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Abstract: The toxicity of food additives is widely studied and concerns many consumers worldwide.
Synthetic food colors are often considered an unnecessary risk to consumer health. Since the Euro-
pean Food Safety Authority’s (EFSA) re-evaluation between 2009 and 2014, the body of scientific
literature on food colors has grown, and new evaluations are being published by the Joint FAO/WHO
Expert Committee on Food Additives (JECFA). Therefore, this narrative review aims to review the
toxicological data that have become available since 2014. The reviewed colors are Quinoline Yellow,
Sunset Yellow, Azorubine, Amaranth, Ponceau 4R, Erythrosine, Allura Red, Patent Blue, Indigo
Carmine, Brilliant Blue FCF, Green S, Brilliant Black, Brown HT, and Lithol Rubine BK. Tartrazine was
not included in this paper; the overwhelming amount of recent data on Tartrazine toxicity requires
more space than this review can provide. The issues regarding the toxicity of synthetic food colors
and real population exposures are being regularly examined and reviewed by relevant authorities,
such as the EFSA and JECFA. The current ADI limits set by the authorities are mostly in agreement,
and they seem safe. However, the EFSA and JECFA assessments of some of the colors are more than
a decade old, and new evidence will soon be required.
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1. Introduction

Food colors are substances added to food mainly to introduce color, prevent a loss of
color due to environmental conditions, or enhance naturally occurring colors. In recent
decades, increasing attention has been paid to the potential toxicity of soluble synthetic
colors, particularly azo dyes [1,2]. All food additives, including colors, that are used in the
European Union must be reviewed by the European Food Safety Authority (EFSA), which
belongs to the European Commission. Between 2009 and 2016, an EFSA panel re-evaluated
the safety of all forty-one previously authorized food colors. We summarized the available
evidence and changes in the acceptable daily intake (ADI) values of azo dyes in 2015 [1]
while the EFSA was finishing its re-evaluation. However, concerns regarding the potential
toxicity of synthetic colors remain, even as new studies are being published. The current
reports are still not exhaustive, but new and important findings are available. Therefore,
the aim of this review is to provide an update on the current knowledge of toxicity issues
related to azo dyes. Tartrazine was not included in this review because the abundance
of data available for this chemical makes it warrant its own separate review. For easier
orientation of the text, we include a glossary of the most commonly used terms in the field
of food safety regulations (Table 1).

For this review, we searched the Google Scholar database for the names of the colors
together with “toxicity”, with the timeframe limited to papers published in 2014 or later.
Then, we manually reviewed the results and used those studies that were relevant for this
review. We only included papers written in English that focused on toxicity issues. We did
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not use any strict inclusion/exclusion criteria to assess the quality standards of the reports.
Our aim was to gather all relevant evidence available to date. Only findings supported
by statistically significant differences in the data were included. Despite the usual way of
summarizing evidence by presenting the results in tables, in this case, there were not many
comparable studies for each color. Therefore, we opted for descriptions in the text.

Table 1. Glossary of commonly used terms.

Name Acronym Definition

Acceptable daily intake ADI

An estimate of the amount of a substance in food or
drinking water that can be consumed daily over a lifetime
without presenting an appreciable risk to health. It is
usually expressed as milligrams of the substance per
kilogram of body weight per day.

No observed adverse effect level NOAEL
The greatest concentration or amount of a substance at
which no detectable adverse effects occur in an
exposed population.

Lowest observed adverse effect level LOAEL The lowest level of a substance that has been observed to
cause harm in an exposed population.

Scientific opinion

A document published by the EFSA. It includes risk
assessments of general scientific issues; evaluations of
applications for authorizations of products, substances, or
claims; or evaluations of risk assessments.

Exposure assessment
A document published by the EFSA. It includes thorough
evaluations of who or what have been exposed to hazards
and quantifications of the amounts involved.

Evaluation of
certain food additives

Xth Report of the Joint FAO/WHO Expert Committee on
Food Additives, a document published by the WHO similar
to the Scientific Opinion of the EFSA.

2. Toxicity Evaluation of Azo Dyes

The following is an overview of the toxicity of individual synthetic colors approved in
the EU. An overview of their chemical structures, current ADIs, and years of the last EFSA
and Joint FAO/WHO Expert Committee on Food Additives (JECFA) re-evaluations are
summarized in Table 2.

Table 2. Description of colors and their regulatory evaluations.

Code Name Description ADI
(EFSA)

EFSA
Evaluation

ADI
(JECFA)

JECFA
Evaluation

E 104 FLAVUM QUINOLINI
Quinoline Yellow

Yellow water-soluble
anionic quinophthalone dye 0–0.5 mg/kg 2009

[3] 0–3 mg/kg 2016
[4]

E 110 FLAVUM ORANGEATUM
Sunset Yellow

Orange water-soluble
anionic monoazo dye 0–4 mg/kg 2014

[5] 0–4 mg/kg 2011
[6]

E 122
AZORUBINUM

Azorubine, also known as
Carmoisine

Red water-soluble anionic
monoazo dye 0–4 mg/kg 2009

[7] 0–4 mg/kg 1983
[8]

E 123 AMARANTHUM
Amaranth

Red water-soluble anionic
monoazo dye 0–0.15 mg/kg 2010

[9] 0–0.5 mg/kg 1984
[10]

E 124 RUBOR PONCEAU
Ponceau 4R

Red water-soluble anionic
monoazo dye 0–0.7 mg/kg 2009

[11] 0–4 mg/kg 2011
[6]

E 127
ERYTHROSINUM

NATRICUM
Erythrosine

Red xanthene dye 0–0.1 mg/kg 2011
[12] 0–0.1 mg/kg 2018

[13]
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Table 2. Cont.

