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Abstract

behaviors.

symptoms in offspring through RORA activation.

Background: Retinoic acid-related orphan receptor alpha (RORA) has been reported to be suppressed in autistic
patients and is associated with autism spectrum disorders (ASD), although the potential role and mechanism of RORA
on gastrointestinal (Gl) symptoms in ASD patients is still not reported. In this study, we aim to investigate the contri-
bution of RORA to Gl symptoms through a maternal diabetes-mediated autism-like mouse model.

Results: Male offspring of diabetic dams were treated with either superoxide dismutase (SOD) mimetic MNTBAP or
RORA agonist SR1078, or were crossbred with intestine epithelial cells (IEC)-specific RORA knockout (RORA™~) mouse.
Gene expression, oxidative stress and inflammation were measured in brain tissues, peripheral blood mononuclear
cells (PBMC) and IEC, and Gl symptoms were evaluated. Our results showed that SOD mimetic MnTBAP completely,
while RORA agonist SR1078 partly, reversed maternal diabetes-mediated oxidative stress and inflammation in the
brain, PBMC and IEC, as well as Gl symptoms, including intestine permeability and altered gut microbiota composi-
tions. IEC-specific RORA deficiency either mimicked or worsened maternal diabetes-mediated Gl symptoms as well

as oxidative stress and inflammation in IEC, while there was little effect on maternal diabetes-mediated autism-like

Conclusions: We conclude that RORA suppression contributes to maternal diabetes-mediated Gl symptoms in
autism-like mouse offspring, this study provides a potential therapeutical target for maternal diabetes-mediated Gl
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Background

Autism spectrum disorders (ASD) are characterized as
a group of neurodevelopment disorders with impaired
social interaction and communication as well as
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restricted behaviors that may be triggered by multistage
prenatal risk factor exposure [1-3]. Over the past few
decades, the prevalence of ASD has increased to around
1:59, with a male/female ratio of 4/1 [2, 3]. A variety of
risk factors, including epigenetics and environmental
exposures, have been reported to be associated with ASD
[4, 5]. We have previously found that prenatal exposure
to either maternal diabetes [6—8] or hormones (e.g. pro-
gestin and androgen) [9-12] contributes to ASD devel-
opment through oxidative stress, epigenetic changes and

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12868-022-00693-0&domain=pdf

Xiao et al. BMC Neuroscience (2022) 23:8

gene suppression [13, 14], while detailed mechanism
remains largely unknown.

Accumulating evidence shows that gastrointestinal (GI)
symptoms are concurrent and potentially associated with
ASD [15]. Gut microbiota may participate in ASD patho-
genesis [16], and clinical study shows that microbiota
transfer therapy may significantly improve GI and ASD
symptoms in autistic patients [17]. Gut microbiota may
contribute to brain dysfunction and play a role in ASD
development through the gut-brain axis, while the related
mechanisms and cause-effect relationship between ASD
and GI problems are still unclear [15, 17-20].

Retinoic acid-related orphan receptor alpha (RORA) is
involved in many pathophysiological processes [21, 22]
and has been shown to be associated with ASD devel-
opment, with suppressed expression of RORA being
identified in autistic patients [23]. Aromatase, encoded
by gene cytochrome P450, family 19 (CYP19A1), is the
rate-limiting enzyme that is responsible for the con-
version of androgen into estradiol (E2) and has been
reported to be suppressed in ASD patients and is regu-
lated by RORA either directly or indirectly [24—28]. It has
been also reported that RORA regulates the expression
of superoxide dismutase 2 (SOD2) through retinoic acid-
related orphan receptor elements (RORE) located on the
SOD2 promoter [29]. Furthermore, we have early found
that maternal diabetes-mediated autism-like mouse oft-
spring has reduced RORA expression in some brain
regions as well as in intestinal epithelial cells (IEC). We
then hypothesize that RORA may play a role in GI symp-
toms in maternal diabetes-mediated autism-like mouse
offspring through pathways involving the suppression of
RORA and its target genes CYP19A1 and SOD2 in the
gut system [30, 31].

We have previously found that maternal diabetes-medi-
ated mouse offspring show autism-like behaviors with
several core features of ASD, which including decreased
ultrasonic vocalizations as well as suppressed social rec-
ognition and interaction [8, 32]. In this study, we aim to
investigate the potential role of RORA on GI symptoms
in maternal diabetes-mediated autism-like mouse mod-
els. Our results showed that maternal diabetes-mediated
offspring showed significantly suppressed expression of
RORA and its target genes CYP19A1 and SOD2 in the
brain, peripheral blood mononuclear cells (PBMC) and
IEC. The offspring also showed GI symptoms, includ-
ing oxidative stress, pro-inflammatory cytokine release,
increased intestinal permeability and altered gut micro-
biota composition. Treatment of SOD mimetic MnTBAP
[8] completely, while RORA agonist SR1078 [33] partly,
reversed this effect. Further experiments using the RORA
knockout (RORA™/7) mouse model showed that intes-
tine-specific RORA deficiency mimicked or worsened
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maternal diabetes-mediated oxidative stress and inflam-
mation in IEC as well as GI symptoms. We conclude that
RORA suppression contributes to maternal diabetes-
mediated GI symptoms in mouse offspring.

