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Abstract

Context: Ovarian estradiol supports female sexual behavior and metabolic function. While ovariectomy (OVX) in rodents abolishes sexual be-
havior and enables obesity, OVX in nonhuman primates decreases, but does not abolish, sexual behavior, and inconsistently alters weight gain.

Objective: \We hypothesize that extra-ovarian estradiol provides key support for both functions, and to test this idea, we employed aromatase
inhibition to eliminate extra-ovarian estradiol biosynthesis and diet-induced obesity to enhance weight gain.

Methods: Thirteen adult female marmosets were OVX and received (1) estradiol-containing capsules and daily oral treatments of vehicle (E2;
n = 5); empty capsules and daily oral treatments of either (2) vehicle (VEH, 1 mL/kg, n = 4), or (3) letrozole (LET, 1 mg/kg, n = 4).

Results: After 7 months, we observed robust sexual receptivity in E2, intermediate frequencies in VEH, and virtually none in LET females
(P =.04). By contrast, few rejections of male mounts were observed in E2, intermediate frequencies in VEH, and high frequencies in LET fe-
males (P =.04). Receptive head turns were consistently observed in E2, but not in VEH and LET females. LET females, alone, exhibited robust
aggressive rejection of males. VEH and LET females demonstrated increased % body weight gain (P = .01). Relative estradiol levels in periph-
eral serum were E2 >>> VEH > LET, while those in hypothalamus ranked E2 = VEH > LET, confirming inhibition of local hypothalamic estradiol
synthesis by letrozole.

Conclusion: Our findings provide the first evidence for extra-ovarian estradiol contributing to female sexual behavior in a nonhuman primate,
and prompt speculation that extra-ovarian estradiol, and in particular neuroestrogens, may similarly regulate sexual motivation in other primates,
including humans.

Key Words: estrogen depletion, nonhuman primate model, neuroestrogen, androgen excess, diet-induced obesity, bone density

Abbreviations: ANOVA, analysis of variance; AUC, area under the curve; BMC, bone mineral content; BMD, bone mineral density; CG, chorionic gonadotropic;
DHEA, dehydroepiandrosterone; DIO, diet-induced obesity; DXA, dual-energy X-ray absorptiometry; E2, estradiol group; EIA, enzyme immunoassay; Era, es-
trogen receptor alpha; FFM, fat-free mass; GnRH, gonadotropin-releasing hormone; KO, knockout; LC-MS/MS, liquid chromatography tandem mass spectrom-
etry; LET, letrozole; LH, luteinizing hormone; NHP, nonhuman primate; OGTT, oral glucose tolerance test; OVX, ovariectomy; SERM selective estrogen receptor
modifier; SHBG, sex hormone-binding globulin; SME, stalk-median eminence; VEH, vehicle group; 17-0HP,, 17-hydroxyprogesterone.

than its ovarian counterpart [8, 17]. A role for hypothalamic
aromatase in regulating gonadotropin-releasing hormone

Aromatase, a cytochrome P450 enzyme, encoded by the
CYP19A1 gene, converts testosterone to estradiol, and andro-

stenedione to estrone. While the ovaries are a major source of
estradiol, the same hormone is also produced at aromatase-
expressing extra-ovarian sites, including liver, breast, skin,
bone, pituitary gland, and various brain regions [1-4]. In
particular, neural production of estradiol has been identified
in birds [5-7], mice [8], rats [9-12], and in monkeys [13-16].
Brain aromatase is expressed at high levels in the medial
basal hypothalamus, preoptic area, amygdala, and hippo-
campus, and has a higher affinity for androgen substrates

(GnRH) in female macaques was recently demonstrated to
show that (1) estradiol is produced and released at detect-
able levels within the OVX monkey pituitary stalk-median
eminence (SME), (2) estradiol synthesis and release depends
upon aromatase activity in the SME, and (3) hypothalamic
estradiol can rapidly stimulate GnRH release in the SME [14,
15, 18]. These studies, in addition to previous work in female
marmosets [16, 19], provide evidence for extra-ovarian estra-
diol production in female marmosets with neural action.
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In many mammalian species, including rodents (rats, mice,
guinea pigs), sheep, and nonhuman primates (NHPs), estra-
diol is a major regulator of female sexual behavior and cogni-
tion [16, 20-28], body weight regulation, and insulin—glucose
homeodynamics [29-31], mediating most of its activity by
binding to estrogen receptor alpha (ERa) [32-34]. Not sur-
prisingly, therefore, many female neurological and behavioral
symptoms, together with weight gain and metabolic dysfunc-
tion, originate from estradiol deprivation [29, 30, 35-39].
Estrogen deficiency is of particular clinical relevance for
women in their postreproductive years (menopause) [40], as
well as for 80% of girls and young women who survive cancer
yet live with premature ovarian insufficiency (premature
menopause) as a result of alkylating agent and/or radiation
cancer therapy [41, 42]. Women with such estrogen deficiency
experience compromised sexual health, impaired psychosocial
wellbeing, cardiometabolic dysfunction, and obesity, as well as
osteoporosis [43]. Hormonal therapies, including systemically
administered estradiol, alleviate clinical conditions to varying
degrees [31, 43]. Currently approved estrogen medications,
however, increase the risk for harmful systemic side-effects
[44, 45], including blood clots and cancer [46, 47]. Estrogen
treatments will therefore never realize their full potential until,
perhaps, their actions are limited to the brain. In this regard,
however, the extent to which estradiol regulates neural control
systems in women is largely unknown.

With regard to regulation of female sexual behavior, ro-
dents and sheep have provided invaluable models in which
to elucidate molecular mechanisms regulating neural regula-
tory centers. Expression of female rodent and sheep sexual
receptivity, however, is entirely dependent on, and is strictly
timed by, a pre-ovulatory surge of estradiol from the ovary
and subsequent rapid rise in ovarian progesterone [48-50].
Furthermore, surgical ovariectomy (OVX) abolishes female
sexual receptivity, an effect that is rescued by estradiol re-
placement [25, 51, 52]. Ovarian estradiol mediates female
sexual receptivity and other components of female sexual
behavior, such as proceptivity, largely through neurons in
the ventromedial nucleus of the hypothalamus [25, 53] ex-
pressing ERa [54, 55].

Consistent with their rodent counterparts, NHP species
such as the Great Apes [21-23], rhesus monkeys [56-59], and
the model used in this study, marmoset monkeys [60], fe-
males exhibit estradiol-associated increases in sexual recep-
tivity. Female NHP receptivity, nevertheless, is noticeably less
restricted and is not strictly limited to peri-ovulatory rises in
ovarian estradiol [61, 62]. In addition, captive populations
of female NHPs [63], including chimpanzees [64] and rhesus
monkeys [65], exhibit a naturally occurring postreproductive
period analogous to that of menopause in women, when ovu-
latory ovarian cycles cease accompanied by dramatic declines
in ovarian estradiol release. In contrast to rodents, captive fe-
male primate lifespans extend well beyond their reproductive
years [66]. Despite minimal postmenopausal circulating levels
of estradiol, however, there is conflicting evidence regarding the
prevalence and degree of decline in libido in postmenopausal
women [67]. Seemingly, there is an unidentified, ovarian es-
tradiol-independent mechanism capable of supporting fe-
male sexual behavior in women and NHPs. Consistent with
this notion, we have shown that extra-ovarian estradiol in fe-
male marmoset monkeys functionally maintains a component
of negative feedback regulation on gonadotropin secretion
in the absence of ovaries [19]. This raises the possibility that
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extra-ovarian estradiol in female marmosets may also support
sexual receptivity, a notion consistent with OVX diminishing,
but not eliminating, female sexual receptivity in marmosets
[68, 69], a behavioral pattern more reminiscent of those ob-
served in women than in female rodents.

In parallel consideration, estradiol-regulated metabolic
control mechanisms are pronounced in female rodents, ex-
emplified by OVX-mediated estradiol depletion reliably
increasing body weight and visceral adiposity, reducing phys-
ical activity and energy expenditure, as well as diminishing
glucose tolerance and insulin sensitivity [70-74]. Consistent
with these findings, aromatase knockout female mice develop
obesity with insulin resistance in the absence of endogenous
estradiol synthesis [75]. All these effects are prevented or
reversed by physiological estradiol replacement [76, 77].
Furthermore, while intact female mice are resistant to high-
fat diet-induced obesity (DIO) and its associated sequelae,
OVX-mediated estradiol depletion abolishes this protection
[78, 79]. Virtually all of these estradiol activities are mediated
by ERa, as ERa knockout adult mice (ERaKO) bearing null
mutations of ESR1 gene exhibit body weight, adiposity, and
energy metabolism phenotypes that largely mimic those ob-
served in long-term OVX adult mice [32-34]. In addition, loss
of estradiol bioactivity in bone, particularly that mediated by
ERa, reliably results in skeletal bone loss [80].

In menopausal women, declining estradiol concentrations
and progressive testosterone predominance are generally as-
sociated with increased abdominal fat mass and increased
risk for impaired glucose metabolism [38, 81, 82]. Metabolic
functions of estradiol in women have been difficult to de-
fine, however, partly due to logistical and ethical constraints
in designing definitive experiments with rigorous control.
OVX-mediated estradiol depletion had small effects on fe-
male rhesus macaque body weight in 1 study [83], and no
effects on female body weight were observed in 2 studies of
cynomolgus macaques [84, 85]. While a putative selective es-
trogen receptor modifier (SERM) can promote weight loss
in OVX rhesus monkeys [86], estradiol replacement therapy
has no effect on body weight in OVX cynomolgus macaques
[85, 87]. Estradiol and SERM activity, however, both reliably
maintain skeletal bone mass in female macaques [88-90].

To address the different contributions of ovarian and
extra-ovarian estradiol in a female NHP model, we employ
the aromatase inhibitor letrozole® to diminish estradiol pro-
duction in OVX female marmosets and thereby enable an
investigation into whether extra-ovarian estradiol contrib-
utes to female sexual receptivity and weight gain in addition
to ovarian estradiol. We hypothesize that an extra-ovarian
source of estradiol, likely the hypothalamus, will be dimin-
ished by aromatase inhibition and subsequently will abolish
expression of female receptivity, and enhance weight gain and
skeletal bone loss, in female marmoset monkeys compared
with both estradiol-replaced females and those experiencing
the loss of ovarian estradiol alone.

Materials and Methods
Animals and Estradiol Replacement

Thirteen adult female common marmosets from the
Wisconsin National Primate Research Center colony were
ovariectomized and randomly assigned to 1 of 3 treatment
groups: systemic mid-cycle, peri-ovulatory estradiol re-
placed (E2; n =35), systemic estradiol depleted, OVX plus
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daily vehicle (VEH; n = 4), or extra-ovarian estradiol deple-
tion, OVX plus daily letrozole administration (LET; n = 4).
Treatment groups were balanced by age and body weight at
the onset of the study (Table 1). Systemic (mid-cycle, peri-
ovulatory) estradiol replacement was achieved through
subcutaneous estradiol-filled capsules that maintained a
systemic level of estradiol (Table 2) mimicking mid-cycle,
peri-ovulatory circulating estradiol levels. The latter were
sufficient to maintain negative feedback regulation of circu-
lating pituitary gonadotropin levels within the ovary intact
female range (Table 2) [19]. To maintain constant estradiol
levels, capsules were replaced every 3 months throughout the
study [91]. As an additional biomarker of effective systemic
estradiol replacement, uterine dimensions were obtained by
transabdominal ultrasonography prior to, and 5 months
following, OVX. Using the scanner’s calibrated, digitized
calipers, uterine width, dorso-ventral uterine depth, and
endometrial thickness were measured from transverse views
(the last 2 at § and 7-8 months only), while fundus—cervix
length (7-8 months only) was measured from sagittal views
(Table 2). VEH females received a daily oral 200 pL of 1 mL/

kg Ensure® as vehicle control, while LET females were given
daily oral 1 mg/kg of letrozole dissolved in 200 pL of vehicle,
as previously determined [19], and females in both groups
received empty capsules when estradiol females received
estradiol-filled capsules and replacements.

All females lived with a well-established male cagemate in
0.60 m x 0.91 m x 1.83 m enclosures and were maintained
with 12-hour lighting (06:00 hours to 18:00 hours), ambient
temperature of ~27°C and humidity of ~50%. This study was
reviewed and approved by the Graduate School Animal Care
and Use Committee of the University of Wisconsin, Madison
and was performed consistent with the USDA Animal Welfare
Act and regulations and the Guide for the Care and Use of
Laboratory Animals. The animal care and use program at the
University of Wisconsin maintains a Public Health Services
Assurance, and is fully accredited by AAALAC.

Ovariectomy

Following baseline assessments, bilateral OVX was performed.
Cloprostenol (Estrumate®, 0.75-1.50 pg intramuscular injec-
tion for 2 successive days approximately 11-60 days after

Table 1. Age, body weight and uterine characteristics (mean + SEM) of E2, VEH, and LET ovariectomized adult female marmoset monkeys

Parameter E2 (n=5) VEH (n=4) LET (n=4) P value
Age at baseline (years) 3.1+0.5 32+0.3 2.9=0.1 .854
Body weight at baseline (g) 402 + 26 396 = 35 382 +12 .863
Ultrasonographic imaging

Baseline (ovary intact)

Trans-fundus width (mm) 6.7+0.6 6.7+0.2 6.2 +0.1 .668
Post-OVX (S months of study)

Trans-fundus width (mm) 7.5+0.7 5.2=+0.5° 4.8+0.1° .010
Dorso-ventral uterine depth (mm) 4.5+0.5 3.3+0.3 2.8+0.27 .020
Endometrial thickness (mm) 1.3+0.1 0.8 =£0.1¢ 0.7 = 0.1° .005

“P <.05 vs E2. P < .01 vs E2.

Table 2. Circulating levels (mean+ SEM) of sex steroid and gonadotropic hormones in ovariectomized female marmosets receiving estradiol
replacement (E2), empty capsules (VEH) or the aromatase inhibitor, letrozole (LET) at 6 months following OVX and ~09:00 hours, immediately prior to

necropsy

Circulating hormone E2 (n=35) VEH (n=4) LET (n=4) P value
Estradiol (pg/mL) 1174.8 £ 214.0 24.7 £11.97 3.0 0.1 .001
Estrone (pg/mL) ND ND ND ND
Progesterone (ng/mL) 1.32 +0.40 0.94 = 0.33 0.47 = 0.30 118
17-OHP, (ng/mL) 3.37+1.89 2.19+0.36 2.00 = 0.36 743
DHEA (ng/mL) 0.15 +0.02 1.93+0.76 ¢ 1.80 = 0.797 .001
Androstenedione (ng/mL) 3.22 £0.37 7.16 = 3.49 323213 468
Testosterone (ng/mL) 0.18 £0.03 1.11 £ 0.62 0.42 +0.24 518
CG (ng/mL) 2.70 = 0.40 6.31 +2.22¢ 8.50 = 1.52¢ .014
Hormone ratio

Estradiol: Testosterone 83+1.9 0.3+0.3° 0.02 = 0.01¢ .001
170HP,:Progesterone 33«18 2.8+1.5 6.0 2.1 482
Androstenedione:DHEA 24.2 = 4.6 41=+24¢° 52+2.0¢ .004
Testosterone:Androstenedione 0.06 = 0.01 3.87+2.15 3.32+2.19 225

Abbreviation: DHEA, dehydroepiandrosterone; 17-OHP,, 17-hydroxyprogesterone.

7P <.01 vs E2. *P < .08 vs VEH. P < .08 vs E2. 9P < .05 vs E2.



ovulation), an analog of prostaglandin-F2-alpha, was admin-
istered prior to OVX to facilitate scheduling of OVX during
the follicular phase [19]. Treatment onset (0 months) was the
day of the OVX procedure.

Hormone Assays

Plasma samples and hypothalami were analyzed for several
hormones. Hypothalami were dissected at necropsy and
frozen at —80°C. They were subsequently thawed, transected
along the midline, and separated into hemi-hypothalami.
One hemi-hypothalamus per monkey was divided into 50- to
75-mg aliquots. For steroid hormone analyses, plasma and
hemi-hypothalami aliquots underwent extraction [13] and
hypothalamic aliquots were recombined after extraction.
Extracted samples were subsequently submitted for analysis
on a QTRAP 5500 quadruple linear ion trap mass spec-
trometer (AB Sciex) equipped with an atmospheric pressure
chemical ionization source (liquid chromatography tandem
mass spectrometry [LC-MS/MS]) [19]. Plasma chorionic go-
nadotropin (CG) levels (New World primate equivalent of
luteinizing hormone, LH) [92] were determined by a valid-
ated radioimmunoassay [93], detection limit 0.67 ng/mL
(antibody catalogue #518B7, RRID:AB_2756886, https://
antibodyregistry.org/search.php?q=AB_2756886). Intra- and
interassay coefficients of variation were 17.4% and 8.8%,
respectively.

