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Fibroblast growth factor 21 (FGF21) has multiple metabolic actions, including the induction of brown-
ing in white adipose tissue. Although FGF21 stimulated browning results from a direct interaction
between FGF21 and the adipocyte, browning is typically associated with activation of the sympathetic
nervous system through cold exposure. We tested the hypothesis that FGF21 can act via the brain, to
increase sympathetic activity and induce browning, independent of cell-autonomous actions. We ad-
ministeredFGF21intothecentralnervoussystemvia lateralventricle infusionintomalemiceandfound
thatthecentraltreatmentincreasednorepinephrineturnover intargettissuesthat includetheinguinal
white adipose tissue and brown adipose tissue. Central FGF21 stimulated browning as assessed by
histology, expression of uncoupling protein 1, and the induction of gene expression associated with
browning. These effects were markedly attenuated when mice were treated with a �-blocker. Addi-
tionally, neither centrally nor peripherally administered FGF21 initiated browning in mice lacking
�-adrenoceptors, demonstrating that an intact adrenergic system is necessary for FGF21 action. These
data indicate that FGF21 can signal in the brain to activate the sympathetic nervous system and induce
adipose tissue thermogenesis. (Endocrinology 156: 2470–2481, 2015)

Fibroblast growth factor 21 (FGF21), an endocrine
member of the FGF superfamily, is an important reg-

ulator of energy homeostasis, particularly in response to
nutritional challenges such as fasting, consumption of a
ketogenic diet (KD), or amino acid restriction such as me-
thionine or leucine-deficient diets (1–4). FGF21 acts
through several known FGF receptors: Fgfr1c, Fgfr2c, and
Fgfr3c as well as the obligate coreceptor, �-klotho (5–10).

Systemic pharmacological effects include the lowering of
circulating glucose, triglycerides and improved insulin
sensitivity. In addition, overexpression and systemic treat-
ment with FGF21 increase energy expenditure and protect
against diet-induced obesity (11, 12).

FGF21 and thermoregulation have been linked as
FGF21 activates brown adipose tissue (BAT) and induces
browning of white adipose tissue (WAT) (13–16). Brown-
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Abbreviations: ABC, avidin-biotin complex; aCSF, artificial CSF; AMPT, �-methyl-p-ty-
rosine; BAT, brown adipose tissue; C/ebp, CCAAT/enhancer-binding protein; CNS, central
nervous system; Cox, cytochrome c oxidase polypeptide; CSF, cerebrospinal fluid; Dio2,
deiodinase 2; EWAT, epididymal WAT; Fgfr, Fibroblast growth factor receptor; FGF21,
fibroblast growth factor 21; h, human; IBAT, interscapular BAT; icv, intracerebroventric-
ular; IML, intermediolateral nucleus; IWAT, inguinal WAT; KD, ketogenic diet; Lcad, long-
chain acyl-coenzyme A dehydrogenase; NE, norepinephrine; NETO, NE turnover; p-Erk,
phosphorylated Erk 1/2; Pgc-1�, coactivator 1 �; Ppar, peroxisome proliferator-activated
receptor; PVH, paraventricular hypothalamus; RT, room temperature; SNS, sympathetic
nervous system; SVF, stromal-vascular fraction; Ucp1, uncoupling protein 1; Vlcad, very-
Lcad; VO2, volume oxygen consumption; WAT, white adipose tissue; WT, wild type; ZT,
zeitgeber time.
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ing, an adaptive response typically seen with chronic cold
exposure, increases thermogenic capacity by converting
WAT to a brown-like state. Hallmarks of browning in-
clude the appearance of uncoupling protein 1 (UCP1)-
expressing mitochondrial-rich multilocular adipocytes in
WAT, otherwise known as “brite” (brown-in-white) or
“beige” adipocytes. These brite cells are highly metabol-
ically active (17), and many genetic mutations leading to
a lean phenotype also are associated with browning of
WAT (18, 19). Furthermore, cold exposure and �-adre-
noceptor stimulation induce FGF21 gene expression in
BAT as well as in fat depots susceptible to browning, in-
cluding inguinal WAT (IWAT) and perirenal adipose tis-
sue (13, 14, 20, 21). By contrast, mice lacking FGF21 have
an attenuated response to cold, including impaired for-
mation of brite cells (13). In aggregate, these data suggest
that FGF21 is an intrinsic mediator of the response to cold.

The thermogenic effects of FGF21 on adipocytes are
cell-autonomous. Direct actions of FGF21 enhance per-
oxisome proliferator-activated receptor (PPAR)�, coacti-
vator 1 � (PGC-1�) protein levels independent of tran-
scription (13). During cold exposure, the sympathetic
nervous system (SNS) also plays a major role to increase
sympathetic activity in the periphery, ultimately resulting
in increased activation of �-adrenoceptors in WAT and
BAT. This activation includes multiple relays from a dis-
tributed network across the neuroaxis and integrated, in
part through the paraventricular hypothalamus (PVH) to
the intermediolateral nucleus (IML), and sympathetic
ganglia synapsing in adipose tissue (22). Thus, beyond
the described cell-autonomous effects of FGF21 in
browning, we examined whether FGF21 may also act
through a centrally mediated pathway via the SNS to
control metabolism.

