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Fibroblast growth factor 21 is not required for the
antidiabetic actions of the thiazoladinediones
Andrew C. Adams, PhD, Tamer Coskun, MD, Christine C. Cheng, Libbey S. O´Farrell, Susan L. DuBois,
Alexei Kharitonenkov, PhD*
ABSTRACT
Fibroblast growth factor 21 is an emerging metabolic regulator that was recently proposed to be a fed-state inducible factor in adipose tissue. As
mice lacking FGF21 were refractory to treatment with rosiglitazone, FGF21 was suggested to underlie PPARγ-driven pharmacology and side effect
profile (Dutchak et al., 2012 [12]). To evaluate FGF21/PPARγ cross-talk we conducted experiments in control and FGF21 null animals and found that
rosiglitazone was equally efficacious in both strains. Specifically, diverse endpoints ranging from enhanced glycemic control, improved lipid
homeostasis and side effects such as adipose accumulation were evident in both genotypes. Furthermore, the transcriptional signature and cytokine
secretion profile of rosiglitazone action were maintained in our FGF21KO animals. Finally, we found that FGF21 in adipose was expressed at
comparable levels in fasted and fed states. Thus, our data present a new viewpoint on the FGF21/PPARγ interplay whereby FGF21 is not necessary
for the metabolic events downstream of PPARγ.
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1. INTRODUCTION

Fibroblast growth factor 21 (FGF21) [35] has recently garnered
significant attention as a novel metabolic regulator and a promising
agent to treat diabetes and other metabolic diseases [23]. FGF21 is a
member of the so called “endocrine” FGF sub-family, as unlike the
canonical FGFs it does not possess a heparin binding domain, thus is
able to escape into the circulation. When administered to animal models
of diabetes and obesity native FGF21 and more recently engineered
FGF21 variants cause dramatic and rapid improvements in overall
metabolic health [17,25,33,42]. Mice overexpressing FGF21 are lean,
resistant to the development of diet induced obesity [24] and exhibit
significantly augmented lifespan [46].
Physiologically, FGF21 is regulated by a number of transcription factors
in a complex and tissue specific manner [3]. The peroxisome
proliferator-activated receptors (PPARs) were among the first molecular
entities reported to modulate FGF21 expression [6,21,39,43]. To date,
both PPARα and PPARγ agonists have been demonstrated to induce
FGF21 secretion in vitro and in vivo [6,8,16,37]. However, while PPAR
ligands such as the thiazoladinediones (TZDs) can modulate FGF21
levels, the functional contribution of FGF21 to the in vivo activity of the
PPARs has yet to be established.
Recently it was proposed that FGF21 is an inducible, autocrine factor in
white adipose tissue (WAT) and a critical element in a feed forward loop
regulating the activity of PPARγ [12]. This novel paradigm represents a
significant departure from the traditional viewpoint of FGF21 elevation in
liver as a hallmark of the fasting response [6,21,31], and suggests that
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in addition to its endocrine function, FGF21 may also act in an autocrine
manner in specific tissues such as adipose. Furthermore, it was also
proposed that FGF21KO mice are refractory to treatment with the PPARγ
agonist rosiglitazone [12]. The latter finding is of particular significance
since it positions adipose tissue derived FGF21 downstream of PPARγ to
serve as a necessary driver for the wide spectrum of beneficial as well
as undesirable pharmacologic consequences associated with the use of
the TZD class of therapeutics.
Given the potential for these findings to reshape the understanding of
the in vivo mechanisms of action of both FGF21 and PPARγ, we sought
to further explore them through a series of experiments designed to
elucidate the interactions between these two important metabolic
pathways.
First, we observed that our own strain of independently derived
FGF21KO mice did not display a lipodsytrophic phenotype and instead
presented with mild obesity, a condition which was exacerbated by
feeding of a high fat diet. Furthermore, we found that rosiglitazone was
equally efficacious in ameliorating hyperglycemia and insulin resistance
and impacting other systemic measures of metabolic health in both WT
and FGF21KO mice. Excess adiposity, increased circulating liver enzyme
levels as well as elevations in adiponectin were also fully evident in
rosiglitazone-treated FGF21 null animals.
At the molecular level the transcriptional signature of TZD administration
in WAT was largely unchanged in mice lacking FGF21; however, we did
observe increased expression of the cofactor critically required for
FGF21 signaling, KLB [22,36,41]. Concordant with this finding, in mice
treated with a combination of FGF21 and rosiglitazone we observed
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robust enhancement of FGF21s metabolic actions and the absence of
side effects when rosiglitazone is administered alone. Finally, in an effort
to further explore the differences between previously published findings
[12] and our own data, we examined PPARγ in vivo sumoylation and
FGF21 mRNA expression in various tissues. Under the conditions used in
our study, we were unable to detect FGF21 mediated sumoylation of
PPARγ and noted no substantial regulation of adipose FGF21 transcript
upon fasting.
Taken together our data suggest that FGF21 does not play a key role
downstream of PPARγ activation, and is not required for the in vivo
efficacy of rosiglitazone. Thus, in our hands FGF21 and PPARγ appear to
operate as potent metabolic regulators acting via functionally distinct
and independent mechanisms.
2. METHODS