Behavioral Observations

Following treatment onset, pairs were acclimated to a testing
arena [94]. At 5 months post-treatment onset, and after ani-
mals were acclimated to the testing arena, pairmates were
placed into single housing without visual contact for at least
30 days. While in this single housing, pairs were reunited,
but only for behavioral testing. The pairs were tested for 3,
30-minute testing sessions per week for 2 weeks. Each test
was digitally recorded. At least 2 observers scored frequen-
cies of behavior observed in each test from a well-established
ethogram [94]. Inter- and intra-observer reliability was 80%
or greater.

Behavioral sequence analysis was used to identify statis-
tically significant sequences of sexual behaviors observed
between each of the 13 male—female pairmates and the con-
sequences of estradiol treatment manipulation to disrupt
marmoset-typical behavioral transitions during sexual inter-
actions. A behavioral transition included any behavior that
followed within 10 seconds of a previous behavior. For ex-
ample, when “male mount female” is the initiating behavior,
well-established male-female marmoset pairmates commonly
transition from there to either “female reject mount” or “fe-
male receptive posture.” Whichever occurred would be scored
as a single, “2-act” behavioral transition.

Contingency tables and chi-squared test statistics were used
to analyze the probability of each “2-act” transition occurring
within a female treatment group. As adapted from those pre-
viously described [95, 96], frequencies of initial behaviors and
transitions were tabulated from all testing sessions and used
to determine the expected frequency occurrence of each be-
havioral transition derived from 52.5 hours of digitally re-
corded behavioral observations of all 13 male—female pairs.
Five behavioral transition sequences were thus identified; chi-
squared statistics were generated for each transition for each
female treatment group in the context of the number of ob-
servational hours and compared with the expected frequency
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of the transition generated from the entire cohort of 13 pairs
(Table 3). The higher the chi-squared value, the more likely
the transition was a statistically significant (P <.05) behav-
ioral sequence. In Fig. 1, arrows represent significant transi-
tions present between 2 behaviors.

Gene Expression Analysis

Remaining hemi-hypothalami not processed for hormone
analyses were submitted for gene expression analysis. Total
RNA was isolated using the AllPrep DNA/RNA/miRNA
Universal kit (Qiagen) and ¢cDNA synthesized using the
Multiscribe High Capacity cDNA Reverse Transcription kit
(Applied Biosystems). Real-time quantitative polymerase
chain reaction was performed on a StepOnePlus instrument
(Applied Biosystems) using Power SYBR Green PCR Master
Mix (Applied Biosystems). Gene expression changes are
normalized to TBP as a reference gene and expressed relative
to the estradiol female group, as previously described [94].
Primer sequences were designed using NCBI Primer-Blast [97]
and are listed in Table 4.

Diet-induced Obesity From Consumption-driven
Weekly Increments in Daily Calories

Animals were fed with Mazuri Callitrichid High Fiber Diet
#5MI6 (Purina Mills International, St. Louis, MO), providing
53% carbohydrate, 20% protein, 6% fat, and 10% fiber by
weight, with a metabolizable energy of 3.3 kcal/g (~61%,
23%, and 16% kcal from carbohydrate, protein and fat, re-
spectively) [98]. Following OVX at study onset, total daily
calorie consumption by each male-female study pair was re-
corded. To achieve DIO, diet allotment for each male—female
study pair was increased weekly by ~66 kcal per day (equiva-
lent to 20 g diet wet weight/day) if the entire daily allotment
had been consumed during at least 4 out the 7 previous days.
Calorie increments and total calories consumed, however,
remained comparable across the pairs between treatment
groups, as illustrated in Fig. 2.

Assessment of Daily Calorie Consumption While
Maintaining DIO

At 6 to 7 months post-OVX, each female was singly housed
within a marmoset housing room, but outside visual con-
tact with her male pairmate, while still maintaining vocal
and auditory contact. Each female’s daily calorie allotment
began at 50% of those provided when housed with their
male pairmate. Dietary allotment was increased weekly by
~33 kcal per day (~10 g diet wet weight) only when the entire
daily allotment was consumed during at least 4 out the 7 pre-
vious days. Calorie increments and total calories consumed,
however, remained comparable across females between treat-
ment groups, as illustrated in Fig. 2. The total kilocalories
consumed daily were recorded for each female for 8 weeks.

Body Composition and Bone Mass

Animals were weighed weekly. Area under the curve (AUC)
assessment of weight parameters over time, calculated by
the trapezoidal rule, was employed to better detect recurring
differences in weight gain, as previously employed by [99].
At baseline and 5 to 6 months post-OVX, total body com-
position, as well as bone mineral content (BMC) and bone
mineral density (BMD), were assessed by dual-energy X-ray
absorptiometry (DXA, iDXA, GE/Lunar Corp., Madison,
WI) on sedated animals. Fat, fat-free mass (FFM) (excluding
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Table 3. (A) The frequency distribution table illustrates the observed frequencies of subsequent behaviors following initial behaviors (values outside
parentheses) compared with expected frequencies of these behavioral transitions for all male—female pair interactions during behavioral tests, and (B)
each subtable (B.1-B.3) shows the chi-squared statistic for all behavioral transitions analyzed for each female group
(A)Frequency distribution table
Subsequent behavior
Treatment group RP R] RHT I H
Initial behavior M E2 1.77 (0.78) 0.31(0.48) — — —
VEH 0.67 (0.78) 1.22 (0.48) — — —
LET 0(0.78) 1.56 (0.48) — — —
RP E2 — — 1.69 (0.52) 1.77 (0.57) —
VEH — — 0.11 (0.52) 0.67 (0.57) —
LET — — 0(0.52) 0(0.57) —
R]J E2 — — — — 0(0.20)
VEH — — — — 0 (0.20)
LET — — — — 1.67 (0.20)

(B)Chi-squared statistic for all behavioral transitions analyzed

B.1. Behavioral transition

Treatment group: E2

M—-RP
M—-R]
RP—RHT
RP—-I
Rj—H

2:12.55; P =.02

2: 0.06; ns
2:30.01; P <.0001
2:25.23; P <.0001
N/A

X X X X

B.2. Behavioral transition

Treatment group: VEH

M—RP
M—R]
RP—RHT
RP—I
Rj—H

¥*: 0.16; ns
y?: 11.48; P =.005
%% 0.41; ns
¥*: 0.16; ns

B.3. Behavioral transition

Treatment group: LET

M—RP
M—R]
RP—RHT
RP—I
Rj—H

N/A
%% 24.10; P <.0001
N/A
N/A
¥ 107.5; P <.0001

These data are represented graphically in the behavioral transitions diagram (Fig. 1).
Abbreviations: M, male mount; RP, sexually receptive behavior; R], sexual rejection behavior; RHT, sexually receptive head turn; I, penile intromission; H,

hitting partner.

bone), BMC, and BMD were determined for total body as well
as previously validated body regions of interest, including ab-
domen, chest, thighs, lower legs, and arms [94].

Locomotor Activity

At baseline and 5 to 6 months post-OVX, a small acceler-
ometer (Actiwatch Mini, CamNtech Ltd, Cambridge UK)
was added to each female’s standard collar. Activity and in-
tensity of movement were recorded over a ~4-week period
after which the accelerometers were removed. For the most
part, activity recorded represented whole body movements,
and not limb or head movements, alone, as previously val-
idated in marmosets [100]. The accelerometer sampled such
activity counts every 30 seconds and these data were averaged
for every hour, day (during lights on), night (during lights
off), morning (06:00-12:00 hours), afternoon (12:00-18:00

hours), and 24 hours. AUC activity values were also assessed
to detect recurring differences in activity over time.

Sucralose Sweet Taste Test

At 5 to 6 months post-OVX, following assessment of indi-
vidual female daily calorie consumption, each female was
tested for the ability to discriminate a highly preferred sweet
taste (sucralose) from water, as previously validated in marmo-
sets [101]. Females were separated from their male pairmates
within their homecage by a nontranslucent panel between
13:00 hours and 16:00 hours, and were subjected to 3, 30-mi-
nute trials, each trial separated by ~3 to 4 days, involving
100 mL of sucralose water bottle solution (2 mM solution)
and 100 mL regular water bottle placed ~0.3 m apart [102].
Total volume consumed for each 30-minute period was deter-
mined for both sucralose and water solutions.
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Receptive
head turns

Receptive
posture

Female

rejects

(b)

Receptive
posture

Receptive
head turns

Female
rejects

Receptive
posture

Receptive
head turns

Female
rejects

Figure 1. Species typical sexual behavior is observed in the behavioral transitions most likely to occur with (A) estradiol (E,) replacement. In contrast,
(B) loss of ovarian estradiol illustrates the switch in likelihood of behavioral transition from sexual receptivity to sexual rejection, while (C) loss of

both ovarian and extra-ovarian estradiol results in not only a high probability of sexual rejection, but also the likelihood that sexual rejection will lead
to aggressive hitting behavior. Each black arrow represents a statistically significant (P < .05) transition between connected behaviors. Green circles
indicate sexually receptive behavior, blue circles indicate male intromission and red circles indicate sexual rejection.

Table 4. Marmoset specific primer sequences employed for the behaviorally related gene expression using NCBI Primer-Blast [97]. TATA-binding protein
(TBP) gene expression was used as the housekeeping gene for correction of all other relative gene expression

Forward primer (5" — 37)

Reverse primer (5 — 37)

DRD1 CAGACTTTGCCCTGTGACGA ACATCGCAGCCCCATTGTTA
DRD2 GCCTCCTTCCTTGACCTTCC GGCCTTGAAGGGTGTGAACT
DRD4 TTGGCTGGGCTACGTCAACA CGGCGTTGAAGACCGTGTA
HTR1A TTAGCAAGGACCACGGCTAC ATGCGCCCATAGAGAACCAG
HTR1B TGGGTCTCCTGTGTACGTGA CCTAGCGGCCATGAGTTTCT
HTR2A TCAACTCCAGAACGAAGGCA ATCGTCGGCGAGTAAGCAAC
HTR2B CAAGCCACCTCAACGCCTAA CAGAGCCTTGTCCTTCCGAG
HTR2C CCAAGCAACGCCATCCTTC TTAGGTGCACAAGGAACGAA
HTRSA CGTGGTGCTCTTCGTGTACT TCGGATACGGGTGAGACACT
OXT CTCGATGTGCGCAAGTGCC TCCACGCAGCAGATATTCGG
OXTR ATGCGCCTAAGGAAGCCTCA GTGACCCGTGAAGAGCATGT
TBP CCATGACTCCTGGAATCCCTAT ATAGGCTGTGGGGTCAGTCCA

Fasting Glucose and Oral Glucose Tolerance Test

Fasting glucose and glucoregulation were assessed in over-
night fasted, awake animals. Fasting glucose was determined
at baseline and 6 months post-OVX, while glucoregulation
was assessed by oral glucose tolerance test (OGTT) at
6 months following OVX. Following a baseline blood sample,
animals were given an oral dose (5 mL/kg) of 40% sucrose.
Blood samples were then collected at 15, 30, 60, and 120 min-
utes (2 hours) following sucrose administration and assessed
for glucose, as previously validated for marmosets [103].
Glucose was measured by glucometer (Accu-Check Aviva,
Roche Diagnostics, Indianapolis, IN). AUC glucose values
during the OGTT were also assessed to detect between group
differences in accumulating high levels of glucose over time.

Statistical Analysis

Data were analyzed utilizing SPSS software (IBM, Armonk,
NY). Hormone measures, behavioral observations, gene ex-
pression data and sweet taste data were analyzed with a
1-way analysis of variance (ANOVA), followed by Bonferroni
multiple comparison post hoc tests. All other between group
analyses were performed using a 2-way ANOVA for repeated
measures. Steroid and CG hormone data were log transformed,
and behavioral data were transformed to arcsin, prior to
ANOVA or correlation tests. Nonparametric Spearman’s cor-
relation tests were utilized to identify relationships between
gene expression, hormone values, and behavior. Spearman’s
rho coefficients are expressed as r_. Statistical significance was
determined at P <.05.
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Figure 2. (A) Calories consumed (mean + SEM) by both males and
females combined in the male—female pairs (symbols illustrate individual
male—female pair consumption) comprising the treatment groups E2
(black circles), VEH (light gray squares), and LET (dark gray triangles)
from ovariectomy (OVX) until 5 months (months) after OVX, (B) amount
of chow (mean + SEM wet weight) provided to singly housed females
during months 6 to 7 following OVX (E2 black bar, VEH light gray bar, LET
dark gray bar), and (C) % calories consumed (mean + SEM) by singly
housed females during months 6 to 7 following OVX (E2 black bar, VEH
light gray bar, LET dark gray bar).

Results

Circulating Estradiol and Pituitary GC Levels,
Together With Uterine Dimensions, Confirm
Anticipated Estrogen Status

As expected, E2 females alone exhibited circulating estradiol
levels approximating those of mid-cycle, ovary intact female

marmosets (Table 2). Greatly diminished circulating levels
of estradiol were found in both VEH and LET females, with

LET females demonstrating the more extreme estradiol de-
pletion (Table 2). Ultrasonographic assessments of uterine di-
mensions confirmed this systemic estradiol disparity at 5 and
7 months following OVX, respectively, demonstrating main-
tenance of species typical, estradiol-dependent uterine dimen-
sions in the E2 female group, alone (Table 1). In this context,
it was not surprising to find elevated circulating CG levels in
VEH (P < .08) and LET (P <.05) compared with E2 females,
reflecting insufficient circulating estradiol for maintenance
of negative feedback regulation of pituitary CG release in
estradiol-depleted female groups (Table 2). CG levels in LET
females, however, were ~35% greater than in VEH females.

Extra-ovarian Estradiol and Androgens Provide
Vital Contributions to Female Sexual Responses

Both ovarian and extra-ovarian estradiol contributed to fe-
male marmoset sexual behavior. Compared with E2 females,
eliminating ovarian (mid-cycle) equivalent estradiol alone
(VEH females), diminished (P =.01) but did not abolish fe-
male sexual receptivity (Fig. 3A). Female sexually receptive
behaviors commonly exhibited following acceptance of male
mounts, including receptive head turn to nuzzle the mounted
male, also greatly diminished in frequency (P = .04) following
elimination of ovarian estradiol in VEH females (Fig. 3B).
These declines in VEH female sexual receptivity were accom-
panied by an increase (P =.03) in female rejection of male
sexual advances (Fig. 3A).

Depletion of extra-ovarian estradiol via aromatase inhib-
ition, beyond that in the VEH group, revealed additional
detriments in LET female sexual behavior. Female sexual re-
ceptivity was eliminated (P = .003), except for rare acceptance
of male mount attempts (Fig. 3A). Intensity of female sexual
rejection increased to include aggressive hitting. These behav-
ioral changes were beyond those observed when eliminating
only systemic estradiol, including unanticipated aggressive
progression of female sexual rejection.

Behavioral  sequence analyses revealed estradiol-
manipulated disruption to marmoset-typical behavioral
transitions within male-female sexual interactions. Table 3
provides a frequency distribution for each group and ana-
lyzed transition. Bracketed frequencies are expected frequency
within the entire cohort of 13 male-female pairs observed.
Unbracketed frequencies depict the observed frequencies of a
specified behavioral transition, such as male mount female—
female accepts male mount for each treatment group. Table 3
illustrates chi-squared values for each behavioral transition
and their derived P values that were used to construct behav-
ioral transition sequences in Fig. 1.

Figure 1 shows a marmoset-typical sexual behavior pattern
between male and female pairmates in the E2 group. In this
figure, the most likely behavioral sequence following male ini-
tiation of a mount is male mount followed by female recep-
tive posture (P <.001). Subsequent transitions then follow,
resulting in a transition from female receptive posture to
male intromission (P <.0001), followed by male intromis-
sion leading to female receptive head turn (P < .0001). Figure
3A subsequently shows that if there is a loss of ovarian es-
tradiol (VEH group), this estradiol decrement is sufficient to
increase the likelihood that females will reject their male part-
ners’ mounts (P < .005). Depletion of both ovarian and extra-
ovarian estradiol (LET females), however, as shown in Fig. 3B,
not only increases the likelihood of female rejection of male
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Figure 3. Changes in female sexual behavior (mean + SEM) in OVX adult female marmosets receiving estradiol replacement (E2), vehicle (VEH), or

an aromatase inhibitor, letrozole (LET): (A) percent sexual receptivity (black filled bars) is diminished in OVX (a, P =.001) compared to E2 females, and
further diminished in LET compared with E2 (a, P=.001) and VEH (b, P = .04) females, while frequency of sexual rejection (red filled bars) is increased
in both OVX (a, P=.03) and LET (a, P =.03) females compared with the E2 female group, and (B) frequency of receptive female head turns (gray dotted
bars) is diminished in the absence of both ovarian (VEH, a, P = .003) and extra-ovarian (LET, a, P=.003) E2, and LET females exhibit both an increase

in sexual rejection of males, and escalation of their rejection into hitting the male partner (black diagonal banded red bars; a,b: P=.004). (a = compared
with E2 females; b = compared with VEH females; ¢ = compared with LET females).

