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Context: Age-related hepatic fat accumulation increases the risk of cardiometabolic diseases, and
the fibroblast growth factor (FGF) 21–resistant state caused by fatty liver underlies the pathogen-
esis of these diseases.

Objective: Previous studies suggested that a higher level of cardiorespiratory fitness was associated
with both lower hepatic fat content and serum FGF21 levels; however, the effect of endurance exercise
on hepatic fat content and serum FGF21 concentration has not been studied. Therefore, we aimed to
elucidate whether endurance exercise reduced hepatic fat content and serum FGF21 levels.

Design: This is a randomized crossover trial.

Setting: The study setting was an institutional practice.

Patients: Thirty-three elderly Japanese men participated in the study.

Intervention: The intervention was a 5-week endurance exercise program comprising three cycle
ergometer sessions per week.

Main Outcome Measures: Hepatic fat content was assessed by proton magnetic resonance spec-
troscopy, and serum FGF21 level was determined by ELISA.

Results: A 5-week endurance exercise program decreased the hepatic fat content and serum FGF21
levels without weight loss, and the changes were higher in the exercise period than in the control
period (P � .021 and P � .026, respectively). Correlation analysis demonstrated that only the change
in hepatic fat content was significantly and positively correlated with change in serum FGF21 levels
(r � 0.366, P � .006).

Conclusions: A 5-week endurance exercise program decreased hepatic fat content and serum
FGF21 levels without weight loss in elderly men, and exercise-induced hepatic fat reduction me-
diated the reduction in serum FGF21 levels. These findings suggest that endurance exercise mod-
ulates hepatic fat content and FGF21 resistance, regardless of obesity status. (J Clin Endocrinol
Metab 101: 191–198, 2016)
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Ectopic fat accumulation in the liver increases the risk of
developing type 2 diabetes mellitus and cardiovas-

cular disease (1–3), and is observed in elderly subjects (4).
The underlying mechanisms between the age-related in-
crease inhepatic fatandtheonsetofcardiometabolicdiseases
have not been fully understood. However, recent studies
have suggested that hepatic fat accumulation impairs the ef-
fects of fibroblast growth factor (FGF) 21 and thereby in-
creases the risk for these chronic diseases in elderly people.

The hepatokine FGF21 plays a therapeutic role in obe-
sity and metabolic homeostasis (5), whereas a high level of
FGF21 at rest has been considered to represent an FGF21-
resistant state that indicates impaired FGF21 response to
target tissues (6, 7). It has been reported that higher he-
patic fat content was strongly associated with higher se-
rum FGF21 levels (8, 9) and that FGF21 resistance was
exacerbated in older individuals (10, 11). Moreover, an
elevated circulating FGF21 level was an independent predic-
tor of type 2 diabetes (12, 13) and cardiovascular disease
(14). These results therefore suggest that FGF21 resistance
caused by hepatic fat accumulation is an important risk fac-
tor for cardiometabolic diseases, and it is likely that the risk
of FGF21 resistance increases with age.

Previous studies revealed that a higher level of cardio-
respiratory fitness acquired through regular endurance ex-
ercise was associated with both lower hepatic fat content
(15, 16) and lower serum FGF21 levels (11). Although
these results suggest that endurance exercise modulates
hepatic fat content and FGF21 resistance, whether the
exercise-induced change in hepatic fat substantially affects
serum FGF21 concentration has not been evaluated.
Moreover, there is no clear evidence that endurance ex-
ercise modulates age-related hepatic fat accumulation and
FGF21 resistance in elderly subjects. Because Asian pop-
ulations have a high risk of hepatic fat accumulation and
FGF21 resistance despite lower body mass index (BMI)
(11, 17–19), it is also important to examine whether en-
durance exercise reduces hepatic fat content and FGF21
resistance regardless of obesity status.

Therefore, the purpose of this study was to evaluate
whether endurance exercise modulates hepatic fat con-
tent, resulting in improvement of the FGF21-resistant
state in elderly Japanese men. This study provides key
insights into how endurance exercise prevents the onset of
the cardiometabolic diseases that are associated with
FGF21 resistance.

Materials and Methods

Subjects
Thirty-three elderly Japanese men (aged 62–76 years) were

recruited from temporary employment agencies. The subjects

had no diagnosis of diabetes or cardiovascular disease and were
free of hepatic diseases such as hepatic cancer, hepatitis, and
nonalcoholic steatohepatitis; but two subjects had high levels of
fasting glucose (�126 mg/dl) at baseline. Four subjects (12.1%)
were using lipid-lowering medication, and their medication sta-
tus was not changed throughout the study. All participants pro-
vided written informed consent to participate before enrolling in
the study, which was approved by the Ethics Committee of
Waseda University. The study was conducted in accordance with
the Declaration of Helsinki.

