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Introduction 

Food additives have rarely been examined using neurochem- 
ical methodology for their effect on the nervous system. 
Often the blood-brain barrier was assumed to provide impen- 
etrable protection, and effects on the brain were undetectable 
from animal behavior or brain histopathology studies. How- 
ever, direct or indirect influences of  nutritional elements on 
processes in the central nervous system can be significant, 
although sometimes subtle, just as nutritional deficiencies 
can have significant effects. Aspartame is unusual in that 
its possible central nervous system effects have been studied 
extensively-all food additives should undergo such rigorous 
testing. The recent studies are reviewed here. 

Aspartame (l-aspartyl-l-phenylalanine methyl ester) is a 
sweetener that is now in wide and frequent use. It was 
discovered by chance over 25 years ago and was first used 
as a food additive 13 years ago. Numerous studies have 
been made on various aspects of this compound, and the 
extensive literature includes observations on its absorption, 
metabolism, taste, structural analogs, effects on nutrition, 
etc. Much of the literature was summarized and discussed 
in the book Aspartame, ~ published in 1984. Because of  the 
continuing interest and the large number of reports, addi- 
tional reviews of aspartame studies have been published, -~ " 
and a recent book discusses many aspects of the effects of 
phenylalanine (including aspartame-derived phenylalanine) 
on the nervous system2 Several reviewers have raised con- 
cerns in regard to potential or anecdotal interactions? " Al- 
though brain function is well protected from the influence 
of nutritional variations, as demonstrated by the tolerance 
of the brain to the diversity of the human diet, it has become 
increasingly evident that it is necessary to examine the effects 
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of food constituents or additives. In the case of aspartame, 
because it gives rise to aspartic acid, phenylalanine, and 
methanol, each of  which may have effects on the nervous 
system at high blood levels, several aspects need to be con- 
sidered. 

The present review incorporates recent studies of possible 
effects of aspartame on the brain into our presently known 
aspartame literature. 

Aspartame metabolism 

Aspartame or its metabolic products may have direct effects 
in the brain if they penetrate the brain and achieve the 
necessary level and distribution. Nutrition-induced changes 
of  levels of compounds in the circulation could also have 
indirect effects, such as influence on cerebral uptake (trans- 
port) of structurally related compounds. To examine such 
effects it is important to establish what products are formed 
from aspartame and what their concentration in the blood 
is over a period of time. To extrapolate the effects in humans 
from those found in animal studies, it is necessary to establish 
species differences in the formation and elimination of  such 
aspartame-derived products. 

It has been suggested that in addition to the aspartame- 
induced changes in the levels of the amino acids, another 
important factor is not so much the absolute level of  any 
amino acid but the concentration ratios of the amino acids 
to each other, especially the phenylalanine to tyrosine ratio.'2 
This suggestion was based on evidence that phenylalanine 
lowers catecholamine synthesis in the brain, whereas tyro- 
sine stimulates it. This consideration is pertinent to studies 
of phenylketonuria because in PKU tyrosine remains low 
and only phenylalanine is elevated, whereas in most animal 
models of this disease both amino acids are elevated. Be- 
cause phenylalanine hydroxylase activity is significantly 
higher in rodent liver than in human liver, more tyrosine 
is formed from aspartame-derived phenylalanine following 
aspartame consumption in rodents than is formed in humans 
after a comparable dose. It has been reported ~2 that only at 
60-fold higher doses of  aspartame do rodents show a plasma 
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phenylalanine/tyrosine ratio close to that in man. A more 
recent paperJ 3 in disagreement with the need for a 60-fold 
higher dose in rodents, disputes the measurements and sug- 
gests that an aspartame dose in rodents five times that in 
humans is closer to bioequivalence. A comparison of  ratios 
in rats and mice over a wide range of doses with actual 
ratios in humans suggests that phenylalanine/large neutral 
amino acids (Phe/LNAA) plasma ratios in rodents are equiv- 
alent at two to six times the human dosage of aspartame. H 
Because a greater portion of phenylalanine is converted to 
tyrosine in rodents than in primates, the Phe/LNAA ratio 
will be very different from one species to another. 

The assumption was that after a dose of aspartame, pri- 
marily phenylalanine and tyrosine levels are elevated in the 
brain, and that tyrosine protects against the phenylalanine 
effects. It seems reasonable to be more concerned about 
phenylalanine because, as will be discussed later, the uptake 
by the brain of aspartic acid is much slower than that of  
phenylalanine, and the metabolism of aspartate and methanol 
is much faster. Because of this difference in metabolism, in 
most cases, even at the highest doses of aspartame, only 
phenylalanine was found to be increased in the blood, and 
aspartic acid and methanol levels were usually not affected. 

The effect of phenylalanine is of particular concern be- 
cause phenylketonuria is characterized by high phenylala- 
nine levels, which are prevented by low phenylalanine in 
the diet. However, it has not been shown that phenylalanine 
to tyrosine ratios determine the toxic effects of phenylalanine 
in phenylketonuria, or that tyrosine provides therapeutic ben- 
efit in phenylketonuria or hyperphenylalaninemia. One ten- 
tative report suggested that supplementation of unrestricted 
diet with large amounts of  tyrosine improved performance 
in three of five young adult phenylketonuria patientsJ 5 but 
a recent report could not confirm these results. ~' 

In studies of the metabolism of aspartame, in each of  
several species (mouse, rat, rabbit, dog, monkey, human) 
aspartame was found to be completely hydrolyzed to the 
same products-aspartate, phenylalanine, and methanol? v 
Aspartame was found to undergo complete first-pass hydro- 
lysis in the gut with no intact aspartame found in blood. TM 

Intestinal esterases split off methanol, and dipeptidases fur- 
ther split the aspartyl phenylalanine to its constituent amino 
acids. Absorbed methanol and aspartic acid are metabolized 
to CO2 via the one-carbon metabolic pool and the tricarbox- 
ylic acid cycle, primarily in the liver. Phenylalanine metabo- 
lism is somewhat slower, partly giving rise to tyrosine? 7 A 
recent study tbund similar rapid aspartame metabolism in 
young pigs. '~ In humans, infants and children metabolize 
aspartame to a degree similar to that of adults? 9 2~ The 
metabolic sequence is that hydrolysis to methanol occurs 
first, followed by hydrolysis of the dipeptide before it enters 
the portal circulation. The simultaneous ingestion of sucrose 
with aspartame in normal adult subjects does not have a 
significant effect on the metabolism of the aspartame. 2-~ Diet 
(carbohydrate or protein) may influence the blood levels 
of aspartate, methanol, or phenylalanine, the products of 
aspartame metabolism, but it does not influence aspartame 
metabolism. In a large sample (108 male and female volun- 
teers), subjects received either placebo or aspartame three 
times a day for 24 weeks at 75 mg/kg per day, which had 
no effect on plasma amino acid levels tested after at least 

Aspartame and neural function: Lajtha, Reilly, and Dunlop 

12 hours of fasting. Nonfasting values were not measured. 
In this study, no effects were found in an additional battery of 
tests measuring cholesterol, hematology, clinical chemistry, 
methanol, lipids, formate, creatinine and Ca excretion, etc23 
The time course of change in phenylalanine levels in rodents 
following aspartame administration has been determined, t4 

As mentioned before, it is important to use doses, rates, 
and routes of  administration that are equivalent to those of 
human aspartame use under normal conditions. To find ef- 
fects of excessive ingestion and to establish safe levels, 
consumption of doses higher than usual must be examined, 
but the meaning of  results with unrealistically high doses is 
questionable. Almost any compound at a very large dose 
will produce effects (most of them adverse) if the level in 
the brain becomes very high, including most of the nutrients 
essential for brain function. Whether aspartame administra- 
tion was by solution or by capsule made only a small differ- 
ence in the metabolism£ 4 but capsule administration may 
be essential in blind testing to make it difficult to distinguish 
the placebo. Not only the amount but also the mode and 
timing of administration are important. Appearance of the 
products is faster with use of solutions, ~'~ but capsule admin- 
istration is also suitable. Capsule doses of  up to 20 mg/kg 
can be used for aspartame effect studies if the lower rate of 
absorption (lower peak concentration but identical area 
under the plasma concentration curve) of phenylalanine are 
taken into account. 24 At larger doses absorption may differ 
because of incomplete dissolution of the aspartame from 
the capsules. -'-~ Clearly, administration of a single dose that 
amounts to the daily intake does not represent usual con- 
sumption in a realistic manner. In our studies (to be discussed 
later), we chose to administer aspartame to rats in the drink- 
ing water 2'~ 2~ rather than as a single bolus. This extends the 
daily consumption over a longer period (primarily during 
the 8 to 12 hr when the animals are most active), thus 
producing plasma levels of  metabolites very different from 
those occurring after a single bolus administration. 

In aqueous solution, aspartame, like other dipeptides, is 
cyclized to some extent to a diketopiperazine product. The 
dipeptide formed from aspartame can also give rise to such 
a product, 29,3° which is metabolized further; plasma levels 
are below detectable levels even if the diketopiperazine is 
added to aspartame. 2~ The absorption of diketopiperazine is 
slow. 

These studies demonstrate that aspartame is very rapidly 
and completely broken down in the digestive tract, that its 
products, methanol and aspartic acid, are metabolized fur- 
ther, and that the major metabolite appearing in tissues is 
phenylalanine. The important questions are what dose of 
aspartame or which method of administration could result 
in increases in phenylalanine in plasma and brain greater 
than those that occur under physiological conditions, and 
what would the consequences of such increases be. 

