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Abstract
Aims/hypothesis Pharmacological doses of FGF21 improve
glucose tolerance, lipid metabolism and energy expenditure
in rodents. Induced expression and secretion of FGF21 from
muscle may increase browning of white adipose tissue (WAT)
in a myokine-like manner. Recent studies have reported that
insulin and exercise increase FGF21 in plasma. Obesity and
type 2 diabetes are potentially FGF21-resistant states, but to
what extent FGF21 responses to insulin and exercise training
are preserved, and whether FGF21, its receptors and target
genes are altered, remains to be established.
Methods The effects of insulin during euglycaemic–
hyperinsulinaemic clamps and 10 week endurance training
on serum FGF21 were examined in individuals with type 2
diabetes and in glucose tolerant overweight/obese and lean
individuals. Gene expression of FGF21, its receptors and
target genes in muscle and WAT biopsies was evaluated by
quantitative real-time PCR (qPCR).
Results Insulin increased serum and muscle FGF21 indepen-
dent of overweight/obesity or type 2 diabetes, and there were

no effects associated with exercise training. The insulin-
induced increases in serum FGF21 and muscle FGF21 expres-
sion correlated tightly (p < 0.001). In WAT, overweight/obesity
with and without type 2 diabetes led to reduced expression of
KLB, but increased FGFR1c expression. However, the expres-
sion of most FGF21 target genes was unaltered except for
reduced CIDEA expression in individuals with type 2 diabetes.
Conclusions/interpretation Insulin-induced expression of
muscle FGF21 correlates strongly with a rise in serum
FGF21, and this response appears intact in overweight/
obesity and type 2 diabetes. FGF21 resistance may involve
reduced KLB expression in WAT. However, increased
FGFR1c expression or other mechanisms seem to ensure ad-
equate expression of most FGF21 target genes in WAT.
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Abbreviations
ATF4 Activating transcription factor 4
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
GDR Glucose disposal rate
qPCR Quantitative real-time PCR
ssDNA Single-stranded DNA
WAT White adipose tissue

Introduction

Fibroblast growth factor (FGF) 21 was originally identified as
a metabolic regulator in high throughput screening for agents
capable of increasing glucose uptake in adipocytes and has
been characterised as a potent endocrine metabolic regulator
[1]. Administration of pharmacological doses of FGF21
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improves plasma glucose and lipid profiles, and leads to
weight loss in obese diabetic rodents and rhesus monkeys
[1–6], possibly due to increased total energy expenditure and
physical activity levels [5]. Besides increasing glucose uptake,
FGF21 may inhibit lipolysis in white adipose tissue (WAT)
and may also promote ‘browning’ of WAT in response to cold
exposure and under other conditions [7–9]. Additionally, a
pharmacological dose of FGF21 has been found to reverse
palmitate-induced insulin resistance in human myotubes [10]
and to improve glucose uptake in skeletal muscle and the heart
to normal levels in mice with diet-induced obesity [5].

Prolonged fasting has been shown to increase hepatic
FGF21 production and secretion in a PPARα-dependent man-
ner [11, 12]. FGF21 stimulates fatty acid oxidation, ketogen-
esis and gluconeogenesis, while it suppresses lipogenesis in
the liver [11–13]. During fasting and diet-induced obesity,
circulating FGF21 is believed to be completely derived from
the liver [14]. Circulating FGF21 mediates its effects through
interactions with a dual receptor complex consisting of the co-
factor β-Klotho and a tyrosine kinase FGF receptor (FGFR)
[15, 16]; of which FGFR1c appears to play the predominant
role [15]. While the expression of β-Klotho is limited to a few
metabolic tissues, including adipose tissue [17, 18], FGFR1c
has a more broad expression pattern [18]. Thus, besides in-
creasing the receptor-affinity for FGF21,β-Klothomay define
its target tissues [16].

