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Simple Summary: This study investigated the effects of maternal T-2 toxin exposure on the
development of testis in the mice offspring. The detrimental effects were assessed by testicular weight,
antioxidant capacity, and testosterone synthesis and secretion. Studies have shown that the toxin
carried by the mother has bad effects on the testicular development of offspring at puberty, affecting
the antioxidant system and testosterone synthesis in the testis, but the maternal exposure of T-2 toxin
had no significant impact on the testes of offspring after sexual maturity, suggesting the recovery of
reproductive function.

Abstract: T-2 toxin, the most toxic member of trichothecene mycotoxin, is widely distributed in
cereals, and has been extensively studied, but few studies focus on the toxicity of maternal exposure
to offspring. This study focused on the effects of maternal exposure to T-2 toxin (during gestation
and lactation) on the testicular development of mice offspring. Dams were orally administered
with T-2 toxin at 0, 0.005, or 0.05 mg/kg body weight from the late stage of gestation to the end of
lactation. Testicular samples of the mice offspring were collected on the postnatal day 21, 28, and 56.
The results showed significant decreases in body weight and testicular weight on the postnatal day 28.
Moreover, significant inhibition of antioxidant system and testosterone synthesis was detected on the
postnatal day 28. Furthermore, there were significant decreases in the gene expression levels of StAR
and 35-HSD, which are involved in testosterone synthesis. In general, present results demonstrated
that maternal exposure to T-2 toxin during gestation and lactation led to bad effects on the capacity
of antioxidant system and inhibited testosterone synthesis in testes during pre-puberty with no
significant effects on post-puberty.

Keywords: maternal exposure; oxidative stress; T-2 toxin; testicular development; testosterone
synthesis

1. Introduction

T-2 toxin is a trichothecene mycotoxin with high toxicity and produced by various fungus Fusarium
sp. including F. soprotrichioides, F. poae, and F. acuinatum [1]. T-2 toxin has been widely investigated due
to its wide distribution in contaminated cereals such as corn, oats, barley, wheat, rice, and beans. In a
global report, the detection rate of T-2 toxin in 27,850 agricultural products from 100 countries was
19%, and the average pollution level was 22 ug/kg [2]. In China, the detection rate of T-2 toxin in feed
samples was as high as 79.5%, and the highest content was 735 ug/kg [3]. The association of T-2 toxin
with agricultural damage and its toxic effects on animals have been reported in different countries
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of the world [4,5]. T-2 toxin can cause emesis, diarrhea, and hemorrhage, reducing the weight and
inhibiting the immunity of animals [6-8]. T-2 toxin can trigger damage in tissue such as cartilage or
brain, inducing cell death and apoptosis [9-11]. The details of toxicities of T-2 toxin have been well
reported in previous reviews [1,12].

Over the past few decades, environmental toxicant exposure has increased throughout the world,
leads to infertility, reduced sperm quality, and male reproductive system abnormalities, and has
attracted global attention [13]. The continued decline in male fertility was multifactorial, in part result
from the exposure to mycotoxins [14]. As widely occurring natural pollution, T-2 toxin was widely
distributed in various crops and could infect humans and animals through various pathways [1].
Reproductive dysfunction was the major detrimental effect of T-2 toxin [15]. In recent years, the
research of T-2 toxin on the reproductive system has gradually increased and the effects of direct
exposure to T-2 toxin on reproduction have been reported in several studies [16,17]. It is of great
practical significance to reveal the toxicity mechanism of T-2 toxin on the male reproductive system.

The growth of spermatogenic cells and the secretion of testosterone by Ledig cells are two
important events during the testicular development, and both are closely related to testicular health [18].
The antioxidant system is an important regulatory system in testis to maintain spermatogenesis and
testosterone synthesis [19]. Spermatogenesis and steroidogenesis are sources of reactive oxygen
species (ROS), the powerful antioxidant system in the testes protects cells from oxidative damage [20].
Therefore, the indicators in the antioxidant system can be used to evaluate testicular spermatogenesis
and testosterone secretion in testis.

Maternal nutrition is very important for the development of offspring. During pregnancy,
the dams transmit nutrients through the umbilical cord or affect the development of fetus through the
endocrine system [21]. During lactation, dams feed their offspring through breast milk which plays an
important role in the early development of offspring. Therefore, the maternal effects on the offspring
persist from gestation to weaning, which indicates a long-term impact has existed in offspring. Feeds
contaminated with T-2 toxin, which was metabolized in the mother or milk, have been considered a
potential threat to the health of future generations [22]. Weaning and puberty are important periods in
the development of the reproductive system of mammals. They may be more sensitive to the effects
of environmental toxins, which cannot be ignored. The toxicity and side effects of T-2 toxin have
been reported in pregnant mice and their fetuses [23,24]; however, the knowledge of T-2 toxin on
the reproductive system of male mice offspring from weaning to sexual maturity was still limited.
The object of this study was to investigate the toxicity of maternal exposure to T-2 toxin on testicular
development of offspring through the evaluation of antioxidant system, testosterone synthesis, and
apoptosis in testis. We look forward to providing useful information for the maternal toxicity of T-2
toxin and giving a suitable method to study the influence of maternal on the reproduction of offspring.

2. Materials and Methods

2.1. Chemicals

T-2 toxin was purchased from Bailingwei Technology Co Ltd. (Beijing, China). Corn oil was
provided by the Aladdin Corporation Ltd. (Shanghai, China) and used to dissolve T-2 toxin.

2.2. Experimental Animals and Ethical Approval

Eight-weeks-old healthy Institute of Cancer Research mice (29-30 g male and 25-28 g virgin/female)
were purchased from Qinglongshan Laboratory Animal Company (Nanjing, China) and fed in the
experimental animal center in Nanjing Agricultural University (Nanjing, China). The mice were
housed in cages under hygienic measures and standard conditions (23 + 2 °C, a relative humidity of
50 + 10%, 12 h of a light-dark cycle with ad libitum access to feed and water). They were allowed to
adapt to the new surroundings for 1 week before the formal experiment. The experimental protocol
was approved in accordance with the Guide for the Care and Use of Laboratory Animals prepared by
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the Institutional Animal Care and Use Committee of Nanjing Agricultural University (permit number
SYXK (Su) 2011-0036).

