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ABSTRACT

The mycotoxin deoxynivalenol (DON) elicits robust anorectic and emetic effects in several animal species. However, less is
known about the potential for naturally occurring and synthetic congeners of this trichothecene to cause analogous
responses. Here we tested the hypothesis that alterations in DON structure found in the plant metabolite
deoxynivalenol-3-glucoside (D3G) and two pharmacologically active synthetic DON derivatives, EN139528 and EN139544,
differentially impact their potential to evoke food refusal and emesis. In a nocturnal mouse food consumption model, oral
administration with DON, D3G, EN139528, or EN139544 at doses from 2.5 to 10 mg/kg BW induced anorectic responses that
lasted up to 16, 6, 6, and 3 h, respectively. Anorectic potency rank orders were EN139544�DON�EN139528�D3G from 0 to 0.5
h but DON�D3G�EN139528�EN139544 from 0 to 3 h. Oral exposure to each of the four compounds at a common dose (2.5
mg/kg BW) stimulated plasma elevations of the gut satiety peptides cholecystokinin and to a lesser extent, peptide YY3–36

that corresponded to reduced food consumption. In a mink emesis model, oral administration of increasing doses of the
congeners differentially induced emesis, causing marked decreases in latency to emesis with corresponding increases in
both the duration and number of emetic events. The minimum emetic doses for DON, EN139528, D3G, and EN139544 were
0.05, 0.5, 2, and 5 mg/kg BW, respectively. Taken together, the results suggest that although all three DON congeners elicited
anorectic responses that mimicked DON over a narrow dose range, they were markedly less potent than the parent
mycotoxin at inducing emesis.
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Fusarium head blight in cereal grains results in contamina-
tion by the 8-ketotrichothecene deoxynivalenol (12,13-epoxy-
3,4,15-trihydroxytrichothec-9-en-8-one) (DON, vomitoxin) (Fig.
1A) (Pestka, 2010). This mycotoxin has been associated with a
spectrum of acute and chronic adverse effects in experimental
animals that include anorexia, nausea, emesis, neuroendocrine
changes, and immunotoxicity (Maresca, 2013).

DON’s capacity to evoke anorectic responses and potential
to interfere with the growth of children and young animals is
of particular concern from a public health perspective (Canady
et al., 2001). These effects are the basis for establishing the tol-
erable daily intake for DON that has defined regulatory limits
for this mycotoxin in food (EFSA, 2011). The balance between
anorexigenic and orexigenic signaling modulates eating behav-
ior and this balance is influenced by various mediators of the
peripheral and central nervous systems (Schwartz, 2006). Impor-
tantly, DON specifically upregulates expression of components
of the anorexigenic response in hypothalamic neurons of the
brain, including the pro-opiomelanocortin, melanocortin 4 re-
ceptor, and cocaine amphetamine-regulated transcript (Girardet
et al., 2011). A possible upstream mechanism for the induction
of these anorectic effects by DON is the release of gut satiety
hormones produced by enteroendocrine cells (EECs) in the gas-
trointestinal tract (Moran-Ramos et al., 2012; Steinert et al., 2013).

The gut hormones cholecystokinin (CCK) and peptide YY3–36

(PYY3–36) play essential roles in regulating satiety. CCK is pro-
duced by a type of EEC called the I cell that is located in the je-
junum and ileum. This hormone elicits short-term, diminished
food consumption (Challis et al., 2003; Dockray, 2009) by upreg-
ulating pro-opiomelanocortin and melanocortin 4 receptor ex-
pression (Kohno et al., 2008). Both peripheral and central admin-
istration of CCK to animals decrease their consumption of food
(Della-Fera and Baile, 1980; Ebenezer et al., 1990; Zhang et al.,
1986). PYY3–36 is another gut satiety hormone that can regulate
appetite (Batterham et al., 2002). Most PYY3–36 secreting L-cells,
another subset of EEC, are found in the lower GI tract regions that
include the distal ileum and colon (Hörsten et al., 2004). This hor-
mone both upregulates anorexigenic and downregulates orexi-
genic signaling molecules within the brain (Challis et al., 2003),
inducing satiety in many species including humans, nonhuman
primates, and rodents (Karra and Batterham, 2010; le Roux et al.,
2006). Previous investigations by our laboratory have established
that both oral and intraperitoneal (IP) administration of DON
in mice induced rapid elevations in plasma CCK and PYY3–36

(Flannery et al., 2012; Wu et al., 2014a) with concurrent food re-
fusal. Subsequent experiments with specific pharmacologic an-
tagonists to CCK and PYY receptors attenuated this effect. Ac-
cordingly, these findings support the contention that CCK and
PYY produced by EEC are upstream mediators of DON-induced
anorexigenic signaling in the hypothalamus.

The Centers for Disease Control estimates that 80% of the re-
ported 48 million U.S. food-borne illness cases annually have an
unknown etiological origin (Scallan et al., 2011). Although DON
is not routinely sought as a suspected causative agent in food-
borne disease outbreaks, its effects in animal models are con-
sistent with hallmarks of gastroenteritis, leading to speculation
that this mycotoxin could be, in part, contributing to some cases
of undiagnosed food poisoning. The public health relevance of
DON’s emetogenic potential is supported by reports of large out-

breaks of non-infectious gastroenteritis in many countries in-
cluding China, Russia, Japan, Korea, and India over the past five
decades (Pestka, 2010). Interestingly, DON was detected in the
absence of other putative food poisoning agents in burritos as-
sociated with 16 large U.S. outbreaks of gastroenteritis with a
characteristic rapid onset of vomiting in over 1900 schoolchil-
dren in seven states (Steinberg et al., 2006).

