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ABSTRACT

Objectives: The aim of this study was to investigate the association of serum brain-derived neurotrophic
factor (BDNF) levels with platelet reactivity and antidiabetes treatment, as well as serum adipocytokine
concentrations.
Methods: This observational, open-label study enrolled 149 patients. Serum BDNF, hematologic, bio-
chemical parameters and platelet reactivity were measured. Blood samples were taken after the last ace-
tylsalicylic acid dose.
Results: Patients with high BDNF levels were younger (65.60+8.956 vs. 68.59+8.516) and smoked ciga-
rettes more frequently (14.6% vs. 4.1%); they were more commonly being treated by metformin (77.3%
vs. 54%); had higher platelet counts (245.81+68.85 10°/mm? vs. 206.61+44.48 10°/mm?); had shorter collagen-
adenosine diphosphate closure time (CADP-CT) values (104.88+69.73 s vs. 140.93+86.63 s); had higher
triglyceride concentrations (140.73+67.5 vs. 121.76+60.49) and had higher concentrations of serum throm-
boxane B2 (0.938+1.59 vs. 0.364+0.76). In univariate linear regression analyses, predictive factors for serum
BDNF levels above the median were metformin treatment, current smoking, platelet count, triglyceride
concentration, total cholesterol concentration and CADP-CT >74 s. In multivariate backward stepwise analy-
sis CADP-CT >141 s; adiponectin concentration >4.22 pg/mL; total cholesterol and low-density lipopro-
tein levels were independently associated with serum BDNF levels above the median.
Conclusions: Our results suggest that BDNF may be associated with lipid metabolism and that increased
production of BDNF may be related to metformin treatment. Moreover, we showed an association between
BDNF levels and platelet reactivity; we found that serum BDNF levels in patients with type 2 diabetes
who had high platelet reactivity were higher than in subjects with normal platelet reactivity despite
antiplatelet therapy.
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RESUME

Objectifs : L'objectif de la présente étude était d'examiner I'association des concentrations sériques du
facteur neurotrophique dérivé du cerveau (BDNF, de I'anglais brain-derived neurotrophic factor) a la réactivité
plaquettaire et au traitement antidiabétique, ainsi qu'aux concentrations sériques d’adipocytokines.
Meéthodes : Cette étude observationnelle ouverte regroupait 149 patients. Nous avons mesuré les con-
centrations sériques du BDNF, les paramétres hématologiques et biochimiques, et la réactivité plaquettaire.
Nous avons prélevé les échantillons de sang aprés la derniére dose d’acide acétylsalicylique.

Résultats : Les patients ayant des concentrations élevées du BDNF étaient plus jeunes (65,60+8,956 vs.
68,59+8,516) et fumaient plus fréquemment la cigarette (14,6% vs. 4,1%); ils étaient plus souvent traités
par metformine (77,3% vs. 54%); ils avaient un nombre plus élevé de plaquettes (245,81+68,85 10°/mm?
vs. 206,61+44,48 10°/mm?); ils montraient des temps d’occlusion plus courts avec collagéne et adénosine
diphosphate (CADP-CT, de I'anglais collagen-adenosine diphosphate closure time) (104,88+69,73 s vs.
140,93+86,63 s); ils avaient des concentrations plus élevées de triglycérides (140,73+67,5 vs. 121,76+60,49);
ils avaient des concentrations sériques plus élevées de thromboxane B2 (0,938+1,59 vs. 0,364+0,76). Dans
les analyses de régression linéaire univariée, les facteurs prédictifs de concentrations sériques du BDNF
au-dessus de la médiane étaient le traitement par metformine, la consommation actuelle de tabac, le nombre
de plaquettes, les concentrations de triglycérides, les concentrations de cholestérol total et les CADP-
CT>74 s. Dans I'analyse multivariée selon la méthode pas a pas descendante, des CADP-CT>141 s; des con-
centrations d’adiponectine>4,22 ug/ml; des concentrations de cholestérol total et de lipoprotéines de faible
densité étaient indépendamment associés a des concentrations sériques du BDNF au-dessus de la médiane.
Conclusions : Nos résultats montrent que le BDNF peut étre associé au métabolisme des lipides et qu'une
production accrue du BDNF peut étre liée au traitement par metformine. De plus, nous avons démontré
une association entre les concentrations du BDNF et la réactivité plaquettaire. Nous avons également observé
que les concentrations sériques du BDNF chez les patients atteints du diabéte de type 2 qui montraient
une réactivité plaquettaire élevée étaient plus élevées que chez les sujets qui montraient une réactivité

plaquettaire normale en dépit du traitement antiplaquettaire.

© 2018 Canadian Diabetes Association.

