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Abstract
Background: Current evidence has shown that acetochlor has adverse effects on health, which has been
widely used in agricultural production, while the evidence on the effects of fetal acetochlor exposure on
nervous system is quite limited. The fetus period is the most sensitive window period in the whole lifetime
to external stimuli. Therefore, we established a rat model fetal exposed to acetochlor.

Results: Impaired cognitive function, abnormal gut microbiome and signi�cant changes in the
hippocampus and colon could be observed in the acetochlor-exposed group. We also observed
remarkable impairment in the hippocampal cells in the histomorphology observation. Fecal microbiota
transplantion(FMT) was performed to elucidate whether the gut microbiome mediated the acetochlor-
induced abnormal behavior. Then the proteomics analysis and metabonomics analysis in the
hippocampus indicated that differential expression proteins were mainly enriched in
amino acid neurotransmitter-related pathways, long-term potentiation, and synaptic-related pathways and
differential metabolite were mainly enriched in mutiple neurotransmitter-related pathways. Then we
observed remarkable changes in the Camk2b/Erk1/2/NF-κB pathway and Prkaca/p-CREB1/BDNF
pathway in the FMT group, which may cause abnormal cognitive behaviors.

Conclusions: Our results demonstrate that fetal exposure to acetochlor could induce abnormal behaviors
in rats via disrupting the intestinal microbiome.

Background
Acetochlor, one of the amide selective preemergence herbicides, is widely used in agricultural production,
which has the advantages of wide herbicidal spectrum, low price, convenient application, and
outstanding effect[1-3]. Due to the wide use of acetochlor, surface water and soils has been
contaminated which is a increasingly serious hazard to the public[4,5]. A previous research has showed
that in the riparian soil of the Songhua River basin in China, the concerntration of acetochlamine in the
sediment could be up to 11.76 mg/kg, and the maximum could reach 709.37 mg/kg[6]. Moreover,
acetochlamine level in surface water in the midwest of the US has also reached 2.5 mg/L[7]. These
concentrations may be su�cient to have adverse effects on health who live in these environments. 

Previous studies have demonstrated that residual acetochlor and its metabolites in the environment
could be enriched in multiple organs through the food chain and drinking water contaminant, causing
health problems[8-10]. As the fetal stage is the most sensitive window period to environmental
disturbances, which could affect the development of intestinal tract. Numerous researches have
documented that disturbed gut microbiota could further in�uence the structure and function of central
nervous system, including the impairment of cognitive function[11,12]. Therefore, based on the evidence
above, we proposed a hypothesis that fetal exposed to acetochlor could damage cognitive function via
disturbing gut microbiota. This study, therefore, established a rat model of fetal acetochlor exposure to
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explore the potential effects of acetochlor on the hippocampus and elucidate the role of intestinal
microbiota in the abnormal behaviors.

Method
The complete process of this study regarding 1)Rats and acetochlor treatment; 2)Behavioral experiment;
3)DNA extraction of fecal samples and amplicon sequencing; 4)Microbiome analysis; 5)Fecal microbiota
transplant; 6)Proteomics analysis; 7)Metabonomics analysis; 8)Western blot analysis and real-time PCR
assay; 9)Immuno�uorescence; 10)Statistical analysis were provided as follows.

Rats and acetochlor treatment 

Thirty eight-week-old rats were purchased from Vital River Lab Animal Technology Co., Ltd (Peking,
China), and housed in a controlled environment room (12h:12h light/dark cycle, humidity (40%-50%) and
constant temperature (18-22℃)) with food and water ad libitum. The study design was shown in Fig.1a.
All the rats were randomly assigned to acclimate for one week and then mated. The female rats were
examined for vaginal smears in the next day and housed individually once pregnant. The pregnant rats
were then randomly divided into control group and two exposure groups(5 mg/kg and 10 mg/kg) with
�ve rats in each group. Then the acetochlor exposure was orally conducted via oil before delivery. In our
study, only male offspring were selected for further experiments. At 4-week age, the feces of offspring
rats were collected for detection and fecal microbiota transplant experiments. At 8-week age, offspring
rats were arranged for the behavioral tests. And then, they were anesthetized with phenobarbital sodium,
and collected the blood, hippocampus and other tissues which were weighed and rapidly frozen in liquid
nitrogen and stored at -80 ℃ for further researches. All the animals experiments were approved by the
Medical Ethics Committee of Harbin Medical University and were performed according to the Guide for
Care experiment. 

