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RUNNING HEAD: A Systematic Review of the Efficacy of Dietary Polyphenols on Neurogenesis

Abstract

Stress-related psychological ill health has increased dramatically in Europe. A diagnosis equivalent
to occupational burnout can be found in the Swedish version of the tenth edition of the
“International Statistical Classification of Diseases and Related Health Problems™ by the World
Health Organization. The Swedish National Board of Health and Welfare lists treatment suggestions
including a section of self-care that recommended something that could be translated to “a sensible
diet” (“vettig kost”) without providing evidence for what could constitute a sensible diet. By using
the hypothesis of burnout being a stress-mediated decrease in neurogenesis which in turn decrease
the ability to cope with stress, this article systematically reviews the efficacy of dietary polyphenols
on neurogenesis in rodents to evaluate if dietary polyphenols could constitute a part of a sensible
diet for burnout patients. Dietary polyphenols significantly increased various parts of neurogenesis,
in rodents subjected to stressors, in some cases demonstrating effect sizes comparable to
antidepressants. Adverse effects have been observed in extremely high doses and young rodents not
exposed to induced stressors with a putative high level of neurogenesis.
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1.Introduction

Stress-related psychological ill health has increased dramatically in Sweden
(FOrsakringskassan, 2015) with four out of five cases of long term disability in Sweden being, to
some extent, stress-related (Socialstyrelsen, 2003). The severity of stress-related ill can be found
throughout Europe with the majority of European countries having one out of five or three out of
five workers believing that their health is in risk due to work-related stress (World Health
Organization, 2010).

Occupational burnout can be found in the tenth revision of the diagnostic manual,”
International Statistical Classification of Diseases and Related Health Problems™ by World Health
Organization, but not as a diagnosis (World Health Organization, 1992). A diagnosis equivalent to
occupational burnout can, however, be found in the Swedish version (Socialstyrelsen, 2018) of the
aforementioned manual since 2005 after a recommendation from a report ordered by the Swedish
National Board of Health and Welfare (Socialstyrelsen, 2003). The report listed no conclusive
evidence for one specific biomarker behind burnout, a conclusion that was repeated in 2015 (Grossi,
Perski, Osika, & Savic, 2015). The report recommended several treatment interventions such as
creating an action plan aimed at identifying and reducing triggering stressor, psychotherapy focused
on decreasing tension and improving routines regarding sleep, physical activity and food intake.

The report also included a section called self-care in which it concluded that self-care should
not be viewed as a separate treatment but rather the patients' daily execution of the
recommendations anchored in science and provided by the therapist. These recommendations
should regard several everyday things such as creating space for recovery, physical activity and a
what could be translated to "a sensible diet" (“vettig kost™). There is not enough scientific base to
reveal what diet is "sensible™ in the context of recovery from the cognitive impairments of burnout.

One dietary option that has been observed to alleviate stress-induced injury (Xu et al., 2007)

and behavioural changes (Dias et al., 2012) are dietary polyphenols. Polyphenols are chemical
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molecules plants use for, among several things, protection from infection and environmental
stressors. This review will investigate if there is ample evidence to recommend dietary polyphenols
as a part of a sensible diet to burnout patients. Several biological mechanisms have been linked to
stress-related ill, including a specific sulphate, hormone, receptor expression, protein complex,
neurotrophin, all of which have one thing in common — a connection to neurogenesis. High levels of
acute and chronic stress as well as various other forms of stress decrease neurogenesis while
neurogenesis can act as a buffer to stress responses and depressive behaviour (Snyder, Soumier,
Brewer, Pickel, & Cameron, 2011). Eriksson and Wallin (2004) hypothesise that burnout is a stress-
mediated decrease in neurogenesis, which in turn decrease the ability to cope with stress. Eriksson
and Wallin suggested three treatments, enriched environment, antidepressants and physical activity,
to increase neurogenesis which in turn improve recovery from burnout based on the evidence of that
time however no recommendation on a diet was included. Dietary compounds have, however, been
observed to influence neurogenesis. Both high intake of fat and sugar in food (Mi et al., 2017) and
lack of mastication (Yamamoto, Hirayama, Hosoe, Furube, & Hirano, 2008; Yamamoto, Hirayama,
Hosoe, Furube, & Hirano, 2009; Aoki, Kimoto, Hori, & Toyoda, 2005) decrease neurogenesis while
calorie restriction and a high intake of polyphenols have been observed to increase neurogenesis
(Xu et al., 2007; Dias et al., 2012).

Although several reviews can be found to elucidate the relationship between neurogenesis
and polyphenols from several angles at a distance, the field is lacking a systematic review looking
closer from one more narrow-angle. This study aims to review the following research question
systematically: Does current evidence suggest the inclusion of dietary polyphenols in the model of
Eriksson and Wallin (2004) for increasing neurogenesis in subjects suffering from burnout? This
review will start with a brief background to stress-related ill, neurogenesis and polyphenols before

presenting methods and results.
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2. Background
To reach this research question and consequently answer it, we must first travel through the

fields of stress-related ill, neurogenesis and polyphenols.

2.1 Brief history of stress-related ill

The tenth edition of the diagnostic manual "International Statistical Classification of
Diseases and Related Health Problems™ include stress-related ill, but not as a diagnosis of its own
(World Health Organization, 1992). A report by The Swedish National Board of Health and Welfare
published a report in 2003 (Socialstyrelsen, 2003) presenting a myriad of research on stress-related
ill and "occupational burnout™ or simply, "burnout”, which are the two terms most frequently used in
research. The report (from here on referred to as the 2003 report) suggested that the Swedish version
of ICD would include a diagnosis for exhaust disorder. The proposed criteria for exhaust disorder
included physical and mental symptoms of fatigue for at least two weeks as a result of one or more
identifiable stressors that have been present for at least six months combined with several
impairments. Examples of such impairments are lack of mental energy, reduced endurance,
prolonged recovery time, concentration difficulties, memory impairment, sleep disturbance,
irritability, aches, chest pains, palpitations, stomach problems, dizziness and sound sensitivity.

The Swedish National Board of Health and Welfare accepted this proposal and listed exhaust
disorder as a diagnosis in 2005. Grossi et al., (2015) would later conclude this diagnosis to be the
most valid equivalent to the internationally more general term "burnout”. Exhaust disorder is a term
limited to Sweden and most articles | came across, even those produced in Sweden referred to the
diagnosis exhaust disorder by using the term burnout. | will throughout this review, use the term
used in the original papers I cite, but it is essential to know that they both, by large, refer to the same
thing. Stress-related ill is more loosely used to describe all injuries sustained by stress even milder

injuries experienced before a full-blown exhaust disorder/ burnout.
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Since 2005, a diagnosis for exhaust disorder exists, at least in Sweden (Socialstyrelsen,
2018), but several questions remained, who is at risk, how do we prevent and treat it? Livheim,
Bond, Ek and Hedensjo (2018) states that an increased level of stress does not appear to increase the
risk of stress-related-ill but can be healthy. The risk of exposure to stress-related ill lies in an
insufficient recovery from stress. Nor does people suffering from exhaust disorder appear to have a
higher occurrence of personality disorder according to the 2003 report.

The 2003 report claims that the clinical agreement tends to be that people with exhaust
disorder are individuals with high ambitions and a strong focus on work. People who base their self-
worth on their performance at work also tend to be more susceptible. Professions with much human
interaction in occupations such as healthcare, schools, social care and supervisors in companies also
seem to have an increased risk. Grossi and Jeding (2019) explain that it is common for people
suffering from burnout to be high achiever, thorough, loyal and equipped with a strong sense of

always paying their dues.

2.1.1 Experiencing Burnout

In their bibliotherapy, Grossi and Jeding (2019) describe a typical passage to burnout with a
build-up phase that takes several years before a complete development of exhaust disorder. During
this build-up phase, a continual series of challenges and stressors have been dealt with by
continually shifting to a higher gear while at the same time putting oneself and one's own needs last.
Buying a higher gear for the price of recovery may be a successful short-term strategy, but the small
debt will slowly grow with a hefty interest rate. The potential appraisal and job success will be
accompanied by an increased struggle to manage the day. The increased struggles are often met with
an additional decrease in recovery. Sleep duration and quality usually decrease, sometimes
substituted for problem-solving or dwelling. An increasing number of warning signs may appear

both behavioural such as increased irritability and restlessness, cognitive declines mainly related to
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memory and concentration as well as physical ones such as palpitation, headaches and
stomachaches. It is not uncommon for people with exhaust disorder to disregard these signs.

A continual progression in a downward spiral of an increased number of symptoms and a
decreased amount of recovery eventually leads to the acute phase, a phase that Grossi and Jeding
describe as commonly characterised by the sensation of walking into a wall. Cognitive decline and
the level of tiredness increases to a level where one cannot function properly in a typical working
day leading to sick leave, for some of them for the very first time throughout their entire career.
Blackouts, moments of mental absence, troubles of finding to familiar places and general confusion
is not uncommon in this phase. According to the 2003 report, this acute phase may present itself in
an acute deterioration often characterised by an experience of crisis, concentration difficulties,

memory difficulties and a low mood or depression.