Study design
As shown in Figure 1, the study was a randomized crossover

trial. The subjects were randomized by an independent observer
to either a 5-week endurance exercise program or a control pe-
riod during which they were instructed not to undertake any
formal exercise or change their level of general physical activity.
After 5 weeks, the subjects switched to the other regimen for 5
weeks. All subjects were free-living and were instructed to con-
sume their habitual diet throughout the study. Measurements
were performed to determine cardiorespiratory fitness, hepatic
fat content, visceral fat area, sc fat area, other anthropometric
characteristics and blood biochemical parameters at baseline (0
weeks), crossover (5 weeks), and at the end of the study (10
weeks). The measurements were performed at least 3 days after
the previous exercise session in order to exclude the acute effects

Figure 1. Flow diagram of the participants in the randomized
crossover trial.
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of exercise. Subjects refrained from medication on the morning
of each measurement. Diet and nutritional intake were also as-
sessed using a brief, self-administered diet history questionnaire.
Daily physical activity, excluding the exercise program, was as-
sessed using the International Physical Activity Questionnaire
and expressed as metabolic equivalent minutes per week.

Cardiorespiratory fitness
Cardiorespiratory fitness was assessed via a maximal graded

exercise test using a cycle ergometer (Aerobike 75XLII; Combi
Wellness, Inc.) and quantified as the maximal oxygen uptake
(VO2max). The graded cycle exercise began at a workload of
40–60 W, which was then increased by 30 W every 3 minutes
until exhaustion. Heart rate and rating of perceived exertion
were monitored each minute of measurement. During the exer-
cise test, the participant’s dyed gas was collected and the oxygen
and carbon dioxide concentrations were measured and averaged
over 30-second intervals using an automated gas analyzing sys-
tem (Aeromonitor AE-310S; Minato Medical Science). The high-
est value of VO2 recorded during the exercise test was considered
the VO2max (ml/kg/min).

Endurance exercise program
Participants undertook a supervised, progressive, 5-week aer-

obic exercise program, which met current guidelines for adult
prescribed exercise (20). The exercise program comprised three
cycle ergometer sessions per week. Exercise intensity gradually in-
creased so that subjects exercised at a power output designed to
elicit60%ofpreexerciseVO2maxforweek1,70%forweeks2and
3,and75%forweeks4and5.Theexercise timewas30minutes for
weeks 1 and 2 and 45 minutes for weeks 3–5. At the first exercise
session and when exercise intensity was increased, the exercise in-
tensity was confirmed by measuring oxygen consumption for 5
minutes, beginning 5 minutes after the start of exercise.

Anthropometric characteristics
Body weight and body fat percentage (as assessed by bioel-

ectrical impedance analysis) were measured using an electronic
scale (Inner Scan BC-600; Tanita, Inc.); height was measured
with a stadiometer (YL-65; YAGAMI, Inc.). BMI was calculated
from measurements of height and body weight.

Magnetic resonance imaging and spectroscopy
Hepatic 1H magnetic resonance spectroscopy was performed

using a 1.5 T whole-body scanner (Signa 1.5 T; General Electric,
Inc.) with eight-channel body array coil. A single voxel (30 �
30 � 20 mm3) for spectroscopy was located in the right lobe of
the liver, avoiding major blood vessels. Voxel shimming was
performed to optimize the homogeneity of the magnetic field.
The proton spectra of the liver were acquired using the point-
resolved spectroscopy technique (repetition time � 3000 ms,
echo time � 35 ms, 64 measurements, 1024 sample points).
Acquisition was synchronized to the respiratory cycle and trig-
gered at the end of expiration. Magnetic resonance spectroscopy
data were quantified using LCModel, version 6.3. Fat content
was defined as the signal intensities at 0.9, 1.3, and 1.6 ppm
relative to the signal intensity of water at 4.7 ppm. The coefficient
of variation between measurements was 2.0%.

The visceral fat and sc fat area were measured by magnetic
resonance imaging, as described previously (11). The imaging
conditions included a T1-weighted spin-echo and axial plane

sequence with a slice thickness of 10 mm, a repetition time of 140
ms, and an echo time of 12.3 ms. The cross-sectional area of the
visceral fat area and the sc fat area at the umbilical level was
determined using image-analysis software (Slice-o-matic 4.3 for
Windows; Tomovision). The coefficient of variation for the
cross-sectional area at the umbilical level was 0.4%.

Blood sampling and analysis
Blood samples were collected after an overnight fast and then

centrifuged at 3000 rpm at 4 C for 15 minutes. Serum and plasma
were collected and stored at �80 C until analysis. The serum
enzymatic activities of aspartate aminotransferase, alanine ami-
notransferase, and �-glutamyl transpeptidase and the concen-
trations of triglycerides, free fatty acid (FFA), fasting glucose,
fasting insulin, and glycosylated hemoglobin (HbA1c) were de-
termined by BML, Inc. The homeostasis model-assessment of
insulin resistance value was calculated from the fasting concen-
trations of plasma glucose and serum insulin as follows:

HOMA-IR � (fasting glucose (mg/dl))

� (fasting insulin (�U/ml))/405

The serum FGF21 concentration was determined using a
commercially available ELISA kit (DF2100; R&D Systems, Inc.)
according to the manufacturer’s instructions. The detectable
range of the assay was 31.3–2000 pg/ml. The intra- and inter-
assay coefficients of variation reported by the manufacturer were
2.9–3.9% and 5.2–10.9%, respectively.

