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 Adipose tissue is a specialized connective tissue that 
functions as the major storage site for fat in the form of 
TGs. Serving as an energy reservoir, adipose tissue synthe-
sizes TGs when energy intake exceeds energy output. Dur-
ing fasting or in response to stress, adipose tissue mobilizes 
FFAs and glycerol (lipolysis), providing other tissues with 
metabolites and energy substrates ( 1, 2 ). While lipolysis is 
a physiological response to metabolic changes, excess li-
polysis may lead to increased circulating FFA levels, which 
is a risk factor for insulin resistance and fatty liver. Clinical 
and experimental animal studies showed that white adi-
pose tissue (WAT) hyperlipolysis was associated with in-
creased hepatic fat accumulation in alcoholic liver disease 
(ALD) ( 3, 4 ). Reducing lipolysis by dietary supplementa-
tion decreased fatty liver in mice with ALD ( 5, 6 ). 

 Although alcohol-associated adipose tissue lipolysis con-
tributes to the development and progression of ALD in 
patients and in animal models, the underlying mecha-
nisms are not yet clear. Fibroblast growth factor (FGF)21 
is an FGF family member produced by the liver and other 
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free ( 16 ). The treatment schedule is illustrated in supplementary 
Fig. 1. At the end of the experiment, the mice were anesthetized 
with Avertin (2,2,2-tribromoethanol) and plasma and tissue samples 
were collected for assays. All mice were housed under controlled 
lighting (6:00 AM to 6:00 PM light cycle/6:00 PM to 6:00 AM 
dark cycle). All mice were treated according to the protocols re-
viewed and approved by the Institutional Animal Care and Use 
Committee of the University of Louisville. 

 Statistical analysis 
 Two-way ANOVA with Bonferroni’s post hoc test, one-way 

ANOVA with Tukey’s post hoc test, or two-tailed unpaired Stu-
dent’s  t -test were used for the determination of statistical signifi -
cance of the data where they were appropriate. All statistical 
analyses were performed with GraphPad Prism software version 5 
(GraphPad Software, Inc., San Diego, CA). For animal studies, 
each experimental group had seven mice. For cell culture stud-
ies, experiments were repeated three times in triplicate for each 
experiment. Results are expressed as mean ± SEM. Differences 
between groups were considered signifi cant at * P  < 0.05, ** P  < 
0.01, and *** P  < 0.001. 

 Additional methods are described in the supplementary Mate-
rials and Methods. 

 RESULTS 

 Alcohol exposure increases FGF21 expression 
 The liver is considered the main source for the produc-

tion of FGF21. Extrahepatic tissues, including white and 
brown adipose tissue, also express FGF21 ( 17 ). To deter-
mine whether alcohol exposure affects FGF21 expression, 
we exposed 8- to 10-week-old mice to alcohol in a chronic-
binge exposure model as described in the Materials and 
Methods. Chronic-binge alcohol exposure increased plasma 
FGF21 concentration by 4-fold approximately (  Fig. 1A  ).  A 
marked increase in FGF21 gene expression and protein 
concentration in both liver and epididymal WAT (eWAT) 
was observed, as shown in  Fig. 1B, C . Furthermore, to 

metabolic tissues that plays an important role in energy 
homeostasis and glucose and lipid metabolism ( 7 ). Sys-
temic administration of FGF21 alters lipid profi les in ani-
mal models ( 8, 9 ), in part, by regulating lipolysis in WAT. 
However, the exact action of FGF21 on WAT lipolysis re-
mains elusive. The phenotypes of FGF21 transgenic mice 
suggest that FGF21 stimulates adipose tissue lipolysis ( 10 ), 
while other studies showed that FGF21 attenuates hormone-
stimulated lipolysis in both human and murine adipocytes 
( 11 ). A recent study suggests that the role of FGF21 in adi-
pose tissue lipolysis is metabolic state dependent; FGF21 
stimulates lipolysis in the WAT during normal feeding but 
inhibits it during fasting ( 12 ). 

 To elucidate the roles of FGF21 in alcohol-induced adi-
pose tissue lipolysis, we exposed FGF21 KO mice to alcohol 
using a chronic-binge model. Absence of FGF21 attenu-
ates alcohol-induced lipolysis in WAT, which is likely medi-
ated by sympathetic nervous system (SNS) activation. 

