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Abstract

Background: In 2017, a European Food Safety Authority
(EFSA) opinion on the use of glutamate and its salts as food
additives led to an Acceptable Daily Intake (ADI) of 30 mg/kg
body weight/day. Then, in 2021, an EFSA statement present-
ed a proposal for harmonizing the establishment of Health-
Based Guidance Values for nutrients that are also regulated
substances (including food additives). The present review
argues that the 2017 glutamate ADI is unsuitable because
safety of glutamate should firstly consider its status as a nu-
trient and not only as an additive. Summary: Glutamate is a
non-essential amino acid playing a key role in nitrogen ho-
meostasis. The dietary exposure to glutamate in adults is ex-
tensive, due to its ubiquitous presence in foods, under three
forms: bound to proteins, naturally free and free form added
as an additive. Glutamate naturally included in proteins is
the major source of dietary glutamate. Thus, since it plays a
role in nitrogen homeostasis, it is a nutrient before being an
additive. Its pharmacokinetics are largely impacted by con-
comitant food intake, but the extent to which plasma gluta-
mate concentration must rise to have deleterious effects is
never encountered in humans consuming glutamate in their
daily diets. This is due to the fact that glutamate is highly

metabolized in the splanchnic area. Key Message: Gluta-
mate should be considered as a safe nutrient before being
considered as an additive by risk assessor.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

First of all, what are we talking about? Glutamate, or
glutamic acid, added to a diet is generally in the form of
monosodium glutamate (MSG), or one of its sodium, po-
tassium, calcium, ammonium, and magnesium salts (ad-
ditives designated E620-625). But glutamate is also natu-
rally present in food, either in free form or bound to pro-
teins. However, as MSG and all other glutamate salts
dissociate in aqueous solution and so behave exactly as
free glutamate [1], the latter term will be used. And when
we consider “glutamate in any form,” we use the term of
glutamates.

In 1987, the Joint FAO/WHO Expert Committee on
Food Additives evaluated glutamic acid and its sodium,
potassium, calcium, ammonium, and magnesium salts
[2]. It was established that glutamate should not have a
numerical Acceptable Daily Intake (ADI): it is a “not
specified” ADI molecule. Indeed, it was considered that
substances of low toxicity such as glutamates should be
labelled with an ADI “not specified.” According to the
opinion of the Committee, on the basis of the available
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data (chemical, biochemical, toxicological, and other),
the total dietary intake of glutamates arising from their
use at the level necessary to achieve the desired techno-
logical effect and from their acceptable background in
food does not represent a hazard to health. For that rea-
son, the Committee considered that the establishment of
an ADI expressed in numerical form was not deemed
necessary for glutamates. In the same way, in 1990, the
Scientific Committee for Food of the European Commu-
nity also allocated an ADI “not specified” for MSG [3]. In
2017, an European Food Safety Authority (EFSA) opin-
ion on the use of glutamate and its salts as food additives
led to an ADI of 30 mg/kg body weight (bw)/day based
on a toxicological endpoint of neurodevelopmental toxic-
ity in rats [4]. The EFSA panel noted that this ADI is be-
low usual mean and high level of total intake of gluta-
mates in food and drinks in humans. In 2018, all relevant
and available aspects of glutamates (i.e., glutamate in any
form) metabolism and safety in human nutrition were
discussed by a panel of experts, and their conclusions did
not warrant a change in the previous ADI “not specified”
of glutamate and its salts [5].

In 2021, an EFSA Statement presents a proposal for
harmonizing the establishment of Health-Based Guid-
ance Values for regulated substances that are also nutri-
ents [6]. It recommended that nutrient safety should take
into consideration the risk of adverse effects observed at
high dietary doses for the consumer and associated with
the total dietary intake of the nutrient and under regulated
use. This differs from what was considered in 2017 to es-
tablish the glutamate ADI: indeed, non-food additive in-
take was ignored. In addition, for the pivotal safety study,
unusual glutamate intake, i.e., bolus dose of 3 g of gluta-
mate without food, was taken into consideration, instead
of the usual consumption of glutamate in food and drinks.

The aim of the present paper was to review current
knowledge on:

1. The contribution of different dietary sources of gluta-
mate to the total consumption of this nutrient.

2. The impact of glutamate form (free or protein-bound)
and concomitant food intake on its pharmacokinetics.

3. Glutamate safety.

Glutamate Metabolism and Functions in the
Organism

For the average person, glutamate is associated with
the umami taste and it is used in savoury food such as
seasonings, condiments, meat products, soups, broths,
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etc., to enhance their flavour and palatability [7]. More
importantly, glutamate is a non-essential amino acid
(AA) highly involved in nitrogen and energy metabolism.
It plays a key role in nitrogen homeostasis [8]. Dietary
glutamate is absorbed from the intestinal lumen (in a
dose-dependent and saturable process) and is highly ca-
tabolized (~90%) in the splanchnic area [9-11]. Indeed,
glutamate is the most important fuel for the gut [12]. In
the enterocyte, glutamate is transaminated into various
AAs, mainly into alanine but also into proline, aspartate,
and citrulline [8]. As a result, very little glutamate appears
in the systemic blood after a meal.

In the liver, glutamate metabolism is compartmental-
ized. In periportal liver cells (the major cell population),
glutamine metabolism provides ammonia for ureagene-
sis and glutamate for gluconeogenesis [13]. In healthy
conditions, this periportal metabolism is favoured. In
perivenous hepatocytes (a small population representing
7% of all hepatocytes of an acinus) [14], there is glutamine
synthetase allowing glutamine synthesis from glutamate
[15]. This glutamine is released by the liver and taken up
by kidneys where it is deaminated to release ammonium
which is excreted in the urine. In acidosis conditions, this
perivenous metabolism is favoured versus periportal use.
Thus, this tight metabolic organization allows to remove
ammonia in response to any of the situations [14].

In rats, it has been shown that a large part of gluta-
mate appearing in the systemic circulation following
diet supplementation (a 15% casein diet supplemented
with 7.2% glutamate) is found in muscle [16], where it
leads to alanine and glutamine synthesis. In the same
way, the adipose tissue takes up glutamate to release
glutamine [17].