Results

RORA agonist and SOD mimetic reverse maternal
diabetes-mediated RORA suppression and oxidative stress
in the brain

Dams were treated by control (CTL/VEH), diabe-
tes (STZ/VEH), diabetes plus SOD mimetic MnT-
BAP (STZ/MnTBAP), or diabetes plus RORA agonist
SR1078 (STZ/SR1078) during pregnancy. The amyg-
dala neurons and brain tissues, including the amygdala,
hypothalamus and hippocampus, were isolated from
subsequent male offspring for biomedical analysis. We
first evaluated the gene expression of RORA and its tar-
get genes from amygdala tissues. The results showed that
maternal diabetes (STZ/VEH) treatment significantly
deceased the mRNA levels of RORA, CYP19A1 and
SOD2 (P<0.0001), respectively, compared to the CTL/
VEH group; SOD mimetic MnTBAP treatment (STZ/
MnTBAP) completely reversed this effect; while RORA
agonist (STZ/SR1078) completely reversed the expres-
sion of CYP19A1, partly reversed on SOD2 (P<0.01),
but showed no effect on RORA (see Fig. 1a). We also
measured the protein levels by western blotting, and an
expression pattern similar with that of mRNA levels was
observed (see Fig. 1b, ¢, Additional file 1: Fig. Sla). We
then evaluated oxidative stress, and the results showed
that maternal diabetes (STZ/VEH) significantly increased
ROS formation (see Fig. 1d) and 3-nitrotyrosin forma-
tion (see Fig. le) (P<0.0001), respectively, compared to
CTL/VEH group. STZ/MnTBAP treatment completely,
while RORA agonist (STZ/SR1078) partly, reversed this
effect. We also evaluated SOD2 activity, and the results
showed that maternal diabetes (STZ/VEH) significantly
decreased SOD2 activity (P<0.0001) compared to the
CTL/VEH group; treatments of either STZ/MnTBAP or
STZ/SR1078 completely reversed this effect (see Fig. 1f).
Finally, we evaluated 8-oxo-dG formation from amyg-
dala neurons. The results showed that maternal diabetes
(STZ/VEH) significantly increased 8-oxo-dG formation
(P<0.0001) compared to the CTL/VEH group; treat-
ments of either STZ/MnTBAP or STZ/SR1078 had no
significant effect (see Fig. 1g, h). In addition, we evaluated
gene expression in the hypothalamus and hippocampus,
and the results showed that maternal diabetes (STZ/
VEH) significantly decreased expression of RORA and
CYP19A1 in both the hypothalamus and hippocampus
compared to the CTL/VEH group. STZ/MnTBAP treat-
ment completely reversed this effect on both genes, while
STZ/MnTBAP treatment completely reversed this effect
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divided into the following treatment groups: control (CTL/VEH), diabetes (STZ/VEH), diabetes plus SOD mimetic MnTBAP (STZ/MnTBAP), and
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Fig. 1 RORA agonist and SOD mimetic reverse maternal diabetes-mediated RORA suppression and oxidative stress in the amygdala. Dams were

diabetes plus RORA agonist SR1078 (STZ/SR1078) during pregnancy, and the amygdala neurons or tissues were isolated from male offspring for
biomedical analysis. a mRNA levels by gPCR, n=4. b Quantitation of protein levels, n=5. ¢ Representative pictures of western blotting for b, and
full-length blots are presented in Additional file 1: Fig. STa. d ROS formation, n=5. e 3-Nitrotyrosine formation, n=>5. f SOD2 activity, n=5.g, h
The amygdala neurons were isolated on embryonic day (E18) from the above treatment for immunostaining. g Quantitation of 8-oxox-dG staining,
n=>5. h Representative pictures for 8-oxo-dG staining (green) and DAPI staining for nuclei (blue). The one-way ANOVA analysis was performed to
determine statistical significance of different groups. *P < 0.05, vs. CTL/VEH group; *P< 0.05, vs. STZ/VEH group. Data were expressed as mean 4 SD

on CYP19A1 expression but had no effect on RORA.
Additionally, none of the treatments had any effect on
SOD2 expression in tissues of the hypothalamus and hip-
pocampus (see Additional file 1: Fig. S2). We conclude
that RORA agonist and SOD mimetic reverse mater-
nal diabetes-mediated RORA suppression and oxidative
stress in the brain.

RORA agonist and SOD mimetic ameliorate maternal

diabetes-mediated autism-like behaviors in male offspring
We evaluated the effects of RORA agonist and SOD
mimetic MnTBAP on maternal diabetes-mediated
autism-like behaviors. Our result showed that offspring
from the maternal diabetes (STZ/VEH) treatment group
displayed significantly decreased ultrasonic vocalizations

(P<0.0001) compared to CTL/VEH treatment; both
SOD mimetic (STZ/MnTBAP) or RORA agonist (STZ/
SR1078) partly reversed this effect (P<0.01, see Fig. 2a).
Additionally, mice in the maternal diabetes (STZ/VEH)
group spent significantly less time sniffing (P<0.0001),
mounting (P<0.01), and interacting in total (P<0.0001)
during the social interaction tests compared to the CTL/
VEH group; both STZ/MnTBAP and STZ/SR1078 treat-
ment partly reversed the effect on sniffing (P<0.01) and
total interaction time (P<0.01) while completely revers-
ing the effect on mounting interaction time. None of the
treatments appeared to have a significant effect on the
amount of time spent grooming partners (see Fig. 2b).
Furthermore, mice from the maternal diabetic (STZ/
VEH) treatment group spent significantly less time in
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Fig.2 RORA agonist and SOD mimetic ameliorate maternal diabetes-mediated autism-like behaviors in male offspring. Dams were divided into
the following treatment groups: control (CTL/VEH), diabetes (STZ/VEH), diabetes plus SOD mimetic MnTBAP (STZ/MnTBAP), or diabetes plus RORA
agonist SR1078 (STZ/SR1078) during pregnancy, and the subsequent male offspring were used for evaluation of autism-like behaviors. a Ultrasonic
vocalization, n=9. b Social interaction (SI) test, with total interaction time and amount of time spent following, mounting, grooming, and sniffing
any body parts of the other mouse were calculated, n=9. ¢, d Three-chambered social tests, n=9. ¢ Time spent in chamber for sociability. d Time
spent in chamber for social novelty. The one-way ANOVA analysis was performed to determine statistical significance of different groups. *P<0.05,
vs. CTL/VEH group; 'P<0.05, vs. STZ/VEH group. Data were expressed as mean = SD

