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properties of FGF21 are implicated in the adaptation to 
energy restriction and fasting ( 1–3 ). FGF21 is most abun-
dantly expressed in the liver of fasted mice and is released 
into the circulation, where the protein shows pleiotropic 
effects on target tissues including adipose tissue, pancre-
atic islets, and the liver itself ( 4–6 ). The action of FGF21 in 
the periphery and in the liver is mediated via binding to 
FGF receptors in a  � -Klotho-dependent manner ( 7–9 ). 
FGF21 mRNA expression is largely controlled by PPAR � , a 
nuclear receptor that induces the expression of numerous 
genes implicated in mitochondrial FA uptake and mito-
chondrial FA oxidation (FAO) ( 10 ). 

 During food restriction, the catabolism of TGs and the 
generation of FAs are important energy sources, and FAs 
that are used for mitochondrial  �  oxidation can originate 
from exogenous sources (i.e., from adipose tissue TG mo-
bilization or from endogenous TG catabolism of intracel-
lular TG depots) ( 11 ). In most if not all organs, the fi rst 
and rate-limiting step in TG catabolism is catalyzed by adi-
pose triglyceride lipase (ATGL), which generates diglycer-
ides ( 12, 13 ). Effi cient ATGL-mediated TG catabolism 
depends on the presence of the ATGL coactivator protein 
comparative gene identifi cation-58 (CGI-58) ( 14 ). Mice 
lacking CGI-58 in muscle exhibit severe cardiac steatosis 
linked to impaired PPAR � -target gene expression ( 15 ). 
More recently, we and others demonstrated that ATGL-
mediated TG catabolism is tightly coupled to PPAR � -
induced gene expression and accordingly to the induction 
of mitochondrial FAO ( 16–18 ). The interconnection of 
lipolysis, PPAR � -activated gene expression, and mitochon-
drial FAO is most exemplifi ed in mice lacking ATGL: 
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 Plasma parameters 
 Blood samples were collected by retro-orbital puncture from 

isofl urane-anesthetized mice. Plasma parameters were analyzed 
by commercially available kits from Wako, Sigma, and Thermo 
Fisher Scientifi c, and plasma glucose levels were determined us-
ing the FreeStyle Freedom Lite® Blood Glucose Monitoring Sys-
tem (Abbott). Plasma levels of FGF21 and IGF-1 were measured 
using commercially available ELISAs from Millipore-Merck 
(USA) and Abnova (Taiwan), respectively. 

 Measurement of mRNA expression levels by quantitative 
RT-PCR 

 Total RNA was extracted with the TRIzol reagent (Invitrogen) 
and treated with DNaseI (Invitrogen). For fi rst-strand cDNA syn-
thesis, 1  � g of total RNA was reverse transcribed at 37°C for 1 h 
using random hexamer primer (Applied Biosystems) and Super-
script II reverse transcriptase (Invitrogen). Quantitative RT-PCR 
reactions (20  � l) contained 8 ng of cDNA, 10 pM of each primer, 
and 10  � l of SYBR Green master mix (Fermentas) and were car-
ried out using ABI-StepOnePlus™ detection system (Applied 
Biosystems). Relative mRNA levels were quantifi ed using the 
comparative  �  � CT method with  � -actin as reference gene. 
Primer sequences are described in detail in the supplementary 
material. 

 H9C2 myoblast cell culture and infection with 
recombinant adenovirus 

 Rat heart H9C2 myoblast cells were obtained from ATCC and 
cultured in DMEM containing 4.5 g/l glucose and 10% FCS 
(Gibco-Invitrogen). H9C2 cells were differentiated by reducing 
the amount of FCS to 1%. Linear adenoviral DNA, including the 
coding sequence of murine FGF21 (kindly provided from Steven 
Kliewer, UT Southwestern Medical School) or  � -galactosidase 
(LacZ), was transfected into HEK293 cells, and large-scale pro-
duction of high titer recombinant adenovirus was performed ac-
cording to a standard protocol ( 22 ). H9C2 cells were seeded into 
6-well culture plates at a density of 200,00 cells/well  . After differ-
entiation for 10 days, H9C2 cardiomyotubes were infected with 
adenovirus encoding for either LacZ or FGF21 at a multiplicity of 
infection (MOI) of 500 or 750. Unless otherwise indicated, 500 
MOI was applied. 

 Examination of TG homeostasis in H9C2 cardiomyotubes 
 H9C2 cells were differentiated in 6-well culture dishes and in-

fected with adenovirus encoding either FGF21 or lacZ. Thirty-six 
hours after infection with recombinant adenovirus, cells were 
washed twice with PBS and loaded with differentiation medium 
containing 400 µM oleic acid (complexed with BSA) and 0.4 µCi 
[ 14 C]oleic acid per well. The next day, incorporation of [ 14 C]
oleic acid into the TG moiety was analyzed under basal (presence 
of differentiation medium) or serum-starved (absence of FCS for 
3 h) conditions. Subsequently, cells were washed twice with ice-
cold PBS, and lipids were extracted with 2 ml of n-hexane/iso-
propyl alcohol (3:2, v/v). Extracted lipid samples were separated 
by TLC using hexane/diethyl ether/acetic acid (70:29:1, v/v/v) 
as solvent system. TLC bands corresponding to TG were cut and 
suspended in scintillation cocktail, and radioactivity was deter-
mined by liquid scintillation counting (Beckman LS 6500). Cells 
were lysed with 1 ml of lysis buffer (0.1% SDS and 0.3 N NaOH) 
for protein quantitation using the bicinchoninic acid assay. 

 Tissue TG measurement 
 Tissue lipids were extracted according to the method of Folch 

( 23 ). Tissue lipids were dried in a stream of nitrogen and redis-
solved by brief sonication in 2% Triton X-100. TG concentrations 

defective TG catabolism in ATGL-defi cient mice provokes 
severe cardiac steatosis and increased hepatic TG levels 
due to a defect in PPAR � -activated gene expression and 
FAO in the heart and liver, respectively ( 16, 17 ). In accor-
dance with this defect, hepatic FGF21 mRNA expression 
levels are drastically reduced in ATGL-defi cient mice, 
leading to a marked drop in circulating FGF21 protein lev-
els ( 19 ). Here we show that FGF21 mRNA expression is 
substantially increased in cardiac muscle (CM) of mice 
globally lacking ATGL or specifi cally lacking the ATGL co-
activator comparative gene identifi cation-58 (CGI-58) in 
muscle despite reduced mRNA expression of established 
PPAR � -regulated and coregulated genes. Increased car-
diac FGF21 mRNA expression was paralleled by cardiac 
ER stress observed in CM of ATGL-defi cient mice. The 
similar induction of FGF21 expression in H9C2 cardiomy-
otubes when exposed to ER stress may suggest that FGF21 
expression is triggered by cardiac ER stress. Yet, the induc-
tion of FGF21 mRNA expression in CM of fasted WT mice 
together with changes in cardiac TG homeostasis of 
mice with cardiac-specifi c FGF21 overexpression may sug-
gest a physiological role of FGF21 in cardiac energy 
metabolism. 

