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Abstract:

Interscapular BAT (BAT) plays an important role in controlling glucose homeostasis. Increased
glucose entry and glycolysis in BAT result in lactate production and release. The adipose tissue expresses
the lactate receptor hydrocarboxylic acid receptor 1 (HCART), markedly downregulated in male diet-
induced obese (DIO) and 0ob/ob mice. In this study, we examined the role of HCAR1 in BAT in
controlling glucose homeostasis in male DIO mice. We overexpressed HCAR1 in BAT by injecting
adeno-associated viruses (AAV) expressing HCAR1 into the BAT pads of male DIO C57BL/6J mice.
Overexpressing HCAR1 in BAT resulted in augmented glucose uptake by BAT in response to treatment
with the HCAR1 agonist. HCAR1 overexpression elevated BAT temperature associated with increased
thermogenic gene expression in BAT. HCAR1 overexpression prevented body weight gain in male DIO
mice. Importantly, mice overexpressing HCAR1 in BAT exhibited improved glucose tolerance and
insulin sensitivity. HCAR1 overexpression upregulated the Slc2a4 gene expression and promoted GLUT4
trafficking to the plasma membrane. In addition, mice overexpressing HCAR1 displayed a decrease in
HSL phosphorylation and increased lipogenic enzyme gene expression in BAT. Unlike DIO mice,
overexpressing HCAR1 in BAT of mice fed a low-fat diet did not change body weight gain and glucose
homeostasis. Taken together, our results support the interpretation that HCAR1 expressed in BAT
promotes glucose entry and reduces lipolysis in BAT of male DIO mice. As activation of HCAR1 in BAT
restores body weight, glucose tolerance, and insulin sensitivity in male DIO mice, targeting HCAR1 in

BAT would provide an alternative way to control body weight and euglycemia in individuals with obesity.

New and Noteworthy: HCAR1 expressed in BAT can promote glucose entry and reduce lipolysis,
resulting in body weight loss and increased insulin sensitivity. Hence, targeting HCAR1 in BAT would

provide an alternative way to control body weight and euglycemia in individuals with obesity.
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Introduction

Stimulation of brown adipose tissue (BAT) regulates whole-body triglyceride clearance, glucose
disposal, insulin sensitivity, and energy expenditure in humans (1-7). Hence, this organ is considered an
important therapeutic target against obesity and diabetes in humans, although BAT represents only
a small fraction of body mass. While BAT takes up circulating glucose that can be used to generate heat
in humans and rodents (8-13), the contribution of glucose to heat production in BAT remains
controversial (14-16). Early studies show that lactate production accounts for a large proportion of
insulin- and norepinephrine-induced glucose uptake by BAT (17, 18). In line with these early findings,
cold- and B3-adrenergic receptor (B3AR)-induced activation of interscapular BAT (BAT) in mice
upregulates mRNA and protein expression of the lactate dehydrogenase (LDH)-A that preferentially
catalyzes pyruvate conversion to lactate (11, 19). This upregulation leads to a significant release of lactate
from BAT in rodents (18, 20). Notably, a recent human study by the Stimson research group demonstrates
that BAT produces and releases lactate in response to glucose entry during warm conditions (7). Hence, it
is necessary to better understand the physiological role of lactate in the control of glucose and lipid
metabolism in BAT.

We previously demonstrated that optogenetic stimulation of sympathetic nerves of BAT
promoted nonshivering thermogenesis and glucose uptake by BAT in mice (11). In the presence of the
LDH inhibitor, however, optogenetic stimulation of sympathetic nerves of BAT failed to increase BAT
temperature and lower blood glucose levels, suggesting that LDH activity appears to be essential for the
acute activation of BAT thermogenesis (11). BAT expresses the monocarboxylate transporter 1 (MCT1)
that catalyzes the rapid transport of monocarboxylates such as lactate, pyruvate, and ketone bodies in the
mitochondrial and plasma membrane (11, 21, 22). Increased sympathetic tone to BAT upregulates
expression of the Mct/ mRNA (11). The genetic and pharmacological blockade of MCT]1 inhibits the
acute effect of optogenetic stimulation of sympathetic nerves of BAT on BAT thermogenesis and glucose
uptake (11). These prior findings suggest that intracellular glycolysis and lactate production in BAT are
important and required for the adrenergic activation of nonshivering thermogenesis.

In addition to its role as fuel, it has been shown that lactate acts as a signaling molecule with
autocrine-, paracrine-, and endocrine-like effects in the white adipose tissue (WAT) (23, 24). In fact,
MCTT1 can bidirectionally transport lactate across the plasma membrane (22). Of particular interest is that
the lactate receptor hydrocarboxylic acid receptor 1 (HCAR1) is primarily expressed in white and brown
adipocytes in both rodents and humans (23, 25, 26). Activating HCAR1 by lactate inhibits lipolysis and
loss of the Hcarl gene impairs the antilipolytic effect in the adipose tissue (25). Additionally, HCAR1
signaling improves insulin-mediated anti-lipolysis in white adipocytes (23). We previously showed that

male DIO C57BL/6J mice exhibited a significant reduction in HCAR1 expression in BAT (27), consistent
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with prior studies showing that male DIO and ob/ob mice display decreased Hcarl gene expression in the
adipose tissue (28, 29). Hence, disrupted HCAR1 action in the adipose tissue could contribute to insulin
resistance and metabolic dysfunction in obese animals.