Statistics
All statistical analyses were performed using SPSS, version

22.0 (SPSS, Inc.). The Kolmogorov-Smirnov test was performed
to assess the normality of data distribution, and nonnormally
distributed data were log-transformed before analysis. Changes
in VO2max, hepatic fat content, visceral fat area, sc fat area, and
other anthropometric and blood biochemical variables during
the exercise program and control period were compared using
2 � 2 crossover ANOVA. The model consisted of the within-
subject factor “treatment” (exercise, control) and the between-
subject factor “sequence” (exercise–control, control–exercise).
Differences in physical activity level and dietary intakes at base-
line, 5 weeks, and 10 weeks were assessed by repeated one-way
ANOVA (for normally distributed data) or Friedman’s test (for
nonnormally distributed data). Relationships between changes
in all variables during exercise and control periods were deter-
mined by Pearson’s correlation coefficients, and partial correla-
tion analysis adjusted for age and FGF21 at baseline, and for
changes in visceral fat area and VO2max. Linear multiple re-
gression analysis was also performed to determine whether vari-
ables change mediate the change in serum FGF21 level. Model 1
included program allocation and baseline serum FGF21 level.
Model 2 added the change in intrahepatic fat, and then model 3
added age and the changes in VO2max and visceral fat area. All
measurements and calculated values are presented as the
means � SD (for normally distributed data) or median (inter-
quartile range) (for nonnormally distributed data) values. The
level of statistical significance was set at P � .05.

Results

Baseline characteristics of the subjects are shown in Table
1. One subject did not complete the exercise program be-
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cause he was injured in a car crash that was not related to
this study. The FGF21 data from five subjects were not
used because they exhibited extreme levels of serum
FGF21 (FGF21 level beyond the range of 31.3–2000 pg/
ml) or changes in serum FGF21 level exceeding 2 standard
deviations from the baseline FGF21 level during interven-
tion. Therefore, full data were obtained for a total of 27
participants. The missing values were replaced by mean

values, and 2 � 2 crossover ANOVA was performed using
the data from 33 participants (Figure 1).

The changes in variables during the 5-week endurance
exercise and control periods are summarized in Table 2. We
compared the absolute values of changes in each variable
between the exercise and control periods using 2 � 2 cross-
over ANOVA for the factors, treatment, and sequence. The
5-week endurance exercise increased VO2max, and the ab-
solute change in VO2max was higher in the exercise period
than in the control period. In contrast, the 5-week endurance
exercise decreased hepatic fat content and serum FGF21 lev-
els, and absolute changes in the exercise period were higher
than in the control period (Figure 2 and Table 2). We did not
detected a significant interaction between treatment and se-
quenceforVO2max, intrahepatic fatandserumFGF21level,
indicating no carryover effects because of the sequence of the
experiment. Among blood biochemical parameters, HbA1c
levels were significantly different between the exercise and
control periods. However, a significant interaction between
treatment and sequence for HbA1c was detected. This sug-
gests that the carryover effect of the sequence of the experi-
ment might have influenced the result.

We also examined daily physical activity level and di-
etary intakes in study subjects at baseline, after 5 weeks,
and at the final measurements. Physical activity level, total
energy intake, alcohol intake, and macronutrient intakes
were not statistically changed during the 10-week inter-
vention in both the immediate- and delayed-exercise
groups (Supplemental Table 1).

To identify the factors determining the change in serum
FGF21 levels during intervention, we examined the cor-

Table 1. Baseline Characteristics of the Subjects
(n � 33)

Variables

Age (y) 69.6 � 4.2
Height (cm) 166.2 � 5.5
Body weight (kg) 64.0 � 8.9
BMI (kg/m2) 23.1 � 2.6
Body fat (%) 21.2 � 5.0
Visceral fat area (cm2) 102.6 � 42.5
sc fat area (cm2) 114.3 � 40.1
VO2max (ml/kg/min) 24.3 � 4.7
Intrahepatic fat (%) 3.3 (1.7–6.0)
AST (IU/liter) 25.0 (20.0–29.0)
ALT (IU/liter) 20.0 (15.0–31.0)
�-GTP (IU/liter) 33.0 (21.0–49.0)
Triglyceride (mg/dl) 121.1 � 65.6
FFA (mEq/liter) 0.6 � 0.3
Fasting glucose (mg/dl) 94.0 (89.0–106.0)
HbA1c (%) 5.4 � 0.4
Fasting insulin (�U/ml) 7.2 � 4.2
HOMA-IR 1.7 (0.7–2.5)
FGF21 (pg/ml) 255.9 (197.4–339.3)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; �-GTP, �-glutamyl transpeptidase; HOMA-IR,
homeostasis model assessment of insulin resistance.

Data are mean � SD or median (interquartile range) values.

