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Alzheimer’s disease (AD) is an aging-dependent neurodegenerative disease that impairs cognitive function. Although the main pathologies of AD are the aggregation of amyloid-beta (Aβ) and phosphorylated Tau protein, the mechanisms that lead to these pathologies and their effects are believed to be heterogeneous among patients. Many epidemiological studies have suggested that sex is involved in disease prevalence and progression. The reduction of sex hormones contributes to the pathogenesis of AD, especially in females, suggesting that the supplementation of sex hormones could be a therapeutic intervention for AD. However, interventional studies have revealed that hormone therapy is beneficial under limited conditions in certain populations with specific administration methods. Thus, this suggests the importance of identifying crucial factors that determine hormonal effects in patients with AD. Based on these factors, it is necessary to decide which patients will receive the intervention before starting it. However, the long observational period and many uncontrollable environmental factors in clinical trials made it difficult to identify such factors, except for the APOE ε4 allele. Induced pluripotent stem cells (iPSCs) derived from patients can differentiate into neurons and recapitulate some aspects of AD pathogenesis. This in vitro model allows us to control non-cell autonomous factors, including the amount of Aβ aggregates and sex hormones. Hence, iPSCs provide opportunities to investigate sex-dependent pathogenesis and predict a suitable population for clinical trials of hormone treatment.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease associated with cognitive decline over time and has the highest prevalence compared to other types of dementia worldwide (Mayeux and Stern, 2012; Alzheimer’s Association, 2021). Although several clinical trials targeting the main components of AD neuropathology, such as amyloid-beta (Aβ) peptide and phosphorylated Tau (pTau) protein have failed to achieve good outcomes (Mehta et al., 2017; Mullane and Williams, 2018; Yiannopoulou et al., 2019), it is believed that the heterogeneous nature of the disease mechanism among patients with AD determines the response to the drug (Devi and Scheltens, 2018). Even in the only successful clinical trial of aducanumab, the heterogeneity of disease progression is reported to be the reason that in one cohort, they did not show statistically significant drug effects (Knopman et al., 2021). Sex has been reported to affect the pathogenesis of neurodegenerative diseases, such as Parkinson’s disease (PD) (Wooten et al., 2004) and AD (Dubal, 2020). Females have a higher risk of developing AD than males, while males have a higher risk of developing PD. However, male patients with AD have a higher prevalence of mild cognitive impairment (MCI) and faster progression to AD, which is associated with a higher mortality rate than females (Barnes et al., 2003; Mielke, 2018; Strand et al., 2018; Davis et al., 2020; Dubal, 2020). A recent study suggested that higher expression of KDM6A, which is the escape of X chromosome inactivation, contributes to greater resilience to AD in females (Davis et al., 2020). However, this mechanism of cell-autonomous effects in AD is different from that in PD. The expression level of the SRY gene on the Y chromosome regulates the response to pathogens related to PD (Lee et al., 2019). These sex differences may make it difficult to interpret the negative results of clinical trials for AD.

In terms of non-cell-autonomous causes, since most patients with AD are often late-onset, when the level of sex steroid hormones is decreased in both males (testosterone) and females (estrogen and progesterone), sex steroid hormones are suggested to contribute to the pathogenesis of the disease. Therefore, hormone replacement therapy (HRT), which is often used in patients with decreased hormone levels, has also been suggested as a potential intervention for patients with AD. However, many previous randomized clinical trials (RCTs) on the effects of sex hormones on cognitive function and AD development showed varying results between cohorts/studies. In addition, the discrepancy in the results between clinical and preclinical trials was also an issue. In particular, because mice maintain hormone levels throughout their life span, mouse models of AD have some limitations in studying sex differences and hormonal effects on AD pathogenesis (Dubal et al., 2012). In addition, Aβ aggregates have been reported to induce apoptotic changes in human neurons but not in mouse neurons (Espuny-Camacho et al., 2017). These results indicate the need for developing a robust AD model of human cells capable of recapitulating both autonomous and non-autonomous effects, especially for the investigation of sex effects on AD. This perspective aimed to summarize the results and problems of previous clinical studies using sex hormones for AD patients and discuss the potential of next generation in vitro AD models, especially induced pluripotent stem cells (iPSCs), together with our preliminary results using iPSC-derived neurons.