Introduction

Brain-derived neurotrophic factor (BDNF) is a neurotrophin that
plays an important role in the maturation, synaptic connection, neu-
ronal repair and plasticity of the central nervous system; also, it may
affect essentially the pathology and the treatment of neurologic dis-
eases (1-3). Apart from the fundamental impact on the nervous
system, studies have shown the association between plasma BDNF
and systemic or peripheral inflammatory conditions, such as acute
coronary syndrome, atherosclerosis and type 2 diabetes mellitus
(4-6).

Type 2 diabetes is characterized by hyperglycemia resulting from
impaired insulin secretion, increased hepatic glucose production and
decreased peripheral glucose utilization (7). Many drugs are avail-
able to treat type 2 diabetes, and metformin is 1 of the most com-
monly used antidiabetes drugs; it reduces glycated hemoglobin (A1C)
and fasting glucose concentrations as well as plasma triglyceride
and low-density lipoprotein (LDL) levels (8). Some research has
shown alterations in BDNF levels due to metformin treatment in
vitro, in animal models and in human studies. However, the research
was performed in persons with neurodegenerative disease and meta-
bolic syndrome but not in those with type 2 diabetes (9-12).

Type 2 diabetes is a hypercoagulable state and is associated with
platelet hyper-reactivity (13). The cause of high platelet reactivity
is complex and is related to metabolic disturbances, hyperglyce-
mia and impaired lipid metabolism (14,15). It has been reported
that BDNF is produced partially by vascular endothelial cells or
smooth muscle cells, and large amounts of BDNF are stored mainly
in the platelets; later, they are released into plasma through acti-
vation or clotting processes (16,17). However, the regulation of BDNF
in peripheral blood remains poorly understood. Several studies
suggest that age, sex and smoking history play important roles in
BDNF activity (18,19). Stoll et al investigated the impact of various
antiplatelet drugs on BDNF concentrations in serum and plasma and
on the release of BDNF from platelets in healthy volunteers (20).

The primary aim of this study was to investigate the correla-
tion between platelet reactivity and BDNF serum levels in patients

with type 2 diabetes who are in long-term acetylsalicylic acid (ASA)
therapy. The secondary aim of the project was to investigate the
influence of metformin treatment on BDNF serum levels in patients
with type 2 diabetes as well as to study biochemical parameters,
such as those of adiponectin.

Methods

This was a preliminary, exploratory analysis of the results from
the Aspirin Vs/Or Clopidogrel in Aspirin-resistant Diabetics inflam-
mation Outcomes (AVOCADO) study, a multicentre, prospective, ran-
domized, open-label study. The ethics committee of the Medical
University of Warsaw approved both the study protocol and the
informed-consent form. The study was conducted in accordance with
the current version of the Declaration of Helsinki at the time when
the study was designed, and informed written consent was obtained.
In the present analysis, we included only fully characterized sub-
jects (i.e. those with all biochemical results, including plasma BDNF
concentrations and adipocytokines) participating in the AVOCADO
study as it was previously published (21,22).

Blood sample and assay procedures

All blood samples were taken in fasting conditions at 9 AM at
least 2 h after the last dose of antiplatelet drugs. Standard labora-
tory techniques were used for regular laboratory testing. Serum BDNF
concentrations were measured using BDNF Quantikine Immuno-
assay (R&D Systems, Minneapolis, Minnesota, United States) as pre-
viously described and as used in our laboratory (23). ELISA kits were
also used to determine concentrations of the following param-
eters: serum thromboxane B2 (sTxB2) (EIA kits, Cayman Chemi-
cals, Ann Arbor, Michigan, United States); von Willebrand factor
molecule; tumour necrosis factor-alpha (Quantikine HS ELISA Human
TNF-o Immunoassay), interleukin-6 (Quantikine HS ELISA Human
IL-6 Immunoassay; R&D Systems); soluble CD40 ligand (Human
soluble CD40 Ligand Immunoassay; R&D Systems) and soluble
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P-selectin (human P-selectin/CD62P ELISA kit; R&D Systems). High-
sensitivity C-reactive protein concentrations were assessed using
a Cobas Integra 800 device (Roche, Basel, Switzerland), as previ-
ously described (22,24). The compliance with ASA treatment was
defined according to previously described criteria (21). Serum con-
centrations of high-molecular-weight adiponectin, leptin and resistin
were measured using Human High Molecular Weight Adiponectin
ELISA (Millipore, Billerica, Massachusetts, United States), Human
Leptin Quantikine ELISA Kit (R&D Systems) and Human Resistin
Quantikine ELISA Kit (R&D Systems), respectively (25).