Table 5. Hypothalamic levels (mean = SEM) of sex steroid hormones in ovariectomized female marmosets receiving estradiol replacement (E2), empty
capsules (VEH), or the aromatase inhibitor letrozole (LET) at 6 months following ovariectomy

Hypothalamic hormone E2 (n=35) VEH (n=4) LET (n=4) P value
Estradiol (pg/mg) 0.56 = 0.16 0.77 £0.33 0.07 = 0.04+ .004
Estrone (pg/mg) 0.26 =£0.10 0.32 =0.15 0.10 = 0.04 154
Progesterone (pg/mg) 1.30+0.25 2.55+0.76 1.32+0.40 .266
17-OHP, (pg/mg) 8.80 = 1.46 23.83+5.174 12.75 +2.11 .042
DHEA (pg/mg) 0.04 = 0.01 0.20 = 0.06° 0.09 = 0.02 .010
Androstenedione (pg/mg) 0.75 = 0.04 9.34 + 5.32¢ 4.88 =1.75¢ .008
Testosterone (pg/mg) 0.04 = 0.01 0.15 = 0.03¢ 0.08 = 0.03 .019
Hypothalamic hormone ratio

Estradiol:Testosterone 127.4 £ 63.2 62.9 = 0.37 0.02 = 0.014 .002
170HP :Progesterone 6.7+0.8 9.8+1.9 10.9£2.0 215
Androstenedione:DHEA 17.7+1.2 38.9=11.3 53.3+£99¢ .009
Testosterone:Androstenedione 0.06 = 0.01 0.03 +0.01¢ 0.02 +0.01¢ .003

mg = mg wet weight of tissue.

Abbreviation: DHEA, dehydroepiandrosterone; 17-OHP,, 17-hydroxyprogesterone.

“P <0.01 vs E2. *P < .05 vs VEH. ‘P < .05 vs E2.

sexual advances (P =.001), instead of female receptive pos-
ture, but also changes the most likely subsequent behavior to
aggression, namely hitting (P = .001).

Circulating Steroid Hormones and Hypothalamic
Steroid Content

Eliminating ovarian estradiol (VEH) or both ovarian and
extra-ovarian estradiol (LET) produced notable changes in
hypothalamic estrogen and androgen content, as well as in
circulating steroid hormone levels, when compared with fe-
males in the E2 group. Hypothalamic estradiol content was
diminished in LET females, alone, when compared with
both estradiol (P =.005) and VEH (P = .013) female groups
(Table 5). Notably, comparable hypothalamic estradiol con-
tent was maintained between E2 and VEH groups despite the
large systemic deficit in circulating estradiol levels (P = .001)

exhibited by VEH females that greatly increased the ratio of
hypothalamic estradiol (pg/g wet weight): systemic circula-
tion estradiol (pg/mL) from approximately 0.5 (E2 females)
to 31.2 (VEH). Circulating levels of estradiol, however, tended
(P =.08) to be lower in LET than in VEH females (Table 2),
maintaining a high ratio of hypothalamic estradiol: systemic
circulation estradiol of approximately 23.3 (LET).
Hypothalamic androgen content, in contrast to that for
estradiol, was generally increased in the absence of ovarian
estradiol levels (VEH) and was not further augmented by add-
itional depletion of extra-ovarian estradiol (LET) (Table 5).
Hypothalamic androstenedione content was elevated in
both VEH (P =.03) and LET (P =.05) compared with E2
(Table 5) females, resulting in hypothalamic:systemic ratios
for androstenedione of 0.2 (E2), 1.3 (VEH), and 1.5 (LET).
Hypothalamic dehydroepiandrosterone (DHEA) content,
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however, was only elevated in VEH (P = 0.04), but not LET,
females when compared with those in the E2 group, resulting
in hypothalamic:systemic ratios for DHEA of 0.3 (E2), 0.1
(VEH) and 0.05 (LET). Despite demonstrating a similar
overall pattern, hypothalamic testosterone values remained
comparable across all female groups (Table 5), with rela-
tive consistency of hypothalamic vs circulating testosterone
ratios between female groups of 0.2 (E2), 0.1 (VEH), and
0.2 (LET). Changes in circulating androgen levels (Table 2),
however, did not mirror those found in hypothalamic con-
tent (Table 5). Circulating levels of DHEA, alone, increased
in VEH (P <.001) and LET (Table 2; P =.001) groups com-
pared with those in E2 females. Circulating levels of andro-
stenedione and testosterone (Table 2) remained comparable
across all female groups.

While circulating levels of progestins, progesterone, and
170HP,, and their ratios, remained comparable across fe-
male groups (Table 2), hypothalamic content of 17OHP,
more than doubled in VEH compared with E2 and LET fe-
male groups (Table 5), thus increasing the hypothalamic to
circulating 170OHP, ratio to 10.9 (VEH) in comparison with
2.6 (E2) and 6.4 (LET). Hypothalamic progesterone content,
and its hypothalamic to circulating ratio, demonstrated more
modest increases following estrogen depletion (E2, 1.0; VEH,
2.7; LET 2.8).

With regard to ratios of hypothalamic steroid hormones,
selected to quantify aspects of androgen biosynthesis (Table 5),
the ratio of androstenedione:DHEA was higher in both
VEH (P =.05) and LET (P = .005) than in E2 females. There
were no effects of eliminating ovarian estradiol (VEH) or
both ovarian and extra-ovarian estradiol (LET) on the
ratios of hypothalamic testosterone:androstenedione or
170HP,:progesterone (Table §), respectively. The ratio of
hypothalamic estradiol:testosterone, in contrast, was de-
creased (P =.002) in both VEH and LET compared with E2,
as well as in LET compared with VEH females (P =.05).

Relationships Between Circulating Pituitary CG
Levels and Circulating and Hypothalamic Steroid
Hormone Values

Circulating CG levels negatively correlated with circulating
levels of estradiol and androstenedione, as well as with both
circulating and hypothalamic estradiol:testosterone ratios
(Table 6). In contrast, a positive correlation was found be-
tween circulating CG and DHEA levels. No other correlations
were found between circulating levels of CG and circulating
or hypothalamic estrogens or androgens (Table 6).

Hypothalamic Gene Expression and Association
with Sexual Behavior Frequency

Females groups exhibited only a single difference (P <.03)
in hypothalamic gene expression relevant to androgen or
estrogen biosynthesis (Table 7): CYBS5B, an essential allo-
steric factor enhancing 17,20 lyase activity and thus boosting
hypothalamic androgen biosynthesis, demonstrated a strong
increasing trend in LET compared with E2 females (P < .06).
Additionally, there were no hypothalamic gene expression
differences between female groups with regard to specific be-
haviorally related gene targets (Table 8). The ratios of gene
expression involving SHT receptors, however, differed be-
tween female groups. Both the ratios for HTR1A:HTR2A and
HTRS5A:HTR2A (Table 8) were lower (P =.05) in LET than

in E2 females, but VEH female SHTR gene expression ratios
were intermediate between E2 or LET female group values.

Correlations between hypothalamic and circulating levels
of steroid hormones, behavior, and hypothalamic gene ex-
pression were also analyzed for all female groups com-
bined. Table 6 shows the Spearman’s correlation coefficient
(r) and associated P value for each relationship identified
with female sexual receptivity and sexual rejection. Overall,
there were positive relationships between the frequency
of female sexual receptivity and both circulating estra-
diol levels and hypothalamic estradiol content. Circulating
CG concentrations were negatively correlated with fe-
male sexual receptivity, likely reflecting the biological im-
pact of estradiol. There was also a positive relationship
between female sexual receptivity and the ratio of hypo-
thalamic estradiol:testosterone. Hypothalamic A,, how-
ever, negatively correlated with female sexual receptivity
(Table 6). In addition to identified relationships between
steroid hormones and female sexual behavior, frequencies
of female sexual receptivity were also negatively correl-
ated with hypothalamic mRNA expression ratios for both
HTR1A:HTR2A (r,_0.645; P =.02) and HTRSA:HTR2A
(r,_0.682; P = .01), but no other hypothalamic gene expres-
sion parameters.

Calorie Consumption, Body Weight, and Body
Composition

Only male-female pairs from the LET female group con-
sumed more calories (P =.02) per day than male—female
pairs from the E2 female group during weekly increments of
daily calories from months 1 to 5 following OVX (Fig. 2).
When females were separated from their male pairmates
at 6 to 7 months following OVX for individual behavioral
and calorie intake assessments, total daily calories provided
to all 3 female groups were comparable, with female con-
suming ~80% of calories provided (Fig. 2). Females from
both estradiol-depleted, VEH (P <.001) and LET (P <.001)
groups, however, consumed more calories, corrected for FFM,
than E2 group females (Fig. 4).

While female body weight increased ~5% to 10% during
the DIO study regimen irrespective of treatment group
(P <.016) (Fig. 4A), the AUC % body weight increase from
baseline, with or without correction for FEM (Fig. 4B and
4C), was greater (P =.02) in both estradiol-depleted VEH
and LET females compared with those in the E2 group. At
both baseline and 6 months following OVX, all female mar-
mosets were obese (>14% body fat), with mean fat-to-lean
mass ratios in each treatment group exceeding 0.3 (Table 9).
While there were no obvious differences in DXA-determined
fat mass 6 months following OVX in any female group for
total body or previously validated body regions of interest,
including abdomen and hips/thighs, in contrast, total body
(P =.014), abdominal (P =.002), and upper leg (P =.025)
FFM increased ~5% to 10% during the DIO study regimen
irrespective of treatment group (Table 9). Increased abdom-
inal FFM, however, was greater (P =.041) in VEH than in
both E2 and LET female groups. FFM increases in all female
groups combined were not correlated with either circulating
or hypothalamic steroid hormone levels or ratios, including
those for estradiol.

Higher hypothalamic, but not circulating, androstenedione
values and the androstenedione to DHEA ratio predicted greater
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Table 6. Correlations between female sexual receptivity, sexual rejection, and circulating chorionic gonadotropin (CG) levels with circulating levels and
hypothalamic content of estrogens and androgens at ~7 months following ovariectomy, all female groups combined

Circulating CG (ng/ml)

% female sexual receptivity

% female sexual rejection

Systemic r p-value
circulation

E, (pg/ml) 060  0.003

T (ng/ml) olad e ok NS 0.03
A,(ng/ml) 036 0038 -014 | 028
DHEA (ng/ml) | 049  0.012 +0.35 | 0.75

E,/T ratio 0.38

-0.19 0.82

0.026 -0.12 0.69

0.001 +0.47 0.90 0.001 -0.54
0.651 NS 0.02 0.721 NS
0.116 NS 0.29 0.110 NS
0.001 -0.89 0.79 0.001 +0.99
0.002 +0.35 0.73 0.001 -0.40

E, (pg/mg) 0.25
T (pg/mg) 0.07
A (pg/mg) 0.18
DHEA (pg/mg) 0.03
E./T ratio 0.38

0.100 0.15
0.420 NS 0.44
0K1i75 NS 0.74
0.575 NS 0.36
0.034 -0.27 0.40

0.272 0.26 0.135

0.036 -1.65 0.36 0.067 NS
0.002 -1.47 0.65 0.005 +1.51
0.067 NS 0.22 0.175 NS
0.052 +0.62 0.52 0.019 -0.77

AUC % body weight gain, with (androstenedione: r?>=0.55,
P =.006; androstenedione to DHEA ratio: r*> = 0.44, P = .019)
or without (androstenedione: r> = 0.53, P = .007; androstene-
dione to DHEA ratio: r> = 0.41, P = .025) correction for FFM,
when all female groups were combined. In contrast, circu-
lating but not hypothalamic, androstenedione to DHEA ratio
predicted (r> = 0.45, P = .011) greater AUC calories consumed
corrected for FFM. No correlations were found between
measures of body weight or calories consumed and the re-
maining hypothalamic or circulating steroid hormone values
or ratios, including those for estradiol.

Both total body BMC and BMD, and the same bone param-
eters in previously validated body regions of interest, were
comparable across all 3 female groups (Table 9). No bone
parameter was diminished by depletion of either ovarian es-
tradiol or ovarian and extra-ovarian estradiol.

Locomotor Activity

Activity collar assessments of female locomotion were
obtained at both baseline (while pair housed with their
male cagemate) and 6 months following OVX (when singly
housed) in estrogen depleted groups, alone. AUC locomotor
activity was greater during the daytime in VEH than in LET
females at both baseline (P =.001) and 6 months following
OVX (P =.01) (Fig. SA and 5B). In contrast, during the
resting hours of nighttime, there were no differences in loco-
motor activity between female groups. When comparing the
AUC % change in locomotory activity, however, from base-
line to 6 months following OVX, LET females became slightly
more active than VEH during both daytime (P =.057) and
nighttime (P =.01) (Fig. 5C). Increased activity in LET fe-
males was notable late in the day and throughout much of
the night.

Sucralose Sweet Taste Test

There were no between female group differences in the vol-
umes of water or sucralose water consumed during these

15-minute tests. There were also no between group differ-
ences for % of sucralose water consumed (Table 10).

Fasting Glucose

By 6 months following OVX, in all female groups combined,
DIO induced a trend (P = .055) toward increased fasting glu-
cose levels from baseline (Table 11), irrespective of circulating
estradiol levels. OGTT 2 hour glucose, similar to fasting glu-
cose, revealed no between group differences. Glycogenic
hepatopathy was observed in 20% (1/5) of estradiol females,
50% (2/4) of VEH females, and 75% (3/4) of LET females
during postnecropsy histopathological hepatic assessment.

Discussion

In the current study, ovarian and extra-ovarian estradiol de-
pletion of adult female marmoset monkeys, in contrast to
depletion of ovarian estradiol, alone, demonstrated a sub-
stantial functional contribution provided by extra-ovarian
estradiol in support of female NHP sexual engagement and
regulation of pituitary gonadotropin release, with little con-
tribution toward metabolic homeostasis. Ovarian estradiol
depletion, in addition to ovarian and extra-ovarian estradiol
depletion, nevertheless, enhanced DIO calorie consumption
and weight gain in comparison to estradiol replete females,
illustrating the contribution of estradiol toward diminishing
DIO-associated metabolic dysfunction in a female NHP. DIO,
in contrast and regardless of estradiol depletion, induced
modest glucose intolerance, possibly due to impaired hepatic
glucose metabolism related to glycogenic hepatopathy ob-
served in all 3 female groups.

Endogenous estrogenic source(s) beyond the ovaries include
a variety of organ systems as well as the brain [7,8,11,12,17,
104]. This is of considerable importance to clinical manage-
ment of women’s health. For example, the oral, nonsteroidal
aromatase inhibitor letrozole, employed in the current NHP
study, is widely used in clinical practice, including minimizing
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Table 7. Hemi-hypothalamic gene expression? and gene expression ratios (mean + SEM) 7 months after ovariectomy in E2, VEH and LET female groups
for selected genes related to estrogen and androgen biosynthesis, reproductive neuroendocrine regulation, and ratios of dopaminergic receptor and

serotonergic receptor genes.

Genes E2 VEH LET P value
Estrogen and androgen biosynthesis

Steroidogenic acute regulatory protein (StAR) (STARD1) 1.00 = 0.13 0.82 = 0.05 0.81 = 0.02 NS
17-Hydroxylase/17,20 lyase (CYP17A1) 1.00 = 0.19 1.18 £ 0.22 1.15+0.26 NS
Aromatase (CYP19A1) 1.00 = 0.17 1.61 = 0.46 1.05 = 0.11 NS
Cytochrome b5a (CYBSA) 1.00 = 0.11 1.21+0.11 1.19 = 0.08 NS
Cytochrome bSb (CYBSB) 1.00+0.17 1.36 +0.11 1.35 £ 0.08° .030
Reproductive neuroendocrine regulation

Gonadotropin releasing-hormone 1 (GNRH1) 1.00 = 0.16 0.71 = 0.06 0.66 = 0.09 NS
Kisspeptin (KISS1) 1.00 = 0.57 2.09 = 1.21 1.50 = 0.51 NS
Ratios of selected dopaminergic receptor (DR) genes

DRD1:DRD2 0.72 = 0.23 0.56 £0.12 0.46 £ 0.11 NS
DRD1:DRD4 0.89 = 0.74 0.73 £0.32 0.24 = 0.03 NS
DRD2:DRD4 0.90 = 0.60 1.17 £ 0.34 0.57 £0.07 NS
Ratios of selected serotonergic receptor (HTR) genes

HTR1A:HTR1B 1.08 £ 0.15 1.06 = 0.14 1.01+0.15 NS
HTR1A:HTR2B 1.20 = 0.38 1.09 = 0.09 1.61+0.32 NS
HTR1A:HTR2C 1.07 = 0.14 0.95 £0.05 0.91+0.07 NS
HTR1A:HTRSA 1.00 = 0.08 0.83 = 0.04 1.38+0.14 NS
HTR1B:HTR2A 1.19+0.26 0.85+0.29 0.65+0.15 NS
HTR1B:HTR2B 1.23+0.48 1.11+0.21 1.59 £ 0.18 NS
HTR1B:HTR2C 1.02 = 0.09 0.97 £0.18 0.91+0.12 NS
HTR1B:HTRSA 0.98 =0.26 0.85+0.29 2.70 = 0.47 NS
HTR2A:HTR2B 1.19 = 0.40 1.49 = 0.24 1.38 +0.14 NS
HTR2A:HTR2C 0.96 = 0.14 1.29£0.17 1.48 = 0.12 NS
HTRS5A:HTR2A 1.18 £ 0.16 0.94 =0.13 0.67 £0.07 NS
HTRSA:HTR2B 1.19 £ 0.37 1.31 £ 0.06 1.73 +0.21 NS
HTR5A:HTR2C 1.06 = 0.07 1.16 £ 0.12 0.97 = 0.06 NS

“Corrected for expression of housekeeping gene TBP and normalized to the E2 group.

