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Abstract: Deoxynivalenol (DON), also known as vomitoxin, is a mycotoxin that can cause antifeeding
and vomiting in animals. However, the mechanism of DON inducing anorexia is complicated. Studies
have shown that intestinal hormones play a significant part in the anorexia caused by DON. We
adopted the “modeling of acute antifeeding in mice” as the basic experimental model, and used two
methods of gavage and intraperitoneal injection to explore the effect of intestinal hormones on the
antifeedant response induced by DON in mice. We found that 1 and 2.5 mg/kg-bw of DON can
acutely induce anorexia and increase the plasma intestinal hormones CCK, PYY, GIP, and GLP-1 in
mice within 3 h. Direct injection of exogenous intestinal hormones CCK, PYY, GIP, and GLP-1 can
trigger anorexia behavior in mice. Furthermore, the PYY receptor antagonist JNJ-31020028, GLP-1
receptor antagonist Exendin(9-39), CCK receptor antagonist Proglumide, GIP receptor antagonist
GIP(3-30)NH,, attenuated both intestinal hormone and DON-induced anorectic responses. These
results indicate that intestinal hormones play a critical role in the anorexia response induced by DON.

Keywords: mycotoxin; trichothecene; deoxynivalenol; intestinal hormones; anorexia
Key Contribution: This study investigates the roles of four intestinal hormones (CCK, PYY, GIP,

and GLP-1) as well as their receptors in mediating anorectic response induced by oral gavage and
intraperitoneal injection (IP) with Deoxynivalenol (DON).

1. Introduction

Deoxynivalenol, also known as vomitoxin, is produced mainly by Fusarium gramin-
earum [1,2]. These Fusarium are widely distributed in nature and mainly pollute grains
and feeds, such as wheat, barley, and corn [3]. In 1973, Versder first found DON in the
feed that caused pigs to vomit in the United States. The WHO also listed DON as one of
the food contaminants. After eating food contaminated by DON, humans and animals
often have a series of adverse effects, such as anorexia, emesis, weight reduction, changes
in neuroendocrine, and immunotoxicity [4,5]. DON is widely distributed and caused a
major threat to the health of animals around the world. It has become a research hotspot in
veterinary medicine in recent years.

Appetite is usually controlled by central nervous and peripheral factors, which affect
the balance of anorexigenic and causative signals in the hypothalamus. In addition to
the hypothalamic, the gastrointestinal system is another core of appetite regulation [6].

Toxins 2021, 13, 512. https:/ /doi.org/10.3390/toxins13080512

https://www.mdpi.com/journal/toxins


https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0003-2528-4655
https://orcid.org/0000-0001-9664-1109
https://doi.org/10.3390/toxins13080512
https://doi.org/10.3390/toxins13080512
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/toxins13080512
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins13080512?type=check_update&version=1

Toxins 2021, 13, 512

20f 14

Enteroendocrine cells (EEC) are located in the gut, accounting for only 1% of the intestinal
epithelial cells. Most EECs are open, with microvilli-covered surfaces that are in direct
contact with the contents of the intestinal cavity. The enteroendocrine lineage is made up of
at least 15 different cell types [7]. The most important function of EEC is to sense intestinal
nutrition and respond by secreting a sequence of peptides and amine hormones, especially
intestinal hormones. Intestinal hormones can act as neurotransmitters and circulating
hormones, and connect the signals of nutrients in the alimentary tract with a sequence of
physiological reactions through the brain—gut axis [8]. Intestinal antifeedant hormones that
affect appetite include cholecystokinin (CCK), glucagon-like peptide 1 (GLP-1), Peptide YY
(PYY), and gastric inhibitory peptide (GIP) [9-12].

Both PYY and GLP-1 are secreted by enteroendocrine L cells, where cell density
gradually increases from the proximal to the distal end of the intestine [13]. PYY belongs to
the pancreatic polypeptide family. As an important satiety hormone, PYY can upregulate
the anorexic signaling molecules in many species, such as primates and rodents [14,15].
Studies have shown that PYY mainly binds to the NPY2 receptor in the brain [16]. Only
when PYY binds to the Y2 receptor at the terminal of the vagus afferent nerve can it
transmit anorectic signals to the brain to inhibit neuropeptide Y (NPY) and activate opioid
melanin Proto (POMC), which causes antifeeding reaction. GLP-1 was first discovered as
an incretin, which can prevent hyperglycemia by enhancing insulin secretion and inhibiting
the secretion of glucagon [17]. GLP-1 also induce satiety signals through the vagus nerve,
or reduce gastric emptying and intestinal peristalsis to influence the appetite [18].

