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Objectives: There are no human studies assessing the effect of nutritional interventions on plasma brain-
derived neurotrophic factor (BDNF) concentrations. The aim of this study was to assess the role of a
nutritional intervention based on a Mediterranean diet (MeDiet) on plasma BDNF levels.

Methods: PREvencion con Dieta MEDiterranea (PREDIMED) is a randomized clinical trial designed to assess
the effect of a Mediterranean diet (MeDiet) on the primary prevention of cardiovascular disease. For this
analysis, 243 participants from the Navarra centre were randomly selected. Participants were assigned to
one of three dietary interventions: control (low-fat) diet, MeDiet supplemented with virgin olive oil
(MeDiet + VOO), or MeDiet supplemented with nuts (MeDiet + Nuts). Plasma BDNF levels were measured
after 3 years of intervention. Multivariate-adjusted means of BDNF for each intervention were compared
using generalized linear models. Logistic regression models were fit to assess the association between
the dietary intervention and the likelihood to have low plasma BDNF values (<13 ug/ml, 10th percentile).
Analyses were repeated after stratifying the sample according to baseline prevalence of different diseases.
Results: Higher but non-significant plasma BDNF levels were observed for participants assigned to both
MeDiets. Participants assigned to MeDiet + Nuts showed a significant lower risk (odds ratios (OR) = 0.22;
95% confidence intervals (Cl) = 0.05-0.90) of low plasma BDNF values (<13 ug/ml) as compared to the
control group. Among participants with prevalent depression at baseline, significantly higher BDNF levels
were found for those assigned to the MeDiet + Nuts.

Discussion: Adherence to a MeDiet was associated to an improvement in plasma BDNF concentrations in
individuals with depression.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a
dymeric protein belonging to the neurotrophin
family. This peptide is synthesized by neuronal tissue
and also by vascular endothelial, pancreatic, and

associated with different neurodegenerative or psy-
chiatric disorders such as epilepsy, Alzheimer
disease, Huntington’s disease, autism, schizophrenia,
and major depression.*>

Animal studies have evaluated the effect of several

both smooth and skeletal muscle cells.'* Although
BDNF is abundant in the hippocampus and frontal
cortex of mammals, some studies have found adequate
correlations between cortical levels and platelet or
plasma concentrations of this peptide.” BDNF is
related to several actions such as synaptic plasticity
or neuronal survival and differentiation. Moreover,
BDNF concentrations have been reported to be
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dietary factors on brain or plasma BDNF levels.
Positive associations have been reported between
omega-3 fatty acids, vitamin E or flavonols intake
and brain BDNF production, and expression in differ-
ent animal models (healthy, parkinsonian, epileptic or
trauma injured rats).®’ Contrarily, diets rich in satu-
rated fatty acids or total fat have been related to
lower brain BDNF levels, lower neuronal plasticity,
and poorer cognitive ability.® '' However, there are
no human studies analysing the effect of nutritional
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interventions on BDNF plasma concentrations.
Hence, the aim of the present study was to assess the
effect of a nutritional intervention based on a
Mediterranean diet (MeDiet) supplemented with
either virgin olive oil or with nuts on plasma concen-
trations of BDNF in a subsample of participants
from the PREvencion con Dieta MEDiterranea
(PREDIMED) study.

Methods

Study population

The PREDIMED study is a large, parallel-group,
multicentre, randomized, controlled, 6-year clinical
trial designed to ascertain the effects of the MeDiet
on the primary prevention of cardiovascular disease
(CVD). Its methodology has been published else-
where.!>!* The study population is composed of men
aged 55-80 years and women aged 60-80 years with
no previously documented history of CVD, but with
high cardiovascular risk (either type 2 diabetes or at
least three of the following major risk factors for
CVD: smoking, overweight or obesity, hypertension,
family history of early-onset CVD, hyperlipidaemia,
or low HDL-cholesterol). The dietary intervention
procedures have been shown to be able to obtain sig-
nificantly different between-group changes in nutrient
intake and in the overall dietary pattern.'?

The present study was conducted to assess the effect
of the dietary intervention on plasma BDNF levels
after 3 years of intervention in a subgroup of 243 par-
ticipants randomly selected from the PREDIMED-
NAVARRA recruitment centre.

The institutional review board and the Ethics
Committee approved the study protocol, and partici-
pants signed a written informed consent form.