Code Name Description ADI
(EFSA)

EFSA
Evaluation

ADI
(JECFA)

JECFA
Evaluation

E 129 RUBOR ALLURA
Allura Red

Red water-soluble anionic
monoazo dye 0–7 mg/kg 2009

[14] 0–7 mg/kg 2016
[4]

E 131 CERULEUM PROTECTUM
Patent Blue

Blue water-soluble anionic
triphenylmethane dye 0–5 mg/kg 2013

[15] no ADI 1982
[16]

E 132 INDIGOCARMINUM
Indigo Carmine

Blue water-soluble anionic
pyrrole-based dye 0–5 mg/kg 2014

[17] 0–5 mg/kg 2019
[13]

E 133 CERULEUM NITENS
Brilliant Blue FCF

Blue water-soluble anionic
triphenylmethane dye 0–6 mg/kg 2010

[18] 0–6 mg/kg 2017
[19]

E 142 VIRIDE S
Green S

Green water-soluble anionic
triarylmethane dye 0–5 mg/kg 2010

[20] no ADI 1974
[21]

E 155 FUSCUM HT
Brown HT

Brown water-soluble
anionic diazo dye 0–1.5 mg/kg 2010

[22] 0–1.5 mg/kg 1984
[10]

E 151 NIGRUM NITENS
Brilliant Black

Black water-soluble anionic
diazo dye 0–5 mg/kg 2010

[23] 0–1 mg/kg 2019
[24]

E 180 LITHOLRUBINUM BK
Lithol Rubine BK

Red water-soluble
monoazo dye

0–1.5 mg/kg,
withdrawn

2010
[25] not assessed

ADI is expressed as mg/kg of body weight per day.

2.1. E 104 FLAVUM QUINOLINI, Quinoline Yellow

Quinoline Yellow is one of the colors raising the greatest health concerns, including
about the potential effects on children’s behavior. This is reflected in the last EFSA re-
evaluation, in which the ADI was lowered from 10 mg/kg to the current 0.5 mg/kg. The
panel warned that the actual consumption of the color additive usually exceeds the new
ADI value, with a theoretical maximum daily exposure of 8.1 mg/kg/day for adults and
13.1 mg/kg/day for 3-year-old children [3]; however, these results were not confirmed in
a later study [26]. Similarly, in 2011, the JECFA established a temporary ADI of 5 mg/kg,
withdrawing the previous value of 10 mg/kg [6], and set the new ADI of 3 mg/kg in
2016 [4]. The European Commission requested the EFSA perform a refined food exposure
assessment for Quinoline Yellow. To this end, the EFSA collected usage levels for 6 out of
28 food categories in which the color is authorized and concluded that the highest dietary
intake is in toddlers and children—up to 0.40 mg/kg of body weight per day [26]. Hence,
we can summarize that the actual consumption seems to be under the current ADI set by
the EFSA.

There are some new studies relevant to the safety of Quinoline Yellow. An in vitro
study assessed the propensity of the color to induce conformational changes in proteins; hen
egg-white lysozyme was selected as a model protein [27]. Quinoline Yellow induced the for-
mation of lysozyme aggregates at physiological pH 7.4 at a concentration of 25–100 mM [27].
The same team proved the ability of Quinoline Yellow to bind to myoglobin at pH 3.5,
resulting in protein aggregation, but this interaction did not occur at pH 7.4 [28]. These
in vitro results represent merely a proof of concept; however, such protein aggregates can
be toxic, and this issue deserves future attention.

Furthermore, in vitro, Quinoline Yellow was shown to be a potent agonist of the
aryl hydrocarbon receptor, a CYP1A1 gene inducer, and an inhibitor of estrogen receptor
signaling in an aryl-hydrocarbon-receptor-dependent manner [29]. These findings were
inconclusive but suggest the color may have a potential for endocrine disruption.

After Quinoline Yellow showed mutagenic potential in several in vitro studies [1], the
EFSA and JECFA reviewed a number of genotoxicity studies and concluded that Quinoline
Yellow does not raise genotoxicity concerns. A recent in vitro study showed that the dye
could modulate 21 genes related to the DNA repair processes [30], which may raise a
concern. However, this study was not a test-guideline genotoxicity study, as recommended
by food regulators. Lastly, an in vitro study assessing the interaction of Quinoline Yellow
with P-glycoprotein did not indicate any such interaction [31].
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Taken together, ongoing research on the potential health risks related to Quinoline
Yellow indicates that this topic is far from concluded, and future studies will be necessary
to reach a final consensus regarding its use as a food additive.

2.2. E 110 FLAVUM ORANGEATUM, Sunset Yellow

Multiple authorities have evaluated the toxicity of Sunset Yellow because of concerns
about its wide use in the culinary and pharmaceutical industries. The additive can cause
the release of histamine, potentially triggering various allergies and intensifying symptoms
of asthma [32–34]. In 2009, the EFSA established a temporary ADI of 1 mg/kg of body
weight per day; however, this temporary ADI was revised in 2014, establishing a new ADI
of 4 mg/kg per day [5]. The JECFA had reached a similar conclusion before the EFSA and
set the same ADI level in 2011 [6].

