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Abstract

The orexigenic hormone neuropeptide Y (NPY) plays a pivotal role in the peripheral regulation of fat metabolism. However, the mechanisms 
underlying the effects of sex on NPY function have not been extensively analyzed. In this study, we examined the effects of NPY deficiency 
on fat metabolism in male and female mice. Body weight was slightly decreased, whereas white adipose tissue (WAT) mass was significantly 
decreased as the thermogenic program was upregulated in NPY-/- female mice compared with that in wild-type mice; these factors were not 
altered in response to NPY deficiency in male mice. Moreover, lack of NPY resulted in an increase in luteinizing hormone (LH) expression in 
the pituitary gland, with concomitant activation of the estradiol-mediated thermogenic program in inguinal WAT, and alleviated age-related 
modification of adiposity in female mice. Taken together, these data revealed a novel intracellular mechanism of NPY in the regulation of fat 
metabolism and highlighted the sexual dimorphism of NPY as a promising target for drug development to reduce postmenopausal adiposity.
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Fat is the most concentrated energy source in mammals, providing 
more than twice as much potential energy as carbohydrates or pro-
teins when energy is insufficient (1). However, abnormally high or 
low amounts of body fat alter metabolic homeostasis, leading to in-
duction of lipid disorders, such as obesity and lipodystrophy (2,3), 
particularly in postmenopausal women, who are at increased risk of 
obesity-related diseases and death (4).

Neuropeptide Y (NPY) is expressed in the hypothalamus with 
agouti-related peptide (Agrp) and functions to regulate the energy 
balance in the brain (5). NPY stimulates feeding and weight gain, 
thereby promoting adiposity when administered or overexpressed 
in the brain (6,7). Consistent with its role as an orexigenic peptide, 
NPY is increased during fasting or caloric restriction and suppressed 
by feeding, leptin, and insulin (5). Conversely, suppression of NPY 
signaling decreases weight gain and adiposity in obese mice (8,9).

Because estrogen receptors are expressed in NPY neurons, their 
crosstalk with estrogen and NPY regulates feeding and reproduction 
(10). Estrogen is not only involved in the development and mainten-
ance of sexual and reproductive function in women but also exerts a 

wide range of biological effects in both women and men (11,12). Several 
published papers have demonstrated that estrogen plays protective roles 
against oxidative stress, muscle damage, adiposity, osteoporosis, and car-
diovascular disease (13–17). These studies suggest that loss of estrogen 
after menopause can significantly increase the risk of many disorders.

We recently found that NPY antagonism reduces adiposity and 
attenuates age-related imbalances in adipose tissue metabolism in 
female mice (18). However, the mechanisms underlying the sexual 
dimorphism of NPY in adipose tissue metabolism are currently un-
known. Therefore, in this study, we aimed to determine the sexual 
dimorphic role of NPY in male and female NPY-/- mice. Our results 
provided important insights into the potential applications of NPY 
as a new drug target to prevent postmenopausal adiposity.

Methods

Animals
The animal care and experimental protocols were approved by the 
Ethics Review Committee for Animal Experimentation at Nagasaki 
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University. Male NPY-/- mice (129S-Npytm1Rpa/J) and female NPY+/+ 
mice (129S6/SvEvTac) were obtained from Jackson Laboratory (Bar 
Harbor, ME) and Taconic Farms, Inc. (Germantown, NY). They 
were bred in a barrier facility at the Center for Frontier Life Sciences 
at Nagasaki University. NPY-null allele maintained on a mixed gen-
etic background derived from intercrosses between the NPY+/+ mice 
(129S6/SvEvTac) and NPY-/- mice (129S-Npytm1Rpa/J). Three mice 
were housed in individual cages in the barrier facility (temperature, 
21–24°C; 12 hours light/dark cycle) under specific pathogen-free 
conditions, which were maintained for the entire study. All mice 
were fed ad libitum (AL) with Charles River Formula 1 (CRF-1) 
diet (Oriental Yeast Co. Ltd., Tokyo, Japan). At 6 months of age, 
percentage of body fat was measured using 3D micro-CT (Rigaku 
Co., Tokyo, Japan) after mice were divided into control and letro-
zole-treated groups. letrozole (Tocris Bioscience, Minneapolis, MN) 
was provided in drinking water (at a concentration of 0.02, 0.1 mg/
kg) and replaced thrice a week. Body weight was monitored every 2 
weeks between 6 and 12 weeks of age and every 4 weeks thereafter. 
At 10 months old, percentage of body fat was measured using 3D 
micro-CT (Rigaku Co.).

