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Epidemiological studies suggest that exposure to herbicides
during pregnancy might increase risk for autism spectrum disorder
(ASD) in offspring. However, the precise mechanisms underlying
the risk of ASD by herbicides such as glyphosate remain unclear.
Soluble epoxide hydrolase (sEH) in the metabolism of polyunsat-
urated fatty acids is shown to play a key role in the development
of ASD in offspring after maternal immune activation. Here, we
found ASD-like behavioral abnormalities in juvenile offspring after
maternal exposure to high levels of formulated glyphosate. Fur-
thermore, we found higher levels of sEH in the prefrontal cortex
(PFC), hippocampus, and striatum of juvenile offspring, and oxylipin
analysis showed decreased levels of epoxy-fatty acids such as 8
(9)-EpETrE in the blood, PFC, hippocampus, and striatum of juve-
nile offspring after maternal glyphosate exposure, supporting
increased activity of sEH in the offspring. Moreover, we found
abnormal composition of gut microbiota and short-chain fatty
acids in fecal samples of juvenile offspring after maternal glyph-
osate exposure. Interestingly, oral administration of TPPU (an sEH
inhibitor) to pregnant mothers from E5 to P21 prevented ASD-like
behaviors such as social interaction deficits and increased groom-
ing time in the juvenile offspring after maternal glyphosate ex-
posure. These findings suggest that maternal exposure to high
levels of glyphosate causes ASD-like behavioral abnormalities
and abnormal composition of gut microbiota in juvenile off-
spring, and that increased activity of sEH might play a role in
ASD-like behaviors in offspring after maternal glyphosate expo-
sure. Therefore, sEH may represent a target for ASD in offspring after
maternal stress from occupational exposure to contaminants.

glyphosate | gut microbiota | soluble epoxide hydrolase

Autism spectrum disorder (ASD) is a developmental disorder
characterized by social and communication impairments,
combined with limited or focused interests and repetitive be-
haviors (1, 2). Although the prevalence of ASD has been rising
since the 1980s, the detailed reasons underlying this rise remain
unknown (3, 4). In addition to genetic factors, accumulating
evidence supports a significant contribution of environmental
factors in ASD etiology (1, 2, 5, 6). Environmental factors, in-
cluding exposures to synthetic chemicals during pregnancy and
lactation, are suggested to play a role in the development of
ASD. These chemicals include selective serotonin reuptake in-
hibitors (SSRIs), pesticides, phthalates, polychlorinated biphe-
nyls, solvents, air pollutants, fragrances, and heavy metals (6-8).

Glyphosate [N-(phosphonomethyl)glycine] is the active in-
gredient in Roundup and other herbicides, and, because of its
efficacy, excellent environmental profile, and low toxicity, it is
the most widely used herbicide in the world (9, 10). Interestingly,
a positive correlation was reported between the rise of glyph-
osate usage on corn and soy crops in the United States over the
years 1995 to 2010 and the increase in ASD rates over the same
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period as reported in the US public school system (11-13). A
recent population-based case-control study in California showed
that the risk of ASD was associated with the use of glyphosate
(odds ratio = 1.16) (14). For ASD with intellectual disability,
estimated odds ratio were higher (by about 30%) with prenatal
exposure to glyphosate (odds ratio = 1.33) (14). These reports
suggest that possible relationships between glyphosate and ASD
should be explored in animal models.

Epidemiological studies implicate prenatal environmental
factors, including maternal immune activation (MIA), playing a
key role in the etiology of developmental disorders such as ASD
(15-19). There are a number of positive associations between
maternal infections or inflammatory biomarkers and ASD (15,
16, 20). Collectively, MIA during pregnancy can increase the risk
of developmental disorders such as ASD in offspring.

Epoxy fatty acids (EpFAs) are produced from the correspond-
ing polyunsaturated fatty acids by cytochrome P450 enzymes.
Epoxyeicosatrienoic acids (EpETrEs) and epoxydocosapentaenoic
acids (EpDPEs) are produced from arachidonic acid and doco-
sahexaenoic acid (DHA), respectively. EpETrEs, EpDPEs, and some
other EpFAs have potent antiinflammatory properties. However,
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these lipid mediators are metabolized rapidly into their corre-
sponding diols by soluble epoxide hydrolase (SEH), and inhibition
of sEH enhances the beneficial effects of EpFAs (21-24). Accu-
mulating evidence demonstrate a key role of sEH in multiple
animal models, including depression, ASD, schizophrenia, and
Parkinson’s disease (25-32). Recently, we reported that sEH in
the prefrontal cortex (PFC) plays a key role in the development of
ASD-like behavioral abnormalities in juvenile offspring after MIA
(30). However, there is no previous report showing the role of
sEH in the pathogenesis of ASD in offspring after maternal ex-
posure to formulated glyphosate.