Behavioral experiments

Morris water maze test  

The MWM test was performed based on the previous study[33]. In the training test, the rats were placed
into the pool from four different quadrants and forced to swim four times each day for 5 days. The time
allowed for the rats to reach the terrace was set as 1.5 min. When the rats found the platform, allowed
them to stay on the platform for 10s and record the latency. The probe test was performed 24 h after the
last acquisition trial. In the probe test, the platform was removed from the sink and performed a 90 s
probe test. The number of each rats crossing the platform site in 90 s was recorded.

Shuttle box test 

The shuttle box test was conducted based on the previous study[34]. Brie�y, this test was performed on
each rats for 5 consecutive days. Each test consists of a 10 s conditioned light stimulus followed by an
unconditional stimulus of 10 s electric shock(0.5-1.0 mA) at 20 s intervals. If the rats stepped into the
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other side of the shuttle box during the conditioned stimulus, the stimuli was turned off. And then
recorded the latency of step-through.

Step-down test 

The step-down test was performed based on the previous study[34]. Brie�y, before the training session,
the rats were placed on the platform. Once stepped down on the steel bars, the rats would received foot
shocks and jumped back to the platform to avoid the shock. When they stepped down onto the bars,they
may jump back immediately because of another shock. Retention test session was carried out 24 h after
the training, the rats were placed on the platform. No footshock was given and the step-down latency was
recorded as an index of short-term memory retention.

New object recognition test 

The new object recognition test was performed based on the previous study[35]. In the �rst phase, the
rats were permitted to walk around without any objects for 10 min. In the second phase, two identical
objects(object A1 and A2) were placed in the active area of the rats for 5 min. In the third phase, the
cylindrical object(object A) was replaced by the square object(object B). The exploring duration of the
�eld was recorded as EA1 and EA2, and the exploring duration of the new object was recorded as EA and
EB. The discriminant index was calculated by the formula: EB-EA/(EA+EB). Once greater than 0.5, the
mice was considered to tend to explore new objects. 

DNA extraction of fecal samples and amplicon sequencing
Feces of all offspring rats were collected under sterile conditions at the 4th week, and then were rapidly
stored at -80 ℃ for further study. Total DNA in feces was  separated utilizing a QIAamp Fast DNA Stool
Mini Kit(Qiagen, Germany). The PCR-ampli�ed amplicon of the V3 and V4 hypervariable regions of the
16S rRNA gene was performed, and then were normalized by concentration and subjected to 300 bp
paired-end sequencing on an Illumina MiSeq platform(Illumina, San Diego, USA). Raw fastq �les were
used for demultiplex and quality �ltering with trimmomatic, and then merged with FLASH software.  

Microbiome analysis
The calculation of richness estimations of the OTUs were performed by QIIME 1.9.1 64-bit. Ace, Shannon,
Chao1, and Simpson indices were calculated to identify the alpha diversity of OTU. PCoA was performed
to demonstrate the clustering of different samples. The weighted UniFrac distance was utilized to
quantify differences in community composition. Linear discriminant analysis(LDA>2) was identi�ed the
characteristics that caused the greatest difference between the control and acetochlor groups. Biological
function categorization was predicted and annotated with KEGG pathways based on the PICRUSt
analysis. All the procedure of sequencing was conducted by the majorbio company, and the analysis was
performed on an online website https://cloud.majorbio.com.
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Fecal microbiota transplant
The transplant of fecal was modi�ed based on an established protocol. Brie�y, for antibiotic treatment,
the rats were given the gavage of 100 mg/kg metronidazole, and combination of 1 g/L ampicillin and
neomicin, 0.5 g/L vancomycin in drinking water for one week[36]. Then the 5 g feces collected from 4-
week rats were transferred to antibiotic-treated recipient rats. The feces from donor rats were re-
suspended in 50 ml sterile PBS. And the suspension was then vigorously mixed for 60 s and
centrifuged(500 g, 3 min). After �ltration, the supernatant was collected and prepared on the same day of
transplantation within 10 min before oral gavage. The recipient rats was achieved by gavage with 1 mL
of the supernatant once a a day until 8-week old.