Concerning glutamate metabolism in the brain, in the
late 1960s, it was thought that consumption of glutamate,
mainly in the form of food additive, induced increased
brain glutamate levels, causing functional disruptions.
However, these results were obtained using non-physio-
logical conditions, including bolus parenteral injections
of high glutamate dosages (see below for details) in ro-
dents. Now, it is well documented that in humans, in a
context of normal diets, glutamate is highly metabolized
in the splanchnic area and the extent to which plasma
glutamate concentration must rise to produce effects in
brain, such as it was observed in rodents, is never encoun-
tered [8]. This is especially true since the perceived pleas-
antness of ingested glutamate diminishes markedly as its
concentration rises over the optimal level, inducing that
food-added glutamate intake in the human diet is self-
limiting [18].
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Table 1. Intakes of glutamates in food and drinks (from Tennant [31] with authorization)

Glutamate form Mean/ Infants Toddlers Children Adolescent Adults Elderly
high level (12 weeks to 11 months)  (12-35 months) (3-9 years) (10-17 years) (18-64 years) (=65 years)
Natural protein-bound Mean 82-186 211-307 124-259 72-145 70-107 68-111
High level 121-361 286-444 173-326 104-192 95-145 71-138
Natural free Mean 10-22 15-37 12-31 8-17 7-15 5-17
High level 21-77 20-54 18-82 12-38 11-36 11-27
Natural total glutamate Mean 92-198 232-331 136-289 81-158 81-118 76-123
High level 132-381 310-468 193-358 113-206 106-155 76-126
Additive Mean 6-12 6-37 7-31 4-10 2-13 2-15
High level 18-59 20-82 17-76 11-45 7-35 4-34
Total Mean 98-211 244-346 167-319 92-170 88-126 88-125
High level 137-388 337-474 241-408 130-224 118-176 88-167

Data are expressed in milligrams glutamic acid/kilogram bw/day.

Inter-Organ Exchanges of Glutamate. Unlike those of
glutamine, glutamate inter-organ exchanges are quanti-
tatively and qualitatively low, being limited to a flux from
liver to muscle in a wide range of situations: post-absorp-
tive state [19, 20], starvation of overweight subjects [19]
and in sepsis [21], and its metabolism is partitioned with-
in organs [22-24]. It is one of the AAs which are present
at the highest levels in its free form in liver, kidney, and
muscle (2-5 mmol/L). Its concentration in plasma is rel-
atively low (50 pmol/L) [25] and stable [26], as its turn-
over is low [27, 28].

Evidence that Glutamate Naturally Present in Food Is
the Major Source of Glutamate Intake

The dietary exposure to glutamate in adults is exten-
sive, due to its ubiquitous presence in foods. Three sourc-
es of glutamate are encountered in food:

o The first source, naturally bound to proteins, is the
most important. Indeed, glutamate is amongst the
most abundant AAs (8-10%) found in dietary proteins
and as such naturally occurs in foods with high protein
content (meats, seafood, stews, soups, and sauces)
[29]: 100 g of protein supply 4-12 g of glutamate on
average [1]. Gliadin and a-casein are the richest plant
and animal proteins in glutamate (45.7 and 16.5 g of
glutamate/100 g of protein respectively) [30]. Levels of
glutamate from protein in animal products are gener-

ally around 25 g/kg of food [31].

Glutamate: A Safe Nutrient, Not Just a
Simple Additive

» The second source, naturally free form of glutamate,
occurs in fermented foods and in many foods con-
sumed by humans: seaweeds, cheeses, fermented
beans, tomatoes, mushrooms, cured hams, scallops,
tuna, green peas, fish and soy sauces, beef, yeast ex-
tract, hydrolyzed vegetable proteins and autolysed
yeast extract, human, and cow’s milk [12]. Free gluta-
mates can occur at relatively high concentrations (18
g/kgof food) in certain fermented foods such as cheese,
preserved meats, and soy sauce, depending on ageing
and maturation [31].

o The third source is free form added to the diet as an
MSG additive (see above for details). The most prom-
inent flavour enhancing capacity and umami potency
is used to enhance the flavour and palatability of foods
[7]. Food additive levels for glutamates in the Euro-
pean Union are limited to 10 g/kg of food in 65 broad
categories of foodstuffs by the provisions of Regula-
tion (EC) No. 1333/2008 and Commission Regulation
(EU) No. 1129/2011. In seasoning, condiments, and
salt substitutes, glutamates are authorised at quantum
satis (QS) [4]. However, from a practical viewpoint,
glutamates would only be used in savoury foods to
modulate the umami taste and so would be used in
only a small proportion of the foods for which they are
authorised [31].

In 2018, Tennant [31] has nicely evaluated potential
intakes from all glutamate sources and the relative con-
tribution from each source separately among the Euro-
pean population. The author observed that natural pro-
tein-bound glutamate was mainly provided by cow’s milk
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for children and meat and some cereal products for adults
[31]. Ripened cheese, preserved meats, potatoes, and to-
matoes contributed most to average intakes of dietary
natural free glutamate. Regarding free glutamate from
addition of E620-625, it was mainly provided by pastries,
cakes, and soups. Data are summarized in Table 1.

The author reported some uncertainties which could
lead to underestimated intakes of free glutamate from
natural sources and to overestimate exposure to the other
forms of glutamate (i.e., naturally protein-bound and ad-
ditive) (see Tennant [31] for more details). However,
Tennant’s [31] evaluations of free glutamate are close to
previous estimates in the EFSA Opinion [4] and that of
total glutamates are close to previous estimates in pub-
lished literature [32-36].

Results of this work show that average population in-
takes of additive free and natural free glutamate ranged
from 2 mg/kg bw/day (adults and elderly) to 37 mg/kg
bw/day (toddlers) and 5 mg/kg bw/day (elderly) to 37 mg/
kg bw/day (toddlers), respectively. Thus, the use of gluta-
mate as food additives results in free glutamate intakes
comparable to those from natural sources. On the other
hand, average population intakes of total dietary gluta-
mates ranged from 88 mg/kg bw/day (elderly) to 346 mg/
kg bw/day (toddlers). High-level intakes were 474 mg/kg
bw/day for toddlers. Thus, average additive glutamate
consumption represents between 6 and 12% of total glu-
tamate intake as already demonstrated by others [1, 37,
38] and up to 20% for high-level consumption, it contrib-
utes only a small proportion of total intake of glutamates
from all sources. It can also be noted that in East and
Southeast Asian countries, free glutamate intakes as ad-
ditive are 2-3 times higher when compared to those re-
ported in the USA and Europe [39, 40], without conse-
quences in terms of safety as detailed below.