Dietary intervention

Participants were assigned to receive one of three
different dietary interventions: control (low-fat) diet,
MeDiet supplemented with virgin olive oil
(MeDiet + VOO), or MeDiet supplemented with
nuts (MeDiet + Nuts). Participants allocated to the
control group were advised to reduce all types of fat
and were given written recommendations according
to the American Heart Association guidelines. The
groups assigned to MeDiet were advised to use extra
virgin olive oil for cooking and dressing, to increase
vegetable, nuts and fish consumption, to consume
white meat instead of red or processed meat and for
alcohol drinkers to follow a pattern of moderate red
wine consumption. Each participant received a per-
sonal interview with a trained dietician and a group
session conducted by the same dietician every 3
months during these 4 years. The two MeDiet
groups received either free oil (11/week) or mixed
nuts (30 g/day, as 15 g walnuts and 15 g almonds).
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No energy restrictions were prescribed for any inter-
vention group. Other specific details of the interven-
tion protocol have been previously published.'?

Covariate assessment

The baseline examination included the assessment of
cardiovascular risk factors, medical conditions includ-
ing physician diagnoses of hypertension, diabetes,
hypercholesterolaemia, or depression. Height and
weight were directly measured by a trained nurse fol-
lowing a uniform protocol with the participant
wearing light clothing and no shoes. The body mass
index (BMI) was calculated as the weight (kg)
divided by square of the height (m?).

Weight was measured in each of the follow-up visits.
For this analysis, weight change was calculated as
weight after 3 years of follow-up minus weight at base-
line and then categorized into two groups (weight gain
vs. weight maintenance or lost).

Outcome: plasma BDNF determination

Plasma BDNF levels were collected after 3 years of
follow-up for the overall sample. Moreover, baseline
BDNF levels were also assessed for participants with
prevalent depression. These levels were measured as
described previously,'* using a commercially available
ELISA kit (Promega, WI, USA) with the range of sen-
sitivity from 7.8 to 500 pg/MI and inter-assay vari-
ation measured at 8.8% (low concentration), 2.9%
(medium concentration), and 2.2% (high concen-
tration). Briefly, blood samples were centrifuged at
3000 rpm for 30 minutes at 4°C. Plasma was carefully
collected and was snap frozen on dry ice and sub-
sequently stored at —80°C, until used for further ana-
lyses. The BDNF plate was coated with primary
BDNF antibody overnight, the following day block
and sample buffer was added to each well for 1
hour, and subsequently the standards and samples
were added for 2 hours. Thereafter, anti-human
BDNF pAb secondary antibody was added for 2
hours and the anti-Ig Y HRP conjugate was added
for 1 hour. Then, TMB one solution was added to
each well for 10 minutes and the reaction was
stopped with hydrochloric acid. The plate was ana-
lysed within 30 minutes, at 450 nm. All reagents
necessary were provided by the manufacturer.

Statistical analysis

Multivariate-adjusted means of BDNF and their 95%
confidence intervals (CI) for each intervention group
were calculated using generalized linear models with
sex, age, prevalent hypertension, diabetes, hypercho-
lesterolaemia, and depression at baseline, smoking
(three categories), and previous weight change (after
3-year follow-up) as covariates. In addition, percen-
tiles of plasma BDNF levels were calculated and



participants were classified as being below or above
the value for the 10th percentile (13 pg/ml). Logistic
regression models were fit to assess the association
between the dietary intervention and the likelihood
(odds) to have plasma BDNF values lower than the
10th percentile. Odds ratios (OR) and their 95% CI
were calculated with the control group as the reference
category.

Two-tailed P values <0.05 corrected for multiple
comparisons using a pos-hoc procedure (Benjamini—
Hochberg correction) were calculated.

To assess a possible effect modification by the pres-
ence of different diseases at baseline or by weight
change during follow-up, product terms between the
nutritional intervention and these variables were
created and included in the final model. Moreover,
the analyses were repeated after stratifying of the
sample according to each of these characteristics:
prevalence of each disease at baseline (no/yes) and
weight change during follow-up (gain vs. lost or
maintenance).

The SPSS software package for Windows version
17.0 (SPSS Inc., Chicago, IL, USA) was used for stat-
istical analyses.

Results

Baseline characteristics of the participants of the sub-
sample of the PREDIMED study according to the
nutritional intervention are presented in Table 1. The
groups were well balanced and only small, non-signifi-
cant between-group differences were found. However,
we adjusted all comparisons for baseline
characteristics.