the stranger 1 side (P<0.01) and more time in the empty
side (P<0.01) during the sociability test (see Fig. 2c);
while spent significant more time in the stranger 1 side
(P<0.01) and less time in the stranger 2 side (P<0.01) in
the social novelty test compared to the CTL/VEH treat-
ment group (see Fig. 2d); both STZ/MnTBAP and STZ/
SR1078 treatment completely reversed the effect. We
conclude that RORA agonist and SOD mimetic amelio-
rate maternal diabetes-mediated autism-like behaviors in
male offspring.

RORA agonist and SOD mimetic reverse maternal
diabetes-mediated pre-inflammatory cytokine release

in PBMC

We evaluated the potential effect of RORA agonist on
pre-inflammatory cytokine release in PBMC cells. Our
results showed that maternal diabetes (STZ/VEH) treat-
ment significantly increased mRNA levels of IL1f, IL6,
MCP1 and IL17A (P<0.0001), respectively, compared to

the CTL/VEH treatment; SOD mimetic (STZ/MnTBAP)
treatment completely reversed the effects on the expres-
sion of IL6, MCP1 and IL17A, while partly reversed the
effects on IL1f expression (P<0.001). RORA agonist (STZ/
SR1078) completely reversed the effects on the expression
of IL1p and IL6 and partly reversed the effects on MCP1
(P<0.001) and IL17A (P<0.01) expression (see Fig. 3a). We
also measured the cytokine secretion in cultured PBMC,
which included IL1p (see Fig. 3b), IL6 (see Fig. 3c), MCP1
(see Fig. 3d) and IL17A (see Fig. 3e). The results showed
that maternal diabetes (STZ/VEH) treatment significantly
increased pro-inflammatory cytokine secretion compared
to the CTL/VEH treatment (P<0.0001), and treatments
of STZ/MnTBAP and STZ/SR1078 either completely or
partly reversed the effects of maternal diabetes. We fur-
ther evaluated the gene expression of RORA and its target
genes in PBMC, and the results showed that maternal dia-
betes (STZ/VEH) treatment significantly decreased mRNA
levels of RORA and its target genes CYP19A1 and SOD2
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Fig.3 RORA agonist and SOD mimetic reverse maternal diabetes-mediated pre-inflammatory cytokine release in PBMC. Dams were divided

into the following treatment groups: control (CTL/VEH), diabetes (STZ/VEH), diabetes plus SOD mimetic MnTBAP (STZ/MnTBAP), or diabetes plus
RORA agonist SR1078 (STZ/SR1078) during pregnancy, and the PBMC were isolated from male offspring for biomedical analysis. a mRNA levels of
pre-inflammatory cytokines, n=4. b IL-13 secretion, n=9. ¢ IL-6 secretion, n=9.d MCP1 secretion, n=09. e IL17A secretion, n="9. f mRNA levels of
RORA and target genes, n=4. g ChiP analysis on the RORA promoter, n=4.The one-way ANOVA analysis was performed to determine statistical
significance of different groups. *P < 0.05, vs. CTL/VEH group; P <0.05, vs. STZ/VEH group. Data were expressed as mean = SD
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(P<0.0001) compared to CTL/VEH treatment, and STZ/
MnTBAP treatment completely, while STZ/SR1078 treat-
ment partly, reversed this effect (see Fig. 3f). In addition,
we evaluated the potential effect of maternal diabetes on
epigenetic changes on the RORA promoter in PBMC cells,
and the results showed that the different treatments had
no effect on DNA methylation (see Additional file 1: Fig.
S3), Histone 4 (H4) methylation (see Additional file 1: Fig.
S4a), or histone acetylation (see Additional file 1: Fig. S4b).
Finally, we measured histone 3 methylation on the RORA
promoter, and the results showed that the maternal dia-
betes (STZ/VEH) treatment group displayed significantly
increased H3K9me3 modification (P<0.0001) compared to
the CTL/VEH treatment. STZ/MnTBAP treatment com-
pletely, while STZ/SR1078 treatment partly reversed this
effect (P<0.01). The treatments had no effect on H3K9me2,
H3K27me2 or H3K27me3 modifications (see Fig. 3g). We
conclude that RORA agonist and SOD mimetic reverse
maternal diabetes-mediated pre-inflammatory cytokine
release in PBMC cells.

