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Abstract

Background: Neurogenesis in the neonatal period involves the proliferation and differentiation of neuronal stem/progenitor
cells and the establishment of synaptic connections. This process plays a critical role in determining the normal development
and maturation of the brain throughout life. Exposure to certain physical or chemical factors during the perinatal period can
lead to many neuropathological defects that cause high cognitive dysfunction and are accompanied by abnormal hippocampal
neurogenesis and plasticity. As an endocrine disruptor, gossypol is generally known to exert detrimental effects in animals
exposed under experimental conditions. However, it is unclear whether gossypol affects neurogenesis in the hippocampal
dentate gyrus during early developmental stages.

Methods: Pregnant Institute of Cancer Research mice were treated with gossypol at a daily dose of 0, 20, and 50 mg/kg
body weight from embryonic day 6.5 to postnatal day (P) 21. The changes of hippocampal neurogenesis as well as potential
mechanisms were investigated by 5-bromo-2-deoxyuridine labeling, behavioral tests, immunofluorescence, quantitative
reverse transcription-polymerase chain reaction, and western-blot analyses.

Results: At P8, maternal gossypol exposure impaired neural stem cell proliferation in the dentate gyrus and decreased the
number of newborn cells as a result of reduced proliferation of BLBP* radial glial cells and Tbr2* intermediate progenitor cells.
At P21, the numbers of NeuN* neurons and parvalbumin* y-aminobutyric acid-ergic interneurons were increased following
50 mg/kg gossypol exposure. In addition, gossypol induced hippocampal neuroinflammation, which may contribute to
behavioral abnormalities and cognitive deficits and decrease synaptic plasticity.

Conclusions: Our findings suggest that developmental gossypol exposure affects hippocampal neurogenesis by targeting the
proliferation and differentiation of neuronal stem/progenitor cells, cognitive functions, and neuroinflammation. The present
data provide novel insights into the neurotoxic effects of gossypol on offspring.
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Significance Statement

As an endocrine disruptor, gossypol is generally known to exert detrimental effects in animals and humans. However, the mech-
anisms underlying the neurotoxic effects of gossypol on the central nervous system are still largely unknown. Thus, a greater
understanding of the neurotoxicity of gossypol on hippocampal development is required, as it could lead to neuropathological
defects and because hippocampal neurogenesis is essential for regulating the normal development and maturation of the brain
throughout life. In this study, we explored the effects of gossypol exposure on hippocampal neurogenesis as well as related pos-
sible mechanisms. Our results showed that developmental gossypol exposure affects hippocampal neurogenesis by targeting
the proliferation and differentiation of neuronal stem/progenitor cells, cognitive functions, along with neuroinflammation. This
finding allowed us to answer the important question of whether gossypol affects early postnatal hippocampal neurogenesis,
which provides novel insights into understanding the gossypol neurotoxicity on offspring.

Introduction

The hippocampus is a component of the limbic system of the
brain and is generally accepted as an important center con-
trolling behavioral and cognitive functions. As part of the
hippocampus, the dentate gyrus (DG) is a primary site of neuro-
genesis during embryonic development, a process that con-
tinues postnatally and throughout adulthood (Green and Nolan,
2014; Scharfman, 2016). Importantly, it has been reported that
neurogenesis in the DG is related to the behavioral perform-
ance of animals and is conducive to hippocampus-dependent
learning and memory (Kempermann et al., 1997; van Praag et al.,
1999).

In the developing brain, hippocampal neurogenesis in the
DG consists of multistep processes involved in the proliferation
and asymmetric division of neural stem cells (NSCs) to give rise
to neural progenitor cells (NPCs) that differentiate into neurons,
astrocytes, and oligodendrocytes. Following migration and loss
of cells via programmed cell death, NPCs then become fully
functional neurons that are finally integrated into the neural
networks and brain circuitry (Green and Nolan, 2014; Abbott and
Nigussie, 2020). NSCs migrate toward the hilus in the DG and
form the subgranular zone (SGZ) located in the hippocampus
along the granule cell layer (GCL) where it abuts the hilus (Bond
et al., 2015). Radial glial cells (RGCs) are NSCs during embryonic
development and are still abundant in the first postnatal week.
RGCs in the SGZ give rise to intermediate progenitor cells (IPCs)
and become migrating neuroblasts, which migrate and settle
in the GCL and differentiate into fully functional granule cells
(GCs) around postnatal day (P) 21 (Seri et al., 2001; Hochgerner
et al.,, 2018). Over recent years, strong evidence has demon-
strated that neurogenesis can be altered adversely by many
conditions, including stress, physical or chemical factors, and
toxins (Anacker et al., 2018). The influences are associated with
modifications of the formation of DG structure and brain plas-
ticity, such as an impaired neurogenesis and a reduced number
of GCs in the DG of the hippocampus, which are manifested as
impaired behavioral functions.

Gossypol is a yellow natural toxic polyphenol compound
extracted from the roots, stem, and seeds of cotton. Gossypol
could enter the human body through the food chain with the
consumption of agricultural by-products such as cottonseed
oil, milk, and meat from the affected animals. The pathological
signs of gossypol toxicity include reduced growth rate, anor-
exia, liver damage, lymphocyte cytotoxicity leading to immuno-
deficiency, decreased reproduction capacity, and neurological
disorders (Fombad and Bryant, 2004; Fonseca et al., 2013). The
most widely studied effect of gossypol is the toxicity of male
reproduction mediated by inhibition of spermatogenesis and
testicular steroidogenesis, mitochondrial DNA damage, and