FGF21 crosses the blood brain barrier in mice (23) and
is found in cerebrospinal fluid (CSF) in humans (24). In-
deed, the FGF21 signaling system is present in the brain
and includes receptors Fgfr1 receptors as well as the co-
receptor �-klotho (25–28). In addition, consistent with
central action one study reported that intracerebroven-
tricularly (icv) administered FGF21 in an obese rat model
improved glucose homeostasis and increased energy ex-
penditure (29). Subsequent reports indicated that FGF21
can act on the hypothalamus and hindbrain to induce a
“starvation state.” This included reduced growth, low-
ered insulin, increased corticosterone, altered behavioral
activity rhythms and inhibition of female fertility by sup-
pressing vasopressin-kisspeptin signaling and thereby in-
hibiting LH (25, 26). The model utilized in those studies,
overexpresses FGF21 at supraphysiologic levels, making it
difficult to distinguish the primary effects on the brain vs
the periphery.

We now show that FGF21 can act in the brain to in-
crease sympathetic activity. The resulting increase in ad-
renergic signaling leads to increased norepinephrine (NE)
turnover in fat depots, associated browning of IWAT and
activation of BAT. �-Adrenergic antagonism blocks the
actions of central FGF21 but only has a partial effect on
peripherally administered FGF21. Mice lacking all 3 �-ad-
renoceptors show no thermogenic response to FGF21.
Thus, we show that a primary and direct effect of FGF21
in the brain is to activate the SNS for thermogenic
adaptation.

Materials and Methods

Animals
All experiments were carried out on male wild-type (WT)

C57Bl/6 mice or male mice homozygous for disruption of �1, �2,
and �3 adrenoceptors used in the genetic sympathectomy studies
(30). Genotypes of parental strains in The Jackson Laboratory
nomenclature are Ardb1, 2tm1Bkk (� 1,2 knockout), and
Ardb3tm1Lowl (� 3 knockout). Male mice were individually
housed and provided with ad libitum access to water and rodent
chow LabDiet 5008 (Pharmaserv) and under a 12-hour light,
12-hour dark cycle and an ambient temperature of 22 � 2°C. At
the start of the experiment, mice were approximately 14 weeks
old. All procedures were in accordance with National Institutes
of Health Guidelines for the Care and Use of Animals and were
approved by the Institutional Animal Care and Use Committee.

Animal measurements

Indirect calorimetry
Mice were maintained on a 12-hour light, 12-hour dark cycle

and metabolic rate was measured by indirect calorimetry using
a Comprehensive Lab Animal Monitoring System (Columbus
Instruments). Sample air was passed through an O2 sensor (Co-
lumbus Instruments) for determination of O2 content. O2 con-
sumption was calculated by examining the difference of O2 con-
centration of air entering the chamber compared with air leaving
the chamber. The sensor was calibrated against a standard gas
mix containing defined quantities of O2, CO2, and nitrogen.
Food and water were available ad libitum. Mice were measured
for 24 hours of data collection, which were averaged and binned
to create day and night depictions of metabolic rate and nor-
malized to effective mass ((VO2/mass^(2/3)).

Feeding and weight collection
Mice were maintained on a 12-hour light, 12-hour dark cycle

on a standard chow diet LabDiet 5008 (Pharmaserv). Food in-
take and body weights were determined with a tabletop scale
measured to the closest 0.1 g.

Home cage activity
Spontaneous locomotor activity was recorded continuously

using the OptoM3 apparatus beam breaks from Columbus
Instruments.
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Serum analysis
Both mouse and human serum FGF21 concentrations were

measured according to the manufacturer’s instructions using
quantitative ELISAs specific for mouse or human FGF21 (R&D
Systems).

Quantitative RT-PCR
RNA was isolated from tissue flash-frozen in liquid nitrogen

using an RNAeasy mini kit (QIAGEN) according to manufac-
turer’s instructions. A deoxyribonuclease (QIAGEN) step to di-
gest the genomic DNA was included. cDNA was made from
isolated RNA using oligo(dt) and random hexamer primers and
reverse transcriptase (QuantiTech RT kit; QIAGEN). Quanti-
tative PCR was performed using the 7800HT (Applied Biosys-
tems) thermal cycler and SYBR Green master mix (Applied Bio-
systems). Relative mRNA abundance was calculated and
normalized to levels of TATA box-binding protein. Primers are
included in Table 2.

Recombinant FGF21 protein
In brief, human FGF21 (hFGF21) was expressed in Esche-

richia coli and was subsequently refolded in vitro and isolated as
previously described (11).

Central FGF21 infusion
Each mouse was anesthetized with ketamine/xylazine and the

surgical area shaved and cleaned with an iodine solution and
alcohol swab. After being placed into a stereotaxic frame, an
incision running dorsally and laterally of 1.5 cm was made to
expose the skull, which was cleaned and drilled at the next co-
ordinates for the third ventricle: anterioposterior, �0.5 mm and
lateral, �1 mm from the bregma. The cannula (Plastics One) was
then implanted at a cut �2.5 mm below the dura. The cannula

was secured with cyanoacrylate adhesive Loctite 454 (Durect
Corp). Subsequently, an Alzet osmotic minipump (Alzet model
1007D; Durect Corp) filled with saline vehicle or hFGF21 (E.
Lilly), was implanted by insertion under the skin between the
scapulae and connected to the cannula via vinyl catheter tubing
(Durect Corp) and sutures were used to close the wound. The
pumps were loaded to deliver 0.4 �g/12 �L/d of hFGF21 or 12
�L/d of saline vehicle alone.

Peripheral FGF21 infusion
Mice were anesthetized with isoflurane, and an Alzet osmotic

minipump (Alzet model 1007D; Durect Corp) filled with saline
or hFGF21 (E. Lilly), was implanted sc by insertion under the
skin between the scapulae. Sutures were used to close the wound.
The pumps were loaded to deliver doses of hFGF21 or saline
vehicle as indicated in the main text.

