advantage on spatial tasks, and females on verbal tasks. However, evidence now shows that

the male spatial advantage does not apply to certain spatial tasks, and that the female

advantage in verbal processing extends into many memory tasks which are not explicitly

verbal [7]. For example, spatial tests can be further divided into three components: spatial

perception, spatial rotation (spatial working memory) and spatial visualization (navigation)

[8].). In Table 1, we include a review of human spatial ability and verbal performance with

sex-favored components.

Human studies

Spatial rotation memory test: There are simple (two-dimensional stimuli) and complex

(three dimensional stimuli) tasks. The rotation of simple two-dimensional stimuli can lead to

greater activation of the left parietal area rather than the right parietal area, while the

complex three-dimensional rotations are associated with more right parietal activation than

left parietal activation [9]. Interestingly, brain imaging studies have identified distinctly

different networks activating during mental rotation tasks for men and women, such as

increased activation in the parietal lobules in men, and increased activity in frontal areas in

women [10; 11; 12]. The unique frontal activity in women has been interpreted as evidence

of a different cognitive strategy from men to solving mental rotation problems. Studies also

showed that if sex hormone variation across the menstrual cycle in women was taken into

account, the different activation areas during mental rotation tasks were no longer observed

[12; 13], suggests that activity in the parietal lobule region may be sensitive to ovarian

hormones in women. A study on fluctuations in salivary testosterone and performance of

male-biased spatial rotation task in 160 women and 177 men showed that circulating

testosterone does not contribute substantially to sex differences in spatial rotation memory in
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young men and women [14]. A recent study of 308 twins showed that puberty testosterone

levels are significantly related to poor performance in mental rotation test in male young

adults [15]. The negative relationship between testosterone levels and mental rotation

performance is also reported in older male as the higher the testosterone levels, the poorer

performance the males showed [16]. Another study showed that female users using hormone

contraception that had lower levels of 17b-estradiol and progesterone had poorer spatial

rotation as well as reduced verbal (What are you trying to say here?) compared to non-users

[17]. Furthermore, a longitudinal study of 10 male and 7 female for 8 weeks showed that

both genders showed significant sex hormone related cycle effect in mental rotation

performance at the beginning of the study. However, at the end of the study, none of the

hormones were significantly related to performance. Thus, the relationship between

hormones and mental rotation performance disappeared with repeated testing [18].

Spatial navigation test: Navigation tests, also called a way-finding, are commonly

conducted by having subjects reconstruct a path through a map or real space. There are two

different approaches that may be involved: egocentric and allocentric strategies (figure 1).

An egocentric strategy involves more local landmarks as and directional cues as personal

directions. An allocentric strategy uses the absolute position of general landmarks, such as

distance as absolute directions [19]. Individuals with hippocampal sclerosis were more

impaired in navigating through a virtual maze in which learning was associated with

egocentric memory. The allocentric memory impairment is found in patients with extensive

hippocampal sclerosis plus subcortical deterioration, suggesting a combination of

hippocampal and cortical damage is associated with negative changes in allocentric memory

[20]. Patients with temporal lobe epilepsy without hippocampal sclerosis do not display

cognitive deficits of allocentric or egocentric memory. Indeed, men tend to favor a more

allocentric strategy (accurate judgments of distance), while women are more frequently

egocentric (able to recall more street names and building shapes as landmarks) navigators.

Although males perform better than female in the navigation strategy, the relationship

between navigation and one’s level of testosterone has not been consistently demonstrated

[21; 22]. It is worth pointing out that the outcome of sex-specific navigation test is closely

related to the experimental conditions. For example, when test was performed within a

single room or within an indoor environment without absolute directional cues, men and

women perform the same [23]. On the other hand, men significantly outperform women in

navigating through a large outdoor space [24].

Recent human studies using a computerized water maze to mirror rodent tests of object

recognition and spatial navigation test showed a faster and more efficient performance by

college-aged males compared to females of the same age. Studies also reported that older

adults’ spatial navigation learning were preferentially related to processing of landmark

information, whereas processing of boundary information played a more prominent role in

younger adults [25]. Efficient spatial navigation requires not only accurate spatial

knowledge but also the selection of appropriate strategies. Successful performance using an

allocentric place strategy was observed in young participants, while older participants were

able to recall the route when approaching intersections from the same direction as during

encoding and failed to use the correct strategy when approaching intersections from new
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directions [26]. Aging specifically impairs switching navigational strategy to an allocentric

navigational strategy.

A traditional object location memory task is designed by presenting different arrays of

common objects between the training phases. The test requires participants to identify the

difference between the 2 selections. In human studies, the medial temporal lobe and

perirhinal cortex are impaired in various types of object location tasks, but only when the

objects have a high number of overlapping features. Meanwhile, patients with medial

temporal lesions that are confined to the hippocampus showed normal performance on

object location tasks regardless of the level of feature ambiguity [27; 28]. Significant female

advantages have been observed in several studies of object location memory [29; 30; 31].

This is opposed to mental rotation and navigation tasks, suggesting that object location

differs from other spatial tasks in terms of its cognitive demands. Similarly, females relying

on an array of local objects for navigational cues has been reported in several well-studied

phenomenon in the laboratory through animals using the radial arm maze, such as female

rats showing impaired performance if local landmarks are removed [32].

Verbal memory: Two kinds of general measures of verbal memory have been used in most

studies to identify sex differences. One is the Controlled Oral Word Association Test

(COWAT) to test verbal fluency and another is the Rey Auditory Verbal Learning Test

(RAVLT), also known as the California Verbal Learning Test (CVLT) which has

participants recall a list of words. Women outperform men in both measures. Interestingly,

the female advantage in verbal memory is consistent throughout the life span [33; 34],

suggesting circulating sex hormone independency. Women generally score higher than men

on verbal memory tasks, possibly because women tend to use semantic clustering in recall.

Studies showed that the sex differences in recall and semantic clustering in the verbal

learning test diminished with a shorter word list in a relative small sample study [35]. A 10-

year longitudinal study of over 600 non-demented adults, aged 35–80 years, found stable sex

differences across five age groups—women outperformed men on verbal memory, verbal

recognition, and semantic fluency tasks, while men demonstrated better visuospatial ability

[36]. Some studies showed that healthy elderly women have better immediate word learning

[37], verbal memory, and episodic memory compared to age-matched men [38]. However, a

recent meta-analysis of neurocognitive data from 15 studies (n = 828 men; 1,238 women)

showed that men modestly but significantly outperformed women in all of the cognitive

domains been examined, including verbal and visuospatial tasks and tests of episodic and

semantic memory, while age and MMSE were not associated with the male-advance in

memory [39]. Some also reported better visual memory [40], working memory [41], and

episodic memory [41] in elderly men than women. Furthermore, others have also reported

no sex differences in the elderly for verbal memory. So, there exists no clear pattern of sex

advantages for memory in the healthy elderly, and any sex differences appear to be task

dependent. A cross-sectional analysis of the association between sex hormones, metabolic

parameters, and psychiatric diagnoses with verbal memory in healthy aged men showed that

higher levels of serum sex hormone binding globulin (SHBG) were associated with a worse

verbal memory [42], suggesting levels of free testosterone influence male verbal memory.