 MATERIALS AND METHODS 

 Animal experiments 
 Male C57BL/6J mice (WT) and FGF21 KO mice ( 13 ) were 

used for this study. Alcohol-fed (AF) groups were allowed free 
access to the liquid diet (Lieber DeCarli; Research Diets, Inc., 
New Brunswick, NJ) containing 5% (w/v) alcohol for 12 days, 
and control groups were pair-fed (PF) with the isocaloric maltose 
dextrin ( 14 ) in the following groups: WT+PF, WT+AF, KO+PF, 
and KO+AF. The mice in the PF groups were given the same 
amount of food consumed by the mice in AF groups in the previ-
ous day. On the last day of the experiment, mice were gavaged 
with a single dose of alcohol (5 g/kg body weight) or isocaloric 
maltose dextrin. Mice were euthanized 6 h later. One group of 
alcohol-exposed FGF21 KO mice was treated with 4 mg/kg re-
combinant human FGF21 (rhFGF21) (KO+AF+rhFGF21) ( 15 ) 
via intraperitoneal injection during the last 5 days. rhFGF21 
was produced in  Escherichia coli  and purifi ed to be endotoxin 

  Fig. 1.  Effects of alcohol on FGF21 expression. 
C57BL/6 J mice were fed Lieber DeCarli liquid diet 
containing 5% alcohol (AF) or pair-fed isocaloric 
maltose dextrin diet (PF) as described in the Materials 
and Methods. On the last day of the experiment, 
AF and PF mice were gavaged with a single dose of 
alcohol (5 g/kg body weight) or isocaloric maltose 
dextrin, respectively, and euthanized 6 h later. A: 
Plasma FGF21 protein levels. B: FGF21 protein (top) 
and mRNA (bottom) levels in eWAT. C: FGF21 protein 
(top) and mRNA (bottom) levels in liver. D: mRNA 
levels of FGF21 in primary hepatocytes isolated from 
WT mice and in AML-12 cells after 200 mM ethanol 
treatment for 4 h.     
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loss was signifi cantly reduced in FGF21 KO mice (  Fig. 2A  ).  
The ratio of eWAT to total body weight was reduced ap-
proximately 62% in WT mice by alcohol exposure, but only 
a 22% reduction was observed in FGF21 KO mice ( Fig. 2B ). 
In addition, adipocyte size was reduced about 50% in 
WT mice, but unchanged in FGF21 KO mice, as measured 
by hematoxylin and eosin staining of eWAT   ( Fig. 2C, D ). 
These observations indicate that FGF21 KO mice are resis-
tant to alcohol-induced lipolysis in eWAT. To further char-
acterize the role of FGF21 in alcohol-mediated adipose 
tissue lipolysis, we measured glycerol and NEFA levels in 
the circulation. Chronic-binge alcohol exposure signifi cantly 
increased plasma glycerol and NEFA concentrations in 
WT mice, but not in FGF21 KO mice ( Fig. 2E, F ). 

determine whether the hepatocyte responds to alcohol for 
FGF21 expression, we incubated mouse primary hepato-
cytes and AML-12 (a hepatocyte cell line) cells with 
200 mM ethanol for 4 h (200 mM shown here. Positive 
dose-response starting at 50 mM, data not shown). FGF21 
mRNA levels were increased nearly 4 and 7 times in pri-
mary hepatocytes and AML-12 cells, respectively, after al-
cohol exposure ( Fig. 1D ). 

 FGF21 defi ciency markedly reduces chronic-binge alcohol 
exposure-induced eWAT lipolysis 

 FGF21 KO mice have similar eWAT size compared with 
WT mice. Chronic-binge alcohol exposure markedly reduced 
eWAT weight in WT mice. Surprisingly, this eWAT weight 

  Fig. 2.  FGF21 defi ciency markedly reduces chronic-binge alcohol exposure-induced eWAT lipolysis. FGF21 KO mice and their WT con-
trols were treated as described in the Materials and Methods. The mice in the KO+AF group were injected intraperitoneally with rhFGF21 
at a dose of 4 mg/kg body weight once a day for the last 5 days. A: Epididymal adipose tissue image. B: Epididymal adipose tissue/body 
weight ratio. C: Histopathology of eWAT depots (200×). D: Quantifi cation of adipocyte size. E: Plasma glycerol concentrations. F: Plasma 
NEFA concentrations.   
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 Insulin signaling is not associated with alcohol-induced 
adipose lipolysis in FGF21 KO mice 