Skeletal muscle is not considered a main site of FGF21 ex-
pression and release [18]. However, recent studies have reported
that muscle stress increases expression of FGF21 [9, 19], possi-
bly in an activating transcription factor 4 (ATF4)-dependent
manner [9], and that muscle-derived FGF21 promotes ‘brown-
ing’ of WAT supporting its potential role as a myokine [9].
Moreover, studies in mice and human myotubes have shown
an insulin-mediated induction and potential release of FGF21
[20, 21]. These observations are supported by human studies
showing increased FGF21 expression in skeletal muscle and
increased circulating FGF21 in response to insulin in healthy
young men [22, 23]. Whether insulin resistance in obese and
type 2 diabetic individuals attenuates the insulin-mediated regu-
lation of FGF21 in muscle and plasma has, to our knowledge,
not yet been determined.

Exercise training improves whole body glucose homeosta-
sis and reduces the risk of developing type 2 diabetes [24, 25].
Given that FGF21 may be released from muscle in mice and
that it exerts its beneficial effects by reducing fat mass and
enhancing energy expenditure [4], its metabolic effects resem-
ble those of other exercise-induced myokines, such as IL-6,
IL-15 and irisin [26]. Acute exercise increases plasma FGF21
in both mice and humans [27]. Furthermore, in humans a
transient exercise-induced increase in plasma FGF21 was re-
lated to augmented release of FGF21 from the liver in a
glucagon-to-insulin-ratio-dependent manner [28], a response
that was attenuated in individuals with type 2 diabetes [29]. In

contrast, the reported effects of exercise training on circulating
FGF21 in humans are variable [30–33]. Thus, long-term train-
ing interventions may reduce circulating FGF21 in obese
women and elderly men [30, 33]. However, the effect of ex-
ercise training on basal and insulin-stimulated serum FGF21
in individuals with type 2 diabetes remains to be established.

Despite promising studies on the metabolic effects of
FGF21 in rodents, the physiological role of FGF21 in humans
remains poorly understood. Serum FGF21 is highly variable
in humans [32, 34] and, paradoxically, it is increased in indi-
viduals with obesity, the metabolic syndrome and type 2 dia-
betes [21, 35–38]. Obesity has been proposed as a state of
FGF21 resistance since the response to exogenous FGF21 is
impaired in obese mice [39]. This is supported by reduced
expression of the FGF21 receptors FGFR1c, FGFR2 and
FGFR3, and the co-receptor β-Klotho (encoded by KLB) in
WATof obese mice [39]. Additionally, theβ-Klotho transcript
and protein is reduced in human adipose tissue in obesity [37].
It remains to be clarified whether FGF21 resistance can be
explained by altered mRNA levels of the FGFRs, β-Klotho,
and known target genes in muscle and subcutaneous WAT of
individuals with obesity and type 2 diabetes.

In the present study, we examined: (1) whether insulin re-
sistance in obesity and type 2 diabetes attenuates insulin-
mediated regulation of FGF21 in muscle and serum; (2) how
exercise training affects circulating FGF21 in type 2 diabetes;
and (3) whether FGF21 resistance can be explained by chang-
es in FGFRs,β-Klotho, and known target genes in muscle and
fat in obesity and type 2 diabetes.

Methods

Participants The effects of insulin and exercise training were
studied in blood and tissue samples collected in two prior stud-
ies from which other results have been reported [25, 40–44].
The effect of insulin was studied in ten overweight/obese indi-
viduals with type 2 diabetes group-wise matched for age and
sex to 12 healthy lean and ten overweight/obese non-diabetic
volunteers (study I, Table 1). The effect of 10 weeks of endur-
ance exercise training was studied in 12 overweight/obese men
with type 2 diabetes and 12 overweight/obese glucose tolerant
control men who were group-wise matched for age and obesity
(study II, electronic supplementary material [ESM] Table 1).
For more information on the study participants, please refer to
ESM Methods. All participants gave written informed consent
and the studies were approved by the Local Ethics Committee
of Funen and Vejle County, Denmark. The studies were per-
formed in accordance with the Helsinki Declaration.

Euglycaemic–hyperinsulinaemic clamp The participants in
both studies underwent a euglycaemic–hyperinsulinaemic
clampwith tracer glucose (3-H3-glucose) to assess total glucose
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disposal rates (GDR) as previously described in detail [25, 40].
In study I, insulin was infused at a rate of 40 mUm−2 min−1 for
4 h [40]; whereas in study II, insulin was infused at a rate of
80 mU m−2 min−1 for 3 h [25]. In both studies, the clamp was
preceded by a 2 h basal tracer (3-H3-glucose) equilibration
period. In study I, skeletal muscle biopsies were taken from
the vastus lateralis muscle before (basal) and after (clamp) in-
sulin infusion, while subcutaneous abdominal fat biopsies were
obtained only before the clamp. Additional information on
clamp and biopsies are given in ESM Methods.

