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Abstract

While brown adipose tissue (BAT) is well-recognized for its ability
to dissipate energy in the form of heat, recent studies suggest
multifaced roles of BAT in the regulation of glucose and lipid
homeostasis beyond stimulating thermogenesis. One of the func-
tions involves interorgan communication with metabolic organs,
such as the liver, through BAT-derived secretory factors, a.k.a.,
batokine. However, the identity and the roles of such mediators
remain insufficiently understood. Here, we employed proteomics
and transcriptomics in human thermogenic adipocytes and identi-
fied previously unappreciated batokines, including phospholipid
transfer protein (PLTP). We found that increased circulating levels
of PLTP, via systemic or BAT-specific overexpression, significantly
improve glucose tolerance and insulin sensitivity, increased energy
expenditure, and decrease the circulating levels of cholesterol,
phospholipids, and sphingolipids. Such changes were accompanied
by increased bile acids in the circulation, which in turn enhances
glucose uptake and thermogenesis in BAT. Our data suggest that
PLTP is a batokine that contributes to the regulation of systemic
glucose and lipid homeostasis as a mediator of BAT-liver interor-
gan communication.
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Introduction

Historically, brown adipose tissue (BAT) was viewedmerely as a heat

generation through the action of uncoupling protein 1 (UCP1), a mito-

chondrial protein that uncouples proton gradient across the mito-

chondrial membrane from ATP synthesis (Kajimura & Saito, 2014).

However, emerging evidence suggests that the role of BAT is far more

complex than stimulating thermogenesis. For instance, BAT serves as

a significant metabolic sink for glucose, fatty acids, and branched-

chain amino acid (BCAA), and such function significantly contributes

to the regulation of systemic glucose and lipid homeostasis (Bartelt

et al, 2011; Kajimura et al, 2015; Chondronikola et al, 2016; Yone-

shiro et al, 2019). Notably, BATmaintains active glucose uptake even

in UCP1 null mice (Ikeda et al, 2017; Olsen et al, 2017), indicating

that the metabolic-sink function of BAT involves multiple mecha-

nisms other than UCP1-mediated thermogenesis.

A growing number of studies suggest that, besides its well-

known thermogenic role, BAT functions as a secretory organ (Villar-

roya et al, 2017). For example, BAT secretes vascular endothelial
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growth factor A (VEGFA) and nerve growth factor (NGF) that act as

paracrine/autocrine factors to enhance its thermogenic activity by

remodeling of the vascular bed and sympathetic innervation (Nisoli

et al, 1996; Mahdaviani et al, 2016). Furthermore, BAT secretes

S100b that stimulates neurite outgrowth from sympathetic neurons

(Zeng et al, 2019). Besides these paracrine/autocrine factors, BAT

secretes endocrine molecules: Transplantation of BAT from healthy

donor mice to obese or diabetic mice leads to an improvement in

insulin sensitivity and glucose homeostasis, and such action is

mediated in part by the secretion of IL6 from BAT (Stanford et al,

2013; Liu et al, 2015). BAT also secretes neuregulin 4 (Nrg4) that

acts on the liver to inhibit hepatic lipogenic signaling (Wang et al,

2014), whereas BAT secretes myostatin that negatively controls

skeletal muscle function (Kong et al, 2018). In addition to these

polypeptides, BAT releases exosomal microRNAs and lipids, such as

12,13-diHOME, that control systemic glucose and lipid homeostasis

(Lynes et al, 2017; Thomou et al, 2017).

It is conceivable that multiple BAT-derived factors, a.k.a. bato-

kine, including the above-mentioned factors and uncharacterized

molecules, act in concert or independently to communicate with

metabolic organs to regulate systemic glucose and lipid homeosta-

sis. Thus, the comprehension of human batokines would be signifi-

cant because the reconstitution of such factors may be a

therapeutically tractable strategy to ameliorate glucose intolerance,

insulin resistance, or dyslipidemia. To search for previously unap-

preciated batokines, we employed proteomics and transcriptomics

in human differentiated adipocytes. To embark this project, we took

advantage of clonally derived thermogenic adipocytes that we previ-

ously isolated from adult human BAT (Shinoda et al, 2015). We

subsequently characterized the metabolic function of the identified

human batokines in obese mouse models.

Results

Identification of human batokines by proteomics
and transcriptomics

We performed proteomics analyses of culture supernatants of clonally

derived human thermogenic adipocytes (beige-like adipocytes)

isolated from the supraclavicular BAT region and white adipocytes

from subcutaneous white adipose tissue (WAT) (Shinoda et al, 2015)

(Fig 1A). Subsequently, we combined the proteomics data to our

RNA-sequencing database to validate the results. In the analyses, we

chose the candidates that were highly expressed in beige adipocytes

relative to white adipocytes and contained a secretory signal peptide,

while lacking the transmembrane domains. The bioinformatic analy-

sis identified 16 highly secreted candidates (fold change ≥ 5) from

human beige adipocytes (Fig 1B). The candidates included several

previously unappreciated secreted factors, such as the phospholipid

transfer protein (PLTP), EGF-like domain multiple 7 (EGFL7),

platelet-derived growth factor C (PDGFC), TIMP metallopeptidase

inhibitor 4 (TIMP4), cysteine-rich EGF-like domains 1 (CRELD1),

platelet-derived growth factor receptor like (PDGFRL), C1q and tumor

necrosis factor-related protein 1 (C1QTNF1), secreted protein acidic

and cysteine-rich-like protein 1 (SPARCL1), ephrin A5 (EFNA5),

semaphorin 3c (SEMA3C), semaphorin 3f (SEMA3F), semaphorin 4b

(SEMA4B), vascular growth factor (VGF), out at first homolog (OAF),

fibrinogen-like 1 (FGL1) and the non-annotated BC028528. The

majority of the candidates (87.5%, 14/16) were highly expressed in

differentiated brown adipocytes relative to stromal cells (Table EV1).

To screen the metabolic roles of these candidates in vivo, we next

used a gain-of-function approach by injecting adenovirus

(2 × 109 PFU/mouse) expressing each candidate via tail-vein to wild-

type mice. Adenovirus expressing GFP was used as a control. This

method generally results in robust expression of proteins in the liver

and secretion to the plasma (Fig EV1A). As a readout of the assay,

we measured tissue mass of the inguinal WAT (iWAT) and epididy-

mal WAT (eWAT) of mice that expressed each candidate in the liver

at significant levels (Fig 1C). The in vivo screening identified several

candidates, including PLTP, TIMP4, and PDGFRL, that significantly

reduced adipose tissue weight for both iWAT (Fig 1D) and eWAT

(Fig 1E) compared to the GFP control group. Among these candi-

dates, PLTP caught our attention because of its robust effect on

adipose tissue mass, and also because single nucleotide polymor-

phism (SNP) at the PLTP gene locus, which increases PLTP tran-

scripts, are associated with low levels of circulating triglycerides and

high levels of HDL in humans (Kathiresan et al, 2009). Recent studies

also found that PLTP is secreted from human and mouse brown fat

(Ali Khan et al, 2018; Deshmukh et al, 2019). Notably, BAT

▸Figure 1. Identification of human batokines by proteomics and transcriptomics.