In this study, we examined the role of HCAR1 in BAT in controlling glucose homeostasis in male
DIO mice. Specifically, we overexpressed HCAR1 in BAT of male DIO C57BL/6J mice. HCARI1
overexpression in BAT significantly increased BAT temperature. Importantly, mice overexpressing

HCARI1 in BAT were protected against DIO and exhibited improved glucose and insulin tolerance.

Material and Methods
Ethics statement

All mouse care and experimental procedures were approved by the Institutional Animal Care
Research Advisory Committee of the Albert Einstein College of Medicine and were performed in
accordance with the guidelines described in the NIH guide for the care and use of laboratory animals.
Viral injections were performed under isoflurane anesthesia.
Animals

9-weeks old male DIO C57BL/6J (JAX stock # 380050, IMSR JAX:380050) were purchased
from the Jackson Laboratory and fed a high-fat diet (HFD; Research Diets Cat#D12492; 20% calories by
carbohydrate, 20% by protein, and 60% by fat). To determine if the effect of HCARI is coupled with
changes in nutrient availability, 9-weeks old male C57BL/6J mice were fed a low-fat diet (LFD; Research
Diets Cat#D12492]; 70% calories provided by carbohydrates, 20% by protein, and 10% by fat). Age-
matched male mice were randomly assigned to experimental groups. Mice were housed in cages under
conditions of controlled temperature (22 °C) with a 12:12 hr light-dark cycle and water provided ad
libitum. Mice were euthanized by an overdose of isoflurane at the end of the experiments.
Viral injections into BAT

10-weeks old mice were anesthetized deeply with 3% isoflurane. A deep level of anesthesia was
maintained throughout the surgical procedure. Under isoflurane anesthesia (2%), AAV5-CMV-HCARI1-
GFP (Applied Biological Materials, Inc, titer, 4.69 X 10'> GC/ml) and AAV5-CAG-GFP (Addgene
Cat#37825-AAV5, titer, 4.3 X 10'> GC/ml) viruses were bilaterally injected into the BAT pads of male
C57BL/6J mice using a Hamilton syringe (4 pl per pad). At the end of the experiments, the expression of
viral transgenes was confirmed by performing an RT-qPCR analysis of Hcarl in BAT. When the viral
injections missed the BAT pads, we excluded data. The experiment assignment was blinded to
investigators who participated in viral injection, experiments, and data analyses.

Measurement of BAT temperature
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To directly measure BAT temperature, we implanted a miniature radio frequency identification
(RFID) transponder with an integrated temperature biosensor (size, 2.1mm x 13mm, temperature
accuracy, +0.1°C at 38°C, Unified Information Devices (UID), Inc) just underneath the BAT pads
immediately after viral injections. Each cage containing 4 mice was placed on a mouse matrix plate (UID,
Inc) and the temperature data were collected every 5 s with Mouse Matrix software (version 1.1) and
stored on a PC.
Measurement of body weight and blood glucose levels

Body weight was measured weekly at 9 am. Body composition for fat mass and fat-free mass
were assessed by ECHO MRI at our animal physiology core. Blood samples were collected from the
mouse tail, and a small drop of blood was placed on the test strip of a glucose meter. Non-fasting basal
glucose levels were measured at 9:00 am. Fasting blood glucose levels were measured after an overnight
fast once at 10 weeks post viral injection.
Assessment of energy expenditure and locomotor activity

Mice were individually housed in the calorimeter cages and acclimated to the respiratory
chambers for at least 2 days prior to gas exchange measurements. Indirect calorimetry was performed for
5 days at the end of 10 weeks on high-fat feeding using an open-circuit calorimetry system. O,
consumption and CO, production were measured for each mouse at 10-min intervals over a 24-h period.
Energy expenditure was calculated based on O, consumption, CO, consumption and body mass. All data
were analyzed with a Web-based Analysis Tool for Indirect Calorimetry Experiments CalR (version 1.3,

https://calrapp.org/(30)). An ANCOVA analysis was performed to determine if there was a significant

difference in energy expenditure between the groups.
Assessment of glucose tolerance and insulin tolerance

For GTT, experimental and control mice at 10 weeks post viral inoculation were fasted for 15 hr
(6:00 pm — 9:00 am). A sterile glucose solution was intraperitoneally administered at a concentration of 2
g/kg (glucose/body weight) at time 0. The blood glucose levels were measured at 15, 30, 60, 90, and 120
min after glucose injection. Blood glucose levels vs. time after glucose injection were plotted, and the
area under the curve was calculated and compared between the experimental and control groups.