�-Adrenoceptor antagonism
Mice were given daily ip injections with ((s)-(-) propranolol

hydrochloride; Sigma) at 5 mg/kg�d for 5 days before icv surgery.
Upon surgery, propranolol was included in the same Alzet min-
iosmotic pump that introduced hFGF21 or saline vehicle at the
same 5-mg/kg�d dose.

In vitro hypothalamic slice culture
Slices were prepared as previously described (31, 32). Briefly,

brains from 10-week-old male C57BL/6 mice were rapidly re-
moved and submerged in ice-cold carbogenated (95% O2/5%
CO2) artificial CSF (aCSF) containing: 124mM NaCl, 3mM
KCl, 1.3mM MgSO4, 1.4mM NaH2PO4, 10mM glucose, 26mM
NaHCO3, 2.5mM CaCl2, and 5mM 3-(N-morpholino)propane-
sulfonic acid (300–302 mOsm/L). Coronal sections (250 �m)
containing the PVH were cut from a brain block using a vi-

Table 1. Circulating Metabolic Parameters of Mouse Cohorts Administered icv-FGF21 or sc-FGF21

Serum Concentrations

0.4-�g/d icv-FGF21 1.6-�g/d sc-FGF21

Vehicle Treated P Value Vehicle Treated P Value

�-Hydroxybutyrate (mM) 0.16 � 0.01 0.17 � 0.01 ns 0.15 � 0.01 0.16 � 0.02 ns
Glucose (mg/dL) 179 � 7 182 � 7 ns 183 � 9 204 � 18 ns
Triglycerides (mg/dL) 82 � 9 67 � 6 ns 76 � 10 64 � 5 ns

Table 2. List of Primers

Gene F R

�-Klotho CGAGCCCATTGTTACCTTGT CATGCATACCTGTGCCAAAC
C/ebp� GCAAGAGCCGCGACAAG GGCTCGGGCAGCTGCTT
Cox7� AAAACCGTGTGGCAGAGAAG CCAGCCCAAGCAGTATAAGC
Cox8� TGCGAAGTTCACAGTGGTTC TGCTGCGGAGCTCTTTTTAT
Cpt1� GTCGCTTCTTCAAGGTCTGG AAGAAAGCAGCACGTTCGAT
Dio2 GTGGCTGACTTCCTGTTGGT GCACACACGTTCAAAGGCTA
Fgfr1 TGTTTGACCGGATCTACACACA CTCCCACAAGAGCACTCCAA
Fgf21 CTGGGGGTCTACCAAGCATA CACCCAGGATTTGAATGACC
Lcad TCTTTTCCTCGGAGCATGACA GACCTCTCTACTCACTTCTCCAG
Pgc-1� CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC
Tbp AATGACTCACAAGGCAATGTCG AGCTTTTCTAGCCCGTTTCAAT
Ucp1 ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Vlcad TATCTCTGCCCAGCGACTTT TGGGTATGGGAACACCTGAT

Forward primer (F) and reverse primer (R) used for amplification using QRT-PCR. Tbp, TATA box-binding protein.
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bratome (Leica VT100S). Slices were held in holding chamber
containing carbogenated aCSF at room temperature (RT) for
2–3 hours, then equilibrated in experimental chambers at 34°C
for 1.5 hours. This prewarmed chamber was spiked with 100nM
hFGF21 where slices were incubated for 10 minutes. Control
brain slices were kept in aCSF bath (34°C) and did not receive
further treatment. After the application period, all slices were
placed in 10% formalin (24 h, 4°C), cryoprotected with 20%
sucrose (24 h, 4°C), and resectioned to 50-�m thickness using a
freezing microtome (Leica SM2000R). Control and FGF21-
treated slices were processed for phosphorylated ERK (p-Erk)
immunohistochemistry.

Acute in vivo brain signaling
Because exogenous treatment with FGF21 leads to an induc-

tion of MAPK signaling cascade, phosphorylation of Erk1/2 was
used as an indicator of FGF21 activity. In brief, mice were in-
jected with 24-�g FGF21/mouse ip and perfused with 10% for-
malin 30 minutes later. Postfixation of brains was performed
with 10% formalin (24 h, 4°C), cryoprotected with 20% sucrose
(24 h, 4°C), and sectioned to 30-�m thickness using a freezing
microtome (Leica SM2000R). Brains were then processed for
p-Erk immunohistochemistry.

Immunohistochemistry

Immunohistochemical staining of Ucp1-positive
IWAT

WAT was dissected and fixed in 4% formaldehyde, embed-
ded in paraffin, and cut into 6-�m sections. Each slide was in-
cubated with anti-Ucp1 antibody and the signal developed, by:
1) antigen retrieval with citric acid and 3% hydrogen peroxide;
2) 10% normal goat serum for 30 minutes; 3) incubation with
anti-Ucp1 antibody for 30 minutes at 37°C; 4) biotinylated IgG
secondary antibody for 90 minutes at 37°C; 5) avidin-biotin
complex (ABC) kit, as per manufacturer’s instructions (Vector
Laboratories); and 6) developed signal with 3, 3�-diaminoben-
zidine substrate (Vector Laboratories) and subsequent rapid he-
motoxylin counterstain. Slides were mounted after dehydrating
through ethanol and cleared with xylene.