GIP is a linear peptide composed of 42 amino acids, which belongs to the incretin
hormone family, and released from enteroendocrine K cells in the duodenum and jejunum.
GIP plays a significant role in the animals by inhibiting gastric acid secretion and gastric
motility, stimulating the secretion of insulin and glucagon, and regulating postprandial
glucose homeostasis [19]. As a brain-gut peptide, CCK can be secreted in the intestinal
endocrine cells, and is also widely distributed in the central and peripheral nervous system.
Injecting CCK into the middle of the pons and hypothalamus can cause obvious food
refusal, which is one of the evidences that CCK is involved in central appetite regulation as
a neurotransmitter [20]. Studies have found that CCK and PYY play important roles in the
anorectic response induced by DON [21-23].

The purpose of this research is to verify the tentative that DON attracts the secretion
of intestinal hormones from enteroendocrine cells to cause mice anorexia, and to compare
the difference between DON intragastric administration and intraperitoneal injection. We
use the established “modeling of acute refusal in mice” as the experimental model, and
pretreatment with intestinal hormone receptor antagonists. We found gut hormone CCK,
PYY, GIP, and GLP-1 can lead to poor feeding behavior in mice, while gut hormone receptor
antagonists can inhibit the anorectic reaction induced by DON. These results indicate that
DON may act on the intestinal endocrine cells to induce intestinal antifeedant hormones.

2. Results
2.1. DON Induces Acute Anorectic Reaction in Mice

After 2 h of intragastric administration or intraperitoneal injection of DON, 1, 2.5, and
5 mg/kg-bw toxins showed a decrease in feed intake. Although the feed intake of mice
in the 0.1 and 0.5 mg/kg-bw groups decreased, they were no differences being observed
between control and toxin group. After 16 h, they were not significantly different from the
control group (Figures 1A and 2A). However, being exposed to 5 mg/kg bw DON, the mice
showed symptoms of arched backs and frizzy hair. So we gave up 5 mg/kg-bw and chose
1 or 2.5 mg/kg-bw DON groups for further research on the anorectic response. Within 3 h
after the DON challenge, the feed intake dose of 1 and 2.5 mg/kg-bw groups decreased
significantly in contrast to the control group (Figures 1B and 2B).
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Figure 1. (A) Response of feed intake dose and (B) kinetic of antifeedant induced by DON gavage.
(A) Mice were gavaged with 0, 0.1, 0.5, 1, 2.5, and 5 mg/kg bw toxins. We used the Holm-Sidak
method to perform one-way ANOVA, to analyze the significance of multiple groups. (B) Mice were
gavaged with PBS, 1 or 2.5 mg/kg bw toxins. We used the Holm-Sidak method to perform two-way
repeated ANOVA (one factor) to analyze significant differences compared with the control group.
Data are expressed in the form of mean + SEM (n = 6). Symbols: * indicates difference in DON
groups compared with the control group (p < 0.05).
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Figure 2. (A)Response of feed intake dose and (B) kinetic of antifeedant induced by intraperitoneal
injection of DON. As shown in the Figure 1 legend, experiments were carried out and the data were
evaluated. * indicates difference in DON groups compared with the control group (p < 0.05).

2.2. DON Evokes Plasma Intestinal Hormones Elevation

Mice were gavaged and intraperitoneally injected with 2.5 mg/kg-bw DON, and the
results were consistent with the feed intake experiment. The concentrations of hormones
CCK, PYY, GIP, and GLP-1 in plasma at 0.5 and 2 h significantly exceeded the control, but
all of them returned to normal levels at 6 h (Figure 3). Mice challenged by gavage secreted
higher levels of hormones than mice intraperitoneally injected.
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Figure 3. Dose responses of DON-induced CCK, PYY, GLP-1 and GIP concentrations in plasma.
(A) Mice were gavaged with 2.5 mg/kg bw DON. (B) Mice were intraperitoneally injected with
2.5 mg/kg bw DON. Data are expressed in the form of mean + SEM (n = 6). Holm-Sidak was used
to perform one-way ANOVA to analyze the significance of multiple groups. Symbols: * indicates
difference in DON groups compared with the control group (p < 0.05).
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2.3. DON and Intestinal Hormone-Induced Anorexia Is Reduced by Intestinal Hormone Receptor
Antagonists

Compared with the control group, mice injected with 0.1 mg/kg-bw PYY or GLP-1
could significantly reduce feed intake at 0.5 and 2 h, and then return to normal after 6 h.
The intestinal hormone receptor antagonists Exendin9-39 and JNJ-31020028 had no effect
on food intake dose in mice compared with the control group (Figures 4 and 5).

