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N E U R O S C I E N C E

27-Hydroxycholesterol acts on estrogen receptor α 
expressed by POMC neurons in the arcuate nucleus to 
modulate feeding behavior
Hui Ye1,2†*, Xiaohua Yang2,3†, Bing Feng4, Pei Luo2,3, Valeria C. Torres Irizarry2,5,  
Leslie Carrillo-Sáenz2,5, Meng Yu6, Yongjie Yang6, Benjamin P. Eappen6, Marcos David Munoz2, 
Nirali Patel2, Sarah Schaul2, Lucas Ibrahimi2, Penghua Lai2‡, Xinyue Qi1, Yuliang Zhou1,  
Maya Kota2, Devin Dixit2, Madeline Mun2, Chong Wee Liew2,5, Yuwei Jiang2,5, Chunmei Wang6*, 
Yanlin He4*, Pingwen Xu2,5*

Oxysterols are metabolites of cholesterol that regulate cholesterol homeostasis. Among these, the most abundant 
oxysterol is 27-hydroxycholesterol (27HC), which can cross the blood-brain barrier. Because 27HC functions as an 
endogenous selective estrogen receptor modulator, we hypothesize that 27HC binds to the estrogen receptor α 
(ERα) in the brain to regulate energy balance. Supporting this view, we found that delivering 27HC to the brain 
reduced food intake and activated proopiomelanocortin (POMC) neurons in the arcuate nucleus of the hypothalamus 
(POMCARH) in an ERα-dependent manner. In addition, we observed that inhibiting brain ERα, deleting ERα in 
POMC neurons, or chemogenetic inhibition of POMCARH neurons blocked the anorexigenic effects of 27HC. Mech-
anistically, we further revealed that 27HC stimulates POMCARH neurons by inhibiting the small conductance of the 
calcium-activated potassium (SK) channel. Together, our findings suggest that 27HC, through its interaction with 
ERα and modulation of the SK channel, inhibits food intake as a negative feedback mechanism against a surge in 
circulating cholesterol.

INTRODUCTION
Oxysterols are side-chain metabolites oxidated from cholesterol mol-
ecules, which can be absorbed from the diet or generated endogenously 
by autooxidation or enzymatic mechanisms (1). Oxysterols were first 
proposed to act as the primary mediators for the feedback regulation 
of cholesterol biosynthesis in 1978 by Kandutsch et al. (2) in the 
Oxysterol Hypothesis of Cholesterol Homeostasis. However, subse-
quent studies have clarified that cholesterol itself plays an essential role 
in its own feedback regulation (3). Despite this, recent findings have 
revitalized interest in oxysterols as physiological regulators of choles-
terol homeostasis (4).

27-Hydroxycholesterol (27HC) is the most abundant oxysterol 
found in human circulation. Its levels in the blood correlate well with 
cholesterol levels and may negatively modulate cholesterol synthesis 
(3, 5, 6). Endogenous 27HC is synthesized by the mitochondrial 
enzyme sterol 27-hydroxylase (CYP27A1) and catabolized by oxysterol 
7α-hydroxylase (CYP7B1) as an intermediate in bile acid synthesis 
(3). 27HC, derived from and representing cellular cholesterol, has 

been shown to inhibit the master transcriptional regulator of lipid 
homeostasis (sterol regulatory element-binding protein 1) by bind-
ing to an endoplasmic reticulum protein (insulin-induced gene-2), 
which reduces lipogenesis and hepatic lipid accumulation (7–9). 
Consistently, 27HC has been reported to accelerate the degradation 
of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA 
reductase), blocking the conversion of HMG-CoA to mevalonate, 
which is the rate-limiting step of cholesterol biosynthesis (10–12). 
27HC also functions as an alternative mechanism to high-density 
lipoprotein–dependent reverse cholesterol transport (RCT) to deliver 
sterols from peripheral tissues to the liver. This allows extrahepatic 
cholesterol to be excreted into bile and feces (13–16). Endogenous 
27HC production may represent a defense mechanism against exces-
sive cholesterol accumulation.

In addition to being product intermediates in the synthesis of bile 
acids, 27HC has been found to act as both a selective estrogen receptor 
modulator (SERM) and an agonist of the liver X receptor (LXR) (17, 18). 
While 27HC can act as a mixed and tissue-specific agonist or antagonist 
of the estrogen receptor (ER), its effects on cell metabolism and function 
vary across different tissues (17, 19–22). Notably, because of the higher 
polarity compared to cholesterol, 27HC diffuses much better through 
phospholipid membranes (23). Unlike cholesterol, 27HC can traverse 
the blood-brain barrier (BBB) from both directions in humans and ani-
mals. Its level in the brain fluctuates with physiological and patho-
physiological conditions (24–30), suggesting a potential role in central 
metabolism. Given that both LXRs and ERs are abundantly expressed in 
the brain and involved in the homeostatic regulation of energy and lipid 
metabolism (31–39), it is likely that 27HC affects biology in the brain. 
27HC has been proposed to act as an indicator of plasma cholesterol 
levels in the brain to modulate various central functions, including 
cholesterol metabolism (40), neural senescence (41), neurodegeneration 
(42), inflammatory responses (43, 44), and neuronal glucose uptake 
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(45). However, it is still unclear whether 27HC regulates systemic energy 
homeostasis through its effects on the brain and, if so, whether these ef-
fects are mediated through LXRs and/or ERs.

Here, we investigated the central effects of 27HC on food in-
take, energy expenditure, and whole-body substrate utilization. 
Using ex vivo whole-cell patch-clamp recordings in brain slices, 
pharmacological blockage, Cre/Loxp- and CRISPR-mediated ge-
netic deletion mouse models, and chemogenetics, we further 
identified proopiomelanocortin (POMC) neurons in the arcuate 
nucleus of the hypothalamus (POMCARH) and estrogen receptor 
α (ERα) as the specific neural population and receptor mediating 
the metabolic effects of 27HC in the brain. Last, we pharmaco-
logically manipulated the small conductance of the calcium-
activated potassium (SK) current in the arcuate nucleus of the 
hypothalamus (ARH) or selectively knocked out SK3 (an SK 
channel subtype) in the POMC neurons to explore the necessity 
of SK current for 27HC-mediated effects on POMCARH activity 
and food intake.

RESULTS
Both peripheral and central administrations of 27HC induce 
hypophagic effects in mice
To investigate the acute metabolic effects of 27HC, we first examined 
its potential impact on food intake using a BioDAQ system to monitor 
feeding behavior. All C57BL/6J wild-type (WT) mice underwent a 6-
hour light fast before starting the dark cycle. Right before the dark 
cycle began, the mice were intraperitoneally injected with either 
vehicle or 27HC (20 mg/kg). Afterward, the mice were given a chow 
diet. This peripheral dose of 27HC was previously shown to increase 
circulating 27HC levels within the physiological range, but it did not 
affect circulating cholesterol levels (21, 22, 46). We observed that 27HC 
intraperitoneal injection led to a rapid reduction in food intake in 
both male and female WT mice (Fig. 1, A, B, F, and G), resulting in 
significantly less cumulative food consumption 4 hours after peripheral 
delivery of 27HC (Fig. 1, C and H). The anorexigenic effects of a single 
intraperitoneal injection lasted for 6 hours (Fig. 1, A and F). In addi-
tion, 27HC reduced mean meal size (Fig. 1, D and I) in both female 

Fig. 1. 27HC acutely inhibits food intake in female and male mice. (A to J) Dark-induced food intake of 12-week-old female [(A) to (E), n = 10] or male [(F) to (J), n = 10 or 
9] C57BL/6J mice after an intraperitoneal (IP) injection of 27HC (20 mg/kg) or vehicle. (K to T) Dark-induced food intake of 12-week-old female [(K) to (O), n = 14] or male 
[(P) to (T), n = 15] C57BL/6J mice after an intracerebroventricular (ICV) injection of 0.1 nmol 27HC or vehicle. Hourly food intake [(A), (F), (K), and (P)], a heatmap of food 
consumption [(B), (G), (L), and (Q), food intake recorded every 5 min], cumulative food intake [(C), (H), (M), and (R)], mean meal size [(D), (I), (N), and (S)], and mean intermeal 
intervals [(E), (J), (O), and (T)] 10 hours after injections. Results are shown as means ± SEM. [(C), (H), (M), and (R)] *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
indicate statistical significance in a two-way analysis of variance (ANOVA) followed by post hoc Sidak tests. [(D) and (E), (I) and (J), (N) and (O), and (S) and (T)] *P < 0.05, 
**P < 0.01, and ***P < 0.001 indicate statistical significance in paired t tests.
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and male mice. At the same time, it increased intermeal interval in 
females (Fig. 1E) but not males (Fig. 1J), indicating an enhancement of 
food intake–induced satiation and satiety.

To investigate whether the anorexigenic effects of 27HC are me-
diated through a central mechanism, we infused 0.1 nmol of 27HC 
(1 μl 100 μM) into the lateral ventricle of male and female WT 
mice via an intracerebroventricular cannula. The central delivery of 
0.1 nmol of 27HC falls well within the daily flux of 12 μmol (5 mg) of 
27HC from the circulation into the brain in humans (24). Consistent 
with the observations from the intraperitoneal injection of 27HC, 
we found that a single bolus intracerebroventricular infusion of 27HC 
quickly decreased food intake (Fig. 1, K, L, P, and Q) and resulted in a 
significant reduction in cumulative food consumption for both females 
and males (Fig. 1, M and R). We also observed that central delivery of 
27HC modulated both satiation and satiety in male and female mice, as 
indicated by a decreased meal size and increased meal interval (Fig. 1, N, 
O, S, and T). Collectively, these results suggest that 27HC can modulate 
feeding behavior and inhibit food intake via the central nervous system.

