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Although numerous functions of inositol-requiring enzyme 1a (IRE1a) have

been identified, a role of IRE1a in pro-opiomelanocortin (POMC) neurons

in the arcuate nucleus of the hypothalamus is largely unknown. Here, we

showed that mice lacking IRE1a specifically in POMC neurons (PIKO) are

lean and resistant to high-fat diet-induced obesity and obesity-related insulin

resistance, liver steatosis and leptin resistance. Furthermore, PIKO mice had

higher energy expenditure, probably due to increased thermogenesis

in brown adipose tissue. Additionally, a-melanocyte-stimulating hormone

production was increased in the hypothalamus of PIKO mice. These results

demonstrate that IRE1a in POMC neurons plays a critical role in the regulation

of obesity and obesity-related metabolic disorders. Our results also suggest

that IRE1a is not only an endoplasmic reticulum stress sensor, but also a new

potential therapeutic target for obesity and obesity-related metabolic diseases.
1. Introduction
Energy balance relies on a tightly regulated homeostatic system matching food

intake with energy expenditure [1]. The central nervous system (CNS),

especially the hypothalamus, plays a key role in the regulation of energy

homeostasis and insulin action [2]. The environmental and internal signals

are integrated in the CNS to determine the different metabolic characteristics

and phenotypes [3]. Because obesity and type 2 diabetes (T2D) represent an

increasing health risk worldwide [4], exploring the nature of this dysfunction

is high priority. Epidemiological studies have shown a relationship between

dietary fat intake and obesity; therefore, high-fat diet (HFD)-induced obesity

has been used commonly for the study of the mechanisms underlying

dietary-induced obesity and insulin resistance [5].

In the hypothalamus, neurons expressing pro-opiomelanocortin (POMC),

defined as part of the melanocortin system, play an important role in regulating

food intake and energy expenditure [6], which is considered a promising target

for the treatment of obesity [7].

Inositol-requiring enzyme 1a (IRE1a), as one member of three families of

unique endoplasmic reticulum (ER) transmembrane proteins, is evolutionarily

conserved in all eukaryotes from unicellular organisms to mammals [8] and

widely expressed in brain and other tissues [9]. It contains a kinase domain

and an RNase domain in the cytosolic region and is activated during ER adap-

tive response to stress [8,10–12]. The RNase activity induces splicing of X-box

binding protein (XBP) 1 mRNA, which is translated into a functional transcrip-

tion factor for ER stress control [13]. IRE1a is also activated through
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autophosphorylation to initiate a key signalling of the mam-

malian unfolded protein response (UPR) pathways [12,14].

It has been shown that IRE1a is involved in the regulation

of many processes, including ER stress, autophagy and adi-

pocyte differentiation [15–17]. However, a role of IRE1a in

the hypothalamus has not been previously described.

In our current study, we demonstrated that mice lacking

IRE1a specifically in POMC neurons are resistant to

obesity and obesity-related metabolic disorders, the effects

of which were mediated by increased energy expenditure.

Interestingly, increased a-melanocyte-stimulating hormone

(a-MSH) production was observed in the hypothalamus of

POMC neuron-specific IRE1a knockout (PIKO) mice.
Biol.6:160131
2. Material and methods
2.1. Animals and diets
C57BL/6 J wild-type (WT) mice were obtained from the

Shanghai Laboratory Animals Co. Ltd (Shanghai, China).

To generate PIKO mice, IRE1a floxed mice [18] were crossed

with POMC-Cre mice [19]; all studies were performed in

male PIKO mice and their littermate control mice. To visual-

ize POMC-Cre positive neurons by immunofluorescence

(IF) staining, POMC-Cre mice and PIKO mice were inter-

crossed with tdTomato reporter/Ai9 mice (The Jackson

Laboratory) [20]. All animals were under C57BL/6 J back-

ground and housed in laboratory cages at 25+28C with a

humidity of 35+5% under a 12 h dark/light cycle, with

free access to water and standard chow diet. For HFD exper-

iments, male pups (n ¼ 8–11) at ages of six weeks were fed a

standard chow diet (NCD) or HFD with 60% kcal from fat

(Research Diets, NJ, USA) for 16 weeks, then metabolic par-

ameters, leptin sensitivity and glucose metabolism were

measured in different cohorts of mice at the ages of 22–23

weeks old.

2.2. Metabolic parameter measurements
Indirect calorimetry was measured in a comprehensive lab-

oratory animal monitoring system (CLAMS; Columbus

Instruments, OH, USA), as previously described [21]. Rectal

temperature of mice was measured at 14.00 (basal metabolic

state) using a rectal probe attached to a digital thermometer

(Physitemp, NJ, USA). Mice body composition was measured

using NMR imaging system (Bruker, Rheinstetten, Germany).

2.3. Leptin sensitivity assay
Mice were injected intraperitoneally (i.p.) with either phosphate-

buffered saline (PBS) or leptin (3 mg kg21, R&D Systems,

MN, USA) at 09.00 following fasting for 24 h as previously

described [22]. Food intake and body weight were measured

at 1 and 4 h post-injection of leptin or PBS.

2.4. Blood glucose, serum insulin, glucose tolerance
tests, insulin tolerance tests and HOMA-IR

Levels of blood glucose and serum insulin were measured

using a Glucometer Elite monitor and a Mercodia Ultrasensi-

tive Rat Insulin ELISA kit (ALPCO Diagnostic, Salem, NH,

USA), respectively. Glucose tolerance tests (GTTs) and insulin
tolerance tests (ITTs) were performed by injection i.p. of

2 g kg21 glucose after overnight fasting or 0.75 U kg21 insulin

after 4 h fasting, respectively. Homeostasis model assessment

of insulin resistance (HOMA-IR) index was calculated accord-

ing to the formula: fasting glucose levels � fasting serum

insulin (mU ml21)/22.5. Areas under curves (AUCs) were

calculated as previously described [23].