Are Glutamate Pharmacokinetics Dependent on Its
Form (Free or Protein-Bound) and Concomitant Food
Intake?

After ingestion, proteins are digested releasing free
glutamate and di- and tri-peptides. All are taken up by
enterocytes, and peptides are further metabolized into
free glutamate into enterocytes. Hence, glutamates ap-
pear as free glutamate in portal circulation whatever its
form of ingestion. It is important to have in mind that, as
mentioned above, 90% of dietary glutamate is catabolized
into the splanchnic area [9-11] and a very low glutamate
amount appears in the systemic blood after a meal. This

136 Ann Nutr Metab 2022;78:133-146
DOI: 10.1159/000522482

has been well demonstrated by Tsai and Huang [41] who
studied circadian variations in plasma glutamate in 10
healthy men receiving ordinary Taiwanese meals. The de-
sign was as follows: the subjects ingested a standardized
diet comprising 3 meals and 2 snacks. The well-balanced
meals provided 40 kcal/kg/day, with 15% of the energy as
protein (1.5 g/kg/day, 50%/50% of animal/vegetable pro-
teins), 55% as carbohydrate, and 30% as fat. During the
test day, blood was sampled throughout the 24-h period
for AA analysis. Results showed that the plasma concen-
trations of large neutral AAs reached high peaks at about
9:00-11:00 p.m. This result was also observed by others
[42]. Such peaks were not found for plasma glutamate,
whereas circadian variations in plasma glutamate as a
function of the time of day were statistically significant,
with a moderate but significant postprandial plasma glu-
tamate increase after lunch and dinner [41]. Thus, the fact
that plasma glutamate did not exhibit the peaks reached
by other AAs supports the idea that the organism does all
it can to limit glutamate bioavailability in order to avoid
neurotoxic excess. Actually, glutamate required for pro-
tein synthesis is generated intracellularly from protein
degradation, transamination reactions and, in some cell
types, glutamine deamination.

Glutamate Pharmacokinetics following MSG Ingestion

Pharmacokinetic studies have been summarized re-
cently by Cynober [8]. Rutten et al. [43] administered 30
mg of glutamate/kg bw orally every 20 min for 220 min.
The plasma glutamate level peaked at 80 min (5 times the
basal value, 601 + 68 pmol/L) and remained steady de-
spite further administration every 20 min, assuming a sat-
urable mechanism for intestinal absorption and clearance
by the intestine.

Stegink et al. [44] provided a beef consommé (supply-
ing 10 kcal/240 mL reconstituted broth and 1 mg/kg bw
of glutamate), alone or with 25 or 50 mg MSG/kg bw to 9
healthy subjects. Plasma glutamate rose dose-dependent-
ly reaching a peak at 30 min but with no significant in-
crease (54 = 12 pmol/L) when consommé is given alone.
Plasma glutamate increase was 2.5-fold over baseline (102
+ 21 ymol/L) when 25 mg MSG/kg bw were added and
4.5-fold over baseline (170 + 80 pmol/L) when 50 mg
MSG/kg bw were added.

When 150 mg MSG/kg bw was administered alone and
in bolus to 6 or 8 healthy adult subjects in the post-ab-
sorptive state, plasma glutamate peaked up to 19 times the
basal value (594 + 465 pmol/L) at 45 min and returned to
basal levels at 180 min post-ingestion [45]. In the same
way, Fernstrom et al. [46] administered 160 mg of MSG/
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kg bw in 8 healthy adult subjects in the post-absorptive
state and observed that plasma glutamate peaked (11
times the basal value [530 umol/L]) at 60 min and re-
turned to basal levels at 180 min post-ingestion. This was
also confirmed by Graham et al. [22] some years later,
who administered 150 mg of MSG/kg bw orally to 9
healthy young adults and showed that plasma glutamate
peaked (8 times the basal value [437 umol/L]) either 30 or
45 min after ingestion and declined rapidly: at 90 min,
glutamate was no longer significantly elevated over the
basal level.

Thus, it can be concluded that when administered
alone, MSG leads to rapid increase in plasma glutamate,
with a maximum peak around 600-700 pumol/L 30-60
min after ingestion, and then to a rapid decrease reaching
basal value within 90-180 min. Itis important to note that
the conditions of these studies are very far from real-life
conditions as no person consumes only isolated MSG.

Impact of Carbohydrates on Glutamate

Pharmacokinetics following MSG Ingestion

When MSG (150 mg/kg bw) was given together with
carbohydrate (1.1 g/kg bw in the form of hydrolysed corn
starch), plasma glutamate peaked at 60 min and returned
to basal levels at 180 min post-ingestion, but its increase
was eight times less important than when MSG was in-
gested alone (71 *+ 36 pumol/L compared to 594 + 465
pmol/L [45]). The authors suggest that carbohydrate in-
creases the flux of pyruvate in enterocytes, facilitating the
transamination of glutamate into alanine. This explains
the release of alanine instead of glutamate in the portal
vein, and thus the lower increase of plasma glutamate af-
ter MSG plus carbohydrate ingestion. This was confirmed
3 years later by the same team who gave to 6 healthy adults
(mean weight 73.4 kg) a beef consommé (the same as in
a previous study [44]), 50 mg MSG/kg bw and sucrose (5
g/kg bw). Appearance of glutamate was strongly blunted
with sucrose (about 3 times less: 55 + 22 pmol/L com-
pared to 181 + 70 umol/L), and there was marked rise in
alanine (+50% vs. basal), which was not observed in the
absence of sucrose [47]. Again, it is important to note that
the conditions of this study are far from real-life condi-
tions as no person consumes only isolate MSG added with
only carbohydrates.

Glutamate Pharmacokinetics following Meals

In the Tsai and Huang [41] study presented above, the
moderate but significant postprandial plasma glutamate
increase after lunch and dinner reached about 47.6 + 14.2
umol/L (1.4-fold over baseline) with a maximum gluta-

Glutamate: A Safe Nutrient, Not Just a
Simple Additive

mate concentration about 60 min after lunch or dinner.
Amount of glutamate contained in these meals was not
specified. Stegink et al. [48] observed a plasma glutamate
increase of the same order of magnitude after ingestion
by healthy adults of a ready-to-feed liquid meal (Susta-
gen®, bringing 0.4 g of proteins/kg, 1.12 g of carbohy-
drates/kg, 0.06 g of fats/kg and 55 mg of protein-bound
glutamate/kg), as it reached 66.4 + 2 pmol of glutamate/L
(1.6-fold over baseline) with a maximum at 45 min. The
same team studied the impact of a meal bringing 169 mg
of protein-bound glutamate/kg bw: plasma glutamate
concentration increased significantly rising to 92.3 + 3
pmol/L (2.3-fold over baseline) at 120-150 min [49].

