% Maastricht University

Metabolic health, vascular function and cognition

Citation for published version (APA):

Gravesteijn, E. (2022). Metabolic health, vascular function and cognition: The effects of diet. [Doctoral
Thesis, Maastricht University]. Maastricht University. https://doi.org/10.26481/dis.20221019eg

Document status and date:
Published: 01/01/2022

DOI:
10.26481/dis.20221019¢eg

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

« A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.

« The final author version and the galley proof are versions of the publication after peer review.

« The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 14 May. 2024


https://doi.org/10.26481/dis.20221019eg
https://doi.org/10.26481/dis.20221019eg
https://cris.maastrichtuniversity.nl/en/publications/c5476de6-89b8-41d0-bd37-48230b3d37d1

Metabolic health, vascular function and cognition:

The effects of diet

Elske Gravesteijn



s &
ﬂNUTR'M aimonds

This research was performed at the department of Nutrition and Movement Sciences
within the NUTRIM School of Nutrition and Translational Research in Metabolism, as
part of the Physiology of Human Nutrition group. The research presented in this
dissertation was funded by the Almond Board of California.

Cover design: Ruud Gravesteijn

Layout: Elske Gravesteijn

Printed by: Gildeprint — www.gildeprint.nl
ISBN: 978-94-6469-014-9

© Copyright Elske Gravesteijn, Maastricht 2022



Metabolic health, vascular function and cognition:
The effects of diet

DISSERTATION

to obtain the degree of doctor at the Maastricht University,
on the authority of the Rector Magnificus,
Prof. dr. Pamela Habibovié
in accordance with the decision of the Board of Deans,
to be defended in public
on Wednesday, October 19t 2022, at 13:00 hours

by

Elske Gravesteijn

born on August 13" 1992 in Nuenen, the Netherlands



SUPERVISORS

Prof. dr. J. Plat

Prof. dr. R.P. Mensink

ASSESSMENT COMMITTEE

Prof. dr. S.P.J. Kremers (chair)

Prof. dr. E.E. Blaak

Dr. A. Korosi (University of Amsterdam, the Netherlands)
Dr. E. Ros (University of Barcelona, Spain)

Prof. dr. F.J. van Schooten



TABLE OF CONTENTS

Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Appendices

General introduction

Effects of nutritional interventions on BDNF
concentrations in humans: A systematic review

Effects of the egg protein hydrolysate NWT-03 on
cognitive function in men and women with the
metabolic syndrome: A randomized, double-blind,
placebo-controlled study

Dietary macronutrients do not differently influence
postprandial serum and plasma brain-derived
neurotrophic factor concentrations: A randomized,
double-blind, controlled cross-over trial

The associations between whole-body insulin
sensitivity, peripheral and brain vascular function,
and cognitive performance in prediabetic men and
women

The effects of long-term almond consumption on
whole-body insulin sensitivity, postprandial glucose
responses, and free-living glucose patterns in men
and women with prediabetes: A randomized
controlled trial

General discussion
Impact

Summary
Samenvatting
Dankwoord

About the author

List of publications

25

61

83

109

133

157
182
188
192
196
199

200



»




Chapter 1

General introduction



Chapter 1 | General introduction

Obesity

Overweight and obesity are contributing to a growing global epidemic. According the
World Health Organization, 39% of the adult population in 2016 was overweight and
13% was even obese [1]. In 2019, 15.6% of women and 12.6% of men in the Netherlands
were obese [2]. Overweight is defined as having a body mass index (BMI) between 25 -
30 kg/m? and obesity as having a BMI >30 kg/m?. Despite the fact that BMI is not a true
measure of body fatness [3], subjects with an elevated BMI are generally characterized
by excessive fat deposition [4]. In general, the underlying cause is an imbalance between
caloric intake and energy expenditure [5].

Regarding energy intake, it could be that brain circuits related to appetite and addiction,
and central hormonal signalling pathways contribute to the development of obesity [6-
8]. Hyperactivation in reward circuitries in response to palatable foods may lead to
overeating [9]. In obese individuals there may be an imbalance between brain circuits
responsible for motivation and brain circuits responsible for inhibition [6]. The same
accounts for hormones and gut peptides from adipose tissue, the pancreas, and the
gastrointestinal tract that forward signals related to hunger and satiety to the
hypothalamus and its various circuits. For example, with the presence of leptin
resistance in obese individuals, the role of the anorexigenic hormone leptin to lower the
reward value of food and to downregulate hunger, is diminished.

Both overweight and obesity are associated with an increased risk of developing non-
communicable diseases such as type 2 diabetes mellitus, cardiovascular diseases, and
some types of cancer [10]. Some aspects of these pathologies are criteria of the
metabolic syndrome [4].

Metabolic syndrome

The metabolic syndrome is a cluster of several conditions that occur together. According
the definition of the International Diabetes Federation [11], at least having abdominal
obesity defined as a BMI 230 kg/m? or a waist circumference >94 cm (men) or >80 cm
(women), and two or more of the following criteria: elevated fasting plasma glucose 5.6
mmol/L, systolic blood pressure =130 mmHg, diastolic blood pressure =85 mmHg,
triglycerides =1.7 mmol/L, and low high-density lipoprotein cholesterol <1.03 mmol/L
(men) or <1.29 mmol/L (women). These values may vary depending on ethnicity.
Abdominal obesity and insulin resistance are the main underlying causes [12], but also
age, gender, and race are related to the prevalence of metabolic syndrome [13]. In
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contrast to peripheral obesity marked by an accumulation of subcutaneous adipose
tissue, abdominal obesity is marked by an accumulation of visceral adipose tissue [14].
The latter adipose depot has a higher lipolytic activity and releases more free fatty acids,
which results in increased glucose, contributing to the development of the metabolic
syndrome [15]. The metabolic syndrome is associated with an increased risk of
developing type 2 diabetes mellitus, cardiovascular diseases [12], and possibly cognitive
impairment [16].

(Pre)diabetes

On a global scale, type 2 diabetes is one of the main underleading causes of death [17].
According the International Diabetes Federation, in 2019 8.3% of the population
worldwide and 5.4% of the population in the Netherlands was diagnosed with type 2
diabetes. The prevalence of established type 2 diabetes in the Netherlands is 1.2 million
and, in addition, an estimated 1.1 million have prediabetes [18].

Prediabetes is an intermediate state between healthy and type 2 diabetes [19]. It is
characterized by an increased plasma glucose concentration and, therefore, part of the
metabolic syndrome. A state of hyperglycaemia is associated with developing diabetes,
but also cardiovascular diseases [19]. However, prediabetes is often not accompanied
by clinical signs or symptoms which results in an underestimation of the prevalence rates
[20]. An oral glucose tolerance test (OGTT) can be used for diagnosis where a fasting
blood glucose sample is taken and a second one 2 hours after ingestion of 75 g oral
glucose [21]. Three distinct prediabetic states are described by the World Health
Organization: impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or a
combination of both. IFG is defined by a fasting plasma glucose concentration between
6.1 - 6.9 mmol/L and a 2-h plasma glucose concentration <7.8 mmol/L after the OGTT,
whereas IGT is defined by a fasting plasma glucose concentration <7.0 mmol/L and a
2-h plasma glucose concentration between 7.7 - 11.1 mmol/L.

Insulin sensitivity

Insulin is a hormone which is secreted by the beta cells of the pancreas in both a fasted
and postprandial state in order to maintain glucose homeostasis [6]. It is responsible for
the uptake of glucose into various tissues where it can be either used as energy source
or converted and stored as glycogen in liver and muscle or as fat in adipose tissue. Insulin
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can also cross the blood-brain barrier where it plays a role in energy homeostasis and
cognitive function [22].

Insulin sensitivity refers to the body’s responsiveness to the expected physiological
effects of insulin. Insulin sensitivity and beta-cell function are impaired in prediabetes
[23]. Changes in plasma glucose concentrations during the postprandial state are
normally regulated by intestinal absorption, suppression of endogenously produced
glucose, and glucose uptake followed by glycogen storage [19]. However, in the
development of diabetes, endogenous glucose production is linearly related to fat-free
mass, which is often increased with higher BMI, and not substantially suppressed after
glucose consumption [24]. Consequently, insulin secretion and beta-cell volume are
increased to compensate for increased glucose concentrations [19]. Concomitantly, the
prolonged excess of insulin results in insulin resistance in which insulin receptors are less
responsive in opening glucose channels for glucose uptake, leading to further
hyperglycaemia [20]. The next stage is the inability to compensate for insulin resistance
[25], and malfunction and apoptosis of beta-cells occur [26]. Therefore, persistent
hyperglycaemia that defines prediabetes is caused by beta-cell dysfunction marked by
an impaired response to increased glucose concentrations [24].

Hyperinsulinemic euglycemic clamp

There are multiple methods to measure insulin sensitivity, of which the hyperinsulinemic
euglycemic clamp is the gold standard [27]. During a clamp, a hyperinsulinemic state is
reached by a constant insulin infusion. Euglycemia is reached upon a variable glucose
infusion rate (GIR) depending on the plasma glucose concentration. The target is a
steady glucose concentration of 5.0 mmol/L by adjusting the GIR. This steady state is
aimed two hours after insulin infusion. The GIR equals the physiological rate of glucose
utilization, or the glucose metabolized: the M-value. It can be calculated by subtracting
urinary loss of glucose and the space correction from the GIR. Glucose space correction
is a factor to compensate for changes in glucose concentration in the steady state. Under
these conditions, the clamp is a measure of tissue sensitivity to exogenous insulin and
the M-value a measure of whole-body insulin sensitivity.

Vascular function

The vascular system is responsible for the transport of blood throughout the body to
deliver oxygen and nutrients, and remove cellular waste products [28]. It consists of a
network of arteries and veins (macrovasculature), and arterioles, capillaries and venules
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(microvasculature; [29]). The endothelium is a layer of endothelial cells that line the
blood vessels. One of the many functions of the endothelial cells is to release substances,
such as nitric oxide, that control vasoconstriction and vasodilation [30]. The ability of
vascular dilation is related to cardiovascular health. Peripheral vascular function covers
the vasculature in the periphery, while central vascular function covers the vasculature
in the brain, with crosstalk between peripheral tissues and the central nervous system
[31]. Systolic blood pressure is the pressure waveform peak due to ventricular
contraction, whereas diastolic blood pressure is the pressure waveform trough [32]. In
the condition of hypertension, blood pressure against the artery walls is increased.
Obesity and diabetes are associated with hypertension [33]. In case of diabetes and
hypertension combined, there is an increased risk of macrovascular and microvascular
complications.

Vascular function can be disrupted in multiple ways resulting in, for example, arterial
stiffness or endothelial dysfunction. Arterial stiffness is the inability to flexibly adjust to
changes in blood pressure via vascular distensibility [34], whereas endothelial
dysfunction is characterized as an imbalance between vasoconstrictors and vasodilators
mainly caused by inflammation and oxidative stress [35]. It can contribute to the
development of atherosclerosis and its complications [36]. Insulin resistance and
hyperglycaemia play an important role in the pathogenesis of endothelial dysfunction
[37]. Next to glucose metabolism, insulin also exerts control on the endothelium where
it stimulates the production of the vasodilator nitric oxide and vasoconstrictor
endothelin-1 [38]. However, because of insulin resistance there is an imbalance between
these two substances contributing to endothelial dysfunction. Moreover, the
accumulation of glucose causes damage to endothelial cells [39].

Pulse Wave Analysis

Arterial stiffness and endothelial function can be measured by analyzing the aortic
pressure waveform with pulse wave analysis (PWA; [40]; Figure 1.1). The peak of the
aortic pressure waveform reflects the systolic pressure, whereas the trough reflects the
diastolic pressure, which together reflect the pulse pressure. As the properties of the
arterial system differ, with large elastic arteries delivering blood to muscular arteries in
the periphery, the waveform consists of a forward and backward wave [34]. The forward
wave results from ventricular contraction, and the backward wave from amplification of
the forward wave concomitant with a partial wave reflection due to the varying
properties of the vascular system. The augmentation pressure is the additional pressure
from arrival of the backward wave. When expressed as the percentage of pulse pressure,

11
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the augmentation index (Alx) is derived. Since the Alx is dependent on the heart rate, it
is often normalized for a heart rate of 75 beats per minute (AIxHR75). In case of arterial
stiffness, the backward wave is conducted faster amplifying the pulse pressure which
results in an increased Alx. The Alx is increased in individuals with obesity [41] and
diabetes [42].

Systolic L£=""= Tt T T
pressure
Reflected Augmentation
wave pressure
Pulse
pressure
Forward
wave
Diastolic
pressure vy

Figure 1.1 | Aortic pressure waveform. Adapted from “Assessments of arterial stiffness and
endothelial function using pulse wave analysis” by L. Stoner et al., 2012, International Journal of
Vascular Medicine, 2012, p. 2. Created by BioRender.com.

Pulse Wave Velocity

PWA is considered an indirect measure of arterial stiffness [34]. However, pulse wave
velocity (PWV) is a measure of regional arterial stiffness [40]. PWV is the propagation
rate of the pressure pulse waveform [43], and can be measured at different sites.
Carotid-to-femoral PWV (PWV.5) is considered the gold standard which reviews central
arterial stiffness, whereas carotid-to-radial PWV (PWVc) reviews peripheral muscular
arterial stiffness [44]. PWV is assessed by dividing the distance by the transit time of the
arterial waveform between two arterial sites, based on the foot of the pulse [34]. Due to
the varying properties of the arteries, PWV changes from 4 - 6 m/s in the aorta to
8 -9 m/s in the iliac and femoral arteries [45]. PWV¢ >13 m/s is a strong predictor of
cardiovascular mortality [46], and is increased in individuals with (pre)diabetes [47].

Brain vascular function

The brain demands a constant blood flow to meet a healthy cerebrovascular function
[48]. The cerebrovascular network shows similarities with the peripheral vascular
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network, but utilizes most of the blood glucose [49]. The blood-brain barrier is at the
interface of these two networks. It mainly consists of endothelial cells and limits
transport by its physical and metabolic properties [50]. The vertebral arteries and the
internal carotid arteries are responsible for the blood supply from the periphery to the
brain [51]. A physiological marker of cerebrovascular function is cerebral blood flow
(CBF; [52]), which is associated with brain activity [53]. CBF is expressed as the arterial
blood volume transported to a unit of brain tissue mass per time unit, mostly milliliters
of blood per 100 grams of brain tissue per minute. An average CBF is 60 mL/100 g/min
[54], although perfusion decreases with age [55] as well as with obesity [56] and type 2
diabetes [57].

Arterial spin labelling

A non-invasive assessment of cerebral perfusion is arterial spin labelling (ASL) magnetic
resonance imaging (MRI). This technique uses water molecules in arterial blood
magnetically labelled by radiofrequency pulses to image tissue perfusion. In other
words, by changing the magnetization of the blood, it functions as a tracer that signals
the amount and location of the labelled blood to target tissues. The acquired image
contains a signal from both labelled blood and static tissues. The signal of the labelled
blood is isolated by subtracting a second control image that is acquired without prior
labelling. The greater the blood flow, the higher the signal [52]. The site of labelling is in
the neck where the blood flows via the arterial vessels to the capillary beds of the
different brain tissues [58]. After labelling, there is a delay to let the labelled blood reach
the capillaries before labelling is repeated to acquire the next image. Advantages of ASL
are the accurate, absolute, and reproducible CBF measurements. In contrast,
disadvantages are the low signal-to-noise ratio which increases the acquisition time, and
the limited spatial resolution [59]. Besides global CBF, regional CBF can be assessed
which is a valid marker of local neuronal activity [60].

Cognition

The brain is central to the nervous system and can be divided in gray and white matter.
Gray matter regions are mainly found in the outer part of the cortex and comprised of
neuronal cell bodies, whereas white matter regions are mainly found in the inner part of
the cortex and comprised of axons that connect neurons [61]. Besides nerves, the brain
contains blood vessels that together form the cerebrovascular network. Cerebrovascular
function plays a central role in cognition [62]. When CBF is reduced as a result of
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cerebrovascular dysfunction, cognition is impaired [48]. Cognition refers to the mental
processes involved in acquiring knowledge and the ability to comprehend, such as
sensation, attention, perception, memory, learning, language, problem solving, decision
making, reasoning, and intelligence [63]. These higher cognitive functions are supported
by the white matter in the prefrontal cortex that represents dense neural connectivity
and information processing [64]. Neural transmission is underlying cognition as it covers
the transfer of electrical and chemical signals which are prone to plastic changes [61].

Cognitive performance employs the objective assessment in terms of domains of
functioning. The six key cognitive domains are perceptual-motor function, attention,
memory, social cognition, executive function, and language ([65]; Figure 1.2). Each
domain includes subdomains referring to elements of the cognitive processes. First,
perceptual-motor function is used to understand and act upon information that is
perceived from the senses. Second, attention implies the ability to focus on a specific
stimulus in the environment. Third, memory is critical to learning and is responsible for
the ability to encode, store, and retrieve information. Fourth, social cognition is involved
in social interactions. Fifth, executive function integrates and controls more basic
sensory and perceptual processes for reasoning and problem solving. Last, language
includes the ability to understand and express thoughts through verbal and written
communication [66]. With cognitive impairment there is loss in these cognitive abilities.
The gold standard in cognitive assessments across all domains is the Cambridge
Neuropsychological Test Automated Battery (CANTAB; [67, 68]), which can be applied to
various clinical populations.

