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Abstract
Aspartame (ASP) is probably the best known artificial sugar substitute that is 
used widely in food. Many experimental studies have reported the toxicity of 
long-term administration of ASP in various organ tissues. However, there is lit-
tle evidence available about the nature and mechanisms of the adverse effects 
of long-term consumption of ASP on the cardiovascular system. This study was 
conducted to evaluate the possible effects of ASP on heart tissue. For this study 
36 mature male mice were divided into one control group and three groups which 
received respectively 40 mg/kg, 80 mg/kg and 160 mg/kg ASP orally, for 90 days. 
ASP at the doses of 80 and 160 mg/kg increased the serum content of malondi-
aldehyde (MDA), but decreased serum nitric oxide (NO), creatine kinase (CK) 
and CK-MB, as well as blood superoxide dismutase (SOD) levels. Serum level of 
total anti-oxidant capacity (TAC) in blood was also reduced in serum at the dose 
of 80 mg/kg. Histochemical staining, including Periodic acid-Schiff, Masson's tri-
chrome and Verhoeff-van Gieson staining, indicated that ASP at doses of 80 and 
160 mg/kg reduced glycogen deposition and decreased the number of collagen 
and elastic fibres in the cardiac tissue. The cardiac expression of pro-apoptotic 
genes, including P53, Bax, Bcl-2 and Caspase-3, was modulated at the dose of 
160 mg/kg. Moreover, transcription of Caspase-3 was up-regulated at the dose 
of 80 mg/kg. In conclusion, long-term consumption of ASP any higher than the 
acceptable daily intake (40 mg/kg) appears to act by promoting oxidative stress, 
has the potential to alter both histopathological and biochemical parameters, and 
induces P53-dependent apoptosis in cardiac tissue.
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1   |   INTRODUCTION

Aspartame (ASP), a synthetic methyl ester of the aspartic 
acid/phenylalanine dipeptide, is one of the best known 
non-nutritive artificial sweeteners and is used world-
wide. Due to its intense sweetness, cheapness and clean 
sugar-like taste, ASP is the favoured sweetening additive 
for manufacturers and is used in various bakery goods, 
beverages, dietary supplements and even pharmaceuti-
cal products.1–3 Nowadays, ASP is included commonly 
and consumed as part of low-caloric products when peo-
ple are attempting weight loss and/or are diabetic.4,5 The 
acceptable daily intake (ADI) of ASP for both human 
adults and children is 40 mg/kg in Europe and 50 mg/kg 
in the United States. However, since many products con-
tain ASP, consumers can inadvertently consume larger 
amounts than those recommended for ADI, which may 
result in serious health complications.2 Hence, the safety 
of ASP has recently come under the spotlight.1 It has been 
demonstrated ASP may cause neurobehavioral and neu-
rodegenerative disorders, hormonal alterations, as well as 
allergies and skin problems. Besides, it may have carcino-
genic, genotoxic and amyloidogenic properties.2

During digestion in the body, ASP is hydrolysed into 
phenylalanine, aspartic acid and methanol (50%, 40% 
and 10%, respectively).6 Methanol is well-recognized as a 
cause of molecular and cellular damage.7 Methanol intox-
ication results in the generation of reactive oxygen species 
(ROS), which in turn leads to DNA fragmentation and 
protein denaturation.2 The elevation of methanol levels 
was detected after administration of ASP in humans and 
experimental animals.6,8 Many empirical studies in recent 
years have reported that long-term administration of ASP 
induces oxidative stress in several tissues such as liver,9–12 
kidneys,13,14 prostate,15 adrenal glands,16 testes,17–19 cen-
tral nervous system,5,20 haematopoietic,21,22 and lymphoid 
tissues.23,24 The results revealed that consumption of ASP 
for a long period leads to attenuation of the anti-oxidant 
system, biochemical and histopathological alterations, 
and down-regulation as well as up-regulation of anti-
apoptotic and pro-apoptotic genes, respectively, in these 
tissues.

