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Abstract

The European Commission asked EFSA to update their 2006 opinion on ochratoxin A (OTA) in food. OTA
is produced by fungi of the genus Aspergillus and Penicillium and found as a contaminant in various
foods. OTA causes kidney toxicity in different animal species and kidney tumours in rodents. OTA is
genotoxic both in vitro and in vivo; however, the mechanisms of genotoxicity are unclear. Direct and
indirect genotoxic and non-genotoxic modes of action might each contribute to tumour formation. Since
recent studies have raised uncertainty regarding the mode of action for kidney carcinogenicity, it is
inappropriate to establish a health-based guidance value (HBGV) and a margin of exposure (MOE)
approach was applied. For the characterisation of non-neoplastic effects, a BMDL10 of 4.73 lg/kg body
weight (bw) per day was calculated from kidney lesions observed in pigs. For characterisation of
neoplastic effects, a BMDL10 of 14.5 lg/kg bw per day was calculated from kidney tumours seen in rats.
The estimation of chronic dietary exposure resulted in mean and 95th percentile levels ranging from 0.6
to 17.8 and from 2.4 to 51.7 ng/kg bw per day, respectively. Median OTA exposures in breastfed infants
ranged from 1.7 to 2.6 ng/kg bw per day, 95th percentile exposures from 5.6 to 8.5 ng/kg bw per day in
average/high breast milk consuming infants, respectively. Comparison of exposures with the BMDL10
based on the non-neoplastic endpoint resulted in MOEs of more than 200 in most consumer groups,
indicating a low health concern with the exception of MOEs for high consumers in the younger age
groups, indicating a possible health concern. When compared with the BMDL10 based on the neoplastic
endpoint, MOEs were lower than 10,000 for almost all exposure scenarios, including breastfed infants.
This would indicate a possible health concern if genotoxicity is direct. Uncertainty in this assessment is
high and risk may be overestimated.
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Summary

Following a request from the European Commission, the European Food Safety Authority (EFSA)
Panel on Contaminants in the Food Chain (CONTAM Panel) evaluated the risks to human health related
to the presence of ochratoxin A (OTA) in food. The previous risk assessment of OTA from EFSA of
2006 was used as a starting point for the evaluation, together with publications identified in a targeted
literature search. EFSA guidance documents and general principles for risk assessment were applied
for hazard and exposure assessment and risk characterisation in this opinion.

OTA is produced by various fungi of the genus Aspergillus and Penicillium, e.g. A. ochraceus,
A. carbonarius and P. verrucosum. OTA is stable to moderate heating, but losses ranging up to 90%
are observed at temperatures above 180°C.

OTA is rapidly absorbed and distributed but slowly eliminated and excreted leading to potential
accumulation in the body, which is due mainly to binding to plasma proteins and a low rate of
metabolism. Plasma half-lifes range from several days in rodents and pigs to several weeks in non-
human primates and humans. The major metabolic pathway of OTA is hydrolysis to OTalpha, followed
by conjugation with glucuronic acid. Formation of DNA-reactive metabolites is either minor or absent
under physiological conditions. Based on efficient degradation in the rumen, OTA levels in cow milk are
low. In several studies, relatively high OTA concentrations have been found in human milk in
comparison with those found in cow milk.

A series of studies on biomarkers of exposure of humans to OTA, published after the latest EFSA
evaluation, have been evaluated. It was found that dietary exposure to OTA was reflected in OTA
levels in plasma, serum, urine and breast milk. Reliable biomarkers of OTA-specific effects, in particular
kidney function, have not been identified.

The CONTAM Panel did not identify evidence suggesting that OTA is acutely toxic. OTA exerts
adverse effects in repeated dose studies with mice, rats, rabbits and pigs. At high doses, various
general signs of toxicity (e.g. reduced body and organ weights, changes in clinical chemistry) are
observed. Also histopathological lesions, in particular in the kidney, immunotoxicity, neurotoxicity and
developmental effects (associated with maternal toxicity) are observed. The critical effects occur in the
kidney with the pig being the most susceptible species. In rats, kidney tumours have been observed in
both sexes, with males being more sensitive. In mice, both liver and kidney tumours have been
observed in both sexes albeit at higher doses as compared to the renal tumours in rats.

In vitro, OTA exposure induces gene mutations, single and double strand breaks (SSBs and DSBs)
and chromosome damage in mammalian cells. This OTA-dependent genetic damage is apparently
independent of metabolic activation. Exposure to OTA increases the levels of reactive oxygen species
(ROS) in vivo, and in vitro exposure increases 8-hydroxydeoxyguanosine (8-OHdG) in DNA, both of
which indicate that some genotoxic effects may be secondary to oxidative stress. In vivo, OTA-induced
genetic damage (DSBs, aberrant mitoses and karyomegaly) is often associated with pathological
findings in rat kidney. Gene mutations occurring in rats and mice are restricted to the cancer target
site (the outer medulla of the kidney) with large deletions and base substitutions being the main
mutagenic events. The molecular mechanisms underlying OTA genotoxicity in vivo remains unclear.
OTA is a weak mutagen in vivo. Formation of covalent OTA-DNA adducts remains controversial and the
extremely low levels of DNA-adducts reported do not explain the genotoxic effects of OTA.
Nevertheless, OTA-induced mutations in rat and mouse kidneys are clearly not a simple consequence
of oxidative DNA damage. The mechanisms underlying OTA-induced chromosomal damage are also
unclear. Aberrant chromosome segregation and cell division may reflect damage to the mitotic spindle.
Alternatively, abnormal anaphase figures might derive from un-resolved ‘replication stress’ with break-
induced recombination of DSBs in the early stage of mitosis.

Possible associations between OTA exposure and kidney disease, bladder or hepatocellular cancer
have been investigated in epidemiological studies using cross-sectional designs, but it is not possible to
establish a causal link between exposure to OTA and adverse effects in humans. The findings of raised
protein concentrations in urine in a limited number of infants from Egypt exposed to high levels of OTA
via their mothers (during pregnancy and lactation) raise health concern and would need confirmation
in larger studies.

Multiple molecular events of OTA have been reported, but the MoAs of OTA toxicity have not been
clarified. The susceptibility of the kidney appears to be largely due to OTA uptake via the organic anion
transporters in the kidney. With regard to the MoAs for kidney carcinogenicity in rats, induction of
apoptosis and autophagy, cell cycle arrest, alterations in the cellular proliferation response and cell
signalling, oxidative stress and changes in gene expression have each been proposed as contributing
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factors. A role of genotoxicity in carcinogenesis cannot be excluded; however, a distinction between
direct and indirect genotoxic modes of action which might each contribute to tumour formation could
not be established.

Increased incidences of microscopic kidney lesions in a repeated dose study with female pigs have
been identified as the critical non-neoplastic effect for risk characterisation and a BMDL10 of 4.73 lg
OTA/kg body weight (bw) per day was calculated from these effects and used as a non-neoplastic
reference point (RP).

Increased incidences of kidney tumours seen in male rats in a 2-year study were identified as the
critical neoplastic effect of OTA and a BMDL10 of 14.5 lg OTA/kg bw per day was calculated from
these effects and used as a neoplastic RP.

Since the previous EFSA assessment (2006), more recent studies have raised uncertainty regarding
the mode of action for kidney carcinogenicity. Following respective EFSA guidance, the CONTAM
Panel considered that it was not appropriate to establish an HBGV and concluded that for both non-
neoplastic and neoplastic effects of OTA, an MOE approach needs to be applied for risk
characterisation. As a consequence, the TWI of 120 ng/kg bw as established by the CONTAM Panel in
2006 is no longer valid.

For characterisation of chronic non-neoplastic effects, an MOE of ≥ 200 between the selected non-
neoplastic RP and calculated exposures was considered as being of low health concern. This MOE was
derived by applying a default uncertainty factor (UF) of 100 for intra- and interspecies toxicokinetic
and toxicodynamic differences combined with an additional UF of 2 to account for extrapolation of a
3-month study in pigs to a chronic situation in that species.

For characterisation of chronic neoplastic effects, an MOE of ≥ 10,000 between the selected
neoplastic RP and calculated exposures would be of low health concern. This MOE was derived
following EFSA guidance for substances that are both genotoxic and carcinogenic. In the interpretation
of the MOE for the neoplastic risks, the Panel considered that the MOE of 10,000 for substances that
are genotoxic and carcinogenic could be particularly conservative in this case because the evidence for
a direct interaction of OTA with the DNA is inconclusive.

A total of 71,769 measurements of concentrations of OTA in food submitted within the last 10 years
by 29 European countries and one Industry association were used for assessing dietary OTA
exposures. The majority (about 55%) of the data came from Germany and the Netherlands. The
proportion of left-censored data (results below the limit of detection (LOD) or limit of quantification
(LOQ)) was 75%. The highest mean concentrations of OTA were recorded in the categories ‘Plant
extract formula’, ‘Flavourings or essences’ (both containing liquorice extracts) and ‘Chili pepper’.

For calculating chronic dietary exposure to OTA, food consumption and body weight data at the
individual level were accessed in the EFSA Comprehensive Database. Mean occurrence levels and
individual consumption data from different countries and age groups were linked at the relevant
FoodEx level to estimate the chronic exposure.

The mean chronic exposure estimates ranged from 0.64 (minimum LB)/2.53 (minimum UB) to 9.13
(maximum LB)/17.79 (maximum UB) ng/kg bw per day across dietary surveys and age groups. The
high (95th percentile) chronic dietary exposure estimates ranged from 2.40 (minimum LB)/5.13
(minimum UB) to 30.36 (maximum LB)/51.69 ng/kg (maximum UB) bw per day.

The most important contributors to the chronic dietary exposure to OTA were ‘Preserved meat’,
‘Cheese’ and ‘Grains and grain-based products’. Dried and fresh fruits such as grapes, figs and dates as
well as fruit juices and nectars were also contributing to the exposure of in some of the ‘Toddlers’ and
‘Other children’ groups, albeit, to a lesser extent than the three major categories. Non-chocolate
confectionary was a significant source of exposure in countries where liquorice-based sweets are
commonly consumed.

In a specific exposure scenario, occurrence data on OTA in breast milk in the public literature were
used to assess the exposure of infants from breastfeeding (0–6 months of age). Based on the reported
median concentration of OTA of 13 ng/L and a 95th percentile (P95) concentration of OTA of 43 ng/L
in human milk (transitional and mature milk combined), the chronic dietary exposure to OTA ranged
from 1.7 to 5.6 ng/kg bw per day for infants with an average milk consumption and from 2.6 to
8.5 ng/kg bw per day for infants with a high milk consumption.

The calculated MOEs for non-neoplastic effects ranged from 7,391 (LB Min in ‘Infants’) to 266 (UB
Max in ‘Toddlers’) at mean exposures and from 1971 (LB Min in ‘Very elderly’) to 92 (UB Max in
‘Toddlers’). Overall, they were above 200 in most of the dietary surveys for average and high
consumers and therefore of low health concern and were below 200 at maximum LB in the age groups
of ‘Infants’ and at maximum UB in the age group of ‘Infants’, ‘Toddlers’ and ‘Other children’ indicating
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a possible health concern for these age groups. In breastfed infants, the MOEs were above 200 in all
scenarios indicating a low health concern.

The calculated MOEs for neoplastic effects ranged from 22,615 (LB Min in ‘Infants’) to 815 (UB Max
in ‘Toddlers’) at mean exposures and from 6,042 (LB Min in ‘Very elderly’) to 281 (UB Max in ‘Infants’).
With the exception of the minimum LB estimate for ‘Infants’ and ‘Very elderly’, the calculated MOEs for
neoplastic effects were below 10,000 in most of the surveys, in particular for high consumers and
breastfed infants indicating a possible health concern for these consumer groups.

For neoplastic effects of OTA, the CONTAM Panel emphasises, that it was not possible to make a
clear distinction between a direct and an indirect mechanism of genotoxicity. As a result, the risk
characterisation will be either not sufficiently cautious or overcautious depending on which MoAs
actually take place. The Panel points out that the MOE of 10,000 is likely to be most conservative in
this case as the evidence for a direct interaction of OTA with the DNA is inconclusive and alternative
thresholded mechanisms may play a role in the formation of kidney tumours.

Pending elucidation of the MoAs for the genotoxicity/carcinogenicity of OTA, the Panel concluded
that an MOE of 10,000 to the neoplastic reference point is warranted for the risk characterisation of
OTA, albeit being the most conservative approach until the MoAs are clarified.

The overall uncertainty associated with the present assessment is considered as high. The
assessment is more likely to overestimate than to underestimate the risk.

The CONTAM Panel recommended that more studies elucidating the sequence of critical events at
the carcinogenic target site in the kidney are needed as well as more data on the levels of OTA in
human milk and the differential toxicokinetics of OTA in different species including transfer to the
fetus.

More information on the specific signature of OTA gene mutations in appropriate animal models is
also needed. Reliable and representative investigations of the levels of OTA in human breast milk are
needed. More occurrence data on OTA in cheese paste in comparison to cheese rinds are needed.
More data on occurrence and toxicity of modified OTA are needed.
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1. Introduction

1.1. Background and Terms of Reference as provided by the requestor

Background

Maximum levels for ochratoxin A are established at EU level for a wide range of foodstuffs.1

Recently, findings of high levels of ochratoxin A are observed in food for which no maximum levels
were set at EU level. Therefore, the possible setting of maximum levels for ochratoxin A in these foods
was considered. During these discussions, certain delegations indicated that new toxicity studies have
become available since the EFSA opinion of 2006.2 It is therefore appropriate to request EFSA to
assess these toxicity studies and to consider, if an update of the scientific opinion is necessary.

Terms of Reference

In accordance with Art. 29 (1) of Regulation (EC) No 178/2002, the European Commission asks the
European Food Safety Authority to Authority to

– To assess the toxicity studies on ochratoxin A which have become available since the EFSA
opinion on ochratoxin A in 2006 and to update the scientific opinion if necessary as regards
hazard characterisation.

– To provide an updated exposure assessment taking into account recent occurrence data and
the Comprehensive European Food Consumption Database.

– To update the section on risk characterisation, as necessary.

2. Additional information

2.1. Chemistry and formation of ochratoxin A

Ochratoxins are mycotoxins produced by various fungi of the genus Aspergillus and Penicillium, e.g.
A. ochraceus, A. carbonarius and P. verrucosum. Their chemical structures contain the amino acid
L-phenylalanine linked via an amide bond to a substituted dihydroisocoumaric acid (Figure 1). The
most prevalent and toxic ochratoxin is ochratoxin A (OTA), which is the subject of this opinion. A
notable feature of the OTA structure is the chlorine substituent (R2 in Figure 1), which appears to be
important for the toxicity of OTA. Ochratoxin B (OTB) is the non-chlorinated form of OTA, whereas
ochratoxin C represents the ethyl ester of OTA (Figure 1). Other related mycotoxins formed at low
levels by OTA-producing fungi are methyl esters of OTA and OTB, free dihydroisocoumaric acid
(ochratoxin alpha, OTalpha see also Section 4.1.1 on Toxicokinetics) and amides of OTalpha with
serine, hydroxyproline and lysine (Malir et al., 2016).
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OTA R1 = H; R2 = Cl C20H18ClNO6   403.8 303-47-9

OTB R1 = H; R2 = H C20H19NO6   369.4 4825-86-9

OTC R1 = C2H5; R2 = Cl C22H22ClNO6   431.9 4865-85-4

Figure 1: Chemical structure of ochratoxin A, B and C

1 Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain contaminants in
foodstuffs. OJ L 364, 20.12.2006, p. 5–24.

2 http://www.efsa.europa.eu/en/efsajournal/pub/365
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Although the biosynthetic pathways of ochratoxins have not been established completely, it is known
that the phenylalanine moiety originates from the shikimate pathway and the dihydroisocoumarin moiety
from a polyketide (pentaketide) pathway (Heussner and Bingle, 2015).

OTA is a white, odourless, crystalline solid compound with melting point 168–173°C (K€oszegi and
Poor, 2016). It has a poor solubility in water (about 0.42 mg/L at 25°C) and a moderate solubility in
polar organic solvents such as chloroform, ethanol and methanol. Due to its carboxylic group and
phenolic hydroxyl group, OTA exists in non-ionic, monoanionic (OTA-) and dianionic (OTA2-) forms in
aqueous solvents, depending on the pH. Its pKa values are 4.3 and 7.2. Due to its isocoumarin moiety,
OTA exhibits a strong fluorescence after absorption of ultraviolet light, which depends strongly on the
pH (Steinbr€uck et al., 2008). For details on the physico-chemical properties of OTA, including spectral
data, see Pohland et al. (1982) and El Khoury and Atoui (2010).

2.1.1. Modified forms of OTA

Parent mycotoxins as produced by the fungi may undergo alterations of their chemical structure by
chemical or biological reactions, e.g. during food processing or metabolism. Due to their altered
structures, such modified mycotoxins are usually not detected by the analytical methods aimed at the
parent toxins (Berthiller et al., 2013; Rychlik et al., 2014). However, these modified forms may
contribute to the overall exposure and toxicity, if they are toxic in their own right or if they can release
the parent toxin after absorption. Although OTA is quite stable to moderate heating (exhibiting for
example only 30% reduction after dry heating to 150°C for 1 h), losses ranging from 70% to > 90%
have been observed at temperatures above 180°C, such as used for coffee roasting (Cramer et al.,
2008). Two OTA degradation products were identified by Cramer et al. (2008) in samples of roasted
coffee: The major one was 2’R-OTA (Figure 2), which was originally reported as 14R-OTA and is the
diastereomer of OTA. The second product is decarboxy-OTA (Figure 2) and constitutes only trace
amounts compared to 2’R-OTA. More recently, OTalpha amide and OTA alpha (Figure 2) were identified
as minor thermal degradation products of OTA (Bittner et al., 2013). The formation of OTA alpha
amide had before been observed when OTA was exposed to light at 470 nm wavelength (Schmidt-
Heydt et al., 2012), and OTalpha arises also from the hydrolysis of the peptide bond of OTA catalysed
by numerous peptidases and lipases (Abrunhosa et al., 2010). Finally, Bittner et al. (2013) provided
evidence for the covalent binding of OTA to coffee polysaccharides via esterification of its carboxyl
group as a further thermal reaction. It is likely that some of the esters are hydrolysed during coffee
brewing and the liberated OTA is released into the coffee brew, because higher amounts of OTA have
been observed in brewed coffee than in roasted coffee beans (Studer-Rohr et al., 1995).

Although roasted coffee appears to be the major source of 2’R-OTA due to the high temperatures
of > 120°C needed for its formation, small amounts of this isomerisation product of OTA have recently
also been detected in malt coffee and in traditionally baked rye bread (Sueck et al., 2019).

In addition to OTA modifications occurring during food processing, OTA has also been shown to be
metabolised by plants. Modified mycotoxins formed in plants are also termed ‘masked’ mycotoxins
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(2'R)-OTA (C20H18ClNO6, 403.8) Decarboxy-OTA (C18H18ClNO5, 359.8)

OTalpha (C11H9ClO5, 256.6)OTalpha amide (C11H10ClNO4, 255.6)

Figure 2: Modified forms of OTA arising from food processing
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(Rychlik et al., 2014). Ruhland et al. (1994, 1996a) demonstrated that (4S)- and (4R)-4-hydroxy-OTA
and their monoglucosides are formed in wheat and maize cell suspension cultures (Figure 3).
Moreover, OTalpha (see Figure 2) and the methyl esters of OTA and of both 4-hydroxy-OTA isomers
(Figure 3) were detected, together with several minor unidentified metabolites. A nearly complete
conversion of OTA to some of these metabolites was observed in cultures of several other crop plants
(Ruhland et al., 1996b). OTalpha and the 4-hydroxy-OTA isomers were also identified in several
vegetables and cereals after exposure of the plants to OTA (Ruhland et al., 1997). Therefore, modified
forms of OTA may contribute to the health risk posed by this mycotoxin.

Another modified form of OTA is represented by OTC, the ethyl ester of OTA (see Figure 1). Fuchs
et al. (1984) demonstrated that a single oral dose of OTC administered to rats gives rise to the same
blood levels of OTA over 48 h as an equivalent dose of OTA, including the same maximum
concentration of OTA 60 min after dosing. This implies that OTC is rapidly converted to OTA after oral
administration.

Modified forms of OTA may also be formed as mammalian metabolites. For example, OTA
glucuronides and sulfates have been reported (see Section 3.1.1 on Toxicokinetics), but in all these
reports, OTA conjugates were determined indirectly by using enzymatic hydrolysis. No definite
evidence for the formation of OTA conjugates and no complete structural characterisation are
available. Likewise, conjugates of OTA with a hexose and pentose were described (see Section 3.1.1
on Toxicokinetics), but the structure elucidation of such OTA glycosides is still lacking.

Ochratoxin in food

www.efsa.europa.eu/efsajournal 11 EFSA Journal 2020;18(5):6113



2.1.2. Analytical methods

The analysis of OTA in food relies on well-established methods, and reliable results generally are
obtained as evidenced by the results from proficiency testing.

Due to the chemical nature of the molecule, acid or alkali extraction from the matrix is commonly
used. In general, alkaline extraction provides better recoveries; however, in the case of complex matrices
(i.e. meat or sausages), an alkali–acid liquid–liquid partition can be used to increase selectivity.
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OTA-Methyl ester (4S)- and (4R)-4-Hydroxy-OTA-methyl ester

Modified Form Molecular formula
Molecular mass 
(g . mol-1)

(4S) 4-Hydroxy-OTA C20H18ClNO7 419.8

(4R)-4-Hydroxy-OTA C20H18ClNO7 419.8

(4S)-4-Hydroxy-OTA-ß-D-glucoside C26H28ClNO12 581.8

(4R)-4-Hydroxy-OTA-ß-D-glucoside C26H28ClNO12 581.8

OTA-methyl ester C21H20ClNO6 417.8

(4S)-4-Hydroxy-OTA-methyl ester C21H20ClNO7 433.8

(4R)-4-Hydroxy-OTA-methyl ester C21H20ClNO7 433.8

OTalpha C11H9ClO5 256.6

Figure 3: Modified forms of OTA arising from plant metabolism
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Fluorescence-based methods, when positive results are obtained, are often followed by a
confirmatory analysis based on OTA-methylation or OTA cleavage by carboxypeptidase treatment (Hult
et al., 1979; Stander et al., 2001).

LC-MS methods are widely used for OTA, and usually cover OTB and minor metabolites such as
OTalpha, as well (Hautbergue et al., 2017; Limay-Rios et al., 2017). Mass spectrometry is also
extensively used for studying possible transformation occurring to the compound upon processing
(Duarte et al., 2010; Bittner et al., 2013). The same approach based on LC-MS/MS is in use for
modified forms of OTA originating upon processing (Bittner et al., 2013).

Classic analysis involves a C18 solid phase or immunoaffinity clean up prior to HPLC determination
with fluorescence detection. Available validated methods cover almost all the possible foodstuffs,
among them cereals (Spanjer et al., 2008; Desmarchelier et al., 2014), coffee (Drunday and Pacin,
2013; Nielsen et al., 2015; Chen et al., 2016; Kokina et al., 2016) and cocoa (Am�ezqueta et al., 2004),
pork meat and sausages (Duarte et al., 2013; Brera et al., 2014), milk (Sørensen and Elbæk, 2005;
Beltr�an et al., 2011), dried fruits (Spanjer et al., 2008; Desmarchelier et al., 2014), wine (Visconti
et al., 1999; S�aez et al., 2004; Rodr�ıguez-Cabo et al., 2016), beer (S�aez et al., 2004; Ventura et al.,
2006; Limay-Rios et al., 2017) and liquorice (Ari~no et al., 2007; Lerda et al., 2013).

Over the past decade, OTA determination was included in the so-called ‘multi-toxin’ methods, based
on LC-MS and covering hundreds of mycotoxins in the same analysis. The MS-based analysis of OTA is
simple, with a good sensitivity and accuracy.

OTA and metabolites thereof are commonly analysed as biomarkers in biological fluids, such as blood,
plasma, urine and tissues. Methods are based on LC-MS/MS using either direct detection (Gonz�alez-Arias
et al., 2017; Sueck et al., 2019) or enzymatic cleavage (Ali et al., 2017; Mu~noz et al., 2017).

When LC-MS is used, sample clean-up is often avoided, and a ‘dilute-and-shoot’ approach is adopted.
In addition, confirmatory analysis is not required. Multi-toxin methods often suffer from lower accuracy
and recoveries compared to single-analyte methods, due to the analytical compromise adopted to cover
a wide spectrum of different compounds. However, parameters for OTA are usually of good analytical
quality, as confirmed in proficiency testing (De Girolamo et al., 2013; Solfrizzo et al., 2013).

Besides chromatographic methods, immune-based analysis is often used for OTA determination
(Barthelmebs et al., 2011; Cichna-Markl, 2011; Meneely and Elliott, 2014; Sun et al., 2017). A wide
range of ELISA kits, dipsticks and lateral flow devices are commercially available, with established
procedures for screening purposes. In the last decade, several biosensors have been proposed and
implemented for rapid detection, often involving specific antibodies, aptamers or molecular imprinting
polymers involved in the recognition process.

2.2. Previous risk assessments

In 2006, the EFSA CONTAM Panel published an opinion related to OTA in food (EFSA, 2006). The
CONTAM Panel concluded that there is a lack of convincing evidence that Balkan Endemic Nephropathy
(BEN) is associated with OTA exposure. OTA is nephrotoxic in all animal species tested and there is
evidence that these effects are associated with oxidative stress. It also causes immuno- and
neurotoxicity and teratogenicity at higher doses. OTA accumulates in the kidneys and upon chronic
exposure to doses toxic to the kidney it also induces kidney and liver tumours in rodents. The results
from genotoxicity tests are inconsistent. The overall evidence supports the hypothesis that DNA
damage is induced by oxidative stress rather than by direct interaction. The Panel identified the effects
on the kidneys in rats and pigs as the critical endpoint for OTA and established a tolerable weekly
intake (TWI) of 120 ng OTA/kg bw based on an LOAEL of 8 lg/kg bw per day identified for early
markers for renal toxicity in pigs and by applying a composite uncertainty factor (UF) of 450. This UF
is composed of a default UF of 10 for intraspecies variability and a default UF of 2.5 for toxicodynamic
and an OTA-specific UF of 6 for toxicokinetic interspecies variability (instead of the default 4.0)
because the body burden resulting from the same external dose of OTA will be six times higher in
humans than in pigs. An additional UF of 3 was used accounting for an LOAEL instead of an
NOAEL. Main contributors to OTA dietary exposure were cereals and cereal products, wine, beer, grape
juice, brewed coffee, cocoa and cocoa products and pork meat. Estimated exposure levels for average
consumers varied between 15 and 20 ng/kg bw per week and for high consumers between 40 and 60
ng/kg bw per week and thus were below the TWI of 120 ng/kg bw. It was noted that these estimates
are conservative for the adult population but that it cannot be excluded that infants and children and
certain high consumers could have higher exposures.
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The JECFA (Joint FAO/WHO Expert Committee on Food Additives) has issued several evaluations of
OTA (FAO/WHO, 1991, 1996, 2001, 2008). In 1991, a provisional tolerable weekly intake (PTWI) of
112 ng/kg bw was established, based on an LOEL of 8 lg/kg bw per day for deterioration of renal
function in pigs, and by application of an UF of 500. This UF was applied by the Committee because
NOELs were frequently not demonstrated for OTA and the effects were observed already after a small
proportion of a pig’s lifetime and that consequently a 500-fold margin needs to be applied to the
LOELs. In 1995, the PTWI was confirmed but rounded off to 100 ng/kg bw and was then retained in
the JECFA evaluation that followed in 2002. In their most recent evaluation on OTA (FAO/WHO, 2008)
in which new evidence and data becoming available since their last evaluation were considered, the
JECFA again confirmed the PTWI of 100 ng OTA/kg bw. The estimates of dietary exposure to OTA
using occurrence data (mainly from Europe) ranged from 8 to 17 ng/kg bw per week, and thus were
well below the PTWI.

Health Canada have re-evaluated the appropriateness of the EFSA TWI to see if it would be
applicable if OTA were to be regulated by a threshold approach and carried out a dietary risk
assessment of OTA applying a non-threshold approach assuming that the compound is a genotoxic
carcinogen (Kuiper-Goodman et al., 2010). Using the data on decreases in TM (transport maximum)
renal clearance expressed relative to body weight or to inulin clearance seen in a 90-day pig study
(Krogh et al., 1974, 1979), they have derived a BMD10 (a benchmark dose defined as a 10% increase
over the background) of 1.56 lg OTA/kg bw per day). Applying a default UF of 10 for intra-species
variability and a default UF of 2.5 for toxicodynamic and a specific UF of 10 for toxicokinetic inter-
species variability (instead of the UF of 6 used by EFSA) and a factor of 2 for extrapolating from a
subchronic study to a chronic health-based guidance value (HBGV), a tolerable daily intake (TDI) of
3 ng/kg bw per day (which would correspond to a TWI of 21 ng/kg bw) was considered appropriate
instead of the 17 ng/kg bw per day (corresponding to 120 ng/kg bw per week) as previously
established by EFSA. For their risk assessment of OTA, Health Canada used a negligible cancer risk
intake (NCRI) that was defined as the exposure associated with a cancer risk of 1:100,000. This is
equivalent in units to a TDI derived using a tumourigenic dose 5% (TD05, a 5% increase in incidence
over background in the observable dose response curve) of 27.4 lg/kg bw per day from kidney
tumours seen in a 2-year rat study. This value was corrected to 19.6 lg/kg bw per day considering
that animals were dosed only 5 days per week (NTP, 1989). Applying a safety factor of 5,000 that
results from dividing the TD05 by 5,000, which is equivalent to a 10�5 risk on a linear extrapolation to
zero exposure, an NCRI of 4 ng OTA/kg bw per day resulted. Dietary exposures to OTA in a Canadian
population were below the NCRI except for 1- to 4-year-old children.

In 2017, the UK Committee on Toxicity of Chemicals in Food Consumer Products and the
Environment (COT) published a review of potential risks from OTA in the diet of infants aged 0–12
months and children aged 1–5 years (COT, 2018). The Committee evaluated all relevant in vivo studies
published since the 2006 EFSA opinion and concluded that there is no new data available suggesting
that the TWI of 120 ng/kg bw was established by EFSA in 2006, needs to be changed. Estimated
exposure for breastfed infants ranged from 0.68 to 55 ng/kg bw per day for average consumers and
from 1.02 to 82 ng/kg bw per day for high consumers. At low or average concentrations of OTA in
breast milk exposures are below the TDI but at high concentrations infants estimated exposures
exceeded the TWI by up to fivefold. The COT noted that such high exposures are unlikely to occur.

Mitchell et al. (2017) carried out a risk assessment of dietary OTA in the United States. For the risk
characterisation, calculated exposures for different age groups in the ‘total population’ and ‘consumers’
(individuals reporting consumption of specific foodstuffs prone to contain OTA) were compared either
with the JECFA PTWI of 100 ng/kg bw or the Health Canada NCRI of 4 ng/kg bw per day (for both
HBGV values see text above in this section) and a margin of safety (MOS) approach was applied.
Overall, MOS was > 1 in all age groups (both total population and consumers) applying either
reference value. The only MOS ≤ 1 was seen when 95th percentile exposures of ‘consumers’ aged
between 1 and 5 years were compared with the NCRI as established by Health Canada.

2.3. Legislation

Council Regulation (EEC) No 315/933 stipulates that food containing a contaminant in an amount
unacceptable for public health shall not be placed on the market, that contaminant levels should be

3 Council Regulation (EEC) No 315/93 of February 1993 laying down Community procedures for contaminants in food. OJ L 37,
13.2.1993, p. 1–5.

Ochratoxin in food

www.efsa.europa.eu/efsajournal 14 EFSA Journal 2020;18(5):6113



kept as low as can reasonably be achieved and that, if necessary, the European Commission may
establish maximum levels for specific contaminants. These maximum levels are laid down in the Annex
of Commission Regulation (EC) No 1881/20064 and may include limits for the same contaminants in
different foods, analytical detection limits and reference to the sampling and analysis methods to be
used. Maximum levels for OTA have been established, for instance, for unprocessed cereals, dried vine
fruits (currants, raisins and sultanas), green coffee, roasted coffee beans, ground roasted coffee,
soluble coffee, wine and grape juice and range from 0.5 to 10 lg/kg. Commission Recommendation
(EC) 2006/576/EC5 on the presence of deoxynivalenol, zearalenone, OTA, T-2 and HT-2 toxin and
fumonisins in products intended for animal feeding provides guidance levels for OTA for feed materials
and complementary and complete feedingstuffs ranging from 0.05 to 0.25 mg/kg.

3. Data and methodologies

3.1. Collection and appraisal of data collected from public literature

Following the terms of reference, the EFSA opinion of 2006 has been used as a starting point for
the present assessment. On 26 July 2018, a literature search has been carried out for studies
published in the period from 2006 to 2018. The databases used were Web of Science6 and Pubmed7

and references retrieved were managed using Endnote.8 The precise search terms for the different
areas used are listed in detail in Appendix A.

Upon screening of the abstracts and by applying expert judgement, for the field of ‘Mode of action’,
156 publications were considered as potentially relevant for the assessment. The corresponding figures
for the field of ‘Toxicokinetics, were 37, for the field of ‘Toxicity’, they were 254 and for the field of
‘Human evidence and biomarkers’, they were 27. Studies dealing with compounds ameliorating the
toxic effects of OTA have been included as potentially relevant. Studies on combined effects of OTA
and other compounds have only been considered insofar they were potentially relevant for the
assessment of OTA alone. Overall, the total number of publications considered as relevant in these
fields was 451 and full-text originals were retrieved. In addition to these original studies also the
previous assessments on OTA of JECFA (FAO/WHO, 2008), Kuiper-Goodman et al. (2010) and the UK
COT (COT, 2018) and the studies referenced therein were considered for the present assessment.
During the development of the opinion, additional publications were collected by applying a
‘snowballing approach’9 and considered for the assessment where relevant.

3.2. Occurrence data submitted to EFSA

3.2.1. Data collection and validation

Following an European Commission mandate to EFSA, a call for annual collection of chemical
contaminant occurrence data in food and feed, including OTA, was issued by EFSA’s DATA unit (the former
EFSA Dietary and Chemical Monitoring Unit) in December 2010 with a closing date of 1 October of each
year. European national authorities and similar bodies, research institutions, academia, food business
operators and other stakeholders were invited to submit analytical data on OTA in food and feed.

The data submission to EFSA followed the requirements of the EFSA Guidance on Standard Sample
Description (SSD) for Food and Feed (EFSA, 2010a). Occurrence data were managed following the
EFSA standard operational procedures (SOPs) on ‘Data collection and validation’ and on ‘Data analysis
of food consumption and occurrence data’.

Data on OTA in food available in the EFSA database from 2009 until the end of December 2018
were used for the present assessment. Data received after this date were not included in the present
assessment.

4 Regulation (EC) No 1881/2006 of the European Parliament and the Council of 19 December 2006 setting maximum levels for
certain contaminants in foodstuffs. OJ L 364, 20.12.2006, p. 5–24.

5 Commission Recommendation of 17 August 2006 on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2
and fumonisins in products intended for animal feeding. OJ L 118 M, 8.5.2007, p. 1111–1113.

6 Web of Science (WoS), formally ISI Web of Knowledge, Thomson Reuters. http://thomsonreuters.com/thomson-reuters-web-
of-science/

7 https://www.ncbi.nlm.nih.gov/pubmed?cmd=search&term=
8 EndNote X5, Thomson Reuters. http://endnote.com/
9 Identifying articles that have been cited in articles found in a search (see Jalali and Wohlin, 2012).
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3.2.2. Data analysis

The data received were evaluated by EFSA and special attention was paid to the identification of
duplicates and to the accuracy of different parameters, such as ‘Analytical methods’, ‘Reporting unit’
and the coding of the different samples under FoodEx classification. Upon identification of potential
inconsistencies, data providers were contacted to provide further clarification.

The left-censored data (analytical data below the limit of detection (LOD) or limit of quantification
(LOQ)) were treated by the substitution method as recommended in the ‘Principles and Methods for
the Risk Assessment of Chemicals in Food’ (WHO/IPCS, 2009). The same method is described in the
EFSA scientific report ‘Management of left-censored data in dietary exposure assessment of chemical
substances’ (EFSA, 2010b) as an option for the treatment of left-censored data. The guidance
suggests that the lower bound (LB) and upper bound (UB) approach should be used for chemicals
likely to be present in the food. At the LB, results below the LOQ or LOD were replaced by zero; at the
UB, the results below the LOD were replaced by the numerical values of the LOD and those below the
LOQ were replaced by the value reported as LOQ.

The use of different cut-off values on the reported LOQs was also evaluated in order to reduce the
uncertainty associated with the exposure estimations (Annex, Tables 2 and 5).

For certain chemical contaminants such as mycotoxins, it is common to have a high percentage of
left-censored data in several food groups. Existing maximum levels (MLs) in Commission Regulation
(EC) No 1881/20064 have been used in the corresponding food categories as cut-off values for the
LOQs so that results obtained with analytical methods with an LOQ higher than the MLs were not
included. In addition, in those food groups which are important sources of dietary exposure, the
distribution of the reported LOQ was assessed, and a cut-off value was selected based on selected
percentiles (see Table 12) to eliminate extreme high LOQs.

3.3. Food consumption data

The EFSA Comprehensive European Food Consumption Database (Comprehensive Database)
provides a compilation of existing national information on food consumption at individual level and was
first built in 2010 (EFSA, 2011a; Huybrechts et al., 2011; Merten et al., 2011). Details on how the
Comprehensive Database is used are published in the Guidance of EFSA (EFSA, 2011a). The latest
version of the Comprehensive Database, updated in 2018, contains results from a total of 60 different
dietary surveys carried out in 25 different Member States covering 119,458 individuals.

Within the dietary studies, subjects are classified in different age classes as follows:

Infants: < 12 months old
Toddlers: ≥ 12 months to < 36 months old
Other children: ≥ 36 months to < 10 years old
Adolescents: ≥ 10 years to < 18 years old
Adults: ≥ 18 years to < 65 years old
Elderly: ≥ 65 years to < 75 years old
Very elderly: ≥ 75 years old

Four additional surveys provided information on specific population groups: ‘Pregnant women’ (≥ 15
years to ≤ 45 years old, Latvia; 17 years old to 46 years old, Portugal) and ‘Lactating women’ (≥ 28
years to ≤ 39 years old, Greece; 18 years old to 45 years old, Estonia).

For chronic exposure assessment, food consumption data were available from 53 different dietary
surveys carried out in 22 different European countries. When for one particular country and age class
two different dietary surveys were available, only the most recent one was used. This resulted in a
total of 38 dietary surveys selected to estimate chronic dietary exposure.

In Table 4 of the Annex, these dietary surveys and the number of subjects available for the acute
and chronic exposure assessment are described.

The food consumption data gathered by EFSA in the Comprehensive Database are the most
complete and detailed data currently available in the EU. Consumption data were collected using single
or repeated 24- or 48-h dietary recalls or dietary records covering from 3 to 7 days per subject.
Because of the differences in the methods used for data collection, direct country-to-country
comparisons can be misleading.
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3.4. Food classification

Consumption and occurrence data were classified according to the FoodEx classification system
(EFSA, 2011b). FoodEx is a food classification system developed by EFSA in 2009 with the objective of
simplifying the linkage between occurrence and food consumption data when assessing the exposure
to hazardous substances. The system consists of a large number of individual food items aggregated
into food groups and broader food categories in a hierarchical parent–child relationship. It contains 20
main food categories (first level), which are further divided into subgroups having 140 items at the
second level, 1,261 items at the third level and reaching about 1,800 endpoints (food names or
generic food names) at the fourth level.

3.5. Methodology for exposure assessment

The CONTAM Panel considered that only chronic dietary exposure had to be assessed. As
suggested by the EFSA Working Group on Food Consumption and Exposure (EFSA, 2011c), dietary
surveys with only one day per subject were not considered for chronic exposure as they are not
adequate to assess repeated exposure. Similarly, subjects who participated only one day in the dietary
studies, when the protocol prescribed more reporting days per individual, were also excluded for the
chronic exposure assessment. Not all countries provided consumption information for all age groups,
and in some cases the same country provided more than one consumption survey.

For calculating chronic dietary exposure to OTA, food consumption and body weight data at the
individual level were accessed in the Comprehensive Database. Occurrence data and consumption data
were linked at the relevant FoodEx level.

The mean and the high (95th percentile) chronic dietary exposures were calculated by combining
mean occurrence values for each food collected in different countries (pooled European occurrence
data) with the average daily consumption of each food at individual level in each dietary survey and
age class. Consequently, individual average exposures per day and body weight were obtained for all
individuals. Based on the distributions of individual exposures, the mean and 95th percentile exposures
were calculated per survey and per age class. Dietary exposure was assessed using overall European
LB and UB mean occurrence of OTA. All analyses were run using the SAS Statistical Software (SAS
enterprise guide 7.15).

In the present assessment, occurrence levels above the MLs as laid down in Commission Regulation
(EC) No 1881/2006 have been considered as the occurrence data sampled from products which are
actually on the market. This is in accordance with the general principles of EFSA exposure
assessments. To evaluate their impact on the overall assessment, an ad hoc scenario with the
exclusion of non-compliant samples was carried out which showed only a very minor impact on the
exposure results (see Section 4.11.2).

3.6. Methodology for risk characterisation

The CONTAM Panel applied the general principles of the risk assessment process for chemicals in
food as described by the WHO/IPCS (2009), which include hazard identification and characterisation,
exposure assessment and risk characterisation. Additional to the principles described by the WHO/IPCS
(2009), EFSA guidance pertaining to risk assessment has been applied for the present assessment.
The EFSA guidance covers the procedures currently used within EFSA for the assessment of dietary
exposure to different chemical substances and the uncertainties arising from such assessments. EFSA
guidance documents applied in the present opinion are the guidances on approaches for the
assessment for substances that are both genotoxic and carcinogenic (EFSA, 2005; EFSA Scientific
Committee, 2012b), uncertainties in dietary exposure assessment (EFSA, 2007), transparency in
scientific aspects of risk assessments (EFSA, 2009), standard sample description for food and feed
(EFSA, 2010a), management of left-censored data in dietary exposure assessments (EFSA, 2010b),
use of the EFSA comprehensive food consumption database in intakes assessment (EFSA, 2011a),
procedures used for dietary exposure assessment (EFSA, 2011b), evaluation of FoodEx (EFSA, 2011c),
genotoxicity testing (EFSA Scientific Committee, 2011), selected default values to be used in the
absence of data (EFSA Scientific Committee, 2012a), risk assessment terminology (EFSA Scientific
Committee, 2012b) and on the use of the benchmark dose approach (EFSA Scientific Committee,
2017).
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4. Assessment

4.1. Hazard identification and characterisation

4.1.1. Toxicokinetics

In 2006, EFSA characterised the toxicokinetics of OTA as follows: OTA is rapidly absorbed after oral
ingestion with a bioavailability ranging from 40% to 66% depending on the species and the dose. In
the systemic circulation, OTA is extensively (up to 99.98% in humans) bound to albumin and other
serum proteins, which gives rise to long elimination half-lifes in blood (3–10 days in various rat strains,
5–6 days in pigs, 19–21 days in non-human primates and up to 35 days in one human individual). In
rodents, the major route of excretion is via bile and faeces, whereas renal excretion prevails in other
species including monkeys and humans. Although a few hydroxylated and conjugated metabolites of
OTA have been described in vitro and in vivo, biotransformation of OTA in general appears to be low
and restricted mostly to hydrolysis of the amide bond leading to OTalpha in vivo. A striking feature
observed in in vivo animal studies is the accumulation of OTA in kidneys, associated with marked
differences between species and sexes. Both organic anion transporters (OAT10) and members of the
ATP-dependent transporter family appear to be involved in the uptake of OTA into renal cells and its
efflux (EFSA, 2006).

Toxicokinetic studies on OTA conducted more recently, i.e. after 2006, have confirmed the earlier
observations. The following chapters will discuss the toxicokinetics of OTA in more detail with an
emphasis on recently published data. For recent reviews, see Ringot et al. (2006), Vettorazzi et al.
(2014) and K€oszegi and Poor (2016).

4.1.1.1. Absorption

After oral ingestion, OTA is rapidly absorbed in several animal species, reaching peak blood levels
within a few hours. For example, in a recent study in male SD rats using LC-MS technology and 13C-
labelled OTA as internal standard, a peak concentration of 1.9 lg OTA/mL blood plasma was reached
4.8 h after oral gavage of a single dose of 0.2 mg OTA/kg bw, followed by a decrease with a half-life
of 76 h (Han et al., 2013a). Systemic availability via passive diffusion from the stomach and
particularly from the proximal jejunum is believed to be greatly facilitated by the high binding affinity
of OTA to plasma proteins (see Section 4.1.1.2 on Distribution). Absorption from the jejunum can take
place against a concentration gradient and appears to involve a transport by OAT in addition to passive
diffusion. The bioavailability of OTA is in the range of 50%, e.g. 66% in pigs, 56% in rats and rabbits
and 40% in chicken in the study by Galtier et al. (1981) and depends mainly on the species, dose,
vehicle and presence of food in the stomach at the time of OTA administration. In a male adult
volunteer with an empty stomach ingesting tritium-labelled OTA at a dose of 0.02 nmol/kg bw, 93% of
the administered radioactivity was found in the blood within 8 h of ingestion, with 4–10% of the
radioactivity in the blood located in the erythrocytes and over 90% in the plasma (Studer-Rohr et al.,
2000).

