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Abstract: Dimethylamylamine (DMAA) is a bodybuilding supplement with fat-burner or performance-enhancing properties.
DMAA is often combined with caffeine to enhance its effectiveness and this can have serious adverse effects on health. In
this study, we examined for the first time the cytotoxic, oxidative and genotoxic effects of DMAA in the presence or absence
of caffeine in lymphocytes cultured from human blood, and its vascular irritant effects in a hen's chorioallantoic membrane
egg test. Cytotoxic effects were observed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
lactate dehydrogenase release (LDH), which serves as a measure of cell membrane damage, changes in the mitotic index
(MI) and proliferative rate index (PRI) assays. Oxidative changes were evaluated by the total antioxidant activity and the
total oxidative status assay. Genotoxic damage was analyzed by chromosomal aberration and micronucleus assays. DMAA
and its combination with caffeine (cDMAA) had no genotoxic effects. DMAA (1000 mg/L) and cDMAA (500 and 1000
mg/L) decreased cell viability while significantly increasing LDH activity, MI and the oxidative level. DMAA and cDMAA
caused weak and moderate vascular irritant effects, respectively. In conclusion, DMAA exhibits cytotoxic effects via mem-
brane dysfunction and mitotic disturbance following increased oxidative stress in a dose- and caffeine-dependent manner.
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INTRODUCTION whether geranium components contain DMAA could
not prove its presence [8]. Today, different components

Dimethylamylamine, also known as methylhexanamine, of DMAA are used in more than 100 products, and

1,3-dimethylamylamine, 1,3-amphetamine and DMAA,
is an amphetamine-derived drug that was first in-
troduced as a potential nasal decongestant in 1944
[1,2]. DMAA is a central nervous system stimulant
with temporary vasoconstrictor and sympathomi-
metic effects. DMAA has become widely used as a
bodybuilding supplement for its support of physical
and mental functions and reduction of appetite and
weight, especially in the gym and sports medicine areas.
Many DMAA-containing products are supplemented
with other stimulants such as caffeine to increase its
stimulant and thermogenic effects [3-6].

Experimental evidence has shown that DMAA
naturally exists in geranium oil or other parts of gera-
nium plant [7], however, detailed laboratory studies of
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these products have reached millions of sales since
2007 [9]. It is thought that natural DMAA is unlikely
to be used in marketed products and DMAA is added
artificially [10]. After increased controversial reports
about the natural and artificial nature of DMAA in
dietary supplements, the final decisions of the Food and
Drug Administration (FDA) and the concerned courts
are that DMAA in different products is synthetic and is
generally considered unsafe, and is therefore classified
as a food additive rather than a dietary supplement [11].

DMAA is available in the form of raw DMAA
powder or tablets and food supplements containing
DMAA. The levels measured in food supplements of
DMAA can be up to its maximum daily dose of 28 mg
[10]. Recommended oral doses range from 10 to 100
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mg and its effect lasts about 3-4 hours [4]. LD50 values
determined after its intravenous and intraperitoneal
routes of administration in animal studies are 39 mg/
kg [12] and 185 mg/kg [13], respectively. The known
adverse effects of DMAA have been only reported based
on some user records. Among these effects, tachycardia,
dizziness, headache, nausea and vomiting have been
frequently reported [3,14]. In 2011, the death of two
soldiers who experienced heart attacks was associated
with the intake of supplements containing DMAA
[15]. However, some clinical reports associated with
DMAA consumption suggested that side effects could
occur when it is consumed with other agents, such as
caffeine and alcohol [16,17].

The FDA recommends avoiding products contain-
ing DMAA due to insufficient data supporting its safe
consumption [18]. Many governmental agencies such as
Health Canada, the National Food Agency of Sweden,
the National Health Surveillance Agency of Brazil, UK
Medicines and Healthcare Products Regulatory Agency
and New Zealand Ministry of Health have made exten-
sive efforts to prohibit the sale of DMAA-containing
products [5,6]. Also, DMAA has been added to the List
of Prohibited Substances & Methods in Sports [19].
Despite these efforts, DMAA or its products are still
sold illegally or under other trade names and thus the
concern about its safety has become more debatable
with the increasing commercialization of DMAA.

