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Alzheimer's disease (AD) is the most common form of dementia, with over 5. 4 million cases in the US alone (Alzheimer's Association, 2016). Clinically, AD is defined by the presence of plaques composed of Aβ and neurofibrillary pathology composed of the microtubule associated protein tau. Another key feature is the dysregulation of autophagy at key steps in the pathway. In AD, disrupted autophagy contributes to disease progression through the failure to clear pathological protein aggregates, insulin resistance, and its role in the synthesis of Aβ. Like many psychiatric and neurodegenerative diseases, the risk of developing AD, and disease course are dependent on the sex of the patient. One potential mechanism through which these differences occur, is the effects of sex hormones on autophagy. In women, the loss of hormones with menopause presents both a risk factor for developing AD, and an obvious example of where sex differences in AD can stem from. However, because AD pathology can begin decades before menopause, this does not provide the full answer. We propose that sex-based differences in autophagy regulation during the lifespan contribute to the increased risk of AD, and greater severity of pathology seen in women.
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INTRODUCTION

Alzheimer's disease (AD) represents a major health crisis that will become of even greater importance as the number of elderly people continues to increase. Currently, over 5 million people have been diagnosed with AD in the US alone (Alzheimer's Association, 2016). The costs and contributions associated with care giving measure in the billions of dollars, further emphasizing the need for a greater understanding its pathogenesis. AD is clinically defined by the presence of two characteristic lesions, the extracellular plaques composed of amyloid-β (Aβ), and the intracellular neurofibrillary pathology made up of the microtubule associated protein tau. However, although both men and women are affected by AD, evidence has emerged that women are at greater risk for both developing the disease, and have more severe pathology (Yoshitake et al., 1995; Fratiglioni et al., 1997; Andersen et al., 1999; Letenneur et al., 1999; Di Carlo et al., 2002; Miech et al., 2002). Indeed, it may be that sex-based differences are the norm for disorders of the CNS, rather than the exception. One possible cause of the differences seen between males and females is the effects of sex, both chromosomal makeup and hormones, on autophagy during the lifetime of the individual. Herein, we propose that the relative vulnerability of women to AD is related to not only the loss of hormones at menopause, but their actions in the preceding decades, as well as inherent differences in expression of proteins in the autophagy pathway.

FEMALE SEX AS A RISK FACTOR FOR ALZHEIMER'S DISEASE

Sex has emerged as a factor influencing the development and progression of multiple psychiatric and neurodegenerative conditions. Both the incidence, and symptom presentation may differ depending on the sex of the patient. For example, when examining the morphological changes seen in schizophrenia patients, males and females show sex-based variations in brain region volume (Cowell et al., 1996; Narr et al., 2001; Goldstein et al., 2002; Gur et al., 2004). In addition, differences in cognitive and behavioral symptoms have been found (Choi et al., 2009; Esterberg et al., 2010; Fond et al., 2017; Talonen et al., 2017). This effect is also apparent in diseases characterized by abnormal protein deposits. Men show an earlier age of onset in Parkinson's disease, and have lower levels of dopamine transporter in the brain compared to women (for a recent review see Jurado-Coronel et al., 2017). Further, male patients have lower overall motor performance, while women present more frequently with tremors (Jurado-Coronel et al., 2017). Women show more severe motor phenotypes, and faster disease progression, in Huntington's disease (Zielonka et al., 2013). These, and many other findings, suggest that sex-based differences may be the norm for disorders of the CNS.

In the case of AD, the prevalence in the population is higher in women, although there is debate on whether this is due to increased incidence or women's longer life span. Data on whether incidence is higher in women is mixed overall, but several studies suggest that it is in the very elderly (Yoshitake et al., 1995; Fratiglioni et al., 1997; Andersen et al., 1999; Letenneur et al., 1999; Di Carlo et al., 2002; Miech et al., 2002). But, while information on incidence may be less clear, sex-based differences in the effects of risk factors have been found as well. In some cases, these relate to female specific life events, with multiple pregnancies resulting in an increased chance of developing AD (Colucci et al., 2006). Although diabetes raises the likelihood of developing AD for both sexes, incidence in diabetic women is higher than in men (Wang et al., 2012). A well-known AD risk factor, the apolipoprotein E epsilon 4 (APOE-ε4) allele, confers a higher risk of converting from mild cognitive impairment (MCI) to AD on female patients compared to males (Altmann et al., 2014). Additionally, the rate of brain atrophy in patients with probable MCI was faster in women (Hua et al., 2010). Women with a single APOE-ε4 allele also have an earlier age of onset, decreased hippocampal volume, and lower scores on cognitive testing, while male carriers required two copies to show similar detrimental effects (Payami et al., 1994; Fleisher et al., 2005). Decreased cortical volume, more severe hypometabolism, and increased plaque burden compared to male patients with the same genotype have been found as well (Corder et al., 2004; van Helmond et al., 2010; Sampedro et al., 2015). Male carriers of the APOE-ε4 allele have a greater number of cerebral microbleeds compared to women with the same genotype. Interestingly, in transgenic mice this pattern is reversed, which may be due to the higher levels of hypertension in human males, the presence of reactive oxygen species, or the effects of sex hormones on the development of CNS vasculature (Cacciottolo et al., 2016; Finch and Shams, 2016).

Similarly, tau pathology shows marked sex differences as both a risk factor and outcome. Development of neurofibrillary lesions increases the likelihood of displaying cognitive AD symptoms. In men, each additional unit of pathology resulted in a three-fold increased risk, while the risk for women increased 20-fold (Barnes et al., 2005). Further, the pattern of pathology seen at autopsy differs in male and female patients (Schultz et al., 1996; Salehi et al., 1998; Barnes et al., 2005; Koppel et al., 2014). Other tauopathies show sex-based differences as well. In men with frontotemporal dementia, greater glucose hypometabolism was observed (Perneczky et al., 2007), while female patients saw an increased loss of pre-synaptic marker SNAP-25 (Connelly et al., 2011). Women with progressive supranuclear palsy have higher levels of CSF tau than their male counterparts (Wagshal et al., 2014).

Sex-based differences are not restricted to human patients either. Mouse models expressing mutant tau, amyloid precursor protein (APP), or presenilin likewise display sex-based disparities in the severity of pathology. In multiple models, the female sex is associated with higher levels of pathology, and more severe behavioral phenotypes compared to males from the same line (Lewis et al., 2000, 2001; Sturchler-Pierrat and Staufenbiel, 2000; Callahan et al., 2001; Wang et al., 2003; Asuni et al., 2007; Clinton et al., 2007; Yue et al., 2011; Gallagher et al., 2013; Jiao et al., 2016; Buccarello et al., 2017). The deposition of Aβ also affects female mice differently than their male counterparts. Barrier et al. (2010) observed that both male and female mice with amyloid pathology showed increased levels of brain ceremides compared to WT mice. However, the type of ceremide was sex-dependent, with females showing higher levels of 2-hydroxy fatty acid-containing ceramides, and males non-hydroxy fatty acid ceramides (Barrier et al., 2010). Development of tau pathology in response to stress or injury is also exacerbated in female mice (Papasozomenos, 1996; Oikawa et al., 2010; Sotiropoulos et al., 2015).

The use of hormone-based therapy to prevent or treat the cognitive decline seen in AD further highlights the complexity of this issue. Estrogen and testosterone have been shown to have neuroprotective effects in a variety of contexts (reviewed in Engler-Chiurazzi et al., 2017; Merlo et al., 2017), and there is some evidence to suggest that women with AD have lower endogenous estradiol levels compared to non-demented controls (Manly et al., 2000; Yue et al., 2005), but other reports are conflicting (Twist et al., 2000; Cunningham et al., 2001). Lower testosterone levels have been seen in male AD patients compared to controls (Hogervorst et al., 2001; Moffat et al., 2004; Rosario et al., 2011). Both estrogen and testosterone may prevent Aβ and tau pathology, based on experiments in animal models following ovary or testicle removal. Thus, hormone replacement would seem to be an obvious solution. However, in women it appears that treatment must begin shortly after menopause, and continue for some time in order confer beneficial results. Clinical trials in older women (65–79), or women given short term courses of hormones, show no effect (Engler-Chiurazzi et al., 2017; Merlo et al., 2017). In addition, the efficacy of using progesterone in combination with estrogen depends on the route of administration and whether the dosage is constant or cyclical (Engler-Chiurazzi et al., 2017; Merlo et al., 2017).

The greater, and more sudden, loss of hormones that occurs in women during menopause is clearly a major factor in their relative risk compared to men. However, this does not wholly explain the effects seen. We also observe sex differences in animal models. Although mice do experience irregular cycling at 8–9 months of age, and reduced estradiol production, they do not universally undergo a change equivalent to menopause (Brinton, 2012). In addition, AD pathology begins decades before the onset of symptoms, and well before reproductive senescence in women (Braak et al., 2011). Events such as pregnancy that confer increased risk also occur prior to menopause. Thus, differences which occur earlier in life likely lay the foundation for later events. Understanding how an individual's sex contributes to the pathogenesis and progression of AD over their lifetime will provide a better understanding of disease pathogenesis, and may suggest how to best tailor treatment for men and women.

SEX HORMONES AND RECEPTORS IN THE CNS

The actions of sex hormones are not restricted to reproduction, and affect all tissues including the brain. Testosterone is mainly produced in the Leydig cells in the testes in males, and in the ovaries in females, but is also synthesized in the adrenal glands and brain of both sexes. The corpus luteum and adrenal glands are the main sources of progesterone, with production of estrogens (estradiol, estrone, and estriol) occurring in different tissues. The majority of estradiol is derived from the theca and granulosa cells of the ovaries, while estrone and estriol are mainly synthesized in the liver. However production also occurs in the testes, adipose tissue, and brain (Gruber et al., 2002).

All sex hormones are derived from cholesterol. Steroidogenic cells take up circulating cholesterol via lipoprotein receptors. After entering the cytoplasm, cholesterol is transported to the mitochondrial inner membrane where it is cleaved by cholesterol side-chain cleavage enzyme (P450scc) into pregnenolone. From there, pregnenolone is converted to progesterone by 3β-hydroxysteroid dehydrogenase (3β-HSD), or 17-hydroxypregnolone by 17 α-hydroloase. Either of these two products can be further modified to produce androstenedione and testosterone through a series of reactions involving additional enzymes. Testosterone can be converted to dihydrotestosterone (DHT) by 5α reductase. Estrone and estradiol are produced by aromatization of androstenedione and testosterone, respectively. Which hormones are produced, and by which cells, depends on the presence or absence of enzymes. Further, expression changes during development, with some enzymes present in precursors, but not the mature cells. In adult animals, neurons and glial cells in the olfactory bulb, thalamus, hypothalamus, striatum, hippocampus, cortex, and cerebellum all contain steroidogenic enzymes (Schumacher et al., 2012).

In addition to the enzymes required for steroid hormone production, neurons and glial cells also express hormone receptors. There are three families of progesterone receptors (PR), the first being the classical nuclear progesterone receptors PR-A and PR-B. The two are spliced from the same gene and contain a variable N-terminal, DNA binding domain, variable hinge, and conserved ligand binding domain. These receptors form complexes with heat shock proteins (hsp) 90, 70, and 40 until hormone binding, at which point the receptors dissociate, undergo conformational change, and dimerize (Singh et al., 2013). The second class of PRs comprises a group of seven transmembrane domain G protein-coupled receptors mPRα, mPRβ, mPRγ, mPRδ, mPRε (Petersen et al., 2013). The last group contain a cytochrome b5-heme/steroid binding domain, and include progesterone receptor membrane component 1 (PGRMC1), PGRMC2, neudesin, and neuferrisen (Petersen et al., 2013). The distribution of classical PRs has been well studied, and they can be found in the hippocampus, cortex, hypothalamus, and cerebellum (Singh et al., 2013). The mPRs have a similar spatial distribution, and are found primarily on neurons under normal conditions, but are also expressed on glia following injury (Singh et al., 2013).

The androgen receptor (AR) is similar in structure to the PRs, with a variable N-terminal transcriptional regulation domain, conserved DNA binding domain, and ligand binding domain (Mhaouty-Kodja, 2017). Also like PR, in the absence of hormones, the AR is complexed with chaperones in the cytosol. In adult animals, ARs are found in the hypothalamus, cortex, hippocampus (particularly in the CA1 and CA2/3 regions), amygdala, pre-optic area, and cerebellum (Mhaouty-Kodja, 2017).

Finally, the classical estrogen receptors (ER) ERα and ERβ also share the structure of PRs and the AR. They can be found either in the nucleus, cytoplasm, or associated with the plasma membrane, and form hetero- or homo-dimers upon estrogen binding (Arevalo et al., 2015). A third type, the G protein-coupled estrogen receptor (GPER), is present on the cell surface and has a similar structure to the mPRs. The distribution of ERα and β varies somewhat, with ERα expressed primarily in the pre-optic area, hypothalamus, hippocampus, and to a lesser extent in the cortex, while ERβ is more heavily expressed in the cortex, with additional expression in the hippocampus, olfactory bulb, cerebellum, amygdala, substantia nigra, thalamus, hypothalamus, septum, and ventral tegmental area (Brann et al., 2011).

While the overall distribution of hormone receptors is similar between men and women, sex-based differences in expression are present. In post mortem tissue from the hypothalamus of young adults, similar levels of PRs were found in the superchiasmatic nucleus of men and women (Kruijver and Swaab, 2002). In other brain regions, expression of PRs varies over the course of the estrous cycle, and is stimulated by estrogens in both males and females (Guerra-Araiza et al., 2002; Quadros et al., 2002; Scott et al., 2002; Quadros and Wagner, 2008; Zuloaga et al., 2012). In the case of ARs, men showed much higher levels of nuclear immunoreactivity in the diagonal band of Broca, as well as in the latero- and medial mammillary nuclei than in women. Other hypothalamic regions also showed more staining in men, but the sex differences were less extreme (Fernández-Guasti et al., 2000). Data from ER staining was more mixed. Both overall levels, and intracellular localization of ERs differs between males and females. Young adult women showed stronger ERα nuclear staining in the superchiasmatic, medial mamillary and ventromedial nuclei, while in men nuclear staining was more pronounced in the medial preoptic area, paraventricular nucleus, and lateral hypothalamic area (Kruijver et al., 2002). Male brains also showed higher levels of cytoplasmic ERα (Kruijver et al., 2002). Likewise, differences in ERβ expression and localization were seen. Stronger ERβ nuclear staining was seen in the medial paratenial, paraventricular, and ventromedial nuclei, as well as the medial preoptic area and stria terminalis is men (Kruijver et al., 2003). In the superchiasmatic, supraoptic, infindibular, and medial mamillary nuclei women had higher levels of nuclear ERβ (Kruijver et al., 2003). In nearly all areas where sex differences were seen in cytosolic ERβ levels, staining was more prominent in women. The only exceptions where men had higher levels being the medial preoptic area and dorsal periventricular nucleus (Kruijver et al., 2003).

