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Thyroid hormone has profound and diverse effects on liver
metabolism. Here we show that tri-iodothyronine (T3) treat-
ment inmice acutely and specifically induces hepatic expression
of the metabolic regulator fibroblast growth factor 21 (FGF21).
Mice treated with T3 showed a dose-dependent increase in
hepatic FGF21 expression with significant induction at doses as
low as 100 �g/kg. Time course studies determined that induc-
tion is seen as early as 4 h after treatment with a further increase
in expression at 6 h after injection. As FGF21 expression is
downstream of the nuclear receptor peroxisome proliferator-
activated receptor � (PPAR�), we treated PPAR� knock-out
mice with T3 and found no increase in expression, indicating
that hepatic regulation of FGF21 by T3 in liver is via a PPAR�-
dependent mechanism. In contrast, in white adipose tissue,
FGF21 expression was suppressed by T3 treatment, with other
T3 targets unaffected. In cell culture studies with an FGF21
reporter construct, we determined that three transcription fac-
tors are required for induction of FGF21 expression: thyroid
hormone receptor � (TR�), retinoid X receptor (RXR), and
PPAR�. These findings indicate a novel regulatory pathway
whereby T3 positively regulates hepatic FGF21 expression, pre-
senting a novel therapeutic target for diseases such as non-alco-
holic fatty liver disease.

The biochemical pathwaysmediating themetabolism of car-
bohydrates, lipids, and proteins are all regulated to some degree
by thyroid hormone and the thyroid hormone receptors (� and
�) (1, 2), which belong to the nuclear hormone receptor super-
family (1). In the liver, the � isoform of the thyroid hormone
receptor (TR�) is responsible for mediating the majority of the
actions of tri-iodothyronine (T3),2 whereas in other tissues

such as the heart and brown adipose tissue, the� isoform (TR�)
is the main mediator of thyroid hormone effects (3, 4).
FGF21 is a member of the endocrine FGF subfamily, which

also includes FGF19 and FGF23, all of which circulate and
have hormone-like actions (5, 6). FGF21 is known to stimulate
glucose uptake in mouse 3T3-L1 adipocytes and in primary
cultures of human adipocytes and can improve glucose home-
ostasis when administered to obese mice (6) and non-human
primates (7). Transgenic mice overexpressing FGF21 in liver
display improved insulin sensitivity and glucose clearance,
reduced plasma triglyceride concentrations, and are resistant to
weight gain when fed a high fat diet (6).
Subsequent studies showed that administration of FGF21

tomice with high fat diet-induced obesity led to increased fat
utilization and energy expenditure and reduced plasma glu-
cose, insulin, serum lipid concentrations, and hepatic triglycer-
ide concentrations (6, 8). In one study, it was shown that the
decrease in hepatic triglyceride concentrations was accompa-
nied by a decrease in lipogenic gene expression (8).
FGF21 expression is known to be downstream of the nuclear

receptor PPAR�, which itself plays a significant role in lipid
oxidation. FGF21 is physiologically induced under conditions
that activate PPAR� including fasting and consumption of a
ketogenic diet (KD) (9, 10). Fibrate treatment, which leads to
pharmacological activation of PPAR�, also causes increased
FGF21 expression in rodents (10).

T3 can induce metabolic changes that are similar to those
induced by FGF21 including weight loss and increased energy
expenditure, and thus we speculated that FGF21 expression
might be regulated by T3. We found that hepatic FGF21 gene
expression responds rapidly and robustly to T3 administered
peripherally in a dose-dependent manner. A substantial 3-fold
induction is seen as soon as 4 h after treatment with a further
increase in expression 6 h after injection. The induction of
genes induced by T3 also included SPOT14 and glucose-6-
phosphatse (G6Pase), but interestingly, induction of PPAR�
target genes is selective; thus T3 treatment did not increase
expression of carnitine palmitoyltransferase 1A (CPT1a) or un-
coupling protein 2 (UCP2) at these early time points. Re-
markably,PPAR� is required for T3-mediated effects on FGF21
expression as no induction was seen in PPAR� KO mice after
T3 treatment. However, other T3 targets including SPOT14
and G6Pase responded in PPAR� KO mice in the expected
direction following treatment with T3. Using cell culture stud-
ies, which introduced an FGF21 reporter construct into 293T
cells, we also demonstrate that T3-mediated FGF21 induction
requires both TR� and PPAR� as well as their common het-
erodimeric partner, the retinoid X receptor (RXR). These data
suggest thatT3 is able to rapidly and specifically regulateFGF21
expression in the liver through a PPAR�-dependent pathway.
Novel therapies based around TR� agonists may permit spe-

* This work was supported, in whole or in part, by National Institutes of Health
Grants RO1-DK56123 (to A. N. H.), RO1-DK069983 (to E. M.-F.), and R37-
DK28082 (to J. S. F.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1 and Table S1.