After serum samples collected from cardiac puncture, 2-, 6-, and 
22-month old female mice were sacrificed, and tissues were imme-
diately collected.

Estradiol Quantification
Serum estradiol concentration was determined using ELISA system 
(Cayman chemical, Michigan).

Western Blotting
Antibodies for UCP1 were obtained from Abcam (Cambridge, UK), 
and Anti-β-actin was purchased from Cell Signaling Technology 
(Danvers, MA). Enhanced chemiluminescence (ECL) western blot-
ting detection reagents and ECL-anti-rabbit or mouse IgG, horse-
radish peroxidase-linked species-specific whole antibodies were 
purchased from Amersham Pharmacia Biotech (Little Chalfont, UK).

All samples were boiled for 3 minutes and chilled on ice. Proteins 
were separated by SDS-PAGE and transferred to a nitrocellulose 
membrane. Membrane were immediately placed in blocking solu-
tion (2% bovine serum albumin [BSA] or 5% nonfat dry milk in tris-
buffered saline with 0.1% tween 20 [TBS-T] buffer) for 1 hour and 
incubated with the primary antibody for overnight at 4°C followed 
by the second antibody for 1 hour at room temperature. Antibody 
labeling was detected using ECL as per the manufacturer’s instruc-
tions. Specific signals were quantified by Fluorchem (DE500-5T, 
Alphainnotech Corporation, San Leandro, CA) with associated 
image analysis software, AlphaEase FC.

Quantitative Real-Time PCR
Total RNA was isolated using RNeasy tissue kit (Qiagen, CA) and 
cDNA was synthesized using ReverTra qPCR RT kit (Toyobo, 
Osaka, Japan). The relative amount of mRNA expression was 
analyzed by quantitative polymerase chain reaction (qPCR) with 
THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan) accord-
ing the protocol provided by the manufacturer. The results were nor-
malized by the 18S expression levels. See Supplementary Table 1 for 
primer sequences.

Histology
Adipose tissue was fixed in 4% paraformaldehyde and embedded 
in paraffin. The tissue was then cut into 5-μm-thick sections and 

incubated with anti-rabbit UCP1 (Abcam) antibody at 4°C over-
night. For fluorescent detection, sections were incubated with Alexa 
fluor 488-labeled anti-rabbit antibody (Invitrogen) for 2 hours 
and counterstained with 4′, 6-diamidino-2-phenylindole (DAPI). 
Adipocyte size was determined with paraffin sections of adipose tis-
sue stained with hematoxylin and eosin. After staining, the mean 
diameter was calculated in adipose tissue from mice using NIS-
Elements AR software (Nikon Corp). Samples were visualized using 
a confocal microscope (C2+ system; Nikon Corp., Tokyo, Japan). 
Digital images were acquired by NIS-Elements AR software.

Body Temperature
The body temperature of mice was measured with rectal thermom-
eters (TERUMO CTM-303: Terumo Corporation, Tokyo). The rec-
tal probe (ME-PDK061: Terumo Corporation) was lubricated with 
glycerol and then inserted into the rectum about 3 cm. The rectal 
temperature measurement procedure took 1 minute.

Cell Culture and Induction of Adipocyte Differentiation
3T3-L1 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing high glucose (25 mM) and supplemented with 
10% calf serum. Differentiation was induced 2 days after confluence 
(Day 0) by adding an induction cocktail containing 100 nM insulin, 
1 µM dexamethasone, and 0.5 mM 1-methyl-3-isobutyl-xanthine in 
DMEM/F12 medium containing 10% fetal bovine serum (FBS) for 
3 days. On Day 3, differentiation medium was replaced with 10% 
FBS DMEM/F12 medium containing with 100 nM insulin for add-
itional 4 days, and then media were changed every 2 days. Estradiol 
and genistein were treated when media were changed. All media con-
tained 100 U/mL penicillin, and 100 μg/mL streptomycin. All cells 
were maintained and differentiated at 37°C in a humidified 5% CO2.