2.1.2 Treating Burnout

The treatment recommended by the 2003 report consists of several things including
identifying the stressors and creating an action plan, counselling regarding self-care, physical
activity, sleep and food habits (including a sensible diet), training programs aimed at improving
sleep, managing stress, decrease tension. Treatments for depression is recommended in cases where
depression is present, and a suggestion for trying antidepressants, preferably of the type SSRI,
despite a lack of evidence is included. Grossi and Jeding (2019) suggest acceptance and
commitment therapy, a third wave cognitive behavioural therapy, to be used as structured
psychotherapy for exhaust disorder. The 2003 report relies on studies published at least 16 years
before this review and provides vague preliminary recommendations in several regards due to lack
of sound evidence at the time.

Several of these research gaps has since then been filled in part by additional research

papers. The 2003 report suggested testing antidepressants if deemed useful while also warning for



A Systematic Review of the Efficacy of Dietary Polyphenols on Neurogenesis
9

the lack of sound evidence for this. Publications made after the 2003 report elucidated that inclusion
of unpublished studies on antidepressants of the SSRI type, revealed that SSRI has much less effect
than previously stated (Joober, Schmitz, Annable, & Boksa, 2012). On the flipside, the 2003 report
reported on improvements from symptoms after receiving alternative treatments but warned of this
effect probably being limited to placebo. The bibliotherapy of cognitive behavioural therapy for
exhaust disorder by Grossi and Jerdiner (2019), however, put much effort on mindfulness-training
albeit strictly absent all spiritual and religious context. Although several gaps such as SSRI and
alternative treatments have, to some degree, been filled with additional evidence since the 2003
report, the question of what constitutes a sensible diet for patients with exhaust disorder or burnout
remains a gap unfilled. A crude question began to take form in my mind; what "sensible diet" can
we eat to improve recovery from burnout as recommended by The Swedish National Board of

Health and Welfare in the 2003 report?

2.1.3 Finding Burnout

Additional information was required to turn this crude contemplation into a polished
research question. What physical biomarker should the food be tested against to determine an
increased recovery from or attenuated impairments of burnout? Grossi et al. concluded in 2015 that
no one conclusive biomarker for burnout is known despite several studies demonstrating
physiological correlations to burnout (Grossi et al., 2015).

Some important discoveries all of which not reviewed by Grossi et al. (2015) are as follows:

An increased inflammatory response and oxidative stress in females with high scores on
burnout tests (Grossi, Perski, Evengard, Blomkvist, & Orth-Gomér, 2003). An association between
perceived stress at work and lower levels of DHEA-S, which is a sulphate of the hormone
dehydroepiandrosterone (Lennartsson, Theorell, Rockwood, Kushnir, & Jonsdottir, 2013).

Lennartsson, Theorell, Kushnir & Jonsdottir (2016) also found that a natural increase in DHEA-S
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levels during the first year of treatment in patients with clinical burnout was associated with a
decrease of burnout symptoms. One possible part of the explanation brought forth by Lenartsson et
al. (2016) is the effect DHEA-S have on neurogenesis. DHEA-S have numerous effects on the
central nervous system including neuroprotective under high-level corticosterone and induced
toxicity (Maninger, Wolkowitz, Reus, Epel, & Mellon, 2009), neurotrophic function (Dong &
Zheng, 2011) as well as regulating apoptosis (Maninger et al., 2009).

Jovanovic, Perski, Berglund and Savic (2011) elucidated the relationship between chronic
stress in humans and a decreased 5-HT1A receptor binding in the hippocampus. Hensler, Advani
and Monteggia (2007) observed a significant decrease of 5-HT1A receptor function in the dorsal
hippocampus of Brain-derived neurotrophic factor (BDNF) knockout mouse after administration of
corticosterone. Sertoz et al. (2008) found a significant reduction SBDNF in humans with burnout
syndrome compared to the control group but no such significant association between hypothalamic-
pituitary-adrenal-axis and group with burnout.

It appears that stress has a negative impact on DHEA-S, BDNF and 5-HT1A receptor
expression, a sulphate, a neurotrophin and a serotonin receptor. One connection between them all is
neurogenesis. The connection between stress and neurogenesis is not limited to the correlations
between stress and independent biological mechanism of neurogenesis. Eriksson and Wallin (2004)
providing the hypothesis of burnout being an expression of stress-mediated decrease in hippocampal
neurogenesis, possibly involving the hypothalamic—pituitary—adrenal axis. Eriksson and Wallin
(2004) proposed three treatments for patients suffering from burnout aimed at increasing
hippocampal neurogenesis based on the evidence at that time. The three proposed interventions
were antidepressant treatment, physical activity such as jogging and exposure to an enriched
environment. Eriksson and Wallin provide no example to what constitutes an enriched environment
for humans while Nilsson, Perfilieva, Johansson, Orwar and Eriksson (1999) lists social interaction,

larger housing and a variety of sensorimotor stimuli through the continual introduction of new toys
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as "enriched environment™ for rats.

By those criteria, nature-based rehabilitation models such as the Alnarp model (Grahn &
Ottosson, 2010) could be considered as a human alternative. The Alnarp model provides
rehabilitation in an outdoor environment (larger housing albeit limited to the rehabilitation) with
various activities and crafts demanding sensorimotor stimuli offered, sometimes accompanied by a
mentor guiding the focus towards the sensation of the material and the reaction of its work, in
groups that have scheduled time for effortless socialization (social interaction) and social support.

The Alnarp model has also been observed to significantly increase occupational competence
in burnout patients (Grahn, Palsdéttir, Ottosson, & Jonsdottir, 2017). Eriksson and Wallin did not
list diet as a mediator of neurogenesis despite sensible diet being included in the 2003 report as one
aspect of treatment. If burnout is a stress-mediated decrease in neurogenesis and one aspect of
treatment of burnout is a sensible diet, could a sensible diet mediate neurogenesis to attenuate

injuries and increase recovery from burnout? If so, what constitutes a sensible diet?

2.2 Brief History of Neurogenesis

The continual production of neurons in the adult brain was first observed in the
hippocampus of rats by Altman and Das (1965). Since then neurogenesis has been found in a variety
of locations and animals such as the hippocampus of various animals including the marmoset
monkeys (Callithrix Jacchus) (Gould, Tanapat, McEwen, Flugge, & Fuchs, 1998), the cerebellar
cortex in adult rabbits (Ponti, Peretto, & Bonfanti, 2008), substantia nigra (Zhao et al., 2003) and
hypothalamus in rodents (Recabal, Caprile, & Garcia-Robles, 2017). The existence of neurogenesis
in adult humans was discovered in the dentate gyrus of the hippocampus in 1998 by Eriksson and
colleagues (Eriksson et al., 1998), by marking the birth of new cells with the thymidine 5-bromo-2'-
deoxyuridine (BrdU). Eriksson and colleagues then co-labelled BrdU positive cells with antigens of

proteins or enzymes expressed in limited parts of the neurogenesis process (a process | will clarify
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at 2.2.2) to identify the different types of cells.

Although evidence exists in support of adult human neurogenesis in the subgranular zone of
the dentate gyrus and the subventricular zone of the lateral ventricle (Liu & Song, 2016), the debate
over the very existence of adult human neurogenesis still goes on to this date (Lee & Thuret, 2018)
as illustrated by two studies published in 2018 with conflicting observations. Sorrells and colleagues
(2018) observed the highest number of young neurons in samples from individuals no older than
one year. Boldrini et al., (2018) noted several cell types relevant to hippocampal neurogenesis from
individuals of 14 years to 79 years, including proliferating progenitor cells, young, immature
neurons and mature granule neurons. Three differences that might be key to the opposite findings
were reported by Lee and Thuret (2018), all in favour of the observation that hippocampal
neurogenesis is widespread in healthy adult humans. Firstly, the tissue used by Sorrells et al., had at
least 20 hours postmortem delay compared to Boldrini et al. Secondly, only Boldrini et al.,
employed stereology which to date is the most unbiased method of quantification. Lastly, the
subjects of Boldrini et al. were free from physiological and psychological disease whereas the
majority of subjects examined by Sorrells et al. had various diseases, several of which have been
observed to influence neurogenesis (Liu & Song, 2016). Lee and Thuret (2018) go on to call for a
proxy for in vivo adult human hippocampal neurogenesis, suggesting that the lack of it may be the
biggest obstacle hindering our progress in fully understanding adult hippocampal neurogenesis.
Since most evidence of adult human neurogenesis is confined to hippocampal neurogenesis,

neurogenesis will from here on only refer to adult hippocampal neurogenesis if not otherwise stated.

2.2.1 Finding Neurogenesis
There are several methods one could employ to detect signs of neurogenesis. Limitations had
to be applied in this review to increase protection from bias. | chose a systematic approach solely

including experiments detecting signs of neurogenesis via BrdU labelling through
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immunohistochemistry. BrdU labelling with immunohistochemistry has been employed at the
discovery of neurogenesis, the discovery of neurogenesis in adult humans and is still used to this
date. Neurogenesis is a complex process, parts of which can be examined in several ways, such as in
vitro studies. In vitro studies are, however, limited to testing the reaction of polyphenols direct
contact with the specific precursors or neurons while the journey from eating a substance to having
a neurological and behavioural reaction is far more complex and involves several additional steps.
Other ways are to test mammals behaviour and cognitive functions as a response to an introduced
substance something that while being relevant for the problems of burnout would not provide solid
evidence for a reaction in a relevant biomarker such as neurogenesis. In vivo studies employing
mammals provided the highest value as | was looking to find the answer to the efficacy of dietary
polyphenols on neurogenesis when exposed to environmental disturbances that decrease
neurogenesis. By those reasons, the systematic part of this review is limited to studies done in vivo
with BrdU labelling through immunohistochemistry. There is a limited number of in vivo studies of
neurogenesis using BrdU immunohistochemistry that employs humans since BrdU is toxic, and the
procedure involves sacrificing the patient to count the cells. None of the limited number of studies |
found involved humans being examined for the effect of dietary polyphenol. The mammals
employed in the articles meeting inclusion criteria were strictly rodents.

