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Summary

Deoxynivalenol (DON) is one of the most abundant mycotoxins in contaminated food and feed
worldwide. It is toxic to humans and inhibits DNA, RNA and protein synthesis. In this review,
the metabolism of DON and its exposure in humans from different regions are summarized. Conjugated
products DON-3-glucuronide, DON-15-glucuronide, and DON-7-glucuronide are found to be the major
metabolites in humans. Human exposure of DON shows some regional differences due to the different DON
levels in cereal-based foods and the food intake habits. C12,13-deepoxy metabolite, DOM-1 can be found
in most French populations but is rarely detected in UK adults. Spanish exposes lower DON levels than
the UK populations. A very high DON exposure is detected in South Africa and Linxian, China. Fetus is
shown to expose to DON during pregnancy in human. This review will provide global information of DON
metabolism and exposure in humans and facilitate the mycotoxin control strategies.
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INTRODUCTION

Deoxynivalenol (DON) belongs to the group B
trichothecenes and is considered to be one of the most
important mycotoxins in cereal commodities
(Figure 1). DON can be produced by fungi such as
Fusarium graminearum, Fusarium culmorum, and
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Fusarium crookwellense, which are common
pathogens on cereal crops like wheat, barley, and
maize in the field (Wu et al. 2011). DON can cause
food refusal, vomiting, digestive disorders, weight
loss, decrease levels of serum protein and oxidative
stress. From molecular level, DON is shown to in-
hibit DNA, RNA and protein synthesis. Ribosomes
in cytosol are reported to be a major target of DON
action in different studies (Pestka, 2008). Mitochon-
drial translation is also targeted by this toxin
(Bouaziz et al. 2009). The Joint FAO/WHO Expert
Committee on Food Additives (JECFA) has recently
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Figure 1. The chemical structure of DON and its related conjugated metabolites

set the limit of group provisional maximum tolerable
daily intake (PMTDI) of DON as 1 pg/kg of body
weight/day (JECFA, 2010).

The metabolic profile of DON in animals is
relatively clear. DON can be transformed to C12,13-
deepoxy metabolite, DOM-1 in rodents, pigs,
chickens and cattle (Wu et al. 2010) (Figure 1). DON
is mainly distributed in bile, liver, kidney, spleen, and
is mainly excreted from feces and urine (Prelusky et
al. 1986; Prelusky and Trenholm, 1991). Currently,
more researches are focusing on the metabolism
of DON in humans. In addition to DOM-1, the con-
jugated products seem to be the major metabolites.
DON-3-glucuronide (DON-3-GlcA), DON-15-
glucuronide (DON-15-GlcA) and the tentatively
identified DON-7-glucuronide (DON-7-GIcA) are
the metabolites of DON in humans (Maul et al. 2012;
Sarkanj et al. 2013; Warth et al. 2013) (Figure 1).
Generally, in vitro models, including the liver
microsomes and the feces incubations, are usually
used for the metabolic study in humans. However,
one in vivo study in human is recently reported and
provides very direct evidence (Warth et al. 2013).

Recently, human exposures of DON in different
countries are increasingly reported. In China, DON
from the high exposure region-Linxian was detected
to be 37 ng/mL. In French populations, DOM-1 is
commonly detectable, but this metabolite cannot be
detected in most UK adults (Turner et al. 2010a,
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2011a,b). The populations in China usually expose
higher levels of DON, but because of the food habit,
lower DON levels are reported from Shanghai, China
(Turner et al. 2011a). In Spain, DON was confirmed
in 33.3% of the human urine samples (Rubert et al.
2011b). In Austrian adults, DON and its glucuronide
conjugates (DON-GIcA) are determined as bio-
markers of exposure in the urine (Warth et al. 2012).
Although there are increasing references on the me-
tabolism and the exposure of DON in humans from
different countries, the reports are scattered and it is
difficult for us to understand the global profiles.

In this review, we aim at discussing the metab-
olism of DON in humans and the human exposure
of DON in different countries and regions. Moreover,
some regional differences of DON exposure in hu-
mans are suggested. This review will provide further
information in the metabolism and exposure of DON
in humans and facilitate mycotoxin control strategies.