We also observed that female mice were more sensitive to 
27HC-induced anorexia compared to males. Specifically, while a 

low dose of 1 pmol (1 μl 1 μM) 27HC intracerebroventricular 
treatment had no effect on food intake or meal patterns in males, 
it significantly reduced food intake and meal size in female mice 
(fig. S1, A to J). Conversely, doses of 0.01 nmol (1 μl 10 μM) and 
0.1 nmol (1 μl 100 μM) significantly reduced food intake in both 
male and female mice (fig.  S1, A to J). These results suggest a 
sexual difference in the feeding response induced by the 27HC 
treatment.

The anorexigenic effects of 27HC induce a shift in 
substrate utilization
To investigate other potential central metabolic effects of 27HC, we 
adapted another cohort of intracerebroventricularly cannulated male 
and female WT mice into the Promethion metabolic chambers to 
measure additional metabolic parameters. Consistent with our obser-
vations in the BioDAQ system, a single bolus intracerebroventricular 
injection of 27HC acutely inhibited food intake in both male and fe-
male mice (Fig. 2, A and I), leading to significantly reduced cumula-
tive food consumption 4 or 6 hours after infusion in females or males, 
respectively (Fig. 2, B and J).

Fig. 2. A single bolus 27HC intracerebroventricular infusion induces hypophagia and alters whole-body substrate utilization in female and male mice. 
(A to P) Food intake and substrate utilization of 12-week-old female [(A) to (H), n = 12] or male [(I) to (P), n = 14] C57BL/6J mice after an ICV injection of 0.1 nmol 27HC or 
vehicle. Hourly food intake [(A) and (I)], cumulative food intake [(B) and (J)], respiratory quotient [RQ; (C) and (K)], hourly average RQ [(D) and (L)], fat utilization [(E) and 
(M)], hourly average of fat utilization [(F) and (N)], carbohydrate utilization [(G) and (O)], and hourly average of carbohydrate utilization [(H) and (P)] after ICV infusions. 
Results are shown as means ± SEM. [(B), (D), (F), (H), (J), (L), (N), and (P)] *P < 0.05, **P < 0.01, and ****P < 0.0001 indicate statistical significance in a two-way ANOVA 
followed by post hoc Sidak tests.
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In line with the observed fast kinetics of feeding inhibition, we 
also observed a sharp decrease in the respiratory quotient (RQ; Fig. 2, 
C, D, K, and L), calculated as the ratio of VCO2/VO2, induced by 
27HC intracerebroventricular injection, suggesting an acute shift in 
substrate utilization from carbohydrates to fat (47). On the basis 
of gaseous exchange (48), we further calculated whole-body fat 
and carbohydrate utilization. Consistent with changes in RQ, 27HC 
treatment led to a rapid increase in fat utilization (Fig. 2, E, F, M, 
and N) and a decrease in carbohydrate utilization (Fig. 2, G, H, O, 
and P) in both male and female mice. Notably, we did not observe 
statistically significant changes in VO2 (fig. S2, A and E), VCO2 
(fig. S2, B and F), or heat production (fig. S2, C and G) in either 
gender. However, nonstatistical differences in VO2 and VCO2 could 
account for the changes in RQ. We also found no changes in ambu-
latory activity (fig. S2, D and H). Thus, these results suggest that 
central administration of 27HC leads to a rapid shift in whole-body 
substrate utilization.

This experiment was performed in the presence of food. Therefore, 
the effects on systemic substrate utilization could result from post-
prandial metabolic shifts. To explore this possibility, we investigated 
the regulatory effects of 27HC on substrate utilization under two sce-
narios: when fully fed and when fasting with no food available.

To establish a comparable satiated state between mice, we imple-
mented an intermittent feeding paradigm in WT mice. Specifically, 
we restricted the daily feeding periods to 6 hours before the initiation 
of the dark cycle, in which the mice only ate from 12:00 p.m. to 
6:00 p.m. on a 5 a.m./7 p.m. 14-hour light/10-hour dark cycle (Fig. 3A). 
This intermittent feeding paradigm can help reduce the stress caused by 
acute fasting and ensure that all mice were equally fed before the 

intended intracerebroventricular infusion. During the 4-day 
training period, we did not observe any health issues, and all the 
mice gradually gained weight (Fig. 3B), which is consistent with 
previous research (49). Of note, daily food intake during the 6-hour 
time window stabilized after 3 days of training (Fig. 3C). All mice 
were then adapted to the Promethion metabolic chambers and sub-
jected to the same intermittent fasting paradigm. Following a 6-hour 
feeding period, food was removed from the cage, and either vehicle or 
27HC was intracerebroventricularly injected. Before injection, we ob-
served no difference in 6-hour food intake between the mice injected 
with vehicle or 27HC in both genders (Fig. 3, D and H), suggesting 
a similar level of postprandial fullness. Consistent with the findings 
from mice that were given food during the recording (fig. S2, A to H), 
we did not find statistically significant changes induced by 27HC 
in ambulatory activity, heat production, VO2, and VCO2 (fig. S3, A to 
H). Notably, after mice were re-fed to a similar level of postprandial 
fullness, the regulatory effects of 27HC on RQ and corresponding fat 
and carbohydrate utilization were blunted (Fig. 3, E to G and I to K).

In addition, we evaluated the effects of 27HC under fasting con-
ditions after an 18-hour overnight fast. Consistent with the satiated 
state, a single bolus 27HC intracerebroventricular injection did 
not induce significant changes in energy expenditure, RQ, VCO2, 
and VO2 (fig. S3, I to L). Thus, these results demonstrate that the 
inhibitory effects of central 27HC on RQ depend on food ingestion.

27HC activates POMCARH neurons in an 
ERα-dependent manner
On the basis of observations that central administration of 27HC 
induces anorexigenic effects, we postulated a central appetite-regulatory 

Fig. 3. A single bolus 27HC intracerebroventricular infusion does not alter whole-body substrate utilization in female and male mice in the satiated condition. 
(A) Schematic of the experimental strategy. (B and C) Body weight and daily food intake of the mice during intermittent feeding training. (D to K) Food intake before infu-
sion and substrate utilization of 12-week-old female [(D) to (G), n = 9] or male [(H) to (K), n = 8] C57BL/6J mice after an ICV injection of 0.1 nmol 27HC or vehicle in the 
satiated condition. Cumulative food intake during 6-hour refeeding [(D) and (H)], RQ [(E) and (I)], fat utilization [(F) and (J)], and carbohydrate utilization [(G) and (K)] after 
ICV infusions. Results are shown as means ± SEM.
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mechanism. Because 27HC is an endogenous SERM, and ERα in the 
brain modulates feeding behavior, we investigated whether 27HC regu-
lates ERα neurons. Specifically, we performed c-Fos immunofluorescent 
staining in ERα-ZsGreen mice, in which ERα neurons are labeled 
with green fluorescence (50). We found that central delivery of 27HC 
up-regulated c-Fos expression in ERα neurons in the ARH of both male 
and female mice, as indicated by an increased number of ERα+/c-Fos+ 
neurons (Fig. 4, A to N). Notably, there was no difference in the number 
of ERα−/c-Fos+ neurons (Fig. 4, M and N), suggesting ERα-mediated 
stimulatory effects of 27HC on the ARH neurons. ERα is abundantly 
expressed in the POMCARH neurons, a well-recognized anorexigenic 
neuromodulator, as indicated by dual fluorescent labeling in the 
ARH of POMC-Cre/Rosa26-LSL-tdTOMATO/ERα-ZsGreen reporter 
mice (fig. S4, A to F). Previous studies suggest that female mice exhibit 
higher levels of ERα at the ARH (51). Consistent with this, we demon-
strated that female mice have a higher ratio of POMC neurons colocalized 
with ERα in the ARH than males (fig. S4G). The ERα expressed by 
POMC neurons has been previously shown to mediate the estrogenic 
inhibition of food intake (52). These findings suggest that 27HC may act 
via ERα expressed by POMCARH neurons to inhibit feeding.

To support this model, we used whole-cell patch-clamp recordings in 
brain slices to examine the effects of 27HC on the neural activities of 
POMCARH neurons. We recorded electrophysiological responses to dif-
ferent doses of 27HC treatments in identified POMCARH neurons using 

POMC-Cre/Rosa26-LSL-tdTOMATO reporter mice (Fig. 4, O and P). 
We found 27HC dose-dependently depolarized POMCARH neurons 
with an activation rate of 43 to 55% at a dose of 100 nM or higher (Fig. 4, 
Q and R). To block presynaptic inputs from afferent neurons, we 
preincubated the brain slice with a cocktail of presynaptic blockers, 
including tetrodotoxin (TTX, a potent sodium channel blocker), 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, a competitive gluta-
mate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptor antagonist), 2-amino-5-phosphopentanoic acid (D-AP5, a glu-
tamate N-methyl-D-aspartate (NMDA) antagonist), and bicuculline 
[a competitive γ-aminobutyric acid type A (GABAA) receptor antagonist]. 
Even in the presence of these blockers, 27HC (100 nM) still depolarized 
41 to 45% of recorded POMCARC neurons (Fig. 4, S and T), suggesting 
a direct stimulatory effect of 27HC on POMCARC neurons. Notably, the 
27HC-induced depolarization was blocked by 3,3-bis(4-hydroxyphenyl)-
7-methyl-1,3,dihydro-2H-indol-2-one (BHPI, a selective ERα antago-
nist, Fig. 4S) but not PHTPP (a selective ERβ antagonist, Fig. 4T), 
indicating that ERα presumably mediates the stimulatory effects of 
27HC. Therefore, our observations consistently indicate that 27HC 
directly activates POMCARH neurons via ERα, potentially mediating the 
anorexigenic effects of 27HC.