A Schematic illustration of the experiment. Clonal human brown and white adipocytes were subjected to RNA sequencing and mass spectrometry.
B Bioinformatic analysis defined 16 secreted candidates (fold change ≥ 5) from brown compared to white adipocytes.
C Schematic illustration of the experiment. C57Bl/6 mice (11 weeks old) received adenovirus (2 × 109 PFU/mouse) for each candidate via tail-vein. GFP adenovirus was

used as a control. Seven days after adenovirus infection, mice were euthanized and inguinal (iWAT) and epididymal (eWAT) white fat were weighed. n = 5 for all the
candidates and control.

D Changes (Dg) in inguinal WAT (iWAT) mass of mice in (C). n = 5. *P < 0.05, **P < 0.01 relative to GFP by Student’s t-test. N.S., not significant.
E Changes (Dg) in epididymal WAT (eWAT) mass of mice in (C). n = 5. *P < 0.05, **P < 0.01, ***P < 0.001 relative to GFP by Student’s t-test. N.S., not significant.
F Expression of Pltp mRNA in indicated tissues. Data are shown by relative Pltp mRNA levels normalized by 18s expression. n = 3 for all tissues (except BAT and WAT

n = 5, testis n = 2). *P < 0.05 Pltp expression in BAT vs other tissues (except testis and lung) by Student’s t-test.
G Plasma PLTP activity from control (Ppargflox/flox) and BAT-less mice (PpargUCP1-KO, Ucp1-Cre × Ppargflox/flox). Following 6-h fasting, plasma was obtained from

PpargUCP1-KO mice and littermate control. n = 3 for both groups. *P < 0.05 relative to control mice by Student’s t-test.
H PLTP protein levels in the culture conditioned medium from primary differentiated inguinal adipocytes of wild-type (WT) and aP2-PRDM16 mice (Svensson et al,

2016). Peptide levels were determined by quantitative proteomics. n = 2 for both groups.
I Transcriptional regulation of the Pltp gene by PRDM16 and PPARc. ChIP-seq data for PRDM16 and PPARc were obtained from (Siersbaek et al, 2012; Harms et al,

2015), respectively.

Data information: All the data were represented as mean � SEM.
Source data are available online for this figure.
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expresses PLTP at a very high level relative to other tissues, including

the skeletal muscle, liver, heart, and intestine (Fig 1F), while previ-

ous studies also reported PLTP expression in the ovary, thymus,

placenta, and lung (Albers et al, 1995; Jiang & Bruce, 1995).

To evaluate the contribution of BAT to the systemic levels of

PLTP, we analyzed plasma PLTP activity in “BAT-less” mice in

which PPARc was deleted selectively by UCP1-Cre (PparcUCP1-KO
mice, Ucp1-Cre × Pparcflox/flox), such that they lack multilocular

brown adipocytes in the BAT (Yoneshiro et al, 2019). In BAT-less

mice, the interscapular BAT mass was significantly lower than that

in control mice, whereas no difference was seen in the tissue mass

of WAT, liver, and muscle between the groups (Fig EV1B).

BAT-less mice showed significantly lower levels of plasma PLTP

activity than did littermate control mice (Pparcflox/flox; Fig 1G). In

addition, high levels of PLTP protein were secreted from primary

beige adipocytes derived from fat-selective PRDM16 transgenic

mice when compared to white adipocytes isolated from wild-type

control mice (Svensson et al, 2016) (Fig 1H). While a previous

study suggests a compensatory increase in beige fat-selective gene

expression, such as Ucp1, in the inguinal WAT of PparcUCP1-KO
mice (Xiong et al, 2018), the possible contribution to circulating

PLTP levels would be negligible because circulating PLTP levels in

BAT-less mice was reduced by 58.1%, and thus, BAT is a signifi-

cant source of circulating PLTP.

Although increased PLTP activity in circulation is found in

obesity and insulin resistance (Dullaart et al, 1994; Murdoch et al,

2000; Kaser et al, 2001), the regulatory mechanism of PLTP expres-

sion in physiology is less known. We found that PLTP expression in

BAT and iWAT was not altered by cold exposure (Fig EV1C and D),

whereas PLTP is regulated by the PRDM16-PPARc complex, the

master regulator of brown/beige fat development (Seale et al, 2007;

Kajimura et al, 2008). By analyzing the ChIP-seq data from

published studies (Siersbaek et al, 2012; Harms et al, 2015), we

found that both PRDM16 and PPARc are co-recruited on the regula-

tory regions of the Pltp gene locus in which high peaks of H3K27ac

and H3K4me3 (i.e., active transcription marks) were found (Fig 1I).

The data are consistent with our previous transcriptome data that

PLTP expression is increased by the treatment with a synthetic

PPARc agonist (rosiglitazone) in adipocytes (Ohno et al, 2012) and

also by PPARa (Bouly et al, 2001; Tu & Albers, 2001).

PLTP prevents diet-induced body-weight gain by increasing
whole-body energy expenditure

The role of PLTP in lipoprotein metabolism has been well-appre-

ciated (Tall et al, 1983; Albers et al, 1984; Nishida et al, 1997);

however, its role in energy metabolism remains less known. The

significant reduction in the WAT mass following increased PLTP

expression prompted us to investigate the therapeutic potential of

PLTP in obesity and insulin resistance. To explore this, we first

developed a liquid chromatography-tandem mass spectrometry (LC-

MS/MS)-based quantification method that quantifies circulating

PLTP levels (Fig EV2A). We observed higher plasma PLTP levels in

obese mice on a high-fat diet (HFD) than those in age-matched mice

on a regular chow diet (RD; Fig EV2B). The data were in accordance

with previous studies showing a positive association between

obesity and plasma PLTP activity (Murdoch et al, 2000; Kaser et al,

2001). Overexpression of PLTP via tail-vain injection of adenovirus

successfully increased plasma PLTP concentrations in mice on RD

approximately by 9-fold throughout the 10 days examined (GFP:

8.2 � 0.4 lg/ml, PLTP: 75.2 � 10.8 lg/ml, P < 0.001; Fig EV2C).

On the other hand, tail-vein injection of recombinant PLTP protein

(rPLTP, 360 lg per mouse) was not able to sustain increased PLTP

in the circulation, which was quickly reduced to a basal level within

4 h after rPLTP injection (Fig EV2D). Accordingly, we used adeno-

associated virus vectors (AAV) to sustain high plasma levels of

PLTP on diet-induced obese mice because AAV is considered suit-

able for long-term metabolic studies with minimal side effects

(Lisowski et al, 2015).

Following tail-vein injection of AAVs expressing PLTP or GFP

(5 × 1012 GC per mouse), we confirmed a significant increase in

PLTP expression in these mice (Fig EV2E). One week following the

injections, mice were fed HFD for 10 weeks housed at room temper-

ature (22°C; Fig 2A). On the HFD cohort, we found that mice with

increased PLTP levels gained significantly less bodyweight than did

control mice at 10 weeks of HFD and after (final weight

means � SEM: GFP, 45.4 � 1.09 g; PLTP, 40.2 � 1.38 g; 11.5%

weight difference; Fig 2B). On the other hand, food intake was not

different between PLTP and control groups (Fig 2C). Body composi-

tion analysis by MRI revealed that the body-weight difference by

PLTP expression was due to reduced fat mass by 16%, whereas

there was no difference in lean mass (Fig 2D). In a separate HFD

cohort, we performed whole-body indirect calorimetry measure-

ments at time points prior to the divergence in bodyweight (3 weeks

of HFD). The analyses showed that mice with increased PLTP levels

exhibited significantly higher levels of VO2 than did controls

(Fig 2E). On the other hand, we observed no difference in physical

movement between the groups (Fig 2F).