Information from the studies which met inclusion criteria that are related to neurogenesis or
signs of cognitive functions that are relevant to burnout is included to more justly illustrate the
current evidence for a complicated process and provide a more accurate answer to the research
question posed. Several studies meeting inclusion criteria employed a variety of behavioural tests,
but none so frequently used nor so relatable to the cognitive processes deteriorated in burnout
patient as the Morris Water Maze (MWM). For that reason, | will provide a short walkthrough of

Morris Water Maze after the walkthrough of BrdU labelling and immunohistochemistry.
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2.2.2 BrdU Labelling and Immunohistochemistry

Thymidines has been used to detect neurogenesis since the very beginning with Altman and
Das (1965). The first detection of adult human neurogenesis by Eriksson et al. (1998) was
completed by employing BrdU, a thymidine that incorporates DNA of dividing cells and can thus be
used to mark the birth of new cells (Taupin, 2007). By using antibodies for proteins or enzymes that
are only expressed in specific cells, one may identify and discriminate between different types of
cells related to neurogenesis. An increase in BrdU labelled cells suggests an increase in cells
produced after the injection of BrdU without specifying the type of cell, although risks and
limitations do exist and are to some extent discussed in the discussion section. An increase in BrdU
will from hereon be referred to as an increase in "new cells". An increase in cells expressing KI-67
suggests a proliferation of precursor cells and will from here on be referred to as an increase in
"precursor”. An increase in cells expressing doublecortin indicates an increased number of cells
determined to become neurons. The cells expressing doublecortin are commonly referred to as
young neurons and will from here on be referred to as "young neurons". Cells reacting to NeuN and
NSE antibodies are most likely neurons during a postmitotic phase. Increase in NeuN and NSE will
from hereon be referred to as an increase in "neurons”. By injecting BrdU one may birthmark cells
produced after the injection of BrdU. By double staining the cells with BrdU antigen and one or
several of other antigens, one might find out if a specific cell, for instance, a precursor, young
neuron or neuron is produced after the injection of BrdU. A double-staining of BrdU antigen with
doublecortin will be referred to as "new young neurons". Double-staining of BrdU antigen and
NeuN or NSE will from hereon be referred to as "net neurogenesis" as is mentioned in most original
texts. Looking at the changes in the number of particular antigens provides the researchers with a
possibility to make a qualified guess about the influence of the manipulation on different stages of
neurogenesis. It is worth to note that there are some flaws with this technique that will be presented

in the discussion section.
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2.2.3 Morris Water Maze

MWM is a test of spatial learning and reference memory for rodents. The test was developed
by Richard Morris, who described the necessary procedures in 1984. It is not a maze in the sense of
a labyrinth with a collection of misleading paths designed as a puzzle but is set in a circular pool
approximately half filled with water. The puzzle-like feature of the maze consists of a hidden
platform under the water camouflaged by filling the water with polypropylene pellets, decreasing
the transparency of the water with paint or using a transparent platform with a coloured background.
The pool is divided into four quadrants, and the platform is hidden in one of the quadrants.

The rodents get four trials a day for five days to practice in finding the hidden platform. The
interval between trials can vary between 10-15 seconds to 5-15 minutes, and the rodent is gently
released in a random or semi-random starting position, facing the wall of the tank. A timer starts
when the rodent is released and stops when the rodent touches the platform. Every test has a trial
limit. One to two minutes is a commonly used trial limit. When the trial limit is reached, the
researcher guides the rodent to or places him on the platform. The rodent gets to stay on the
platform during the trial intervals. On day 6, the platform is removed, and the rodent is released in a
different position facing the tank wall. The rodent is removed after a fixed interval. Two commonly
used intervals are 30 or 60 seconds. Several parts of the trial are frequently used to evaluate
reference memory such as the number of platform site crossover, time spent in the target quadrant,
time and distance spent in the target quadrant, latency to first platform-crossover (Morhees &

Williams, 2006).

2.3 Manipulating Neurogenesis
This review utilises the model of Eriksson and Wallin (2004) that hypothesise that burnout is

a stress-mediated decrease in neurogenesis, which in turn decrease the ability to cope with stress.
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The model suggests the addition of factors increasing neurogenesis as complementary treatments.
Eriksson and Wallin provided antidepressants, enriched environment and physical activities as
examples of treatments based on the evidence at that time. What mediates neurogenesis according to
current evidence?

Numerous things have been observed to increase neurogenesis such as antidepressants (Li et
al., 2008; Malberg, Eisch, Nestler, & Duman, 2000) which conversely loses its improvements on
mice behaviour if neurogenesis is blocked (Santarelli et al., 2003), electroconvulsive therapy (Scott,
Wojtowicz, & Burnham, 2000), sex (Kim et al., 2013; Leuner, Glasper, & Gould, 2010)) enriched
environment (Brown et al., 2003; Kempermann, Kuhn, & Gage, 1997; Nilsson et al., 1999; Van
Praag, Kempermann, & Gage, 1999), learning that required hippocampal activity (Stangl & Thuret,
2009) and low level laser (Xuan, Agrawal, Huang, Gupta, & Hamblin, 2014). Physical activity such
as voluntary moderate levels of running (Brown et al., 2003), but not swimming has been observed
to increase neurogenesis (Van Praag et al., 1999). An extended amount of exercise has been found to
decrease neurogenesis. This decrease in neurogenesis can be eliminated by compensating the
extended exercise load with a reduction in other exercise load variables (Naylor, Persson, Eriksson,
Jonsdottir, & Thorlin, 2005).

Several things have also been found to decrease neurogenesis including a decreased or
disturbed sleep (Roman, Van der Borght, Leemburg, Van der Zee, & Meerlo, 2005; Guzman-Marin,

Bashir, Suntsova, Szymusiak, & McGinty, 2007) and stress (discussed in 2.3.1).

2.3.1 Stress and Neurogenesis

Stress has been observed to affect neurogenesis in rats negatively (Cameron & Gould, 1994),
mice (Snyder et al., 2011), shrews (Gould, McEwen, Tanapat, Galea, & Fuchs, 1997), monkeys
(Gould et al., 1998) and human tissue (Anacker et al., 2012). Snyder et al. (2011) have observed that

mice deficient in neurogenesis takes longer to recover glucocorticoid levels after moderate stress
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reactions. Furthermore, the mice examined by Snyder and colleagues showed increased levels of
behavioural effects in response to stress such as anhedonia illustrated by decrease sucrose intake,
increased food avoidance in a novel environment and increased behavioural despair. Snyder et al.
(2011) conclude that neurogenesis may buffer stress response and depressive behaviour. Culig et al.
(2017) found that neurogenesis may also counteract some adverse effects of stress after exposure in
part through adjusting the corticosterone levels via the hypothalamic-pituitary-adrenal-axis (Culig et
al., 2017).

Coe et al. (2003) showed that even prenatal stress in rhesus monkeys (Macaca Mulatta)
inhibit neurogenesis in the dentate gyrus of the hippocampus and decrease of hippocampal volume
in adulthood (two-three years). The postnatal stressor was induced to the pregnant mothers via
acoustic startle protocol five days a week from day 50 until day 147 postconception to significant
increase cortisol above normal levels in previously unstressed mother. A mild degree of chronic
stress in rats has been observed to not have a significant impact on BDNF in hippocampus (Allaman
et al., 2008; Bergstrom, Jayatissa, Mark, & Wiborg, 2008; Lucca et al., 2008) while Lee et al. (2006)
observed a decrease in survival but not proliferation or differentiation of newborn cells of rats
exposed to a mild level of chronic stress. The two findings suggest that there are several aspects of
neurogenesis that are influenced independently and that a constant level of BDNF may not be
sufficient to conclude lack of impaired neurogenesis. Anacker et al., (2012) might partly explain the
findings regarding mild level of chronic stress with their observation that low levels of stress
primarily active high-affinity stress receptors an activation that increases proliferation but decreases
the number of young neurons. They also observed that a high level of stress actives low-affinity
stress receptors, reducing it all together.

Shifting from predictable chronic stress to unpredictable chronic stress, Larsen, Mikkelsen,
Hay-Schmidt and Sandi (2010) found an increase of BDNF mRNA expression in hippocampus after

exposure to unpredictable chronic stress. The stress model consisted of 29 days of a variety of
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stressors. The same study observed an increase in BDNF mRNA after administration of
antidepressant treatment in contrast to the observations of Allaman et al. (2008). Larsen and
colleagues speculated that the increase in BDNF mRNA post-exposure to unpredictable chronic
stress might be an adaptive protective response to the stress rather than a sign of improved
neurogenesis. A high level of BDNF mRNA in the granule cell layer does not exclude the possibility
of a negative influence on neurogenesis, as shown by Lee et al. (2006).

At this time, there seems to be congruency between recommendations of treatments for
burnout in the 2003 report (testing antidepressants, moderate level of physical activity, improved
sleep and sleep routine and decreased or managed causes of stress) and the observations of what
positively affects neurogenesis (antidepressants, moderate level of physical activity, a good sleep
and manageable levels of stress). The question remains: What constitutes a sensible diet that

improves recovery from burnout through an increase of neurogenesis?