4.1.1.2. Distribution

A major characteristic of OTA in humans and many animal species is its very high non-covalent
binding to serum proteins, particularly to albumin. After an oral dose of 50 ng OTA/g bw, only 0.02%
of the OTA in blood remained unbound in humans, 0.08% in monkeys, 0.1% in mice and pigs, but
22% in fish (Hagelberg et al., 1989). The high binding to serum proteins facilitates absorption of OTA
but delays its elimination from blood and its excretion and explains the long half-life of OTA in the
body. After a single oral dose of tritium-labelled OTA, a fast elimination from plasma with a half-life of
about 20 h was observed in humans during the first 6 days, followed by a much slower elimination
phase with a half-life of 35 days and a renal clearance of about 0.1 mL/min (Studer-Rohr et al., 2000).
Mantle (2008) reported considerable strain differences in the plasma half-life of OTA, ranging from 8 to
10 days in Fischer rats to 2–3 days in Dark Agouti rats. The influence of the plasma protein binding of
OTA is illustrated by the observation that the half-life of OTA in albumin-deficient rats was much
shorter than in normal rats and that the concentration of OTA in bile and urine was 20- to 70-fold
higher in the deficient animals than in control rats (Kumagai, 1985). OTA interacts with albumin as a
dianion, and two binding sites for OTA were identified on human serum albumin (Perry et al., 2003).

10 OATs are a subgroup of solute carriers (SLCs).
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The differences between species in the binding of OTA to plasma albumin have a profound impact
on the proportion of free (unbound) OTA in plasma. For instance, using the different binding constants
for Wistar rats (4.0 9 104 M�1), pigs (7.1 9 104 M�1) and humans (5.2 9 106 M�1) as reported by
Perry et al. (2003), and assuming the same total plasma concentration of 10 nM OTA (bound plus
unbound OTA), the concentration of free OTA in plasma is 400 pM in rats, 230 pM in pigs and 3.2 pM
in humans. For the calculation of these values, see Appendix D, and for their consideration in deriving
uncertainty factors, see Section 4.6 on Establishment of a HBGV vs. application of an MOE approach.

OTA is distributed into every organ, although the concentrations of the toxin appear to depend on the
animal species, the dose administered and the design of the kinetic study. Many studies report the
highest concentrations in the kidney, followed by liver and muscle. After removal of residual blood from
organs, Zepnik et al. (2003) found 40-, 100-, and 270-fold higher concentrations of OTA in rat kidney
than in rat liver at 24 h, 48 h and 72 h after a single oral dose of 0.5 mg OTA/kg bw. In the study by Han
et al. (2013a), the order of tissues with the highest OTA concentrations were kidney > lung > liver = heart
> spleen > brain after a single oral dose of 0.2 mg OTA/kg bw; all tissue levels peaked at 4 h after dosing.
After repeated doses, levels in kidney and liver tend to be more similar. In addition, redistribution and
deposition of OTA in lipid-rich organs may occur. For example, when OTA was orally administered to male
Sprague-Dawley rats at a daily dose of 0.1 mg/kg bw for 20 days, the concentration of OTA was
somewhat higher in the lung (96 � 14 ng/g wet weight) than in the liver (76 � 10), followed by heart
(62 � 4), kidney 56 � 5), spleen (25 � 2) and brain (4 � 1) (Han et al., 2013a). The ratio of OTA levels in
kidney to liver was about 2 after 4 h of a single dose and 0.7 after repeated dosing for 20 days (Han
et al., 2013a). When male and female Dark Agouti rats were fed a diet containing four different
concentrations of OTA (ranging from 2.5 to 100 lg per kg diet) for 28 days, the lung was found to contain
the highest concentration of OTA, with slightly lower levels in the liver and about half the lung
concentration in the kidney (Tozlovanu et al., 2012).

In order to determine placental transfer of OTA, the kinetics of tritium-labelled OTA was studied in
human perfused term placenta (Woo et al., 2012). Only minimal passage of OTA through the placenta
was observed in this in vitro study and the fetal/maternal ratio of OTA at the end of the perfusions (up
to 20 h) was only about 0.02. Further studies showed that inhibition of the placental efflux
transporters ABCG2 and ABCC2 did not increase the transfer of OTA to the fetal circulation (Woo et al.,
2012). However, several studies showed in utero transfer in mammalian species such as rat, mouse
and swine (Ringot et al., 2006 and literature cited therein). Differences in fetal uptake of OTA were
observed in mice after different durations of gestation, suggesting that the transfer is influenced by
the developmental stage of the placenta. In individuals from Switzerland and Poland eating a normal
diet, OTA concentrations in placenta and fetal serum were found to be about twice as high as in
maternal serum, and the involvement of placental OATs have been proposed to explain this active
placental transfer (Zimmerli and Dick, 1995; Postupolski et al., 2006).

OTA is also transferred to breast milk in animals and humans. The results of some animal studies
have been reviewed by Ringot et al. (2006). A low milk/plasma ratio of 0.015 was observed with
lactating rabbits fed a naturally contaminated diet, and the concentration of OTA in milk did not
change throughout the lactation period. No OTA was detected in the milk of lactating sows on a
naturally contaminated diet. In contrast, studies in lactating rats receiving a single oral dose of OTA or
repeated doses over 8 weeks showed a milk to blood concentrations of OTA ranging between 0.4 and
0.7. The transfer of OTA into human milk is lower (0.2) and is discussed in detail in Section 4.1.1.4.1.
Only trace amounts of OTA are commonly detected in the milk of cows, which is the major provider of
dairy products in human nutrition; this is attributed to the efficient presystemic degradation of OTA by
the ruminal microflora, as described in Section 4.1.1.6.

4.1.1.3. Metabolism

The recent report by Wu et al. (2011) reviews extensively the metabolism of OTA in various animal
species, humans, plants and microorganisms. The established biotransformation pathways in animals
and humans are presented in Figure 4. For references, see Wu et al. (2011). For details of studies on
the biotransformation of OTA in in vitro systems, in animals in vivo and in humans see Appendix E,
Tables E.1, E.2 and E.3, respectively.
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The major OTA metabolite is OTalpha, which is formed when the amide bond between
phenylalanine and dihydroisocoumaric acid is hydrolysed. OTalpha has first been found in the caecum
and large intestine of rats and in the excreted faeces after oral administration of OTA. It is believed to
be mostly generated by the intestinal microbiome in non-ruminants including humans (Ali et al., 2017)
and by the rumen microbiome in cows, sheep and other ruminants. The degradation of OTA to
OTalpha is catalysed by numerous hydrolases, among which carboxypeptidase A appears to be
particularly active. The formation of OTalpha is considered as an important detoxification pathway of
OTA. Although partly absorbed from the intestine, OTalpha does not accumulate in the kidney but is
rapidly excreted with the urine, also as a glucuronide. In humans, OTalpha-glucuronide is a major
urinary metabolite.

Cytochrome P450-mediated hydroxylation, a common phase I metabolic reaction of many lipophilic
compounds, has also been demonstrated for OTA. The respective metabolites are 4-hydroxy-OTA and
10-hydroxy-OTA. Because of the chirality of the C-4 atom of 4-hydroxy-OTA, two stereoisomers (4R
and 4S) are formed. These metabolites are consistently formed in microsomal incubations and in cell
cultures in vitro (see Appendix E, Table E.1), and have also been detected in some studies at very low
levels in urine of rats treated with OTA (see Appendix E, Table E.1). Overall, in vitro and in vivo studies
on OTA biotransformation show that hydroxylation of the isocoumarin moiety plays only a minor role in
OTA metabolism.

In addition to these well-established hydrolytic and oxidative pathways of OTA, several other phase I
and phase II biotransformation pathways have been proposed. These include i) hydroxylation of OTA at
the phenylalanine moiety, ii) opening of the lactone ring, iii) dechlorination of OTA leading to OTB, a
hydroquinone (OTHQ)/quinone (OTQ) redox couple and corresponding glutathione-S (GSH)-conjugates,
and iv) conjugation with a hexose and pentose, glucuronic acid and sulfate. These pathways are
discussed in more detail below.

4.1.1.3.1. Hydroxylation at the phenylalanine moiety

Besides hydroxylation of the isocoumarin moiety of OTA, a recent study suggests that OTA may
also be hydroxylated at the phenylalanine moiety. Using LC-MS/MS analysis of liver microsomal
incubations and urine and faeces samples obtained from rat and chickens exposed to OTA, Yang et al.
(2015) detected three further hydroxylated metabolites in addition to 4(R)- and 4(S)-hydroxy-OTA and
tentatively identified these as 90-hydroxy-OTA, 70-hydroxy-OTA, and 50-hydroxy-OTA based on mass
spectral data. Synthetic reference compounds to support the chemical structure of the proposed
metabolites and to allow quantitative analysis were not available.

4.1.1.3.2. Lactone ring opening

A metabolite with an open lactone ring (OP-OTA) has been detected in urine and bile of rats dosed
with OTA (Xiao et al., 1996; Li et al., 2000). The high toxicity of this metabolite may be due to its
ability to undergo reversion of lactone ring opening, which would lead to OTA.
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4.1.1.3.3. Dechlorination of OTA and conjugation with GSH

Electrochemical and photochemical reaction of OTA has been shown to generate an OTHQ/OTQ
redox couple (Figure 5) that may react with tissue nucleophiles (Calcutt et al., 2001; Dai et al., 2002).
This reaction involves loss of the chlorine atom and presumably proceeds via an aryl radical, which
may also form OTB (Manderville, 2005; Pfohl-Leszkowicz and Manderville, 2012). Whether
dechlorination of OTA leading to formation of OTB, OTHQ and OTQ and associated GSH-conjugates
can also occur under physiological conditions is of key interest as this may indicate formation of
reactive metabolic intermediates and may thus have a bearing on the question of OTA genotoxicity.
OTB has been repeatedly reported as a minor metabolite of OTA (usually in the range of 1% of OTA)
in vitro (El Adlouni et al., 2000; Faucet-Marquis et al., 2006; Yang et al., 2015) (see Appendix E,
Table E.1) and in vivo (Mally et al., 2004; Yang et al., 2015) (see Appendix E, Table E.2). However,
because the OTA used in metabolic studies is invariably of fungal origin and only very rarely analysed
for OTB, it is difficult to discriminate the OTB introduced as contaminant of OTA from OTB potentially
arising from the metabolism of OTA. Han et al. (2013b), when studying the microsomal
glucuronidation of OTA in vitro, detected OTB both in active and in control incubations in similar
amounts as found in the standard solution of OTA and concluded that the OTB was the impurity from
the standard and not formed as a metabolite. LC-MS/MS analyses of OTA from a commercial source
and another laboratory showed the presence of about 1% OTB (personal communication, Angela
Mally, University of W€urzburg). A metabolite suggested by the authors to be OTHQ was detected in
kidney cells in vitro (Faucet-Marquis et al., 2006) and in rat urine (Mally et al., 2004). Both studies also
reported the presence of OTB. Since 4-hydroxy-OTB, which is a metabolite of OTB, differs from OTHQ
only in the position of the hydroxyl group and has the same mass, mass fragmentation pattern and
similar chromatographic conditions as OTHQ (Mally et al., 2005c), it is possible that 4-hydroxy-OTB
may be mistaken for OTHQ. In contrast to 4-hydroxy-OTB, OTHQ is unstable in the presence of
oxygen and is easily oxidised to OTQ, which itself decomposes in aqueous solution to several products
(Gillman et al., 1999) and must be expected to react with nucleophilic components of biological
materials, e.g. GSH. OTQ itself has not been found to date in metabolic studies in vivo or in vitro.

The proposed reactive metabolites include (1) an aryl radical formed from OTA by reductive
dechlorination, (2) a phenoxyl radical formed from OTA by one-electron oxidation and (3) OTQ formed
from OTA by oxidation mediated by peroxidases or cytochrome P450.

Dai et al. (2002) first reported that OTHQ photoreacted with GSH to a product identified by mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy as OTHQ with a covalently
bonded GSH at C-6 (Figure 6); this OTHQ-GSH conjugate was formed in about 1% yield in incubations
of OTA with rat liver microsomes/NADPH or horseradish peroxidase/H2O2 or free Fe2+. While other
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reports found no evidence for formation of GSH-conjugate in vitro (Gautier et al., 2001; Gross-
Steinmeyer et al., 2002) or in vivo (Gautier et al., 2001; Zepnik et al., 2003). Tozlovanu et al. (2012)
reported the detection of OTHQ-GSH in livers and kidneys of male and female Dark Agouti rats dosed
with 100 lg/kg bw per day for 28 days. In the same studies, another GSH conjugate was detected
which carries the GSH at C-5 of OTA (Figure 6), thus replacing the chlorine atom and therefore named
OTB-GSH; the amount of OTB-GSH exceeded that of OTHQ, particularly in the kidney of male rats.
GSH conjugates are degraded to their corresponding N-acetyl-L-cysteine (NAC) conjugates (also
termed mercapturic acids) in the kidney prior to renal excretion. In a very recent study using LC-MS/
MS analysis and authentic reference compounds, OTB-NAC (Figure 6) has been reported to occur in
the urine of 11 out of 18 male and female volunteers (Sueck et al., 2020). No correlation between the
urinary concentration of OTB-NAC and OTA was observed.

4.1.1.3.4. Further OTA-derived conjugates

The formation of glucuronic acid and sulfate conjugates in OTA metabolism has so far been concluded
from the fact that more OTA could be detected after treatment with ß-glucuronidase and aryl sulfatase. In
a more recent in vitro study with rat liver microsomes, small amounts of all three possible glucuronides of
OTA, i.e. with the glucuronic acid located at the phenolic hydroxyl group (C-8), the carboxyl group (C-1’)
and the amide group, were tentatively identified by mass spectrometry (Han et al., 2013b). Moreover,
OTA-methyl ester, OTalpha and OTalpha glucuronide were detected in this study.

OTA conjugates with a hexose and a pentose have been identified in incubations of OTA with rat
and human hepatocytes (Gross-Steinmeyer et al., 2002) and in the urine of OTA-treated rats (Zepnik
et al., 2003) based on evidence from LC-MS/MS, but the exact chemical structures are yet unknown.

4.1.1.3.5. Summary of OTA metabolism

With the exception of hydrolysis of the peptidic bond of OTA leading to OTalpha (which occurs
mainly in the intestine), all the described biotransformation reactions appear to represent minor
pathways in the mammalian metabolism of OTA. For example, when rats were administered a single
low dose of OTA and urine, faeces, blood, liver and kidney were analysed by a sensitive LC-MS/MS
method, OTalpha mainly as a glucuronic acid conjugate was detected as the major OTA metabolite in
urine and faeces, together with low concentrations of OTA-hexose and OTA-pentose in urine (Zepnik
et al., 2003). OTalpha was also detected in blood but not in liver and kidney. 4- and 10-Hydroxy-OTA,

 

Figure 6: Conjugates of OTA metabolites with GSH and their corresponding mercapturic acids
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lactone ring open OTA, glutathione and glucuronide conjugates were not present in urine, blood, liver
or kidney in detectable concentrations (Zepnik et al., 2003). These data are in good agreement with
detection of OTalpha, 4(R)-OH-OTA and two unidentified metabolites in urine of male rats administered
uniformly labelled [3H]OTA (Gautier et al., 2001). The unidentified metabolites did not correspond to
OP-OTA, 4(R)-hydroxy-OTA or OTB and may be identical to the OTA-hexose- and pentose derivatives
as judged by their chromatographic behaviour.

In another study with tritium-labelled OTA in a male human, > 80% of the radioactivity in blood
was unchanged OTA and no metabolites were observed. In urine, about 50% was OTA and the rest
was probably metabolites, which however were not further characterised (Studer-Rohr et al., 2000).

Overall, the rate of in vivo biotransformation of OTA in non-ruminant animals and in humans
appears to be low.

A critical and much disputed question is whether OTA can be activated to electrophilic metabolites
capable of covalent binding to DNA and other cellular macromolecules. The potential formation of such
genotoxic metabolites is highly relevant for risk assessment of this carcinogenic mycotoxin. Several
pathways have been proposed for the metabolic activation of OTA (Manderville, 2005; Manderville and
Wetmore, 2017) as depicted in Figure 5. However, formation of reactive metabolites capable of
covalent binding to DNA, such as those demonstrated in photochemical and iron-containing systems,
appears to be very minor or absent under physiological conditions. (Appendix E, Tables E.1 and E.2).
For example, in vitro studies by Gautier et al. (2001) showed the formation of 4R-hydroxy-OTA upon
incubation of OTA with rat or human liver microsomes, but no evidence for oxidative metabolites was
found with rat, mouse or human kidney microsomes or postmitochondrial supernatants, several
recombinant human cytochrome P450s, prostaglandin H synthase or horseradish peroxidase.

4.1.1.4. Excretion

OTA and its metabolites are excreted with the urine and the faeces. The urinary route appears to
predominate in humans and non-human primates, while biliary and faecal excretion appears to be
preferred in rats (Dietrich et al., 2005). Both routes are slow, owing to the high binding of OTA to
plasma proteins and the low rate of metabolism. Studer-Rohr et al. (2000) reported that about 3% of
a single oral dose of tritium-labelled OTA was excreted with the daily urine by a male human during
the first 6 days, with a total urinary excretion of 62% of the dose after 75 days. Studies in rats and
mice have demonstrated that OTA and some of its metabolites are prone to enterohepatic circulation,
and Fuchs and Hult (1992) have proposed that differences in the extent of enterohepatic circulation of
OTA might, in part, be responsible for the differences in plasma half-life between the species.

Renal excretion of OTA is of particular interest because the kidney is the major target organ of OTA
toxicity. Because of its high plasma protein binding, OTA undergoes tubular secretion rather than
glomerular filtration, followed by reabsorption at all segments of the nephron (Ringot et al., 2006).
According to Jutabha et al. (2011), the transport of OTA into the proximal tubule cells of human
kidneys is mediated by OAT1 and 3 from the basolateral (blood) side and by OAT4 from the apical
(proximal tubule) side, whereas multidrug-resistant protein (MRP) 2 and efflux transporter NPT4
mediate the secretion from the proximal tubule cell into the tubule. Because OAT1, 3 and 4 are more
efficient than MRP2 and NPT4, high intracellular concentrations of OTA are reached (Jutabha et al.,
2011). The reabsorption of secreted and filtered OTA not only leads to its accumulation in the renal
tissue but also delays its excretion.

4.1.1.4.1. Transfer/excretion to human milk

Several studies have reported the detection of OTA in human milk, and a correlation between the OTA
concentration in milk and the dietary intake has been shown (Skaug et al., 2001). Studies from European
countries report levels ranging between 10 and 400 ng OTA/L (Degen et al., 2013). According to the
literature, OTA levels are significantly higher in milk of habitual consumers of bread, bakery products,
cured pork meat and sweets. In addition to OTA, the occurrence of OTalpha was also monitored in milk
and blood from nine lactating women (Mu~noz et al., 2010). The concentration levels of unconjugated
OTalpha in breast milk were significantly lower than those observed for OTA (40 � 30 ng/L vs. 106 � 45
ng/L). However, OTalpha concentrations were almost eight times higher (840 � 256 ng/L) after an
enzymatic treatment of breast milk with ß-glucuronidase/sulfatase, while the OTA concentration
remained the same. This was an indication of the occurrence of OTalpha conjugates in milk. The
lactational transfer of OTA was later reported by the same group by comparing 21 mother–child pairs with
parallel collection of maternal blood, milk and of infant urine samples over a period of up to 6 months
(Mu~noz et al., 2014). OTA was detected in almost all maternal blood plasma samples, at concentrations
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ranging between 72 and 639 ng/L. An average milk/plasma (M/P) ratio of 0.25 was reported. The authors
observed that a higher fraction of circulating OTA was excreted in colostrum (M/P 0.4) than with mature
milk (M/P ≤ 0.2). However, the M/P ratios varied substantially between individuals. OTA concentrations in
infant urine correlated with OTA levels in concurrently collected milk samples.

4.1.1.5. Summary of toxicokinetics

OTA is a cumulative mycotoxin with relatively rapid absorption and distribution but slow elimination
and excretion, which is mostly due to its high extent of binding to plasma proteins in particular
albumin and its low rate of metabolism. Both faecal and urinary excretion are important for the plasma
clearance of OTA. Plasma half-life range from several days in rodents and pigs to several weeks in
humans and non-human primates. The major metabolic pathway of OTA is its hydrolysis to OTalpha,
which is particularly pronounced in ruminants, and subsequent glucuronic acid conjugation while
oxidative metabolism appears to be of minor importance. Likewise, formation of reactive metabolites
capable of covalent binding to DNA, although demonstrated in photochemical and iron-containing
systems, appears to be very minor or absent under in vivo conditions.

4.1.1.6. Transfer to food of animal origin

In addition to food derived from OTA-contaminated plant products, e.g. coffee, beer and wine,
some animal-derived food items may contain significant levels of OTA. Because OTA is frequently
present in the feed of food-producing animals and has a high bioavailability and long half-life in some
monogastric farm animals such as pigs, preruminant calves and rabbits, OTA may accumulate in the
meat and organs of such animals (Battacone et al., 2010; Duarte et al., 2011).

Poultry species appear to eliminate OTA faster than monogastric mammalian species, resulting in a
low OTA accumulation in the blood and tissues (Galtier et al., 1981; Schiavone et al., 2008). Likewise,
transfer of OTA into eggs appears to occur only when OTA intake is very high. For example, no OTA
could be detected in eggs when hens were fed diets containing 0.3 or 1 mg OTA/kg of feed, but OTA
was found in eggs of laying hens fed OTA at 10 mg/kg bw (cited in Battacone et al., 2010). Bozzo
et al. (2011) did not detect OTA in the eggs of laying hens fed a diet containing 2 mg OTA/kg of feed.

In contrast to monogastric animals, ruminants such as cows, sheep and goats are capable of
degrading OTA to the virtually non-toxic OTalpha in their rumen by the microflora (Fink-Gremmels,
2008; Battacone et al., 2010). Hydrolysis of OTA to OTalpha (Figure 2) has also been observed in vitro
with cow rumen fluid and is attributed to its protozoan fraction (Kiessling et al., 1984). Consequently,
only a small amount of intact OTA is absorbed, which explains the comparably high tolerance of cattle
to OTA toxicity and the low levels of OTA in bovine tissues (Zhang et al., 2019 and literature cited
therein). However, the ability to detoxify OTA is strictly related to a functional rumen and may change
when the feed composition is altered, e.g. a high proportion of protein-rich concentrates in feed which
may modify the hydrolytic capacity of rumen microorganisms (Fink-Gremmels, 2008; Mobashar et al.,
2012). Similar to cattle, small ruminant species such as sheep and goats are protected against the
toxicity of OTA by their rumen microorganisms (Battacone et al., 2010).

In accordance with the low level of intact OTA reaching the circulation of ruminants, transfer into
cow milk is expected to be very low (Fink-Gremmels, 2008). Indeed, analysis of commercially available
milk samples in Italy showed that only 3 out of 83 samples contained OTA at levels between 70 and
110 ng/L, with an LOQ of 5 ng/L (Pattono et al., 2011). Out of 132 French milk samples, only three
were found to contain OTA levels above the LOQ of 5 ng/L (Boudra et al., 2007). Galtier (1991)
estimated that 0.01% of the OTA in cattle feed would be transferred into cow milk. The very low
transfer of OTA from feed into the milk and tissues of cows was confirmed in a recent experiment by
Hashimoto et al. (2016). When lactating Holstein cows were fed a diet containing 100 lg OTA per kg
of dry matter for 28 days, no OTA was detected in the milk or in liver, kidney, muscle or fat with
an LOQ of 0.1 lg/kg. For dairy ewes, Boudra et al. (2013) also determined a very low transfer rate
(< 0.02%) for OTA from feed into milk.

Although levels of OTA in the milk of ruminants appear to be very low, OTA occurrence may be
higher in dairy products such as cheese. Dall’Asta et al. (2008) first reported on the occurrence of OTA
in commercial samples of blue-mould ripened cheeses at levels ranging from 0.25 to 3.0 lg/kg, and
provided circumstantial evidence that the OTA does not originate from a contamination of the milk but
is formed during ripening and storage of the cheese. More recently, higher levels of OTA were detected
in the rind (1–262 lg/kg) and interior (18–146 lg/kg) of traditional handmade semi-hard cheeses
(Pattono et al., 2013). More information on the occurrence of OTA in cheese is reported in
Section 4.7.2.
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The toxicokinetics of OTA was previously studied in rainbow trout (Fuchs et al., 1986), carp
(Hagelberg et al., 1989) and more recently in Atlantic salmon (Bernhoft et al., 2017). The oral
bioavailability of OTA appears to be low and it distributes mainly to liver and kidney. Binding to
proteins in blood is low and elimination is rapid. Only trace amounts are transferred to edible tissue,
i.e. muscle, making fish a negligible source of exposure.

4.1.1.6.1. Summary of transfer to animal-derived food

Because of its long half-life OTA may accumulate in tissues of monogastric farm animals such as
pigs and thus be present in meat and meat products. Due to efficient degradation in the rumen OTA
levels in the milk and edible tissues of cows and other ruminants are low. In fish, OTA has a short half-
life and very low tissue levels.

4.1.2. Biomarkers of exposure

The issue of possible adverse effects observations in humans, including Balkan endemic
nephropathy and other endemic nephropathies, is discussed in Section 4.2.6 Observations in humans.

Concerning OTA biomarkers of exposure, MS-based methods have been developed for biological
fluids (i.e. blood, urine, breast milk) and used extensively for biomonitoring studies. Besides OTA, its
major metabolites are detected and (semi)quantified as well.

In the previous EFSA opinion (EFSA, 2006), several, then considered recent, studies on OTA
concentrations in human blood, urine and milk were presented and compared with previous findings.
In the seven studies presented, mean plasma concentrations of OTA in blood, serum or plasma ranged
from 0.17 to 0.56 ng/mL while individual blood concentrations ranged between 0.1 and 10 ng/mL,
overall confirming results obtained in previous studies. The CONTAM Panel then concluded that there
was a declining trend in OTA plasma levels in recent studies compared to earlier results. It was noted
that relating dietary intake to OTA in blood is hampered by its long half-life in plasma due to protein
binding and that plasma concentration represents the integrated dietary OTA intake over a longer
period of time. Determination of OTA in urine appears to be a more suitable marker for recent
exposure as detection methods are more sensitive (about 0.01 ng/mL). Since OTA is excreted in breast
milk, analysis of human milk samples could serve as an additional exposure marker (OTA levels
detected in breast milk range from 1.2 to 182 ng/L).

Since 2006, a series of new studies on biomarkers of exposure became available.

4.1.2.1. OTA and metabolites in plasma/serum/blood

Coronel et al. (2011) reported OTA levels of 0.50 (median) and 0.06–10.92 ng/mL (range) in 325
inhabitants from Spain and also reviewed earlier studies reporting levels of OTA in serum/plasma and
found no new studies since 2006.

Duarte et al. (2010, 2011) reported levels of OTA from Portugal. Values varied slightly between
geographical areas and mean values of 0.46–1.01 ng/mL were found in men whereas women had
somewhat lower mean values, 0.38–0.60 ng/mL. In Italy, OTA values in serum/plasma in 324
individuals were 0.029–2.9 ng/mL with a mean value of 0.229 ng/mL. Less than 5% of the samples
were above 0.5 ng/mL (di Giuseppe et al., 2012). Soto et al. (2016) provided a review of more recent
studies covering the period from 2005 to 2015. Median OTA values in serum/plasma varied from 0.15
to 18.0 ng/mL. The higher value being from Tunisian patients with renal failure. In European samples,
the median values ranged from 0.15 to 1.098 ng/mL. The LOD of the methods employed varied
considerably and the fraction of positive samples varied accordingly.

In more recent studies from Bangladesh and Germany (Ali et al., 2016, 2017, 2018), OTalpha was
determined. This metabolite was also to a large extent conjugated and the concentration varied more
than OTA. The OTalpha/OTA ratio varied from 0.09 to 2.29 in samples from Bangladesh. There was
limited success in correlating serum/plasma values with dietary intake of OTA (Coronel et al., 2010).

Cramer et al. (2015), using dried blood spots, reported the presence of OTA and the modified OTA
isomer, 2R’-OTA, that may form upon roasting coffee (see Section 2.1.1). 2’R-OTA was only detected in
samples from coffee drinkers, whereas OTA was found at a similar mean concentration (0.21 ng/mL)
in both non-coffee drinkers and in coffee drinkers. In the group of coffee drinkers (n = 34), the mean
and SD concentration was 0.11 � 0.093 ng/mL with a range of 0.021–0.414 ng/mL. On average, the
2’R-OTA concentrations were about half of that of OTA. In a Swedish study on adolescents (about
3,000 students) from the 5th, 8th and 11th grade (Warensj€o Lemming et al., 2015), 2’R-OTA was
found in 8.3% of the serum samples, all from the 8th and 11th grade. Average concentrations varied
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between 0.028 and 0.037 ng/mL with a maximum of 0.136 ng/mL, and the 2’R-OTA concentrations
varied with coffee consumption. OTA was detected in 49–69% of the serum samples from all groups
and mean concentration were 0.050–0.059 ng/mL with a maximum of 0.658 ng/mL.

Attempts have been made to estimate OTA intakes from plasma concentrations taking into account
the plasma clearance and bioavailability of OTA assuming only glomerular filtration (Coronel et al.,
2010). Different values for the plasma clearance have been used resulting in different daily intake
estimates of OTA as described by Coronel et al. (2010). Using a plasma clearance of 0.99 mL/kg bw
per day and 50% bioavailability, median plasma concentrations between 0.15 and 1.10 ng/mL reported
from Europe would correspond to daily intakes of 0.30–2.17 ng/kg bw. With the lower clearance value
(0.67 mL/kg bw per day), intake values would be 30% lower. Although being highly uncertain, the
estimated intake values were within the same order of magnitude as those obtained in the exposure
assessment (see Section 4.8.1).

In summary, although no formal trend analyses have been conducted there seems to be little
change in OTA concentrations in serum/plasma/blood reported in studies published since the last EFSA
CONTAM opinion on OTA.

4.1.2.2. OTA and metabolites in urine

Sensitive analytical techniques are necessary for determination of the low urinary OTA
concentrations. In addition, OTA metabolites which include phase II metabolites of OTA, OTalpha and
also OTalpha glucuronides also make up a considerable fraction of OTA and OTA metabolites excreted
into urine (Ali et al., 2017; Mu~noz et al., 2017). Application of enzymatic hydrolysis of the urine sample
prior to MS-analysis is recommended because phase II metabolites may escape direct detection
because of lower ionisation. Reported urinary concentrations of OTA and OTalpha with and without prior
enzymatic hydrolysis were reviewed by Ali and co-workers (Ali et al., 2017). European populations had
a range of mean OTA concentrations without hydrolysis between 0.009 and 0.04 ng/mL. OTalpha was
not determined in these studies. Using hydrolysis prior to analysis, the mean values reported varied for
OTA from 0.07 to 0.46 ng/mL, while OTalpha had a mean concentration range of 0.44–2.88 ng/mL. In a
Swedish study (Mitropoulou et al., 2018), OTA was determined after enzymatic hydrolysis in urine
samples from 250 adults and 50 children. There were 51% positive adult and 96% positive child
samples. Positive adult samples had a mean and SD concentration of 0.89 � 0.50 ng/mL, range 0.12–
2.76 ng/mL. Adjusting for density (1.015) gave the following figures for adults: 1.20 � 1.68 mg/mL,
range 0.09–16.5 mg/mL. Corresponding values for children were, unadjusted: 0.18 � 0.15 ng/mL,
range 0.05–0.93 ng/mL. Density (1.019) adjusted figures were 0.13 � 0.08 mg/mL, range 0.06–0.52
ng/mL. The rate of positive samples was within a large range of 12.5–100% positive samples in other
studies, but the mean crude total OTA concentration (0.89 � 0.50 ng/mL, range 0.12–2.76 ng/mL) was
about three times higher than other European studies indicating a higher exposure.

Recently, Sueck et al. (2019) identified a new metabolite of OTA in urine i.e. ochratoxin-N-acetyl-L-
cystein (OTB-NAC) derived from a glutathione conjugation reaction of OTA. The metabolite was
detected in 11 of 18 urine samples and could be quantified in five ranging from 0.023 to 0.176 ng/mg
creatinine.

Attempts have been made to estimate daily intake of OTA based on urinary concentrations in spot
samples, but the results are considered questionable because of long half-life and strong plasma
protein binding and uncertain excretion rates (values from 2.6% to 50% have been used) (Solfrizzo
et al., 2014; Degen, 2016; Mitropoulou et al., 2018).

4.1.2.3. OTA in breast milk

There are only few studies on the transfer of OTA from plasma to breast milk in humans (see
Warth et al., 2016). Mu~noz et al. (2014) reported a study from Chile in 21 mother–children pairs that
were followed for up to 6 months. The authors reported, overall, an average level in breast milk from
this cohort of 52 � 46 ng/L. The milk to plasma ratio varied considerably changing from the first days
with colostrum (0.40 � 0.26) to later stages (0.15 � 0.26 after 15–30 days, 0.09 � 0.06 after
2 months and 0.26 � 0.19 after 4 months). Breast milk mean concentrations were 86 � 59 ng/L in the
first week, 33 � 27 after 15–30 days, 27 � 19 ng/L after 2 months, 30 � 14 ng/L after 4 months.
No sample was collected at 6 months. Corresponding OTA mean concentrations in infant urine were
156 � 36 ng/L in the first week, 36 � 37 ng/L after 15–30 days, 51 � 38 ng/L after 2 months,
36 � 23 ng/L after 4 months and 47 � 7 ng/L after 6 months.

Dietary exposures to OTA are reflected in OTA levels in plasma/serum, blood, urine and breast milk.
Overall, in Europe, these levels have not changed since the last EFSA evaluation.

Ochratoxin in food

www.efsa.europa.eu/efsajournal 26 EFSA Journal 2020;18(5):6113



4.2. Toxicity

4.2.1. Acute toxicity

In the EFSA opinion of 2006, acute toxicity of OTA was not discussed and an acute reference dose
(ARfD) was not established.

JECFA (FAO/WHO, 1991) reported LD50 values for OTA in various species based on literature
compilations by Harwig et al. (1983). Oral LD50 values ranged from 46 to 58.3 mg/kg bw in mouse
and 20–30.3 mg/kg bw in rat. LD50 values in rat neonate, dog, pig and chicken were 3.9, 0.2, 1 and
3.3 mg/kg bw, respectively. In a study with male rats given a single doses (gavage) of 0, 17 or 22 mg
OTA/kg bw, respectively, earliest changes identified were multifocal haemorrhages and fibrin thrombi in
different organs. Other changes were hepatic and lymphoid necrosis, villous atrophy in particular in the
jejunum and nephrosis (Albassam et al., 1987). In subsequent JECFA evaluations (FAO/WHO, 1996,
2001, 2008), no further data on acute toxicity on OTA were presented (and no ARfD was derived). An
ARfD was not established in any of their evaluations.

The CONTAM Panel did not identify new studies (published after the EFSA opinion of 2006) relevant
for the assessment of acute toxicity of OTA.

4.2.2. Repeated dose studies

4.2.2.1. Introduction

The repeated dose toxicity of OTA has been previously reviewed by EFSA (EFSA, 2006).
Experimental data identified the kidney as the main target organ for the adverse effects of OTA.
Immunotoxic, neurotoxic and teratogenic effects were observed at high dose levels. OTA has been
shown to induce dose- and time-dependent nephrotoxicity in all mammalian species tested, including
mice, rats, dogs and pigs, with marked differences in sensitivity to OTA toxicity between sex and
species. Long-term administration of OTA causes renal tumours in rats and mice. Rats are more
sensitive to renal tumours formation by OTA than mice, and higher incidences of renal tumours are
observed in male animals as compared to females. Renal tumours produced by OTA in rats are
preceded by evidence of renal toxicity as shown in short-term toxicity studies. The effects of OTA on
the kidneys in rats and pigs were identified as the most sensitive and pivotal endpoints of OTA. In a 2-
year gavage study with Fischer 344/N rats (NTP, 1989), the NOAEL and LOAEL for OTA-induced
nephrotoxicity were 21 and 70 lg OTA/kg bw per day when dosed 5 days per week, respectively,
equivalent to 15 and 50 lg/kg bw per day. In a 90-day study in Wistar rats, mild and reversible renal
changes were reported at a dose of 200 lg OTA/kg diet (Munro et al., 1974), equivalent to 15 lg
OTA/kg bw per day (FAO/WHO, 2001). On the basis of a series of studies in female pigs, an LO(A)EL
for minimal effects on the kidney (minimal morphological changes, renal enzymes and renal function
tests) was identified by EFSA (and previously by JECFA) at 8 lg/kg bw per day from a 90-day feeding
study (FAO/WHO, 1991, 1996, 2001, 2008; EFSA, 2006). EFSA concluded that ‘8 lg OTA/kg bw. per
day is a LOAEL that represents an early marker of renal toxicity in experimental animals (i.e. female
pigs) and likely to be close to a NOAEL, as the observed changes in biochemical parameters indicate
transient changes in the kidneys’ (EFSA, 2006). The CONTAM Panel re-evaluated the pivotal studies in
rats and pigs used as a basis to establish a HBGV in the previous EFSA opinion (EFSA, 2006). In
addition, new in vivo toxicity studies with mice, rats, rabbits and pigs published since the 2006 opinion
of EFSA was reviewed to identify possible new evidence relevant for the hazard identification and
characterisation of OTA.

4.2.2.2. Repeated dose studies in rats considered in the previous EFSA assessment

Details of the pivotal repeated dose toxicity studies in rats published before 2006 are summarised
in Appendix C. On the basis of these studies, an LOAEL for minimal renal changes at 15 lg OTA/kg bw
was derived from a 90-day feeding study in Wistar rats (Munro et al., 1974).

4.2.2.3. Repeated dose studies in rats published since 2006

Most of the studies in rats conducted since 2006 were designed to elucidate the mechanism of
OTA-induced nephrotoxicity and thus employed dose levels known to be toxic. In some studies,
hepatotoxic or immunotoxic effects of OTA were investigated. Table 1 provides a description of new
subacute and subchronic toxicity studies in rats. None of the studies described in Table 1 (and briefly
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summarised in the text below) provided NOAELs/LOAELs lower than the LOAEL of 15 lg/kg bw derived
from the 90-day feeding study in Wistar rats from Munro et al. (1974).

Subacute and subchronic studies were conducted in male F344/N rats and F344 gpt delta rats
employing dosing regimens similar to the 2-year gavage study in F344/N rats (NTP, 1989). Essentially,
these confirmed renal changes at a dose of 50 lg/kg bw per day observed previously in this rat strain
(Rached et al., 2007, 2008; Adler et al., 2009; Sieber et al., 2009; Hoffmann et al., 2010; Dai et al.,
2014; Guo et al., 2014; Kuroda et al., 2014; Qi et al., 2014a,b; Zhu et al., 2016a). Consistent with the
NOAEL of 15 lg/kg bw per day derived from the NTP study (NTP, 1989), no effects on renal histology,
urinary biomarkers indicative of kidney injury, and expression of kidney injury marker genes or genes
mechanistically linked to OTA toxicity were observed after exposure of male F344/N rats to 15 lg/kg
bw per day for up to 90 days (Rached et al., 2007, 2008; Adler et al., 2009; Sieber et al., 2009;
Hoffmann et al., 2010).
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Table 1: Repeated dose studies in rats published after 2006

Strain
Dose and
animals per
group

Duration/
time of
observation

Main effects observed Effect level Reference

F344/N (♂) 0, 21, 70, 210
lg/kg bw per
day (gavage,
corn oil, 5 days/
week)(1), n = 5

14, 28, 90
days

• Decreased relative kidney weight (90 day: 70, 210 lg/kg bw)
• Renal histopathological changes involving S3 segment of proximal tubules in

OSOM and medullary rays: single cell death, basophilia, karyomegaly (14 day:
210 lg/kg bw; 28 day and 90 day: 70, 210 lg/kg bw)

• Increased BrdU labelling (28 day: 210 lg/kg bw; 90 day: 70, 210 lg/kg bw)

NOAEL 21 lg/kg
bw per day (5
days/week)(2)

(based on renal
histopathology,
gene expression,
urinary KIM-1 and
urine biochemistry)

Rached et al.
(2007)

• Increased mRNA expression of kidney injury marker genes (e.g. KIM-1, lipocalin-
2, Timp-1) (14 day: 210 lg/kg bw; 28 days and 90 days: 70, 210 lg/kg bw)

Rached et al.
(2008)

• Increased urinary excretion of KIM-1 (14 days and 28 days: 210 lg/kg bw; 90
days: 70, 210 lg/kg bw)

Hoffmann et al.
(2010)

• Changes in urinary metabolome (14 days: 210 lg/kg bw; 28 days and 90 days:
70, 210 lg/kg bw)

Sieber et al.
(2009)

• Altered expression of genes involved in cell cycle control and mitosis (14 days:
210 lg/kg bw; 90 days: 70, 210 lg/kg bw)

Adler et al.
(2009)

F344 gpt
delta rats
(♂, ♀)

0, 5 mg/kg diet
corresponding to
0, 360 lg/kg bw
(♂); 380 lg/kg
bw (♀), n = 4–5

4, 13 weeks • Renal histopathological changes involving proximal tubule cells in OSOM:
apoptosis, karyomegaly, vacuolisation (4 weeks and 13 weeks: ♂, ♀)

• Site-specific increase in Spi� but not gpt mutation frequencies indicative of
deletion mutations in outer medulla (4 weeks: ♂; 13 weeks: n.d.; ♀: n.d.)

5 mg/kg diet
(corresponding to
360 lg/kg bw)
(based on renal
histopathology)

Hibi et al.
(2011)

4 weeks • Site-specific changes in genes associated with cell cycle regulation, DNA damage
and DNA repair in outer medulla (4 weeks: ♂; ♀: n.d.)

Hibi et al.
(2013a)

F344 gpt
delta rats (♂)

0, 70, 210, 630
lg/kg bw
(gavage, sodium
bicarbonate, 7
days/weeks),
n = 5

4 weeks • Decreased relative kidney weight (70, 210, 630 lg/kg bw)
• DNA strand breaks (Comet assay) (70, 210, 630 lg/kg bw) and increase in

c-H2AX (210, 630 lg/kg bw) in renal outer medulla
• Changes in mRNA expression of homologous recombination repair and G2/M

arrest-related genes (70, 210, 630 lg/kg bw)

LOAEL* 70 lg/kg
bw per day (7
days/weeks) (based
on kidney weight,
DNA strand breaks)

Kuroda et al.
(2014)
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Strain
Dose and
animals per
group

Duration/
time of
observation

Main effects observed Effect level Reference

F344 (♂) 0, 70, 210 lg/kg
bw (gavage,
corn oil, 5 days/
weeks)(3), n = 6

4, 13 weeks • Decreased kidney weight (13 weeks: 210 lg/kg bw)
• Renal histopathological changes involving proximal tubule epithelium in OSOM:

karyomegaly, cytoplasmic vacuolisation (13 weeks: 70, 210 lg/kg bw)
• Increased protein expression of kidney injury markers (KIM-1, clusterin) in

OSOM (4 weeks: 210 lg/kg bw; 13 weeks: 70, 210 lg/kg bw)
• Increased renal expression of PCNA indicative of cell proliferation (no

quantitative data)

LOAEL* 70 lg/kg
bw per day (5
days/weeks)(4)

(based on renal
histopathology)

Qi et al.
(2014a)

F344 (♂) 0, 70, 210 lg/kg
bw (gavage,
corn oil, 5 days/
weeks)(3), n = 6

2, 4, 13, 26
weeks

• Decreased kidney weight (2 weeks: 70 lg/kg bw; 13 weeks: 70, 210 lg/kg bw;
26 weeks: 210 lg/kg bw)

• Renal histopathological changes involving proximal tubular epithelial cells in
OSOM: cytoplasmic vacuolisation and karyomegaly (13 weeks and 26 weeks: 70
and 210 lg/kg bw)

• Changes in renal mRNA and miRNA expression profile (13 weeks: 70, 210 lg/kg
bw; 2, 4, 26 weeks: n.d.)

LOAEL* 70 lg/kg
bw per day (5
days/week)(4)

(based on renal
histopathology,
renal/hepatic mRNA
and miRNA
expression and
changes in gut
microflora)

Dai et al.
(2014)

• No apparent damage to liver but changes in hepatic mRNA and miRNA
expression profile (13 weeks: 70, 210 lg/kg bw; 2, 4, 26 weeks: n.d.)

Qi et al.
(2014b)

• Changes in gut microbiota based on 16S rRNA and shotgun sequencing of faecal
samples (4 weeks: 70, 210 lg/kg bw; 2, 13, 26 weeks: n.d.)