In the last decade, several new studies have been conducted to examine the po-
tential toxicity of Sunset Yellow, mainly focusing on its potential teratogenic properties.
Models using zebrafish (Danio rerio) embryos exposed to graded concentrations showed
concentration-dependent toxicity. The concentration of 1 mM induced morphological
deformities such as microphthalmia, pericardial edema, yolk sac edema, and spinal curva-
ture. Higher concentrations (10–50 mM) led to higher mortality due to increased cellular
apoptosis in the cardiac region [35,36]. Another study used three doses (200, 1000, and
2000 nanograms) of Sunset Yellow to examine its possible teratogenic effects on chicken
embryos. Toxicity was evident with all three doses, resulting in necrosis of hepatocytes
and multiple degenerative changes in the kidneys [37]. Both models met OECD guideline
standards for teratogenicity testing. A similar design was used to investigate the effect of
Sunset Yellow on the development of immune system organs. Exposed embryos showed a
greater increase in spleen volume, increased eosinophil ratios, developmental retardation
in the thymus, and less lymphocyte accumulation in the bursa of Fabricius, suggesting
disruption of immune system development [38]. The toxicity of high doses of Sunset
Yellow was examined in germ cells of male rats exposed to 500, 1000, and 1500 mg/kg
body weight/day of the dye for 28 days, and it was found that the sperm quality was
not affected [39]. Another study used direct incubation of human germ cells with Sunset
Yellow. While low concentrations (50 and 100 µg/mL) did not affect the tail DNA % and
tail length of sperm, the 200 µg/mL concentration showed a significant increase in tailed
DNA %, suggesting a potential mutagenic effect [40].

Direct genotoxic effects were observed in meristematic cells of Brassica campestris L.
exposed to different concentrations of Sunset Yellow (1%, 3%, and 5%). All treated cells
showed decreased mitotic indexes and higher DNA abnormalities compared to the control
group, and these effects increased with concentration [41]. These results are in accordance
with a study focusing on the exposure of human lymphocytes to Sunset Yellow. Concen-
trations of 4 and 8 mM significantly increased the frequencies of cells with chromosome
aberrations [42]. Genotoxicity was also assessed in female rats exposed to Sunset Yellow
and sodium benzoate for 12 weeks. The results were similar to previous experiments;
however, the lowest concentration used was 5 mg/kg of body weight, and the highest was
200 mg/kg, exceeding the current ADI [43].

Furthermore, the potential hepatotoxicity of Sunset Yellow was examined. Rats ex-
posed to the mixture of Sunset Yellow, Metanil Yellow, and Tartrazine for 30 days showed a
significant increase in the concentration of serum proteins, serum albumin, serum alkaline
phosphates, and hepatic malondialdehyde and decreased activity of superoxide dismu-
tase, glutathione, and catalase in liver tissue compared to the control group. However,
concentrations of the mixture were 25–75 mg/kg of body weight/day, many times higher
than the ADI [44]. Khayyat et al. presented similar findings when rats were exposed
to Sunset Yellow at a dose of 2.5 mg/kg body weight/day for 30 days. Moreover, the
data showed a decrease in Bcl2 expression and an increase in COX2 expression, as well as
histopathological aberrations in the liver and kidney, suggesting oxidative-stress-mediated
renal and hepatic toxicity [45]. The inflammatory response was also altered in intestinal
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epithelial organoids treated with 2 µg/mL of Sunset Yellow, inhibiting the proliferation
and disturbing the differentiation of small intestinal epithelial cells. The exacerbation of
intestinal inflammation by Sunset Yellow was confirmed in the dextran sulfate sodium-
induced intestinal inflammation model in C57BL/6 mice treated with 40 mg/kg of body
weight/day for 7 days [46].

Exposure to Sunset Yellow can also promote hematological changes. Rats exposed to a
combination of Sunset Yellow and sodium benzoate over 12 weeks showed a decrease in
hemoglobin, red blood cell count, and white blood cell count. This effect was concentration-
dependent, and the minimum concentrations for Sunset Yellow and sodium benzoate
were close to the ADI limits at 5 mg/kg of body weight and 10 mg/kg of body weight,
respectively [47]. These findings were supported by Elbanna et al., who exposed rats
to Sunset Yellow or its metabolites for 90 days. However, this study also showed that
coadministration of azo dye with lactic acid bacteria decreased the inflammation and
histopathological alterations in the kidney, liver, spleen, and small intestine [48].

Taken together, the current ADI seems to be a safe limit based on the available evidence,
although higher doses can induce multiple toxic effects.

2.3. E 122 AZORUBINUM, Azorubine

Several authorities have conducted multiple evaluations of Azorubine, and the original
ADI has not changed since 1983. The EFSA’s Scientific Opinion from 2009 raised concerns
about the intake in children aged 1 to 10 years possibly exceeding the ADI. However, in
2015, the refined exposure scenarios showed that the ADI was not exceeded by any of the
population groups at intermediate or higher exposure levels [49].

Combining Azorubine and Sunset Yellow creates an orange-red dye that is applied in
cosmetics and the food industry. The toxicity of this combination was assessed in a study
using rats exposed to these two colors for 30 days. The findings demonstrated a detrimental
effect on antioxidant status, inflammatory biomarkers (TNFα, IFNγ, IL1β, IL6, COX-2,
iNOS, and NFκB/p65), biochemical enzymes, and liver histology. The toxicity was found
to be dose-dependent, but very high doses were used—5, 25, 150, and 300 mg/kg [50].
Notably, administering Azorubine separately has been shown to have the same effect on
hematological, immune, and histopathological changes in several organs in rats [48] and
mice [51]. However, again, these results were obtained after chronic administration of very
high doses, which is irrelevant for assessing the potential toxicity of food additives.

