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SUMMARY

Cold-induced thermogenesis is anenergy-demanding
process that protects endotherms against a reduction
in ambient temperature. Using non-targeted liquid
chromatography-mass spectrometry-based lipido-
mics, we identified elevated levels of plasma acylcar-
nitines in response to the cold. We found that the liver
undergoes a metabolic switch to provide fuel for
brown fat thermogenesis by producing acylcarnitines.
Cold stimulates white adipocytes to release free fatty
acids that activate the nuclear receptor HNF4a, which
is required for acylcarnitine production in the liver and
adaptive thermogenesis. Once in circulation, acylcar-
nitines are transported to brown adipose tissue, while
uptake into white adipose tissue and liver is blocked.
Finally, a bolus of L-carnitine or palmitoylcarnitine res-
cues the cold sensitivity seen with aging. Our data
highlight an elegant mechanism whereby white adi-
pose tissueprovides long-chain fatty acids for hepatic
carnitilation to generate plasma acylcarnitines as a
fuel source for peripheral tissues in mice.

INTRODUCTION

Cellular metabolic networks evolved through the selective

pressures of starvation and cold exposure, two energetically

demanding conditions that require dynamic communication

between tissues tomaintain survival. During starvation, catechol-

amines signal to b-adrenergic receptors in the white adipose tis-

sue (WAT) to mobilize lipid stores as free fatty acids (FFAs). Pref-
Cell Me
erential use of circulating fatty acids by the liver and muscle

during fasting preserves glucose stores for the brain. Throughout

thismetabolic switch, the liver uniquely providesketones that can

be metabolized by neurons in the CNS to generate ATP. This

switch in primary fuel sources between tissues is regulated by

metabolic substrate competition and inhibitory signaling in the

Randle cycle (Hue and Taegtmeyer, 2009). In contrast to

fasting, cold exposure stimulates energy expenditure, a conse-

quence of fueling thermogenesis. During cold exposure, there

is activation of the b3-adrenergic receptor (b3AR), leading to

increased triglyceride lipolysis in white adipocytes and activation

of thermogenesis in brown adipocytes (Lafontan and Berlan,

1993). However, little is known about the metabolic adaptations

that occur in other cell types during acute cold challenge.

The brown adipose tissue (BAT) plays amajor role in protecting

against the cold throughnon-shivering thermogenesis. Brownad-

ipocytes generate heat by disrupting ATP synthesis in the mito-

chondria through the uncoupling protein 1 (UCP1), which allows

protons to flow across the inner mitochondrial membrane to

release potential energy as heat (Cannon et al., 1982). Mice lack-

ing UCP1 develop hypothermia with acute cold challenge; how-

ever these mice are able to adapt to the cold with incremental

reduction in ambient temperature, suggesting that alternative

mechanisms of thermogenesis are at play (Golozoubova et al.,

2001). To replenish the proton gradient, brown adipocytes in-

creaseutilization of both glucose and fatty acids, generatingaddi-

tional heat as a byproduct of cellular metabolism (Seale et al.,

2009). During cold exposure, the BAT initially relies on glucose,

and when activated increases glucose uptake (Orava et al.,

2011; Yu et al., 2002). In addition to carbohydrates, brown adipo-

cytes utilize fatty acids from triglyceride-rich lipoproteins and

FFAs released by white adipocytes (Bartelt et al., 2011; Chondro-

nikola et al., 2014).Mice lacking adipose triglyceride lipase (ATGL)

in adipocytes are unable to maintain their body temperature
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during a cold challenge, highlighting the importance of energy

mobilization for thermogenesis (Haemmerle et al., 2006). How-

ever, more research is needed to identify additional fuel sources,

beyond glucose and FFAs, that drive thermogenesis.

Mitochondrial fattyacidoxidation in the liver isa tightly regulated

process that is activated upon fasting. After entry into cells, long-

chain fatty acids are activated by acyl-CoA synthetase and conju-

gated with carnitine by CPT1, the rate-limiting enzyme in long-

chain fatty acid oxidation (Esser et al., 1993; Fingerhut et al.,

2001; Longo et al., 2006; Schooneman et al., 2013). Carnitine is

transported into cells through a cell-surface transporter, Octn2

(Slc22a5) (Tamai et al., 1998). Conjugation with carnitine allows

the transport of fatty acids across the inner mitochondrial mem-

brane through the carnitine-acylcarnitine translocase (CACT

[Slc25a20]) (Ramsay et al., 2001). Once in the matrix, carnitine is

removed, and fatty acids are destined for oxidation after activation

by CPT2 to generate fatty acyl-CoAs (Gempel et al., 2002). CPT1

mRNA is regulatedby the transcription factorHNF4a, a nuclear re-

ceptor that plays a key role in liver development andmitochondrial

energetics (Martinez-Jimenez et al., 2010). Mutations in HNF4a

lead to maturity-onset diabetes of the young type 1 (MODY 1), a

disorder characterized by defective glucose-stimulated insulin

secretion (Yamagata et al., 1996). During exercise and fasting,

acylcarnitines are elevated in the plasmaandare thought to reflect

incomplete fatty acid oxidation (Schooneman et al., 2013). Acyl-

carnitines are also elevated in several inborn errors ofmetabolism,

including disorders of fatty acid oxidation in which mutations in

MCAD, VLCAD, and LCHAD can lead to death (Shekhawat

et al., 2005). Although circulating acylcarnitine levels are elevated

in various conditions ofmetabolic stress, very little is known about

their role in systemic energy metabolism and their regulation.

In this study, we performed non-targeted lipidomics of plasma

and found that long-chain acylcarnitines (LCACs) were induced

in response to cold exposure or treatment with b3AR agonist

CL-316,243. We hypothesized that acylcarnitines served a

greater role than as a byproduct of fatty acid oxidation, but rather

as a mechanism to provide fuel for thermogenesis. Knockdown

studies targeting hepatic Cpt1a/b show a requirement for he-

patic acylcarnitine synthesis for adaptive thermogenesis. These

studies also led to a previously unappreciated role for hepatic

HNF4a in regulating cold-induced changes in expression of en-

zymes involved in hepatic acylcarnitine metabolism. We demon-

strate that this transcriptional program requires ATGL-mediated

adipose tissue lipolysis of FFAs to activate HNF4a and serve as a

substrate for acylcarnitine synthesis. With aging, mice show

reduced plasma acylcarnitine levels in response to the cold

and display a cold-sensitive phenotype. This can be reversed

with carnitine or palmitoylcarnitine supplementation. Our find-

ings suggest a novel role for the liver in thermogenesis, as well

as uncover a well-orchestrated inter-tissue communication sys-

tem to upregulate energy mobilization for heat production.

RESULTS

Global Lipid Analysis of Plasma from Mice Exposed
to Cold and Identification of Acylcarnitines as a
Cold-Induced Circulating Lipid
To understand the metabolic changes that occur during acute

cold exposure, mice were placed in room temperature (24�C)
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or cold (4�C) for 5 hr, and plasma was analyzed using liquid

chromatography-mass spectrometry (LC-MS)-based lipidomic

analysis; lipids are displayed as a heatmap after cluster analysis

using MetaboAnalyst 3.0 (Figure 1A). A total of 287 circulating

lipids significantly changed (p% 0.05) in response to cold expo-

sure, and 93 lipids were elevated, while 194 lipids were reduced.

Further analysis and identification of the lipids or derivatives that

were significantly (p < 0.01) upregulated by 2-fold showed a high

representation of LCAC species (Figure 1B). We confirmed that

these lipids were LCACs using LC-tandem MS (LC-MS/MS).

To determine if the elevated LCACs reflected a change in

thermogenic potential, we utilized agedmice as a physiologically

relevant model of impaired thermogenesis. As mice and humans

age, there is a loss of BAT function and increased sensitivity

to hypothermia (Sellayah and Sikder, 2014; Yoneshiro et al.,

2011). Therefore, we compared plasma lipidomic profiles

between 3-month-old and 24-month-old mice and found a

temperature-dependent divergence in the plasma lipid signature

(Figure 1C), in which older mice have a blunted response in the

cold. To test whether LCAC species were reduced in older

mice, we measured 14:0-carnitine, 16:1-carnitine, 18:0-carni-

tine, and 18:2-carnitine levels in the plasma, and found that

14:0-carnitine was elevated 12-fold in response to the cold,

compared with a modest increase of 2-fold in 24-month-old

mice (Figure 1D). In our initial analysis, we only identified LCACs,

and we were curious whether other acylcarnitine species were

altered. Using ultra-performance LC-MS/MS (UPLC-MS/MS),

we quantified many of the previously identified acylcarnitine

species and found that the sum of short-chain acylcarnitines

(SCACs) (C2–C5), medium-chain acylcarnitines (MCACs) (C6–

C12), and LCACs (C14–C18) (Figures 1E and S1) was elevated

in response to cold exposure, with the greatest increase in

3-month-old mice. Notably, older mice had higher basal levels

of LCACs, MCACs, and SCACs at room temperature but a clear

blunted response in the cold (Figure 1E). In contrast, plasma

carnitine levels were reduced in response to the cold in both

3-month-old and 24-month-old mice (Figure 1E). These results

are consistent with impaired thermogenesis seen in 24-month-

old mice (Figures S1E and S1F) and suggest a loss of metabolic

flexibility that impairs the response to energetically stressful

stimulus.

