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Abstract

ENDC5/irisin, has recently been identified as a novel protein that stimulates
the “browning” of white adipose by inducing thermogenesis via increased
uncoupling protein 1 (UCP1). We tested the hypothesis that high fat diet-
induced prediabetic mice would exhibit increased FNDC5 and this effect
would be attenuated by chronic exercise. C57BL/6 mice were randomized into
three groups for the 4 week intervention: Standard diet (Std, n = 12), High
fat diet (HF, n = 14), or High fat diet and free access to a running wheel
(HFEX, n = 14). Body weight, glucose, insulin, and the homeostatic model
assessment of insulin resistance (HOMA-IR) were greater in HF compared to
Std and HFEX after the 4 week intervention. In support of our hypothesis,
ENDC5 was higher in HF in both skeletal muscle and adipose compared to
Std and was lower in adipose only in HFEX compared to HF mice. Following
the same pattern, PGC-1a was significantly higher in HF compared to Std in
skeletal muscle and significantly lower in HFEX compared to HF in adipose.
UCP1 was significantly lower in HFEX versus Std (in skeletal muscle) and ver-
sus HF (in adipose). HOMA-IR was significantly correlated with FNDC5 pro-
tein levels in adipose. Increased FNDC5 in adipose and skeletal muscle may
be a compensatory mechanism to offset high fat diet-induced weight gain and
insulin resistance by increasing energy expenditure.

Introduction

Irisin has recently been identified as a novel exercise-
inducible myokine that may hold therapeutic potential
for both obesity and diabetes. Fibronectin type III
domain-containing protein 5 (FNDC5) is released from
muscle and then cleaved to irisin, the soluble peptide hor-
mone. FNDCS5 is upregulated in response to acute exer-
2012; Brenmoehl et al. 2014;

cise (Bostrom et al.
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Norheim et al. 2014; Nygaard et al. 2015) and chronic
exercise (Bang et al. 2014; Norheim et al. 2014) in
humans and animals. Exercise-induced expression of
FNDC5/irisin in muscle has been shown to be dependent
on increased PGC-1la (Bostrom et al. 2012; Brenmoehl
et al. 2014; Norheim et al. 2014).

Irisin’s actions include “browning” of white adipose tis-
sue (WAT) via increased uncoupling protein 1 (UCP1)
levels, a specialized mitochondrial protein that converts
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WAT to brown adipose tissue (BAT) by dissipating
energy in the form of heat (Bostrom et al. 2012; Wu et al.
2014). Browning of WAT has the potential to increase
total energy expenditure (Wu et al. 2014) and suggests a
role for FNDC5/irisin in treatment of obesity and obesity-
related diseases such as type II diabetes.

The impact of exercise on FNDC5/irisin is somewhat
contradictory and the different views may be due to
variability in exercise mode, intensity, frequency, dura-
tion, and whether exercise was chronic or acute. Follow-
ing acute endurance exercise, FNDC5/irisin levels are
significantly ~elevated, resulting in increased energy
expenditure in mice (Bostrom et al. 2012; Brenmoehl
et al. 2014; Norheim et al. 2014) and humans (Norheim
et al. 2014; Nygaard et al. 2015). This increased energy
expenditure is proposed to be mediated by increased
browning of WAT via increased UCP1 levels (Bostrom
et al. 2012; Wu et al. 2014). However, other studies have
shown no effect of acute (Czarkowska-Paczek et al.
2014) or chronic endurance exercise on skeletal muscle
FNDC5 or circulating irisin (Hecksteden et al. 2013;
Kurdiova et al. 2014; Seo et al. 2014). Norheim et al.
demonstrated that combined chronic endurance and
resistance training increased both PGC-1a and FNDC5
skeletal mRNA, whereas circulating irisin
increased only in response to acute combined endurance
and resistance exercise (Norheim et al. 2014). Further

muscle

study is needed to differentiate the effects of acute and
chronic exercise on FNDC5 and irisin.

In addition to its role as an exercise-inducible myokine,
it has been purported that irisin may play a compensatory
role as an adipokine released in response to obesity and/
or insulin resistance. Mice fed high fat diets have higher
serum irisin levels than their lean counterparts (Seo et al.
2014; Wu et al. 2014). Similarly, humans that consume a
caloric excess diet and have elevated fasting glucose levels
exhibit elevated serum irisin levels (Huerta et al. 2015;
Schlogl et al. 2015). Furthermore, plasma irisin levels are
positively associated with body mass index (Stengel et al.
2013) as well as fat mass (Pardo et al. 2014). Congru-
ently, weight loss induced by bariatric surgery or diet/ex-
ercise intervention has resulted in associated reductions in
plasma irisin levels (Huh et al. 2012; Sharma et al. 2012;
Crujeiras et al. 2014).

