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The influence of a tomato food matrix on
the bioavailability and plasma kinetics of oral
gamma-aminobutyric acid (GABA) and its
precursor glutamate in healthy ment

Tessa H. de Bie, (2 ** Michiel G. J. Balvers,® Ric C. H. de Vos,” Renger F. Witkamp?
and Maarten A. Jongsma®

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. Besides endogenous production, both compounds are found in food
products, reaching relatively high levels in tomatoes. 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 tomatoes 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 Lt glutamate, pureed fresh tomatoes and plain water as the control. Following
intake, 18 blood samples were taken at intervals for 24 hours. Plasma GABA and glutamate concentrations
were determined by ultra-pressure liquid chromatography coupled with tandem mass spectrometry
(UPLC-MS/MS). Fasting plasma GABA and glutamate concentrations were found to be 16.71 (SD 2.18) ng
mL™! and 4626 (SD 1666) ng mL™%, respectively. Fasting GABA levels were constant (5.8 CV%) between
individuals, while fasting glutamate levels varied considerably (23.5 CV%). GABA from pureed tomatoes
showed similar bioavailability to that of a solution in water. For glutamate, the absorption from pureed
tomatoes occurred more slowly as seen from a longer tyax (0.98 + 0.14 hvs. 0.41 + 0.04 h, P = 0.003)
and lower Cpax (7815 + 627 ng mL™ vs. 16 420 + 2778 ng mL™%, P = 0.006). These data suggest that
GABA is bioavailable from tomatoes, 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. The clinical
trial registry number is NCT04086108 (https://clinicaltrials.gov/ct2/show/NCT04303468).

example, the metabolic regulation of glucose homeostasis.®
This has sparked interest in the potential beneficial effects of

The amino acid gamma-aminobutyric acid (GABA) and its pre-
cursor glutamate are well known as primary inhibitory and
excitatory neurotransmitters in the central nervous system,
respectively.’ In addition to effects on the central nervous
system, GABA receptors have been identified on peripheral
cells of the immune system and the pancreas.”” Therefore, it
has been hypothesized that GABA may also have a role in, for

“Division of Human Nutrition and Health, Wageningen University & Research,

P.O. Box 17, 6700 AA Wageningen, The Netherlands. E-mail: tessa.debie@wur.nl
bWageningen Plant Research, Wageningen University & Research, P.O. Box 16,

6700 AA Wageningen, The Netherlands

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2f001358d

This journal is © The Royal Society of Chemistry 2022

GABA supplements, and several rodent studies have indeed
shown promising health effects of oral GABA intake. For
example, GABA supplementation was found to improve dia-
betic 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.” " Clinical trials
studying oral supplementation of GABA in humans are still
scarce and focus mainly on the effects on mental
processes.'>"?

GABA is primarily known as a neurotransmitter that is
endogenously formed. Endogenous GABA is synthesized from
glutamate via the enzymatic activity of glutamic acid decarb-
oxylase in the brain, pancreas, liver, and it is produced by the
gut microbiota."* The GABA-precursor glutamate is produced
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from glutamine, a major dietary amino acid, via the action of
glutaminase in the liver, brain and kidneys." In addition to
the endogenous synthesis route, GABA and glutamate are also
commonly present in the diet. In particular, fermented foods
and several fruits and vegetables are rich sources of GABA.®
Tomatoes can be considered to be a relevant source since they
are rich in GABA, and consumption rates are high in many cul-
tures.”” Tomatoes are not only rich in GABA but they also
contain high amounts of glutamate, the natural precursor for
GABA. Previous studies have demonstrated that oral GABA sup-
plementation leads to transient peaks in circulating GABA con-
centrations, suggesting that oral GABA can be absorbed by the
GI tract.'® However, whether GABA from a food matrix is also
absorbed and can increase plasma concentrations has not
been investigated. To date, it is also unknown whether the
GABA-precursor glutamate, which is also present in high con-
centrations 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 specu-
lation that GABA-rich food products like tomatoes may
improve metabolic health.'® To design intervention studies to
investigate this will require an insight into the absorption of
GABA from a food matrix compared to its absorption from sup-
plements. In view of this, a four-way crossover study was
undertaken to investigate the relative oral bioavailability of
GABA and its precursor glutamate from tomatoes compared to
that from a solution in water in healthy volunteers.

