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Abstract

Interscapular brown adipose tissue (BAT) has the capability to take up glucose from the cir-

culation. Despite the important role of BAT in the control of glucose homeostasis, the meta-

bolic fate and function of glucose in BAT remain elusive as there is clear dissociation

between glucose uptake and BAT thermogenesis. Interestingly, intracellular glycolysis and

lactate production appear to be required for glucose uptake by BAT. Here, we specifically

examine whether activation of lactate receptors in BAT plays a key role in regulating glucose

homeostasis in mice fed a high-fat diet (HFD). When C57BL/6J mice are given HFD for 5

weeks at 28˚C, male, but not female, mice gain body weight and develop hyperglycemia.

Importantly, high-fat feeding upregulates expression of the lactate receptor hydroxycar-

boxylic acid receptor 1 (HCAR1) in female C57BL/6J mice, whereas male C57BL/6J mice

show reduced HCAR1 expression in BAT. Treatment with the HCAR1 agonist lowers sys-

temic glucose levels in male DIO mice. This reduction is associated with increased glucose

uptake in BAT. Therefore, our results suggest that HCAR1 in BAT may contribute to the

development of hyperglycemia in male C57BL/6J DIO mice.

Introduction

Interscapular brown adipose tissue (BAT) is a principal site of nonshivering thermogenesis,

which results from the uncoupling of mitochondrial oxidative respiration from ATP produc-

tion to generate heat [1–3]. This uncoupling protein 1 (UCP1)-dependent thermogenesis is

largely fueled by fatty acids from intracellular triglycerides in rodents and humans [4–6]. Addi-

tionally, BAT is able to take up glucose from the circulation [2, 7–9]. Indeed, we recently dem-

onstrate that optogenetic activation of sympathetic nerves exclusively innervating BAT

promotes glucose uptake, resulting in a rapid reduction in blood glucose levels [10]. Interest-

ingly, it appears that glucose does not contribute to BAT thermogenesis. In fact, only a small

portion of glucose taken up is used for thermogenesis in rodents [11, 12]. In addition, there is

clear dissociation between glucose uptake and nonshivering thermogenesis in humans [13,
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14]. Hence, these prior findings, including our own raise an important question as to the meta-

bolic fate and function of the glucose entering the BAT.

It has been described that lactate production accounts for a large proportion of glucose

uptake by BAT following treatment with noradrenaline in rodents [11]. Activation of the beta

3 adrenergic receptor (β3AR) in BAT converts glucose to lactate in BAT [15, 16]. We further

shows that optogenetic stimulation of sympathetic nerves innervating BAT increases expres-

sion of the lactate dehydrogenase A (Ldha) gene [10], consistent with a prior transcriptomic

study of BAT showing cold-induced upregulation in Ldha expression in BAT [17]. Impor-

tantly, inhibition of LDHA blocks the ability of BAT to uptake glucose [10]. Hence, lactate

production in BAT appears to be required for glucose uptake. A recent human study demon-

strates substantial glucose uptake and lactate release from BAT during warm conditions [6],

suggesting that there is an autocrine and/or paracrine release of lactate from BAT. As BAT is

a primary organ that expresses lactate receptors [18–21], it is highly plausible that lactate

receptors in BAT may detect, sense, and respond to changes in circulating and/or local lactate

levels.

BAT expresses the hydrocarboxylic acid receptor 1 (HCAR1) (also known as GPR81) in

both rodents and humans [6, 19, 20]. HCAR1 is coupled to Gi/o proteins and is activated by

lactate [19, 20]. These receptors are primarily expressed in white and brown adipocytes [18–

21]. Activation of HCAR1 by lactate inhibits lipolysis in adipocytes of humans, mice, and rats

[19, 20, 22, 23]. Importantly, the locally released lactate from BAT, but not from the circula-

tion, inhibits lipolysis when glucose levels are elevated [20]. In this study, we specifically exam-

ined whether HCAR1 activation in BAT plays a key role in regulating glucose homeostasis in

mice fed a high-fat diet (HFD). We found that there was sexual dimorphism in HCAR1

expression in BAT from mice fed HFD that may contribute to the development of hyperglyce-

mia in male C57BL/6J DIO mice.

Materials and methods

Animals

All mouse care and experimental procedures were approved by the institutional animal care

research advisory committee of the Albert Einstein College of Medicine. All experiments were

performed in accordance with relevant guidelines and regulations. Mice used in experiments

included C57BL/6J mice (The Jackson Laboratory, stock # 000664) and C57BL/6J DIO mice

used as noted (the Jackson Laboratory, Stock # 380050). Both male and female mice were used

for most experiments and were maintained with a 12 hours light-dark cycle. C57BL/6J mice at

5 weeks of age were fed a low fat diet (LFD, 70% calories provided by carbohydrates, 20% by

protein, and 10% by fat; 3.85 kcal/g, D12492J, Research Diets), or a high fat diet (HFD, 20%

calories by carbohydrate, 20% by protein, and 60% by fat; 5.21 kcal/g, D12492; Research Diets)

with ad libitum access to water for 5 weeks at 28˚C. Mice were euthanized by an overdose of

Isoflurane.

Measurement of body weight and blood glucose

During high-fat feeding, body weight was measured once a week at 9 AM. Following 5-week

high-fat feeding at 28˚C, mice were fasted overnight (from 7 PM to 9 AM) and fasting blood

glucose levels were measured using a Contour blood glucose meter (Bayer, 7097C). To test the

effect of the HCAR1 agonist on blood glucose levels, blood samples were collected from mouse

tail at 0 and 4 hours post intraperitoneal (i.p.) injection of saline or 3,5-dihydroxybenzoic acid

(3,5-DHBA, Tocris Bioscience) without overnight fasting. For these experiments, we used

C57BL/6J DIO mice that were purchased from the Jackson laboratory.

