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Abstract

Background: Diabetic neuropathy (DN) is a very frequent microvascular complication of type 2 diabetes mellitus (T2DM). Obesity and
physical inactivity are well-known risk factors for T2DM. Fibroblast growth factor 21 (FGF21) is a liver-secreted hormone with several
beneficial effects on obesity-related metabolic disorders. We aimed to investigate the effect of short-term physical activity on the levels
of FGF21, and its correlation with the severity of peripheral sensory polyneuropathy in T2DM patients. Methods: Thirty patients with
DNwere enrolled in the study, compared to age- and gender-matched controls. We conducted a six-week aerobic training program, which
meant treadmill and cycle ergometers three times a week. Anthropometric and laboratory parameters were measured for each patient
before and after intervention. Serum levels of FGF21, TNF-alpha, irisin, leptin and adiponectin were measured by ELISA. The sensory
perception threshold (CPT) was quantitatively measured using Neurometer®. Results: We found significant decreases in BMI, waist
circumference, HbA1c and TNF-alpha levels. From baseline to six-week follow-up, FGF21 levels were significantly increased in DN
patients. Significant negative correlations were shown between the changes in FGF21 levels and BMI, between changes in FGF21 and
the improvement of CPT values, and between the changes in FGF21 and TNF-alpha levels. There was no difference in irisin, adiponectin
and leptin levels in DN patients after aerobic training program. Conclusions: The physical activity may increase the level of FGF21 in
T2DM patients with neuropathy. Our results highlight the importance of regular physical activity in the treatment of diabetic neuropathy.

Keywords: diabetic neuropathy; current perception threshold; fibroblast growth factor-21; inflammation; oxidative stress; physical
activity

1. Introduction

Diabetic neuropathy (DN) is a quite frequent mi-
crovascular complication of type 2 diabetes mellitus
(T2DM), which is often diagnosed as distal sensory
polyneuropathy. The development of diabetic neuropathy
is a multifactorial progression and the precise pathomech-
anism is not fully clarified. Impaired glucose metabolism
is associated with increased reactive oxidative species pro-
duction, mitochondrial dysfunction and accumulation of
glycolytic intermediates that stimulate other metabolic or
non-metabolic pathways instead of switching to glycoly-
sis, resulting in activation of polyol, hexosamine, and pro-
tein kinase-C pathways. Chronic hyperglycaemia induces
the production of reactive oxygen species and increases
oxidative stress, which plays an important role in the de-
velopment of mitochondrial dysfunction in distal sensory
polyneuropathy [1].

Previous research indicates that physical activity may
improve the neurological function and impaired nerve con-
duction in DN [2]. Physical activity and regular exercise

are effective interventions to reduce the development and
progression of diabetic neuropathy. Moreover, it is im-
portant that patients with polyneuropathy perform regular
physical activity under appropriate health and physiother-
apy supervision. Uncontrolled exercise due to peripheral
nerve damage may contribute to the development of ulcers
and diabetic foot syndrome, as the insensitive foot is unable
to mediate the nociceptive stimuli required to elicit protec-
tive behavior, which affects peripheral sensation and vaso-
motor regulation of foot circulation [3]. However, a recent
meta-analysis has demonstrated that controlled exercise is
a beneficial non-pharmacological intervention for the man-
agement of diabetic foot, especially in increasing nerve ve-
locity conduction in the lower extremities. Exercise in di-
abetic patients may have additional benefits, such as skin
sensitivity and intraepidermal nerve density, which may de-
lay the normal course of diabetic peripheral neuropathy, as
well as delay skin damage and ulceration [4]. According to
the statement of American Diabetes Association, structured
lifestyle modification which include at least two and a half
hour per week physical activity and dietary changes, are
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also recommended to delay the progression of microvascu-
lar complications in T2DM. Moreover, all diabetic patients
with or without peripheral neuropathy should perform both
aerobic and resistance training for optimal glycemic control
[5].