 MATERIALS AND METHODS 

 Animals 
 Mice globally lacking ATGL were generated as previously de-

scribed ( 12 ). Mice expressing ATGL solely in CM were generated 
by breeding the ATGL transgene onto an ATGL-defi cient back-
ground ( 16 ). Mice with muscle-specifi c CGI-58 disruption and 
transgenic mice overexpressing  Perlipin 5  in the heart were gen-
erated as previously described ( 15, 20 ). The PPAR �  agonist 
Wy14,643 (Cayman Chemical Co., Ann Arbor, MI) was provided 
via ad libitum feeding a chow diet containing 0.1% Wy14,643 for 
2 weeks. Transgenic mice expressing mouse  Fgf21  cDNA under 
the control of the cardiomyocyte-specifi c  � -myosin heavy chain 
( � -MHC) promoter ( Myh6 , Genbank: accession number U71441) 
were generated by cloning mouse  Fgf21  cDNA (amplifi ed from a 
liver cDNA using the 5 ′ -GA  GTC GAC  ATG GAA TGG ATG AGA 
TCT AGA GTT G-3 ′  forward and 5 ′ -AG  GTC GAC  AGA GTC 
AGG ACG CAT AGC TTG -3 ′  reverse primers including a  Sal I 
restriction site at the 5 ′  sites, which are underlined and used for 
cloning) in the  � -MHC promoter construct ( 21 ), kindly provided 
by J. Robbins. Characterized transgenic mice originate from a 
B6D2F2 background and were backcrossed for 3–4 generations 
on C57BL6 background. Littermates were used for characteriza-
tion, and mice with cardiac-specifi c  Fgf21  overexpression (CM-
Fgf21) were heterozygous with respect to the integrated 
transgene. Animals were housed in a specifi c pathogen-free facil-
ity and maintained on a regular light-dark cycle (14 h light, 10 h 
dark) with ad libitum access to a standard laboratory chow diet 
(4.5% wt/wt fat; ssniff Spezialdiäten, Germany) and water. For 
tissue collection, mice were euthanized by cervical dislocation, 
and excised tissues were immediately snap-frozen. The mainte-
nance, handling, and tissue collection from mice was approved 
by the Austrian Federal Ministry for Science and Research and by 
the ethics committee of the University of Graz. 
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 TG hydrolase assay 
 TG hydrolase assays were performed as previously described 

( 14 ). A description of the preparation of tissue lysates and detailed 
assay procedures can be found in the supplementary material. 

 Induction of ER stress in H9C2 cardiomyotubes 
 After differentiation, H9C2 cardiomyotubes were incubated 

with differentiation medium (DMEM with 1% FCS) containing 
1 mM of DTT (Sigma Chemical Co., St. Louis, MO) for 4 h at 37°C. 
After incubation, cells were washed with PBS, and RNA was iso-
lated using 1.8 ml of TRIzol reagent (Invitrogen, Carlsbad, CA). 
In another approach, differentiated cardiomyotubes were incu-
bated for 24 h in differentiation media containing 200 µM palmi-
tate (complexed with BSA) or tunicamycin (10 µg/ml). DMSO 
(0.5%) was used as solvent control for treatments with tunicamy-
cin. After incubation, cells were washed with PBS and RNA was 
prepared as described above. 

 Western blot analysis 
 Cardiac tissue of nonfasted mice was homogenized in buffer A 

(0.25 M sucrose, 1 mM EDTA, 1 mM dithiothreitol, 20 µg/ml leu-
petine, 2 µg/ml antipain, and 1 µg/ml pepstatin [pH 7.0]) on ice 
using an Ultra Turrax (Ika GmbH, Staufen, Germany). The ho-
mogenate was centrifuged at 20,000  g  at 4°C for 30 min, and the 
infranatants were collected and used for Western blot analysis. Pro-
teins were separated by 10% SDS-PAGE followed by Western blot 
analysis using PVDF membranes (Carl Roth GmbH, Karlsruhe, 
Germany) and CAPS buffer (10 mM 3-cyclohexylamino-1-propane-
sulfonic acid, 10% methanol) for protein transfer. Blots were 
probed using a FGF21 primary antibody (Goat Polyclonal IgG, Sc-
16842; Santa Cruz), rabbit monoclonal antibodies for BiP (Grp78) 
and PDI, goat polyclonal antibody against mouse  � -Klotho (R&D 
Systems), or a GAPDH-specifi c antibody (Cell Signaling, Boston, 
MA). For analysis of AMPK �  and phosphorylated AMPK �  (Thr172), 
rabbit monoclonal antibodies were applied (Cell Signaling). Spe-
cifi cally, bound immunoglobulins were detected in a second reac-
tion using HRP-conjugated anti-rabbit antibody and visualized by 
enhanced chemiluminescence detection (GE Healthcare). 

 For determination of FGF21 released from FGF21 adenovirus-
infected cells, 500 µl of TCA (50%) was added to 2 ml of col-
lected medium, mixed uniformly, and put on ice for 1 h. After 
incubation, media was centrifuged at 16,000 rpm at 4°C for 15 min. 
The supernatant was discarded, and 1 ml of acetone (80%, v/v) 
was added to each sample, and samples were again centrifuged at 
16,000 rpm at 4°C for 15 min to remove TCA from the pellet. 
Pellets were resuspended in 50 µl of SDS buffer and loaded onto 
a SDS protein gel. 

 Body mass analysis 
 Body fat and lean mass were determined by a calibrated mini-

Spec® NMR analyzer (Bruker Optics, Billerica, MA). 

 Metabolic cages 
 Mice were housed in a laboratory animal monitoring system 

(LabMaster, TSE Systems GmbH, Bad Homburg, Germany) that 
allows the continuous measurement of oxygen consumption and 
carbon dioxide elimination of the body for calculating respira-
tory quotient (RQ, the ratio of carbon dioxide elimination versus 
oxygen consumption). Mice were allowed to acclimatize for at 
least 1 day before monitoring parameters and food intake. 