Table 2. Changes in the Variables During 5-Week Control and Training Periods

Control Exercise

PaPre Post Pre Post

Body weight (kg) 64.1 � 9.0 64.1 � 8.6 0.0 � 0.9 64.0 � 8.8 64.0 � 9.1 0.0 � 0.8 .881
BMI (kg/m2) 23.1 � 2.5 23.1 � 2.5 0.0 � 0.4 23.1 � 2.5 23.0 � 2.6 –0.1 � 0.4 .750
Body fat (%) 20.9 � 5.2 21.2 � 5.3 0.3 � 2.0 21.4 � 5.3 20.8 � 4.9 –0.6 � 2.6 .346
VO2max (ml/kg/min) 26.3 � 4.4 25.0 � 4.3 –1.0 (–1.8–0.0) 24.5 � 4.1 27.1 � 4.6 2.1 (0.8–3.7) <.001
Visceral fat area (cm2) 102.3 � 44.0 103.5 � 44.7 1.6 (–4.8–5.8) 103.3 � 43.2 102.5 � 44.5 0.2 (–6.6 to 6.0) .816
sc fat area (cm2) 115.3 � 41.8 112.7 � 39.0 –2.5 � 14.7 114.4 � 37.8 114.6 � 42.7 0.2 � 18.8 .440
Intrahepatic fat (%) 2.7 (1.5–5.6) 2.9 (1.8–6.4) 0.3 � 1.2 2.9 (1.7–6.5) 2.3 (1.3–5.4) –0.6 � 1.4 .021
AST (IU/liter) 26.6 � 8.6 28.2 � 10.2 1.6 � 4.6 28.5 � 13.8 26.5 � 8.7 –2.0 � 7.5 .067
ALT (IU/liter) 20.0 (16.0–28.5) 19.0 (15.5–28.0) –1.0 (–3.5 to 2.0) 19.0 (16.0–31.5) 19.0 (15.5–25.5) –2.0 (–4.5 to 1.5) .416
�-GTP (IU/liter) 32.0 (21.5–46.0) 29.0 (20.0–47.0) –2.0 (–4.0–1.4) 33.0 (21.0–51.5) 31.0 (21.5–42.5) –2.0 (–5.5 to 1.0) .447
Triglyceride (mg/dl) 115.5 � 63.8 115.9 � 74.4 0.4 (–21.5 to 19.5) 122.2 � 74.1 111.7 � 66.2 –6.0 (–19.0 to 11.0) .843
FFA (mEq/liter) 0.6 � 0.2 0.5 � 0.2 –0.1 � 0.2 0.6 � 0.2 0.6 � 0.2 0.0 � 0.2 .721
Fasting glucose (mg/dl) 94.0 (88.0–106.5) 96.0 (91.0–107.5) 1.3 � 6.0 97.0 (91.5–108.5) 99.0 (93.0–106.5) –0.7 � 6.4 .267
HbA1c (%) 5.4 � 0.4 5.5 � 0.4 0.1 � 0.1 5.5 � 0.4 5.4 � 0.4 –0.1 � 0.2 .013
Fasting insulin (�U/ml) 7.0 � 4.3 6.1 � 4.1 –0.9 � 2.2 7.0 � 4.2 7.0 � 4.2 0.0 � 2.9 .194
HOMA-IR 1.6 (0.8–2.3) 1.0 (0.7–2.0) –0.2 � 0.6 1.4 (0.8–2.4) 1.5 (0.8–2.3) 0.0 � 0.8 .349
FGF21 (pg/ml) 231.6 � 81.6 252.0 � 98.5 20.4 � 65.5 248.1 � 88.5 218.5 � 94.2 –29.6 � 65.1 .026

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; �-GTP, �-glutamyl transpeptidase; HOMA-IR, homeostasis model
assessment of insulin resistance.

Data are mean � SD (for normally distributed data) or median (interquartile range) (for nonnormally distributed data) values. Nonnormally
distributed data were log-transformed before analysis. Boldface indicates significance (P � .05).
a P values were obtained by 2 � 2 crossover ANOVA for the factor treatment.
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relations between absolute changes in each variable dur-
ing exercise and control periods. As shown in Table 3 and
Figure 3, only the change in hepatic fat content was sig-
nificantly and positively correlated with changes in serum
FGF21 levels, and the significant relationship remained
even after adjustments for age, baseline serum FGF21
level, and the changes in VO2max and visceral fat area
(Table 3). Changes in other anthropologic and blood bio-
chemical parameters were not significantly correlated
with changes in serum FGF21 levels.

In addition, linear multiple regression analysis was per-

formed to elucidate the factors inde-
pendently associated with the
change in serum FGF21 (Supplemen-
tal Table 2). Model 1 showed that
the change in serum FGF21 was sig-
nificantly associated with program
allocation (� � �0.314, P � .019),
but not baseline serum FGF21 level
(� � �0.189, P � .152). In model 2,
which added the change in intrahe-
patic fat, the significant effect of the
allocation was lost (� � �0.221, P �
.107), whereas there was significant
association between the changes in
serum FGF21 level and intrahepatic
fat (� � 0.273, P � .047). Model 3

included age, the changes in visceral fat area, and VO2max.
Although model 3 was not significantly associated with any
variable, the strongest association was observed with the
change in intrahepatic fat (� � 0.259, P � .073).

Discussion

The main findings of the present study were that a 5-week
endurance exercise intervention decreased hepatic fat con-
tent without weight loss in elderly Japanese men, and
change in serum FGF21 level was positively correlated
only with change in hepatic fat content. These findings
suggest that regular endurance exercise improves FGF21
resistance by decreasing hepatic fat content regardless of
obesity status and age. Age-related accumulation of he-
patic fat content is strongly associated with metabolic dis-
order even in nonobese subjects (4, 17, 18), and elevated
serum FGF21 level was a strong predictor of cardiometa-
bolic diseases (12–14). Therefore, our finding may con-

Figure 2. Changes in hepatic fat content and serum FGF21 level during the control and exercise
periods. Data are reported as mean � standard deviation. P-values were obtained by 2 � 2
crossover ANOVA for the factor treatment.