Cardiovascular diseases are one of the major causes 
of death worldwide.25 Although these complex disorders 
have multifactorial aetiology, the occurrence of oxida-
tive stress due to excessive generation of ROS plays an 
important role in the pathophysiology of cardiovascular 
disease.26 Nowadays, the pathologic mechanism of the 
redox signalling pathway is well-established in induction 
and progression of various cardiovascular disorders, such 
as cardiomyocyte apoptosis, cardiac hypertrophy, myocar-
dial ischaemia–reperfusion, heart failure, chemotherapy-
induced cardiotoxicity, atrial fibrillation and diabetic 

cardiomyopathy.27 Despite the presence of strong exper-
imental evidence on the association of long-term con-
sumption oxidative damage in many tissues, data on the 
cardiovascular system are limited. Choudhary et al. have 
reported that intake of ASP for a long period is associ-
ated with attenuation of the cardiac anti-oxidant system 
in a rat model.28 Hence, this study was designed to bet-
ter clarify the pathologic mechanism of long-term ASP 
consumption-induced oxidative stress in the cardiovascu-
lar system.

2   |   MATERIALS AND METHODS

2.1  |  Chemicals

Aspartame, chloroform, ethanol, trichloroacetic acid 
(TCA), thiobarbituric acid (TBA) and hydrochloric acid 
(HCA) were obtained from Sigma-Aldrich (USA). Total 
antioxidant capacity (TAC) and Superoxide dismutase 
(SOD) detection kit were purchased from RanDox Co. A 
creatine kinase (CK) detection kit was provided by Pishtaz 
Teb Co. A CK-MB detection kit was purchased from Pars 
Azmun Co. RevertAid First Strand cDNA Synthesis Kit 
was provided by Fermentas Co. All other histochemical 
kits were purchased from Shimi Pazhouhesh Asia Co. 
RNX- Plus Solution SinaClon BioScience Co.

2.2  |  Animals

Thirty-six NMRI male mice at age 10–12 weeks, with a bod-
yweight of 20–30 g, were obtained from Pasteur Institute 
(Karaj, Iran). They were housed in polycarbonate cages 
under a standard condition of illumination (12 h light/12 h 
darkness), temperature (20–25°C) and humidity (50%–60%) 
with free access to water and a standard pellet diet (Tehran 
pellet, Iran) during the study. The animals were adapted to 
the new environment for 2 weeks before the beginning of the 
study. All experiments conducted on animals in this study 
were in accordance with the guidance of the ethical commit-
tee for research on laboratory animals of the University of 
Tehran (7,506,025/6/24). Both the international guidelines 
for the animals' welfare and the comparable local regula-
tions for experimenting were respected during the study.

2.3  |  Experimental design

Following 2 weeks of adaptation, the animals were first 
weighed (initial body weight, BW) and then divided into 
a control group and three experimental groups (n  =  8). 
The animals in the control group received normal saline 
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(0.5 ml/day). The three experimental groups received 40, 80 
and 160 mg/kg/day of ASP, respectively. All animals were 
treated by gavage for 90 days (Figure 1). The dosages and 
duration of the treatment in the present study have been 
designed based on earlier studies.29,30 The body weight of 
animals in all experimental groups was measured.

2.4  |  Tissue sampling, BW , BW 
alterations (BWA) and heart weight (HW) 
measurement

Following 90 days, the animals were anaesthetised (in-
duced by 5% ketamine and 2% xylazine), and the final BW 
of all animals was measured. BWA was calculated by sub-
traction of initial BW from final BW. Next, the blood sam-
ples were taken from the heart; the serum was separated 
by centrifugation (3000 g, 3  min) and stored at −20°C. 
Then, the animals were euthanized. The heart was dis-
sected out and fixed in previously prepared 10% natural 
buffered formalin. Before fixation, the heart weight (HW) 
of all experimental animals was measured.

2.5  |  Biochemical assays for evaluating 
oxidative stress biomarkers

Serum values of TAC, SOD activity of hemolysate as 
well as serum activity of CK and CK-MB were detected 
by commercial kits based on the manufacturer's instruc-
tions. These data were expressed as mmol/ml, U/g Hb 
and IU/L, respectively. The serum nitric oxide (NO) was 
measured by Griess reaction.31 The serum NO levels were 
expressed as mmol/L. Malondialdehyde (MDA) level as 
an indicator of lipid peroxidation in serum was assessed.32 
Briefly, one volume of serum was mixed with two vol-
umes of a stock solution of 15% w/v TCA, 0.375% w/v 
TBA and 0.25 moL/L HCA. Following a heating/cooling 
process, the solution was centrifuged at 1000 g for 10 min, 
and subsequently, the absorbance of the cleared solu-
tion was read at 535 nm against a blank solution. MDA 
content was estimated using 1.56 × 105 mol−1 cm−1 as the 
molar absorbance coefficient. MDA levels were presented 
as mmol/ml.