The purpose of this study was to examine the role of sEH in
the pathogenesis of ASD in offspring after maternal glyphosate
exposure. First, we examined whether maternal glyphosate ex-
posure causes ASD-like behavioral abnormalities in juvenile off-
spring. Second, we examined whether expression of sEH is altered
in the brain regions of juvenile offspring after maternal glyphosate
exposure. Furthermore, we performed oxylipin analysis of blood
and brain regions from juvenile offspring. Moreover, we measured
levels of N-methyl-D-aspartate receptor (NMDAR)-related amino
acids in the blood and brain from juvenile offspring since
NMDAR-related amino acids were altered in patients with
ASD (33-36). Third, we performed 16S rRNA analysis and
measurement of short-chain fatty acids of fecal samples in juvenile
off\spring after maternal glyphosate exposure since abnormal
composition of gut microbiota is shown in patients with ASD
(36-40). Finally, we examined whether treatment with TPPU
[1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)urea] (40-42),
a potent sEH inhibitor, in pregnant mice from pregnancy to
weaning could prevent behavioral abnormalities in juvenile off-
spring after maternal glyphosate exposure.

Results

General and Behavioral Data of Mother and Juvenile Offspring after
Maternal Glyphosate Exposure. First, we examined whether ma-
ternal glyphosate exposure could affect the general and behav-
ioral outcomes in male offspring (SI Appendix, Fig. S1A4).
Previous studies used drinking water containing 1% Roundup
[0.38% (wt/vol) glyphosate] during pregnancy and lactation (43, 44).
For this study, water or formulated glyphosate [0.039% (wt/vol)
glyphosate] were given to pregnant mice from ES to P21 (weaning).
The mortality of pregnant mice at the highest concentration
(0.39%) in our hands was 100%, although the mortality of lower
concentrations (0.039% and 0.098%) was 0% (SI Appendix, Table
S1), even though the 0.39% concentration has been previously used
in other studies (43, 44). This discrepancy may have been due to
different formulations of glyphosate or mouse strain differences
(ddy vs. ICR) between the studies. Body weight of pregnant mice
was increased gradually after maternal glyphosate (0.039 to 0.293%)
exposure, whereas body weight of pregnant mice treated with the
high concentration (0.39%) did not increase (SI Appendix, Fig.
S1B). The mortality of offspring in the 0.039% glyphosate group
was 0%, and juvenile offspring after maternal 0.039% glyphosate
exposure did not show any behavioral abnormality such as loco-
motion, social interaction deficits in a three-chamber test, and
depression-like phenotype in the forced swimming test (SI Appen-
dix, Fig. S1 C-E and Table S1). In contrast, we found social in-
teraction deficits in juvenile offspring after maternal 0.098%
glyphosate exposure. Therefore, we used 0.098% glyphosate in
the subsequent experiments. This concentration corresponded with
1/80th of the glyphosate no-observed-adverse-effect level, as
reported previously (45).

Body weight of glyphosate-exposed mothers was significantly
lower than that of water-exposed mothers at E17 (Fig. 1 4 and
B). On P21 (weaning), we could detect blood levels of glyphosate
in the mothers treated with 0.098% glyphosate and their off-
spring, although glyphosate was not detected in the dams and
offspring of the water-treated group (Fig. 1 4 and C). Locomotion
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and prepulse inhibition (PPIL; for psychosis) were not different
between the two groups (Fig. 1 D and F). In the novel object
recognition test (NORT), offspring after maternal glyphosate ex-
posure showed cognitive deficits (Fig. 1E). In the three-chamber
test, juvenile offspring after maternal glyphosate exposure showed
social interaction deficits compared to the water-treated group
(Fig. 1G). The data suggest that maternal exposure to glyphosate
in a commercial formation (SI Appendix, Supplementary Material
for composition) causes ASD-like cognitive deficits and social
interaction deficits in juvenile offspring.