In animals, sex-based differences have been seen in AR and ER expression on dopaminergic and noradrenergic neurons (Milner et al., 2007; Kritzer and Creutz, 2008; Tao et al., 2012; Rose et al., 2014), in the forebrain (Shah et al., 2004; Milner et al., 2010; Zuloaga et al., 2014), hippocampus (Milner et al., 2010; Tsai et al., 2015), cortex (Milner et al., 2010), and hypothalamus (Lu et al., 1998; Zhang et al., 2002; Shah et al., 2004; Vida et al., 2008; Milner et al., 2010; Kelly et al., 2013; Brock et al., 2015; Jahan et al., 2015; Kyi-Tha-Thu et al., 2015).

Within the brain, sex steroids and their receptors are implicated in a host of processes, including sexual behavior, aggression, mood, cognition, synaptic plasticity, circadian rhythms, and body temperature (Brann et al., 2011; Singh et al., 2013; Arevalo et al., 2015; Mhaouty-Kodja, 2017). They also affect autophagy by themselves, through insulin and neurotrophic signaling, or steroid receptors on mitochondria. In this review, we will discuss how regulation of autophagy differs between the sexes, and further how this may prejudice females toward worse outcomes in AD.

THE AUTOPHAGY PATHWAY

One way in which sex hormones may influence the development of pathology is through the regulation of autophagy. Under normal conditions, the autophagosome-lysosome system degrades damaged or misfolded proteins and organelles, clearing them from the cell. Within this broad category there are three distinct pathways: macroautophagy, chaperone-mediated autophagy, and microautophagy. Macroautophagy (which will be referred to as autophagy) involves the formation of a double membrane vesicle, with the cargo either surrounded by the elongating structure, or targeted to the autophagosome. This vesicle then fuses with the lysosome. In chaperone mediated autophagy (CMA), proteins containing a KFERQ motif are bound in the cytosol by heat shock cognate and delivered to the lysosome via the lysosome-associated membrane protein (LAMP) 2A. Finally, in microautophagy, the lysosomal membrane itself deforms to engulf the target.

Autophagy progresses through a complex series of interactions (for a recent review see Yu et al., 2017). Briefly, initiation of autophagy involves the formation of several protein complexes: UNC-51-like kinase (Ulk)1/2 complex which also contains Atg13, Atg101 along with several other proteins, a class III lipid kinase complex which includes beclin-1 and phosphatidylinositol 3-phosphate, effector complexes, ubiquitin-like conjugation complexes also containing multiple Atg proteins, and a lipidation complex (Yu et al., 2017). Enlargement of the autophagic vesicle proceeds with contribution from the endoplasmic reticulum and Golgi toward the developing membrane. In addition, lipid droplets also promote autophagosome formation. Fusion with lysosomes requires the further coordination of cellular machinery. First, the vesicles are tethered together, then fusion of the outer autophagosome membrane with the lysosome occurs. Finally, the inner autophagosome membrane is broken down by the lysosomal hydrolases. This requires multiple RAB GTPases, a complex of vacuolar protein sorting-associated proteins, SNAP and SNAREs (Yu et al., 2017).

This process is controlled either in a mammalian target of rapamycin (mTOR) dependent, or independent manner. mTOR forms two protein complexes mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), each with a distinct makeup of proteins (for a review see Laplante and Sabatini, 2012; Wang et al., 2014; Cai et al., 2015). Regulation of mTORC1 occurs through the formation of a dimer of tuberous sclerosis 1 and 2 (TSC1/TSC2), which indirectly inhibits mTORC1 activity. Inhibition of TSC1/TSC2, and thus activation of mTOR, is triggered through a range of signals including growth factors, inflammatory cytokines, and the Wnt pathway. Increased concentrations of amino acids activate mTOR via GTPases in the lysosomal membrane (Sancak et al., 2008; Zoncu et al., 2011) leading to decreased autophagy. DNA damage, hypoxia, and energy deficits may suppress mTORC1 activity through TSC1/TSC2, or directly (Laplante and Sabatini, 2012; Wang et al., 2014). When mTORC1 is active, the downstream results are activation of protein and lipid synthesis, and inhibition of autophagy via phosphorylation of Atg13 preventing it from interacting with Ulk (Laplante and Sabatini, 2012; Wang et al., 2014). Autophagy is also regulated through several mTOR independent pathways. Calcium signaling through the 1,4,5-inositol trisphosphate (IP3) receptor inhibits autophagy, while intracellular calcium, lithium, and trehalose promote it (Zare-Shahabadi et al., 2015). Interestingly, ERα also appears to mediate autophagy in an mTOR independent manner as well (Felzen et al., 2015). In this paper we will review the findings on autophagic dysfunction in AD, and the role of sex on autophagic function. We will focus on several deficits in autophagy found in AD and show how sex-based variations result in the different outcomes seen in men and women come about.

SEX AND AUTOPHAGY DISRUPTION IN ALZHEIMER'S DISEASE

Initiation of Autophagy


KEY POINTS 1

- Expression of autophagy related proteins is decreased in AD, while mTOR activation is increased.

- Reduced autophagy induction and flux results in failure to clear pathological aggregates.

- Autophagy induction is also affected by sex, with available data suggesting females have lower basal autophagy.

- Lower basal autophagy levels may predispose women to developing greater pathology.

From the earliest time points, data suggests that autophagic flux is lower in females. Expression of autophagy related proteins is lower than in males, and the presence of estrogen and its receptors supress autophagy. AD pathology appears long before either symptoms or menopause, indicating that factors affecting protein clearance early in life likely contribute to the differences in outcomes seen in men and women.



In AD and other neurodegenerative conditions, dysregulation of autophagy results in severe changes compared to healthy cells. This represents a multi-faceted problem involving several stages of the autophagy process. In healthy neurons, autophagy is efficient with distinct patterns of autophagosome formation, and different types of autophagy occurring in different compartments. Typically, autophagosomes in neurons are relatively rare (Nixon et al., 2005), due to rapid fusion with lysosomes and clearance (Boland et al., 2008). In isolated neurons the majority of autophagosome formation occurs in the distal axon, with the vesicles undergoing maturation as they are transported to the soma (Maday et al., 2012; Maday and Holzbaur, 2014). Initiation also takes place to a lesser extent in the soma itself, with very little occurring in the medial axons. Similarly, mitochondrial autophagy is localized to specific areas of the neurons, with damaged organelles trafficked to the soma where they are degraded (Cai et al., 2012).

Both the number and location of autophagosomes are altered in AD. In neurons, the numbers of autophagosomes are vastly increased, with large numbers found in dystrophic neurites as well as in cell bodies (Nixon et al., 2005). This observation demonstrates a clear disruption in autophagic flux, but there is evidence suggesting that induction is impaired as well. Beclin-1 levels decrease over time in the brain during normal aging (Shibata et al., 2006; Lipinski et al., 2010). However, more drastic reductions in the levels of beclin-1 and LC3 were seen in pre-clinical, MCI and AD tissue (Pickford et al., 2008; Tramutola et al., 2015). LC3 is a cytosolic protein which undergoes several cleavage events before being incorporated into the autophagosome membrane (Glick et al., 2010). Further, multiple groups have reported evidence for upregulation of the PI3K-Akt-mTOR pathway in AD brain (reviewed in Tramutola et al., 2017). In support of decreased autophagy induction as a factor in development of AD pathology, data from experiments showing insulin resistance in neurons, as well as the efficacy of mTOR inhibitors, and other autophagy promoters, also suggest a role for decreased autophagy induction. Suppression of autophagy through lowered protein expression or over-activation of mTOR reduces clearance and promotes the deposition of Aβ and tau aggregates, which promotes further dysfunction.

Recent evidence suggests that once Aβ and tau pathology are established, they in turn further inhibit autophagy. In cultured neurons, exposure to exogenous Aβ increases synuclein aggregation via a reduction in autophagy (Lin et al., 2016a). Aβ has been shown to affect autophagy through lowered AMPK activation and impaired insulin sensitivity (Park et al., 2012; Lin et al., 2016a; Seixas da Silva et al., 2017; Chang et al., 2018). Tau fragments can block chaperone-mediated autophagy through incomplete entry into the lysosome. When this occurs, tau remains associated with the lysosomal surface, and can inhibit its function (Wang et al., 2009). Further, tau can bind to tubulin-deacetylase histone deacetylase 6 (HDAC6), a protein involved in both decreasing tubulin acetylation, and autophagosome formation. Increasing tau levels result in both increased acetylated tubulin, and reduced autophagy (Perez et al., 2009). Cells expressing tau show impaired initiation in cells treated with an autophagy promoter (Perez et al., 2009). Thus, the impaired autophagy in AD leads to a buildup of misfolded and aggregated protein. These proteins in turn further depress autophagy initiation, creating a type of positive feedback loop.

These data also suggest a potential factor in the development of more severe pathology in women. As stated above, deposition of pathological proteins begins long before either the appearance of symptoms, or reproductive senescence, suggesting that sex-based differences which occur early in life may have a role to play in the eventual outcome. Available data suggests that overall, females have lower basal levels of autophagy, and that these differences may even begin in utero. Several autophagy related genes are located on the X chromosome including: mboa-7 which is involved in incorporating fatty acids into phosphatidylinositol (Lee et al., 2008), histone deacetylase 6 which promotes the fusion of autophagosomes and lysosomes (Mahlknecht et al., 2001; Lee et al., 2010b), dynamin and VMA21 proteins involved in lysosomal acidification (Dowling et al., 2015; Fang et al., 2016), and RAB39B which plays a role in autophagic flux (Cheng et al., 2002; Sellier et al., 2016). However, despite this, females appear to have overall lower levels of autophagy. Human umbilical cord cells from males and females show distinct expression patterns, with male cells having higher levels of beclin-1, and in some studies a higher microtubule associated light chain 3 (LC3) II/I ratio which suggest that autophagy may be more constitutively active in male cells (Addis et al., 2014; Campesi et al., 2016). This same pattern, higher beclin-1 and LC3-II/I in male cells, was seen in cardiac tissue from young rats. In liver cells from these same animals, higher levels of LAMP-1, and a greater colocalization between it and LC3 were seen in males (Campesi et al., 2013). In one study, male rat pups had higher basal LC3II/I than females from the same line (Demarest et al., 2016). A second study found that male rats had significantly higher mRNA levels of LC3 and p62 in muscle and spinal cord tissue between the ages of 1–4 months (Oliván et al., 2014), with protein levels during this time period showing varying sex differences over time.

The presence of sex hormones, and the activation of receptors, also suppress autophagy under basal conditions. Ovariectomized animals, or those lacking ERs show increased basal levels of autophagy in several cell types (Choi et al., 2014; Yang et al., 2014; Camuzard et al., 2016; Yuan et al., 2016; Li et al., 2017; Fu et al., 2018; Tao et al., 2018). In breast cancer cells, reduced expression of ERs, or the use of ER antagonists, promotes autophagy (Cho et al., 2012; Cook et al., 2014). Testosterone deprivation caused by castration can also increase LC3II/I, and inhibit activity of Akt and mTOR (Ibebunjo et al., 2011; Serra et al., 2013; White et al., 2013), while treatment with testosterone can activate Akt and p70S6K (Yin et al., 2009; Ibebunjo et al., 2011). Activation of androgen receptors also activates mTOR via PI3K and ERK (Wu et al., 2010). The upregulation of autophagy seen with hormone and receptor loss is also associated with increased reactive oxygen species, indicating the importance of hormones for the maintenance of mitochondrial health (Park et al., 2016). In addition, nuclear hormone receptors may act directly to regulate transcription of autophagy related genes (Park et al., 2016). Thus, although more research is needed, these data demonstrate how sex differences from the earliest ages may act to predispose women to increased deposition of Aβ and tau. Both chromosomal and hormonal effects influence the rate of basal autophagy, and thus influence the rate of clearance for pathological protein deposits. Lower rates of basal autophagic flux in developing and adult females, and subsequently reduced clearance of early tau and Aβ deposits, may influence both the higher incidence of AD and greater pathology seen in women.

Insulin Resistance


KEY POINTS 2

- Increased insulin resistance is a feature of autophagic dysfunction in AD.

- Both high and low levels of estrogen and/or ER signaling promote insulin resistance.

- Loss of estrogen also impacts Aβ pathology via decreased insulin degrading enzyme levels.

The relationship between estrogen and insulin signaling involves a balance of interactions, and demonstrate how both an excess or loss of sex hormones may cause autophagic impairments seen in AD. In young women, excessive estrogen levels, overactivation of ERs, or abnormal expression of testosterone promote insulin resistance. Following menopause, loss of hormones and decreased receptor expression lead to the same results. In both cases, the result is activation of mTOR and further suppression of autophagy.



Related to the issue of decreased autophagy initiation and activation of mTOR in AD, is the issue of insulin signaling. Multiple groups have found evidence of insulin resistance, and a loss of insulin receptors in AD brain (Moloney et al., 2010; Bedse et al., 2015; Bloom et al., 2017; Tramutola et al., 2017). Indeed, AD itself has been referred to as Type 3 diabetes, and factors which influence insulin signaling may contribute to AD pathology. In addition to effects which may develop over the course of the individual's lifespan, AD pathology itself can induce disfunction in insulin signaling. The presence of Aβ is sufficient to reduce insulin receptors on the cell surface, and inhibit insulin receptor substrate (IRS-1) (Bloom et al., 2017), once again showing how pathology can become self-sustaining once established. Again, like decreased initiation, data regarding the effects of sex on insulin resistance show how factors effecting both young and post-menopausal women contribute to their greater risk for developing AD.