Proteomics analysis
The hippocampus of recipient-rat was collected and prepared for proteomic analysis to identify the
differential protein expressions using iTRAQ-LC-MS/MS. 100 mg hippocampus sample was suspended in
100 μl tetraethyl-ammonium bromide and tryptic digested with 1:50 Trypsin Gold(Promega, Madison, WI,
USA). The suspension was homogenized by vortexing for 3 min and centrifugated at 13,000 rpm for 10
min. The supernatant was then collected and measured by the BCA protein assay(Thermo Scienti�c,
Waltham, MA). Peptide labeling was conducted with an iTRAQ Reagent 8-plex Kit following the
manufacturers’ protocol. The peptide mixture was separated at high pH and each fraction dried in a
vacuum concentrator for the next step. The separation was conducted using a nano-HPLC instrument
and subjected to tandem mass spectrometry for data-dependent acquisition detection by
nanoelectrospray ionization. All differential expression proteins were identi�ed with a 1% false discovery
rate (FDR) and further enriched for GO and KEGG analysis by using the DAVID bioinformatics database
(https://david.ncifcrf.gov/). 

Metabonomics analysis
Hippocampus samples(50 mg) were homogenized in dichloromethane/ methanolwater(3:1). After
centrifugation, the supernatants were collected in Eppendorf tubes. The remaining pellets were
homogenized in methanol/water(1:1). Then the homogenates were centrifuged and Supernatants were
collected and dried in a fume cupboard. The extracts were resuspended in 120 mL of
acetonitrile/water(3:1) for further UPLCeQTOF/MS analysis. Use Waters ACQUITY UPLC system and
Waters Micromass Q-TOF micro™ mass spectrometer(ESI) to perform UPLCeQ-TOF/MS analysis in both
positive and negative modes(Waters Corporation, USA). Inject 2ml of the hippocampus samples into the
ACQUITY UPLC™ BEH C18 column. Use marklynx Application Manager 4.1 to process the raw data �les
generated by UPLCeQ-TOF/MS, and calibrate them according to our previously published agreement.

Western blot analysis and real-time PCR assay
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For western blot analysis, the total protein was extracted by RIPA lysis buffer(Beyotime, Shanghai) plus
phenylmethanesulfonyl �uoride(Beyotime, Shanghai) and denatured by heating. Then the protein was
separated by SDS-PAGE gel electrophoresis on 10% gels and transferred to PVDF membranes using a
tank transfer system at 200 mA in Tris-glycine buffer at 4 °C. The membrane was blocked with a blocking
buffer(containing 5% milk and 0.1% Tween 20 TBS). Next, the membranes were incubated with diluted
primary antibodies overnight. The following antibodies were used for western
blotting:Prkaca(1:2000,abcam), Camk2b(1:1500,abcam), p-ErK1/2(1:1200,abcam), NF-
κB(1:1000,abcam), p-CREB (1:1000,abcam), BDNF(1:1200,abcam). The membranes were washed three
times with TBST(containing 0.1% Tween 20 TBS) for 10 min each. We incubated secondary antibodies
against rabbit IgG(1:7500) for 60 min. Then, the membranes were washed thrice with TBST and exposed
in a dark room. The signal was detected by using an ECL kit in the ratio of A: B =1:1. 

For the real-time PCR, the total RNA of hippocampus was isolated by TRIZOL reagent(Invitrogen,
Carlsbad, CA). RNA was reverse transcribed to cDNA with a high-capacity cDNA reverse transcription
kit(Applied Biosystems, USA). The expressions of mRNA were determined by the SYBR Green PCR Master
Mix and the 7500 FAST Real-time PCR System(Applied Biosystems, USA). All primers of each targeted
gene were synthesized at Invitrogen, and the sequences are listed in Supplementary table1. And then
using 2−ΔΔCt method to analyze the relative levels of mRNAs.