2.1. Animals
All animals were individually housed in a temperature-controlled (24 1C)
facility with 12 h/12 h light/dark cycle. The animal protocols in this study
were approved by the Eli Lilly and Co. Animal Use and Care Committee
(Protocol nos. 12225 and 13030).

2.2. Metabolic phenotype of chow and HFD fed WT and FGF21 null
mice
For basal phenotype studies male WT (n¼24) and FGF21KO (n¼24)
mice were maintained on a chow diet until 10 weeks of age. At this
point mice were weighed and body composition was analyzed by qNMR.
Development of diet induced obesity in 10 week old male WT (N¼8)
and FGF21KO (n¼8) mice was evaluated following maintenance on a
calorie-rich diet consisting of 40% fat, 39% carbohydrate, and 21%
protein caloric content (TD95217; Harlan Teklad, Madison, WI) for a
period of 12 weeks. Following the 12-week diet exposure animals were
weighed and body composition was determined using qNMR.

2.3. Rosiglitazone treatment of DIO WT and FGF21KO mice
Male WT and FGF21KO mice (n¼8 per group) were maintained on a
calorie-rich diet consisting of 40% fat, 39% carbohydrate, and 21%
protein caloric content (TD95217; Harlan Teklad, Madison, WI) for a
period of 12 weeks prior to the study onset and had free access to food
and water before randomization by weight. Mice were administered
rosiglitazone at the doses indicated for a period of 14 days via oral
gavage. Prior sacrifice glucose levels were determined using Precision G
Blood Glucose Testing System (Abbott Laboratories, Abbott Park, IL).
Following sacrifice tissues were rapidly dissected and flash frozen in
liquid nitrogen.

2.4. FGF21/rosiglitazone combination treatment of WT DIO mice
Male WT mice (n¼7 per group) were maintained on a calorie-rich diet
consisting of 40% fat, 39% carbohydrate, and 21% protein caloric
content (TD95217; Harlan Teklad, Madison, WI) for a period of 12 weeks
prior to the study onset and had free access to food and water before
randomization by weight. Mice were administered either FGF21 for a
period of 10 days via continuous infusion using osmotic minipumps
(ALZET, Cupertino, CA) at a dose of 1 mg/kg. Following recovery from
surgery mice were administered either vehicle or rosiglitazone at the
doses indicated for a period of 14 days via oral gavage. Prior sacrifice
glucose levels were determined using Precision G Blood Glucose Testing
System (Abbott Laboratories, Abbott Park, IL). Following sacrifice tissues
were rapidly dissected and flash frozen in liquid nitrogen.
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2.5. Analysis of metabolites and circulating factors
Blood samples were collected on ice temperature prior to storage of
plasma at −80 1C. Serum metabolites were measured by small-scale
enzymatic assays for glucose, triglycerides, and cholesterol (Stanbio
Laboratory). Insulin (Crystal Chem Inc.), leptin (Crystal Chem Inc.) and
Total Adiponectin (BioVendor Inc.) were measured by specific ELISA.