RORA agonist and SOD mimetic reverse maternal
diabetes-mediated RORA suppression and oxidative stress
in IEC

We evaluated the potential effect of maternal diabetes
and RORA agonist on gene expression and oxidative

stress in IEC cells. The results showed that maternal
diabetes (STZ/VEH) significantly decreased the mRNA
levels of RORA, CYP19A1 and SOD2 (P<0.0001) com-
pared to the CTL/VEH group; MnTBAP treatment
(STZ/MnTBAP) completely, while STZ/SR1078 treat-
ment partly (P<0.01), reversed this effect (see Fig. 4a).
We also measured the protein levels by western blot-
ting, and an expression pattern similar with that of
mRNA levels was observed (see Fig. 4b, ¢, Additional
file 1: Fig. S1b). We then evaluated oxidative stress, and
the results showed that maternal diabetes (STZ/VEH)
significantly increased ROS formation (see Fig. 4d)
and 3-nitrotyrosin formation (see Fig. 4e), respectively,
compared to the CTL/VEH group (P<0.0001); STZ/
MnTBAP treatment completely, while RORA agonist
(STZ/SR1078) partly, reversed this effect. We finally
evaluated the SOD2 activity, and the results showed
that offspring in the maternal diabetes (STZ/VEH)
group showed decreased SOD2 activity (P<0.0001)
compared to the CTL/VEH group; again, STZ/MnT-
BAP treatment completely, while RORA agonist (STZ/
SR1078) partly (P<0.01), reversed this effect (see
Fig. 4f). We conclude that RORA agonist and SOD
mimetic reverse maternal diabetes-mediated RORA
suppression and oxidative stress in IEC.
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Fig.4 RORA agonist and SOD mimetic reverse maternal diabetes-mediated RORA suppression and oxidative stress in IEC. Dams were divided into
the following treatment groups: control (CTL/VEH), diabetes (STZ/VEH), diabetes plus SOD mimetic MnTBAP (STZ/MnTBAP), or diabetes plus RORA
agonist SR1078 (STZ/SR1078) during pregnancy, and the IEC cells were isolated from male offspring for biomedical analysis. a mRNA levels by gPCR,
n=4.b Quantitation of protein levels, n =5. c Representative pictures of western blotting for b, and full-length blots are presented in Additional
file 1: Fig. S1b. d ROS formation, n =5. e 8-OHdG formation, n =5. f SOD2 activity, n =5. The one-way ANOVA analysis was performed to determine
statistical significance of different groups. *P<0.05, vs. CTL/VEH group; 'P<0.05, vs. STZ/VEH group. Data were expressed as mean == SD

RORA agonist and SOD mimetic reverse maternal
diabetes-mediated gastrointestinal dysfunction

We evaluated the potential effect of maternal diabe-
tes and RORA agonist on gastrointestinal function.
First, we measured cytokine secretion from isolated
IEC cells, and the results showed that maternal diabe-
tes (STZ/VEH) significantly increased cytokine secre-
tion of IL1P (see Fig. 5a), IL6 (see Fig. 5b), MCP1 (see
Fig. 5¢) and IL17A (see Fig. 5d) compared to the CTL/
VEH group (P<0.0001); treatments of STZ/MnTBAP
and STZ/SR1078 partly reversed this effect. We then
evaluated GI function by intestinal permeability assay
using FITC-dextran, and the results showed that mater-
nal diabetes (STZ/VEH) significantly increased intesti-
nal permeability (P<0.0001) compared to the CTL/VEH
group; STZ/MnTBAP treatment completely, while STZ/
SR1078 treatment partly (P<0.01), reversed this effect
(see Fig. 5e). We then evaluated the microbial popula-
tions of the treated mice using 16S rRNA gene sequenc-
ing, and the results showed that maternal diabetes (STZ/
VEH) resulted in significant differences in gut microbial
composition compared to CTL/VEH group. In general,
the phyla Firmicutes and Proteobacteria dominate the
microbiome of CTL/VEH mice, while a shift towards

Firmicutes and Actinobacteria occurred in STZ/VEH
mice; and treatments of both STZ/MnTBAP and STZ/
SR1078 partly reversed this effect (see Fig. 5f). Addition-
ally, there was no difference in microbial species richness
(see Fig. 5g) and diversity (see Fig. 5h) across the treat-
ment groups. Furthermore, we evaluated the relative
abundance of different gut organisms. The genus level
of Mucispirillum (g_Mucispirillum) was significantly
decreased in the STZ/VEH treatment group (P<0.0001)
compared to the CTL/VEH group; STZ/MnTBAP treat-
ment completely, while STZ/SR1078 treatment partly
(P<0.01), reversed this effect (see Fig. 5i). In addition, a
genus belonging to the phylum Deferribacteres (p_Defer-
ribacteres) was significantly decreased in STZ/VEH treat-
ment compared to the CTL/VEH group, and treatments
of STZ/MnTBAP and STZ/SR1078 completely reversed
this effect. On the other hand, genus belonging to the
phylum Proteobacteria (p_Proteobacteria) (P<0.001) and
Tenericutes (p_Tenericutes) (P<0.001) were significantly
increased in the STZ/VEH treatment group compared
to the CTL/VEH group; treatments of STZ/MnTBAP
and STZ/SR1078 partly reversed this effect (see Fig. 5j).
In general, our results indicate that RORA agonist and
SOD mimetic reverse maternal diabetes-mediated
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Fig.5 RORA agonist and SOD mimetic reverse maternal diabetes-mediated gastrointestinal dysfunction. Dams were treated by control (CTL/VEH),
diabetes (STZ/VEH), diabetes plus SOD mimetic MNTBAP (STZ/MnTBAP), or diabetes plus RORA agonist SR1078 (STZ/SR1078) during pregnancy,
and Gl functions of male offspring were evaluated. a—d The IEC cells were isolated to evaluate cytokine secretion, n=29; a IL-18 secretion; b IL-6
secretion; ¢ MCP1 secretion; d IL17A secretion. e Intestinal permeability assay by FITC-dextran, n = 5. f-j Gut microbiota analysis, n=79; f overview
of the identified relative frequencies of different phyla found in treated mice; g species richness; h species diversity; i relative abundance of
Mucispirillumn at genus level; j relative abundance of different bacteria in phylum level. The one-way ANOVA analysis was performed to determine
statistical significance of different groups. *P < 0.05, vs. CTL/VEH group; P <0.05, vs. STZ/VEH group. Data were expressed as mean = SD
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gastrointestinal dysfunction, including cytokine release,
increased intestinal permeability and changes in gut
microbial composition.