2.5. Serum leptin, serum norepinephrine, serum
corticosterone, serum growth hormone and
hypothalamic alpha-melanocyte stimulating
hormone measurement

Serum leptin, serum norepinephrine (NE), serum corticoster-

one and serum growth hormone levels were measured by a

leptin ELISA kit (Merck Millipore, Darmstadt, Germany),

an NE ELISA kit (Novus Biologicals, Littleton, USA), a

corticosterone ELISA kit (Novus Biologicals) and a growth

hormone ELISA kit (Merck Millipore), respectively,

according to the manufacturer’s instructions. Hypothalamic

samples were prepared as previously described [24],

and a-MSH was quantified by an ELISA kit (Phoenix

Pharmaceuticals, CA, USA), according to the manufacturer’s

instructions.

2.6. Histological analysis of tissues
Paraformaldehyde-fixed, paraffin-embedded sections of white

adipose tissue (WAT), brown adipose tissue (BAT) and liver

were stained with haematoxylin–eosin (H&E) for histology.

Frozen sections of liver were stained with Oil Red O.

2.7. Liver and serum triglyceride, cholesterol and free
fatty acids measurements

Hepatic lipids were extracted by chloroform methanol (2 : 1) as

previously described [25]. Hepatic and serum triglyceride (TG),

cholesterol (TC) and free fatty acids (FFAs) were measured

with a TG kit (SSUF-C, Shanghai, China), TC kit (SSUF-C)

and FFA kit (Wako Pure Chemical Industries, Osaka, Japan),

respectively, according to the manufacturer’s instructions.

2.8. Immunofluorescence staining
IF staining with anti-IRE1a antibody (Novus Biologicals),

anti-a-MSH antibody (Merck Millipore) and anti-ATF4

antibody (Santa Cruz Biotechnology, CA, USA) was per-

formed as described previously [26]. p-STAT3 staining was

performed as described previously [22]. All images were

obtained using a Zeiss LSM 510 confocal microscope (Carl

Zeiss Imaging, Oberkochen, Germany).

2.9. RNA isolation and relative quantitative RT – PCR
The RNA isolation and RT–PCR were performed as pre-

viously described [21]. The sequences of primers used in

this study are available upon request.

2.10. Western blot analysis
Western blot was performed as previously described [21].

Primary antibodies, anti-IRE1a, anti-HSL, anti-p-HSLSer660,
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Figure 1. The generation of PIKO mice. (a) Representative IF images of the ARC from male POMC-Cre/Ai9 mice and PIKO/Ai9 mice, POMC neurons (red), IRE1a
staining (green) and merge (yellow) (�20); 3V, third ventricle; (b) Statistical analysis of IRE1a-positive POMC neurons in ARC; (c) IRE1a protein in ARC, liver and
WAT, (i, western blot; ii, quantitative measurement of IRE1a relative to actin); (d ) Ire1a, Xbp1s and ERdj4 mRNAs in ARC. All studies were conducted in eight-week-
old male control and PIKO mice. Values are means+ s.e.m. (n ¼ 4 per group in a,b, n ¼ 8 per group in c,d), *p , 0.05.
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anti-eIF2a, anti-p-eIF2aSer51, anti-BiP and anti-p-PKA

substrates (all from Cell Signaling Technology, MA, USA),

anti-UCP1 and anti-ATF4 (Santa Cruz Biotechnology) and

anti-b-actin (Sigma, MO, USA) were incubated at 48C over-

night, and specific proteins were visualized by ECL Plus

(GE Healthcare, Buckinghamshire, UK).

2.11. Statistical analysis
All values are presented as means+ s.e.m. Differences

between groups were analysed by either the Student t-test

or one-way ANOVA followed by the Student–Newman–

Keuls (SNK) test; differences in which p , 0.05 were

considered statistically significant.
3. Results
3.1. PIKO mice are lean
To investigate the metabolic function of hypothalamic IRE1a,

we generated PIKO mice. These mice were then intercrossed

with Ai9 (tdTomato reporter) mice for examining the deletion

efficiency of IRE1a in POMC neurons. IF staining showed

that IRE1a was colocalized with POMC-expressing neurons

in the arcuate nucleus (ARC) of control mice, but this coloca-

lization was largely absent in PIKO mice (figure 1a,b).

Furthermore, the expression of IRE1a and its downstream
effectors including spliced Xbp1 and ERdj4 [18] was also

decreased in the ARC of PIKO mice (figure 1c,d). Anatomical

evaluation of the POMC neurons throughout the ARC of

PIKO mice and control mice revealed no changes in

neuronal population distribution and size (electronic

supplementary material, figure S1), suggesting that IRE1a

deficiency did not alter POMC neuron distribution and

survival [27]. Furthermore, because POMC promoter also

drives cre recombinase expression in the pituitary [27], we

examined whether the function of the pituitary–adrenal axis

and the basic phenotype of the pituitary were affected by

IRE1a knockout. Serum contents of hormones secreted from

the pituitary, including corticosterone and growth hormone

[27–29], were comparable between PIKO mice and control

mice (electronic supplementary material, figure S2a,b).