1 To whom correspondence should be addressed: Division of Endocrinology,
Beth Israel Deaconess Medical Center, Center for life sciences, 3 Blackfan
Circle, Boston, MA 02215. Tel.: 617-735-3289; Fax: 617-735-3343; E-mail:
emaratos@bidmc.harvard.edu.

2 The abbreviations used are: T3, tri-iodothyronine; FGF, fibroblast growth
factor; PPAR, proliferator-activated receptor; PPRE, PPAR-response ele-

ment; TR, thyroid hormone receptor; RXR, retinoid X receptor; KD, keto-
genic diet; WAT, white adipose tissue; KO, knock-out; PBS, phosphate-buff-
ered saline; WT, wild type.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 19, pp. 14078 –14082, May 7, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

14078 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 19 • MAY 7, 2010

REPORT This paper is available online at www.jbc.org

http://www.jbc.org/cgi/content/full/C110.107375/DC1
http://www.jbc.org/cgi/content/full/C110.107375/DC1


cific hepatic up-regulation of FGF21 to treat conditions such as
fatty liver and non-alcoholic hepatic steatosis.

EXPERIMENTAL PROCEDURES

Animals—12-Week-old C57BL/6 male mice (The Jackson
Laboratory) were fed a standard rodent chow (F6 Rodent Diet;
Harlan Teklad), housed in a controlled environment under a
14/10-h light/dark cycle, and acclimatized to housing for 7 days
prior to experimentation. For dose-response (five mice per
group) and time course (eight mice per time point) studies,
mice were housed in groups of four.
12-Week-old male PPAR� KO (n � 4) mice andWT (n � 4)

control littermates on a C57BL/6 background were purchased
(Taconic Farms) and housed in groups of four under the same
conditions as above. All procedures were approved by and per-
formed in accordance with guidelines issued by the Beth Israel
Deaconess Medical Center Institutional Animal Care and Use
Committee.
Dose Response—Mice were injected intraperitioneally with

either PBS or increasing doses (0, 10, 25, 100, 250, and 500
�g/kg) of T3 diluted in PBS (T2877, Sigma-Aldrich) in a total
volume of 150 �l. 6 h after injection, mice were sacrificed, and
tissues were rapidly collected, flash-frozen in liquid nitrogen,
and stored at �80 °C.
Time Course—Male mice were injected with either PBS or

500 �g/kg of T3. Mice were sacrificed at 2, 4, and 6 h after
injection, and tissues were processed as noted above.
RNA Extraction and Real-time PCR—Total RNA was iso-

lated from tissueswith theRNeasy lipid tissue kit (Qiagen). 1�g
of RNA was used for generation of cDNA (Qiagen). Quantita-
tive real-time PCRwas performed on aMX3000P thermocycler
(Stratagene) using SYBR Green master mix (Applied Biosys-
tems). Primer pairs used are listed in supplemental Table S1. All
samples were analyzed in duplicate, measuring both the gene of
interest and cyclophilin as an internal control.
Serum Analysis—Non-esterified fatty acids (NEFAs) were

measured in duplicate using an enzymatic colorimetric assay
(Wako NEFA C, Wako Chemicals; Richmond, VA).
In Vitro Transfection—293T cells were maintained in Dul-

becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Invitrogen). Transient transfections were
performed in 6-well plates using Lipofectamine 2000 (In-
vitrogen). Each well received a total of 100 ng of a combination
of an FGF21 reporter (FGF21 constructs were generously
provided by D. Manglesdorf, University of Texas Southwest-
ern medical school; see Inagaki et al. (9)) or DR4-TK lucifer-
ase reporter construct (11), pKCR2-TR�1 (12), pCMV-PPAR�
(Origene, Rockville,MD), and pKCR2-hRXR� (11) alongwith 3
ng of a control pCMV-�-galactosidase plasmid (11) to account
for transfection efficiency. 24 h after transfection, the medium
was changed to Dulbecco’s modified Eagle’s media supple-
mented with 10% steroid-depleted serum (HyClone) either
with no ligand or with 10 nM T3 (Sigma). Following another
24 h, the cells were lysed and assayed for luciferase and �-ga-
lactosidase activities. Experiments were performed three times
in triplicate, and the luciferase activity was normalized to
�-galactosidase.