Regular exercise in diabetes has a favorable effect on
insulin resistance, especially in the liver and muscle tissue.
Several factors may contribute to insulin resistance in liver,
including the formation of reactive oxygen species, genetic
factors, aging, and mitochondrial dysfunction. Fibroblast
growth factor 21 (FGF21) is a liver-secreted hormone with
several beneficial effects on obesity-related metabolic dis-
orders and insulin resistance. FGF21 enhances glucose up-
take and oxidation in an insulin-independent manner by in-
ducing the expression of glucose transporter-1 in adipocytes
and skeletal myocytes [6]. Previous experimental and hu-
man studies have shown that physical activity may in-
crease the serum levels of FGF21 in T2DM [7]. Accord-
ing to a recent meta-analysis, acute exercise significantly
increased the serum concentration of FGF21, regardless of
body weight and obesity level [8]. However, it is still not
clarified how FGF21may improve the process of mitochon-
drial oxidation [9].

It is well known that skeletal muscle produces and
releases cytokines during exercise, which are termed
myokines. Irisin is a myokine expressed by physical activ-
ity with insulin-sensitizing properties and derived from the
C-terminal cleavage of the fibronectin type III domain con-
taining 5 (FNDC5) transmembrane proteins [10]. This pro-
teolytic process is mediated by the peroxisome proliferator-
activated receptor-gamma coactivator-1-alpha (PGC-1α).
Irisin/FNDC5 acts on skeletal muscle during exercise, re-
sulting in glucose and fatty acid uptake, as well as in-
creased energy expenditure and induces endogenous oxida-
tive stress through the initiation of several metabolic genes
involved in the regulation of the mitochondrial bioenergetic
process [11].

In addition to energy storage, adipose tissue produces
a variety of adipocytokines, including leptin, adiponectin
and others, thus having potential endocrine function. Lep-
tin may directly improve insulin resistance in diabetic mice
by increasing the oxidation of free fatty acid (FFA) [12].
Previous research has shown that decreased circulating
adiponectin is positively associated with insulin resistance
and the markers of cardiovascular disease in T2DM sub-
jects [13]. Furthermore, an increased proinflammatory re-
sponse is observed in leptin resistance during obesity and
physical activity may reduce inflammation by improving
leptin resistance in T2DM [14]. Tumor necrosis factor al-
pha (TNF-alpha) is a pro-inflammatory adipokine associ-
ated with insulin resistance and β cell failure in T2DM and
obesity [15]. High level expression of TNF-alpha induces
phosphorylation of the insulin receptor substrate 1 and thus
prevents the interaction of insulin with an insulin receptor
[16]. The anti-inflammatory properties of adiponectin may

play a central role in slowing the progression of atheroscle-
rosis in T2DM and may have a beneficial effect on in-
sulin resistance by inhibiting TNF-alpha-induced activation
of NF-κB in endothelial cells [17]. Moreover, TNF-alpha
improves activity of hormone sensitive lipase via its au-
tocrine and paracrine effects, therefore the release of FFA
is increasing into circulation [15]. According to previous
studies, diabetic neuropathy is associated with elevated lep-
tin concentrations and activation of the TNF-alpha system
[18,19]. However, the effects of increased FGF21 and irisin
production on various adipokines and inflammatory mark-
ers as a result of physical activity have not been studied in
diabetic neuropathy.

In the current study, we aimed to investigate the
changes of FGF21 level and their relationships with other
inflammatory markers and adipokines in T2DM patients
with distal sensory polyneuropathy after six-week of aero-
bic exercise training program. We hypothesized significant
correlations between the changes of FGF21 level and the
severity of peripheral sensory neuropathy in T2DM patient
after physical activity.