Intestine-specific RORA deficiency mimics or worsens
maternal diabetes-mediated RORA suppression

and oxidative stress in IEC

Dams in either the control (CTL) or diabetes (STZ)
groups were crossbred with either wild type (WT)
or intestinal epithelial-specific RORA knockout
(RORA /) mice, and the IEC cells were isolated from
subsequent male offspring for biomedical analysis.
We first evaluated gene expression from IEC, and the
results showed that maternal diabetes (STZ/WT) sig-
nificantly decreased mRNA levels of RORA, CYP19A1
and SOD2, respectively, compared to the CTL/WT
group. RORA deficiency (RORA™/7), including treat-
ments of CTL/RORA™~ and STZ/RORA™'", either
mimicked or worsened this effect (see Fig. 6a). We also

measured the protein levels by western blotting, and
an expression pattern similar to that of mRNA lev-
els was observed (see Fig. 6b, ¢, Additional file 1: Fig.
Slc). We then evaluated oxidative stress, and the results
showed that maternal diabetes (STZ/WT) significantly
increased ROS formation (see Fig. 6d) and 3-nitroty-
rosin formation (see Fig. 6e), respectively, compared
to the CTL/WT group; RORA deficiency (RORA™/")
either mimicked or worsened this effect. We then
evaluated SOD2 activity, and the results showed that
maternal diabetes (STZ/WT) significantly decreased
SOD2 activity compared to the CTL/WT group (see
Fig. 6f); we then evaluated 8-oxo-dG formation by
immunostaining in IEC, and the results showed that
maternal diabetes (STZ/WT) significantly increased
8-0x0-dG formation compared to the CTL/WT group
(see Fig. 6g, h); again, RORA deficiency (RORA™'")
either mimicked or worsened these effects. We con-
clude that intestine-specific RORA deficiency mimics
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were expressed as mean =+ SD

in either the control (CTL) or diabetes (STZ) groups were crossbred with either wild type (WT) or intestinal epithelial-specific RORA knockout

) mice, and the IEC cells were isolated from subsequent male offspring for biomedical analysis. a mRNA levels by gPCR, n=4.

¢ Representative pictures of western blotting for b, and full-length blots are presented in Additional file 1:

Fig. S1c. d ROS formation, n=5. e 3-Nitrotyrosine formation, n=5. f SOD2 activity, n=5. g, h The IEC were isolated for 8-oxo-dG immunostaining;

g representative pictures for 8-oxo-dG staining (green) and DAPI staining for nuclei (blue); h quantitation of 8-oxox-dG staining, n =5; The two-way
ANOVA analysis was performed to determine statistical significance of different groups. ***P <0.0001; **P<0.001; *P<0.01; N/S, no significance. Data

or worsens maternal diabetes-mediated RORA sup-
pression and oxidative stress in IEC.

Intestine-specific RORA deficiency does not affect maternal
diabetes-mediated autism-like behaviors

We evaluated the potential effect of intestine-specific
RORA deficiency on maternal diabetes-mediated gene
expression and autism-like behaviors. Our results showed
that maternal diabetes (STZ/WT) treatment significantly
decreased the mRNA levels of RORA, CYP19A1 and
SOD2 in the amygdala compared to the CTL/WT group,
and intestine-specific RORA deficiency (RORA™7)
showed no effect on gene expression (see Additional
file 1: Fig. S5a). We then evaluated autism-like behaviors
in those animals, and the results showed that maternal
diabetes (STZ/WT) treatment significantly decreased
ultrasonic vocalizations (see Additional file 1: Fig. S5b).

Moreover, offspring from the STZ/WT group spent sig-
nificantly less time interacting with stranger mice during
the social interaction tests (see Additional file 1: Fig. S5¢)
and showed significant less interest in sociability (see
Additional file 1: Fig. S5d) and social novelty (see Addi-
tional file 1: Fig. S5e) compared to the CTL/WT group.
RORA deficiency (RORA™7), including treatments of
CTL/RORA™'~ and STZ/RORA~'~, showed no effect
on these behaviors. We conclude that intestine-specific
RORA deficiency does not affect maternal diabetes-
mediated autism-like behaviors.

Intestine-specific RORA deficiency mimics or worsens
maternal diabetes-mediated gastrointestinal dysfunction
We evaluated the potential effect of RORA deficiency
on maternal diabetes-mediated gastrointestinal dysfunc-
tion. We first measured cytokine secretion from isolated
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IEC cells, and the results showed that maternal diabe-
tes (STZ/WT) significantly increased cytokine secre-
tion of IL1PB (see Fig. 7a), IL6 (see Fig. 7b), MCP1 (see
Fig. 7c) and IL17A (see Fig. 7d) compared to CTL/WT
group; RORA deficiency (RORA™'7), including treat-
ments of CTL/RORA™'~ and STZ/RORA™', either
mimicked or worsened this effect. We then evaluated
GI function by intestinal permeability assay, and the
results showed that maternal diabetes (STZ/W'T) sig-
nificantly increased intestinal permeability compared
to CTL/WT group; RORA deficiency (RORA /") either
mimicked or worsened this effect (see Fig. 7e). We then
evaluated the microbial populations of the treated mice
using 16S rRNA gene sequencing, and the results showed
that maternal diabetes (STZ/WT) treatment achieved
significant differences in gut microbial composition
compared to the CTL/WT group; in general, the phyla
Firmicutes and Proteobacteria dominate the microbiome
of CTL/WT mice, while a shift towards Firmicutes and