Immunohistochemical staining of p-Erk1/2
Serial coronal free-floating sections (30 �m for acute in vivo

studies or 50 �m for hypothalamic sections) were processed as
follows: 1) 3% normal goat serum (Vector Laboratories Z1104)
for 2 hours to reduce nonspecific binding; 2) incubation with
polyclonal anti-p-Erk1/2 antibody for 1 hour, RT (slice culture,

24 h; 4°C); 3) biotinylated secondary antibody for 1 hour, RT;
4) Avidin/Biotin Complex kit, per manufacturer’s instructions
(ABC Elite kit; Vector Laboratories); and 5) developed signal
with 3, 3�-diaminobenzidine substrate (Vector Laboratories).
Slides were then mounted, dehydrated through ethanol and
cleared with xylene, and staining analyzed.

p-Erk 1/2 assessment
Assessment of p-Erk immunoreactive neurons was obtained

by counting the number of p-Erk immuno-positive cells. Neu-
rons with black or dark brown staining were considered as p-Erk
positive. Coronal sections were counted for p-Erk immuno-pos-
itive staining bilaterally in PVH using a Zeiss Axio Imager A1
Microscope. Anatomic correlations were made according to
landmarks given in Paxinos and Watson’s stereotaxic atlas
(bregma �0.58 to �1.22 mm were selected for PVH analysis)
(33). The investigator counting the number of p-Erk immuno-
positive cells was blinded to treatments received by the animals.
Cell counts were taken over 2 consecutive central PVH sections
from each experimental animal. The average number of p-Erk
immuno-positive neurons per section for the brain nuclei men-
tioned above was calculated for 6 mice per experimental group.
P-Erk data are expressed as mean � SEM and analyzed by a
Student’s t test, with P � .05 considered significant.

NE turnover (NETO)
NETO was determined using the �-methyl-p-tyrosine

(AMPT) method (34). Adult male mice were first adapted to
handling and ip injections for 12 days before the actual experi-
mental procedure to minimize handling- and injection-induced
increases in SNS activity (35). Each animal was lightly restrained
by hand, simulating the handling and injecting procedure. After
habituation, the mice were infused with FGF21 or vehicle ad-
ministered centrally via icv miniosmotic pump (methods above).
After 5 days of infusion, we used the next method (36): food was
removed at zeitgeber time (ZT)2 (ZTn is hours after light onset).
At ZT4, one half of the vehicle-treated and one half of the
FGF21-treated mice were killed by decapitation and adipose de-
pots harvested for baseline NE content, whereas the other half
were injected ip with 250-mg AMPT/kg body mass to inhibit
tyrosine hydroxylase (36), the rate-limiting enzyme in catechol-
amine biosynthesis. AMPT (Sigma-Aldrich) was prepared in gla-
cial acetic acid (1-�L/mg AMPT) and diluted to a final concen-
tration in 0.15M NaCl. Upon AMPT administration, tissue
levels of endogenous NE decline at a rate proportional to NE
concentrations. To maintain tyrosine hydroxylase inhibition, at
ZT6, these later mice were injected with a second lower ip dose

Table 3. Antibody Table

Peptide/
Protein
Target

Antigen
Sequence
(if known) Name of Antibody

Manufacturer, Catalog
Number, and/or Name of
Individual Providing the
Antibody

Species Raised in;
Monoclonal or
Polyclonal Dilution Used

p-Erk Phospho-p44/42 MAPK (ERK
1/2), Thr 202/Tyr204

Cell Signaling, catalog 4370 Rabbit; monoclonal 1:1000

AffiniPure goat antirabbit
Biotin-SP-conjugated
secondary

Jackson ImmunoResearch,
catalog 111-035-144

Goat 1:1000 for p-Erk,
1:200 for Ucp1

Ucp1 Anti-Ucp1 Abcam, catalog 10983 Rabbit; polyclonal 1:500
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of AMPT (125-mg/kg body mass). The injected mice were killed
at ZT8 by decapitation. Adipose depots harvested included
IWAT, retroperitoneal WAT, epididymal WAT (EWAT), and
interscapular BAT (IBAT), which were rapidly removed,
weighed, and frozen in liquid nitrogen. NE adipose tissue content
was measured using reverse-phase HPLC with electrochemical
detection with some modifications (37) of Mefford’s method
(38). NETO was calculated according to the formula outlined in
Vaughan et al (36).

Stromal-vascular fraction (SVF) culture and white
adipocyte differentiation

IWAT from 10-week-old male �-less mice was dissected,
washed, minced, and digested for 30–45 minutes at 37°C in PBS
containing 10mM CaCl2 and 200-U/mL collagenase type 1
(Worthington). Digested tissue was then filtered through a
100-�m cell strainer to remove undigested tissues. The flow-
through was centrifuged at 600g for 5 minutes to pellet the SVF
cells. The SVF cells were resuspended in a complete SVF culture
medium (Dulbecco’s Modified Eagle Medium F12; Life Tech-
nologies) containing an antibiotic-antimycotic (Life Technolo-
gies), and 10% fetal bovine serum, before filtering through a
70-�m cell strainer to remove clumps. After centrifugation as
above, SVF cells were resuspended in SVF medium and trans-
ferred to tissue culture plates. When the SVF cells grew to con-
fluence, adipocyte differentiation was performed as follows. At
confluence (d 0) cells were exposed to an adipogeneic cocktail
containing 5-�g/mL insulin and 1�M dexamethasone, 0.5mM
isobutylmethylxanthine, and 1�M rosiglitazone in the SVF cul-
ture medium. Forty-eight hours after induction, cells were main-
tained in SVF culture medium containing 5-�g/mL insulin. At
day 7 of differentiation, cells were treated for 24 hours with
100nM hFGF21 or 10�M forskolin (Sigma) in the absence of
insulin and harvested at day 8.

Statistical analysis
Data are given as mean � SEM. Statistical analysis was per-

formed using a Student’s t test or repeat measures ANOVA
where appropriate. All statistical analyses were performed using
GraphPad Prism 5 software and the differences were considered
significant when P � .05.