germinal epithelium injury (Donaldson et al., 1985; Pearce et al.,
1986; Gadelha et al., 2014). The negative effects of gossypol on
female fertility, which have also been described, are associated
with interference with the estrous cycle, affecting follicular
maturation, and disturbance of early embryonic development
(Gadelha et al., 2014; Luz et al., 2018). Gossypol also exerts im-
munosuppressive effects by inhibition of lymphocyte prolif-
eration and induction of cell apoptosis, resulting in increased
incidence of some infectious diseases (Xu et al., 2009; Gadelha
et al.,, 2014). Moreover, previous studies showed that gossypol
caused hippocampal hemorrhage, membrane permeability al-
teration, and microtubule assembly interference, which may
result in the formation of obvious neurofibrillary tangles in ro-
dents (Sharma et al., 1966; Semon, 2012). However, the mech-
anisms underlying the neurotoxic effects of gossypol on the
central nervous system (CNS) are still largely unknown. Our re-
cent study found that prenatal exposure to gossypol disrupted
neurogenesis in the developing neocortex, suggesting the poten-
tially harmful impact of gossypol on the cerebral cortex devel-
opment of humans and livestock (Zhu et al., 2020). Hippocampal
neurogenesis is active during developmental stage, and devel-
opmental exposure to chemicals risks strong impacts on neuro-
genesis (Ogawa et al., 2012). Thus, a greater understanding of
the neurotoxicity of gossypol on hippocampal development is
required, as it could lead to neurological disorders and because
hippocampal neurogenesis is essential for regulating the normal
development and maturation of the brain throughout life.

The purpose of the present study was to investigate the
neurotoxicity of gossypol in hippocampal neurogenesis. In this
study, we found that DG neurogenesis was impaired by gossypol
exposure, with impaired proliferation of RGCs and IPCs, de-
creased newborn cells in DG, and inhibited maturation of NSCs.
Following exposure to gossypol, microglial modulation in the
hippocampus, behavioral abnormalities, learning and memory
impairment, and decreased expressions of synapse-associated
proteins were also observed. This study could provide a refer-
ence for the connection of gossypol with neurogenesis in the
early DG development.

Materials and Methods

Reagents and Chemicals

Gossypol (Sigma-Aldrich, St. Louis, MO) was originally dissolved
in dimethyl sulfoxide (DMSO; Sigma-Aldrich). This solution was
further diluted in 0.9% saline and stored at —20°C. Storing solu-
tions (10 mg/mL) were dissolved in DMSO (500 pL) and 0.9% sa-
line (49.5 mL). The working gossypol solutions of experimental



groups (2.0 and 5.0 mg/mL) were prepared from the storing so-
lutions. To eliminate the possible effects of DMSO, control group
(0 mg/mL) were also added DMSO (10 pL). To ensure freshness,
the working gossypol solutions (0, 2.0, and 5.0 mg/mL) were
prepared daily. 4’, 6’-Diamidino-2-phenylindole was purchased
from Invitrogen (Carlsbad, CA, USA), and propidium iodide
(PI) and 5-bromo-2’-deoxyuridine (BrdU) were purchased from
Sigma-Aldrich. Other reagents used in the present study are in-
dicated below.

Ethics Statement and Animals

The use of mice in this experiment was approved by the
Animal Care Commission of the College of Veterinary Medicine,
Northwest A&F University, China (certificate no. SCXK [SHAAN]
2017-003). All experimental procedures involving animal care
and handling were conducted according to the Guidelines for
Care and Experimental Use of Laboratory Animals of Northwest
A&F University and the ARRIVE guidelines (https:/www.
nc3rs.org.uk/arrive-guidelines). Also, this study was not pre-
registered, and all experiments were performed between 8:00
AM to 10:00 pMm.

Institute of Cancer Research mice (aged 3 months) were
obtained from Xi’an Jiaotong University and adaptively bred in
a laboratory environment for 7 days. Animals were maintained
under a 12-hour-light/-dark schedule from 8:00 aM to 10:00 PM™ at
22°C-26°C with access to food and water ad libitum. Male mice
were mated with 2 female mice, and the time of vaginal plug ap-
pearance in the female mice was classified as embryonic day (E)
0.5. To avoid interference between mice, each dam was housed
individually following pregnancy classification.

Experimental Design

Pregnant animals were randomly and blindly assigned to 3 dif-
ferent groups (n=5 per group), and gossypol was administered
daily at 20 and 50 mg per kg body weight daily via the oral route
at 9:00 aM from E6.5; the control group received 0.9% saline. The
doses used in the present study were determined according
to previous studies (Hahn et al., 1981; Li et al., 1989; Zhu et al.,
2020). Up to 10 newborn pups from each mother who had more
than 10 pups were culled at P3. In the experiment, offspring
from litters containing 6 to 10 pups with similar numbers of
males and females were used. In each group, 1 pup per litter was
randomly selected for immunofluorescence, western-blot, and
quantitative reverse transcription-polymerase chain reaction
(RT-PCR) analyses, and 10 offspring from 5 dams in each group
were subjected to behavioral tests. At P8 and P21, the offspring
were killed by an overdose of ether anesthetic to minimize suf-
fering, subjected to autopsy, and the brain removed (Figure 1a).
There were no predetermined exclusion criteria (no exclusions
were made), and this study was exploratory in nature.

Behavioral Tests

Elevated Plus Maze Tests

The elevated plus maze (EPM) measures exploration ability and
anxiety levels using the conflict state formed by the animal’s ex-
ploration of new and different environments and the fear of an
elevated field (Hei et al., 2019). The apparatus consists of 2 open
arms (50 x 10 cm), crossed by 2 closed arms (50 x 10x40 cm), and
a central region (10x10 cm). The apparatus was placed 70 cm
above the ground. At P21, the mice were placed in the open box
for 5 minutes to prevent hiding in the closed arm and then were
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placed in the central area facing the open arms. The mice were
then allowed to freely explore the maze for 5 minutes. After the
mice were put in the apparatus, the time and the times and
distance traveled in open arms were measured using the ANY-
maze video tracking/computer-digitizing system. The apparatus
was wiped with ethanol after each trial to eliminate the interfer-
ence by the residual odor. The whole experiment was performed
under dim red light indirectly (2x60 W) to illuminate the EPM
apparatus, and all the arms were similarly illuminated without
shadows, as previously described (Holmes et al., 1999).