Training programme (study II) Participants underwent
10 weeks of aerobic training as described previously [25,
42–44]. Briefly, the training programme consisted of 10weeks
of cycling on stationary bikes with four to five sessions of
20–35 min per week at an average exercise intensity of
~65% of maximal oxygen consumption (VO2peak). For more
information on the training programme, please refer to ESM
Methods.

RNA isolation and cDNA synthesis For analysis of
FGFR1c, FGFR3c, FGFR4 and KLB, RNAwas isolated from
~20 mg human muscle tissue and resuspended in diethyl
pyrocarbonate-treated H2O containing 0.1 mmol/l EDTA
(1 μl per mg tissue). RNA from human fat was isolated from
~30 mg biopsy using the RNeasy mini kit (Qiagen, Venio, the
Netherlands) following the manufacturer’s instructions.
cDNA was synthesised from 1 μg skeletal muscle-derived
RNA and 0.5 μg WAT-derived RNA using an iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA). The amount of
single-stranded DNA (ssDNA) was determined using
Oligreen reagent (Molecular Probes, Leiden, the
Netherlands) as previously described [45]. For analyses of
the remaining genes, RNA isolation and cDNA synthesis from

10–20mgwet muscle were performed as previously described
[41] and as described in more detail in the ESM Methods.

qPCR analysis The cDNA of KLB, FGFR1c, FGFR3c and
FGFR4were amplified using LNA (locked nucleic acid) probes
(Roche Life Science, Basel, Switzerland) and primers designed
from human sequence data (Entrez-NIH and Ensembl, Sanger
Institute, Cambridge, UK) using Primer Express software
(Applied Biosystems, Foster City, CA, USA). The mRNA con-
tent of FGFR1c, 3c and 4 was normalised to ssDNA as previ-
ously described [45]. For the remaining genes, quantitative real-
time PCR (qPCR) was performed on an ABI Prism 7900HT
sequence detection instrument using TaqMan custom Arrays
(Applied Biosystems) according to the manufacturer’s instruc-
tions. The data were analysed using qBasePlus software
(Biogazelle, Zwijnaarde, Belgium). ThemRNA levels in muscle
were normalised to PPIA and B2M, while the transcript levels in
adipose tissue were normalised to PPIA and ACTB. The expres-
sion of the reference genes did not differ between groups and
were not affected by insulin. The mRNA abundances were
calibrated to the sample with the lowest expression. The
primer–probe pairs used are listed in ESM Table 2.

Serum FGF21 Serum FGF21 was measured using an ELISA
kit (Biovendor, Brno, Czech Republic). The lowest detection
level within the linear range in this ELISA is 7 pg/ml and
values of serum FGF21 detected below this threshold were
therefore all set to 7 pg/ml. Both serum and plasma levels were
measured without any detectable difference.

Statistical analysis The statistical analyses were performed
using Sigma-Stat version 12.5 (Systat Software, San Jose,
CA, USA). One-way or two-way ANOVAwith repeated mea-
sures using Student–Newman–Keuls post hoc testing were

Table 1 Metabolic characteris-
tics for participants in study I Characteristic Lean Overweight/obese Type 2 diabetes

n (female/male) 12 (6/6) 10 (4/6) 10 (6/4)