Guo et al.
(2014)

Wistar (♂) 0, 1, 4 mg/kg
bw (gavage,
corn oil, daily),
n = 6

7 days • Decreased body weight, increased relative kidney and liver weight (1, 4 mg/kg
bw)

• Increase in AST, ALP, LDH, total protein, albumin, glucose, BUN and serum
creatinine (1, 4 mg/kg bw)

• Renal histopathological changes: denaturalisation and necrosis in the epithelial
cells of renal tubules in cortex and outer medulla (1, 4 mg/kg bw)

• Increased expression of kidney injury marker genes (1, 4 mg/kg bw)
• Minor effects on markers of oxidative stress (ROS, SOD) (1, 4 mg/kg bw)

LOAEL* 1 mg/kg
bw per day (7
days/week) (based
on organ and body
weight, renal
histopathology,
blood biochemistry)

Zhu et al.
(2016a)

Wistar (♂) 0, 289 lg/kg bw
(gavage, 0.1 M
NaHCO3; every
2nd day)(5),
n = 8

90 days • Slight increase in ALT and decrease in serum albumin
• No histopathological changes in liver (kidney not examined)

289 lg/kg bw every
2nd day(5)

Gagliano et al.
(2006)
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Strain
Dose and
animals per
group

Duration/
time of
observation

Main effects observed Effect level Reference

Wistar (♂) 0, 50, 125, 250,
500 lg/kg bw
(gavage, 51 mM
NaHCO3, every
2nd day)(6),
n = 4

10 days • Renal histopathological changes involving S3 segments, predominantly in the
medullary rays: single cell damage, desquamation of the luminal membrane and
whole cells, thinning of epithelium, accumulation of the cell debris in the tubule
lumen) (≥ 50 lg/kg bw)

• Increased renal expression of OAT1, OAT2 and OAT3 (≥ 50 lg/kg bw)

LOAEL * 50 lg/kg
bw every 2nd
day(7) (based on
renal
histopathology)

Zlender et al.
(2009)

F344/NSIc
(♂)

0(8), 210 lg/kg
bw (gavage,
0.1 M NaHCO3,
daily), n = 10

28 days • Renal histopathological changes involving proximal tubular cells in OSOM:
karyomegaly

• Increase in Ki-67 immunoreactive cells in OSOM
• Altered expression of cell cycle-related genes

210 lg/kg bw per
day (based on renal
histopathology)

Taniai et al.
(2012a)

• Alterations in gene expression in kidney Taniai et al.
(2012b)

F344/NSlc (♂) 0(8), 210 lg/kg
bw (gavage,
0.1 M NaHCO3;
7 days/week),
n = 15–16

28 days • Decreased body weight, decreased absolute and relative kidney weight,
• Renal histopathological changes in OSOM: karyomegaly
• Increased PCNA immunostaining
• Altered gene expression in kidney

210 lg/kg bw per
day (7 days/
weekweek) (based
on renal
histopathology)

Taniai et al.
(2014)

F344/IcoCrl
(♂,♀)

0, 210, 500 lg/
kg bw (gavage,
0.1 M NaHCO3,
7 days/week),
n = 6

7, 21 days • Decreased body weight (21 days: 500 lg/kg bw♂), decreased absolute kidney
weight (21 days: ♂, ♀; not reported at which dose)

• Renal histopathological changes: degeneration, necrosis, karyomegaly of
proximal tubule cells (7 days: 500 lg (kg bw ♂, ♀, 210 lg/kg bw n.d.; 21 days:
210, 500 lg/kg bw ♂, ♀)

LOAEL* 210 lg/kg
bw per day (based
on renal
histopathology)

Pastor et al.
(2018)

• No effect on GST activity, GSH/GSSG ratio, SOD activity
• No evidence for DNA SBs based on Comet assay

Enciso et al.
(2018)

ALT: alanine aminotransferase; AST: aspartate aminotransferase; BrdU: bromo-desoxy-uridine; BUN: blood urea nitrogen; clusterin: protein associated with clearance of cellular debris and
apoptosis; DNA: deoxyribonucleic acid; c-H2AX: H2A histone family member X phosphorylated on Ser 139, marker for DNA damage; G2/M arrest: gap2/mitotic arrest; Gpt: Glutamic-pyruvic
transaminase gene; GSH; glutathione; GSH/GSSG ratio: ratio of reduced GSH to oxidised GSH (GSSG); GST: glutathione S-transferase; 8-OH-dG: 8-hydroxy-deoxyguanine; Ki-67: marker protein for
proliferation; KIM-1; Kidney injury molecule-1; LDH: lactate dehydrogenase; LOAEL: lowest observed adverse effect level; LOEL: lowest observed effect level; MDA: malondialdehyde; miRNA: micro
RNA; mRNA: messenger RNA; n: number; n.d.: not determined; NOAEL; no observed adverse effect level; OAT; organic anion transporter; OSOM: outer stripe of the outer medulla; OTA:
ochratoxin; PCNA: proliferating cell nuclear antigen ROS: reactive oxygen species; S3 segment: Straight segments of the proximal tubule that descend into the outer medulla; SOD: superoxide
dismutase; spi� – protein spitz precursor (a proto oncogene); TIMP-1: tissue inhibitor of metalloproteinase-1 (a protein); wk: week.
*: NOAEL/LOAEL not explicitly reported but derived from data presented in study.
(1): Equivalent to 0, 15, 50, 150 lg/kg bw per day.
(2): Equivalent to 15 lg/kg bw per day.
(3): Equivalent to 0, 50, 150 lg/kg bw per day.
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(4): Equivalent to 50 lg/kg bw per day.
(5): Equivalent to 145 lg/kg bw per day.
(6): Equivalent to 25, 62.5, 125, 250 lg/kg bw per day.
(7): Equivalent to 25 lg/kg bw per day.
(8): Untreated control animals were maintained on the basal diet and tap water without any treatment during the experimental period.
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4.2.2.4. Repeated dose studies in mice published since 2006

New repeated dose toxicity studies in mice published since the 2006 EFSA opinion is described in
Table 2. Consistent with the lower sensitivity of mice to OTA toxicity as compared with rats and pigs,
none of the new studies provided NOAELs/LOAELs that were lower than the LOAELs of 15 and 8 lg/kg
bw previously established in rats and pigs, respectively (FAO/WHO, 2001; EFSA, 2006).

4.2.2.5. Repeated dose studies in rabbits published since 2006

Table 3 provides a description of subacute and subchronic studies in rabbits published since 2006.
Clinical signs of toxicity, renal histopathological changes and biochemical changes indicative of liver and
kidney toxicity were reported in rabbits given OTA in diet corresponding to approximately 30 lg/kg bw
per day for up to 2 months. Thus, studies in rabbits did not provide more sensitive endpoints of OTA
toxicity compared to the LOAELs of 15 and 8 lg/kg bw previously established in rats and pigs,
respectively (FAO/WHO, 2001; EFSA, 2006).

Ochratoxin in food
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Table 2: Repeated dose studies in mice published after 2006

Strain
Dose and
animals per
group

Duration/
time of
observation

Main effects observed Effect level Reference

Inbred Swiss albino
(♂)

0(1), 1.5, 3 mg/
kg bw per day
(gavage, olive
oil, 7 days/week)
n = 10

45 days • Significant dose-dependent increase in lipid peroxidation (TBARS),
decrease in GSH and ascorbic acid, decreased activity of catalase, SOD,
GPx, GSR, GST

*LOAEL 1.5 mg/
kg bw per day
(based on renal
non-enzymatic
and enzymatic
antioxidants)

Chakraborty and
Verma (2010b)

C57BL/6J – p53 (p53
gene) proficient
homozygous Gpt
delta C57BL/6J – p53-
deficient homozygous
Gpt delta (♂)

1 and 5 mg/kg
bw per day
(gavage, 0.1 M
NaHCO3) n = not
provided

4 weeks • Significant decreases in body weights and absolute and relative kidney
weights (5 mg/kg bw)

• Renal histopathological findings in OSOM: apoptosis, karyomegaly,
vacuolisation of proximal tubule cells (1.5 mg/kg bw)

• Significant increases in Spi�mutant frequencies in kidneys of
p53-deficient gpt delta mice (5 mg/kg bw)

LOAEL* 1 mg/kg
bw per day
(based on renal
histopathology)

Hibi et al.
(2013b)

C57BL/6 9 FVB - HO-
1+/+

C57BL/6 9 FVB - HO-
1�/� (♂, ♀)

0, 2.5 mg/kg bw
per day (i.p.
0.1 M NaHCO3

every 2nd day),
n = not provided

20 days • Decreased survival rate in HO-1�/�

• Decreased body and relative kidney weight in HO-1+/+ and HO-1�/�

(result presented combined for ♂ and ♀)
• Increased serum creatinine in HO-1+/+ and HO-1�/� (result presented

combined for ♂ and ♀)

2.5 mg/kg bw
every 2nd day,
i.p.

Loboda et al.
(2017a)

C57BL/6 - Nrf2+/+,
C57BL/6 - Nrf2�/�

(♂, ♀)

0, 2.5 mg/kg bw
per day (i.p.,
0.1 M NaHCO3,
every 2nd day),
n=3-5

20 days • Decreased body and relative kidney weight in Nrf2+/+and Nrf2�/� (result
presented combined for ♂ and ♀)

• Increased serum creatinine and Nrf2�/� (♂, ♀)

2.5 mg/kg bw
every 2nd day,
i.p.

Loboda et al.
(2017b)

DNA; deoxyribonucleic acid; GPx: Glutathione peroxidase; GSH; glutathione; GSR: Glutathione reductase, i.p.: intraperitoneal; HO-1: heme oxygenase 1, LOAEL; lowest observed adverse effect
level; Nrf2: nuclear factor erythroid 2–related factor 2 (a protein that regulates expression of antioxidant proteins that protect against oxidative damage; n= number; RNA: ribonucleic acid; TBARS:
thiobarbituric acid reactive substances; SOD: superoxide dismutase; spi� - protein spitz precursor (a proto oncogene); wk: week.
*: NOAEL/LOAEL not explicitly reported but derived from data presented in study.
(1): Untreated controls were maintained without any treatment.
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Table 3: Repeated dose studies in rabbits published after 2006

Strain
Dose and animals
per group

Duration/time
of observation

Main effects observed Effect level Reference

New Zealand
White (♂)

0, 1, 2 mg/kg diet
(corresponding to 30
and 60 lg/kg bw per
day **); n = 6–12

8 weeks • Increased ALT, AST, ALP, urea and creatinine and decreased total
protein, albumin and glucose in serum (≥ 1 week: 1, 2 mg/kg diet)

LOAEL*
30 lg/kg bw per
day (based on
blood
biochemistry)

Mir and Dwivedi
(2010)

New Zealand
White (♂)

0, 1 mg/kg diet
(corresponding to
approx. 33 lg/kg bw
per day**), n = 4

30, 60 days • Clinical signs (dullness, lethargy, depression, anorexia, dehydration)
(60 days)

• Decreased body weight (30, 60 days)
• Renal histopathological changes: PCT epithelial damage; increased

catalase activity in liver and kidney; severe testicular degeneration
(30, 60 days)

33 lg/kg bw per
day (based on
renal
histopathology &
clinical signs)

Prabu et al.
(2013)

ALP: alanine phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; LOAEL: lowest observed adverse effect level; n: number; PCT: proximal convoluted tubular.
*: NOAEL/LOAEL not explicitly reported but derived from data presented in study.
**: Calculated using default values provided in WHO/IPCS (2009), EFSA Scientific Committee (2012a), EFSA FEEDAP Panel (2012).
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4.2.2.6. Repeated dose studies in pigs considered in the previous EFSA assessment

In previous assessments, nephrotoxicity of OTA in pigs was identified as the most sensitive
endpoint of OTA toxicity, and an LOAEL of 8 lg/kg bw derived from a series of studies in pigs was
used to establish a HBGV (FAO/WHO, 1991, 1996, 2001, 2008; EFSA, 2006). From these studies (for
details see Appendix C, Table C.2), the CONTAM Panel identified the study of Krogh et al. (1974)
selected as the pivotal 90-day study in the previous EFSA opinion and is therefore described in further
detail below.

In this study (Krogh et al., 1974), female pigs (Danish Landrace) were given doses (via feed) of 0
(control group), 8, 40 and 160 lg/kg bw per day for 3–4 months (i.e. from 20 to 90 kg bw). Increased
water consumption and increased concentrations of creatinine and urea were observed in animals
administered OTA at 160 lg/kg bw per day. Increased glucose was detected in urine of pigs given the
two highest dose levels (40 and 160 lg/kg bw per day). The average renal clearance of inulin CInulin
and p-aminohippuric acid (PAH) measured after 3–3.5 months was significantly reduced at the highest
dose. The average maximal tubular excretion of PAH (TmPAH) and TmPAH/CInulin was reduced in a dose-
related manner, with significant changes at all doses. In contrast, reabsorption of glucose and the
ability to concentrate urine (as assessed by urine specific gravity and osmolality) were only affected at
the two highest dose levels (40 and 160 lg/kg bw per day). Alterations in the enzymatic activities of
glutamate dehydrogenase (GLDH), leucine aminopeptidase (LAP) in renal cortex were also recorded at
the two highest dose levels. However, microscopic kidney lesions were observed even at the lowest
dose. At this dose, these changes were confined to the proximal tubules and consisted of tubule
dilation with reduced brush boarder, pycnotic nuclei, mitotic figures, desquamation of tubule cells and
a slight increase of interstitial fibrous tissue. The microscopic kidney lesions in the higher dose groups
included degenerative changes of the proximal tubule epithelium, dilation of cortical tubules, tubular
atrophy, thickened basement membrane, glomerulosclerosis and interstitial fibrosis. The frequency of
animals with kidney lesions at the end of the exposure period in the control, 8, 40 and 160 lg/kg bw
per day group was 0/9, 4/9, 9/9 and 4/4, respectively.

While the previous evaluation in 2006, used dose-related reduction in TmPAH and TmPAH/CInulin
which occurred in parallel with microscopic lesions, as the critical effect and identified the same LOAEL
of 8 lg/kg bw, it is now well established that renal transport of OTA is mediated by OATs. Therefore, it
was concluded that reduced tubular excretion of PAH (a prototype OAT substrate), which was
previously interpreted as evidence of impaired renal function by OTA, is likely also to be due to
interference by OAT-mediated transport and cannot be considered as adverse.

However, based on evidence of microscopic kidney lesions, the CONTAM Panel confirmed 8 lg/kg
bw as the LOAEL for nephrotoxicity in this study.

4.2.2.7. Repeated dose studies in pigs published since 2006

The repeated dose studies in pigs published since 2006 are described in Table 4 below. A series of
studies published after 2006 investigated the effects of OTA in female cross-bred weaned piglets
(TOPIGS-40) exposed to OTA via feed at the recommended EU guidance value of 50 lg OTA/kg diet11

(corresponding to approximately 2.7 lg/kg bw based on reported body weights and feed intakes) for
33 days (Marin et al., 2016, 2017a,b, 2018). Exposure to OTA had no effect on growth performance or
organ weights. Biochemical analysis of plasma revealed a small but statistically significant decrease in
total protein and albumin, accompanied by a significant increase in alanine aminotransferase and
triglycerides. The activity of superoxide dismutase (SOD) was reported to be significantly increased in
animals given OTA as compared to controls. The biochemical changes were interpreted by the authors
of the study as an indication of hepatocellular injury (Marin et al., 2016, 2017a,b). Histopathological
evaluation of liver tissue to confirm hepatotoxic effects was not performed. There was no evidence of
kidney injury. However, genome-wide expression profiling revealed significant alterations in 105
different renal transcripts related to immune response, oxidative stress response, cell growth and cell
death (Marin et al., 2017a). Changes in parameters indicative of altered immune and oxidative stress
response were also reported to occur in the gut (Marin et al., 2017b). The authors of these studies
emphasised the need to perform confirmatory in vivo studies on larger number of animals to provide a
reliable database for regulatory purposes (Marin et al., 2016). In a subsequent study from the same
group, 15 cross-bred TOPIG hybrid [(Landrace 9 Large white) 9 (Duroc 9 Pietrain)] pigs (n = 5) were

11 Commission Recommendation of 17 August 2006 on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2
and fumonisins in products intended for animal feeding. OJ L 229, 23.8.2006, p. 7–9.
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exposed to a diet contaminated with 250 lg OTA/kg feed (corresponding to a dose of 12.5 lg OTA/kg
bw per day) for 28 days (Marin et al., 2018). In contrast to the decrease in total protein and albumin
reported in Marin et al. (2016), exposure to OTA resulted in a significant increase in the serum
concentration of total protein, albumin, triglycerides and creatinine accompanied by a decreased total
antioxidant capacity in liver and kidney (Marin et al., 2018).

Indications for cellular stress and inflammatory response (increased TNF-a and IL-10 in plasma,
decreased HO-1 in kidney) were reported in 43-day study in weaned pigs (Large-White, castrated
male) fed on a diet containing 181 � 34 lg OTA /kg feed (corresponding to 9 lg/kg bw per day,
calculated based on body weight and food consumption data provided in the paper) (Bernardini et al.,
2014).

Treatment of weaned piglets (Hungarian Large White 9 Hungarian Landrace F1, sex ratio: 1:1)
with experimental diets contaminated with OTA at levels corresponding to an intake of approximately
12 lg/kg bw per day for 42 days resulted in reduced feed consumption and daily weight gain and
indications of oxidative stress (increased malondialdehyde in liver, decreased glutathione peroxidase
activity in liver and kidney) (Balogh et al., 2007).

In male pigs (Zegers hybrid), 30-day treatment with OTA was reported to cause an increase in
serum creatinine and urea and a decrease in serum glucose and total protein on days 10, 20 and 30
(Pleadin et al., 2012). Histopathological evaluation of tissues was not conducted. The CONTAM
Panel noted the unclear reporting of the route of administration (OTA in feed vs. OTA administered via
gelatine capsule into mouth of pigs) and the apparent lack of time-matched controls. Based on default
values (WHO/IPCS, 2009; EFSA FEEDAP Panel, 2012; EFSA Scientific Committee, 2012a), the CONTAM
Panel calculated an approximate daily intake of OTA of 9 lg/kg bw.

In a series of experiments in cross-bred ([Landrace 9 Yorkshire] 9 Duroc) piglets administered OTA
at 0, 400, 800 lg/kg diet (corresponding to approx. 20 and 36 lg/kg bw per day) for 42 days,
decreased growth performance and renal histopathological changes were observed. These consisted of
hyperchromatic nuclei and cytoplasm, nuclear atrophy, necrosis and exfoliation of proximal tubule cells
and were consistently reported at doses equal or greater than 400 lg OTA/kg diet (Zhang et al., 2016;
Gan et al., 2017b). Treatment with OTA at these dose levels also lead to a dose-related decrease in
TCR-induced T lymphocyte viability in peripheral blood lymphocytes and splenocytes, accompanied by
decreased concentrations of IL-2 and increased concentrations of TNF-a in serum. Increased GRP78
expression, increased p38 and ERK1/2 phosphorylation and increased expression of the autophagy-
related gene Atg5 and LC3II genes were observed in kidney and spleen of OTA-treated pigs (Gan
et al., 2017b), suggesting to the authors that nephrotoxicity and immunotoxicity of OTA may involve
ER stress, activation of MAPK signalling and autophagy (Gan et al., 2017b,c).

Proximal tubule injury accompanied by increased serum creatinine and urea was reported in male
and female pigs (Landrace9Bulgarian White) fed a mouldy diet containing 500 lg OTA/kg feed
(corresponding to approximately 15 lg/kg bw per day) for 3 months (Stoev et al., 2012). Slight
degenerative changes were also recorded in the duodenal or jejunal mucosa. At the same dose, a
strong decrease in antibody titre was observed after immunisation against Morbus Aujesky
(Pseudorabies), suggesting that OTA affects humoral immune response (Stoev et al., 2012).

4.2.2.7.1. Summary remarks on studies in pigs published since 2006

Overall, the CONTAM Panel concluded that, the new studies in pigs, even though most of them are
of shorter duration, support OTA-mediated effects at dose levels close to the previously established
LOAEL of 8 lg/kg bw per day but did not provide LOAELs that were below this dose. The CONTAM
Panel noted that the subtle changes in biochemical parameters reported in the 33-day feeding study
using only one dose by Marin et al. (2016) could not be considered as being clearly adverse and are
inconsistent with a subsequent report from the same group (Marin et al., 2018). Therefore, the
CONTAM Panel considered that the study by Marin et al. (2016) was not suitable for hazard
characterisation.
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Table 4: Repeated dose studies in pigs published after 2006

Strain
Dose and
animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

TOPIGS-40,
cross-bred
weaned piglets
(♀)

0 and 50 lg/kg
diet
corresponding to
approx. 2.7 lg
OTA/kg bw per
day** (1) n = 6

30–33 days • Minor decrease in total protein and albumin in serum, increased serum
ALT and triglycerides

50 lg/kg diet
corresponding to
approx. 2.7 lg OTA/kg
bw per day** (based
on biochemical
changes)

Marin et al.
(2016)

• Altered expression of genes involved in cellular growth/proliferation, cell
death/survival, and immune function in kidney

Marin et al.
(2017a)

• Altered expression of molecules involved in immune response and
antioxidant self-defence in gut (and kidney)

Marin et al.
(2017b)

TOPIG hybrid
[(Landrace 9

Large white) 9
(Duroc 9

Pietrain)] piglets
(sex not
specified)

0 and 250 lg/kg
diet
corresponding to
approx.
12.5 lg/kg bw
per day**; n = 5

28 days • Increase in total protein, albumin, triglycerides and creatinine in serum
• Decreased total antioxidant capacity in liver and kidney, decreased GPx

activity in kidney
• Differential effects on cytokine synthesis

250 lg/kg diet
corresponding to 12.5
lg/kg bw per day**
(based on biochemical
changes)

Marin et al.
(2018)

cross-bred
([Landrace 9

Yorkshire] 9
Duroc) piglets
(sex not
specified)

0, 400, 800
lg/kg diet
corresponding to
approx. 20 and
36 lg/kg bw per
day** n = 12

42 days • Polyuria and polydipsia (400, 800 lg/kg diet)
• Reduced feed intake and growth performance (400, 800 lg/kg diet)
• Increased AST, creatinine and urea in serum (400, 800 lg/kg diet)
• Renal histopathological findings: Hyperchromatic nuclei and cytoplasm,

nuclei atrophy, necrosis and exfoliation in proximal tubules (400, 800 lg/
kg diet)

LOAEL* 400 lg/kg diet
corresponding to
approx. 20 lg/kg bw
per day (based on
reduced growth
performance, renal
histopathology and
blood biochemistry)

Zhang et al.
(2016)

0, 400, 800
lg/kg diet
corresponding to
approx. 19 and
36 lg/kg bw per
day** n=9

42 days • Decreased growth performance (400, 800 lg/kg diet)
• Renal histopathological findings: Hyperchromatic nuclei and cytoplasm,

nuclei atrophy, necrosis and exfoliation in proximal tubules (400,
800 lg/kg diet)

• Decrease in TCR-induced T lymphocyte viabilities in peripheral blood
lymphocytes and splenocytes (400, 800 lg/kg diet)

• Induction of glucose regulated protein 78, p38 and ERK1/2
phosphorylation, and LC3 II and Atg5 protein expression in kidney and
spleen (400, 800 lg/kg diet)

LOAEL* 400 lg OTA/kg
diet corresponding to
approx. 19 lg/kg bw
per day (based on
reduced growth
performance, renal
histopathology and
immunological
parameters)

Gan et al.
(2017b)
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Strain
Dose and
animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

Large-White
weaned pigs
(castrated ♂)

~ 0.45 (control),
180 lg/kg diet
corresponding to
approx. 9 lg/kg
bw per day **;
n = 30

43 days • Decreased serum protein, increased levels of TNF-a and IL-10 in
plasma

• Decreased capacity of whole blood to respond with cytokine
expression (mRNA and protein) to ex vivo challenge with LPS

180 lg/kg diet
corresponding to
approx. 9 lg/kg bw
per day**

Bernardini
et al. (2014)

Hungarian Large
White 9

Hungarian
Landrace F1
weaned piglets
(♂: ♀ = 1:1)

0, 380 – 338 lg/
kg diet
corresponding to
approx.
14 lg/kg bw per
day**; n = 12

49 days • Reduced feed consumption and daily weight gain
• Increased malondialdehyde in liver, decreased Glutathione peroxidase

activity in liver and kidney

379.6–338.1 lg/kg
diet corresponding to
approx. 14 lg/kg bw
per day**

Balogh et al.
(2007)

Zegers hybrid (♂) 0, 300 lg/kg
diet(2)

corresponding to
approx. 9 lg/kg
bw per day***;
n = 6

30 days • Decrease in serum glucose and total protein, increase in serum
creatinine and urea in OTA-treated pigs on day 10, 20 and 30 as
compared to control group without indication of time point (i.e. lack
of time-matched controls)

300 lg/kg diet(2)

corresponding to
approx 9 lg/kg bw per
day***

Pleadin et al.
(2012)

Landrace 9

Bulgarian white
(♂: ♀ = 1:1)

0, 500 lg/kg
diet
corresponding
to approx.
15 lg/kg bw per
day***; n = 6

3 months • Macroscopic kidney lesions
• Renal histopathological changes: cloudy swelling, granular or vacuolar

degeneration and desquamation involving proximal tubules
• Slight degenerative changes in the duodenal or jejunal mucosa
• Increased serum creatinine and urea; increased ALT and AST
• Disturbance in humoral immune response

500 lg/kg OTA
corresponding to
approx. 15 lg/kg bw
per day***

Stoev et al.
(2012)

ALT: alanine aminotransferase; AST: aspartate aminotransferase; LOAEL: lowest observed adverse effect level; NOAEL; no observed adverse effect level; n: number; PCT: proximal convoluted
tubular; GPx: Glutathione peroxidase; TCR: T-cell receptor.
*: NOAEL/LOAEL not explicitly reported but derived from data presented in study.
**: Calculated using parameters (bw, feed intake) provided in the paper.
***: Calculated using default values provided in EFSA Scientific Committee (2012a), EFSA FEEDAP Panel (2012), WHO/IPCS (2009).
(1): The experimental diet also contained low levels of fumonisin B1 (88 lg/kg corresponding to approx. 5 lg/kg bw per day), which is below the NOAEL for fumonisins in pigs.
(2): Unclear reporting of route of administration: ‘The experimental group was treated with feed contaminated with 300 lg OTA/kg (300 ppb). OTA as a pure chemical (standard) was mixed with

lactose and distributed in gelatin capsules that were applied directly into pig mouth.’
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4.2.3. Chronic toxicity and carcinogenicity studies

4.2.3.1. Studies with rodents published before 2006

OTA has been shown to cause increased incidences of renal tumours in rats and mice, with male
rats being most sensitive, and liver tumours in mice (both sexes). Since it has been considered as a
pivotal study for characterisation of carcinogenic hazards by OTA in several previous assessments
(FAO/WHO, 1991, 1996, 2001, 2008; EFSA, 2006), the 2-year gavage study with from NTP (1989) is
described here again in detail. Groups of male and female F344/N rats (n = 80/group) were
administered doses of 0, 21, 70 and 210 lg/kg bw OTA (98% pure) in corn oil by gavage 5 days per
week for up to 2 years (equivalent to 0, 15, 50 and 150 lg OTA/kg bw per day), with interim sacrifices
at 9 and 15 months (n = 15/group per sex) (NTP, 1989). After 9 and 15 months, increased incidences
of renal tubular cell neoplasms were observed in males along with non-neoplastic kidney lesions
characterised by hyperplasia, degeneration and karyomegaly of renal tubular epithelial cells in both
males and females. At both time points, renal tubular epithelial karyomegalic changes were evident in
100% of male and female rats in the 50 and 150 lg/kg bw dose group, whereas no such changes
were recorded in rats given the lower dose of 15 lg/kg bw. After 2 years, increased incidences of
kidney tubule adenoma and carcinoma accompanied by proliferative and degenerative kidney lesions
(degeneration, hyperplasia, karyomegaly, proliferation) were observed in the 50 and 150 lg/kg dose
group of both sexes, with highest incidences in males (Table 5).

Compared with rats, mice appear to be less susceptible to renal carcinogenicity of OTA. In a
24-month feeding study in C57BL/6J X C3H)F1 (B6C3F1) mice, renal adenomas (26/49) and
carcinomas (14/49) were observed in male mice fed diet containing 40 mg/kg OTA (the crude
preparation contained 84% OTA, 7% OTB and 9% benzene) (Bendele et al., 1985), corresponding to
approximately 4.5 mg/kg bw per day (Huff, 1991). No renal neoplasms were found in female B6C3F1
mice and in males fed OTA at 1 mg/kg in diet, whereas the incidence of hepatocellular adenomas and
carcinomas was slightly increased in male and female B6C3F1 mice administered OTA-contaminated
diet (Bendele et al., 1985). Renal cystadenomas and renal cell tumours as well as liver tumours were
also recorded in male ddY and DDD mice exposed to OTA via feed (Kanisawa and Suzuki, 1978; Huff,
1991), although the number of animals per group was considered insufficient to derive adequate
information on tumour incidence (Bendele et al., 1985).

4.2.3.2. Studies with rodents published after 2006

New studies investigating the carcinogenic effects of OTA in rodents (Table 6) are briefly
summarised below.

In a group of 34 male F344 rats administered OTA in diet corresponding to 50 lg OTA/kg bw per day for
up to 105 weeks, two renal adenomas and four renal carcinomas corresponding to a renal carcinoma
incidence of 12% were observed (Mantle and Kulinskaya, 2010). The same group reported a renal
carcinoma incidence of 20% following chronic dietary administration of OTA to male F344 rats at
approximately 250 lg OTA/kg bw per day. In this study, male F344 rats were given OTA via feed at a dose
corresponding to 300 lg OTA/kg bw until rats reached a body weight of 333 g, and were then maintained at
a dose of 100 lg/rat (Mantle et al., 2005). No details such as initial number of animals per dose group or
number of controls were presented. Leukaemia occurred in 50% of animals. A total number of 64 OTA-
treated rats were used as a basis to establish renal tumour incidence. In these animals, a total of 16 renal
tumours were discovered after ≥ 75 weeks of OTA treatment (i.e. total renal tumour incidence 25%). Most
tumours were unilateral carcinomas, while renal tumours in three animals were classified as adenomas (i.e.
renal carcinoma incidence 20%). The lower tumour incidences in these feeding studies as compared to the
2-year oral gavage study (NTP, 1989) were considered by the authors to be due to the different routes of
administration, i.e. feed vs. gavage, with the lower potency of OTA administered via feed being more
relevant to humans (Mantle et al., 2005; Mantle and Kulinskaya, 2010). Considering the high incidence of

Table 5: Incidence of renal tumours and karyomegaly in male F344/N rats (NTP, 1989)

Dose in lg/kg bw per day Adenomas Carcinomas Adenomas and carcinomas Karyomegaly

0 1/50 (2%) 0/50 (0%) 1/50 (2%) 0/50 (0%)

15 1/50 (2%) 0/50 (0%) 1/50 (2%) 1/50 (2%)
50 6/51 (12%) 16/50 (31%) 20/51 (39%) 51/51 (100%)

150 10/50 (20%) 30/50 (60%) 36/50 (78%) 50/50 (100%)
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mononuclear leukaemia in both controls (69%) and rats dosed with OTA (47% and 50% in animals given
OTA at 50 and 250 lg/kg bw per day) that resulted in premature death of animals these studies (Mantle
and Kulinskaya, 2010), a pilot study was conducted in hybrid rats (offspring of female Sprague Dawley
crossed with male F344) to minimise the confounding factor of spontaneous leukaemia during ageing. Rats
(10 males, 3 females) were administered feed contaminated with OTA (5 mg/kg) for 36 weeks, which was
estimated to correspond to a dose of ~ 150 lg OTA/kg bw in males and ~200 lg OTA/kg bw in females
(Mantle et al., 2010a). A subgroup of animals (5 males, 3 females) was then given sodium barbitate in
drinking water for life to test if renal tumour formation could be accelerated by the tumour promoter.
Three female rats were used as controls. Renal tumours were found in 2/5 (40%) male rats given OTA, and
in 3/5 (60%) male rats given OTA followed by sodium barbitate in drinking water. A small renal tumour
(adenoma) was found in a female rat given OTA followed by sodium barbitate. All three females in this
group developed mammary tumours. In the control group, a mammary tumour was observed. Barbitate
treatment was considered to only slightly accelerate the development of OTA-induced renal tumours
(Mantle et al., 2010a). Renal tumours were also observed in male Dark Agouti rats given OTA in diet at
5 lg/kg for 6 and 9 months and monitored throughout natural life, whereas no renal tumours were found in
a group of rats administered OTA at 400 lg/kg in the diet for up to 2 years (Mantle, 2009). Based on these
findings, the authors suggested OTA at 400 lg/kg in diet (corresponding to ~ 20–30 lg OTA/kg bw) as a
threshold dose for OTA-induced renal carcinogenicity in this rat strain (Mantle, 2009).

In a further study in male F344 rats (n = 5; 10 weeks old at beginning of OTA exposure) by the
same group, 10-month exposure to OTA at 5 mg/kg diet corresponding to an intake of 300 lg OTA/kg
bw per day within the first year of life followed by an exposure-free period for life was reported to
cause a 100% incidence of renal carcinomas. In the same study, seven renal carcinomas were found in
12 animals continuously exposed to OTA at the same dose for life, corresponding to a renal carcinoma
incidence of 58% (Mantle, 2016). The lower tumour incidence in the continuous exposure may be
related to the high incidence of mononuclear leukaemia (41%) and reduced longevity as compared to
the 10-month exposure group (75% of rats in the continuous exposure group had already deceased
before tumours were discovered in the 10-month exposure group). High incidences of mononuclear
leukaemia (69%), but no renal tumours were found in controls.

No renal tumours were observed in p53 heterozygous (p53+/�) and p53 homozygous (p53+/+)
mice after chronic exposure to OTA in diet for 26 weeks. In this study, the levels of OTA in diet were
adjusted from 1, 15 and 40 mg OTA/kg diet to 0.5, 2 and 10 mg OTA/kg diet (equivalent to ~ 0.03,
0.2 and 1.5 mg OTA/kg bw) due to a rapid weight loss during the first 2 weeks of exposure. Minimal
nuclear variability in size (anisokaryosis) was recorded at the low dose of 0.5 mg OTA/kg diet, whereas
apoptosis, karyomegaly and tubular degeneration were only at 2 and 10 mg OTA/kg diet. Based on
these findings, the authors derived an LOEL (note that the CONTAM Panel considers this to be a
LOAEL) for renal changes in p53+/� and p53+/+ mice of 2 mg/kg diet (corresponding to 200 lg/kg bw
per day) (Bondy et al., 2015).

In a two-stage mouse skin tumorigenesis protocol, a single topical application of OTA (80 lg/
mouse) followed by twice weekly application of 12-O- tetradecanoylphorbol-13-acetate (TPA) for 24
weeks lead to the development of skin tumours in 40% of the animals. These data indicate that OTA
has skin tumour initiating properties. Early events induced by single OTA skin application included
increased levels of DNA damage (SSBs and cH2AX), induction of the DNA damage response (p53 and
p21) and of several markers of oxidative stress (see also section 4.3 on Mode of action) (Kumar et al.,
2012). In a follow-up study by the same group, a single topical application of 7,12-dimethyl benz[a]
anthracene (DMBA) as tumour initiator followed by twice weekly application for 24 weeks of OTA (20
lg/mouse) as tumour promoter resulted in the development of skin papillomas. Tumours developed in
100% and 40% of mice in DMBA/TPA- and in DMBA/OTA-treated groups, respectively, indicating that
OTA is a weak tumour promoter in comparison to TPA (Kumar et al., 2013).

4.2.3.2.1. Summary on toxicity

The CONTAM Panel noted the inadequate study design and unclear reporting of the new studies
(published after 2006) investigating the carcinogenic effects of OTA and considered that these
provided only limited additional information on OTA carcinogenicity that could serve as a basis for
quantitative risk assessment (Table 6). Long-term OTA administration of OTA to female Wistar rats was
reported to cause toxic effects on the endocrine pancreas, suggesting diabetogenic potential of OTA
(Mor et al., 2017). These effects were evident at a dose higher than those required for nephrotoxicity
and renal tumour formation (Table 6), and therefore did not provide a more sensitive endpoint of
toxicity.
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Table 6: Summary of chronic toxicity studies, including carcinogenicity studies published since 2006

Species
Dose and animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

Chronic toxicity studies in rats

F344 (♂) 0, 70, 210 lg/kg bw
(gavage, corn oil, 5 days/
week) equivalent to 0, 50,
150 lg/kg bw per day n = 6

2, 4, 13, 26
weeks

• Decreased kidney weight (2 weeks: 70 lg/kg bw; 13 weeks: 70,
210 lg/kg bw; 26 weeks: 210 lg/kg bw)

• Renal histopathological changes involving proximal tubular epithelial cells
in OSOM: cytoplasmic vacuolisation and karyomegaly (13 weeks and 26
weeks: 70 and 210 lg/kg bw)

LOAEL* 50
lg/kg bw per
day (based on
renal
histopathology)

Dai et al.
(2014)

F344 (♀) 0, 3 mg/kg diet
(corresponding to approx.
300 lg/kg bw per day**), n
= 7

6, 9 and 24
weeks

• Decrease in insulin levels, and increased levels of blood glucagon and
glucose

• Slight to moderate degeneration in Langerhans islet cells
• Decreased insulin and increased glucagon expression

300 lg/kg bw
per day**)

Mor et al.
(2017)

Carcinogenicity studies in rats
F344 (♂) 0, ~ 1 mg/kg feed

corresponding to ~ 50 lg/
kg/bw per day’ n = 34
(treatment), n = 15
(controls)

Up to 2 years
(105-week
exposure)

• Mononuclear leukaemia as the principal morbidity factor (in 47% of the
treated group compared with 69% in controls)

• Renal carcinoma incidence 4/34 (12%), adjusted 34.5% (incidence in
controls not provided)

~ 50 lg/kg bw
per day

Mantle and
Kulinskaya
(2010)

F344 (♂) ~ 250 lg/kg bw per day(1)

No information on controls
and total number of animals
provided

Up to 2 years
(interim
sacrifices at 7,
21 days 4, 7, 12
months; n = 4/
dose/time point)

• Renal carcinoma incidence: 20% (incidence in controls not provided) ~ 250 lg/kg bw
per day(1)

Mantle et al.
(2005)

• Tissue-specific transcriptional response in kidney: (7, 21 days; 4, 7, 12
months): markers of kidney injury and cell regeneration, genes regulated
by the transcription factors HNF4a and Nrf2

Marin-Kuan
(2006)

• Increased phosphorylation of atypical-PKC (21 d, 12 months)
• Activation of the MAPK extracellular regulated kinases isoforms 1 and 2

(ERK1/2) and of their substrates ELK1/2 and p90RSK (7, 21 days)

Marin-Kuan
et al. (2007)

www.efsa.europa.eu/efsajournal 42 EFSA Journal 2020;18(5):6113

Ochratoxin in food



Species
Dose and animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

Sprague-
Dawley ♀ 9

F344 ♂

0, 5 mg/kg diet (5 lg/kg) for
36 weeks (corresponding to
~ 150 lg/kg bw per day (♂)
and ~200 lg/kg bw per day
(♀)) followed by sodium
barbitate (500 lg/kg in
drinking water) for life, n = 5
♂ (OTA); n = 5 ♂ + 3 ♀ (OTA
+ barbitate); n = 3 ♀
(controls)

36-week
exposure to OTA
followed by
sodium barbitate
(500 lg/kg in
drinking water)
for life

• Renal tumours (adenoma + carcinoma): OTA: 2/5 (40%) ♂; OTA +
barbitate: 3/5 (60%) ♂, 1/3 (33%) ♀

• Mammary tumours: OTA + barbitate: 3/3 (100%) ♀; controls: 1/3 (33%)
♀

~ 150 lg/kg bw
per day (based
on renal
tumours)

Mantle et al.
(2010a)

Dark Agouti
(♂)

5 mg/kg diet (5 lg/kg)
(640–250 lg/kg bw per day)
the dose falling as animals
gained weight, n = 20
(treatment) No controls

3, 6, 9 months
exposure
(observation
throughout
natural life)

• Renal carcinoma: 3 months: 0/20 (0%); 6 months 1/20 (5%); 9 months
4/20 (20%)

~ 640–250 lg/kg
bw per day
(based on renal
tumours)

Mantle
(2009)

400 lg/kg diet
(corresponding to ~20-30
lg/kg bw per day) n = 20
(treatment) No controls

up to 2 years • No renal tumours observed NOAEL* ~ 20–30
lg/kg bw per
day (based on
renal tumours)

Mantle
(2009)

F344 (♂) 0, 5 mg/kg diet (300 lg/kg
bw per day) n = 5
(treatment, 1st year of life)
n = 12 (treatment, lifetime
exposure n = 13 (controls)

10-month
exposure in 1st
year of life vs.
lifetime exposure

• High incidences of mononuclear leukaemia in controls and OTA-treated
animals

• Renal carcinoma: 1st year of life exposure: 5/5 (100%); lifetime
exposure 7/12 rats (58%); controls: 0/13 (0%)

5 mg/kg diet
(~ 300 lg/kg bw
per day) (based
on renal
tumours)

Mantle
(2016)

Chronic toxicity and carcinogenicity studies in mice

Swiss
albino mice
(females)

A single topical application of
DMBA (30 lg/mice) or OTA
(80 lg/mice) followed by
twice weekly application of
TPA (2.5 mg) after a week
of initiation

24 weeks • First incidence of tumorigenesis: DMBA/TPA-treated group: 7th week,
OTA/TPA-treated group: 14th week.

• Skin tumours developed in: DMBA/TPA-treated group: 100% of mice in
15th week; OTA/TPA-treated group: 40% of mice in 18th week

LOAEL as
initiator: OTA
(20 lg/mice)

Kumar et al.
(2012)
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Species
Dose and animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

Swiss
albino mice
(females)

Single topical application of
DMBA (24 lg/mouse)
followed by twice weekly
application of TPA (2.4 lg/
mouse) or OTA (20 lg/
mouse) after a week of
initiation; n = 10

24 weeks • First incidence of tumorigenesis: DMBA/TPA-treated group: 7th week,
DMBA/OTA-treated group: 12th week.

• Skin tumours developed in: DMBA/TPA-treated group: 100% of mice in
15th week; DMBA/OTA-treated group: 40% of mice in 21st week

LOAEL as
promoter: OTA
(20 lg/mouse)
NOAEL: OTA
(10 lg/mice)

Kumar et al.
(2013)

P53N5-T
(p53+/�)
and P53N5-
W (p53+/+)
mice (♂)

0, 0.5, 2 or 10 mg/kg diet(2)

(corresponding to ~ 0, 30,
200, 1,500 lg/kg bw per
day) n = 10

26 weeks • Reduced relative liver and kidney weight, increased weight of spleen
(≥ 2 mg/kg diet)

• Renal histopathological changes: apoptosis, karyomegaly and tubular
degeneration in proximal tubules (2, 10 mg/kg diet, both stains);
anisokaryosis (0.5, 2, 10 mg/kg diet, both strains),

• No kidney tumours
• Increased incidence and severity of focal hepatocellular necrosis

(2, 10 mg/kg diet), no tumours or pre-neoplastic lesions in liver

LOAEL(3) 200 lg
OTA/kg bw per
day (based on
non-neoplastic
kidney lesions)

Bondy et al.
(2015)

DMBA: 7,12-dimethyl benz[a]anthracene; ELK1/2 : nuclear substrate ETS protein 1/2; ERK1/2: extracellular signal-regulated kinase 1/2; HNF4a: hepatocyte nuclear factor 4 alpha; LOAEL: lowest
observed adverse effect level; MAPK: mitogen-activated protein kinase; NOAEL: no observed adverse effect level; Nrf2: nuclear factor-erythroid2-related factor 2; OSOM: outer stripe of the outer
medulla; OTA: ochratoxin A; p90RSK; ribosomal-S6 kinase; PKC: protein kinase C; TPA: 12-O- tetradecanoylphorbol-13-acetate.
*: NOAEL/LOAEL not explicitly reported but derived from data presented in study.
(1): ‘As from their initial weight of ~ 175 g, daily dietary intake was 300 lg OTA/kg bw, but was held at 100 lg/rat after animals reached 333 g’.
(2): Due to rapid weight loss of animals during initial 2 weeks of treatment, the concentration of OTA in diet was adjusted from 0, 1, 15, 40 mg/kg diet (weeks 1–2) to 0, 0.5, 2, or 10 mg/kg diet

for the remaining exposure period (weeks 3–26). Mean daily OTA intake during week 1 was 0, 0.12, 1.44, 4.42 mg/kg bw (p53+/+) and 0, 0.09, 1.30, 3.94 mg/kg bw (p53+/�). Mean daily
OTA intake in weeks 3–26 was 0, 0.03, 0.20, 1.46 mg/kg bw (p53+/+) and 0, 0.03, 0.19, 1.55 mg/kg bw (p53+/�).

(3): Note that the study authors designated an LOEL, but the CONTAM Panel considers this a LOAEL.
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4.2.4. Genotoxicity

4.2.4.1. Introduction

In the previous EFSA opinion on OTA (EFSA, 2006), the CONTAM Panel concluded that ‘DNA
damage and genotoxic effects of OTA were most likely attributable to cellular oxidative damage and
within the limit of sensitivity of the analytical procedures, there was no clear evidence for the
formation of specific OTA-containing DNA adducts’. The evidence available at the time included:

a) negative mutation assays in Salmonella Typhimurium tester strains (with exception of a single
study reporting positive results in TA1535, TA98 and TA1538 strains incubated with murine kidney
microsomes in the presence of either NADP or arachidonic acid as cofactors (Obrecht-Pflumio et al.,
1999),

b) in vitro evidence of increased mutations in V79 cells, and
c) increased micronuclei and single strand breaks (SSBs) seen in comet assays in vitro.
Few in vivo studies were available at the time. Here we review data published from 2006 to 2018

addressing the potential genotoxicity of OTA both in cultured mammalian cells and animal models. The
findings are summarised below, and further details are presented in Tables 7 (in vitro studies) and 8
(in vivo studies).