For ITT, mice were fasted for 5 hr (9:00 am to 2:00 pm). Blood glucose levels were measured at
0, 15, 30, 60, 90, and 120 min following i.p. injection of insulin (1 U/kg). We immediately injected
glucose (2 g/kg) if the mice appeared ill due to insulin-induced hypoglycemia.
RT-qPCR analysis

BAT tissues were homogenized in a Trizol reagent (ThermoFisher Scientific, 15596-018), and the
total RNA was isolated according to the manufacturer’s instructions. First-strand cDNA was synthesized

using the SuperScript I1I First-Strand synthesis kit (ThermoFisher Scientific, 18080-051). qPCR was
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performed in sealed 96-well plates with SYBR Green I master Mix (Applied Biosystems, A25742) using
a Quant Studio 3 (Applied Biosystems). qPCR reactions were prepared in a final volume of 20 pl
containing 2 ul cDNAs, and 10 pl of SYBR Green master mix in the presence of primers at 0.5 UM. beta-
2 microglobulin (B2m) was used as an internal control for quantification of each sample. Amplification
was performed under the following conditions: denaturation at 95°C for 30 seconds, followed by 40
cycles of denaturation at 95°C for 30 seconds, and annealing/extension at 60°C for 1 minute. The primer
sequences used are described in Table 1. The relative expression levels were determined using the
comparative threshold cycle (CT), which was normalized against the CT of B2m using the **Ct method.
Measurement of plasma leptin, insulin, and L-lactate

Blood samples were collected from the retro-orbital plexus with heparinized capillary tubes
(ThermoFisher Scientific, 22-362-566) and then centrifuged at 13,000 rpm for 10 min at 4°C. Plasma
leptin and insulin levels were measured using the ELISA kits (ThermoFisher Scientific, KMC2281 for
leptin, and Mercodia, 10-1247-01 for insulin, respectively). Plasma L-lactate levels were measured using
a colorimetric assay kit (Sigma-Aldrich, MAKO065 for L-Lactate).
Immunofluorescence staining

Mice were anesthetized with isoflurane (3%) and transcardially perfused with pre-perfusion
solution (9 g NaCl, 5 g sodium nitrate, 10,000 U heparin in 1L distilled water) followed by 4%
paraformaldehyde solution. BAT tissues were removed and incubated in 4% paraformaldehyde overnight
at 4°C and then placed into 30% sucrose solution for 2-3 days. BAT tissues were sectioned in 20 um
using a Lecia CM3050S cryostat. The sections were blocked in 0.1 M PBS buffer containing 0.2 M
glycine (Sigma-Aldrich Cat#G8898, 0.1% triton X-100 (Sigma-Aldrich Cat#X100), 10% normal donkey
serum (Sigma-Aldrich Cat#S30) and 1% bovine serum albumin (Sigma-Aldrich Cat#A7906) for 1 hr at
room temperature and then incubated with a rabbit anti-HCARI1 antibody (1:200, Alomone, AHR-011)
for overnight at the cold room. And then, the sections were washed 3 times in PBS and incubated with
Alexa 568 anti-rabbit IgG (1:1000; Life Technologies, Cat#A10042) for 2 hr at room temperature. The
sections were washed, dried, and mounted with VECTASHIELD media containing DAPI. Images were
acquired using a Leica SP8 confocal microscope.
Western Blotting

Total membrane and cytoplasmic protein fractions were isolated from BAT with a Mem-PER
Plus membrane protein extraction kit (Pierce Protein Biology Cat#89842) in the presence of a protease
inhibitor/phosphatase inhibitor cocktail (ThermoFisher Scientific Cat#78443). Protein concentrations
were determined using a BCA protein assay kit (ThermoFisher scientific Cat#23225). Cytosolic and
membrane fraction proteins (30 ug each) were prepared by adding laemmli sample buffer (Bio-Rad,

Cat#1610747). Cytosolic proteins were heated at 95°C for Smin and membrane fraction samples were left
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at room temperature. After sample heating, the samples were separated by 10% SDS-PAGE and
transferred to the PVDF membrane. The PVDF membrane was incubated with 5% w/v nonfat dry milk
for 1hr at room temperature and immunoblotted with anti-UCP1(1:1000, Abcam Cat#Ab234430), anti-
HSL (phospho-serine 660) (1:1000, Cell Signaling Technology Cat#45804S), anti-HSL (1:1000, Cell
Signaling Technology Cat#4107), anti-HCAR1 (1:500, Invitrogen Cat#PAS5-75664), anti-GAPDH
(1:3000, Invitrogen Cat#PA1-987), anti-GLUT4 (1:1,000, Invitrogen Cat#PA1-1065), and anti-Pan-
Cadherin (1ug, Cell Signaling Technology Cat#4068T) antibodies. Following incubation in primary
antibodies, the membrane was washed three times in TBS-T and then incubated with an anti-rabbit IgG,
HRP-linked antibody (1:10,000, Cell signaling Technology Cat#7074) for 2 hr at room temperature. ECL
reagents were applied to the membrane and protein bands were detected using an Odyssey Fc imaging
system (Li-COR).
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., Itd.,
CSR-OKP-PMG-KOITE). Mice received an i.p. injection of 2-DG (32.8 ug/kg (31), FisherThermo
Scientific, AC111980050) 3 hr post i.p. injection of 3,5-DHBA (200 mg/kg). BAT samples (10 mg) from
BAT" and BAT"“** mice were isolated 1 hr post i.p. injection of 2-DG. And then, the samples were
immediately frozen and kept at -80°C until use. The BAT samples were homogenized with a handheld
homogenizer and lysed in 10 mM Tris-HCI (pHS8.1) on ice. 2-DG uptake was measured by quantifying 2-
DGO6P accumulation in BAT following the manufacturer's instructions. The optical density of samples
was measured at a wavelength of 420 nm using a microplate reader.
Statistics

All statistical results were presented as mean + SEM. Statistical analyses were performed using
Graphpad Prism 9.0. Two-tailed 7-tests were used to calculate p values of pair-wise comparisons. Data for
comparisons across more than two groups were analyzed using a one-way ANOVA with Tukey’s post
hoc comparisons. Time course comparisons between groups were analyzed using a two-way repeated-
measures ANOVA with Sidak’s correction for multiple comparisons. Data were considered significantly

different when the probability value was less than 0.05.

