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Abstract: Sex steroids modify feeding behavior and body weight regulation, and androgen reportedly
augments food intake and body weight gain. To elucidate the role of endogenous androgens in the
feeding regulation induced by reduced glucose availability, we examined the effect of gonadectomy
(orchiectomy) on food intake and orexin A neuron’s activity in the lateral hypothalamic/perifornical
area (LH/PFA) in response to reduced glucose availability (glucoprivation) induced by 2-deoxy-d-
glucose (2DG) administration in male rats. Rats (7W) were bilaterally orchiectomized (ORX group)
or sham operated (Sham group). Seventeen days after the surgery, food intake response to 2DG
(400 mg/kg, i.v.) was measured for 4 h after the infusion. The same experiment was performed for
the immunohistochemical examination of c-Fos-expressing orexin A neurons in the LH/PFA and
c-Fos expression in the arcuate nucleus (Arc). Food intake induced by glucoprivation was greater
in the ORX group than the Sham group, and the glucoprivation-induced food intake was inversely
correlated with plasma testosterone concentration. Glucoprivation stimulated c-Fos expression of
the orexin A neurons at the LH/PFA and c-Fos expression in the dorsomedial Arc. The number
and percentage of c-Fos-expressing orexin A neurons in the LH/PFA and c-Fos expression in the
dorsomedial Arc were significantly higher in the ORX group than the Sham group. This indicates that
endogenous androgen, possibly testosterone, diminishes the food intake induced by reduced glucose
availability, possibly via the attenuated activity of orexin A neuron in the LH/PFA and neurons in
the dorsomedial Arc.

Keywords: orchiectomy; feeding behavior; testosterone; orexin; lateral hypothalamic area; periforni-
cal area; arcuate nucleus; glucoprivation; glucose availability; 2-deoxy-d-glucose

1. Introduction

Sex differences in feeding behavior and body weight regulation are well established
in many animal species, and gonadal steroids are known to play roles in the regulation of
body weight and feeding behavior [1–3]. In women, the prevalence of obesity increases
after menopause, suggesting that ovarian hormones are possibly involved in the regulation
of body weight [4–6]. A number of studies in animals have confirmed that estrogen, but not
progesterone, exerts anti-obesity and anorexigenic actions [1,2]. On the other hand, the role
of androgen in the regulation of feeding behavior and energy balance does not seem simple.
It has been reported that andropause, or late-onset hypogonadism, may induce obesity
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and metabolic syndrome, and testosterone replacement may potentially be an effective
treatment for weight management in obese men with hypogonadism possibly mediated via
the androgen receptor (AR) [7–9]. It has also been reported in humans that, at physiologic
levels, an association exists between higher levels of testosterone and favorable lean and
fat measures [10], and testosterone dose-dependently reduced fat mass and increased lean
body mass and body weight [11]. Thus, testosterone plays a role in the regulations of body
composition and body weight in humans. However, few studies have been done on the
effect of androgens on the regulation of eating behavior and its underlying mechanism due
to methodological difficulties.

Animal studies have demonstrated that gonadectomy in male animals (orchiectomy)
reduces and testosterone augments body weight gain, and androgen increases lean body
mass and decreases fat mass [12]. On the other hand, the role of androgens in the regulation
of food intake is controversial; some studies reported that androgen increased body weight
gain with increased food intake, while other studies reported androgen increased body
weight gain without altering daily food intake [1,13]. Thus, orchiectomy and androgen
treatment seem to more reliably affect body weight and body composition than feeding be-
havior [1,13]. Additionally, a relatively high dose of exogenous testosterone attenuates food
intake, which may be caused by the action of estradiol aromatized from testosterone [14].

The regulation of feeding behavior involves many regulatory mechanisms [15], and
estrogens have been reported to act on various central feeding-related sites exerting anorex-
igenic responses [1,2,16]. It is well established that estrogens enhance satiety [17,18] or
reduce meal size by enhancing the response to cholecystokinin, and estrogens enhance the
neuronal activity of proopiomelanocortin (POMC) neurons, anorexigenic neurons, in the
arcuate nucleus (Arc) [19]. In contrast, the role of testosterone in feeding behavior and its
central mechanisms have been less studied.

In several studies, orchiectomy reduced meal number, increased meal size, and re-
duced daily food intake and body weight, suggesting that androgen may modify feeding
behavior [20,21]. Orchiectomy also reportedly increased food intake and enhanced the
inactivation of melanin-concentrating hormone (MCH) neuron response to glucose in fast-
ing male rats, and testosterone replacement restored the enhanced inactivating response
of MCH neurons to the plasma glucose level, suggesting that endogenous testosterone
reduces satiety, which is induced by elevated postprandial plasma glucose concentration
after fasting via the attenuation of MCH neurons’ response to glucose and increases food
intake [21,22].

In our previous study, we demonstrated that intravenous 2-deoxy-d-glucose (2DG)
administration-induced reduction in glucose availability (glucoprivation) and subcuta-
neous insulin-induced hypoglycemia stimulated feeding behavior and activated orexin A
neurons and neurons in the lateral hypothalamic/perifornical area (LH/PAF) and neurons
in the dorsomedial part of the Arc, probably neuropeptide Y (NPY) neurons, but did not
activate MCH neurons [23]. This suggests that orexin A neurons in the LH/PAF and
NPY neurons in the Arc are activated in response to reduced glucose availability; in other
words, these neurons are involved in short-term feeding regulation [23,24]. Androgen
receptors are relatively densely distributed in the lateral hypothalamic area [25], and the
response of orexin A neurons to fasting was reportedly attenuated in male rats compared
with the response in female rats, suggesting that male sex steroid possibly attenuated the
activation of orexin A neurons in response to reduced glucose availability [26]. Feeding
behavior is regulated by factors that stimulate and terminate feeding, and the integration
of these regulatory functions determines food intake. As mentioned above, testosterone
reportedly reduced satiety and increased food intake in fasting male rats. However, the
role of endogenous androgens in the short-term regulation of feeding behavior and orexin
A neuron activity remains unknown.