2. Materials and methods
2.1 Sample size and participant characteristics

The study was carried out according to the guidelines laid out
in the Declaration of Helsinki and approved by the medical
ethics committee of Wageningen University (METC-WU, 19/
13). The study is registered at clinicaltrials.gov (NCT04086108).
All participants signed a written informed consent before par-
ticipating in the study. This is the first study to assess the rela-
tive bioavailability of GABA and glutamate from a food matrix;
therefore, sample size calculation was based on a published
plasma kinetics study'® and justified by the well-controlled
nature of the current study. Sample size was fixed to be 10 par-
ticipants, and two additional participants were included to
account for possible dropouts. We included a total of
12 healthy male participants. The 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, adher-
ence 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 hemo-
globin levels were lower than 8.5 mmol L™ was measured by a
finger prick (HemoCue Hb 201, Angelholm, Sweden) during
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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 ana-
lysis. More details are shown in a CONSORT flow diagram (ESI
11). 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
tomatoes compared to that from solutions prepared in water.
The study consisted of four test days for each participant with
at least a 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 glu-
tamate solution in water, pureed tomatoes or water as a
control (section 2.3).

The day before each test day, participants consumed stan-
dardized meals that did not include products with a high
GABA content. In addition, they did not eat or drink anything
other than water from 22:00 onwards. On the test days, partici-
pants arrived in a fasted state at the research facility. After a
venous catheter was placed and a baseline blood sample
drawn, they received the test product. Participants were
instructed to drink the allocated test product in exactly
15 minutes. After that, blood samples were taken at ¢ = 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 24 hours after the ingestion was complete (see Fig. 1). The
venous catheter was used until ¢ = 10 hours and was kept open
by slowly infusing a sterile saline solution. Samples at ¢ =
24 hours were taken by venepuncture.

During the blood sampling period, participants were pro-
vided standardized meals or snacks, supplied by the univer-
sity, at ¢ = 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 products
with a high GABA content. The composition of these meals
and the food products is provided in ESI 2.7 Between two
hours before and until 2 hours after ingestion of the test pro-
ducts, 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 ¢ = 24 hours, the participants went
home but were not allowed to eat or drink anything except the
provided snack at ¢ = 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 of GABA powder (99% purity, as
acid, food grade, BulkSupplements, lot: 1902403) dissolved in
1 liter of water; 3673 mg of glutamate powder (99% purity,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Study design of a single test day showing the hours after intake of the test products and the different actions of the research participants on
each day. In this crossover design, every research participant underwent the test day four times. Each time a different test product was given.

L-glutamic acid, food grade, Sigma Aldrich, W328512) dis-
solved in 1 liter of water; 1 liter of pureed fresh tomatoes; and
1 liter of water as the 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 the maximum speed, which resulted in a homo-
geneous 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 determine the 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 tomatoes. 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 gluta-
mate were dissolved in a liter of water in plastic bottles the day
before each test day. It was specifically chosen to dissolve the
powders in water, instead of administering as capsules, to
obtain a similar concentration as was found in the freshly
pureed tomatoes. The pureed tomato samples were taken on
each test day for retrospective determination of the 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 pro-
cedure was according to the protocol described by Carreno-
Quintero et al. 2012.>° Briefly, 200 mg of pureed tomato fruit
was extracted with 1400 pl of 90% (v:v) methanol/water solu-
tion containing 15 000 ng mL~' GABA-d6 and 50 000 ng mL ™"
t-glutamic acid-d5 (both from Merck-Sigma). After sonication
and centrifugation (20 000g) each for 10 minutes, 500 pL of the