2.3.2 Diet and Neurogenesis

There are several ways to significantly influence neurogenesis through one's diet. Food that
does not require mastication decrease neurogenesis (Aoki et al., 2005; Yamamoto et al., 2008;
Yamamoto et al., 2009) while high intake of fat and sugar decrease BDNF and results in the MWM
(Mi et al., 2017). Calorie restriction (Lee, Duan, & Mattson, 2002) and a high intake of polyphenols
have been observed to increase neurogenesis (Xu et al., 2007; Dias et al., 2012).

In 2007, Xu et al., tested the effect of the dietary polyphenol curcumin on both 5-HT1A,
BDNF and neurogenesis, finding it to positively influencing them all in a similar effect as an
antidepressant. Five years later, a review by Dias et al. (2012) elucidated the occurrence of increased

neurogenesis through consumption of dietary polyphenols as observed in numerous studies.
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2.4 Brief History of Dietary Polyphenols

So adult neurogenesis might be a way to increase protection from stress-related ill and help
the brain recover from it. Neurogenesis has, in turn, been observed to increase by consuming dietary
polyphenols. However, what are dietary polyphenols?

As reviewed by Almeida, Alves, Sousa, Oliveira and Silva (2016), dietary polyphenols are a
subgroup of phytochemicals. Phytochemicals are non-nutrient chemical compounds produced in a
variety of plants. It can be found in a variety of plant-based dietary sources available to humans
including beverages (such as a variety of tea, wine or lemonade), herbs, seeds, fruits and a variety of
vegetable oils. There are more than 4000 phytochemicals catalogued, but only about 150 have been
studied in detail. Phytochemicals can be divided into eight classes and polyphenols are one of the
largest classes.

In plants, phytochemicals can aid the plant with several issues such as protection from
environmental stressors, increasing the plant's protection against invading viral, bacterial, fungal,
yeast and herbivorous organism, in some cases by attracting the predators of the plant's invaders.
Phytochemicals can help attract pollinators and other symbiotes. In mammals such as but not
limited to humans, phytochemicals have been observed to increase protection against infections,
counterbalance free radicals, slow ageing, counteract various issues arising from cancer, stroke, high
blood compression, osteoporosis, urinary tract infections. Studies on phytochemicals such as dietary
polyphenols have provided promising observations regarding its potential protection from
neurotoxicity, stimulation of neuronal regeneration, neuronal enhancement and cognitive

improvements on memory and certain forms of learning.

2.4.1 Influencing Humans — via Polyphenols
Several polyphenols have been observed to decrease  amyloid markers making it a target

for a potential Alzheimer's treatment. A study on hesperin, a polyphenol commonly found in citrus
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fruits provided evidence for a neuroprotective effect and attenuate memory impairments induced by
an Alzheimer's model (Thenmozhi, Raja, Janakiraman, & Manivasagam, 2015).

Cognitive improvements have been reported in elderly humans who reported a high intake of
curry, a spice that is known to contain the polyphenol curcumin (Ng et al., 2006). An experiment
made on a supplement containing 400 mg curcumin has demonstrated an acute improvement in
attention and working memory tasks while adding psychological contentment, state calmness and
attenuated of fatigue induced by psychological stress after chronic intake (Cox, Pipingas, & Scholey,
2014).

Chronic intake of green tea, high in the polyphenol EGCG has also been linked to beneficial
effects in cognition for the elderly. Japanese elderly over 70 who reported consuming two cups or
more of 100ml green tea a day was observed to have a significantly lower risk of cognitive decline
as measured by mini-mental state examination when compared to those who reported consuming
three or fewer cups a week (Kuriyama et al., 2006). EGCG has also been observed to attenuate
cognitive impairments in down syndrome (De la Torre et al., 2013).

Witte, Kerti, Margulies and Fl6el (2014) observed that 50-75-year-old Berliners with a BMI
between 25-30 who received 200 mg of the polyphenol resveratrol daily for 26 weeks had a
significantly increased memory retention and significantly lower score on Beck's depression
inventory but no significant difference on mini-mental state examination when compared to a
control group receiving placebo.

A meta-analysis testing several polyphenols elucidated the potential increase of physical
performance that quercetin had on, among several groups tested, elite performers (Somerville,
Bringans, & Braakhuis, 2017) while also providing both studies that did and that did not include a
significant increase in performance after treatment with EGCG.

A review study by Dias et al. (2012) presented 31 studies testing the impact of dietary

polyphenols on various aspects associated with increased neurogenesis. Nine studies observed
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positive differences in neurochemical and morphological aspects of the hippocampus. Six studies
found an increase in proliferation and two observed differentiation in the hippocampus after intake
of one specific polyphenol or a mixture of polyphenols. The polyphenols examined was curcumin,
XBXT-2, chlorogenic acid and two mixtures, LMN diet and NT-020 diet. Twenty studies observed a
positive effect of different polyphenols on mental-health-related states and behaviour. The
polyphenols examined were flavonoids, blueberry, epicatechin, cocoa, curcumin, trans-resveratrol,
epigallocatechin, chlorogenic acid, vaccinium berries, gingko biloba extract. The review by Dias
and colleagues provided a brief overview of dietary polyphenols impact on neurogenesis concerning
depression, and anxiety picture builds upon 122 studies. It was not a systematic review, nor did it
include studies that showed neutral or decreasing effects of dietary polyphenols on neurogenesis.
Through the review of Dias et al. (2012), | found support for dietary polyphenols to be
systematically reviewed as a dietary compound being part of a sensible diet to burnout patients by

moderating neurogenesis according to the model by Eriksson and Wallin (2004).

2.5 Research question

To answer my initially crudely formed question; "what would constitute a sensible diet for
burnout patients?", I have chosen to build upon the framework of Eriksson and Wallin (2004) and
form a more specific research question. The research question is: "Does current evidence suggest
dietary polyphenols to be included as a recommendation in Eriksson and Wallin's model for
increasing neurogenesis in subjects suffering from burnout? A systematic review is necessary to

provide the sound evidence that the 2003 report desired.
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3.Method

| retrieved all relevant articles in English, published up until February 2019 through
WorldCat.org, Pubmed, SpringerLink, Medline and ScienceDirect. For this, | conducted searches
through two phases. Phase 1 was performed by using the term "polyphenol*" ending with the
truncation * and paired with the term "neurogenesis” using the boolean operator AND between the
terms. Searches on "polyphenol*" and "neurogenesis™ separately was not conducted. I read the
abstracts, methods and results in all experimental studies of phase 1 to secure relevant data from all
studies, including those with a differently stated focus. Reviews and duplicates were not necessarily
read.

During phase 2, additional searches were conducted on every substance included in articles
meeting inclusion criteria in phase 1. Several polyphenols can be referred to by names, and | chose
to use the name of the polyphenol that was used in the title of the articles in phase 1. If two words
were used in the title, the one most frequently used in the abstract was used in the search. The
search was conducted by using the name of the substance paired with the term "neurogenesis™ using
the boolean operator AND between the terms. During phase 2, the search was limited to articles that
included both of the two terms in the title, and only abstracts were read before applying inclusion
criteria. Articles that indicated a potential for meeting inclusion criteria were then read in its full
form. The search terms employed in Phase 2 were as followed; "Astaxanthin AND Neurogenesis",
"Baicalein AND neurogenesis”, "Curcumin AND neurogenesis”, "EGCG AND neurogenesis*", "L-
3-n-Butylphthalide AND neurogenesis” and "Resveratrol AND neurogenesis”.

Inclusion criteria were full-text, peer-reviewed articles presenting in vivo experiments on
one dietary polyphenol per testing group and its effect on any part of neurogenesis as measured by
BrdU labelling with immunohistochemistry. The lower age limit was set to the age when each

species has a fully developed hippocampus. No upper limit was set.
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The search in WorldCat.org, SpringerLink, Medline and ScienceDirect was all searched for
using the university login on WorldCat.org: "https://his.on.worldcat.org™. The search was not limited
to the libraries available to the University of Skévde. The search in PubMed was done separately via
the website: https://www.ncbi.nlm.nih.gov/pubmed/. All relevant articles found in PubMed were
retrieved regardless of any limitations in availability to the University of Skdvde.

Both phase 1 and phase 2 was initiated at WorldCat hence the rejection rate from PubMed is
higher due to articles meeting inclusion criteria and found on both databases are listed as accepted

in WorldCat but rejected as a duplicate in PubMed.
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4.Result
| will start by presenting the results of the search in the different phases and databases. | will
then present the results of the articles meeting inclusion criteria beginning with a simplified table

before moving forward to a more in-depth presentation of the same studies.