However, findings of sex-differences in verbal memory in young adults or early adolescents
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are contradictory. Studies showed no association between the sex-dependent verbal memory

and age, level of sex hormone, or puberty development in teenage boys and girls [43].

Furthermore, a recent study including 366 women and 330 men aged between 16 and 69

years of age, showed that women outperformed men on auditory memory tasks due to

female advancement in verbal memory, whereas male adolescents and older male adults

showed higher level performances on visual episodic and visual working memory measures

[44].

Animal studies

A traditional object location memory task: Indeed, it has been shown that rodents are able

to discriminate a novel from a familiar object (one-trial object recognition), detect a

mismatch between the past and present location of a familiar object (one-trial object-place

recognition), and are also able to discriminate between different objects in terms of their

relative recency (temporal order memory [45]. Studies of object-in-place task with

combination of object recognition and object location showed that rats were able to

discriminate moved from unmoved objects after a brief 5-min delay, regardless of biological

sex or hormone status. The ovariectomized female rats treated with estradiol and

progesterone discriminated moved from unmoved objects while ovariectomized vehicle-

treated females and gonadally intact males did not, suggesting that female rats outperform

males only when circulating levels of estrogens and progesterone are elevated [46].

Spatial working memory: A male advantage in spatial working memory has been

identified in rodents using the Morris water maze. Similar as reported in human, studies of

rats showed that male rats outperform female rats in geometric reference and female rats

preferentially use landmark cues in the snow cone water maze (SWM) [47; 48]. A recent

study further reported that the sex preferences in SWM spatial learning in rats (geometric

cues vs. landmark cues) are associated with entorhinal cortex thickness, not the size of

hippocampus [49]. It is known that hippocampal neurogenesis is linked to spatial learning

and memory. Ovarian hormones not only modulate neurogenesis in the hippocampus but

also modulate hippocampus-dependent learning and memory across a variety of species

from rodents to prim [50]. Interestingly, spatial strategy is associated with hippocampal cell

proliferation. Interestingly, hippocampal cell proliferation is increased in female rats but

decreased in male [51; 52], suggesting that navigational strategies in the Morris water maze

(MWM) task are related differentially to changes in cell proliferation in the hippocampus in

males and females. In agreement with sex differences in neurogenesis, a recent study also

showed that spatial training in MWM increased neurogenesis (increase in BrdU cells) only

in males while performance during spatial training was positively correlated with new cell

activation (BrdU co-labeled with zif268) in females but not males [53]. Moreover, a new

study reported that 17β-estradiol increased neurogenesis in the hippocampus and increased

activation of these new neurons enhanced spatial memory retrieval, while estrone decreased

cell survival and had no significant effect on activation of these new neurons[54]. The levels

of circulating testosterone also altered water maze performance in male rats. Male rats

castrated at pre-puberty period had lower levels of testosterone than sham-castrated rats and

showed better spatial learning (shorter escape latency and traveled distance) than the sham-

castrated males at the same age in MWM [55]. A low testosterone dose (0.125 mg) in
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castrated adult male rats caused a significant increase in the use of a cued-response strategy

relative to control males [56]. While it is unclear whether testosterone directly regulates

spatial learning, evidence suggested that optimal testosterone level affects spatial learning in

males.

The radial arm maze (RAM) is also commonly used to measure rodent spatial learning and

memory. In the RAM, between three and 24 arms extend from a central, round arena. Each

arm has a food receptacle, which may or may not have food. Rodents are trained on food

locations relative to distal cues in the room. RAM testing includes recording of error rates

and the number of trials to criterion as measures of spatial memory and learning

performance, respectively. In RAM, male rodents outperform females by using distal cues

such as the shape of the room as an orientation strategy [57; 58].

The Barnes maze (BM) is another measurement for spatial learning using visual cues. BM

has several advantages over the MWM as it is less physically taxing and may be less

stressful to rodents, especially for mice as measured by corticosterone levels [59]. Sex

differences in BM have been reported in mice with strain specificity. For instance, male

mice showed better learning performance than females in the DBA/2J and C3H/HeJ strains,

but there were no sex differences in the other 12 strains, including C57BL/6J [60].

2.2 The Biological Basis for Sex-Differences in adult/aging-associated cognitive function

The major biological basis of the gender-dependent cognitive activity is sex-hormone

dependent. These sex hormone-driven differences in cognitive function start from the stage

of neuronal development and lasts until the end of their lifespan. For example, prenatal

androgen facilitates spatial ability and social behavior. In addition, a reduced sensitivity to

sex hormones in cognitive function has been noticed during puberty in human and animal

studies. The sections below outline the impact of sex and/or sex-hormones at different stages

of development on later life cognitive/behavioral function.

Influence of sex/sex-hormones during the perinatal period on later life
behavior—The perinatal period is critical for neurological and psychiatric disorders.

Accordingly, it is not surprising that most adulthood mental disorders begin in childhood

and adolescence [61]. However, it is unknown whether the impact of early neurological

development on cognitive function is different in males and females. Epidemiological

studies have shown that prenatal stress increases the development of neurodevelopmental

disorders, such as schizophrenia and autism [62; 63]. Studies have also showed that perinatal

exposure to air pollution increases autism disorder more so for boys than for girls [64].

Postnatal hypoxia ischemia injury causes a greater deficit in rapid auditory processing and

spatial learning in male rats than in female rats [65]. A recent gene expression microarray

study showed that developmental exposure to lead (Pb) can have significant effects on the

hippocampal transcriptome with a clear sex difference in rats, with the different panels of

gene expression in the hippocampus observed from Pb exposure during early development

(gestation and lactation) or during a later (postnatal) developmental period [66]. The impact

of brain development in the perinatal period on adulthood cognition is also evidenced by

studies showing that developmental ethanol exposure can affect cognitive function in
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humans, while animal studies showed that adolescent female rats appeared more susceptible

than males to ethanol-induced spatial learning impairments [67; 68; 69].

While it is still unclear why the sex differences in brain development plays critical roles in

cognition in adulthood, there are two major theories which both contribute to the biology of

sex-dependent development at early age: sex hormone dependent and sex hormone

independent. In early fetal development, the level of sex hormones does not differ between

males and females and thus, the undeveloped gonads have therefore been called bi-potential

gonads. Differentiation of the male fetal gonads into testes is controlled by the sex-

determining region of the Y chromosome (SRY) protein. The female fetus lacks the protein

and instead develops ovaries from the bi-potential gonads [70; 71]. Studies in rats showed

that the sex differences in circulating levels of sex hormones (mainly testosterone) only have

a short critical period (between embryonic day 18 and 10 days after birth) to cause

permanent sex-dependent changes in brain morphology and functions [72]. Interestingly, the

testosterone roles in brain development of sex differences might be mediated by its

metabolite estradiol, a conversion process facilitated by neuronal aromatase [73]. Studies

showed that perinatal estradiol treatment can reproduce the masculinizing effects of

testosterone on brain organization and behavior in gonadectomized animals [74].

