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Abstract

Background—Brain estrogen receptor-α (ERα) is essential for estrogenic regulation of energy 

homeostasis and reproduction. We previously showed that ERα expressed by pro-

opiomelanocortin (POMC) neurons mediates estrogen’s effects on food intake, body weight, 

negative regulation of hypothalamic–pituitary–gonadal axis (HPG axis) and fertility.

Results and conclusions—We report here that global deletion of a key downstream receptor 

for POMC peptide, the melanocortin 4 receptor (MC4R), did not affect normal negative feedback 

regulation of estrogen on the HPG axis, estrous cyclicity and female fertility. Furthermore, loss of 

the MC4R did not influence estrogenic regulation on food intake and body weight. These results 

indicate that the MC4R is not required for estrogen’s effects on metabolic and reproductive 

functions.
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Introduction

The ovarian hormone, estrogen, produces important anti-obesity benefits through regulating 

food intake, physical activity, energy expenditure and fat distribution [1–4]. Estrogenic 

regulation on energy homeostasis is primarily mediated by estrogen receptor-α (ERα) in 

both sexes [4], while other ERs including ERβ and GPR30 have been shown to regulate 

female body weight when fed on high fat diet (HFD) [5–7]. Accumulating evidence 

indicates that multiple ERα neural populations in the brain are required to maintain normal 

body weight [8–11]. We previously demonstrated that two populations of ERα-expressing 

neurons in the hypothalamus are essential for different aspects of estrogenic regulation of 

energy homeostasis in females. ERα expressed by pro-opiomelanocortin (POMC) neurons 

in the arcuate nucleus (ARC) regulates food intake and glucose homeostasis, while ERα in 

steroidogenic factor 1 (SF1) neurons in the ventral medial hypothalamus (VMH) is 

responsible for energy expenditure [8]. Later Correa et al. demonstrated that a subset of 

ventral lateral VMH (VMHvl) neurons marked by ERα, NK2 homeobox transcription factor 

1 (NKX2-1), and neuropeptide-encoding gene tachykinin 1 (Tac1), regulate estrogen-

dependent fluctuations in physical activity in females [10]. Recently, we identified the first 

ERα site in male brain that mediates the anti-obesity effects of this “female sex” hormone. 

We found that ERα in an extra-hypothalamic brain region called medial amygdala (MeA) 

mediates estrogenic regulation of physical activity in both female and male mice [9]. These 

findings significantly enhanced our understanding on the mechanism by which estrogen/

ERα regulate body weight.

While the metabolic effects of different ERα neural populations have been investigated, the 

downstream neural signaling underlying the regulatory effects of ERα neurons on energy 

balance are unknown. Previously we demonstrated that loss of ERα specifically in POMC 

neurons (ERα-POMC-KO) leads to chronic hyperphagia and body weight gain [8] and that 

the anorexigenic effects of estrogen is attenuated in ERα-POMC-KO females [12]. These 

results indicate that estrogenic regulation on food intake is at least partially mediated by 

ERα in POMC neurons. It has been shown that melanocortin 4 receptor (MC4R)-expressing 

neurons in the paraventricular hypothalamus (PVN) are downstream of hypothalamic POMC 

neurons and mediate food intake inhibition by binding with α-melanocyte stimulating 

hormone (α-MSH), a peptide processed from the POMC precursor [13]. These observations 

led to the prediction that the MC4R is required to mediate estrogen-induced anorexia. 

Additionally, we also observed ERα-POMC-KO females showed inhibited negative 

feedback regulation of estrogens and impaired fertility [8]. Since MC4R is also involved in 

modulating reproductive function [14–16], here we tested if the MC4R is required for 

estrogenic regulations on energy homeostasis and reproduction by using MC4R null mice in 

which MC4R expression is globally disrupted.

Material and methods

Mouse

All animal cares and procedures were approved by the Baylor College of Medicine 

Institutional Animal Care and Use Committee. Mice were housed in a temperature 

controlled (22–24°C) room on a 12-hour light, 12-hour dark cycle (lights on at 06:00am). 
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The mice were maintained ad libitum on standard mouse chow with minimal phytoestrogens 

(6.5% fat, no. 2920; Harlan-Teklad, Madison, WI) and tap water. MC4R null mice were 

previously generated by inserting the loxTB in the MC4R gene to disrupt MC4R expression 

globally [17], and have been backcrossed onto C57BL/6 background for more than 12 

generations. Heterozygous MC4R null mice were bred to each other in order to generate 

study mice: female homozygous MC4R null mice and their wild type (WT) female 

littermates.