Azorubine has a certain potential to cause allergic reactions in predisposed individ-
uals. For example, a hypersensitivity skin reaction and recurrent fixed drug eruption
were reported in a case study of a child who had taken a medicine containing this azo
dye [52]. A small prospective clinical study based on patch testing reported Azorubine as
a contributing factor to the development of recurrent aphthous stomatitis [53]. However,
this study has limited value—skin patch tests suggest sensitization to a substance but do
not provide evidence for a food allergy response. Furthermore, Azorubine has a potential
inhibitory effect in high and moderate concentrations on the intracellular production of
reactive oxygen species in vitro. This effect may contribute to inflammatory processes or
hypersensitivity of the organism [54]. Other studies have confirmed the pro-inflammatory
effect of Azorubine due to augmentation of LTB4 production and increased synthesis of
F2-isoprostanes in human neutrophils, which results in oxidative stress [55], an increase in
malondialdehyde production, and reductions in glutathione, superoxide dismutase, and
catalase expression in rats [56]. Azorubine, at both high concentrations and those close to
the ADI, may cause increased cell apoptosis based on an observed increased expression of
MAPK8 in mice [57].

Azorubine showed a negative effect on fertility in male rats at doses above the ADI.
Specifically, it exerted degenerative changes and atrophy, gradually decreasing sperm count
and reducing the expression of other fertility biomarkers [58].

An exploratory study showed dose-dependent degenerative changes in zebrafish lar-
vae after Azorubine exposure. The no-observed-effect concentration (NOEC) was recorded
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to be 5 ppm, and the median lethal concentration (LC50) was 1230 ppm, when administered
for 96 h per fertilization [59]. The genotoxicity of Azorubine was assessed using root meris-
tematic cells of Allium cepa. Azorubine caused a significant reduction in the mitotic index
and produced different kinds of chromosomal aberrations in these cells [60]. However, the
relevance of these findings for human consumption is questionable.

Interestingly, Azorubine can bind to lysozymes and inhibit amyloid fibrillogenesis,
exerting a defibrillating effect in the lysozymes. Therefore, it could play a role in the
treatment of amyloid-related diseases [61].

Taken together, despite low intake as a food additive, Azorubine may represent a
health issue. Therefore, its use shall be closely monitored, and the authorities will soon
evaluate new evidence.

2.4. E 123 AMARANTHUM, Amaranth

Amaranth was repeatedly evaluated by the JECFA in 1972, 1975, 1978, and 1984 and
by the EU Scientific Committee for Food (SCF) in 1976, 1979, and 1983. The JECFA and the
SCF established different ADIs of 0.5 and 0.8 mg/kg, respectively. Amaranth’s use as a food
additive was banned in the USA in 1976 because of concerns regarding its potential risks to
human health. It is mainly used as a color for aperitif drinks and wines, which explains why
exposure in toddlers and children is very low. At the same time, consumption in adults can
exceed the ADI by several hundred percent in some scenarios [9]. Pharmacokinetic studies
are not available in humans, but studies in rodents indicate little absorption of Amaranth
(2.8% in rats) after oral administration [62]; therefore, the majority remains in the intestinal
content. The azo-linkage of the dye can be broken during the passage, and metabolites
are likely formed by intestinal bacteria. The proportions of the unchanged color and its
metabolites in feces are variable. Amaranth is metabolized in the blood, where azo-linkage
reduction and the formation of several metabolites (naphthionic acid being the main one)
occur; these are then excreted in feces and urine [9]. There is no evidence of accumulation in
any tissues in several species. However, though the data cover only 3 days of exposure [63],
the color was found to penetrate several organs (lung, heart, and liver, but not the brain)
and fetuses [64–66]. The toxicity of this color was assessed by several in vitro and in vivo
studies, showing no evidence of genotoxicity [9,67] or carcinogenicity [9]. No reports of
severe hypersensitivity are available. Developmental toxicity has been tested thoroughly in
many studies for several species. As a result of developmental reports plus one 2-year-long
exposure study, it was possible to define a NOAEL of 15 mg/kg of body weight per day
for Amaranth. Therefore, by applying an uncertainty factor of 100, the EFSA defined a
new ADI of 0.15 mg/kg [9]. A new study exploring the potential developmental toxicity
of azo dyes using zebrafish embryos concluded that their positive findings occurred at
concentrations higher than those expected in human food exposure [35].

Following the completion of the Scientific Opinion, the EFSA conducted a refined
exposure assessment for Amaranth. This assessment did not confirm the previous concern
about high exposure in adults consuming alcoholic aperitif drinks. Conversely, the dietary
intake under any assessed scenario in any population did not exceed the current ADI [68].

Recently, a biophysical study evaluated a potential interaction of Amaranth with
hemoglobin, showing the binding potential of the dye and following the conformational
changes to the protein, suggesting a potential mechanism of toxic effect [69]. Based on this
finding, it is evident that continued research, evaluation, and regulatory control of this dye
is necessary to assess its potential risks for consumers. The EFSA published its Scientific
Opinion on this color in 2009, while the JECFA published its version in 1983. Hence, new
evaluations are needed.