Expression of pituitary genes, such as T box transcription

factor (Tpit), Pomc, corticotrophin-releasing hormone receptor1

(Crhr1), growth hormone (Gh), pituitary-specific positive tran-

scription factor 1 (Pit1) and thyroid-stimulating hormone b

chain (Tshb) [27] were also not changed (electronic supplemen-

tary material, figure S2c). The size and neuronal distribution of

the pituitary were also unaltered between PIKO mice and

control mice (electronic supplementary material, figure S2d,e).
Though gross morphology and body weight were not

altered, body fat mass component and abdominal fat mass

were significantly decreased and lean mass component was

increased in PIKO mice compared with control mice main-

tained on a standard chow diet (figure 2a–e). Consistent with
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Figure 2. PIKO mice have reduced fat mass with increased energy expenditure. (a) The gross morphology; (b) body weight curve; (c) body fat mass component;
(d ) lean mass component; (e) abdominal fat mass; ( f ) representative images of H&E (haematoxylin and eosin) staining of abdominal WAT sections (�10); (g) the
relative cell volume of WAT; (h) p-HSL, HSL and p-PKA substrate proteins in abdominal WAT (i, western blot; ii, quantitative measurements of p-HSL and p-PKA
substrates relative to the total protein or actin); (i) food intake; ( j ) oxygen consumption; (k) respiratory exchange ratio (RER, VCO2=VO2 ); (l ) locomotor activity;
(m) average basal rectal temperature; (n) representative images of H&E staining of BAT sections (�10); (o) the relative cell volume of brown adipose tissue;
( p) Ucp1 and Pgc1a mRNAs in BAT; (q) UCP1 proteins in BAT (i, western blot; ii, quantitative measurement of UCP1 relative to actin); (r) serum norepinephrine
(NE) levels. All studies were conducted in male control mice and PIKO mice maintained on a standard chow diet (NCD). Values are means+ s.e.m. (n ¼ 8 – 10 per
group), *p , 0.05.
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Figure 3. PIKO mice are resistant to HFD-induced obesity. (a) The gross morphology; (b) body weight curve; (c) body fat mass component; (d ) lean mass component;
(e) abdominal fat mass; (f ) representative images of H&E (haematoxylin and eosin) staining of abdominal WAT sections (�10); (g) the relative cell volume of white
adipose tissue; (h) p-HSL, HSL and p-PKA substrate proteins in abdominal WAT (i, western blot; ii, quantitative measurements of p-HSL and p-PKA substrates relative to
the total protein or actin); (i) food intake; ( j ) oxygen consumption; (k) respiratory exchange ratio (RER, VCO2=VO2 ); (l ) locomotor activity; (m) average basal rectal
temperature; (n) representative images of H&E staining of BAT sections (�10); (o) the relative cell volume of brown adipose tissue; ( p) Ucp1 and Pgc1a mRNAs
in BAT; (q) UCP1 proteins in BAT (left, western blot; right, quantitative measurement of UCP1 relative to actin); (r) serum NE levels. All studies were conducted in
male control mice and PIKO mice fed on a HFD for 16 weeks, starting at six weeks old. Values are means+ s.e.m. (n ¼ 8 – 10 per group), *p , 0.05.
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the reduced adiposity in PIKO mice, the adipocyte volume in

WAT was significantly smaller, and phosphorylation of pro-

teins related to lipolysis including hormone-sensitive lipase

(HSL) and substrates of protein kinase A (PKA) [30] were

significantly increased in WAT of these mice (figure 2f–h).

3.2. PIKO mice have higher energy expenditure
Because energy homeostasis is maintained by a balance

between food intake and energy expenditure [1], we investi-

gated the possible reasons for the decreased fat mass in

PIKO mice from these two aspects. Food intake was not

altered, but energy expenditure was increased as, measured

by higher oxygen consumption, and the respiratory exchange

ratio (RER; VCO2
=VO2

) was decreased in PIKO mice (figure 2i–k).

Although physical activity was not affected, body temperature

was much higher in PIKO mice (figure 2l,m). Furthermore, the

adipocyte volume in BAT was decreased (figure 2n,o), Ucp1
and Pgc1a expression and UCP1 protein were increased in

BAT of PIKO mice (figure 2p,q), and the serum NE level was

increased in PIKO mice (figure 2r).

3.3. PIKO mice are resistant to high-fat diet-induced
obesity

We then analysed the metabolic parameters in PIKO and

control mice maintained on a HFD for 16 weeks. The gross

morphology, body weight, fat mass component and abdomi-

nal fat mass were lower, and body lean mass component was

higher in PIKO mice (figure 3a–e). WAT cell volume was

decreased and levels of p-HSL and p-PKA substrates were

increased in PIKO mice (figure 3f–h). In addition, PIKO

mice had higher oxygen consumption and body temperature,

and lower RER, with no effect on food intake and physical
activity compared with control mice under HFD (figure 3i–m).

BAT cell volume was decreased, Ucp1 and Pgc1a expression

and UCP1 protein were increased in BAT of PIKO mice

(figure 3n–q), and the serum NE level was increased in PIKO

mice under HFD (figure 3r).

3.4. Insulin sensitivity is improved in PIKO mice
Because a change in body fat component is associated with

changes in insulin sensitivity [1], we investigated whether

insulin sensitivity was altered in PIKO mice under standard

chow diet or HFD. Although fed blood glucose and fed or

fasting insulin were not changed, fasting blood glucose and

HOMA-IR index were significantly decreased in PIKO mice

maintained on a standard chow diet (figure 4a–e). Consist-

ently, glucose tolerance and clearance were also improved

significantly in PIKO mice maintained on a standard chow

diet as demonstrated by GTTs and ITTs, respectively

(figure 4f,g). The HFD-induced insulin resistance in control

mice as shown by the significantly increased fed and fasting

blood glucose and serum insulin and HOMA-IR index, and

attenuated glucose tolerance and insulin sensitivity was,

however, largely prevented in PIKO mice (figure 4a–g).

3.5. Leptin sensitivity is improved in PIKO mice
Reduced body fat component and increased energy expen-

diture imply improved leptin sensitivity in mice [31], and

serum leptin levels were decreased in PIKO mice under

either a standard chow diet or HFD (figure 5a), suggesting

that leptin sensitivity was improved in PIKO mice. To test

this possibility, we measured food intake and body weight 1

and 4 h following injection i.p. with 3 mg kg21 leptin or PBS

[22] in control and PIKO mice maintained on a standard

chow diet. Leptin (1 or 4 h) injection significantly decreased
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food intake and body weight in control and PIKO mice; how-

ever, the extent was much more significant in PIKO mice

(figure 5b,c). Furthermore, leptin-induced phosphorylation of

signal transducer and activator of transcription 3 (p-STAT3),

an indicator for leptin signalling [22], was stronger in the

POMC neurons of PIKO mice compared with control mice

(figure 5d,e). Similar effects were observed in PIKO and control

mice maintained on a HFD (figure 5b–e).