Cell Proliferation Assay
Proliferation capacity of 3T3-L1 preadipocytes and adipocytes was 
measured with WST1 colorimetric assay kit (Roche, Mannheim, 
Germany).

Oil Red O Staining
After differentiation, cells were washed with phosphate-buffered 
saline, fixed with 4% paraformaldehyde, in phosphate-buffered 
saline for 1 hour. Cells were washed with 60% isopropanol and 
stained with Oil red O working solution (6:4, 0.2% Oil red O dye 
in H2O) for 15 minutes. Cells were washed four times with H2O and 
images were photographed. Finally, Oil red O staining was dissolved 
in 200 μL of isopropanol, and the absorbance measured at 520 nm 
using a microplate reader.

Statistical Analysis
All data are presented as means ± SEM and were analyzed by 
unpaired two-tailed Student’s t test and two-way analysis of variance 
(ANOVA) test. Statistical analysis was performed with GraphPad 
Prism 5 and p < .05 was considered significant.

Results

NPY Deficiency Reduced Adiposity in Female Mice 
But Not in Male Mice
In order to investigate whether the phenotypes of mice were modi-
fied by NPY deficiency, we analyzed body weight (BW), fat mass, 
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and food intake (FI) in 6-month-old female and male mice. No 
differences in BW and FI were observed between NPY-/- and wild-
type (wt) mice. Two-way (genotype and gender) ANOVA analyses 
performed in each strain showed a significant effect of gender (BW 
and FI, p < .001), but not genotype or gender and genotype inter-
action (Figure 1A). Interestingly, the amounts of visceral (gonadal, 

perirenal) and subcutaneous (inguinal) adipose tissues in NPY-/- mice 
differed between male and female mice. Micro-CT analysis of body 
composition demonstrated that the visceral (v) and subcutaneous (s) 
adipose tissue mass differed according to genotype, with a signifi-
cantly reduction observed in female NPY-/- mice compared with that 
in female wt mice; there was no difference between genotypes in male 
mice (Figure 1B). Two-way (genotype and gender) ANOVA analyses 
performed in each strain showed a significant effect of gender (vAT 
and sAT, p < .001), but not genotype or gender and genotype inter-
action (Figure 1B). To further examine the fat reduction in NPY-/- fe-
male mice, we measured the amounts of gonadal (g), perirenal (p), 
and inguinal (i) adipose tissues after mice were sacrificed. In parallel 
to results of micro-CT, the amount of adipose tissue in NPY-/- mice 
was marked decreased in female mice, whereas no difference between 
genotypes was observed in male mice (Figure 1C). Two-way (geno-
type and gender) ANOVA analyses performed in each strain showed 
a significant effect of gender (gWAT and pWAT, p < .001), but not 
genotype or gender and genotype interaction (Figure 1C). The adipo-
cyte sizes in gWAT and iWAT were not modified by NPY deficiency, 
although both were higher in male mice than in female mice (gWAT, p 
< .01; iWAT, iWAT, p < .001; Figure 1D). These data showed that the 
regulation of adiposity by NPY antagonism was dependent on sex.

NPY Deficiency Increased Thermogenesis in Female 
Mice But Not in Male Mice
Reduction of WAT mass (Figure 1B and C) without changes in food 
intake (Figure 1A) suggested an increase in energy utilization in NPY-