2.5. E 124 RUBOR PONCEAU, Ponceau 4R

In its last re-evaluation, the EFSA lowered the ADI for Ponceau 4R from 4 mg/kg to
0.7 mg/kg [11]. This conclusion was mainly based on studies reporting developmental
toxicity in rats and concern about high consumption estimates in the population. As a
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result, the EFSA performed a refined exposure assessment for Ponceau 4R, using new data
from the food industry (3 out of 31 food categories for which Ponceau 4R is authorized),
analytical data submitted to the EFSA by the EU Member States (18 food categories), and
food consumption data from the EFSA Comprehensive European Food Consumption
Database. The report concluded that no consumption scenario exceeds the ADI; the highest
consumption of Ponceau 4R was observed in toddlers and children—up to 0.51 mg/kg per
day [70].

Research on this color’s toxicity is ongoing. The mutagenic potential of the color and
its six photo-degradation products found in a sweet beverage were assessed [71]. This
approach enables the estimation of the toxic potential arising from interactions of the color
with other beverage ingredients, such as citric acid, fructose syrup, sucrose, and grape juice.
Hence, the study concluded that toxicity should be evaluated for every beverage, not just
the color [71]. An in vitro study assessing the interaction of Ponceau 4R with P-glycoprotein
did not indicate any such interaction [31].

Recent evidence from animal studies regarding Ponceau 4R revealed a potential to
alter the structure and thickness of the duodenal wall in rats receiving a mixture of sodium
nitrite, monosodium glutamate, and Ponceau 4R for 16 weeks [72]. The doses of the
additives were high (5 mg/kg for Ponceau 4R), but these findings may indicate a certain
synergy in the toxicity of the additives used in meat products. Recently, a model for
screening for potential alterations in cardiovascular functionality due to prenatal toxic
insult was established using zebrafish [73]. In this model, Ponceau 4R affected the zebrafish
pectoral fin swing behavior and increased the heart rate of juvenile fish by 32% [73]. This
suggests the dye has developmental toxicity.

Furthermore, an in vitro study revealed the potential of Ponceau 4R to enhance the
production of leukotriene B4 in blood neutrophils. This indicates a pro-inflammatory
potential, particularly related to asthma. The effect was present at all tested concentrations,
ranging from 10 to 100 µmol/L [55]. A recent clinical study examined suspected food color
reactions in nineteen children orally administered 2.5 mg of a color [74]. In the case of
Ponceau 4R, an allergic reaction was confirmed in only one child, manifesting as urticaria.
However, the authors admit that reactions may manifest after ingesting a higher dose [74].

Both the EFSA and JECFA issued their evaluations more than a decade ago; hence,
new assessments are warranted.

2.6. E 127 ERYTHROSINUM NATRICUM, Erythrosine

Erythrosine as a red dye is authorized by the EFSA exclusively for cocktail and candied
cherries and Bigarreaux cherries. Its safety was re-evaluated by the EFSA in 2011 and by the
JECFA in 1990 and 2018. The main concern regarding Erythrosine is its potential ability to
induce tumorigenesis in the thyroid gland of rodents, even though this effect is secondary
to its effects on thyroid function and not related to any genotoxic activity [12,13].

However, a genotoxic effect of Erythrosine was observed in HepG2 cells exposed to
70 mg/L. The results showed decreased expression of two genes (FEN1 and REV1) related to
DNA base repair [30]. The toxicity was further examined on Drosophila melanogaster, where
exposure to concentrations from 0.000005 mg/mL to 0.05 mg/mL decreased longevity.
Furthermore, the exposure of HL-60 cells to the same dose range inhibited proliferation
and did not induce further tumor cell growth, suggesting no cancerogenic effect [75]. These
studies show potential harm to living cells in both in vitro and in vivo models at very
low concentrations.

Moreover, Erythrosine administered together with Tartrazine at a dose of 20 mg/kg
of body weight showed testicular tissue damage after 23 days of exposure, as well as a
disruption in the hormonal regulation of sex hormones [76]. These doses were very high,
massively exceeding the ADI of Erythrosine and markedly exceeding that of Tartrazine. The
same mixture of azo dyes was used to assess a potential memory impairment effect. Rats
were exposed to a 50:50 mixture of Erythrosine and Tartrazine at concentrations of 2, 6, and
10 mg/kg of body weight for six weeks. Interestingly, while low doses enhanced nonspatial
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memory retention, higher concentrations led to impaired nonspatial memory retention
as well as an increase in anxiety-like behavior. On the histopathological level, there was
a dose-dependent effect on the increase in acetylcholinesterase activity in hippocampal
tissues and up-regulation of oxidative stress markers, including TNFα. This study also
showed a potential metabolic effect of these food colors, as groups exposed to 6 and
10 mg/kg of body weight experienced a decrease in body weight from the fourth week
of treatment to the last week [77]. However, the study employed very high Erythrosine
doses (all exceeding the ADI), while Tartrazine dosing was below the ADI in all doses.
This makes the results difficult to interpret in the context of human exposure. Another
study focusing on the metabolic effects of a Tartrazine and Erythrosine mixture showed
higher glycemia in groups treated with very high doses of the dyes—a mixture of 20 and
40 mg/kg of body weight, respectively, for 21 days [78].