Morris Water Maze Tests

Morris water maze (MWM) tests were carried out to examine
learning and memory impairment. Briefly, at P21, the mice
underwent training and learning for 5 consecutive days, with 4
trials per day from 4 quadrants. The mice were allowed to find
a hidden platform (10-cm diameter) located 1.0 cm below the
water surface in a circular pool (120-cm diameter, 45-cm height)
filled with water (23°C-25°C) rendered opaque with nontoxic
black-paint. Escape latency (the time that the mice found and
climbed onto the platform) was recorded for each training ses-
sion lasting for up to 60 seconds. If a mouse did not find the
platform in the allotted time, it was guided to the platform for
15 seconds. On day 6, the platform was removed from the pool,
and each mouse was allowed to explore from the starting point
opposite the platform for 60 seconds. Times of crossing the plat-
form, distance and time traveled in the target quadrant, the
distance and time traveled in the position of the platform, and
the total distance and average velocity were recorded using the
ANY-maze system. After each trial, each mouse was dried with
a towel and placed in a cage under a heat lamp for 2 minutes
until dry before returning to its regular cage. During the experi-
ment, dim red light indirectly (2x60 W) was used to illuminate
the MWM apparatus, and the surface of circular pool was simi-
larly illuminated without reflecting the light.

BrdU Labeling

BrdU has been described as a principal marker of neurogenesis
and mitotic labeling through its incorporation into the DNA of
dividing cells during S-phase (Kee et al., 2002). BrdU was dis-
solved in 0.9% saline, and each pup was injected i.p. with a dose
of 50 mg/kg body weight. To assess the effects of gossypol on
NPC proliferation in the DG, the P8 pups in each group were
treated with BrdU 2 hours prior to tissue harvesting. Pups were
deeply anesthetized with 0.56% sodium pentobarbital at the dif-
ferent stages indicated and subjected to successive cardiac per-
fusion with 0.9% saline and 4% paraformaldehyde (pH 7.4). The
brains were harvested and post-fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer (PB; pH 7.4) at 4°C.

Immunofluorescence Analysis

Coronal sections (thickness 60 um) were prepared from the fixed
brain tissues of the offspring using a vibratome (VT 10008S, Leica,
Germany). Immunofluorescence analysis was carried out as de-
scribed previously (Zhu et al., 2020). For immunofluorescent de-
tection of BrdU, brain sections were denatured for 30 minutes in
2 M HCl at 37°C, rinsed 3 times (8 minutes per wash) in 0.1 M PB,
followed by a 30-minute wash in 0.1 M borate buffer (pH 8.5), and
then rinsed with 0.1 M PB before incubation with the primary
detection antibodies.

The following primary detection antibodies were used in
this study: rat anti-BrdU (1:500, Millipore, Temecula, CA); rabbit
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Figure 1. Effects of gossypol exposure on the body weight of dams, and the body weight and brain weight of their offspring. (a) Timeline of the experiment. Two groups
received 20 or 50 mg/kg body weight/d of gossypol from embryonic day (E) 6.5 to the time of sample harvest. The control group received the vehicle (0.9% NaCl). (b) Body
weights of dams from E6.5 to postnatal day (P) 21. (c), Body weights of offspring at P8. (d) Brain weights of offspring at P8. (e) The ratio of brain weight to body weight
of offspring at P8. (f) Body weights of offspring at P21. (g) Brain weights of offspring at P21. (h) The ratio of brain weight to body weight of offspring at P21. (b-h), n=5
per group. Differences in body weights of offspring were found between the gossypol exposure and control group. Data represent the mean + SEM. *P<.05 and *P<.01

compared with the controls.

anti-Prox1 (1:500,Abcam, Cambridge, UK); rabbit anti-Tbr2 (1:500,
Invitrogen); rabbit anti-BLBP (1:500, Millipore); mouse anti-NeuN
(1:500, Millipore); rabbit anti-Reelin (1:500, Invitrogen); rabbit
anti-parvalbumin (PV; 1:500, Invitrogen); rabbit anti-GAD (1:500,
Invitrogen); and rabbit anti-Ibal (1:500, Abcam). The secondary
detection antibodies were as follows: Alexa Fluor 488 goat anti-
mouse IgG (1:500, Abcam); Alexa Fluor 488 donkey anti-rabbit
IgG (1:500, Invitrogen); Alexa Fluor 568 donkey anti-rabbit IgG
(1:500, Cell Signaling Technology, Boston, MA); Alexa Fluor 647
goat anti-rat IgG (1:500, Chemicon, Niirnberg, Germany); and
Alexa Fluor 647 donkey anti-rabbit IgG (1:500, Invitrogen).

Imaging Acquired and Cell Counting

Immunofluorescence images were captured using a structured
illumination microscope (Zeiss Axio Observer Z1). An observer
who was blinded to the group assignment was responsible for
counting the number of positive cells. Cell counts were per-
formed on 5 mice in each group using Zeiss Axio Observer Z1

software as well. Two slices in each offspring were acquired and
10 images were analyzed in each group.

Western-Blot Analysis

At P21, the hippocampus of mice was isolated and stored at -80°C.
Western-blot analysis was carried out as described previously (Li
et al,, 2018; Hei et al., 2019). In brief, the hippocampus was hom-
ogenized in ice-cold RIPA buffer (Solarbio, Beijing, China) con-
taining 1 mM phenylmethanesulfonyl fluoride (Solarbio) and a
PhosSTOP EASYpack (Roche, Basle, Switzerland). Equal amounts
of proteins (20 pg) were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene difluoride (0.45-um) membranes (IPVH00010,
Millipore). After blocking with 5% non-fat milk, membranes were
incubated overnight at 4°C with specific primary detection anti-
bodies against Ibal, spinophilin, postsynaptic density (PSD95),
synaptophysin (1:500, Millipore), toll-like receptor 4 (TLR4) and
GAPDH (1:1,000, Abcam), nuclear transcription factor-kappa B



(NF-xB), p38, phospho-p38, and f-actin (1:1000, Cell Signaling
Technology, Danvers, MA). After rinsing, membranes were in-
cubated for 2 hours at room temperature with horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody or goat
anti-mouse I1gG antibody (1:5,000, Cell Signaling Technology).
The protein bands were visualized using an enhanced chemilu-
minescence detection kit (CW0048M, Cowin) and imaged using
the GelDoc XR Gel Documentation System (BioRad). Intensities
of the bands were measured and quantified by Image] analysis
software.

