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Replacement involving estrogens has proven efficacy at treating a wide range of disorders that develop with
menopause or after surgical removal of the ovaries. Here, we tested whether an estradiol (E2) replacement
paradigm that recapitulates physiological E2 levels in the circulation also recapitulates physiological E2 levels
within the hippocampus. E2 was delivered continuously to old ovariectomized (OVX) rhesus macaques, main-
tained on a high-fat, high-sugar Western-style diet (WSD) for ~30 months, via subcutaneous implants; this

resulted in physiological concentrations of both estrone (E1) and E2 in the circulation (determined by LC-MS/
MS). Surprisingly, however, hippocampal concentrations of E2 were markedly (P < 0.01) higher than in
ovary-intact animals maintained on a regular chow diet. The data suggest that E2 replacement paradigms that
appear to recapitulate physiological E2 concentrations in the circulation may produce hyper-physiological E2
levels within some brain areas, especially when individuals are maintained on a WSD.

1. Introduction

Menopause is associated with a marked decrease in circulating
concentrations of estrogens, which in turn contributes to the etiology of
several age-associated disorders, including hot flushes [1,2], decreased
bone mineral density [3,4], cognitive decline [5-9], increased risk of
cardiovascular disease [10,11] and attenuated immune function [12,
13]. Consequently, estrogen + progestin hormone replacement therapy
(HRT) in postmenopausal women, and estrogen replacement therapy
(ERT) in women that have had their ovaries surgically removed repre-
sent effective interventions [14,15]. Although HRT and ERT aspire to
restore circulating concentrations of estrogens, such as estrone (E1) and
estradiol (E2), to physiological concentrations observed in adult pre-
menopausal women, it is unclear if estrogen concentrations within the
brain are also restored to physiological levels, especially in women who
regularly consume a high-fat, high-sugar, Western-style diet (WSD).

To address this issue, we used liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to measure E1 and E2 concentrations in
serum and brain of old ovariectomized “surgically menopausal” rhesus
macaques that had been maintained on a WSD for ~30 months, either
with or without ERT. Like women, adult female rhesus macaques show
menstrual cycles and show many similar age-related hormone changes,

including a marked decrease in circulating concentrations of estradiol,
progesterone and dehydroepiandrosterone sulfate [16-18]. Impor-
tantly, these long-lived primates can be maintained under tightly
controlled environmental conditions, such as photoperiod, ambient
temperature and diet [19]. Moreover, at necropsy, brain tissue can be
collected with zero postmortem interval and can be immediately frozen
for subsequent hormone measurement. The results raise a concern that
ERT that produces physiological concentrations of estrogens in the cir-
culation of postmenopausal women might be producing
hyper-physiological concentrations of estrogens within some tissues,
including the brain. In particular, the hippocampus is rich in estrogen
receptors [20,21] and plays an important role in cognitive function [8,
9]. Furthermore, the hippocampus has been shown to respond robustly
to estrogen in female monkeys [20]. Therefore, because of its trans-
lational context to ERT, our aim in the present study was to focus on this
brain area.

2. Methods
2.1. Animals

The study utilized blood and brain tissue from 32 aged female rhesus
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macaques (Macaca mulatta) that were part of several unrelated Institu-
tional Animal Care and Use Committee approved research projects. The
animals had been maintained on photoperiods comprising 12 h light and
12 h of darkness per day, and cared for in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory Animals.
Euthanasia was performed following an established protocol recom-
mended by the American Veterinary Medical Association Guidelines for
the Euthanasia of Animals, and postmortem tissues, were subsequently
obtained through the ONPRC Tissue Distribution Program.

The animals were assigned to one of four experimental groups
(Table 1). Eleven of the animals served as ovary-intact controls, while
the others were ovariectomized (OVX) and either remained on a regular
monkey chow diet (n = 7) (Monkey Diet, LabDiet, Inc., St Louis, MO,
USA) or were exposed for ~30 weeks to a high-fat-high-sugar Western-
style diet (WSD) (TAD Primate Diet; LabDiet, Inc.), which provided
calories with 36% fat, 44% carbohydrates (includes 18.5% sugars) and
18% protein. In comparison, regular monkey chow provides calories
with 13% fat, 69% complex carbohydrates (includes 6% sugars) and
18% protein; half of the OVX WSD animals (n = 7) received ERT by E2 in
the form of subcutaneous elastomer capsules, beginning immediately
after ovariectomy, while the other half (n = 7) received empty subcu-
taneous capsules [22,23]. The E2 capsules were designed to last up to 1
year and to maintain serum E2 concentrations between 100 and 200
pg/mL, which is similar to concentrations during the mid-to-late
follicular phase of the menstrual cycle [16,24].