Figure 3. Correlation of changes in hepatic fat content and serum
FGF21 level during the control and exercise periods.

Table 3. Correlation of Changes in Serum FGF21
Level and Other Variables

FGF21
Adjusted

FGF21

Variables r P r P

Body weight (kg) 0.065 .641 0.160 .269
BMI (kg/m2) 0.036 .795 0.132 .361
Body fat (%) 0.223 .105 0.211 .141
VO2max (ml/kg/min) �0.179 .196
Visceral fat area (cm2) �0.184 .183
sc fat area (cm2) �0.030 .828 �0.009 .951
Intrahepatic fat (%) 0.366 .006 0.321 .023
AST (IU/liter) 0.166 .229 0.184 .200
ALT (IU/liter) 0.111 .423 0.122 .397
�-GTP (IU/liter) �0.147 .288 �0.086 .551
Triglyceride (mg/dl) �0.250 .068 �0.207 .150
FFA (mEq/liter) �0.036 .795 �0.114 .431
Fasting glucose (mg/dl) 0.073 .601 0.089 .540
HbA1c 0.141 .309 0.116 .424
Fasting insulin (�U/ml) 0.030 .829 0.042 .770
HOMA-IR 0.018 .899 0.030 .834

Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; �-GTP, �-glutamyl transpeptidase; HOMA-IR,
homeostasis model assessment of insulin resistance.

Data are Pearson’s correlation coefficients. VO2max, visceral fat area,
ALT, �-GTP, triglyceride, and HbA1c were converted to log scale.
Pearson partial correlation coefficient analysis adjusted for age and
baseline serum FGF21 level, VO2max and visceral fat area.
Boldface indicates significance (P � .05).
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tribute to the prevention of age-related cardiometabolic
diseases in nonobese elderly people.

Previous cross-sectional studies suggested that serum
FGF21 level was independently associated with cardiore-
spiratory fitness level, BMI, visceral fat area, and hepatic
fat content (8, 9, 11, 21). Only a study conducted by Yang
et al reported that a 3-month combined exercise program
(endurance exercise � resistance exercise) significantly de-
creased serum FGF21 levels in overweight middle-aged
women (22). Although their study subjects had a signifi-
cant loss in BMI during the intervention, Yang et al did not
evaluate cardiorespiratory fitness, visceral fat area, or he-
patic fat content, which may be key determinants of cir-
culating FGF21 level (22). Therefore, evidence was lack-
ing about the factors regulating the exercise-induced change
in serum FGF21 level. In the present study, we showed
that although the 5-week endurance exercise increased
VO2max and decreased hepatic fat content, the reduction in
serum FGF21 levels was significantly associated with a de-
crease in the hepatic fat content, but not changes in other
adiposity indices such as body fat percentage and sc and
visceral fat areas. This result suggests that hepatic fat content
is a dominant factor determining short-term, exercise-in-
duced reduction in serum FGF21 levels.

FGF21 is predominantly expressed in the liver (23), and
it stimulates hepatic fatty acid oxidation (24), adipose tis-
sue glucose uptake (25), adipose thermogenic gene expres-
sion, and browning of white adipose tissue (26) via classic
FGF receptors complexed with �-klotho in an endocrine
or autocrine/paracrine manner (27–30). Because it has
been documented that impairments of FGF21 receptors in
the liver of obese mice have important roles in FGF21
resistance development (6, 7), hepatic fat accumulation
might also impair the beneficial effects of FGF21 in the
liver and white adipose tissue, leading to an increased car-
diometabolic risk. Interestingly, an animal study reported
that drug-induced hepatic fat reduction enhanced phos-
phorylation of hepatic AMP-activated protein kinase
(AMPK), which was highly correlated with reduction of
circulating FGF21 level (31). Another study demonstrated
that vegetable extract reduced hepatic triglyceride as well
as increased AMPK/sirtuin (SIRT) 1 signaling and FGF
receptors 1, 3, and 4 (32). These results were in agreement
with exercise-induced beneficial effects in the liver. In-
deed, chronic endurance exercise was reported to induce
AMPK activation and SIRT1 expression in the liver of
obese mice (33). Therefore, it is likely that endurance ex-
ercise modulates hepatic fat content and AMPK/SIRT1
signaling, thereby improving FGF21 resistance, which
may be partly due to upregulation of FGF receptors.

