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Non-caloric sweeteners: specific characteristics

and safety assessment
Brian M. Cavagnari, M.D., PhD*

ABSTRACT

Non-caloric sweeteners are food additives
that can be added to food and beverages,
in substitution of sugar, thus allowing to
decrease energy content and free sugars intake.
However, many health care professionals have
questioned the safety of these additives for
human consumption. Therefore, it is crucial
that health care professionals become familiar
with the characteristics of each non-caloric
sweetener (chemical structure, absorption
profile, metabolism, and route of excretion)
and with the findings of the detailed safety
assessments done prior to their approval, so
that they can be a reliable source of scientific
information for their patients.

The purpose of this article is to provide a better
understanding of the safety assessment process
of non-caloricsweeteners prior to theirapproval,
which includes determining the non-observed
adverse effect level and the acceptable daily
intake.
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INTRODUCTION

A high intake of free sugars is
associated with overweight and
obesity. In this setting, and for
the purpose of preventing non-
communicable chronic diseases, the
World Health Organization (WHO)
recommends that free sugars intake
should be less than 10 % of the total
daily calorie intake. For an average
intake of 2000 kcal, it would account
for approximately 50 grams of sugar
per day (18 kilograms of sugar per
person per year).!

However, according to the Food
and Agriculture Organization
of the United Nations (FAQO) and
the Organization for Economic Co-
operation and Development (OECD),
people consume an average of

24 kilograms of sugar per person per
year.”

It is highly difficult to fulfill the
population’s preferences for sweetness
and comply with the WHO'’s health
recommendations in relation to free
sugars. A tool that has been made
available to reach this goal is the use
of non-caloric sweeteners (NCSs).

NCSs are food additives that can
be added to food and beverages, in
substitution of sugar, to decrease the
energy content while maintaining
palatability and sweetness.**

Although all NCSs share the ability
to induce perceptions of sweetness,
they have very different chemical
structures (Table 1), absorption profiles
(Table 2), metabolism (Tables 3 and 4),
and routes of excretion. Therefore, it is
incorrect to extrapolate the biological
effects observed for a specific NCS to
all NCSs in general.

The NCSs included in this review
are some of those known as intensive
sweeteners because they are many
times sweeter than sucrose (Table 1),
so very small amounts are required
in food or beverages.* Therefore, the
amount of NCSs and their absorbed,
metabolized or excreted metabolites
will also be very low compared to
bulk sweeteners, such as sugar.

It is worth noting that, before
the regulatory approval of a NCS,
extensive studies are conducted to
understand the biological fate of each
of these NCSs in the body. However,
and although there is a large body of
evidence on NCS safety, as well as
assessments made by government
agencies and international authorities
in relation to food safety, both health
care professionals and the general
population have questioned the safety
of NCSs for human consumption.”

Therefore, it is crucial that health
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care professionals become familiar with the
metabolism of NCSs and the findings of the
detailed safety assessments conducted prior
to their approval, so that they can be a reliable
source of scientific information for their patients.

The objective of this review is to provide a
better understanding of the safety assessment
process of the most commonly used NCSs
(acesulfame-K, aspartame, saccharin, sucralose,
and steviol glycosides) before their approval,
including the determination of the non-observed
adverse effect level (NOAEL) and the acceptable
daily intake (ADI). Studies related to the post-

marketing effects will not be considered here and
will be the subject of another publication.

Estimation of the non-observed adverse effect
level

The regulatory approval of NCSs at an
international level is based on the scientific
recommendation of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA).

All NCSs used at present have been subjected
to very detailed safety assessments prior to their
approval.”!*?® These safety tests are done in
animals because, for ethical reasons, they cannot

TaBLE 1. Chemical structure and relative sweetness of various non-caloric sweeteners

Non-caloric sweetener Type of compound Relative sweetness”
Saccharin Benzoic acid sulfamide.® 300
Acesulfame-K Potassium salt of 6-methyl-1,2,3-oxathiazine-4(3H)-one-2,2-dioxide.® 200

Sucralose

Chlorinated disaccharide

(1,6-dichloro-l,6-dideoxy-ﬁ-D-fructofuranosyl-4—chloro-4-deoxy-a-D-galactopyranoside).7 600

Steviol glycosides (stevia)

Aspartame

Glycosylated diterpenes. Several steviol glycosides
have been isolated in S. rebaudiana leaves

(stevioside and rebaudiosides A, D, B, and M, among others).
All steviol glycosides contain a common chemical core: steviol.®

200-300

Methyl ester of a dipeptide made up of L-aspartic acid and L-phenylalanine.’ 200

* Relative sweetness: compared to sucrose (value = 1).

