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ARTICLE INFO ABSTRACT

Keywords: No-caloric sweeteners, such as aspartame, are widely used in various food and beverages to prevent the
Aspartame increasing rates of obesity and diabetes mellitus, acting as tools in helping control caloric intake. Aspartame is
Cysteine metabolized to phenylalanine, aspartic acid, and methanol. Our aim was to study the effect of chronic

S-adenosylmethionine

- administration of aspartame on glutathione redox status and on the trans-sulphuration pathway in mouse liver.
N-acetylcysteine

Mice were divided into three groups: control; treated daily with aspartame for 90 days; and treated with
aspartame plus N-acetylcysteine (NAC). Chronic administration of aspartame increased plasma alanine
aminotransferase (ALT) and aspartate aminotransferase activities and caused liver injury as well as marked
decreased hepatic levels of reduced glutathione (GSH), oxidized glutathione (GSSG), y-glutamylcysteine (y-GC),
and most metabolites of the trans-sulphuration pathway, such as cysteine, S-adenosylmethionine (SAM), and S-
adenosylhomocysteine (SAH). Aspartame also triggered a decrease in mRNA and protein levels of the catalytic
subunit of glutamate cysteine ligase (GCLc) and cystathionine y-lyase, and in protein levels of methionine
adenosyltransferase 1A and 2A. N-acetylcysteine prevented the aspartame-induced liver injury and the increase
in plasma ALT activity as well as the decrease in GSH, y-GC, cysteine, SAM and SAH levels and GCLc protein
levels. In conclusion, chronic administration of aspartame caused marked hepatic GSH depletion, which should
be ascribed to GCLc down-regulation and decreased cysteine levels. Aspartame triggered blockade of the trans-
sulphuration pathway at two steps, cystathionine y-lyase and methionine adenosyltransferases. NAC restored
glutathione levels as well as the impairment of the trans-sulphuration pathway.

1. Introduction

Nowadays, no-caloric sweeteners are widely used to prevent the
increasing rates of obesity and diabetes mellitus and to handle these
patients, acting as critical tools in helping control caloric intake. Among
them, aspartame stands out from all the others [1]. Aspartame is a
dipeptide derivative (r-aspartyl L-phenylalanine methyl ester) that is
used in a foods and beverages worldwide [2]. After its oral ingestion,
aspartame is absorbed from the intestinal lumen and hydrolyzed to
phenylalanine (50%) -the precursor for two neurotransmitters of the
catecholamine family-; aspartic acid (40%) -an excitatory amino acid-;
and methanol (10%) -which is oxidized to cytotoxic formaldehyde and
formic acid- [3]. Although the Food and Drug Administration (FDA)
approved aspartame consumption, its use has been controversial as it
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has been associated with several adverse effects as hyperglycemia [4,5],
neurologic and behavioral disturbances [6] and hepatocellular lesions
[7]. Most of them were ascribed to the generation of aspartame
metabolites, particularly to methanol metabolites as formaldehyde
and formate.

Methanol levels were found elevated after aspartame administra-
tion to humans [8] and rats [8—10]. However, there are some species
differences in the metabolism of methanol because humans metabolize
methanol to formaldehyde through alcohol dehydrogenase, whereas
rodents use catalase, which also has antioxidative activity [11].
Formaldehyde is converted to formate through a similar mechanism
in both species via formaldehyde dehydrogenase, which is a glu-
tathione-dependent enzyme [12]. Then, formate in metabolized to
carbon dioxide through a tetrahydrofolate-dependent pathway [13].
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Table 1
ALT and AST activities in plasma of aspartame-treated mice. Effect of NAC.

Control ASP ASP+NAC
ALT (IU/L) 45.6 +3.5 78.4+6.8 56 +2.7%
AST (IU/L) 209 +46 304 +26 284 + 41

The number of mice per group was 6. Results are expressed as mean + SD. The statistical
difference is indicated as follows:

* P<0.05 versus control.

# P <0.05 versus ASP. ASP, aspartame; NAC, N-acetylcysteine.

Aspartame-derivative methanol has been linked to depletion of
reduced glutathione [9,10]. Indeed, GSH depletion in brain, liver, and
erythrocytes is a common feature of the long-term administration of
aspartame [5,7,9,10,14,15]. The aim of this work was to determine the
effect of chronic administration of aspartame on glutathione redox status
and on the trans-sulphuration pathway in mouse liver.