GLOBAL INSIGHT IN DON METABOLISM

DON is able to be transformed to 12,13-deepoxy-
DON (DOM-1), in rodents, swine, chickens, and
ruminants (Wu et al. 2010). This metabolite is
common in animals and can largely reduce the toxicity.
In a BrdU bioassay, when the C-12-C-13-epoxide ring
was lost, the LD, of DON was increased by 54 times



Wu et al.: Deoxynivalenol: Metabolism and Regional Differences in Human Exposure

(Eriksen et al. 2004). However, DOM-1 is rarely
detectable in humans. In several studies, human feces
were incubated under anaerobic conditions for
48 hours with 3-acetyl-DON (Eriksen et al. 2003;
Eriksen and Pettersson, 2003) but no deepoxidated
metabolites were detected in the fecal incubates.
This observation suggests that humans may lack
the relative microflora for key detoxification of DON.
Different with the findings in animals, more
conjugated DON are detected as the metabolites
in humans. DON-15-GlcA and DON-3-GIcA are
the major phase II metabolites in humans. Other
conjugates such as DON-7-GIcA are also monitored
in several studies (Maul et al. 2012; Sarkanj et al.
2013; Warth et al. 2013).

To date, it is still unclear which enzymes are
catalyzing the C12,13-deepoxy pathway. UDP-
glucuronosyltransferases (UGTs) possibly play
an important role in the formation of DON-GIcA, but
the exact subfamily of the UGTs has yet to be
elucidated (Tukey and Strassburg, 2000; Obol'skii
et al. 1998).

METABOLISM OF DEOXYNIVALENOL
IN HUMANS

The metabolic fate of DON in animals is clear
and currently more studies are focusing on the me-
tabolism of DON in humans. Generally, researchers
are using the in vitro models, including the liver
microsomes and feces incubations, to investigate
the metabolism of DON in humans. In order to un-
cover the real face of DON metabolism in humans,
in vivo metabolism of DON in human is also studied
(Warth et al. 2013). Conjugated products are the major
metabolites of DON in humans.

In vitro metabolism of DON in human proximal
tubule cells and lung fibroblasts in primary culture
was carried out but no metabolites, including
the phase II metabolites, were detected in the two cell
cultures (Konigs et al. 2007). However, the toxic
effect of DON on the cells should not be ignored,
since in one report, DON up-regulated the genes
which are closely related to ribosomal structure and
function, mitochondrial function, oxidative stress and
apoptosis in human peripheral blood mononuclear
cells (Katika et al. 2012).

In order to mimic different stages of DON
digestion in human gut, an in vitro model system was
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used to investigate the stability of DON-3-glucoside
(D3G) to acidic conditions, hydrolytic enzymes, and
intestinal bacteria. D3G was resistant to hydrochloric
acid and human cytosolic glucosidase had no effect
on its degradation. However, several lactic acid
bacteria showed a high capacity to hydrolyze D3G
(Berthiller et al. 2011). This study suggests that DON
detoxified by the plant into D3G may become partly
bioavailable due to D3G hydrolysis by bacterial
B-glucosidases in the colon.

The metabolism of DON in human liver
microsomes was investigated by Maul et al. (2012).
In addition to DON-3-GlcA, human liver
microsomes could also form DON-15-GIcA.
The third metabolite was tentatively identified as
DON-7-GIcA, but the confirmation of identity of this
metabolite requires further investigation. In addition
to the metabolism in liver, the biotransformation
of DON-3-GIcA by human microbiota was assessed
as well (Gratz et al. 2013). The fecal microbiota
released DON from D-3-GlcA very efficiently and
the fecal microbiota from one volunteer transformed
DON to DOM-1. Urine from the same volunteer also
contained DOM-1, whereas DOM-1 was not de-
tectable in urine from other volunteers. Their results
suggest that the metabolite DOM-1 may be from
the biotransformation of DON or DON-3-GIcA
in intestine.