This journal is © The Royal Society of Chemistry 2022

clear supernatant was taken and mixed with 375 pL of chloro-
form and 750 pL of water. After centrifugation (20 000g) again,
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 sub-
sequently closed under an argon atmosphere with magnetic
crimp caps. Prior to their analysis, dried extracts were deriva-
tized online using a TriPlusRSH autosampling/injection robot
(Thermo Scientific), which was programmed to firstly add
12.5 uL 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-trimethyl-
silyltrifluoroacetamide (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 into the injector at 70 °C using a
split flow of 19 mL min™". Chromatographic separation was per-
formed using a VF-5 ms 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 the eluting compounds
were acquired in 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. The 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 was analyzed in an external laboratory (Nutrilab B.V.,
Giessen, the Netherlands) using validated methods.

2.5 Blood collection

Blood was drawn via a catheter or via venepuncture (t = 24 h
samples) from a forearm vein and collected in 3 mL K,EDTA

Food Funct, 2022,13, 8399-8410 | 8401
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blood collection tubes (BD Vacutainer; Becton, Dickinson and
Company). Next, the 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 extrac-
tion and analysis protocol including the method validation,
are described elsewhere in full detail.*! Briefly, the analytes
were extracted from plasma as follows. To 100 uL 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™" gluta-
mic acid-d5 (Sigma Aldrich, Munich, Germany, 631973) were
added. Samples were mixed at 1400 rpm (Eppendorf thermo-
mixer, Eppendorf) for 5 minutes and centrifuged at 15 000g
for 15 minutes. The supernatant was diluted to 95% ACN with
1500 pL of ACN. The extract was purified by solid phase extrac-
tion (SPE) using BondElut C8 200 mg SPE cartridges (Agilent,
Santa Clara, United States). To this end, the samples were
loaded onto the cartridges, previously conditioned with 1 mL
of methanol (Biosolve, Valkenswaard, the Netherlands) and
1 mL of 50% methanol. Cartridges were washed with 2 mL of
95% ACN and the analytes were eluted with 2 mL of 80% aceto-
nitrile. Samples were evaporated to dryness in a vacuum con-
centrator (Turbovap, Biotage, Uppsala, Sweden) for 40 minutes
at 30 °C and dissolved in 100 pL of MQ water with 0.1% v/v FA.
The extracts were stored at —80 °C until analysis.

Extracts were analyzed for determining 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 per-
formed on 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, and eluent B consisted of 100% methanol. The fol-
lowing 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 the 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.

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 the 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™"
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(high) for glutamate. Similar accuracy and precision character-
istics were achieved during this 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.>> Figures were
produced using the R package ggplot2.>* The 0-10 h area under
the curve (AUC), the maximum concentration (Cp,.,) and the
time to peak (fmnax) 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
control (1 liter of tap water) condition. Normality was visually
assessed using normal qgplots. For both the Cy,.x of the GABA
and glutamate concentrations as well as for the AUC of GABA,
there was an outlier. Outliers were included in the analysis
since the data are valid and outliers could be representative of
the variability in the population. Furthermore, excluding these
outliers did not affect the test outcome, and the mean, standard
error and test result without the outliers are shown in the ESI
3.7 The differences between the AUC, C,,, and t,,., between the
supplement and the tomato conditions were assessed using a
paired-samples t-test. Differences in fasting plasma concen-
trations were assessed using ANOVA. Differences were con-
sidered to be significant if P < 0.05. Correlation between fasting
plasma GABA and glutamate concentrations 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 the Bonferroni adjust-
ment. For this analysis the data were log-transformed, and one
extreme outlier was removed.

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 contents of the first harvest
batch of Madara tomatoes were 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 tomatoes is shown in Table 1. As a check

Table 1 Macronutrient composition of the pureed Madara tomatoes

Macronutrients g per 100g pureed tomato®
Water 91.9

Protein 11

Fat <0.5

Carbohydrate 3.7

Fibre 1.7

“ A litre of pureed tomatoes weighs 1.03 kilograms.