Compared to the meal used in the Tsai and Huang [41]
study, which reflected ordinary Taiwanese dietary pat-
tern, the one used by Stegink et al. [49], bringing 169 mg/
kg bw of protein-bound glutamate, was very unbalanced:
hamburger/bun/milk/ice cream, providing 11 kcal/kg,
with 37% of the energy as protein (1 g/kg), 22% as carbo-
hydrates, and 41% as fats. In conclusion, following an or-
dinary meal or an unbalanced one (37% of the energy as
proteins), plasma glutamate increase is between 1.5- and
2.3-fold over baseline (60-130 pmol/L), thus remaining
5-10 times lesser than after ingestion of the same amount
of glutamate alone under free form (MSG).

Impact of Meals on Glutamate Pharmacokinetics

following MSG Additive Ingestion

The ten healthy men of Tsai [41] study were submitted
to a second test day, 1 week after the first one. They were
asked to eat the same meal with MSG (100 mg/kg bw/day:
15, 40, and 45 mg/kg in breakfast, lunch, and dinner
meals, respectively). Plasma glutamate increased signifi-
cantly (1.4-fold over baseline, 53 + 21 umol/L) after each
meal of MSG addition on the circadian profile of plasma
glutamate levels.

Stegink et al. [49, 50] performed two studies to evalu-
ate the impact of MSG additive on glutamate pharmaco-
kinetics following meal ingestion (supplying 1 g of pro-
tein/kg bw [169 mg glutamate/kg] and 10.8 kcal/kg [pro-
tein 26.9%, fat 41%, carbohydrate 22%]) plus either 34
[49] or 150 mg/kg bw of MSG [50]. In the first one, total
glutamate given to 12 healthy adults reached 196 mg/kg
bw (i.e., supplied by MSG + protein). There was no dif-
ference in plasma glutamate following ingestion of the
meal alone and ingestion of the meal plus 34 mg/kg bw of
MSG (about 70 pmol/L), and the mean areas under the
plasma glutamate concentration time curve did not differ
significantly [49]. The authors suggested that the quan-
tity of protein-bound glutamate administered in this first
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study was relatively large (169 mg/kg bw), and it was pos-
sible that the ingestion of this quantity of protein-bound
glutamate obscured changes in plasma glutamate con-
centration arising from the free AA. This is why, in the
second study, they added 150 mg/kg bw of MSG to the
meal supplying 169 mg of glutamate/kg bw, thus bringing
a total of 286 mg of glutamate/kg bw to 6 healthy adults
[50]. After the protein-rich meal alone, glutamate peaked
at 120-150 min with values around 2.3 times the basal
value (129 + 35 pmol/L). When glutamate was given with
the protein-rich meal, the peak came earlier (i.e., 45 min)
with values 4.1 times the basal (211 + 86 umol/L).

In conclusion, all these studies highlight that gluta-
mate pharmacokinetics depend on concomitant food in-
take (Table 2). Addition of MSG to a meal leads to earlier
and higher peak reach than when meal is consumed alone,
but the plasma glutamate peak is blunted compared to the
same MSG ingested alone. Nevertheless, per definition,
an additive is added to a food and is not eaten alone.
Therefore, only the latter studies, implying glutamate
presented naturally in food or added to a food, make
sense in the real life.

Safety Data

Neuronal Safety

As mentioned above, in the late 1960s, it was thought
that consumption of glutamate induces increased brain
glutamate levels, causing functional disruptions. Indeed,
a subcutaneous injection of 1,000 mg/kg bw of MSG into
newborn mice caused in 12-24 h neuronal destructions,
leading to disturbed hypothalamic and pituitary func-
tions [51]. When these animals grew to adulthood, they
were found to be of below normal body length and obese,
and had difficulty reproducing: the glutamate neurotox-
icity hypothesis was born. Now, 50 years later, there are
numerous data highlighting that ordinary human gluta-
mate consumption is safe, and these data are detailed be-
low.

Rodent studies failed to highlight dietary glutamate
neurotoxicity. In its recent review, Fernstrom [52] re-
minds us that the threshold plasma glutamate concentra-
tion associated with the emergence of neurotoxicity in
rodents in 3,580 pmol/L. Whereas, while injection or rap-
id intubation of huge doses (3,000-4,000 mg/kg bw) of
free glutamate, as MSG, can rapidly elevate plasma gluta-
mate concentrations to this threshold in rodents, when
such extreme doses (up to 30,000 mg/kg bw) are ingested
with freely available food or drinking water, plasma glu-

Loi/Cynober

202 IMdy £ uo 1senb Aq 4pd-z8¥2zS000/80920.LE/EE L/E/8L/3PA-BIonB/ WU/ W0 18B1e//:d)Yy WOl papeojumog



tamate levels do not rise sufficiently to this threshold to
cause neuronal lesions [53]. As examples, four works are
of interest [54-57].

Anantharaman [54] conducted a 3-generation repro-
ductive study in mice providing, in freely available drink-
ing water, up to 6,000 mg of glutamate/kg bw for males,
up to 7,200 mg of glutamate/kg bw for females and up to
25,000 mg of glutamate/kg bw for females during the
3-week lactation. Exposure started during pregnancy. Re-
sults showed no alteration of growth, mortality, or repro-
duction in any generation, and no effect on neuronal as-
pects compared with controls [54].

Frieder and Grimm [55, 56] exposed Wistar rats to
MSG in their freely available drinking water during the
last 2 weeks of gestation so that 10,000 mg of MSG/kg bw
were ingested. Results indicated that compared to control
rats, MSG rats presented a reduced birth weight, an in-
creased bw at 28 days of life, a reduced activity in open-
field and less rearing at 35 days of life, and they made
more errors in a maze at 60 days of life. Using a similar
protocol, the same authors highlighted that, compared to
control rats, only male MSG rats presented an increase in
hypothalamic and cortex choline uptake and choline
acetyltransferase activity, and a reduction in hypothalam-
ic and cortex norepinephrine uptake. The authors specu-
lated that these changes could be “described as an inabil-
ity to inhibit incorrect responses,” but they also recog-
nized a major limitation of this work, not having
reproduced in 1987 [56] the results of the behavioural
tests carried out in the first study in 1984 [55]. This failure
makes an association highly speculative between behav-
ioural changes observed in the first study [55] and neuro-
chemical changes observed in the second study [56]. Fur-
thermore, there are other limitations in these studies: no
information was given on how pups were chosen for the
tests or how data were analysed, and EFSA concluded that
there were no effects when corrected for multiple testing.