Increased Expression of sEH in the Brain of Juvenile Offspring after
Maternal Glyphosate Exposure. We measured the expression of
sEH in the brain since increased expression of sEH in the PFC
plays a role in the ASD-like behaviors after MIA (30). Protein
levels of sEH in the PFC and striatum, but not hippocampus, from
mothers treated with glyphosate were significantly higher than
those of water-treated mice (Fig. 1H). Protein levels of SEH in the
PFC, hippocampus, and striatum from juvenile offspring (P28)
after maternal glyphosate exposure were significantly higher than
those of water-treated mice (Fig. 17). Furthermore, gene expres-
sion of sEH (or Ephx2) mRNA in the PFC, hippocampus, and
striatum from juvenile offspring (P28) after maternal glyphosate
exposure was significantly higher than those of water-treated mice
(Fig. 1J).

Next, we performed parvalbumin (PV) immunohistochemistry
in the brain from juvenile mice (Fig. 1K). PV immunoreactivity
in the prelimbic (PrL), but not IL (infralimbic), of medial PFC in
the offspring of maternal glyphosate exposure was significantly
lower than that of the water-treated group (Fig. 1K).

Oxylipin Analysis of Blood and Brain Regions. Using oxylipin anal-
ysis, we measured the levels of eicosanoid metabolites in the
blood, PFC, hippocampus, and striatum from juvenile offspring
(P28) after maternal glyphosate exposure (SI Appendix, Fig. S2
and Tables S2-S5). Blood levels of many epoxides were signifi-
cantly lower in juvenile offspring after maternal glyphosate ex-
posure (SI Appendix, Table S2). We found higher levels of 8
(9)-EpETYE [8,9-epoxy-5Z,117,14Z-eicosatrienoic acid] compared
to other EpFAs in the mouse brain. Levels of 8 (9)-EpETTE in the
PFC, hippocampus, and striatum were significantly lower in juvenile
offspring (P28) after maternal glyphosate exposure (Fig. 2 and S/
Appendix, Tables S3-S5). Lower levels of 8 (9)-EpET{E in the brain
regions from juvenile offspring after maternal glyphosate exposure
support the increased expression of sEH in these regions. In con-
trast, tissue levels of other EpFAs in the PFC, hippocampus, and
striatum from juvenile offspring after maternal glyphosate expo-
sure were significantly higher than those of control mice (SI Appendix,
Tables S3-55).

Measurement of Amino Acids in the Blood and Brain. Next, we
measured levels of NMDAR-related amino acids (i.e., glutamate,
glutamine, glycine, D-serine, L-serine, GABA) in the plasma and
brains of juvenile offspring (P28) after maternal glyphosate ex-
posure. Maternal glyphosate exposure caused significant reduc-
tions of glutamate in the plasma and brain regions. In addition,
maternal glyphosate exposure caused significant reductions of
other amino acids (i.e., glycine, L-serine, GABA) in the PFC (SI
Appendix, Table S6). The data suggest abnormalities in NMDAR-
related neurotransmission in the PFC of juvenile offspring after
maternal glyphosate exposure.