Vaginal opening and estrus cycle assessment

Female mice were weaned at 3–4 weeks of age. Body weight was monitored twice a week 

after weaning. Vaginal opening was checked every day after weaning according to published 

protocol [18] and the first day of vaginal opening was recorded. After vaginal opening, 

vaginal smears were gently performed at 1 pm every day to determine the estrous state based 

on microscopic cytology. At least 3 complete estrous cycles were observed from each 

mouse.

Fertility assessment

Sexually naïve female WT and MC4R null mice (9 week of age, chow-fed) were bred with 

proven male breeders until obvious pregnancy was observed or for at least 2 months. 

Breeding success rate was determined as the percentage of female mice producing one or 

more pups. The latency of birth was determined as the gap between the mating date and the 

date of birth of first litter. Litter sizes was determined as the number of pups in each litter.

Effects of subcutaneous 17β-estradiol in ovariectomized mice

The effects of subcutaneous 17β-estradiol treatment was evaluated in both WT and MC4R 

null mice. Female mice (at the age of 12 weeks) were anesthetized with inhaled isoflurane, 

and received bilateral ovariectomy (OVX). These mice were then randomly divided into two 

groups per mouse line to receive subcutaneous implantations of pellets containing 17β-

estradiol (0.5 µg/d for 90 days, OVX+E; Innovative Research of America, Sarasota, FL) or 

vehicle pellets (OVX+V), as previously described [8, 19]. Body composition (fat mass and 

lean mass) was measured by quantitative magnetic resonance (QMR) two day prior to the 

surgery. On the next day, mice were shortly fasted for 2 hours (from 8am to 10am) and fed 

glucose levels were measured in tail blood using a One-Touch glucometer. Body length was 

measured during anesthesia. Body weight and food intake were monitored every day after 

the surgery. Feed efficiency was calculated as the ratio between the changes in body weight 

and cumulative food intake.

Four weeks after surgery, body composition and fed glucose were measured again as 

described above. Then mice were deeply anesthetized and sacrificed. Gonadal WAT (gWAT) 

and uterus were isolated and weighed. Blood was collected and processed to measure serum 

insulin using the mouse insulin ELISA kit (#90080, Crystal Chem). Pituitary tissues were 

isolated and quickly stored at −80°C. Expression of LHβ and FSHβ in pituitary was 

measured using the quantitative real-time PCR as described before [8]. Briefly, total mRNA 

from pituitary was extracted using the RNeasy Mini Kit (#74104, Qiagen, Valencia, CA) 

according to the instructions provided by the manufacturer. The total mRNA was reverse-
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transcribed to cDNA using the SuperScript III First-Strand Synthesis System (#18080-051, 

Invitrogen, Carlsbad, CA) according the instructions provided by the manufacturer. SYBR 

Green Real-Time PCR was performed according to published protocols [20]. Results were 

normalized by the expression of house-keeping gene Cyclophilin. The primer sequences are 

as follow. Cyclophilin (Cyclo): F-TGGAGAGCACCAAGACAGACA and R-

TGCCGGAGTCGACAATGAT; follicle-stimulating hormone (FSHβ): F-

TTCTGGTGCTGGAGAGCA and R-GCCGAGCTGGGTCCTTAT; luteinizing hormone 

(LHβ): F-CTGAGCCCAAGTGTGGTGTG, R-GACCATGCTAGGACAGTAGCC.

Statistics

Statistical analyses were performed using GraphPad Prism. Data were compared by non-

paired student’s t test or one-way ANOVA, followed by post hoc Bonferroni tests. The data 

were presented as mean±SEM. P≤0.05 was considered to be statistically significant.

Results

MC4R null mice developed early onset obesity and hyperglycemia

The body weights started to diverge at 5 weeks of age between female WT and MC4R null 

mice and the difference reached to more than 15g after 11 weeks of normal chow diet 

feeding (Fig. 1A). Consistently with previous report [17], at 12 weeks of age, female MC4R 

null showed significantly higher fat mass percentage and lower lean mass percentage (Fig. 

1B–1C), indicating an early onset obesity phenotype. Additionally, the body length and fed 

glucose were significantly higher in MC4R null females than in WT females (Fig. 1D–1E).