TABLE 2. Absorption profile of various non-caloric sweeteners

Non-caloric sweetener

Absorption

Saccharin

Acesulfame-K

Sucralose

Steviol glycosides (stevia)

Aspartame

It is extensively absorbed as the intact molecule.?

It is extensively absorbed as the intact molecule.®

Most of it (85 %) is not absorbed, 15 % is absorbed as the intact molecule.”

Only the steviol metabolite from the different steviol glycosides is absorbed.!1213

Aspartame is not absorbed as such but it is completely broken down into phenylalanine,
aspartate, and methanol, which are ultimately absorbed.*!*!>

TABLE 3. Metabolism of various non-caloric sweeteners

Non-caloric sweetener
Saccharin
Acesulfame-K
Sucralose

Steviol glycosides (stevia)

Aspartame

Metabolism

It is not metabolized.!*1
It is not metabolized.*'”
It is not metabolized.”

Steviol glycosides are not metabolized by human enzymes but only by the gut
microbiota bacteria.

The only resulting metabolite, steviol, is absorbed and conjugated in the liver to
facilitate excretion.""

Aspartame is broken down into methanol, phenylalanine, and aspartate,
which are metabolized in the same way as when they come from the breakdown of fruits,
vegetables, and high-protein foods.*141°

NOTE: In all cases, elimination is rapid, and no NCS or metabolite bioaccumulation is observed in the body.”



be conducted in humans. In these tests, increasing
concentrations of the NCS are used under study
so as to detect the potential adverse effects caused
by the different additive doses.

The highest doses are used to ensure the
identification of potential adverse effects. The
lowest levels are used to identify the maximum
daily dose at which no adverse effects occur,
known as the “NOAEL.”

Therefore, the NOAEL is the amount of
additive —consumed in daily doses in long-term
studies—, which shows no adverse effects in
animals.’

Estimation of the acceptable daily intake

The ADI is calculated by applying a safety
factor of 100 to the NOAEL; such factor is
established by regulatory agencies to account
for differences among species (studies are done
in animals, not in humans) and to ensure the
protection of the most susceptible members of
the population, i.e. children, pregnant women,
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and elderly subjects. This means that the ADI is
estimated by dividing the NOAEL by 100.

This level, which is 100 times lower than the
NOAEL, ensures a wide safety margin for NCS
consumption because the maximum additive
intake approved will be 100 times lower than
that which did not cause adverse effects in prior
assessments.

For example, if the amount of an NCS that has
demonstrated no adverse effects in animal studies
for daily consumption during most of an animal’s
lifespan is 4000 mg per kilogram of body weight
per day, the NOAEL will be 4000 mg/kg/day.
By applying a safety factor of 100, the ADI will
be 40 mg/kg/day.

Ultimately, to establish the ADI, the amount
that showed no adverse effects is reduced
100 times. This safety factor is much higher
than that existing for most nutrients and natural
food components. Therefore, the ADI is a daily
intake level that is considered safe for everyone,
including those with the highest potential

TABLE 4. Metabolism of the different aspartame breakdown products

Aspartame breakdown products Metabolism

Methanol

It enters portal circulation and is metabolized to formaldehyde by

alcohol-dehydrogenase. This is oxidized to formic acid by formaldehyde-
dehydrogenase. Formic acid is excreted in urine or metabolized to carbon dioxide
and leaves the body through breathing.’

Aspartate

It turns into oxaloacetate by transamination. Then it reaches portal circulation and

becomes part of the reservoir of free amino acids. Oxaloacetate and aspartate are
interconverted and may participate in the urea cycle and gluconeogenesis.

Aspartate may also be used to produce other essential amino acids, such as methionine,
threonine, isoleucine, and lysine. Finally, excess aspartate is excreted in urine.'®

Phenylalanine

It enters the liver through portal circulation, where it may be partially turned into

tyrosine by phenylalanine hydrolase.' Phenylalanine reaching systemic circulation may
be distributed throughout the body, including the brain, where it is necessary for
normal growth and development.9 It may also turn into tyrosine and, finally,

into dopamine, norepinephrine, and epinephrine.

Excess phenylalanine intake is excreted in urine.