For the first time, Warth et al. (2013) investigated
the in vivo metabolism of DON in human after
the volunteer consumed the contaminated diet con-
taining 138 pg DON over 4 days. DON-15-GIcA was
identified as the major metabolite besides DON-3-
GlcA. The third metabolite was determined but its
structure was not identified. Moreover, the masked
form of DON (DON-3-glucoside and 3-acetyl-DON)
in urine was preliminary analyzed but none of
the masked forms were detectable in this study.

REGIONAL DIFFERENCES
IN HUMAN EXPOSURE

Currently, there are a series of studies focusing
on human exposure of DON in different countries.
Interestingly, the exposure of DON in humans shows
some potential regional differences. The differences
are possibly due to the DON levels in cereal-based
foods and are correlated to cereal intake, particularly
bread consumption in different countries and
regions.



Wu et al.: Deoxynivalenol: Metabolism and Regional Differences in Human Exposure

For the fist time, DON was detected in human
urine by Meky et al. (2003). In their study, urine
samples were collected from female inhabitants
of Linxian, China, an area of potentially high DON
exposure, and Gejiu, a low risk region of China.
DON was detected in all the samples following
B-glucuronidase treatment. DON from the high and
low exposure regions of China was 37 ng/mL and
12 ng/mL, respectively. Conjugated-DON was sug-
gested to exist in human urine.

Turner et al. (2010b) first reported the DOM-1
residue in the urine from French population. DOM-1
was found in urine from 80.7% of indi-viduals who
worked on farms. However, in the UK adults,
DOM-1 was not detectable in most urine samples
(Turner et al. 2011b). The potential reasons for
this difference could be the accidental transmission
of animal microbiota to farm workers, which has
the capacity for DON conversion to DOM-1.

The urinary levels of DON in UK adults are
positively correlated to cereal intake, particularly bread
consumption (Turner et al. 2008). Moreover, a strong
correlation between DON intake and the urinary
biomarker was observed in models adjusting to age,
sex and body mass index in the UK adults. Their data
demonstrate a quan-titative correlation between DON
exposure and urinary DON, and serve to validate the
use of urinary DON as an exposure biomarker (Turner
et al. 2010a, b). After the cereals consumption
of 300 g/day , DON in urine was detected in the level
of 13.24 pg/day (11.7 ng/mg creatinine) in UK adults.
However, in a study of Shanghai women's health
(Turner et al. 2011a), only 4.8 ng DON/mL urine
(5.9 ng DON/mg creatinine) were detected, which was
much lower than that found in UK adults. In Shanghai,
maize and barley are rarely consumed, but rice con-
sumption is by far the predominant cereal con-sumed,
and rice is not a major source of DON (CAST, 2003).

In order to evaluate the human exposure of my-
cotoxins and its risk in the Valencian population
in Spain, Rubert et al. (2011) analyzed the levels
of DON in the urines from 27 volunteers (age 21-77
years old) during September and November, 2010
in Valencia (Spain). T-2 and HT-2 toxin were not
detected in any of these samples analyzed but DON
was confirmed in 33.3% of the urine samples, which
was much lower than the occurrence in UK
populations (98.7%) (Turner et al. 2008).

In Croatia, the DON exposure in pregnant
women urine was analyzed (Sarkanj et al. 2013).
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DON (18.3 pg/L) and its metabolites DON-15-GIcA
(120 pg/L) and DON-3-GlcA were detected in 97.5%
of the studied samples. Several highly contaminated
urine samples contained a third DON conjugate,
which was tentatively identified as DON-7-GIcA by
MS/MS scans. Forty-eight percent of subjects were
estimated to exceed the provisional maximum
tolerable daily intake (1 pg/kg BW.). In South Africa,
multiple mycotoxin exposure was determined by
urinary biomarkers in rural subsistence farmers
in the former Transkei (Shephard et al. 2013). After
the hydrolysis with B-glucuronidase, DON was
detected in 100% of the samples with the concen-
tration of 20.4 + 49.4 ng/mg creatinine, suggesting
a very high DON exposure in this area.

