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Abstract

Sudan azo dyes are banned for food usage in most countries, but they are illegally used to maintain
or enhance the color of food products due to low cost, bright staining, and wide availability of the
dyes. In this report, we examined the toxic effects of these azo dyes and their potential reduction
metabolites on 11 prevalent human intestinal bacterial strains. Among the tested bacteria, cell
growth of 2, 3, 5, 5, and 1 strains was inhibited by Sudan I, 11, I, 1V, and Para Red, respectively.
At the tested concentration of 100 uM, Sudan | and Il inhibited growth of Clostridium perfringens
and Lactobacillus rhamnosus with decrease of growth rates from 14 to 47%. Sudan Il also affected
growth of Enterococcus faecalis. Growth of Bifidobacterium catenulatum, C. perfringens, E.
faecalis, Escherichia coli, and Peptostreptococcus magnus was affected by Sudan 111 and 1V with
decrease in growth rates from 11 to 67%. C. perfringenswas the only strain in which growth was
affected by Para Red with 47 and 26% growth decreases at 6 and 10 h, respectively. 1-Amino-2-
naphthol, a common metabolite of the dyes, was capable of inhibiting growth of most of the tested
bacteria with inhibition rates from 8 to 46%. However, the other metabolites of the dyes had no
effect on growth of the bacterial strains. The dyes and their metabolites had less effect on cell
viability than on cell growth of the tested bacterial strains. Clostridium indolis and Clostridium
ramosum were the only two strains with about a 10 % decrease in cell viability in the presence of
Sudan azo dyes. The present results suggested that Sudan azo dyes and their metabolites
potentially affect the human intestinal bacterial ecology by selectively inhibiting some bacterial
species, which may have an adverse effect on human health.
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1. Introduction

Azo dyes are synthetic compounds consisting of a diazotized amine coupled to an amine or a
phenol and which are characterized by one or more azo bonds (R1—-N=N-Ry) [1-3]. They
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are the largest group of dyes and at least 3,000 of them are extensively used as colorants in
food, cosmetics, paper, textile and pharmaceutical industries [4-8]. Through ingestion,
inhalation or skin contact, humans are exposed to these compounds. Previous studies have
shown that synthetic azo dyes could be metabolized by mammalian and microbial enzyme
systems [9-14]. The initial step of the metabolism of azo dyes is reduction of the azo bond
catalyzed by azoreductase [15-19]. It has been known that the reduction of the azo bonds is
important for toxicity, mutagenicity and carcinogenicity of the azo dyes [20,21].
Azoreductases can be found in many microorganisms and the area has been well reviewed
recently [21].