In the present study, to elucidate the role of endogenous androgens in the short-
term regulation of feeding behavior, which is induced by reduced glucose availability, we
examined the effect of orchiectomy on the feeding behavior and c-Fos expression, as a
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marker of neuronal activation [27–29], in the orexin A neurons in the LH/PFA in response
to 2DG-induced glucoprivation, which specifically stimulates glucose-sensitive neurons.

2. Materials and Methods

All experiments were conducted in accordance with the guidelines for animal care and
use of Nara Women’s University and with the Standards relating to the Care and Keeping
and Reducing Pain of Laboratory Animals, the Ministry of the Environment, Japan. All of
the experimental procedures employed in the present study were approved by the ethical
committee for animal care and use of Nara Women’s University.

2.1. Animals and Surgery

Seven-week-old male Wistar rats (Jcr:Wistar; CLEA Japan, Japan) were assigned to
two groups: rats were orchiectomized in one group (ORX group) and were sham operated
in the other group (Sham group). The animals were housed in a chamber with an ambient
temperature of 23 ◦C and a relative humidity of 40% under a 12-h/12-h light/dark cycle
environment with lights on at 0700 and were given ad libitum access to standard rodent
chow (CE-2, CLEA, Tokyo, Japan) and tap water before the experiments.

Rats were bilaterally orchiectomized under general anesthesia with pentobarbital
sodium (50 mg/kg body weight; i.p.) and isoflurane (2%). Fourteen days after the orchiec-
tomy, A polyvinyl chloride catheter (3 Fr polyvinyl chloride, ATOM, Saitama, Japan) was
inserted into the right jugular vein, and the tip was placed at the superior vena cava/right
atrium. The free end of the catheter was passed subcutaneously and exteriorized dorsally
behind the neck through the midscapular incision. A miniature datalogger (Thermochron
SL, KN Laboratory, Osaka, Japan) was implanted in the abdominal cavity to measure
the intraabdominal temperature (Tabdo) as an index of body core temperature. The pa-
tency of the venous catheter was maintained by flushing with heparinized isotonic saline
(100 U/mL) every day.

Body weight was measured every day, and daily food intake and body weight were
measured at 10:00 (Zeitgeber time; ZT3) for one week after the 7-day recovery from the
orchiectomy/sham operation.

2.2. Response of Feeding Behavior to 2DG Administration

Four days after the catheterization surgery, we conducted the experiment to examine
the food intake response induced by glucoprivation. The experiments were started at
10:00 (ZT3). Access to food was removed one hour before the experiment. A 0.2 mL blood
sample was drawn through the venous catheter, and then 2DG (Sigma–Aldrich; 400 mg/kg
body weight in 2 mL/kg body weight sterile distilled water; n = 7 in the ORX_2DG group
and n = 6 in the Sham_2DG group) was infused through the venous catheter. To confirm
that saline infusion did not activate feeding, the same volume of saline was infused in the
control group (n = 4 in the ORX_saline group and n = 4 in the Sham_saline group). Access
to food was provided immediately after 2DG administration, and blood sampling (0.2 mL)
through the venous catheter and measurement of food intake were conducted every 60 min.
Tabdo was also measured every 5 min throughout the experiments. The collected blood
was immediately centrifuged, and plasma aliquots were stored at −20 ◦C until the plasma
glucose concentration was measured.

The plasma glucose concentration, including exogenous 2DG, was measured with the
mutarotase–glucose oxidase method (Glucose CII-test Wako; Wako Pure Chemicals, Osaka,
Japan). Food intake was measured by manually weighing chow hoppers on a digital scale.

2.3. Response of Orexin Neurons in the LH/PFA and Neurons in the Arc to 2DG Administration

Three days after the experiment examining feeding behavior, we conducted exper-
iments to immunohistochemically examine the c-Fos expression in the ORX-A neurons
in the LH/PFA and also the c-Fos expression in the dorsomedial Arc. One hour after the
removal of access to food, rats were intravenously injected with either 2DG or isotonic



Nutrients 2022, 14, 1235 4 of 11

saline. In this experiment, access to water, but not food, was provided after the injection.
Three hours after the injection, the rats were deeply anesthetized with pentobarbital. In the
previous study and present study, the onset of feeding induced by 2DG injection occurred
1 h after the 2DG injection [23], and we set the timing for the examination of the expression
of c-Fos 3 h after the 2DG/saline administration because the maximal c-Fos expression re-
portedly occurs approximately 1.5–2 h after stimulation [29]. Then, rats were transcardially
perfused with ice-cold phosphate-buffered saline (PBS), followed by 4% paraformaldehyde
in a 0.1 M phosphate buffer (pH 7.4) for fixation. The brain was removed and immersed in
the fixative for more than two days at 4 ◦C. The fixed brain was immersed in 15% sucrose in
PBS for one day and 25% sucrose in PBS for two days at 4 ◦C for cryoprotection. Frozen sec-
tions were cut coronally at a thickness of 30 µm with a cryostat microtome (LeicaCM3050S,
Wetzlar, Germany).

