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A B S T R A C T

There is ample empirical evidence to support the notion that the biological impacts of estrogen extend

beyond the gonads to other bodily systems, including the brain and behavior. Converging preclinical

findings have indicated a neuroprotective role for estrogen in a variety of experimental models of

cognitive function and brain insult. However, the surprising null or even detrimental findings of several

large clinical trials evaluating the ability of estrogen-containing hormone treatments to protect against

age-related brain changes and insults, including cognitive aging, stroke, and traumatic brain injury, led to

hesitation by both clinicians and patients in the use of exogenous estrogenic treatments for nervous

system outcomes. That estrogen-containing therapies are used by tens of millions of women for a variety

of health-related applications across the lifespan has made identifying conditions under which benefits

with estrogen treatment will be realized an important public health issue. Here we provide a summary of

the biological actions of estrogen and estrogen-containing formulations. We have devoted special

attention to highlighting the notion that estrogen appears to be a conditional neuroprotectant whose

efficacy is modulated by several interacting factors. By developing criteria standards for desired

beneficial peripheral and neuroprotective outcomes among unique patient populations, we can optimize

estrogen treatments for attenuating the consequences of, and perhaps even preventing, cognitive Q4aging

and brain injury.

� 2016 Elsevier Ltd. All rights reserved.
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13

14 1. Introduction: the role of estrogen beyond the gonads

15 Q5 Our current understanding of the biological role of the sex
16 hormone estrogen and more broadly, the field of women’s health,
17 has its origins in the avian testis. Indeed, in 1849, the physiologist
18 Arnold Adolf Berthold reported on his findings regarding the
19 anatomical and behavioral consequences of testicular removal and
20 transplantation in roosters (Berthold, 1849). In an elegantly
21 designed experiment, Berthold subjected cockerels to full or
22 partial testicular removal. Among animals in which both testes
23 were excised, physiology and behavior was markedly altered in
24 that ‘‘they were not aggressive, they fought other cockerels rarely and

25 in a half-hearted manner, and developed the monotone voice of the

26 capon’’. Yet, in birds that had only one testis removed or in
27 castrated birds who received testicular transplantation, he noted
28 that behavior remained indiscernible from that of a normal rooster,
29 with these birds still crowing, fighting, and displaying the ‘‘usual

30 reactions to hens’’. Given that the transplanted testes did not always
31 re-establish nerve connections within the rooster, Berthold
32 attributed these findings to ‘‘some productive function of the

33 testes. . . by their action on the blood stream, and then by

34 corresponding reaction of the blood on the entire organism, of which,

35 it is true, the nervous system represents a considerable part.’’ Thus,
36 whether Berthold realized the impact of his discovery or not, this
37 experiment provided some of the first empirical support for the
38 influence of sex hormones on the body and brain.
39 Characterizing the physiological impacts of estrogen is as
40 important today as it was in Berthold’s era. Nearly half of the global
41 population is female, and sex-specific shifts in endogenous
42 hormone levels related to cyclicity, pregnancy, and menopause
43 are associated with differences in cognitive performance as well as
44 altered risk for, and outcome from, neurological insults (Kimura,
45 2002; Kittner et al., 1996; Lisabeth and Bushnell, 2012; Workman
46 et al., 2012). Further, today tens of millions of women use estrogen-
47 containing treatments for many reasons ranging from menstrual
48 cycle regulation to contraception to the amelioration of symptoms
49 associated with the menopausal transition (Hersh et al., 2004;

50Jones et al., 2006). Although numerous reports note a multitude of
51beneficial neuroprotective effects of estrogens (reviewed in Acosta
52et al., 2013; Arevalo et al., 2015; Brown, 2009; Luine, 2014;
53Simpkins and Singh, 2008), the use of estrogenic compounds is
54controversial. Indeed, the known increased risk of stroke
55associated with oral contraceptive (OC) use coupled with the
56surprising null or even detrimental findings of the large, double-
57blind, placebo-controlled Women’s Health Initiative (WHI) clinical
58trial regarding the risk for adverse outcomes among post-
59menopausal women taking hormone therapy (HT) led to hesitation
60by both clinicians and patients in the use of exogenous estrogen-
61containing treatments for brain-related outcomes (Kittner et al.,
621996; Manson et al., 2013). Thus, there is a pressing medical need
63to understand the conditions under which estrogens exert
64neuroprotection.
65Here, we review the literature regarding the nature of
66neuroprotection by estrogen and estrogen-containing compounds
67among females. We limited this discussion to studies in which
68human participants, rodent subjects, or in vitro cultures were
69utilized to assess the effects of ‘estrogen’ within the context of
70cognition, stroke, and traumatic brain injury (TBI). Our strategy for
71selection of published articles for citation in the current review is
72defined by the inclusion of studies in which a finding was first
73demonstrated, as well as seminal papers describing key caveats
74within a given field of research. In areas of research where the
75number of published studies is limited (for example, the cognitive
76impacts of estrone; E1), we made efforts to include all work
77conducted. Whenever possible, references included are primary
78research articles although we have also directed readers to several
79thorough and key reviews exhaustively addressing topics beyond
80the scope of the current discussion. For instance, neuroprotective
81actions of estrogens, and the complex mechanisms underlying
82these effects, have been documented in several domains of
83neurological function, injury, and disease (Chakrabarti et al.,
842014), such as the experimental autoimmune encephalomyelitis
85model of multiple sclerosis (Offner and Polanczyk, 2006), spinal
86cord injury (Elkabes and Nicot, 2014) and Parkinson’s Disease
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