Sudan azo dyes (Sudan I, 11, 111, IV and Para Red) are fat-soluble azo dyes, which are used
for different industrial and scientific applications, such as coloring of plastics, waxes,
textiles, and fuel, staining for microscopy [22]. These azo dyes are not permitted for use as
food additives due to their potential carcinogenicity. The International Agency for Research
on Cancer (IARC) has classified Sudan I-1V as Class 3 carcinogens (not classifiable as to its
carcinogenicity to humans). Para Red also could be a genotoxic carcinogen (http://
www.food.gov.uk/safereating/chemsafe/parared/). Nevertheless, it has been reported that
Sudan azo dyes were found in various foods such as chili powders, eggs, Worcestershire
sauce, garlic curry sauce, palm oils, as well as in other food products as contaminants
[23,24] which arouse great concern about safety of the food supplies [22,25,26]. Sudan |
(C.1. Solvent Yellow 14) is a monoazo dye with the chemical formula of 1-phenylazo-2-
naphthol. It can cause tumors in the liver or urinary bladder in mammals and is a potential
mutagen and carcinogen for humans [14,27,28]. Recent studies showed that Sudan I induced
genotoxic effect in HepG2 cells [29] and increased mutagenic and clastogenic effects in the
MCL-5 cell lines compared to the AHH-1 cell line [30]. In addition, Sudan I also gave
positive results in Sa/monella Typhimurium mutagenicity tests with S9 activation, a post-
mitochondrial fraction prepared from the livers of rats [31]. Sudan Il (C.I. Solvent Orange 7)
is a dimethyl derivative of Sudan I. Early studies showed that Sudan Il induced mutation of
Salmonella Typhimurium TA 1538 in the presence of a rat liver preparation [32] and gave
positive results in both Sa/monella assays (the standard plate-incorporation assay and the
FMN preincubation modification of the Sa/monella assay) [33]. Sudan 111 (C.I. Solvent Red
23) is a diazo dye and approved for use in drug and cosmetics. /1 vitro investigation for
clastogenic potential of Sudan I11 using Chinese hamster ovary (CHO) cells without
metabolic activation showed that the number of breaks in metaphase was increased
following addition of Sudan 111 [34]. Particular concern regarding safety of Sudan Il has
been noted due to potential reductive cleavage of the azo bond to produce 4-
aminoazobenzene and aniline, which are classified as a category 2 and 3 carcinogens in
Annex | of the Directive 67/548/EEC, respectively [35-37]. Sudan IV (C.I. Solvent Red 24)
is also a diazo dye. After chemical reduction and microsomal activation, Sudan IV became
mutagenic [38]. Additionally, Sudan IV induced Cytochrome P450 1A1 protein and mRNA
in Wistar rats, although lower than Sudan | and Sudan I11 [39]. Para Red is chemically very
similar to Sudan I. A recent study demonstrated that Para Red was a genotoxic chemical in
AHH-1 cells and oxidative metabolism increased the genotoxic effect of Para Red [30].

Although azo dyes can be reduced by microsomal and cytosolic reductase of the liver and
extra-hepatic tissue, gastrointestinal microbiota play a major role in the metabolism of these
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dyes [2,21]. The human gastrointestinal tract is colonized by a diverse community of
organisms comprising at least thousands of different species of bacteria which have
important effects on host health [4,40]. Recent reports elucidated that human intestinal
microbiome composition varies and differs between healthy people [41-43] and between
obese and lean individuals [44]. There are evidences indicating that human intestinal
microbiota anaerobically meta bolize azo dyes to the corresponding carcinogenic aromatic
amines [2,3,12,35, 45-47]. Sudan I-1V and Para Red also can be metabolized by human
intestinal bacteria [12,35] and their reduction metabolites are shown in Table 1 [35]. Human
exposure to these Sudan azo dyes mainly occurs through ingestion of foods contaminated
with these dyes [21]. When the foods are ingested, these Sudan azo dyes are
initiallycontacted with the gastrointestinal tract, where the dyes can be reduced to
corresponding aromatic amines, which are toxic, water-soluble, and easily absorbed by the
human intestine [15,48,49]. Very limited information is available related to the toxic effects
of these Sudan azo dyes on the human intestinal bacteria. In our previous study, we have
demonstrated that human intestinal bacteria are able to metabolize Sudan azo dyes and
produce potentially genotoxic metabolites [12,35]. This study investigated effects of Sudan
azo dyes and their reduction metabolites on human intestinal bacteria and provides evidence
that these compounds are able to selectively inhibit some bacterial species resulting in
potential disruption of normal human intestinal ecology.