27HC is a potent agonist for LXRs, including LXRα and LXRβ. 
Among the LXR isoforms expressed by POMCARH neurons, LXRβ is 
the predominant isoform (fig. S5A) according to a secondary analysis of 

Fig. 4. 27HC activates POMC neurons via ERα. (A to L) Immunofluorescent staining for c-Fos (red) in the arcuate nucleus of the hypothalamus (ARH) of female [(A) to (F)] 
and male [(G) to (L)] ERα-ZsGreen mice 90 min after a single bolus ICV infusion of vehicle or 27HC (0.1 nmol). White arrows point to dual-colored neurons with ERα (green) 
and c-Fos (red) expressed. (M and N) Summary of quantification per section of female and male mice (n = 3). (O) Schematic of POMC neurons in the ARH (POMCARH) 
treated with 27HC for electrophysiology recordings. (P) A micrographic image showing a recorded POMCARH (red) neuron of male mice POMC-Cre/Rosa26-LSL-tdTOMATO 
mice. (Q) Resting membrane potential (RM) of POMCARH neurons before and after 27HC treatment. (R) Summary of the responsive ratio of POMCARH neurons for all doses 
of 27HC. (S and T) The effects of 100 nM 27HC on RM before and after ERα antagonist BHPI (S) or ERβ antagonist PHTPP (T) incubation. The brain slices were first preincubated 
with presynaptic inhibitors 1 μM TTX (a voltage-gated sodium channel blocker) + 30 μM CNQX (an AMPA receptor antagonist) + 30 μM DAP-5 (an NMDA receptor 
antagonist) + 50 μM bicuculline (a GABA receptor antagonist). Results are shown as means ± SEM. [(M) and (N)] *P < 0.05 indicates statistical significance in unpaired 
t tests. [(Q), (S), and (T)] **P < 0.01 and ****P < 0.0001 indicate statistical significance in paired t tests.
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published RNA sequencing (RNA-seq) data (53). This raises the possi-
bility that 27HC interacts with LXRβ expressed by POMCARH neurons 
to modulate energy homeostasis. To test this possibility, we generated 
a mouse model with LXRβ selectively knocked down from POMCARH 
neurons in adult mice (LXRβ-KDPOMC). To achieve selective knock-
down, POMC-Cre mice received a bilateral stereotaxic injection of two 
adeno-associated virus (AAV) in the ARH (54, 55). The first AAV virus 
expressed a small guide RNA (sgRNA) targeting the LXRβ-coding gene 
Nr1h2 and a Cre-dependent mCherry protein, while the second 
AAV carried a Cre-inducible saCas9 (fig. S5B). As a control, WT litter-
mates received the same virus injection as experimental mice. The 
injection accuracy was first validated by mCherry expression selectively 
in the POMCARH neurons (fig. S5C). LXRβ was successfully deleted 
with the expression of both sgRNA and saCas9 only in POMCARH 
neurons (fig. S5D). However, LXRβ-KDPOMC did not affect body weight, 
food intake, and glucose balance under either a chow or high-fat diet 
condition (fig. S5, E to Z), suggesting a minor role of LXRβPOMC in 
energy homeostasis. Consistent with these findings, a single bolus intra-
cerebroventricular injection of 27HC induced similar hypophagic 
effects in control and LXRβ-KDPOMC mice (fig. S6, A to J). Therefore, 
these observations narrow our interest in testing whether 27HC inhibits 
food intake by acting through ERα expressed by POMCARH neurons.

ERα expressed by POMC neurons is required for the 
anorexigenic effects of 27HC
To directly test whether ERα action or POMC downstream signaling 
is necessary for the hypophagic effects of 27HC, we coinfused 27HC 
with BHPI (250 nmol) or SHU 9119 (6 nmol). SHU 9119 is a potent 
antagonist of melanocortin-3 and -4 receptors (MC3/4-R), which 
mediate the hypophagic effects of α–melanocyte-stimulating hor-
mone (α-MSH) released from POMC neurons (56). Consistently, a 
single bolus intracerebroventricular injection of 27HC alone signifi-
cantly reduced food intake, associated with decreased meal size and 
increased meal intervals, in both male and female mice (Fig. 5, A 
to J). Notably, coinfusion of BHPI or SHU 9119 completely blocked 
these anorexigenic effects induced by 27HC, suggesting that ERα 
action or POMC downstream signaling plays a mediating role. 
Furthermore, a single bolus intracerebroventricular infusion of 250 
nmol BHPI alone did not affect food intake or feeding behavior in 
either gender, while 6 nmol SHU 9119 alone increased cumulative 
food intake and reduced satiation, as indicated by larger meal size in 
female but not male mice (fig. S7, A to J). The different responses 
to low-dose MC3/4R blockage may be attributed to gender dif-
ferences in pharmacokinetics or sex-specific melanocortin circuits 
(57–59). These pharmacological blockage experiments support our 
hypothesis that 27HC inhibits food intake through ERα expressed 
by POMC neurons.

As a second strategy to avoid potential nonspecific impacts of phar-
macologic ERα inhibition, POMC-specific ERα knockout mice 
were generated by crossing Esr1flox/flox mice and POMC-Cre mice 
(Esr1flox/flox/POMC-Cre, ERα-KOPOMC). In line with the observations 
from C57BL/6J WT mice, we found that a single bolus intracerebroven-
tricular injection of 27HC reduced dark-induced food intake and mod-
ulated feeding patterns in both female and male control Esr1flox/flox mice 
(Fig. 6, A to E and K to O). Notably, a single intracerebroventricular dose 
of water-soluble cyclodextrin-encapsulated 17β-estradiol (E2, 5 μg) also 
acutely inhibited food intake, resulting in significantly decreased cumu-
lative food consumption after 2 hours of the intracerebroventricular in-
fusion (Fig. 6, A to E and K to O), in both male and female control mice. 

This is consistent with previously reported hypophagic effects mediated 
by central estrogenic signaling (32, 60, 61). The similar anorexigenic 
effects mediated by E2 and 27HC provide additional evidence to 
support the agonistic action of 27HC on ERα expressed by POMC 
neurons. Conversely, in ERα-KOPOMC mice, the anorexigenic effects of 
27HC or E2 were abolished entirely, as indicated by unchanged hourly 
food intake, cumulative food intake, meal size, and meal intervals (Fig. 6, 
F to J and P to T). In addition, the 27HC-induced increase of c-Fos 
expression in the ARH was largely reduced by ERα-KOPOMC (fig. S8, 
A to F).

Notably, the POMC-Cre mouse line has been shown to activate 
recombination not only in the ARH but also in other brain regions in-
volved in energy balance, such as the nucleus of the solitary tract (NTS), 
which expresses ERα and is involved in food intake regulation (62). To 
further confirm whether the ARH is the mediating brain region, we 
generated a separate group of female mice with ERα selectively deleted 
in the ARH (ERα-KOARH) by injecting AAV-CMV-Cre-GFP bilaterally 
into the ARH of Esr1flox/flox mice (fig. S9, A and B). Similar to the 
results obtained from pharmacological blockade experiments and ERα-
KOPOMC mice, the inhibitory effects of 27HC on food intake, as well as 
its modulatory effects on meal size and meal intervals, were completely 
abolished in the ERα-KOARH mice (fig. S9, C to L). These findings indi-
cate that the presence of ERα in ARH neurons is crucial for the suppres-
sive effects of 27HC on food intake.

Inhibition of POMCARH abolishes 27HC-induced hypophagia
To test whether POMCARH neurons mediate the inhibitory effects of 
27HC on food intake, we used Designer Receptors Exclusively Acti-
vated by Designer Drugs (DREADD) technology to specifically 
inhibit POMCARH neurons in functional mice. Specifically, we gener-
ated hM4DiPOMC mice by stereotaxically delivering Cre-dependent 
inhibitory DREADD virus (AAV-hSyn-DIO-hM4Di-mCherry) 
into the ARH regions of the POMC-Cre mice. POMC-Cre mice 
that received the AAV virus carrying Cre-dependent mCherry 
(AAV-hSyn-DIO-mCherry) were used as a control. The accuracy 
of the injection was validated by mCherry immunofluorescence in 
the ARH of both male and female mice (fig. S10, A and B). We found 
that a single bolus intracerebroventricular infusion of clozapine 
N-oxide (CNO) alone (1 μg) did not influence the acute food 
intake of female control or hM4DiPOMC mice when compared to 
vehicle injection (fig. S10, C and E). However, the second daily 
infusion of CNO significantly increased daily food intake in female 
hM4DiPOMC mice but not in control mice (fig.  S10, D and F), 
consistent with previous observations on anorexigenic effects of 
POMCARH neurons (63).

In control mice, 27HC and 27HC coinfused with CNO showed 
similar hypophagic effects associated with corresponding changes 
in meal size and meal intervals (Fig. 7, A to E and K to O), excluding the 
potential blockage mediated by DREADD receptor–independent CNO 
effects. In hM4DiPOMC mice, the acute 27HC-induced anorexigenic ef-
fects were entirely blocked by coinfusion of CNO (Fig. 7, F to J and 
P to T), suggesting a mediating role of POMCARH neurons. In conclu-
sion, our results demonstrate that POMCARH activation is required for 
the hypophagic effects of 27HC.

SK3 is required for the stimulatory effects of 27HC on 
POMCARH neurons and subsequent hypophagic response
On the basis of previous reports that the SK3 ion channel is abundant-
ly expressed in POMCARH neurons and represents a key component of 
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intracellular signaling integrating neuron-mediated regulatory effects 
on food intake and peripheral metabolic signals, including asprosin 
and estrogen (55, 64), we examined whether SK3 is the intracellular 
mediator for stimulatory effects of 27HC on POMCARH neurons. We 
showed that a 1-s puff of 100 nM 27HC significantly reduced SK cur-
rent in 44% (12 of 27) of recorded POMCARH neurons (fig. S11, A and B). 
This is consistent with our previous observations that estrogens 
act through ERα to inhibit SK current in the midbrain serotonin neu-
rons (65). Given that inhibition of SK current leads to increased neu-
ron excitability (66, 67), these data support the hypothesis that 27HC 
inhibits SK current to activate POMCARH neurons and induce hypo-
phagic effects.