Platelet function analysis

Platelet function analysis was performed using both the
VerifyNow Aspirin Assay (ASA) (Accumetrics, San Diego, Califor-
nia, United States) and the platelet function analysis (PFA)-100 assay
(Dade-Behring International, Newark, Delaware, United States). For
VerifyNow ASA, reaction units <550 were used to determine plate-
let dysfunction as the result of ASA (21,22). Using PFA-100, collagen-
epinephrine bitartrate (CEPI) and collagen-adenosine diphosphate
(CADP) closure times (CTs) were determined (21,26). To deter-
mine high platelet reactivity, we applied a cut-off value for CEPI-CT
>193 s and for CADP-CT above the lower quartile value (i.e. >74 s)
(21,22).

Statistical analysis

Statistical analysis was performed using STATA/SE v. 13.1 sta-
tistical software (Stata, College Station, Texas, United States). Nor-
mally distributed continuous variables are presented as mean + SD,
whereas variables with non-normally distributed continuous vari-
ables are presented as medians with corresponding range. Cat-
egorical variables are presented as frequencies (percentages).
Normality of distribution was assessed using the Shapiro-Wilk test.
All the parametric data were compared by independent t tests and
the nonparametric data by the Mann-Whitney U test. Selected bio-
chemical parameters, such as CADP, sTxB2, insulin, leptin and
adiponectin levels, were shown as concentrations below and above
75 percentiles.

Univariate and multivariate linear regression analyses were per-
formed to determine the predictive factors of serum BDNF con-
centration. Moreover, univariate and multivariate logistic regression
analyses were performed to determine the predictive factors of
serum BDNF concentrations above the median. A backward con-
ditional stepwise method was used to select the parameters, which
were included in the final model. Multivariate regression analysis
was performed to identify the predictors of high serum BDNF con-
centration after adjustment for demographic, biochemical factors
and medications. A value of p<0.05 was considered significant for
all tests.

Results

We included 149 patients in the analysis. Mean + SD demo-
graphic data, concurrent medications, biochemical and hemato-
logic parameters for the study population are presented in Table 1.

The subjects were divided into 2 groups based on the observed
median value of serum BDNF concentrations (28.28 ng/mL): BDNF
ranges (11.59 to 28.09 ng/mL) in the low BDNF group (74 patients,
49.7% of the population) and BDNF ranges (28.47 to 57.50 ng/mL)
in the high BDNF group (75 patients, 50.3% of the population).

Patients with high BDNF were younger (65.60+8.956 vs.
68.59+8.516; p=0.038) and smoked cigarettes more frequently than
patients with low BDNF (14.6% vs. 4.1%; p=0.025); they were taking
metformin treatment more commonly than patients with low BDNF

Table 1
Demographic and clinical characteristics of the study’s patients

Demographic data N (%) or mean/median + SD

Male gender 82 (55%)
Age (y) 67.148.8
SBP (mmHg) 139.6£19.4
DBP (mmHg) 78.9£10.8
BMI (kg/m?) 30.845.9
WHR 1.0+0.1
Hypertension 141 (94.6%)
Ischemic heart disease 75 (50.3%)
Previous MI 44 (29.5%)
Dyslipidemia 123 (82.6%)

Chronic heart failure 50 (33.5%)

Previous stroke 15 (10%)
Past smokers 86 (57.7%)
Current smokers 14 (9.5%)
Drug therapy

Metformin 98 (65.8%)
Insulin 46 (30.9%)
Beta blocker 109 (73.2%)
ACE-1 95 (63.8%)
ARB 32 (21.5%)
Statin 107 (71.8%)
Proton pump inhibitor 17 (11.7%)
Clopidogrel 32 (21.5%)
Laboratory parameters

Leukocyte count (x103/uL) 7.1£2.1
Hemoglobin (g/dL) 14.0+1.4
Hematocrit (%) 41.94£3.9
Platelet count (x103/uL) 226.3+61.1
MPV (fl) 9.9+1.2
eGFR (MDRD formula) (mL/min/1.73 m?) 71.6+22.1
A1C (%) 7.0£1.4

TC (mg/dL) 162.5£38.8
HDL-C (mg/dL) 49.5+13.6
LDL-C (mg/dL) 86.6+33.7
Triglycerides (mg/dL) 131.3+64.6
VWF (%) 143.1+54.2
Adiponectin 3.5+2.3
hsCRP (mg/dL) 3.143.5
TxB2 (pg/mL) 68.1+70.7

Note: Data are presented as mean + SD.

ACE-I, angiotensin-converting enzyme inhibitor; A1C, glycated hemoglobin; ARB, angio-
tensin receptor blocker; BMI, body mass index; DBP, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDL-C, high density lipoprotein cholesterol; hsCRP,
high-sensitivity C-reactive protein; LDL-C, low density lipoprotein cholesterol; MDRD,
modification of diet in renal disease; MI, myocardial infarction; MPV, mean plate-
let volume; SBP, systolic blood pressure; TC, total cholesterol; TxB,, thromboxane B2;
vWEF, von Willebrand factor; WHR, waist-to-hip ratio.