2. Materials and methods
2.1. Animals

Male Swiss mice (30 + 6 g b.w.) were obtained from Central Animal
Facility of the Federal University of Santa Maria (Brazil). They were fed on
a standard rodent chow (Supra, Sdo Leopoldo, Brazil) and tap water ad
libitum, in temperature- and humidity- controlled animal quarters under
a 12-h light-dark cycle. The Ethics Committee of the Federal University of
Santa Maria (Brazil) approved the study protocol (#001/2015).

2.2. Experimental protocol

Mice (n =18) were divided into three groups with six animals each
one: control; aspartame (Sigma-Aldrich, St Louis, USA); and aspartame
treated with N-acetylcysteine (NAC) (Sigma-Aldrich, St Louis, USA).
Control group received vehicle (0.9% NaCl) by gavage for 90 days,
whereas aspartame and aspartame treated with NAC groups received
aspartame (80 mg/kg, 2.5 ml/kg, prepared in 0.9% NaCl solution). From
day 60 until the 90 days immediately after administration of aspartame,
the mice of the third group received NAC (163 mg/kg, pH 6.8-7.2)
intraperitoneally, whereas the others received its vehicle intraperitoneally.

All treatments were prepared daily prior to administration. Prior to
sacrifice, mice were anesthetized with isoflurane inhaled at 3%, blood
was collected in heparinized tubes and subsequently the animals were
sacrificed through exsanguination 3 h after the last treatment.

2.3. Assays

2.3.1. Alanine amino transferase and aspartate amino transferase
activities

ALT and AST activities were determined in plasma using commer-
cial kits (Labtest, Lagoa Santa, Brazil). Results were expressed as UI/L.
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2.3.2. Histology

Liver samples were fixed 10% formaldehyde and embedded in
paraffin. Next, 6 um thick histological sections were cut and stained
with hematoxilin-eosin to detect microarquitecture and morphological
alterations.

2.3.3. Determination of sulfur-containing amino acids

Frozen liver samples were homogenized in 400 pl of phosphate
saline buffer containing 11 mM N-ethyl maleimide (NEM). Perchloric
acid (PCA) was then added to obtain a final concentration of 4% and
centrifuged at 15,000¢ for 15 min at 4 °C. The concentrations of GSH,
oxidized glutathione (GSSG), glutamylcysteine (y-GC), cysteine, cy-
stathionine, homocysteine, S-adenosyl homocysteine (SAH), S-adeno-
syl methionine (SAM) and methionine were determined in the super-
natants by high-performance liquid chromatography coupled to tan-
dem mass spectrometry (HPLC-MS/MS). The chromatographic system
consisted of a Micromass QuatroTM triple-quadrupole mass spectro-
meter (Micromass, Manchester, UK) equipped with a Zspray electro-
spray ionization source operating in the positive ion mode with a LC-
10A Shimadzu (Shimadzu, Kyoto, Japan) coupled to the MassLynx
software 4.1 for data acquisition and processing. Samples were
analyzed by reversed-phase HPLC with a C18 Mediterranea SEA
column (Teknokroma, Barcelona, Spain) (5.060.21 cm) with 3 mm
particle size. In all cases, 20 pl of the supernatant were injected onto
the analytical column. The mobile phase consisted of the following
gradient system (min/%A/%B) (A, 0.5% formic acid; B, isopropanol/
acetonitrile 50/50; 0,5% formic acid): 5/100/0, 10/0/100, 15/0/100,
15.10/100/0, and 60/100/0. The flow rate was set at 0.2 ml/min.
Positive ion electrospray tandem mass spectra were recorded with the
electrospray capillary set at 3 keV and a source block temperature of
120 °C. Nitrogen was used as the drying and nebulizing gas at flow
rates of 500 and 30 L/h, respectively. Argon at 1.5610—-3 mbar was
used as the collision gas for collision-induced dissociation. An assay
based on LC-MS/MS with multiple reaction monitoring was developed
using the transitions m/z, cone energy (V), collision energy (eV) and
retention time (min) for each compound that represents favorable
fragmentation pathways for these protonated molecules. Calibration
curves were obtained using six-point (0.01-100 mmol/1) standards
(purchased from Sigma-Aldrich, St Louis, USA) for each compound.
The concentrations of metabolites were expressed as nmol/mg of
protein.