Although the emetic response is a reflex that normally serves
as a protective mechanism against toxic agents, severe emesis
can cause disruption of normal nutrition, hydration, and elec-
trolyte balance and therefore have the potential to adversely af-
fect susceptible populations such as very young, infirmed, or el-
derly humans. The neurophysiologic basis for emesis is highly
complex and involves hormones, neurotransmitters, and vis-
ceral afferent neurons (Andrews and Horn, 2006; Hornby, 2001)
that are coordinated in the medulla oblongata of the brain by
a neuronal network known as the vomiting center. Hormones
and neurotransmitters released in the gut in response to toxic
stimuli may trigger emesis by binding to their corresponding re-
ceptors located on vagal afferent neurons that project onto the
area postrema of the medulla, activating the vomiting center,
or by direct stimulation of the area postrema by blood-borne
emetic mediators. DON-induced emesis in the pig and mink in-
volves the monoamine neurotransmitter 5-hydroxytryptamine
(5-HT, serotonin) (Prelusky and Trenholm, 1993; Wu et al., 2013b).
Notably, PYY3–36 is an upstream modulator of 5-HT suggesting
that both hormones act in concert to induce vomiting in DON-
exposed experimental animals (Wu et al., 2013b).

We have recently demonstrated that the other 8-
ketotrichothecenes related to DON and similarly found in
Fusarium-infected grains can differentially induce anorectic
and emetic effects in the mouse and mink models, respec-
tively (Wu et al., 2012, 2013a). These findings demonstrate
that compounds structurally related to DON can share its
anorectic and emetic potential. Important to this consider-
ation, DON can be converted in plants to the water soluble
detoxification product 12,13-epoxy-3-�-D-glucopyranosyloxy-
7,15-trihydroxytrichothec-9-en-8-one (DON-3-glucoside or D3G;
Fig. 1B) (Berthiller et al., 2009; Lemmens et al., 2005; Poppenberger
et al., 2003). D3G has been referred to as a masked mycotoxin
because it can co-occur in cereals contaminated by DON but is
not detectable by routine analytical methods (Berthiller et al.,
2013). The increasing agricultural use of Fusarium resistance
quantitative trait locus that co-localizes with the ability to
efficiently convert DON to D3G is expected to increase the ratio
of D3G/DON in Fusarium-infected wheat (Lemmens et al., 2005).
Importantly, D3G has the potential to be ultimately hydrolyzed
back to DON by gastrointestinal microbes (Berthiller et al., 2011;
Gratz et al., 2013; Nagl et al., 2012). Unfortunately, despite the
recognized presence of D3G in human food and its possible
important toxicological significance, nothing yet is known in
regard to its capacity either directly or after hydrolysis to induce
anorexia or emesis in experimental animals.

DON has also been derivatized to 3�-acetoxy-12,13-epoxy-9-
methyltrichothecen-9-en-7�,8�,15-triol (designated EN139528)
(Fig. 1C) and 3�-acetoxy-15-benzoyloxy-7�,8�-dihydroxy-12,13-
epoxytrichothec-9-ene (designated EN139544) (Fig. 1D) to ex-
plore their pharmacological potentials to alter gut motility by
inducing a specific pattern of gut motor activity that signals
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satiety (Durst and Krantis, 2004, 2006). Specifically, a hydroxyl
group replaces the C8-keto group in both compounds, whereas
an acetyl group replaces the C3-hydroxyl group in EN139528, and
a benzoyloxy group replaces the C15-hydroxyl in EN139544. Both
derivatives have been suggested to be effective in reducing gut
motility, food consumption, and weight gain in mouse and rat
(Durst and Krantis, 2004, 2006), indicating that they might act in
a manner similar to DON in inducing satiety. To date, there are
no published data that directly compare the potential anorectic
and emetic potencies of these two compounds with DON.

The goal of this investigation was to test the hypothesis
that alterations in DON structure found in D3G, EN139528, and
EN139544 will differentially impact their potential to evoke food
refusal and emesis. Oral administration was used to mimic the
ingestion of these compounds and to maximize their capacity
for interaction with gut EEC. The results obtained indicate that
although the congeners D3G, EN139528, and EN139544 evoked
anorectic effects in the mouse with different relative kinetics
and response durations, they were approximately 10–100 times
less potent than DON in evoking emesis in the mink.

MATERIALS AND METHODS

Chemicals. DON was prepared by base hydrolysis of 3-acetyl-
DON (3-ADON) that was isolated from Fusarium culture by a
modification of a previously described method (Miller and Black-
well, 1986). DON purity (�98%) was verified by elemental analy-
sis (Flannery et al., 2011). D3G was purified from wheat as pre-
viously reported (Berthiller et al., 2005). Briefly, wheat ears were
treated with DON (1 mg/ear) at anthesis, harvested after ripen-
ing, and milled. The ears were extracted with acetonitrile/water
(84/16, v/v) and silica gel 60 (Merck KGaA, Darmstadt, Ger-
many) was added till a slurry was formed. The slurry was
evaporated to dryness and the silica gel was packed on top
of a glass column filled with silica gel 60. After a wash step
with ethyl acetate, D3G was eluted with ethyl acetate/methanol
(80/20, v/v). After a second round of normal phase chromatog-
raphy, the D3G containing fractions were pooled, evaporated,
and dissolved in acetonitrile/water (5/95, v/v). Subsequent re-
versed phase chromatography purification was performed on
a PrepLC semipreparative high performance liquid chromatog-
raphy (HPLC) (Waters, Milford, MA) equipped with an ultravio-
let (UV) detector. A 250 mm × 15 mm i.d., 10-�m particle size,
Phenomenex (Torrance, CA) Jupiter C-18 semipreparative col-
umn was used with a linear acetonitrile/water gradient to sepa-
rate D3G from matrix and non-metabolized DON. Purity (�96%,
not containing any detectable amounts of DON) and identity
were confirmed by HPLC-UV, HPLC-tandem mass spectrome-
try (HPLC-MS/MS), and nuclear magnetic resonance (NMR) mea-
surements.