2.6. Body composition analysis
Body composition of mice was determined using Quantitative Nuclear
Magnetic Resonance analysis (ECHO MRI, 3-1 Composition Analyzer;
Echo Medical Systems, Houston, TX).

2.7. RNA isolation, RT and real-time quantitative PCR
RNA was isolated from tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA) or by homogenization of frozen samples in Lysing Matrix
D shaker tubes (MP Biomedicals, Santa Ana, CA) and was reverse
transcribed into cDNA using a High-Capacity cDNA Reverse Transcrip-
tion Kit (PE Applied Biosystems, Foster City, CA). Reactions were
performed in triplicate on an ABI Prism 7900 HT (PE Applied Biosystems)
and were normalized to PPIA mRNA.

2.8. Statistical analysis
Data are presented as mean7SEM. Statistical analysis was performed
using one-way ANOVA, followed by Dunnett's multiple comparisons test
where appropriate. Differences were considered significant when
P¼o0.05.
3. RESULTS

3.1. FGF21KO mice have mildly increased adiposity
We have previously reported that deletion of the FGF21 gene leads to a
basal phenotype of mild obesity and glucose intolerance [5]. Given the
lipodystrophy recently reported in a separate strain of FGF21KO animals
[12] we re-examined a large age matched cohort of WT (n¼30) and
FGF21KO (n¼24) mice. We found that WT mice when maintained on a
chow diet had significantly lower body weight than their FGF21KO
counterparts (Figure 1A). Using qNMR analysis of body composition we
determined that the difference in body weight was largely due to
significantly elevated adiposity in the FGF21KO mice (Figure 1B), similar
to our previously reported data [5]. Fat free mass (Figure 1C) and total
water (Figure 1D) were not different between WT and FGF21KO mice.
When body composition was expressed as a percentage of total body
mass we again found that there was significantly greater fat mass in the
FGF21KO mice when compared to the WT animals (Figure 1E) while lean
mass was not different between the cohorts (Figure 1F).
To determine if this mild basal phenotype would be altered following a
dietary challenge we placed 10-week old WT and FGF21 null mice on a
high fat diet for a period of 12 weeks. As on chow diet, the weights of
the HFD fed FGF21KO mice were elevated over that of the WT animals
(Figure 1G). This difference in body mass was again due to significantly
higher adiposity in the FGF21 null mice (Figure 1H) since fat free mass
was not altered between the genotypes (Figure 1I). There was also
no difference in total water between the two HFD cohorts (Figure 1J).
When expressed as a percentage of total body mass there remained a
significant elevation in adiposity (Figure 1K) in the FGF21 null animals
while fat free mass (Figure 1L) was again unchanged between the
groups. Thus, on both normal chow and high fat diet, FGF21 null mice
were obese in agreement with the phenotype of a third independent
FGF21KO strain [20] and the ability of exogenous FGF21 to correct
ISM 2 (2013) 205–214 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 1: FGF21 null mice display mild obesity which is exacerbated by a high fat diet. Panel 1. Body weight was determined in a large cohort of chow fed, age matched male WT (n¼30) and
FGF21KO mice (n¼24) (A). In the same cohort we also assessed body composition via qNMR and determined absolute fat mass (B), fat free mass (C) and water mass (D). The measures of both
fat mass (E) and fat free mass (F) were then also expressed as a percentage of total body mass. Statistical significance is denoted by *. Differences were considered significant when P ≤ 0.05.Panel
2. At 10 weeks of age WT and FGF21KO mice were fed a HFD for a period of 12 weeks. Following diet exposure we determined body weight (G), absolute fat mass (H), fat free mass (I) and water
mass (J). The measures of both fat mass (K) and fat free mass (L) were then also expressed as percentage of total body mass. Statistical significance is denoted by *. Differences were considered
significant when P ≤ 0.05.
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adiposity in mice (Coskun et al. [9]) but converse to the lipodystrophic
state reported by Dutchak et al. [12] in their FGF21KO animals.