(77.3% vs. 54%; p=0.002); also, they were more likely to be taking
calcium channel blockers (50.7% vs. 35.1%; p=0.04); had higher con-
centrations of platelets (245.81+68.85 10°/mm? vs. 206.61+44.48 10°/
mm?; p=0.005); had shorter CADP-CT values (104.88+69.73 s vs.
140.93486.63 s; p<0.0001); had higher triglyceride concentra-
tions (140.73+67.5 vs. 121.76+£60.49; p=0.049) and had higher con-
centrations of serum TxB, (0.938+1.59 vs. 0.364+0.76; p=0.02)
(Table 2).

In univariate logistic regression analysis, predictive factors for
serum BDNF levels above the median were: age (odds ratio [OR]
0.961, 95% confidence interval [CI], 95% CI 0.926 to 0.998; p=0.04);
metformin treatment (OR 1.703, 95% CI 1.195 to 2.426; p=0.003);
current smoking (OR 2.017, 95% CI 1.042 to 3.903; p=0.037); CADP-CT
above the 75th percentile (OR 0.531, 95% CI 0.341 to 0.828; p=0.005);
sTxB2 levels above the 75th percentile (OR 2.016, 95% CI 1.300 to
3.125; p=0.002) and adiponectin levels above the 75th percentile
(OR 0.538, 95% CI 0.329 to 0.881; p=0.014) (Table 3). In multivari-
ate backward stepwise analysis CADP-CT >141 s (p=0.014),
adiponectin concentration >4.22 ug/mL (p=0.016), total choles-
terol (p=0.007) and LDL (p=0.032) were risk factors for serum BDNF
above the median (Table 3). In univariate linear regression analy-
sis, predictive factors for high serum BDNF levels were: metformin
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Table 2
Patients’ characteristics grouped by serum BDNF concentration: demographic data
Characteristics BDNF low (n=74) BDNF high (n=75) p
11.59 to 28.09 ng/mL 28.47 to 57.50 ng/mL

Demographic data
Age (years) 68.59+8.52 65.60+8.96 0.038
Female 29 (39.2%) 38 (50.6%) 0.107
BMI (kg/m?) 30.43+6.19 31.2645.67 0.392
WHR 0.97+0.09 0.9610.08 0.903
Waist circumference (cm) 104.16+15.47 105.08+15.21 0.712
Hip circumference (cm) 107.63+12.62 110.01£13.30 0.263
SBP (mmHg) 140.244+21.26 138.87+17.47 0.666
DBP (mmHg) 77.86+10.87 79.99+10.64 0.231
History of smoking 39 (52.7%) 47 (62.7%) 0.143
Current smoking 3 (4.05%) (14.66%) 0.025
Dyslipidemia 64 (86.5%) 9 (77.6%) 0.149
Hypertension 71 (95.9%) 0 (93.3%) 0.367
CAD 35 (47.3%) 40 (53.3%) 0.283
Prior MI 23 (31.1%) 1 (28%) 0.408
CHF 30 (40.1%) 0 (26.7%) 0.052

Diabetes mellitus treatment and concomitant medication
Beta blockers 52 (70.2%) 7 (7 67) 0.273
ACE-1 47 (63.5%) 8 (64%) 0.543
Angiotensin receptor blockers 19 (25.7%) 3 (17.3%) 0.149
Loop diuretics 12 (16.2%) 10 (13.3%) 0.396
Statins 56 (75.7%) 1 (68%) 0.195
Fibrates 9 (12.2%) 5 (20%) 0.140
Calcium channel blockers 26 (35.1%) 38 (50.7%) 0.040
Metformin 40 (54%) 8 (77.3%) 0.002
Sulphonylurea derivatives 38 (51.4%) 34 (45.3%) 0.284
Insulin 22 (29.7%) 4 (32%) 0.451
Additional antiplatelet therapy (clopidogrel) 16 (21.6%) 6 (21.3%) 0.562