3.6. Hepatic lipid accumulation is reduced in PIKO mice
Because an alteration in fat mass is always associated with a

change in lipid accumulation in liver [32], we therefore inves-

tigated whether this occurred in PIKO mice. On a standard

chow diet, PIKO mice had lower hepatic lipid accumulation

as demonstrated by the decreased lipid droplets shown by

Oil Red O and H&E staining, reduced hepatic TG and FFAs

levels, and reduced serum TG and TC levels (figure 6b–d).

Liver weight and hepatic TC and serum FFA levels, however,

were not altered in PIKO mice (figure 6a,c,d). HFD induced

significant liver steatosis in control mice, which was largely

prevented in PIKO mice (figure 6a–d).

3.7. Alpha-melanocyte-stimulating hormone production
is increased in the hypothalamus of PIKO mice

To explore the mechanisms underlying the lean phenotype of

PIKO mice, we measured the protein levels of a-MSH, a key
component vital for the regulation of obesity and energy

metabolism [27], in the hypothalamus of PIKO and control

mice under either a standard chow diet or HFD. Hypothala-

mic a-MSH levels were increased, and the staining of a-MSH

in the paraventricular nucleus (PVN) of the hypothalamus

was much stronger in PIKO mice compared with control

mice maintained on a standard chow diet (figure 7a–c).

HFD decreased hypothalamic a-MSH levels and weakened

its staining in the PVN of control mice; however, these effects

were largely blocked in PIKO mice (figure 7a–c). a-MSH

originates from the processing of POMC by enzymes includ-

ing prohormone convertase 1 (Pc1/3), prohormone convertase

2 (Pc2), carboxypeptidase E (Cpe), a-amidating monooxy-

genase (Pam) and prolylcarboxypeptidase (Prcp) [27]. Most

of these genes were not changed; Pc2 and Cpe expressions

were increased in the hypothalamus of PIKO mice under

both diets (figure 7d,e). In addition, the expression of feeding

neuropeptides Pomc, Agouti-related peptide (Agrp), neuro-

peptide Y (Npy) and cocaine and amphetamine-related

transcript (Cart) [27] showed no significant differences in

the hypothalamus of PIKO mice and that of control mice

(figure 7d,e and electronic supplementary material, figure S3).
4. Discussion
Previous works have shown that IRE1a plays an important

role in ER stress [17], autophagy [15] and insulin secretion

[33]. It is also indicated that IRE1a controls lipogenic gene
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expression and adipocyte differentiation [16,34]. The embryo-

nic lethality in IRE1a deletion mice [35], however, results in

limiting the study of loss of gene function. Recent studies

by using the Cre/loxP system identified the hepatocyte-

specific role of IRE1a in fatty acid b-oxidation, ketogenesis

and liver regeneration [18,36]. However, the role of IRE1a

in the regulation of energy homeostasis is poorly understood.

Here, we showed that knockout of IRE1a in POMC neurons

decreases fat mass and protects mice from HFD-induced obes-

ity and obesity-related metabolic disorders, the effects of which

are caused by increased energy expenditure. Furthermore, the

decreased fat mass is associated with increased a-MSH

production in the hypothalamus of PIKO mice. We speculated

that the phenotypes observed in PIKO mice were mainly

caused by knockout of IRE1a in POMC neurons. POMC pro-

moter, however, also drives cre recombinase expression in

the pituitary [27,29]. There was no significant defect in the

pituitary–adrenal axis observed in PIKO mice, suggesting

that the pituitary–adrenal axis is unlikely to be involved in

the regulation of the lean phenotype in PIKO mice.

Food intake, however, was not altered in PIKO mice com-

pared with control mice. Consistent with our results, it is

shown that pharmacological or genetic blockade of melanocor-

tin receptors in the CNS had no effect on food intake [37,38]. As

a result, the increased energy expenditure should certainly

make a great contribution to the decreased fat mass in PIKO

mice. We further demonstrated that the increased energy

expenditure in PIKO mice was caused by induced thermogen-

esis in BAT, rather than a change in physical activity.
BAT oxidizes fat to produce heat via increased expression of

UCPs. Deletion of UCP1 induces obesity and upregulation of

UCP1 increases thermogenesis and energy expenditure in

mice [39]. Lipolysis in WAT is regulated by lipases, including

HSL [40]. BAT and WAT have receptors for NE that are acti-

vated by hypothalamic signals via stimulation of the

sympathetic nervous system (SNS) [39–41]. The expression of

UCP1 in BAT and phosphorylation of HSL in WAT, as well

as serum NE levels, were increased in PIKO mice, suggesting

that deletion of IRE1a in POMC neurons activated the SNS

and increased thermogenesis and lipolysis in PIKO mice.

It has been shown that altered body fat mass is associated

with other metabolic changes, including insulin sensitivity

and leptin sensitivity [42]. Insulin binds to insulin receptors

expressed in different tissues to maintain normal blood

glucose levels [43] and leptin binds to leptin receptors highly

expressed in POMC neurons to regulate energy homeostasis

and lipid metabolism [44]. Therefore, insulin and leptin are

critical for the maintenance of adequate glucose and lipid

metabolism [27,45,46]. Here, increased responses to insulin

and leptin were observed in PIKO mice, as demonstrated by

the improved glucose clearance and insulin sensitivity, and

increased leptin effects and p-STAT3 staining in POMC neur-

ons of these mice. The improved insulin sensitivity and leptin

sensitivity may contribute to the lean phenotypes in PIKO

mice. Lipid accumulation in liver is also associated with

changes in body fat component [32]. Consistent with this, we

observed that PIKO mice have reduced hepatic TG accumu-

lation and these mice were resistant to HFD-induced liver
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steatosis. We hypothesized that these associated metabolic

changes in PIKO mice were most likely caused by the

decreased fat mass in PIKO mice. It is also, however, shown

hypothalamic signals have direct effect on insulin sensitivity

and lipid metabolism [24,47,48]; the possibility that IRE1a in

POMC neurons might also have direct effect on these metabolic

changes should not be excluded.