A detailed map of the toxic effects of DMAA is
necessary to identify possible health risks on consumers,
even if there is a low exposure risk. For this purpose,
this study was conducted for the first time to evaluate
the possible cytotoxic, genotoxic and oxidative effects
of DMAA alone and in the presence of the caffeine
(cDMAA) by following parameters that included cell
viability, oxidant/antioxidant status and DNA anoma-
lies in lymphocytes cultured from human blood. We
also tested the possible irritant effects of DMAA and
cDMAA on the chorioallantoic membrane model.

MATERIALS AND METHODS
Experimental design

This study was carried out with blood samples ob-
tained from five men with an average age of 25, with
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no genotoxic substance exposure and smoking history.
Experiments involving volunteer individuals were
conducted in agreement with the decisions of the
Declaration of Helsinki. Written informed consent
was obtained from each volunteer individual and ques-
tionnaires were used to evaluate the exposure history
of participants. About 6 mL of blood were collected
by vein puncture from the participants on an empty
stomach to minimize the potential effects of any nu-
tritional factors. Samples collected on the same day at
the beginning of the trials were analyzed primarily for
hematological and biochemical parameters; no disease
was detected in the samples. Human peripheral blood
lymphocytes were cultured and harvested using a slight
modification of the existing protocol [20]. Three mL
of a fresh blood sample collected into an EDTA tube
with anticoagulant properties, were transferred to a
15-mL conical centrifuge tube containing an equal
amount of Histopaque-1077 (Sigma-Aldrich, St Louis,
MO, USA), and lymphocytes were obtained according
to the manufacturer’s product protocol. Subsequently,
the lymphocyte suspension (500 uL) was added to 7
mL of Chromosome Medium B (Biochrom, Leono-
renstr. 2-6 12247, Berlin, Germany) containing 100
U/mL penicillin, 100 pg/mL streptomycin and 0.005
mg/L of phytohemagglutinin (Biochrom, UK). DMAA
(C7H17N, CAS no. 105-41-9, Sigma-Aldrich, St Louis,
MO, USA) was dissolved in 95% ethanol and kept at
-20°C as stock solution. An assessment across a wide
range of concentrations was required to fully character-
ize the safety and efficacy profile of DMAA. Based on
previous cytotoxicity studies conducted with ephedrine
and amphetamine, which have similar characteristics
to DMAA [21,22], the dose curves ranged in concen-
tration from 0.5 mg/L to 1000 mg/L for DMAA. This
range was sufficient to establish a curve from non-
toxic to maximally toxic. Caffeine was purchased as
200 mg natural powder from a local vendor (Nature’s
Supreme) and was dissolved in distilled water tested
at concentrations of 1 mM. Concentration preference
was chosen considering the noncytotoxic and daily
recommended doses in previous studies [23-25]. The
compounds for determining biochemical analysis and
genotoxic effects were incorporated into lymphocytes
as mentioned below. Mitomycin C (107 M) was used as
a positive control in cytotoxicity, micronucleus (MN)
and chromosome aberration (CA) assays. Similarly,
hydrogen peroxide (25 uM) and ascorbic acid (10 uM)
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served as the positive controls in total antioxidant ca-
pacity (TAC) and total oxidative stress (TOS) activity
analyses, respectively.

Cell culture and cytotoxicity assay

Lymphocytes were cultivated for 24 h at 37°C in 96-
well microplates with an initial concentration of 1x10°
cells/mL. The cells were treated with concentrations of
0.5, 5, 50, 100, 250, 500 and 1000 mg/L of the DMAA
and its combination with caffeine (cDMAA), as well as
with a concentration of 1 mM caffeine for 48 h. MTT
[3-(4, 5-dimethyl-2-thiazolyl) -2, 5-diphenyl-2H-
tetrazolium bromide)] was added to the cell cultures
for 3 h according to the manufacturer’s instructions
(Cayman Chemical Company, USA) and the plates
were measured at 570 nm using an ELISA plate reader
(BMG Labtech, Ortenberg, Germany).

