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Biotransformation of azo dyes by rat
liver microsomes

Original textiles dyes and its degrada-
tion products may be harmful to the
human health and environment.

In vitro biotransformation experiments
showed promising results for metabo-
lism studies of azo molecules.
Computational study and Ames test
contributed to correlate  dye's
structure-mutagenicity relationship.
LC-MS/MS technique has proved to be
an important tool for characterization
and identification of new compounds
formed.
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Azo dyes are known as a group of substances with DNA damage potential that depend on the nature and number
of azo groups connected to aromatic rings (benzene and naphthalene), chemical properties, e.g. solubility and re-
active functional groups, which significantly affect their toxicological and ecological risks. In this paper, we used
in vitro models to evaluate the metabolism of selected textile dyes: Disperse Red 73 (DR 73), Disperse Red 78 (DR
78) and Disperse Red 167 (DR 167). To evaluate the mutagenic potential of the textile dyes, the Salmonella mu-
tagenicity assay (Ames test) with strains TA 98 and TA 100 in the presence and absence of the exogenous meta-
bolic system (S9) was used. DR73 was considered the most mutagenic compound, inducing both replacement
base pairs (TA 100) and also changing frameshift (TA 98) mutations that are reduced in the presence of the S9
mixture. Furthermore, we used rat liver microsomes in the same experimental conditions of the S9 mixture to
metabolize the dyes and the resultant solutions were analyzed using a liquid chromatography coupled to a quad-
rupole linear ion trap mass spectrometry (LC-MS/MS) to investigate the metabolites formed by the in vitro bio-
transformation. Based on this experiment, we detected and identified two biotransformation products for each
textile dye substrate analyzed. Furthermore, to evaluate the interaction and reactivity of these compounds
with DNA, theoretical calculations were also carried out. The results showed that the chemical reaction occurred
preferentially at the azo group and the nitro group, indicating that there was a reduction in these groups by the
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CYP P450 enzymes presented in the rat microsomal medium. Our results clearly demonstrated that the reduction
of these dyes by biological systems is a great environmental concern due to increased genotoxicity for the body of
living beings, especially for humans.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Textile, cosmetics, tattooing, food and pharmaceutical industries
worldwide utilize thousands of synthetic azo dyes in their formulations
(Kolekar and Kodam, 2012). The ease and cost-effectiveness for synthe-
sis, compared to natural dyes, is the major cause of the success of azo
dyes, as well as the great structural diversity, high molar extinction co-
efficient, and high fastness properties in relation to light (Bafana et al.,
2011). However, some azo dyes can show toxic effects, especially
carcinogenic and mutagenic events (Chung and Cerniglia, 1992). Due
to this extensive industrial use, large amounts of dyestuff, which are
usually unbound dye materials, are directly discarded into wastewater
during textile processing (Gomare et al., 2008). It is estimated that
over 10,000 different dyes and pigments are used industrially and
over 7 x 10° tons of synthetic dyes are annually produced worldwide
(Ogugbue and Sawidis, 2011). In the textile industry, up to
200,000 tons of these dyes are lost to effluents every year during dyeing
and finishing, due to the inefficiency of the dyeing process (Ogugbue
and Sawidis, 2011). Unfortunately, ineffective waste treatment in con-
ventional wastewater treatment processes results in the persistence of
the dyes in the environment, causing a decrease in light penetration
and photosynthetic activity (Forgacs et al., 2004). In addition, the pres-
ence of very small amounts of dyes (<1 mg/L for some dyes) in the
water and the effects caused by other pollutants in textile wastewater,
seriously affects the transparency of water bodies such as rivers, lakes
and rivers and the aesthetic quality, leading to damage to the aquatic
environment (Banat et al., 1996).

These dyes and their degradation products when released into
water, even at very low concentrations, could be toxic, inducing carcino-
genic, mutagenic or teratogenic effects to various organisms, including
aquatic organisms and humans. Toxicological risks of these compounds
are closely related to biotransformation processes (Umbuzeiro et al.,
2005b; Umbuzeiro et al., 2005a), considering that changes to their
chemical structure induced by different biological reactions, such as re-
duction, oxidation, acetylation and chlorination reactions may produce
harmful compounds to the environment and human health (Novotny
et al., 2006).

The biotransformation process of a dye occurs as any other xenobiot-
ic and it can affect all toxicological profiles, leading to detoxification and
excretion, but also promoting its bioactivation. For this reason, studies
related to the biotransformation of xenobiotics are of major concern in
the early stages of assessing their risks. The biotransformation of xeno-
biotics occurs in multiple tissues and the liver is the most important
organ (Matsuo et al., 2008).

Among the various enzymatic systems responsible for metabolic
processes, the main azo dye biotransformation route involves cyto-
chrome P450 monooxygenases (CYP P450). The CYP P450 enzymes be-
long to a superfamily of heme proteins that are present in all living
organisms, mainly in the liver, and they are involved in the metabolism
of a wide variety of chemical compounds (Livingstone, 1998; Kleinow
et al., 1987).

Chequer et al. (Chequer et al., 2011) studied the products formed by
the oxidation and reduction of the Disperse Red 1 by the reaction with
cytochrome P450 isoenzymes using the methodologies of HPLC-DAD
and GC-MS and evaluated the mutagenic potential of these products
using two different methods: the Salmonella/microsome test with the
strains TA 98 and YG 1041 in the absence of exogenous metabolic acti-
vation (S9) and the rat lymphoma assay (MLA). The work concluded
that azo dye Disperse Red 1 can be metabolized by hepatic enzymes

that generate mutagenic compounds, such as nitrobenzene, which is a
mutagenic product and should be used with precaution.