2.4. Immunohistochemistry

To examine the neuronal activation of the orexin neurons induced by glucoprivation,
we performed c-Fos and orexin A double staining. More details of procedures were reported
previously [23]. Briefly, free-floating sections were preincubated with 5% normal goat
serum and then incubated overnight at 4 ◦C with anti-c-Fos antibody (1:4000 dilution; Sc-52,
Santa Cruz Bio-technology, Dallas, TX, USA) and with biotinylated secondary antibody
(1:400 dilution; BA-1000, Vector, Burlingame, CA, USA) for 2 h, followed by the ABC Elite
kit solution (1:400 dilution; Vector, CA, USA) for 2 h. Visualization was performed with
0.02% 3,3-diaminobenzidine (DAB) and 0.01 % H2O2 in a 50 mM Tris HCl buffer (pH 7.4).
After the DAB reaction, the sections were incubated overnight at 4 ◦C with anti-orexin A
antibody (1:2000 dilution; AB-3704; Chemicon, Darmstadt, Germany) and with secondary
antibody conjugated with FITC (1:400 dilution; FI-1000, Vector, Burlingame, CA, USA)
for 2 h. The sections were mounted on gelatin-coated glass slides and cover slipped with
the mounting media for fluorescence (VECTASHIELD Hard Set; Vector, Burlingame, CA,
USA). We also examined the c-Fos expression in the MCH neurons in the LH/PFA. In this
experiment, we applied the same protocol as that for c-Fos and orexin A double staining,
but an anti-MCH antibody (1:2000; H-070-47, Phoenix Pharmaceuticals, Inc., Burlingame,
CA, USA) was used instead of the anti-orexin A antibody.

2.5. Data Analysis and Hormone Assay

Sections including the LH/PFA and Arc were identified using the rat brain stereotaxic
atlas [30]. Three sections of every fifth section containing the LH/PFA and Arc (in between
−2.56 and −3.60 mm from the Bregma) [30] were observed using a fluorescent microscope
(Olympus BX-51, Tokyo, Japan), and bright-field images for c-Fos and fluorescence im-
ages for ORX-A neurons were obtained using a cooled-CCD camera (MicroPublishrer 5.0;
QImaging, Surrey, BC, Canada), and these images were merged after the bright-field c-Fos
images were converted into 8-bit images and inverted (ImageJ, NIH, Bethesda, MD, USA).

The number of neurons that expressed ORX-A and the number of ORX-A neurons that
coexpressed c-Fos were counted unilaterally in the images (917 × 662 µm). The number of
c-Fos immunoreactive nuclei in the Arc was also counted unilaterally. The percentage of
the ORX-A neurons that coexpressed c-Fos was calculated.

The plasma testosterone concentration was measured with a commercially available
enzyme immunoassay (EIA) kit (Cayman, Ann Arbor, MI, USA). The determination of
testosterone in all samples was performed in a single assay.

2.6. Statistics

Data are shown as means with their standard errors (SE). Two-way analysis of variance
(ANOVA) with repeated measures (one within and one between factors) followed by the
Holm post hoc test was performed to determine the effects of orchiectomy (between factors)
and time (within factors) on body weight change in all animals (n = 11 in each group) and
2DG-induced food intake and plasma glucose concentration in 2DG-infused rats (n = 7 in
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the ORX group; n = 6 in the Sham group). An unpaired Student’s t-test was performed to
determine the effects of the orchiectomy on the body weight change, mean daily food intake,
plasma testosterone concentration in all rats (n =11 in each group), and the percentage of
c-Fos-ir nuclei in the ORX-A neurons at the LH/PFA, as well as on the number of c-Fos-ir
nuclei in the Arc in 2DG-infused rats (n = 7 in the ORX group; n = 6 in the Sham group).
Values of p < 0.05 were considered statistically significant.

3. Results
3.1. Plasma Testosterone Concentration, Daily Food Intake, and Body Weight Change

The plasma testosterone concentration was significantly lower in the ORX group than
in the Sham group (Figure 1A).
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Figure 1. Effect of orchiectomy on plasma testosterone concentration and on body weight and daily
food intake in male rats. (A): plasma testosterone concentration 21 days after the orchiectomy/sham
operation. (B): Body weight before (pre) and 14 days after (post) orchiectomy/sham operation.
(C): Change in body weight from before to 14 days after orchiectomy/sham operation. (D): Mean
daily food intake for seven days after the 7-day recovery from the orchiectomy/sham operation.
Data are shown as the mean and SE (n = 11 in each group in A, B and C; and n = 6 in each group
in D). ** and ***: significant difference between the ORX group and the Sham group at p < 0.01 and
p < 0.001, respectively.

The body weight before the orchiectomy/sham operation was not different between
the groups, and the body weight two weeks after the orchiectomy/sham operation was
lower in the ORX than in the Sham group (Figure 1B). Body weight gain at two weeks
after the orchiectomy/sham operation was lower in the ORX group than the Sham group
(Figure 1C). On the other hand, the mean daily food intake over one week was not different
between the two groups (Figure 1D).