Vorhees et al. [57] evaluated the developmental neu-
rotoxicity of dietary exposure to free glutamate, as MSG,
on somatic growth, landmark development, reflex ontog-
eny, neurobehavioural function, brain cell counts, and
Golgi neuronal spine counts. They fed Sprague-Dawley
rats with diets containing 1.7-5.1% of MSG prior to con-
ception, throughout gestation and lactation, and to the
offspring until 90 days of age. Results showed that rats
ingested spontaneously from 1,300 to 8,200 mg of gluta-
mate/kg bw/day, according to the dosage and the period
of life, with a lower consumption during gestation and
higher during lactation. Among the 21 functional tests,
dietary MSG administration had no effect on 17 of them.

Glutamate: A Safe Nutrient, Not Just a
Simple Additive

Conversely, but only for the high dosage group (5.1% of
glutamate in the diet), dietary MSG administration pro-
duced delayed early swimming development, diminished
rearing frequency in the open field, altered active avoid-
ance acquisition and extinction, prolonged passive avoid-
ance retention and tended to decrease running wheel ac-
tivity. Authors concluded that the few behavioural devia-
tions induced by dietary MSG must be regarded as minor
from a safety standpoint since these effects appeared only
with higher dosages and disappeared at lower doses [57].

Human studies show that dietary glutamate is neuro-
safe at very high doses. In the late 1960s, several case re-
ports appeared in the scientific literature describing a
complex of symptoms which came to be known as Chi-
nese Restaurant Syndrome because they typically fol-
lowed ingestion of a Chinese meal. Investigations have
mainly focused on MSG as the causative agent in this syn-
drome, now called MSG symptom complex, character-
ized by headache, numbness/tingling, flushing, muscle
tightness, and generalized weakness. This was supported
by a study in which psychiatric patients received for 12
weeks daily doses of MSG up to 45,000 mg/day (about 600
mg/kg bw/day for a 70 kg person, in three divided doses
of 15,000 mg [i.e., about 200 mg/kg at each dosing] di-
luted in tomato juice) [58, 59]. Only minor side effects,
typically nausea, have occasionally been reported at such
high doses in these patients, without other physiological,
psychological, biochemical, or behavioural effects [58]. In
other studies where 5,000 mg of MSG was given included
in meals (about 70 mg/kg bw/day for a 70 kg person), this
MSG symptom complex has not been linked to the addi-
tion of MSG to food [60, 61]. Hence, there is no substan-
tive evidence to demonstrate that symptoms associated
with MSG symptom complex occur to any extent when
glutamate is consumed as part of the diet [62]. By the way,
glutamate has been administered in experiments, in most
cases to adults as a single, oral dose up to 160 mg/kg bw
[22, 46, 63], but also chronically, for up to 6 weeks at dai-
ly doses up to 150,000 mg/day (about 2,000 mg/kg bw/day
for a 70 kg person) without any deleterious effects: no
clinical pathological changes, the only biochemically de-
monstrable effect was a decrease in serum cholesterol and
associated beta lipoproteins [64].

However, as neuronal destructions have been ob-
served in extreme conditions in rodents, brain investiga-
tions were performed following glutamate ingestion.
Brain examination of included patients in clinical studies
being unthinkable, a reliable and indirect measure of hy-
pothalamus neuronal function through the measure of
pituitary hormone secretion were obtained. Indeed, if a
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high oral dose of MSG causes the release of pituitary hor-
mones, it would suggest that the plasma glutamate level
has reached a level sufficient to penetrate the arcuate nu-
cleus (a brain area of the hypothalamus, altered by high
glutamate injection in mice [51]) and stimulate arcuate
neurons that control pituitary hormone secretion. Fern-
strom et al. [46] conducted such an experiment and
showed that the plasma glutamate rise of 11 times the
basal value (530 umol/L) in 8 healthy adult subjects in the
post-absorptive state consecutive to an administration of
160 mg of MSG/kg bw was neither associated to an in-
crease in plasma prolactin levels nor in levels of other pi-
tuitary hormones. This indicates that even a plasma glu-
tamate rise of 11-fold over baseline is not sufficient to
cause neuronal lesions. Knowing that even after a pro-
tein-rich meal supplemented with 160 mg of free gluta-
mate/kg bw, plasma glutamate increases only 4.1 times
the basal values (211 + 86 pmol/L) [50] (see above), it can
be asserted that the extent to which plasma glutamate
concentrations must rise to alter the brain is never en-
countered in humans consuming glutamate in their daily
diet.

Cardiovascular Safety

Four recent epidemiological studies evaluated the ef-
fects of glutamate intake on cardiovascular parameters:
blood pressure, hypertension, stroke, and cardiovascular
mortality. The first one is a part of the important INTER-
MAP survey aimed to study diet-blood pressure relations
in 4,680 persons (men and women aged 40-59 years)
from 17 diverse population samples (diverse in geograph-
ic, socioeconomic, and ethnic composition) in four coun-
tries: China, Japan, USA, and UK [32, 65]. Since this sur-
vey previously highlighted an independent inverse rela-
tionship between dietary vegetable protein and the blood
pressure of individuals, authors assessed whether blood
pressure is associated with glutamate intake, an impor-
tant dietary AA, especially in vegetable proteins. Each
participant attended four times, visits 1 and 2 on consec-
utive days, visits 3 and 4 on consecutive days on average
3 weeks later. Each day, blood pressure was measured, all
foods, drinks, supplements consumed in the previous 24
h were recorded, as well as MSG intake for China and
USA participants (for Japan and UK participants MSG
use was negligible and was not quantitated). Measure-
ments of height, weight, and data on daily alcohol con-
sumption over the previous 7 days were obtained at two
visits and sodium, potassium, creatinine, and urea nitro-
gen were measured on 24-h urine collections. In addition,
questionnaire data were obtained on demographic, bio-
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medical, and other possible confounders. Multivariate re-
gression models were performed and controlled for age,
gender, and sample, for the simplest model, and con-
trolled for 16 non-nutrient (among which cardiovascular
disease diagnostic, physical activity, family history of high
blood pressure, cholesterol, urinary parameters...) and
nutrient possible confounders for the most complex. Re-
sults showed that, after such adjustment for dietary and
lifestyle factors, dietary glutamates (evaluated as a per
cent of total protein intake and ranging from 17.8% of
protein in Japan to 24.1% of protein in China, with an
average for all participants of 15.7 g/day of total glutamate
intake) was inversely related to blood pressure [32]: a
2-SD higher intake of glutamates (4.7% of total protein)
was associated with a 1.5 mm Hg lower systolic blood
pressure and 1.0 mm Hg lower diastolic blood pressure.