4.1 Inclusion and Rejections.

During phase 1, 251 articles were located from WorldCat.org, of which 113 articles could be
found in SpringerLink, 28 in MEDLINE and 10 in ScienceDirect. Fifty-five articles were located in
PubMed. A total of six articles met the inclusion criteria during phase 1. The six articles tested six
different polyphenols, L-3-n-Butylphthalide, also referred to as L-NBP (Lei et al., 2018), astaxanthin
(YYook et al., 2016), baicalein (Oh et al., 2012), curcumin (Kodali et al., 2018), epigallocatechin-3-
gallate also known as EGCG (Wang et al., 2012) and resveratrol (Moriya et al., 2011). During phase
2, 40 articles were located via WorldCat.org, and an additional 22 articles were located using
PubMed. Of the 62 articles located, 10 additional articles met inclusion criteria of which zero
examined astaxanthin, one examined L-3-n-Butylphthalide (Yang et al., 2015), one examined
EGCG (Ortiz-16pez et al., 2016), three examined curcumin (Kim et al., 2008; Dong et al., 2012; Xu
et al., 2018) and five examined resveratrol (Park, Kong, Yu, Mattson, & Lee, 2012; Torres-Pérez et
al., 2015; Kodali et al., 2015; Kumar et al., 2016; Liu et al., 2016). The majority of excluded papers
were excluded due to one or several of the following reasons; only referring to polyphenols and
neurogenesis in text without performing an experiment, performing experiments but using other
measures than BrdU labelling immunohistochemistry (such as gene expression, BDNF measuring,
behavioural testing or in vitro testing), reviews, only testing mixtures of several different
compounds or duplicates. The total number of included articles was 16, while a total of 352 articles

were rejected.
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4.2 Presentation of Data

Tables with a summary of data are listed according to a substance in the order of most
articles included. Astaxanthin, baicalein, and L-3-n-Butylphthalide are presented in table 1, EGCG
is presented in table 2, curcumin is presented in table 3 and resveratrol is presented in table 4.
EGCG, curcumin and resveratrol were the most frequently tested substances throughout all retrieved
articles, and for that reason, the articles testing those substances and meeting inclusions criteria are

presented in greater depth in 4.2.1 to 4.2.3.
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Reference | Animal Treatment Model New cells | Precursor | Young New young | Net Dose-
neurons neurons neurogenesis dependent
Yook et Mice Astaxanthin No N.T N.T Yes
al., 2016 0.02,0.1or Stressor
0.5% of diet
for 4w P.O
Ohetal., Mice Baicalein Radiation Not clearly
2012 10mg/kg/daily | 5gy stated by the
for 1w via I.P author
Leietal,, | Mice L-NBP Swedish N.T
2018 15mg/kg mutation
5days/w for relevant
7,14,28 or 34 | for
days alzheimers
studies
Yang et al., | Rats L-NBP Cerebral Treatment
2015 30mg/kg ischemia length
P.O dependent

Table 1. Effects of Astaxanthin, Baicalein and L-NBP on neurogenesis tested in vivo. N.T = No result of testing listed in the article. N.S = Not significant. + = Significant increase. -

= Significant decrease. MWM = Morris Water Maze. In articles testing more than one treatment dose or length, only significant results will be presented. P.O = Per Osse.

I.P = Intraperitoneal injection. Green colour indicates a significant increase as a response to treatment. Red colour indicates a significant decrease as a response to treatment. Yellow
colour indicate tests not passing the criteria of green or red colouring.
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Reference | Animal Treatment Model New cells | Precursors | Young New young | Net MWM Dose-
neurons neurons neurogenesis dependent

Yang et al., | Mice 20mg/kg/day | No : N.S N.S N.S N.T
2012 for 60 days stressor

via |.P
Ortiz- Mice 0.625, 1.25, No Yes
Ldpez et 2.5,5.00r stressor
al., 2016 10mg/kg/day

for 14 days

via I.P

Table 2. Effects of EGCG on neurogenesis tested in vivo. N.T = Not tested in. N.S = Not significant. + = Significant increase. - = Significant decrease. MWM = Morris Water Maze.
P.O = Per Osse. |.P = Intraperitoneal injection. Green colour indicates a significant increase as a response to treatment. Red colour indicates a significant decrease as a response to
treatment. Yellow colour indicates tests not passing the criteria of green or red colouring.



A Systematic Review of the Efficacy of Dietary Polyphenols on Neurogenesis

28
Reference | Animal Treatment | Model New cells | Precursors | Young New Net MWM Dose-
neurons young neurogenesis dependent
neurons
Kimetal., | Mice 0.184 No stressor N.T N.T Not clearly | N.T N.T Yes
2008 mg/kg stated
daily for 4
days via I.P
Xuetal., Rats 5,10 or 20 | Chronic N.T N.T Not clearly | N.T N.T Yes
2007 mg/kg for | unpredictable stated
21 days via | stress
P.O
Dong et al., | Rats ~30mg/kg | Age-related Treatment
2012 for 6 or 12 | decrease in length
weeks via | neurogenesis dependent
P.O
Kodali et Rats 30mg/kg Gulf war
al., 2018 for 30 days | illness (incl
via I.P stress)

Table 3. Effect of Curcumin on neurogenesis tested in vivo. N.T = No result of testing listed in article. N.S = Not significant. + = Significant increase. - = Significant decrease.
MWM= Morris Water Maze. In articles testing more than one treatment dose or length, only significant results will be presented. P.O = Per Osse. I.P = Intraperitoneal injection.
Green colour indicates a significant increase as a response to treatment. Red colour indicates a significant decrease as a response to treatment. Yellow colour indicates tests not
passing the criteria of green or red colouring.
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Reference | Animal | Treatment Model Precursors | Young New Net MWM Dose-
neurons young neurogenesis dependent
neurons

Torres- Mice 1,5,10,20 or | Age-related - N.T N.T Yes
Pérez et 40mg/kg for | decrease in
al., 2015 14 days via neurogenesis

P.O + 0.3% etanol
Liuetal., Mice 20mg/kg for | LPS-induced N.T Stressor-
2016 14 days via stress-based dependent

I.P depression
Kumar et Rats 20mg/kg for | Age-related Not N.T N.T
al., 2016 45 days decrease in clearly

via P.O neurogenesis | stated
Moriyaet | Mice 40mg/kg for | Chronic
al., 2011 28 days via fatigue

P.O (gavage) | syndrome
Kodali et Rats 40mg/kg for | Age-related
al., 2015 28 via I.P decrease in

neurogenesis

Park etal., | Mice 1 or 10 mg/kg | No stressor
2012 for 14 days applied.

via |I.P

Table 4. Effects of Resveratrol on neurogenesis tested in vivo. N.T = No result of testing listed in article. N.S = Not significant. + = Significant increase. - = Significant decrease.
MWM= Morris water maze. In articles testing more than one treatment dose or length, only significant results will be presented. P.O = Per Osse. I.P = Intraperitoneal injection.
Green colour indicates a significant increase as a response to treatment. Red colour indicates a significant decrease as a response to treatment. Yellow colour indicates tests not
passing the criteria for green or red colouring.
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4.2.1 How EGCG Affected Neurogenesis

Wang et al. (2012) employed two months old mice. The mice received 20mg/kg of EGCG
injected via intraperitoneal injection (1.P) per day for 60 days. For the analysis of new cells and
immature neurons, mice received BrdU two hours following treatment and sacrificed two hours
later. For analysis of net neurogenesis, BrdU was administered four weeks before sacrifice in four
months old mice. 40.9% increase of new cells compared to the control group suggesting improved
proliferation. No significant increase in young neurons, new young neurons or net neurogenesis was
observed. Unbiased stereology was used to quantify the number of cells. The four months old mice
were tested in MWM. While no difference was observed between groups while the platform was
visible, a distinction was observed in escape latency (P<0.05 and P<0.001) and time spent in the
correct quadrant in favour of EGCG treated group when the platform was hidden (P<0.001).

Ortiz-L06pez et al. (2016) used 8-10-week old mice who first received BrdU via I.P. Two
hours after the shot, and the mice received the first of fourteen consecutive daily treatments of
EGCG through I.P. and sacrificed day 15. Five groups with different doses of EGCG as well as
control was tested. Doses tested was; 0.625 mg/kg/day, 1.25 mg/kg/day, 2.5 mg/kg/day, 5mg/kg/day
and 10mg/kg/day. All groups were tested for precursor cells, while the most effective dose (2.5mg)
was also tested for young neurons, new young neurons and net neurogenesis. Precursors were not
significantly increased by any group although a non-significant curve shaped like a bell appeared, at
the top of this curve with the highest increase was the 2.5mg and with the highest dose, 10mg/kg
decreasing proliferation of precursors (P=0.05). A dose-dependent change was also observed when
testing for new cells, but this time, the change in 2.5 mg group was significant (P<0.05). Further
testing on 2.5 mg group revealed an 88% increase in young neurons cells (P=0.006), 138% increase
in new young neurons (P=0.002) and 99% increased net neurogenesis (P<0.001) when compared to
control group. Four to five mice were used in each testing group.

Combining the results of Wang et al., (2012) and Ortiz-Lépez et al. (2016) EGCG



A Systematic Review of the Efficacy of Dietary Polyphenols on Neurogenesis
31

significantly increase the number of new cells which possibly includes precursors, but no measured
increase in precursor was significant. Young neurons, new young neurons and net neurogenesis
increase during the treatment period, possibly due to a decrease in apoptosis (further discussed in
discussion). These findings are dose-dependent, and the optimal dose is somewhere around 20-

25mg/kg administered via I.P., according to the articles reviewed.