EN139528 and EN139544 were prepared as previously de-
scribed (Durst and Krantis, 2004, 2006). EN139528 was produced
by the reduction of 3-ADON. In a typical reaction, sodium boro-
hydride (17 mg, 0.44 mmol) was added to a cooled (0◦C) solu-
tion of 3-ADON (150 mg, 0.44 mmol) and CeCl3.7H2O (82 mg,
0.22 mmol) in methanol (12 ml) was added in three portions. Af-
ter stirring 20 min at the same temperature, saturated ammo-
nium chloride solution was added, the methanol was removed,
and the residual solution was extracted three times with ethyl
acetate. The organic extracts were dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was chromatographed
on silica gel to give EN139528. EN139544 was synthesized from
EN139528. Briefly, benzoyl chloride (91 mg, 0.638 mmol) was

FIG. 1. Structures of naturally occurring and synthetic DON congeners. Com-

pounds are: (A) deoxynivalenol (DON), (B) DON-3-glucoside (D3G), (C) EN139528,
and (D) EN139544.

added to a 25-ml round bottom flask containing EN139528 (200
mg, 0.58 mmol), triethylamine (178 mg, 1.74 mmol), and 5 mg of
4-dimethylaminopyridine in 5-ml acetonitrile at 0◦C. After com-
pletion of the reaction at 0.5 h, 5 ml of saturated NaCl was added
to the reaction mixture, acetonitrile was removed under re-
duced pressure. The residue was extracted with three times with
dichloromethane and the combined organic layers were dried
over Na2SO4 and concentrated. Column purification with silica
gel yielded EN139544. Purities of EN139528 and EN139544 were
�98% based on high field proton hydrogen-1 NMR (HNMR).DON,
D3G, EN139528, and EN139544 were dissolved in filter-sterilized
phosphate buffered saline for oral administration to mice and
mink.

Animals. Animal experiments followed National Institutes of
Health guidelines and were approved by the Michigan State
University Institutional Animal Care and Use Committee (MSU-
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FIG. 2. Experimental design for anorexia bioassay of DON in mice. Mice were gavaged with DON, D3G, EN139528, and EN139544 immediately before the dark feeding

cycle. Food intake was measured at 0.5, 1, 2, 3, 6, and 16 h post administration.

FIG. 3. Oral exposure to DON impairs cumulative food intake for up to 16 h. Mice were gavaged with DON immediately before the dark feeding cycle and food intake

was measured over 16 h. Data are mean ± SEM (n = 5/group) and analyzed by one-way ANOVA using Dunnett’s Method. An asterisk indicates a statistically significant
difference in cumulative food consumption between treatment and respective control (p � 0.05).
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FIG. 4. Oral exposure to D3G impairs cumulative food intake for up to 6 h. Mice were gavaged with D3G immediately before the dark feeding cycle and food intake
was measured over 16 h. Data are mean ± SEM (n = 5/group) and analyzed by one-way ANOVA using Dunnett’s Method. An asterisk indicates a statistically significant

difference in cumulative food consumption between treatment and respective control (p � 0.05).

IACUC). Female B6C3F1 mice (10–12-week old) were obtained
from Charles River Breeding (Portage, MI) and housed individu-
ally in polycarbonate cages in a room maintained at 21–24◦C and
40–55% relative humidity under a 12-h light (6:00–18:00 h)/dark
(18:00–6:00 h) cycle. Standard dark, female mink (Mustela vison)
of 1 to 2 years of age (average weight = 1.18 ± 0.15 kg) were ob-
tained from the Michigan State University (MSU) Experimental
Fur Farm. Housing conditions met those specified in the Stan-
dard Guidelines for the Operation of Mink Farms in the United
States (Fur Commission USA 2010). Animals were housed singly
in wire cages (62 cm long × 25 cm wide × 38 cm high) and pro-
vided with a nest box (24 cm long × 24 cm wide × 29 cm high)
with aspen shavings or excelsior (wood wool) within an open-
sided pole barn. Temperature (daily average = 7 to 18◦C), humid-
ity, and photoperiod were dependent on the ambient environ-
ment.

Study 1. Dose response effects of DON congeners on food consumption
in the mouse. The general experimental design for the food con-
sumption study (Fig. 2) was based on previously developed pro-
tocols (Flannery et al., 2011; Wu et al., 2012). Briefly, mice were
acclimated 1 week after arriving and randomly divided into dif-
ferent groups according to body weight 1 day before experiment
initiation. On the day of the experiment, groups of mice (n =
5) were fasted from 10:00 h to 18:00 h with water provided ad

lib. At 18:00 h mice were orally gavaged with 0, 2.5, 5, and 10
mg/kg BW DON, D3G, EN139528, or EN139544 in 100-�l PBS, re-
spectively, using a sterile 22-G 3.8-cm disposable feeding tube
(Instech Solomon; Plymouth Meeting, PA). These doses were se-
lected to compare this study with previous investigations by our
laboratory (Flannery et al., 2011, 2012; Wu et al., 2012). Immedi-
ately after treatment, mice were provided with two pre-weighed
food pellets (≈7 g) and food intake was measured under red light
conditions during the dark cycle at 0.5 h, 1 h, 2 h, 3 h, 6 h, and
16 h post-exposure.

