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Abstract Tyrosine hydroxylase (TH) catalyzes the first step
in catecholamines synthesis. We studied the impact of re-
duced TH in brown adlpose tissue (BAT) activation. In adult
heterozygous (Th ”) mice, dopamine and noradrenaline
(NA) content in BAT decreased after cold exposure. This
reduced catecholaminergic response did not impair cold ad-
aptation, because these mice induced uncoupling protein 1
(UCP-1) and mamtalned BAT temperature to a similar ex-
tent than controls (Th""). Possible compensatory mecha-
nisms lmpllcated were studied. Prdm16and Fgf21 expressmn,
key genes in BAT activation, were elevated in Th*” mice at
thermoneutrality from day 18.5 of embryonic life. Likewise,
plasma FGF21 and liver Fgf2I mRNA were increased. Analy-
sis of endoplasmic reticulum (ER) stress, a process that trig-
gers elevations in FGF21, showed hlgher phospho-IREl

phospho-JNK, and CHOP in BAT of Th*’™ mice at thermo-
neutrallty Also, increased lipolysis in BAT of cold-exposure
Th*’~ mice was demonstrated by increased phosphorylation
of hormone-sensitive lipase (HSL), as well as diacylglycerol
(DAG) and FFA content.B} Overall, these results indicate
that the mild effects of Th haploinsufficiency on BAT function
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are likely due to compensatory mechanisms involving eleva-
tions in Fgf21 and Prdml6 and through adaptive changes in
the lipid profile.—Vazquez, P., C. Hernandez-Sanchez, C.
Escalona-Garrido, L. Pereira, C. Contreras, M. Lopez, J.
Balsinde, F. de Pablo, and A. M. Valverde. Increased FGF21
in brown adipose tissue of tyrosine hydroxylase heterozy-
gous mice: implications for cold adaptation. J. Lipid Res.
2018. 59: 2308-2320.
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Obesity is an important global health problem that re-
sults from an imbalance between energy intake and expen-
diture (1). Three types of adipose cells (white, brown, and
beige) have been described with different developmental
origins, cell-specific gene expression, and distinct func-
tions (2). Whereas white adipocytes accumulate energy
in the form of triglyceride depots that are distributed in
a large fat droplet and contain few mitochondria, brown
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whlte adipose tissue.

' To whom correspondence should be addressed.

e-mail: pdtnv&zquez@ub uam.es (PV.); avalverde@iib.uam.es (AM.V)

The online version of this article (available at http://www jlr.org)
contains a supplement.

Copyright © 2018 Vdzquez et al. Published under exclusive license by The American
Society for Biochemistry and Molecular Biology, Inc.
This article is available online at http://www.jlr.org


https://doi.org/10.1194/jlr.M085209
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.m085209&domain=pdf&date_stamp=2018-11-26

adipocytes present multilocular fat droplets and contain a
higher number of mitochondria (3). Brown adipocytes are
responsible for nonshivering thermogenesis by uncoupling
the proton gradient generated by oxidative phosphoryla-
tion and ATP synthesis, due to the specific expression of
the uncoupling protein 1 (UCP-1) in the inner mitochon-
drial membrane. This brings out energy dissipation as heat
(4). Recently, a third class of adipocytes has been identified
and termed “beige” or “brite” adipose cells. They reside
within white adipose tissue (WAT), but can acquire charac-
teristics of brown adipocytes under different environmen-
tal or pharmacological stimuli (5, 6).

It is known that brown adipose tissue (BAT), which is
maintained in adult humans (7), uses glucose and FAs as
fuel (8), and its activity is reduced in obese and diabetic
individuals (1). For this reason, understanding the mecha-
nisms involved in the control of BAT activity could lead to
improving the treatment of these patients. BAT is a highly
vascularized and innervated tissue (9). Classical activation
of thermogenesis occurs via noradrenaline (NA) released
from the sympathetic nervous system, which binds to 3
adrenergic receptors (Adrb3) present in the brown adipocyte.
Receptor activation increases intracellular cAMP, which
induces lipolysis, leading to the release of FFAs that, in
turn, activate UCP-1. In fact, the surgical denervation of
interscapular BAT reduced the activation of brown adipo-
cytes after cold exposure (10).

Tyrosine hydroxylase (TH) catalyzes the first and rate-
limiting step in the synthesis of catecholamines. A null
mutation in the mouse 7Th gene causes a depletion of cate-
cholamines and lethality at prenatal stages because of car-
diovascular failure (11-13). Additionally, this mutation has
an impact on pancreatic B-cell development (14). Recently,
it was reported that haploinsufficiency of 7Th increases
mouse half-life by protecting against age-associated hyper-
tension (15). In contrast, patients with pheochromocytomas
that produce and secrete large amounts of catecholamines
(NA or adrenaline) present body weight loss, among other
abnormalities (16). The importance of the sympathetic
stimulation in BAT for cold adaptation has also been shown
because adrenal medullar TH is involved in the response to
stress induced by cold (17). More recently, a role of TH on
the antiinflammatory responses triggered by cold exposure
has been reported (18).

BAT is also a secretory tissue that releases different mol-
ecules (batokines) with autocrine and paracrine roles (19).
One of these batokines is the fibroblast growth factor 21
(FGF21), which was initially identified as a hepatokine and
is considered, rather than a mitogenic factor, an atypical
FGF due to its role in endocrine function over carbohy-
drates and FA metabolism (20). Fgf2I-null mice have re-
duced hepatic FA oxidation and a concomitant increase in
liver fat accumulation (21). More recently, it has been
demonstrated that FGF21 is highly produced and released
by BAT after cold exposure (19). FGF21 also impacts
“browning” of WAT, and, as a consequence, it can improve
lipid metabolic disorders and insulin resistance (22).

In this study, we examined how 7T7-haploinsufficiency
in mice affects the response to the stress induced by cold
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exposure in BAT. Our data show that, despite reduced cat-
echolamine levels, T/-haploinsufficiency does not impair
cold adaptation in mice. We also demonstrate that this
unaltered adaptive response is associated with increased
FGF21 and increased lipolytic capacity in BAT. This evi-
dence suggests a new mechanism for cold adaptation in a
context of low adrenergic signaling.