Brain-derived neurotrophic factor

A key molecule to cognition is brain-derived neurotrophic factor (BDNF; [69]). This
protein is part of the neurotrophin family, which induces neural survival, development,
function, and plasticity [70]. BDNF is mainly produced in the central nervous system, but
also by peripheral tissues such as the endothelium [71]. Through a multistage process
BDNF is synthesized from the precursor proneurotrophin isoform of BDNF (pro-BDNF)
to the mature isoform (m-BDNF; [72]). However, both isoforms are released which
contributes to different functions in different stages of brain development: during
development BDNF stimulates neural survival and differentiation, whereas in adult life
it regulates synaptic transmission and plasticity [73], in order to control communication
efficacy between neurons. BDNF is highly expressed in the hippocampus, a memory
related brain region, where it improves all forms of plasticity and, thereby, learning and
memory. Upon frequent activation, synaptic strength is increased. This so-called

14
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Social cognition
Recognition of emotions
Theory of mind

Attention Insight

Sustained attention
Divided attention
Selective attention
Processing speed

Executive function
Planning
Decision making
Working memory
Responding to feedback
Inhibition
Flexibility

Perceptual-motor function
Visual perception
Visuoconstructional reasoning
Perceptual-motor coordination

Language

Object naming
Memory Word finding
Free recall Fluency
Cued recall Grammar and syntax
Recognition memory Receptive language

Semantic and autobiographical
long-term memory
Implicit learning

Figure 1.2 | Cognitive domains. Adapted from “Classifying neurocognitive disorders: the DSM-5
approach” by P.S. Sachdev et al.,, 2014, Nature Reviews Neurology, 10, p. 636. Created by
BioRender.com.

long-term potentiation is induced by BDNF-mediated pathways, supporting memory
formation and maintenance [74]. Higher BDNF concentrations seem to be associated
with improved cognitive performance [73].

BDNF also acts as a regulator in energy metabolism [75]. Via the receptors tropomyosin
related kinase B (TrkB) and p75 neurotrophin receptor (p75NTR) it modulates energy
intake, energy expenditure, and, consequently, weight [76]. This is demonstrated by
hyperphagia, obesity, and hyperglycaemia with reduced BDNF concentrations. The two
receptors are mainly found in the hypothalamus, a feeding related brain region, with
TrkB having an anorexigenic effect and p75NTR an orexigenic effect. Beyond the brain,
BDNF has peripheral actions as TrkB in the pancreas stimulates the release of insulin,
and p75NTR in adipose tissue decreases lipolysis. Together with this role in insulin
homeostasis, there is a role in glucose homeostasis.

There are several genetic and environmental factors that are able to influence BDNF
[73]. Val66Met is a polymorphism in the BDNF gene that influences BDNF secretion [77].
Both stress and sleep deprivation decrease BDNF concentrations [78], whereas physical
activity has the opposite effect [79]. Disturbances in BDNF signalling can lead to the
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pathogenesis of diseases such as Alzheimer’s disease, and disorders such as depression
[69]. More importantly, BDNF concentrations can be modulated by nutrition [80].

Lifestyle

An unhealthy lifestyle is related to obesity [81], metabolic syndrome [82], diabetes and
prediabetes [19], cardiovascular disease [83], cognitive impairment [73], and many other
pathologies [84]. In order to improve public health, lifestyle interventions may be the
most effective way. Lifestyle modifications can prevent, attenuate, or even reverse some
pathological developments [85]. For example, a diabetes dietary intervention prevention
program (lowering dietary saturated fat intake, and increasing fiber intake) combined
with exercise showed a reduced diabetes risk [86]. Another intensive lifestyle
intervention aimed at diet and exercise showed health effects on vascular function [87].
Furthermore, implementing a healthy diet rich in fruits and vegetables maintained
cognitive health and prevented cognitive decline [88]. These are significant benefits of
implementing lifestyle interventions, besides that they are cost-effective, easily
accessible, and often improve general well-being [89]. In this thesis, the focus lies on the
nutritional aspect of the healthy lifestyle advices. Dietary interventions can vary from
nutrition education to caloric restriction and weight loss, in combination with a healthy
diet. In the Netherlands, the evidence-based dietary guidelines are practically translated
into the Wheel of Five [90]. In the latest version, the focus shifted from nutrients to foods
and whole diets. Macronutrients are the main components of food consisting of fat,
carbohydrates, and protein. According to the National Institute for Health and
Environment, the composition of an average Dutch diet in 2016 was 35 En% fat, 45 En%
carbohydrates, 15 En% protein, and the remaining 5 En% from fiber and alcohol. The
European Food Safety Authority’s (EFSA), provide the following dietary reference values:
20 - 35 En% fat, 45 - 60 En% carbohydrates, and 12 - 20 En% protein.

Dietary guidelines recommend to consume a handful of unsalted nuts every day. Nut
consumption is encouraged from a sustainable perspective as alternative protein source,
but also for cardiovascular prevention [91]. Nuts are predominantly composed of fats,
with a high mono- and polyunsaturated fatty acid content, and a low saturated fatty acid
content [92]. Furthermore, they are rich in fiber, vitamins, minerals, and polyphenols.
Specifically almonds (Prunus dulcis) contain high amounts of protein, fiber, riboflavin,
niacin, a-tocopherol, and calcium [93]. The health benefits of almonds seem to positively
impact satiety and weight management [94], lipid metabolism [95], and possibly glucose
metabolism [96]. Besides the dietary guidelines there are also several functional food
ingredients. Functional foods are foods that have a positive health effect, besides
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providing nutrients and energy. The egg protein hydrolysate NWT-03 is considered a
functional food, which seems to improve cardiovascular health [97].

Thesis outline

The aim of this thesis was to investigate the effects of nutritional interventions on insulin
sensitivity, vascular function, and cognition in humans. Moreover, the relations between
these outcomes are investigated. In chapter 2 the existing literature on the effects of
nutritional interventions on BDNF concentrations have been systematically reviewed. By
targeting BDNF changes via nutrition, cognitive and metabolic health could be improved.
In chapter 3 results are presented of a randomized controlled trial evaluating the effects
of an egg protein hydrolysate (NWT-03) on cognitive function. Consuming this functional
food ingredient already showed improvements in peripheral vascular function. This
research was performed in individuals with the metabolic syndrome. In chapter 4 results
are presented of another randomized controlled trial comparing the effects of the three
dietary macronutrients side by side on BDNF concentrations, with a focus on acute
postprandial effects. This research was performed in overweight and obese individuals.
In chapter 5 the relations are described between insulin sensitivity, vascular function,
and cogpnition. Insulin sensitivity was measured with a hyperinsulinemic euglycemic
clamp. Data were analyzed from the control period of a randomized controlled trial on
almonds in individuals with prediabetes in order to investigate whether this state is
already accompanied by pathologies. In chapter 6 the results are presented of this
randomized controlled trial examining the effects of almonds on various aspects of
glucose metabolism such as whole-body insulin sensitivity, postprandial glucose
responses, and fee-living glucose patterns. In chapter 7 an overview is provided of the
main research findings of this thesis and combined to a general discussion.
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ABSTRACT

Background: Brain-derived neurotrophic factor (BDNF) plays an essential role in brain
and metabolic health. The fact that higher concentrations are associated with improved
cognitive performance has resulted in numerous intervention trials that aim at elevating
BDNF levels. This systematic review provides an overview of the relation between
various nutritional factors and BDNF concentrations in controlled human intervention
studies.

Methods: A systematic search in May 2020 identified 48 articles that examined the
effects of dietary patterns or foods (n = 3), diets based on energy intake (n = 7), vitamins
and minerals (n = 7), polyphenols (n = 11), long-chain omega-3 polyunsaturated fatty
acids (n = 5), probiotics (n = 8), and miscellaneous food supplements (n = 7).

Results: In particular, studies with dietary patterns or foods showed increased peripheral
BDNF concentrations. There are also strong indications that polyphenols tend to have a
positive effect on BDNF concentrations. Four of the 11 included studies with a
polyphenol intervention showed a significant increase in BDNF concentrations, one
study showed an increase but this was not statistically analyzed, and two studies showed
a trend to an increase.

Conclusion: The two polyphenol classes, phenolic acids, and other phenolic compounds
were responsible for the significant effects. No clear effect was found for the other
dietary factors, which might also be related to whether serum or plasma was used for
BDNF analysis. More work is needed to understand the relation between peripheral and
central BDNF concentrations.
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) is a protein that is mainly produced in the
central nervous system [1]. Its function depends on the stage of brain development. In
early life, BDNF plays an important role in neural development and functioning, whereas
in adult life it is involved in processes such as synaptic transmission and synaptic
plasticity, which contribute to cognitive function [2]. Indeed, previous studies have
shown that lower BDNF concentrations are associated with cognitive impairment [3] and
higher BDNF concentrations with improved cognitive performance [4]. It is well-known
that lifestyle factors such as diet are contributing to mental and cognitive health [5].
Therefore, specific dietary changes could be an effective way to exert an effect on BDNF
and thereby preserving and improving cognitive and metabolic health. In more detail, it
seems that dietary factors can influence cognition via pathways related to energy
metabolism and synaptic plasticity [6], in which BDNF could play a role.

BDNF can also be found in the periphery since it can cross the blood—brain barrier, albeit
this has only been demonstrated in animal studies [7]. However, this circulating
peripheral BDNF is not only brain-derived since it can also be produced by peripheral
tissues including muscle, thymus, heart, liver, vascular smooth muscle cells, lung, and
spleen [8]. This peripheral BDNF production seems to be similar between animals and
humans [9]. In the periphery, the majority of BDNF is stored in platelets while the rest
circulates in plasma [8]. There are indications that peripheral and central BDNF
concentrations are positively associated [10], which suggests that concentrations of
BDNF in the blood can be regarded as indicative of concentrations of BDNF in the central
nervous system, though this conclusion remains open for discussion.

Although it has received the most attention, BDNF is not only relevant from the cognitive
health perspective as evidence is also growing that BDNF also plays a role in other more
peripheral oriented processes. Lower peripheral BDNF concentrations are not only
associated with an impaired cognitive performance [11], but, for example, also with a
higher body weight [12]. In this context, a combined central and peripheral role for BDNF
was found in energy homeostasis, a finding which was first demonstrated in rats [13]. In
that study, intraventricularly administered BDNF resulted in decreased energy intake
and consequently body weight loss. More recently, it has been suggested that BDNF also
acts as a metabolic modulator in humans by controlling and affecting patterns of food
intake, physical activity, and glucose metabolism [14]. Moreover, BDNF mediates energy
metabolism not only via the brain but also via peripheral neurons and target organs that
are involved in maintaining energy balance. These various sites of action and functions
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imply that BDNF could influence appetite, insulin sensitivity, and parasympathetic
cardiovascular tone. If that is indeed the case, then there is a possibility that elevated
BDNF concentrations could counteract the development of obesity and the metabolic
syndrome [15].

Interventions aimed at increasing BDNF concentrations seem an attractive target to
maintain or even improve cognitive performance as well as metabolic health. Despite
numerous observations that specific dietary ingredients affect BDNF concentrations, the
question remains whether these dietary factors indeed modulate BDNF concentrations.
In this systematic review, we provide an overview of the potential relation between the
consumption of different dietary factors and BDNF concentrations in controlled human
intervention studies.

METHODS

Search strategy

The systematic review was based on the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) checklist [16]. This systematic review was not
pre-registered with PROSPERO. A systematic literature search was performed on May
27th 2020 in three databases: Cochrane Central Register of Clinical Trials, Ovid MEDLINE,
and Embase. Search terms consisted of (brain-derived neurotrophic factor or BDNF)
combined with (diet or dietary or food or nutrient or nutrition or nutritional or
supplement or supplements or supplementation or intake). Duplicates were removed
and those studies that only included human were filtered out. However, this filter was
impossible in Cochrane where all records had to be retained.

Selection criteria

The first phase of the selection procedure consisted of screening the titles and abstracts.
This selection was performed independently by two researchers. When inconclusive,
articles’ eligibility was discussed by both researchers until agreement was reached.
Articles were included if they met the following criteria: (1) intervention studies
performed in human adult subjects (aged > 18 years); (2) intervention with a nutritional
component; (3) plasma or serum concentrations of BDNF are provided; (4) original
research (i.e., no letters, conference proceedings or reviews); (5) written in English; (6)
no duplicates. The second phase of the selection procedure consisted of reading full
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texts to assess their eligibility. Articles were excluded when no control group had been
used.

Data collection

The data from the selected articles were extracted to create an overview that included:
publication information (year of publication, first author); study and subject
characteristics (design, sample size, specification of subgroups, mean age, gender);
characteristics of the BDNF measurement (assay, unit, plasma or serum); and
specifications of the intervention. If BDNF concentrations were expressed in ng/ml, units
were converted to pg/ml. A software caliper package was used when data were only
displayed in graphs (Onde Rulers; Ondesoft, Beijing, China). The intervention effect of
studies with parallel designs was defined as the difference between the changes from
baseline and intervention in the experimental and placebo groups. The intervention
effect of crossover studies was defined as the difference between values obtained at the
end of the experimental and control periods. In order to assess the methodological
quality of the selected intervention studies, the Jadad score was calculated [17]. This
five-point scale reviews the randomization process, blinding and the description of
withdrawals (Supplemental Table 2.1).

RESULTS

Search results

The literature search retrieved 3641articles from the selected databases. Screening of
titles and abstracts resulted in the exclusion of 2974 articles based on the predefined
selection criteria. After reviewing the full texts of the remaining 132 articles, another
89 articles were excluded as they did not meet the selection criteria. Based on a search
through references of the included articles five additional articles were included.
Ultimately 48 articles met the inclusion criteria (Figure 2.1), which were then clustered
based on the type of nutritional intervention. This resulted in the following clusters:
dietary patterns or foods (n = 3); diets based on energy intake (n = 7); and supplements
(n=38). The latter category was further divided into the following sub-clusters: vitamins
and minerals (n = 7); polyphenols (n = 11); long-chain omega-3 polyunsaturated fatty
acids (n = 5); probiotics (n = 8); and miscellaneous: protein (extracts) or lipids (n = 7).
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Figure 2.1 | PRISMA flowchart of the selection process.

Dietary patterns & foods

One study evaluated changes in BDNF concentrations based on dietary patterns, while
two studies evaluated changes based on whole foods (Table 2.1). In a study by
Sanchez-Villegas et al. [18], subjects with a high cardiovascular risk consumed a
Mediterranean diet supplemented with virgin olive oil or mixed nuts or a low-fat control
diet. Energy intake was not controlled for and subjects were divided into two groups
according to the observed weight changes. No significant differences in plasma BDNF
concentrations were observed between the three diets, and these effects did not
depend on changes in body weight. In a second study, Sandberg et al. [19] showed that
consuming a whole grain rye kernel-based bread increased plasma BDNF concentrations
in apparently healthy subjects when compared with white wheat flour-based control
bread. Finally, a study in mild cognitively impaired women revealed that consuming
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mold-fermented cheese as compared with non-mold-fermented cheese led to a
significant increase in serum BDNF concentrations [20].

Energy intake

In seven studies, energy intake was changed by various types of fasting and caloric
restrictions (Table 2.1). The interventions were conducted in apparently healthy subjects
[21-23], subjects with overweight [24] or obesity [25,26], and subjects with a mental
disorder [27]. Only in this last study did a hypocaloric diet significantly increase serum
BDNF concentrations, with the other six studies observing no effects.

Supplements
Vitamins and Minerals

Seven studies were identified that had evaluated the effects of supplementation with
either vitamins or minerals (Table 2.1). Four studies examined the effects of zinc but all
in different populations: in women with premenstrual syndrome [28], diabetic subjects
[29], subjects diagnosed with depression [30], and obese subjects [31]. Zinc
supplementation showed a significant increase in serum BDNF concentrations in the
premenstrual syndrome and obese population, while the other two populations did not
appear to respond significantly to zinc. Two studies examined the effect of vitamin D3 in
apparently healthy subjects. No significant differences between the intervention and
control groups were found by Pirotta et al. [32], but a significant decrease in serum BDNF
concentrations was observed in the supplemented group in the study by Walentukiewicz
et al. [33]. In the latter study, however, the difference in changes between the
intervention and control arms was not statistically analyzed. Finally, one study examined
the separate and combined effects of both zinc and vitamin D3 in subjects with
depressive symptoms [34]. Here, both the zinc arm and the combined zinc and vitamin
D3 arm showed a trend to decreased serum BDNF concentrations, but again the study,
unfortunately, did not statistically analyze the difference in changes between the groups.

Polyphenols

The 11 studies included in the polyphenol cluster investigated the effect of
supplementation of foods or supplements rich in phenols or flavonols (Table 2.1).
Therefore, the type of polyphenols studied was markedly different. One study examined

31



43

Table 2.1 | Characteristics of the studies included per cluster in the systematic review.