Biochemical parameters
WBC (103/mm?) 6.79+2.02 7.361+2.15 0.100
HGB (g/dL) 13.84£1.39 14.14£1.35 0.182
HCT (%) 41.46+3.87 42.26+3.89 0.211
PLT (103/mm?3) 206.61+44.48 245.81168.85 0.000
MPV (fL) 9.84+1.30 9.87+1.19 0.862
FG (mg/dL) 134.86+41.14 150.81£63.77 0.135
eGFR (mL/min/1.73 m?) 70.42+23.23 72.75£21.01 0.523
UA (mg/dL) 5.83+1.70 5.50+1.40 0.149
TCh (mg/dL) 157.00+34.49 168.04+42.22 0.084
TG (mg/dL) 121.76+60.50 140.73+67.50 0.049
LDL (mg/dL) 84.97+30.68 88.22+36.61 0.942
HDL (mg/dL) 47.89+12.78 51.18+14.29 0.143
A1C (%) 6.91+1.15 7.15+1.59 0.836
CEPI-CT (s) 226.39+76.88 218.88+81.98 0.681
CADP-CT (s) 140.93486.63 104.88+69.73 0.000
VerifyNow ARU 451.08+109.28 448.27+97.46 0.545
sTXB2 (ng/mL) 0.36+0.80 0.94+1.59 0.020
hsCRP (mg/L) 3.05+3.24 3.2443.72 0.782
sP-selectin 87.00+31.96 91.76+38.04 0.942
sCD40L (ng/mL) 0.62+0.59 0.99+2.21 0.615
TNF-o (pg/mL) 2.51+1.45 2.36+1.26 0.400
IL-6 (pg/mL) 2.31+1.37 2.93+2.20 0.188
VWEF (%) 147.06+60.80 139.14+46.86 0.690
Hyperuricemia 17 (23%) 14 (18.7%) 0.328
CADP-CT above 75th percentile (s) 22 (29.7%) 8 (10.7%) 0.003
sTxB2 above 75th percentile (ng/mL) 8 (11%) 5 (33.3%) 0.001
Insulin above 75th percentile 12 (24%) 4 (28%) 0.410
Leptin above 75th percentile 15 (20.8%) ]5 (28.8%) 0.181
Adiponectin above 75th percentile 18 (36%) 7 (14%) 0.010
Adiponectin 4.01+2.78 2.90+1.59 0.048

Note: Data are presented as mean + SD.

ACE-I, angiotensin-converting enzyme inhibitor; A1C, glycated hemoglobin; ARU, aspirin reaction unit; BDNF, brain-derived neurotrophic factor; BMI, body mass index; CAD,
coronary artery disease; CADP-CT, collagen/adenosine diphosphate closure time; CEPI-CT, collagen/epinephrine bitartrate closure time; CHF, congestive heart failure; DBP,
diastolic blood pressure; eGFR, estimated glomerular filtration rate; FG, fasting glucose; HCT, hematocrit; HDL, high-density lipoprotein; HGB, hemoglobin; hsCRP, high sen-
sitivity C-reactive protein; IL-6, interleukin 6; LDL, low-density lipoprotein; MI, myocardial infarction; MPV, mean platelet volume; PLT, platelet count; SBP, systolic blood
pressure; sCD40L, soluble CD40 ligand; sP-selectin, soluble platelet selectin; sTXB2, serum thromboxane B2; TCh, total cholesterol; TG, triglycerides; TNF-¢, tumor necrosis
factor alpha; UA, uric acid; vWF, von Willebrand factor; WBC, white blood cells; WHR, waist-to-hip ratio.

treatment (p<0.001); current smoking (p=0.044); platelet count
(p<0.001); triglyceride concentration (p=0.006); total cholesterol
(p=0.022); CADP-CT >74 s (p<0.001) (Table 4). In multivariate linear
regression analysis, predictive factors for high serum BDNF levels
were: CADP-CT (p=0.001), metformin treatment (p=0.0282) and tri-
glyceride concentration (p=0.0449).

Patients taking metformin (n=98) had significantly higher serum
BDNF levels than patients without metformin therapy (n=51)
(p=0.0002) (Figure 1A). Patients with normal platelet reactivity based
on CADP-CT (i.e. >141 s; n=30) had lower serum BDNF concentra-
tions than patients with high platelet reactivity (i.e. <141 s; n=119)
(p=0.0013) (Figure 1B).
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Table 4
Predictors of high serum BDNF concentration regression analysis