The increase in energy expenditure without affecting food intake

and locomotor activity leads to the hypothesis that PLTP enhances

thermogenesis by brown fat. To test the hypothesis, we measured

the oxygen consumption rate (OCR) in the BAT and iWAT of mice

with increased PLTP and control mice (GFP). We found that PLTP

significantly increased OCR in the biopsied BAT, but no in the iWAT

(Fig 2G). Moreover, the change in OCR was associated with

increased expression of thermogenic genes, including Ucp1, Dio2,

and Cox8b, in the BAT (Fig 2H). Histologically, we found that PLTP

expression reduced the lipid size of brown adipocytes in the BAT

(Fig 2I), an indicator of active thermogenesis. These results suggest

that increased circulating PLTP levels enhance BAT thermogenesis

and whole-body energy expenditure in vivo.

PLTP promotes BAT glucose uptake and improves systemic
glucose homeostasis independent of its anti-obesity action

Enhanced BAT activity is associated with improved glucose home-

ostasis in mice and humans (Bartelt et al, 2011; Stanford et al,

2013; Chondronikola et al, 2014; Hanssen et al, 2015, 2016).

Accordingly, we investigated the extent to which activated BAT

thermogenesis by PLTP affects systemic glucose homeostasis. To

that end, we performed glucose tolerance test (GTT) and insulin

tolerance test (ITT) in mice with increased PLTP levels by tail-vein

AAV injection. GTT found that mice with increased PLTP levels

exhibited significantly higher glucose tolerance than did control

mice at 10 weeks of HFD (Fig 3A). Similarly, insulin tolerance was

significantly higher in mice with increased PLTP levels compared to
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control mice at 10 weeks of HFD (Fig 3B). Importantly, fasting

insulin levels were significantly lower in PLTP mice than controls

(Fig 3C), indicating that systemic insulin sensitivity was improved

by PLTP administration. It is important to note that this metabolic

effect of PLTP was not merely a metabolic consequence of body-

weight loss because systemic glucose intolerance was already

improved within 6 weeks of PLTP treatment, at a time point when

the difference in bodyweight between the two groups had not yet

diverged (Figs 3D and EV3A).

To determine whether improved glucose homeostasis by PLTP is

due to enhanced glucose uptake by BAT and/or other metabolic

organs, we next performed 18F-FDG PET/CT scan on HFD-fed mice

with increased PLTP. We found that 18F-FDG uptake in the BAT was

enhanced by PLTP (Fig 3E). Quantification of 18F-FDG uptake

showed that PLTP significantly increased glucose uptake in the BAT

by 4.7-fold relative to controls, whereas no difference was seen in

other organs, such as the WAT, liver, muscle, and brain (Fig 3F).

The results suggest that BAT is responsible for PLTP-induced

A
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Figure 2.

ª 2020 The Authors EMBO reports 21: e49828 | 2020 5 of 17

Carlos H Sponton et al EMBO reports



glucose uptake. Accordingly, we next investigated the mechanism

by which PLTP promotes glucose uptake and thermogenesis in the

BAT. Since PLTP is known to bind to ABCA1 receptor and triggers

Janus kinase 2 signaling in the kidney (Oram et al, 2008) and

ABCA1 receptor is expressed in brown adipocytes (Chung et al,

2011), we tested if recombinant PLTP protein acts on differentiated

brown adipocytes and stimulates glucose uptake in a cell-autono-

mous fashion. However, recombinant PLTP treatment in differenti-

ated brown adipocytes increased neither glucose uptake nor oxygen

consumption (Fig EV3B and C). Moreover, recombinant PLTP at

varying concentrations and duration did not change Ucp1 expres-

sion in brown adipocytes (Fig EV3D and E). These data indicate that

the metabolic improvement by PLTP in vivo is not due to an auto-

crine action of PLTP on brown adipocytes.

PLTP improves lipid homeostasis and increases bile acid secretion
from the liver

The above data led us to search for mediators in the circulation

through which PLTP enhances BAT function and systemic glucose

homeostasis. Previous studies reported that PLTP exerts a central role

in lipid and lipoprotein metabolism (Albers et al, 2012). Thus, we

employed lipidomics with liquid chromatography-mass spectrometry

(LC-MS). The lipidomics analysis found a robust decrease in the

concentrations of cholesterol, cholesterol esters, (lyso) phosphatidyl-

choline, ceramides, sphingomyelin, and triglycerides in plasma from

mice treated with PLTP relative to controls (Fig 4A). In an indepen-

dent cohort, we validated that total plasma cholesterol was signifi-

cantly reduced in PLTP-treated mice relative to controls both on RD

and on HFD (Fig 4B). Of note, the reduced cholesterol level by PLTP

was independent of body-weight loss because we found no difference

in the bodyweight of mice on RD between the two groups (final

weight means �SEM: GFP, 27.6 � 0.4 g; PLTP, 27.3 � 0.7 g). The

reduced level of several lipid species was associated with reduced

expression of fatty acid synthesis and cholesterol synthesis/uptake in

the liver (Fig 4C). The transcriptional changes in the liver are likely

through the negative feedback of increased cholesterol transport to

the liver (Goldstein et al, 2006; Albers et al, 2012), rather than a

cell-autonomous action of PLTP, because rPLTP protein at the concen-

trations that we observed in the mouse plasma did not alter the expres-

sion of these metabolism genes in cultured hepatocytes (Fig EV3F).

The PLTP’s action on cholesterol transport to the liver suggests

that PLTP serves as a mediator from the BAT to the liver. From the

liver-to-BAT loop, bile acids are possible mediators because bile

acids, synthesized in the liver and released into bile and the circula-

tion to a lesser extent, are known to increase energy expenditure

through its receptors FXR and TGR5 (Watanabe et al, 2006; Moli-

naro et al, 2018). Consistent with the model, we found that PLTP

pharmacological treatment significantly increased total bile acid

levels in the liver (Fig 4D), plasma (Fig 4E), and feces (Fig 4F) both

in mice on RD and in mice on HFD. Specifically, increased PLTP

altered the composition of several bile acid species in the plasma,

liver, and feces by elevating primary bile acids, including cholic acid

(CA; plasma bile acid pool, GFP: 0.43 lmol/l, PLTP:3.15 lmol/l;

bile acid pool difference 627%; Figs 4G and EV4A and B). Further-

more, the PLTP-induced hepatic bile acid levels were accompanied

by reduced expression of the hepatic bile acid synthases/uptake

genes and increased expression of the bile acid transporter Ostb that

releases bile acids to the bloodstream (Fig EV4C and D). These

results suggest that PLTP increases the secretion of bile acids from

the liver to the circulation.