3.2. FGF21 null animals are sensitive to rosiglitazone treatment
If FGF21 is required for full PPARγ activity, then FGF21KO mice should
be resistant to the actions of TZDs. Thus, we sought to further
investigate the effects of chronic rosiglitazone administration in
FGF21KO mice. In our experiments the rosiglitazone effect on hypergly-
cemia and insulin resistance was fully evident in FGF21KO mice when
compared to their WT counterparts as plasma glucose and insulin
lowering in the DIO setting was equivalent in both genotypes (Figure 2A
& 2B). A comparable reduction of plasma lipids such as triglycerides
(Figure 2C), cholesterol (Figure 2D) or free fatty acids (Figure 2E) was
also observed in rosiglitazone-treated WT or FGF21KO animals.
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Consistent with earlier reports [44] significant increases in plasma ALT
(Figure 2F) and AST (Figure 2G) levels were also detected under
rosiglitazone treatment in both strains of mice. Of potential interest, and
opposite to the rosiglitazone mediated effect on liver enzymes,
administration of 1 mg/kg of recombinant FGF21 led to an approximate
reduction in ALT and AST of up to 50% in both WT and FGF21KO
animals potentially attributable to FGF21-induced clearance of liver lipids
(data not shown) and evidencing an improved hepatic health.
Rosiglitazone also caused a minor but equivalent body weight gain in
WT and FGF21KO mice (Figure 2H) with increased adiposity present to a
similar degree in both cohorts (Figure 2I). While fluid accumulation
trended to be higher with rosiglitazone treatment this effect neither
reached significance nor was different between the two genotypes
(Figure 2J). Thus, the overall results of our study indicate that mice
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ine the extent to which the effects of rosiglitazone are mediated by FGF21 we examined plasma
) in WT and FGF21 null mice. We also examined the effects of chronic treatment on cumulative
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lacking FGF21 are fully responsive to TZD treatment with regard to
multiple integrated metabolic endpoints.
We attempted to carry out our initial in vivo study to match as closely as
possible the conditions which were employed in the previous report [12].
Specifically, we replicated time on diet, dosing regimen, and age & sex of
animals. It is important howewer to note that factors such as strain of mice,
backcrossing status and source of HFD were unable to be replicated and
may contribute to the differences we observe compared to [12].

3.3. The transcriptional response to TZD treatment is largely preserved
in FGF21KO mice
Given that significant alterations in the rosiglitazone gene expression
signature were reported [12] we next examined rosiglitazone mediated
transcriptional effects in FGF21 null animals. As with the integrated
readouts at the whole body level, the induction of known PPARγ target
genes in WAT such as adiponectin and UCP1 was fully apparent and
reached a similar magnitude of elevation in WT and FGF21KO mice
(Figure 3). Furthermore, the repression of FASN and TNFα gene
expression was also equally robust regardless of genotype (Figure 3).
Consistent with our previous report [32], expression of KLB, the FGF21
co-receptor [22,36,41], was up-regulated by rosiglitazone treatment in
both genotypes suggesting a possible role for rosiglitazone as a
sensitizer of FGF21 action (Figure 3). As previously communicated
[12,34] we also observed a rosiglitazone-induced increase of FGF21
mRNA in the WAT of WT mice (Figure 3). It is important to note however
that FGF21 expression in adipose tissue was extremely low when
compared to that observed in the pancreas and liver.