16S rRNA Analysis and Measurement of Short-Chain Fatty Acids of
Fecal Samples of Juvenile Offspring after Maternal Glyphosate
Exposure. We performed 16S rRNA analysis of fecal samples of
offspring (P28). Maternal glyphosate exposure caused abnormal
composition of gut microbiota in juvenile offspring (Fig. 3). At the
species level, the relative abundance of Eubacterium plexicaudatum,
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Fig. 1. Social interaction deficits, increased expression of sEH, and decreased PV immunoreactivity in the brain from juvenile offspring after maternal
glyphosate exposure. (A) Schedule of treatment, behavioral tests, and sample collection. (B) Change of body weight of pregnant mothers (n = 6). (C) Blood
levels of glyphosate in the mothers and offspring at P21. Data are shown as mean + SEM (mother n =7, offspring n = 10). (D) Locomotion. Data are shown as
mean + SEM (n =7 or 8). (E) Novel object recognition test (NORT). Data are shown as mean + SEM (n = 8). (F) Prepulse inhibition (PPI) test. Data are shown as
mean + SEM (n = 8). (G) Three-chamber social interaction test. (Left) Two-way ANOVA (glyphosate, Fq ., = 4.747, P = 0.040; stranger, F; 5, = 141.2, P < 0.001;
interaction, Fy 5, = 76.77, P < 0.001). (Right) Two-way ANOVA (glyphosate, F; 5, = 9.760, P = 0.005; stranger, F; 2, = 26.75, P < 0.001; interaction, F; 5, = 33.38,
P < 0.001). Data are shown as mean + SEM (n = 6 or 7). (H) Protein expression of sEH in the PFC, hippocampus, and striatum of mothers. Data are shown as
mean + SEM (n =4 or 5). (/) Protein expression of sEH in the PFC, hippocampus, and striatum from juvenile offspring (P28). Data are shown as mean + SEM (n =
10). (/) Gene expression of Ephx2 mRNA in the mouse brain regions from juvenile offspring (P28). Data are shown as mean + SEM (n = 8). (K) PV immu-
noreactivity in the prelimbic area (PrL) and infralimbic (IL) of mPFC. The values represent the mean + SEM (n = 8; *P < 0.05, **P < 0.01, ***P < 0.001 compared
to control group by Student t test). N.S., not significant.
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Fig. 2. Oxylipin analysis of blood and brain regions. (A) Arachidonic acid is metabolized to 8,9-EpETrE by several cytochrome P450 enzymes. Subsequently,
8,9-EpETrE is metabolized to 8,9-DiHETrE by sEH. (B) Levels of 8,9-EpETrE in the plasma, PFC, hippocampus, and striatum from juvenile offspring (P28). The
values represent the mean + SEM (n = 8 to 10; *P < 0.05, **P < 0.01 compared to control group by Student t test).

Lachnospiraceae bacterium 538, and Clostridium tertium was sig-
nificantly lower in the juvenile offspring after maternal glyphosate
exposure compared to the water-treated group (Fig. 3). In con-
trast, the relative abundance of Clostridium sp. Clone-1, Enter-
orhabdus muris, Clostridium sp. Clone-46, and Butyricimonas virosa
was significantly higher in juvenile offspring after maternal
glyphosate exposure compared to the water-treated group (Fig. 3).
Furthermore, levels of acetic acid in the fecal samples of the
offspring were significantly increased after maternal glyphosate
exposure (Fig. 3). Other short-chain fatty acids including pro-
pionic acid, butyric acid, and valeric acid were not different. The
data suggest that maternal exposure to formulated glyphosate
causes abnormal composition of gut microbiota in juvenile
offspring.

Effects of TPPU on ASD-Like Behaviors in Juvenile Offspring of
Maternal Glyphosate Exposure. Water or glyphosate was given to
pregnant mice from ES to P21. In addition, the pregnant mice
were orally administered vehicle (5 mL/kg/d) or vehicle and TPPU
(3 mg/kg/d) from ES to P21. Behavioral tests such as grooming
test and three-chamber social interaction test were performed
from P28 to P35 (Fig. 44). Body weight was significantly in-
creased in TPPU-treated glyphosate-exposed mothers com-
pared to vehicle-treated glyphosate exposure mothers (Fig. 4B).
Treatment with TPPU significantly ameliorated the increased
grooming time of juvenile offspring after maternal glyphosate
exposure (Fig. 4C). In the three-chamber social interaction test,
treatment with TPPU significantly improved social interaction
deficits in juvenile offspring after maternal glyphosate exposure
(Fig. 4D).