To determine the requirement of the PPAR-response ele-
ments (PPREs) present in the FGF21 promoter, cells were
transfected as above with plasmids expressing TR�, PPAR�,
RXR�, �-galactosidase, along with one of three FGF21 lucifer-
ase reporter constructs with varying lengths of promoter
�1497, �977, and �66, respectively (see Inagaki et al. (9) for
details).
Statistical Analysis—All results are expressed asmean� S.E.

Statistical comparisons of groups were made using analysis of
variance.

RESULTS

T3 Treatment Induces FGF21 Expression in the Liver in a
Dose- and Time-dependent Manner—In euthyroid C57BL/6
mice injected with T3 intraperitoneally, we found a dose-de-
pendent induction of FGF21mRNAexpression in the liver (Fig.
1A). At 6 h after injection, a greater than 2-fold increase in the
expression of hepatic FGF21was seen at a dose of 100 �g/kg of
T3 (0.40 � 0.13 versus 1.17 � 0.21). We saw even greater levels
of induction of FGF21 at dosages of 250 �g/kg (0.40 � 0.13
versus 1.32 � 0.13) and 500 �g/kg (0.40 � 0.13 versus 2.52 �
0.88). Using the highest dose of T3, we examined induction at
different time points ranging from 2 to 6 h. At 2 h after injec-
tion, there was no increase in FGF21 expression following T3
treatment (0.44 � 0.12 versus 0.42 � 0.10; Fig. 1B); however, at
4 h, expression is significantly increased over baseline levels
(0.44 � 0.12 versus 1.30 � 0.04, Fig. 1B) with a further rise in
expression found at the 6-h time point (0.46 � 0.119 versus
2.71 � 0.22, Fig. 1B). The rapidity of induction of FGF21 sug-
gests that the action of T3 on the liver is likely direct via TR�
activation rather than via a secondary effect such as increased
circulating PPAR� ligands.
OtherPPAR�TargetGenesAreNot InducedbyT3Treatment—

Todetermine the extent of the change in gene expressionmedi-
ated by T3, we analyzed several other known hepatic PPAR�
target genes inWTmice treatedwith 500�g/kgT3 at a 6-h time
point. At this dosage and time frame, no change in the PPAR�
targets CPT1a (1.34 � 0.07 versus 1.46 � 0.10, Fig. 1G), UCP2
(1.85 � 0.51 versus 1.41 � 0.30, Fig. 1F), ABDL (1.59 � 0.11
versus 1.83� 0.34, Fig. 1D), or ATP-binding cassette, subfamily
B, member 4 (ABCB4) (0.11 � 0.01 versus 0.12 � 0.01 Fig. 1E)
was noted. We also assayed expression of PPAR� itself; how-
ever, no differences in expression were found in any of our
studies (data not shown).
Induction of FGF21 by T3 in the Liver IsMediated via PPAR�—

Following our initial observation that T3 induces FGF21 in the
liver, we next treated both WT and PPAR� KO mice with T3.
As PPAR� has been previously shown to be critical for the
induction of FGF21 by both feeding of a KD and during the
fasted state, we hypothesized that it may also be upstream of
the FGF21 induction seen with T3 treatment. Using a dose of
500 �g/kg, which significantly increased FGF21 expression in
our initial experiments, and at a time point of 6 h, we assessed
the T3-mediated FGF21 response inWT and PPAR� KOmice.
WT mice responded as expected with a 16-fold induction of
FGF21 (0.20 � 0.06 versus 3.14 � 1.22, Fig. 1H). In contrast,
there was no induction of FGF21 above baseline levels in
PPAR� KO mice (0.09 � 0.01 versus 0.17 � 0.02, Fig. 1H),
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indicating that PPAR� is required for the induction of FGF21
by T3.
To confirm that the T3 treatments were successful, we also

measured induction of two known T3 liver response genes,
SPOT14 and G6Pase, in PPAR� KO mice. Expression of both
SPOT14 and G6Pase was increased approximately 3–5-fold by
T3 treatment in WT and PPAR� KOmice (Fig. 1, I and J).
T3Treatment Suppresses FGF21Expression inWhiteAdipose