2. Materials and methods

2.1. Materials

Sudan I (1-phenylazo-2-naphthol), Sudan Il (1-(2,4-dimethyl-phenylazo)-2-naphthol), Sudan
I11 (1-[4-(phenylazo)phenylazo]-2-naphthol), Sudan 1V (1-[2-Methyl-4-(2-
methylphenylazo)phenyl-azo]-2-naphthol), Para Red (1-(4-Nitrophenylazo)naphthalen-2-ol),
1-amino-2-naphthol (hydrochloride), aniline, 2,4-dimeth ylaniline, 1,4-phenylenediamine,
2,5-diaminotoluene (sulfate), o-toluidine, 4-nitroaniline and dimethyl sulfoxide (DMSO)
were purchased from Sigma Chemical Co. The LIVE/DEAD BacLight bacterial viability
and counting kit containing solutions of 3.34 mM SYTQO9 in DMSO (200 ul), 20 mM
propidium iodide (P1) in DMSO (200 pl) and a calibrated suspension of microspheres
(diameter: 6 um, 1 ml; concentration: 1.0 x 108 beads/ml) and SYTO9 green fluorescent
nucleic acid stain (5 mM solution in DMSO, 100 pl) were purchased from Molecular
Probes. Stock solutions of Sudan I, 11, 111, IV, Para Red,1-amino-2-naphthol, aniline, 2,4-
dimethylaniline, 1,4-phenylenedi amine, 2,5-diaminotoluene, o-toluidine and 4-nitroaniline
were freshly prepared by dissolving each chemical in DMSO.

2.2. Bacterial strains and culture conditions

Based on our previous research [12,15], 11 prevalent anaerobic human intestinal bacterial
species isolates obtained from the American Type Culture Collection (ATCC) were used in
the study (Table 2). The bacterial isolates were preserved at =80 °C in 15% glycerol stocks.
All strains, except Lactobacillus rhamnosus, which was cultured on deMann—Rogosa—
Sharpe (MRS) agar plates (Becton Dickinson & Company), were grown on brain heart
infusion (BHI) agar supplemented with vitamin K and hemin (Remel) at 37 °C overnight in
an anaerobic chamber (Coy Laboratory Products INC.) [12]. One colony was picked by a

Anaerobe. Author manuscript; available in PMC 2018 March 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pan et al. Page 4

loop and inoculated into a 15-ml Falcon centrifuge tubecontaining 10 ml medium(BHI
brothsupplemented with vitamin K and hemin or MRS). The culture was incubated in static
conditions at 37°C overnight in an anaerobic chamber for use as seed culture.

2.3. Growth determination of human intestinal bacteria

For growth experiments, the seed culture of the bacteria was inoculated into BHI medium
with an inoculation ratio of 0.01% (v/v), except L. rhamnosus, which was inoculated into
MRS medium with 1% (v/v) of the seed culture, and then 10 ml aliquots of the cultures were
transferred to the centrifuge tubes. Each dye stock solution was added to the cultures at final
concentration of 100 uM in triplicate (the concentration of Sudan azo dyes used is in the
range of food products contaminated with the dyes and all experiments were triplicate unless
otherwise stated). The media containing no dye but an equal volume of DMSO were
inoculated with each strain as a control. The cultures were incubated at 37 °C in the
anaerobic chamber without agitation. At 6 and 10 h of incubation, an aliquot (10 pL) of each
sample was directly diluted for 100-fold into the saline solution. One microliter SYTO9
green fluorescent nucleic acid dye (5 mM) was added and incubated for 15 min in the dark
[50]. The bacterial cell number was analyzed on an Accuri C6 flow cytometer (FCM)
(Accuri Cytometers), with 488 nm excitation from a blue solid state laser at 50 mW and the
standard filter setup. All parameters were collected as logarithmic signals. Green
fluorescence was collected in the FL1 channel (530 £ 15 nm). Ten microliter stained sample
was quantitatively analyzed on the Accuri C6 FCM.

For metabolites, each stock solution was added to the cultures at final concentration of 100
and 200 pM, respectively. Samples of 200 pl were withdrawn from the cultures at 6 and 10 h
and were added to a 96-well plate (Corning incorporated, flat bottom, non-lid) and
immediately assayed by measuring the optical density (OD) in a SpectraMax M2 plate
reader (Molecular Devices) at 660 nm. Sterile media with each metabolite or DMSO at 6
and 10 h were used as blanks, respectively.

