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Abstract

There is widespread human exposure to low concentrations of deoxynivalenol (DON), a fungal 

mycotoxin found in grain-based foods and animal feed, throughout the lifetime. Given that toxicity 

associated with low-level DON exposure is understudied, this study identified doses that could be 

used to evaluate long-term toxicity following perinatal exposure. Time-mated Harlan Sprague 

Dawley (Hsd:Sprague Dawley® SD®) rats were administered 0, 0.03, 0.1, 0.3, 1, or 3 mg/kg/day 

of DON once daily via gavage from gestational day (GD) 6 through postnatal day (PND) 27. F1 

animals were administered the same dose of DON as their respective dams from PND 12–27. 

DON had no effect on maternal body weight or feed consumption at any dose. In only the 3 

mg/kg/day group, F0 females had smaller live litter sizes than controls and pups had significantly 

lower body weight compared to controls. At study end, F1 body weight was significantly lower 

than controls and blood samples showed no increases in frequencies of micronucleated immature 
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erythrocytes in either F0 or F1 animals. In summary, doses of DON ≤3 mg/kg/day did not affect 

maternal survival or body weight. 3 mg/kg/day resulted in decreased body weight in the offspring. 

The no-observed effect level was 1 mg/kg/day.
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Introduction

Deoxynivalenol (DON) is the most commonly detected trichothecene mycotoxin in grain-

based foods and animal feed. DON is produced by certain species of the Fusarium fungi and 

is extremely heat stable, allowing it to resist degradation through processing and cooking of 

foods (Sobrova et al., 2010). DON has been detected in a variety of wheat products such as 

cereals, oats, barley, corn, breads, and beers (Panel, 2017). Exposure to DON is widespread 

as it has been detected in food sources from around the world (Yazar and Omurtag, 2008) 

and in human urine from various populations (Chen et al., 2017). Estimated human exposure 

to DON based on dietary surveys ranged from 0.2 to 2.9 μg/kg body weight/day (Panel, 

2017) and varies due to regional diet differences.

Acute exposure to DON in humans has been associated with abdominal pain, diarrhea, and 

vomiting, symptoms which engender an alternative name for DON, vomitoxin. In animals, 

similar clinical signs have been observed. However, the chronic effects of low-level DON 

exposure are unknown. Studies in animals commonly report reduced body weight gain and 

decreased feed consumption, with body weight often being the most sensitive toxicological 

effect of DON. Other effects that have been observed experimentally include immune 

dysregulation (Pestka, 2008), hematological disturbances (Wu et al., 2009; Iverson et al., 

1995), and steroid hormone disruption (Urbanek et al., 2018). Mechanisms underlying DON 

toxicity (reviewed in Pestka, 2010 and Sobrova et al., 2010) include inhibition of protein 

synthesis, inhibition of ribosomal translation, increased expression of cytokines and 

chemokines, increased oxidative stress, and modulations in mitogen-activated protein kinase 

signaling pathways that control cell proliferation, differentiation, and apoptosis (Pestka, 

2010; Wang et al., 2014).

Human exposure to DON occurs at low levels and throughout life, but the consequences of 

perinatal DON exposure are not well understood. Not only has DON been detected in urine 

of pregnant women (Chen et al., 2017), but DON is also predicted to cross the human 

placenta (Nielsen et al., 2011). Thus, both women and fetuses can be exposed. In mice, 

continuous exposure of the F0 generation to DON in the diet did not impair fertility but did 

result in lower F0 body weight, reduced live litter size and lower pup survival and body 

weight in the top dose group (2 mg/kg) (Khera et al., 1984). Cross-fostering of pups from 

control and DON-treated dams showed that the reduced survival and body weight may be 

related to both prenatal and postnatal exposure (Khera et al., 1984). Other studies in mice 

found prenatal DON exposure (≥2.5 mg/kg) associated with bone malformations of the fetus 

(Zhao et al., 2012; Khera et al., 1982). In rats, DON exposure (2.5–5 mg/kg) during 
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gestation elicited skeletal malformations in one study (Collins et al., 2006) but not others 

(Khera et al., 1984; Morrissey, 1984). However, many of the developmental effects are 

observed in conjunction with significant maternal toxicity, e.g., decreased maternal body 

weight. Thus, it is unclear how much of the effect of DON is due to maternal toxicity rather 

than direct effects on the fetus.