2.3.4. RT-PCR

A small piece of liver was excised and immediately immersed in
RNA-later solution (Ambion, Thermo Fisher Scientific, Waltham, USA)
to stabilize the RNA. Total RNA was isolated using Trizol (Sigma-
Aldrich, St Louis, USA). The cDNA for amplification in the PCR assay
was constructed by reversion transcription reaction using Revertaid H
Minus First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, USA). Real time-PCR was performed using SYBR Green PCR
Master Mix (Takara, Kusatsu, Japan) in an iQ5 real-time PCR detection

Fig. 1. Representative images of hematoxylin-eosin histological staining in liver of control (A), aspartame-treated mice (B) and mice treated with aspartame plus NAC (C). Leukocyte
infiltration (asterisk), reduction in nuclear volume and degeneration of hepatocytes (arrows) are shown in aspartame-treated mice (B).
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Fig. 2. GSH (A), GSSG (B), GGSG/GSH*1000 ratio (C) and y-GC (D) levels in liver of aspartame-treated mice. Effect of NAC. The number of mice per group was 6. Results are expressed
as mean + SD. The statistical difference is indicated as follows: *, P < 0.05 versus control; #, P < 0.05 versus ASP. Abbreviations: ASP, aspartame; NAC, N-acetylcysteine; GSH, reduced

glutathione; GSSG, oxidized glutathione; y-GC, y-glutamylcysteine.
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Fig. 3. Gcle mRNA relative expression versus gapdh (A), representative Western
blotting image and densitometry of GCLc protein relative expression versus GAPDH
protein (B) in liver of aspartame-treated mice. Effect of NAC. The number of mice per
group was 6. Results are expressed as mean + SD. The statistical difference is indicated as
follows: *, P<0.05 versus control; #, P<0.05 versus ASP. Abbreviations: ASP,
aspartame; NAC, N-acetylcysteine; GCLe, catalytic subunit of glutamate cysteine ligase.
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system (BioRad, Hercules, USA). Each reaction was performed in
duplicate and the melting curves were constructed to ensure that a
single product was amplified. GAPDH was analyzed as real time RT-
PCR control. The following primers were used: Gclc: forward 5'-
CCATCACTTCATTCCCCAGA-3” and reverse 5’-GATGCCGGATG
TTTCTTGTT-3’; Cth: forward 5’- TCGTTTCCTGCAGAATTCACT -3’
and reverse 5’-CTGCTCTTTCAGGGCCTCTT-3’; Gapdh: forward 5'-
GGGCATCTTGGGCTACAC-3’ and reverse 5’-GGTCCAGGGT
TTCTTACTCC-3’. The threshold cycle (CT) was determined and the
relative gene expression was expressed as follows: fold change =24
(ACT)y where ACT = CTtarget - CThousekeepingy and A(ACT) =ACTy cated -
ACTcontrol'

2.3.5. Western blotting

Frozen liver samples were homogenized on ice in Hepes lysis buffer
(100 mg/mL) containing 75 mM NaCl, 750 uM magnesium chloride,
25 mM Hepes (pH 7.4), 500 uM EGTA, 5% glycerol, 0,5% Igepal, 1 mM
dithiothreitol, 30 mM sodium pyrophosphate, 50 mM sodium fluoride,
and 1 mM sodium orthovanadate. A protease inhibitor cocktail (Sigma-
Aldrich, St Louis, USA) was added before its use at a concentration of
5 uL/mL. All debris was removed through centrifugation at 15,000¢g at
4 °C for 15 min, and the supernatant obtained was used for analysis.
Fifty micrograms of protein were separated in Criterion Gel 4-15%
(BioRad, Hercules, USA) by electrophoresis and transferred to Trans-
Blot Turbo Nitrocellulose membranes (BioRad, Hercules, USA). Western
blotting and chemiluminescence detection using Luminata Classico
Western HRP Substrate (Millipore, Billerica, USA) were utilized to
determine the catalytic subunit of glutamate cysteine ligase (GCLc),
cystathionine gamma-lyase (CTH) and methionine adenosyltransferase
1A (MAT1A) and 2A (MAT2A) and GAPDH. The following antibodies
were used: antibody against GCLc (1/1000) (Abcam, Cambridge, UK),
antibody against CTH (1/500) (Abcam, Cambridge, UK), antibody
against MAT1A (1/500) (Abcam, Cambridge, UK), antibody against
MAT?2A (1/500) (Abcam, Cambridge, UK) and antibody against GAPDH
(1/1000) (Cell Signaling Technology, Danvers, USA).
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Fig. 4. Cysteine (A), cystathionine (B), homocysteine (C), SAH (D), SAM (E) and methionine (F) levels in liver of aspartame-treated mice. Effect of NAC. The number of mice per group
was 6. Results are expressed as mean + SD. The statistical difference is indicated as follows: *, P < 0.05 versus control; #, P < 0.05 versus ASP. Abbreviations: ASP, aspartame; NAC, N-

acetylcysteine; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
2.4. Statistical analysis

The data were compared by one-way ANOVA followed by the
Tukey-Kramer Multiple Comparisons Test. Results are reported as

mean + standard deviation (SD) and differences were considered to be
significant at P < 0.05.