First author (year) Population groElf;eromnirr]:)?l(N) Intervention Duration Ef;eDCIET:S n

Dietary Patterns & Foods

Sanchez-Villegas (2011) At high cardiovascular risk 91/77 Mediterranean diet with virgin olive oil 3y =
75/ 77 Mediterranean diet with mixed nuts =

Sandberg (2018) Healthy 19 Whole grain rye kernel-based bread 1-3d ™

Suzuki (2019) Mild cognitive impaired 35 Mold fermented cheese 12 wks ™

Diets Based on Energy Intake

Carlson (2007) Healthy 21 Reduced meal frequency 8 wks =

Catenacci (2016) Obese 15/14 Zero-calorie alternate-day fasting 8 wks =

Cherif (2017) Healthy 22 Islamic intermittent fasting 3d =

Khoshandam Ghashang (2019)  Healthy 25/25 Ramadan fasting 29d =

Guimaraes (2008) Schizophrenic 25/42 Hypocaloric diet 11.5-26 mo ™

Harvie (2011) Obese 54 /53 Continuous energy restriction 26 wks =

Schibel (2018) Overweight 47 /51 Intermittent calorie restriction 12 wks =
46 /51 Continuous calorie restriction

Supplements

Vitamins & Minerals

Jafari (2019) Premenstrual syndrome 27/ 30 Zinc gluconate 12 wks ™

Kheirouri (2018) Diabetic 25/25 Zinc gluconate 12 wks =

Pirotta (2014) Healthy 13/13 Vitamin D3 10 wks =
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Table 2.1 (continued) | Characteristics of the studies included per cluster in the systematic review

First author (year) Population groELTSj:i?nirr]:)alﬂ(N) Intervention Duration Ef;eDc’:clsFS n
Ranjbar (2014) Depressed 22/22 Zinc sulfate 12 wks =
Solati (2015) Obese 24 /26 Zinc gluconate 12 wks ™
Walentukiewicz (2018) Healthy 27 /30 Vitamin D3 12 wks -
Yosaee (2020) Depressed 24 /22 Zinc gluconate 12 wks -

27 /22 Vitamin D3 -
25/22 Zinc gluconate + vitamin D3 -

Polyphenols
Choi (2016) Healthy 40/ 40 Eriobotrya japonica Lindley 12 wks =
Choi (2016) Healthy 10/11 Fermented Laminaria japonica 8 wks ™
Huhn (2018) Healthy 30/30 Resveratrol 26 wks =
Liu (2018) Healthy 37/39 Ellagic acid 12 wks =
Overweight 38/36 ™
Osali (2020) Metabolic syndrome 11/112 Nano-curcumin 6 wks -
Reid (2018) Healthy 32/28 Fermented Laminaria japonica A. 6 wks ™
Sadowska-Krepa (2017) Healthy 9/9 Ginkgo biloba extract 6 wks =
Sadowska-Krepa (2019) Healthy 8/8 Green tea extract 6 wks -
Sumiyoshi (2019) Healthy 10/8 Dark chocolate 4 wks =
Witte (2014) Overweight 23/23 Resveratrol 26 wks =
Yu (2015) Depressed 50/ 50 Curcumin 6 wks T™
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Table 2.1 (continued) | Characteristics of the studies included per cluster in the systematic review

First author (year) Population groixé)jrciomric?:JTl(N) Intervention Duration Ef;eDc’:c;S n

Long-Chain Omega-3 Polyunsaturated Fatty Acids
Bot (2011) Diabetic 13/12 E-EPA 12 wks =
Burg, van der (2019) Depressed 42 /41 EPA + DHA 8 wks =
Matsuoka (2015) Traumatized 53 /57 EPA + DHA 12 wks =
Sedlacek (2018) Overweight 11/ 10 EPA + DHA 12 wks =
Witte (2014) Healthy 40/ 40 LC-n3-FA 26 wks -
Probiotics
Chung (2014) Healthy 26/10 L. helveticus IDCC3801-fermented milk 12 wks =
Haghighat (2019) Hemodialysis + depressed 25/ 25 Prebiotics + L. acidophilus T16, 12 wks ™

B. bifidum BIA-6, B. lactis BIA-7,

B. longum BIA-8

25/ 25 L. acidophilus T16, B. bifidum BIA-6, =

B. lactis BIA-7, B. longum BIA-8
Hwang (2019) Mild cognitive impaired 50/ 50 L. plantarum C29-fermented soybean 12 wks -
Kim (2020) Healthy 63 B. bifidum BGN4 + B. longum BORI 12 wks ™
Pinto-Sanchez (2017) Irritable bowel syndrome 22/22 B. longum NCC3001 6 wks =
Riezzo (2018) Constipated 28 /28 L. reuteri DSM-17938 15 wks -
Romijn (2017) Depressed 28/36 L. helveticus + B. longum 8 wks =
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Table 2.1 (continued) | Characteristics of the studies included per cluster in the systematic review

First author (year) Population groElf;eromnirr]:)?l(N) Intervention Duration Ef;eDCIET:S n
West (2014) Healthy 46 /51 B. animalis subsp. lactis BI-04 21 wks =
47 /51 L. acidophilus NCFM + B. animalis =
subsp. lactis BI-07
Miscellaneous: Protein (Extracts) & Lipids
Almeida, de (2019) Healthy + depressed 35/34 Ayahuasca 1d ™
Chui (2014) Healthy 24 /24 LD-1227 marine nutraceutical 9 wks ™
Kim (2015) Frail elderly 32/33 Milk fat globule membrane 13 wks =
Petelin (2019) Overweight 30/30 Royal jelly 8 wks =
Sarris (2019) Depressed 81/77 S-adenosyl methionine + folinic acid + 8 wks =
EPA + DHA + 5-HTP + zinc picolinate +
co-factor vitamins
Stringham (2019) Healthy 49/10 Macular xanthophyll 26 wks ™
Varanoske (2020) Healthy 10/9 B-alanine 2 wks =

Notes: * compared to control; @ assuming that subjects were equally divided into groups; = no statistically significant effect; T statistically
significant increase; - significance level missing; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; E-EPA: ethyl-eicosapentaenoic acid;

LC-n3-FA: long-chain omega-3 polyunsaturated fatty acids
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polyphenols from Eriobotrya japonica Lindley [35], two studies seaweed rich in
polyphenols [36,37], two studies resveratrol [38,39], one study ellagic acid [40], two
studies (nano-)curcumin [41,42], one study Ginkgo Biloba [43], one study green tea [44],
and one study dark chocolate [45]. A combination of resveratrol and quercetin showed
no effect on serum BDNF concentrations in overweight subjects [39]. The remaining
interventions were mainly performed in apparently healthy subjects in whom again
resveratrol [38], but also a Ginkgo biloba extract [43] showed no significant change in
serum BDNF concentrations, neither did dark chocolate [45]. Although the study
evaluating the effect of green tea did not statistically analyze the difference in changes
between the groups, evaluating the data as such indicated that the intervention had no
effect on serum BDNF concentrations [44]. In contrast, supplementation with a plant
extract of leaves of Eriobotrya japonica Lindley in apparently healthy subjects [35] and
supplementation with nano-curcumin in subjects with metabolic syndrome [41] showed
atrend toincreased serum and plasma BDNF concentrations, respectively. Furthermore,
supplementation with seaweed in apparently healthy subjects resulted in a significant
increase in serum BDNF concentrations [36,37]. Supplementation with ellagic acid
significantly increased plasma BDNF concentrations in overweight subjects but not in
healthy subjects [40]. Finally, curcumin supplementation was found to increase plasma
BDNF concentrations in subjects with major depressive disorder [42].

Long-chain omega-3 polyunsaturated fatty acids

Five studies have been identified that examined the effects of long-chain omega-3
polyunsaturated fatty acid supplements (Table 2.1). No significant differences in serum
BDNF concentrations were found after the interventions with the different long-chain
omega-3 polyunsaturated fatty acids in subjects with diabetes [46], subjects with
depression [47], trauma patients [48], and overweight subjects [49]. The study in
apparently healthy subjects [50] did not statistically analyze the difference in changes
between the intervention and control arms, but as the change in serum BDNF
concentrations in both groups was similar and small in relation to the reported group
averages and standard deviations, this would likely not have reached significance.

Long-chain omega-3 polyunsaturated fatty acids

The eight studies in the probiotics cluster evaluated the effects of various bacterial
supplements (Table 2.1). Pinto-Sanchez et al. [51] and Riezzo et al. [52] found no
significant effects of a single strain Bifidobacterium longum NCC3001 or Lactobacillus
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reuteri DSM-17938 probiotic approach on serum BDNF concentrations in subjects with
irritable bowel syndrome or constipation, respectively, though Riezzo et al. [52] did not
statistically analyze the changes versus control. West et al. [53] investigated both the
single strain (Bifidobacterium animalis subsp. lactis BI-04) and double strain
(Lactobacillus acidophilus NCFM and Bifidobacterium animalis subsp. lactis BI-07)
probiotic approach in apparently healthy subjects, and similarly found no significant
changes in plasma BDNF concentrations. Haghighat et al. [54] examined both synbiotics
(prebiotics and probiotics) and probiotics in hemodialysis patients with depressive
symptoms. However, only in the synbiotics supplemented group they did find a
significant increase in serum BDNF concentrations. Probiotic supplementation with
Lactobacillus plantarum C29 did not affect serum BDNF concentrations in mild cognitive
impaired subjects, but again no statistical test was applied to compare the difference in
change [55]. Probiotic supplementation with different doses of Lactobacillus helveticus
IDCC3801- fermented milk showed no overall effect on plasma BDNF concentrations in
apparently healthy subjects [56]. Finally, probiotic supplementation with
Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI in apparently healthy
subjects did result in a significant increase in serum BDNF concentrations [57], but
supplementation with Lactobacillus helveticus and Bifidobacterium longum in subjects
with depressive symptoms did not [58].

Miscellaneous

The remaining cluster included seven studies with plant and protein extracts or
supplements rich in lipids (Table 2.1). A single dose of ayahuasca increased serum BDNF
concentrations in a combined population of apparently healthy subjects and depressed
subjects [59]. A blend of high-purity caviar-derived DNA, collagen elastin and protein
extracts from sturgeon did change serum BDNF concentrations in apparently healthy
subjects [60]. Frail older persons who consumed milk fat globule membrane
supplements showed no significant changes in serum BDNF concentrations [61].
Furthermore, supplementation with royal jelly did not significantly increase serum BDNF
concentrations in overweight subjects [62], nor did the nutraceutical combination used
in depressed subjects [63]. However, a study with two different doses of macular
xanthophyllin apparently healthy subjects revealed a significant increase in serum BDNF
concentrations when the two groups were combined [64]. Finally, another study in
apparently healthy subjects found B-alanine supplementation to have no significant
effect on plasma BDNF concentrations [65].
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Risk of bias assessment

The assessment regarding the methodological quality of the studies resulted in sufficient
Jadad scores for the dietary patterns and foods cluster and poor Jadad scores for the
energy intake cluster (Supplemental Table 2.1). Regarding the poor scores for the studies
in these clusters, it should be taking into account that no points could be awarded for
blinding regarding the intervention with dietary patterns or whole foods, or restriction
in energy intake. Therefore, it can be questioned if this outcome is a real representation
of quality for these particular clusters. The overall quality of the supplement studies in
the vitamins and minerals sub-cluster is good, in the polyphenol sub-cluster sufficient to
good with two studies scoring below average, in the long-chain omega-3
polyunsaturated fatty acids sub-cluster good except for one study, in the probiotics
sub-cluster good, and in the miscellaneous sub-cluster one sufficient and the remaining
studies good.

DISCUSSION

Higher BDNF concentrations have been associated with both improved brain health [6]
and metabolic health [14]. Therefore, interventions that could potentially elevate BDNF
concentrations have attracted considerable attention. We have evaluated here the
possible relation between consuming different nutrients and BDNF concentrations in
controlled human intervention studies. To do so, we have categorized the available
literature into seven (sub-)clusters. In general, two of three studies in the whole foods
cluster and four of eleven studies in the polyphenol sub-cluster showed significant
positive effects on BDNF concentrations. The studies in the cluster based on energy
intake, and the supplement sub-clusters for vitamins and minerals, long-chain omega-3
polyunsaturated fatty acids, probiotics, and miscellaneous showed no consistent effects.

Four of the 11 studies in the polyphenol cluster showed a significant increase in BDNF
concentrations, one study showed an increase in BDNF concentrations but did not
statistically analyze this, and two studies showed a trend to an increase. The overall
quality of the studies in this cluster was sufficient to good based on the Jadad scores
(Supplemental Table 2.1). It thus seems that polyphenols are molecules of interest which
could have a potentially positive effect on BDNF. Epidemiological studies and
randomized controlled trials have indeed shown that an elevated intake of polyphenols
can be linked to neuroprotective effects associated with improved cognitive function
[66]. Based on polyphenols’ chemical structure, they can be classified into flavonoids,
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phenolic acids, stilbenes, lignans, and other phenolic compounds [67]. Of the
11 polyphenol studies included here, four evaluated the effects of flavonoids (Eriobotrya
japonica Lindley, Ginkgo biloba, green tea, dark chocolate), one evaluated the effects of
phenolic acids (ellagic acid), two evaluated the effects of stilbenes (resveratrol), and five
evaluated the effects of other phenolic compounds (fermented Laminaria japonica A.,
(nano-)curcumin).

Phenolic acids and other phenolic compounds were responsible for the significant
changes in BDNF concentrations. A potential mechanism underlying the beneficial
effects of polyphenols might be a direct modulation of the cAMP-response
element-binding protein (CREB) signaling pathways which are linked to BDNF expression
[68]. However, activation of this CREB-mediated mechanism of action has generally been
ascribed to flavonoids [69]. Although Eriobotrya japonica Lindley showed no significant
effect on BDNF, it did show a trend to increased BDNF concentrations [35]. However,
the other studies that applied the other flavonoids, Ginkgo biloba, green tea, and dark
chocolate, showed no effect on BDNF concentrations [43,45]. The reason for this lack of
an effect could be due to the low bioavailability of flavonoids in humans [70].

Another neurotrophic signaling pathway that can be modulated by polyphenols, in
particular phenolic acids, is the Akt pathway, which ultimately leads to an increase in
BDNF concentrations [71]. This pathway could be the mechanism of action of ellagic acid
which showed an effect on BDNF concentrations, at least in overweight subjects [40].
Both the Akt and CREB pathway are stimulated by curcumin [72], resulting in an expected
increase in BDNF concentration as observed in depressed subjects in the study by Yu et
al. [42] and a trend to an increase in metabolic syndrome subjects in the study by Osali
et al. [41]. Despite several studies highlighting the positive effect of resveratrol
supplementation on cognitive improvement [73], it does not seem to be mediated via
elevated BDNF concentrations [38,39].

Of the active polyphenol compounds responsible for the significant effect on BDNF
concentration upon supplementation with fermented Laminaria japonica A. [36,37], the
seaweed specific phlorotannins could play a role [67] as the same pathway is stimulated
as is seen after flavonoid exposure [74]. However, since a specialized fermentation
process had been applied to the seaweed, the supplements not only contained the
phlorotannin polyphenols but were also enriched with gamma-aminobutyric acid (GABA;
[75]). GABA has been recognized as stimulating BDNF expression via the same CREB
mechanism, at least during early development [76]. It is possible therefore that besides
the phlorotannin polyphenols, the GABA content in seaweed could also have played a
role in increasing BDNF concentrations, yet it has not been shown that GABA has the
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same effect on BDNF expression in adult life. Furthermore, the high fiber content in
seaweed [77] may also have contributed to the positive effects on BDNF concentration,
since Sandberg et al. [19], as presented in the dietary patterns and foods cluster, showed
that a fiber-rich diet also elevated BDNF concentrations. Another mechanism that could
be of importance is adult hippocampal neurogenesis since both BDNF and various
dietary interventions have been shown to affect the level of neurogenesis in the adult
hippocampus [78].

Regarding the dose of the polyphenol supplements used in the interventions, it is
notable that those studies that did not show an effect on BDNF concentrations used a
lower dose (38-575 mg) than the studies that did show an effect (>1000 mg;
Supplemental Table 2.2). The doses in those studies that did show an effect were
comparable to the average dietary polyphenol intake in Europe [79], suggesting that the
negative findings in the other studies may have been related to the low doses used. In
summary, based on the included studies in this cluster it can be postulated that
polyphenols, more specifically the phenolic acids and other phenolic compounds, have
a beneficial effect on neurotrophic factors such as BDNF. The underlying mechanisms,
as far as evaluated in humans, appear to be similar to the CREB and Akt pathways as
described in cell and animal studies [71].

As well as the polyphenol sub-cluster, interesting observations have also been found in
the dietary patterns and foods cluster. The quality of the studies in this cluster was
sufficient based on the Jadad scores (Supplemental Table 2.1), when taking into account
no points could be awarded for blinding regarding the intervention with dietary patterns
or whole foods. The intake of whole-grain rye kernel-based bread resulted in increased
plasma BDNF concentrations despite the short duration of the intervention [19]. It could
be that the gut-brain axis is involved in increasing BDNF, amongst others because the
microbiota composition changed after rye kernel bread had been consumed, which was
positively correlated with the increase in circulating BDNF concentrations [80]. This is
supported by the increase in short-chain fatty acids in response to rye-based products
[81], as well as by improved cognitive performance that is correlated to the amount of
fiber in the diet [82]. Similarly, supplementation with a mixed-grain diet in adolescents
has also been seen to result in increased plasma BDNF concentrations [83], though
unfortunately changes in microbiota were not analyzed. The suggestion that changes in
the diet could affect BDNF via modulating microbiota composition is appealing and is
supported by several studies that have shown a link between microbiota composition,
BDNF concentrations [84], and cognition [85]. This link can also be seen in the respective
studies from Haghighat et al. [54] and Kim et al. [57] where the microbiota populations
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changed upon supplementation. In this context, it is significant that the studies in the
probiotics sub-cluster showed no significant changes in BDNF concentrations [51,53].
However, it should be acknowledged that in those interventions the microbiota profiles
also remained stable [51], except for one genus [55].

When evaluating the observed effects on BDNF concentrations in these intervention
studies, it should be noted that a number of issues make interpreting the data complex.
First, there is enormous variation in peripheral BDNF concentrations between studies,
something which could depend on whether it was measured either in serum or in plasma
(Supplemental Table 2.2). Since platelets release BDNF during the clotting process,
serum contains higher concentrations of BDNF than plasma [8]. These differences in
BDNF concentrations between serum and plasma can be up to 100- to 200-fold [86].
Moreover, clotting time also affects serum BDNF concentrations, whereas the
centrifugation protocol also affects plasma BDNF concentrations [87]. Due to the low
association between serum and plasma BDNF concentrations, it is difficult to generalize
the findings of peripheral measurements [10]. Differences between plasma and serum
BDNF analysis might also explain the rather unexpected finding that the studies in the
long-chain omega-3 polyunsaturated fatty acid sub-cluster showed no effect on BDNF
concentrations, even though omega-3 fatty acids have been found to have
neuroprotective effects [88]. In addition, the expected link between dietary omega-3
fatty acid intake and BDNF concentrations has been shown in rat studies [89], and more
recently in humans [90]. Interestingly, in the latter study, BDNF concentrations were
measured in plasma unlike those interventions described in the sub-cluster where BDNF
was always analyzed in serum. As fish oil lowers platelet aggregation [91], it could be
that the BDNF stored in platelets was not secreted as easily during the clotting procedure
after fish oil supplementation and, therefore, any potential increase in BDNF
concentrations would not have become visible when analyzed in serum. Such a reduced
BDNF release from platelets has also been shown upon an oral dose of the anticoagulant
drug clopidogrel [92]. In addition to this potential serum effect, the absence of an effect
in the reviewed fish oil intervention studies could also be related to the different
populations studied. Fish oil supplements improved cognitive function in subjects with
cognitive decline but not in healthy subjects [93], which could explain why Witte et al.
[50] found no changes in BDNF concentrations.