POMC is a prohormone that undergoes posttranslational

proteolysis by several convertases to generate a-MSH [27,49].

In this study, we found that a-MSH levels were increased in

the hypothalamus of PIKO mice, suggesting that the effects

of IRE1a in POMC neurons on fat mass might be mediated

by increased a-MSH production. Furthermore, the expression

of Pomc and other feeding neuropeptides were not changed,

whereas POMC processing enzymes including Pc2 and Cpe
were increased in the hypothalamus of PIKO mice, sugges-

ting that knockout of IRE1a might increase a-MSH levels

by inducing expression of POMC processing enzymes. These

possibilities, however, required further investigation.

IRE1a has a kinase domain and an RNase domain in the

cytosolic region, and the RNase activity induces the splicing

of XBP1 [13]. Consistently, the expression of XBP1s was reduced

in the ARC of PIKO mice. In contrast to the lean phenotype and

the resistance to HFD-induced obesity in PIKO mice, inhibition

of XBP1 in the hypothalamus results in an obese phenotype in

mice [50], and activation of XBP1 in POMC neurons protects

mice against HFD-induced obesity [42]. We speculated that

the possible reasons for the different phenotypes observed in

our study and those of the other work [42,50] could be as fol-

lows: XBP1 splicing represents one of the downstream

pathways from the activation of the RNase domain of IRE1a,

whereas other signalling pathways might also be activated or

inhibited by the knockout of IRE1a, which may contribute to

the lean phenotype in PIKO mice. For example, altered

expression of hypothalamic c-Jun N-terminal kinases (JNK),

as a downstream target of the kinase domain of IRE1a [17],

also regulates obesity and its related diseases [51,52]. Interest-

ingly, the expression of ER stress markers, including
phosphorylated eukaryotic translation initiation factor 2a

(p-eIF2a), BiP and activating transcription factor 4 (ATF4) [27]

was decreased in the hypothalamus of PIKO mice under both

standard chow diet and HFD (electronic supplementary

material, figure S4), suggesting another possibility in explaining

the effects of IRE1a deficiency in POMC neurons. The possible

involvement of these signalling pathways in IRE1a regulation

of energy balance requires to be studied in the future.

Taken together, we provided the first link between energy

homeostasis, lipid metabolism and POMC neuronal IRE1a

function. Furthermore, the effects of POMC IRE1a knockout

were mediated via increased thermogenesis, possibly caused

by the increased a-MSH production in the hypothalamus.

This previously unidentified role of hypothalamic IRE1a also

indicates a potential novel drug target in treating obesity and

obesity-related metabolic disorders.
Ethics. All animal experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee of
INS, SIBS, CAS.

Data accessibility. The datasets supporting this article have been
uploaded as part of the electronic supplementary material.

Authors’ contributions. The authors declare that there is no duality of
interest associated with this manuscript. All authors contributed to
the conception and design or the analysis and interpretation of
data, and to drafting the article or revising it critically for intellectual
content. All authors gave final approval of the version to be pub-
lished. F.G. is responsible for the integrity of the work as a whole.

Competing interests. We have no competing interests.

Funding. This work was supported by grants from the National Natu-
ral Science Foundation (81130076, 81325005, 31271269, 81390350,
81300659, 81471076, 81400792, 81500622 and 81570777); Basic
Research Project of Shanghai Science and Technology Commission
(13JC1409000); International S&T Cooperation Program of China
(Singapore 2014DFG32470); Research supported by the CAS/
SAFEA international partnership program for creative research
teams. F.G. was also supported by the One Hundred Talents Program
of the Chinese Academy of Sciences.

Acknowledgements. We thank Prof. Joel K. Elmquist and Tiemin Liu from
Southwestern Medical Center for kindly providing POMC-Cre mice.
References
1. Schwartz MW, Porte Jr D. 2005 Diabetes, obesity,
and the brain. Science 307, 375 – 379. (doi:10.1126/
science.1104344)

2. Ryan KK, Woods SC, Seeley RJ. 2012 Central nervous
system mechanisms linking the consumption of
palatable high-fat diets to the defense of greater
adiposity. Cell Metab. 15, 137 – 149. (doi:10.1016/j.
cmet.2011.12.013)

3. Morton GJ, Cummings DE, Baskin DG, Barsh GS,
Schwartz MW. 2006 Central nervous system control
of food intake and body weight. Nature 443,
289 – 295. (doi:10.1038/nature05026)

4. Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS,
Koplan JP. 2001 The continuing epidemics of obesity
and diabetes in the United States. JAMA 286, 1195 –
1200. (doi:10.1001/jama.286.10.1195)

5. Hariri N, Thibault L. 2010 High-fat diet-
induced obesity in animal models. Nutr.
Res. Rev. 23, 270 – 299. (doi:10.1017/
S0954422410000168)
6. Butler AA. 2006 The melanocortin system and
energy balance. Peptides 27, 281 – 290. (doi:10.
1016/j.peptides.2005.02.029)

7. MacNeil DJ et al. 2002 The role of melanocortins
in body weight regulation: opportunities
for the treatment of obesity. Eur. J. Pharmacol.
450, 93 – 109. (doi:10.1016/S0014-2999(02)
01989-1)