This journal is © The Royal Society of Chemistry 2022
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to assess the actual administered dose, a sample from the
pureed tomatoes was taken on each study day, just before it
was consumed. These pureed samples were analyzed after the
completion of the study for their GABA and glutamate con-
tents. 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, ie., 8.3 CV%) mg L™"

A
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256
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which is 97% of the initial 3673 mg L™'. These differences
between the actual and target values, which were <20%, were
deemed acceptable in light of the 20% tolerance limits that are
allowed for declaring nutrient content.>*

3.2 Plasma kinetics of GABA and glutamate

The mean plasma GABA concentration-time profiles following
the consumption of each test product is shown in Fig. 2A. The
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Fig. 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 tomatoes (1 liter, 1044 mg GABA and 3574 mg glutamate), water (1 liter) or gluta-
mate (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 on a logarithmic scale. 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; ##4#: P < 0.001. For tomato, *: P < 0.05; **: P < 0.01; ***: P < 0.001. For glutamate, ¢: P < 0.05; ¢#: P < 0.01; ¢¢¢: P < 0.001. Significant differ-
ences between the GABA solution and the pureed tomato are represented by: §1: P < 0.01. Significant differences between the glutamate solution
and the pureed tomato are represented by: {: P < 0.05; {}: P<0.01; 11i: P<0.001.
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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 glu-
tamate solutions and pureed tomatoes. The 10 hour area under the
curve shown is corrected for the area under the curve after taking the
placebo

Test product

GABA solution Pureed tomato
GABA Mean SEM Mean SEM P-value
Crmax (ng mL™Y) 74.7 10.5 184.0 88.4 0.213
tmax (D) 0.50 0.05 0.36 0.04 0.052
AUC (ng mL™* h™) 59.7 10.1 115.7 40.0 0.117
Glutamate Pureed
solution tomato
Glutamate Mean SEM Mean SEM P-value
Cnax (ng mL™) 16420 2779 7815 628 0.006
tinax 0.41 0.04 0.98 0.14 0.003
AUC (ngmL™'h™") 7579 2272 7362 1873  0.929

descriptive kinetic parameters are summarized in Table 2 and
individual data are presented in Fig. 3. Following the con-
sumption of GABA solution in water and pureed tomatoes, the
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 tomatoes (P = 0.052).
Although the mean AUC and Ci,,x of GABA were higher follow-
ing the ingestion of pureed tomatoes, they were not signifi-
cantly different. The (non-significant) difference in the mean
AUC and Cp,,x between the GABA solution and pureed toma-
toes can mostly be explained by a single outlier; one partici-
pant had a more than 3-fold higher AUC and 5-fold higher
Cmax Of GABA in response to tomato consumption as com-
pared to the GABA solution in water (Fig. 3A and B).
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The differences in mean concentration at the individual
timepoints were assessed by a two-way repeated measures
ANOVA. When comparing the plasma GABA concentration fol-
lowing the consumption of the GABA solution to that after
pureed tomatoes, 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) (Fig. 2A). When comparing with water, signifi-
cant differences in the GABA plasma concentrations were
found until 4 hours after consumption of both pureed toma-
toes and the GABA solution (¢ = 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 ingestion of the GABA solu-
tion, the GABA plasma concentration was elevated compared
to that after 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.

The mean plasma glutamate concentration-time profiles
after ingestion of each test product are shown in Fig. 2B.
Following consumption of the glutamate solution, glutamate
plasma levels peaked rapidly. However, the mean glutamate
Cmax Was significantly lower after the consumption of pureed
tomatoes 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 tomatoes compared to
the solution in water (0.41 + 0.04 h vs. 0.98 + 0.14 h, P = 0.003).
Yet, when comparing with the glutamate solution, the average
AUC of glutamate after ingestion of pureed tomatoes was not
significantly different.