Second, the majority of the immunoassays used to analyze BDNF concentrations cannot
distinguish between precursor BDNF (proBDNF) and mature BDNF (mBDNF; [94]),
despite the fact that the two variants are functionally different [2]. Both are biologically
active, yet proBDNF has a negative influence and mBDNF a positive influence on synaptic
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plasticity and, ultimately, memory and cognition. It could be that either one mediates
the dietary effect on cognition [95]. For example, extracellular zinc activated
metalloproteinase is involved in cleaving proBDNF into mBDNF [96].

Third, it is unclear whether peripheral BDNF concentrations as measured in the
intervention studies included in this systematic review reflect central BDNF
concentrations. There are certainly indications for such a relation since animal studies
have shown positive correlations between peripheral and central BDNF concentrations,
which was apparently evolutionary conserved across species [97]. However, from a
structural and functional perspective, the blood—brain barrier in humans does not
resemble those in animals [98]. Although evidence from human samples is limited, a
positive correlation has been found between BDNF concentrations in cerebrospinal fluid
and plasma in psychotic subjects [99]. Future research should focus on analyzing both
peripheral (serum and plasma) and central BDNF to determine whether it is possible to
estimate central BDNF from peripheral BDNF concentrations in other populations. There
is also a pressing need to understand whether interventions induce similar changes in
both compartments and whether there is a difference between peripheral plasma and
serum concentrations in these correlations.

In conclusion, we have demonstrated that dietary interventions can elevate circulating
BDNF concentrations. In particular, certain polyphenols, such as phenolic acids and
phenolic compounds, seem to have this effect, which could be beneficial in improving
metabolic and cognitive health. The effect of dietary ingredients from other
(sub-)clusters was, however, inconsistent. Notwithstanding, it should be noted that
reviewing studies that describe such effects on BDNF concentrations is highly complex,
with findings varying depending on the type of material sampled for BDNF analysis and
the BDNF variant measured. Further evaluations of nutritional interventions targeting an
increase in BDNF concentrations, particularly focusing on the link between peripheral
and central effects, are warranted.
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SUPPLEMENTAL MATERIAL

Supplemental Table 2.1 | Quality assessment based on Jadad scale

First author (year) Intervention Q1 Q2 Q3 Q4 05 -s|-§ot?nle

Dietary Patterns & Foods

Sénchez-Villegas (2011) Mediterranean diet with virgin olive 1 0 0 0 0 1
oil or mixed nuts

Sandberg (2018) Whole grain rye kernel-based bread 1 1 0 0 1 3

Suzuki (2019) Mold fermented cheese 1 1 0 0 1

Diets Based on Energy Intake

Carlson (2007) Reduced meal frequency 1 0 0 0 0 1

Catenacci (2016) Zero-calorie alternate-day fasting 1 0 0 0 1 2

Cherif (2017) Islamic intermittent fasting 1 0 0 0 1 2

Khoshandam Ghashang  Ramadan fasting 0 0 0 0 0 0

(2019)

Guimaraes (2008) Hypocaloric diet 0 0 0 0 0 0

Harvie (2011) Continuous energy restriction 1 0 0 0 1 2

Schibel (2018) Intermittent or continuous calorie 1 1 0 0 1 3
restriction

Supplements

Vitamins & Minerals

Jafari (2019) Zinc gluconate 1 1 1 1 1 5

Kheirouri (2018) Zinc gluconate 1 1 1 1 1 5

Pirotta (2014) Vitamin D3 1 1 1 1 1 5

Ranjbar (2014) Zinc sulfate 1 1 1 1 1 5

Solati (2015) Zinc gluconate 1 1 1 1 1 5

Walentukiewicz (2018)  Vitamin D3 1 0 0 0 1 2

Yosaee (2020) Zinc gluconate and/or vitamin D3 1 1 1 1 1 5

Polyphenols

Choi (2016) Eriobotrya japonica Lindley 1 1 1 1 1 5

Choi (2016) Fermented Laminaria japonica 1 0 1 1 0 3

Huhn (2018) Resveratrol 1 1 1 1 1 5

Liu (2018) Ellagic acid 1 0 1 1 0 3

Osali (2020) Nano-curcumin 1 0 1 1 0 3

Reid (2018) Fermented Laminaria japonica A. 1 1 1 1 1 5
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Supplemental Table 2.1 (continued) | Quality assessment based on Jadad scale

First author (year) Intervention Q1 Q2 Q3 Q4 O5 If;i
Sadowska-Krepa (2017)  Ginkgo biloba extract 1 0 0 0 1 2
Sadowska-Krepa (2019) Green tea extract 1 0 0 0 1 2
Sumiyoshi (2019) Dark chocolate 1 1 0 0 1 3
Witte (2014) Resveratrol 1 0 1 1 1 4
Yu (2015) Curcumin 1 1 1 1 1 5
Long-Chain Omega-3 Polyunsaturated Fatty Acids
Bot (2011) E-EPA 1 1 1 1 1 5
Burg, van der (2019) EPA + DHA 1 0 1 1 1 4
Matsuoka (2015) EPA + DHA 1 1 1 1 1 5
Sedlacek (2018)* EPA + DHA 1 0 1 0 1 1
Witte (2014) LC-n3-FA 1 0 1 1 1 4
Probiotics
Chung (2014) L. helveticus IDCC3801-fermented 1 1 1 1 1 5
milk
Haghighat (2019) Prebiotics and/or L. acidophilus T16, 1 1 1 1 1 5
B. bifidum BIA-6, B. lactis BIA-7,
B. longum BIA-8
Hwang (2019) L. plantarum C29-fermented 1 1 1 1 1 5
soybean
Kim (2020) B. bifidum BGN4 + B. longum BORI 1 1 1 1 1 5
Pinto-Sanchez (2017) B. longum NCC3001 1 1 1 1 1 5
Riezzo (2018) L. reuteri DSM-17938 1 1 1 1 1 5
Romijn (2017) L. helveticus + B. longum 1 1 1 1 1 5
West (2014) L. acidophilus NCFM and/or 1 1 1 1 1 5
B. animalis subsp. lactis BI-07
Miscellaneous: Protein (Extracts) & Lipids
Almeida, de (2019) Ayahuasca 1 0 1 0 1 3
Chui (2014) LD-1227 marine nutraceutical 1 1 1 1 1 5
Kim (2015)* Milk fat globule membrane 1 1 1 1 1 4
Petelin (2019) Royal jelly 1 1 1 1 0 4
Sarris (2019) S-adenosyl methionine, folinic acid, 1 1 1 1 1 5
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Supplemental Table 2.1 (continued) | Quality assessment based on Jadad scale

First author (year) Intervention Q1 Q2 Q3 Q4 Q5 I:otz:é
Stringham (2019) Macular xanthophyll 1 1 1 1 1 5
Varanoske (2020) B-alanine 1 0 1 1 1 4

Q1 = Was the study described as randomized?; Q2 = Was the method used to generate the
sequence of randomization described and appropriate?; Q3 = Was the study described as double
blind?; Q4 = Was the method of double blinding described and appropriate?; Q5 = Was there a
description of withdrawals and dropouts?; * Points were deducted in the following cases: if the
method used to generate the sequence of randomization was described and it was inappropriate
or if the study was described as double blind but the method of blinding was inappropriate; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; E-EPA: ethyl-eicosapentaenoic acid; LC-n3-FA:
long-chain omega-3 polyunsaturated fatty acids

45



Supplemental Table 2.2 | BDNF concentrations and effect values of the studies included per cluster.

Change BDNF
First author Study . . . Daily BONF BDNF. BDNFend inBDNF effect
(year) design Population N Intervention Duration intake c.oIIec- baseline (pg/ml) (pg/ml)  value
tion (pg/ml) * .k
Dietary Patterns & Foods
Sanchez-Villegas Parallel At high 91 Mediterranean diet with virgin 3y 143 ml Plasma - 24660000 - ns?
(2011) cardiovascular olive oil
risk
75 Mediterranean diet with mixed 30¢g - 24870000 - ns?
nuts
77 Low-fat diet - 23370000 -
Sandberg (2018) Crossover  Healthy 19 Whole grain rye kernel-based 1-3d 143 g Plasma - 490 - 0.001
bread
White wheat flour-based bread - 386 -
Suzuki (2019) Crossover  Mild cognitive 35 Mold-fermented cheese 12 wks 121g Serum 27000 27500 500 0.039
impaired
Non-mold-fermented cheese 26000 25700 -300
Diets Based on Energy Intake
Carlson (2007) Crossover  Healthy 21 Reduced meal frequency 8 wks Plasma - 141.7 - ns
Normal meal frequency - 148.1 -
Catenacci (2016) Parallel Obese 15 Zero-calorie alternate-day 8 wks Serum 20935 20165 -769 ns
fasting
14 Daily caloric restriction 22552 18510 -4042
Cherif (2017) Crossover  Healthy 22 Islamic intermittent fasting 3d Serum - 40363 - ns
No intermittent fasting - 53968 -
Khoshandam Parallel Healthy 25 Fasting Ramadan 29d Serum  5729x10° 6561x10°  832x10° ns
Ghashang
(2019) 25 Non-fasting 4897x10° 5368x10°  471x10°
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

Change  BDNF
First author Stu(.:ly Population N Intervention Duration Paily Sz{:—:— EaDsr\tlelI:ine BONFend in BONF " effect
(year) design intake tion (pg/ml) (pg/ml) ipg/ml) :ilue
Guimaraes (2008) Parallel Schizophrenic 25 Hypocaloric diet 11.5-26 Serum - 11.0® - 0.023
mo
42 Regular diet - 7.2° -
Harvie (2011) Parallel Obese 54 Continuous energy restriction 26 wks Serum 9898 9528 -370 ns
53 Intermittent energy restriction 9539 9214 -325
Schiibel (2018) Parallel Overweight 47 Intermittent calorie restriction 12 wks Serum 2100 1900 -200 ns?
46 Continuous calorie restriction 2200 2100 -100 ns@
51 No calorie restriction 2100 2000 -100
Supplements
Vitamins & Minerals
Jafari (2019) Parallel Premenstrual 27 Zinc gluconate 12 wks 30 mg Serum 870 1100 230 <0.01
syndrome
30 Placebo 1170 1090 70
Kheirouri (2018) Parallel Diabetic 25 Zinc gluconate 12 wks 30 mg Serum 2300 2530 230 ns
25 Placebo 1880 1950 70
Pirotta (2014) Parallel Healthy 13 Vitamin D3 10 wks 0.05 Serum 22300 - 4.3%¢ ns
mg
13 Placebo 20900 - -0.1%°¢
Ranjbar (2014) Parallel Depressed 22 Zinc sulfate 12 wks 25 mg Plasma 2.2 3.6 1.4 ns
22 Placebo 2.1 3.7 1.6
Solati (2015) Parallel Obese 24 Zinc gluconate 12 wks 30 mg Serum 15370 21840 6470 0.003
26 Placebo 16200 15660 -540

N
~
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

First author Study ) ) . Daily BDNF BDNF. BDNF end ﬁhgglg\leF 232‘;
(year) design Population N Intervention Duration intake c'oIIec- baseline (pg/mi) (pg/ml)  value
tion (pg/ml) * "
Walentukiewicz Parallel Healthy 27 Vitamin D3 12 wks 40001U  Serum 37750 16940 -20810 -
(2018)
34 Placebo 33520 28960 -4560
Yosaee (2020) Parallel Depressed 24 Zinc gluconate 12 wks 20001U  Serum - - -110 ns?
27 Vitamin D3 30 mg - - -190 ns?
25  Zinc gluconate + vitamin D3 2000 1U - - 190 ns@
+30mg
22 Placebo - - -170
Polyphenols
Choi (2016) Parallel Healthy 40 Eriobotrya japonica Lindley 12 wks 1500 Serum 25597 27816 2219 ns
mg
40 Placebo 25008 24445 -563
Choi (2016) Parallel Healthy 10 Fermented Laminaria japonica 8 wks 1000 Serum 19951 25037 5086 <0.001
mg
11 Placebo 20346 19062 -1284
Huhn (2018) Parallel Healthy 30 Resveratrol 26 wks 200mg  Serum 22210 25480 3270 ns
30 Placebo 26300 29600 3300
Liu (2018) Parallel Healthy 37 Ellagic acid 12 wks 50 mg Plasma - 413 - ns
39 Placebo - 420 -
Overweight 38 Ellagic acid 50 mg - 379 - <0.01
36 Placebo - 312 -
Osali (2020) Parallel Metabolic 119 Nano-curcumin 6 wks 80 mg Plasma 111 199 88 -
syndrome
119 Placebo 107 105 -2
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

514

Change  BDNF
First author Study ) ) . Daily BONF BDNF. BDNFend inBDNF effect
(year) design Population N Intervention Duration intake collec-  baseline (pg/mi) (pg/mi) value
tion (pg/ml) x o
Reid (2018) Parallel Healthy 32 Fermented Laminaria japonica 6 wks 1500 Serum 28152 31033 2880 <0.05
A. mg
28 Placebo 29891 26957 -2935
Sadowska-Krepa Parallel Healthy 9 Polyphenols Ginkgo biloba 6 wks 38 mg Serum - 13116 - ns
(2017) extract
Placebo - 13116 -
Sadowska-Krepa Parallel Healthy Polyphenols green tea extract 6 wks 490mg  Serum 10780 12790 2010 -
(2019)
8 Placebo 9970 11020 1050
Sumiyoshi (2019)  Parallel Healthy 10 Polyphenols dark chocolate 4 wks 575mg  Plasma 543 590 48 ns
8 Cacao-free white chocolate 585 501 -85
Witte (2014) Parallel Overweight 23 Resveratrol + quercetin 26 wks 200 + Serum 4082 3994 -88 ns
320 mg
23 Placebo 4062 4140 78
Yu (2015) Parallel Depressed 50 Curcumin 6 wks 1000 Plasma - 407 - <0.001
mg
50 Placebo - 310 -
Long-Chain Omega-3 Polyunsaturated Fatty Acids
Bot (2011) Parallel Diabetic 13 E-EPA 12 wks 1000 Serum 33700 33500 -200 ns
mg
12 Placebo 31900 32900 1000
Burg, van der Parallel Depressed 42 EPA + DHA 8 wks 1000 + Serum 25400 23300 -2100 ns
(2019) 656 mg
41 Placebo 21200 20900 -300
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

Change  BDNF
First author Study . . . Daily BONF BDNE BDNFend inBDNF effect
(year) design Population N Intervention Duration intake collec-  baseline (pg/ml) (pg/ml) value
tion (pg/ml) x .
Matsuoka (2015) Parallel Traumatized 53 EPA + DHA 12 wks 1470 + Serum 16000 20000 4000 ns
147 mg
57 Placebo 16400 20000 3600
Sedlacek (2018) Parallel Overweight 11 Lifestyle modification + EPA + 12 wks ~06g Serum - - -93630° ns
DHA
10 Lifestyle modification - - -94460°
Witte (2014) Parallel Healthy 40 LC-n3-FA 26 wks 22¢g Serum 4052 4316 264 -
40 Placebo 4104 4379 275
Probiotics
Chung (2014) Parallel Healthy 10 L. helveticus IDCC3801- 12 wks 125mg  Plasma 8553 7890 192 ns?
fermented milk 500mg
7 L. helveticus IDCC3801- 250 mg 12088 8170 -3918 ns?
fermented milk 1000mg
9 L. helveticus IDCC3801- 500 mg 10053 6475 -3578 ns?
fermented milk 2000mg
10 Placebo 7567 9433 1866
Haghighat (2019)  Parallel Hemodialyis+ 25 Prebiotics + L. acidophilus T16, 12 wks 15+20 Serum 2330 2760 430 0.005
depressed B. bifidum BIA-6, B. lactis BIA-7, g
B. longum BIA-8
25 L. acidophilus T16, B. bifidum 20g 2250 2230 -20 ns
BIA-6, B. lactis BIA-7, B. longum
BIA-8
25 Placebo 2400 2240 -160
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

Change  BDNF
First author Study ) ) . Daily BDNF BDNF. BDNFend inBDNF effect
(year) design Population N Intervention Duration intake collec-  baseline (pg/mi) (pg/ml)  value
tion (pg/ml) x o
Hwang (2019) Parallel Mild cognitive 50 L. plantarum C29-fermented 12 wks 800mg Serum - - 413 -
impaired soybean
50 Placebo - - -1034
Kim (2020) Crossover  Healthy 63 B. bifidum BGN4 + B. longum 12 wks 1x10° Serum - - 3680 <0.05
BORI cfu
Placebo - - -3320
Pinto-Sanchez Parallel Irritable bowel 22 B. longum NCC3001 6 wks 1x101° Serum 6610 7000 390 ns
(2017) syndrome cfu
22 Placebo 4870 5830 960
Riezzo (2018) Parallel Constipated 28 L. reuteri DSM-17938 15 wks 4x108 Serum 253 22.0 -33 -
cfu
28 Placebo 247 24.7 0
Romijn (2017) Parallel Depressed 28 L. helveticus + B. longum 8 wk >3x10° Serum 27600 27700 950 ns
cfu
36 Placebo 25700 25600 -790
West (2014) Parallel Healthy 46 B. animalis subsp. lactis BI-04 21 wks 2x10° Plasma 14104 13141 -963 ns
cfu
47 L. acidophilus NCFM + B. 5x10° + 13228 13693 465 ns
animalis subsp. lactis BI-07 5x10°
cfu
51 Placebo 14029 14764 735
Miscellaneous: Protein (Extracts) & Lipids
Almeida, de Parallel Healthy + 35 Ayahuasca 1d 1ml/kg Serum 12466 11796 -670 0.03
(2019) depressed
34 Placebo 10777 10223 -553
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Supplemental Table 2.2 (continued) | BDNF concentrations and effect values of the studies included per cluster.