After pretreatment of 10 mg/kg-bw JNJ-31020028, at 0.5 h, the mice had 35.4% more
dose of food intake than DON groups. After 2 h, there were no significant differences
compared to the control group (Figure 4). When the GLP-1R antagonist Exendin(9-39) was
pretreated, the feed intake of GLP-1-treated mice did not change compared with the control
group. When Exendin(9-39) and DON worked together, the feed intake of mice returned to
normal levels within 0.5 h (Figure 5).
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Figure 4. Effect of JNJ-31020028 on anorexia caused by PYY or DON. Mice were preprocessed with
10 mg/kg-bw JNJ-31020028 or PBS. After 30 min, mice were challenged with 0.1 mg/kg-bw PYY or
2.5mg/kg-bw toxin. Data are expressed in the form of mean £ SEM (n = 6). Holm-Sidak was used
to perform two-way repeated ANOVA (one factor) to analyze significant differences compared with
the control group. Symbols: * indicates a significant difference compared with the control (p < 0.05).
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Figure 5. Effect of Exendin(9-39) on anorexia caused by GLP-1 or DON. Mice were preprocessed with
0.1 mg/kg-bw Exendin(9-39) or PBS. After 30 min, mice were challenged with 0.01 mg/kg-bw GLP-1
or 2.5mg/kg-bw toxin. As shown in the Figure 4 legend, experiments were carried out and the data
were evaluated. * indicates difference in DON groups compared with the control group (p < 0.05).

Intraperitoneal injection of 0.1 mg/kg-bw GIP and 0.01 mg/kg-bw CCK in mice
could significantly reduce feed intake at 0.5 and 2 h, and return to normal levels after
6 h (Figures 6 and 7). After intravenous injection of the GIP receptor antagonist GIP(3-
30)NH; alone, the feed intake of mice increased, but with no significant difference (p > 0.05).
However, when GIP(3-30)NH; and DON acted together, the food intake of the mice was
reduced by 29.4% compared to the control in 0.5 h, and the food intake of the mice was back
to normal after 2 h (Figure 6). There was no significant difference in the feed intake dose
of the mice after single intragastric administration of 400 mg/kg-bw CCK-A /B receptor
antagonist Proglumide. Pretreatment of mice with Proglumide could completely inhibit
the anorexia caused by DON (Figure 7).
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Figure 6. Effect of GIP(3-30)NH2 on anorexia caused by GIP or DON. Mice were intravenous injection
of 50 nm/kg-bw GIP(3-30)NH2 or PBS. After 30 min, mice were challenged with 0.1 mg/kg-bw GIP
or 2.5 mg/kg-bw DON. As shown in the Figure 4 legend, experiments were carried out and the data

were evaluated.* indicates difference in DON groups compared with the control group (p < 0.05).
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Figure 7. Effect of Proglumide on anorexia caused by CCK or DON. Mice were preprocessed with
50 nm/kg-bw Proglumide or PBS. After 30 min, mice were challenged with 0.1mg/kg-bw CCK or
2.5mg/kg-bw toxin. As shown in the Figure 4 legend, experiments were carried out and the data
were evaluated.” indicates difference in DON groups compared with the control group (p < 0.05).

3. Discussion

From a public health perspective, the biggest problem with DON is that it can cause
anorexia and affect the growth of young animals, but the underlying mechanism of the
clinical response of this toxin is still poorly understood. In this study, we focused on
the effect of intestinal satiety hormone in anorexia caused by DON. Our findings here
demonstrate that DON rapidly induces four intestinal hormones CCK, GLP-1, GIP, and
PYY in the plasma of mice; the way this increase occurs is consistent with the induction of
anorexia. Additionally, the observed DON-induced addition in intestinal hormones was
inhibited by the intestinal hormone receptor antagonist. These experiments confirmed that
intestinal satiety hormones play an important role in DON-induced anorexic response.

The established “modeling method for acute anorexia in mice” was used as the basic
experimental model to design [23]. The results of anorexia induced by DON are highly
consistent with previous research results [24]. DON can acutely induce anorexia in mice
within 3 h, and it is concentration-dependent. After 3 h, the mice’s food intake returns
to normal. When mice are exposed to DON, the reduction in food intake within the first
3 h may initiate a compensation mechanism, and increase food intake dose within 3-16 h.
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When we gavaged mice with 5 mg/kg-bw DON, we discovered that some mice showed
symptoms of arched backs and frizzy hair, but the feed intake returned to normal at 6 h,
which proved that high doses of DON may cause pathological damage to mice. This
may be related to the high-dose DON induced expression of pro-inflammatory genes in
mice [25].

DON can also induce the concentration of mouse plasma intestinal satiety hormones
GLP-1, GIP, PYY, and CCK to rise rapidly within 2 h, while the intestinal anorectic hormone
in mouse plasma returns to normal levels after 6 h, which is consistent with the anorexia be-
fore. In addition, these satiety hormones can be stimulated by other trichothecenes [21,23].
Moreover, we found that the effect of inducing hormone secretion by DON gavage chal-
lenge is more significant than that of intraperitoneal injection, which may be related to the
site where DON induces anorexia. The intraperitoneal injection of DON is absorbed by the
omentum into the blood circulation, while the intragastrically injected DON directly acts
on the gastrointestinal tract through the digestive system, with faster action and higher
concentration. Studies have shown that DON can act on mouse enteroendocrine cells
(STC-1) to cause the release of CCK and GLP-1 [26]. Therefore, we speculate that the main
site of DON-induced anorexic response in mice is the epithelium of the intestinal lumen.
DON interacts with intestinal endocrine cells to induce the release of intestinal hormones,
to control the central and peripheral anorexia and feeding signal regulation. However, how
DON interacts with receptors on the surface of intestinal endocrine cells still needs further
exploration.