MC4R null females have normal estrous cyclicity and fertility

We found that the gonad-intact MC4R null females had normal vaginal opening and first 

estrous time (Fig. 2A–2B). No differences were observed in the length of the each estrous 

phase (Fig. 2C). Furthermore, female MC4R null mice (before 12 weeks of age) had normal 

reproductive capacity as indicated by comparable litter size, success rate to deliver first litter 

and latency of birth (Fig. 2D–2F). Collectively, these findings indicate that the MC4R is not 

required to maintain normal estrous cyclicity and female fertility at least during the early 

adulthood.

Effects of estrogen replacement in MC4R global null female mice

Here we examined the effects of chronic estrogen replacement on food intake and body 

weight in WT and MC4R null female mice. As expected, OVX+V WT female mice 

consumed significantly more food and quickly gained body weight after estrogen depletion, 

and estrogen replacement effectively prevented the increases of both food intake and body 

weight (Fig. 3A and 3C). To our surprise, food intake and body weight of OVX+E MC4R 

null female were also significantly reduced compared to OVX+V MC4R null mice (Fig. 3B 

and 3D), to a similar degree as seen in OVX+E WT female mice (Fig. 3A and 3C). Energy 

expenditure was also indirectly evaluated as feed efficiency. Consistently with previous 

reports on stimulatory effects of estrogen on energy expenditure [11, 12], we found that 

OVX+E treatment significantly increased energy expenditure as indicated by decreased of 
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feed efficiency in WT female mice (Fig. 3E). Similar responses in energy expenditure was 

also observed in OVX+V and OVX+E MC4R null female mice (Fig. 3F).

Terminal analyses demonstrated that in both WT and MC4R null mice, OVX+V group 

showed expected uterine atrophy suggesting successful estrogen depletion (Fig. 4A). On the 

other hand, OVX+E group had significantly heavier uterus weight compared to OVX+V 

group, indicating sufficient levels of estrogen replacement (Fig. 4A). Consistent with 

changes in food intake and body weight, OVX+E treatment significantly increased lean mass 

and reduced fat mass and gWAT weight in both WT and MC4R mice (Fig. 4B–4D). Glucose 

homeostasis was further characterized by measuring fed glucose and insulin levels. 

Consistent with early reports [12, 21], OVX+E significantly decreased fed glucose and 

insulin levels compared to the levels in OVX+V-treated WT female mice (Fig. 4E–4F). The 

similar improvement was also observed in OVX+E-treated MC4R null females (Fig. 4E–

4F). Together, these results indicate that female mice lacking the MC4R has normal 

metabolic responses to estrogen replacement treatment.

Additionally, subcutaneous implantation of 17β-estradiol significantly suppressed the 

mRNA expression of FSHβ and LHβ subunits in the pituitary of both WT and MC4R null 

females (Fig. 4G–4H), suggesting that the MC4R is not required for the negative feedback 

regulation of estrogen on LH and FSH synthesis.

Discussion

Using a MC4R null mouse model that globally disrupts MC4R expression, we demonstrated 

that loss of the MC4R induced a severe early onset obesity and hyperglycemia in female 

mice, which is consistent with previous reports [17]. We further provided evidence that 

MC4R null mice have normal negative feedback regulation of estrogen on LH and FSH 

synthesis, estrous cyclicity and female fertility. Surprisingly, we also found that loss of the 

MC4R did not influence estrogenic regulation on food intake, energy expenditure and body 

weight. These findings implicate that the MC4R is not required to mediate estrogenic 

regulations on negative feedback, fertility and energy homeostasis.

We previously observed that deletion of ERα from POMC neurons leads to chronic 

hyperphagia and body weight gain [8], suggesting POMC neurons play an important role in 

mediating estrogenic inhibition on food intake. Given that anorexigenic effects of POMC 

neurons are primarily mediated by the MC4R [17], the MC4R is predicted to mediate the 

estrogenic effects on food intake. However, we showed that the reductions in both body 

weight and food intake following estradiol supplementation were similar in WT and MC4R 

null female mice. Thus, our findings support an alternative model in which POMC neurons 

mediate estrogen-induced anorexia through MC4R-independent mechanisms.