2.3. Experimental Design

The environmentally adapted male and female mice were put into in the same cage at a ratio of 1:2
and mated daily from 6:00 p.m. to 7:00 p.m. On the next day morning, all females were examined by
vaginal embolization test and vaginal smears to confirm sexual intercourse. The fertilized females were
identified and then separated into individual cages, which was identified as the first day of pregnancy.
Thirty pregnant mice were randomized into three groups (n = 10/group). After the second week of
pregnancy, mice were exposed to T-2 toxin by oral gavage each day with 0.005 (low dose) or 0.05 (high
dose) mg/kg of T-2 toxin, respectively, and the control group was treated with the same volume of
corn oil, all pregnant mice were treated at 8 a.m. for 28 days. T-2 toxin doses used in this experiment
was based on 1% or 0.1% of the LD50 [25,26] to ensure that pregnant mice could survive during the
experiment. The offspring were weaned at 21 postnatal days (PND 21), and entered the pre-puberty at
PND 28, the post-puberty, at PND 56.

2.4. Sampling

At PND 21, PND 28, and PND 56, five male offspring from each group were weighed and then
euthanized by cervical dislocation. The testes were excised and weighed. A subset of the testes was
fixed in 4% paraformaldehyde solution for histological examination and the remaining testes were
stored at —80 °C for antioxidant indicators measurements and real-time polymerase chain reaction
(RT-PCR) analysis.

2.5. The Measurement of Body Weight and Relative Testicular Weight

After cervical dislocation of mice, their testes were dissected, and their weight was recorded on
an electronic balance. The relative testicular weight can be calculated as follow:

Relative testicular weight = (weight of the testis/weight of the mice) x 100% 1)

2.6. The Histopathological Examination and Measurement of Seminiferous Tubules Components

For histopathological examination, the testes of offspring were fixed in 4% paraformaldehyde
solution for 24 h and dehydrated through a graded series of ethanol, cleared in xylene before embedded
in paraffin blocks. The blocks were sectioned perpendicular to the longest axis of the testes at a
thickness of 5 pm and then kept them dry for 6 h at 42 °C. Sections were stained with hematoxylin and
eosin (HE). The stained sections were mounted and examined under virtual light microscopy (Model
BX51TFE, Olympus Corporation, Tokyo, Japan). Representative indicators of seminiferous tubules
components measured in the present study included the cross-sectional area of seminiferous tubules
and the height of seminiferous epithelium. Three samples were measured in each group, and five
sections were selected from each sample. Both indicators were calculated 10 round tubules (exclude
tubules with completely broken epithelium) per section using Image J (NIH, Bethesda, MD, USA).
The measurement of seminiferous tubules components was performed by a well-trained researcher
using Image J according to the method of previous studies [27,28] with a small modification (Figure 1).

The details were listed as follows: the area from the base to the lumen center was recorded
as the cross-sectional area of seminiferous tubules; the distance from the basal membrane to the
luminal border was considered to be the height of seminiferous epithelium, and four epithelial heights
perpendicular to each other were calculated, and the mean was calculated as the height of seminiferous
epithelium of this tubule.
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Figure 1. Measurement of seminiferous tubules components. The area in black line defines the
cross-sectional area of a seminiferous tubule. The area in red line defines the area of lumen.
The average length of the four yellow arrows represented the height of seminiferous epithelium
(magnification: x400).

2.7. The Measurement of Testosterone in Testes

Testes testosterone level was measured using an enzyme-linked immunosorbent assay (ELISA)
(Yifeixue Bio Tech, Nanjing, China) on a multi-function microplate reader (Spark, TECAN, Mannedorf,
Switzerland) according to the manufacturer directions. In brief, tissue samples were smashed by
homogenate in phosphate buffer saline (Solarbio, Beijing, China) using bead mill homogenizer (Bead
Ruptor 12, OMNI, Kennesaw, GA, USA) and centrifuged at 3000 rpm for 15 min at 4 °C. The supernatant
was collected and measured the concentration of total protein immediately (each sample two replicates)
and then diluted in the assay buffer solution provided in the kit and frozen at —20 °C until analysis.

2.8. The Measurement of Antioxidant Indicators and DNA Damage in Testes

To determine the capacity of antioxidant system in testis, the testis homogenate was centrifuged to
obtain the supernatant (3000 rpm, 15 min and 4 °C), and then the content of malondialdehyde (MDA),
the activity of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in
the testes were measured by assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
The DNA damage was detected by 8-hydroxy-2’-deoxyguanosine (8-OHdG) analysis using an ELISA
assay (Meimian Co., Ltd., Shanghai, China) on a multi-function microplate reader (Spark, TECAN,
Mainnedorf, Switzerland).

2.9. The RT-PCR Analysis of Genes Related to Testosterone Synthesis and Apoptosis

Approximately 50 mg of testes were used for total RNA extraction using a total RNA extraction
kit (Vazyme BioTech Co., Ltd., Nanjing, China). The RNA concentration and purity were determined
spectrophotometrically at 260 and 280 nm with a Nanodrop® 2000 (Thermo Fisher Scientific,
Wilmington, DE, USA). Then, HiScript® II Q RT SuperMix (Vazyme BioTech Co., Ltd., Nanjing,
China) was used to reverse transcribe RNA to cDNA. Quantitative real-time PCR was conducted
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with QuantStudio® 5 Real-Time PCR Instrument (Applied Biosystems, Thermo Fisher Scientific,
Wilmington, DE, USA) using the SYBR Green I ® T5 Fast qPCR Mix kit (TSINGKE BioTech Co., Ltd.,
Beijing, China). Primer sequences for genes related to testosterone synthesis and apoptosis were
presented in Table 1. Each RT-PCR was performed with four biological replicates. The relative mRNA