 Insulin is well-known as a major antilipolytic hormone 
acting to limit release of fatty acids from adipose tissue, 
and insulin signaling pathways are also targets of alcohol 
( 19 ). To determine the role of insulin in the regulation of 
lipolysis by FGF21 in response to alcohol exposure, we 
analyzed insulin and Akt activation. Plasma insulin levels 
did not differ between mouse groups of PF and AF in WT 
and FGF21 KO mice (  Fig. 5A  ).  Alcohol exposure increased 
Akt phosphorylation, which is known to be a downstream 
target of insulin, in both WT and FGF21 KO mice ( Fig. 
5B ). To determine whether FGF21 directly activates Akt 
signaling, we incubated fully differentiated 3T3-L1 adipo-
cytes with rhFGF21. Western blot analysis showed that 
FGF21, indeed, increased phosphorylation levels of Akt in 
adipocytes ( Fig. 5C ). Due to the antilipolytic effect of insu-
lin, the increased insulin signaling would attenuate alcohol-
induced adipose tissue lipolysis  . As mentioned above, how-
ever, alcohol exposure increased eWAT lipolysis, indicating 
that insulin signaling is unlikely to be the major causative 
factor in alcohol-induced lipolysis. 

 The adipocyte does not respond to FGF21 and alcohol to 
induce lipolysis 

 To further investigate the mechanisms of FGF21 and 
alcohol-mediated lipolysis in adipocytes, we measured the 
median glycerol concentration in fully differentiated 3T3-
L1 cells and primary mouse adipocytes exposed to alcohol 
or rhFGF21. As shown in supplementary Fig. 2A, differen-
tiated 3T3-L1 cells responded to rhFGF21, as evidenced by 

 To further understand the role of FGF21 in adipose tis-
sue, we analyzed the mRNA and protein levels, and the acti-
vation of a set of genes known to regulate lipolysis in eWAT. 
Alcohol exposure did not change the mRNA expression of 
hormone sensitive lipase (HSL), adipose tissue TG lipase 
(ATGL), and perilipin (PLIN) in either WT or FGF21 KO 
mice (data not shown), but markedly increased HSL-ser660 
phosphorylation and ATGL and PLIN protein levels   
(  Fig. 3A, B  ).  It is known that HSL phosphorylation is regu-
lated by protein kinase A (PKA) activation, which is medi-
ated by adipose cAMP. eWAT cAMP levels were markedly 
increased in WT mice compared with KO mice in response 
to alcohol exposure ( Fig. 3C ). PLIN is a coating protein on 
the lipid droplets in adipocytes. PKA phosphorylates PLIN, 
exposing the lipid droplet to HSL-mediated lipolysis. We 
used anti-p-(Ser/Thr) PKA substrate antibody to detect adi-
pose PKA substrates, including PLIN, which were signifi -
cantly phosphorylated by alcohol exposure in the eWAT 
of WT mice, while they were inhibited in the KO mice   
( Fig. 3D ). This approach has been used in previous studies 
to determine PKA-mediated PLIN phosphorylation ( 18 ). 

 The effects of alcohol exposure models were also exam-
ined. Chronic alcohol consumption (4 weeks) markedly re-
duced the eWAT/body weight ratio in WT mice, but not in 
the KO mice (  Fig. 4A  ).  Similarly, acute alcohol exposure 
(one gavage of 5 g/kg alcohol) induced changes in circulat-
ing glycerol, and NEFAs were more pronounced in the 
WT mice than in the KO mice ( Fig. 4B ). Thus, FGF21 KO 
mice are consistently resistant to adipose lipolysis in three 
different alcohol-exposure models. In the following studies, 
we focused on the chronic-binge alcohol exposure model. 