When comparing the glutamate plasma concentration at
individual timepoints following the consumption of the gluta-
mate solution and pureed tomatoes, significant differences
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Fig. 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, C,.x and tyax are depicted in respectively Figure A, B and C. The individual's glutamate kinetic parameters 10-hour
AUC, Cpax and tyax are depicted in respectively Figure D, E and F. Colors represent the research subjects.
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were seen at 15 minutes (11933 + 1508 vs. 4571 + 346, P = <
0.0001), 30 minutes (15 379 + 2925 vs. 6330 + 838, P = <0.0001),
45 minutes (8579 + 1818 vs. 6776 + 669, P = 0.001), 2 hours
(4082 + 502 vs. 5379 + 541, 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) (Fig. 2B). When comparing with water, significant
differences were found until 1 hour (¢ = 1 hour: 5195 + 619 vs.
3775 + 400, P = 0.030) after the consumption of the glutamate
solution and for 2.5 hours (¢ = 2.5 hours: 5378 + 487 vs. 3470 +
314, P = <0.0001) after the consumption of pureed tomatoes.
In summary, these results show a lower and later peak gluta-
mate plasma concentration and a slower time-dependent
decline after the ingestion of pureed tomatoes as compared to
the glutamate solution.

Fig. 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 gluta-
mate concentration as compared to that from 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 are illustrated using line
graphs, comparing the GABA and glutamate kinetic variables
of the pureed tomato and the solutions (Fig. 3). For both GABA
and glutamate concentrations, on average no significant differ-
ences in AUC were found (Table 2), while interindividual
differences are seen in these line graphs. Eight out of the
eleven participants showed a higher AUC for GABA after taking
the pureed tomatoes than after taking the GABA solution
(Fig. 3A). The tax and Cpax of GABA also show interindividual
differences (Fig. 3B and C). In the case of glutamate, eight out
of the eleven participants showed a lower AUC after taking the
pureed tomatoes than after taking the glutamate solution
(Fig. 3D). The direction of the differences in the ¢, and Cpax
of glutamate shows more consistency between the participants
(Fig. 3E and F).

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. Fig. 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 to 20.3 ng mL ™" (Fig. 4A).
Average fasting glutamate was found to be 4626 (SD 1666) ng
mL~" in a range from 3021 to 6723 ng mL™" (Fig. 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 gluta-
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mate (F(10, 33) = 4.84, p = <0.001) concentrations were found
to be significantly different between participants.

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 gluta-
mate. To our knowledge we are the first to show that GABA is
bioavailable from tomatoes and that its bioavailability is not
markedly hampered by the food matrix, although some differ-
ences 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 a neurotransmitter and not as a nutritional com-
ponent. We show that after oral GABA intake, the plasma
GABA concentration peaks rapidly after 0.5 hours, reaching
values of ~4.5 times that at the baseline. A similar study was
done by Li et al. (2015), who described the plasma kinetics of a
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GABA supplement."® 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 solu-
bilization 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 adminis-
tered, this may at least partly explain the difference found in
the 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 the 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 kidneys, and
metabolized to other components, like succinate.>**” In the
liver, GABA-transaminase activity is high and it is therefore
mainly responsible for the catabolism of GABA.*® The high
uptake of GABA from the portal vein into the liver would keep
the plasma GABA concentration in systemic circulation rela-
tively 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 tomatoes. We show that
GABA uptake and bioavailability from tomatoes is not signifi-
cantly hampered by the food matrix. Therefore, it can be con-
cluded that the food matrix does not markedly affect the
absorption of GABA, although small differences in kinetics are
observed. Interindividual variation in the GABA concentration
after ingestion of tomatoes is larger than the variations after
GABA intake in a solution. In some individuals, the matrix
seems to enhance the GABA bioavailability, even when consid-
ering the somewhat higher amount of GABA in the pureed
tomatoes (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 toma-
toes were pureed to minimize interindividual variation. This
standardizes the mode of ingestion and avoids batch effects.
This pre-processing may have influenced the bioaccessibility 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 tomatoes do not seem to influence GABA bio-
availability. GABA is hydrophilic in nature and hence its
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absorption is unlikely to be affected by the presence of fats
which is for example the case for the carotenoids in toma-
toes.”® 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 the mM range).*® PAT1 is also
responsible for the transport of other small amino acids like
proline, alanine and glycine, and of pharmacological GABA
analogues like vigabatrin.®’ The literature regarding these
GABA analogues may be relevant in interpreting our findings.
The kinetic properties of vigabatrin have been more exten-
sively investigated than those of GABA itself.*> Nghr et al.
(2014) looked at the interactions with food with regard to the
uptake of vigabatrin.**> They found that the presence of
amino acids that are substrates of PAT1 (proline, tryptophan
and sarcosine) inhibits the uptake of vigabatrin. Further
research could investigate whether this is also the case for
GABA uptake. In tomatoes, these amino acids are also
present but in much lower amounts compared to GABA.*?
Therefore, the results of this study do not rule out potential
effects of food components, not present in tomatoes, on
GABA bioavailability. Studies have been performed with func-
tional foods that aimed for high GABA concentrations, like
fermented milk products.***> Additional specific assessment
of GABA bioavailability in these types of food products would
be relevant.