According to Hunger (Hunger, 1994), the reduction of azo dyes can
occur in the liver by CYP P450, yielding products with mutagenic prop-
erties. While the carcinogenesis process is very complex, it is well
known that chemical carcinogens can convert a normal cell into a malig-
nant cell after repeated exposure to mutagenic or carcinogenic sub-
stances. Inside the cell, carcinogens or their metabolic products can
promote a series of effects including regulation and gene expression,
DNA repair, cell differentiation or apoptosis. Therefore, it is highly im-
portant to study the possible degradation products formed by the bio-
transformation of azo dyes (Vineis and Pirastu, 1997).

Stiborova and co-authors studied (Stiborova et al.,, 1988) the
biotransformation of the azo dye (Sudan I) by microsomal enzymes of
rat livers using in vitro experiments. The formation of the
benzenediazonium ion evolved by oxidative cleavage of the azo bound
of Sudan I by microsomal enzymes was demonstrated. Therefore, the re-
sults suggest that the hydroxy derivative products are not the main car-
cinogenic products, but rather their by products, which are very reactive
and react rapidly with nucleophiles present in the cells, causing a con-
version to carcinogenic compounds, which link to the DNA (Beland
and Kadlubar, 1990). Additional studies using Sudan III (Zanoni et al.,
2013) demonstrated that aromatic amines are formed after oxidative
reactions mediated by CYP isoenzymes by hepatic cells.

Martin and Kennely (Martin and Kennelly, 1981) analyzed the role
of rat microsomal azo-reductases in the metabolism of representative
azo dye compounds by using spectrophotometric UV-Vis methods to
measure the generated amines. For dyes derived from benzidine or its
congeners, Direct Black 38 was reduced to an appreciable extent. Addi-
tionally, the dyes were also tested for mutagenicity using Salmonella/
microsome assay and the results suggested that mammalian liver
plays a minor or negligible role in the azo-reduction of dyes derived
from benzidine or its congeners. It must also be noted that at least
part of its mutagenic activity may be due to the release of the potent
mutagen 1,2,4-triaminobenzene (Martin and Kennelly, 1981).

In more recent years, several models for studies are used to evaluate
the toxicity of xenobiotics and, among them, we could highlight the S9
fractions of human or rat liver used in the Ames test (Brandon et al.,
2003). Although some azo dyes do not tested positive for mutagenicity
using the standard Ames plate assay (Prival et al., 1988), they may un-
dergo a reduction by liver microsomal fractions (Zbaida and Levine,
1990) and after the biotransformation reaction, the products formed
may be more mutagenic than the original compound. Therefore, the Sal-
monella mutagenicity assay/microsome (Ames test) can be successfully
used for mutagenesis of xenobiotics analysis (Novotny et al., 2006).

The monitoring and evaluation of the mechanistic biodegradation of
dyes helps identify the formation of harmful compounds to animals and
humans. Thus, this work aims to monitor the main metabolites generat-
ed by the biotransformation of textile dyes, such as Disperse Red 73 (DR
73), Disperse Red 78 (DR 78) and Disperse Red 167 (DR 167) (Fig. 1)
using in vitro systems and rat liver microsome and compare their muta-
genicity with and without an exogenous metabolic system (S9 mix-
ture). The biotransformation products obtained from the in vitro
reactions mediated by CYP-P450 were evaluated by LC-MS/MS analysis.
In order to elucidate the interaction and reactivity of these compounds
with DNA, theoretical calculations have also been performed. The iden-
tified metabolites were reported for the first time and require further
studies to evaluate their degradation and toxicity in aquatic and
human environments.
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Fig. 1. Structure of Disperse Red 73 (DR 73) (I), Disperse Red 78 (DR 78) (II) and 167
Disperse Red (DR 167) (III) dyes.

2. Materials and Methods
2.1. Chemicals and materials

The water was obtained from a Milli-Q system (Millipore, Sdo Paulo,
Brazil). Disperse Red 73 (DR 73), Disperse Red 78 (DR 78) and Disperse
Red 167 (DR 167) were obtained from Classic Dyestuffs Inc. (High Point,
NC, USA). Methanol and acetonitrile (HPLC grade) were purchased from
JT Baker (Center Valley, PA, USA).

The reagents potassium phosphate monobasic (KH,PO4), sodium
chloride, sodium phosphate, magnesium chloride, 3-nicotinamide ade-
nine dinucleotide phosphate and a reduced form (NADPH) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were of analytical grade.

2.2. Microsomal Preparations

Rat liver microsomes (RLM) were prepared by differential high-
speed centrifugation using Wistar rats according to Belaz & Oliveira
(Belaz and Oliveira, 2013). Protein concentrations were determined by
the Bradford method (Bradford, 1976). The microsomal preparations
were stored at — 80 °C until analysis.

2.3. Factorial Design 2*

In vitro biotransformation experiments using textile dyes and rat
liver microsomes were optimized using fractional factorial design 24
and sixteen experiments were carried out randomly. In this experiment,
four variables were investigated. These variables were assessed at two
levels, a lower level and a higher level as described in Table S1 dye con-
centration (2 and 5 pug mL™!); protein concentration (10 and
50 mg mL~!); NADPH concentration (2 and 10 mmol L™ 1), and incuba-
tion time (60 and 120 min). The optimal experimental conditions for
the in vitro metabolism of textile dyes were as follows: 10 L of textile
dye (5 ug L), 50 plL of rat liver microsome (50 mg mL™'), 10 uL
NADPH (5 mmol L™!) and 430 pL potassium phosphate buffer
(100 mmol L™'; pH 7.0) and 120 min for the reaction time.

For all experiments, the type and buffer concentration (phosphate
buffer; 10 mmol L™; pH 7.0) was kept constant. A total of 16 biotrans-
formation experiments were conducted with all possible combinations

of the selected levels of the variables. A higher production of potential
metabolites for the in vitro metabolism of the dyes occurred when lon-
ger biotransformation time and higher protein concentrations were
used.