MATERIALS AND METHODS

Animal procedures

All procedures involving animals were approved by the Ethics
Committee of Consejo Superior de Investigaciones Cientificas and
Comunidad de Madrid in accordance with the European Union
guidelines. The C57BL6/] Th heterozygote mouse strain was
kindly provided by R. D. Palmiter (University of Washington, Se-
attle, WA) (12). All the studies were performed using littermates.
We used three groups named adult mice (2-3 months), embryos
at embryonic day (e) 18.5, and aged mice (15 months). The ani-
mals were maintained on 12 h:12 h light-dark cycles and at 22°C
and allowed free access to standard rodent chow and water ad libi-
tum. The adult mice were randomly divided into two experimental
groups: One group was maintained at thermoneutral conditions
(29°C), and the other one was subjected to cold challenge (4°C)
for 6 h. Prior to the cold exposure, the two groups of mice were
housed at 29°C for at least 1 week. Body weight and rectal tempera-
ture were measured in all mice before and after cold exposure.

Preparation of tissue extracts and Western blot

BAT samples were homogenized at 4°C in lysis buffer (in
mmol/l: 50 Tris HCI, 2 EGTA, 10 EDTA, 2 orthovanadate, 50
NaF, and 1 sodium pyrophosphate) containing 1% (w/v) Triton
X-100 and a mini EDTA-free protease inhibitor tablet. Samples
were homogenized in lysis buffer using The Brinkmann Pt 10/35
Polytron. Tissue lysates were centrifuged at 20,000 g for 30 min at
4°C, and the supernatants were collected and stored at —80°C
until further analysis. Total protein extracts (15-30 wng) were
loaded into Any kD Criterion TGX Precast Gels (catalog no. 567-
1124, Bio-Rad, CA) and transferred onto PVDF membranes (cata-
log no. 170-4157, Bio-Rad) for 14 min at 25 V using a Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were activated
with 100% methanol for 2 min and blocked for 1 h at room tem-
perature with 5% (w/v) BSA or nonfat milk in TBS-Tween 20
(0.05% w/v) and incubated overnight at 4°C with primary Abs:
anti-TH (1:500) (Millipore, AB 152), anti-B-III tubulin (1:500)
(covance MRB 435P), anti-CHOP [1:4,000, GADD153(R-20) sc-
793], anti-p]NK (1:4,000, Cell Signaling 92518S), anti-JNK (1:1,000,
Santa Cruz, SC-571), anti-pIRE (1:1,000 NB100-2323), anti-pHSL-
$660 (1:1,000, Cell Signaling 4126S), and anti-HSL (1:1,000, Cell
Signaling 4107S). After washing, the membranes were reblotted
with anti-B-actin (1:5,000) (Sigma, St. Louis, catalog no. A5316),
anti-tubulin (1:2,000) (Sigma, T4026), or vinculin (7F9) (1:25,000)
(Santa Cruz, 73614) Abs as loading controls. Additionally, we
used Ponceau Red as a loading control (Sigma). Abs were detected
with the corresponding HRP-labeled secondary Abs (Pierce,
Rockford, IL) and visualized with the Super Signal West Pico che-
miluminescent substrate (Pierce). Different experiments were
quantified by scanning densitometry using Image] software.

RNA isolation and quantitative real-time PCR

Total RNA from BAT, inguinal WAT (iWAT), or liver was ex-
tracted using TRIzol reagent, and reverse transcription was
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performed using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Waltham, MA) using random primers
and Superscript III enzyme according to the manufacturer’s in-
structions. Quantitative real-time PCR was performed in a 7900
HT-Fast real-time PCR (Life Technologies) with SYBR or Tagman
Universal PCR Master Mix. The following probes and primers are
listed in Table 1. Results are expressed using the PR (cycle
threshold) quantification method. Results were normalized ac-
cording to expression levels of Tbp or RibpO RNA.

Immunohistochemistry

For immunohistochemical analysis, a piece of BAT was fixed
overnight at 4°C in 4% (w/v) paraformaldehyde, then rinsed with
PBS and dehydrated through an ethanol gradient before embed-
ding in paraffin for microtome sectioning. Paraffin sections (7-8
pm) were dewaxed in Histo-Clear-II (CONDA, Madrid, Spain) and
rehydrated through a descending series of ethanol dilutions. Anti-
gen retrieval was achieved by microwaving [twice for 5 min at
600 W in 0.01 mmol/I citrate buffer (pH 6) with 0.05% (w/v)
Tween-20] followed by three washes in PBS. Tissue sections were
permeabilized with PBS-Triton X-100 (2% w/v). Nonspecific bind-
ing was blocked with 3% (v/v) donkey immunoserum (Sigma,
Diegen, Belgium) in PBS-Triton X-100 (1% w/v). Sections were
incubated overnight at 4°C with primary Abs (1:100) in blocking
buffer and then incubated with secondary Abs labeled with either
Alexa 568 or Alexa 647 dyes (1:250) (Molecular Probes, Carlsbad,
CA). Nuclei were labeled with 4’,6-diamidino-2-phenylindole
(DAPI) (Molecular Probes). Images were collected by confocal mi-
croscopy (Leica TCS-SP5; Leica Microsystems, Wetzlar, Germany).
H&E staining was performed in paraffin sections of BAT of ™"
and Th"" mice for morphological analysis. Images were collected
with an Axiophot light microscope (Zeiss) with a 40x objective. To
estimate the size of the lipid droplets, we used Image] software
(The National Institutes of Health; https://imagej.nih.gov/ij/).
First, the color images were converted to black and white images
and then inverted. The percentage of white area versus area total
was calculated. To estimate the cell density, we counted the nuclei
per section in at least 10 fields of different 5 wm BAT sections of
each animal. Around 2,000 total nuclei per mouse were counted.