2.6  |  Histopathological and 
histochemical evaluations

The collected sample tissues were fixed with 10% natu-
ral buffered formalin for 48 h, dehydrated, cleared and 
embedded in paraffin wax. Sections of 5–7 μm thickness 
were prepared and subsequently stained with haema-
toxylin and eosin (H&E), Periodic acid-Schiff (PAS, for 
glycogen), Masson's trichrome (MTC, for Collagen fibres) 
and Verhoeff-van Gieson stain (VVG, for elastic fibres) 
were performed by standard methods for morphological 
observation.

2.7  |  RNA isolation and cDNA synthesis

Briefly, 50 mg of frozen heart tissue samples collected from 
each animal were homogenized in 2 ml of PBS and mixed 
with 1 ml of ice-cold RNX™ –PLUS solution. The mixture 
was vortexed for 5–10 s and incubated at room tempera-
ture for 5 min. Then, 200 μl of Chloroform were added to 
the tube and mixed well for 15 s by handshaking. After 
incubation on ice for 5 min, the mixture was centrifuged 
at 12,000 g at 4°C for 15 min. Next, the obtained aqueous 
phase was transferred to a new RNase-free 1.5 ml tube. An 
equal volume of Isopropanol was added, and after gently 
mixing, the solution was incubated on ice for 15 min. After 
centrifugation of the mixture at 12,000 g at 4°C for 15 min, 
the supernatant was discarded, and 1 ml 75% ethanol was 
added to the pellet. The tube was vortexed to dislodge the 
pellet and then centrifuged at 4°C for 8  min. at 7500 g. 
Subsequently, the supernatant was removed and the pel-
let was alloewed to dry at room temperature for a few 
minutes. After this step, 50 μl of DEPC-treated water were 
added, and the tube was placed in a 55°C water bath for 
10 min to improve dissolution of the pellet. Finally, using a 
NanoDrop® 2000c Spectrophotometer (Thermo Scientific), 
the quality and quantity of isolated RNA were evaluated. 
The RNA was, then transcribed to cDNA using a RevertAid 
First Strand cDNA Synthesis Kit (Fermentas) according to 
the instruction manual. In brief, 1 μg RNA was mixed with 
oligo 1 ml (dT) primer into a sterile nuclease-free tube, and 
the mixture reached 12 ml using free-DNase water. After 
gently vortex and incubation at 65°C for 5 min, 4 ml 5 

F I G U R E  1   Schematic view for 
grouping of the animals and treatment 
time for euthanasia.
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reaction buffer, 1 ml RNAse inhibitor, 2 ml 10-mM dNTP 
mix and 1 ml M-MuLV Reverse Transcriptase was added to 
the mixture. The tube was gently vortexed and incubated 
for 60 min at 42°C. Eventually, the mixture was heated at 
70°C for 5 min aimed to terminate the reaction.

2.8  |  Quantitative polymerase chain 
reaction (PCR)

To measure mRNA expression of Bcl-2, Bax, Caspase-3, 
P53 and GAPDH (as a housekeeping gene) Real-time 
PCR technique was performed. The specific forward 
and reverse primers that were used for PCR amplifica-
tion were summarized in Table 1. Briefly, 0.4 μl of each 
specific primer and 5  μl of each cDNA sample were 
added to PCR tubes containing SYBR-Green Master Mix 
(7.5  μl) and nuclease-free water (5.5  μl). Quantitative 
PCR analysis was performed using Power SYBR Green 
PCR master mix (Applied Biosystems) and analysed 
in the StepOnePlus real-time PCR system (Applied 
Biosystems). The cycling conditions were adjusted ac-
cording to the manufacturer's instructions: primary 
denaturation at 95°C for 15 min followed by 40 cycles 
of 95°C for 25 s and 68, 61, 58 and 62°C (for Bcl-2, Bax, 
Caspase-3 and P53, respectively) for 1 min and eventu-
ally 70°C for 1 min. The fold changes in gene expression 
were calculated using the 2-ΔΔCt formula.33

2.9  |  Statistical analysis

Data were analysed using SPSS program version 19.0 
(spss Inc). All results are presented as Mean ± standard 
deviation (SD). Differences between quantitative histo-
logical and biochemical data were analysed with one-way 
ANOVA, followed by the Tukey test post-hoc. The p-value 
of < .05 was considered statistically significant.