Age (years) 54.5 ± 1.3 55.4 ± 1.2 53.9 ± 1.6

Body weight (kg) 71.1 ± 3.5 93.3 ± 4.8 83.8 ± 5.0**†

BMI (kg/m2) 23.4 ± 0.5 31.1 ± 0.9*** 29.8 ± 1.3***

Fasting plasma glucose (mmol/l) 5.5 ± 0.1 5.8 ± 0.1 8.9 ± 0.7***††

Fasting serum insulin (pmol/l) 29.8 ± 4 39.6 ± 6.1 85.2 ± 16.3**†

HbA1c (%) 5.5 ± 0.1 5.3 ± 0.1 6.8 ± 0.4***†††

HbA1c (mmol/mol) 36.2 ± 1.0 34.3 ± 1.3 51.2 ± 3.9***†††

Plasma triacylglycerols (mmol/l) 0.8 ± 0.07 1.0 ± 0.3 1.6 ± 0.15***††

GDR, basal (mg min−1 m−2) 75.7 ± 2.6 73.9 ± 5.9 72.9 ± 3.3

GDR, insulin (mg min−1 m−2) 380 ± 24.9 309 ± 24* 160.1 ± 25.7***†††

Diabetes duration (years) – – 6.0 ± 1.4

Data are presented as mean ± SEM

*p < 0.05, **p < 0.01, ***p < 0.001 vs lean control participants; † p < 0.05, †† p < 0.01, ††† p < 0.001 vs
overweight/obese control participants
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used to evaluate differences between and within groups.
Significance was accepted at p < 0.05. Data are presented as
mean ± SEM.

Results

Metabolic characteristics As previously reported [25,
40–42], fasting plasma glucose, plasma triacylglycerols,
HbA1c and serum insulin were elevated in the diabetic groups
compared with the non-diabetic control groups in study I and
II (Table 1 and ESM Table 1). Moreover, insulin-stimulated
GDR was lower in individuals with type 2 diabetes compared
with the control groups in study I and II, but it was also slight-
ly lower in the overweight/obese group vs lean individuals in
study I. In study II, exercise training increased insulin-
stimulated GDR in both groups, but the insulin-stimulated
GDR was lower in individuals with type 2 diabetes both
before and after training (ESM Table 1).

Serum FGF21 In study I, insulin increased serum FGF21
(p < 0.001) with no significant differences between groups
(Fig. 1a). However, serum FGF21 in the basal state tended to
be higher in individuals with type 2 diabetes when compared
with both lean (p = 0.10) and overweight/obese (p = 0.057)
control participants. In study II, insulin markedly increased
serum FGF21 both before and after the training period in both
groups (p < 0.001) (Fig. 1b). Furthermore, serum FGF21 was
increased in individuals with type 2 diabetes compared with the
overweight/obese control participants at all time points
(p < 0.001) (Fig. 1b). There was no effect of exercise training
on serumFGF21 in the groups, whenmeasured at least 48 h after
the last exercise session.

FGF21, its receptors and co-receptor in skeletal muscle In
study I, insulin increased FGF21 expression in muscle
(p = 0.003) with no significant differences between groups

(Fig. 2a). However, when evaluated by one-way ANOVA
analysis of basal values alone, we found increased FGF21
expression in muscle of individuals with type 2 diabetes
compared with both lean (p = 0.026) and overweight/obese
(p = 0.017) control participants. The insulin-mediated increase
in FGF21 expression was not explained by increased expres-
sion of ATF4 in skeletal muscle (Fig. 2b). Expression of
FGFR1c (p = 0.005 and p = 0.001, respectively) and
FGFR3c (p = 0.015 and p = 0.018, respectively) was reduced
in muscle of individuals with type 2 diabetes compared with
both lean and overweight/obese control participants (Fig. 2c,
d), whereas the expression of FGFR4 was reduced only in
individuals with type 2 diabetes (p < 0.004) compared with
lean control participants (Fig. 2e). Expression of KLB was
either not detectable or hardly detectable from background
(Ct-values >35) in human skeletal muscle (not shown).

FGF21, its receptors and co-receptor in adipose tissue In
human WAT, expression of FGFR1c was increased in
overweight/obese individuals (p = 0.005) and in individuals
with type 2 diabetes (p = 0.003) compared with lean partici-
pants (Fig. 3a), whereas expression of FGFR3c was similar
between the groups (Fig. 3b). Expression ofKLBwas reduced
in overweight/obese control individuals (p = 0.002) and
individuals with type 2 diabetes (p = 0.003) compared with
lean participants (Fig. 3c). Transcript levels of FGF21 were
not detectable in human WAT.