Quantitative RT-PCR Analysis

For quantitative RT-PCR analysis, hippocampus was removed
from offspring mice at P21. Isolation of total RNA, reverse
transcription, and quantitative PCR were performed as previ-
ously described (Zhu et al., 2017). Primers were designed using
Primer Express version 5.0 (Applied Biosystems, Foster City,
CA). The forward (F) and reverse (R) primers were as follows:
IL -1, F: 5-TGACGGACCCCAAAAGATGA-3’, R: 5’-TCTCCACA
GCCACAATGAGT-3’; TNFo, F: 5-AGTCCGGGCAGGTCTACTTT-3’,
R: 5’-GTCACTGTCCCAGCATCTTGT-3’; IL -1ra, F: 5’-ACTCATCC
CTGTGACTTTGG-3’, R: 5-GTGGCTCATTTGCTATCTTT-3’; BDN
F, F: 5-TTACAGGTCCAAGGTCAACG-3’, R: 5’-CTCAGGAG
GATGCCCAAA-3’; NGF, F: 5-CGACTCCAAACACTGGAACTC
A-3’, R: 5’-GCCTGCTTCTCATCTGTTGTCA-3’; mPPARy, F: 5°-GT
CTTGGATGTCCTCGATGGG-3’, R: 5-TTATGGAGCCTAAGTTTGA
GTTTGC-3’; GAPDH, F: 5-AGGTTGTCTCCTGCGACTGCA-3’, R:
5’-GTGGTCCAGGGTTTCTTACTCC-3'. The real-time quantitative
PCR was conducted using the NovoStart SYBR qPCR SuperMix
Plus (Novoprotein Scientific Inc., China) with the ABI Prism 7300
sequence detection system (Applied Biosystems). The relative
mRNA expression was determined using the 22T method
(Livak and Schmittgen, 2001).

Statistical Analysis

Sample sizes for the study were calculated using free software
at http://www. gpower.hhu.de/. The following parameters were
set: test family (T tests), statistical test (mean: difference be-
tween 2 independent means), type of power analysis (a prior:
compute required sample size-given a, power, and effect size).
Based on the experience of our team and in particular on the
results already obtained in our previous study (Zhu et al.,
2020), we calculated effect size of 1.8, power (1-ferr prob) of 0.2,
aerr prob of 0.05, and two tails were used to arrive at the calcu-
lated sample size of each group was 6. Data were expressed as
mean + SEM, and n referred to the number of animals in each
group. All statistical analysis was performed using GraphPad
Prism 7.0 (GraphPad Software Inc.). Statistical comparisons
were performed by 1-way ANOVA followed by Tukey’s multiple
comparisons tests between groups. Normality testing was not
performed for all analyses since the sample size was low (<30).
Furthermore, in the present study, no tests for outliers (no ex-
clusion of data points) were performed. A value of P<.05 was
considered statistically significant.

Results

Effects of Gossypol on the Body Weight of Dams and
Offspring

During the embryonic period from E6.5 to E17.5, the weight of
dams treated with gossypol was indistinguishable from that of
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the control mice, while we found a striking difference in body
weight at E18.5. During the postnatal period, there was no sig-
nificant difference between the control and gossypol-treated
groups (Figure 1b). For the offspring, body weights and brain
weights of offspring at P8 were significantly decreased in the
gossypol-treated group compared with those in the control
group (Figure 1c-d), while there were no significant differences
in the ratio of brain weight to body weight of the offspring among
the groups (Figure 1e). Additionally, at P21, gossypol suppressed
the body weights of offspring, especially at the dose of 50 mg/
kg gossypol (Figure 1f). There were no significant differences
in the brain weights of offspring among the groups (Figure 1g),
while the ration of the brain weight to the body weight of the
gossypol-treated group was significantly higher than that of the
control group (Figure 1h).

Gossypol Inhibited the Proliferation of NSCs in the
DG and Decreased the Newborn GCs

To study the effect of gossypol administration on NSC pro-
liferation in the DG, the P8 pups in each group were injected
with BrdU 2 hours prior to harvesting. A schematic diagram of
the DG is shown in Figure 2c. The DG can be roughly divided
into 3 layers: the hilus, the molecular layer (Mol), and the GCL
including the SGZ. The number of BrdU* cells in the DG and
GCL decreased remarkably in the gossypol-treated mice com-
pared with the controls (Figure 2a, d, e). To determine whether
the generation of neurons was affected by gossypol, we exam-
ined the expression of prospero-related homeobox 1 (Prox1),
which is widely used as a specific marker of mature GCs and
is required for survival and maturation of newborn cells in the
hippocampus (Figure 2a-b). Analysis of cell proliferation in the
DG by co-labeling with Prox1 and BrdU showed an obvious re-
duction in the ratio of BrdU* Prox1* cells to total BrdU* cells
in the hilus in the gossypol group (Figure 2f), whereas there
were no significant differences in the number of BrdU* Prox1*
double-labeled cells in the GCL among the groups (Figure 2g).
These results suggested that gossypol exposure impaired not
only NSC proliferation in the DG but also the generation of
newborn cells.