expression levels were determined using the 27T method with -actin serving as the housekeeping
gene [29].
Table 1. The list of primers for analyzed genes.
Gene Sequence (5'—3') Product Size (bp)
B-actin (NM_007393.5) F: CTGACCGAGCGTGGCTACAG 112
R: CAGTGGCCATCTCCTGCTCG
Testosterone synthesis
StAR (NM_011485) F: ACCTCGGTGCTTTAAGGTGA 166
R: AGCCACAGTGTTTGCTGAAG
CYP11A1 (NM_019779.4) F: TTCTGTGTGGTTAGCGGAGT 91
R: AGCAAAGTGGATGCAGCAAA
3p-HSD (NM_008293) F: GATCTGGGCTATGAGCCACT 113
R: CACTGGCACTTTGTGTCCAA
CYP17A1 (NM_007809) F: CCTTGCTCATCCCACACAAG 127
R: TCTGGCTGGTCCCATTCATT
17B-HSD (NM_008291) F: ACCCTTGACCTCCTGAAAGG 146
R: GGGTTCTTCCAGCATTTCCC
Apoptosis
CASP3 (NM_009810) F: ACGCGCACAAGCTAGAATTT 113
R: CGGGATCTGTTTCTTTGCGT
BAX (NM_007527) F: AGGATGATTGCTGACGTGGA 91
R: CCCAGTTGAAGTTGCCATCA
Bcl-2 (NM_009741) F: TGTCTGGAGCAGGAGAACTG 127

R: CGGGCTTCTTCTTCTGTGTG

2.10. Statistical Analysis

All the data were presented as the mean + standard error of the mean (SEM) and were analyzed by
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test. The statistical
analyses were performed with GraphPad Prism 7.0 software (San Diego, CA, USA). Differences were
statistically significant when p < 0.05 or p < 0.01.

3. Results

3.1. Effects of Maternal Exposure to T-2 Toxin on the Body Weight and Testicular Weight of Offspring

At all stages, maternal exposure to T-2 toxin induced a decrease in body weight and testicular
weight in mice offspring. Among them, the high dose of T-2 toxin significantly reduced body weight
and testicular weight in PND 21; both toxin groups significantly reduced body weight and testicular
weight in PND 28; while only the high dose of T-2 toxin significantly reduced body weight and
testicular weight in PND 56.

After the effect of weight loss was removed, we only found that maternal exposure to the high dose
of T-2 toxin significantly reduced relative testicular weight in PND 28, with no significant differences
in the remaining stages (Table 2). It suggested that the effects of maternal exposure of T-2 toxin on
testicular weight loss were associated with weight loss and it was speculated that mice gradually
return to normal reproductive system development (PND 56) and the T-2 toxin may be eliminated
by metabolism.
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Table 2. Effects of maternal exposure to T-2 toxin on body weight and testicular weight of offspring.

T-2 Toxin (mg/kg Body Weight)

6 of 13

Items
0 0.005 0.05
PND 21
Body weight (g) 11.85 £ 0.64 10.11 £ 0.53 8.52 £ 0.36 **
Testis (mg) 44.96 + 2.20 37.38 £3.75 31.54 +2.01 **
Relative testis (%) 0.39 £0.03 0.37 £ 0.04 0.37 £ 0.02
PND 28
Body weight (g) 21.48 £ 0.85 16.59 + 0.87 ** 12.62 + 0.87 **
Testis (mg) 109.84 + 3.06  82.62 + 4.06 ** 4496 + 2.15 **
Relative testis (%) 0.51 £0.01 0.50 = 0.01 0.36 £ 0.02 **
PND 56
Body weight (g) 34.28 + 0.89 33.50 + 1.19 28.10 £+ 1.79 *
Testis (mg) 191.14 + 5.77 182.88 +10.68 146.90 + 5.46 **
Relative testis (%) 0.56 + 0.01 0.54 £0.01 0.53 £ 0.03
Each value represents the mean + SEM of the group (1 =5). * p < 0.05, ** p < 0.01: compared with the control (0

mg/kg T-2 toxin).

3.2. Effects of Maternal Exposure to T-2 Toxin on the Testicular Histology of Offspring

In PND 21, the seminiferous tubule in high T-2 toxin group was smaller as compared with the
control, normal seminiferous epithelium damage were detected in both control and low dose of T-2
toxin group; however, there was no significant change in the high dose group (Figure 2A); in PND
28, both low and high dose of T-2 toxin treatment showed significant gaps between the seminiferous
tubules; there was no significant difference in the testicular histology among all groups in PND 56.
These data indicated that the damage to testicular lesions by T-2 toxin may be alleviated in post-puberty.

The cross-sectional area of seminiferous tubules and the height of seminiferous epithelium were
measured to quantify the change in testicular histology (Figure 2B,C). At PND 21, the cross-sectional
area of seminiferous tubules in the high dose group tended to decrease as compared with the control
(p = 0.085), and abnormal seminiferous epithelium increase was detected in the high dose group
(p < 0.05). There was no significant difference among groups in PND 28 and PND 56. Combined
with histomorphological observations, these results indicated that maternal exposure to T-2 toxin may
disturb the normal seminiferous tubules and seminiferous epithelium development in both weaning
and pre-puberty.

3.3. Effects of Maternal Exposure to T-2 Toxin on Antioxidant Indicators in the Testes of Offspring

Maternal exposure to T-2 toxin reduced antioxidant enzyme activity and increased MDA levels
in both PND 21 and PND 28 (Table 3). Interestingly, on PND 56, the high dose of T-2 toxin had
no significant difference as compared with control, while the low dose of T-2 toxin showed a small
increase in antioxidant enzyme activity. A significant dose-dependent effect of 8-OHdG was detected
in PND 21, with increased DNA damage at the low dose and no significant changes at the high dose.
At PND 56, there was no significant difference among all groups. These results indicated that maternal
exposure to T-2 toxin produced significant oxidative stress to the testes of offspring in weaning and
pre-puberty, and produced DNA damage in a dose-dependent effect to testes of offspring in weaning.
Oxidative stress and DNA damage in T-2 toxin treated groups tended to be normal at post-puberty,
it was suggested that the T-2 toxin was cleared by the metabolism of the body itself.
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Effects of maternal exposure to T-2 toxin on the testicular histology of offspring.