Dietary and aspartame-induced amino acid changes 

Variability of  amino acid levels 

Although the levels of  amino acids in the cerebral free amino 
acid pool are similar in most species, many changes in the 
concentration and regional distribution occur in an amino 
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acid-specific manner under a variety of conditions. Such 
changes show some differences between species. Because 
the amino acid composition of the plasma depends greatly on 
the diet (protein-rich or protein-poor) and undergoes major 
postprandial changes, large fluctuations in plasma amino 
acid levels are a frequent occurrence. For example, normal 
ranges of  fasting and postprandial plasma concentrations in 
humans are, respectively, 3.2 _+ 1.5 and 8.3 _+ 3.3 txmol/ 
L for aspartate and 47.2 _+ 5.2 and 71.4 _+ 8.2 Ixmol/L for 
phenylalanine. ~ Thus, plasma and tissue levels vary daily 
depending on nutritional status. For reference, the respective 
average intake of aspartate and phenylalanine is approxi- 
mately 316 and 200 mg/kg body weight in children (4 years 
old) and 80 and 52 mg per kg body weight in adults. ~ 

Because amino acids within the brain are not homoge- 
neously distributed, they cannot be considered to be in a 
single pool functionally or metabolically. In a recent set of 
studies we reinvestigated the regional distribution of amino 
acids in the brain by assaying the levels in 53 different rat 
brain areas2 TM Large concentration differences were found 
for most amino acids, with the ratio of the level in the area 
with highest concentration to the level in the area of the 
lowest concentration varying from 6:1 to 15:1. For phenylal- 
anine this ratio was 9:1. There are numerous areas in which 
levels are severalfold higher than in others, 33 and a number 
in which phenylalanine is severalfold higher than its average 
concentration in brain. This would indicate that, at least in 
some areas, phenylalanine at levels severalfold higher than 
average does not induce pathological changes. We repeated 
these assays in about the same number of  human brain areas, 
and the distribution again showed severalfold differences in 
levels between the various areas? ~ The pattern of distribution 
is different for the different amino acids, with one area high 
in some amino acids and low in others. It is not known how 
nutritional elevation of total brain content influences such 
distribution, that is, which areas are increased more than 
others. Nor is it known how this heterogeneity influences 
amino acid metabolism, for example, in neurotransmitter 
formation from amino acid precursors that are at levels 
below or above average. It is also not known whether 
an increase in phenylalanine in plasma results in such a 
change in the brain in this amino acid, or in amino acids 
competing with it for transport into brain, that parallels 
the physiological distribution; that is, whether the increase 
occurs primarily in structures with high levels or is indepen- 
dent of endogenous levels, and whether decreased uptake of 
an amino acid that is competitively inhibited by increased 
phenylalanine results in regional changes that parallel 
regional distribution. 

There are several factors that influence cerebral amino 
acid levels. In our studies examining changes in brain that 
are due to aging from adult to old,  3~-34 in a number of areas 
changes of 10 to 50% were found. The changes were variable 
for each amino acid and area, and some showed increases, 
others decreases. 

Large changes in the composition of  the cerebral amino 
acid pool occur during development, with similar patterns 
in the various species but with some differences. The time 
and the rate of  change are different for the various amino 
acids, with the levels of some changing rapidly in fetal or 
perinatal development, and those of others changing gradu- 
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ally during growth. 36 The effect of these developmental 
changes in levels on metabolism, function, neurotransmitter 
production, etc. has not been established. 

What these findings show is that the cerebral amino acid 
pool is neither homogeneously distributed nor constant over 
development: there can be severalfold differences, regional 
or developmental, under physiological circumstances. 

Further studies have been made in considerable detail on 
the changes seen in pathological conditions such as ischemia, 
stroke, and seizures, or under drug-induced pharmacological 
conditions. While these effects are significant in quantitative 
and functional terms, this topic is outside the scope of the 
present review. It is clear that the brain can tolerate signifi- 
cant changes in amino acid level and distribution, and that 
very large differences in the concentration of any amino acid 
exist among the various structures. An interesting question is 
whether some structures are more sensitive than others to 
significant changes in the levels of some amino acids. 

Aspartame consumption 

In any meaningful study of aspartame safety in humans, it 
is necessary to know rates of human aspartame use under 
normal conditions. In an American study, aspartame con- 
sumption in all age groups at the 90th percentile level was 
reported to be between 1.6 and 2.3 mg/kg body weight per 
day. Higher values were reported in a Canadian study (among 
users only)-5 to 9 mg/kg per day. These two studies are 
not necessarily contradictory-the Canadian study reported 
consumption measured in a single day, while the American 
study reported the average daily consumption measured over 
a 14-day interval. Because consumption can change from 
day to day, the lower value represents averages over a longer 
interval. Intake of  aspartate and phenylalanine from aspar- 
tame among heavy users (i.e., 90th percentile) are approxi- 
mately 0.9 and 1.2 mg/kg per day, respectively? 7 Such 
consumption would amount to only a low percentage of 
the dietary daily intake of the amino acid components of 
aspartame. In individuals restricting sugar intake (diabetics 
or those on a reducing diet), intake was 8 to 11 mg/kg 
per day, ~7 well below the 40 to 50 mg/kg per day deemed 
acceptable by regulatory authorities, including the World 
Health Organization. The highest projected daily use of 
aspartame was estimated to be 22 to 34 mg/kg. 3~ Most studies 
indicate that human consumption is below 10 mg/kg per day 
at the 90th percentile level ? :  In a few individuals consuming 
excessive amounts the use could be higher, up to 20 to 30 
mg/kg per day. It is not likely that many persons exceed the 
50 mg/kg per day intake that the Food and Drug Administra- 
tion (USA) judges acceptable. The richest source of aspar- 
tame is likely to be diet soft drinks. A 12-oz bottle of soft 
drink could contain 180 mg of  aspartame, corresponding to 
about 3 mg/kg for an adult or 9 mg/kg for a 20-kg child. 
Administration of a single bolus dose that amounts to the 
daily intake or several times that does not represent usual 
consumption in a realistic manner. 

Aspartame effects on amino acid levels 

Aspartame administered by gavage to rats at a dose of 200 
mg/kg increased plasma and brain phenylalanine and tyro- 
sine almost 100%. Such a dose would be equivalent in 



sweetness to about 6 pounds of sugar for an adult man. 
Concurrent glucose administration, causing an insulin-medi- 
ated decrease in large neutral amino acids that compete 
with phenylalanine for transport from the circulation, further 
increased brain phenylalanine levels. 39 At these doses, brain 
tryptophan levels were occasionally decreased, but the levels 
of branched-chain amino acids in the brain were not af- 
fected. 4° After a single oral dose of aspartame to rats (250 or 
1,000 mg/kg), maximal plasma phenylalanine and tyrosine 
levels were reached in 1 hr, decreasing by half in 2 hr. 4' 
Brain levels changed similarly and returned to control levels 
after 4 hr. In another set of studies in which the diet of the 
rats contained 5% aspartame with and without sucrose or 
protein, increases in phenylalanine and tyrosine were noted 
in plasma and brain after administration for 2 hr, and much 
smaller changes after a longer time on the diet (3 weeks). 42 In 
similar experiments using commercial chow, no significant 
changes in plasma or brain amino acids were observed with 
aspartame. 43 The dependence of plasma phenylalanine levels 
on the dose and the method of administration of aspartame 
has been reviewed. '4,3~ 

Plasma amino acid levels after aspartame administration 
to human subjects were measured by Stegink and coworkers 
in a series of papers? 4 47 When aspartame was administered 
in a single dose of 34 mg/kg, fasting plasma phenylalanine 
levels increased about 100% in 1 hr, tyrosine levels about 
20%, returning to control in about 3 to 4 hr. Aspartate levels 
were not changed. 44 The experimental doses in these studies, 
such as 250 to 1000 mg/kg, even 34 mg/kg in a single 
dose, were higher than those of usual human consumption. 
Aspartame (34 mg/kg) in combination with monosodium 
glutamate did not increase plasma glutamate levels further. 4~ 
Repeated aspartame administration (three doses of 10 rag/ 
kg at 2-hr intervals) did not increase plasma aspartate levels 
but increased phenylalanine levels about 30%-returning to 
control levels each time between administrations-and re- 
sulted in increased Phe/LNAA ratios. These ratios were 
decreased when a protein meal was consumed with the aspar- 
tame. 46 When aspartame was administered at eight l-hour 
intervals (in a dose equivalent to 9 liters of diet drink), 
plasma phenylalanine reached steady-state levels after four 
doses and did not exceed usual postprandial levels; aspar- 
tate levels were not increased. "v When doses of aspartame 
mimicking usual consumption were given to fasted normal 
human volunteers (0.8 and 8 mg/kg alone or with carbohy- 
drate), plasma amino acids were not altered? s In a recent 
study, a single dose of 1 g of aspartame, equivalent to 
2 liters of diet drink, caused an increase in plasma 
phenylalanine levels of about 50%, similar to the increase 
when albumin alone was administered, but values returned 
to control more slowly than after an albumin meal when the 
aspartame was given; aspartate levels were not increased by 
aspartame; only by albumin. 4~ When aspartame was given 
to rats at 200 mg/kg, brain tryptophan levels were occasion- 
ally reduced, but they were not affected by 50 or 100 
mg/kg doses. An 8.3 mg/kg dose of aspartame as part of 
either a low or a high carbohydrate meal had no significant 
effect on plasma amino acid concentrations. 4. The half- 
life of phenylalanine in human blood plasma after various 
aspartame doses (34 to 200 mg/kg) was 1.7 hr. 38 

Stegink and coworkers in another set of studies exam- 
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ined the effect of aspartame administration on plasma 
amino acid levels in subjects with impaired phenylalanine 
metabolism--homozygous and heterozygous phenylketo- 
nuricsY T M  In female obligate heterozygotes a dose of 
aspartame of 34 mg/kg increased plasma phenylalanine 
levels threefold, compared with twofold increases in normal 
controls; aspartic acid concentrations were not alteredY' 
At lower concentrations (10 mg/kg) aspartame increased 
plasma phenylalanine 30% in controls and in heterozygotes, 
but aspartic acid levels were not affected?' To examine 
the effects of repeated aspartame ingestion, in one study 
doses of 10 mg/kg three times or 30 mg/kg once? 2 in 
another 10 mg/kg every 8 hours? 4 were given. The repeated 
doses in heterozygotes increased plasma phenylalanine 
about twofold, and the single dose about threefold. Note 
that these increased phenylalanine levels are within the 
postprandial range and are far below those reported to 
be neurotoxic during development in phenylketonuria. 
Caballero et al. ~ reported that baseline Phe/LNAA ratios 
in clinically normal mild hyperphenylalaninemics who do 
not require phenylalanine-restricted diets are about 0.85, a 
ratio considerably higher than that possible after aspartame 
consumption by normals or phenylketonuria-heterozygotes. 