4.2.2 How Curcumin Affected Neurogenesis

Kim et al. (2008) used eight-week-old mice. The mice received 500nmol/kg (~ 0,184 mg/kg)
of curcumin daily for four days via I.P. One group was sacrificed one day after last treatment, thus
testing proliferation of new cells while another was sacrificed four weeks after last treatment,
therefore testing the survival of new cells, after the end of treatment. The mice receiving curcumin
had an increase of new cells observed in both the one day group (P<0.01) and four weeks group
(P<0.05) when compared to control groups. Both samples also tested for neurons. The vast majority
of the group sacrificed one-day post-treatment were not neurons while the vast majority of new cells
in the hippocampus of the group sacrificed four weeks post-treatment were neurons. The authors did
not clearly state any significant increase in the number of net neurogenesis in the group treated with
curcumin compared to control. According to supplemental data, a "high dose" (~ 7.36 mg/kg) in
vivo experiment was also conducted, but the dose did not significantly change the number of new
cells in any direction, compared to control. No data regarding net neurogenesis in this group was
presented.

Xu et al. (2007) used an unpredictable chronic stress paradigm during 20 days on rats whos
age were not clearly stated. BrdU was administrated through I.P. once daily for two days after
treatment. The treatment group used to measure proliferation of new cells were sacrificed 24 hours
post last BrdU administration while the treatment group used to measure differentiation were

sacrificed 28 days later. The rats were divided into five groups containing 5-6 rats per group;
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Control, 10mg imipramine (an A.D.) or curcumin treated groups at doses of 5mg/kg, 10mg/kg or
20mg/kg. One naive group was also included but not exposed to chronic unpredictable stress. The
A.D. or curcumin was administered daily per osse (P.O) for 21 days. Total count of new cells was
significantly lower in the control group compared to naive control. Increase in new cells compared
to control (not naive) was dependent on dose, reaching significance at 10mg/kg group (P<0.05) and
peaking at 20mg/kg (P<0.05) with a 20-28% increase. Imipramine group significantly increased
(P<0.05) and demonstrated the highest effect size of all groups with 48%, although no significant
difference was presented between imipramine and curcumin. No treatment group were significantly
lower than naive, although no group amounted to the same new cell count as a naive group. 59% of
the new cells were also neurons in the 20mg/kg curcumin group, while the same amount was 65%
in the naive group. Although this number provides evidence for differentiation, no amount of total
net neurogenesis compared to control was clearly stated by Xu and colleagues. Xu and colleagues
also observed a positive increase in 5-HT1A mRNA in curcumin and A.D. treated groups compared
to control, an observation of the greatest importance to burnout patients that will be further
discussed in the discussion section.

Dong et al. (2012) tested 15 months old rats. In this experiment, Dong et al. did not test
different doses, but different treatment length of the same dose. The rats were treated with curcumin
infused chow ad libitum. It was estimated that the mice consumed ~30 mg/kg curcumin per day.
One group consumed curcumin for six weeks while the other consumed curcumin for 12 weeks.
BrdU was administered during the last ten days before the end of treatment. The mice were
sacrificed two hours after the last BrdU administration. Both groups illustrated an increase in the
number of new cells, but only the 12 weeks treatment group was significant (P<0.05). There was no
significant difference between the groups in the willingness to explore open fields. During social
recognition, both six weeks (P<0.01) and 12 weeks (P<0.05) treatment groups exhibited a

significant decrease in investigation time in familiar juvenile rats suggesting they have an increased
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ability to recognise familiar rats. Both 6 (P<0.01) and 12 weeks (P<0.01) also exhibited a significant
increase in novel investigation index compared to control. Both 6 and 12 weeks treatment groups
showed a decrease in escape latency when the platform was hidden in the MWM. However, no
significant change was exhibited (P>0.05) when testing time in the target quadrant, both groups
showed an increase, but only the 12 weeks group passed significant (P<0.05).

Kodali et al. (2018) used nine-week-old rats to evaluate neurogenesis in rats exposed to gulf
war illness. Gulf war illness was inflicted by a mixture of the chemicals commonly found on the
combat field during the gulf war, combined with five minutes of restraint stress daily for 28 days.
Curcumin treatment started one day after the gulf war illness was induced and lasted for 30 days. A
dose of 30mg/kg curcumin was administered via I.P. BrdU was injected the last seven days of
treatment. The treatment and BrdU administration was followed by a 60-day waiting period. After
the waiting period, behavioural tests were conducted over an additional 30 days. When testing the
memory, both naive (P<0.001) and gulf war illness + curcumin treated groups (P<0.01) spent
significantly lower time with familiar place object compared to novel place object, suggesting a
better memory than the gulf war illness group without curcumin treatment. A significant difference
in time spent with familiar vs novel object was also seen with a P<0.001 for the naive group and
P<0.05 for gulf war illness+curcumin treatment group but no significant difference for the gulf war
illness group without curcumin treatment, further suggesting a decrease in memory function that
was not seen in naive or those treated with curcumin. Only the group exposed to gulf war illness
without curcumin treatment had a significant increase in anxiety-related behaviour (P<0.05).
Significant reduction of both new cells (P<0.05), young neurons (P<0.001) and net neurogenesis
(P<0.01) was found between naive group and gulf war illness group without treatment. No
significant difference was found between naive and the gulf war illness group that received
curcumin treatment. Since the marker used to locate young neurons is expressed ~14 days, and the

researchers used a 60-days waiting period + 30 days behavioural test period before sacrifice, the
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measured increase of young neurons are cells generated ~76 days after complete treatment. This
suggests that chronic curcumin treatment could have a beneficial effect even after ended treatment.
No exact data was presented in percentage or fold change however according to the illustrative
graphs, the increase in new cells, young neurons and net neurogenesis in the gulf war illness group
with treatment compared to that without are; ~100%, ~50% and ~90%.

Combining the studies, they suggest that chronic treatment have a favourable effect than
acute. The highest effect sizes are seen in chronic treatments, in patients exposed to stress or a
combination of stress and chemicals. Chronic treatment of curcumin in patients exposed to stress
have, as opposed to EGCG, been observed to be effective. Both administrations, through oral and
I.P. injection, are effective. There is not enough evidence to suggest an optimal dose or
administration, although around 20-30 mg/kg via I.P. has so far generated the greatest effect from

the limited amount of tests.

4.2.3 How Resveratrol Affected Neurogenesis

Torres-Pérez and colleagues (2015) tested six months old mice. The resveratrol treatment
used was 1,5,10,20 or 40 mg/kg per day for 14 days. The resveratrol was administered by water after
being dissolved in alcohol. The final alcohol concentration was estimated to be 0,3% ethanol, a dose
that the control mice received as well. BrdU was administered twice, 2 hours apart before
resveratrol treatment. A number of precursors illustrated a dose-dependent change, none of which
were significant. The lowest dose 1mg/kg had the lowest score, increasing with each dosage
increase, meeting control at 10mg/kg, surpassing control with 20mg/kg and 40mg/kg. Total amount
of new cells significantly increased with 31% at 10mg/kg (P<0.005), 28% at 20 mg/kg (P=0.017)
and 31% at 40 mg/kg (P<0.005). Doses of 1mg/kg and 5mg/kg significantly decreased the number
of young neurons with 29% and 24 % respectively (P<0.001) while doses of 20mg/kg and 40mg/kg

significantly increased the number by 113% and 114% respectively (P<0.001). Further analysis of
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40mg/kg group revealed a 44% increase in net neurogenesis (P=0.015). Behavioural tests were
conducted on the 40mg/kg group. Memory retention latency was significantly higher in resveratrol
group, peaking at F 1,44=15.72; P<0.001 decreasing to F 1,44=15.72; P= 0.011 when tested 24
hours later. Resveratrol group had little effect when testing reference and working memory with
increases both significant and not significant in favour of resveratrol treatment being found spread
out but not consistently significant. No significant results in favour of the control group were found.
It is worth to note that the memory test started post-treatment and continued up to day 15 post-
treatment, thus testing a lasting effect of treatment.

Liu et al. (2016) tested the effect of resveratrol in a stress-based depression model and one
model without any added stressor. Eight weeks old mice were used. The mice were divided into four
groups, one group pretreated with resveratrol and exposed to liposaccharide to simulate a stress-
based depression. One group pretreated with a vehicle substance before being exposed to
liposaccharide. One group were pretreated with a vehicle and exposed to control substance saline
(control) while the last group was pretreated with resveratrol and then exposed to saline. The
resveratrol dose used was 20mg/kg for 14 consecutive days administered via I.P. injection. After
resveratrol treatment, saline or liposaccharide (1mg/day) were received via I.P. for five straight days.
After completion of liposaccharide administration, BrdU was administered every two hours with a
total of three injections. Some animals were sacrificed one day after first BrdU injection thus testing
new cells in an early stage of neurogenesis while some were given two weeks after first BrdU
injection before sacrifice thus allowing newly generated cells to pass additional steps of
neurogenesis before evaluating. Liposaccharide group without treatment had a significant decrease
in both new cells and young neurons when compared to control. The resveratrol-treated
liposaccharide group had a significant increase in both new cells and young neurons compared to
the liposaccharide group that received vehicle (P<0.01). No significant difference was observed

between control and resveratrol-treated control group. Although no significant difference between
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control and resveratrol-treated liposaccharide groups was clearly stated, the graphs illustrated a
difference between resveratrol-treated liposaccharide group and control, in favour of the control
group. The same pattern was observed when testing new cells, and new young neurons cells in
animals sacrificed fourteen days after the last BrdU injection, thus suggesting that the effect of
resveratrol may be more attenuative to ill effects of stressors that hinders neurogenesis (in this case
stress-induced depression) than a substance with an overall increase of neurogenesis regardless of
situation. No significant differences were found during tests that measured anxiety. Significant
differences between the liposaccharide group that did and the group that did not receive resveratrol
treatment were found in two behavioural tests measuring depression (P<0.05; P<0.01) indicating
that resveratrol attenuates depression induced by liposaccharide.

