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General objective

Patients with Alzheimer’s disease (AD) likely have an increased nutritional need to counter

synapse loss and to reduce membrane-related pathology. Previous preclinical in vivo and

in vitro studies already revealed that specific nutrients can act synergistically to increase

synapse formation and modulate membrane-related processes. Concurrently,

epidemiological studies indicated that AD patients have lower plasma levels of several of

these nutrients compared to healthy controls. The research presented in this thesis built

further on these previous observations and aimed to gain more insight into the possible

AD-specific nutritional need to counter synaptic pathology. Therefore, the mechanism of

action and effectiveness of combinations of nutrients to increase markers of synapse

formation and functioning was further explored and reviewed. In addition, the nutritional

status of AD and mild cognitive impairment (MCI) patients was investigated, the

effectiveness of a nutritional intervention on plasma phospholipid levels in AD patients

was tested, and the potential of nutritional approaches in AD was reviewed.

Summary of the findings

Synapse loss and related membrane breakdown are part of AD pathogenesis and

represent potential targets for intervention. Synapses consist principally of pre- and

postsynaptic membranes and the formation of new synapses therefore requires the

synthesis of new synaptic membranes and of constituent phospholipids. Interventions that

support synaptic membrane formation and function, theoretically counter synaptic

dysfunction in AD. Chapter 2 reviews the collective experimental support for the

mechanism of action of nutritional combinations on enhancing synaptic membrane

formation and function. In vitro and in vivo studies have demonstrated that combined

supplementation of the membrane phospholipid precursors docosahexaenoic acid (DHA),

eicosapentaenoic acid (EPA), uridine monophosphate (UMP), and choline increases brain

phospholipid levels, by up to twice the levels without supplementation. These precursors

act by enhancing the substrate-saturation of the enzymes that catalyze the rate-limiting

steps in phospholipid syntheses. The increased phospholipid levels were accompanied by

increased neurite outgrowth, levels of specific pre- and postsynaptic proteins, and number

of dendritic spines, all indicative of new synapse formation. Other nutrients, i.e. folate,

vitamins B6, B12, C, and E, selenium, and lecithin can further increase levels of membrane

phospholipids by increasing the availability of phospholipid precursors or by directly

affecting the neuronal membrane or membrane synthesis. Potential mechanisms of action
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of these nutrients are discussed in more detail in chapters 3 to 6. Combinations of

phospholipid precursors and other nutrients were also shown to improve membrane-

related processes, such as neurotransmission, amyloid-β (Aβ)-related pathology, and 

ultimately cognitive performance. It was repeatedly shown that combined

supplementation of nutrients needed for phospholipid synthesis induces a more than

additive effect compared to single nutrient supplementation. Based on these insights, the

specific nutrient combination Fortasyn® Connect (UMP, DHA, EPA, choline, lecithin, folate,

vitamins B6, B12, C and E, and selenium) was designed to ameliorate synapse loss and

synaptic dysfunction in AD. The complete nutrient combination of Fortasyn Connect (FC)

has been tested in many preclinical in vitro and in vivo studies and the results confirm the

hypothesis that nutrients in FC act in concert to enhance synapse formation and

functioning, and to ameliorate cognitive dysfunction. One of these studies is described in

chapter 7, in which the effects of FC on hippocampal cholinergic functioning in aged rats is

investigated. The review in chapter 2 ends with what is discussed in more detail in chapter

8: a perspective on nutritional requirements in AD, the clinical utility of FC, and a short

overview of the clinical studies with the medical food Souvenaid®, containing FC.

The thesis continues by providing experimental evidence that dietary folate, vitamin B6,

and vitamin B12 influences the systemic levels of nutritional phospholipid precursors, i.e.

choline (chapter 3) and DHA (chapter 4). Folate, vitamin B12, and vitamin B6 are essential

nutritional components in one-carbon metabolism and their availability affects

methylation capacity. These vitamins may therefore affect the methylation rate of

phosphatidylethanolamine (PE) to phosphatidylcholine (PC) by phosphatidylethanolamine-

N-methyltransferase (PEMT) in the liver. Increasing PC synthesis by PEMT could not only

increase de novo choline synthesis (Zeisel and Blusztajn 1994), but also increases the

transport of polyunsaturated fatty acids (PUFAs) from the liver to the plasma and other

tissues (Selley 2007, Watkins et al. 2003, Yan et al. 2011). Hence, by increasing PC

synthesis by PEMT, B-vitamin supplementation theoretically increases choline and DHA

availability. To test this hypothesis, the effect of varying dietary levels of the three B-

vitamins on plasma choline, DHA, and homocysteine concentration in rats was

investigated. The experiments demonstrated that rats supplemented with dietary B-

vitamins had lower plasma homocysteine concentrations and higher plasma

concentrations of choline and DHA, where plasma DHA was dose-dependently increased.

