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OBJECTIVE —Insulin resistance and type 2 diabetes are associated with an increased risk of
neurodegenerative diseases. Brain-derived neurotrophic factor (BDNF) regulates neuronal dif-
ferentiation and synaptic plasticity, and its decreased levels are supposed to play a role in the
pathogenesis of Alzheimer’s disease and other disorders. The aim of the current study was to
estimate the effects of hyperinsulinemia and serum free fatty acids (FFA) elevation on circulating
BDNF concentration in humans.

RESEARCH DESIGN AND METHODS —We studied 18 healthy male subjects (mean
age 25.6 = 3.0 years; mean BMI 26.6 = 4.8 kg/m?). Serum and plasma BDNF concentration was
measured in the baseline state and in the 120 and 360 min of euglycemic hyperinsulinemic clamp
with or without intralipid/heparin infusion. Furthermore, plasma BDNF was measured in 20
male subjects (mean age 22.7 * 2.3 years; mean BMI 24.9 *+ 1.5 kg/m?) 360 min after a high-fat
meal.

RESULTS —Insulin sensitivity was reduced by ~40% after 6 h of intralipid/heparin infusion
(P < 0.001). During both clamps, serum and plasma BDNF followed the same pattern. Hyper-
insulinemia had no effect on circulating BDNF. Raising FFA had no effect on circulating BDNF in
120 min; however, it resulted in a significant decrease by 43% in serum and by 35% in plasma
BDNF after 360 min (P = 0.005 and 0.006, respectively). High-fat meal also resulted in a decrease
by 27.8% in plasma BDNF (P = 0.04).

CONCLUSIONS —Our data show that raising FFA decreases circulating BDNF. This might
indicate a potential link between FFA-induced insulin resistance and neurodegenerative disorders.
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everal studies have proven that phe-

notypes associated with insulin

resistance are at increased risk for
developing cognitive decline and neuro-
degeneration (1). The incidences of
Alzheimer’s disease, vascular dementia,
and major depression were higher in in-
dividuals with type 2 diabetes than in
those without (1). Furthermore, cognitive
impairment is also increased in patients
with prediabetes and metabolic syn-
drome (1).

Brain-derived neurotrophic factor
(BDNF) is a member of the neurotrophin
family, which interacts with high affinity
with tyrosine receptor kinase B (2). BDNF
is abundantly expressed in central and pe-
ripheral nervous system and can cross the
blood-brain barrier in both directions (3).
Recent studies have shown that BDNF is
also produced in nonneurogenic tissues,
including skeletal muscle and vascular
endothelium, and is stored in platelets
(4,5). Because serum contains the factors
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released from the platelets, it could be an
important issue whether BDNF concen-
tration is measured in serum or in plasma.
In the study of Rasmussen et al. (6), it was
reported that the brain contributed to
more than 70% of plasma BDNF in
healthy humans. The changes in plasma
BDNF were considered to reflect its
changes in the brain (7). However, serum
BDNF concentration has also been re-
ported to closely correlate with the corti-
cal BDNF level (8), suggesting that it can
reflect the BDNF level in the brain as well.
Dietary restriction increases the number
of newly generated neuronal cells, induces
BDNF expression in the dentate gyrus of
rats (9), and increases serum BDNF in
humans (10). Physical activity increases
BDNF measured both in serum and in
plasma (7,11).

BDNF is a key protein in regulating
neuronal survival, differentiation, and
synaptic plasticity and seems important
for learning and memory function (12).
Numerous data indicate that BDNF has
specific effects on central pathways in-
volved in appetite regulation and energy
expenditure (2). BDNF might also regulate
glucose metabolism (13). It reduces food
intake and lowers blood glucose in genet-
ically modified (db/db) obese mice (13).
The hypoglycemic effect of BDNF cannot
be ascribed solely to the hypophagic effect
of BDNF, because BDNF administration
improves insulin resistance in db/db
mice, even when food intake is controlled.

