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Chapter 1

General introduction

Sources for the human omnivorous diet can range from animals to plants and
microorganisms. The food products that are derived from those sources contain more
than 25.000 components, together called the food metabolome [1]. While intake of
some of those components are essential for normal growth, development, or daily
functioning, some may confer health benefits beyond that [2]. These bioactive
components could offer additional nutritional quality to the human diet. A suboptimal
diet has been established as the single greatest risk factor for non-communicable
diseases, as it is responsible for 1 in 5 deaths worldwide [3]. To improve the quality of
the human diet, more emphasis could be placed on selection or crop fortification that
enhances the nutritional quality of fruits and vegetables. Next to improving
macronutrient composition, this also concerns the presence of bioactive components
with additional health benefits.

However, due to the intensification of agriculture, globalization, population growth, and
climate change, biodiversity in food production is decreasing [4]. Crops are traditionally
mainly selected based on traits like yield, seed quality, and disease resistance [5]. To
provide for our increasing needs, plant breeding and modernization have increased
crop yield substantially. However, the global diet is now dependent on only a few of
the 300.000 available plant species. In addition, within these species, only a limited
number of crop varieties is used. Increasing diversity could potentially improve the
quality of human diets [6,7]. The increased awareness among consumers of the
benefits of a healthy lifestyle has also fueled the development of functional foods,
especially in Japan, northern America and Europe [8]. Lycopene-rich tomatoes and
vitamin D-rich mushrooms are examples that can already be found in Dutch
supermarkets.

The benefits of adequate intake of essential vitamins and minerals have been well
established. Adequate vitamin D status is required for bone health for example [9]. In
Europe, health claims regarding vitamin D and improved muscle function and immunity
have also been approved by the EFSA [10]. The health effects of supplementation with
bioactive ‘specialized metabolites’ are less well-established [11]. These specialized
metabolites are defined as “not essential for survival but enhancing the reproductive
success of the host organism under specific environmental conditions” [12]. These
specialized metabolites can derive from isoprenyl, phenylpropanoid, nucleotide or
amino acid metabolism. In plants, they can have functions related to signaling or
defense against biotic or abiotic stresses [13]. Examples are flavonoids, anthocyanins,
glucosinolates, indoles and catechins [14]. They are present in fruits and vegetables
and are proposed to have antioxidant and anti-inflammatory properties that are
beneficial in the prevention or control of non-communicable diseases [11]. This thesis
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introduces another specialized metabolite that has the potential to benefit human
health: gamma-aminobutyric acid (GABA).

GABA in the diet

GABA is a non-essential amino acid that is not incorporated in proteins. It was first
discovered as a nitrogen-containing component of potato tubers in 1949 [15]. When,
7 years later, it was discovered to be an important inhibitory neurotransmitter, the
focus of the research field quickly shifted to its function in the human brain [16].
However, GABA also has an important signaling role in plants, where it defends against
stress like pests and droughts [17]. Therefore, GABA accumulates in, for example,
tomato fruits during the process of fruit development [18]. In the plant, GABA is
produced from its precursor glutamic acid by the enzyme glutamic acid decarboxylase
(GAD) and it can be broken down again by the enzyme GABA-transaminase to succinic
semialdehyde (figure 1). GABA is ubiquitously present in plants, but the GABA content
can vary substantially [19]. The GABA content has not been determined for all food
products, but some interesting examples are already available. Tomatoes have a
relatively high GABA content of up to 1.9 g/kg, depending on the variety [20].
Interestingly, tomatoes also contain relatively high amounts of glutamic acid [21]. In
tomatoes glutamic acid and GABA are interconnected during the ripening process,
increasing and decreasing during the process, respectively [22]. Melons are also in the
high range, with GABA concentrations up to 3 g/kg [23]. On the other hand, many
other fruits and vegetables contain relatively little GABA [24]. Eggplant for example, a
close relative of tomato, contains a 1000x lower GABA concentration than is found in
tomato fruits (about 0.0024 g/kg) [25].

The GABA content of food products can be enhanced by fermentation. Microbiota that
are used in food fermentation are able to produce GABA from its precursor glutamic
acid [26]. Examples of fermented food products with a high GABA content are matured
cheeses (up to 10 g/kg) and for example sauerkraut (~0.5 g/kg) [27,28]. In the
preparation of sauerkraut, the GABA content increases 30- to 50-fold during
fermentation. Fermented soy products like sufu, also contain relatively high amounts
of GABA [29]. The ability of the microbiota to produce GABA is also commercially used
to specifically enrich food products with GABA, such as GABA-enriched yogurts and
teas [30,31].

Together, the intake of these products could lead to a substantial daily GABA intake
from the diet. However, data on the average daily GABA intake from food are not
available. Next to intake from food products, GABA supplements are also available on
the market with many health effects ascribed to it [32]. GABA is especially taken as a
supplement to improve sleep quality. Although poorly studied, this is proposed to be
related to its function in the brain as an inhibitory neurotransmitter.
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GABA in human physiology

In the central nervous system, GABA signaling generally inhibits and hyperpolarizes
the cell membrane (figure 3) [33]. With this, the GABAergic system plays an
important role in for example working memory, sleep/wake regulation, anxiety and
executive functions [34-37]. Similar to plants, GABA is produced from its precursor
glutamic acid (an excitatory neurotransmitter) by the enzyme glutamic acid
decarboxylase (GAD) (figure 1) [38]. Two major subclasses of GABA receptors can be
distinguished, the GABAa receptor, a ligand-gated ion channel, and the metabotropic
GABAg receptor which is a G-protein coupled receptor (figure 3) [39].

When GABA (or another agonist) binds to the GABAa receptor, the ion channel is rapidly
opened resulting in a flow of chloride ions into the cell that causes hyperpolarization
(figure 3) [40]. The GABAa receptor is a pentamer that can potentially consist of any
combination of 19 different subunits (a(1-6), B(1-3), y(1-3), J, &, 6, n and p(1-3))
[41]. However, in mammals, some combinations of subunits are more abundantly
present than others. Most abundant is the combination of two al, two 2 and one y2
subunit [42]. The different combinations of subunits give the receptor subtypes specific
pharmacological and physiological properties, to suit their function [43].

When GABA (or another agonist) binds to the GABAg receptor, G-proteins are activated
(figure 3) [44]. At presynaptic sites, this leads to an inhibition of Ca?* channels to
inhibit the release of GABA or other neurotransmitters. At postsynaptic sites, this leads
to the opening of K* channels and a slow postsynaptic inhibitory current. GABAg
receptors are heterodimers with a B1 and B2 subunit [45]. Only as heterodimer do the
subunits form a functional GABAs receptor [46]. The GABAg;: subunit is responsible for
the binding of the ligand. As a monomer it is retained in the endoplasmic reticulum
and prevented from interacting with the trimeric G-protein complex at the plasma
membrane. Only in complex with the GABAg; subunit, the GABAg; subunit is trafficked
to the cell surface and available for signaling.

Interestingly, the GABA receptors are also present in peripheral tissues (figure 2).
Functional GABA, receptors are present in many tissues, although different
combinations of subunits are present as subtypes of the GABA, receptor depending on
its function in that particular tissue [47]. An example of a tissue with a functional
GABA, receptor is the pancreas [48]. The GABAa subunits that are mainly expressed
here are a2, a5, B3 and y2. As compared to the GABAa receptor, expression of the
GABAg receptor is organized in a different pattern. GABAg; receptor subunit expression
is limited to the adrenal gland, urinary bladder, thyroid, testis and endometrium, while
the GABAg: receptor subunit is ubiquitously expressed in peripheral tissues [45,47].
Next to the presence of GABA receptors, GABA is also synthesized in some peripheral
tissues [49]. An example is the pancreatic islets, in which GABA is synthesized by GAD
[50]. There, GABA reaches similar tissue levels as in the brain, but it is depleted in
islets from patients with type 2 and type 1 diabetes [51]. The presence of GABA and
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its receptors in the pancreas point towards an important physiological role for GABA in
the pancreas.

What is now clear is that in the pancreatic islets, GABA plays a role in regulating
hormone release in a paracrine and autocrine manner [52]. Via the GABAa receptor,
GABA can have an inhibitory or excitatory effect on insulin release by depolarization or
hyperpolarization of the B-cell membrane [53,54]. This dual effect is possible because
of the high intracellular CI- concentration that B-cells maintain (unlike mature neurons)
[55]. In the case of a high intracellular CI- concentration, activation of the GABAa
receptor would lead to an outward flow of chloride ions, which can result in
depolarization of the membrane and insulin release [56]. The eventual effect that
activation of the GABA, receptor has depends on the membrane potential, which is
influenced by for example the glucose concentration [54]. In this way, GABA can
function to maintain equilibrium. An additional inhibitory effect of GABA on insulin
release could be mediated by GABAg receptors. However, it is less clear whether a
functional GABAg receptor is present in the pancreas [57]. While the GABAg; subunit is
expressed, the GABAg, subunit is not expressed under basal conditions. Circumstances
like the activation of cAMP signaling by, for example, incretin hormones, can lead to
the expression of the GABAg; subunit and the formation of a functional GABAg receptor
[58]. Also in the alpha cells, GABA, receptors are expressed. There, GABA inhibits
glucagon release via binding of the GABAa receptor [59]. In addition, insulin increases
the responsiveness of the alpha cells to GABA, by increasing the translocation of GABAA
receptors to the cell membrane [60]. All in all, GABA seems to be a key player in an
intricate mechanism to regulate glucose homeostasis.

Potential health effects of GABA

Box diabetes

Diabetes, generally subdivided into type 1 and type 2, is a highly prevalent chronic
disease in which the body is unable to regulate blood glucose levels. In 2019, the global
prevalence of diabetes was 9.3% of the adult population [61]. This is expected to
increase to 10.9% in 2045. The prevalence increases with age to 19.9% in people aged
65-79 years. Diabetes is diagnosed using cut-off values for fasting plasma glucose (>7
mmol/L) and plasma glucose values 2 hours after an oral glucose tolerance test (>11.1
mmol/L) [62]. Individuals with type 1 diabetes can also be screened for islet
autoantibodies to prevent symptom development. Type 1 diabetes is an autoimmune
disease in which the insulin-producing B-cells are destroyed by immune cells [63]. This
is accompanied by dysfunctional glucagon-producing a-cells. Due to a lack of insulin
production and overproduction of glucagon, glucose homeostasis is dysregulated. This
leads to severe complications like nephropathy, cardiovascular disease, dyslipidemia,
neuropathy, and foot ulcers [62]. Insulin has to be administered to patients to regulate
their blood glucose levels.
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The pathogenesis of type 2 diabetes is complex and there are obviously different
subtypes, although ultimately causing similar disease symptoms. The current most
held view is that in the development of type 2 diabetes, prolonged exposure to dietary
glucose and fatty acids in obesity (together with genetic predisposition) leads to
inflammation (primarily in the adipose tissue and the liver) and insulin resistance [64].
Eventually, B-cells fail to produce sufficient insulin to compensate for the insulin
resistance that is present. This culminates in chronic hyperglycemia and type 2
diabetes. To control diabetes, lifestyle interventions are recommended that include
weight loss and physical activity. Medicinal treatment, preferably also combined with
weight management, includes metformin, a-glucosidase inhibitors, sodium-glucose
cotransporter 2 inhibitors, glucagon-like peptide 1 receptor agonists, and amylin
mimetics [65].

The gradual transition from adequate glucose homeostasis towards diabetes is usually
referred to by the term prediabetes. Although still considered a reversible phase,
individuals are at a high risk of developing type 2 diabetes. This phase is characterized
by either impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or both
[66]. IFG is associated with hepatic insulin resistance, increased glucagon secretion
(hyperglucagonemia), and impaired early-phase insulin secretion, which leads to
increased fasting glucose production (gluconeogenesis) and output by the liver [67].
IGT is primarily associated with muscle insulin resistance and impaired late-phase
insulin secretion, which leads to postprandial hyperglycemia. In both conditions, B-cell
dysfunction is already observed, insulin and glucagon secretions are dysfunctional and
are no longer able to maintain glucose homeostasis [68]. Individuals with prediabetes
are recommended to follow a diabetes prevention program [69]. This lifestyle and
behavioral therapy, including weight loss and physical activity, is shown to be highly
effective in reducing the chances of developing diabetes. In a Finnish diabetes
prevention program study, the risk reduction was 43% after 7 years [70]. However,
adherence in general can be an issue and weight loss can be difficult to maintain, in
these cases a pharmacological intervention in the form of metformin is recommended
in clinical practice, although it is less effective than lifestyle changes [69].

Results from rodent studies suggest that exogenous administration of GABA can have
physiologically relevant effects. Most relevant are the studies that investigated the
effects of GABA administration in peripheral tissues since there is no consensus about
whether GABA can cross the blood-brain barrier [32]. The effect of GABA has been
investigated in rats and mice with experimentally-induced diabetes. For example,
models have been used for type 1 diabetes in which streptozotocin is injected before
the intervention with GABA [71]. Streptozotocin is specifically toxic to B-cells and leads
to a reduction in B-cell mass and function, similar to what is observed in humans with
type 1 diabetes. To induce type 2 diabetes, rodents are treated with a high-fat diet
before the start of the intervention, with or without a low dose of streptozotocin to also
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model the loss in B-cell mass and function that is observed in type 2 diabetes [72]. By
administering GABA orally in drinking water or by intraperitoneal injections, the effects
of GABA on diabetes symptoms were investigated.

An example of studies in which GABA was investigated in a model for type 1 diabetes,
are the studies by Purwana et. al, (2013) in which GABA was given orally, and by Feng
et. al, (2017), in which GABA was administered by injection [73,74]. Purwana et. al,
(2013) administered GABA for 5 weeks to diabetic mice with transplanted human islets
[73]. The administration of GABA led to an increase in B-cell mass and circulating
insulin levels, and a decrease in circulating glucagon. This subsequently led to
improved blood glucose levels and glucose tolerance. The authors suggested that both
activation of the GABAA and the GABAg receptor were involved in these effects.
Similarly, Feng et. al, (2017) observed that GABA treatment could restore the islet
function after streptozotocin treatment by increasing B-cell mass and decreasing the
a-cell mass [74].

Similarly, models for type 2 diabetes were used to investigate effects of GABA.
Examples are the study by Tian et. al, (2011) which administered GABA orally, and the
study by Sohrabipour et. al, (2018) in which GABA was administered by injection
[75,76]. Tian et. al, (2011) showed a reduction in fasting blood glucose, improved
glucose tolerance and insulin sensitivity in GABA-treated mice [75]. In addition, GABA
reduced obesity-induced inflammation, which the authors suggest as a causal
mechanism for the observed systemic effects. Sohrabipour et. al, (2018) also showed
an improvement in blood glucose, insulin, glucose tolerance and observed changes in
gene expression related to a reduction in gluconeogenesis [76].

The available literature extends to other possible peripheral sites of action as well. In
spontaneously hypertensive rats, GABA reduced blood pressure after a single dose and
after 4 weeks of daily administration [77]. The same authors also show that GABA can
reduce blood pressure by reducing noradrenaline release via the activation of GABAg
receptors on sympathetic nerve endings in the vasculature [78].

The effects of exogenous administration of GABA in humans has also been investigated,
although less thoroughly and no long-term studies with a robust study design have
been published (table 1). What has been established is that GABA is absorbed after
oral intake and reaches the bloodstream. In 2015, Li et al. were the first to determine
the pharmacokinetic profile of oral GABA in humans [79]. A group of 11 volunteers
received a single dose of 2 grams of GABA or a placebo. The data showed that GABA
is rapidly taken up in the blood, with peak concentrations reached in 0.5 - 1 hour at
~45 times the baseline value and a half-life of 5 hours. In this study, they also showed
that the administration of GABA acutely increased insulin and glucagon levels in these
participants. This suggests that an increase in GABA plasma level also reflects a
physiologic response. Studies with human participants are also available that assess
the effects of GABA on blood pressure, with mostly positive results [80-86]. However,
these studies show a number of imperfections in their designs. In particular, the
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intervention studies used functional foods (GABA-enriched dried Bonito, cheese, milk,
bread, rice, and chlorella), often without proper control, for a period of 4 to 12 weeks
with a very low dose of 10 to 30 mg GABA.

Aim and outline of this thesis

Research on GABA has so far been largely limited to studies focused on the central
nervous system. At the same time, it is clear that GABA may have important peripheral
functions and that peripheral concentrations may be influenced by GABA
administration. Interestingly, GABA is a component of the human diet and could
therefore potentially play a preventive role in metabolic diseases. However, there is
still insufficient knowledge to identify GABA as a potentially relevant bioactive food
component. Although it has been demonstrated that GABA is taken up in the
bloodstream after oral intake, it is unclear how a food matrix affects its bioavailability
and whether long-term GABA intake affects the circulating GABA concentration and,
ultimately, concentrations at the possible site(s) of action. Next to that, for the
determination of the GABA concentration in human plasma, no standard, validated
analytical method is available to apply in clinical trials. Finally, while GABA supplements
are already marketed with health claims outside the EU, the evidence regarding health
effects of oral GABA intake is poor. Therefore, the current thesis aims to investigate
the potential of GABA as a dietary plant component with health benefits. In this thesis,
we combine research on food sources of GABA with investigating the plasma kinetics
and health effects of oral GABA intake.

In chapter 2 we aimed to identify tomato and potato cultivars and genotypes with a
high GABA content. To that end, we screened 72 potato and 91 tomato genotypes for
their GABA and glutamic acid content. Next to that, we assessed the effects of domestic
cooking methods on the GABA and glutamic acid content of tomato and potato
preparations. In chapter 3 we describe the development and validation of an analytical
method using liquid chromatography coupled to tandem mass spectrometry for the
simultaneous quantification of GABA and glutamic acid in human plasma. In chapter
4 we applied this method to determine the influence of a tomato food matrix on the
bioavailability and plasma kinetics of oral GABA and glutamic acid in a placebo-
controlled, randomized, crossover study with 11 healthy men. In chapter 5 we
explored the health effects of 3 months GABA supplementation in 52 individuals with
prediabetes in a parallel, double-blind, randomized, placebo-controlled intervention
study. As the primary outcome, the effects of GABA on the postprandial glucose
response were investigated. In chapter 6 the results from chapter 2-5 are discussed.
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Abstract

y-Aminobutyric acid (GABA) and its precursor glutamic acid play signaling roles in both
humans and plants. Interestingly, positive effects on human health are ascribed to
GABA consumption, which is present at relatively high levels in various food products,
including potato tubers and tomato fruits. However, the currently available information
on GABA content in foods only partly represents market categories and lacks data on
glutamic acid. Here, we performed a screening of 98 tomato and 72 potato genotypes
for GABA and glutamic acid levels. Our results show a large variation in both GABA and
glutamic acid across the various genotypes. The GABA and glutamic acid levels ranged
from 72 to 1122 pg/g fresh weight (FW), and 1160 to 6513 ug/g FW, respectively in
tomato, and were between 68 to 759 ug/g FW and 409 to 874 pg/g FW in potato.
Differences between market categories were only present for glutamic acid. For both
GABA and glutamic acid, losses occurred with cooking, depending on the preparation.
GABA was less affected by cooking than glutamic acid. Potato and tomato could be
major dietary GABA sources. Especially high-GABA genotypes merit further
investigation because of their potential health effects.

Keywords: GABA, glutamic acid, food, tomato, potato, screening, cooking, baking,
frying
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1. Introduction

y-Aminobutyric acid (GABA) and its precursor glutamic acid are amino acids present at
up to gram per kilo levels in many food products. They are either endogenously
produced in for example melon, tomato and potato or generated during fermentation
in for example matured cheese, fermented soy products and sauerkraut [1-6].

In plants, glutamic acid is incorporated into proteins and involved in amino acid
metabolism as a precursor for (among others) GABA, and both molecules are involved
in diverse physiological, defense, signaling and reproductive processes [7,8]. GABA is
directly toxic to pest insects, and for this reason, it is presumed to be constitutively
present in high amounts specifically in some fruits and storage organs like tomato and
potato tubers (~500 pg/g) [9-11]. Yet, in tomato fruits, the high content of glutamic
acid introduces an umami flavor which is assumed to enhance fruit consumption by
birds and mammals [12]. This promotes seed dispersal as tomato seeds survive
digestion and will germinate from fecal deposits.

In human biology, both glutamic acid and GABA are primarily known as
neurotransmitters in the central nervous system. At the same time, oral
supplementation with GABA has been shown to have metabolic health effects in rodents
[13,14]. Most research on the health benefits of GABA in humans has been performed
with supplemented GABA [15]. GABA supplements are widely available, claiming to
improve sleep and reduce stress. Recently, we determined that GABA bioavailability is
not influenced by a tomato food matrix [16]. This suggests that an increased intake of
GABA, through the consumption of tomato fruits or potato tubers that are relatively
high in GABA for example, could lead to positive health effects.

Tomato and potato are staple foods in many cultures. For instance, the consumption
of fresh tomatoes in the EU is currently 15 kg per capita, and an additional 18 kg of
processed tomatoes is consumed [17]. Potato is eaten in 82% of the world’s countries
and is one of the largest food energy suppliers. In 2013 the consumption of potatoes
in the EU was 83 kg per capita, which is the largest volume in the world [18].
Consequently, they could provide a source of GABA in the diet, in particular when high
GABA varieties are consumed and provided that preparation methods are compatible.

Next to GABA, the levels of glutamic acid are also relatively high in potato and
especially in tomato [19]. It is relevant to study both GABA and glutamic acid in crops,
considering their biosynthesis is interconnected by for example the GABA shunt [20].
While GABA is the most abundant free amino acid in green tomato fruits, its
concentrations decrease substantially during ripening [21]. On the other hand, the free
glutamic acid concentration increases steadily during tomato fruit ripening and it
represents the most abundant amino acid in red tomato fruits. Research investigating
glutamic acid content of tomato fruits is mainly focused on increasing the characteristic
umami flavor to which glutamic acid contributes [22].
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Currently, there is considerable interest in increasing the GABA content of food
products. A gene-edited tomato containing 1250 pg/g FW GABA is already marketed
in Japan [23]. In addition, relatively GABA-rich plant products can be obtained by
specific growth conditions (e.g., salt stress [24]), selection among existing cultivars,
or by means of breeding programs making use of the genetic variation in wild species
[25]. Some literature describing the GABA and glutamic acid content of different
tomato and potato genotypes is already available. For GABA in tomato fruits, a
screening of 61 genotypes was performed in a field trial by Saito et al. (2008), who
found a 20-fold difference between genotypes in GABA content (ranging from 90 to
1000 pg/g) [5]. For glutamic acid only a narrow selection of tomato genotypes has
been investigated and the content range was not more than 2-fold [26-28]. For
example, Pratta et al (2004) studied the glutamic acid content in 5 different tomato
cultivars and reported a variation from 1600 to 2800 pg/g FW [26]. For potato,
Nakamura et. al (2006) analyzed the GABA content of tubers from 22 varieties and
showed a range of about 3.5 fold, from 239 to 819 ug/g FW [6]. However, these
genotypes only partly represent the existing market categories and none of these
screenings involved both GABA and its precursor glutamic acid [6,29-32]. Thus, a large
representative screening of both GABA and glutamic acid in tomato or potato is still
lacking [6,30-33].

Therefore, we aimed to determine the extent of variation in GABA levels in a
representative range of tomato and potato genotypes. In the search for tomato and
potato varieties with a high GABA content, we analyzed the levels of GABA and its
precursor glutamic acid in 98 tomato and 72 potato genotypes and cultivars. To gain
more insight, we also studied the variation in effect of fruit maturation on GABA content
and the effect of harvest year. As tomato is frequently consumed after some form of
processing and potatoes are not eaten raw, we also included an analysis of the effects
of most commonly used domestic cooking methods on GABA and glutamic acid content.
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2. Methods
2.1. Planting, harvesting and sampling procedures
2.1.1. Potato

A series of 72 genotypes, consisting of cultivars and breeding clones, were grown in
clay soil in the seasons of 2017, 2018, and 2019 in Bant, Noordoostpolder, The
Netherlands. Seed tubers had been produced and stored at that location in the previous
year. The planting dates were in April on the 12th, 18th, and 17th in the three
consecutive growing seasons, respectively. Plots consisted of 16 plants each, planted
in two rows that were 75 cm apart. Planting was at a 33 cm distance within rows, with
4 border plants separating the plots of different genotypes. Fertilization was in total
180 to 190 kg of N per ha, including the soil stock of approximately 25 kg N per ha. Of
this total N, 120 kg per ha was given in the form of a N:P:K mixture in a ratio 23:23:0
immediately after seed tuber planting, but before hilling, and the remaining N was
supplied in the form of calcium ammonium nitrate after tuber initiation of the mature
plants. Protection against plant diseases was carried out according to local agricultural
practice. Harvest dates of mature tubers were October the 16th in 2017 and September
the 12th and 19th in 2018 and 2019, respectively. Tubers were mechanically harvested
and subsequently stored in boxes at ambient temperature (8°C to 12°C) in the dark
for about 3 months until sampling for analysis.

Ten average-sized tubers were randomly chosen per box and washed with tap water.
One wedge, approximately 0,5 cm width at its widest side, was cut from each tuber
between the stolon and stem end. Wedges were quickly cut into smaller parts and
frozen in liquid nitrogen for immediate processing or storage at -80°C. For a range of
genotypes (Cumbica, Monika, Concordia, AR 12-5137, Hansa, Cerisa, Blue Star,
Fontane, AR 91-1409, ARD 11-3181) the GABA and glutamic acid content was also
assessed in peel and flesh separately. For this experiment, 10 tubers per genotype
were selected. The cut wedges of 0.5 cm wide were peeled, the flesh was cut into small
pieces and both flesh and peel were stored and processed separately. Tuber parts were
then milled into a fine powder using a liquid nitrogen-cooled analytical mill (IKA,
Staufen, Germany) and aliquots (100 mg, < 2.5% deviation) of the frozen ground
powders were weighed in a 2 ml Eppendorf tube) and stored in 4 ml cryotubes at -80
°C until analysis.