Lactate dehydrogenase (LDH) assay

The LDH leakage assay was performed using the LDH
Assay Kit (Cat No. ab102526, Abcam, Cambridge, UK)
in the culture medium of a new set of cells exposed
to different concentrations (0.5, 5, 50, 100, 250, 500
and 1000 mg/L) of DMAA and cDMAA, as well as
a concentration of 1 mM of caffeine for 48 h. One
hundred pL of culture medium was transferred to a
new 96-well plate. One hundred pL of LDH reaction
solution was added to each well and the absorbance
was measured at 490 nm using an ELISA reader (BMG
Labtech, Ortenberg, Germany) after 30 min.

TAC and TOS activities

The levels of TAC and TOS activities were measured
in cellular media using a commercial kit (Rel Assay
Diagnostics’, Gaziantep, Turkey) according to the
manufacturer’s instructions. Lymphocytes for these
experiments were treated with concentrations of 0.5,
5, 50, 100, 250, 500, and 1000 mg/L of the DMAA and
cDMAA, as well as with a concentration of 1 mM of
caffeine, and incubated at 37°C in a humidified atmo-
sphere containing 5% CO, for 2 h.

In the TAC assay, potential antioxidants in culture
medium cause a reduction of ABTS (2,2’-azino-bis
3-ethyl benzothiazoline-6-sulfuric acid) radical. Briefly,
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500 pL of Reagent 1 Buffer solution contained in the
kit content was added to a quartz cuvette containing
30 pL of plasma sample, and the initial absorbance was
measured at 660 nm after 30 s. Then, 75 uL of Reagent
2 (ABTS radical cation) solution was added to the
same cuvette and the absorbance was measured at 660
nm after 5 min incubation. The assay was calibrated
with Trolox, a vitamin E analog, and the results were
expressed in terms of mM Trolox equivalents (TE) per
liter (mmol Trolox equiv/L).

The TOS assay is based on the conversion of the
ferrous ion-chelator complex to ferric ion via oxidants
present in the culture medium. To determine the level
of TOS, 500 uL of Reagent 1 Buffer was mixed with
75 pL of each plasma sample and the absorbance of
each sample was measured at 530 nm after 30 s. Then,
15 pL of Reagent 2 (Prochromogen) was added to the
mixture and the absorbance was read again at 530 nm.
The assay was calibrated with H O, and the results
were expressed in terms of uM H,O, equivalent per
liter (umol H,O, equiv/L).

MN assay

The MN assay was carried out as described by Fenech
and Morley [26]. The blood sample (500 uL) and con-
centrations of 0.5, 5, 50, 100, 250, 500 and 1000 mg/L
of DMAA and cDMAA, as well as a concentration of 1
mM of caffeine, were added to 7 mL of Chromosome
Medium B (Biochrom, Leonorenstr. 2-6.D-12247, Ber-
lin, Germany) containing 100 U/mL penicillin, 100 pg/
mL streptomycin and 0.5 mL of phytohemagglutinin
(Biochrom), and the cell culture was incubated at 37°C
for 72 h. Cytochalasin B (Sigma, USA) was added to
the culture medium after 44 h of incubation. At the
end of the 72-h incubation period, the culture medium
was centrifuged at 900 x g for 10 min and the obtained
lymphocytes were exposed to a hypotonic solution of
0.075 M of cold KCl for 30 min, and the cells were fixed
in ice-cold methanol/acetic acid (3:1, v/v). The fixed
cells were placed directly on slides using a cytospin
centrifuge (Thermo Shandon, Frankfurt, Germany) and
stained with Giemsa solution. The count of MN cells
was performed under a light microscope as described
[27]. At least 2000 binucleated cells were counted per
concentration (duplicate cultures for each concentra-
tion) for the formation of one, two, or more MN.
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CA method

The CA method for lymphocyte culture was performed
with slight modifications of the procedure [28]. The
blood sample (0.5 mL) and the concentrations described
above of DMAA and cDMAA were cultured with 6 mL
of Chromosome Medium B (Biochrom, Berlin) for 72 h
at 37°C. Two h before the end of the incubation period,
colchemide solution (0.1 mL) was added to the culture.
After the incubation period, cells were collected by
centrifugation and treated with a hypotonic solution
(0.075 M KClI). Cells were re-incubated and centrifuged.
A fixation solution (methanol: acetic acid, 3:1 v/v) was
added to the cell suspension and the resulting cells were
resuspended and dropped onto clean slides. To prepare
the slides, a few drops of the fixed cell suspension were
dropped onto the cold slide and air-dried. The slides
were stained with Giemsa stain in phosphate buffer
(pH 6.8) and allowed to dry. The evaluation process
was performed by counting the fifty-metaphase plate
showing different chromosomal anomalies.