Although we previously reported that high cardiore-
spiratory fitness was significantly associated with lower

serum FGF21 levels independently of indices of adiposity
such as visceral fat area in middle-aged and elderly Japa-
nese men (11), the present study demonstrated that en-
durance exercise–induced decrease in serum FGF21 level
was determined by the reduced hepatic fat content rather
than the elevated cardiorespiratory fitness in elderly men.
Several studies reported that a high level of cardiorespi-
ratory fitness was independently associated with low he-
patic fat content (15, 16), and we also confirmed that
endurance exercise modulated both cardiorespiratory fit-
ness level and hepatic fat content. Therefore, the associ-
ation between cardiorespiratory fitness and serum FGF21
level in our previous cross-sectional study might be me-
diated in part by hepatic fat content. Although the eleva-
tion of cardiorespiratory fitness caused by the short-term
intervention was not associated with decrease in serum
FGF21 level in the present study, epidemiologic studies
indicated that long-term maintenance of a high cardiore-
spiratory fitness level is strongly associated with reduced
risk of cardiometabolic diseases (34, 35), which may be
explained in part by the prevention of FGF21 resistance.
Therefore, we cannot rule out the possibility that long-
term maintenance of high cardiorespiratory fitness level
by endurance exercise improves FGF21 resistance and
prevents onset of cardiometabolic diseases. Long-term ex-
ercise intervention or epidemiologic studies focusing on
longitudinal changes in cardiorespiratory fitness and cir-
culating FGF21 level are needed to address this issue.

It was shown that the circulating FGF21 level was
increased by acute endurance exercise, and that the tem-
porary increase might be associated with an increase in
circulating FFA (36). FFAs induce peroxisome prolif-
erator–activated receptor (PPAR), which leads to tran-
scriptional upregulation of FGF21 (24). Therefore, the
acute increase in serum FGF21 appears to be regulated
by FFA that may be released from FFA storage in adi-
pose tissue. On the other hand, it was reported that
regular aerobic exercise tends to reduce the release of
FFA from adipose tissue during submaximal exercise
(37), and regular endurance exercise did not change
serum FFA levels in the present study (Table 2). Because
there was also no association between the changes in
lipid metabolites and serum FGF21 level (Table 3), reg-
ular exercise may have a different effect on circulating
FGF21 concentrations to acute exercise. In addition, the
effects of acute exercise on serum FGF21 levels in el-
derly subjects have not been evaluated and thus it needs
to be determined whether the FGF21 induction seen in
young adults is also observed in older individuals.

Our multiple regression analysis revealed that hepatic
fat content was a strong independent predictor of serum
FGF21, whereas the statistical significance decreased in
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model 3 analysis (Supplemental Table 2). The results sug-
gest the existence of other regulatory factors for FGF21
resistance that may be involved in unknown mechanisms.
Although it has been difficult to precisely predict the other
underlying factors, it was reported that serum FGF21
showed a circadian rhythm and that the FGF21 rhythm
was blunted in obese individuals (38). The results sug-
gested that the secretion defect was associated with an
FGF21-resistant state; however, it has not been evaluated
whether the impaired secretory function was associated
with the FGF21-resistant state and cardiometabolic risk.
Because FGF21 was identified as a secretory adipokine,
myokine, and hepatokine (5, 39), there is a possibility that
regular exercise modulates FGF21 secretory function in
these organs, resulting in improved FGF21 resistance. Al-
though the change in FFA was not associated with the
change in serum FGF21 in the present study (Table 3), the
FGF21 secretory function may be regulated by PPARs in
response to FFA over a period of 1 day. Thus, the response
may be affected by crosstalk with FGF21 secretory organs.
Further studies are needed to determine the association
between FGF21 resistance and secretion defect and the
effects of regular exercise on FGF21 secretory function in
adipose tissue, skeletal muscle, and liver.

The present study has several limitations. First, our
sample size was relatively small, which might have led
to type 2 errors. Second, our study included only male
subjects. Hamaguchi et al reported that incidence of
nonalcoholic hepatic steatosis was sharply increased
with aging, particularly in premenopausal women (40).
Therefore, further investigation is needed to confirm
our findings in older women. Third, we used a short-
term endurance exercise program to examine the
changes in hepatic fat and serum FGF21 level without
weight loss. It is unclear whether long-term prospective
cohort studies will support our finding that endurance
exercise and/or physical activity can prevent a FGF21-
resistant state. In addition, our results did not show a
significant improvement in glucose metabolism, and it
was not evaluated whether the improved FGF21 resis-
tance was associated with peripheral glucose metabo-
lism. The association of FGF21 resistance with periph-
eral glucose metabolism should be examined using
standard methods such as the insulin clamp technique.

In conclusion, the present study revealed that a
5-week endurance exercise program decreased hepatic
fat content and serum FGF21 levels without weight loss
in elderly Japanese men, and that an endurance exercise-
induced reduction of serum FGF21 level was mediated by
reduction of hepatic fat content. These findings suggest that
endurance exercise improves FGF21 resistance without
weight loss and provides new evidence that exercise itself

rather than weight loss has beneficial effects on the preven-
tion of age-related cardiometabolic diseases.

Acknowledgments

We thank Satomi Oshima and Tomoko Ito for their assistance and
are grateful to all subjects for their participation in this study.

Address all correspondence and requests for reprints to:
Mitsuru Higuchi, PhD, Faculty of Sport Sciences, Waseda Uni-
versity, 2-579-15 Mikajima, Tokorozawa, Saitama 359-1192,
Japan. E-mail: mhiguchi@waseda.jp.