Warth et al. (2012) have conducted a pilot survey
to investigate the level of DON exposure in Austrian
adults by measurements of DON and its glucuronide
conjugates (DON-GIcA), as biomarkers of exposure,
in the urine. The average concentration of total DON
was estimated to be 20.4 + 2.4 pg/L. For the first
time, in vivo metabolisms of DON in humans were
performed by this group, and DON-15-glucuronide
was found to be a major DON metabolite in human
urine. About 75% of total glucuronides were derived
from this metabolite while DON-3-GlcA accounted
for 25%. In these earlier studies, DON exposure is
usually estimated from dietary average intakes or by
measurement of the native toxin in urine after
enzymatic hydrolysis with  B-glucuronidase.
The DON-3-GlcA standard was synthesized and was
successfully used for directly quantification of this
product (Warth et al. 2011).

Fetus is shown to expose to DON during
pregnancy in human (Nielsen et al. 2011). Placentas
were used to study DON transfer with the ex vivo
dual perfusion model and about 21% of the initially
incubated toxin was transported to the foetus. Since
DON has effects on foetal growth and is immuno-
suppressive, the risk assessment of DON in fetus
should be considered (Pestka, 2010).

Several studies also focused on DON exposure on
the intestine. In order to evaluate the oral subchronic
exposure of DON on the composition of human gut
microbiota, Saint-Cyr et al. (2013) have established
a human microbiota-associated rat model. During oral
DON exposure, a significant increase of 0.5 log 10
was observed for the Bacteroides/Prevotella group
during the first 3 weeks of administration.
Concentration levels for Escherichia coli decreased
at day 27. Compared with DON, 15-acetyl-DON
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shows higher permeability in the intestinal
transportation and causes higher potential risk
for humans (Kadota et al. 2013). Until now, the toxi-
cities of acetylated DONs are considered to be
equivalent to DON. However, higher toxicity of 15-
actyl-DON should be considered to evaluate toxicity
of DON and acetylated DONs (Kadota et al. 2013).

In summary, the exposure of DON in humans
shows regional dependent profiles. The deepoxy
metabolite DOM-1 is commonly found in French
populations but rarely detectable in UK adults.
The urinary levels of DON in human are positively
correlated to cereal intake. Spanish expose lower DON
levels than the UK populations. A very high DON
exposure is detected in South Africa. Fetus is shown
to expose to DON during pregnancy in humans.

CONCLUSIONS

Conjugated products are the major metabolites of DON
in humans. DON-3-GlcA, DON-15-GIcA, and DON-
7-GIcA are the conjugated metabolites; however,
DON-15-GIcA seems to be the major one. The ex-
posure of DON in humans shows some potential
regional differences. DOM-1 is commonly found
in French populations but rarely detectable in UK
adults. Spanish exposed lower DON levels that the UK
populations. A very high DON exposure is detected
in South Africa. These differences are very possibly
due to the food intake habits and the occurrence
of DON in cereals from different regions. However,
human exposure of DON from more countries is still
needed to facilitate mycotoxin control strategies.

ACKNOWLEDGEMENTS

This work was financially supported by National
Science Foundation of China (Grant No. 31200348,
30500064 and 40501048), National Basic Research
Program of China (973 program; Grant
No0.2009CB118800) and the Project of Excellence
FIM UHK.

CONFLICT OF INTEREST

The authors declare that there is no conflict
of interest.

118

REFERENCES

1. Berthiller F, Krska R, Domig KJ, Kneifel W, Juge
N, Schuhmacher R, Adam G. Hydrolytic fate of
deoxynivalenol-3-glucoside during digestion.
Toxicol Lett. 2011, 206(3), 264-267.

2.Bouaziz C, Martel C, Sharaf el dein O, Abid-
Essefi S, Brenner C, Lemaire C, Bacha H. Fusarial
toxin-induced toxicity in cultured cells and in
isolated mitochondria involves PTPCdependent
activation of the mitochondrial pathway of
apoptosis. Toxicol Sci, 2009, 110(2), 363-375

3.CAST. 2003. Potential economic costs of
mycotoxins in the United States. In: Mycotoxins:
risks in plant, animal, and human systems. Task
Force Report No. 139. Ames (IA): Council for
Agricultural Science and Technology. p. 136-142.