To critically evaluate the effect of BAT-derived PTLP on systemic

lipid metabolism, we next overexpressed PTLP specifically in the

BAT by administering PLTP adenovirus directly into the BAT

(Fig EV5A and B). We found that the BAT-specific expression of

PLTP significantly increased plasma PLTP activity by approximately

twofold (Fig EV5C), which was equivalent to the levels achieved by

tail-vein injection of AAV-PLTP. Of note, a twofold increase in circu-

lating PLTP activity was sufficient to increase whole-body energy

expenditure and plasma bile acid levels without affecting food

intake and locomotor activity in mice (see Fig 2C–F). Consistent

with the observations, BAT-specific expression of PLTP significantly

increased plasma bile acid levels (Fig EV5D) and decreased iWAT

mass, whereas no change was seen in the tissue mass of liver and

skeletal muscle (Fig EV5E). These findings indicate that BAT-

derived PLTP can trigger the metabolic changes associated with

▸Figure 2. PLTP increases whole-body energy expenditure and protects against diet-induced body-weight gain.

A Schematic illustration of the experiment. C57Bl/6 mice (7 weeks old) received AAV expressing PLTP or GFP (as control) at the viral titer of 5 × 1012 GC/mouse via
tail-vein. High-fat diet (HFD) started 1 week after AAV administration for both groups. Metabolic studies and euthanasia were performed after 10 weeks of HFD.

B Changes in bodyweight of mice in (A) during 10 weeks of HFD. n = 9 for GFP and n = 8 for PLTP (cohort 1). *P < 0.05, **P < 0.01, ***P < 0.01 relative to GFP by two-
way ANOVA repeated measures followed by Bonferroni’s test.

C Changes in food intake of mice in (A) during 10 weeks of HFD (cohort 1). n = 9 for GFP (cage 1 = 5 mice; cage 2 = 4 mice) and n = 8 for PLTP (cage 1 = 4 mice; cage
2 = 4 mice).

D Body composition of mice in (A) at 10 weeks of HFD determined by EchoMRI. n = 9 for GFP and n = 8 for PLTP (cohort 1). *P < 0.05 relative to GFP by two-way
ANOVA followed by Tukey’s test. N.S., not significant.

E Whole-body energy expenditure of mice at 3 weeks of HFD. Area under the curve (AUC) of VO2 is shown in the right graph. n = 7 for GFP and n = 8 for PLTP (cohort 2).
*P < 0.05 relative to GFP by Student’s t-test.

F Physical movement of mice at 3 weeks of HFD as determined by metabolic cage analysis. n = 7 for GFP and n = 8 for PLTP (cohort 2). N.S., not significant by
Student’s t-test.

G OCR in the interscapular BAT and iWAT of control and PLTP-treated mice. One week after the treatment, BAT and iWAT were isolated from mice (7 weeks old) that
received adenovirus for GFP or PLTP. n = 5 for both groups. *P < 0.05 relative to GFP by Student’s t-test. N.S., not significant.

H Gene expression of indicated thermogenic genes in (A) from interscapular BAT for GFP (n = 8) and PLTP (n = 8) groups (cohort 1) except n = 7 for Ucp1 of the PLTP
group. Tbp was used as an internal control. *P < 0.05, **P < 0.01 relative to GFP by Student’s t-test. N.S., not significant.

I H&E staining of interscapular BAT from mice in (A) at 10 weeks of HFD (cohort 1). Representative images from n = 3 mice for both groups. Scale bar, 50 lm.

Data information: All the data were represented as mean � SEM.
Source data are available online for this figure.
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increased PLTP in the circulation. Next, we asked if the increased

circulating level of bile acids (CA) in PLTP-treated mice activates

the thermogenic program in brown adipocytes. Consistent with the

previous study (Watanabe et al, 2006), we found that the CA at

5 lM, the concentration that we observed in the circulation of

PLTP-treated mice, significantly increased the expression of Ucp1 in

differentiated brown adipocytes (Fig 4H). Together, these data

suggest that increased bile acids in response to PLTP treatment stim-

ulate BAT thermogenesis.

Lipid transfer activity of PLTP is required for its metabolic effects

Our data suggest that PLTP’s activity of lipid transfer and the

reverse transport of cholesterol to the liver promotes bile acid

A

E F

B C D

Figure 3. PLTP improves systemic glucose homeostasis.

A Glucose tolerance test of mice that received AAV control (GFP) or PLTP at 10 weeks of HFD. After 8 h of fasting, 2 g/kg bodyweight of glucose was administered. n = 9
for GFP and n = 7 for PLTP. *P < 0.05, **P < 0.01 relative to GFP by two-way repeated-measures ANOVA followed by Bonferroni’s test.

B Insulin tolerance test of mice in (A) at 10 weeks of HFD. Mice were fasted for 4 h and administered insulin (0.75 U/kg bodyweight). n = 9 for GFP control and n = 7
for PLTP. *P < 0.05, **P < 0.01 relative to GFP by two-way repeated-measures ANOVA followed by Bonferroni’s test.

C Fasting insulin levels of mice in (A) at 10 weeks of HFD. Blood samples were harvested after 8 h of fasting. n = 5 for GFP and n = 4 for PLTP. *P < 0.05 relative to GFP
by Student’s t-test.

D Glucose tolerance test of mice that received AAV control (GFP) or PLTP at 6 weeks of HFD. Note that no difference was found in bodyweight between the groups by
two-way repeated-measures ANOVA followed by Bonferroni’s test.. After 8 h of fasting, 2 g/kg bodyweight of glucose was administered. n = 7 for GFP control and
n = 10 for PLTP. AUC of glucose is shown in the right graph. *P < 0.05 by Student’s t-test.

E 18F-FDG PET/CT scan images of mice that received adenovirus GFP (control) or PLTP at 14 weeks of HFD. Mice received CL316,243 at dose of 1 mg/kg of bodyweight
30 min before the PET/CT images. Representative images of n = 5 for both groups. Yellow arrows indicate anatomical references as bladder, heart, and interscapular
BAT.

F Quantification of 18F-FDG uptake in indicated tissues from mice in (E). After the 18F-FDG PET/CT imaging, indicated tissues were harvested and the radioactivity was
measured by scintillation counter. n = 5 for both groups. *P < 0.05 relative to GFP by Student’s t-test. N.S., not significant.

Data information: All the data were represented as mean � SEM.
Source data are available online for this figure.
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secretion, thereby leading to an improvement in systemic lipid and

glucose metabolism. To critically test the model, we asked if the

PLTP’s lipid transfer activity is required for the action of PLTP to

control energy homeostasis. To this end, we introduced a single

amino acid mutation in the mouse PLTP protein that decreased its

ability to transfer cellular cholesterol and phospholipids. Following

the previous study (Oram et al, 2008), we replaced methionine at

the position 159 of PLTP to glutamate (PLTPM159E; Fig 5A). It is

important to note that this mutation did not affect the secretion of

the mutant PLTP protein despite the blunted effects on lipid transfer

activity (Oram et al, 2008). We also confirmed that the wild-type

form and the mutant form of PLTP were expressed at the equivalent

levels in the liver (Fig 5B) and the plasma (Fig 5C) following the

tail-vein viral administration. Whereas the wild-type form signifi-

cantly increased plasma PLTP activity by twofold, the PLTPM159E

mutant failed to increase lipid transfer activity (Fig 5D). We next

compared the long-term effects of wild-type and the mutant forms

of PLTP in mice on HFD. Consistent with our results, the wild-type

form of PLTP prevented diet-induced body-weight gain; however,

such effect was not seen in mice expressing PLTPM159E (final weight

means � SEM: GFP, 44.0 � 0.73 g; PLTP, 40.5 � 1.30 g,

PLTPM159E 45.2 � 1.59; 11.6% weight difference between PLTP and

PLTPM159E; Fig 5E). Moreover, the mutant PLTP failed to increase

the expression of Ucp1 in the BAT (Fig 5F).