In conclusion, systemic availability of phospholipid precursors DHA and choline is not only

affected by their nutritional intake, but also by the intake of B-vitamins.
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Evidence on the added value of dietary lecithin for increasing phospholipid precursor

availability is presented in chapter 5. Theoretically, dietary lecithin (i.e. phospholipids)

could increase systemic availability of dietary omega-3 PUFA, since (biliary) phospholipids

are required for the absorption of fat from the gut lumen into the enterocytes and the

lymph (O'Doherty et al. 1973, Werner et al. 2006). To test the hypothesized additive

effects of dietary lecithin on top of dietary DHA, plasma and red blood cell (RBC) DHA

levels were determined after dietary supplementation of DHA-containing oils with and

without concomitant dietary supplementation of lecithin to rats. The results

demonstrated that supplementation of lecithin, which itself does not contain any DHA,

increased levels of DHA in plasma and RBC of rats fed DHA oil-containing diets. Thus, while

dietary lecithin supplementation alone did not affect DHA levels in plasma and RBC,

lecithin slightly further increased the rise in DHA induced by dietary DHA

supplementation. By increasing the systemic availability of dietary DHA, dietary lecithin

may increase the efficacy of DHA supplementation when their intake is combined.

Taken together, chapters 3 to 5 indicate that the availability of the phospholipid

precursors DHA and choline is not only affected by their nutritional intake but also by the

intake of B-vitamins and lecithin which influence precursor uptake and metabolism.

Because levels of DHA (Rapoport et al. 2001) and choline (Klein et al. 1990) in the brain are

affected by their plasma concentrations, supplemental dietary B-vitamins and lecithin

could ultimately sustain brain levels of DHA and choline. Small increases in the local

availability of phospholipid precursors are already relevant since most enzymes involved in

phospholipids synthesis have low affinities for their substrates. Consequently, addition of

B-vitamins and lecithin potentially facilitates the synthesis of membrane phospholipids by

enhancing the availability of the rate-limiting precursors.

Chapter 6 provides experimental evidence on the added value of dietary vitamin C,

vitamin E, and selenium on increasing synaptic membrane formation induced by

phospholipid precursors. In theory these antioxidants affect the breakdown or synthesis of

neuronal membranes through several mechanisms, including the prevention of lipid

peroxidation, increasing the activity of Kennedy pathway enzymes, and by affecting the

neuronal membranes directly. To obtain a proof-of-principle, the effects of dietary

supplementation with the phospholipid precursors DHA, EPA, and uridine on synaptic

membrane levels in rats were assessed using diets that were either nearly devoid of

vitamin C, vitamin E, and selenium or supplemented with high levels of these antioxidants.
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The data showed that levels of brain phospholipids and synaptic proteins were

substantially enhanced in rats supplemented with DHA, EPA, and uridine only if the diet

also contained sufficient quantities of the antioxidants vitamin C, vitamin E, and selenium.

The formation of new synapses might therefore be influenced by the concerted

availability of phospholipid precursors and antioxidants.

The studies in the above mentioned chapters illustrate physiological and biochemical

interactions between nutrients and indicate that a higher efficacy can be reached with

combined supplementation. Stimulating the formation and function of synaptic

membranes might require a combined increased supply of phospholipid precursors and

facilitating nutrients. The study described in chapter 7 investigated the effects of dietary

supplementation of such a combination (FC) on hippocampal cholinergic functioning in

aged rats. Results revealed that supplementation with the FC diet for 4 or 6 weeks,

induced a substantial and time-dependent increase in basal and stimulated hippocampal

acetylcholine (ACh) release, ACh tissue levels, and choline acetyltransferase (ChAT) tissue

levels, along with equally increased levels of phospholipids and synaptic proteins. These

data show that the FC diet enhances hippocampal cholinergic neurotransmission in aged

rats, which probably can be ascribed to the concurrently observed enhanced synaptic

membrane formation.