PAST CLINICAL TRIALS INVESTIGATING SEX STEROID HORMONE THERAPY EFFECTS ON ALZHEIMER’S DISEASE

The neuropathology of AD usually starts developing over 10 − 20 years before the onset of symptoms and progresses with age. Therefore, it is suspected that aging factors, including the reduction of sex hormone levels, contribute to AD development. Many epidemiological studies have suggested that AD has a high prevalence in menopausal elderly females, whose levels of sex hormones, including estrogens and progesterone, have decreased compared with levels at reproductive age (Santoro and Sutton-Tyrrell, 2011). Likewise, biologically active testosterone decreases with age in males. This decrease may also contribute to AD development in males (Moffat, 2005; Lv et al., 2016). In AD mouse models that had undergone gonadectomy, it was also found that treatment with sex steroid hormones could slow the progression of Aβ accumulation, decrease Tau hyperphosphorylation, and improve working memory (Yue et al., 2005; Carroll et al., 2007). Many clinical trials have attempted to reveal the beneficial effects of sex hormones on AD, mainly estrogen and progesterone, in menopausal females with AD. However, clinical studies have shown mixed results, and the association between sex hormones and AD remains elusive.


Observational Studies of Hormone Replacement Therapy in Alzheimer’s Disease

Early observational studies showed a compelling beneficial effect of estrogen on AD in cognitive tests and positron emission tomography scans using bolus injected [15O] water. Honjo et al. (1989) treated female patients with AD with oral conjugated estrogen (estrone sulfate as the main component) and suggested an improvement in cognitive function after 6-weeks of treatment (Honjo et al., 1989). Henderson et al. (1996) compared female patients with AD who received estrogen replacement therapy with female and male patients with AD who did not receive estrogen replacement therapy. They showed that female patients with AD who received estrogen showed significantly better performance on cognitive function tests than female and male patients who did not receive estrogen (Henderson et al., 1996). In addition, Resnick et al. (1997) showed that female patients who received HRT had better cognitive function tests, especially those related to visual memory (Resnick et al., 1997). A subsequent study also showed that HRT users had better regional cerebral blood flow (rCBF) in the right parahippocampal gyrus, right precuneus, and right frontal regions during memory tasks, suggesting better activation of the brain areas that are severely affected in patients with AD (Resnick et al., 1998).



Randomized Clinical Trials of Hormone Replacement Therapy in Alzheimer’s Disease

Based on the positive results of the observational studies, RCTs were launched. However, the RCTs showed various results, including positive, partially positive, and negative effects of HRT (Table 1). Some of the first RCTs indicated that HRT had no effect on AD or adversely increased the risk of developing AD, contrary to expectations. Henderson et al. (2000) showed that the treatment of conjugated equine estrogens (CEE) for 4 weeks in postmenopausal female patients with mild to moderate AD did not result in significant improvement in cognitive function compared to the placebo group (Henderson et al., 2000). Mulnard et al. (2000) treated menopausal female patients with AD with high and low doses of CEE for 1 year, a longer period than previous studies, and found that CEE did not affect attenuating AD (Mulnard et al., 2000). One large clinical cohort, the Women’s Health Initiative Memory Study that included more than 4,000 menopausal female patients who were receiving CEE and/or medroxyprogesterone acetate for more than 4 years, also revealed negative or even adverse effects of hormone treatment. Treatment with estrogen and progesterone has been reported to have adverse effects that may promote the development of AD. Thus, the opposed estrogen therapy, which is a form of estrogen therapy supplemented with progesterone to prevent the adverse effects of excessive estrogen alone, such as enhancing the risk of endometrial cancer development, was less beneficial in preventing the development of AD (Shumaker et al., 2003; Craig et al., 2005).


TABLE 1. Summary of selected randomized clinical trials (RCTs) of the hormone replacement therapy (HRT) effects on cognitive function among postmenopausal women of AD or non-AD group.
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Due to the negative results of RCTs during the early 2000s, the following RCTs focused more on the stratification of patient characteristics (e.g., age, cognitive status, APOE genotype, duration after menopause), along with the formulation of drugs and the route of administration (e.g., oral CEE, transdermal 17β-estradiol). These RCTs were finally able to assert the beneficial effects of estrogen in human clinical trials. Valen-Sendstad et al. (2010) showed that females without the APOE ε4 allele (a major genetic risk for AD) received estradiol and norethisterone, they had better mood and depression than females with the APOE ε4 allele (Valen-Sendstad et al., 2010). Silverman et al. (2011) compared the continued and discontinued HRT effects among cognitively normal postmenopausal females with a family history of AD and showed the following results: (i) 17β-estradiol had a better effect than CEE; (ii) unopposed estrogen therapy preserved more cortical metabolism compared to the opposed one; and (iii) females with longer endogenous estrogen exposure showed relatively preserved metabolism of specific brain areas more than females with shorter endogenous estrogen exposure (Silverman et al., 2011). Moreover, the Kronos Early Estrogen Prevention study, which included only recent postmenopausal females, concluded that 17β-estradiol could lower Aβ deposition, especially in those with APOE ε4 among the recent menopausal female population (Kantarci et al., 2016). In addition to conventional transdermal 17β-estradiol or oral CEE, selective estrogen receptor modulators as another form of medication are also being investigated for their effects on improving cognitive function. A study by Wang et al. (2020) showed that PhytoSERM [an estrogen receptor beta (ERβ) modulator comprised of genistein, daidzein, and S-equol] improved cognitive function, especially for verbal learning and executive function (Wang et al., 2020).