2.1.2. Tomato

A collection of 98 tomato genotypes, consisting of both cultivars and breeding lines,
was screened. The cultivars represented both cluster (normal round and beef), snack,
and cherry types of fruits. The breeding lines partly consisted of heirloom genotypes
and elite lines. Seeds were sown in small rockwool plugs (Oct 27, 2017), transplanted
in blocks (Dec 10, 2017) and finally transplanted to a greenhouse with rockwool slabs
(Jan 4, 2018). The greenhouse was located in Roggel (Netherlands). Pruning of the
trusses from plants in the cluster segment was done to 6 fruits remaining per cluster.
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Only fully ripe fruits were used in the genotype screening. Harvest started on March
14, 2018, and the fruits used for the measurements were harvested on May 21, 2018.

The effect of fruit ripening on GABA and glutamic acid levels was subsequently
evaluated in 7 other tomato genotypes (cv. Madara, Marejada, Maremagno, Marinda,
Marmarino, Micro Tom and Moneymaker). For this experiment, seeds were sown on
December 14, 2018 and May 15, 2020, transplanted in blocks on January 3, 2019 and
May 29, 2020, and finally transplanted in the greenhouse on January 31, 2019 and
June 18, 2020, respectively. Mature green, breaker, turning, ripe and overripe fruits
were harvested. The greenhouse was located in Horst (Netherlands). No cluster
pruning was applied in this experiment.

The growth conditions were comparable to commercial tomato growing conditions in
the Netherlands. The nutrient solutions provided had an electrical conductivity of 2,2
mS/cm. Immediately after harvesting, the fruits were transported to Wageningen
where the samples were processed the same or next day. Per genotype/ripening stage
10 representative fruits were randomly selected. From each tomato, a wedge (top to
button) with the size of 1/8 of the fruit was cut with a sharp knife and quickly frozen
in liquid nitrogen in pools per genotype. The frozen wedges were ground into a fine
powder per genotype using a liquid nitrogen-cooled grinder (IKA).

2.2. GABA and glutamic acid measurements

The levels of GABA and glutamic acid present in the tomato and potato samples were
quantified using gas chromatography coupled to mass spectrometry (GCMS). The
extraction and analysis procedures were mainly according to the protocol described
previously [33]. Briefly, 100 mg (< 2.5% deviation) of the frozen ground tomato or
potato powder was weighed into a 2 ml Eppendorf tube. The powders were extracted
with 1400 pL of a 90% (v:v) methanol/water solution containing 15 pug/mL of GABA-
d6 and 50 pg/mL of L-glutamic acid-d5 (both from Merck-Sigma, Zwijndrecht, The
Netherlands) as deuterium-labelled internal standards. After 10-minutes of sonication
followed by 10-minutes of centrifugation, 500 L of the clear supernatant was taken
and mixed with 375 pL of chloroform and 750 pL of water. After a new centrifugation
step, 50 uL aliquots of the upper (polar) phase were transferred into a glass insert
placed in an open 2 mL GC vial. Extracts were dried overnight (16 h) by vacuum
centrifugation (Savant®, SPD121P, Thermo Scientific, Breda, The Netherlands) at room
temperature, and the vials were subsequently closed under an argon atmosphere with
magnetic crimp caps. Prior to their analysis, dried extracts were derivatized online
using a TriPlusRSH autosampling/injection robot (Thermo Scientific), which was
programmed to firstly add 17.5 pL of O-methylhydroxylamine hydrochloride (20
mg/mL pyridine) (both from Merck-Sigma, Zwijndrecht, The Netherlands), then
incubated for 30 min at 40 °C with agitation, and finally derivatized the compounds
with 17.5 pL of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) )(Merck-Sigma,
Zwijndrecht, The Netherlands), for 60 min at 40 °C. After derivatization, compounds
were separated on a Trace 1300 gas chromatograph system (Thermo Scientific). Of
each sample 1 pL was injected onto a PTV injector (70 °C). By using a split flow of 19
mL/min samples were introduced onto a VF-5 ms capillary column + 10 m guard
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column (30 m x 0.25 mm x 0.25 um, Agilent Technologies) for chromatographic
separation. Helium (5.0) was used as carrier gas at a constant column flow rate of 1
mL/min. The temperature program of the GC oven started at 70 °C (2 minute hold)
and rose with 10 °C/min to 310 °C (with 10 minute hold). Separated compounds were
ionized by electron impact at 70 eV and mass spectra were acquired at full scan mode
with a m/z range of 50 to 600 at an ion source temperature of 290 °C using a TSQ8000
DUO-series triple quadrupole mass spectrometer (Thermo Scientific). A dilution series
of 0.1 to 500 pg/ml of both GABA and glutamic acid was used to quantify these
compounds in the samples, while correcting for the recovery of their deuterated
standards. Representative chromatograms are presented in supplementary material 1.

In view of the large numbers of samples, we chose for repeated extraction and analysis
of a pool of powders from randomly chosen potato or tomato genotypes, rather than
analyzing each individual powder in two or more technical replicates. This pool of
powders was extracted 11 times in the same manner as the individual powders and
analysed by GCMS before, after and throughout the series of the real samples. Based
on these quality control samples (QCs), we were able to calculate the overall analytical
variation, which was 5.8% for GABA and 16.2% for glutamic acid.

2.3. Domestic cooking methods

Single batches of potato tubers (cv. ‘Agria’, provided by Agrico Research) and tomato
fruits (cv. ‘Trevine’, provided by Nunhems) were prepared with different domestic
cooking techniques (Tables 1 and 2) to assess the effects on GABA and glutamic acid
content. A laboratory sample consisted of 10 randomly selected tubers or fruits. All
operations using raw samples were performed swiftly in order to prevent any
degradation of the sample. Each cooking method was performed in triplicate on
different days. After preparation and cooking, samples were immediately frozen in
liquid nitrogen and stored at -80 °C until analysis. Samples were ground to a fine
powder using a liquid nitrogen-cooled grinder (IKA). Analysis of GABA and glutamic
acid content was performed as described in sections 2.2. In order to correct GABA and
glutamic acid levels for potential differences between preparation techniques due to
differential moisture losses, the pre- and post-treatment dry matter content was
determined from their ground powders, according to the official method recommended
by the AOAC [34].
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Table 2: Preparation methods before cooking and cooking conditions for each cooking
method applied to potato

Cooking Preparation Cooking conditions
technique
Raw Peeled -
Boiling Peeled, 2 cm thick | 100 °C for 10 min in water with a
slices ratio of 1:3 (potato:water, v:v)
Frying Peeled, 1cm x 1 cm x | 6 min at 150 °C in sunflower oil,
length potato (French | cooled, for 4 min at 175 °C in
fry shaped) sunflower oil
Steaming Peeled, 2 cm thick | Steamed for 20 min in a steam oven
slices (RATIONAL SelfCookingCenter)
Baking Peeled, 1 cm thick | Baked in a hot-air oven (RATIONAL
slices SelfCookingCenter) for 15 min at 200
°C with 2 tbsp of oil
Open pan frying | Peeled, 5 mm thick | Baked on one side for 5 min and for
slices 2.5 min on the other side at medium-
high temperature in 2 tbsp. oil
Microwave Peeled, 2 cm thick | 900W for 11 min in microwave
cooking slices (Panasonic Pro II Type NE-1880)
with 2 tbsp of water

Table 3: Preparation method before cooking and cooking conditions for each cooking method applied

to tomato

Cooking Preparation Cooking conditions

technique

Raw Whole fruits -

Boiling Whole fruits 15 min at 100 °C in water (tomatoes
were submerged in water)

Baking Whole fruits Baked in a hot-air oven (RATIONAL
SelfCookingCenter) for 15 min at 200
°C

2.4. Data analysis

Statistical analyses were performed using the R environment for statistical computing
version 4.0.2 (https://www.R-project.org) and IBM SPSS Statistics version 25. To
assess significant differences between market categories, an ANOVA was performed
with a Tukey post hoc adjustment for multiple comparisons. An independent samples
t-test was performed to assess differences between different cooking techniques and
differences between peel and flesh. An ANOVA and ANCOVA with Bonferroni correction
was used to assess differences in GABA and glutamic acid content over different
ripening stages with genotype as a covariate. The correlations between compound
levels over different years and between GABA and glutamic acid across samples were
assessed using Pearson’s correlation.
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3. Results
3.1. Variation in GABA and glutamic acid levels across tomato and potato
genotypes
3.1.1. Tomato

Contents of GABA and glutamic acid were determined for 98 different tomato
genotypes and results are shown in figures 1 and 2, respectively. Categories were
either cherry, cluster, heirloom, or snack tomatoes. On average, the tomato genotypes
contained 242 + 89 ug/g FW GABA, in a range from 72 to 558 pg/g FW. This
corresponds with an 8-fold difference between the highest (found in a heirloom tomato
fruit) and lowest (found in a cherry tomato fruit) accumulators of GABA. A one-way
ANOVA revealed that there was no statistically significant difference in GABA content
between the 4 market categories (F(94, 3) = 1.92, p = 0.13).

For glutamic acid, the average content was 3694 + 1156 pg/g FW in a range from
1160 to 6513 ug/g FW. This resulted in a 6-fold difference between the highest (found
in a cherry tomato fruit) and lowest (found in an heirloom tomato fruit) accumulators
of glutamic acid. In this case, a one-way ANOVA showed that there was a statistically
significant difference in glutamic acid content between the market categories (F(94, 3)
= 17.70, p = <0.001). Tukey’s HSD Test for multiple comparisons showed that the
glutamic acid content of the cherry tomatoes (4649 + 925 ug/g FW) was significantly
higher than in the other market categories. No correlation was found between the
GABA and glutamic acid content across the tomato fruits analyzed (Supplementary
material 2).
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3.1.2. Potato

The GABA and glutamic acid content was measured in 72 different potato cultivars and
breeding clones. These represent a wide variety of market categories such as fresh
retail category (e.g. Rosagold, Loreley), processing for fries (e.g. Fontane, Markies),
for crisps (e.g. Hermes, Snowden), for starch extraction (Kuras), diploid cultivar group
Phureja (Mayan Twilight, Papapura), Dutch germplasm (Armada, Artemis), Polish
germplasm (Bzura, Strobrawa), UK germplasm (Maris Peer), German germplasm
(Jelly, Regina) and USA germplasm (Premier Russet, Dakota Pearl). On average, these
potato tubers contained 321 + 132 ug/g FW GABA in a range from 68 to 759 ug/g FW
(figure 3), while for glutamic acid the average was 571 + 97 pg/g FW in a range from
409 to 874 ug/g FW (figure 4). Therefore, an 11-fold variation was observed for GABA
and a 2-fold variation for glutamic acid. The cv. ‘Riviera’ stood out with a 33% higher
GABA content than all other cultivars and breeding clones. Like in tomato fruit, no
correlation was found between the GABA and glutamic acid content in potato tubers
(Supplementary material 3).

3.2. The variation in effect of harvest year on GABA levels in tomato and
potato and fruit maturation on GABA levels in tomato
3.2.1. Tomato

As differences in GABA content were observed in ripe tomato fruits, we analyzed a
second series of genotypes that were harvested the same year (either 2018/2019 or
2020) but at different stages of their ripening. We aimed to determine what the
relevance is of harvesting moment for the GABA content. For all genotypes, a decrease
in GABA and an increase in glutamic acid was observed during fruit ripening (figure 5).
. On average the GABA content is significantly higher in green tomatoes as compared
to all other stages and the glutamic acid content is significantly higher in overripe
tomatoes as compared to the green and breaker stages. Genotype was only of
significant influence on the relationship between ripening stage and GABA content (p
= < 0.001) and not on the relationship between ripening stage and glutamic acid
content (p = 0.08). Proportionally, the difference in GABA content between ripe and
green tomato fruits is smallest in the Madara cultivar, while the difference in glutamic
acid content is largest in this cultivar. The cv. ‘Madara’ also had an exceptionally high
GABA level of 1122 £ 104 ug/g FW in its ripe fruits. We subsequently investigated the
reproducibility of this relatively high GABA content in Madara, over different harvest
years (figure 6). A one-way ANOVA showed that GABA content was not different
between the different years (F(25, 1) = 0.53, p = 0.47), suggesting a constitutive
relatively high level in ‘Madara’.
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Figure 5: A) GABA and B) glutamic acid content in 7 different tomato genotypes, over
different stages of ripening (Green, Breaker, Turning, Ripe and Overripe). Each data
point represents a pooled sample of 10 tomato fruits. A second harvest (same year,
different dates) of cv ‘Madara’, '"Marinda’ and ‘Micro tom’ was analyzed to assess batch
variation in GABA and glutamic acid levels. For these 3 cultivars the data is presented
as mean £ SD of the two replicates. The barplot also shows the overall average of all
7 genotypes with letters indicating significant differences between ripening stages.
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Figure 6: GABA content measured in cv. ‘Madara’ over different stages of ripening in
2019 and 2020. Data are presented as mean and standard deviation. Replications
represent different harvesting dates, on each date a pooled sample of 10 tomato fruits
was sampled per ripening stage. n=3 in 2019, n=3 for the green and ripe stage in
2020 and n=2 for the other stages in 2020.

3.2.2. Potato

We also assessed the reproducibility of the GABA content in potato genotypes across
years. In a selection of 22 genotypes from the original screening in 2018 (figure 3 and
4), the GABA content was again determined in tubers from the harvest in 2019 (figure
7) and for an additional 9 potato genotypes the GABA content was measured in tubers
from the harvest in 2020. The tuber GABA content in 2019 and 2018 was highly
correlated across similar genotypes (r = 0.87; 95% CI 0.70, 0.94; P <0.001); also the
levels obtained from harvest 2020 were highly correlated with those from harvest 2018
(r = 0.94; 95% CI 0.72, 0.99; P <0.001).
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Figure 7: Reproducibility of GABA content per gram fresh weight for potato genotypes
grown in 2019 (n=22) and/or 2020 (n=9) as compared to tubers from 2018. Each
value represents a pool of 10 potato tubers.
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3.3. Effect of domestic cooking methods on GABA and glutamic acid levels

Preparation of tomatoes and particularly potatoes frequently involves heat and other
food-handling activities before their consumption. These cooking methods potentially
affect the levels of GABA and glutamic acid in the consumed food products. To
determine their impact, frequently employed potato and tomato cooking methods were
applied and assessed for their effects on GABA and glutamic acid content. In these
experiments, the compound levels were calculated on a dry weight basis, to account
for potential differential water loss during product preparation. Table 3 shows the GABA
and glutamic acid content per gram dry weight expressed as a percentage of the initial
raw product. Dry weight measurements and GABA and glutamic acid content per gram
of fresh weight are given in supplemental materials 4 and 5. As indicated in Table 3,
in potato, most cooking methods resulted in considerable (12-52%) loss of glutamic
acid. Also in tomato, boiling resulted in a significant (35%) loss of glutamic acid.
Glutamic acid losses after baking tomatoes were more variable between replicate
experiments (possibly due to differences in bursting of fruits). In potato, GABA levels
were also significantly reduced after frying, steaming and microwaving, although to a
lesser extent than glutamic acid (17% to 19%). Boiling of potatoes also tended to
reduce their GABA content, while no effect was observed with baking and pan-frying.
In contrast to its decreasing effect in potato, boiling tended to increase the GABA
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content in tomatoes (42%, P=0.06), while baking the tomatoes did not alter their
content.

Table 3: Effects of different cooking methods on GABA and glutamic acid content based
on dry weight and expressed as percentage of the raw sample. Cooking methods were
replicated on 3 different days, each time a pooled sample from 10 fruits or tubers was

taken.

GABA! Glutamic acid*
Method (% of raw) (% of raw)
Potato
Raw 100 (7.0) 100 (2.6)
Boiled 74.5 (19.2) 88.5 (6.7)
Fried 82.9 (2.1)* 47.8 (2.1)%**
Steamed 81.3(8.8)* 88.2 (5.8)*
Baked 98.8 (7.3) 72.0 (6.7)**
Pan-fried 84.1 (26.4) 71.9 (19.6)
Microwaved 81.7 (3.6)* 77.1 (7.8)*%*
Tomato
Raw 100 (20.4) 100 (16.6)
Boiled 141.5 (18.7) 64.7 (9.2)*
Baked 99.2 (10.9) 53.3 (25.5)-

1 Data is presented as mean (SD) percentage of the raw
potato or tomato sample. Significant and trend differences
are shown as compared to the raw potato or tomato
sample, as assessed with an independent samples t-test. -:
P<0.10; *: P<0.05; **: P<0.01; ***: P<0.001.

To study these effects of various domestic cooking methods, peeled potatoes were
used. In order to determine the distribution of both GABA and glutamic acid between
peel and remaining tuber (flesh), we separately analyzed peel and flesh tissue from
tubers of 10 different potato genotypes for both GABA and glutamic acid content (figure
8). The difference in GABA content between the peel and flesh varied between
genotypes, while no significant difference was observed on average. In contrast, the
glutamic acid content was consistently and significantly higher in the peel than in the
flesh.
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Figure 8: Comparison of A) GABA and B) glutamic acid content between peel and flesh.
Values are shown from pooled samples of 10 tubers. As a last bar, averages of the peel
and flesh of the presented genotypes are shown as mean and SD. * indicates a
significant difference.
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4. Discussion

In search of tomato and potato varieties with a relatively high GABA content, a large
selection of 98 tomato and 72 potato genotypes was analyzed. The concentration of
both GABA and its precursor glutamic acid was assessed and substantial natural
variation was found to be present in GABA (11- and 14-fold resp.) and glutamic acid
(2- and 6-fold resp.) levels in both potato and tomato. Although glutamic acid is the
direct precursor in the biosynthesis of GABA, their levels do not correlate across
genotypes analyzed. In ripening tomato fruit, the GABA content generally decreases
while glutamic acid content increases. Interestingly, the cultivar containing the highest
GABA level in ripe fruits, i.e. cv. ‘Madara’, also retained the most GABA during ripening.
In addition, the GABA content of both tomato (only assessed for Madara) and potato
(various genotypes) was found to be reproducible across different growing seasons.
Specific genotypes of tomato (e.g. Madara with ~1000 ug/g) and potato (e.g. Riviera
with ~700 ug/g) could therefore be a relevant source of GABA in the human diet,
especially because GABA was found to be largely tolerant to diverse commonly used
domestic cooking methods (at most 25% decrease). In contrast, the glutamic acid
content was found to decrease more as a result of domestic cooking.

The genetic variation in GABA content between tomato genotypes (including cv.
‘Madara’) as reported in the current paper, is similar to that previously found in other
studies. A range from approximately 90 to 1000 pug/g FW was observed in a similarly
large screening of tomato genotypes [5]. The GABA content in potato has not been
screened extensively before. Nakamura et. al (2006) found a GABA content ranging
from 239 to 819 pg/g FW in 22 potato genotypes [6]. The rangeobserved is larger and
also includes genotypes with a lower GABA content, most likely because more
genotypes were included. The lowest level observed in potato was 68 pg/g FW.

Literature suggests that the levels of GABA and its biosynthetic precursor glutamic acid
are linked [35], although this hypothesis has not been assessed across a wide range
of genotypes. In the current study, no clear correlation between GABA and glutamic
acid levels across genotypes was found, neither in mature tomato nor in potato. This
result suggests that breeding towards a higher GABA content does not automatically
lead to changes in glutamic acid content. This is especially important for tomato fruits,
in which free glutamic acid is one of the main compounds responsible for its “umami”
taste [27].

In this study, the potential causes of the observed natural variation in GABA content
was not investigated. GABA is primarily produced by glutamic acid decarboxylase
(GAD) from glutamic acid and catabolized by GABA transaminase (GABA-T) into
succinate [36]. GABA content is, therefore, likely determined by the activity of these
two enzymes. Indeed, targeted mutagenesis in the GAD gene effectively increases the
GABA content in tomato, reaching levels up to 1250 ug/g FW [23]. In the current study,
cv. ‘Madara’ appeared to be able to accumulate levels up to ~1000 pg/g FW, which is
in the same range as the GAD-gene-edited tomato. However, for reliable quantitative
comparisons it will be necessary to grow these gene-edited and natural genotypes
together under the same conditions, harvest them at the same ripening stage and
analyze them with the same analytical methods.
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In general, a decrease in GABA content and an increase in glutamic acid content was
observed during the tomato fruit ripening process. Previously, it was shown that the
GABA content of fruits from cv. ‘Micro Tom’ decreases about 6-fold from the mature
green to the red ripe stage of their ripening [35]. A similar 5-fold decrease in this cv.
‘Micro Tom’ was observed. A decrease in the GABA content of the high-GABA cv.
Madara was also observed, but this decrease was relatively small (1.5-fold) compared
to that in both Micro Tom and to other cultivars. Similar to the GABA-rich DG03-9
variety described by Saito et al. (2008), Madara also seems to lose less GABA during
ripening [5,35]. Such relatively low loss is possibly due to a differential ripening-related
regulation of either GAD activity or GABA-T activity, or both, as compared to other
genotypes [12]. Other than the DG03-9 variety, Madara also seems to accumulate
glutamic acid more and earlier in the ripening process compared to other genotypes.
Future studies focusing on this differential regulation may provide more insight into
the mechanism(s) behind a relatively high GABA level in ripe tomato fruit. Crossing
these two high-GABA varieties might help to explore any genetic synergy and to
produce offspring with even higher GABA levels.

The GABA content was reproducible across different growing seasons, as was observed
for tomato cv ‘Madara’ and a range of potato genotypes. In contrast, Saito et al. (2008)
showed poor reproducibility of tomato fruit GABA content over years [5]. However, in
contrast to the current study, the tomato plants of Saito et al. (2008) were grown in
the field. Since GABA content can be influenced by environmental stressors (Bown and
Shelp, 2016; Kinnersley and Turano, 2010), it is well possible that differences in growth
conditions between years could have caused this discrepancy. The standardized
greenhouse growth conditions for tomato, as used in the current study, may better
ensure a reproducible GABA content (only 9.7% difference within genotype between
years on average) than field conditions.

Tomatoes are often processed before their consumption and potatoes are never eaten
raw. Therefore, the effect of popular domestic cooking methods on the GABA and
glutamic acid levels in tomato and potato was also investigated. Consistent with the
literature, GABA appeared to be relatively more resistant to most of the preparation
processes than glutamic acid (Li et al., 2017; Ma et al., 2022). Frying, steaming, and
microwaving potatoes decreased the GABA content by ~20% in potatoes, while also
boiling tended to decrease GABA. While in tomato no decrease in GABA was observed
by any treatment, glutamic acid was significantly lowered by boiling and baking. In the
experiments described in this manuscript, the tomatoes were boiled as whole fruits
including peel. Removing the peel may potentially lead to more losses, as both GABA
and glutamic acid are potentially able to dissolve into the boiling water. For potato the
peel was removed from the tubers before cooking. Preparing the potatoes with the peel
still present thus could possibly have prevented the observed GABA losses.
Interestingly, boiling tended to increase the GABA content in tomatoes by
approximately 40%, whereas the glutamic acid content was decreased by 35%. GABA
is known to accumulate in response to several abiotic stress conditions like cold, heat,
and salt [37]. Prolonged heat-drying of green soybeans up to a temperature of 40
degrees increased GABA content by a factor 5 for example [40]. Thus, a possible
explanation for the observed increased GABA level in boiled tomatoes is an
(temporarily) ongoing or even increased GAD activity upon heating. Further research
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on the effect of moderate heat treatment on GABA accumulation might lead to a
recommendation of slow cooking as an appropriate processing method to additionally
increase GABA in intact tomatoes and possibly also in intact, non-peeled potatoes.

The presented effects of domestic cooking were calculated on dry weight, to take into
account the difference in water losses between cooking methods. From a nutritional
perspective, the GABA and glutamic acid content should also be considered per gram
of fresh weight and portion size. For example, frying results in substantial water loss,
which concentrates the GABA and glutamic acid levels. This leads to a high GABA
content, expressed per gram of food product in fried potatoes (165 pg/g FW in fried
potato versus 103 pg/g FW in raw potato, supplementary material 5). On the other
hand, for glutamic acid, this concentrating effect of frying is not able to compensate
for the frying-induced loss of glutamic acid (0.9 mg/g FW in fried potato versus 0.97
mg/g FW in raw potato, supplementary material 5).

It was chosen to investigate the effect of cooking on peeled potatoes, but they can also
be prepared unpeeled. For potato consistently higher glutamic acid levels in tuber peel
as compared to flesh was shown across multiple potato genotypes, while for GABA no
consistent differences between peel and flesh were found. Talley et al. (1983) found
that, in general, the potato peel was higher in nitrogen and free amino acid contents
than the potato flesh, although the exception in their samples was for glutamic acid
and GABA [41].

Conclusion

Tomato and potato genotypes relatively high in GABA, could be a good source of GABA
as part of a natural GABA-rich diet. Other food sources may contain more GABA but
are rarely eaten in larger quantities than potato and tomato. Melons for example can
contain even up to 3000 pg/g FW GABA, but the average intake of melons is low in the
EU (ranging from 2.3 gram per day in the Netherlands to 14 grams a day in Italy)
[4,42,43]. This means that such high GABA-containing melons only contribute about
7-40 mg to the daily GABA intake. Based on the EU-average intake of 233 gram potato
and 92 gram tomato per day and assuming the average genotype GABA content of raw
potato (321 pg/g FW) and tomato (242 pg/g FW), people in the EU currently receive
75 mg GABA/day from potato and 22 mg/day from tomato consumption, which
translates into 97 mg GABA/day total excluding losses or gains from cooking [17,18].
If the highest GABA potato (cv. ‘Riviera’) and tomato (cv. ‘Madara’) cultivars would be
consumed, this intake could increase to 173 mg per day from potato and 90 mg per
day from tomato, i.e. 263 mg GABA/day in total. With a focused effort on breeding,
growth conditions and food treatments this intake could likely be even higher.
However, it is yet unclear what would be an effective GABA dose to exert significant
health effects in humans, because the human intervention studies that were done so
far did not have proper controls to relate the observed effects to GABA alone [44-46].
We recently showed that in humans GABA is readily taken up into the blood stream
upon consuming pureed tomatoes [16]. In addition, the GABA content of both tomato
and potato is reproducible across different years of harvest and seems to be quite
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stable during further preparation like cooking. In conclusion, high GABA-containing
potatoes and tomatoes could be promising additions to a healthy diet.
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Supplementary material 1: Typical GCMS chromatogram of standards (upper trace) and potato tuber
extract (lower trace). Indicated values are the retention times and m/z values of d6-GABA, GABA, d5-

glutamate and glutamate, respectively



64 | Chapter 2

600
550
500
450
400- . .
350 . .