As an important satiety hormone, PYY can induce anorexia by upregulating anorexia
signaling molecules [14,15]. Studies have shown that PYY is a peptide that could pen-
etrated the blood-brain barrier and bind to the NPY2 receptor in the brain to transmit
anti-feeding signals to the brain [16]. Here, PYY administered by intraperitoneal injec-
tion caused mice to refuse to eat, indicating that this hormone might be the cause of the
DON-induced anorexia. We improved the previous experiment [22] and used the NPY2
receptor antagonist JNJ-31020028 instead of BIIE0246. Because only 2% of BIIE0246 could
cross the blood-brain barrier in mice, it has little effect on DON-induced anorexia [27].
As a specific NPY2 receptor antagonist, JNJ-31020028 can penetrate the blood-brain bar-
rier [28]. Therefore, it has the ability to block Y2R in the central and peripheral areas,
and can comprehensively explore the role of NPY2 receptor and PYY in DON-induced
anorexia. As demonstrated here, administrations of PYY and DON elicited anorexia, and
JNJ-31020028 could attenuate anorexic response, indicating that NPY2R plays an important
part in DON-induced anorexia.

CCK works through two different receptor subtypes (CCK-A and CCK-B). CCK-A is
located in the entire gastrointestinal tract and central nervous system, and plays a vital
role in CCK-induced satiety [29]. CCK-B is expressed and integrates signals of pain, angst,
and memory in the brain. In addition to the brain, CCK-B can also be expressed in gas-
trointestinal tissues, vagus nerve afferent fibers, and adrenal glands [30]. It is worth noting
that, in previous mice research [22], Flannery found that mice developed anorexia after
intraperitoneal injection of CCK in mice, which is consistent with our results. Although
it has been shown that intraperitoneally injecting the CCK1R antagonist devazepide can
reverse the anorexia caused by DON, but the difference is not statistically significant. In
subsequent experiments, we delivered the CCK1R antagonist SR 27897 to the mice by oral
gavage, which significantly reduced the anorexia caused by DON and CCK [23]. This time
we used Proglumide, a non-peptide and orally active CCK-A /B receptor antagonist [31],
to gavage mice to selectively block the effect of CCK in the central nervous system. In
our experiments, Proglumide indeed suppressed both CCK- and DON-induced anorexia.
Therefore, compared with intraperitoneal injection, oral CCK receptor antagonists may be
more effective in obtaining the concentration required to inhibit CCK in DON-driven feed
refusal.

GIP activates the GIP receptor (GIPR) in the pancreatic islets, to enhance glucose-
stimulated insulin secretion. GIP receptor is a G protein-coupled receptor and is expressed
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in many organs, including the gastrointestinal tract, adipose tissue, and central nervous
system [32]. In 2016, a new GIPR antagonist GIP(3-30)NH; was discovered for the first
time [33]. GIP(3-30)NHj, as the N- and C-terminal truncated GIP peptide, has a strong
specific GIPR antagonistic effect, and can play an antagonistic effect in mice. In addition,
GLP-1 induces satiety signals through the vagus nerve, or reduces appetite by reducing
gastric emptying and bowel movement, which is adjusted by the CNS-induced c-fos im-
munoreactivity [17,18]. Moreover, GLP-1R also existed in the intestine and is an important
binding site for GLP-1. We observed that the GIP receptor antagonist GIP(3-30)NH,; can
inhibit anorexia caused by exogenous GIP or DON, and the anorexia response induced
by GLP-1 and DON can be effectively controlled by the GLP-1R antagonist Exendin(9-39)
inhibition, which is consistent with previous studies [21]. However, further experiments
are needed to clarify the specific molecular mechanism of DON in the peripheral release of
intestinal satiety hormone.

4. Conclusions

In summary, this study found that DON can acutely induce anorexia in mice within
1-3 h, and it can also acutely increase the concentration of intestinal hormones CCK, PYY,
GIP, and GLP-1 in mice plasma. We also proved that the intestinal hormones CCK, PYY,
GIP, and GLP-1 can trigger anorexia behavior in mice, and the receptors of these hormones
play an essential role in the antifeedant response induced by DON. These results indicate
that intestinal satiety hormones and receptors play a critical role in the antifeedant response
induced by DON. However, the molecular mechanism related to this effect still needs to be
studied in the future.

5. Materials and Methods
5.1. Animals

We purchased 10-week female B6C3F1 mice from the Comparative Medicine Center
of Yangzhou University. Each mouse was housed individually in a cage, maintained
at a temperature of 21-24 °C, a relative humidity of 40-55%, and cycled under 12 h of
light/darkness. The mice were fed a high-fat diet (45% fat content; Jiangsu Medicine
Company, China).