Furthermore, masculinizing effects of testosterone on brain development and function were

also effectively blocked by estrogen antagonists and aromatase inhibitors [75; 76]. The sex

hormone-dependent effect on brain development was demonstrated by studies that showed

that neonatal female rats injected with testosterone showed a male-sized medial preoptic

nucleus (MPN) in adulthood whereas perinatal castration of male rat pups resulted in a

female-sized MPN [77], suggesting that the vertebrate brain is organized in a sex-dependent

fashion under the control of perinatal gonadal steroid hormones, such as estrogens or

testosterone [78].

While exposure to circulating sex steroids is a chief contributor to the sex-dependent

neuronal development, sexual dimorphism is also exhibited in many brain diseases afflicting

children and the elderly. Studies showed that embryonic neurons (before sexual

differentiation) isolated from male and female rats have different cellular responses to stress

and female cells show greater sensitivity to ethanol than male cells, suggesting that they are

independent of hormonal effects [79]. Moreover, female (XX) neurons are more sensitive to

agents that induce apoptosis, while male (XY) neurons react more to oxygen deprivation,

ischemia and other forms of stress [80]. Further, recent studies showed that there are

significant differences in the location and expression of the genes controlling key enzymes

between females and males [81]. All together, the data suggest that genetic mechanisms may

be equally important to the organizational effects of sex-steroids in controlling sexual-

specific neuronal characteristics.

Influence of sex/sex-hormones during puberty on later life sex-specific
behavior—While sex hormones present during early development are well known to have

permanent effects on sex-related behaviors in human and various animals (as outlined

above), recent work has renewed interest in puberty as another organizational period for the

effects of sex hormones. For example, animal studies showed that testosterone

administration at during puberty induced an increase in mating behavior in adult
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gonadectomized male hamsters, but not through testosterone administration simulating late

puberty [82], suggesting a decreasing sensitivity to the organizational effects of sex

hormones across age. Similarly, female mice exposed to stress in early adolescence showed

more disturbed sexual behaviors than those exposed to stress in late adolescence,

emphasizing the importance of timing of exposure even within adolescence [83]. While it is

difficult to prove that puberty is another organizational period for human behavior due to

human hormones not being able to be manipulated experimentally, one study showed greater

depression in early maturing adolescent girls than that of on-time and late-maturing girls

[84], suggesting that some behavioral effects of pubertal timing persist into adulthood. In

addition, variations in pubertal timing have been examined in relation to cognition. For

example, late maturing boys and girls had higher spatial abilities than their early maturing

counterparts. While the neural mechanism underlying this effect was originally considered

to be hemispheric specialization (lateralization), confirming evidence was not

straightforward and later studies suggested that unspecified brain reorganization occurred

during puberty that was related to sexual differentiation [85]. Furthermore, studies reported

that a longer reproductive period is associated with better cognition in later life, including

verbal fluency [86], consistent with hypotheses of declining sensitivity to hormones with age

[82]. One recent study showed that among men, there was a small-to-moderate effect of

pubertal timing on three-dimensional mental rotations test scores, with early maturers

performing better than late maturers; no significant link between pubertal timing and verbal

fluency scores was found [87]. Possible reasons for these include that men who experienced

early puberty may have greater amount circulating testosterone levels than men with late

puberty and thus, circulating hormones could be driving the effect of pubertal timing on

spatial ability and that pubertal timing is a reflection of testosterone exposure during early

development with early androgen exposure facilitating spatial abilities [88; 89]. However,

there were no significant relationships between timing and either cognitive measure among

women [87], suggesting the pubertal timing effects on male-typed cognition were not

observed in women.

The brain regional maturation is dependent on sex hormone, as the circulating testosterone

levels positively correlate with amygdala volume (higher testosterone = larger volume) but

negatively impact hippocampal volume. Thus, this remains consistent with sex-specific

differences in amygdala and hippocampal volume [1]. The sex hormone-dependent of brain

regional development has been further supported by reduced amygdale, cerebral and lobar

volume, and enlarged ventricles in young males with androgen insufficiency compared to

normal male controls [90; 91]. The reduction of in brain volumes of specific regions could

explain the deficits in executive function of boys with insufficient androgen as reported [92].

Although estrogens play significant roles in androgens during brain development, it also

plays critical roles in feminization. Girls with partial or complete loss of an X-chromosome

showed disproportionately reduced hippocampal volumes and increased amygdala volume

relative to age-matched controls [93]. This estrogen-related brain regional volume reduction

found in females with endogenous estrogen deficiency is further evidenced by the

impairment of executive performance on the task as reported by other groups of researchers

[94].
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Influence of sex/sex hormones during adulthood—While sex differences in

cognition may be attributed to organizational effects of sex steroid that result in sexually

dimorphic regions of the brain relevant to learning/memory functions, such differences may

also be attributed to “activational” effects of sex-steroid during adulthood. For example,

recent animal studies showed that endogenous sex hormone levels changed by reproductive

experience in females are associated with enhanced hippocampus-dependent memory [95],

supporting the theory that parity may result in a higher level of exposure to estrogens, and as

a consequence, changes the way the brain responds to estrogens in later life [50; 96].

Furthermore, sex steroids have been linked to many of the mechanisms thought to be

associated with cognitive decline and several types of dementia, which has high risks in both

genders with age. A recent review by Hogervorst found that women who undergo surgical

menopause or had menopause before 47 years old without hormone treatments have an

increased risk for global cognitive impairment and dementia in later life [97], suggesting

that the earlier the age of hormone loss (such as through surgical menopause), the higher the

risk for cognitive impairment. The ageing-related gender differences in cognition have been

reported in healthy populations. For instance, older male subjects were not only slower but

were also less accurate at matching objects across 3D rotation compared to younger

subjects, whereas there was no significant age difference for female subjects. In addition,

older males performed even worse than older females, suggesting a general male

disadvantage in mental rotations tasks is associated with ageing [98]. One study worth to

point out shows that women using oral contraceptives containing androgenic progestins,

have better spatial abilities than women using other types of oral contraceptives and women

not using oral contraceptives [99], indicating that estradiol might be less important than

testosterone for cognitive sexual differentiation, especially organizational effects on male-

type cognition such as spatial ability. On the other hand, women in high estradiol phases of

the menstrual cycle have better verbal fluency (female-type cognition) than those in low

estradiol phases, and naturally cycling women have better verbal fluency than women using

oral contraceptives [17; 100].

Cognitive impairment in AD—Memory problems are the most frequent complaint by

patients presenting for clinical assessment when dementia is suspected. Whether AD and

other dementia patients can be clearly distinguished on the basis of memory test

performance is a question we ask. Several studies showed that AD patients face more

problems in anterograde episodic memory than frontotemporal lobar degeneration (FTLD)

patients [101; 102; 103; 104]. Others reported that both AD and FTLD dementia groups did

not differ in their verbal and forgetting rates, besides a potential worse visual memory in the

AD group compared to the FTLD group [105]. Mild cognitive impairment (MCI) is a

clinical condition often associated with early stage of AD. A study of 425 MCI patients

showed that early onset MCI patients suffer more visuospatial memory impairment, while a

late onset of MCI showed more verbal memory problems; however, both are individual

conditions at an increased risk of conversion to AD [106]. Moreover, other studies also

reported no significant differences in the demographic characteristics of patients with mixed

dementia and AD, where patients with mixed dementia were significantly more impaired

than AD patients in global cognitive composite, attention and visuoconstruction [107]. Other
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cognitive measurements have also been used in MCI and AD. For example, an anti-saccade

task is a measurement for executive function and correlated with AD-sensitive cortical

thickness in MCI subjects, but not in normal elderly patients as reported by Heuer [108]. A

study using a new cognitive test, hard test your memory (H-TYM), in 97 mild AD/MCI and

200 control subjects demonstrated a significant detection of mild AD/MCI who “pass” the

MMSE from controls [109].