  Fig. 3.  FGF21 KO mice have reduced expression and activity of proteins involved in adipose tissue lipolysis. Mice were fed as described 
in the Materials and Methods. Proteins in eWAT were analyzed by Western blotting. A: Levels of p-HSL, ATGL, and PLIN. B: The quantifi cation 
of protein bands in (A) by densitometry analysis;  � -actin levels served as loading controls. C: Epididymal adipose tissue cAMP concentrations. 
D: The p-(Ser/Thr) PKA substrate levels;  � -actin levels as loading controls.   
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 FGF21 mediates alcohol-enhanced catecholamine release 
 Next, we investigated the effects of alcohol exposure on 

catecholamine release. Epinephrine (EP) and norepineph-
rine (NE), secreted through SNS innervation, have been 
acknowledged as the principal initiators of lipolysis ( 20–22 ). 
To explore the mechanisms by which alcohol stimulates 
lipolysis, plasma EP and NE were measured. Alcohol expo-
sure lead to about a 4-fold increase in EP release (  Fig. 6A  ),  
and about a 2-fold increase in NE release ( Fig. 6B ) in WT 
mice  . However, in FGF21-defi cient mice, alcohol induced 
only about a 2-fold increase in EP release and virtually no 
change for NE ( Fig. 6A, B ). The plasma EP concentrations 
were positively correlated with the mRNA levels of phenyl-
ethanolamine  N - methyltransferase (PNMT), which is a 
major enzyme involved in EP synthesis in the adrenal gland 
( Fig. 6C ). As PNMT activity is largely regulated by adrenal 
glucocorticoids, we measured plasma corticosterone levels. 
Alcohol exposure signifi cantly increased plasma corticos-
terone levels in both WT and KO mice. However, the ele-
vation in the KO mice was less signifi cant than in WT mice 
(data not shown). EP and NE stimulate lipolysis through 
promoting  � -adrenergic receptor ( � -AR) activation ( 23, 24 ). 
 � -ARs have three subtypes,  �  1 -,  �  2 -, and  �  3 -AR. As shown in 
supplementary Fig. 3A,  �  3 -AR had the highest expression 
level in eWAT (  �  Ct values). However, no difference was 
found in chronic-binge alcohol exposure-induced  � -AR 
expression between eWAT in WT and KO mice (supplemen-
tary Fig. 3B–D). 

 Exogenous FGF21 administration exacerbates chronic-
binge alcohol exposure-induced lipolysis 

 Based on the above fi ndings, we hypothesized that FGF21 
may enhance chronic-binge alcohol exposure-induced 
eWAT lipolysis through the regulation of systemic cate-
cholamine release. To test this hypothesis, one group of 
alcohol-exposed FGF21 KO mice (KO+AF+FGF21) was 
treated with 4 mg/kg/day rhFGF21 via intraperitoneal in-
jection for the last 5 days. As expected, rhFGF21 treatment 
signifi cantly increased eWAT weight loss. Compared with 
the alcohol exposure group, the ratio of eWAT to total 
body weight was decreased 71% after rhFGF21 treatment 
in KO mice ( Fig. 2B ). Interestingly, the decrease in eWAT 
by rhFGF21 administration was accompanied by an in-
crease in EP and NE in the plasma ( Fig. 6A, B ). The in-
creased lipolysis in the KO mice by rhFGF21 was further 
supported by the increased plasma NEFA levels ( Fig. 2F ), 
although the change did not reach statistical signifi cance. 

 Effects of FGF21 deletion on chronic-binge alcohol-
induced hepatic steatosis and injury 

 Adipose tissue lipolysis contributes to chronic-alcohol-
induced hepatic steatosis ( 4 ). To determine whether FGF21-
mediated adipose lipolysis is involved in the chronic-binge 
alcohol exposure-induced fatty liver, the hepatic steatosis 
index and liver markers of injury were measured  . Alcohol 
exposure signifi cantly increased liver/body weight ratios 
in both WT and FGF21 KO mice, and the change in FGF21 
KO mice was smaller than in WT mice (  Fig. 7A  ).  Similarly, 
there were signifi cant changes in liver TG concentrations 

the increased phosphorylation of ERK. Isoproterenol, a 
synthetic catecholamine, signifi cantly increased median 
glycerol concentrations in both primary adipocytes and 
fully differentiated 3T3-L1 adipocytes. A sympatholytic non-
selective  � -blocker (propranolol) inhibited isoproterenol-
induced lipolysis in primary adipocytes. However, alcohol 
and rhFGF21 had no lipolytic effect in either cell type 
(supplementary Fig. 2B, C), indicating that neither alco-
hol nor FGF21 directly acts on adipocytes to induce lipoly-
sis. The effects of alcohol, rhFGF21, and isoproterenol on 
glycerol release were similar in the primary adipocytes iso-
lated from WT and FGF21 KO mice (supplementary Fig. 2B), 
further suggesting that local action of FGF21 does not af-
fect adipose lipolysis. 