The Joint Food and Agriculture and World Health Organization Expert Committee on Food 

Additives (JECFA) has articulated critical research needs with regard to DON and other 

trichothecenes, including clarification of species differences in sensitivity, the effects of 

combined trichothecene exposure, additional genotoxicity studies, and a carcinogenicity 

study in a second species (rat) (JECFA, 2002). The goal of this study was to provide data 

that can be used in the design of future studies to address these research needs. Specifically, 

this study identified doses to evaluate toxicity of DON under environmentally relevant 

exposure conditions (i.e. exposure to low levels throughout life, including the perinatal 

period) and investigated in vivo genotoxicity associated with perinatal exposures. Low doses 

of DON (0.03, 0.1, 0.3, 1, and 3 mg/kg/day) were administered to F0 females during 

gestation and to F1 offspring early in postnatal life. While administration via feed is 

considered the most relevant route of exposure, reduced feed consumption is often observed 

in DON-exposed animals (Morrissey and Vesonder, 1985; Khera et al., 1984; Khera et al., 

1986). To avoid this potential confounder, F0 and F1 rats were administered DON via oral 

gavage.

Materials and Methods

Animals

Studies were conducted at Southern Research (Birmingham, AL). Ten to 12-week-old time-

mated (presumed pregnant) female Sprague Dawley rats (Hsd:Sprague Dawley® SD®) were 

obtained from the vendor (Envigo, Haslett, MI) and housed in solid-bottom, polycarbonate 

cages lined with irradiated hardwood-chip bedding (Sani-Chips® cage litter, P.J. Murphy 

Forest Products, Montville, NJ). Females were bred with non-siblings. Irradiated crinkled 

kraft paper (Crink-l’Nest, The Andersons, Maumee, OH) was provided to F0 females during 

the study. Presumed pregnant F0 females were singly housed except when with their 

respective litters during lactation. On PND 4, litters were randomly standardized to eight 

offspring (as close to four males and four females as possible using the random culling 

features of the Provantis data collection system). Irradiated NIH-07 certified rodent diet 

(Zeigler Bros., Inc., Gardners, PA) was available ad libitum throughout the study. Tap water 

(City of Birmingham, AL) was available ad libitum via an automatic water delivery system. 

10 non-mated females were not dosed and included as sentinels for the animal disease 

screening program.

Animal rooms were maintained at 69–75 °F, humidity 35–65%, with 16 filtered room air 

changes per hour, and a 12-hour light/dark cycle per day. Room conditions were monitored 

using the Edstrom Watchdog system. Animal care conformed to the guidelines of the Guide 

for the Care and Use of Laboratory Animals, the U.S. Department of Agriculture through the 

Animal Welfare Act (Public Law 99–198), the Public Health Policy on Humane Care and 

Use of Laboratory Animals (Public Law 99–158) and to the applicable Standard Operating 
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Procedures of Southern Research. This study was conducted in an animal facility accredited 

by AAALAC International.

Chemical procurement and formulation

Deoxynivalenol (DON; CAS number: 51481–10-8) was obtained from LKT Laboratories, 

Inc. (Saint Paul, MN) in three lots and were combined (Lot numbers 2597750, 2597589, 

2597595). The combined lots were characterized by infrared spectroscopy, 1H and 13C 

nuclear magnetic resonance spectroscopy, and high-resolution mass spectrometry with exact 

mass determination. Two microbiology screening assays (enzyme and visual endpoint) also 

confirmed the presence of DON. The purity was estimated using liquid chromatograph 

analyses and determined to be ~97%, with three impurity peaks of 2.1%, 0.1%, and 0.1% of 

the total integrated area. Mass spectrometry identified the major impurity peak to be 7-

deoxy-deoxynivalenol and one of the minor impurities to be acetyl-deoxynivalenol.

DON was formulated at 0 (control), 0.006, 0.02, 0.06, 0.2, and 0.6 mg/mL in deionized 

water. Formulations were analyzed using an ultra-performance liquid chromatography 

method coupled with ultraviolet absorbance detection (correlation coefficient > 0.99; 

precision measured as relative standard deviation ≤ 1.2%; accuracy measured as relative 

error ≤ ±5%). All formulations were within 5% of the target concentration both pre- and 

post-dose administration. Prior to study start, the stability of DON in the formulation was 

confirmed for up to 42 days at ambient temperature using the formulation concentration of 

0.003 mg/mL.

Exposure

Time-mated females were randomly assigned to control and experimental groups on GD 3 

using a computerized randomization procedure to ensure comparable mean body weights 

across groups. Animals with different mating dates (GD 0) were equally distributed across 

groups to the extent possible. Each dose group consisted of 10 time-mated females, with the 

control group and the 1 mg/kg/day group having an extra 6 females for sampling for internal 

test article concentration analysis. On the first day of dosing, F0 females were 11–13 weeks 

of age. F0 females were administered 0.03, 0.1, 0.3, 1, or 3 mg/kg/day of DON once daily 

via gavage starting on GD 6 until PND 27. The dose volume administered was 5 mL/kg 

using the most recent body weight. Offspring (F1) were given the same dose as their 

respective dam from PND 12 through PND 27 using a syringe and an appropriately sized 

needle. Animals were not dosed on the day of scheduled euthanasia, PND 28.