FGF21 target genes in human adipose tissue We then
investigated whether the altered expression of FGFR1c and
KLB in overweight/obesity and type 2 diabetes was accompa-
nied by changes in the expression of FGF21 target genes. We
observed no significant differences between groups in the ex-
pression of the genes encoding acetyl-CoA carboxylase 2
(ACACB), early growth response protein 1 (EGR1), leptin
(LEP), the hormone-sensitive lipase (LIPE), PEPCK1
(PCK1), adipose triglyceride lipase (PNPLA2), peroxisome
proliferator-activated receptor gamma coactivator 1-α
(PPARGC1A), acyl-CoA desaturase (SCD) or GLUT1
(SLC2A1) (Fig. 4). FGF21 has been shown to promote brown-
ing of WAT by induction of brown adipocyte markers such
UCP1 and CIDEA [7, 9]. The expression of UCP1 was very
low in human WAT and could only be reliably detected in a
few individuals (data not shown). The expression of CIDEA
was, however, decreased in individuals with type 2 diabetes
when compared with lean (p = 0.007) and overweight/obese
(p = 0.014) control participants (Fig. 4c).

Correlation analyses In the total cohort of volunteers from
study I (n = 32), serum FGF21 and muscle expression of
FGF21 correlated positively in both the basal (r = 0.651,
p < 0.001) and insulin-stimulated states (r = 0.535,
p = 0.003), and when examining the increases induced by

Fig. 1 Serum FGF21 in (a) lean (n = 12) and overweight/obese (n = 10)
control participants and in individuals with type 2 diabetes (T2D, n = 9) in
the basal (white bars) and insulin-stimulated state (black bars) of a
euglycaemic–hyperinsulinaemic clamp, and (b) overweight/obese control
individuals (n = 12) and individuals with type 2 diabetes (n = 12) in the
basal (white bars) and insulin-stimulated state (black bars) of
euglycaemic–hyperinsulinaemic clamps before and after a 10 week train-
ing intervention. Data are presented as mean ± SEM. ***p < 0.001 vs
basal (main effect in Fig. 1a); †††p < 0.001 vs control participants
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insulin (Δ values) (r = 0.631, p < 0.001) (Fig. 5a). Additionally,
we found a positive correlation between serum FGF21 in the
basal state and fasting insulin (r = 0.482, p = 0.006) (Fig. 5b),
HbA1c (r = 0.367, p = 0.042) and triacylglycerol levels
(r = 0.646, p < 0.001), but not with BMI. Consistently, serum
FGF21 in the basal state correlated negatively with insulin-
stimulated GDR (r = −0.406, p = 0.024). While HbA1c was
inversely related to expression of both FGFR1c (r = −0.577,
p = 0.002; Fig. 5c), FGFR3c (r = −0.439, p = 0.025) and
FGFR4 (r = −0.413, p = 0.032) in skeletal muscle, BMI only
correlated inversely with the expression of FGFR4 (r = −0.385,
p = 0.048). Finally, we identified a negative correlation
between expression of KLB in WAT and plasma triacylglycer-
ols (r = −0.420, p = 0.021) and BMI (r = −0.385, p = 0.036)
(Fig. 5d). The expression of FGFR1c in WAT did not correlate
with BMI, and expression of KLB or FGFR1c in WAT did not
correlate with HbA1c or fasting insulin. Expression of CIDEA
in WAT did not correlate with serum FGF21, but it correlated
positively with insulin-stimulated GDR (r = 0.428, p = 0.042)
and inversely with BMI (r = −0.519, p = 0.011), fasting insulin
(r = −0.588, p = 0.003), HbA1c (r = −0.463, p = 0.026) and
plasma triacylglycerols (r = −0.488, p = 0.018).

Discussion

In this study, we examined the effect of insulin and endurance
training on serum FGF21, the effect of insulin on the expression
of FGF21 and its putative receptors in human skeletal muscle,
and the influence of overweight/obesity and type 2 diabetes on
these responses, as well as on the mRNA levels of FGFRs and
known FGF21 target genes in human WAT. While training had
no effect on serum FGF21, we demonstrate that insulin within
the physiological range increased serum FGF21 and the expres-
sion of FGF21 in human skeletal muscle, and that these
responses are strongly correlated and, in contrast to our hypoth-
esis, preserved in overweight/obesity and type 2 diabetes.
Additionally, the expression of KLB (encoding β-Klotho), was
not detectable in human skeletal muscle, indicating that this is
not an autocrine target tissue of FGF21. A novel finding is that
mRNA levels of FGFRs appear to be regulated in a tissue-
specific manner with reduced expression of FGFR1c, FGFR3c
and FGFR4 in skeletal muscle of individuals with type 2
diabetes, while the expression ofFGFR1c inWATwasmarkedly
increased in both overweight/obesity and type 2 diabetes. The
latter was accompanied by lower expression ofKLB inWAT, but