24. In vitro metabolism assay

The in vitro metabolism experiments were carried out in Eppendorf
tubes (2 mL), which contained 430 L of potassium phosphate monoba-
sic buffer (10 mmol L™'; pH 7.4), 50 uL microsomal fraction
(5mgmL™") and 10 pL dye solution (5 pg mL™') prepared in acetoni-
trile. After pre-incubation of 5 min at 37 °C in a shaking water bath,
the reaction was started by adding 10 pL of NADPH (5 mmol L™ 1), and
the mixture was left stirring at a constant temperature of 37 °C for the
time of each experiment. The total incubation volume was 500 L. The
reaction was stopped by adding 500 L of cold acetonitrile. The mixture
was left to stand in an ice bath for 5 min and then centrifuged at 10,000
x g for 15 min. A volume of 200 pL from the supernatant was collected
and diluted with 100 pL of water. A volume of 10 pL was analyzed by
LC-MS/MS. Negative controls were prepared: including: a) phosphate
buffer with microsome; b) phosphate buffer with microsome and
NADPH; ¢) phosphate buffer containing substrate (disperse dye), and
d) phosphate buffer with NADPH. The percentage of biotransformation
was calculated comparing the area of the biotransformation sample
with those areas of the negative controls.

2.5. Mutagenicity test with Salmonella typhimurium

The Salmonella/microsome mutagenicity assay was performed with
the TA 98 and TA 100 strains, as described by Maron and Ames
(Maron and Ames, 1983) and Mortelmans and Zeiger (Mortelmans
and Zeiger, 2000). The assays were conducted using the preincubation
protocol in the presence and absence of exogenous metabolic system,
using S9 mix containing 4% (v/v) lyophilized aroclor-1254 induced rat
liver S9 fraction (Moltox Inc.) and NADP as a cofactor.

Briefly: 100 pL overnight cultures of Salmonella, 500 pL of S9 mixture
and 100 L of dye solution were placed into glass tubes and incubated at
37 °C for 30 min. After incubation, 2 mL of top agar was added to each
tube, which was then transferred to plates containing minimal agar.
The plates were incubated at 37 °C for 66 h in the inverted position.
The positive controls were 2-aminoanthracene (0.25 ug uL™ ') and 4-
nitroquinoline oxide (0.05 pg uL~!) for the assays with and without
S9 mixture, respectively, and the negative control was dimethyl sulfox-
ide (100 pL), DMSO, for all the tested conditions. The colonies were
counted by hand and the background was carefully evaluated. The fre-
quency of reverse mutation is easily measured by counting colonies
growing on minimal media after the exposure of a population of cells
to a mutagen.

The results were expressed as the mean number of revertants per
plate & SD and as the mutagenic potency when the samples were posi-
tive. The mutagenic potency was obtained from the slope of the graph
by using the Salanal software. This software uses the Bernstein model
(Bernstein et al., 1982), which in turn uses ANOVA and linear regression
analysis of the data.

2.6. LC-MS/MS experimental conditions

LC-MS/MS experiments were carried out using the 1200 Agilent
Technologies HPLC (Palo Alto, CA, USA) coupled to a 3200 QTRAP
mass spectrometer (Linear Ion Trap Quadrupole Mass Spectrometer,
AB SCIEX (Framingham, MA, USA) operating in positive ion mode
with a Turbolon Spray ionization source. Chromatographic analyses
were performed using a Luna C18 column (2) (250 mm x 4.6 mm; 5
um) and a mixture of water and acetonitrile (20:80, v/v) both contain-
ing 0.1% formic acid in isocratic mode at 1 mL min~'. The injection vol-
ume and temperature of the column were 10 pL and 25 °C, respectively.
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The total analysis time was 10 min. All measurements were performed
in triplicate (n = 3).

MS data acquisition was performed in full scan mode (EMS, en-
hanced mass scan - using the linear ion trap mass analyzer). The ioniza-
tion parameters for each dye were optimized on the mass spectrometer
via direct infusion experiments of each individual standard (20 uyg mL™ ")
prepared in methanol: water (1:1; v/v) containing 0.1% formic acid at a
flow rate of 10 pL min~—".

The QTRAP was operated under the following conditions: capil-
lary potential 5500 V, dry gas temperature 550 °C, Gas 1 50 psi, Gas
2 50 psi and curtain gas 15 psi. Declustering potential (DP) and en-
trance potential (EP) were specific for each dye and the values used
were 36 V and 8.0 V for DR 73, 43 V and 5.0 V for DR 78 and 60 V
and 8.0 V for DR 167, respectively. Fragment ion experiments (EPI,
enhanced product ion) were conducted for additional structural in-
formation of the possible products formed during the biotransforma-
tion assay. The collision energy for these experiments ranged from
20-50 V.

2.7. Computational methods

2.7.1. Quantum and semi-empirical calculations

QM methods allow the modeling of electronic processes involved in
the breaking and formation of chemical bonds, the transfer of charge
and electron excitation. (Ryde, 2016; Senn and Thiel, 2009)

Considering this, Density Functional Theory (DFT) techniques
have been widespread, showing good performance for complex
systems, such as biomolecules (Besler et al., 1990; Singh and
Kollman, 1984). The calculations were based on the generalized
gradient approximation functional proposed by Gustin et al
(Gustin et al., 1999). This relationship between density functional
and the basis set has been tested for similar systems (da Cunha
etal., 2010).

Dyes and their metabolites were fully optimized at the DFT level
(Sost and Amrhein, 1990), with conjugate gradient and quasi-
Newton-Raphson algorithms. The final geometries were obtained
with the density functional Becke's three-parameter exchange func-
tional and the gradient-corrected functional proposed by Lee, Yang
and Paar (B3LYP) (da Cunha et al., 2008), using 6-31 g (d,p) basis
set.