Cold Exposure Stimulates Expression of Enzymes
Involved in Acylcarnitine Metabolism in the Liver
Circulating acylcarnitine levels change during acute energetic

stress, including exercise and fasting (Costa et al., 1999; Hiatt

et al., 1989; Yamaguti et al., 1996). These acute changes are

regulated in part by transcriptional changes in components of

the carnitine shuttle (Song et al., 2010; Vila-Brau et al., 2013).

To test which tissues were contributing to the increase in acyl-

carnitine levels, we measured the expression of genes involved

in acylcarnitine metabolism in the liver, skeletal muscle, and

BAT. In the liver, we found the expression of Cpt1b, Octn2,

Cact, Cpt2, and CrAT was increased in response to cold expo-

sure, while the expression of Bbox1, an enzyme involved in

carnitine synthesis, was not altered (Figure 2A). Western blot

analysis showed increased levels of Cpt1b; however, Cpt1a

was unchanged when comparing livers from mice at 24�C and

4�C for 5 hr (Figure 2B). A longer cold exposure of 8 hr led to
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Figure 1. Acylcarnitine Levels in the Blood Are Elevated in Response to Cold Exposure

(A) Heatmap and cluster analysis of 281 lipids from plasma of 3-month-old C57BL6Jmale mice at room temperature (24�C) or cold (4�C). Samples were run on an

Agilent 6490 LC-MS and analyzed using MetaboAnalyst 3.0. n = 5/group.

(B) Volcano plot of LC-MS-based lipidomics from the plasma of 3-month-old C57BL6J male mice at room temperature or cold. Lipids that are increased 2-fold in

cold/room temperature and have a p value below 0.01 are labeled in red. Long-chain acylcarnitine species were identified through LC-MS/MS. n = 5/group.

(C) Significance analysis of microarray analysis of LC-MS lipidomics of plasma from room temperature versus cold in 3-month-old or 24-month-old C57BL6J

male mice. n = 4–5/group.

(D) Plasma acylcarnitine levels of 3-month-old and 24-month-old C57BL6J male mice at room temperature or cold. n = 4–5/group.

(E) Plasma levels of long-chain acylcarnitine (LCAC), medium-chain acylcarnitines (MCACs), short-chain acylcarnitines (SCACs), and carnitine in the plasma of

3-month-old and 24-month-old C57BL6J male mice as measured by LC-MS. n = 4–5/group.

Data are presented as means ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001, room temperature versus cold. Ap % 0.05, 3 months versus 24 months room

temperature. See also Figure S1.
detectable increases in Cpt1a, Cpt1b, and Octn2 (Figure 2B).

Western blot analysis of livers from mice at 30�C and 4�C
showed increases in Cpt1b and Octn2. In contrast, there were

no detectable changes in gene expression of Cpt1b, Octn2,

CrAT, and CACT in the skeletal muscle or BAT, except for

increased expression of Octn2 (Figure S2A). To test whether

the increase in circulating acylcarnitines was due to BAT, we

measured acylcarnitines in UCP1-DTA mice that lack BAT (Low-

ell et al., 1993). In response to the cold, UCP1-DTA mice have a

similar induction in acylcarnitines when compared with littermate

controls (Figure S2B). Both 14:0-carnitine and 18:1-carnitine in
the blood were elevated approximately 2-fold in response to a

4-hr cold exposure. Although the basal levels tend to be lower,

the similar fold induction in control and mice lacking BAT sug-

gests that the source of acylcarnitines is not brown adipocytes.

Targeting Acylcarnitine Synthesis through Knockdown
of Hepatic Cpt1a and Cpt1b Lowers Both Serum
Acylcarnitines and Core Body Temperature in
the Cold
To test whether the liver was the source of acylcarnitines and to

test their requirement for adaptive thermogenesis, we developed
Cell Metabolism 26, 509–522, September 5, 2017 511
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Figure 2. Cold Stimulates Expression of Genes Required for Acylcarnitine Metabolism, and Knockdown of Hepatic Cpt1 Leads to Cold

Sensitivity

(A) Gene expression measured by real-time PCR in livers of 3-month-old C57BL6J male mice at room temperature (24�C) or cold (4�C) for 5 hr. n = 5/group.

(B)Western blot analysis of livers detecting Cpt1b, Cpt1a, Octn2, and b-actin. Three-month-old C57BL6Jmice were exposed to room temperature or cold for 5 or

8 hr, as well as thermoneutrality (30�C) or cold (4�C) for 5 hr. n = 4/group.

(C) Serum long-chain acylcarnitine levels for 3-month-old C57BL6J mice at 4�C treated with liver-targeting liposomes containing siRNA to a scrambled control

(Control), Cpt1a (siCpt1a), Cpt1b (siCpt1b), or a mixture of Cpt1a and Cpt1b (siCpt1a/siCpt1b) (n = 5/group).

(D) Western blots of liver and BAT of 3-month-old C57BL6J mice at 4�C treated with control siRNA, siCpt1a, siCpt1b, or siCpt1a/siCpt1b. Tissues were excised

after 5 hr of cold exposure. n = 3/group.

(E) Cold tolerance test at 4�C of 3-month-old C57BL6J mice treated with control (siScramble), siCpt1a, siCpt1b, or siCpt1a/siCpt1b. n = 4–5/group.

(F) Cold tolerance test at 4�Cof 3-month-old C57BL6Jmice treatedwith control (siScramble) or siCpt1a/Cpt1b. Micewere given a single intravenous dose of PBS

or palmitoylcarnitine. n = 5–6/group.

All transcripts were normalized to RPL13. Data are presented as means ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001. See also Figure S2.
small interfering RNAs (siRNAs) that target hepatic Cpt1a or

Cpt1b (Figures 2D and S2C) using a liver in vivo transfection

reagent (Bukong et al., 2014). Notably, siRNAs for both Cpt1a

and Cpt1b reduced serum acylcarnitine levels, with the greatest

effects seen when both Cpt1a and Cpt1b siRNAs were adminis-

tered (Figure 2C). Knockdown of individual isoforms of Cpt1

resulted in reduced levels of several circulating acylcarnitines;

siRNA targeting Cpt1a reduced all LCACs measured, while

siRNA for Cpt1b only reduced 16:0, 18:0, and 18:1. Knockdown

studies showed a direct effect on the liver, but knockdown was

not observed in BAT or skeletal muscle (Figure S2D). Using

western blot analysis, we found that Cpt1b, the major isoform
512 Cell Metabolism 26, 509–522, September 5, 2017
in BAT, was not affected when Cpt1b siRNA was administered

(Figure 2D). Histological analysis of livers of siRNA-treated

mice showed similar morphology, suggesting lack of liver dam-

age (Figure S2E), and found similar serum triglyceride levels

between mice treated with scrambled siRNA or Cpt1a/Cpt1b

siRNA (Figure S2F). To test whether liver-derived acylcarnitines

are required for adaptive thermogenesis, we measured core

body temperature hourly in the cold. We found that mice admin-

istered siRNAs targeting Cpt1a, Cpt1b, or both Cpt1a and Cpt1b

had reduced core body temperature when compared with mice

administered scrambled siRNAs (Figure 2E), in which the great-

est drop in temperature was detected when both Cpt1a and
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Figure 3. Adipose Tissue Lipolysis Promotes Acylcarnitine Production and Regulates Hepatic Gene Expression

(A) Serum acylcarnitine levels as measured by LC-MS in 3-month-old mice treated with PBS or CL-316,243. n = 5–7/group.

(B) Expression of genes involved in acylcarnitine and lipid metabolism in the liver of 3-month-old mice treated with PBS or CL-316,243. n = 5–7/group.

(C) Serum FFA level in mice treated with PBS or CL-316,243. n = 5–7/group.

(D) ATGL protein levels in the WAT and serum FFA levels of ATGLF/F and AAKO mice treated with PBS or CL-316,243. n = 5/group.

(E) Gene expression in the livers of ATGLF/F and AAKO mice treated with PBS or CL-316,243. n = 5/group.

(F) Serum acylcarnitine levels of ATGLF/F and AAKO mice treated with PBS or CL-316,243. n = 5/group.

All transcripts were normalized to RPL13; statistical analysis completed used two-way ANOVA. Data are presented as means ± SEM. *p % 0.05, **p % 0.01,

***p % 0.001. See also Figure S3.
Cpt1b were knocked down. Simply reintroducing palmitoyl-

carnitine through the tail vein increased core body temperature

in mice treated with siRNAs targeting Cpt1a and Cpt1b

(Figure 2F).