Immuno�uorescence
The sections were blocked using 10% goat serum for 40 min and then incubated with anti-p-CREB(diluted
1:150; abcam, USA) and anti-p-Erk1/2 antibody(1:150; Invitrogen, USA) for 2 h at room temperature. And
then, the sections were incubated with Alexa Fluor 488-conjugated anti-rabbit IgG secondary
antibody(1:1000, Waltham, USA.) mixing with antibody dilution �uid for 45 min after washed three times.
Counterstaining was performed with the �uorescent DNA stain 4’6-diamidino-2-phenylindole(DAPI) for 15
min. The sections were observed using a laser scanning confocal microscope(A1R/A1; Nikon, Japan). 

Statistical analysis

Statistics on alpha diversity and organism level microbiome phenotypes were performed based on Mann-
Whitney test. The differences between all raw obtained values(mean±SE) were analyzed by a one-way
ANOVA analysis or unpaired Student’s t test using SPSS v21.0 software(IBM, USA). A two-sided p-
value<0.05 was considered to be statistically signi�cant.

Results

Effect of acetochlor exposure on maternal and offspring
rats
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The number of live pups in the acetochlor groups was signi�cantly reduced compared with the
control(P<0.01, Fig.1b). The organ coe�cients of liver and brain were signi�cantly decreased in the
acetochlor group(P<0.01, Fig.1c), whereas the others did not differ in offspring rats(all the P>0.05, Fig.1c).
The length of colon was remarkably decreased in the acetochlor group(P<0.01, Fig.1d), while the length
of the small intestine, cecum and rectum were not differ(all the P>0.05, Fig.1d). There were no differences
in body weight between the control pups and the acetochlor pups as well as the food intake(P=0.25,
Fig.1e; P=0.11, Fig.1f; P=0.23, Fig.1g). 

Abnormal neurobehavior and hippocampal
histomorphology induced by acetochlor exposure
For morris water maze(MWM) test, the escape latency and the mean distance to the platform were
remarkably increased(P<0.01, Fig.2a; P<0.01, Fig.2b), while the total number of platform area crossings
was signi�cantly decreased in the acetochlor-exposed group compared to the control(P<0.01, Fig.2c),
which indicated the impaired long-term spatial memory. For shuttle box test, the acetochlor groups
showed a signi�cant decrease in the latency of step-through compared to the control(P<0.01, Fig.2d). For
step-down test, the latency of step-down and the error frequencies in the acetochlor groups were
signi�cantly decreased compared with the control(P<0.05, P<0.01, Fig.2e; P<0.05, P<0.01, Fig.2f). For new
object recognition test, in the �rst phase, there was no difference in the exploration time in each
group(P>0.05, Fig.2g). In the second phase, acetochlor groups rat presented signi�cantly lower preference
ratio compared to the control(P<0.05, Fig.2h). Besides, the results of HE staining showed the acetochlor
group rat had an irregular, sparse arrangement of hippocampal neuron cells and shrunken, darkened
nuclei(Fig.2i).

Abnormal gut microbiome composition and colonic histomorphology in offspring rats

Principal coordinates analysis(PCoA) plots on the operational taxonomic units(OTU) level revealed a
distinct separation of fecal microbiome between the control and 10 mg/kg group, which passed the
Adonis analysis (R=0.2698, P=0.003, Fig.3a). Detailed microbial composition on the phylum level and
genus level were presented in Fig.3b,c. For the alpha diversity, the ace indices, chao1 indices, and
shannon indices were dramatically decreased in the 10 mg/kg group(P<0.001, P<0.001, P<0.05, Fig.3e-
3g), whereas simpson index was not signi�cantly changed(P>0.05, Fig.3h). And the LEfSe analysis
indicated that all the altered genera could be identi�ed as the biological markers to distinguish the control
and 10 mg/kg group, including �rmicutes and acinetobacter which have been reported to be associated
with mental disorders(Fig.3d,i). Besides, the results of HE staining showed that the colon tissues structure
of the acetochlor groups were disordered, and there was serious in�ltration of in�ammatory cell in the
intestinal mucosa and submucosa. And intestinal villi were reduced in height and number, and  the tight
connections between cells was obviously damaged(Fig.3j). 