Inhibition of Proliferation of RGCs and IPCs in the
DG in Gossypol-Treated Offspring

Neurons are generated from NSCs and IPCs in the DG during
hippocampal neurogenesis in the developing brain (Chen et al.,
2015). To examine the mechanism by which gossypol treat-
ment decreased the number of newborn cells, sections were
immunofluorescently stained for brain lipid binding protein
(BLBP) and T-box transcription factor (Tbr2) to detect the pro-
liferating RGCs and IPCs, respectively (Figure 3a, b, e, f). BLBP
is a specific marker of RGCs, and IPCs are highly proliferative
and express Tbr2. Our data showed that the number of BLBP*
BrdU* double-labeled cells in the region of the GCL plus the
SGZ at P8 following gossypol treatment was remarkably lower
than that in the control mice (Figure 3c). The same result was
also observed in hilus (Figure 3d). In addition, fewer Tbr2* BrdU*
cells were observed in a pattern similar to that of BLBP* BrdU*
cells in the region of GCL plus the SGZ and in hilus at P8 in
the gossypol-treated groups compared with that in the control
offspring (Figure 3g-h). These data indicated that the decreased
generation of newborn cells in gossypol-treated animals re-
sults from a reduction in the number of proliferating BLBP* and
Tbr2+ cells.
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Figure 2. Effects of gossypol exposure on neural stem cell (NSC) proliferation in the dentate gyrus (DG) and newborn granule cells (GCs). (a) Representative images of
BrdU (green) and Prox1 (red) labeling of newly generated cells in the DG at 2 hours after BrdU injection at postnatal day (P) 8. Brain sections were counterstained with
PI (blue). (b) Higher magnification of newly generated cells (white arrows). (c) Schematic diagram of the DG. The DG could be roughly divided into 3 layers: the hilus,
the molecular layer (Mol), and the GC layer (GCL), including the subgranular zone (SGZ). (d-g) Quantification of the number of BrdU-labeled newly generated cells in
the DG (d) and GCL (e), BrdU* Prox1* cells in the hilus (f) and GCL (g). There were significant differences in the number of BrdU cells and the ratio of BrdU* Prox1* cells to
the total BrdU* cells among the 3 groups of offspring. Data represent the mean + SEM (n=10 per group, 10 sections from 5 offspring in each group). Scale bars = 100 pm.

*P<.05 and *P<.01 compared with the controls.

Gossypol Affected NeuN* Mature Neurons and
Interneuron Subpopulations in the DG

To examine whether gossypol affects the maturation of neurons,
we performed immunofluorescent staining of neuronal nuclei
(NeuN), which is an extensively used marker of mature neurons
(Figure 4a). We found that at P21, the number of NeuN* cells in
the hilus sharply increased in the gossypol-treated mice com-
pared with that in the controls (Figure 4e). Based on our de-
tection of NeuN*, we tested reelin expression in the mouse DG
during development (Figure 4b). There was no significant in-
crease in the number of reelin* cells following gossypol exposure
compared with that in the control group (Figure 4f). In addition,
v-aminobutyric acid (GABA) is a major inhibitory neurotrans-
mitter in mature neurons, and L-glutamic acid decarboxylase
(GAD) isoform GAD67 is predominantly expressed by inhibitory
GABAergic neurons. The majority of GABAergic interneurons
produce PV to regulate the migration, proliferation, and differ-
entiation of NPCs as well as neurotransmitter release between
neurons. Based on this information, we assessed the expression
of these 2 interneuron-specific immunocytochemical markers
in the hippocampus at P21 (Figure 4c-d). The number of PV*
interneurons was remarkably increased in the hippocampus of
gossypol-treated mice compared with the controls, especially at
the dose of 50.0 mg/kg gossypol (Figure 4g). However, there was
no significant difference in the number of GAD67+ interneurons

between the gossypol-treated and control mice (Figure 4h).
These results suggested that gossypol exposure inhibits the
maturation of NSCs in the hippocampal DG of mice and ultim-
ately leads to a reduction in the number of neurons.

Gossypol Modulated the Inflammatory Response in
the Hippocampus of Gossypol-Treated Offspring

The impact of inflammation on hippocampal neurogenesis
has been widely investigated. Hippocampal neurogenesis
is continuously maintained by the proliferation of NSCs lo-
cated in the SGZ of the DG (Bond et al., 2015). Microglial cells,
the resident immune cells of the CNS, are involved in sev-
eral components of the neuroinflammatory response and
play an important part in regulating hippocampal neurogen-
esis (Sierra et al., 2014). To further investigate whether the
influence of gossypol on hippocampal neurogenesis is the
result of neuroinflammation, we performed immunofluores-
cence analysis of ionized calcium binding adaptor molecule 1
(Ibal), which is a marker of microglial cells and macrophages
(Figure 5a). The density of Ibal* microglial cells in the hilus
was higher in the gossypol exposure offspring than that in
the control group (Figure 5b). In accordance with this result,
we also found higher levels of Ibal protein in gossypol-treated
mice (Figure 5c—d). Studies have shown that activated micro-
glia respond to some environmental toxins that modulate the
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neuronal microenvironment by changing the expression of
cytokines, leading to neurotoxicity (Block et al.,2007; Patterson,
2015). Our results showed a remarkable increase in the levels
of the proinflammatory cytokines IL-1f and TNF «, and IL-1ra,
which is an anti-inflammatory cytokine, in the gossypol-
treated group (Figure 5e-g). The expression of BNDF and NGF
was lower in the gossypol-treated groups (Figure 5h-i). In add-
ition, our results showed the mRNA expression of mPPARy in
hippocampus was significantly decreased in gossypol-treated
mice than in controls (Figure 5j). Given the evidence that the
TLR4, NF-kB, and mitogen-activated protein kinase signaling
pathways play crucial roles after inflammation of the CNS
(Okun et al., 2011), their protein levels were investigated
(Figure 5k). The results showed that the protein levels of TLR4
and NF-«B significantly increased following gossypol exposure
(Figure 51-m). However, there were no significant differences

in p38 (Figure 5n). These results indicated that the disruption
of hippocampal neurogenesis following gossypol treatment
is mediated by the induction of neuroinflammation and was
possibly related to mPPAR-y/TLR4/NF-xB signaling.