Results
Overexpressing HCAR1 in BAT promotes glucose uptake and nonshivering thermogenesis.

We previously demonstrated Hcar! mRNA and protein expression in mouse BAT (27). To
extend and further confirm our prior finding, we stained BAT sections with an anti-HCAR1 antibody and
found that HCAR1 was detected in the plasma membrane in BAT (Fig. 1A). Hence, RT-qPCR, Western

blot, and immunohistochemical analyses support HCAR1 expression in BAT.
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As Hcarl mRNA and protein levels were downregulated in the adipose tissue of male DIO and
ob/ob mice (27-29), we investigated if HCAR1 overexpression in BAT can restore the capability of BAT
in male DIO mice. To overexpress HCAR1 in BAT, we bilaterally injected AAV-HCARI1-GFP
(BATHARYy or AAV-GFP (BAT®™) viruses into the BAT pads of male DIO mice (Fig. 1B). Following
viral infection, animals were maintained on HFD for 10 weeks. To validate Hcarl overexpression in BAT,
we collected BAT at 10 weeks post viral inoculation and performed RT-qPCR. As expected, the Hcarl
gene expression in BAT was significantly higher in BAT"“**" mice than in BAT®"" mice (Fig. 1C). The

HCART ice exhibited

overexpression was further supported by Western blot analysis (Fig. 1C). BAT
higher levels of HCARI1 expression than the control group. As activation of HCARI1 in BAT caused
glucose uptake (27), we examined if the increased HCARI expression in BAT improves the ability of
BAT to take up circulating glucose in response to treatment with the HCAR1 agonist. Treatment with the
HCARI agonist 3,5-DHBA significantly increased 2-deoxy-glucose (2-DG) uptake by BAT (Fig. 1D),
demonstrating the efficacity and feasibility of our viral vector-mediated overexpression of HCAR1 in
BAT.

Given that activating HCARI1 signaling promoted glucose uptake (27) and that intracellular
glycolysis was involved in heat production in BAT (11, 20), we sought to determine if HCAR1
overexpression can cause heat generation in BAT. We directly implanted miniature radio frequency
identification (RFID) transponders with an integrated temperature biosensor underneath the BAT pads
following viral inoculation and continuously measured BAT temperature. At 3 weeks post viral injection,
BAT temperature in BAT"“** mice was significantly higher than that in BAT®" mice during the dark
period (Fig. 1E). To examine if this increase is associated with an upregulation of the thermogenic genes
in BAT, we evaluated mRNA expression of uncoupling protein 1 (Ucpl), peroxisome proliferator-
activated receptor-y coactivator (PGC)-1a (Pgcl ), and iodothyronine deiodinase 2 (Dio2). UCP1
uncouples respiration from ATP synthesis and promotes energy dissipation in the form of heat (32). PGC-
lov acts as a transcriptional coactivator that drives UCP1 expression and DIO2 causes a conversion of
thyroxin (T4) to 3,3’,5-triiodothyronine (T3), which is a key event in the thermogenic response of BAT to
cold-challenge (32). We found that BAT"“**! mice displayed significant increases in Ucpl and Pgcl o
expression (Fig. 1F), whereas there was no difference in Dio2 expression between the groups (Fig. 1F). In
TGFP

addition, BAT in BAT"**! mice was tan to red in color, whereas BA

of BAT (Fig. 1G). UCPI content in BAT was higher in BAT"“**" mice than in BAT"* mice (Fig. 1H).

mice exhibited the whitening
Hence, our results support the interpretation that HCAR1 overexpression in BAT improves the ability of

BAT to produce heat in male DIO mice under resting conditions.

BAT"“**! mice are protected from DIO and exhibit improved insulin sensitivity.
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Excessive body weight gain in male DIO and ob/ob mice was inversely related to HCAR1
expression in adipocytes (27-29). We examined if HCAR1 overexpression prevents excessive body

weight gain in males during high-fat feeding. As shown in Fig. 2A, BATH“*}!

mice did not gain as much
weight as the control group. The difference in body weight between the two groups was observed as early
as 3 weeks after viral inoculation and became more profound by the end of the experiments. In line with
this finding, BAT"“** mice displayed a significant reduction in both fat and lean mass (Fig. 2B and C).
These findings support the interpretation that HCAR1 overexpression reduces susceptibility to diet-
induced obesity in male mice.

We next investigated if there is a difference in energy expenditure between the groups by placing
mice in metabolic cages. We found that there was no significant difference in energy expenditure between
the groups (total, dark and light phases; Fig. 2D-F). The respiratory exchange ratio (RER) that determines
the relative participation of glucose, lipids, and proteins in energy production was significantly different

THEARD mice. There was no

(Fig. 2G). It seems likely that lipids are the predominant fuel source in BA
significant difference in locomotor activity between BAT®"" and BAT"“**! mice (Fig. 2H and I).