300 . . .

250 - . .t _® . o

GABA (uglg FW)

200 ¢ . . . . .
150+ . . . .
100 .

50

0 T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Glutamic acid (ug/g FW)

Supplementary material 2: scatter plot, plotting the GABA content per gram of
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Supplementary material 4: Dry weight (%) of different prepared potatoes and
tomatoes (n=3). Data reported as mean * SD.

Preparation Dry weight (%)
Raw 16.6 £ 0.2
Boiled 19.0+ 1.4
Fried 31.9+ 2.1
Potato Steamed 18.6 £ 1.0
Baked 22.4 + 1.2
Pan fried 23.3 £ 5.3
Microwaved 21,1+ 1.5
Raw 4.6 £ 0.23
Tomato Boiled 4.9 £ 0.26
Baked 6.2 £ 0.30

Supplemental material 5: GABA and glutamic acid content (in ug/g FW and mg/g
FW respectively) of different prepared potatoes and tomatoes (n=3). Data
reported as mean £ SD. Note: not corrected for water losses or gains.

Preparation GABA (ug/9) Glutamic acid (mg/qg)
Raw 103.71 £ 7.95 0.97 £ 0.02
Boiled 87.20 + 15.40 0.98 + 0.01
Fried 165.03 + 9.47 0.90 £ 0.10
Potato Steamed 94.22 + 5.69 0.96 £ 0.02
Baked 138.78 £ 17.11 0.95 + 0.05
Pan fried 116.34 + 7.79 0.94 £ 0.02
Microwaved 107.29 + 7.26 0.95 + 0.03
Raw 211.74 £ 49.18 1.80 = 0.23
Tomato Boiled 314.92 + 43.11 1.24 £ 0.23

Baked 278.98 + 38.29 1.27 £ 0.56
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Abstract

Gamma-aminobutyric acid (GABA) and its precursor glutamic acid are important
neurotransmitters. Both are also present in peripheral tissues and the circulation,
where abnormal plasma concentrations have been linked to specific mental disorders.
In addition to endogenous synthesis, GABA and glutamic acid can be obtained from
dietary sources. An increasing number of studies suggest beneficial cardio-metabolic
effects of GABA intake, and therefore GABA is being marketed as a food supplement.
The need for further research into their health effects merits accurate and sensitive
methods to analyze GABA and glutamic acid in plasma. To this end, an ultra-pressure
liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) method
was developed and validated for the quantification of GABA and glutamic acid in human
plasma. Samples were prepared by a protein precipitation step and subsequent solid
phase extraction using acetonitrile. Chromatographic separation was achieved on an
Acquity UPLC HSS reversed phase C18 column using gradient elution. Analytes were
detected using electrospray ionization and selective reaction monitoring. Standard
curve concentrations for GABA ranged from 3.4 to 2500 ng/mL and for glutamic acid
from 30.9 ng/mL to 22500 ng/mL. Within- and between-day accuracy and precision
were < 10% in quality control samples at low, medium and high concentrations for
both GABA and glutamic acid. GABA and glutamic acid were found to be stable in
plasma after freeze-thaw cycles and up to 12 months of storage. The validated method
was applied to human plasma from 17 volunteers. The observed concentrations ranged
between 11.5 and 20.0 ng/ml and 2269 and 7625 ng/ml for respectively GABA and
glutamic acid. The reported method is well suited for the measurement of plasma GABA
and glutamic acid in pre-clinical or clinical studies.

Keywords

UPLC-MS/MS; SPE; GABA; glutamic acid; plasma
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1. Introduction

Gamma-amino butyric acid (GABA) and glutamic acid (fig. 1.) are non-essential amino
acids and mainly known as inhibitory and excitatory neurotransmitters, respectively.
Next to this, glutamic acid has a central position in amino acid metabolism and has a
signalling function in for example the pancreas and the gut where it regulates
postprandial responses after protein ingestion [1-3]. GABA can be synthesized from
glutamic acid via glutamic acid decarboxylase. Next to its actions as a
neurotransmitter, GABA plays a role as a signalling molecule in peripheral tissues. For
example, GABA is involved in regulating hormone secretion in the pancreas and its
receptors are found on immune cells [4-6]. In addition to their localization in tissues,
GABA and glutamic acid are circulating in the blood stream [7,8]. In healthy volunteers,
mean (£SD) GABA concentrations of 13.40 £ 2.75 ng/mL are reported [9]. Lower
Plasma GABA concentrations have been associated with mental disorders like bipolar
disorder, depression and schizophrenia [9-13], while autism has been associated with
higher Plasma GABA concentrations [14,15]. Literature regarding normal plasma
glutamic acid concentrations is inconsistent [16]. However, significantly higher plasma
glutamic acid concentrations compared to control values have been reported for
patients with depression and autism [16-19]. At the same time, lower glutamic acid
concentrations are associated with schizophrenia [20].

o) (0] 0]

NH,
CH HO OH

gamma-aminobutyric acid
NH;

glutamic acid

Fig. 1. Molecular structures of the amino acids GABA and glutamic acid.

GABA and glutamic acid are both available from dietary sources. GABA is only present
as free amino acid, while glutamic acid is also one of the most abundant amino acids
in dietary protein. Food products rich in GABA and glutamic acid include fermented
foods and tomatoes [21,22]. In addition, monosodium glutamic acid is added as a
flavouring agent to many food products. Oral administration of GABA and glutamic acid
has acute effects on their circulating concentrations, presumably reflecting the plasma
kinetics of uptake and distribution. Although 96% of dietary glutamic acid is instantly
used as metabolic substrate by the intestine, a single oral dose of 150 mg/kg body
weight has been reported to increase the plasma glutamic acid concentrations 10-fold
over baseline within 50 minutes after ingestion [8,23]. GABA was also found to be
rapidly absorbed in humans, producing a peak concentration 10 to 350 fold above
baseline at 1 - 1,5 hours after ingestion of a dose of 2 grams [7]. Both amino acids are
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most likely unable to pass the blood-brain barrier, so oral administration is unlikely to
influence brain GABA and glutamic acid concentrations directly [24,25].

More recently, oral administration of GABA was shown to have beneficial effects in
animal models of diabetes. GABA administration was able to induce B-cell replication
and to reverse chemically induced diabetes [26-28]. The potential health effects of
GABA in humans are currently under investigation (NCT04144439, NCT03635437,
NCT03721991, NCT02002130, NCT04144439; ClinicalTrials.gov). To better
comprehend the physiological effects of exogenously administered GABA, more insight
in its plasma kinetics is needed. This requires sensitive methods that allow for the
reliable quantification of GABA and its precursor glutamic acid in plasma. The
development of chromatographic methods for small polar analytes is challenging. Many
methods, using reversed phase or HILIC chromatography for example, are already
available that measure these analytes in plant material, brain tissue, cerebrospinal
fluid and urine [29-33].

Although some methods have been described that measure GABA in plasma, these
have specific disadvantages, such as the need for derivatization or insufficient
sensitivity to detect GABA in the bloodstream [34-36]. The present paper describes an
ultra-pressure liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS) method that has been optimized to simultaneously measure GABA and
glutamic acid in human plasma. This method is simple and robust and sufficiently
sensitive, accurate and precise to quantify endogenous plasma concentrations of GABA
and glutamic acid.

2. Materials and methods
2.1. Chemicals, materials and reagents

GABA, L-glutamic acid and internal standards gamma-aminobutyric acid-2,2-d2
(GABA-d2, 98% atom % D, 99% chemical purity) and glutamic acid-2,3,3,4,4-d5 (97
atom % D, 98% chemical purity) were purchased from Sigma-Aldrich (Munich,
Germany). Acetonitrile (ACN), methanol and formic acid (ULC-MS grade) were
purchased from Biosolve (Valkenswaard, the Netherlands). Milli-Q purified (MQ) water
was used for all relevant preparations (ultrapure water system, arium 611UF, Sartorius
Stedim Biotech GmbH, Goéttingen, Germany). Blood samples were collected from
apparently healthy volunteers in vacutainer plastic K2EDTA tubes purchased from
Becton Dickinson (Etten-Leur, the Netherlands). Plasma (EDTA) was separated by
centrifugation at 3000g for 10 minutes at 4 °C. A pooled plasma sample obtained by
mixing plasma from 5 volunteers was snap-frozen, aliquoted and stored at -80 °C until
further analysis.
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2.2. Preparation of stock solutions, calibration standards and quality control
samples

Stock solutions of GABA (10 mg/mL) and internal standard GABA-d2 (1 mg/mL),
glutamic acid (1 mg/mL) and internal standard glutamic acid-d5 (1 mg/mL) were
prepared in MQ water. Working solutions of 1 mg/mL GABA and glutamic acid were
diluted to prepare a 7-point calibration curve in MQ water. The 7 calibration standards
were prepared by 3-fold serial dilutions with a starting concentration of 2500 ng/mL
for GABA and 22500 ng/mL for glutamic acid. Highest calibrator concentrations were
based on the expected range in plasma concentrations after oral intake. All calibration
standards contained 200 ng/mL of internal standard GABA-d2 and 2000 ng/mL of
internal standard glutamic acid-d5.

Working solutions of 10 ug/mL, 1 pg/mL and 0.1 ug/mL for GABA and working solutions
of 100 pg/ml, 10 pg/mL and 1 pg/mL of glutamic acid in MQ water were used for the
preparation of the quality control (QC) samples. The QC samples were prepared by
spiking GABA and glutamic acid into 100 pyL human plasma from the human plasma
pool. All stock solutions and calibration standards were stored at -20 °C. Pooled human
plasma was stored at -80 °C in aliquots.

2.3. Sample preparation

To 100 pL of plasma, 400 uL of ACN containing 0.1% v/v formic acid (FA) was added.
Internal standards were added to correspond to a concentration of 200 ng/mL GABA-
d2 and 2000 ng/mL glutamic acid-d5 in the final extract. Samples were mixed at 1400
rpm (Eppendorf thermomixer, Eppendorf, Hamburg, Germany) for 5 minutes and
centrifuged at 150009 for 15 minutes. The supernatant was diluted to 95% ACN with
1500 uL ACN. The extract was purified with solid phase extraction (SPE) using BondElut
C8 200 mg SPE cartridges (Agilent, Santa Clara, United States). The samples were
loaded onto cartridges, previously conditioned with 1 mL methanol and 1 mL 50%
methanol in MQ water. Cartridges were washed with 2 mL 95% ACN and the analytes
were eluted with 2 mL 80% ACN. Samples were evaporated to dryness in a vacuum
concentrator (RVC 2-33 CDplus, Martin Christ, Osterode am Harz, Germany) for 3
hours at 30 °C and dissolved in 100puL MQ water with 0.1% v/v FA. The extracts were
stored at -80 °C until analysis.

2.4. UPLC-MS/MS

Extracts were analysed for GABA and glutamic acid concentrations using an Acquity I-
class UPLC coupled to a Xevo TQ-S triple quadrupole mass spectrometer (Waters Corp,
Etten-leur, the Netherlands). Chromatographic separation was performed using an
Acquity UPLC HSS reversed phase C18 column 2.1 x 150 mm with 1.8 pm particle size
(Waters Corp, Milford, MA, United States). Column temperature was set to 30 °C, the
sample temperature was set to 10 °C and the injection volume was 5 pL. Eluent A
consisted of MQ water with 0.1% v/v FA, eluent B consisted of 100% methanol. The
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following gradient was applied: 98% A; 0.0 - 3.0 min, 98% - 50% A; 3.0 - 6.0 min,
50% A; 6.0 — 8.0 min, 98% A; 8.0 - 10.0 min. Total runtime was 10 minutes and the
eluent flowed at a rate of 0.15 mL/min. Electrospray ionization in positive mode (ESI-
pos) was used for all analytes. Compounds were tuned individually to obtain optimal
signals. The MS was run in selective reaction mode (SRM). Settings were used as
follows: capillary voltage 3.05 kV, desolvation temperature 600 °C, source
temperature 150 °C, cone gas flow 150 L/h, desolvation gas flow 1000 L/h and collision
gas flow was 0.13 ml/min. The SRM settings are shown in Table 1. Data acquisition
and quantification were performed using MassLynx version 4.1. Quantification was
performed against a linear, 1/x weighted, regression curve based on the duplicate
injection of calibration standards.

Table 1. SRM settings for GABA, glutamic acid, and internal standards.

Analyte Precursor (m/z) Product (m/z) Collision energy
GABA 104.1 87.0 8

GABA-d2 106.1 89.1 10

Glutamic acid 148.0 130.0 10

Glutamic acid-d5 153.0 135.0 10

2.5. Method validation
2.5.1. Calibration, linearity, sensitivity and carry-over

Quantification was performed using a 7-point calibration curve (see section 2.2.) which
was based on the duplicate analysis of calibrators using regression analysis with 1/x
weighing. The peak area ratio of GABA/GABA-d2 and glutamic acid/glutamic acid-d5
were plotted against the analyte concentrations. The lower limit of quantification
(LLOQ) was determined as the lowest concentration of the calibrator curve (n=3
curves) which did not deviate more than 20% from the actual concentration. The limit
of detection (LOD) was assessed using a dilution series of GABA and glutamic acid in
a range from 3.43 to 0.04 ng/mL for GABA and in a range from 277.8 to 3.43 ng/mL
for glutamic acid. The LOD was defined as the concentration of analyte with a signal to
noise ratio equal to 3. With linear regression (GraphPad Prism 5) the concentrations of
GABA and glutamic acid with a S/N ratio of 3 were determined. Carry-over was
determined by injecting a blank containing MQ water and 0.1% v/v FA immediately
after the highest calibration standard. Carry-over was found acceptable if the peak
area was <20% of the LLOQ.

2.5.2. Matrix effects and recovery

Since GABA and glutamic acid are endogenously present in human plasma, deuterated
internal standards were spiked before and after extraction to establish matrix effects
and recovery. To assess recovery, human plasma samples were spiked prior to sample
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extraction (pre-spiked) with 200 ng/mL GABA-d2 and 2000 ng/mL glutamic acid-d5 or
were spiked with the internal standards only after extraction (post-spiked). For each
condition 3 replicates were prepared. The average internal standard peak area of the
pre-spiked samples was expressed as a percentage of the post-spiked samples to
determine the percentage recovery. To determine the matrix effect, the average peak
area of the post-spiked plasma samples was compared to direct analysis of the internal
standard solutions in clean solvent with the same concentration. Both the internal
standard solution and the post-spiked plasma samples were prepared with solid phase
extraction as is described in section 2.3.

2.5.3. Accuracy and precision

The within- and between-day accuracy and precision of the method were determined
with low, medium and high QC concentrations spiked to a pooled human plasma
sample. No GABA/glutamic acid free plasma is available since they are endogenously
present in plasma. On top of the endogenously present GABA, plasma was spiked with
15 ng/mL (low), 150 ng/mL (medium), and 1500 ng/mL (high) GABA. These
concentrations were chosen based on a previous report which showed that mean
plasma GABA concentrations may range between ~10 up to ~ 1.000 ng/mL after the
administration of GABA supplements, with outliers at > 5.000 ng/mL [7]. For glutamic
acid, plasma was spiked with 1000 ng/mL (low), 5000 ng/mL (medium) and 15000
ng/mL (high). Five replicates of unspiked plasma and (spiked) QC samples were
prepared, which was repeated on three days. Each analytical batch consisted of
validation samples from one day and a duplicate calibration curve. Accuracy was
calculated as [accuracy (A%) = ((measured concentration - endogenous
concentration) * 100)/spiked concentration]. To determine precision, the relative
standard deviation (RSD) was used. RSD was calculated as [RSD = (SD * 100)/mean].
Accuracy and precision were calculated both within- and between-day, to calculate the
between-day accuracy and precision the average value of each day was taken.

2.5.4. Stability and re-injection reproducibility

Since GABA and/or glutamic acid are commonly determined in plasma, we determined
pre-analytical stability only in plasma. The effects of one, two and three freeze-thaw
cycles were assessed with three replicates of human plasma from a pool that was
frozen at -80 °C. After each freeze-thaw cycle the samples were frozen again at -80
°C for 24 hours. Storage stability was assessed using the same human plasma pool.
Three replicates were stored at -80 °C for either 1 month, 3 months, 6 months or 12
months. GABA and glutamic acid concentrations after freeze-thaw cycles and after
storage were compared to plasma from the same plasma pool that was prepared
immediately after blood drawing, without freezing and storage of the plasma sample.
Prepared extracts were stored at -80 °C overnight for all conditions. The re-injection
reproducibility of extracts was determined by re-injection after one week of storage at
-80 °C. The GABA and glutamic acid concentrations of the re-injected extracts were
calculated against both the original calibration curve as well as a freshly prepared
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calibration curve. For stability analyses, a deviation of <15% from the original
concentration is considered acceptable.

2.6. Measurement of the analytes in human plasma

For the measurement of GABA and glutamic acid, human blood samples were obtained
from 17 volunteers by venepuncture. Sample collection was approved by the medical
ethical committee of Wageningen University. Volunteers gave written informed consent
before donation. Plasma (EDTA) was separated by centrifugation at 3000g for 10
minutes at 4 °C, snap-frozen and stored at -80 °C until further analysis.

3. Results and discussion
3.1. Method development and optimization

The initial method was based on previously published methods that measure GABA in
plasma [7,34]. For our purpose, the sample preparation was optimised to reach
sufficient sensitivity to detect endogenously present GABA. In our hands, a simple
extraction step of protein precipitation with ACN, as described by others, did not result
in acceptable performance [7,34]. Endogenously present GABA was not detected, due
to an apparent lack of sensitivity.

Therefore, we explored the effectiveness of sample preconcentration and clean-up
steps. Multiple SPE cartridges (such as Strata X-C and X-A cartridges) were tested for
their suitability to achieve a near 100% recovery of GABA and glutamic acid (dissolved
in MQ water) (data not shown). Among these, only BondElut C8 200 mg SPE cartridges
were capable of retaining GABA. Elution with 20% ACN showed near 100% recovery
of GABA as compared to a pure standard which did not go through the process of SPE.
However, when a plasma sample containing GABA (endogenously present or spiked)
was extracted with the same protocol, extraction was optimal when using 80% ACN
during the elution step (Fig. 2). When eluting with 20% ACN during plasma extraction,
barely any GABA is recovered. This shows that the matrix has a critical effect on the
extraction behaviour of GABA. Various evaporation methods were compared, including
vacuum concentration and evaporation under a gentle stream of nitrogen using the
TurboVap system (Biotage, Uppsala, Sweden). Both methods displayed comparable
performance (n = 5, 5.3% average difference in internal standard area) and are equally
useful, with the TurboVap system allowing shorter drying times.
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Fig. 2. Relative abundance of GABA in different SPE fractions. Plasma or MQ water was
spiked with 200 ng/mL GABA. Samples were prepared according to section 2.3. During
elution, decreasing percentages of ACN were used.

Next to the optimization of the sample preparation, the chromatographic separation
was optimized. Reducing the UPLC flow rate to 150 pyL/min increased the elution time
and peak areas of GABA and glutamic acid. Chromatograms of GABA and glutamic acid
at different flow rates are shown in fig. 3. By decreasing the flow rate from 0.3 mL/min
to 0.15 ml/min the peak areas increased with 84% and 74% for GABA and glutamic
acid respectively. Reversed-phase columns poorly retain polar analytes, this may lead
to matrix effects and signal suppression. In method development we did not explore
other chromatographic options. HILIC chromatography would be a valid option for
these polar analytes and could increase retention time [32]. Derivatization of the
analytes could also aid in increasing retention time and therefore reduce matrix effects
[37]. While the current method is simple in use and has a robust quality, future
research could focus on these methods if increased retention time would be called for.

In the method described, stability issues have required some attention. Previous
reports have shown that glutamine can, under specific conditions, be converted to
glutamic acid [38]. We have evaluated whether the glutamine present in plasma could
lead to artefacts in our method by analyzing a pure glutamine standard solution. The
glutamine sample showed a peak in the expected mass transition (147 > 130.1) for
glutamine but showed no peak in the glutamic acid trace (Figure S1). It would therefore
be unlikely that the glutamine present in plasma is a cause of artefacts in the glutamic
acid analysis.
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In addition, glutamic acid may undergo in-source conversion to pyroglutamic acid [39].
When injecting glutamic acid we did indeed detect the mass (130 > 84.1) that would
be expected for pyroglutamic acid. A considerable amount of glutamic acid is converted
in-source to pyroglutamic acid (pyroglutamic acid peak area is 1.4 times the glutamic
acid peak area) (Figure S2). As investigated by Purwaha et al. (2014), this conversion
to pyroglutamic acid is fully corrected for by the use of an appropriate internal
standard, such as deuterium-labeled glutamic acid. Meaning that the [M+H] transition
is suitable for glutamic acid quantification when glutamic acid-d5 is used as an internal
standard [39].

Although internal standards with higher deuterium number are usually preferred, we
chose GABA-d2 as an internal standard for GABA quantification. GABA-d6 was found
unsuitable for the present application. Analyzed plasma samples that were not spiked
with GABA-d6, contained peaks in the GABA-d6 trace (data not shown). We concluded
that no significant conversion or contamination of GABA and GABA-d2 was detected in
our analyses (Figure S3-S5).
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Fig. 3. SRM chromatograms of GABA (200 ng/mL) and glutamic acid (2000 ng/mL)
obtained by UPLC-MS/MS at different UPLC flow rates.
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3.2. Method validation and performance
3.2.1. Standard curve, sensitivity, linearity and carry-over

Calibration curves (n=3) were made with duplicate analysis of calibrators using
regression analysis with 1/x weighing. The calibration curve for GABA ranged from 3.4
ng/mL to 2500 ng/mL, and for glutamic acid from 30.9 ng/mL to 22500 ng/mL. The r?
values for the 3 obtained calibration curves were >0.997 for GABA and >0.998 for
glutamic acid. The deviation of calculated concentrations was <20% from the actual
concentration for all calibration points. At the LLOQ, accuracy was 6.7 A% for GABA
and 2.0 A% for glutamic acid. Precision at the LLOQ was 10.5% (RSD) for GABA and
6.1% (RSD) for glutamic acid. Carry-over was assessed by injecting a blank after the
highest calibrators; 2500 ng/mL GABA and 22500 ng/mL glutamic acid. Based on peak
areas, carry-over was <7% of the LLOQ peak area. The sensitivity, matrix effects and
recovery are shown in Table 2. At 0.12 ng/mL GABA can be detected with a signal to
noise ratio of 3 (LOD). At 3.4 ng/mL GABA can reliably be quantified (LLOQ). The
method is less sensitive for the detection of glutamic acid. The LOD of glutamic acid is
4.4 ng/mL at a signal to noise ratio of 3 and the LLOQ is at 30.9 ng/mL. This method
is more sensitive than a comparable method by Busardo et. al, (2017) which was not
able to measure endogenously present GABA [34]. Other available methods to
measure GABA in plasma have a comparable or higher sensitivity [7,35,36]. The
sensitivity of other available methods for the determination of glutamic acid are equally
sensitive or slightly more sensitive than the current method [40-43]. With the achieved
sensitivity this method is sufficiently sensitive to quantify endogenously present levels
of GABA (~15 ng/mL) and glutamic acid (~4600 ng/mL) in human plasma (Fig. 4).

Table 2. Method sensitivity, matrix effects and recovery in human plasma.

GABA Glutamic acid
LOD! (ng/mL) 0.12 4.43
LLOQ? (ng/mL) 3.43 30.9
Matrix effect? 78.4% 70.9%
Recovery* 41% 22%

! The concentration with a S/N ratio of 3

2The lowest calibrator which deviates less than 20% from the
actual concentration

3 Percentage decrease in peak area in post-spiked samples as
compared to the peak area of the spike solution

4 Percentage of the pre-spiked samples peak area relative to
the post-spiked samples peak area
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Fig. 4. Concentrations of GABA and glutamic acid in human plasma samples from 17
volunteers. Individual values as well as mean * error bars representing SD are
presented in the figure.

3.2.2. Matrix effects and recovery

Matrix effects were assessed by comparing the post-spiked plasma samples with the
internal standard in clean solution. In the plasma samples relative to the internal
standard solution, the peak area is decreased by 78.4% for GABA and for glutamic acid
the peak area is decreased by 70.9% (Table 2). To determine the recovery, the peak
area of the plasma samples that were pre-spiked with internal standard were compared
with the post-spiked plasma samples. For GABA, 41% is recovered from the matrix
while this is 22% for glutamic acid. In contrast, internal standard solution prepared
similarly to the plasma samples has near 100% recovery as compared to a directly
injected internal standard solution. This shows that the matrix has substantial influence
on the recovery of the analytes. Future efforts may focus on improving recovery from
plasma. Despite poor recovery and substantial matrix effects, the method is sufficiently
sensitive as it is able to quantify endogenous levels of GABA and glutamic acid with
sufficient sensitivity, accuracy and precision in human plasma (section 3.2.3).
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3.2.3. Within- and between-day accuracy and precision

To determine the within- and between-day variation of the method, a pool was
prepared from plasma of 5 volunteers. The precision and accuracy of the method were
determined on 3 different days. On each day GABA and glutamic acid were spiked in
five-fold into plasma at low, medium and high concentrations (see Table 3).
Endogenous concentrations of GABA and glutamic acid were determined in the
unspiked samples (average of 20 (SD 2,6) and 3864 (SD 188) ng/mL respectively),
and these values were subtracted from the spiked samples to allow determination of
accuracy. The mean concentration and the within- and between-day accuracy (A%)
and precision (RSD (%)) are shown in Table 3. The method is capable of accurately
and precisely quantifying GABA. Accuracy deviations ranged between 0.6% to 8.3%
from the expected values, and precision ranged from 1.1% to 8.4%. The between-day
precision and accuracy for GABA measurement is lower than 6.7% for all concentration
levels. The within-day accuracy measurements of glutamic acid for all concentrations
ranged from 0.2% to 5.1% from the nominal value and the precision ranged from 1.3%
to 10%. The between-day deviation in accuracy and precision was lower than 3.5% for
all concentration levels. It can be concluded that the method is accurate and precise
for the determination of both GABA and glutamic acid in plasma.
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Table 3. Within- and between-day accuracy and precision for GABA and Glutamic acid
in quality control samples, presented concentrations are corrected for endogenous
concentrations.