In-life endpoints measured

Body weights (daily), clinical observations (twice daily before 10 am and after 2 pm, at least 

6 hours apart), and feed consumption of F0 females (every three days) were recorded 

throughout the study. Litters born after the second daily observation were recorded as having 

occurred the following day. A pup was recorded as “cannibalized” if an observation of a 

partially cannibalized pup was made. Otherwise, the pup was accounted for as “missing, 

presumed dead.” Body weights of F1 animals were recorded on PND 1, 4, 7, and daily from 

PND 12–28.
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Biological sampling analysis

On GD 18 approximately 2 hours after dosing, three randomly selected, pregnant dams from 

the control and the 1 mg/kg/day dose group were anesthetized with CO2/O2 and blood was 

collected via cardiac puncture. Amniotic fluid was collected at laparohysterectomy via 

needle and syringe and fetuses from these litters were euthanized, pooled by litter, and 

frozen in liquid nitrogen. On PND 4 approximately 2 hours after dosing, three randomly 

selected dams were anesthetized with CO2/O2 and blood was collected via cardiac puncture. 

Blood from the litters of these same dams (4 pups/sex/litter) was collected via decapitation. 

All samples were flash frozen and stored at − 70°C until chemical analysis. These data are 

reported in a separate publication (Silinski et al., 2020).

Micronuclei evaluation

The ability of DON to induce chromosomal damage in the form of structural or numerical 

changes was evaluated using the peripheral blood erythrocyte micronucleus test (OECD Test 

Guideline 474). On the day of euthanasia for F0 and F1 animals (PND 28), randomly 

selected animals were anesthetized with CO2/O2 and a blood sample (via the retro-orbital 

plexus) was obtained from F0 females and from one male and one female offspring of each 

selected litter from each dose group (N=6). Blood samples were kept refrigerated (4°C), and 

then packed on cold packs and shipped via overnight courier to the analytical laboratory 

(Integrated Laboratory Systems, LLC, Research Triangle Park, NC) where they were fixed 

in ultra-cold methanol (−80°C), as described in the MicroFlowPLUS Kit instruction manual 

(Litron Laboratories, Rochester, NY). Fixed blood samples were stored in a −80°C freezer 

for at least 3 days before scoring.

Blood samples were analyzed using automated flow cytometric techniques and 

MicroFlowPLUS Kit reagents with a Becton-Dickinson FACSCalibur™ dual-laser bench 

top system. For each blood sample, 20,000 immature polychromatic erythrocytes (PCE; 

reticulocytes) and approximately 1 × 106 mature normochromatic erythrocytes (NCE) were 

analyzed to determine the frequency of normal and micronucleated cells, as well as the 

percentage of PCE among total erythrocytes (PCE + NCE), which provides a measure of 

bone marrow toxicity. In rats, only the youngest fraction of the PCE population (identified 

by a highly fluorescing transferrin receptor, CD71+) can accurately be interrogated for 

presence of micronuclei, as the rat spleen rapidly and efficiently removes damaged 

erythrocytes soon after they emerge from the bone marrow.

Necropsy

F0 females were not examined at necropsy. A gross macroscopic examination of the thoracic 

and abdominal viscera was performed for five randomly selected F1 animals/sex/dose group 

and liver, lung, spleen, thymus, and kidney weights were recorded. Brain weight was 

collected for three randomly selected F1 animals per sex in the control and the 3 mg/kg/day 

dose group.

Statistical analyses

Data was collected using the ProvantisTM-hosted system provided by the NTP (Instem Life 

Sciences Systems, Ltd., Staffordshire, UK). For continuous endpoints, extreme values were 
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identified by the outlier test of Dixon and Massey (1957). To identify outliers for continuous 

endpoints with litter effects in the F1 generation, all observations across dose groups were fit 

to a linear mixed effects model with a random litter effect, and the residuals were tested by 

dose group for outliers using Tukey’s outer fences method (Tukey, 1977). All flagged 

outliers were examined and implausible values were eliminated from the final analyses. 

Discrete count endpoints were manually identified for unusual values.