Recently, ratios of phenylalanine to large neutral amino 
acids in plasma were examined in mice and rats over a wide 
range of aspartame doses (up to 2 g/kg). Comparison of 
these data with those for humans indicated that rodents 
require two to six times higher doses of aspartame to produce 
the same Phe/LNAA ratios. In these studies, maximal plasma 
phenylalanine levels were reached within 1 hr of administra- 
tion, and values returned to baseline in 1 to 4 hr depending 
on the dose. 4~ 

Phe/LNAA ratios in the heterozygous subjects were in- 
creased by aspartame from 0.13:1 to 0.24:1. This compares 
to a ratio of 0.37:1 in phenylketonuric children treated with a 
low phenylalanine diet, and of 3.5:1 for untreated individuals 
with phenyketonuria? ~- When subjects homozygous for 
phenylketonuria were given a single dose of 200 mg of 
aspartame (equivalent to a 12-oz drink) plasma amino acid 
levels were not altered. The change in plasma amino acids 
in response to carbohydrate was greater in phenylketonurics 
than in controls? 3 When 10 mg of aspartame per kg was 
given to diabetic patients with renal failure who were on 
maintenance hemodialysis, there was an increase in plasma 
phenylalanine and tyrosine. These increases were similar 
to postprandial increases? 6 A recent review came to the 
conclusion that feeding aspartame as a bolus dose of 34 rag/ 
kg, representing a 99 percentile level of projected daily 
intake, repeated at 2-hr intervals, to normal adults, phenyl- 
ketonuric heterozygotes, 1-year-olds, or insulin-dependent 
or non-insulin-dependent diabetics does not increase plasma 
phenylalanine levels above those experienced after ingesting 
a protein-containing meal? 7 In diabetic subjects with renal 
failure, aspartame at 10 mg/kg (corresponding to 25 packets 
of Equal, manufactured by The NutraSweet Co. of Deerfield, 
IL) caused increases only in plasma phenylalanine and tyro- 
sine, which were in the postprandial range. 56 In these studies 
plasma amino acids were not significantly affected in hu- 
mans or in experimental animals when aspartame doses 
comparable to normal consumption were given. Higher 
aspartame doses do elevate plasma phenylalanine levels 
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within the postprandial range; still higher doses are likely 
to increase cerebral phenylalanine levels as well. 

The rationale for examining the Phe/LNAA ratio is that 
phenylalanine may inhibit the transport of other amino acids 
into the brain because of competition for shared transport 
sites. Phenylalanine is taken up by the large neutral amino 
acid (L) transport system. It has to be emphasized that the 
possible effects of phenylalanine are more complex, and 
transport may not be the only important aspect to study. In 
addition, the Phe/LNAA ratio may not always be a good 
predictor of changes in distribution. 

The changes in substrates of the L amino acid transport 
system as a result of increased plasma phenylalanine levels 
are complex. This system can serve in the plasma-to-tissue 
and the tissue-to-plasma directions. Increased plasma phe- 
nylalanine may inhibit the transport of other large neutral 
amino acids into the brain (thus increasing their level in the 
blood); at the same time, increased levels of phenylalanine 
in tissues such as liver or brain would inhibit the transport of 
large neutral amino acids from the liver and brain (decreasing 
their blood level). ~s,5') The transmembrane effects (heteroex- 
change) of intracellularly increased phenylalanine (phenylal- 
anine exit stimulating the uptake of another amino acid) 
would also have to be taken into consideration. Thus, high 
plasma phenylalanine may inhibit tryptophan uptake into 
the brain, and high brain phenylalanine may inhibit trypto- 
phan exit from the brain, and via heteroexchange phenylala- 
nine exit may stimulate tryptophan uptake into brain. The 
sum of all these effects could be an actual increase in brain 
tryptophan, showing that plasma phenylalanine increase may 
not be a good predictor of cerebral tryptophan decrease. 
Further complexity was indicated by a study in which the 
decrease in brain tryptophan by high blood phenylalanine 
was prevented by adding lysine to blood)" Because the 
addition of lysine is unlikely to influence the inhibition of 
tryptophan uptake by phenylalanine, it suggests that a more 
complex mechanism is involved. In a study measuring amino 
acid uptake in human volunteers by positron emission to- 
mography,"' 34 mg/kg aspartame was administered in a sin- 
gle dose (corresponding to 5 liters of soft drink), which 
resulted in an 11.5% decrease in the transport rate constant. 
The conclusion was that little measurable transport change 
occurs under average (50th percentile) dietary use. 

The available studies indicate that doses of aspartame 
that are equivalent to use at the 90 to 98 percentile level 
have little effect on plasma amino acids, but single large 
doses increase phenylalanine twofold to threefold and also 
increase tyrosine levels. One question that cannot be an- 
swered is what effect large doses have on the distribution 
of amino acids in human brain, it has been shown that 
phenylalanine shares the transport system that serves for its 
brain uptake with other large neutral amino acids/'-" Complex 
effects on transport processes seem to have an important 
role in phenylketonurias, apparently preventing depletion of 
cerebral amino acids in spite of the greatly elevated plasma 
phenylalanine, well above levels that would saturate the 
transport system. In any evaluation of amino acid level 
changes in the plasma it has to be taken into account that 
because fluctuation of amino acid levels in the plasma after 
a protein-containing meal occurs frequently, the brain is 
often exposed to such fluctuations under physiological con- 
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ditions. These fluctuations involve most amino acids and 
result in altered concentration ratios of amino acids. These 
considerations and the lack of major changes in cerebral 
amino acids in phenylketonuria are indications that plasma 
phenylalanine fluctuations are unlikely to have important 
central effects. 

Possible sites of neurochemical effects of aspartame 

Amino acid metabolism 

An increase in phenylalanine may also result in altered amino 
acid metabolism. Phenylalanine is metabolized in the liver 
via phenylalanine hydroxylase to tyrosine. An increase in 
tyrosine does not always parallel the increase in phenylala- 
nine because at very high levels of phenylalanine the enzyme 
is saturated, and no further increase in tyrosine formation 
occurs. Increased phenylalanine in the retina was found to 
have no effect on the retinal tyrosine hydroxylation rate in 
rats if the hepatic phenylalanine metabolism was inhibited 
to mimic the human aspartame consumption model, ~3 indi- 
cating that in humans even excessive aspartame doses are 
not likely to alter catecholamine formation. In the brain, 
these amino acids may alter tryptophan hydroxylation and 
thus serotonin synthesis, which has been shown to be influ- 
enced by brain tryptophan levels? 4.~ Similarly, elevated 
tyrosine levels in the brain can lead to increased norepineph- 
rine synthesis) ~ Changes in amino acids in plasma can lead 
to changes in brain tryptophan and changes in brain serotonin 
content. ~'7 The effects of phenylalanine on catecholamine 
synthesis and release "~ were reported to be counteracted by 
tyrosine, ~-''' but the interactions of these two anaino acids 
have not been clearly established. Of the aspartame doses 
that influence brain tryptophan levels and thus hydroxylation 
rates, only those of 530 mg/kg or higher had any effect 
beyond that observed alter a protein meal; 7" this amount of 
aspartame is well beyond that ingested by human subjects 
as a single dose, even if a correction is made for species 
differences. The results indicate that after human aspartame 
consumption no significant alteration of the brain serotonin 
synthesis rate is likely to occur, even with large carbohy- 
drate-induced increases in brain tryptophan levels. 7'~ Aspar- 
tame administration may result in an increase of alanine 
in the circulation, probably occurring because aspartame- 
derived aspartic acid metabolism gives rise to pyruvate, 
which is transaminated to alanine. In our studies in which 
aspartame was administered throughout pregnancy and lacta- 
tion, we found a slight increase in plasma levels of alanine 
(17%) and phenylalanine (11%) in the offspring, with either 
no change or a slight, not significant, decrease in the brain 
levels of phenylalanine27 

Protein metabolism 

The direct effect of aspartame administration on protein 
metabolism has not been examined; however, because 
plasma aspartate and phenylalanine levels remain within 
postprandial ranges even after excessive bolus doses, no 
effects are expected. One study testing the effect of 40 rag/ 
kg aspartame in humans, dogs, and rats found no evidence 
of alteration of protein metabolism, but at the 4,000 mg/kg 
level in rats some effects of such high doses were found: 



changes in liver cathepsin activity and plasma albumin half- 
life. 7L 

The effect, not of aspartame, but of phenylalanine, on 
brain protein metabolism was examined in several studies, 
primarily in isolated systems. T.C. Johnson and co-workers 
published a series of  papers on this subject in the 1970s, 
studying ribosomal systems? 2-75 In brain cell suspensions 
14 mM phenylalanine decreased the concentration of intra- 
cellular amino acids and inhibited amino acid incorporation 
into proteins by 20%52 This concentration is severalfold 
higher than that reached in phenylketonuric brain. In neona- 
tal mice a single injection of  phenylalanine resulted in a 
decrease in polyribosomes and an increase in monoribo- 
somes, and injection of large neutral amino acids after the 
phenylalanine caused reversal to control values. 73 Although 
phenylalanine reduced the level of  intracellular amino acids, 
the level of  RNA-bound amino acids was not decreased; TM 

therefore, the effect on protein synthesis may not occur 
through a decrease in precursor levels. It is of  interest that 
any single large neutral amino acid decreased polyribosome 
levels, whereas a mixture restored levels to normal. The 
initiator methionyl-tRNA levels were not restored-this could 
mediate the effects of  phenylalanine. 7~ It is not clear from 
these studies which proteins would be affected in these sys- 
tems, or in general how long the effects would last, how 
great they would be, and how observations made primarily 
in isolated systems reflect effects under physiological condi- 
tions. The observed stimulatory influence of phenylalanine 
on ribonuclease 7" may indicate an effect on lysosomal de- 
grading enzymes. The decrease in polyribosomes could be 
a postmortem effect, such as alteration by phenylalanine of 
ribonuclease activity in the homogenates during preparation 
of the ribosomes. Such a stimulation of ribonuclase activity 
may not occur in vivo. 