4.2.4.2. In vitro genotoxicity studies

No mutagenicity assays in S. Typhimurium published after 2006 were identified. In contrast, the
genotoxic potential of OTA has been extensively investigated in comet assays with induction of SSBs as
endpoint. Positive results were reported in established rodent, porcine, canine, bovine, green monkey
and human cell lines as well as in primary cultures. Several of these cell lines are of kidney origin (see
Table 8). With a single exception (SimarroDoorten et al., 2006), SSB induction was observed in the
absence of rat liver S9. It is possible that some of these OTA-associated SSBs are secondary to
oxidative stress. Inclusion of formamido-pyrimidine-DNA glycosylase (Fpg)/endonuclease III (EndoIII)
digestion in the Comet assays to reveal the presence of oxidised purines and pyrimidines, increased
the yield of SSBs. This observation is consistent with oxidative DNA damage (Arbillaga et al., 2007; Ali
et al., 2011, 2014; Costa et al., 2016). The induction of DNA 8-hydroxydeoxyguanosine (8-OHdG) by
OTA-treatment of cells was confirmed by direct measurements (Liu et al., 2012; Cui et al., 2013;
Rutigliano et al., 2015; Giromini et al., 2016). Consistent with these findings, OTA exposure increased
the levels of cellular reactive oxygen species (ROS) (SimarroDoorten et al., 2006; Arbillaga et al., 2007;
Liu et al., 2012; Cui et al., 2013; Yang et al., 2014; Bhat et al., 2016).

Several studies reported evidence of OTA-induced micronuclei, chromosomal aberrations and
double strand breaks (DSBs) (Ali et al., 2011; Liu et al., 2012, 2015; Ramyaa and Padma, 2013;
Gonz�alez-Arias et al., 2014; Lian et al., 2014; Yang et al., 2014). DSBs were associated with a
pronounced gap phase 2 (G2) arrest, ATM (ataxia telangiectasia mutated), CHK2 (checkpoint kinase 2)
and p53 phosphorylation and decreased expression of several cyclins (see also Section 3.3 on Mode of
Action). OTA also induced aberrant mitoses, chromosome hypercondensation with abnormally
separated chromatids, asymmetric/multipolar mitotic spindles as well as endoreduplications and
polyploidy (Rached et al., 2006; Mosesso et al., 2008; Cosimi et al., 2009; Czakai et al., 2011). Sister
Chromatid Exchange (SCE) formation was not consistently associated with OTA exposure (Mosesso
et al., 2008; Anninou et al., 2014).

OTA induced mutations in the Hprt gene of V79 cells (Palma et al., 2007) and at the L5178Y tk
locus (Palma et al., 2007; Ali et al., 2014). Sequencing of Hprt mutants indicated that the OTA-induced
and spontaneous mutational spectra were similar. Analysis of OTA-induced Tk mutant colonies revealed
both point mutations and large chromosomal rearrangements. Increased mutation frequencies were
also observed in the SupF gene in a plasmid treated in vitro with OTA and transfected into the human
kidney Ad293 cell line (Akman et al., 2012).
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Table 7: In vitro studies on OTA genotoxicity

Test system Cells
Concentration/
Treatment time

Results Comments Reference

SSBs by comet assays NIH/3T3 cells
expressing human
CYP450s, 1A1, 1A2,
2C9, 3A4 and human
oxidoreductase (hOR)

10, 25, 50, 100, 150,
200 lM (8 h)

Positive: Only in CYP2C9-hOR. No toxicity
(MTT and neutral red, no data presented)

Increased ROS. Poor
presentation of the results

SimarroDoorten
et al. (2006)

SSBs by comet assays +/�
Fpg/EndoIII

Human renal proximal
tubular epithelial cells
(HK-2)

50, 100, 200, 400,
600 lM +/� rat liver
S9 (3 and 6 h)

Positive: Slight increase at 6 h (400 and
600 lM, 50–60% survival); Survival and
SSB unaffected by S9; SSB increased by
Fpg and EndoIII (unconvincing data)

Increased ROS levels; slight
protection by NAC

Arbillaga et al.
(2007)

SSBs by comet assays,
polyploidy by flow cytometry

CHO cells 0.2, 0.8, 1 mM (3 h) Positive: Comet assay. Extremely toxic
doses (cytotoxic at > 10 lM)
Positive: polyploidy

Dose-dependent inhibition of
TopoII (in vitro assay)

Cosimi et al.
(2009)

SSBs in comet assays; DSBs
in cH2AX assay
8-OHdG with HPLC-ECD

Human peripheral
blood mononuclear
cells

5, 10, 20 lM (24 h) Positive: SSB, DSBs, 8-OHdG (dose-
dependent increases). No information on
the toxicity of the treatment

Increased ROS at all doses.
SSB partially inhibited by
NAC-pre-treatment.
Accumulation in G1 phase

Liu et al. (2012)

SSB by comet assays, DSBs
with cH2AX (IF detection and
western blotting), 8-OHdG
detection with HPLC-ECD

Human gastric cell line
(GES-1)

5, 10, 20 lM (24 h) Positive: SSB, DSBs, 8-OHdG (dose-
dependent increases). No information on
the toxicity of the treatment

Increased ROS; G2 phase
arrest; Phosphorylation of
ATM, CHK2, p53

Cui et al. (2013)

SSBs in comet assays +/� pg;
MN

CHO and human TK6
cells

MN: 5, 7.5, 10, 12.5,
15, 17.5, 20, 22.5, 25
lM (24-27 h). Comet
assays: 5, 10, 20, 30,
40, 50 lM (4 h)

Positive: SSB +/� Fpg in TK6
Positive: SSB only + Fpg in CHO cells
Positive: MN in TK6 and possibly in CHO
cells (borderline levels of toxicity)

Hypodiploid cells in both cell
lines (scored in the MN,
assays). Evidence of both
direct and indirect DNA
damage

Ali et al. (2011)

SSBs by comet assays; MN Green monkey kidney
Vero cell line

10 lM (24 h) Positive: SSB
Positive: MN. Experiments at 80% survival

Limitation: Single dose
observations

Ramyaa and
Padma (2013)

SSBs in comet assays; MN Human lymphocytes Comet assays: 0.075,
0.15, 1.5, 5, 15 lM;
MN: 0.075, 0.15, 1.5,
5 lM (3 h)

Positive: Small increases in SSB at single
points, no dose response
Positive: Small increases in micronuclei
(1.5 and 5 lM). Experiments at > 80%
survival

Gonz�alez-Arias
et al. (2014)
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Test system Cells
Concentration/
Treatment time

Results Comments Reference

SSBs in comet assays; DSBs
by cH2AX

Human embryonic
kidney cells (HEK 293)

12.5, 25, 50 lM (24 h) Positive: Dose-dependent increase in SSB
and DSBs. Limited toxicity (MTT assay)

Increased ROS; cell cycle
arrest at S phase;
downregulation of S-phase
proteins (Cyclin A2 and E1
and CDK2); decreased
mitochondrial membrane
potential

Yang et al.
(2014)

SSBs in comet assays; CA Human oesophageal
epithelium
immortalised cells
(Het-1A)

2.5, 5, 10, 20 lM
(24 h)

Positive: dose response increase in SSB
(IC50: 65.9 lM in MTT assay)
Positive: dose response increase in CA

G2 phase arrest (10–20 lM).
Decreased expression of
Cyclin B1, Cdc2 and
Phospho-Cdc2

Liu et al. (2015)

SSBs in comet assays Porcine epithelial
kidney PK15 cells;
human leucocytes

1 and 5 lM (1 and
24 h)

Positive: dose- and time-dependent
increases (both cell lines). Non-toxic doses
by MTT assay

Combined effects with BEA Klari�c et al.
(2010)

SSBs in comet assays Primary rat
hepatocytes

2, 4, 6 nM (12 h) Positive: at 4 and 6 nM (viability with MTT:
78% and 62%, respectively)

Limited study Goyary et al.
(2014)

SSBs in comet assays Human peripheral
blood lymphocytes

1, 2, 4 lM (1 h) Positive: SSB only at 4 lm/L (no toxicity
with ethidium bromide/acridine orange)

Prevention by sodium copper
chlorophyllin. Limited study

Domijan et al.
(2015)

SSBs in comet assays
Plasmid DNA damage assay

Mouse neuroblastoma
Neuro-2a cell line

100, 250, 500 nM
(24 h)

Positive: All doses (toxicity > 50%).
Plasmid DNA damage assay (non-
informative)

Increased ROS; Small
protection by NAC

Bhat et al.
(2016)

SSBs by comet assays +/�
Fpg; MN

Green monkey kidney
Vero cell line

7.5, 15, 25, 50 lM
(24 h)

Positive: SSB (only at 15lM in the
presence of Fpg)
Positive: MN (only at 25 lM)

No dose response in MN and
comet assays. Limited
information

Costa et al.
(2016)

DSBs by cH2AX (western
blotting)

Human gastric cells
(GES-1)

5, 10, 20 lM (24 h) Positive: DSBs (small increase at 20 lM).
No information on toxicity

Decreased Rad51 levels.
Overexpression of Rad51
decreases OTA-induced
DSBs. Limited study

Lian et al.
(2014)

MN V79 cells and primary
porcine urothelial
bladder epithelial cells
(PUBEC)

0.01, 0.03, 0.1, 0.3, 1,
3, 10 lM (18 and 24 h
for V79, 24 h for
PUBEC)

Positive: V79 (0.3–10 lM but no dose
response); PUBEC (3–10 lM)

Unclear levels of toxicity F€ollmann et al.
(2007)
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Test system Cells
Concentration/
Treatment time

Results Comments Reference

MN, SCE, CA
endoreduplication, polyploidy

Human lymphocytes;
V79 cells

23.6-1149 lM (+/� rat
kidney and liver S9)

Negative: SCEs, MN, CA
Positive: Endoreduplications and
polyploidy (V79 + kidney S9); (human
lymphocytes +/� liver S9)

Metaphases with abnormally
separated chromatids

Mosesso et al.
(2008)

Aberrant mitoses Immortalised human
kidney epithelial cells
(IHKE)

1, 10, 50 lM (12 and
24 h)

Positive: Dose-response increase in giant
cells with enlarged/multiple nuclei.
Asymmetric/multipolar mitotic spindles

Inhibition of microtubule
assembly in a cell-free
in vitro assay (200 & 400
lM)

Rached et al.
(2006)

Chromosome condensation
and loss of sister chromatid
separation

Immortalised human
kidney epithelial cells
(IHKE)

0, 1, 5, 10, 25, 50 lM
(up to 15 h)

Positive: Chromosome over-condensation
and aberrant separation of sister chromatids

Decreased phosphorylation
of histone H3Th3 and
decreased acetylation of
histones H3 and H4

Czakai et al.
(2011)

MN Porcine epithelial
kidney cells (PK15)

0.05, 0.5, 5 lg/mL
(corresponding to
0.12, 1.25, 12.5 lM
(24 and 48 h)

Positive: All concentrations: No
information on toxicity

Combined effects with BEA
and FB1

Klari�c et al.
(2008)

SCEs Human hepatocellular
carcinoma cells
(Hep3B)

10�12�2 9 10�4 M
(72 h)

Positive: range 10�12–910�6 M. No dose
response; no information on toxicity (by
MTT only at 24 and 48 h)

Combined effects with
sterigmatocystin and citrinin

Anninou et al.
(2014)

Mutations at Hprt and Tk
genes

Chinese hamster V79
cells and mouse
lymphoma cells
(L5178Y)

V79 (7, 11, 20, 35, 46,
108, 251 lM; 3h and
24 h); +/� rat kidney
and liver S9
L5178Y (3, 81, 188,
438lM, 3 h) +/� rat
kidney S9

Positive: Increased mutation frequency in
both cell lines. No effects of S9. Mutational
spectrum similar to the endogenous one
(V79); point mutations and large deletions
(L5178Y)

G2-phase/M-phase cell cycle
arrest (V79 cells)

Palma et al.
(2007)

Mutations in the SupF gene in
plasmid Ps189

Human embryonic
kidney cells (Ad293)

0.5, 1, 5 lM +/� rat
liver microsomes or Fe
(III)/Cu(II) metals

Positive: All doses, only + S9 or metal
activation. (OTHQ: positive without
metabolic activation)

No dose response. No
proper controls for metal
activation

Akman et al.
(2012)

Mutations Tk+/� SSB by
comet assays +/� Fpg

Mouse lymphoma cells
(L5178Y)

0, 5, 10, 25, 50, 100
lM +/� S9 rat liver
(4 h)

Positive: Dose-dependent increase in
mutations (from 25 lM)
Positive: Dose-dependent increase in SSB
(increased by Fpg). No effect of S9 for both
endpoints

Large colonies (gene
mutations). All assays at
survival levels > 70%

Ali et al. (2014)
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Test system Cells
Concentration/
Treatment time

Results Comments Reference

8-OHdG by oxyblot Canine umbilical cord
matrix-mesenchymal
stem cells (UCM-MSC)

0.025, 2.5 nM (4 and
7 days)

Positive: Similar increases in DNA 8-OHdG
levels at 0.025 and 2.5 nM. Less than 50%
cell growth and cells showing fragmented
chromatin

Rutigliano et al.
(2015)

8-OHdG by oxyblot Bovine mammary
epithelial (BME-UV1)
cells; Madin-Darby
canine kidney cells
(MDCK)

0.3, 0.6, 1.25 lg/mL
(corresponding to
0.75, 1.5, 3.1 lM)

Positive: BME-UV1 (only 1.25 lg/mL,
survival 40%)
Negative: MDCK (range survival 100%–
20%)

No changes in the global
content of 5-meC

Giromini et al.
(2016)

AP sites Rat kidney cells (NRK)
and rat hepatocytes

3, 6 lM (24 h) Positive: similar increases at 3 and 6 lM
(unclear toxicity)

Non-standard test Cavin et al.
(2007, 2009)

UDS Swine lymphocytes,
swine kidney cells
(SK6)

0.01–50 lM (72 h) Positive: swine lymphocytes (1 and 2 lM,
cytotoxic concentration > 5 lM)
ositive: SK6 (0.5–4 lM)

Stec et al.
(2006)

8-OHdG: 8-hydroxydeoxyguanosine; AP: Apurinic/apyrimidinic; ATM; ataxia telangiectasia mutated gene; BEA: Beauvericin; CA: chromosome aberrations; cdc2; cell division control protein; CDK2:
cyclin-dependent kinase 2; CHK2; checkpoint kinase 2; CHO; Chinese hamster ovary; CTN: citrinin; CYP450: cytochrome P-450); DSBs: Double strand breaks; EndoIII: endonuclease III; FB1:
Fumonisin B1; fpg; formamido-pyrimidine-DNA glycosylase; cH2AX: Histone variant H2AX in which the Ser-139 residue variant is phosphorylated (an early cellular response to induction of DSBs);
G2: gap phase 2; HPLC-ECD: High-Performance Liquid Chromatography with Electrochemical Detection; IF: immunofluorescence; MN: micronuclei; MTT; 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NAC: N-acetyl- L-cysteine; OTHQ: ochratoxin hydroquinone metabolite; p53; tumour protein p53; ROS: reactive oxygen species; SSBs: single strand breaks; SCE:
sister chromatid exchange; SupF: E. coli tyrosine amber suppressor tRNA gene; Tk: Thymidin kinase; TopoII; topoisomerase II; UDS: unscheduled DNA synthesis; V79 cells: Chinese hamster lung
cells clone V79.
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4.2.4.3. In vivo genotoxicity studies

OTA exposure increased SSBs levels in kidneys of both rats and mice (Mally et al., 2005b; Domijan
et al., 2006; Kuroda et al., 2014, 2015), with the single exception of a negative report in rats (Enciso
et al., 2018). These positive results were confirmed in a series of more limited studies in which the
synergistic and/or antagonistic effects of other chemicals (including mycotoxins) on single-dose
exposures to OTA were investigated (Aydin et al., 2013; Cariddi et al., 2015; Corcuera et al., 2015). In
one report, Comet assays detection of OTA-induced SSBs was possible only following DNA digestion
with Fpg/EndoIII (Corcuera et al., 2015), although a direct increase in SSBs levels was reported in
other studies (Mally et al., 2005b; Domijan et al., 2006). Overall these findings are consistent with the
induction of oxidative DNA damage by OTA exposure in vivo. However, the few reports that addressed
this possibility by direct measurements of rat kidney DNA 8-OHdG were generally negative (Mally
et al., 2005a; Hibi et al., 2011; Zhu et al., 2016a). With regard to non-kidney tissues, there are both
negative and positive results of OTA-induced SSBs formation in rat liver (Mally et al., 2005b; Aydin
et al., 2013; Corcuera et al., 2015), rat lymphocytes and spleen and mouse blood (Mally et al., 2005b;
Aydin et al., 2013; Cariddi et al., 2015).

There are several reports of OTA-induced DSBs (as measured by immunofluorescence or western
blotting) in the tubular epithelial cells located in the outer stripe of the renal outer medulla of mouse
and rat kidneys (Taniai et al., 2012a; Kuroda et al., 2014, 2015).

The impact of p53 status on OTA-induced DNA breakage was investigated in mouse kidney. The
levels of OTA-induced SSBs were similar in p53+/+ and p53�/� mice. The frequencies of DSBs were,
however, significantly higher in p53�/� mice. The authors suggest that p53 protein plays a major role
in preventing the progression of OTA-induced DNA damage into DSBs (Kuroda et al., 2015).

Whether OTA can induce chromosomal damage in the bone marrow remains unclear. Conflicting
data on OTA induction of micronuclei have been obtained in mice (Cariddi et al., 2015) and rats
(Abdel-Wahhab et al., 2008; Corcuera et al., 2015; Zhu et al., 2016a). A single study reported
increased chromosomal aberrations in the bone marrow of treated mice (Bouslimi et al., 2008). No
increase of chromosome aberrations was observed in splenocytes of OTA-treated rats (Mally et al.,
2005b). In the same study, a dose-dependent increase in hyperdiploid cells was observed in the renal
medulla, but not in cortical regions, of kidneys from OTA-treated animals.

Mutation induction by OTA has been thoroughly investigated in rat (Hibi et al., 2011; Kuroda et al.,
2014) and mouse (Hibi et al., 2013b; Kuroda et al., 2015) kidney. In rats, mutations were analysed at
the Gpt and Red/Gam (Spi- mutants) loci. The latter assay selectively detects deletion and frameshift
mutations. After a 4- or 13-week OTA treatment, no mutations were identified in the cortex. After a
4-week OTA treatment, an increased frequency of Spi- (but not Gpt) mutant was specifically observed
at the carcinogenic target site, i.e. in the outer medulla. OTA treatment was associated with deletions
(1-6kb), insertions as well as base substitutions (Hibi et al., 2013b). No cortical changes or increased
levels of DNA 8-oxodG were observed in the outer medulla (Hibi et al., 2011).

The role of p53 in OTA-induced mutagenesis was also investigated in p53+/+ and p53�/� mice (Hibi
et al., 2013b; Kuroda et al., 2015). OTA-induced mutagenesis was only observed in p53-deficient
mouse kidneys. Mutations were confined to the Red/Gam locus and were not observed at the Gpt
locus. The spectrum of OTA-induced Spi-mutants comprised single base deletions at G/C repetitive
sequences, single base substitutions and insertions. The authors noted that the mutational spectra in
rats and p53�/� mice were only partially overlapping.

4.2.4.4. DNA adduct formation

The possible formation of specific OTA-induced DNA adducts remains highly controversial. An
oxidative pathway leading to covalent OTA-DNA adducts via biotransformation of OTA to the quinone
OTQ (see Figure 5) has been proposed (Pfohl-Leszkowicz and Manderville, 2012). In vitro reaction of
the synthetic OTA hydroquinone OTHQ (see Figure 5) with DNA was reported to give rise to adduct
spots detected by 32P-post-labelling (Tozlovanu et al., 2006). The chemical structure of the adducts
was not identified. The DNA adduct spots ascribed to covalent attachment of the OTQ electrophile
generated by OTHQ autoxidation were also detected by 32P post-labelling after in vitro OTA treatment
of salmon sperm DNA (in the presence of microsomes/NADH) as well as in WI26 and HK2 human cell
lines (Tozlovanu et al., 2006). A further adduct spot observed by 32P-post-labelling in human kidney
cells and in vivo in the kidneys of OTA-treated rats was reported to co-migrate with a post-labelled
carbon-linked C8 OTA-30dGMP adduct standard generated by photoreaction of OTA with DNA
(Tozlovanu et al., 2006; Mantle et al., 2010b). This adduct was proposed to be formed via reductive
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dehalogenation of OTA to generate an aryl radical (see Figure 5) that reacts with the C8 site of dG
(Pfohl-Leszkowicz and Manderville, 2012). The levels of this principle adduct in rat kidney were
reported to be in the range of 20–70 9 109 nucleotides (Mantle et al., 2010b). However, these results
in rat kidneys were not reproduced by other laboratories using 32P post-labelling and stable isotope
dilution LC-MS/MS with an LOD of 3.5 OTA-dG 9 109 nucleotides (Mally et al., 2005a,b; Delatour et al.,
2008).

An approach based on structure–activity relationships proposed a dissociation between the
cytotoxic and mutagenic properties of OTA with the first one being due to ROS production and the
second one to DNA adduction (Hadjeba-Medjdoub et al., 2012). More recently, molecular modelling
studies (molecular dynamics simulations) were used to predict the impact of the sequence context of
OTA-dG adducts on their mutagenic potential (Kathuria et al., 2017, 2018). Finally, oligonucleotides
containing C-linked C8 aryl-dG model adducts, inserted in the NarI sequence, were used in primer
extension assays with model DNA polymerases for investigating the levels of base misincorporation
and DNA polymerases blockage and slippage (Manderville and Wetmore, 2017). Evidence of stalled
DNA replication possibly leading to deletions and base substitution mutations at repetitive sequences
were obtained (Sproviero et al., 2014). It remains unclear whether and to what extent these DNA
adducts are formed in vivo and which metabolic pathway(s) are responsible for the formation. In any
event, it seems unlikely that these very low numbers of DNA adducts could contribute significantly to
either the observed DNA breakage or mutation.
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Table 8: In vivo studies on OTA genotoxicity

Test system Animals Concentration/Treatment Result Comments Reference

SSBs by comet assays +/�
Fpg (kidney)

Wistar rats
(males)

0.005, 0.05 and 0.5 mg/kg
bw/15 days (oral)

Positive: all doses. SSBs increased by Fpg Combined effects with FB1:
synergistic increase in SSB

Domijan et al.
(2006)

SSBs by comet assays in
liver, kidney, lymphocytes

Sprague–Dawley
rat (males)

0.5 mg/kg bw/14 days
(gavage)

Positive: liver & kidney
Negative: lymphocytes

Protection by lycopene Aydin et al.
(2013)

SSBs by comet assays +/�
Fpg in kidney

Fisher rats
(males &
females)

0.5 mg/kg bw/7 days
0.21 and 0.5 mg/kg bw/21
days (gavage)

Negative: in both males and females No changes in total GST and
SOD activity, total GSH and
GSSG levels

Enciso et al.
(2018)

SSBs by comet assays +/�
hOGG1 in kidney and liver

Wistar rats
(males)

0.125 and 0.250 mg/kg bw/
21 days (gavage)

Negative: kidney
Positive: liver (only at highest does) but
no control data for comet assays are
provided

Combined effects with CTN
Limited value (no controls)

Ra�si�c et al.
(2018)

SSBs by comet assays in
kidney

Wistar rats
(female)

0.5 mg/kg bw/7, 14, and 21
days (i.p.)

Positive Unreliable study (0 values in
controls)

Zeljezi�c et al.
(2006)

SSBs by comet assays
assays +/� Fpg (kidney,
liver, spleen, blood)
CA in splenocytes

Wistar rats
(males)

OTA: 0.25, 0.5, 1 and 2 mg/
kg bw/2 weeks (oral)
OTB: 2 mg/kg bw/2 weeks
(oral)

Positive (OTA): SSBs in kidney (all doses),
liver and spleen (0.5–2 mg/kg). Increased
by Fpg in liver and blood (all doses), kidney
(only highest dose)
Negative (OTA): CA in splenocytes (non-
significant increase)

Increased polyploidy in renal
medulla (but not in cortical
regions of the kidney)
OTB-induced SSBs only in liver
and spleen

Mally et al.
(2005b)

SSBs by comet assays in
blood, micronuclei in bone
marrow

BALB/c mice
(males)

0.85 mg/kg bw i.p. Analyses
at 24 h

Positive: SSBs in blood
Positive: micronuclei in bone marrow

Combined effects with
Polyphenols. Limited study
(single dose)

Cariddi et al.
(2015)

SSBs by comet assays +/�
Fpg in liver and kidney
Micronuclei in bone
marrow

F344 rats
(males)

0.5 mg/kg bw/3h and 24 h
(oral). No clinical signs of
toxicity

Positive: SSBs in kidney (only +Fpg)
Negative: SSBs in liver
Negative: micronuclei

Combined treatment with AFB1:
antagonistic effects

Corcuera et al.
(2015)

Micronuclei in bone
marrow

Sprague–Dawley
rats (males)

3 mg/kg bw/15 days (oral) Positive: single and very high dose (30%
of death in OTA group)

Combined treatment with plant
extracts (Inulacrithmoides).
Limited study

Abdel-Wahhab
et al. (2008)

DSBs by cH2AX F344 rats
(males)

0.21 mg/kg bw/28 days
(gavage)

Positive: DSBs in outer stripe of outer
medulla

Increased cdc-2-positive and
P-Chk2 cells. Karyomegaly in
outer medulla

Taniai et al.
(2012a)
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Test system Animals Concentration/Treatment Result Comments Reference

CA in bone marrow BALB/c (males) 0.6, 1.2, and 2.4 mg/kg bw
(corresponding to 2, 4, and
8% of the mouse LD50,
31 mg/kg bw) (sacrifice 24 h
after single ip injection)

Positive: dose-response increase in CA at
1.2 and 2.4 mg/kg bw (no statistical
significance provided)

Bouslimi et al.
(2008)

Mutations in Gpt and Red/
Gam genes (Spi�) in
kidney

Gpt-delta F344
rats (males &
females)

5 ppm (gavage)/4 & 13 wks)
(corresponding to 0.36–0.38
mg/kg bw/4 wks and
32.7–34 mg/kg bw/13 wks
for males & females,
respectively). Decreased
absolute/relative kidney
weights (both times)

Negative: gpt and Spi� mutations in the
whole kidney (4 and 13 wks). No changes
in mutational spectra of gptmutants
Positive: Spi� mutations in outer medulla,
but not in inner medulla or renal cortex
(4 wks)

Karyomegaly in outer medulla
(both times)
No increase in DNA 8-OHdG
levels in the cortex or outer
medulla (13 wks)

Hibi et al.
(2011)

Mutations in Gpt and Red/
Gam (Spi�) in kidney

Gpt-delta p53+/+

and p53�/�

C57BL/6J mouse

1 and 5 mg/kg bw/4 weeks
(gavage)(males). Decreased
body weights & absolute/
relative kidney weights
(highest dose)

Negative: no increase in mutation
frequency at both loci in p53+/+ mice. No
difference in mutational spectra at Gpt
Positive: increased Spi- mutations in
p53�/� mice in outer medulla (only at 5
mg/kg bw)

Increased p53 in p53+/+

(5 mg/kg bw). Higher levels of
apoptosis & karyomegaly in
p53�/� kidneys (evident also in
the cortex)

Hibi et al.
(2013b)

Mutations in Red/Gam
(Spi�) SSBs by comet
assays, DSBs by c-H2AX
(IF and western blotting)
in kidney outer medulla

Gpt-delta F344
rats (males)

Spi- mutations: 5 ppm/4
weeks (0.36 mg/kg bw)
SSBs & DSBs: 0.07, 0.21,
0.63 mg/kg bw/4 weeks
(gavage)

Positive: Increased Spi� mutation
frequency in outer medulla (large deletions,
range 1–6 kb)
Positive: SSBs (all doses)
Positive: DSBs (2 highest doses)

Dose-dependent increased
expression of homologous
recombination genes and genes
involved in G2/M arrest and
S/G2 phase

Kuroda et al.
(2014)

Mutations in Red/Gam
(Spi�), SSBs by comet
assays, DSBs by c-H2AX in
kidney

Gpt-delta p53+/+

and p53�/�

C57BL/ 6J
mouse (males)

Spi- mutations &DSBs: 5
mg/kg bw/4 wks
SSBs: 5 mg/kg bw/3 days
(gavage)

Positive: increased Spi- mutations only in
p53�/� mice (single bp deletions in
repetitive G/C sequences, insertions and
base substitutions)
Positive: SSBs (no difference p53+/+/
p53�/� mice)
Positive: DSBs (preferentially in outer
medulla of p53+/+ mice). Higher DSBs in
p53�/� mice (also in the cortex)

Increased apoptotic &
karyomegalic cells (higher in
p53�/� mice)
Several differentially expressed
genes affected by p53 status
identified by global expression
analysis by microarrays

Kuroda et al.
(2015)

DNA 8-OHdG by LC/MS/MS
in liver and kidney

F344 rats
(males)

0.25, 0.5, 1, 2 mg/kg bw/
2 weeks (oral)

Negative Increased apoptosis and
polyploidy in cells of outer
stripe of outer medulla

Mally et al.
(2005a)
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Test system Animals Concentration/Treatment Result Comments Reference

Micronuclei in bone
marrow
8-OHdG by HPLC/ECD in
kidney and liver

Wistar rats
(males)

1 and 4 mg/kg bw/7 days Negative: both micronuclei & 8-OHdG No consistent evidence of
oxidative stress in the liver or
kidney (ROS, SOD, GSH, MDA)

Zhu et al.
(2016a)

8-OHdG by HPLC/ECD in
kidney and liver
SSB by comet assays

Fisher 344 Rats
(males)

70 and 210 lg/kg bw/4
weeks and 13 weeks

Positive: 8-OHdG in liver (only at 4 weeks,
both doses, no dose response)
Positive: 8-OHdG in kidney (only at
13 weeks, both doses, no dose response)

Negative: SSB (but data not
shown)

Qi et al.
(2014a)

AP sites in kidney Fisher 344 Rats
(males)

Diet containing 300 lg//kg
bw decreased to 100 lg/rat
after animals reached 333 g
(21 days and 12 months)

Negative: 21 days
Positive: 12 months

Non-standard test Cavin et al.
(2007)

AFB1: Aflatoxin B1; AP: purinic/apyrimidinic; CA: Chromosome aberrations; CTN: citrinin; c-H2AX: phosphorylated form of histone protein of the H2A family formed when double-strand breaks
appear. Gpt: Glutamic-pyruvic transaminase gene; GST: Glutathione-S-transferase; SOD: Superoxide dismutase; Spi: protein spitz precursor (a proto oncogene); GST: Glutathione synthetase;
GSSG: Glutathione disulfide; 8-OHdG: 8-hydroxydeoxyguanosine; DSBs: Double strand breaks; hOR: human oxidoreductase; FB1: Fumonisin B1; Fpg: Fapy glycosylase gene; ROS: reactive oxygen
species; MDA: Malondialdehyde; SSBs: Single strand breaks; STER: Sterigmatocystin.
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4.2.4.5. Summary of genotoxicity

OTA exposure induces SSBs, DSBs and chromosome damage in numerous mammalian cell lines and
in primary cultures from various tissues. DNA break induction does not require metabolic activation.
Since OTA increases in vitro levels of ROS and DNA 8-OHdG, some OTA-associated SSBs may be
secondary to oxidative stress. SSBs induced in rat kidney may be associated with pathological findings,
although these are not accompanied by measurable increases in DNA 8-OHdG.

OTA induces a narrow spectrum of chromosomal damage: chromosome hypercondensation,
abnormally separated chromatids, multipolar mitotic spindles, endoreduplications, polyploidy and
aneuploidy. Importantly, aberrant mitoses and karyomegaly were concentrated in the target area for
OTA carcinogenesis (the kidney outer medulla).

OTA is a weak mutagen in vitro and in vivo. Mutations restricted to the cancer target site are
detected in rats after a short (4 weeks) exposure to a carcinogenic OTA dose. Large deletions and
base substitutions are the main mutagenic events. DNA 8-OHdG at the carcinogenic target site was
not detectable. The mutational spectrum in the kidney of OTA-treated p53�/� mice is similar.

The molecular mechanism underlying OTA genotoxicity remains unclear. The formation of covalent
OTA-DNA adducts remains controversial. The extremely low reported levels of DNA adducts (10/109

nucleotides) are difficult to reconcile with the genotoxic effects of OTA and the proposed OTA-DNA
adducts are likely to be, at best, minor contributors. Nevertheless, the OTA-induced mutations in rat
and mouse kidneys are clearly not a simple consequence of oxidative DNA damage.

The mechanism underlying OTA-induced chromosomal damage is also unclear. Abnormal anaphase
figures might derive from unresolved ‘replication stress’ with break-induced recombination of DSBs in
the early stage of mitosis. In addition, aberrant chromosome segregation and cell division may reflect
damage to the mitotic spindle.

4.2.5. Reproductive toxicity

In their opinion of 2006, EFSA noted that no adequate studies on reproductive toxicity with OTA
were available but that several studies described in previous assessments (FAO/WHO, 1991, 1996,
2001; SCF, 1998) together with recently published studies suggest that OTA is teratogenic in rodents
(EFSA, 2006). It was also noted that the lowest teratogenic dose in rodents was about 12 times higher
than the LOAEL identified for OTA (8 lg/kg bw per day for renal effects in a 90-day study with pigs).
Table 9 presents new in vivo studies on reproductive toxicity published after the last EFSA evaluation.
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Table 9: In vivo reproductive and developmental toxicity studies published since 2006

Animals Study design Observations Effect level Reference

Pregnant
Wistar rats

Preliminary study: Gavage; single
doses of 0.0, 2.0, 2.5, 2.75, 3.0, 3.5
and 4.0 mg OTA/kg bw on one day in
the period of GD 6–15. Sacrifice on
GD 20
Main study: Gavage, single doses of
0.0 and 2.75 mg OTA/kg bw per day
in the period of GD 6–15. Sacrifice on
GD 20. N = 10 per group

Preliminary study: Doses of ≥ 3.0 mg/kg bw: pronounced maternal and
developmental toxicity
Doses of ≤ 2.0 mg/kg bw: no effects
Main study:
Dams: anorexia, polydipsia, polyuria, lacrimation, in particular when
treated on GD6–8. Resorptions and post implantation loss when treated
on GD6–7
Fetuses: Hydrocephaly, incomplete closure of skull and omphalocele,
microphthalmia, enlarged renal pelvis and renal hypoplasia; malformed
skulls, sternebrae, vertebrae, ribs, in particular in dams treated on GD6–7

2.75 mg OTA/kg bw per day
(only one dose level tested)

Patil et al.
(2006)

Male and
female
45–49 days
old Fischer
rats

Diet, 0.0, 0.16, 0.4, 1.0 and 2.5 mg
OTA/kg feed, corresponding to 0.0,
8.9, 21.7, 55.2 and 141.8 lg/kg bw
per day(males) and 0.0, 11.9, 33.9,
73.3 and 167.0 lg/kg bw per day
(females); From day 1–70 (F0 males
and females pre-mating, mating),
from day 28–70 (F0 males, pregnant
and non-pregnant F0 females); From
day 49–70 or PND1-21 (F1 pups).
N = 10 per group and sex

F0 males and females: mild increases in severity scores for tubular
epithelial cell degeneration at 0.16 and 2.5 mg/kg in females and from
0.4 mg/kg onwards in males
F0 males: ↓relative kidney weights at 1.0 and 2.5 mg/kg feed. At 2.5 mg/
kg feed ↑ in albumin, sodium, total protein and bilirubin at 2.5 mg/kg feed
F0 females: ↓relative kidney weights, bw, absolute ovary weight,
cholesterol, RBC, haemoglobin, haematocrit, RDW, monocytes, neutrophils
↓ implantations at 2.5 mg/kg feed
In F1 males from dams given 1.0 mg/kg feed ↓bw in on PND4, 7, 14, 21;
In F1 females from dams given 1.0 mg/kg feed ↓ bw on PND4, 7;
↑ tubular degeneration in F1 males of dams given 0.16 mg/kg onward
sand in F1 females from dams given 0.4 mg/kg onwards; In F1 males
from dams given 1.0 mg/kg ↓relative kidney/liver weights, ↑ plasma
cholesterol and in F1 males from dams given 0.4 mg/kg ↑ plasma
phosphorous
In F1 females from dams given 1.0 mg/kg ↓ relative liver weight,
↑ cholesterol and in F1 females from dams given 0.4 mg/kg onwards
↓ relative kidney weight

The authors set an LOAEL
for ↓ body weight for female
F0 rats at 167 lg/kg bw and
a LOAEL for ↓ kidney weight
in F0 males at 55.2 lg/kg
bw per day and for F0
females at 167 lg/kg bw per
day
Authors set an LOAEL for
↓ bw for F1 males and
females at 55 and 73.3lg/kg
bw per day, respectively,
was set and an LOAEL for
↓ relative kidney weight in
F1 males at 55 lg/kg bw per
day and for F1 females at
33.9 lg/kg bw per day

Bondy et al.
(2018)

Pregnant
rabbits

Diet, 0.0, 0.03, 0.06 mg OTA/kg bw
for 15 days (GD 6–20); N = 5 per
group

At 0.03 mg/kg bw: ↑ ALT, ↓ RBC, ↑MCV in dams, ↓fetus length and weight
At 0.06 mg/kg bw: ↑ urea, AST, ALT; ↓ RBC, Hb, PCV; ↑MCV in dams,
↓ fetus length and weight
At both doses, dams had mild to moderate degenerative changes
(pyknosis, necrosis of glomeruli, congestion of tubular epithelial cells) in
kidney, at high dose also accumulation of eosinophilic material. At high
dose moderate degenerative changes in the liver (cellular shrinkage,
widening of sinusoidal spaces, vacuolation). No effects on the intestine
observed

0.03 mg/kg bw per day Jan et al.
(2017)
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Animals Study design Observations Effect level Reference

Young male
inbred Swiss
albino mice

Gavage, 0.0, 1.5, 3.0 mg/kg bw for
45 days. N = 10 per group

At 1.5 and 3.0 mg OTA/kg bw ↓ sperm count (�22% and -69%), sperm
motility (�45% and �72%), sperm viability (�34% and-59%) fertility rate
(�50 and �77%)

1500 lg/kg bw per day Chakraborty
and Verma
(2010a)

Groups of
12 mated
female Crl:
CD (SD)
rats

Diet, 0.0, 012, 0.6, 3.0 mg/kg OTA
from GD6-21 (corresponding to 0.0,
8.0, 39.3, 203.6 lg/kg bw per day
during gestation and 0.0, 16.1, 76.0
and 378.6 lg/kg bw per day during
lactation period). Sacrifice of dams on
PND 22. Offspring maintained until
PND 77 (27 males and 10 females per
group) without OTA. Interim sacrifice
of offspring on PND 21 (10 males per
group)

No effect on maternal parameters (behaviour, brain and kidney weight)
At 3.0 mg/kg bw male and female offspring (F1) showed transient body
weight decrease after weaning. Changes in hippocampal neurogenesis-
related parameters were seen in males at PND 21. Female and male
offspring showed neuroprotective actions against OTA-induced
neurogenesis. All changes were reversed by PND77

Authors set the NOAEL for
offspring neurogenesis at 0.6
mg OTA/kg feed,
corresponding to 39.3–76.0
lg/kg bw per day

Tanaka et al.
(2016)

ALT: alanine transaminase; AST: aspartate transaminase; F0: parent generation; F1: first filial generation; F2; second filial generation; GD: gestation day; Hb: haemoglobin; LOAEL: lowest observed
adverse effect level; MCV: mean corpuscular volume; NOAEL: no observed adverse effect level; OTA: ochratoxin; PCV; packed cell volume; PND: post-natal day; RBC: red blood cells; RDW: red cell
distribution.
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Summarising briefly the in vivo studies presented in Table 9. A developmental LOAEL of 2.75 mg
OTA/kg bw per day can be derived from the study of Patil et al. (2006) and is based on occurrence of
malformations paralleled by pronounced maternal toxicity at the single dose for which a thorough
toxicological evaluation has been carried out. From the study of Bondy et al. (2018), lower LOAELs for
OTA have been identified. The authors set a maternal LOAEL of 167 lg OTA/kg bw per day based on
reduced body and kidney weights, while the paternal LOAEL for reduced kidney weights was 55.2 lg
OTA/kg bw per day. The corresponding LOAELs for reduced body and kidney weight in male offspring
are 141.8 lg OTA/kg bw per day and in females 167 lg and 33.9 lg OTA/kg bw per day, respectively.
Mild increases in severity scores for tubular degeneration in males were significant starting from 8.9
lg/kg bw per day and increased with dose. In females, these were significant at 33.9 lg/kg bw per
day and at the highest dose. It is not clear from this publication to which extent the offspring was
exposed to OTA during lactation (i.e. the relative exposure via milk or feed). A maternal and
developmental LOAEL of 0.03 mg/kg bw per day (lowest dose tested) can be derived from Jan et al.
(2017) based on reduced fetus lengths and weights in the presence of altered blood chemistry in the
dams. Tanaka et al. (2016) identified a developmental NOAEL for neurogenesis of 33.9–76.0 lg OTA/
kg bw per day. In this study, no effects on behaviour, brain or kidney weight were observed in dams
up to the highest dose of 203.6–378.6 lg OTA/kg bw per day. It must be noted that the adverse
nature of the parameters used for derivation of a developmental NOAEL is questionable and that these
parameters were also not assessed in the dams. Finally, an LOAEL of 1,500 lg/kg bw per day (lowest
dose tested) for male fertility can be derived from the study of Chakraborty and Verma (2010a) based
on alterations of sperm parameters.

Several in vitro studies indicate a teratogenic potential of OTA. Based on a mean half maximal
inhibitory concentration (IC50) for cell viability and differentiation of brain cells exposed to 2.52 �
0.062 lg/mL OTA, it was suggested by the authors that OTA is a strong potential teratogen acting via
its general toxicity (Wilk-Zasadna and Minta, 2009). OTA-induced morphological defects (neural tube
defects (NTD), stunted limb bud development, curling of tail and hypoplasia of mandibular arches) in
rat embryo explants (Balasaheb Wangikar et al., 2007). When mouse oocytes were incubated with OTA
before in vitro maturation (IVM) or OTA was applied to female mice before collection of the oocytes for
IVM, a series of adverse effects was observed in these cells (Huang and Chan, 2016).

4.2.5.1. Summary on reproductive toxicity

The new reproduction studies show that OTA induces developmental toxicity. However, the doses at
which effects are observed differ by orders of magnitude in the different investigations and thus
LOAELs derived in these studies (albeit for different endpoints and from studies with deviating designs)
vary from 33.9 to 2,750 lg OTA/kg bw per day. Notably, adverse effects on offspring are usually
paralleled by pronounced maternal toxicity. In vitro data suggest that OTA developmental effects might
be mediated via its general toxicity which would support the in vivo findings. Overall, the new studies
corroborate the conclusion of EFSA (2006) that OTA is a developmental toxicant but that
developmental effects are generally observed at doses higher than those causing adverse effects in the
kidney of pigs (EFSA, 2006).

4.2.6. Observations in humans

4.2.6.1. Balkan Endemic Nephropathy

In previous EFSA (EFSA, 2006) and JECFA (FAO/WHO, 2001, 2008) assessments, it was concluded
that the available data from old epidemiological studies did not allow establishing an aetiological link
between OTA, BEN and associated urinary tract tumours. It is now generally agreed that these
conditions occurring in the Balkan and are rather associated with exposure to toxins other than OTA,
i.e. aristolochic acid (Gifford et al., 2017; Jadot et al., 2017).

4.2.6.2. Chronic interstitial nephropathy of unknown aetiology

In 1995, an endemic chronic interstitial nephropathy (CIN) of unknown aetiology with striking
similarities with that of BEN was described in Tunisia (Maaroufi et al., 1995). Because of high food
contamination levels and high serum or plasma OTA concentrations, the authors suggested that OTA
might be related to this group of renal disease. In summary, they reported that in healthy controls,
concentrations of OTA ranged from 0.1 to 16.6 lg/kg in food and from 0.1 to 2.3 ng/mL in serum/
plasma concentrations, and in nephropathy patients OTA values were 0.3–46,830 lg/kg in food and
0.7–1,136 ng/mL in serum/plasma. In surveys conducted during the 1990s and published later, they
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found significantly higher mean serum concentrations of OTA in patient groups with CIN of unknown
cause (total n = 954, 44.4 � �19 lg/L to 55.6 � 19 lg/L) than in healthy controls recruited from the
general population (total n = 205, 1.22 � �1.2 lg/L to 3.35 � �2.32 lg/L) (note that OTA values in
this study was given per L not per mL as in the other studies below) (Abid et al., 2003). This was
followed up in a later study (Hassen et al., 2004) on patients and healthy individuals from the centre
of Tunisia previously reported to be a hot spot of chronic renal failure with high OTA exposure. In a
cross-sectional study, they included 40 patients with CIN of unknown cause, 60 patients with CIN of
known aetiology (not specified) and 40 healthy individuals. The percentage of positive OTA plasma
samples in the respective groups were 100, 78 and 62%, with OTA concentrations of (mean and SD):
50.4 � 8.2 ng/mL (range: 18.4–171.25 ng/mL), 12.36 � 4.4 ng/mL (range: 1.68–29 ng/mL) and
1.22 � 1.2 ng/mL (range: 0–3.2 ng/mL). The OTA concentrations in the group with unknown aetiology
were significantly different from that of both the healthy subjects and the group with known aetiology.
The mean levels of ß2-microglobinuria in the groups were 1,960 � 990 lg/L, 1,450 � 90 lg/L and
120 � 70 lg/L, respectively, and the value of the group with unknown aetiology was significantly
different from that of both the healthy subjects and the group with known aetiology (Hassen et al.,
2004).