No significant differences were found for BDNF
adjusted means according to the nutritional interven-
tion. Multivariate-adjusted BDNF mean values were
23.37 ug/ml (95% CI: 15.73-31.01) for the control
group, 24.66 ug/ml (16.68-32.64) for the MeDiet +
VOO group, and 24.87 ug/ml (17.00-32.74) for the
MeDiet + Nuts group (P = 0.68) (Table 2). However,
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after adjusting for several characteristics such as
smoking or prevalence of diseases, participants
assigned to MeDiet + Nuts showed significant lower
risk to have very low plasma BDNF values as com-
pared with participants allocated to the control group
(OR =0.22; 95% CI = 0.05-0.90). Table 3 shows the
multivariate-adjusted OR and their 95% CI for the
association between the dietary intervention and very
low plasma BDNF concentrations (<13 pg/ml).
When the analyses were stratified according to the
prevalence of different diseases at baseline, those par-
ticipants with a diagnosis of depression at baseline
showed significant between-group differences in mean
plasma BDNF concentrations after 3 years of interven-
tion according to the intervention group. After
Benjamini-Hochberg  post-hoc  correction, mean
plasma BDNF concentrations were significantly
higher for those participants with prevalent depression
allocated to the MeDiet + Nuts intervention as com-
pared to participants in the control group (Table 4).
In this subgroup analysis, additional adjustment for
baseline BDNF plasma levels among initially depressed
individuals did not change the reported results.

Discussion
We did not find higher overall plasma BDNF levels
after a 3-year intervention in volunteers allocated to
both MeDiets. However, in the group allocated to
MeDiet plus free provision of nuts, there was a 78%
lower risk of having low levels of plasma BDNF as
compared with the control group. In addition,
among depressed patients at baseline, significant
differences in mean plasma BDNF values were
observed for those assigned to the MeDiet sup-
plemented with nuts compared to the control group.
No differences in mean plasma BDNF concentrations
were found for participants without depression or
according to the presence of other diseases.

The role of different dietary factors on BDNF levels
have been evaluated in several animals studies. Positive

Main characteristics of the PREDIMED-NAVARRA subsample (n =243) according to the nutritional intervention

Control group, n=77

MeDiet + VOO, n =91 MeDiet + Nuts, n =75

Age [mean (SD)] 68.0 (6.1) 68.1 (6.1) 67.4 (5.7)
Baseline weight [mean (SD)] 73.5(12.4) 76.7 (12.3) 75.3 (10.4)
Baseline BMI [mean (SD)] 28.5(3.4) 29.7 (3.6) 29.1 (2.7)
Sex (%)
Women 51.9 53.8 48.0
Smoking (%)
Never smokers 59.7 70.3 62.7
Current smokers 14.3 12.1 9.3
Prevalence of diseases (%)
Hypertension 84.4 83.5 86.7
Diabetes 31.2 25.3 42.7
Hypercholesterolaemia 66.2 79.1 50.7
Depression 1.7 15.4 18.7
Weight gain after 3 years of follow-up (%) 49.3 47.3 49.3
SD: standard deviation; BMI: body mass index: MeDiet: Mediterranean diet.
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Table 2 Multivariate* adjusted mean plasma BDNF
concentrations (ug/ml) (95% Cl) according to the intervention
group

Intervention

group

Control group MeDiet + VOO MeDiet + Nuts P
23.37 24.66 24.87 0.68

(15.73-31.01) (16.68-32.64) (17.00-32.74)

MeDiet: Mediterranean diet.

*Adjusted for sex, baseline age, smoking, prevalent
hypertension, diabetes, hypercholesterolaemia, and depression,
and weight change in 3 years (gain vs. maintenance or lost).

Table 3 Risk of very low plasma BDNF concentrations
(<13 pg/ml, 10th percentile) after 3 years according to the
randomized group Multivariate-adjusted OR and 95% CI

n OR (95% CI)* P
Control group 77 1 (ref.)
MeDiet + VOO 91 1.02 (0.38-2.76) 0.97
MeDiet + Nuts 75 0.22 (0.05-0.90) 0.04

MeDiet: Mediterranean diet.