Although initial investigations focused on the impact of
exercise on FNDC5/irisin, irisin has recently been pro-
posed to have a compensatory role as an adipokine
released in response to metabolic disturbance (Novelle
et al. 2013). FNDC5 and irisin have been assessed in the
context of a high fat diet (Seo et al. 2014; Wu et al. 2014;
Yang et al. 2015), obesity (Stengel et al. 2013; Vamvini
et al. 2013), and insulin resistance (Choi et al. 2013; Mor-
eno-Navarrete et al. 2013; Park et al. 2013; Crujeiras et al.
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2014; Ebert et al. 2014; Kurdiova et al. 2014; Sesti et al.
2014; Yang et al. 2015; Hu et al. 2016; Huh et al. 2016;
Shi et al. 2016), but results are contradictory. Although
several studies have shown irisin to be positively associ-
ated with insulin resistance (Park et al. 2013; Crujeiras
et al. 2014; Ebert et al. 2014; Sesti et al. 2014; Huh et al.
2016), others have shown decreased irisin in type 2 dia-
betic patients (Choi et al. 2013; Moreno-Navarrete et al.
2013; Hu et al. 2016) and rodents (Yang et al. 2015). It is
plausible that these conflicting results are associated
with differences in the severity or duration of insulin
resistance.

In addition, the majority of previous studies showing
an association between FNDC5/irisin and insulin resis-
tance have used an estimate of insulin sensitivity such as
an oral glucose tolerance test (Moreno-Navarrete et al.
2013) or HOMA-IR (Park et al. 2013; Crujeiras et al.
2014; Ebert et al. 2014; Hu et al. 2016). Only one study
has directly assessed insulin’s action using insulin signal-
ing via Akt activation (Yang et al. 2015). In light of iri-
sin’s potential role as a pharmacotherapeutic treatment
for insulin resistance, it is critical to understand irisin’s
role in insulin resistance. Here, we tested the hypothesis
that high fat diet-induced prediabetic mice increases
FNDCS5 and this effect would be attenuated by chronic
exercise. Importantly, we report the effects of a high fat
diet and exercise on skeletal muscle Akt activation
and FNDC5 protein expression in adipose and skeletal
muscle.

Methods

Animals, diet, and voluntary exercise

Male 7-week old C57BL/6NCrl mice were obtained from
Charles River (Washington, MA) and were kept in con-
trolled illumination on a 12-h light: 12-h dark cycle at
the University of Kansas Medical Center laboratory ani-
mal resources facility. Mice were randomized to one of
three treatment groups that are abbreviated throughout as
follows: standard diet sedentary (Std), high fat diet seden-
tary (HF), and high fat diet exercise (HFEX). Sedentary
mice were housed two per cage in a pathogen-free vivar-
ium and had ad libitum access to both water and food
that included either a standard diet (8604; Harlan Teklad,
Madison Wisconsin; 14% kcals from fat, 32% from pro-
tein, and 54% from carbohydrates) or a high fat diet
(07011; Harlan Teklad; 54% kcals from fat comprised of
both vegetable shortening and corn oil, 21% protein, and
24% kcals from carbohydrate).

Exercised mice were caged individually and had ad libi-
tum access to a running wheel for the entire 4 weeks of
the study. The Vital View Data Acquisition System (Mini
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Mitter, Bend, OR) was used to record each wheel revolu-
tion in thirty-minute intervals and quantify daily running
distance. Daily running distance was calculated by multi-
plying the number of wheel turns by the diameter of the
wheel in a 24 h period. Mice were removed from running
wheels 24 h prior to tissue harvest in order to eliminate
the acute effects of exercise.

All procedures were approved by the University of
Kansas Medical Center Animal Use and Care Committee
and were compliant with the National Research Council
of the National Academies’ Guide for the Care and Use
of Laboratory Animals (2011).

