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Abstract Transcriptional coactivator PPAR vy coactivator
(PGC)-1a and its splice variant N-terminal (NT)-PGC-1a me-
diate transcriptional regulation of brown adipose tissue
(BAT) thermogenesis in response to changes in ambient tem-
perature. PGC-1a is dispensable for cold-induced BAT ther-
mogenesis as long as NT-PGC-la is present. However, the
functional significance of NT-PGC-1a in BAT has not been
determined. In the present study, we generated NT-PGC-
1o/~ mice to investigate the effect of NT-PGC-la deficiency
on adaptlve BAT thermogenesis. At thermoneutrality, NT-
PGC-1a™’~ mice exhibited abnormal BAT phenotype with
increased accumulation of large lipid droplets concomitant
with marked downregulation of FA oxidation (FAO)-related
genes. Consistent with transcriptional changes, mltochon-
drial FAO was 51gnlﬁcantly diminished in NT-PGC-l1a™’
BAT. This alteration, in turn, enhanced glucose utilization
within the NT-PGC-1a”/~ BAT mitochondria. In line with
this, NT-PGC- 1o~/ mice had higher reliance on carbohy-
drates. In response to cold or Bs-adrenergic receptor agonist,
NT-PGC-la™’~ mice transiently exhibited lower thermogen-
esis but reached similar thermogenic capacities as their WT
littermates.lll Collectively, these findings demonstrate that
NT-PGC-la is an important contributor to the maintenance
of FAO capacity in BAT at thermoneutrality and provide
deeper insights into the relative contributions of PGC-1« and
NT-PGC-la to temperature-regulated BAT remodeling.—
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J. S. Chang. NT-PGC-1a deficiency decreases mitochondrial
FA oxidation in brown adipose tissue and alters substrate
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Brown adipose tissue (BAT) is specialized in dissipating
energy in the form of heat. This process, known as nonshiv-
ering thermogenesis, requires an abundant fuel supply, a
high number of mitochondria, and high levels of uncou-
pling protein 1 (UCP1), a BAT-specific transport protein
located in the inner mitochondrial membrane (IMM) (1).
UCPI1 uncouples fuel-driven proton gradient from ATP
synthesis and promotes proton leak across the IMM, thus
resulting in heat production (2, 3). BAT not only allows
rodents to maintain body temperature at temperatures
below the thermoneutral zone, but also plays a role in
whole-body energy balance (4, 5). Adult humans also
have functional BAT depots that contribute to metabolic
homeostasis (6, 7).

BAT undergoes cellular remodeling in response to
changes in ambient temperature. Cold-induced stimula-
tion of Bs-adrenergic receptor (B3-AR) on brown adipocyte
cells leads to a marked increase in UCP1 expression/activity,
mitochondrial biogenesis, intracellular lipolysis, mitochon-
drial FA oxidation (FAO), and de novo lipogenesis (8-10).
FA metabolism plays an essential role in maximizing UCP-
mediated heat production. Lipolysis-derived FAs are di-
rected to the mitochondria, where they activate UCP1
(11-14). FAs also undergo -oxidation to generate acetyl-
coA, which enters the tricarboxylic acid cycle and is oxi-
dized to generate NADH and FADH,. The NADH and
FADH, are then used by the electron transport system to
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produce a proton gradient required for UCPl-mediated
heat production (1). Prolonged cold exposure simultane-
ously increases FA synthesis and storage in BAT that con-
tributes to replenish triacylglycerol (TAG) in lipid droplets,
thus allowing continuous FA supply to be matched with
increased rates of FAO (8-10, 15, 16). At thermoneutral
temperature (28-32°C), where heat-producing demands
are minimal, the aforementioned BAT thermogenic pro-
gram is inactivated (1).

Temperature-sensitive transcriptional coactivator PPAR
v coactivator 1-a (PGC-la) is a master regulator of adap-
tive BAT thermogenesis (17, 18). PGC-1a is upregulated by
cold/Bs-AR stimulation and activates a number of transcrip-
tion factors, leading to increased expression of UCP1
and many mitochondrial genes involved in mitochon-
drial biogenesis and oxidative metabolism (17, 18). Previ-
ously, we showed that alternative splicing of the PGC-la
gene produces a shorter but functional isoform of PGC-
la [N-terminal (NT)-PGC-1a] in rodents and humans
(19). Mice lacking both PGC-1a and NT-PGC-1a are un-
able to produce heat from BAT due to impaired induc-
tion of UCPI and mitochondrial gene expression in
response to cold (20). In contrast, mice selectively defi-
cient in full-length PGC-lae can maintain normal BAT
function and activate cold-induced thermogenesis be-
cause NT-PGC-la upregulates UCP1 and many mito-
chondrial genes involved in FA transport, -oxidation,
the TCA cycle, and electron transport in the absence of
PGC-la (19, 21-23).

The present study aimed at elucidating the functional
significance of NT-PGC-la in adaptive BAT thermogen-
esis using newly generated NT-PGC-la~/~ mice. By assess-
ing the thermogenic response to warm (28°C) or cold
(4°C)/Bs-AR agonist, we here demonstrate that NT-PGC-
la is dispensable for mitochondrial biogenesis and respi-
ration, but specifically important for mitochondrial FAO
in quiescent BAT and in fully activated BAT where the
maximum FA-oxidizing capacity is needed. Taken together
with our previous studies, our findings underscore the
relative contributions of PGC-la and NT-PGC-la to tem-
perature-regulated BAT remodeling.