Results

FGF21 stimulates p-Erk in the PVH in vivo and in
vitro

To examine the ability of peripheral FGF21 to cross the
blood brain barrier and signal in the central nervous sys-
tem (CNS), we administered an ip injection of 24-�g
FGF21; this is a similar dose to what we and others have
used previously for acute signaling (39, 40). Thirty min-
utes after FGF21 injection, the mice were euthanized, and
coronal brain sections were immunostained for p-ERK, a
direct downstream target for FGF21 signaling (11). We
found a strong signal in the PVH of FGF21-treated mice,

which was, on average, 2-fold higher than that seen in
saline-treated mice (P � .05) (Figure 1, A–E).

To confirm that the FGF21 effect on the brain is
direct and not due to a secondary signal from the pe-
riphery, we examined the effects of FGF21 on acutely
harvested hypothalamic slices in vitro. Treatment with
100nM FGF21 increased p-Erk immunoreactivity in the
PVH (Figure 1F, right) compared with vehicle control
(Figure 1F, left).

These data indicated that FGF21 targets a specific re-
gion of the hypothalamus. We thus tested the hypothesis
that FGF21 acts in the brain to mediate its peripheral ef-
fects by administering a low dose of FGF21 into the lateral
ventricle.

Defining a dose for central infusion of FGF21
We first determined a dose that allowed us to isolate

effects mediated by FGF21 signaling in the brain vs those
mediated by the periphery in mice. Based on a previous
report in rats (29), we used a dose of 0.4-�g/d icv of human
FGF21, which was reported not to leak into the periphery.
However, because diffusion properties could be different
due to the size/weight of our mice, we then measured
serum levels of hFGF21 and found that, in mice, there
was a low, but detectable, level of hFGF21 in circulation
of 246 � 51 pg/mL above the ad libitum-fed level of
138 � 20-pg/mL mouse FGF21. To ensure that this
concentration in the serum did not have metabolic ef-
fects mediated through direct action on peripheral tis-
sues, we tested several doses of peripheral FGF21 to
attain the same serum level. We found that a sc dose of
1.6 �g/d achieved a serum concentration of (220 � 45
pg/mL), which match that obtained by 0.4 �g/d admin-
istered centrally. None of the doses of FGF21 admin-
istered either icv or sc led to a significant change in body
weight as shown in Supplemental Table 1 and in general
weight change was less than 1 g.

Central FGF21 increases energy expenditure
We next examined the effect of central FGF21 on en-

ergy expenditure. At a dose of 0.4-�g/d icv-FGF21 in-
creased metabolic rate (O2 consumption) by 16% over 24
hours, which was largely due to a 17% increase in night
cycle O2 consumption (Figure 2A). We observed no
changes in food intake (Figure 2B) or home cage activity
(Figure 2C). Administration of peripheral FGF21 at 1.6
�g/d, which achieved the same serum level as the central
0.4-�g/d dose, had no effect on O2 consumption (Figure
2D). This suggests that centrally administered FGF21 acts
via the brain and not through the periphery. As systemic
metabolic effects of FGF21 include changing metabolite
levels, including lowering of circulating glucose and trig-
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lycerides, we next examined serum nutrient profiles of,
glucose, triglycerides, and �-hydroxybutyrate in mice
treated with icv-FGF21, or administered with FGF21 in
the periphery (Table 1). Regardless of FGF21 delivery,

�-hydroxybutyrate, glucose, and
triglycerides did not change.

Central FGF21 increases
“browning” markers in IWAT

Central FGF21 increased markers
of IWAT browning, including 4-fold
induction of Ucp1 mRNA and 3-fold
induction of deiodinase 2 (Dio2)
mRNA (Figure 3A). There also was an
increase in gene expression of factors
involved in transcriptional regulation
of adipogenesis, including Pgc-1�

and CCAAT/enhancer-binding pro-
tein (C/ebp)�. Increased gene expres-
sion of mitochondrial associated
markers, cytochrome c oxidase poly-
peptide (Cox)7aandCox8bandgenes
involved in fatty acid oxidation, in-
cluding long-chain acyl-CoA dehy-
drogenase (Lcad) and very-Lcad (Vl-
cad), were all up-regulated in centrally
treated mice. Interestingly, icv-
FGF21 administration elevated
Fgf21 transcript in adipocytes, an ef-
fectwhichwasnotseenwithhigh-dose
sc infusion.ThecontroldoseofFGF21
of 1.6 �g/d sc had no effect on Ucp1
and Dio2 expression, indicating
that the effects of 0.4 �g/d icv are
centrally mediated (Figure 3B).
Histologic examinations of IWAT
from icv-FGF21 animals revealed
morphologic changes associated with
browning, including the appearance
of Ucp1-enriched multilocular adi-
pocytes (Figures 3, C–F).

Central FGF21 activates IBAT
and increases NETO in multiple
adipose depots

Fgf21 expression increased in
BAT with cold exposure and activa-
tion of this tissue may contribute
to thermogenesis seen with central
FGF21. Thus we looked for evidence
of BAT activation by examining pro-

tein expression via Western blotting. We found a 40% in-
crease in Ucp1 level upon icv-FGF21 administration (Figure
3G). We examined IBAT Ucp1 gene expression and found
these levelsunchanged(datanot shown); this isunsurprising,

Figure 1. FGF21 induces Erk phosphorylation and increases sympathetic activity. Mice were
injected ip with vehicle (n � 6) or FGF21 (n � 6). Representative images of PVH-containing
coronal brain sections immunohistochemically labeled for p-Erk are shown (A) vehicle and (B)
FGF21. Boxed regions are enlarged below each respective image (C and D). Mean number of
p-Erk-positive cell counts taken over 2 consecutive central PVH sections for each experimental
animal (E). Hypothalamic slice culture showed p-Erk in the PVH of FGF21-treated (right) but not
vehicle-treated (left) (F). *, P � .05 by Student’s t test.
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because Ucp1 mRNA in IBAT does not always reflect rela-
tive Ucp1 protein levels (41).