Glucose, insulin, and HOMA-IR

Following a 3-h fast, blood was collected at baseline and
at the end of the 4-week study immediately before insulin
stimulation. Samples were assayed for glucose using glu-
cose diagnostic reagents (Sigma, St. Louis, MO). For insu-
lin measurements, blood was collected into a heparinized
microcapillary tube, then pipetted into an Eppendorf
tube, and centrifuged for 15 min at 3000g. Plasma was
removed and frozen at —80°C. Insulin levels were mea-
sured using ELISA (mouse insulin Elisa, Alpco, Salem,
NH). Fasting insulin and fasting glucose levels were used
to calculate the homeostatic model assessment of insulin
resistance (HOMA-IR), a measure of insulin resistance.
The following equation was used to calculate HOMA-IR
values: Blood (Glucose (mg/dL) x (Serum Insulin (pU/
mL)/405 (Kim et al. 2008).

Insulin stimulation

Following a three hour fast, sterile PBS (vehicle) or 10 U/
kg Humulin R insulin was administered to mice from the
SS, HS, and HE groups. Humulin R insulin was diluted
to 0.001 U/uL in sterile PBS and 10 uL/g was injected
via a single intra-peritoneal injection. Thirty minutes after
insulin injection, mice were anesthetized with isofluo-
rane and decapitated. Blood was collected from the
decapitation pool for post-insulin stimulation glucose
quantification.

Western immunoblotting

After the 30-min vehicle PBS or insulin stimulation per-
iod, mice were euthanized as described above and the gas-
trocnemius muscle and epididymal fat pad were snap
frozen in liquid nitrogen, and stored at —80°C. Only tis-
sues from PBS injected mice were used for the FNDCS5,
UCP1, and PGC-1a western blots. Tissues were lysed with
cell lysis buffer (137 mmol/L NaCl, 20 mmol/L Tris [pH
8.0], 1% NP40, and 10% glycerol) containing protease
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inhibitors (0.5 mm sodium vanadate, 1 pg/mL leupeptin,
10 pug/mL aprotinin, and 1 mmol/L PMSF) and protein
was extracted while tissue lysates were kept on ice for 1 h
and vortexed every 10 min. Samples were then cen-
trifuged at 10,000g for 10 min at 4'C and the protein
concentration of the supernatant was measured with a
Bradford assay (Bio-Rad, Hercules, CA). Samples were
prepared to achieve equivalent protein concentrations
then boiled at 95-100°C with Lane Marker Reducing
Sample Buffer (Thermo Scientific, Waltham, MA) for
3 min. Samples were separated by electrophoresis
(35 mA/gel, 0.75 h, 4°C) on 4-15% gradient tris-glycine
polyacrylamide gels (Bio-Rad). Samples for Akt quantifi-
cation were transferred onto nitrocellulose membranes
(400 mA, 1.5 h, 4°C) and samples for FNDC5, UCPI,
and PGC-1a were transferred onto polyvinylidene difluo-
ride (PVDF) membranes using Bio-Rad Trans Blot Turbo
(2 gels/cassette, 25 mA, 7 min). Membranes were blocked
for 1 h at room temperature in blocking solution (5%
non-fat powdered milk and 0.05% Tween-20 in 0.1 mol/L
phosphate buffered saline [PBST, pH 7.4]), followed by
overnight incubation (4°C) in primary antibody diluted
in blocking solution (1% non-fat powdered milk and
0.05% 0.1 mol/L PBS (pH 7.4).

Membranes were probed using following antibodies:
total Akt (C67E7 rabbit mAb #4691; Cell Signaling
Technology, Danvers, MA), phospho (Ser473) Akt (rab-
bit mAb #4060; Cell Signaling), FNDC5 (ab174833;
Abcam, Cambridge, MA), PGC-lo (ab72230, Abcam),
UCP1 (ab10983; Abcam), o-tubulin (T-5168), and f-
actin (#5125; Cell Signaling). Following PBST washes,
membranes were incubated at room temperature for 1 h
at room temperature using goat anti-rabbit horseradish
peroxidase-conjugated (HRP) secondary antibodies (sc-
2004; Santa-Cruz Biotechnology, Dallas, TX). All bands
were visualized by enhanced chemiluminescence (ECL)
using Supersignal West (Femto or Pico) Substrate
(Pierce, Rockford, IL). Total Akt and pAkt bands were
detected on X-ray film, and quantified via densitometry
using NIH Image ] software. FNDC5, UCP1, and PGC-
lo. bands were detected and quantified using Bio-Rad
ChemiDoc MP Imaging System with Image Software
Lab.