MATERIALS AND METHODS

Animal studies

The animal protocol for the study was approved by the Institu-
tional Animal Care and Use Committee at the Pennington Bio-
medical Research Center, and the procedures were carried out
in accordance with the approved guidelines. Mice were housed
at a room temperature of 22°C under a 12 h light/12 h dark
cycle with ad libitum feeding (standard chow 5001, LabDiet,
St. Louis, MO). For cohort 1, 4 week old female mice were kept
at 22°C or housed at near thermoneutrality (28°C) for 3 weeks.
For cohort 2, female mice housed at 28°C for 3 weeks were singly
housed and exposed to 4°C. Core rectal temperature was
measured at baseline and every 1 h over the 5 h period of cold
exposure. For cohort 3, male mice housed at 28°C were weighed,
and their body composition was measured using a Bruker Mouse
Minispec (Bruker Optics, Billerica, MA). Mice were then placed

in indirect calorimetry chambers (Columbus Instruments,
Columbus, OH) and monitored for VO, and VCO, for 4 h prior
to and after CL316243 injection (1 mg/kg body weight). For the
cohort 4, male mice housed at 28°C were determined for body
weight and composition and placed in indirect calorimetry
chambers. After 3 days in the chambers, mice were intraperito-
neally injected with CL316243 (1 mg/kg body weight/day) for
4 days and continuously monitored for VO, and VCO,. Locomo-
tor activity was measured while the mice were in the chambers.
Energy expenditure (EE) was calculated as VO, x [3.815 + (1.232 x
RQ)] x 4.187 and expressed as kilojoules per hour. After remov-
ing from indirect calorimetry chambers, mice were injected with
CL316243 for an additional 3 days. At the end of experiments
(cohorts 1-4), BAT and white adipose tissue (WAT) were col-
lected in the fed state.
Generation of NT-PGC-1a™/~ mice

Gene targeting and chimeric mouse production were per-
formed by the Transgenic Core at Pennington Biomedical Re-
search Center. DNA derived from a C57BL6 genomic BAC library
clone (RP24-399]12) was used to generate a targeting vector con-
taining fused exons 6 and 7 and the loxP-neo-loxP. Targeted al-
bino B6 embryonic stem cells carrying the mutant allele were
injected into C57BL6 blastocytes, and chimeric mice were mated
to C57BL6 mice to obtain heterozygous offspring containing a
germline mutant allele. These heterozygotes were subsequently
mated to Zp3-Cre transgenic mice (Jackson Laboratory catalog
no. 003651) that express Cre recombinase under the control of
7ZP3 promoter, which is activated in growing oocytes (24). The
Cre recombinase-mediated deletion of the neo cassette was con-
firmed by PCR. Heterozygous NT- PGC la”” mice were mated to
obtain homozygous NT-PGC- la™’" mice. Genotyping was per-
formed by PCR using ear punch DNA.

Quantitative real-time PCR analysis

Total RNA was reverse-transcribed for quantitative real-time
PCR (qPCR) analysis as described previously (19, 23, 25). Relative
expression levels of genes were determined after normalization to
cyclophilin by the 277" method. For quantitative analysis of mito-
chondrial biogenesis, mitochondrial and nuclear DNA were iso-
lated, and their respective copy numbers were measured using
qPCR with primers for ND1 and LPL as described previously (23).

FAO assay

Palmitate oxidation was measured as previously described (22, 26).
In brief, freshly isolated adipose explants were homogenized
in SET buffer containing 250 mM sucrose, 1 mM EDTA, and
10 mM Tris-HCI (pH 7.4). Tissue homogenates were incubated
with reaction mixture containing 62.5 mM sucrose, 12.5 mM po-
tassium phosphate, 100 mM potassium chloride, 1.25 mM magne-
sium chloride, 0.5 mM EDTA, 1.25 mM r-carnitine, 0.125 mM
malic acid, 1.25 mM DTT, 62.5 pM NAD, 2 mM ATP, 62.5 pM
CoA, 10 mM Tris-HCI (pH 7.4), 200 pM palmitic acid coupled to
BSA, and [1- 14C]palmitate (0.65 pCi/ml). After 30 min of incuba-
tion at 37°C, 70% perchloric acid was added to stop the reaction.
The C02 produced during the incubation was trapped in 1 M
sodium hydroxide, and the acidified portion of the incubation
mixture was collected for liquid scintillation counting. Total pal-
mitate oxidation was determined and normalized to total protein
content in each sample.

Lipolysis assay
Interscapular BAT was freshly isolated, cut into small pieces

(~20 mg), and incubated at 37°C under agitation in Krebs—
Henseleit buffer (KHB) containing 5 mM glucose and 2% BSA with
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or without isoproterenol (1 pM). After 6 h of incubation, an aliquot
(25 pl) of the supernatants was incubated with 125 pl of glycerol
assay buffer (pH 9.5) containing 1 mg/ml 3-NAD, 1.8 mM ATP,
GAPDH, and glycerokinase. Glycerol release was determined by
measuring the absorbance at 320 nm. For inguinal and visceral adi-
pose tissue, fresh fat explants were digested at 37°C with collagenase
in KHB containing 5 mM glucose and 2% BSA, filtered through
nylon mesh, and centrifuged. Isolated adipocytes were then incu-
bated with or without isoproterenol (0.1 and 1 pM) at 37°C in KHB
containing 5 mM glucose and 2% BSA. Glycerol was measured from
infranatants after 2 h of incubation. Glycerol levels were normalized
to total genomic DNA content in each sample.