Gossypol Induced Anxiety-Like Behavior and
Impaired Spatial Learning and Memory in
Offspring Mice

Numerous studies have provided evidence that inflammation
can induce behavioral and cognitive changes (Cunningham
etal., 2009; Yirmiya and Goshen, 2011; Patterson, 2015). To further
investigate the effect of gossypol on hippocampal neurogenesis,
we evaluated anxiety-like behavior, learning, and memory in off-
spring through EPM and MWM tests. In EPM tests (Figure 6a), the
gossypol-treated offspring exhibited a remarkable decline in the
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controls.

total distance (Figure 6b), distance (Figure 6c), time (Figure 6d),
and times (Figure 6e) in open arms compared with the control
group. MWM tests were performed to investigate the effects of
gossypol on learning and memory in offspring (Figure 6f). We
found that the escape latency of gossypol-treated offspring was
significantly longer than that of the controls at days 4 and 5 of
the training period (Figure 6g). During the test, mice treated with
50 mg/kg gossypol exhibited a decrease in the platform crossing
times (Figure 6h). In addition, the distance and time traveled in
the target quadrant in gossypol-treated mice were shorter than
those of the controls (Figure 6i-j). Similar results were also ob-
served in the distance and time traveled in the position of the
platform, with a smaller proportion in the gossypol-treated
groups (Figure 6k-1). However, there were no significant differ-
ences in total distance and average velocity among 3 groups
(Figure 6m-n). These results indicated the reduction of the ex-
ploratory behavior, induction of the anxiety-like behavior, and
impairment of learning and memory of offspring following
gossypol exposure.

Gossypol Affected the Expression of Synaptic
Proteins in the Hippocampus

Synapses, which mediate neural information transfer, are
composed of a presynaptic element, a synaptic cleft, and
a postsynaptic element. Synaptic proteins are directly or

indirectly involved in learning and memory. Therefore, we
performed western-blot analysis of the expression of syn-
aptic proteins, and the optical density ratios of the band in-
tensities of proteins normalized to GAPDH were expressed as
fold changes in mice (Figure 7a). The expression of spinophilin,
which is highly enriched in dendritic spines, was significantly
increased in gossypol-treated mice compared with the controls
(Figure 7b). PSD95 is a typical excitatory synaptic protein in the
hippocampus. Western-blot analysis showed that the levels
of PSD95 protein in the hippocampus of the mice dosed with
gossypol at 50 mg/kg were significantly decreased at P21 com-
pared with the control mice (Figure 7c). Similarly, the expression
of synaptophysin, which is a specific marker of synaptic vesicles
in the presynaptic element, was also markedly decreased in
gossypol-treated mice (Figure 7d). These results suggested that
gossypol affected the expression of synaptic proteins in the
hippocampus.

Discussion

It is well known that the high gossypol concentration in
cottonseed and its by-products can lead to impairment of
reproductive performance, including reduced rates of preg-
nancy in livestock (Santos et al., 2003) and fertility problems
in humans (Gadelha et al., 2014). Considering the potential
of gossypol to transfer transplacentally and lactationally to
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Figure 5. Effects of gossypol exposure on microglia and inflammation-related indicators in the hippocampus at P21. (a) Representative immunofluorescence analysis
of microglia using Ibal as a marker in the hippocampus at P21. (b) Quantification of the number of Ibal* cells in the hilus. Gossypol increased the density of activated
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Gossypol increased pro-inflammatory cytokine expressions, while the expressions of mPPARyand trophic factors were decreased in mouse offspring. (k) Representative
western blots of TLR4, NF-kB, p-38, p-p-38, andp-actin and densitometric quantification of protein levels in the hippocampus at P21. Relative protein levels of TLR4 (1),

NF-kB (m), and the ratio of phosphorylation of p38 and p38 (n). Expressions of T
+ SEM. (b) n=10 per group, 10 sections from 5 offspring in each group. (d, I-n) n=
from 5 dams in each group. *P<.05 and **P<.01 compared with the controls.

offspring as well as to permeate the blood brain barrier, in-
vestigation of offspring hippocampal neurogenesis can be
helpful to understand the neurotoxicity of gossypol in the
brain. In this study, we exposed pregnant mice to gossypol
to investigate the neurotoxic effects on the development of
hippocampal DG in offspring as well as the potential mech-
anisms. Specifically, we showed that gossypol affected neur-
onal proliferation and maturation, and observed behavioral
abnormalities and cognitive deficits, all of which may be as-
sociated with neuroinflammation. These findings provide
important evidence that gossypol affects the early postnatal
hippocampal neurogenesis.

LR4 and NF-kB were increased following gossypol exposure. Data represent the mean
5 per group, 5 offspring from 5 dams in each group. (e-j) n=10 per group, 10 offspring

As a common sign of gossypol toxicity, impaired body
weight gain was observed in many studies. As reported by
our recent study (Zhu et al., 2020), the weight of the gossypol-
treated dams showed a striking decrease at E18.5. Importantly,
decreased weight gain was also observed in offspring treated
with gossypol at P8 and P21 in the current study. This finding
is in agreement with a previous study indicating that gossypol
significantly reduced fetal body weight in pregnant mice (Sein
et al., 1986). However, during the postnatal period, there was no
significant difference between the control and gossypol-treated
groups in dams. This suggests that fetuses and pregnant indi-
viduals are more sensitive to gossypol.
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Postnatal hippocampal neurogenesis is a particularly
interesting target to investigate in neurotoxicity, since it is one
of few developmental stages in which this process occurs at
high levels after birth (Kang et al., 2017). Postnatal hippocampal
neurogenesis comprises a series of consecutive developmental
events and is critically essential for brain function. This process
participates in learning and memory, and its disruption may be
connected with psychiatric disease (Kang et al., 2016; de Miranda
et al,, 2017). Importantly, NSCs reside primarily in the DG and
participate in these brain functions. We examined the influence
of gossypol exposure on NSC proliferation by quantifying BrdU*
cells in the DG after injection of BrdU. The results showed 21%
and 16% decreases in the groups treated with gossypol at 20 and
50 kg/mg, respectively, indicating that a decrease in NSC prolif-
eration in the DG is a negative effect of gossypol on neurogen-
esis. Most GCs are generated perinatally, predominantly around
P10 (Hochgerner et al., 2018). Increasing evidence suggests that
newly generated neurons are of importance in spatial learning
and memory and are involved in hippocampal functions that
are particularly dependent on the DG (Kee et al., 2007; Nakashiba
et al., 2012). Newly generated cells are affected by multiple fac-
tors and undergo certain complex processes of morphological
and functional maturation (Knowles et al., 1999). In the current
study, we found that the number of Prox1* BrdU* cells was sig-
nificantly decreased in the hilus but did not change in the GCL
following gossypol treatment, which is in agreement with our
previous study (Liu et al., 2019). Since GCs are produced from
stem cells located in the hilus during development of DG, our
study indicated that gossypol exposure is associated with a re-
duction in GC generation.