2. Materials and Methods
2.1 Study Population

Our study group included 30 adult individuals with
T2DM and distal sensory polyneuropathy (9 men and 21
women; the mean age: 61.97± 8.1 years; mean duration of
T2DMwas 10.3± 3.7 years, and mean duration of DN: 8.7
± 5.6 years. Besides, 32 age- and gender-matched T2DM
patientswithout neuropathy were also enrolled as controls
(10 men and 22 women; the mean age was 64.37 ± 6.52
years; mean duration of T2DM was 10.9 ± 4.1 years).
All patients underwent to oral antidiabetic therapy con-
taining metformin, sulfonylurea and/or DDP4-inhibitors,
whereas participants who use insulin were excluded from
this study. Presence of diabetic proliferative retinopathy,
diabetic nephropathy (eGFR <60 mL/min/1.73 m2 and/or
persistent albuminuria) as well as type 1 diabetes were fur-
ther exclusion criteria. Patients in exercise group had nor-
mal resting electrocardiogram tests, no ischemic heart dis-
ease, no symptoms of peripheral arterial disease and limit
values of ankle/brachial index (abnormal values for the
resting ankle-brachial index are 0.9 or lower and 1.40 or
higher). Subjects with prior cardiovascular disease, estab-
lished coronary artery disease or myocardial infarction, se-
vere congestive heart failure (NYHA class III–IV), preg-
nant women, smokers, subjects with established malig-
nancy were not included in the study. Furthermore, Sub-
jects with alcohol and drug dependence, known liver dis-
eases, autoimmune and endocrine disease, neurological and
haematological disorders were also excluded. Participants
were recruited from the Diabetic Neuropathy Center, De-
partment of Internal Medicine, University of Debrecen, De-
brecen, Hungary. Written informed consent was provided
from all patients. The protocol was approved by the institu-
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tional ethical committee and the Medical Research Counsil
(ETT-TUKEB code: 5287-2/2019/EKU, date of approval:
07/03/2019). The study was conducted in accordance with
the ethical principles for medical research (Declaration of
Helsinki).

2.2 Study Design

Study design flowchart of diabetic patients with neu-
ropathy are depicted on Fig. 1. After final enrolment, DN
patients were instructed to march with trekking poles and
the aerobic exercise training program was supervised by
a physiotherapist and corrected if needed. Glucose lev-
els were determined immediately after the training and one
hour later. If significant drop of serum glucose levels were
measured, antidiabetic therapy has been modified accord-
ing to the needs of exercise. The subjects had to perform
the exercises for 6 weeks, 3 days a week, occasionally for
70 minutes. The exercise program whose duration has pro-
gressed gradually (from 50% to 80% of maximum heart
rate), included 10 minutes of stretching movements until
warm-up, then 50minutes of aerobic training (treadmill and
bicycle ergometers), followed by 10 minutes of relaxation
activity to cool down. Before and after the intervention, we
measured the cardio fitness levels by VO2max (mL/kg/min)
using the Rockport 1600 m walking test. Estimation of
VO2max over a timed one-mile walk, including age, gen-
der, body weight and heart rate at the end of the walk test
[20]. The body mass index (BMI) and heart rate (monitored
with PolarA300, 17954515.02 ENG 04/2016, China) of the
patients were also measured before and after the exercise
training program. After 6 weeks of supervised training, all
patients underwent blood tests during outpatient care. All
patients with neuropathy underwent blood test and neuro-
physiological examination for objective evaluation of sen-
sory neuropathies using the Neurometer® (Neurotron Inc.,
Baltimore, MD, USA, 2002). current perception threshold
testing during the outpatient visit. The control subjects were
not exposed to the exercise training program, only were
used as a benchmark for the comparison of results.

2.3 Blood Sampling

Peripherial blood samples were withdrawn after 12-
hour overnight fast into Vacutainer® tubes. After cen-
trifugation, routine clinical parameters (i.e., creatinine, uric
acid, glucose, hemoglobin A1c—HbA1c, triglyceride, to-
tal cholesterol, low-density lipoprotein-cholesterol—LDL-
C, high-density lipoprotein-cholesterol—HDL-C) were
measured with Cobas 6000 autoanalyzer (Roche Ltd.,
Mannheim, Germany) in the Department of Laboratory
Medicine, University of Debrecen, Faculty of Medicine,
Debrecen, Hungary. High-sensitivity C-reactive protein
(hsCRP), ApoA1, ApoB and Lp (a) levels were determined
by immune-turbidimetric assays. Total cholesterol (TC),
triglyceride, HDL-C and LDL-C levels were measured by
enzymatic colorimetric tests. All measurements were per-

formed according to the manufacturers’ recommendation.
Samples for further ELISA determinations were kept at –
80 °C.

2.4 FGF21 Measurement
Serum FGF21 concentration was detected by com-

mercially available sandwich enzyme immunoassay (Hu-
man FGF21 ELISA, Biovendor, Brno, Czech Republic)
with intra-assay coefficient variations ranging from 1.6 to
2.4% and inter-assay coefficient variations ranging from 3.1
to 3.5%, respectively. Determination of FGF21 level in
sera were performed according to the manufacturer’s rec-
ommendation. The values were presented as pg/mL with
the assay range of 30–1920 pg/mL and 7 pg/mL limit of
detection.