Tissue O, consumption rates

Oxygen consumption rates (OCRs) of BAT were measured as
described previously (22). Briefly, fresh BAT explants were cut
into small pieces (~5 mg) and placed in a respirometric cham-
ber of the OROBOROS Oxygraph-2k (Oroboros Instruments,
Innsbruck, Austria) containing the respiration buffer. Oxygen
consumption was measured in the presence of malate/pyruvate,
rotenone/succinate, or malate/palmitoyl carnitine, followed by
injection of antimycin A. Mitochondrial respiration was deter-
mined by subtracting antimycin A-independent nonmitochon-
drial respiration and normalized by tissue weight.

Histological analysis

Tissue samples were fixed in 10% neutral-buffered formalin,
paraffin embedded, and sectioned (5 pm) by the Cell Biology and
Bioimaging Core at Pennington Biomedical Research Center.
H&E-stained paraffin sections were scanned using a Hamamatsu
NanoZoomer slide scanner (Hamamatsu, Japan).

TAG analysis

Tissue samples (40-60 mg) were homogenized in the Standard
Diluent Assay Reagent provided by a Triglyceride Colorimetric Assay
kit (Cayman Chemical, Ann Arbor, MI), and TAG concentrations
were measured as described in the manufacturer’s instructions.

Western blot analysis and Immunoprecipitation

Whole-cell extracts were prepared from tissues by homogeniza-
tion in RIPA buffer containing protease and phosphatase inhibi-
tor cocktail (25) and subjected to Western blot analysis using
following antibodies: anti-phospho-HSL (S563), anti-HSL, anti-
ATGL (Cell Signaling), and anti-actin (Sigma). For immunopre-
cipitation, the whole-cell extracts were incubated with IgG or
polyclonal anti-PGC-1a (19, 22) overnight at 4°C, followed by in-
cubation with protein A agarose beads for 3 h at 4°C. After wash-
ings, immunoprecipitates were subjected to Western blot analysis
using anti-PGC-la antibody. Protein concentration was deter-
mined using Bio-Rad DC protein assay reagents according to the
manufacturer’s instructions.

Statistical analysis

Data are presented as mean + SEM. Student #test or two-way
ANOVA was used to compare the difference between groups us-
ing GraphPad Prism 6 software. Values of P < 0.05 were consid-
ered statistically significant.

RESULTS

Generation of NT-PGC-1la~/~ mice

We previously reported that alternative 3 splicing of
the PPARGCIA gene produces an additional transcript
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encoding a shorter isoform of PGC-1a named NT-PGC-1a
(19) and that NT-PGC-1a is sufficient to maintain normal
BAT function and activate cold-induced thermogenesis in
mice selectively deficient in full-length PGC-1a (21-23). To
evaluate whether NT-PGC-1a is necessary for BAT function
and adaptive thermogenesis, we generated mice with selec-
tive loss of NT-PGC-la. A neomycin-based gene-targeting
vector was generated to delete a 108 bp intron sequence
between exons 6 and 7 of the murine PPARGCIA gene that
contains an alternative 3’ splice site for NT-PGC-1a (19)
(Fig. 1A). The insertion/recombination event resulted in a
fused exon 6-7 without the intron. It is predicted that this
fused exon 6-7 prevents generation of NT-PGC-1a as well
as additional NT-PGC-1a-b (also known as PGC-1a4) and
NT-PGC-1a-c isoforms produced from the alternative exon
1b (23, 27). The neo cassette was subsequently removed by
crossing to the Zp3-Cre transgenic mouse that expresses
Cre recombinase in growing oocytes (24). The resulting
heterozygous NT-PGC-1a” ™ mice were mated to produce
homozygous NT-PGC-la”’~ mice. The mutant allele was
confirmed using PCR analysis of genomic DNA isolated
from NT-PGC-1a™*, NT-PGC-1a” ", and NT-PGC-1a™/~
mice (Fig. 1B). The efficacy of the gene targeting was fur-
ther evaluated by qPCR analysis with the previously verified
isoform-specific primers (19, 23). Both PGC-lac and NT-
PGC-la transcripts were detected in BAT, muscle, heart,
WAT, brain, and liver of WT littermates, but NT-PGC-1a
transcripts were absent in NT-PGC-la™’™ mice (Fig. 1D),
demonstrating that the mutant allele blocks an alternative
splicing event producing the NT-PGC-la transcript.

NT-PGC-1a is required for basal expression of
FAO-related genes in BAT of mice housed at
thermoneutral temperature

Pups lacking NT-PGC-la were born at the expected
Mendelian ratio at room temperature (22°C). After wean-
ing, mice were housed at 22°C or near thermoneutral tem-
perature (28°C). H&E-stained BAT sections at 22°C revealed
normal histology without difference in triacyglycerol levels
between WT and NT-PGC-1a” /™ BAT (Fig. 2A, B). In con-
trast, NT-PGC-la/~ mice housed at 28°C exhibited ab-
normal BAT phenotype with increased accumulation of
large lipid droplets (Fig. 2A), which is a feature associ-
ated with impaired BAT function. The TAG content was
also higher in NT-PGC-la™/~ BAT compared with WT
BAT (Fig. 2B).