(A) Representative images of testicular histology, sections were stained with hematoxylin-eosin
(magnification: x400). (B) The cross-sectional area of seminiferous tubules. (C) The height of
seminiferous epithelium. Each value represents the mean + SEM of the group (n = 3). * p < 0.05:

compared with the control (0 mg/kg T-2 toxin).

Table 3. Effects of maternal exposure to T-2 toxin on the capacity of antioxidant system and DNA
damage in the testes of offspring.

Dose

CAT MDA SOD (U/mgprot) GSH-Px 8-OHdG
(mg/kg) (U/mgprot) (nmol/mgprot) (U/mgprot) (ng/gprot)
PND 21
0 29.00 + 3.72 0.45 +0.03 395.69 + 55.09 14.64 + 3.47 2524 + 4.28
0.005 29.04 +1.82 0.53 £ 0.01 ** 526.81 + 27.48 ** 14.83 £4.67 4994 +3.16 **
0.05 14.58 + 2.82 ** 1.22 +0.02 ** 282.77 + 14.58 * 413+0.52* 26.03 + 2.88
PND 28
0 14.07 £ 1.11 2.06 +0.40 329.75 + 22.31 9.18 £2.20 26.04 +1.76
0.005 12.60 + 3.65 221+0.24 292.21 +15.83 6.66+1.28  20.12+0.81**
0.05 9.62 +1.11 1.86 + 0.06 215.38 + 16.05 ** 5.76 + 0.31 15.39 + 0.48 **
PND 56
0 23.12 + 3.65 1.42 +0.48 230.43 + 12.03 6.74 + 0.48 15.14 + 0.99
0.005 30.29 +4.11 1.88 + 0.30 263.19 + 14.59 * 7.80 £0.32 17.87 £1.39
0.05 22.55 +1.22 1.85 + 0.05 220.58 +3.24 6.31 £ 0.60 12.34 +1.84

Each value represents the mean + SEM of the group (n = 4). * p < 0.05, ** p < 0.01: compared with the control
(0 mg/kg T-2 toxin).
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3.4. Effects of Maternal Exposure to T-2 Toxin on Testosterone Synthesis in the Testes of Offspring

Maternal exposure of T-2 toxin significantly reduced the testosterone concentration in testes at
PND 28 (p < 0.05), but no significant change in PND 21 and PND 56 (Figure 3A). Maternal exposure to
high dose of T-2 toxin down-regulated all testosterone synthesis-related genes in testes of offspring in
PND 21 and PND 28; CYP17A1 was significantly decreased in low dose group in PND 21 (p < 0.05);
StAR and 3B-HSD were significantly decreased in high dose group as compared to the control in
PND 28 (p < 0.05). In PND 56, there were no significant changes among all groups (Figure 3B). These
results suggested that maternal exposure to T-2 toxin had bad effects on testosterone synthesis in early
adolescent mice by down-regulating genes involved in testosterone synthesis. These changes may be
associated with high levels of oxidative stress damage detected in PND 21 and PND 28.
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Figure 3. Maternal exposure to T-2 toxin damages the secretion of testosterone and synthesis-related
genes in the testes of offspring. (A) Testosterone concentration in testes. (B) The expression of
testosterone synthesis-related genes in testes. Each value represents the mean + SEM of the group
(n=4). *p<0.05,** p <0.01: compared with the control (0 mg/kg T-2 toxin).

3.5. Effects of Maternal Exposure of T-2 Toxin on the Expression of Apoptosis-Related Genes in the Testes
of Offspring

Maternal exposure to T-2 toxin had no significant effects on the expression of genes related to
apoptosis in the testes of offspring in all stages (p > 0.05). Although we were surprised to find a

tendency to decrease the expression of genes related to apoptosis in high dose group at PND 21 and 28,
especially the CASP3 at PND 21 (p = 0.054) (Figure 4).
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Figure 4. Effects of maternal exposure of T-2 toxin on the expression of apoptosis-related genes in the
testes of offspring. Each value represents the mean + SEM of the group (n = 4).
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4. Discussion

4.1. Maternal Exposure to T-2 Toxin Induced Decreases in Body Weight and Testicular Weight

Body weight is a comprehensive indicator for assessing the effects of exposure to toxicants on the
general condition of experimental animals. It can reflect the changes in systemic nutritional status
and overall function of organisms after sensitive exposure. The decrease in maternal nutritional levels
may reduce the birth weight of the offspring, thereby reduce its production performance [21]. In the
present study, a significant decrease in body weight and testicular weight was detected in the maternal
exposure of T-2 toxin group, and these results were consistent with previous findings of the direct
effects of T-2 toxin on mice [16]. The inhibition of the seminiferous tubules’ development (PND 21
histological section) and the increase of the seminiferous tubule gaps (PND 28) may be the cause of
testicular weight loss in offspring. These results indicated that maternal exposure to T-2 toxin was toxic
to the testicular development of offspring in weaning and pre-puberty; the loss of testicular weight was
related to the loss of body weight. Interestingly, there was no significant change in relative testicular
weight at weaning day, which indicated that milk of dams may partly protect the testis of offspring.

In post-puberty, when the mice reached sexual maturity, the toxicity of T-2 toxin decreased,
indicating that maternal exposure during pregnancy and lactation affects the body weight and organ
weight during the initial period of the offspring. After weaning, under sufficient nutrient supply
conditions, the compensation growth was achieved, and body weight was restored.

4.2. Maternal Exposure to T-2 Toxin Induced Oxidative Stress in the Testes of Offspring During Pre-Puberty

The antioxidant system is an important regulatory system for maintaining spermatogenesis and
testosterone synthesis in the testes [19]. During testicular development, the powerful antioxidant
system in testis removed large amounts of ROS produced by spermatogenesis and steroidogenesis [30].
The antioxidant capacity of the testis can be reflected by assessing the activity of the relevant enzymes
in the antioxidant system. In the testis, the main antioxidant enzymes are SOD, CAT and GPX [31].