Tissue (WAT)—To examine the tissue-specific effects of T3, we
evaluated expression of FGF21 in WAT 6 h after treatment
intraperitoneallywith 500�g/kg ofT3. In contrast to the induc-

tion seen in liver, we found reduced expression of FGF21 in
WAT after T3 treatment (1.71 � 0.54 versus 0.45 � 0.06, Fig.
2A). Expression of known target genes including fatty acid syn-
thase (FAS) (2.40 � 0.88 versus 1.70 � 0.12, Fig. 2D), SPOT14
(1.13 � 0.25 versus 1.44 � 0.19, Fig. 2B), and glucose trans-
porter type 4 (GLUT4) (1.91 � 0.55 versus 2.25 � 1.10, Fig. 2C)
was unaffected by T3 in this treatment paradigm. FGF21 ex-
pression was also suppressed in the WAT of PPAR� KO mice
under the same conditions, suggesting a PPAR�-independent
mechanism of action (data not shown).
Reconstitution of a T3-responsive Signaling Pathway in 293T

Cells—To establish the regulatory elements required for induc-
tion of FGF21 by T3, we transfected 293T cells with an FGF21
luciferase reporter plasmid accompanied by a combination of
RXR, TR�, and PPAR� expression vectors. Transfection with
the FGF21 luciferase construct alone did not allow induction of
FGF21 after the cells were treated with T3 (0.02 � 0.07 versus
0.02 � 0.01).We then added PPAR� and RXRwithout TR� but
still did not see significant induction upon treatment with T3
(0.03 � 0.01 versus 0.03 � 0.01). We did, however, see a small
but significant reduction in FGF21 expression with a combina-
tion of RXR and TR� without PPAR� (0.0094 � 0.011 versus
0.0064 � 0.001), suggesting that PPAR� is required even for
basal expression of FGF21. Finally, cells were transfected with a
combination of PPAR�, RXR, and TR�, and under these condi-
tions, a robust and significant induction of FGF21 expression was
seen following treatmentwithT3 (0.02� 0.01 versus 0.11� 0.02).
As a control, a knownT3-responsiveDR4 element was also trans-
fected into cells and showed robust induction following treatment
with T3 and in the presence of TR� (Fig. 2E).
To determine the requirement of the two knownPPREs pres-

ent in the FGF21 promoter, we used three FGF21 luciferase
reporter constructs comprising various lengths of the FGF21
promoter (�1497, which spans both PPREs, �977, which lacks
the distal PPRE, and �66, which lacks both). As in our earlier
assays, transfection with the full-length �1497 reporter con-
struct led to a robust induction of FGF21 (0.20 � 0.01 versus
0.65 � 0.07; Fig. 2F). When cells were transfected with the
�977 and�66 reporter constructs, the induction of FGF21was
dramatically reduced (Fig. 2F), indicating that only the distal
PPRE is required for induction, whereas the proximal PPRE
does not seem to affect induction in our model.

DISCUSSION

FGF21 has emerged as a novel hepatic regulator of metab-
olism that plays a role in both glucose homeostasis and lipid
oxidation. FGF21 expression in the liver is regulated by both
fasting and consumption of a KD (9, 10, 13). Induction of
FGF21 with fasting explicitly requires PPAR�. However, par-
tial induction can be seen with feeding of a ketogenic diet even
in PPAR�-deficient mice, suggesting that alternate pathways
may also exist. Pharmacologically FGF21 expression is in-
creased by treatment with fibrates, which are known PPAR�
agonists (14). Here we show that hepatic FGF21 is also regu-
lated by thyroid hormone.
The PPARs are ligand-activated receptors that heterodimer-

ize with RXR and bind to response elements in target genes.
Available ligand alters co-activator/co-repressor dynamics to