To perform the calculations, the DICKERSON-DREW B-DNA
DODECAMER was obtained from the Protein Data Bank (PDB)
with code 4C64 and resolution: 1.32 A (Lercher et al., 2014). This
DNA structure was chosen as the model according to previous stud-
ies (Haris et al., 2015; Issar et al., 2015). As mentioned previously,
the dyes and their metabolites were entirely optimized at DFT
level for the subsequent PM6 semi-empirical calculations with B-
DNA. The DFT method is also appropriate to perform the Natural
Bond Orbital (NBO) analyses and the reaction mechanism calcula-
tions (Silva et al., 2017). After full optimization of the DNA-dye sys-
tems at the PM6 level, a semi-empirical method, NBO calculations
were also carried out (Silva et al., 2017; Foster and Weinhold,
1980). In addition, a theoretical investigation considering the reac-
tion mechanism of these dyes with DNA was performed to evaluate
the electronic and steric effects on the thermodynamic properties
of this process.

Regarding the semi-empirical calculations, which emerged in 1931
from Michael Polanyl and Henry Eyring (Morgon and Coutinho, 2007),
who addressed the quantum theory coupled to empirical results, pro-
ducing satisfactory data (Morgon and Coutinho, 2007). Therefore, opti-
mization calculations were carried out for all systems to obtain the
interaction energy. The application of these methods is crucial to gain
a better understanding with respect to interaction and reactivity of
these dyes with DNA, which can also reveal molecular aspects that con-
tribute to the mutagenic potential.

3. Results and Discussion

3.1. In vitro biotransformation of textile dyes DR 73, DR 78 and DR 167
using rat liver microsomes

Comparing the full MS scan of the control sample with the rat liver
microsomes, the DR 73 and DR 167 samples depleted 100 % from their
initial concentrations, while for the DR 78 substrate; a depletion area
of 69 % was observed. The LC-MS/MS chromatographic profile obtained
for DR 73, DR 78 and DR 167 standard dye (20 ug mL™!) in EMS mode
showed the elution of DR 73 dye at 4.62 min as m/z 349, which
corresponded to the protonated molecule, [M + H|" (Fig. S1a) and its
fragmentation pattern (Fig. S1b). Furthermore, DR 78 dye was detected
in 6.76 min as m/z 359 ([M + H]*") (Fig. S2a, fragmentation pattern S2b)
and DR 167 dye was detected at 6.20 min as m/z 506 ([M + H]"
(Fig. S3a, fragmentation pattern S3b).

Because the total ion chromatogram covers a wide mass range and
shows a high background that undermines the visual detection of new
peaks on the chromatogram, the approach of using background subtrac-
tion was adopted for all sample analyses.

It is important to note that all other chromatographic peaks detected
in the extracted ion chromatograms, with the exception of the chro-
matographic peak of the biotransformation product, refer to compo-
nents of the reaction medium and were detected in the control
samples. Thus, the MS/MS mass spectrum was performed to confirm
that the chromatographic peaks of interest were new metabolites
formed.

During the in vitro studies of DR 73, by comparing the chromato-
grams obtained for biotransformation and control samples, a potential
metabolite (1) with m/z 319 ([M + H]') was observed at 3.41 min, in-
dicating the presence of a metabolite obtained by a chemical reduction
in the nitro group, (— NO,) to NH,, This product was further confirmed
by analyzing the extracted ion chromatogram and fragment ions (EPI)
of m/z 319 (Fig. S4(a-b)). The fragment ion mass spectrum showed
m/z 278 as the base peak that corresponds to the loss of a methyl cya-
nide (41 Da). Another fragment ion observed was m/z 221, indicating
the loss of the disubstituted amine, which was bound to the aromatic
ring. Therefore, this new metabolite (1) was attributed to 2-(2-(4-((2-
cyanoethyl)(ethyl)amino)phenyl)hydrazinyl)-5-nitrobenzonitrile as
the main product after the biotransformation of DR 73 dye. A fragmen-
tation proposal could be outlined from the LC-MS/MS experiments, as
shown in Scheme 1. These results showed that the DR 73 dye is metab-
olized by CYP P450 enzymes in the rat liver microsome, producing a
major metabolite with m/z 319, which occurs by reducing the nitro
dye group.

In addition to the metabolite (1), another chromatographic peak
from the biotransformation of DR 73 was also detected, which was not
observed in any of the control samples. This peak was detected at
3.09 min and showed m/z 351 [M + H]* (Fig. S5(a)). The mass differ-
ence of 2 Da indicated a reduction which is associated to the reduction
of the azo group resulting in a hydrazo group. The presence of this po-
tential metabolite (2) was confirmed by MS/MS analysis of m/z 351
(Fig. S5(b)). The MS/MS mass spectrum showed a fragment ion m/z
310, which relates to the loss of a methyl cyanide (41 Da). Another frag-
ment ion observed at m/z 281 is related to the loss of the nitro group and
the cyanide attached to the aromatic ring. Based on the fragment ion
spectrum obtained (Fig. S5(b)), the metabolite (2) was attributed to
5-amino-2-((4-((2-
cyanoethyl)(ethyl)amino)phenyl)diazenyl)benzonitrile. Scheme 2 il-
lustrates the fragmentation proposal for this new metabolite. Thus, we
can conclude that the in vitro biotransformation of the DR 73 produced
two biotransformation products that were obtained by reducing the azo
and nitro groups of the dye molecule, respectively.