Interestingly, both loss or overactivation of estrogens and ERs can have a detrimental impact on insulin signaling. This shows how the development of pathology may be initiated at earlier ages, with further destabilization of the system occurring at menopause. Generally, sex hormones and receptors are protective against insulin resistance, but this is not always the case. While testosterone is protective in men and can regulate IGF-R1 levels (Ibebunjo et al., 2011), women with higher levels of androgens, such as patients with polycystic ovarian syndrome, are at greater risk for diabetes (Kautzky-Willer et al., 2016). Elevated estrogen levels also represent a risk factor for women in developing insulin resistance (Gupte et al., 2015; Huffman et al., 2017), and progesterone has been implicated in the death of insulin producing cells (Zhou et al., 2013). Further, an ERα variant which increases estrogen signaling has been shown to be a risk factor for developing AD (Boada et al., 2012). Data from the cancer field showed that ER mutations which increase its activity enhance the association of ERs and insulin like growth factor 1 receptor (IGF-1R), and increase IRS-1 phosphorylation (Gelsomino et al., 2016). ERα binding to IGF-1R stimulates the activity of the phosphatidylinositol 3-kinase (PI3K) pathway (Huffman et al., 2017), leading to phosphorylation of Akt, and downstream activation of mTOR. Together these findings show how women could be at greater risk of developing AD. High estrogen or testosterone levels in women can lead to increased activation of ERα, and through it the PI3K pathway. The result being the overactivation of mTOR, and increased inhibitory phosphorylation of IRS-1, leading to insulin resistance. In this way, aberrant sex hormone expression, or receptor activation, may contribute to the development of pathology through their effects on the autophagy pathway over the course of the patient's life.

In addition to the effects of sex hormones during earlier stages, the loss of estrogens and their receptors at menopause also have adverse effects on mTOR via insulin signaling. Both IGF-1 and its receptor have a reciprocal relationship to estrogen, and estrogen and IGF both work to modulate PIK3 signaling (Huffman et al., 2017). Expression of estrogens, and activation of ERs, upregulate the expression and activity of IGF-1R, and IGF binding proteins in neuronal cultures and animals (Huffman et al., 2017). Conversely, inhibition of ERs reduces hippocampal expression of IGF-1R (Huffman et al., 2017). The development of AD pathology itself further contributes to the loss of ERα signaling. ERs interact with tau, and the formation of neurofibrillary pathology can sequester ERα within the tangles (Wang et al., 2016). This may contribute to the vicious cycle in which disruption of autophagy allows the buildup of tau pathology, and tau pathology further inhibits autophagy.

Another component of insulin signaling, insulin degrading enzyme (IDE), is a further connection between this pathway, sex, and AD pathology. Apart from its role in breaking down insulin, IDE also degrades Aβ. Estrogen, progesterone, and testosterone regulate levels of insulin degrading enzyme (IDE) via the PI3K pathway (Udrisar et al., 2005; Zhao et al., 2011; Jayaraman et al., 2012). Ovariectomy resulted in increased Aβ levels in multiple models (Barron and Pike, 2012). It also produced a loss of IDE in the brain, and specifically in the hippocampus, which can be restored with estrogen or progesterone supplementation (Zhao et al., 2011; Jayaraman et al., 2012). This addition of hormones in turn decreased Aβ levels, and this effect was the greatest when progesterone was administered cyclically (Zhao et al., 2011; Jayaraman et al., 2012). These data demonstrate an additional mechanism through which the loss of female hormones contributes to the increased amyloid pathology seen in women (Barron and Pike, 2012). Thus, the loss of estrogen and its receptors can further contribute to the dysregulation of signaling and both too much and too little estrogen can contribute to insulin resistance, and aberrant mTOR activation, starting early in life, and continuing through reproductive senescence.

mTOR and Stress


KEY POINTS 3

- AD features abnormal Ca2+ signaling, reactive oxygen species, excitotoxicity and hypoglycemic stress.

- The response to stressors is different in males and females depending on the cell type, and brain region.

- Sex hormones regulate stress induced autophagy through PI3K and AMPK pathways.

- Estrogens also promote autophagic vesicle maturation.

Multiple stressors exist in the brains of AD patients similar to those found during acute brain injury. Data from injury models suggest that female hormones act to stabilize the cells in times of stress, limiting induction of autophagy and promoting its progression. However, when pathology is first initiated, this response may prevent acute toxicity, but hinder clearance. When this process is further destabilized through loss of hormones and receptors, neurons in female brains may be more vulnerable to insult. Decreased estrogen may also result in impaired lysosomal maturation.



AD is a complex pathology with multiple sources of stress contributing to neuronal dysfunction. Aberrant calcium signaling, excitotoxicity, oxidative, and hypoglycemic stressors are all present in the brain of AD patients. Amyloid pathology in particular creates a positive feedback cycle in which the presence of pathology induces calcium influx, and abnormal calcium signaling promotes pathology (Demuro et al., 2010). How the nervous system responds to stress presents yet another potential source of sex-based differences. Overall, data from multiple models suggests that in females both chromosomal makeup and hormones act to suppress stress-induced autophagy and promote vesicle clearance.

Even in the absence of hormones, sex differences are apparent in neurons under stress (for a summary of results regarding chromosome and hormone effects on autophagy see Table 1). XX neurons show no change in autophagy induction following starvation, but rather have more abundant cytosolic lipid droplets. XY neurons in contrast show increased autophagosome formation, as well as higher levels of cell death (Du et al., 2009). Sex-based changes in autophagy following exposure to stressors in the CNS vary between studies. In some models of ischemia, female mice show greater LC3II/I ratios in neuronal and cardiac tissue (Chen et al., 2013; Weis et al., 2014; Demarest et al., 2016), and reduced cell death (Demarest et al., 2016). Females also showed increased mitophagy following injury, while males experienced increased levels of ubiquitinated mitochondrial proteins (Demarest et al., 2016). However, these differences vary depending on brain region and model. Weis et al. (2014) found that neurons in the cerebral cortex, but not hippocampus, of female mice also had higher LC3II than males (Weis et al., 2014). Striatal neurons in males had increased LC3II/I in a brain hemorrhage model (Chen et al., 2012). In addition, knocking down autophagy through inhibition of Atg7 expression was protective for Purkinje cells following ischemia, and this effect was greater in females (Au et al., 2015). Because females have lower basal levels, induction may be more apparent than in males. The variance seen between studies may be due to differences in hormone receptor expression during development and in different areas.


Table 1. Chromosome and hormone effects on autophagy.
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In times of neuronal stress, sex hormones limit increased autophagy by several different mechanisms, the first being the activation of the PI3 kinase pathway. Both estrogen and progesterone prevented autophagy induction in multiple injury models, and activated Akt, ERK, TrkB, and Bcl-2 (Choi et al., 2004; Jover-Mengual et al., 2007; Yang et al., 2010; Chen et al., 2012; Liu et al., 2012; Singh et al., 2013; Li et al., 2014; Hsieh et al., 2015; Atif et al., 2016; Lin et al., 2016b; Zhang et al., 2017b). Expression of ERβ (Hsieh et al., 2015) and GPER (Wang et al., 2017) also reduced autophagy and apoptosis via PI3K pathway activation. Less information is available on the effects of testosterone, but there is data to suggest that it also modulates the PI3K response following injury (Huang et al., 2010; Fu et al., 2017). In addition, estradiol can regulate autophagy through interaction with adenosine monophosphate-activated protein kinase (AMPK). Both male and ovariectomized female mice showed activation of neuronal AMPK in response to hypoglycemia, but this could be prevented through application of estradiol (Cherian and Briski, 2011, 2012; Tamrakar et al., 2015). Ovariectomy alone is sufficient to induce aberrant AMPK activity (Martínez de Morentin et al., 2014). Pharmacological inhibition of AMPK also rescues the phenotype in ovariectomized rats (Tsai et al., 2010). These data indicate that in intact animals, estrogen functions to suppress the activation of AMPK, thus reducing autophagy induction. Finally, Data from Li et al. (2015) suggests that further beneficial effects of estrogens and ER expression may occur through promotion of autophagosome maturation. Upregulation of cell surface ERα, which has been shown to occur in response to injury, or exposure to estrogen, decreased 1-methyl-4-phenylpyridinium (MPP+) induced elevated LC3II, and promoted the maturation of autophagosomes to autolysosomes via transient activation of ERK (Li et al., 2015).

Together, all of these disparate findings add up to another mechanism through which selective female vulnerability occurs. In pre-menopausal women, this suppression of autophagy induction prevents acute cell death caused by exposure to toxic Aβ or tau species. However, by limiting autophagy these proteins are not cleared. Following the dramatic decline in the levels of estrogens and their receptors, other mechanisms come into play. Vesicle maturation is impaired, and neurons become more susceptible to the effects of stressors. In addition, losing the effects of estrogen may also promote pathology through increased AMPK phosphorylation of tau, or Aβ production in the stalled immature autophagosomes.

mTOR Inhibition as Potential Therapy


KEY POINTS 4

- Inhibitors of mTOR have been used to reduce pathology in AD models.

- The effects of mTOR inhibition are different in males and females.

- In AD models, data from females suggest that interactions between sex and pathology influence efficacy.

As stated in other sections, sex hormones and their receptors have multiple points of contact with the mTOR signaling pathway. Inhibitors of mTOR represent a potential therapeutic option for the treatment of AD, but their use is complicated by sex-based differences in their effects. Data from tests in animals highlights the need to use both sexes in experiments and possibly sex-specific interventions.



Because of the observation that mTOR is aberrantly activated in AD, the use of antagonists as potential therapeutic agents has been explored. Reducing the activity of mTOR by pharmaceutical means, such as rapamycin and its analogs, has been widely shown to improve pathology in animal models of AD (Tramutola et al., 2017). Mice treated with rapamycin typically show induction of autophagy, reduced Aβ and tau pathology, and improvement in behavioral phenotypes (Tramutola et al., 2017). In addition to rapamycin, other mTOR inhibitors have been utilized with similar results; increased autophagy induction, reductions in pathology, restoration of synapses, and improved cognition (Deng et al., 2016; Lin et al., 2017; Tramutola et al., 2017; Zhang et al., 2017a). Few studies have directly compared males and females, but those that have suggest that efficacy of mTOR inhibitors are affected by sex and pathology.

Experiments using models of cardiac hypertrophy, rapamycin function depends on the sex of animal. In females, but not males, rapamycin treatment depressed activity of both mTORC1 and 2, and interfered with the cardioprotective effects of estrogen (Gürgen et al., 2013; Kusch et al., 2015). Very old wild type female mice given rapamycin showed increased expression of molecular chaperones, as well as mTOR, Akt and downstream targets phospho-S6 ribosomal protein (S6) and 4EBP1 (Rodriguez et al., 2014). Chronic rapamycin treatment also extends wild type female lifespan more than male (Miller et al., 2014). Studies using females from AD models alone have been mixed. In one, short term treatment with rapamycin increased Aβ levels in female animals (Zhang et al., 2010). However, rapamycin was effective in females which express APOE-ε4, or mixed amyloid and tau pathology (Zhang et al., 2010; Lin et al., 2017). In all cases there are no males included to compare. Using methylene blue, young female tauopathy mice benefited from mTOR inhibition, but this efficacy was lost in aged females when pathology was well-established (Congdon et al., 2012). In contrast, it remained effective in both young and old males.

Further research is necessary to explore this relationship, but shows that in order to properly assess the efficacy of potential treatment, both sexes must be used. In addition, sex, age, and pathological status can affect the efficacy of mTOR pathway modulators. While mTOR inhibitors may be efficacious in younger women patients, very elderly women may require different interventions.

Lysosomes and APP Processing


KEY POINTS 5

- Common AD causing mutations impact endosomal–lysosomal function.

- Failure of endosome–lysosomes impairs protein clearance and promotes Aβ production.

- Estrogen activates ERK, promoting APPα production, and lysosomal maturation.

As in other aspects of the autophagy pathway, the final stages of lysosome maturation and acidification show why women present with greater pathology than men. In this case, loss of estrogens results in increased Aβ production and a deficit in autophagic flux.



Genetic mutations related to familial and sporadic AD have demonstrated effects on the autophagy pathway as well, and show how menopause negatively affects the late stages of autophagic flux. One of the earliest detectable changes in the endosome-autophagosome-lysosome system in AD is the appearance of enlarged rab5 and seven positive endosomes (Cataldo et al., 2000, 2008). This precedes the development of either clinical symptoms, or Aβ and tau pathology (Cataldo et al., 2000). Further, neurons in the CA1 region of MCI and AD patients show upregulation of rab 4, 5, 7, and 24 (Ginsberg et al., 2010). Increased endosomal activity is associated with increased Aβ production and abnormal localization of lysosomal hydrolases (Grbovic et al., 2003; Cataldo et al., 2008). Endosomal dysfunction is dependent on APP and exacerbated by the presence of the APOE-ε4 allele (Cataldo et al., 2000; Jiang et al., 2010). In addition to these effects, expression of the APOE-ε4 allele in cell and animal models promotes disruption of lysosomal membranes (Ji et al., 2006; Persson et al., 2017), along with increased lysosomal activation and accumulation of Aβ and APOE (Belinson et al., 2008).

Mutations in the presenilin-1 or 2 genes are another source of familial AD cases, and the most common. The presenilin protein has a range of functions in the cell related to its role as a γ secretase, including cell adhesion, regulation of transcription, cell death, cell fate, and neurite outgrowth (for a review see Haapasalo and Kovacs, 2011). In the context of AD, its best-known function is the cleavage of APP. However, it also plays a role in autophagy through the acidification of lysosomes, and the activation of lysosomal proteases. When presenilin is mutated or knocked out in humans and animal models, investigators observe increased lysosomal pathology, and a buildup of proteins in neurons (Cataldo et al., 2004; Esselens et al., 2004; Wilson et al., 2004). Multiple deficits in PS1 knock out cells, including reduced processing and activity levels of cathepsins compared to wild type cells were seen (Lee et al., 2010a). Lysosomes in PS1 deficient cells also fail to fully acidify (Lee et al., 2010a; Wolfe et al., 2013). Similar findings regarding cathepsin and lysosome pH are seen in mice expressing PS1 mutations (Avrahami et al., 2013). The cause of this deficiency in acidification is attributed to the V0a1 subunit of the vesicular ATP-ase proton pump. In order to mature, the subunit must be glycosylated in the endoplasmic reticulum, which requires functional PS1 (Lee et al., 2010a).