Discussion

The present results demonstrate a role of sEH in the onset of
ASD-like behaviors in murine offspring after maternal glyphosate
exposure. The major findings of the present study are as follows.
First, exposure to high levels (0.098%) of glyphosate during preg-
nancy and lactation caused ASD-like behaviors in juvenile offspring.
Second, expression of sEH protein in the PFC, hippocampus, and
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striatum from juvenile offspring after maternal glyphosate ex-
posure was higher than that of the control group. Oxylipin
analysis showed a marked reduction of 8 (9)-EpETrE in the
plasma, PFC, hippocampus, and striatum from juvenile offspring
after maternal glyphosate exposure, supporting higher levels of
sEH in these regions. Third, maternal glyphosate exposure caused
reduced PV immunoreactivity in the prelimbic of medial PFC in
the offspring compared to the water-treated group. Furthermore,
maternal glyphosate exposure caused significant alterations of
NMDAR-related amino acids in the blood and brain of offspring.
Fourth, maternal glyphosate exposure caused significant abnormal
composition of gut microbiota and increased levels of acetic acid
in the fecal samples from juvenile offspring. Finally, repeated
treatment with TPPU in glyphosate-treated pregnant mice from
pregnancy (E5) to weaning (P21) prevented the onset of ASD-like
behaviors (i.e., increased grooming time and social interaction
deficits) in juvenile offspring after maternal glyphosate exposure.
Collectively, these findings suggest that the sEH enzyme plays a
key role in the development of ASD-like behavioral abnormalities
in offspring after maternal glyphosate exposure, and that sEH
inhibitors may prove to be promising prophylactic or therapeutic
drugs for ASD.

In this study, we found increased expression of sEH protein in
the PFC of juvenile offspring after maternal glyphosate exposure,
consistent with our report using MIA (30). Thus, it seems that
increases in the sEH in the PFC and other regions (hippocampus
and striatum) might play a role in the behavioral and biochemical
abnormalities seen in juvenile offspring after maternal glyphosate
exposure. Previously, we reported higher levels of EPHX2 mRNA
in the postmortem brain samples from ASD patients (30). These
findings suggest that increased metabolism of EpFAs to the cor-
responding diols by increased SEH may play a role in the patho-
genesis of ASD, although further detailed studies on how
maternal glyphosate exposure induces abnormalities in the eicos-
anoid metabolism by sEH and behavioral abnormalities in off-
spring are needed.

We found decreased levels of many EpFAs including 8 (9)-
EpETrE in the blood of juvenile offspring after maternal

Pu et al.
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Fig. 3. Composition of gut microbiota in fecal samples of juvenile offspring. (A) Histogram of microbiota at species level of offspring (P28). (B) Several
bacteria were significantly altered in the offspring after maternal glyphosate exposure. Data are shown as mean + SEM (n = 10; *P < 0.05, **P < 0.01

compared to control group by Student t test).

glyphosate exposure compared to the water-treated group. Inter-
estingly, tissue levels of 8 (9)-EpETTE, the abundant EpFA in the
brain, were significantly lower in the PFC, hippocampus, and
striatum from juvenile offspring after maternal glyphosate expo-
sure than those of control mice, supporting an increased activity of
sEH in these brain regions. The data on 8 (9)-EpETrE are con-
sistent with our previous report using MIA model of ASD (30).
Although the precise mechanisms underlying the relationship be-
tween 8 (9)-EpETtE and sEH in the brain from juvenile offspring
after maternal glyphosate exposure are currently unclear, it seems
that low levels of 8 (9)-EpETtE by increased levels of sEH in the
brain may be involved in behavioral abnormalities of offspring
after maternal glyphosate exposure. By contrast, other EpFAs
were significantly higher in the brain regions of juvenile offspring
after maternal glyphosate exposure than those of the water-treated
group, although tissue levels of sEH in the brain regions were
increased after maternal glyphosate exposure. Although the rea-
sons underlying this discrepancy are currently unknown, it seems
that multiple pathways may contribute to formation and degra-
dation of EpFAs in the brain regions.

Pu et al.

It is recognized that mechanism of action of glyphosate is to
disrupt the shikimate pathway, which is absent from human cells.
However, human gut microbiomes contain the shikimate pathway,
which plays a key role in the synthesis of aromatic amino acids in
both plants and microbiomes (11, 46—48). Therefore, it is sug-
gested that exposure to glyphosate can affect gut microbiota in
humans (6, 49). In this study, we found abnormal composition of
gut microbiota such as Clostridium in juvenile offspring after
maternal glyphosate exposure. A recent review pointed an in-
teraction between Clostridium bacteria and ASD (50). In addition,
we found higher levels of acetic acid in fecal samples of juvenile
offspring after maternal glyphosate exposure. It is reported that
fecal levels of acetic acid in children with ASD were higher than
those in controls (51). It seems that increased intestinal perme-
ability by acetic acid might play a role in fecal production of acetic
acid since acetic acid plays a role in gut epithelial barrier func-
tion (51). Given the crucial role of gut microbiota in ASD
pathogenesis (39, 52, 53), abnormal composition of gut micro-
biota may be, in part, involved in the ASD-like behaviors in
offspring after maternal glyphosate exposure. At present, specific
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Fig. 4.