3   |   RESULTS

3.1  |  Effect of ASP on BW, BWA and HW

After 90 days, no significant differences were observed 
between the groups in total BW. However, the total BW 
alteration demonstrated a significant increase in the 
160 mg/kg group compared to the control group. Also, our 
results on heart weight and heart weight (HW)/BW ratio 
(%) showed no significant differences between the experi-
mental groups compared to the control group (Table 2).

3.2  |  Effect of ASP on oxidative 
stress biomarkers

The results showed a significant increase in MDA levels 
in 80 and 160 mg/kg but not 40 mg/kg compared to the 

Target Gene Primer Sequence (50- > 30)
Amplified 
product (bp)

Bcl-2 F: CTGGTGGACAACATCGCTCTG 226

R: GGTCTGCTGACCTCACTTGTG

Bax F: TGCAGAGGATGATTGCTGAC 176

R: GATCAGCTCGGGCACTTTAG

Caspase-3 F: AGTTGGACCCACCTTGTGAG 298

R: AGTCTGCAGCTCCTCCACAT

P53 F: ACATAGTGTGGTGGTGCCCT 152

R: ACCTCAAAGCTGTTCCGTCC

GAPDH F: GAACATCATCCCTGCATCCA 68

R: CCAGTGAGCTTCCCGTTCA

T A B L E  1   The forward (F) and reverse 
(R) primer sequences of the gene of 
interest for PCR amplification

Parameters Control 40 mg/kg 80 mg/kg 160 mg/kg

BW (g) 36.12 ± 2.82 36.31 ± 3.06 36.38 ± 3.67 37.31 ± 3.01

BWA (g) 4.62 ± 0.67 5.24 ± 1.56 5.58 ± 2.53 6.97 ± 1.15a

HW (g) 0.204 ± 0.035 0.205 ± 0.029 0.218 ± 0.038 0.217 ± 0.043

HW /BW ratio (%) 0.572 ± 0.121 0.566 ± 0.081 0.608 ± 0.133 0.583 ± 0.102

Note: All data are represented as mean ± SD (n = 8).
aRepresent significant (p < .05) differences compared to the control group.

T A B L E  2   Effect of different doses of 
ASP on total BW, BWA, HW and HW/BW 
ratio changes in different groups
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control group (Figure  2A). TAC assay indicated a sig-
nificant decrease in animals that received a long-term 
intake of 160 mg/kg in comparison to the control group 
(Figure  2B). Animals that received 40 and 80 mg/kg did 
not show significant differences compared to the con-
trol and 160 mg/kg groups. Our findings from the NO 
assay demonstrated a significant increase in NO levels 
in the groups that received 80 and 160 mg/kg, while the 
data from the group 40 mg/kg had no significant differ-
ence compared to the control group (Figure  2C). Blood 
activity of SOD was significantly decreased between 80 
and 160 mg/kg groups in comparison to each other and 
the control group. However, the 40 mg/kg group showed 
no significant differences compared to the control group 
(Figure 2D). The results of CK and CK-MB assays showed 
that animals that received doses of 80 and 160 mg/kg had 
a significant increase in activity of these enzymes com-
pared to the control group but 40 mg/kg did not show any 
significant differences compared to the control and 80 mg/
kg groups (Figure 2E,F).

3.3  |  mRNA Expression of Bcl-2, Bax, 
Caspase-3 and P53

The results of Real-time PCR are illustrated in Figure 3. 
Long-term consumption of ASP at the dose of 160 mg/kg 
significantly decreased mRNA expression of Bcl-2, while 

the other doses did not significantly change when com-
pared to the control group (Figure 3A). The Bax mRNA 
expression was significantly up-regulated by long-term 
intake of ASP at the dose of 160 mg/kg. At doses of 80 
and 160 mg/kg, the mRNA expression of Caspase-3 was 
significantly elevated compared to each other and the 
control group. Also, the mRNA expression of P53 was sig-
nificantly increased at 160 mg/kg of ASP compared to the 
control group.