Page 9 of 14

Actinobacteria occurred in STZ/WT mice; RORA defi-
ciency (RORA~/~) mimicked the effect of STZ/WT treat-
ment (see Fig. 7f). Again, there was no difference in the
microbial species richness (see Fig. 7g) and diversity (see
Fig. 7h) among those treatments. Furthermore, we evalu-
ated the relative abundance of different gut organisms.
The genus level of Mucispirillum (g_Mucispirillum) was
significantly decreased in the STZ/W'T treatment group
compared to the CTL/WT group; RORA deficiency
(RORA ™) either mimicked or worsened this effect (see
Fig. 7i). In addition, there were significantly fewer organ-
isms of a genus belonging to the phylum Deferribacteres
(p_Deferribacteres) in STZ/W'T treatment compared to
the CTL/WT group; RORA deficiency (RORA /") either
mimicked or worsened this effect. On the other hand,
the number organisms of a genus belonging to the phy-
lum Proteobacteria (p_Proteobacteria) and Tenericutes
(p_Tenericutes) was significantly increased in the STZ/
WT treatment group compared to CTL/WT group;
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Intestine-specific RORA deficiency mimics or worsens maternal diabetes-mediated gastrointestinal dysfunction. Dams from either the
control (CTL) or diabetes (STZ) groups were crossbred with either wild type (WT) or intestinal epithelial-specific RORA knockout (RORA™), and the
gastrointestinal function of male offspring was evaluated. a-d The [EC cells were isolated to evaluate cytokine secretion, n=9; a IL-1(3 secretion;

b IL-6 secretion; ¢ MCP1 secretion; d IL17A secretion. e Intestinal permeability assay by FITC-dextran, n=5. f-j Gut microbiota analysis, n=9;

f overview of the identified relative frequencies of different phyla found in treated mice; g species richness; h species diversity; i relative abundance
of Mucispirillumn at genus level; j relative abundance of different bacteria in phylum level. The two-way ANOVA analysis was performed to
determine statistical significance of different groups. ***P<0.0001; **P<0.001; *P<0.01; N/S, no significance. Data were expressed as mean =+ SD
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and RORA deficiency (RORA™'7) either mimicked or
worsened this effect (see Fig. 7j). In general, our results
indicate that intestine-specific RORA deficiency mim-
ics or worsens maternal diabetes-mediated gastrointes-
tinal dysfunction, including cytokine release, increased
intestinal permeability and changes of the gut microbial
composition.

Schematic model for maternal diabetes-mediated GI
symptoms through RORA suppression in autism-like
offspring

Maternal diabetes-mediated oxidative stress [34] trig-
gers suppression of RORA and its target genes (CYP19A1
and SOD2) in the brain, leading to ASD development.
Simultaneously, maternal diabetes-induces RORA sup-
pression by epigenetic changes on the RORA promoter in
PBMC, resulting in pro-inflammatory cytokine release,
which including IL1B, IL6, MCP1 and IL17A. Further-
more, maternal diabetes-mediated RORA suppression
in IEC leads to inflammation, increased intestinal per-
meability and altered gut microbial composition, subse-
quently resulting in GI symptoms. On the other hand, the
cause-effect relationship between ASD and GI symptoms
in maternal diabetes-mediated mouse model remains
unclear (see Fig. 8).

Discussion

In this study, we found that maternal diabetes-mediated
autism-like mouse offspring have suppressed expres-
sion of RORA and its target gene in addition to oxida-
tive stress and inflammation in brain tissues, PBMC and
IEC, as well GI symptoms. RORA agonist SR1078 partly
reversed this effect, and intestine-specific RORA defi-
ciency mimics or worsens maternal diabetes-mediated
GI symptoms.

RORA suppression in autism-like behaviors

It has previously been reported that RORA expres-
sion is reduced in the brains of ASD patients [23], while
its potential role in ASD development is still largely
unknown. Our results showed that RORA expression was
significantly suppressed in brain tissues of maternal dia-
betes-mediated autism-like mouse models. SOD mimetic
MnTBAP completely, while RORA agonist SR1078 partly,
reversed maternal diabetes-mediated autism-like behav-
iors, indicating that maternal diabetes-mediated oxi-
dative stress plays a major role [8]. This effect is at least
partly mediated through RORA and its target genes,
including CYP19A1 and SOD2, since CYP19A1 converts
androgen into estradiol, which directly or indirectly reg-
ulates many antioxidant genes [35, 36]. RORA may play
an important role in sex bias in ASD development [37]
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by modulating the expression of CYP19A1 and SOD2 as
well as oxidative stress in neurons [8, 28].

RORA suppression in PBMC and its contribution to Gl
symptoms

Our results showed that maternal diabetes-medi-
ated autism-like offspring had significant GI symp-
toms, together with suppressed RORA expression in
PBMC [38] and increased secretion of proinflammatory
cytokines, including IL1{, IL6 [39], MCP1 and IL17A
[40]. It has been reported that altered gut microbiota
composition in ASD is associated with systemic immune
dysfunction, such as chronic inflammation [38], and
RORA regulates the inflammatory signaling pathway by
modulation of macrophage development and activation
[41, 42]. We suppose that maternal diabetes-mediated
RORA suppression in PBMC may contribute to GI symp-
toms in autism-like offspring by modulation of systemic
inflammation in PBMC cells.