Prior studies showed increased plasma lactate levels in obese animals and humans (33-38),
suggesting that there is a positive correlation between body weight gain and lactate levels. Thus, we
evaluated plasma lactate levels in BAT"“*®' and BAT®*" mice. Plasma lactate levels were significantly
higher in BAT* mice than in BAT"“**! mice (Fig. 3A), suggesting that the degree of HCAR1
expression in BAT rather than lactate levels in circulation may be critical in regulating body weight gain.
As BAT"*® mice exhibited reduced fat mass compared to controls, we further assessed plasma leptin
and insulin levels. BAT"*®! mice showed significantly lower plasma leptin and insulin levels than the
control group (Fig. 3B and C).

Given that BAT"“**" mice exhibited reduced body weight, leptin, and insulin levels, we further
examined if BAT"“** mice display improved glucose and insulin tolerance. First, we measured basal
(non-fasting) and fasting glucose levels. BAT"“**! mice showed lower basal blood glucose levels than
the control group, although there was no significant difference in fasting glucose levels (Fig. 3D and E).

HCARI1 : :
CART mice to dispose of

HCARI

We then performed glucose tolerance tests to assess the ability of BAT
a glucose load. We found a significant improvement in glucose tolerance in BAT mice compared to
controls (Fig. 3F). We also carried out insulin tolerance tests to assess glucose levels over time to an i.p.

insulin injection. BAT"CAR!

mice displayed a robust increase in insulin sensitivity (Fig. 3G). These
findings suggest that HCAR1 in BAT may contribute to the regulation of glucose homeostasis in DIO
mice.

Next, we sought to determine if the effects of HCARI are coupled to changes in nutrient

availability, we overexpressed HCAR1 in BAT in mice fed LFD (Fig. 4A). Unlike DIO mice, there was
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no significant difference in body weight between the control (mice™ ") and experimental groups

(miceHCARl

) (Fig. 4B). In addition, the percentages of fat and lean mass were similar between the two
groups (Fig. 4C and D). We also looked at if overexpressing HCAR1 in BAT changes glucose tolerance
and insulin sensitivity in mice fed LFD. We found that mice overexpressing HCAR1 in BAT exhibited
similar basal and fasting blood glucose levels (Fig. 4E and F) and no improvement in glucose and insulin
tolerance (Fig. 4G and H). Moreover, overexpressing HCAR1 did not alter plasma leptin and insulin
levels (Fig. 41 and J). These results suggest that the metabolic effects of HCAR1 appear to be coupled
with changes in nutrient availability.

HCARI overexpression upregulates GLUT4 expression and reduces HSL phosphorylation.

As improved glucose disposal would be due in part to increased glucose transporter expression
and translocation in BAT, we evaluated mRNA expression levels of the glucose transporter 1 and 4
(Slc2al (Glutl) and Sic2a4 (Glut4)) in BAT of BAT"“**! and BAT®™ mice on high-fat feeding. We
found that HCAR1 overexpression markedly increased Slc2a4 mRNA expression in BAT (Fig. 5A).
Western blot analysis further revealed higher levels of cytosolic GLUT4 expression in BAT"“**! mice
than in BAT"" mice (Fig. 5B), consistent with increased Slc2a4 gene expression. Insulin increased
glucose uptake by controlling the trafficking of GLUT4 to the plasma membrane in BAT (39, 40). We
further sought to determine if HCAR1 overexpression can also cause GLUT4 translocation to the plasma
membrane. Following isolation of the membrane proteins from BAT, we performed Western blotting and
found an increase in the plasma membrane GLUT4 expression in BAT"“**! mice (Fig. 5B). Hence, our
results suggest that increased GLUT4 translocation to the plasma membrane may improve glucose
tolerance in BAT"“*®! mice.

Activation of HCARI inhibited lipolysis in white adipocytes in vitro and in vivo (23, 25). We
thus asked if HCAR1 overexpression alters lipid metabolism in BAT of DIO mice by evaluating lipogenic
gene expression and hormone-sensitive lipase (HSL) phosphorylation that stimulates triglyceride
hydrolysis. Immunoblotting analysis revealed that BAT"“**! mice exhibited no or little HSL
phosphorylation at serine 660, while HSL phosphorylation was detected in BAT of BAT®" mice (Fig.
5C). In addition, RT-qPCR analysis of lipogenic enzyme genes, such as ATP citrate lyase (ACL), acetyl-
CoA carboxylase (ACC1), fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1) further
revealed that BAT"“*® mice had increased lipogenic enzyme gene expression (Fig. 5D). Hence, our
results suggest that HCAR1 overexpression may reduce basal lipolysis, while promoting fatty acid

synthesis in BAT during conditions of nutrient excess.
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Discussion
The present study demonstrates that HCAR1 in BAT plays a key role in controlling body weight,

glucose homeostasis, and insulin sensitivity in male DIO mice. A series of experiments support our

HCARI HCARI
T T

conclusion. First, we found that BA mice exhibited increased BAT temperature. Second, BA

mice significantly gained less body weight compared to BAT"

mice. Interestingly, plasma lactate levels
in BAT"“*® mice were lower compared to those in BAT"" mice. Third, BAT"“** mice displayed
improved glucose tolerance and insulin sensitivity. Forth, HCAR1 overexpression upregulated the Slc2a4
gene and caused GLUT4 translocation to the plasma membrane. Finally, this overexpression increased
lipogenic gene expression, while reducing HSL phosphorylation. Taken together, our results provide
novel insights into the role of lactate and its cognate receptors in BAT in the control of glucose
homeostasis in DIO mice.