GABA Glutamic acid
Spike (ng/mL) 15 150 1500 1000 5000 15000
Day 1
Mean (SD), 16.0 140.8 1429.6 995.9 5256.3 15572.8
ng/mL! (1.0) (3.0) (15.7)  (99.7) (132.5) (974.1)
A%? 7.0 -6.1 -4.7 -0.4 5.1 3.8
RSD (%)3 6.2 2.2 1.1 10 2.5 6.3
Day 2
Mean (SD), 15.1 141.5 1435.6 1030.6 5159.4 15428.3
ng/mL (1.3) (2.6) (39.2) (37.4) (149.8) (348.6)
A% 0.6 -5.7 -4.3 3.1 3.2 2.9
RSD (%) 8.4 1.9 2.7 3.6 2.9 2.2
Day 3
Mean (SD), 14.3 137.6 1422.4 1047.4 4915.4 15033.5
ng/mL (0.8) (8.1) (33.2) (24.2) (235.2) (197.9)
A% -4.5 -8.3 -5.2 4.7 -1.7 0.2
RSD (%) 5.4 5.9 2.3 2.3 4.8 1.3
Between-day
Mean (SD), 15.2 140.0 1429.2 1024.6 5110.4 15344.9
ng/mL (0.9) (2.1) (6.6) (26.3) (175.7) (279.2)
A% 1.0 -6.7 -4.7 2.5 2.2 2.3
RSD (%) 5.8 1.4 0.4 2.6 3.5 1.9

! The mean is the average concentration measured in the spiked samples
subtracted by the mean endogenous concentration of the plasma pool

2 A% is the percentage deviation of the measured concentration from the
actual spiked value

3RSD (%) is the relative standard deviation, the standard deviation is
expressed as a percentage of the mean
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3.2.4. Stability and re-injection reproducibility

The freeze-thaw stability was assessed by comparing the analyte concentrations in
plasma after up to three freeze-thaw cycles to plasma samples that were prepared
immediately following venepuncture (n=3 for each condition). The concentrations of
both analytes slightly increase after freeze-thaw cycles. The GABA concentration does
not change more than 11.5% and the glutamic acid concentration does not change
more than 3.3% as is shown in Table 4. Therefore, GABA and glutamic acid can be
considered stable after multiple freeze thaw cycles. Long term storage was assessed
by storing the plasma pool in aliquots for either 1 month, 3 months, 6 months or 12
months at -80 °C. Analyte concentrations were compared between the stored plasma
samples and samples that were prepared immediately following venepuncture. As is
shown in Table 4, GABA concentrations changed no more than 7.6% and glutamic acid
concentrations changed no more than 6.9% during storage. Therefore, plasma can be
stored for up to 12 months at -80 °C without any substantial concentration change of
the analytes. However, it should be taken into account that plasma concentrations at
higher than basal concentrations have not been tested for stability, and we therefore
recommend to reduce storage time before sample preparation as much as possible
when higher concentrations are expected.

Table 4. Stability of GABA and glutamic acid in human plasma.

GABA Glutamic acid
ng/mL % of original RSD ng/mL % of RSD
concentratio (%) original (%)
n concentrati
on
Freeze-thaw
cycles
No storage 21.6 100 2.0 4087.8 100 5.7
Freeze-thaw 1 24.1 111.5 6.0 4169.6 102.0 0.3
Freeze-thaw 2 23.5 108.6 6.5 4175.3 102.1 2.0
Freeze-thaw 3 24.0 110.8 6.9 4222.4 103.3 1.6
Long-term
storage
No storage 19.1 100 5.3 4340.7 100 6.4
1 month 18.5 96.7 4.3 4639.2 106.9 1.9
3 months 18.1 94.7 4.7 4348.4 100.2 0.9
6 months 19.2 100.4 2.4 4143.8 95.5 2.8

12 months 20.6 107.6 1.7 4295.1 99.0 0.4
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Re-injection reproducibility was determined to assess the possibility of re-injecting the
extracts in case of machine failure. QC samples and calibrators from the same batch
were re-injected after 7 days of storage at -80 °C. Concentrations were calculated with
the initial calibrator curve that was stored alongside the QC samples and a freshly
prepared calibrator curve. The difference between the GABA and glutamic acid
concentration calculated with the two different concentrations was negligible (<3%).
Therefore, the initial calibrator does not have to be stored for re-injection. After re-
injection, GABA concentrations changed no more than 6.9%, 8.2% and 2.8% for low,
medium and high QC’s respectively. Glutamic acid concentrations in low, medium and
high QC’s changed no more than 10.4%, 12.4% and 14.7% after re-injection. Thus,
post-preparative storage for 7 days is considered acceptable since the results do not
deviate more than 15% from the original analysis.

3.3. Application of the method to biological samples

The optimised method was applied to the measurement of GABA and glutamic acid in
human plasma from 17 different apparently healthy volunteers. The values obtained
are shown in fig. 4. An average (£ SD) Plasma GABA concentration of 16.1 £ 2.5
ng/mL (range: 11.5 - 20.0 ng/mL) was found. The average plasma glutamic acid
concentration was 3968 = 1400 ng/mL (range: 2269 - 7625 ng/mL). Differences
between individuals are larger for glutamic acid (RSD 35.3%) than for GABA (RSD
15.5%). Most individuals have glutamic acid concentrations between 2000 and 4000
ng/mL, a few individuals have higher concentrations of up to ~8000 ng/mL as is shown
in fig. 4. Since glutamic acid is one of the most abundant amino acids in dietary protein,
differences in diet between individuals could have introduced additional variation. In
these individuals, plasma GABA and glutamic acid levels are not correlated (R = 0.13).
Representative chromatograms of GABA and glutamic acid and their respective
deuterium labelled internal standards are shown in fig. 5.
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Fig. 5. Representative SRM chromatograms obtained from a human plasma sample of
GABA and glutamic acid and their respective deuterium labelled internal standards.
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The plasma glutamic acid concentrations are consistent with other validated methods
[40,41,43]. The Plasma GABA concentrations are also consistent with values reported
in literature [7,9,14,44]. However, it is good to note that two validated methods for
the determination of GABA in plasma show substantially higher GABA levels in healthy
volunteers [35,36]. Since there is no gold standard method available, only speculations
are possible regarding the cause of these differences. As opposed to the current
method several methods require a derivatization step, which increases retention of the
analytes but on the other hand complicates sample preparation, reduces reliability or
may create artefacts [37,45]. In addition, different calibrators could have been used.
Song et. al, (2004) speculates that the often low recovery could explain the
discrepancy between their results and others. However, our method corrects for losses
in recovery by using internal standards. Future work should shed light on the causes
of these discrepancies.

4. Conclusion

A UPLC-MS/MS method was successfully developed and validated for the simultaneous
quantification of endogenous GABA and glutamic acid in human plasma. The analytical
performance was found to be well within generally acceptable ranges. In addition,
stability was for the first time thoroughly investigated. GABA and glutamic acid were
found to be stable through multiple freeze-thaw cycles and long-term storage for up
to 1 year. With the current method, we determined average GABA and glutamic acid
concentrations of 16.1 ng/mL and 3968 ng/mL, respectively, which was in agreement
with values reported by other groups. We conclude that the reported method is
therefore well suited for the quantification of GABA and glutamic acid in human plasma.
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S3. SRM chromatograms of GABA-d2 standard (10 ug/mL) showing the GABA-d2
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Abstract

Gamma-aminobutyric acid (GABA) and its precursor glutamate play signaling roles in
a range of tissues. Both function as neurotransmitters in the central nervous system,
but they also modulate pancreatic and immune functioning for example. Next to their
endogenous production, both compounds are found in food products, reaching
relatively high levels in tomato. Recent studies in rodents suggest beneficial effects of
oral GABA on glucose homeostasis and blood pressure. However, the bioavailability
from food remains unknown. We studied the bioavailability of GABA and glutamate
from tomato relative to a solution in water. After a fasting blood sample was taken
eleven healthy men randomly received 1 liter of 4 different drinks in a cross-over
design with a one-week interval. The drinks were a solution of 888 mg/L GABA, a
solution of 3673 mg/L glutamate, pureed fresh tomato and plain water as control.
Following intake, 18 blood samples were taken at intervals for 24 hours. Plasma GABA
and glutamate concentrations were determined with ultra-pressure liquid
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). Fasting
plasma GABA and glutamate concentrations were found to be 16.71 (SD 2.18) ng/mL
and 4625.6 (SD 1666.1) ng/mL, respectively. Fasting GABA levels were constant (5.8
CV%) within individuals, while fasting glutamate levels varied considerably (23.5
CV%). GABA showed similar bioavailability from pureed tomato as from a solution in
water. For glutamate, absorption from pureed tomato occurred more slowly as seen
from a longer tmax (0.98+0.14 h vs 0.41+0.04 h, P = 0.003) and lower Cmax (7815+627
ng/mL vs 16420+2778 ng/mL, P = 0.006). These data suggest that GABA is
bioavailable from tomato, and that food products containing GABA could potentially
induce health effects similar to those claimed for GABA supplements. The results merit
further studies on the bioavailability of GABA from other food products and the health
effects of GABA-rich diets.

Keywords: GABA, glutamic acid, tomato, bioavailability, kinetics, food matrix
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1. Introduction

The amino acids gamma-aminobutyric acid (GABA) and its precursor glutamate are
well known as primary inhibitory and excitatory neurotransmitters in the central
nervous system, respectively [1]. In addition to effects on the central nervous system,
GABA receptors have been identified on peripheral cells of the immune system and the
pancreas [2-5]. Therefore, it has been hypothesized that GABA may also have a role
in, for example, metabolic regulation of glucose homeostasis [6]. This has sparked
interest in the potential beneficial effects of GABA supplements, and several rodent
studies have indeed shown promising health effects of oral GABA intake. For example,
GABA supplementation was found to improve diabetic symptoms (e.g. lower blood
glucose levels and improved insulin sensitivity) in animal models for both type 1 and
type 2 diabetes, and to lower blood pressure [7-11]. Clinical trials studying oral
supplementation of GABA in humans are still scarce and focus mainly on mental aspects
[12-14].

GABA is primarily known as a neurotransmitter that is endogenously formed.
Endogenous GABA is synthesized from glutamate via glutamic acid decarboxylase in
the brain, pancreas, liver, and it is produced by gut microbiota [15]. The GABA-
precursor glutamate is produced from glutamine, a major dietary amino acid, via the
action of glutaminase in the liver, brain and kidney [16]. In addition to the endogenous
synthesis route, GABA and glutamate are also commonly present in the diet. Rich
sources of GABA are particularly fermented foods and several fruits and vegetables
[17]. Tomatoes can be considered a relevant source since they are rich in GABA, and
consumption rates are high in many cultures [18]. Tomatoes are not only rich in GABA
but also contain high amounts of glutamate, the natural precursor for GABA. Previous
studies have demonstrated that oral GABA supplementation leads to transient peaks
in circulating GABA concentrations, suggesting that oral GABA can be absorbed by the
GI tract [19]. However, it has not been investigated whether GABA from a food matrix
is also absorbed and capable of increasing plasma concentrations. As of yet it is also
unknown whether the GABA-precursor glutamate, which is also present at high
concentrations in tomatoes, can affect circulating GABA concentrations.

The potential health benefits of GABA in combination with its abundance in food sources
have given rise to the speculation that GABA-rich food products like tomato may
improve metabolic health [20]. The design of intervention studies that are needed to
investigate this will require insight into the absorption of GABA from a food matrix
compared to supplements. In view of this, a four-way crossover study was undertaken
to investigate the relative oral bioavailability of GABA and its precursor glutamate from
tomato compared to a solution in water in healthy volunteers.
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2. Materials and methods
2.1, Subject number and characteristics

The study was carried out according to the guidelines laid out in the declaration of
Helsinki and approved by the medical ethical committee of Wageningen University
(METC-WU, 19/13). The study is registered at clinicaltrials.gov (NCT04086108). All
participants signed a written informed consent before participating in the study. This
is the first study to assess the relative bioavailability of GABA and glutamate from a
food matrix, therefore sample size calculation was based on a published plasma kinetic
study [19] and justified by the well-controlled nature of the current study. Sample size
was estimated to be 10 participants, two additional participants were included to
account for possible dropouts. We included a total of 12 healthy male participants.
Exclusion criteria included suffering from any disease, any gastrointestinal disorder
within 3 months prior to the intervention, recent medication or supplement use, recent
substantial change in weight, adherence to a specific diet (e.g., vegetarian), using
recreational drugs more than once a month, smoking and excessive alcohol
consumption (>10 standardized glasses a week). Whether the participants met these
criteria was assessed using a self-reported questionnaire. In addition, whether
hemoglobin levels were lower than 8.5 mmol/L was measured with a fingerprick
(HemoCue Hb 201, Angelholm, Sweden) during screening in the month before the
study at the Human Nutrition Research Unit of Wageningen University and Research.
A total of 11 participants completed all 4 test days. One of the participants withdrew
from participation for reasons that were not related to the study after the first 2 test
days, and therefore his data were excluded from further analysis. More details are
shown in a CONSORT flow diagram (Supplemental material 1). Participants had a mean
age of 23.6 (SD 2.4) years, and mean BMI of 22.5 (SD 1.8) kg/m?.

2.2. Study design

We conducted a randomized four-way crossover study from November to December
2019 at the Human Nutrition Research Unit of Wageningen University and Research.
We assessed the relative bioavailability of GABA and glutamate from pureed tomato
compared to solutions prepared in water. The study consisted of four test days for each
participant with at least one-week washout in between. In a random order, participants
received one of the four test products on each test day. These test products were a
GABA solution in water, a glutamate solution in water, pureed tomatoes or water as a
control (section 2.3).

The day before each test day, participants consumed standardized meals without high
GABA containing products. In addition, they did not eat or drink anything other than
water from 22:00 onwards. On the test days, participants arrived in a fasted state at
the research facility. After placement of a venous catheter and donating a baseline
blood sample, they received the test product. Participants were instructed to drink the
allocated test product in exactly 15 minutes. Subsequently, blood samples were taken
at t= 15, 30 and 45 minutes and 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5,6, 7, 8,9, 10, and



Relative bioavailability of GABA and glutamic acid from tomato | 99

24 hours after ingestion was complete (see Figure 1). The venous catheter was used
until t=10 hours and was kept open by slowly infusing a sterile saline solution. Samples
at t=24 hours were taken by venepuncture.

Testday

Hours I I | I | i | I | | t I r T 1 1T 1 17T 1T 1T 1T 1T 1T '

after 0 1 2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
intake

Blood yipab b 0000088 & 4 & 4 @
drawing

Meals ’( X X X

GABA or
Glutamateor
Pureed tomato or
Water

Figure 1: Study design of a single testday showing the hours after intake of
the test products and the different actions of the research subjects on each
day. In this crossover design, every research subject underwent the testday four
times. Each time a different test product was given.

During the blood sampling period, participants were provided standardized meals or
snacks, supplied by the university, at t= 4, 7, 10, and 12 hours. The meals were
consumed after the blood sample was taken. They were low in protein to minimize
glutamate intake and did not include any high GABA containing products. The
composition of these meals and the food products is provided in supplemental material
2. Two hours before and until 2 hours after ingestion of the test products, the
participants were not allowed to drink water. Water was provided ad libitum during the
remainder of the test day. Between t=10 hours and t=24 hours, participants went
home, but were not allowed to eat or drink anything except the provided snack at t=12
hours and water. They were also asked not to take part in intensive exercise. This was
monitored by questioning the day after.

2.3. Preparation of test products

The test products were 888 mg GABA powder (99% purity, as acid, food grade,
Bulksupplements, lot: 1902403) dissolved in 1 liter water, 3673 mg glutamate powder
(99% purity, L-glutamic acid, food grade, Sigma Aldrich, W328512) dissolved in 1 liter
water, 1 liter of pureed fresh tomatoes or 1 liter of water as control. Tomatoes (cv.
Madara, a GABA rich variety) were provided by the vegetable breeding company
Nunhems Netherlands BV (Nunhem, NL). After arrival at Wageningen University, the
fresh whole (unpeeled) tomatoes were homogenized in a blender (HBH650, Hamilton
Beach) for 20 seconds at maximum speed, which resulted in a homogeneous juice
containing 100% tomatoes. The pureed tomato was stored in batches of 1.5 liters in
plastic bags at -20 °C. A first harvest batch (~1 kilo, a week before the study start
date) was processed and three samples were analyzed before the start of the study to

24
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determine GABA and glutamate content of the tomatoes (see section 2.4). The amount
of GABA and glutamate powder dissolved in water was adjusted to the amounts present
in this first batch of pureed tomato. These pureed tomatoes contained 888 (SD 34.8)
mg/L GABA and 3673 (SD 486) mg/L glutamate. The day before each test day, the
required amount of pureed tomato was taken out of the freezer and left to thaw at
room temperature. GABA and glutamate were dissolved in a liter of water in plastic
bottles the day before each test day. It was specifically chosen to dissolve powders in
water, instead of administering capsules, to obtain a similar concentration as was found
in the freshly pureed tomato. Pureed tomato samples were taken on each test day for
retrospective determination of actual GABA and glutamate contents.

2.4. Analysis of GABA and glutamate content in tomatoes

The concentrations of GABA and glutamate present in the pureed tomato were
quantified using gas chromatography coupled to mass spectrometry (GCMS). The
extraction procedure was according to the protocol described by Carreno-Quintero et
al 2012 [21]. Briefly, the 200 mg pureed tomato fruit was extracted with 1400 pl of a
90% (v:v) methanol/water solution containing 15,000 ng/mL of GABA-d6 and 50,000
ng/mL of L-glutamic acid-d5 (both from Merck-Sigma). After sonication and
centrifugation (20,000g) for each 10 minutes, 500 pL of the clear supernatant was
taken and mixed with 375 pL of chloroform and 750 pL of water. After a new
centrifugation (20,000g), 50 pL aliquots of the upper (polar) phase were dried
overnight (16 h) by vacuum centrifugation (Savant®, SPD121P, Thermo Scientific) at
room temperature, and the vials were subsequently closed under an argon atmosphere
with magnetic crimp caps. Prior to their analysis, dried extracts were derivatized online
using a TriPlusRSH autosampling/injection robot (Thermo Scientific), which was
programmed to firstly add 12.5 pL of O-methylhydroxylamine hydrochloride (20 mg
mL-! pyridine), then incubate for 30 min at 40 °C with agitation, and finally derivatize
with 17.5 pL of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) for 60 min.

The derivatized compounds were analyzed by a GCMS system (Thermo Scientific)
consisting of a Trace 1300 GC with a programmable temperature vaporizing injector
coupled to a TSQ8000 DUO-series triple quadrupole MS. One microliter of each sample
was introduced to the injector at 70 °C using a split flow of 19 mL/min.
Chromatographic separation was performed using a VF-5ms capillary column (Varian,
Palo Alto, CA, USA; 30 m x 0.25 mm x 0.25 mm) including a 10 m guard column, with
helium as the carrier gas at a column flow rate of 1 mL/min. The column effluent was
ionized by electron impact at 70 eV and mass spectra of eluting compounds were
acquired at a combined selective reaction monitoring (SRM) and full scan mode with a
m/z range of 50 to 600 at an ion source temperature of 290 °C. Absolute levels of
GABA and glutamate were calculated using calibration curves based on 6 different
concentrations of GABA (from 1000 up to 100,000 ng/mL) and glutamate (from 5000
up to 500,000 ng/mL, while taking into account the recovery of their deuterated
internal standards. Macronutrient composition of the pureed tomato were analyzed by
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an external laboratory (Nutrilab B.V., Giessen, the Netherlands) using validated
methods.

2.5. Blood collection

Blood was drawn via the catheter or via venepuncture (t=24 h samples) from a forearm
vein and collected in 3 mL K;EDTA blood collection tubes (BD Vacutainer; Becton,
Dickinson and Company). Next, tubes were centrifuged at 3000g for 10 minutes at 4
°C (Sigma 4-16K; Sigma-zentrifugen). Plasma samples were immediately put on dry
ice for rapid freezing. At the end of each test day the plasma samples were stored at
-80 °C until further analysis.

2.6. Plasma sample extraction and UPLC-MS/MS analysis

Plasma GABA and glutamate concentrations were quantified according to a validated
UPLC-MS/MS method. The full extraction and analysis protocol including the method
validation are described elsewhere in full detail [22]. Briefly, the analytes were
extracted from plasma as follows. To 100 pL of plasma, 400 pL of acetonitrile (ACN,
Biosolve, Valkenswaard, the Netherlands) containing 0.1% v/v formic acid (FA,
Biosolve, Valkenswaard, the Netherlands), 200 ng/mL GABA-d2 (Sigma Aldrich,
Munich, Germany, 617458) and 2000 ng/mL glutamic acid-d5 (Sigma Aldrich, Munich,
Germany, 631973) was added. Samples were mixed at 1400 rpm (Eppendorf
thermomixer, Eppendorf) for 5 minutes and centrifuged at 15,000g for 15 minutes.
The supernatant was diluted to 95% ACN with 1500 uL ACN. The extract was purified
with solid phase extraction (SPE) using BondElut C8 200 mg SPE cartridges (Agilent,
Santa Clara, United States). To this end, the samples were loaded onto cartridges,
previously conditioned with 1 mL methanol (Biosolve, Valkenswaard, the Netherlands)
and 1 mL 50% methanol. Cartridges were washed with 2 mL 95% ACN and the analytes
were eluted with 2 mL 80% acetonitrile. Samples were evaporated to dryness in a
vacuum concentrator (Turbovap, Biotage, Uppsala, Sweden) for 40 minutes at 30 °C
and dissolved in 100uL MQ water with 0.1% v/v FA. The extracts were stored at -80
°C until analysis.

Extracts were analyzed for GABA and glutamate concentrations using an Acquity I-
class UPLC coupled to a Xevo TQ-S triple quadrupole mass spectrometer (Waters Corp,
Etten-leur, the Netherlands). Chromatographic separation was performed using an
Acquity UHPLC HSS reversed phase C18 column (2.1 x 150 mm with 1.8 pm particle
size, Waters Corp, Etten-leur, the Netherlands). Eluent A consisted of MQ water with
0.1% v/v FA, eluent B consisted of 100% methanol. The following gradient was
applied: 98% A; 0.0 - 3.0 min, 98% - 50% A; 3.0 - 6.0 min, 50% A; 6.0 - 8.0 min,
98% A; 8.0 - 10.0 min. Total runtime was 10 minutes and the eluent flowed at a rate
of 0.15 mL/min. Positive electrospray ionization was used for all analytes. The MS was
run in SRM mode. The following mass to charge ratios in the precursor to product ion
transitions were used; for GABA 104.1>87, for GABA-d2 106.1>89.1, for glutamate
148>130 and for glutamate-d5 153>135.
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Calibration ranges were 3.4 - 1500 ng/mL for GABA and 30.9 - 22,500 ng/mL for
glutamate. Quantification was performed against a linear, 1/x weighted, regression
curve based on the duplicate injection of calibration standards. Within- and between-
day deviation of accuracy and precision of the method were < 10% at quality control
concentrations of 15 ng/mL (low), 150 ng/mL (medium), and 1500 ng/mL (high) for
GABA, and 1000 ng/mL (low), 5000 ng/mL (medium) and 15000 ng/mL (high) for
glutamate. Similar accuracy and precision characteristics were achieved during the
current analysis. Sample extraction and analysis were performed after finishing the
trial, taking all samples of the same participant together in a single run. For every 10
study samples, a quality control sample was analyzed.

2.7. Data analysis

Statistical analyses were performed using R 3.6.1 [23]. Figures were produced using
the R package ggplot2 [24]. The 0-10h area under the curve (AUC), the maximum
concentration (Cmax) and the time to peak (tmax) Were calculated using GraphPad Prism
5 (GraphPad Software). For the calculation of the area under the curve the trapezoidal
rule was used. Area under the curve was baseline adjusted by subtracting the area
under the curve of the placebo (1 liter of tap water) condition. Normality was visually
assessed using normal qgplots. For both the Cnax of the GABA and the glutamate
concentration there was one outlier, as well as for the AUC of GABA. Outliers were
included in the analysis since the data is valid and outliers could be representative of
the variability in the population. Furthermore, excluding these outliers did not affect
the test outcome, mean, standard error and test result without the outlier are shown
in supplemental material 3. The differences between the AUC, Cnax and the tmax
between the supplement and the tomato conditions were assessed using a paired-
samples t-test. Differences in fasting plasma concentrations were assessed using
ANOVA. Differences were considered to be significant if P < 0.05. Correlation between
fasting plasma GABA and glutamate concentration was assessed using a Pearson’s
correlation. To determine the differences between individual timepoints a two-way
repeated measures ANOVA was carried out in IBM SPSS Statistics 25 with Bonferroni
adjustment. For this analysis the data were log-transformed, and one extreme outlier
was removed.
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3. Results
3.1. Participants and test products

Participant characteristics are described in the materials and methods section. A total
of 11 participants completed all four test days. GABA and glutamate content of the first
harvest batch of Madara tomatoes was analyzed just before this study, and the
concentrations in the GABA and glutamate solutions were based on these analyses.
The macronutrient composition of the pureed Madara tomato is shown in Table 1. As
a check to assess the actual administered dose, a sample from the pureed tomato was
taken at each study day, just before it was consumed. These pureed samples were
analyzed after completion of the study for their GABA and glutamate content. In the
pureed tomato samples (n=8), the GABA content was on average 1044 (SD 98.5, i.e.,
9.4 CV%) mg/L which is 118% of the initially measured 888 mg/L, and the glutamate
content was on average 3574 (SD 297, i.e., 8.3 CV%) mg/L which is 97% of the initial
3673 mg/L. These differences between actual and target values, which were < 20%,
were deemed acceptable in light of the 20% tolerance limits that are used for e.g.
nutrient declaration [25].