Low plasma BDNF levels were ob-
served not only in neurodegenerative dis-
eases but also in type 2 diabetes and
obesity (14). We observed decreased se-
rum BDNF concentration in young non-
obese subjects with low insulin sensitivity
(15). Insulin resistance might play a role
in common pathogenesis of neurode-
generative and metabolic disorders, and
decreased BDNF may explain the cluster-
ing of these diseases. However, the mech-
anism connecting insulin resistance with
neurodegeneration is still unclear. It is
widely accepted that free fatty acids
(FFA) induce insulin resistance (16). It
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is noteworthy that experimental studies
indicate that a high-fat diet (HFD) dis-
rupts cognition and contributes to neuro-
degenerative diseases (17). Therefore, the
aim of the current study was to estimate
the effects of hyperinsulinemia and serum
FFA elevation on circulating BDNF con-
centration in humans.

RESEARCH DESIGN AND
METHODS

Participants

In protocol 1, we examined 18 young
(mean age 25.6 = 3.0 years, mean BMI
26.6 + 4.8 kg/m?), apparently healthy
male subjects with normal glucose toler-
ance. In protocol 2, we studied 20 male
subjects with similar clinical characteris-
tics (mean age 22.7 * 2.3 years; mean
BMI 24.9 * 1.5 kg/m?). All study partic-
ipants were recruited from the medical
staff and students and by the local adver-
tisements. All subjects were nonsmokers,
without serious diseases, and were not
taking any drugs. Physical examination
and appropriate laboratory tests were
performed. Analyses were performed af-
ter an overnight fast. Subjects underwent
an oral glucose tolerance test, and all had
normal glucose tolerance according to the
World Health Organization criteria. The
study protocol was approved by the Eth-
ics Committee of Medical University of
Bialystok. All subjects gave written in-
formed consent before entering the study.

Anthropometry

Anthropometric parameters were measured
in all subjects. The BMI was calculated as
body weight per height and expressed in
kilograms per meter squared. The waist
circumference was measured at the small-
est circumference between the rib cage
and the iliac crest, with the subject in the
standing position. The percent of body fat
was assessed by bioelectric impedance
analysis using the Tanita TBF-511 Body
Fat Analyzer (Tanita Corporation, Tokyo,
Japan).

Insulin sensitivity (protocol 1)

Insulin sensitivity was measured with the
euglycemic hyperinsulinemic clamp tech-
nique, according to DeFronzo et al. (18).
On the morning of the study, two venous
catheters were inserted into antecubital veins,
one for the infusion of insulin and glucose
and the other in the contralateral hand for
blood sampling, with that hand heated
to ~60°C. Insulin (Actrapid HM; Novo
Nordisk, Copenhagen, Denmark) was given

as a primed-continuous intravenous infu-
sion for 360 minat40mU X m ™% X min ™,
resulting in constant hyperinsulinemia of
~80 wIU/mL. Arterialized blood glucose
was obtained every 5 min, and 20% dex-
trose (1.11 mol/L) infusion was adjusted
to maintain plasma glucose levels at 5.0
mmol/L. The rate of whole-body glucose
uptake (M value) was calculated every
hour from 2 to 6 h of the clamp as the
mean glucose infusion rate during the
last 40 min of the respective hour, correc-
ted for the glucose space, and normalized
for fat-free mass.

After 1 week, another 6-h clamp, with
concurrent intralipid/heparin infusion,
was performed. In this experiment, 20%
intralipid (Fresenius Kabi, Uppsala, Sweden)
was given at 0.013 ml/kg per min, and
heparin was given at 0.2 units/kg per min.
No difference in steady-state insulin con-
centration between these protocols was
observed.

High-fat meal (protocol 2)

We gave Calogen (Nutricia Poland, Warsaw,
Poland), in which energy comes almost in
total from fat (450 kcal/100 mL), 250 mL
twice within 1 h. A venous catheter was
inserted into antecubital vein, and blood
was drawn every 30 min for 360 min for
the determination of FFA.

Laboratory analyses

Serum and plasma-EDTA BDNF concen-
tration was measured in the baseline state
and in the 120 and 360 min of euglycemic
hyperinsulinemic clamp with or without
intralipid/heparin infusion. Plasma-EDTA
BDNF was also measured at baseline and
360 min after a high-fat meal.

To obtain plasma, blood samples
were drawn into tubes containing EDTA
and centrifuged at 4,000 g for 10 min at
4°C. Plasma samples then were again
centrifuged at ~10,000 g for 10 min at
4°C for complete platelet removal. A sec-
ond centrifugation was performed after
freezing at —80°C and then thawing
samples in protocol 1 and immediately
in protocol 2.