The purpose of the second clinical study was to exam-
ine whether the intake of glutamates was associated with
blood pressure levels (n = 3,086) and incident hyperten-
sion (n = 1,810) in the Rotterdam Study [34]. The Rotter-
dam Study evaluated the occurrence and progression of
chronic diseases and their risk factors in people aged
more than 55 years and included residents of a suburb of
Rotterdam. Blood pressure levels were calculated in quar-
tiles of AA intake as a percentage of total protein intake
with adjustment for age, sex, BMI, smoking, alcohol in-
take, education, and dietary factors. Then, the associa-
tions between specific AA intake and hypertension inci-
dence were studied by multivariate regression models.
The authors could not confirm the inverse association
highlighted in the INTERMAP Study between glutamate
intake (with an average for all participants of 17 g/day of
total glutamates intake) and blood pressure [32]. In addi-
tion, incidence of hypertension was not influenced by in-
gested glutamate. They explained this fail by the possible
excessive homogeneity of glutamate consumption in
their Rotterdam Study cohort. Indeed, the INTERMAP
Study included participants from four different countries
with larger variations in glutamate intake (one standard
deviation = 2.4% of protein) in comparison with the Rot-
terdam Study cohort (one standard deviation = 1.1% of
protein) [34].

In the third study, the authors were interested in the
association between glutamates (and glycine) intake and
the risk of mortality from stroke in the cohort of Takaya-
ma Study [35]. This study was held in Takayama City,
Gifu, Japan, when residents, aged more than 35 years,
provided information on their lifestyle and medical his-
tory. It is an ongoing prospective cohort study to investi-
gate associations between diet and other lifestyle factors
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with cancer and other chronic diseases. Authors excluded
subjects who reported having or having had cancer and
stroke or coronary heart disease on the baseline question-
naire. In total, 29,079 subjects (13,355 men and 15,724
women) were included in these analyses. Their diets were
assessed by a validated food frequency questionnaire at
baseline. Deaths from stroke (haemorrhage, ischemic and
undetermined type of stroke) were ascertained over 16
years. The association between glutamates intake (ex-
pressed as a percentage of total protein intake) and death
from stroke were studied by multivariate regression mod-
els with adjustment for age, total energy intake, non-di-
etary factors (marital status, level of education, height,
BMI, smoking status, physical activity, alcohol consump-
tion, histories of diabetes and hypertension, menopausal
status), and dietary factors (intake of total protein, satu-
rated fat, polyunsaturated fat, salt, and dietary fibre). Re-
sults showed that, in men, glutamates intake was not sig-
nificantly associated with risk of mortality from total
stroke after controlling for covariates whereas in women,
the highest quartile of glutamates intake was significantly
associated with a decreased risk of total stroke mortality
since the hazard ratio per 1% increase in glutamates in-
take was 0.84. In addition, there was no significant asso-
ciation between animal or vegetable protein and the risk
of mortality from total or any subtype of stroke in both
men and women. Nevertheless, these results must be con-
firmed in cohorts in which food consumption analysis is
performed periodically throughout the study, not just at
baseline in the Takayama study.

Lastly, Ma et al. [36] prospectively examined dietary
intakes of the most abundant AAs in the human body,
namely glutamine and its product, glutamate, and their
ratio. They studied their relation to total and cause spe-
cific mortality in 74,082 women registered nurses aged
30-55 years from 11 US states (from the Nurses’ Health
Study [1984-2012]) and in 42,303 male health profes-
sionals aged 40-75 years from all 50 US states (from the
Health Professionals Follow-up Study [1986-2012]). In-
dividuals with cancer or cardiovascular disease (coronary
heart disease, stroke, angina, and coronary artery bypass
grafting) at baseline or those who had incomplete or in-
consistent information for dietary data were excluded.
Participants were followed with the use of biennial vali-
dated questionnaires concerning medical history, life-
style, including validated semi-quantitative food fre-
quency questionnaires, and health practices. Deaths and
underlying cause of death were recorded, considering
deaths due to cardiovascular disease and those due to can-
cer. Participants were divided into quintiles according to

Glutamate: A Safe Nutrient, Not Just a
Simple Additive

their energy-adjusted intake of glutamine, glutamate, and
glutamine-to-glutamate ratio. Multivariate analysis was
performed with adjustment for potential confounders in-
cluding age, demographics, lifestyle, and dietary factors.
When considering only age as a covariate, pooled extreme
quintile was associated with higher risk of mortality (all
cause), but this association was no longer statistically sig-
nificant when other confounders were taken into ac-
count. By the way, multivariate analysis with adjustment
forage, demographics, lifestyle and dietary factors showed
that higher intake of glutamate (8 g/day of food glutamate
in the highest quintile for women and 9.6 g/day for men)
was associated with a trend to a higher risk of cardiovas-
cular mortality (pooled extreme quintile hazard ratio:
1.09; 95% CI: 1.00, 1.17; p = 0.03), but this trend was no
longer apparent when considering higher intake of gluta-
mine-to-glutamate ratio which was inversely related to
cardiovascular mortality (pooled extreme quintile hazard
ratio: 0.81; 95% CI: 0.75, 0.88; p < 0.001, respectively). In
addition, glutamate intake was not associated with cancer
mortality. Moreover, higher intake of glutamine and
higher glutamine-to-glutamate ratio were significantly
associated with lower risk of total mortality (pooled ex-
treme quintile hazard ratio: 0.85; 95% CI: 0.82, 0.89; p <
0.001 and 0.87; 95% CI: 0.84, 0.91; p < 0.001, respectively)
and lower risk of cancer mortality (pooled extreme quin-
tile hazard ratio: 0.89; 95% CI: 0.83, 0.95; p < 0.001 and
0.93;95% CI: 0.87,0.99; p < 0.001, respectively). Together
these results indicate that when considering confounders
including age, demographics, lifestyle, and dietary factors
and considering that glutamate is ingested during a meal,
as usual, i.e., in the presence of glutamine, higher gluta-
mine-to-glutamate ratio were significantly associated
with lower risk of mortality (all causes), cardiovascular
mortality and cancer mortality.

