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Abstract
A short-term mouse model was devised to investigate induction of food refusal by the common
foodborne trichothecene deoxynivalenol (DON). DON dose-dependently induced anorexia within
2 h of exposure when administered either by intraperitoneal (ip.) injection or by oral gavage. The
no observed adverse effect and lowest observed adverse effect levels in this assay were 0.5 mg/kg
bw and 1 mg/kg bw for ip. exposure and 1 mg/kg bw and 2.5 mg/kg bw for oral exposure,
respectively. DON’s effects on food intake were transient, lasting up to 3 h at 1 mg/kg bw and up
to 6 h at 5 mg/kg bw. Interestingly, a dose-dependent orexigenic response was observed in the 14
h following the initial 2 h food intake measurement. Toxin-treated mice exhibited partial
resistance to feed refusal when exposed to DON subsequently after 2 d, but not after 7 d
suggesting that this modest tolerance was reversible. The short-term mouse bioassay described
here was useful in characterizing DON-induced anorexia and should be applicable to elucidating
mechanisms underlying this adverse nutritional effect.
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1 Introduction
The frequent presence of deoxynivalenol (DON), a trichothecene mycotoxin produced by
Fusarium sp., in cereal grains and processed grain products (Lauren and Smith, 2001;
Schothorst and van Egmond, 2004; Vesonder et al., 1973) is of public health concern
worldwide (Pieters et al., 2002; Schothorst and van Egmond, 2004; Vesonder and
Hesseltine, 1980). Current regulatory standards for DON in foods are based on its ability to
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cause growth suppression- a primary adverse effect observed in experimental animals
chronically exposed to the toxin via diet (Amuzie and Pestka, 2010; Forsyth et al., 1977;
Pestka et al., 1989) (Amuzie et al., 2011). DON-induced growth suppression results largely
in part from its capacity to inhibit food intake (Arnold et al., 1986; Forsell et al., 1986;
Forsyth et al., 1977; Trenholm et al., 1984). The observation that pigs refuse food even
when the toxin is infused intraperitoneally suggests that other mechanisms unrelated to
palatability are contributory to anorexia evoked by this trichothecene (Prelusky, 1997).
Notably, several prior research studies have provided evidence supporting a role for
neuroendocrine factors such as serotonin (Prelusky, 1993) (Prelusky and Trenholm, 1993)
(Fioramonti et al., 1993) (Girish et al., 2008). Furthermore, DON rapidly activates the innate
immune response evoking release of proinflammatory cytokines that are widely recognized
to cause anorexia (Pestka, 2010).

To better predict DON’s effects on growth in humans and animals, particularly the young, it
is critically important to better understand how this toxin causes anorexia. While
investigations of DON-induced feed refusal have typically employed sub-chronic and
chronic exposure of mice and rats to the toxin via diet (Forsyth et al., 1977; Pestka and
Zhou, 2000, 2002; Trenholm et al., 1984), such approaches are largely incompatible with
relating transient changes in neuroendocrine and cytokine factor levels in the gut and brain
to immediate feed refusal caused by DON because mechanisms of immediate DON-induced
feed refusal would occur before before feed refusal takes place. A further complication is
that mouse and rat feeding studies often involve the use powdered diet which can lead to
overestimation the amount of food consumed because of spillage from a food jar. Even if
DON were included in pelleted diet, rodents have the potential to grind brittle food pellets
leaving tiny fragments (“orts”) that can cause up to 30 percent overestimation food intake
(Cameron and Speakman, 2010). Finally, it has been recently observed that prolonged
exposure to DON in a feeding study might cause tolerance through a variety of metabolic
and hormonal compensatory mechanisms(Hattori et al., 2011). Thus, initial feeding
responses to this trichothecene might be quite different from those occurring hours or days
later.

Recent studies in our laboratory have demonstrated that reduced food intake is detectable in
mice within the first day that DON is included in an experimental diet (Amuzie et al., 2011;
Hattori et al., 2011), suggesting that it might be feasible to develop a short-term feeding
assay amenable to mechanistic exploration. The goal of this research was to test the
hypothesis that acute administration of DON to the mouse causes a rapid, measurable and
reproducible reduction in food intake. The results presented herein indicate that DON’s
anorexigenic effects in this novel model were (1) observable within 2 h, (2) transient, (3)
detectable following exposure by intraperitoneal (ip.) injection or oral gavage, and (4)
succeeded by both a robust orexigenic response and modest short-lived tolerance to further
DON challenge.