Sexual dimorphism in HCAR1 expression in BAT
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Measurement of 2-deoxy-D-glucose (2-DG) uptake

2-DG uptake by BAT was measured with a 2-DG uptake measurement kit (Cosmo bio co., ltd.,

CSR-OKP-PMG-K01TE) according to the manufacturer’s instruction. Mice received an i.p.

injection of 2-DG (32.8 ug/kg [24], Fisher Scientific, AC111980050) 3 hr post i.p. injection of

saline or 3,5-DHBA. BAT samples (10 mg) were isolated 1 hr post i.p. injection of 2-DG, and

then homogenized in 10 mM Tris-HCl (pH8.1) on ice. Optical density of samples was mea-

sured at a wavelength of 420 nm using a microplate reader.

Quantitative Real-time PCR analysis

For qRT-PCR analysis of monocarboxylate transporter 1 (Slc16a1 (Mct1)), lactate dehydroge-

nase A (Ldha), and hydrocarboxylic acid receptor 1 (Hcar1 or Gpr81) genes, total RNA was

isolated using the Trizol reagent (Thermo Fisher Scientific, Inc., 15596026) from BAT and

then first-strand cDNAs were synthesized using RT Master Mix (Toyobo co., ltd, FSQ-201).

Real-time qPCR was performed in sealed 96-well plates with SYBR qPCR master Mix (Toyobo

co., ltd, QPS- 201). qPCR reactions were prepared in a final volume of 20 μl containing 2 μl

cDNA and 10 μl of SYBR qPCR master mix in the presence of primers at 0.5 μM. TATA

box binding protein (Tbp) was used as an internal control for quantification of each sample. A

list of primer sets included: F50-aatgctgccctgtcctccta-30 and R50-cccagtacgtg
tatttgtag-30 for Slc16a1, F50-tcgtgcactagcggtctcaa-30 and R50-aacagcacc
aaccccaaca-30 for Ldha, F50-tttgccagaggtgttgaagc-30 and R50-ggatactcag
gttggtggct-30 for Hcar1, and F50-ccccttgtacccttcaccaat-30 and R50-gaagc
tgcggtacaattccaga-30 for Tbp. Relative gene expression was determined using the

ΔΔCt method. Relative mRNA expression levels were presented as a fold change compared

with those of the control group.

Western blotting

Whole cell lysates were prepared from BAT using lysis buffer (Sigma-Aldrich, C3228) with 1%

protease inhibitor. Total lysates (20 μg each) were loaded in 12% SDS polyacrylamide gels and

transferred to the PVDF membrane (Thermo Fisher Scientific, Inc., 88518). The membrane

was incubated with 5% w/v nonfat dry milk for 2 hr at room temperature and then with anti-

MCT1 (1:1,000, Novus Biologicals, NBP1–59656), anti-LDHA (1:1,000, Novus Biologicals,

NBP1-48336), anti-HCAR1 (1:500, Sigma-Aldrich, SAB1300790), and anti-β-actin (1:5,000,

Sigma-Aldrich, A5316) antibodies in TBST buffer containing 5% bovine serum albumin for

overnight at 4˚C. Following incubation with primary antibodies, the membrane was washed in

TBST buffer, and then incubated with anti-mouse IgG, HRP-linked antibody (1:2,000, Cell

Signaling Technology, Inc., 7076) or anti-Rabbit IgG, HRP-linked antibody (1:2,000, Cell Sig-

naling Technology, Inc., 7074) for 2 hr at room temperature. All membranes were washed in

TBST buffer, incubated with chemiluminescent substrate (Thermo Fisher Scientific Inc.,

32109), and exposed to X-ray film (Thermo Fisher Scientific Inc., 34091). The relative band

intensity was measured using ImageJ software.

Statistics

All statistics were performed with GraphPad Prism software. Data were expressed as

mean ± standard error (SEM). Statistical significance was determined using unpaired t-test or

one-way ANOVA with turkey’s multiple comparison test (GraphPad Prism 7.0). Results with

p< 0.05 were considered statistically significant.
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Results

HCAR1 expression in C57BL/6J mice fed HFD

We recently showed that inhibition of LDHA blocked the ability of BAT to take up glucose

[10], suggesting that lactate production in BAT is necessary for glucose uptake. Thus, we

examined whether disrupted lactate production and signaling in BAT can cause hyperglycemia

in mice fed HFD. Animals were kept at 28˚C to limit cold stress and fed either LFD or HFD

for 5 weeks. C57BL/6J male mice fed HFD gained more body weight than control mice fed

LFD (Fig 1A) and developed hyperglycemia (Fig 1B). In contrast, there were no significant dif-

ferences in body weight and blood glucose levels between female mice fed LFD and those on

HFD (Fig 1D and 1E), consistent with prior studies showing that male C57BL/6J mice are

more likely to develop DIO and hyperglycemia than female mice [25–28].

Fig 1. High-fat feeding differentially regulates Hcar1 gene expression in male and female mice. A and B. Summary graphs showing changes in body weight and fasting

glucose levels in male C57BL/6J mice fed LFD (open circle) and those on HFD (filled circle). Male mice fed HFD for 5 weeks at 28˚C developed DIO and hyperglycemia

(mean fasting blood glucose concentrations: LFD, 97.8 ± 3.0 mg/dl, HFD, 135.8 ± 10.4 mg/dl, n = 17 mice, respectively, ��p<0.01). C. Summary plot showing altered

expression of the genes required for lactate release and its cognate receptor in male mice fed HFD for 5 weeks (n = 7 and 7 mice / group, respectively, �p<0.05, ��p<0.01).