Table 1: macronutrient composition of the pureed Madara tomato.

Macronutrients | g/100g pureed
tomato

Water 91.9

Protein 1.1

Fat <0.5

Carbohydrate 3.7

Fibre 1.7

1 a litre of pureed tomato weighs 1.03
kilogram

3.2. Plasma kinetics of GABA and glutamate

The mean plasma GABA concentration-time profiles following consumption of each test
product are shown in Figure 2A. Descriptive kinetic parameters are summarized in
Table 2 and individual data are presented in Figure 3. Following consumption of the
GABA solution in water and pureed tomato, GABA concentrations peaked rapidly after
0.5 and 0.36 hours, respectively. Participants tended to have a shorter mean GABA
tmax after consumption of pureed tomato (P = 0.052). Although the mean AUC and Cnax
of GABA were higher following ingestion of pureed tomato, they were not significantly
different. The difference in the mean AUC and Cnax between the GABA and pureed
tomato can mostly be explained by a single outlier; one participant has a more than
3-fold higher AUC and 5-fold higher Cmax of GABA in response to tomato consumption
as compared to the GABA solution in water (Figure 3A and B).
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Table 2: plasma kinetic parameters of GABA and glutamate. Parameters are
calculated from plasma kinetics after ingestion of the GABA and glutamate solutions
and pureed tomato. The 10-hour area under the curve shown is corrected for the area
under the curve after taking placebo.

Test product

GABA solution Pureed tomato
GABA Mean SEM Mean SEM P-value
Cmax (ng/mL) 74.7 10.5 184.0 88.4 0.213
tmax (h) 0.50 0.05 0.36 0.04 0.052
AUC (ng/mL | 59.7 10.1 115.7 40.0 0.117
L.h)

Glutamate solution Pureed tomato
Glutamate Mean SEM Mean SEM P-value
Cmax (ng/mL) 16420 2779 7815 628 0.006
tmax (h) 0.41 0.04 0.98 0.14 0.003
AUC (ng/mL | 7579 2272 7362 1873 0.929
L.h)

Differences in mean concentration at the individual timepoints were assessed with a
two-way repeated measures ANOVA. When comparing the GABA concentration in
plasma following consumption of the GABA solution to pureed tomato, a significant
difference was only seen at 2 hours after intake (19.74£0.65 ng/mL vs 23.08+1.19
ng/mL, P=0.003) (Figure 2A). When comparing to water, significant differences in
GABA plasma concentrations were found until 4 hours after consumption of both the
pureed tomato and the GABA solution (t=4 hours: 19.06%+1.24 ng/mL and 19.23+0.59
ng/mL vs 16.11+0.57 ng/mL, P=0.015 and P=0.010 respectively). After the GABA
solution, the GABA plasma concentration was elevated compared to water at two later
timepoints as well; after 5 hours (16.19+0.41 vs 14.07£0.61 ng/mL, P=0.003) and 6
hours (16.04+£0.54 vs 14.26+0.48 ng/mL, P=0.003). Although some differences in
plasma kinetics were observed, on average, the food matrix did not markedly affect
GABA bioavailability.
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Figure 2: Average plasma GABA and glutamate concentration-time profiles for
11 volunteers. A) Average plasma GABA concentration over time is shown after
ingestion of GABA solution (888 mg in 1 liter), pureed tomato (1 liter, 1044 mg GABA
and 3574 mg glutamate), water (1 liter) or glutamate (3673 mg in 1 liter). B) Average
plasma glutamate concentration over time is shown after ingestion of GABA (888 mg
in 1 liter), tomato (1 liter), water (1 liter) or glutamate (3673 mg in 1 liter). Data is
presented as mean £ SEM. The following symbols represent significant differences in
GABA/glutamate plasma concentration for the test products relative to that after
ingestion of water. For GABA, #: P<0.05; ##: P <0.01; ###: P<0.001. For tomato,
*: P<0.05; **: P<0.01; ***: P<0.001. For glutamate, ¢: P<0.05; ¢¢: P<0.01, ¢¢9¢:
P<0.001. Significant differences between the GABA solution and the pureed tomato
are represented by: tt: P <0.01. Significant differences between the glutamate
solution and the pureed tomato are represented by: #: P<0.05; #+: P<0.01; #+%:
P<0.001.
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The mean plasma glutamate concentration-time profiles after ingestion of each test
product are shown in Figure 2B. Following consumption of the glutamate solution,
glutamate plasma levels peaked rapidly. However, the mean glutamate Cmnax was
significantly lower after the consumption of pureed tomato compared to the glutamate
solution (7815+£627 ng/mL vs 16420+£2778 ng/mL, P = 0.006) (Table 2). In addition,
the glutamate curve shows a significantly longer tmax, after the consumption of pureed
tomato compared to the solution in water (0.41+£0.04 h vs. 0.98+0.14 h, P = 0.003).
Yet, when comparing to the glutamate solution, the average AUC of glutamate after
pureed tomato was not significantly different.

When comparing the glutamate plasma concentration at individual timepoints following
consumption of the glutamate solution and the pureed tomato, significant differences
were seen at: 15 minutes (11933+1508 vs 4571+£346, P=<0.0001), 30 minutes
(15379+£2925 vs 6330+£838, P=<0.0001), 45 minutes (8579+1818 vs 6776669,
P=0.001), 2 hours (4082502 vs 5379541, P=0.003), 2,5 hours (3563+323 vs
5378+488, P=0.001) and 3 hours (3339+284 vs 4365+387, P=0.022) (Figure 2B).
When comparing to water, significant differences were found until 1 hour (t=1 hour:
5195+619 vs 3775+£400, P=0.030) after the consumption of the glutamate solution
and for 2.5 hours (t= 2.5 hours: 5378+487 vs 3470+314, P=<0.0001) after the
consumption of pureed tomato. In summary, these results show a lower and later peak
glutamate plasma concentration and a slower time-dependent decline after the
ingestion of pureed tomato as compared to the glutamate solution.

Figure 2 also shows that glutamate intake does not seem to influence GABA plasma
concentrations. While this is mostly also true the other way around, a significantly
elevated glutamate concentration as compared to water is observed 2.5 hours after
intake of the GABA solution (4047+433 vs 3705+£332, P=0.010).

3.3. Interindividual differences in kinetic parameters

The interindividual differences were illustrated using line graphs, comparing the GABA
and glutamate kinetic variables of the tomato and the solutions (Figure 3). For both
GABA and glutamate concentration on average no significant differences in AUC were
found (Table 2), while interindividual differences are seen in these linegraphs. Eight
out of the eleven participants showed a higher AUC for GABA after taking the pureed
tomato in comparison to the GABA solution (Figure 3A). The tmax and Cnax of GABA
also show interindividual differences (Figure 3B, C). In the case of glutamate, eight
out of the eleven participants showed a lower AUC after taking the pureed tomato in
comparison to the glutamate solution (Figure 3D). The direction of the differences in
the tmax and Cmax Of glutamate show more consistency between the participants
(Figure 3E, F).
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Figure 3: Line graphs showing kinetic parameters per individual, comparing
tomato to the GABA and glutamate solutions. The individual’s GABA kinetic
parameters 10-hour AUC, Cnax and tmax are depicted in respectively Figure A, B and C.
The individual’s glutamate kinetic parameters 10-hour AUC, Cnax and tmax are depicted
in respectively Figure D, E and F. Colors represent the research subjects.

3.4. Variation in fasting GABA and glutamate concentrations

Fasting GABA and glutamate levels were measured 4 times in each individual over the
course of 5 weeks, each time in the early morning. Figure 4 shows the 4 GABA and
glutamate plasma concentrations per individual. We found no correlation between
fasting GABA and glutamate plasma concentrations, r = 0.137. Average fasting GABA
was found to be 16.71 (SD 2.18) ng/mL in a range from 14.2 - 20.3 ng/mL (Figure
4A). Average fasting glutamate was found to be 4626 (SD 1666) ng/mL in a range
from 3021 - 6723 ng/mL (Figure 4B).

The average within person coefficient of variation (CV) for GABA was 5.8% (SD
2.58%). The average within person CV for glutamate was 23.5% (SD 9.76%). This
shows that fasting GABA concentrations are fairly stable over a period of 5 weeks,
while this is less the case for glutamate. With an ANOVA it was assessed whether the
observed differences between individuals in fasting plasma concentrations were not
due to chance. Fasting plasma GABA (F(10, 33) = 14.41, p =<0.001) and glutamate
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(F(10, 33) = 4.84, p = <0.001) concentrations were found to be significantly different
between participants.
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Figure 4: Scatter dot plots of fasting GABA and glutamate concentrations from
11 volunteers. Showing a) GABA and b) glutamate fasting plasma concentrations in
ng/mL per individual measured at 4 different days with at least a week in between.
Concentrations are ordered from highest on the left to lowest on the right. In both
graph A and B, the different symbols indicate the same participant. Expressed as
individual values and mean + SD.
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4. Discussion

In view of their pleiotropic effects, including but not limited to their role as
neurotransmitters, more insight into the uptake and potential effects of GABA and
glutamate obtained through the diet is of relevance. However, thus far limited
information is available about the oral bioavailability of GABA and glutamate. To our
knowledge we are the first to show that GABA is bioavailable from tomato and that its
bioavailability is not markedly hampered by the food matrix, although some differences
in kinetics are observed. On the other hand, we show that glutamate kinetics are
significantly influenced by the tomato matrix.

The plasma kinetics of oral GABA have not extensively been investigated since it is
primarily known for its endogenous properties as neurotransmitter and not as a
nutritional component. We show that after oral GABA intake, the plasma GABA
concentration peaks rapidly after 0.5 hours, reaching values of ~4.5 times those at
baseline. A similar study was done by Li et al. (2015), who describes the plasma
kinetics of a GABA supplement [19]. Our findings are not entirely in line with their
results. The authors also observe a rapid increase in GABA levels after intake. However,
they measured a time to peak concentration of 1.5 hours at ~45 times the baseline
values. Remarkably, the participants received a single dose of 2 grams of GABA, which
is only 2.25 times the dose that was given in the present study. Formulation in tablets
could have been responsible for a longer time to peak by requiring solubilization of
GABA, as was observed in the study by Li et al. (2015). In addition, compared to
administration in a relatively large volume of water, higher local concentrations are
likely when taking a tablet. Combined with the higher dose administered, this may at
least partly explain the difference found in maximum achieved concentration.

In both our results and the paper from Li et al. (2015), a clear transient elevation in
plasma GABA concentration is observed after ingestion of GABA. However,
measurements in blood only reflect the current circulating concentrations, which are
the balance of various processes that may work in opposing directions. These processes
such as the absorption, distribution, metabolism and excretion of GABA are not yet
fully understood. Studies in mice suggest that intravenously administered GABA is
distributed extremely rapidly (within 3 minutes after injection), mainly to the liver and
kidney, and metabolized to other components, like succinate [26-28]. In the liver,
GABA-transaminase activity is high and it is therefore mainly responsible for the
catabolism of GABA [29]. The high uptake of GABA from the portal vein into the liver
would keep the plasma GABA concentration in systemic circulation relatively low.
Studies with, for example, isotopically labeled GABA would therefore be necessary to
further elucidate the route that GABA takes after oral ingestion.

The main goal of the present study was to determine the relative bioavailability of
GABA from tomato. We show that GABA uptake and bioavailability from tomato is not
significantly hampered by the food matrix. Therefore, it can be concluded that the food
matrix does not markedly affect absorption of GABA, although small differences in
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kinetics are observed. Interindividual variation in GABA concentration after ingestion
of tomato is larger as compared to GABA in a solution. In some individuals, the matrix
seems to enhance the GABA bioavailability, even when considering the slightly higher
amount of GABA in the pureed tomato (118%) compared to the GABA solution. For
further research a larger sample size would be needed to study the incidence of these
differences. In the current study, the tomatoes were pureed to minimize interindividual
variation. This standardizes the mode of ingestion and avoids batch effects. This pre-
processing may have influenced the bio-accessibility of GABA. Ingestion of whole
tomatoes would require additional steps in the digestive process which could possibly
delay or inhibit GABA absorption. Therefore, it is not unlikely that GABA bioavailability
from whole tomatoes is slightly lower.

Other nutrients or non-nutritive components present in the pureed tomato do not seem
to influence GABA bioavailability. GABA is hydrophilic in nature and hence its
absorption is unlikely to be affected by the presence of fats which is for example the
case for the carotenoids in tomato [30]. Data from other studies have shown that GABA
uptake from the intestinal lumen requires active transport processes, such as through
PAT1 (SLC36A1) which is a low affinity and high capacity transporter (in mM range)
[31]. PAT1 is also responsible for the transport of other small amino acids like proline,
alanine and glycine, and of pharmacological GABA analogues like vigabatrin [32].
Literature regarding these GABA analogues may be relevant in interpreting our
findings. The kinetic properties of vigabatrin have been more extensively investigated
than those of GABA itself [33]. Nghr et al. (2014) looked at the interactions with food
with regard to the uptake of vigabatrin [33]. They found that the presence of amino
acids that are substrates of PAT1 (proline, tryptophan and sarcosine) inhibit the uptake
of vigabatrin. Further research could investigate whether this is also the case for GABA
uptake. In tomato these amino acids are also present but in much lower amounts
compared to GABA [34]. Therefore, the results of this study do not rule out potential
effects of food components, not present in tomato, on GABA bioavailability. Studies
have been performed with functional foods that aimed for high GABA concentrations,
like fermented milk products [35,36]. Additional specific assessment of GABA
bioavailability in these type of food products would be relevant.

Notwithstanding the consistency of our findings when considering these at a group
level, it remains of interest to pay attention to specifically the interindividual variation
in GABA kinetics. Just like Li et al. (2015) we find a large interindividual variation in
GABA plasma kinetics (AUC CV of 81% (Li et. al (2015)) and 56% (present study)).
Many factors influence plasma kinetics, like for example gastric emptying rate which
has an interindividual variation of 16% to 39% (AUC CV) even under highly
standardized conditions [37]. However, genetic polymorphisms in transport processes
can also play a role here. Genetic variation in genes encoding for proteins involved in
GABA transport are known to exist. Single nucleotide polymorphisms (rs357629,
rs357618) in the PAT1 transporter have been found to affect its function for instance
[38]. Similarly, a single nucleotide polymorphism (rs555044) was found to influence
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the function of GAT2 (SLC6A13), a transporter protein in the liver, responsible for
GABA transport [39].

Next to GABA, tomatoes are also very rich in glutamate, one of the other main
neurotransmitters and the precursor of GABA. For this reason, we also investigated the
relative oral bioavailability of glutamate from tomato and any interaction with GABA
levels. Although we do not see an increase in GABA concentration after the ingestion
of glutamate, we do observe a slight increase in glutamate concentration after the
intake of GABA. This observation needs independent replication before any speculation
on the mechanism is warranted. Glutamate is well known as a nutrient and food
additive, therefore more research about its oral bioavailability is already available. We
found that glutamate appears rapidly in the bloodstream, peaking after about 25
minutes at ~3.6 times the baseline concentration. Multiple studies have been
conducted that investigated the plasma kinetics of monosodium glutamate (MSG)
[40,41]. In those studies, a 3 times higher dose was used compared to the present
study. Both in our study as in those studies the glutamate was given as a solution in
water, although in a lower volume (~300 mL). Considering this higher dose, their
results are comparable to the glutamate concentration time curve that we have
measured. They report a similarly rapid increase in glutamate plasma concentrations
with a peak after about 30 minutes at ~7.6 and ~14.6 times the baseline
concentration. Glutamate normally has a low bioavailability, with 95% of the glutamate
ingested being used as substrate by the enterocytes or metabolized into other amino
acids like alanine, aspartate and GABA [42,43]. Stegink et al. (1983) showed that the
bioavailability of glutamate is even further reduced by the co-ingestion of
carbohydrates [40]. In their study, a high oral dose of glutamate together with 1.1
gram of carbohydrate led to a blunted peak of the glutamate concentration. The
authors suggest that the carbohydrates serve as a source of pyruvate which would
facilitate the catabolism of glutamate into alanine and therefore reduces the amount
of glutamate that reaches the circulation. Also for other amino acids it is known that
co-ingestion with carbohydrates reduces their bio-availability [44]. This would be in
line with our findings. The amount (1 kg) of pureed tomato that the participants
consumed contained 37 grams of carbohydrates. It is therefore likely that also in our
study the carbohydrates reduced the maximum concentration of glutamate in the
circulation.

On the other hand, as opposed to the findings by Stegink et al. (1983), we show that
the relative oral bioavailability, as indicated by the AUC, did not differ between the
glutamate solution and the pureed tomato. However, these two conditions cannot
directly be compared since tomato also contains protein-bound glutamate, while the
dose of the glutamate solution was based solely on the amount of free glutamate in
the tomatoes. The amount of pureed Madara tomato consumed contained 11 grams of
protein, and on average 7 - 13% of plant protein consists of glutamate [45,46]. This
would mean that upon ingestion of the pureed tomato the participants received an
estimated maximum of 1430 mg protein-bound glutamate in addition to the measured
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3574 mg of free glutamate. Glutamate plasma kinetics following tomato consumption
has not been investigated previously, but presumably the proteins that contain
glutamate need to be (fully) hydrolyzed before absorption. The plasma kinetics of
glutamate from tomato show a similar pattern as is commonly seen with amino acids
that are incorporated in proteins, like phenylalanine and leucine [47]. This leads to a
prolonged absorption phase, as shown by elevated plasma concentrations until 2.5
hours after ingestion of pureed tomato as opposed to just 1 hour after ingestion of the
glutamate solution. We therefore speculate that the glutamate AUC would have been
lower after ingestion of pureed tomato if no glutamate-containing protein was present.
This strongly suggests that the relative oral bioavailability of free glutamate is lower
after the ingestion of pureed tomato as compared to a glutamate solution in water,
most likely due to the presence of carbohydrates in tomato.

The crossover design also gave us the opportunity to measure fasting GABA and
glutamate. This could provide us with useful information since several studies suggest
that their concentrations in the circulation are associated with a spectrum of central
nervous system related outcomes. For example, abnormal GABA and glutamate
concentrations in blood have been associated with depression, autism, schizophrenia
and bipolar disorder[48-59]. For each individual, we collected 4 samples at least one
week apart. Their analyses show the individual variation of GABA and glutamate
plasma concentrations over time. The GABA plasma concentration appears to be very
stable. Both within each individual on different days and within the day, while there
are significant differences between individuals. Petty et. al, (1983) related GABA
plasma concentration to the occurrence of depression. They found a similar range of
GABA plasma concentrations of up to 20 ng/mL as we found here. Interestingly, GABA
concentrations below 10 ng/mL were only found in depressed individuals. As of yet, it
is unclear how genetic variability, differences in microbiota composition [60-62], or
long-term dietary intake of GABA, influence the plasma concentrations of individuals.
As compared to GABA, fasting glutamate plasma concentrations between the different
days were found to be far more variable. It is unknown how differences in behavior
and food intake in between the test days might have influenced glutamate
concentrations. However, the participants were asked to eat the same meals the day
before each test day. These findings should be considered when interpreting research
that investigates the potential use of glutamate as biomarker.

We show that a food matrix has a different impact on GABA and glutamate
bioavailability, and the practical implications of these results are therefore different for
both molecules. Since the glutamate kinetic profile is influenced by the food matrix it
seems that physiological effects of glutamate supplementation cannot be immediately
generalized to glutamate that is ingested with food. On the other hand, food products,
or at least tomato, are a viable natural source of GABA. Bioavailability does not seem
to be reduced by the food matrix. In light of these findings, it is tempting to speculate
that the presumed positive health effects ascribed to GABA, would also be applicable
to GABA-containing food products. While long term health effects of a high GABA intake
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have not yet been determined in humans, the results of this study merit further
investigation of the potential health effects of GABA-rich foods and diets.
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Supplemental material

1: CONSORT flow diagram showing recruitment,

inclusion, randomization and lost to follow-up.
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Supplemental material 2: Composition of standardized meals A) the day
before each test day and B) on each test day. The day before each test day the
participants were not limited to specific times to eat the products. Participants were
received either a large (L) or an extra-large (XL) diet, depending on their energy
requirement.

A
Products Unit L (n=7) XL (n=4)
Whole wheat bread Slice 8 10
Light butter 10 gr 4 5
Cheese spread 15 gr 2 3
Nutella 15 gr 2 3
Strawberry jam 15 gr 2 2
Paté 15 gr 2 2
Granola with yoghurt | 170 gr 1 1
and fruit
Orange juice 200 mL 1 1
Semi-skimmed milk 200 mL 1 2
Apple 1 1 1
Tangerine 1 2 2
Nuts 30 gr 1 1
Tandoori chicken 450 gr 1 1
Custard 135 mL 2 2
B
Products | Unit | L (n=7) | XL (n=4)
t=4
Low-protein bread 35 gr 3 4
Light butter 10 gr 1 2
Fruit sprinkles 20 gr 2 2
Nutella 15 gr 1 2
Ice tea 200 mL 1 1
Apple 1 1 1
t=7
Apple 1 1
Soft drink (Dubbelfris) | 200 mL 1 1
t=10
Nasi goreng (rice, | grams 550 650
ham, leek, egg)
Skimmed yoghurt with | grams 175 200
fruit taste
t=12
Soft drink (Coca | 330 mL 1 1
Cola/Sinas)
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Supplemental material 3: plasma kinetic parameters of GABA excluding the
outlier. Parameters are calculated from plasma kinetics after ingestion of the GABA
solution and pureed tomato. The 10-hour area under the curve shown is corrected for
the area under the curve after taking placebo.

Test product

GABA solution Pureed tomato
GABA Mean SEM Mean SEM P-value
Cmax (Ng/mL) | 68.6 9.4 84.1 12.4 0.074
tmax (D) 0.52 0.04 0.38 0.04 0.051
AUC (ng/mL | 53.1 8.4 78.3 15.7 0.061

Lh)
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Abstract

Background: Gamma-aminobutyric acid (GABA) is mainly known as an endogenously
produced neurotransmitter. However, GABA intake from dietary sources like tomatoes
and fermented foods can be significant. Studies in rodent models have shown beneficial
effects of oral GABA supplementation on glucose homeostasis and cardiovascular
health. Still, it is currently unknown whether oral GABA supplementation produces
cardiometabolic benefits in humans.

Objectives: This study aimed to investigate whether oral GABA supplementation can
improve glucose homeostasis in individuals at risk of developing type 2 diabetes.

Methods: In a randomized, placebo-controlled, double-blind, parallel-arm trial, 52
individuals with prediabetes (classified by impaired glucose tolerance and/or impaired
fasting glucose), aged 50-70 years old and a BMI =25 kg/m2, received either 500 mg
GABA 3 times daily, or a placebo, for 95 days. The primary outcome was the effect of
the intervention on glucose response after an oral glucose tolerance test. As
exploratory secondary outcomes, parameters of glycemic control (HbAlc, insulin,
glucagon, mean amplitude of glycemic excursions, and standard deviation as measured
with flash glucose monitoring), cardiovascular health (blood pressure, 24-hour blood
pressure, circulating triglycerides, cholesterol) and self-reported sleep quality were
measured before and after the intervention.

Results: Compared with placebo, GABA supplementation for 95 days did not change
the postprandial glucose response. All other parameters (including fasting plasma
GABA concentration) showed no significant effects of the GABA intervention at a group
level after correction for the false discovery rate.

Conclusions: GABA supplementation did not change the postprandial glucose response
in individuals at risk of developing type 2 diabetes. Notwithstanding this outcome,
findings in secondary outcome measures and considering that the participants were
not yet in an advanced state of prediabetes warrant further research in individuals with
diabetes and other cardiometabolic disorders.

Registered at www.clinicaltrials.gov as NCT04303468.

Keywords: GABA, prediabetes, overweight, blood pressure, sleep, metabolic health,
glucose, insulin, glucagon, triglycerides

Abbreviations:
FGM: flash glucose monitoring, MAGE: mean amplitude of glycemic excursions, ABPM:
ambulatory blood pressure monitor, PSQI: Pittsburgh sleep quality index.
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1. Introduction

Gamma-aminobutyric acid (GABA) is best known as an inhibitory neurotransmitter in
the central nervous system. However, significant amounts of GABA are also present in
non-neuronal peripheral tissues in concentrations up to micromolar levels [1,2]. In line
with this, GABA receptors of both the GABAA (ionotropic) and GABAs (metabotropic)
class have been identified on many non-neuronal cell types, including cells of the
immune system, pancreas, liver, adipose tissue, ovaries, adrenal glands, intestinal
tract, and the kidney [3,4]. Interestingly, GABA is also present in the human diet and
produced by the gut microbiota [5]. Relatively rich sources of GABA are tomatoes (up
to 1.9 g/kg), melons (up to 3 g/kg), and fermented food products (up to 10 g/kg in
matured cheeses) [6-8]. Functional foods with added GABA have also been developed,
and recently a GABA-rich tomato was created in Japan as the first CRISPR-edited food
on the market [9].

GABA is also produced in the beta-cells of the pancreas and increasing evidence
indicates an important role for GABA in the paracrine and autocrine regulation of insulin
and glucagon release [10]. In line with this, pancreatic islets from patients with
diabetes are GABA-depleted, suggesting that disturbed GABA signaling may play a role
in the disease [11]. Several studies have explored the effects of exogenous GABA
administration in animal models of both type 1 and type 2 diabetes [12-15]. These
studies have demonstrated that GABA, administered orally or intravenously for 5 to 16
weeks, can improve insulin sensitivity and glucose tolerance. The proposed underlying
mechanisms include a reduction in low-grade inflammation, which often accompanies
(pre-)diabetes, and an increase in pancreatic beta-cell mass.

Short-term studies into GABA's potential beneficial metabolic effects in humans have
also been published. In a study by Li et al. [16], healthy participants received
supplements containing 2 grams of GABA as a single dose or three times a day for a
week. The authors showed that GABA is taken up in the blood when taken orally and
promotes the production of insulin and glucagon in healthy adults (16). In a recent
study, we showed that GABA is also bioavailable from dietary sources (tomatoes),
producing a sharp but relatively short-lasting (<5h) elevation in plasma GABA
concentration after tomato consumption [17]. Therefore, GABA-rich food sources could
potentially play a relevant role in preventing type 2 diabetes development.