Activation of Adipose Tissue Lipolysis Promotes
Hepatic Gene Expression and Acylcarnitine Production
During cold exposure, body temperature is maintained through

both shivering and non-shivering thermogenesis. There is evi-

dence that exercise leads to elevated acylcarnitine levels;

therefore, we hypothesized that shivering might trigger an in-

duction in acylcarnitines as well. To rule out shivering, we

used a stimulus of non-shivering thermogenesis through selec-

tive activation of b3AR using CL-316,243, which stimulates

thermogenesis in brown adipocytes and lipolysis in white adi-

pocytes. Mice were treated with CL-316,243 (Himms-Hagen

et al., 1994) or vehicle control, and we found that CL-316,243
stimulates serum acylcarnitines, as noted by the elevated levels

of 12:0-,14:0-,14:1-, 16:0-, 16:1-, 16:2-, 18:0-, 18:1-, and 18:2-

carnitine when compared with controls (Figure 3A). In parallel,

we measured the expression of genes involved in acylcarnitine

metabolism and found increases in hepatic Cpt1b, Octn2,

Cpt1a, Cact, Cpt2, and CrAT (Figure 3B). Notably, many of

these transcripts are direct targets of HNF4a, including well-es-

tablished targets such as PPARa and Apoa4, which were also

induced by CL-316,243 (Figure 3B). HNF4a is a nuclear recep-

tor that is activated by fatty acids. In BAT, we found increased

expression of Octn2 and Cact, while Cpt2 and Acat1 were

reduced, and Cd36, Cpt1b, Slc16a, and CrAT were unchanged

(Figure S3A). CL-316,243 is a selective b3AR agonist, yet it was

able to stimulate changes in hepatic gene expression despite

the lack of b3AR expression in the liver. This observation and

the increased expression of HNF4a targets led us to test

whether FFAs released from the WAT in response to b3AR
Cell Metabolism 26, 509–522, September 5, 2017 513
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Figure 4. Time-Dependent Changes in Serum and Hepatic Acylcarnitines

(A) Time course of serum free fatty acid (FFA) and palmitoylcarnitine levels of 3-month-old male mice exposed to room temperature (24�C) or cold (4�C).
n = 5/group.

(B) Time course of serum LCAC levels of 3-month-old C57BL6J mice placed in room temperature or cold. n = 5/group.

(C) Gene expression changes by real-time PCR analysis from livers of C57BL6J mice exposed to room temperature or cold. n = 5/group.

(D) Liver acylcarnitine levels measured by LC-MS from C57BL6J mice exposed to room temperature or cold. n = 5/group.

All transcripts were normalized to RPL13. Data are presented as means ± SEM. For comparison of room temperature versus 4�C, *p % 0.05, **p % 0.01,

***p % 0.001.
activation could be driving the transcriptional response in

the liver (Figure 3C). To test whether adipose tissue lipolysis

is required, we generated adipose-specific ATGL knockout

(AAKO) mice and treated them with PBS or CL-316,243 (Fig-

ure 3D) (Schoiswohl et al., 2015). Compared with controls,

AAKO mice were deficient in ATGL and had reduced FFA

levels with PBS or CL-316,243 treatment (Figure 3D). Loss of

ATGL in adipocytes blocked the induction in Cpt1b, CrAT,

Octn2, Cpt2, ApoA4, and CACT in the liver, and blocked the in-

creases in circulating LCACs (Figure 3F). To test the acute ef-

fects of inhibiting ATGL, we treated mice with ATGL inhibitor

Atglistatin. Atglistatin treatment attenuated the cold-induced

rise in circulating FFAs, which also led to impaired thermogen-

esis, and abolished the transcriptional changes in hepatic acyl-

carnitine transcripts and changes in circulating LCACs (Figures

S3B–S3E).
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Time-Dependent Changes in FFAs Precede Induction of
Serum Acylcarnitines, Hepatic Gene Expression, and
Liver Acylcarnitine Levels
The reliance of hepatic acylcarnitine production on changes in

FFA release from the WAT suggests that FFAs may be acting

as a substrate for LCAC production or as a signal to induce

changes in hepatic gene expression. In either role, we predicted

that changes in circulating FFAs would precede the cold-

induced rise in serum LCACs. To test this idea, we performed

a time course to understand the changes in FFAs, acylcarnitines,

and hepatic gene expression. We found that FFAs increased to

1.1 mM within 30 min of cold exposure (Figure 4A), while

increases in serum LCACs occur later, after 3 hr of cold exposure

(Figure 4B). Transcript levels of hepatic Cpt1b exhibit a similar

increase at 3 hr, which is preceded by the increased expression

of PGC-1a, a strong transcriptional coactivator of HNF4a
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Figure 5. Hepatic HNF4a Regulates Acylcarnitine Metabolism in the Liver of Cold-Exposed Mice

(A) Western blot analysis of HNF4a and b-actin in the liver of HNF4aF/F mice infected with AAV8-TBG-eGFP (EGFP) or AAV8-TBG-eGFP-Cre (Cre). n = 6/group.

(B) Gene expression changes by real-time PCR analysis of livers from HNF4aF/F mice infected with EGFP or Cre. Mice were challenged with cold or room

temperature for 5 hr. n = 3 for room temperature and n = 6 for cold.

(C) Core body temperature after a cold tolerance test at 4�C in HNF4aF/F mice infected with EGFP or Cre. n = 6/group.

(D) FFA levels in serum of HNF4aF/F mice infected with EGFP or Cre. Mice were challenged with cold or room temperature for 5 hr. n = 3 for room temperature and

n = 6 for cold.

(E) Serum long-chain acylcarnitine levels as measured by LC-MS from 5-hr cold-exposed HNF4aF/F mice infected with EGFP or Cre. n = 6/group.

(F) ChIP-seq analysis of hepatic HNF4a in proximity to promoters of Cpt1b, Octn2, PPARa, and CrAT.

(G) Targeted ChIP-qPCR of HNF4a in the promoters of Cpt1b, Octn2, PPARa, and CrAT in the liver of 3-month-old C57BL6J male mice. n = 3.

All transcripts were normalized to RPL13. Data are presented as means ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001. See also Figure S4.
(Figure 4C). To test whether other HNF4a targets are induced by

cold exposure in the liver, we measured Apoa4 expression by

western blot analysis. Apoa4 increases in response to 5 or 8 hr

of cold exposure (Figure S4A). Notably, HNF4a expression

is unchanged through the 5-hr time course (Figure 4C). Acylcar-

nitine levels in the liver increase within 1 hr with levels of

12:0-,14:0-,16:0-carnitine continuing to rise during cold expo-

sure, while 18:0-carnitine increased within the first hour and

decreased thereafter (Figure 4D).

HNF4a Regulates Acylcarnitine Metabolism in the Liver
of Cold-Exposed Mice
The observed increase in hepatic gene expression of enzymes

involved in acylcarnitine metabolism led us to test a direct role

for HNF4a in the liver, particularly with prior evidence that the

nuclear receptors HNF4a and PPARa are known regulators of

Cpt1 and Cpt2 expression (Gutgesell et al., 2009; Hayhurst

et al., 2001; Louet et al., 2002; Martinez-Jimenez et al., 2010;

Song et al., 2010). To determine whether the cold-induced
changes in hepatic gene expression were due to HNF4a, we

generated mice lacking HNF4a in hepatocytes (Walesky et al.,

2013). HNF4aF/F mice received either a control adeno-associ-

ated virus 8 (AAV8)-thyroid hormone binding globin (TBG)-

eGFP or AAV8-TBG-eGFP-Cre 1 week prior to cold challenge,

leading to selective deletion of HNF4a in the liver (Figures 5A,

5B, and S5B). After 5 hr of cold exposure, loss of HNF4a led to

impaired induction in Cpt1b, Octn2, CrAT, Apoa4, and PGC-1a

when compared with AAV8-TBG-eGFP controls (Figure 5B),

while basal levels of Cpt2 and CACT were reduced in HNF4a

null mice. These transcriptional changes correlated with func-

tional changes in thermogenesis. HNF4aF/F AAV8-TBG-eGFP-

Cre mice were unable to maintain their core body temperatures

when challenged with a cold tolerance test and displayed lower

levels of circulating acylcarnitines (Figures 5C and 5E). The loss

of HNF4a did not lead to complete disruption of circulating lipids.

HNF4aF/F AAV8-TBG-Cre mice exhibited a similar rise in FFAs

during cold exposure as the HNF4aF/F AAV8-TBG-eGFP control

mice (Figure 5D). To determine whether other sources of energy
Cell Metabolism 26, 509–522, September 5, 2017 515



were depleted, we measured blood glucose levels and found an

increase in mice lacking HNF4a in hepatocytes (Figure S5A). In

contrast, serum triglycerides were reduced with the loss of

HNF4a (Figure S5E). Notably, the expression of thermogenic

genes UCP1, Elovl3, Dio2, and brown adipocyte markers, Cidea,

Prdm16, and Eva1 was not altered in the BAT of hepatocyte-se-

lective HNF4a null mice (Figure S5C). Furthermore, gene expres-

sion of acylcarnitine transcripts Cpt1b, Octn2, CACT, and CrAT

was unchanged in BAT (Figure S5C).

Although Cpt1 and Cpt2 regulation by HNF4a is well estab-

lished, we also observed reduction in Octn2 and CrAT expres-

sion in the livers of hepatocyte-selective HNF4a null mice

(Hayhurst et al., 2001; Martinez-Jimenez et al., 2010). To deter-

mine if these changes in Octn2 and CrAT were due to direct

regulation by HNF4a, we interrogated publicly available chro-

matin immunoprecipitation sequencing (ChIP-seq) datasets to

determine whether HNF4a occupies their promoters (Alpern

et al., 2014). HNF4a binding peaks were observed in proximity

to promoters of PPARa, Cpt1b, Octn2, and CrAT (Figure 5F).

These peaks were validated by targeted ChIP-qPCR using livers

fromC57BL6Jmice (Figure 5G). Together these findings suggest

that hepatic HNF4a is a major regulator of the cold-adaptive

response in the liver.