Change BDNF
First author Study ) . . Daily BDNF BDNF. BDNFend inBDNF effect
(year) design Population N Intervention Duration intake collec- baseline (pg/m) (pg/ml)  value
tion (pg/ml) * .k
Chui (2014) Parallel Healthy 24 LD-1227 marine nutraceutical 9 wks 400 mg  Serum 5856 8056 2200 <0.01
24 Placebo 4611 4856 245
Kim (2015) Parallel Frail elderly 32 Milk fat globule membrane 13 wks 1lg Serum 6970 7110 140 ns?
33 Placebo 6100 6360 260
Petelin (2019) Parallel Overweight 30 Royal jelly 8 wks 666 mg  Serum 1712 1797 85 ns
30 Placebo 1823 1812 -11
Sarris (2019) Parallel Depressed 81 S-adenosyl methionine + folinic 8 wks 800 + Serum - - 2290 ns
acid + EPA + DHA + 5-HTP + 0.5+
zinc picolinate + co-factor 1000 +
vitamins 656 +
200 +
30 +
200 mg
+401U
77 Placebo - - 601
Stringham (2019)  Parallel Healthy 49 Macular xanthophyll 26 wks 13/27  Serum 14672 16017 1345 <0.05
mg
10 Placebo 15101 14648 -453
Varanoske (2020)  Parallel Healthy 10 B-alanine 2 wks 12g Plasma 976 1065 89 ns
9 Placebo 789 991 202

* change in BDNF concentrations within group; ** compared to control; ° no overall diet effect; ® median, ¢ percentage changes in log-
transformed data; ¢ assuming that subjects were equally divided into groups; € supplement groups combined; - significance level missing; DHA:

docosahexaenoic acid; EPA: eicosapentaenoic acid; E-EPA: ethyl-eicosapentaenoic acid; LC-n3-FA: long-chain omega-3 polyunsaturated fatty

acids
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ABSTRACT

Background: Brain-derived neurotrophic factor (BDNF) plays a role in cognition and
metabolism. Specific nutrients can affect fasting BDNF concentrations, which are
potentially mediated by insulin and/or glucose. Since macronutrients trigger each a
different insulin and glucose response, we examined postprandial effects of meals rich
in fat, carbohydrates, or protein on BDNF concentrations. BDNF was analyzed in serum
and plasma, since concentration differences can be found between matrices.

Methods: Healthy overweight/obese male participants (n = 18) participated in this
randomized, double-blind, cross-over trial consisting of three test days with 1 week
wash-out periods. Either a high-fat (En% fat, carbohydrates, protein: 52.3, 39.2, 8.0),
high-carbohydrate (En% 9.6, 81.5, 8.6) or high-protein meal (En% 10.6, 51.5, 36.9) was
consumed on each test day. BDNF concentrations were measured after 0, 60, and
240 min. Glucose and insulin concentrations were measured after 0, 15, 30, 45, 60, 90,
120, and 240 min.

Results: BDNF concentrations were higher in serum compared with plasma (P < 0.001).
Postprandial BDNF concentrations in serum decreased significantly after the high-fat
(P = 0.013) and high-carbohydrate meals (P = 0.040), and showed a trend after the
high-protein meal (P = 0.076). No differences were found between meals (P = 0.66).
Postprandial BDNF concentrations measured in plasma did not significantly change after
the different meals (P = 0.47). As total area under the curve (AUC) for glucose was
significantly higher after the high-carbohydrate meal compared with the high-fat
(P =0.003) and high-protein meals (P < 0.001), and the total AUC for insulin was higher
after the high-carbohydrate (P < 0.001) and high-protein meals (P < 0.001) compared
with the high-fat meal, it seems that acute changes in glucose and insulin do not affect
postprandial BDNF concentrations. However, after the high-protein meal, the higher
total AUC for glucose correlated with lower serum BDNF concentrations, and a higher
maximal increase in glucose correlated with a lower maximal increase in plasma BDNF
concentrations. There were no correlations with insulin concentrations after either
meal.

Conclusion: Serum BDNF concentrations were higher than plasma concentrations. Since
postprandial BDNF responses were not different between the meals, we conclude that
there is no role for insulin or glucose in regulating postprandial BDNF concentrations.

Clinical Trial Registration: www.ClinicalTrials.gov, NCT03139890.
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) is a protein that contributes to brain
development in childhood, and positively affects neuronal functioning and cognition
later in life [1]. The relevance of understanding the physiology of BDNF becomes even
more relevant as it has been discovered that BDNF also plays a role in metabolism [2].
Overall, higher circulating BDNF concentrations are associated with improved health [3].

We have recently concluded in a systematic literature review that specific dietary
components can influence circulating fasting BDNF concentrations [4]. Amongst others,
we concluded that a link could be possible between dietary macronutrient composition
and fasting BDNF concentrations, which is potentially mediated by insulin. Moreover,
Lee et al. showed a decrease in serum BDNF concentrations in older participants after
an oral glucose tolerance test (OGTT; [5, 6]). In addition, diabetic patients are
characterized by lower BDNF concentrations as compared to healthy controls [7, 8]. In
other words, there is an apparent link between insulin and/or glucose concentrations
and BDNF concentrations. So far, it remains unanswered whether BDNF relates to
plasma insulin or plasma glucose concentrations, or both.

Next to dietary interventions evaluating changes in fasting BDNF concentrations, a
number of studies also evaluated postprandial changes in BDNF concentrations. This can
be of interest since it provides the possibility to differentiate between the role of insulin
and glucose in BDNF changes, as insulin and glucose responses are different for each
macronutrient: carbohydrates elevate both insulin and glucose, proteins also trigger the
release of insulin but do not elevate glucose as pronounced as carbohydrates, and fats
do not give a clear insulin or glucose response, but mostly elevate triacylglycerol (TAG)
concentrations [9]. In this context, high protein diets induced BDNF expression in
C57BI/6 mice brain [10] and increased plasma BDNF levels in Wistar rats [11]. However,
the effect of protein intake on circulating BDNF concentrations in humans has not been
evaluated. In contrast to protein, effects of a high-fat diet have already been examined
in humans. More specific, a high fat intake showed a decrease in plasma BDNF
concentrations in healthy young male adults [12]. Finally, the earlier mentioned OGTT
studies by Lee et al. [5, 6] showed a decrease in BDNF. Altogether, there are clear
indications for differences in postprandial BDNF responses after intake of the three
macronutrients, but designs, populations, and details of the meals in the different
studies are too distinct to draw conclusions.
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Therefore, the aim of this study was to investigate the influence of three different meals
high in either one of the three macronutrients fat, carbohydrates, and protein on
circulating postprandial BDNF concentrations in a systematic, side by side manner. Since
peripheral BDNF is mainly stored in platelets [13], BDNF concentrations in the circulation
highly vary depending on the matrix in which it is analyzed [4]. It is, therefore, interesting
to evaluate these postprandial changes after the three meals both in serum and plasma.

METHODS

Participants

For this study, 20 apparently healthy overweight and obese male participants were
recruited for their increased glucose and insulin postprandial responses from Maastricht
and surrounding area. Inclusion criteria to evaluate eligibility for participation were:
male gender, aged 18-70y, BMI 25-35 kg/m?, stable body weight defined as weight gain
or loss < 3 kg in the past 3 months, nonsmoker or smoking cessation > 1 year, no
medication targeting blood pressure, lipid or glucose metabolism, no diabetic patient,
and no active cardiovascular disease. All participants gave their written consent before
the start of the study. Study procedures were in accordance with the Declaration of
Helsinki, and approved by the Medical Ethical Committee of the University Hospital
Maastricht/Maastricht University (METC173012). The study was registered in May 2017
at ClinicalTrials.gov (NCT03139890).

Study design

The study had a randomized, double-blind, controlled cross-over design. In total, 20
participants participated in three postprandial test days, each separated by a minimum
of 1-week wash-out period. The order of the three test meals was equally randomly
assigned to participants by an independent researcher. Participants were instructed to
refrain from strenuous physical activity 48 hours before each test day, and from alcohol
consumption 24 hours before each test day. In addition, they were asked to keep their
habitual food intake and physical activity levels constant during the entire study period.

Postprandial test day

Participants arrived in the morning of the test days after an overnight fast (from 8PM)
to the Metabolic Research Unit Maastricht. To standardize the measurements, men
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were instructed to travel either by car or public transport, but identical on all three
occasions. Upon arrival, first, an intravenous cannula was placed and a fasting blood
sample (TO) was taken. Subsequently, participants consumed either the high-fat,
high-carbohydrate or high-protein mixed meal. The meals had to be consumed in three
stages: one minute was provided to consume 1/3rd of the meal, which was followed by
a 2-minute break. This was repeated until the meal was consumed completely. When
participants did not manage to consume the meal according to this protocol, the breaks
were shortened to provide participants more time for the consumption periods.

The mixed meals were prepared on the morning of the test days by an independent
researcher. All three meals contained 953 kilocalories each. The composition of the
high-fat meal comprised of 52.3 En% from fat, 39.2 En% from carbohydrates, and 8.0
En% from protein, the high-carbohydrate meal of 9.6 En%, 81.5 En%, and 8.6 En%,
respectively, and the high-protein meal of 10.6 En%, 51.5 En%, and 36.9 En%. The meal
compositions are shown in Table 4.1. Depending on the meal’s volume participants
received a certain amount of water separately to assure that the total volume of each
meal was 730 mL. Subsequent postprandial blood samples were collected at the
following time points after meal consumption: 15 min (T15), 30 min (T30), 45 min (T45),
60 min (T60), 90 min (T90), 120 min (T120), and 240 min (T240).

Biochemical analyses

Blood was collected in serum STT-II advance tubes (Becton Dickinson) for the analyses
of TAG (GPO Trinder, Sigma-Aldrich Corp., St. Louis, MO, United States) at TO, T30, T60,
T120, T180, and T240, with correction for free glycerol, and insulin at all time points
(human insulin specific RIA kit, Millipore, Billerica, MA, United States). The minimum
clotting time was 30 min at room temperature. To obtain serum, the tubes were
centrifuged at 1300xg for 15 min at 21 °C. In addition, blood was collected in EDTA,
heparin, and NaF tubes. NaF samples were used for the analyses of glucose (Glucose HK
CP, Horiba ABX, Montpellier, France), and free fatty acids (FFA; NEFA-HR, HUIJFILM
Wako Diagnostics U.S.A. Corp. Mountain View, CA, United States) at all time points. To
obtain NaF plasma, the tubes were immediately centrifuged at 1300xg for 15 min at
4 °C. Finally, EDTA and heparin tubes were processed based on the same protocol as the
NaF tubes. After centrifugation, all serum and plasma samples were portioned into
aliquots, snap-frozen in liquid nitrogen, and stored at -80 °C until biochemical analyses
after the study was completed. Both serum and plasma (EDTA and heparin) samples
were used for the analyses of BDNF at TO, T60, and T240 by an enzyme-linked
immunosorbent assay (Duo Kit ELISA, R & D Systems, Minneapolis, MN, United States)
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according instructions by manufacturer. The ELISA cannot distinguish between
precursor BDNF (proBDNF) and mature BDNF (mBDNF). Therefore, BDNF concentrations
reported here are the sum of proBDNF and mBDNF.

Table 4.1 | Meal composition of the high-fat, high-carbohydrate, and high-protein meals

Nutritional value High-fat High-carbohydrate High-protein
meal meal meal
Energy (kcal) 953 953 953
Cholesterol (mg) 331.2 334.1 334.1
Fat (g) 55.4 10.2 11.3
- SFA(g) 33.1 3.4 4.0
- MUFA (g) 16.0 4.0 4.1
- PUFA (g) 5.0 0.9 0.9
Total fat (En%) 52.3 9.6 10.6
Carbohydrates (g) 935 194.3 122.7
- Glucose (g) 0.3 0.3 1.2
- Sucrose (g) 45.6 145.6 59.1
- Lactose (g) 0.5 0.0 1.3
- Polysaccharide (g) 45.0 45.0 58.1
Total carbohydrates (En%) 39.2 815 51.5
Protein (g) 19.2 20.4 87.9
Total protein (En%) 8.0 8.6 36.9
Total volume (g) 433 468 615
Water (mL) 297 262 115

SFA: saturated fatty acids;, MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids

Statistical analyses

Data are presented as means * standard deviation (SD), unless indicated otherwise.
Despite the research objective is not part of the primary outcome measure, the initial
statistical plan was followed to evaluate the postprandial effects of the macronutrients
fat, carbohydrates, or protein on BDNF concentrations and other biomarkers. Fasting
values between the three test days were compared using repeated-measures ANOVA.
In order to test the pattern of the dependent variable after each of the three meals over
time, postprandial curves were analyzed with linear mixed models. For this, the absolute
BDNF concentration was used as dependent variable with time as fixed factor. If
statistically significant, time points T60 and T240 were compared to fasting values with
Bonferroni adjustment for multiple comparisons. Next, to compare the patterns of BDNF
after the three meals side-by-side, again a linear mixed model analysis was performed,
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now with the changes in BDNF concentrations as dependent variable and with period,
time, diet, and interaction [time*diet] as fixed factors. When the interaction term was
not statistically significant, it was excluded from the model. Next, total area under the
curve (total AUC) was calculated for all parameters. Incremental area under the curve
(IAUC) was calculated for glucose, TAG, insulin, and plasma BDNF. Decremental area
under the curve (dAUC) was calculated for FFA, and serum BDNF. Maximal increases or
decreases were calculated by comparing the changes between the time points relative
to fasting values. In order to compare the AUC data between the three meals a Friedman
test was used. Bonferroni corrections were applied to correct for multiple comparisons.
Relations between the AUC data for BDNF and glucose, TAG, insulin, and FFA were
analyzed with Spearman correlation coefficients. Results were considered statistically
significant at P < 0.05. Statistical analyses were performed using SPSS (IBM Corp., IBM
SPSS Statistics for Windows, version 26.0, Armonk, NY, United States).

RESULTS

Study participants

During the study, two participants dropped out due to personal reasons, which implies
that a total of 18 men with a median (interquartile range) age of 65 (51-67) years and a
BMI of 30.5 + 2.9 kg/m? completed the study. All baseline characteristics are presented
in Supplemental Table 4.1.

Postprandial BDNF concentrations

As shown in Table 4.2 and Supplemental Figure 4.1, fasting BDNF concentrations were
not significantly different between the three test days, in both serum (P=0.769) and
EDTA plasma (P=0.858) samples. Interestingly, fasting BDNF concentrations in serum
samples were 4- to 5-fold higher as compared to fasting BDNF concentrations in EDTA
plasma samples (P<0.001). When visually inspecting the data, the overall pattern
indicated that serum BDNF concentrations decreased till 240 minutes postprandial after
all three meals, whereas plasma BDNF concentrations increased during the same
postprandial interval after all three meals. Fasting BDNF concentrations in heparin
plasma were even lower as compared to EDTA plasma (P<0.001), but showed the same
time pattern as compared to EDTA plasma (Supplemental Table 4.2 and Supplemental
Figure 4.1C).
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Table 4.2 | BDNF concentrations before and after consumption of the high-fat, high-carbohydrate
or high-protein meals in serum and plasma (EDTA)

. BDNF (pg/ml)

Medium Meal 0 T60 1220

Serum Fat”® 24290 + 8842 19120+ 7723 16366 + 6793°
Carbohydrates” 24073 £ 9227 18502 + 8733 16535 + 8869°
Protein? 22559 + 10077 21229+ 8164 16199 + 7495

EDTA Fat 5154 + 2002 5444 + 2440 5977 £ 1948
Carbohydrates 5072 + 1549 5084 + 1879 5833 + 1947
Protein 5335+ 1886 5460 + 1931 5256 + 1876

Values are presented as mean + SD; * significant time effect after the high-fat (P<0.05) and high-
carbohydrate meal (P<0.05); a trend after the high-protein meal (P=0.076); b significant time
effect at time point T240 compared to TO (P<0.05) after Bonferroni correction

Within the serum samples, the postprandial changes in BDNF concentrations showed a
significant time effect after the high-fat meal (P=0.013; Table 4.2, Figure 4.1A and
Supplemental Figure 4.1A) and the high-carbohydrate meal (P=0.040), whereas the
response after the high-protein meal showed a trend (P=0.076). More specific, the time
effects after the high-fat and high-carbohydrate meals were significant at time point
T240 as compared to TO (P=0.008 and P=0.029, respectively). Comparing the
postprandial responses relative to fasting concentrations side-by-side indicated no
significant difference between the three meals (P=0.662).

In contrast to the patterns shown in serum, the postprandial changes in BDNF
concentrations within EDTA plasma samples did not show a time effect after any of the
three meals; after the high-fat meal (P=0.509; Figure 4.1B and Supplemental Figure
4.1B), after the high-carbohydrate meal (P=0.355), and after the high-protein meal
(P=0.949). Again, no significant differences in postprandial plasma BDNF concentrations
were found between meals (P=0.473). In line with EDTA plasma samples, also the
postprandial changes in BDNF concentrations within heparin plasma did not show a time
effect after the high-fat (P=0.224), high-carbohydrate (P=0.083), or high-protein meal
(P=0.909), and no significant differences were found between meals (P=0.499).

When the postprandial concentrations and changes in BDNF concentrations in serum
(Table 4.3) and EDTA plasma (Table 4.4) were used to calculate the total AUC, dAUC,
iAUC, and maximal increases or decreases, it appeared that the total AUC was not
significantly different between the three meals (P=0.607 and P=0.486, for serum and
EDTA plasma, respectively). No significant differences were found for the dAUC in serum
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Figure 4.1 | Postprandial mean changes (+ SD) in BDNF concentrations (pg/ml) after consumption

of the high-fat (solid line), high-carbohydrate (dashed line) and high-protein (dotted line) meal in
serum (A) and EDTA plasma (B)
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(P=0.642) or the iAUC in EDTA plasma (P=0.073), neither for the maximal decreases
(P=0.958) or the maximal increases (P=0.146), respectively. These postprandial BDNF
parameters in heparin plasma showed the same pattern as observed in EDTA plasma,
but were even lower (Supplemental Table 4.3).