Lymphocyte kinetics assessment

To verify the cytotoxic effects, the MI was scored by
evaluating at least 2000 cells for each culture from
different parts of slides by following the formula: MI
= cell number in metaphases/total cell numbers X 100.

Additionally, 100 metaphase cells from each treat-
ment group were counted to determine the prolifera-
tion rate index (PRI) which was calculated according
to the formula:

PRI = (1 X M1 + 2 X M2 +3 X M3)/100, by scor-
ing first (M1), second (M2), and third (M3) division
metaphases.

Hen’s egg chorioallantoic membrane (HET-CAM)
irritation test

The irritation effects of DMAA and cDMAA were as-
sessed by using the chorioallantoic membrane model
on fertilized hen eggs, with a slight modification of
the described protocol [29]. Fertile Leghorn chicken
eggs weighing 50-60 g were obtained from commer-
cial sources. Fertilized hens’ eggs were placed into an
incubator with a conveyor rotation system at 37+1°C
and 80+2% humidity for 7 days. On day 7, the eggs
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were opened on the snub side, sucked off through a
hole in the pointed side and a round piece of shell (3-4
cm diameter) was removed carefully with forceps.
Then, the inner membrane was carefully removed
with forceps and without injury to the blood vessel.
After that, concentrations of 0.5, 5, 50, 100, 250, 500
and 1000 mg/L of the DMAA and cDMAA, as well as
a concentration of 1 mM of caffeine, were dissolved in
DMSO (~0.1%o) and 300 uL of each freshly prepared
sample was applied to the CAM. The irritation sever-
ity (IS) for a period of up to 5 min was scored as: IS
= [(301-h) x 5]/300 + [(301-1) x 7]/300 + [(301-c) x
9]/300, where; h is the time when vascular hemorrhage
occurred, | is the time of first vascular lysis occurred,
and c is the time of appearance of the first vascular
coagulation. Irritation classification based on IS was
as follows: 0.0-0.9 — non-irritation; 1.0-4.9 - slight ir-
ritation; 5.0-8.9 — moderate irritation; 9.0-21.0 — severe
irritation. Also, 0.9% NaCl served as the negative control
and 0.1 N NaOH served as the positive control at 300
uL. For every tested compound, 5 eggs were utilized.
All samples were tested in triplicate at different times.

Statistical analysis

Statistical analysis was performed by using SPSS 20
(SPSS, Chicago, IL, USA). The experimental data were
analyzed by one-way analysis of variance (ANOVA)
and Duncan’s test was performed to examine whether
there were any differences between the application
and control groups. Pearson’s r coefficient was used
to determine the correlations between the data. The
results are presented as mean+SD values and P<0.05
was accepted as significant. All assays were run in
triplicate.

RESULTS
MTT and LDH assay

The changes in the viability of lymphocytes after
exposure to DMAA, cDMAA and caffeine are shown
in Fig. 1A. The results suggested that mitomycin C,
which was used as a positive control, significantly
inhibited (P<0.05, 1.9-fold) cell viability compared
to the untreated control, while caffeine treatment did
not affect (P>0.05) cell viability. Concentrations of
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Fig. 1. Evaluation of cell viability (A) and LDH levels (B) in hu-
man lymphocytes exposed to DMAA (0.5, 5, 50, 100, 250, 500
and 1000 mg/L) alone or in the presence of caffeine (1 mM) for
48h. Values are expressed as the mean+SD (n=5); a - statistically
significant when compared to the control (+), 500 and 1000 mg/L
concentrations of cDMAA, and 1000 mg/L concentration of DMAA
(P<0.05); b - statistically significant (P<0.05) when compared to the
control (-), caffeine, 0.5, 5, 50, 100, 250 and 500 mg/L concentra-
tions of DMAA; ¢ and d - statistically significant (P<0.05) when
compared to both the (-) and (+) controls. Mitomycin C (1077
M) was used as a positive control. DMAA - dimethylamylamine;
cDMAA - combination of DMAA with caffeine; LDH - lactate
dehydrogenase.