2 Materials and methods
2.1 Laboratory animals and DON

Mice were maintained according to National Institute of Health guidelines as overseen by
the All University Committee on Animal Use and Care at Michigan State University
(Approval No. 01/08-007-00). Female, B6C3F1 mice (10 – 11 wk) were purchased from
Charles River Breeding (Portage, MI) were housed singly in polycarbonate cages with aspen
bedding sifted to uniform size with a flour sifter. Temperature (21°C – 24°C) and relative
humidity (40 – 55%) remained constant and room lights were on a 12 h light (6:00-18:00h) /
dark (18:00-6:00h) cycle. Mice were fed pelleted High Fat Diet, (45 kcal% fat diet, Research
Diets Inc, New Brunswick, NJ) in 2” high glass jars for 1 wk prior to initiating experiments.
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HFD was chosen because it is (1) softer than 10 kcal% fat pellet thus facilitating rapid
feeding (Ford, 1977) and (2) less easily shattered than very high fat diet (60 kcal% fat)
making it easier to recover fragments from cage bottom during intake measurements. DON
was obtained from Dr. Tony Durst (University of Ottawa, Canada) and its purity verified by
H1NMR. For exposure studies, mice received an injection volume of 100 µl of DON
dissolved in phosphate buffered saline (PBS) or PBS vehicle.

2.2 Experimental design
On the day prior to the experiment, mice were randomly distributed into experimental
groups based on body weight. On the day of the experiment, mice were fasted from 10:00 h
to 18:00 h, but provided free access to water (Fig. 1). For dose response studies, mice were
treated at initiation of the dark cycle (18:00 h), by (1) ip. injection of 0, 0.1, 0.5, 1.0, or 2.5
mg/kg bw DON (n = 13/gp) in 100 µl using a sterile 27G, 0.5” needle or (2) oral gavage
with 0, 0.5, 1.0, 2.5 or 5.0 mg/kg bw DON (n = 8/gp) in 100 µl using a sterile 22G, 1.5”
disposable feeding tube (Instech Solomon; Plymouth Meeting, PA). Following DON
exposure, the mice were immediately given two pre-weighed food pellets (≈ 7 g). Lights
were turned off and mice were allowed to eat for 2 h. At 20:00 h, lights were turned on for
30 m, food was removed from the food jar and combined with shredded food in the sifted
bedding on the cage bottom. The combined food was weighed and replaced back into the
feed jar until a second intake measurement (16 h) at 10:00 h on day 2. All procedures were
performed quickly and quietly to minimize stress in the animals

To determine the duration of DON-induced feed refusal, mice were given an ip. injection of
0, 1 or 5 mg/kg bw DON at 0, 1, 2 or 4 h (n = 4 – 5/gp) just prior to the onset of the dark
cycle (18:00 h) (Fig. 4A). The remaining food was measured 2 h later. These equated to total
DON exposure times of 2, 3, 4 or 6 h upon the completed food intake measurement.

To assess the effect of short-term repeated DON exposures on feed refusal, naïve mice were
given an ip. injection of 0, 0.1, 0.5, 1.0 and 2.5 mg/kg bw DON (n = 5/gp) just prior to the
onset of the dark cycle (18:00 h). The remaining food was measured 2 h later. Mice were
given the same doses 48 h after the previous DON injection and food intake measured after
2 h (exposure 2). 48 h between exposures was chosen to allow for a 1-day rest period, free
of DON exposure. This latter protocol was again repeated a third time (exposure 3).