Although phenylalanine may not affect overall protein 
synthesis, the synthesis or the breakdown of some specific 
protein fraction may be altered. Change in a small fraction 
may not be detectable when total brain proteins are exam- 
ined. Effects of  phenylalanine on incorporation into myelin 
protein have been reported. 77,7~ The first study found inhibi- 
tion of the transport of the labeled precursor amino acid, 
resulting in decreased incorporation of the label, with a 
somewhat greater decrease in myelin, which was interpreted 
to be a special effect on myelin protein synthesis? 7 In the 
second study, incorporation rates were too variable to inter- 
pret (glycine incorporation into myelin was increased), but 
the amount of myelin isolated was lower. TM 

In the early studies of  amino acid effects on incorporation 
into proteins, the possible changes in the specific activity 
of  the precursor that could influence measurements were 
not taken into account. We examined the effects of  large 
flooding doses of  amino acids when precursor specific activ- 
ity was maintained, and no effect on incorporation was 
noted. 7~ We came to the conclusion that the elevation of  a 
single amino acid in brain (for example, of valine: several 
fold) does not affect the overall rate of cerebral protein 
synthesis. The problems in evaluating the results of  the early 
experiments that used high concentrations of  amino acids 
to study influences on cerebral amino acids were discussed 
in a review, 8° and additional work was suggested before any 
conclusion can be reached. 
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More recently, the effect of lower doses of phenylalanine 
was investigated in vivo using an internal carotid artery 
perfusion technique. In this study, a large increase in the 
phenylalanine concentration in the perfusate resulted in a 
decreased rate of leucine incorporation into brain proteins; 
at 864 O~M phenylalanine the inhibition was 73%. ~t A concern 
in evaluating this study is that its control turnover values 
are considerably below the values usually reported. This 
could indicate some effect of the perfusion itself as used in 
the study, such as anoxia or heterogeneous precursor pools. 
It would be surprising to find a large inhibition of protein 
synthesis by elevated cerebral phenylalanine because eleva- 
tion of other large neutral amino acids such as leucine and 
valine has no such eft'ect. 7'~ Also, untreated homozygotes 
with chronic elevated phenylalanine levels below 1400 ~M 
probably show no pathological changes? 2 To extrapolate the 
results of the study reporting inhibition of brain protein 
synthesis by the phenylalanine perfusion s~ to human condi- 
tions, the blood level of phenylalanine, which is always 
greatly elevated in phenylketonurics, would cause an almost 
complete inhibition of brain protein synthesis, a highly un- 
likely event in the presence of no observable behavioral 
or neurological changes in adult homozygotes previously 
maintained on a low phenylalanine diet. In our studies exam- 
ining the effect of phenylalanine on protein synthesis by 
measuring the specific activity of the labeled free amino 
acid and that of the tRNA-bound amino acid and the rates 
of their incorporation into proteins, ~' we found no indication 
that when phenylalanine is elevated via infusion lbr the 
period of the experiment the rate of brain protein synthesis 
is altered. In early experiments it was shown that very high 
phenylalanine levels in the brain resulted in inhibition in 
polyribosomes of polypeptide chain elongation but when 
an amino acid mixture in addition to phenylalanine was 
administered, the system returned to normal in spite of simi- 
larly increased phenylalanine levels; ~ this was interpreted as 
being a large amino acid imbalance rather than phenylalanine 
toxicity resulting in inhibition of in vitro protein metabolism. 
In these early studies possible artifacts caused by changes 
in the labeled precursor pool were not examined. 

The technical aspects of assaying cerebral protein meta- 
bolic rates are complex, and are not completely addressed 
in these studies. As already mentioned, the control metabolic 
rate in the perfusion study ~' was below the average rates 
reported in the literature, and the variations in the precursors 
were too large for accurate measurements. Most of the early 
experiments did not take into account the possibility of pre- 
cursor compartments, or that the effects were on these com- 
partments rather than on protein synthesis. Our results to 
date do not indicate a significant effect of phenylalanine on 
overall brain protein synthesis. 

Effects on neurotransmit ters  

An acute dose (200 mg/kg) to rats was reported to result in 
increased blood and brain phenylalanine and tyrosine levels, 
but not in changes in brain dopamine, serotonin, or norepi- 
nephrine. 4~,42 In another study in rats, oral administration of 
200 or 250 mg of  aspartame/kg with or without glucose or 
insulin failed to alter cerebral dopamine, norepinephrine, or 
serotonin levels. 43 In mice given aspartame orally at 13, 130, 
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and 650 mg/kg doses, respective increases of 12, 49, and 
47% in norepinephrine in the hypothalamus were found after 
3 hr. 85 In this study the reported norepinephrine increase in 
some brain areas was greater at the low dose than at the 
high dose. The changes in serotonin did not appear to be 
significant. A subsequent study from the same laboratory 
using these doses daily for 30 days found no change in 
norepinephrine or dopamine in the various brain regions, 
but at the high dose a decrease of serotonin was found in 
the hypothalamus. ~ A later study using a dose of 500 rag/ 
kg and testing brain monoamine and metabolite levels after 
periods as long as 5 hr found no change?' Summarizing of 
these studies led to the conclusion that changes in cerebral 
neurotransmitter levels can be observed only after a single 
high dose of aspartame, which represents an artificial situa- 
tion. sT-~ A study with rats given aspartame at 1,000 mg/kg 
orally found increases in brain phenylalanine and tyrosine, 
but no increase in monoamines, in the striatum, hippocam- 
pus, and nucleus accumbens. ~' Orally administered aspar- 
tame (1,000 mg/kg) in Fischer or Sprague-Dawley rats did 
not alter the regional levels of norepinephrine, dopamine, 
or serotonin measured in the 30- to 240-rain period in seven 
brain areas?'" 

Although many of these reports found no effect even 
after unrealistically high aspartame doses, it has to be pointed 
out that nutritional influences on brain monoamine levels 
were reported in several instances. Brain tyrosine hydroxy- 
lase is not fully saturated under physiological conditions, 
and an increase in tyrosine levels after a protein-containing 
meal, for example, could lead to increased dopamine and 
norepinephrine levels and increased turnover of the amines. 
Administration of tyrosine resulted in an increase in dihy- 
droxyphenylalanine (DOPA) synthesis, lfphenylalanine was 
added, which also caused an increase in tyrosine levels, 
DOPA synthesis was not affected, leading to the suggestion 
that phenylalanine may inhibit the effects of tyrosine:" In- 
creased neurotransmitter levels per se do not necessarily 
indicate changes in functional activity. Whether an experi- 
mentally induced increase in brain catecholamines repre- 
sents an inactive extracellular accumulation followed by 
rapid metabolism of the exogenous catecholamines or repre- 
sents increased catecholaminergic activity is not always 
clear. Although an increase in levels of the metabolites of 
neurotransmitter amines is often a sign of increased func- 
tional activity (increase in release followed by degradation), 
it is not always a reliable measure. It is possible that an 
increase in the precursor leads to the formation and subse- 
quent degradation of a neurotransmitter in a pool that has no 
functional activity. In microdialysis experiments, dopamine 
levels were reported to be transiently elevated in the striatum 
of anesthetized rats following i.p. injection of 50 to 200 
mg/kg of tyrosine. The authors hypothesized that increased 
dopamine release may have been due to increased synthesis 
caused by increased precursor availability, although the re- 
turn of dopamine to baseline levels could not be explained 
by an accompanying decrease in brain tyrosine levels. These 
researchers reported that dopamine levels were transiently 
increased after low doses of phenylalanine and decreased 
after high doses of phenylalanine, the net effect being a 
rapid restabilization of dopamine to predosing levels? 2 ~4 
Recent microdialysis experiments attempted to investigate 
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whether precursor loading could lead to increased dopamine 
synthesis. These studies found, however, that an increase of 
tyrosine did not affect dopamine release either under normal 
conditions or when dopamine was increased. No coupling 
between dopamine synthesis and release was found?: An 
increase in tryptophan resulted in an increased level and 
release of serotonin. '5 Oral administration of 450 mg/kg 
of phenylalanine did not significantly change extracellular 
levels of dopamine or its metabolites as measured by microd- 
ialysis in baboon striatum? ~ In vivo release of dopamine 
measured by transstriatal dialysis was not changed alter 
acute oral doses of 1,000 mg/kg of aspartame or 500 rag/ 
kg of phenylalanineS In one study, the effect of a large 
dose of glucose (3 g/kg) on brain serotonin levels was coun- 
teracted by a large dose of aspartame (200 g/kg)?" A recent 
report did not find any effect of aspartame (250 mg/kg) on 
carbohydrate-induced tryptophan increase in the brain? ~ 

To see whether use of aspartame for a longer time affects 
neurotransmitter systems, we measured receptor binding ki- 
netics because binding may be up- or down-regulated when 
neurotransmitter levels are altered. In one set of studies we 
administered 50 and 500 mg/kg of aspartame per day, not 
as single doses but added to the drinking water for 30 days. 
With this method of administration, there were no significant 
changes in plasma and brain levels of phenylalanine, aspartic 
acid, or tyrosine, and no changes in levels in the brain 
(cortex, hippocampus, and striatum) of norepinephrine, do- 
pamine, or serotonin. 2~' The experimental animals were kept 
on a daily 12 hr light/12 hr dark cycle, and measurements 
were done during the middle of the dark cycle, when con- 
sumption was maximal. We also measured the binding kinet- 
ics of dopaminergic, adrenergic, and serotonergic receptors 
and found no changes in the level or affinity of receptors 
(K~ and B ...... ), assaying noradrenergic receptors with pra- 
zosin (~)  and clonidine (c~0, serotonergic receptors with 
ketanserin (5-HT2) and 80H dipropylaminotetraline (DPAT) 
(5-HT,A), and dopaminergic receptors with SCH 23390 (D~) 
and spiperone (D2). 2~ These results indicated that if aspar- 
tame is consumed gradually rather than as a single large 
dose, changes in amino acids are minimal and cerebral neuro- 
transmitter systems are unaffected, with no change in neuro- 
transmitter levels or in the level of binding affinity of the 
receptors, even if the daily consumption of aspartame is 
very high and is maintained over a period of time ( I month 
in our study). 

Numerous studies have indicated that the developing 
brain is more sensitive to influences than the adult. This has 
also been shown in humans: homozygote phenylketonurics 
who were exposed to high phenylalanine levels during the 
early phases of their development show mental deficiency, 
whereas those not exposed during development hut only 
during adulthood do not manifest the deficiency. Thus, above 
a threshold level during development phenylalanine shows 
toxicity, and the levels that are toxic for adults are much 
higher. Because of the greater sensitivity of the developing 
brain, one cannot make conclusions from experiments with 
adults on the possible effects in young, and it is important 
to test the effects of compounds on the developing brain. 
Few studies have examined effects of aspartame during the 
various stages of development. 

Because of these considerations we repeated our experi- 



ments of long-term aspartame exposure, examining possible 
aspartame effects on neurotransmitter systems in the devel- 
oping brain. We administered aspartame at 500 mg/kg per 
day in the drinking water to rats throughout pregnancy and 
lactation and tested neurotransmitter systems in the brain of 
the 21 -day-old weanlings. In the binding kinetics of adrener- 
gic (%), serotonergic (5-HT2), and dopaminergic (D, and 
D2) receptors and in the levels of norepinephrine, serotonin, 
and dopamine, again we found no changes after this exposure 
to aspartame throughout development27 Other factors such 
as litter size or body weight were also unaffected. This 
large dose after exposure for a longer time did not have a 
measurable effect on the neurotransmitter systems examined. 