/- female mice. In previous studies, we showed that mRNA expression 
of genes involved in thermogenesis and oxidative phosphorylation 
was significantly upregulated in iWAT from NPY-/- female mice (18). 
Furthermore, the expression of these genes was more dynamically regu-
lated in iWAT than interscapular brown adipose tissue (BAT) by NPY 
deficiency (18). Therefore, we next analyzed the expression of uncou-
pling protein 1 (UCP1), which is a key regulator involved in thermo-
genesis in the iWAT of both sexes. The results from immunostaining 
and western blotting showed that the expression level of UCP1 was 
elevated in NPY-/- female mice, but no difference between genotypes 
was observed in male mice (Figure 2A and B). In addition, female mice 
had a significantly higher UCP1 level than male mice (Figure 2A). In 
female mice, H&E-stained sections of BAT showed slightly reduced fat 
droplets within the vast majority of the brown adipocytes; however, no 
noticeable differences between genotypes were observed in male mice 
(Figure 2C). The amount of brown adipose tissue showed no differ-
ence between genotypes in female mice, but was slightly increased in 
NPY-/- mice compared with that in NPY+/+ male mice (Supplementary 
Figure S1). The protein expression level of UCP1 in BAT was not dif-
ferent between genotypes in female and male mice (Figure  2D). We 
next explored whether this alteration in thermogenic gene expression 
is controlled body temperature by evaluating body temperature in the 
light and dark phases for both sexes. In accordance with increased 
thermogenic gene expression, body temperature was higher in female 
NPY-/- mice than in female wt mice, particularly during the dark phase 
(Figure 2E). Furthermore, body temperature was higher in female mice 
than in male mice during the dark phase (gender, p < .01, genotype and 
gender, p < .01). However, no differences in the thermogenic program 
between genotypes were observed in male mice (Figure 2A–E).

NPY Deficiency Increased Estradiol and Reduced 
Adiposity
Because estradiol has been shown to enhance energy utilization 
through upregulation of thermogenesis (19), we hypothesized that 
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Figure  1. NPY deficiency reduces adiposity in female mice, but does not 
affect in male mice. (A) Body weight and food intake measurements in 
NPY+/+ and NPY-/- mice at 6  months of age. (B) 3D-Micro CT analysis for 
the percentage of visceral (v) and subcutaneous (s) fat in same mice. (C) 
White adipose tissue (WAT) depot weights measurements in same mice. (D) 
Representative images from immunohistochemistry for H&E stain in gWAT 
and iWAT (left panel), and the mean sizes of adipocytes (right panel). All data 
are presented as the mean ± SEM, n = 4–6 per group; *p < .05 and **p < .01. 
Scale bars: 50 μm.
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NPY deficiency may reduce adiposity through activation of estra-
diol-mediated thermogenesis in female mice. We observed higher 

serum estradiol levels in female NPY-/- mice than in female wt 
mice (Figure 3A), whereas no differences between genotypes were 
observed in male mice (Supplementary Figure  S2). To determine 
whether the increase in estradiol caused the reduced adiposity in fe-
male NPY-/- mice, mice were treated with letrozole, an aromatase A
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Figure 2. NPY deficiency leads to increase in thermogenesis in female mice, 
but does not affect in male mice. (A) Western blotting for Ucp1 in iWAT from 
NPY+/+ and NPY-/- mice at 6 months of age (left panel) and quantified (right 
panel), n = 6 per group. (B) Microscopic images of iWAT stained with antibody 
recognizing Ucp1 as indicated with nuclei stained with 4′, 6-diamidino-
2-phenylindole (DAPI), n  =  6 per group. (C) Representative images from 
immunohistochemistry for H&E stain in BAT. (D) Western blotting for Ucp1 in 
BAT from NPY+/+ and NPY-/- mice (left panel) and quantified (right panel), n = 6 
per group. (E) Rectal body temperature in same mice, n = 10–11 per group. All 
data are presented as the mean ± SEM; *p < .05 and ***p < .001. Scale bars: 
100 μm. BAT = Brown adipose tissue; WAT = White adipose tissue.