Effects of TPPU on ASD-like behavioral abnormalities in juvenile offspring after maternal glyphosate exposure. (A) Schedule of treatment and be-

havioral tests. Water or glyphosate (0.098%) was given to pregnant mice. Vehicle (5 mL/kg/d) or TPPU (3 mg/kg/d) was administered orally to pregnant mice
from E5 to P21. Subsequently, all mice received normal water. Grooming test and three-chamber social interaction test were performed from P28 to P35. (B)
Change of body weight of mothers (n =5 or 6). Two-way ANOVA (glyphosate, F 17 =7.66, P=0.013; TPPU, F; 17 = 9.14, P = 0.008; interaction, F1 17 = 1.59, P=
0.225). (C) Grooming test. Treatment with TPPU significantly attenuated the increased grooming time in juvenile offspring after maternal glyphosate ex-
posure. Two-way ANOVA (glyphosate, Fq 3¢ = 14.19, P = 0.001; TPPU, F; 3¢ = 25.34, P < 0.001; interaction, F; 35 = 11.31, P = 0.002). Data are shown as mean +
SEM (n = 10; ***P < 0.01 compared to glyphosate + vehicle group). (D) Three-chamber social interaction test. (Left) Three-way ANOVA (glyphosate, Fq s =
9.948, P = 0.003; TPPU, F;5¢ = 0.301, P = 0.585; stranger, Fy s = 135.27, P < 0.001; interaction [glyphosate x TPPU], Fss = 0.845, P = 0.362; interaction
[glyphosate x stranger], F; 56 = 38.61, P < 0.001; interaction [TPPU x stranger], F; s = 3.593, P = 0.063; interaction [glyphosate x TPPU x stranger], F1 s¢ = 11.06,
P = 0.002). (Right) Three-way ANOVA (glyphosate, Fys¢ = 4.168, P = 0.046; TPPU, F;5¢ = 21.96, P < 0.001; stranger, F;5¢ = 104.28, P < 0.001; interaction
[glyphosate x TPPU], Fq 56 = 1.902, P = 0.173; interaction [TPPU x stranger], Fq 56 = 3.870, P = 0.054; interaction [glyphosate x stranger], F1 s = 13.10, P=0.001;

interaction [glyphosate x TPPU X stranger], F; 56 = 19.69, P < 0.001). Data are shown as mean + SEM (n = 8; ***P < 0.01). N.S., not significant.

bacteria that can cause ASD were not yet identified. Therefore,
further study on the role of gut microbiota on glyphosate-induced
ASD is needed.

Maternal exposure to 0.098% glyphosate causes ASD-like
behaviors and abnormal composition of gut microbiota in juve-
nile offspring. Although it is exceptionally unlikely that such
exposure could be reached during human pregnancy, mater-
nal exposure to high levels of technical glyphosate could have
detrimental side effects in offspring. A cohort study on mea-
surement of blood (or urine) levels of glyphosate in pregnant
mothers who have offspring with or without ASD is of interest.

11758 | www.pnas.org/cgi/doi/10.1073/pnas.1922287117

Although the current animal data do not necessarily translate to
humans, further study connecting animal data with the find-
ings from epidemiological studies is needed to identify the de-
tailed mechanisms of action of glyphosate exposure for ASD
pathogenesis.

In conclusion, this study suggests that maternal exposure to
high levels of formulated glyphosate might play a role in the
etiology of ASD-like behaviors in murine offspring through in-
creased activity of SEH in the brain, and sEH inhibitors could
be a useful tool to dissect the mechanism. However, a recent
comprehensive review on human exposure to glyphosate indicates

Pu et al.
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that human exposure approaching these levels is exceptionally
unlikely (54).

Materials and Methods

Details of the experimental protocols, including animals, maternal glyph-
osate exposure, measurement of glyphosate in the blood, oxylipin analysis,
Western blot analysis, RT-PCR, behavioral tests, treatment of TPPU, immuno-
histochemistry, measurement of amino acids, gut microbiota analysis, and sta-

tistical analysis, are given in the S/ Appendlix.
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