Abnormal neurobehavior and hippocampal histomorphology in FMT group

file:///D%3A/%25E7%25BD%2591%25E6%2598%2593%25E8%25AF%258D%25E5%2585%25B8/Dict/8.10.0.0/resultui/html/index.html#/javascript%3A;


Page 9/26

After feces suspension of the 10 mg/kg group was transplanted into the control of offspring rats,
behavioral experiments and morphological observation were performed again. For MWM test, compared
to the control group, the escape latency and the mean distance to the platform were signi�cantly
increased (P<0.05, Fig.4a; P<0.01, Fig.4b), while platform area crossing times were decreased in the FMT
group (P<0.01, Fig.4c). For shuttle box test, compared to the control group, the FMT group rat presented a
remarkable decrease in the latency of step-through(P<0.01, Fig.4d). For step-down test, the latency of
step-down and the error frequencies in the FMT group were signi�cantly decreased compared with the
control (P<0.01, Fig.4e;P<0.01, Fig.4f). For new object recognition test, in the �rst phase, there were no
differences in the exploration time in both groups (P>0.05, Fig.4g). In the second phase, FMT group rat
showed prominently lower discrimination ratio compared with the control (P<0.01, Fig.4h). Besides, the
results of HE staining showed hippocampus neuron cell bodies were arranged in a compact cell layer and
the cell nucleoli and cytoplasm were distinctly and clearly in the control group. However, The neuron cells
were irregular in shape and contained less cytoplasm in the FMT group(Fig.4i).

Abnormal gut microbiome composition and colonic histomorphology in FMT group

PcoA plots on the OTU level showed a distinct separation of fecal microbiome between the control and
FMT group, and also among the four groups (control group1, acetochlor group(10 mg/kg), control
group2, FMT group), which had passed the Adonis analysis (R=0.2698, P=0.003, Fig.5a; R=0.3334,
P=0.001, Fig.5b). The microbial composition on the phylum level and genus level were presented in
Fig.5c-5d. Whereas the ace indices, chao1 indices, shannon indices, and simpson index were not
differential in the FMT group(All the P>0.05, Fig.5d-g). And the LEfSe analysis showed that differential
genera could be regarded as the biological markers to distinguish the control and FMT group(Fig.5h,i).
Moreover, the results of HE staining indicated that the colon tissues structure of the FMT group were
severely damaged with in�ammatory cell in�ltrating in the intestinal mucosa and submucosa(Fig.5j). 

Besides, we found that there are 29 mutual differential signaling pathway in both gut bacteria analysis
before and after transplantation, including neurotransmitter-related  pathways, such as phenylalanine,
tyrosine and tryptophan biosynthesis, alanine, aspartate and glutamate metabolism(Fig.6a). And �gure 6
showed the relationships of common differential pathways with the top 50 differential �ora in abundance
before and after transplantation(Fig.6b,c).  