1000 mg/L of DMAA and concentrations of 500 and
1000 mg/L of cDMAA caused a significant reduction
(P<0.05) with 1.25-, 1.3-, and 1.52-fold decreases,
respectively, in cell viability compared to the untreated
control. However, the viability of cells exposed to lower
doses (0.5, 5, 50, 100, 250 and 500 mg/L) of DMAA
showed no significant variation (P>0.05).

As can be seen in Fig. 1B, damage in cell mem-
branes after exposure to mitomycin C was revealed
(P<0.05) by a 2.4-fold increase in the LDH levels when
compared to the untreated control. The LDH level
after application of caffeine was similar to that of the
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untreated control (P>0.05). The concentration of 1000
mg/Lof DMAA caused a significant, 1.3-fold increase
(P<0.05) in LHD release, while LDH levels did not
change (P>0.05) after lower dose treatments (0.5, 5,
50, 100, 250 and 500 mg/L); however, concentrations
of 500 and 1000 mg/L of cDMAA caused significant
increases (P<0.05) of 1.4- and 1.7-folds in LDH levels,
respectively, when compared to the untreated control.
Parallel to the above, regression analysis results revealed
a linear correlation between cell viability and the LDH
assay (R?=-0.97, P<0.05 for DMAA; R*=-0.95, P<0.05
for cDMAA).

TAC and TOS activities

The changes in the oxidative status of the culture me-
dium after exposure to DMAA, cDMAA and caffeine
were determined by TAC and TOS assays. As can be
seen in Fig. 2A and B, H,O, and ascorbic acid, which
were used as positive control, caused a significant
increase (P<0.05) in TOS (3.5-fold increase) and TAC
(2-fold increase) when compared to the untreated con-
trol. TAC levels were significantly increased (P<0.05,
1.2-fold) by the treatment with caffeine, while no
change (P>0.05) in TOS level was observed. However,
concentrations of 0.5, 5 and 50 mg/L of DMAA did
not cause (P>0.05) any change in the TAC and TOS
levels. The 100 mg/L concentration of DMAA led to
a 1.3-fold increase (P<0.05) in TAC values while the
1000 mg/L concentration caused a 1.7-fold increase
(P<0.05) in TOS values. When the cDMAA treatments
were analyzed, concentrations of 100 and 250 mg/L
significantly increased the TAC levels by 1.5- and 2-fold
(P<0.05), respectively, while concentrations of 500 and
1000 mg/L significantly increased the TOS levels by
1.8-and 2.1-fold (P <0.05), respectively.

MN and CA assay

As can be seen in Fig. 3A and 3B, genotoxic damage in
lymphocytes exposed to DMAA, cDMAA and caffeine
were evaluated by CA and MN methods. The positive
control (mitomycin C) caused a significant increase
(P<0.05) in both MN (5.2-fold increase) and CA (2.3-
fold increase) frequencies compared to the untreated
control. However, caffeine, DMAA and cDMAA treat-
ments did not cause an increase in incidence of CA or
MN in lymphocytes (P>0.05).
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Fig. 2. TAC (A) and TOS (B) levels in human lymphocytes exposed
to DMAA (0.5, 5, 50, 100, 250, 500 and 1000 mg/L) alone or in
the presence of caffeine (1 mM) for 2 h. Values are expressed as
the mean+SD (n=5); a - statistically significant when compared
to the control (+), caffeine, 100 and 250 pg mL™"' concentrations
of cDMAA and 100 pg mL"! concentration of DMAA (P<0.05);
b - statistically significant (P<0.05) when compared to the control
(-), caffeine, and all concentrations of DMAA and cDMAA for
TAC levels; a - statistically significant (P<0.05) when compared
to the control (+), 500 and 1000 mg/L concentrations of cDMAA
and 1000 mg/L concentration of DMAA; b - statistically signifi-
cant when compared to the control (-), caffeine, 0.5, 5, 50, 100,
250 and 500 mg/L concentrations of DMAA for TOS levels; c and
d - statistically significant (P < 0.05) when compared to both (-)
and (+) controls. Ascorbic acid (10 pM) and hydrogen peroxide
(H,0,) (25 uM) were used as a positive control for TAC and TOS
activities, respectively. DMAA - dimethylamylamine; cDMAA
- combination of DMAA with caffeine; TAC - total antioxidant
capacity; TOS - total oxidant status.