Experimental studies, including the ones described in chapters 2 to 7, demonstrated that

nutrients and combinations thereof affect markers of synaptic membrane formation and

function and which leads to improved membrane-dependent processes. This implies a

potential role for nutritional intervention in patients with AD. The clinical utility of FC and

other single- and multi-nutrient approaches for risk reduction and management of AD

patients is discussed in chapter 8. Hypothetically, the need for and utilization of specific

nutrients for synaptic membrane and synapse formation is higher to compensate for the

increased loss of synapses in AD. This increased need might in turn be compromised by a

lower nutritional status in AD patients. The chapter also discusses the paradigm shift to

intervene in earlier stages of AD, facilitated by the advancement of diagnostic techniques

and before pathological changes have accumulated to an irreversible degree. This

especially provides opportunities for nutritional interventions due to the low risk for

adverse effects and necessarily longer exposure time in early intervention studies.
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Thus, AD patients may have disease-specific nutritional requirements that are associated

with pathological processes, such as synapse loss. Studies on nutritional status in AD have

generally shown lower blood levels of most nutrients that are required for synaptic

membrane synthesis (Blass et al. 1985, de Wilde et al. 2017, Lopes da Silva et al. 2014,

Olde Rikkert et al. 2014). The cross-sectional study described in chapter 9 adds to these

observations by showing lower levels of nutrients involved in phospholipid synthesis in

both blood and cerebrospinal fluid (CSF), and in both AD and MCI patients. More

specifically, this study showed that compared with control subjects, subjects with AD had

lower CSF uridine and plasma choline and higher CSF homocysteine concentrations, while

subjects with MCI had lower plasma and CSF uridine and serum and CSF folate and higher

CSF homocysteine concentrations. Concentrations of these metabolites did not differ

between MCI and AD. Hence, disease-specific nutritional deficits might already be present

in MCI, which lends support to the application of nutritional strategies in the management

of early stages of AD.

Souvenaid, containing FC, has been tested in several randomized controlled clinical trials.

In the Souvenir II trial, drug-naive patients with very mild to mild AD received Souvenaid

for 24 weeks. Chapter 10 reports levels of a set of phospholipids in baseline and 24-week

plasma samples from Souvenir II. This biomarker set of phospholipids, specifically

phosphatidylcholines, was previously reported to accurately detect preclinical AD

(Mapstone et al. 2014), although other investigators were unsuccessful in replicating the

high accuracy level (Casanova et al. 2016, D. Li et al. 2017). The reduced levels of these

plasma biomarker phospholipids in these subjects with preclinical AD probably reflects

altered phospholipid metabolism in the brain and periphery. Intervention with Souvenaid

for 24 weeks increased 5 of the 7 measured biomarker PC species by 1.3 to 2.3-fold of

baseline levels. These results indicate that a plasma biomarker profile reflecting disturbed

phospholipid metabolism can be improved by providing nutrients needed for phospholipid

synthesis. The increased phospholipids levels may be indicative of the changes induced

concomitantly in the brain, e.g. increased synaptic membrane synthesis.

Discussion of the findings

Phospholipid biosynthesis

Central to this thesis is the effect of nutritional interventions on phospholipid synthesis.

Phospholipids can be subdivided into individual classes, like PC, PE, phosphatidylserine



Summary and general discussion

265

(PS), phosphatidylinositol (PI), and sphingomyelin (SM). Each individual class represents a

large subset of compounds with varying fatty acid chains that are differentially linked to

the glycerol backbone.

There are several biochemical pathways for the synthesis of the different phospholipid

classes. PC and PE, the most abundant phospholipids in the mammalian brain, are

primarily generated de novo via the cytidine diphosphate (CDP)-choline and CDP-

ethanolamine pathways (the Kennedy pathway) (Kennedy and Weiss 1956). The synthesis

of PC via the CDP-choline pathway is initiated with the phosphorylation of choline. This

phosphocholine then combines with cytidine triphosphate (CTP) to form CDP-choline. CTP

can be formed from several pyrimidines (e.g. cytidine or uridine). The phosphocholine unit

of CDP-choline is then transferred to diacylglycerol (DAG) to yield PC. PC can also be

synthesized by methylation of ethanolamine in PE by PEMT. In animals PS is made via a

base-exchange reaction, in which serine is exchanged by the choline or ethanolamine

moiety in PC or PE, respectively. The de novo pathway of PI starts with the formation of

CDP-diacylglycerol from diacylglycerol 3-phosphate and CTP. The activated DAG unit then

reacts with inositol to form PI. SM is usually formed from the combination of ceramide

and the phosphocholine unit of PC (Gurr et al. 2002). These are simplified descriptions of

the main pathways but it should be noted that in reality, phospholipid synthesis and

breakdown form a complex network of reactions with various enzymes and intermediates

that are also involved in several other pathways.

The synthesis of all major membrane phospholipids is dependent on circulating nutritional

precursors. For example, the synthesis of PC may utilize choline, a pyrimidine, and DAG.

These precursors act by enhancing the substrate-saturation of the enzymes that catalyze

the steps in phospholipid synthesis (Wurtman et al. 2009). Most of the enzymes involved

in the Kennedy cycle have low affinities for their substrates (as reviewed in Wurtman et al.