3.4. Biomarkers of rosiglitazone treatment are equally induced in WT
and FGF21KO mice
Our initial study was unable to replicate a lack of TZD efficacy in FGF21
null mice. Thus, we conducted an additional in vivo experiment in WT
and FGF21KO animals with both the original 10 mg/kg and a sub-
maximal 3 mg/kg dose of rosiglitazone. We reasoned that the high
10 mg/kg dose could be masking a possible contribution of FGF21 to the
PPARγ-driven pharmacologic effect, and a lower dose may provide an
opportunity to reveal the specific involvement of FGF21 in the
mechanism of rosiglitazone action.
Confirming our earlier data detailed in Figure 2, we observed reductions in
both plasma glucose (Figure 4B) and insulin (Figure 4C) in animals treated
with the 10 mg/kg dose. Importantly, the equal efficacy in WT and
FGF21KO cohorts was also detected even at the submaximal 3 mg/kg
dose. At either dose and in both groups of rosiglitazone-treated animals
we found significant increases in adiponectin, a classical biomarker of
TZD action in vivo [27] (Figure 4D). Furthermore, since adiponectin levels
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in the basal state were significantly lower in FGF21KO mice as compared
to their WT counterparts (Figure 4D), FGF21 is likely a critical physiological
factor for maintaining adiponectin production in mice.
We also assessed the effect of rosiglitazone administration on FGF21
production and found no increase in FGF21 in the serum (Figure 4A)
consistent with the hypothesis that adipose tissue-originated FGF21
does not function as an endocrine factor [12,15]. The data regarding the
induction of circulating FGF21 by TZD treatment is unclear with conflicting
evidence for Oishi and Tomita [38] and against Christodoulides et al. [8] a role
for PPARγ in modulating FGF21 levels in blood. Of particular interest,
chronic rosiglitazone treatment was reported to lower circulating FGF21 in
man [28].
3.5. The metabolic response to FGF21 is amplified in rosiglitazone
treated animals
Treatment with rosiglitazone led to an increase in KLB expression in
adipose, a critical target tissue where the majority of FGF21s metabolic
action is initiated [1,4]. Given high levels of FGFR1c expression in fat,
elevation in KLB expression may invoke greater abundance of the FGF21
receptor complex thus leading to an augmented response to FGF21. To
test this hypothesis we treated mice with FGF21 in combination with
rosiglitazone and assessed systemic measures of metabolic health.
Following chronic treatment with FGF21 we observed the expected
reduction in body weight and increased fat mass in the rosiglitazone
treated group. However, in the combination group that was dosed with
both FGF21 and rosiglitazone, a trend toward exaggerated weight loss
was observed (Figure 5A). Glucose levels were reduced by both FGF21
and rosiglitazone when either agent was administered alone with a
similar reduction in glycemia detected in the combination treated group
(Figure 5B). Concomitant with glucose lowering a significant reduction in
insulin levels was also detected upon either FGF21 or rosiglitazone
administration. However, in the case of ameliorating hyperinsulinemia,
the combination of FGF21 and rosiglitazone led to a significantly greater
efficacy than was found with either agent alone (Figure 5C). Lipid
lowering followed a similar pattern with reductions in circulating
cholesterol (Figure 5D) and FFA's (Figure 5E) observed with both agents
and an increased efficacy in FGF21/rosiglitazone treated animals.
Importantly, while the increased body water retention was fully evident
in mice receiving rosiglitazone (Figure 5F), water mass loss was akin to
that seen with FGF21 alone when both agents were co-administered.
Finally, while rosiglitazone caused the expected but undesirable increase in
adipose tissue, FGF21 led a significant reduction in fat mass, and this loss of
adipose was substantially more pronounced in animals treated with the
FGF21/rosiglitazone combination (Figure 5G). Finally, while rosiglitazone
caused the expected but undesirable increase in adipose tissue, FGF21 led
- + - + - + - + - + - +
KLB ME1 TNFα UCP1

- + - +
FGF21

- + - +

llowing treatment with either vehicle or rosiglitazone we assessed gene expression in WAT of WT
t’s multiple comparisons test where appropriate. Statistical significance from vehicle was denoted
ificant when P ≤ 0.05.
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a significant reduction in fat mass, and this loss of adipose was substantially
more pronounced in animals treated with the FGF21/rosiglitazone combination
(Figure 5G). Our findings indicate that TZD treatment appears to maintain or
even enhance the physiological response to FGF21. The latter is suggestive
that rosiglitazone sensitizes animals to FGF21 action. More critically, FGF21 is
able to rescue some of the negative aspects of the TZD pharmacology in
mice. While at the molecular level rosiglitazone induced KLB upregulation is
likely to be a cause for the enhanced metabolic potency of FGF21/TZD
combination, the ability of FGF21 to “brown” adipose [15] may also be a
contributing mechanism at the tissue-specific level.