3. Sex differences in Prevalence of Alzheimer’s disease

AD is the most common cause of dementia in the elderly and is characterized by two major

pathological lesions: intracellular inclusions of tau protein in the form of neurofibrillary

tangles, and extracellular plaque formation by accumulations of amyloid beta peptide (Aβ)

derived from the β-amyloid precursor protein (APP). Accumulating Aβ, a proteolytic

byproduct of amyloid precursor protein (APP) metabolism, is an important aspect of AD

pathology. APP is processed by two competing pathways, the amyloidogenic pathway

through β-secretase (BACE1) and γ-secretase, which produce β-APPs and Aβ40/Aβ42

peptides, and the predominant non-amyloidogenic pathway via α-secretase, which produces

neuroprotective α-APPs and several non-amyloidogenic peptides [110].

3.1. Women have a higher prevalence of AD

In both genders, epidemiological studies show an increased risk of AD with the age-related

loss of sex steroid hormones. Sex differences in prevalence and severity of AD have been

found. Clinical and pre-clinical studies have shown that females carry an increased risk of

developing AD pathology compared to males, even after controlling for increased life span

[111; 112]. Women not only have a higher risk of developing AD than age-matched men

such as higher numbers of female AD patients than male patient with AD [113; 114; 115;

116], but also showed significantly age-related faster decline and greater deterioration of

cognition than elderly male [40; 41; 117]. Furthermore, both neuroimaging and postmortem

human studies showed difference AD pathology in men and women, such as men with AD

had more pronounced pathology in right hemisphere where women with AD often had more

manifest pathology than that in male AD patients [118; 119].

Although clear gender differences have been reported in the incidence and prevalence of

dementia [120], the reasons for these differences are still awaiting a clear understanding.

There are several major biological hypotheses on the sex differences in AD, such as

differences in age-related sex hormone reduction (estrogens, progesterone, testosterone),

various of genetic risks (ApoE, etc.), impact from risks of other diseases (diabetes,

depression, cardiovascular disease) and sex differences in brain anatomy, age-related

declines in brain volume, and brain glucose metabolism in the brain of men and women

[121; 122; 123; 124; 125; 126].

3.2. Differences in changes of sex hormones between men and women

Compared to age-matched controls, reduced circulating levels of 17β-estradiol and

testosterone are observed in female and male patients with AD, respectively [112; 127],

suggesting an undeniable effect of sex hormones in the epidemiology and pathology of AD.
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In women, estrogens are produced from cholesterol primarily in the ovaries and placenta,

although small but significant amounts can be produced by non-reproductive organs, such as

the liver, heart, skin, and brain. Three major forms of physiological estrogens exist in

females: estrone (E1), estradiol (E2, or 17β-estradiol), and estriol (E3). E1 is usually a major

product in the serum except for the ovarian follicle stage of premenopausal women. E2 is

the major product of the entire biosynthesis process and is the most potent estrogens during

the premenopausal period of a woman’s life (see review by Cui et al. [121]). With the

increase in longevity, women spend, on average, one third of life without sufficient

endogenous estrogens. Where testosterone levels decline slowly in advanced age in men, the

sharp decline of estrogens in postmenopausal women may contribute the female prevalence

in AD. Estrogens are known to have protective effect on the brain, and loss of estrogens

during menopause could, in part, lead to the deficits seen in brain metabolism

(mitochondrial impairment) in AD [128]. Estrogens also play critical roles in neurogenesis.

As reviewed by Galea [50], E2 can increase neurogenesis in various brain regions such as

dentate gyrus of hippocampus, and these newly generated neurons in the hippocampus

contribute to region-specific learning and memory. Studies showed hippocampal atrophy in

females with mild cognitive impairment (MCI), suggested an important role of estrogens in

the association between cognitive function and hippocampus [129]. The brain regional effect

of estrogens have also been confirmed by recent studies which further highlighted the potent

effects of estrogens on neuronal morphology and plasticity in area CA1 of hippocampus

[130; 131; 132; 133; 134; 135]. Another important neuroprotective role of estrogens in AD

is supported by the observation that estrogens can reduce Aβ levels, or prevent them from

rising, in the presence of pathological triggers [136]. Estrogens can also reduce Aβ

production by favoring the non-amyloidogenic pathway through MAPK/ERK activation,

reducing β-secretase (BACE1) levels, and promoting Aβ clearance by stimulating microglial

phagocytosis and degradation and regulating the levels of major enzymes involved in Aβ

degradation [137]. Estrogens can also be protective by regulating the Bcl-2 protein family,

increasing the expression of antiapoptotic Bcl-xL and Bcl-w and suppressing expression of

proapoptotic Bim to prevent neuronal loss from Aβ-mediated toxicity [138]. A reduction in

the levels of hyperphosphorylated tau (a major component of neurofibrillary tangles) can

also be induced by estrogens through kinases and phosphatases, such as the GSK-3β, Wnt,

or PKA pathways [139].

During menopause or after ovariectomy, there is a significant reduction in both estradiol and

progesterone. Depletion of estradiol and progesterone result in elevated Aβ levels in

transgenic mouse models of AD [95; 122; 140]. Like estrogens, progesterone plays

neuroprotective roles in against AD, such as modulating gamma-secretase, another set of

enzyme involve Aβ production [141] and increasing Aβ clearance medicated via insulin

degradation enzyme (IDE) [142]. Furthermore, studies from human, transgenic mice and

cells showed that progesterone also modulates Tau, another pathological molecule in AD

and frontotemporal dementia [143]. Unlike estradiol playing a role as an activator of alpha-

secretase (an enzyme protecting Aβ production) and an inhibitor of beta-secretase (a key

enzyme for Aβ production), progesterone showed no effect on alpha-secretase [141; 144].

Moreover, bioinformatics analysis revealed that progesterone administration in

ovariectomized rats was associated with a down-regulation of beta-secretase gene
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expression [145]. Progesterone administration in mid-aged wild-type and transgenic AD

mice showed an improved performance in the object recognition and T-maze task, which are

mediated by the cortex and hippocampus [146]. Interestingly, a cyclic delivery of

progesterone in female transgenic AD mouse model not only significantly reduced Aβ levels

by itself, but also enhanced the neuroprotective roles of estrogens in AD pathology when in

combination with estradiol treatment. In contrast, the continuous delivery of progesterone

not only failed to alter Aβ levels, but also inhibited the protective effects of estrogens against

AD [147].