One study examined the effect of aspartame in an isolated 
system rather than in the living animal. In these experiments 
aspartame was found to inhibit the binding of glutamate to 
its NMDA receptor, although this inhibition was weaker 
than that of aspartic acid. '~ This result indicates that the 
aspartic acid moiety of aspartame did retain some receptor 
affinity of the free aspartic acid in its peptide-bound form. 
While this is of interest, it does not have relevance ~o in 
vivo studies of aspartame effects. Because even after con- 
sumption of large doses, under most circumstances no intact 
aspartame can be found in the circulation, and because aspar- 
tame would not enter the brain even if plasma levels were 
significant, this observation does not give rise to concern 
for human use of aspartame. Changes in cerebral aspartic 
acid could influence NMDA receptor activity, but because 
aspartame does not increase aspartic acid levels in the brain, 
no change is expected. We have tested the possible effects 
of aspartame on NMDA receptors in weanling rats in experi- 
ments similar to those in which catecholaminergic receptors 
were examined. 27 These experiments indicated no change in 
excitatory amino acid receptors following aspartame expo- 
sure during development2 ~ From the experiments discussed 
above we concluded that there is no evidence that aspartame 
use at fairly high levels, even for a prolonged period, would 
affect the neurotransmitter receptor systems in adults or in 
developing young. The stability of the brain is not surpris- 
ing-one would expect functional stability of the neurotrans- 
mitter systems even if plasma constituents undergo major 
nutritional fluctuations. 

Other metabolic effects 

Many studies have examined nutritional aspects of aspar- 
tame, such as its effects on food consumption, appetite, 
food selection, hunger, thirst, etc. Although such nutritional 
effects may be influenced by central factors, this area is 
outside the scope of this review. Major changes in food 
intake, food selection, or water intake could affect metabo- 
lism in several ways. Recent articles examining the influence 
of aspartame on food intake in children I°° and adults mt and 
on caloric intake, '°2 hunger, and thirst, 1°3 do not indicate 
aspartame-induced changes that would have any effect on 
cerebral metabolism. It also must be emphasized that cere- 
bral metabolism is better controlled and maintained than 
metabolism in the rest of the body, and even starvation or 
a low protein diet causes only minor changes in the brain 
compared with other organs. 

One study examining the effects of 0,5 g of oral aspartame 
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on serum hormone levels in humans found no change in 
prolactin, cortisol, growth hormone, or insulin in normal 
individualsY ~4 Large doses of phenylalanine were reported 
to stimulate prolactin secretion. Clearly, in all effects of 
amino acids the experimental dose is of critical impor- 
tance-very large doses may have various effects that are not 
observed under physiological conditions. This consideration 
is also of importance in evaluating reports that high phenylal- 
anine levels affect tyrosine hydroxylation rates, because the 
effects of lower doses are unremarkable. ~ The assumption 
that carbohydrate diet-induced insulin release increases brain 
tryptophan and serotonin has been questioned, which would 
indicate that nutritional changes in plasma amino acids 
could, in feedback manner, alter carbohydrate appetite, and 
that aspartame could disrupt this feedback mechanism, m~ 

In studies on possible pathological mechanisms responsi- 
ble for mental deficiency in phenylketonuria, numerous 
reports have examined the effect of high levels of phenylala- 
nine and of high levels of its metabolite phenylpyuric acid, 
which accumulates in phenylketonuria. Although at moder- 
ate levels little effect could be noted, at high levels phenyl- 
pyruvate especially was shown to inhibit some of the 
enzymes of glucose metabolism (hexokinase, pyruvate car- 
boxylase, and citrate synthase) and ketone body and lipid 
metabolism. ~° Other phenylalanine metabolites were re- 
ported to have similar effects, but most of them could be 
observed only at levels in excess of those seen in phenylketo- 
nuric patients. It cannot be excluded that some brain struc- 
tures, in young phenylketonurics, for example, contain much 
higher than average levels of phenylalanine or its metabolites 
and rather low levels of some of the enzymes, and thus 
inhibition of the enzyme might have a role in the disease. 
This does not seem to occur under normal conditions, how- 
ever, or in adult phenylketonurics. It should be emphasized 
that although high phenylalanine levels are clearly causative 
in phenylketonuria, as shown by the prevention of pathologi- 
cal changes with a low phenylalanine diet, the mechanisms 
of the pathological changes are not known. Rather than 
phenylalanine itself, the pathology could involve one or 
more metabolites of phenylalanine that are produced in much 
greater amounts in phenylketonurics than in normal subjects 
given the same amount of phenylalanine. Thus, findings in 
phenylketonurics cannot be directly extrapolated to values 
for normal subjects. 

Aspartic acid 

Glutamic acid and aspartic acid, nonessential and rapidly 
metabolized amino acids, have an important and special 
function in the brain, because they may act (primarily glu- 
tamic acid) as excitatory neurotransmitters at glutamatergic 
receptor sites to which aspartic acid also shows affinity. 
Aspartame consists of equimolar amounts of phenylalanine 
and aspartic acid (the aspartic acid is 40% by weight), so 
the possible central effects of elevated aspartic acid also need 
to be considered. There are important differences between 
aspartic acid and phenylalanine. As already mentioned, 
aspartic acid metabolism is much faster, while its uptake 
into the brain is much slower. The level of aspartic acid in 
the brain is much higher than in the blood, and even a 
severalfold increase in blood does not result in a changed 
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brain concentration.'~6 The exclusion by the blood-brain bar- 
rier of  compounds that usually do not penetrate it, such as 
aspartic acid, is not absolute: when the level of  a compound 
that is usually not taken up by the brain (such as taurine, 
glycine, glutamate) was increased in the blood many fold 
so that its blood level should be above its brain level, an 
increase could be seenY ~7 The experimental conditions under 
which cerebral uptake could be shown are rather extreme 
and are not obtained under normal circumstances. 

In examining the effects of 34 to 200 mg/kg aspartame 
in humans, no significant increase in plasma aspartic acid 
levels could be detected in adults or childrenY When 1,000 
mg/kg was given, plasma aspartic acid levels doubled in 
about I0 rain and returned to control by 90 min:"  even at 
peak plasma concentrations, plasma aspartic acid levels 
would still be well below brain levels, so no increase in the 
brain would be expected. Addition of  monosodium gluta- 
mate and aspartame (34 mg/kg each) to a meal containing 
carbohydrates did not change plasma aspartate or glutamate 
levels from those seen after the meal alone. In the absence 
of carbohydrates the addition of  monosodium glutamate to 
a meal increased plasma aspartate levels; the addition of  
aspartame caused a further small increase, with a maximal 
value ofS0  ~m at 30 min, returning to baseline at 150 minP  
This 50 Ixm level is far below the toxic range because plasma 
levels must exceed 1,000 ~M in young mice for neuronal 
damage to be observed? Such neuronal damage is not noted 
in adults. Glutamic acid and related compounds could cause 
excitotoxic damage if taken up into brain tissue or into 
regions that are not protected by the blood-brain barrier. 
Reports of  such excitotoxic neuronal damage by glutamic 
acid administration in neonatal monkeys are controversial 
at the present time, with one study reporting damage, and 
others reporting no effect, x As with phenylalanine and many 
other compounds, susceptibility of  the nervous system to 
aspartic acid decreases with development in rodents, with 
threshold doses varying-220 mg/kg in newborn, 910 in 
weanling, and 1,900 in young (35-day-old) rats. '"s The 900 
mg/kg aspartic acid threshold in weanlings is equivalent to 
a dose of 2,300 mg/kg of  aspartame, a dose with the sweet- 
ness of 10 kg of sugar for a human child. Studies with 
aspartic acid demonstrate the importance of  the dose used-at 
750 or 1,000 mg/kg in young mice neuronal lesions were 
found in 100% of the experimental animals; at 650 mg/kg 
lesions were found in 30%; but at 500 mg/kg no lesions 
were found. ~ Such threshold values, which may be differ- 
ent in different species, emphasize the need to test com- 
pounds at realistic dose levels. Other factors, such as 
ingestion of  food with aspartic acid, also have to be 
considered. The placental barrier to aspartic acid is strong, 
and an increase in the maternal circulation is not reflected 
in the fetal blood."" The blood-brain barrier, as already 
mentioned, also strongly excludes aspartic acid. "~6 The 
threshold levels of aspartate for causing neuronal damage 
in young rodents and the protective effects of carbohydrates 
have been investigated in a number of laboratories, and 
there are some differences; however, no effects are re- 
corded, at least at under 500 mg/kg aspartic acid or similar 
aspartame doses. 1,#.44 

In conclusion, although at very high doses of aspartame, 
especially together with monosodium glutamate, plasma 
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aspartate levels do increase, aspartic acid levels in the brain 
under most conditions are not altered. As for excitatory 
amino acid levels and activities in brain and any possible 
excitotoxic effects, aspartame use even at very high levels 
does not appear to present the danger of adverse effects in 
human consumption. 

Methanol 

Aspartame, the methyl ester of aspartyl-phenylalanine, is 
approximately 10% methanol by weight. As discussed 
above, aspartame is hydrolyzed in the intestinal lumen to its 
component amino acids and methanol. Alternatively, some 
aspartame may be partially hydrolyzed to the aspartyl-phe- 
nylalanine dipeptide and methanol.'S Peptide transport mech- 
anisms may absorb aspartyl-phenylalanine directly into 
mucosa[ cells where proteolytic hydrolysis completes the 
breakdown to aspartate and phenylalanine.' '" 

The methanol derived from aspartame has been cited as 
being of  possible concern for neurotoxicity?" even though 
methanol exposure is much greater from other food stuffs 
such as fruits and juices. ''2 Although it was tbrmerly thought 
that tbrmaldehyde lbrmation was responsible for methanol 
toxicity, recent studies indicate that formic acid is the toxic 
agent, and that the toxic mechanism involves metabolic aci- 
dosis (with sodium bicarbonate protective at low methanol 
levels). Clinical studies indicate that a blood level of 1 g/L 
causes irreversible effects and that neurotoxic effects of 
methanol on the retina are a consequence of formate accumu- 
lation. ' ' '  ' "  Aspartame consumption does not raise blood 
formate levels in humans, either on a theoretical ba s i s ' '  or 
experimentally?7,, ~7 

Methanol may be cleared more rapidly l%om the blood 
after low level dietary exposure, such as through aspartame 
or fruit ,juices, than it is alter methanol loading, k ' '~  At 
massive doses the half-life in the blood is 30 hr, while at 
low doses (human volunteers ingesting 1 to 5 mL) the blood 
haft-life is 3 hr. '~s The time course tbr appearance and disap- 
pearance of serum methanol alter both average and abuse 
levels of aspartame has been described. The sensitivity of  
conventional analytical techniques is inadequate for de- 
tecting methanol formation in humans, including children 
and adolescents, after aspartame dosages up to 34 mg/kg, 
the 99 percentile of proiected daily consumption2 ~,~<''<'' 
Davoli et al., '> using an analytical procedure capable of 
detecting small changes in blood methanol, reported a mean 
increase over endogenous basal levels of  1 mg/L methanol 
after consumption of 6 to 9 mg/kg aspartame by human 
volunteers. This increase was within the range of individual 
variation and values returned to the baseline 2 hours after 
aspartame administration. Abuse doses of aspartame of 200 
mg/kg to adults and 100 mg/kg to infants resulted in mean 
peak blood methanol levels of 26 mg/L and 10 rag/L, respec- 
tively. 2',''7 Blood methanol concentrations greater than 200 
to 1,000 mg/L are required for clinical neurotoxicity or 
for measurable lbrmate formation.'~.'~" Fruit juice contains 
about three times as much methanol as an aspartame-sweet- 
ened beverage. '~7 