To test this hypothesis, we implanted a guide cannula targeting 
the ARH of male and female WT mice. We then performed a phar-
macological activation of the SK current at the ARH through an 
intra-ARH infusion of N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-
1-yl)-6-methyl-4-pyrimidinamine (CyPPA), an activator of the SK 
current. Our results showed that ARH-specific infusion of 27HC 
(0.1 nmol) produced similar anorexigenic effects as intraperitoneal 
or intracerebroventricular injection of 27HC. However, the coin-
fusion of CyPPA (0.025 pmol) into the ARH completely abolished the 

inhibitory effects of 27HC on food intake in both genders (Fig. 8, A 
to J). We also found that an intra-ARH infusion of 0.025 pmol CyPPA 
alone did not change food intake or meal patterns (fig. S12, A to J). 
These results suggest that inhibition of SK current is required for the 
hypophagic effects mediated by 27HC ARH action.

To test the hypothesis in a genetic context, we recorded the re-
sponses of POMCARH neurons to 27HC in mice with POMC-specific 
deletion of the SK3 channel (SK3-KOPOMC, Fig. 8K), the primary 
subtype of SK channel expressed in POMCARH neurons (64, 68, 69). 
As previously reported (64), SK3-KOPOMC resulted in the depletion 
of SK3 protein (fig. S13, A and B), which was associated with a 
decrease in SK current (fig. S13C), a depolarized resting membrane 
potential (fig. S13D), and an increased firing frequency (fig. S13E) 
in POMCARH neurons. Notably, after SK3 was knocked out from 
POMCARH neurons, a 1-spuff of 100 nM 27HC failed to affect the 
SK current, resting membrane potential, and neural firing activity 
(Fig. 8, L to P). Consistent with these ex vivo results, SK3-KOPOMC 
also abolished the anorexigenic effects induced by ARH-specific in-
jection of 27HC (Fig. 8, Q to Z). Together, these results support the 
hypothesis that the SK3 channel is required for the inhibitory effects 
of 27HC on the SK current and the subsequent hypophagic effects.

Fig. 5. ERα and melanocortin 3 and 4 receptor (MC3/4R) are required for the anorexigenic effects of 27HC in female and male mice. (A to J) Dark-induced food 
intake of 12-week female [(A) to (E), n = 11)] or male [(F) to (J), n = 11)] C57BL/6J mice after an ICV injection of vehicle, 0.1 nmol 27HC, 0.1 nmol 27HC + 250 nmol BHPI 
(27HC + BHPI), or 0.1 nmol 27HC + 6 nmol SHU9119 (27HC + SHU9119). Hourly food intake [(A) and (F)], a heatmap of food consumption [(B) and (G)], cumulative food 
intake [(C) and (H)], mean meal size [(D) and (I)], and mean intermeal intervals [(E) and (J)] 10 hours after injections. Results are shown as means ± SEM. [(C) and (H)] 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (27HC versus control) indicate statistical significance in a two-way ANOVA followed by post hoc Sidak tests. [(D), 
(E), (I), and (J)] *P < 0.05 and ***P < 0.001 in one-way ANOVA followed by post hoc Tukey tests.
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DISCUSSION
27HC is the most abundant oxysterol, primarily produced in the 
liver. It can cross the BBB and act as an indicator of plasma choles-
terol levels in the brain, potentially modulating brain metabolism 
(70–72). The plasma levels of 27HC are highly relevant to the circu-
lating levels of cholesterol, which fluctuate with physiological and 
pathophysiological conditions (73, 74). Physiological levels of 27HC 
in the human blood range from 150 to 730 nM, with a daily flux of 
about 12 μmol (5 mg) 27HC from the circulation into the brain 
(24, 75). Notably, patients with mutations in the CYP7B1, the key 
catabolic enzyme for 27HC, result in increased circulating levels 
of 27HC to 2 to 3 μM, leading to cerebrotendinous xanthomatosis 
characterized by adult-onset progressive neurological dysfunction 
(e.g., psychiatric disorders and peripheral neuropathy), or spastic 
paraplegia type 5, a progressive neuropathy (76, 77). This suggests 
an essential role of 27HC in maintaining neuronal functions.

Consistent with human observations, studies in mice demonstrated 
a strong correlation between circulating cholesterol and 27HC levels 
(73). Physiological doses of circulating 27HC in mice range from 51.75 
to 206.5 nM (20.7 to 82.6 ng/ml) (46, 78) but are three to five times 
higher in the circulation and tissues of CYP27A1 overexpression mice 
(78). Circulating 27HC levels can increase up to threefold in pathologi-
cal conditions, such as atherosclerotic lesions (22) or 8-week high-
cholesterol/high-fat (HC/HF) diet feeding (46). Plasma levels of 27HC 
in mice are about one-third of the levels in humans (24, 46, 78), and 
estimating the same efficiency of BBB crossing, a daily flux of 27HC 
from the circulation into the brain is about 4 μmol in mice, clearly sug-
gesting a role in brain metabolism. In supporting this view, high levels 
of 27HC in CYP27A1 overexpression mice impair neuronal morphol-
ogy and induce synaptic dysfunction in hippocampal neurons (79, 80). 
Increased 27HC levels induced by 11-week HFD feeding are associated 
with bidirectional regulation in ERα and ERβ expression and interfere 

Fig. 6. ERα expressed by POMC neurons is required for the anorexigenic effects of 27HC in female and male mice. (A to T) Dark-induced food intake of 12-week 
female Esr1flox/flox mice [control, (A) to (E), n = 7], female POMC-Cre/Esr1flox/flox mice [ERα-KOPOMC, (F) to (J), n = 12], male control mice [(K) to (O), n = 6], or male ERα-KOPOMC 
mice [(P) to (T), n = 8] after an ICV injection of vehicle, 0.1 nmol 27HC, or 5 μg of cyclodextrin-encapsulated 17β-estradiol (E2). Hourly food intake [(A), (F), (K), and (P)], a 
heatmap of food consumption [(B), (G), (L), and (Q)], cumulative food intake [(C), (H), (M), and (R)], mean meal size [(D), (I), (N), and (S)], and mean intermeal intervals [(E), 
(J), (O), and (T)] 10 hours after injections. Results are shown as means ± SEM. [(C), (H), (M), and (R)] *P < 0.05 and **P < 0.01 (27HC versus control) or #P < 0.05 and 
##P < 0.01 (E2 versus control) indicate statistical significance in two-way ANOVA followed by post hoc Sidak tests. [(D), (E), (N), and (O)] *P < 0.05 and **P < 0.01 indicate 
statistical significance in one-way ANOVA followed by post hoc Tukey tests.
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with neurodegeneration in animal models (26). All of these indicate the 
potential physiological effects of 27HC in the central nervous system.

It has been shown that brain 27HC reduces insulin-mediated glu-
cose uptake and neuronal glucose metabolism, which may be asso-
ciated with changes in central metabolism (45, 81). Despite this 
critical evidence regarding the role of 27HC in modulating neuronal 
glucose uptake, the direct effects of central 27HC on whole-body 
energy homeostasis are still unknown. We found that a single bolus 
intraperitoneal, intracerebroventricular, or intra-ARH injection of 
27HC can produce profound anorexigenic effects associated with a 
shift of substrate utilization induced by food ingestion, clearly indi-
cating acute systemic metabolic effects of brain 27HC.

Subsequently, we conducted indirect calorimetry tests to examine 
the relationship between the anorexigenic effect induced by 27HC and 
changes in substrate utilization. These tests were performed on mice 

with different nutritional statuses, including satiated (fed after inter-
mittent fasting) or overnight fasting status. When no food was pro-
vided, a single bolus 27HC intracerebroventricular injection did not 
significantly change the RQ, suggesting that the switch in substrate 
utilization depends on the reduction in food intake. However, one 
caveat of our studies is that RQ estimations only reflect the overall net 
balance of oxidized substrates and do not provide critical information 
on the in vivo kinetics of substrate utilization, such as the rates of 
production, appearance, or disappearance of metabolites. The animal 
body is in a constant state of turnover, with synthesis, breakdown, and 
conversion of compounds (82). The dynamic nature of in vivo kinetics 
of substrate metabolism can vary under different conditions, including 
fed conditions and stressed conditions like overnight fasting, diabetes, 
and obesity (83). Further studies using stable isotope tracers in con-
junction with gas or liquid chromatography mass spectrometry and 

Fig. 7. Chemogenetic inhibition of POMCARH neurons abolishes the 27HC-induced hypophagia in female and male mice. (A to T) Dark-induced food intake of 
12-week female POMC-Cre mice injected with AAV-EF1a-DIO-mCherry into the ARH [Control, (A) to (E), n = 6], female POMC-Cre mice injected with AAV-EF1a-DIO-hM4D(Gi)-
mCherry [POMChM4Di, (F) to (J), n = 10], male Control mice [(K) to (O), n = 9], or male POMChM4Di mice [(P) to (T), n = 8] after an ICV injection of vehicle, 0.1 nmol 27HC, or 
0.1 nmol 27HC + 1 μg of Clozapine N-oxide (27HC + CNO). Hourly food intake [(A), (F), (K), and (P)], a heatmap of food consumption [(B), (G), (L), and (Q)], cumulative food 
intake [(C), (H), (M), and (R)], mean meal size [(D), (I), (N), and (S)], and mean intermeal intervals [(E), (J), (O), and (T)] 10 hours after injections. Results are shown as means 
± SEM. [(C), (H), (M), and R)] *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (27HC versus control); #P < 0.05, ##P < 0.01, and ####P < 0.0001 (27HC + CNO versus 
control); or &P < 0.05, &&P < 0.01, &&&P < 0.001, and &&&&P < 0.0001 (27HC versus 27HC + CNO) indicate statistical significance in two-way ANOVA followed by post hoc 
Sidak tests. [(D), (E), (I), (J), (N), (O), (S), and (T)] *P < 0.05 and **P < 0.01 indicate statistical significance in one-way ANOVA followed by post hoc Tukey tests.