Study 2. Relative effects of DON congeners on food intake and plasma
CCK and PYY in the mouse. Groups of mice (n = 6) were orally
gavaged with DON, D3G, EN139528, or EN139544 at 2.5-mg/kg
body weight (BW) in 100-�l PBS or vehicle alone and sacrificed
under red light conditions at 0, 0.5, 2, and 6 h post-exposure
(Fig. 7). This dose was selected because it caused modest, re-
producible inhibition of food consumption for all congeners dur-
ing Study 1. At experiment termination, mice were anesthetized
by IP injection with 100-�l sodium pentobarbital (56 mg/ml).
Blood was then collected from the inferior vena cava into EDTA-
coated tubes and mice immediately euthanized by cervical dis-
location. Plasma was separated from blood by centrifugation at
3500 × g for 10 min at 4◦C and frozen at −80◦C until analysis.
CCK and PYY3–36 concentrations were analyzed using competi-
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FIG. 5. Oral exposure to EN139528 impairs cumulative food intake for up to 6 h. Mice were gavaged with EN139528 immediately before the dark feeding cycle and food
intake was measured over 16 h. Data are mean ± SEM (n = 5/group) and analyzed by one-way ANOVA using Dunnett’s Method. An asterisk indicates a statistically
significant difference in cumulative food consumption between treatment and respective control (p � 0.05).

tive enzyme immunoassay kits from Phoenix Pharmaceuticals
(Burlingame, CA).

Study 3. Effects of DON congeners on emesis in mink. The general
experimental design for the mink emesis bioassay (Fig. 12) was
based on prior studies employing this species (Wu et al., 2012,
2013a). Mink emesis study was conducted in April through May.
Beginning at 8:30 am on the day prior to the experiment, mink
were fasted for 24 h with water available ad lib. On the day of the
experiment, animals were provided 50 g of feed at 8:30 h and al-
lowed to eat for 30 min to assure a constant volume of gastric
contents in each animal. At 9:00 h, mink were given DON, D3G,
EN139528, EN139544, or PBS in a volume of 1-ml/kg BW by oral
gavage using a sterile 16-G, 5-cm stainless steel gavage tube. Af-
ter dosing, animals were returned to individual cages and mon-
itored for emesis over the subsequent 3 h. Each individual retch
or vomit was counted as described previously (Wu et al., 2013b)
and the counts were combined to yield total emetic events. Vom-
iting was characterized as rhythmic abdominal contraction with
oral expulsion of either solid or liquid material, whereas retch-
ing was defined as responses that mimicked vomiting but with-
out any material being expelled.

Statistics. All data were plotted and statistically analyzed us-
ing SigmaPlot 11 for Windows (Jandel Scientific; San Rafael, CA)

with the exception of emetic dose (ED), which was calculated
with Proc Probit using SAS (Version 9.2, SAS, Cary, NC). Means
were considered significantly different at p � 0.05. Food intake
at specific time points was analyzed by one-way ANOVA us-
ing Dunnett’s Method to determine significant differences be-
tween treatments and the respective control. Two-way repeated
ANOVA (one-factor) using the Holm-Sidak method was used to
analyze significant differences in food consumption as com-
pared with the control over time. A two-way ANOVA using the
Bonferroni t-test was used to assess significant differences in
kinetics of CCK and PYY3–36 in mouse plasma and cumulative
emetic events in mink. Fisher’s Exact Test was used for inci-
dence, and one-way ANOVA using the Holm-Sidak method was
used for latency, duration, retching, vomiting, and total emetic
events. A t-test was used to assess significant differences in
PYY3–36 concentrations in mink plasma induced by the different
congeners (see Supplementary fig. 1).

RESULTS

Study 1: Dose Response Effects of DON Congeners on Food Intake
The relative effects of acute oral administration of DON at three
doses (2.5, 5, and 10-mg/kg BW) on food consumption of mice
during the nocturnal feeding cycle were compared with those
of D3G, EN139528, and EN139544 (Fig. 2). DON evoked �80% de-
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FIG. 6. Oral exposure to EN139544 impairs cumulative food intake for up to 3 h. Mice were gavaged with EN139544 immediately before the dark feeding cycle and food
intake was measured over 16 h. Data are mean ± SEM (n = 5/group) and analyzed by one-way ANOVA using Dunnett’s Method. An asterisk indicates a statistically

significant difference in cumulative food consumption between treatment and respective control (p � 0.05).

FIG. 7. Experimental design for relating anorectic effects of DON congeners to plasma CCK and PYY3–36 concentrations in mice. Mice were gavaged with DON imme-
diately before the dark feeding cycle and food intake was measured over 16 h. Mice were orally gavaged with either PBS or 2.5-mg/kg bw DON congeners. Cumulative

food intake was measured and plasma analyzed for CCK and PYY3–36 at 0, 0.5, 2, and 6 h post administration.
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TABLE 1. Comparison of Emetic Responses in Mink Following Oral Exposure to DON, D3G, EN139528, and EN139544

Toxin
Dose (mg/kg
bw)

Incidence
(responding/tested)

Latency to
emesis
(min)a,b

Emesis
duration
(min)a,b Emetic eventsc

Retching Vomiting Total

DON# 0 0/6 - - 0 ± 0 0 ± 0 0 ± 0
0.01 0/6 - - 0 ± 0 0 ± 0 0 ± 0
0.05* 5/6 15 ± 2 a 1 ± 1 a 12 ± 4 3 ± 1 15 ± 5
0.25* 6/6 17 ± 2 a 6 ± 1 a,b 44 ± 13 8 ± 1 52 ± 15
0.5* 6/6 11 ± 2 a 14 ± 3 b 62 ± 9 9 ± 1 71 ± 10