Figure 3. NPY deficiency increases estradiol and reduces adiposity, which is 
inhibited by letrozole. (A,C) Serum estradiol level in NPY+/+ and NPY-/- mice 
at 6 months of age and letrozole-treated mice. (B,D) Food intake and body 
weight measurements in letrozole-treated mice. (E,F) 3D-Micro CT analysis 
for the percent change of fat mass in letrozole-treated mice. All data are 
presented as the mean ± SEM, n = 6–8 per group; *p < .05 and ***p < .001.
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inhibitor, for 6 weeks. Food intake was not altered by letrozole treat-
ment (Figure 3B). Treatment with a high dose of letrozole (0.1 mg/
kg) inhibited the increase in serum estradiol and reductions in body 
weight and fat mass mediated by NPY deficiency. However, letrozole 
treatment did not affect serum estradiol level, body weight, and fat 
mass in control mice (Figure 3C–F and Supplementary Figure S3A,B).

Letrozole Inhibited NPY Deficiency-Mediated 
Upregulation of the Thermogenic Gene Program
We showed that NPY deficiency enhanced thermogenesis in female 
mice (Figure 2). In a previous report, we observed that the change 
in expression of genes involved in thermogenesis and oxidative me-
tabolism was much higher in iWAT than in BAT (18). To investi-
gate whether this activation of thermogenic program mediated by 
NPY deficiency resulted from upregulation of estrogen, we ana-
lyzed thermogenic program after letrozole treatment. The adipocyte 
sizes in iWAT were not modified by NPY deficiency in the control 
group, but were increased by NPY deficiency in letrozole treatment 
group (Figure 4A). The adipocyte sizes in gWAT were not signifi-
cantly modified by genotypes or letrozole treatment (Supplementary 
Figure S4). We also found that mRNA levels of Ucp1, cytochrome 
C oxidase 7a1 (COX7a1), COX8b, peroxisome proliferator-acti-
vated receptor alpha (PPARα), and deiodinase 2 (Dio2), which are 
involved in thermogenesis and oxidative metabolism, were higher 
in iWAT from NPY-/- mice than in that from wt mice (Figure 4B). 
Moreover, these alterations were inhibited by letrozole treatment. 
Consistent with the mRNA results, the level of UCP1 protein in 
iWAT was increased in NPY-/- mice, and this change was reversed 
by letrozole treatment (Figure  4C). However, letrozole treatment 
did not significantly affect the fat accumulation and Ucp1 expres-
sion in BAT (Figure 4D and E). Estrogens are regulated by gonad-
otropin-releasing hormone (GnRH), luteinizing hormone (LH), and 
follicle-stimulating hormone (FSH) (20), and NPY inhibits neuronal 
GnRH activity (21). Based on these findings, we determined the 
mRNA levels of LH and FSH to verify the mechanisms underlying 
the effects of NPY on the regulation of estradiol. The mRNA levels 
of FSH and LH in the pituitary gland demonstrated that lack of NPY 
increased estradiol level through modification of pituitary gonado-
tropin expression, although the expression of FSH was marginally 
increased (Figure 4F). Taken together, these data suggested that re-
duction of adiposity in female NPY-/- mice was due to the activation 
of LH-estradiol-mediated thermogenesis in iWAT.

Estradiol Altered the Expression of Genes Related to 
Adipocyte Differentiation and Beige Adipocytes
To further explore the functional roles of estradiol in adipocyte me-
tabolism, we used 3T3-L1 preadipocytes in subsequent experiments. 
3T3-L1 preadipocytes showed increased mRNA levels of adipo-
genic/lipogenic genes, such as PPARγ2, Fatty acid binding protein 4 
(ap2), and Fatty acid synthase (FAS), as well as higher accumulation 
of lipid droplets after differentiation (Supplementary Figure S4A,C). 
To establish whether estradiol regulated adipogenesis/lipogenesis 
and thermogenesis, we analyzed the mRNA expression of adipo-
genic/lipogenic/thermogenic genes after treatment with estradiol. 
Because genistein has been shown to regulate adipocyte metabolism 
(22), we also added genistein as a positive control. Indeed, 50 and 
100 μM estradiol inhibited lipid accumulation and mRNA expres-
sion of adipogenic/lipogenic genes, such as PPARγ2, ap2, and FAS, 
whereas genistein only affected the expression of these genes when 
used at a high dose (Supplementary Figure S5A,C). Adipogenic/lipo-
genic action can be augmented by increases in cell proliferation.  