Nutritional Safety

A first epidemiological study was published in 2008 by
Heetal. [66] who examined the association between MSG
intake (i.e., just the additive intake, not total glutamates
consumption) and overweight (23 < BMI <25 kg/m?) in
752 healthy Chinese from rural area, participants of the
INTERMAP cohort [65]. MSG non-users (17.6%) served
as reference group; MSG users were divided into tertiles
according to MSG intake. Odds ratios of overweight were
calculated by comparing each MSG intake group to non-
users. With adjustments for potential confounders in-
cluding physical activity and total energy intake, MSG in-
take (median of 0.08, 0.28 and 0.70 g/day for tertiles T1,
T2, and T3, respectively) was positively related to body
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mass index (extreme tertile odds ratio: 2.75; 95% CI: 1.28,
5.05; p = 0.04). But this study has one major limitation:
total fat intake, also expressed as a per cent of energy in-
take, increased (non-users: 17.2%, T1: 18.8%, T2: 20.4%
and T3:22.4%, p < 0.01), together with energy (non-users:
1,965 kcal, T1: 1,951 kcal, T2: 2,031 and T3: 2,216 kcal, p
< 0.01). Thus, it is not excluded that there is an interpre-
tation bias in the study of He et al. [66] as suggested by
Shi et al. [33]. It would be of interest to repeat the analysis
with adjustment for fat intakes.

The same author analysed data collected from a rep-
resentative sample of the Chinese population: the China
Health and Nutrition Survey [67]. He et al. [67] study
included 10,095 adults divided into quintiles according
to their MSG consumption and followed on average for
5 years. A relation between MSG consumption and BMI
increase was highlighted by the multivariate analysis ad-
justed for age, sex, urban residence, and region (south or
north area), smoking status, alcohol consumption, edu-
cation, physical activity, and dietary intakes of total en-
ergy, sodium, potassium, and calcium. Interestingly, au-
thors suggested an association between MSG consump-
tion and serum leptin concentrations. Nevertheless, only
participants in the highest quintile, with a MSG mean
consumption of4.19 g/day (which is almost double of the
highest adult consumption in the Tennant review [Ta-
ble 1]), presented an increased hazard ratios of over-
weight (hazard ratio: Q1: 1.00, Q2: 1.00 [95% CI: 0.75,
1.32]; Q3: 0.83 [95% CI: 0.63, 1.10]; Q4: 0.96 [95% CI:
0.73,1.27];Q5:1.33 [95% CI:1.01, 1.75]; p < 0.01). Again,
one major limitation of this study is the fact that fat con-
sumptions increased according quintiles and this con-
founding factor has not been taken into account. In ad-
dition, and as written by He himself, their “ability to ex-
amine the relation of MSG intake with obesity was
limited by the relatively small number of participants
with BMI > 30.”

Results of these two previous He et al. [66, 67] studies
are supported by a small Thai one aimed to determine
whether MSG is associated with the metabolic syndrome
[68]. For this purpose, data were collected from 349 adults
living in a rural area of Thailand, who were provided with
250 g of MSG in a plastic box to be used as the sole source
of MSG for food preparation for 10 days. Participants
were divided into tertiles according to their MSG con-
sumption (median MSG intake in grams per day [inter-
quartile range]: T1:1.9 [1.5-2.3]; T2: 3.6 [3.2-4.2]; T3: 6.0
[5.2-7.4]). There were no differences of energy, fat, car-
bohydrate or protein intake among tertiles. Results
showed an increasing prevalence of overweight (p =
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0.021) and metabolic syndrome (p = 0.014) across the dif-
ferent tertiles and binary logistic regression analysis ad-
justing for sex, age, family history of diabetes mellitus,
smoking status, physical activity levels, and total energy
intake highlighted an independent association between
MSG consumption and increased risk of overweight
(odds ratio [95% CI]: 1.16 [1.04-1.29], p = 0.007) and
metabolic syndrome (1.14 [1.12-1.28], p = 0.007) [68]. It
is of interest to note that in this study, MSG consumption
in T2 and T3 is much higher than the highest adult con-
sumption in the Tennant review (Table 1).

On the other hand, Thu Hien et al. [69] failed to
highlight an association between MSG consumption
and overweight. They evaluated dietary intake by the 24
h recall method for 3 days of 1,528 adults living either
in urban or in rural area in north, central, or south Viet-
nam and usually taking their meals at home. They also
collected data on age, sex, region of residence and eth-
nic background, education, occupation, physical activi-
ties, lifestyle factors, and medical history. The preva-
lence of overweight was 27.9%, and 81.0% of partici-
pants were MSG users. Average MSG intake was 2.2
(+1.8) g/day. Multiple logistic regression analysis ad-
justed for educational levels and smoking status re-
vealed that factors associated with overweight, defined
as BMI >23 kg/mz, were age, region of residence, life-
long occupation, physical activity and intakes of energy,
carbohydrates, saturated fat and animal protein. There
was no significant association between MSG intake, ac-
cording to quartiles, and overweight (odds ratio [95%
CI]: non-users: 1.00; QI1: 1.15 [0.80-1.65]; Q2: 0.87
[0.56-1.35]; Q3: 0.69 [0.47-1.00]; Q4: 0.88 [0.63-1.22];
p>0.05) [69].

From these four previous studies, it can be concluded
that a relation exists between MSG consumption and
BMI. But to increase risk of overweight or metabolic syn-
drome, MSG consumption should be higher than 3.8 g/
day [33, 67, 68], representing 54 mg/kg bw/day, which is
much higher than the highest adult consumption in the
Tennant review (Table 1). In other words, the main ques-
tion should be: does MSG consumption lead to obesity or
to clinically significant weight gain?