ELISA

Catecholamines were determined by ELISA (3-CAT research
ELISA, BA E-5600 LDN, Nordhorn, Germany) following the

manufacturer’s instructions. One piece of BAT of each animal
was homogenized in buffer (0.01 N HCI, 1 mM EDTA, and
4 mM Na,S,05), and following centrifugation at 17,949 g for
15 min at 4°C, the supernatants were collected and stored at
—80°C. All measurements were normalized by protein concen-
tration. FGF21 plasma levels were quantified by ELISA (catalog
no. RD291108200R, BioVendor) following the manufacturer’s
instructions.

In vitro experiments

The immortalized brown preadipocyte cell line was generated
from mouse interscapular BAT and fully differentiated to brown
adipocytes following the protocol previously described (23). Cells
(day 7 of differentiation) were incubated with or without 1 pg/ml
recombinant FGF21 (catalog no. RD272108100-B, BioVendor)
for 18 h. Then, cells were treated with 0.1 uM NA for a further 4 h.
After washing with PBS, cells were lysed in lysis buffer (10 mM
Tris-HCl, 5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 30 mM
sodium pyrophosphate, 50 mM fluoride, 1 mM phenylmethanel-
sulfonyl fluoride, and 10 pg/ml protease inhibitors, pH 7.4-7.6).
After centrifugation at 12,000 gfor 7 min at 4°C, the total protein
in supernatants was quantified with the BCA Protein Assay Kit.
The phosphorylation of HSL (Ser-660) and UCP-1 protein levels
were analyzed by Western blot using vinculin (7F9) (1:25,000)
(Santa Cruz, catalog no. 73614) as a loading control. The amount
of glycerol released by the cells to the culture medium after the
different treatments was analyzed using a commercial kit (F628,
Sigma).

Analysis of FFAs and triacylglycerol levels

Plasma glycerol levels were quantified using a commercial kit
(catalog no. F6428, Sigma) and plasma nonesterified (“free” or
unsaturated) FAs (FFAs) were quantified using commercial kits
(catalog nos. 919898, 91696, and 91096, WAKo Chemicals, Rich-
mond, VA), according to the manufacturer’s instructions. Sam-
ples were normalized by protein concentration.

Lipidomic analysis

Total lipids from BAT were extracted according to Folch et al.
(24). Lipid classes were separated by TLC. For neutral lipid sepa-
ration, a solvent mixture consisting of n-hexane/diethyl ether/
acetic acid (70:30:1, v/v/v) was used as the mobile phase (25). The
various neutral lipid classes cholesteryl esters (CEs), triacylglycerol

TABLE 1. Primer sequences and Taqgman probes used in real-time PCR
Gene Forward Reverse Taqman Probe
Aif2 5-CCGTTGCTATTCCTGCATCAA-3’ 5 TTGCTTCTGACTGGACTGGTT-3
Ppara 5-AGAGCCCCATCTGTCCTCTC- 3’ 5-ACTGGTAGTCTGCAAAACCAAA-3’
Rplp0O(364B) 5-ACTGGTCTAGGACCCGAGAAG-3’ 5 TCCCACCTTGTCTCCAGTCT-3’
Adrb3 Mm02601819_g1
Adipoq Mm00456425_m1
Agrl Mm00475988_m1
B klotho Mm00473122_m1
Bmp8b Mm00432115_g1
Cebpa Mm00514283_s1
Cidea Mm00432554_m1
Cox8b Mm00432648_m1
Cptla Mm01231183_m1
Dio2 Mm00515664_m1
Igf21 Mm00840165_g1
Fgfrl Mm00438930_m1
Nos2 Mm00440502_m1
Pparg Mm00440940_m1
Ppargcla Mm01208835_m1
Prdml6 MmO00712556_m1
Thp Mm00446971_m1
Uepl Mm01244861_m1
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(TAG), diacylglycerol (DAG), and FFAs were scraped and ex-
tracted from the silica with 1 ml of chloroform/methanol (1:2,
v/v) followed by 1 ml of chloroform/methanol (2:1, v/v). The
CE, TAG, and DAG fractions were treated with 500 pl of 0.5 M
KOH in methanol for 60 min at 37°C to obtain FA methyl esters.
To neutralize, 500 pl of 0.5 M HCI was added. The FFA fraction
was treated with 450 pl of MeOH in 0.5% HCI for 20 min at 45°C,
and neutralized with one vol of 0.14 M KOH and 500 pl of deion-
ized water was added. Extraction of the FA methyl esters was car-
ried out with 2 ml of n-hexane, and 1 pl was subjected to GC/MS
analysis as previously described (26, 27), using an Agilent 7890A
gas chromatograph coupled to an Agilent 5975C mass-selective
detector operated in electron impact mode (EI, 70 eV), equipped
with an Agilent 7693 autosampler and an Agilent DB23 column
(60 m length x 0.25 mm internal diameter x 0.15 pm film thick-
ness). Data analysis was carried out with the Agilent G1701EA
MSD Productivity Chemstation software, revision E.02.00.

Measurement of skin temperature surrounding BAT

The skin temperature surrounding BAT was recorded with
an infrared camera (B335:Compact-Infrared-Thermal-Imaging-
Camera; FLIR; West Malling, Kent, UK) and analyzed with a spe-
cific software package (FLIR-Tools-Software; FLIR), as previously
shown (28, 29). Pictures were taken at both thermoneutral condi-
tions or immediately after cold exposure (6 h).

Indirect calorimetry

Th™* and Th”™ mice at 2-3 months of age were individually
housed and maintained at thermoneutrality (28-29°C) under a
12:12 h light-dark cycle in a Phenomaster system (TSE Systems,
Bad Homburg, Germany). Food and water were provided ad libi-
tum in the appropriated devices. Mice were acclimated to the
chambers for at least 24 h and then monitored for an additional
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48 h period. After that, mice were placed into the cold room
(4°C) for 6 h and then immediately moved to their original
cages of the TSE system to continue the measurement for additional
24 h.