While the precipitous loss of ovarian estrogens and progestagens at menopause has been

presumed to account for the increased female susceptibility to AD, recent studies in both

animals and humans suggest that depletion of brain-derived, rather than circulating,

estrogens act as more direct and significant risk factors [122]. Studies showed that non-

reproductive organs, such as adipose tissue and brain are affected by age related losses of

estrogens [95; 121; 122]. Analysis of brain estrogens, particularly E2, in the postmortem

brain samples from female AD patients and age-matched healthy subjects, studies

demonstrated a great reduction of E2 levels and estrogen biosynthesis in AD brains while

same serum E2 levels were found in both AD and controls, suggesting that brain estrogen

deficiency, not circulating E2, is associated with AD pathology [122]. The differences in

brain estrogens level between female AD and health individuals provide some level of

explanation on why only 13–15% aged female developed AD although every woman lost

sufficient endogenous estrogens after menopause in advanced age. The risk of brain estrogen

deficiency in female developing AD has also been supported by animal studies. Animals

with genetic depletion of estrogen synthase, aromatase, express very low levels of estrogens

in the brain compared to the mice with ovariectomy. Studies reported that APP transgenic

mice with low brain estrogens developed earlier and more severe AD pathology than

ovariectomized APP mice [122]. Furthermore, a greater and better neuroprotective response

from estrogen treatment was found in the APP mice with brain estrogen deficiency

compared to in the ovariectomized APP mice [95]. Together, evidences suggest an

important role of brain estrogens in female risk of developing AD.

Both estrogens and androgens regulate key processes implicated in AD pathogenesis, in

particular the accumulation of β-amyloid protein. While the prevalence and incidence of AD

are higher in women, in men, men also experience a robust age-related increase in the risk of

AD which is significantly affected by normal age-related depletion of testosterone.

However, compared to the precipitous decline of estrogens and progesterone in women, men

exhibit a much more slow and gradual decrease in bioavailable testosterone at a rate of ~2%

per year during normal aging [148; 149]. The brain is not only affected by age related loss of

estrogens, but of the loss of androgen during aging. In human studies, age-related androgen

loss has also been associated with increased AD risk. Men with AD exhibit lower circulating

[150; 151] and brain [152; 153] levels of testosterone than age-matched, non-demented men

without AD. Testosterone levels in brain have also been found to be inversely related to

soluble brain Aβ in men that show early development of AD-related neuropathology,

suggesting a possible mechanism linking brain testosterone and AD risk [153]. In addition,

the age-related testosterone loss appears to precede clinical [151] and neuropathological

[152; 153] diagnoses of AD, suggesting that androgen depletion is a precursor event that
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likely contributes to rather than results from the disease process. Moreover, there is no

linkage between the brain estrogens levels with AD diagnosis in men, suggesting sex

differences in the relationships between sex steroid hormones and AD risk (see review

[154]). The roles of testosterone in risk of AD have been also supported by animal studies.

In male 3x-Tg-AD transgenic mice, orchiectomy (ORX)-induced depletion of endogenous

androgens significantly accelerates AD-like pathology and impairment of hippocampal-

dependent behavioral performance, where treatment of ORX 3xTg-AD mice with

testosterone [155]. In male APP23 mice, another AD mouse model, increasing endogenous

testosterone by genetic disrupting aromatase showed significant reduction of AD pathology

and improved cognitive function [126].

3.3. Genetic influences on the effect of sex/sex hormones on AD-related impairment

A common polymorphism that confers risk, the APOE-4 genotype or allele, increases the

chance of developing the disease over the other forms (APOE-2 or APOE-3). The APOE-4

allele contributes to 40%–50% of the genetic basis for late onset AD [156]. ApoE4 has sex-

dependent effects, whereby the risk of developing AD is higher in apoE4-expressing females

than males. Recent study showed that women with ApoE4 showed sharp decline of

cognitive function than men with ApoE4 [157]. Female ApoE4 carriers with MCI have

higher risk of cardiovascular mortality than male APoE4 carriers with MCI [158]. The sex

differences in ApoE4 related cognitive impairment is unlikely due to the volume change of

hippocampus, since there were no significant differences among the ApoE4+/+, ApoE4+/−

and ApoE−/− groups of participants in their hippocampal volumes or hippocampal glucose

metabolism measurements [159]. In the animal studies, a significant impairment of spatial

learning along with age-related depletion of hilar GABA neurons was found in female

ApoE-knockin mice, not in ApoE male mice [160].

It was also suggested that the gene encoding for neuronal sortilin receptor 1 (SORL1) may

affect late-onset Alzheimer’s disease (LOAD) through a female-specific mechanism. A

recent study investigated the SNP variants of SORL1 with cognitive function and gender

and found that a possible protective effect of the SNPs, such as the rs2070045, influence

cognitive function in a sex-specific manner, such that men with this SNP have better

performance on verbal, episodic and spatial memory at least before age 75, but detrimental

effects for women’s performance [161]. However, a recent study of 96 LOAD and 120

controls failed to repeat the association between SORL1 and LOAD which might be related

to the small sample size [162]. Thrombospondins-4 (THBS-4) is 1 of 5 members of the

THBS family of multidomain extracellular matrix proteins detected in various tissue

including vascular, muscle and nervous system. While multiple studies reported a sex

difference between THBS4 polymorphism and myocardial infarction [163; 164],

experiments indicated that THBS4 expression increases with age in human brain regardless

of gender, but the interactions between THBS4 genotype and reduced volume of gray matter

were only found in female AD patients [165].

3.4. Sex differences in risk of other diseases

Many other diseases are also contributing the sex differences in dementias and AD. For

example, as we get older, the risk for type 2 diabetes, heart disease, and stroke increases.
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Heart Diseases—Generally, compared to men, women have smaller and stiffer hearts and

cardiac vessels, suffering more atherosclerosis. As cardiovascular fitness is negatively

associated with dementia mortality for both men and women, studies reported that women

benefit less from cardiovascular fitness than men [166; 167]. While amnestic MCI (aMCI) is

hypothesized to preferentially progress to dementia and AD, an investigation of a total of

2719 participants with following up cognitive evaluation found that cardiac disease is an

independent risk factor for nonamnestic MCI (naMCI) in women, preferentially progress to

vascular and other non-AD dementias [168]. The sex differences in cardiovascular risk of

AD is also supported by studies showed that men with high triglyceride (TG) and low HDL-

cholesterol levels have an increased incidence of all-cause dementia but not AD, where

women with low TG levels were associated with a decreased risk of AD [169].

Obesity and Diabetes—Approximately 16 million Americans have diabetes.

Approximately 55% of these are women [170]. Recent studies showed that type I diabetes

has no gender differences while type II diabetes showed a pronounced female bias in the

first half of the last century [171]. While type 2 diabetes may increase the risk of AD in both

sexes, studies showed that diabetes also increases the risk of MCI [172; 173; 174]. A recent

study showed that diabetes was associated with a stronger risk of aMCI in men and a strong

association of single-domain naMCI in women [175]. Data from most animal studies found

that insulin deficiency may result in AD pathology, including increased tau phosphorylation

at multiple sites, increased tau cleavage and greater neuronal and synaptic damage, even

with increased amyloid-β peptide production [176; 177].

Depression—Depression is one of the most common psychiatric disorders in older adults

and is highly associated with an increased risk for AD, although it is unclear whether it

represents an actual risk factor or is a prodromal state [178]. It is well recognized that

women are more likely to suffer from depression than men throughout life [179; 180; 181].