Plasma glucose was measured imme-
diately by the enzymatic method using a
glucose analyzer (YSI 2300 STAT PLUS).
Serum total cholesterol, HDL cholesterol,
and triglycerides were assessed by enzy-
matic method (Cormay, Warsaw, Poland).
The concentration of LDL cholesterol was
calculated from Friedewald’s formula.

Before estimation of concentrations of
BDNF, insulin and FFA, serum and plasma
samples were kept frozen at —80°C. Serum
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insulin was measured with the mono-
clonal immunoradiometric assay (IRMA,;
DIAsource ImmunoAssays S.A., Nivelles,
Belgium) with the sensitivity of 1 wIU/mL
and with intra-assay and interassay coeffi-
cients of variation below 2.2% and 6.5%,
respectively. Serum FFA were assayed
using a commercially available kit (Wako
Chemicals, Richmond, VA). The level of se-
rum and plasma BDNF was measured using
immunoenzymatic method (Quantikine;
R&D SYSTEMS, Minneapolis, MN) with
the sensitivity of below 20 pg/mL and with
intra-assay and interassay coefficients of
variation below 6.3 and 11.4%, respec-
tively.

Statistical analysis

The statistics were performed with the
STATISTICA 9.0 (Statsoft, Krakow, Poland).
The variables, which did not have normal
distribution, were log-transformed before
analyses. For the purpose of the data pre-
sentation these variables were again anti—
log-transformed to absolute values in
RESULTS. To estimate differences be-
tween the clamp without or with intralipid/
heparin infusion and before and after a high-
fat meal, the paired Student t test was used.
To assess the differences in serum and
plasma BDNF before and during the clamp,
repeated-measures ANOVA with post hoc
Scheffe test was performed. Relation-
ships between variables were analyzed
with the Pearson product-moment cor-
relation analysis. Statistical significance
was accepted at P < 0.05.

RESULTS—Clinical characteristics of
the studied groups are given in Table 1.
There was more than a fourfold in-
crease in serum FFA from the initial
values during intralipid/heparin infusion
(P < 0.001). Insulin sensitivity was not
different during the 2nd h of both clamps
(P=0.47). We observed a significantly de-
creased insulin sensitivity from 4 to 6 h of
intralipid/heparin infusion, resulting in a
reduction by ~40% after 6 h (all P <
0.001). Hyperinsulinemia had no effect
on serum BDNF concentration (P =
0.75) (Fig. 1A). We observed a significant
effect of raising circulating FFA on serum
BDNF (P = 0.003) (Fig. 1B). BDNF value
in 120 min of the clamp with intralipid/
heparin infusion was not different from
the baseline (P = 0.75); however, serum
BDNF value after 360 min was signifi-
cantly lower than in 0 and 120 min (P =
0.005 and 0.03, respectively), resulting in
a decrease by 43% in comparison with the
initial value. Furthermore, although the
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Table 1—Anthropometric, biochemical, and metabolic characteristics of the studied group
in protocol 1 (clamp without or with intralipid/heparin infusion; n = 18) and protocol 2

(high-fat meal; n = 20)

Protocol 1 Protocol 2
Age (years) 25.6 £ 3.01 227 +23
Body weight (kg) 88.0 = 16.6 81.5* 8.8
BMI (kg/m®) 26.6 = 4.8 249+15
Body fat (%) 233+ 838 170 5.3
Waist (cm) 046 124 859+ 64
Fasting glucose (mg/dL) 822 £ 87 84473
Postload glucose (mg/dL) 76.5 159 734+ 133
Fasting insulin (uIU/mL) 10.1 £5.10 —
Postload insulin (wmol/L) 239 *+313 —
M value (mg/kg ffm/min) 56=*22 =
Total cholesterol (mg/dL) 176.2 £ 19.9 148.3 *+ 24 .4
Triglycerides (mg/dL) 01.1 £52.1 746 + 226
HDL cholesterol (mg/dL) 548 +9.2 60.8 = 11.1
LDL cholesterol (mg/dL) 103.7 = 20.1 09.7 £ 33.1
FFA (mmol/L) 04x02 04=*02

Data are presented as mean * SD. M, the rate of whole-body glucose uptake as the mean glucose infusion rate
from 80 to 120 min of the clamp, normalized for fat-free mass (ffm).

baseline serum BDNF concentrations
were not different between the protocols
(P = 0.30), BDNF 360-min value of intra-
lipid/heparin clamp was markedly lower
in comparison with BDNF 360-min value
of the clamp without raising FFA (P =
0.007). Serum BDNF in 360 min of the
clamp was related to a decrease in insulin
sensitivity during intralipid/heparin infu-
sion (r = —0.50, P = 0.035).