D and E. There were no differences in body weight and blood glucose levels in female mice fed either LFD or HFD for 5 weeks (mean fasting blood glucose concentrations:

LFD, 97.7 ± 3.4 mg/dl, HFD, 105.3 ± 3.8 mg/dl, LFD, n = 13 mice; HFD, n = 13 mice). F. Summary plot showing altered expression of the genes required for lactate release

and its cognate receptor in female mice fed HFD for 5 weeks. High-fat feeding significantly upregulated Hcar1 mRNA expression (n = 7 and 7 mice / group, ��p<0.01,
���p<0.001).

https://doi.org/10.1371/journal.pone.0228320.g001
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We next asked whether high-fat feeding alters expression of the genes required for lactate

production, release, and signaling, including Slc16a1 (Mct1), Ldha, and Hcar1. Both male and

female mice on HFD for 5 weeks at 28˚C showed a significant increase in Mct1 gene expres-

sion compared to those on LFD (Fig 1C and 1F). In contrast to higher levels of Mct1 expres-

sion in mice fed HFD than those in mice fed LFD, there was no significant difference in Ldha
expression in male and female mice following high-fat feeding (Fig 1C and 1F). Interestingly,

high-fat feeding differentially regulated Hcar1 gene expression in male and female mice. High-

fat feeding significantly reduced Hcar1 gene expression in BAT of male mice, while increasing

its expression in BAT of female mice (Fig 1C and 1F). Our findings were consistent with the

prior findings showing reduced Hcar1 gene expression in adipose tissue of DIO male and ob/
ob mice [29, 30].

We then performed Western blot analysis with anti-MCT1, anti-LDHA, and anti-HCAR1

antibodies. There were no differences in protein expression levels of MCT1, LDHA, and

HCAR1 in BAT between male and female mice fed LFD (Fig 2B). In contrast, high-fat feeding

oppositely regulated HCAR1 expression in male and female mice (Fig 2A and 2C). Similar to

changes in the gene expression, there was a significant reduction in HCAR1 protein expression

in male mice fed HFD, whereas female mice on HFD had an increase in HCAR1 expression.

Additionally, MCT1 expression was upregulated in both male and female mice fed HFD (Fig

2A and 2B).

Fig 2. High-fat feeding differentially regulates HCAR1 protein expression in male and female mice. A. Images of

Western blot of MCT1, LDHA, and HCAR1 in BAT from mice fed LFD or HFD for 5 weeks at 28˚C (n = 3 mice/

group/sex). B. Summary plot showing expression of MCT1, LDHA, and HCAR1 in male and female mice fed LFD for

5 weeks at 28˚C. There were no differences in the expression of MCT1, LDHA, and HCAR1 (open bar: males, filled

bar: females). C. Summary plot showing expression of MCT1, LDHA, and HCAR1 in male and female mice fed LFD

or HFD for 5 weeks at 28˚C (open bar: mice fed LFD, filled bar: mice fed HFD). High-fat feeding differentially

regulated HCAR1 expression in male and female mice. �p<0.05.

https://doi.org/10.1371/journal.pone.0228320.g002
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Activation of HCAR1 lowers blood glucose through increased glucose

uptake by BAT in male DIO mice

It has been shown that the antilipolytic effect of lactate was mediated through activation of

HCAR1 in adipocytes [19, 20]. Insulin inhibited lipolysis through degradation of cAMP [31]

and promoted glucose uptake through increased glucose transporter 4 exocytosis in brown

adipocytes [32, 33]. We asked whether activation of HCAR1 can induce glucose uptake, result-

ing in a reduction in systemic glucose concentrations in male DIO mice. To activate the

HCAR1, the HCAR1 agonist 3,5-dihydroxybenzoic acid (3,5-DHBA; 100 and 200 mg/kg [34,

35]) was intraperitoneally injected to male DIO mice. Following i.p. injection of 3,5-DHBA or

saline to male DIO mice, we measured blood glucose at 0 and 4 hr (Fig 3A). We found that

treatment with 3,5-DHBA (200 mg/kg) significantly reduced blood glucose levels in male DIO

mice 4 hr post treatment, supporting the interpretation that HCAR1 activation lowers blood

glucose levels in male DIO mice.

We further examined whether this reduction is due in part to improved glucose uptake by

BAT. We measured 2-deoxy-D-glucose (2-DG) uptake by BAT from mice treated with

3,5-DHBA (200 mg/kg, n = 4 mice) or saline (n = 6 mice). Direct measurement of 2-DG-

6-phosphate (2-DG6P) amount accumulated in BAT revealed that treatment with 3,5-DHBA

significantly increased the accumulation of 2-DG6P (Fig 3B), indicating that activation of

HCAR1 in BAT promotes glucose uptake by BAT.

Discussion

We provide physiological evidence that HCAR1 in BAT plays an important role in the control

of glucose homeostasis in mice. We found that high-fat feeding downregulated HCAR1

expression in BAT of male C57BL/6J mice. This impairment was associated with hyperglyce-

mia in male mice fed HFD. Importantly, treatment with the HCAR1 agonist was able to restore

blood glucose concentrations in part through improved glucose uptake by BAT in DIO male

mice. In contrast, female C57BL/6J mice did not develop hyperglycemia during high-fat feed-

ing. High-fat feeding upregulated HCAR1 expression in BAT. Although it remains to be

Fig 3. Acute effect of the HCAR1 agonist on blood glucose levels. A-C. Summary plot showing effect of 3,5-DHBA (0, 100,

and 200 mg/kg) on blood glucose concentrations (n = 9 mice, respectively) (before: before i.p. injection of 3,5-DHBA, after: 4

hr after i.p. injection of 3,5-DHBA). Male DOI mice that were purchased from the Jackson lab were used for these experiments.
� p< 0.05 D. Plot showing effect of 3,5-DHBA (200 mg/kg) on 2-DG uptake by BAT of male DIO mice (n = 6 and 4 mice,

respectively). ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0228320.g003
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determined whether HCAR1 expressed in other peripheral tissues such as white adipocytes

and skeletal muscle [19, 20] can contribute to the control of systemic blood glucose levels, our

present study suggest that impaired HCAR1 function may cause metabolic dysfunction in

BAT and consequently disrupt glucose homeostasis.