  Fig. 4.  FGF21 KO mice display attenuated eWAT lipolysis by 
chronic or acute alcohol exposure. For chronic alcohol exposure, 
C57BL/6 J and FGF21 KO mice were fed Lieber DeCarli liquid diet 
containing 5% alcohol (AF) or pair-fed isocaloric maltose dextrin 
diet (PF) for 4 weeks. A: eWAT/body weight ratio. For acute alco-
hol exposure, C57BL/6 J mice and FGF21 KO mice were gavaged 
in the early morning with a single dose of alcohol (5 g/kg body 
weight (AF) or isocaloric maltose dextrin (PF). Blood was collected 
6 h later. B: Plasma NEFA and glycerol concentrations.   
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liver disease are not fully understood. In the current study, 
we demonstrated that chronic-binge alcohol exposure sig-
nifi cantly reduced epididymal adipose fat mass, but this 
reduction was inhibited in the FGF21 KO mice. Supple-
mentation of the rhFGF21 to the FGF21 KO mice further 
exacerbated alcohol-induced adipose lipolysis. Impor-
tantly, we showed that the function of FGF21 was associated 
with elevation of circulating catecholamine concentrations 
due to alcohol exposure. 

 Adipose tissue lipolysis is an exquisitely controlled pro-
cess ( 27, 28 ). cAMP signaling represents the principal pro-
lipolytic pathway in WAT. cAMP activation stimulates PKA 
activation, which mediates the activation of HSL by phos-
phorylation. PLIN is a coating protein that binds to the 
surface of lipid droplets and appears to be essential for 
lipid degradation ( 29 ). PKA activation promotes HSL 
phosphorylation at Ser 660, which is crucial for its activa-
tion and translocation to PLIN-containing droplets ( 30, 31 ), 
where HSL catalyzes the hydrolysis of diglycerides to mono-
glycerides ( 32, 33 ). Recently, another lipase, ATGL, has 
been identifi ed. ATGL favors TG substrates and is a rate-
determining enzyme for lipolysis in adipose tissue ( 34, 35 ). 
ATGL is not a direct substrate for PKA ( 35 ) and its activity 
depends on PLIN activation ( 36 ). These concepts were 
supported by our current study, which showed that the 
levels of ATGL, PLIN, and p-HSL were increased in the 
eWAT by chronic-binge alcohol exposure. 

 Adipose lipid metabolism is known to be affected by 
hormones ( 37 ). Lipolysis is negatively regulated by insulin 
and positively regulated by catecholamine ( 38 ). Insulin 
exerts its infl uence by stimulating the phosphoinositide 

by alcohol exposure in both WT and KO mice ( Fig. 7B ). 
Notably, chronic-binge alcohol exposure increased liver 
TG levels by about 6-fold in the WT mice, but only by 
about 2-fold in the KO mice. These results indicate that 
the KO mice are less sensitive to chronic-binge alcohol ex-
posure in hepatic fat accumulation ( Fig. 7B ). A baseline 
increase in TG levels in the KO+PF mice may contribute to 
the reduced sensitivity to chronic-binge alcohol exposure, 
but insignifi cantly. Confi rming the biochemical assays, the 
histological examinations showed a reduced fat accumula-
tion in the livers of the KO mice in response to alcohol 
exposure ( Fig. 7C ). Alcohol exposure signifi cantly increased 
plasma alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels ( Fig. 7D, E ) in WT mice, 
and these elevations tended to be reduced in the KO mice, 
indicating a likely reduction of liver injury by chronic-
binge alcohol exposure in the KO mice. 