Fig. 2 mRNA levels of (a) FGF21 and (b) ATF4 in skeletal muscle of
lean and overweight/obese control participants and in individuals with
type 2 diabetes (T2D) in the basal (white bars) and insulin-stimulated
state (black bars) of a euglycaemic–hyperinsulinaemic clamp. mRNA
levels of (c) FGFR1c, (d) FGFR3c and (e) FGFR4 in skeletal muscle

of lean and overweight/obese participants and in individuals with type 2
diabetes in the basal state (n = 8–10). Data are presented as mean ± SEM.
**p < 0.01 vs basal (main effect); †p < 0.05, ††p < 0.01 vs lean control
participants; ‡p < 0.05, ‡‡‡p < 0.001 vs overweight/obese control
participants

Fig. 3 Basal mRNA levels of (a) FGFR1c, (b) FGFR3c and (c) KLB in subcutaneous adipose tissue of lean (n = 6–8) and overweight/obese (n = 9–10)
control participants and individuals with T2D, n = 12. Data are presented as mean ± SEM. **p < 0.01 vs lean control participants
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with no apparent differences in several FGF21 target genes. This
is inconsistent with findings in mice, that have shown reduced
expression of bothKLB and FGFR1 inWATof obese mice [39].
Our findings demonstrate that serum FGF21 and expression of
its receptors in muscle and WAT are influenced by obesity and
type 2 diabetes, and suggest that the presence of FGF21 resis-
tance in obesity in humans could be due to reduced expression of
KLB, but also that this may be compensated for through in-
creased expression of FGFR1c or other mechanisms.

Several studies have reported increased serum FGF21
levels in individuals with obesity, the metabolic syndrome
and type 2 diabetes [21, 35, 36, 38, 46]. In our training study
(study II), serum FGF21 was significantly higher in individ-
uals with type 2 diabetes compared with weight-matched
control participants. A similar tendency for higher serum
FGF21 levels in the basal state was observed in type 2 diabetes
in study I. In agreement with previous studies [21, 22], our
findings suggest that insulin resistance or other metabolic
changes associated with type 2 diabetes rather than obesity

per se cause increased serum FGF21. Interestingly, in the
present study we observed that the serum FGF21 levels in
the insulin-stimulated state of study II (3 h insulin infusion
rate of 80 mU m−2 min−1) were ~1.5–2.0-fold higher in indi-
viduals with type 2 diabetes and matched overweight/obese
individuals than the levels measured in the comparable groups
in study I (4 h insulin infusion rate of 40 mUm−2 min−1). This
indicates that the insulin-mediated induction of circulating
FGF21 is dose-dependent in humans.

Several tissues, including skeletal muscle, may contribute
to circulating FGF21 [9, 11, 12, 20], although serum FGF21 in
response to fasting and diet-induced obesity is believed to be
almost completely derived from the liver [14]. The first study
identifying FGF21 as a potential myokine showed increased
mRNA levels and secretion of FGF21 from skeletal muscle in
Akt1-overexpressing mice [20]. In accordance, previous stud-
ies have reported that insulin promotes FGF21 expression and
release in murine and human muscle cells [20, 21], as well as
in muscle and serum of healthy young individuals [20, 22,