2.5 TNF-alpha Measurement
We measured serum levels of TNF-alpha by using

commercially available sandwich enzyme immunoassay
according to the recommendations of the manufacturer
(R&D Systems Europe Ltd., Abington, England). The
intra-assay coefficient variations were 1.9–2.2% and inter-
assay coefficient variations were 6.2–6.7%, respectively.
The values were presented as pg/mL with 0.156–10 pg/mL
assay range and 0.049 pg/mL sensitivity.

2.6 Measurement of Irisin Levels
Circulating irisin were measured by competitive

ELISA (Human Irisin ELISA, Biovendor, Brno, Czech Re-
public). The calibration range was 0.001–5 µg/mL, as well
as the coefficient variations of the intra- and inter-assay for
measurement of irisin were 4.8–7.9% and 8.0–9.7%, re-
spectively and the lowest level of irisin can be measured
by this assay is 1 ng/mL according to the instructions of the
manufacturer.

2.7 Determination of Adiponectin and Leptin Levels
Serum adiponectin and leptin levels were measured

with ELISA (Human Total Adiponectin/Acrp30 Quantikine
and Human Leptin Quantikine Immunoassays, R&D Sys-
tems Europe Ltd., Abington, England). The coefficient
variations of the intra- and inter-assay for measurement
of total adiponectin were 2.5–4.7% and 5.8–6.9%, respec-
tively. Intra-assay coefficient variationss were ranging
from 3.0% to 3.3%, inter-assay CV-s from 3.5% to 5.4% in
case of leptin ELISA. Both adiponectin and leptin are 4.5
hours ELISA with 3.9–250 ng/mL assay range and 0.891
ng/mL sensitivity (adiponectin); and 15.6–1000 pg/mL as-
say range and 7.8 pg/mL sensitivity (leptin), respectively.

2.8 Assessment of Peripheral Nerve Function
All participants were evaluated in detail for periph-

eral neuropathy (DN4 questionnaire in screening for neu-
ropathic pain, vibration perception threshold, quantitative
sensory testing) and in-vivo confocal microscopy of the
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Fig. 1. Study design flowchart of type 2 diabetic patients with and without neuropathy.

cornea by ophthalmologist for the diagnosis of distal sen-
sory polyneuropathy. Peripheral sensory nerve functions
were assessed with current perception threshold testing
(CPT) using the Neurometer®. It has been previously
reported that Neurometer® is capable of detecting distal
sensory neuropathy in various diseases, including diabetes
mellitus [21]. The CPT testing using Neurometer® deliv-
ers sinusoidal alternating current stimuli at three different
frequencies: 5 Hz, 250 Hz and 2000 Hz, assessing small
unmyelinated C-fibre, small myelinated Aß-fibre and large
myelinated Aß-fibre function, respectively. This intensity
setting is performed to approach the CPT value within a ±
50 microampere range from the full range of 0 to 9.99 mil-
liamperes [22,23]. The current stimuli were applied uni-
laterally to the dorsal surface of the distal phalangus of the
index finger and great toe through two small electrodes and
the intensitywas elevated until the subjects indicated a pain-
less sensation. Neurometer® CPT testing is used to adjust
the level of stimulation based on the patient’s response. A
CPT value based on the minimal current perceived was cal-
culated once patients gave a sufficient number of correct
consecutive responses out of 5 to 7 randomly generated sets
of stimuli above and below their level of perception.

2.9 Statistical Analyses
We performed Statistica® TIBCO Software Inc.

(2018). Statistica (data analysis software system), version
13. http://tibco.com during statistical analyses. Normal-
ity of data distribution was checked with the Kolmogorov–
Smirnov and Shapiro-Wilk tests. Relationship between two
categorical variables is calculated by Chi-squared test. In
case of normal distribution, the differences between anthro-
pometric and clinical laboratory values in diabetic controls
and patients before exercise program were analyzed with
unpaired Student’s t test. Data were expressed as means

± standard deviation. In case of non-normal distribution,
the previously mentioned differences were tested by Mann-
Whitney u-test. Data are presented with median (lower-
upper quartile). Differences before and after exercise pro-
gram were performed with paired Student’s t test (normal
distribution) or Wilcoxon matched paired test (non-normal
distribution). Correlations between continuous parameters
were investigated with Pearson’s correlation test. Values
under p ≤ 0.05 were considered statistically significant.