 DISCUSSION 

 Alcohol-induced hepatic fat accumulation is considered 
to be the earliest pathological alteration in ALD. Clinical 
and experimental studies have demonstrated that a reduc-
tion of in situ liver lipogenesis and an increase of lipid 
 � -oxidation prevent hepatic steatosis and slow or halt the 
progression of ALD ( 25, 26 ). On the other hand, alcohol-
induced fatty liver disease is associated with reverse trans-
port of FFAs derived from adipose lipoatrophy by alcohol 
ingestion. The mechanisms by which alcohol disrupts adi-
pose tissue homeostasis to contribute to alcoholic fatty 

  Fig. 5.  Insulin is not correlated with alcohol-induced adipose dysfunction. Mice were fed as described in the Materials and Methods. 
A: Plasma insulin levels. B: Immunoblot analysis of eWAT phospho-AKT ser-473, AKT protein levels (top), quantifi cation of the immunoblot 
bands (bottom). C: 3T3-L1 adipocytes were treated with vehicle or 1  � g/ml rhFGF21 for 5 min. Cell lysates were immunoblotted for 
phospho-AKT ser-473 or total AKT as indicated.   
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produced remarkable differences in the reverse transport 
of FFAs derived from adipose lipolysis into the liver in ani-
mal models ( 45, 46 ). Nevertheless, adipose lipolysis is in-
creased by both chronic and acute alcohol exposure. 
Thus, the potentially increased insulin action observed in 
chronic-binge alcohol groups might inhibit lipolysis, but 
this inhibition may be overridden by other stimulatory 
factors. 

 A major extra-adipose signaling pathway for adipose li-
polysis is catecholamine signaling. Catecholamines (EP and 
NE) ( 47 ), the end mediators of the sympatho-adrenergic 
system, are secreted mainly from the adrenal medulla by 
SNS activation and have been implicated as important 
modulators of lipolytic activity. Catecholamines are known 
to act physiologically via binding to  � -ARs (subtypes  �  1–3 -ARs). 
 �  1 -AR is found predominantly in the brain and heart ( 48 ), 
 �  2 -AR is widely expressed ( 49 ), and  �  3 -AR is mainly ex-
pressed in adipose tissue ( 50 ). Binding to adipose tissue 
 � -ARs, catecholamines activate Gs protein and enhance 
intracellular cAMP concentration and stimulate cAMP-
dependent PKA activation, leading to the phosphorylation 
and activation of HSL ( 51 ). Chronic-binge alcohol expo-
sure does not act directly on the adipose tissue to stimulate 
lipolysis. Instead, we showed that alcohol exposure in-
creased SNS activity and stimulated the release of NE and 
EP in the circulation to activate  � -AR  . This agrees with the 
clinical observation that alcohol ingestion elevates blood 
catecholamine levels ( 52 ). 

 The most important fi nding in the current study is that 
FGF21 mediates catecholamine release in response to al-
cohol exposure. We showed that chronic-binge alcohol-
induced adipose tissue lipolysis was inhibited in FGF21 KO 
mice. Intra-adipose lipolysis signaling exhibited a resis-
tance phenotype in the KO mice, evidenced by the re-
duced response to ATGL and PLIN expression and p-HSL 
levels. However, FGF21 does not act directly on adipocytes 
to stimulate lipolysis. Using primary adipocytes and differ-
entiated 3T3-L1 cells, we showed that alcohol did not in-
crease median glycerol levels, and this lack of response was 
FGF21 independent. Rather, we demonstrated that the 
alcohol-induced catecholamine elevation is signifi cantly 
attenuated in FGF21 KO mice. In addition, treatment of 
FGF21 KO mice with rhFGF21 signifi cantly elevated the 
plasma NE. Taken together, our fi ndings support the con-
cept that FGF21 increases SNS activity to increase the re-
lease of catecholamine, which mediates the stimulatory 
effect on alcohol-induced lipolysis  . 

 The role of FGF21 on adipose lipolysis is still elusive. 
While some studies suggested that FGF21 stimulates glyc-
erol secretion from adipocytes ( 10 ), other studies showed 
that FGF21 was likely a negative factor in adipose lipolysis 
( 11 ). Upon binding to the FGF receptors, FGF21 activates 
ERK by phosphorylation, which has been shown to con-
tribute to adipose tissue lipolysis ( 53, 54 ). However, our in 
vitro experiment using adipocytes does not support this 
notion in response to alcohol. Our results unambiguously 
demonstrate that FGF21 promotes adipose lipolysis under 
conditions of chronic-binge alcohol exposure. This stimu-
latory effect is likely mediated by global SNS activation. 