*P =0.058, E2 vs LET.

recurrence of estrogen receptor positive breast cancer fol-
lowing surgical intervention [105, 106] and enabling meno-
pausal hormone therapy [107, 108]. Not surprisingly, such
long-term aromatase inhibition can exert a highly negative ef-
fect on female sexuality, engaging personally distressing sexual
dysfunction, vaginal atrophy, and dyspareunia [42, 106, 109].
In addition, as found in this NHP study, aromatase inhibition
treatment of women with breast cancer enables weight gain
(including increased adiposity), perturbing female metabolic
homeostasis [110]. In the present NHP study, however, DIO ra-
ther than aromatase inhibition, increased glucose intolerance.
Women with naturally occurring gene variants in CYP19A1,
while exceedingly rare, present with varying degrees of sys-
temic estrogen depletion accompanied by overweight or
obesity, impaired glucoregulation, borderline hyperlipidemia,
and osteopenia/osteoporosis [111]. Unlike the present study,
however, genetically determined CYP19A1 deficiency mani-
fests estradiol depletion through all developmental stages,
resulting in widespread organ system abnormalities that are
absent from our adult-onset estradiol depletion. Psychosexual
information concerning CYP19A1-deficient individuals is
lacking [112, 113].

As might be expected, systemically administered estradiol
alleviates sexual [114, 115] and metabolic [116] dysfunction

in women, but to varying degrees [117], while also increasing
the risk for harmful side-effects, including cardiovascular
disease and cancer [105, 117]. SERMs, nonsteroidal com-
pounds that interact with estrogen receptors, and display
distinct differences in degree of agonism vs antagonism ac-
tion at estrogen receptors in target tissues, show efficacy for
osteoporosis, dyspareunia, and breast cancer [118]. SERMs,
however, all carry safety risks, most notably venous thrombo-
embolic events. Treatments that avoid systemic estrogenic
activity by delivering bioactive estradiol to the brain, alone,
thus have tremendous potential to alleviate female sexual
and metabolic dysfunction, as indicated by the findings from
our current female NHP study. In this regard a synthetically
derived, inactive precursor of estradiol, when administered
orally to female rodents, is only metabolized to a bioactive
estrogen, in this case estradiol, within the central nervous
system following transport across the blood-brain barrier
[119], providing amelioration to hypothalamically driven
hot flashes without estrogenic effect on systemic estrogen-
responsive organs and tissues, such as the uterus.

Estradiol and Female Sexual Receptivity

Although ovarian estradiol has been repeatedly shown to
elevate the expression of sexual receptivity in female NHPs
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Table 8. Hemi-hypothalamic gene expression? and gene expression ratios (mean + SEM) 7 months after ovariectomy in E2, VEH and LET female

groups for selected behaviorally related genes.

Genes E2 VEH LET P value
Steroid hormone receptors

Estrogen receptor o (ESR1) 1.00 = 0.13 0.71 = 0.06 0.66 =0.09 NS
Progesterone receptor (PRA) 1.00 = 0.35 0.49 = 0.13 0.64 =0.11 NS
Dopaminergic receptors (DRs)

Dopamine receptor 1 (DRD1) 1.00 = 0.85 0.79 = 0.59 0.26 = 0.06 NS
Dopamine receptor 2 (DRD2) 1.00 £ 0.70 1.02 +0.57 0.62 =0.11 NS
Dopamine receptor 4 (DRD4) 1.00 = 0.06 0.92 +0.32 1.09 = 0.16 NS
Serotinergic receptors (HTR)

Serotonin receptor 1A (HTR1A) 1.00 = 0.25 1.00 = 0.09 1.20 = 0.15 NS
Serotonin receptor 1B (HTR1B) 1.00 = 0.29 1.04 £ 0.25 1.23+0.13 NS
Serotonin receptor 2A (HTR2A) 1.00 = 0.30 1.35+0.21 2.05 =0.31 NS
Serotonin receptor 2B (HTR2B) 1.00 £ 0.13 0.92 = 0.06 0.78 = 0.07 NS
Serotonin receptor 2C (HTR2C) 1.00 = 0.28 1.07 £0.15 1.38 = 0.14 NS
Serotonin receptor SA (HTRSA) 1.00 = 0.23 1.20 = 0.08 1.31 = 0.06 NS
Ratio of serotonergic receptors

HTR1A:HTR2A 1.17 £ 0.15 0.78 = 0.11 0.60 = 0.05* .016
HTRSA:HTR2A 1.18 £ 0.16 0.94 +0.13 0.67 = 0.07¢ .037

“Corrected for expression of housekeeping gene TBP and normalized to the E2 group.

*P =0.02, E2 vs LET. °P = 0.03, E2 vs LET.

[21, 28, 59, 60, 114, 120-122], ovarian estradiol depletion
fails to completely inhibit female NHP sexual receptivity [27,
122-125], and complicates our understanding of the role of
estradiol in regulating sexual function in female NHPs, and
likely women. Persistent sexual receptivity across ovarian
and menstrual cycles in female NHPs and women, however,
stands in contrast to its strictly regulated expression in female
rodents and sheep in which mid-cycle, peri-ovulatory ovarian
estradiol is necessary to generate the reflexive and receptive
posture, lordosis [50, 51] in female rodents, and estrous be-
havior in female sheep [126]. Such reflexive postures and es-
trus are not exhibited by female NHPs [121, 122, 124].

In our current NHP study, ovarian estradiol-depleted female
monkeys still express receptive postures and gestures toward
at least 35% of male mounting behaviors. It is only by re-
moval of both ovarian and extra-ovarian estradiol, including
hypothalamic sources, that female marmosets are consist-
ently sexually unreceptive to male sexual advances. Such ef-
fective elimination of female marmoset sexual behavior has
not been previously achieved, including combined OVX and
adrenalectomy [69], as well as bilateral neurolesions of the
anterior and medial hypothalamus [68, 125]. While hypo-
thalamic estradiol content maybe necessary for expression of
female NHP receptivity, our data also suggest that concur-
rent with the loss of both ovarian and extra-ovarian estradiol,
hypothalamic elevation of androgen content could play a crit-
ical role in inhibiting female sexual receptivity and induction
of aggressive, female sexual rejection behavior.

Such extreme estradiol depletion-mediated female mar-
moset sexual rejection of male sexual advances, however,
does not appear to implicate a generally diminished engage-
ment in positively rewarding goal-oriented behavior. These
same females, when provided with a choice between water
and sucralose plus water, clearly maintained their preference
for sweet taste despite substantial estradiol depletion. These

findings are in contrast to estradiol-associated increases in su-
crose preference for women [127] and decreases in glucose
preference for female rats [128], but are comparable with the
absence of change in saccharin preference for female rats with
regard to estradiol levels [128]. The change in female NHP
behavioral responses following estradiol depletion may thus
be particularly striking with regard to sexual engagement
with males.

Androgens and Female Sexual Receptivity

The varying effects of androgens on female sexual recep-
tivity have been studied in female rodents, sheep, and NHPs.
In female rodents, sheep, and rhesus monkeys, systemic tes-
tosterone and androstenedione [58, 114, 129-132], as well
as hypothalamic testosterone [133], have been shown to in-
crease or enhance female sexual behavior. In contrast to tes-
tosterone, female marmoset hypothalamic androstenedione
content, as well as circulating DHEA levels, were elevated in
female marmosets depleted of either ovarian estradiol alone,
or both ovarian and extra-ovarian estradiol. In addition, both
hypothalamic andostenedione and circulating DHEA nega-
tively correlated with female sexual receptivity, while posi-
tively correlating with female sexual rejection.

In female rodents and NHPs, androgen effects have been
attributed to the aromatization of testosterone to estradiol in
the brain as a result of studies showing that nonaromatizable
dihydrotestosterone antagonizes estradiol-induced sexual
receptivity [58, 114, 129, 134-137]. Potential mechanisms
for androgen antagonism of estradiol-mediated female re-
ceptivity have been elucidated in female rodent studies.
Dihydrotestosterone inhibition of female receptivity in fe-
male rats is prevented by the androgen receptor antagonist,
flutamide [138]. Additionally, androgens in the hypothal-
amus have been shown to antagonize estradiol activity by
downregulating ERa expression and activity [139].
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Figure 4. (A) Monthly body weights (mean + SEM) of adult female marmoset monkeys from baseline until 7 months following ovariectomy, and (B)
AUC body weights (mean + SEM) incorporating all increments in body weight across the entire study, in E2 (open circles and black bars), VEH (light gray

circles and bars), and LET (dark gray squares and bars) female groups.

In addition, in the absence of hypothalamic hypoestrogenism
accompanying ovarian estradiol depletion in the present study,
in contrast to aromatase inhibition-induced ovarian and
extra-ovarian estradiol depletion, we suggest that estradiol in
the female marmoset hypothalamus, likely locally produced
[8, 16], is sufficient to antagonize androgen-facilitated female
sexual rejection. Even in the absence of elevated hypothal-
amic testosterone content, the female marmoset hypothalamic
ratio of estradiol:testosterone is only diminished by extreme
estradiol depletion engaged by aromatase inhibition accom-
panying ovariectomy. Estradiol and testosterone in the female
marmoset hypothalamus may, therefore, have opposing ef-
fects on female sexual behavior. This hypothesis is, in part,
supported by studies in female rodents showing that in-
creased estradiol can reduce the receptivity-inhibiting actions
of dihydrotestosterone [140], and in female NHPs, in which
dihydrotestosterone, in contrast to testosterone or estradiol
diminished female sexual receptivity [58]. Thus, in ovarian

and extra-ovarian estradiol-depleted female marmosets, the
combination of long-term hypothalamic hypoestrogenism
combined with hypothalamic hyperandrogenism may provide
1 mechanistic explanation for robust female rejection of male
sexual advances.

Ovarian Estradiol Depletion and Hypothalamic
Steroid Hormones

It is important to note that the maintenance of hypothal-
amic estradiol content in female marmosets depleted of
ovarian estradiol provides clear evidence, in a female NHPs,
that estradiol concentrations in the hypothalamus are main-
tained independently of ovarian function. Previous studies
investigating estradiol concentrations within the central ner-
vous system of ovary intact adult female NHPs [141, 142] and
women [141, 143] have reported predictable relationships be-
tween estradiol concentrations in cerebrospinal fluid and cir-
culating concentrations of estradiol, with cerebrospinal fluid
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Table 9. Mean (+SEM) regional body composition parameters as determined by dual X-ray absorptiometry (DXA) in E2, VEH, and LET female groups of
marmosets at baseline and after 6 months of treatment

Body region of interest DXA parameter Treatment group Baseline 6 months Change from baseline
Total body Fat mass (g) E2 121+ 17 106 =19 -15+18
VEH 106 =22 156 =37 38 =33
LET 113 £23 126 =35 S+4S§
Fat-free mass (FFM)“ (g) E2 254 +15 270 =12 16 =7
VEH 231+ 11 251 +14 S+11
LET 234 = 16 249 =7 22+5
Fat/FFM ratio E2 0.5+0.1 0.4+0.1 -0.1+0.1
VEH 0.5=0.1 0.6 £0.1 0.1 0.1
LET 0.5+0.1 0.5+0.1 -0.1+0.1
% fat E2 31.6 £2.0 27.6 3.8 -4.1+3.2
VEH 30.9 4.2 36.6 5.6 53+63
LET 32.3+5.8 31.9+6.3 -34=7.1
% FFM E2 68.4+2.0 724 + 3.8 41+3.2
VEH 69.1+4.2 63.4+5.6 -5.3+6.3
LET 67.7 5.8 68.1+6.3 34=x7.1
Abdomen Fat mass (g) E2 27«5 22+6 5£7
VEH 24«8 43 15 15 =14
LET 23+6 31+13 19 +29
FFM’ (g) E2 809 85«8 5+3
VEH 71+8 92 +8 16 = 3¢
LET 73+ 8§ 816 9=+5
Fat/FFM ratio E2 0.3+0.1 0.3+0.1 -0.1+0.1
VEH 0.3+0.1 0.4+0.2 0.1+0.2
LET 0.3+0.1 0.4+0.1 0.1+£0.2
% Fat E2 242 20«4 -5=+3
VEH 24«5 29+7 4=
LET 23«5 24«7 36
% FFM E2 76 =2 80 =4 5«3
VEH 76 =5 71+7 -4 =+1
LET 77 +5 76 =7 2+6
Chest Fat (g) E2 37+9 34+7 -4=+6
VEH 32=11 48 + 14 12+ 10
LET 35+10 42 = 14 1+12
FFM- (g) E2 57+4 61«4 422
VEH 50+4 44«5 -8+4
LET 52+8 52+8 5+7
Fat/FFM ratio E2 0.7+0.1 0.6 0.1 -0.1+0.1
VEH 0.7+0.3 1.2+0.4 0.5+0.4
LET 0.8+0.3 1.0+ 0.4 0.1+£0.5
% Fat E2 38=+5 35+6 -3+4
VEH 37 =10 48 + 10 107
LET 40 = 11 43+ 12 -4 +9
% FFM E2 63 =5 65 =6 34
VEH 63 =10 52«11 -10=7
LET 60 =11 57«12 49
Upper legs Fat mass (g) E2 14+ 1 12«2 -1x2
VEH 12+1 16 +2 3+3
LET 13«2 113 -1+6
FFM¢(g) E2 48 +3 50=2 2=1
VEH 42 +3 48 +3 2+3
LET 44 + 3 45 +2 S+4
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Table 9. Continued
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Body region of interest DXA parameter Treatment group Baseline 6 months Change from baseline
Fat/FFM ratio E2 0.3=+0.1 0.2=+0.1 -0.1+0.1
VEH 0.3=0.1 0.3=0.1 0.1+0.1
LET 0.3=+0.1 0.2=+0.1 -0.1+0.1
% Fat E2 22+1 19=+3 -3=+3
VEH 212 242 2+5
LET 234 19=+3 -5=+7
% FFM E2 78 =1 81=+3 3+3
VEH 79+2 76 2 -2=+5
LET 77 4 81 =3 57
Extremities Fat mass (g) E2 27 x2 24 +3 -3=+3
(lower legs + arms) VEH 24 =1 29 =4 1+4
LET 25+3 24 +4 -1+6
FFM (g) E2 46 +2 502 4+3
VEH 47 =3 47 =3 2+4
LET 443 48 +2 1«4
Fat/FFM ratio E2 0.6=0.1 0.5=0.1 -0.1+0.1
VEH 0.5+0.1 0.6=0.1 0.1+0.1
LET 0.6=0.1 0.5=0.1 -0.1+0.2
% Fat E2 361 32+3 -5+3
VEH 34 =1 38«3 -2=x2
LET 364 33+3 -2x3
% FFM E2 63=x1 68+3 4+3
VEH 66 =1 62 +3 2+2
LET 64 =4 67 =3 2+3
Trunk/Extremities ratio Fat E2 2304 2202 -0.1+0.2
(trunk = abdomen + chest) VEH 1.6 0.5 2.6 0.7 -0.1+0.2
LET 2.6+0.6 2.7+0.1 0.1+0.3
Abdomen/Upper legs ratio Fat E2 1.9+0.2 1.7+0.1 -0.2+0.2
VEH 1.5+0.3 22+0.6 0.6=0.5
LET 22+0.6 2405 0.1+0.1

6 months > baseline, all female groups combined:

“P=.01,"P =.001; P = .035. Change from baseline, VEH > E2, LET: P = .032.

estradiol values reflecting only 2% to 4% of those in circu-
lation. There is selective, unsaturable entry of estradiol from
the circulation into the brain, reflecting not only circulating
estradiol unbound by sex hormone-binding globulin (SHBG)
[144], 2% to 4% of total circulating estradiol in ovary intact
adult female marmosets is not bound to SHBG [145], but also
the number of hydrogen bonds estradiol forms with water
[146] as well as first pass extraction of estradiol from circula-
tion into the brain likely exceeding 80% [147]. While we did
not determine unbound circulating estradiol concentrations
in the present study, hypothalamic estradiol concentrations
in both estradiol-depleted female groups, representing ~2
to 3 x 10> % of those in circulation, far exceed values con-
sistent with the notion of selective entry of estradiol into the
brain from unbound circulating estradiol, clearly indicating
that the latter is not the sole contributor to hypothalamic
estradiol content. In contrast, hypothalamic estradiol con-
centrations in estradiol-replete female marmosets, estimated
at ~48% of those in circulation, strongly suggest consider-
able additional factors limiting hypothalamic estradiol con-
tent, including elevated estradiol levels stimulating elevations
in circulating SHBG concentrations, thus diminishing the

amount of unbound estradiol, as well as estradiol inhibition
of cytochrome b expression in the hypothalamus, and likely
17,20 lyase activity, of estradiol-replaced female marmosets
leading to diminished hypothalamic androgens and estrogens.
Selective protection of the brain from circulating concentra-
tions of steroid hormones, likely protects local brain produc-
tion of estradiol in order to enable its action as a neurosteroid
independent of ovarian function [13, 148, 149].