Palmitate Treatment in Hepatocytes Activates
Expression of Acylcarnitine Pathway through HNF4a
To test whether FFAs could directly stimulate the expression of

HNF4a targets, we isolated HNF4aF/F primary hepatocytes

expressing Rosa 26 LSL-tomato, which allowed us to test

efficiency of Cre recombinase by detection of red fluorescent

protein (Figure 6A). Hepatocytes were infectedwith adeno-asso-

ciated virus 48 hr prior to treatment with fatty acids. Hepatocytes

were incubated with BSA alone or BSA conjugated to palmitate

at a concentration of 0.25, 0.5, and 1.0 mM. Palmitate treatment

increased expression of HNF4a targets Octn2, Apoa4, MTTP,

and PGC1a in a dose-dependent fashion, while expression of

HNF4a and cyk18 was unchanged with palmitate treatment.

The palmitate response was abrogated by the loss of HNF4a,

as hepatocytes infected with Cre recombinase had a blunted

response to palmitate in vitro (Figures 6B and S6A). These

findings suggest that treatment of hepatocytes with FFAs is suf-

ficient in stimulating the cold-induced transcriptional response.

Circulating Acylcarnitines Provide a Fuel Source for BAT
Thermogenesis
To determine which tissues take up LCACs in vivo, we adminis-

tered radiolabeled 14C-palmitoylcarnitine by intravenous (i.v.)

administration to mice exposed to room temperature or cold.

The rate of 14C-palmitoylcarnitine clearance from circulation

occurs rapidly in cold-exposedmice; after 1 hr 18%of palmitoyl-

carnitine is cleared at room temperature, while 69% is cleared in

the cold (Figure 6C). In the cold, mice took up 8-fold more

acylcarnitines in BAT, 8-fold in skeletal muscle, and 4-fold in

the heart, while uptake in inguinal WAT was reduced by

112-fold, 21-fold in epididymal WAT, and 89-fold in liver (Fig-

ure 6D). Although these results show that LCACs are being taken

up by BAT, they fail to elucidate whether acylcarnitines are

metabolized. Using isotopic labeling experiments, we tested

whether differentiated brown adipocytes take up acylcarnitines.
516 Cell Metabolism 26, 509–522, September 5, 2017
Brown adipocytes were incubated with 100 mM 12C-palmitoyl-

carnitine or heavy-labeled 13C-1,2,3,4-palmitoylcarnitine, and

we measured the incorporation of heavy-labeled carbons into

the tricarboxylic cycle (TCA) pool. We found that cells take up

palmitoylcarnitine (Figure 6E), as supported by the abundance

of the m + 4 isotopomer of palmitoylcarnitine. To test whether
13C-1,2,3,4-palmitoylcarnitine was metabolized, we measured

the incorporation of 13C into the TCA intermediate citrate and

found that the m + 2 isotopomer could be detected (Figure 6F).

Together these findings support that palmitoylcarnitine is

actively taken up by brown adipocytes and metabolized.

Reversal of Cold-Sensitive Phenotype in Aged Mice Is
Rescued by Acylcarnitine Administration
As mice age, there is an impairment in thermogenic capacity

(Figure S1E) and, as shown in Figure 1D, reduced acylcarnitine

levels. These changes coincide with reduced hepatic expression

of genes involved in acylcarnitine metabolism (Figure 7A). To test

whether the reduction with aging impairs thermogenesis, we

administered a single dose of 100 mg/kg of carnitine, which

led to an increase in acylcarnitine levels during cold exposure

(Figure 7B). We found that carnitine administration prevents

hypothermia associated with aging, reversing cold sensitivity in

1-year-old mice placed at 4�C (Figure 7C) and 2.5-year-old

mice placed at 16�C (Figure 7D). Carnitine administration in

2.5-year-oldmice reduced core body temperature by an average

of 1.5�C compared with the control group that lost 5�C (Fig-

ure 7D). Moreover, intravenous administration of palmitoylcarni-

tine through the tail vein was able to improve thermoregulation

when mice were challenged with 16�C (Figure 7E). The bolus of

carnitine did not alter BAT gene expression in the 2.5-year-

old mice when we assessed UCP1, Dio2, Elovl3, and Eva1

(Figure S7B). However, the ability of carnitine to improve thermo-

genesis was reliant on the presence of BAT, as UCP-DTA mice

that lack BAT did not respond to carnitine administration (Fig-

ure 7F). Together these findings indicate that the drop in acylcar-

nitines contributes to the cold-sensitive phenotype observed

with aging.

DISCUSSION

Non-targeted LC-MS analysis of plasma lipids during cold expo-

sure led to the identification of acylcarnitines as a cold-induced

metabolite. While several acylcarnitine species had previously

been detected in the blood in cases of inborn errors of meta-

bolism, exercise, diabetes, and fasting, little was known about

their physiologic function. Here, we show that acylcarnitine

levels increase in response to the cold, are synthesized by the

liver, and provide a fuel source for BAT thermogenesis. Acylcar-

nitine production is stimulated through the activation of the

nuclear receptor HNF4a, by directly regulating the expression

of genes involved in acylcarnitine metabolism. HNF4a activation

requires FFA release from adipose tissue lipolysis, which pro-

vides a stimulus for HNF4a activation and substrate for acylcar-

nitine synthesis. Blocking acylcarnitine production in the liver

reduces serum acylcarnitine levels and impairs their ability to

adapt to the cold. It has been well documented in rodents and

humans that aging impairs thermogenesis; however, little is

known about the mechanisms at play. Here, we found that
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Figure 6. Acylcarnitines Are Taken Up by BAT and Metabolized through the TCA Cycle

(A) Hepatocytes from HNF4aF/F mice expressing Rosa26-LSL-tdTomato infected with adenoviral CMV-eGFP (EGFP) or CMV-eGFP-Cre (Cre). Cre-induced

recombination leads to expression of red fluorescent protein (RFP). Hepatocytes were infected for 16 hr 2 days prior to harvest.

(B) Gene expression changes in hepatocytesmeasured by real-time PCR after treatment with BSA or BSA/palmitate at 0.25, 0.5, and 1.0mM for 6 hr. n = 3/group.

(C) Clearance of U-14C-palmitoylcarnitine from the blood of C57BL6J male mice placed at room temperature (24�C) or cold (4�C). N = 4/group. Mice received a

single intravenous dose of U-14C-palmitoylcarnitine.

(D) Tissue uptake of U-14C-palmitoylcarnitine 5 hr post injection in mice placed at room temperature or cold. n = 4/group.

(E) Uptake of heavy-labeled palmitoylcarnitine as measured by gas chromatography-MS in differentiated brown adipocytes incubated with either
12C-16:0-carnitine or 13C-(1,2,3,4)-16:0-carnitine for 6 hr. n = 5/group.

(F) Incorporation of 13C-(1,2,3,4)-16:0-carnitine into the TCA cycle intermediate m + 2 citrate. n = 5/group.

(G) Schematic of 13C-(1,2,3,4)-16:0-carnitine entry and incorporation into the TCA cycle.

All transcripts were normalized to RPL13. Data are presented as means ± SEM. For comparison of HNF4aF/F EGFP between BSA control (0) and palmitate

treatment, *p % 0.05, **p % 0.01, ***p % 0.001. n = 5. For comparison between EGFP and Cre-infected cells of the same treatment groups, Ap % 0.05,
AAp % 0.01, AAAp % 0.001 See also Figure S6.
induction of acylcarnitine levels in response to cold exposure

were blunted in older mice. The cold-sensitive phenotype

observed can be reversed with carnitine administration, a treat-

ment that is known to stimulate acylcarnitine production.

Furthermore, infusing palmitoylcarnitine alone can improve

core body temperature when aged mice are challenged with

cold exposure. In sum, these findings indicate that the liver is

an integral component of adaptive thermogenesis, as well as un-

covering a well-orchestrated inter-tissue communication system

to upregulate energy mobilization for heat production.
The liver is a focal point for energy mobilization, providing

ketones and glucose during fasting, as well as packaging lipid-

rich lipoproteins for peripheral tissues. Acylcarnitines in the

plasma have traditionally been thought of as markers of meta-

bolic stress (Burrage et al., 2016; Genuth and Hoppel, 1981;

Mai et al., 2013; McCoin et al., 2015; Schooneman et al.,

2013). Although serum acylcarnitines fluctuate, a functional

role for circulating acylcarnitines has yet to be determined. Using

radiolabeled palmitoylcarnitine, we found increased uptake in

the BAT, skeletal muscle, and heart during cold exposure,
Cell Metabolism 26, 509–522, September 5, 2017 517



E

DC

B

F

A

Figure 7. Carnitine Treatment Stimulates Acylcarnitine Production and Protects against Age-Induced Cold Sensitivity

(A) Hepatic gene expression in 3-month-old and 24-month-old mice exposed to room temperature (24�C) or cold (4�C). n = 5/group

(B) Treatment of 2.5-year-old mice with carnitine (100 mg/kg body weight) increases their serum acylcarnitine levels after 5 hr of cold as measured by LC-MS.

n = 5/group.

(C) Core body temperature after cold tolerance test at 4�C in 12-month-old mice treated with either PBS or 100 mg/kg carnitine. n = 5/group.

(D) Core body temperature after cold tolerance test at 16�C in 2.5-year-old mice treated with either PBS or 100 mg/kg carnitine. n = 5/group.