3. Results
3.1 Clinical and Laboratory Parameters of DN Patients
before and after Physical Activity and Compared their
Data to Diabetic Patients without Neuropathy

Clinical and laboratory parameters of DN patients be-
fore and after physical activity and data of controls are sum-
marized in Table 1.

Significant decreases in BMI, waist circumference,
hsCRP, HbA1c and TNF-alpha levels were observed af-
ter 6-week physical activity in DN patients. Circulating
FGF21 levels were significantly increased; while CPT val-
ues as measured by Neurometer® test were significantly
improved after 6-week physical activity in DN patients.

There were no differences in serum creatinine, uric
acid, irisin, adiponectin, leptin, triglyceride, total choles-
terol, HDL-C, nonHDL-C, LDL-C levels and enzyme liver
parameters in DN patients before and after physical activ-
ity.

Circulating TNF-alpha and hsCRP was significantly
higher in DN patients compared to controls (Table 1). Al-
though the concentrations of adipocytokines did not change
across groups after physical activity, the level of leptin was
significantly decreased after physical activity compared to
control subject.
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Table 1. Clinical and laboratory parameters of enrolled diabetic patients.
(1) Diabetic patients
with neuropathy

before aerobic exercise

(2) Diabetic patients
with neuropathy

after aerobic exercise

(3) Control patients
with type 2 diabetes

Number of patients (male/female) 30 (9/21) 32 (10/22)
Age of patients (years) 61.97 ± 8.09 64.37 ± 6.52
Duration of diabetes (years) 10.3 ± 3.7 10.9 ± 4.1
BMI (kg/m2) 31.6 ± 3.94 31 ± 3.81 ## 29.3 ± 2.88 $$

Waist circumference (cm) 92.2 ± 16.22 90.07 ± 16.04 ## 88.82 ± 10.68 $$,††

hsCRP (mg/L) 3.95 (1.5–9.1) 3.49 (1.8–6.5) ## 1.4 (0.6–2.9) †

HbA1C (%) 7.09 ± 0.81 6.78 ± 0.87## 6.98 ± 1.05
Creatinine (µmol/L) 72.73 ± 14.48 74.27 ± 18 77.44 ± 19.66
Uric acid (µmol/L) 305.57 ± 68.6 308.33 ± 67.31 300.22 ± 61.95
Alanine Aminotransferase (U/L) 34.5 ± 3.6 32.1 ± 4.2 36.7 ± 2.8
Aspartate Aminotransferase (U/L) 26.4 ± 3.7 28.9 ± 3.9 25.7 ± 3.5
Gamma-Glutamyl Transferase (U/L) 38.6 ± 4.4 36.3 ± 5.1 33.8 ± 5.2
Triglyceride (mmol/L) 2.5 ± 1.54 2.23 ± 1.09 2.3 ± 1.28
Total cholesterol (mmol/L) 4.79 ± 1.17 4.77 ± 1.18 4.8 ± 0.97
HDL-cholesterol (mmol/L) 1.27 ± 0.32 1.31 ± 0.35 1.34 ± 0.36
nonHDL-cholesterol (mmol/L) 3.65 ± 1.12 3.49 ± 1.18 3.49 ± 1.25
LDL-cholesterol (mmol/L) 3.0 ± 1.03 2.95 ± 1.01 2.76 ± 1.09
FGF21 (pg/mL) 140.62 (73.19–373.07) 168.89 (111.4–513.69) # 133.54 (81.52–281.76)
TNF-alpha (pg/mL) 0.7 ± 0.4 0.57 ± 0.21 # 0.59 ± 0.27 $

Irisin (µg/mL) 4.32 ± 1.33 4.3 ± 1.29 4.73 ± 0.8
Adiponectin (µg/mL) 6.91 ± 3.32 7.09 ± 3.88 6.89 ± 3.32
Leptin (ng/mL) 30.72 ± 19.98 30.59 ± 18.38 20.93 ± 18.97 $,†

Current perception threshold (by Neurometer®, mA) 0.545 ± 0.082 0.498 ± 0.088 # 0.458 ± 0.021 $$,†

Data are presented as mean ± SD or median (interquartile ranges). Abbreviations: BMI, body mass index; FGF21, fibroblast growth
factor-21; HbA1c, haemoglobin A1c; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; LDL, low-density
lipoprotein; TNF-alpha, tumor necrosis factor-alpha.
#: p < 0.05 in DN patients before and after physical activity.
##: p < 0.005 in DN patients before and after physical activity.
$: p < 0.05 in DN patients before physical activity compared to diabetic controls.
$$: p < 0.005 in DN patients before physical activity compared to diabetic controls.
†: p < 0.05 in DN patients after physical activity compared to diabetic controls.
††: p < 0.005 in DN patients after physical activity compared to diabetic controls.