Obese humans and animals had high plasma lactate levels (33-38). In our preparations, obese

BAT" mice also exhibited higher plasma lactate levels than BATH“A™

mice, suggesting that there was a
positive correlation between body weight and circulating lactate levels. In contrast to increased lactate
levels, HCAR1 expression in the adipose tissue was inversely correlated with body mass in male mice
(27-29), suggesting that the degree of HCAR1 expression in BAT rather than plasma lactate levels would
be a key factor in maintaining metabolic balance in mice. Of particular interest is that treatment with the
HCARI1 agonist reduced systemic glucose levels in male DIO mice via increased glucose uptake by BAT
(27). Thus, it appears that HCAR1 in BAT remains functional in DIO male mice. It is conceivable that
HCARI1 would be an alternative target to control euglycemia in DIO mice as DIO reduced insulin
signaling with decreased Akt phosphorylation in BAT, resulting in insulin resistance (41).
Pharmacological activation of the sympathetic B3AR in BAT drove glucose uptake and converted
glucose to lactate via increased glycolysis (11, 18, 20). Upon lactate production in BAT, lactate was
secreted and acted in an autocrine and paracrine manner in rodents and humans (7, 18). In our prior study,
optogenetic stimulation of sympathetic nerves innervating BAT upregulated the expression of the Ldha/b
and Mct1 genes in BAT (11). Blockade of lactate production and transport by inhibiting LDH and MCT1
abolished B3AR-mediated glucose uptake in BAT (11), suggesting the important role of lactate in
controlling the ability of BAT to take up circulating glucose. In addition, transgenic mice with increased
glucose uptake in WAT by expressing glucokinase displayed increased lactate production (42). They
exhibited improved glucose tolerance and insulin sensitivity when fed a standard chow diet (42).
Although these transgenic mice became obese similarly to controls when fed HFD, they remained insulin
sensitivity (42). Although the Bosch research group did not examine if improved insulin sensitivity was in
part due to elevated lactate production in WAT, it is possible that a rise in lactate production may improve

glucose tolerance and insulin sensitivity. In fact, increased lactate release from WAT improved the
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354  antilipolytic effect of insulin via activation of HCAR1 (23). In line with the previous findings in WAT,
355  BAT"®! mice exhibited a reduction in HSL phosphorylation in BAT, resulting in a decrease in basal
356 lipolysis. This antilipolytic effect of HCAR1 in WAT and BAT would be important because basal

357  lipolysis was elevated during obesity and was closely associated with insulin resistance (43). Reduced
358  basal lipolysis in the adipose tissue would lead to improved insulin sensitivity. Hence, it is conceivable
359  that not only lactate production but also its cognate receptor in the adipose tissue is indispensable for
360  maintaining euglycemia and insulin sensitivity in lean and obese animals.

361 The Offermanns’ research group demonstrated that adipocytes used HCAR 1-mediated lactate
362  signaling as an indirect index of glucose availability (23). Namely, activation of HCAR1 by lactate

363  released from adipocytes inhibited lipolysis, resulting in an increase in energy storage in the form of
364  triglycerides when blood glucose levels were high (23). Despite the antilipolytic effect of HCARI,

365 HCARI KO mice exhibited no significant differences in body weight, glucose tolerance and insulin

366  sensitivity in mice fed a standard chow diet and HFD (23). When HCAR1 was overexpressed in BAT of
367  mice fed LFD, we also found no changes in body weight and glucose homeostasis, consistent with the
368  study by the Offermanns’ group. Unlike the HCAR1 KO mice on HFD, however, BAT"“**' mice

369  significantly gained less body weight than BAT®"" mice kept on HFD, suggesting that increased BAT
370  activity in BAT"“**! mice could prevent body weight gain. In fact, the ability of BAT to control body
371  weight has been well described in mice receiving BAT transplant (44-46). Importantly, increased BAT
372  activity in mice receiving BAT transplant led to a reduction in body weight in ob/ob mice (46). The

373  improvement of energy metabolism in mice receiving BAT transplant appears to be mediated by

374  adipokines released from BAT, including fibroblast growth factor 21, interleukin 6, and tumor necrosis
375  factor-a (44, 47). However, it was also suggested that BAT secretes other adipokines that work through
376  insulin-independent pathways (46). Hence, our current study suggests that lactate is an understudied

377  signal molecule released from BAT. The interaction between lactate and HCAR1 in BAT can enhance
378  BAT activity that improves whole-body energy metabolism and insulin sensitivity, particularly in obese
379  animals.