Answering the question was the aim of the study of Shi
et al. [33]. For that purpose, 1,227 persons were included
(a subsample of the Jiangsu Nutrition cohort), neither
with diabetes, stroke, or cancer at baseline nor extreme
weight change (i.e., >20 kg) over the previous 5 years. Par-
ticipants were divided into quartiles according to MSG
intake and into three groups according to weight change:
weight loss (loss >5%), weight maintenance (change
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<5%), and weight gain (gain >5%). Multilevel mixed-ef-
fects linear regression was used to determine the associa-
tion between MSG intake and weight change adjusted for
age, education, occupation, active commuting, leisure
time physical activity, smoking, alcohol drinking, eating
out, and energy intake. Another confounder factor used
was food pattern as four patterns were identified: high
intake of animal foods and alcohol/traditional (loaded
heavily on rice and fresh vegetables, and inversely on
wheat starch)/high consumption of cake, milk, yoghurt,
and drinks/vegetable-rich (whole grains, fruits, root veg-
etables, fresh and pickled vegetables, milk, eggs, and fish).
These four patterns explained 28.5% of the variance in
intake. In quartiles, MSG intake ranged from 2.5 to 9
times greater than the MSG intake of non-MSG consum-
ers and no significant difference in energy and protein
intake was found across MSG intake quartiles. Across
quartiles of MSG intake, there was a significant decrease
in the prevalence of obesity (p = 0.016) but after adjusting
for age, sex, lifestyle, energy intake and food patterns,
MSG intake was not associated with a higher prevalence
of obesity. In the same way, after adjusting for lifestyle,
demographic factors, energy intake, sex and total gluta-
mate intake, a linear inverse trend between MSG intake
and 5% weight gain was observed (extreme quartile odds
ratio: 0.47; 95% CI: 0.27, 0.84; p = 0.028). However, this
association disappeared with addition of adjustment for
either rice intake (extreme quartile odds ratio: 0.93, 95%
CI: 0.54, 1.60; p = 0.90) or food patterns (extreme quartile
odds ratio: 0.94, 95% CI: 0.54, 1.63; p = 0.85). Thus, au-
thors concluded that MSG intake is not associated with
prevalence of obesity or with a clinically significant weight
gain over 5 years and suggested that further research is
warranted in individuals who have a poor protein and
energy status.

In conclusion, the extent to which plasma glutamate
concentration must rise to alter the brain is never en-
countered in humans consuming glutamate in their daily
diets, whatever its origin (naturally in diet or additive), as
glutamate is highly metabolized in the splanchnic area.
Included in diet, glutamate does not present any adverse
effects in man. Some studies demonstrated a trend to an
inverse relationship between glutamates intake and blood
pressure, risk of mortality and stroke mortality, and usu-
al MSG consumption seems not to be associated with
clinically significant weight gain. All these results have to
be confirmed by larger prospective cohort studies or me-
ta-analysis. In other words, glutamate consumption in
ordinary diet is safe.

Glutamate: A Safe Nutrient, Not Just a
Simple Additive

Conclusion

The EFSA considered the Vorhees et al. [57] study to
establish a no-observed-adverse effect level (NOAEL) of
3,200 mg of glutamate/kg bw/day. Applying a default un-
certainty factor of 100 (consisting of 2 times a factor 10 to
account for each interspecies variation and inter-individ-
ual variation) to this NOAEL of 3,200 mg/kg bw/day, the
EFSA defined an ADI of 30 mg of free additive glutamate/
kg bw/day [4]. However, Vorhees himself disagrees with
this ADI value and to claim objectively his disagreement,
in 2018, he re-evaluated his own work [70]. In particular,
he contextualized the study: in 1979, there were no guide-
lines on how developmental neurotoxicity experiments
should be done and today, most tests are no longer used
because of lack of sensitivity or prediction of long-term
neurotoxicity. Therefore, he questioned the reliability of
his previous study, arguing also that this study has never
been used by regulatory authorities worldwide for the
safety assessment of glutamate despite it being available
for nearly 40 years. He concluded, as he and the US Food
and Drug Administration did in 1979, that there is no
evidence in these data that dietary glutamate is develop-
mentally neurotoxic and that the study provides no basis
for the establishment of a NOAEL and changing the ADI
for dietary glutamate [70]. In addition, such an ADI of 30
mg of free additive glutamate/kg bw/day is at a level below
the normal dietary free glutamate intake for toddlers and
children (even in breastfed infants), as mentioned above
in Table 1. On the basis of glutamate literature, and par-
ticularly on toxicokinetic data, Roberts et al. [62] pro-
posed to reduce the uncertainty factor for interspecies
differences between rat and man from 10 to 2.5 given that
the toxicokinetics of glutamate, when given as a bolus
dose or administered as part of the diet, is similar in both
species. In addition, instead of defining a NOAEL from
the Vorhees study [57], they suggested to define it from
the 3-generation reproductive study in mice of Ananth-
araman [54]. In this study, it was highlighted that 6,000
mg of glutamate/kg bw/day failed to impact growth, mor-
tality, reproductive, or brain histopathology. Thus, use of
an uncertainty factor of 25 and a NOAEL of 6,000 mg of
glutamate/kg bw/day lead to an ADI of at least 240 mg/kg
bw/day [62]. But four points should be considered. First-
ly, there is a lack of deleterious effects of bolus or chronic
high dose (up to 150 g) of glutamate [60-62, 64]. Second-
ly, intake of dietary glutamates could be far below 240 mg/
kg bw/day particularly in toddlers and children [31].
Thirdly, glutamate taste (umami) is self-limiting [18].
And fourthly, a practical limit on glutamate use in final
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foods already exists (10 g/kg of food) in the EU. Thus, it
can be concluded that there is no compelling evidence to
indicate that the previous ADI of “not specified” warrants
any change, especially since glutamate is a nutrient and
not just an additive. In the same way, regulatory authori-
ties worldwide came to the conclusion that glutamate
poses no safety concerns at levels of current dietary con-
sumption [62].

The 2021 EFSA Statement suggests to establish toler-
able upper intake levels (ULs) for nutrients [6]. These ULs
are expressed as milligrams or micrograms of a given nu-
trient per day for defined population groups (e.g., infants,
children, adolescents, adults, pregnant women, lactating
women). They represent the maximum level of total
chronic daily intake of a nutrient (from all sources) judged
to be unlikely to pose a risk of adverse health effects to
humans. To establish such ULs, experts should refer to
data on glutamate intake in food and drinks by infants,
toddlers, children, adolescents, adults, and elderly pub-
lished by Tennant [31] and summarized in Table 1.
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