3.2 Correlations between Clinical and Biochemical
Parameters and Change of FGF21 during Physical
Activity

Significant negative correlations were observed be-
tween the changes in FGF21 levels and BMI (r = –0.4, p
= 0.03) (Fig. 2a), between changes in FGF21 and the im-
provement of CPT values (r = –0.58, p < 0.001) (Fig. 2b)
and between the changes in FGF21 and TNF-alpha levels
(r = –0.46, p = 0.01) in DN patients after 6-week physical
activity (Fig. 2c). We found significant positive correlation
between the changes in the levels of adiponectin and FGF21
(r = 0.39, p = 0.037) in DN patients after physical activity
(Fig. 2d).

We found a significant positive correlation between
changes in BMI and TNF-alpha concentrations (r = 0.39,
p < 0.05) in DN patients after physical activity (data not
shown).

Significant negative correlation was observed be-
tween the changes in BMI and adiponectin levels (r = –0.38,
p< 0.05). There was no association between changes in the
levels of TNF-alpha or FGF21 and changes in HbA1c levels
in DN patients (data not shown).

3.3 Correlations between Changes of Clinical Parameters
and Cytokines, Adipokines and Myokines During Physical
Activity

We found a significant positive correlation between
changes in CPT values and TNF-alpha concentrations (r
= 0.62, p < 0.001) and an inverse correlation between
changes in CPT values and adiponectin levels (r = –0.4, p<
0.05) (data not shown). We did not detected any correlation
between changes in CPT values and irisin levels.
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Fig. 2. Correlations between changes of fibroblast growth
factor 21 (FGF21) levels and (a) change of body mass index
(BMI); (b) change of improvement of CPT; (c) changes of tu-
mor necrosis factor alpha (TNF-alpha) levels and (d) changes
of adiponectin levels in type 2 diabetic patients with neuropa-
thy. Pearson’s correlation test was performed to investigate the
relationship between continuous variables.

4. Discussion
To our knowledge, this is the first study, to demon-

strate significant correlations between the change of FGF21
concentration and change of body mass index, as well as
change of TNF-alpha and adiponectin levels in T2DM pa-
tients with peripheral neuropathy after six weeks of aero-
bic exercise. In addition, we firstly analyzed the change in
FGF21 levels in diabetic neuropathy and found a significant
increase after training program.

In our study, we found a significant increase in FGF21
levels in type 2 diabetic patients after 6 weeks of physi-
cal activity. Previous research has also shown that physical
activity may increase the serum level of FGF21 in T2DM
but neuropathy as a microvascular complication has not
been reported in these studies [7,24]. A recent retrospecive
study also revealed that the levels of serum FGF21 were
elevated in patients with higher BMI compared to individu-
als with normal or low BMI. Moreover, the FGF21 concen-
trations were found to be higher in patients who exercised
regularly compared to those who exercised only intermit-
tently or not at all [25]. our result may be explained by
the activating effect of FGF21 on FGFR1 receptor and β-
Klotho cofactor inducing the oxidation of fatty acids and
the inhibition of lipogenesis. The circulating FGF21 acts
through cell surface receptors comprised of FGF receptors
(FGFR) in complex with transmembrane protein β-Klotho.
The interaction of FGFR with β-Klotho increases sensitiv-
ity to FGF21 and the ability to activate intracellular signal-
ing pathways, which eventually leads to metabolic effects
[9]. Experimental studies have also shown that treatment
with FGF21 induces weight loss, increases insulin sensi-
tivity and lowers triglyceride levels in obese animal mod-
els. Overall, these findings supported a beneficial effect on
body weight and fat distribution, and both white and brown
adipocytes express high levels of β-Klotho and FGFR1c,
a member of the FGFR family, consistent with sensitivity
to FGF21 in adipose tissue [6,26]. Plasma level of FGF21
is induced lipolysis in adipose tissue, especially via ac-
tivation of hormone sensitive lipase and adipose triglyc-
eride lipase [27]. Futher research has shown that FGF21
knockout mice exhibited decreased fasting blood glucose
level, glucogenesis, liver beta-oxidation and ketogenesis
demonstrating that FGF21 mediated the effect of peroxi-
some proliferator-activated receptor-alpha during the adap-
tation to fasting and exercise in skeletal muscle [28]. In in-
sulin resistance, mitochondrial respiratory chain deficiency
associated with a compensatory response in skeletal muscle
cells via increased expression and decreased degradation of
FGF21 mRNA results in enhanced mitochondrial function
through a PGC-1a dependent pathway [29]. PGC-1α is a
major regulator of mitochondrial biogenesis, by upregulat-
ing nuclear respiratory factor and mitochondrial transcrip-
tion factor A, leading to an overall increase inmitochondrial
DNA replication and gene transcription. FGF21 knockout
mice fail to induce PGC-1a expression in response to a pro-
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logned fast and have impaired gluconeogenesis and keto-
genesis [28]. We hypothesized that an increase in FGF21
level may induce lipolysis in adipose tissue, especially via
activation of hormone sensitive lipase and adipose triglyc-
eride lipase, and enhance mitochondrial function as a result
of physical training T2DM subjects with neuropathy. Fur-
ther prospective studies will be necessary to confirm these
results and explore mechanisms in future research.