Two studies from a second research group investigated plasma or serum concentrations of OTA in
patients with renal diseases and in healthy subjects (Hmaissia Khlifa et al., 2008, 2012). In the first study,
blood samples were collected from healthy individuals (healthy group, HG) (n = 105) and five different
groups of nephropathic patients suffering from CIN of known aetiology (n = 22), CIN of unknown
aetiology (CINI) (n = 30), chronic vascular nephropathy (CVN) (n = 26), chronic glomerular nephropathy
(CGN) (n = 26) and renal transplanted subjects (RTS) (n = 27). The samples were from various regions of
Tunisia. The following fraction of OTA-positive subjects and mean and SD of plasma of the different
groups were: HG, 28%, 0.49 � 0.67 ng/mL; CIN, 45%, 0.92 � 0.83 ng/mL; CINI, 80%, 1.25 � 1.22 ng/
mL; CVN, 26%, 0.75 � 0.88 ng/mL; CGN, 26%, 0.21 � 0.14 ng/mL; RTS, 85%, 0.64 � 1.38 ng/mL. The
CINI group had the highest fraction of OTA-positive individuals and highest OTA plasma value, both being
significantly higher than the controls (Hmaissia Khlifa et al., 2008). In the second study, they collected
samples from the Military Hospital of Tunisia and determined serum OTA concentrations in healthy
subjects (n = 44) and patients with CIN of unknown aetiology (n = 22). For each group, 44 samples of
food consumed every day or several times a week were collected. Analyses of the food samples showed
that OTA was detectable in 52.3% of the samples and none of the samples from the healthy controls
were above 6.1 ng/g with a mean value of 0.77 ng/g. The corresponding values for the nephropathic
patients were 88.6%, 33.8 ng/g and 9.28 ng/g. Of the healthy subjects, the 34% with detectable OTA
concentration in serum had a mean value of 0.22 � 1.39 ng/mL (range 0.12–1.5 ng/mL). Eighty per cent
of the patients were OTA positive and these had a mean OTA serum value of 1.25 � 1.22 ng/mL (range:
0.12–3.8 ng/mL). Both the fraction of OTA positive and mean serum concentration of OTA were
significantly higher than in the controls (Hmaissia Khlifa et al., 2012).

Finally, in an additional cross-sectional study from the first research group, Zaied et al. (2011)
measured serum concentration of OTA in blood samples collected in Tunisian hospitals from patient
with different chronic renal diseases (n = 270, 115 males and 115 females). The renal disease groups
included patients with chronic vascular nephropathy (n = 49), chronic glomerular nephropathy (n = 61)
and CIN with known (n = 77) and unknown (n = 83) aetiology, respectively. Healthy volunteers were
included as controls (total, n = 138, 91 males and 47 females). The group with CIN of unknown
aetiology had the highest rate of OTA positive serum samples, and the highest mean concentration of
OTA (18 ng/mL, range: 1.8–65 ng/mL). In comparison, the other groups with renal disease had the
following OTA detection rates and mean and range of serum concentrations of OTA: chronic vascular
nephropathy, 37%, 5.5, 1.5–16 ng/mL; chronic glomerular nephropathy, 49%, 5.8, 1.1–16.3 ng/mL;
CIN with known aetiology, 62%, 5.5, 1.0–21.6 ng/mL. The healthy controls had 49% OTA-positive
samples and a mean of 3.3 ng/mL (1.7–8.5 ng/mL). Mean intakes of OTA calculated from serum OTA
values were 26 ng/kg bw in the group with CIN of unknown aetiology as compared with around 8 ng/kg
bw in the other groups of renal disease and 4.4 ng/kg bw in the control group.

The CONTAM Panel notes that these studies on CIN all conducted in Tunisia, which all had cross-
sectional designs, did not allow concluding on a possible causal association between OTA exposure and
chronic interstitial nephropathy or other renal diseases.

4.2.6.3. Renal function in children

Hassan et al. (2016) investigated the relationship between OTA in breast milk and maternal and
infant serum, and kidney function of infants as assessed by urinary ß2-microglobulin and
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microalbuminuria in mother infant pairs from Egypt. The mean and standard deviation (SD) of the age
of the breastfeeding mothers was 27 � 5.77 years. Their infants were exclusively breast-fed for
4 months. OTA levels in serum and milk were determined using LC with microfluorimetric detection.
The limit of detection was not given. Of the 50 mothers included, 36 had detectable OTA
concentrations in serum (mean, SD; 4.28 � 3.97 ng/mL) and milk (mean, SD; 1.89 � 0.98 ng/mL). All
their breastfed infants had detectable OTA in serum (mean, SD; 1.26 � 1.1 ng/mL). Univariate
comparison of infants of women that had non-detectable and detectable level of OTA in serum
revealed significant higher urine ß2-microglobulin in the OTA-positive vs. OTA-negative mothers (mean,
SD; 260 � 162.5 lg/mL and 30.3 � 7.9 lg/mL, respectively) and for microalbumin in urine of infants
of OTA-positive and OTA-negative mothers (mean, SD; 29.7 � 13.9 mg/L and 11.6 � 7.7 mg/L,
respectively). However, upon multivariate logistic regression analysis, these differences did not remain
statistically significant. Grouping the infants of OTA-positive mothers into those who had OTA in serum
above and below 2 ng/mL, showed that the former group had higher urinary levels of ß2-microglobulin
(mean, SD; 322 � 188.9 lg/mL and 196 � 107.9 lg/mL, respectively) and of microalbumin (mean,
SD; 37.7 � 12.9 mg/L and 22.5 � 10.7 mg/L). Using multivariate logistic regression analyses, the
authors found a significant positive association between infant serum level of OTA and the degree of
microalbuminuria, but not ß2-microglobulinuria.

The CONTAM Panel notes that in this study, albumin and ß2-microglobulin were determined in
‘freshly collected’ urine samples of the infants indicating that these were spot samples.
Microalbuminuria, indicative of leaky kidney filtration, is defined as an albumin excretion between 30
and 300 mg/24h, or in spot samples between 30 and 300 mg/L. The reference values for ß2-
microglobulin, indicative of tubular kidney dysfunction, are commonly given as < 200–300 lg/L in
urine, which is in the range of 10-3 of the values given in this study, the lg/mL range, possibly being a
misprint.

4.2.6.4. Cancer

In a study on bladder cancer patients from Pakistan, OTA concentrations in plasma were compared
with levels in healthy controls (Aslam et al., 2012). Ninety-six bladder cancer cases and 31 controls
were recruited. There were no differences between the groups. The mean and SD OTA concentrations
in plasma of the cases and the controls were 0.33 � 0.42ng/mL (range: 0.03–3.41 ng/mL) and 0.31 �
0.29 ng/mL plasma (range: 0.04–1.24 ng/mL), respectively.

The association between OTA and bladder cancer was also investigated in a cross-sectional study
including 120 cases and 120 healthy controls from the Cote d’Ivoire (Th�e et al., 2015). OTA was
determined in blood samples and the mean and SD concentrations were 1.16 � 1.85 lg/L in the cases
and 0.79 � 1.2 lg/L in the controls. These figures were not significantly different.

The association between exposure to OTA and hepatocellular cancer (HCC) was investigated in a
cross-sectional study in Egypt (Ibrahim et al., 2013). Thirty-nine HCC cases were identified and
matched by age, sex, residence and date of recruitment with 22 healthy controls. OTA was determined
in sera from the participants. In the HCC group, the concentration of OTA ranged between 0.129 and
10.93 ng/mL with a mean value � SE of 1.11 � 0.3 ng/mL, which was significantly higher than that of
the healthy controls ranging between 0.005 and 0.50 ng/mL with a mean value � SE 0.201 � 0.02
ng/mL. Odd ratio (OR) was calculated using a cut-off value for OTA of 0.207 ng/mL based on receiver
operating curve12 analysis. An increased risk for HCC upon OTA exposure, OR = 9.8 (95 pct.
confidence interval: 2.91–32.98), was observed.

4.2.6.5. Other studies

In a study (Ates et al., 2011) from Turkey, 180 healthy individuals from different cities delivered
morning urine samples and filled in a questionnaire about sex, age, smoking habits and alcohol and
coffee consumption. OTA, malondialdehyde (MDA), 8-OH-dG and creatinine were determined in urine.
OTA, MDA and 8-OH-dG were expressed relative to the amount of creatinine. Means and SD were:
OTA 9.68 � 4.21 ng/g creatinine, 8-OH-dG 2.91 � 1.05 ng/mg creatinine, MDA 5.80 � 3.67 nmol/mg
creatinine. MDA was significantly lower in men than in women and in those below 35 years of age.
There were no differences in urinary OTA and 8OH-dG between the sexes, non-smokers and smokers
and coffee non-consumers and consumers. There was a significant correlation between OTA and
8-OH-dG (r = 0.34) and MDA (r = 0.5), and between MDA and 8-OH-dG (r = 0.35) in urine.

12 A receiver operating characteristic curve, or ROC curve, is a graphical plot that illustrates the diagnostic ability of a binary
classifier system as its discrimination threshold is varied.
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4.2.6.6. Summary of human studies

With regard to the studies on CIN of unknown cause in Tunisia and OTA exposure, the CONTAM
Panel considered not possible to causally link high levels of OTA exposure to this condition because of
the cross-sectional nature of these studies. The findings of raised protein concentrations in urine of
limited number of infants from Egypt exposed to high levels of OTA via their mothers (during
pregnancy and lactation) need confirmation in larger controlled studies. In one cross-sectional study,
OTA was associated with an increased risk of HCC; however, due to the small sample size and the
study design limitations, no inferences on causality could be drawn. In two studies, OTA appeared not
to be associated with bladder cancer. In one study, OTA in urine correlated with urinary 8OH-dG and
MDA.

The CONTAM Panel did not identify studies in humans providing reliable biomarkers of OTA-specific
effects, in particular on kidney function.

4.3. Evaluation of the mode of action of OTA

4.3.1. MoA on cellular toxicity in liver and kidney

4.3.1.1. Mechanism of induction of apoptosis and autophagy

OTA is well established as being toxic to a range of cell types in vitro in which apoptosis is
implicated and in vivo the kidney proximal tubular cells are particularly sensitive due, at least in part,
to the facilitated uptake. OTA is transported into the kidney by OAT1 (Tsuda et al., 1999) coded by the
SLC22A6 gene which is expressed predominantly in the kidney13 explaining the high specificity of OTA
toxicity towards this organ. It is noted, however, that additional protein(s) in the kidney appear to
have a high affinity for binding OTA (based on substrate competition data, Heussner et al. (2002)) and
which may also contribute to concentration of OTA in the kidney and thus to this target organ
specificity.

The association between oxidative stress and the loss of mitochondrial membrane potential
associated with apoptosis produced by OTA was noted in a range of cell types in vitro (Bouaziz et al.,
2008; Hsuuw et al., 2013; Liang et al., 2015; Wang et al., 2017). Caspase 3 activation associated with
upregulation of the levels of p53 and p21 appeared responsible for apoptosis in oocytes and
blastocysts treated with OTA (Huang and Chan, 2016). In contrast, p53 activation supplied a cell
survival action against apoptosis produced by OTA in several kidney cell lines by suppressing pro-
apoptotic JunN-terminal kinase (JNK, Li et al., 2011). It appears that OTA may also induce apoptosis
independent of mitochondria since in human H9 T cells an increase of tumour necrosis factor-a (TNFa)
and activation of caspase 8 also occurred (Darif et al., 2016).

Autophagy has also been implicated in human embryonic kidney (HEK293) cells treated with OTA
and Nix (a selective autophagic receptor) was shown to play a critical role in this protective autophagic
response (Shen et al., 2013). Endoplasmic reticulum (ER) stress was evident in the pig kidney along
with decreased antioxidant capacity, increased p38 and phosphorylation of extracellular signal-
regulated kinase 1/2 (ERK 1/2) and increased expression of genes involved in autophagy following
treatment of pigs with OTA in the diet (Gan et al., 2017a; see Table 11). As a possible explanation for
glomerulopathy, Sheu et al. (2017) found that OTA-activated nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and calpain and caused an endoplasmic reticulum (ER) stress response
and oxidative stress associated with apoptosis in mouse and rat glomerular mesangial cells.

4.3.1.2. The cellular proliferation response

Stimulation of cell proliferation by OTA is also evident in rodent kidney. In rats and mice, renal
toxicity was associated with a dose-dependent increase in positive proliferating cell nuclear antigen
(PCNA) signals in the kidneys (Rached et al., 2007; Qi et al., 2014a; Bondy et al., 2015; Zhu et al.,
2016a). Taniai et al. (2014) and Mally et al. (2005a) also found evidence of stimulation of cell
proliferation in the rat kidney along with increased incidence of apoptosis. The proliferative response
was associated with changes in the expression of genes involved in response to DNA damage and cell
cycle (Rached et al., 2007; Adler et al., 2009; Taniai et al., 2014). The sections below on cell signalling
and gene expression help to understand the basis of the cell proliferative and apoptotic processes.

13 https://www.proteinatlas.org/ENSG00000197901-SLC22A6/tissue
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4.3.1.3. Effects mediated by altered cell signalling

Altered cell signalling by OTA has been demonstrated in various cell types in vitro and in vivo (see
Table 10). Prominent in these effects is the modulation of signalling involving nuclear factor kappa light
chain enhancer of activated B cells (NF-kB) (associated with inflammation and fibrosis) and mitogen-
activated protein kinases (MAPK) specifically ERK 1/2, JNK and extracellular-regulated protein kinase
38 (p38) involved in inflammatory, apoptotic and fibrotic processes (Sauvant et al., 2005; Wang et al.,
2012). Increase of Ikb kinase (IKK) and phosphorylation of NFkB was evident in HEK293 cells
(Raghubeer et al., 2017), but this anti-apoptotic, pro-inflammatory change was reversed as the
concentration of OTA increased such that pro-apoptotic signals became evident. In gastric human
epithelial (GES-1) cells, apoptosis and G2 phase arrest caused by OTA appears to involve Cdc25C,
Cdc2 and cyclin B1 (Cui et al., 2010).

Table 10: Modulation of cell signalling by OTA

Test system
Cellular signalling system
activated

Associated changes Reference

Fischer 344 rats; 300 lg
OTA/kg bw per day;
Kidney analyses

Phosphorylation of atypical PKC;
ERK 1/2; ELK12 (nuclear
substrate); ribosomal-S kinase
(cytosolic substrate)

Authors proposed a role in stress
response and cell proliferation

Mantle et al.
(2005)

Rat, 300 then reduced to
100 lg/ kg bw/day; up
to 12 months

MAPK-ERK via phosphorylation
of atypical PKC

Authors highlighted the roles of
the altered signalling in the
processes of cell proliferation,
apoptosis, cell survival and
potentially carcinogenesis

Marin-Kuan et al.
(2007)

Mouse skin; 80 mg/
mouse; 12–72h

ERK1/2; p38 and JNK MAPK;
nuclear translocation of Nrf2

Oxidative stress, Cell cycle arrest
and apoptosis

Kumar et al.
(2011)

Pig; Kidney analysed p38; ERK 1/2 ER stress, decreased antioxidant
capacity

Gan et al.
(2017c)

Rat kidney proximal
tubule cells (NRK-52E)

NFkB; ERK 1/2; JNK and p38
(MAPK)

Apoptosis Sauvant et al.
(2005)

Human proximal tubule
cells

NFjB; collagen III; fibronectin Hypertrophy Schwerdt et al.
(2007)

Gastric human epithelial
cells (GES-1)

Cdc25C; cdc2; cyclinB1 Apoptosis and G2 phase arrest Cui et al. (2010)

Different kidney cell lines p53 (and associated
suppression of pro-apoptosis
JNK

Decreased apoptosis Li et al. (2011)

Gastric human epithelial
cells (GES-1)

ERK; p38 (MAPK) G2 arrest Wang et al.
(2012)

Primary mouse
keratinocytes

EGFR and downstream MAPKs
and Akt pathways

Cell proliferation Kumar et al.
(2013)

Human proximal tubule
cells (HK)

Deliberate experimental
chemical inhibition of ERK 1/2

Decreased apoptosis €Ozcan et al.
(2015)

Oocyte and blastocyst
cells

Caspase 3; p53; p21 Apoptosis Huang and Chan
(2016)

Human H9T cells TNFa; Caspase 8 Apoptosis Darif et al.
(2016)

PK15 cells p38 Apoptosis Gan et al.
(2016)

Porcine primary
splenocytes

ERK Apoptosis Gan et al.
(2017b)

Rat and mouse
glomerular mesangial
cells

NADPH oxidase; calpain ER stress, oxidative stress,
Apoptosis

Sheu et al.
(2017)
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Further studies in vivo focused on interference of signal transduction in the kidneys of Fischer 344
rats given OTA in the diet at 300 lg/kg bw per day (Mantle et al., 2005). There was an increase in the
phosphorylation of atypical protein kinase C (PKC) and a downstream activation of ERK1/2 and of their
nuclear substrate ETS-domain protein 1 (ELK 1/2) and cytosolic substrate, ribosomal-S6 kinase
(p90RSK). PKC activation appeared to be due to mobilisation of the insulin-like growth factor-1
receptor (IGF1R) and phosphoinositide-dependent kinase-1 system (PDK1). The authors considered
that signal transduction modulation may be involved in stimulation of a stress response and cell
proliferation. MAPK-ERK activation, via phosphorylation of atypical protein kinase C, was also evident in
the kidneys of rats fed OTA (Marin-Kuan et al., 2007). The roles of PKC and MAPK pathways in cell
proliferation, apoptosis, cell survival and potentially carcinogenesis were highlighted.

4.3.1.4. Alteration of gene expression

Various studies have investigated altered gene expression induced by OTA. These findings relating
to kidney or liver both in vitro and in vivo are summarised in Table 11 along with changes in microRNA
and proteomic profiles. Prominent in these findings are changes in the expression of genes involved in
inflammation, fibrosis, malignant transformation and epithelial to mesenchymal transition. In HepG2
cells, enhanced expression of genes related to inflammation, oxidative stress, cell pro-survival, energy
and xenobiotic metabolism was observed (Hundhausen et al., 2008). A set of OTA-inducible genes was
detected using transcriptomic analyses in human and rat renal proximal tubular cells. Major biological
processes implicated were related to cytoskeleton, nucleosome regulation, translation, transcription,
ubiquitination and cell cycle. Surprisingly, the oxidative stress nuclear factor-erythroid 2 p45-related
factor (Nrf2) pathway was not affected in this study (Jennings et al., 2012).

Important in vivo studies showed that, in rats treated with OTA, the degree of differentially
expressed genes was greater in kidney than in liver. Genes involved in oxidative stress, calcium
homoeostasis, metabolism and transport were prominent in downregulation whereas genes involved in
cell survival and proliferation were elevated in expression (Arbillaga et al., 2008). In further
transcriptomic analyses, rats were given OTA in the feed (Marin-Kuan et al., 2006; see Section 3.2.2).
Gene expression was assessed in kidney and liver at 7 days and at 12 months. There was little
evidence of a DNA damage response with the most prominent changes in gene expression being
kidney transcription factors hepatocyte nuclear factor 4a (HNF4a) and Nrf2 and genes regulated by
these factors suggesting impairment of defence mechanisms. A strong downregulation of regucalcin
was seen. Regucalcin is involved in the intracellular calcium homoeostasis in kidney tubule cells.
Downregulation of Nrf2 gene expression paralleled by induction of DNA damage measured as
formation of abasic DNA sites was observed both in kidney NRK cells and in vivo (Cavin et al., 2007).
Based on these results, the authors proposed that the loss of Nrf2 protection against oxidative stress
may play an important role in kidney toxicity and carcinogenesis. Indeed, pretreatment of primary
isolated rat hepatocytes with activators of Nrf2 reduced oxidative stress, protein nitration and
cytotoxicity induced by OTA (Cavin et al., 2009). When Nrf2 was lacking in porcine or mouse kidney
tubular epithelial cells and in mice in vivo, this exacerbated OTA-induced toxicity (Loboda et al.,
2017a). Haem oxygenase (HO-1) induction by cobalt protoporphyrin attenuated the nephrotoxic effect
of OTA in mice and HO-1-deficient mice were more sensitive (Loboda et al., 2017b). Moreover,
Stachurska et al. (2013) showed that OTA attenuates Nrf2 and HO-1 via induction of microRNAs

Test system
Cellular signalling system
activated

Associated changes Reference

HEK293 cells Anti-apoptotic signalling (IKK
and phosphorylation of NFkB)
(Pro-apoptotic as the OTA
concentration increased)

Raghubeer et al.
(2017)

Rat kidney proximal
tubule cells (HKC)

p53, p21, p16-pRB pathways Senescence phenotype associated
with cell cycle arrest

Yang et al.
(2017)

Akt: protein kinase B; Cdc: cell division cycle; ERK: extracellular signal regulated kinase; EGFR: epidermal growth factor receptor;
ELK: ETS domain containing protein; ETS: E26 transformation specific; ER: Endoplasmatic reticulum; G2: gap 2 phase; IGF:
insulin-like growth factor; IKK: Ikb kinase; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; NADPH:
nicotinamide adenine dinucleotide phosphate; NfkB: Nuclear factor kB; Nrf2: nuclear factor erythroid 2-related factor 2; p16,
p21, p38, p53; extracellular-regulated protein kinase p16, p21, p38, p53; PDK: Phosphoinositide-dependent kinase; PKC: protein
kinase C.
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(miR-132 and miR-200c) that contributes to elevation of ROS and pro-fibrotic TGFb expression in
porcine renal proximal tubule cells.

Microarray analyses were also carried out in kidney samples taken from pigs given OTA in the feed
(Marin et al., 2017a). Assessment of biological function of altered gene expressions indicated changes
relating to immune response, oxidative stress and the growth, proliferation, death and survival of cells.
Alterations in gene expression in the kidney in which there was OTA-induced toxicity have also been
associated with transcriptional changes in genes involved in DNA damage response and apoptosis,
response to oxidative stress and inflammatory reactions (Arbillaga et al., 2008; Jennings et al., 2012).

OTA has also been found to modulate the expression of microRNAs, particularly in kidney cells
in vivo and in vitro (see Table 11). Many of the altered miRNAs are involved in the MAPK signalling
pathways, in support of the signalling changes summarised above, but of particular interest was the
suppression of miRNAs involved in the production of microRNAs themselves which could have
implications for toxicity. The microRNA MiR-122 was involved in the induction of apoptosis (Chen et al.,
2015; Zhu et al., 2016b).

Proteomic approaches have also been used to assess factors involved in OTA toxicity (see
Table 11). Notable are the enhanced expression of mitochondrial proteins involved in electron
transport, protein synthesis, stress response and cell death and modulation of proteins involved in
inflammation (Ferrante et al., 2006; Shen et al., 2013). Qi et al. (2014b) provided a comprehensive
analysis of molecular changes in liver based on profiling of microRNAs, mRNAs and proteins following
treatment of rats with OTA by gavage. The combined analyses provided evidence of five predominant
pathways that were modulated (thiol metabolism, PPAR signalling, bile acid synthesis, arginine and
proline metabolism and xenobiotic metabolism) indicative of liver toxicity and metabolic disease.
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Table 11: Effect of OTA on the expression of genes and microRNAs and associated proteomic analyses relevant to the kidney and liver

Test system
Methodology
employed

Modulation observed Associated changes or observations Reference

Mouse, 10 mg OTA/kg bw, single
dose; after 24 h kidney was analysed

Proteomic analyses Modulation of proteins in peritoneal
macrophages involved in inflammation

Associated with kidney and liver toxicity Ferrante
et al. (2006)

Rat; 300 then reduced to 100 lg
OTA/kg bw per day; Kidney and liver
analysed after 7 days and 12 months

Transcriptomic
analyses

In kidney greater degree of differentially
expressed genes than in liver. Modulation of
expression of genes as markers of kidney injury,
cell and pathways regulated by HNF4a and
Nrf2. Downregulation of regucalcin

Authors noted little evidence of a DNA-
damage response or of apoptosis and
concluded that the effects suggested
impairment of defence mechanisms. The
authors noted the role of regucalcin in the
regulation of calcium homoeostasis.
Downregulation of Nrf2 was associated with
oxidative DNA damage

Marin-Kuan
et al. (2006)

Rat, 300 then reduced to 100 lg
OTA/kg bw per day; Kidney analysed
after 21 days and 12 months

Assessment of proteins
regulated by Nrf2

Decreased protein markers regulated by Nrf2 Cavin et al.
(2007)

Rat, gavaged daily with 500lg OTA/
kg bw; Kidney and liver analysed at 7
and 21 days

Transcriptomic
analyses

Kidney greater degree of differentially expressed
genes than in liver. Downregulation of genes
was the predominant effect notably for genes
involved in oxidative stress, calcium
homoeostasis, metabolism and transport.
Upregulation of genes involved in cell survival
and proliferation

Kidney toxicity Arbillaga
et al. (2008)

Rat, 21, 70 and 210 lg OTA/kg bw
per day for up to 90 days (kidneys
analysed)

qPCR Modulation of the expression of genes relating
to chromosomal instability and control of cell
cycle

Changes were associated with a
proliferative response

Adler et al.
(2009)

Rat, 3 mg OTA /kg per day for 1, 3
and 7 days via gavage, Analysis of
kidneys and various kidney cells
in vitro

Transcriptomic
analyses

Modulation of expression of genes involved in
cytoskeleton, nucleosome regulation,
translation, transcription, ubiquitination and cell
cycle pathways

Jennings
et al. (2012)

Rat; 70 and 210 lg OTA/kg bw up to
26 weeks; Kidney analysed

MicroRNA profiling Alteration of microRNAs involved in MAPK
signalling
Suppression of microRNAs involved in the
production of microRNAs themselves

Dai et al.
(2014)

Rat, (70 or 210 lg OTA/kg bw per
day up to 26 weeks; Liver analysed

MicroRNA profiling;
Transcriptomic
analyses;
Proteomic analyses

Modulation of thiol metabolism, PPAR signalling,
bile acid synthesis, arginine and proline
metabolism and xenobiotic metabolism

Authors concluded the changes were
indicative of liver toxicity and metabolic
disease

Qi et al.
(2014b)
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Test system
Methodology
employed

Modulation observed Associated changes or observations Reference

Rat, 210 lg OTA/kg bw per day for
28 days

qPCR Modulation of expression of genes involved in
oxidative stress

Changes were associated with apoptosis,
cell proliferation and disruption of cell cycle
control

Taniai et al.
(2014)

Human primary proximal tubule cells qPCR Alteration of expression of genes involved in
inflammation. Malignant transformation and
epithelial-to-mesenchymal transition. Notable
upregulation of Wnt-1

Authors noted the role of Wnt-1 as a
growth factor involved in oncogenesis and
fibrosis

Hennemeier
et al. (2012)

HepG2 cells Transcriptomic
analyses

Enhanced expression of genes involved in
inflammation, oxidative stress, cell pro-survival,
energy and xenobiotic metabolism

Hundhausen
et al. (2008)

Pig, 0.05 mg OTA /kg feed; Kidney
analysed after 30 days

Transcriptomic
analyses

Modulation of expression of genes related to
immune response, oxidative stress and the
growth, proliferation, death and survival of cells

Marin et al.
(2017a,b)

Human and rat renal proximal tubule
cells

Transcriptomic
analyses

Enhanced expression of genes involved in
cytoskeleton, nucleosome regulation,
translation, transcription, ubiquitination and cell
cycle. Notable no effect of Nrf2

Jennings
et al. (2012)

Human embryonic kidney cells
(HEK293)

Proteomic analyses Increased expression of proteins in mitochondria
involved in electron transport, protein synthesis,
stress response and cell death

Shen et al.
(2013)

Porcine proximal tubule cells Specific product
analyses

Attenuation of Nrf2 and Haem oxygenase via
induction of microRNAs (miR-132 and miR-200c)
and pro-fibrotic TGFb

Stachurska
et al. (2013)

HEK293 cells Specific product
analyses

Post-transcriptional reduction of miR-29B Collagen formation (marker of fibrosis) Hennemeier
et al. (2014)

Mouse spermatid cells (GC-2) MicroRNA analyses Expression of MiR-122 Caspase-3 mediated apoptosis Chen et al.
(2015)

Rat hepatocytes in vitro and in vivo
and in HEPG2 cells

MicroRNA analyses Expression of MiR-122 Apoptosis Zhu et al.
(2016b)

HepG2 and HEK293 cells also in rat;
70 and 210 lg OTA /kg bw for 13
weeks; kidney analysed

MicroRNA profiling Deregulation of microRNAs involved in signal
transduction and human cancer

Zhao et al.
(2017)

HNF4a: hepatocyte nuclear factor 4 a; MiR; microRNA; Nrf2: Nuclear factor erythroid 2-related factor 2; OTA: ochratoxin A; qPCR: quantitative polymerase chain reaction; TGFb: tumour growth
factor b; PPAR: peroxisome proliferator-activated receptor; RNA: ribonucleic acid; MMTV: mouse mammary tumour virus; Wnt-1: wingless-type MMTV integration site family, member 1, a proto-
oncogene protein.
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4.3.1.5. Role of oxidative stress in OTA-toxicity

The downregulation of Nrf2 (see above) is a major contributor to the induction of cellular oxidative
stress induced by OTA. There is also evidence that an Fe3+ complex with OTA can produce hydroxyl
radicals in the presence of NADPH and NADPH-cytochrome-P-450 reductase (Hasinoff et al., 1990).
Evidence for oxidative DNA damage in rat kidney and in liver has been noted (Kamp et al., 2005; Mally
et al., 2005a) although oxidative stress in the rat kidney was only minimal in the study by Zhu et al.
(2016a). In cultured porcine kidney tubule cells (LLC-PK1), OTA decreased superoxide dismutase,
elevated reactive oxygen species and downregulated expression of glutathione S-transferase (GST)
associated with a lowered activation of Nrf-2 (B€osch-Saadatmandi et al., 2008, 2009). The ratio of
glutathione (GSH)/glutathione disulfide (GSSG) was reduced as were total thiols and heat shock
proteins were downregulated in PK15 porcine kidney cells treated with OTA (Klari�c et al., 2014).
Oxidative stress is also evidenced in pigs and in rats by altered activity of superoxide dismutase (SOD),
increased protein carbonyls and modulation of the expression of genes involved in response to
oxidative stress (Domijan et al., 2006; Zhang et al., 2016) along with downregulation of gene
expression of markers of inflammation (interleukin (IL)-6, IL-8, IL-12, IL-17A, IL-18 –colon; IL-17A and
IL-10-kidney). These effects correlated with renal toxicity and the modulation of the expression of
genes functionally associated with renal necrosis, kidney failure, renal proliferation, renal dysplasia and
hypoplasia (Marin et al., 2017a,b). In support of the evidence for oxidative stress in playing a role in
OTA adverse effects, protection is afforded by antioxidants and scavengers of free radicals. See
Tables B.1 and B.2 of Appendix B.

4.3.1.6. Summary of OTA – induced cell toxicity via modulation of gene expression and
cell signalling

In summary, OTA causes cell death in a wide range of cell types both in vitro and in vivo. Both
mitochondrial/caspase 3 and caspase 8–mediated apoptotic pathways have been implicated. The
kidney proximal tubule cells are particularly sensitive due to the presence of anion transport systems
for uptake. OTA alters the expression of proteins via transcriptional, microRNA and protein post-
translational modifications to modulate cell signalling systems responsible for apoptosis and also
pathways related to stress responses, inflammation, fibrosis and the balance between cell survival, cell
proliferation, cell division and cell death. Activation of PKC and MAPK-ERK signalling pathways play an
important role in the stress response and cell proliferation. Particularly important is the downregulation
of Nrf2 which contributes to the oxidative stress induced by OTA (see below).

4.3.1.7. Potential for toxicity in cell types other than those in the kidney and liver

4.3.1.7.1. Immune system

There is evidence mainly from in vitro studies, for effects of OTA on neutrophils and macrophages
including oxidative stress, apoptosis, phosphorylation of the ERK1/2 and release of TNFa via NF-kB
pathways by OTA (Al-Anati et al., 2010; Liu et al., 2012; Giromini et al., 2016; Kupski et al., 2016;
Brennan et al., 2017; Xu et al., 2017). Further observations in human blood mononuclear cells
(Rossiello et al., 2008) indicated that OTA reduced the ability of lipopolysaccharide, phorbol myristate,
IL-1b or TNFa to produce tissue factor and plasminogen activator inhibitor 2 which led the authors to
propose a MoA in immunosuppression. Although Ferrante et al. (2006) found infiltration of
polymorphonuclear infiltration into the duodenum following a single dose of OTA in mice, the role of
the immune response towards oxidative stress in the kidney in vivo has not been demonstrated.

4.3.1.7.2. Intestine

The ability of OTA to affect intestinal function has also been assessed in vitro using Caco-2 cells,
porcine intestinal epithelial (IPEC-J2) cells or mouse rectal CMT93-II cells. OTA disrupted barrier
dysfunction through reduction of claudins (Lambert et al., 2007; Maresca et al., 2008; Romero et al.,
2016; Nakayama et al., 2018; Wang et al., 2018). The significance of these finding in vivo is yet to be
established.

4.3.1.7.3. Nervous system

Neurological toxicity of OTA during embryonic development has been noted above (see
Section 4.2.5 on Reproductive toxicity). Following treatment of mice with OTA behavioural studies
showed adversity resembling Parkinsonian features which were ameliorated with L-Dopa (Bhat et al.,
2018). Oxidative stress and inflammation produced by OTA are associated with neuronal toxicity
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in vitro and in vivo (Sava et al., 2006; Bang et al., 2009; Yoon et al., 2009; Zhang et al., 2009;
Razafimanjato et al., 2010; Bhat et al., 2016) also found that OTA could inhibit glutamate uptake by
rat astrocytes but the relevance in vivo is uncertain.

4.3.1.7.4. Endocrine systems

OTA was found not to interact with steroid receptors, but in H295R cells, it increased production of
oestradiol and increased the aromatase protein at 1 lmol/mL (Frizzell et al., 2013). Furthermore, Woo
et al. (2013) reported that OTA upregulated 3b-hydroxysteroid dehydrogenase/isomerase expression
and there was an associated increase in progesterone secretion in human placental JEG-3 cells. Kumar
et al. (2011) found alteration of the blood levels of a range of hormones (triiodothyronine, thyroxin,
testosterone, insulin, prolactin and cortisol) following dosage of OTA in the feed of rats for 30 days,
but the mechanisms of these changes were not clear.

4.3.2. Mode of action in carcinogenesis

The results of genotoxicity tests with OTA are provided in Section 4.2.4 on Genotoxicity. A key
question concerns the ability of OTA, or a metabolite, to form DNA adducts which could be responsible
for the DNA damage and mutational spectra observed in rodent kidney. The weight of evidence
suggests that metabolic activation of OTA to a reactive metabolite does not occur (see Section 4.1.1
on Toxicokinetics). Evidence for the formation of OTA-derived DNA adducts in the kidney outer medulla
site of carcinogenicity is controversial (see Section 4.2.2 on Repeated dose studies for details of
studies). Whereas P32-post-labelling studies have suggested the presence of DNA adducts (albeit
uncharacterised), other studies using accelerator mass spectrometry or isotope dilution have failed to
detect such adducts. Thus, DNA adducts are either not produced from OTA at all or (at most) the level
of adducts is extremely low (no more than 10 adducts/cell).

OTA induces gene mutations in rats and mice only in the outer medulla of the kidney and only at
the Red/Gam locus (Spi-mutants), which has been specifically devised to detect deletion mutations
(Hibi et al., 2011; Kuroda et al., 2014). Hibi et al. (2013b) found altered expression of genes involved
in the DNA damage response and cell cycle regulation in the outer medulla of rats following dietary
administration of OTA for 4 weeks. The authors considered the pattern of altered gene expression as
evidence of DNA DSBs. Indeed, large deletion mutations and DSBs were found in rat kidney associated
with increased c-H2AX protein expression and increased expression of homologous recombination
repair-related genes and genes involved in cell cycle arrest following administration of OTA by gavage
for 4 weeks to rats (Kuroda et al., 2014, 2015).

In an attempt to understand the occurrence of Spi� mutations in the kidneys of p53-deficient Gpt
mice (but not in p53-proficient mice), Kuroda et al. (2015) considered that homologous recombination
repair was responsible for the single base mutations seen in the absence of p53 since only in the
presence of p53 did DNA DSBs arise. Importantly, Bondy et al. (2015) found no increased sensitivity to
OTA tumourigenicity as a result of p53 heterozygosity in mice following administration in the diet for
26 weeks. The authors considered this as evidence of a non-genotoxic MoA. Bloch et al. (2012)
attempted to distinguish between genotoxic and non-genotoxic renal carcinogens based on their
profile of alteration of gene expression in NRK-52E cells, using OTA to represent the non-genotoxic
class of carcinogen. However, several pathways were common to both genotoxic and non-genotoxic
categories making distinction not possible. The production of a senescence phenotype associated with
cell cycle arrest was detected in rat kidney proximal tubular cells (HKC) exposed to OTA and this was
associated with activation of the p53-p21 and p16-pRB pathways (Yang et al., 2017). Disturbance of
mitosis and chromosomal segregation appear to be important (Mosesso et al., 2008; Czakai et al.,
2011). The processes involved in DNA damage following disturbance of the cell cycle and cytokinesis
are discussed in detail by Hayashi and Karlseder (2013) and by Bizard and Hickson (2018). It is
possible that the mutations arise as a result of the evident replication stress as discussed by Gelot
et al. (2015). The mechanism leading to replicative stress is, however, unclear.

In immortalised human kidney epithelial cells exposed to OTA, increases in apoptosis and decreases
in the rate of mitosis were associated with an increase in aberrant mitotic figures with misaligned
chromosomes and formation of giant cells with abnormally large or multiple nuclei. The authors
concluded that OTA might promote tumour formation via interference with microtubule dynamics and
mitotic spindle formation, resulting in apoptosis or interruption of mitosis to explain the observed
cytogenetic abnormalities. A cell-free in vitro tubulin polymerisation assay showed that OTA inhibited
microtubule assembly (Rached et al., 2006). However, the mechanism is unclear and the inhibitory
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concentration of OTA was relatively high. Similar effects have been observed with citrinin, another
mycotoxin (Pfeiffer et al., 1998).

Nuclear enlargement was also seen in kidney proximal tubule cells in OTA-treated F344 rats (Rached
et al., 2007). Moreover, in rats, mRNA levels for various regulators of mitosis and genes linked to
chromosomal instability were over-expressed in kidney of OTA-treated rats, whereas Cx32 and regucalcin
genes were downregulated (Adler et al., 2009). The authors suggest that aberrant mitosis may play a
role in kidney carcinogenesis. However, the Panel notes that the gene expression changes could
potentially be causative or a consequence of carcinogenesis. OTA can interfere with DNA topoisomerase
II and chromosome segregation during cell division (Cosimi et al., 2009) and disruption of chromosome
separation and progression of mitosis as a non-DNA reactive mechanism was also proposed by Mosesso
et al. (2008) as evidenced by detection of endoreduplication and chromatid separation in V79 cells.

In conclusion, post-translational modification of proteins and the alteration of gene expression
detailed above may contribute to modulation of the cell cycle and spindle function leading to aberrant
alignment of chromosomes, increased ploidy and karyomegaly. In association with the cell proliferative
responses and the effect on DNA repair enzymes described above, these changes appear to lead to
genomic instability. The processes involved in DNA damage may follow disturbance of the cell cycle
and cytokinesis.

4.3.2.1. The contribution of additional non-DNA reactive mechanisms

4.3.2.1.1. Secondary oxidative genotoxicity

The question arises as to whether DNA damage may result from secondary production of ROS (see
above). In several cellular systems in vitro the ability of DNA repair enzymes (formamido-pyrimidine-
DNA glycosylase (Fpg) or endonuclease III) used in the Comet assay to convert oxidative DNA damage
into SSBs was shown. This provided evidence of DNA oxidation (Kamp et al., 2005; Arbillaga et al.,
2007; Ali et al., 2014). However, despite oxidative stress under these conditions, there was no change
in the expression of genes involved in a DNA damage response (DNA repair, apoptosis and cell cycle
control; Arbillaga et al., 2007). Similar evidence for oxidative DNA damage comes from some studies
on SSBs (Comet assay) observed in cells derived from liver and kidney of Fischer rats treated with OTA
(Mally et al., 2005b; Domijan et al., 2006). However, the major oxidised base 8-OHdG was not
detected in vivo in rat kidney (Mally et al., 2005a, 2005b) and GC:TA transversions (typically associated
with DNA oxidation) were not seen in rats treated with OTA (Hibi et al., 2011).

Kumar et al. (2012) assessed tumour formation in mouse skin. A single topical application of OTA
(80 mg/mouse) followed by twice weekly application of the tumour promoting agent 12-
Otetradecanoylphorbol-13-acetate for 24 weeks lead to tumour formation. The authors associated this
effect to the evident oxidative stress, MAPKs signalling and DNA damage.

4.3.2.1.2. Altered cell signalling and cell proliferation

Cell proliferation in the kidney of rats given OTA was considered by Qi et al. (2014a) to be a major
factor in kidney carcinogenesis. They found that, in association with kidney toxicity, there was a dose-
related increase seen in proliferating cell nuclear antigen (PCNA). p53 gene expression was also
decreased in both kidney and liver. Abassi et al. (2016) found that OTA-induced clonogenicity in human
colon carcinoma cells and fetal lung fibroblast-like cells transformed with MYC. In an attempt to
understand the apparent tumour promoting action of OTA on mouse skin, primary murine
keratinocytes were treated with OTA which was found to cause cell proliferation and activation of EGFR
and downstream MAPKs and Akt pathways (Kumar et al., 2013). Further evidence of the importance of
proliferative changes in rat kidney carcinogenesis come from the observation that OTA activated Topo
IIa, Ubd and apoptosis that cooperate in inducing a marked proliferative response (Taniai et al.,
2012a). In this study, proximal tubule cell proliferation was accompanied by increased levels of
topoisomerase IIa protein and evidence of DNA damage and cell cycle disruption (G2M transition)
(Taniai et al., 2012b). Using the same treatment regime, karyomegaly and aberrations of the cell cycle
were seen in the kidney tubular cells without evidence of oxidative stress (Taniai et al., 2014).

4.3.2.1.3. Effect on intercellular communication

Many non-genotoxic carcinogens interfere with connexin-mediated intercellular communication (e.g.
Chipman et al., 2003). The ability of OTA to inhibit gap junctional intercellular communication was
studied in Madin Darby canine kidney (MDCK) cells (Mally et al., 2006). In the absence of cytotoxicity,
there was a significant reduction of intercellular communication which was associated with a small, but
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dose-dependent, decrease in the concentration of the gap junction protein connexin 43. Adler et al.
(2009) found that there was a downregulation of Cx32 in rat kidney following 90-day treatment with
OTA. In the liver of rats given OTA (289 lg/ kg bw alternate days for 90 days), there was a reduction
of E-cadherin and the connexins 26, 32 and 43 implying interference with intercellular gap junctional
communication (Gagliano et al., 2006).

4.3.2.1.4. Epigenetic mechanisms

Various studies in cell cultures have demonstrated modulation of histone acetylation (Czakai et al.,
2011; Giromini et al., 2016; Limbeck et al., 2018). In Fischer 344 rats given OTA in the diet at 300 lg/kg
bw per day (Mantle et al., 2005) an increased histone deacetylase (HDAC) enzymatic activity associated
with enhanced HDAC3 protein levels was measured which may give rise to epigenetic modulation (Oh
et al., 2013). Genome wide analysis of DNA methylation in rat kidney following treatment of rats with OTA
(210 lg/ kg by gavage 5 days/week for 90 days) revealed that various categories of genes were either
hypermethylated or hypomethylated including those involved in protein kinase activity and mTOR cell
signalling (Ozden et al., 2015). Li et al. (2015) gave rats 70 or 210 lg/kg body weight OTA by gavage for
up to 26 weeks and measured parameters relating to DNA methylation in the kidney. Dynamic and dose-
dependent alteration of global DNA methylation was seen in this study with hypermethylation of the
promoters of E-cadherin and N-cadherin (along with reduced expression) and increased expression of
Wnt and P13K/AKT pathways.

4.3.2.2. Overall conclusion on the MoA in carcinogenesis

Non-genotoxic mechanisms appear to contribute to carcinogenesis. This is based on a stress
response (including an oxidative stress) involving alteration of gene expression (in part mediated by
epigenetic modifications) contributing to modulation of DNA repair enzymes, disruption of cell cycle and
an imbalance of apoptosis and cell proliferation. Spindle function is impaired leading to aberrant
alignment of chromosomes. There is increased ploidy, aneuploidy and karyomegaly. In combination,
these effects appear to lead to genomic instability and large deletions of DNA in surviving proliferating
cells. The precise mechanism whereby OTA leads to the observed low level of mutations at the target
site in rat kidney remains unclear. The mutational spectrum is not consistent with reactive oxygen
damage. One possibility is through interaction of OTA with DNA, although the evidence for DNA adducts
is weak. A further possibility is that the mutations arise as a result of the evident replication stress. In
that event, there remains uncertainty also as to the cause of the replication stress which may result
both from initial DNA damage (direct or secondary to oxidation) or from modulation of proteins that
regulate the cell cycle including those coded by oncogenes. In conclusion, there is insufficient evidence
to support either direct DNA damage or indirect DNA damage in OTA carcinogenesis.

4.4. Identification of critical effects

4.4.1. Identification of critical acute effects

The evidence of acute effects of OTA in laboratory animals is very limited and no relevant studies
published since the last EFSA assessment in 2006 has been identified (see Section 4.2.1 on Acute
toxicity). No acute effects upon exposure to OTA in humans have been reported (see Section 4.2.6 on
Observations in humans). Thus, the CONTAM Panel concluded that acute toxicity is not a critical effect
for the hazard assessment of OTA.