Aspartylphenylalanine diketopiperazine 

When dissolved in water, peptides can form cyclized com- 
pounds. Such products are found in many protein-containing 



foods such as cheese, in protein hydrolysates, and heat- 
treated substances such as roasted malts. The cyclized prod- 
uct of aspartame is aspartylphenylalanine diketopiperazine. 
The cyclization depends on pH and temperature, and in 4 
to 5 months at pH 4 as much as 20% of the aspartame in a 
drink can be converted to the cyclic product. Such product 
formation may be general for proteins in water or in condi- 
mentsY' The compound formed from aspartame was tested 
for toxicity in a number of studies (acute, chronic, carcinoge- 
nicity, teratology, etc.). It was also tested in pharmacological 
studies looking for changes in the gastrointestinal, cardiovas- 
cular, and nervous systems, and the Joint Expert Committee 
on Food Additives established a "no observable effect level" 
of 750 mg/kg per day and an "acceptable daily intake" of 
7.5 mg/kg per day. The Food and Drug Administration's 
corresponding values are 3,000 and 30 mg/kg per day. The 
estimated maximal possible intake of this compound at the 
90th percentile level of aspartame consumption is 0.6 mg/ 
kg per day. The compound is not known to be metabolized 
in the brain, but it undergoes hydrolysis to aspartic acid and 
phenylalanine by microorganisms in the gut. About 50% of 
an oral dose in humans is so converted. 

When 200 mg/kg aspartame containing 10% of the diketo- 
piperazine product was administered to humans, no diketo- 
piperazine could be detected in the blood; about 5% was 
excreted intact in the urine, 2" and the rest was probably 
metabolized. Because of its slow absorption and slow metab- 
olism ~22 diketopiperazine reaches the circulation slowly as 
the cyclic compound itself, but because of the blood-brain 
barrier little if any is expected to reach the brain. 

t3 Aspartame and phenylalanine methyl ester 

The [3 aspartame isomer is a second, minor conversion prod- 
uct formed in stored beverages sweetened with aspartame 
(~ aspartame); it is found in smaller amounts than the diketo- 
piperazine compound. Its formation is related to storage 
time, temperature, and pH of the beverage. Recently, [3 aspar- 
tylphenylalanine, the tree acid of [3 aspartame, was identified 
in the urine of healthy subjects who had not consumed 
aspartame; other [3 aspartyl dipeptides have been found in 
human urine. ~3 ~25 A broad range of pharmacological and 
toxicological tests on [3 aspartame in animals have been 
reported. It has been tested in rats and dogs at 250, 500, 
and 1,000 mg/kg per day, given in the diet for 26 weeks 
followed by a 4-week aspartame-free diet, with no adverse 
effects noted? 23 When [3 aspartame was given to pregnant 
rabbits at 250 or 500 mg/kg per day no teratogenicity was 
found; maternotoxicity was evident at 750 mg/kg/day. Such 
a dose to rats caused a small decrease in body weight of the 
offspring at weaning. ~23 In humans it was estimated that 
about 8% of the ingested amount is absorbed. [3 Aspartame 
is not hydrolyzed rapidly to its constituent amino acids in 
the small intestine but by gut bacteria, with further metabo- 
lism of its amino acids in the gut. ~2~ 

Hydrolysis of the amino bond of aspartame can result in 
formation of the aqueous decomposition products of aspar- 
tate and phenylalanine methyl ester (PME). PME is a rela- 
tively minor product of aspartame decomposition compared 
with the diketopiperazine and [3 aspartame? s PME is rapidly 
metabolized in the intestinal lumen and enterocyte to form 
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phenylalanine and methanol. ~.~27 Intact PME is not detected 
in portal blood of young pigs after PME dosing at 450 
mg/kg? ~ Absorbed PME would be rapidly hydrolyzed to 
phenylalanine and methanol in whole blood? ~ Thus, these 
data indicate that exposure of the central nervous system to 
PME following aspartame consumption is unlikely. 

Clinical considerations of aspartame consumption 

Phenylketonuria 

From the previous discussions it is clear that studies of the 
possible central effects of aspartame should focus primarily 
on possible phenylalanine effects, because the levels of other 
metabolites very rarely reach significance. For research, phe- 
nylalanine is unique among amino acids in that we can now 
observe a population of phenylketonuric patients who had 
been treated with a low phenylalanine diet during their devel- 
opment but in adulthood are no longer on a low phenylala- 
nine diet. Little observable neurological or mental symptoms 
have been reported in such subjects in the literature, although 
they have very high levels of phenylalanine in their blood 
chronically, with ratios of Phe/LNAA in plasma also greatly 
increased and most likely brain phenylalanine levels, too. 
The approximate fasting values for plasma phenylalanine 
levels (IxM) are 45 for normal subjects, 70 for phenylketo- 
nuric heterozygotes (carriers), and often more than 1,000 
for homozygotes. Although when maternal blood levels are 
above 800 the IQ of the offspring is affected, at levels lower 
than 600 there does not seem to be such an effectY~' Such 
studies again demonstrate the already discussed difference in 
the toxicity threshold between the immature and the mature 
brain. 

Normal subjects and heterozygotes have been studied 
often, but only a few studies have examined the effect of 
aspartame in homozygotes. One study examined the effect 
of a dose of 10 mg/kg asparlame on blood phenylalanine 
levels: normal subjects increased from 45 to 58 ~M, hetero- 
zygotes from 69 to 82; while hyperphenylalaninemics at 412 
p,M and untreated phenylketonurics at 1,370 p,M did not 
show any significant increase? ~ Aspartame packages carry 
a warning label alerting phenylketonurics that the compound 
contains phenylalanine; those persons on a phenylalanine- 
restricted diet need to take this into consideration. 

It has to be emphasized that the mechanisms responsible 
for the pathological changes in phenylketonuria are not es- 
tablished. Whether these changes are direct effects of phenyl- 
alanine or its metabolic products on enzymes, hormones, or 
metabolism, or are indirect effects, involving alteration of 
transport or composition, is unclear at present. Present indi- 
cations are that high phenylalanine causes pathological 
changes only in developing nervous systems, affecting de- 
velopmental processes rather than adult brain function. 
Chronic exposure to high phenylalanine seems to be toler- 
ated without significant toxic effects in most cases. 

Several studies have examined plasma levels in heterozy- 
gotes of phenylketonuria after aspartame consumption. At 
34 mg/kg aspartame, aspartic acid levels did not change in 
controls or heterozygotes, but phenylalanine levels (fasting) 
increased from 48 to 90 p,M in controls, and from 59 to 
150 in heterozygotes? ° In another study with 10 mg/kg 
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aspartame, aspartic acid was not changed, but phenylalanine 
increased from 90 to 120. 5' With repeated doses (eight serv- 
ings at l-hr intervals totaling 600 mg of  aspartame), plasma 
phenylalanine levels reached steady-state levels after five 
servings, and were slightly higher than postprandial levels: 
aspartic acid levels were not changed? 4 Similar effects were 
found when lower aspartame doses were used? ~ 

In one study, effects on the electroencephalograms of 
children with generalized absence epilepsy were reported. ~'~ 
In another study, aspartame at 15 or 45 mg/kg per day did 
not have any measurable effect in heterozygotes when the 
electroencephalogram, urinary organic acids, and neuropsy- 
chological tests were examined for changes in neurological 
function. ~:" 

It was pointed out that in phenylketonuria the high blood 
levels of phenylalanine affect not only the brain amino acid 
pool, but also the pool in other organs, with differences in 
how the varied transport systems in the various organs are 
influenced? ~ The high level of phenylalanine seen in homo- 
zygotes and the relatively high level in maternal plasma 
required for having an effect on the developing offspring 
indicate tolerance to rather high levels of phenylalanine. 

Clearly, aspartame consumption should be carefully mon- 
itored or avoided by anyone who is (or should be) on a 
phenylalanine-restricted diet. This would include pregnant 
homozygotes, young phenylketonuric children, and adult 
phenylketonurics on a low phenylalanine diet. It is recom- 
mended that plasma levels in such children be kept below 
480 gM and in pregnant phenylketonurics below 380 IxM. 
In a child on low phenylalanine diet (20 mg/kg instead of 
the normal 200 mg/kg per day), aspartame could increase 
the daily phenylalanine intake. 

Pregnancy 

Phenylketonuria is clear evidence of the much greater sensi- 
tivity of the developing nervous system to environmental 
changes. For this reason, diet during pregnancy requires 
special consideration. 

An extensive 10-year study analyzing blood samples from 
a very large number of phenylketonuric and hyperphenyla- 
laninemic mothers during pregnancy indicated a 600 poM 
plasma phenylalanine threshold for effects on fetal brain (as 
subsequently estimated by IQ measurements of the chil- 
dren). ~3° The American Study for Maternal PKU recom- 
mends that during the pregnancy of phenylketonuric 
homozygotes, plasma phenylalanine levels be kept below 
360 IxM. ~ Peak plasma levels in normal subjects ~-~ and in 
phenylketonuric heterozygotes ~'' were below such recom- 
mended levels when a bolus of 200 mg/kg aspartame was 
given (corresponding to 70 soft drinks in one dose). With a 
dose corresponding to 1 liter of  soft drink no change in 
plasma phenylalanine could be detected; also, a dose of  10 
mg/kg given to healthy subjects, mild hyperphenylalaninem- 
ics, and untreated phenylketonuric homozygotes did not re- 
sult in any change in plasma phenylalanine concentration 
or in Phe/LNAA ratios. ~,55,~2 ~4 

Consumption by a pregnant woman of no more than about 
0.85 g of protein/kg body weight per day, as recommended 
by the World Health OrganizationJ '5 would correspond to 
about 2.5 g of phenylalanine-an amount that is approxi- 
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mately 30 times higher than the phenylalanine contained 
in aspartame consumed by pregnant females at the 90th 
percentile level? Pharmacokinetic studies demonstrate that 
it is not possible for normal or phenylkenoturia-heterozygous 
individuals to consume enough aspartame to elevate phenyl- 
alanine levels or ratios significantly above those of the post- 
prandial state. 5~,~.~:~ ~4 Even in mild, clinically normal 
hyperphenylalaninemics and phenylketonuria-homozygous 
individuals, the largest doses of aspartame likely to be con- 
sumed without additional protein do not further elevate phe- 
nylalanine levels or ratios from already high baselines? ~ 
Thus, whatever risk exists from dietary phenylalanine, such 
as in hyperphenylalaninemic pregnancies, the normal diet 
itself would pose a risk to the developing fetus as great 
as or greater than additional phenylalanine derived from 
aspartame. The effect of a dietary load of phenylalanine on 
a homozygote fetus of a heterozygote mother has not been 
examined, but extremely large doses of  aspartame adminis- 
tered to phenylketonuria-heterozygotes do not raise phenyl- 
alanine levels or ratios even close to thresholds associated 
with adverse effects on fetal brain. 