3.2. Response of Feeding Behavior to 2DG Administration

The administration of 2DG increased the plasma glucose concentration, including
exogenous 2DG (Figure 2A), and also decreased Tabdo (Figure 2B), and these changes were
not different between the ORX and Sham groups (Figure 2A,B). Glucoprivation induced
by i.v. 2DG stimulated food intake in both the ORX and Sham groups, and food intake
induced by glucoprivation was significantly greater in the ORX group than in the Sham
group (Figure 2C).
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Figure 2. Effect of orchiectomy on responses to inatravenous 2-deoxy-d-glucose administration.
(A): Plasma glucose concentration, (B): Intra-abdominal temperature (Tabdo). (C): Cumulative food
intake (C) after 2-deoxy-d-glucose (2DG; 400 mg/kg body weight, i.v.) or physiological saline (Sal)
administration in the orchiectomized (ORX) and the sham-operated (Sham) groups. Data are shown
as mean and SE (n = 7 in the ORX_2DG group; n = 6 in the Sham_2DG; n = 4 in the ORX_Sal; and
n = 4 in the Sham_Sal group). * and **: significant difference between the ORX_2DG group and the
Sham_2DG group at p < 0.05 and p < 0.01, respectively. (D): Relationship between 2-deoxy-d-glucose
(2DG)-induced food intake and plasma testosterone concentration ([T]) in the orchiectomized (ORX)
group and in the sham-operated (Sham) group. 2DG-induced food intake was significantly inversely
correlated with plasma [T] (r = 0.77; p = 0.02).

Food intake stimulated by glucoprivation showed a significant inverse correlation
with the plasma testosterone concentration (Figure 2D).

3.3. Hypothalamic Neuronal Response to 2DG Administration

Glucoprivation increased c-Fos expression in the orexin A neurons in the LH/PFA
(Figure 3A,B). The percentage of c-Fos expression in the orexin A neurons induced by
glucoprivation was greater in the ORX group than in the Sham group, while the number of
orexin A neurons was not different among the groups (Figure 3C,D).

Glucoprivation induced by 2DG administration also increased c-Fos expression in
the dorsomedial Arc (Figure 3E,F), and the number of c-Fos-expressing nuclei in the
dorsomedial Arc after 2DG administration was greater in the ORX group than in the
Sham group (Figure 3G). As in our previous study [23], 2DG-induced glucoprivation
did not stimulate MCH neurons, and the percentage of c-Fos-expressing MCH neurons
was not different among the groups (0.8 ± 0.2% in the ORX_2DG group; 0.1 ± 0.1%
in the ORX_saline group; 0.7 ± 0.1% in the Sham_2DG group; and 0.1 ± 0.1% in the
Sham_saline group).
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The response of orexin neurons to fasting was reportedly weaker in male than in 
female rats [21,26], suggesting a possibility that male gonadal steroids attenuate and/or 

Figure 3. Effect of orchiectomy on the activation of orexin A neurons (A–D) and the activation
of neurons in the arcuate nucleus (E–G) induced by 2-deoxy-d-glucose (2DG) administration.
(A,B): Representative microscope images of c-Fos-immunoreactive (ir) nuclei (magenta) and orexin A
immunoreactivity (green) in the lateral hypothalamic/perifornical area in the orchiectomized (ORX)
group (A) and in the sham-operated (Sham) group (B). Scale bar = 100 µm. (C): Number of orexin
A neurons in the lateral hypothalamic/perifornical area (917 × 662 µm). (D): Percentage of c-Fos-
ir-positive orexin A neurons. (D,E): Representative microscope images of c-Fos-immunoreactive
(ir) nuclei (dark brown) in the arcuate nucleus in the orchiectomized (ORX) group (E) and in the
sham-operated (Sham) group (F). Scale bar = 100 µm. (G): Number of c-Fos-ir neurons in the arcuate
nucleus. Data are shown as the mean and SE in C and D (n = 7 in the ORX_2DG group; n = 6 in the
Sham_2DG; n = 4 in the ORX_Sal; and n = 4 in the Sham_Sal group). *: significant difference between
the ORX_2DG group and the Sham_2DG group at p < 0.05.

4. Discussion

In the present study, we found that orchiectomy enhanced the food intake response to re-
duced glucose availability induced by intravenous 2DG administration, and glucoprivation-
induced food intake was inversely correlated with the plasma testosterone concentration.
We also found that the percentage of orexin A neurons that expressed c-Fos in the LH/PFA
and the number of c-Fos-ir nuclei in the dorsomedial Arc were greater in the ORX group
than in the Sham group. These findings indicate that endogenous androgens diminish the
short-term feeding behavior induced by reduced glucose availability, or hypoglycemia, by
attenuating the response of orexin A neurons in the LH/PFA and neurons in the Arc. En-
dogenous testosterone possibly plays a role in the attenuated short-term feeding behavior
because food intake stimulated by glucoprivation was significantly inversely correlated
with plasma testosterone level.

The response of orexin neurons to fasting was reportedly weaker in male than in
female rats [21,26], suggesting a possibility that male gonadal steroids attenuate and/or
female gonadal steroids enhance orexin A neuron activation in response to fasting. In
the present study, we found that the response of orexin A neurons and neurons in the
Arc to reduced glucose availability was stronger in the ORX group than in the Sham
group. The data in the present study suggest that the attenuated activation of orexin A
neurons during fasting in male rats compared with female rats is possibly due, at least
in part, to the attenuated response of orexin A neurons to reduced glucose availability by
endogenous androgens.
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Feeding behavior was stimulated by 2DG-induced glucoprivation in both the ORX
group and the Sham group, while the changes in the plasma glucose concentration and
Tabdo after 2DG administration were not different between the ORX group and the Sham
group. We speculate that the level of glucoprivation, or the level of stimulation, in glu-
cosensitive neurons was similar between the ORX group and the Sham group because
the increase in plasma glucose and the decrease in body temperature were not different
between these two groups. Therefore, orchiectomy augments, or endogenous androgens,
attenuate the response of orexin A neurons to reduced glucose availability.