4.4.2. Identification of critical chronic effects

In the previous OTA opinion (EFSA, 2006), the CONTAM Panel concluded that the kidney is the
main target organ for the adverse effects of OTA and that immunotoxic, neurotoxic and teratogenic
effects were observed at high dose levels. OTA has been shown to induce nephrotoxicity in mice, rats,
dogs and pigs. Long-term administration of OTA caused renal tumours in rats and mice and a NOAEL/
LOAEL of 15/50 lg/kg bw per day (extrapolated from the doses from 5 days treatment per week) for
tumour induction was derived from a 2-year gavage study with Fischer 344/N rats (NTP, 1989). The
mechanisms underlying the genotoxicity associated with OTA exposure were unclear and the Panel was
unable to conclude whether OTA causes DNA damage by indirect or direct effects. Epidemiological
studies were insufficient to classify OTA as renal carcinogen or link it to BEN or other endemic
nephropathies of unknown cause. Considering a series of repeated dose studies in female pigs, the
Panel identified a LOAEL of 8 lg/kg bw per day from a 90-day feeding study with pigs for minimal
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morphological changes in kidney, changes in renal enzymes and impaired renal function (Krogh et al.,
1974) as critical for the setting of a chronic HBGV (i.e. a TWI).

For the present opinion, the pivotal studies in pigs used as a basis to establish a HBGV previously
have been re-evaluated. In addition, new in vivo toxicity studies with mice, rats, rabbits and pigs
published since the 2006 opinion of EFSA were reviewed to identify if any studies would provide
observations of adverse effects lower than the LOAEL of 8 lg/kg bw per day previously identified in
pigs (EFSA, 2006). Additionally, human evidence published since 2006 was also considered.

The new repeated doses studies are described in detail in Section 4.2 on Toxicity. In brief, the new
subacute/subchronic studies with rats were mainly designed to elucidate the mechanism of OTA
induced nephrotoxicity and thus employed dose levels known to be toxic. None of these studies
provided observations of adverse effects lower than the LOAEL of 15 lg/kg bw derived from the 90-
day feeding study in Wistar rats from Munro et al. (1974). In new repeated dose studies with rabbits,
liver and kidney toxicity was reported in rabbits, albeit not at doses as low as the LOAELs of 15 and 8
lg/kg bw previously identified in subchronic/subacute studies with rats and pigs, respectively (FAO/
WHO, 2001; EFSA, 2006). The results of the new subacute/subchronic dose toxicity studies in mice are
consistent with the lower sensitivity of mice to OTA toxicity as compared to rats and pigs. Likewise,
none of the new studies provided observations to suggest NOAELs/LOAELs lower than the LOAELs of
15 and 8 lg/kg bw previously identified in rats and pigs, respectively (FAO/WHO, 2001; EFSA, 2006).
Overall, the CONTAM Panel concluded that the new studies in pigs, even though most of them are of
shorter duration, support OTA-mediated adverse effects at dose levels close to the previously
established LOAEL of 8 lg/kg bw per day.

The CONTAM Panel noted that the new chronic studies with rats were inadequate for risk
assessment based on their study design. The new evidence on possible toxicity in humans is described
in detail in Section 4.2.6 Observations in humans. The CONTAM Panel concluded that it is not possible
to establish a causal link of exposure to OTA and adverse effects observed in epidemiological studies in
humans.

Based on the above, the CONTAM Panel concluded that the results obtained in the 3-month study
in female pigs (Krogh et al., 1974) and in which an LOAEL of 8 lg/kg bw per day had been previously
established were the most relevant for assessment of non-neoplastic chronic health hazards (for details
on the study see Appendix C.2). The CONTAM Panel considered the increase in total incidence of
microscopic kidney lesions and the microscopic tubular lesions in the kidney occurring in 45% of the
pigs at 8 lg/kg bw per day as the most appropriate endpoint for characterisation of non-neoplastic
hazards.

The CONTAM Panel also considered an increased percentage of glucose excretion as a potential
critical effect for the characterisation of non-neoplastic hazards. However, the CONTAM Panel noted
the big standard deviations in all treated groups as well as in the control presented a large uncertainty
and limited the use of this endpoint for BMD analysis. Furthermore, it was not possible to identify a
biologically relevant BMR for this endpoint. Nevertheless, the observed effects on glucose, indicative of
impaired tubular reabsorption of glucose, give supportive evidence for the use of microscopic kidney
lesion for assessment of non-neoplastic hazards. In a previous evaluation reduced p-aminohippuric
acid renal transport maximum (TmPAH) (reduced maximum tubular excretion of PAH) observed in the
same experiment on pigs (Krogh et al., 1974) was used as a reference point for hazard
characterisation (FAO/WHO, 2008). However, as OTA and PAH use the same transporters, OATs, in the
renal tubular cells, this effect might have been the result of competitive inhibition rather than a toxic
response.

The mode of action for OTA-induced carcinogenesis is described in detail in Section 4.3.2 on Mode
of action. OTA causes kidney tumours in mice and rats, the male rat being most sensitive (NTP, 1989).
There is a large, but inconsistent database on possible direct and indirect interactions of OTA with DNA
including also many recent experiments.

Following respective EFSA guidance documents (EFSA, 2005; EFSA Scientific Committee, 2012a),
the CONTAM Panel concluded that the kidney tumours occurring in male rats (at much higher dose
than the non-neoplastic effects seen in kidney in pigs or rats) are of relevance for the risk
characterisation of the compound. There is insufficient evidence to rule out that direct DNA damage
contributes to their formation. The kidney tumours observed in male rats in a 2-year feeding study
(NTP, 1989) were considered as critical and thus to be used for characterisation of neoplastic hazard
characterisation of OTA.
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4.5. Calculation of benchmark doses

The benchmark dose (BMD) analyses were performed following the guidance of the Scientific
Committee on BMD modelling (EFSA Scientific Committee, 2017).

4.5.1. Non-neoplastic endpoints

For microscopic kidney lesions seen in the study of Krogh et al. (1974) using a standard benchmark
response (BMR) of 10% for quantal data, a BMD confidence interval (BMDL10–BMDU10) of 4.73–7.17
lg OTA/kg bw per day was calculated. A detailed description of the BMD analysis can be found in
Appendix F.1.

4.5.2. Neoplastic endpoints

Using the standard BMR of 10% for quantal data a BMD (BMDL10–BMDU10) of 14.5–36 lg OTA/kg
bw per day for the combined incidences of adenoma and carcinoma in male rats seen in a 2-year oral
study (NTP, 1989) was calculated and used for the neoplastic risk characterisation. A detailed
description of the BMD analysis can be found in Appendix F.2.

4.5.3. Consideration of toxicokinetic differences between species

As described in Section 2.2 on Previous assessments, in the EFSA assessment of 2006, an UF of 6
for toxicokinetic interspecies variability instead of the default value of 4 was applied for derivation of a
TWI because of the longer half-life of humans as compared to pigs. However, as discussed in the
present opinion in Section 3.1 on Toxicokinetics, OTA exhibits very high non-covalent binding to
plasma proteins, in particular albumin, in laboratory animals and humans. In general, only the free
(unbound) proportion of a substance present in blood plasma undergoes glomerular filtration in the
kidneys. Therefore, high plasma protein binding (PPB) decreases the elimination of compounds from
blood plasma and leads to increases in plasma half-lifes and, after repeated exposure, to
accumulation. Due to differences in the extent of PPB between species, the proportion of free OTA in
the blood and the accumulation of OTA differ markedly between humans and experimental animals.

According to the different affinity constants for PPB in humans, pigs and rats, and assuming the
same total OTA concentration (bound plus unbound) in blood, it has been calculated (see Appendix D)
that the plasma concentration of free OTA is about 70-fold lower in humans than in pigs, and about
120-fold lower in humans than in rats. On the other hand, if humans (with a plasma half-life of 35
days), pigs (5–6 days) and rats (5–6 days) are exposed to the same level of OTA in their diet and the
total plasma concentration of OTA at steady state will be about six times higher in humans than in pigs
and about six times higher in humans than in rats. This assumes the same bioavailability and rate of
metabolism in each species. Taking into account both the accumulation and the PPB at equal exposure
(same external dose), the plasma levels of free OTA in humans should still be about 10 times lower in
humans than in pigs and 18 times lower in humans than in rats. Therefore, the CONTAM
Panel considered that an extra UF factor for accumulation in humans is not necessary and the default
factor of 4 is sufficient to account for toxicokinetic interspecies differences.

4.6. Establishment of a health-based guidance value (HBGV) vs.
application of a margin of exposure (MOE) approach

As described in Section 4.4 on Identification of critical effects, the CONTAM Panel concluded that
there is clear evidence for carcinogenic effects of OTA. The mechanisms underlying the genotoxicity
associated with OTA exposure are unclear and the Panel was unable to conclude whether OTA causes
DNA damage by indirect or direct effects. Following respective EFSA guidance on substances that are
both genotoxic and carcinogenic (EFSA, 2005; EFSA Scientific Committee, 2012a), the CONTAM
Panel considered it was not appropriate to establish a tolerable daily intake (TDI) or a TWI and
concluded that for both non-neoplastic and neoplastic effects of OTA an MOE approach needs to be
applied for risk characterisation. As a consequence, the TWI of 120 ng OTA/kg bw as established by
the CONTAM Panel in 2006 is no longer valid.

The increased incidence of microscopic kidney lesions seen in a 3-month feeding study with pigs
(Krogh et al., 1974) was considered as the most appropriate endpoint of non-neoplastic effects of OTA
and the resulting BMDL of 4.73 lg/kg bw per day was used for comparison with chronic exposures.
The CONTAM Panel concluded, that an MOE of 200 needs to be applied to this BMDL consisting of the
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default UFs of 100 for toxicodynamic and toxicokinetic inter- and intraspecies differences and an
additional UF of 2 considering the short study duration of Krogh et al. (1974) (3 months) that does not
cover the entire lifespan of the animals (pigs) tested. In this context, it needs to be noted that in the
previous EFSA opinion (EFSA, 2006) for derivation of a TWI, a specific UF of 6 for toxicokinetic
differences between pigs and humans (instead of the default 4) was introduced because of the longer
half-life of OTA in humans (see Section 2.2 on Previous risk assessments). Upon a comprehensive re-
evaluation of the toxicokinetic data of OTA in different species including OTA plasma protein binding,
the CONTAM Panel concluded that such additional UF is not needed (for details see Section 4.1.1 on
Toxicokinetics).

The EFSA guidance on default values (EFSA Scientific Committee, 2012a) issued after publication of
the previous EFSA opinion on OTA (EFSA, 2006) proposes the use of an UF of 2 for extrapolation from
subchronic to chronic duration in rodents. The CONTAM Panel noted that no differences were observed
between NOAELs derived from subacute, subchronic and chronic toxicity studies on OTA in rats (i.e.
the ratios between NOAEL from both subacute and subchronic to chronic toxicity studies in rats were
1, see Sections 4.2.2 and 4.2.3) and considered that this is also likely to be the case in pigs.

However, as 3 months represent a much smaller fraction of the total lifespan of pigs as compared
to rats, the CONTAM Panel considered it appropriate to apply an UF of 2 for extrapolating the 3-month
study in pigs to chronic duration. The CONTAM Panel recognised the uncertainty associated with
applying the UF of 2.

For neoplastic effects of OTA, the CONTAM Panel emphasise that a clear distinction between direct
and indirect mechanism of genotoxicity was not possible. As a result, the risk characterisation will be
either not sufficiently cautious or overcautious depending on which MoAs actually occur.

In the absence of elucidated MoAs for the genotoxicity/carcinogenicity of OTA, the Panel concluded
that an MOE of 10,000 needs to be applied to the BMDL10 of 14.5 lg/kg bw per day for neoplastic
effects (kidney tumours) in the rat. The Panel points out that this MOE is likely to be particularly
conservative in this case as the evidence for a direct interaction of OTA with the DNA is inconclusive
and other threshold mechanisms may play a role in the formation of kidney tumours. As it was not
possible to quantify these variables, the default MOE of 10,000 was applied.

4.7. Occurrence data

4.7.1. Occurrence data used in the present assessment

For the present assessment, it was decided to use data submitted to EFSA between 2009 and 2018 in
order to have a data set representing recent/current occurrence levels while retaining a sufficiently high
number of samples. The resulting data set included a total of 90,147 analytical results on OTA in food.

Data providers were contacted to clarify inconsistencies identified during the data check. The
following modifications were made to the initial data set based on the feedback received:

• 2,008 occurrence values identified as suspect samples were excluded. In the final data set,
53% of the data were taken by selective sampling, 44% by objective sampling while the
remaining 3% were either convenient or import sampling, or with no information provided. It
was decided to retain the samples with no specific sampling strategy as the % of left-censored
samples were in accordance with the ones taken by other sampling strategies.

• The product description of a number of records allowed a more accurate FoodEx classification.
In these cases, the samples were reclassified to a more specific, lower level.

• Special attention was given for the ‘Product treatment’ information. Samples classified as fresh
fruit or vegetable with the PRODTREAT field ‘dehydration’, ‘processed’, etc. were reclassified
accordingly as dried or processed. In the case of figs, samples reported as unprocessed or
without any information on the treatment were all assumed to be dried based on the
comparison with the levels found in dried figs. As the original occurrence data referred to fresh
figs and it cannot be excluded that figs can be contaminated in their fresh form, a factor of
2.86 (taken from EFSA’s Raw Primary Commodity Model Database, EFSA, 2019) was applied to
adjust the contamination levels for fresh figs taking into account their water content. Without
this assumption, the exposure to OTA from consumption of figs would most likely be more
overestimated.

• Analytical results with an LOQ above the ML as defined by Commission Regulation (EC) No
1881/2006 were not used for the assessment. In addition, exclusion criteria were also set for
those samples where upon carefully checking the occurrence levels and distribution of the

Ochratoxin in food

www.efsa.europa.eu/efsajournal 73 EFSA Journal 2020;18(5):6113



LOQ/LOD values, high percentiles (P95 or P75) of LODs/LOQs were chosen to eliminate
extremely high ones reported. The method was applied only for categories considered as an
important source of exposure in order to decrease overestimation with the UB exposure
scenario (see Table 12). More information about the distribution of LOQ values is provided in
Annex, Table 7.

• Results obtained without information on the analytical method were retained for the
assessment if their LOD/LOQ values were sufficiently low comparing to the majority of other
samples reported with accepted analytical method.

• Analytical results of samples reported to be measured with PCR-ELISA, Enzyme Immunoassay
Tests (EIA), IgG ELISA, electrochemical tests based on potentiometry, AAS, Competitive ELISA)
were not considered for the present assessment for reasons of lack of sensitivity, specificity,
possible false positive/negatives and/or frequency of use of these methods.

In total 16,256 samples were discarded from the assessment for several reasons including suspect
sampling, taken within a total diet survey or subject of a duplicate submission (see Annex, Table 1 for
more details).

Table 12: LOD/LOQ cut-off values (lg/kg) applied for selected food categories

Food category
Cut-off
(lg/kg)

Justification

Ad hoc cut-off values

‘Grains and grain-based products’ (covers the ML of 5 lg/kg for
‘Grains for human consumption’, ‘Grains as crops’, ‘Unprocessed
cereals’ and the ML of 3 for ‘Bread and rolls’, ‘Breakfast cereals’,
‘Fine bakery wares’, ‘Pasta (Raw)’, ‘Grain milling products’, All
products derived from unprocessed cereals, including processed
cereal products and cereals intended for direct human consumption)

1.5 P75 of corresponding LOQs

‘Fruit nectar’ 2 P95 of corresponding LOQs

‘Mixed fruit juice’ 2 P95 of corresponding LOQs
‘Ready-to-eat meal for infants and young children’ 2 P95 of corresponding LOQs

‘Cereal-based dishes’ 2 P75 of corresponding LOQs
‘Juice, apple’ 2 P95 of corresponding LOQs

‘Fruit compote’ 2 P75 of corresponding LOQs
ML-based cut-off values

Dried vine fruits (currants, raisins and sultanas) 10 n.a.
Coffee beans and coffee products (solid) 5 n.a.

Instant coffee, powder 10 n.a.
Wine (including sparkling wine, excluding liqueur wine and wine
with an alcoholic strength of not less than 15% vol) and fruit wine

2 n.a.

Aromatised wine, aromatised wine-based drinks and aromatised
wine-product cocktails

2 n.a.

Grape juice, concentrated grape juice as reconstituted, grape
nectar, grape must and concentrated grape must as reconstituted

2 n.a.

Processed cereal-based food for infants and young children 0.5 n.a.
Pepper, black and white (Piper nigrum), Nutmeg (Myristica fragans),
Ginger (Zingiber officinale), Turmeric (Curcuma), Piper spp.

15 n.a.

Chilli pepper (Capsicum frutescens), Cayenne pepper (Capsicum
frutescens), Paprika powder (Capsicum spp.) (dried fruits thereof,
whole or ground, including chillies, chilli powder, cayenne and
paprika)

20 n.a.

Mixtures of spices containing one of the above mentioned 15 n.a.

‘Liquorice extract’ (flavouring) 80 n.a.

‘Liquorice’ as root candies and liquorice for herbal infusion 20 n.a.

ML; maximum level; LOQ: limit of quantification; n.a.: not applicable; P75: 75th percentile; P95: 95th percentile;
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4.7.1.1. Expression of results

Most of the analytical results were expressed as whole weight. In cases where the results were
reported as dry weight, the values were adjusted with the reported moisture content to whole weight.
Where information on ‘whole weight’ or ‘dry weight’ was not reported (e.g. some samples of coffee
beans, spices, paprika powder), these were, upon re-checking, assumed to be whole weights when
they were in the range of the other reported occurrence levels within the corresponding category.

4.7.1.2. Occurrence summary statistics

Food samples were submitted by 29 European countries and FEDIOL, the European Vegetable Oil
and Protein meal Industry (FEDIOL) (Figure 7) between the years 2009 and 2018 (Figure 8). Mean
and P95 levels for OTA in a number of food categories are shown in Table 13. More data on summary
statistics of occurrence values are presented in the Annex, Table 2. The proportion of left-censored
data (results below the LOD or LOQ) was 75%.

The occurrence data for OTA on 73,891 food samples is available at: http://doi.org/10.5281/zenodo.
3739292.

Figure 7: Number of food samples in the final data set encoded by European countries: n = 73,891
food samples with results for OTA
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4.7.1.3. Grouping and selection of food categories for the exposure assessment

In view of the exposure assessment, food data were grouped at different FoodEx levels, and other
merged categories used as supplements to FoodEx for the present assessment, taking into
consideration several factors including the similarities between food categories, the number of samples
and the concentrations observed.

Figure 8: Number of food samples in the final data set reported by year for the n = 73,891 food
samples with results for OTA

Table 13: Highest 15 mean LB and UB occurrence levels in decreasing order for OTA among food
groups with at least six samples (see Annex for additional food items)

FoodEx level2 FoodEx Level3
No of

samples
% LC

Mean LB
(lg/kg)

Mean UB
(lg/kg)

Dietary supplements Plant extract formula 19 42 35.62 35.79

Fruiting vegetables Chilli pepper (Capsicum frutescens) 49 27 10.57 10.88
Confectionery (non-
chocolate)

Liquorice candies 112 66 9.47 10.30

Spices Paprika powder 2,670 15 8.92 9.07
Flavourings or
essences

Liquorice (Glycyrrhiza glabra) 146 62 6.27 7.13

Spices Chilli powder 450 24 5.65 5.89
Spices Allspice (Pimenta dioica) 25 76 5.49 6.08

Spices Cayenne pepper (Capsicum frutescens) 226 24 4.34 4.72
Bulb vegetables Garlic, bulb (Allium sativum) 19 74 3.70 5.28

Dried fruits Dried figs (Ficus carica) 1,936 75 3.63 4.12
Preserved meat Ham, pork 54 46 3.03 3.09

Spices Nutmeg (Myristica fragans) 1,069 54 2.95 3.71
Herb and spice
mixtures

Curry powder 299 42 2.6 3.1

Herb and spice
mixtures

Mixed herbs 56 73 2.5 3.7

Cheese Cheese (type not specified)(a) 15 73 2.2 2.9

LC: left censored; LB: lower bound; UB: upper bound;
(a): Occurrence levels of five samples of Grana Padano cheese are not included here, but considered in the exposure

assessment (Annex, Tables 2 and 3).
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At the most detailed level (FoodEx level 3), the food was retained if more than six samples were
available in the category. If less than six samples were available, the levels were compared with similar
foods belonging to other categories:

• If the levels were similar, the samples were either grouped together with the similar food,
resulting in a new category, or the food was taken into account at a higher (parent) level
(FoodEx level 2) if this broader category was well-represented by the available categories at
FoodEx level 3.

• If the levels reported were very different, the category was excluded as it was considered
insufficiently covered. In order to avoid excluding a specific, but potentially relevant category, a
single exception was made for Chocolate and chocolate products for diabetics (n = 4).

• Samples in the categories of the least detailed FoodEx classification (FoodEx level 1) were
excluded in cases where no further information was available for a more specific reclassification.

Categories where the analytical results were 100% left censored and OTA contamination was not
expected were not taken into account in the assessment. Where in similar food categories on the
same level quantified values were found, the samples were grouped together with the similar food
according to the same principle as in the first bullet point. For instance in the category ‘Black tea,
infusion’, there were only three left-censored samples, but as in unspecified tea and other tea
categories we had quantified values, all tea samples were pooled together (in case of solid teas, after
application of a dilution factor) and the mean was calculated based on all of them. For the detailed list
of the categories considered, see Annex, Table 2.

Only one honey sample was quantified out of a total 77. Because in the literature no evidence can
be found for the presence of OTA in honey, the Panel decided not to consider this category as it would
very likely lead to an overestimation of the exposure.

Considering that it is unlikely that fresh cheese gets contaminated with OTA, the contamination
levels analysed in cheese (not defined) were not applied on these types.

In case of powdered or concentrated foods (such as coffee, beverage concentrate), dilution factors (see
Annex, Table 3) were applied in order to get the ready-to-consume form andmatchwith the consumption data.

Overall, 2,122 samples were excluded from the assessment from the 73,891 samples as they did
not fulfil the above selection criteria. In total, 209 categories were created from the 71,769 analytical
results for the linking between food occurrence and food consumption data (see Annex, Table 3).

4.7.2. Occurrence of OTA as reported in the public literature

OTA has been detected in foods of plant and animal origin. In foods of plant origin, OTA is
frequently found in cereal products, beer, coffee, cacao, chocolate, vegetables, green tea, raisins,
grape juice, pistachios, figs, wine, liquorice, chestnuts and spices (e.g. dried red pepper, chilli powder,
black pepper, coriander, ginger, cayenne pepper, curcuma and nutmeg).

According to the Rapid Alert System for Food and Feed (RASFF) portal,14 in the period between
January 2016 and June 2019, 25 of in total 87 notifications of OTA were on cereal-based products.

OTA frequently occurs in baby food and breakfast cereals. Rice, barley, oats and wheat are the
most contaminated ingredients (Piacentini et al., 2019).

Coffee is frequently infected with ochratoxigenic fungi and temperature affects significantly growth,
germination of fungi, as well as the toxin production. Contamination of roasted coffee with OTA is
directly related to the processing quality throughout the coffee production chain, from the farming to
the roasting processes (Khaneghah et al., 2019).

OTA occurs also frequently in capsicum powder. In the EU, in 2017 and 2018 alone, 41 cases of
pepper contamination were reported by the RASFF. Among them, eight notifications were on OTA level
exceeding the maximum level (ML). Production of the pepper crop, its transportation, processing and
storage are crucial for food safety. OTA has previously been reported in red pepper samples (Santos
et al., 2010; Ham et al., 2016), dried chilli pod (Thirumala-Devi et al., 2000; Jalili and Jinap, 2012;
Yogendrarajah et al., 2014), chilli powder (Ozbey and Kabak, 2012; Iqbal et al., 2013), red pepper
flakes (Tosun and Ozden, 2015), chilli sauce (Iqbal et al., 2011), sweet pepper (Gambacorta et al.,
2018) and paprika (Fazekas et al., 2005; Hierro et al., 2008; Ahn et al., 2010). One of the main issues
affecting spices is the possible co-occurrence with other mycotoxins such as aflatoxins, zearalenone
and deoxynivalenol, due to multiple fungal infection (Santos et al., 2010, 2011).

14 https://webgate.ec.europa.eu/rasff-window/portal/?event=SearchForm&cleanSearch=1

Ochratoxin in food

www.efsa.europa.eu/efsajournal 77 EFSA Journal 2020;18(5):6113

https://webgate.ec.europa.eu/rasff-window/portal/?event=SearchForm&cleanSearch=1


Several studies reported the occurrence of OTA in tea and herbal infusions. It has been shown that
toxigenic fungi, mainly Aspergillus niger and Penicillium spp., grow on tea and herbs leaves, thus
inducing OTA accumulation (Haas et al., 2013). OTA was observed in only few samples, but there
often at high concentrations, suggesting that under certain conditions, toxin production can be high.
The transfer rate during the infusion process of tea was calculated by Malir et al. (2014), who found a
mean value of 34.8% � 1.3% for green tea. Transfer rates for green and black teas were reported by
Carraturo et al. (2018), with values in the range from 33% to 55%.

A number of studies deal with the occurrence of OTA in botanicals, dietary supplements and
traditional herbal remedies on the European market (Ari~no et al., 2007; Diana Di Mavungu et al., 2009;
Santos et al., 2010; Vaclavic et al., 2013; Veprikova et al., 2015; Gottschalk et al., 2016). Various
contaminants may be present in the raw plant material and OTA may be found in dietary supplements
obtained from green coffee, liquorice and spices because in commonly used extraction procedures of
plant material co-isolation is not avoided.

Contamination of foods of animal origin such as pork meat, pork blood products, poultry kidney or
liver with OTA results from consumption of OTA-contaminated feed. Meat products, such as raw ham
muscle, cured meats, salami or dry-cured ham can also be directly contaminated during processing or
storage. OTA can be produced by Penicillium nordicum, which can grow on pork meat during ripening
(Rodr�ıguez et al., 2012; Merla et al., 2018).

The Italian Ministry of Health has recommended a guideline value of 1 lg/kg in pork meat
products.15 Therefore, over the last years, a number of studies were performed in Italy on dry cured
meat, to better understand the transfer of OTA from feed to pork meat. Several trials have been
reported to establish the OTA transfer rate from feed to tissues (Bertuzzi et al., 2013; Altafini et al.,
2017). Studies focused on the OTA distribution in tissues, consistently reported the order blood plasma
> lung > kidney, heart > bile > liver > fat > muscle, following a dose resposnse. Besides direct
contamination because of transfer from the feed the authors identified very high OTA levels in several
outer dry-cured ham samples, due to environmental contamination and subsequent mycelia growth on
ham surfaces (Dall’Asta et al., 2010; Bertuzzi et al., 2013). OTA occurrence was monitored also in
traditional Croatian pork cured meat products (Pleadin et al., 2014) and in French pig liver samples
(Hort et al., 2018) with consistent results.

Over the last decade, several studies reported the possible occurrence of OTA in ripened cheese
(Dall’Asta et al., 2010; Biancardi et al., 2013; Pattono et al., 2013; Decontardi et al., 2017; Sakin et al.,
2018; Anelli et al., 2019; Ramos-Pereira et al., 2019). Considering that the transfer of OTA from feed
to ruminants milk is negligible, due to the hydrolytic activity of rumen bacteria, the OTA occurrence in
cheese is very likely due to environmental contamination leading to fungal growth on the cheese
surface (Kure and Skaar, 2019). Although the common fungi growing on cheese surface have been
reported as non-OTA producers (Lund et al., 1995), the growth of uncontrolled moulds during ripening
and ageing may occur causing spoilage and possibly mycotoxin production (Ropars et al., 2012;
Camardo Leggieri et al., 2020). Very recently, the possible migration of OTA from the crust as far as
1.6 cm in depth was demonstrated in French semi-hard Comt�e cheese following artificial inoculation
with OTA-producing strains (Coton et al., 2019).

Overall, it can be concluded that the occurrence data reported in the public literature are consistent
with those available in the EFSA database and used for the exposure assessment in the present
opinion.

4.7.3. Effect of processing on OTA occurrence

Many studies have been performed over years to understand the effect of food processing on the
concentration of OTA in the final product. Some treatments have been recognised as an effective
mitigation strategy, while the efficiency of others is still less known.

In particular, sorting and other cleaning procedures have been demonstrated to be effective in
decreasing the OTA content also in food commodities such as nuts, cocoa and coffee beans, through
removal of ‘hot spots’ of contamination. Controlled environmental conditions, mainly humidity and
temperature, may avoid fungal growth during storage. High temperatures, which are achieved e.g.
during the roasting process, were shown to considerably decrease OTA by thermal degradation.

15 Ministero della Sanit�a, 1999. Circolare 09.06.1999. In Sanit�a MD (ed.). Circolare 09.06.1999 (vol. 135) 11.06.1999. Gazzetta
Ufficiale Repubblica Italiana. Available online: https://www.gazzettaufficiale.it/eli/id/1999/06/26/099A5104/sg
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It is known that cleaning procedures such as gravity separation, dehulling, optical sorting, grading and
sieving may represent an effective mitigation step in grain, on account of the distribution of fungal biomass,
and the subsequent mycotoxin accumulation, on the kernel external layers (Scudamore and Patel, 2000;
Cheli et al., 2013). In general, milling can cause a redistribution of mycotoxins among fractions, with a
decrease in toxins in flour and an increase in milling by-products, among them bran (Mousavi Khaneghah
et al., 2018; Schaarschmidt and Fauhl-Hassek, 2018). Thermal treatments such as kilning, baking and
toasting, are commonly recognised to decrease the overall content of mycotoxins, among them OTA.
Besides the effect of the thermal processing, mycotoxins might be affected by other accompanying factors
such as additives, ingredients or fermentation (Schaarschmidt and Fauhl-Hassek, 2018).

Although sorting and milling may decrease OTA content in the final fractions, no significant
mitigation has been described during the bakery process (Vidal et al., 2014; Schaarschmidt and Fauhl-
Hassek, 2018). Extrusion processing, widely used in breakfast cereals manufacture, may reduce
mycotoxin levels to varying degrees (e.g. up to 80% in rice). The use of baking soda increases the
degradation rate of OTA (Ryu et al., 2019).

Besides cereals, beer can represent another source of OTA exposure (Peters et al., 2017). In
brewery, steeping, kilning, malting and fermentation may lead to a significant decrease in OTA.
Bertuzzi et al. (2011) reported an average decrease of OTA in the range of 70–90% along the beer
production process.

In dried fruits such as figs, removal of damaged fruits also following an automated approach (i.e. IR or
UV spectroscopy) may reduce final OTA content, especially in combination with proper drying techniques
such as controlled ventilation (Mutlu-Ingok and Karbancioglu-Guler, 2014; Benalia et al., 2015; Petri�c
et al., 2018). Novel technologies such as ozonation and treatment with ionising radiation were shown to
reduce OTA in different types of nuts and dried fruit (Pankaj et al., 2018). However, there is a lack of
knowledge on the chemistry of the possible degradation products, and on the effect on the overall quality
of food material. Therefore, these techniques are not routinely applied in food production.

Herbs and spices are subject to minimal processing before use, hand or optical sorting being the main
steps for mycotoxin mitigation. However, in some cases, fumigation and steam treatment are used which
may also contribute to the reduction of mycotoxin load. Although seeds, rhizomes and fruits are at risk of
field contamination, it has been demonstrated that a principal concern is downstream contamination due
to the use of traditional preparation practices particularly the dehydration of fruits through prolonged sun
drying of bell and red peppers (Sahar et al., 2017; Weil et al., 2020). Another example is insufficient
control of water activity during storage of bulk ground spices, particularly in tropical and subtropical
regions which can be mitigated by controlling drying processes and storage conditions.

Fungal growth may affect cocoa beans during the fermentation and drying processes, if not
adequately controlled. Cocoa beans surrounded by their pulp are traditionally fermented in heaps.
Available data indicate the importance of fermentation length to avoid mycotoxin production, which
should not exceed 7 days to minimise OTA contamination (FAO, 2013). At that stage, also lowering the
pH and/or the addition of mild organic acid has been shown to reduce to accumulation of OTA to some
extent (Copetti et al., 2012). Roasting (generally conducted at 190–210°C for 20–30 min) may
significantly reduce the content of OTA via thermal degradation (Manda et al., 2009).

In coffee beans, wet-drying methods are considered more effective in OTA mitigation than the
traditional drying method. Proper drying to 11% moisture content is essential to avoid fungal growth
during storage and transport.

Several studies have shown that roasting efficiently reduces OTA concentrations (Blanc et al., 1998;
P�erez de Obanos et al., 2005; Ferraz et al., 2010; Castellanos-Onorio et al., 2011). Roasting levels
(stronger roasting leads to lower OTA levels) and particle size (coarse particles lead to lesser OTA
contents than fine ones) seem to be the most relevant factors affecting the final OTA concentration, as
reported by Oliveira et al. (2013). Roasting degradation products have been studied and formation of
2’R-OTA and 2-decarboxy-OTA, explain about 40% of the total loss over processing. The remaining
degradation is probably due to the binding of OTA to coffee polysaccharides via esterification as a
further thermal reaction (Bittner et al., 2013). More recently, OTalpha amide and OTalpha (see Figure 2
of Section 4.1.1 on Toxicokinetics) were identified as minor thermal degradation products of OTA
(Bittner et al., 2015). The final occurrence of OTA in the coffee beverage is affected by the preparation
method (e.g. brewing, espresso, filtration). Malir et al. (2014) reported that median values for OTA
transfer rate from ground roasted coffee to the drinks were the following: ‘lungo’ (54.9%) > ‘americano’
(51.1%) > ‘espresso’ (32.9%) > ‘doppio’ (29.8%) > ‘ristretto’ (22.7%). The authors also demonstrated a
positive correlation between the OTA transfer rate and the water volume used for the preparation.
Slightly acidic conditions were also found positively correlated with a higher OTA extraction.
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4.8. Exposure assessment

4.8.1. Current exposure assessment

4.8.1.1. Mean and high dietary exposure

Chronic dietary exposure was estimated across Europe following the methodology described in
Section 3.5. A total of 38 dietary surveys, carried out in 22 different Member States, were selected for
this assessment. These dietary surveys and the number of subjects available per age class are
described in the Annex, Table 4).

Table 14 summarises the chronic dietary exposure estimates for OTA across the 38 dietary surveys.
Detailed summary statistics on the exposure estimates calculated for each dietary survey are
presented in the Annex, Table 5.

As can be seen in Table 14, the mean exposure estimates ranged from 0.64 (minimum LB)/2.53
(minimum UB) to 9.13 (maximum LB)/17.79 (maximum UB) ng/kg bw per day across dietary surveys
and age groups. At the 95th percentile, exposure estimates ranged from 2.40 (minimum LB)/5.13
(minimum UB) to 30.36 (maximum LB)/51.69 ng/kg (maximum UB) bw per day.

Dietary exposure in specific groups of the population, namely pregnant and lactating women (each
represented with two survey), was within the range of exposure estimates for the adult population.

Table 14: Mean and 95th percentile of chronic exposure estimates at the LB and UB for OTA

Age class(a) Number of surveys

Mean dietary exposure (ng/kg bw per day)

Minimum Median Maximum

LB UB LB UB LB UB

Infants 11 0.64 2.53 1.93 5.66 8.64 15.71

Toddlers 14 3.32 7.34 5.72 12.33 9.13 17.79
Other children 19 2.91 7.40 5.03 10.78 8.05 14.36

Adolescents 18 2.20 5.15 3.26 6.02 4.54 8.09
Adults 19 1.66 3.47 2.41 5.09 3.84 6.03

Elderly 18 1.30 3.09 2.07 4.54 3.57 6.18
Very elderly 14 1.10 2.62 2.08 4.52 3.59 5.32

Pregnant women 2 1.49 3.28 1.88 3.81 2.26 4.33

Lactating women 2 1.66 4.07 2.11 4.48 2.57 4.88

Age class(a) Number of surveys

95th percentile dietary exposure (ng/kg bw per
day)(b)

Minimum Median Maximum

LB UB LB UB LB UB

Infants 10 2.58 7.34 6.86 14.22 30.36 51.69
Toddlers 12 9.97 16.59 12.20 22.01 22.23 37.13

Other children 19 6.26 14.40 10.09 19.44 17.92 28.06
Adolescents 17 4.82 9.93 6.55 11.38 10.46 15.70

Adults 19 3.86 7.56 5.44 10.36 8.88 12.65
Elderly 18 3.16 6.68 4.30 8.61 8.60 13.71

Very elderly 10 2.40 5.13 3.97 8.45 5.22 9.19
Pregnant women 2 3.07 6.21 4.06 7.23 5.04 8.26

Lactating women 2 3.11 6.40 4.51 8.23 5.92 10.06

bw: body weight; LB: lower bound; UB: upper bound.
(a): Section 2.3 describes the age range within each age class.
(b): The 95th percentile estimates obtained on dietary surveys/age classes with less than 60 observations may not be

statistically robust (EFSA, 2011a). Those estimates were not included in this table.
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4.8.1.2. Contribution of different food groups to the total dietary exposure

Figures 9, 10 and 11 summarise the proportions of contributors of exposure (LB) in 11 broad food
groups together with the magnitude of exposure for each the surveys in age groups ‘Toddlers’, ‘Other
Children’, ‘Adolescents’, ‘Adults’, ‘Elderly’ and ‘Very elderly’. As shown in the figures, preserved meat,
cheese, grains and grain-based products are main contributors across all surveys. However,
contribution of the first two varies to a larger extent, while contribution of grain-based products
remains more constant. Dried fruits, and fresh fruits such as grapes, figs and dates (see occurrence
values and categories considered in the Annex, Table 3) as well as fruit juices and nectars were also
contributing to the exposure in some of the ‘Toddlers’ and ‘Other children’ surveys, albeit, to a lesser
extent than the three major contributor groups. Non-chocolate confectionary is a significant source of
exposure in countries where liquorice-based sweets are frequently consumed (in particular Finland, the
Netherlands, Sweden and Denmark). All subcategories as designated and depicted in Figures 9, 10
and 11 are listed in the Annex, Tables 3 and 8 where information about the percentages is provided.
Occurrence levels of selected subcategories of the main contributing foods are shown in Table 15,
except those from ‘Grain and grain-based products’ where there are 55 subcategories and thus, they
could not be included in the table.

In the case of infants, cheese and meat products are the most important contributors to OTA
exposures together with various grains and grain-based products (such as bread and rolls, various
cereal flakes, rice, popped cereals). Food groups contributing more than 5% to the LB exposure
estimates in at least one dietary survey are summarised in the Annex, Table 6.

Table 15: Occurrence levels and subcategories of the main contributing foods considered in the
exposure assessment and shown in Figures 9, 10 and 11

Category as listed in
Figures 9, 10 and 11

Linking category(c)
LB MEAN
lg/kg

UB MEAN
lg/kg

Cheese Cheese (on Foodex2 level)(a) 1.68 2.43

Meat and meat products Boar meat (Sus scrofa) 0.05 0.13
Ham, pork 3.03 3.09

Liver and kidney, farmed animals 0.04 4.67
Pastes, pât�es and terrines 0.07 0.12

Preserved meat 2.20 2.27
Sausages 0.94 1.11

Fresh and dried fruits,
and fruit products

Dried apricots (Prunus armeniaca) 0.28 1.12
Dried dates (Phoenix dactylifera) 1.83 2.27

Dried figs (Ficuscarica) 3.63 4.12
Dried fruits (not defined) 2.16 2.74

Dried vine fruits (currants, raisins and sultanas) 1.86 2.44
Berries and small fruits (not defined) 0.13 1.61

Dates (Phoenix dactylifera) 0.01 1.72
Figs(b) 1.27 1.44

Fruit, canned 0.02 0.25
Jam, marmalade and other fruit spreads 0.13 0.65

Grains and grain-based
products(d)

Bread and rolls 0.16 0.34
Breakfast cereals 0.15 0.42

Fine bakery wares 0.05 0.26
Muesli 0.23 0.43

Pasta (Raw) 0.07 0.36

Pastries and cakes 0.15 0.48

(a): Fresh cheeses, such as mozzarella, robiola, etc. were not taken into consideration.
(b): Derived from occurrence levels of ‘Dried figs’.
(c): Category used in the exposure assessment for matching the occurrence and consumption data.
(d): Includes ‘Grains for human consumption’, ‘Grain milling products’, ‘Bread and rolls’, ‘Pasta (Raw)’, ‘Breakfast cereals’, ‘Fine

bakery wares’ in 55 subcategories (Annex, Table 3).

Ochratoxin in food

www.efsa.europa.eu/efsajournal 81 EFSA Journal 2020;18(5):6113



The Panel acknowledged that data from the younger age groups (i.e. ‘Toddlers’, ‘Children’ and
‘Adolescents’) showed some levels of intake from consumption of alcoholic beverages. These exposure
estimates (which are very low) are most likely a result of the indirect consumption of alcoholic
beverages as ingredients of composite foods.

As already noted above, Figures 9, 10 and 11 below summarise the contribution of different food
categories to OTA exposures in different surveys. Notably the categories used in these figures do not
correspond to FoodEx categories.
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Figure 9: Contributors of exposure of OTA among different countries/surveys in ‘Toddlers’ and ‘Other Children’
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Figure 10: Contributors of exposure of OTA among different countries/surveys in ‘Adolescents’ and ‘Adults’
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Figure 11: Contributors of exposure of OTA among different countries/surveys in ‘Elderly’ and ‘Very Elderly’
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4.8.1.3. Comparison of occurrence levels and exposure with the previous EFSA opinion on
OTA

In 2006, data from a SCOOP (Socioeconomic sciences: communicating outcomes oriented to policy)
report from 2002 (European Community, 2002) were used as a basis for the assessment of the
exposure. It included seven food categories representing the supposed main contributors to OTA
exposure. These categories were cereals and cereal products, wine, beer, grape juice, brewed coffee,
cocoa and cocoa products as well as pork meat (see Table 16).

As can be seen in Table 16, the occurrence levels in the database used for the present assessment
are similar to those in the seven main food categories used in the EFSA assessment of 2006. However,
the current exposure estimate considered 210 subcategories in a wide range of food products
including also data on other grain-based products, cheese, various meat products, tree nuts, liquorice-
containing products and dried fruits that were previously not considered. This resulted in slightly
higher exposure estimates. Moreover, because in 2006, the EFSA Comprehensive Food Consumption
Database was not yet available the Concise Database was used, allowing only less refined estimates.
Thus, in 2006, mean exposure of an average adult consumer varied between 2 and 3 ng/kg bw per
day while in the current assessment, mean LB/UB exposures range between 1.68/3.51 and 3.84/6.05
ng/kg bw per day in ‘Adults’. In addition, in 2006, the use of the Concise Database did not allow an
accurate assessment of the dietary exposures of age classes other than ‘Adults’.

4.9. Exposure assessment of infants fed on human milk

4.9.1. Occurrence of OTA in human milk in Europe

The occurrence of OTA in humanmilk in European populations was investigated intensely over the last two
decades. In terms of analytical performance, methods are significantly improved over the last three decades in
particular in terms of sensitivity and selectivity. Therefore, the CONTAM Panel decided to list in Table 17 only
those papers reporting sufficient information on the analytical performance and the data collected.

Table 17 presents an overview of recent studies on occurrence of OTA in human milk potentially
useful for derivation of occurrence levels for OTA in breast milk. In all these studies consistently lower
OTA values (all in the same order of magnitude) are reported compared to the older studies. In
Table 17 study design, concentration median/mean/range, LOQ and LODs are indicated.