380 What are the cellular mechanisms underlying the anti-obesity effect of HCAR1 in BAT? We have
381  no clear explanation for this anti-obesity effect. In fact, we failed to detect a significant difference in

382  energy expenditure between the groups at the end of 10 weeks of high-fat feeding. However, we may not
383  exclude the possibility that an accumulation of small improvements in basal metabolic rate after starting
384  high-fat feeding in BAT"“**' mice may prevent body weight gain during high-fay feeding. In addition, it
385  has been shown that, unlike WAT, BAT is metabolically active under resting conditions in humans (7). In
386  other words, BAT actively took up circulating glucose and released lactate regardless of heat production

387 (7). In our preparations, increased HCAR1 expression in BAT promoted SIc2A4 mRNA and protein
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THA® mice showed increased GLUT4 trafficking to the plasma

expression. More importantly, BA
membrane. GLUT4 trafficking in BAT was a prerequisite for augmented glucose uptake by BAT in
rodents and humans (8, 10, 48). Thus, BAT in BAT"“**! mice can substantially take up glucose under

HCARI
T

resting conditions. In fact, basal non-fasting glucose levels in BA mice were significantly lower

compared to those in BAT™"

mice. Lactate produced by increased glucose entry would be transported out
of the cell and concomitant activation of HCAR1 would inhibit lipolysis and trigger fatty acid synthesis,
resulting in increased energy storage as described in human BAT (7). This possibility was supported by

HCART mice and

our findings showing a robust upregulation of lipogenic gene expression in BAT of BAT
inhibition of lipolysis in BAT.

Additionally, lactate is a major substrate for the TCA cycle in all tissues, including adipose tissue
(49). We previously showed that blockade of the MCT1 completely abolished the thermogenic effect of
the activation of B3AR (11). Hence, it is plausible that lactate might be transported to mitochondria, feed
the TCA cycle, and generate heat in BAT. As obese mice have diminished thermogenic capacity
compared to lean mice (50), increased BAT activity in BAT"** mice would contribute to body weight
loss under a hypercaloric diet. Taken together, our current study showed that, like insulin receptors,
HCARI1 expressed in BAT could promote glucose entry and reduce lipolysis, resulting in body weight

loss and insulin sensitivity. Hence, targeting HCAR1 in BAT would provide an alternative way to control

body weight and euglycemia in individuals with obesity.
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Figure legends.

Figure 1. BAT"“*®! mice exhibit increased glucose uptake and BAT temperature.

A. Images of confocal fluorescence microscopy showing expression of HCAR1 in BAT (arrowheads).
Scale bar: 30um. Bottom panel: higher magnification view of the area of the white square.

B. Schematic illustration of our experimental configurations. AAV5-Hcarl-GFP (closed circle) and
AAVS5-GFP (open circle) viruses were bilaterally injected to the BAT pads of male DIO mice. Mice were
maintained on high-fat feeding.

HCARI mice

C. Summary plot showing increased expression in Hcarl mRNA expression in BAT of BAT
(BAT*" mice, n= 12 mice, BAT"“**' mice, n= 9 mice, two-tailed #-test, ***p<0.001). Bottom panel:
Western blot images showing HCAR1 expression in BAT of BAT"“** and BAT" mice.

D. Summary plot showing 2-DG uptake by BAT in response to treatment with the HCAR1 agonist 3,5-
DHBA (BAT** mice, n= 6 mice, BAT"“** mice, n= 4, two-tailed r-test, **p<0.01)

E. Summary plot showing increased BAT temperature in the dark phase in BAT"“**! (n= 5 mice) and
BAT" (n= 5 mice) mice. Two-tailed r-test, ***p<0.001

F. Summary plot showing gene expression of the thermogenic genes Ucpl, Pgcla, and Dio2 (BATS"
mice, n= 7 mice, BAT"“** mice, n=7, two-tailed r-test, *p<0.05, **p<0.01)

G. Images showing BAT morphology in BAT®" and BAT"“**! mice.

H. Western blot images showing UCP1 expression in BAT of BAT"“** and BAT"" mice.

Figure 2. BAT"“**! mice gain less body weight

A. Summary plot of body weight obtained from BAT" (open circle; n = 11 mice) and BAT"** (closed
circle; n = 10 mice, two-way ANOVA test, ***p<0.001). BAT"“** mice significantly weighed less than
BAT" mice.

B and C. Summary plots showing fat and lean mass in BAT®"" (n=14 mice) and BAT"**' (n=10 mice)
mice (fat mass, two-tailed #-test, ***p<(0.001; lean mass, **p<0.01).

D, E, and F. Summary plots showing energy expenditure in BAT" (n =5 mice) and BAT"**! (n=7
mice) mice.

G. Graph showing RER in BAT®"" and BAT"“** mice (*p<0.05).

H and I. Graphs showing locomotor activity in BAT®"" and BAT"“**' mice.

Figure 3. BAT"“*?! mice display improved glucose and insulin tolerance.
A, B, and C. Summary plots showing plasma lactate, leptin, and insulin levels in BAT* and BAT"“A%!
mice (lactate, n= 7 vs. 10 mice, two-tailed ¢-test, *p<0.05; leptin, n= 8 vs. 9 mice, two-tailed t-test,

**%p<0.001; insulin, n= 8 vs. 9 mice, two-tailed #-test, ***p<0.001).
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D and E. Summary plots showing basal and fasting glucose levels in BATYF and BAT"“*®' mice (basal
[glucose], n= 10 vs. 9 mice, two-tailed t-test, *p<0.05; fasting [glucose], n= 10 vs. 8 mice).

F. Summary plots showing changes in blood glucose levels in response to i.p. injection of glucose (2g/kg).
BAT"®! mice showed improved glucose tolerance (BATGF P mice, n= 7, BAT'*®! mice, n= 8, two-way
ANOVA test, *p<0.05). Right panel: glucose AUC in BAT"" and BAT"“**! mice (two tailed r-test,
*p<0.05)

G. Summary plot showing changes in blood glucose levels in response to i.p. injection of insulin (1U/kg).
Increased insulin sensitivity was observed in BATHR! mice (BATGFP mice, n= 6, BATHCAR! mice, n= 8,

two-way ANOVA test, ***p<(.001).