In addition, impairment of autophagy can contribute to lesion formation directly. In the brain, endosomes are the primary source of Aβ production. Improper trafficking of APP, amyloidgenic cleavage, and improper fusion contribute to the progression of pathology (Peric and Annaert, 2015). However, the lysosomal compartment also contributes to this process. Experimental data shows that in AD models, APP and BACE1, an enzyme responsible for APP processing, colocalize in lysosomes. Therefore, failure to properly acidify, as occurs with AD mutations, may also increase production (Li et al., 2017). Secretion of Aβ is also heavily influenced by autophagy, with autophagy deficient mice showing reduced secretion, and higher intracellular levels of amyloid (Li et al., 2017). Thus, the current data indicates that both induction and autophagic flux are impaired in AD, limiting neurons' ability to effectively clear, and contributing to, the deposition of pathological protein aggregates.

Menopause, and the accompanying reduction in estrogen, also negatively impacts the final stages of the autophagy pathway. Sex hormones have been shown to affect APP processing through several means. Estrogen and testosterone can affect it directly by lowering beta-secretase (BACE) levels (Barron and Pike, 2012). In addition, they can promote the non-amyloidogenic processing of APP through their effects on autophagy. As stated above, the failure of vesicles to mature and properly acidify is related to the production of Aβ? Treatment of cells with either estrogen or testosterone increases the production of APPα through activation of the ERK pathway (Barron and Pike, 2012). The use of aromatase inhibitors suggested that the effects of testosterone on this pathway required the conversion to estrogen. The activation of ERK by estrogens promotes a shift from autophagosomes to autolysosomes, and autophagy maturation (Li et al., 2015, 2016). Again, these data demonstrate how sex affects the autophagy pathway, and provides an explanation for the differences in risk and outcome between men and women. In women, not only is there impaired clearance, but the loss of hormones directly contributes to the accumulation of Aβ pathology.

CONCLUSIONS

By examining the deficits in autophagy in AD, and the ways in which they intersect with sex, we will gain valuable information on how the sex-based differences seen in AD come about. Women are both at greater risk for developing AD, and develop more severe pathology. This springs from multiple factors spanning the course of the individual's life. Cells containing two X chromosomes express lower levels of autophagy related proteins, while both estrogen and progesterone act to suppress basal levels of autophagy. Women born with highly active ERs, or who suffer from common conditions like polycystic ovary syndrome, are more likely to experience insulin resistance, and the consequent overactivation mTOR. In younger women, neurons and glia respond to stressors by promoting PI3K and inhibiting AMPK. Because the deposition of AD pathology begins as early as childhood, all of these findings show how sex-based differences impact relative risk before menopause. Lower levels of basal autophagy may impair the ability of neurons and glia to remove aggregated proteins, and so too the activation of mTOR caused by insulin resistance. While the dampening of autophagy during stress promotes acute cell survival, further reducing autophagy in the presence of Aβ may contribute to long term pathology.

Women again have increased vulnerability following the decline in hormone and receptor levels after menopause. Because estrogen and insulin signaling are intimately connected, the loss of one produces deficits in the other. Just as too much estrogen produces insulin resistance, so to does too little. Reproductive senescence also contributes directly to lesion formation. Removal of female sex hormones, or receptors, promotes the creation of Aβ through the loss of IDE, and impaired lysosomal maturation. Disinhibition of AMPK can lead to higher levels of phosphorylated tau. Increased pathology can then become self-sustaining through the negative effects of Aβ and tau on autophagy. Further, the efficacy of mTOR inhibitors may vary with age.

The findings presented show how the differing sex-based outcomes seen in men and women in the development and progression of AD may occur. Further study is required to fully elucidate the interactions between sex, aging, and pathology on autophagy, and its role in AD. But doing so will provide greater understanding of the pathogenesis of disease, and how to best to intervene in male and female patients.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and approved it for publication.

FUNDING

This work was produced with support from the Alzheimer's Association (2016-NIRG-397228).

REFERENCES

 Addis, R., Campesi, I., Fois, M., Capobianco, G., Dessole, S., Fenu, G., et al. (2014). Human umbilical endothelial cells (HUVECs) have a sex: characterisation of the phenotype of male and female cells. Biol. Sex Differ. 5:18. doi: 10.1186/s13293-014-0018-2

 Altmann, A., Tian, L., Henderson, V. W., and Greicius, M. D. (2014). Sex modifies the APOE-related risk of developing Alzheimer disease. Ann. Neurol. 75, 563–573. doi: 10.1002/ana.24135

 Alzheimer's Association (2016). 2016 Alzheimer's disease facts and figures. Alzheimer Dement. 12, 459–509.

 Andersen, K., Launer, L. J., Dewey, M. E., Letenneur, L., Ott, A., Copeland, J. R., et al. (1999). Gender differences in the incidence of AD and vascular dementia: the EURODEM studies. EURODEM Incidence Research Group. Neurology 53, 1992–1997. doi: 10.1212/WNL.53.9.1992

 Arevalo, M. A., Azcoitia, I., and Garcia-Segura, L. M. (2015). The neuroprotective actions of oestradiol and oestrogen receptors. Nat. Rev. Neurosci. 16, 17–29. doi: 10.1038/nrn3856

 Asuni, A. A., Boutajangout, A., Quartermain, D., and Sigurdsson, E. M. (2007). Immunotherapy targeting pathological tau conformers in a tangle mouse model reduces brain pathology with associated functional improvements. J. Neurosci. 27, 9115–9129. doi: 10.1523/JNEUROSCI.2361-07.2007

 Atif, F., Yousuf, S., and Stein, D. G. (2016). Progesterone in the treatment of neonatal arterial ischemic stroke and acute seizures: role of BDNF/TrkB signaling. Neuropharmacology 107, 317–328. doi: 10.1016/j.neuropharm.2016.03.052

 Au, A. K., Chen, Y., Du, L., Smith, C. M., Manole, M. D., Baltagi, S. A., et al. (2015). Ischemia-induced autophagy contributes to neurodegeneration in cerebellar Purkinje cells in the developing rat brain and in primary cortical neurons in vitro. Biochim. Biophys. Acta 1852, 1902–1911. doi: 10.1016/j.bbadis.2015.06.007

 Avrahami, L., Farfara, D., Shaham-Kol, M., Vassar, R., Frenkel, D., and Eldar-Finkelman, H. (2013). Inhibition of glycogen synthase kinase-3 ameliorates beta-amyloid pathology and restores lysosomal acidification and mammalian target of rapamycin activity in the Alzheimer disease mouse model: in vivo and in vitro studies. J. Biol. Chem. 288, 1295–1306. doi: 10.1074/jbc.M112.409250

 Barnes, L. L., Wilson, R. S., Bienias, J. L., Schneider, J. A., Evans, D. A., and Bennett, D. A. (2005). Sex differences in the clinical manifestations of Alzheimer disease pathology. Arch. Gen. Psychiatry 62, 685–691. doi: 10.1001/archpsyc.62.6.685

 Barrier, L., Ingrand, S., Fauconneau, B., and Page, G. (2010). Gender-dependent accumulation of ceramides in the cerebral cortex of the APP(SL)/PS1Ki mouse model of Alzheimer's disease. Neurobiol. Aging 31, 1843–1853. doi: 10.1016/j.neurobiolaging.2008.10.011

 Barron, A. M., and Pike, C. J. (2012). Sex hormones, aging, and Alzheimer's disease. Front. Biosci. (Elite. Ed). 4, 976–997.

 Bedse, G., Di Domenico, F., Serviddio, G., and Cassano, T. (2015). Aberrant insulin signaling in Alzheimer's disease: current knowledge. Front. Neurosci. 9:204. doi: 10.3389/fnins.2015.00204

 Belinson, H., Lev, D., Masliah, E., and Michaelson, D. M. (2008). Activation of the amyloid cascade in apolipoprotein E4 transgenic mice induces lysosomal activation and neurodegeneration resulting in marked cognitive deficits. J. Neurosci. 28, 4690–4701. doi: 10.1523/JNEUROSCI.5633-07.2008

 Bloom, G. S., Lazo, J. S., and Norambuena, A. (2017). Reduced brain insulin signaling: a seminal process in Alzheimer's disease pathogenesis. Neuropharmacology. doi: 10.1016/j.neuropharm.2017.09.016. [Epub ahead of print].

 Boada, M., Antunez, C., López-Arrieta, J., Caruz, A., Moreno-Rey, C., Ramirez-Lorca, R., et al. (2012). Estrogen receptor alpha gene variants are associated with Alzheimer's disease. Neurobiol. Aging 33, 198.e115–124.e115. doi: 10.1016/j.neurobiolaging.2010.06.016

 Boland, B., Kumar, A., Lee, S., Platt, F. M., Wegiel, J., Yu, W. H., et al. (2008). Autophagy induction and autophagosome clearance in neurons: relationship to autophagic pathology in Alzheimer's disease. J. Neurosci. 28, 6926–6937. doi: 10.1523/JNEUROSCI.0800-08.2008

 Braak, H., Thal, D. R., Ghebremedhin, E., and Del Tredici, K. (2011). Stages of the pathologic process in Alzheimer disease: age categories from 1 to 100 years. J. Neuropathol. Exp. Neurol. 70, 960–969. doi: 10.1097/NEN.0b013e318232a379

 Brann, D., Raz, L., Wang, R., Vadlamudi, R., and Zhang, Q. (2011). Estrogen signaling and neuroprotection in cerebral Ischemia. J. Neuroendocrinol. 24, 34–47. doi: 10.1111/j.1365-2826.2011.02185.x

 Brinton, R. D. (2012). Minireview: translational animal models of human menopause: challenges and emerging opportunities. Endocrinology 153, 3571–3578. doi: 10.1210/en.2012-1340

 Brock, O., De Mees, C., and Bakker, J. (2015). Hypothalamic expression of oestrogen receptor alpha and androgen receptor is sex-, age- and region-dependent in mice. J. Neuroendocrinol. 27, 264–276. doi: 10.1111/jne.12258

 Buccarello, L., Grignaschi, G., Castaldo, A. M., Di Giancamillo, A., Domeneghini, C., Melcangi, R. C., et al. (2017). Sex impact on tau-aggregation and postsynaptic protein levels in the P301L mouse model of tauopathy. J. Alzheimers. Dis. 56, 1279–1292. doi: 10.3233/JAD-161087

 Cacciottolo, M., Christensen, A., Moser, A., Liu, J., Pike, C. J., Smith, C., et al. (2016). The APOE4 allele shows opposite sex bias in microbleeds and Alzheimer's disease of humans and mice. Neurobiol. Aging 37, 47–57. doi: 10.1016/j.neurobiolaging.2015.10.010

 Cai, Q., Zakaria, H. M., Simone, A., and Sheng, Z. H. (2012). Spatial parkin translocation and degradation of damaged mitochondria via mitophagy in live cortical neurons. Curr. Biol. 22, 545–552. doi: 10.1016/j.cub.2012.02.005

 Cai, Z., Chen, G., He, W., Xiao, M., and Yan, L. J. (2015). Activation of mTOR: a culprit of Alzheimer's disease? Neuropsychiatr. Dis. Treat. 11, 1015–1030. doi: 10.2147/NDT.S75717

 Callahan, M. J., Lipinski, W. J., Bian, F., Durham, R. A., Pack, A., and Walker, L. C. (2001). Augmented senile plaque load in aged female beta-amyloid precursor protein-transgenic mice. Am. J. Pathol. 158, 1173–1177. doi: 10.1016/S0002-9440(10)64064-3

 Campesi, I., Occhioni, S., Capobianco, G., Fois, M., Montella, A., Dessole, S., et al. (2016). Sex-specific pharmacological modulation of autophagic process in human umbilical artery smooth muscle cells. Pharmacol Res 113(Pt A), 166–174. doi: 10.1016/j.phrs.2016.08.014

 Campesi, I., Straface, E., Occhioni, S., Montella, A., and Franconi, F. (2013). Protein oxidation seems to be linked to constitutive autophagy: a sex study. Life Sci. 93, 145–152. doi: 10.1016/j.lfs.2013.06.001

 Camuzard, O., Santucci-Darmanin, S., Breuil, V., Cros, C., Gritsaenko, T., Pagnotta, S., et al. (2016). Sex-specific autophagy modulation in osteoblastic lineage: a critical function to counteract bone loss in female. Oncotarget 7, 66416–66428. doi: 10.18632/oncotarget.12013

 Cataldo, A. M., Mathews, P. M., Boiteau, A. B., Hassinger, L. C., Peterhoff, C. M., Jiang, Y., et al. (2008). Down syndrome fibroblast model of Alzheimer-related endosome pathology: accelerated endocytosis promotes late endocytic defects. Am. J. Pathol. 173, 370–384. doi: 10.2353/ajpath.2008.071053

 Cataldo, A. M., Peterhoff, C. M., Schmidt, S. D., Terio, N. B., Duff, K., Beard, M., et al. (2004). Presenilin mutations in familial Alzheimer disease and transgenic mouse models accelerate neuronal lysosomal pathology. J. Neuropathol. Exp. Neurol. 63, 821–830. doi: 10.1093/jnen/63.8.821

 Cataldo, A. M., Peterhoff, C. M., Troncoso, J. C., Gomez-Isla, T., Hyman, B. T., and Nixon, R. A. (2000). Endocytic pathway abnormalities precede amyloid beta deposition in sporadic Alzheimer's disease and Down syndrome: differential effects of APOE genotype and presenilin mutations. Am. J. Pathol. 157, 277–286. doi: 10.1016/S0002-9440(10)64538-5

 Chang, C. C., Li, H. H., Chang, Y. T., Ho, Y. J., Hsieh, L. J., Chiu, P. Y., et al. (2018). Abeta exacerbates alpha-synuclein-induced neurotoxicity through impaired insulin signaling in alpha-synuclein-overexpressed human SK-N-MC neuronal cells. CNS Neurosci. Ther. 24, 47–57. doi: 10.1111/cns.12772