Investigations into the possible metabolites formed from DR 78 were
performed and careful analysis of the biotransformation sample dem-
onstrated the presence of a peak m/z 328 ([M + H]™) at 3.86 min and
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Scheme 1. Fragmentation proposal for the metabolite (1) m/z 319, formed after incubation of 20 ug mL™" of DR 73 standard dye with rat liver microsome.

the mass difference of 30 Da to the molecular ion showed a chemical
reduction in the nitro group, (— NO,) to NH, The potential product
was further confirmed by analysis of fragment ions (EPI) of m/z 328
(Fig. S6(a)). The fragment ion mass spectrum (Fig. S6(b)) showed
m/z 287 that corresponds to the loss of a methyl cyanide (41 Da). An-
other fragment ion observed was m/z 259, indicating the loss of one
ethyl group. Additionally, the ion m/z 126 was also observed and it
correlates to the cleavage of the amine bond linked to the azo
group, which is linked to the chlorinated aromatic ring. Therefore,
this new metabolite (3) was attributed to 3-((4-((4-amino-2-
chlorophenyl)diazenyl)phenyl)(ethyl)amino)propanenitrile as the
main product after the biotransformation of DR 78 dye. A fragmenta-
tion proposal was outlined for the LC-MS/MS experiments, as shown
in Scheme 3. These results showed that the DR 78 dye is metabolized
by CYP P450 enzymes in the rat liver microsome, producing a major
metabolite with m/z 328, which occurs by reducing the nitro dye
group.

The metabolite (3) obtained (m/z 328) for the DR 78 was detected at
3.86 min and formed by the same reduction reaction of the nitro group
observed for the production of the metabolite (1) for the DR 73, which
obtained the product of m/z 319. However, although the DR 73 and
DR 78 dyes had similar chemical structures, the metabolism of DR 78

H+

m/z 351.5 i

N—~N NH

m/z 281.6

dye did not produce a metabolite with a reduction of the azo group, as
was observed for the DR 73 dye.

For the biotransformation of the dye DR 167, a product was detected
at 4.56 min, m/z 508 ([M + H]™") indicating the formation of a potential
new metabolite (4). The mass difference of 2 Da compared to the sub-
strate (m/z 506) indicated a reduction, which was again associated to
the reduction of the azo group resulting in the hydrazo group of this
ion. The presence of this potential metabolite was confirmed by extract-
ed ion chromatogram and MS/MS analysis of m/z 508 (Fig. S7(a-b)). To
propose a chemical structure of the detected product, initially an analy-
sis of MS/MS of m/z 508 (Fig. S7(b)) was attempted and regardless of
the fragmentation energy used, the ion m/z 508 showed no fragment
ions and, therefore, it was not possible to obtain a fragmentation
pattern.

To overcome this, the ion was confirmed by extracted ion spec-
trum was identified as dimethyl 3,3’-((3-acetamido-4-(2-(2-
chloro-4-nitrophenyl)hydrazinyl)phenyl)azanediyl)dipropanoate
(metabolite 4).

Moreover, an additional chromatographic peak was also detected
from the biotransformation of DR 167 at 4.21 min and showed m/z
435[M + H]" (Fig. S8(a)), which was not detected in any of the control
samples. This product was further confirmed by analysis of fragment

- CH,CNH

N

~

- CHyCH,

@“ \_/ "\

m/z 310.5

Scheme 2. Fragmentation proposal for the metabolite (2) m/z 351, formed after incubation of 20 g mL ™! of DR 73 standard dye with rat liver microsome.
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Scheme 3. Fragmentation proposal for the metabolite (3) m/z 328, formed after incubation of 20 pg mL~" of DR 78 standard dye with rat liver microsome.

ions (EPI) of m/z 435 (Fig. S8(b)). The fragment ion mass spectrum at m/
z 337 (base peak) corresponds to the loss of a methanol (32 Da), methyl
aldehyde (30 Da) and chloride (35.5) from the substrate (m/z 506).
Therefore, this new metabolite (5) was attributed to 3,3’-((4-((2-
chloro-4-hydroxyphenyl)diazenyl)phenyl)azanediyl)dipropanoate
acid. A fragmentation pattern proposal was outlined for the LC-MS/MS
experiments, as shown in Scheme 4.

Analyzing the obtained metabolite (5) (m/z 435) after biotransfor-
mation of DR 167, we can concluded that there was a reduction of the
amide to amine group, besides the loss of the nitro group attached to
the aromatic ring, with subsequent addition of a hydroxyl group.
Whereas the rat microsome acted preferably in the azo and nitro bond
of DR 73 dye, and in the nitro bond of the DR 78 dye, there was a differ-
ent actuation of the protein in the DR 167 dye. Consequently, there was
a reduction in the amide group and a loss of the nitro group (NO,) with
a further addition of a hydroxyl to the aromatic ring. These changes in
the molecule structure, probably occurred due to the structure of DR
167 dye, which is quite different compared to the other two dyes: DR
73 and DR 78.

— — H+

Cl
CH>CH-COOCHS
/
HO N=—N N
\
CH>CH>COOCH;
HaN

m/z 435.7

e - CH;0H

- CHO"
o - HCI

CH,CHCO
/
HO N=N N
\CH;CH;COH
m/z 337.5 -

Scheme 4. Fragmentation proposal for the metabolite (5) m/z 435, formed after
incubation of 20 ug mL™ ! of DR 167 standard dye with rat liver microsome.

Table 1 summarized the products obtained for each disperse dye
after a reaction with rat liver microsomes and their identification by
LC-MS/MS.

3.2. Mutagenicity evaluation of DR 73, DR 78 and DR 167

The Salmonella/microsome assay is the most used in Environmental
Mutagenesis research (Claxton, 1983), which uses specific bacterial
strains to diagnose the nature of the mutagenic molecular action.
Using this technique, it is also possible to estimate the indirect
genotoxic effects on higher organisms by using fraction of P-450 liver
metabolism of rats in vitro.

The Salmonella/microsoma assay was adopted using Salmonella
typhimurium, histidine auxotrophic (histidine-dependent) strains, un-
able to grow in minimal medium, unless mutations occur that restore
the synthesis of this amino acid. Many strains were constructed to de-
tect several types of reverse mutations, such as base pair substitution
(TA100) and error in the reading frame (TA98) of DNA (Pagano and
Zeiger, 1992).