D3Gd 0 0/2 − − 0 ± 0 0 ± 0 0 ± 0
0.05 0/2 − − 0 ± 0 0 ± 0 0 ± 0
0.25 0/2 − − 0 ± 0 0 ± 0 0 ± 0
0.5 0/2 − − 0 ± 0 0 ± 0 0 ± 0
1 0/2 − − 0 ± 0 0 ± 0 0 ± 0
2 1/2 21 ± 0 8 ± 0 15 ± 15 3 ± 3 17 ± 17

EN139528 0 0/4 - - 0 ± 0 0 ± 0 0 ± 0
0.1 0/4 - - 0 ± 0 0 ± 0 0 ± 0
0.25 0/4 - - 0 ± 0 0 ± 0 0 ± 0
0.5 3/4 95 ± 4 a 4 ± 1 a 28 ± 10 5 ± 2 33 ± 11
1* 4/4 19 ± 5 b 40 ± 12 b 59 ± 22 13 ± 5 72 ± 27

EN139544 0 0/4 - - 0 ± 0 0 ± 0 0 ± 0
1 0/4 - - 0 ± 0 0 ± 0 0 ± 0
2.5 1/4 133 ± 0 a 1 ± 0 a 6 ± 6 1 ± 1 7 ± 7
5 3/4 61 ± 3 b 31 ± 10 a 50 ± 20 9 ± 3 59 ± 23
10* 4/4 58 ± 2 b 41 ± 4 b 112 ± 18 15 ± 3 127 ± 20

#DON data have been previously reported in a prior investigation (Wu et al., 2013a).
aAverage of positive responders only.
bIf animals failed to retch or vomit, the latency and duration of emesis are shown as “-”.
cAverage of both responders and non-responders. Data represent the mean ± SEM. Values with an asterisk indicate significant difference at p < 0.05 relative to the
control for incidence. Values for each congener with different superscript within a column indicate significant difference at p < 0.05.
dBecause D3G was in limited supply, a small number of experimental animals and limited dose range were used.

crease in cumulative food intake at 0.5 h, 1 h, and 2 h at all three
doses when compared with vehicle controls (Fig. 3). Reductions
in total food intake of 73, 75, and 83% at 3 h and 36, 60, and 80%
at 6 h were observed for the 2.5, 5, and 10-mg/kg BW doses, re-
spectively. At 16 h post-exposure, no further reductions were ob-
served in cumulative food intake by DON-treated mice with the
exception of the 10-mg/kg BW dose group (37%).

In contrast to DON, a delayed reduction in food intake was
observed following oral exposure to the plant metabolite D3G at
2.5, 5, and 10-mg/kg BW (Fig. 4). Although only the 10-mg/kg BW
dose reduced food intake at 0.5 h (73%), all doses reduced cumu-
lative food intake from 1 to 6 h by 42–70%. At 16 h, differences
in food intake were no longer observed between any of the D3G-
and vehicle-treated groups.

Oral exposure to the synthetic DON derivative EN139528 also
evoked reductions in food consumption (Fig. 5). Cumulative food
intake was reduced by 46–70% at 0.5, 1, 2, and 3 h for all three
doses. At 3 or 6 h post-exposure and thereafter, differences were
no longer observed between vehicle-treated mice and those
treated with EN139528 at 2.5- or 5-mg/kg BW. For the 10-mg/kg
BW dose, cumulative food intake was reduced by 24% at 6 h as
compared with mice treated with the vehicle, but no differences
were observed beyond that time point. The other synthetic DON
derivative, EN139544, also inhibited food consumption in mice
following exposure to 2.5, 5, and 10-mg/kg BW (Fig. 6). The 2.5-
mg/kg bw dose caused an 81%, 47%, and 50% reduction in cumu-
lative food intake at 0.5 h, 1 h, and 2 h, respectively, whereas the
5-mg/kg bw dose caused reductions of 79%, 51%, and 58%, re-
spectively, at those time points. No differences were observed

between control and the two lower dose groups at 3 h post-
dosing or thereafter. The 10-mg/kg BW dose inhibited food in-
take by 81%, 54%, 56%, and 50% at 0.5 h, 1 h, 2 h, and 3 h, respec-
tively, but no inhibition was observed at 6 or 16 h post-treatment.
Thus, although the early anorectic effects of DON were mim-
icked by EN13928 and to a lower extent by EN139544, the re-
sponse durations for these latter DON congeners were markedly
less than DON or D3G.

Study 2: Comparative Effects of Exposure to a Common Dose of DON
Congeners on Food Intake and Plasma Gut Satiety Hormones
The effects of oral administration of DON, D3G, EN139528, and
EN139544 at a common dose (2.5-mg/kg BW) on food consump-
tion over a 6-h period were related to plasma concentrations of
the gut satiety hormones CCK and PYY3–36 (Fig. 7). Following oral
exposure to DON, significant reductions in cumulative food con-
sumption were observed at 0.5 h and 2 h post-exposure with
an apparent trend toward an increased food consumption rate
from 2 to 6 h (Fig. 8A). Consistent with its satiety-inducing ef-
fects, plasma CCK was significantly elevated by DON at 0.5 and 2
h post-exposure, but returned to vehicle control concentrations
by 6 h (Fig. 8B). PYY3–36 was also significantly increased at 0.5 h
but recovered to control concentrations by 2 h (Fig. 8C).