This work was supported by a Grant-in-Aid for JSPS Fel-
lows from the Ministry of Education, Culture, Sports, Science,
and Technology (to K.T.); Waseda University Grant 2014B-
419 for Special Research Projects (to M.H.); a grant for stra-
tegic research initiatives (Paradigm Shifts in a Superaged So-
ciety) from Waseda University (to M.H.); MEXT-Supported
Program for the Strategic Research Foundation at Private Uni-
versities, 2015-2019 from the Ministry of Education, Culture,
Sports, Science, and Technology (S1511017 to M.H.); and the
Council for Science, Technology and Innovation, “Technol-
ogies for Creating Next-Generation Agriculture, Forestry and
Fisheries” (funding agency: Bio-oriented Technology Re-
search Advancement Institution).

This study is registered with University Hospital Medical
Information Network in Japan under registration No.
000018374.

Disclosure Summary: The authors have nothing to disclose.

References

1. Fan JG, Farrell GC. Does non-alcoholic fatty liver disease predispose
patients to type 2 diabetes in the absence of obesity? J Gastroenterol
Hepatol. 2010;25:223–225.

2. Targher G, Day CP, Bonora E. Risk of cardiovascular disease in
patients with nonalcoholic fatty liver disease. N Engl J Med. 2010;
363:1341–1350.

3. Anstee QM, Targher G, Day CP. Progression of NAFLD to diabetes
mellitus, cardiovascular disease or cirrhosis. Nat Rev Gastroenterol
Hepatol. 2013;10:330–344.

4. Cree MG, Newcomer BR, Katsanos CS, Sheffield-Moore M, et al.
Intramuscular and liver triglycerides are increased in the elderly.
J Clin Endocrinol Metab. 2004;89:3864–3871.

5. Kharitonenkov A, Shanafelt AB. FGF21: a novel prospect for the
treatment of metabolic diseases. Curr Opin Investig Drugs. 2009;
10:359–364.

6. Fisher FM, Chui PC, Antonellis PJ, et al. Obesity is a fibroblast
growth factor 21 (FGF21)-resistant state. Diabetes. 2010;59:2781–
2789.

7. Hale C, Chen MM, Stanislaus S, et al. Lack of overt FGF21 resis-
tance in two mouse models of obesity and insulin resistance. Endo-
crinology. 2012;153:69–80.

8. Tyynismaa H, Raivio T, Hakkarainen A, et al. Liver fat but not other
adiposity measures influence circulating FGF21 levels in healthy
young adult twins. J Clin Endocrinol Metab. 2011;96:E351–E355.

9. Li H, Fang Q, Gao F, et al. Fibroblast growth factor 21 levels are
increased in nonalcoholic fatty liver disease patients and are corre-
lated with hepatic triglyceride. J Hepatol. 2010;53:934–940.

10. Hanks LJ, Gutierrez OM, Bamman MM, Ashraf A, McCormick KL,
Casazza K. Circulating levels of fibroblast growth factor-21 increase

doi: 10.1210/jc.2015-3308 press.endocrine.org/journal/jcem 197

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/191/2806705 by guest on 19 M
ay 2023

mailto:mhiguchi@waseda.jp


with age independently of body composition indices among healthy
individuals. J Clin Transl Hepatol. 2015;2:77–82.

11. Taniguchi H, Tanisawa K, Sun X, et al. Cardiorespiratory fitness
and visceral fat are key determinants of serum fibroblast growth
factor 21 concentration in Japanese men. J Clin Endocrinol Metab.
2014;99:E1877–E1884.

12. Chen C, Cheung BM, Tso AW, et al. High plasma level of fibroblast
growth factor 21 is an Independent predictor of type 2 diabetes: a
5.4-year population-based prospective study in Chinese subjects.
Diabetes Care. 2011;34:2113–2115.

13. Bobbert T, Schwarz F, Fischer-Rosinsky A, et al. Fibroblast growth
factor 21 predicts the metabolic syndrome and type 2 diabetes in
Caucasians. Diabetes Care. 2013;36:145–149.

14. Ong KL, Januszewski AS, O’Connell R, et al. The relationship of
fibroblast growth factor 21 with cardiovascular outcome events in
the Fenofibrate Intervention and Event Lowering in Diabetes study.
Diabetologia. 2015;58:464–473.

15. Hannukainen JC, Borra R, Linderborg K, et al. Liver and pancreatic
fat content and metabolism in healthy monozygotic twins with dis-
cordant physical activity. J Hepatol. 2011;54:545–552.

16. Kantartzis K, Thamer C, Peter A, et al. High cardiorespiratory fit-
ness is an independent predictor of the reduction in liver fat during
a lifestyle intervention in non-alcoholic fatty liver disease. Gut.
2009;58:1281–1288.

17. Feng RN, Du SS, Wang C, et al. Lean-non-alcoholic fatty liver dis-
ease increases risk for metabolic disorders in a normal weight Chi-
nese population. World J Gastroenterol. 2014;20:17932–17940.

18. Kim HJ, Lee KE, Kim DJ, et al. Metabolic significance of nonalco-
holic fatty liver disease in nonobese, nondiabetic adults. Arch Intern
Med. 2004;164:2169–2175.

19. Omagari K, Kadokawa Y, Masuda J, et al. Fatty liver in non-alco-
holic non-overweight Japanese adults: incidence and clinical char-
acteristics. J Gastroenterol Hepatol. 2002;17:1098–1105.