5.2. Toxins and Chemicals

DON (purity >98%) was obtained from Sigma-Aldrich (St. Louis, MA, USA). DON
was dissolved in sterile phosphate buffered saline (PBS) containing 1% dimethyl sulfox-
ide (DMSO) and dissolved to 0.1, 0.5, 1, 2.5, and 5 mg/kg-bw. GIP (MedChemExpress;
Trenton, NJ, USA), PYY, and CCK (Sigma-Aldrich; St. Louis, MO, USA) were respectively
diluted in PBS, at a dose of 0.1 mg/kg-bw. GLP-1 (MedChemExpress) was made into a
0.01 mg/kg-bw solution with PBS. The PYY receptor antagonist JNJ-31020028, the CCK
receptor antagonist Proglumide (Sigma-Aldrich), and GLP-1 receptor antagonist Exendin(9-
39) were respectively dissolved in 100 uL sterile PBS, so that their final doses were 10, 200,
or 0.1 mg/kg-bw. GIP receptor inhibition GIP(3-30)NH, was synthesized by the Syn pep-
tide (Shanghai, China), diluted with normal saline to 50 nm/kg-bw, and injected through
the tail vein. According to the instructions of the reagent supplier, previous animal research
and thesis data, the dosages of various pharmacological agents were selected [27,31,34,35].

5.3. DON Induces Acute Anorexia in Mice

The general experimental design on anorexia and toxins in mice is based on previous
experiments in the laboratory [23]. The mice were randomly grouped according to their
body weight, with 6 mice in each group, which were fasted from 10:00 a.m. to 6:00 p.m.
Mice were orally gavaged or injected intraperitoneally with 0.1, 0.5, 1, 2.5, and 5 mg/kg-bw
DON. At 2 and 16 h after exposure, the dose of food intake was measured. To evaluate
the kinetics of anorexia induced by DON, mice were orally gavaged or intraperitoneally
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injected with 100 puL of 1 mg/kg-bw toxin; we measured food intake at 0.5, 1, 2, 3, 6, 16,
and 24 h after exposure.

5.4. DON-Induced Plasma Hormone Measurement

Mice were respective orally gavaged or intraperitoneal injected with 0 or 2.5 mg/kg-bw
DON. At 0, 0.5, 2, and 6 h after exposure, the mice were euthanized with ether, the ab-
dominal cavity was immediately opened to expose the inferior vena cava, and blood was
collected with anticoagulant tubes. The plasma was centrifuged at 3500 x g for 10 min at
4°C to separate the serum and snap frozen at —80 °C. Using CCK, GLP-1, PYY, GIP enzyme
immunoassay kit (Phoenix Pharmaceuticals; Burlingame, CA, USA) to measure plasma
hormone levels and reading the plate absorbance at 450 nm by an ELISA plate reader.

5.5. Effect of Antagonists on Anorexia Caused by Hormones or DON

The general experimental design on anorexia and toxins in mice is based on previous
experiments in the laboratory [22]. The first group of mice was injected with 50 pL of PBS
and intestinal hormones; the second group of mice was injected with intestinal hormone
receptor antagonists and intestinal hormones; the third group of mice was injected with
PBS 30 min before the test, and 2.5 mg/kg-bw DON during the test; the fourth group
was injected with an intestinal hormone receptor antagonist and 2.5 mg/kg-bw toxin; the
fifth group of mice was injected with intestinal hormone receptor antagonist and 50 uL
PBS; the sixth group of mice were injected intraperitoneally with 50 pL. PBS 30 min before
and during the test. The experiment was applied to PYY and its receptor antagonist
JNJ-31020028, GLP-1 and its receptor antagonist Exendin(9-39), CCK, and its receptor
antagonist Proglumide and GIP, and its receptor antagonist GIP (3-30)NH;. The food
intake of the mice was then measured 0.5, 1, and 2 h later.

5.6. Statistics

We used Sigma Plot 11.0 (Jandel Scientific; San Rafael, CA, USA) for data analysis,
and when p < 0.05, the difference was significant. We used the Holm-Sidak method to
perform one-way ANOVA to analyze significance of multiple groups. We used the Holm—
Sidak method to perform two-way repeated ANOVA (one factor) to analyze significant
differences in food intake doses and the concentrations of intestinal hormones CCK, PYY,
GIP, and GLP-1 in comparison to the control group at various times.

Author Contributions: ].Y,, D.G. and X.G. prepared chemicals and observed the animals. J.Y., J.W.
and W.W. determined the hormones. The manuscript was prepared by J.Y., ENN., KK. and WW. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by China-CEEC Joint University Education Project (202010),
the long-term organization development plan (University Hospital, Hradec Kralove, Czech Republic),
China Postdoctoral Science Foundation (2016T90477), NSFC (31972741, 31572576), PAPD, National
Key &D Program (2016YFD0501207, 2016 YFD0501009). The authors would like to also acknowledge
the funding received from UHK VT2019-2012 and from the Ministry of Health of the Czech Republic
(FN HK 00179906).