Animal studies have convincingly demonstrated that androgens increase body weight
gain and change body composition. In some studies, orchiectomy reduced food intake,
and androgen replacement in orchiectomized animals normalized food intake [1,20,21]. It
has also been reported that androgens change the body weight and composition in the
absence of changes in food intake [1,9,20]. In the present study, we examined the effect of
orchiectomy on spontaneous daily food intake and body weight gain for one week after
a one-week recovery period from the surgical stress of orchiectomy/sham operation. We
failed to find a difference in daily food intake between the ORX group and the Sham group,
although body weight gain after the orchiectomy/sham surgery was greater in the Sham
group than in the ORX group. This result is consistent with the results of Chai’s study, in
which they reported that orchiectomy reduced daily food intake up to five days after the
surgery but did not affect daily food intake thereafter [20]. The data in the present study
and earlier studies suggest that androgens affect body weight and body composition by
modifying metabolism more prominently than feeding behavior [1,12,13].

Daily spontaneous food intake was not altered by orchiectomy in the present study,
while the feeding response and activation of orexin A neurons and neurons in the Arc to
reduced glucose availability was augmented by orchiectomy. The orchiectomy-induced
augmentation of feeding response to reduced glucose availability did not directly affect
daily food intake in the present study. The regulation of feeding behavior is composed of
various regulatory systems [1,15], which increase or decrease food intake, and endogenous
androgens possibly affect various regulatory systems. Endogenous testosterone reduces
satiety, which is induced by elevated plasma glucose concentration after fasting, via the
attenuation of MCH neurons’ response to glucose, and increases food intake in response to
fasting [21,22]. In contrast, in the present study, we found that feeding induced by reduced
glucose availability was attenuated by endogenous androgens. The integrated effect of
endogenous androgens on these and other feeding regulatory systems may result in an
unchanged daily food intake.

The direct site of action of testosterone, causing diminished food intake and the
activation of orexin A neurons and neurons in the Arc, remains unknown in the present
study. It is possible that testosterone directly attenuates orexin A neurons in the LH/PFA
and neurons in the Arc because androgen receptors are relatively densely distributed in
these brain areas [25]. However, androgen receptors were not colocalized with orexin A in
neurons of the lateral hypothalamic area, suggesting that androgen’s action in the orexin A
neurons is mediated by afferents from neurons containing androgen receptors [31].

Another possible site of action of testosterone is the arcuate nucleus. Kisspeptin neu-
rons in the arcuate nucleus are involved in the negative feedback regulation of the HPG
axis and express androgen receptors [32,33]. Kisspeptin has been shown to enhance the ex-
pression of orexigenic NPY and attenuate the expression of anorexigenic POMC [32,34–36],
and the glucosensitive NPY neurons are known to connect reciprocally with orexin A
neurons [37–39]. These findings suggest that the enhanced responses of feeding and orexin
A neuron activity to reduced glucose availability in orchiectomized rats are mediated
by increased NPY, induced by a lower level of androgens. The enhanced c-Fos expres-
sion in the dorsomedial Arc by orchiectomy in the present study suggests a possibility
that reduced androgen enhances the NPY neurons by stimulating the kisspeptin neurons.
However, kisspeptin has also been reported to excite POMC neurons and inhibit NPY
neurons [32,34,40], and intracerebroventricular kisspeptin reduces food intake [41], sug-
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gesting that kisspeptin has anorexigenic properties. In contrast, some studies reported
that an intracerebroventricular injection of kisspeptin had no effect on food intake [32,42].
It is expected that additional studies will further elucidate the role of kisspeptin in the
regulation of feeding behavior.

The attenuated feeding and activity of orexin A neurons and neurons in the dorso-
medial Arc to reduced glucose availability by endogenous androgen might be mediated
by estradiol aromatized from testosterone. Relatively high doses of testosterone can be
aromatized to estrogens and affect feeding behavior [1], but no exogenous testosterone
was administrated in the present study. We speculate that estradiol is not involved in the
attenuation of the responses of feeding and orexin A neuron activity to reduced glucose
availability by endogenous androgen. However, further research is expected to be carried
out to examine the involvement of estradiol.

In the present study, plasma testosterone concentration in the ORX group was rel-
atively high (35% of the sham group). The source of testosterone in the ORX group is
unknown, although at least part of it might be secreted from the adrenal glands. One possi-
ble reason is that orchiectomy was not completely done in two rats (Figure 2D). However,
we consider that the effect of endogenous androgens was able to be clarified because the
plasma testosterone level was significantly lower in the ORX, and 2DG-induced food intake
was significantly correlated with the plasma testosterone concentration.

5. Conclusions

Orchiectomy enhances the feeding response and the activation of orexin A neurons and
neurons in the dorsomedial Arc, and food intake induced by reduced glucose availability
was inversely correlated with plasma testosterone level. The data indicate that endogenous
androgen, possibly testosterone, diminishes the food intake induced by reduced glucose
availability, possibly via the attenuated activity of orexin A neurons and neurons in the
dorsomedial Arc. However, daily food intake was not altered, and body weight gain
was attenuated by orchiectomy. These results suggest that endogenous androgens exert
multiple actions on feeding and body weight regulation.