2009), meaning that the enzymes are unsaturated at normal levels of the precursors and

that the available levels of these precursors are rate-limiting for the amount of end

products.

In theory, supplementation of nutritional precursors could increase phospholipid synthesis

in the brain via increasing substrate-saturation of the enzymes involved; however several

elements in this hypothesis need further elucidation. Firstly, one of the Kennedy pathway

enzymes, choline kinase, may already be saturated at normal brain choline levels as
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indicated by the only available human data set from autopsy material from 3-4 subjects

with different causes of death (Ross et al. 1997). This is in contrast to what is reported in

rodents (Wurtman et al. 2009). Secondly, the activity of another Kennedy pathway

enzyme, CTP:phosphocholine cytidylyltransferase, is also determined by the regulation of

its location: the cytosolic form is inactive, whereas the membrane-bound form is active.

Thirdly, some of the biochemical reactions in phospholipid synthesis are reversible and

end-product inhibition affects the affinity of the enzyme for their substrates. Finally, as

indicated before, the nutritional precursors and intermediates of the pathways for

phospholipid synthesis are also involved in other biochemical pathways and may therefore

be utilized in other ways.

In practice, supplementation of nutritional phospholipid precursors has repeatedly been

shown to synergistically increase phospholipid levels in the brains of rodents (see also

chapters 2, 6, and 7) (Cansev et al. 2009, Cansev et al. 2008, Cansev and Wurtman 2007,

Holguin et al. 2008a, Holguin et al. 2008b, Sakamoto et al. 2007, Shahdat et al. 2004,

Wurtman et al. 2006). Although this provides ample evidence for the opportunity of

phospholipid precursors to increase brain phospholipid levels, these studies were mostly

performed in healthy adult or aged gerbils or rats. Hence, current evidence could be

strengthened by replication in other animal models. Clinical studies showing that

phospholipid precursors affect brain phospholipid metabolism to date (Agarwal et al.

2010, Rijpma et al. 2017, Silveri et al. 2008), confirm the effects in humans. Nevertheless,

more clinical evidence supporting both the mechanism of action and effectiveness on

phospholipid synthesis would be valuable.

Altered phospholipid metabolism in AD

There is a growing amount of evidence showing that AD is associated with decreased

phospholipid levels in the brain (Farooqui et al. 1997, Ginsberg et al. 1995, Gottfries et al.

1996, Grimm et al. 2011a, Grimm et al. 2011b, Guan et al. 1999a, Han et al. 2001, Igarashi

et al. 2011, Kou et al. 2011, Miatto et al. 1986, Nitsch et al. 1992, Pettegrew et al. 2001,

Prasad et al. 1998, Wells et al. 1995, Wood et al. 2015, Yuki et al. 2014) and CSF (Fonteh et

al. 2013, C. Mulder et al. 2003, M. Mulder et al. 1998). Altered phospholipid levels are also

observed in plasma of AD patients (Casanova et al. 2016, Fiandaca et al. 2015, Gonzalez-

Dominguez et al. 2014a, Gonzalez-Dominguez et al. 2014b, Gonzalez-Dominguez et al.

2016, Goodenowe et al. 2007, Kim et al. 2017, Klavins et al. 2015, D. Li et al. 2016, D. Li et

al. 2017, Mapstone et al. 2014, Mapstone et al. 2017, Olazaran et al. 2015, Oresic et al.
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2011, Proitsi et al. 2017, Toledo et al. 2017, Whiley et al. 2014, Wood et al. 2010). Plasma

phospholipid changes are now explored for their potential in detecting preclinical,

prodromal, or clinical AD, i.e. as less invasive and less costly diagnostic or prognostic

biomarkers for AD, with mixed results (e.g. Casanova et al. 2016, Fiandaca et al. 2015,

Mapstone et al. 2014). Whether changes in plasma phospholipid levels directly originate

from disturbed phospholipid metabolism in the brain, or are caused by disturbed

peripheral phospholipid metabolism (e.g. liver) remains to be elucidated.

The reported decreases in brain and periphery range from total phospholipid levels to

levels of individual classes, plasmalogens, ether phospholipids, and specific phospholipid

species, which probably depends on the focus of the study, methodology used and, not in

the least, the study population. A systematic review of all these publications to get a view

on the consistency of changes is still lacking. A bird’s eye view, however, reveals recurrent

reports of lower levels of PC species containing DHA. Taken together, these publications

clearly show that phospholipid metabolism in AD is disturbed and most authors suggest

that it reflects the breakdown of neuronal membranes. Phospholipid changes in the brain

and periphery are also reportedly related to disease severity (Goodenowe et al. 2007, Han

et al. 2001, Wood et al. 2010).