T-2 toxin has been shown to decrease the activity of antioxidant enzymes such as SOD, GSH-Px,
and CAT mainly via oxidative stress [30]. The latest studies showed that increased oxidative damage
was detected in oral T-2 toxin treated mice, with the increase in ROS and MDA and decrease in
T-AOC and GSH-Px, accompanied by disordered spermatogenesis [16]. In the present study, maternal
exposure to T-2 toxin reduced the activity of SOD and increased the level of MDA in the testes in
pre-puberty; moreover, a significant decrease in testicular testosterone was detected in pre-puberty.
These results suggested that maternal exposure to T-2 toxin induced significant oxidative damage in
the testes of pre-puberty.

8-OHdG is widely accepted as a biomarker for DNA damage induced by oxidative stress [32].
In a normal physiological process, DNA oxidative damage repair mechanism corrects the error of
DNA strand through excising 8-OHdG from DNA strand [33]. In previous studies, T-2 toxin induced
DNA damage, apoptosis in GH3 cells [34] and articular chondrocyte of rats [35] both via up-regulated
expression of 8-OHdG. T-2 toxin induced DNA damage on GH3 cells by increasing the levels of
8-OHdG in a dose-dependent manner. Maternal exposure to T-2 toxin has a dose-dependent effect on
8-OHdG in the testes of weaning mice (PND 21), with a significant increase in low dose group and
no effect in high dose group. In contrast, the increase of 8-OhdG in low dose group was abolished
at pre-puberty (PND 28), even though a high level of oxidative stress still existed in T-2 toxin group,
which indicated that there may be an activated DNA protection mechanism to prevent DNA from
oxidative damage in puberty.

4.3. Maternal Exposure of T-2 Toxin Inhibited Testosterone Synthesis in the Testes of Offspring
during Pre-Puberty

Testosterone has a physiological role in maintaining spermatogenesis, stimulating the development
of reproductive organ, maintaining normal libido, and promoting protein synthesis, which is very
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important in testicular development. In the testis, testosterone is synthesized and secreted by Leydig
cells. The biosynthesis of testosterone begins with the transport of cholesterol from the mitochondrial
outer membrane to the inner membrane by StAR and then catalyzed by enzymes such as CYP11A1,
3p3-HSD, CYP17A1 and 173-HSD to produce testosterone [36]. In the process of testicular androgen
biosynthesis, StAR and CYP11A1 are rate-limiting enzymes, and 33-HSD and 173-HSD are key enzymes
involved in the formation of sterol hormones.

There are three peak periods of testosterone production by Leydig cells, namely the time between
embryonic sex differentiation, birth, and puberty, which induced the differentiation and development
of male organs, the hypothalamic masculinization of the central nervous system and the formation of
male secondary sexual characteristics respectively [37]. Insufficient testosterone secretion at any period
will affect the normal development of the testes. In previous studies, direct exposure of T-2 toxin could
inhibit the mRNA expression of 33-HSD, CYP11A1l and StAR in mouse Leydig cells [38] and impaired
testosterone secretion in vitro [39,40] and vivo [17] model. The data detected in the present study
showed that after the maternal exposure of T-2 toxin, the genes involved in testosterone synthesis were
down-regulated in the testes of pre-puberty offspring, especially StAR, the essential limiting factor in
testosterone synthesis. After sexual maturity, there was no significant difference in gene expression
involved in testosterone synthesis, and the rapid metabolism of T-2 toxin and the recovery of the body
itself may contribute to the recovery. Whether maternal exposure of T-2 toxin has a potential impact on
the development of spermatogenesis in testes of offspring remains to be further studied.

4.4. Maternal Exposure to T-2 Toxin May Disturb Apoptosis in the Testes of Offspring during Pre-Puberty

The testis is a tissue in which many apoptosis occurs to discard excessive germ cells, or thereby
remove germ cells destroyed by toxins [41,42]. Apoptosis is a genetically controlled event, which is
regulated by a variety of genes, including the Bcl-2 family, p53, c-Myc genes, and caspases [43—45].

BAX is a pro-apoptotic member, while Bcl-2 and Bcl-w belong to the anti-apoptotic member
of the Bcl-2 protein family, both of which are involved in early spermatogenesis [46]. CASP3 is
considered to be a major executive protease of apoptosis [47]. CASP3 synergistically activates in the
first spermatogenic epithelial wave [48], and participates in the regulation of spermatogenic epithelium,
sperm differentiation and testicular maturation [49].

In the present study, our results showed that maternal exposure of T-2 toxin has no significant
effects on the expression of genes related to apoptosis. Interestingly, in pre-puberty, the offspring of
mice maternally exposed to T-2 toxin tended to decrease the expression of apoptosis-related genes.
The first time of large-scale apoptosis of testis occurred around 3 weeks after birth, the occurrence of
the first apoptotic wave was BAX-related and could be inhibited by the over-expressing of Bcl-2 in
the testis of transgenic mice [50]. Combined with the results of histology we could explain the testes’
damage in the control and the low dose, which may indicate the occurrence of the first apoptotic wave
on the PND 21. Interestingly, maternal exposure of high dose T-2 toxin had a significant difference as
compared with the other two groups in PND 21, these results implied that high dose of T-2 toxin from
mother may disturb the first spermatogenic apoptotic wave in the testis, but this hypothesis needs to
be further studied.

5. Conclusions

The current study indicated that maternal exposure to T-2 toxin had obvious toxic effects on
early development at puberty in male offspring. It broke the balance of antioxidant system in testis
through oxidative stress, and reduced testosterone synthesis, led to a reduction of testosterone levels at
pre-puberty. Although these toxic effects of maternal T-2 exposure on the offspring may be alleviated
with the sexual maturity of the offspring, it is worthwhile to investigate the damages caused to offspring
at puberty and the potential impacts on spermatogenesis.