A recent study of brain region—specific concentrations of es-
tradiol in both ovarian, as well as ovarian and extra-ovarian,
estradiol-depleted female marmosets demonstrated com-
parable hypothalamic estradiol concentrations (~0.1 pg/mg)
[16] with those reported in this study for ovarian and extra-
ovarian estradiol-depleted females, but notably less than those
we report in ovarian estradiol-depleted females (~0.8 pg/mg).
These study differences may reflect different approaches used
to determine estradiol concentrations, LC-MS/MS (present
study) compared with enzyme immunoassay (EIA) [16], since
the greater specificity of LC-MS/MS determined estradiol
values diminishes the likelihood of inaccuracies arising from
antibody-based EIA detection [150], including lower LC-MS/
MS detection limits (~0.03 pg/mg vs EIA, ~0.1 pg/mg).
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Figure 5. Actical collar determined body motion activity over 21 consecutive days (mean = SEM) in adult female marmosets in VEH (light gray circles
and bars) and LET (dark gray squares and bars) groups (a) at baseline illustrating (A) hourly activity during 12 hour daytime and 12 hour nighttime and (B)
AUC activity for daytime and nighttime, a, b: P=.001, at (b) 6 months (months) following OVXillustrating (A) hourly activity during 12 hour daytime and
12 hour nighttime and (B) AUC activity for daytime and nighttime, a, b: P=.01, and (c) % change in activity from baseline to 6 months following OVX
during 12 hour daytime and 12 hour nighttime and AUC % activity change for 24 hours/day, daytime only and nighttime only, a, b: P=.01.

Unlike hypothalamic estradiol concentrations, however, the
rise in hypothalamic androgen content in females depleted of
either ovarian estradiol, or both ovarian and extra-ovarian

estradiol, may derive from both increased androgen produc-
tion within the hypothalamus and a systemic contribution
from increased circulating levels of adrenal DHEA in females
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depleted of estradiol. Ovarian estradiol depletion in female
marmosets has previously been shown to induce protein ex-
pression of cytochrome b, and a newly differentiated zona
reticularis in the adrenal cortex, thus enabling steric enhance-
ment of 17,20 lyase activity within CYP17A1 and de novo
adrenal zona reticularis production and release of DHEA,
increasing circulating levels [151]. The hypothalamus of fe-
male marmosets depleted of estradiol could thus utilize such
an increased adrenal source of DHEA to provide increased
substrate for hypothalamic synthesis of androgens, including
androstenedione and testosterone.

DHEA synthesis also occurs in the brain, where it may be
converted to more potent androgens and exert effects via
androgen receptor activation. Alternatively, DHEA of either
peripheral or central origin may exert nongenomic effects
via activation of sigma 1 receptors, or modulation of GABA,
and NMDA receptors in neurons and oligodendrocytes [152].
Previous studies [153] demonstrated that DHEA can en-
hance brain steroidogenesis as well as sexual motivation in
estrogen-primed ovariectomized rats, and DHEA treatments
in postemenopausal women have been shown to be effective
in increasing sexual arousal and function in some studies
(208), but not others [154]. Nevertheless, the inverse relation-
ship between peripheral and central DHEA levels and sexual
behavior in the present studies are not consistent with a posi-
tive effect of DHEA on sexual motivation in female mar-
mosets. Rather, they suggest that conversion to more potent
androgens and enhancement of antagonistic behavior may be

Table 10. Comparable volumes of sucralose solution and water

(mean = SEM) consumed by E2, VEH, and LET female groups during 3,
30-minute sweet taste tests at 6 months following ovariectomy when
females were singly housed

Parameter E2 VEH LET P value
Water (mL) 2.1+0.6 1.9+ 0.7 1.8+0.3 .806
Sucralose solution 5.5+1.6 2.2 +0.4 39+0.7 130
(mL)
Total volume 7.6=+1.5 3.8+0.9 6.4=0.7 .099
Consumed (mL)
Ratio of sucralose 3.5+=1.5 1.5 +0.2 2.6 0.6 .365
to Water
Sucralose 66.8+12 589=x2.9 65.7« 4.6 .740
consumption
as % of
total volume
consumed
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the predominate effect of excess DHEA in the hypothalamus
of the adult female marmoset.

In addition, the present study suggests an extension of es-
tradiol depletion enhancing androgen biosynthesis in female
marmosets to include the hypothalamus, where depletion of
both ovarian and extra-ovarian estradiol increases the ex-
pression of CYBSB, 1 of 2 genes coding for cytochrome b
and enhancing 17,20 lyase androgen biosynthesis [155]. In
an analogous mechanisms to estradiol, selective entry of tes-
tosterone from the circulation into the brain of ovary intact
adult female marmosets represents ~1% to 4% of total cir-
culating testosterone [145], comparable with ~8% in women
[156]. While we did not determine unbound circulating tes-
tosterone concentrations in the present study, hypothalamic
testosterone and androstenedione concentrations represent
unexpectedly high 14% to 22% and 23% to 151%, respect-
ively, of circulating values in all female groups, suggesting
considerable additional mechanisms contributing to hypo-
thalamic testosterone and andostenedione content beyond
circulating androgens not bound to SHBG, likely involving
local brain production of androgens involved in neurosteroid
action [148]. The proportion of hypothalamic to circulating
DHEA values, however, progressively diminished from 27%
to 5% following progressive estradiol depletion, suggesting
considerable preservation of the neurosteroid action of
DHEA within the hypothalamus independent of ovarian and
adrenal function.

Previous studies, however, have shown that combined
adrenalectomy and OVX in marmosets did not result in
the robust lack of female sexual receptivity [69, 130]; in
contrast to females in the present study depleted of both
ovarian and extra-ovarian estradiol, thus elevated adrenal
and hypothalamic androgens may have the potential to con-
tribute to hypothalamic hyperandrogenism and extinguish fe-
male sexual receptivity when in tandem with hypothalamic
hypoestrogenism. This novel association between elevated
androgens and diminished female NHP sexual behavior may
not be inconsistent with previous reports demonstrating
enhancing androgenic effects on female NHP sexual be-
havior [114, 130], and on sexual behavior in postmenopausal
women [157], since the current study involves an extreme
hypo-estrogenic environment in contrast to prior hormo-
nally supplemented conditions. Consistent with this notion,
the nonaromatizable androgen, dihydrotestosterone, inhibits
female NHP sexual behavior under conditions of ovarian es-
tradiol depletion [58].

With regard to estradiol depletion and its obfuscation of
reproductive neuroendocrine negative feedback regulation

Table 11. Mean (+SEM) basal glucose at baseline and 6 months after ovariectomy, as well as oral glucose tolerance test (OGTT) derived glucose values

at 6 months after ovariectomy in E2, VEH and LET females

Parameter E2 VEH LET P value
Baseline

Basal glucose (mg/dL) 114 3 1193 1116 —

6 months after ovariectomy

Basal glucose (mg/dL)* 120 =11 127 +9 1377 .149
AUC OGTT glucose (mg/dL*120 min) 21251 2386 19380 = 1548 20843 = 4829 555

2 hour OGTT glucose (mg/dL) 130 = 16 128 + 13 180 = 48 440

Abbreviations: AUC, area under the curve; OGTT, oral glucose tolerance test.

“P =.055, 6 mo > baseline, all female groups combined. SI unit conversion: glucose x 0.0551 mmol/L.
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of pituitary gonadotropin release, ovarian and extra-ovarian
estradiol depletion induced extreme hypoestrogenemia after
9 months, resulting in a supra-hypergonadotropic state be-
yond the hypergonadotropism of ovarian estradiol deple-
tion, alone. Our current findings therefore confirm that
gonadotropin-constraining estradiol production is not
limited to the ovaries in female primates, but also occurs
in other organ systems that include the pituitary [1, 2] and
hypothalamus [8, 13]. In addition, we demonstrate for the
first time in female NHPs that aromatase inhibition—in-
duced hypoestrogenemia occurs within the hypothalamus,
coincident with supra-hypergonadotropism, confirming our
earlier findings in marmosets [19]. Such hypothalamically
situated estradiol opens the possibility for neuroestrogens
contributing toward negative-feedback constraint on release
of hypothalamic GnRH, and thus pituitary gonadotropin.
Whether extraovarian contribution of estradiol toward
negative-feedback control of gonadotropin is another New
World primate alternative endocrine and reproductive spe-
cialization [92], generated during intense selection pressure
following continental separation from a common New World
primate - Old World Primate ancestral lineage [92], or is a
more generic primate, or mammalian, trait applicable to both
sexes, remains to be determined.

In these regards, in the present study ovarian estradiol de-
pletion, with or without accompanying extra-ovarian estra-
diol depletion, did not diminish expression of progesterone
receptor in the female marmoset hypothalamus, as antici-
pated from earlier marmoset [94] and rhesus macaque studies
[158, 159] in concordance with hypergonadotropism, per-
haps due to a low numbers of marmosets per female group.
Hypothalamic progesterone receptor expression is essential
for the homeostatic regulation of hypothalamic GnRH release
by ovarian estradiol and progesterone [160]. DIO did not
alter expression of either hypothalamic ESR1 or progesterone
receptor, as anticipated from previous studies employing fe-
male rodents [161].

Estradiol, Body Fat, and Glucoregulation

Attempts have been made in a variety of studies to dis-
sociate effects of normal aging vs declining estradiol levels
on adiposity, energy balance, and cardiometabolic health in
postmenopausal women [162-167]. In general, these studies
support the idea that menopause per se is associated with
increasing abdominal obesity and that visceral fat accu-
mulation may, in part, be secondary to an acceleration of
aging-related decline in fat oxidation and metabolic energy
expenditure [81]. While these changes parallel those ob-
served in OVX rodents [168], a causal relationship between
declining ovarian estradiol in menopause and altered body
composition and energy balance has been difficult to confirm
[169, 170]. Some randomized controlled studies have dem-
onstrated that both oral and transdermal estradiol therapy
in postmenopausal women are associated with a reduction
in central adiposity and an increase in lean body mass [171,
172], as well as reductions in insulin resistance and fasting
glucose, new-onset type 2 diabetes, blood lipids, blood pres-
sure, adhesion molecules, and procoagulant factors [173]. Of
the few studies focusing on energy expenditure during meno-
pausal hormone replacement therapy comprising a variety of
estrogenic formulations, some demonstrate increases in lipid
oxidation and energy expenditure [174, 175], while others
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reveal acute decreases in lipid oxidation and energy expend-
iture [176]. There are similarly conflicting data on the effects
of hormone replacement therapy on insulin sensitivity, with
some suggesting beneficial effects [173], while others find no
consistent improvement [177-179].

In the current female marmoset monkey study, mean base-
line body weights in each female group (~400 g) were typical
for this colony [98, 180, 181], while baseline total body fat
exceeded 14% of body mass in all females. Body fat in excess
of 14% body mass is considered obese for this laboratory
NHP [182], but is typical for this colony [94]. By 9 months
following OVX, however, ovarian as well as ovarian and
extra-ovarian estradiol depletion resulted in DIO relative
weight gain, with and without correction for FFM, as well as
increased calorie consumption, in excess of the gains made by
estradiol females. Estradiol, therefore, diminishes increased
calorie consumption and weight gain in female marmosets in
the context of DIO, as has previously been reported in mice
[29, 30, 161]. There were, nevertheless, no changes in DXA-
determined total, or depot-specific, body fat associated with
either estradiol depletion. Such relatively modest fat accumu-
lation in female marmosets may thus occur across a variety
of specific depots.

Increased DXA-determined FFM, particularly in the ab-
domen and upper legs, unexpectedly contributed to combined
estradiol depletion and DIO-induced weight gain in female
marmosets. While neither treatment has previously been
associated with gain in FFM, estradiol depletion in female
marmosets also induced hyperandrogenism. Induction of
hyperandrogenism in female NHPs [183] and female-to-male
transexuals [184] is associated with increased FFM, particu-
larly in upper legs in female-to-male transexuals [184], and
with androgen-receptor activity in NHPs [183], but in the
present study no correlations between circulating or hypo-
thalamic androgen concentrations or ratios were associated
with increases in FFM.

The actions of estradiol via ERa on adiposity may occur
directly in white adipose tissue, liver, muscle, and/or pan-
creas [70, 74], as well as in hypothalamic neurons expressing
ERa [29, 185]. The latter exert descending control over sys-
temic organ systems via autonomic innervation [186-188],
including estradiol-induced alterations in food intake and
energy expenditure, producing secondary metabolic states,
or by a combination of these. Stimulatory effects of estra-
diol on energy expenditure are transduced in ERa expressing
neurons of the ventromedial nucleus of the hypothalamus
[185] by nonclassical ERa signaling [29] coupled to activa-
tion of PI3-kinase [9]. Estradiol also regulates gene expres-
sion associated with regulation of food intake and energy
expenditure in the hypothalamus, largely through ERa ac-
tivation [30]. Furthermore, a study by Musatov et al [185]
demonstrated that viral vector-mediated ERo gene silen-
cing in the ventromedial nucleus of both female mice and
rats largely recapitulates a metabolic phenotype observed in
whole-body ERaKO mice, including obesity, hyperphagia,
impaired glucose tolerance, and reduced energy expenditure
[32-34]. In the current female NHP study, however, and in
contrast to female rodents, we found no evidence of impaired
glucoregulation at 6 months following estradiol depletion.
We nevertheless identified a trend toward DIO-associated
glucose intolerance in all female groups combined, likely the
result of insufficient increase in compensatory pancreatic
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beta cell insulin release to accommodate DIO-induced sys-
temic insulin resistance. Such DIO-associated impairments of
glucoregulatory function in the present study are reminiscent
of glucoregulatory dysfunction reported in a previous female
marmoset study employing a glucose-enriched DIO [189].
Therefore, while estradiol ameliorated DIO increased energy
intake and relative weight gain, estradiol may have failed to
ameliorate pancreatic beta cell insulin decompensation due
to weight gain—mediated systemic insulin resistance [189]. It
is unclear whether the 50% to 75% incidence of glycogenic
hepatopathy (excessive accumulation of glycogen in hepato-
cytes) found in estradiol-depleted female marmosets in the
present study represents an increase above a previously re-
ported incidence of 34% in laboratory housed female mar-
mosets [190]. Glycogenic hepatopathy can indicate chronic
recurrence of hyperglycemic episodes [191].

Since estradiol depletion enables maturation of the female
marmoset’s androgenic zona reticularis in the adrenal cortex
[151], and aromatase inhibition commonly results in andro-
genic precursor excess [19, 192], the positive correlations be-
tween hypothalamic androstenedione and androstenedione
to DHEA ratio with weight gain may simply represent bio-
markers for the degree and duration of estradiol depletion
rather than androgenic effects per se. Long-term testosterone
treatment, however, increases body weight in ovary intact pre-
pubertal [193] and adolescent-young adult [194] as well as
ovariectomized adult [183] female rhesus macaques, without
glucoregulatory impairment. Furthermore, addition of DIO to
testosterone treatment of adolescent female rhesus macaques
exaggerates weight gain and induces glucoregulatory impair-
ments accompanying insulin resistance [194]. The absence of
glucoregulatory impairments in our estradiol-depleted and
hyperandrogenic ovariectomized female marmosets would be
consistent with the requirement for estradiol activity, likely
in the liver, to complete androgen-mediated glucoregulatory
dysfunction, as found in organ-selective androgen receptor
knockout female mouse models [195].

Skeletal Bone Mass Maintained Independently of
Estradiol in Female Marmosets

In almost all female mammals with regular, frequent ovarian
cycles, a reduction in circulating estrogen concentrations,
either spontaneous or experimentally induced, leads to a
reduction in bone mass. This has been demonstrated in nu-
merous primate species and occurs in as little as 3 months in
rhesus macaques [196-200]. Therefore, it is surprising that
we found no deficit in bone mass or bone density of either
the total body or lumbar spine associated with systemic or
systemic and hypothalamic estradiol deficiency, though, im-
portantly, estrogen and aromatase activity within the bone
microenvironment [4] were not assessed. There are several
potential reasons for this finding.