It has been described that there is sexual dimorphism in BAT morphology in rodents [36].

In particular, female rats have larger mitochondria with higher cristae density and UCP1 con-

tent than male rats, indicating that female rats have an increased thermogenic activity in BAT

[36]. In humans, female individuals also have a greater mass of brown adipose tissue and

higher BAT activity than male subjects [37, 38]. In addition, proteomic analysis of rodent BAT

shows differential regulation of BAT proteins in response to high-fat feeding [39]. For

instance, expression of fatty acid synthase (FAS) is downregulated in female rats fed HFD,

while high-fat feeding increases its expression in male animals [39]. Interestingly, UCP1

mRNA expression is higher in females compared with male mice fed HFD for 28 days [40].

Male mice fed HFD gain significantly more weight than controls, whereas a significant

increase in body weight is observed only after 60 days of high-fat feeding in female mice [40].

Our present results further revealed that high-fat feeding oppositely regulated HCAR1 expres-

sion in BAT of female and male C57BL/6J mice. Male mice exhibited reduced HCAR1 expres-

sion in BAT, which may result in higher lipolysis in male mice than in female mice. As obesity

is strongly associated with increased lipolysis in adipocytes [41, 42], reduced HCAR1 expres-

sion and as a result, increased lipolysis in male DIO mice can cause hyperglycemia. Therefore,

it is likely that sexual dimorphism in BAT morphology, proteome, and responses to overfeed-

ing may play a critical role in the development of DIO and metabolic diseases.

BAT is considered a secretory organ and releases several endocrine factors, including fibro-

blast growth factor 21, slit2-C, and neuregulin 4 [43]. A recent study of human BAT further

demonstrates that BAT, but not WAT, continuously releases lactate in warm conditions [6].

An autocrine and/or paracrine release of lactate blocked lipolysis in adipocytes through activa-

tion of HCAR1 [20]. These prior studies suggest that lactate may act as a signaling molecule in

BAT. Similar to insulin’s actions in BAT, HCAR1-medaited inhibition of lipolysis in BAT may

promote glucose uptake by BAT. Indeed, treatment with the HCAR1 agonist readily induced

2-DG uptake in BAT of DIO male mice in our preparations. In addition, our prior study

showed that lactate production in BAT was required for β3-adrenergic receptor-mediated glu-

cose uptake [10]. Therefore, lactate production and its cognate receptor activation may

improve the capability of BAT to take up circulating glucose in warm and cold conditions.

Our present findings are consistent with the fact that lactate acts as an important signaling

molecule in the control of overall glucose homeostasis. In fact, increased body weight and

hyperglycemia were associated with reduced expression of HCAR1 in BAT of male C57BL/6J

mice fed HFD, consistent with reduced HCAR1 expression in adipose tissue of DIO male and

ob/ob mice [29, 30]. In contrast, upregulated HCAR1 expression in BAT from female C57BL/

6J mice fed HFD appears to prevent hyperglycemia and body weight gain. As basal lipolysis in

adipocytes was elevated during obesity and was closely associated with insulin resistance [41,

42], inhibition of lipolysis through activation of HCAR1 in adipose tissue BAT would be an

alternative way to control glycemia in individual with type 2 diabetes. In fact, patients with

type 2 diabetes show reduced glucose uptake by BAT, although fatty acid uptake and metabo-

lism are not defective in type 2 diabetes [14]. Moreover, glucose uptake rates by BAT are lower

in response to the β3AR agonist in mice fed HFD than in mice fed a regular chow [44]. How-

ever, HCAR1 is also expressed in white adipocytes and skeletal muscle [19, 45] and activation

of HCAR1 blocks lipolysis or induces triglyceride accumulation in these tissues [19, 20, 35,

45]. Thus, we cannot rule out the involvement of HCAR1 in other peripheral tissues in the

control of glucose homeostasis. Interestingly, high-fat feeding for 11 weeks reduces HCAR1
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gene expression in white adipose tissue of male C57BL/6 mice [29]. Decreased expression of

HCAR1 in white as well as brown adipose tissue of male mice may result in hyperglycemia in

obese male animals.

The cellular mechanisms that mediate glucose uptake by BAT upon activation of HCAR1

remain to be determined in cell preparations. Interestingly, both lactate and insulin reduce

cAMP levels by either inhibiting cAMP formation or promoting cAMP degradation, resulting

in inhibition of lipolysis[18]. It is plausible that, as like insulin, activation of HCAR1 by lactate

can induce glucose transporter 4 (GLUT4) translocation in BAT. In fact, HCAR1 activates

phospholipase C (PLC) through the Gβγ subunit [46]. PLC has been shown to be involved in

insulin-induced translocation of GLUT4 [47, 48]. Alternatively, as described in the study of

Ahmed and colleagues [20], HCAR1 may improve insulin’s actions in adipose tissue. As the

activation of HCAR1 in BAT induces antilipolytic and antidiabetic effects, our findings have

potential to lead to the discovery of novel therapeutic targets for better treatment of type 2

diabetes.

Supporting information

S1 Fig. Image of western blotting showing expression of MCT1, LDHA, HCAR1, and β-

actin.

(PDF)

Acknowledgments

We thank Dr Streamson Chua Jr. for his valuable feedback and discussion throughout the

year. We also thank Dr. Shun-Mei Liu for technical supports.

Author Contributions

Conceptualization: Young-Hwan Jo.

Data curation: Young-Hwan Jo.

Formal analysis: Eunjin Kwon, Young-Hwan Jo.

Funding acquisition: Young-Hwan Jo.

Investigation: Eunjin Kwon, Taesik Yoo, Young-Hwan Jo.

Methodology: Eunjin Kwon, Taesik Yoo.

Supervision: Young-Hwan Jo.

Validation: Young-Hwan Jo.

Writing – original draft: Young-Hwan Jo.