 Mouse echocardiography 
 Echocardiographic analyses ( 25 ) were performed under light 

isofl urane anesthesia. A detailed description of the protocol can 
be found in the supplementary material. 

were measured using Infi nity Triglycerides Reagent (Thermo 
Electron Corp., Victoria, Australia). 

 Glucose uptake in differentiated H9C2 cells 
 Differentiation of H9C2 cells and infection with recombinant 

adenovirus was performed as described above. Forty-eight hours 
after adenovirus infection, the media was replaced by 1 ml of 
depletion medium (40 mM NaCl, 1.2 mM MgSO 4 , 1.2 mM 
KH 2 PO 4 , 4.7 mM KCl, 0.25 M CaCl 2 , 2% fatty acid-free BSA) and 
incubated for 1 h at 37°C. Subsequently, 1 ml of depletion me-
dium and medium containing insulin (100 or 200 nM) was added 
and incubated for another 15 min. The assay was started by re-
placing media with transport solution (40 mM NaCl, 1.2 mM 
MgSO 4 , 1.2 mM KH 2 PO 4 , 4.7 mM KCl, 0.25 M CaCl 2 ) containing 
5 mM of 2-deoxyglucose and [ 3 H]2-deoxyglucose (0.5 µCi/well). 
After 5 min incubation, the reaction was stopped by aspirating 
the transport solution and washing four times with ice-cold PBS 
(1 ml/well). Cells were lysed with 1 ml of lysis buffer (0.1% SDS 
and 0.3 N NaOH) for 2 h. For determination of protein concen-
tration, 100 µl of lysate was used, and 800 µl were measured by 
liquid scintillation counting. 

 Determination of glucose oxidation in H9C2 
cardiomyotubes 

 Cells were seeded at a density of 6 × 10 5  in 25 cm 2  culture fl asks. 
After adenovirus infection as described, cells were thoroughly 
washed and serum starved for 4 h by incubating them in low-
glucose DMEM (1g/l) without serum. After serum starvation, cells 
were incubated with 0.3 µCi/fl ask of [U- 14 C]D-glucose (American 
Radiolabeled Chemicals) for 2 h. NaOH (5 N; 250 µl) was added 
to a microcentrifuge tube (1.5 ml capacity) and fi t into the mouth 
of the culture fl ask. The reaction was stopped by the addition of 
perchloric acid (70%) through the space between the microcen-
trifuge tube and fl ask. The fl ask was tightly closed and wrapped 
with parafi lm. Released  14 CO 2  was trapped for 12 h at 37°C, and 
thereafter the NaOH solution was transferred to a scintillation 
vial for radioactivity counting. Then the media in the fl asks was 
aspirated, and cells were lysed with 2 ml of lysis buffer for 2 h be-
fore determination of protein content using the BCA assay. 

 Glucose tolerance test 
 Mice were fasted for 6 h and then injected intraperitoneally 

with 1.5 g glucose per kg of body weight. Glucose levels were moni-
tored before and 15, 30, 60, and 120 min after injection using an 
AccuCheck Glucometer (Roche Diagnostics, Vienna, Austria). 

 Examination of tissue glucose uptake 
 Tissue-specifi c glucose uptake was determined using [ 3 H]2-

deoxyglucose ( 3 H-DG). A detailed description of the protocol 
can be found in the supplementary material. 

 Determination of cellular FA uptake 
 FA uptake in differentiated H9C2 cells infected with recombi-

nant LacZ or FGF21 adenovirus was determined by loading cells 
with 400 µM oleic acid (complexed with BSA) together with 
0.4 µCi [ 14 C]oleic acid per well. After incubation for 1 min, cells 
were washed four times with ice-cold BSA, and 1 ml of 0.3 M 
NaOH/0.1% SDS was added per well for cell lysis. An aliquot of 
20 µl was used for protein measurement, and 750 µl were used 
for liquid scintillation counting. 

 Measurement of oleic acid oxidation 
 FAO in CM homogenates was examined according to the pro-

tocol of Hirschey et al. ( 24 ) and is described in detail in the sup-
plementary material. 
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(Plin5-Tg) provokes cardiac TG accumulation, which was 
compatible with normal heart function ( 20, 26 ). FGF21 
mRNA levels were also increased (3.3-fold) in CM of Plin5-
Tg mice (supplementary Fig. IB), although signifi cantly 
less pronounced compared with ATGL-ko mice. In con-
trast to the induction of FGF21 expression in CM of mu-
tant mice, mRNA expression of the FGF21 coreceptor 
 � -Klotho, which is critically required for FGF21 signaling 
( 7–9 ), was similarly low in CM of WT, ATGL-ko, and CGI-
58KOM mice when compared with hepatic  � -Klotho mRNA 
expression levels of WT mice (supplementary Fig. IC). 
In contrast to extremely low cardiac  � -Klotho mRNA ex-
pression, Western blot analysis demonstrated distinct  � -
Klotho protein expression in CM, although the levels were 
unchanged in ATGL-ko and ATGL-koTgA mice compared 
with WT (supple mentary Fig. ID). 

 ER stress has been linked to cardiac pathologies includ-
ing oxygen and fuel starvation, cardiomyopathy, cardiac 
hypertrophy, and heart failure, among other heart disor-
ders ( 27, 28 ). The marked defect in cardiac energy me-
tabolism of ATGL-ko mice prompted us to examine 
protein expression levels of genes implicated in ER stress. 
Protein expression of the ER stress markers/chaperones 
BiP (glucose-regulated protein 78) and protein disulfi de 
isomerase (Pdi) were exclusively increased in CM of 
ATGL-ko mice ( Fig. 1B) . In contrast, protein levels of 
Chop were barely detectable and comparable among all 
three genotypes (data not shown). The reconstitution of 
ATGL expression in CM of ATGL-ko mice (ATGL-koTgA) 
normalized protein levels to WT, suggesting that ER stress 
may induce Fgf21 mRNA expression in CM of ATGL-ko 
mice. Next we tested whether fasting per se affects mRNA 
expression levels of genes from the ER stress pathway. 
mRNA expression of genes from the ER stress pathway were 
unchanged or mildly decreased in overnight (ON)-fasted 
WT mice compared with fed mice, indicating that ON fast-
ing does not induce an ER stress-related response ( Fig. 1C) . 