Table 4.3 | Postprandial responses (dAUCs) and maximal decreases of BDNF concentrations
(pg/ml) after consumption of the high-fat, high-carbohydrate or high-protein meal in serum

Meal Total AUC dAUC Max decrease
(concentration/240 min) (concentration/240 min)

Fat 4285485 (3369833 —5667180) 795871 (109779 — 2888708) 9110 (2817 —19988)

Carbohydrates 4125105 (3166148 —5197710) 1887510 (146304 —2683538) 11548 (2860 — 17534)

Protein 4591665 (4168493 —5487653) 863347 (125501 —1656218) 9065 (4456— 14669)

Values are presented as median with ranges (25-75t% percentiles)

Table 4.4 | Postprandial responses (iAUCs) and maximal increases of BDNF concentrations (pg/ml)
after consumption of the high-fat, high-carbohydrate or high-protein meal in EDTA plasma

Total AUC iAUC

Meal (concentration/240 min) (concentration/240 min) Max increase
Fat 1296285 (1016633 —1770825) 142899 (5164 —324556) 1092 (308 — 2408)
Carbohydrates 1380855 (1033763 — 1549095) 87512 (23925 —235238) 1037 (255 — 1763)
Protein 1238220 (1004618 — 1556190) 38363 (0 —174233) 439 (0-962)

Values are presented as median with ranges (25-75t percentiles)

Postprandial lipemia and glycemia

Fasting glucose, TAG, and FFA concentrations at the start of the three test days were
comparable, but fasting insulin concentrations were significantly higher at the start of
the day of the high-protein meal compared to the high-fat meal (P=0.003) and the
high-carbohydrate meal (P=0.046; Table 4.5 and Supplemental Figure 4.2). The total AUC
based on the postprandial glucose concentrations was higher after the
high-carbohydrate meal compared to the high-fat meal (P=0.003) and the high-protein
meal (P<0.001). Consequently, also the iAUC and maximal increases in glucose
concentrations were higher after the high-carbohydrate meal compared to the high-fat
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Table 4.5 | Postprandial responses (iAUCs) and maximal increases of glucose, TAG, and insulin, and postprandial responses (dAUCs) and
maximal decreases of FFA after consumption of the high-fat, high-carbohydrate or high-protein meal

Blood Meal Fasting Total AUC IAUC/dAUC Max increase/decrease
marker (concentration/240 min) (concentration/240 min)
Glucose Fat 5.35(5.11—5.73) 1343 (1231 —1422) 67 (43 — 108) 1.33(1.14—1.89)
(mmol/L) Carbohydrates 5.53(5.26 - 5.66) 1428 (1267 — 1589)° 106 (59 — 263)° 2.31(1.92-3.38)®
Protein 5.42 (5.26 - 5.65) 1328 (1202 — 1456)° 49 (19 -97)° 1.17 (0.85 - 1.47)¢
TAG Fat 1.16 (0.89 - 1.36) 382 (280 —441) 82 (55-119) 0.76 (0.60—1.04)
(mmol/L) Carbohydrates 1.17 (0.76 — 1.87) 323 (226 —565) 63 (38— 108) 0.51(0.26 —0.92)°
Protein 1.10(0.78 —1.51) 297 (244 — 453) 56 (32— 114) 0.57 (0.30-1.01)
insulin Fat 9.88 (7.90-0.57)? 7767 (5895 —12318)2 5746 (4126 — 9376)? 59.06 (41.39 — 94.98)?
(LU/mL) Carbohydrates 10.52 (8.55-11.57) 12905 (10323 —21478)° 10851 (7808 — 18549)° 106.79 (73.96 — 157.58)°
Protein 11.11(9.08 — 17.29)° 11824 (8594 — 17281) 8692.43 (6198.06 — 14350.26) 98.70 (58.01 — 134.19)
FFA Fat 254.99 (147.66 — 328.30) 67465 (32598 —93810) 11533 (4432 — 27695)? 112.53 (51.09 — 188.87)?
(umol/L) Carbohydrates 288.98 (161.38 —371.62) 112788 (52729 — 140852) 43671 (17951 — 54575)° 237.67 (118.36 —306.21)°
Protein 260.07 (171.02 —310.22) 85939 (44926 — 109584) 26574 (13026 —39299) 189.20 (101.61 — 225.13)

Values are presented as median with ranges (25-75th percentiles); TAG: triacylglycerol; FFA: free fatty acids; ° significant difference between
high-fat and high-protein meal; ® significant difference between high-fat and high-carbohydrate meal; ¢ significant difference between high-
carbohydrate and high-protein meal
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meal (P<0.001 and P<0.001, respectively) and the high-protein meal (P<0.001 and
P<0.001, respectively). The total AUC based on the postprandial insulin concentrations
was lower after the high-fat meal compared to the high-carbohydrate meal (P<0.001)
and the high-protein meal (P<0.001), but no significant differences were found between
the high-carbohydrate and high-protein meal (P=0.134). Moreover, the iAUC and
maximal increases for insulin were also lower after the high-fat meal compared to the
high-carbohydrate meal (P<0.001 and P<0.001, respectively) and the high-protein meal
(P=0.002 and P=0.001, respectively), but again no significant differences were found
between the high-carbohydrate and high-protein meal (P=0.096 and P=0.739,
respectively). The total AUC based on the postprandial TAG concentrations were not
different between the meals (P=0.311). However, the iAUC for TAG tended to be
different between the meals (P=0.092). The difference in maximal increases did reach
significance between the high-fat and high-carbohydrate meal (P=0.008). The total AUC
based on the postprandial FFA concentrations tended to be different between the meals
(P=0.092). The dAUC and maximal decreases for FFA were lower after the high-fat meal
compared to the high-carbohydrate meal (P<0.001 and P<0.001, respectively) and the
high-protein meal (P=0.003 and P=0.005, respectively).

Correlations between BDNF, lipemia and glycemia

The total AUC for BDNF in serum samples correlated with the total AUC for the glucose
response after the high-protein meal (r=0.486; P=0.041), which indicates that a higher
total AUC for glucose is associated with lower BDNF responses. No correlations were
found between the total AUC of BDNF in serum samples and TAG, insulin, and FFA after
one of the meals. Moreover, there were no correlations between the dAUC or the
maximal decrease of BDNF in serum and glucose, TAG, insulin, and FFA after one of the
meals. For the EDTA plasma samples, a correlation was found between the total AUC of
BDNF and the total AUC of FFA after the high-carbohydrate meal (r=-0.478; P=0.045),
which indicates that higher FFA responses are associated with lower BDNF responses.
No correlations were found between the total AUC of BDNF in EDTA samples and
glucose, TAG, and insulin after one of the meals. A correlation was found between the
maximal increase of BDNF in plasma samples and glucose after the high-protein meal
(r=-0.701; P=0.001), which indicates that higher maximal increases of glucose are
associated with lower maximal increases of BDNF. No correlations were found between
the iAUC or the maximal increase of BDNF in plasma samples and glucose, TAG, insulin,
and FFA after one of the meals.
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DISCUSSION

Based on the literature, we hypothesized that postprandial BDNF responses after intake
of fat, carbohydrate and protein rich meals were potentially different because of the
suggested role for insulin and/or glucose in BDNF regulation. Variations in designs,
populations and meal composition between those studies made it difficult to be
conclusive. Therefore, we here evaluated the influence of the three macronutrients on
postprandial BDNF concentrations side by side. We found that BDNF concentrations
significantly decreased postprandially in serum, but not in plasma. However, no
differences were found between the three meals rich in either one of the
macronutrients, in serum or plasma. Since postprandial plasma insulin and glucose
concentrations were clearly distinct between the three meals, as expected, this also
implies that both insulin and glucose, at least in the acute situation, are not involved in
regulating circulating BDNF concentrations. However, it should be considered that
measuring postprandial BDNF was not the primary end point for which this study was
initially designed and powered.

Although we hypothesized that insulin and/or glucose regulates circulating BDNF
concentrations, there are also arguments to suggest the opposite, i.e., that BDNF
regulates metabolic control, thereby affecting insulin sensitivity [14]. In more detail, in
obese diabetic C57BL/Ks) mice BDNF administration increased pancreatic beta cells
sensitization [15]. Furthermore, in Zucker diabetic fatty rats BDNF administration
lowered hepatic gluconeogenesis [16]. Finally, De Luis et al. [17] showed that specific
BDNF gene variants are associated with insulin resistance in humans. Interestingly,
plasma BDNF concentrations were negatively correlated with insulin resistance using the
homeostatic model assessment version 2 (HOMAZ2-IR), but not with insulin
concentrations [18]. More mechanistically, BDNF and insulin are involved in overlapping
signaling pathways via activation of protein kinase B [19]. Therefore, we postulated that
it could also be that insulin affects circulating BDNF concentrations instead of the other
way around as others postulated. However, our data could not confirm this assumption,
since changes in insulin concentrations were not aligned with changes in BDNF
concentrations.

Instead of the potential direct effect of insulin, as suggested from the above-mentioned
overlapping signaling pathways, such an effect of insulin on BDNF concentrations could
also be indirect via changing postprandial plasma glucose or FFA concentrations.
Notwithstanding the differences in postprandial glucose concentrations between meals,
we were not able to show a difference in BDNF concentrations after the
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high-carbohydrate meal compared to the high-protein meal. However, there was a
correlation between the total AUC for serum BDNF and the total AUC for glucose, and
between the maximal increase of plasma BDNF and the maximal increase of glucose
after the high-protein meal, indicating a possible indirect effect of insulin on BDNF
concentrations via plasma glucose concentrations.

Besides the glucose axis, insulin could also have an indirect effect on BDNF
concentrations via changes in plasma FFA concentrations. Indeed, we found a
correlation between the total AUC for plasma BDNF and the total AUC for FFA after the
high-carbohydrate meal. Insulin inhibits lipolysis, thereby decreasing FFA
concentrations. Conversely, elevated FFA concentrations induce insulin resistance [20].
The results of a postprandial analysis by Karczewska-Kupczewska et al. [12] showed
indeed that an elevation of FFA by a high-fat meal decreased plasma BDNF
concentrations in healthy young male adults. In this same study, a euglycemic
hyperinsulinemic clamp with intralipid infusion decreased both insulin sensitivity and
BDNF concentrations as compared to a clamp without intralipid infusion. However, a
high-fat meal does not substantially affect insulin concentrations as a high-carbohydrate
or high-protein meal do. This could mean that the changes in BDNF concentrations seen
in the study by Karczewska-Kupczewska et al. [12] could be attributed to the direct effect
of FFA but not to the indirect effect of insulin via FFA.

Finally, it could also be possible that postprandial TAG concentrations affect BDNF
concentrations. However, to the best of our knowledge, there is lack of evidence
connecting postprandial changes in TAG and BDNF concentrations. Also in the current
study, despite the increased TAG response after the high-fat meal no difference in
changes in BDNF concentrations were found between the meals, which excludes a
possible role for TAG.

Based on our findings presented here, it seems that there is no role for insulin and/or
glucose in changing postprandial BDNF. Therefore, the question now is how to explain
the earlier findings showing that insulin resistance or higher glucose levels in diabetic
patients is associated with lower circulating BDNF concentrations in both serum [7, 8]
and plasma [18]. The most likely explanation is that the acute effects of increased
postprandial insulin or glucose in this postprandial situation, are not strong enough to
induce changes in BDNF concentrations, whereas long term exposure to chronically
elevated glucose and/or insulin, as seen in diabetic patients, might have such an effect.
However, it seems a bit more complex since prediabetes is associated with higher BDNF
concentrations [21]. Moreover, higher BDNF concentrations were also found in
untreated newly diagnosed diabetic patients [22], but as well as in previous diagnosed
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type 2 diabetic patients [23, 24]. In the latter two studies, though, it should be
considered that the control group had a lower weight which could indicate that BDNF
concentrations were influenced by BMI [8], albeit evidence is controversial. Finally, these
apparent discrepancies could also relate to ethnic differences between study
populations [7, 23]. Altogether, this at least indicates that the diabetic stage influences
BDNF concentrations [14]. However, it is difficult to conclude how this is regulated.
Moreover, it also implies that in our study population of healthy overweight or obese
participants, postprandial effects of insulin and glucose on BDNF might be compensated.
After all, it is also still a possibility that the relation between insulin and BDNF is actually
in the other direction, i.e., BDNF concentrations affecting insulin, as suggested from
animal studies, which might not be found in healthy insulin sensitive participants.

Interestingly, both fasting and postprandial BDNF concentrations were higher in serum
than plasma, which can be explained by the fact that BDNF is mainly stored in platelets
and released during clotting [25]. However, the interesting observation was that serum
BDNF concentrations showed a significant postprandial decrease, whereas plasma BDNF
concentrations did not show a significant postprandial change. Therefore, it could be
that either there may be less platelets in the postprandial state or the clotting process,
in which BDNF is released from platelets, is less efficient in the samples collected during
the postprandial state. In this context, it was found that a high-fat meal elevated platelet
count [26], but a high-carbohydrate meal did not [27]. Regarding the clotting process, it
has been shown that meals rich in fats seem to activate coagulation factor VII which
stimulates the clotting process [28]. Hyperglycemia also activates the coagulation
process [29], in contrast to meals rich in proteins [28]. In other words, when the
postprandial clotting process is indeed activated more after the high-fat and
high-carbohydrate meals, higher postprandial serum BDNF concentrations would have
been expected as compared to the high-protein meal. Moreover, since postprandial
insulin also stimulates platelet activation, platelet activation upon hyperglycemia seems
to be actually triggered by hyperinsulinemia [30]. As proteins trigger the release of
insulin, higher postprandial serum BDNF concentrations could be expected after the
high-protein meal as well. Therefore, this does not seem to be a likely explanation for
the observed decrease in serum BDNF concentrations after all three macronutrient rich
meals. More important, however, if we assume that the clotting process in serum
samples was complete, this means that the previously mentioned postprandial changes
in clotting factors are unlikely to affect serum BDNF concentrations, but would rather
have affected plasma BDNF concentrations.
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In conclusion, we have demonstrated that macronutrients do not differently affect BDNF
concentrations in the postprandial state. We found that postprandial BDNF
concentrations decreased and were higher in serum compared to plasma. Based on
these differences, we postulate to analyze BDNF concentrations in future studies at least
in serum, and preferable in both serum and plasma to enlarge our understanding of
BDNF regulation. Although it seems there is no direct role for insulin or glucose on BDNF,
at least not in the acute situation, it would be valuable that future studies focus on the
role of insulin on BDNF in the long-term situation.
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SUPPLEMENTAL MATERIAL

Supplemental Table 4.1 | Baseline participant characteristics

Participants (n=18)

Age (years) 65 (51—67)*
BMI (kg/m2) 30.5£2.9
Fasting glucose (mmol/L) 5.67 £0.49
Fasting TAG (mmol/L) 1.27£0.47
Fasting insulin (uU/mL) 12.19+6.13
Fasting FFA (umol/L) 308.12 £133.21

Values are presented as mean + SD; BMI: body mass index; TAG: triacylglycerol; FFA: free fatty
acids; * median (interquartile range)
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Supplemental Figure 4.1 | BDNF concentrations before and after consumption of the high-fat,
high-carbohydrate or high-protein meal in serum (A), EDTA plasma (B), and heparin plasma (C)
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Supplemental Figure 4.1 (continued) | BDNF concentrations before and after consumption of the
high-fat, high-carbohydrate or high-protein meal in serum (A), EDTA plasma (B), and heparin
plasma (C)
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Supplemental Table 4.2 | BDNF concentrations before and after consumption of the high-fat,
high-carbohydrate or high-protein meal in heparin plasma

. BDNF (pg/ml)
Medium Meal 0 T60 1220
Heparin Fat 828 £ 522 1093 + 872 1307 £ 990
Carbohydrates 862 + 740 942 +413 1344 + 813
Protein 1139+ 1032 1260 + 1140 1274 + 888

Values are presented as mean + SD

Supplemental Table 4.3 | Postprandial responses (iAUCs) and maximal increases of BDNF
concentrations (pg/ml) after consumption of the high-fat, high-carbohydrate or high-protein meal
in heparin plasma

Meal Total AUC IAUC Max increase
(concentration/240 min) (concentration/240 min)

Fat 243555 (157088 —368423) 37087 (591 — 140250) 271 (24 -929)

Carbohydrates 247065 (176288 —313260) 71880 (26480 — 153623) 533 (176 — 1060)

Protein 236445 (163193 —324045) 42360 (1417 —71562) 226 (26 — 464)

Values are presented as median with ranges (25-75" percentiles)
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Supplemental Figure 4.2 | Glucose (A), TAG (B), insulin (C), and FFA (D) concentrations before and
after consumption of the high-fat, high-carbohydrate or high-protein meal

TAG: triacylglycerol; FFA: free fatty acids
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Supplemental Figure 4.2 (continued) | Glucose (A), TAG (B), insulin (C), and FFA (D) concentrations
before and after consumption of the high-fat, high-carbohydrate or high-protein meal

TAG: triacylglycerol; FFA: free fatty acids
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Appendix | Impact

IMPACT

The main objective of this thesis was to examine the effects of diet on metabolic health,
vascular function, and cognition in subjects at risk for type 2 diabetes and cardiovascular
disease development. We systematically reviewed that dietary interventions can elevate
circulating BDNF concentrations, specifically whole foods and polyphenols. We
concluded that these effects could be mediated by insulin. However, in our controlled
intervention study we showed that macronutrients did not differently affect
postprandial BDNF concentrations, regardless of acute changes in glucose and insulin
concentrations. The egg protein hydrolysate NWT-03 also did not change serum BDNF
concentrations. However, it did have the potential to improve cognitive function within
the executive function domain. The impact of NWT-03 supplementation might be of
great interest as it appeared to improve not only peripheral cardiovascular risk factors
[1-3], but also central risk factors.

In contrast to the well-known lipid lowering effects of almonds, we found that long-term
almond consumption did not improve glucose metabolism. This unexpected adverse
effect can partly be due to the observed increase in body weight during the almond
intervention period, which affects insulin sensitivity. Regarding this risk of weight gain, it
should be taking into consideration to extend the dietary guidelines with instructions on
how to incorporate nuts in the healthy diet. Overall, lifestyle modifications are key to
attenuate or prevent disease development, in particular, disturbances in peripheral
vascular function which can already be observed in prediabetes. The potential impact of
the research in this thesis will be discussed here from a societal and economic
perspective.