Fig. 4 Basal mRNA levels of (a) ACACB, (b) CD68, (c) CIDEA, (d)
EGR1, (e) LEP, (f) LIPE, (g) PCK1, (h) PNPLA2, (i) PPARGC1A, (j)
SCD and (k) SLC2A1 in subcutaneous adipose tissue of lean (n = 8) and

overweight/obese (n = 8) control participants and individuals with T2D
n = 7. Data are presented as mean ± SEM. **p < 0.01 vs lean control
participants; †p < 0.05 vs overweight/obese control participants
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23]. In the present work, we investigated, for the first time,
whether these responses to insulin were preserved in
overweight/obesity and type 2 diabetes. We found that insulin
markedly increased serum FGF21 in both studies and signif-
icantly increasedmuscle expression ofFGF21with no impair-
ment in overweight/obesity or type 2 diabetes in study I.
Moreover, we observed a strong correlation between serum
FGF21 and muscle expression of FGF21 in both the basal and
insulin-stimulated states, and most convincingly also between
the incremental increase in serum FGF21 and muscle FGF21
in response to insulin. These strong correlations lend support
to the hypothesis that muscle FGF21, under certain condi-
tions, is released to the circulation as a myokine, although
further studies are needed to prove a causal relationship. It
was recently shown that increased serum FGF21 after acute
exercise was accompanied by an augmented release of FGF21
from the liver, and this appeared to be mediated by an elevated
glucagon-to-insulin ratio [28]. Although, the pronounced
increase in serum FGF21 observed in response to insulin
infusion in our studies cannot be attributed to an elevated
glucagon-to-insulin ratio, we cannot exclude that the hepatic
expression and release of FGF21 are also induced by 3–4 h
elevation of insulin, and quantitatively could play a larger role
for the increase in serum FGF21 than release of FGF21 from
the muscle.

FGF21 signalling through the FGFRs requires β-Klotho as
co-receptor [15, 16]. To gain insight into the influence of
obesity and type 2 diabetes on FGF21 signalling, we investi-
gated the expression of KLB, FGFR1c and FGFR3c, as well
as the FGF19 receptor, FGFR4 in muscle of individuals with
type 2 diabetes and matched overweight/obese and lean con-
trol participants. The expression of FGFR1c and FGFR3cwas
significantly lower in muscle from individuals with type 2
diabetes compared with both lean and overweight/obese indi-
viduals, while the expression of FGFR4 in muscle was re-
duced in both overweight/obese individuals and in individuals
with type 2 diabetes compared with lean individuals. This
suggests that FGFR-mediated signalling in skeletal muscle is
affected by type 2 diabetes and insulin resistance, which is
consistent with a recent study reporting reduced FGF signal-
ling in skeletal muscle of non-obese individuals with impaired
glucose tolerance or type 2 diabetes [46]. However, mRNA
levels of KLB in muscle were not detectable. This finding
confirms previous reports of a limited β-Klotho expression
in muscle [18, 21] and provides evidence that skeletal muscle
is not an autocrine target tissue of FGF21 in humans. Further
studies are needed to address the potential consequences of
reduced FGFR expression in type 2 diabetes and overweight/
obesity. Of interest, a recent report showed that pharmacolog-
ical doses of human recombinant FGF1 promotes insulin-

Fig. 5 The relationship between (a) insulin-mediated changes (Δ) in
serum FGF21 and muscle FGF21 mRNA levels; (b) fasting insulin and
serum FGF21; (c) HbA1c and muscle FGFR1c mRNA levels; and (d)

BMI and adipose tissue KLB mRNA levels in a mixed population
(n = 27–32) of lean (white circles) and overweight/obese (black circles)
control participants and individuals with type 2 diabetes (black triangles)
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dependent glucose uptake in skeletal muscle, and that this
glucose-lowering effect of FGF1 was mediated primarily via
FGFR1 signalling [47]. Thus, reduced FGFR1cmRNA levels
could play a role in insulin resistance in muscle of individuals
with type 2 diabetes.

Several studies have suggested that reducedβ-Klotho levels
in adipose tissue may confer FGF21 resistance in obesity [37,
39, 48]. Interestingly, we found reducedKLB expression, while
the expression of FGFR1 was markedly increased in subcuta-
neous WAT in overweight/obese and type 2 diabetes individ-
uals. Thus, our data confirms previous findings of reduced
β-Klotho in WAT of obese mice [39], high-fat-fed non-
human primates [48] and obese humans with varying degrees
of abnormal glucose homeostasis [37]. These data indicate that
FGF21 signalling throughβ-Klotho inWAT is affected primar-
ily by obesity rather than the altered metabolic control associ-
ated with type 2 diabetes. FGFR1c has been suggested as the
predominant FGFR involved in FGF21 signalling [15]. Our
results suggest the possibility that FGFR1c expression is in-
creased to compensate for reduced KLB expression, potentially
in a β-Klotho-independent manner [47]. This is supported by
the finding that the expression of several FGF21 target genes
was unaffected by overweight/obesity and type 2 diabetes.
While further studies are needed to clarify the mechanisms,
our results from human WAT and muscle indicate that FGFR-
mediated signalling is regulated by metabolic challenges in a
tissue-specific manner. Thus, increased HbA1c appears to be a
major cause of reduced FGFR expression in muscle of individ-
uals with type 2 diabetes, while overweight/obesity appears to
explain lower expression of KLB in human WAT.