8. Mori K, Ma WZ, Gething MJ, Sambrook J. 1993
A transmembrane protein with a Cdc2þ/Cdc282

related kinase-activity is required for signaling from
the ER to the nucleus. Cell 74, 743 – 756. (doi:10.
1016/0092-8674(93)90521-Q)

9. Miyoshi K et al. 2000 Characterization of mouse Ire1
alpha: cloning, mRNA localization in the brain and
functional analysis in a neural cell line. Brain Res.
Mol. Brain Res. 85, 68 – 76. (doi:10.1016/S0169-
328X(00)00243-6)

10. Patil C, Walter P. 2001 Intracellular signaling from
the endoplasmic reticulum to the nucleus: the
unfolded protein response in yeast and mammals.
Curr. Opin. Cell Biol. 13, 349 – 356. (doi:10.1016/
S0955-0674(00)00219-2)

11. Sidrauski C, Walter P. 1997 The transmembrane
kinase Ire1p is a site-specific endonuclease that
initiates mRNA splicing in the unfolded protein
response. Cell 90, 1031 – 1039. (doi:10.1016/S0092-
8674(00)80369-4)

12. Ron D, Walter P. 2007 Signal integration in the
endoplasmic reticulum unfolded protein response.
Nat. Rev. Mol. Cell Biol. 8, 519 – 529. (doi:10.1038/
nrm2199)

13. Calfon M, Zeng HQ, Urano F, Till JH, Hubbard SR,
Harding HP, Clark SG, Ron D. 2002 IRE1 couples
endoplasmic reticulum load to secretory capacity by
processing the XBP-1 mRNA. Nature 415, 92 – 96.
(doi:10.1038/415092a)

14. Mao T et al. 2011 PKA phosphorylation couples
hepatic inositol-requiring enzyme 1 alpha to
glucagon signaling in glucose metabolism. Proc.

http://dx.doi.org/10.1126/science.1104344
http://dx.doi.org/10.1126/science.1104344
http://dx.doi.org/10.1016/j.cmet.2011.12.013
http://dx.doi.org/10.1016/j.cmet.2011.12.013
http://dx.doi.org/10.1038/nature05026
http://dx.doi.org/10.1001/jama.286.10.1195
http://dx.doi.org/10.1017/S0954422410000168
http://dx.doi.org/10.1017/S0954422410000168
http://dx.doi.org/10.1016/j.peptides.2005.02.029
http://dx.doi.org/10.1016/j.peptides.2005.02.029
http://dx.doi.org/10.1016/S0014-2999(02)01989-1
http://dx.doi.org/10.1016/S0014-2999(02)01989-1
http://dx.doi.org/10.1016/0092-8674(93)90521-Q
http://dx.doi.org/10.1016/0092-8674(93)90521-Q
http://dx.doi.org/10.1016/S0169-328X(00)00243-6
http://dx.doi.org/10.1016/S0169-328X(00)00243-6
http://dx.doi.org/10.1016/S0955-0674(00)00219-2
http://dx.doi.org/10.1016/S0955-0674(00)00219-2
http://dx.doi.org/10.1016/S0092-8674(00)80369-4
http://dx.doi.org/10.1016/S0092-8674(00)80369-4
http://dx.doi.org/10.1038/nrm2199
http://dx.doi.org/10.1038/nrm2199
http://dx.doi.org/10.1038/415092a


rsob.royalsocietypublishing.org
Open

Biol.6:160131

11
Natl Acad. Sci. USA 108, 15 852 – 15 857. (doi:10.
1073/pnas.1107394108)

15. Lee H et al. 2012 IRE1 plays an essential role in ER
stress-mediated aggregation of mutant huntingtin
via the inhibition of autophagy flux. Hum. Mol.
Genet. 21, 101 – 114. (doi:10.1093/hmg/ddr445)

16. Sha H, He Y, Chen H, Wang C, Zenno A, Shi H, Yang
X, Zhang X, Qi L. 2009 The IRE1a– XBP1 pathway
of the unfolded protein response is required for
adipogenesis. Cell Metab. 9, 556 – 564. (doi:10.
1016/j.cmet.2009.04.009)

17. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P,
Harding HP, Ron D. 2000 Coupling of stress in the
ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science
287, 664 – 666. (doi:10.1126/science.287.
5453.664)

18. Shao M et al. 2014 Hepatic IRE1alpha regulates
fasting-induced metabolic adaptive programs
through the XBP1s – PPARalpha axis signalling. Nat.
Commun. 5, 3528. (doi:10.1038/ncomms4528)

19. Balthasar N et al. 2004 Leptin receptor signaling in
POMC neurons is required for normal body weight
homeostasis. Neuron 42, 983 – 991. (doi:10.1016/j.
neuron.2004.06.004)

20. Chiappini F et al. 2014 Ventromedial hypothalamus-
specific Ptpn1 deletion exacerbates diet-induced
obesity in female mice. J. Clin. Invest. 124, 3781 –
3792. (doi:10.1172/JCI68585)

21. Xia T, Cheng Y, Zhang Q, Xiao F, Liu B, Chen S, Guo
F. 2012 S6K1 in the central nervous system
regulates energy expenditure via MC4R/CRH
pathways in response to deprivation of an essential
amino acid. Diabetes 61, 2461 – 2471. (doi:10.2337/
db11-1278)

22. Zhang Q, Liu B, Cheng Y, Meng Q, Xia T, Jiang L,
Chen S, Liu Y, Guo F. 2014 Leptin signaling is
required for leucine deprivation-enhanced energy
expenditure. J. Biol. Chem. 289, 1779 – 1787.
(doi:10.1074/jbc.M113.528943)

23. Ueda H et al. 2000 Age-dependent changes in
phenotypes and candidate gene analysis in a
polygenic animal model of Type II diabetes
mellitus; NSY mouse. Diabetologia 43, 932 – 938.
(doi:10.1007/s001250051472)

24. Schneeberger M et al. 2015 Reduced alpha-MSH
underlies hypothalamic ER-stress-induced hepatic
gluconeogenesis. Cell Rep. 12, 361 – 370. (doi:10.
1016/j.celrep.2015.06.041)

25. Folch J, Lees M, Sloane Stanley GH. 1957 A simple
method for the isolation and purification of total
lipides from animal tissues. J. Biol. Chem. 226,
497 – 509.