To determine whether the effect of PLTP on glucose and lipid

homeostasis is coupled with its enzymatic activity of PLTP, we

further compared glucose tolerance and lipid profiling of mice that

received the wild-type and mutant forms of PLTP on HFD. We found

that the mutant PLTP failed to improve glucose tolerance, although

the wild-type form of PLTP significantly increased glucose tolerance

relative to GFP controls (Fig 5G). In addition, reduced circulating

cholesterol levels by PLTP required its lipid transfer enzymatic

activity because PLTPM159E failed to reduce total cholesterol

(Fig 5H). Importantly, PLTPM159E expression did not increase the

◀ Figure 4. PLTP improves lipid homeostasis and increases bile acids in vivo.

A Lipidomics-based quantification of indicated lipid species in mice that received tail-vein injection of adenovirus expressing PLTP or GFP (control). Blood and tissues
were harvested after 10 weeks of HFD. n = 4 for GFP and n = 5 for PLTP in mice on HFD. LPC, (lyso)phosphatidylcholine, LPE, (lyso)phosphatidylethanolamine, PA,
phosphatidic acid, SM, sphingomyelin, TAG, triglycerides, FFA, free fatty acid. Statistical analysis is demonstrated (P value) relative to GFP by Student’s t-test.

B Plasma total cholesterol levels in mice that received adenovirus GFP (control) or PLTP. Blood and tissues were harvested 7 days after adenovirus infection. n = 8 in
mice on RD and n = 7 in mice on HFD for 14 weeks. ***P < 0.001 relative to GFP by Student’s t-test.

C Relative mRNA levels of indicated genes in the liver of mice on HFD. Tbp was used as an internal control. n = 4 for GFP and n = 6 for PLTP. *P < 0.05, **P < 0.01
relative to GFP by Student’s t-test.

D Bile acid levels in the liver of mice in (B). n = 8 in mice on RD and n = 6 in mice on HFD. *P < 0.05, **P < 0.01 relative to GFP by Student’s t-test.
E Bile acid levels in the plasma of mice in (B). n = 8 in mice on RD and n = 7 in mice on HFD. ***P < 0.001 relative to GFP by Student’s t-test.
F Bile acid levels in the feces of mice in (B). Feces were collected from mice on RD and HFD after 7 days of treatment. n = 7 in mice on RD and HFD. **P < 0.01,

***P < 0.001 relative to GFP by Student’s t-test.
G Plasma bile acid composition of mice in (B). Pool of samples from mice on HFD that received GFP or PLTP. n = 5 for both groups.
H Relative expression of Ucp1 in differentiated brown adipocytes treated with cholic acid (CA). Cells were treated with CA at indicated concentrations for 24 h. 0.1%

ETOH was used as vehicle control (Ctr). n = 3. Ucp1 mRNA expression was normalized by Tbp as an internal control. **P < 0.01 relative to Ctr by one-way ANOVA
followed by Tukey’s test. N.S., not significant.

Data information: All the data were represented as mean � SEM.
Source data are available online for this figure.

▸Figure 5. PLTP lipid transfer activity is required for the metabolic effects of PLTP on glucose homeostasis.

A Schematic illustration of mutant PLTP (PLTPM159E). The point mutation of PLTP coding sequence by substitution of methionine with glutamate at 159 amino acid
position.

B Relative expression of Pltp in liver of mice that received adenovirus GFP (control) or PLTP. n = 4 for GFP, n = 6 for PLTP and n = 6 for PLTPM159E. **P < 0.01 relative to
GFP by one-way ANOVA followed by Tukey’s test. N.S., not significant.

C Plasma PLTP concentration in mice that received adenovirus GFP or PLTP as determined by quantitative mass spectrometry. n = 4 for GFP, n = 6 for PLTP, and n = 6
for PLTPM159E. ***P < 0.001 relative to GFP by one-way ANOVA followed by Tukey’s test. N.S., not significant.

D Plasma PLTP activity in mice that received adenovirus GFP or PLTP. n = 4 for GFP, n = 6 for PLTP, and n = 6 for PLTPM159E. ***P < 0.001 PLTP relative to GFP and
PLTPM159E; *P < 0.05 PLTPM159E relative to GFP by one-way ANOVA followed by Tukey’s test.

E Changes in bodyweight of mice that received AAV control or PLTP during 10 weeks of HFD. n = 8 for GFP, n = 10 for PLTP, and n = 10 for PLTPM159E. *P < 0.05,
**P < 0.01 relative to PLTPM159E by two-way repeated-measures ANOVA followed by Bonferroni’s test.

F Relative Ucp1 expression in BAT of mice that received AAV GFP (control) or PLTP at 10 weeks of HFD. n = 4 for GFP, n = 5 for PLTP, and n = 4 for PLTPM159E. Tbp was
used as an internal control. *P < 0.05, **P < 0.01 by one-way ANOVA followed by Tukey’s test.

G Glucose tolerance test of mice that received AAV GFP or PLTP at 10 weeks of HFD. n = 5 for GFP and n = 6 for both PLTP and PLTPM159E. *P < 0.05, **P < 0.01,
***P < 0.001 PLTP relative to GFP by two-way repeated-measures ANOVA followed by Bonferroni’s test. AUC of glucose, shown in the right graph, was analyzed by
one-way ANOVA followed by Tukey’s test. N.S., not significant.

H Plasma total cholesterol of mice that received AAV control or PLTP at 10 weeks of HFD. n = 7 for all groups. *P = 0.05 by one-way ANOVA followed by Fisher’s LSD
test. N.S., not significant.

I Plasma bile acids in (H). n = 7 for all groups. ***P < 0.001 PLTP relative to GFP and PLTPM159E by one-way ANOVA followed by Tukey’s test.
J Plasma phospholipid in (H). n = 7 for all groups. ***P < 0.001 PLTP and PLTPM159E relative to GFP; *P < 0.05 PLTP relative to PLTPM159E by one-way ANOVA followed

by Fisher’s LSD test.

Data information: All the data were represented as mean � SEM.
Source data are available online for this figure.
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circulating bile acid levels, although the wild-type PTLP robustly

increased plasma bile acids (Fig 5I). On the other hand, PLTPM159E

expression modestly reduced plasma phospholipid levels relative to

GFP controls, although the effect was modest compared to the wild-

type form of PLTP (Fig 5J). Altogether, these data suggest that the

lipid transfer activity of PLTP—i.e., increasing the reverse transport

A
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Figure 5.
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of cholesterol to the liver and enhancing the release of bile acids—is

required for the metabolic benefits elicited by increased PLTP

in vivo.