Pairwise comparisons between control and dosed groups for normally distributed endpoints 

without litter effects (organ weights and gestational/lactational body weights) were analyzed 

with parametric multiple comparison procedures (Dunnett, 1955, Williams, 1971, Williams, 

1972). Comparisons between control and dosed groups for endpoints with skewed 

distributions (gestational length, feed consumption, litter sizes, survival ratios, dead and 

percent male F1 pups per litter) were analyzed using the nonparametric multiple comparison 

methods of Shirley (1977) (as modified by Williams, 1986) and Dunn (1964). For these 

endpoints, the Jonckheere’s test (1954) was used to assess the significance of dose-related 

trends, and to determine, at the 0.01 level of significance, whether a trend-sensitive test (the 

William’s or Shirley test) was more appropriate for pairwise comparisons than a test that 

does not assume a monotonic dose-related trend (the Dunnett or Dunn test). The Cochran-

Armitage test for trend and the Fisher Exact test for pairwise testing were used to analyze 

binary endpoints (gross pathology) (Gart et al., 1979). Non-pregnant F0 females were 

excluded from statistical analyses for gestational endpoints. Normally distributed endpoints 

with litter effects (pre-weaning pup body weights) were analyzed with mixed effects linear 

models with a random litter effect, and the Dunnett-Hsu procedure (Hsu, 1992) was used to 

adjust for multiple comparisons. Pup weights were adjusted for litter size by covariate 

analysis (see below).

Because litter size may have an effect on pup body weight, accounting for litter size in the 

analysis of pup weights can provide additional insight into the effects of test articles 

(Hothorn, 2014), by increasing power to detect treatment effects in cases where the litter 

effect is relatively constant across doses. Preweaning pup body weights were adjusted for 

live litter size as follows: a linear model was fit to body weights as a function of dose and 

litter size. The estimated coefficient of litter size was then used to adjust each pup body 

weight based on the difference between its litter size and the mean litter size. 

Prestandardization PND 4 F1 body weights were adjusted for PND 1 litter size, and F1 body 

weights measured between PND 4 poststandardization and PND 21 were adjusted for PND 4 

poststandardization litter size. Following adjustment, F1 body weights were analyzed with a 

linear mixed model with a random litter effect, and a Dunnett-Hsu adjustment for multiple 

pairwise comparisons.

Genetic toxicity data are summarized as mean ± standard error of the mean for each 

treatment group. Levene’s test was used to determine if variances among exposed groups 

were equal at p=0.05 (Levene 1960). When variances were equal, linear regression analysis 

was used to test for linear trend and Williams’ test was used to evaluate pairwise differences 

of each exposed group with the vehicle control group (Williams 1971; Williams 1972). 

When variances were unequal, nonparametric methods were used to analyze the data; 

Jonckheere’s test was used to evaluate linear trend and Dunn’s test was used to assess the 
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significance of pairwise differences of each exposed group with the vehicle control group. 

The trend as well as the pairwise differences from the vehicle control group were declared 

statistically significant if p<0.025. A result was considered positive if the trend test was 

significant and if at least one exposed group was significantly elevated over the control 

group, or if two or more exposed groups were significantly increased over the corresponding 

control group. A response was considered equivocal if only the trend test was significant or 

if only a single exposed group was significantly increased over the control group.

Results

All study data are available in the NTP Chemical Effects in Biological Systems (CEBS) 

database: https://doi.org/10.22427/NTP-DATA-002-03342-0004-0000-8.

F0 females

There were no treatment-related clinical observations or mortality during gestation or 

lactation (CEBS I01, I05). Body weight and body weight gain in F0 females given DON 

were not significantly different compared to controls throughout gestation and lactation 

(Figure 1, CEBS I04G). There were sporadic differences in feed consumption during 

gestation and lactation, but the changes were not consistent and thus were not attributed to 

DON exposure (Figure 2, CEBS I06).

Live litter size was lower in the 3 mg/kg/day dose group on PND 0. It was not statistically 

significant, but it was accompanied by a significant decrease in survival on PND 0 (Table 1, 

CEBS R03) that was primarily driven by pup losses in one litter (4 of 12 died). There were 

no treatment-related differences in pup survival from PND 1 onwards. Gestation length and 

sex ratio on PND 0 in DON-treated groups were not different from control (CEBS R02).

F1 offspring

To account for potential litter effects, F1 body weights were adjusted and adjusted body 

weights were used for statistical analyses. There were effects of DON on body weight 

primarily in the highest dose group, 3 mg/kg/day. In lower dose groups, changes in body 

weight did not exceed 5% of the control group throughout the study period, and thus 

changes were not considered related to DON exposure. Before direct dosing of pups on PND 

12, the body weight of pups in the 3 mg/kg/day dose group tended to be lower than controls 

and could be attributed to less body weight gain (Figure 3, CEBS R19, R19G).

Body weight was 4–13% lower and body weight gain was 8–23% lower than controls. 