Estrogen has been showed to primarily act through estrogen receptors (ER) in both central 

and peripheral system to decrease body weight by inhibiting food intake and stimulating 

energy expenditure [8, 22–24]. The anorexigenic effects of estradiol are primarily mediated 

by central, but not peripheral estrogen receptor [25]. The ERα expressed by POMC neurons 

in ARC regions has been shown to mediate estrogenic inhibition on food intake [8]. These 
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results provide a useful context to consider our key observation. Because estrogenic 

regulation on food intake is primarily through central mechanism, estrogenic inhibition of 

food intake in MC4R null mice cannot be explained by override of central estrogen signals 

by peripheral effects of estradiol, but nevertheless involves activation of other essential ER 

sites in the brain. On the other hand, the stimulatory effects of estrogen on energy 

expenditure include both central and peripheral mechanism. Central estrogen activates ERα 
expressed in VMH [8, 11] or MeA [9] to increase BAT thermogenesis or spontaneous 

physical activity to increase energy expenditure, while peripheral estrogen directly activate 

ERs in fat to regulate distribution pattern of adipose tissue [26] and increase BAT 

thermogenesis [27]. Based on these observations, we speculate that both central and 

peripheral estrogen actions were involved in the regulatory effects of estradiol on feed 

efficiency and body weight, which are independent from MC4R.

Although the MC4R plays an essential role in mediating anorexigenic effects of POMC 

neurons, other studies have also suggested a role for MC3R in the regulation of food intake 

and body weight [28–30]. For example, peripherally administration of a specific MC3R 

agonist, γ-MSH, stimulates feeding in freely moving animals, presumably through an 

autoinhibitory effect on POMC neurons [29]. Such observations suggest that not only the 

MC4R but also the MC3R play a role in food intake regulation. This mechanism of appetite 

regulation is further supported by observations that anorexigenic responses of a mixed 

MC3/4R agonist, MTII, were attenuated in both MC3R null and MC4R null mice [31]. 

Further, it has been reported that leptin-induced anorexia is blocked in MC3R null mice, but 

remains intact in MC4R null mice [30], which indicates that the anorexigenic effects of 

leptin require the MC3R, but not the MC4R. Additionally, a recent study demonstrated that 

the MC3R within the ventral tegmental area regulates the incentive motivation for food, 

which is an essential component of feeding behavior [32]. Combined the negative 

observation in MC4R null mice in our study and previous reports on anorexigenic effects of 

the MC3R, the MC3R is likely to contribute to estrogenic regulation of food intake in female 

mice.

Besides α-MSH, POMC neurons also give rise to other neural peptides, including β-

endorphin, which was previously showed to be orexigenic. For example, 

intracerebroventricular injection of β-endorphin increases food intake in rats [33] and 

antagonizes the effects of α-MSH on food intake and body weight [34]. Recent studies also 

showed that cannabinoids increase food intake by stimulating POMC neurons to release β-

endorphin [35]. In addition to neural peptide products, POMC neurons also express and 

release both glutamate and GABA neural transmitters to acutely stimulate or inhibit 

downstream neurons [36, 37], which are thought to contribute to the regulation of food 

intake. These findings raise the possibility that estrogen acts through POMC neurons to 

regulate release of β-endorphin, glutamate and/or GABA, which in turn regulates food 

intake and body weight. These possibilities warrant further investigations.

It has been increasingly evident that POMC neurons are a critical neural node where 

metabolic signals interplay with the reproduction system [38–40]. We previously 

demonstrated that the estrogen-induced suppressions of FSH and LH synthesis were blunted 

in ERα-POMC-KO females [8]. This result indicated that besides metabolic functions, ERα 
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in POMC neurons also mediates the regulatory effects of estrogen on the hypothalamic-

pituitary-gonadal (HPG) axis. MC4R neurons has been identified as candidate mediators of 

POMC regulation on reproduction, in part because they lie downstream of hypothalamic 

POMC neurons and project to the medial preoptic area (MPOA) containing gonadotropin-

releasing hormone (GnRH) [41]. Consistent with this view, several studies provided 

additional evidences for a significant participation of MC4R in HPG axis. For example, in 
vitro cell culture showed that hypothalamic GT1-1 cells express a functional MC4R receptor 

that couples to GnRH release [42], while in vivo rodent studies showed that MC4R mediates 

the stimulatory effects of leptin on LH and PRL secretion [15] and the preovulatory surge in 

PRL [16]. Genetic mouse models further demonstrated global deletion of MC4R leads to an 

increase cystic follicles, which results from an inadequate gonadotrophic stimulation [14]. 

These observations support a model that MC4R increases normal estrogen production by 

activating HPG axis and is likely to mediate estrogenic regulation on HPG axis. However, 

our finding that young MC4R null mice have normal estrogenic HPG negative feedback, 

estrous cyclicity and female fertility forces a reconsideration of this perception.