Societal relevance

The metabolic syndrome, covering abdominal obesity, insulin resistance, hypertension,
and hyperlipidemia, has become a global epidemic [4]. Besides these well-known
characteristics, the metabolic syndrome is also associated with cognitive decline and
dementia [5] The metabolic syndrome often resembles the prevalence of obesity, and
increases the risk of cardiovascular disease and type 2 diabetes. Cardiovascular disease
is the number one cause of morbidity and mortality worldwide, with 17.9 million deaths
in 2019 [6], whereas type 2 diabetes has prevalence estimates of 463 million in the same
year [7]. As with both metabolic syndrome and prediabetes there are no clear signs or
symptoms [8, 9], the prevalence is probably even higher than type 2 diabetes.
Furthermore, estimates vary based on the criteria used [4]. For clinical diagnosis and
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treatment, it is relevant to define pathology thresholds, for example, for prediabetes in
terms of glucose concentrations [10]. In contrast to genetic predisposition for disease
development, there are modifiable lifestyle risk factors such as obesity, physical
inactivity, and an unhealthy diet [11]. Therefore, it is of great importance to examine the
health effects of diet to decrease the negative social impact of these diseases.

Based on our systematic review, we posed that dietary interventions can elevate
circulating BDNF concentrations. BDNF is a protein involved in neuronal survival and
growth [12], but also acts as a metabolic modulator [13]. This makes dietary
interventions a potential strategy to improve metabolic and cognitive health.
Unfortunately, we did not find changes in BDNF concentrations upon consuming diets
enriched in either one of the different macronutrients. However, dietary macronutrient
composition is still important to reduce the risk of cardiovascular disease [14]. NWT-03
supplementation also contributes to an improved cardiovascular and metabolic health
[3], and in addition to that, we here provided evidence for its contribution to improve
cognitive health. The dietary guidelines advise to consume nuts as part of a healthy diet
to support cardiovascular risk reduction. Almonds are indeed associated with
ameliorations in various factors related to lipid metabolism [15]. However, we found no
beneficial effects of almonds on glucose metabolism. This lack of effect could only partly
be attributed to the observed weight gain. When body weight is maintained, not just
dietary factors, but a balanced diet is still key to health effects. Overall, dietary
interventions have strong implications for public health. These implications might be
even bigger as dietary effects might be passed on to the next generation via epigenetic
changes [16].

Economic relevance

The economic burden of the metabolic syndrome is in trillions, including health care
costs and loss of potential economic activity [4]. The major components of costs are
disease management and particularly the consequent cardiovascular events [17]. Costs
increase when more conditions of the metabolic syndrome are met. In 2020, 210 billion
euros were spent in Europe on cardiovascular disease [18], and in 2021, 173 billion euros
on type 2 diabetes [19]. Since the prevalence of the metabolic syndrome increases with
age [20], this economic burden will rise in the future because of the continuously ageing
population. Therefore, it is of importance to implement treatment and management
strategies, but also preventive strategies to lower the number of individuals with the
metabolic syndrome. Cost-effective lifestyle interventions can be applied to attenuate
or prevent disease development. Here we showed that dietary factors such as NWT-03
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and dietary interventions with whole foods or polyphenols targeting BDNF improved
metabolic risk markers and markers of cognitive health, thereby lowering the health and
economic burden of the metabolic syndrome and its consequences.

Target population

All human intervention studies presented in this thesis were performed in (older) adults.
While the first study with NWT-03 included men and women with the metabolic
syndrome, the study with dietary macronutrients included healthy overweight and
obese men, and the study with almonds both overweight and obese men and women
with prediabetes, but not yet diabetes. These study populations all have an increased
risk for developing cardiovascular disease and type 2 diabetes, but hypothetically can
benefit most of the dietary interventions aimed to reverse disease development. The
study with dietary macronutrients focused only on men in order to eliminate possible
sex differences. Targeting men was applied to the initial design of the study to examine
postprandial vascular function [21], but this selection was also favorable in the study
presented here as sex hormones or steroids seemingly modulate BDNF regulation [22].
Moreover, discrepancies exist in BDNF concentrations between different populations,
i.e., BDNF concentrations are influenced by the diabetic state [23]. Future research on
BDNF should take into account these differences between target populations. Another
focus should be on healthy individuals to examine BDNF reference concentrations and
whether they can benefit of such dietary interventions as presented in this thesis by
boosting BDNF.

Translation into practice

The research findings presented in this thesis have been published or are in process of
being published in peer-reviewed scientific journals, which makes the obtained
knowledge openly accessible for scientists, health professionals, and the general public.
One of the goals is to stimulate more research on the effects of dietary interventions on
metabolic health, vascular function, and cognition. Furthermore, the obtained
information might be relevant to authorities, policy makers, and health agencies to be
implemented in the dietary guidelines supporting a healthy diet. For example, nut
consumption is already part of the generally advised dietary guidelines. However, we
found no beneficial effects of almonds when they are added to the diet. It could be that
more supporting guidelines are needed on how to incorporate them into the diet to
result in its proclaimed health benefits. Feasibility of diet changes is important for its
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success. Findings have also been presented at scientific conferences to share knowledge
and increase awareness of the important role of a healthy diet in the treatment,
management, and prevention of cardiovascular disease and type 2 diabetes.

185



Appendix | Impact

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

186

Wang Y, Landheer S, van Gilst WH, van Amerongen A, Hammes HP, Henning RH, et al.
Attenuation of Renovascular Damage in Zucker Diabetic Fatty Rat by NWT-03, An Egg Protein
Hydrolysate with ACE- and DPP4-Inhibitory Activity. PLoS One. 2012;7(10):e46781.

Plat J, Severins N, Morrison S, Mensink RP. Effects of NWT-03, an Egg-Protein Hydrolysate,
on Blood Pressure in Normotensive, High-Normotensive and Mild-Hypertensive Men and
Women: A Dose-Finding Study. Br J Nutr. 2017;117(7):942-50.

Plat J, Severins N, Mensink RP. Improvement of Pulse Wave Velocity and Metabolic
Cardiovascular Risk Parameters Through Egg Protein Hydrolysate Intake: A Randomized Trial
in Overweight or Obese Subjects with Impaired Glucose Tolerance or Type 2 Diabetes. Journal
of Functional Foods. 2019;52:418-23.

Saklayen MG. The Global Epidemic of the Metabolic Syndrome. Curr Hypertens Rep.
2018;20(2):12.

Birdsill AC, Carlsson CM, Willette AA, Okonkwo OC, Johnson SC, Xu G, et al. Low Cerebral
Blood Flow is Associated with Lower Memory Function in Metabolic Syndrome. Obesity
(Silver Spring). 2013;21(7):1313-20.

World Health Organization. Cardiovascular diseases (CVDs) fact sheet. June 2021. [Internet].
Available from: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-
diseases-(cvds). [Accessed on 04/04/2022].

Saeedi P, Petersohn |, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global and Regional
Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res Clin Pract.
2019;157.

Stern MP, Williams K, Gonzalez-Villalpando C, Hunt KJ, Haffner SM. Does the Metabolic
Syndrome Improve Identification of Individuals at Risk of Type 2 Diabetes andor
Cardiovascular Disease. Diabetes Care. 2004;27:2676-81.

Alvarez S, Coffey R, Algotar AM. Prediabetes. StatPearls Publishing; 2021.

Ferrannini E, Gastaldelli A, lozzo P. Pathophysiology of Prediabetes. Med Clin North Am.
2011;95(2):327-39, vii-viii.

Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, et al. Diagnosis and
Management of the Metabolic Syndrome: An American Heart Association/National Heart,
Lung, and Blood Institute Scientific Statement. Circulation. 2005;112(17):2735-52.
Kowianski P, Lietzau G, Czuba E, Waskow M, Steliga A, Morys J. BDNF: A Key Factor with
Multipotent Impact on Brain Signaling and Synaptic Plasticity. Cell Mol Neurobiol.
2018;38(3):579-93.

Marosi K, Mattson MP. BDNF Mediates Adaptive Brain and Body Responses to Energetic
Challenges. Trends Endocrinol Metab. 2014;25(2):89-98.

Brandhorst S, Longo VD. Dietary Restrictions and Nutrition in the Prevention and Treatment
of Cardiovascular Disease. Circ Res. 2019;124(6):952-65.

Musa-Veloso K, Paulionis L, Poon T, Lee HY. The Effects of Almond Consumption on Fasting
Blood Lipid Levels: A Systematic Review and Meta-Analysis of Randomised Controlled Trials.
J Nutr Sci. 2016;5:e34.

Gomez-Pinilla F. Brain Foods: The Effects of Nutrients on Brain Function. Nat Rev Neurosci.
2008:9(7):568-78.

Scholze J, Alegria E, Ferri C, Langham S, Stevens W, Jeffries D, et al. Epidemiological and
Economic Burden of Metabolic Syndrome and Its Consequences in Patients with
Hypertension in Germany, Spain and ltaly; A Prevelance-Based Model. BMC Public Health.
2010;10(529).



18.

19.

20.

21.

22.

23.

Impact | Appendix

European Society of Cardiology. Fighting cardiovascular disease — a blueprint for EU action.
June  2020. [Internet].  Available  from:  https://www.mepheartgroup.eu/wp-
content/uploads/05748-CVD-plan_FINAL.pdf. [Accessed on 06/04/2022].

International Diabetes Federation. IDF Diabetes Atlas, 10th edition. Diabetes around the
world in 2021. [Internet]. Available from: https://diabetesatlas.org/. [Accessed on
06/04/2022].

Hildrum B, Mykletun A, Hole T, Midthjell K, Dahl AA. Age-Specific Prevalence of the Metabolic
Syndrome Defined by the International Diabetes Federation and the National Cholesterol
Education Program: The Norwegian HUNT 2 Study. BMC Public Health. 2007;7:220.

Smeets E, Mensink RP, Joris PJ. Dietary Macronutrients Do Not Differently Affect Postprandial
Vascular Endothelial Function in Apparently Healthy Overweight and Slightly Obese Men. Eur
J Nutr. 2021;60(3):1443-51.

Chan CB, Ye K. Sex Differences in Brain-Derived Neurotrophic Factor Signaling and Functions.
J Neurosci Res. 2017;95(1-2):328-35.

Rozanska O, Uruska A, Zozulinska-Ziolkiewicz D. Brain-Derived Neurotrophic Factor and
Diabetes. Int J Mol Sci. 2020;21(3).

187



Appendix | Summary

SUMMARY

The number of individuals suffering from type 2 diabetes is rapidly rising with more than
537 million cases worldwide in 2021. Prediabetes is an intermediate condition of insulin
resistance resulting in temporary glucose excursions, but not yet as pronounced as in
type 2 diabetes. Together with obesity, dyslipidemia, and hypertension, this condition is
part of the metabolic syndrome. Individuals with the metabolic syndrome have a
predisposition for development into type 2 diabetes, but also have an increased risk for
cardiovascular diseases, and cognitive decline. This great health impact can be
influenced by lifestyle. A healthy diet is a cornerstone in maintaining metabolic, vascular,
and cognitive health, which is shown to be effective in delaying or even preventing the
onset of non-communicable diseases such as type 2 diabetes, cardiovascular disease,
and cognitive disorders. The research in this thesis aimed to investigate the effects of
different dietary components or foods on metabolic health, vascular function, and
cognition in humans.

Brain-derived neurotrophic factor (BDNF) is an important protein for neuronal plasticity
as well as energy metabolism. Therefore, it seems to be an attractive target to improve
both cognitive health and metabolic health. Various controlled human intervention
studies have been conducted aiming at elevating BDNF concentrations. In Chapter 2, a
systematic review provided an overview of the effects of these dietary interventions on
BDNF concentrations in human adults. In total, 48 dietary interventions were selected
after a systematic literature search and clustered based on dietary patterns or foods,
diets based on energy intake, and supplements. The supplements cluster was further
divided into vitamins and minerals, polyphenols, long-chain omega-3 polyunsaturated
fatty acids, probiotics, and miscellaneous food supplements. In particular, interventions
with whole foods and interventions with polyphenols showed the possibility to
significantly increase peripheral BDNF concentrations, whereas for the other
interventions no clear effect could be found. Regarding polyphenols, phenolic acids, and
other phenolic compounds were responsible for the positive effect on BDNF. We
concluded that dietary interventions have potential to elevate circulating BDNF
concentrations.

Upon these review results, we speculated that the effects of dietary factors on fasting
BDNF concentrations could be mediated by changes in insulin and/or glucose
concentrations. In Chapter 4 the postprandial effects of the three dietary
macronutrients fat, carbohydrates, or protein on BDNF concentrations were
investigated side by side. This enabled us to differentiate between the role of insulin and
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glucose in BDNF changes, since each macronutrient triggers a different insulin and
glucose response. In total, 18 healthy, but overweight/obese men participated in this
randomized, double-blind, controlled cross-over trial. Three postprandial tests were
performed with either a high-fat, high-carbohydrate, or high-protein meal with a
wash-out of one week in between. As expected, postprandial insulin and glucose
concentrations changed upon consumption of the dietary macronutrients and were
significantly different between meals. However, postprandial BDNF concentrations were
not significantly different between meals. Chapter 2 already highlighted differences in
BDNF concentrations when measured in serum compared to plasma due to the
predominant storage of BDNF in platelets. Again, BDNF concentrations were higher in
serum than in plasma. We concluded that macronutrients do not differently influence
postprandial serum and plasma BDNF concentrations, indicating that there is no effect
of acute changes in insulin and glucose on BDNF. More research is needed to investigate
the role of insulin and glucose on BDNF in a long-term situation.

Previous research showed beneficial effects of the egg protein hydrolysate NWT-03 on
peripheral cardiovascular risk factors. As the small peptide fragments might be able to
transfer to the brain, we speculated that NWT-03 consumption might also have
beneficial effects on central risk factors. In Chapter 3 we investigated the effects of a
daily intake of 5 g NWT-03 for 4 weeks on parameters reflecting cognitive function, as
well as serum BDNF concentrations. In total, 79 men and women with the metabolic
syndrome participated in this randomized, double-blind, placebo-controlled study.
Cogpnitive function was assessed by the anti-cue reaction time test measuring impulse
control, and the psychomotor vigilance test measuring sustained attention three times
each period with a wash-out of 2-8 weeks in between. We evaluated the change in
cognitive performance between the start and end of each experimental period. NWT-03
consumption significantly decreased response times of the anti-cue reaction time test
compared to placebo, but not of the psychomotor vigilance test. No effects were found
on serum BDNF concentrations. We concluded that, regardless of stable BDNF
concentrations, NWT-03 has potential to improve cognitive function within the
executive domain.

In Chapter 5 our target population shifted from the metabolic syndrome to prediabetes.
In total, data of 34 men and women with prediabetes was used in a cross-sectional
correlation analysis. We investigated whether the insulin resistant condition in
prediabetes was already linked to disturbed cognitive performance as seen with type 2
diabetes, and whether this was linked to disturbances in peripheral and brain vascular
function. In more detail, we evaluated the associations between insulin sensitivity and
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peripheral vascular function, brain vascular function, and cognitive performance. Insulin
sensitivity was measured by the hyperinsulinemic euglycemic clamp and expressed as
the M-value, or as HOMA-IR. Peripheral vascular function was evaluated with PWA or
PWV as a measure of arterial stiffness, whereas brain vascular function was evaluated
with gray matter CBF. Finally, cognitive performance was evaluated using a set of
neuropsychological tests by CANTAB. Insulin sensitivity did not show a clear correlation
with cognitive performance or brain vascular function, but significantly correlated with
peripheral vascular function. In turn, brain vascular function significantly correlated with
cognitive performance. The correlation between peripheral and brain vascular function
remains speculative. We concluded that disturbances in peripheral vascular can already
be observed with prediabetes. However, potential disturbances in the periphery and the
brain are not clearly linked. Whether this is due to the fact that it is too early in the
development of diabetes or that these processes are epiphenomena occurring side by
side needs further investigation.

The cross-sectional data in Chapter 5 was obtained as part of a dietary intervention study
evaluating the effects of almonds on glucose metabolism, which is described in
Chapter 6. Nuts are part of the dietary guidelines for cardiovascular prevention because
of their lipid lowering effects. In addition, improvement of insulin sensitivity and glucose
metabolism could prevent the development of prediabetes into type 2 diabetes.
However, findings on such health effects of almonds are inconclusive, which could be
related to fluctuations in body weight. Therefore, we investigated the effects of long-
term almond consumption on glucose metabolism under free living conditions, i.e.,
without detailed dietary instructions on how to incorporate the almonds into the
habitual diet. Glucose metabolism was assessed by a hyperinsulinemic euglycemic clamp
to measure insulin sensitivity, a mixed meal test to measure postprandial glucose
concentrations, and a continuous glucose monitor to measure free-living glucose
profiles. In total, 34 prediabetic men and women consumed 50 g almonds daily for 5
months in this randomized controlled trial with a wash-out of 2 months. No detailed
instructions were provided related to consumption of the almonds, mimicking real life
conditions. At the end of each experimental period, the different methodologies to
evaluate effects on glucose metabolism were assessed side by side. Almond
consumption significantly decreased insulin sensitivity, and increased postprandial
glucose concentrations, and fasting insulin concentrations, as compared to the control
period. Continuous glucose profiles just did not reach statistical significance. In the
almond period, BMI and waist circumference also increased significantly, as well as the
energy intake as derived from the food frequency questionnaires. This suggests that
without additional dietary guidelines, almonds were consumed on top of the habitual
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diet, not fully replacing other energy-dense food items. We concluded that long-term
almond consumption under free living conditions has adverse effects on glucose
metabolism.

Based on a systematic review, a cross-sectional study, and three human intervention
trials in this thesis, we conclude that dietary interventions are able to influence fasting
BDNF concentrations in favor of metabolic and cognitive health, but not postprandial
BDNF concentrations. NWT-03 consumption is an additional measure to improve
cognitive health. Regarding prediabetes, correlations indicated that concomitant
disturbances in peripheral vascular function can already be observed, but insulin
sensitivity and glucose metabolism cannot be improved by adding almonds to the diet.
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SAMENVATTING

Het aantal mensen met diabetes type 2 neemt snel toe met meer dan 537 miljoen
gevallen wereldwijd in 2021. Prediabetes is een intermediaire conditie van
insulineresistentie die leidt tot tijdelijke glucose-excursies, maar nog niet zo
uitgesproken als bij type 2 diabetes. Samen met obesitas, dyslipidemie en hypertensie
maakt deze aandoening deel uit van het metabool syndroom. Personen met het
metabool syndroom hebben aanleg voor de ontwikkeling tot diabetes type 2, maar
hebben ook een verhoogd risico op hart- en vaatziekten, en cognitieve achteruitgang.
Deze grote impact op de gezondheid kan worden beinvloed door de levensstijl. Een
gezond dieet is essentieel in het behouden van metabole, vasculaire en cognitieve
gezondheid, waarvan is aangetoond dat het effectief is in het uitstellen of zelfs
voorkomen van het ontstaan van niet-overdraagbare aandoeningen zoals diabetes type
2, hart- en vaatziekten, en cognitieve stoornissen. Het onderzoek in dit proefschrift was
gericht op de effecten van verschillende voedingscomponenten of voedingsmiddelen op
de metabole gezondheid, vaatfunctie, en cognitie bij mensen.