Statistical analysis

Statistical analyses were performed using a Student’s ttest, a
nonparametric test (Mann-Whitney U test), or two-way ANOVA
with Bonferroni’s post hoc test. All statistical analyses were per-
formed with GraphPad Prism software version 5 (GraphPad Soft-
ware, Inc., San Diego, CA). Statistical significance was set at * P<
0.05, #* P<0.01, and ** P< 0.001, Th"~ versus Th"* groups; and
" P<0.05," P<0.01, and " P<0.001, 4°C versus 29°C groups.

RESULTS

Characterization of BAT in Th** and Th*’™ mice at
thermoneutrality

We first characterized adult (3 month old) Th™ and
Th"* mice at thermoneutral conditions (29°C). As shown
in Fig. 1A, no differences between the two genotypes of
mice were found in body weight and rectal temperature.
Likewise, temperature of skin surrounding BAT, energy ex-
penditure, and respiratory exchange ratio were similar in
the two genotypes (Fig. 1B and supplemental Fig. SI). As
expected, Western blot analysis revealed a 50% decrease of
TH protein content in the BAT of Th”™ mice compared with
levels of their Th”" littermates (Fig. 1C). The analysis of par-
affin sections showed reduced TH-positive immunostaining

Fig. 1. Characteristics of Th”” mice in thermoneu-
trality. Body weight and rectal temperature (A), skin
temperature surrounding BAT, and energy expen-
diture (B) were measured in Th"" and Th*™ mice
housed 1 week at 29°C. C: Western blot analysis and
quantification of lysates from BAT collected from Th™*
and Th”" adult mice showing TH levels using GAPDH
as a loading control. D: Representative immunohisto-
chemistry of TH at paraffin sections. Nuclei were
stained with DAPI (blue) and TH+ fibers were de-
tected by immunostaining (cyan). E: Representative
sections of BAT from 7/”*and Th”" mice stained with
H&E and quantification of the percentage of white
area versus total area. F: Quantitative RT-PCR of ther-
mogenic gene expression in BAT. The graph repre-
sents the relative gene expression compared with Th*
mice. The data were normalized by 7bp RNA expres-
sion. Data are mean + SEM. n = 5-10/group in A-C,
n = 5-7/group in E, and n = 4-10/group in F. Mann-

u Th** Whitney U test was used. *P < 0.05; ***P < 0.001 (be-
Th*- tween Th”* and Th"™ mice); ###P < 0.001 (between
each genotypes in dark cycle versus light cycle). Scale

bars: 75 pm.

Increased FGF21 expression in BAT of TH heterozygous mice 2311



in the BAT of Th”™ mice (Fig. 1D), although no major dif-
ferences were observed in the amount of innervating fibers,
as shown by Western blot and immunohistochemistry for
B-III-tubulin (supplemental Fig. S2A, B). H&E staining re-
vealed similar BAT histology in Th” and Th"* mice (Fig. 1E),
although a slight increase in white area (Fig. 1E) and de-
creased cell density (supplemental Fig. S2C) was found in
Th”” mice. We next analyzed the expression of some key
genes for BAT identity. Whereas the expression of thermo-
genicrelated genes such as Ucpl, Ppargcla (which encodes
PGCla), and Cidea was similar between the two genotypes,
the levels of Prdm16, a relevant gene in brown fat adipogen-
esis, were significantly higher in the Th”~ mice than in
their WT littermates (Fig. 1F). Further characterization of
BAT-related gene expression showed no differences be-
tween the two genotypes of mice at thermoneutral condi-
tions (supplemental Fig. S2D).

Th*™ mice responded normally to cold exposure

Next, we addressed a possible impact of reduced TH ex-
pression in cold adaptation in young mice at 3 months of
age. After 6 h of cold exposure (4°C), the BAT of Th'~
mice maintained lower TH protein levels than their WT
littermates (supplemental Fig. S3A). Concordantly, do-
pamine and NA content, determined by ELISA, were di-
minished in BAT of Th"”" mice after 6 h of cold exposure
(Fig. 2A). Similar to thermoneutrality, H&E-stained sec-
tions revealed more white area in Th"”~ compared with
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After cold
Dark cycle

Th"* mice after cold exposure (supplemental Fig. S3B).
Surprisingly, body weight (Fig. 2B), rectal temperature, and
temperature of skin surrounding BAT (Fig. 2C, D), all indi-
cators of cold adaptation, were similar in both genotypes of
mice. Moreover, energy expenditure was elevated in Th™
mice immediately after cold exposure and also during the
following night period (Fig. 2E). Notably, despite the im-
paired catecholamine production, the expression of Ucgpl
and Ppargclawas similarly increased in Th”~ and Th”* mice
upon cold challenge (Fig. 2F, G). It has been previously re-
ported that cold exposure does not modify RNA expression
levels of Prdm16 and Cidea (30). In agreement with these
results, no differences were found in either Th"”*or Th”~
mice (Fig. 2H, I), although Prdml6 levels, which were ele-
vated at 29°C in the Th”~ mice, decreased to levels of the
Th"* mice after cold exposure (Fig. 2H). Body weight, rec-
tal temperature, and the expression of Ucpl and Ppargcla
remained similar in both genotypes after more prolonged
(16 h) cold exposure (supplemental Fig. S4). These results
indicate that reduction of catecholamine levels does not al-
ter the BAT acute response to cold. Notably, this effect was
unrelated to compensatory changes in adrenergic signal-
ing, because no differences between both genotypes were
found in Adrb3 RNA at basal conditions. Indeed, Adrb3 RNA
levels decreased similarly in both groups of mice after cold
challenge (supplemental Fig. SbA), as reported (31-33).
Besides UCP-1, BAT thermogenesis relies on deiodinase 2
(DiO2) enzymatic activity (34). The conversion of T4 into

n Th**
Th
o
Fig. 2. Th"™ mice showed similar adaptation to cold
exposure in BAT compared with Th”* mice. A: The
graphs represent the amount of dopamine or NA
(ng/pg protein) after 6 h of cold exposure in BAT. B, C:

Body weight and rectal temperature after cold expo-
sure. D: Skin temperature surrounding BAT measured
after 6 h of cold exposure. E: Energy expenditure was
recorded during 4 h at both thermoneutrality and
after 6 h of cold exposure (left and middle bars), as
well as in the next night cycle as detailed in the graph
(right bars). F-I: Quantitative RT-PCR of different
thermogenic genes RNA expression in BAT. The data
were normalized by 7bp RNA expression. All data were
relative to Th™* at 29°C. Data are mean + SEM. n = 6/
group in A, n = 10/group in B and C, n = 5-9/group
in Dand E, and n = 4-11/group in F-1. Unpaired ttest
was used for catecholamine content analysis, and
Mann-Whitney U test was used for gene expression
analysis. A, F-I: #*P < 0.05; **P < 0.01 (between Th™*
and Th"™ mice); #P < 0.05; ##P < 0.01; ###P < 0.001
(between each genotype at 4°C and 29°C). E: ##P <
0.01; ##H£P< 0.001 [between light (15:30-19:30) or dark
(19:30-08:30) periods after cold exposure (middle or
right columns, respectively) versus light period (15:30-
19:30) the day before cold exposure (left columns)].



T3 by DiO2 amplifies the cAMP response after adrenergic
stimulation, thereby enhancing lipolysis and mitochon-
drial thermogenesis (35). In this context, we analyzed Dio2
RNA levels and found similar basal levels at thermoneutral-
ity in both genotypes, which increased to the same extent
(about 100-fold) after cold exposure (supplemental Fig.
S5B). Similarly, additional BAT-related gene expression
analysis indicated no differences between the two geno-
types after 6 h of cold exposure (supplemental Fig. S5C).

Th haploinsufficiency does not impact browning of iWAT

Prdm16 has been described to be essential in activating the
thermogenic phenotype in inguinal subcutaneous depots
(86). During cold acclimation, iWAT has been also reported
to play a role in thermogenesis (37). The analysis of RNA
levels of Ucpl, Ppargcla, Cidea, and Prdml6 in iWAT in 3
month old mice showed a similar expression pattern to that
found in BAT at 29°C in the two genotypes (Fig. 3A; compare
with Fig. 1F), a significant increase being detected exclusively
in Prdm16in Th" ™ mice (Fig. 3A). Moreover, upon cold expo-
sure, the iWAT of Th heterozygous animals responded simi-
larly to that of the controls, displaying comparable RNA levels
of Ucpl, Ppargcla, Prdml16, and Cidea genes (Fig. 3B-E), as
well as levels of Adrb3 and Fgf21 (supplemental Fig. S6A, B).

Th haploinsufficiency increases FGF21 in BAT

After finding unaltered the key players in the thermogenic
response in BAT and iWAT in Th™ mice, we investigated

>

possible factors that could compensate the catecholamine
deficit. We hypothesized that unbalanced catecholamine
levels may represent a stress with an impact on the expres-
sion of the batokine Fgf21, as occurred in the liver under
lipotoxic conditions (38). As shown in Fig. 4A, significantly
higher Fgf21 RNA levels were found in BAT of Th"™ ani-
mals at 3 months of age at thermoneutral conditions. As
occurred with other thermogenic genes, cold exposure in-
creased BAT Fgf2] expression to a similar extent in both
genotypes of mice (Fig. 4A). Furthermore, plasma FGF21
levels were increased about 5-fold in 7h” mice at thermo-
neutrality (Fig. 4B) in parallel to an elevated expression of
Fgf21 in the liver (Fig. 4C), the main source of circulating
FGF21 (39). These results showed that, at thermoneutral-
ity, Th”” mice displayed an increase in both local BAT pro-
duction and circulating levels of FGF21, suggesting a close
relationship between the mild phenotype of Th haploinsuf-
ficency and the elevated Fgf21 expression. Conversely, upon
cold exposure plasma FGF21 and hepatic Fgf21 RNA levels
did not change in WT mice as described (40, 41), whereas
both parameters decreased in Th*™ mice up to the levels of
the WT. In BAT, FGF21 signals through heterocomplexes
of the receptors bklotho (Kib) and FGFR1 (42). The analy-
sis of the expression of both coreceptors at thermoneutral-
ity and after cold exposure showed no differences in their
RNA levels (Fig. 4D, E).

We next checked the timing of the onset of Fgf21 up-
regulation. The analysis of BAT in e€18.5 embryos showed
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higher levels of Fgf21 RNA in the Th'~ embryos than in
their WT littermates (Fig. 4F) Similarly, Prdm16 RNA was
increased at e18.5 in the Th"” BAT, as described in adult
mice. However, we did not observe differences in the RNA
levels of the thermogenic-related genes Ucpl and Ppargcla.
Of note, a trend toward an increase in embryonic plasma
and liver FGF21 content was detected in Th"~ embryos
(supplemental Fig. S7A, B). In addition, the BAT of T~
old animals (15 months of age) showed a nearly significant
increase in Fgf21 RNA levels (supplemental Fl)g S7C), rein-
forcing a possible role of this batokine in Th” ™ mice.