2.4. Bacterial cell viability assay

For examining effect of Sudan azo dyes on cell viability of the bacteria, the bacterial seed
cultures were inoculated into fresh medium (BHI or MRS) with an inoculation ratio of 1%
(v/v) respectively. Then 10 ml medium from each was transferred to the centrifuge tubes.
Each Sudan azo dye stock solution was added to the medium at final concentration of 100
UM. The medium containing no dye but an equal volume of DMSO were served as the
controls. After 24 h of incubation in an anaerobic chamber at 37 °C without shaking, the
samples were collected for cell viability measurement as described below. For evaluating the
effects of metabolites on cell viability, the cultures were grown to the stationary phase at

37 °C for 12 h. Then, each metabolite of the dyes was added to the cultures at final
concentrations of 100 and 200 uM. The cultures containing no metabolite but an equal
volume of DMSO were applied as the controls. After further incubation of the cultures for
12 h under the same conditions, the bacterial cells were harvested and used for cell viability
assays. One milliliter samples collected from the cultures were stained according to the
manufacture’s instruction using the BacLight LIVE/DEAD bacterial viability and counting
kit. The bacterial cell viability assay was performed on the Accuri C6 FCM. Fluorescence
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filters and detectors were all standardized with green fluorescence collected in the FL1
channel (530 £ 15 nm) and red fluorescence collected in the FL3 channel (>670 nm). All
parameters were collected as logarithmic signals. A similar setup of parameters was used as
described previously [51]. Data were analyzed using CFlow Plus software. In density plots
of light scatter properties, bacterial cells were gated from irrelevant counts for fluorescence
analyses. In density plots of fluorescence, the distinct bacterial populations (P4: live cells
and P5: dead cells, as shown in Fig. 1) were gated based on the different viability stages.
Cell viability (%) = percent of P4 (green cells)/(percent of P4 + percent of P5 (red cells)) x
100.

2.5. Statistical analysis

Student’s t-test for triplicate samples was used. P values of less than 0.05 were considered
statistically significant. All experimental data are shown with £< 0.05.