26. Cheng Y et al. 2011 Leucine deprivation stimulates
fat loss via increasing CRH expression in the
hypothalamus and activating the sympathetic
nervous system. Mol. Endocrinol. 25, 1624 – 1635.
(doi:10.1210/me.2011-0028)

27. Schneeberger M et al. 2013 Mitofusin 2 in POMC
neurons connects ER stress with leptin resistance
and energy imbalance. Cell 155, 172 – 187. (doi:10.
1016/j.cell.2013.09.003)

28. Gunawardane K, Krarup Hansen T, Sandahl
Christiansen J, Lunde Jorgensen JO. 2000 Normal
physiology of growth hormone in adults. South
Dartmouth, MA: Endotext.

29. Kaushik S, Arias E, Kwon H, Lopez NM,
Athonvarangkul D, Sahu S, Schwartz GJ, Pessin JE,
Singh R. 2012 Loss of autophagy in hypothalamic
POMC neurons impairs lipolysis. EMBO Rep. 13,
258 – 265. (doi:10.1038/embor.2011.260)

30. Cheng Y, Meng Q, Wang C, Li H, Huang Z, Chen S,
Xiao F, Guo F. 2010 Leucine deprivation decreases
fat mass by stimulation of lipolysis in white adipose
tissue and upregulation of uncoupling protein 1
(UCP1) in brown adipose tissue. Diabetes 59, 17 –
25. (doi:10.2337/db09-0929)

31. Rahmouni K. 2007 Differential control of the
sympathetic nervous system by leptin: implications
for obesity. Clin. Exp. Pharmacol. Physiol. Suppl. 34,
S8 – S10. (doi:10.1111/j.1440-1681.2007.04760.x)

32. Machado MV, Michelotti GA, Jewell ML, Pereira TA,
Xie G, Premont RT, Diehl AM. 2016 Caspase-2
promotes obesity, the metabolic syndrome and
nonalcoholic fatty liver disease. Cell Death Dis. 7,
e2096. (doi:10.1038/cddis.2016.19)

33. Qiu YF et al. 2010 A crucial role for RACK1 in the
regulation of glucose-stimulated IRE1 alpha
activation in pancreatic beta cells. Sci. Signal 3, ra7.
(doi:10.1126/scisignal.2000514)

34. Ning J, Hong T, Ward A, Pi J, Liu Z, Liu HY, Cao W.
2011 Constitutive role for IRE1a– XBP1 signaling
pathway in the insulin-mediated hepatic lipogenic
program. Endocrinology 152, 2247 – 2255. (doi:10.
1210/en.2010-1036)

35. Iwawaki T, Akai R, Yamanaka S, Kohno K. 2009
Function of IRE1a in the placenta is essential for
placental development and embryonic viability.
Proc. Natl Acad. Sci. USA 106, 16 657 – 16 662.
(doi:10.1073/pnas.0903775106)

36. Liu Y et al. 2015 Role for the endoplasmic reticulum
stress sensor IRE1alpha in liver regenerative
responses. J. Hepatol. 62, 590 – 598. (doi:10.1016/j.
jhep.2014.10.022)

37. Nogueiras R et al. 2007 The central melanocortin
system directly controls peripheral lipid metabolism.
J. Clin. Invest. 117, 3475 – 3488. (doi:10.1172/
JCI31743)

38. Perino A et al. 2014 Combined inhibition of
PI3Kbeta and PI3Kg reduces fat mass by enhancing
alpha-MSH-dependent sympathetic drive. Sci. Signal
7, ra110. (doi:10.1126/scisignal.2005485)
39. Lowell BB, Spiegelman BM. 2000 Towards a molecular
understanding of adaptive thermogenesis. Nature 404,
652 – 660. (doi:10.1038/35007527)

40. Holm C. 2003 Molecular mechanisms regulating
hormone-sensitive lipase and lipolysis. Biochem.
Soc. Trans. 31, 1120 – 1124. (doi:10.1042/
bst0311120)

41. Hucking K, Hamilton-Wessler M, Ellmerer M,
Bergman RN. 2003 Burst-like control of lipolysis by
the sympathetic nervous system in vivo. J. Clin.
Invest. 111, 257 – 264. (doi:10.1172/JCI14466)

42. Williams KW et al. 2014 Xbp1s in Pomc neurons
connects ER stress with energy balance and glucose
homeostasis. Cell Metab. 20, 471 – 482. (doi:10.
1016/j.cmet.2014.06.002)

43. Taniguchi CM, Emanuelli B, Kahn CR. 2006 Critical
nodes in signalling pathways: insights into insulin
action. Nat. Rev. Mol. Cell Biol. 7, 85 – 96. (doi:10.
1038/nrm1837)

44. Bates SH et al. 2003 STAT3 signalling is required for
leptin regulation of energy balance but not
reproduction. Nature 421, 856 – 859. (doi:10.1038/
nature01388)

45. Dodd GT et al. 2015 Leptin and insulin act on POMC
neurons to promote the browning of white fat. Cell
160, 88 – 104. (doi:10.1016/j.cell.2014.12.022)

46. Berglund ED et al. 2013 Serotonin 2C receptors in
pro-opiomelanocortin neurons regulate energy
and glucose homeostasis. J. Clin. Invest. 123,
5061 – 5070. (doi:10.1172/JCI70338)