Th*"~ mice show increased BAT ER stress levels at
thermoneutrality

To further explore a possible mechanism by which Fgf21
expression was elevated in the BAT of Th”™ mice, we focused
on endoplasmic reticulum (ER) stress, one of the well-known
triggers of FGF21 expression (39, 43). The analysis of CHOP
protein levels in BAT extracts showed a 51gr11ﬁcant increase of
this ER stress long-term marker in Th”™ mice at 3 months in
thermoneutral conditions (Fig. 5A). However, in agreement
with the absence of differences between both genotypes in
Fgf21 RNA levels in BAT after cold exposure, no differences
in CHOP levels were found after cold challenge. Likewise,
the relative phosphorylation of IRE1 and JNK, important sig-
naling mediators in the unfolded protein response, was also
increased in the BAT of Tk mice respect to the TH'™ con-
trol mice only at thermoneutrality (Fig. 5B, C).
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Increased hpolyﬂc capacity and TAG availability in the BAT
of Th"

To get additional insight into the compensatory re-
sponse of mice with reduced catecholamines during cold
adaptation, we examined BAT lipolytic activity by the analy-
sis of phosphorylation of the hormone-sensitive lipase
(HSL) at the regulatory residue Ser-660. Figure 6A shows
that although no differences were detected at thermo-
neutrality, HSL Ser-660 phosphorylation was significantly
higher in the BAT of Th"™ mice at 3 months compared
with that of the Th"* controls after 6 h of cold exposure.
This result indicated that a sustained lipolytic capacity of
BAT in 7"~ mice was probably contributing to the activa-
tion of UCP-1. However, plasma glycerol and FFA levels
were similar in both genotypes of mice (data not shown).
To explain these results, we performed in vitro experi-
ments using differentiated brown adipocytes previously
characterized (23). As an experimental approach to mimic
in vivo Thhaploinsufficiency, brown adipocytes were stimu-
lated with submaximal (0.1 wM) concentrations of NA for
4 h with or without a pretreatment with recombinant
FGF21 (1 pg/ml) for 18 h. As shown in Fig. 6B, there was
an increase in phospho-HSL in brown adipocytes pre-
treated with FGF21 prior to NA stimulation. Importantly,
under these experimental conditions, a significant eleva-
tion was found in glycerol released to the culture medium
(Fig. 6C) and, more importantly, in UCP-1 protein levels
(Fig. 6D).
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To further investigate in detail the profile of different
lipidic species in the two groups of mice, we performed a
mass-spectrometry-based lipidomic study of total neutral
lipid classes in BAT samples from mice at thermoneutral
and cold conditions (Tables 2 and 3 and Fig. 7A-D). Inter-
estingly, at thermoneutrality, several FAs in TAG and DAG
fractions were significantly elevated in Th”™ mice, suggest-
ing that increased overall fat content, and likely lipotoxic-
ity, which would lead to elevated ER stress in the BAT of
Th”™ mice. Conversely, the levels of FFAs C16:0 (palmitic
acid) and C18:0 (stearic acid) were reduced. The choles-
teryl ester (CE) content showed no differences between
the two genotypes (Fig. 7D). After cold exposure, the Th”~
animals maintained higher levels of TAG or DAG species
compared with those of their WT littermates. In addition,
the total amount of FFAs was higher in Th”~ BAT (Fig. 7C)
compared with levels of the Th”* BAT with significant in-
creases in palmitic acid (Table 3).

DISCUSSION

Catecholamines are essential neurotransmitters for the
maintenance of physiological homeostasis under basal and
stress conditions. In BAT, catecholamines are responsible
for the activation of nonshivering thermogenesis (5, 9).
Also, dopamine has been shown to directly impact mito-
chondrial mass and thermogenesis in brown adipocytes
(44). Whereas human pathologies with elevations of circu-
lating catecholamines, such as pheochromocytoma, concur

Increased FGF21 expression in BAT of TH heterozygous mice

= Th
= Th*
Fig. 5. The ER stress-mediated signaling was altered
= Th* in BAT of Th”™ mice in thermoneutrality conditions.
» Th* A: Western blot analysis and quantification of CHOP
protein. Ponceau Red was used as a loading control. B,
C: Western blot analysis and quantification of pIRE or
PINK, respectively. Tubulin, total JNK, and vinculin
were used as loading controls. All data are relative to
Th”* mice densitometry at 29°C. Data are mean *
SEM. n = 4-10/group in A, and n = 3-10/group in B.
Two-way ANOVA was used. *P < 0.05; ¥¥P< 0.01. a.u.,
arbitrary units.
B Thv*
L Th*

with excessive BAT activation (16, 45, 46), much less is
known about the impact of reduced catecholamine biosyn-
thesis in BAT functionality. The present work, using a mu-
rine preclinical model of global Th haploinsufficiency, has
revealed an unexpectedly normal cold adaptation under
reduced catecholamine availability. The early and life-long
increase in FGF21 levels of Th”™ mice represents a poten-
tial new insight on the compensatory mechanisms that may
operate in Th"~ BAT to ensure its full activation upon cold
challenge.

The unique role of the sympathetic-mediated NA stimu-
lation of BAT was highlighted by Lee et al. (10) showing
that ablation of TH protein in BAT by denervation abol-
ished UCP-1 induction during cold stress. More recently, a
role of adipose tissue M2 macrophages or eosinophils as an
additional catecholamine source in BAT or iWAT has been
postulated (47-50), although controversies have also been
raised regarding the contribution of these immune cells in
secreting enough catecholamines to promote BAT activa-
tion or browning of iWAT (48). In our model, we found
unexpected mild consequences of the global reduction of
TH expression in BAT thermogenesis since Th"™ mice
adapted normally to cold stress as manifested by the main-
tenance of rectal temperature, body weight, temperature
of the skin surrounding BAT, and Ucpl induction. In par-
ticular, the significant increase in the expression of the
thermogenic-related gene Prdml6 that was detected in
BAT of Th"™ mice suggests an early relationship between
this master regulator of BAT development and TH. Prdm16
has been previously described as a critical transcriptional
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regulator of thermogenesis that is essential for the differen-
tiation of brown adipocytes, as well as for the browning pro-
cessinbeige fatcells (9,51). Arecentstudy has demonstrated
that PRDM16 stabilizes the response to 33-adrenergic sig-
naling to increase thermogenic gene expression and mito-
chondrial biogenesis in subcutaneous WAT by interacting
with the transcription factor HLX (52). In agreement with
these data, the iWAT of Th”™ mice showed an increase in
Prdm16 RNA levels, supporting the relevance of TH in the
process of browning. These results were reinforced by the
upregulation of Prdm16 even in the embryonic BAT of Th"
mice, indicating that during embryonic development,
these mice have already activated compensatory mecha-
nisms to overcome 7% haploinsufficiency; Prdml6 seems to
be a relevant contributor to this phenotype. In fact, cate-
cholamines are required to respond to stress during gesta-
tion. In this regard, it has been reported that Th-null mice
die at midgestation due to cardiovascular failure (11, 12).
This effect is likely a consequence of their inability to adapt
to the gestational hypoxia (53). However, additional post-
traslational modifications in PRDM16 such as sumoylation
that primes its stabilization, as recently reported (54), can-
not be excluded.