Development of the DG is a highly sophisticated process re-
quiring the coordination of multiple steps, such as cell prolif-
eration, migration, differentiation, and maturation. RGCs and
IPCs, which are located and proliferate in the hilus, play key
roles in hippocampal neurogenesis and are responsible for the
evolutional process of the brain. RGCs provide the “scaffolding”
that guides the migration of neurons, forming the layered struc-
ture of the normal hippocampus. As a type of NPC, RGCs are
the source of neurons and glial cells in the hippocampus. IPCs
are derived from asymmetric division of RGCs. The stunted de-
velopment of RGCs and IPCs has a definite effect on the for-
mation and function of the normal hippocampal structure. To
investigate the potential association of the reduction in new GCs
with the impairment of neuronal proliferation, we analyzed the

immunofluorescent staining of the cells expressing BLBP and
Tbr2. Results showed that with gossypol exposure, the number
of proliferating RCGs and INPs was reduced in both the hilus
and GCL. These data implied that gossypol caused the decreased
generation of newborn cells resulting from the proliferative cap-
acity of RGCs and INPs. Interestingly, gossypol treatment de-
creased the number of RCGs and INPs in the hilus and GCL and
decreased newborn GCs in the hilus, but not in GCL. This ob-
servation may be explained by the view that gossypol affects
the neuronal migration process, although the mechanism is
not well understood. However, it is certain that in the gossypol-
treated model, the inhibition of RGCs and IPCs resulted in
defective neurogenesis. Thus, it can be speculated that the de-
tection of RGC and IPC defects is essential for assessment of the
risks of chemical exposure in brain development in livestock
and humans.

In the developing brain, GABA can act to modulate the pro-
liferation and differentiation of NSCs to form newly generated
neurons in the DG (Kang et al., 2017). GABAergic interneurons
in the hilus of the DG innervate GC lineage populations to regu-
late neurogenesis processes in the SGZ. PV, which is expressed
in GABAergic interneurons, regulates neurogenesis in the SGZ
and is responsible for the cognitive functional capacities of the
brain (Bartos et al., 2007). Reelin, which is synthesized and se-
creted by early Cajal-Retzius cells in the marginal zone, plays
a critical role in neuronal fate and migration during the de-
velopment of the CNS, especially during morphogenesis of
the DG (Forster et al., 2010; Caruncho et al., 2016; Chai et al.,
2016; Ampuero et al., 2017; Abbott and Nigussie, 2020). GAD67
is contained within the large majority of interneurons, specif-
ically those that employ GABA as a neurotransmitter (Freund
and Buzsaki, 1996). In the present study, significantly increased
densities of PV* interneurons were observed in the DG in off-
spring following exposure to 50 mg/kg gossypol. However, there
were no fluctuations in the number of reelin and GAD67 cells.
There are 2 possible explanations for this phenomenon. On
the one hand, since gossypol decreased the number of GCs in
the present study, a compensatory mechanism might be re-
sponsible for the gossypol-induced aberration in neurogen-
esis, causing upregulation of PV in interneurons. Considering
the function of PV in the brain, gossypol may result in disrup-
tion of the cognitive function of offspring in later life. On the
other hand, GAD-positive cells in interneurons are relatively
resistant to the effects of some toxins (Kohler, 1984). The lack



430 | International Journal of Neuropsychopharmacology, 2021

of changes in reeling and GADG67 indicates that these cells
are more resistant to the toxicity of gossypol. Importantly, we
found that gossypol resulted in an increase in NeuN* at P21.
This result suggests that developmental gossypol exposure
causes impairment of hippocampal neurogenesis and neur-
onal mismigration.

The interaction between neuroinflammation and neuro-
genesis has been widely reported (Na et al., 2014; Sierra et al.,
2014). The mechanisms underlying the neurogenesis-impairing
effect of gossypol could be due to direct or indirect induction of
neuroinflammation. To further investigate the potential mech-
anism underlying the neurotoxicity of gossypol on hippocampal
neurogenesis, we performed immunofluorescence and western-
blotting analyses, which suggested that gossypol induced
microglia activation. The microglia can be neuroprotective
against detrimental effects on neurogenesis, progenitor prolif-
eration, migration, and differentiation, depending on their state
of activation (Ekdahl et al., 2009; Kohman and Rhodes, 2013). Our
results showed that gossypol inhibited progenitor proliferation.
This is consistent with the previous report that microglial cells
express an inflammatory phenotype that generally inhibits cell
proliferation (Kohman and Rhodes, 2013). This demonstrates
that hippocampal neurogenesis is regulated by microglial acti-
vation and inflammation after gossypol exposure. Importantly,
activation of the microglia can be reflected by the expression
of proinflammatory cytokines as well as trophic factors (Zhao
et al,, 2014; Minnone et al.,, 2017). Regarding the functions of
the microglia and neurons, it should be noted that activated
microglia as well as the elevated production of proinflammatory
cytokines could change normal neuronal functions and impact
neurogenesis. In the present study, activation of the microglia
was accompanied by the release of proinflammatory cytokines,
including IL-1p and TNFa, and inhibition of mPPARy and trophic
factors, including BDNF and NGF. This demonstrates that activa-
tion of the microglia and changes in the inflammatory cytokines
resulting from gossypol exposure can influence neurogenesis
and may further impact brain development, leading to devel-
opmental disorders. However, expression of the anti-inflamma-
tory cytokine IL-1ra was also increased following exposure to
gossypol. The possible reasonable explanation for this is that
a dynamic balance of pro- and anti-inflammatory cytokines
is needed when potentially toxic exposures occur, although
whether this phenomenon is actually responsible for the ob-
served changes in impairment of hippocampal neurogenesis re-
mains to be determined.