Figure 4. Overexpressing HCAR1 in BAT doesn’t change body weight and glucose homeostasis in
mice fed LFD.

A. Schematic illustration of our experimental configurations. AAV5-Hcarl-GFP (mice"“**!, closed circle)
and AAV5-GFP (mice®", open circle) viruses were bilaterally injected to the BAT pads of male mice fed

LFD for 10 weeks. Right panel: Pooled data showed increased expression in Hcarl mRNA expression in

HCARI1

BAT of mice"®' (mice®", n= 6 mice, mice , =13 mice, two-tailed r-test, **p<0.01).

GFP

B. Summary plot showing body weight obtained from mice®" (open circle; n = 12) and mice"“**' (closed

circle; n = 13 mice).

GFP HCARI1

C and D. Summary plots showing percentages of fat and lean mass in mice™ " (n=12) and mice

(n=13) mice.

E and F. Summary plots showing basal and fasting glucose levels in mice®" and mice"“**!

mice (basal
[glucose], n= 8 vs. 6 mice; fasting [glucose], n= 13 vs. 10 mice).

G. Summary plots showing changes in blood glucose levels in response to i.p. injection of glucose (2g/kg;
mice®", n= 13 mice, mice™?!, n= 10).

H. Summary plot showing changes in blood glucose levels in response to i.p. injection of insulin (1U/kg;

HCARI

. FP . . .
mice® mice, n= 4, mice mice, n=9).

I and J. Summary plots showing plasma leptin and insulin levels in mice®™" and mice"“**'

mice (leptin,
n= 8 vs. 10 mice; insulin, n=9 vs. 9 mice). No significant differences were found in all the parameters (B-

J, two-tailed t-test and two-way ANOVA test).

Figure 5. HCARI1 overexpression in BAT reduces HSL phosphorylation, while upregulating mRNA
expression of the lipogenic genes in DIO mice.
A. Summary plot showing mRNA expression of Slc2al and Slc2a4 in BAT of BAT"" and BAT'“*}!

mice. Both Slc2al and Sic2a4 expression was significantly upregulated by HCAR1 overexpression in
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BAT (Slc2al, BAT ™ mice, n=7 mice; BAT"**! mice, n= 7 mice, two-tailed t-test, *p<0.05; Slc2a4,
BAT ™ mice, n=7 mice; BAT"“**! mice, n= 7 mice, two-tailed t-test, **%p<0.001).
B. Western blot images showing cytosolic and membrane GLUT4 expression in BAT

HCAR1 :
T mice.

C. Western blot images showing reduced HSL phosphorylation at serine 660 in BAT of BA
D. Summary plots showing upregulated mRNA expression of the lipogenic enzyme genes in BAT of
BATHR! mice (BATGF P mice, n= 7 mice; BAT"'“*?! mice, n= 7 mice, two-tailed r-test, **p<0.01,
***p<(0.001). Left panel: schematic diagram describing lipogenic enzymes involved in the synthesis of

fatty acids in BAT.
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Table 1. List of primer sets for gPCR

Gene Gene Symbol lr‘-:tc::cBeIssion Forward (5’ to 3°) Reverse (5’ to 3’)
'r*eg;f)arr?”y”c acid | peart NM_175520.5 | TGAGGGACTTGTCCACCTGA CCATTGCTGCCGTAAACAGG
Beta-2 microglobulin | B2m NM_009735.3 | TTCAGTCGCGGTCGCTTC AGGCCGGTCAGTGAGACAAG
Uncoupling protein 1 | Ucp? NM_009463.3 | CGTTCCAGGACCCGAGTCGCAGA | TCAGCTCTTGTTGCCGGGTTTTG
Proliferative activated

receptor, gamma, | Ppargcloa NM_008904.2 GACAGCTTTCTGGGTGGATT CGCAGGCTCATTGTTGTACT
coactivator 1 alpha

Deiodinase, Dio2 NM_010050.4 | AATTATGCCTCGGAGAAGACCG GGCAGTTGCCTAGTGAAAGGT
iodothyronine, type Il

g%gﬁnb":r";er family | gic0a1 (Glut1) | NM_011400.3 | CCATGTATGTGGGAGAGGTG TTGCCCATGATGGAGTCTAA
?%;b":‘ﬂer family | gic0a4 (Glut4) | NM_009204.2 | AAAAGTGCCTGAAACCAGAG TCACCTCCTGCTCTAAAAGG
ATP citrate lyase Acl NM_134037.3 | CTGGTGTATCGGGACCTGT CACAAACACTCCTGCTTCCT
Acetyl-Coenzyme A | 4 NM_133360.2 | CTCTGCTAGAGCTGCAGGAT CTGGGAAACTGACACAGGAC
carboxylase alpha

Fatty acid synthase Fasn NM_007988.3 | ACCTCTCCCAGGTGTGTGAC CCTCCCGTACACTCACTCGT
Stearoyl-Coenzyme A | g4 NM_009127.4 | AGAGAACTGGAGACGGGAGT GCATCATTAACACCCCGATA

desaturase 1
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HCAR1 overexpression in DIO mice
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