To study whether the estradiol-mediated inhibition of adipo-

genic/lipogenic action resulted from reduced cell proliferation, we 

Figure 4. Letrozole inhibits NPY deficiency-mediated upregulation of thermogenic 
gene program. (A) Representative images from immunohistochemistry for H&E 
stain in iWAT (left panel), and the mean sizes of adipocytes (right panel) in 
letrozole-treated mice. Scale bars: 50 μm. (B) mRNA expression levels of Ucp1, 
Cox7a1, Cox8b, Dio2, and Pparα in iWAT from same mice. (C) Western blotting 
for UCP1 in iWAT and BAT from same mice (left panel) and quantified (right 
panel). (D) Representative images from immunohistochemistry for H&E stain in 
BAT from same mice. Scale bars: 100 μm. (E) mRNA expression levels of Ucp1 
in BAT from same mice. (F) mRNA expression levels of FSH and LH in pituitary 
gland from same mice. All data are presented as the mean ± SEM; n = 6–8 per 
group; *p < .05 and **p < .01. BAT = Brown adipose tissue; WAT = White adipose 
tissue.
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performed cell proliferation assays. Both low and high concentra-
tions of estradiol did not affect cell proliferation, while high dose 
of genistein significantly inhibited cell proliferation (Supplementary 
Figure S5B).

3T3-L1 preadipocytes can be altered to beige/brown adipo-
cytes by genistein, β adrenergic activation, and other stimulations 
(22,23). Therefore, we next examined the possibility that estradiol 
may transform 3T3-L1 preadipocytes into beige/brown adipocytes. 
Indeed, 50 and 100 μM estradiol induced beige and/or brown adi-
pocyte markers, such as peroxisome proliferator-activated receptor 
gamma coactivator-1alpha (Pgc1α), TNF-receptor superfamily 9 
(Cd137), Short stature homeobox 2 (Shox2), and Dio2, similar to 
genistein (Supplementary Figure S5D). Interestingly, the brown adi-
pocyte-specific marker, LlM homeobox protein 8 (Lhx8) was signifi-
cantly increased by estradiol, but not by genistein (Supplementary 
Figure S5D). These data indicated that estradiol was a stronger regu-
lator of browning in adipocytes than genistein.

NPY-/- Female Mice Displayed Increased Estradiol 
Levels and Decreased Adiposity During Aging
Body fat is increased after menopause, which leads to increased risk 
of metabolic syndrome (24,25). To assess whether NPY deficiency 
rescued adiposity in middle-aged female mice, we monitored age-
related changes in body weight, food intake, and fat mass. Food 
intake was not modified by genotype (Supplementary Figure  S6). 
Body weight was marginally reduced, and white adipose tissue 
(WAT) mass was significantly decreased in female NPY-/- mice com-
pared with that in female NPY+/+ mice during aging (Figure 5A and 
B); however, no changes were observed in male mice (Supplementary 
Figures  S6B and S7A). Furthermore, serum estradiol levels were 
decreased in 22-month-old mice, whereas NPY deficiency rescued 
the reduction in estradiol (Figure 5C); there were no genotype- or 
age-related differences in male mice (Supplementary Figure S7B).

The crosstalk between estrogen and NPY not only regulates 
feeding and reproduction but also controls adipocyte metabolism 
(10,26). Notably, estrogen is negatively correlated with NPY (26,27). 
To determine whether increased serum estradiol was associated with 
peripheral expression of NPY, we measured the mRNA expression 
of Npy in iWAT and gWAT from young and middle-aged female 
mice. We found that NPY expression in iWAT was inversely corre-
lated with serum estradiol levels, but it was not in gWAT (Figure 5C 
and D and Supplementary Figure S8). The balance between estrogen 
receptor (ER) α and ERβ in adipose tissue is thought to be important 
for the development of metabolic diseases (24). Therefore, we ana-
lyzed mRNA levels of ERα and ERβ in iWAT of female mice. ERα 
was not altered by aging or genotype, whereas ERβ was significantly 
increased in 22-month-old mice; this increase was revered by NPY 
deficiency (Figure 5E).