3.4  |  Histopathological and 
histochemical findings

Histopathological and histochemical evaluations showed 
that cardiac tissue had a normal structure in control and 
40 mg/kg ASP groups. The animals which received 160 mg/
kg of ASP exhibited nuclear deformation, diffuse oedema, 
congestion, fibrosis and necrosis. Animals in the 80 mg/kg 
group also showed similar histopathologic alterations but 
there were less than that in the 160 mg/kg group (Figure 4). 
PAS staining indicated that the groups that received 80 and 
160 mg/kg for a long period exhibited low and very low 
amounts of glycogen deposits in comparison to the control 
group, respectively; while the groups that received 40 mg/
kg did not show remarkable differences in comparison to 
the control group. Our findings in MTC staining showed 
high amounts of collagen fibres deposits in the 160 mg/kg 

F I G U R E  2   Levels of (A) Serum 
MDA, (B) Serum TAC, (C) Serum NO, 
(D) Blood SOD, (E) CK and (F) CK-MB. 
All data are represented as mean ± SD 
(n = 8). *Represent significant (p < .05) 
differences compared to the control group. 
#Represent significant (p < .05) differences 
compared to the 80 mg/kg group.
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group compared to the control group. However, the 80 mg/
kg group indicated lower amounts of collagen fibres depos-
its, while the 40 mg/kg group showed no notable difference 
compared to the control group. VVG staining demon-
strated a higher number of elastic fibres in 80 and 160 mg/
kg groups compared to the control group. However, the 
group which received 40 mg/kg had no remarkable differ-
ences compared to the control group (Figure 4).

4   |   DISCUSSION

In summary, no significant alterations were found in ex-
perimental parameters evaluated in this study following 
90 days of intake of ASP at the dose of 40 mg/kg. However, 
doses of 80 and 160 mg/kg, resulted in the elevation of 
MDA, NO, CK and CK-MB levels as well as a decrease in 
the activity of SOD in serum, and up-regulation of gene 
expression of caspase-3 in cardiac tissue. In addition, at 
the dose of 160 mg/kg, serum levels of TAC and cardiac 
expression of the Bcl-2 gene were decreased, while expres-
sion of Bax and P53 genes was increased.

This study confirmed the role of ASP as a chemi-
cal stressor in the cardiovascular system, which was 

demonstrated by the elevation of oxidative stress bio-
markers. Our results indicated that TAC levels and ac-
tivity of SOD were significantly decreased in the serum 
and erythrocytes of animals, respectively. In line with our 
findings, Choudhary et al. have demonstrated a decrease 
in enzymatic and non-enzymatic anti-oxidants in heart 
tissue in rats after 90 days' consumption of ASP at recom-
mended ADI.28 These changes might be associated with 
ASP-derived metabolites, primarily methanol. During 
methanol intoxication, it converts to formaldehyde and 
subsequently formic acid accompanied by forming ROS.34 
Prokic et al. have reported an increase in superoxide anion 
(O2−) and hydrogen peroxide (H2O2) concentrations fol-
lowing 6 weeks of consumption of ASP. SOD participates 
in scavenging of O2−. Therefore, the decrease of SOD 
might be related to over-scavenging of O2− free radicals 
formed due to methanol intoxication in the body after 
consumption of ASP. Also, as intake of ASP leads to pro-
tein carbonylation and reduction of protein thiol, decreas-
ing in serum TAC can result from the destruction of SOD 
and other thiol antioxidants.35

NO is a derivative of L-Arginine and plays many phys-
iological and pathological roles in the body.36 NO can in-
teract with intracytoplasmic and intra-mitochondrial iron 

F I G U R E  3   Effect of long-term intake of ASP on Bcl-2 (A), Bax (B), Caspase-3 (C) and P53 (D) mRNA gene expression in cardiac 
tissue. All data are represented as mean ± SD (n = 8). *Represent significant (p < .05) differences compared to the control group. #Represent 
significant (p < .05) differences compared to the 80 mg/kg group.
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as well as an inhibitor of DNA synthesis and cellular res-
piration.12 Elevation of NO level in the 80 and 160 mg/kg 
groups reflects high production and anti-oxidant enzyme 
dysfunction following long time consumption of ASP.