3. Results and discussion

3.1. Effects of Sudan azo dyes on the cell growth of human intestinal bacteria

Our previous studies demonstrated that a microbial consortium in human fecal suspension
and most of the tested prevalent intestinal bacterial species were capable of reducing Sudan
azo dyes to produce potentially genotoxic aromatic amines [12,35,52]. As a part of a series
of studies concerning Sudan azo dye contamination as a food safety issue, we conducted
experiments to evaluate the impact of exposure of Sudan azo dyes and their metabolites on
prevalent human intestinal bacteria. We chose 11 intestinal bacterial isolates including
obligate and facultative anaerobes which represent several prevalent genera of human
intestinal bacteria, which were used in our previous study on Sudan azo dye degradation, for
the study. To examine the effects of Sudan azo dyes on the growth of the bacterial strains,
the bacterial cell numbers were monitored by FCM at 6 and 10 h incubation times. As
shown in Table 2, when bacterial strains were cultured with Sudan I, growth of Clostridium
perfringens and L. rhamnosus was inhibited. Cell numbers of the C. perfringens cultures
were lower 22 and 14% than the cultures without Sudan | at 6 and 10 h, respectively. For L.
rhamnosus, 32 and 14% growth decreases were obtained. The other strains cultured with
Sudan I did not display growth inhibition at 6 and 10 h. Sudan Il was able to inhibit growth
of C. perfringens and L. rhamnosus with decreased cell numbers of 35 and 47% at 6 h and
17 and 39% at 10 h, respectively. Growth of Enterococcus faecalis was inhibited with a
decreased cell number value of 11% at 6 h. For each of 11 strains cultured with Sudan |11,
the cell number values of Bifidobacterium catenulatum, C. perfringens, Escherichia coli, and
Peptostreptococcus magnus were reduced by 11, 30, 59, and 48% at 6 h and 17, 14, 30, and
29% at 10 h, respectively. Growth of £. faecalis was inhibited with a decreased cell number
value of 23% at 10 h. Sudan IV caused a similar growth inhibition pattern on the tested
bacteria to Sudan I11. However, the inhibitory effects were stronger when bacteria were
grown with Sudan IV compared with Sudan 11, except for C. perfringens. Strong inhibitions
on the growth of B. catenulatum occurred in the presence of Sudan IV with 57 and 64%
decrease of cell number values at 6 and 10 h. Sudan 1V also had a significant effect on the
growth of £. coliwith 52 and 62% of inhibition at 6 and 10 h. Similar growth inhibitions of
51 and 67% were detected when 2 magnuswas cultured with Sudan 1V at 6 and 10 h.
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Growth of E. faecalis was affected with 36% inhibition cultured with Sudan 1V at 10 h.
Among the tested bacterial strains, C. perfringens was the only strain to be inhibited by Para
Red, with 47 and 26% growth decreases occurring at 6 and 10 h. Di-azo Sudan dyes (Sudan
I11 and 1V) had stronger inhibitions on cell growth of the bacteria than those of mono-azo
Sudan dyes (Sudan I, Il and Para Red). This may result from di-azo dyes binding more
strongly to the bacterial outside surface than monoazo dyes, which causes a stronger
perturbance of the cell membrane and prevent the transport of essential nutrients from the
medium to the cell [53]. On the other hand, the results also showed that cell growth of some
bacteria was more sensitive to Sudan azo dyes than the other tested bacteria. Among the
tested bacteria, C. perfringens was the most sensitive to Sudan azo dye inhibitions. B.
catenulatum, E. coli, and P. magnus were susceptible to diazo Sudan dyes, but not to
monoazo Sudan dyes. However, cell growth of Bacteroides ovatus, Bifidobacterium infantis,
Clostridium indolis, Clostridium ramosum and Ruminococcus obeum was not significantly
affected by Sudan azo dyes. Effect of Sudan dyes on the bacterial cell growth may rely on
both structural features of the dyes and physiological characteristics of the bacteria.

3.2. Effects of metabolites of Sudan azo dyes on the cell growth of human intestinal

bacteria

ODsggg of 11 bacterial strains incubated with the respective metabolites of Sudan azo dyes
at 6 and 10 h are shown in Table 3. At a concentration of 100 pM, the metabolites showed no
inhibitory effect on the bacteria; whereas, when the concentration of metabolites were
increased to 200 uM, significant inhibitions on the growth of most strains occurred by 1-
amino-2-naphthol, with the exception of L. rhamnosus. For example, the OD values of these
strains with 1-amino-2-naphthol were about 15-46% lower than that of the control without
metabolite at 6 h. With increasing incubation time t010 h, the inhibition of the metabolites
on the bacterial growth of the tested strains was partially eliminated. The OD values of C.
perfringens and E. faecalis with 1-amino-2-naphthol were similar to those cultures without
the metabolite at 10 h. For the other 8 strains, there was still a substantial inhibition of the
growth of the bacteria ranging from 8 to 19%. On the contrary, no inhibition on growth of
the tested bacteria was observed in the presence of the other metabolites (Table 3). The
results showed that 1-amino-2-naphthol, a common metabolite of Sudan azo dyes, was toxic
to the most human intestinal bacteria except for L. rhamnosus, which was able to resist the
toxic effect by 1-amino-2-naphthol and no significant inhibitory effect was observed at 200
UM. This was similar to our previous study on a skin bacterium, in which 1-amino-2-
naphthol was the only metabolite that significantly inhibit cell growth of Staphylococcus
aureus [51].