Higher levels of TNFα were also observed in a study focusing on kidney injury
induced by the mixture of Erythrosine and Tartrazine. Rats were exposed to a 50:50 mixture
in concentrations varying from 2.5 to 20 mg/kg of body weight. However, this study did
not show any concentration-dependent effects on biochemical and gene expression markers.
Caspase-9 and kidney injury molecule-1 were up-regulated in groups treated with low
doses (2.5 and 5 mg/kg of body weight), while high-dose treatments (10 and 20 mg/kg of
body weight) led to down-regulation of these markers. Serum urea concentrations were
increased in groups treated with 5 and 20 mg/kg and decreased in groups treated with
10 mg/kg.

In contrast, serum creatinine levels significantly increased after 10 and 20 mg/kg expo-
sure. While these biochemical markers did not show a dose-dependent effect, histopatho-
logical examination revealed hypertrophy of the glomeruli in relation to the size of the
Bowman’s capsule in the groups treated with the two highest concentrations [79]. However,
these concentrations were above the recommended ADIs; therefore, the results serve purely
to conceptualize the potential combined toxicity.

Neuronal toxicity of Erythrosine alone was examined in chicken embryos incubated
with low (0.05 mg/kg) and high (0.1 mg/kg) doses, the higher dose reflecting the current
ADI limit. Toxicity was observed at the histopathological level, as shown by the higher
occurrence of neuronal tube defects in groups treated with Erythrosine [80].

Notably, it has been shown that Erythrosine could also have beneficial effects. An
in vitro study showed that exposure to Erythrosine could dose-dependently decrease
lysozyme fibrillogenesis [81]. Additionally, Erythrosine, in combination with nano-TiO2
in photodynamic therapy, could lead to decreased survival of Candida albicans, where
Erythrosine acts as an effective photosensitizer [82]. Similar results were reported in
a study focusing on chitosan potentiation of antimicrobial photodynamic inactivation
together with Erythrosine, where the combination of chitosan with Erythrosine promoted
not only antimicrobial activity against Candida albicans but also against Streptococcus mutans
and Pseudomonas aeruginosa [83].

Taken together, Erythrosine has a proven toxicity, which is reflected in a very low
ADI and its limited use. Many recent toxicity studies have focused on 50:50 mixtures of
Erythrosine and Tartrazine, which do not mimic the ADI levels, and many of them are from
one laboratory and their results have not been replicated. While Erythrosine clearly shows
a promising novel approach to treating infectious diseases, its toxic effects on cells must be
considered while examining its potential benefits.

2.7. E 129 RUBOR ALLURA, Allura Red

Allura Red is not among the widely used food colors. Nevertheless, it can pose a
potential health risk. It was evaluated by the EFSA in 2009, and the most recent assessment
of its toxicity as a food color was conducted by the JECFA in 2016, which concluded that
there was no need to revise the current ADI and that the estimated dietary exposures
remained below this level [4].
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Earlier results indicating genotoxicity [84] have not been confirmed by more extensive
studies [85,86]. However, even at doses relevant to exposure in food, toxicity has been
found. Allura Red caused histopathological and physiological aberrations in the liver and
kidney in rats given the ADI dose for 4 weeks [45]. After 6 weeks of ADI doses, rats showed
behavioral signs of spatial memory impairment and reduction in the number of glial cells,
while high doses (10 times the ADI level) were shown to exert additional massive effects
on learning and memory, with multiple structural changes in the prefrontal cortex [87].
Interestingly, this study also showed that taurine could prevent the neurotoxicity of both
Allura Red doses [87].

This dye is associated with allergies, intolerances, and hypersensitivities. Neutrophils
and reactive oxygen species (ROSs) play an essential role in their development. Allura Red
causes a significant and dose-dependent inhibition of ROS production by PMNs (human
polymorph nuclear leukocytes) [54]. Furthermore, Allura Red may also be one of the
external triggers that promote the manifestation of autoimmune diseases. It caused rapid
development of colitis in genetically predisposed mice (increased IL-23 signaling) via
activation of CD4+ T cells, leading to apoptosis of intestinal epithelial cells [88,89].

Allura Red may affect extra- and intra-cellular activities via binding with proteins,
including enzymes. It binds to human serum albumin [90], although this effect would
likely be negligible at ADI levels. Allura Red and its metabolites also inhibit carbonic
anhydrase activity [91,92], pepsin, and trypsin [93,94]; however, no effect on P-glycoprotein
was found [31]. These effects may lead to toxicity or drug–drug interactions at high doses,
but they are unlikely to be biologically relevant at ADI exposure. A study investigating
the potential developmental toxicity of azo dyes using zebrafish embryos came to the
same conclusion: a positive finding will only be apparent at concentrations higher than the
average intake in the human population [35,95].

It is not surprising that high chronic doses of Allura Red are neurotoxic and nephro-
toxic in rats. The administration of 200 mg of the color for 4 weeks led to increased levels of
indicators of oxidative stress (malonaldehyde and glutathione peroxidase), which probably
led to kidney and brain damage and changes in the levels of serotonin and GABA in
several brain regions [96]. An increased level of urea or creatinine as an indicator of renal
dysfunction was observed in the plasma of rats after administration of 50 mg/kg Allura
Red for 10 and 40 days [97]. The same study pointed to probable toxicity in other tissues,
manifested by increased levels of the serum aminotransferases (ASL, ALT), ALP, glucose,
and serum total protein and decreased levels of erythrocytes and hemoglobin [97].

In summary, this dye requires continuous monitoring as some in vivo studies indicate
detrimental effects even at ADI doses.