The central effects of FGF21 to activate the PVH may
increase sympathetic action and this may mediate the
browning of IWAT and increased Ucp1 in BAT (42, 43).
Finally to confirm sympathetic activation directly we
looked at NETO in target tissue depots, including IWAT,
EWAT, and IBAT (Figure 3H). We observed an increase in
IWAT NETO, a tissue known to brown, but minimal
changes in EWAT NETO, which typically does not brown
(Figure 3H). Interestingly, IBAT had the largest increase in
NETO in response to central FGF21, which is in agree-
ment with BAT activation by the SNS (for review see Ref.
44).

Adrenergic receptor blockade prevents the actions
of central FGF21

Our aggregate data that FGF21 targets the PVH,
browns IWAT, increases IWAT and IBAT NETO to ac-
tivate BAT, all implicate SNS action (44). We thus pre-
dicted that adrenergic receptor blockade (ie, �-adrenocep-
tor antagonism) would inhibit the effects of icv-FGF21.
Propranolol, a nonselective �-blocker, inhibited icv-
FGF21 (0.4 �g/d) mediated induction of genes in IWAT
(Figure 4A), including the induction of Fgf21. This block-
ade is specific to central FGF21 administration. By con-
trast, propranolol did not inhibit the induction of gene
expression in IWAT in response to the standard peripheral
pharmacological dose of FGF21 (24 �g/d). Thus, robust
induction of Ucp1 and Lcad, and increases in the mito-

chondrial genes Cox7a and Cox8b,
persisted, despite propranolol treat-
ment. Notably, the induction of
Ucp1 was more than 17-fold (Figure
4B), suggesting that when FGF21 is
administered peripherally at high
doses propranolol has little influence
on direct FGF21 effects on the adi-
pocyte. This is consistent with cell-
autonomous effects of FGF21 on the
adipocyte that we have previously
reported (13).

To further explore the interaction
between FGF21 and sympathetic ac-
tivation, we used a genetic model of
�-adrenoceptor ablation, the “�-
less” mouse, which lacks all 3 �-ad-
renoceptors (30). In this mouse the
end organ response to sympathetic
activation is not possible. We found
that icv-FGF21 treatment (0.4 �g/d)
in �-less mice failed to produce

changes in markers of thermogenesis, BAT-specific mark-
ers, or fatty acid oxidation (Figure 4C). Thus, in these
mice, icv-FGF21 cannot induce the browning program in
IWAT. These mice were also resistant to browning upon
treatment with a standard peripheral dose of 24 �g/d of
FGF21 infused over 5 days (Figure 4D). We also examined
FGF21 receptor expression in adipose tissue of �-less
mice. We found no significant differences in �-klotho and
Fgfr1 gene expression in IWAT. In BAT we found a 61%
decrease in �-klotho (P � .01) and 29% decrease in Fgfr1
(P � .01) in gene expression, compared with WT controls.

Because our previous work demonstrated a primary
cell-autonomous effect of FGF21 on adipocytes (13), we
wanted to further understand the lack of the cell-auton-
omous effect. We thus established primary adipocyte cul-
tures from �-less mice. FGF21 is unable to elicit a direct
response in �-less adipocytes (Figure 4D). These cells were
still able to respond to forskolin, an activator of adenylyl
cyclase downstream of adrenergic receptors (Figure 4E).
These data suggest that the cell-autonomous effect of
FGF21 is dependent on some degree of baseline activity of
�-adrenergic receptor-linked signaling.

Discussion

FGF21 exerts multiple complex actions on metabolism.
Along with direct effects on fatty acid oxidation in the liver
and on glucose homeostasis in adipocytes, it plays a sig-
nificant role in the systemic response to cold, including

Figure 2. A low central FGF21 dose of 0.4 �g/d into WT mice causes an increase in O2

consumption. Mice (n � 8 per group) administered icv-FGF21 have a higher metabolic rate of
VO2 (A), yet do not consume more food (vehicle, n � 8, FGF21, n � 7) (B) or have increased
activity ambulatory activity (n � 14 per group) (C). Mice given the circulation-matching, 1.6-�g/d
sc-FGF21 dose (vehicle, n � 6, FGF21 n � 8) do not show an increase in VO2 consumption (D).
Graphs are shown � SEM. *, P � .05; **, P � .01; by Student’s t test, food consumption not
significant by repeat measures ANOVA, P � .3193.
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browning of WAT (13) and thermogenic adaptation of
BAT (14, 21). Although the significance of BAT to ther-
mogenic adaptation must not be underestimated, the rel-
ative contribution of browning of WAT is increasingly
seen as an important and significant depot. Indeed, recent
work showed that FGF21 action, including increased en-

ergy expenditure, was possible even
after surgical removal of the main in-
terscapular brown fat pad (15) dem-
onstrating the relevance of adipose
depots outside IBAT. The data pre-
sented here show, for the first time,
that FGF21 acts in the brain to acti-
vate the SNS to induce browning of
WAT depots and stimulate thermo-
genesis-associated protein expres-
sion in BAT. Although FGF21 does
not appear to be expressed in the
brain (27), it crosses the blood brain
barrier in mice (23). Thus, FGF21
central action would be analogous to
that of other peptides synthesized in
the periphery, and act on the brain
to control energy balance, appetite
and glucose homeostasis, including
leptin (45), ghrelin (46), glucagon-
like peptide-1 (47), and insulin
(48). Consistent with this central
action are recent reports demon-
strating that icv-FGF21 infusions
control insulin sensitivity (29). In
addition, mice overexpressing
FGF21 have impaired fertility and cir-
cadian rhythms due to effects on the
suprachiasmatic nucleus (25, 26).