The prediabetic stage offers an important window of opportunity to prevent further
advancement to clinical diabetes [18]. Individuals with prediabetes are characterized
by impaired glucose tolerance and/or elevated fasting glucose. Reversal of prediabetes
to normal glucose homeostasis leads to a 56% lower future diabetes risk [19]. Given
the evidence from rodent studies, we hypothesize that GABA intake may affect diabetes
development. However, so far, it is unclear whether acute or long-term intake of GABA
can benefit individuals with prediabetes since appropriate intervention studies are
lacking to translate these findings to humans.
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Therefore, we performed a randomized, placebo-controlled, double-blind, parallel-arm
trial investigating the potential beneficial effects of 95 days of oral GABA
supplementation on individuals with prediabetes. The intervention was designed to
study the post-intervention effects of GABA on the postprandial glucose response. It
also included secondary outcome measures to explore the effects of GABA on other
parameters of metabolic health, such as blood pressure, markers of cardiovascular
health, circulating GABA concentrations, and sleep quality. At the start of the
intervention, the acute effects of GABA on the postprandial glucose response and blood
pressure were also assessed.
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2. Methods

The study was approved by the medical ethical committee of Wageningen University
and is registered at clinicaltrials.gov under NCT04303468. The study was performed
according to the Declaration of Helsinki (20) and took place from September 2020 to
September 2021 in the Human Nutrition Research Unit of Wageningen University and
Research (the Netherlands).

2.1. Study population

Males and females aged 50 to 70, with a BMI above or equal to 25 kg/m2, were
recruited from an area in and around Wageningen, the Netherlands. An in-house
database, flyers, and social media advertisements were all used to reach a sufficient
number of responding potential participants. Oral and written information was provided
before written informed consent was obtained. Participants were invited to the research
facility for a screening session where they underwent an oral glucose tolerance test
(OGTT) with 75gr glucose (Beldico, Glucomedics). Blood was drawn with a fingerprick
(Freestyle Freedom Lite, Abbott) to assess blood glucose concentration at fasting, 1
hour and 2 hours after the glucose drink. Participants with impaired fasting glucose
(fasting glucose = 6.1 and < 6.9 mmol/L) and/or impaired glucose tolerance (glucose
levels 28.6 mmol/L, 1 hour after an OGTT or/and glucose levels = 7.8 and < 11.1
mmol/L, 2-hours after an OGTT) were included. At screening, participants were also
weighed, and their veins were checked for suitability to draw blood. Participants were
excluded from participation according to the following criteria (as assessed by
questionnaire): diagnosed with or treated for diabetes; having other conditions that
could influence the study results, like liver, pancreatic, cardiovascular, gastro-
intestinal, or endocrine diseases; use of medication or supplements that could affect
the study results, in particular, glucose-regulating drugs or drugs interacting with
GABA receptors (e.g., benzodiazepines); sensitivity to medical skin adhesives; more
than 5 kg weight change in the past 12 weeks; excessive alcohol consumption (>21
glasses/week on average for males and >14 glasses/week for females); employment
by Wageningen University, division Human Nutrition and Health; participation in
another trial in the preceding three months.

2.2, Study design and intervention

The study was designed as a randomized, placebo-controlled, double-blind, parallel-
arm trial (Figure 1A). Participants received three times a day for 95 days (~3 months),
either 500 mg GABA capsules (1500 mg/day in total, Swanson Health) or placebo
capsules (microcrystalline cellulose, JRS). Participants were asked to take a capsule
before each main meal. The study was double-blind; the study team and participants
were unaware of the group allocation. The capsules looked identical and were coded
by a researcher not involved in the study. Block randomization was also conducted by
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a researcher not involved in the study. Stratification was based on BMI (below and
above 35 kg/m2) and sex.

Baseline and outcome measures were assessed during measurement periods (Figure
1). As a primary outcome, the postprandial glucose response was evaluated on day -3
of the measurement period. As exploratory secondary outcomes, we also measured
glycemic variability, postprandial insulin and glucagon response, HbAlc, blood
pressure, 24h blood pressure, blood lipids, sleep quality, and GABA and glutamate
plasma concentrations. In addition, at the start of the intervention, the acute effects
of GABA on the postprandial glucose response and blood pressure were assessed (days
1 and 2). An overview of the activities during the measurement periods is shown in
Figure 1B. During the intervention period, the participants received new capsules every
month. At these monthly visits, the capsules were counted to assess compliance. In
addition, participants received a telephone call one week after the start of the
intervention to increase compliance.
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Figure 1: Flowchart showing A) the parallel study design consisting of
measurements and a treatment period and B) an overview of measurements
that were done at baseline and at the end of the intervention to assess the
long-term and acute effects of 3dd 500 mg GABA on different health
parameters. The numbers represent the days of the study, with the treatment starting
on day 1 until day 95. On day -10 until day -1 measurements are done before the
intervention and on day 96 and 97 measurements are done after the intervention and
no treatment is given. Measurement period at baseline: day -10: flash glucose sensor
is placed; day -8 to -4: food diary is recorded; day -3: pre-intervention oral glucose
tolerance test, blood pressure measurement and sleep quality questionnaire; day -2:
pre-intervention 24-hour blood pressure. Acute effects: day 1: oral glucose tolerance
test, while GABA/placebo is already taken; day 2: 10-hour blood pressure monitoring,
while GABA/placebo is taken. Endpoint measurements: day 89: flash glucose sensor is
placed; day 91 to 95: The diet follows the recorded food diaries; day 96: post-
intervention oral glucose tolerance test, blood pressure measurement and sleep quality
questionnaire; day 97: post-intervention 24-hour blood pressure.
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2.3. Diet standardization

During the intervention, the participants were asked not to change their habitual food
intake and physical activity level substantially. Participants were asked to record a food
diary in the five days (days -8 to -4, figure 1) before the baseline measurement on day
-3 (figure 1). At the end of the intervention, participants were asked to repeat (the
same meals at the same times) this recorded diet again the five days (days 91 to 95,
figure 1) before the final OGTT on day 96 (figure 1). We introduced this matching of
the diet before the OGTT to accurately measure changes in glycemic variability with
flash glucose monitoring and reduce within-person variability in the OGTT results. The
evening before the OGTT, participants also consumed a standardized meal provided by
the university (622 kcal, 16.4 gr fat, 94 gr carbohydrate, 11.4 gr fiber, 19 gr protein),
and they were not allowed to eat or drink anything other than water after 22:00.
Furthermore, they were asked to refrain from strenuous exercise that evening.
Consumption of alcohol and recreational drugs was not allowed for at least 48 hours
before the OGTT. On the morning of the OGTT, the participant’s compliance with these
guidelines was recorded.

2.4. Oral glucose tolerance test and biochemical analysis

Postprandial glucose response was assessed by an OGTT in which 75 gr glucose was
consumed with 200 mL water (Beldico, Glucomedics). A peripheral venous catheter
was inserted into an antecubital vein 30 minutes before the first blood drawing. Blood
was drawn at fasting (21 mL) and 30, 60, and 120 minutes (9 mL) after the glucose
drink. Blood tubes (Vacutainers, BD) containing sodium fluoride were used to analyze
glucose, and blood tubes containing lithium heparin were used to analyze glucagon,
insulin, triglycerides, LDL, and HDL cholesterol. From these tubes, plasma was
prepared by centrifugation at 3000g for 8 minutes at 20°C. Blood tubes containing
EDTA were used to analyze GABA and glutamate, which were centrifuged at 3000g for
10 minutes at 4°C. After separation, plasma samples were stored at -80°C until the
completion of the study. Glucose, glucagon, and insulin were measured at all time
points of the OGTT. Concentrations of glycated hemoglobin (HbAlc, measured in whole
EDTA blood analyzed within three days from blood drawing), triglycerides, LDL and
HDL cholesterol, GABA, and glutamate were measured in the fasting blood sample.
Glucagon (#81520, Crystal Chem) and adiponectin (#DRP300, R&D systems) were
measured with an ELISA kit according to the manufacturer’s protocol. GABA and
glutamate concentrations in plasma were determined using a previously validated
UPLC-MS/MS method described in full detail elsewhere [20]. In short, GABA and
glutamate were extracted from plasma with acetonitrile containing deuterated GABA
and glutamate as internal standards. The extracts were further purified using solid
phase extraction, after which they were analyzed on a triple quadrupole mass
spectrometer operated in positive electrospray ionization. Concentrations of GABA and
glutamate were calculated against calibration standards that ranged between 3.4 to
2500 ng/mL and 30.9 ng/mL to 22,500 ng/mL, respectively. This method is sufficiently
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sensitive and robust to detect endogenous circulating GABA [17,20]. All other
biochemical analyses (e.g., HbAlc, glucose, insulin, lipids, AST/ALT(to rule out
hepatotoxicity)) were performed at the Clinical Chemistry and Hematology Laboratory
of Gelderse Vallei Hospital (Ede, the Netherlands) using standard clinical laboratory
assays.

2.5. Flash glucose monitoring

Participants were provided a factory-calibrated flash glucose monitoring system (FGM,
FreeStyle Libre, Abbott) for the entire measurement period (days -10 to -1 and 89 to
97). The system measures interstitial glucose concentrations every 15 minutes. The
sensor was attached to the upper arm of the participants, and scanning the sensor to
allow data transfer, was required at least once every 8 hours. Only the data collected
during the five days participants recorded a food diary was used to analyze glycemic
variability. From this data, the standard deviation and the mean amplitude of glycemic
excursions (MAGE) were calculated according to previously described methods using
the R environment for statistical computing version 4.0.2 (https://www.R-project.org)
[21]. Participants with less than three days of available data were excluded from the
analysis.

2.6. Blood pressure

Blood pressure was measured two times (HEM-907 IntelliSense, OMRON) after 5
minutes of rest in a fasted condition. A third measurement was done if the first two
measurements varied by more than 10 mmHg; all measurements were averaged. In
addition to these separate measurements, 24-hour blood pressure (ABPM-50, Contec)
was measured by the participants at home the day after the OGTT, starting at 9:00
and ending at 9:00 the next morning. Blood pressure was measured every 30 minutes
during the day (09:00 to 21:00) and every hour during the night (01:00 to 6:00). For
both blood pressure measurements, the cuff was placed on the non-dominant arm.
Participants with less than 70% available data were excluded from the analysis of 24-
hour blood pressure data only.

2.7. Other outcomes

The Pittsburgh Sleep Quality Index (PSQI) was used to assess self-reported sleep
quality over the last month. The questionnaire was filled out during the OGTT. The
score was calculated as described in the literature [22]. With the PSQI, participants
can score 0 to 21 points; a higher score indicates poorer sleep quality. Weight and
waist circumference were also measured on the same day as the OGTT but in a fasted
state.
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2.8. Acute effects of GABA

The participants started with the intervention three days after finishing the baseline
measurements (day 1, figure 1). On the first day of the intervention, the participants
underwent another OGTT to assess the potential acute effects of GABA. The first GABA
(500 mg) or placebo capsule was taken with the glucose drink. During the OGTT, the
glucose levels were assessed with flash glucose monitoring (section 2.5). On the
second day of the intervention, participants wore an ambulatory blood pressure
monitor (ABPM-50, Contec) for 10 hours while taking their GABA or placebo capsules
at prespecified times: 9:00, 13:00, and 18:00.

2.9. Statistical analysis

The sample size of this study was based on the postprandial glucose response as the
primary outcome. A sample size of 46 participants would provide a power of 80% with
an a of 0.05 to detect an additive difference of 17%. This estimated effect size and
standard deviation were based on intervention effects from literature, using the glucose
concentration 60 minutes after an OGTT as a proxy for the postprandial glucose
response [23]. The sample size was increased by 10% to 52 participants to account
for possible dropouts.

All outcomes assessed more than once in a single day (glucose, insulin, glucagon, 24-
hour blood pressure, and the acute effects of GABA) were statistically evaluated with
linear mixed models using IBM SPSS Statistics version 25. The fasting concentration
was subtracted from all subsequent values for that day (delta) to determine the effects
on the postprandial response. Treatment and time were added as fixed effects with the
pre-intervention (baseline) values as a covariate. The participant identifier was added
as random effect. Time (factor variable) was set as the repeated variable, and the
covariance structure was set to AR1. For all linear mixed models, it was tested whether
there was a significant interaction effect with treatment and time and treatment and
baseline values. For none of the outcomes, this was the case. Therefore, the interaction
term was not added to the model.

For the other outcomes (HbA1c, fasting glucose, insulin, and glucagon, mean glucose,
mean amplitude of glycemic excursions, and standard deviation as measured with flash
glucose monitoring, HOMA-IR, blood pressure, fasting triglycerides, cholesterol,
adiponectin, GABA and glutamate, weight, waist circumference, AST/ALT and self-
reported sleep quality), a one-way ANCOVA was performed using the R environment
for statistical computing version 4.0.2 (https://www.R-project.org). The linear models
(Im) function was used for the statistical analysis, with the formula: “post-intervention
value” ~ “treatment” + “pre-intervention value”. The respective baseline value was
added as a covariate. The distribution of the residuals was checked for normality by
examining Q-Q plots. In the cases where the residuals were not normally distributed,
the data were logarithmically transformed (insulin, HOMA-IR, triglycerides).
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Homoscedasticity was assessed by plotting the residuals against the fitted values.
Outliers that varied more than three standard deviations from the residuals were
removed from the analysis. If this was the case (PSQI score), it is mentioned in the
results section. The interaction term “treatment*pre-intervention value” was checked
for significance to determine the homogeneity of the regression slopes. In the case of
a significant interaction, this was further investigated using Johnson-Neyman plots
[24]. For creating these plots, the R function “johnson_neyman” from the package
“interactions” was used [25]. As recommended, the outcomes of the Johnson-Neyman
plots were adjusted for multiple testing [26]. Estimates and 95% confidence intervals
of the interaction effect are reported.

The outcomes of the statistical assessments were reported as estimates with 95%
confidence intervals and p-value (significant if < 0.05). P-values were also adjusted
for the false discovery rate with the R function “p.adjust” using the Benjamini-Hochberg
method [27]. Figures were produced using the R package “ggplot2” [28]. Figure of the
study design was created with BioRender.com.

3. Results
3.1. Study population

Fifty-two participants were randomly assigned to receive either the GABA or the
placebo-containing capsules. Forty-nine participants completed the intervention
(Figure 2). Three participants did not complete the intervention due to perceived
adverse effects (tiredness), an inability to honor commitments, and difficult venous
access. One participant completed only the secondary outcomes due to difficult venous
access at the end of the intervention. Table 1 displays the baseline characteristics of
the 49 participants that completed the intervention. Notably, the percentage of females
included in the study was relatively low (34.7%). Based on capsule count, compliance
was high in both groups (GABA: 94% £ 7.4%, placebo: 97% =+ 3.8%).
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Assessed for
eligibility (n=135)

Did not meet inclusion
criteria (n=83)

Randomly assigned

(n=52)
Allocated to GABA Allocated to placebo
(n=26) (n=26)
Lost to follow-up (n=1)
Lost to follow-up (n=2) - Perceived adverse effects
- Time commitment (n=1) — — (tiredness)
- Difficult venous access (n=1) Completed secondary outcomes only (n=1)
- Difficult venous access
Analysed (n=24) Analysed (n=25)
Secondary outcomes

only (n=1)

Figure 2: Flowchart showing number of participants that were excluded,
included, randomized and lost to follow-up in the trial.
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Table 4: General baseline characteristics and medication use of participants that
completed the study?

Total GABA Placebo
n 49 24 25
Sex = female (%) 17 (34.7%) 9 (37.5%) 8 (32.0%)
Age, y 65 [13.0] 62 [12.3] 65 [9.0]
BMI, kg/m? 28.0 [2.7] 27.6 [2.8] 28.4 [2.7]
Waist circumference, 1044 £ 78 1044 £ 82 1044 £ 75
mm
Blood pressure 4 (8.2%) 1 (4.2%) 3 (12.0%)
medication = yes (%)
Cholesterol 4 (8.2%) 2 (8.3%) 2 (8.0%)
medication = yes (%)
Anti-inflammatory 8 (16.3%) 5 (20.8%) 3 (12.0%)
medication = yes (%)

5 (10.2%) 4 (16.7%) 1 (4.0%)

Chronically
3 (6.1%) 1 (4.2%) 2 (8.0%)

Sporadically

1 Values are mean % SD if normally distributed and otherwise presented
as median [IQR]
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3.2. Effects of GABA on glycemic control

Parameters of glycemic control were assessed at baseline and the end of the
intervention. No significant group differences were found in the postprandial glucose
response after an OGTT (0.21 mmol/L; 95% CI: -0.252, 0.674; P: 0.364). Also, the
insulin (0.01 pIU/mL; 95% CI: -0.059, 0.086; P: 0.711) and glucagon (0.59 pg/mL;
95% CI: -1.30, 2.48; P: 0.531) response did not show any significant differences
(Figure 3). However, there was a significant reduction in fasting glucose concentration
after the GABA intervention compared to the placebo group (Table 2). However, this
was no longer a significant finding after correction for the false discovery rate. No
significant effects were found for HbAlc or parameters of glycemic variability as
measured with flash glucose monitoring during a 5-day period. Effects on fasting
insulin, glucagon, and HOMA-IR also did not differ significantly between the groups.
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Figure 3: Post-intervention effects of GABA vs Placebo on analytes measured in plasma during an OGTT with 75 gr glucose on day 8 of the
measurement periods (figure 1), A) glucose, B) insulin, and C) glucagon. Blood was drawn at fasting, 30 minutes,
after intake. Red lines represent the group allocated to the GABA intervention and blue lines represent the group allocated to the placebo. Filled lines
represent the OGTT taken after the 3 month intervention, while dotted lines represent baseline plasma concentrations. Data are presented as mean with
SEM error bars. Group differences in the postprandial response were analyzed using linear mixed models, and no significant differences were found. The
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insulin response was logarithmically transformed before the statistical analysis.
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3.3. Post-intervention effects of GABA on exploratory secondary
outcomes

Previously published literature presented indications of the potential effects of GABA
on different cardiometabolic parameters and sleep quality. As part of the clinical trial,
we, therefore, also explored the effects of GABA on blood pressure, lipid markers, and
sleep quality. In addition, the fasting plasma GABA concentrations and its precursor
glutamate were assessed before and after the intervention (~14 hours after taking the
last capsule).

Blood pressure was measured both at the university by a trained researcher for a single
blood pressure measurement and at home with an ambulatory blood pressure monitor
for 24 hours. No significant treatment group differences were found in blood pressure
(Table 3 and Figure 4). In addition, no significant differences were found in fasting
plasma triglycerides, HDL- and LDL-cholesterol concentrations (table 3).

Sleep quality was assessed with a PSQI questionnaire. One of the participants in the
placebo group had a PSQI score of 10 before the intervention and 1 after the
intervention. With an average within-group change in PSQI score of -0.33+1.31, this
change of 9 points is considered an outlier. Therefore, this participant’s PSQI score was
omitted from the analysis. Excluding the outlier changed the parameters of the model
from B = -0.51 and P = 0.21 with the outlier to p = -0.66 and P = 0.046 without the
outlier. Without the outlier, a significant improvement in self-reported sleep quality
after the intervention in the GABA group as compared to placebo was observed (table
3). However, this was no longer a significant finding after correction for the false
discovery rate.

The supplementation of GABA did not significantly elevate the fasting plasma GABA
concentration compared to a placebo (table 3). Also, for glutamate, no differences were
observed. Weight, waist circumference, and AST/ALT ratio remained stable during the
intervention.
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3.4. Acute effects of GABA

The acute effects of GABA were assessed at the start of the treatment period.
Postprandial glucose levels were evaluated with flash glucose monitoring during an
OGTT, reflecting interstitial glucose levels rather than blood glucose levels. Compared
to a placebo, the glucose response was not different after the intake of a single GABA
capsule (0.10 mmol/L; 95% CI: -0.361, 0.552; P: 0.678) (Figure 5). Ambulatory blood
pressure was measured for 10 hours, and GABA or placebo capsules were taken at
9:00, 13:00, and 18:00 (Figure 6). No significant acute effects of GABA on blood
pressure were found (-5.6 mmHg; 95% CI: -13.1, 2.0; P: 0.146).

Stage
= Supplement

== No supplement

Treatment
GABA group

Sensor glucose (mmol/L)
[e+]

=@~ Placebo group

0 30 60 90 120
Time (min)

Figure 5: Acute effects on interstitial glucose as measured during a 75gr OGTT
with flash glucose monitoring on days -3 and 1 at the start of the intervention.
Red lines represent the group allocated to the GABA intervention and blue lines
represent the group allocated to the placebo. Filled lines represent the measurements
taken when either a GABA or placebo capsule was taken together with the glucose
drink (day 1 at the start of the intervention, figure 1), while dotted lines represent the
pre-intervention glucose response when no capsules were taken yet (day -3 before the
intervention, figure 1). Data are presented as mean with SEM error bars. Group
differences in the postprandial response were analyzed using linear mixed models, and
no significant differences were found.
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3.5. Testing for interaction with baseline value

The presence of an interaction between the treatment and the baseline value was
tested for each parameter. A significant interaction with baseline value was found for
post-intervention systolic blood pressure, PSQI score, and HDL cholesterol
concentration. Therefore, for these outcomes, the baseline value influences the
relationship between the treatment and the post-intervention value. The regression
parameters for the interaction effect of treatment with the respective baseline value
are as follows: -0.37 mmHg; 95% CI: -0.718, -0.018; P: 0.040 for blood pressure, -
0.30; 95% CI: -0.554, -0.042; P: 0.023 for PSQI score and 0.22 mmol/L; 95% CI:
0.012, 0.420; P: 0.038 for HDL cholesterol.

These findings were further investigated and visualized with Johnson-Neyman plots,
plotting the estimated effect size and confidence interval against the baseline value
(Figure 7). Only for the PSQI score this interaction persisted after correcting for
multiple testing. The effect of the GABA treatment on post-intervention PSQI score is
significant, above a baseline PSQI score of 3.75.
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3.6. Adverse events
No severe adverse events were reported. In the placebo group, 32% of the participants
reported mild adverse events, while in the GABA group this was 44% (Table 4).
Headache, tingling feeling, light-headedness, and sensitive arms and legs were solely
reported in the GABA group.

Table 4: reported adverse events during intervention?

GABA Placebo
Adverse event n % n %
Gastrointestinal complaints 3 12 2 8
Tiredness 2 8 2 8
Headache 2 8 0 o
Cystitis 1 4 1 4
Tingling feeling 1 4 0O O
Lightheaded after exercise 1 4 0O O
Sensitive arms and legs 1 4 0 O
Insomnia 0 O 1 4
Dizziness 0 O 2 8
Total 11 44 8 32

' n, number of participants that reported the adverse event;
%, percentage of total included participants.
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4. Discussion

In this double-blind, randomized, placebo-controlled intervention study with adults at
risk of developing type 2 diabetes, we assessed whether 95 days of 1500 mg GABA
supplementation per day could improve glucose homeostasis, as reflected primarily by
the glucose response following an OGTT. Next to the primary outcome, we explored
the effects of GABA on a broad spectrum of secondary outcomes for cardiometabolic
health and sleep quality. GABA supplementation did not change the postprandial
glucose, insulin, and glucagon response. Although we obtained some indication that
GABA supplementation could reduce the fasting blood glucose concentration and
improve the sleep quality of the participants, these results did not remain significant
after correction for the false discovery rate. Therefore, they can only be interpreted as
explorative findings. We observed no effects of GABA supplementation on any of the
other secondary outcomes. Additionally, it should be noted that the basal (fasting)
plasma levels of GABA did not increase after 95 days of supplementation, suggesting
that there is no accumulation at this dosage regimen.

These findings are contrary to our hypothesis, based on previous studies that
suggested GABA would have a beneficial effect on the development of diabetes in
individuals at risk. However, these earlier studies are mostly done with rodent models
of diabetes or hypertension. Only a few human studies allow some direct comparisons
to our intervention trial regarding dosing, duration, and measurement of effects. The
study by Li et al. [16] looked primarily at the plasma kinetics of GABA in healthy
participants after a single dose of 2 grams and a repeated dose (3 times daily, 2 grams
for seven days) (16). After intake of GABA in both the single dose and repeated dose
period, their results show an increase in insulin concentration under both fasting and
post-meal conditions. Even with a single GABA dose in the morning, there was a
significant effect of GABA on post-meal insulin during the day (after lunch and dinner).
Glucagon was only raised under fasting conditions, 4 hours after GABA intake.
However, no effect on glucose levels was observed in these healthy individuals. The
authors did observe a significant decrease in glycated albumin (a short-term measure
of glycemic control) after seven days of repeated dosing. After three months, we did
not observe any such improvement in HbAlc (a marker of more long-term glycemic
control). It is important to note that the dosage employed in that study is not only
significantly higher than that of our current investigation, but it also surpasses the
commonly administered dosage of GABA supplements and that which can be obtained
from a regular diet.

In another study, a single dose of GABA was administered in different doses to patients
with type 1 diabetes [29]. Under hypoglycemic conditions, a dose of 600 mg GABA
increased glucagon, epinephrine, growth hormone, and cortisol plasma concentrations,
but there were no effects in a normoglycemic situation. Although we did not evaluate
the acute effects of a single dose of GABA on postprandial glucagon and insulin



GABA supplementation in adults with prediabetes | 153

response, we found no alterations in fasting glucagon and insulin plasma levels, or in
the postprandial glucagon and insulin response after 95 days of GABA
supplementation. In line with the results of other studies, we also showed that GABA
intake does not acutely change the postprandial glucose response. This suggests that
any acute changes in hormone response after GABA intake do not lead to a change in
glucose response in this population, neither acutely nor after 95 days of
supplementation. It remains interesting to study the acute effects of GABA on insulin
and glucagon response in individuals with (pre-)diabetes in future studies.