*OR: odds ratios and 95% CI adjusted for sex, baseline age,
smoking, prevalent hypertension, diabetes, hypercholesterolaemia,
and depression and weight change in 3 years (gain vs.
maintenance or lost).

associations with brain BDNF levels have been found
for the intake of omega-3 fatty acids (both for a-lino-
lenic and for docosohexaenoic fatty acids (DHA),*!?
and even for the intake of vitamin E® or flavonols.’
The antioxidant, anti-inflammatory, and endothelial
effects of these components could explain, in part,
these associations.'®** The mechanisms by which oxi-
dative damage reduces BDNF expression are not

entirely understood. The impairment of the N-
methyl-p-aspartate channel function after energy
depletion derived from oxidative stress’’ or the
decrease of DNA-binding activities of some proteins
such as the activator protein-1 and AMP-response
element-binding protein (CREB) may be some of the
responsible factors.?? In fact, these antioxidant com-
ponents upregulate BDNF levels and the phosphoryl-
ation of CREB pathway.®****

A Mediterranean-type diet has been shown to
prevent endothelial dysfunction and to be associated
with lower circulating levels of pro-inflammatory cyto-
kines.'??%2¢ Pro-inflammatory cytokines such as IL-6
and TNF-a could inhibit BDNF expression.?’ By this
mechanism adherence to a MeDiet would be expected
to be associated with higher plasma BDNF concen-
trations. Moreover, the endothelium is responsible
for the synthesis and secretion of BDNF,' and there-
fore it would be also expected that the preservation
of endothelial function by improved adherence to a
healthy MeDiet pattern might lead to an optimum
production of BDNF.

To our knowledge, this is the first human clinical
trial analysing the association between nutritional
factors and plasma BDNF levels. The MeDiet is a
dietary pattern characterized by a high consumption
of fruits and nuts, vegetables, legumes, olive oil,
cereals and fish, low consumption of dairy products
and meat, and a moderate intake of alcohol.”® The
composition of the MeDiet and specifically of one of
the intervention groups supplemented with mixed
nuts could explain the reported results. Nuts are rich
in monounsaturated (almonds and hazelnuts) and

Table 4 Multivariate-adjusted* mean BDNF concentrations (ug/ml) (95% CI) according to the intervention group, prevalent
diseases, and change in weight from baseline (weight gain vs. weight maintenance or lost)

Intervention group

Control group MeDiet + VOO MeDiet + Nuts P
Prevalent hypertension
No (n=37) 16.78 (9.44-24.11) 18.13 (10.44-25.81) 27.86 (21.22-34.50) 0.02
Yes (n=206) 25.77 (18.18-33.35) 27.20 (19.22-35.19) 26.05 (18.23-33.87) 0.74
P value for interaction 0.45
Prevalent diabetes
No (n= 164) 22.14 (13.63-30.65) 24.47 (15.28-33.65) 25.02 (15.92-34.13) 0.43
Yes (n=79) 30.54 (20.99-40.10) 26.89 (17.93-35.84) 28.34 (19.23-37.44) 0.51
P value for interaction 0.51
Prevalent hypercholesterolaemia
No (n=78) 22.38 (14.64-30.13) 30.15 (21.07-39.22) 26.03 (17.71-34.35) 0.04
Yes (n=161) 23.52 (14.22-32.82) 23.31 (13.69-32.94) 23.81(14.08-33.54) 0.98
P value for interaction 0.56
Prevalent depression
No (n=206) 24.62 (16.78-32.45) 25.81 (17.55-34.08) 24.12 (15.84-32.40) 0.71
Yes (n=37) 22.72 (15.28-30.16)** 24.16 (16.19-32.13)** 32.37 (25.68-39.06) 0.007
P value for interaction 0.06
Weight change
Gain (n=117) 23.21 (15.04-31.37) 25.29 (16.50-34.09) 24.88 (17.09-32.67) 0.72
Maintenance or lost (n = 124) 29.92 (22.06-37.78) 30.34 (22.64-38.04) 31.52 (23.57-39.47) 0.82

P value for interaction

0.80

*Adjusted for sex, age, smoking, and the rest of the variables included in the table.
**Statistically significantly lower (P < 0.05) than the MeDiet + Nuts group (Benjamini-Hochberg post-test correction).
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polyunsaturated fatty acids such as a-linolenic acid
(walnuts), arginine, a precursor of nitric oxide, and
several antioxidants,?” fish is rich in DHA and
eicosapentaenoic acid; olive oil is a good source of
monounsaturated fatty acids, polyphenols with anti-
inflammatory activity and vitamin E; and fruits,
vegetables, and red wine are also rich in polyphenols
and other elements with antioxidant and anti-inflam-
matory properties. However, the effect of the overall
MeDiet pattern is thought to be greater than the
sum of its individual parts because of synergistic inter-
actions between its components.*® Moreover, in a pre-
vious report of the PREDIMED trial, the intervention
with a MeDiet enriched with nuts was shown to sig-
nificantly reduce the prevalence of the metabolic
syndrome.*!