Statistical analysis

Data are presented as a mean + SEM. Data were analyzed
using a two-factor analysis of variance (ANOVA) or
repeated measures ANOVA with Fisher’s test of least
square difference post hoc comparisons. Pearson correla-
tions using two-tailed P-values were performed to assess
the relationship between FNDCS5 protein levels in skeletal
muscle and adipose and body weight, body weight
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Figure 1. Exercise prevented excess weight gain and prevented elevated glucose levels in high fat-fed mice. (A) Body weight and (B) Blood
glucose. Data are presented as mean + SEM (n = 19-21 mice per group). *P < 0.05 and **P < 0.001 for Std versus HF; **P < 0.01 and

*xxP < 0.001 for HF versus HFEX.
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Figure 2. Exercise prevented increased serum insulin and HOMA-IR in high fat-fed mice. (A) Serum Insulin and (B) Homeostatic model
assessment of insulin resistance (HOMA-IR). *P < 0.05 and **P < 0.01. Data are presented as mean £ SEM (n = 18-20 mice per group).

change, fasting blood glucose, and HOMA-IR. Statistical
significance was set at P < 0.05.

Results

Bodyweight, glucose, insulin

Sedentary mice fed the HF diet had increased body
weight (Fig. 1A), glucose (Fig. 1B) and insulin levels
(Fig. 2A), and HOMA-IR (Fig. 2B) and greater daily calo-
ric intake compared to Std sedentary mice. Elevations in
glucose and insulin levels in HF mice indicated that these
mice were prediabetic but not overtly diabetic (Fig. 2B).
Body weight (Fig. 1A), glucose (Fig. 1B), insulin
(Fig. 2A), and HOMA-IR (Fig. 2B) in HFEX mice were
not different from Std sedentary mice, thus voluntary
running wheel exercise prevented deleterious changes in
all of these metabolic variables, despite significantly
greater daily caloric intake in HFEX (18.4 £ 1.9 kcal/d)
compared to Std (12.7 £ 2.5 kcal/d, P < 0.001) and HF
(14.0 & 1.1 keal/d, P < 0.001).

Exercise distance

HFEX mice had ad libitum access to a running wheel in
their individual cages 24 h per day, 7 days per week.
However, due to their nocturnal nature, mice used the
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running wheels primarily during the dark portion of the
12 h light/dark cycle from 6 pm to 6 am. On average, all
mice ran 9.9 km per 24 h.

Akt activation

After insulin stimulation, insulin action was evaluated by
quantification of Akt activation (pAkt/total Akt) in the
gastrocnemius muscle. In Std, HF, and HFEX, insulin
injection elicited a significant increase in Akt activation
compared to PBS injection in the corresponding group
(Fig. 3). Akt activation was significantly blunted in the
gastrocnemius of HF compared to Std mice (Fig. 3). Akt
activation was significantly higher in HFEX compared to
HF mice, indicating that exercise attenuated the deleteri-
ous effects of the high fat diet on insulin signaling in
muscle (Fig. 3). However, HFEX mice nevertheless had
significantly lower Akt activation than Std, revealing that
4 weeks of exercise did not completely restore Akt activa-
tion to normal levels (Fig. 3).

FNDC5, UCP1, and PGC-1« protein levels

In the gastrocnemius muscle, FNDC5 and PGC-1la pro-
tein levels were significantly higher in HF compared to
the Std mice (Fig. 4A and C). UCP1 levels were higher in
the Std compared to HFEX mice (Fig. 4B).
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Consistent with skeletal muscle, FNDC5 in adipose was
significantly higher in HF compared to Std mice
(Fig. 5A). In addition, adipose levels of FNDC5, UCPI,
and PGC-1a were significantly higher in HF compared to
HFEX mice (Fig. 5A—C). Adipose PGC-1o was also signif-
icantly higher in Std compared to HFEX mice (Fig. 5C).

Correlations between FNDC5 and variables
associated with insulin resistance

Considering the role that activation of the PGC-lo-
FNDC5/irisin pathway may have in response to insulin
resistance, Pearson correlations were performed between
FNDC5 protein levels in muscle or adipose and body
weight, fasting blood glucose, and HOMA-IR. Neither
muscle nor adipose FNDC5 protein levels were signifi-
cantly correlated with body weight or fasting blood glu-
cose. However, adipose FNDC5 was significantly
correlated (P = 0.04, R = 0.16) with HOMA-IR (Fig. 6A).
In addition, body weight change, an indicator of energy
balance, was significantly correlated with adipose FNDC5
(Fig. 6B, P =0.01, R =0.48) and HOMA-IR (Fig. 6C,
P = 0.005, R = 0.50).