Institutional Review Board Statement: All guidelines for animal experiments followed the Institu-
tional Animal Care and Use Committee at Nanjing Agricultural University (certification no: SYXK
(Su) 2011-0036; date of approval: 10 December 2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request to the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Toxins 2021, 13,512 13 of 14

References

1.  Tran, S.T; Smith, TK,; Girgis, G.N. A survey of free and conjugated deoxynivalenol in the 2008 corn crop in Ontario, Canada. J.
Sci. Food Agric. 2012, 92, 37-41. [CrossRef] [PubMed]

2. Garcia, G.R; Payros, D.; Pinton, P; Dogi, C.A.; Laffitte, J.; Neves, M.; Gonzdlez Pereyra, M.L.; Cavaglieri, L.R.; Oswald, LP.
Intestinal toxicity of deoxynivalenol is limited by Lactobacillus rhamnosus RC007 in pig jejunum explants. Arch. Toxicol. 2018, 92,
983-993. [CrossRef] [PubMed]

3. Pinton, P; Oswald, I.P. Effect of deoxynivalenol and other Type B trichothecenes on the intestine: A review. Toxins 2014, 6,
1615-1643. [CrossRef] [PubMed]

4. vander Fels-Klerx, H.J. Evaluation of performance of predictive models for deoxynivalenol in wheat. Risk Anal. 2014, 34, 380-390.
[CrossRef] [PubMed]

5. Waskiewicz, A.; Beszterda, M.; Kostecki, M.; Zielonka, L.; Goliniski, P.; Gajecki, M. Deoxynivalenol in the gastrointestinal tract of
immature gilts under per os toxin application. Toxins 2014, 6, 973-987. [CrossRef] [PubMed]

6.  Schwartz, M.W. Central nervous system regulation of food intake. Obesity 2006, 14, 1s-8s. [CrossRef] [PubMed]

7. §jolund, K,; Sandén, G.; Hakanson, R.; Sundler, F. Endocrine cells in human intestine: An immunocytochemical study. Gastroen-
terology 1983, 85, 1120-1130. [CrossRef]

8.  Santos-Hernandez, M.; Miralles, B.; Amigo, L.; Recio, I. Intestinal Signaling of Proteins and Digestion-Derived Products Relevant
to Satiety. J. Agric. Food Chem. 2018, 66, 10123-10131. [CrossRef]

9. Atalayer, D.; Astbury, N.M. Anorexia of aging and gut hormones. Aging Dis. 2013, 4, 264-275. [CrossRef]

10. Schalla, M.A.; Stengel, A. The Role of Ghrelin in Anorexia Nervosa. Int. J. Mol. Sci. 2018, 19, 2117. [CrossRef]

11. Terciolo, C.; Maresca, M.; Pinton, P.; Oswald, I.P. Review article: Role of satiety hormones in anorexia induction by Trichothecene
mycotoxins. Food Chem. Toxicol. 2018, 121, 701-714. [CrossRef] [PubMed]

12.  Zhang, J; Liu, S.; Zhang, H.; Li, Y.; Wu, W.; Zhang, H. Gut satiety hormones cholecystokinin and glucagon-like Peptide-1(7-36)
amide mediate anorexia induction by trichothecenes T-2 toxin, HT-2 toxin, diacetoxyscirpenol and neosolaniol. Toxicol. Appl.
Pharmacol. 2017, 335, 49-55. [CrossRef] [PubMed]

13. Rowlands, ].; Heng, J.; Newsholme, P.; Carlessi, R. Pleiotropic Effects of GLP-1 and Analogs on Cell Signaling, Metabolism, and
Function. Front. Endocrinol. 2018, 9, 672. [CrossRef]

14. Harding, R K.; McDonald, T.J. Identification and characterization of the emetic effects of peptide YY. Peptides 1989, 10, 21-24.
[CrossRef]

15. Challis, B.G.; Pinnock, S.B.; Coll, A.P.; Carter, R.N.; Dickson, S.L.; O’Rahilly, S. Acute effects of PYY3-36 on food intake and
hypothalamic neuropeptide expression in the mouse. Biochem. Biophys. Res. Commun. 2003, 311, 915-919. [CrossRef]

16. Batterham, R.L.; Cowley, M.A,; Small, C.J.; Herzog, H.; Cohen, M. A ; Dakin, C.L.; Wren, A.M.; Brynes, A.E.; Low, M.].; Ghatei,
M.A; et al. Gut hormone PYY(3-36) physiologically inhibits food intake. Nature 2002, 418, 650-654. [CrossRef]

17.  Kanoski, S.E.; Fortin, S.M.; Arnold, M.; Grill, H.J.; Hayes, M.R. Peripheral and central GLP-1 receptor populations mediate
the anorectic effects of peripherally administered GLP-1 receptor agonists, liraglutide and exendin-4. Endocrinology 2011, 152,
3103-3112. [CrossRef]