Similar to estrogen and progesterone, testosterone levels also decrease with age, and low testosterone levels contribute to cognitive decline in elderly males (Moffat, 2005; Lv et al., 2016). Although only a few RCTs have evaluated the effect of testosterone on cognitive function, studies of short-term testosterone replacement therapy in elderly patients with MCI or AD found improvement in cognitive function after treatment, especially for spatial and verbal memory (Tan and Pu, 2003; Cherrier et al., 2005), while long-term therapy of testosterone showed only modest or no significant improvement (Asih et al., 2015; Huang et al., 2016; Wahjoepramono et al., 2016). Meanwhile, Huang et al. (2015) reported no significant cognitive improvement after testosterone administration, even among females with low testosterone levels (Huang et al., 2015).




NEXT GENERATION IN VITRO MODELS OF AD AND FUTURE UTILIZATION FOR THE STUDY OF SEX DIFFERENCE


Alzheimer’s Disease Modeling Using Induced Pluripotent Stem Cells

After the establishment of iPSCs technology by the group of Shinya Yamanaka (Takahashi and Yamanaka, 2006; Takahashi et al., 2007), human cell models of many diseases, including neurological disorders, have been generated using iPSCs (Okano and Yamanaka, 2014; reviewed in Imaizumi and Okano, 2014; Rowe and Daley, 2019; Sharma et al., 2020). For AD, iPSCs were first established from fibroblasts obtained from patients with familial Alzheimer’s disease (fAD) with mutations in PS1 (A246E) and PS2 (N141l) (Yagi et al., 2011), and the iPSCs were differentiated into neurons. These neurons induced by iPSCs recapitulated the phenotypes of AD, such as increased Aβ42 levels and responded to AD targeting drugs, such as γ-secretase inhibitors and modulators. The following models of fAD with different mutations also showed similar phenotypes (reviewed in Zhang et al., 2016). In addition to the models of familial AD cases, a sporadic AD model of iPSC-derived neurons was established in 2012, in which increased Aβ levels, pTau protein, and other AD phenotypes were observed (Israel et al., 2012). Recent studies using iPSCs focused on sAD risk genes that increase the risk of developing AD, such as SORL1 (Young et al., 2015) and APOE. However, since the comparison of iPSCs from mutation carrier and non-carrier cannot exclude the effects of other SNPs that are different between the mutation carrier and non-carrier, using genome-editing technology like CRISPR/Cas9 allows us to introduce only the mutation of interest and examine the effects. Knupp et al. (2020) generated the SORL1 knockout iPSCs using CRISPR/Cas9 and could conclude that the loss of SORL1 induced early endosome enlargement (Knupp et al., 2020). Furthermore, another study utilized CRISPR/Cas9 to establish APOE ε3/ε3 and APOE ε4/ε4 hiPSC lines that have equal genomic background except for the APOE gene. Then, they investigated functions of APOE genotypes on diverse cell types including neurons, astrocytes, and microglia-like cells (Lin et al., 2018). Since the AD models established from iPSCs can reflect the phenotypes of the disease and respond to drugs, this tool can be used to investigate both cell-autonomous and non-cell-autonomous effects arising from sex differences within the AD population.