Ye et al., Sci. Adv. 10, eadi4746 (2024)     12 July 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 18

Fig. 8. SK3 mediates 27HC’s actions to stimulate POMCARH neurons and inhibit food intake. (A to J) Dark-induced food intake of 12-week C57BL/6J female mice 
[(A) to (E), n = 6] and male mice [(F) to (J), n = 6] after intra-ARH infusion of vehicle, 0.1 nmol 27HC, or 0.1 nmol 27HC + 0.025 pmol CyPPA. Hourly food intake [(A) and (F)], a 
heatmap of food consumption [(B) and (G)], cumulative food intake [(C) and (H)], mean meal size [(D) and (I)], and mean intermeal intervals [(E) and (J)] 10 hours after infu-
sion. (K) Schematic of electrophysiology recordings of POMC-Cre/Rosa26-LSL-tdTOMATO (Control) or POMC-Cre/Kcnn3flox/flox/Rosa26-LSL-tdTOMATO mice (SK3-KOPOMC). 
(L and M) Representative traces (L) and data analysis (M) of SK current in POMCARH neurons from control or SK3-KOPOMC mice after 27HC puff treatment (1 s, 100 nM; n = 27 
or 21 from three different animals in each group). (N to P) Representative traces (N) and data analysis of resting membrane potential (O) and firing frequency (P). (Q to Z) 
Dark-induced food intake of 12-week male Kcnn3flox/flox Control, (Q) to (U), n = 6] and male POMC-Cre/Kcnn3flox/flox mice [SK3-KOPOMC, (V) to (Z), n = 6] after intra-ARH infu-
sion of vehicle or 0.1 nmol 27HC. Results are shown as means ± SEM. [(C), (H), and (S)] *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (27HC versus Control) or 
#P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 (27HC + CyPPA versus 27HC) indicate statistical significance in two-way ANOVA followed by post hoc Sidak tests. 
[(D), (E), (I), and (J)] *P < 0.05 indicates statistical significance in one-way ANOVA followed by post hoc Tukey tests. [(M), (O), and (P)] ****P < 0.0001 indicates statistical 
significance in paired t tests. (T) *P < 0.05 indicates statistical significance in unpaired t tests.
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modeling (82, 83) are necessary to quantitatively assess the specific re-
sponse of dynamic substrate utilization to 27HC treatment under vari-
ous conditions.

Notably, the intraperitoneal injection dose of 27HC (20 mg/kg) 
has been previously shown to increase circulating 27HC within the 
physiological range, but it did not affect circulating cholesterol lev-
els (21, 22, 46). Consistently, the central delivery of 0.1 nmol of 27HC 
is well within the daily flux of 12 μmol (5 mg) of 27HC from the circu-
lation into the brain in humans (24), and the estimated daily flux of 
4 μmol of 27HC in mice (24, 46, 78). Considering the strong correlation 
between circulating cholesterol and 27HC levels, the results also 
suggest that, physiologically, 27HC may function as a negative feed-
back signal induced by postprandial cholesterol surge to inhibit food 
intake and prevent further increases in blood cholesterol levels. A sim-
ilar negative feedback theory has been proposed for 27HC, which acts 
on LXRs to stimulate cholesterol elimination and RCT in peripheral 
tissues in response to cholesterol overload (18, 84).

Furthermore, it is essential to note that intraperitoneal and intra-
cerebroventricular injections of 27HC rapidly decreased food intake 
within the first few hours. Despite its high lipophilicity, which allows 
it to cross cell membranes and the BBB passively, 27HC may still re-
quire time to penetrate brain tissue. The intriguing observation is that 
intraperitoneal and intracerebroventricular injections exhibit similar 
timelines in suppressing food intake despite using different routes to 
reach the brain tissue. One possible explanation is that 27HC bypasses 
the BBB and directly affects the ARH near the median eminence. The 
median eminence lacks the typical BBB and acts as a pathway for the 
ARH to receive metabolic signals, such as leptin and ghrelin, reflect-
ing the body’s nutritional status (85–88). Therefore, it is possible that 
some circulating 27HC can quickly reach the ARH through the 
permeable median eminence, bypassing the BBB. However, additional 
research is required to confirm this hypothesis.

The intracerebroventricular doses of 27HC (0.01 or 0.1 nmol) that 
elicited significant anorexigenic responses in both males and females 
are considerably lower than the estimated daily flux of 27HC from the 
bloodstream into the brain in mice, which is 4 μmol (24, 75). This raises 
questions about how these low doses of 27HC can have any anorexi-
genic effects when they are much lower than the normal physiological 
levels. Notably, the daily flux does not reflect the actual 27HC dose 
in the brain. Previous studies have shown that the brain can convert 
27HC into more polar products, effectively acting as a metabolic “sink” 
(24). The essential process in the metabolism of 27HC in the brain is 
catalyzed by CYP7B1, which is present at an exceptionally high level in 
the brain (89). These findings suggest that the effective daily flux of 
27HC in mice is likely much lower than 4 μmol, which helps explain 
why low doses of 27HC (0.001 to 0.1 nmol) given through intracere-
broventricular administration have a significant effect.

In addition, in our study, we administered 27HC through intracere-
broventricular or intra-ARH injection, allowing 27HC to diffuse directly 
within the cerebrospinal fluid (CSF) or ARH. With intracerebroventric-
ular administration, doses of 0.001 to 0.1 nmol of 27HC would theoreti-
cally result in a final concentration of 25 nM to 2.5 μM 27HC in the CSF, 
based on the total volume of 40 μl of CSF in mice (90). The final concen-
tration may be even higher with intra-ARH injection. These concentra-
tions fall within the effective range (100 nM or higher) needed to activate 
POMC neurons, as shown by electrophysiological recording.

The data from our pharmacological blockade experiments and ERα-
KOPOMC model further demonstrate the necessity of ERα expressed by 
POMC neurons in the regulatory effects of 27HC on feeding behavior. 

Notably, the following chemogenetic activation of POMCARH blocked 
the effects of 27HC on feeding behavior, suggesting POMCARH-induced 
hypophagia. These results indicate that the anorexigenic effects of 27HC 
are at least partially mediated through ERα-dependent activation of 
POMCARH neurons. Notably, besides ARH, the POMC-Cre mouse line 
has been shown to direct recombination in other brain regions that are 
implicated in energy homeostasis, including NTS, the paraventricular 
nucleus of the hypothalamus (PVN), the ventromedial nucleus of the 
hypothalamus (VMH), subiculum, medial amygdala (MeA), the 
lateral parabrachial nucleus (LPB), and area postrema (AP) (91). 
The attenuation of 27HC’s anorexigenic effects in the ERα-KOPOMC 
model could be partially attributed to ARH-independent ERα dele-
tion. Similarly, the inhibitory effect of intracerebroventricularly infused 
E2 on food intake was abolished in the ERα-KOPOMC model, this 
confirm the regulatory role of ERα in ARH in feeding behavior. Among 
these brain regions, ERα is absent or barely expressed in the PVN (92–
94). Genetic deletion of ERα in the MeA or VMH does not modulate 
feeding behavior (52, 92, 95). However, NTS, LPB, and AP are critical 
nuclei for the regulation of feeding behavior, and NTS, subiculum, 
LPB, and AP do express high levels of ERα (96–100). In addition, recent 
studies also demonstrated that subiculum circuits integrate hunger state 
signals to regulate the decision to eat (101, 102). Thus, it will be in-
teresting to validate whether 27HC could act on ERα neurons in NTS, 
subiculum, LPB, or AP to modulate feeding behavior.

Consistent with previous findings (60, 103, 104), a single bolus 
intracerebroventricular injection of E2 acutely reduced food intake 
in both male and female control mice. However, similar to 27HC, the 
appetite-suppressing effects of centrally delivered E2 were blocked in 
male and female ERα-KOPOMC mice. This suggests that the acute an-
orexigenic effects of E2 primarily occur through ERα expressed by 
POMC neurons. However, this does not rule out the potential role of 
other brain ERα in different forms of estrogenic regulation of food 
intake, such as chronic appetite-suppressing effects or appetite regu-
latory response during metabolic adaptations to temperature (105) 
or nutritional challenges (106). Further clarification is needed to de-
termine the specific physiological role of other brain ERα in the regu-
lation of food intake.

Another intriguing finding is that although our evidence supports a 
mediating role of POMCARH in acute anorexigenic effects of 27HC, 
chemogenetic activation of POMCARH neurons does not rapidly de-
crease food intake but instead leads to a reduction of daily food intake 
after the second dose of 27HC central delivery. This is consistent 
with previous observations that acute stimulation of the POMCARH 
population does not produce the canonical reduction in food 
intake (63, 107–109), despite the well-known anorexigenic effects of 
α-MSH. Optogenetic and chemogenetic activation of POMCARH 
appears to suppress chronic daily feeding instead (63, 108). This discrep-
ancy could be explained by the heterogeneity of the POMCARH neural 
population. Although POMCARH neurons have been considered a ho-
mogeneous population, previous studies have highlighted the functional 
diversity attributed to distinct downstream circuits, translational 
signatures, electrophysiological properties, neurotransmitters, and en-
ergy state–sensing signals (110). Using intersectional chemogenetic 
targeting technology, it was recently shown that activation of POMCARH 
neurons coexpressing glucagon-like peptide 1 receptor resulted in early 
onsite (2.5 hours after CNO injection) and potent feeding suppression 
(110). Conversely, activation of POMCARH neurons has also been shown 
to promote food intake by releasing the opioid peptide β-endorphin 
as a neurotransmitter (111, 112). The acute anorexigenic effect of 27HC 
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could be mediated by a subpopulation of POMCARH neurons that 
express ERα and exert a rapid hypophagic response.