Evidence for estrogen control of bone mass in common
marmosets is controversial. In several experiments, we
were unable to find any evidence of bone loss following es-
trogen depletion due to either social subordination or OVX
in marmosets [180]. Similar to the conclusions of Kraynak
and colleagues [94] that primates evolved metabolic con-
trol systems regulated by extra-ovarian estradiol or that
are generally less subject to estradiol regulation, a conclu-
sion arising from this study was that brain-derived estrogen
may be enough to maintain bone mass even in the context
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of circulating estradiol deficiency. There have been some
limited reports of bone degeneration in marmosets. For ex-
ample, Seidlova-Wuttke and colleagues [201] found some
evidence of bone loss in orchidectomized male marmosets
though the level of bone loss only reached WHO criteria for
osteoporosis in 2 older animals (10 and 11 years of age).
It is challenging, however, to separate potential hormonal
causes from overall gastrointestinal health issues, nutritional
deficits, and vitamin D malabsorption [202, 203]. While
marmosets may represent an intriguing model of estrogen
deficiency bone loss, some caution must be taken particu-
larly given their high circulating vitamin D levels and as-
sociated end organ resistance related to the overexpression
of vitamin D response element binding proteins [92, 204].
In addition, such end organ resistance may be evidence of
a broader resistance to select actions of steroid hormones.
Bone in marmosets may therefore have evolved to be less
subject to estrogen regulation.

Applications to Understanding Sexual Dysfunction
in Women

The lack of effective treatment options for women with
FSIAD or with obesity is likely directly related to the dual
lack of understanding regarding NHP- and human-specific
biology of female sexuality, and regulation of body weight
and metabolism. With regard to sexual behavior, the present
study suggests that in the absence of ovarian estradiol, extra-
ovarian hypothalamic estradiol, or neuroestrogen, plays
a pivotal role in maintaining sexual receptivity in female
NHPs. The implications of these findings for women open up
a wealth of opportunities to explore novel, central nervous
system—targeted approaches to treating sexual dysfunction in
women. In an analogous fashion, the lack of effective weight
management for captive NHPs [205, 206] and women [207]
has led to successive gains in body weight over recent decades
among immature and adult female NHPs and humans alike.
The findings presented in this female NHP study suggests that
future treatments designed to deliver bioactive estradiol to
only the central nervous system, including the hypothalamus
[119], may have potential to alleviate both sexual and meta-
bolic dysfunction.

In conclusion, this female marmoset monkey study iden-
tifies key relationships between steroid hormones in circula-
tion and the hypothalamus, with behavior and behaviorally
related hypothalamic gene expression, with neuroendocrine
regulation of ovarian function, as well as with weight gain
and calorie consumption that suggest possible neural mech-
anisms for estradiol regulation of female sexual behavior,
ovarian function, and metabolic homeostasis in NHPs and
women. This study also identifies a specific role for extra-
ovarian estradiol, possibly neuroestrogens locally produced
in the hypothalamus and other brain regions, regulating NHP,
and likely human, female sexual behavior and pituitary go-
nadotropin release beyond ovarian influence.

Acknowledgments

The authors are grateful for the support of the Wisconsin
National Primate Research Center (WNPRC) veterinary and
animal care staff, including Dr. Kevin Brunner and Megan
Sosa. The authors also thank Scott Baum, Julie Adriansjach,
and Michele Schotzko for technical assistance.



20

Author Contributions

M.K., M.T.E, R.A.S., J.E.L., and D.H.A. conceived and de-
signed research; M.K., M.M.W., and M.T.F. performed
experiments; M.K., M.M.W., ALK., AK., M.TE and
R.J.C. analyzed data; M.K., M.M.W., M.T.E, AK., R.J.C,,
JELL,, and D.H.A. interpreted results of experiments;
M.K. and M.M.W. prepared figures; M.K. and D.H.A. drafted
manuscript; M.K., J.E.L., and D.H.A. edited and revised
manuscript; M.K., M.M.W., A.LK., AK.,, M.T.E, R.J.C,
J.E.L., and D.H.A. approved final version of manuscript.

Funding

National Institutes of Health Grants T32 HD041921 (M.K.);
P50 HD044405 (J.E.L., D.H.A.); P50 HD102172 (M.T.E,
JEL., D.H.A.); R25 GMO083252 (M.K., M.M.W.); P51
OD011106 (J.E.L., D.H.A., A.L.K., A.A.K., R.J.C.).

Disclosure Summary

No conflicts of interest, financial or otherwise, are declared
by the authors.

Data Availability

Some or all datasets generated during and/or analyzed during
the current study are not publicly available but are available
from the corresponding author on reasonable request.

References

1. Killinger DW, Perel E, Daniilescu D, Kharlip L, Blackstein ME.
Aromatase activity in the breast and other peripheral tissues and its
therapeutic regulation. Steroids. 1987;50(4-6):523-36.

2. Kadioglu P, Oral G, Sayitoglu M, et al. Aromatase cyto-
chrome P450 enzyme expression in human pituitary. Pituitary.
2008;11(1):29-35.

3. Weisz J. In vitro assays of aromatase and their role in studies
of estrogen formation in target tissues. Cancer Res. 1982;42(8
Suppl):3295s-3298s.

4. Amanatullah DFE, Tamaresis JS, Chu P, et al. Local estrogen axis
in the human bone microenvironment regulates estrogen receptor-
positive breast cancer cells. Breast Cancer Res. 2017;19(1):121.

5. Remage-Healey L, London SE, Schlinger BA. Birdsong and the neural
production of steroids. | Chem Neuroanat. 2010;39(2):72-81.

6. Remage-Healey L, Saldanha CJ, Schlinger BA. Estradiol synthesis
and action at the synapse: evidence for “synaptocrine” signaling.
Front Endocrinol (Lausanne). 2011;2:28.

7. Liere P, Cornil CA, de Bournonville MP, et al. Steroid profiles
in quail brain and serum: sex and regional differences and ef-
fects of castration with steroid replacement. | Neuroendocrinol.
2019;31(2):e12681.

8. Baumgartner NE, Grissom EM, Pollard K], McQuillen SM,
Daniel JM. Neuroestrogen-dependent transcriptional activity in
the brains of ERE-luciferase reporter mice following short- and
long-term ovariectomy. eNeuro 2019;6(5):ENEURO.0275ENE
URO.

9. Saito K, He Y, Yang Y, et al. PI3K in the ventromedial hypothal-
amic nucleus mediates estrogenic actions on energy expenditure in
female mice. Sci Rep. 2016;6:20166.

10. Amateau SK, Alt JJ, Stamps CL, McCarthy MM. Brain estra-
diol content in newborn rats: sex differences, regional heteroge-
neity, and possible de novo synthesis by the female telencephalon.
Endocrinology. 2004;145(6):2906-17.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Journal of the Endocrine Society, 2022, Vol. 6, No. 6

Konkle AT, McCarthy MM. Developmental time course of estra-
diol, testosterone, and dihydrotestosterone levels in discrete regions
of male and female rat brain. Endocrinology. 2011;152(1):223-35.

. LiJ,Gibbs RB. Detection of estradiolin rat brain tissues: Contribution

of local versus systemic production. Psychoneuroendocrinology.
2019;102:84-94.

Kenealy BP, Kapoor A, Guerriero KA, et al. Neuroestradiol in the
hypothalamus contributes to the regulation of gonadotropin re-
leasing hormone release. | Neurosci. 2013;33(49):19051-9.
Kenealy BP, Keen KL, Kapoor A, Terasawa E. Neuroestradiol in
the stalk median eminence of female rhesus macaques decreases in
association with puberty onset. Endocrinology. 2016;157(1):70-6.
Kenealy BP, Keen KL, Garcia JP, Kohlenberg LK, Terasawa E.
Obligatory role of hypothalamic neuroestradiol during the
estrogen-induced LH surge in female ovariectomized rhesus
monkeys. Proc Natl Acad Sci USA. 2017;114(52):13804-13809.
Gervais NJ, Remage-Healey L, Starrett JR, Pollak DJ, Mong JA,
Lacreuse A. Adverse effects of aromatase inhibition on the brain and
behavior in a nonhuman primate. | Neurosci. 2019;39(5):918-928.
Cornil CA. On the role of brain aromatase in females: why are
estrogens produced locally when they are available systemi-
cally? J Comp Physiol A Neuroethol Sens Neural Behav Physiol.
2018;204(1):31-49.

Terasawa E, Kenealy BP. Neuroestrogen, rapid action of
estradiol, and GnRH Front Neuroendocrinol.
2012;33(4):364-75.

Kraynak M, Flowers MT, Shapiro RA, Kapoor A, Levine JE,
Abbott DH. Extraovarian gonadotropin negative feedback re-
vealed by aromatase inhibition in female marmoset monkeys. Am |
Physiol Endocrinol Metab. 2017;313(5):E507-E514.

Blaustein JD, Gentry RT, Roy EJ, Wade GN. Effects of ovariectomy
and estradiol on body weight and food intake in gold thioglucose-
treated mice. Physiol Behav. 1976;17(6):1027-30.

Nadler RD, Collins DC, Miller LC, Graham CE. Menstrual cycle
patterns of hormones and sexual behavior in gorillas. Horm Behav.
1983;17(1):1-17.

Nadler RD. Sexual behavior of captive orangutans. Arch Sex
Behav. 1977;6(6):457-75.

Nadler RD, Dahl JF, Collins DC, Gould KG. Sexual behavior of
chimpanzees (Pan troglodytes): male versus female regulation. |
Comp Psychol. 1994;108(1):58-67.

Saayman GS. The menstrual cycle and sexual behaviour in a troop
of free ranging chacma baboons (Papio ursinus). Folia Primatol
(Basel). 1970;12(2):81-110.

Blache D, Fabre-Nys CJ, Venier G. Ventromedial hypothal-
amus as a target for oestradiol action on proceptivity, recep-
tivity and luteinizing hormone surge of the ewe. Brain Res.
1991;546(2):241-9.

Zumpe D, Michael RP. Ovarian hormones and female sexual
invitations in captive rhesus monkeys (Macaca mulatta). Anim
Behav. 1970;18(2):293-301.

Kendrick KM, Dixson AF. Effects of oestradiol 17B, proges-
terone and testosterone upon proceptivity and receptivity in
ovariectomized common marmosets (Callithrix jacchus). Physiol
Behav. 1985;34(1):123-8.

Wallen K, Winston LA, Gaventa S, Davis-DaSilva M, Collins DC.
Periovulatory changes in female sexual behavior and patterns of
ovarian steroid secretion in group-living rhesus monkeys. Horm
Behav. 1984;18(4):431-50.

Park CJ, Zhao Z, Glidewell-Kenney C, et al. Genetic rescue of
nonclassical ERa signaling normalizes energy balance in obese
Ero-null mutant mice. | Clin Invest. 2011;121(2):604-12.

Xu Y, Nedungadi TP, Zhu L, et al. Distinct hypothalamic neurons
mediate estrogenic effects on energy homeostasis and reproduction.
Cell Metab. 2011;14(4):453-65.

Zidon TM, Padilla ], Fritsche KL, et al. Effects of ERf} and ERa
on OVX-induced changes in adiposity and insulin resistance. |
Endocrinol. 2020;245(1):165-178.

neurons.



Journal of the Endocrine Society, 2022, Vol. 6, No. 6

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46

47.

48.

49.

50.

S1.

52.

Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS. Increased
adipose tissue in male and female estrogen receptor-alpha knockout
mice. Proc Natl Acad Sci USA. 2000;97(23):12729-12734.
Bryzgalova G, Gao H, Ahren B, et al. Evidence that oestrogen
receptor-alpha plays an important role in the regulation of glucose
homeostasis in mice: insulin sensitivity in the liver. Diabetologia.
2006;49(3):588-97.

Ogawa S, Chan J, Gustafsson JA, Korach KS, Pfaff DW. Estrogen
increases locomotor activity in mice through estrogen re-
ceptor alpha: specificity for the type of activity. Endocrinology.
2003;144(1):230-9.

Bliher M. Adipose tissue dysfunction in obesity. Exp Clin
Endocrinol Diabetes. 2009;117(6):241-50.

Blither M. Adipose tissue dysfunction contributes to obesity re-
lated metabolic diseases. Best Pract Res Clin Endocrinol Metab.
2013;27(2):163-77.

Vieira-Potter V], Padilla J, Park YM, et al. Female rats selec-
tively bred for high intrinsic aerobic fitness are protected from
ovariectomy-associated metabolic dysfunction. Am | Physiol Regul
Integr Comp Physiol. 2015;308(6):R530-42.

Lovejoy JC, Champagne CM, de Jonge L, Xie H, Smith SR.
Increased visceral fat and decreased energy expenditure during the
menopausal transition. Int | Obes (Lond). 2008;32(6):949-58.
Bethea CL, Kohama SG, Reddy AP, Urbanski HFE Ovarian
steroids regulate gene expression in the dorsal raphe of old female
macaques. Neurobiol Aging. 2016;37:179-191.

Gervais NJ, Mong JA, Lacreuse A. Ovarian hormones, sleep and
cognition across the adult female lifespan: an integrated perspec-
tive. Front Neuroendocrinol. 2017;47:134-153.

van der Kooi AL, van den Heuvel-Eibrink MM, van Noortwijk A,
et al. Longitudinal follow-up in female childhood cancer survivors:
no signs of accelerated ovarian function loss. Hum Reprod.
2017;32(1):193-200.

van Dorp W, Mulder RL, Kremer LC, et al. Recommendations for
premature ovarian insufficiency surveillance for female survivors
of childhood, adolescent, and young adult cancer: a report from
the International Late Effects of Childhood Cancer Guideline
Harmonization Group in collaboration with the PanCareSurFup
Consortium. | Clin Oncol. 2016;34(28):3440-50.

Deroo BJ, Korach KS. Estrogen receptors and human disease. | Clin
Tnvest. 2006;116(3):561-70.

Nelson HD, Walker M, Zakher B, Mitchell J. Menopausal hormone
therapy for the primary prevention of chronic conditions: a sys-
tematic review to update the U.S. Preventive Services Task Force
recommendations. Ann Intern Med. 2012;157(2):104-13.

Sood R, Faubion SS, Kuhle CL, Thielen JM, Shuster LT. Prescribing
menopausal hormone therapy: an evidence-based approach. Int |
Womens Health. 2014;6:47-57.

. Justenhoven C, Obazee O, Brauch H. The pharmacogenomics of

sex hormone metabolism: breast cancer risk in menopausal hor-
mone therapy. Pharmacogenomics. 2012;13(6):659-75.

Drew BG, Hamidi H, Zhou Z, et al. Estrogen receptor (ER)
a-regulated lipocalin 2 expression in adipose tissue links obesity
with breast cancer progression. | Biol Chem. 2015;290(9):5566-81.
Gorski RA. The neuroendocrine regulation of sexual behavior. Adv
Psychobiol. 1974;2(1):1-58.

Feder HH, Marrone BL. Progesterone: its role in the central
nervous system as a facilitator and inhibitor of sexual behavior and
gonadotropin release. Ann N'Y Acad Sci. 1977;286:331-54.
Blaustein JD. Progesterone in high doses may overcome
progesterone’s desensitization effect on lordosis by translo-
cation of hypothalamic progestin receptors. Horm Behav.
1982;16(2):175-90.

Moreines JK, Powers JB. Effects of acute ovariectomy on the lor-
dosis response of female rats. Physiol Bebav. 1977;19(2):277-83.
Goy RW, Phoenix CH, Young WC. Inhibitory action in the corpus
luteum on the hormonal induction of estrous behavior in the
guinea pig. Gen Comp Endocrinol. 1966;6(2):267-75.

53.

54.

5S.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

21

Spiteri T, Musatov S, Ogawa S, Ribeiro A, Pfaff DW, Agmo A.
Estrogen-induced sexual incentive motivation, proceptivity and re-
ceptivity depend on a functional estrogen receptor alpha in the ven-
tromedial nucleus of the hypothalamus but not in the amygdala.
Neuroendocrinology. 2010;91(2):142-54.

Ogawa S, Eng V, Taylor ], Lubahn DB, Korach KS, Pfaff DW.
Roles of estrogen receptor-alpha gene expression in
reproduction-related behaviors in female mice. Endocrinology.
1998;139(12):5070-81.

Mazzucco CA, Walker HA, Pawluski JL, Lieblich SE, Galea LA.
ERalpha, but not ERbeta, mediates the expression of sexual be-
havior in the female rat. Bebhav Brain Res. 2008;191(1):111-7.
Pope NS, Wilson ME, Gordon TP. The effect of season on the in-
duction of sexual behavior by estradiol in female rhesus monkeys.
Biol Reprod. 1987;36(4):1047-54.

Wilson ME, Gordon TP, Collins DC. Variation in ovarian steroids
associated with the annual mating period in female rhesus monkeys
(Macaca mulatta). Biol Reprod. 1982527(3):530-9.

Wallen K, Goy RW. Effects of estradiol benzoate, estrone, and
propionates of testosterone or dihydrotestosterone on sexual
and related behaviors of ovariectomized Rhesus monkeys. Horm
Behav. 1977;9(3):228-48.