The depression is prevalent in 35–50% of patients already diagnosed with AD and 3–63% in

individual with MCI [182; 183]. A new longitudinal analysis of 2160 subjects at age of 65 or

older found that depression was related to a higher risk of prevalent MCI, and progression

from prevalent MCI to dementia [184], suggesting a possible role of depression in

promoting the conversion of MCI to AD. Although women have higher rates of depression

and anxiety, and these are emerging as risk factors for AD [185; 186], one longitudinal study

evaluating more than 1300 subjects found the depression is a risk factor for AD only in men,

and not in women [182]. The linkage between depression and AD was further documented

by a recent study on postmortem brain tissue from individuals afflicted with major

depression disorders and AD. This study found that the myelin/myelination abnormalities

represent an important neurobiological link between the pathophysiologies underlying major

depression and AD [187]. The sex differences in myelination disorders is also well

documented in previous studies that less white matter and higher risk of multiple sclerosis

have well found in women [188; 189]. Although depression in general is associated with risk

of AD, whether the prevalence of depression in women contributes to the prevalence of AD

remains further investigation.
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4. The potential protective role of estrogens, progestins and androgens in

AD – evidence from pre-clinical and clinical studies

While studies that reported impairments (or increased vulnerability) of brain function

resulting from surgical removal of the ovaries supported the potential benefit of estrogens in

maintaining a healthy brain, it is important to recognize that ovariectomy (like the

menopause) leads to a significant reduction in not only circulating estradiol, but also in

circulating progesterone. As such, the structural and functional impairments that are reported

to occur following ovariectomy may result from the loss of not only circulating estrogens,

but of progesterone as well. Accordingly, it should come as no surprise, that both estrogens

and progesterone are effective neuroprotectants in females, with some evidence pointing to

the protective effects of these hormones in males. In point of fact, both estrogens and

progesterone have well-described neuroprotective effects against numerous insults in a

variety of cell culture models, animal models and in humans. Further, with regard to the sex-

difference reported in the prevalence of Alzheimer’s disease and other neurodegenerative

diseases, there is an interest in how androgens, such as testosterone and its 5-alpha reduced

metabolite, dihydrotestosterone (DHT), influence brain cell viability/vulnerability. In the

sections below, we provide an overview how estrogens, progesterone and testosterone alter

brain cell viability, and relate these observations to the reports of the efficacy of these

hormones in neurodegenerative disease.

4.1. An overview of the brain-protective effects of estrogens

The potential for estrogens to exert their protective effects were gleaned from such studies

as that showing gonadally-intact adult female rodents sustain less neuronal damage from

global cerebral ischemia-reperfusion injury compared to age-matched males [190]. The

pioneering work from the Simpkins laboratory, for example, clearly demonstrated that 17β-

estradiol is a potent neuroprotectant in vitro [190] and is very effective against such insults

as ischemia-induced brain damage [191].

Protective effects of estrogens have been widely reported in a variety of neuronal models

and against different toxic insults [192]. Among the mechanisms thought to mediate these

protective effects include its antioxidant effects [193] and attenuation of excitotoxicity,

through inhibition of N-methyl-D-aspartate (NMDA) receptor activation [194]. Also, two

major signaling pathways, ERK and PI-3K-Akt, have been well-characterized as being part

of the pathway leading to inhibition of apoptosis and facilitation of neuronal survival [195;

196].

17β-estradiol has also been shown to enhance spine density and cognitive function (for

review, see [130; 197]), in addition to reducing the formation/accumulation of β-amyloid

[140; 198; 199; 200]. Mechanistically, the protective effects of estrogens against amyloid

beta may be attributed to its influence on amyloid precursor processing [198; 201; 202], on

clearance of amyloid beta [203] and/or on the degradation of amyloid beta [204; 205].

Further, the neuroprotective effects of estrogens have also been demonstrated in a variety of

models of acute cerebral ischemia. These include transient and permanent middle cerebral
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artery occlusion models [191; 206; 207], global forebrain ischemia models [208],

photothrombotic focal ischemia models [209], and glutamate-induced focal cerebral

ischemia models [210]. The protective effects of estrogens have been described in multiple

species, including rats, mice and gerbils [191; 211; 212]. And while the majority of studies

have investigated the neuroprotective effects of estrogens in females, estrogens protection

have also been noted in males [213; 214]. Collectively, these results indicate that estrogens

could be valuable candidates for brain protection against a variety of insults relevant to age-

associated diseases such as stroke and Alzheimer’s disease.

4.2. Overview of the brain-protective effects of progesterone

Progesterone has been reported to exert protective effects in a variety of experimental

models that mimic certain pathogenic aspects of brain dysfunction seen with advanced age-

or age-related neurodegenerative diseases such as Alzheimer’s disease. For example,

physiologically relevant concentrations of progesterone have been shown to significantly

attenuate oxidative injury resulting from glutamate [215; 216; 217; 218] and glucose

deprivation–induced toxicity [219], and also protects against FeSO4- and amyloid βeta-

peptide – induced toxicity in primary hippocampal cultures [219].

Progesterone is also an effective neuroprotectant in animal models of stroke. For example,

Jiang et al. illustrated that the administration of progesterone before middle cerebral artery

occlusion (MCAO) resulted in a marked reduction in cerebral infarction and reduced

impairments that resulted from the occlusion [220]. Interestingly, post-ischemic

administration of progesterone was also found to be protective [221; 222], and resulted in

improvements in various functional measures, including the rotarod test, and adhesive-

backed somatosensory and neurological scores [223]. The ability of progesterone to protect

even when administered after the insult (albeit within a relatively narrow window) may

suggest that both rapid/immediate and long-term mechanisms of progesterone action are

involved in the protective effects of progesterone. Progesterone has also been shown to

reduce the amount of cell death following an acute episode of global ischemia [224], and is

thought to be related to the ability of progesterone to reduce lipid peroxidation, the

generation of isoprostanes [225] and the expression of pro-inflammatory genes [226]. It is

worth pointing out that some of the protective effects of progesterone may also be mediated

by allopregnanolone, the major progesterone metabolite.

Another model in which progesterone has been shown to exert protective effects is in the

traumatic brain injury (TBI) model. The administration of progesterone reduces cerebral

edema for up to 24 hours after injury [227]. In a rodent model of medial frontal cortex

impact injury, progesterone reduced complement factor C3, glial fibrillary acidic protein

(GFAP), and nuclear factor kappa beta (NFκB) [226], all of which can be interpreted as

protective mechanisms. Progesterone also decreased the levels of lipid peroxidation in male

rats when administered after TBI [228].

Interestingly, there appears to be a sex difference in terms of the severity of impairment

following TBI. Females appeared to have less spatial learning impairments when compared

to their male counterparts. And though the lesion size was similar, females exhibited less

ventricular dilation indicating lower edema and water retention [229]. In fact, direct
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assessments of edema reveal that progesterone treatment significantly attenuates the level of

edema seen in injured animals in contrast to non-progesterone treated animals that had

undergone experimental TBI [227].