Author Contributions: Conceptualization, J.S.; methodology, A.P; software, Z.L.; validation, Z.L. and P.D.; formal
analysis, ].S.; investigation, N.K.; resources, A.P.; data curation, N.K.; writing—original draft preparation, J.S.;



Animals 2020, 10, 74 11 of 13

writing—review and editing, ].S. and C.L.; supervision, C.L.; project administration, C.L.; funding acquisition, C.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (2018YFE0127300) and the
National Undergraduate Training Program for Innovation and Entrepreneurship (2018103703).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Li, Y.S.; Wang, Z.H,; Beier, R.C.; Shen, ].Z.; De Smet, D.; De Saeger, S.; Zhang, S.X. T-2 toxin, a trichothecene
mycotoxin: Review of toxicity, metabolism, and analytical methods. J. Agric. Food Chem. 2011, 59, 3441-3453.
[CrossRef] [PubMed]

Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Global mycotoxin occurrence in feed: A ten-year survey.
Toxins 2019, 11, 375. [CrossRef] [PubMed]

Wang, Y.; Liu, S.L.; Zheng, H.; He, C.H.; Zhang, H.B. T-2 toxin, zearalenone and fumonisin B-1 in feedstuffs
from China. Food Addit. Contam. Part B-Surveill. 2013, 6, 116-122. [CrossRef] [PubMed]

Milanez, T.V.; Valente-Soares, L.M.; Baptista, G.G. Occurrence of trichothecene mycotoxins in Brazilian
corn-based food products. Food Control 2006, 17, 293-298. [CrossRef]

Omurtag, G.Z.; Yazicioglu, D. Occurrence of T-2 toxin in processed cereals and pulses in Turkey determined
by HPLC and TLC. Food Addit. Contam. 2001, 18, 844-849. [CrossRef] [PubMed]

Fairhurst, S.; Marrs, T.C.; Parker, H.C.; Scawin, ].W.; Swanston, D.W. Acute toxicity of T2 toxin in rats, mice,
guinea pigs, and pigeons. Toxicology 1987, 43, 31-49. [CrossRef]

Rousseaux, C.G.; Nicholson, S.; Schiefer, H.B. Fatal placental hemorrhage in pregnant CD-1 mice following
one oral dose of T-2 toxin. Can. |. Comp. Med. 1985, 49, 95-98.

Ahmadi, A.; Poursasan, N.; Amani, J.; Salimian, ]J. Adverse effect of T-2 toxin and the protective role of
selenium and vitamin E on peripheral blood B lymphocytes. Iran. ]. Immunol. 2015, 12, 64-69.

Yang, L.; Zhao, G.H.; Wang, X.; Wang, Y.T.; Lin, X.L.; Yu, EE; Goldring, M.B.; Guo, X.; Lammi, M.]. Cellular
responses to T-2 toxin and/or deoxynivalenol that induce cartilage damage are not specific to chondrocytes.
Sci. Rep. 2017, 7, 2231.

Yang, L.; Zhang, J.P,; Zhao, G.H.; Wu, C.Y,; Ning, Y.J.; Wang, X.; Lammi, M.].; Guo, X. Gene expression profiles
and molecular mechanism of cultured human chondrocytes” exposure to T-2 toxin and deoxynivalenol.
Toxicon 2017, 140, 38—44. [CrossRef]

Guo, P; Liu, AM.; Huang, D.Y.; Wu, Q.H.; Fatima, Z.; Tao, Y.E; Cheng, G.Y.; Wang, X.; Yuan, Z.H. Brain
damage and neurological symptoms induced by T-2 toxin in rat brain. Toxicol. Lett. 2018, 286, 96-107.
[CrossRef] [PubMed]

Escriva, L.; Font, G.; Manyes, L. In vivo toxicity studies of fusarium mycotoxins in the last decade: A review.
Food Chem. Toxicol. 2015, 78, 185-206. [CrossRef] [PubMed]

Zhou, Y.; Wang, H.; Wang, C.; Qiu, X.F,; Benson, M.; Yin, X.Q.; Xiang, Z.; Li, D.M.; Han, X.D. Roles of miRNAs
in microcystin-LR-induced Sertoli cell toxicity. Toxicol. Appl. Pharmacol. 2015, 287, 1-8. [CrossRef] [PubMed]
Eze, U.A.; Huntriss, J.; Routledge, M.N.; Gong, Y.Y. Toxicological effects of regulated mycotoxins and
persistent organochloride pesticides: In vitro cytotoxic assessment of single and defined mixtures on MA-10
murine Leydig cell line. Toxicol. In Vitro 2018, 48, 93-103. [CrossRef]

Cortinovis, C.; Pizzo, E; Spicer, L.J.; Caloni, F. Fusarium mycotoxins: Effects on reproductive function in
domestic animals—A review. Theriogenology 2013, 80, 557-564. [CrossRef]

Yang, X.; Zhang, X.L.; Zhang, J.; Ji, Q.; Huang, W.Y,; Zhang, X.Y.; Li, Y.F. Spermatogenesis disorder caused
by T-2 toxin is associated with germ cell apoptosis mediated by oxidative stress. Environ. Pollut. 2019, 251,
372-379. [CrossRef]

Yang, X.; Zhang, X.; Yao, Q.; Song, M.; Han, Y.; Shao, B.; Li, Y. T-2 toxin impairs male fertility by disrupting
hypothalamic-pituitary-testis axis and declining testicular function in mice. Chemosphere 2019, 234, 909-916.
[CrossRef]