Kumar et al. (2016) tested 15-month-old rats. They treated the rats with 20mg/kg of
resveratrol for 45 days administered P.O using a 2% gum acacia. BrdU was delivered daily for seven
days before the end of treatment. Twenty-four hours after the last resveratrol administration, three
rats from each group were sacrificed for analysis. The number of new cells increased, however, the
authors did not clearly state if this increase was significant. The result from net neurogenesis was,
however, clearly presented with a 20.5% increase of net neurogenesis in old resveratrol-treated rats
compared to old untreated rats (P<0.05) although still lower than young rats.

Moriya et al. (2011) used 25-week old mice that had been induced with a condition
simulating chronic fatigue syndrome. Treatment consisted of daily 40 mg/kg resveratrol
administration P.O (gavage) for four weeks. BrdU was administered for seven consecutive days via
I.p before sacrifice. No exact increase was presented, but a significant increase (P< 0.05) of ~ 100%
was illustrated through a graphic figure of the chronic fatigue group who was treated with
resveratrol compared to the chronic fatigue group that did not receive resveratrol treatment. The
level of new cells in the resveratrol-treated fatigue group was comparable to the naive group.

Resveratrol-treated chronic fatigued mice significantly increased their daily running compared to its
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un-treated counterpart (P<0.05). Despite this, the daily running of the resveratrol-treated group was
still significantly lower than the naive group (P<0.05).

Kodali et al. (2015) set out to test the effect of chronic resveratrol treatment on 21-month-
old rats. The rats were treated daily with 40mg/kg resveratrol or vehicle through I.P. for four weeks.
New cells increased with 180% (P<0.05) young neurons increased with 210% (P <0.001). Net
neurogenesis increased with 240% (P<0.01). Behavioural tests between resveratrol and vehicle
group were conducted before treatment to ensure group differences independent of treatment. No
significant differences were observed between resveratrol and vehicle group before treatment.
Significant differences were observed post-treatment in favour of resveratrol group on swim path
efficacy (P<0.001), latency to the platform (P<0.0001), and dwell time in platform quadrant
(P<0.001) but not on swim speed in MWM. Significant improvements in favour of resveratrol
group were found in a behavioural test observing antidepressant effects (P<0.05).

Park et al. (2012) tested five-week-old mice treated with 10mg/kg resveratrol per day for 14
days via I.P. and sacrificed on the 15th day. The mice were given BrdU via I.P. twice per day for
three days. The group testing proliferation of new cells in an early stage received BrdU
administration during the last three days of resveratrol treatment. The group testing for young
neurons and net neurogenesis received BrdU administration three days before resveratrol treatment.
Both dosages lead to a significant (P<0.01) decrease in both new cells, young neurons and net
neurogenesis. The authors did not clearly state any exact reduction, however, according to graphs
the 10 mg/kg group had lower scores on both new cells, young neurons and net neurogenesis than
1mg/kg when compared to vehicle. A dose-dependent decrease in MWM was observed on both
group, but only 10mg/kg passed significant (p<0.05) on latency to the platform.

When combining all studies, it appears that the beneficial effect of resveratrol on
neurogenesis is increased in subjects whos neurogenesis is decreased by age or external factor such

as stress or toxic chemical compounds while resveratrol can conversely act neurotoxic in young,
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healthy subjects with putative high neurogenesis. The efficacy is also dependent on dose and
treatment length. There is not enough replicated data for each group enough data to support an
optimal dose or administration. Grossly simplified one could say that a high need for increased
neurogenesis requires a higher dose of resveratrol for optimal effect while a low need for increased
neurogenesis can only handle a low dose of resveratrol before getting injured by it. What exactly is

low enough or high enough for each subject and condition remains to be discovered.
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5.Discussion

The research question examined was, "does current evidence suggest the inclusion of dietary
polyphenols in Eriksson and Wallin's model for increasing neurogenesis in subjects suffering from
burnout?"” The short answer to this is a tentative yes, but additional research is required. The long
answer is, however, much more complex both including warnings, risks and potential. A broader
picture will be provided by briefly discuss additional information of relevance found in the included
studies. This will be followed by limitations of both this study and the studies it rests upon. Before
ending with a conclusion and future research, | will discuss a couple of things we need to do to

secure the best usage of dietary polyphenols for burnout patients.

5.1 Additional Information from Included Studies

Dose-dependent significant increase of neurogenesis tested in vitro as a result of exposure to
EGCG (Ortiz-Lopez et al., 2016), Curcumin (Kim et al., 2008) and Resveratrol (Kumar et al., 2016)
was provided. While most testing is done on murine, Kumar et al. (2016) observed a significant
increase in vitro neurogenesis on human stem cells after exposure to resveratrol (P<0.01). Dose
seems to be of substantial importance, and higher doses of both curcumin (Kim et al.,2008) and
resveratrol, (Kumar et al., 2016; Park et al., 2012) have observed to act cytotoxic when tested in
vitro. Besides an increase in neurogenesis, some studies also found a rise in elaborate dendric spines
after administration of both EGCG (Ortiz-Lépez et al., 2016; Wang., 2012) and resveratrol (Torres-
Pérez et al., 2015). A decrease of apoptosis as a result of EGCG (Ortiz-Lépez et al., 2016) and
resveratrol (Moriya et al., 2011; Kumar et al., 2016) congruent with an increase in neurogenesis was
observed. Conversely, an increase in apoptosis was observed by Park et al. (2012) congruent with a
decrease in neurogenesis. Kempermann, Song and Gage (2015) stated that apoptosis is the primary
mediator of net neurogenesis. Although dietary polyphenols have been observed to impact several

stages of neurogenesis, the impact that dietary polyphenol have on apoptosis seems to be at least
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one crucial aspect. Even mild chronic stress increase inflammation and apoptosis (Kubera,
Obuchowicz, Goehler, Brzeszcz, & Maes, 2011). The increase of inflammation and apoptosis as a
result of various stressors could potentially explain why dietary polyphenols seem to have a higher
effect in subjects exposed to specific stressors such as stress. This would indicate that dietary
polyphenols may be particularly relevant for burnout patients, as Grossi et al. (2003) have found

inflammation to be a physiological correlation of burnout in human patients.

5.2 Limitations of this Review
No study is without limitations. | have made an effort to increase my protection against
several limitations and bias, but no protection is complete. A list of weaknesses and limitations will

is discussed in 5.2.1-5.2 4.

5.2.1 Exposure to Bias

Every author of a review is always greatly exposed to confirmation bias. Being a sole
reviewer furthers this risk and increase the risk of wrongdoing. | employed a systematic approach to
increase the protection of myself and review itself from such bias. Even with the systematic
approach, unintended bias may still contaminate every review through the choice of inclusion
criteria and search word limiting the articles available or unintended authors bias. Though several
reviews could be found regarding how dietary polyphenols affect neurogenesis and cognition,
increased protection from confirmation bias by employing a systematic approach is scarce, adding
value to this review. The added value comes with a price consisting of a severely decreased number
of colours and brushes when painting the picture of the potential effects polyphenols have on
neurogenesis.

To add to the number of colours and brushes a section in the discussion part (5.1) have been

made available to deepen the understanding of the potential effects dietary polyphenols may have on
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humans suffering from stress-related-ill. The lack of a systematic approach in this section leaves it
as exposed to confirmation bias as any review without a systematic approach. Even though the
combination of the systematic review and a section of unsystematic information relevant to the
research question aims provide a broader picture, it is essential to understand that this review does
not aim to provide a complete overview of the effects of dietary polyphenols on neurogenesis and
should not be viewed or used as such.

Most researchers included in this review have made an effort to limit the researcher bias of
their study by excluding the outer layers of the selected sections when counting stained cells, using
someone blind to the samples to count or employing stereology. The large proportion of studies
testing different dosage did, however, also move forward with the one who yielded the best results
for further testing. When looking for a treatment, it is logical to move forward and test the ones that
yield the best results. Excluding test samples with lower or even adverse effects from further testing
or publication of results of further testing, however, increases the number of pitfalls we may find
ourselves in when moving forward to clinical trials in humans that could be exposed to preventable
adverse effect.

A researchers preference to sending in experiments with favourable results as well as a
publishers preference to publish experiments demonstrating a highly significant value has existed
for decades, evidence suggests that this bias is increasing with psychology and psychiatry being two
disciplines illustrating some of highest increase of this bias. Meta-analysis has observed a
significantly overestimating therapeutic value of A.D. after including unpublished data (Joober et
al., 2012), illustrating the importance of including grey literature. | searched for grey literature,
using http://opengrey.eu/search/, by employing the search terms "Neurogenesis and polyphenol*".
No additional studies meeting the inclusion criteria were found. The lack of grey literature may
indicate an exposure for publication bias, but it may also indicate that no unpublished literature

exists.
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5.2.2 Limitations of Murine Testing

The lack of tools to perform in vivo studies of neurogenesis in humans is a big obstacle in
the field (Lee & Thuret, 2018), leaving it dependent on animal studies. All studies presented in this
review consists of in vivo studies done on murine. This poses a considerable problem, as Perrin
(2014) concluded that over 80% of therapeutic interventions that proved safe and effective in mice
fails to be so in humans. The positive effect of dietary polyphenols on human cognitive function,
neurogenesis tested in vitro on human stem cells, and the number of tests done on rats rather than
mice helps to bring this gap closer. Future human testing is warranted to provide confident evidence
for the efficacy of various dietary polyphenols on adult humans suffering from stress-related
psychological ill such as burnout or exhaust disorder, thus closing the gap.