Assessment of lymphocyte kinetics

To verify cytotoxic effects, changes in the mitotic process
in lymphocytes exposed to DMAA and cDMAA were
evaluated by the mitotic index (MI) and proliferative
rate index (PRI) (Fig. 4A and B). DMAA at a concen-
tration of 1000 mg/L significantly reduced by 1.3-fold
(P<0.05) the MI, while lower concentrations (0.5-500

Fig. 3. The frequencies of MN (A) and CA (B) in human lym-
phocyte treated with DMAA (0.5, 5, 50, 100, 250, 500 and 1000
mg/L) alone or in the presence of caffeine (1 mM) for 72 h (posi-
tive control: mitomycin C (1077 M)). Values are expressed as the
mean+SD (n = 5); a - statistically significant when compared to
the control (+) (P<0.05). DMAA - dimethylamylamine; cDMAA
- combination of DMAA with caffeine; CA - chromosome aber-
ration; MN - micronucleus.

mg/L) did not affect (P>0.05) the MI; 500 and 1000
mg/L concentrations of cDMAA caused 1.27- and
1.54-fold decreases in MI, respectively. When the
PRI of lymphocytes was investigated, neither DMAA
nor cDMAA caused any change (P>0.05), even at the
highest concentrations.

Irritation test

Irritation effects on vascularization after exposure to
DMAA, cDMAA and caffeine are shown in Fig. 5. The
negative (NaCl) treatment did not cause irritation,
while the positive control immediately interacted with
the CAM, resulting in hemorrhage, lysis and coagula-
tion, and leading to severe irritation, with an IS score
of 12.64+3.4 for a period of up to 5 min. The caffeine
treatment had no irritant effect. The concentration of
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Fig. 4. MI (A) and PRI (B) ratios in human lymphocyte treated
with DMAA (0.5, 5, 50, 100, 250, 500 and 1000 mg/L) alone or
in the presence of caffeine (1 mM) for 72 h (Positive control:
Mitomycin C (107 M)). Values are expressed as the mean+SD
(n=5); a - statistically significant when compared to the control
(+) (P<0.05); c and d - statistically significant (P<0.05) when com-
pared to both (-) and (+) controls. DMAA - dimethylamylamine;
cDMAA - combination of DMAA with caffeine; CA — chromosome
aberration; MN - micronucleus.

1000 mg/L of DMAA showed a weak irritant effect,
with an IS of 4.22+0.48 followed by vascular lysis for
a period up to 5 min, while the other concentrations
did not produce any irritation effects. The concentra-
tion of 500 mg/L of cDMAA exhibited slight toxicity,
with an IS of 3.01+0.32, whereas the concentration of
1000 mg/L of cDMAA exerted moderate toxicity with
an irritation score of 7.23+0.94, followed by vascular
hemorrhage and lysis at 120 s.

DISCUSSION

DMAA is an amphetamine-derived drug, and over the
past decade it has become a popular choice for improv-
ing athletic performance. The increases in the use of
DMAA raise concerns about its possible side effects and

mDMAA =cDMAA

Fig. 5. Average irritation score on CAM surface exposed to DMAA
(0.5, 5, 50, 100, 250, 500 and 1000 mg/L) alone or in the presence
of caffeine (1 mM) for up to 5 min. (Positive control: 0.1 N NaOHj;
negative control: 0.9% NaCl). Values are expressed as the mean+SD
(n =5). DMAA - dimethylamylamine; cDMAA - combination
of DMAA with caffeine.

metabolic fate in humans. Since no toxic data caused
by a standardized dose of DMAA is available in the
literature, our findings may explain the outcomes of
case studies addressing possible adverse effects after
consumption of DMAA [30]. The most important
finding in this research is that the toxic effectiveness
of DMAA depends on the dose and use with other
stimulant ingredients such as caffeine.