To ascertain the effect of intermittent repeated DON exposure on food intake, mice were
exposed to DON by ip. injection or oral gavage twice, with intervening 7 d rest periods.
Briefly, naïve mice were given an ip. injection of 0, 1.0 and 2.5 mg/kg bw DON (n = 8/gp)
and food intake measured. For the second exposure, mice were randomized, given an ip.
injection of 0, 1.0 and 2.5 mg/kg DON (n = 8/gp) and 2 h food intake measured. Similar
experiments were performed using oral gavage, except mice were exposed to 0, 0.5, 1.0, 2.5
or 5.0 mg/kg bw DON (n = 8/gp).

2.3 Statistics
All statistics were performed using SigmaPlot 11 (Jandel Scientific; San Rafael, CA) with α
= 0.05 and significance established when p < 0.05. The specific statistical tests performed
are described in the relevant figure legends. Data from one mouse was consistently deemed
a statistical outlier using Grubb’s Test for Outliers (www.graphpad.com) and not included in
the statistical analyses.
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3 Results
3.1 Ip. and oral exposure to DON causes rapid and transient feed refusal

When the effects of ip. injection of DON on food intake were measured using the short-term
mouse bioassay (Fig.1), DON was observed to cause significant reduction in food intake
within 2 h (Fig. 2). Two hours after exposure to 1 and 2.5 mg/kg bw DON, food intake was
reduced by 41% and 69%, respectively, whereas doses of 0.1 and 0.5 mg/kg bw DON were
without effect. Conversely, in the 14 h following the initial food intake measurement, 1 and
2.5 mg/kg bw DON caused significant increases in food consumption, eating 21% and 26%
more than the control, respectively. When cumulative intakes were compared over the entire
16 h period, no differences were observed in the DON-exposed mice, suggesting that the
mice effectively compensated for the initial suppression of food intake.

Following administration with 2.5 and 5 mg/kg bw DON by oral gavage, food consumption
was reduced by 68% and 77%, respectively, while doses of 0.5 and 1.0 mg/kg bw DON had
no effect (Fig.3). In the succeeding 14 h, the 2.5 and 5 mg/kg bw DON groups consumed
32% and 19% more than the control mice, respectively. Again, when cumulative intakes
were compared over the entire 16 h period, no differences were observed in the DON-
exposed mice.

The duration of DON-induced feed refusal was ascertained by dosing mice with the toxin at
various intervals prior to onset of the dark phase and measuring food intake (Fig.4A). At 0
mg/kg bw food intake did not significantly change over time (Fig. 4B). At 1 mg/kg bw DON
the effects of feed refusal were no longer evident beginning at 3 h post DON exposure,
while at 5 mg/kg bw, feed refusal was no longer evident at 6 h. Thus, as time after toxin
exposure increased, food intake increased, suggesting again that DON-induced feed refusal
was transient.

3.2 Short-term (2 d) repeated DON exposure evokes partial tolerance to feed refusal effects
To assess the effect of short-term repeated DON exposure on feed refusal, mice were
exposed to DON three separate times, 2 d apart (Fig.5). Mice exposed to 2.5 mg/kg bw
DON developed tolerance to DON-induced feed refusal as exposure number increased; In
contrast, the opposite was seen for mice exposed to 0.1 mg/kg bw as food intake decreased
over multiple exposures.

3.3 Intermittent (7d) repeated exposure to DON does not evoke tolerance to feed refusal
effects

The effects of a longer-term, rest period between ip. injections of DON on food intake were
assessed using randomized mice (Fig. 6A). There was a modest increase in food intake after
the second DON exposure for 0, 1 and 2.5 mg/kg DON group. However, mice exposed to 1
and 2.5 mg/kg bw exhibited significantly reduced food intake capacity. For oral exposure, as
with ip. injection, orally exposed mice significantly reduced food intake as DON dose was
increased, independently of exposure number (Fig. 6B). For both exposure methods, DON -
treated mice significantly decreased food intake upon the second DON exposure. Thus
DON-induced feed refusal persisted after a 7 d rest period.

4 Discussion
The results presented herein demonstrate, for the first time, the efficacy of using an acute
mouse bioassay to measure DON-induced anorexia and further show that this response is
rapid and transient. Specifically, DON-induced feed refusal occurred within 2 h and the
duration of the effect was dose-dependent. Mice exposed to DON exhibited increased food
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intake in the 14 h following the initial food intake measurement thus confirming the
transient and reversible nature of DON’s feed refusal effects.