In order to evaluate the potential mutagenic activity of the formed
compounds, we used the Salmonella mutagenicity assay (Ames test) in
the presence and absence of the S9 mixture to simulate the biotransfor-
mation mediated by CYP isoenzymes. We also compared the results
using the same protocol in the absence of exogenous metabolic
activation.

Table 2 shows the mutagenic potential of the dyes using the strains
TA 98 and TA 100, with and without metabolic activation. The results for
each dye with Salmonella mutagenicity assay/microsome are shown in
the supplementary material (Tables S2-54).

Our results showed that Disperse Red 73 is the most mutagenic com-
pound, exhibiting a mutagenic potential of 30 rev/ug, with the strain TA
98, in the absence of metabolism (—S9). This compound can be consid-
ered as a moderate mutagen, based on the classification proposed by
Claxton et al. (1991) (Claxton et al., 1991) (10-100 rev/ug for TA 98,
without S9). The biotransformation of DR 73 by CYP isoenzymes re-
duces around 6 time the mutagenicity of the original compound for
TA 98 (5 rev/ug - Table 2). For TA 100 strain, the mutagenicity is around
34 rev/pg in the absence of S9 mixture, also reduced after the metabolic
activation with S9 (Table 2). Therefore, this compound can induce base
pair substitution and frameshift mutations, detected by TA 100 and TA
98, respectively, revealing a direct toxic effect, but also an indirect action
(detected by the presence of S9), even if in smaller number revertants in
the presence of the S9 mixture.
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Table 1
Biotransformation products of Disperse Red 73 (DR 73), Disperse Red 78 (DR 78) and Disperse Red 167 (DR 167) dyes.
Dyes Metabolites m/z Retention time
(min)
DR 73 dye oN oN 3495 4.62
M—@N:n@uﬁHzNGNZNONﬁ
CN CN
3196 341
DR 73 biotransformation product
5-amino-2-((4-((2-cyanoethyl)(ethyl) amino) phenyl)diazenyl)benzonitrile
DR 73 biotransformation product 3515 3.09
/\“

N

-(4-((2- cyanoethyl (ethyl)amino) phenyl) hydrazinyl)-5-nitrobenzonitrile

3585 6.76
N—— p——N=——=N— :)—

cN

s 3282 3.86
HIM‘Q;N=NAQ7N//‘-\

cN

DR 78 dye

DR 78 biotransformation product

4-((4-amino-2-chlorophenyl)diazenyl) phenyl)(ethyl)amino)propanenitrile
cmcugcwcm 506.2
N=—N:
cu,cn,aoocm
508.8 4.56
CH;CH;OCOCHA
i—R
cu;cu,ococu;

cns

DR 167 dye 6.20

DR 167 biotransformation product

Dimethyl 3,3’-((3-acetamido-4-(2-(2-chloro-4-nitrophenyl)hydrazinyl)phenyl)azanediyl)dipropanoate
DR 167 biotransformation product 421

cn,cuzcoocug
N==N
435.7
cH;cu,coccu,

Dimethyl 3,3’-((3-amino-4-((2-chloro-4-hydroxyphenyl)diazenyl)phenyl)azanediyl)dipropanoate
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The Disperse Red 78 and Disperse Red 167 can be considered as ex-
tremely low mutagenic compounds, also based on Claxton et al. (1991)
classification, because their mutagenic potential are between 0.1 and
1 rev/pg, for TA 98, without S9 (Table 2). Our results corroborate with
the literature, showing that the nature and position of the substituents
linked to the azo bound are crucial for the toxic observed effect,
Chung and Cerniglia, 1992; Umbuzeiro et al., 2005b). After the metabol-
icactivation, we observed an increase in the mutagenic potential of both
DR 78 and DR 167, although the response is still very weak. In the exper-
iments with TA 100, both dyes tested negative (Table 2).

Taken together, the results demonstrated that DR 73, DR 78 and DR
167 induced higher mutagenic activity for TA 98 when compared to the
TA 100 strain. However, only DR 73 induced to significant responses
after the metabolic activation, possibly because the products generated
after via cytochrome P-450 metabolism had low mutagenic activity
(Saratale et al., 2011; Oliveira et al., 2007).

Concern about the carcinogenic risk of azo dyes and their degrada-
tion products began with the study published by Rehn (1985) as cited
in Dipple et al., who observed that workers from an aniline dye factory
in Germany developed urinary bladder cancer. This fact prompted the
subsequent animal testing of various chemicals to which these workers
were exposed, and the consequent discovery of carcinogenic activity of
the azo dye 20,3-dimethyl-4-aminoazobenzene for the liver of rats and
mice (Dipple et al., 1985).

Azo dyes can be ingested by humans and other living beings through
the consumption of contaminated water or food, and they can undergo
oxidation or reduction processes in the body, with the consequent gen-
eration of products more or less toxic than the original molecules
(Chung, 1983; Umbuzeiro et al., 2005b).

CYP-450 enzymes play an important role in oxidative biotransfor-
mation reactions of xenobiotics. Studying the biotransformation of
Sudan III, Zanoni et al. (2013) verify that oxidative reactions catalyzed
by CYP-450 generated aromatic amines that increase the mutagenic ef-
fect of the original compound. In contrast, our study showed that the
biotransformation of DR 73, DR 78 and DR 167 reduces their toxicity, ob-
serving the reduction on mutagenic potential of the dyes using the
Ames test in the presence of S9 mixture (Zanoni et al., 2013).