Michael RP, Zumpe D. Rhythmic changes in the copulatory fre-
quency of rhesus monkeys (Macaca mulatta) in relation to the
menstrual cycle and a comparison with the human cycle. | Reprod
Fertil. 1970;21(1):199-201.

Kendrick KM, Dixson AF. The effect of the ovarian cycle on the
sexual behaviour of the common marmoset (Callithrix jacchus).
Physiol Behav. 1983;30(5):735-42.

Stephens SB, Wallen K. Environmental and social influences on
neuroendocrine puberty and behavior in macaques and other non-
human primates. Horm Behav. 2013;64(2):226-39.

Pomerantz SM, Goy RW. Proceptive behavior of female rhesus
monkeys during tests with tethered males. Horm Behav.
1983317(3):237-48.

Caro TM, Sellen DW, Parish A, et al. Termination of reproduc-
tion in nonhuman and human female primates. Int | Primatol.
1995;16:205-220.

Herndon JG, Paredes J, Wilson ME, Bloomsmith MA,
Chennareddi L, Walker ML. Menopause occurs late in life
in the captive chimpanzee (Pan troglodytes). Age (Dordr).
2012;34(5):1145-56.

Wu JM, Zelinski MB, Ingram DK, Ottinger MA. Ovarian aging
and menopause: current theories, hypotheses, and research models.
Exp Biol Med (Maywood). 2005;230(11):818-28.

Alberts SC, Altmann J, Brockman DK, et al. Reproductive aging
patterns in primates reveal that humans are distinct. Proc Natl
Acad Sci USA. 2013;110(33):13440-13445.

Dennerstein L, Hayes RD. Confronting the challenges: epidemio-
logical study of female sexual dysfunction and the menopause. |
Sex Med. 2005;2(Suppl 3):118-32.

Dixson AFE. Medial hypothalamic lesions and sexual receptivity in
the female common marmoset (Callithrix jacchus). Folia Primatol
(Basel). 1990;54(1-2):46-56.

Dixson AF. Effects of adrenalectomy upon proceptivity, receptivity
and sexual attractiveness in ovariectomized marmosets (Callithrix
jacchus). Physiol Bebav. 1987;39(4):495-9.

Wade GN, Gray JM. Gonadal effects on food intake
and adiposity: a metabolic hypothesis. Physiol Behav.
1979;22(3):583-93.

Barros RP, Gustafsson JA. Estrogen receptors and the metabolic
network. Cell Metab. 2011;14(3):289-99.

Barros RP, Gabbi C, Morani A, Warner M, Gustafsson JA.
Participation of ERalpha and ERbeta in glucose homeostasis in
skeletal muscle and white adipose tissue. Am | Physiol Endocrinol
Metab. 2009;297(1):E124-33.

Cignarella A, Bolego C, Pelosi V, et al. Distinct roles of es-
trogen receptor-alpha and beta in the modulation of vascular



22

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

inducible nitric-oxide synthase in diabetes. | Pharmacol Exp Ther.
2009;328(1):174-82.
Mauvais-Jarvis . Estrogen and androgen receptors: regulators of
fuel homeostasis and emerging targets for diabetes and obesity.
Trends Endocrinol Metab. 2011;22(1):24-33.
Jones ME, Thorburn AW, Britt KL, et al. Aromatase-deficient
(ArKO) mice have a phenotype of increased adiposity. Proc Natl
Acad Sci USA. 2000;97(23):12735-12740.
Riant E, Waget A, Cogo H, Arnal JF, Burcelin R, Gourdy P. Estrogens
protect against high-fat diet-induced insulin resistance and glucose
intolerance in mice. Endocrinology. 2009;150(5):2109-17.
Yonezawa R, Wada T, Matsumoto N, et al. Central versus periph-
eral impact of estradiol on the impaired glucose metabolism in
ovariectomized mice on a high-fat diet. Am | Physiol Endocrinol
Metab. 2012;303(4):E445-56.
Hong J, Stubbins RE, Smith RR, Harvey AE, Ntiiez NP. Differential
susceptibility to obesity between male, female and ovariectomized
female mice. Nutr J. 2009;8:11.
Ludgero-Correia A Jr, Aguila MB, Mandarim-de-Lacerda CA,
Faria TS. Effects of high-fat diet on plasma lipids, adiposity, and
inflammatory markers in ovariectomized C57BL/6 mice. Nutrition.
2012;28(3):316-23.
Ziemian SN, Ayobami OO, Rooney AM, et al. Low bone mass
resulting from impaired estrogen signaling in bone increases
severity of load-induced osteoarthritis in female mice. Bone.
2021;152:116071.
Ley CJ, Lees B, Stevenson JC. Sex- and menopause-associated
changes in body-fat distribution. Am | Clin Nutr. 1992;55(5):950-4.
Genazzani AR, Gambacciani M. Effect of climacteric transition
and hormone replacement therapy on body weight and body fat
distribution. Gynecol Endocrinol. 2006;22(3):145-50.
Sullivan EL, Daniels AJ, Koegler FH, Cameron JL. Evidence in female
rhesus monkeys (Macaca mulatta) that nighttime caloric intake is
not associated with weight gain. Obes Res. 2005;13(12):2072-80.
Sandoval-Guzmén T, Stalcup ST, Krajewski SJ, Voytko ML,
Rance NE. Effects of ovariectomy on the neuroendocrine axes
regulating reproduction and energy balance in young cynomolgus
macaques. | Neuroendocrinol. 2004;16(2):146-53.
Wagner JD, Clarkson TB, St Clair RW, Schwenke DC, Shively CA,
Adams MR. Estrogen and progesterone replacement therapy
reduces low density lipoprotein accumulation in the coronary
arteries of surgically postmenopausal cynomolgus monkeys. J Clin
Invest. 1991;88(6):1995-2002.
Sullivan EL, Shearin J, Koegler FH, Cameron JL. Selective estrogen
receptor modulator promotes weight loss in ovariectomized fe-
male rhesus monkeys (Macaca mulatta) by decreasing food in-
take and increasing activity. Am | Physiol Endocrinol Metab.
20125302(7):E759-67.
Cefalu WT, Wagner JD, Bell-Farrow AD, et al. The effects of hor-
monal replacement therapy on insulin sensitivity in surgically
postmenopausal cynomolgus monkeys (Macaca fascicularis). Am
J Obstet Gynecol. 1994;171(2):440-5.
Kittivanichkul D, Watanabe G, Nagaoka K, Malaivijitnond S.
Changes in bone mass during the perimenopausal transition
in naturally menopausal cynomolgus monkeys. Menopause.
2016;23(1):87-99.
Mann DR, Gould KG, Collins DC. A potential primate model for
bone loss resulting from medical oophorectomy or menopause. |
Clin Endocrinol Metab. 1990;71(1):105-10.
Lees CJ, Register TC, Turner CH, Wang T, Stancill M, Jerome CP.
Effects of raloxifene on bone density, biomarkers, and
histomorphometric and biomechanical measures in ovariectomized
cynomolgus monkeys. Menopause. 2002;9(5):320-8.
Barnett DK, Bunnell TM, Millar RP, Abbott DH. Gonadotropin-
releasing hormone II stimulates female sexual behavior in mar-
moset monkeys. Endocrinology. 2006;147(1):615-23.
Abbott DH. Reproduction in nonhuman primates. In:
Skinner MK, ed. Encyclopedia of Reproduction, Vol. 6. Elsevier;
2018: 672-677.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10S.

106.

107.

108.

109.

110.

111.

112.

Journal of the Endocrine Society, 2022, Vol. 6, No. 6

Saltzman W, Schultz-Darken NJ, Scheffler G, Wegner FH,
Abbott DH. Social and reproductive influences on plasma
cortisol in female marmoset monkeys. Physiol Behav.
1994;56(4):801-10.

Kraynak M, Colman R], Flowers MT, Abbott DH, Levine JE.
Ovarian estradiol supports sexual behavior but not energy ho-
meostasis in female marmoset monkeys. Int | Obes (Lond).
2019;43(5):1034-1045.

Fagen RM, Mankovich NJ. Two-act transitions, partitioned
contingency tables, and the ‘significant cells’ problem. Animal
Behavior 1980;28(4):1017-1023.

Hazlett BA, Bossert WH. A statistical analysis of the aggressive
communications systems of some hermit crabs. Anim Behav.
1965;13(2-3):357-73.

Ye ], Coulouris G, Zaretskaya I, Cutcutache I, Rozen S,
Madden TL. Primer-BLAST: a tool to design target-specific
primers for polymerase chain reaction. BMC Bioinf.
2012;13:134.

Aubert Y, Allers KA, Sommer B, de Kloet ER, Abbott DH,
Datson NA. Brain region-specific transcriptomic markers of
serotonin-1A receptor agonist action mediating sexual rejec-
tion and aggression in female marmoset monkeys. | Sex Med.
2013;10(6):1461-75.

Risal S, Pei Y, Lu H, et al. Prenatal androgen exposure and
transgenerational susceptibility to polycystic ovary syndrome.
Nat Med. 2019;25(12):1894-1904.

Gongalves FB, Gongalves BSB, Cavalcante JS, Azevedo CVM.
Aging-related changes on social synchronization of circa-
dian activity rhythm in a diurnal primate (Callithrix jacchus).
Chronobiol Int. 2020;37(7):1-13.

Danilova V, Hellekant G, Roberts T, Tinti JM, Nofre C.
Behavioral and single chorda tympani taste fiber responses in the
common marmoset, Callithrix jacchus jacchus. Ann N'Y Acad Sci.
1998;855:160-4.

Danilova V, Danilov Y, Roberts T, Tinti JM, Nofre C, Hellekant G.
Sense of taste in a new world monkey, the common marmoset:
recordings from the chorda tympani and glossopharyngeal nerves.
J Neurophysiol. 2002;88(2):579-94.

Ziegler TE, Sosa ME, Peterson L], Colman R]. Using snacks high
in fat and protein to improve glucoregulatory function in adoles-
cent male marmosets (Callithrix jacchus). | Am Assoc Lab Anim
Sci. 2013;52(6):756-62.

Rossetti MF, Cambiasso M], Holschbach MA, Cabrera R.
Oestrogens and progestagens: synthesis and action in the brain. |
Neuroendocrinol. 2016;28(7).

Muhammad A, Ibrahim MA, Erukainure OL, Malami I, Sani H,
Mohammed HA. Metabolism and toxicological implications of
commonly used chemopreventive drugs against breast cancer/
carcinogenesis. Curr Drug Metab. Accessed Nov 16, 2016. Epub
ahead of print.

Ghizzani A, Bruni S, Luisi S. The sex life of women surviving
breast cancer. Gynecol Endocrinol. 2018;34(10):821-825.
Lizcano F, Guzman G. Estrogen deficiency and the origin of obe-
sity during menopause. Biomed Res Int. 2014;2014:757461.
Kohn GE, Rodriguez KM, Hotaling ], Pastuszak AW. The history
of estrogen therapy. Sex Med Rev. 2019;7(3):416-421.

Assogba ELE, Kamga AM, Costaz H, et al. What are young
women living conditions after breast cancer? Health-related
quality of life, sexual and fertility issues, professional reinsertion.
Cancers (Basel)6 2020;12(6):1564.

Gibb FW, Dixon JM, Clarke C, et al. Higher insulin resistance
and adiposity in postmenopausal women with breast cancer
treated with aromatase inhibitors. | Clin Endocrinol Metab.
2019;104(9):3670-3678.

Gennari L, Merlotti D, Nuti R. Aromatase activity and bone loss.
Adv Clin Chem. 2011;54:129-164.

Lin L, Ercan O, Raza ], et al. Variable phenotypes associated with
aromatase (CYP19) insufficiency in humans. | Clin Endocrinol
Metab. 2007;92(3):982-990.



Journal of the Endocrine Society, 2022, Vol. 6, No. 6

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Gagliardi L, Scott HS, Feng J, Torpy D]J. A case of aromatase defi-
ciency due to a novel CYP19A1 mutation. BMC Endocr Disord.
2014;14:16.

Cappelletti M, Wallen K. Increasing women’s sexual desire: The
comparative effectiveness of estrogens and androgens. Horm
Behav. 2016;78:178-193.

Zilio Rech CM, Clapauch R, Bouskela E. Sexual function
under adequate estrogen therapy in women after oophorec-
tomy versus natural menopause. | Womens Health (Larchmt).
2019;28(8):1124-1132.

Sriprasert I, Hodis HN, Bernick B, Mirkin S, Mack WJ.
Effects of estradiol dose and serum estradiol levels on met-
abolic measures in early and late postmenopausal women
in the REPLENISH Trial. | Womens Health (Larchmt).
2020;29(8):1052-10S58.

Naftolin F  Friedenthal J, Nachtigall R, Nachtigall L.
Cardiovascular health and the menopausal woman: the role of es-
trogen and when to begin and end hormone treatment. F1000Res.
2019;8:F1000 Faculty Rev-F1000 Faculty1576.

Ellis AJ, Hendrick VM, Williams R, Komm BS. Selective estrogen
receptor modulators in clinical practice: a safety overview. Expert
Opin Drug Saf. 2015;14(6):921-934.

Merchenthaler I, Lane M, Sabnis G, et al. Treatment with an
orally bioavailable prodrug of 17B-estradiol alleviates hot
flushes without hormonal effects in the periphery. Sci Rep.
2016;6:30721.

Erikson LB. Relationship of sexual receptivity to menstrual cycles
in adult rhesus monkeys. Nature. 1967;216(5112):299-301.
Wallen K. Influence of female hormonal state on rhesus sexual
behavior varies with space for social interaction. Science.
1982;217(4557):375-377.

Zehr JL, Maestripieri D, Wallen K. Estradiol increases female
sexual initiation independent of male responsiveness in rhesus
monkeys. Horm Behav. 1998;33(2):95-103.

Reding K, Michopoulos V, Wallen K, Sanchez M, Wilson ME,
Toufexis D. Social status modifies estradiol activation of
sociosexual behavior in female rhesus monkeys. Horm Behav.
2012;62(5):612-620.

Kendrick KM, Dixson AF. Ovariectomy does not abolish
proceptive behaviour cyclicity in the common marmoset
(Callithrix jacchus). | Endocrinol. 1984;101(2):155-162.

Dixson AF, Hastings MH. Effects of ibotenic acid-induced neu-
ronal degeneration in the hypothalamus upon proceptivity and
sexual receptivity in the female marmoset (Callithrix jacchus). |
Neuroendocrinol. 1992;4(6):719-726.

Fabre-Nys C, Martin GB. Hormonal control of proceptive and
receptive sexual behavior and the preovulatory LH surge in the
ewe: reassessment of the respective roles of estradiol, testosterone,
and progesterone. Horm Behav. 1991;25(3):295-312.
Alberti-Fidanza A, Fruttini D, Servili M. Gustatory and food
habit changes during the menstrual cycle. Int | Vitam Nutr Res.
1998:68(2):149-153.

Kenney NJ, Redick JH. Effects of ovariectomy and subsequent
estradiol replacement on intake of sweet solutions. Physiol Behav.
1980;24(4):807-809.

de Jonge FH, Eerland EM, van de Poll NE. The influ-
ence of estrogen, testosterone and progesterone on partner
preference, receptivity and proceptivity. Physiol Behav.
1986337(6):885-891.

Dixson A. The evolution of neuroendocrine mechanisms
regulating sexual behaviour in female primates. Reprod Fertil
Dev. 2001;13(7-8):599-607.

Michael RP, Richter MC, Cain JA, Zumpe D, Bonsall RW.
Artificial menstrual cycles, behaviour and the role of androgens in
female rhesus monkeys. Nature. 1978;275(5679):439-440.
Everitt BJ, Herbert J. The effects of implanting testosterone pro-
pionate into the central nervous system on the sexual behaviour
of adrenalectomised female rhesus monkeys. Brain Res.
1975;86(1):109-120.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

23

Everitt B], Herbert J, Hamer JD. Sexual receptivity of bilater-
ally adrenalectomised female rhesus monkeys. Physiol Behav.
1972;8(3):409-415.

Dohanich GP, Clemens LG. Inhibition of estrogen-activated
sexual behavior by androgens. Horm Behav. 1983;17(4):
366-373.

Erskine MS, MacLusky NJ, Baum M]. Effect of 5 alpha-
dihydrotestosterone on sexual receptivity and neural progestin
receptors in ovariectomized rats given pulsed estradiol. Biol
Reprod. 1985;33(3):551-559.

De Bold JF, Ruppert PH, Clemens LG. Inhibition of estrogen-
induced sexual receptivity of female hamsters: comparative effects
of progesterone, dihydrotestosterone and an estrogen antagonist.
Pharmacol Biochem Bebav. 1978;9(1):81-86.

Brawer J, Schipper H, Robaire B. Effects of long term androgen
and estradiol exposure on the hypothalamus. Endocrinology.
1983;112(1):194-199.

Blasberg ME, Robinson S, Henderson LP, Clark AS. Inhibition of
estrogen-induced sexual receptivity by androgens: role of the an-
drogen receptor. Horm Behav. 1998;34(3):283-293.