Discussion

Emerging evidence suggests that the biological role of BAT in the

regulation of glucose and lipid homeostasis is more than merely

stimulating thermogenesis. One of the mechanisms involves interor-

gan communications with peripheral metabolic organs, such as

skeletal muscle and liver (Stanford et al, 2013; Wang et al, 2014;

Lynes et al, 2017; Thomou et al, 2017; Villarroya et al, 2017; Kong

et al, 2018). In this study, we report a previously unknown interor-

gan communication between BAT and liver via PLTP. We found that

BAT is a major source of PLTP in the circulation and that increased

PLTP levels, via BAT-specific or tail-vein PTLP overexpression,

increased energy expenditure, decreased WAT mass, and improved

systemic glucose and lipid homeostasis. PLTP-induced systemic

changes in lipid and cholesterol were accompanied by increased

release of primary bile acids into the circulation, which in turn,

stimulates glucose uptake and thermogenesis in the BAT (Fig 6). A

recent study using aP2-Cre conditional PLTP knockout mice reports

that aP2-Cre × Pltp KO mice exhibited a modest but significant

reduction in plasma PLTP activity, high-density lipoprotein, phos-

pholipids, and apolipoprotein A-I levels (Jiang et al, 2015). Hence,

adipose tissue is a major regulator of circulating PLTP and choles-

terol efflux, while other tissues also contribute to the circulating

PLTP.

The results appear paradoxical to the observations in mice and

humans in which circulating PLTP levels are high in obesity and

insulin resistance (Dullaart et al, 1994; Murdoch et al, 2000; Kaser

et al, 2001). It is conceivable, however, that increased PLTP levels

under such conditions are an adaptive response to enhance the

clearance of excess cholesterol and lipids. Several examples of such

adaptive responses are found in the regulation of metabolic

Figure 6. A summary of PLTP-mediated metabolic changes in mice.

PLTP is highly expressed and secreted from brown/beige fat and positively regulated by the PRDM16-PPARc complex. Increased PLTP levels lead to reduced plasma levels of
several sphingolipids and phospholipids lipid species, and enhanced cholesterol transport to the liver. In the liver, transported cholesterol is excluded by active synthesis and
secretion of bile acids into circulation. In turn, secreted bile acids (e.g., cholic acid) in the circulation activate glucose uptake and thermogenesis in BAT. PLTP-mediated
activation of BAT thermogenesis increases whole-body energy expenditure, prevents diet-induced body-weight gain, and improves systemic glucose and lipid homeostasis.
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endocrine hormones under obese conditions: To name a few, higher

circulating levels of growth and differentiation factor 15 (GDF15)

are found in obese mice and humans (Dostalova et al, 2009; Kempf

et al, 2012; Xiong et al, 2017), whereas pharmacological treatment

with GDF15 profoundly reduces body-weight gain and improves

glucose homeostasis (Johnen et al, 2007; Macia et al, 2012; Mulli-

can et al, 2017; Xiong et al, 2017). Another example is fibroblast

growth factor 21 (FGF21) in which higher circulating FGF levels are

found in obesity (Fisher et al, 2010), whereas pharmacological acti-

vation of FGF21 enhances thermogenesis and improves systemic

glucose/lipid homeostasis (Kharitonenkov et al, 2005, 2007; Coskun

et al, 2008; Xu et al, 2009). It is also worth noting that a previous

study reports that whole-body PLTP KO mice gained significantly

less bodyweight than did control mice at 6 weeks of HFD and there-

after, such that the KO mice exhibited higher glucose tolerance and

insulin sensitivity at 12 weeks of HFD, at the time point when the

KO mice were smaller than control mice by ~ 10 g. The changes in

glucose tolerance and insulin sensitivity in whole-body PLTP KO

mice were most likely a metabolic consequence of body-weight loss.

On the other hand, we showed that PLTP treatment significantly

improved glucose tolerance, increased bile acid levels, increased

whole-body energy expenditure, and decreased plasma cholesterol

levels independent of its action on bodyweight. The results indicate

that improved glucose tolerance and lipid homeostasis by PLTP are

not a metabolic consequence of the body-weight loss.

Mechanistically, our data showed that the enzymatic activity of

PLTP is required for its effects on body-weight reduction, increased

bile acids, and improvement in systemic glucose tolerance. These

data suggest that PLTP’s action on cholesterol transport and lipid

species to the liver is closely linked to its metabolic benefit. In this

regard, the reduction in circulating sphingolipid lipid species (e.g.,

ceramides) by PLTP is intriguing because they are known to cause

mitochondrial dysfunction and, consequently, cardio-metabolic

diseases (Meikle & Summers, 2017; Turpin-Nolan & Bruning, 2020).

For instance, ceramides impair fatty acid oxidation by inactivating

mitochondrial complexes I (Di Paola et al, 2000), II (Raichur et al,

2014), III (Gudz et al, 1997; Yu et al, 2007), and IV (Zigdon et al,

2013). In addition, ceramides antagonize insulin signaling and

induce insulin resistance (Summers et al, 1998; Stratford et al,

2001; Chavez et al, 2003; Hla & Kolesnick, 2014; Turpin et al, 2014;

Meikle & Summers, 2017). It is conceivable that a reduction in these

lipid spices mediates a part of the metabolic improvement by PLTP.

Strategies that increase circulating HDL levels and cholesterol

efflux are associated with improved glucose metabolism (Siebel

et al, 2015). As an example, pharmacological inhibition of choles-

teryl ester transfer protein (CETP), a key protein that promotes the

transfer of cholesteryl ester from HDL to non-HDL particles,

improves insulin secretion (Siebel et al, 2013) and insulin-stimu-

lated glucose uptake in the muscle, liver, and heart (Briand et al,

2014). In a clinical trial, inhibition of CETP leads to glycemic

improvement in diabetics and non-diabetic patients (Barter et al,

2011). In this regard, PLTP is an intriguing batokine that improves

both lipid and glucose homeostasis. PTLP facilitates the uptake of

cholesterol from peripheral tissues and transportation into the liver

by remodeling HDL particles (Wolfbauer et al, 1999), and our data

showed that pharmacological-induced PLTP potently improves

glucose homeostasis in vivo. Notably, human GWAS studies identi-

fied a SNP located in the PLTP locus (rs7679) that increases PLTP

transcripts and circulating PLTP activity. This SNP is also associated

with higher HDL levels and lower triglycerides (Kathiresan et al,

2009). In light of our study, it would be intriguing to examine how

the SNP in the PLTP locus influences BAT prevalence, glucose

homeostasis, and insulin sensitivity in humans.

Materials and Methods

Identification of human brown fat-enriched secreted proteins

All the batokine candidates were identified from the proteomics

study in differentiated adult human brown and white adipocytes

(Shinoda et al, 2015). The candidates were chosen based on the

criteria that the expression of a given molecule was enriched in

brown adipocytes relative to white adipocytes by five-fold or higher

with P < 0.05. These candidates were subjected to the following

“ensemble” method of hidden Markov model (HMM) and artificial

neural networks (ANN). Amino acid sequences of the candidate

proteins obtained at UniProt (UniProt Consortium, 2018) were

analyzed in HMM-based Phobius server (Kall et al, 2007) and ANN-

based SignalP 4.1 (Nielsen, 2017). Proteins negative for both algo-

rithms were removed from the candidates. The expression of candi-

dates was further validated using qPCR. The secreted PLTP levels

from white and aP2-PRDM16 beige fat were analyzed in the previ-

ously published data (Svensson et al, 2016).