3.3. Effects of Sudan azo dyes on the human intestinal bacterial cell viability

The cell viabilities of 11 human intestinal strains with Sudan azo dyes were determined by
FCM measurements using the BacLight LIVE/DEAD bacterial viability and counting kit.
Examples of such effects on C. ramosum and E. coliare shown in Fig. 1. Two distinctive
groups can be found. Group P4 is the population of living bacterial cells, while group P5 is
the population of dead bacterial cells. The cell viability of each of 11 strains with various
dyes is illustrated in Table 4. After 24 h incubation, cell viabilities of 9 out of 11 strains were
not affected by the dyes at a concentration of 100 uM. For example, cell viability of E. coli
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cultured with different dyes was from 93 to 97%, which are similar to those of the cultures
without Sudan azo dyes. However the cell viabilities of two Clostridium strains, C. indolis
and C. ramosum, were affected by the dyes. Sudan 11, I11, IV and Para Red caused 5-7%
decrease on viability of C. indolis. Sudan I, 11, and 111 caused 6-10% decrease on cell
viability of C. ramosum. Since the metabolites of Sudan dyes did not have significant effect
on cell viability of the bacteria (described below), decrease of cell viabilities of two
Clostridium species may be mainly caused by Sudan azo dyes [12].

3.4. Effects of metabolites Sudan azo dyes on the human intestinal bacterial cells viability

The cell viabilities of 11 strains with individual metabolites of Sudan azo dyes were studied.
The data are shown in Table 5. Each metabolite had no significant effect on the cell
viabilities of the bacterial strains. For example, at 100 uM of 1-amino-2-naphthol, aniline,
2,4-dimethylaniline, 1,4-phenylenediamine, 2,5-diaminotoluene, o-toluidine, or 4-
nitroaniline, cell viabilities of B. ovatuswere 97.7, 95.7, 95.9, 95.6, 96.4, 96.3, and 96.7%,
respectively. When each metabolite concentration was increased to 200 pM, the cell
viabilities of the bacterium were 96.2, 94.9, 96.1, 95.6, 96.5, 95.6, and 96.2%, respectively.
Whereas, cell viability of the bacterial control culture without metabolite was 96.6%. Here
we have demonstrated that none of the metabolites from Sudan azo dyes had a significant
effect on the cell viabilities of the tested strains, which is similar to our previous observation
on S. aureus [51].

4. Conclusions

Sudan azo dyes are banned for food usage in most countries, but they are illegally used to
maintain or enhance the color of food products due to low cost, bright staining, and wide
availability of the dyes. In this study, we demonstrated that di-azo Sudan dyes (Sudan 111 and
IV) had stronger inhibition than mono-azo Sudan dyes (Sudan I, Il and Para Red) on growth
of human intestinal bacteria. Sudan azo dyes can selectively inhibit cell viabilities of two
Clostridium species. Among the metabolites of Sudan azo dyes reduction, the common
metabolite 1-amino-2-naphthol can inhibit the cell growth of the bacteria, whereas, none of
the metabolites from the dyes reduced by the bacteria had effects on the cell viabilities of the
bacteria. The study suggested that Sudan azo dyes and their metabolites have potential effect
on human intestinal bacterial ecology by selectively inhibiting some bacterial species and
long-term exposure to the dyes may have adverse effect on human health. This investigation
provides data examining the potential adverse effects of Sudan azo dyes, as food
contaminants, on human intestinal bacteria. The data provided here will be useful in the risk
assessment process to evaluate public exposure to food products contaminated with these
azo dyes. On the basis of the current results, further studies on the toxicological effects of
Sudan azo dyes on the intestinal microbiota /7 vivo are warranted.
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Effects of Sudan azo dyes on the cell viabilities of C. ramosumand E. coli. The samples
were stained using SYTO9 plus PI. For all FL1-H/FL3-H density plots, horizontal axes
(FL1-H) represent green fluorescence and vertical axes (FL3-H) represent red fluorescence
(FLZ1, 530 = 15 nm; FL3, >670 nm). Gate P4 and P5 represent those used to define

populations designated as live and dead cells, respectively.
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Chemical structure of Sudan dyes and their theoretical reduction products by human intestinal bacteria.
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