The initial 2 h decrease in food intake may initiate compensatory mechanisms that increase
food intake in the 2 – 16 h following DON exposure. Fasted rats compensate for lack of
food intake by decreasing the anorexic hormone leptin and by increasing hypothalamic
mRNA expression of the orexigenic peptide neuropeptide Y (NPY) (Vuagnat et al., 1998).
Recently, we have shown that upon subchronic DON exposure, a decrease in both food
intake and weight is correlated to a decrease in serum leptin levels and increased
hypothalamic mRNA expression levels of the orexigenic peptide, agouti- related protein
(AgRP) (Hattori et al., 2011). Therefore, it is possible that the compensatory increase in
food intake exhibited by mice acutely exposed to DON, may be due to changes in leptin and
mRNA expression of orexigenic peptides in the hypothalamus.

In addition to exposing mice to DON by ip. injection, oral gavage was employed as a
complementary method because humans are primarily exposed to DON though consumption
of food. It was therefore notable that the NOAEL for DON was 0.5 and 1.0 mg/kg bw
following ip. and oral exposure, respectively. Linear regression analysis revealed that ip.
injection was slightly more efficacious than gavage at causing 50% feed refusal (Fig.7). A
50% reduction in food intake occurred at 1.66 mg/kg bw DON (r2 = 0.88) for ip.
Administration and 1.83 mg/kg bw DON for oral administration (r2 = 0.946). Consistent
with our findings here, the minimum emetic dose in swine for DON ip. injection is lower
than the minimum emetic dose for the toxin when administered by oral gavage (Forsyth et
al., 1977) (Forsell et al., 1987). Not only might these differences relate to the different
bioavailabilities of the toxin when administered by the two different methods, but also to the
sensitivity of the pig versus the mouse to DON exposure and the respective endpoint
measurements (emesis versus feed refusal).

Humans are exposed to DON through a variety of grain products (Turner et al., 2008). Since
people consume grain products regularly throughout a lifetime, they are likely to be exposed
to DON multiple times. Our data suggest that multiple exposures to DON 48 hr apart
resulted in partial tolerance to DON-induced feed at the highest dose tested. In contrast, at
the lowest DON dose examined, mice exhibited increased sensitivity to DON-induced feed
refusal. Thus mice became more or less susceptible to DON’s feed refusal effects depending
on dose and exposure number. Since these findings might have implications in assessing the
risk posed to humans by DON in food, further research is needed to clarify the effects of
dose and exposure number on DON-induced anorexia.

Although the mechanisms for DON’s anorectic effects are not well-understood, they
potentially involve altered neuroendocrine and cytokine signaling within the gut-brain axis.
The brain, particularly the hindbrain (including the area postrema) and hypothalamus, can
signal immediate changes in food intake (Schwartz, 2006). DON exposure has also been
reported to cause changes in brain neurochemistry in turkeys, pigs and chickens (Girish et
al., 2008; Swamy et al., 2004). Moreover, DON-induced conditioned taste aversion to
saccharin in rats can be attenuated by area postrema ablation, suggesting the role of the
hindbrain in DON-induced food intake changes (Ossenkopp et al., 1994). Indeed, DON is
distributed to brain tissue rapidly (5 min) following oral exposure in the mouse (Pestka et
al., 2008) and it might be speculated that this could contribute to altered neuronal signaling
that evokes anorexia.

DON is known to rapidly induce in mice the systemic production of interleukin-1β,
interleukin-6 and tumor necrosis factor-α (Amuzie et al., 2008; Amuzie et al., 2009;
Azcona-Olivera et al., 1995). These proinflammatory cytokines reduce food intake when
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administered into the brain (Lawrence and Rothwell, 2001; Plata-Salaman et al., 1988;
Plata-Salaman et al., 1996; Sonti et al., 1996; Wallenius et al., 2002). Since circulating
proinflammatory cytokines can reach the brain (Banks et al., 1994), it could be speculated
that the systemic induction of proinflammatory cytokines by DON leads increased cytokine
levels in the brain and subsequent feed refusal.