Std HF  HFEx

1.5 D std
T —_ B HF
1.0 O HFEX
0.5 —_
0.0 . _
std HF HFEX

Figure 4. FNDC5, UCP1, and PGC-1a protein levels in the gastrocnemius muscle. Representative Western blot images and quantification of
group means for (A) FNDC5, (B) UCP1, and (C) PGC-1a. Band intensities were normalized to a-tubulin. Data are presented as mean + SEM

(n = 7-12 mice per group). *P < 0.05.
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Figure 5. FNDC5, UCP1, and PGC-1« protein levels in epididymal fat. Representative Western blot images and quantification of group means
for (A) FNDCS5, (B) UCP1, and (C) PGC-1a. Band intensities were normalized to B-actin. Data are presented as mean & SEM (n = 8-12 mice per

group 9-12). *P < 0.05 and **P < 0.01.

Discussion

The current experiments reveal the impact of exercise on
the FNDC5/PGC-1o pathway in high fat-fed prediabetic
mice with impaired insulin action. FNDC5 was increased
in both skeletal muscle and adipose in high fat-fed, over-
weight, prediabetic mice compared to mice fed a standard
diet. Exercise prevented the increase in body weight, glu-
cose, HOMA-IR, FNDC5, and attenuated the loss of
skeletal muscle insulin action (Akt activation) in high fat-
fed mice. These results indicate a potential compensatory
increase in FNDC5 to counteract body weight gain and
loss of insulin sensitivity in high fat-fed mice. Further-
more, our results contribute new evidence that irisin acts
in a homeostatic fashion in metabolic conditions such as
obesity and prediabetes. However, the precise role of the
PGC-1a-FNDC5/irisin pathway in regulation of energy
metabolism remains elusive.

Exercise did not increase PGC-1«, FNDC5, or
UcCP1

Irisin was initially identified as a PGC-1o-dependent exer-
cise-inducible myokine that stimulated the browning of
adipose tissue via increased thermogenesis (Bostrom et al.
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2012). Previous studies demonstrate increased FNDC5/iri-
sin in response to chronic exercise (Bostrom et al. 2012;
Roca-Rivada et al. 2013; Norheim et al. 2014; Wu et al.
2014) and increased PGC-1lo following acute (Bostrom
et al. 2012; Norheim et al. 2014) and chronic (Norheim
et al. 2014; Wu et al. 2014) endurance exercise. Con-
versely, in the current study, 4 weeks of chronic running
wheel exercise did not induce a significant increase in
FNDC5 or PGC-la protein levels in skeletal muscle or
adipose compared to sedentary mice. PGC-1u in adipose
was actually lower in HF fed exercised mice compared to
both sedentary mice fed the standard diet or HF diet and
this pattern was consistent with lower FNDCS5 levels in
adipose in the HFEX group compared to HF.
Importantly, others have reported that PGC-lo and
FNDCS5 peak a few hours after an acute endurance exer-
cise and return to baseline levels within 24 h (Bostrom
et al. 2012; Brenmoehl et al. 2014; Norheim et al. 2014;
Nygaard et al. 2015). In order to ameliorate the acute
effects of exercise, mice in the current study were
removed from exercise wheels 24 h before sacrifice. This
may, in part, explain the lack of increase in FNDC5 in
the exercised mice. In addition, exercised mice in the cur-
rent study were also on a high fat diet, and previous stud-
ies showing increased FNDCS5 in exercised mice were in
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Figure 6. FNDC5 protein levels in adipose are significantly correlated with HOMA-IR and body weight change. A Pearson correlation using
two-tailed P-values detected significant positive correlations between adipose FNDC5 protein levels and HOMA-IR (A) and body weight change
(B). In addition, body weight change was correlated with HOMA-IR (C). Mice from all three diet groups are included in each correlation (n = 23
mice). Solid circles represent Std, open circles represent HF, and open triangles represent HFEX. Note: FNDC5 was not quantified in tissues from

the insulin-injected mice.

mice fed a standard diet (Bostrom et al. 2012; Brenmoehl
et al. 2014). Consistent with our findings, Wu et al
demonstrated endurance training had no effect on skeletal
muscle FNDC5 levels in rats fed a high or low fat diet
(Wu et al. 2014). Furthermore, Perhaps acute exercise
increases PGC-1a and subsequently increases FNDC5 in
skeletal muscle. It may be that these effects are transient
as PGC-1a and FNDCS5 levels return to baseline within
hours after exercise, thus explaining the lack of increased
skeletal muscle PGC-1o and FNDCS5 in the current study.