In the present study, we evaluated for the first time
the cytotoxic effects of DMAA in lymphocytes. DMAA
significantly decreased cell viability in a dose-dependent
manner and caffeine enhanced the cytotoxicity of DMAA.
Previous studies have shown that amphetamine-type
stimulants may cause cytotoxicity in neuroblastoma
and hepatocyte cells. However, coadministration with
caffeine significantly decreased cell viability [31,32].
Some studies showed that caffeine had a cytoprotective
effect through the upregulation of different signaling
molecules or receptors against neurotoxic agents. But,
in the presence of agents which strongly suppress these
cellular molecules such as DMAA, caffeine may not
provide further protection [31]. During cellular toxicity
stimulated by toxic agents, some enzymes are released
into the cellular medium. Lactate dehydrogenase (LDH)
is a cytosolic enzyme that points to toxicity caused by
external or internal influences in cells. LDH enzyme
leakage is often used as another important indicator
of damage in membrane and cellular components [33],
and increased LDH levels in lymphocytes exposed to
DMAA (at 1000 mg/L concentration) confirmed the
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presence of intercellular cytotoxicity through impaired
plasma membrane integrity. A previous study showed
that lower concentrations (5 and 50 uM) of caffeine
did not change LDH activity in human Sertoli cells,
which is in accordance with our findings, however, the
high concentration of caffeine (500 uM) significantly
increased LDH activity through increased PFK1 gene
expression compared to the control group [34]. Our
results showed that DMAA increased LDH activity at
lower concentrations (500 pM) in the presence of caffeine.
Limited studies showed that DMAA could exert effects
similar to the pharmacological effects of sympathetic
nervous system stimulants such as amphetamine and
ephedrine [16]. Melchert and Welder [35] showed that
the highest doses (10 M) of the combination of cocaine
and amphetamine induced LDH release in rat heart
cells. Cunha-Oliveira [36] reported that amphetamine
(IC50=1.40 mM) significantly decreased the viability in
primary neuronal cells and caused a significant decrease
in the mitochondrial membrane potential. Similarly,
ephedrine and its derivatives exhibited cytotoxic effects
through mitochondrial oxidative stress [37]. These find-
ings suggest that amphetamine-type stimulants may
trigger cytotoxicity through disruptions in the plasma
membrane after high-dose exposure to the stimulant
or the combination of different stimulants.

Studies indicate that cellular toxicity induced by
central nervous system stimulants that have similar
characteristic to DMAA could be induced through
different mechanisms, including cell cycle disorder,
dysfunction of mitochondrial metabolism, inhibition
of potassium channel, changes in the integrity and
function of the cell membrane, and increases in anti-
apoptotic gene expression [36,38-40]. According to this
study, the main mechanism of the cytotoxic effects of
DMAA and cDMAA was thought to be associated with
increased levels of oxidative stress in the intracellular
environment. For this purpose, oxidative changes in
lymphocytes exposed to DMAA were evaluated by
TAC and TOS tests. The biggest advantage of these
assays is that they measure the total antioxidant/oxi-
dant capacity in the medium and not just the oxidant/
antioxidant level of a compound in a culture sample
[41]. Cohen [9] reported that supplements contain-
ing DMAA could enhance athletic performance and
improve brain function, and that these potential effects
are associated with the increase in antioxidant capacity.
Our results showed that the concentration of 100 mg/L
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of DMAA caused an increase in antioxidant levels. A
recent study [42] showed that supplements containing
DMAA led to an increase in antioxidant parameters
of rat soleus muscle and liver. Caffeine treatment also
caused a significant increase in the antioxidant level
of lymphocytes compared to the control. Early stud-
ies showed that caffeine had significant antioxidant
effects against DNA and membrane damage induced
by oxidative stress [43,44]. Caffeine added along with
DMAA to the lymphocyte medium made available
continuous antioxidant levels even at higher doses (250
mg/L concentration). However, the highest doses of
DMAA (at 1000 mg/L concentrations) and cDMAA (at
500 and 1000 mg/L concentrations) led to significant
increases in oxidative stress. Exogenous antioxidants
may act as prooxidants at high doses, and in this way,
these agents can disrupt the optimal concentrations of
reactive oxygen species (ROS), which are required for
normal cellular function or the balance of antioxidant
production in the cell [45]. Previous studies have shown
that caffeine treatments at high concentrations stimulate
LDH activity to maintain lactate production in human
Sertoli cells and present a prooxidant potential [34].
These findings suggest that DMAA and cDMAA may
act as a prooxidants at high concentrations.