Author Contributions: Conceptualization, A.T. and Y.N.; methodology, A.T., Y.N., H.N. and K.M.;
formal analysis, A.T., Y.N., A.O. and M.N.; investigation, A.T., Y.N., A.O., M.N., N.K. and S.E.;
writing—original draft preparation, A.T. and Y.N.; writing—review and editing, A.T., H.N. and
K.M.; visualization, A.T.; supervision, A.T.; project administration, A.T.; funding acquisition, A.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science (JSPS) KAK-
ENHI, grant number 20K11604, awarded to Akira Takamata.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee for animal care and use of Nara Women’s University (approval numbers 16-09 and 19-04).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data will be available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Asarian, L.; Geary, N. Sex Differences in the Physiology of Eating. AJP Regul. Integr. Comp. Physiol. 2013, 305, R1215–R1267.

[CrossRef] [PubMed]
2. Asarian, L.; Geary, N. Modulation of Appetite by Gonadal Steroid Hormones. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361,

1251–1263. [CrossRef] [PubMed]
3. Hirschberg, A.L. Sex Hormones, Appetite and Eating Behaviour in Women. Maturitas 2012, 71, 248–256. [CrossRef] [PubMed]
4. Manson, J.E.; Colditz, G.A.; Stampfer, M.J.; Willett, W.C.; Rosner, B.; Monson, R.R.; Speizer, F.E.; Hennekens, C.H. A Prospective

Study of Obesity and Risk of Coronary Heart Disease in Women. N. Engl. J. Med. 1990, 322, 882–889. [CrossRef] [PubMed]
5. Lobo, R.A. Metabolic Syndrome after Menopause and the Role of Hormones. Maturitas 2008, 60, 10–18. [CrossRef]
6. Brown, L.M.; Gent, L.; Davis, K.; Clegg, D.J. Metabolic Impact of Sex Hormones on Obesity. Brain Res. 2010, 1350, 77–85.

[CrossRef]

http://doi.org/10.1152/ajpregu.00446.2012
http://www.ncbi.nlm.nih.gov/pubmed/23904103
http://doi.org/10.1098/rstb.2006.1860
http://www.ncbi.nlm.nih.gov/pubmed/16815802
http://doi.org/10.1016/j.maturitas.2011.12.016
http://www.ncbi.nlm.nih.gov/pubmed/22281161
http://doi.org/10.1056/NEJM199003293221303
http://www.ncbi.nlm.nih.gov/pubmed/2314422
http://doi.org/10.1016/j.maturitas.2008.02.008
http://doi.org/10.1016/j.brainres.2010.04.056


Nutrients 2022, 14, 1235 10 of 11

7. Traish, A.M. Testosterone and Weight Loss: The Evidence. Curr. Opin. Endocrinol. Diabetes Obes. 2014, 21, 313–322. [CrossRef]
8. Kelly, D.M.; Jones, T.H. Testosterone and Obesity. Obes. Rev. 2015, 16, 581–606. [CrossRef]
9. Mauvais-Jarvis, F. Estrogen and Androgen Receptors: Regulators of Fuel Homeostasis and Emerging Targets for Diabetes and

Obesity. Trends Endocrinol. Metab. 2011, 22, 24–33. [CrossRef]
10. Mouser, J.G.; Loprinzi, P.D.; Loenneke, J.P. The Association between Physiologic Testosterone Levels, Lean Mass, and Fat Mass in

a Nationally Representative Sample of Men in the United States. Steroids 2016, 115, 62–66. [CrossRef]
11. Woodhouse, L.J.; Gupta, N.; Bhasin, M.; Singh, A.B.; Ross, R.; Phillips, J.; Bhasin, S. Dose-Dependent Effects of Testosterone on

Regional Adipose Tissue Distribution in Healthy Young Men. J. Clin. Endocrinol. Metab. 2004, 89, 718–726. [CrossRef] [PubMed]
12. Baik, M.; Jeong, J.Y.; Park, S.J.; Yoo, S.P.; Lee, J.O.; Lee, J.S.; Haque, M.N.; Lee, H.-J. Testosterone Deficiency Caused by Castration

Increases Adiposity in Male Rats in a Tissue-Specific and Diet-Dependent Manner. Genes Nutr. 2020, 15, 14. [CrossRef] [PubMed]
13. Fan, W.; Yanase, T.; Nomura, M.; Okabe, T.; Goto, K.; Sato, T.; Kawano, H.; Kato, S.; Nawata, H. Androgen Receptor Null Male

Mice Develop Late-Onset Obesity Caused by Decreased Energy Expenditure and Lipolytic Activity but Show Normal Insulin
Sensitivity with High Adiponectin Secretion. Diabetes 2005, 54, 1000–1008. [CrossRef] [PubMed]

14. Gray, J.M.; Nunez, A.A.; Siegel, L.I.; Wade, G.N. Effects of Testosterone on Body Weight and Adipose Tissue: Role of Aromatization.
Physiol. Behav. 1979, 23, 465–469. [CrossRef]

15. Sasaki, T. Neural and Molecular Mechanisms Involved in Controlling the Quality of Feeding Behavior: Diet Selection and Feeding
Patterns. Nutrients 2017, 9, 1151. [CrossRef]

16. Brown, L.M.; Clegg, D.J. Central Effects of Estradiol in the Regulation of Food Intake, Body Weight, and Adiposity. J. Steroid
Biochem. Mol. Biol. 2010, 122, 65–73. [CrossRef]

17. Geary, N. Estradiol, CCK and Satiation. Peptides 2001, 22, 1251–1263. [CrossRef]
18. Eckel, L.A.; Houpt, T.A.; Geary, N. Estradiol Treatment Increases CCK-Induced c-Fos Expression in the Brains of Ovariectomized

Rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R1378–R1385. [CrossRef]
19. Gao, Q.; Horvath, T.L. Cross-Talk between Estrogen and Leptin Signaling in the Hypothalamus. Am. J. Physiol. Endocrinol. Metab.