Effects of 3 mg/kg/day of DON on body weight and body weight gain were more apparent 

in female pups than male pups. After PND 12, further reductions in body weight were 

observed in the 3 mg/kg/day dose group, ranging from 8 to 23% lower than controls in both 

males and females. Starting on PND 15 and until study termination on PND 28, body weight 

was significantly lower in the 3 mg/kg/day dose group compared to controls; 10% lower in 

males and 13% lower in females.

At necropsy, there were no treatment-related macroscopic observations in the five F1 

animals/sex/dose/group randomly selected for evaluation (CEBS PA46). In female offspring, 
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absolute and relative lung weights were lower in the top two doses (Table 2). Additionally, 

there was a significant increase in relative spleen weight only at the highest dose group. 

Absolute, but not relative, kidney and brain weights in the top dose group were significantly 

lower than controls. These organ weight changes did not appear to be associated with any 

gross macroscopic observations. No treatment-related differences in organ weight were 

observed in male offspring (CEBS PA06).

Micronucleus assay

No increase in the frequencies of micronucleated immature erythrocytes (PCE) was 

observed in any treatment group in either the F0 females or F1 males and females, and no 

significant alterations in the percentage of PCE among total erythrocytes was observed 

(Table 3 and 4).

Discussion

Human exposure to DON and other trichothecene mycotoxins is characterized by lifetime 

exposures to low doses. As such, this study investigated the effects of perinatal DON 

exposure (F0: GD 6 through PND 28 and F1: PND 12 through PND 28) in Harlan Sprague 

Dawley rats. Furthermore, DON was administered via gavage to reduce potential for 

confounding due to decreased feed consumption. Findings from this study will provide 

valuable information to begin to address the research needs for DON highlighted by JECFA, 

such as additional genotoxicity and carcinogenicity assessments.

There were no treatment-related changes in maternal body weight or feed consumption at 

any of the doses administered (up to 3 mg/kg/day) during gestation or lactation. There were 

also no treatment-related clinical observations in the F0 females. Due to the lack of body 

weight changes and clinical observations in F0 females, these doses may be useful for 

determining if there are developmental toxicities associated with DON apart from maternal 

toxicity. Live litter size was lower (though not statistically significant) in the highest dose 

group of 3 mg/kg/day relative to controls. This finding is consistent with Collins et al. where 

there was no change in viable rat fetuses in the 2.5 mg/kg dose group but significantly fewer 

fetuses, by over half, in the 5 mg/kg group (Collins et al., 2006). Khera et al. showed no 

change in live fetuses per litter in mice at doses 0.375 to 1.5 mg/kg/day and slightly fewer 

live fetuses per litter in rats at 1 mg/kg/day (Khera et al., 1984).

After adjustment for litter effects, lower pup body weight (10–13% less than control) was 

only observed at the highest dose, 3 mg/kg/day, both prior to and after initiation of direct 

dosing of F1 animals on PND 12. Lower absolute organ weights observed in F1 females in 

the top dose group was likely related to lower body weight as relative organ weight was 

generally unchanged. While the lack of statistically significant organ weight changes in 

males may suggest differential sensitivity between sexes, it is unclear if the statistically 

significant differences in females are biologically relevant, especially given the lack of 

histopathological findings in both males and females. Studies with larger animal numbers 

and longer F1 exposures are warranted to clarify if there are indeed sex-specific differences. 

Since there were minimal signs of maternal toxicity during gestation and lactation, the 

decrease in body weight in F1 animals may be due to direct effects of DON. There is some 
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evidence that DON may affect growth hormone receptor signaling pathways. Exposure of 

young mice to DON (20 ppm in feed) for 2 to 8 weeks was reported to result in lower levels 

of two key growth-hormone-induced proteins, insulin-like growth factor 1 and insulin-like 

growth factor acid-labile subunit (Amuzie and Pestka, 2010). These proteins are essential for 

postnatal growth and development (Baker et al., 1993). Given the mild decreases in F1 body 

weight and minimal maternal toxicity, the current study demonstrates that doses of up to 3 

mg/kg/day perinatally could be used to probe long-term toxicity of DON and further 

examine the mechanisms of DON-related growth suppression in rats.

Both the Food and Agriculture Organization of the United Nations and the World Health 

Organization have proposed a provisional maximum tolerable daily intake (PMTDI) value of 

1 μg/kg/day, which is protective of human health in regard to reported toxicities of DON 

based on the current available literature. The PMTDI value was based on a chronic mouse 

study showing decreased body weight at doses greater than 0.1 mg/kg/day (Iverson et al., 

1995). Results from this present study show a no-observed effect level (NOEL) of 1 

mg/kg/day based on changes in body weight in the F1 offspring, which is higher than the 0.1 

mg/kg/day NOEL used for establishing the current PMTDI value. Thus, this study supports 

the use of 1 μg/kg body weight as the PMTDI for DON.