TLR4 is highly expressed on microglia after inflammation of
the CNS (Okun et al., 2011). Stimulation of TLR4 can lead to the
activation of NF-kB and mitogen-activated protein kinase and
the production of inflammatory mediators, including IL-1f and
TNFa (Lehnardt et al., 2008; Hanke et al., 2011). Our previous
study found that gossypol exposure significantly increased
the protein levels of NF-kB, suggesting that prenatal gossypol-
increased progenitor apoptotic cell death may related to NF-xB
(Zhu et al., 2020). A number of studies suggest that, under patho-
logical state, TLR4/NF-kB signaling can be activated, followed
by promoting the release of inflammatory factors. PPARy regu-
lates the alternative activation of immune cells by increasing
anti-inflammatory-related gene expression and mediates
downregulation of pro-inflammatory genes (Villapol, 2018). In
the current study, we found that gossypol increased the expres-
sions of TLR4 and NF-kB and increased the proinflammatory
cytokines in the hippocampus. To provide additional sup-
port, we detected the expression of mPPARy and found that
gossypol decreased the mRNA expression of mPPARy in the

hippocampus. Thus, our results showing increased expression
of TLR4 following gossypol exposure may be responsible for the
production of proinflammatory genes via the mPPARy/TLR4/
NF-«B signaling.

Various studies have revealed that inflammatory changes
in the hippocampus profoundly affect behavior (Lynch, 2010;
Rooney et al., 2020). Extensive studies of IL-1f have revealed
multiple effects on behavior, including modulation of explora-
tory behavior, social exploration, and learning and memory
(Goshen and Yirmiya, 2009; Lynch, 2010). McKim and colleagues
(2018) reported that the development of anxiety during stress
was caused by microglial recruitment of inflammatory mono-
cytes that upregulated IL-1f and stimulated brain endothelial
IL-1R1. Moreover, the changes of hippocampal neurogenesis
can affect behaviors related to anxiety and depression (Sah
et al.,, 2012; Hill et al., 2015; Snyder and Drew, 2020). In the pre-
sent study, we have demonstrated that gossypol affects the
early postnatal hippocampal neurogenesis. Also, we observed
that gossypol-treated mice spent less time in the open arms by
EPM tests, indicating a reduced exploratory ability in unfamiliar
environments and an increased level of anxiety-like behavior.
Generally, anxiety is accompanied by the impairment of learning
and memory. Indeed, in the MWM test, gossypol-treated off-
spring required significantly more time to find the hidden
platform, indicating impairment of learning and memory. The
above results indicate that impaired hippocampal neurogenesis
following developmental gossypol exposure is associated with
increased anxiety and impairment of learning and memory.
Furthermore, PSD95, a synaptic vesicle glycoprotein involved in
synaptic transmission, was remarkably decreased in the hippo-
campus of gossypol-treated mice. This finding is consistent with
previous studies, which demonstrated that developmental ex-
posure to toxins induced neurotoxicity by decreasing the PSD95
expression in the hippocampus (Wang et al., 2013; Zheng et al.,
2013). The similar result was also found in the expression of
synaptophysin, which is involved in the neuronal damage in
hippocampus (Zhang et al., 2014). As one of the typical synaptic
markers, spinophilin is responsible for spine growth, which may
be associated with health behaviors. Previous study showed
that spinophilin was significantly decreased in prenatal stress
mice (Dong et al.,, 2018). However, in the present study, the ex-
pression of spinophilin was increased in gossypol-treated mice.
This discrepancy could possibly attribute to a compensatory
mechanism to overcome the damage of neuronal function.
Importantly, previous studies showed that the changes of syn-
aptic proteins are responsible for the impairment of learning
and memory (Sultana et al., 2010). Thus, an exaggerated brain
inflammatory response arising from gossypol exposure is a crit-
ical factor in the changes in neurobehavioral performance ob-
served in mice offspring.

In the present study, we showed that the influence of
gossypol on hippocampal neurogenesis was related to micro-
glial activation and inflammatory cytokines response events.
However, the influence of neuroinflammation on neurogen-
esis is not mediated simply via effects on proliferation, differ-
entiation, and cell death, but also through modulation of the
cellular processes and cellular properties of the new neurons
(Kohman and Rhodes, 2013). The mechanisms by which
neuroinflammation influences hippocampal neurogenesis are
still not fully understood. Defective neurogenesis may depend
on many factors, such as gene-environmentinteractions, which
could modify hippocampal neurogenesis (Levone et al., 2015).
Therefore, further neurological studies of neuroinflammation
and neurogenesis in the presence of maternal stimulation are



required at both the biochemical and molecular levels to as-
sess the pathology of the developing brain.

In conclusion, the present study provides the first evidence,
to our knowledge, of the effects of developmental gossypol ex-
posure on hippocampal neurogenesis, apart from its function
in steroidogenesis. The results showed that developmental
gossypol exposure impaired hippocampal neurogenesis and
induced neuroinflammation in offspring. These findings
demonstrate that gossypol is potentially hazardous to fetal
neurodevelopment. This study may shed light on a previously
little-explored aspect of gossypol neurotoxicity and elucidate
the potential related mechanism.
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