Discussion

Body fat increases with age and the levels of triglycerides, as the 
major component of fat, are high in middle-aged animals, leading to 
increased risk of metabolic diseases and suggesting that fat in middle 
age is critical target for the prevention of obesity. Numerous in vivo 
studies have shown the importance of estradiol in glucose homeo-
stasis and obesity (15,28). In addition, clinical studies have shown 
a correlation between estradiol and several aspects of metabolic 
syndrome (29). However, the detailed mechanisms of communica-
tion between central and peripheral tissue, particularly in adipose 
tissue, are unknown. Moreover, although NPY antagonism plays a 
key role in the regulation of adiposity (9,18), the specific molecular 

mechanisms through which NPY is linked to adiposity in the post-
menopausal period are unknown. The results of the present study 
demonstrated that genetic deletion of NPY reduced adiposity by 
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Figure  5. NPY-/- female mice display increase in estradiol level as well as 
decrease in adiposity during aging. (A) Body weight and (B) white adipose 
tissue (WAT) depot weights measurements in NPY+/+ and NPY-/- mice at 2, 6, 
and 22 months of age, n = 5–6 per group. (C) Serum estradiol level and (D, E) 
mRNA expression levels of Npy, ERα, and ERβ in iWAT from NPY+/+ and NPY-

/- mice at 2 and 22 months of age, n = 3–6 per group. All data are presented 
as the mean ± SEM; *p < .05 and **p < .01. (F) Model summarizing the 
interaction of NPY and estrogen in postmenopausal obesity. NPY deficiency 
ameliorates age-related decrease of white fat browning through modification 
of luteinizing hormone–estrogen axis which may contribute to preventing 
postmenopausal obesity.
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the activation of estrogen-mediated thermogenesis in middle-aged 
female mice.

Female NPY-/- mice exhibited a significant reduction in adiposity 
and increases in adipose (iWAT)-related thermogenic gene expres-
sion and body temperature. Because the expression of Ucp1 was 
not significantly modified by NPY deficiency in BAT (Figure  2D), 
we focused on iWAT in this study. In contrast with female mice, 
both thermogenesis and adiposity were unaffected by NPY deletion 
in male mice, in contrast to other studies showing increased thermo-
genesis and reduced adiposity in NPY-knockout rats (8). This dif-
ference could be due to the use of global NPY-/- in our experiments 
versus a dorsomedial hypothalamic NPY-/- model in rats. Moreover, 
the effects of NPY deficiency on adiposity were much higher in rats 
fed a high-fat diet than in those fed a control diet in their study. 
Moreover, in a previous report, NPY and its receptors were found 
to be expressed not only in the hypothalamus but also in adipose 
tissues (18); therefore, both hypothalamic and peripheral regulation 
of NPY signaling may affect this discrepancy. Our results were con-
sistent with the findings of Erichson et al., who demonstrated that 
the body fat was not modified by global NPY-/- in male mice (30).

We showed that the expression of the thermogenic protein, 
Ucp1, was upregulated in iWAT of female NPY-/- mice compared 
with that in wt mice, but it was not modified in male mice. To 
examine whether the deletion of NPY promoted white fat brown-
ing through upregulation of estradiol, we evaluated mRNA levels 
of brown/beige adipocyte-specific markers in 3T3-L1 adipocytes 
after treatment with estradiol. Our results showed that 50 and 
100  μM estradiol increased mRNA levels of brown and/or beige 
adipocyte-specific genes, such as Pgc1a, Cd137, Shox2, Dio2, and 
Lhx8 (Supplementary Figure S4D). This indicated that upregulation 
of estradiol was a cause of the enhanced thermogenesis observed in 
NPY-/- mice. Our results were consistent with the finding that 3T3-L1 
preadipocytes could be transformed to beige/brown adipocytes by 
genistein or other stimulants (22,23), although the effects of estra-
diol were not evaluated in previous studies. Notably, both estra-
diol and genistein did not affect the expression of the well-known 
brown/beige adipocyte marker Ucp1 in 3T3-L1 preadipocytes (data 
not shown). Aziz et al. showed that the mRNA level of Ucp1 was 
increased on Day 12 after induction of differentiation in the presence 
of genistein; therefore, this result may be related to the use of short-
term treatment with estradiol or genistein (8 days).