Writing – review & editing: Hye-Young Joung, Young-Hwan Jo.

References
1. Peirce V, Carobbio S, Vidal-Puig A. The different shades of fat. Nature. 2014; 510(7503):76–83. https://

doi.org/10.1038/nature13477 PMID: 24899307.

2. Hankir MK, Cowley MA, Fenske WK. A BAT-Centric Approach to the Treatment of Diabetes: Turn on

the Brain. Cell Metab. 2016. https://doi.org/10.1016/j.cmet.2016.05.003 PMID: 27292605.

3. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev.

2004; 84(1):277–359. https://doi.org/10.1152/physrev.00015.2003 PMID: 14715917.

Sexual dimorphism in HCAR1 expression in BAT

PLOS ONE | https://doi.org/10.1371/journal.pone.0228320 January 30, 2020 8 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228320.s001
https://doi.org/10.1038/nature13477
https://doi.org/10.1038/nature13477
http://www.ncbi.nlm.nih.gov/pubmed/24899307
https://doi.org/10.1016/j.cmet.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27292605
https://doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
https://doi.org/10.1371/journal.pone.0228320


4. Ouellet V, Labbe SM, Blondin DP, Phoenix S, Guerin B, Haman F, et al. Brown adipose tissue oxidative

metabolism contributes to energy expenditure during acute cold exposure in humans. J Clin Invest.

2012; 122(2):545–52. https://doi.org/10.1172/JCI60433 PMID: 22269323; PubMed Central PMCID:

PMC3266793.

5. Blondin DP, Frisch F, Phoenix S, Guerin B, Turcotte EE, Haman F, et al. Inhibition of Intracellular Tri-

glyceride Lipolysis Suppresses Cold-Induced Brown Adipose Tissue Metabolism and Increases Shiver-

ing in Humans. Cell Metab. 2017; 25(2):438–47. https://doi.org/10.1016/j.cmet.2016.12.005 PMID:

28089568.

6. Weir G, Ramage LE, Akyol M, Rhodes JK, Kyle CJ, Fletcher AM, et al. Substantial Metabolic Activity of

Human Brown Adipose Tissue during Warm Conditions and Cold-Induced Lipolysis of Local Triglycer-

ides. Cell Metab. 2018; 27(6):1348–55 e4. Epub 2018/05/29. https://doi.org/10.1016/j.cmet.2018.04.

020 PMID: 29805098; PubMed Central PMCID: PMC5988566.

7. Townsend KL, Tseng YH. Brown fat fuel utilization and thermogenesis. Trends Endocrinol Metab.

2014; 25(4):168–77. https://doi.org/10.1016/j.tem.2013.12.004 PMID: 24389130; PubMed Central

PMCID: PMC3972344.

8. Orava J, Nuutila P, Lidell ME, Oikonen V, Noponen T, Viljanen T, et al. Different metabolic responses of

human brown adipose tissue to activation by cold and insulin. Cell Metab. 2011; 14(2):272–9. https://

doi.org/10.1016/j.cmet.2011.06.012 PMID: 21803297.

9. Nikami H, Shimizu Y, Endoh D, Yano H, Saito M. Cold exposure increases glucose utilization and glu-

cose transporter expression in brown adipose tissue. Biochem Biophys Res Commun. 1992; 185

(3):1078–82. https://doi.org/10.1016/0006-291x(92)91736-a PMID: 1378263.

10. Jeong JH, Chang JS, Jo YH. Intracellular glycolysis in brown adipose tissue is essential for optogeneti-

cally induced nonshivering thermogenesis in mice. Sci Rep. 2018; 8(1):6672. Epub 2018/04/29. https://

doi.org/10.1038/s41598-018-25265-3 PMID: 29704006; PubMed Central PMCID: PMC5923201.

11. Ma SW, Foster DO. Uptake of glucose and release of fatty acids and glycerol by rat brown adipose tis-

sue in vivo. Can J Physiol Pharmacol. 1986; 64(5):609–14. https://doi.org/10.1139/y86-101 PMID:

3730946.

12. Young P, Cawthorne MA, Smith SA. Brown adipose tissue is a major site of glucose utilisation in C57Bl/

6 ob/ob mice treated with a thermogenic beta-adrenoceptor agonist. Biochem Biophys Res Commun.

1985; 130(1):241–8. https://doi.org/10.1016/0006-291x(85)90408-5 PMID: 4026829.

13. Hankir MK, Kranz M, Keipert S, Weiner J, Andreasen SG, Kern M, et al. Dissociation Between Brown

Adipose Tissue (18)F-FDG Uptake and Thermogenesis in Uncoupling Protein 1-Deficient Mice. J Nucl

Med. 2017; 58(7):1100–3. https://doi.org/10.2967/jnumed.116.186460 PMID: 28082439.

14. Blondin DP, Labbe SM, Noll C, Kunach M, Phoenix S, Guerin B, et al. Selective Impairment of Glucose

but Not Fatty Acid or Oxidative Metabolism in Brown Adipose Tissue of Subjects With Type 2 Diabetes.

Diabetes. 2015; 64(7):2388–97. https://doi.org/10.2337/db14-1651 PMID: 25677914.

15. Fain JN, Loken SC. Response of trypsin-treated brown and white fat cells to hormones. Preferential

inhibition of insulin action. J Biol Chem. 1969; 244(13):3500–6. PMID: 4307454.

16. Winther S, Isidor MS, Basse AL, Skjoldborg N, Cheung A, Quistorff B, et al. Restricting glycolysis

impairs brown adipocyte glucose and oxygen consumption. Am J Physiol Endocrinol Metab. 2018; 314

(3):E214–E23. Epub 2017/11/10. https://doi.org/10.1152/ajpendo.00218.2017 PMID: 29118013.