Numerous metabolic changes have been suggested to contribute to the phospholipid

changes in the AD brain, ranging from lower levels of substrates for phospholipid synthesis

(Ellison et al. 1987, Nitsch et al. 1992), to peroxisomal dysfunction (Goodenowe et al.

2007, Grimm et al. 2011b, Kou et al. 2011), lower PEMT activity (Guan et al. 1999b),

breakdown of PC for utilization of choline for ACh synthesis (Blusztajn et al. 1986), and

increased phospholipase activity (Farooqui et al. 1997). Several publications also indicate

possible compensatory phospholipid metabolism changes to counter the loss of

phospholipids, such as increased activity and/or expression of phospholipid-synthesizing

enzymes and lower activity of catabolic enzymes (Andreev et al. 2012, Ross et al. 1998,

Twine et al. 2011). However, this can only be partly effective due to the rate-limiting levels

of phospholipid precursors. Further research is needed to reconcile all these observed

changes.

Synapse loss in AD may involve the degeneration of neuronal membranes and depletion of

membrane phospholipids or changes in membrane phospholipid composition (Bennett et

al. 2013, Kosicek and Hecimovic 2013, Naudi et al. 2015). In fact, it has been suggested
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that changes in membrane phospholipid metabolism might mechanistically contribute to

synaptic dysfunction in AD (Bennett et al. 2013). For example, the depletion of

PC(18:0/22:6) in the gray matter in the AD brain was correlated with the loss of

postsynaptic density-95 (PSD-95) and with disease duration (Yuki et al. 2014). Underlying

relationships and timing of the loss of synapses and phospholipids are unclear and need to

be determined.

Protective dietary patterns

Identifying and reducing modifiable risk factors that could prevent or delay the onset and

progression of AD could be a preventative strategy to combat the rising prevalence of the

disease. Risk factors of nutritional origin are extensively studied for their possible role in

AD onset and progression. Although epidemiological studies show that higher intake of

certain nutrients, such as vitamin C, vitamin E, B-vitamins, and unsaturated fatty acids, are

associated with a lower risk for AD (N. Hu et al. 2013, Morris 2009), most single nutrient

clinical intervention trials in AD showed limited benefits (e.g. Burckhardt et al. 2016,

Farina et al. 2012, M.M. Li et al. 2014). Presumably efficacy requires the combined

availability of various nutritional components (Gustafson et al. 2015). Diet is per definition

multi-nutrient. Thus, investigating the impact of dietary patterns on AD, rather than single

nutrients, might be a better approach that takes into account possible correlation,

interaction, or synergy between nutrients (F.B. Hu 2002).

The most extensively studied protective dietary pattern is the Mediterranean diet. This

dietary pattern is characterized by high intake of fruits, vegetables, cereals, and legumes,

moderate fish intake, high intake of olive oil, low intake of saturated fats and, low to

moderate intake of dairy products, low intake of red meat, and moderate intake of wine

(van de Rest et al. 2015). Systematic reviews have concluded that a greater adherence to a

Mediterranean diet is associated with less cognitive decline and lower risk of AD (Cao et

al. 2016, Lourida et al. 2013, van de Rest et al. 2015). Results of a randomized controlled

trial with a Mediterranean diet in cognitively healthy elderly suggested that this diet

(supplemented with olive oil or nuts) may counteract age-related cognitive decline (Valls-

Pedret et al. 2015). Many other a priori and data-driven a posteriori dietary patterns have

also been shown to reduce risk for developing AD (van de Rest et al. 2015). Notably, in a

head-to-head comparison study of the DASH diet (Dietary Approaches to Stop

Hypertension), the MIND diet (Mediterranean-DASH Intervention for Neurodegenerative

Delay), and a Mediterranean diet showed that high adherence to either diet reduces AD
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risk, with superior protective effects of the MIND diet (Morris et al. 2015). This study

indicated that even high quality diets can further be modified to provide even better

protection against AD. More research is needed to find more effective nutritional patterns

and respective intake levels.

Hence, nutritional advice or nutritional intervention could be a viable approach in AD risk

reduction. Combining nutritional intervention with other interventions targeting

additional modifiable risk factors may provide an even more powerful approach. First

studies with such multidomain lifestyle interventions have now been finalized. The Finnish

Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER)

showed that in elderly at risk for cognitive decline a multidomain intervention on several

risk factors (diet, exercise, cognitive training, and vascular risk monitoring) can improve or

maintain cognitive functioning and reduce the risk of cognitive decline (Ngandu et al.