Our previous microarray analyses showed that expres-
sion of NT-PGC-1a in PGC-1a™/~ brown adipocytes upreg-
ulatesmanygenesinvolved in thermogenesis, mitochondrial
respiration, FA transport/oxidation, and FA synthesis (21).
We thus assessed changes in gene expression associated
with these biological pathways that might account for the
observed phenotype of NT-PGC-la-deficient BAT at 28°C.
Surprisingly, transcript levels of mitochondrial UCP1 and
electron transport chain (ETC) genes were comparable
between WT and NT-PGC-1a”/~ BAT (Fig. 2C). Consistent
with gene expression results, there was no difference in
mitochondrial number (Fig. 2D), indicating that NT-PGC-1a
is not required for expression of mitochondrial genes
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Fig. 1. Generation of NT-PGC-la/~ mice. A: Schematic of the

gene-targeting strategy. A region of the mouse PPARGCIA gene
containing exons 4-8 is shown at the top. The targeting vector con-
tains a fused exon 6-7 and a neomycin (neo) cassette flanked with
loxP sites. Homologous recombination between the targeting vector
and the PPARGCIA gene is indicated with solid lines. Insertion of
the targeting construct into the PPARGCIA gene results in deletion
of the 108 bp intron between exons 6 and 7. The neo cassette was
removed by crossing to a Zp3-Cre transgenic mouse line. Two arrows
above the exons 6 and 7 indicate a primer pair used for genotyping.
B: PCR analysis of ear punch samples from NT-PGCG-1la™", NT-PGC-
la"”, and NT-PGC-la /™ mice using a primer pair described in A.
C: Schematic of WT and NT-PGC-la. /~ mice expressing PGC-la./
NT-PGC-la and PGC-la, respectively. AD, transcription activation
domain; LXXLL, leucine-rich nuclear receptor binding motif; RS,
arginine/serine-rich domain. D: qPCR analysis for detection of PGC-
la and NT-PGC-la transcripts using the previously validated iso-
form-specific grimers (19, 23) (n = 6-9). All data are presented as
mean + SEM. “P< 0.001; *P<0.0001 determined by Student’s ttest.

involved in mitochondrial biogenesis, respiration, and un-
coupling in BAT.

We observed significantly reduced expression of genes
associated with FAQ, lipolysis, and FA synthesis. Several key
genes encoding a FA transporter (CPT13) and FAO en-
zymes such as short, medium-, long- and very-long-chain
acyl-CoA dehydrogenases (SCAD, MCAD, LCAD, and
VLCAD) were markedly downregulated in NT-PGC-la™/~

BAT (Fig. 2C). Diminished FAO gene expression was
also correlated with lower transcript levels of a FAO gene-
regulating transcription factor PPARa. PPARa primarily
activates genes involved in FA uptake and B-oxidation,
rather than genes in mitochondrial biogenesis, TCA cycle,
or respiration (28, 29). We previously found that PPAR« is
one of NT-PGC-la target genes, and PPARa-mediated
transcription is enhanced by NT-PGC-la (19, 21-23).
Taken together, these findings indicate that NT-PGC-la-
mediated expression and activation of PPARa is required
to maintain FAO gene expression in the basal (i.e., thermo-
neutral) state. Consistent with transcriptional changes, NT-
PGC-la™/~ BAT exhibited the diminished capacity to
oxidize palmitic acids (Fig. 2E). In addition to FAO genes,
transcript levels of ATGL and HSL, which are predominant
TAG hydrolases in BAT (30), were lower in NT-PGC-la™/~
BAT (Fig. 2C). However, this reduction in mRNA levels was
not associated with reduced protein levels (Fig. 2F), lead-
ing to no change in basal and isoproterenol-stimulated
lipolysis (Fig. 2G). ADRB3 gene expression (Fig. 2C) and
PKA-mediated phosphorylation of HSL at serine 563 were
relatively similar (Fig. 2F), suggesting that 33-AR signaling
is not altered in NT-PGCG-1a.”/~ BAT. Moreover, NT-PGC-
la”/” BAT showed reduced expression of several lipogenic
genes, including the previously identified NT-PGC-1a tar-
gets, ACC1 and ACC2 (21) (Fig. 2C). Despite the effect on
ACC1 and ACC2, overall effects of NT-PGC-1a ablation on
lipolytic and lipogenic gene expression are likely indirect.
Reduced FAO might induce alteration in lipolytic and lipo-
genic gene expression by the previously observed cross-talk
among FA oxidation, lipolysis, and FA synthesis (8-10, 15,
16). This altered gene expression profile in FA metabolism
was not observed in either NT-PGC-la./~ BAT collected at
92°C or cultured NT-PGC-1a™’~ brown adipocytes (supple-
mental Fig. S1).