FGF21 has been reported to promote lipolysis, GLUT1-
mediated glucose uptake and browning of WAT [1, 7, 9, 11,
21]. In humans, the effect of physiological concentrations of
FGF21 onWAT is not clear. We investigated whether the chang-
es in serum FGF21 and expression of KLB and FGFR1 in WAT
in overweight/obesity and type 2 diabetes were accompanied
with altered expression of known FGF21 target genes.
However, we did not observe any influence of overweight/
obesity or type 2 diabetes on the expression of genes involved
in the early gene response (EGR1), glucose uptake (SLC2A1),
lipid metabolism (ACACB, LIPE, PCK1, PNPLA2, SCD) or
mitochondrial biogenesis (PPARGC1A) [1, 11, 21] or in the
genes encoding leptin or CD68, of which the latter is a marker
of macrophage infiltration. Several studies have suggested that
FGF21 increases energy expenditure through browning of WAT
[7–9]. While expression of UCP1 was only detectable in a few
individuals (data not shown), we demonstrated decreased ex-
pression of CIDEA in individuals with type 2 diabetes.
Moreover, expression of CIDEA in WAT correlated positively
with insulin sensitivity and negatively with BMI, HbA1c, fasting
insulin and triacylglycerols, but we did not observe any relation-
ship with serum FGF21. To our knowledge, this has not been
reported previously. However, in morbidly obese individuals,

expression of CIDEA was reduced twofold in WAT, but was
normalised after weight reduction following gastric bypass sur-
gery [49, 50]. Moreover, in agreement with our findings, expres-
sion of CIDEA in adipose tissue was inversely related to several
markers formetabolic health, includingHOMA-IR, as ameasure
of insulin resistance, and waist circumference [49, 50].

Regular physical activity protects against several chronic
conditions including obesity, type 2 diabetes and cardiovascular
disease [24, 25]. Studies of the effect of exercise training on
circulating FGF21 has yielded inconsistent findings with both
increased [21, 32], reduced [30, 33], or no changes in circulat-
ing FGF21 [31]. The diverse responses are probably explained
by different durations, intensity andmodes of exercise interven-
tions, as well as differences in the study cohorts. Consistent
with findings of Besse-Patin et al in a cohort of obese men
[31], we demonstrate that 10 weeks of endurance training does
not change serum FGF21 in individuals with type 2 diabetes or
glucose tolerant weight-matched individuals despite significant
improvements (13–22%) in insulin sensitivity measured
as insulin-stimulated GDR as reported previously [42].
Furthermore, exercise training did not alter the response of se-
rum FGF21 to insulin administration, suggesting that the ability
of insulin to increase serum FGF21 is dissociated from the
changes in insulin action on peripheral glucose uptake.

In summary, we have shown that physiological insulin con-
centrations induce muscle expression of FGF21 and that this
correlates strongly with the increase in serum FGF21 in
humans. These responses appear to be preserved in
overweight/obesity and type 2 diabetes. Moreover, we found
elevated serum and muscle FGF21 levels in individuals with
type 2 diabetes. In adipose tissue of overweight/obese individ-
uals with or without type 2 diabetes, the expression of KLB
(encoding β-Klotho) was reduced suggesting that obesity in
humans is a state of FGF21 resistance. However, this may be
compensated for by increased expression of FGFR1c or other
mechanisms, which seem to rescue FGF21 signalling at least
as evaluated by the unaffected expression of most FGF21
target genes. Further studies are needed to understand the
potential role of FGF21 as a myokine and the potential exis-
tence and consequences of FGF21 resistance in humans.
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