Animals

All animal experiments were performed following the guidelines

established by the UCSF Institutional Animal Care and Use Commit-

tee. Male C57Bl/6 mice at 6–8 weeks old were obtained from the

Jackson Laboratory (Stock No.000664). BAT-less mice (Ucp1-Cre ×

Pparcflox/flox) in C57BL/6 background were generated as previously

described (Yoneshiro et al, 2019). The mice had free access to food

and water, 12-h light cycles, and were caged at 23°C. For gain-of-

function experiments, male mice at 7 weeks or 11 weeks old (as

indicated) received virus by tail-vein intravenous (i.v.) with 2 × 109

PFU/mouse (adenovirus—Vector Biolabs) or 5 × 1012 GC/mouse

(serotype 8—AAV8, Vector Biolabs) for PLTP and GFP as a control.

BAT-specific PLTP overexpressing in mice was achieved by injecting

adenovirus PLTP or GFP control (2 × 109 PFU/mouse) directly into

interscapular BAT as previously described (Yoneshiro et al, 2019).

The efficacy of viral infection was evaluated by qRT–PCR. For cold

exposure experiments, mice were singly caged and exposed to 4°C

(cold) or 30°C (thermoneutrality) for 2 weeks. BAT-less or control

mice were exposed to cold for 1 week.

Metabolic studies

One week following AAV administration, C57Bl/6 at 8-week-old

mice were fed an HFD (D12492, Research Diets) under an ambient

temperature of 22°C for 10 weeks. Body-weight and food intake

were measured every week. To measure the body composition of

mice, we used body composition analyzer EchoMRI (Echo Medical

Systems). For GTT experiments, mice on HFD for 6 weeks or

10 weeks were fasted for 8 h and injected intraperitoneally with

glucose (2 g per kg bodyweight). For ITT experiments, mice were
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fasted for 4 h and injected intraperitoneally with insulin (0.75 U/kg

bodyweight for mice under an HFD). Blood samples were collected

at the indicated time points, and glucose levels were measured using

blood glucose test strips (FreeStyle, Abbott). Blood samples (25 ll)
from tail-vein were harvested during fasting for further analysis of

insulin concentration. Plasma insulin levels were determined by

using a commercially available kit (Human Insulin ELISA kit

Abcam, 100578) following standard procedure. To measure whole-

body energy expenditure (VO2), food intake, and locomotor activity

(beam break counts), we employed a comprehensive lab animal

monitoring system (CLAMS, Columbus Instruments). The VO2

measurement in thermoneutrality (30°C) was performed in mice at

2–3 weeks of HFD just before significant differences in bodyweight.

18F-FDG-PET/CT scan

Mice were administered with 100 lCi of 18F-FDG via a tail-vein injec-

tion under 2% isoflurane anesthesia. The micro-PET/CT imaging

system was applied to scan the whole mouse at the UCSF PET/CT

Imaging Core Facility. Subsequently, mice were euthanized, and their

interscapular BAT, inguinal WAT, epididymal WAT, liver, skeletal

muscle, and brain were collected. The radioactivity in the tissues was

measured against known activity standards using a gamma counter

(Wizard 3; PerkinElmer) at the UCSF Imaging Facility.

Lipidomics

The plasma lipid profile in mice was analyzed by targeted lipido-

mics as previously described (Benjamin et al, 2013). In brief, frozen

plasma (30 ll) for nonpolar lipid metabolites was extracted in 4 ml

of a 2:1:1 mixture of chloroform:methanol:PBS with inclusion of

internal standards C12:0 dodecylglycerol (10 nmol) and pentade-

canoic acid (10 nmol). Organic and aqueous layers were separated

by centrifugation at 1,000 g for 5 min, and the organic layer was

collected. The aqueous layer was acidified (for metabolites such as

phosphatidic acid [PA]) by adding 0.1% formic acid, followed by

extraction with chloroform. The mixture was vortexed, and the

organic layers were combined, dried down under N2, and dissolved

in 120 ll chloroform, of which a 10 ll aliquot was analyzed by both

single-reaction monitoring (SRM)-based LC-MS/MS. Metabolite

separation was achieved with a Luna reverse-phase C5 column

(50 × 4.6 mm, with 5-lm-diameter particles; Phenomenex). Mobile

phase A was composed of a 95:5 ratio of water:methanol, and

mobile phase B consisted of isopropanol, methanol, and water in a

60:35:5 ratio. Solvent modifiers 0.1% formic acid with 5 mM ammo-

nium formate and 0.1% ammonium hydroxide were used to assist

ion formation and to improve the LC resolution in both positive and

negative ionization modes, respectively. The flow rate for each run

started at 0.1 ml/min for 5 min to alleviate back pressure associated

with injecting chloroform. The gradient started at 0% B and

increased linearly to 100% B over the course of 45 min with a flow

rate of 0.4 ml/min, followed by an isocratic gradient of 100% B for

17 min at 0.5 ml/min, before equilibrating for 8 min at 0% B with a

flow rate of 0.5 ml/min. MS analysis was performed with electro-

spray ionization (ESI) source on an Agilent 6430 QQQ LC-MS/MS.

The capillary voltage was set to 3.0 kV, and the fragmentor voltage

was set to 100 V. The drying gas temperature was 350°C, the drying

gas flow rate was 10 l/min, and the nebulizer pressure was 35 psi.

Representative metabolites were quantified by SRM of the transition

from precursor to product ions at associated optimized collision

energies. Standards were purchased to confirm the coelution and

fragmentation of the standard with the metabolite of interest. These

metabolites were then quantified by SRM analysis. Metabolites were

quantified by integrating the area under the peak and were normal-

ized to internal standard values, and then, levels were expressed as

relative levels compared with controls.

Measurement of cholesterol, triglycerides, phospholipids, and
bile acids

Plasma samples were used for the analysis of total cholesterol

(Thermo Scientific InfinityTM Cholesterol Liquid Stable Reagent, Cata-

logue No. TR13421 and 7500-012A), triglycerides (Thermo Scientific

InfinityTM Cholesterol Liquid Stable Reagent, TR22421), and phospho-

lipids (Phospholipid assay kit, Sigma-Aldrich, MAK122) following the

standard procedures. For the measurement of bile acids, plasma,

liver, or feces samples were used for the analysis of total bile acids

(Diazyme—Total Bile Acids Assay Kit) by using commercially avail-

able kits following the standard procedures. The conversion of

lmole/l to mg/l was performed by using the molecular weight of

cholic acid (408.57 g/mol) for the calculus. Bile acid composition

was measured by high-performance liquid chromatography-tandem

mass spectrometry as previously described (Argmann et al, 2006).

Generation of recombinant PLTP and mutant PLTP

DNA fragment encoding mouse Pltp was amplified by PCR in cDNA

(OriGene Technologies) and cloned into the modified pcDNA3.3

vector (Thermo Fisher Scientific) to generate the expression vector

that contained mouse PLTP (residues 18–493) that contained FLAG-

tag and His-tag at the C-terminal. The recombinant mouse PLTP

was expressed in FreeStyle 293-F Cells (Thermo Fisher Scientific)

and purified from supernatants of the culture medium using Anti-

DYKDDDDK tag Antibody Beads (FUJIFILM Wako Pure Chemical

Corporation), followed by size exclusion chromatography using a

HiLoad 16/600 Superdex 200 pg column (GE healthcare). For the

generation of mutant PLTPM159E, the point mutation in PLTP coding

region was performed by replacing the methionine (M) to glutamate

(E) in 176 PLTP amino acid sequence (159 position without signal

peptide). AAVs expressing the wild-type and mutant forms of PTLP

were generated in VectorBiolabs.