This effect of central FGF21 to in-
crease sympathetic activity is likely
mediated through the PVH, which is
consistent with the known role of
this nucleus to integrate sympathetic
outflow. However, it does not rule
out other periventricular hypotha-
lamic sites and possibly, due to the
direction of CSF flow, other sites in-
volved in the SNS outflow from
brain to adipose tissues (42). The
finding that central FGF21 increased
NETO in multiple adipose depots is
a direct demonstration of increased
sympathetic outflow to these tissues.
The resulting elevated NE signaling
leads to amplified browning of

IWAT as demonstrated by changes in gene expression and
morphology and activation of IBAT as demonstrated by a
boost in Ucp1 protein levels, all of which likely increases
O2 consumption. Although the role of WAT in thermo-
genesis is debated (49), thermogenically active WAT now
appears to be an important contributor to metabolic rate

Figure 3. Browning profile of inguinal adipose tissue, Ucp1 protein expression in BAT, and
NETO in adipose depots: icv-FGF21 (0.4 �g/d) 5-day infusion into mice (n � 15 per group) causes
increases in expression of BAT-specific markers and markers of thermogenesis and fatty acid
oxidation in IWAT (A), whereas a circulation-matching sc-FGF21 dose (1.6 �g/d) (n � 7 per
group) fails to induce expression of Ucp1 or Dio2 after 5 days of treatment (B). Histologic
examinations (vehicle, n � 8, FGF21, n � 7) of IWAT revealed that 5-day icv-FGF21
administration (0.4 �g/d) caused increased protein expression of Ucp1 as assessed
immunohistochemistry (C–F). IBAT total Ucp1 protein is increased after 5-day icv-FGF21 (0.4 �g/
d)-treated mice (vehicle, n � 7, FGF21, n � 6) (G). NETO increased after a 5-day icv-FGF21
administration in IWAT (vehicle, n � 16, FGF21 n � 19), EWAT (vehicle n � 16, FGF21, n � 20),
and IBAT (vehicle, n � 17, FGF21, n � 20) (H). Carnitine palmitoyltransferase 1b (Cpt1�). Graphs
are shown as mean � SEM. *, P � .05; **, P � .01; ***, P � .001 by Student’s t test.
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and several groups have shown that genetic manipulations
that lead to browning of WAT can increase energy expen-
diture and cause weight loss. Examples of this include both
gain-of-function mice (Ucp1, PR domain containing 16
and loss-of-function mouse models (aldehyde dehydroge-
nase 1 family, member A1, cell death-inducing DNA frag-
mentation factor A-like effector C, eukaryotic translation
initiation factor 4e-binding protein 1, nuclear receptor-
interacting protein 1, mothers against decapentaplegic ho-
molog 3, and vascular endothelial growth factor A (50–
60). In addition, in the only demonstration of heat
generation by browned WAT, neuropeptide Y knock-
down specifically in the dorsomedial hypothalamic nu-
cleus increases browned IWAT temperature in vivo (61),
an effect also mediated by the SNS drive to this tissue (62).

There appear to be 2 distinct pathways for FGF21-
induced browning and activation of IBAT (Figure 5): one
pathway that directly acts on the adipocyte in a cell au-
tonomous manner that we previously described (13) and
a second pathway that acts via the brain and the SNS to
simulate browning of WAT and activation of BAT. Before

the present study, effects of FGF21
on both of these tissues were under-
stood to be direct (13, 14, 21). We
demonstrated the direct cell-autono-
mous stabilization of Pgc-1� in
IWAT (13). Most of these studies,
however, used peripheral FGF21 ad-
ministered at high doses and did not
account for FGF21 crossing the
blood brain barrier, and therefore
did not address the possibility of a
central action. Based on our results
wherein central administration of
FGF21 leads to a “brown/brite”
IWAT depot, we developed a work-
ing model wherein FGF21 acts in the
brain, most likely through the hypo-
thalamus but possibly through other
areas of the neuroaxis such as the
hindbrain (for review see Ref. 44) to
relay signals to the IML and then
sympathetic ganglia before ultimately
innervating IWAT to promote brown-
ing (Figure 5). In addition, in IWAT,
sympathetic activation is associated
with an increase in locally produced
FGF21 suggesting that central FGF21
“feeds forward” to generate Fgf21
that can act locally in a cell-autono-
mous fashion.

These results define a second
pathway for FGF21 action mediated through the CNS,
which we identify by low-dose FGF21 infusion into the
brain. Are there perturbations that lead to increases of
peripheral Fgf21 that can cross the blood brain barrier and
act centrally? One such circumstance is consumption of a
KD, which induces a 25-fold increase in hepatic Fgf21
expression and markedly elevates Fgf21 in the serum to
what might otherwise be considered pharmacological
levels. Indeed, mice consuming KD show evidence of
sympathetic activation as assessed by marked increases
in O2 consumption and a 5-fold increase in BAT Ucp1
protein levels (63). Critically, the thermogenic effects of
KD are absent in Fgf21-deficient mice (64). These cen-
tral actions likely reflect the emerging dual actions of
this peptide as both a paracrine and endocrine regulator
of thermogenesis.