 Chen, C. W., Chen, T. Y., Tsai, K. L., Lin, C. L., Yokoyama, K. K., Lee, W. S., et al. (2012). Inhibition of autophagy as a therapeutic strategy of iron-induced brain injury after hemorrhage. Autophagy 8, 1510–1520. doi: 10.4161/auto.21289

 Chen, C., Hu, L. X., Dong, T., Wang, G. Q., Wang, L. H., Zhou, X. P., et al. (2013). Apoptosis and autophagy contribute to gender difference in cardiac ischemia-reperfusion induced injury in rats. Life Sci. 93, 265–270. doi: 10.1016/j.lfs.2013.06.019

 Cheng, H., Ma, Y., Ni, X., Jiang, M., Guo, L., Ying, K., et al. (2002). Isolation and characterization of a human novel RAB (RAB39B) gene. Cytogenet. Genome Res. 97, 72–75. doi: 10.1159/000064047

 Cherian, A. K., and Briski, K. P. (2011). Quantitative RT-PCR and immunoblot analyses reveal acclimated A2 noradrenergic neuron substrate fuel transporter, glucokinase, phospho-AMPK, and dopamine-beta-hydroxylase responses to hypoglycemia. J. Neurosci. Res. 89, 1114–1124. doi: 10.1002/jnr.22632

 Cherian, A. K., and Briski, K. P. (2012). A2 noradrenergic nerve cell metabolic transducer and nutrient transporter adaptation to hypoglycemia: impact of estrogen. J. Neurosci. Res. 90, 1347–1358. doi: 10.1002/jnr.23032

 Cho, K. S., Yoon, Y. H., Choi, J. A., Lee, S. J., and Koh, J. Y. (2012). Induction of autophagy and cell death by tamoxifen in cultured retinal pigment epithelial and photoreceptor cells. Invest. Ophthalmol. Vis. Sci. 53, 5344–5353. doi: 10.1167/iovs.12-9827

 Choi, J. S., Chon, M. W., Kang, D. H., Jung, M. H., and Kwon, J. S. (2009). Gender difference in the prodromal symptoms of first-episode schizophrenia. J. Korean Med. Sci. 24, 1083–1088. doi: 10.3346/jkms.2009.24.6.1083

 Choi, S., Shin, H., Song, H., and Lim, H. J. (2014). Suppression of autophagic activation in the mouse uterus by estrogen and progesterone. J. Endocrinol. 221, 39–50. doi: 10.1530/JOE-13-0449

 Choi, Y. C., Lee, J. H., Hong, K. W., and Lee, K. S. (2004). 17 Beta-estradiol prevents focal cerebral ischemic damages via activation of Akt and CREB in association with reduced PTEN phosphorylation in rats. Fundam. Clin. Pharmacol. 18, 547–557. doi: 10.1111/j.1472-8206.2004.00284.x

 Clinton, L. K., Billings, L. M., Green, K. N., Caccamo, A., Ngo, J., Oddo, S., et al. (2007). Age-dependent sexual dimorphism in cognition and stress response in the 3xTg-AD mice. Neurobiol. Dis. 28, 76–82. doi: 10.1016/j.nbd.2007.06.013

 Colucci, M., Cammarata, S., Assini, A., Croce, R., Clerici, F., Novello, C., et al. (2006). The number of pregnancies is a risk factor for Alzheimer's disease. Eur. J. Neurol. 13, 1374–1377. doi: 10.1111/j.1468-1331.2006.01520.x

 Congdon, E. E., Wu, J. W., Myeku, N., Figueroa, Y. H., Herman, M., Marinec, P. S., et al. (2012). Methylthioninium chloride (methylene blue) induces autophagy and attenuates tauopathy in vitro and in vivo. Autophagy 8, 609–622. doi: 10.4161/auto.19048

 Connelly, S. J., Mukaetova-Ladinska, E. B., Abdul-All, Z., Alves da Silva, J., Brayne, C., Honer, W. G., et al. (2011). Synaptic changes in frontotemporal lobar degeneration: correlation with MAPT haplotype and APOE genotype. Neuropathol. Appl. Neurobiol. 37, 366–380. doi: 10.1111/j.1365-2990.2010.01150.x

 Cook, K. L., Clarke, P. A., Parmar, J., Hu, R., Schwartz-Roberts, J. L., Abu-Asab, M., et al. (2014). Knockdown of estrogen receptor-alpha induces autophagy and inhibits antiestrogen-mediated unfolded protein response activation, promoting ROS-induced breast cancer cell death. FASEB J. 28, 3891–3905. doi: 10.1096/fj.13-247353

 Corder, E. H., Ghebremedhin, E., Taylor, M. G., Thal, D. R., Ohm, T. G., and Braak, H. (2004). The biphasic relationship between regional brain senile plaque and neurofibrillary tangle distributions: modification by age, sex, and APOE polymorphism. Ann. N. Y. Acad. Sci. 1019, 24–28. doi: 10.1196/annals.1297.005

 Cowell, P. E., Kostianovsky, D. J., Gur, R. C., Turetsky, B. I., and Gur, R. E. (1996). Sex differences in neuroanatomical and clinical correlations in schizophrenia. Am. J. Psychiatry 153, 799–805. doi: 10.1176/ajp.153.6.799

 Cunningham, C. J., Sinnott, M., Denihan, A., Rowan, M., Walsh, J. B., O'Moore, R., et al. (2001). Endogenous sex hormone levels in postmenopausal women with Alzheimer's disease. J. Clin. Endocrinol. Metab. 86, 1099–1103. doi: 10.1210/jcem.86.3.7289

 Demarest, T. G., Waite, E. L., Kristian, T., Puche, A. C., Waddell, J., McKenna, M. C., et al. (2016). Sex-dependent mitophagy and neuronal death following rat neonatal hypoxia-ischemia. Neuroscience 335, 103–113. doi: 10.1016/j.neuroscience.2016.08.026

 Demuro, A., Parker, I., and Stutzmann, G. E. (2010). Calcium signaling and amyloid toxicity in Alzheimer disease. J. Biol. Chem. 285, 12463–12468. doi: 10.1074/jbc.R109.080895

 Deng, M., Huang, L., Ning, B., Wang, N., Zhang, Q., Zhu, C., et al. (2016). beta-asarone improves learning and memory and reduces Acetyl cholinesterase and beta-amyloid 42 levels in APP/PS1 transgenic mice by regulating Beclin-1-dependent autophagy. Brain Res. 1652, 188–194. doi: 10.1016/j.brainres.2016.10.008

 Di Carlo, A., Baldereschi, M., Amaducci, L., Lepore, V., Bracco, L., Maggi, S., et al. (2002). Incidence of dementia, Alzheimer's disease, and vascular dementia in Italy. The ILSA study. J. Am. Geriatr. Soc. 50, 41–48. doi: 10.1046/j.1532-5415.2002.50006.x

 Dowling, J. J., Moore, S. A., Kalimo, H., and Minassian, B. A. (2015). X-linked myopathy with excessive autophagy: a failure of self-eating. Acta Neuropathol. 129, 383–390. doi: 10.1007/s00401-015-1393-4

 Du, L., Hickey, R. W., Bayir, H., Watkins, S. C., Tyurin, V. A., Guo, F., et al. (2009). Starving neurons show sex difference in autophagy. J. Biol. Chem. 284, 2383–2396. doi: 10.1074/jbc.M804396200

 Engler-Chiurazzi, E. B., Brown, C. M., Povroznik, J. M., and Simpkins, J. W. (2017). Estrogens as neuroprotectants: estrogenic actions in the context of cognitive aging and brain injury. Prog. Neurobiol. 157, 188–211. doi: 10.1016/j.pneurobio.2015.12.008

 Esselens, C., Oorschot, V., Baert, V., Raemaekers, T., Spittaels, K., Serneels, L., et al. (2004). Presenilin 1 mediates the turnover of telencephalin in hippocampal neurons via an autophagic degradative pathway. J. Cell Biol. 166, 1041–1054. doi: 10.1083/jcb.200406060

 Esterberg, M. L., Trotman, H. D., Holtzman, C., Compton, M. T., and Walker, E. F. (2010). The impact of a family history of psychosis on age-at-onset and positive and negative symptoms of schizophrenia: a meta-analysis. Schizophr. Res. 120, 121–130. doi: 10.1016/j.schres.2010.01.011

 Fang, X., Zhou, J., Liu, W., Duan, X., Gala, U., Sandoval, H., et al. (2016). Dynamin regulates autophagy by modulating lysosomal function. J. Genet. Genomics 43, 77–86. doi: 10.1016/j.jgg.2015.10.005

 Felzen, V., Hiebel, C., Koziollek-Drechsler, I., Reißig, S., Wolfrum, U., Kögel, D., et al. (2015). Estrogen receptor alpha regulates non-canonical autophagy that provides stress resistance to neuroblastoma and breast cancer cells and involves BAG3 function. Cell Death Dis. 6:e1812. doi: 10.1038/cddis.2015.181

 Fernández-Guasti, A., Kruijver, F. P., Fodor, M., and Swaab, D. F. (2000). Sex differences in the distribution of androgen receptors in the human hypothalamus. J. Comp. Neurol. 425, 422–435. doi: 10.1002/1096-9861(20000925)425:3<422::AID-CNE7>3.0.CO;2-H

 Finch, C. E., and Shams, S. (2016). Apolipoprotein E and sex bias in cerebrovascular aging of men and mice. Trends Neurosci. 39, 625–637. doi: 10.1016/j.tins.2016.07.002

 Fleisher, A., Grundman, M., Jack, C. R. Jr., Petersen, R. C., Taylor, C., Kim, H. T., et al. (2005). Sex, apolipoprotein E epsilon 4 status, and hippocampal volume in mild cognitive impairment. Arch. Neurol. 62, 953–957. doi: 10.1001/archneur.62.6.953

 Fond, G., Boyer, L., Leboyer, M., Godin, O., Llorca, P. M., Andrianarisoa, M., et al. (2017). Influence of Venus and Mars in the cognitive sky of schizophrenia. Results from the first-step national FACE-SZ cohort. Schizophr Res. 195, 357–365. doi: 10.1016/j.schres.2017.09.027

 Fratiglioni, L., Viitanen, M., von Strauss, E., Tontodonati, V., Herlitz, A., and Winblad, B. (1997). Very old women at highest risk of dementia and Alzheimer's disease: incidence data from the Kungsholmen Project, Stockholm. Neurology 48, 132–138. doi: 10.1212/WNL.48.1.132

 Fu, J., Hao, L., Tian, Y., Liu, Y., Gu, Y., and Wu, J. (2018). miR-199a-3p is involved in estrogen-mediated autophagy through the IGF-1/mTOR pathway in osteocyte-like MLO-Y4 cells. J. Cell. Physiol. 233, 2292–2303. doi: 10.1002/jcp.26101

 Fu, L., Liu, Y., Wang, J., Sun, Y., Zhang, L., Wu, T., et al. (2017). Cardioprotection by low-dose of estrogen and testosterone at the physiological ratio on ovariectomized rats during ischemia/reperfusion injury. J. Cardiovasc. Pharmacol. 70, 87–93. doi: 10.1097/FJC.0000000000000497

 Gallagher, J. J., Minogue, A. M., and Lynch, M. A. (2013). Impaired performance of female APP/PS1 mice in the Morris water maze is coupled with increased Abeta accumulation and microglial activation. Neurodegener. Dis. 11, 33–41. doi: 10.1159/000337458

 Gelsomino, L., Gu, G., Rechoum, Y., Beyer, A. R., Pejerrey, S. M., Tsimelzon, A., et al. (2016). ESR1 mutations affect anti-proliferative responses to tamoxifen through enhanced cross-talk with IGF signaling. Breast Cancer Res. Treat. 157, 253–265. doi: 10.1007/s10549-016-3829-5

 Ginsberg, S. D., Alldred, M. J., Counts, S. E., Cataldo, A. M., Neve, R. L., Jiang, Y., et al. (2010). Microarray analysis of hippocampal CA1 neurons implicates early endosomal dysfunction during Alzheimer's disease progression. Biol. Psychiatry 68, 885–893. doi: 10.1016/j.biopsych.2010.05.030

 Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

 Goldstein, J. M., Seidman, L. J., O'Brien, L. M., Horton, N. J., Kennedy, D. N., Makris, N., et al. (2002). Impact of normal sexual dimorphisms on sex differences in structural brain abnormalities in schizophrenia assessed by magnetic resonance imaging. Arch. Gen. Psychiatry 59, 154–164. doi: 10.1001/archpsyc.59.2.154

 Grbovic, O. M., Mathews, P. M., Jiang, Y., Schmidt, S. D., Dinakar, R., Summers-Terio, N. B., et al. (2003). Rab5-stimulated up-regulation of the endocytic pathway increases intracellular beta-cleaved amyloid precursor protein carboxyl-terminal fragment levels and Abeta production. J. Biol. Chem. 278, 31261–31268. doi: 10.1074/jbc.M304122200

 Gruber, C. J., Tschugguel, W., Schneeberger, C., and Huber, J. C. (2002). Production and actions of estrogens. N. Engl. J. Med. 346, 340–352. doi: 10.1056/NEJMra000471

 Guerra-Araiza, C., Coyoy-Salgado, A., and Camacho-Arroyo, I. (2002). Sex differences in the regulation of progesterone receptor isoforms expression in the rat brain. Brain Res. Bull. 59, 105–109. doi: 10.1016/S0361-9230(02)00845-6

 Gupte, A. A., Pownall, H. J., and Hamilton, D. J. (2015). Estrogen: an emerging regulator of insulin action and mitochondrial function. J. Diabetes Res. 2015:916585. doi: 10.1155/2015/916585

 Gur, R. E., Kohler, C., Turetsky, B. I., Siegel, S. J., Kanes, S. J., Bilker, W. B., et al. (2004). A sexually dimorphic ratio of orbitofrontal to amygdala volume is altered in schizophrenia. Biol. Psychiatry 55, 512–517. doi: 10.1016/j.biopsych.2003.10.009

 Gürgen, D., Kusch, A., Klewitz, R., Hoff, U., Catar, R., Hegner, B., et al. (2013). Sex-specific mTOR signaling determines sexual dimorphism in myocardial adaptation in normotensive DOCA-salt model. Hypertension 61, 730–736. doi: 10.1161/HYPERTENSIONAHA.111.00276

 Haapasalo, A., and Kovacs, D. M. (2011). The many substrates of presenilin/gamma-secretase. J. Alzheimers. Dis. 25, 3–28. doi: 10.3233/JAD-2011-101065

 Hogervorst, E., Williams, J., Budge, M., Barnetson, L., Combrinck, M., and Smith, A. D. (2001). Serum total testosterone is lower in men with Alzheimer's disease. Neuro Endocrinol. Lett. 22, 163–168.