TABLE 5. Acceptable daily intake of various non-caloric sweeteners (JECFA)

Non-caloric sweeteners

Acceptable daily intake
(mg/kg of body weight/day)

Acesulfame-K
Aspartame

Saccharin

Sucralose

Steviol glycosides (stevia)

15
40
5
15
4*

JECFA: Joint FAO/WHO Expert Committee on Food Additives.

* Since all steviol glycosides are metabolized to a common final metabolic product (steviol), the JECFA established an ADI
“for all steviol glycosides” based on the amount of steviol produced by each steviol glycoside after hydrolysis, called “steviol
equivalents.” The ADI was set at 4 mg of steviol equivalents per kilogram of body weight per day.? For example, this would be

equivalent to an ADI of 12 mg/kg/day for rebaudioside A.
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exposure to a food additive.”

The ADI is the most important tool to warrant
an appropriate and safe use of NCSs. The ADI for
each NCS is shown in Table 5.

Using the ADI to assess the safety and toxicity
of food additives has been accepted by regulatory
authorities worldwide.”

Since the ADI is estimated considering
consumption during a lifetime, it provides
a sufficiently ample safety margin to avoid
becoming alarmed if an individual’s short-term
intake exceeds the ADI levels, as long as the
average, long-term intake does not.??%

Usual exposure to non-caloric sweeteners

Before approving a NCS, potential exposure
in people with a higher intake is estimated
considering the data from food intake surveys
and the levels proposed for such NCS in different
types of food and beverages.

This way, the maximum use levels for different
food categories are established so as to ensure
that individuals with higher intake levels do not
exceed the ADI. The usual population NCS intake
is below the ADL”

Characteristics of various non-caloric
sweeteners
Acesulfame potassium (acesulfame-K)

Acesulfame-K is a widely used NCS, in
general, combined with other NCSs. At present,
it is authorized in over 90 countries.

The stability of acesulfame-K in food,
especially its resistance to thermal degradation,
makes it a very attractive option for its use in food
and beverages.®*

Acesulfame-K is a hydrophilic compound that,
once ingested, is rapidly and almost completely
absorbed into the systemic circulation.®'” Once
absorbed, it is distributed to all body tissues
through blood.

Studies in humans have demonstrated that
acesulfame-K is not metabolized before renal
excretion, within 24 hours after intake.®?

Aspartame

Aspartame is a widely used NCS worldwide
as tabletop sweetener and in a broad variety of
food and beverages.

Its calorie content per gram is similar to that
of sucrose (4 calories per gram), but since using a
very small amount achieves the level of sweetness
required, products containing it practically
provide no calorie intake.

Aspartame has been approved by the JECFA,
the Food and Drug Administration (FDA), and
other prestigious regulatory agencies in over
110 countries.'®?®

After consumption, aspartame is broken down
by enzymatic action (esterases and peptidases)
into its three main components: methanol (10%
by aspartame weight), aspartic acid (40 %), and
phenylalanine (50 %). Nothing of the intact
aspartame reaches circulation.”!*!> Only the three
breakdown products reach the bloodstream and
are found in the same form as when absorbed
from food sources, such as fruits, vegetables, and
proteins, e.g., meat, fish, eggs or legumes.’

In the body, the three breakdown products
take the usual metabolic routes: they are absorbed
into the tissues or excreted (Table 4).

Saccharin

In humans, absorbed saccharin binds
reversibly to plasma proteins and is distributed
to body organs through blood. Between 85% and
95% of absorbed saccharin is excreted in urine.
The rest is excreted in feces.!®6

Sucralose

Sucralose is obtained by the selective
halogenation of sucrose: it is produced from
sucrose by replacement of the three hydroxyl
groups at positions 4, 1’ and 6’ by chlorine,
thus obtaining 4,1’,6’-trichlorogalactosucrose.
Such change results in a modification of the
molecule structure, so that the glycosidic enzymes
that hydrolyze sucrose are unable to separate
sucralose. Therefore, sucralose is not broken
down into monosaccharides or metabolized by
the body to obtain energy; it does not provide
calories or affect blood glucose levels.”

Sucralose is poorly absorbed, its metabolism is
little and is mostly excreted unchanged in feces.”

It is stable at high temperatures, so it is
considered the ideal sweetener for beverages and
other types of food, including those subjected to
heat treatment, such as baked products.