The JECFA report highlighted that “in view of the widespread human exposure to DON, 

further studies on the genotoxicity of this mycotoxin should be conducted” (JECFA, 2002). 

Bacterial mutation studies with DON yielded negative results (Knasmüller et al., 1997; 

Takakura et al., 2014) whereas positive results were reported in some studies that assessed 

chromosomal and DNA damage. Few in vivo studies, and none involving perinatal exposure, 

have been conducted with DON. Increases in MN-PCEs (Abdel-Wahhab et al., 2015) and 

chromosomal aberrations (Abdel-Wahhab et al., 2018) were reported in the bone marrow of 

adult Sprague Dawley rats exposed to 5 mg/kg/day DON by gavage for 3 weeks These 

results contrast with those in the present study, where we found that exposures up to 3 

mg/kg/day for 28 days did not increase the incidence of MN-PCEs in peripheral blood of 

either dams or offspring. In vitro, induction of chromosomal aberrations has been reported in 

a few studies (Hsia et al., 1988; Knasmüller et al., 1997). Overall, the limited data available 

suggest that DON is not likely to be mutagenic but may have clastogenic potential.

While the concentrations of DON in maternal rat plasma collected in this study exceeded 

measured or predicted concentrations in humans, they are less than concentrations of DON 

used for in vitro mechanistic studies. In this study, DON was detected in maternal plasma, 

amniotic fluid, and in whole fetuses of F0 females exposed to 1 mg/kg/day on GD 18, 

indicating gestational transfer; concentrations of DON in fetuses (22.9 ng/g) were slightly 

higher than that in the dams (19.1 ng/mL) (Silinski et al., 2020). On PND 4, DON was 

detected in dam plasma (17.4 ng/mL) but not detectable in pup plasma, indicating no 

evidence of lactational DON transfer (Silinski et al., 2020). The average concentration of 

DON in maternal plasma in this study is lower than what has been observed in mice 

(Amuzie and Pestka, 2010), but higher than measured or predicted concentrations of DON in 

humans (Fan et al., 2019; Faeste et al., 2018). For example, the maternal plasma 

concentrations of DON in this study were ~200-fold higher than the predicted human Cmax 

in Faeste et al. using an intake of 0.2 μg/kg (2018). On the other hand, studies evaluating the 
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molecular mechanisms of DON in vitro report effects at concentrations 0.02 – 3 μM (Yu et 

al., 2017), which are higher than the internal levels of DON found in this study (19.1 ng/mL, 

~0.064 μM) and in humans (mean: 0.009 μM in plasma; Fan et al., 2019). An understanding 

of the mechanism of DON at lower doses will clarify which molecular events are relevant to 

in vivo toxicity.

In conclusion, based on the results of this study, female Harlan Sprague Dawley rats 

tolerated a dose of up to 3 mg/kg/day of DON during gestation and lactation. Effects on 

maternal body weight or feed consumption during gestation and lactation were not observed 

and small, but significant, decreases in body weight were observed in F1 offspring at the top 

dose of 3 mg/kg/day. There was no evidence of in vivo genotoxicity in either F0 or F1 

animals as evaluated by the peripheral blood micronucleus test. The NOEL in this study was 

1 mg/kg/day and supports the use of current PMTDI values for DON. Plasma concentrations 

of DON from animals in this study, other animal studies, and in humans are lower than 

concentrations that have been used in vitro for evaluating mechanisms. Thus, the use of 

lower concentrations in vitro will allow for a better understanding of pertinent molecular 

mechanisms of DON in vivo. Overall, findings from this study set the stage for future 

studies that can address the knowledge gaps in DON toxicity, such as evaluation of the 

carcinogenicity of lifetime exposure to DON in rats or the development of comparative 

studies to enable assessment of aggregate risk to trichothecene mycotoxins.
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Highlights

• Perinatal exposure to 3 mg/kg/day deoxynivalenol (DON) reduced body 

weight in rats

• Dam body weight or feed consumption was not affected by ≤3 mg/kg/day oral 

DON exposure

• Micronucleus assay in dam or offspring peripheral blood was negative
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Figure 1. 
Body weight of female F0 Sprague Dawley rats administered deoxynivalenol via oral gavage 

starting on gestation (GD) 6 and throughout lactation (LD). Shown are mean ± SEM for 

each exposure group. N=10 dams, except in the control and 1 mg/kg/day groups which had 

N=16 during gestation for biological sampling on GD 18 and LD 4. During lactation, N=9 in 

the control group due to an early death on LD 4 and N=9 in the 1 mg/kg/day group due to a 

dosing accident on LD 24.