 Hsieh, D. J., Kuo, W. W., Lai, Y. P., Shibu, M. A., Shen, C. Y., Pai, P., et al. (2015). 17beta-Estradiol and/or estrogen receptor beta attenuate the autophagic and apoptotic effects induced by prolonged hypoxia through HIF-1alpha-mediated BNIP3 and IGFBP-3 Signaling Blockage. Cell. Physiol. Biochem. 36, 274–284. doi: 10.1159/000374070

 Hua, X., Hibar, D. P., Lee, S., Toga, A. W., Jack, C. R. Jr., Weiner, M. W., et al. (2010). Sex and age differences in atrophic rates: an ADNI study with n = 1368 MRI scans. Neurobiol. Aging 31, 1463–1480. doi: 10.1016/j.neurobiolaging.2010.04.033

 Huang, C., Gu, H., Zhang, W., Herrmann, J. L., and Wang, M. (2010). Testosterone-down-regulated Akt pathway during cardiac ischemia/reperfusion: a mechanism involving BAD, Bcl-2 and FOXO3a. J. Surg. Res. 164, e1–e11. doi: 10.1016/j.jss.2010.07.041

 Huffman, J., Hoffmann, C., and Taylor, G. T. (2017). Integrating insulin-like growth factor 1 and sex hormones into neuroprotection: implications for diabetes. World J. Diabetes 8, 45–55. doi: 10.4239/wjd.v8.i2.45

 Ibebunjo, C., Eash, J. K., Li, C., Ma, Q., and Glass, D. J. (2011). Voluntary running, skeletal muscle gene expression, and signaling inversely regulated by orchidectomy and testosterone replacement. Am. J. Physiol. Endocrinol. Metab. 300, E327–E340. doi: 10.1152/ajpendo.00402.2010

 Jahan, M. R., Kokubu, K., Islam, M. N., Matsuo, C., Yanai, A., Wroblewski, G., et al. (2015). Species differences in androgen receptor expression in the medial preoptic and anterior hypothalamic areas of adult male and female rodents. Neuroscience 284, 943–961. doi: 10.1016/j.neuroscience.2014.11.003

 Jayaraman, A., Carroll, J. C., Morgan, T. E., Lin, S., Zhao, L., Arimoto, J. M., et al. (2012). 17beta-estradiol and progesterone regulate expression of beta-amyloid clearance factors in primary neuron cultures and female rat brain. Endocrinology 153, 5467–5479. doi: 10.1210/en.2012-1464

 Ji, Z. S., Müllendorff, K., Cheng, I. H., Miranda, R. D., Huang, Y., and Mahley, R. W. (2006). Reactivity of apolipoprotein E4 and amyloid beta peptide: lysosomal stability and neurodegeneration. J. Biol. Chem. 281, 2683–2692. doi: 10.1074/jbc.M506646200

 Jiang, Y., Mullaney, K. A., Peterhoff, C. M., Che, S., Schmidt, S. D., Boyer-Boiteau, A., et al. (2010). Alzheimer's-related endosome dysfunction in Down syndrome is Abeta-independent but requires APP and is reversed by BACE-1 inhibition. Proc. Natl. Acad. Sci. U.S.A. 107, 1630–1635. doi: 10.1073/pnas.0908953107

 Jiao, S. S., Bu, X. L., Liu, Y. H., Zhu, C., Wang, Q. H., Shen, L. L., et al. (2016). Sex dimorphism profile of Alzheimer's disease-type pathologies in an APP/PS1 mouse model. Neurotox. Res. 29, 256–266. doi: 10.1007/s12640-015-9589-x

 Jover-Mengual, T., Zukin, R. S., and Etgen, A. M. (2007). MAPK signaling is critical to estradiol protection of CA1 neurons in global ischemia. Endocrinology 148, 1131–1143. doi: 10.1210/en.2006-1137

 Jurado-Coronel, J. C., Cabezas, R., Ávila Rodríguez, M. F., Echeverria, V., GarciaGarcía-Segura, L. M., and Barreto, G. E. (2017). Sex differences in Parkinson's disease: features on clinical symptoms, treatment outcome, sexual hormones and genetics. Front. Neuroendocrinol. doi: 10.1016/j.yfrne.2017.09.002. [Epub ahead of print].

 Kautzky-Willer, A., Harreiter, J., and Pacini, G. (2016). Sex and gender differences in risk, pathophysiology and complications of Type 2 diabetes mellitus. Endocr. Rev. 37, 278–316. doi: 10.1210/er.2015-1137

 Kelly, D. A., Varnum, M. M., Krentzel, A. A., Krug, S., and Forger, N. G. (2013). Differential control of sex differences in estrogen receptor alpha in the bed nucleus of the stria terminalis and anteroventral periventricular nucleus. Endocrinology 154, 3836–3846. doi: 10.1210/en.2013-1239

 Koppel, J., Acker, C., Davies, P., Lopez, O. L., Jimenez, H., Azose, M., et al. (2014). Psychotic Alzheimer's disease is associated with gender-specific tau phosphorylation abnormalities. Neurobiol. Aging 35, 2021–2028. doi: 10.1016/j.neurobiolaging.2014.03.003

 Kritzer, M. F., and Creutz, L. M. (2008). Region and sex differences in constituent dopamine neurons and immunoreactivity for intracellular estrogen and androgen receptors in mesocortical projections in rats. J. Neurosci. 28, 9525–9535. doi: 10.1523/JNEUROSCI.2637-08.2008

 Kruijver, F. P., and Swaab, D. F. (2002). Sex hormone receptors are present in the human suprachiasmatic nucleus. Neuroendocrinology 75, 296–305. doi: 10.1159/000057339

 Kruijver, F. P., Balesar, R., Espila, A. M., Unmehopa, U. A., and Swaab, D. F. (2002). Estrogen receptor-alpha distribution in the human hypothalamus in relation to sex and endocrine status. J. Comp. Neurol. 454, 115–139. doi: 10.1002/cne.10416

 Kruijver, F. P., Balesar, R., Espila, A. M., Unmehopa, U. A., and Swaab, D. F. (2003). Estrogen-receptor-beta distribution in the human hypothalamus: similarities and differences with ER alpha distribution. J. Comp. Neurol. 466, 251–277. doi: 10.1002/cne.10899

 Kusch, A., Schmidt, M., Gurgen, D., Postpieszala, D., Catar, R., Hegner, B., et al. (2015). 17ss-Estradiol regulates mTORC2 sensitivity to rapamycin in adaptive cardiac remodeling. PLoS ONE 10:e0123385. doi: 10.1371/journal.pone.0123385

 Kyi-Tha-Thu, C., Okoshi, K., Ito, H., Matsuda, K., Kawata, M., and Tsukahara, S. (2015). Sex differences in cells expressing green fluorescent protein under the control of the estrogen receptor-alpha promoter in the hypothalamus of mice. Neurosci. Res. 101, 44–52. doi: 10.1016/j.neures.2015.07.006

 Laplante, M., and Sabatini, D. M. (2012). mTOR signaling in growth control and disease. Cell 149, 274–293. doi: 10.1016/j.cell.2012.03.017

 Lee, H. C., Inoue, T., Imae, R., Kono, N., Shirae, S., Matsuda, S., et al. (2008). Caenorhabditis elegans mboa-7, a member of the MBOAT family, is required for selective incorporation of polyunsaturated fatty acids into phosphatidylinositol. Mol. Biol. Cell 19, 1174–1184. doi: 10.1091/mbc.e07-09-0893

 Lee, J. H., Yu, W. H., Kumar, A., Lee, S., Mohan, P. S., Peterhoff, C. M., et al. (2010a). Lysosomal proteolysis and autophagy require presenilin 1 and are disrupted by Alzheimer-related PS1 mutations. Cell 141, 1146–1158. doi: 10.1016/j.cell.2010.05.008

 Lee, J. Y., Koga, H., Kawaguchi, Y., Tang, W., Wong, E., Gao, Y. S., et al. (2010b). HDAC6 controls autophagosome maturation essential for ubiquitin-selective quality-control autophagy. EMBO J. 29, 969–980. doi: 10.1038/emboj.2009.405

 Letenneur, L., Gilleron, V., Commenges, D., Helmer, C., Orgogozo, J. M., and Dartigues, J. F. (1999). Are sex and educational level independent predictors of dementia and Alzheimer's disease? Incidence data from the PAQUID project. J. Neurol. Neurosurg. Psychiatry 66, 177–183. doi: 10.1136/jnnp.66.2.177

 Lewis, J., Dickson, D. W., Lin, W. L., Chisholm, L., Corral, A., Jones, G., et al. (2001). Enhanced neurofibrillary degeneration in transgenic mice expressing mutant tau and APP. Science 293, 1487–1491. doi: 10.1126/science.1058189

 Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van Slegtenhorst, M., et al. (2000). Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice expressing mutant (P301L) tau protein. Nat. Gen. 25, 402–405. doi: 10.1038/78078

 Li, L., Chen, J., Sun, S., Zhao, J., Dong, X., and Wang, J. (2017). Effects of estradiol on autophagy and Nrf-2/ARE signals after cerebral Ischemia. Cell. Physiol. Biochem. 41, 2027–2036. doi: 10.1159/000475433

 Li, Q., Liu, Y., and Sun, M. (2017). Autophagy and Alzheimer's Disease. Cell Mol. Neurobiol. 37, 377–388. doi: 10.1007/s10571-016-0386-8

 Li, X. Z., Sui, C. Y., Chen, Q., Chen, X. P., Zhang, H., and Zhou, X. P. (2015). Upregulation of cell surface estrogen receptor alpha is associated with the mitogen-activated protein kinase/extracellular signal-regulated kinase activity and promotes autophagy maturation. Int. J. Clin. Exp. Pathol. 8, 8832–8841.

 Li, X. Z., Sui, C. Y., Chen, Q., Zhuang, Y. S., Zhang, H., and Zhou, X. P. (2016). The effects and mechanism of estrogen on rats with Parkinson's disease in different age groups. Am. J. Transl. Res. 8, 4134–4146.

 Li, X., Zhang, J., Chai, S., and Wang, X. (2014). Progesterone alleviates hypoxic-ischemic brain injury via the Akt/GSK-3beta signaling pathway. Exp. Ther. Med. 8, 1241–1246. doi: 10.3892/etm.2014.1858

 Lin, A. L., Jahrling, J. B., Zhang, W., DeRosa, N., Bakshi, V., Romero, P., et al. (2017). Rapamycin rescues vascular, metabolic and learning deficits in apolipoprotein E4 transgenic mice with pre-symptomatic Alzheimer's disease. J. Cereb. Blood Flow Metab. 37, 217–226. doi: 10.1177/0271678X15621575

 Lin, C. L., Cheng, Y. S., Li, H. H., Chiu, P. Y., Chang, Y. T., Ho, Y. J., et al. (2016a). Amyloid-beta suppresses AMP-activated protein kinase (AMPK) signaling and contributes to alpha-synuclein-induced cytotoxicity. Exp. Neurol. 275(Pt 1), 84–98. doi: 10.1016/j.expneurol.2015.10.009

 Lin, C. W., Chen, B., Huang, K. L., Dai, Y. S., and Teng, H. L. (2016b). Inhibition of autophagy by estradiol promotes locomotor recovery after spinal cord injury in rats. Neurosci. Bull. 32, 137–144. doi: 10.1007/s12264-016-0017-x

 Lipinski, M. M., Zheng, B., Lu, T., Yan, Z., Py, B. F., Ng, A., et al. (2010). Genome-wide analysis reveals mechanisms modulating autophagy in normal brain aging and in Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 107, 14164–14169. doi: 10.1073/pnas.1009485107

 Liu, S. B., Zhang, N., Guo, Y. Y., Zhao, R., Shi, T. Y., Feng, S. F., et al. (2012). G-protein-coupled receptor 30 mediates rapid neuroprotective effects of estrogen via depression of NR2B-containing NMDA receptors. J. Neurosci. 32, 4887–4900. doi: 10.1523/JNEUROSCI.5828-11.2012

 Lu, S. F., McKenna, S. E., Cologer-Clifford, A., Nau, E. A., and Simon, N. G. (1998). Androgen receptor in mouse brain: sex differences and similarities in autoregulation. Endocrinology 139, 1594–1601. doi: 10.1210/endo.139.4.5863

 Maday, S., and Holzbaur, E. L. (2014). Autophagosome biogenesis in primary neurons follows an ordered and spatially regulated pathway. Dev. Cell 30, 71–85. doi: 10.1016/j.devcel.2014.06.001

 Maday, S., Wallace, K. E., and Holzbaur, E. L. (2012). Autophagosomes initiate distally and mature during transport toward the cell soma in primary neurons. J. Cell Biol. 196, 407–417. doi: 10.1083/jcb.201106120

 Mahlknecht, U., Schnittger, S., Landgraf, F., Schoch, C., Ottmann, O. G., Hiddemann, W., et al. (2001). Assignment of the human histone deacetylase 6 gene (HDAC6) to X chromosome p11.23 by in situ hybridization. Cytogenet. Cell Genet. 93, 135–136. doi: 10.1159/000056967

 Manly, J. J., Merchant, C. A., Jacobs, D. M., Small, S. A., Bell, K., Ferin, M., et al. (2000). Endogenous estrogen levels and Alzheimer's disease among postmenopausal women. Neurology 54, 833–837. doi: 10.1212/WNL.54.4.833