2.8. E 131 CERULEUM PROTECTUM, Patent Blue

The main concern regarding the use of Patent Blue is its potential to induce allergic
reactions or anaphylaxis during surgery—the occurrence of anaphylactic reactions after
perioperative intravenous administration is rare but well documented [98]. However, such
issues are unrelated to using the dye as a food additive. The EFSA decreased the ADI in
2013 from 15 mg/kg to 5 mg/kg, but this was motivated by unwanted hematologic effects
occurring after chronic intake of high doses [1,15]. A clinical study examining suspected
food color reactions in children found no allergic reaction after an oral food challenge of
2.5 mg of Patent Blue in nine children [74]. While it is possible to substitute other colors
with natural colors, blue will likely remain an issue, as it is hard to find a stable natural
source that is usable in the food industry [99]. The EFSA evaluated Patent Blue in 2013 and
the JECFA in 1982. Since then, there has been little new evidence, and the color seems to be
safe at the current ADI limit.
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2.9. E 132 INDIGOCARMINUM, Indigo Carmine

At the time of the EFSA’s re-evaluation, Indigo Carmine did not raise any concerns
regarding developmental toxicity, genotoxic, or cytotoxicity [1,17]. The JECFA reached a
similar conclusion in 2019 [13].

However, some recent in vitro studies indicate that Indigo Carmine can enter human
fibroblast cells and exhibit cytotoxicity; for example, a reduction in cell proliferation by
60–80% has been found [100]. Another in vitro study using tumor human HL-60 cells
showed some growth inhibition, and an in vivo experiment from the same report using
Drosophila revealed a short healthy lifespan after 6 days of exposure [75]. Similarly, a
report on the exposure of Tenebrio molitor larvae to Indigo Carmine indicated lowered
body weight, but the concentration was very high—1 g/kg administered over 3 weeks [101].
These data are difficult to extrapolate to human exposure, and there is likely a very low
risk when Indigo Carmine is used as a food color; however, its possible toxicity deserves
further research.

Interestingly, Indigo Carmine was shown to have some antioxidant activity [54,102].
However, in a study designed to test this effect, Indigo Carmine failed to prevent ischemia-
reperfusion injury in a model of isolated liver and worsened the damage to the hepatocyte
membranes [103].

Given the recent JECFA evaluation, it seems that this color is safe under the current
ADI limit, set as 0-5 mg/kg of body weight by both the EFSA and JECFA.

2.10. E 133 CERULEUM NITENS, Brilliant Blue FCF

Brilliant Blue was assessed by the EFSA in 2010 and the JECFA in 2017, and both
authorities confirmed the same ADI [18,19].

Brilliant blue is known to have some cytotoxic and genotoxic potential [104], and new
studies are addressing this concern. Genotoxicity was assessed by comet assay in human
male germ cells, showing that only the highest concentrations of Brilliant Blue (200 and
500 µg/mL) induced DNA damage in sperm cells [40]. A comprehensive study using
in vitro tests on the HL-60 tumor human cell line and in vivo experiments with Drosophila
larvae confirmed the safety of the color at concentrations corresponding to the ADI but
showed enhanced growth of the tumor cell line [75]. Interestingly, Brilliant Blue improved
the longevity of the Drosophila larvae in the same study [75]. Hence, even these optimistic
results do not rule out potential risks of regular exposure to the color.

A stem-cell-based in vitro morphogenesis assay was employed to assess the develop-
mental toxicity of Brilliant Blue. The results found a NOAEL of 400 µM and a LOAEL of
600 µM [105]. However, these levels may be higher than the typical population exposure.
Therefore, the potential health risk during pregnancy cannot be assessed on the basis of
these findings. The zebrafish model for screening of developmental toxicity for cardiovas-
cular functionality (see also Ponceau 4R) showed that Brilliant Blue increased the heart rate
of the fish by 10% [73], suggesting specific developmental issues related to the dye.

Hematological and immune alterations were also assessed on the whole-organism
level by exposing rats to oral administration of 1.2 mg/kg for 90 days [106]. Specifically, the
results showed that exposure to Brilliant Blue reduced both white and red blood cell counts,
hemoglobin content, and the number of platelets but increased the mean corpuscular
volume of the red blood cells. Furthermore, the color reduced the total IgM and IgG levels
and increased phagocytic activity [106]. Future studies shall determine the importance of
these results for consumers’ safety.

There have also been positive reports indicating Brilliant Blue could be useful in
clinical medicine or represent a promising molecule for new drug development. The color
could safely replace gentian violet as a skin marker, as gentian violet has detrimental
effects on the physiologic functions of vein grafts during cardiac bypass surgery [107].
Furthermore, Brilliant Blue seems to suppress the production of uncontrolled neutrophil
extracellular traps under excessive inflammatory conditions [108]. Lastly, Brilliant Blue
dose-dependently inhibited amyloid fibril formation of lysozymes [109]. These findings
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may lead to the development of new therapeutic approaches for inflammatory and neu-
rodegenerative diseases.

2.11. E 142 VIRIDE S, Green S

Given the poor solubility of Green S, this color seems to be safe at the current ADI,
which has remained unchanged since 1974. For this review, we did not find any clinical,
preclinical, or in vitro studies relevant for evaluating its toxicity in humans.