18. van Bloemendaal, L.; Ten Kulve, J.S,; la Fleur, S.E.; ljzerman, R.G.; Diamant, M. Effects of glucagon-like peptide 1 on appetite and
body weight: Focus on the CNS. J. Endocrinol. 2014, 221, T1-T16. [CrossRef]

19. Seino, Y.; Yabe, D. Glucose-dependent insulinotropic polypeptide and glucagon-like peptide-1: Incretin actions beyond the
pancreas. J. Diabetes Investig. 2013, 4, 108-130. [CrossRef]

20. Wu, W,; Zhou, H.R;; Bursian, S.J.; Pan, X,; Link, J.E.; Berthiller, F.; Adam, G.; Krantis, A.; Durst, T.; Pestka, J.J. Comparison of
anorectic and emetic potencies of deoxynivalenol (vomitoxin) to the plant metabolite deoxynivalenol-3-glucoside and synthetic
deoxynivalenol derivatives EN139528 and EN139544. Toxicol. 2014, 142, 167-181. [CrossRef]

21. Jia, H; Wu, WD, Lu, X.; Zhang, ]J.; He, C.H.; Zhang, H.B. Role of Glucagon-Like Peptide-1 and Gastric Inhibitory Peptide in
Anorexia Induction Following Oral Exposure to the Trichothecene Mycotoxin Deoxynivalenol (Vomitoxin). Toxicol. Sci. 2017, 159,
16-24. [CrossRef]

22.  Flannery, B.M.; Clark, E.S.; Pestka, ].J. Anorexia induction by the trichothecene deoxynivalenol (vomitoxin) is mediated by the
release of the gut satiety hormone peptide YY. Toxicol. Sci. 2012, 130, 289-297. [CrossRef] [PubMed]

23. Wu, W,; Zhou, H.R.; He, K; Pan, X.; Sugita-Konishi, Y.; Watanabe, M.; Zhang, H.; Pestka, ]J.J. Role of cholecystokinin in anorexia
induction following oral exposure to the 8-ketotrichothecenes deoxynivalenol, 15-acetyldeoxynivalenol, 3-acetyldeoxynivalenol,
fusarenon X, and nivalenol. Toxicol. Sci. 2014, 138, 278-289. [CrossRef]

24. Flannery, BM.; Wu, W,; Pestka, J.J. Characterization of deoxynivalenol-induced anorexia using mouse bioassay. Food Chem.
Toxicol. 2011, 49, 1863-1869. [CrossRef]

25. Pestka, J.J. Deoxynivalenol-induced proinflammatory gene expression: Mechanisms and pathological sequelae. Toxins 2010, 2,
1300-1317. [CrossRef] [PubMed]

26. Zhou, H.R,; Pestka, ].]. Deoxynivalenol (Vomitoxin)-Induced Cholecystokinin and Glucagon-Like Peptide-1 Release in the STC-1

Enteroendocrine Cell Model Is Mediated by Calcium-Sensing Receptor and Transient Receptor Potential Ankyrin-1 Channel.
Toxicol. Sci. 2015, 145, 407—-417. [CrossRef] [PubMed]


http://doi.org/10.1002/jsfa.4674
http://www.ncbi.nlm.nih.gov/pubmed/21997524
http://doi.org/10.1007/s00204-017-2083-x
http://www.ncbi.nlm.nih.gov/pubmed/28993953
http://doi.org/10.3390/toxins6051615
http://www.ncbi.nlm.nih.gov/pubmed/24859243
http://doi.org/10.1111/risa.12103
http://www.ncbi.nlm.nih.gov/pubmed/23901939
http://doi.org/10.3390/toxins6030973
http://www.ncbi.nlm.nih.gov/pubmed/24603665
http://doi.org/10.1038/oby.2006.275
http://www.ncbi.nlm.nih.gov/pubmed/16642956
http://doi.org/10.1016/S0016-5085(83)80080-8
http://doi.org/10.1021/acs.jafc.8b02355
http://doi.org/10.14336/AD.2013.0400264
http://doi.org/10.3390/ijms19072117
http://doi.org/10.1016/j.fct.2018.09.034
http://www.ncbi.nlm.nih.gov/pubmed/30243968
http://doi.org/10.1016/j.taap.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/28964791
http://doi.org/10.3389/fendo.2018.00672
http://doi.org/10.1016/0196-9781(89)90069-7
http://doi.org/10.1016/j.bbrc.2003.10.089
http://doi.org/10.1038/nature00887
http://doi.org/10.1210/en.2011-0174
http://doi.org/10.1530/JOE-13-0414
http://doi.org/10.1111/jdi.12065
http://doi.org/10.1093/toxsci/kfu166
http://doi.org/10.1093/toxsci/kfx112
http://doi.org/10.1093/toxsci/kfs255
http://www.ncbi.nlm.nih.gov/pubmed/22903826
http://doi.org/10.1093/toxsci/kft335
http://doi.org/10.1016/j.fct.2011.05.004
http://doi.org/10.3390/toxins2061300
http://www.ncbi.nlm.nih.gov/pubmed/22069639
http://doi.org/10.1093/toxsci/kfv061
http://www.ncbi.nlm.nih.gov/pubmed/25787141