As observed in Study 1, the effects of D3G on food consump-
tion were delayed in comparison with DON. Again, although
food intake was unaffected at 0.5 h post administration, it was
significantly reduced at 2 h and 6 h post-exposure (Fig. 9A). Con-
sistent with this pattern, plasma CCK was not affected in D3G-
treated mice at 0.5 h, however, it was significantly elevated at
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FIG. 8. DON-induced anorectic response corresponds to plasma CCK and PYY3–36

elevation. Mice were orally gavaged with either PBS (solid lines) or 2.5-mg/kg BW
DON (broken lines). (A) Rapid and transient anorectic effect following oral expo-

sure to DON. Data are mean ± SEM (n = 5/group). Two-way repeated ANOVA
(one factor) using the Holm-Sidak Method was used to analyze significant dif-
ferences in food consumption as compared with the control. Symbol: * indicates
a statistically significant difference in cumulative food consumption relative to

the control at specific time point (p � 0.05). (B) Plasma CCK and (C) PYY3–36 eleva-
tion in mice. Data represent mean ± SEM (n = 6/group). Two-way ANOVA using
Bonferroni t-test was used to assess significant differences in kinetics of CCK

and PYY3–36 concentrations in plasma as compared with the control. Symbols: *
indicates a statistically significant difference in plasma CCK or PYY3–36 concen-
tration relative to the control at specific time point (p � 0.05). indicates a statis-
tically significant difference in plasma CCK or PYY3–36 concentration relative to

the 0-h time point (p � 0.05).

2 h and returned to vehicle control concentrations by 6 h post-
treatment (Fig. 9B). PYY3–36 was moderately increased 6 h after
exposure but not at earlier time points (Fig. 9C).

Significant reductions in food intake were observed at 0.5 h
and 2 h but not at 6 h after dosing with EN139528 and EN139544
(Figs. 10A and 11A). Plasma CCK was also significantly increased
by both DON derivatives at 0.5 and 2 h, but returned to control
concentrations by 6 h post-exposure (Figs. 10B and 11B). Unlike
DON and D3G, oral exposure to EN139528 and 139544 did not
significantly affect plasma PYY3–36, although a modest upward
trend was evident for the former compound (Figs. 10C and 11C).

FIG. 9. D3G-induced anorectic response corresponds to plasma CCK and PYY3–36

elevation. Mice were orally gavaged with either PBS (solid lines) or 2.5-mg/kg
bw D3G (broken lines). Experiment was conducted and data were analyzed as
described in the Figure 8 legend.

Study 3: Effects of DON Congeners on Emesis in Mink
The dose response effects of oral administration with D3G,
EN139528, and EN139544 on emesis by mink were measured and
compared with data from a previously reported study for DON
(Wu et al., 2013a) employing this animal model (Fig. 12). In the
prior investigation, we found that acute oral exposure to DON
at doses as low as 0.05-mg/kg BW caused emesis as early as 30
min (Fig. 13A and Table 1). In contrast, no effects were observed
in the present study for D3G at 0.05–1-mg/kg BW, whereas the
2-mg/kg BW dose caused emesis in 50% (one out of two) of the
exposed mink (Fig. 13B and Table 1). Additional mink and higher
dosages were not employed because of the limited supply of this
plant metabolite. All emetic events for DON and D3G occurred in
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FIG. 10. EN139528-induced anorectic response corresponds to plasma CCK ele-
vation. Mice were orally gavaged with either PBS (solid lines) or 2.5-mg/kg BW

EN139528 (broken lines).Experiment was conducted and data were analyzed as
described in the Figure 8 legend.

the first 30 min with no further substantive effects being evident
at later time points (Figs. 13A and B).

Following exposure to EN139528 at 0.5- and 1-mg/kg BW, 75
and 100% mink experienced emesis, respectively, whereas the
0.1- and 0.25-mg/kg BW doses had no effect (Fig. 13C and Ta-
ble 1). The 0.5-mg/kg BW dose induced emesis between 120 and
150 min post-treatment, whereas 1-mg/kg BW caused emesis in
30 min with cumulative emetic events increasing until 120 min
post-exposure. The lowest oral dose of EN139544 that induced
emesis was 2.5-mg/kg BW with 25% of the mink responding to
the treatment between 120 and 150 min post-treatment (Fig. 13D
and Table 1). Doses of 5- and 10-mg/kg BW EN139544 caused
emetic events in 75 and 100% of mink, respectively, within 60
min and lasted up to 120 min post-exposure.

FIG. 11. EN139544-induced anorectic response corresponds to plasma CCK ele-
vation. Mice were orally gavaged with either PBS (solid lines) or 2.5-mg/kg BW

EN139544 (broken lines). Experiment conducted and data analyzed are the same
as in the Figure 8 legend.

DISCUSSION
DON is a common food-borne contaminant and therefore its
anorectic and emetic effects constitute major concerns for hu-
man and animal health. As the naturally occurring metabolite
D3G and synthetic DON congeners EN139528 and EN139544 are
structurally similar to DON, we posited that they would like-
wise evoke these adverse effects. When the congeners’ anorec-
tic and emetic potencies were compared here with DON, there
were three novel findings. First, like DON, the congeners D3G,
EN139528, and EN139544 caused food refusal across a narrow
dose range in the mouse nocturnal feeding model. Second,
equivalent doses of all four compounds in the mouse model in-
duced increases of plasma CCK, whereas only DON and D3G
caused elevations in PYY3–36. Finally, although all four com-
pounds could elicit vomiting in mink emesis model, DON’s po-
tency was approximately 10- to 100-fold greater than that of the
natural and synthetic congeners.