Brown T]J, Scherz B, Hochberg RB, MacLusky NJ. Regulation of
estrogen receptor concentrations in the rat brain: effects of sus-
tained androgen and estrogen exposure. Neuroendocrinology.
1996;63(1):53-60.

Kirkpatrick ME, Clark AS. Androgen inhibition of sexual
receptivity is modulated by estrogen. Physiol Behav.
2011;102(3-4):361-366.

Ohman L, Hahnenberger R, Johansson ED. 17 beta-estradiol
levels in blood and cerebrospinal fluid after ocular and nasal
administration in women and female rhesus monkeys (Macaca
mulatta). Contraception. 1980;22(4):349-358.

Steingold KA, Cefalu W, Pardridge W, Judd HL, Chaudhuri G.
Enhanced hepatic extraction of estrogens used for replacement
therapy. J Clin Endocrinol Metab. 1986;62(4):761-766.
Backstrom T, Carstensen H, Sodergard R. Concentration of es-
tradiol, testosterone and progesterone in cerebrospinal fluid
compared to plasma unbound and total concentrations. | Steroid
Biochem. 1976;7(6-7):469-472.

McCall AL, Han SJ, Millington WR, Baum M]. Non-saturable
transport of [3H]oestradiol across the blood-brain barrier
in female rats is reduced by neonatal serum. j Reprod Fertil.
1981;61(1):103-108.

Hodges JK, Eastman SA, Jenkins N. Sex steroids and their rela-
tionship to binding proteins in the serum of the marmoset monkey
(Callithrix jacchus). | Endocrinol. 1983;96(3):443-450.

Clarke IJ. Hypothalamus as an endocrine organ. Compr Physiol.
2015;5(1):217-253.

Pardridge WM, Moeller TL, Mietus L], Oldendorf WH. Blood-
brain barrier transport and brain sequestration of steroid
hormones. Am | Physiol. 1980;239(1):E96-102.

Fester L, Rune GM. Sex neurosteroids: Hormones made by the
brain for the brain. Neurosci Lett. 2021;753:135849.

Brann DW, Lu Y, Wang J, et al. Brain-derived estrogen and neural
function. Neurosci Biobehav Rev. 2022;132:793-817.

van Winden LJ, Kok M, Acda M, et al. Simultaneous analysis of
E1 and E2 by LC-MS/MS in healthy volunteers: estimation of
reference intervals and comparison with a conventional E2 im-
munoassay. | Chromatogr B Analyt Technol Biomed Life Sci.
2021;1178:122563.

Pattison JC, Abbott DH, Saltzman W, Conley AJ, Bird IM.
Plasticity of the zona reticularis in the adult marmoset adrenal
cortex: voyages of discovery in the New World. | Endocrinol.
2009;203(3):313-326.

Quinn T, Greaves R, Badoer E, Walker D. DHEA in Prenatal and
Postnatal Life: Implications for Brain and Behavior. Vitam Horm.
2018;108:145-174.

Pluchino N, Giannini A, Cela V, et al. Effect of DHEA therapy
on sexual behavior in female rats. Gynmecol Endocrinol.
2013;29(5):496-502.



24

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Panjari M, Bell R], Jane F, et al. A randomized trial of oral DHEA
treatment for sexual function, well-being, and menopausal
symptoms in postmenopausal women with low libido. | Sex Med.
2009;6(9):2579-2590.

Billen MJ, Squires EJ. The role of porcine cytochrome b5A and
cytochrome b5B in the regulation of cytochrome P45017A1 ac-
tivities. | Steroid Biochem Mol Biol. 2009;113(1-2):98-104.
Schwarz S, Pohl P. Steroid hormones and steroid hormone
binding globulins in cerebrospinal fluid studied in individuals
with intact and with disturbed blood-cerebrospinal fluid barrier.
Neuroendocrinology. 1992;55(2):174-182.

Martinez-Garcia A, Davis SR. Testosterone use in postmenopausal
women. Climacteric. 2021;24(1):46-50.

Bethea CL, Brown NA, Kohama SG. Steroid regulation of es-
trogen and progestin receptor messenger ribonucleic acid
in monkey hypothalamus and pituitary. Endocrinology.
1996;137(10):4372-4383.

Eghlidi DH, Urbanski HF. Effects of Age and Estradiol on
Gene Expression in the Rhesus Macaque Hypothalamus.
Neuroendocrinology. 2015;101(3):236-245.

Sleiter N, Pang Y, Park C, et al. Progesterone receptor A (PRA) and
PRB-independenteffects of progesterone on gonadotropin-releasing
hormone release. Endocrinology. 2009;150(8):3833-3844.

Yang JA, Yasrebi A, Snyder M, Roepke TA. The interaction
of fasting, caloric restriction, and diet-induced obesity with
17B-estradiol on the expression of KNDy neuropeptides and
their receptors in the female mouse. Mol Cell Endocrinol.
2016;437:35-50.

Clegg DJ, et al. Sex Hormones and Cardiometabolic Health:
Role of Estrogen and Estrogen Receptors. Endocrinology
2017;158(6):1095-1105.

Al-Safi ZA, Polotsky AJ. Obesity and menopause. Best Pract Res
Clin Obstet Gynaecol. 2015;29(4):548-553.

Davis SR, Castelo-Branco C, Chedraui P, et al.; Writing Group
of the International Menopause Society for World Menopause
Day 2012. Understanding weight gain at menopause. Climacteric.
2012;15(5):419-429.

Bracht JR, Vieira-Potter V], De Souza Santos R, Oz OK, Palmer BF,
Clegg DJ. The role of estrogens in the adipose tissue milieu. Ann N
Y Acad Sci. 2020;1461(1):127-143.

Ryan AS, Nicklas BJ, Berman DM. Hormone replacement therapy,
insulin sensitivity, and abdominal obesity in postmenopausal
women. Diabetes Care. 2002;25(1):127-133.

Moreno M, Ordofiez P, Alonso A, Diaz F, Tolivia J, Gonzélez C.
Chronic 17beta-estradiol treatment improves skeletal muscle in-
sulin signaling pathway components in insulin resistance associ-
ated with aging. Age (Dordr). 2010;32(1):1-13.

Wegorzewska IN, Walters K, Weiser M], et al. Postovariectomy
weight gain in female rats is reversed by estrogen receptor
alpha agonist, propylpyrazoletriol. Am ]| Obstet Gynecol.
2008;199(1):67.e1-67.e5.

de Souza Santos R, Feijo da Silva Santos A, Clegg D], Iannetta O,
Marchini JS, Marques Miguel Suen V. Overweight postmenopausal
women with different plasma estradiol concentrations present
with a similar pattern of energy expenditure and substrate ox-
idation rate before and after a fatty meal challenge. Clin Nutr
ESPEN. 2016;15:21-27.

Shea KL, Gavin KM, Melanson EL, et al. Body composi-
tion and bone mineral density after ovarian hormone sup-
pression with or without estradiol treatment [published
correction appears in Menopause. 2018;25(3):359]. Menopause
2015;22(10):1045-1052.

Gambacciani M, Ciaponi M, Cappagli B, Genazzani AR. Effects
of low-dose continuous combined conjugated estrogens and
medroxyprogesterone acetate on menopausal symptoms, body
weight, bone density, and metabolism in postmenopausal women.
Am ] Obstet Gynecol. 2001;185(5):1180-1185.

Lahmann PH, Lissner L, Gullberg B, Berglund G. Sociodemographic
factors associated with long-term weight gain, current body

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Journal of the Endocrine Society, 2022, Vol. 6, No. 6

fatness and central adiposity in Swedish women. Int j Obes Relat
Metab Disord. 2000;24(6):685-694.

Salpeter SR, Walsh JM, Ormiston TM, Greyber E, Buckley NS,
Salpeter EE. Meta-analysis: effect of hormone-replacement therapy
on components of the metabolic syndrome in postmenopausal
women. Diabetes Obes Metab. 2006;8(5):538-554.
Chmouliovsky L, Habicht F, James RW, Lehmann T, Campana A,
Golay A. Beneficial effect of hormone replacement therapy
on weight loss in obese menopausal women. Maturitas.
1999;32(3):147-153.

dos Reis CM, de Melo NR, Meirelles ES, Vezozzo DP, Halpern A.
Body composition, visceral fat distribution and fat oxidation in
postmenopausal women using oral or transdermal oestrogen.
Maturitas. 2003;46(1):59-68.

O’Sullivan AJ, Hoffman DM, Ho KK. Estrogen, lipid oxidation,
and body fat. N Engl | Med. 1995;333(10):669-670.

Duncan AC, Lyall H, Roberts RN, et al. The effect of estradiol
and a combined estradiol/progestagen preparation on insulin
sensitivity in healthy postmenopausal women. J Clin Endocrinol
Metab. 1999;84(7):2402-2407.

Mattiasson I, Rendell M, Térnquist C, Jeppsson S, Hulthén UL.
Effects of estrogen replacement therapy on abdominal
fat compartments as related to glucose and lipid metabo-
lism in early postmenopausal women. Horm Metab Res.
2002;34(10):583-588.

Sites CK, UHommedieu GD, Toth MJ, Brochu M, Cooper BC,
Fairhurst PA. The effect of hormone replacement therapy on body
composition, body fat distribution, and insulin sensitivity in men-
opausal women: a randomized, double-blind, placebo-controlled
trial. | Clin Endocrinol Metab. 2005;90(5):2701-2707.

Saltzman W, Abbott DH, Binkley N, Colman R]. Maintenance
of bone mass despite estrogen depletion in female common
marmoset monkeys (Callithrix jacchus). Am ] Primatol.
2019;81(2):¢2905.

Power ML, Adams J, Solonika K, Colman RJ, Ross C, Tardif SD.
Diet, digestion and energy intake in captive common marmosets
(Callithrix jacchus): research and management implications. Sci
Rep. 2019;9(1):12134.

Riesche L, Tardif SD, Ross CN, deMartelly VA, Ziegler T,
Rutherford JN. The common marmoset monkey: avenues for
exploring the prenatal, placental, and postnatal mechanisms in
developmental programming of pediatric obesity. Am | Physiol
Regul Integr Comp Physiol. 2018;314(5):R684-R692.

Kemnitz JW, Sladky KK, Flitsch TJ, Pomerantz SM, Goy RW.
Androgenic influences on body size and composition of adult
rhesus monkeys. Am | Physiol. 1988;255(6 Pt 1):E857-E864.
Elbers JM, Asscheman H, Seidell JC, Gooren LJ. Effects of
sex steroid hormones on regional fat depots as assessed by
magnetic resonance imaging in transsexuals. Am ]| Physiol.
1999;276(2):E317-E325.

Musatov S, Chen W, Pfaff DW], et al. Silencing of estrogen receptor
alpha in the ventromedial nucleus of hypothalamus leads to meta-
bolic syndrome. Proc Natl Acad Sci USA. 2007;104(7):2501-2506.
Obici S, Rossetti L. Minireview: nutrient sensing and the reg-
ulation of insulin action and energy balance. Endocrinology.
2003;144(12):5172-5178.

Obici S, Zhang BB, Karkanias G, Rossetti L. Hypothalamic in-
sulin signaling is required for inhibition of glucose production.
Nat Med. 2002;8(12):1376-1382.

Pocai A, Lam TK, Gutierrez-Juarez R, et al. Hypothalamic
K(ATP) channels control hepatic glucose production. Nature.
2005;434(7036):1026-1031.

Wachtman LM, Kramer JA, Miller AD, Hachey AM,
Curran EH, Mansfield KG. Differential contribution of die-
tary fat and monosaccharide to metabolic syndrome in the
common marmoset (Callithrix jacchus). Obesity (Silver Spring).
2011;19(6):1145-1156.

Kaspareit ], Friderichs-Gromoll S, Buse E, Habermann G.
Background pathology of the common marmoset (Callithrix



Journal of the Endocrine Society, 2022, Vol. 6, No. 6

191.

192.

193.

194.

195.

196.

197.

198.

199.

jacchus) in toxicological studies. Exp Toxicol Pathol.
2006;57(5-6):405-410.

Sherigar JM, Castro J, Yin YM, Guss D, Mohanty SR.
Glycogenic hepatopathy: A narrative review. World j Hepatol.
2018;10(2):172-185.

Manneras L, Cajander S, Holming A, et al. A new rat model
exhibiting both ovarian and metabolic characteristics of poly-
cystic ovary syndrome. Endocrinology. 2007;148(8):3781-3791.
Van Wagenen G. Accelerated growth with sexual precocity in fe-
male monkeys receiving testosterone propionate. Endocrinology.
1949;45(5):544-546.

True CA, Takahashi DL, Burns SE, et al. Chronic combined
hyperandrogenemia and western-style diet in young female rhesus
macaques causes greater metabolic impairments compared to ei-
ther treatment alone. Hum Reprod. 2017;32(9):1880-1891.
Aflatounian A, Edwards MC, Rodriguez Paris V, ef al. Androgen
signaling pathways driving reproductive and metabolic phenotypes
in a PCOS mouse model. | Endocrinol. 2020;245(3):381-395.
Binkley N, Kimmel D, Bruner J, ez al. Zoledronate prevents the de-
velopment of absolute osteopenia following ovariectomy in adult
rhesus monkeys. ] Bone Miner Res. 1998;13(11):1775-1782.
Fox ], Miller MA, Newman MK, Turner CH, Recker RR, Smith SY.
Treatment of skeletally mature ovariectomized rhesus monkeys with
PTH(1-84) for 16 months increases bone formation and density
and improves trabecular architecture and biomechanical properties
at the lumbar spine. | Bone Miner Res. 2007;22(2):260-273.
Colman R]J, Kemnitz JW, Lane MA, Abbott DH, Binkley N.
Skeletal effects of aging and menopausal status in female rhesus
macaques. | Clin Endocrinol Metab. 1999;84(11):4144-4148.
Florio M, Gunasekaran K, Stolina M, ez al. A bispecific antibody
targeting sclerostin and DKK-1 promotes bone mass accrual and
fracture repair. Nat Commun. 2016;7:11505.

200.

201.

202.

203.

204.

205.

206.

207.

208.

25

Havill LM, Levine SM, Newman DE, Mahaney MC. Osteopenia
and osteoporosis in adult baboons (Papio hamadryas). | Med
Primatol. 2008;37(3):146-153.

Seidlova-Wuttke D, Schlumbohm C, Jarry H, Dullin C, Wuttke W.
Orchidectomized (orx) marmoset (Callithrix jacchus) as a model
to study the development of osteopenia/osteoporosis. Am |
Primatol. 2008;70(3):294-300.

Chalmers DT, Murgatroyd LB, Wadsworth PE. A survey of the
pathology of marmosets (Callithrix jacchus) derived from a mar-
moset breeding unit. Lab Anim. 1983;17(4):270-279.

Baxter VK, Shaw GC, Sotuyo NP, et al. Serum albumin and body
weight as biomarkers for the antemortem identification of bone
and gastrointestinal disease in the common marmoset. PLoS One.
2013;8(12):e82747.

Abbott DH, Barnett DK, Colman RJ, Yamamoto ME, Schultz-
Darken NJ. Aspects of common marmoset basic biology and
life history important for biomedical research. Comp Med.
2003;53(4):339-350.

Klimentidis YC, Beasley TM, Lin HY, et al. Canaries in the coal
mine: a cross-species analysis of the plurality of obesity epidemics.
Proc Biol Sci. 2011;278(1712):1626-1632.

Terasawa E, Kurian JR, Keen KL, Shiel NA, Colman R]J,
Capuano SV. Body weight impact on puberty: effects of high-
calorie diet on puberty onset in female rhesus monkeys.
Endocrinology. 2012;153(4):1696-1705.

Spann RA, Grayson BE. Curbing obesity from one generation to
another: the effects of bariatric surgery on the in utero environ-
ment and beyond. Reprod Sci. 2020;27(10):1821-1833.

Baulieu EE, Thomas G, Legrain S, et al. Dehydroepiandrosterone
(DHEA), DHEA sulfate, and aging: contribution of the DHEAge
study to a sociobiomedical issue. Proc Natl Acad Sci USA.
2000;97(8):4279-4284.



	Discussion
	Statistical Analysis
	Fasting Glucose and Oral Glucose Tolerance Test
	Sucralose Sweet Taste Test
	Locomotor Activity
	Body Composition and Bone Mass
	Assessment of Daily Calorie Consumption While Maintaining DIO
	Diet-induced Obesity From Consumption-driven Weekly Increments in Daily Calories
	Gene Expression Analysis
	Behavioral Observations
	Hormone Assays
	Ovariectomy 
	Animals and Estradiol Replacement

	Results
	Fasting Glucose

	Materials and Methods
	Applications to Understanding Sexual Dysfunction in Women
	Skeletal Bone Mass Maintained Independently of Estradiol in Female Marmosets
	Estradiol, Body Fat, and Glucoregulation
	Ovarian Estradiol Depletion and Hypothalamic Steroid Hormones
	Androgens and Female Sexual Receptivity
	Estradiol and Female Sexual Receptivity