Estrogen receptors are expressed in NPY neurons and their cross-
talk with estrogen and NPY not only regulates feeding and reproduc-
tion but also controls adipocyte metabolism (10,26). Interestingly, 
recent studies have shown that estrogen is negatively correlated with 
NPY (26,27). In support of these results, we found that serum estra-
diol levels were upregulated in female NPY-/- mice compared with 
that in wt mice (Figure  3A and C and Figure  5C). Moreover, the 
aromatase inhibitor, letrozole, inhibited the metabolic phenotype of 
female NPY-/- mice, such as reduced adiposity and increased thermo-
genesis. Because we analyzed the metabolic phenotype of mice at 
13 months, the age at which transition to reproductive senescence 
occurs (31), letrozole did not affect the metabolic phenotype of the 
control mice (Figures  3 and 4). These results clearly showed that 
NPY deficiency reduced adiposity by increasing thermogenesis via 
upregulation of estradiol in female mice. However, serum estradiol 
levels and adiposity in middle-aged male mice were not modified by 
NPY deficiency (Supplementary Figures S1 and S6A). Accordingly, 
we propose that global knockout of NPY may not affect adiposity 
in male mice and that NPY could be involved in reducing serum es-
tradiol levels.

Estradiol has been reported to activate thermogenesis in BAT 
(19). However, increase in estradiol due to NPY deficiency did not 
affect the major thermogenic protein, Ucp1, in the current study 
(Figure 2D). Under basal conditions, circulating estradiol concentra-
tion is approximately 5–140 ρg/mL in female rodents (32), whereas 
serum estradiol level in NPY-/- mice was approximately 9  ρg/mL. 
However, the thermogenic activation in BAT reported previously 
was induced by s.c. injection of extremely high dose of estradiol 
(0.2 μg/mL) for 7 days. Therefore, further studies were performed 
to confirm whether treatment with physiological level of estradiol 
regulates thermogenesis in BAT. Estrogen has been studied exten-
sively owing to its role as a therapeutic target for the prevention of 
various metabolic diseases during menopause (15,28,29). However, 
estrogen replacement therapy has been shown to have diverse effects 
depending on the applied concentration (33). Thus, recovery of 
decreased serum estradiol levels in middle-aged mice by NPY de-
ficiency could supply an appropriate functional concentration of 
estradiol. Furthermore, all women treated with hormone replace-
ment therapy (HRT) do not attain therapeutic levels of estradiol 
(34). These effects may be related to the expression of ERs, which 
are important regulators of metabolic diseases (24). ERα-/- mice dis-
play increased adiposity and insulin resistance and impaired glucose 
tolerance (35), indicating that ERα has a protective role in meta-
bolic disorder. Moreover, age-related increases in ERβ paired with 
decreased PPARγ may predispose E2-deficiency postmenopausal 
women to increased adiposity and associated metabolic diseases 
(36,37), suggesting that ERβ may have a negative role in metabolic 
diseases. We found that age-related increases in adiposity and adi-
pose ERβ, concurrent with decreased serum estradiol and adipose 
thermogenesis (Figure 5), were recovered by NPY deficiency, poten-
tially providing better therapeutic effects than estrogen replacement 
for older menopausal women. NPY is expressed in both gonadal and 
inguinal adipose tissue, but its expression in inguinal adipose tis-
sue only increased concurrent with decreases in serum estradiol in 
middle-aged female mice (Figure 5 and Supplementary Figure S7), 
suggesting that upregulation of NPY expression in inguinal adipose 
tissue may be a diagnostic marker of premenopausal obesity.

Collectively, our data provided the first evidence that lack of 
NPY increases iWAT thermogenesis and reduces adiposity through 
modification of the LH-estradiol axis. Furthermore, NPY deficiency 
recovered age-related modifications in adiposity, serum estradiol, 
and adipose ERβ expression levels in female mice. The findings of 
this study also highlighted possible treatment strategies for preven-
tion of postmenopausal obesity (Figure 5F).

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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