(E) Change in core body temperature in 2.5-year-old mice treated with PBS or 16:0-carnitine (100 mM). n = 5/group.

(F) Core body temperature of littermate control and UCP-DTA transgenic mice treated with PBS or with 100 mg/kg carnitine. n = 5/group.

Data are presented as means ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001. n = 5. See also Figure S7.
indicating that acylcarnitines are utilized by multiple tissues

through a tightly controlled mechanism. Notably, uptake of acyl-

carnitines decreased in WAT and liver in response to the cold,

presumably to direct acylcarnitines toward metabolically active

tissues. The active regulation of palmitoylcarnitine uptake sug-

gests a role for acylcarnitines beyond markers of metabolic

stress. Uptake was also detected in brown adipocytes in vitro

using the metabolic tracer 13C-1,2,3,4-palmitoylcarnitine. These

studies showed that acylcarnitines were taken up by brown

adipocytes and metabolized, an outcome that was supported

by the heavy labeling of the TCA intermediate citrate. Alterna-

tively, acylcarnitines may improve thermoregulation through

metabolic flux in the liver, producing heat as a byproduct of acyl-

carnitine synthesis. Early studies suggest that hepatic thermo-

genesis is possible, an outcome that was previously measured
518 Cell Metabolism 26, 509–522, September 5, 2017
by calorimetry and shown to contribute to the total body temper-

ature (Baconnier et al., 1979). Further studies are needed to

determine the input of hepatic lipid processing in thermoregula-

tion during cold exposure. However, our result that palmitoylcar-

nitine alone is sufficient to enhance thermogenesis indicates that

acylcarnitines are capable of modulating thermogenesis inde-

pendently of their synthesis, and the failure of carnitine to rescue

cold sensitivity in the UCP-DTAmice suggests that liver process-

ing is not sufficient to improve hypothermia. Together these

results support a model that acylcarnitines are a fuel source for

thermogenesis, but it is important to note that these studies do

not rule out the possibility of acylcarnitines having a signaling

role as well.

There is a prevailing view that FFAs are the major source of

energy for thermogenesis, yet we find that acylcarnitine



production is required as shown by knockdown studies of he-

patic Cpt1a/b that leads to reduced blood acylcarnitine levels,

suggesting that this long-held view is overly simplistic. This is

also supported by the observation that deletion of hepatic

HNF4a leads to reduced acylcarnitine levels, while FFA levels

are unchanged, suggesting that FFAs are not sufficient for

thermogenesis. This finding is surprising, considering the high

abundance of FFAs that are available for thermogenesis in

response to the cold. However, the metabolic program of brown

adipocytes is unique compared with other cell types, where its

activation leads to enhanced fatty acid oxidation, glucose up-

take and utilization, lipogenesis, and lipolysis. This unique meta-

bolic program reflects the dualistic nature of BAT that is capable

of storing excess lipids similarly to other adipose depots and yet

shares similar features with skeletal muscle, including high mito-

chondrial content and high capacity for fatty acid oxidation (Fes-

tuccia et al., 2011; Yu et al., 2002). In other tissues, fuel selection

is regulated by the Randle cycle, a series of inhibitory signals that

regulate glucose or fatty acid utilization, a process driven by sub-

strate availability (Hue and Taegtmeyer, 2009). In the Randle

cycle, when both glucose and fatty acids are readily available,

the TCA cycle intermediate citrate is exported to the cytoplasm

to ultimately generate malonyl-CoA, an inhibitor of Cpt1b, the

rate-limiting step in fatty acid oxidation. Through inhibition of

fatty acid oxidation, this allows the preferential use of glucose

for energy (McGarry et al., 1991). Although cold exposure is

energetically demanding, there is a high abundance of peripheral

fuel sources, including serum glucose, FFAs, and triglycerides

(Bartelt et al., 2011; Kinoshita et al., 2014;Wu et al., 2006). During

acute cold exposure, malonyl-CoA levels in BAT rise to levels

that would inhibit Cpt1b activity (Saggerson and Carpenter,

1982). These conditions suggest that initial BAT thermogenesis

is dependent on glucose uptake and perhaps other fuel sources

such as triglycerides, while persistent cold challenge may

require a switch toward utilizing energetically rich molecules

such as acylcarnitines. Therefore, we propose a model in which

acylcarnitines provide a mechanism for lipid utilization to bypass

the inhibition of Cpt1b in brown adipocytes, expediting themeta-

bolic switch to FFA utilization.

The increase in expression of genes involved in acylcarnitine

metabolism in response to cold was surprising, as there is little

evidence for the liver’s involvement in adaptive thermogenesis.

Prior studies on the transcriptional regulation of Cpt1 led our

focus to HNF4a, which is primarily thought to be involved in liver

development. Analysis of HNF4a occupancy using publicly

available ChIP-seq datasets revealed potential binding sites in

the promoter region of other genes involved in acylcarnitine

metabolism (Louet et al., 2002; Martinez-Jimenez et al., 2010).

Notably, HNF4a binding at these sites did not change in

response to the cold, an outcome noted by other HNF4a targets

(data not shown); instead, it is the binding to various coactivators

that likely drives changes in HNF4a activity. HNF4a activity is

largely driven by coregulator interactions, where Hes6 has

been shown to be inhibitory, while interactions through PGC-

1a activate transcription (Martinez-Jimenez et al., 2010; Rhee

et al., 2003, 2006).We found that in response to the cold, expres-

sion of hepatic PGC-1a was induced but lost as mice aged. The

induction of PGC1a is likely driven by FFAs, which stimulate

CREB phosphorylation and increase expression of PGC1a.
These findings fit with our model that HNF4a activation is depen-

dent on the FFA release observed with the cold or activation with

a b3-AR agonist CL-316,243 (Collins et al., 2006; Herzig et al.,

2001; Schauer andReusch, 2009). Alternatively, FFAs could acti-

vate HNF4a directly through its ligand-binding domain, although

binding of HNF4a to its purported lipid ligand has been shown to

occur during assembly, while others have shown linoleic acid

regulates HNF4a activity (Dhe-Paganon et al., 2002; Yuan

et al., 2009). Our studies indicate that HNF4a is required for

the induction of PGC1a, Octn2, MTTP, and Apoa4 in response

to palmitate in hepatocytes. Additional studies are needed to un-

derstand themechanism throughwhich cold exposure increases

HNF4a activity as well as other regulatory elements controlling

this cold response in the liver. Although the induction of genes

involved in acylcarnitine metabolism is abrogated in HNF4a

knockout livers, they are not completely ablated. This suggests

that other transcriptional regulators are involved in mediating

the cold response observed with Octn2, Cpt2, CACT, and

CrAT. Together our findings support a model in which FFA

release during the cold stimulates a transcriptional program

driven by HNF4a, ultimately leading to acylcarnitine synthesis

and release into the plasma. This model explains why the b3-

AR agonist CL-316,243 stimulates acylcarnitine levels in the

blood, despite the lack of b3-AR expression in hepatocytes.

The source of serum acylcarnitines has long been a mystery.

We found that a rise in acylcarnitines is dependent on the in-

crease in circulating FFAs from adipose tissue. Inhibition of adi-

pose tissue triglyceride lipolysis, by selective deletion of ATGL in

adipocytes, blocked the increase in circulating acylcarnitines in

response to b3-AR agonist. Acute inhibition of ATGL with Atglis-

tatin treatment also led to cold intolerance in mice and reduced

levels of acylcarnitines and induction of hepatic gene expres-

sion. Although Atglistatin treatment inhibits ATGL in multiple

tissues, others have shown that ATGL knockout mice are sensi-

tive to hypothermia and that loss of ATGL in the adipocytes is

sufficient to decrease b3-AR agonist stimulation of FFA release

(Ahmadian et al., 2011; Haemmerle et al., 2006). Interestingly,

both adipose-selective deletion of ATGL and Atglistatin treat-

ment inhibited the increased expression of hepatic acylcarnitine

transcripts, suggesting that the cold-induced FFAs are not only

acting as a substrate for acylcarnitine synthesis but also stimu-

late the cold-induced transcriptional program in the liver. This

observation is recapitulated in vitro with palmitate treatment of

hepatocytes.

Our studies aimed to develop a deeper understanding of the

metabolic changes that take placewith cold exposure. Together,

our findings support a model that acylcarnitines are synthesized

by the liver to provide fuel for peripheral tissues during cold

exposure. The inability to generate acylcarnitines by the liver

leads to hypothermia. The rise in acylcarnitines is driven by sub-

strate availability of FFAs through adipose tissue lipolysis and

FFA activation of hepatic HNF4a, which drives the expression

of genes involved in acylcarnitine production. In response to

the cold, there is partitioning of acylcarnitines to BAT, heart,

and skeletal muscle, while liver and WAT decrease uptake.