47. Claret M et al. 2011 Deletion of Lkb1 in pro-
opiomelanocortin neurons impairs peripheral
glucose homeostasis in mice. Diabetes 60,
735 – 745. (doi:10.2337/db10-1055)

48. Berglund ED et al. 2012 Direct leptin action on
POMC neurons regulates glucose homeostasis and
hepatic insulin sensitivity in mice. J. Clin. Invest.
122, 1000 – 1009. (doi:10.1172/JCI59816)

49. Wardlaw SL. 2011 Hypothalamic
proopiomelanocortin processing and the regulation
of energy balance. Eur. J. Pharmacol. 660,
213 – 219. (doi:10.1016/j.ejphar.2010.10.107)

50. Ozcan L, Ergin AS, Lu A, Chung J, Sarkar S, Nie D,
Myers Jr MG, Ozcan U. 2009 Endoplasmic reticulum
stress plays a central role in development of leptin
resistance. Cell Metab. 9, 35 – 51. (doi:10.1016/j.
cmet.2008.12.004)

51. Tsaousidou E et al. 2014 Distinct roles for JNK and IKK
activation in agouti-related peptide neurons in the
development of obesity and insulin resistance. Cell Rep.
9, 1495 – 1506. (doi:10.1016/j.celrep.2014.10.045)

52. Vernia S, Cavanagh-Kyros J, Barrett T, Jung DY,
Kim JK, Davis RJ. 2013 Diet-induced obesity
mediated by the JNK/DIO2 signal transduction
pathway. Genes Dev. 27, 2345 – 2355. (doi:10.1101/
gad.223800.113)

http://dx.doi.org/10.1073/pnas.1107394108
http://dx.doi.org/10.1073/pnas.1107394108
http://dx.doi.org/10.1093/hmg/ddr445
http://dx.doi.org/10.1016/j.cmet.2009.04.009
http://dx.doi.org/10.1016/j.cmet.2009.04.009
http://dx.doi.org/10.1126/science.287.5453.664
http://dx.doi.org/10.1126/science.287.5453.664
http://dx.doi.org/10.1038/ncomms4528
http://dx.doi.org/10.1016/j.neuron.2004.06.004
http://dx.doi.org/10.1016/j.neuron.2004.06.004
http://dx.doi.org/10.1172/JCI68585
http://dx.doi.org/10.2337/db11-1278
http://dx.doi.org/10.2337/db11-1278
http://dx.doi.org/10.1074/jbc.M113.528943
http://dx.doi.org/10.1007/s001250051472
http://dx.doi.org/10.1016/j.celrep.2015.06.041
http://dx.doi.org/10.1016/j.celrep.2015.06.041
http://dx.doi.org/10.1210/me.2011-0028
http://dx.doi.org/10.1016/j.cell.2013.09.003
http://dx.doi.org/10.1016/j.cell.2013.09.003
http://dx.doi.org/10.1038/embor.2011.260
http://dx.doi.org/10.2337/db09-0929
http://dx.doi.org/10.1111/j.1440-1681.2007.04760.x
http://dx.doi.org/10.1038/cddis.2016.19
http://dx.doi.org/10.1126/scisignal.2000514
http://dx.doi.org/10.1210/en.2010-1036
http://dx.doi.org/10.1210/en.2010-1036
http://dx.doi.org/10.1073/pnas.0903775106
http://dx.doi.org/10.1016/j.jhep.2014.10.022
http://dx.doi.org/10.1016/j.jhep.2014.10.022
http://dx.doi.org/10.1172/JCI31743
http://dx.doi.org/10.1172/JCI31743
http://dx.doi.org/10.1126/scisignal.2005485
http://dx.doi.org/10.1038/35007527
http://dx.doi.org/10.1042/bst0311120
http://dx.doi.org/10.1042/bst0311120
http://dx.doi.org/10.1172/JCI14466
http://dx.doi.org/10.1016/j.cmet.2014.06.002
http://dx.doi.org/10.1016/j.cmet.2014.06.002
http://dx.doi.org/10.1038/nrm1837
http://dx.doi.org/10.1038/nrm1837
http://dx.doi.org/10.1038/nature01388
http://dx.doi.org/10.1038/nature01388
http://dx.doi.org/10.1016/j.cell.2014.12.022
http://dx.doi.org/10.1172/JCI70338
http://dx.doi.org/10.2337/db10-1055
http://dx.doi.org/10.1172/JCI59816
http://dx.doi.org/10.1016/j.ejphar.2010.10.107
http://dx.doi.org/10.1016/j.cmet.2008.12.004
http://dx.doi.org/10.1016/j.cmet.2008.12.004
http://dx.doi.org/10.1016/j.celrep.2014.10.045
http://dx.doi.org/10.1101/gad.223800.113
http://dx.doi.org/10.1101/gad.223800.113

	Knockout of inositol-requiring enzyme 1&agr; in pro-opiomelanocortin neurons decreases fat mass via increasing energy expenditure
	Introduction
	Material and methods
	Animals and diets
	Metabolic parameter measurements
	Leptin sensitivity assay
	Blood glucose, serum insulin, glucose tolerance tests, insulin tolerance tests and HOMA-IR
	Serum leptin, serum norepinephrine, serum corticosterone, serum growth hormone and hypothalamic alpha-melanocyte stimulating hormone measurement
	Histological analysis of tissues
	Liver and serum triglyceride, cholesterol and free fatty acids measurements
	Immunofluorescence staining
	RNA isolation and relative quantitative RT-PCR
	Western blot analysis
	Statistical analysis

	Results
	PIKO mice are lean
	PIKO mice have higher energy expenditure
	PIKO mice are resistant to high-fat diet-induced obesity
	Insulin sensitivity is improved in PIKO mice
	Leptin sensitivity is improved in PIKO mice
	Hepatic lipid accumulation is reduced in PIKO mice
	Alpha-melanocyte-stimulating hormone production is increased in the hypothalamus of PIKO mice

	Discussion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