DMAA is easily absorbed when taken orally, but
its metabolic rate and excretion in urine is very slow
[46,47]. DMAA caused a rise in arterial blood pres-
sure and vascular irregularities in animal studies [3].
However, information about how DMAA affects blood
cells, especially at the molecular level, is still lacking.
Therefore, it is important to identify the possible
genotoxic effects on the vascular system following the
long-term use of DMAA. The MN assay is an indicator
of breakage, loss or non-disjunction in aneugenic or
clastogenic events, and CA is a standard toxicological
method used to detect genotoxic changes after exposure
to biological and chemical agents [48]. The present
study showed that DMAA and cDMAA did not lead
to mutagenic and genotoxic effects in lymphocytes.
DMAA or its combination with caffeine did not cause
any change in MN and CA frequencies as compared
to the control, even at the highest examined concen-
trations. A study evaluating the cytogenetic effects
(chromosomal aberrations, micronuclei, and sister
chromatid exchanges) of amphetamine-based drugs
in humans for three months reported that these drugs
did not pose a genotoxic threat [49].
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MI and PRI assays can provide more accurate
results for cytotoxicity assessments. Treatments of
DMAA alone or in the presence of caffeine, which did
not affect the PRI, did not react directly with DNA, in
accordance with our genotoxicity results, and DMAA
(at 500 mg/L) and cDMAA (at 500 and 1000 mg/L)
caused a decrease in MI. This suggests that DMAA
may affect mitotic cell division processes through
epigenetic mechanisms influencing G2-M cell-cycle
arrest, gene expression changes and apoptosis, rather
than via a direct genotoxic attack on the DNA.

The main mechanism of DMAA action is based on
vasoconstricting effects. A previous study revealed that
systemic exposure to DMAA could lead to disorders
in the vascular system of vital organs [5]. Therefore,
the identification of irregularities in blood vessels af-
ter exposure to DMAA is important in clarifying its
toxicity. In this study, possible effects on the vascular
system of DMAA were evaluated by the HET-CAM
assay. The CAM assay is a technique of quantitatively
and visually evaluating the irritant effect of a tested
sample [50]. Our result showed that a concentration
of 1000 mg/L of DMAA only caused a slightly toxic
effect. Vascularization is a complex process and hence
possible vascular toxicity of DMAA may be related to
one or more mechanisms, such as disorders in vascular
growth factors (VGF), damage of endothelial cells, and
alack and/or loss of angiogenesis following exposure to
increased oxidative stress in tissue. In a case study [17],
the authors reported that a 21-year-old male suffered a
cerebral hemorrhage after taking two capsules of DMAA.
However, serious health problems such as myocardial
infarction [51], hepatotoxicity [52] and hemorrhagic
stroke [53] have also been reported. Our results also
showed that caffeine increased the vascular toxic effects
of DMAA. Accordingly, DMAA and cDMAA possess
the potential to cause negative outcomes in the vascular
system in a dose-dependent manner. A clinical study
showed that both DMAA and its combination with
caffeine caused an increase in blood pressure [16]. Gee
et al. [17] reported that the consumption of alcohol
and caffeine following uptake of DMAA-containing
substances such as party pills and white powder caused
cerebral hemorrhage accompanied by a severe headache
and vomiting in 3 different case reports.

In conclusion, this is the first study describing
the toxic effects of DMAA in human-derived cells.
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We report that while DMAA has no genotoxic effect,
it can produce cytotoxic and vascular irritant effects
when used in combination with caffeine and/or in
high concentrations.
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