Dimitriadis, F.; Tsiampali, C.; Chaliasos, N.; Tsounapi, P.; Takenaka, A.; Sofikitis, N. The Sertoli cell as the
orchestra conductor of spermatogenesis: Spermatogenic cells dance to the tune of testosterone. Horm.-Int. J.
Endocrinol. Metab. 2015, 14, 479-503. [CrossRef]


http://dx.doi.org/10.1021/jf200767q
http://www.ncbi.nlm.nih.gov/pubmed/21417259
http://dx.doi.org/10.3390/toxins11070375
http://www.ncbi.nlm.nih.gov/pubmed/31252650
http://dx.doi.org/10.1080/19393210.2013.764506
http://www.ncbi.nlm.nih.gov/pubmed/24779876
http://dx.doi.org/10.1016/j.foodcont.2004.11.002
http://dx.doi.org/10.1080/02652030110046901
http://www.ncbi.nlm.nih.gov/pubmed/11552752
http://dx.doi.org/10.1016/0300-483X(87)90072-2
http://dx.doi.org/10.1016/j.toxicon.2017.06.014
http://dx.doi.org/10.1016/j.toxlet.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29413859
http://dx.doi.org/10.1016/j.fct.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25680507
http://dx.doi.org/10.1016/j.taap.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/25986756
http://dx.doi.org/10.1016/j.tiv.2017.12.019
http://dx.doi.org/10.1016/j.theriogenology.2013.06.018
http://dx.doi.org/10.1016/j.envpol.2019.05.023
http://dx.doi.org/10.1016/j.chemosphere.2019.06.145
http://dx.doi.org/10.14310/horm.2002.1633

Animals 2020, 10, 74 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chainy, G.B.N.; Samantaray, S.; Samanta, L. Testosterone-induced changes in testicular antioxidant system.
Andrologia 1997, 29, 343-349. [CrossRef]

Mathur, PP,; D'Crugz, S.C. The effect of environmental contaminants on testicular function. Asian J. Androl.
2011, 13, 585-591. [CrossRef]

Zang, F,; Diao, Q.Y. The nutritional regulation of gestation to maternal and offspring health. Chin. J. Anim.
Sci. 2016, 108-113.

Yiannikouris, A.; Jouany, ].P. Mycotoxins in feeds and their fate in animals: A review. Anim. Res. 2002, 51,
81-99. [CrossRef]

Doi, K.; Ishigami, N.; Sehata, S. T-2 toxin-induced toxicity in pregnant mice and rats. Int. J. Mol. Sci. 2008, 9,
2146-2158. [CrossRef] [PubMed]

Ishigami, N.; Shinozuka, J.; Katayama, K.; Nakayama, H.; Doi, K. Apoptosis in mouse fetuses from dams
exposed to T-2 toxin at different days of gestation. Exp. Toxicol. Pathol. 2001, 52, 493-501. [CrossRef]

Ueno, Y. Toxicological features of T-2 toxin and related trichothecenes. Toxicol. Sci. 1984, 4, 124-132.
[CrossRef]

Schuhmacher-Wolz, U.; Heine, K.; Schneider, K. Report on toxicity data on trichothecene mycotoxins HT-2
and T-2 toxins. EFSA Supporting Publ. 2010, 7, 65E. [CrossRef]

Khezri, A.; Lindeman, B.; Krogenas, A.K.; Berntsen, H.F,; Zimmer, K.E.; Ropstad, E. Maternal exposure to a
mixture of persistent organic pollutants (POPs) affects testis histology, epididymal sperm count and induces
sperm DNA fragmentation in mice. Toxicol. Appl. Pharmacol. 2017, 329, 301-308. [CrossRef]

Montoto, L.G.; Arregui, L.; Sanchez, N.M.; Gomendio, M.; Roldan, E.R.S. Postnatal testicular development in
mouse species with different levels of sperm competition. Reproduction 2012, 143, 333-346. [CrossRef]
Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(T)(-Delta Delta C) method. Methods 2001, 25, 402—408. [CrossRef]

Chaudhari, M.; Jayaraj, R.; Santhosh, S.R.; Rao, P.V.L. Oxidative damage and gene expression profile of
antioxidant enzymes after T-2 toxin exposure in mice. J. Biochem. Mol. Toxicol. 2009, 23, 212-221. [CrossRef]
Turner, T.T.; Lysiak, J.J. Oxidative stress: A common factor in testicular dysfunction. J. Androl. 2008, 29,
488-498. [CrossRef]

Kasai, H. Analysis of a form of oxidative DNA damage, 8-hydroxy-2’-deoxyguanosine, as a marker of
cellular oxidative stress during carcinogenesis. Mutat. Res.-Rev. Mutat. Res. 1997, 387, 147-163. [CrossRef]
Boiteux, S.; Radicella, J.P. The human OGGI1 gene: Structure, functions, and its implication in the process of
carcinogenesis. Arch. Biochem. Biophys. 2000, 377, 1-8. [CrossRef]

Huang, D.Y,; Cui, L.Q.; Liu, X.L.; Guo, P; Lu, Q.R.,; Wang, X.; Yuan, Z.H. Protective mechanisms involving
enhanced mitochondrial functions and mitophagy against T-2 toxin-induced toxicities in GH3 cells. Toxicol.
Lett. 2018, 295, 41-53.

Liu, H.Z.; Wang, W.; Xia, Y.; Wang, Z.L.; Yang, H.].; Xue, S.H.; Chen, ].H. Oxidative damage induced by T-2
toxin toxication in articular cartilage of rats under selenium deficiency. Chin. J. Endemiol. 2016, 35, 189-194.
Wang, X.Z.; Sun, Y.; Wu, ].Y.; Luo, Y,; Jia, S.Z.; Hu, H.J.; Zhang, ].H. Changes of the ability of testosterone
synthesis in mouse testis of different periods. Chin. ]. Agric. Biotechnol. 2007, 207-221.

Habert, R.; Lejeune, H.; Saez, .M. Origin, differentiation and regulation of fetal and adult Leydig cells. Mol.
Cell. Endocrinol. 2001, 179, 47-74. [CrossRef]

Yang, J.Y.; Zhang, Y.F; Bai, X.F; Fu, Z.P; Xin, SSW,; Yan, B. Effects of T-2 toxin on mRNAs expression of
related functional genes in primarily cultured mouse Leydig cells. J. Environ. Health 2014, 31, 477-480.
Fenske, M.; Finkgremmels, ]. Effects of fungal metabolites on testosterone secretion in vitro. Arch. Toxicol.
1990, 64, 72-75. [CrossRef]

Yang, ].Y,; Zhang, Y.F; Jing, AH.; Ma, KW,; Gong, Q.; Qin, C.L. Effects of T-2 toxin on testosterone
biosynthesis in mouse Leydig cells. Toxicol. Ind. Health 2014, 30, 873-877. [CrossRef]