Induced Pluripotent Stem Cell-Derived Neuronal Models Recapitulated Alzheimer’s Disease Pathology and Responded to Estradiol Treatment

In our analyses of the neurons differentiated from human iPSCs of healthy female donor (1210B2 line) and female donor of fAD (APP V717L line) (Figure 1A) (Kondo et al., 2013; Nakagawa et al., 2014), secreted Aβ peptides were measured by enzyme-linked immunosorbent assay. Neurons from fAD donor increased Aβ42/40, indicating that iPSC-derived neurons recapitulated the disease pathophysiology of AD (Figure 1B) (Jack et al., 2013; Lee et al., 2020). Furthermore, iPSC-derived neurons of the fAD donor increased the frequency of Ca imaging using Fluo-8 compared to healthy control (Figure 1C). This finding was reminiscent of the finding of Zott et al. (2019) that neuronal hyperactivation in AD mouse models is caused by Aβ-induced accumulation of perisynaptic glutamate (Zott et al., 2019). These neurons derived from iPSCs also responded to short-time exposure to 17β-estradiol. Exposure to 17β-estradiol for 15 min increased the Ca oscillation (Figure 1D). Previously, Zhang et al. (2010) also performed Ca imaging on human and mouse embryonic stem cell (ESC)-derived neurons after treatment with 17β-estradiol and showed increased neuronal firing (Zhang et al., 2010). Increased activation of neurons after acute treatment with estradiol is suggested to be mediated by the stimulation of L-type Ca2+ channels, which activate the MAPK/ERK pathway and promote the firing of neurons as part of the rapid signaling cascade (Sheldahl et al., 2008; Vega-Vela et al., 2017; Albert-Gascó et al., 2020). Shum et al. (2015) also treated iPSC-derived neurons from healthy donors with 17β-estradiol for 24 h and showed increased dendritic branching (Shum et al., 2015), suggesting promotion of neuronal microstructure by estrogen in the iPSC-derived models. The increased neuronal branching may explain the preserved cognitive function by HRT, as shown in previous RCTs. Further experiments such as the treatment of 17β-estradiol before/after Aβ treatment in iPSC-derived neurons will tell us whether 17β-estradiol protects neurons against oxidative stressor. Another study differentiated neurons from the iPSCs of the autism individual revealed an increased expression of androgen receptor and brain-derived neurotrophic factor after testosterone treatment, suggesting that the iPSC-derived neurons also respond to testosterone treatment (Adhya et al., 2018). These evidence suggest that the in vitro model using iPSCs responds to sex steroid hormone and has potential for future study of sex differences, including the effects of hormone therapy, among AD patients.
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FIGURE 1. iPSC-derived neurons for the future study of sex difference in AD. (A) Generation of iPSC-derived neurons from female healthy (1210B2 line) and fAD (APP2E26 line) donors. (B) Aβ42/40 ratio of the iPSC-derived neurons of healthy (n = 4) and fAD (n = 4) donors measured at 45 div. Bars, mean ± SEM. **p < 0.01 (unpaired t-test). (C) Neuronal hyperactivation seen in fAD-derived neurons measured by Ca imaging using Fluo-8 indicator after 45 div (n = 32 versus 32). ****p < 0.001 (Mann Whitney test). (D) 17β-estradiol (E2) responses of iPSC-derived neurons measured by Ca imaging using Fluo-8 indicator at 45 div of 1210B2 line and APP2E26 line before (0 min) and after (15 min) treatment with 100 nM E2 (n = 45 versus 45). p = 0.3331 (1210B2, DMSO); p = 0.0010 (1210B2, 100 nM E2); p = 0.2289 (APP2E26, DMSO); p < 0.0001 (APP2E26, 100 nM E2) (simple linear regression). (E) Stratification and investigation of the hormone therapy effects in AD utilizing iPSC-derived neuronal models.




Advantages of Induced Pluripotent Stem Cell-Derived In vitro Models for the Study of Neurodegenerative Diseases

Induced pluripotent stem cells (iPSCs) can hold the genetic information of the donors, thus allowing in vitro study of diseases with the donor’s genetic background (Stadtfeld and Hochedlinger, 2010). Non-cell-autonomous factors, such as the exposure time to hormones and the amount of Aβ aggregates, can also be controlled. Moreover, the iPSC-derived disease model can recapitulate the phenotypes of individual patients and can be used for disease stratification and drug screening of incurable neurodegenerative diseases. Previously, stratification and drug screening for sporadic disease were performed in amyotrophic lateral sclerosis (ALS). Motor neurons differentiated from patients with ALS-derived iPSCs showed multiple phenotypes, such as neurite retraction, lactate dehydrogenase leakage, increased cleaved caspase-3, and abnormal protein aggregation. These phenotypes in vitro matched the clinical manifestations and could stratify the disease (Fujimori et al., 2018). The study further identified ropinirole, a well-known medication for PD, as a drug candidate that could be used to treat patients with ALS. This in vitro study finally led to a successful clinical trial of ropinirole in patients with ALS (Morimoto et al., 2019; Okano et al., 2020; Keio University School of Medicine, 2021). The success of ALS indicated the possibility of stratification and prediction of drug response for patients with AD using iPSC models derived from patients along with their clinical information. Additionally, one recent study also generated the human iPSCs-derived model of microglia and confirmed that female sex and APOE genotype drive the microglial transcription profiles, thus indicating another important aspect of sex difference and APOE genotype in AD (Moser et al., 2021).