Huang et al. Page 14

Food Chem Toxicol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Food consumption (g/kg body weight/day) of female F0 Sprague Dawley rats administered 

deoxynivalenol via oral gavage starting on gestation (GD) 6 and throughout lactation (LD). 

Shown are mean ± SEM for each exposure group on each study day. N=10 dams, except in 

the control and 1 mg/kg/day groups which had N=16 during gestation for biological 

sampling on GD 18 and LD 4. During lactation, N=9 in the control group due to an early 

death on LD 4 and N=9 in the 1 mg/kg/day group due to a dosing accident on LD 24.
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Figure 3. 
Adjusted body weight of female (A) and male (B) F1 Sprague-Dawley rats from postnatal 

day (PND) 1 to 28 after exposure to deoxynivalenol in utero beginning on gestation day 6 

and continuing through lactation. Shown are mean ± SEM for each exposure group on each 

study day. N=10 litters, except in the control and 1 mg/kg/day group which had N=12–13 

until PND 4 (when pups were taken for biological sampling). From PND 4 onwards, N=9 in 

the control group due to an early death. *p<0.05 compared to control group.
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Table 1.

Gestation length, litter size, and pup survival in litters from female F0 Sprague Dawley rats administered 

deoxynivalenol for 6 weeks starting on gestational day 6 via gavage

0 mg/kg/day 0.03 mg/kg/day 0.1 mg/kg/day 0.3 mg/kg/day 1 mg/kg/day 3 mg/kg/day

N
1 12 10 10 10 13 10

Gestation Length (days) 21.9 ± 0.1 21.9 ± 0.1 21.9 ± 0.1 22.0 ± 0.0 22.0 ± 0.0 22.2 ± 0.1

Total Litter Size (PND 0) 13.1± 0.5 13.1 ± 0.4 13.9 ± 0.4 13.3 ± 1.2 12.1 ± 1.0 12.1 ± 0.6

Live litter size (PND 0) 13.0 ± 0.5 12.6 ± 0.6 13.7 ± 0.4 13.1 ± 1.2 11.9 ± 1.0 11.2 ± 0.7

PND 0 Sex ratio (% Male) 47.60 ± 4.83 44.80 ± 5.59 45.91 ± 4.03 56.33± 5.42 42.92 ± 5.60 44.59 ± 6.54

% Survival PND 0–1 99 ± 1 96 ± 3 99 ± 1 99 ± 1 99 ± 1 93 ± 3*

% Survival PND 1–4 97 ± 1 99 ± 1 96 ± 2 99 ± 1 100 ± 0 93 ± 5

% Survival postcull
2
 PND 5–28

100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

*
Statistically significant at p<0.05

1
Number of dams/litters. Control and 1 mg/kg/day groups had more dams to account for biological sample analyses on PND 4

2
Litters were culled to 4/sex/litter and N=10 litters per treatment group on PND 4. N=9 litters for the control group.
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Table 2.

Absolute (mg) and relative organ weights (mg/g body weight) from female F1 Sprague Dawley rats exposed to 

deoxynivalenol in utero beginning on gestation day 6 and continuing through lactation
1

Unit 0 mg/kg/day 0.03 mg/kg/day 0.1 mg/kg/day 0.3 mg/kg/day 1 mg/kg/day 3 mg/kg/day

Terminal 
Body Weight

g
87.58 ± 3.01 (8) 85.46 ± 1.55 (5) 87.96 ± 2.27 (5) 85.00 ± 1.38 (5) 92.38 ± 2.25 (5) 73.36 ± 5.14* (8)

Brain g 1.63 ± 0.03 (3) NA NA NA NA 1.53 ± 0.01* (3)

mg/g 20.27 ± 0.98 (3) NA NA NA NA 19.53 ± 0.12 (3)

Thymus g 0.42 ± 0.04 (5) 0.39 ± 0.01 (5) 0.39 ± 0.02 (5) 0.42 ± 0.02 (5) 0.45 ± 0.04 (5) 0.31 ± 0.05 (5)

mg/g 4.16 ± 0.27 (5) 4.53 ± 0.09 (5) 4.47 ± 0.17 (5) 4.99 ±0.21 (5) 4.82 ± 0.29 (5) 4.38 ± 0.52 (5)

Lung g 1.14 ± 0.10 (5) 0.97 ± 0.08 (5) 1.04 ± 0.08 (5) 0.93 ± 0.04 (5) 0.90 ± 0.05 (5)* 0.65 ± 0.07** (5)

mg/g 12.40 ± 0.91 (5) 11.26 ± 0.81 (5) 11.95 ± 1.11 (5) 10.92 ± 0.52 (5) 9.70 ± 0.40 (5)* 9.34 ± 0.32** (5)