 A very recent study showed that ER stress strongly in-
duces FGF21 mRNA expression in hepatoma cells and rat 
hepatocytes ( 29 ), and accordingly it is feasible that ER 
stress may be a trigger for FGF21 expression in CM of 
ATGL-ko mice (although it has been shown that ATGL-ko 
mice are protected from hepatic ER stress) ( 30 ). To address 
this hypothesis, we incubated H9C2 cardiomyotubes with 
1.0 mM DTT for 4 h to induce cellular ER stress and quan-
titated mRNA levels of stress markers and FGF21. DTT 
treatment markedly induced FGF21 mRNA levels (20.2-
fold) and increased mRNA expression of genes characteris-
tic for the induction of stress signaling pathways ( Fig. 1D ), 
including Ddit3 (15.5-fold), a general stress marker, and 
increased mRNA levels of Grp78 (11.8-fold), ERdj4 (14.8-
fold), and Xbp1 (4.5-fold), which are representative for in-
duction of the unfolded protein response ( 31 ). To further 
examine whether ER stress is a potential inducer of FGF21 
expression in cardiomyocytes, we incubated differentiated 
H9C2 cardiomyotubes with differentiation medium con-
taining tunicamycin (10 µg/ml) or 200 µM palmitate for 
24 h, which are known inducers of ER stress ( 32, 33 ). Incu-
bation with tunicamycin ( Fig. 1E ) or palmitate ( Fig. 1F ) 

 Analysis of cellular respiration 
 High-resolution respiration analyses were performed in intact, 

differentiated H9C2 cells at 37°C using Oroboros® Oxygraph 
O2k (Oroboros Instruments, Innsbruck, Austria). After trypsin-
ization, 1 × 10 6  H9C2 cells were resuspended in normal growth 
media, and routine measurements (routine) were performed 
over 10–15 min until steady-state was reached. Then, 2.5 µM 
oligomycin was added to inhibit ATP synthase (leak). The chemi-
cal uncoupler FCCP was then titrated until maximal respira-
tion (electron transfer system) was obtained. Subsequently, 
complex I-driven respiration was analyzed upon addition of 1 µM 
rotenone. 

 Statistical analysis 
 Data are presented as mean + SD. Statistical signifi cance was 

determined by the Student’s unpaired two-tailed  t- test. Group 
differences were considered signifi cant for  P  < 0.05,  P  < 0.01, and 
 P  < 0.001. 

 RESULTS 

 ER stress in CM of ATGL-defi cient mice and induction 
of ER stress in H9C2 cardiomyotubes are coupled to 
substantially increased FGF21 expression 

 Mice globally lacking ATGL (ATGL-ko) show a marked 
defect in PPAR � -activated gene expression in CM and liver 
( 16 ). In accordance with the established role of FGF21 as 
a PPAR � -regulated gene ( 1, 3 ), Jha and colleagues ( 19 ) 
very recently showed a strong reduction in FGF21 mRNA 
expression in the liver of ATGL-ko mice accompanied by 
a substantial decrease in circulating FGF21 levels. Here we 
show that FGF21 mRNA expression is strongly increased 
(by 11-fold) in CM of ATGL-ko mice (  Fig. 1A  )  despite 
impaired expression of established PPAR � -regulated 
genes ( 16 ). The induction of FGF21 expression in CM of 
ATGL-ko mice could be an adaptation to the strong reduc-
tion in hepatic FGF21 mRNA expression and consequently 
to the decreased circulating FGF21 levels ( 19 ). To address 
this hypothesis, we measured FGF21 mRNA expression in 
mice expressing ATGL exclusively in CM on an otherwise 
ATGL-defi cient background (ATGL-koTgA). The rescue 
of ATGL expression solely in CM markedly reduced FGF21 
mRNA levels ( � 67%) in cardiac tissue of fasted mice 
( Fig. 1A ), indicating that the increase in FGF21 mRNA ex-
pression of ATGL-ko mice primarily originates from the 
absence of ATGL in CM. In accordance with this assump-
tion, we found a marked 9.3-fold increase in FGF21 mRNA 
expression levels in CM of mice lacking the ATGL coacti-
vator CGI-58 exclusively in muscle (supplementary Fig. IA), 
whereas mRNA levels of established PPAR � -target genes 
were decreased (ranging from  � 45 to  � 82%) similar to 
what we reported in CM of ATGL-ko mice ( 16 ). FGF21 
mRNA expression levels decreased ( � 51%) in mice with 
muscle-specifi c CGI-58 defi ciency (CGI-58KOM) upon di-
etary administration of the PPAR �  agonist Wy14,643 (0.1%) 
whereas mRNA levels of established PPAR �  targets were 
normalized to WT levels (supplementary Fig. IA). It has been 
recently shown that cardiac-specifi c Perilipin5 overexpression 
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expression in the heart is also regulated by the body’s en-
ergy status. Cardiac FGF21 mRNA expression levels are 
substantially increased in overnight fasted WT mice (4.9-
fold), and levels remained high (4.1-fold increased) upon 
prolonged fasting for 24 h (  Fig. 2A ) .  In the fasted state, 
the heart relies more on TG as energy substrate. Fasting-
induced FGF21 expression may indicate a potential role of 
FGF21 in cardiac TG metabolism. Therefore, we exam-
ined the impact of FGF21 overexpression on TG homeo-
stasis in H9C2 rat cardiomyoblast cells. H9C2 cells were 

markedly triggers FGF21 mRNA expression, accompanied 
by increased mRNA levels of genes implicated in the ER 
stress pathway (ranging from 2.5- to 18.6-fold). Together, 
these data strongly suggest that ER stress is an inducer of 
FGF21 expression in cardiomyocytes. 

 Induction of cardiac FGF21 upon fasting and its impact 
on TG homeostasis in cardiomyotubes 

 Intrigued by our fi ndings that FGF21 expression is in-
duced in the myopathic heart, we asked whether FGF21 