The hypophagia induced by central 27HC delivery seems contradic-
tory to a previous finding that chronic systemic administration of 27HC 
(for 8 weeks) promotes adiposity by increasing white adipose tissue 
inflammatory responses in an ERα-dependent mechanism (46). 
However, the previous results do not rule out the possibility of acute 
central anorexigenic effects of 27HC. Notably, 27HC has been 
shown to act as a SERM with mixed estrogenic bioactivities (i.e., ago-
nist or antagonist) in different tissues (17, 20, 21). Cumulative evidence 
has demonstrated that 27HC acts as an agonist of ERα, facilitating 
metastasis and promoting tumor growth in breast cancer (113, 114). 
Meanwhile, 27HC functions as an antagonist of ERs, preventing the 
estrogenic cardioprotective effects in vivo (21, 22). These mixed ER 
responses suggest that the complex of 27HC and ERα expressed by 
POMCARH would have a distinct role in energy homeostasis compared 
with 27HC and ERα in white adipose tissue. Similarly, tamoxifen is 
widely used to treat all stages of ERα-positive breast cancer, presenting 
its antagonist role with ER (115). Tamoxifen mimics E2’s effect of 
reducing food intake and body weight gain in ovariectomized rats 
(116). Therefore, additional studies are needed to investigate further the 
mechanisms of the potential “conflicted” roles of 27HC in different 
tissues in the regulation of energy homeostasis.

We further investigated the intracellular mechanism of 27HC-
induced stimulation on POMCARH neurons and its effects on feeding 
behavior. Our findings show that 27HC activates POMCARH neurons in 
an SK3-dependent manner. The 27HC-induced hypophagia is blocked 
by pharmacological activation of SK current or genetic deletion of SK3 
in the POMC neurons, suggesting that SK3 mediates POMCARH activa-
tion, and following the anorexigenic effects of 27HC. Previously, we 
reported that SK3 is the most abundant isoform of SK channels in 
POMCARH and regulates energy and glucose homeostasis in a sexually 
dimorphic manner (64). SK3 in POMCARH neurons regulates food 
intake and physical activity in male mice and glucose balance in female 
mice, respectively (64). However, this is inconsistent with our obser-
vations that 27HC shows similar anorexigenic effects in both male and 
female mice. If SK3 is the downstream mediator for 27HC’s effects 
on POMCARH neurons, we would expect the same sex-dimorphic meta-
bolic responses. This discrepancy could be due to the functionally 
heterogeneous effects of POMCARH neurons on feeding. Our data 
support the mediating roles of both ERα and SK3 in the regulatory 
effects of 27HC on POMCARH neurons. Therefore, 27HC’s meta-
bolic responses require SK3 + ERα + POMCARH neurons instead of 
SK3 + POMCARH neurons. It is worth pursuing whether a subpopula-
tion of POMC neurons, such as SK3 + ERα + POMCARH neurons, 
represents a functionally segregated POMC population that rapidly 
modulates food intake and mediates a negative feedback function of 
27HC to reduce prandial cholesterol surging.

A clear sex dimorphic response has been observed in mice treated 
with a low dose of 27HC (0.001 nmol). This response may be attributed 
to the higher expression of ERα in the POMCARH neurons in females, as 
demonstrated by colocalization analysis of POMC-tdTOMATO and 
ERα-ZsGreen. These findings are consistent with previous reports that 
females have more POMCARH neurons than males (117) and that ERα 
mRNA expression in ARH is greater in females than in males (118). Our 
recent data showed that male ERα + POMCARH neurons have a signifi-
cantly higher SK current than female ERα + POMCARH neurons (64). 
This suggests a relatively higher ceiling effect for the 27HC-induced 
stimulation on POMCARH neurons in males. It may compensate for 

the higher expression of ERα and greater POMC neurons in females and 
explain why we did not observe a remarkable sexual difference in the 
anorexigenic response to the acute 27HC treatment. Further complicat-
ing matters is that CYP7B1, the enzyme responsible for catalyzing 27HC 
and primarily expressed in the brain (89, 119, 120), is negatively regu-
lated by androgens and positively up-regulated by estrogens (121, 122). 
This suggests that the cumulative level or half-life of 27HC in the brain 
may differ between males and females, potentially affecting the duration 
of the feeding response induced by 27HC treatment.

In summary, our results support a model in which 27HC, the 
most abundant metabolite of cholesterol, produces acute anorexi-
genic effects by activating POMCARH neurons via ERα/SK3 signal-
ing. Because circulating levels of 27HC and cholesterol are tightly 
correlated, 27HC may act as a peripheral cholesterol indicator 
and transmit nutritional signals to the brain to inhibit feeding and 
prevent further increases in circulating cholesterol. Identifying 
this previously unknown negative feedback mechanism is a sig-
nificant step forward in our understanding of mammalian energy 
and cholesterol homeostasis. It also provides an additional target 
for pharmacological manipulation to treat obesity and metabolic 
syndrome.

MATERIALS AND METHODS
Mice
Several transgenic mouse lines were maintained on a C57BL/6J back-
ground. These lines include Esr1flox/flox (123), POMC-Cre (catalog no. 
005965, The Jackson Laboratory, Bar Harbor, ME, USA), Rosa26-
LSL-tdTOMATO (catalog no. 007914, The Jackson Laboratory), 
Kcnn3flox/flox (catalog no. 019083, Jackson Laboratory), and ERα-
ZsGreen (50). C57BL/6J male and female mice were purchased from 
The Jackson Laboratory (catalog no. 000664). ERα-ZsGreen, POMC-
Cre, and Rosa26-LSL-tdTOMATO were crossed to generate ERα-
ZsGreen/POMC-Cre/Rosa26-LSL-tdTOMATO for ERα and POMC 
colocalization analysis. POMC-Cre, Rosa26-LSL-tdTOMATO, and 
Kcnn3flox/flox were crossed to generate POMC-Cre/tdTOMATO or 
Kcnn3flox/flox/POMC-Cre/Rosa26-LSL-tdTOMATO (SK3-KOPOMC) 
for electrophysiological recording and immunohistochemistry stain-
ing. Esr1flox/flox mice were crossed with POMC-Cre to generate 
Esr1flox/flox/POMC-Cre (ERα-KOPOMC) to specifically knock out Esr1 in 
the POMC neurons. Kcnn3flox/flox mice were crossed with POMC-Cre 
to generate Kcnn3flox/flox/POMC-Cre (SK3-KOPOMC) to specifically 
knock out Kcnn3 in the POMC neurons. Mice were housed in a 
temperature-controlled environment at 22° to 24°C on a 12-hour 
light/12-hour dark cycle (6 a.m. and 6 p.m.) or 14-hour light/10-hour 
dark cycle (5 a.m. and 7 p.m.). Unless otherwise stated, the mice were 
fed ad libitum with standard mouse chow (6.5% fat: catalog no. 2920, 
Harlan-Teklad, Madison, WI, USA) and water. Care of all animals 
and procedures were approved by Pennington Biomedical Research 
Center (PBRC), Baylor College of Medicine, and The University of 
Illinois at Chicago Institutional Animal Care and Use Committees.

Feeding behavior test
Feeding behavior was studied using the BioDAQ Food Intake Monitor 
for mice (BioDAQ, Research Diets Inc., New Brunswick, NJ, USA), 
which allows continuous monitoring of meal patterns in undisturbed 
mice with minimal human interference. All the mice were habituated 
for 1 week to single housing and fed with standard chow through a 
BioDAQ food hopper in regular housing cages with environmental 
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enrichment and bedding material. Water was provided ad libitum from 
a BioDAQ Stainless Steel LIQUID Hopper. Mice were fasted for 6 hours 
before the initiation of the dark cycle (7 p.m.). At the beginning of the 
dark cycle, mice received an intraperitoneal injection of vehicle (9% 
2-hydroxypropyl-β-cyclodextrin in saline) or 27HC (20 mg/kg; 1 mg/ml 
in vehicle with a dose of 10 μl/g body weight, catalog no. SML2042, 
MilliporeSigma, Burlington, MA, USA). Food intake was continuously 
measured for 10 hours after injections.

In separate cohorts of male and female C57BL/6J mice, an in-
dwelling intracerebroventricular guide cannula with 2.3-mm pro-
jection (catalog no. 62003, P1 Technologies, Roanoke, VA, USA) 
was stereotaxically inserted to target the lateral ventricle (bregma, 
anterior-posterior: −0.4 mm; lateral: +1.3 mm; dorsalventral: −2.3 mm) 
(124). One week after surgery, the cannulation accuracy was 
validated by the increase of drinking and grooming behavior after 
intracerebroventricular administration of 10 ng of angiotensin II 
(10 μg/ml in saline, RP11257, GenScript Biotech, Piscataway, NJ, 
USA), as we did before (125, 126). After validation, the mice went 
through a 6-hour fasting before the dark cycle. The dark-induced 
food intake was measured after intracerebroventricular injection of 
vehicle or 0.1 nmol 27HC (100 μM in 1 μl of vehicle) at the begin-
ning of the dark cycle.

To determine whether ERα or MC3/4R in the brain is required 
for the orexigenic effects of 27HC, male and female C57BL/6J mice 
were subjected to the same procedure but received intracerebroven-
tricular injections of vehicle, 0.1 nmol 27HC, 250 nmol BHPI (250 
mM in 1 μl of vehicle, catalog no. 5380050001, MilliporeSigma), 
6 nmol SHU 9119 (6 mM in 1 μl of vehicle, HY-P0227, MedChemEx-
press, Monmouth Junction, NJ, USA), 0.1 nmol 27HC + 250 nmol 
BHPI, or 0.1 nmol 27HC + 6 nmol SHU 9119, which were tested in 
another cohort of male and female C57BL/6J mice.

To determine whether ERα expressed by POMC neurons medi-
ates orexigenic effects of 27HC, male and female control (Esr1flox/flox) 
or ERα-KOPOMC (Esr1flox/flox/POMC-Cre) mice were implanted with 
a guide cannula targeting later ventricular and received intracerebro-
ventricular injections of vehicle, 0.1 nmol 27HC, or 5 μg cyclodextrin-
encapsulated 17β-estradiol (5 mg/ml E2 in 1 μl of vehicle, E4389, 
MilliporeSigma).