A variety of azo compounds have been shown to act as substrates in
reduction reactions by mammalian liver enzymes, suggesting that the
fact of forming an amine is a pre-requisite for carcinogenicity (Zbaida
and Levine, 1990; Decloitre et al., 1975). As previously described, in
the present study, we performed an in vitro reduction biotransformation
and the metabolites were monitored using LC-MS/MS.

We clearly showed that reduction reaction of the Disperse dyes also
altered the nitro group, causing its reduction to NH, in the DR 73 and DR
78 dyes, as well as the reduction of the azo bond, yielding the hydrazo
group, in DR 73 and DR 167 dyes. The proposed chemical structures of
the metabolites obtained in this study are still not reported in the liter-
ature regarding their risk as mutagenic or carcinogenic compounds.
However, chemical groups presented in the structures of the metabo-
lites detected are part of the classification proposed by the International
Agency for Research on Cancer (IARC) (International Agency for
Research on Cancer, 2002) and the most dangerous to human health,

Table 2

Mutagenic potential of the Disperse Red 73 (DR 73), Disperse Red 78 (DR 78) and Disperse
Red 167 (DR 167) dyes, obtained in experiments with the strains Ta98 and TA100 in the
absence and presence of exogenous metabolic system (S9 mixture), expressed in rever-
tants/ug (rev/ug).

Compound Mutagenic potential (Rev/ug)

TA 98 TA 100

—S9 +59 —S9 +S9
DR 73 29.94 5.04 34.44 1.02
DR 78 0.21 0.42 - -
DR167 0.31 0.46 - -

either by ingestion or contact is benzonitrile which is classified as a pos-
sibly carcinogen for humans. This finding could explain the mutagenic
response presented by DR73 in the absence of S9 mixture. Considering
that Salmonella thyphimurium is an entero bacteria, reductive reactions
are expected due to the expression of nitro and azoreductase enzymes
in intestinal microflora (Maron and Ames, 1983; Chung and Cerniglia,
1992).

The chemical structure of each textile dye is of fundamental im-
portance for the possible metabolites that can be formed, because a
relevant property of environmental genotoxic mutagens is related
to the high electrophilic character of the molecule or its derivative
(Osugi et al., 2009). This property increases the possible reaction
with DNA nucleophilic centers, leading to the formation of adducts.
If this genotoxic effect is not repaired, it may promote the occurrence
of permanent change in the DNA, leading to a mutagenic effect
(Ferraz et al., 2011).

In this paper, DR 73 presented much higher values of revertants per
plate as compared to DR 78 and DR 167. DR 73 contains a cyanide atom
inits structure, whereas DR 78 bears chlorine as one of the aromatic ring
substituents and DR 167 contains chlorine and a bulky disubstituted
amine (C,H40COCH3) group. The substituents in DR 78 and DR 167
probably decreased the electron density in the azo group, consequently
diminishing their mutagenicity as compared to DR 73. These data cor-
roborate with the study of Ferraz et al. (2011) that demonstrated that
chlorine substitution greatly reduce the mutagenic potential of Disperse
Red 13 when compared to Disperse Red 1 (Ferraz et al., 2011). Accord-
ing to Levine (1985), electron donating and the withdrawal of groups
from the aromatic ring markedly affected the coupling reaction by
way of inductive and resonance effects (Levine, 1985).

In order to prove our theory, a theoretical calculation study of the in-
teraction of dye structures with DNA was performed.

3.3. Computational results of intermolecular interaction, NBO analyses and
reaction mechanism calculations

The azo compounds are characterized by the presence of one or
more azo groups. They are known for presenting DNA damage potential
(Mitra et al., 2007). These compounds are indeed involved in some bio-
logical reactions with DNA, due to their ability to form adducts (Mitra
et al., 2007). In this line, the interaction energy for these compounds
were evaluated by employing PM6 calculations, which consider the
electronic effects that modulate their interaction modes with DNA. It
should be kept in mind that the interaction energy can indicate a certain
trend in relation to the experimental data, however, the relative activa-
tion energy (AAE* values in Table 4) could, in principle, provide vital
clues concerning the mutagenic potential.

The interaction energy for the DNA-dye system was evaluated by
Eq. (1), where the energy of the free DNA and free dye systems were cal-
culated.

Eint = Esystem_ (EDye + EDNA) (1)

The theoretical findings are described in Table 3. By using this theo-
retical methodology, the affinity and interaction between disperse dyes
and DNA could be evaluated, where these factors modulate the conse-
quent reactivity. According to Table 3, our results indicate that Disperse
Red 73 dye presented a significant affinity with DNA, with the smallest
interaction energy in relation to the other dyes. Thus, the docking calcu-
lations show that DR 73 is more reactive, suggesting a higher mutagenic
potential, that were demonstrated by our mutagenic results. This great
interaction with the DNA structure can be due to the presence of cya-
nide groups attached to the compound. After the optimization calcula-
tions, it can be observed that the cyanide groups interacted strongly
with the DNA structure (Fig. 2), which can help to explain their higher
activity in relation to other dyes. DR 167 showed an energy value of
8.80 kcal-mol~! higher than DR 73. On the other hand, DR 78 showed



J.H. Franco et al. / Science of the Total Environment 613-614 (2018) 1093-1103 1101

Table 3

Relative interaction energy values from each dye and their metabolites in the DODECAMER B-DNA.

Dyes Metabolites PM6 AAE (kcal-mol~1)

Disperse Red 73 0.00
5-amino-2-((4-((2-cyanoethyl)(ethyl)amino)phenyl)diazenyl)benzonitrile 494
2-(2-(4-((2-cyanoethyl)(ethyl)amino) phenyl) hydrazinyl)-5-nitrobenzonitrile 4.30

Disperse Red 78 12.40
3-((4-((4-amino-2-chlorophenyl)diazenyl) phenyl)(ethyl)amino)propanenitrile 4.76

Disperse Red 167 8.80
Dimethyl 3,3’-((3-acetamido-4-(2-(2-chloro-4-nitrophenyl)hydrazinyl)phenyl)azanediyl)dipropanoate 15.73
3,3'-((3-amino-4-((2-chloro-4-nitrophenyl)diazenyl)phenyl)azanediyl)dipropanoic acid 529

a higher interaction energy value of 12.40 kcal-mol ™. Based on these
findings, the following descending order of interaction with DNA can
be observed: Disperse Red 73 > Disperse Red 167 > Disperse Red 78,
keeping in mind that dyes DR 78 and DR 167 presented similar energy
values.