Measurement of mitochondrial respiration of BAT ex-
plants with different respiratory substrates further revealed
that FA (palmitoyl carnitine)-responsive respiration was
lower in NT-PGG-la./~ BAT compared with WT BAT (Fig.
2H). However, when pyruvate, the end product of glycoly-
sis, was provided as a respiratory substrate, mitochondrial
respiration was higher in NT-PGC-1a /™ BAT, indicating a
shift in substrate utilization toward glucose. FAO within
the mitochondria increases acetyl CoA and NADH, which
subsequently inhibit the pyruvate dehydrogenase (PDH)
complex that mediates conversion of pyruvate to acetyl
CoA (31). The resulting decrease in FAO might relieve the
inhibition of the PDH complex in NT-PGC-la” /™ BAT, fa-
voring pyruvate oxidation. In particular, PDK4 gene ex-
pression was significantly lower in NT-PGG-la/~ BAT
(Fig. 2C). PDK4 phosphorylates and inhibits the PDH
complex as well (32). Together, decreases in acetyl CoA,
NADH, and PDK4 might contribute to the enhanced
capacity of NT-PGC-la”’~ BAT to oxidize pyruvate in the
mitochondria.

Effects of NT-PGC-1a deficiency on WAT

Histological analyses showed that inguinal and visceral
(gonadal) fat pads from NT-PGC-la” /™ mice housed at 28°C

NT-PGC-1a ablation reduces FA oxidation in BAT 1663



A 22C 28C (3 weeks) B
WT NT-PGC-1a" 60 40 * mmwT
; : e = E O NT-PGC1a™
€= =
Y Q
% i 2 30
o 2
D 30 =)
£ Exn
©
© 20 o
10 10
22°C 28°C
(3 weeks)
. . FAO
C Mitochondrial genes o wT i
g 20 B NT-PGC1a o 18 als 'l
° * . e o 2
345 K] K] 2
- 1 1.0 < 1.0 < 1.0
s 2 s ]
10 © 4 4 .
E E E £
o .g 0.5 'g 0.5 ;2‘: 0.5
£ 05 = k] 5
2 ] Q [
® o & o0 ® 00 0.0
& 3
Q N o
¥ qe(‘ & Q
Lipolysis Lipogenesis D o wr
n 12 @ 14 @ 20, ™ NT-PGC-1a™"
Q [ [7] o~
> > > o
2 2 2 E T
1.0 < 1.0 < 1.5
3 P4 z g
x . [ o =
€ E E S 1.0
2 os o5 2 £
= = = <
3 o Kl Z 0.5
& & & a
0.0 0.0 E 3
> .0
&~ B & O
& ¥ &8 &
<Q
E o wr F G o wr H
- of=
2 200 B NT-PGC-10 W NT-PGCAat 4, NT-PGC-1o” T 40 Wi
o E 5 =
§E 150 S —— W 0-HSL(S563) 2 0 ; B NT-PGCIa™
o c * 30 s 30
=5 o @ o
52 e HSL g o £
X 5 100 2 o o2 20
°3 S - ATGL g = 83
Y .. N —" = 3
Sg 50 I~ e et [-5C1IT g 10 S Aap
Ec s g
& 0 ] & o

Basal 150 PM RS PCM

Fig. 2. FAOislowerin BAT of NT-PGC-la™’~ mice housed at thermoneutrality. A: Representative H&E images of BAT from 7 week old WT
and NT-PGC-1o./~ mice housed at 22°C (22C) or 28°C (28C) for 3 weeks (n =4 or 5 per group). Scale bars, 50 pm. B: Triacyglycerol (TG)
content of BAT from WT and NT-PGC-la™/~ mice (n = 8 per genotype). C: qPCR analysis of BAT gene expression in WT and NT-PGC-la™ "~
mice housed at 28°C for 3 weeks (n = 8 per genotype). D: qPCR analysis of mitochondrial biogenesis (28°C). The relative ratio of mitochon-
drial DNA (mtDNA) to nuclear DNA (nucDNA) was analyzed (n = 8 per genotype). E: The c) palmitate oxidation rates measured in fresh
BAT homogenates in triplicate (n = 7 per genotype) (28°C). F: Western blot analysis of lipolytic enzymes in BAT. G: Basal and isoproterenol-
stimulated lipolysis of BAT tissues (28°C). Glycerol release was measured in the absence and presence of isoproterenol (ISO; 1 pM) (n =7
or 8 per genotype). H: OCRs of BAT explants in the presence of malate/pyruvate (PM), rotenone/succinate (RS), or malate/palmitoyl
carnitine (PCM) (28°C). Measurements were performed in duplicate (n =5 per genotype). All data are presented as mean + SEM. *P < 0.05;

##P<0.01; #%P< 0.001 determined by Student’s #test.