2.2. Liquid chromatography—tandem mass spectrometry (LC-MS/MS)

Brain tissue (40-50 mg wet weight) were homogenized in 400 pL pH
7.4 phosphate buffer saline solution, diluted with 400 pL HPLC-grade
water, spiked with 100 pg of 13C¢-E2 and 100 pg of 13Ce-E1 as inter-
nal standards, and extracted with 1.5 mL tert-butyl methyl ether. After
centrifugation at 2500 rpm for 10 min, the organic layers were removed
and transferred into reacti-vials (7 mL, Supelco, Bellefonte, PA, USA) for
evaporation under a nitrogen stream. The residues were derivatized
through the addition of 30 pL of 1 mg/mL dansyl chloride solution in
acetonitrile and 20 pL of aqueous sodium bicarbonate (100 mM, pH
10.5) solution [25]. After incubation at 60 °C for 20 min, the dansylated
samples were centrifuged at 13400 rpm for 5 min, transferred to auto-
sampler vials, sealed, and assayed by LC-MS/MS. Sera (250 pL aliquots)
were extracted and prepared for analyses similarly.

Estrogen (E2 and E1) quantitations were done by an LC-MS/MS
assay based on the principles of isotope dilution [22,25,26]. Gradient LC
separations were carried out on a Kinetex phenyl-hexyl column (100 A,
50 x 2.1 mm, 1.7 pm) from Phenomenex (Torrance, CA, USA) operated
at 0.4 mL/min flow rate using a Vanquish ultrahigh performance liquid
chromatography (UHPLC) system (Thermo Electron Corporation, Trace
Chemical Analysis, Austin, TX, USA) [26]. The eluent was from (A) 0.1%
(v/v) formic acid in water and (B) 0.1% (v/v) formic acid in acetonitrile,
as reported previously [25]. The mass spectrometer (TSQ Quantum
Ultra, Thermo Electron Corporation) was operated in positive ion mode

Table 1
Effect of Western-style diet and estrogens on body weight.
n Age (years) Body weight (kg)
Ovary-intact 11 19.7 £ 1.8 7.1+0.2
Ovariectomized 7 24.6 + 1.2 7.8+ 0.4
Ovariectomized (WSD) 7 22.4+0.3 9.6 + 0.4%*#
Ovariectomized (WSD + ERT) 7 21.2+ 0.5 8.7 +£ 0.8*

Values represent means + S.E.M. and n = number of animals per group. Mean
ages were similar across the treatment groups (Kruskal-Wallis test) but some
differences in body weight were detected by (ANOVA, (F325 = 6.4584, P =
0.018) followed by Newman-Keuls test).

*P < 0.05, **P < 0.01 (relative to ovary-intact group), #P < 0.05 (relative to
ovariectomized group). ERT, 17p-estradiol (E2) hormone replacement therapy;
WSD, Western-style diet.
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with a heated electrospray ionization (HESI) probe and using Xcalibur
(version 4.0, Thermo Fisher Scientific, Waltham, MA, USA) data
acquisition software. Selected reaction monitoring (SRM) with unit mass
resolution for the precursor and product ions was used for quantifica-
tion. SRM transitions of m/z 504 — 171, 506 — 171, 510 — 171 and 512
— 171 were set up for dansyl-E1, dansyl-E2, dansyl-'3C¢-E1 and dan-
syl-13C¢-E2, respectively. Estrogen concentrations were expressed as
pg/mL in serum and pg/g wet weight in brain tissue.

2.3. Statistics

Each dataset was subjected to a Shapiro-Wilk test of normality. All
parameters, except for animal ages, passed the test and so group means
were subsequently analyzed using ANOVA followed by the Newman-
Keuls test, while animal ages were compared using the Kruskal-Wallis
non-parametric test. A P value of <0.05 was considered to be statisti-
cally significant.