It is also difficult in finding an acceptable age interval in murine that adequately represents
the human age of interest. The most frequently used test subject in the articles reviewed was
C57/BL6, and it is substrain C57/BL6J. Finding an age limit for exclusion criteria proved most
difficult. While the granule cellular layer, a part of hippocampus that is relevant for neurogenesis
reaches full size at postnatal day 21 in mice, equivalent to a human age of 3 as reviewed by Semple,
Blomgren, Gimlin, Ferriero and Noble-Haeusslein (2013), the cognitive functions are still
developing towards postnatal day 49 equivalent to a human age of 18. Adult-like behaviour is
considered to occur somewhere after postnatal day 60 (Semple et al., 2013). Most studies included
in this review employed mice older than postnatal day 49. The experiment with the youngest
subjects (Park et al., 2012) employed mice at postnatal day 35. It was also the only study that solely
observed a negative impact on neurogenesis after resveratrol administration as measured by both in
vivo, in vitro and behavioural studies, although not all doses provided a significant decrease.

The only study included that tested the level of neurogenesis on young vs old murine was

Kumar et al., (2016), a study that observed a significant decrease of neurogenesis in 15 months old
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Sprague Dawley rats when compared to 8 weeks old. This despite that the synapse number in the
dentate gyrus of the hippocampus in rats is considered to be complete in postnatal day 25 (Semple et
al., 2013). To set unbiased inclusion criteria regarding age the age of anatomically complete
structure measured by volume and estimated percentage of synapse number was established, that is
postnatal day 25. By passing the age-related inclusion criteria, the studies should by no means be
regarded as fully comparable but rather as different small pieces making up a tiny portion of a giant
puzzle. There is a need to study further to which degree age in different murine impacts the effect of
polyphenols on neurogenesis as well as how it may be relevant for the impact of different ages in

humans.

5.2.3 Limitations of Comparing Reviewed Articles

The initial aim of this review was to conduct a review with meta-analysis. The great variety
in study design though made that impossible. This is due to the number of variations that could
greatly impact neurogenesis and its interaction with polyphenols such as subject animal, the strain
of subject animal, treatment length, treatment duration, treatment distribution, added stressor, age
variation, type of polyphenol, BrdU injection (both dose, number of intakes, distribution, pre, during
and post-treatment), length of allowed differentiation and reduced numbers by apoptosis. The
evidence points towards a direction where the correct polyphenol (or possibly polyphenol mixture)
used at a correct dosage, administration and treatment length does have a highly beneficial effect for
specific patients, and this warrants further research for the good of humankind. It would, however,
be irresponsible, at this time, to conclude that all dietary polyphenols increase neurogenesis as a
whole, in everyone.

There is not only a high heterogeneity but at least three distinctly different phenomena
measured when testing neurogenesis and each may or may not be relevant for the treatment of

stress-related-ill. Firstly, there is the question of overall increased neurogenesis potentially to find



A Systematic Review of the Efficacy of Dietary Polyphenols on Neurogenesis
44

new boundaries. Secondly, there is the question of neurogenesis as a repairing function in response
to neurological injury. Thirdly there is the question of protection against a (further) decrease in
neurogenesis as well as the behavioural and cognitive impairments that follow. One would not judge
the effect of different protein intakes on the rehabilitation of hamstring rupture based on how
different protein intakes mediates muscle mass or decrease injury risk during athletic competitions
as if they were the same thing - “protein synthesis”. Nor should the future of evaluating the
medicinal effect of dietary polyphenols on various injuries or diseases through the mediation of
neurogenesis be judged as the same thing — "mediation of neurogenesis".

The vast majority of all studies this review rests upon provides excellent and specific
research questions while using the same phrases to reference different phenomena in their summary
and comparing their result of an equivalent of muscle mass increase to other researchers result on an
equivalent of muscle tissue repair as if there was only heterogeneity. This review is not excepted
from this, but may in fact even further it due to the simplified graphs and comparisons in the result
section. It has, however, been the aim to inweave some aspects of the complexity in the subject and
awake further questions in the reader in this discussion section. Because the research question posed
is not fully answered, and the current evidence of the medicinal effects of dietary polyphenols
warrants an increase of research that enables a division to more specific fields. Only through a
division into more specified research fields and additional studies in each section can we be
provided with more accurate answers to the questions sorely needed in clinical practice; what

constitutes a sensible diet for burnout patients?

5.2.4 Limitations of BrdU Labelling in Immunohistochemistry
Neurogenesis is a complicated process and the exact process of which is still debated. Every
way of measuring neurogenesis has its limits. This article has focused on the use of

immunohistochemistry that has been employed since the discovery of neurogenesis. In the research
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reviewed, a variety of antibody markers have been used in an attempt to discriminate between cell
types and stages of the process. The markers were only counted in a limited number of sections and
then multiplied by the number of detected sections. Some but not all studies have employed
unbiased stereology or computerised counting. The majority of increased markers of different new
cells in the hippocampus in listed in vivo studies is also measured in comparison to a decrease that
is followed by a stressor such as stress, depression, cell-damaging chemicals or decline due to old
age. BrdU has also been observed to have lower cytotoxicity on adult rodents although studies have
shown that rodents may be subjected to 300 mg/kg via I.P. or 50mg/kg for up to 12 days without

behavioural changes or apparent toxic effect of dividing cells (Taupin, 2007).

5.3 Potential Adverse Effect on Medication —A.D. vs Polyphenols

As reviewed by Almeida et al. (2016), co-administration of polyphenols combined with
traditional medicines can lead to, among other things, modified bioavailability and therapeutic
inefficiency. A.D has been observed as a potent medication for burnout, depression and increasing
neurogenesis. Among the studies reviewed in this article, only two tested against A.D with no
significant differences. One of them observed (Xu et al., 2007) slight favour in effect size for A.D
and the other with slight favour for the synergetic effect of resveratrol and piperine (Xu et al., 2016)
on 5-HT expression in the frontal cortex, but not hippocampus. No study presented in this review
tested the impact of a combined polyphenol and A.D treatment on neurogenesis in stressed rodents
compared to treatment groups with solely dietary polyphenols or A.D. This would be crucial to
determine whether or not dietary polyphenols should be regarded as the fourth dimension of
Eriksson and Wallin's hypothesis while taking A.D treatment. Should such studies be performed
with the result that is favourable to sole treatments of A.D, then dietary polyphenols could still be
regarded as a potential option for those groups who reject A.D treatment due to a high level of

experienced side effects.
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5.4 Polyphenol-Synergy?

Pomegranate tannin extract has proved more potent in both antioxidative activities as well as
antiproliferative and apoptotic effects on cancer when compared to individual polyphenols in
pomegranate (Seeram et al., 2005). Liao et al. (2011) found a dose-dependent effect of three
polyphenols found in turmeric where the distribution of dosage to reach significant being somewhat
congruent with the composition distribution in turmeric. Eberhardt, Lee and Liu (2000) found
evidence that the interaction of phytochemicals in combination with vitamin C in fresh apples
seemed to enhance their antioxidant properties significantly. A study regarding dietary polyphenols
in antiangiogenesis in cancer cells found that the blend of the two tea extracts with the least
antiangiogenetic properties was more potent than the most potent extract suggesting that there is
what William Li calls” food synergy” (Li, 2010). Xu et al. (2016) observed a significant positive
synergy effect of resveratrol and piperine on BDNF and 5-HT levels and antidepressant effects in
behaviour tests when tested on male Sprague Dawley rats that had been exposed to chronic
unpredictable stress. Interaction effects and synergetic effects need to be further explored to

maximise therapeutic efficacy and eliminate confounding factors due to diet.

5.5 Summary

All but one of the reviewed articles presented improvements on at least one part of
neurogenesis. Several studies included observed behavioural improvements in cognitive functions
that are often targeted by stress-related ill. The efficacy of polyphenols on burnout seems to be
dependent on both dose size, administration and treatment length. Cytotoxicity has been observed,
particularly in the highest of doses and younger subjects without impaired neurogenesis. Subjects
with impaired neurogenesis have more considerable improvement as a response to dietary

polyphenols. There is not enough evidence to elect a superior polyphenol, and synergetic effects
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have been observed and need to be further explored in order to increase efficacy and decrease the
risk of side effects. In vitro studies on human stem cells have been provided positive results, but
human in vivo trials are still warranted. Polyphenol was comparable to SSRI in increasing
neurogenesis and improving 5-HT1A expression in regions where stressed humans have a decrease.
Dietary polyphenols could be regarded as part of a sensible diet for burnout patients. Additional
research, particularly in human burnout patients, is warranted to firmly prove the efficacy and fully

harvest the medicinal possibilities of dietary polyphenols for burnout patients.

5.6 Conclusion

A majority of evidence points to a positive effect of dietary polyphenols on neurogenesis,
especially when attenuating an induced decrease in neurogenesis. Higher doses impose a risk of
cytotoxicity, especially in younger subjects without impaired neurogenesis. There remains a need to
find an optimal dose, administration and potential optimal mixture of polyphenols proven to be an
effective medical intervention for burnout patients. There is some evidence for dietary polyphenols
to be regarded as a part of a "sensible diet" for burnout patients, but additional research, particularly

in human burnout patients, is warranted.
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