 Martínez de Morentin, P. B., González-García, I., Martins, L., Lage, R., Fernández-Mallo, D., Martínez-Sánchez, N., et al. (2014). Estradiol regulates brown adipose tissue thermogenesis via hypothalamic AMPK. Cell Metab. 20, 41–53. doi: 10.1016/j.cmet.2014.03.031

 Merlo, S., Spampinato, S. F., and Sortino, M. A. (2017). Estrogen and Alzheimer's disease: still an attractive topic despite disappointment from early clinical results. Eur. J. Pharmacol. 817, 51–58. doi: 10.1016/j.ejphar.2017.05.059

 Mhaouty-Kodja, S. (2017). Role of the androgen receptor in the central nervous system. Mol. Cell Endocrinol. 465, 103–112. doi: 10.1016/j.mce.2017.08.001

 Miech, R. A., Breitner, J. C., Zandi, P. P., Khachaturian, A. S., Anthony, J. C., and Mayer, L. (2002). Incidence of AD may decline in the early 90s for men, later for women: the cache county study. Neurology 58, 209–218. doi: 10.1212/WNL.58.2.209

 Miller, R. A., Harrison, D. E., Astle, C. M., Fernandez, E., Flurkey, K., Han, M., et al. (2014). Rapamycin-mediated lifespan increase in mice is dose and sex dependent and metabolically distinct from dietary restriction. Aging Cell 13, 468–477. doi: 10.1111/acel.12194

 Milner, T. A., Hernandez, F. J., Herrick, S. P., Pierce, J. P., Iadecola, C., and Drake, C. T. (2007). Cellular and subcellular localization of androgen receptor immunoreactivity relative to C1 adrenergic neurons in the rostral ventrolateral medulla of male and female rats. Synapse 61, 268–278. doi: 10.1002/syn.20370

 Milner, T. A., Thompson, L. I., Wang, G., Kievits, J. A., Martin, E., Zhou, P., et al. (2010). Distribution of estrogen receptor beta containing cells in the brains of bacterial artificial chromosome transgenic mice. Brain Res. 1351, 74–96. doi: 10.1016/j.brainres.2010.06.038

 Moffat, S. D., Zonderman, A. B., Metter, E. J., Kawas, C., Blackman, M. R., Harman, S. M., et al. (2004). Free testosterone and risk for Alzheimer disease in older men. Neurology 62, 188–193. doi: 10.1212/WNL.62.2.188

 Moloney, A. M., Griffin, R. J., Timmons, S., O'Connor, R., Ravid, R., and O'Neill, C. (2010). Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer's disease indicate possible resistance to IGF-1 and insulin signalling. Neurobiol. Aging 31, 224–243. doi: 10.1016/j.neurobiolaging.2008.04.002

 Narr, K., Thompson, P., Sharma, T., Moussai, J., Zoumalan, C., Rayman, J., et al. (2001). Three-dimensional mapping of gyral shape and cortical surface asymmetries in schizophrenia: gender effects. Am. J. Psychiatry 158, 244–255. doi: 10.1176/appi.ajp.158.2.244

 Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H., Peterhoff, C., Cataldo, A., et al. (2005). Extensive involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study. J. Neuropathol. Exp. Neurol. 64, 113–122. doi: 10.1093/jnen/64.2.113

 Oikawa, N., Ogino, K., Masumoto, T., Yamaguchi, H., and Yanagisawa, K. (2010). Gender effect on the accumulation of hyperphosphorylated tau in the brain of locus-ceruleus-injured APP-transgenic mouse. Neurosci. Lett. 468, 243–247. doi: 10.1016/j.neulet.2009.11.005

 Oliván, S., Calvo, A. C., Manzano, R., Zaragoza, P., and Osta, R. (2014). Sex differences in constitutive autophagy. Biomed Res. Int. 2014:652817. doi: 10.1155/2014/652817

 Papasozomenos, S. C. (1996). Heat shock induces rapid dephosphorylation of tau in both female and male rats followed by hyperphosphorylation only in female rats: implications for Alzheimer's disease. J. Neurochem. 66, 1140–1149. doi: 10.1046/j.1471-4159.1996.66031140.x

 Park, H., Kam, T. I., Kim, Y., Choi, H., Gwon, Y., Kim, C., et al. (2012). Neuropathogenic role of adenylate kinase-1 in Abeta-mediated tau phosphorylation via AMPK and GSK3beta. Hum. Mol. Genet. 21, 2725–2737. doi: 10.1093/hmg/dds100

 Park, J., Shin, H., Song, H., and Lim, H. J. (2016). Autophagic regulation in steroid hormone-responsive systems. Steroids 115, 177–181. doi: 10.1016/j.steroids.2016.09.011

 Payami, H., Montee, K. R., Kaye, J. A., Bird, T. D., Yu, C. E., Wijsman, E. M., et al. (1994). Alzheimer's disease, apolipoprotein E4, and gender. JAMA 271, 1316–1317. doi: 10.1001/jama.1994.03510410028015

 Perez, M., Santa-Maria, I., Gomez de Barreda, E., Zhu, X., Cuadros, R., Cabrero, J. R., et al. (2009). Tau–an inhibitor of deacetylase HDAC6 function. J. Neurochem. 109, 1756–1766. doi: 10.1111/j.1471-4159.2009.06102.x

 Peric, A., and Annaert, W. (2015). Early etiology of Alzheimer's disease: tipping the balance toward autophagy or endosomal dysfunction? Acta Neuropathol. 129, 363–381. doi: 10.1007/s00401-014-1379-7

 Perneczky, R., Diehl-Schmid, J., Forstl, H., Drzezga, A., and Kurz, A. (2007). Male gender is associated with greater cerebral hypometabolism in frontotemporal dementia: evidence for sex-related cognitive reserve. Int. J. Geriatr. Psychiatry 22, 1135–1140. doi: 10.1002/gps.1803

 Persson, T., Lattanzio, F., Calvo-Garrido, J., Rimondini, R., Rubio-Rodrigo, M., Sundstrom, E., et al. (2017). Apolipoprotein E4 elicits lysosomal cathepsin D release, decreased thioredoxin-1 levels, and apoptosis. J. Alzheimers. Dis. 56, 601–617. doi: 10.3233/JAD-150738

 Petersen, S. L., Intlekofer, K. A., Moura-Conlon, P. J., Brewer, D. N., Del Pino Sans, J., and Lopez, J. A. (2013). Novel progesterone receptors: neural localization and possible functions. Front. Neurosci. 7:164. doi: 10.3389/fnins.2013.00164

 Pickford, F., Masliah, E., Britschgi, M., Lucin, K., Narasimhan, R., Jaeger, P. A., et al. (2008). The autophagy-related protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid beta accumulation in mice. J. Clin. Invest. 118, 2190–2199. doi: 10.1172/JCI33585

 Quadros, P. S., and Wagner, C. K. (2008). Regulation of progesterone receptor expression by estradiol is dependent on age, sex and region in the rat brain. Endocrinology 149, 3054–3061. doi: 10.1210/en.2007-1133

 Quadros, P. S., Goldstein, A. Y., De Vries, G. J., and Wagner, C. K. (2002). Regulation of sex differences in progesterone receptor expression in the medial preoptic nucleus of postnatal rats. J. Neuroendocrinol. 14, 761–767. doi: 10.1046/j.1365-2826.2002.00827.x

 Rodriguez, K. A., Dodds, S. G., Strong, R., Galvan, V., Sharp, Z. D., and Buffenstein, R. (2014). Divergent tissue and sex effects of rapamycin on the proteasome-chaperone network of old mice. Front. Mol. Neurosci. 7:83. doi: 10.3389/fnmol.2014.00083

 Rosario, E. R., Chang, L., Head, E. H., Stanczyk, F. Z., and Pike, C. J. (2011). Brain levels of sex steroid hormones in men and women during normal aging and in Alzheimer's disease. Neurobiol. Aging 32, 604–613. doi: 10.1016/j.neurobiolaging.2009.04.008

 Rose, J. L., Hamlin, A. S., and Scott, C. J. (2014). Sex differences in the expression of estrogen receptor alpha within noradrenergic neurons in the sheep brain stem. Domest. Anim. Endocrinol. 49, 6–13. doi: 10.1016/j.domaniend.2014.04.003

 Salehi, A., Gonzalez Martinez, V., and Swaab, D. F. (1998). A sex difference and no effect of ApoE type on the amount of cytoskeletal alterations in the nucleus basalis of Meynert in Alzheimer's disease. Neurobiol. Aging 19, 505–510. doi: 10.1016/S0197-4580(98)00106-7

 Sampedro, F., Vilaplana, E., de Leon, M. J., Alcolea, D., Pegueroles, J., Montal, V., et al. (2015). APOE-by-sex interactions on brain structure and metabolism in healthy elderly controls. Oncotarget 6, 26663–26674. doi: 10.18632/oncotarget.5185

 Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled, L., et al. (2008). The Rag GTPases bind raptor and mediate amino acid signaling to mTORC1. Science 320, 1496–1501. doi: 10.1126/science.1157535

 Schultz, C., Braak, H., and Braak, E. (1996). A sex difference in neurodegeneration of the human hypothalamus. Neurosci. Lett. 212, 103–106. doi: 10.1016/0304-3940(96)12787-7

 Schumacher, M., Hussain, R., Gago, N., Oudinet, J. P., Mattern, C., and Ghoumari, A. M. (2012). Progesterone synthesis in the nervous system: implications for myelination and myelin repair. Front. Neurosci. 6:10. doi: 10.3389/fnins.2012.00010

 Scott, R. E., Wu-Peng, X. S., and Pfaff, D. W. (2002). Regulation and expression of progesterone receptor mRNA isoforms A and B in the male and female rat hypothalamus and pituitary following oestrogen treatment. J. Neuroendocrinol. 14, 175–183. doi: 10.1046/j.0007-1331.2001.00750.x

 Seixas da Silva, G. S., Melo, H. M., Lourenco, M. V., Lyra, E. S. N. M., de Carvalho, M. B., Alves-Leon, S. V., et al. (2017). Amyloid-beta oligomers transiently inhibit AMP-activated kinase and cause metabolic defects in hippocampal neurons. J. Biol. Chem. 292, 7395–7406. doi: 10.1074/jbc.M116.753525

 Sellier, C., Campanari, M. L., Julie Corbier, C., Gaucherot, A., Kolb-Cheynel, I., Oulad-Abdelghani, M., et al. (2016). Loss of C9ORF72 impairs autophagy and synergizes with polyQ Ataxin-2 to induce motor neuron dysfunction and cell death. EMBO J. 35, 1276–1297. doi: 10.15252/embj.201593350

 Serra, C., Sandor, N. L., Jang, H., Lee, D., Toraldo, G., Guarneri, T., et al. (2013). The effects of testosterone deprivation and supplementation on proteasomal and autophagy activity in the skeletal muscle of the male mouse: differential effects on high-androgen responder and low-androgen responder muscle groups. Endocrinology 154, 4594–4606. doi: 10.1210/en.2013-1004

 Shah, N. M., Pisapia, D. J., Maniatis, S., Mendelsohn, M. M., Nemes, A., and Axel, R. (2004). Visualizing sexual dimorphism in the brain. Neuron 43, 313–319. doi: 10.1016/j.neuron.2004.07.008

 Shibata, M., Lu, T., Furuya, T., Degterev, A., Mizushima, N., Yoshimori, T., et al. (2006). Regulation of intracellular accumulation of mutant Huntingtin by Beclin 1. J. Biol. Chem. 281, 14474–14485. doi: 10.1074/jbc.M600364200

 Singh, M., Su, C., and Ng, S. (2013). Non-genomic mechanisms of progesterone action in the brain. Front. Neurosci. 7:159. doi: 10.3389/fnins.2013.00159

 Sotiropoulos, I., Silva, J., Kimura, T., Rodrigues, A. J., Costa, P., Almeida, O. F., et al. (2015). Female hippocampus vulnerability to environmental stress, a precipitating factor in Tau aggregation pathology. J. Alzheimers. Dis. 43, 763–774. doi: 10.3233/JAD-140693

 Sturchler-Pierrat, C., and Staufenbiel, M. (2000). Pathogenic mechanisms of Alzheimer's disease analyzed in the APP23 transgenic mouse model. Ann. N. Y. Acad. Sci. 920, 134–139. doi: 10.1111/j.1749-6632.2000.tb06915.x

 Talonen, S., Väänänen, J., and Kaltiala-Heino, R. (2017). Gender differences in first onset Schizophrenia spectrum psychoses. Nord. J. Psychiatry 71, 131–138. doi: 10.1080/08039488.2016.1245783

 Tamrakar, P., Ibrahim, B. A., Gujar, A. D., and Briski, K. P. (2015). Estrogen regulates energy metabolic pathway and upstream adenosine 5'-monophosphate-activated protein kinase and phosphatase enzyme expression in dorsal vagal complex metabolosensory neurons during glucostasis and hypoglycemia. J. Neurosci. Res. 93, 321–332. doi: 10.1002/jnr.23481

 Tao, Q., Fan, X., Li, T., Tang, Y., Yang, D., and Le, W. (2012). Gender segregation in gene expression and vulnerability to oxidative stress induced injury in ventral mesencephalic cultures of dopamine neurons. J. Neurosci. Res. 90, 167–178. doi: 10.1002/jnr.22729

 Tao, Z., Zheng, L. D., Smith, C., Luo, J., Robinson, A., Almeida, F. A., et al. (2018). Estradiol signaling mediates gender difference in visceral adiposity via autophagy. Cell Death Dis. 9:309. doi: 10.1038/s41419-018-0372-9

 Tramutola, A., Lanzillotta, C., and Di Domenico, F. (2017). Targeting mTOR to reduce Alzheimer-related cognitive decline: from current hits to future therapies. Expert Rev. Neurother. 17, 33–45. doi: 10.1080/14737175.2017.1244482

 Tramutola, A., Triplett, J. C., Di Domenico, F., Niedowicz, D. M., Murphy, M. P., Coccia, R., et al. (2015). Alteration of mTOR signaling occurs early in the progression of Alzheimer disease (AD): analysis of brain from subjects with pre-clinical AD, amnestic mild cognitive impairment and late-stage AD. J. Neurochem. 133, 739–749. doi: 10.1111/jnc.13037