Notably, brown adipocytes take up and catabolize acylcarni-

tines. This broadens the understanding of the liver as ametabolic

hub that processes fuel for peripheral tissues, including hepatic

gluconeogenesis, lipoprotein synthesis, ketogenesis, and now
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acylcarnitine production. In sum, these studies demonstrate the

importance of peripheral energy sources in heat production by

brown adipocytes and discovered an inter-tissue communica-

tion system that regulates thermogenesis.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Octn2 Antibody Rabbit Polyclonal ProteinTech Cat#16331-1-AP; RRID: AB_2191406

CPT1B-Specific Antibody ProteinTech Cat# 22170-1-AP

ApoA4 (1D6B6) Mouse mAb Cell Signaling Cat# 5700S; RRID: AB_10859038

b-Actin (8H10D10) Mouse mAb Cell Signaling Cat# 3700S; RRID: AB_2242334

Human HNF-4 alpha/NR2A1 Antibody R & D Systems Product# PP-H1415-00; RRID: AB_2263954

Anti-CPT1A antibody [8F6AE9] Abcam Cat# ab128568; RRID: AB_11141632

IgG, Rabbit Millipore-Sigma Cat# PP64; RRID: AB_97852

Bacterial and Virus Strains

pBABE-hygro SV40 LT; modified from

pBABE-puro SV40 LT

Addgene Addgene #13970

VQAd CMVeGFP-2.6del 112912 ViraQuest MSRN# 19222

VQAd CMV-Cre-eGFP ViraQuest MSRN# 7152

AAV8-TBG-CRE University of Pennsylvania

Vector Core

AV-8-PV1091

AAV8-TBG-eGFP University of Pennsylvania

Vector Core

AV-8-PV0146

Chemicals, Peptides, and Recombinant Proteins

CL-316,243 Cayman Chemical CAS 138908-40-4

Atglistatin Cayman Chemical CAS 1469924-27-3

L-Carnitine inner salt synthetic, R98% Sigma-Aldrich Cat# C0158

Palmitoyl-L-carnitine chloride R98%

(TLC), powder

Sigma-Aldrich Cat# P1645

Bovine Serum Albumin Fraction V, heat

shock, fatty acid free

Sigma-Aldrich Cat# 3117057001

Corn oil delivery vehicle for fat-soluble compounds Sigma-Aldrich Cat# C8267

Palmitoyl Carnitine Chloride,

L-[Palmitoyl-1-14C]-, 10mCi (370kBq)

Perkin Elmer Part# NEC667010UC

Chloroform Millipore-Sigma Cat# 1058-6

Methanol, ACS VWR International Cat# BDH1135-4LP

Urea reagent grade, 98% Sigma-Aldrich Cat# 208884

Sulfuric acid 99.999% Sigma-Aldrich Cat# 339741-500ML

Ultima Gold MV, 2x5L Perkin Elmer Part # 6013159

Fetal Bovine Serum RBMI Cat# FBS-BBT-5XM

Insulin, Recombinant Human Sigma-Aldrich Cat# 91077C-100MG

3,30,5-Triiodo-L-thyronine sodium salt Sigma-Aldrich Cat# T6397-100MG

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich Cat# I5879-1G

Dexamethasone Sigma-Aldrich D4902-100MG

Indomethacin Sigma-Aldrich Cat# I7378-10G

Rosiglitazone Cayman Chemical Cat# 71740

PALMITOYL-1,2,3,4-13C4-L-CARNITINE

HCL, 99 ATOM % 13C Non Haz

Sigma-Aldrich (Isotec) Material # 662127-CONF

HBSS Thermo Fisher Cat# 24020117

Collagenase from Clostridium histolyticum Sigma-Aldrich Cat# C6885-1G

Collagen, Type I solution from rat tail Sigma-Aldrich Cat# C3867-1VL

Trizol Reagent Thermo Fisher Cat# 15596018

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

17:1 Lyso PC Avanti Lipids LM-1601; CAS 1246304-62-0

17:0-20:4 PE Avanti Lipids LM-1102; CAS 253127-52-5

17:0-20:4 PC Avanti Lipids LM-1002; CAS 214918-13-5

methyl tert-butyl ether Mallinckrodt 5398-08; CAS 1634-04-4

Acetonitrile Honeywell LC-015-2.5; CAS 75-05-8

Isopropyl Alcohol Honeywell LC-323-4; CAS 67-63-0

formic acid Sigma Aldrich 33015-500ML; CAS 607-001-00-0

Ammonium Formate Alfa Aesar 14517; CAS 540-69-2

Methanol Fisher A452-4; CAS 67-56-1

d4-succinate internal standard Sigma Aldrich 293075; CAS 14493-42-6

O-methoxylamine hydrochloride MP Biomedicals 155405; CAS 593-56-6

pyridine EMD Millipore PX2012-7; CAS 110-86-1

N-methyl-N-trimethylsilyltrifluoracetamide

(MSTFA)

Thermo TS48915; CAS 24589-78-4

deuterium labled carnitine internal standards Cambridge Isotope Laboratories NSK-B-1; NSK- B-G1

fatty acid methyl ester standard (FAMES) Supelco CRM47885

Critical Commercial Assays

Free Fatty Acid Quantitation Kit Sigma-Aldrich Cat# MAK044-1KT

LabAssay Triglyceride Wako Chemicals Cat# 290-63701

Primary Hepatocyte Maintenance Supplements Thermo Fisher Cat# CM4000

SS VILO MASTERMIX 500RXN 500 RXN Thermo Fisher Cat# 11755500

KAPA SYBR FAST ROX Low Kappa Biosystems Cat# KK4621

Liver In Vivo Transfection Kit Altogen Cat #5061

RIPA Buffer Boston BioProducts Cat# BP-115

Complete Protease Inhibitor Tablets - mini Roche Cat# 04693124001

Pierce BCA protein Assay Kit Thermo Fisher Cat# 23225

Laemmli Sample buffer Bio-Rad Cat# 161-0737

ChIP DNA Clean & Concentrator Kit Genesee Scientific Cat# 11-379

Experimental Models: Cell Lines

Immortalized brown preadipocytes This paper Described in Rodriguez-Cuenca et al., 2007

primary hepatocytes This paper Described in Severgnini et al., 2012

Experimental Models: Organisms/Strains

C57BL6J, male, 10 weeks old Jackson Laboratories Stock# 000664

B6.129X1(FVB)-Hnf4atm1.1Gonz/J Jackson Laboratories Stock# 004665

B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J Jackson Laboratories Stock# 007909

B6N.129S-Pnpla2tm1Eek/J (AtglFLOX) Jackson Laboratories Stock# 024278

B6;FVB-Tg(Adipoq-cre)1Evdr/J (Adipoq-Cre) Jackson Laboratories Stock# 010803

FVB/N-Tg(UcpDta)1Kz/J Jackson Laboratories Stock# 002384

Oligonucleotides

DsiRNA - Cpt1b IDT Design ID mm.Ri.Cpt1b.13.1 from

sequence NM_009948

DsiRNA - Cpt1a IDT Design ID mm.Ri.Cpt1a.13.1 from

sequence NM_013495

Scrambled Negative Control DsiRNA IDT Cat# 51-01-19-09

RT-PCR Primers Table S1 This Paper N/A

Software and Algorithms

QuantStudio Software V1.3—for QuantStudio

6 and 7 Flex and ViiA 7 Real-Time PCR

Systems

Thermo Fisher https://www.thermofisher.com/us/en/

home/technical-resources/software-

downloads/quantstudio-flex-real-time-

pcr-system.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism/

significance analysis of microarrays Tusher et al., 2001 N/A

R version 3.1.3 this paper https://cran.r-project.org/bin/windows/

base/old/3.1.3/

Agilent Mass Hunter Qual B.05.00 Agilent \\wscsfs01\LSCA\apgsup\Software\CURRENT\

G3335AA MassHunter Quantitative Analysis

Software B.05.00 Build 291.0\Service Packs\SP2

Agilent Mass Hunter Quant B.07.00 Agilent http://www.agilent.com/en-us/support/

software-informatics/quant-report-0700-sp1

MetaboAnalyst 3.0 Xia et al., 2015 http://www.metaboanalyst.ca

MassLynx 4.1 software Waters http://www.waters.com/waters/en_US/

MassLynx-Mass-Spectrometry-Software-/

nav.htm?cid=513164&locale=en_US
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Claudio

Villanueva (villanueva@biochem.utah.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Care
All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of University of Utah. Mice were housed

at 22�C–24�C using a 12 hr light/12 hr dark cycle. Animals weremaintained on a Teklad global soy protein-free diet (2920x-030917M).

Animals had ad libitum access towater at all times, and foodwas only withdrawn if required for an experiment. Malemice C57BL6J at

3-4 months of age, unless otherwise stated. Mice were purchased from Jackson Laboratories.

Genetic Mouse Models
C57BL6Jmale mice aged to 3months were purchased from Jackson laboratories, older mice were provided by the National Institute

on Aging. HNF4aF/F mice were bred to C57BL/6 mice for five generations before crossing to homozygosity (Hayhurst et al., 2001).

Male HNF4aF/F mice were aged to 12 weeks, one week prior to cold exposure mice received intraperitoneal injection of adeno-asso-

ciated virus 8 (AAV8) containing Cre recombinase regulated by the thyroid hormone binding globin promoter (AAV8-TBG-Cre) to drive

hepatocyte specific expression or a control green fluorescent protein regulated by the same promoter (AAV8-TBG-eGFP) (University

of Pennsylvania Vector Core in Philadelphia) (Hayashi et al., 1993; Mu et al., 2015). Mice received a single injection of 400mL of AAV8-

TBG-eGFP or AAV8-TBG-Cre (titer 1012genome copies/mL).