2.12. E 155 FUSCUM HT, Brown HT

Brown HT seems safe under the ADI set by the EFSA in 2010, but the panel raised
a concern about potentially higher dietary intake of the dye in children. Therefore, the
EFSA conducted a new exposure assessment and collected usage levels for 6 out of 37 food
categories in which Brown HT is authorized and a limited number of food analytical results,
with all found to be below the limit of detection or quantification. In one consumption
scenario, at the 95th percentile in all populations, the elderly exceeded the ADI. However,
such a situation is unlikely to occur in the population [110]. For this review, we did not
find any recent clinical, preclinical, or in vitro studies relevant for evaluating the toxicity of
Brown HT in humans.

2.13. E 151 NIGRUM NITENS, Brilliant Black

Recently, the JECFA published a new assessment of the toxicity of Brilliant Black and
retained the 1 mg ADI set in 1981 [24], while the Scientific Committee for Food (SCF, later
transformed to the EFSA) still retains the higher 5 mg ADI level from 1984 [23]. Later, the
EFSA performed a refined exposure assessment for Brilliant Black due to the concern raised
in the Scientific Opinion about consumption exceeding the ADI in children younger than
10 years old. The EFSA collected usage levels for 11 out of 37 food categories in which the
color is authorized. Furthermore, 4337 food analytical results were available, with most
values being below the limit of detection or quantification. So far, Brilliant Black seems
safe under the current ADI limits. The EFSA concluded that exceeding the ADI in any
population under any consumer scenario is unlikely [111].

Interestingly, Brilliant Black recently showed promising antiviral activity against
enterovirus 71, which causes hand, foot, and mouth disease [112]. It seems that sulfonated
azo dyes exhibit a certain ability to block the entry of the virus into the cell. However,
Brilliant Black showed the highest potential, which was confirmed in vivo [112]. This is not
the first report of Brilliant Black as a potential pharmacological treatment option. It was
shown to inhibit the affinity of A1 and A3 adenosine receptor agonists [113], but this line of
research has so far not led to further drug development.

Considering the recent JECFA evaluation, it seems that this color is safe under the
current ADI limits, set as 0–5 mg/kg of body weight by the EFSA and 0–1 mg/kg of body
weight by the JECFA.

2.14. E 180 LITHOLRUBINUM BK, Lithol Rubine BK

Lithol Rubine BK is a red dye that is generally used in cosmetics. It is also used in the
food industry exclusively as a surface coating in cheese [114]. Toxicological studies were
performed mainly in the late 1980s and early 1990s. The last re-evaluation by the EFSA was
in 2010, and the last evaluation by the JECFA was in 1987. However, because of a lack of
data in 1987, the JECFA could not establish an ADI. In contrast, the EU Scientific Committee
for Food established an ADI of 0–1.5 mg/kg of body weight/day [25]. This ADI was
determined on the basis of a NOAEL of 100 mg/kg of body weight/day from a long-term
rat study established by the BIBRA toxicity profile of Lithol Rubine BK. In this study, rats
exposed to 1 g/kg of body weight for 30 days had slightly reduced growth. There was also
an increase in kidney weight, and a histopathological examination showed kidney damage.
However, these effects were reversible over a two-week recovery period [115]. Chronic
toxicity was also examined by a two-year feeding study in dogs. Six dogs (3 per sex) were
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administered 0.015, 0.1, and 1.0% of Lithol Rubine BK solution (about 250 mg/kg of body
weight per day). A microscopic evaluation of various tissues showed no significant effect
of the highest concentration [115].

The mutagenic potential was examined in vitro in mouse lymphoma L5178Y cells, and
there were no effects suggesting the genotoxicity of Lithol Rubine BK [25]. On the basis
of the limited data and the fact that the highest level of anticipated exposure is 1700-fold
lower than the identified effect level of 100 mg/kg of body weight per day in female
rats, the EFSA concluded that the existing ADI of 0–1.5 mg/kg should be withdrawn and
considers it unlikely that there are any significant safety concerns for humans from the
current, single-use authorization of Lithol Rubine BK in edible cheese rinds [25].

Interestingly, several azo dyes, including Lithol Rubine BK, were examined as poten-
tial candidates for the treatment of glioblastoma because of their antiproliferative effects.
Lithol Rubine BK induced a concentration-dependent cytotoxic effect during a 3-day incu-
bation with glioblastoma cells. The color caused an 8% to 51% increase in cellular deaths in
concentrations of 2 µM to 64 µM, respectively [116]. The antiproliferative effect of Lithol
Rubine BK on glioblastoma cells contrasts with previous toxicity studies. This fact may
be attributed to the limited absorption of Lithol Rubine BK from the gastrointestinal sys-
tem [117]. However, further assessment of Lithol Rubine BK as a potential antiproliferative
treatment is necessary.

3. Conclusions

We reviewed new lines of evidence regarding the azo dyes used as food colors. The
issues regarding their toxicity and real population exposures are regularly reviewed by
relevant food safety agencies such as the EFSA and JECFA. The food categories in which
the colors are applied can be found in the European database [118] and the US Food and
Drug Administration database [119]. The occurrence of food colors in specific foods is
also regularly reviewed [120,121]. The current ADI limits set by the safety agencies are
mostly in agreement, and they seem safe. In some cases, a new mechanism of action has
been revealed, paving the road for the pharmacological repurposing of these compounds.
Recently, there has been a debate on using functional food additives that may improve
human health instead of those that are potentially harmful. The primary notion is to use
exclusively nontoxic, plant-based food additives, which are safe from both a health and
environmental point of view [122–124].
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