Table 3
Univariate logistic regression analysis of factors that correlate with higher BDNF levels
OR (95% CI) p
Gender 1.262 (0.912-1.747) 0.160
Age 0.961 (0.926-0.998) 0.040
BMI (kg/m?) 1.024 (0.970-1.082) 0.390
WHR 0.163 (0.003-8.336) 0.366
Sulfonylurea treatment 0.886 (0.642-1.223) 0.463
Metformin treatment 1.703 (1.195-2.426) 0.003
Diet treatment 0.822 (0.587-1.153) 0.257
Insulin treatment 1.055 (0.745-1.493) 0.764
Hypertension 0.769 (0.369-1.603) 0.484
CAD 1.128 (0.818-1.557) 0.462
Dyslipidemia 0.759 (0.492-1.170) 0.212
MI 0.929 (0.653-1.321) 0.680
CHF 0.730 (0.517-1.032) 0.075
Hiperurycemia 0.877 (0.590-1.305) 0.518
Statins 0.826 (0.577-1.184) 0.299
Fibrates 1.344 (0.858-2.105) 0.197
Current smoking 2.017 (1.042-3.903) 0.037
Total cholesterol 1.008 (0.999-1.017) 0.090
Tryglycerides 1.005 (0.999-1.011) 0.081
HDL (mg/dL) 1.018 (0.994-1.044) 0.145
A1C (%) 1.134 (0.893-1.440) 0.303
LDL (mg/dL) 1.003 (0.993-1.013) 0.558

CADP-CT above 75th percentile (s)

sTXB2 above 75th percentile (ng/mL)

Level of insulin above 75th percentile

Level of leptin above 75th percentile 1.239 (0.846-1.813) 0.271

Level of adiponectin above 75th percentile 0.538 (0.329-0.881) 0.014

Predictors of high serum BDNF concentration in multivariate logistic
regression analysis

0.531 (0.341-0.828) 0.005
2.016 (1.300-3.125) 0.002
1.003 (0.993-1.013) 0.558

OR (95% Cl) p

0.504 (0.288-0.880) 0.016
0.398 (0.191-0.828) 0.014

Adiponectin above 75th percentile
CADP >141 above 75th percentile

TCh (mg/dL) 1.049 (1.013-1.087) 0.007
LDL (mg/dL) 0.956 (0.918-0.996) 0.032

A1C, glycated hemoglobin; BDNF, brain-derived neurotrophic factor; BMI, body mass
index; CAD, coronary artery disease; CADP-CT, collagen/adenosine diphosphate closure
time; CHF, congestive heart failure; HDL, high-density lipoprotein; LDL, low-
density lipoproteins; MI, myocardial infarction; sTXB2, serum thromboxane B2; TCh,
total cholesterol; WHR, waist-to-hip ratio.

Discussion

In the present study, we evaluated the association between serum
BDNF concentrations and both platelet reactivity and antidiabetes
therapy. For the first time, we showed the association between BDNF
and metformin treatment in patients with type 2 diabetes. Addi-
tionally, we confirmed our previous results in a larger number of
patients with diabetes: that serum BDNF concentrations could, at
least in part, be related to platelet reactivity to antiplatelet therapy
in type 2 diabetes.

A limited amount of research has shown the alteration of BDNF
levels to be due to antidiabetes drug treatment in vitro, in animal
models and in studies in humans (9-12). In our study, we found
increased BDNF levels in patients who were taking metformin treat-
ment. Yoo et al investigated the effects of a high-fat diet and the
subsequent treatment by metformin on BDNF levels in mice. They
observed significantly decreased BDNF levels with the high-fat
diet + vehicle-treated group in the dentate gyrus. However, the
administration of metformin prevented reduction of the BDNF levels.
Additionally, injection of K252a, a potent BDNF receptor (tropo-
myosin receptor kinase B) inhibitor, significantly reversed the ame-
lioration of the reduction in cell proliferation induced by high-fat
diet in a metformin-treated group (10). Another study showed sig-
nificantly increased BDNF levels in the metformin-treated group than
in both the control group and the group with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinsonism in mice
(11).In a human study, nonsignificantly higher plasma BDNF levels
were observed in patients with metabolic syndrome after

Predictors of high serum BDNF concentration in univariate linear regression
analysis

Variable Coefficient 95% CI p

Age -0.164 -0.331 to 0.002 0.052
PLT (10%/mm?) 0.053 0.030 to 0.075  <0.000
A1C (%) 0.917 -0.145 to 1.978 0.090
TCh (mg/dL) 0.044 0.007 to 0.082 0.022
TG (mg/dL) 0.028 0.006 to 0.051 0.006
CADP-CT >74 (s) -0.030 -0.047 to -0.012  0.001
sTxB2 (ng/mL) 0.920 -0.227 to 2.067 0.115
Current smoking 5.167 0.151 to 10.182 0.044
Calcium channel blockers 2.618 -0.349 to 5.585 0.083
Metformin 5.849 2.870 to 8.827 0.000
Leptin above 75th percentile -0.995 -2.737 to 0.748 0.2612
Adiponectin above 75th percentile  2.120 0.032 to 4.208 0.0467
Insulin above 75th percentile -0.296 -2.398 to 1.807 0.7809
Al1C 0.917 -0.145 to 1.978 0.0900

Predictors of high serum BDNF concentration in multivariate linear regression
analysis