Hippocampus metabolomics pro�les in FMT group
To explore the differences in the metabolic pro�les of the control and FMT groups, the PLS-DA models
were performed. PLS-DA scores plots showed a signi�cant discrepancy in the hippocampus metabolic
pro�les between control and FMT groups(Fig.7a,b). The volcano map shows the overall perspective of
the different metabolites in the positive and negative ion mode(Fig.7c,d, Supplementary table2). And the
differential metabolites were enriched in the mutiple neurotransmitter-related pathways, including glycine,
serine and threonine metabolism, sphingolipid metabolism, glutamate metabolism, steroid hormone
biosynthesis(Fig.7e, Supplementary table3). 
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Differential protein expressions in rats hippocampus
induced by FMT 
To elucidate how the acetochlor damaged cognitive and memory function via disturbing gut microbiome
in rats, a proteomic analysis was performed in the rats hippocampus. In the FMT group, we found 531
differential protein expressions, including 231 down-regulated and 300 up-regulated proteins as
compared to the control(Fig.8a). And Gene Ontology(GO) analysis results indicated that differentially
expressed proteins were enriched in synaptic vesicle endocytosis, cellular response to nerve growth factor,
neuron development, regulation of short-term neuronal synapse(Fig.8b). Enrichment plots obtained by the
Gene Set Enrichment Analysis(GSEA) showed that the majority of the neuron differentiation, neuron
development, regulation of axonogenesis and synapic vesicle priming-associated genes were down-
regulated in FMT group when comparing with the control group(Fig.8c-f). Kyoto Encyclopedia of Genes
and Genomes(KEGG) pathway analysis revealed that differentially expressed proteins were mainly
enriched in metabolic pathways(tryptophan metabolism; alanine, aspartate and glutamate metabolism),
signaling pathways(long−term potentiation; MAPK signaling pathway), synaptic-related
pathways(Fig.8g). S-shape �gure showed the proteins(Prkaca, Camk2B) with greater fold-change.

Consistently, compared with the control group, staining for the p-Erk1/2(Fig.9a-9d) and p-CREB1(Fig.9e-
9h) was signi�cantly changed in the FMT group. Besides, compared with the control, the mRNA levels of
Prkaca, BDNF in the FMT group were signi�cantly down-regulated 52.67% and 50.12%, whereas Camk2b
and NF-κB mRNA levels were signi�cantly up-regulated 75.43% and 95.25% (Fig.9j-9m). And the protein
expression levels of Prkaca, p-CREB1 and BDNF were also remarkably reduced 51.27%, 63.29%, 50.39% in
the FMT group, whereas Camk2b, p-Erk1/2 and NF-κB protein levels were signi�cantly increased 113.22%,
70.87% and 82.33%(Fig.9n-9s). All the representative bands were presented in Fig.9i.

Discussion
This study �rstly demonstrated that fetal acetochlor exposure was associated with impaired cognitive
function which may induce by the aberrant gut microbiome composition and function. Moreover, the
obviously abnormal metabolic pro�le and protein expression pro�le in hippocampus were also identi�ed
after fecal microbiota transplantation, in which Camk2b/Erk1/2/NF-κB pathway and Prkaca/p-CREB1/
BDNF pathway may make a great contribution. To the best of our knowledge, our study is the �rst one to
establish the association between fetal acetochlor exposure and abnormal neurobehavioral alteration,
and to elucidate whether and how the gut microbiome mediated the association.

The most important discovery in our present study is that fetal exposure to acetochlor could induce
abnormal behavior in adulthood. Our behavioral experiments demonstrated that acetochlor-exposed rats
displayed impaired, cognitive function, dimensional perception, conditioned avoidance learning and
short-term and long-term memory. The previous studies have shown that acetochlor exposure could
affect T3-mediated behavioral changes in Rana catesbeiana tadpoles during the development period[13–
15]. This is due to the time of �rst stop and total time spent immobile becoming more and more larval-
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like. Our observations in neurological behavior and hippocampal histomorphology could be partially
demonstrated by these �ndings.

Meanwhile, �rmicutes, tenericutes, deinococcus-thermus and bacteroidetes were the dominant bacteria at
the phylum level, and signi�cant differences in the constitution and function of these gut microbes could
be found in acetochlor-exposed group. As we all known, in the fetal period, the structure of the fetus's
intestinal bacteria is largely determined by the mother's[16, 17]. The changes in the structure and function
of the intestinal micro�ora of the offspring rats were probably due to the effects of acetochlor on the
maternal intestinal micro�ora and vaginal micro�ora[18, 19]. Exposure to acetochlor during the critical
period of colonization and stabilization of intestinal �ora undoubtedly affected the ratio of bene�cial and
harmful bacteria in offspring rats, even resulting in the production of a series of harmful co-metabolites.
The previous study demonstrated that residual acetochlor in soil conferred a long-term impairment on
fungal community which could partially support our �ndings[20]. Further, it is well documented that the
complex interplay between the gut microbiome and brain function has been identi�ed as the gut-brain
axis[21, 22]. The gut microbiome could bi-directionally communicate with the central nervous system and
affect anxiety, pain, cognition, and mood[23–26], which may partially support the impact of acetochlor
exposure on the impairment of brain tissue.