had normal adipose tissue morphology (Fig. 3A). Given
that NT-PGC-la regulates a number of genes involved in
thermogenesis, mitochondrial respiration, mitochondrial
FA transport/oxidation, and FA synthesis in 3T3-L1 adipo-
cytes (21), we assessed the effect of NT-PGC-la deficiency
on gene expression in inguinal and visceral (gonadal)
WAT. Inguinal NT-PGC-la. '~ WAT exhibited the trend
toward higher expression of mitochondrial electron trans-
port and FAO genes (Fig. 3B). However, these changes
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were not sufficient to increase mitochondrial respiration
(Fig. 3D) and FAO (Fig. 3E). Interestingly, transcript levels
of ATGL, HSL, and MGL, as well as ADRB3, were higher in
inguinal NT-PGC-1a/~ WAT (Fig. 3B), in conjunction with
an increase in isopreterenol-stimulated lipolysis (Fig. 3G).
Protein levels of ATGL and HSL were not increased but
PKA-mediated phosphorylation of HSL at serine 563 was
greatly increased in inguinal NT-PGG-la™/~ WAT (Fig. 3H).
In contrast, NT-PGC-1a ablation had no discernable effects
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Fig. 3. Effects of NT-PGC-la ablation on WAT. A: Representative H&E images of inguinal and visceral (gonadal) WAT from WT and NT-
PGC-la/ mice adapted at 28°C for 3 weeks. Scale bars, 200 pm. B, C: qPCR analysis of gene expression in IWAT and visceral WAT (VWAT)
from WT and NT-PGC-la’~ mice (n =8 per genotype). D: OCRs of IWAT explants in the presence of malate/pyruvate (PM), rotenone/
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on gene expression and FA metabolism in visceral (gonadal)
adipose tissue (Fig. 3C, F, 1, ]).

NT-PGC-la~’~ mice exhibit lower thermogenic response
to cold

To determine whether NT-PGC-la is required for cold-
induced activation of BAT thermogenesis, WI' and NT-
PGC-la’™ mice were exposed to cold (4°C) for 5 h while
core body temperature was monitored. NT-PGC-la™/~
mice exhibited a larger drop (2.35°C) in body tempera-
ture than WT mice (0.34°C) after 5 h of cold exposure
(Fig. 4A). qPCR and Western blot analyses confirmed no
cold-dependent induction of NT-PGC-la expression in
BAT (Fig. 4B, C and supplemental Fig. S2). Moreover, NT-
PGC-1a deficiency did not alter the mRNA and protein
levels of PGC-1a in BAT (Fig. 4B, C and supplemental Fig.
S2). Surprisingly, cold-induced expression of UCPI and
DIOZ2, which are indispensable for cold-induced BAT ther-
mogenesis (3, 33), was comparable between WT and
NT-PGC-la/~ BAT (Fig. 4D), indicating that lower ther-
mogenic response of NT-PGC-la~’~ mice is not due to im-
paired induction of UCP1 and DIO2 mRNA in BAT. This
may be in part due to reduced rates of FAO in NT-PGC-
la™/” BAT.

NT-PGC-la~’~ mice exhibit normal thermogenic capacity
during the prolonged (;-adrenergic stimulation but have
higher reliance on carbohydrate utilization

During acute cold exposure, mice can defend their body
temperature by both BAT-mediated nonshivering thermo-
genesis and skeletal muscle-mediated shivering thermo-
genesis. To minimize the effect of muscle shivering, we
activated BAT thermogenesis using a cold-mimetic $3-AR
agonist, CL316243, under a thermoneutral zone and
measured EE using indirect calorimetry. Given that 35-AR
expression is limited to adipose tissue (34, 35), CL.316243-
induced increase in whole-body EE is attributable to the
CL316243-induced activation of BAT thermogenesis. NT-
PGC-la”’~ mice exhibited no difference in body weight
and body composition (Fig. 5A). Baseline EE normalized
by body weight was comparable between WT and NT-PGC-
la”’” mice (Fig. 5B). Administration of CL316243 rapidly
increased EE in both WT and NT-PGC-la”/~ mice. How-
ever, NT-PGC-1a~’~ mice exhibited a lower increase in EE
compared with WT littermates during 4 h of B;-AR stimula-
tion (Fig. 5B). A daily injection of CL316243 for 4 days fur-
ther revealed that, despite the lower thermogenesis during
the acute phase, NT-PGC-1a™/~ mice were able to gradu-
ally increase CL316243-induced EE to levels comparable to
WT littermates during the prolonged (s-AR stimulation
(Fig. 5C).

Surprisingly, the respiratory exchange ratio (RER; VCO,/
VOy,), an indicator of what metabolic fuel is preferentially

used to produce energy, was higher in NT-PGCG-la™’ ™ mice
compared with WT littermates, reflecting preferential use
of carbohydrate energy sources (Fig. 5E). Increased utiliza-
tion of carbohydrates was closely associated with an in-
crease in chow intake (Fig. 5D). The higher RER can be
explained in part by our finding that NT-PGC-la™/~ BAT
shows a shift toward glucose utilization for mitochondrial
respiration (Fig. 2F).