FIGURE 1. Panel 1, A, acute effects of T3 treatment in mice. T3 treatment of
euthyroid male c57BL/6 mice via intraperitoneal injection causes a significant
increase in FGF21 gene expression in the liver in a dose-dependent manner.
AU, arbitrary units. B, increased FGF21 gene expression induced by T3 treat-
ment in the liver is not significant at 2 h after injection (0.44 � 0.12 versus
0.42 � 0.10, n � 8 versus 8, NS); however, at 4 h after injection, expression is
significantly elevated (0.44 � 0.12 versus 1.30 � 0.04, n � 8 versus 8, p �
0.021), and this increase in expression reaches maximal levels at 6 h (0.46 �
0.119 versus 2.71 � 0.22, n � 8 versus 8, p � �0.001). Panel 2, effects of T3 on
hepatic PPAR� targets in normal mice. To determine the extent to which
PPAR� target genes were induced by T3 treatment, we analyzed gene expres-
sion of several known hepatic PPAR� target genes. Only expression of FGF21
(C) (PBS versus FGF21, 0.20 � 0.06 versus 3.14 � 1.22, 4 versus 4, p � 0.001) was
significantly increased. No change between vehicle- and T3-treated mice was
found for ABDL (D), ABCB4 (E), UCP2 (F), or CPT1a (G), indicating that in this
paradigm, induction of FGF21 is unique among known PPAR� targets. Panel 3,
effects of T3 in PPAR�-deficient mice. H, FGF21 is not induced in the liver of
PPAR� knock-out mice upon treatment with T3 using the maximal dose and
optimum time point from our initial studies (WT versus PPAR� KO, 3.14 � 1.22
versus 0.17 � 0.2, 4 versus 4, p � 0.001). Other T3-responsive genes such as
SPOT14 (I) (WT versus PPAR� KO, 1.07 � 0.10 versus 1.48 � 0.18,4 versus 4, p �
0.001) and G6Pase (J) (WT versus PPAR� KO, 1.12 � 0.20 versus 1.35 � 0.40,4
versus 4, p � 0.001) show robust induction, indicating that PPAR� is explicitly
required for the induction of FGF21 expression by T3 in vivo. Error bars indi-
cate mean � S.E.
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induce transcription of downstream target genes. Fatty acids
are a preferred PPAR� ligand with a wide array of other lipids
also implicated in PPAR activation (15, 16). PPAR� is expressed
at high levels in liver, where its activation promotes fatty acid
oxidation, ketogenesis, lipid transport, and gluconeogenesis
(17). Systemic levels of free fatty acids change with nutritional
status, making PPAR� an attractive candidate sensor of energy
balance that might respond to fatty acids by accelerating their
metabolism. In our studies, we did not see any significant
changes in circulating free fatty acids, indicating that produc-
tion of PPAR� ligand is not the mechanism via which T3
induces FGF21 expression (supplemental Fig. 1), suggesting a
direct interaction between TR� and PPAR�. Furthermore, our
gene expression data fromWAT suggest that the effects of T3

on FGF21 expression are tissue-
specific, possibly due to mediation
by different TR or PPAR subtypes
as PPAR� is expressed at high lev-
els in the liver and to a much lesser
extent in WAT with the same
being true of TR�. It is possible that
under different treatment condi-
tions such as a longer period of T3
treatment, we could see induction
of FGF21 expression in WAT. Due
to the systemic effects that long
term T3 treatment has on physiol-
ogy, it would be difficult to ascertain
whether theseeffects aredirect effects
ongeneexpressionbyT3oraremedi-
ated by indirect mechanisms. Direct
effects of T3 on gene expression are
supported by our cell culture studies,
which demonstrate that a specific
subset of nuclear receptors are
required for the FGF21 induction to
occur in a rapid manner.
Thyroid hormone influencesmany

metabolic pathways, particularly
pathways that mediate lipolysis,
and promote fatty acid oxidation in
the liver. T3 treatment in rats stimu-
lates thermogenesis from fatty acid
� oxidation as a result of lipolysis
and increased caloric intake (18).
Lipogenesis is also stimulated byT3.
However, this effect occurs to a
much lesser extent and is mainly
seen in the context of restoration
of depleted fat stores after a period
of energy deficit (19). Knock-out
mouse models with deletion of
eitherTR� orTR�display a range of
defects in lipogenes, lipolysis, cho-
lesterol metabolism, and fatty acid
oxidation (20, 21).
Previous studies have shown that

treatment with T3 itself or with
selective agonists of TR� can improve the metabolic status of
diet-induced obese rodents (22–24). Activation of TR� with a
selective thyromimetic (GC-1) in rats results in the induction of
UCP1 gene expression, whereas only minimally mediating syn-
ergism between thyroid hormone and the sympathetic nervous
system (20). The use of GC-1 or other TR�-selective agonists in
rodents and primates has recently been shown to increase
energy expenditure and decrease fat mass and plasma levels of
cholesterol (23), while sparing the heart (25) and the skeletal
system (26).
Thyroid hormone action is mediated by a complex interac-

tion between TRs and other nuclear receptors including the
PPARs and the liver X receptor, which respond to circulating
metabolite levels (27, 28). Cross-talk between thyroid hor-