Liver g 4.44 ± 0.29 (5) 4.16 ± 0.08 (5) 4.49 ± 0.18 (5) 4.22 ± 0.11 (5) 4.74 ± 0.06 (5) 3.81 ± 0.48 (5)

mg/g 48.39± 2.22 (5) 48.71 ± 1.22 (5) 51.11 ± 1.76 (5) 49.61 ± 0.68 (5) 51.41 ± 1.20 (5) 53.98 ± 1.64 (5)

Spleen g 0.31 ± 0.01 (5) 0.31 ± 0.02 (5) 0.35 ± 0.01 (5) 0.31 ± 0.01 (5) 0.32 ± 0.01 (5) 0.34 ± 0.03 (5)

mg/g 3.45 ± 0.10 (5) 3.59 ± 0.23 (5) 3.98 ± 0.11 (5) 3.68 ± 0.09 (5) 3.48 ± 0.13 (5) 5.10 ± 0.76** (5)

Kidney-left g 0.47 ± 0.01 (5) 0.45 ± 0.01 (5) 0.47 ± 0.02 (5) 0.45 ± 0.01 (5) 0.49 ± 0.01 (5) 0.39 ± 0.04* (5)

mg/g 5.17 ± 0.13 (5) 5.25 ± 0.13 (5) 5.32 ± 0.18 (5) 5.24 ± 0.07 (5) 5.28 ± 0.19 (5) 5.54 ± 0.19 (5)

Kidney-right g 0.48 ± 0.01 (5) 0.45 ± 0.01 (5) 0.48 ± 0.02 (5) 0.46 ± 0.01 (5) 0.49 ± 0.01 (5) 0.40 ± 0.04* (5)

mg/g 5.21 ± 0.10 (5) 5.32 ± 0.17 (5) 5.46 ± 0.18 (5) 5.37 ± 0.07 (5) 5.36 ± 0.17 (5) 5.69 ± 0.20 (5)

NA- not evaluated

*
Statistically significant at p≤0.05

**
Statistically significant at p≤0.01

N numbers indicated in parentheses

1
Treatments to the dams began on gestation day 6; pups continued to be exposed via direct dosing along with dosing of the dam beginning on PND 

12 and continuing until PND 27.
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Table 3.

Frequencies of micronucleated immature erythrocytes (MN-PCE) in female F0 Sprague Dawley rats 

administered deoxynivalenol for 6 weeks starting on gestation day 6 by oral gavage
1

Dose (mg/kg/day) MN-PCE/1000 %PCE

0
2 1.13 ± 0.14 0.59 ± 0.09

0.03 1.00 ± 0.15 0.88 ± 0.08

0.1 1.21 ± 0.11 0.58 ± 0.08

0.3 0.96 ± 0.09 0.70 ± 0.13

1.0 1.13 ± 0.37 0.73 ± 0.16

3.0 0.92 ± 0.12 0.83 ± 0.05

Trend test P
3
 =

0.776 0.422

1
Six animals per treatment group; 20,000 PCE scored per animal using flow cytometry

2
Deionized water

3
Trend test; significance set at P < 0.025
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Table 4.

Frequencies of micronucleated immature erythrocytes (MN-PCE) in F1 Sprague Dawley rats exposed to 

deoxynivalenol in utero beginning on gestation day 6 and continuing through lactation
1,2

Dose (mg/kg/day to dam) MN-PCE/1000 %PCE

Male pups

0
3 0.733 ± 0.101 5.465 ± 0.247

0.03 0.764 ± 0.079 5.898 ± 0.520

0.1 0.817 ± 0.071 5.913 ± 0.375

0.3 0.905 ± 0.083 5.556 ± 0.250

1.0 0.840 ± 0.040 6.564 ± 0.340

3.0 0.825 ± 0.064 5.705 ± 0.489

Trend test P
4
 = 0.348 0.940

Female pups

0
3 0.600 ± 0.107 5.824 ± 0.243

0.03 0.733 ± 0.094 6.204 ± 0.614

0.1 0.833 ± 0.161 5.933 ± 0.113

0.3 0.750 ± 0.070 5.389 ± 0.142

1.0 0.758 ± 0.121 5.848 ± 0.328

3.0 0.642 ± 0.085 6.650 ± 0.326

Trend test P
4
 = 0.729 0.333

1
Treatments to the dams began on gestation day 6; pups continued to be exposed via direct dosing along with dosing of the dam beginning on PND 

12 and continuing until PND 27.

2
Six animals per treatment group; 20,000 PCE scored per animal using flow cytometry

3
Deionized water

4
Trend test; significance set at P < 0.025
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