In addition to the ability of proinflammary cytokines to cause anorexia, increased
proinflammatory cytokines can lead to altered growth hormone signaling and growth
suppression through the activation of suppressors of cytokine signaling 3 (SOCS3)
(Boisclair et al., 2000). Acute exposure to DON has been shown to increase hepatic SOCS3
mRNA expression and decrease hepatic mRNA expression of the binding partner of insulin-
like growth factor 1 (IGF-1), insulin-like growth factor acid labile subunit (IGFALS)
(Amuzie et al., 2009); though decreases in the plasma levels of IGF-1 and IGFALS have not
been seen until 7 d DON exposure (Amuzie and Pestka, 2010). DON capacity to decrease
food intake may cause decreases in plasma levels of IGF-1 and IGFALS and subsequent
growth suppression as it has been well documented that anorexia leads to decreases in
plasma IGF-1 and IGFALS (Merimee et al., 1982) (Fukuda et al., 1999).

Serotonin (5-HT), a neurotransmitter produced primarily in the gastrointestinal tract, has
been implicated in DON-induced feed refusal and vomiting. Increased levels of the
serotonin metabolite, 5-hydroxy indoleic acid (5-HIAA) are found in the cerebral spinal
fluid of DON-exposed pigs (Prelusky, 1993). It was also observed that the 5-HT2 receptor
inhibitor, cyropheptadine inhibits DON-induced feed refusal in mice (Prelusky et al., 1997).
Interestingly, oral administration of DON causes slowing of gastrointestinal motility in mice
and rats, which can be reversed by the 5-HT3 receptor antagonists granisetron and
ondansetron (Fioramonti et al., 1993). Although detectable changes in plasma concentrations
of serotonin have not been observed in DON-exposed animals (Prelusky, 1994), the
potential exists for this neurotransmitter to act locally at the intestinal level by stimulating
receptors on vagal afferents, which can signal the hindbrain and ultimately cause changes in
appetite.

It is further possible that the presence of DON alters oral-sensory properties of a food. In
support of this contention, pigs exposed to DON-amended food exhibited greater feed
refusal than those given unamended food and administered DON by infusion (i.v.)
(Prelusky, 1997). This feed refusal seen with DON-contaminated food may be due to an
inherent objectionable sensory property of DON being found with in food. In support of this
contention, it has been reported that many toxic compounds may taste bitter, though the
degree of bitterness does not always relate directly to the degree of toxicity (Glendinning,
2007). Even though experiments described herein administered DON though ip. injection
and oral gavage, DON might still activate bitter taste receptors (T2Rs) found throughout the
gastrointestinal tract (Wu et al., 2002) thus cause feed refusal of even uncontaminated food.

Although mice and other rodents are incapable of vomiting (Ueno et al., 1987), similarities
exist between anorexia induction observed here and emetic responses to DON relative to
their rapidity and transient nature. For example pigs vomit within 30 min of being injected
or gavaged with DON and the response lasts up 1 h (Forsyth et al., 1977) (Pestka et al.,
1987; Young et al., 1983). Indeed, even though mice are not capable of vomiting, they have
acquired the ability to (1) rapidly develop conditioned taste aversions to toxins, (2) delay
gastric emptying and (3) decrease food intake to prevent further delivery of the known
emetic stimuli (Andrews and Horn, 2006). Thus, DON-induced feed refusal in the mouse, a
non-emetic species, might serve as a surrogate for this toxin’s in species capable of emesis.
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To summarize, using a short-term (2 h) mouse bioassay, we have demonstrated that DON
causes robust, but transient feed refusal followed a delayed orexigenic response.
Additionally, while prior toxin exposures partially attenuated anorexia induced by DON, no
such tolerance was evident after 7 d rest from toxin exposure. This short-term model for
DON-induced anorexia should be applicable to determining the putative roles of
neuroendocrine factors, proinflammatory cytokines and bitter taste receptors in DON-
induced feed refusal. Such studies could enable an improved, mechanism-based
understanding of the nutritional risks posed to humans and animals from acute and chronic
DON exposure.

We model induction of deoxynivalenol-induced anorexia in the mouse. The toxins effects
on food intake were transient, lasting up to 6 h. Dose-dependent orexigenic response after
2 h food intake measurement. Bioassay will be used to understand trichothecene-induced
anorexia.