4.Eriksen GS, Pettersson H, Lindberg JE.
Absorption, metabolism, and excretion of 3-acetyl
DON in pigs. Arch Anim Nutr. 2003, 57, 335-345.

5. Eriksen GS, Pettersson H. Lake of de-epoxidation
of type B trichothecenes in incubates with human
faeces. Food Addit Contam. 2003, 20, 579-582.

6. Eriksen GS, Pettersson H, Lundh T. Comparative
cytotoxicity of deoxynivalenol, nivalenol, their
acetylated derivatives and deepoxy metabolites.
Food Chem Toxicol. 2004, 42, 619-624.

7. Gratz SW, Duncan G, Richardson AJ. The human
fecal microbiota metabolizes deoxynivalenol and
deoxynivalenol-3-glucoside and may be
responsible for urinary deepoxy-deoxynivalenol.
Appl Environ Microbiol. 2013, 79(6), 1821-1825.

8.JECFA. Summary Report of the Seventy-Second
Meeting of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA); JECFA:
Rome, Italy, 2010;
http://www.who.int/foodsafety/chem/summary72
_rev.pdf (accessed May 12, 2014).

9.Kadota T, Furusawa H, Hirano S, Tajima O,
Kamata Y, Sugita-Konishi Y. Comparative study
of deoxynivalenol, 3-acetyldeoxynivalenol, and
15-acetyldeoxynivalenol on intestinal transport
and IL-8 secretion in the human cell line Caco-2.
Toxicol in Vitro. 2013, 27(6), 1888-1895.

10. Katika MR, Hendriksen PJ, Shao J, van Loveren
H, Peijnenburg A. Transcriptome analysis of the
human T lymphocyte cell line Jurkat and human
peripheral blood mononuclear cells exposed to
deoxynivalenol (DON): New mechanistic insights.
Toxicol Appl Pharmacol. 2012, 264(1): 51-64.

11. Koénigs M, Lenczyk M, Schwerdt G, Holzinger
H, Gekle M, Humpf HU. Cytotoxicity,
metabolism and cellular uptake of the mycotoxin
deoxynivalenol in human proximal tubule cells



Wu et al.: Deoxynivalenol: Metabolism and Regional Differences in Human Exposure

and lung fibroblasts in primary culture.
Toxicology. 2007, 240(1-2), 48-59.

12. Maul R, Warth B, Kant JS, Schebb NH, Krska R,
Koch M, Sulyok M. Investigation of the hepatic
glucuronidation pattern of the Fusarium
mycotoxin deoxynivalenol in various species.
Chem Res Toxicol. 2012, 25(12), 2715-2717.

13. Meky FA, Turner PC, Ashcroft AE, Miller JD, Qiao
YL, Roth MJ, Wild CP. Development of a urinary
biomarker of human exposure to deoxynivalenol.
Food Chem Toxicol. 2003, 41(2), 265-273.

14. Nielsen JK, Vikstrom AC, Turner P, Knudsen LE.
Deoxynivalenol transport across the human
placental barrier. Food Chem Toxicol. 2011,
49(9), 2046-2052.

15.Obol'skii OL, Kravchenko LV, Avren'eva LI,
Tutel'ian VA. Effect of dietary selenium on the
activity of UDP-glucuronosyltransferases and
metabolism of mycotoxin deoxynivalenol in rats.
Vopr Pitan. 1998, 4, 18-23

16.Pestka, J.J. Mechanisms of deoxynivalenol-
induced gene expression and apoptosis. Food
Addit Contam A, 2008, 25(9), 1128-1140.

17. Pestka JJ. Deoxynivalenol: mechanisms of action,
human exposure, and toxiclogical relevance. Arch
Toxicol. 2010, 84, 663-679.

18. Prelusky DB, Veira DM, Trenholm HL, Hartin KE.
Excretion profiles of the mycotoxin deoxynivalenol
following oral and intravenous administration to
sheep. Fundam Appl Toxicol. 1986, 6, 356-363.

19. Prelusky DB, Trenholm HL. Tissue distribution
of deoxynivalenol in swine dosed intravenously.
J Agric Food Chem. 1991, 39, 748-751.