The protective effects of progesterone are also evident in other regions of the central

nervous system in addition to the hippocampus and cerebral cortex. For example,

progesterone has also been shown to have a beneficial effect on spinal cord contusion

injuries as supported by the work of Thomas et al. who found that there was a marked

reduction in the size of the lesion and a prevention of secondary neuronal loss with

progesterone treatment [230]. Further support for progesterone’s protective actions in the

spinal cord comes from the observation that progesterone has been shown to promote

morphological and functional recovery in the Wobbler mouse, an animal model of spinal

cord degeneration [231; 232]. Progesterone can also induce re-myelination as supported by

the increased expression of myelin proteins in the damaged sciatic nerves of both young

adult rats and in 22–24-month-old males [233]. Thus, progesterone may be of potential

therapeutic benefit in diseases where demyelination is an important component of its

pathogenesis.

4.3. Overview of the brain-protective effects of androgens

Androgens have been shown to protect the brain against a variety of AD-related insults. For

example, testosterone can protect against β-amyloid toxicity [234; 235; 236], oxidative

stress [237; 238], heat shock induced hyperphosphorylation of tau [239], kainic acid toxicity

[240] and stroke [241]. While some of the protective effects of testosterone may be mediated

through prior aromatization to estradiol, other studies clearly implicate the androgen

receptor [238; 240; 242]. Conversely, castration-induced androgen deficiency has been

shown to result in such deficits as compromised synaptic ultrastructure [243].

While there is clearly support for the protective effects of androgens, adverse events

associated with testosterone have also been noted. For example, testosterone exacerbated

AMPA or kainic acid mediated toxicity of oligodendrocytes [244] and enhanced glutamate-

mediated toxicity in hippocampal HT-22 cells [245]. Testosterone also increased the lesion

size resulting from middle cerebral artery occlusion (a model of stroke) in male rats [213],

and was shown to exacerbate motor deficits in a rat model of Parkinson’s disease [246].

While it is not completely clear what predicts the beneficial versus deleterious

consequences, factors that include age, the cellular context (neurons versus glia), and the

mechanisms that are in place to mediate the actions of androgens (such as genomic versus

non-genomic mechanisms), have been proposed to play a role.

4.4. Clinical Studies of Estrogens in Alzheimer’s disease

The prevalence of AD is significantly greater in women than in men [247; 248; 249]. The

incidence of AD may also be higher in postmenopausal women [115; 250], although this

observation may be complicated by the relatively longer lifespan in women. The increase in

risk/prevalence of AD in women may be related to the more precipitous decline in

circulating estrogens and progesterone levels, and as such, has served as the basis for the
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hypothesis that interventions with estrogens may help protect against neurodegenerative

diseases like AD.

In fact, several observational studies suggested that estrogens may help maintain cognitive

function in women with AD who are current users of estrogen/hormone therapy [251; 252;

253]. Further, estrogens loss from natural or surgical menopause is associated with a decline

in cognitive function that is reversed by ET [254; 255; 256]. Estrogens therapy (ET) affects

cognitive function during “non pathological” brain aging as well [257; 258; 259].

Interestingly, the efficacy of cholinesterase inhibitor treatment appeared to be made more

effective in women who were on hormone therapy [260], suggesting that estrogens may not

only have protective effects on its own, but may also enhance the therapeutic efficacy of

other AD-related drugs. Epidemiological evidence also suggests that post-menopausal ET

reduces the risk or delays the onset of AD [248]. Estrogens were also found to ameliorate

symptoms of disease in Parkinson’s disease (PD) [261; 262] and facilitated recovery from

neurotrauma such as stroke [263; 264] in the vast majority but not all cases [265]. Further,

mortality from stroke was found to be reduced in post-menopausal subjects who were taking

ET at the time of stroke [266; 267; 268], and that estrogens status plays role in recovery

from brain injury [269; 270].

While numerous observational/epidemiological studies have identified estrogens to be of

benefit, results from randomized clinical trials have been much more equivocal. Most

notably, results from the Women’s Health Initiative suggested that estrogens did not have a

beneficial effect on dementia or cognitive function in older women [271; 272; 273; 274] and

failed to improve symptoms in women with mild to moderate AD [275]. The WHI studies

reported that Premarin® (and PremPro®) not only failed to positively affect conditions

associated with neuroprotection, but that ET or combined hormone therapy (HT) may

worsen cognition [271; 272; 273; 274; 275] and increase strokes [276; 277; 278] and cardiac

arrests [276; 277]. Reanalysis of the WHI data, however, indicates that early

postmenopausal treatment with estrogens can provide benefits [278; 279], as was reported

previously in observational trials [252; 253; 254; 255; 256; 257; 258] and a large number of

animal model data as indicated above. This observation prompted the consideration of the

timing of estrogen therapy relative to the onset of the menopause. In fact, a growing number

of studies [280; 281; 282] support the existence of the “window of opportunity hypothesis”,

which states that there is a limited period after the menopause during which ET or HT is

effective. In view of these new studies and others, it would appear that ET may not have

universal utility in treating/preventing dementia. However, it is also clear that there are a

growing number of “factors” that may influence the effect of estrogens (such as formulation

of estrogens, route of delivery, etc.), or help predict the therapeutic efficacy in individuals

(e.g., age). Such factors should be considered in the decision to consider use ET to help

maintain a healthy brain, consistent with the recent recommendations of the North American

Menopause Society [283].

Li and Singh Page 18

Front Neuroendocrinol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4.5. Clinical studies addressing the protective effects of progesterone and related
progestins

To date, there are no clinical trials that have specifically assessed the effects of progesterone

or a related progestin when administered alone on cognitive outcomes in subjects with AD

[284]. Rather, most studies that have addressed the protective effects of progestins

(typically, medroxyprogesterone acetate) when administered in conjunction with an

estrogen. However, there have been some studies addressing the role of progesterone alone

on traumatic brain injury, showing in a phase II, randomized, double-blind, placebo-

controlled clinical trial, that progesterone can improve functional recovery, at least when

administered to those who experienced moderate, but not severe, traumatic brain injury

[285; 286; 287; 288; 289].

As stated above, recent results from the Women’s Health Initiative-Memory Study

(WHIMS) failed to reveal beneficial effects in reducing the risk of AD or “all-cause”

dementia. As a consequence, these reports left the field unsettled as to the future of hormone

therapy. Since the publication of these studies, it became apparent that there were important

caveats to the data that needed to be considered. Among these included consideration of the

type of hormone used. Indeed there are important differences in the neurobiology of two

major progestins, the “natural” progestin, progesterone, and the synthetic

medroxyprogesterone acetate (MPA), the most commonly used progestin in hormone

therapy regimens.

MPA, a synthetic progestin derived from 17αahydroxyprogesterone, is often used in

conjunction with estrogens to reduce the risk of certain cancers (cervical cancer, for

example) resulting from unopposed estrogen therapy [290; 291]. First, though both

progesterone and MPA can bind to the classical PR, it is important to recognize that there

are important pharmacological and pharmacokinetic differences between MPA and

progesterone. For example, orally administered MPA does not undergo any first pass effects

[292], unlike progesterone. Furthermore, MPA has little binding affinity for sex hormone

binding globulin [292]. In addition to differences in bioavailability and half-life, MPA also

displays many non-progestagenic effects [292], including the ability to bind to the androgen

receptor (AR) where it acts as a partial agonist [293] with a binding affinity (Kd) of

approximately 2.1 nM [294]. Progesterone, in contrast, does not bind to the AR [292]. MPA

can also bind to, and activate, glucocorticoid receptors [292; 295] with an effective

concentration (EC50) that is nearly 300-fold lower than that for progesterone [295].