3.6. Expression of FGF21 in WAT is unaffected by the fed to fasted
transition
Consistent with earlier observations [6,21], overnight fasting led to a
significant increase in plasma FGF21 in WT mice (Figure 6A). To further
delineate the tissue specific response to nutrient deprivation we
210 MOLECULAR METABOL
evaluated FGF21 expression in animals transitioning from the fed to
fasted state at the tissue specific level, and profiled FGF21 mRNA in
WAT, liver and pancreas—the main sources for FGF21 production in
rodents [23].
The highest relative expression in the fed state was observed in the
pancreas followed by the liver (Figure 6B). In WAT, FGF21 gene
transcript was approximately five fold lower than observed in liver and
orders of magnitude below than that in the pancreas (Figure 6B).
Interestingly, FGF21 mRNA was appreciably reduced in the pancreas
upon fasting while the induction of FGF21 transcript in the liver was
consistent with earlier studies [6,21,31]. However, in contrast to the
result reported by Dutchak et al. [12], we detected no significant
difference in FGF21 mRNA levels in white adipose from either fed or
fasted mice (Figure 6B). While we measured FGF21 mRNA levels after
an overnight fast and 24 hours after initiation of the dark cycle, previous
reports [12,38] utilized a restricted feeding paradigm whereby animals
ISM 2 (2013) 205–214 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 5: Treatment with rosiglitazone sensitizes to the metabolic effects of FGF21. To assess the potential for interaction between FGF21 and rosiglitazone we compared treatment with either
agent alone versus a combination of the two. Following treatment we examine body mass change (A), plasma glucose (B), insulin (C), Cholesterol (D) and free fatty acids (E) in addition to change in
total water (F) and fat mass gain/loss (G). Statistical significance from vehicle was denoted by * while differences from rosiglitazone alone are indicated with †. Differences were considered significant
when P ≤ 0.05.
are allowed access to food for only a short period of time, possibly
explaining the observed differences. Further complicating the possible
role of adipose derived FGF21 are data from cold exposed mice where
FGF21 levels in circulation also did not change while mRNA in adipose
was increased. Therefore, it was proposed that cold exposure elevates
local WAT FGF21.

3.7. FGF21 does not alter the sumoylation state of PPARγ
The earlier reported effect of FGF21 to alter PPARγ sumoylation [12] is
of importance as this observation was one of the first to demonstrate
such modification of PPARγ in living animals. However, we were unable
to detect sumoylated PPARγ in vivo and observed only excessive
background staining in the area of 50kDa, likely due to detection of
MOLECULAR METABOLISM 2 (2013) 205–214 & 2013 Elsevier GmbH. All rights reserved. www.mo
endogenous mouse antibodies present in tissue extracts (Supplemental
Figure 1). Indeed, a previous publication demonstrated that sumoylation
of PPARγ was not evident in the basal state and was only detectable
following ligand stimulation of PPARγ [40].
4. DISCUSSION

In this report we show that FGF21 is neither required for the beneficial
metabolic outcomes of rosiglitazone treatment nor is a prerequisite for
the side effects associated with the use of the TZD class of therapeutics.
In our studies, all of the profiled responses to rosiglitazone were fully
preserved in FGF21KO mice both at the whole animal and molecular
lecularmetabolism.com 211