Hikim, A.PS.; Lue, Y.H.; Yamamoto, C.M.; Vera, Y.; Rodriguez, S.; Yen, PH.; Soeng, K.; Wang, C.; Swerdloff, R.S.
Key apoptotic pathways for heat-induced programmed germ cell death in the testis. Endocrinology 2003, 144,
3167-3175. [CrossRef] [PubMed]

Richburg, ].H.; Nanez, A.; Gao, H. Participation of the Fas-signaling system in the initiation of germ cell
apoptosis in young rat testes after exposure to mono-(2-ethylhexyl) phthalate. Toxicol. Appl. Pharmacol. 1999,
160, 271-278. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1439-0272.1997.tb00328.x
http://dx.doi.org/10.1038/aja.2011.40
http://dx.doi.org/10.1051/animres:2002012
http://dx.doi.org/10.3390/ijms9112146
http://www.ncbi.nlm.nih.gov/pubmed/19330064
http://dx.doi.org/10.1016/S0940-2993(01)80004-X
http://dx.doi.org/10.1093/toxsci/4.2part2.124
http://dx.doi.org/10.2903/sp.efsa.2010.EN-65
http://dx.doi.org/10.1016/j.taap.2017.06.019
http://dx.doi.org/10.1530/REP-11-0245
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1002/jbt.20282
http://dx.doi.org/10.2164/jandrol.108.005132
http://dx.doi.org/10.1016/S1383-5742(97)00035-5
http://dx.doi.org/10.1006/abbi.2000.1773
http://dx.doi.org/10.1016/S0303-7207(01)00461-0
http://dx.doi.org/10.1007/BF01973380
http://dx.doi.org/10.1177/0748233712464810
http://dx.doi.org/10.1210/en.2003-0175
http://www.ncbi.nlm.nih.gov/pubmed/12810573
http://dx.doi.org/10.1006/taap.1999.8786
http://www.ncbi.nlm.nih.gov/pubmed/10544061

Animals 2020, 10, 74 13 of 13

43.

44.

45.

46.

47.

48.

49.

50.

Li, G.Y,; Xie, P; Li, HY,; Hao, L.; Xiong, Q.A.; Qiu, T. Involment of p53, Bax, and Bcl-2 pathway in
microcystins-induced apoptosis in rat testis. Environ. Toxicol. 2011, 26, 111-117. [CrossRef] [PubMed]
Urbanek-Olejnik, K.; Liszewska, M.; Winczura, A.; Kostka, G. Changes of c-Myc and DNMT1 mRNA and
protein levels in the rat livers induced by dibutyl phthalate treatment. Toxicol. Ind. Health 2016, 32, 801-808.
[CrossRef]

Kim, J.M.; Ghosh, S.R.; Weil, A.C.P; Zirkin, B.R. Caspase-3 and caspase-activated deoxyribonuclease
are associated with testicular germ cell apoptosis resulting from reduced intratesticular testosterone.
Endocrinology 2001, 142, 3809-3816. [CrossRef] [PubMed]

Furuchi, T.; Masuko, K.; Nishimune, Y.; Obinata, M.; Matsui, Y. Inhibition of testicular germ cell apoptosis
and differentiation in mice misexpressing Bcl-2 in spermatogonia. Development 1996, 122, 1703-1709.
Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99-104.
[CrossRef]

Moreno, R.D.; Lizama, C.; Urzua, N.; Vergara, S.P; Reyes, ].G. Caspase activation throughout the first wave
of spermatogenesis in the rat. Cell Tissue Res. 2006, 325, 533-540. [CrossRef]

Song, X.D.; Liu, H; Li, Q.Y.; Sun, R.J. The relationship between caspase-3 and spermatogenic cell apoptosis.
Mod. Prev. Med. 2007, 2, 223-224.

Rodriguez, I.; Ody, C.; Araki, K.; Garcia, I.; Vassalli, P. An early and massive wave of germinal cell apoptosis
is required for the development of functional spermatogenesis. EMBO J. 1997, 16, 2262-2270. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/tox.20532
http://www.ncbi.nlm.nih.gov/pubmed/19760617
http://dx.doi.org/10.1177/0748233713512363
http://dx.doi.org/10.1210/endo.142.9.8375
http://www.ncbi.nlm.nih.gov/pubmed/11517157
http://dx.doi.org/10.1038/sj.cdd.4400476
http://dx.doi.org/10.1007/s00441-006-0186-4
http://dx.doi.org/10.1093/emboj/16.9.2262
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Experimental Animals and Ethical Approval 
	Experimental Design 
	Sampling 
	The Measurement of Body Weight and Relative Testicular Weight 
	The Histopathological Examination and Measurement of Seminiferous Tubules Components 
	The Measurement of Testosterone in Testes 
	The Measurement of Antioxidant Indicators and DNA Damage in Testes 
	The RT-PCR Analysis of Genes Related to Testosterone Synthesis and Apoptosis 
	Statistical Analysis 

	Results 
	Effects of Maternal Exposure to T-2 Toxin on the Body Weight and Testicular Weight of Offspring 
	Effects of Maternal Exposure to T-2 Toxin on the Testicular Histology of Offspring 
	Effects of Maternal Exposure to T-2 Toxin on Antioxidant Indicators in the Testes of Offspring 
	Effects of Maternal Exposure to T-2 Toxin on Testosterone Synthesis in the Testes of Offspring 
	Effects of Maternal Exposure of T-2 Toxin on the Expression of Apoptosis-Related Genes in the Testes of Offspring 

	Discussion 
	Maternal Exposure to T-2 Toxin Induced Decreases in Body Weight and Testicular Weight 
	Maternal Exposure to T-2 Toxin Induced Oxidative Stress in the Testes of Offspring During Pre-Puberty 
	Maternal Exposure of T-2 Toxin Inhibited Testosterone Synthesis in the Testes of Offspring during Pre-Puberty 
	Maternal Exposure to T-2 Toxin May Disturb Apoptosis in the Testes of Offspring during Pre-Puberty 

	Conclusions 
	References