3-kinase-Akt pathway in the adipose tissue. Earlier studies 
showed that insulin-induced tyrosine phosphorylation of 
phosphoinositide 3-kinase and phosphorylation of Akt 
were affected by chronic alcohol feeding ( 3, 39 ), leaving 
the effect of alcohol on insulin signaling in adipose tissue 
elusive. It is, however, an important issue because cross-
talk between insulin and FGF21 has been demonstrated 
( 40–42 ). Exogenous FGF21 administration increased insu-
lin sensitivity in several animal models of metabolic dis-
eases ( 8, 43, 44 ). We showed that plasma insulin levels 
were not affected, but phosphorylation of Akt was in-
creased by alcohol exposure, indicating an activation of 
insulin action. Our observations are different than a previ-
ous study in which an inhibition of insulin action by 
chronic alcohol exposure was demonstrated ( 4 ). The dif-
ferences may be due to the various alcohol exposure mod-
els. In fact, the chronic and binge alcohol exposure models 

  Fig. 6.  FGF21 KO mice have reduced plasma levels of EP and NE 
in response to alcohol exposure. Mice were fed as described in the 
Materials and Methods, the mice in KO+AF group were injected in-
traperitoneally with rhFGF21 at a dose of 4 mg/kg body weight once 
a day for the last 5 days. A: Plasma EP levels. B: Plasma NE levels. 
C: Linear correlation of the adrenal gland PNMT mRNA expres-
sion and plasma EP level.   
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Multiple studies have shown the complexity of FGF21 in 
metabolic disease. The different roles of FGF21 may de-
pend on the expression and activation of FGF receptors 
and the cofactor,  � -klotho, involved in different forms 
metabolic stress ( 57 ). Accumulation of hepatic fat due to 
alcohol ingestion is derived from two major sources: in 
situ hepatic events for lipid handling, including lipogene-
sis and fat clearance; and adipose events characterized by 
lipolysis. A lack of FGF21 would increase fat synthesis and 
decrease the clearance in the liver, but would decrease 
adipose fat degradation and fatty acid reverse transport 
into the liver  . Our fi ndings support the concept that, in 
global FGF21 KO mice, in situ hepatic events are dominant 

Although this hypothesis is further supported by a novel 
fi nding that FGF21 can stimulate SNS activity in brown 
adipose tissue ( 55 ), additional experiments are needed to 
confi rm this direct effect on SNS activation. 

 Multiple studies have demonstrated that FGF21 plays a 
critical role in hepatic lipid accumulation ( 9, 56 ). In a par-
allel study, we showed that lack of FGF21 exacerbated 
chronic alcohol exposure-induced fatty liver through 
SIRT-1-mediated fatty acid  � -oxidation (unpublished ob-
servations  ). However, in the chronic-binge alcohol expo-
sure model, hepatic fat accumulation tended to decrease 
in FGF21 KO mice. The discrepancy clearly indicates di-
verse roles of FGF21 in different alcohol exposure models. 

  Fig. 7.  Effects of FGF21 deletion on chronic-binge alcohol-induced hepatic steatosis and injury. Mice were fed as described in the Materi-
als and Methods. A: Liver to body weight ratios. B: Liver TG concentrations. C: Hematoxylin and eosin (upper) and Oil Red O (below) 
staining of hepatic tissues (arrows indicate lipid droplets  ). D: Plasma ALT concentrations. E: Plasma AST concentrations.   
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is not fully understood. We have demonstrated that anti-
FGF21 may be benefi cial for the reduction of alcohol-
induced excess-lipolysis. Therefore, strategies targeting the 
SNS activation to block FGF21-mediated excess-adipose 
lipolysis might be developed to prevent/treat acute alco-
hol-induced fatty liver disease.  

 The authors thank Ms. Marion McClain for proofreading the 
manuscript, Dr. Steve Kliewer for providing FGF21 KO mice, 
and Dr. Min You for providing the AML-12 cell line. 
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