  Fig.   1.  Induced FGF21 mRNA expression in CM of ATGL-ko mice and in cardiac cells upon ER stress. A: 
Relative FGF21 mRNA expression levels in CM of fasted 14-week-old WT mice, ATGL-defi cient mice (ATGL-
ko), and ATGL-ko mice with cardiac-exclusive expression of an ATGL transgene (ATGL-koTgA) (n = 4–5). 
B: BiP (Grp78) and Pdi protein expression in CM lysates obtained from fasted WT, ATGL-ko, and ATGL-
koTgA mice determined by Western blot analysis. GAPDH served as loading control. C: Relative mRNA levels 
of the ER stress markers BiP (Grp78), Pdi, and Chop in CM of 14-week-old re-fed WT compared with ON-
fasted WT mice (n = 5–6). D: ER stress induced by DTT treatment of H9C2 cardiomyotubes provokes 
a substantial increase in FGF21 mRNA levels. ER stress signature of differentiated H9C2 cells upon DTT 
(1 mM) treatment was evidenced by the increase in mRNA expression of a general stress gene (Ddit3) and 
unfolded-protein response (UPR)-specifi c genes (Grp78, ERdj4 and Xbp1) compared with untreated cells. 
Tunicamycin (10 µg/ml) (E) or palmitate incubation (200 µM palmitate complexed with BSA) (F) of dif-
ferentiated H9C2 cardiomyotubes similarly induced FGF21 mRNA expression paralleled by increased mRNA 
levels of ER stress characteristic genes. DMSO (0.5%) was used as solvent control for tunicamycin treatment. 
Data are mean + SD (n = 3). *  P  < 0.05, **  P  < 0.01, and ***  P <  0.001.   
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 Two days after infection, cardiomyotubes were incu-
bated overnight (16 h) with oleic acid containing  14 C-la-
beled oleic acid as radioactive tracer, and lipids were 
extracted and analyzed by TLC. Adenovirus-mediated 
FGF21 expression increased the incorporation of radioac-
tivity into the cellular TG pool of H9C2 cardiomyoblasts 
(+31% and +46% at MOI 500 and 750, respectively) 

differentiated to cardiomyotubes and infected with recom-
binant adenovirus expressing murine FGF21 or lacZ (as 
control) at 500 or 750 MOI. FGF21 protein was detectable 
in cell lysates after infection with FGF21-encoding adeno-
virus as well as in the medium after TCA precipitation, 
demonstrating that FGF21 is also secreted from differenti-
ated H9C2 cells (supplementary Fig. II). 

  Fig.   2.  FGF21 expression is induced in CM upon fasting and adenovirus-mediated FGF21 expression inter-
feres with TG homeostasis in infected H9C2 cardiomyotubes. A: Cardiac FGF21 mRNA expression deter-
mined by quantitative RT-PCR in CM prepared from nonfasted 8-week-old male C57BL6 mice or from mice 
fasted for 16 and 24 h, respectively (n = 4–5). B: Measurement of FA incorporation into TG of H9C2 cardio-
myotubes overexpressing murine FGF21. H9C2 cardiomyotubes (10 days of differentiation) were infected 
with LacZ or FGF21 encoding adenovirus at MOI 500 and 750, respectively. One day after infection, cells 
were incubated for 16 h with oleic acid containing [ 14 C]oleic acid as radioactive tracer. The incorporation of 
radioactivity into the TG moiety was determined by liquid scintillation counting of the TG fraction excised 
after TLC separation (n = 5). C: Measurement of [ 14 C]oleic acid incorporation into TG upon FGF21 overex-
pression as described above except for serum deprivation (4 h) before neutral lipid extraction (n = 5). D: FA 
uptake in differentiated cardiomyotubes infected with lacZ- and FGF21-expressing adenoviruses. Infected 
H9C2 cardiac cells were serum starved for 1 h and then incubated with [ 14 C]oleic acid for 1 min for deter-
mination of radioactivity in cell lysates (n = 3). E: TG-hydrolytic activities in cell lysates prepared from dif-
ferentiated H9C2 cells upon infection with lacZ- or FGF21-expressing adenovirus (n = 4). F: Intracellular FA 
incorporation into TG of H9C2 cardiomyotubes upon Triacsin C-mediated inhibition of FA-re-esterifi cation 
(n = 4). Data are mean + SD. *  P  < 0.05, **  P  < 0.01, and ***  P <  0.001.   
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whether adenoviral-mediated FGF21 overexpression inter-
feres with cellular respiration in differentiated H9C2 car-
diomyotubes. Basal (routine) and oligomycin-inhibited 
oxygen fl ux (leak) in differentiated H9C2 cells infected 
with FGF21 adenovirus were 40% and 30% higher than in 
lacZ controls, respectively ( Fig. 3C) . Maximal electron 
transfer capacity and complex II-mediated respiration were 
unchanged between FGF21 and lacZ adenovirus-infected 
cells. Together, these data reveal that FGF21 overexpression 

compared with cells infected with lacZ control adenovirus 
( Fig. 2B ). The increase in oleic acid incorporation into 
TG was even more pronounced under serum-starved con-
ditions, ranging from +73% up to +111% ( Fig. 2C ). The 
increased incorporation of FA into TG of H9C2 cardio-
myotubes upon infection with the FGF21 coding adenovi-
rus can be the consequence of elevated FA uptake, 
impaired lipolysis, or preferential reesterifi cation of re-
leased FAs after TG breakdown. To address this question, 
we fi rst investigated cellular FA uptake of H9C2 cardio-
myotubes upon short-term (1 min) incubation with  14 C-
labeled oleic acid. FA uptake, calculated by the amount of 
intracellular radioactivity in cell lysates, was similar in 
FGF21-overexpressing cells compared with lacZ ( Fig. 2D ). 
We found that the TG hydrolytic activity in FGF21-
expressing cells was markedly reduced ( � 44%) compared 
with control (lacZ) cells ( Fig. 2E ). These fi ndings sug-
gested that the increased TG deposition in H9C2 cells is a 
consequence of downregulated TG catabolism. FAs gen-
erated by intracellular TG catabolism can be re-esterifi ed 
into the cellular TG pool in a futile cycle, which could 
additionally affect intracellular TG homeostasis. To exam-
ine the impact of FGF21 expression on FA re-esterifi ca-
tion and TG homeostasis, H9C2 cardiomyotubes were 
again infected with respective adenoviruses and loaded 
overnight with radiolabeled oleic acid. On the next day, 
the medium was replaced by serum-free medium contain-
ing the acyl-CoA synthetase inhibitor Triacsin C to pre-
vent re-esterifi cation of liberated FAs. We found that the 
incorporation of radioactivity into the cellular TG pool 
was increased to a similar extent in cells infected with the 
FGF21-expressing adenovirus independent of the pres-
ence of Triacsin C ( Fig. 2F ) compared with control cells 
(lacZ), indicating that FA re-esterifi cation was affected by 
FGF21 overexpression. 