Studies performed in rodent models have suggested that GABA is able to restore beta-
cell function and mass and reduce low-grade inflammation. Untereiner et al. [30] used
a diet-induced obesity mouse model for prediabetes and administered GABA via
drinking water as a 6 mg/mL solution [30]. Interestingly, they found no effects of GABA
(administered in drinking water for 10 weeks) in the mice that developed pre-diabetes-
like symptoms. Remarkably, they found an increased beta-cell mass, improved glucose
tolerance, and increased insulin secretion in healthy control mice after GABA
administration. Still, they observed no changes in glucagon secretion or insulin
sensitivity.

Untereiner et al. [30] hypothesized that GABA does not impact glucose tolerance in
the prediabetic model since hyperinsulinemia and expansion of beta-cell mass already
occur during the development of obesity to compensate for insulin resistance. Any
potential effect of GABA on increasing beta-cell mass and insulin secretion would only
be pertinent in a diseased diabetic state, where there has been a loss of beta-cell mass
and a decrease of insulin secretion. This theory would be in line with the lack of effect
of GABA on glucose tolerance that we observed in the current study. Tian et al. [15]
did find an improvement in glucose tolerance and insulin sensitivity in mice after 20
weeks of 2 mg/mL GABA in drinking water together with a high-fat diet (15). However,
they did not assess the effect on beta-cell mass, and GABA treatment also reduced
weight gain relative to the control, which was not the case in the study by Untereiner
et al. [30].

Although the possibility of a chance finding cannot be ruled out, the decrease in fasting
plasma glucose by 0.22 mmol/L (95% CI: 0.397, 0.045) following 95 days of GABA
intake would be of interest to explore further. The observed decrease occurred
independently of the fasting glucose concentration at the start of the intervention, and
this effect size is of the same order of magnitude as found in other studies investigating
bioactive food components or lifestyle interventions [31-33]. For example, in a study
performed in our institute, Schutte et al. [34] found that a 12-week, 25% energy
restriction trial that successfully induced weight loss led to a reduction in fasting
glucose concentration of 0.3 mmol/L in a comparable population (35). The fasting
glucose concentration is normally tightly controlled in a range from 3.9 to 6.9 mmol/L
and even small changes can substantially impact health outcomes. For prediabetes,
estimates suggest that a 0.5 mmol/L increase in fasting glucose concentration would
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be associated with a 2- to 3-fold increased risk of progression to diabetes [35-37]. In
this regard, the observed reduction in fasting glucose could be considered of interest
for further research. At the same time, effects seen with successful lifestyle
interventions are usually broader in terms of their health outcomes. Moreover, the
current dosing regimen of 500 mg, three times daily, in combination with this relatively
small effect, would not be clinically or nutritionally attractive and is likely to result in
low compliance.

We also investigated the potential effects of GABA on self-reported sleep quality, the
reason for this being that GABA supplements are widely advocated for this purpose.
Although this secondary outcome measure of our study seems to point at such an
effect, it should be interpreted at most as indicative of a possible effect since the finding
was no longer significant after correction for the false discovery rate. In addition, an
outlier was removed from the data analysis. With an average PSQI score below 5, the
included participants can be characterized as good sleepers [22]. The effect of GABA
supplementation might be most relevant in poor sleepers, especially since we observed
an effect size that is dependent on pre-existing self-reported sleep quality. Studies
investigating the effects of GABA on sleep quality in humans are scarce and of short
duration [38,39]. Therefore, substantiation for improving sleep quality by GABA
remains very limited, and further research focusing on sleep quality in poor sleepers is
required. Also, for blood pressure, a possible effect might be dependent on pre-existing
blood pressure. Although this interaction did not hold up after a correction for multiple
testing, this warrants specific research in hypertensive individuals. Previous studies
also found no effect of GABA under normotensive conditions, which is in line with our
results [40,41].

We showed that after 95 days of supplementation, fasting GABA plasma concentrations
were not elevated. This is in line with our previous kinetic study (17), in which we
observed that plasma levels steeply rise after oral GABA intake but return to normal in
less than 5 hours. Apparently, GABA does not accumulate in plasma; therefore, plasma
GABA levels are not a good marker for GABA intake. Another study also showed no
accumulation of GABA in plasma after administration of 2 grams three times a day for
one week [16]. Both studies indicate that GABA is rapidly cleared from the blood, most
likely as a consequence of metabolism or distribution to tissues/organs like the kidney
cortex, liver, pineal gland, and pituitary gland [42]. At the same time, positive health
effects of other substances, such as green tea catechins, are observed to not depend
on prolonged elevated plasma levels [33,43,44]. Further research should focus on
identifying biomarkers of GABA intake, like metabolites or conjugates of GABA, to be
able to further investigate any health effects of a GABA-rich diet.
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Strengths and limitations

Major strengths of this study are its double-blind, randomized, placebo-controlled
design and long duration. Next to this, compliance was high, and the drop-out rate was
minimal. However, there are also some limitations of the study that need to be
acknowledged. Depending on the comparison, the dosage regimen of 3 daily doses of
500 mg GABA is relatively low compared to the doses given to rodents in previous
studies and relatively high compared to the estimated dietary GABA intake [45]. Higher
doses of GABA could be administered orally since no severe adverse events of GABA
were found up to doses of 18 grams [46]. However, it would be impossible to reach a
daily intake of this magnitude through dietary intake. This leads us to believe that
there is little chance that, with the current dose, we will have missed important effects
that GABA could have through dietary intake, at least in this population. In addition,
the study was conducted in individuals with a relatively early and still mild stage of
prediabetes. This was motivated, on the one hand, by consideration of the status of
GABA as a nutritional ingredient and, on the other hand, to circumvent medication use
as a possible confounding factor.

The methods we used also have some limitations that should be considered when
interpreting the results. We standardized the diet before the OGTT to avoid an increase
in variability due to diet and activities in the preceding days [47]. Therefore,
standardizing the diet before the OGTT could have reduced the within-person
variability. Furthermore, recording a food diary and following a specific diet changes
behavior and could affect glucose homeostasis. The glucose monitor the participants
used was also not blinded, so they were aware of their glucose levels.

Conclusion

In conclusion, the present study shows no effect of 95 days of oral GABA
supplementation on the postprandial glucose response in participants at risk of
developing type 2 diabetes. Although we find some indication for a reduction in the
fasting plasma glucose concentration, the present results do not provide sufficient
support to recommend GABA-rich products or GABA supplements to individuals at risk
of developing (pre-)diabetes. Further research should clarify the mechanism of action
behind the potential health effects of GABA. This is supported by some of the
explorative secondary outcomes on sleep quality and hypertension.
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Chapter 6

General discussion

The aim of the current thesis was to investigate GABA as a bioactive plant component,
commonly present in the human diet, and its potential to influence human metabolic
health. To this end, the variation in GABA content between different potato and tomato
genotypes was investigated and the effects of domestic cooking methods were studied.
Next, a UPLC-MS/MS based method to quantify GABA in human plasma was developed
and validated. This method was applied to study the relative bioavailability of GABA
from a tomato food matrix as compared to GABA dissolved in water. Finally, the
potential health effects of GABA supplementation in individuals with prediabetes were
explored. Together, this thesis showed that, although the diet can be a good source of
GABA and can lead to increased GABA exposure, our studies with GABA
supplementation suggest that increased GABA intake has only modest effects in a
population with prediabetes.

Summary of the main findings

The naturally occurring GABA content in a collection of different tomato and potato
genotypes varied from 72 to 994 ug per gram fresh weight (FW) in tomato fruits and
from 68 to 759 pg/g FW in potato tubers (chapter 2). In both crops, the GABA
concentration was not correlated to that of its precursor glutamic acid. The highest
GABA concentrations were found in tomato fruits from cv. ‘Madara’ and in potato tubers
from cv. 'Riviera’. The Madara tomato fruits contained about 4 times as much GABA as
the average fruits and the Riviera potato tubers contained about 2 times as much GABA
as the average tuber. Considering that GABA content was found to be strongly
reproducible across different harvest years with similar growth conditions, a high GABA
content seems to be genetically determined and can be selected via plant breeding.
Although losses in GABA content were observed during domestic cooking, the GABA
content was not significantly reduced after baking and pan-frying potatoes and baking
and boiling tomatoes. Overall, potatoes and tomatoes could contribute to dietary GABA
intake as sources of GABA, if high-yielding cultivars are made available to the
consumer.

No standard method to quantify base GABA plasma levels is available and validation is
required for application in clinical trials. Therefore, an analytical method to be able to
quantify base levels of GABA and its precursor glutamic acid in human plasma was
developed and validated in chapter 3. The method was applied in the human studies
described in chapters 4 and 5. The sensitivity of the method was sufficient to determine
base fasting plasma concentrations of GABA and glutamic acid. Within- and between-
day accuracy and precision were <10% in quality control samples at low, medium, and
high concentrations for both GABA and glutamic acid. In addition, GABA and glutamic
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acid were found to be stable in plasma after freeze-thaw cycles and up to 12 months
of storage. The validated method was used to determine GABA concentrations in
plasma from healthy volunteers, which showed concentrations that were in line with
values that were previously reported by others in the literature.

In chapter 4 results are presented from a randomized 4-way cross-over study, which
showed that GABA is similarly bioavailable from a liter of pureed tomatoes as from a
liter of GABA solution in water with the same GABA concentration. Kinetic parameters
like the maximum concentration, the time to peak and the area under the curve, were
comparable between the two conditions. While there were substantial interindividual
differences, the fasting plasma GABA concentrations stayed relatively stable (5.8 CV%)
within a person over the course of 4 weeks. In addition, intake of glutamic acid did not
influence GABA plasma concentration, nor the other way around.

In chapter 5 a randomized, placebo-controlled, double-blind, parallel-arm trial is
described. In the trial, the post-intervention effects of 3 months GABA supplementation
(1500 mg/d) on individuals with prediabetes were investigated. GABA supplementation
did not improve the postprandial glucose response. The effect of GABA on several
secondary outcomes was also explored. No effects were observed of GABA on
parameters of glycemic control (HbA1c, insulin, glucagon, mean amplitude of glycemic
excursions, and standard deviation (measured with flash glucose monitoring)) or
cardiovascular health (blood pressure, 24-hour blood pressure, circulating
triglycerides, cholesterol). There was also no acute effect (immediately after intake) of
GABA on the postprandial glucose response or blood pressure. A decrease in fasting
plasma glucose and self-reported sleep quality as compared to placebo was observed
although this was no longer significant after a correction for the false discovery rate.

In this general discussion, the potential of GABA food sources will be evaluated. First,
paying specific attention to the role of tomato and potato as GABA sources. Next, it
will be evaluated to what extent the existing evidence substantiates any health effects
of GABA. Subsequently, the clinical relevance of the findings and weaknesses in the
used research methods will be discussed. Finally, recommendations for further
research will be provided to arrive at a conclusion about the potential of GABA as a
dietary plant component with health promoting properties.

GABA as a dietary component from food sources

Since GABA is best known as an inhibitory neurotransmitter, research on GABA as a
component of the diet has so far received less attention. Diet is a natural source of
GABA and this thesis shows that specifically potato and tomato can contribute to GABA
intake (chapter 2). The GABA and glutamic acid content of different tomato and potato
genotypes had not previously been screened so extensively. In this thesis, these
findings were also translated to humans by determining the relative bioavailability of
GABA from a food matrix. GABA from food sources is absorbed from the gut with similar
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efficiency as from a GABA supplement. GABA from food sources is therefore likely to
have similar physiological effects as when taken as a single compound (chapter 4).

In a screening of various tomato and potato genotypes, a 14-fold and 11-fold difference
in GABA content between different genotypes were observed, respectively (chapter 2).
Differences in concentration were stable across years, indicating that genetic variation
has a relatively large effect on GABA content. Lycopene (an important carotenoid in
tomatoes) for example, only has a 4.75-fold variation between genotypes [1]. GABA
has not been a breeding target before, and it is therefore likely that the GABA content
could be increased significantly more in novel genotypes, obtained by combining
different alleles that promote GABA content.

In plants and animals, GABA is metabolized via the GABA shunt which bypasses two
steps in the tricarboxylic acid (TCA) cycle [2]. GABA is made by decarboxylation of
glutamic acid, catalyzed by glutamic acid decarboxylase (GAD), and can subsequently
be deaminated by GABA transaminase (GABA-T) into succinic semialdehyde. From
succinic semialdehyde, succinate is formed by the enzyme succinic semialdehyde
dehydrogenase (SSADH) and funneled into the TCA cycle. The large natural variation
in GABA content is most directly modulated by differences in glutamic acid
decarboxylase (GAD) or GABA transaminase (GABA-T) activity, but steps further
upstream and downstream will clearly also be relevant.

In the mature green tomato, about 50% of the total free amino acids is GABA. This
accumulation of GABA during fruit development is accompanied by an increase in GAD
activity [3]. The increase in GABA content during development is important for
maintaining the intracellular pH and the protection of immature seeds against pests
[4]. After the mature green stage, the GABA content and GAD activity decrease in
tomatoes. During the ripening, GABA is used as an energy source and the increase in
glutamic acid gives an “umami” taste that helps in the dispersion of seeds [5]. The
changes in GABA content during the ripening process were confirmed in the tomato
genotypes that were investigated in this thesis (chapter 2). Although GABA content in
potatoes has been less well investigated, GABA is also increased in potato tubers after
exposure to stressors like those occurring during storage [6]. All in all, the
accumulation of GABA seems to serve a physiologically relevant purpose in plants.

The screening revealed a potato (cv. ‘Riviera’, 759 ug/g FW) and a tomato (cv.
‘Madara’, 994 ug/g FW) cultivar with an exceptionally high GABA content (chapter 2).
In Madara, the GABA content decreased less during ripening, as compared to some
other genotypes. Possibly, differences in GAD or GABA-T activity or enzyme
characteristics caused the higher accumulation of GABA in the Riviera and Madara
cultivars. Another possibility is a difference in synthesis and metabolism further
upstream and downstream in the GABA shunt. A high GABA content is for example also
observed in tomatoes carrying a gene-edited GAD gene. In these tomatoes, the GABA
accumulates up to 1250 ug/g FW due to the deletion of the product inhibition domain
[7]. The identified genotypes in chapter 2, therefore, seem to already have some
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characteristics that lead to the accumulation of GABA, and the GABA content might be
increased even further with targeted breeding.

Translating GABA content in food sources to human consumption

The content levels described above may seem somewhat abstract, but when put into
the context of the average daily tomato and potato consumption, it becomes clear that
selected tomato and potato cultivars could make a relevant contribution to the daily
GABA intake. Based on the average potato and tomato consumption in the European
Union, the daily GABA intake would normally be ca. 97 mg (75 mg from potato and 22
mg from tomato based on the genotype averages from chapter 2) [8,9]. If instead
exclusively Riviera potatoes and Madara tomatoes would be consumed, this would
amount to ca. 263 mg (173 mg from potato and 90 mg from tomato), which
approaches levels that are usually reached with GABA supplements only.

Some other food products are also considered potentially interesting GABA sources.
However, these are usually not consumed in similarly large quantities as tomatoes and
potatoes. Melons for example, can contain up to 3000 ug/g FW GABA, but the average
Dutch individual only consumes 2.3 grams of melon per day [10,11]. This means that
high GABA-containing melons will contribute only 6.9 mg of GABA to the daily GABA
intake. Dishes like salami pizza or spaghetti with tomato sauce that are found in the
supermarket contain 98 and 59 mg GABA, respectively [12]. Depending on the
products used, it can be roughly estimated that the usual GABA intake per day can
vary anywhere between 50 to 200 mg (estimated based on food diaries). An additional,
~170 mg GABA a day from switching to high GABA tomato and potato varieties would
therefore be a substantial increase.

However, the GABA content that is measured in unprepared foods does not directly
translate to the amount of GABA that is consumed. Tomatoes often, and potatoes
always, undergo various preparation methods before consumption. GABA losses occur
during domestic preparation processes, but not more than 20% (chapter 2). Therefore,
GABA is relatively stable during domestic cooking, which is in contrast to other
components including vitamin C, of which the content in potatoes can be reduced by
20-80% during different cooking methods [13]. Interestingly, we observed that the
GABA content even tended to increase while cooking whole tomatoes (chapter 2).
Further research into possibilities to increase GABA content with specific treatments
might be worthwhile. GABA is known to accumulate in response to several stressors
like cold, heat, and salt [14]. Heat-drying up to a temperature of 40 degrees Celsius
can increase GABA content for example, possibly through a different ratio of
GAD/GABA-T activity [15]. Overall, potatoes and tomatoes can be considered sources
of GABA, even after preparation.

Overall, while GABA content is already relatively high in tomatoes and potatoes, there
seem to be various possibilities to increase the GABA content in tomatoes and potatoes.
The large variation between genotypes and the reproducibility of this variation between
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years, suggests a strong potential for targeted breeding with multiple genes to
potentially generate higher levels. Next to this, there is potential for pre- and post-
harvest enrichment strategies like applying environmental stress (temperature,
drought, salt). Which genetics are at the basis of the high GABA tomato and potato
genotypes that were described, should be further investigated. The findings in this
thesis suggest that novel genetic loci are at the basis of the high GABA Madara tomato.
Here, a stronger increase in glutamic acid during ripening was observed, in conjunction
with a slower decrease in GABA content. By comparison, in the DG03-9 variant that
was previously investigated, the GABA content decreased less, while the glutamic acid
content developed similarly to other tomatoes with a lower GABA content [5]. Glutamic
acid is the precursor for GABA, and this abundance of glutamic acid in the Madara
tomato could be related to the relatively high GABA content. Combining different genes
carrying relevant mutations that boost GABA content could be a good strategy. Chapter
2 shows that tomatoes and potatoes could be good sources of dietary GABA and might
become even better sources in the future. Notwithstanding this, the relevance of these
findings is obviously dependent on whether GABA has beneficial health effects.

From GABA consumption to bioavailability for humans

The first step in translating the GABA content of food products to potential health
effects in humans is to determine the oral bioavailability of GABA. It might be that the
GABA that is consumed via the diet is not directly translated to an elevated GABA
concentration in the body. While local biological activity in the GI tract might be
possible, data from previous studies suggest that if GABA has an effect on health, this
will be associated with effects in tissues including the endocrine pancreas. Previously,
it was shown that intake of a GABA supplement led to rapid absorption into the blood
[16]. In this experiment, a relatively high dose of 2 grams of GABA was given. In
chapter 4 it is shown that GABA is also rapidly absorbed from a liter of pureed tomato
containing 888 mg of GABA [17]. In the same study, the plasma kinetics of GABA from
pureed tomato were compared to the plasma kinetics after administering GABA
dissolved in a liter of water. On average, the plasma kinetics were similar. This
demonstrates that when GABA is consumed as part of a (tomato) food matrix, it is
equally effectively absorbed from the gut into the systemic blood circulation and could
potentially elicit the same health effects as GABA supplements.

However, it remains unclear what portion of an orally administered amount of GABA
reaches the systemic circulation and even more elusive is the amount of GABA that
reaches the target tissues. Kinetic parameters have not been collected after
intravenous administration to humans. Only in horses has the area under the curve
after intravenous administration been compared to that after oral administration [18].
There, the fraction of GABA that circulated in blood after oral administration, as
compared to intravenous administration, was 9.8%. This suggests that GABA is not
fully absorbed and/or rapidly metabolized, distributed, and/or excreted. Studies with
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labeled GABA in which GABA and its metabolites are measured in plasma, urine, and
feces, would be useful to predict bioavailability in humans [19].

Unlike its precursor glutamic acid, which is almost completely metabolized in
enterocytes, in vitro experiments suggest that GABA is readily absorbed across the
intestinal barrier [20-22]. The proton-dependent transport across the apical
membrane is mediated via PAT1, which accepts mostly small non-polar amino acids
[23]. Studies in which GABA is intravenously injected into mice suggest that GABA is
very rapidly metabolized and excreted. After injection, the abundance of GABA in the
blood was relatively low compared to other tissues, and it was distributed within 3
minutes to the kidney, the liver, the pineal gland (after 6 minutes) and the pituitary
gland [24]. In the liver, where GABA transaminase activity is high, this enzyme
converts GABA into succinate [25]. Taken together, the evidence suggests that the
presumed low bioavailability of GABA is mainly occurring via rapid metabolism and
excretion, while it may also be distributed to tissues where it could potentially have
physiologically relevant effects.

In a 1986 study by Nurnberger et al. [26], GABA was injected into human volunteers.
Even with the lowest dose of ~7.5 mg adverse effects like flushing, anxiety, and
uncomfortable feelings were observed. Therefore, a low bioavailability is consistent
with the lack of such adverse effects seen after oral administration, like the
consumption of GABA-containing foods. In line with this, the fasting GABA
concentration in plasma was shown to be fairly stable in individuals as shown in chapter
4. Over 4 consecutive weeks, the within-person variation in GABA plasma
concentration was 5.8 CV% on average, while between individuals the GABA plasma
concentration ranged from 14.2 to 20.3 ng/mL (chapter 4). In addition, the fasting
GABA plasma concentration does not seem to reflect the dietary GABA intake. After 3
months of GABA supplementation, no increase in fasting plasma GABA concentration
was observed (chapter 5). Remarkably, studies have suggested that the fasting GABA
plasma concentration might be associated with the presence of mental disorders. A
lower GABA plasma concentration (~10 ng/mL or lower) was found to be related to
depression and bipolar disorder [27,28]. All in all, GABA plasma levels seem to be very
well controlled and not easily changed via oral GABA administration. Plasma levels are
therefore not a good biomarker of dietary GABA intake but might reflect concentrations
in the central nervous system.

The latter would be supported by the fact that differences in brain GABA levels are
shown to be related to differences in plasma GABA levels [29]. Although GABA seems
to be unable to cross the blood-brain barrier from blood to the brain, GABA is actively
transported from the cerebrospinal fluid to the blood circulation [30,31]. Another
hypothesis is that circulating GABA levels can be influenced by the gut microbiota that
consume and/or produce GABA [32]. In humans, it was shown that a fecal transplant
from lean donors to obese individuals, increased GABA plasma levels to a larger extent
than all other measured metabolites [33]. In germ-free mice, the GABA concentration
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in blood and feces was far lower than in mice in which the microbiota were re-
introduced, while cerebral GABA concentrations were similar [34]. Later, the same
authors showed that GABA was increased in feces and cardiac blood after inoculation
with feces, but not in the colonic tissue or portal vein, suggesting that GABA produced
by the microbiota is not readily transported from the colon to the systemic circulation
[35]. Therefore, the increase in GABA levels in cardiac blood after inoculation with
microbiota is unexplained and most likely not mediated via the production of GABA by
the microbiota. Other pathways should be considered, like an indirect effect of the
microbiota on GABA levels in the systemic circulation via the gut-brain axis or the
production of other metabolites [36]. Potentially, this could lead to other ways to
increase GABA plasma levels. In chapter 4 it was already shown that consuming
glutamic acid (precursor of GABA) does not increase the circulating GABA levels.
However, further research should clarify whether and how specific microbiota can
increase GABA levels in plasma. Next to glutamic acid, there might be compounds or
food products that can modulate the microbiota composition to increase GABA levels.

From the results described in chapter 4, it becomes clear that GABA is rapidly taken
up in the blood from a solution in water and from a tomato food matrix. However, after
a transient elevation, circulating GABA concentrations show a sharp drop and seem to
be strictly controlled (chapters 4 and 5). The circulating GABA plasma concentration
can therefore not be used as an exposure biomarker for habitual dietary GABA intake.
Biomarkers of intake are essential for further research into the health effects of a
GABA-rich diet. To identify possible biomarkers of GABA intake, it should be determined
which conjugates or metabolites of GABA are elevated in blood and urine directly after
GABA intake and after a long-term intervention. While within an individual, the plasma
GABA concentration is strictly controlled, the plasma kinetics differed substantially
between individuals. For further research, it would be interesting to dive into these
interindividual differences. A deeper understanding of the causes of these
interindividual differences would provide the opportunity to personalize future advice
on GABA intake. Research could focus on the effects of genetic variants that are
involved with GABA uptake, like SNP’s in intestinal and hepatic transporters of GABA.
The interindividual differences should also be investigated in relation to sex, age and
health status, to be able to translate the results to a wider population. In addition,
studies with labeled GABA would be helpful to better establish the distribution,
metabolism, and excretion of GABA in humans. In animals, studies with labeled GABA
would also be of added benefit to investigate whether oral GABA crosses the blood-
brain barrier, which is still a controversial topic. Together with the results presented in
this thesis, this would be helpful in gaining a deeper understanding of how, at which
sites and at which dose oral GABA can have relevant physiological effects
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GABA supplementation does not lead to an improvement in overall insulin
resistance and glucose tolerance in individuals with prediabetes

So although tomato and potato seem to be relevant food sources of GABA, and plasma
GABA concentrations increase after the intake of pureed tomato (chapter 4), it is still
unclear whether these transiently elevated GABA plasma levels after food intake are
associated with health benefits. As is shown in chapter 5, GABA does not accumulate
in plasma after a prolonged period of increased oral intake. However, literature (mostly
rodent studies) does indicate systemic effects of oral GABA intake in the form of
supplements. In this thesis, results are presented of the first longer-term study that
attempted to translate these findings to a human situation. We explored the effects of
3 months GABA supplementation on markers of glycemic control, cardiovascular
health, and sleep quality in individuals with prediabetes. We observed no post-
intervention effect of GABA supplementation on the postprandial glucose, insulin, and
glucagon response. We observed no effects of GABA on any other of the parameters
that we assessed. This included an assessment of the acute effects of GABA on the
glucose response and blood pressure, directly after intake. We did show some
indications that GABA supplementation might decrease the fasting blood glucose and
improve self-reported sleep quality with a greater effect in individuals with poor sleep
quality.