NT-PGC-la is required for FAO gene expression during
the prolonged activation of BAT by CL316243

Despite the diminished FAO at thermoneutrality, NT-
PGC-la~/~ BAT underwent relatively normal remodeling
in response to Bs-AR stimulation (Fig. 6A). Large lipid
droplets rapidly disappeared after 4 h of stimulation with
CL316243. Prolonged stimulation of B3-AR increased
brown adipocytes containing multilocular lipid droplets
in both WT and NT-PGC-1a. /™ BAT (Fig. 6A). Acute and
prolonged stimulation with CL316243 induced similar
changes in expression of thermogenic, lipolytic, and mito-
chondrial ETC genes in WT and NT-PGC-1a”/~ BAT (Fig.
6B), indicating that NT-PGC-1a is not required to regu-
late these genes. It might be that PGC-1a is sufficient to
mediate CL316243-induced expression of thermogenic,
lipolytic, and mitochondrial ETC genes. In agreement
with gene-expression data, CL316243-induced mitochon-
drial biogenesis was comparable between WT and NT-PGC-
la™/” BAT (Fig. 6C). Despite the lower basal expression
of FAO genes in NT-PGC-la~/~ BAT, acute induction of
FAO gene expression in response to Bs;-AR stimulation
was comparable between WT and NT-PGC-la™/~ BAT
(Fig. 6B). However, FAO gene transcript levels were sig-
nificantly lower in NT-PGC-la”/~ BAT stimulated with
CL316243 for 7 days (Fig. 6B). These results suggest that
PGC-la is sufficient for acute induction of FAO gene ex-
pression in response to B;-AR stimulation, but both PGC-1a
and NT-PGC-la are required for the maintenance of FAO
gene expression during the prolonged BAT activation.

NT-PGC-la deficiency had no effect on CL316243-
induced browning of inguinal WAT (supplemental Fig. S3).
WT and NT-PGC-1la/~ inguinal WAT (IWAT) exhibited
similar transcriptional changes with upregulation of brown
adipocyte-specific genes (DIO2, UCP1, and CIDEA), mito-
chondrial FAO and ETC genes, and lipolytic genes (sup-
plemental Fig. S3).

DISCUSSION

BAT thermogenic activity is tightly regulated to maintain
a constant core body temperature in spite of changes in
ambient temperature. Transcriptional coactivator PGC-l1a

succinate (RS), or malate/palmitoyl carnitine (PCM). Measurements were performed in duplicate (n =5 per genotype). E, F: cl palmitate
oxidation rates of fresh IWAT and VWAT homogenates (n = 7 per genotype). G, I: Basal and isoproterenol-stimulated lipolysis of primary adi-
pocytes isolated from fresh IWAT and VWAT. Glycerol release was measured in the absence and presence of isoproterenol (0.1 and 1 pM)
(n =7 or 8 per genotype). H, J: Western blot analysis of lipolytic enzymes in IWAT and VWAT. All data are presented as mean + SEM.

*P < 0.05; #P<0.01; *¥*P< 0.001 determined by Student’s ttest.
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and its splice variant NT-PGC-la mediate temperature-
dependent regulation of adaptive thermogenesis by coor-
dinating the transcriptional response to changes in ambient
temperature. Mice lacking both PGC-la and NT-PGC-la
are unable to produce heat in response to cold due to im-
paired induction of UCP1 and mitochondrial genes en-
coding the enzymes involved in mitochondrial FAO and
electron transport in BAT (20). In contrast, mice selectively
lacking full-length PGC-la are cold-tolerant because NT-
PGC-1a can mediate cold-induced activation of the afore-
mentioned genes in BAT (23). The present study using

— WT

NT-PGC-la™’~ mice further reveals that NT-PGC-1a plays
a particularly important role in regulating FAO gene
expression in response to changes in ambient tempera-
ture. NT-PGC-1a is required for the maintenance of FAO
gene expression in quiescent and fully activated BAT,
whereas it is dispensable for acute induction of FAO gene
expression in response to cold/f3-AR stimulation.
PGC-lais a shortlived protein, and its stability and activity
are highly elevated by posttranslational modifications in-
duced by cold/3-AR signaling (36). In contrast, NT-PGC-la
is relatively stable and undergoes a cold/Bs-AR-induced