Notably, skeletal muscle and adipose UCP1 levels were
significantly lower in HFEX compared Std mice in muscle
and HF mice in adipose. This pattern reflects the lack of
increase in muscle PGC-1oe and FNDC5 in HFEX (vs.
Std) and significantly lower adipose PGC-1a in HFEX (vs.
Std and HF) and adipose FNDC5 in HFEX (vs. Std and
HF). However, previous studies report exercise training
induced increased UCP1 levels predominantly in inguinal
white adipose tissue (i(WAT), opposed to epididymal adi-
pose, which was used in the current study (Roca-Rivada
et al. 2013; Wu et al. 2014; Claycombe et al. 2015). Inter-
estingly, Roca-Rivada et al. reported UCP1 in BAT
decreased after 3 weeks of endurance exercise (Roca-Riv-
ada et al. 2013). Furthermore, Wu et al. (2014) reported
chronic exercise in rats increased UCP1 content and sub-
sequent browning primarily in subcutaneous adipose
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tissue, however, these effects were attenuated by a high fat
diet.

A progressive reduction in UCPl in BAT during
chronic endurance exercise suggests an adaptive response
to chronic exercise. Myo-adipokine cross-talk may exist
in which exercise initially stimulates browning of adipose
tissue, but chronic exercise training eventually results in
an adaptive halt with reduction in UCPI1 expression due
to less “necessity” for energy expenditure. This view
agrees with our findings in which HFEX exhibited sub-
stantially lower UCP1 levels in adipose and skeletal mus-
cle compared to the Std and HF groups respectively.
Thus, exercise may prevent an increase in UCP1 and BAT
development, contrary to previous thought. This view is
consistent with the idea that the PGC-1a-FNDC5/irisin
pathway may be increased transiently in response to
exercise.

FNDC5 and PGC-1« were increased in high
fat-fed sedentary mice

Although initially identified as a myokine (Bostrom et al.
2012), ENDC5/irisin has also been identified as an adipo-
kine, with increased release stimulated by atypical meta-
bolic disturbances such as obesity and insulin resistance
(Kleiner et al. 2012; Roca-Rivada et al. 2013; Stengel et al.
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2013; Crujeiras et al. 2014, 2015; Keuper et al. 2014;
Pardo et al. 2014; Wu et al. 2014; Yang et al. 2015; Srini-
vasa et al. 2016; Xin et al. 2016). FNDCS5 is significantly
elevated in both subcutaneous and visceral adipose tissue
in both genetic-induced obese and diet-induced obese rats
compared to their lean counterparts (Roca-Rivada et al.
2013). Subcutaneous adipose secreted and contained
higher amounts of FNDC5 highlighting a “beneficial, pro-
tective” role of subcutaneous adipose, opposed to visceral
adipose which is often associated with obesity and meta-
bolic dysfunction (Roca-Rivada et al. 2013). In the cur-
rent study, FNDC5 (in skeletal muscle and adipose) and
PGC-1u (in adipose) were increased in HF compared to
Std. These results suggest a compensatory increase in
FNDCS5 in effort to increase energy expenditure to offset
increased bodyweight and associated insulin resistance in
prediabetic high fat-fed mice. Consistent with this
hypothesis, circulating irisin levels are elevated in obese
humans and positively correlate with serum insulin (Sten-
gel et al. 2013). These findings are supported by previous
studies indicating that irisin levels are increased during
obesity in both rodents and humans (Stengel et al. 2013;
Lopez-Legarrea et al. 2014; Wu et al. 2014; Schlogl et al.
2015; Srinivasa et al. 2016). In particular, Stengel et al.
reported a positive correlation between body weight and
circulating irisin in obese humans (Stengel et al. 2013).
Our results also support Wu et al. who demonstrated that
high fat-fed, sedentary mice have 3.45-fold higher PGC-
1o levels in skeletal muscle than sedentary, low-fat fed
mice (Wu et al. 2014). Taken together, this evidence
points to a potential compensatory role of FNDC5/irisin
as a myo-adipokine, opposing excess body weight and
the development of insulin resistance in the stages of
prediabetes.