In one of the first studies in which GABA was administered orally to humans, Cavagnini
et al. (1982) showed that a single dose of 5 or 10 grams of GABA increased the
circulating insulin and glucagon levels, but did not change the blood glucose levels
[37]. A later study by Li et al. (2015) confirmed these findings. In this study, GABA
was administered both as a single dose of 2 grams and as a repeated dose of 2 grams,
3 times a day, for a week [16]. The insulin concentration was increased under both
fasting and post-meal conditions. Glucagon was only raised under fasting conditions,
4 hours after GABA intake. However, no effect on glucose levels was observed in these
healthy individuals. These studies only looked at changes in glucose, insulin, and
glucagon response directly after GABA intake. In line with this, we show that, even in
individuals with impaired glucose tolerance, GABA does not influence the postprandial
glucose response directly after a single dose of 0.5 grams GABA (chapter 5). However,
the acute effects of GABA on glucagon and insulin levels were not investigated in this
thesis. The primary interest of the study was the post-intervention effect of 3 months
of GABA supplementation. On the day of the post-intervention measurements, GABA
was not administered. Thus, the results show that regular exposure to oral doses of
GABA does reduce the fasting blood glucose, but does not influence the post-
intervention postprandial glucose, insulin, and glucagon response when GABA is no
longer administered.

No human intervention studies are available that investigated the post-intervention
effects of GABA. The effects of more long-term GABA supplementation have only been
investigated in rodents. Most of these studies used models for either type 1 or type 2
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diabetes. These studies show beneficial effects of GABA (orally or intravenously
administered) on glucose tolerance and insulin sensitivity [38-43]. Most useful for
comparison with the results described in chapter 5 are the rodent studies that
investigated the effects of oral GABA supplementation in prediabetic and high-fat diet
models. Tian et al. (2011) and Fu et al. (2022) assessed the effects of GABA
supplementation in a type 2 diabetic, high-fat diet induced mouse model [44,45]. In
the study by Tian et al. (2011) the mice were fed a high-fat (60%) diet for 20 weeks
and were given either plain water or GABA (2 mg/mL) added to the drinking water
[44]. In that study, the effects of GABA during the progression to diabetes were
investigated and a reduction in body weight, lower fasting blood glucose, improved
glucose tolerance, and insulin sensitivity were observed after 10 weeks. In a second
experiment, the same authors studied the effects of 12 weeks of GABA
supplementation after the onset of diabetes and again showed a reduction in body
weight and improvements in fasting blood glucose, glucose tolerance, and insulin
sensitivity as compared to the placebo. Fu et al. (2022) did a similar study in which
diabetes was induced with a high-fat (60%) diet for 14 weeks, during these 14 weeks
GABA (6 mg/mL) was administered in the drinking water [45]. The mice remained
weight stable but were more glucose tolerant and insulin sensitive after GABA
administration. These two studies show that long-term GABA supplementation does
seem to affect glucose tolerance and insulin sensitivity in type 2 diabetic rodents.

At the same time, Untereiner et al. (2018) did not observe such effects in a prediabetic
mouse model [46]. Although the mice in their experiments were fed a high-fat diet for
10 weeks, they were not diabetic. During these 10 weeks, GABA (6 mg/mL) was
administered via drinking water. The investigators observed no difference in glucose
tolerance and insulin sensitivity as compared to the control. However, in healthy mice
(supplemented with GABA for 10 weeks) on a chow diet, they did observe an
improvement in glucose tolerance and an increase in insulin secretion during an OGTT.
In addition, an increase in pancreatic B-cell proliferation was observed in these healthy
mice, which might explain the increased insulin secretion. Such a lack of effect of GABA
supplementation on glucose tolerance and increased insulin in prediabetic mice, while
showing an effect in healthy mice as described by Untereiner et al. (2018), would at
least be partly in line with our findings. As shown in chapter 5, no improvement in
glucose tolerance by GABA was observed in individuals with prediabetes. The study by
Untereiner et al. (2018), focused on an increase in B-cell proliferation as the primary
mechanism of action to explain the effects of GABA in healthy rodents [46]. However,
one may speculate that in individuals with prediabetes, additional stimulation of B-cell
proliferation might not be possible. In the prediabetic stage before the progression to
diabetes, the tissues first become insulin resistant. This initially already leads to an
increase in pancreatic B-cell mass to increase insulin secretion [47]. At first, this
compensates for insulin resistance and keeps the glucose tolerance below the diabetic
range. Eventually, this leads to B-cell failure, a reduction in insulin production, and a
progression to diabetes [48]. The already high state of B-cell proliferation might explain
why Untereiner et al. (2018) observed no beneficial effects of GABA in prediabetic mice
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and why no beneficial effects on glucose tolerance and insulin resistance were observed
in humans with prediabetes in chapter 5.

In the studies by Fu et al. (2022) and Tian et al. (2011), the authors investigated
inflammation as a possible mechanism of action. After GABA supplementation in
diabetic mice, fewer macrophages were infiltrated in the adipose tissue [44,45]. If
GABA could reduce the infiltration of macrophages in individuals with prediabetes, this
would potentially be useful in reducing insulin resistance. Inflammation is hypothesized
to play a large role in insulin resistance. Metabolic stress caused by overnutrition leads
to insulin resistance in the tissues. This stress both induces and is increased by
inflammation [49]. In adipose tissue, for example, adipocytes expand due to
overnutrition. This leads to hypoxia and cell death, which recruits macrophages to the
adipose tissue and fuels an inflammatory response. GABA has been shown to dampen
the inflammatory response of immune cells by binding to their GABAa receptors [50].
However, the effect of GABA on these immune cells has only partly been established
and varies based on immune cell type and expression of receptor subtypes [51]. In
chapter 5, changes in inflammation in tissues like the adipose tissue were not assessed.
However, no reduction in insulin resistance was observed after 3 months of GABA
supplementation (chapter 5), which we would have expected as a consequence of a
reduction in inflammation. From the scarce evidence that is available, it can be
hypothesized that GABA may influence B-cell proliferation and thereby insulin and
glucagon secretion in healthy and type 2 diabetic rodents/humans. However, in
individuals with prediabetes, no effect of GABA on insulin sensitivity and glucose
tolerance is observed, since the already proliferating B-cells do not benefit from the
additional stimulus that GABA might provide. In addition, the effects of GABA on
inflammation should be further examined in humans, for example by examining fat
tissue biopsies.

Effects of GABA supplementation on fasting blood glucose and sleep quality

Although in chapter 5 no changes were observed in glucose tolerance, insulin
sensitivity nor any of the other parameters of glycemic control, the reduction seen in
fasting blood glucose, of 0.22 mmol/L (95% CI: 0.397, 0.045) does seem to indicate
an effect on glucose homeostasis. It should be noted that this was no longer a
significant finding after correction for the false discovery rate. The observed reduction
in fasting glucose level was independent of the individual’s fasting blood glucose level
before the intervention. This effect size is of the same order of magnitude as found in
other studies investigating bioactive food components or lifestyle interventions [52-
54]. For example, a meta-analysis showed that green tea catechins significantly
decrease fasting blood glucose by 0.082 mmol/L on average [54]. In addition, Schutte
et al. (2022) recently reported that a 12-week, 25% energy restriction trial that
successfully induced weight loss, led to a reduction in fasting glucose concentration of
0.3 mmol/L in a comparable population [55]. The fasting glucose concentration is
normally tightly controlled in a range from 3.9 to 6.9 mmol/L. Even small changes can
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have substantial effects on health outcomes. For prediabetes, estimates suggest that
a 0.5 mmol/L increase in fasting glucose concentration would be associated with a 2-
to 3-fold increased risk of progression to diabetes [56-58]. In this regard, the results
of the present intervention could be considered clinically relevant. However, unlike
lifestyle interventions, GABA supplementation only decreases fasting blood glucose and
none of the other parameters related to glycemic control.

Although lifestyle interventions would be preferable and further research is necessary
to verify this, it is still interesting to speculate about potential mechanisms of action
that could explain this reduction in fasting blood glucose. Our observation suggests
that GABA is somehow involved in the regulation of endogenous glucose production
during fasting. During the night, in absence of dietary intake, glucose homeostasis is
regulated by endogenous glucose production [59]. Endogenous glucose production
consists of glycogenolysis (release of glucose from the stored glycogen) and
gluconeogenesis (new glucose production). In healthy individuals, glycogenolysis
slowly decreases during the night and gluconeogenesis remains stable [60]. In
individuals with type 2 diabetes, endogenous glucose production is higher, leading to
elevated fasting glucose. During the night, glycogenolysis decreases to a level similar
to that in healthy controls, while gluconeogenesis increases to a level higher than in
healthy controls.

To understand how GABA could potentially modulate the regulation of endogenous
glucose production, it is useful to consider how it is usually regulated. Glycogenolysis
takes place in the liver, muscle, and brain. It is stimulated in response to glucagon and
catecholamines and inhibited by glucose. On the other hand, glycogen production is
stimulated by insulin while glucocorticoids inhibit the uptake of glucose [61].
Gluconeogenesis takes place in the liver, kidneys, and intestine. Under fasting
conditions, 75 - 80% of the glucose in circulation is synthesized in the liver. The
remaining part is mainly produced in the kidneys [62,63]. Gluconeogenesis is also
regulated by insulin, glucagon, glucocorticoids, and catecholamines [59]. Next to that,
lipolysis in the adipose tissue plays a role in regulating gluconeogenesis, since glycerol
is a substrate for gluconeogenesis [64]. Increased availability of this substrate through
lipolysis stimulates gluconeogenesis. Insulin normally inhibits lipolysis and therefore
indirectly inhibits hepatic gluconeogenesis [65]. Gluconeogenesis is also regulated by
the nervous system via direct sympathetic and parasympathetic stimulation and the
activation of the hypothalamus-pituitary-adrenal (HPA) axis [66,67].

Twelve weeks of GABA supplementation does not influence fasting insulin and glucagon
levels (chapter 5). Therefore, there does not seem to be a sustained effect of GABA on
endogenous glucose production by changes in circulating insulin and glucagon levels.
One can only speculate about any other potential mechanism of action. Higher fasting
glucose levels can be caused by an increase in lipolysis due to insulin-insensitive
adipose tissue [59]. This increased lipolysis leads to an increased amount of circulating
glycerol, the main substrate for the production of glucose in the liver. GABA
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supplementation likely does not solve this underlying issue, since it decreased fasting
glucose levels equally in both individuals with a normal fasting blood glucose level and
an impaired fasting blood glucose level (chapter 5). In addition, GABA supplementation
does not reduce circulating free fatty acid levels (data not shown), increased lipolysis
in insulin resistant individuals would also lead to higher levels of circulating free fatty
acids [68]. GABA could for example have an effect on the neuronal control of
endogenous glucose production or have a direct effect in the organs that control
endogenous glucose production. This could be either directly in the liver or in endocrine
glands. Here, the focus will be on the available literature about the role of GABA in the
liver, pituitary, adrenal and pineal glands.

Since gluconeogenesis mainly takes place in the liver, it is likely that the reduction in
fasting blood glucose that was observed in chapter 5 is mediated via a role of GABA in
the liver. Additionally, GABA is metabolized by the liver and distributed rapidly to the
liver [24,25]. Hepatocytes also express GABA receptors and GABA is produced and
secreted by hepatocytes [69]. Interestingly, hepatocytes express the GABA transporter
GAT-2, which main function is also to transport B-alanine into the hepatocytes as
gluconeogenic substrate. GABA can compete for this transporter and inhibit the uptake
of B-alanine, which could potentially influence the gluconeogenic flux [70]. GABA in the
liver has mainly been investigated in relation to hepatocellular carcinoma. Normally,
GABA, receptor activation leads to a hyperpolarization of the hepatocyte plasma
membrane [71]. Decreased GABAergic activity leads to depolarization of the
membrane in tumor cells, which is linked to increased proliferation. Geisler et al.
(2021) investigated the endogenous function of GABA in the liver, in relation to obesity
[69]. The lipid accumulation in obesity also leads to a depolarization of the hepatocyte
plasma membrane and in a depolarized state, the hepatocytes release more GABA. In
their paper, Geisler et al. propose that GABA could function as a hepatokine, signaling
to the central nervous system via the vagal nerve [72]. While the role of GABA in the
liver is becoming more clear, it has not been investigated what the effects of exogenous
GABA administration are on the gluconeogenic flux in hepatocytes directly or under the
neuronal control of glucose homeostasis.

The HPA axis would also be of special interest as potential site of action for GABA, since
GABA levels were shown to distribute rapidly to the pituitary gland after intravenous
injection in rodents [24]. Additionally, the endocrine cells of the adrenal and pituitary
glands express both functional GABAx and GABAg receptors [73]. It was shown that
GABA can alter the membrane potential of these endocrine cells and thereby modulate
their secretion of hormones [74,75]. Whether GABA inhibits or stimulates hormone
release from these glands is still controversial [76]. Like in the pancreas, where GABA
can either increase or decrease insulin secretion, GABA modulation of catecholamine
release can also go either way [77]. A possibility is that the function of GABA depends
on the situation and dampens the catecholamine release to prevent excessive release
[78]. Whether oral GABA administration can also have a sustained influence on
catecholamine release remains to be investigated. The effect of oral GABA
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supplementation on growth hormone (secreted from the pituitary gland) secretion has
been investigated. Cavagnini et al. (1980) administered an acute dose of 5 grams of
GABA to healthy volunteers and a dose of 18 grams for a prolonged 4-day period [79].
The investigators observed an increase in growth hormone levels after the acute dose
and a blunted growth hormone response after an insulin challenge.

Next to the pituitary gland, GABA was also shown to rapidly distribute to the pineal
gland [24]. The pineal gland also expresses functional GABA, and GABAg receptors
[80]. The pineal gland is responsible for the secretion of melatonin in response to
signals from the circadian clock in the hypothalamus [81]. Melatonin levels rise a few
hours before sleep, decrease a few hours after waking and stay low during the day.
Recently, there is increasing interest in melatonin in relation to glucose homeostasis.
In GWAS studies a SNP in the melatonin receptor (leading to increased expression of
the receptor) was linked with increased fasting plasma glucose and type 2 diabetes
risk [82]. However, it is still controversial whether melatonin is beneficial or deleterious
in type 2 diabetes. In a conceptual framework, Garaulet et al. (2020) propose that it
depends on the timeframe [83]. A concurrence of eating and high melatonin levels
would be deleterious, while high melatonin levels during the night would be beneficial
for glucose homeostasis. Although there seems to be a role of GABA in the pineal gland,
its effect on melatonin secretion remains to be investigated [84].

Interestingly, we also observed an improvement in sleep quality after the
administration of GABA as compared to a placebo (chapter 5). When interpreting this
finding it should be taken into account that it was no longer significant after a correction
for the false discovery rate. The literature does describe a clear association between
sleep quality and glucose homeostasis [85]. Although the mechanism of action is not
fully clear, the hypothalamic-pituitary-adrenal axis and sympathetic activation seem to
play a role [86]. Previously, the effects of GABA on sleep quality in humans have been
described in two other studies. Byun et al. (2018) investigated the effects of 300 mg
GABA daily in 40 individuals with poor sleep quality (30 received GABA, 10 received a
placebo) for 4 weeks [87]. They found a significant reduction in sleep latency (the time
until falling asleep) in the GABA group as compared to the placebo group. Yamatsu et
al. (2015) administered 100 mg GABA daily for 1 week to 8 individuals with poor sleep
quality (8 received GABA and placebo in a crossover design) [88]. They observed no
significant differences between the groups.

When considering receptor expression and presumed distribution of GABA, oral GABA
supplementation has the potential to affect glucose homeostasis via many different
mechanisms in different organs. However, evidence for effects of exogenous GABA
supplementation in these systems is still lacking. As of yet, research has mainly
focused on the effects of endogenous GABA, while we show that GABA is taken up in
the blood after dietary consumption (chapter 4). Elucidating the mechanism of action
of GABA could lead to more targeted interventions. In humans, it would be interesting
to test the hypothesis that GABA supplementation somehow inhibits gluconeogenesis
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in the liver or influences the circadian control of glucose production via the HPA axis or
pineal gland. Different timing of GABA supplementation (during the day and during the
night) in combination with drawing blood at multiple time points during the day and
night would give more insight into its mechanism. Levels of melatonin, catecholamines,
and glucocorticoids could be determined during the day and night.

Recommendations for further research

The goal of this thesis was to explore whether GABA has any potential as a dietary
food component with health benefits. Since the effects of nutrition are often too subtle
to cure disease, we focused on prevention as the main goal. At the same time,
preventative capacity is difficult to investigate since chronic disease develops over time
and the subtle effects of nutrition require long-term compliance to have a substantial
effect on prevention. A randomised, placebo-controlled clinical trial is still the best way
to investigate the health effects of dietary components. However, due to time and
financial constraints, a surrogate measure for disease risk has to be used to determine
effects over a shorter time frame. The oral glucose tolerance test and blood pressure
are examples of good surrogate measures that predict future diabetes and
cardiovascular disease development. In chapter 5, we assume that the effects of GABA
on these surrogate markers predict a future effect on disease development in these at-
risk individuals. However, we did not measure the effects of GABA for a long enough
period of time to determine whether actual disease development is affected.

We show that GABA supplementation reduces fasting blood glucose and improves sleep
quality, but has no effect on any of the other parameters that were measured.
However, the observed effects cannot immediately be translated to all populations and
settings, this requires additional research. Since rodent studies point to effects on -
cell function, the effects of GABA should also be determined in individuals with type 2
diabetes. We hypothesize that the effects of GABA would be more pronounced in these
diseased individuals. In addition, in analyzing interactions between outcome values
and their respective pre-intervention values, it was observed that the effect of GABA
on blood pressure and sleep quality was dependent on the pre-intervention state of
the individuals. The effect of GABA was larger in individuals with poor sleep quality and
hypertension. Although for blood pressure this was no longer significant after
correction for multiple testing, to follow up, the study can be repeated in individuals
with hypertension, with blood pressure as a primary outcome. Sleep quality was also
described as an exploratory secondary outcome, it would therefore be of additional
interest to set up a study to determine the effects of GABA on sleep quality in poor
sleepers. This should include more objective measures of sleep quality. The effects of
GABA on sleep quality and hypertension are of particular interest since GABA-enriched
food products are already on the market in for example Japan, claim benefits in these
areas.

Next to blood pressure and sleep quality, multiple exploratory secondary outcomes
were assessed. Method triangulation with standardized research methods in
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combination with real-world data was applied to increase the validity of the research
findings. However, the real-world data collected with ambulatory blood pressure
monitors and flash glucose monitoring suffered from large interindividual differences.
To use this data beyond exploring secondary outcomes, a larger sample size is
required. Flash glucose monitoring is a promising development for clinical practice but
remains less precise than glucose levels measured in blood. It is an easy way to explore
the effects of an intervention in a real-life setting, by gathering a large amount of data
from a large number of people at a relatively low effort for the participants. However,
variation in the behavior of participants does not allow for capturing small differences
in a clinical trial.

As is shown in chapter 2, GABA is present in relevant food products and by choosing
specific food products/varieties the daily GABA intake can be substantially increased.
In addition, GABA from a food matrix can also be taken up into the bloodstream
(chapter 4). However, the data from our studies do not support the hypothesis that
increased GABA consumption via food can lead to substantial health benefits. In
chapter 5 we investigated the effect of supplementing three times daily 500 mg of
GABA for 3 months. Although further research is necessary to determine the optimal
effective dose of GABA, increasing this dose might have resulted in more pronounced
health effects. However, the 1500 mg that was administered per day is already
substantially higher than the ~170 mg that the dietary GABA intake could be increased
with, by choosing high GABA-containing potatoes and tomatoes. Although the daily
GABA intake could most likely become higher by further adjusting diet choices and
plant breeding to maximize the GABA content, it does not seem realistic to target an
additional 1500 mg a day. Most likely, the health effects of increasing daily GABA
content through food will therefore be smaller. Currently, it would be difficult to
investigate the effects of a GABA-enriched diet, since data on the GABA content of
many food products is not available. For further research, it would therefore be
necessary to determine the GABA content of more food products. Currently, it is still
unknown how much GABA people usually consume and what the variation is between
individuals. As for most bioactive food components, GABA is not added to the food
composition tables and is not taken along in routine analysis of foods. As we show in
chapter 2, it would also be necessary to take into account the effect of genotype on
food composition and cooking methods when analyzing the GABA content of food
products.

Conclusion

While this thesis uncovered some of the potential of GABA as a bioactive food
component, currently the evidence is not sufficient to recommend an increased dietary
intake of GABA. The research does indicate that tomato and potato genotypes are
potentially good sources of GABA. Especially since the consumption of potatoes and
tomatoes is high around the world and GABA content is only moderately reduced during
the processing of raw fruits and tubers. In addition, GABA is taken up from a tomato
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food matrix into the blood, equally well as from a solution in water. Finally, we give
some indications for beneficial health effects of GABA. Although modest when
compared to the efficacy of lifestyle interventions in improving overall health. This
thesis also leaves many questions for further research into the health effects of GABA.
Further investigations should focus first on elucidating the mechanisms of action that
explain the effects of exogenously administered GABA. Gaining an understanding of
how, where and in what way GABA can influence tissue function, can drive further,
more focused, research that investigates the health effects of GABA and a GABA-rich
diet.
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Summary

Introduction

A suboptimal diet has been established as the single greatest risk factor for non-
communicable diseases and is responsible for 1 in 5 premature deaths worldwide. To
improve dietary quality, more emphasis could be placed on enhancing the nutritional
quality of fruits and vegetables during crop selection, breeding and cultivation. While
nutritional quality can be defined in terms of nutrient composition, there are also many,
often unexplored, components present in our diet that might have beneficial health
benefits beyond their nutritional value. Food composition databases are currently
lacking information on such potentially bioactive food components and robust evidence
regarding their health effects is often not available. Examples are flavonoids,
anthocyanins, glucosinolates, indoles and catechins. This thesis introduces another
plant component that has the potential to benefit human health: gamma-aminobutyric
acid (GABA).

GABA is a non-proteinogenic amino acid and is best known as inhibitory
neurotransmitter in the central nervous system. However, GABA is also present in food
products. It is endogenously produced in plants like tomato, potato and melon and can
also be produced during fermentation by microorganisms from its amino acid precursor
glutamic acid. The GABA content can reach up to 10 grams per kilogram of product in
for example matured cheeses. Interestingly, GABA receptors are not only present in
the central nervous system but also in many organs and tissues throughout the body,
suggesting physiologically relevant effects of peripherally present GABA. This was
demonstrated in rodent studies that showed that GABA can have metabolic health
effects in models for type 1 and type 2 diabetes.

Although it has been determined that GABA is taken up in the bloodstream after oral
intake, it is still unclear how a food matrix affects its bioavailability and whether long-
term GABA intake affects the circulating GABA concentration. Next to that, for the
determination of the GABA concentration in human plasma, there is no standard,
validated, analytical method available as is required for application in clinical trials.
Finally, while GABA supplements are already marketed with health claims, the evidence
regarding these health effects of oral GABA intake in humans is poor. This thesis
therefore aimed to investigate the potential of GABA as a dietary plant component with
health benefits.

Methods

Since tomato and potato have high GABA levels, while being consumed in high amounts
across the world, a large collection of tomato and potato genotypes was screened for
the GABA and glutamic acid levels in the fruits and tubers. Next to that, the effects of
domestic cooking methods on the GABA and glutamic acid levels of tomato and potato
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preparations were assessed. To proceed, a UPLC-MS/MS method was developed for
the simultaneous determination of GABA and glutamic acid in human plasma and the
precision and accuracy of the method was validated. The method was applied to
determine the relative bioavailability of GABA from a tomato matrix, and compared to
GABA dissolved in water. In a randomized crossover trial, 11 healthy men were given
either a liter of pureed tomato, an equivalent amount of GABA dissolved in water,
glutamic acid dissolved in water, or plain water. Blood was drawn at 19 timepoints over
24 hours, to compare plasma kinetic parameters of GABA and glutamic acid.
Ultimately, the health effects of 3 months GABA supplementation were explored in 52
individuals with prediabetes in a parallel, double-blind, randomized, placebo-controlled
intervention study. As the primary outcome, the effects of GABA on the postprandial
glucose response were investigated. As exploratory secondary outcomes, parameters
of glycemic control (HbA1lc, insulin, glucagon, mean amplitude of glycemic excursions,
and standard deviation as measured with flash glucose monitoring), cardiovascular
health (blood pressure, 24-hour blood pressure, circulating triglycerides, cholesterol)
and sleep quality were measured.

Results

The screening showed that GABA content between different potato and tomato
genotypes can vary substantially. Interestingly, the GABA content remains largely
constant over different harvest years, suggesting a strong genetic determinant.
Specifically, the potato cv. ‘Riviera’ and the tomato cv. ‘Madara’ have GABA contents
of 0.7 and 1 gram/kg, respectively. In addition, the GABA content appears to be
relatively tolerant to most common domestic cooking methods, and the bioavailability
of GABA from pureed tomatoes is equivalent to GABA dissolved in water. After intake,
the GABA plasma concentration peaked at, on average, 75 ng/mL after 30 minutes. In
fasting condition, the GABA plasma concentration was found to be 16.7 ng/mL on
average and stayed relatively stable (5.8 CV%) within individuals over the course of 4
weeks.

After 3 months of GABA supplementation, the postprandial glucose response was not
affected by the intervention. However, Exploratory secondary outcomes, like
parameters of glycemic control and cardiovascular health, also showed no effect of
GABA supplementation. However, a decrease in fasting plasma glucose and an
improvement in sleep quality in individuals with prediabetes as compared to placebo
was observed, although this was not significant after correction for the false discovery
rate. The extent of the improvement in sleep quality seemed to be dependent on the
individual’s sleep quality before the intervention.

Conclusion

We showed that specific tomato and potato genotypes are potentially substantial
sources of GABA in view of their large contribution to diets across the world.
Furthermore, GABA is taken up into the blood as efficiently from a tomato food matrix
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as from a solution in water. There are also some indications that after 3 months of
supplementation, GABA might have some health benefits. GABA supplementation led
to a modest reduction in fasting blood glucose and improved sleep quality in individuals
with prediabetes although these were no longer significant findings after correction for
the false discovery rate. Therefore, the evidence is currently not sufficient to
recommend an increased dietary intake of GABA. The indications of beneficial effects
that the research as presented in the current thesis provides, should be substantiated
in more focused trials. Furthermore, more insight in the potential effects of GABA and
their underlying mechanisms in peripheral tissues is necessary. Finally, different food
products and a GABA-rich diet in general, should be used in further investigations,
which should include different populations to translate the results to a real-world
situation.
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