3. Results
3.1. Effect of aspartame on plasma aminotransferase activities
Chronic aspartame administration produced an elevation in ALT

and AST activities in the plasma. ALT activity returned to normal levels
after chronic NAC treatment. All data are shown in Table 1.

3.2. Effect of aspartame on the liver histology

Aspartame administration increased hepatocellular injury, trigger-
ing leukocyte infiltration, reduction in nuclear area, and degeneration
of hepatocytes with increased liver sinusoidal diameter in different
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areas of the liver (Fig. 1B). NAC treatment restored the normal
histological architecture, showing preserved hepatocyte and sinusoidal
morphology after aspartame treatment (Fig. 1C), which was similar to
the hepatic histology of control mice (Fig. 1A). Hence, chronic
aspartame may lead to toxic hepatitis.

3.3. Effect of aspartame on the glutathione levels and redox status in
the liver

Aspartame administration caused a 30% decrease in GSH levels in
the liver, which was prevented by NAC treatment (Fig. 2A). However,
GSH depletion was not associated with glutathione oxidation in the
liver as aspartame also induced a parallel GSSG depletion maintaining
the normal GSSG/GSH ratio (Fig. 2B,C).

3.4. Effect of aspartame on y-glutamylcysteine and the glutamate
cysteine ligase

The levels of y-GC were decreased in the liver upon administration
of aspartame (Fig. 2D). NAC administration restored the normal y-GC
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Fig. 5. Cth mRNA relative expression versus gapdh (A), representative Western blotting
image and densitometry of CTH protein relative expression versus GAPDH protein (B) in
liver of aspartame-treated mice. Effect of NAC. The number of mice per group was 6.
Results are expressed as mean + SD. The statistical difference is indicated as follows: *, P
< 0.05 versus control; #, P < 0.05 versus ASP. Abbreviations: ASP, aspartame; NAC, N-
acetylcysteine; CTH, cystathionine y-lyase.

hepatic levels. Aspartame administration also triggered down-regula-
tion of both the gclce mRNA (Fig. 3A) and GCLc protein (Fig. 3B,C)
levels in the liver. GCLc protein levels returned to the control levels
after treatment with NAC (Fig. 3B).

3.5. Effect of aspartame on the trans-sulphuration pathway in the
liver

Aspartame administration caused a severe depletion in most metabo-
lites of the trans-sulphuration pathway in the liver. Indeed, cysteine
(Fig. 4A), homocysteine (Fig. 4C), SAH (Fig. 4D), and SAM (Fig. 4E)
hepatic levels were severely depleted by aspartame, whereas methionine
(Fig. 4F) and cystathionine levels (Fig. 4B) did not change. NAC
administration restored these changes in aspartame-treated mice leading
to normal levels of all metabolites of the trans-sulphuration pathways.

3.6. Effect of aspartame on expression of cystathionine gamma-lyase
and methionine adenosyltransferases in the liver

Aspartame administration led to a decrease in the cth mRNA
(Fig. 5A) and CTH (Fig. 5B) protein levels as well as in MAT1A
(Fig. 6A) and MAT2A (Fig. 6B) protein levels in the liver.

4. Discussion

Aspartame is present in more than 6000 food products around the
world [2]. However, most aspartame consumers are unaware about its
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Fig. 6. Representative Western blotting image and densitometry of MATIA (A) and
MAT2A (B) protein relative expression versus GAPDH protein in liver of aspartame-
treated mice. Effect of NAC. The number of mice per group was 6. Results are expressed
as mean + SD. The statistical difference is indicated as follows: *, P < 0.05 versus control.
Abbreviations: ASP, aspartame; NAC, N-acetylcysteine; MAT1A, methionine adenosyl-
transferase 1A; MAT2A, methionine adenosyltransferase 2A.

potentially detrimental metabolites and controversial safety [7].
Aspartame was also related to non-alcoholic fatty liver disease asso-
ciated to metabolic syndrome [16,17]. Aspartame and other artificial
sweeteners may drive the development of glucose intolerance, fatty
liver disease linked to metabolic syndrome through induction of
compositional and functional alterations of the intestinal microbiota
in mice and humans [17]. Aspartame adverse effects also have been
ascribed to the toxic actions of methanol and its metabolites generated
from aspartame metabolism [18,19]. Indeed, methanol levels were
elevated in rat plasma after long-term intake of aspartame at high
doses [12], and even at similar doses to those expected in humans [10].
Methanol metabolism produces formaldehyde, which was found to be
even more toxic than methanol itself and formate [19]. Formaldehyde
can form adducts with proteins and nucleic acids, which accumulate in
rat liver during chronic treatment with high doses of aspartame [18].
Formaldehyde also decreases hepatic GSH content and induces cell
death in rat thymocytes, being pointed as possible responsible at least
for part of aspartame toxicity [19].