Beside changes in Prdml6 gene expression, the largest
changes found in BAT of Th"™ mice were detected in
FGF21, which was significantly elevated under thermoneu-

tral conditions compared with the T controls; this effect
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FGF21
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Fig. 6. Evaluation of _phosphorylation of HSL in
BAT of Th”* and Tk”  mice and brown adipocytes
stimulated with FGF21. A: Western blot analysis and
quantification of phospho-HSL (S660) in BAT ex-
tracts. Total HSL was used as loading control. All data
are relative to Th”* mice densitometry at 29°C. B:
Western blot analysis and quantification of phospho-
HSL (S660) in differentiated brown adipocytes with or
without FGF21 pretreatment (1 pg/ml for 18 h) be-
fore the addition of 0.1 pM NA for 4 h. Vinculin was
used as a loading control. C: Quantification of glycerol
release after NA stimulation under conditions de-
scribed in B. D: UCP-1 protein levels under conditions
described in B. Two-way ANOVA was used in Western
blot analysis in A, and Mann-Whitney U test was used
in B-D. ¥P< 0.05 (between Th" ** mice and Th*~ mice
group or brown adipocytes pretreated or not with
FGF21 and stimulated with NA between +FGF21 and
-FGF21); *P < 0.05 (between each genotype). Data are
mean + SEM. n = 7-11/group in A, n = 5-7/group in
Band D, and n = 3 independent experiments in C. a.u.,
arbitrary units.

NA
FGF21

was maintained during aging. This batokine has been pre-
viously found to be increased under various situations in-
cluding starvation, ketogenic diets, and overfeeding, as
well as by deficiency or excess in dietary proteins and car-
bohydrates, respectively (43, 55). Although FGF21 is mainly
synthetized and released by the liver (56), the BAT is an-
other source of FGF21, where it has autocrine/paracrine
functions related to upregulation of UCP-1 and thermo-
genesis (19, 57). We also found elevated FGF21 in the
plasma from T~ mice, an effect that could be explained
by the increased liver expression and secretion. Altogether,
these results suggest that less TH availability induces regu-
latory mechanisms in BAT, likely mediated by PrdmI6and/
or Fgf21, which overall appear to compensate thermoregu-
latory changes and lead to normal adaptation to cold.

We next explored the possible molecular mechanisms
that could explain the elevation of FGF21 in Th™ mice.
Several recent reports have demonstrated that the expres-
sion of Fgf21 in the liver is induced by ER stress (58, 59).
However, Fgfrl deficiency in WAT led to a sustained lipid
droplet expansion and ER stress (42). In BAT, a direct re-
lationship between ER stress and FGF21 levels has been
well described under cold exposure or after birth during
suckling (60). In agreement with the involvement of ER
stress in the Th" ~ phenotype, elevation of several ER stress
markers was detected in the BAT of Th”~ mice at thermo-
neutrality, allowing us to speculate that ER stress in BAT,



TABLE 2. FA distribution profile of TAG, DAG, FFA, or CE in BAT
from Th”* and Th" mice

TABLE 3. FA distribution profile of TAG, DAG, FFA, or CE in BAT
from Th”* and Th"~ mice

Percent of Th”~ Content vs.

Th* (29°C), % Statistical Significance

Percent of Th*”~ Content vs.

Th* (4°C), % Statistical Significance

TAG
14:00 189.71 ns
16:0 175.58 ok
16:1n-9 151.91 ns
16:1n-7 201.60 ok
18:0 141.10 ns
18:1n-9 195.98 ok
18:1n-7 22.24 ns
18:2n-6 164.42 ok
18:3n-3 155.56 ns
20:0 187.69 ns
20:1n-9 230.35 ns
20:1n-7 70.53 ns
20:2n-6 319.92 ns
20:3n-6 281.93 ns
20:4n-6 153.95 ns
22:0 191.53 ns
22:1n-9 280.14 ns
CE
16:0 99.99 ns
16:1n-9 87.56 ns
18:0 103.69 ns
18:1n9 194.13 ns
DAG
14:00 97.02 ns
16:0 144.27 Ak
16:1n-9 110.07 ns
16:1n-7 156.77 ns
18:0 132.05 ns
18:1n-9 137.05 *
18:2n-6 122.32 ns
FFA
14:0 44.79 ns
16:0 56.52 ok
16:1n-9 48.05 ns
16:1n-7 49.12 ns
18:0 64.87 ok
18:1 73.91 ns
18:2 78.66 ns
20:0 36.71 ns
20:1n-9 66.85 ns
20:4n-6 57.76 ns
22:0 4.86 ns

TAG
14:00 181.71 ns
16:0 173.28 ok
16:1n-9 140.46 ns
16:1n-7 159.13 ns
18:0 188.45 ns
18:1n-9 175.79 Hkk
18:1n-7 154.75 ns
18:2n-6 151.93 wpk
18:3n-3 136.76 ns
20:0 135.04 ns
20:1n-9 156.04 ns
20:1n-7 153.91 ns
20:3n-6 509.70 ns
20:4n-6 165.72 ns
22:0 71.27 ns
22:1n-9 618.31 ns
CE
16:0 115.01 ns
16:1n-9 78.46 ns
18:0 103.95 ns
18:1n-9 100.63 ns
DAG
14:0 105.54 ns
16:0 149.88 Hepk
16:1n-9 45.13 ns
16:1n-7 143.62 ns
18:0 142.08 wk
18:1n9 141.47 wE
18:2n-6 112.74 ns
20:0 110.29 ns
FFA
14:0 121.51 ns
16:0 129.40 wkE
16:1n-9 142.10 ns
16:1n-7 148.56 ns
18:0 121.47 ns
18:1 166.77 ns
18:2 98.75 ns
20:0 73.58 ns
20:1n-9 99.28 ns
20:4n-6 58.98 ns
22:0 63.89 ns

Percentage of FAs in BAT of Th”~ versus Th"* mice at 29°C. Data
are mean = SEM. n = 10 or 11/group. Two-way ANOVA was used. ns, not
significant. *P< 0.05; **P< 0.01; ***P < 0.001.

probably due to reduced 7h expression, may upregulate
Fgf21.