2008, 294, E817–E826. [CrossRef]
20. Chai, J.K.; Blaha, V.; Meguid, M.M.; Laviano, A.; Yang, Z.J.; Varma, M. Use of Orchiectomy and Testosterone Replacement to

Explore Meal Number-to-Meal Size Relationship in Male Rats. Am. J. Physiol. 1999, 276, R1366–R1373. [CrossRef]
21. Fukushima, A.; Hagiwara, H.; Fujioka, H.; Kimura, F.; Akema, T.; Funabashi, T. Sex Differences in Feeding Behavior in Rats: The

Relationship with Neuronal Activation in the Hypothalamus. Front. Neurosci. 2015, 9, 88. [CrossRef] [PubMed]
22. Mogi, K.; Funabashi, T.; Mitsushima, D.; Hagiwara, H.; Kimura, F. Sex Difference in the Response of Melanin-Concentrating

Hormone Neurons in the Lateral Hypothalamic Area to Glucose, as Revealed by the Expression of Phosphorylated Cyclic
Adenosine 3’,5’-Monophosphate Response Element-Binding Protein. Endocrinology 2005, 146, 3325–3333. [CrossRef] [PubMed]

23. Nishimura, Y.; Mabuchi, K.; Taguchi, S.; Ikeda, S.; Aida, E.; Negishi, H.; Takamata, A. Involvement of Orexin-A Neurons but Not
Melanin-Concentrating Hormone Neurons in the Short-Term Regulation of Food Intake in Rats. J. Physiol. Sci. 2014, 64, 203–211.
[CrossRef] [PubMed]

24. Muthmainah, M.; Gogos, A.; Sumithran, P.; Brown, R.M. Orexins (Hypocretins): The Intersection between Homeostatic and
Hedonic Feeding. J. Neurochem. 2021, 157, 1473–1494. [CrossRef]

25. Simerly, R.B.; Swanson, L.W.; Chang, C.; Muramatsu, M. Distribution of Androgen and Estrogen Receptor MRNA-containing
Cells in the Rat Brain: An In Situ Hybridization Study. J. Comp. Neurol. 1990, 294, 76–95. [CrossRef]

26. Funabashi, T.; Hagiwara, H.; Mogi, K.; Mitsushima, D.; Shinohara, K.; Kimura, F. Sex Differences in the Responses of Orexin
Neurons in the Lateral Hypothalamic Area and Feeding Behavior to Fasting. Neurosci. Lett. 2009, 463, 31–34. [CrossRef]

27. Hoffman, G.E.; Smith, M.S.; Verbalis, J.G. C-Fos and Related Immediate Early Gene Products as Markers of Activity in Neuroen-
docrine Systems. Front. Neuroendocr. 1993, 14, 173–213. [CrossRef]

28. Niimi, M.; Sato, M.; Tamaki, M.; Wada, Y.; Takahara, J.; Kawanishi, K. Induction of Fos Protein in the Rat Hypothalamus Elicited
by Insulin-Induced Hypoglycemia. Neurosci. Res. 1995, 23, 361–364. [CrossRef]

29. Kovács, K.J. Measurement of Immediate-Early Gene Activation- c-Fos and Beyond. J. Neuroendocr. 2008, 20, 665–672. [CrossRef]
30. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 4th ed.; Academic Press: Cambridge, UK, 2004; ISBN 9780080474120.
31. Muschamp, J.W.; Dominguez, J.M.; Sato, S.M.; Shen, R.-Y.; Hull, E.M. A Role for Hypocretin (Orexin) in Male Sexual Behavior. J.

Neurosci. 2007, 27, 2837–2845. [CrossRef]
32. Harter, C.J.L.; Kavanagh, G.S.; Smith, J.T. The Role of Kisspeptin Neurons in Reproduction and Metabolism. J. Endocrinol. 2018,

238, R173–R183. [CrossRef] [PubMed]
33. Dungan, H.M.; Clifton, D.K.; Steiner, R.A. Minireview: Kisspeptin Neurons as Central Processors in the Regulation of

Gonadotropin-Releasing Hormone Secretion. Endocrinology 2006, 147, 1154–1158. [CrossRef] [PubMed]
34. Izzi-Engbeaya, C.; Dhillo, W.S. Emerging Roles for Kisspeptin in Metabolism. J. Physiol. 2021, 600, 1079–1088. [CrossRef]

[PubMed]
35. Orlando, G.; Leone, S.; Ferrante, C.; Chiavaroli, A.; Mollica, A.; Stefanucci, A.; Macedonio, G.; Dimmito, M.P.; Leporini, L.;