While progesterone and MPA may be equally effective at reducing the uterotrophic effects

of un-opposed estrogen treatment, their effects on the brain are far from identical. In fact, it

has become increasingly clear that while progesterone is neuroprotective, MPA is not. For

example, our laboratory described that in cerebral cortical explants, the difference in

neuroprotective efficacy between progesterone and MPA may have been attributed to their

differential regulation of BDNF. Specifically, while progesterone increased both the mRNA

and protein levels of BDNF in the cerebral cortex, MPA treatment resulted in a substantial

inhibition [296]. Combined with the observation that progesterone’s protective effects may

be dependent on neurotrophin signaling [218], this inhibition of BDNF expression by MPA

may actually suggest that it have adverse consequences to brain function. Similarly, the
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Brinton laboratory has shown in hippocampal cultures that while progesterone is protective,

MPA is not. In this model, the protective effects of progesterone appeared to be mediated, in

part, by attenuating the glutamate-induced increase in intracellular Ca2+ levels. MPA, in

contrast, failed to alter the glutamate-induced influx of Ca2+. Of significance was that MPA

not only failed to elicit protective effects, but also blocked the beneficial effect of estradiol.

In sharp contrast, progesterone did not inhibit the effect of estradiol [216]. Furthermore,

while some of the neuroprotective effects of progesterone are mediated by its neuroactive

metabolite, allopregnanolone (see discussion above), it is unclear if MPA is a substrate for

the progesterone metabolizing enzymes, 5alpha-reductase and 3alpha-hydroxysteroid

dehydrogenase. If anything, MPA has been shown to inhibit the biosynthetic enzymes

associated with the conversion of progesterone to allopregnanolone. Thus, both the inability

of MPA to be converted to neuroactive steroid metabolites in conjunction with its effect in

reducing potential conversion of progesterone to allopregnanolone may contribute to its lack

of neuroprotection.

As stated above, progesterone’s protective effects, in at least two neuronal models (cerebral

cortical neurons and hippocampal neurons), was dependent on activation of the ERK/MAPK

pathway [216; 217; 218]. While both progesterone and MPA can elicit ERK

phosphorylation, only progesterone treatment resulted in nuclear translocation of ERK

[217], the consequence of which is likely to regulate key genes, whose protein products may

enable more long term/sustainable protection. In fact, progesterone, but not MPA, increased

the expression of the anti-apoptotic Bcl-2 protein [215]. And as observed in the model of

glutamate-induced Ca2+ influx, MPA not only failed to increase expression of Bcl-2, but

actually inhibited that elicited by estradiol [216].

The disparity between the effects of progesterone and MPA has also been observed in vivo.

For example, a study using rhesus monkeys illustrated that combined treatment with

estradiol and progesterone protects against coronary vasospasm, whereas estradiol + MPA

treatment did not [297]. And once again, in contrast to the antagonistic effects of MPA on

estrogen’s effects, progesterone enhanced the protective effects of estrogens against

exercise-induced myocardial ischemia in post-menopausal women to, whereas MPA did not

[298]. Moreover, in a model of stroke (reversible focal stroke using the intraluminal filament

model followed by 22 hours of reperfusion), MPA diminished the protective effects of

conjugated equine estrogens (CEE) and MPA diminished estrogen’s ability to reduce stroke

damage [299]. The functional antagonistic effects of MPA were also noted in the cholinergic

system of monkeys, where MPA administered in conjunction with CEE reduced choline

acetyl transferase (ChAT) in such cognition-relevant areas of the brain as the medial septum

[300]. Similar consequences of MPA were seen in the cardiovascular system of cynomolgus

monkeys. Adams et al., demonstrated that monkeys treated with CEE showed a 72%

reduction in coronary artery atherosclerosis whereas there were no benefits observed in CEE

plus MPA group [301]. Interestingly, with regards to the traumatic brain injury model, MPA

required a larger dose than progesterone to accomplish a comparable reduction in cerebral

edema. However regardless of the dose of MPA, MPA did not favor a better behavioral

recovery than progesterone (reviewed in [302]).
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4.6. Clinical studies addressing the potential beneficial effects of androgens

Unfortunately, there have been relatively few studies that have addressed the effect of

testosterone treatment in men with cognitive impairment and AD. Further, these studies

have generally had modest sample sizes. Nevertheless, some studies have shown that

testosterone treatment improved ADAS Cog and MMSE scores [303], while others have

found beneficial effects of testosterone in specific domains of cognitive function in MCI and

AD patients [304]. Clinically, low levels of testosterone have been associated with increased

amyloid burden [305], poorer cognitive performance [151], reduced brain metabolism [306]

and a higher prevalence of Alzheimer’s Disease [151; 307] and supports the potential use of

androgen supplementation to help restore these deficits.

However, not all studies show beneficial effects of testosterone. For example, Kenny et al.,

[308] and Lu et al., [309] failed to note beneficial effects of testosterone. And as described

above, pre-clinical studies have shown that testosterone can exacerbate the effects of stroke

in young adult male rodents [245]. Such controversy surrounding the potential benefit for

androgen therapy in the elderly prompted the National Institute on Aging (NIA) and the

National Cancer Institute (NCI) to request that the Institute of Medicine (IOM) conduct a

12-month study to evaluate the current understanding of the potential benefits and adverse

effects of androgen therapy in older men. A major theme in the IOM analysis and

recommendation was that additional work must be done before clear decisions can be made

about the future of androgen therapy, and that future research should focus on the population

most likely to benefit [310]. Only through such analysis will we be able to gauge for whom,

and for which specific demographic, androgen therapy in the elderly is beneficial.

Summary

The differences in learning and memory between male and female brains are confirmed by

both human and animal studies from early development stage throughout their life spans. In

addition, many neurological diseases exhibit sex differences, exemplified by one sex having

a greater prevalence or severity of the disease than the other sex. Women not only have a

higher prevalence of AD than age-matched men, but also showed significantly age-related

faster decline and greater deterioration of cognition than elderly male. While it is still

unknown why females have higher risk of AD than men, this review draws on studies of sex

differences in cognitive function from human to animal, clinical to basic science, early brain

development to neurodegeneration at later age, normal aging to AD and highlighted the

important impact of sex hormones with other genetic influences on the risk of AD. We

believe that better understanding the biology of sex differences in cognitive function will not

only provide insight into AD prevention, but also is integral to the development of

personalized, gender-specific medicine.
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• Neurobiology of sex-type spatial memory from young to old

• Sex differences in prevalence of Alzheimer’s disease

• Potential protective role of sex hormones in Alzheimer’s disease
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Figure 1.
Spatial rotation tasks with simple 2-dimensianl stimuli (A) or complex 3-dimensianl stimuli

(B). In tests, two or more objects were either identical or mirror images of each other were

placed at different orientation in space with varying degrees of angular disparity. Spatial

navigation tests through virtual park (C) or virtual maze (D) as a determinant of capability in

allocentric and egocentric memory, respectively. Object location test at a easy (E) or a

difficulty (F) trials are shown for feature stimuli.
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