2015). In another study, several lifestyle factors (maintenance of normal body weight,

regular physical activity, and healthy diet) were linked to lower levels of AD biomarkers

(plaques and tangles) in the brains of people with MCI or with memory complaints,

suggesting protective effects of these factors (Merrill et al. 2016). However, recently the

Multidomain Alzheimer Preventive Trial (MAPT) showed no effects on cognitive decline in

elderly people with memory complaints after multidomain intervention (cognitive

training, physical activity, nutritional advice, and three preventive consultations) and fish

oil supplementation, either alone or in combination (Andrieu et al. 2017). The MIND-AD

(JPND #733051041) consortium is initiating up a secondary prevention trial to test the

feasibility of compliance to a multidomain range of lifestyle changes (diet, exercise,

cognitive training) in order to postpone further deterioration in subjects with MCI due to

AD. Besides nutritional advice, this trial will investigate the effects of Souvenaid as part of

a multidomain intervention. Besides the latter initiative, more research is needed to

determine which population is responsive to which (multidomain) intervention for the

prevention or delayed onset of AD. A more personalized approach may be necessary, e.g.

by supplementing those subjects that have lower blood levels of specific nutrients.

Combined supplementation is required for (higher) efficacy

As discussed above, targeting pathological processes with multiple nutrients that interact

or synergize are more likely to be effective than a single nutrient intervention. On the one

hand, each individual nutritional component can have individual effects, and together the

nutrients’ effects culminate to higher efficacy on a relevant parameter. On the other hand,
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physiological and biochemical interactions between nutrients can enhance the rate of a

cellular process which normally is rate-limiting.

In this thesis (chapters 2 to 7) it was discussed that combined supplementation of

nutritional phospholipid precursors and other nutrients synergistically increases synaptic

membrane formation and function. The studies indicate that more pronounced effects can

be reached with combined supplementation by (among other processes) simultaneously

increasing the availability of phospholipid precursors and enhancing the substrate-

saturation in phospholipid synthesis. Although exhaustive comparisons of possible

combinations of nutrients, doses, and time-courses, to search for a maximal efficacy are

not available, supplementation with the FC combination was repeatedly shown to be

superior to single-nutrient (e.g. DHA alone) or partial combinations (e.g. DHA+uridine)

(Broersen et al. 2013, Janickova et al. 2015, Jansen et al. 2013, Koivisto et al. 2014, Perez-

Pardo et al. 2017, Savelkoul et al. 2012, Zerbi et al. 2014).

In contrast, a deficit of only one nutritional compound can counteract the beneficial

effects of other nutritional compounds or combinations thereof. For example, the efficacy

of DHA and choline supplementation in AD might be hampered by concurrent B-vitamin

deficiencies, as commonly observed in AD (van Dam and van Gool 2009) since B-vitamin

deficiencies impair the transport of DHA from the liver, decrease the synthesis of choline,

and increase the utilization of choline. Indispensability between DHA and B-vitamins was

also underscored by the results of a clinical trial showing that supplementation with folic

acid, vitamin B6, and vitamin B12 was not effective in reducing brain atrophy (Jerneren et

al. 2015) and cognitive decline (Oulhaj et al. 2016) in MCI subjects with low plasma

omega-3 fatty acids levels, as opposed to subjects with higher plasma levels.

Update on preclinical studies with Fortasyn Connect

Chapter 2 presented a comprehensive overview of studies that led to the development of

FC and of several studies showing efficacy of this combination in several preclinical in vivo

and in vitro models. Since then, several other studies in mice models of AD have been

published with additional preclinical evidence supporting the mode of action and

effectiveness of FC.

Dietary supplementation with FC shows a consistent effect on brain fatty acid

composition: in transgenic APP/PS1 and ApoE-4, ApoE-KO, and wild type mice, FC
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increases brain levels of DHA and total omega-3 and reduces brain levels of arachidonic

acid and total omega-6 PUFA levels (Jansen et al. 2013, Jansen et al. 2014, Wiesmann et al.

2016, Zerbi et al. 2014). Adding to the evidence on improving hippocampal cholinergic

neurotransmission in aged rats (chapter 7), FC also enhanced hippocampal density of

muscarinic receptors and activity of ChAT and acetylcholinesterase (AChE) in transgenic

APP/PS1 mice (Janickova et al. 2015). In another study in transgenic APP/PS1 mice, FC

preserved diffusion tensor magnetic resonance imaging (MRI) measures of brain white

and gray matter integrity that are known to correlate with loss of myelin, decreased

axonal density and connectivity in white matter, and neuronal loss in gray matter (Zerbi et

al. 2014). In aged wild-type and transgenic ApoE-4 mice, FC increased functional

connectivity in hippocampal and cortex areas as measured by resting state functional MRI

(Wiesmann et al. 2016). In addition, FC increased hippocampal and cortical PSD-95 levels

in these mice (wild-type and transgenic) (Wiesmann et al. 2016). FC also had profound and

consistent effects on cerebral blood flow (Wiesmann et al. 2016, Zerbi et al. 2014) and

cerebral blood volume (Jansen et al. 2014) in wild-type, transgenic APP/PS1 and ApoE-4,

and ApoE-KO mice. Furthermore, FC restored neurogenesis in APP/PS1 mice (Jansen et al.