To elucidate whether the gut microbiome mediated the acetochlor-induced abnormal behavior, we
performed fecal microbiota transplant experiments at 4th week. This time point is a good re�ection of the
early intestinal microbiota because of the necessary adaptation after weaning at 3 weeks of age[27, 28].
Meanwhile, at this time point, the hippocampus is considerably sensitive and vulnerable to environmental
stimuli[29]. Our results have shown that transplanting feces from acetochlor-exposed rats into recipient
rats could mostly reproduce the phenotypes observed in the acetochlor-exposed rats. The poor
performance of FMT rats in the behavioral experiments and may suggest that disturbed gut microbiome
could directly induce abnormal behavior. Meanwhile, noticeable alterations of histomorphology in the
hippocampus could be readily detected in the FMT rats, which is consistent with the result of behavioral
tests. Combined these results above, we could reach a reliable conclusion that early life acetochlor
exposure could impair memory and cognitive function through the disturbed gut microbiome.

Furthermore, we focused on the differential metabolites and differential expressed proteins in the
hippocampus to disclose how the disturbed gut microbiome affected the function of the hippocampus.
The metabolic pro�le showed that aromatic amino acid biosynthesis and alanine, aspartate, glutamate
metabolism, and sphingolipid metabolism were signi�cantly changed which could regulate local and
systemic immune metabolism, neuronal responses, excitatory/inhibitory neurotransmitter biosynthesis in
the host. These could also be found in the mutual differential pathways in both donor and recipient rats.
These consistent results indicated that acetochlor exposure induced the disturbed metabolites pro�le in
the hippocampus via damaging the gut microbiota. Further, the proteomics and related validation
experiments have showed that the Camk2b/p-Erk1/2/NF-κB pathway and Prkaca/p-CREB1/BDNF
pathway were identi�ed due to the signi�cant alteration. It is well conducted that Camk2b is a member of
Calmodulin-dependent protein kinase (CaMK) family, and its activation could further promote Erk1/2
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phosphorylation, resulting in activation of in�ammatory pathways. The neuroin�ammatory molecules
could lead to indirect/direct neuronal toxicity, which may contribute to neurodegenerative disorders[30].
Besides, our results also showed that acetochlor exposure could elevate prkaca expression and active
CREB1 phosphorylation, and thus regulate BDNF level related to neuronal plasticity[31]. In a recent
research, BDNF, together with its upstream regulator CREB1, were down-regulated by paraquat exposure
in rats which is another kind of common herbicide extensively used in rice or cereal �elds[32], which could
partially support our �ndings.

Our study should be considered alongside a limitation. We have con�rmed these changes in the microbial
function and construction, but not enough to conclude mechanism of virulence is due to the interaction
between speci�c gut microbiota or its metabolites with the development of the hippocampus. Therefore,
future studies should be further performed to elucidate the role of speci�c bacteria-generated metabolites
on the hippocampus and to perfect the risk evaluation of acetochlor exposure in human beings.
Meanwhile, the observations in our study had several important implications. Some pregnant women
would like to stick to engage in farm work in the early stages of pregnancy, and long-term unconscious
herbicide exposure has become a major threat to the health of their offspring. Our research may raise
awareness of the protection of pregnant women in families using herbicides. Besides, our results
suggested that the gut-brain axis may play a crucial role in the neurotoxicity of acetochlor. Therefore,
intake more foods that could help keep the gut bacteria healthy may be bene�cial to reverse the adverse
effect of gestational exposure to acetochlor.