 Increased glucose uptake and oxidation in 
cardiomyotubes expressing FGF21 

 Impaired TG catabolism in differentiated H9C2 cells 
overexpressing FGF21 may promote a metabolic switch to 
enhanced glucose oxidation. To examine whether FGF21 
overexpression affects glucose uptake in H9C2 cells, dif-
ferentiated H9C2 cells were infected with FGF21 and lacZ 
adenovirus. After 48 h, cardiomyotubes were serum starved 
and then incubated with or without insulin before the ad-
dition of 2-deoxy-D-glucose (2-DG). Infection with recom-
binant FGF21 adenovirus signifi cantly increased 2-DG 
uptake (+32%) compared with lacZ controls (  Fig. 3A  ).  
The incubation with insulin increased 2-DG glucose up-
take in lacZ- and FGF21-expressing H9C2 cardiac cells to a 
similar extent (+39% and +38%, respectively), indicating 
that FGF21 expression affects glucose uptake in an insu-
lin-independent manner. Furthermore, FGF21-expressing 
cardiomyotubes exhibited an elevated release of  14 CO 2  
(+67%) after incubation with  14 C-labeled glucose com-
pared with lacZ controls, which is indicative of increased 
glucose oxidation in response to FGF21 overexpression 
( Fig. 3B ). The respiratory defect of mitochondria pre-
pared from ATGL-defi cient mice prompted us to examine 

  Fig.   3.  Increased glucose uptake and oxidation in H9C2 cardio-
myotubes infected with FGF21-expressing adenovirus. A: Glucose 
uptake of adenovirus-infected cardiomyotubes. H9C2 cardiomyo-
tubes were infected with lacZ- or FGF21-expressing adenovi-
ruses. Forty-eight hours after infection, cells were incubated with 
 3 H-labeled 2-deoxy-D-glucose for 5 min in the presence or absence 
of insulin ( n  = 5). The intracellular accumulation of  3 H-labeled 
2-deoxy-D-glucose-6-phosphate was measured in cell lysates. The 
amount of  14 CO 2  production (B) was determined as a measure of 
glucose oxidation after incubation with  14 C-labeled glucose for 2 h 
in lacZ- or FGF21-expressing H9C2 cardiomyotubes under serum-
starved conditions (n = 4). C: Cellular respiration determined by 
high-resolution respirometry in differentiated cardiomyotubes 
upon infection with LacZ- and FGF21-encoding adenovirus (n = 6). 
Respiration was analyzed in intact cells using normal growth me-
dium. Routine measurement encompasses all oxygen consuming 
processes in the cells. ADP-driven respiration was inhibited by oli-
gomycin (LEAK), and the electron transfer system (ETS) was ana-
lyzed using the chemical uncoupler FCCP to determine maximal 
electron transfer. Data are mean + SD. *  P  < 0.05 and **  P  < 0.01.   
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FGF21 levels were also associated with decreased body 
weight ( Fig. 4D ), although to a very moderate extent 
( � 19%). Moreover, CM-Fgf21 transgenic mice showed a 
moderate increase in body fat mass, which was paralleled 
by a reduction in lean body mass ( Fig. 4E ). Next, we mea-
sured plasma parameters of transgenic and WT mice, in-
cluding ketone body and IGF-1 levels, which have been 
reported to be affected by increased circulating FGF21 
levels ( 4, 34 ). Plasma glucose levels were mildly but signifi -
cantly lowered in nonfasted and fasted CM-Fgf21 trans-
genic mice ( � 11.7 and  � 21.6%, respectively) compared 
with WT controls (  Table 1 ) .  In contrast, plasma levels of 
nonesterifi ed FAs and ketone bodies were signifi cantly in-
creased by 39.6% and 43.1% in fasted CM-Fgf21 trans-
genic mice compared with controls. Plasma IGF-1 levels 
were signifi cantly lowered in plasma of nonfasted CM-
Fgf21 mice, consistent with reported decreased IGF-1 lev-
els of mice with hepatic FGF21 overexpression. 

 Increased cardiac TG levels and impaired TG catabolism 
and FAO in CM of FGF21 transgenic mice 

 Similar to the increase of endogenous TG levels upon 
FGF21 overexpression in H9C2 cardiomyotubes, car-
diac-specifi c FGF21 overexpression provoked a 1.5-fold 

interferes with basal mitochondrial respiration and causes 
mild proton leak. 

 FGF21 is secreted from the heart of transgenic mice with 
cardiac-specifi c overexpression of FGF21 

 To extend our in vitro fi ndings that ectopic FGF21 
expression affects energy metabolism in H9C2 cardiomyo-
tubes, we generated mice with cardiac-specifi c over   -
expression of murine FGF21 (CM-Fgf21). This mouse model 
was generated by cloning the murine Fgf21 cDNA down-
stream of the  � -MHC promoter and microinjection of the 
transgene DNA construct (  Fig. 4A  )  into the pronucleus of 
mouse embryos. Western blot analysis revealed highly in-
creased FGF21-specifi c signals in CM lysates prepared 
from nonfasted CM-Fgf21 transgenic mice, whereas FGF21 
protein signals were absent in cardiac tissue of controls 
( Fig. 4B ). Plasma FGF21 levels ( Fig. 4C ) were markedly 
increased in CM-Fgf21 mice (11.4-fold) compared with 
WT mice, demonstrating that FGF21 is effi ciently secreted 
from the heart of transgenic mice. 

 It has been reported that mice with hepatocyte-specifi c 
FGF21 overexpression showed markedly increased plasma 
FGF21 levels accompanied by growth retardation ( 4, 34 ). 
In our cardiac FGF21 transgenic mouse model, plasma 

  Fig.   4.  Cardiac-specifi c FGF21 overexpression in-
creases circulating FGF21 levels and affects body 
mass composition of FGF21 transgenic mice. A: De-
piction of the FGF21 transgene used for microinjec-
tion and the generation of transgenic mice with 
cardiac-specifi c FGF21 overexpression. Mouse FGF21 
cDNA was cloned downstream of the murine CM-
specifi c  � -myosin heavy chain ( � -MHC) promoter. 
For mRNA stabilization, 1.8 kb of the nontranslated 
human  � -globin gene were inserted at the 3 ′  end of 
the FGF21 cDNA. B: Western blot analysis of CM ly-
sates (15 µg protein) incubated with a FGF21-specifi c 
antibody shows strong FGF21 expression in CM of 
FGF21 transgenic mice (CM-Fgf21) compared with 
WT. GAPDH served as loading control and cytosolic 
marker protein. C: Increased plasma FGF21 levels in 
8-week-old FGF21 transgenic mice compared with 
WT controls (n = 4–6). FGF21 transgenic mice 
(16-week-old female mice) show a reduction in body 
weight (D) and lean body mass (E), whereas fat mass 
was increased (n = 6). Data are shown as mean + SD. 
*  P <  0.05 and ***  P <  0.001 versus WT.   
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 TABLE 1.   Plasma parameters determined in nonfasted and fasted CM-Fgf21 transgenic and WT mice      

Parameter

Nonfasted Fasted

WT CM-Fgf21 WT CM-Fgf21

Glucose (mg/dl) 170.5 ± 11.6 150.5 ± 12.6* 130.3 ± 24.7 102.2 ± 11.2*
TG (mg/dl) 140.1 ± 0.4 130.1 ± 0.3 76.6 ± 14.3 92.4 ± 10.0
NEFA (mmol/l) 0.78 ± 0.04 0.62 ± 0.10* 0.81 ± 0.14 1.13 ± 0.17**
 � -Hb (mmol/l) 0.08 ± 0.02 0.15 ± 0.06* 0.51 ± 0.10 0.73 ± 0.09**
IGF-1 (ng/ml) 214.9 ± 53.1 93.1 ± 15.4** n.d. n.d.