Table 16: Comparison of occurrence levels used in the 2006 EFSA opinion with levels detected in
the current database in the corresponding food categories

2006 occurrence data – taken from
European Community (2002)

2019 occurrence data – taken from EFSA data
warehouse

Food category N
Mean

(lg/kg)(a)
Food category N

LB/UB Mean
(lg/kg)

Cereals and cereal
products

5,180 0.29 Breakfast cereals 1,882 0.18/0.44
Grain milling products 4,409 0.29/0.55
Grains for human consumption 6,852 0.22/0.50

Beer 496 0.03 Beer and beer-like beverages 1,755 0.04/0.26
Wine 1,470 0.36 Wine 5,692 0.06/0.25
Grape juice 146 0.55 Grape juice 1,809 0.18/0.27
Cocoa and cocoa products 547 0.24 Cocoa and cocoa products 1,204 0.57/0.83
Pork meat/edible
offal

1,860 0.20 Ham, pork 54 3.03/3.09
Pork meat 112 0.0/0.2 (100%

left censored)
Pork kidney 2,327 0.04/5.1

Roasted ground coffee
(dry weight)

1,184 0.72 Roasted ground coffee
(whole weight)

1,651 0.56/0.94

LB: lower bound; N: number of samples; UB: upper bound;
(a): Mean was calculated according to the following criteria: 1) If LOD and LOQ were available, mean level was calculated using

LOD/2 for results lower than the LOD. For results between LOD and LOQ, numerical values, if available, were used. 2) If
only LOQ was available, or if numerical values between LOD and LOQ were not available, LOQ/2 for values below the LOQ
were used (European Community, 2002).
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Table 17: Studies on OTA levels in breast milk in Europe

Study population
Analytical
method

No of samples
(No of positive
samples)

Median of
positive
samples
(ng/L)

Mean � SD
positive
samples
(ng/L)

Mean � SD
all samples
(ng/L)

Concentration
range of
positive
samples
(ng/L)

LOD
(ng/L)

LOQ
(ng/L)

Reference

Lactating women from mid
north Sweden. Milk sampled
6 weeks after delivery
(mature milk) and 2–3 h
after the previous feed. No
selection/exclusion criteria
reported

LC-FD 40 (23) n.r. n.r. n.r. 10.0–40.0 10 40 Breitholtz-Emanuelsson
et al. (1993)

Milk samples from Swiss
mothers living north of the
Alps. No further selection
criteria reported

LC-FD 40 (4) n.r. n.r. n.r. 5–14 n.r. 5–10 Zimmerli and Dick
(1995)

Samples obtained May–
August in different regions
of Norway. Elverum (south
east); Trondheim (middle
coast); Bodo (north). No
selection/exclusion criteria
reported

LC-FD Total: 115 (38)
Elverum: 48 (20)
Trondheim:
19 (11)
Bodo: 48 (7)

Total: 30 Total: n.r.
Elverum: 43.2
Trondheim:
49.0
Bodo: 27.4

n.r. 10–130 n.r. 10 Skaug et al. (1998)

Samples from healthy
women (19–35 years old)
from one (not the first)
morning feed. Mothers were
asked for but not selected
because of their dietary
habits

LC-FD 80 (17) 16 30 n.r. 10–182 n.r. 10 Skaug et al. (2001)

Samples of mature milk
from Polish mothers. No
information on selection
criteria

ELISA 78 (40) n.r. 6.8 � 4.9 n.r. 2.4–16.0 n.r. 5 Karwowska et al.
(2004)
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Study population
Analytical
method

No of samples
(No of positive
samples)

Median of
positive
samples
(ng/L)

Mean � SD
positive
samples
(ng/L)

Mean � SD
all samples
(ng/L)

Concentration
range of
positive
samples
(ng/L)

LOD
(ng/L)

LOQ
(ng/L)

Reference

Italian mothers from
different parts of Lombardy.
Milk sampled 3–4 days after
birth. No preselection of
mothers based on dietary
habits

LC-FD 231 (198) 4 6.01 � 8.31 n.r. 0.5–17 0.5 n.r. Turconi et al. (2004)

Milk from Polish mothers
obtained 3–-4 days after
labour

LC-FD 13 (5) n.r. 5.6 � 4 n.r. 5.3–17 5 15 Postupolski et al.
(2006)

Milk obtained from Slovak
mothers from 0 to 6 months
after delivery

LC-FD 76 (23) n.r. n.r. n.r. 4.8–60.3 4.8 14.4 Dostal et al. (2008)

Mature milk samples
collected from Italian
mothers 30 days after
delivery. Only healthy non-
smoking, non- drinking
mothers with healthy babies
were enrolled in the study

LC-FD 82 (61) n.r. 30.43 �.88 n.r. 5–405 2 5 Galvano et al. (2008)

Samples from 57 Italian and
non-Italian mothers
obtained 3–4 days after
delivery in a hospital in
Northern Italy

LC-FD 57 (41) n.r. 10.0 � 15.6 n.r. 1.0–75.1 0.5 1.0 Biasucci et al. (2011)

Milk collected from 90
German mothers, 30 in
Nordrhein Westfalen (NRW)
and 60 in Niedersachsen
(NS)

LC-MS 90 in total NRW
30 (7)
NS
NS 60 (6)

n.r. n.r. 24.41 � 21.1
(NRW)
14.4 � 15.1
(NS)

n.r. 10 30 Mu~noz et al. (2013)
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Study population
Analytical
method

No of samples
(No of positive
samples)

Median of
positive
samples
(ng/L)

Mean � SD
positive
samples
(ng/L)

Mean � SD
all samples
(ng/L)

Concentration
range of
positive
samples
(ng/L)

LOD
(ng/L)

LOQ
(ng/L)

Reference

Healthy (30) and ceoliac
(35, on a gluten-free diet)
breast feeding mothers.
Samples collected three
times daily for three
consecutive days between
2 weeks and 4 months after
birth. No further selection/
exclusion criteria reported

LC-FD 453 (7) n.r. n.r. n.r. 17–123 n.r. 34 Valitutti et al. (2018)

ELISA: enzyme-linked immunosorbent assay; LC-FD: liquid chromatography-fluorescence detection; LC-MS: liquid chromatography-mass spectroscopy; LOD: limit of quantification; LOQ: limit of
quantification; n.r.: not reported; SD: standard deviation.
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Overall, it can be seen that occurrence values are affected by a large variability within studies,
probably owed to study design and specificity and sensitivity of methods. For most of the studies,
individual data were not provided. In several studies only concentration ranges but no mean values
have been reported (Breitholtz-Emanuelsson et al., 1993; Zimmerli and Dick, 1995; Dostal et al., 2008;
Valitutti et al., 2018). The studies from Skaug et al. (1998, 2001) showed a high variability, probably
due to the lower specificity of the analytical methods compared to those currently used. The study
from Postupolski et al. (2006) had a rather small study population while the values derived by Galvano
et al. (2008) had a rather high variability.

After evaluation of the data as reported, the CONTAM Panel decided to base the exposure assessment
on the most recent studies, i.e. Mu~noz et al. (2013), Biasucci et al. (2011) and Valitutti et al. (2018). In
order to provide a transparent exposure assessment, the study authors were contacted and the raw data
kindly provided by Gisela Degen (Mu~noz et al., 2013), Fillipo Rossi (Biasucci et al., 2011) and Carlo Brera
and Barbara de Santis (Valitutti et al., 2018) and are presented in Appendix G.

Breast milk has a different nutritional composition in different stages and is designated as
colostrum (1–5 days post-partum), transitional milk (6–14 days post-partum) and mature milk (15 days
to 15 months post-partum). In particular colostrum has a higher protein content as compared to
transitional or mature milk (EFSA NDA Panel, 2013). Mu~noz et al. (2014) found in a comparative study
that milk-to-plasma ratio, measured over a period of 4 months, is significantly higher (p = 0.001)
during the first week of lactation (0.40 � 0.26) compared to the following period (i.e. 0.26 � 0.19 at 4
months), probably in consideration of the high OTA affinity with proteins. In the same study, the
authors also found that individual OTA levels in mature milk varied considerably individually during the
study period but overall mean concentration levels did not vary substantially over a period of 6 months
(mature milk was measured at 15–30 days, 2, 4 and 6 months). Notably several subjects dropped out
early during the study and only in four mothers was it possible to receive milk samples until the very
end of the study. Considering the particular composition of colostrum in comparison to mature milk
and the possibly different excretion rate of OTA to colostrum and the short duration of feeding of
colostrum, the CONTAM Panel concluded that such samples are likely not representative of exposure
via breast feeding during the first 6 months of the life period of an infant. Therefore, the data from
Biasucci et al. (2011), which were exclusively colostrum samples (see Appendix G, Table G.2), were
not considered in the analysis.

In the study from Valitutti et al. (2018), mature milk from groups of healthy and coeliac mothers
was collected three times daily over a period of 3 days (see Appendix G, Tables G.3 and G.4).
However, out of a total of 453 milk samples, OTA was detected only in seven samples and these came
mainly from the same individual. It was concluded that these results could not be used for a
representative exposure assessment because this would be driven mainly by non-detects and by high
OTA levels detected in a single individual.

The CONTAM Panel concluded that the study from Mu~noz et al. (2013), obtained using a
confirmatory LC-MS method, presenting a good sensitivity and enrolling a sufficient amount of
individuals/breast milk samples is the most appropriate investigation for deriving a reliable and
representative mean OTA occurrence level for the exposure assessment from human milk. In this study
(see also Table 17), a total of 90 breast milk samples from two different cities in Germany (Dortmund
and Hannover) were analysed (for individual data, see Appendix G Table G.1). For reasons already
described above the data on colostrum were omitted from use in the exposure assessment and only
data obtained for transitory and mature milk were used for deriving OTA exposure for breastfed infants
for the period from birth to 6 months of age. For the remaining 71 milk samples, median and P95 LB
levels were 13 and 43 ng/mL, respectively.

The CONTAM Panel concluded that the median and the 95th percentile of the concentrations are
the most appropriate parameters to be used for the exposure assessment. These provide information
on the median exposure of infants and also on the infants consuming milk with high OTA
concentrations. The approach is further supported by the consideration that infants are a sensitive
population, and they are consuming only breast milk from one mother with a daily exposure to a toxin
that has the potential to accumulate in the body.

4.9.2. Breast milk consumption and exposure assessment of infants fed on
human milk

Thus, for the exposure assessment of infants below 6 months of age to OTA via breast milk, a
value of 3 months was selected, assuming an average body weight of 6.1 kg, with an estimated
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average daily consumption of 800 mL per day and a high consumption of 1,200 mL per day of human
milk (EFSA NDA Panel, 2013) was combined with the median and P95 occurrence levels mentioned
above. Based on the reported median concentration of OTA of 13 ng/L and a 95th percentile (P95)
concentration of OTA of 43 ng/L in human milk (transitional and mature milk combined) the dietary
exposure to OTA ranged from 1.7 to 5.6 ng/kg bw per day for infants with an average milk
consumption and from to 2.6 to 8.5 ng/kg bw per day for infants with a high milk consumption.

These intakes are actually in the lower part of those based on consumption of other food
(Table 14), being for the mean LB exposure 0.65 to 8.64 ng/kg bw per day (lowest LB-highest LB) and
for high exposure (P95) 2.57 to 30.36 ng/kg bw per day (lowest LB-highest LB). It should be noted
that in these calculations on exposure from food, the class of infants actually covers the period up to
12 months. Breastfeeding may also cover a period of 12 months, but after a number of months, the
infants will receive additional food.

4.10. Risk characterisation

4.10.1. Non-neoplastic effects

The CONTAM Panel selected the BMDL10 of 4.73 lg OTA/kg bw per day for increased incidence of
microscopic kidney lesions seen in a 3-month study with female pigs (Krogh et al., 1974) as a
reference point for the risk characterisation of non-neoplastic effects. Comparison of the chronic
dietary exposure to OTA across dietary surveys and age groups as reported in Table 14 of Section 4.7
Exposure assessment to this BMDL10 results in MOE values that range from 7391 (lowest minimum LB
exposure across national consumption surveys) to 266 (highest maximum UB exposure across national
consumption surveys) for the mean exposure estimates, and from 1971 (lowest minimum LB) to 92
(highest maximum UB exposure) for the 95th percentile exposure estimates across dietary surveys and
age groups (see Table 18 below).

Comparison of dietary exposure of infants from breastfeeding, with this BMDL10 results in MOE
values of 2783 and 1819 at median OTA concentrations in milk and of 845 and 556 at 95th percentile
OTA concentrations in milk in average and high breast milk consumers, respectively.

The CONTAM Panel considered that based on the available toxicity data and taking inter- and
intraspecies variations and the relatively short duration of the pig study (3 months) used for deriving a
non-neoplastic chronic BMDL10, an MOE of 200 would be sufficient to conclude on a low health
concern for non-neoplastic effects of OTA. As can be seen in Table 19, comparison of exposures with
the BMDL10 based on the non-neoplastic endpoint resulted in MOEs of more than 200 in most

Table 18: Margins of exposure (MOE) values of the different age groups to the BMDL10 of 4.73 lg
OTA/kg bw per day for increased incidence of microscopic kidney lesions upon OTA
exposure of pigs

Age group

MOE calculated from mean dietary exposure
MOE calculated from P95 dietary

exposure

Minimum Median Maximum Minimum Median Maximum

LB UB LB UB LB UB LB UB LB UB LB UB

Infants 7,391 1,870 2,451 836 547 301 1,833 644 690 333 156 92

Toddlers 1,425 644 827 384 518 266 474 285 388 215 213 127
Other
children

1,625 639 940 439 588 329 756 328 469 243 264 169

Adolescents 2,150 918 1,451 786 1,042 585 981 476 722 416 452 301
Adults 2,849 1,363 1,963 929 1,232 784 1,225 626 869 457 533 374

Elderly 3,638 1,531 2,285 1,042 1,325 765 1,497 708 1,100 549 550 345
Very elderly 4,300 1,805 2,274 1,046 1,318 889 1,971 922 1,191 560 906 515

Pregnant
women

3,174 1,442 2,516 1,241 2,093 1,092 1,541 762 1,165 654 938 573

Lactating
women

2,849 1,162 2,242 1,056 1,840 969 1,521 739 1,049 575 799 470

LB: lower bound; UB: upper bound; P95: 95th percentile.
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consumer groups. Exceptions are 95th percentile exposures at maximum LB in the age group of
‘Infants’ and at maximum UB in the age group of ‘Infants’, ‘Toddlers’ and ‘Other children’ indicating a
possible health concern for these age groups.

MOEs in breastfed infants were all above 200 indicating a low health concern.
The CONTAM Panel concluded that these MOEs indicate a possible health concern for non-

neoplastic effects of OTA for high consumers in the young age groups.

4.10.2. Neoplastic effects

The CONTAM Panel selected the BMDL10 of 14.5 lg OTA/kg bw per day for increased combined
incidences of adenomas and carcinomas in male rats in a chronic study (NTP, 1989) as a reference
point for the risk characterisation of neoplastic effects. Comparison of the chronic dietary exposure to
OTA across dietary surveys and age groups reported in Table 14 of Section 4.7 Exposure assessment
to this BMDL10 results in MOE values (see Table 20 below) that range from 22,656 (lowest minimum
LB exposure) to 815 (highest maximum UB exposure) for the mean exposure estimates, and from
6,042 (lowest minimum LB exposure) to 281 (highest maximum UB exposure) for the 95th percentile
exposure estimates across dietary surveys and age groups.

Comparison of dietary exposure of infants from breastfeeding, with this BMDL10 results in MOE
values of 8,529 and 5,577 at median OTA concentrations in milk and 2,589 and 1,706 at 95th
percentile OTA concentrations in milk in average and high breast milk consumers, respectively.

For substances that are both genotoxic and carcinogenic, EFSA (2005) and EFSA Scientific
Committee (2012a) stated that an MOE of 10,000 or higher if based on a BMDL10 from an animal
carcinogenicity study would be of low health concern.

However, as can be seen in Table 20, the calculated MOEs are below 10,000 in most of the dietary
surveys, in particular for 95th percentile exposures which are all far below 10,000. In breastfed
infants, the MOEs are below 10,000 in all scenarios. The CONTAM Panel noted that these MOEs would
indicate a possible health concern but the CONTAM Panel also notes the uncertainties associated with
the interpretation of the mode of action for carcinogenicity (see below Section 4.11 on Uncertainties).

For neoplastic effects of OTA, the CONTAM Panel emphasises, that it was not possible to make a
clear distinction between a direct and an indirect mechanism of genotoxicity. As a result, the risk
characterisation will be either not sufficiently cautious or overcautious depending on which MoAs
actually take place. The Panel points out that the MOE of 10,000 is likely to be most conservative in
this case as the evidence for a direct interaction of OTA with the DNA is inconclusive and alternative
thresholded mechanisms may play a role in the formation of kidney tumours.

Table 19: Margins of exposure (MOE) values of the different age groups to the BMDL10 of 14.5 lg
OTA/kg bw per day calculated from increased combined incidences of kidney tumours in
male rats

Age group

MOE calculated from mean dietary
exposure

MOE calculated from P95 dietary exposure

Minimum Median Maximum Minimum Median Maximum

LB UB LB UB LB UB LB UB LB UB LB UB

Infants 22,656 5,731 7,513 2,562 1,678 923 5,620 1,975 2,114 1,020 478 281

Toddlers 4,367 1,975 2,535 1,176 1,588 815 1,454 874 1,189 659 652 391
Other
children

4,983 1,959 2,883 1,345 1,801 1,010 2,316 1,007 1,437 746 809 517

Adolescents 6,591 2,816 4,448 2,409 3,194 1,792 3,008 1,460 2,214 1,274 1,386 924
Adults 8,735 4,179 6,017 2,849 3,776 2,405 3,756 1,918 2,665 1,400 1,633 1,146

Elderly 11,154 4,693 7,005 3,194 4,062 2,346 4,589 2,171 3,372 1,684 1,686 1,058
Very elderly 13,182 5,534 6,971 3,208 4,039 2,726 6,042 2,827 3,652 1,716 2,778 1,578

Pregnant
women

9,732 4,421 7,713 3,806 6,416 3,349 4,723 2,335 3,571 2,006 2,877 1,755

Lactating
women

8,735 3,563 6,872 3,237 5,642 2,971 4,662 2,266 3,215 1,762 2,449 1,441

LB: lower bound; UB: upper bound; P95: 95th percentile.
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Pending the elucidation of the MoAs for the genotoxicity/carcinogenicity of OTA, the
Panel concluded that an MOE of 10,000 to the neoplastic reference point is warranted for the risk
characterisation of OTA, albeit being the most conservative approach until the MoAs are clarified.

4.11. Uncertainty analysis

The evaluation of the inherent uncertainties in the present assessment was performed following the
guidance of the Scientific Committee related to uncertainties in dietary exposure assessment (EFSA,
2007). The CONTAM Panel took note of the new guidance on uncertainties of the Scientific Committee
(EFSA Scientific Committee, 2018), but it was not implemented in this opinion.

4.11.1. Assessment objectives

The objectives of the assessment are clearly laid down in the terms of reference.

4.11.2. Occurrence data/consumption data/exposure assessment

4.11.2.1. Occurrence data

The number of occurrence data submitted varied considerably between the different food
categories. Most samples belonged to category ‘Grains’ and ‘Grain-based products’. The lower the
number of measured samples, the higher the uncertainty related to the levels of OTA in food
commodities which was an issue for example for cheese and certain preserved meat products where
relatively few data were available.

It was noted that the uncertainties regarding the UB mean occurrence levels can be higher for non-
homogenous food samples where contamination levels below the LOQ/LOD are less likely to occur.

About 55% of the occurrence data used for the exposure assessment were collected from two EU
countries (Germany and The Netherlands) and thus the assessment might not fully represent the
contamination of food in other countries or the EU as a whole.

To reduce the uncertainty in the levels and inherent exposure assessment, LOQ/LOD cut-off values
were applied based on the existing MLs in Commission Regulation (EC) No 1881/2006 and also to
certain important contributing food categories where particularly high LOQs/LODs were found and
where the differences between the mean UB/LB values were large. In the final database used for the
assessment, 75% of the samples were left-censored. An ad hoc scenario was carried out without the
application of LOQ cut-off values in order to check the impact of their application (see Annex, Table 5).
The results show slightly higher UB exposures i.e. slightly greater differences between LB and UB
estimates. Comparing the ranges, mean and 95th percentile levels in the current assessment are
ranging from 0.64 to 17.79 and from 2.4 to 51.7 ng/kg bw per day, while in the ad hoc scenario, the
same parameters were 0.61 to 17.36 and 2.23 to 50.53 ng/kg bw per day.

Likewise, the lack of information on the analytical method used to analyse some food samples
(relevant for about 16% of the data) adds uncertainty regarding reported vs. actual concentrations of
OTA.

Re-classifications have been carried out regarding the ‘product treatment’ field of the occurrence
data records (e.g. where processed/dehydrated fruits were classified as fresh have been reclassified to
the corresponding category). However, not all the data providers indicated the product treatment
information, thus in some cases the reclassification was made based on assumption (e.g. in the case
of figs). This may result in over- or underestimation of the exposure.

In the final occurrence database 678 analytical results were found to be above the MLs of
Commission Regulation (EC) No 1881/2006. To evaluate their impact on the overall assessment, an ad
hoc scenario with the exclusion of non-compliant samples was carried out which showed only a very
minor impact on the exposure results.

4.11.2.2. Consumption data

Uncertainties and limitations related to the use of the EFSA Comprehensive Food Consumption
Database were described by EFSA (EFSA, 2011a) and are therefore not further detailed in this opinion.
Generally, these limitations and uncertainties relate to the use of different dietary survey methodologies,
standard portion sizes, representativeness of samples included in surveys or to the inclusion of
consumption surveys covering only few days to estimate high percentiles of chronic exposure.
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4.11.2.3. Dietary exposure assessment

Further sources of uncertainty are related to the different assumptions done for the present
assessment, mainly for the linkage between the occurrence and consumption data. In particular:

• A number of foodstuffs were grouped at the second level of the FoodEx, assuming
homogeneity of the contamination levels, which could lead to both over- and underestimation
of the exposure.

• According to the literature (see Section 4.7.2 Occurrence of OTA as reported in public
literature), certain types of cheese, particularly ripened ones might have higher OTA
contamination levels and predominantly in the crust as they get contaminated with OTA during
manufacturing or storing. Consequently, cheeses with edible rind as well as the grated ones
where the outer part is also included in the final product are assumed to be the main
contributors of exposure originated from cheese. However, most of the occurrence data were
available on unspecified cheese, and also in the majority of the food consumption records in
the Comprehensive Database the type of cheese was not reported either. Thus, the only
possible refinement was to exclude the fresh types of cheeses from the assessment, where it
was reported in the consumption surveys. As the impact of this refinement was minor,
especially on those surveys where only unspecified cheese was reported, OTA exposure from
cheese consumption is most likely overestimated.

• In case of food supplements, based on the text description of the samples, highest
contamination levels were found in the ones containing liquorice and green coffee extractions.
However, this level of specification was not possible to be distinguished from the consumption
side, which most likely results in overestimation of the exposure as the levels were applied to
all ‘Plant based formula’ consumed.

4.11.2.4. Exposure assessment for breast fed infants

The exposure assessment was based on relatively few measured occurrence data from a single study
in Germany with a limited number of samples (Mu~noz et al., 2013) together with default values for
consumption. These occurrence data are probably not representative of the situation in the entire EU.

4.11.3. Hazard characterisation

For the microscopic kidney lesions used for calculation of a non-neoplastic BMD only incidence but
no severity data were available. The EFSA guidance on default values (EFSA Scientific Committee,
2012a) proposes the use of an UF of 2 from subchronic to chronic duration in rodents. The use of an
UF of 2 for extrapolating from a 3-month study in pigs to a chronic effect is an assumption associated
with uncertainty as 3 months represent a relatively shorter fraction of the natural lifespan of a pig as
compared to the lifespan of rats a larger UF could be applied. Indirect mechanism of genotoxicity and
non- genotoxic MoAs are likely to play major roles in the carcinogenic activity of OTA, albeit to which
extent cannot be quantified. The application of an MOE of 10,000, following EFSA guidance is
particularly conservative in this case, because such an MOE applies for compounds that are directly
genotoxic and carcinogenic and the evidence for a direct interaction of OTA with the DNA is
inconclusive. The interpretation of the relevance of the findings of the raised protein concentrations in
urine in infants exposed to high levels of OTA via their mothers is hampered by the small sample size
in this study.

4.11.4. Summary of uncertainties

In Table 20, a summary of the uncertainty evaluation is presented, highlighting the main sources of
uncertainty and indicating an estimate of whether the source of uncertainty leads to over/
underestimation of the resulting risk.
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The overall uncertainty incurred with the present assessment is high. The assessment is more likely
to overestimate than to underestimate the risk.

5. Conclusions

5.1. General conclusions

OTA is produced by various fungi of the genus Aspergillus and Penicillium, e.g. A. ochraceus,
A. carbonarius and P. verrucosum. OTA is stable to moderate heating but losses ranging up to 90% are
observed at temperatures above 180°C. OTA in food is analysed by LC-MS, LC-MS/MS and HPLC
methods.

5.2. Toxicokinetics

• OTA is rapidly absorbed and distributed following ingestion.
• OTA is slowly eliminated from blood, with plasma half-lifes ranging from several days in

rodents and pigs to several weeks in non-human primates and humans. Due to the slow
elimination and excretion, and low rate of metabolism, OTA has the potential to bioaccumulate
in the organism.

• The major metabolic pathway of OTA is hydrolysis to OTalpha, followed by conjugation with
glucuronic acid.

5.3. Transfer to food

• Because of its long half-life OTA may accumulate in animal tissues and thus is found in meat
and meat products in particular of non-ruminants such as pigs. In fish, half-life of OTA is
shorter and OTA does not accumulate in edible parts, i.e. muscle tissue.

• Based on efficient degradation in the rumen, OTA levels in cow milk are low.
• Biomarkers for dietary exposure are reflected in OTA levels in plasma, serum, urine and breast

milk and overall levels in Europe have not changed since the last EFSA evaluation.
• Reliable biomarkers of OTA-specific effects, in particular on kidney function, have not been

identified.

5.4. Toxicity in experimental animals and in vitro

• OTA exerts a variety of adverse effects in repeated dose studies in mice, rats, rabbits and pigs
including immunotoxicity, neurotoxicity, developmental effects at maternally toxic doses. The
critical effects occur in the kidney, the pig being the most sensitive animal species.

• Upon chronic oral exposure to OTA, increased incidences of kidney tumours have been
observed in mice and rats, the rat being the most sensitive species.

Table 20: Summary of major uncertainties in the risk assessment of OTA in food

Sources of uncertainty Direction(a)

Assumption that OTA-induced mutations result from direct genotoxicity +

Assumption that OTA-induced mutations result from indirect genotoxicity –

Use of kidney lesion incidences for non-neoplastic effect characterisation +

Use of an uncertainty factor of 2 for extrapolation from a 3-month study in pigs to chronic
effects

–

Small sample size in human study where raised protein concentrations were seen +/–

Extrapolation of the occurrence data submitted mainly by two countries to the whole of Europe +/–
Methodology used to estimate 95th percentile chronic exposure based on consumption surveys
only covering a few days

+

Consideration of all cheese with equal contamination level +

Extrapolation of occurrence data from one study used for exposure assessment for breastfed
infants to the whole of Europe

+/–

(a): + = uncertainty with potential to cause overestimation of exposure/risk; – = uncertainty with potential to cause
underestimation of exposure/risk. Extent of potential over/underestimation might differ in direction.
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• OTA induces gene mutations, DNA breaks and chromosomal damage of a specific type both
in vitro and in vivo.

5.5. Observations in humans

• Possible associations between OTA exposure and kidney disease, bladder or hepatocellular
cancer have been investigated in epidemiological studies, but it is not possible to establish a
causal link between exposure to OTA and adverse effects in humans.

• The findings of raised protein concentrations in urine, indicative of impaired renal function, in a
limited number of infants from Egypt exposed to high levels of OTA via their mothers (during
pregnancy and lactation) raise concern and would need confirmation in larger studies.

5.6. Mode of action

• Multiple molecular events of OTA have been observed but the MoAs of OTA toxicity and renal
carcinogenicity have not been clarified.

• Non-DNA reactive mechanisms play a role in OTA-induced kidney carcinogenesis. There is
evidence that cycle arrest, induction of apoptosis and autophagy, alterations in cell
proliferation, cell signalling, gene expression, redox homoeostasis and epigenetic modifications
as well as DNA and chromosomal damage may each contribute to tumour formation.

• The molecular mechanism underlying OTA genotoxicity remains unclear and it is not possible to
conclude whether OTA causes DNA damage by indirect or direct effects.

5.7. Critical effects and derivation of reference points

• Increased incidence of microscopic kidney lesions seen in a repeated dose study with female
pigs has been identified as the critical effect to be used for characterising non-neoplastic
effects of OTA. A BMDL10 of 4.73 lg OTA/kg bw per day derived from these effects was
established.

• The increased incidences of kidney tumours seen in male rats in a 2-year study were identified
as the critical effect for characterising neoplastic effects of OTA. A BMDL10 of 14.5 lg OTA/kg
bw per day derived from these effects was established.

5.8. Occurrence

• A total of 73,891 analytical results for OTA in food, respectively, fulfilled the quality criteria
applied and from these 71,769 were selected and used in the assessment after grouping the
categories and matching with the food consumption data.

• Current occurrence levels were similar to the ones in the previous assessment (EFSA, 2006) in
case of foodstuffs where data were available that time. However, several new food categories
were considered in the present assessment (e.g. other grain-based products, cheese, various
meat products, tree nuts and dried fruits).

• The proportion of left-censored data was 75%, which resulted in a relatively big difference
between the LB and UB occurrence values and exposure results.

• The highest mean concentrations of OTA were recorded in categories of ‘Plant extract formula’,
‘Flavourings or essences’ (both containing liquorice extracts) and ‘Chili pepper’.

5.9. Exposure

• The mean exposure estimates ranged from 0.64 (minimum LB)/2.53 (minimum UB) to 9.13
(maximum LB)/17.79 (maximum UB) ng/kg bw per day across dietary surveys and age groups.
At the 95th percentile, exposure estimates ranged from 2.40 (minimum LB)/5.13 (minimum
UB) to 30.36 (maximum LB)/51.69 ng/kg (maximum UB) bw per day.

• The most important contributors to the chronic dietary exposure to OTA were ‘Preserved meat’,
‘Cheese’ and ‘Grains and grain-based products’. Dried and fresh fruit such as grapes, figs and
dates as well as fruit juices and nectars were also contributing to the exposure in some of the
‘Toddlers’ and ‘Other children’ groups, albeit, to a lesser extent than the three major
categories. ‘Non-chocolate confectionary’ was a significant source of exposure in countries
where liquorice-based sweets are commonly consumed.
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• In a specific exposure scenario, occurrence data on OTA in breast milk from one study in the
public literature were used, to assess the exposure of infants from breastfeeding.

• Based on a median concentration of OTA of 13 ng/L and a 95th percentile (P95) concentration
of OTA of 43 ng/L in human milk, the chronic dietary exposure to OTA ranged from 1.7 to 5.6
ng/kg bw per day for infants with an average milk consumption and from to 2.6 to 8.5 ng/kg
bw per day for infants with a high milk consumption.

5.10. Risk characterisation

• Since the previous EFSA assessment (2006), more recent studies have raised uncertainty
regarding the mode of action for kidney carcinogenicity. The CONTAM Panel considered it was
not appropriate to establish a HBGV and concluded that for both non-neoplastic and neoplastic
effects of OTA, an MOE approach needs to be applied.

• The TWI of 120 ng/kg bw as established by the CONTAM Panel in 2006 is no longer valid.
• For non-neoplastic effects, an MOE of 200 or higher between the selected RP and the

estimated dietary exposures would be of low health concern.
• The calculated MOEs for non-neoplastic effects were above 200 in most of the dietary surveys

for average and high consumers and therefore of low health concern.
• However, in high consumers of the age group of ‘Infants’, the MOEs were below 200 at

maximum LB in ‘Infants’ and at maximum in ‘Infants’, ‘Toddlers’ and ‘Other children’, indicating
a possible health concern for these age groups.

• The calculated MOEs for non-neoplastic effects were above 200 in all exposure scenarios for
breastfed infants and thus of low health concern.

• Following EFSA guidance for substances that are both genotoxic and carcinogenic, an MOE of
10,000 or higher between the RP and the estimated dietary exposure would be of low health
concern.

• The calculated MOEs for neoplastic effects in most of the surveys, in particular those for high
consumers and for breastfed infants in all scenarios were below 10,000 and thus indicate a
possible health concern for these consumer groups.

• In the interpretation of the MOE for the neoplastic risks, the Panel considered that the MOE of
10,000 for substances that are directly genotoxic and carcinogenic may not be appropriate in
this case because the evidence for a direct interaction of OTA with the DNA is inconclusive.

• However, in the absence of elucidated MoAs for the genotoxicity/carcinogenicity of OTA, the
Panel concluded that an MOE of 10,000 needs to be applied to the BMDL10 of 14.5 lg/kg bw
per day for neoplastic effects (kidney tumours) in the rat.

6. Recommendations

• More studies elucidating the sequence of critical events at the carcinogenic target site in the
kidney are needed.

• More information on the specific signature of OTA gene mutations in appropriate animal
models is needed

• More studies on the differential toxicokinetics of OTA in laboratory animals and humans are
needed including transfer of OTA to the fetus.

• More studies relating biomarkers of exposure, i.e. OTA in plasma/serum, to external daily
intakes are needed for more reliable estimates of OTA exposure.

• Reliable and representative investigations of the levels of OTA in human breast milk are
needed.

• More occurrence data on OTA in cheese paste vs. cheese rind are needed.
• More data on occurrence and toxicity of modified OTA are needed.

Documentation provided to EFSA

Data on individual OTA concentrations in breast milk samples were kindly provided by Gisela Degen
(Leibniz-Research Centre for Working Environment and Human Factors (IfADo), Dortmund, Germany)
on 3 October 2019 (data from Mu~noz et al., 2013); Filippo Rossi (Institute of Food Science and
Nutrition, Faculty of Agriculture, Universita` Cattolica del Sacro Cuore, Piacenza, Italy) on 10 October
2019 (data from Biasucci et al., 2011); Carlo Brera and Barbara de Santis (Laboratory for Mycotoxins,
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Istituto Superiore di Sanit�a, Rome, Italy) with the consent of the data owner AIC (Associazione Italiana
Celiaca) on 17 October 2019 (data from Valitutti et al., 2018).
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Abbreviations

8-OHdG 8-hydroxydeoxyguanosine
Ad293 Human embryonic kidney (cells)
ADME absorption, distribution, metabolism and excretion
AFB1 Aflatoxin B1
AhR Aryl hydrocarbon receptor
Akt Protein kinase B
ALP Alkaline phosphatase
ALT Alanine aminotransferase
AP Apurinic/apyrimidinic
ArylS Aryl synthetase
AST aspartate transaminase
Atk protein kinase B
ATM ataxia telangiectasia mutated gene
BD10 Benchmark dose defined as a 10% increase over the background
BEA Beauvericin
BEN Balkan endemic nephropathy
BMD Benchmark dose
BMDL10 Benchmark dose lower confidence limit for an extra cancer risk of 10%
BMDL05 Benchmark dose lower confidence limit for an extra cancer risk of 5%
BMDL1SD Benchmark dose lower confidence limit for an extra cancer risk of 1 standard deviation
BMDU10 Benchmark dose upper confidence limit for an extra cancer risk of 10%
BMDU05 Benchmark dose upper confidence limit for an extra cancer risk of 5%
BMDU1SD Benchmark dose upper confidence limit for an extra cancer risk of 1 standard deviation
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BMR Benchmark response
BrdU Bromodeoxyuridine
BUN blood urea nitrogen
bw Body weight
CA Chromosome aberrations
CAR constitutive activated/androstane receptor
cdc2 Cell division control protein
CDK2 Cyclin dependent kinase 2
CGN chronic glomerular nephropathy
CHK2 Checkpoint kinase 2
Cinulin Inulin concentration
CHO Chinese hamster ovary
CIN Chronic interstitial nephropathy
CINI CIN of unknown aetiology
CONTAM Panel on Contaminants in the Food Chain
COT Committee on Toxicology
CTN citrinin
CYP Cytochrome P450
DATA Unit EFSA former EFSA Dietary and Chemical Monitoring Unit
DMBA 7,12-dimethyl benz[a]anthracene
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DSBs Double strand breaks
EEC European Economic Community
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
ELK ETS domain containing protein
EndoIII endonuclease III
ER Endoplasmatic reticulum
ERK 1/2 extracellular signal-regulated kinase 1/2
ETS E26 transformation specific
EU European Union
f female
FAO Food and Agriculture Organization
FB1 Fumonisin B1
FD fluorescence detection
FEEDAP EFSA Panel on additives and products or substances used in animal feed
FEDIOL Vegetable oil and protein meal industry association
Fpg Formamido-pyrimidine-DNA glycosylase
GC Gas chromatography
GD Gestation day
GI Gastrointestinal
GGT c-glutamyltranspeptidase
GLDH Glutamate dehydrogenase
GPx Glutathione peroxidase
GSH Glutathione
GSSG Glutathione disulfide
GSR Glutathione reductase
GST glutathione S-transferase
Hb Haemoglobin
HBGV Health-based guidance value
HCC Hepatocellular cancer
HDAC Histone deacetylase
HEK293 human embryonic kidney
HKC Rat kidney proximal tubule cells
HNF4a Hepatocyte nuclear factor 4 alpha
HO-1 Heme oxygenase 1
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hOR human oxidoreductase
HO-OTA Hydroxy ochratoxin
HPLC High-performance liquid chromatography
HPLC-ECD High-performance liquid chromatography with electrochemical detection
HPLC-FLD High-performance liquid chromatography with fluorescence detection
IARC International Agency for Research on Cancer
IC50 mean half maximum inhibitory concentration
IF Immunofluorescence
IFN Interferon
IGF Insulin-like growth factor
IHKE Immortalised human kidney epithelial (cells)
IKK Ikb kinase
IL interleukin
i.p. intraperitoneal
IPCS International Programme on Chemical Safety
i.v. Intravenous
IVM in vitro maturation
JECFA Joint FAO/WHO Expert Committee on Food Additives
JNK JunN-terminal kinase
KIM-1 Kidney injury molecule-1
KM: Michaelis constant
LAP leucine aminopeptidase
LB Lower bound
LC-MS Liquid chromatography coupled to mass spectrometry
LC-MS/MS Liquid chromatography coupled to quadrupole tandem mass spectrometry
LC-FD Liquid chromatography coupled to fluorescence detector
LD50 Lethal dose killing 50% of the animals
LDH lactate dehydrogenase
LOD Limit of detection
LOAEL Lowest-observed-adverse-effect-level
LOEL Lowest-observed- effect-level
LOQ Limit of quantification
m Male
MAPK Mitogen activated protein kinases
MCV mean corpuscular volume
MDA malondialdehyde
MDCK Madin Darby canine kidney (cell)
miRNA micro RNA
ML Maximum level
MMTV mouse mammary tumour virus
MN Micronuclei
mRNA messenger RNA
MoA Mode of action
MOE Margin of exposure
MRP multidrug resistant protein
MS Mass spectrometry
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NAC N-acetyl-L-cysteine
NADPH Nicotinamide adenine dinucleotide phosphate
NCRI Negligible cancer risk intake
NfkB Nuclear factor kB
NMR Nuclear magnatic resonance
NOEL no-observed-effect-level
NOAEL no-observed-adverse-effect-level
Nrf2 Nuclear factor erythroid 2-related factor 2
NTD neural tube defects
NTP National Toxicology Programme
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OAT Organic anion transporters
OR Odds ratio
OSOM Outer stripe of the outer medulla
OTA Ochratoxin A
OTalpha Ochratoxin alpha
OTB Ochratoxin B
OTC Ochratoxin C
OTHQ Hydroquinone
OTQ Quinona
p53 tumour protein p53
P95 95th percentile
PAH p-aminohippuric acid
PCNA Proliferating cell nuclear antigen
PCV packed cell volume
PCT proximal convoluted tubular
PDK Phosphoinositide dependent kinase
PEPCK phosphoenolpyruvate carboxykinase
PKC protein kinase C
PND Postnatal day
PPAR peroxisome proliferator-activated receptor
PPB Plasma protein binding
PTWI Provisional tolerable weekly intake
PXR Pregnane X receptor
RBC Red blood cells
qPCR quantitative polymerase chain reaction
RDW red cell distribution
RNA Ribonucleic acid
ROS Reactive oxygen species
RTS renal transplanted subjects
SCE Sister chromatid exchange
SD Standard deviation
SOD Superoxide dismutase
SOP Standard operating procedure
SSBs Single strand breaks
SSD Standard Sample Description
STER Sterigmatocystin
TBARS Thiobarbituric acid reactive substances
TCR T-cell receptor
TD05 Tumorigenic dose 5%
TDI Tolerable daily intake
Tk Thymidin kinase
TK Toxicokinetics
TIMP-1 Tissue inhibitor of metalloproteinase-1
TLC Thin layer chromatography
TLC HPLC-UV thin layer chromatography high-performance liquid chromatography with

ultraviolet detection
TmPAH Average maximal tubular excretion of PAH
Tm Time to maximum concentration
TNF Tumour necrosis factor
TopoII Topoisomerase II
TPA 12-O- tetradecanoylphorbol-13-acetate
TWI Tolerable weekly intake
UB Upper bound
UCM-MSC Canine umbelical cord matrix-mesenchymal stem cells
UDS Unscheduled DNA synthesis
UF Uncertainty factor
UGT Uridine 5’-diphospho-glucuronosyltransferase (UGT)
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UPLC Ultra performance liquid chromatography
UPLC-Q/TOF-MS ultra-high-performance liquid chromatography-quadrupole time-of-flight

mass spectrometry
V79 cells Chinese hamster lung cells clone V79
Vmax maximum velocity of an enzymatic reaction
WG working group
Wnt-1 Wingless -type MMTV integration site family, member 1
WHO World Health Organization
wk week
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Appendix A – Identification and selection of relevant scientific literature
and reports

Chemistry and Analysis

Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:
analys* OR determ* OR method* OR identif* OR
character*

Numbers of papers found 4,882
Papers selected as potentially relevant Not applicable

Formation Occurrence Exposure
Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:

occurrence OR expos* OR level* OR concentrat* OR
formation OR food OR breast milk OR consump* OR
foodstuff* OR diet*

Numbers of papers found 5,050
Papers selected as potentially relevant Not applicable

Mode of Action
Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:

mode OR mechanis* OR mode of action OR mechanism of
action

Numbers of papers found 1,052
Papers selected as potentially relevant 156

Toxicokinetics
Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:

toxicokinetic* OR metabolis* OR distribut* OR excret* OR
absor* OR distribut* OR biotransform* OR eliminat*
tissue OR kinetic*

Numbers of papers found 871
Papers selected as potentially relevant 37

Toxicity
Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:

toxic* OR tox* OR mutagen* OR carcino* OR genotox* OR
aneugen* OR RNA OR reprotox* OR nephrotox* OR
neurotox* OR hepatotox* OR immunotox* OR haemotox*
OR hematotox* OR cytotox* OR develop* OR DNA* OR
clastogen* OR cancer OR tumour OR tumor OR teratogen*
OR rat OR mouse OR mice OR rabbit* OR in vitro OR in vivo
OR muta* OR damage OR repair OR inhibit* OR
chromosom* OR genetic* OR oxidative OR proliferation

Numbers of papers found 4,274
Papers selected as potentially relevant 254

Human evidence and biomarkers
Search terms TOPIC: ochratoxin OR ochratoxin A OR OTA AND TOPIC:

biomarker OR biological marker OR case stud* OR
poison* OR epidem* human* OR cohort OR case control
OR cross-section*

Numbers of papers retrieved 157
Papers selected as relevant 27

Database used Web of Science and PubMed
Time limit 2006–2018

Date of search 15/7/2018

Total number considered potentially relevant
in sections Mode of action, toxicokinetics,
toxicity and human evidence(a)

451

(a): Note that there was a considerable overlap, i.e. many publications were found in more than one of the individual searches.
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Appendix B – Evidence for protective effects of antioxidants and free
radical scavengers against OTA-induced toxicity

Table B.1: In vivo evidence for protective effect of antioxidants/free radical scavengers against OTA

Test system Protective agent Results Reference

Pre- or Co-treatment
of rats after 4 weeks
of OTA treatment

Melatonin Inhibition of liver and kidney
toxicity. Reduction of
indicators of oxidative stress

Meki and Hussein (2001),
Ozc�elik et al. (2004), Abdel-
Wahhab et al. (2005), Sutken
et al. (2007)

Rats Red wine Inhibition of kidney toxicity.
Reduction of oxidative
damage

Bertelli et al. (2005)

Rats 2-mercaptoethane sulfonate
(thiol)

Reduced karyomegaly but
did not reduce the incidence
of renal tumours

Pfohl-Leszkowicz and
Manderville (2007)

Mice Emblica officinalis Prevented loss of DNA, RNA
and protein from liver and
kidney

Verma and Chakraborty
(2008)

Mice Emblica officinalis Reduced lipid peroxidation in
liver and kidney

Chakraborty and Verma
(2010b)

Mice Red wine Reduced oxidative stress
and DNA strand breaks in
kidney

Cipriani et al. (2011)

Rats Lycopene Reduced liver and kidney
DNA strand breaks

Aydin et al. (2013)

Rats Myricetin Reduced oxidative stress
and kidney toxicity based on
histopathology

El-Haleem et al. (2016)

Rats Recombinant mitochondrial
manganese containing
superoxide dismutase

Prevention of hypertension
and reduced glomerular
filtration rate; prevention of
renal and tubular
degeneration

Ciarcia et al. (2016)

Rats Inulacrithmoides extract Reduced toxicity, reduced
liver and kidney oxidative
stress; reduced bone
marrow micronuclei

Abdel-Wahhab et al. (2008)

Rats Mitochondrial manganese
containing superoxide
dismutase

Prevented nephrotoxicity
and reduced the loss of
sodium reabsorption in
kidney proximal tubules

Damiano et al. (2018a)

Rats Delta-tocotrienol Prevention of hypertension
and reduced glomerular
filtration rate and lowering
of kidney antioxidant
enzymes

Damiano et al. (2018b)

DNA: deoxynucleic acid; OTA: ochratoxin; RNA: ribonucleic acid.
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Table B.2: In vitro evidence for protective effect of antioxidants/free radical scavengers against
OTA

Test system Protective agent Results Reference

Human hepatoma cells
(HepG2)

Alpha-tocopherol, alpha-
tocopherolphosphate,
epigallocatechin gallate,
quercetin, catechin and
rosmarinic acid

No protection against
cytotoxicity

B€osch-Saadatmandi
et al. (2006)

Human proximal kidney
tubule cells (HK-2)

N-Acetyl-L-cysteine Reduction of reactive oxygen
species and DNA strand breaks

Arbillaga et al. (2007)

Pretreatment of pig
kidney cell line
(LLC-PK1)

Epigallocatechin gallate and
epicatechin gallate
(antioxidant catechins)

Reduction of cell death, reactive
oxygen and DNA fragmentation

Costa et al. (2007)

Gut epithelial cell line
(Caco-2)

N-acetylcysteine Protected against loss of
claudins from membranes
associated with tight junctions

Lambert et al. (2007)

Intestinal cells
(Caco-2\TC7)

De-alcoholated Red wine Increased tight junction
permeability
Increased relocation of claudin-
4; Increased apoptosis

Ranaldi et al. (2007)

Bovine mammary
epithelial cells; Porcine
primary fibroblasts;
Madin-Darby canine
kidney cells (MDCK)

Alpha-tocopherol Decreased apoptotic cell death Fusi et al. (2008, 2010,
2018)

Human hepatoma cells
(HepG2)

Ebselen or vitamin E No protection against
cytotoxicity

El Golli Bennour et al.
(2009)

Human Caco-2\TC7 cells Zinc chelation Increased apoptosis and
permeability of tight junctions
(reversed by zinc
supplementation)

Ranaldi et al. (2009)

Pig kidney cells
(LLC-PK1)

Leontopodic acid
pretreatment

Reduced production of reactive
oxygen species but did not
inhibit cytotoxicity

Costa et al. (2010)

Primary rat hepatocytes Silibinin Decrease in apoptotic cell death;
decreased lipid peroxidation

Essid and Petzinger
(2011), Essid et al.
(2012)

Human peripheral blood
mononuclear cells

N-acetylcysteine Reduction of reactive oxygen,
DNA damage, cell cycle G1
arrest and downregulation of
CDK4 and cyclinD1

Liu et al. (2012)

Monkey kidney cells
(Vero cell line)

Quercetin Reduced apoptosis and oxidative
stress
Reduced DNA damage

Ramyaa and Padma
(2013)

Madin-Darby canine
kidney cells (MDCK)

Diosmetin flavonoid Prevents ATP depletion Po�or et al. (2014)

Human embryonic
kidney (HEK293) cells

N-acetylcysteine Reduced reactive oxygen
production; reduced loss of
mitochondrial membrane
potential; reduced loss of
superoxide dismutase activity;
reduced DNA strand breaks and
cell cycle arrest

Yang et al. (2014)

Intestinal cells (Caco-2) Resveratrol Increased cytotoxicity without
an increase in reactive oxygen
species

Cano-Sancho et al.
(2015)
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Test system Protective agent Results Reference

Vero cells, and
lymphocytes in vitro and
mice in vivo

Polyphenols (caffeic acid,
luteolin and chlorogenic acid

Reduction of cytotoxicity
(chlorogenic acid and caffeic
acid); inhibition of DNA strand
breaks (caffeic acid and
chlorogenic acid) and inhibition
of micronucleation (chlorogenic
acid)

Cariddi et al. (2015)

Human peripheral blood
lymphocytes

Sodium copper chlorophyllin Reduced cytotoxicity and
reduced DNA damage

Domijan et al. (2015)

Porcine kidney cells
(PK15)

Selenomethionine;
overexpressed selenoprotein
S

Reduced cytotoxicity (by
selenomethionine, evidently via
induction of glutathione
peroxidase); Inhibition of
promotion of viral replication
(selenoprotein S)

Gan et al. (2015,
2016)

Human hepatoma cells
(HepG2)

Vitamin E Reduced cytotoxicity and
reactive oxygen production

Gayathri et al. (2015)

Human embryonic
kidney cells (HEK293)

Resveratol Reduced DNA strand breaks Raghubeer et al.
(2015)

Neuro-2a cells N-acetylcysteine
pretreatment

Protected against apoptotic cell
death

Bhat et al. (2016)

Monkey kidney cells
(Vero cell line)

Superoxide dismutase mimic
(MnTnHex-2-PyP)

Decreased reactive oxygen
concentration
Decreased cytotoxicity

Costa et al. (2016)

Porcine kidney cells
(PK-15)

N-acetylcysteine
Selenomethionine

Reduced autophagy Qian et al. (2017,
2018)

ATP: adenosin triphosphate; CDK4: Cyclin-dependent kinase 4; DNA: deoxyribonucleic acid; OTA; ochratoxin A; G1: Gap 1 phase.
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Appendix C – Description of repeated dose studies already evaluated in
previous assessments

C.1. Studies with rats

In Fischer 344/N rats administered OTA at 0, 21, 70, or 210 lg OTA /kg bw in corn oil by gavage
(5 days per week) equivalent to 0, 15, 50 and 150 lg/kg bw per day for up to 2 years, increased
incidences of neoplastic (kidney tubule adenoma and carcinoma) and non-neoplastic renal lesions
involving degeneration of the renal tubular epithelium, proliferation of the tubular epithelium and
karyomegaly were observed in kidney of male and female rats at 70 and 210 lg OTA/kg bw (NTP,
1989). No renal lesions were recorded at 21 lg OTA/kg bw (NTP, 1989). Thus, the NOAEL and LOAEL
for OTA nephrotoxicity in Fischer 344/N rats were 21 and 70 lg OTA /kg bw per day, 5 days per week,
respectively, equivalent to 15 and 50 lg/kg bw per day. In contrast, minimal renal changes consisting
of eosinophilic granular or hyaline changes in proximal convoluted tubules were reported in a 90-day
feeding study in Wistar rats (Munro et al., 1974). In this study, groups of male and female weanling
Wistar rats were fed semi-purified diets containing 0, 0.2, 1 and 5 mg OTA/kg (Munro et al., 1974),
equivalent to 0, 15, 75 and 37 lg OTA/kg bw(FAO/WHO, 2001), for 90 days. The authors of the study
considered that these changes may present a phenomenon of ageing accelerated by OTA exposure
(Munro et al., 1974). Based on this study, an (sensitive) LOAEL for OTA nephrotoxicity in Wistar rats of
15 lg OTA/kg bw was derived (FAO/WHO, 2001; EFSA, 2006).