Effect on seizures 

Animal studies. Aspartame, at a bolus dose of 1,000 or 
2,000 mg/kg given orally to mice weanlings, was reported 
to increase seizure susceptibility. ~,~3~ The reason for these 
very high doses was to achieve greater increases in phenylal- 
anine than in tyrosine. If pentylenetetrazol was given 1 hr 
after aspartame, the percentage of animals having convul- 
sions was higher than that of those receiving pentylenetetra- 
zol alone. A seizure-promoting effect of such aspartame 
doses was also reported in fluorothyl-treated weanling mice 
and in mice given electroshock. Equimolar phenylalanine 
had effects similar to those of aspartame, valine blocked 
aspartame effects, and neither aspartic acid nor methanol 
had any effect. Aspartame at 500 mg/kg or lower had no 
effect; 1,000 mg/kg aspartame given orally by bolus to fasted 
rats increased seizures induced by metrazol, but not seizures 
caused by quinolinic acid or electroshock. Phenylalanine 
had a similar effect. When the same amount of aspartame 
was given in three divided doses over a 2-hr period to fasted 
or fed animals, there was no effect on seizures. The respec- 
tive increases in brain phenylalanine and tyrosine were 146% 
and 192% after a single dose, and 103% and 211% when 
given in three doses. ~'7 A number of similar studies could 
not find any effect of aspartame even at high doses on several 
seizure models. Oral administration of acute doses (50 to 
2,000 mg/kg) or subchronic doses (up to 863 mg/kg per 
day) of aspartame in genetically epilepsy-prone rats had no 
facilitatory effect. ~ A number of  subsequent papers reported 
that a similar high single dose of aspartame failed to produce 
proconvulsant effects. A single dose of  1,000 mg/kg by 
garage or over a 14-day period had no effect in rats on 
kindling induced by prepyriform cortex stimulation, by elec- 
troconvulsive shock, or by pentylenetetrazol. In developing 
animals aspartame also had no proconvulsant effects. ~''~ Oral 
1,000 mg/kg aspartame in rats was shown not to affect 
theophylline-induced seizures? "~ 

While the above studies t~-'4~ were done on rats, a subse- 
quent work on mice j4~ repeated previous studies in which 



potentiation of seizures was found' 1.136 using similar condi- 
tions (the same strain of mice and the same convulsants). 
In this repeat study, aspartame up to 2,500 mg/kg failed to 
influence pentylenetetrazol-induced seizures. It also had no 
effect on brain norepinephrine or dopamine levels, but there 
were modest reductions in serotonin levels. TM This work 
also indicated that a modest reduction in cerebral serotonin 
levels does not have toxic effects. At very high aspartame 
doses, changes in the serotonin system can be obtained, but 
they do not affect seizure threshold. These studies used the 
same procedures and animal strains as the previous positive 
study,"" but were unable to reproduce the results. When 
measuring after-discharge threshold or seizure strength in 
rats after amygdala- and hippocampus-kindled seizures (in 
areas of low seizure threshold and having an important role 
in human epilepsy), aspartame from 25 to 2,000 mg/kg 
administered by gavage had no effect on seizure susceptibil- 
ity. 14e 

Recently, one study examined aspartame effects on me- 
trazol-induced convulsions in guinea pigs and in two strains 
of mice given up to 2,000 mg/kg aspartame, m and another 
study examined the same dose in two types of genetically 
epilepsy-prone rats; ~3~ these studies and others failed to find 
seizure facilitation in any of these species. Very large acute 
doses of aspartame produced significant changes in plasma 
and brain amino acids, but alteration in monoamine neuro- 
transmitter systems was largely absent. Some increases in 
norepinephrine at high doses were seen. '3~ In baboons, which 
are sensitive to light-induced seizures, 1,000 mg/kg aspar- 
tame had no effect on seizure susceptibility or severity, al- 
though phenylalanine concentrations and phenylalanine to 
tyrosine ratios were similar to or higher than those in phenyl- 
ketonuric humans. TM 

To see possible toxic effects of perinatal aspartame expo- 
sure, rats during pregnancy were given up to 1,600 mg/kg 
of aspartame daily, and later the pups were given up to twice 
as much in the drinking water with no effect on reflex 
development, morphological development, or spatial mem- 
ory. t45 A recent review of  studies of aspartame effects on 
seizure susceptibility reports that at a 1,000 mg/kg dose 
some studies found no effects and others found proconvul- 
sant effects, but that excessive bolus doses do not appear 
to be relevant to human use and represent methodological 
problems. H6 Other reviews also conclude that current evi- 
dence suggests that aspartame consumption does not pro- 
voke seizures. <H7 

H u m a n  studies. In human studies aspartame administered 
in a single morning dose of 34 mg/kg for 2 weeks failed to 
provoke seizures in children with epilepsy. '4s At 50 mg/kg 
divided into three equal doses at 2-hr intervals no effect on 
seizure incidence was found in children or adults who had 
previously reported seizures caused by aspartame consump- 
tion. '49 Studies of this kind do not indicate any effect of 
aspartame in children with various seizure disorders, includ- 
ing absence seizures. '5° In one study, heterozygotes received 
15 or 45 mg/kg aspartame daily for 12 weeks with no observ- 
able electroencephalogram or cognitive effects, TM Large 
chronic doses of aspartame (15 or 45 mg/kg per day in 
capsules for 12 weeks) had no effect on the electroencephalo- 
gram of 48 phenylketonuric heterozygotes in a detailed clini- 
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cal evaluation.'2~ A recent study of 10 children with unrelated 
newly diagnosed absence seizures found that the duration 
of spike wave discharge was increased by aspartame. ~2~ In 
this study there was no actual determination of absence 
seizures or of the effect of sucrose in controls and no compa- 
rable untreated period of the experimental subjects. The great 
variability of the spike-wave discharges in such children ~5~,'~ 
and the lack of additional proper controls make the results 
difficult to evaluate and subject to alternative interpreta- 
tions/,.,5<~55 

In summary of the animal studies, there were a few posi- 
tive reports on very high doses in some species with fluoro- 
thyl, electroshock, and pentylenetetrazol; ".'~' but the 
majority of the studies, including the use of various seizure 
models such as electroshockJ 37 kindling, '~',~42 genetically 
seizure-prone rats, ',s photosensitive epileptic baboons, Ha 
drug-induced seizures by lidocaineJ 5'~ quinolinic acid, '~v or 
theophylline; 'a° and repetition of the metrazol studies, '4',H:' 
indicated that even unrealistically high oral doses of  aspar- 
tame do not have significant effects on seizures. 

Behavior 

Although many studies have measured various aspects of 
behavior following aspartame administration, this subject is 
beyond the scope of this review; however, studies that exam- 
ine central effects will be mentioned here very briefly. A 
recent book on aspartame' discusses a number of studies 
with negative findings on behavior. Among these studies 
were those examining the effect of  sucrose on behavior using 
aspartame as a control. Other studies reporting no effects 
examined cognitive function in normal subjects ~7 and in 
children; ~3" effects on appetite and feeding also received 
detailed attention. In phenylketonuric heterozygotes the 
mean power frequency of the electroencephalogram showed 
a trend toward change between 300 and 400 ~M plasma 
phenylalanine levels, with differences in response to identi- 
cal phenylalanine levels among different individuals. At 1 
~M in plasma, phenylalanine slowed performance on neuro- 
psychological tests; changes of higher integrative /'unction 
were also found. ~" Other behavioral tests on rodents, pri- 
mates, and humans, including cognitive, sensory, motor, and 
neurophysiological tests, are summarized ~ with the conclu- 
sion that except in homozygotes, aspartame as a phenylala- 
nine source has little significant effect. Adding 5% aspartame 
to the food of  rats for 3 weeks did not influence feeding 
pattern, meal size, or spontaneous motor activity. 42 Perinatal 
exposure of  rat pups to aspartame by first giving it to mothers 
(up to 1,600 mg/kg per day), then directly to pups (up to 
3,600 mg/kg per day) via the drinking water, did not affect 
reflex development, morphological development, or spatial 
memory. H~ In human studies, a single dose of 60 mg/kg 
aspartame to male volunteers did not alter auditory, vigi- 
lance, IQ, motor, mood, or sleepiness tests."7 In other behav- 
ioral studies in humans, a single dose of aspartame (15 mg/ 
kg) did not affect mood, cognitive/'unction, reaction time, 
or memory in 21- to 36-year-old volunteers. ~5,~ Phenylalanine 
and aspartame, up to l0 g, tested in 20- to 35-year-old males 
did not affect energy, macronutrient selection, hunger, mood, 
or arousal? ~° Aspartame at 50 mg/kg tested in pilots did 
not affect perceptual, motor, or spatial activities; working 
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memory; attentional performance; risk taking; processing 
flexibility; planning; or sequencing ability. '6' In 9- to 10- 
year-old children, aspartame at 34 mg/kg did not affect learn- 
ing, arithmetic calculation, activity level, social interaction, 
or mood. j~'2 In 30 preschool boys, including 12 reported 
to be sugar reactive with disruptive behavior, 30 mg/kg 
aspartame had no effect on aggression. '~ Thus, there seems 
to be no effect on behavior following high doses. Whereas 
one cannot conclude that aspartame ingestion interferes with 
cognitive functioning, the issue requires careful research 
under rigorous conditions.'"4 

Conclusions 

Aspartame administration in realistic amounts and 
m a n n e F  

Because nutrient levels in the blood undergo large diurnal 
variations and depend on the daily diet, brain exposed to 
such a changing environment seems to be protected from 
damage. Although strong homeostatic and defensive mecha- 
nisms undoubtedly exist, it is important to examine possible 
acute and chronic effects of food additives on the central 
nervous system because even quantitatively small effects 
may be of importance. 