On the other hand, some animal studies have related
some of these nutrients with improvement in neuro-
psychiatric symptomatology,'> greater hippocampal
volume,* and with increased expression not only of
BDNF but also of synaptophysine and other key pro-
teins such as CREB involved as well in synaptic plas-
ticity.® 15243233 These animal findings can provide
clues to understand the results of several epidemiologi-
cal studies that have related the intake of some nutri-
ents with a lower risk or the amelioration of
symptoms of neuro-psychiatric disorders such as
Alzheimer disease, Parkinson, or depression. An
increasing body of knowledge in nutritional epide-
miology has been accumulated in recent years to
support an inverse association between depression or
neurodegenerative disorders and specific nutrients
such as B vitamins or omega-3 fatty acids,>*>® food
items such as olive oil,>’ and specially an overall
healthy dietary pattern like the MeDiet.*® !
Contrarily, a Western dietary pattern has been associ-
ated with a higher risk of depression.**>*3 One of the
possible mediating mechanisms exerted by these
dietary factors on the risk of neuropsychiatric dis-
orders can be the modulation of BDNF levels in
relationship with the endothelial function or with
their antioxidant and anti-inflammatory properties
as we have reported here and elsewhere.!>!%%

BDNF affects synaptic function modifying the
expression and phosphorilation of key proteins such
as synapsin I and CREB.**** Thus, BDNF modulates
neurotransmitter release, growth, differentiation and
survival of presynaptic structure, and axonal
elongation.***” So, low levels of this peptide could
lead to an atrophy of specific brain areas such as the
amygdala and the hippocampus as it has been
observed among depressed patients.***’ In fact, the
role of BDNF on psychiatric disorders and specifically
on depression has been analysed by several epidemio-
logical studies. Actually, post-mortem studies have
found lower levels of hippocampal and cortical
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BDNF levels among suicide victims.’® In the same
way, BDNF expression in peripheral cells’'*>?> and
plasma BDNF levels are also decreased in depression.
The results of recent meta-analyses have established
that plasma BDNF levels are reduced in patients
with depression.”*>> Moreover, some studies have
suggested an association between the presence of a
polymorphism in the BDNF gene (Val66Met) and
depression.”®’

So, in accordance with our results and the physio-
pathological mechanisms implied in depression occur-
rence, the effect of MeDiet supplemented with nuts on
BDNF levels could be higher among depressed
patients though mechanisms related with deficits in
BDNF levels and an impaired function of the hippo-
campus in these subjects.

We acknowledge some limitations in our study. In
the first place we are assuming that because of the ran-
domized design of the trial, plasma BDNF baseline
levels were well balanced in the three arms of the
trial. In fact, the analyses comparing BDNF levels
according to the dietary intervention among partici-
pants with prevalent depression were adjusted for
baseline BDNF plasma levels and the estimations
did not change. In the second place, we are aware
that the significant findings restricted to subjects
with baseline depression might be a chance for
finding because of multiple comparisons. However,
we have corrected our estimates for multiple compari-
sons using the Benjamini-Hochberg procedure.
Thirdly, we do not have enough statistical power to
properly assess interactions (product terms in the mul-
tivariable models) because the number of subjects in
each subgroup was small. In any case, in spite of
these limitations, and admitting the need for further
larger studies, our results in the whole sample and
for most subgroups showed higher point estimates,
albeit non-statistically significant, for average levels
of plasma BDNF in both MeDiet groups in compari-
son with the control group. Given that higher plasma
BDNF levels are likely to contribute to prevent
depression and cognitive decline, our findings would
be consistent with previous epidemiological findings
of an inverse association of MeDiet with depressive
symptoms®’>%> and cognitive decline.***® The
strengths of our study are that this is the first assess-
ment of the role of diet on plasma BDNF levels in
humans, that our results are somewhat consistent
with previous animal models, and above all that we
used a randomized design with a long follow-up
period.

In conclusion, adherence to a Mediterranean
dietary pattern supplemented with nuts seems to
improve plasma BDNF levels, especially among
patients with depression. These findings open a new
line of investigation about dietary adjunctive
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therapeutic strategies in depression and the potential
of healthy dietary habits to prevent depression and
cognitive decline. Further studies are warranted to
confirm these results.
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