Parameters were assayed with a glucometer, commercial kits, and an ELISA (IGF-1) in plasma samples obtained 
from nonfasted and overnight fasted 16- to 18-week-old female mice ( n   �  5). Data are mean + SD.  � -Hb,  � -
hydroxybutyrate; IGF-1, insulin-like growth factor 1; NEFA, nonesterifi ed FA. 

*  P  < 0.05 versus WT mice.
**  P  < 0.01 versus WT mice.

increase in cardiac TG levels of CM-Fgf21 mice (  Fig. 5A  ).  
Next we investigated whether overexpression of FGF21 
cDNA affects mRNA levels of genes from the ER stress 
pathway. mRNA expression of the ER stress markers 
Grp78/BiP, Chop, Pdi, and Erdj4 were unchanged in CM-
Fgf21 transgenics compared with controls (supplementary 
Fig. III). The increase in TG levels of CM-Fgf21 may be 
caused by changes in TG catabolism upon cardiac FGF21 
overexpression. To address this hypothesis, we measured 
TG hydrolytic activities in CM lysates prepared from fasted 
mice when TGs are preferentially used as energy substrate. 
In agreement with our results from H9C2 cardiomyotubes, 
TG-hydrolytic activities were decreased ( � 34%) in CM 
preparations of CM-Fgf21 transgenics compared with WT 
( Fig. 5B ). 

 The severe cardiac steatosis of ATGL-defi cient mice 
was reported to be a consequence of impaired PPAR � -
activated expression of genes critically required for mito-
chondrial FAO ( 16 ). This fi nding prompted us to measure 
mRNA levels of established PPAR �  (and  � / � ) target genes 
in CM of fasted transgenic mice ( Fig. 5C ). In contrast to 
ATGL-defi cient mice, cardiac-specifi c FGF21 overexpres-
sion moderately affects mRNA expression of PPAR � -
regulated genes ( Fig. 5C ), including reduced mRNA 
levels of acyl-CoA oxidase ( � 27%), medium-chain acyl-
CoA dehydrogenase ( � 17%), carnitine palmitoyltransfer-
ase 1b ( � 31%), and pyruvate dehydrogenase kinase 
4 (–26%). Nonetheless, FAO, as assessed by  14 CO 2  release 
from cardiac tissue lysates upon incubation with  14 C-la-
beled oleic acid, was signifi cantly decreased ( � 41%) in 
CM preparations of CM-Fgf21 mice ( Fig. 5D ), whereas 
FAO was elevated (+59%) in liver lysates ( Fig. 5E ) from 
transgenic mice compared with WT. Decreased cardiac 
FAO in CM-Fgf21 transgenic mice suggests that cardiac 
overexpression of FGF21 may interfere with cardiac func-
tion. However, cardiac echography revealed normal heart 
function in CM-Fgf21 transgenic mice (supplementary 
Table I). 

 Moderate changes in glucose and whole body energy 
metabolism of CM-Fgf21 mice 

 Next we examined whether the observed changes in car-
diac TG homeostasis of CM-Fgf21 mice affect cardiac glu-
cose utilization. To measure tissue-specifi c glucose uptake, 
we injected glucose with [2- 3 H]deoxyglucose as radioactive 

tracer and quantitated the formation of [2- 3 H]deoxyglu-
cose-6-phosphate ([2- 3 H]2-DGP). [2- 3 H]2-DGP formation 
as a measure of tissue glucose uptake and utilization was 
signifi cantly increased in skeletal muscle of CM-Fgf21 
transgenic (+51.9%) compared with WT controls, whereas 
CM and white adipose tissue showed a trend toward in-
creased glucose uptake (  Fig. 6A ) .  However, phosphoryla-
tion (Thr172) of monophosphate-activated protein kinase 
(AMPK) �  was similar in CM preparations of CM-Fgf21 
mice compared with WT, implicating no signifi cant changes 
in cardiac glucose utilization (supplementary Fig. IV). Glu-
cose clearance ( Fig. 6B ) from the blood circulation of 
CM-Fgf21 mice was unchanged, implicating normal glu-
cose tolerance in mice with cardiac-specifi c FGF21 over-
expression. Finally, we monitored food intake, oxygen 
consumption, and carbon dioxide output for calculating 
RQ values as a measure for whole body energy metabolism. 
Food intake was signifi cantly increased (+96%) in the light 
period of CM-Fgf21 mice ( Fig. 6C ) but was comparable to 
controls in the dark phase when food intake is generally 
increased. A RQ value of 1 would be theoretically reached 
when mice exclusively utilize glucose as energy fuel. The 
increase in the RQ value (+5.2%) of CM-Fgf21 mice ( Fig. 6D ) 
is an indication of a moderated change toward increased 
whole body glucose oxidation, which may be a conse-
quence of the systemic increase in plasma FGF21 levels of 
transgenic mice. Taken together, these data indicate that 
the heart is able to secrete FGF21 into the circulation, 
leading to increased plasma FGF21 levels, which in turn 
affect cardiac and whole body energy metabolism. 

 DISCUSSION 

 For a long time, CM was not regarded as a FGF21 target 
tissue because of the extremely low or nondetectable ex-
pression of  � -Klotho, which is a coreceptor required for 
FGF21 signaling ( 35–37 ). However, this view was changed 
by the very recent study of Planavila et al. (38) and Patel 
et al. ( 39 ) showing that both  � -Klotho and FGF21 are ex-
pressed in cardiomyocytes and that mice globally lacking 
FGF21 exhibit increased heart weight and a cardiac proin-
fl ammatory signature. 