3. Results

Animals in the four treatment groups had similar mean ages but, as
expected, animals maintained on a WSD had higher mean body weights
(F3,28 = 6.4584, P = 0.018; Table 1). Based on previous findings [22],
serum concentrations of estrone (E1) and estradiol (E2) were typical of
those observed during the early follicular phase of the menstrual cycle,
as was the significant decrease in serum estradiol after ovariectomy [16,
27]. Specifically, serum E2 levels showed significant differences be-
tween the treatment groups (Fs2s = 26.6605, P < 0.0001), with E2
levels being significantly (P < 0.01) lower in the two ovariectomized
(OVX) groups than in the ovary-intact group or in the E2-treated animals
(Fig.1A). However, serum E2 levels were significantly (P < 0.01) higher
in the E2-treated animals than in the intact controls and were more
similar to those levels previously observed in younger ovary-intact an-
imals, especially during the mid-follicular to late-follicular phase of the
menstrual cycle. Serum E1 levels also showed significant differences
between the treatment groups (F3 28 = 6.3601, P = 0.002), with serum
E1 levels being significantly (P < 0.01) lower in the two ovariectomized
(OVX) groups than in the ovary-intact group, but not in the E2-treated
group (Fig.1B), suggesting that the E2 treatment restored serum E1 to
an ovary-intact physiological level. Hippocampal E2 levels showed sig-
nificant differences between the treatment groups (F3 28 = 47.1331, P <
0.0001). The E2 levels were similar in the ovary-intact and OVX animals
that had been maintained on a regular diet, as well as in the OVX (WSD)
controls, but were significantly higher (P < 0.01) in the OVX (WSD)
E2-treated animals and 11-fold higher than in the ovary-intact animals
(Fig.1C). Although hippocampal E1 levels appeared to follow a similar
trend to that of hippocampal E2 (F3 5 = 3.2886, P = 0.035), no sig-
nificant between-treatment group differences were detected (Fig.1D).

4. Discussion

In adult women and female rhesus macaques, the ovary is the pri-
mary site of estrogen production, although there is evidence that some
brain areas, such as the hippocampus, produce enzymes that can convert
DHEA to estrogens [17]. It is plausible, therefore, that de novo estrogen
synthesis in the brain helps to maintain physiological levels of estrogens
in critical brain areas despite a marked decrease in circulating estrogen
levels following menopause [28].

In the present study, we corroborated previous findings that ovari-
ectomy of rhesus macaques results in a significant decrease in circu-
lating concentrations of E1 and E2 [22]. In addition, we showed that a
well-established estrogen replacement paradigm [22-24] restores es-
trogen concentrations to levels typically observed in the menstrual cycle
[16]. Although the serum concentrations of E2 were significantly higher
than those observed in the ovary-intact group, it needs to be emphasized
that the levels were still well within the physiological ovary-intact
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Fig. 1. Effect of ovariectomy and ERT on serum and HPC estrogen concentrations. Group mean values are represented by bars and SEMs are depicted as vertical lines.
**P < 0.01 (ANOVA followed by the Newman-Keuls test). OVX, ovariectomy; WSD, Western-style diet; E2, 17p-estradiol.
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range, and more closely corresponding to levels typically observed in the
mid- to late-follicular phase of the menstrual cycle, rather than to the
early follicular or luteal phases [16]. More importantly, we showed for
the first time that ERT results in hyper-elevated concentrations of E2,
but not E1, in the hippocampus, despite maintaining serum E1 and E2
concentrations at a physiological level. It is unclear if similar
hyper-elevation of E2 levels would occur in animals maintained on a
regular diet or if the hyper-elevation is exacerbated in some way by the
increased lipid environment of animals maintained on a WSD. It is also
unclear if similar hyper-elevation of E2 occurs throughout the brain, as
well as other organ systems, or only in the hippocampus. Nevertheless,
because of similarities in brain structure and hormonal profiles of
ovariectomized aged rhesus macaques and postmenopausal women, it is
plausible that different clinically approved HRT regimens, may also
produce hyper-physiological estrogen levels within the brain, despite
maintaining circulating estrogen at a physiological level. It remains to
be determined, however, whether such hyper-elevated brain estrogen
concentrations are ultimately detrimental to health; they may actually
be beneficial. Until postmortem clinical studies can be performed to
evaluate these potential concerns, caution may be needed when pre-
scribing HRT for postmenopausal symptoms and ERT after surgical
menopause, especially to women on a WSD.
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