Aspartame-induced liver inflammation and necrosis is associated
with GSH depletion and a decrease in glutathione peroxidase and
glutathione reductase activities [7]. Aspartame also provokes adrenal
cell apoptosis in vitro [20] and brain apoptosis in vivo [10] via
mitochondrial oxidative stress. Hence, GSH depletion and changes in
GSH-related enzymes are considered main features linked to aspar-
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tame-induced oxidative stress and injury [5,7,9,10,14,15]. Moreover,
methanol may cause oxidative stress and is considered the major
contributor to it upon aspartame administration.

Nevertheless, the effects of chronic aspartame administration on
glutathione redox status and on the trans-sulphuration pathway
(Fig. 7) were still unknown. The aspartame doses used here in this
research (80 mg/kg), when extrapolated to human equivalent doses
using the body surface area normalization method [21], correspond to
6 mg/kg i.e., the daily intake of 360 mg of aspartame or 360 mL of soft
drink (2 cans of 355 ml), by a 60 kg individual.

Hepatocytes are those cells with the most active trans-sulphuration
pathway able to use methionine for GSH synthesis through this
pathway (Fig. 7), where methionine is converted to cysteine and thus
is used for GSH synthesis [22-24]. Under normal physiological
conditions the rate of GSH synthesis in the liver is mainly determined
by two factors: the activity of GCL [25] and the availability of its
substrate cysteine [26]. Aspartame-induced GSH depletion should be
ascribed to both events (Fig. 7), since we report here a decrease in Gcelc
mRNA and GCLc protein levels as well as a severe reduction in cysteine
levels, which is likely to be due to a marked decrease in Cth mRNA and
CTH protein levels. The cystathionine levels were preserved likely due
to decrease in its hydrolysis as cystathionine gamma-lyase, which
converts cystathionase into cysteine, exhibited a marked decrease in
both its mRNA and protein levels after aspartame administration.

Another important metabolite of the trans-sulphuration pathway
(Fig. 7) is SAM, which is synthetized by MAT1A (liver-specific) and
MAT2A (non-liver-specific) enzymes. It has been shown a reduction in
MAT1A in the liver induces GSH depletion [27,28]. We show here that
aspartame triggers downregulation of both enzymes, MAT1A and
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MAT2A, and induces a marked decrease in SAM levels. MATI1A is
considered crucial for hepatic function, since its absence in mice liver
produces marked depletion of hepatic SAM levels, making the liver
more susceptible to damage [28]. Therefore, since SAM is involved in
methylating reactions and in the critical protection of hepatocytes, our
findings open a new scenario to explore further consequences of
aspartame side effects that may better explain its adverse effects.

Considering that GSH plays an important role in detoxification of
electrophilic xenobiotics and in the protection against oxidative stress,
and taking into account the aspartame-induced depletion of GSH
levels, pharmacological strategies to maintain GSH levels may be
important for people who regularly need to consume foods and
beverages with sweeteners. A compound widely used in the clinic to
protect against acetaminophen-induced GSH depletion and toxicity is
NAC [5]. NAC is also used as a mucolytic agent and in the treatment of
diseases such as cystic fibrosis, chronic obstructive pulmonary disease,
diabetes mellitus, and immunodeficiency virus/AIDS [29]. The bioa-
vailability of NAC (below 5%) is related to its N-deacetylation in the
intestinal mucosa and first-pass metabolization in the liver [30]. This
last process releases cysteine [31,32], which may taken up by epithelial
cells and maintain GSH synthesis [33]. Therefore, the beneficial effects
of NAC have been ascribed to its capability to scavenge reactive oxygen
species and increase cellular GSH levels, since NAC is a precursor for
cysteine whose availability is a limiting factor for GSH synthesis. Our
findings suggest that administration of N-acetyl cysteine may be
beneficial in subjects consuming regularly foods and beverages with
sweeteners.

In conclusion, chronic administration of aspartame caused marked
hepatic GSH depletion, which should be ascribed to GCLc down-
regulation and decreased cysteine levels. Aspartame triggered blockade
of the trans-sulphuration pathway at two steps (Fig. 7), cystathionine
y-lyase and methionine adenosyltransferases. NAC restored glu-
tathione levels as well as the impairment of the trans-sulphuration
pathway.
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