RORA suppression in IEC and its contribution to GI
symptoms

We found that maternal diabetes-mediated autism-like
offspring had RORA suppression in IEC with signifi-
cant GI symptoms [43-45], including oxidative stress
and inflammation in IEC [46], increased intestine per-
meability and altered microbiota compositions. SOD
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mimetic MnTBAP completely, while RORA agonist
SR1078 partly, reversed this effect. This indicates that
RORA suppression may play an important role in
maternal diabetes-mediated GI symptoms, although
this does not exclude other potential factors. Further-
more, IEC-specific RORA deficiency mimicked or
worsened maternal diabetes-mediated GI symptoms,
while surprisingly, it showed little effect on maternal
diabetes-mediated autism-like behaviors. It has been
widely reported that gut microbiota may modulate
animal behaviors through the gut-brain axis and fecal
microbiota transplantation (FMT) [47] rescues social
behaviors in ASD model [48, 49]. Our results indicate
that IEC may not play a major role in gut microbiota-
mediated animal behaviors, while it has been reported
that gut microbiota may modulate autism-like behav-
iors through the vagus nerve or enteric nervous system
[50, 51], and this may be the potential explanation for
our findings.

Limitations

We have previously showed that the amygdala plays a
major role in maternal diabetes-mediated autism-like
behavior [6—8]; therefore, gene expression in the amyg-
dala was a key focus in this study, while this does not
exclude the potential contribution and effect from other
brain area on animal behaviors. Furthermore, only male
offspring were studied here in order to avoid potential
interference from estrogen/estrogen receptor-mediated
effects in female offspring [6—8], and this may potentially
affect the conclusions about the role of the estrous cycle
in the assessment of animal behaviors and GI symptoms.
Additionally, the lack of IEC-specific RORA expression
mouse is a potential limitation to investigate the mecha-
nism of RORA and its contribution to GI symptom:s.

Conclusions

Maternal diabetes-mediated autism-like mouse offspring
display RORA suppression in the brain, PBMC and IEC
with oxidative stress and inflammation. They also show
a variety of GI symptoms, including increased intestine
permeability and altered gut microbiota composition.
Treatment with either SOD mimetic or RORA agonist
partly reverses this effect. Furthermore, IEC-specific
RORA deficiency either mimics or worsens maternal dia-
betes-mediated GI symptoms. We conclude that RORA
suppression contributes to maternal diabetes-mediated
GI symptoms in autism-like mouse offspring, this study
provides a potential therapeutical target for maternal
diabetes-mediated GI symptoms in offspring through
RORA activation.
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Methods

A detailed description can be found in Additional file 1:
Data S1, and the related primers used in this study are
shown in Additional file 1: Table S1.

Reagents and materials

The antibodies for [-actin (sc-47778), CYP19 (sc-
374176), RORA (sc-518081) and SOD2 (sc-30080) were
obtained from Santa Cruz Biotechnology. Fluorescein
isothiocyanate-labeled dextran (FITC-dextran, #46944)
and RORA agonist SR1078 (#557352) were obtained
from Sigma.

In vivo mouse experiments

The animal protocol conformed to US NIH guidelines
(Guide for the Care and Use of Laboratory Animals, No.
85-23, revised 1996), and was reviewed and approved
by the Institutional Animal Care and Use Committee
from Foshan Maternity and Child Health Care Hospital
and Hainan Women and Children’s Medical Center, and
this study is in accordance with the ARRIVE guidelines.
In this study, 10 dams were assigned for each exposure,
and one representative offspring was picked up randomly
from each dam for experiments and analysis, and 9 rep-
resentative offspring were usually picked up from 10 in
total in case animal may die by accident during experi-
mental process. Each animal was firstly used for behav-
ior analysis, then was sacrificed for tissue collection and
subsequent biological analysis. Each experimental off-
spring was in separate cage since they came from differ-
ent dams.

Generation of intestine-specific RORA knockout mice

The RORA™M mouse, which has loxP flanking sites target-
ing exon 3 of the RORA gene, was generated by in vitro
fertilization and was obtained for the study as a gener-
ous gift from Dr. Haimou Zhang from Hubei University.
The Villin-cre (Vill-cre) transgenic mice (#021504) have
the mouse villin 1 promoter directing expression of Cre
recombinase to villus and crypt epithelial cells of the
small and large intestines, was obtained from Jackson
Laboratories. To generate intestine-specific RORA™/~
null mouse (Vill-cre-RORAMY), the RORA™ mice were
cross-bred with Vill-cre mice for over 4 generations on
the C57BL/6] background. Positive offspring were con-
firmed by genotyping through PCR using specific prim-
ers (see Additional file 1: Table S1) for the presence of
both loxP sites within RORA alleles and Cre recombinase
[22].

Generation of diabetic mice
All the experimental mice were either RORA wild type
(WT) or RORA null (RORA™'") mice with a C57BL/6]
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mixed genetic background. Chronic diabetic female mice
were induced by injection of 35 mg/kg streptozotocin
(STZ), and the diabetic mice were confirmed with blood
glucose >250 mg/dl.