Any interpretations of the present data need to be consid-
ered in the context of what is known about absorption and clear-
ance of the four compounds that were compared. Recent esti-
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FIG. 12. Experimental design for comparing effects of oral exposure with DON congeners on emesis in mink.

FIG. 13. Differential effects of DON congeners on cumulative emetic events in mink. Mink were orally gavaged with (A) DON, (B) D3G, (C) EN139528, and (D) EN139544

at indicated doses and emesis monitored over time. Data are averages for both responders and non-responders and represent mean ± SEM (n = 4–6/group). A two-way
ANOVA using Bonferroni t-test was used to assess significant differences in cumulative emetic event in mink. Symbols: * indicates statistically significant differences
in cumulative emetic episodes concentrations compared with the control (p � 0.05). indicates a statistically significant difference relative to the 0-min time point
within a given dose (p � 0.05).

mates of the intestinal transit times of food in the mouse and
mink are 6–8 h and 2–3 h, respectively (Gugolek et al., 2013; Pad-
manabhan et al., 2013). Studies in the mouse indicate that ab-
sorption and elimination of DON is very rapid (Amuzie et al.,
2008; Azcona-Olivera et al., 1995; Pestka et al., 2008). Following
oral exposure, DON reaches a peak plasma level within 30 min
and declines with 75–90% clearance after 3 h. The toxin appears
to follow similar toxicokinetics in the mink (Wu et al., 2013b).
Rat feeding studies suggest that only a small portion of intact
D3G can be absorbed and excreted via the urine, however, the

congener can be converted back to DON via hydrolytic enzymes
produced by gastrointestinal microbiota (Berthiller et al., 2011;
Gratz et al., 2013; Nagl et al., 2012). Although the kinetics of D3G
biotransformation to DON is currently unknown, it is likely this
transformation occurs slower than absorption of DON. In addi-
tion, it is expected that the presence of the requisite microbiota
that carry out this biotransformation will be species- and strain-
dependent. Finally, although little is known about the absorption
and metabolism of EN139528 and EN139544, both compounds
are similarly efficacious at reducing gut motility and food intake
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FIG. 14. Summary of comparative anorectic effects of DON, D3G, EN139528, and EN139544 as a function of molar dose.

TABLE 2. NOAELs, LOAELs, ED20s, ED50s, and ED80s for Oral Emetic Effects of DON and Its Conjugates D3G, EN139528, and EN139544

(�g/kg BW)

Toxin NOAELa LOAELb ED20
c ED50

d ED80
e

DON 0.01 0.05 0.02 (0–0.03) 0.03 (0–0.05) 0.04 (0.01–1.1)
D3G 1 2 0.96 (0–0) 1.63 (0–0) 2.78 (0–0)
EN139528 0.25 0.5 0.29 (0–0.41) 0.37 (0.05–0.73) 0.46 (0.32–40.37)
EN139544 1 2.5 1.74 (0.05–2.96) 2.76 (0.73—6.03) 4.39 (2.51–48.53)

aNOAEL = no observed adverse effect level.
bLOAEL = lowest observed adverse effect level.
cED20 = dose causing emesis in 20% of the animals tested.
dED50 = dose causing emesis in 50% of the animals tested.
eED80 = dose causing emesis in 80% of the animals tested. ED20, ED50, and ED80 values were determined using a Proc Probit model.

when presented in food or administered intravenously (Durst
and Krantis, 2004, 2006) suggesting that they might behave sim-
ilarly to DON with regard to absorption and clearance.

In Study 1, the kinetics and dose-dependency of the anorec-
tic responses to DON observed were consistent with that of prior
studies (Flannery et al., 2011; Wu et al., 2012). The reductions in

food consumption observed in D3G-, EN139528-, and EN139544-
treated mice indicated that all three DON congeners could also
elicit anorectic effects. To normalize these comparative data for
molecular weight, we summarized and plotted the anorectic
responses over discrete time periods as a function of the mo-
lar dosage (nmol/kg BW) (Fig. 14). The results suggested that
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FIG. 15. Summary of comparative emetic effects of DON, D3G, EN139528, and
EN139544 as a function of molar dose.

anorectic potencies followed approximate rank orders of DON
� EN139544 � EN139528 � D3G from 0 to 0.5 h but DON � D3G �

EN139528 � EN139544 from 0 to 3 h. Unlike DON, D3G-induced
food refusal was not observed until 1 h and recovered at 16 h af-
ter oral exposure. Thus the rate of the putative D3G transforma-
tion and/or its intestinal transit time could have delayed the on-
set of the anorectic response in D3G-dosed mice. In contrast to
D3G, the early kinetics of both EN139528- and EN139544-induced
food refusal mirrored those of DON. However, the duration of
these responses was 10–13 h less than that for DON. Therefore, it
will be of interest in the future to more fully explore the uptake,
metabolism, and clearance of D3G, EN139528, and EN139544 in
the context of this mouse nocturnal feeding model.