Increasing mitochondrial ROS generation was asso-
ciated with the degree of contractile dysfunction, and it 
has been proposed that this relationship was causal.37 
Furthermore, cell injury causes the propagation of cyto-
kines and produces ROS from the tissues, which in turn 
may cause lipid peroxidation.28

Malondialdehyde is one of the most often used lipid 
peroxidation end products in cardiovascular studies. 

Serum assays are regarded as an index of oxidative deg-
radation of polyunsaturated lipids.38 Our results showed 
a significant increase in MDA levels at 80 and 160 mg/kg 
groups, which represent cardiovascular oxidative damage 
and subsequent lipid peroxidation following long-term 
consumption of ASP. Similarly, Choudhary et al.28 have 
reported an elevation of MDA in cardiac tissue after long-
term consumption of ASP. Prokic et al.35 also have found 
that daily intake of 40 mg/kg of ASP increases MDA level 
in erythrocytes.

Moreover, ASP causes overproduction of free radi-
cals, affects cell survival and leads to cardiac dysfunction. 

F I G U R E  4   Cross-sections from cardiac tissues: (A) Represents the control group; (B) represents the 40 mg/kg group; (C) represents the 
80 mg/kg group; (D) represents the 160 mg/kg group. H&E staining; (A) normal appearances of the cardiac structure. (B) no remarkable 
difference in the cardiac structure between the control and 40 mg/kg group was seen. (C and D) represent the cardiac injuries including 
diffused oedema, necrosis, haemorrhage and congestion (arrows) as well as hyaline exudates (head arrows) following long-term intake of 
ASP at doses 80 and 160 mg/kg. PAS staining; (A–C) normal PAS reaction (arrows) is present in cardiac cells. (D) negative PAS reaction in 
cardiac cells and faint PAS-stained cytoplasm. MTC staining; (A and B) there was no difference in the number of collagen fibres between the 
control group and the 40 mg/kg group. (C and D) an increase in the number of collagen fibres (arrows) is seen in these groups. VVG staining; 
(A and B) there was no difference in the number of elastic fibres between the control group and the 40 mg/kg ASP.
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Consequently, it results in deformation in size and shapes 
of nuclei, which presents as necrosis and subsequent fi-
brosis in cardiac tissues. Furthermore, some evidence 
of bleeding and blood congestion was presented, which 
might be due to the harmful effects of ASP on the cardiac 
tissue.39

In this study, we also revealed an increase in levels 
of CK and CK-MB in animals that received ASP at doses 
of 80 and 160 mg/kg for 90 days. These results are in line 
with Choudhary et al.’s findings, which reported elevation 
of these enzymes following 90 days of intake of ASP in a 
folate-deficient rat model.28 These enzymes are bound to 
the myocardial contraction system, and any severe dam-
age to the myocardium results in the release of these en-
zymes into the serum.40 Hence, the increase in levels of 
CK and CK-MB in serum might be due to cardiac damages 
resulting from ASP metabolism.28

On the other hand, a marked increase in heart mRNA 
expression of genes like P53, Bax and Caspase-3, as well 
as a decrease in Bcl-2 was found in the animals that re-
ceived 160 mg/kg of ASP compared to the control animals. 

P53 has a key role in the maintenance of genome stabil-
ity.41,42 P53 modulates the repair process and survivability 
of injured cells as well as the elimination of severely dam-
aged cells.41 In the latter condition, P53 leads to cell apop-
tosis, especially via the intrinsic apoptotic pathway.41–43 
Activation of P53 up-regulates gene transcription of vari-
ous pro-apoptotic proteins which encode BH-3 only pro-
teins such as Bax.42,43 P53 facilitates oligomerization and 
mitochondrial translocation of BAX. Besides, it inhibited 
the anti-apoptotic function of Bcl-2.41 These events result 
in the release of apoptogenic factors following the disrup-
tion of mitochondrial membranes and consequently acti-
vate the caspase cascade.41–43 Similar to our findings, other 
studies have reported up-regulation of pro-apoptotic and 
also down-regulation of apoptotic genes. Iyaswamy et al. 
have demonstrated down-regulation of Bcl2 expression and 
up-regulation of Bax and caspase 3-and 9 genes in a liver 
folate-deficient rat model after long-term consumption of 
ASP.10 Anbara et al. have shown that high dose intake of 
ASP for a long period resulted in a decrease of mRNA ex-
pression of Bcl-2 while increased mRNA expression of P53, 