20. Garber CE, Blissmer B, Deschenes MR, et al. American College of
Sports Medicine position stand. Quantity and quality of exercise for
developing and maintaining cardiorespiratory, musculoskeletal,
and neuromotor fitness in apparently healthy adults: guidance for
prescribing exercise. Med Sci Sports Exerc. 2011;43:1334–1359.

21. Dushay J, Chui PC, Gopalakrishnan GS, et al. Increased fibroblast
growth factor 21 in obesity and nonalcoholic fatty liver disease.
Gastroenterology. 2010;139:456–463.

22. Yang SJ, Hong HC, Choi HY, et al. Effects of a three-month com-
bined exercise programme on fibroblast growth factor 21 and fe-
tuin-A levels and arterial stiffness in obese women. Clin Endocrinol
(Oxf). 2011;75:464–469.

23. Nishimura T, Nakatake Y, Konishi M, Itoh N. Identification of a
novel FGF, FGF-21, preferentially expressed in the liver. Biochim
Biophys Acta. 2000;1492:203–206.

24. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-
Flier E. Hepatic fibroblast growth factor 21 is regulated by PPA-
Ralpha and is a key mediator of hepatic lipid metabolism in ketotic
states. Cell Metab. 2007;5:426–437.

25. Kharitonenkov A, Shiyanova TL, Koester A, et al. FGF-21 as a novel
metabolic regulator. J Clin Invest. 2005;115:1627–1635.

26. Fisher FM, Kleiner S, Douris N, et al. FGF21 regulates PGC-1alpha
and browning of white adipose tissues in adaptive thermogenesis.
Genes Dev. 2012;26:271–281.

27. Kurosu H, Choi M, Ogawa Y, et al. Tissue-specific expression of
betaKlotho and fibroblast growth factor (FGF) receptor isoforms
determines metabolic activity of FGF19 and FGF21. J Biol Chem.
2007;282:26687–26695.

28. Ogawa Y, Kurosu H, Yamamoto M, et al. BetaKlotho is required for
metabolic activity of fibroblast growth factor 21. Proc Natl Acad Sci
U S A. 2007;104:7432–7437.

29. Kharitonenkov A, Dunbar JD, Bina HA, et al. FGF-21/FGF-21 re-
ceptor interaction and activation is determined by betaKlotho. J Cell
Physiol. 2008;215:1–7.

30. Suzuki M, Uehara Y, Motomura-Matsuzaka K, et al. BetaKlotho is
required for fibroblast growth factor (FGF) 21 signaling through
FGF receptor (FGFR) 1c and FGFR3c. Mol Endocrinol. 2008;22:
1006–1014.

31. Samson SL, Sathyanarayana P, Jogi M, et al. Exenatide decreases
hepatic fibroblast growth factor 21 resistance in non-alcoholic fatty
liver disease in a mouse model of obesity and in a randomised con-
trolled trial. Diabetologia. 2011;54:3093–3100.

32. Yu Y, Zhang XH, Ebersole B, Ribnicky D, Wang ZQ. Bitter melon
extract attenuating hepatic steatosis may be mediated by FGF21 and
AMPK/Sirt1 signaling in mice. Sci Rep. 2013;3:3142.

33. Cho J, Lee I, Kim D, et al. Effect of aerobic exercise training on
non-alcoholic fatty liver disease induced by a high fat diet in
C57BL/6 mice. J Exerc Nutrition Biochem. 2014;18:339–346.

34. Sawada SS, Lee IM, Naito H, et al. Long-term trends in cardiore-
spiratory fitness and the incidence of type 2 diabetes. Diabetes Care.
2010;33:1353–1357.

35. Lee DC, Sui X, Artero EG, et al. Long-term effects of changes in
cardiorespiratory fitness and body mass index on all-cause and car-
diovascular disease mortality in men: the Aerobics Center Longitu-
dinal Study. Circulation. 2011;124:2483–2490.

36. Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS. Acute
exercise induces FGF21 expression in mice and in healthy humans.
PloS One. 2013;8:e63517.

37. Martin WH 3rd, Dalsky GP, Hurley BF, et al. Effect of endurance
training on plasma free fatty acid turnover and oxidation during
exercise. Am J Physiol. 1993;265:E708–E714.

38. Yu H, Xia F, Lam KS, et al. Circadian rhythm of circulating fibro-
blast growth factor 21 is related to diurnal changes in fatty acids in
humans. Clin Chem. 2011;57:691–700.

39. Izumiya Y, Bina HA, Ouchi N, Akasaki Y, Kharitonenkov A, Walsh
K. FGF21 is an Akt-regulated myokine. FEBS Lett. 2008;582:3805–
3810.

40. Hamaguchi M, Kojima T, Ohbora A, Takeda N, Fukui M, Kato T.
Aging is a risk factor of nonalcoholic fatty liver disease in premeno-
pausal women. World J Gastroenterol. 2012;18:237–243.

198 Taniguchi et al Endurance Exercise Reduces Serum FGF21 Levels J Clin Endocrinol Metab, January 2016, 101(1):191–198

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/191/2806705 by guest on 19 M
ay 2023