Study 2 related food refusal by the congeners to plasma con-
centrations of CCK and PYY, two gut hormones that are secreted
by EEC and are known to play an important homeostatic role
in regulating appetite (Valassi et al., 2008). Our previous stud-
ies suggest that pharmacologic antagonism of the CCK1 receptor
that is abundantly expressed throughout the GI tract attenuates
DON-induced anorexia (Wu et al., 2014a). DON-induced anorexia
is also attenuated by specific pharmacologic antagonists of CCK2
receptor (Wu et al., 2014a), which is located predominately in the
brain (Crawley and Corwin, 1994). Thus DON-induced CCK can
potentially act via specific receptors in the peripheral and cen-
tral nervous systems. Exposure to DON, EN139528, and EN139544
increased plasma CCK within 0.5 h, a time that coincided with
the initiation of significant anorectic responses. Durations of
EN139528- and EN139544-induced plasma CCK elevation were
markedly shorter than for DON and mirrored food consumption
data. In comparison, D3G-induced plasma CCK was not evident
until 2 h post-exposure, which was consistent with its anorectic
effects. As discussed above, conversion of D3G to DON and/or
intestinal transit time might predictably delay plasma CCK ele-
vation in mice.

In a prior study, it was shown that that PYY3–36 also con-
tributes to DON-induced food refusal, as antagonism of its NPY2
receptor (Y2R) attenuated the anorectic response (Flannery et al.,
2012). In that study, it was further observed that PYY3–36 was
robustly elevated by DON in the mouse following IP adminis-
tration but less so after oral gavage (Flannery et al., 2012; Wu
et al., 2013b). It is likely that IP administration could disseminate
DON to both the upper and lower GI tract from the blood. In con-

trast, exposure by oral gavage might result in the toxin being ab-
sorbed mostly in the upper GI tract before reaching the lower GI
tract, thereby limiting robust PYY3–36 secretion. As shown here
in the mouse anorexia model, PYY3–36 was moderately elevated
following oral exposure to 2.5-mg/kg BW DON and D3G, but not
EN139528 and EN139544. Compared with DON, D3G-induced el-
evation of PYY3–36 was delayed until 6 h, which was consistent
with its persistent anorectic response at 6 h. Again the requi-
site biotransformation from D3G to DON and intestinal transit
times might explain the delayed effects of D3G. The inability
of EN139528 and EN139544 to induce PYY3–36 elevation in mice
is consistent with their capacity to evoke primarily short-term
anorectic effects.

It is well-established that DON can upregulate proinflamma-
tory cytokine expression in the spleen, liver, and lungs of mice
within 2 h (Pestka, 2010) of exposure. Such a cytokine storm
induced by DON could theoretically elicit a sickness response
such as has been described for bacterial endotoxin that induces
anorexia as a hallmark (Plata-Salaman, 1998). However, we have
recently determined that, unlike DON, the congeners studied
here had negligible effects on inducing innate immune genes
such as IL-1�, IL-6, TNF-�, CXCL-2, CCL-2, and CCL-7 (Wu et al.,
2014b). Thus, the contribution of proinflammatory cytokines
and innate immune system to anorectic effects of the congeners
is likely to be negligible.

Study 3 is the first report to compare emetic potencies of
DON, D3G, EN139528, and EN139544 following oral exposure.
Based on incidence data, we summarized each chemical’s no-
observed adverse effect level (NOAEL), lowest observed effect
level (LOAEL), and ED20, ED50, ED80 values (Table 2). Collectively,
these data show that, as compared with DON, emetic responses
to D3G, EN139528, and EN139544 were 10- to 100-fold lower.
When emetic responses were plotted as a function of nmol/kg
BW to discern comparative molar potencies (Fig. 15), the re-
sults again indicated that D3G, EN139528, and EN139544 were
markedly less emetogenic than DON. It should be noted, how-
ever, that because of a limited supply, results of D3G emetic po-
tency are estimated based on the response in one of the two
minks at the highest dose. Although not within the scope of this
study, it is possible that differential emesis induction by the four
compounds is caused by altered secretion of EEC hormones, no-
tably PYY and 5-HT. Both of these have been shown to be in-
creased in plasma of mink treated with DON by IP administra-
tion both prior to and during emesis (Wu et al., 2013b). PYY3–36 is
one of the most potent peptide inducers of emesis known (Hard-
ing and McDonald, 1989). This peptide is also an upstream mod-
ulator of 5-HT in mink suggesting that both hormones act in con-
cert to induce vomiting (Wu et al., 2013b). Interestingly, it was
confirmed in a supplementary experiment (see Supplementary
fig. 1) that oral exposure to DON and EN139528 caused elevations
in plasma PYY3–36 that corresponded with the time of emesis in-
duction (0–30 min) by these two compounds. In the future, it will
be of interest to further relate toxicokinetics and dose response
effects of DON congeners on emesis induction to the release of
PYY, CCK, and 5-HT by EEC.

To summarize, the data presented herein show that al-
though D3G, EN139528, and EN139544 rapidly elicited anorectic
responses that mimicked DON over a narrow dose range, they
were markedly less effective than the parent mycotoxin at in-
ducing emesis. Thus, by modifying the structure at the C-3, C-
8, and/or C-15 positions of the parent DON molecule (Fig. 1), it
is possible to separate its satiety-triggering response from its
emesis-inducing effect. This has practical significance from a
public health perspective because it suggests that the thresh-
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old for the most severe adverse effect, vomiting, is quite high
for the plant metabolite D3G compared with DON and other 8-
ketotrichothecenes. From a pharmacotherapeutic perspective,
it may be feasible to design structural analogs of DON such as
EN139528 and EN139544 for the treatment of obesity that would
have higher therapeutic indexes than the parent compound.
Clearly, before application of the latter, extensive research is
needed on the bioavailability of DON congeners in different ex-
perimental animal species relative to their pharmacokinetics
and potential metabolism by gut microflora. Lastly, it will be es-
sential to more fully characterize relevant EEC cells, altered gut
hormone profiles and the receptors that mediate intestinal hor-
mone exocytosis responsible for the anorectic and emetic effects
of natural and synthetic DON congeners.
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