Catecholamines are the inducers of lipolysis in adipose
tissues. Zeng et al. (61) described that sympathetic dener-
vation (or glucocorticoid administration) increased lipid
accumulation in adipocytes due to defective lipolysis. In ad-
dition, lipolysis requires the activation of lipases such as
adipose triglyceride lipase and HSL, as well as their stable
association with the lipid droplets (62, 63). The analysis of
phosphorylation of HSL at Ser-660, which is a direct indica-
tor of its enzymatic activity, revealed elevations in the BAT
of Th”™ mice after cold exposure, regardless of lower cat-
echolamine levels. This response contrasted with decreased
Ser-660 HSL phosphorylation in cold-exposed Th** mice,
indicating that at least 6 h after cold exposure, the time at
which the experiments were performed, the lipolytic activ-
ity due to HSL-mediated phosphorylation might be more
sustained in the BAT of Th"~ mice, which would explain

Increased FGF21 expression in BAT of TH heterozygous mice

Percentage of FAs in BAT of Th”~ versus Th”" mice after 6 h
exposure to cold at 4°C. Data are mean + SEM. n = 10 or 11 per group.
Two-way ANOVA was used. ns, not significant. *P < 0.05; * P < 0.01;
*+ P<0.001.

their maintained thermogenic capacity within a decreased
catecholamine milieu. Interestingly, the stimulation of dif-
ferentiated brown adipocytes with a submaximal dose of
NA in the presence of FGF21 increased lipolysis and UCP-1
protein levels, reinforcing the in vivo data and indicating
that the relationship between FGF21 and HSL might be
important in this setting.

To find a possible explanation for such an effect, we ana-
lyzed TAG, DAG, and FFAs content in BAT from the two
genotypes of mice. Again, substantial differences were
found between genotypes. Decreased Th expression was ac-
companied by higher DAG and TAG content in BAT under
basal conditions, and, importantly, TAG, DAG, and FFA
content was increased after cold exposure compared with
the levels of the Th”* mice. This suggests an increased li-
polysis rate, in accordance with the higher HSL phosphory-
lation. Interestingly, the differences observed in FFA levels
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upon cold exposure (i.e., significant increase in BAT from
Th”~ mice was observed only for the saturated palmitic
acid) suggest that BAT may adapt to temperature changes
by modifying the ratio saturated versus unsaturated/poly-
unsaturated FFAs within neutral lipids via selective lipoly-
sis. Thus, the loosening of acyl chain packing within TAG
and DAG may provide BAT with a mechanism to finely ad-
just to temperature changes, as needed. These results sug-
gest a more rapid replenishment and remodeling of
fat stores in the lipid droplets in the BAT of Th"™ mice. In
addition, the increased levels of highly lipotoxic species,
such as DAG, might explain the existence of lipotoxicity
and, subsequently, ER stress in 7%/ haploinsufficiency.
These complex mechanisms are likely to be necessary to
respond to the stress of cold exposure in conditions of de-
creased Th expression because, as stated above, Th™ mice
adapted to cold with a similar pattern of thermogenic-
related gene expression, body weight, and rectal and skin
surrounding BAT temperature as the Th”* mice. This ad-
aptation may also be facilitated by elevated lipolytic sub-
strates DAG and TAG under basal conditions, thereby
yielding more availability of FFAs that ultimately are the
fuels for UCP-1 activation in BAT (64). In fact, the histo-
logical analysis revealed an increase in fat (white) area in
BAT from Th”" mice at both thermoneutrality and cold
conditions. Moreover, the lack of differences in plasma lev-
els of FFAs and glycerol content between the two genotypes
of mice (results not shown) could indicate that the FFAs
resulting from lipolysis are being burned in the brown adi-
pocytes as fuels generating the proton gradient in the mito-
chondria, rather than being exported to the circulation.
In summary, our results suggest the existence of an inverse
relationship between Th expression and Prdm16and Fgf21 in
BAT under basal conditions that might operate under stress
conditions in Th”~ mice to maintain BAT functionality/ho-
meostasis. Thus, in a situation of 7Th haploinsufficiency, the
elevation in FGF21, probably as a result of the subsequent
lipotoxic-induced ER stress, together with the elevation in
PRDM16 might ensure a normal response to cold exposure
of BAT as well as iWAT. This compensation is likely facilitated
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Fig. 7. TH heterozygous mice had different content
of TAG, DAG, and FFAs at thermoneutrality or after
cold exposure. The graph represents total content of
TAG (A), DAG (B), FFAs (C), and CE (D) analyzed by
lipidomics in BAT at 29°C or 4°C. The data were ex-
pressed by nmol/mg protein. Data are mean = SEM.
n =10 or 11/group. Mann-Whitney U test was used in
lipidomic analysis. *P< 0.05; ¥*¥P< 0.01 (between Th"
mice and Th"™ mice group); #P < 0.05; ##P < 0.01
(between each genotype at 4°C and 29°C).
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by the higher content of DAG and TAG and increased activity
of HSL in BAT from Th"~ mice, yielding more availability of
FFAs that ultimately are the fuels for UCP-1 activation and
thermogenesis. This evidence indicates a new mechanism for
cold adaptation in a context of low adrenergic signaling, that
may be therapeutically relevant. However, further research is
needed to unravel whether additional intermediate factors
are involved Bl
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