AAKO mice were generated from the previously described ATGLF/F mice which were bred with C57BL/6NJ mice for more than 10

generations (Haemmerle et al., 2011). ATGLF/F mice were then bred to Adipoq-Cre BAC transgenic mice bred for 9 generations by the

Jackson laboratories to C57BL/6J background. The mice from this F1 generation were then crossed to generate ATGLF/F mice that

expressed the Adipoq-Cre transgene and compared to littermate controls lacking cre transgene. For the procedures described in this

manuscript, male AAKO mice and male litter mate controls ranging from 22 to 27 weeks of age were selected for an experimental

cohort.

FVB/N-Tg(Ucp-DTA)1Kz/J mice expressing the diphtheria toxin A-chain using the UCP promoter containing 3 kb of 5’-flanking

DNA and 0.3 kb of 3’-flanking DNA were acquired from the Jackson laboratory (Lowell et al., 1993). Male UCP-DTA mice were

used for studies.

Brown Adipocyte
Brown preadipocytes were isolated from C57BL6J mice (Rodriguez-Cuenca et al., 2007). Interscapular BAT was removed from

4 week-old male C57BL6J mice in sterile conditions, minced into small pieces, and incubated in digestion buffer (0.1% collagenase

type 2, DMEM, and antibiotic-50 IU Penicillan/mL and 50 mg Streptomycin/mL). The samples were incubated at 37�C in a shaking

water bath for 1 hour. The solution was cooled at 4�C for 15-30 minutes, and then infranatant was filtered through a 100mm filter

and centrifuged for 5 minutes at 700xg. The digestion buffer was removed and the pellet washed with DMEM and antibiotics

(50 IU Penicillan/mL and 50 mg Streptomycin/mL), the cells were then centrifuged for 5minutes at 700xg. The pellet was resuspended

in 0.5 ml of DMEMwith antibiotics, 0.2mL of this solution was added to a 6-well plate containing 1.8mL of cultured media (10% FBS,

DMEM, and 50 IU Penicillan/mL and 50 mg Streptomycin/mL). The day after harvest, the cells were immortalized through retroviral
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expression of SV40 Large T-antigen using hygromycin for selection (Rodriguez-Cuenca et al., 2007). For experiments, the cells were

plated in DMEM containing 10% FBS (RMBI), 20nM insulin (Sigma), and 1nM T3 (Sigma). Upon complete confluence cells were stim-

ulated for differentiation by DMEM containing 10% FBS, 20nM insulin, 1nM T3, 0.5mM isobutylmethylxanthine (Sigma), 0.5mMdexa-

methasone (Sigma), 0.125mM indomethacin (Sigma), and 1mM rosiglitazone (Cayman). After 2 days differentiation media was

removed and cells were maintained in DMEM 10% FBS, 20nM insulin, 1nM T3, and 1mM Rosiglitazone. Validation of brown preadi-

pocytes was performed by RT-PCR during a differentiation time course for BAT markers PPARg2, UCP1, Eva1, Elov3, Ebf2 and

Prdm16.

Primary Hepatocytes
Primary hepatocytes were isolated as previously described (Severgnini et al., 2012) from 8 week old male HNF4af/f Rosa26LSL-

tdTomato, a kind gift from the laboratory of Eric Snyder at the University of Utah. Briefly, animals were anaesthetized with 5% iso-

flurane, the animals were sacrificed by cervical dislocation, the abdominal cavity was opened, the rib cage removedwhile taking care

not to rupture blood vessels, and the visceral vena cava exposed. A catheter of PE-10 tubing was inserted through the right atrium

into the vena cava, the catheter was kept in place by applying a surgical knot with fibroin. The livers were perfused with sterile PBS

back pressure was created during the perfusion process by clamping the inferior vena cava below the kidneys which had previously

been severed for 5 second intervals. The liver was then perfused with DMEMwith 0.15% Collagenase type II (Sigma) for 10 minutes,

and then excised. The liver sac was then cut in sterile conditions in a 10cmdish in DMEM. The cells were passed through a 100mMcell

strainer and then pelleted at 50 g for 1 minute, the pellet was washed 3 times with DMEM and then plated on a tissue culture plate

coated with 0.1% rat tail collagen (Sigma). Cells were maintained in hepatic cell culture media (Thermo Fisher), and assessed for

hepatocyte purity by RT-PCR of albumin, cyk18, and transthyretin.

METHOD DETAILS

Cold Exposure
Mice were singly housed with no food, no bedding, but ready access to water. Starting at T0 mice were placed at the specified tem-

perature of either 30�C (thermoneutrality), 24�C (room temperature), 16�C, or 4�C (cold exposure) for 5 hours. Body temperatures

were taken every hour with a physitemp A590 rectal probe using an Oaklon Thermocouple digital thermometer.

CL-316,243 Administration
Administration of CL-316,243 (1mg/kg body weight; Cayman) or a vehicle control of sterile PBS pH 7.5 was performed by intraper-

itoneal injection. After drug or vehicle administration mice were singly housed in a cagewith no food, no bedding, but ready access to

water placed at 24�C for 5 hours. After euthanasia tissues were dissected 5 hours after administration of CL-316,243 or saline, flash

frozen in liquid nitrogen, and stored at -80�C.

Atglistatin Treatment
Atglistatin (200mmol/kg body weight; Caymen) was diluted in corn oil and provided by oral gavage, a comparable volume of corn oil

was administered by gavage in the control mice (Mayer et al., 2013). For the duration of the cold exposure mice were singly housed in

a cage with no food, no bedding, but ready access to water.

Carnitine and Palmitoylcarnitine Administration
Carnitine (100mg/kg bodyweight; Sigma) was administered by intraperitoneal injection with sterile PBS pH 7.5 used as a vehicle con-

trol. Palmitoylcarnitine (100mM; Sigma), palmitate conjugated to BSA (100mM; Sigma), or BSA solution was injected via tail vein. After

administration of metabolites mice were placed at 4�C with no food, no bedding, but ready access to water.

Palmitate Treatment of Primary Hepatocytes
The day after primary hepatocytes isolation, cells were rinsed 8-10x to remove debris. Hepatocytes from HNF4a F/F mice were in-

fected with adenovirus expressing either CMV-eGFP (GFP) or CMV-eGFP-Cre (CRE) (ViraQuest) at multiplicity of infection (MOI) of 1.

48 hours post infection cells were treated with indicated levels of BSA conjugated palmitate for 6 hours, washed 3 times with PBS,

and then RNA was extracted.

Tissue Uptake of Palmitoylcarnitine
Mice received an intravenous injection through the tail vein using 120mL solution of 1mCi of 14C-palmitoylcarnitine (PerkinElmer) mixed

with unlabeled palmitoylcarnitine (Sigma) dissolved in sterile saline. The amount of unlabeled palmitoylcarnitine was adjusted to body

weight, ensuring that the initial injection concentration was 10mM based on calculated blood volume (Riches et al., 1973). After in-

jection, micewere placed in either RoomTemperature (24�C) or Cold (4�C), body temperatures and blood samples were taken hourly.

Mice were sacrificed after five hours, tissues were weighed and processed by Folch extraction (Pandey et al., 2012). Briefly,�100mg

of tissue was homogenized in 1.4mL chloroform/methanol (2:1) first by glass dounce followed by four cycles in the TissueLyzer II

(Qiagen). Urea (40%) and sulfuric acid (5%) were added and the tubes were processed again by TissueLyzer II. Samples were centri-

fuged 1,800g for 10 minutes. The aqueous phase and organic phase were measured using liquid scintillation.
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Brown Adipocyte 13C-1,2,3,4-palmitoylcarnitine Labeling
On day 6 of differentiation brown adipocytes were washed 3 times with PBS, activated with 1mM CL-316,243, and then treated with

100mM 12C-palmitoylcarnitine (Sigma) or 100mM 13C-1,2,3,4-palmitoylcarnitine (Isotec) in Krebs Ringer Buffer (135mM NaCl, 5mM

KCl, 1mMMgSO4, .4mM K2HPO4, 5.5mMGlucose, 20mM HEPES, 1mM CaCl2 pH 7.4). After 6 hours of palmitoylcarnitine treatment

cells were washed 3 times with PBS and then collected using a cell scrapper for metabolic tracer analysis.

Hepatic Knockdown Studies
C57BL6J 3 month-old male mice received intravenous tail vein injection with 60mg of siRNA targeting Cpt1a, Cpt1b, both

Cpt1a/Cpt1b, or scrambled negative control in a hepatocyte targeting liposome mixture (Altogen) (Bukong et al., 2014). Mice

were injected a second time with 30ug of the specified siRNA liposomemixture twelve hours after the initial injection. Thirty-six hours

after the initial injection, mice were singly housed without food but free access to water and placed at 4�C. A cold tolerance test was

conducted as previously described; mice were sacrificed five hours after the start of cold exposure. The siRNAs were obtained from

IDT using proprietary designs for the scrambled (51-01-19-09), Cpt1a (mm.Ri.Cpt1a.13.1), and Cpt1b (mm.Ri.Cpt1b.13.1).

Lipid Measurements
Lipids were extracted from serum (�40 mL) aliquots then combined with 225 mL ice-cold MeOH containing internal standards (Avanti

Lipids, LM-1601 (19.82 mM, -1102 (14.52 mM) and -1002 (12.54 mM); 10 mL each / sample) and vortexed for 10 s. 750 mL of ice-cold

MTBE (methyl tert-butyl ether) was added, vortexed for 10 s, and 200 mL of water is added to induce phase separation. The sample

was then vortexed for 20 s followed by centrifugation at 14,000 g for 2 min at 4 �C. The upper phase (750 mL) was collected and evap-

orated to dryness under vacuum. Samples were reconstituted in 25 mL ACN:H2O:IPA (1:1:2 v/v) + 0.1% formic acid for analysis. A

pooled QC sample was prepared by 5 mL aliquots from each sample.