17. Hao Q, Yadav R, Basse AL, Petersen S, Sonne SB, Rasmussen S, et al. Transcriptome profiling of

brown adipose tissue during cold exposure reveals extensive regulation of glucose metabolism. Am J

Physiol Endocrinol Metab. 2015; 308(5):E380–92. https://doi.org/10.1152/ajpendo.00277.2014 PMID:

25516548.

18. Offermanns S. Hydroxy-Carboxylic Acid Receptor Actions in Metabolism. Trends Endocrinol Metab.

2017; 28(3):227–36. Epub 2017/01/15. https://doi.org/10.1016/j.tem.2016.11.007 PMID: 28087125.

19. Liu C, Wu J, Zhu J, Kuei C, Yu J, Shelton J, et al. Lactate inhibits lipolysis in fat cells through activation

of an orphan G-protein-coupled receptor, GPR81. J Biol Chem. 2009; 284(5):2811–22. Epub 2008/12/

03. https://doi.org/10.1074/jbc.M806409200 PMID: 19047060.

20. Ahmed K, Tunaru S, Tang C, Muller M, Gille A, Sassmann A, et al. An autocrine lactate loop mediates

insulin-dependent inhibition of lipolysis through GPR81. Cell Metab. 2010; 11(4):311–9. Epub 2010/04/

09. https://doi.org/10.1016/j.cmet.2010.02.012 PMID: 20374963.

21. Ge H, Weiszmann J, Reagan JD, Gupte J, Baribault H, Gyuris T, et al. Elucidation of signaling and func-

tional activities of an orphan GPCR, GPR81. J Lipid Res. 2008; 49(4):797–803. Epub 2008/01/05.

https://doi.org/10.1194/jlr.M700513-JLR200 PMID: 18174606.

22. Cai TQ, Ren N, Jin L, Cheng K, Kash S, Chen R, et al. Role of GPR81 in lactate-mediated reduction of

adipose lipolysis. Biochem Biophys Res Commun. 2008; 377(3):987–91. Epub 2008/10/28. https://doi.

org/10.1016/j.bbrc.2008.10.088 PMID: 18952058.

Sexual dimorphism in HCAR1 expression in BAT

PLOS ONE | https://doi.org/10.1371/journal.pone.0228320 January 30, 2020 9 / 11

https://doi.org/10.1172/JCI60433
http://www.ncbi.nlm.nih.gov/pubmed/22269323
https://doi.org/10.1016/j.cmet.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28089568
https://doi.org/10.1016/j.cmet.2018.04.020
https://doi.org/10.1016/j.cmet.2018.04.020
http://www.ncbi.nlm.nih.gov/pubmed/29805098
https://doi.org/10.1016/j.tem.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24389130
https://doi.org/10.1016/j.cmet.2011.06.012
https://doi.org/10.1016/j.cmet.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21803297
https://doi.org/10.1016/0006-291x(92)91736-a
http://www.ncbi.nlm.nih.gov/pubmed/1378263
https://doi.org/10.1038/s41598-018-25265-3
https://doi.org/10.1038/s41598-018-25265-3
http://www.ncbi.nlm.nih.gov/pubmed/29704006
https://doi.org/10.1139/y86-101
http://www.ncbi.nlm.nih.gov/pubmed/3730946
https://doi.org/10.1016/0006-291x(85)90408-5
http://www.ncbi.nlm.nih.gov/pubmed/4026829
https://doi.org/10.2967/jnumed.116.186460
http://www.ncbi.nlm.nih.gov/pubmed/28082439
https://doi.org/10.2337/db14-1651
http://www.ncbi.nlm.nih.gov/pubmed/25677914
http://www.ncbi.nlm.nih.gov/pubmed/4307454
https://doi.org/10.1152/ajpendo.00218.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118013
https://doi.org/10.1152/ajpendo.00277.2014
http://www.ncbi.nlm.nih.gov/pubmed/25516548
https://doi.org/10.1016/j.tem.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/28087125
https://doi.org/10.1074/jbc.M806409200
http://www.ncbi.nlm.nih.gov/pubmed/19047060
https://doi.org/10.1016/j.cmet.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20374963
https://doi.org/10.1194/jlr.M700513-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18174606
https://doi.org/10.1016/j.bbrc.2008.10.088
https://doi.org/10.1016/j.bbrc.2008.10.088
http://www.ncbi.nlm.nih.gov/pubmed/18952058
https://doi.org/10.1371/journal.pone.0228320


23. Wallenius K, Thalen P, Bjorkman JA, Johannesson P, Wiseman J, Bottcher G, et al. Involvement of the

metabolic sensor GPR81 in cardiovascular control. JCI Insight. 2017; 2(19). Epub 2017/10/06. https://

doi.org/10.1172/jci.insight.92564 PMID: 28978803; PubMed Central PMCID: PMC5841867.

24. Albert V, Svensson K, Shimobayashi M, Colombi M, Munoz S, Jimenez V, et al. mTORC2 sustains ther-

mogenesis via Akt-induced glucose uptake and glycolysis in brown adipose tissue. EMBO Mol Med.

2016; 8(3):232–46. https://doi.org/10.15252/emmm.201505610 PMID: 26772600; PubMed Central

PMCID: PMC4772955.

25. Hwang LL, Wang CH, Li TL, Chang SD, Lin LC, Chen CP, et al. Sex differences in high-fat diet-induced

obesity, metabolic alterations and learning, and synaptic plasticity deficits in mice. Obesity (Silver

Spring). 2010; 18(3):463–9. Epub 2009/09/05. https://doi.org/10.1038/oby.2009.273 PMID: 19730425.

26. Stubbins RE, Holcomb VB, Hong J, Nunez NP. Estrogen modulates abdominal adiposity and protects

female mice from obesity and impaired glucose tolerance. Eur J Nutr. 2012; 51(7):861–70. Epub 2011/

11/02. https://doi.org/10.1007/s00394-011-0266-4 PMID: 22042005.