Conclusion
The present study added evidence regarding the effects of fetal acetochlor exposure on gut microbiota
and neurological behavior in rats. We found that fetal exposure to acetochlor could disturb the gut
microbiome and hippocampal metabolites, and thereby induce abnormal behavior in rats via activating
the Camk2b/p-Erk1/2/NF-κB pathway and Prkaca/p-CREB1/BDNF pathway.
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Figure 1

Effects of acetochlor exposure on offspring rats. (a)Overall experiment �ow chart. (b)Effect of acetochlor
exposure on the litter size. (c)Organ coe�cient of offspring rats. (d)Effect of acetochlor exposure on the
length of small intestine, cecum, colon and rectum. (e)The bodyweight of the offspring rats was not
in�uenced by acetochlor. (f)Changes in absolute food intake during acetochlor exposure. (g)Changes in
relative food intake during acetochlor exposure. Data were presented as mean±SD(*P<0.05)
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Figure 2

Behavioral tests in rats between the control group and acetochlor group. (a-c)The escape latency, the
mean distance, and times of target crossing in the MWM test(n=8). (d)The latency in the shuttle box
test(n=8). (e-f)The latency of step down and the error frequencies in the step-down test(n=8). (g-h)The
exploration time and discrimination index in the new object recognition test. (i)Effect of acetochlor
exposure on the hippocampal histomorphology. Data were presented as mean±SD (*P<0.05,**P<0.01).
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Figure 3

(a)PCoA plot based on weighted unifrac Distances. (b)Composition of the microbial community at the
phylum level. (c)Composition of the microbial community at the genus level. (e-h)Alpha diversity of gut
microbiota from both groups by Ace index, Shannon index, Chao1 index, and Simpson index.
(d,i)Differentially abundant taxa of gut microbiota between control and acetochlor-exposed rats. (j)Effect
of acetochlor exposure on the colonic histomorphology. Data were presented as mean±SD(***P<0.001)
(n=6).
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Figure 4

Behavioral tests in rats received fecal microbiota transplant or vehicle gavage. (a-c)The escape latency,
the mean distance, and times of target crossing in the MWM test(n=8). (d)The latency in the shuttle box
test(n=8). (e-f)The latency of step down and the error frequencies in the step-down test(n=8). (g-h)The
exploration time and discrimination index in the new object recognition test. (i)Effect of FMT on the
hippocampal histomorphology. Data were presented as mean±SD(*P<0.05, **P<0.01).
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Figure 5

(a)PCoA plot based on weighted unifrac Distances. (b)Composition of the microbial community at the
phylum level. (c)Composition of the microbial community at the genus level. (d-g)Alpha diversity of gut
microbiota from both groups by Ace index, Shannon index, Chao1 index, and Simpson index.
(h,i)Differentially abundant taxa of gut microbiota between control and FMT rats. (j)Effect of FMT on the
colonic histomorphology. Data were presented as mean±SD(n=6).
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Figure 6

(a)Mutual differential pathways in both donor and recipient rats. (b,c)The relationship between mutual
differential pathways and top 50 species differential gut microbiome in donor and recipient rats.
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Figure 7

PLS-DA scores plot of hippocampus samples from control(Red) and FMT(green) groups in positive(a)
and negative(b) ion mode. Volcano Plot showed differential metabolites in positive(c) and negative(d) ion
mode. (e)Signi�cantly altered pathways in FMT group(n=6).
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Figure 8

Differential expression proteins in control and FMT groups. (a)Volcano plot for differentially expressed
proteins in rat hippocampus; (b)Biological processes for differentially expressed proteins; (c-f)Enrichment
plots for nervous system related pathways obtained by the GSEA; (g)KEGG pathway for differentially
expressed proteins; (h)S-shape �gure showed the proteins with greater fold-change; (i)Network graph
showed the relationship among differential genera, metabolites, proteins.
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Figure 9

Representative images of p-Erk1/2(a-d) and p-CREB1(e-h) proteins in immuno�uorescence analysis(n=6);
Effect of FMT on the mRNA levels of Prkaca(j), BDNF(k), Camk2B(l), NF-κB(m). Effect of FMT on the
protein levels of Prkaca(n), p-CREB1(o), BDNF/2(p), Camk2B(q), p-Erk1/2(r), and NF-κB(s)(n=6).
Representative western blots of all proteins above are shown(i). Each column represents the
mean±SD(*P<0.05,**P<0.01).
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