To test the requirement of ERα in the ARH, female Esr1flox/flox 
mice at 8 weeks of age were bilaterally injected with 100 nl of AAV-
CMV-EGFP (UNC Vector Core, control) or AAV-CMV-Cre-GFP 
(UNC Vector Core, ERα-KOARH) into the ARH (bregma, anterior-
posterior: −1.6 mm; lateral: +0.30 mm; dorsal-ventral: −5.9 mm). 
Under the same anesthesia, all mice were implanted with an intra-
cerebroventricular cannula that targeted the lateral ventricle. Four 
weeks after the surgery, the mice were then intracerebroventricularly 
infused with either vehicle or 0.1 nmol 27HC (100 μM in 1 μl of 
vehicle), and their feeding behavior was investigated as described 
above. After the injections, all mice were perfused, and their brains 
were collected. The brains were sectioned and mounted, and the Cre-
GFP signals were monitored under a fluorescent microscope to vali-
date the virus injection accuracy. Another aliquot of brain sections 
was used for immunohistochemistry of ERα. Briefly, brain sections 
were incubated with rabbit anti-ERα antibody (1:10,000; catalog 
C1355, MilliporeSigma) at room temperature overnight, followed by the 
biotinylated donkey anti-rabbit secondary antibody (1:1000, cat-
alog no. 711-067-003, Jackson ImmunoResearch) for 2 hours. Sections 
were then incubated in the avidin-biotin complex (1:1000, PK-6100, 
Vector Laboratories) and incubated in 0.04% 3,3′-diaminobenzidine 

and 0.01% hydrogen peroxide. After dehydration through graded 
ethanol, the slides were then immersed in xylene and cover-
slipped. Bright-field images were obtained using a Leica DM5500 
microscope.

To investigate whether 27HC promotes feeding by inhibiting SK 
current in the ARH, male and female C57BL/6J mice were implanted 
with a guide cannula with a 5.9-mm projection to target the ARH 
(bregma, anterior-posterior: −1.7 mm; lateral: +0.25 mm; dorsal-
ventral: −5.9 mm). Specifically, the mice were infused with vehicle, 
0.1 nmol 27HC (200 μM in 0.5 μl of vehicle), 0.025 pmol CYPPA (50 nM in 
0.5 μl of vehicle, C5493, MilliporeSigma), or 0.1 nmol 27HC + 0.025 pmol 
CYPPA in the ARH.

To investigate whether SK3 expressed by POMC neurons medi-
ates the orexigenic effects of 27HC, male control (Kcnn3flox/flox) or 
SK3-KOPOMC (Kcnn3flox/flox/POMC-Cre) mice were implanted with 
a guide cannula targeting the ARH. The mice were then infused 
with vehicle or 0.1 nmol 27HC (200 μM in 0.5 μl of vehicle) in 
the ARH.

c-Fos mapping after 27HC treatment
Male and female ERα-ZsGreen mice were implanted with an 
intracerebroventricular cannula targeting the lateral ventricle, as 
previously described. After fasting for 6 hours, the mice received 
an intracerebroventricular infusion of either vehicle (1 μl, 9% 
2-hydroxypropyl-β-cyclodextrin in saline) or 27HC (1 μl, 100 μM in 
vehicle) at 7 p.m., the start of the dark cycle. All mice were perfused 
1.5 hours after infusion. The brains were collected and sectioned into 
30-μm slices. The sections were blocked with 3% normal goat serum 
for 1 hour, then incubated overnight on a shaker at room temperature 
with c-Fos (9F6) Rabbit mAb (1:1000, 2250S, Cell Signaling Technol-
ogy), followed by incubation with Goat Anti-Rabbit Alexa Fluor 594 
IgG (H + L) (1:500, 1110585-003, Jackson ImmunoResearch) for 
2 hours. Slides were coverslipped using an anti-fade mounting me-
dium (H-1500, Vector Laboratories, Newark, CA, USA), and fluo-
rescence images were captured using a Leica DM5500 fluorescence 
microscope. ERα-ZsGreen neurons coexpressing c-Fos were counted 
and averaged in at least five consecutive coronal brain slices contain-
ing the arcuate nucleus from each mouse, and these data were treated 
as one biological sample. Statistical analyses were performed using 
data from three different mice.

The same procedure was also performed on the overnight-fasted 
control and ERα-KOPOMC mice to examine c-Fos expression in the 
ARH after intracerebroventricular injection of 27HC.

Metabolic phenotyping of mice
Indirect calorimetry measurements were performed using the Pro-
methion metabolic cage system (Sable Systems International, Las 
Vegas, NV, USA) located at the Biologic Resources Laboratory at the 
University of Illinois at Chicago. Before data acquisition, the mice 
were acclimatized for 72 hours in the Promethion system and fed 
ad libitum with standard mouse chow and water. Instrument control 
and data acquisition followed the manufacturer’s instructions. Like 
the feeding behavioral tests, male and female C57BL/6J mice were 
implanted with a guide cannula targeting the lateral ventricle and 
underwent a 6-hour fast before the dark cycle. Food intake, energy 
expenditure, and substrate utilization were measured after intra-
cerebroventricular injection of either vehicle or 0.1 nmol 27HC at 
the beginning of the dark cycle. Raw data were processed using 
ExpeData software (Sable Systems), and calorimetric analysis was 
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performed using a free online tool called CalR (https://calrapp.org)  
(127).

To determine whether the changes induced by 27HC in the 
whole-body substrate utilization are independent of its inhibitory ef-
fects on food intake, we implanted an intracerebroventricular guide 
cannula in another cohort of male and female C57BL/6J mice, as pre-
viously described. After a 2-week postsurgical observation period, 
the mice underwent 4 days of intermittent fasting training before 
metabolic chamber recording. During the training period, the 
mice were only allowed access to the chow diet between noon and 
6:00 p.m., and body weight and food intake were measured before 
starting the fasting cycle. This feeding schedule was maintained dur-
ing the subsequent indirect calorimetry test, and intracerebro-
ventricular infusions were performed immediately after the 6-hour 
re-feed period.

To investigate the regulatory effects of 27HC on whole-body sub-
strate utilization in the fasting condition, a separate cohort of female 
C57BL/6J mice was implanted with an intracerebroventricular cannula 
and acclimated to the Promethion metabolic cage system. intracere-
broventricular infusions were administered immediately following an 
18-hour overnight fast.

ERα colocalization with POMC neurons
To map the collocation of ERα and POMC neurons, we generated 
ERα-ZsGreen/POMC-Cre/Rosa26-LSL-tdTOMATO mice by cross-
ing ERα-ZsGreen, POMC-Cre, and Rosa26-LSL-tdTOMATO mice. 
In these mice, POMC-positive cells were labeled by tdTOMATO 
fluorescence, and ERα-positive cells were labeled by ZsGreen 
fluorescence. Male and female ERα-ZsGreen/POMC-Cre/Rosa26-
LSL-tdTOMATO mice were perfused at 8 weeks of age, and brain 
sections were cut at 30 μm after perfusion. The sections were then 
mounted and coverslipped with an anti-fade mounting medium, 
and fluorescence images were captured using a Leica DM5500 fluores-
cence microscope.

Secondary analysis of scRNA-seq results
Counts and metadata were downloaded from GSE93374. The count 
data were normalized to counts per million (CPM) and filtered for 
cells in the ARH (109). Next, the count data were joined to the meta-
data by cell ID. Genes such as LXRα-β and POMC were selected and 
exported to an Excel file. Further filtering was applied in Excel using 
metadata or expression data. We extracted the expression profiles of 
LXRα-β and POMC in neurons only and compared the expression 
of LXRα and LXRβ in POMC neurons.

Knockdown of LXRβ in POMCARH neurons during adulthood
The CRISPR-Cas9 approach was used to selectively disrupt LXRβ 
in POMCARH neurons bilaterally, as previously reported (128). At 
8 weeks of age, both male and female POMC-Cre mice and their WT 
littermates received bilateral stereotaxic injections of 200 nl of AAV/
DJ-CMV7-DIO-saCas9 (7122, Vector Biolabs, Malvern, PA, USA) 
mixed with AAV-LXRβsgRNA-DIO-mCherry (1:5 volume ratio) into the 
ARH region (bregma, anterior-posterior: −1.6 mm; lateral: +0.30 mm; 
dorsal-ventral: −5.9 mm). LXRβsgRNA (GGCAGCGGAACCTGC-
CAG) against LXRβ was designed and validated using the UCA 
method based on the single-strand annealing mechanism (129) by 
Biocytogen (Wakefield, MA, USA) before being cloned and packaged 
into AAV-LXRβsgRNA-DIO-mCherry vector (Baylor College of Med-
icine Viral Vector Production Core, Houston, TX, USA). LXRβsgRNA 

was expressed in all infected cells, and Cas9 protein was expressed in 
Cre-positive cells in the POMC-Cre mice. A portion of POMCARH 
neurons that coexpressed both LXRβsgRNA and Cas9 protein had 
LXRβ mutated. Not all POMCARH neurons were infected with both 
viruses; thus, LXRβ was not completely mutated in all POMCARH neu-
rons. As a result, these mice were referred to as POMC-LXRβ knock-
down (LXRβ-KDPOMC) mice instead of knockout mice. LXRβ was 
not mutated in POMC neurons of the WT mice that only expressed 
LXRβsgRNA, referred to as controls. After the surgery, all mice were 
fed a chow diet for 9 weeks before being switched to a high-fat diet 
(60% fat diet, catalog no. D12492, Research Diets). Body weight and 
food intake were measured every 4 days. Glucose tolerance tests 
(GTTs) were performed at weeks 8 and 18 after the virus injection, and 
insulin tolerance tests (ITTs) were performed at weeks 9 and 19 after 
the virus injection. In GTT, overnight-fasted mice were intraperitone-
ally injected with d-glucose (1 g/kg, catalog no. D9434, US Pharma-
copeia pharmaceutical grade, MilliporeSigma), and tail blood glucose 
was measured using a true-test glucometer immediately before and 15, 
30, 60, and 120 min after injection. In ITT, fed mice were intraperito-
neally injected with insulin (1 U/kg, Humulin R; Eli Lilly Corp., 
Indianapolis, IN), and tail blood glucose was measured using a true-
test glucometer immediately before and 15, 30, 60, and 120 min after 
injection.