27. Pettersson US, Walden TB, Carlsson PO, Jansson L, Phillipson M. Female mice are protected against

high-fat diet induced metabolic syndrome and increase the regulatory T cell population in adipose tis-

sue. PLoS One. 2012; 7(9):e46057. Epub 2012/10/11. https://doi.org/10.1371/journal.pone.0046057

PMID: 23049932; PubMed Central PMCID: PMC3458106.

28. Shi H, Clegg DJ. Sex differences in the regulation of body weight. Physiol Behav. 2009; 97(2):199–204.

Epub 2009/03/03. https://doi.org/10.1016/j.physbeh.2009.02.017 PMID: 19250944; PubMed Central

PMCID: PMC4507503.

29. Wanders D, Graff EC, Judd RL. Effects of high fat diet on GPR109A and GPR81 gene expression. Bio-

chem Biophys Res Commun. 2012; 425(2):278–83. Epub 2012/07/31. https://doi.org/10.1016/j.bbrc.

2012.07.082 PMID: 22842580.

30. Feingold KR, Moser A, Shigenaga JK, Grunfeld C. Inflammation inhibits GPR81 expression in adipose

tissue. Inflamm Res. 2011; 60(10):991–5. Epub 2011/07/14. https://doi.org/10.1007/s00011-011-0361-

2 PMID: 21751047.

31. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, Sul HS. Regulation of lipolysis in adipocytes.

Annu Rev Nutr. 2007; 27:79–101. Epub 2007/02/23. https://doi.org/10.1146/annurev.nutr.27.061406.

093734 PMID: 17313320; PubMed Central PMCID: PMC2885771.

32. Leto D, Saltiel AR. Regulation of glucose transport by insulin: traffic control of GLUT4. Nat Rev Mol Cell

Biol. 2012; 13(6):383–96. Epub 2012/05/24. https://doi.org/10.1038/nrm3351 PMID: 22617471.

33. Skorobogatko Y, Dragan M, Cordon C, Reilly SM, Hung CW, Xia W, et al. RalA controls glucose homeo-

stasis by regulating glucose uptake in brown fat. Proc Natl Acad Sci U S A. 2018; 115(30):7819–24.

Epub 2018/06/20. https://doi.org/10.1073/pnas.1801050115 PMID: 29915037; PubMed Central

PMCID: PMC6065037.

34. Dvorak CA, Liu C, Shelton J, Kuei C, Sutton SW, Lovenberg TW, et al. Identification of Hydroxybenzoic

Acids as Selective Lactate Receptor (GPR81) Agonists with Antilipolytic Effects. ACS Med Chem Lett.

2012; 3(8):637–9. Epub 2012/08/09. https://doi.org/10.1021/ml3000676 PMID: 24900524; PubMed

Central PMCID: PMC4025785.

35. Liu C, Kuei C, Zhu J, Yu J, Zhang L, Shih A, et al. 3,5-Dihydroxybenzoic acid, a specific agonist for

hydroxycarboxylic acid 1, inhibits lipolysis in adipocytes. J Pharmacol Exp Ther. 2012; 341(3):794–801.

Epub 2012/03/22. https://doi.org/10.1124/jpet.112.192799 PMID: 22434674.

36. Rodriguez-Cuenca S, Pujol E, Justo R, Frontera M, Oliver J, Gianotti M, et al. Sex-dependent thermo-

genesis, differences in mitochondrial morphology and function, and adrenergic response in brown adi-

pose tissue. J Biol Chem. 2002; 277(45):42958–63. Epub 2002/09/07. https://doi.org/10.1074/jbc.

M207229200 PMID: 12215449.

37. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al. Identification and importance

of brown adipose tissue in adult humans. N Engl J Med. 2009; 360(15):1509–17. Epub 2009/04/10.

https://doi.org/10.1056/NEJMoa0810780 PMID: 19357406; PubMed Central PMCID: PMC2859951.

38. Pfannenberg C, Werner MK, Ripkens S, Stef I, Deckert A, Schmadl M, et al. Impact of age on the rela-

tionships of brown adipose tissue with sex and adiposity in humans. Diabetes. 2010; 59(7):1789–93.

Epub 2010/04/02. https://doi.org/10.2337/db10-0004 PMID: 20357363; PubMed Central PMCID:

PMC2889780.

39. Choi DK, Oh TS, Choi JW, Mukherjee R, Wang X, Liu H, et al. Gender difference in proteome of brown

adipose tissues between male and female rats exposed to a high fat diet. Cell Physiol Biochem. 2011;

28(5):933–48. Epub 2011/12/20. https://doi.org/10.1159/000335807 PMID: 22178945.

40. Miralpeix C, Fosch A, Casas J, Baena M, Herrero L, Serra D, et al. Hypothalamic endocannabinoids

inversely correlate with the development of diet-induced obesity in male and female mice. Journal of

Lipid Research. 2019; 60(7):1260–9. https://doi.org/10.1194/jlr.M092742 WOS:000479004200008.