Plasma PLTP concentrations and activity

To measure plasma PLTP concentration, 1 ll of plasma samples

was digested by 1 lg of trypsin/Lys-C Mix (Promega) in 0.1 M Tris–

HCl buffer (pH 8) including 10% acetonitrile at 37°C overnight. The

digested samples were quenched with the equivalent volume of 1%

trifluoroacetic acid (TFA) in acetonitrile for normal samples. For

virus dosed samples, digested samples were deactivated by 2.5-fold

of ethanol for 30 min and then mixed with 2% TFA in water. The

quenched samples were injected into the liquid chromatography

system (LC-30A Nexera, Shimadzu), and tryptic peptides were sepa-

rated by an InertSustain AQ-C18 column (5 lm, 50 × 2.1 mm i.d.)

at 60°C. The tryptic peptides were eluted from the analytical column

by 1% acetic acid (AA) - 10% AA in 62.5% methanol gradient at a
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flow rate of 0.4 ml/min and detected using a triple quadrupole time-

of-flight-tandem mass spectrometer (Triple-TOF 5600, AB SCIEX) in

high-resolution multiple reaction monitoring (MRM-HR) mode. The

tryptic peptide of FK18 (FLEQELETITIPDVYGAK) and its stable

isotope-labeled peptide for internal standards were used to quantify

PLTP concentrations as a signature peptide. Plasma PLTP concentra-

tions were calculated using a calibration curve constructed with

lyophilized human serum samples (Consera, Nissui), as a surrogate

matrix of mouse plasma, spiked with recombinant PLTP. Plasma

PLTP activity was determined by using the commercially available

kit (Biovision, #K593-100) following the standard procedures.

Bioinformatics

We used the following publicly available datasets to identify tran-

scription factor binding sites near the Pltp gene (i) PRDM16 ChIP-seq

in BAT (Harms et al, 2015); (ii) PPARc ChIP-seq in BAT, iWAT, and

eWAT (Siersbaek et al, 2012); (iii) ENCODE H3K27ac and H3K4me3

(Yue et al, 2014). Sequenced ChIP tags (fastq files) derived from the

above datasets were aligned to NCBI38/mm10 genome with Bowtie2

(version 2.3.4.2) and the parameters “-very-sensitive”. Duplicates

were removed, and mapped reads were retained for downstream

analyses. Tag directories, representing each ChIP-seq experiment,

were created using HOMER’s (version 4.10.3) makeTagDirectory.pl.

Finally, replicate tag directories were merged for downstream analy-

ses. For each tag directory, coverage profiles were generated using

HOMER’s makeUCSCfile.pl script. For PRDM16 and PPARc ChIP-seq,

peaks were called using HOMER’s findPeaks.pl script “-style factor”,

while regions were detected for H3K27ac and H3K4me3 using find-

Peaks.pl with the parameters “region -size 1000 -minDist 2500”. The

coverage profiles and peak sets were visualized using UCSC genome

browser (http://genome.ucsc.edu).

Cell culture

Immortalized human and mouse adipocytes were obtained from our

previous studies (Shinoda et al, 2015). Mouse adipocyte differentia-

tion was induced by treating confluent preadipocytes with DMEM

containing 10% FBS, 0.5 mM isobutylmethylxanthine, 125 nM indo-

methacin, 2 lg/ml dexamethasone, 850 nM insulin, 1 nM T3, and

0.5 lM rosiglitazone. Two days after induction, cells were switched

to maintenance medium containing 10% FBS, 850 nM insulin, and

1 nM T3. Mouse cells were fully differentiated 6–7 days after induc-

ing differentiation. Immortalized human brown preadipocytes were

cultured with animal component-free medium (Stem Cell Technolo-

gies; #05449). Brown adipocyte differentiation was induced by treat-

ing confluent preadipocytes with animal component-free adipogenic

differentiation medium (Stem Cell Technologies; #05412) supple-

mented with T3 (1 nM) and rosiglitazone (0.5 lM). Human cells

were fully differentiated 4 weeks after induction. Mouse hepatocytes

Hepa 1-6 (ATCC, #CRL-1830) were cultured with DMEM containing

10% FBS, and confluent cells were treated with mouse recombinant

PLTP for the indicated time.

In vitro glucose uptake assay

Immortalized brown adipocytes were pretreated for 6 h with 50 lg/
ml or 100 lg/ml recombinant PLTP (rPLTP). After pretreatment, a

subset of cells was incubated with insulin (100 nM) alone or in

combination with rPLTP (100 lg/ml) for 30 min (positive control).

A solution of 2-deoxy-D-glucose (2-DG, 0.1 mM) labeled with tritium

(H3) 2-DG(H3) was used for the quantification of glucose uptake.

After insulin treatment, cells were washed with PBS1x and incu-

bated with 1 ml 2-DG(H3) for 5 min, 37°C without CO2. Immedi-

ately after 2-DG(H3) incubation, cells were washed 2–3 times with

cold PBS, and 500 ll of lysis buffer (Triton 1%) was added for cell

lysis. Quantification was performed by using a scintillation counter.

Oxygen consumption

Oxygen consumption rate was measured in isolated tissues or

cultured adipocytes using the Seahorse Xfe Extracellular Flux

Analyzer (Agilent). For tissue respiration assays, 1 mg BAT and

1.5 mg inguinal WAT depots were placed into XF24 Islet Capture

Microplates and pre-incubated with XF assay media with pH value

at 7.4. XF assay medium supplemented with 1 mM sodium pyru-

vate, 2 mM GlutaMaxTM-I, and 25 mM glucose. Tissue or cells

were subjected to OCR analysis with or without 1 lM nore-

pinephrine (NE) administration.

Hematoxylin and eosin (H&E) staining

Brown adipose tissue was fixed in 4% paraformaldehyde overnight

at 4°C, followed by dehydration in 50 and 70% ethanol. The fixed

tissue was stored in 70% ethanol until processing. After a dehydra-

tion procedure, adipose tissue was embedded in paraffin, sectioned

at a thickness of 5 lm, and stained with hematoxylin and eosin,

following the standard protocol. Images were acquired with a

DM2000 digital camera (Leica).

RNA preparation and quantitative RT–PCR

Total RNA was extracted from tissue or cells according to the

RNeasy mini-kit (Qiagen) protocol. cDNA was synthesized using

iScript cDNA Synthesis kit (Bio-Rad) according to the provided

protocol. qRT–PCR was performed using an ABI ViiATM7 PCR cycler.

The primer sequences are listed in (Table EV2).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0

(GraphPad Software, Inc., La Jolla, CA). All the data were repre-

sented as mean � SEM. A two-sample unpaired Student’s t-test was

used for two-group comparisons as the groups displayed a normal

distribution and comparable variance. Multiple group comparisons

were performed by using one- or two-way ANOVA followed by

Tukey’s test, Fisher’s LSD test, or Bonferroni’s test, when appropri-

ate. Two-way repeated-measures ANOVA followed by Bonferroni’s

test was used for repeated measurements. P values below 0.05 were

considered significant throughout the study.

Data availability

This study includes no data deposited in external repositories. All

data are presented in the Source Data files.
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