2013). Finally, several studies showed behavioral effects of FC supplementation. FC

improved exploratory behavior in wild-type, transgenic APP/PS1, and ApoE-KO mice

(Jansen et al. 2013, Jansen et al. 2014) and improved learning and memory in wild-type

and transgenic APP/PS1 mice (Koivisto et al. 2014, Wiesmann et al. 2013).

Although the therapeutic potential of FC has focused predominantly on AD, it is well

recognized that synaptic dysfunctions are similarly pivotal in other indications. First

preclinical in vivo results point towards a broader applicability of this nutritional

combination In rats with experimentally-induced spinal cord injury, therapeutic

intervention (thus after injury onset) with FC induced a dose-dependent enhancement of

locomotor and bladder function recovery, and protection of spinal cord tissue (Pallier et

al. 2015). Supplementation with FC after experimentally-induced ischemic stroke in mice

improved recovery by increasing cerebral blood flow, protecting white and gray matter

integrity, restoring functional connectivity, increasing neurogenesis, decreasing the

neuroinflammatory response, and improving motor skills and muscle strength (Wiesmann

et al. 2017). In the intrastriatal rotonone model of Parkinson’s disease in mice, therapeutic

intervention with an FC combination normalized the model-induced decline in motor

function, spatial memory, and intestinal function and improved histological parameters,

such as striatal dopamine transporter density (Perez-Pardo et al. 2017).
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Interspecies translation of Fortasyn Connect nutrient levels

In translating supplemental nutrient levels from animals to humans and back, many

factors should be considered, including species differences between estimations of

metabolic rate, minimal requirements per nutrient, upper limit levels, basal nutrient

intake, and prior dose-response evidence.

Chapters 3 to 6 mostly describe proof-of-concept studies in which varying levels of

nutrients are investigated ranging from deficient to adequate and high, based upon the

nutrient requirements of the animals. In chapter 2 and 7, however, rodent studies with FC

are discussed. The FC nutrients are normally supplemented to a standardized AIN93-based

(Reeves et al. 1993), resulting in a 2 to 30-fold increase of the respective nutrient levels.

Obviously, the supplemented levels of these nutrients are not equal to the levels of FC in

Souvenaid for human application, but can be translated back and forth with varying

considerations per nutrient. For instance, Souvenaid provides 1.5 g of DHA plus EPA over

and above the normal diet with a recommended daily intake of 0.25 to 0.50 g (EFSA Panel

on Dietetic Products Nutrition and Allergies (NDA) 2012). In rats, the FC diet provides

approximately 10 g of DHA plus EPA per kg diet, while 2 g of total omega-3 PUFAs per kg

diet are thought to be essential (National Research Council 1995), although there are no

specific recommendations for DHA and EPA. Thus, supplementation in both humans and

rats leads to a total intake of approximately 5x the recommended levels.

Nutritional requirements in AD

In this thesis (chapters 2, 8, and 9) it is postulated that AD patients may have a disease-

specific nutritional requirement. Factors contributing to higher need for specific nutrients

in AD may include a disease-specific lower nutritional status and the increased utilization

of nutrients to counter synapse loss (Gustafson et al. 2015, Vandewoude et al. 2016).

Hence, even if the nutritional status of a patient with AD is comparable to a healthy

person of the same age and gender, it might still be that this patient has an insufficient

availability of certain nutrients. Disease-specific nutritional requirements also go beyond

the nutritional recommendations set for the healthy population. The Population

Reference Intakes (PRI) used in the EU (EFSA Panel on Dietetic Products Nutrition and

Allergies (NDA) 2010) or the Recommended Dietary Allowance (RDA) used in the US

(Institute of Medicine Committee on Use of Dietary Reference Intakes in Nutrition

Labeling 2003) is defined as the level of intake of a specific nutrient that is adequate to

satisfy the physiological requirements (e.g. to prevent clinical deficiencies) of 97.5% of the
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healthy individuals in the population. It is acknowledged that specific groups have

different requirements as there are specific recommendations per age group, gender, and

pregnant and lactating women. In addition, in some countries specific recommendations

exist for taking supplemental vitamins for specific groups to reach the recommend levels,

for example for infants, pregnant women, vegans, and dark-skinned persons living at

higher latitudes. Most likely, requirements are also different in a disease state in which

metabolic changes and compensation mechanisms result in a different utilization or

endogenous synthesis of nutrients. However, current guidelines on dietary

recommendation for patients with AD advise to eat a healthy balanced diet (e.g. Volkert et

al. 2015) and do not differ from the recommended daily intake for a healthy population.