Figure 6: FGF21 expression is regulated by the fed to fasted transition in liver and pancreas but not in adipose. FGF21 levels were measured in plasma of fed and fasted mice using ELISA (A).
Tissue specific expression of FGF21 was assessed in the pancreas, liver and WAT at the mRNA level (B). Statistical analysis was performed using one-way ANOVA, followed by Dunnett’s multiple
comparisons test where appropriate. Statistical significance from vehicle was denoted by *. Differences were considered significant when P ≤ 0.05.
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level. Of note, the report by Dutchak et al. [12] also demonstrated that
both circulating and liver triglyceride levels were lowered by rosiglita-
zone treatment regardless of genotype, and the attenuation of the ability
of rosiglitazone to control glyceamia in FGF21KO mice was fairly subtle
raising the question if FGF21 null mice are indeed refractory to TZD
treatment. Taken together, our data demonstrate that the link between
FGF21 and PPARγ is certainly not as simple as originally suggested.
As compared to WT animals our FGF21KO mice retained the full
physiological response to rosiglitazone (Figures 2, 4 and 5). Indeed,
rosiglitazone effects observed in FGF21 null animals spanned the
traditional gamut of TZD pharmacologic actions—including insulin
sensitization, glucose and lipid lowering, elevation of liver enzyme
levels and accrual of adipose tissue mass. However, one potential
concern we had was that the 10 mg/kg dose of rosiglitazone could
overwhelm the impact of FGF21 ablation; therefore we conducted a
follow-up experiment utilizing a lower dose of rosiglitazone. Never-
theless, even at the submaximal level of 3 mg/kg, comparable effects of
rosiglitazone were observed regardless of genotype further indicative
that FGF21 is not required for PPARγ action in vivo. The consistent
rosiglitazone signature at the transcriptional level was also noted in both
the WT and FGF21KO mice, lending added support to the lack of
alterations of PPARγ-driven pharmacologic responses at the whole
animal level. Finally, a dose dependent increase in circulating adipo-
nectin was fully apparent in FGF21 null mice. The latter is important as
recent reports show FGF21 is a potent adiponectin secretagogue and
that this induction in adiponectin plasma levels is vital for the glycemic
efficacy of FGF21 in vivo [18,29]. Given that following rosiglitazone
212 MOLECULAR METABOL
stimulation adiponectin was also elevated in the FGF21KO mice our
findings suggest that FGF21 and PPARγ regulate adiponectin levels via
functionally distinct and independent pathways.
As we reported earlier, treatment of adipocytes with rosiglitazone did
increase cell sensitivity to FGF21 [32]. This in vitro observation is
suggestive of the possibility that rosiglitazone may act in vivo by inducing
KLB expression in adipose tissue, a critical target organ for FGF21 in living
animals [1,4,42]. Furthermore, given the apparent excess of FGFR1
expression over that of KLB in WAT [1] we thought that KLB induction may
lead to a higher abundance of KLB/FGFR1 complex – FGF21 receptor in
adipose tissue – thus providing molecular means for animals' increased
response to FGF21. Indeed, when rosiglitazone and FGF21 were co-
administered we noted a significant enhancement of the FGF21 action in
DIO mice (Figure 5B and E). Importantly, in the FGF21/rosiglitazone treated
group we did not find an intermediate phenotype of rosiglitazone side
effects—such as adipose mass accrual and elevation in liver enzyme
levels. Specifically, fat mass in the FGF21/rosiglitazone combination group
was reduced more than with FGF21 alone (Figure 5G), supportive of a
functional and rather synergistic relationship between the two factors.
These data present the possibility that the PPARγ pathway may indeed
intersect with the actions of FGF21, however, in a distinctly different
manner than initially proposed.
Confirming earlier reports we show in our study that FGF21 in mouse
plasma is increased following a 24h fast and that hepatic FGF21 mRNA
was elevated by nutrient deprivation. Furthermore, while [12] observed
elevated levels of FGF21 mRNA in WAT upon feeding, our data indicate
that FGF21 in adipose tissue was not significantly altered between fed
ISM 2 (2013) 205–214 & 2013 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