Lipid extracts were separated on an Acquity UPLC CSH C18 1.7 mm 2.1 x 100 mm column maintained at 60 �C connected to an

Agilent HiP 1290 Sampler, Agilent 1290 Infinity pump, equipped with an Agilent 1290 Flex Cube and Agilent 6520 Accurate Mass

Q-TOF dual ESI mass spectrometer. For positive more, the source gas temperature was set to 350 �C, with a gas flow of

11.1 (L/min) and a nebulizer pressure of 24 psig. VCap voltage is set at 5000 V, fragmentor at 250 V, skimmer at 74.4 V and Octopole

RF peak at 750 V. VCap voltage is set at 5000 V, fragmentor at 100 V, skimmer at 75 V and Octopole RF peak at 750 V. Reference

masses in positive mode (m/z 121.0509 and 922.0098) were infused with nebulizer pressure at 2 psig. Samples were analyzed in a

randomized order acquiring with the scan range betweenm/z 100 – 1700.Mobile phase A consists of ACN:water (60:40 v/v) in 10mM

ammonium formate and 0.1% formic acid, and mobile phase B consists of IPA:water (90:10 v/v) in 10 mM ammonium formate and

0.1% formic acid. The chromatography gradient for both positive and negative modes starts at 15% mobile phase B increasing to

30% B over 4 min, it then increases to 52% B from 4-5 min, then increases to 82% B from 5-22 min, then increases to 95% B from

22-23min, and then increases to 99%B from 23-27min. From 27-38min it’s held at 99%B, then returned to 15%B from 38-38.2 min

andwas held there from 38.2-44min. Flow is 0.3mL/min throughout. Tandemmass spectrometry was conducted using the same LC

gradient and at collision energies of 10 V, 20 V and 40 V. Injection volume was 3 mL.

Results from LC-MS experiments were collected using Agilent Mass HunterWorkstation and analyzed using the software package

Agilent Mass Hunter Qual B.05.00. Using the Find By Formula (FBF) algorithm, MS/MS fragmentation and a Lipids PCLD database,

possible assignments were generated then individually inspected. Compounds were also checked against the blank process sample

to remove any artifacts. Once a list of confident assignments was made, a Mass Hunter Quant method was generated and the soft-

ware program Mass Hunter Quant is used to analyze and integrate each compound. Lipids are normalized to LM-1601 response

(PC(17:1(10Z)/0:0)). Representative chromatogram and corresponding standards can be found in Table S3. Serum free fatty acids

were quantified by colorimetric kit according to the manufacturer’s instruction (Sigma).

Acylcarnitine Analysis
Acylcarnitine analysis was performed according to a published procedure (Liu and Pasquali, 2005) (Figures 1E, S1A, and S1B). A

Waters Acquity Ultra Performance LC solvent manager system was used for sample and mobile phase delivery. MS/MS analysis

was performed on a Waters Quattro Premier XE tandem mass spectrometer operated in positive ion electrospray mode using

MassLynx software. Acylcarnitines extracts were derivatised with butanolic HCl, dried, and resuspended in mobile phase for MS/

MS analysis. Free carnitine and acetylcarnitine were monitored in selective reaction monitoring mode (SRM), while all other acylcar-

nitines were monitored using parent ion scan (m/z 85). A list of butylated acylcarnitine species are shown in Table S2. Acylcarnitines

were quantified using stable isotope dilution method and NeoLynx software.

Metabolic Tracer Analysis
Brown adipose tissue was weighed in beadmill tubes containing 1.4 mm ceramic beads (Qiagen, Carlsbad, CA). Cold methanol con-

taining d4-succinate as an internal standard was added to give a final methanol concentration of 80%. An Omni Bead Ruptor (Omni,

Kennesaw, GA) was employed at 6.45 MHz for 30 seconds to disrupt the cells. The supernatant was transferred to fresh microfuge

tubes and protein was precipitated by incubation at -20� C for 30 minutes. The extract was clarified by centrifugation at 20,000 x g

followed by transfer to new fresh microfuge tubes and solvent removed en vacuo.

All GC-MS analysis was performed with a Waters GCT Premier mass spectrometer fitted with an Agilent 6890 gas chromatograph

and a Gerstel MPS2 auto sampler. Dried samples were suspended in 40 mL of a 40 mg/mL O-methoxylamine hydrochloride (MOX) in
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pyridine and incubated for one hour at 30� C. To auto sampler vials was added 25 mL of this solution. 40 mL of N-methyl-N-trimethyl-

silyltrifluoracetamide (MSTFA) was added automatically via the auto sampler and incubated for 60 minutes at 37� C with shaking.

After incubation 3 mL of a fatty acid methyl ester standard (FAMES) solution was added via the auto sampler then 1 mL of the prepared

sample was injected to the gas chromatograph inlet in the split mode with the inlet temperature held at 250� C. A 10:1 split ratio was

used for analysis. The gas chromatograph had an initial temperature of 95� C for one minute followed by a 40� C/min ramp to 110� C
and a hold time of 2 minutes. This was followed by a second 5� C/min ramp to 250� C, a third ramp to 350�C, then a final hold time of

3 minutes. A 30 m Phenomex ZB5-5 MSi column with a 5 m long guard column was employed for chromatographic separation.

Helium was used as the carrier gas at 1 mL/min. Data was collected using MassLynx 4.1 software (Waters). Each isotope for the

targeted metabolites were identified and their peak area was recorded using QuanLynx. All the extracted data was then corrected

mathematically to account for natural abundance isotopes, and finally showed as the fraction of the total pool of citrate (Katajamaa

and Ore�si�c, 2005).

Gene Expression
RNA was isolated from liver, skeletal muscle, or BAT using Trizol reagent (Invitrogen), samples were homogenized with a

TissueLyzer II (Qiagen). Reverse transcription was performed with SuperScript VILO Master Mix (Thermo Fisher). Quantification

of gene expression was performed with KAPA SYBR FAST qPCR 2x Master Mix Rox Low (Kapabiosystems) on an Applied

Biosystems QuantStuio 6 Flex Real-Time PCR System, 384-well. Analysis was performed by a calculated relative expression extrap-

olated from a standard curve for each primer pair that was then normalized to expression of the housekeeping gene RPL13. Primer

pairs were designed with Universal Probe Library (Roche) or qPrimer Depot (https://mouseprimerdepot.nci.nih.gov/), a list of primer

pairs is included in Table S1.

Protein Analysis
Liver tissue was homogenized by glass dounce in RIPA buffer (Boston Bioproducts) with added protease inhibitor (Roche). Tissue

samples were spun at 12,000 x g for 10 minutes at 4�C and the supernatant was extracted. Protein quantification was performed

by BCA assay (Thermo Fisher), diluted in Laemmli loading buffer (BioRad), heated at 70�C for 20 min, and run on a standard 10%

acrylamide gel. Protein was transferred to Amersham Protran .45mM Nitrocellulose (GE healthcare) and blotted for Cpt1b (16331-

1-AP, ProteinTech), Octn2 (16331-1-AP, ProteinTech), Apoa-IV (5700S, Cell Signaling), HNF4a (PP-H1415-00, R & D Systems), or

b-Actin (3700S, Cell Signaling).

Chromatin Immunoprecipitation
Chromatin was prepared from snap frozen livers. Livers were minced in 1% formaldehyde in PBS and incubated for 10 minutes at

room temperature. Followed by quenching with 125 mM glycine for 10 minutes at room temperature. Livers were then homogenized

in TissueLyser II according to manufacturer’s instructions. Samples were centrifuged at 400g for 5 min and resuspended in chip lysis

buffer (25mM Tris pH8, 2mM EDTA, 150mM NaCl, 1% Triton X-100, 0.1% SDS) and sonicated in Diagenode pico bath sonicator for

33 cycles, 40 seconds on 40 seconds off. Chromatin was Immunoprecipitated with antibodies against IgG (PP64 EMD Millipore),

HNF4a (PP-H1415-00, R & D Systems) overnight at 4�C in the presence of Dynabeads protein A (10001D, Invitrogen). DNA was

purified with ChIP DNA Clean & Concentrator Kit (11-379, Genesee Scientific) and quantified by real-time PCR (ABI QuantStudio

Flex6) using Syber green (KK4621, Kapa Biosystems). Occupancy was quantified using a standard curve and normalized to input

DNA. Primers are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Assessment of lipidomics t-test p value, fold change, and generation of heat map were performed in MetaboAnalyst 3.0 (Xia et al.,

2015). Comparison of the differentially abundant plasma lipids from 3month old and 24month oldmice in RoomTemperature or Cold

was performed by significance analysis of microarrays (SAM) (Tusher et al., 2001). A tuning parameter, delta of 0.4, optimized the

cutoff for significance with the estimation of false discovery rate (FDR) threshold q-value of 0.05. Volcano plot creation and SAM

was performed using R (version 3.1.3). Comparison between two groups was completed by student T-test, while multiple compar-

isons were completed using Two-way ANOVA followed by a Tukey post-hoc analysis using Prism 7.
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