FNDCS5 levels were correlated with insulin
resistance

Here, we report increased FNDC5 and PGC-lo protein
in skeletal muscle and adipose in HF sedentary mice
that exhibit increased bodyweight, fasting glucose, insu-
lin, HOMA-IR and cellular insulin resistance as mea-
sured by decreased Akt activation. Importantly, HOMA-
IR was positively correlated with adipose FNDC5 pro-
tein levels. To our knowledge, no studies have investi-
gated the effects of both a high fat diet and exercise
on FNDCS5 that include direct quantification of cellular
insulin resistance. Importantly, it should be noted that
the significant correlation between HOMA-IR and adi-
pose ENDCS5 is limited by the fact that HOMA-IR is a
surrogate marker of insulin resistance rather than a
direct measure such as a hyperinsulinemic-euglycemic
clamp.
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Our results are congruent with previous reports in
both animals and humans that suggest the PGC-lo-
FNDC5/irisin  pathway is upregulated in response to
chronically elevated blood glucose as well as HOMA-IR
(Huh et al. 2012; Kleiner et al. 2012; Crujeiras et al.
2014; Keuper et al. 2014; Yang etal. 2015; Xin
et al. 2016; Zhang et al. 2016). Additionally, Zhang
et al. reported a positive correlation between circulating
irisin and HbAlc levels in diabetic humans (Zhang
et al. 2016). Furthermore, Crujeiras et al. found that
individuals who regain weight after initial weight loss
had increased irisin levels corresponding with increased
bodyweight, fat mass, fasting glucose, insulin, and
HOMA-IR compared to those maintaining a normal
weight (Crujeiras et al. 2014).

Our results indicate that HF feeding resulted in
reduced Akt activation and increased PGC-lo and
FNDC5 in skeletal muscle and adipose, which were all
attenuated by exercise. We postulate that insulin resis-
tance stimulates activation of the PGC-1a/FNDC5 path-
way as a compensatory response in effort to increase
insulin sensitivity and attenuate impaired insulin signal-
ing. In support of this idea, Xin et al. reported that
HF-diet induced diabetic mice treated with irisin
showed dramatically improved glucose tolerance and
glucose uptake with increased translocation of GLUT4
in skeletal muscle along with a myriad of other benefits
including increased UCP1 in adipose and increased
fatty acid oxidation (Xin et al. 2016). Intriguingly, Yang
et al. found that irisin treatment recovered impaired
Akt and Erk phosphorylation in palmitic-acid induced
insulin resistant myocytes (Yang et al. 2015). These
studies and our results support our hypothesis that
FNDCS5 levels in both skeletal muscle and adipose tis-
sue are increased as an adaptive response in prediabetic
mice to counteract the deleterious effects of excess adi-
posity and perturb metabolic derangements such as
insulin resistance. The present findings suggest that the
role of irisin as a protective myo-adipokine in atypical
metabolic situations needs further examination, but
provides promising support for the potential pharma-
cotherapeutic use of irisin in the treatment of obesity
and type 2 diabetes.

Conclusion

A high fat diet and chronic exercise significantly impacts
the irisin/PGC-1o pathway, insulin sensitivity, and insulin
action in prediabetic mice. FNDC5 and PGC-1a protein
levels were elevated in skeletal muscle and adipose in HF
sedentary mice and compared to Std sedentary mice (in
muscle) and HF exercised mice (in adipose). Importantly,
adipose FNDC5 was positively correlated with HOMA-IR.
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Taken together, these data indicate that exercise may
transiently increase these proteins, however, metabolic
disturbances such as high fat diet-induced obesity and
insulin resistance may have a greater role in upregulating
this pathway in skeletal muscle and adipose. We propose
that PGC-1a-FENDC5/irisin pathway may be upregulated
as a compensatory mechanism to induce browning of adi-
pose and subsequently increase energy expenditure to
oppose increased adiposity and insulin resistance. This
concept suggests FNDC5/irisin may have an important
role as a protective myo-adipokine opposing the develop-
ment of insulin resistance in the stages of prediabetes and
provides further support for the use of FNDC5/irisin as a
potential therapeutic treatment for obesity and related
metabolic disorders.
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