FIGURE 2. Panel 1, effects of T3 on WAT gene expression of FGF21 and previously described T3 target genes. To
examine the tissue specificity of the effects of T3, we examined WAT, which has previously been described as
a key tissue for FGF21 action. A, FGF21 expression was significantly suppressed following treatment with 500
�g/kg of T3 at the 6-h time point (1.71 � 0.54 versus 0.45 � 0.06, n � 4 versus 4, p � 0.0041). AU, arbitrary units.
However, expression of known T3 targets SPOT14 (B) (1.13 � 0.25 versus 1.44 � 0.19, n � 4 versus 4, NS), GLUT4
(C) (1.91 � 0.55 versus 2.25 � 1.10, n � 4 versus 4, NS), and FAS (D) was unaffected by the treatment. Suppression
of FGF21 expression by T3 also occurred in a similar manner in WAT of PPAR� KO mice (data not shown),
suggesting a PPAR�-independent mechanism of action. Panel 2, E, reconstitution of the T3 signaling pathway
in 293T cells indicates that alongside the FGF21 reporter, only a combination of PPAR�, TR�, and RXR is suffi-
cient for the induction of FGF21 by T3. Transfection with FGF21 reporter alone led to luciferase (Luc) accumu-
lation; however, this effect was not altered by T3 treatment of the cells. The addition of PPAR� and RXR
increased the accumulation seen with reporter alone; however, as with the reporter, this effect was not
changed by T3 treatment. Transfection with TR� and RXR led to a slight reduction in expression when com-
pared with reporter alone; however, this change was not significant and was not affected by T3 treatment.
When cells were transfected with TR�, RXR, PPAR�, and the reporter construct, we did see a significant increase
in luciferase accumulation. DR4, a T3-responsive element, is included as a positive control and was induced by
T3 in an appropriate manner similar to that seen in previous experiments. To determine the requirement of the
two known PPAR-response elements in the FGF21 promoter, 293T cells were transfected with PPAR�, TR�, and
RXR along with FGF21 reporter constructs of varying lengths (F) (�1497, full length containing both PPREs,
�977, containing only the proximal PPRE, and �66, which had neither PPRE present). Induction occurred as in
our previous experiments using the full-length (�1497) promoter construct; however, when the distal PPRE
was removed in the �977 construct, luciferase induction dropped significantly. All data are corrected for �-Gal
expression to account for differences in transfection efficiency. Error bars indicate mean � S.E.
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mone signaling and these nutrient-responsive factors occurs
through a variety of mechanisms, including but not limited
to competition for RXR, transcriptional co-factors, or DNA-
binding sites and transcriptional cofactors. In our animal
experiments, we show that PPAR� is required for induction of
FGF21 expression by T3, which occurs over a very rapid time
frame. Our in vitro experiments demonstrate that induction
requires PPAR� as well as TR� and RXR, suggesting that there
is a unique interaction between the TR and PPAR� to mediate
FGF21 induction. Furthermore, we show that of the two known
PPREs present in the FGF21 promoter, the distal site is required
for the induction of FGF21 by thyroid hormone, whereas the
proximal site does not seem to play a role.
Hepatic steatosis is observed in several animal models

with inactivation of nuclear receptors involved in metabolic
control, including the PPAR� KO mouse. In both humans
and animal models, obesity is associated with lipid deposi-
tion in the liver, which can lead to fibrosis and even cirrhosis
(29, 30). In both human and murine microarray studies, the
greatest -fold change in liver gene expression as a consequence
of hepatic lipid accumulation is the down-regulation of a set of
T3-responsive genes including genes involved in energymetab-
olism (4, 31).
We propose that the improvements in lipid profiles and fat

accumulation after treatment with T3- and TR�-specific ago-
nists is due at least in part to induction of hepatic FGF21 and
possibly suppression ofWATFGF21. Previous studies fromour
laboratory and others have demonstrated that modulation of
FGF21 levels either via pharmacology or usingmolecular inter-
ventions lead to a phenotype similar to that seen with TR�
agonist treatment i.e. a significant improvement in serum lipid
profile (10, 22), increased rates of lipolysis, and an increase in
liver fatty acid metabolism (4, 32). These findings suggest that
stimulation of lipolysis and hepatic fatty acid oxidation via
FGF21 induction using TR�-specific agonists has significant
therapeutic potential.
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