Steviol glycosides (stevia)

Stevia leaf extract is a NCS that comes from the
Stevia rebaudiana (Bertoni) plant, which contains
sweet taste compounds called “steviol glycosides”
(stevio side and rebaudiosides A, D, B, M, etc.).?3°

The enzymes and acids present in the upper
gastrointestinal tract do not hydrolyze steviol
glycosides; however, they are all metabolized
to a common final product, steviol, by gut



bacteria.!'-1331-3
Instead, steviol is resistant to bacterial
breakdown'? and is absorbed, glucuronized in the
liver, and transported through the bile back into
the intestinal tract, where it is finally excreted.”
In humans, the main metabolite is steviol
glucuronide, which is mostly excreted in urine.®>*

Metabolic aspects of non-caloric sweeteners
in relation to pregnancy and breastfeeding
Acesulfame-K

This NCS can be transported through the
placenta and detected in low levels in fetal
tissues.® Placental levels are higher than fetal
ones so the placenta acts as a protective barrier.
Maternal exposure to acesulfame-K does not pose
a risk for the fetus.”

Low levels of acesulfame-K have been
reported in human breast milk, although the
level detected is several orders of magnitude
below the ADIL*

Aspartame

Due to the rapid breakdown of aspartame in
the gastrointestinal lumen and in the intestinal
mucosa cells before reaching the bloodstream,
the intact aspartame molecule is never present in
body tissues or breast milk.”'®

There are no epidemiological or experimental
data indicating that aspartame crosses the
placental barrier or that maternal intake causes
adverse events on the mother or the fetus.”%
Actually, an intake above the ADI (up to 200 mg/
kg) has not been associated with risks for fetal
health >

Aspartame is not found in the milk of
breastfeeding women who consumed this NCS.%

Sucralose
There is no evidence that sucralose is
transported through the placenta.’

Saccharin

Studies conducted in rodents have
demonstrated that saccharin may cross
the placenta and that, due to the slow fetal
metabolism, it remains in fetal tissues longer than
in those of adults.?3

Saccharin may also be transported through
the placenta and detected in human fetal tissues.

Based on the available evidence in animals
and the lack of contradictory studies in
humans, saccharin is not recommended during
preconception and periconception.*”*
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Cyclamate

Cyclamate crosses the placental barrier and is
found in the amniotic fluid, which indicates that
is reaches fetal tissues.”

Cyclamate is not recommended during
pregnancy.’

To conclude, it may be stated that saccharin
and cyclamate are not recommended
during pregnancy. Other NCSs (aspartame,
acesulfame-K, and sucralose) have not
demonstrated to be unsafe during pregnancy
when intake is below the ADL¥%*

Aspartame and phenylketonuria

The administration of 34 mg/kg of aspartame
(99t percentile of the intake) to patients with
moderate phenylketonuria increased plasma
phenylalanine to 16 mmol/dL compared to
11 mmol/dL in healthy adults.*4

The administration of lower doses (10 mg/
kg) —which better reflect actual consumption—
increases phenylalanine plasma levels in healthy
subjects to 6 mmol/dL (from 4.5 mmol/dL at
baseline), whereas the level in heterozygous
subjects for phenylketonuria reaches 8 mmol/dL
(from 6.9 mmol/dL at baseline).?

The European Food Safety Agency (EFSA) has
concluded that, in patients with phenylketonuria,
the ADI for aspartame is not applicable
because they require to strictly adhere to a
low phenylalanine diet from all food sources,
including aspartame.®

For this reason, aspartame-containing food
labels should warn “Phenylketonurics - contains
phenylalanine” or include a similar statement.*

DISCUSSION AND CONCLUSIONS

Many health care professionals generally
refer to “NCSs” as if they were talking about
the same compound, with the same chemical
properties and metabolic targets. Although the
different NCSs provide a sweet taste to food and
beverages, it is very important to note that these
are all different molecules. For this reason, the
potential effects of a sweetener on health cannot
be extrapolated to the rest.

In spite of the extensive safety assessments
carried out prior to their approval and the full
understanding of the absorption, distribution,
metabolism, and excretion of the different NCSs,
their safety has become controversial. This led
many health care professionals to have doubts
about whether or not to allow the intake of
NCS-containing food and beverages, even when
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patients have diseases like obesity and diabetes.

Based on the toxicokinetic data of each NCS,
the safety margin established by the ADI (with
a safety factor that is 100 times lower than the
maximum daily dose without adverse effects) and
considering the low level of exposure to NCSs,
such concern regarding NCS safety seems to be
out of proportion. B
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