Meeting the recommended daily intake is already very challenging for large proportions of

the healthy population, let alone for AD patients that are the least able to make cognitive

and physical changes and experience worsening of appetite, taste, and smell (Shatenstein

et al. 2007). Hence, meeting the proposed disease-specific nutritional requirement in AD is

practically impossible to reach with adaptation of the diet. Nutritional intervention in AD

by means of dietary supplements or medical foods provide a practical approach to

increase the availability of nutrients required to support synapse formation and function.

Future perspectives

Key to the near future perspective of medical treatment of AD are the results of upcoming

large drug trials with monoclonal antibodies and beta-secretase inhibitors. However,

regardless of their outcomes, on the longer term preventative strategies will be the way

forward. Prevention strategies require an early identification of people at high risk or with

preclinical or prodromal disease and an effective approach to prevent or postpone the

onset of AD. Primary prevention strategies could include practical changes in modifiable

risk factors with low adverse effects, such as a nutritional intervention, in people at high

risk of developing AD. These individuals could be identified by an easy to apply tool, such

as a blood test for having increased risk (by analogy to the cholesterol test for

cardiovascular disease risk). For secondary prevention in preclinical or prodromal AD, i.e.

in patients that will in all likelihood develop AD, therapeutic intervention might include

radical (drug-induced) changes in modifiable risk factors, (a combination of) drugs that

combat disease pathology, interventions that stimulate neuronal regeneration, or a

combination of all. A prerequisite for application of such therapies is a highly accurate

diagnosis of (sub)populations with preclinical AD. In the distant future, a near 100%-
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accurate peripheral biomarker (e.g. blood-based) for preclinical AD that is less invasive

and less costly than the brain imaging and CSF sampling would pave the way for large

scale population screening programs.

The clinical studies to date indicate that Souvenaid offers greater potential when applied

to earlier stages of AD when pathological damage is less advanced. To explore the

application of Souvenaid in AD risk reduction, a long-term intervention trial in

asymptomatic subjects at high risk for developing AD is warranted. Intervention in such

subjects is feasible providing the positive safety profile of Souvenaid. A most responsive

population should be selected, perhaps also based on blood levels of certain nutrients.

Recent lipidomics and metabolomics studies in AD have proven that AD is accompanied by

many metabolic disturbances. Phospholipid disturbances might mediate synaptic

dysfunction in AD. This field has only started to unravel the complexity of the interrelation

of the AD-specific metabolism and classical pathology. Hence, much more research,

perhaps requiring machine learning, is needed to extract a therapeutic option from the

vast amount of data that is being collected.

Additional research is currently generated in the Nutrition the Unrecognized Determinant

for Alzheimer's Disease (NUDAD) project on factors that contribute an AD-specific

nutritional need, such as compromised nutrient intake, uptake, metabolism, and

utilization. Such research might eventually result in disease-specific nutritional

recommendations in parallel to the already existing recommendations for the general

population.

More specifically for the FC evidence base and building further on the studies described in

this thesis, it would be of interest to have more fundamental understanding of the

phospholipid synthesizing and breakdown pathways and AD-specific changes, better

comprehension of the link between synapse loss and phospholipid loss across the whole

AD spectrum, clarification on phospholipid disturbances in the periphery and the brain in

AD, further replication and extension of preclinical and clinical effects of nutritional

combinations on phospholipid metabolism and synaptic membrane formation, and more

clinical evidence on the effect of nutritional intervention on markers of synaptic

functioning in AD.
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List of abbreviations

ACh, acetylcholine

AChE, acetylcholinesterase

AD, Alzheimer’s disease

Aβ, amyloid-β 

CDP, cytidine diphosphate

ChAT, choline acetyltransferase

CSF, cerebrospinal fluid

CTP, cytidine triphosphate

DAG, diacylglycerol

DHA, docosahexaenoic acid

EPA, eicosapentaenoic acid

FC, Fortasyn Connect

MCI, mild cognitive impairment

MRI, magnetic resonance imaging

PC, phosphatidylcholine

PE, phosphatidylethanolamine

PEMT, phosphatidylethanolamine-N-methyltransferase

PI, phosphatidylinositol

PRI, population reference intakes

PS, phosphatidylserine

PSD-95, postsynaptic density-95

PUFA(s), polyunsaturated fatty acid(s)

RBC, red blood cell(s)

RDA, recommended dietary allowance

SM, sphingomyelin

UMP, uridine monophosphate
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