 Here we show that FGF21 mRNA expression is strongly 
increased in the steatotic heart of ATGL-ko mice. A recent 
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adaptation to systemic changes in energy homeostasis of 
ATGL-ko mice. Energy starvation has been associated with 
cardiac ER stress ( 27 ). The increase in FGF21 mRNA ex-
pression in CM of ATGL-ko mice was associated with increased 
protein expression of genes from the ER stress pathway, 
and these changes were normalized to WT level when ATGL 
expression was exclusively reconstituted in the heart, sug-
gesting that ER stress is a trigger for cardiac FGF21 expres-
sion. This assumption is further supported by the strong 
induction of FGF21 expression in differentiated H9C2 car-
diomyotubes when treated with ER stress-activating agents 
including DTT, tunicamycin, and palmitate. Mice lacking the 
ATGL coactivator CGI-58 in CM (and skeletal muscle) ( 15 ) 
show a similar increase in cardiac FGF21 expression. 

  FGF21 mRNA levels dropped upon PPAR �  agonist ad-
ministration, which has been shown to counteract cardiac 

study shows that FGF21 mRNA expression is substantially 
reduced in the liver of ATGL-ko mice, which was paralleled 
by markedly reduced circulating FGF21 levels ( 19 ). The es-
tablished role of FGF21 as PPAR � -regulated gene in the 
liver ( 1, 3 ), together with the marked defect in PPAR � -
target gene expression in the liver of ATGL-ko mice ( 16 ) or 
in mice with hepatic ATGL knockdown ( 17 ), strongly sug-
gests that the decline in hepatic FGF21 mRNA of these 
mouse models is primarily a PPAR �  defect. That PPAR � -
target gene expression is similarly impaired in CM of ATGL-
ko mice indicates that the increase in cardiac FGF21 
expression is a PPAR � -independent defect. The marked 
reduction in cardiac FGF21 mRNA expression of ATGL-ko 
mice solely expressing an ATGL transgene in CM suggested 
that the induction of cardiac FGF21 expression originates 
from changes in cardiac metabolism and not from an 

  Fig.   5.  Changes in cardiac TG homeostasis and FA catabolism in CM-Fgf21 transgenic mice. A: Increased 
TG levels in CM of 16-week-old fasted female mice upon cardiac-specifi c expression of the Fgf21 transgene 
(n = 4–5). B: TG hydrolytic activities in fat-poor homogenates (20,000  g  infranatant) from cardiac tissue 
prepared from ON fasted mice (n = 4). C: mRNA expression levels of established PPAR �  (and  � / � ) target 
genes determined by quantitative RT-PCR from RNA prepared from CM of 16-week-old, ON-fasted FGF21 
transgenic and WT mice, respectively (n  �  5). Release of  14 C-labeled CO 2  from mitochondrial preparations 
of cardiac (D) and hepatic (E) tissue of overnight fasted 3-month-old CM-Fgf21 and WT mice upon incuba-
tion with  14 C-labeled oleic acid (n = 4–5). Data are mean + SD. *  P  < 0.05 and **  P  < 0.01 versus WT.   
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fi ndings are in agreement with a diagnostic study in hu-
mans, where a strong correlation among muscle mito-
chondrial respiratory chain defi ciencies and increased 
plasma FGF21 levels was described ( 45 ). The low FGF21 
levels in ATGL-ko mice indicate reduced FGF21 levels as a 
diagnostic marker for hepatic steatosis, at least in mice. 

 In this study we also show that cardiac FGF21 mRNA 
expression increases in fasted WT mice ( Fig. 2A ), indicat-
ing a role of FGF21 in cardiac energy metabolism under 
nonpathological conditions. Adenovirus-mediated FGF21 
overexpression signifi cantly and consistently increased TG 
deposition in H9C2 cardiac cells, which was paralleled by 
reduced TG hydrolytic activity and increased glucose up-
take. Furthermore, basal and oligomycin-sensitive respira-
tion was moderately increased, further suggesting that 
FGF21 expression may affect mitochondrial function. 
However, the molecular origin behind mitochondrial pro-
ton leakage is unknown. The established role of FGF21 in 
stimulating glucose uptake ( 4, 46 ) can be extended to dif-
ferentiated cardiomyotubes and is apparently linked to 
decreased TG utilization as energy fuel. To further assess 
the role of FGF21 in cardiac energy metabolism, we gener-
ated a mouse model with cardiac-specifi c overexpression 

steatosis and to improve cardiac respiration in ATGL-defi -
cient mice ( 16 ). It is conceivable that impaired mitochon-
drial respiration triggers ER stress in CM of ATGL-ko 
mice, which then induces FGF21 expression. In line with 
this assumption, the study by Dogan et al. ( 40 ) shows that 
an increase in the unfolded protein response in the heart 
(encompassing elevated Chop mRNA expression as in 
ATGL-ko hearts) linked to severe respiratory chain defi -
ciency coincides with strongly elevated FGF21 expression. 
Finally, the moderate increase in cardiac FGF21 expres-
sion of Plin5 transgenic mice paralleled by mildly impaired 
mitochondrial respiration suggests that the extent in 
FGF21 expression correlates with the severity of mitochon-
drial dysfunction and possibly ER stress. 

 Recent fi ndings further underline the potential role of 
FGF21 in the context of mitochondrial dysfunction. Stud-
ies have shown that skeletal muscle is an FGF21-producing 
tissue in mice ( 41 ) and humans ( 42 ) and that mitochon-
drial respiratory chain defi ciency leads to an induction of 
FGF21 mRNA expression in skeletal muscle ( 43 ). There is 
strong evidence that increased FGF21 expression in skeletal 
muscle of the mutant mouse models and in humans ( 44 ) 
is causative for increased circulating FGF21 levels. These 

  Fig.   6.  Increased glucose uptake in skeletal muscle 
of FGF21 transgenic mice but normal glucose toler-
ance compared with WT. A: Tissue-specifi c glucose 
uptake determined in female transgenic mice fasted 
for 6 h. After injection of [2- 3 H]deoxy-D-glucose as 
radioactive tracer, tissues were collected, and intra-
cellular levels of [2- 3 H]deoxy-D-glucose-6-phosphate 
were determined (n = 5). B: Glucose tolerance test 
performed in female mice fasted for 6 h (n = 5–6). 
Mean food intake (C) and RQ values (D) calculated 
from oxygen consumption and CO 2  production 
monitored over a period of 4 days in 16-week-old fe-
male mice (n = 4). Data are shown as mean + SD. 
*  P  < 0.05.   
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