PMID: 31138606

Sexual dimorphism in HCAR1 expression in BAT

PLOS ONE | https://doi.org/10.1371/journal.pone.0228320 January 30, 2020 10 / 11

https://doi.org/10.1172/jci.insight.92564
https://doi.org/10.1172/jci.insight.92564
http://www.ncbi.nlm.nih.gov/pubmed/28978803
https://doi.org/10.15252/emmm.201505610
http://www.ncbi.nlm.nih.gov/pubmed/26772600
https://doi.org/10.1038/oby.2009.273
http://www.ncbi.nlm.nih.gov/pubmed/19730425
https://doi.org/10.1007/s00394-011-0266-4
http://www.ncbi.nlm.nih.gov/pubmed/22042005
https://doi.org/10.1371/journal.pone.0046057
http://www.ncbi.nlm.nih.gov/pubmed/23049932
https://doi.org/10.1016/j.physbeh.2009.02.017
http://www.ncbi.nlm.nih.gov/pubmed/19250944
https://doi.org/10.1016/j.bbrc.2012.07.082
https://doi.org/10.1016/j.bbrc.2012.07.082
http://www.ncbi.nlm.nih.gov/pubmed/22842580
https://doi.org/10.1007/s00011-011-0361-2
https://doi.org/10.1007/s00011-011-0361-2
http://www.ncbi.nlm.nih.gov/pubmed/21751047
https://doi.org/10.1146/annurev.nutr.27.061406.093734
https://doi.org/10.1146/annurev.nutr.27.061406.093734
http://www.ncbi.nlm.nih.gov/pubmed/17313320
https://doi.org/10.1038/nrm3351
http://www.ncbi.nlm.nih.gov/pubmed/22617471
https://doi.org/10.1073/pnas.1801050115
http://www.ncbi.nlm.nih.gov/pubmed/29915037
https://doi.org/10.1021/ml3000676
http://www.ncbi.nlm.nih.gov/pubmed/24900524
https://doi.org/10.1124/jpet.112.192799
http://www.ncbi.nlm.nih.gov/pubmed/22434674
https://doi.org/10.1074/jbc.M207229200
https://doi.org/10.1074/jbc.M207229200
http://www.ncbi.nlm.nih.gov/pubmed/12215449
https://doi.org/10.1056/NEJMoa0810780
http://www.ncbi.nlm.nih.gov/pubmed/19357406
https://doi.org/10.2337/db10-0004
http://www.ncbi.nlm.nih.gov/pubmed/20357363
https://doi.org/10.1159/000335807
http://www.ncbi.nlm.nih.gov/pubmed/22178945
https://doi.org/10.1194/jlr.M092742
http://www.ncbi.nlm.nih.gov/pubmed/31138606
https://doi.org/10.1371/journal.pone.0228320


41. Morigny P, Houssier M, Mouisel E, Langin D. Adipocyte lipolysis and insulin resistance. Biochimie.

2016; 125:259–66. Epub 2015/11/07. https://doi.org/10.1016/j.biochi.2015.10.024 PMID: 26542285.

42. Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose Tissue Remodeling: Its Role in Energy Metabo-

lism and Metabolic Disorders. Front Endocrinol (Lausanne). 2016; 7:30. Epub 2016/05/06. https://doi.

org/10.3389/fendo.2016.00030 PMID: 27148161; PubMed Central PMCID: PMC4829583.

43. Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose tissue as a secretory organ. Nat Rev Endo-

crinol. 2017; 13(1):26–35. https://doi.org/10.1038/nrendo.2016.136 PMID: 27616452.

44. Roberts-Toler C, O’Neill BT, Cypess AM. Diet-induced obesity causes insulin resistance in mouse

brown adipose tissue. Obesity (Silver Spring). 2015; 23(9):1765–70. Epub 2015/08/06. https://doi.org/

10.1002/oby.21134 PMID: 26242777; PubMed Central PMCID: PMC4551605.

45. Sun J, Ye X, Xie M, Ye J. Induction of triglyceride accumulation and mitochondrial maintenance in mus-

cle cells by lactate. Sci Rep. 2016; 6:33732. Epub 2016/09/21. https://doi.org/10.1038/srep33732

PMID: 27645401; PubMed Central PMCID: PMC5028732.

46. de Castro Abrantes H, Briquet M, Schmuziger C, Restivo L, Puyal J, Rosenberg N, et al. The Lactate

Receptor HCAR1 Modulates Neuronal Network Activity through the Activation of Galpha and Gbeta-

gamma Subunits. J Neurosci. 2019; 39(23):4422–33. Epub 2019/03/31. https://doi.org/10.1523/

JNEUROSCI.2092-18.2019 PMID: 30926749; PubMed Central PMCID: PMC6554634.

47. Kayali AG, Eichhorn J, Haruta T, Morris AJ, Nelson JG, Vollenweider P, et al. Association of the insulin

receptor with phospholipase C-gamma (PLCgamma) in 3T3-L1 adipocytes suggests a role for

PLCgamma in metabolic signaling by insulin. J Biol Chem. 1998; 273(22):13808–18. Epub 1998/06/05.

https://doi.org/10.1074/jbc.273.22.13808 PMID: 9593725.

48. Van Epps-Fung M, Gupta K, Hardy RW, Wells A. A role for phospholipase C activity in GLUT4-medi-

ated glucose transport. Endocrinology. 1997; 138(12):5170–5. Epub 1997/12/06. https://doi.org/10.

1210/endo.138.12.5596 PMID: 9389497.

Sexual dimorphism in HCAR1 expression in BAT

PLOS ONE | https://doi.org/10.1371/journal.pone.0228320 January 30, 2020 11 / 11

https://doi.org/10.1016/j.biochi.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26542285
https://doi.org/10.3389/fendo.2016.00030
https://doi.org/10.3389/fendo.2016.00030
http://www.ncbi.nlm.nih.gov/pubmed/27148161
https://doi.org/10.1038/nrendo.2016.136
http://www.ncbi.nlm.nih.gov/pubmed/27616452
https://doi.org/10.1002/oby.21134
https://doi.org/10.1002/oby.21134
http://www.ncbi.nlm.nih.gov/pubmed/26242777
https://doi.org/10.1038/srep33732
http://www.ncbi.nlm.nih.gov/pubmed/27645401
https://doi.org/10.1523/JNEUROSCI.2092-18.2019
https://doi.org/10.1523/JNEUROSCI.2092-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30926749
https://doi.org/10.1074/jbc.273.22.13808
http://www.ncbi.nlm.nih.gov/pubmed/9593725
https://doi.org/10.1210/endo.138.12.5596
https://doi.org/10.1210/endo.138.12.5596
http://www.ncbi.nlm.nih.gov/pubmed/9389497
https://doi.org/10.1371/journal.pone.0228320