 Tsai, H. W., Taniguchi, S., Samoza, J., and Ridder, A. (2015). Age- and sex-dependent changes in androgen receptor expression in the developing mouse cortex and hippocampus. Neurosci. J. 2015:525369. doi: 10.1155/2015/525369

 Tsai, Y. C., Lee, Y. M., Lam, K. K., Wu, Y. C., Yen, M. H., and Cheng, P. Y. (2010). The role of hypothalamic AMP-activated protein kinase in ovariectomy-induced obesity in rats. Menopause 17, 1194–1200. doi: 10.1097/gme.0b013e3181dfca27

 Twist, S. J., Taylor, G. A., Weddell, A., Weightman, D. R., Edwardson, J. A., and Morris, C. M. (2000). Brain oestradiol and testosterone levels in Alzheimer's disease. Neurosci. Lett. 286, 1–4. doi: 10.1016/S0304-3940(00)01078-8

 Udrisar, D. P., Wanderley, M. I., Porto, R. C., Cardoso, C. L., Barbosa, M. C., Camberos, M. C., et al. (2005). Androgen- and estrogen-dependent regulation of insulin-degrading enzyme in subcellular fractions of rat prostate and uterus. Exp. Biol. Med. 230, 479–486. doi: 10.1177/153537020523000706

 van Helmond, Z., Miners, J. S., Kehoe, P. G., and Love, S. (2010). Oligomeric Abeta in Alzheimer's disease: relationship to plaque and tangle pathology, APOE genotype and cerebral amyloid angiopathy. Brain Pathol. 20, 468–480. doi: 10.1111/j.1750-3639.2009.00321.x

 Vida, B., Hrabovszky, E., Kalamatianos, T., Coen, C. W., Liposits, Z., and Kallo, I. (2008). Oestrogen receptor alpha and beta immunoreactive cells in the suprachiasmatic nucleus of mice: distribution, sex differences and regulation by gonadal hormones. J. Neuroendocrinol. 20, 1270–1277. doi: 10.1111/j.1365-2826.2008.01787.x

 Wagshal, D., Sankaranarayanan, S., Guss, V., Hall, T., Berisha, F., Lobach, I., et al. (2014). Divergent CSF tau alterations in two common tauopathies: Alzheimer's disease and progressive supranuclear palsy. J. Neurol. Neurosurg. Psychiatry 86, 244–250. doi: 10.1136/jnnp-2014-308004

 Wang, C., Yu, J. T., Miao, D., Wu, Z. C., Tan, M. S., and Tan, L. (2014). Targeting the mTOR signaling network for Alzheimer's disease therapy. Mol. Neurobiol. 49, 120–135. doi: 10.1007/s12035-013-8505-8

 Wang, C., Zhang, F., Jiang, S., Siedlak, S. L., Shen, L., Perry, G., et al. (2016). Estrogen receptor-α is localized to neurofibrillary tangles in Alzheimer's disease. Sci. Rep. 6:20352. doi: 10.1038/srep20352

 Wang, J., Tanila, H., Puoliväli, J., Kadish, I., and van Groen, T. (2003). Gender differences in the amount and deposition of amyloidbeta in APPswe and PS1 double transgenic mice. Neurobiol. Dis. 14, 318–327. doi: 10.1016/j.nbd.2003.08.009

 Wang, K. C., Woung, L. C., Tsai, M. T., Liu, C. C., Su, Y. H., and Li, C. Y. (2012). Risk of Alzheimer's disease in relation to diabetes: a population-based cohort study. Neuroepidemiology 38, 237–244. doi: 10.1159/000337428

 Wang, Y., Martinez-Vicente, M., Kruger, U., Kaushik, S., Wong, E., Mandelkow, E. M., et al. (2009). Tau fragmentation, aggregation and clearance: the dual role of lysosomal processing. Hum. Mol. Genet. 18, 4153–4170. doi: 10.1093/hmg/ddp367

 Wang, Z. F., Pan, Z. Y., Xu, C. S., and Li, Z. Q. (2017). Activation of G-protein coupled estrogen receptor 1 improves early-onset cognitive impairment via PI3K/Akt pathway in rats with traumatic brain injury. Biochem. Biophys. Res. Commun. 482, 948–953. doi: 10.1016/j.bbrc.2016.11.138

 Weis, S. N., Toniazzo, A. P., Ander, B. P., Zhan, X., Careaga, M., Ashwood, P., et al. (2014). Autophagy in the brain of neonates following hypoxia-ischemia shows sex- and region-specific effects. Neuroscience 256, 201–209. doi: 10.1016/j.neuroscience.2013.10.046

 White, J. P., Gao, S., Puppa, M. J., Sato, S., Welle, S. L., and Carson, J. A. (2013). Testosterone regulation of Akt/mTORC1/FoxO3a signaling in skeletal muscle. Mol. Cell. Endocrinol. 365, 174–186. doi: 10.1016/j.mce.2012.10.019

 Wilson, C. A., Murphy, D. D., Giasson, B. I., Zhang, B., Trojanowski, J. Q., and Lee, V. M. (2004). Degradative organelles containing mislocalized alpha-and beta-synuclein proliferate in presenilin-1 null neurons. J. Cell Biol. 165, 335–346. doi: 10.1083/jcb.200403061

 Wolfe, D. M., Lee, J. H., Kumar, A., Lee, S., Orenstein, S. J., and Nixon, R. A. (2013). Autophagy failure in Alzheimer's disease and the role of defective lysosomal acidification. Eur. J. Neurosci. 37, 1949–1961. doi: 10.1111/ejn.12169

 Wu, Y., Bauman, W. A., Blitzer, R. D., and Cardozo, C. (2010). Testosterone-induced hypertrophy of L6 myoblasts is dependent upon Erk and mTOR. Biochem. Biophys. Res. Commun. 400, 679–683. doi: 10.1016/j.bbrc.2010.08.127

 Yang, L. C., Zhang, Q. G., Zhou, C. F., Yang, F., Zhang, Y. D., Wang, R. M., et al. (2010). Extranuclear estrogen receptors mediate the neuroprotective effects of estrogen in the rat hippocampus. PLoS ONE 5:e9851. doi: 10.1371/journal.pone.0009851

 Yang, Y., Zheng, X., Li, B., Jiang, S., and Jiang, L. (2014). Increased activity of osteocyte autophagy in ovariectomized rats and its correlation with oxidative stress status and bone loss. Biochem. Biophys. Res. Commun. 451, 86–92. doi: 10.1016/j.bbrc.2014.07.069

 Yin, H. N., Chai, J. K., Yu, Y. M., Shen, C. A., Wu, Y. Q., Yao, Y. M., et al. (2009). Regulation of signaling pathways downstream of IGF-I/insulin by androgen in skeletal muscle of glucocorticoid-treated rats. J. Trauma 66, 1083–1090. doi: 10.1097/TA.0b013e31817e7420

 Yoshitake, T., Kiyohara, Y., Kato, I., Ohmura, T., Iwamoto, H., Nakayama, K., et al. (1995). Incidence and risk factors of vascular dementia and Alzheimer's disease in a defined elderly Japanese population: the Hisayama Study. Neurology 45, 1161–1168. doi: 10.1212/WNL.45.6.1161

 Yu, L., Chen, Y., and Tooze, S. A. (2017). Autophagy pathway: cellular and molecular mechanisms. Autophagy 14, 207–215. doi: 10.1080/15548627.2017.1378838

 Yuan, Z., Jiang, G., Fu, S., Li, Q., Chen, L., Peng, K., et al. (2016). Correlation between autophagy of osteoblasts and oxidative stress of osteoporosis rats. Int. J. Clin. Exp. Pathol. 9, 9907–9915.

 Yue, M., Hanna, A., Wilson, J., Roder, H., and Janus, C. (2011). Sex difference in pathology and memory decline in rTg4510 mouse model of tauopathy. Neurobiol. Aging 32, 590–603. doi: 10.1016/j.neurobiolaging.2009.04.006

 Yue, X., Lu, M., Lancaster, T., Cao, P., Honda, S., Staufenbiel, M., et al. (2005). Brain estrogen deficiency accelerates Abeta plaque formation in an Alzheimer's disease animal model. Proc. Natl. Acad. Sci. U.S.A. 102, 19198–19203. doi: 10.1073/pnas.0505203102

 Zare-Shahabadi, A., Masliah, E., Johnson, G. V., and Rezaei, N. (2015). Autophagy in Alzheimer's disease. Rev. Neurosci. 26, 385–395. doi: 10.1515/revneuro-2014-0076

 Zhang, J. Q., Cai, W. Q., Zhou, D. S., and Su, B. Y. (2002). Distribution and differences of estrogen receptor beta immunoreactivity in the brain of adult male and female rats. Brain Res. 935, 73–80. doi: 10.1016/S0006-8993(02)02460-5

 Zhang, L., Wang, L., Wang, R., Gao, Y., Che, H., Pan, Y., et al. (2017a). Evaluating the effectiveness of GTM-1, rapamycin, and carbamazepine on autophagy and alzheimer disease. Med. Sci. Monit. 23, 801–808. doi: 10.12659/MSM.898679

 Zhang, S., Salemi, J., Hou, H., Zhu, Y., Mori, T., Giunta, B., et al. (2010). Rapamycin promotes beta-amyloid production via ADAM-10 inhibition. Biochem. Biophys. Res. Commun. 398, 337–341. doi: 10.1016/j.bbrc.2010.06.017

 Zhang, Z. L., Qin, P., Liu, Y., Zhang, L. X., Guo, H., Deng, Y. L., et al. (2017b). Alleviation of ischaemia-reperfusion injury by endogenous estrogen involves maintaining Bcl-2 expression via the ERalpha signalling pathway. Brain Res. 1661, 15–23. doi: 10.1016/j.brainres.2017.02.004

 Zhao, L., Yao, J., Mao, Z., Chen, S., Wang, Y., and Brinton, R. D. (2011). 17beta-Estradiol regulates insulin-degrading enzyme expression via an ERbeta/PI3-K pathway in hippocampus: relevance to Alzheimer's prevention. Neurobiol. Aging 32, 1949–1963. doi: 10.1016/j.neurobiolaging.2009.12.010

 Zhou, R., Yao, X., Xu, X., Wang, G., Zhu, Z., Chen, J., et al. (2013). Blockage of progesterone receptor effectively protects pancreatic islet beta cell viability. Steroids 78, 987–995. doi: 10.1016/j.steroids.2013.06.005

 Zielonka, D., Marinus, J., Roos, R. A., De Michele, G., Di Donato, S., Putter, H., et al. (2013). The influence of gender on phenotype and disease progression in patients with Huntington's disease. Parkinsonism Relat. Disord. 19, 192–197. doi: 10.1016/j.parkreldis.2012.09.012

 Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., and Sabatini, D. M. (2011). mTORC1 senses lysosomal amino acids through an inside-out mechanism that requires the vacuolar H(+)-ATPase. Science 334, 678–683. doi: 10.1126/science.1207056

 Zuloaga, D. G., Yahn, S. L., Pang, Y., Quihuis, A. M., Oyola, M. G., Reyna, A., et al. (2012). Distribution and estrogen regulation of membrane progesterone receptor-beta in the female rat brain. Endocrinology 153, 4432–4443. doi: 10.1210/en.2012-1469

 Zuloaga, D. G., Zuloaga, K. L., Hinds, L. R., Carbone, D. L., and Handa, R. J. (2014). Estrogen receptor beta expression in the mouse forebrain: age and sex differences. J. Comp. Neurol. 522, 358–371. doi: 10.1002/cne.23400

Conflict of Interest Statement: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer TN and handling Editor declared their shared affiliation.

Copyright © 2018 Congdon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
' frontiers
in Neuroscience

Sex Differences in Autophagy
Contribute to Female Vulnerability in
Alzheimer’s Disease









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





OPS/images/fnins-12-00372-t001.jpg
Basal autophagy 4 LGB and beclin 2014; Olivén
ampesi et al.,
stetal, 2016

Stress response No autophagy induction D et al,, 2009

Basal autophagy L3 and beclin Addis et al., 2014; Olivén

etal, 2014; Campesietal,,
2016; Demarest et al., 2016

Stress response Increased autophagy Duet al, 2009

Basal autophagy tAKt, PIBK, mTOR activity ~ Cherian and Briski, 2012;

Choi et al., 2014; Martinez
de Morentin et al., 2014;
Yang et al., 2014; Tamrakar

. etal, 2015; Camuzard
+ AMPK acthvity etal, 2016; Yuan et al,
{Autophagy protein 2016; Lietal, 2017; Fu
expression etal,, 2018; Tao et al.,, 2018
Insuiin signaling 1 IGF-1R activation Udisar et a., 2005;
Ibebunjo et al, 2011; Zhao
1 1GF-1R expression etal, 2011; Jayaraman

etal, 2012; Li etal., 2015;

1 P8, mTOR activaion e ot ., 2017

1IDE
Stress response + P13 kinase activity Choi et al., 2004;
Jover-Mengual et al., 2007;
Yang et al, 2010; Chen
etal., 201 iu et al., 201:
Akt ERK, TrkB activation  Hsieh et al., 2015; Lin etal.,
1Bcl2, AMPK actiity  2016b; Zhang ot al,, 2017b

Lysosomal function  tMaturation Barron and Pike, 2012; Li
+APPa production etal, 2015, 2017

Basal autophagy 1Autophagy protein Choi et al, 2014
expression

Insuiin signaling + PI3K, mTOR activation ~ Zhou et al., 2013; Huffman

etal, 2017;

110E Jayaraman et al, 2012

Stress response 1+ PI3 kinase activity Singh et a,, 2013; Lietal.,
1AKE, ERK, TrkB activation  2014; Atif et al., 2016
1802

Basal autophagy tAKt, PIBK, ERK mTOR Y et al,, 2000; W et al.,

ativation 2010; Ioebunjo ot al, 2011;
Serra et al., 2013; White
etal., 2013
Insuiin signaling 1IGF-1R expression Udrisar et al., 2005;
1PISK, mTOR activation  Ibebunjo et al, 2011;
1IDE Huffman et al,, 2017
Stress response 1PI3 kinase activity Huang et al., 2010; Fu et al.,
2017

Lysosomal function  APPa production Barron and Pike, 2012