Brain-derived neurotrophic factor (BDNF) is een belangrijk eiwit voor zowel neuronale
plasticiteit als energiemetabolisme. Daarom lijkt het een aantrekkelijk doelwit te zijn om
zowel de cognitieve als de metabole gezondheid te verbeteren. Verschillende
gecontroleerde humane interventiestudies zijn uitgevoerd gericht op het verhogen van
BDNF concentraties. In Hoofdstuk 2 is een systematisch overzicht gegeven van de
effecten van deze voedingsinterventies op BDNF concentraties bij volwassenen. In totaal
werden 48 voedingsinterventies geselecteerd na een systematische literatuuronderzoek
en geclusterd op basis van voedingspatronen of voedingsmiddelen, diéten op basis van
energie-inname, en supplementen. De supplementen cluster werd verder
onderverdeeld in vitaminen en mineralen, polyfenolen, lange-keten omega-3
meervoudig onverzadigde vetzuren, probiotica, en diverse voedingssupplementen. Met
name interventies met voedingsmiddelen en interventies met polyfenolen toonden de
mogelijkheid om perifere BDNF concentraties significant te verhogen, terwijl voor de
andere interventies geen duidelijk effect kon worden gevonden. Wat polyfenolen
betreft, waren fenolzuren en andere fenolverbindingen verantwoordelijk voor het
positieve effect op BDNF. We concludeerden dat voedingsinterventies potentie hebben
om circulerende BDNF concentraties te verhogen.

Op basis van deze resultaten speculeerden we dat de effecten van voeding op nuchtere
BDNF concentraties gemedieerd zouden kunnen worden door veranderingen in insuline-
en/of glucoseconcentraties. In Hoofdstuk 4 werden de postprandiale effecten van de
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drie macronutriénten vet, koolhydraten en eiwit op BDNF concentraties naast elkaar
onderzocht. Dit stelde ons in staat onderscheid te maken tussen de rol van insuline en
glucose in BDNF veranderingen, aangezien elk macronutriént een andere insuline- en
glucoserespons teweegbrengt. In totaal namen 18 gezonde mannen met overgewicht of
obesitas deel aan deze gerandomiseerde, dubbelblinde, gecontroleerde cross-over
studie. Er werden drie postprandiale tests uitgevoerd met ofwel een vetrijke,
koolhydraatrijke of eiwitrijke maaltijd met een wash-out van een week ertussen. Zoals
verwacht veranderden de postprandiale insuline- en glucoseconcentraties na
consumptie van de macronutriénten en waren er significante verschillen tussen de
maaltijden. De postprandiale BDNF concentraties waren echter niet significant
verschillend tussen de maaltijden. In Hoofdstuk 2 werd al gewezen op verschillen in
BDNF concentraties wanneer gemeten in serum vergeleken met plasma, omdat BDNF
overwegend in bloedplaatjes wordt opgeslagen. Ook hier waren de BDNF concentraties
hoger in serum dan in plasma. We concludeerden dat macronutriénten geen
verschillende invloed hebben op postprandiale serum en plasma BDNF concentraties,
wat erop wijst dat er geen effect is van acute veranderingen in insuline en glucose op
BDNF. Meer onderzoek is nodig om de rol van insuline en glucose op BDNF op de lange
termijn te onderzoeken.

Eerder onderzoek toonde gunstige effecten aan van het ei eiwithydrolysaat NWT-03 op
perifere cardiovasculaire risicofactoren. Aangezien de kleine peptidefragmenten
mogelijk de hersenen kunnen bereiken, speculeerden we dat consumptie van NWT-03
ook gunstige effecten zou kunnen hebben op centrale risicofactoren. In Hoofdstuk 3
onderzochten we de effecten van een dagelijkse inname van 5 g NWT-03 gedurende
4 weken op parameters die de cognitieve functie weerspiegelen, evenals op serum BDNF
concentraties. In totaal namen 79 mannen en vrouwen met het metaboolsyndroom deel
aan deze gerandomiseerde, dubbelblinde, placebogecontroleerde studie. De cognitieve
functie werd beoordeeld met de anti-cue reactietijd test die impulscontrole meet, en de
psychomotorische vigilantie test die aanhoudende aandacht meet, drie keer per periode
met een wash-out van 2-8 weken ertussen. We evalueerden de verandering in
cognitieve prestaties tussen het begin en het einde van elke experimentele periode.
Consumptie van NWT-03 verminderde de reactietijden van de anticue-reactietijd test
aanzienlijk in vergelijking met placebo, maar niet van de psychomotorische vigilantie
test. Er werden geen effecten gevonden op serum BDNF concentraties. We
concludeerden dat, ongeacht stabiele BDNF concentraties, NWT-03 potentie heeft om
de cognitieve functie binnen het executieve domein te verbeteren.

193



Appendix | Samenvatting

In Hoofdstuk 5 verschoof onze doelgroep van het metabool syndroom naar prediabetes.
In totaal werden gegevens van 34 mannen en vrouwen met prediabetes gebruikt in een
cross-sectionele correlatieanalyse. We onderzochten of de insulineresistente conditie bij
prediabetes al samenhangt met verstoorde cognitieve prestaties zoals die bij diabetes
type 2 worden gezien, en of dit samenhangt met verstoringen in de perifere en centrale
vaatfunctie. In meer detail evalueerden we de associaties tussen insulinegevoeligheid en
perifere vaatfunctie, brein vaatfunctie, en cognitieve prestaties. De insulinegevoeligheid
werd gemeten met de hyperinsulinemische euglycemische clamp en uitgedrukt als de
M-waarde, of als HOMA-IR. De perifere vaatfunctie werd geévalueerd met PWA of PWV
als maat voor de arteriéle stijfheid, terwijl de brein vaatfunctie werd geévalueerd met
grijze stof CBF. Tenslotte werden de cognitieve prestaties geévalueerd met een reeks
neuropsychologische tests van CANTAB. Insulinegevoeligheid vertoonde geen duidelijke
correlatie met cognitieve prestaties of brein vaatfunctie, maar correleerde significant
met perifere vaatfunctie. Op zijn beurt correleerde de brein vaatfunctie significant met
cognitieve prestaties. De correlatie tussen de perifere en de brein vaatfunctie blijft
speculatief. We concludeerden dat verstoringen in de perifere vaatfunctie al kunnen
worden waargenomen bij prediabetes. Potentiéle verstoringen in de periferie en de
hersenen zijn echter niet duidelijk met elkaar in verband gebracht. Of dit te wijten is aan
het feit dat het te vroeg is in de ontwikkeling van diabetes of dat deze processen
epifenomenen zijn die naast elkaar voorkomen, moet verder onderzocht worden.

De cross-sectionele data in Hoofdstuk 5 zijn verkregen in het kader van een
voedingsinterventiestudie naar de effecten van amandelen op het glucosemetabolisme,
die in Hoofdstuk 6 wordt beschreven. Noten maken deel uit van de voedingsrichtlijnen
voor cardiovasculaire preventie vanwege hun lipidenverlagende effecten. Bovendien
zou een verbetering van de insulinegevoeligheid en het glucosemetabolisme de
ontwikkeling van prediabetes tot diabetes type 2 kunnen voorkomen. De bevindingen
over dergelijke gezondheidseffecten van amandelen zijn echter niet eenduidig, wat te
maken zou kunnen hebben met schommelingen in het lichaamsgewicht. Daarom
onderzochten we de effecten van langdurige amandelconsumptie op het
glucosemetabolisme onder vrije leefomstandigheden; zonder gedetailleerde
dieetinstructies over hoe de amandelen in het gebruikelijke dieet moesten worden
opgenomen. Het glucosemetabolisme werd beoordeeld met een hyperinsulinemische
euglycemische clamp om de insulinegevoeligheid te meten, een maaltijdtest om de
postprandiale glucoseconcentraties te meten, en een continue glucosemonitor om de
glucoseprofielen onder vrije leefomstandigheden te meten. In totaal consumeerden
34 mannen en vrouwen met prediabetes gedurende 5 maanden dagelijks 50 g
amandelen in deze gerandomiseerde gecontroleerde studie met een wash-out van
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2 maanden. Er werden geen gedetailleerde instructies gegeven met betrekking tot de
consumptie van de amandelen, waarmee de omstandigheden in het echte leven werden
nagebootst. Aan het einde van elke experimentele periode werden de verschillende
methodologieén om de effecten op het glucosemetabolisme te evalueren naast elkaar
beoordeeld. Amandelconsumptie verminderde de insulinegevoeligheid aanzienlijk, en
verhoogde de postprandiale glucoseconcentraties en de nuchtere insulineconcentraties,
vergeleken met de controleperiode. De continue glucoseprofielen bereikten net geen
statistische significantie. In de amandelperiode namen ook de BMI en de tailleomtrek
significant toe, evenals de energie-inname zoals afgeleid uit de voedingsvragenlijsten.
Dit suggereert dat zonder aanvullende voedingsrichtlijnen amandelen werden
geconsumeerd bovenop het gebruikelijke dieet, en niet volledig in de plaats kwamen van
andere energierijke voedingsmiddelen. We concludeerden dat langdurige
amandelconsumptie onder vrije leefomstandigheden nadelige effecten heeft op het
glucosemetabolisme.

Op basis van een systematische review, een cross-sectionele studie en drie humane
interventiestudies in dit proefschrift, concluderen we dat voedingsinterventies in staat
zijn nuchtere BDNF concentraties te beinvloeden ten gunste van metabole en cognitieve
gezondheid, maar niet postprandiale BDNF concentraties. NWT-03 consumptie is een
aanvullende manier om de cognitieve gezondheid te verbeteren. Wat prediabetes
betreft, wezen correlaties erop dat gelijktijdige verstoringen in de perifere vaatfunctie
reeds kunnen worden waargenomen, maar dat de insulinegevoeligheid en het
glucosemetabolisme niet kunnen worden verbeterd door amandelen aan het dieet toe
te voegen.
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DANKWOORD

Hard werken in stilte en herrie door succes: gepromoveerd! Nu herrie voor jullie.

De relatie tussen de promovenda en haar promotoren zal waarschijnlijk van grote
invloed zijn op de PhD ervaring (Bernery et al., 2022). En dat zat wel goed. Jogchum, bij
een typische professor denk je al gauw aan een stoffige, oude, geleerde man. Je hebt
inmiddels dan wel grijze haren en een bril, je werkplezier is groot en je positiviteit en
eindeloze energie werken aanstekelijk. Je bent goed gezelschap op de naborrels die jij
nooit afslaat, dan wel initieert. Ronald, jij maakt het promotieteam compleet. Je bent
bedachtzaam en hebt een realistische blik op de wetenschap en de stappen die we hierin
kunnen zetten. Van jou kun je veel leren en mag je veel leren door je vele geduld. En dat
met een stiekeme dosis humor. Helaas nog steeds geen prinses carnaval, maar je hoort
nogvan me.

| would like to sincerely thank the assessment committee, prof. dr. S.P.J. Kremers, prof.
dr. E.E. Blaak, dr. A. Korosi, dr. E. Ros, and prof. dr. F.J. van Schooten, for your time and
effort in reviewing my dissertation and for being offline and online present at my
defense.

The financial support from the Almond Board of California is much appreciated as well
as the open communication with Swati Kalgaonkar.

Inmiddels heb ik alle recepten met amandelen wel uitgeprobeerd. Ik kan geen
amandelen meer zien. Bij lange na niet de gemiddeld 7.5 kilo die de
onderzoeksdeelnemers in de studieperiode hebben weg geknaagd. Ik ben blij met jullie
deelname vol nieuwsgierige vragen en leuke gesprekken. Soms moeilijk om niet te
mogen praten (of slapen) tijdens de vaatmetingen, maar des te dynamischer de lange
maaltijdtesten en clamps. Geniet eindelijk weer van de pindakaas!

Lieve Anne, wat een geluk om jou te vinden. Via een simpel Facebook berichtje woonden
wij samen in een prachtig pand aan de Maagdendries. Vieren deden we dat met een
flamingo feestje. De toon was gezet. Ik heb genoten om samen te koken, eten, dansen,
drinken, stekken, lachen, zwemmen, huilen, slapen, werken en vooral om samen te zijn.
Bovendien trok jij jouw doktersjas aan voor de biopten in mijn studie. Je was vaak de
eerste die ik sprak wanneer ik thuiskwam van de universiteit, met alle onverbloemde
emoties. En als je niet thuis was dan kon ik een stuk vlaai in de koelkast vinden, speciaal
bewaard voor mij. Nu allebei een eigen huis in een andere stad. Ik geloof dat we wel
gewend zijn om te reizen, dus ik zie je graag daar of hier, samen thuis.
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Lieve Sabine, van begin tot eind ben jij erbij geweest. Solliciteren en promoveren,
verhuizen en verloven, en alles daartussenin. Ik snap niet hoe ik mijn onderzoek heb
kunnen afronden met zoveel gezelligheid op kantoor. Ook veel twijfels en tranen
kwamen bij jou terecht, maar de boventoon met leuke nieuwtjes en veelal Spaanse
avonturen. |k zal altijd aan je blijven denken, vooral met Kerst wanneer ik Josje zie
glitteren in de boom. Of wanneer ik een peer eet. Of wanneer ik voorbij Nuth rijd. Of
wanneer ik Maluma luister.

Eva, Inez, José, Lea, Merel, Nathalie, Sabine, in welke samenstelling dan ook als liefste
phunkies, de eetclub of temptation festation. Ik ben door jullie hartelijk ontvangen in
Maastricht. Naast de hulp in het lab, wat een toffe avonden hebben wij gehad.
Bijzondere herinneringen aan het roadtrippen van Eindhoven naar Maastricht en terug,
de evaluaties van allerhande bakprogramma’s, de fraaie glitterfeestjes, de romantische
bruiloften en het paranimf mogen zijn.

De PhuN onderzoeksgroep met Bibi, Cara, Charlotte, Dorien, Ellen, Eva, Fatma, Herman,
Jehad, Jordi, José, Kevin, Kim, Kylie, Lea, Lieve, Lynn, Maite, Marco, Mathijs, Maud,
Maurice, Merel, Micah, Nathalie, Peter, Sabine, Sanne, Sultan, Tanja en Willem bedankt
voor een stimulerende werkomgeving en ongetelde vlaaimomenten. Ook Yolanda en
Desirée maken hier zeker deel van uit. Dat geldt ook voor de andere collega’s binnen de
vakgroep Voeding en Bewegingswetenchappen en Humane Biologie.

Voor mij was clampen de lastigste, langste en leukste meting. In het bijzonder Ellen,
Esther, Eva en Sabine, bedankt voor de kostbare uren aan glucose pompen. En ook aan
alle andere experts: Carlijn, Froukje, Inez, Kay, Kelly, Lena, Maaike, Marlies, Niels en Sten.

Sterrenteam Anne en Anne, bedankt voor jullie fantastische bioptwerk. En ook zeker lof
aan alle andere betrokkenen: Aurelia, Edmundo, Gert, Joey, Niels, Suzanne en zovelen
meer.

Ik wil graag mijn co-auteurs bedanken voor jullie waardevolle bijdrage aan de geschreven
artikelen.

Alle lieve vrienden en familie, jullie hebben geholpen met mijn promotieonderzoek
vooral door fijne ontspanning en heel veel plezier. Diede en Kristy, ooit samen begonnen
in Amsterdam met dezelfde studie. We spraken dan niet echt dezelfde taal, we reizen
heel wat af voor elkaar en met elkaar. In de Griekse zon realiseer ik me telkens weer hoe
blij ik ben dat ik jullie heb. Isabelle, door Helene Fischer werden wij geen huisgenootjes.
Wel werden wij op zo’n ongewone manier echt maatjes in Maastricht. Zoveel vrolijkheid,
altijd betrokken, in voor werkelijk alle spontane plannen: bewonderenswaardig. De
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koffiepauzes en afspraakjes zijn altijd langer dan gepland. Wij zullen nooit uitgepraat
raken. Lorraine, zoals op de baan heb ik dit proefschrift geschreven met rode wangen.
Ontladen en opladen met ons tweeén, of met Yzaguirre. Wij lijken soms wel heel veel op
elkaar. Heerlijk om je weer dichtbij te hebben.

Miguel, Chari y Alicia, gracias por vuestro interés en mi proyecto y vuestra calurosa
acogida durante los innumerables viajes a Espafia. Me siento agradecida y afortunada
por tener una nueva familia como vosotros.

Lieve Pap en Mam, lieve zussen en lieve broeders, ik wil jullie bedanken voor jullie liefde,
aandacht en vertrouwen. Jullie hebben me geholpen door zelf mijn eigen keuzes te laten
maken. Heel fijn om jullie steun te ontvangen tijdens belangrijke gesprekken of juist in
stilte. Door de details van mijn onderzoek te delen kreeg ik weer helder waar ik mee
bezig was. Bovendien vond ik het bijzonder om op papier jouw collega te mogen zijn,
Martijn, met je eerlijke kritiek en snelle advies. En Pap, om met jou de omslag voor mijn
proefschrift te ontwerpen, je bent mijn held. Ondertussen mag ik als suikertante
genieten van de zoete gezichtjes van mijn vrolijke nichtjes en neefjes. Het is een gezellige
boel en allemaal samen vormen jullie een warm thuis. Jullie rust en positieve woorden
zorgden er uiteindelijk voor dat ook ik best een beetje trots ben nu.

Liefste Miguel, de mooiste woorden bewaar ik voor jou, en alleen voor jou. Ik heb dan
wel de laatste bus gemist, onze reis samen begint nu pas echt.
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