Plasma BDNF followed the same pat-
tern as serum values during both clamps.
Hyperinsulinemia had no effect on plas-
ma BDNF (0 min, 502.6 £ 322.7 pg/mL;
120 min, 542.7 * 380.9 pg/mL; 360 min,
474.7 = 264.3 pg/mL; P = 0.98). Intra-
lipid/heparin infusion resulted in a de-
crease in plasma BDNF (0 min, 445.6 =
285.2 pg/mL; 120 min, 487.6 = 332.1
pg/mL; 360 min, 289.4 * 173.2 pg/mL;
P =0.001). BDNF value in 6 h was signif-
icantly lower in comparison with the base-
line and 2-h levels (P = 0.006 and 0.005,
respectively); the reduction in comparison
with the baseline value was ~35%.

After a high-fat meal, we observed a
significant and sustained elevation of
serum FFA maintaining from 180 to 360
min (baseline, 0.4 + 0.2; 360 min, 0.9 *+
0.3 mmol/L; P < 0.0001). Although this
elevation was smaller than observed dur-
ing intralipid/heparin infusion, we were
able to demonstrate a significant decrease
in plasma BDNF after a high-fat meal
(baseline, 429.4 = 261.1; 360 min,
310.0 * 196.2 pg/mL; P = 0.04; 27.8%
reduction) (Fig. 10).

The change in circulating BDNF
(ABDNF) in response to fat overload
was almost identical in lean (BMI <25
kg/m?) and overweight/obese individuals
(BMI >25 kg/mz)A This was true for both
serum and plasma BDNF after intralipid
infusion (P = 0.88 and 0.86, respectively)
and for plasma BDNF after a high-fat meal
(P=0.84).

In both protocols, no correlation be-
tween baseline serum or plasma BDNF
and FFA and between serum or plasma
BDNF and FFA at the respective time points
during all experiments was observed.

Insulin sensitivity was inversely related
to body weight, BMI, waist circumference,
percent of body fat, fasting insulin, and
fasting serum FFA (all P < 0.05). Fasting
serum BDNF inversely correlated with total
cholesterol (r = —0.53; P = 0.025).

CONCLUSIONS—The main finding
of our study is the observation that raising
FFA, obtained during intralipid plus hep-
arin infusion or a high-fat meal, resulted
in a significant decrease in circulating
BDNF.

Low levels of plasma BDNF were
observed in conditions associated with
insulin resistance, including obesity and
type 2 diabetes (14). It has also been re-
ported that plasma BDNF was inversely
associated with homeostasis model as-
sessment insulin resistance version 2,
which is indirect measure of insulin resis-
tance (14). Furthermore, chronic physical
activity, which enhances insulin sensitivity

(19), influences secretion of BDNF. Three
months of endurance training increased
cerebral release of BDNF (20). However,
the mechanism by which insulin resis-
tance may decrease BDNF is still unclear.
Krabbe et al. (14) showed that the cerebral
output of BDNF was inhibited when blood
glucose levels were elevated during clamp
conditions. In contrast, when plasma insu-
lin was increased while maintaining normal
blood glucose, the cerebral output of BDNF
was not inhibited. In our study, hyperinsu-
linemia had also no effect on serum BDNF
concentration.

On the other hand, some authors
observed inverse correlation between
basal serum BDNF and cardiorespiratory
fitness level in healthy Korean men. Fur-
thermore, serum BDNF was positively
related to the risk factors of metabolic
syndrome, such as BMI, total cholesterol,
and triglycerides (21). Given the results
mentioned above on the increased circu-
lating BDNF after exercise training
(7,9,20), this topic requires further inves-
tigation.