Growing evidence suggests that FGF21 may reduce
atherosclerosis in cardiovascular disease [30,31]. Recent
research has demonstrated that FGF21 may inhibit arte-
rial calcification in experimental models of vascular in-
jury via variousmechanisms including suppression of endo-
plasmic reticulum stress-mediated apoptosis and inhibiting
the osteogenic transition of vascular smooth muscle cells
[32]. Paradoxically, there is a positive association between
FGF21 levels and a number of cardiovascular or metabolic
diseases, such as coronary heart disease, obesity and T2DM
[33,34]. On the other hand, based on another clinical trial,
acute myocardial infarction was also associated with a de-
crease in circulating FGF21 levels [35]. Thus, a number
of studies on this topic have been published with contra-
dictory results in recent years, which have often shown in-
consistencies and contradictions between studies in terms
of metabolic parameters and medication of patients. The
results of our study in patients with DN are in line with pre-
vious studies showing that exercise may increase the serum
levels of FGF21 not only in patients with T2DM, but also
in distal sensory polyneuropathy [7,24].

It must be noted that there are no data on the effects
of aerobic exercise on FGF21 levels in subjects with distal
sensory polyneuropathy. This is the first report on benefi-
cial effect of physical activity on FGF21 levels in distal sen-
sory polyneuropathy that strengthens the beneficial effects
of physical exercise on sensory symptoms and neuropathic
deficits in T2DM patients. The change of FGF21 level cor-
relatedwith the severity of peripheral sensory neuropathy—
defined by Neurometer®—after physical activity. There-
fore, increased serum FGF21 levels may predict the clinical
response to aerobic exercise. Previous studies have demon-
strated a significant improvement in neurological function,
affecting both sensorimotor and autonomic components of
the peripheral nervous system, in patients with DN during
physical exercise programmes [2,36]. The mechanism of
improvement of neuropathic symptoms and nerve function
is thought to be related to improvement in endothelial dys-
function and reduction of inflammation in DN. Our data
highlight the initial hypothesis that increased FGF21 may
be a biomarker of chronic inflammation in DN. However,
there are no previous data in the literature on whether physi-
cal activity directly or indirectly elevates FGF21 in patients
with diabetic neuropathy. Therefore, further studies are
necessary to validate our results.

Although the levels of adipokines did not differ in
patients with diabetic neuropathy after physical activity,

the increasing tendency in adiponectin level was signifi-
cantly associated with the magnitude of body weight loss
and we found a positive correlation between the increase
in the adiponectin level and the FGF21 concentration in di-
abetic neuropathy. FGF21 shows functional similarity to
adiponectin, which acts as a downstream effector of FGF21,
controling glucose and lipid metabolism in adipocytes and
skeletal muscle [37]. Meanwhile, adiponectin may enhance
the effect of FGF21 on energy balance and insulin sensitiv-
ity in these tissue; thus, the FGF21— adiponectin axis may
be implicated in the regulation of glucose and lipid home-
ostasis [38]. We have also found a significant correlation
between the level of serum adiponectin and improvement of
neurological function, affecting sensorimotor component of
the peripheral nervous system in patients with diabetic neu-
ropathy. Previous research has been reported that decreased
adiponectin levels were associated with a significantly in-
creased risk of DN in T2DM patients. Moreover, there was
a strong relationship between decreased nerve conduction
velocity and adiponectin concentration in chronic inflam-
mation and progression of diabetic sensorimotor neuropa-
thy [39].