It is well known that MC4R null mouse line has breeding difficulty [14, 43]. We postulated 

that the normal fertility is observed in MC4R null mice because we used young female mice 

below 12 weeks of age. This is further supported by the previous report that reduced female 

fertility is observed in MC4R null mice older than 3 months and a reduction in ovulation rate 

is observed in aged females [14]. Another possibility for breeding difficulty is primarily due 

to male infertility. Consistent with this view, erectile dysfunction is observed in male MC4R 

null mice [43] and can be rescued by voluntary exercise [44].

Another POMC gene product, β-endorphin may contribute to the negative feedback of 

estrogen on the HPG axis. For example, in vitro electrophysiological recording has shown 

that estrogens increase the secretion of β-endorphin [45], which inhibits GnRH neurons 

[46]. Such observations suggest a model that estrogens act on ERα expressed by POMC 

neurons to increase secretion of β-endorphin, which in return act through GnRH neurons to 

regulation HPG axis. This model is further supported by evidence that central infusion of β-

endorphin strongly suppress hypothalamic GnRH gene expression [47] and secretion [48]. 

Of note, electron microscopic evidence also showed that β-endorphin-immunoreactive 

terminals directly synapse on the GnRH neurons soma in MPOA region [49]. Therefore, it is 

likely that β-endorphin mediates the regulatory effects of ERα expressed by POMC neurons 

on HPG negative feedback.

In conclusion, by using loss-of-function model, we provided strong genetic evidence that the 

MC4R is not required for estrogenic regulations on food intake, body weight and HPG 

negative feedback. Our findings suggest alternative mechanisms by which estrogen/POMC 

regulate energy homeostasis and reproduction. These results enhanced our understanding of 

estrogen/POMC regulatory pathway and warrant further studies on other alternative 

mechanisms.
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Figure 1. 
MC4R null mice developed early on-site obesity and impaired fed glucose. (A) Bi-weekly 

body weight in female mice weaned on regular chow. N=15/genotype. Results are presented 

as mean ± SEM. *, P<0.05 in two way ANOVA analyses followed by post hoc Bonferroni 

tests. (B–E) Fat mass percentage (B), lean mass percentage (C), body length (D) and fed 

glucose (E) in 12-week-old female mice fed with regular chow. N=12/genotype. Results are 

presented as mean ± SEM. *, P<0.05 in non-paired student’s t test.
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Figure 2. 
MC4R null females have normal estrous cyclicity and fertility. (A) Vaginal open rate in 

female mice. N=8 or 11/genotype. Data were compared by Log-rank and Wilcoxon test. (B) 

Estrus rate in female mice. N=8 or 10/genotype. Data were compared by Log-rank and 

Wilcoxon test. (C) Length of metoestrus, diestrus, proestrus and estrus relative to the entire 

etrus cycles. n = 10 or 13/genotype. (D) Averaged litter size. N=15 or 26/genotype. (E) 

Percentage of mice that successfully delivered pups. N = 15 or 26/genotype. (F) Averaged 

time period between mating day and birth day of pups. N = 15 or 26/genotype. Results are 

presented as mean ± SEM. Data were compared by non-paired student’s t test.
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Figure 3. 
MC4R null female mice have normal estrogenic responses on food intake and body weight. 

(A–B) Daily body weight of WT (A) and MC4R null (B) female mice after receiving 

ovariectomy plus estradiol-17β replacement (0.5 µg/day/mouse, OVX+E) or plus vehicle 

(OVX+V). N = 6/group. (C–D) Cumulative food intake of WT (C) and MC4R null (D) 

female mice after receiving OVX+E or OVX+V. N = 6/group. (E–F) Feed efficiency of WT 

(E) and MC4R null (F) female mice after receiving OVX+E or plus OVX+V. N = 6/group. 

Results are presented as mean ± SEM. *, P<0.05 in two way ANOVA analyses followed by 

post hoc Bonferroni tests.
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Figure 4. 
MC4R null female mice have normal estrogenic regulation on body fat, blood glucose and 

HPG axis. (A) Uterus weight measured 30 days after receiving OVX+E or OVX+V. N = 6/

group. (B–D) Lean mass percentage (B), fat mass percentage (C) and gWAT weight (D) 

measured 30 days after receiving OVX+E or OVX+V. N = 6/group. (E–F) Fed glucose (E) 

and blood insulin (F) measured 30 days after receiving OVX+E or OVX+V. N = 6/group. 

(G–H) Relative mRNA levels of FSHβ (G) or LHβ (H) in the pituitary measured 30 days 

after receiving OVX+E or OVX+V. N = 6/group. Results are presented as mean ± SEM. *, 

P<0.05 in non-paired student’s t test.
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