Coefficient 95% CI p
CADP-CT -0.039 -0.062 to -0.016  0.0010
TG 0.032 0.001 to 0.062 0.0449
TCh 0.015 -0.036 to 0.066 0.5581
PLT (10°/mm?) 0.026 -0.005 to 0.056 0.1011
Current smoking 3.638 -2.034 to 9.310 0.2059
Metformin 4.327 0.473 to 8.182 0.0282

-1.189 to 2.916 0.4056

A1C, glycated hemoglobin; BDNF, brain-derived neurotrophic factor; CADP-CT, collagen/
adenosine diphosphate closure time; Cl, confidence interval; OR, odds ratio; PLT, plate-
let count; sTXB2, serum thromboxane B2; TCh, total cholesterol; TG, triglycerides.

Adiponectin above 75th percentile  0.864

treatment with metformin (9). It was also shown that metformin
treatment ameliorated the decreased mRNA of BDNF levels in
Schwann cells under conditions of hypoxia. This beneficial effect
of metformin was significantly inhibited by compound C, which is
an inhibitor of adenosine monophosphate (AMP)-activated protein
kinase (AMPK) and an important cellular regulator of lipid and
glucose metabolism (12,27). It has been shown in many studies that
the lipid-lowering effect of metformin is attributed largely to the
activation of the energy sensor AMPK in hepatocytes and can sup-
press de novo lipogenesis in hepatocytes by activating AMPK (28-30).
Thus, the correlation between BDNF and metformin may be the
reason for metformin-induced insulin action by insulin receptor
binding, metformin-induced high BDNF levels due to increasing
AMPK and enhanced tyrosine kinase receptor activity, which may
amplify BDNF signalling (31).

Various methods are available to assess platelet function under
antiplatelet treatment. Platelet function assays should be easy to
use, conducted in whole blood, reproducible, available at point-of-
care and have clear cut-offs associated with thrombotic and bleed-
ing complications. For ASA, certain assays that monitor the
conversion of arachidonic acid into thromboxane A2 and ensuing
platelet aggregation are often preferred over more global tests of
platelet function (32). In our study, we used both PFA-100, CEPI-CT
and CADP-CT tests in order to measure global platelet reactivity
because they are quite insensitive to both ASA and clopidogrel
therapy (32). As in our previous research, we found association only
with PFA-100 CADP-CT, which reflects the combined effects of plate-
let activation by collagen, ADP and high shear (33). It is well known
that ADP is 1 of the most important pro-aggregating substances
released and that it interacts with purinergic receptors (P2X, P2Y1
and P2Y12) on the platelets’ surfaces (34). It has previously been
described that increased residual platelet reactivity, measured by
PFA-100 CADP-CT, consistently predicts the occurrence of cardio-
vascular events (33,35). Because of the general insensitivity of CADP
to platelet inhibition induced by ASA, it was hypothesized that the
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Figure 1. (A) Distribution of serum BDNF concentration across patients with metformin treatment (group 1, n=98, 31.66+0.87) and no metformin treatment (group 0, n=51,
25.81+1.24) (p<0.001). (B) Distribution of serum BDNF concentration across patients with normal platelet reactivity based on CADP-CT (i.e. >141 s, group 1, n=30, 24.93+1.52)
and high platelet reactivity (i.e. <141 s, group 0, n=119, 30.85+0.823) in the study group (p=0.001). Data are mean + SE. BDNF, brain-derived neurotrophic factor; CADP-CT,

collagen/adenosine diphosphate closure time (s).

correlation of CADP-CT with the composite events would have been
observed in these patients, whether or not they were taking ASA
(36). If so, this suggests that CADP-CT may allow detection of an
underlying ADP-dependent platelet activity that could be clini-
cally significant. It should be noted that in our study, 21.5% of patients
were also taking clopidogrel; however, we did not observe a cor-
relation between BDNF levels and ASA and clopidogrel treatment.
Similarly, Stoll et al also showed that ASA and clopidogrel had no
significant effects on the plasma BDNF levels; however, a single
loading dose (600 mg) of clopidogrel but not ASA (500 mg) signifi-
cantly reduced the release of BDNF from platelets in 24 healthy vol-
unteers. Clopidogrel inhibits irreversibly the membrane receptors
of platelets, which are activated by ADP and impact on platelet alpha-
granule degranulation (20). That study was consistent with the
decrease in the platelet alpha-granule marker, transforming growth
factor beta 1 after clopidogrel treatment, and the correlation between
the effects of clopidogrel on BDNF and transforming growth factor
beta 1 concentrations but not those after ASA treatment. In our pre-
vious studies, in a cohort of patients with type 2 diabetes, we found
that platelet reactivity could be related to a number of clinical factors,
biochemical variables and genetic polymorphisms (21,22,24,37-41).
Moreover, it was found that genetic polymorphisms within genes
related to platelet reactivity could also be useful prognostic tools
(42). Also, noncoding RNAs (for example microRNA) are emerging
biomarkers for cardiovascular diseases and platelet function and
activity. Upon activation, platelets secrete microvesicles abundant
in growth factors, as well as various proteins that might exert extra-
cellular effects. Recent studies have indicated that platelet
microvesicles may deliver platelet miRNAs at the action site in the
cardiovascular system (43). Further analyses are needed to under-
stand the mechanism of platelet reactivation and BDNF due to dif-
fering antiplatelet therapies and potential associations with new
platelet-function biomarkers.