Our study revealed that six weeks of aerobic physi-
cal activity in patients with DN lead to a significant reduc-
tion in the levels of TNF-alpha and hsCRP. Recent stud-
ies have demonstrated the efficacy of physical exercise on
inflammatory markers in DN [36,40]. TNF-alpha plays a
crucial role in initiating inflammatory processes leading to
severe impairment of glucose tolerance and insulin sensi-
tivity which may eventually increase the risk of cardiovas-
cular diseases in T2DM [41]. TNF-alpha stimulates lipol-
ysis in adipose tissue, thus increased plasma concentration
of FFA may contribute to atherogenesis in T2DM patients.
Moreover, TNF-alpha enhances leptin production, which
is known to regulate energy homeostasis by reducing pan-
creatic insulin secretion and promoting insulin resistance.
Therefore, TNF-alpha may indirectly contribute to the de-
velopment of insulin resistance by inhibiting adiponectin
and stimulating leptin via glucose metabolic pathways [41].
Our findings regarding the linear association between the
changes of body mass index and TNF-alpha levels were
generally consistent with prior research in patients with DN
after exercise program [36,40]. However, aerobic training
may have a protective effect against diabetic nerve damage
by restoring endothelial function and decreasing the pro-
duction of the inflammatory cytokine TNF-alpha in T2DM.

While some prior studies have demonstrated positive
association or contradictory results, we have not found as-
sociation between the changes in irisin levels after physical
activity. Previous research has shown that FNDC5 expres-
sion in skeletal muscle are reduced in obese subjects and
circulating irisin levels are related with insulin sensitivity
in T2DM [11]. Studies examining the relationship between
the circulating irisin levels and training-induced changes
have yielded mixed results, with some studies suggesting
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a strong association and others finding no association [42–
44]. It was hypothesized that the level of serum irisin in-
creased immediately after physical activity and seems to
correlate with the intensity of exercise training, as well as
prior empirical research suggest the contribution of irisin in
the neuroprotective process of physical exercise in T2DM
[45,46]. Therefore, further follow-up studies should be per-
formed to determine the effects of various factors directly
or indirectly for changes in levels of irisin in T2DM with
peripheral neuropathy.

There are some limitations of our study. Data on
other inflammatory biomarkers and parameters of endothe-
lial dysfunction, arterial stiffness and flow mediated dilata-
tion would enhance our knowledge about the impactt of
physical activity on chronic inflammation and endothelial
dysfunction and its contribution to the favorable effects on
peripheral neuropathy. Evaluation of sural nerve automated
nerve conduction in the diagnosis of peripheral neuropa-
thy could be useful additional information. Direct measure-
ment on VO2max has been used as the gold standard test of
cardiovascular fitness. In our study, an indirect field test
was used in which case the value of VO2 may be slightly
overestimated in study population. The Neurometer©, a
type of current output sensory nerve conduction threshold
test, is available for the diagnosis and follow-up of periph-
eral sensory nerve conditions in diabetes mellitus. How-
ever, electroneurography is the current gold standard test
for diagnosis of polyneuropathy. We concluded that moni-
toring of FGF21 levels may predict the efficacy of aerobic
exercise in diabetic neuropathy, but other lifestyle factors
such as changes in eating habits or lifestyle-oriented moti-
vations might also have contributed.

5. Conclusions

Our results highlight the potential role of regular phys-
ical activity in the treatment of diabetic neuropathy. Ac-
cording to our results, physical activity increased the levels
of FGF21 in T2DM patients with distal sensory polyneu-
ropathy. Monitoring of FGF21 levels may predict the ef-
ficacy of aerobic exercise in diabetic neuropathy. Data on
other biomarkers of inflammation and oxidative stress may
enhance our knowledge about the impact of physical activ-
ity in peripheral sensorimotor neuropathy.
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