Menghini, L.; et al. Effects of Kisspeptin-10 on Hypothalamic Neuropeptides and Neurotransmitters Involved in Appetite Control.
Molecules 2018, 23, 3071. [CrossRef] [PubMed]

http://doi.org/10.1097/MED.0000000000000086
http://doi.org/10.1111/obr.12282
http://doi.org/10.1016/j.tem.2010.10.002
http://doi.org/10.1016/j.steroids.2016.08.009
http://doi.org/10.1210/jc.2003-031492
http://www.ncbi.nlm.nih.gov/pubmed/14764787
http://doi.org/10.1186/s12263-020-00673-1
http://www.ncbi.nlm.nih.gov/pubmed/32807074
http://doi.org/10.2337/diabetes.54.4.1000
http://www.ncbi.nlm.nih.gov/pubmed/15793238
http://doi.org/10.1016/0031-9384(79)90045-3
http://doi.org/10.3390/nu9101151
http://doi.org/10.1016/j.jsbmb.2009.12.005
http://doi.org/10.1016/S0196-9781(01)00449-1
http://doi.org/10.1152/ajpregu.00300.2002
http://doi.org/10.1152/ajpendo.00733.2007
http://doi.org/10.1152/ajpregu.1999.276.5.R1366
http://doi.org/10.3389/fnins.2015.00088
http://www.ncbi.nlm.nih.gov/pubmed/25870535
http://doi.org/10.1210/en.2005-0078
http://www.ncbi.nlm.nih.gov/pubmed/15905320
http://doi.org/10.1007/s12576-014-0312-0
http://www.ncbi.nlm.nih.gov/pubmed/24676683
http://doi.org/10.1111/jnc.15328
http://doi.org/10.1002/cne.902940107
http://doi.org/10.1016/j.neulet.2009.07.035
http://doi.org/10.1006/frne.1993.1006
http://doi.org/10.1016/0168-0102(95)00965-V
http://doi.org/10.1111/j.1365-2826.2008.01734.x
http://doi.org/10.1523/JNEUROSCI.4121-06.2007
http://doi.org/10.1530/JOE-18-0108
http://www.ncbi.nlm.nih.gov/pubmed/30042117
http://doi.org/10.1210/en.2005-1282
http://www.ncbi.nlm.nih.gov/pubmed/16373418
http://doi.org/10.1113/JP281712
http://www.ncbi.nlm.nih.gov/pubmed/33977536
http://doi.org/10.3390/molecules23123071
http://www.ncbi.nlm.nih.gov/pubmed/30477219


Nutrients 2022, 14, 1235 11 of 11

36. Backholer, K.; Smith, J.T.; Rao, A.; Pereira, A.; Iqbal, J.; Ogawa, S.; Li, Q.; Clarke, I.J. Kisspeptin Cells in the Ewe Brain Respond to
Leptin and Communicate with Neuropeptide Y and Proopiomelanocortin Cells. Endocrinology 2010, 151, 2233–2243. [CrossRef]
[PubMed]

37. Williams, G.; Cai, X.J.; Elliott, J.C.; Harrold, J.A. Anabolic Neuropeptides. Physiol. Behav. 2004, 81, 211–222. [CrossRef]
38. Leibowitz, S.F.; Wortley, K.E. Hypothalamic Control of Energy Balance: Different Peptides, Different Functions. Peptides 2004, 25,

473–504. [CrossRef]
39. Yamanaka, A.; Kunii, K.; Nambu, T.; Tsujino, N.; Sakai, A.; Matsuzaki, I.; Miwa, Y.; Goto, K.; Sakurai, T. Orexin-Induced Food

Intake Involves Neuropeptide Y Pathway. Brain Res. 2000, 859, 404–409. [CrossRef]
40. Fu, L.-Y.; Pol, A.N. van den Kisspeptin Directly Excites Anorexigenic Proopiomelanocortin Neurons but Inhibits Orexigenic

Neuropeptide Y Cells by an Indirect Synaptic Mechanism. J. Neurosci. 2010, 30, 10205–10219. [CrossRef]
41. Stengel, A.; Wang, L.; Goebel-Stengel, M.; Taché, Y. Centrally Injected Kisspeptin Reduces Food Intake by Increasing Meal

Intervals in Mice. Neuroreport 2011, 22, 253–257. [CrossRef]
42. Thompson, E.L.; Patterson, M.; Murphy, K.G.; Smith, K.L.; Dhillo, W.S.; Todd, J.F.; Ghatei, M.A.; Bloom, S.R. Central and

Peripheral Administration of Kisspeptin-10 Stimulates the Hypothalamic-Pituitary-Gonadal Axis. J. Neuroendocr. 2004, 16,
850–858. [CrossRef] [PubMed]

http://doi.org/10.1210/en.2009-1190
http://www.ncbi.nlm.nih.gov/pubmed/20207832
http://doi.org/10.1016/j.physbeh.2004.02.005
http://doi.org/10.1016/j.peptides.2004.02.006
http://doi.org/10.1016/S0006-8993(00)02043-6
http://doi.org/10.1523/JNEUROSCI.2098-10.2010
http://doi.org/10.1097/WNR.0b013e32834558df
http://doi.org/10.1111/j.1365-2826.2004.01240.x
http://www.ncbi.nlm.nih.gov/pubmed/15500545

	Introduction 
	Materials and Methods 
	Animals and Surgery 
	Response of Feeding Behavior to 2DG Administration 
	Response of Orexin Neurons in the LH/PFA and Neurons in the Arc to 2DG Administration 
	Immunohistochemistry 
	Data Analysis and Hormone Assay 
	Statistics 

	Results 
	Plasma Testosterone Concentration, Daily Food Intake, and Body Weight Change 
	Response of Feeding Behavior to 2DG Administration 
	Hypothalamic Neuronal Response to 2DG Administration 

	Discussion 
	Conclusions 
	References