Moreover, we found significantly higher serum BDNF levels in
current smokers than in nonsmokers, but there was no significant
difference between former smokers and nonsmokers. An impor-
tant study examined the levels of serum BDNF in nonsmokers,
former smokers and current smokers with and without nicotine
dependence in 2,088 participants. Smokers with and without nico-
tine dependence had higher levels of serum BDNF than former and
never smokers, which indicates that the association between

upregulation of BDNF and nicotine use is related to the duration
of smoking (18). It was also observed that BDNF mRNA and protein
expression in the hippocampus is increased after nicotine admin-
istration in animal models (44). Acute nicotine administration
decreased the hippocampal BDNF gene expression by indirectly acti-
vating 5-HT>a receptors. Alternatively, it may decrease due to the
inhibitory effect of acute nicotine on BDNF mRNA. However, after
chronic administration, tolerance may develop to the inhibitory effect
of nicotine on BDNF mRNA expression, which may lead to a gradual
increase of BDNF levels in chronic smokers (45).

Aging is a relevant factor affecting BDNF's ability to protect neu-
ronal activity. In humans, BDNF levels in plasma have been found
to decrease with increasing age (19). In our study, we also noted
that patients with greater age had lower serum BDNF levels.

The increased risk for type 2 diabetes with obesity can be
described partially by altered functions of adipose tissue, which is
a major endocrine organ that secretes a number of active
adipocytokines, such as leptin, resistin and adiponectin (25,46). We
found that adiponectin levels were significantly associated with
serum BDNF levels. It has been reported that the BDNF expression
in hypothalamus is regulated by leptin and adiponectin (47). BDNF
administration ameliorates hyperphagia and hyperglycemia in leptin
receptor-deficient db/db animal models, which leads to the specu-
lation that BDNF may play a role in leptin-resistance obesity and
type 2 diabetes (48). Maekawa et al have demonstrated that low
BDNF expression in the ventromedial hypothalamus is associated
with blood glucose levels, increased leptin secretion and visceral
fat mass in a rat model of type 2 diabetes. In their study, admin-
istration of BDNF significantly decreased plasma leptin levels in a
long-lasting manner concurrently with feeding suppression in rats
with type 2 diabetes and hyperleptinemia (49). Human studies have
also showed an inverse correlation between BDNF and adiponectin
and a positive correlation between BDNF and leptin (50,51). Alto-
gether, our study and previous findings may indicate that BDNF and
leptin play important roles in the central regulation of energy
metabolism and the dysregulation of the neurotrophin signalling
result in obesity.

Recent studies have shown that BDNF treatment in animals that
are obese and have diabetes has a positive effect on glucose and lipid
metabolism. Nakagawa et al demonstrated that subcutaneous injec-
tion of BDNF reduces food intake and ameliorates impaired glucose
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tolerance in mice with diet-induced obesity (52). BDNF also reduces
serum insulin and glucose levels when injected into rats with dia-
betes (48). Along with glucose metabolism, studies have also shown
that BDNF is associated with lipid metabolism. In our study, we found
that serum BDNF levels were significantly positively correlated with
total cholesterol, triglyceride and LDL levels, which is a confirma-
tion of other recent studies (5,51,53,54). These results may suggest
that BDNF plays a role in the treatment of diabetes and dyslipidemia.

There are 2 main limitations of our study. First, it was observa-
tional, and it is impossible to account for all possible confounding
influences. Second, this study was limited by its small sample size
and lack of controls who did not have type 2 diabetes. Further study
of a large population with type 2 diabetes and known platelet reac-
tivity status would add further information about the role of plate-
let activation in BDNF.

Conclusions

In conclusion, the findings of this study suggest that BDNF may
contribute to lipid metabolism, and increased production of BDNF
may be related to metformin treatment. Importantly, we showed
a strong association between BDNF concentration and platelet reac-
tivity; serum BDNF levels in patients with type 2 diabetes and high
platelet reactivity were higher than in subjects with normal plate-
let reactivity. Further studies are required to investigate this
correlation.
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