Toxins 2021, 13,512 14 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

Brothers, S.P; Saldanha, S.A.; Spicer, T.P.; Cameron, M.; Mercer, B.A.; Chase, P.; McDonald, P.; Wahlestedt, C.; Hodder, P.S.
Selective and brain penetrant neuropeptide y y2 receptor antagonists discovered by whole-cell high-throughput screening. Mol.
Pharmacol. 2010, 77, 46-57. [CrossRef] [PubMed]

Sloth, B.; Holst, J.J.; Flint, A.; Gregersen, N.T.; Astrup, A. Effects of PYY1-36 and PYY3-36 on appetite, energy intake, energy
expenditure, glucose and fat metabolism in obese and lean subjects. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E1062-E1068.
[CrossRef] [PubMed]

Hao, S.; Sternini, C.; Raybould, H.E. Role of CCK1 and Y2 receptors in activation of hindbrain neurons induced by intragastric
administration of bitter taste receptor ligands. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 294, R33-R38. [CrossRef]
[PubMed]

Crawley, ].N.; Corwin, R.L. Biological actions of cholecystokinin. Peptides 1994, 15, 731-755. [CrossRef]

Shillabeer, G.; Davison, ].S. Proglumide, a cholecystokinin antagonist, increases gastric emptying in rats. Am. J. Physiol. 1987, 252,
R353-R360. [CrossRef] [PubMed]

Baggio, L.L.; Drucker, D.J. Biology of incretins: GLP-1 and GIP. Gastroenterology 2007, 132, 2131-2157. [CrossRef] [PubMed]
Hansen, L.S.; Sparre-Ulrich, A.H.; Christensen, M.; Knop, EK.; Hartmann, B.; Holst, J.J.; Rosenkilde, M.M. N-terminally and
C-terminally truncated forms of glucose-dependent insulinotropic polypeptide are high-affinity competitive antagonists of the
human GIP receptor. Br. J. Pharmacol. 2016, 173, 826-838. [CrossRef] [PubMed]

Wu, W.; Bates, M.A,; Bursian, S.J.; Flannery, B.; Zhou, H.-R,; Link, J.E.; Zhang, H.; Pestka, ]J.J. Peptide YY3-36 and 5-
Hydroxytryptamine Mediate Emesis Induction by Trichothecene Deoxynivalenol (Vomitoxin). Toxicol. Sci. 2013, 133, 186-195.
[CrossRef] [PubMed]

Sparre-Ulrich, A.H.; Gabe, M.N.; Gasbjerg, L.S.; Christiansen, C.B.; Svendsen, B.; Hartmann, B.; Holst, ]J.J.; Rosenkilde, M.M.
GIP(3-30)NH(2) is a potent competitive antagonist of the GIP receptor and effectively inhibits GIP-mediated insulin, glucagon,
and somatostatin release. Biochem. Pharmacol. 2017, 131, 78-88. [CrossRef] [PubMed]


http://doi.org/10.1124/mol.109.058677
http://www.ncbi.nlm.nih.gov/pubmed/19837904
http://doi.org/10.1152/ajpendo.00450.2006
http://www.ncbi.nlm.nih.gov/pubmed/17148749
http://doi.org/10.1152/ajpregu.00675.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003792
http://doi.org/10.1016/0196-9781(94)90104-X
http://doi.org/10.1152/ajpregu.1987.252.2.R353
http://www.ncbi.nlm.nih.gov/pubmed/3812772
http://doi.org/10.1053/j.gastro.2007.03.054
http://www.ncbi.nlm.nih.gov/pubmed/17498508
http://doi.org/10.1111/bph.13384
http://www.ncbi.nlm.nih.gov/pubmed/26572091
http://doi.org/10.1093/toxsci/kft033
http://www.ncbi.nlm.nih.gov/pubmed/23457120
http://doi.org/10.1016/j.bcp.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28237651

	Introduction 
	Results 
	DON Induces Acute Anorectic Reaction in Mice 
	DON Evokes Plasma Intestinal Hormones Elevation 
	DON and Intestinal Hormone-Induced Anorexia Is Reduced by Intestinal Hormone Receptor Antagonists 

	Discussion 
	Conclusions 
	Materials and Methods 
	Animals 
	Toxins and Chemicals 
	DON Induces Acute Anorexia in Mice 
	DON-Induced Plasma Hormone Measurement 
	Effect of Antagonists on Anorexia Caused by Hormones or DON 
	Statistics 

	References