20. Rubert J, Soriano JM, Maiies J, Soler C. Rapid
mycotoxin analysis in human urine: a pilot study.
Food Chem Toxicol. 2011, 49(9), 2299-2304.

21. Saint-Cyr MJ, Perrin-Guyomard A, Houe'e P,
Rolland J-G, Laurentie M. Evaluation of an oral
subchronic exposure of deoxynivalenol on the
composition of human gut microbiota in a model
of human microbiota-associated rats. PLoS ONE.
2013, 8(11), e80578.

22. Sarkanj B, Warth B, Uhlig S, Abia WA, Sulyok
M, Klapec T, Krska R, Banjari I. Urinary analysis
reveals high deoxynivalenol exposure in pregnant
women from Croatia. Food Chem Toxicol. 2013,
62,231-237.

23. Shephard GS, Burger HM, Gambacorta L, Gong
YY, Krska R, Rheeder JP, Solfrizzo M, Srey C,
Sulyok M, Visconti A, Warth B, van der
Westhuizen L. Multiple mycotoxin exposure
determined by urinary biomarkers in rural
subsistence farmers in the former Transkei, South
Africa. Food Chem Toxicol. 2013, 62, 217-225.

119

24.Tukey RH, Strassburg CP. Human UDP-
Glucuronosyltransferases: Metabolism,
expression, and disease. Annu Rev Pharmacol
Toxicol. 2000, 40, 581-616.

25. Turner PC, Rothwell JA, White KL, Gong Y,
Cade JE, Wild CP. Urinary deoxynivalenol is
correlated with cereal intake in individuals from
the United kingdom. Environ Health Perspect.
2008, 116(1), 21-25.

26. Turner PC, White KL, Burley VJ, Hopton RP,
Rajendram A, Fisher J, Cade JE, Wild CP. A
comparison of deoxynivalenol intake and urinary
deoxynivalenol in UK adults. Biomarkers. 2010a,
15(6), 553-562.

27. Turner PC, Hopton RP, Lecluse Y, White KLM,
Fisher J, Lebailly P. Determinants of urinary
deoxynivalenol and de-epoxy deoxynivalenol in
male farmers from normandy, France. J Agric
Food Chem. 2010b, 58, 5206-5212.

28. Turner PC, Ji BT, Shu XO, Zheng W, Chow WH,
Gao YT, Hardie LJ. A biomarker survey of
urinary deoxynivalenol in China: the Shanghai
Women's Health Study. Food Addit Contam Part
A.2011a, 28(9), 1220-1223.

29. Turner PC, Hopton RP, White KLM, Fisher J,
Cade JE, Wild CP. Assessment of deoxynivalenol
metabolite profiles in UK adults. Food Chem
Toxicol, 2011b, 49 (1), 132-135.

30. Warth B, Sulyok M, Berthiller F, Schuhmacher
R, Fruhmann P, Hametner C, Adam G, Frohlich
J, Krska R. Direct quantification of
deoxynivalenol glucuronide in human urine as
biomarker of exposure to the Fusarium
mycotoxin deoxynivalenol. Anal Bioanal Chem.
2011, 401(1), 195-200.

31. Warth B, Sulyok M, Fruhmann P, Berthiller F,
Schuhmacher R, Hametner C, Adam G,
Frohlich J, Krska R. Assessment of human
deoxynivalenol exposure using an LC-MS/MS
based biomarker method. Toxicol Lett. 2012,
211(1), 85-90.

32. Warth B, Sulyok M, Berthiller F, Schuhmacher
R, Krska R. New insights into the human
metabolism of the Fusarium mycotoxins
deoxynivalenol and zearalenone. Toxicol Lett.
2013, 220(1), 88-94.

33. Wu Q, Dohnal V, Huang L, Kuca K, Yuan Z.
Metabolic pathways of trichothecenes. Drug
Metab Rev. 2010, 42(2), 250-267.

34. Wu Q, Lohrey L, Cramer B, Yuan Z, Humpf HU.
Impact of physicochemical parameters on the
decomposition of deoxynivalenol during
extrusion cooking of wheat grits. J. Agric. Food
Chem. 2011, 59, 12480-12485.