The data here are consistent with a recent report ex-
amining CNS deletion of �-klotho, which also con-
cluded that FGF21 acts through the CNS to increase
sympathetic activity (65), which was assessed using in-
direct electrophysiologic data of both sensory and SNS

Figure 4. Central FGF21 is dependent on the SNS. The �-blocker propranolol counters the
influence of FGF21 on IWAT and �-adrenoceptors are required for FGF21-mediated induction of
BAT-specific markers, thermogenesis, and fatty acid oxidation in IWAT. IWAT of 5-day icv
administration (0.4 �g/d) of FGF21 fails to induce gene expression of a panel of markers of
browning in IWAT if the mice (n � 7 per group) are treated with the general �-blocker
propranolol (A), but this is largely overcome if administered a large sc-FGF21 dose (24 �g/d)
(vehicle, n � 6, FGF21 n � 8) plus propranolol (B). Mice lacking the �1, �2, and �3
adrenoceptors (�-less mice) fail to induce a browning profile in IWAT if given FGF21 (0.4 �g/d)
icv (vehicle, n � 9, FGF21, n � 8) (C) or if administered a large sc-FGF21 dose (24 �g/d) to �-less
mice (vehicle, n � 7, FGF21, n � 6) (D). Primary IWAT culture derived from �-less mice was
unresponsive to vehicle or FGF21 treatment but did induce Ucp1 when treated with forskolin (E).
Graphs are shown as mean � SEM. *, P � .05; **, P � .01 by Student’s t test.
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nerves innervating BAT after an icv-FGF21 injection
and focused on the role of FGF21 in mediating classical
BAT thermogenesis.

Physiologic control of FGF21 expression is complex
and differs between WAT and liver. It seems likely that
serum levels reflect Fgf21 derived from the liver whether
induced by fasting, KD, or fatty liver disease as these ma-
nipulations do not induce Fgf21 expression in WAT. Ad-
ipose tissues do not appear to contribute to serum levels,
as manipulations that increase expression in adipose, in-
cluding cold exposure and Ppar� agonists are not associ-
ated with changes in the circulation (13, 66, 67). Thus, the
central action is likely to be the consequence of conditions
that significantly induce hepatic expression, particularly
dietary manipulations (4, 63). Under these conditions,
Fgf21 acting through the CNS will induce its own expres-
sion, creating a novel regulatory loop from the liver to the
brain to adipose tissue linked by the SNS.

The PVH mediates sympathetic activity through a cas-
cade of events. Direct PVH innervation of the IML in-
creases cholinergic activity and activates downstream ad-
renergic outflow from sympathetic ganglia to increase NE
release in target tissues. NE is thus a direct effector of
end-organ tissue activation. When we used propranolol to
block NE signaling through adrenoceptors, we completely

blocked the central effects of FGF21.
By contrast, as expected, proprano-
lol only attenuated the effects of sc-
administered FGF21, because in the
periphery, FGF21 can also act au-
tonomously on the adipocyte.

Intriguingly, mice lacking all 3
�-adrenoceptors through genetic ab-
lation failed to respond to either cen-
tral or peripheral FGF21. The lack of
responsiveness could be at least par-
tially due to lower expression of
Fgf21 receptors in the BAT of �-less
mice; reductions in �-klotho expres-
sion in adipose tissue have been re-
ported and may account for impaired
FGF21 responsiveness (5, 9, 10, 68,
69). Furthermore, the �-less mouse’s
lack of response to central FGF21 is
consistentwith therequirement forac-
tivation of SNS-mediated adrenocep-
tor signaling. The fact that the �-less
mice fail to respond to peripheral
FGF21 when one would expect
direct, cell-autonomous FGF21-medi-
ated browning is unexpected. We ex-
plored this further with primary cul-

tures and found that FGF21 fails to induce Ucp1 in primary
�-less WAT, an effect that is readily seen in WT culture.
However, WAT of �-less mice, can brown under special cir-
cumstances. Although they fail to respond to acute to cold,
theywill eventuallybrownwith long-termexposure (30,70).
Furthermore the �-less primary cells respond to forskolin,
which bypasses adrenoceptors and acts directly to increase
intracellular cyclicadenosinemonophosphate,ultimately in-
creasingUcp1expression.These results fromthe�-lessmod-
els indicate a baseline requirement of adrenoceptor activity
forappropriatebrowningwhether inducedbycoldexposure
or FGF21.

Taken together, these studies demonstrate that FGF21
can regulate sympathetic activity through direct action in
the brain and that this pathway contributes to adaptive
thermogenesis by the hormone. In addition, we demon-
strated that the PVH and/or other periventricular sites
downstream from the third ventricle is a target for FGF21
action. Future studies should address the relative contri-
bution of peripheral vs central action in mediating the
broader array of FGF21 metabolic effects and also to bet-
ter understand the physiologic interaction of FGF21 and
the SNS. Finally, site-specific FGF21 injection into neu-
rons known to possess Fgf21 receptors in the hypothala-
mus, midbrain and hindbrain can pinpoint the structure(s)

Figure 5. Physiologic model of FGF21 action. Fgf21 is increased systemically via increased
production in the liver, such as through consumption of a KD. This Fgf21 can act directly on
adipose tissue, including WAT where it can induce browning. Fgf21 can also cross the blood-
brain barrier and act on the PVH, which activates a cholinergic signal from the IML to increase
�-adrenergic signaling in sympathetic ganglia to increase adrenergic activity in target
thermogenic tissues such as BAT and WAT. When animals are exposed to cold, SNS activation
occurs via pathways independent of central or peripheral FGF21. Increased �-adrenergic
signaling in target tissue induces Fgf21 expression in WAT and BAT. In this later case, Fgf21 acts
as a local autocrine/paracrine factor to drive thermogenesis.
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responsible for the ultimate SNS activational effects ob-
served here.
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