Fig. 5. Effects of NT-PGC-la deficiency on EE and
RER during Bs-AR stimulation. A: Body weight and
body composition of 7 week old WT and NT-PGC-
la™’" mice housed at 28°C for 3 weeks (n = 8 per
genotype). B: Acute thermogenic response of WT and
NT-PGC-la™/~ mice to an Bs-AR agonist CL316243.
Mice (n =7 or 8 per genotype) were measured for VO,
and VCO, prior to and after 4 h stimulation with
CL316243 at 30°C. EE was calculated as described in
Materials and Methods and expressed per body weight
(BW). Data are presented as mean + SEM. *P<0.05
determined by two-way ANOVA. C: Effect of pro-
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increase in its nuclear localization (19, 25). We speculate
that NT-PGC-1a primarily mediates FAO gene expression in
the thermoneutral condition where PGC-1a stability and ac-
tivity are low (Fig. 7). During the acute activation of BAT by
cold/Bs-AR agonist, cold/Bs-AR-activated PGC-1a is likely
sufficient to upregulate FAO genes without NT-PGC-la.
However, two isoforms are required for the maintenance
of FAO gene expression in the prolonged cold/(;-AR-
stimulated condition where maximal mitochondrial FAO is
needed. Although we cannot exclude the possibility that this
defectin FAO gene expression results from reduced levels of
total PGC-la proteins, our observation of this temperature-
dependent effect of NT-PGC-1a ablation on FAO gene
expression is more likely to support that the relative contri-
bution of PGC-1a and NT-PGC-1a to FAO gene expression
depends on ambient temperature. FAO plays an essential
role in regulating UCP-mediated heat production in BAT.
Therefore, regulation of FAO gene expression by two PGC-
la and NT-PGC-1a proteins, whose activities are differen-
tially regulated by ambient temperature, may be a way for
brown adipocytes to efficiently adapt their FA-oxidizing
capacity to changes in ambient temperature.
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Fig. 6. Effects of NT-PGC-la ablation on CL316243-
induced remodeling of BAT. A: Representative H&E
images of BAT from WT and NT-PGC-la”’~ mice.
Mice (n =7 or 8 per group) housed at 28°C for 3 weeks
were injected with vehicle or CL316243 for 4 h or 7
days. Scale bars, 30 pm. B: qPCR analysis of BAT gene
expression (n =7 or 8 per group). (C) qPCR analysis
of mitochondrial biogenesis. The relative ratio of mi-
tochondrial DNA (mtDNA) to nuclear DNA
(nucDNA) was analyzed (n = 7 or 8 per group). All
data are presented as mean + SEM. *P < 0.05; **P <
0.01; *P < 0.001 determined by Student’s #test. CL,
CL316243.
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Despite our previous findings that NT-PGC-la upregu-
lates many mitochondrial genes involved in thermogenesis
and respiration in PGCG-la’ brown adipocytes (21, 22, 37),
NT-PGC-la deficiency did not alter expression of thermo-
genic and electron-transport chain genes in BAT. Tran-
scriptional coactivator PGC-13, which is one of the PGC-1
family but not cold-inducible, primarily regulates basal mi-
tochondrial biogenesis and respiration in BAT (20, 38),
whereas PGC-la and NT-PGC-la play a relatively more im-
portant role in cold-induced increase in mitochondrial bio-
genesis and respiration (20, 38). We found that PGC-1f3
gene expression is similar between WT and NT-PGC-la /™
BAT (Fig. 2C). Thus, PGC-13 might be sufficient to regu-
late basal expression of mitochondrial genes involved in
biogenesis and respiration in the thermoneutral condi-
tion, and PGC-la might be sufficient to mediate acute in-
duction of mitochondrial gene expression in the cold/
Bs-AR-stimulated condition. Our finding that NT-PGC-la
deficiency specifically downregulates FAO gene expression
can be in part attributable to the reduced expression of
PPAR« in NT-PGCG-1a™/~ BAT. PPAR« predominantly acti-
vates genes involved in FA uptake and -oxidation, rather
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Fig. 7. Model illustrating the relative contribution
of NT-PGC-la to the FAO capacity in BAT. Our data
suggest that NT-PGC-la primarily mediates FAO gene
expression in BAT in the thermoneutral condition
where PGC-la stability and activity are low. In re-
sponse to cold/Ps-AR agonist, cold/Bs-AR-activated
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without NT-PGC-la. However, two isoforms are required
for the maintenance of FAO gene expression in the
prolonged cold/Bs-AR-stimulated condition where
maximal mitochondrial FAO is needed. Diminished
mitochondrial FAO in NT-PGC-la”/~ BAT induces
enhanced oxidation of pyruvate in mitochondria.

Fatty acid oxidation 4 - Glucose oxidation T

than in mitochondrial biogenesis, TCA cycle, or respira-
tion (28). We previously showed that NT-PGC-la interacts
with and coactivates PPARa (19) and that NT-PGC-1a not
only upregulates PPAR«a gene expression but also enhances
PPARa-mediated transcription (19, 21-23). Together, the
lack of NT-PGC-la-mediated expression and activation of
PPARa might be responsible for the downregulated ex-
pression of FAO genes in NT-PGC-1a~/~ BAT.

Consistent with gene-expression changes, NT-PGC-la /™
BAT exhibited the diminished capacity to oxidize FAs for
mitochondrial respiration. More interestingly, PGC-la/~
BAT displayed higher mitochondrial respiration when py-
ruvate was used as a respiratory substrate, indicating a shift
in fuel utilization toward glucose. We speculate that de-
creases in FA-derived acetyl CoA, NADH, and inhibitory
PDK4 relieve inactivation of PDH, thus enhancing pyruvate
oxidation in NT-PGC-1a~/~ BAT mitochondria (Fig. 7). In
agreement with this finding, NT-PGC-1a.”/ ™ mice exhibited
a greater reliance on carbohydrates in association with an
increase in food intake. Interestingly, we previously showed
that mice selectively lacking full-length PGC-1a have a
higher reliance on fat (22, 23). Mechanistically, NT-PGC-1a
overexpression in full-length PGC-la-deficient BAT led to
enhanced FAO. Given that these previous studies were
carried out at room temperature, further experiments at
thermoneutrality will be needed to more accurately com-
pare the phenotypes. Taken together, the opposing pheno-
types in NT-PGC-la loss-of-function versus overexpression
models further provide strong evidence for the particularly
important role of NT-PGC-la in FAO in BAT.

Because PGC-1a and NT-PGC-1a are coexpressed and
regulate many common target genes in BAT, their relative
contributions to adaptive thermogenesis have been unclear.
Our findings demonstrate that the relative contribution of
PGC-1a and NT-PGC-1a to FAO gene expression depends
on ambient temperature. Having two PGC-la and NT-
PGC-1a proteins whose activities are differentially regu-
lated by ambient temperature may allow brown adipocytes

to efficiently adapt their FA-oxidizing capacity to changes
in ambient temperature. Hi
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