For each dye, the reactivity towards DNA was also tested for the me-
tabolite compounds and the results are described in Table 3. According
to these values, the DR 73 metabolites also interacted significantly to-
ward DNA, presenting relative energy values between 4 and
5 kcal-mol™ !, keeping the reactivity level of DR 73. The same trend is
observed for the metabolite from DR 78, revealing that metabolites
from DR 78 can be more reactive than the precursor dye. On the other
hand, for DR 167, its metabolites presented larger oscillations of energy
among them. After the optimization calculations, the NBO procedure
was carried out.

The NBO results, reported in Table 4, can be useful to evaluate elec-
tronic effects based on electron donating and electron accepting groups.
The NBOs are orbitals located along the chemical bonds. Thus, atomic
charges as well as intra- or intermolecular bonds can be described by
means of the electronic density that involves atoms that participate in
some kind of interaction (Foster and Weinhold, 1980).

In Table 4, it can be observed that the change of substituent (CN to
Cl) plays an important role in the compound reactivity. According to
the natural charge values, there is a formation of an electronic density
on the cyanide group of DR 73, which could explain the significant inter-
action of this group with DNA. In DR 78, the change of substituent leads
to a higher electronic density in the azo group, in relation to DR 73. It is
important to keep in mind that the nitro group did not present signifi-
cant changes. On the other hand, DR 167 showed charge differences
considering the azo and nitro groups of 0.01163 a.u.and 0.03275 a.u., re-
spectively. The chlorine substituent in DR 78 is found to be more elec-
trophilic than in DR 167, with a charge difference of 0.02311 a.u.

Fig. 2. Disperse Red 73/B-DNA DODECAMER system.

Differences concerning the natural charges between DR 78 and DR
167 can be related to structural changes in these compounds. In fact,
DR 73 seems to have a less nucleophilic nitro group regarding the
other dyes.

In case of contamination with dyes, the DNA may undergo damage
due to their mutagenic potential. These alterations are very stable, and
show a meaningful impact on the regulation of gene expression. Ac-
cording to previous studies, there are several possible reaction mecha-
nisms between these compounds and DNA. Amongst these are the
radical mediated H-abstraction from the sugar moiety followed by oxi-
dative cleavage. Another possibility, which is more likely for the studied
compounds, is the alkylation mechanism of DNA bases (Luczak and
Jagodzinski, 2006; Mitra et al.,, 2007). Accordingly, the reaction mecha-
nism calculations for the alkylation process were performed considering
the studied dyes (Fisher et al., 1992).

Our theoretical findings (Table 4) for the reaction mechanism of DR
73,DR 78 and DR 167 with DNA corroborate with the experimental data
of mutagenic potential (Table 2). It is noteworthy that the more reactive
compound, DR 73, presented the lowest activation energy for the reac-
tion to take place. Meanwhile, DR 167 had an intermediate energy and
DR 78 presented the highest energetic barrier, with an energy difference
0f10.27 kcal-mol ™! in relation to DR 73. In fact, mechanisms of the mu-
tagenicity of azo dyes and their metabolites cannot be related only to
the docking results. A more in-depth understanding of this phenome-
non requires an interplay of both experimental and theoretical method-
ologies, such as docking calculations (Table 3) to evaluate the binding
process, and the reaction mechanism calculations (Table 4) to investi-
gate the reactivity of studied compounds with DNA. It is certainly
worth noticing that both theoretical approaches are in good agreement
with the experimental data (Table 2).

4. Conclusion

The system using rat liver microsome using NADPH as a cofactor was
a viable approach to study the biotransformation reaction of textile dyes

Table 4

The Natural Bond Orbital analyses for the substituents of Disperse Red 73, Disperse Red 78
and Disperse Red 167 in DNA, and relative reaction mechanism results at B3LYP/6-31G (d,
p) level of theory after optimization.

Dyes Substituents  Total natural charge*  AAE* (kcal-mol ')
Disperse Red 73
CN —0.01455 0.00
Azo —0.27806
Nitro —0.25760
Disperse Red 78
Cl 0.03590 10.27
Azo —0.28969
Nitro —0.25984
Disperse Red 167
Cl 0.01279 6.14
Azo —0.24531
Nitro —0.29069

2 All natural charge values are in a.u.
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as it allowed for the in vitro formation of new metabolites from the
chemical reactions of DR 73, DR 78 and DR 167.

The LC-MS technique developed to evaluate the formation of bio-
transformation products in vitro has proved to be an important tool to
characterize and identify the new compounds formed, even when at
low concentrations.

Thus, in vitro biotransformation experiments using rat liver micro-
somes proved to be promising for initial biotransformation studies of
azo molecules with a high number of nitro groups or substituted
amines.

Based on the theoretical results, all dye species presented reactivity
when docked in the DNA crystallographic structure; however, Disperse
Red 73 showed a higher reactivity in relation to the other dyes, thus sug-
gesting a higher mutagenic potential. This trend was also confirmed
with the reaction mechanism calculations. The metabolites also formed
a stable complex with DNA. From NBO analyses, the cyanide group is
suggested to assist in the good reactivity of DR 73 towards DNA, and
the substituent change in DR 78 and DR 167 (CN to Cl) is suggested to
influence the electronic density over the other groups (azo and nitro).
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