Our results demonstrate for the first
time that 6 h of intralipid/heparin infu-
sion during hyperinsulinemic euglycemic
clamp significantly decreased by 43%
serum BDNF and by 35% plasma BDNF
level. Of note, the acute increase in serum
FFA concentrations, obtained during 6-h
clamp with intralipid/heparin infusion,
reduced insulin sensitivity by ~40%.
Plasma BDNF decreased also by 27.8%
in 6 h after a high-fat meal. It has been
demonstrated that FFA induced insulin
resistance in humans through inhibition
of glucose transport activity (16). It was
also suggested that intramuscular ac-
cumulation of fatty acids, or their me-
tabolites such as ceramides, played an
important role in the pathogenesis of hu-
man insulin resistance (22). It is notewor-
thy that ceramides have inhibitory effects
on insulin signaling in brain and induce
neuronal cell death (23).

Experimental studies indicate that
HFD increases plasma FFA and impairs
neurogenesis through oxidative stress fol-
lowed by the accumulation of peroxi-
dized lipids, including malondialdehyde
(MDA), and decreases level of BDNF
protein in the hippocampus (24). HFD
increased brain MDA levels by almost
50% (24). The toxic effects of MDA were
evaluated on neuronal progenitor cells
(NPCs) proliferation in the dentate gyrus
of the hippocampus without affecting
neuronal differentiation (24). MDA re-
duced the growth of NPCs, but BDNF
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Figure 1—A—C: Serum BDNF concentrations during the clamp without (A) and with (B) intralipid/
heparin infusion and plasma BDNF concentration after high-fat meal (C). Data are presented as
mean £ SD. *P < 0.05 from the paired Student t test, for the difference vs. clamp without intralipid/
heparin; #P < 0.05 for the difference vs. basal value; TP < 0.05 for the difference vs. value in 120 min.
Signs of significance are taken from post hoc Scheffé test, which was performed, when repeated-
measures ANOVA gave significant result (A and B) and from the paired Student t test (C). (A high-
quality color representation of this figure is available in the online issue.)
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treatment restored NPCs proliferation
(24). Other authors demonstrated that
HFD affected not only newborn cell pro-
liferation but also differentiation (25). It
has also been shown that a diet high in
fat or refined sugar can reduce the expres-
sion of hippocampal BDNF in rats (26).
Furthermore, Wu et al. (27) provide novel
evidence that oxidative damage mediates
the deleterious effects of the diet high in fat
on synaptic function and cognition by re-
ducing expression of BDNF and its down-
stream effectors synapsin 1 and cyclic
AMP-responsive element—binding protein
in hippocampus. Treatment with vitamin
E significantly prevented this reduction,
suggesting that oxidative damage was in-
volved in the adverse effects of HFD on the
transcription of BDNF (27). All of these
data indicated that HFD could downregu-
late BDNF production and neurogenesis
in the hippocampus, which is important
for learning and memory. In our study, we
showed that elevation in serum FFA itself
decreased serum BDNF levels, because
during clamp, normal blood glucose levels
were maintained. We also demonstrated
that this decrease was a rapid effect and
did not require changes in body weight.

It is possible that decrease in circu-
lating BDNF might be a result of its in-
creased clearance. However, although
there are experimental data, which sup-
port mechanistically the hypothesis that
FFA might decrease BDNF production.
To our knowledge, no such data exist on
BDNF degradation. Circulating BDNF is
cleared mainly by the liver (28). In fact,
elevated FFAs are supposed to have a pro-
tein-sparing effect (29).

Another possible limitation is an acu-
ity of our studies. This might not reflect
long-standing metabolic derangements
present in diabetes. BDNF was demon-
strated to exert beneficial metabolic ef-
fects in diabetic mice during prolonged
treatment (13). These experimental con-
ditions do not correspond to the acute
changes in circulating BDNF observed in
our study. However, association between
circulating BDNF and low insulin sensi-
tivity might also occur in nondiabetic
population (14,15). Thus, our protocols
might resemble a condition to which
modern healthy people are exposed reg-
ularly, i.e., a high-fat meal. Although it is
difficult to draw direct clinical conclusion
on the basis of our results, we think that
our data give an interesting assumption
for further studies on the associations be-
tween neurodegenerative disorders, low
insulin sensitivity, and an HFD.
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In conclusion, raising FFA decreases
circulating BDNF. This might indicate a
potential link between FFA-induced in-
sulin resistance and neurodegenerative
disorders.
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