The cell-autonomous effect of different sexes on cell models can be observed through several readouts under pathogen-free conditions, while non-cell-autonomous phenotypic changes can be observed by exposing the cells to pathogens or drugs. Furthermore, genetic information (especially AD risk genes) and clinical information of the patients can be included in the stratification of the disease. The effects of hormone therapy in patients can be predicted by phenotypic changes based on the results of the iPSC model. Finally, stratification for hormone treatment using iPSCs from individual participants would yield a robust simulation before the clinical trial, although the cost and time for the generation of iPSCs and subsequent analysis of cell models from individual participants will be a barrier (Figure 1E). Currently, the development of the 3D model such as brain organoids has advanced the disease modeling using iPSCs and were able to recapitulate the patient’s pathophysiology (Chiaradia and Lancaster, 2020). For example, the 3D brain organoid could recapitulate the amyloid aggregation which 2D model could not (Gonzalez et al., 2018). In 2D culture, the secreted Aβ is released into the medium and cannot be concentrated high enough to aggregate. However, in 3D culture, the secreted Aβ can be constrained in the extracellular space of the brain organoids and can increase the concentration high enough to aggregate. Furthermore, the utilization of 3D organoid in combination with the co-culture with other CNS cells/structure like microglia and blood vessels would yield a better modeling of disease and can be used for observation of the hormone therapy in the future.

Nevertheless, the iPSC technology has some limitations such as the genetic alterations that could occur during the reprogramming of the somatic cells to the iPSCs. Even though new reprogramming methods using the non-integrating tools like Sendai virus and episomal vectors caused less damages than the first generation of the reprogramming with lentivirus (Kang et al., 2015), the genetic alterations can still occur. Thus, many of the tests such as karyotyping, genotyping, stem cell markers’ expressions are usually required to confirm the quality of the established iPSCs before using for the modeling of diseases. In addition to neurons differentiated from iPSCs, human neurons can also be induced directly from somatic cells, such as fibroblasts (Victor et al., 2018). Directly induced neurons (iNs) obtained from the fibroblasts preserved the aging status of the donors, while the aging status of the donor was erased in iPSCs. The iNs of sporadic AD patients could also reflect AD phenotypes, such as uncomplicated dendrites, reduced synapses, epigenetic erosion, and increased DNA damage (Mertens et al., 2021). Thus, AD models of iN cells can also be used to evaluate aging-dependent sex effects and could provide insights into sex and age-related changes in AD.




CONCLUSION

At the human level, early observational studies of estrogen and progesterone replacement therapy have suggested that sex hormones are beneficial to postmenopausal female patients with AD. However, some of the RCTs showed negative results or adverse effects. Factors such as patient characteristics (e.g., age, APOE genotype, duration after menopause), formulation of therapeutic hormones, and route of administration were suggested to be associated with the positive/partially positive/negative outcomes of each study. These results suggest that hormone therapy could only be beneficial in certain populations (Maki, 2013). More recent RCTs showed positive effects of HRT in specific groups of AD patients after stratification of participants by age, duration of exposure to endogenous estrogen, APOE genotype, and formula of estrogen. Therefore, the stratification of the patients and the adjustment of the regimen before starting the trial are crucial steps to predict the precise outcomes of hormonal therapy on cognitive function.

In this regard, in vitro models, such as iPSCs that can recapitulate human disease development of individual donors, is a promising tool for studies that aim to stratify diseases with heterogeneity, including AD. Since the unknown factors that affect the outcomes of hormone treatment may still exist, the uncontrollable environmental factors in clinical trials may mask the beneficial effects of drugs. The iPSC-derived models can foster the discovery of such factors and redesign clinical trials. Although clinical studies at the human level need to be conducted, human cell models can provide significant evidence before proceeding to clinical trials. Our phenotypic analyses of human iPSC-derived neuronal models from AD and non-AD donors showed that the models could recapitulate AD pathology and respond to 17β-estradiol treatment. Hence, this platform of in vitro models using iPSCs provides opportunities to search for new potential factors that are crucial for the stratification of AD. This will allow us to search for a new treatment strategy in the future.
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