To further investigate the role of LXRβ expressed by POMCARH 
neurons in the hypophagic effects of 27HC, another cohort of male 
control and LXRβ-KDPOMC mice was generated, as explained earlier. 
These mice were implanted with a guide cannula targeting the 
lateral ventricle. Afterward, the mice were intracerebroventricularly 
infused with either vehicle or 0.1 nmol 27HC (100 μM in 1 μl of 
vehicle) in the ARH. Eating behaviors were investigated using the 
methods described previously.

Validation of LXRβ recombination in POMCARH neurons
To determine if the CRISPR-Cas9 system had successfully induced the 
mutation of LXRβ, a two-step PCR was conducted. Each reaction con-
tained a single POMC neuron that was handpicked under the micro-
scope (35, 105). The sgRNA target region of LXRβ and a nonrelevant 
region of the genome were amplified in a two-step nested PCR. For 
the first step of PCR, the primer pair across the sgRNA target region of 
LXRβ: 5′-GGCTTTTGATTCTTGGGGCG-3′ and 5′-GTTCAGC 
TCTGGTCTCGTCC-3′ (2.2 kb) was used. To ensure that the neuron 
picking was successful, a control primer pair (sense: 5′-GGTCAGCC 
TAATTAGCTCTGTCAT-3′ and 5′-GATCTCCAGCTCCTCCTCT 
GTCT-3′) was also included to amplify the nonrelevant region of 
the genome (600 bp). The PCR products were then used for the second 
step of PCR with another LXRβ primer pair: 5′-CGGGTAGCC 
TGAGCTGTATG-3′ and 5′-TAGGAAACCCCTCCCTAGCC-3′ 
(1.3 kb) and control primers (600 bp).

DREADD manipulation of POMCARH neuron
To determine whether POMCARH neuron activation is necessary for 
the anorexigenic effect induced by 27HC, female and male POMC-Cre 
mice were bilaterally injected with 200 nl of AAV-EF1a-DIO-mCherry 
(UNC Vector Core) or AAV-EF1a-DIO-hM4D(Gi)-mCherry 
(Stanford Gene Vector and Virus Core) into the ARH at 8 weeks of age. 
At the same time, a guide cannula (62003 with a terminal length of 
3.5 mm; RWD Life Science, Guangdong, China) was implanted to tar-
get the lateral ventricle. An internal cannula (62203, customized to fit 
3.5-mm 62003 with 0.5-mm projection, RWD Life Science) was used 

https://calrapp.org
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for drug infusion. Two weeks after surgery, following a brief 6-hour fast, 
the mice received one of four treatments before the dark cycle: vehicle 
(9% 2-hydroxypropyl-β-cyclodextrin in saline), 1 μg of CNO (1 μg/μl in 
1 μl of vehicle), 0.1 nmol 27HC (100 mM in 1 μl of vehicle), or 1 μg of 
CNO + 0.1 nmol 27HC. Feeding behavior was continuously monitored 
by the BioDAQ system during the experimental phase. The order of 
infusion was randomized to avoid “sequence effects,” and each trial was 
separated by 72 hours to ensure the “wash out” of the previous infusion. 
After the injections, all mice were perfused, and their brains were col-
lected. The brains were sectioned and mounted, and the mCherry 
signals were monitored under a fluorescent microscope to validate the 
virus injection accuracy. Only mice with mCherry signals exclusively in 
the ARH were included in the analyses for feeding behavior.

Electrophysiology
We investigated the electrophysiological responses of identified POMC 
neurons in the ARH to 27HC treatment in POMC-Cre/tdTOMATO 
mice, as previously described (64, 65). To do so, we performed whole-
cell patch-clamp recordings on identified red fluorescent neurons in 
brain slices containing ARH from POMC-Cre/tdTOMATO mice. We 
used mice that were 6 to 12 weeks old, and they were deeply anesthe-
tized with isoflurane and transcardially perfused with a sucrose-based 
cutting solution (pH 7.3) that was ice-cold and carbogen-saturated 
(95% O2, 5% CO2). The solution contained 10 mM NaCl, 25 mM 
NaHCO3, 195 mM sucrose, 5 mM glucose, 2.5 mM KCl, 1.25 mM 
NaH2PO4, 2 mM Na pyruvate, 0.5 mM CaCl2, and 7 mM MgCl2. We 
removed the entire brain and coronally cut it into slices (250 μm) using 
a Leica vibratome (1200s, Leica Biosystems). Then, we incubated the 
ARH-containing slices in oxygenated artificial CSF (aCSF; adjusted 
to pH 7.3) containing 126 mM NaCl, 2.5 mM KCl, 2.4 mM CaCl2, 
1.2 mM NaH2PO4, 1.2 mM MgCl2, 11.1 mM glucose, and 21.4 mM 
NaHCO3 for 1 hour at 34°C.

Slices were transferred to a recording chamber and perfused with 
oxygenated aCSF at a flow rate of 1.8 to 2 ml/min at 34°C. tdTOMATO-
labeled POMCARH neurons were visualized using epifluorescence 
and IR-DIC imaging. The intracellular solution (adjusted to pH 7.3) 
contained the following: 128 mM K gluconate, 10 mM KCl, 10 mM 
Hepes, 0.1 mM EGTA, 2 mM MgCl2, 0.05 mM Na-GTP, and 0.05 mM 
Mg-ATP. Recordings were made using a MultiClamp 700B amplifier 
(Molecular Devices, Sunnyvale, CA, USA), sampled using Digidata 
1440A, and analyzed offline with pClamp 10.3 software (Molecular 
Devices). Series resistance was monitored throughout the recording 
and was generally less than 10 megohms, without compensation. 
The liquid junction potential (LJP) was +12.5 mV and was corrected 
after the experiment. Data were excluded if the series resistance in-
creased dramatically during the experiment or if there was no over-
shoot for the action potential. Currents were amplified, filtered at 1 kHz, 
and digitized at 20 kHz. The current clamp was used to test neuronal 
firing and resting membrane potential before and after a 1-s puff of 
aCSF containing 0, 1 nM, 10 nM, 100 nM, 1 μM, or 10 μM 27HC.

To test whether 27HC directly stimulates POMCARH neurons, 
brain slices were treated with 100 nM 27HC after preincubation with 
an aCSF solution containing 1 μM TTX, a sodium channel blocker 
(catalog no. 1078, R&D Systems, Minneapolis, MN, USA), and a 
cocktail of fast synaptic inhibitors. The cocktail included bicuculline 
(50 μM), a GABA receptor antagonist (catalog no. 0130, Tocris, 
Minneapolis, MN, USA), AP-5 (30 μM), an NMDA receptor antago-
nist (catalog no. 0106, Tocris), and CNQX (30 μM), an AMPA recep-
tor antagonist (catalog no. 0190, Tocris) to block most presynaptic 

inputs. AP-5 (30 μM) and CNQX (30 μM) were used to block gluta-
matergic inputs, while bicuculline (50 μM) was included to block 
GABAergic inputs. To test whether ERα or ERβ is necessary for the 
stimulatory effects of 27HC on POMCARH neurons, brain slices were 
treated with 100 nM 27HC in the presence of TTX, a cocktail of syn-
aptic inhibitors, and either BHPI (50 μM), an ERα antagonist (catalog 
no. 5.38005, MilliporeSigma), or PHTPP (10 μM), an ERβ antagonist 
(catalog no. 2662, Tocris).

In some experiments, apamin-sensitive outward tail currents (SK 
currents) were recorded following previously described methods with 
some modifications (130, 131). SK currents in POMCARH neurons were 
recorded under a voltage clamp in the presence of TTX. A 400-ms depo-
larizing pulse was applied (from −60 to 0 mV and back to −60 mV, hold-
ing at −60 mV) (130–132).

To determine the role of SK3 expressed by POMCARH neurons, 
we crossed POMC-Cre, Rosa26-LSL-tdTOMATO, and Kcnn3flox/flox 
to generate POMC-Cre/tdTOMATO or Kcnn3flox/flox/POMC-Cre/
Rosa26-LSL-tdTOMATO (SK3-KOPOMC) mice for electrophysio-
logical recording. The electrophysiology recordings of tdTOMATO-
labeled POMCARH neurons were performed when the mice were 6 
to 8 weeks old. Mice were allowed to eat ad libitum. On the day of 
recording, the fed mice were deeply anesthetized with isoflurane 
and transcardially perfused. Brain slices containing the ARH were 
prepared and maintained in aCSF, as described above.

Validation of Kcnn3 deletion in POMCARH neurons
At 9 a.m., male Kcnn3flox/flox/POMC-Cre/Rosa26-LSL-tdTOMATO 
and POMC-Cre/tdTOMATO mice were anesthetized with inhaled 
isoflurane and perfused with saline, followed by 10% formalin. 
Brain sections (30 μm thick) were collected and subjected to immu-
nofluorescent staining for SK3.

Briefly, the sections were blocked with 5% normal donkey se-
rum for 1 hour, then incubated overnight with rabbit anti-SK3 an-
tibody (1:500 dilution; catalog no. APC-025, Alomone Labs) on a 
shaker at room temperature. The next day, the brain sections were 
incubated with donkey anti-rabbit Alexa Fluor 488 (1:500; catalog 
no. A21206, Invitrogen) for 2 hours. Slides were coverslipped using 
an anti-fade mounting medium, and fluorescence images were cap-
tured using a Leica DM5500 fluorescence microscope. POMCARH 
neurons coexpressing SK3 were counted and averaged in at least 
five consecutive coronal brain slices containing the arcuate nucleus 
from each mouse. These data were treated as one biological sample, 
and statistical analyses were performed using data from three dif-
ferent mice.

Statistics
Statistical analyses were performed using GraphPad Prism 7.0 sta-
tistics software (San Diego, CA, USA). Statistical analysis methods 
were chosen based on the design of each experiment and indicated 
in the figure legends. The data were presented as mean ± SEM. P ≤ 0.05 
was considered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
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