Notwithstanding the consistency of our findings when con-
sidering 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 the gastric emptying rate
which has an interindividual variation of 16%-39% (AUC CV)
even under highly standardized conditions.?® 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 poly-
morphisms (rs357629, rs357618) in the PAT1 transporter have
been found to affect its function for instance.*’ Similarly, a
single nucleotide polymorphism (rs555044) was found to influ-
ence the function of GAT2 (SLC6A13), a transporter protein in
the liver, responsible for GABA transport.>®

Besides 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 tomatoes 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 made. 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.

This journal is © The Royal Society of Chemistry 2022
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Multiple studies have been conducted that investigated the
plasma kinetics of monosodium glutamate (MSG).*>** In those
studies, a 3 times higher dose was used compared to the
present study. Both in our study as in those studies, the gluta-
mate 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 glu-
tamate 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 a substrate by the enterocytes
or metabolized into other amino acids like alanine, aspartate
and GABA.*"** Stegink et al (1983) showed that the bio-
availability of glutamate is even further reduced by the co-inges-
tion of carbohydrates.>® In their study, a high oral dose of gluta-
mate 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 bioavailability.** This would be in
line with our findings. The amount (1 kg) of pureed tomatoes
that the participants consumed contained 37 grams of carbo-
hydrates. It is therefore likely that also in our study the carbo-
hydrates 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 tomatoes. However, these two con-
ditions cannot directly be compared since tomatoes also
contain protein-bound glutamate, while the dose of the gluta-
mate solution was based solely on the amount of free gluta-
mate 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.**** This would
mean that upon ingestion of the pureed tomatoes the partici-
pants received an estimated maximum of 1430 mg protein-
bound glutamate in addition to the measured 3574 mg of free
glutamate. Glutamate plasma kinetics following tomato con-
sumption has not been investigated previously, but presum-
ably the proteins that contain glutamate need to be (fully)
hydrolyzed before absorption. The plasma kinetics of gluta-
mate from tomatoes show a similar pattern as is commonly
seen with amino acids that are incorporated into proteins, like
phenylalanine and leucine.*® This leads to a prolonged absorp-
tion phase, as shown by elevated plasma concentrations until
2.5 hours after ingestion of pureed tomatoes as opposed to
just 1 hour after ingestion of the glutamate solution. We there-
fore speculate that the glutamate AUC would have been lower
after ingestion of pureed tomatoes 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 tomatoes as compared to that after the ingestion of
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glutamate solution in water, most likely due to the presence of
carbohydrates in tomatoes.

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, schizo-
phrenia and bipolar disorder.*”>® 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, there are significant differ-
ences 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 concen-
trations below 10 ng mL™" were only found in depressed indi-
viduals. As of yet, it is unclear how genetic variability, differ-
ences in microbiota composition,’™®" or long-term dietary
intake of GABA, influence the plasma concentrations of indi-
viduals. As compared to GABA, fasting glutamate plasma con-
centrations 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 a
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 kinetics profile is influenced by the food matrix
it seems that physiological effects of glutamate supplemen-
tation cannot be immediately generalized to glutamate that is
ingested with food. On the other hand, food products, or at
least tomatoes, 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 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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