After ingestion, aspartame is rapidly hydrolyzed to its 
three constituents methanol, aspartic acid, and phenylala- 
nine, and very little or no intact compound reaches the 
circulation even after massive doses. The increase in metha- 
nol and aspartic acid in most studies is negligible, but even 
after excessive doses it is less than that occurring during 
regular nutritional cycles. Stored as a solution, aspartame is 
partially cyclized to a diketopiperazine product. The amount 
found will depend on the length of storage and the tempera- 
ture during storage. This product is slowly hydrolyzed ~ 
and is excreted as such. Its level in the circulation is low 
under most conditions, and it does not seem to penetrate 
easily because it has not been detected in brain. Because of  
the low blood levels of aspartic acid, methanol, and the 
cyclized derivative, the major focus has been on the changes 
in blood phenylalanine levels. 

Phenvlketonuria 

The questions to be asked are whether significant amino 
acid changes occur in persons consuming aspartame; 
whether such changes differ from those occurring under 
physiological conditions, such as those following a meal; 
and what the consequences of such increases are in brain 
function. In recent years, a new population has become 
available lk)r study-phenylketonuric homozygotes, who 
during development were given a low phenylalanine diet 
to avoid pathological changes, and who as adults on 
normal diets exhibit greatly elevated phenylalanine levels. 

Studies on phenylketonurics showed clearly that the 
developing nervous system is more sensitive than the adult 
to high phenylalanine levels. If levels in mothers exceed 
600 I~M, physical, pathological, or IQ changes in the 
offspring can usually be observed. The 600 I,I,M blood 
level in the mother seems to be a threshold for damage 
to the fetus, "-~ although the best outcome is, at least 
initially, blood phenylalanine levels in the child below 
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200 to 400 ~ M .  165 The important question for homozygotes 
is until what age and at what level is phenylalanine 
harmful to the nervous system. It is clear that the outcome 
is best for homozygotes if the mother is put on the low 
phenylalanine diet as early as possible, and the child is 
maintained on such a diet in spite of possible difficulties 
(economic, social, and biological) of such prolonged main- 
tenance. It is not clear how long such a diet should be 
maintained, and what the explanations for the observed 
differences within the population are. Phenylketonuria may 
not be a homogeneous disease with homogeneous deficien- 
cies, since the apoenzyme or the generation of  cofactor 
may be affected, in different ways, which indicates the 
need to follow individuals separately and for a long time. ~" 
We are not aware of  studies in which homozygotes were 
on a low phenylalanine diet till adolescence then followed 
till late adulthood, and those staying on the diet were 
compared with those taken off the diet, or those taken 
off were compared with controls. A number of studies 
indicate that at least some children are harmed if the low 
phenylalanine diet is discontinued early (before 10 '<~'~ 
or 12 "~',~7'' years of  age), with levels kept even lower 
under 6. '','~',~7~ Because a few adults were tested before 
and after the low phenylalanine diet, and their pathology 
before the test is indefinite, it is not clear how long the 
diet should continue or whether resumption of the diet 
is beneficial, or whether prolonged diet may have side 
effects. Several suggestions have been made that the diet 
should be continued to some degree ~7~ and perhaps should 
be lifelong. ~7' One could assume that any major pathologi- 
cal changes occurring in adult homozygotes (most of 
whom are not on a diet) would have been described, but 
a more careful and refined analysis of possible subtle 
neurological, intellectual, or emotional changes would be 
required to establish whether any effects can be identified. 

The levels of plasma phenylalanine in humans given 
various doses of aspartame have been measuredJ 7 Changes 
in special populations have also been reviewed?' ~7 The 
general consensus is that at average use (the consumption 
of 90 to 99% of users) the changes in blood levels are below 
the range of those occurring after a protein-containing meal. 
In phenylketonuric homozygotes, changes and use need 
to be considered more carefully, and any changes in 
plasma phenylalanine levels should be carefully monitored 
(and avoided) during pregnancy or in those with phenylala- 
nine levels already very high. Treatment of homozygote 
phenylketonurics with a diet low in phenylalanine began 
about 40 years ago. Nevertheless, there is no study available 
comparing adult homozygotes on such a diet with those 
not on it, hence no official dietary recommendation has 
been arrived at yet. The occurrence of phenylketonuria 
(homozygotes) is not rare-about one per 12,000 of the 
population. Although it is likely that major pathological 
changes would have been reported in this population, it 
is puzzling that detailed examinations have not been 
performed. The physiological levels of phenylalanine vary 
between 50 and 200 IxM in the population; the phenylketo- 
nuria diet initially recommended would keep levels between 
200 and 400 I&M 1~'5'1¢'7 /or up to 8 years, and at 500 to 
1,200 I.zM after thatJ 7-" but a consensus based on available 
data on the desirable levels and the length of time they 



needed to be maintained has not been reached. The use 
of more refined biological and behavioral tests and the 
separate examination of various patient groups depending 
on their defect (enzyme or coenzyme, etc.), previous 
history (when diet was started and for how long), family 
history, etc. is needed before safe and toxic phenylalanine 
thresholds can safely be established. 

Animal models 

It is not surprising that at high doses alterations can be 
effected: at excessively high doses, most normally harmless 
compounds can have ill effects. It is important, therefore, 
to know the appropriate doses and routes of administration 
to be examined. In considering the route, oral administration 
seems the most reasonable; in considering the dose, repeated 
realistic amounts more closely resembling actual use seem 
reasonable. There is disagreement on how closely values of 
animal models approach human values. It was proposed that 
because tyrosine may counteract phenylalanine effects, not 
the absolute level of phenylalanine, but the ratio of phenylal- 
anine to tyrosine, is of importance; that is, phenylalanine 
should be in excess. The use of such a ratio assumes that 
phenylalanine is the toxic substance, and that tyrosine coun- 
teracts the toxic effects. This has not been demonstrated in 
a convincing manner. If the effect of phenylalanine is on 
large neutral amino acid transport, tyrosine effects are more 
likely to be additive rather than protective, for example. 
According to the ratio theory, high tyrosine administra- 
tion would protect phenylketonurics against pathological 
changes-this has never been reported. 

The consumption of aspartame, even among heavy users, 
is variable, and is not the same each day. At the 90th percen- 
tile level, human aspartame consumption, depending on age 
and body weight, is on average lower than 2 to 5 mg/kg per 
day and is rarely near the 35 mg/kg per day level~4.~7; with 
this level of intake, plasma amino acids remain in the normal 
range and are always well below the 50 to 200 mg/kg per 
day phenylalanine consumption of a normal diet. Most stud- 
ies using realistic doses in humans and in primates in the 
proper ratio and using even larger doses in rodents, have not 
found phenylalanine levels that exceeded dietary variations. 

Variations in cerebral levels" 

It is clear that brain components are not at constant levels 
but vary under nutritional, endocrine, developmental, aging 
influences, etc. Regional serotonin levels are changed after 
a meal, for example.")" Regional studies have not been done 
with aspartame, but changes usually vary regionally and can 
occur even in opposite directions at different sites. Because 
changes in cerebral amino acids occur under physiological 
conditions, each change may not represent altered functional 
activity. Therefore, it is important to identify the specific 
process that has been altered and its functional consequences. 
A change of catecholamine levels may not indicate altered 
catecholaminergic activity. In the many reviews of aspartame 
activity' 5 no toxic reactions were reported. 

It is possible that the numerous animal and human studies 
have not uncovered some changes in minor components that 
are of significance-that trace amines or specific proteins are 
altered or transport at specific sites. However, it is worth 
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mentioning again how nature has provided a chronically 
elevated level of phenylalanine in homozygous phenylketo- 
nurics. The studies on homozygous phenylketonurics show 
that human adults can tolerate chronic exposure to high 
phenylalanine remarkably well. At present there is no finding 
that would contraindicate the use of aspartame as a food 
additive. 

Effects in humans 

The available studies searching for possible physiological, 
nutritional, behavioral, cognitive, and pharmacological ef- 
fects of aspartame use in normal subjects and in populations 
that could be sensitive-phenylketonurics, heterozygotes, 
children, including hyperactive children, people sensitive to 
seizures, diabetics, etc.~lid not reliably establish any effect 
of normal aspartame use that would be deleterious. Because 
under normal aspartame use phenylalanine level changes are 
in the normal postprandial range, this is not unexpected. 

Summary 
1. Aspartame in its unchanged form does not attain signifi- 
cant blood levels even after massive doses. It is rapidly 
metabolized to its constituents aspartic acid, phenylalanine, 
and methanol. A minor cyclized diketopiperazine derivative 
is formed at low levels in some foods. Other than phenylala- 
nine, the metabolic products are very rapidly metabolized 
further, and thus the compound of primary interest is phenyl- 
alanine. 

2. Animal models are of use in aspartame studies, but 
the use of realistic doses and routes and intervals of adminis- 
tration is necessary for evaluating any possible effects. Under 
such experimental conditions there is no evidence that signif- 
icant changes in brain metabolism, neurotransmitters, or re- 
ceptor systems occur. Unrealistically high megadoses of 
most compounds could have undesirable effects, but these 
are not relevant to even the extremes of normal use. 

3. In measuring behavior, performance, and plasma con- 
stituents of human subjects (adults and children) including 
sensitive populations (such as phenylketonurics kept below 
harmful threshold levels but much above physiological lev- 
els), there are no indications that aspartame use would be 
harmful, inducing seizures, hyperactivity, or decreased cog- 
nition or performance. 

4. The negative findings of the numerous studies of the 
effects of aspartame administration under many different 
conditions and dose levels are to be expected because under 
most conditions the increase in plasma phenylalanine after 
heavy aspartame consumption is in the range of that oc- 
curring after consumption of a protein-containing meal. A 
further indication that high phenylalanine may not be neuro- 
toxic is the lack at present of convincing evidence for patho- 
logical changes in the phenylketonurics who were treated 
during development with low phenylalanine diets and are 
on normal diets with high plasma phenylalanine levels as 
adults. There are no reports that even chronic exposure to 
high phenylalanine causes neuropathological changes in this 
population, especially if pathology was avoided by an early 
and prolonged low phenylalanine diet. Although further 
work may detect changes in homozygotes if their plasma 
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levels are not well controlled, it has to be emphasized that 
they represent a special, perhaps partially damaged, popula- 
tion with phenylalanine levels that are much higher than 
that achieved by any aspartame users. 

5. The examination of aspartame represents a desirable 
example of a detailed and responsible study of possible 
effects of food additives on the nervous system. At present 
there is no indication of lack of safety in human consumption. 
These negative findings should not discourage future tes- 
ting-all food additives should undergo such extensive, care- 
ful neurotoxic testing. 
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