and 24h fasted mice. Finally, FGF21 transcript in pancreas (Figure 5B)
was several orders of magnitude higher than in liver and WAT and was
reduced upon fasting posing the question as to the role of pancreatic
FGF21 in the overall physiology of this protein. Thus, future work with
deletion of FGF21 in each of these three metabolically-relevant organs is
required to determine the relative contribution of tissue-specific FGF21
to distinct facets of FGF21 physiology.
As communicated in Dutchak et al. [12], the FGF21 concentration in
adipose tissue is particularly low compared to other organs. Indeed, the
FGF21 protein level in WAT equates to approximately 1.1 ng/g, or
0.99 ng/ml when the average tissue density of 0.92 for WAT [30] is
taken into account. While this finding aligns well with a recent report
demonstrating the absence of FGF21 mRNA in human adipose tissue
[11] it is unclear if such low FGF21 levels are able to induce a
meaningful activation of the FGF21 receptor complex given dose
response parameters for FGF21 activity in adipose derived cells
[2,24,26,45]. Indeed, an FGF21 concentration of 0.99 ng/ml [12] is
10� lower than the EC50 of approximately 10 ng/ml established for
FGF21 action in adipocytes [24]. While FGF21 protein reached 2ng/g (or
1.8 ng/ml) in WAT following rosiglitazone treatment [12], this level
remains below the threshold for meaningful local signaling to occur,
raising doubts as to the ability of WAT-produced FGF21 to efficiently
function in adipose tissue in an autocrine manner.
While we believe it is unlikely that FGF21 originated from adipose tissue
plays a major role downstream of PPARγ, there are states as prolonged
cold exposure at which local FGF21 signaling may occur. One such state
is FGF21-induced “browning” of white adipose tissue, a phenomenon
which was initially shown in FGF21 transgenic animals [24] and was
recently reported in FGF21 treated mice [15]. FGF21 also is able to
activate extant brown adipose tissue [19] and is also induced in BAT
following cold exposure [7] suggesting that the thermogenic response to
FGF21 may result from both activation of BAT and “browning” of WAT.
Indeed, adipose is a critical tissue for FGF21's metabolic mechanism of
action as it carries FGFR1c and KLB, together comprising FGF21
receptor, and the deletion of either of these vital components of the
FGF21 receptor machinery profoundly disrupts both pharmacological
and physiological responses to FGF21 in vivo ([1,4,10]). Nevertheless,
the contribution of liver and pancreas as other important target tissues
for FGF21 action must also be considered [1,4,14].
The discrepancy between the fat mass phenotypes of the three FGF21
lines reported to date is puzzling with two lines presenting with mixed
elevations in diet dependent adiposity [5,13,20] while the third line
manifests with reduced fat mass [12]. It has been suggested that the
differences between the three lines may lie in the presence or absence of
soy in the diet used by the various research groups [12]. Nevertheless, the
chow maintenance diet (Harlan Teklad, Rodent maintenance diet, No.
2014) utilized in the present study also does not contain soy. Lending
further support to the obese phenotype of FGF21KO mice on a chow diet
is the predisposition of these animals to gain more weight and specifically
fat when placed on a high fat diet (Figure 5H).
While the exact reason for the difference in phenotype between the three
FGF21KO lines is unknown [5,20,12] one possibility lies with the
breeding strategy utilized by Dutchak and colleagues versus our own,
the specific diets employed and the strain background of the study
animals.
In conclusion our data neither support the requirement of FGF21 for the
actions of rosiglitazone, nor do they corroborate the proposed role for FGF21
as an autocrine factor in adipose tissue. Rather, our studies provide a
convincing case that FGF21 is extraneous to the functions of the TZD class of
therapeutics in vivo with respect to both beneficial metabolic outcomes and
MOLECULAR METABOLISM 2 (2013) 205–214 & 2013 Elsevier GmbH. All rights reserved. www.mo
some of the side effects associated with TZD treatment. Further studies are
required to elucidate the complex and likely tissue specific relationship
between the actions of PPARs and the FGF21 axis.
APPENDIX A. SUPPORTING INFORMATION

Supplementary data associated with this article can be found in the online version at

http://dx.doi.org/10.1016/j.molmet.2013.05.005.
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