Ochratoxin in food

www.efsa.europa.eu/efsajournal 126 EFSA Journal 2020;18(5):6113



Table C.1: Key studies with rats published before 2006

Strain
Dose and animals per
group

Duration/time
of observation

Main effects observed Effect level Reference

Wistar (♂, ♀) 0, 0.2, 1, 5 mg/kg feed
(corresponding to 0, 15,
75, 37 lg/kg bw(1))

90 days • Reduced relative kidney weigh (1. 5
mg/kg feed)

• Renal histopathological changes:
Minimal renal changes consisting of
eosinophilic granular or hyaline
changes in proximal tubules (0.2 mg/
kg feed); desquamation of proximal
tubule cells (5 mg/kg feed),
regenerative changes (all doses)

LOAEL* 15 lg/kg bw per day(1) Munro et al. (1974)

F344/N (♂,♀) 0, 21, 70, 210 lg/kg bw
(gavage, 5 days/week)(2)

n = 50

2 years • Non-neoplastic renal lesions:
degeneration of the renal tubular
epithelium, proliferation of the tubular
epithelium, karyomegaly (70 and 210
lg/kg bw)

• Increased incidence of kidney tubule
adenoma and carcinoma (70 and 210
lg/kg bw)

NOAEL* 21 lg/kg bw (5 days/week)(3)

LOAEL* 70 lg/kg bw (5 days/week)(4)
NTP (1989)

LOAEL: lowest observed adverse effect level; NOAEL: no observed adverse effect level.
(1): As estimated by FAO/WHO (2001).
(2): Equivalent to 0, 15, 50, 150 lg/kg bw per day.
(3): Equivalent to 15 lg/kg bw per day.
(4): Equivalent to 50 lg/kg bw per day.
*: NOAEL/LOAEL not explicitly reported by the authors of the study but derived from data presented in study.
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C.2. Studies with pigs

In previous assessments, a series of studies in pigs was used to establish a HBGV (FAO/WHO,
1991, 1996, 2001, 2008; EFSA, 2006). These studies are briefly summarised below and presented in
more detail in Table C.2.

Porcine nephropathy induced by administration of crystalline OTA for periods of 5 days, 3 months
and 2 years was reported in a series of papers (Elling, 1979a,b; Krogh et al., 1979). Groups of female
pigs (Danish Landrace) were daily administered gelatin capsules containing a crystalline OTA
preparation (90% OTA and 5% OTB as determined by thin layer chromatography) at an average dose
of 30–50 lg OTA/kg bw corresponding to a feed level of 1 mg/kg bw for 3 months (n = 3) or 2 years
(n = 6) (Krogh et al., 1976, 1979). Control animals were given capsules containing lactose. Consistent
with the previous study (Krogh et al., 1974), increased serum creatinine and urinary glucose
accompanied by a decrease in TmPAH and TmPAH/CInulin and a decreased ability to concentrate urine
were reported in animals administered OTA for 3 months. Microscopic lesions in kidneys consistent
primarily of degenerative changes within the proximal tubule, tubular atrophy and interstitial fibrosis
(Krogh et al., 1976). Using histochemical staining of kidney sections, changes in the enzymatic activity
of NADH-tetrazolium reductase, succinate dehydrogenase, acid phosphatase and alkaline phosphatase
within the pars convolute and/or pars recta of the proximal tubules were observed (Elling, 1979b).
After 2 years exposure to OTA, essentially the same changes were evident as after 3 months, except
that renal histopathological lesions were more widely distributed throughout the renal cortex (Elling,
1979b; Krogh et al., 1979). Terminal renal failure was not observed (Krogh et al., 1979).

In a subsequent study by the same group, renal enzyme activities were measured in needle
biopsies obtained from kidneys of female pigs (Danish Landrace – Duroc) given gelatine capsules
containing OTA equivalent to 0.2 and 1 mg OTA/kg feed for up to 5 weeks (Krogh et al., 1988). A
dose-related decrease in the enzymatic activities of cytosolic phosphoenolpyruvate carboxykinase
(PEPCK) and the brush boarder enzyme gamma-glutamyl transpeptidase accompanied by decrease in
TmPAH and TmPAH/CInulin were observed (Meisner and Krogh, 1986; Krogh et al., 1988).
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Table C.2: Studies in pigs used in previous assessments to establish HBGVs

Strain
Dose and animals
per group

Duration/time of
observation

Main effects observed Effect level Reference

Danish Landrace-
Duroc (♀)

Gelatin capsules
containing OTA
equivalent to 0, 0.2
and 1 mg/kg feed,
n = 6

1–5 weeks • Decrease in renal enzyme activities of PEPCK and
gamma-GT (0.2 and 1 mg/kg feed)

• Decrease in TmPAH and TmPAH/CInulin (0.2 and 1 mg/kg
feed)

0.2 mg/kg feed
(based on kidney
lesions)

Krogh et al. (1988),
Meisner and Krogh
(1986)

Danish Landrace
(♀)

0, 0.2, 1, 4 mg/kg
feed (corresponding
to ~ 8, 40, and 160
lg/kg bw), n = 4–9

3–4 months (i.e.
from 20 to 90 kg
bw)

• Increased water consumption & increased serum
creatinine and urea (4 mg/kg feed)

• Increased urinary glucose, decreased reabsorption of
glucose, decreased ability to concentrate urine, altered
enzymatic activities of GLDH and LAP in renal cortex
(1 and 4 mg/kg feed)

• Renal histopathological changes: tubule dilation with
reduced brush boarder, pycnotic nuclei, mitotic figures,
desquamation of tubule cells (0.2, 1 and 4 mg/kg bw),
degenerative changes, glomerulosclerosis, interstitial
fibrosis (1 and 4 mg/kg feed)

• Decreased TmPAH and TmPAH/CInulin (0.2, 1 and 4 mg/
kg feed)

0.2 mg/kg feed
(corresponding to 8
lg/kg bw) (based on
kidney lesions)

Krogh et al. (1974)

Danish Landrace
(♀)

0, 30–50 lg/kg bw
(gelatin capsule)
(corresponding to 0
and 1 mg/kg feed),
n = 3–6

3 months • Renal histopathological changes: proximal tubule
degeneration, tubular atrophy, interstitial fibrosis

• Decreased TmPAH/CInulin; decreased ability to
concentrate urine, increased urinary glucose

• Changes in renal enzyme activity of NADH-TR, SDH,
ACP and ALP

0, 30-50 lg/kg bw
(corresponding to 0
and 1 mg/kg feed)
(based on kidney
lesions)

Krogh et al. (1976,
1979), Elling (1979a, b)

2 years • Renal histopathological changes: proximal tubule
damage, tubular atrophy, interstitial fibrosis, hyalinised
glomeruli

• Decreased TmPAH and TmPAH/CInulin; decreased ability
to concentrate urine, increased glucose excretion

• Changes in renal enzyme activity of NADH-TR, SDH,
ACP and ALP

0, 30–50 lg/kg bw
(corresponding to 0
and 1 mg/kg feed)
(based on kidney
lesions)

Krogh et al. (1979),
Elling (1979b)

ACP: acid phosphatase; ALP: alkaline phosphatase; GLDH: glutamate dehydrogenase; ɣ-GT: ɣ-glutamyl transpeptidase; LAP: leucine aminopeptidase; NADH-TR: NADH-tetrazolium reductase; OTA:
ochratoxin A; PEPCK: cytosolic phosphoenolpyruvate carboxykinase; SDH: succinate dehydrogenase; TmPAH: average maximal tubular excretion of PAH; TmPAH/CInulin: ratio between TmPAH and
average renal clearance of inulin.
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Appendix D – Species differences regarding free and bound OTA

Calculations for the differences in the concentrations of free OTA in the blood plasma of humans,
pigs and rats because of the different plasma protein binding (PPB) of OT (in particular to serum
albumin, Alb), and the different accumulation.

Blood plasma levels of free (unbound) OTA in humans, pigs and rats assuming the same total
concentration (free plus albumin-bound)

In general terms, the binding constant (or association constant, Ka) is the equilibrium constant for
the binding of a ligand L to a receptor R according to the reaction R + L ↔ RL and defined as
Ka = [RL]/[R] 9 [L] (indicating the concentrations of R, L and RL at equilibrium).

In this case, Ka refers to the equilibrium Alb + OTA ↔ Alb 9 OTA and therefore

Ka ¼ ½Alb� OTA�=½Alb� � ½OTA�

For the concentration of free (unbound) OTA: [OTA] = [Alb 9 OTA]/[Alb] 9 Ka

The following assumptions were made:

Total plasma levels of OTA (bound and unbound): 10 nanomolar (= 10–8 M, corresponding to the
upper limit of normally exposed humans)

Concentration of albumin in the plasma of humans, pigs and rats: 600 micromolar (= 6 9 10–4 M)
Because of the large excess of Alb over OTA: [Alb] = 6 9 10–4 M at equilibrium
Because of the high binding: [Alb 9 OTA] = 10–8 M (virtually all the OTA is bound)

Binding of OTA to human albumin (Ka = 5.2 9 106 M�1):

[OTA] = 10�8 M/6 9 10�4 M 9 5.2 9 106 M�1 = 10�8 M/31.2 9 102 = 3.2 9 10�12 M = 3.2
picomolar free OTA

9,997 picomolar bound OTA

Binding of OTA to pig albumin (Ka = 7.1 9 104 M�1):

[OTA] = 10�8 M/6 9 10�4 M 9 7.1 9 104 M�1 = 10�8 M/42.6 9 100 = 2.3 9 10�10 M = 230
picomolar free OTA

9,770 picomolar bound OTA

Binding of OTA to rat albumin (Ka = 4.0 9 104 M�1):

[OTA] = 10�8 M/6 9 10�4 M 9 4.0 9 104 M�1 = 10�8 M/24 9 100 = 4 9 10�10 M = 400 picomolar
free OTA

9,600 picomolar bound OTA

Conclusion: At the same total plasma concentration of OTA in humans, pigs and rats, the plasma
concentration of free OTA is more than 70-fold lower in humans than in pigs and 120-fold lower in
humans than in rats.

Blood plasma levels of free (unbound) OTA in humans, pigs and rats taking into account the
different accumulation at steady state (assuming the same bioavailability and rate of metabolism)

The free plasma concentration will be dependent on both the elimination half-life t1/2 and free fraction

Plasma conc ¼ Intake� bioavailability � t1=2
ln 2

Free plasma conc ¼ Intake � bioavailability� t1=2
ln 2

� free fraction

The following free fractions and plasma elimination half-lifes were used:

Human: 3.2 9 10�4 M, 35 days
Pig: 230 9 10-4 M, 5–6 days
Rat: 400 9 10-4 M, 5–6 days

Conclusion:
At the repeated intake of the same amount of OTA, given the same bioavailability and at steady

state, the free fraction of OTA in human plasma is about 10 times lower than in the pig and 18 times
lower than in the rat.
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Appendix E – Studies on biotransformation of OTA

Table E.1: In vitro studies on biotransformation of OTA

Experimental system Species Purity of OTA Metabolites
Analytical
method

Structure
confirmation

Comment Reference

Liver microsomes Rabbit, human,
pig

4(R)-HO-OTA;4(S)-HO-OTA TLC MS, NMR Enzyme kinetics
(Vmax + KM)

Størmer et al.
(1981)

Liver microsomes +/�
phenobarbital

Rabbit Not specified 4(R)-HO-OTA; 4(S)-HO-OTA;
10-HO-OTA

TLC
HPLC-UV

MS, NMR Enzyme kinetics
(Vmax + KM)

Størmer et al.
(1983)

Kidney cells (Vero cells) Monkey Not specified OTalpha; 4(R)-HO-OTA; 4
(S)-HO-OTA; OTB

HPLC-FLD – No kinetics Grosse et al.
(1995)

Kidney microsomes +/�
phenobarbital

Rabbit Not specified 4(R)-HO-OTA; 4(S)-HO-OTA
10-HO-OTA; OTB; 3
unidentified metabolites

HPCL-FLD No kinetics El Adlouni
et al. (2000)

Bronchial epithelial cells
+/� phenobarbital

Human Not specified OTalpha; 4(R)-HO-OTA; 4
(S)-HO-OTA; 10-HO-OTA;
OTB; 3 unidentified
metabolites

Liver microsomes +/� GSH
and cytosol

Rat ♂♀ [U-3H]OTA (18 Ci/
mmol) radiochemical
purity > 98%

4(R)-HO-OTA HPLC-radioactivity
detector

MS, NMR Enzyme kinetics
(Vmax)

Gautier et al.
(2001)

Liver microsomes +/� GSH
and cytosol

Human 4(R)-HO-OTA No evidence of
GSH conjugates

Liver S-9 +/� GSH Rat 4(R)-HO-OTA No evidence of
GSH conjugates

Kidney microsomes +/�
GSH and cytosol

Rat, Human – No evidence of
GSH conjugates

CYP1A1, 1A2, 2E1, 3A4 Human 4(R)-HO-OTA
CYP1A2, 2C11 Rat –

Seminal vesicle
microsomes

Ram Unidentified metabolite

Seminal vesicle
microsomes enriched in
prostaglandin H-synthase
Horseradish peroxidase

–
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Experimental system Species Purity of OTA Metabolites
Analytical
method

Structure
confirmation

Comment Reference

Liver microsomes +/�
inducers of CYPs

Rat, mice ♂♀ > 99% (HPLC) 4(R)-HO-OTA; 4(S)-HO-OTA HPLC-FLD MS/MS Enzyme kinetics
(Vmax + KM)

Zepnik et al.
(2001)

CYP1A2, 2C9-1, 3A4
supersomes®1

Human > 99% (HPLC) 4(R)-HO-OTA; 4(S)-HO-OTA MS/MS Enzyme kinetics
(Vmax)

Semipurified GSTs +/�
liver and kidney cytosol

Rat > 99% (HPLC) 4(R)-HO-OTA; 4(S)-HO-OTA MS/MS Enzyme kinetics
(Vmax)

Kidney microsomes or
cytosol fortified with
NADPH and GSH; Liver
cytosol

Rat > 99% (HPLC) – – –

Horseradish peroxidase/
H2O2

Soybean lipoxygenase

– > 99% (HPLC) – – –

Primary hepatocytes +/�
induction by 3-
methylcholanthrene

Rat, human 3H-OTA (0.6 Ci/mmol) 4(R)-HO-OTA; OTA-hexose
OTA-pentose

HPLC-radioactivity
detection/
quantification
system

MS/MS No effect of b-
Gluc, sulfatase or
GGT on
metabolite
retention times,
suggesting that
phase-II-
conjugates were
not formed

Gross-
Steinmeyer
et al. (2002)

Liver microsomes Rat Not specified 4-HO-OTA; OTHQ-GSH LC-MS/MS OTHQ-GSH
generated in less
than 1% yield

Dai et al.
(2002)Horseradish peroxidase/

H2O2

–

Fe2(NH4)2(SO4)2/H2O2 OTHQ-GSH
Kidney cells Opossum Not specified OTalpha; 4(R)-HO-OTA

4(S)-HO-OTA; OTB; OTHQ;
OP-OTA; Several unidentified
metabolites

HPLC-FLD
nano-ESI-IT-MS

No kinetics Faucet-Marquis
et al. (2006)
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Experimental system Species Purity of OTA Metabolites
Analytical
method

Structure
confirmation

Comment Reference

Liver microsomes Rat, human, pig,
cow, chicken,
goat

99% 4(R)-HO-OTA; 4(S)-HO-OTA
Hydroxylated metabolites
tentatively identified as 90-
HO-OTA: 70-HO-OTA, 50-HO-
OTA; OTB

UPLC-Q/TOF-MS No enzyme
kinetics
No OTA-derived
glucuronides
detected

Yang et al.
(2015)

GGT:c-glutamyltranspeptidase; b-Gluc:b-glucuronidase; GSH: glutathione; HO-OTA: hydroxy ochratoxin; HPLC-FLD: high-performance liquid chromatography with fluorescence detection; KM:
Michaelis constant, concentration of substrate which permits the enzyme to achieve half Vmax; NADPH: nicotinamide adeninedinucleotide phosphate; OTA: ochratoxin A; OTalpha: ochratoxin alpha;
OTB: ochratoxin B; OTHQ: ochratoxin hydroquinone; LC-MS/MS: liquid chromatography-mass spectrometry and tandem mass spectrometry; MS: mass spectroscopy; nano-ESI-IT-MS: TLC: thin
layer chromatography; TLC HPLC-UV: thin layer chromatography high-performance liquid chromatography with ultraviolet detection; UPLC-Q/TOF-MS: ultra-high-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry; Vmax: maximum velocity of an enzymatic reaction.
(1): Corning Supersomes® enzymes are recombinantly expressed drug metabolising enzyme reagents, consisting of microsomes prepared from insect cells infected with a virus engineered to

express a CYP isoform.
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Table E.2: In vivo studies on biotransformation of OTA in rats

Strain/sex Treatment regimen Purity of OTA
Specimen
analysed

Metabolites
Analytical
method

Comment Reference

Wistar rats ♂ 15 mg/kg bw; single
oral dose; 14C-OTA
labelled inisocoumarin
moiety

Not specified Urine, faeces OTalpha TLC- Liquid
scintillation
counting

Suzuki et al.
(1977)

Sprague Dawley
rats ♂

2.7 mg/kg bw; single
i.v. dose; 14C-OTA
uniformly labelled

96% radio-chemical
purity (TLC)

Urine, faeces OTalpha; 5 unidentified
metabolites

TLC-
Autoradiography

Galtier et al.
(1979)

Albino rats ♂ 6.6 mg/kg bw; single
oral or i.p. dose

Not specified Urine, faeces OTalpha; 4(R)-HO-OTA TLC-UV Confirmation of
OTalpha by MS

Støren et al.
(1982)

Sprague Dawley
rats ♂

4 mg/kg bw; single i.p.
dose

Not specified Urine OTalpha; 4(R)-HO-OTA;
2 unidentified
metabolites

HPLC-FLD OTB and OTB-derived
metabolites not
detected

Xiao et al. (1996)

Dark agouti rats
♀; Lewis rats ♀

0.5, 2.5, 5 mg/kg bw
single dose; 1.5 mg/kg
per day repeated oral
dose for 8 weeks (5
days/week)

Not specified Urine 4(R)-HO-OTA HPLC-FLD Castegnaro et al.
(1989)

Sprague Dawley
rats ♀

~ 333 lg/kg bw single
i.v. dose

Not specified Urine, bile OP-OTA; 2 unidentified
metabolites

HPLC-FLD Li et al. (2000)

F344 rats ♂ 1 mg/kg bw; single oral
dose 40-55 lCi of [3H]
OTA uniformly labelled

> 98% radiochemically
pure

Urine, faeces OTalpha; 2 unidentified
metabolites

HPLC-radioactive
detector

Unknown metabolites
did not correspond to
OP-OTA, 4(R)-OH-OTA
or OTB

Gautier et al.
(2001)

F344 rats ♀♂ 0.5 mg/kg bw; single
oral dose

99,99% (HPLC-FLD) Liver, kidney
plasma, urine,
faeces

OTalpha; OTA-hexose
OTA-pentose

HPLC-FLD; LC-
MS/MS

4(R,S)-OH-OTA, 10-
OH-OTA, OTB, OTHQ
and OTA derived GSH
conjugates and
glucuronides not
detected

Zepnik et al.
(2003)
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Strain/sex Treatment regimen Purity of OTA
Specimen
analysed

Metabolites
Analytical
method

Comment Reference

F344 rats ♂ 2 mg/kg bw per day;
repeated oral dose for 2
weeks (5 days/week)

99% (HPLC-FLD);
Impurities: OTB (LC-
MS/MS)

Liver, kidney
plasma, urine,
faeces

OTalpha; OTA-hexose;
OTA-pentose

LC-MS/MS Traces of OTB and a
hydroxylated
metabolite
(presumably 4-OH-
OTB (Mally et al.,
2005c)) initially
suggested to present
OTHQ detected in
urine. Authors consider
this due to OTB
present as impurity in
OTA used to treat
animals

Mally et al. (2004),
personal
communication,
Angela Mally,
University of
W€urzburg

Dark agouti rats
♀♂

100 lg/kg diet Not specified Lung, liver,
kidney

OTalpha; OTB-GSH
OTHQ-GSH

HPLC-FLD Tozlovanu et al.
(2012)

Sprague-Dawley
rats ♂

0.2 mg/kg bw; single
oral dose

Not specified Plasma, liver,
heart, spleen,
lung, kidney,
brain

OTbeta, phenylalanine,
OTB-methyl ester

LC-MS/MS; LC-
TOF-MS

OTalpha not detected;
OTB not detected;
OTA used to treat
animals did not
contain OTbeta or
phenylalanine,
presence of OTB not
specified

Han et al. (2013a)

Wistar rats ♀♂ 5 mg/kg bw; single oral
dose

99% 4(R)-HO-OTA,4(S)-HO-
OTA; Hydroxylated
metabolites tentatively
identified as 90-HO-
OTA, 70-HO-OTA, 50-
HO-OTA
OTB

UPLC-Q/TOF-MS No OTA-derived
glucuronides detected
No synthetic reference
compounds to support
the chemical structure
of metabolites

(Yang et al., 2015)

GSH: glutathione; HO-OTA: hydroxy ochratoxin; HPLC-FLD: high-performance liquid chromatography with fluorescence detection; OTA: ochratoxin A; OTalpha: ochratoxin alpha; OTB: ochratoxin B;
OTbeta: ochratoxin beta; OTHQ: ochratoxin hydroquinone; LC-MS/MS: liquid chromatography-mass spectrometry and tandem mass spectrometry; MS: mass spectroscopy; nano-ESI-IT-MS: TLC:
thin layer chromatography; TLC HPLC-UV: thin layer chromatography high-performance liquid chromatography with ultraviolet detection; UPLC-Q/TOF-MS: ultra-high-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry; Vmax: maximum velocity of an enzymatic reaction.
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Table E.3: Studies on biotransformation products of OTA in humans

Human OTA exposure
Specimen
analysed

Metabolites Analytical method Comment Reference

Families affected by
Balkan endemic
nephropathy ♀♂

Unknown Urine HPLC-FLD OTA present; 4-OH-OTA not
detected

Castegnaro et al.
(1991)

Human volunteer ♂ 395 ng 3H-OTA,
uniformly labelled
(3.8 lCi); radiochemical
purity > 98%

Urine,
plasma

42–54% of radioactivity in
urine coeluted with OTA
standard 14–20% of
radioactivity in urine
suggested to present
metabolite (s) of smaller size
or higher polarity that OTA

HPLC-FLD; Liquid
scintillation counting of
2-min HPLC fractions

Studer-Rohr et al.
(2000)

Volunteers from
Portugal ♀♂

Unknown Urine Indirect evidence for OTA-
derived glucuronide

HPLC-FLD +/� enzymatic
cleavage of conjugates by
b-Gluc

Structure of OTA-glucuronide
not identified

Pena et al. (2006)

Healthy volunteers
from Germany ♀♂

Unknown Urine,
plasma

OTalpha; Indirect evidence
for OTalpha-conjugates

HPLC-FLD +/� enzymatic
cleavage of conjugates by
b-Gluc/ArylS

OTA glucuronide not
detected
Structure of OTalpha-
conjugates not identified
(e.g. OTalpha-glucuronide or
OTalpha-sulfate)

Mu~noz et al. (2010)

Volunteers from
Spain ♀♂

Unknown Urine OTalpha HPLC-FLD Coronel et al. (2011)

Pregnant women
from Croatia

Unknown Urine OTalpha; indirect evidence
for OTalpha-conjugates

HPLC-FLD +/� enzymatic
cleavage of conjugates by
b-Gluc/ArylS

Structure of OTalpha-
conjugates not identified
(e.g. OTalpha-glucuronide or
OTalpha-sulfate)

Klapec et al. (2012)

Breastfed infants
from Germany and
Turkey; German
adults ♀♂

Unknown Urine Indirect evidence for OTA-
conjugates in Turkish infants
and German adults

HPLC-LC-MS/MS +/�
enzymatic cleavage of
conjugates by b-Gluc/ArylS

Proposed to represent OTA-
8-b-glucuronide but
structure of OTA-derived
conjugates in urine needs
yet to be confirmed

Mu~noz et al. (2017)

German adults ♀♂ Unknown Urine OTB-NAC LC-MS/MS Sueck et al. (2019)

ArylS; Aryl synthetase; b-Gluc: b-glucuronidase; HO-OTA: hydroxy ochratoxin; HPLC-FLD: high-performance liquid chromatography with fluorescence detection; HPLC-LC-MS/MS: high-performance:
liquid chromatography liquid chromatography tandem mass spectroscopy; OTA: ochratoxin A; OTalpha: ochratoxin alpha; OTB: ochratoxin B; OTB-NAC:OTB N-acetyl-L-cysteine; OTHQ: ochratoxin
hydroquinone; LC-MS/MS: liquid chromatography-mass spectrometry and tandem mass spectrometry; MS: mass spectroscopy; TLC HPLC-UV: thin layer chromatography high-performance liquid
chromatography with ultraviolet detection; UPLC-Q/TOF-MS: ultra-high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry.
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Appendix F – BMD analyses

F.1. BMD analysis of microscopic kidney lesions in female pigs (Krogh et al., 1974)

A) Data Description

The endpoint to be analysed is: animals with microscopic kidney lesions.

B) Data used for analysis

lg OTA/kg bw per day
Number of animals with microscopic

kidney lesions
Total number of animals

0 0 9
8 4 9

40 9 9

160 4 4

C) Selection of the BMR

The benchmark response (BMR) used is an extra risk of 10%.
The benchmark dose (BMD) is the dose corresponding to the BMR of interest.
A 90% confidence interval for the BMD will be estimated, with lower and upper bound denoted

BMDL and BMDU, respectively.

D) Software Used

Results are obtained using the EFSA web-tool for BMD analysis, which uses the R-package PROAST,
version 66.40, for the underlying calculations.

E) Results

Response variable: animals with microscopic kidney lesions

Fitted Models

Model No.par loglik AIC Accepted BMDL BMDU BMD Conv

null 1 �21.34 44.68 NA NA NA NA
full 4 �6.18 20.36 NA NA NA NA

two.stage 3 �6.18 18.36 Yes 0.6880 5.440 3.34 No
log.logist 3 �6.18 18.36 Yes 0.9080 7.920 6.78 Yes

Weibull 3 �6.18 18.36 Yes 0.1820 7.920 3.62 Yes
log.prob 3 �6.18 18.36 Yes 0.7940 7.950 5.93 Yes

gamma 3 �6.18 18.36 Yes 0.0488 7.640 5.14 Yes
logistic 2 �6.18 16.36 Yes 2.3200 0.856 7.18 Yes

probit 2 �6.18 16.36 Yes 2.1200 6.890 6.27 Yes
LVM: Expon. m3- 3 �6.18 18.36 Yes 0.1620 7.820 6.38 Yes

LVM: Hill m3- 3 �6.18 18.36 Yes 0.2920 7.690 5.50 Yes

F) Estimated Model Parameters
two.stage

estimate for a- : 1e-06
estimate for BMD- : 3.337
estimate for c : 3505

log.logist

estimate for a- : 1e-06
estimate for BMD- : 6.782
estimate for c : 11.95
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Weibull

estimate for a- : 1e-06
estimate for BMD- : 3.621
estimate for c : 2.168

log.prob

estimate for a- : 1e-06
estimate for BMD- : 5.926
estimate for c : 3.805

gamma

estimate for a- : 1e-06
estimate for BMD- : 5.135
estimate for cc : 8.164

logistic

estimate for a- : -19.48
estimate for BMD- : 7.18

probit

estimate for a- : -5.409
estimate for BMD- : 6.267

EXP

estimate for a- : 4.249
estimate for CED- : 6.382
estimate for d- : 1
estimate for th(fixed) : 0
estimate for sigma(fixed) : 0.25

HILL

estimate for a- : 4.357
estimate for CED- : 5.503
estimate for d- : 1.053
estimate for th(fixed) : 0
estimate for sigma(fixed) : 0.25

G) Weights for Model Averaging

two.stage log.logist Weibull log.prob gamma logistic probit EXP HILL

0.08 0.08 0.08 0.08 0.08 0.22 0.22 0.08 0.08

H) Final BMD Values

subgroup BMDL BMDU

4.73 7.17

Confidence intervals for the BMD are based on 500 bootstrap data.
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J) Visualisation
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F.2. BMD analysis of combined incidence of adenoma and carcinoma in male rats (NTP,
1989)

A) Data Description

The endpoint to be analysed is incidence kidney adenoma and carcinoma.

B) Data used for analysis:

lg OTA/kg bw per day
Incidence of kidney adenoma

and carcinoma
N

0 1 50

15 1 50
50 20 51

150 36 50

C) Selection of the BMR

The BMR used is an extra risk of 10% compared to the controls.
The BMD is the dose corresponding with the BMR of interest.
A 90% confidence interval for the BMD will be estimated, with the lower and upper bound denoted

BMDL and BMDU, respectively.

D) Software Used

Results are obtained using the EFSA web-tool for BMD analysis, which uses the R-package PROAST,
version 66.40, for the underlying calculations.

E) Results

Response variable: incidence of kidney adenoma and carcinoma
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Fitted Models

Model No.par loglik AIC Accepted BMDL BMDU BMD conv

null 1 �120.77 243.54 NA NA NA NA

full 4 �73.61 155.22 NA NA NA NA
two.stage 3 �77.29 160.58 No NA NA 17.2 Yes

log.logist 3 �75.57 157.14 Yes 14.7 31.6 22.7 Yes
Weibull 3 �76.68 159.36 No NA NA 20.3 Yes

log.prob 3 �75.05 156.10 Yes 15.9 32.4 23.6 Yes
gamma 3 �76.36 158.72 No NA NA 22.0 Yes

logistic 2 �82.11 168.22 No NA NA 37.3 Yes
probit 2 �81.23 166.46 No NA NA 35.0 Yes

LVM: Expon. m5- 4 �73.61 155.22 Yes 20.9 42.4 39.3 Yes

LVM: Hill m3- 3 �76.86 159.72 No NA NA 19.4 Yes

Estimated Model Parameters

two.stage

estimate for a- : 0.01331
estimate for BMD- : 17.24
estimate for c : 0.6374

log.logist

estimate for a- : 0.01334
estimate for BMD- : 22.66
estimate for c : 1.759

Weibull

estimate for a- : 0.01368
estimate for BMD- : 20.32
estimate for c : 1.287

log.prob

estimate for a- : 0.01385
estimate for BMD- : 23.64
estimate for c : 1.061

gamma

estimate for a- : 0.01394
estimate for BMD- : 21.97
estimate for cc : 1.551

logistic

estimate for a- : -2.58
estimate for BMD- : 37.31

probit

estimate for a- : -1.563
estimate for BMD- : 35.04

EXP

estimate for a- : 1.676
estimate for CED- : 39.3
estimate for c- : 0.5159
estimate for d- : 4
estimate for th(fixed) : 0
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estimate for sigma(fixed) : 0.25

HILL

estimate for a- : 1.791
estimate for CED- : 19.38
estimate for d- : 0.6204
estimate for th(fixed) : 0
estimate for sigma(fixed) : 0.25

Weights for Model Averaging

two.stage log.logist Weibull log.prob gamma logistic probit EXP HILL

0.03 0.15 0.05 0.26 0.07 0 0 0.4 0.04

F) Final BMD Values

subgroup BMDL BMDU

14.5 36

Confidence intervals for the BMD are based on 500 bootstrap data sets.
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G) Visualisation
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Appendix G – Original data used for the exposures assessment of infants
fed with breast milk

Table G.1: OTA levels (ng/L) in milk samples from Mu~noz et al. (2013)

Mothers ID
Sample taken

(Breastfeeding day)
OTA concentration

(ng/L)
Milk type

BFD_1 3 26 Colostrum

BFD_2 4 17 Colostrum
BFD_3 4 100 Colostrum

BFD_4 4 n.d. Colostrum
BFD_5 5 n.d. Colostrum

BFD_6 5 53 Colostrum
BFD_7 6 n.d. Colostrum

BFD_8 6 30 Colostrum
BFD_9 6 n.d. Colostrum

BFD_10 6 36 Colostrum
BFH_1 4 29 Colostrum

BFH_2 4 47 Colostrum
BFH_3 3 14 Colostrum

BFH_4 5 n.d. Colostrum
BFH_5 1 22 Colostrum

BFH_6 6 n.d. Colostrum
BFH_7 4 n.d. Colostrum

BFH_8 5 n.d. Colostrum
BFH_9 5 n.d. Colostrum

BFD_11 7 16 Transitory milk
BFD_12 7 24 Transitory milk

BFD_13 7 29 Transitory milk
BFD_14 8 28 Transitory milk

BFD_15 8 18 Transitory milk
BFD_16 10 n.d. Transitory milk

BFD_17 11 26 Transitory milk
BFD_18 12 17 Transitory milk

BFD_19 14 n.d. Transitory milk
BFD_20 14 21 Transitory milk

BFH_10 8 14 Transitory milk
BFH_11 9 n.d. Transitory milk

BFH_12 11 n.d. Transitory milk
BFH_13 13 21 Transitory milk

BFH_14 8 40 Transitory milk
BFH_15 13 40 Transitory milk

BFH_16 16 n.d. Transitory milk
BFH_17 14 n.d. Transitory milk

BFH_18 15 n.d. Transitory milk
BFH_19 17 26 Transitory milk

BFD_21 17 22 Mature milk
BFD_22 17 n.d. Mature milk

BFD_23 18 n.d. Mature milk
BFD_24 19 43 Mature milk

BFD_25 30 10 Mature milk
BFD_26 35 26 Mature milk
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Mothers ID
Sample taken

(Breastfeeding day)
OTA concentration

(ng/L)
Milk type

BFD_27 35 26 Mature milk
BFD_28 36 19 Mature milk

BFD_29 56 68 Mature milk
BFD_30 60 42 Mature milk

BFH_20 32 16 Mature milk
BFH_21 25 n.d. Mature milk

BFH_22 30 13 Mature milk
BFH_23 32 19 Mature milk

BFH_24 34 n.d. Mature milk
BFH_25 33 29 Mature milk

BFH_26 57 n.d. Mature milk
BFH_27 51 26 Mature milk

BFH_28 33 21 Mature milk
BFH_29 55 30 Mature milk

BFH_30 24 n.d. Mature milk
BFH_31 61 27 Mature milk

BFH_32 58 18 Mature milk
BFH_33 30 n.d. Mature milk

BFH_34 32 23 Mature milk
BFH_35 33 n.d. Mature milk

BFH_36 52 n.d. Mature milk
BFH_37 55 78 Mature milk

BFH_38 56 n.d. Mature milk
BFH_39 54 n.d. Mature milk

BFH_40 50 n.d. Mature milk
BFH_41 58 n.d. Mature milk

BFH_42 32 n.d. Mature milk
BFH_43 33 n.d. Mature milk

BFH_44 34 n.d. Mature milk
BFH_45 30 n.d. Mature milk

BFH_46 31 n.d. Mature milk
BFH_47 52 n.d. Mature milk

BFH_48 34 n.d. Mature milk
BFH_49 58 n.d. Mature milk

BFH_50 30 n.d. Mature milk
BFH_51 34 66 Mature milk

BFH_52 34 15 Mature milk
BFH_53 25 18 Mature milk

BFH_54 25 20 Mature milk
BFH_55 25 n.d. Mature milk

BFH_56 54 15 Mature milk
BFH_57 35 n.d. Mature milk

BFH_58 26 n.d. Mature milk
BFH_59 50 n.d. Mature milk

BFH_60 25 n.d. Mature milk

n.d.: not detected; OTA: ochratoxin.
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Table G.2: OTA levels (ng/L) in milk samples (colostrum) from Biasucci et al. (2011)

Mothers ID Nationality OTA concentration (ng/L)

115741 Italian 20.7

115519 Italian 6.4
115543 Italian 16.7

115501 Italian 3.5
115733 Italian 7.6

115782 Non-Italian 6.0
115493 Non-Italian 1.9

115634 Italian 2.5
115824 Non-Italian 10.9

115725 Italian 1.5
114835 Italian 4.2

115550 Italian 20.9
115626 Italian 11.8

115758 Non-Italian 2.6
115972 Non-Italian 2.1

115766 Italian 28.1
115642 Italian n.d.

114660 Non-Italian 3.1
116004 Italian 3.7

115881 Non-Italian 6.2
115840 Italian n.d.

115774 Italian 3.8
115584 Non-Italian 3.9

115196 Italian 68.8
115600 Italian n.d.

115899 Non-Italian 4.5
115873 Italian n.d.

115691 Italian n.d.
115857 Non-Italian 13.9

115816 Italian 3.4
115683 Italian 5.4

115900 Italian 6.4
115618 Italian 3.9

115576 Italian n.d.
115832 Italian n.d.

115527 Non-Italian n.d.
115709 Italian 75.1

114702 Italian n.d.
115865 Non-Italian 2.6

115592 Non-Italian 3.8
115956 Italian 10.3

115659 Non-Italian n.d.
114611 Non-Italian 2.7

115949 Non-Italian 21.8
114637 Non-Italian 3.9

115915 Non-Italian 4.3
115980 Non-Italian 3.6

115931 Italian 3.0
115964 Italian 1.3
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Mothers ID Nationality OTA concentration (ng/L)

115808 Non-Italian n.d.
115923 Italian 1.9

115998 Non-Italian 3.5

n.d.: not detected; OTA: ochratoxin.

Table G.3: OTA levels (ng/L) in milk samples from healthy mothers from Valitutti et al. (2018)

1st day 2nd day 3rd day

Sample ID
4 h
after
lunch

2 h
after
dinner

Morning
4 h
after
lunch

2 h
after
dinner

Morning
4 h after
lunch

2 h
after
dinner

Morning

COD15 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD21 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.t. n.d.

COD28 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD30 n.d. n.d. n.d. n.d. n.d. n.t. n.d. n.d. n.t.

COD31 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.t. n.t.
COD37 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD38 n.t. n.t. n.d. n.d. n.t. n.d. n.t. n.t. n.t.
COD40 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD45 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD46 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD54 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD60 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD66 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 56
COD68 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD70 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD77 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD78 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD82 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD93 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD97 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d.: not detected; n.t.: not tested; OTA: ochratoxin.

Table G.4: OTA levels (ng/L) in milk samples from ceoliac mothers from Valitutti et al. (2018)

1st day 2nd day 3rd day

Sample ID
4 h
after
lunch

2 h
after
dinner

Morning
4 h
after
lunch

2 h
after
dinner

Morning
4 h
after
lunch

2 h
after
dinner

Morning

COD01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.t. n.d.
COD03 n.d. n.d. n.d. n.t. n.d. n.t. n.d. n.d. n.d.

COD04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD05 n.t. n.d. n.d. n.t. n.d. n.t. n.t. n.d. n.t.

COD06 n.d. n.d. n.d. n.d. n.t. n.d. n.t. n.d. n.d.
COD07 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD08 n.d. n.d. n.d. n.d. n.d. n.d. n.t. n.d. n.d.
COD09 n.d. n.d. n.d. n.d. n.d. n.t. n.d. n.d. n.d.

Ochratoxin in food

www.efsa.europa.eu/efsajournal 148 EFSA Journal 2020;18(5):6113



1st day 2nd day 3rd day

Sample ID
4 h
after
lunch

2 h
after
dinner

Morning
4 h
after
lunch

2 h
after
dinner

Morning
4 h
after
lunch

2 h
after
dinner

Morning

COD11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD13 n.d. n.d. n.d. n.d. n.d. n.t. n.d. n.t. n.d.

COD14 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD16 123 n.d. n.d. n.d. n.d. n.t. n.d. n.d. n.t.

COD17 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD18 n.t. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD36 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD42 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD43 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD44 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD50 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD55 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD56 n.d. n.t. n.t. n.t. n.t. n.d. n.d. n.d. n.d.
COD58 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD72 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD73 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD74 n.d. n.t. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
COD75 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD76 n.d. 64.6 n.d. 62.1 n.d. 80.2 n.d. 83.9 56.5
COD83 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD89 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

COD108 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d.: not detected; n.t.: not tested; OTA: ochratoxin.
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Annex – Summary statistics on occurrence and consumption data and
exposure assessment results

The Annex is provided as separate Excel files containing summary statistics on occurrence and
consumption data and exposure assessment results on ochratoxin A and is available on the EFSA
Knowledge Junction community on Zenodo at: https://doi.org/10.5281/zenodo.3739292

At the zenodo link above, we have also included the occurrence data of OTA - please see Section 4.7
Occurrence data.

Ochratoxin in food
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