Abbreviations

DON deoxynivalenol

ip. intraperitoneal

ANOVA Analysis of Variance
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Figure 1. Experimental design for mouse feed refusal assay
Mice are fasted from 10:00 h on Day 1. At 18:00 h, the onset of the dark cycle, mice are
treated DON or PBS vehicle and then and then provided with food. At 20:00 h lights were
turned on for 30 m and food intake was measured and measured again at 10:00 h on Day 2.
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Figure 2. Intraperitoneal DON exposure in mice induces an early anorexigenic response followed
by a delayed orexigenic response
Mice were given an ip. injection of DON immediately before the dark cycle. Food intake
was measured at 2 h and 16 h post injection time and graphically depicted. Data are mean ±
SEM (n = 13/gp). A One-way ANOVA using Dunnett’s Test was used to assess significant
differences in food intake between doses and the control. Asterisks indicate statistically
significant differences in food consumption as compared to the control (p < 0.05).
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Figure 3. Oral DON exposure in mice induces an early anorexigenic response followed by a
delayed orexigenic response
Mice were orally gavaged with DON immediately before the dark cycle. Food intake was
measured at 2 h and 16 h post DON exposure and graphically depicted. Data are mean ±
SEM (n = 8/gp). One-way ANOVA and Dunnett’s test were used to assess significant
differences in food intake between doses and the control. Asterisks indicate statistically
significant differences in food consumption as compared to the control (p > 0.05).
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Figure 4. DON-induced feed refusal is transient
(A) Experimental design for determining the duration of DON-induced feed refusal. Mice
were given an ip. injection of DON either 0, 1, 2 or 4 hours before the dark cycle as
indicated by gray inverted arrows. Food intake was measured 2 hr after the injection for a
total exposure time of 2, 3, 4 and 6 h. (B) At 1 mg/kg bw DON feed refusal is attenuated
within 3 h and at 5 mg/kg bw DON, feed refusal is attenuated within 6 h after exposure.
Data are mean ± SEM (n = 4–5/gp). Two-Way ANOVA and Holm-Sidak post hoc tests
were employed to determine the effects of dose and time on food intake. Symbols: *Food
consumption for a given treatment is significantly different from treatment control at
specified time (p < 0.05); ŧFood consumption for a given time is significantly different from
2 hr exposure time at specified dose (p < 0.05).
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Figure 5. Short-term repeated DON exposure results in partial tolerance to DON-induced feed
refusal
Mice were given an ip. injection of DON immediately before the dark cycle. Food intake
was measured 2 h after injection time. This was repeated twice, 48 h apart. Data are mean ±
SEM (n = 5/gp). Two-Way Repeated Measures (one factor) ANOVA and Holm-Sidak post
hoc tests were employed to determine the effects of dose and time on food intake.
Symbols: *Food consumption for a given treatment is significantly different from treatment
control at specified exposure number (p < 0.05). ŧFood consumption for a given exposure
number is significantly different from the first exposure at the specified dose (p < 0.05).
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Figure 6. DON-induced feed refusal tolerance is short-lived
Mice were treated with DON via (A) ip. injection and (B) oral gavage and food intake
measured after 2 h. After randomization, mice were exposed to DON, 7 d later. Data are
mean ± SEM (n = 8/gp). Two-Way ANOVA with Holm-Sidak post hoc tests were employed
to determine the effects of dose and time on food intake. Symbols: *Food consumption for a
given treatment is significantly different from treatment control at specified exposure
number (p < 0.05). ŧFood consumption for a given exposure number is significantly different
from the first exposure at the specified dose (p < 0.05).
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Figure 7. Comparison of feed refusal induction by ip. injection and oral gavage of DON
To determine the dose at which mice exhibit 50% reduction in food intake relative to the
control, a linear regression was calculated for ip. injection (Fig. 2) (y = 94.852 – 26.961x; r2

= 0.94) and for gavage (Fig. 3) (y = 94.741 – 24.496x; r2 = 0.88) with×being dose and y
being percent food consumption relative to the control.
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