F I G U R E  5   Infographic summary of pathologic mechanism of cardiovascular toxicity following a long-term intake of ASP at high doses. 
Hydrolysis of ASP in the gut results in releasing and absorption of methanol. An increase in blood levels of methanol leads to an imbalance 
between free radicals and antioxidants (oxidative stress statute). Induction of oxidative stress leads to molecular and cellular damages in 
cardiac tissue which causes cell death (necrosis and apoptosis). Myocardial cell death can lead to myocardial inflammation and fibrosis.
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Bax and Caspase-3 in testis tissue of mice model.18 Our re-
sults and findings from the above studies are consistent in 
finding that long-term consumption of ASP induced P53-
dependent apoptosis in experimental animals.

The histopathological evaluations in this study re-
vealed considerable changes at the cellular level in the 
heart tissue. Nuclear deformation, diffused oedema, blood 
congestion, necrosis and early fibrosis were found in tis-
sue samples of animals at high doses of ASP following 
90 days of consumption. Figure 5 graphically summarizes 
these study findings. Histopathological alterations may 
be the results of pathological damages at subcellular lev-
els following ASP metabolism in the body. Trocho et al.34 
have reported that alternation in tissues, proteins and nu-
cleic acids in both mitochondrial DNA and nucleic DNA 
is due to excess methanol formation following ASP intake. 
Gudadhe et al.44 have observed myocardial hypertrophy 
and an increase in heart weight in ASP administrated mice 
as a consequence of myocardial matrix elevation. Also, Al-
Eisa et al.45 reported a similar observation in Wistar rats 
and attributed it to the antioxidant system imbalance, in-
cluding ROS and NO augmentation and attenuation of an-
tioxidant enzyme activity. In line with the above reports, 
we revealed an imbalance in the antioxidant system and 
up-regulation of apoptotic genes that can lead to cellular 
damage and morphological alterations. Similar pathologi-
cal changes were also reported in other tissues, such as the 
brain, liver and kidneys in several studies.9,10,14

We found cardiovascular toxicity in mice fed high doses 
of ASP, at either 80 or 160 mg/kg daily, following a long 
period of intake. However, the main question is whether 
consumption of ASP by humans results in similar adverse 
effects or not. As mentioned earlier, although the ADI of 
ASP for both humans is 40 mg/kg in Europe and 50 mg/
kg in the United States, the development of products con-
taining non-nutritional sweeteners would increase the risk 
of consuming more than approved doses.46 Also, oxidation 
of methanol and consequently its detoxification following 
administration of ASP is four times faster in mice and rats 
than in humans.6 Hence, humans are more vulnerable 
to methanol poisoning than rodent species.47 Therefore, 
results provided from an experimental rodent model in 
the present study, might be extrapolatable to humans. 
Nevertheless, further clinical investigations of long-term 
metabolic and histological impacts in human consumers 
are needed to evaluate the possibility of cardiovascular tox-
icity induction following long-term consumption of ASP.

In conclusion, our findings revealed that long-term 
intake of ASP at 40 mg/kg did not have toxic effects on 
the cardiovascular system in mice. However, long-term 
ASP consumption of 80 mg/kg or more can evoke oxi-
dative stress and changes in Caspase-3 gene expres-
sion, while consumption of 160 mg/kg leads to adverse 

biochemical as well as histochemical alterations, and in-
duction of apoptosis in cardiac tissue in a murine model. 
Given the heightened vulnerability to methanol toxicity 
in humans compared to mice, further research is needed 
to ascertain whether increased oxidative stress and car-
diac toxicity might also be observed in humans who con-
sume ASP over a period of years, even within current 
ADI levels.
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