Mouse protocol 1: prenatal treatment of diabetes

or chemicals

Verified pregnant dams (n=9 for each group) were ran-
domly assigned to the following 4 groups: Group 1: CTL
group mice receiving only vehicle treatment (CTL/VEH);
Group 2: STZ mice receiving only vehicle treatment
(STZ/VEH); Group 3: CTL group mice receiving 10 mg/
kg/day of MnTBAP (dissolved in DMSO) injection (CTL/
MnTBAP); Group 4. STZ mice receiving 10 mg/kg/day
of RORA agonist SR1078 (dissolved in DMSO) injection
(STZ/SR1078). The injection was conducted on days 1, 4,
7, 10, 13, 16 and 19 of pregnancy, respectively. Neurons
from the amygdala were isolated on embryonic day 18
(E18) as described below. The male offspring (1 male off-
spring from each dam was randomly selected for experi-
ments) were separated from the dams on day 21, fed with
normal chow, and underwent behavior tests until 7-8
weeks of age. GI symptoms were evaluated, the whole
blood was collected by heart puncture and the peripheral
blood mononuclear cells (PBMC) were isolated, and the
intestine epithelial cells (IEC) were isolated as described
below for further biomedical analysis,

Mouse protocol 2: prenatal treatment of diabetes or RORA
deficiency

Verified pregnant dams (n=9 for each group) were ran-
domly assigned to the following 4 groups. Group 1: CTL
group mice with RORA WT background (CTL/WT);
Group 2: STZ mice with RORA WT background (STZ/
WT); Group 3: CTL group mice with intestine-specific
RORA knockdown background (CTL/RORA™'~); Group
4: STZ mice with intestine-specific RORA knockdown
background (STZ/RORA™/7). The subsequent offspring
were used for analysis as described in “Mouse protocol 1:
prenatal treatment of diabetes or chemicals”

Animal behavior test

The animal behavior test of offspring was usually car-
ried out at 7-8 weeks of age unless otherwise indicated.
Autism-like behavior was evaluated using ultrasonic
vocalization (USV), social interaction (SI) tests and a
three-chambered social test [52—54], and detailed meth-
ods are described in Additional file 1.

Isolation of mouse intestine epithelial cells (IEC)

The protocol for isolation of IEC cells was based on the
previously described method with minor modifications.
In brief, the small and large intestines were harvested
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individually from treated mice and rinsed extensively
with RPMI-1640 media (from Lonza) after Peyer’s
patches were removed (for small intestine). The rinsed
intestines were opened longitudinally and macerated;
the tissue pieces were shaken gently in RPMI-1640 con-
taining 2 mM EDTA and 10% fetal calf serum. The tissue
preparations were passed through 70-pm mesh filters,
and the resulting single-cell suspensions were applied
to Percoll (from Sigma) density gradients of 25%, 40%,
and 75%. After centrifugation at 2000xg for 20 min, the
interface between the 25% and 40% layers was collected
to obtain IECs. The cells were stained using antibod-
ies for either epithelial cell adhesion molecule (EpCAM,
from Biolegend) or CD45 (from Biolegend) and nucleic
acid dye (Via-Probe, from BD Biosiences). The Via-
Probe /CD45 /EpCAM* IEC were sorted using BD
FACSMelodyTM Cell Sorter (BD Biosciences) for further
biomedical analysis [55, 56].

Intestinal permeability assay

The protocol was followed based on the previously
described method with minor modifications. In brief,
treated mice were fasted for 4 h before the experiment
and then the FITC-dextran (50 mg/mL, Cat# 46944
from Sigma) was gavaged to mice (600 mg/kg). After 4 h,
the whole blood was collected by cardiac puncture and
placed at room temperature for 1 h before being centri-
fuged at a speed of 3000 rpm for 10 min. The supernatant
was then transferred to a new tube for further centrifu-
gation at a speed of 12,000 rpm for 10 min at 4 °C. The
subsequent supernatant (serum) was diluted with equal
volume of PBS and 100 pL diluted serum was added to a
96-cell microplate. The concentration of FITC in serum
was determined at excitation/emission wavelengths of
485/530nm using a FLx800 microplate fluorescence
reader (Bio-Tek). The serial diluted FITC-dextran (0, 0.5,
1,2, 4, 6,8, 10 pg/uL) was used as standards. Serum of
mice administered with PBS was used as negative con-
trols [17, 57].

Fecal microbiome analysis

Fecal samples of the experimental mice were collected
and stored at — 80 °C before being processed. The micro-
bial DNA was extracted using a QIAamp Fast DNA
Stool Mini Kit (from Qiagen) according to the manu-
facturer’s protocol [58]. The purity and concentration of
the extracted DNA were detected using agarose gel elec-
trophoresis. Fecal microbiota was studied by perform-
ing V3-V4 16S rDNA amplicon sequencing in order to
obtain the operational taxonomic units (OTU) defining
the bacterial communities [59]. Sequencing samples from
frozen fecal pellets were prepared, sequenced and sub-
sequently processed using the MiSeq Pe300 Sequencing
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Platform (from Illumina) by Shanghai OE Biotech Inc.
The raw data were treated and processed using a QIIME
2™ software package, and the subsequent sequences of
OTU were blasted in the Silva database (version 138).
The alpha diversity and beta diversity were analyzed
using QIIME 2™ software package [17].

Analysis of cytokines

Mouse cytokines from either the serum or cell superna-
tant, including IL1{, IL6, IL17a and MCP1 were meas-
ured using the Bio-Plex Pro Mouse Cytokine 23-plex
Assay kit (#¥M60009RDPD from BioRad) and Bio-Plex
200 Systems (BioRad) according to the manufacturer’s
instructions [60].

Statistical analysis

The one-way analysis of variance (ANOVA) followed by
the Tukey—Kramer test was used to determine statisti-
cal significance of different groups in “Mouse protocol
1: prenatal treatment of diabetes or chemicals’, and the
two-way ANOVA followed by the Bonferroni post hoc
test was used to determine the differences of two factors
(e.g. RORA deficiency and maternal diabetes) in “Mouse
protocol 2: prenatal treatment of diabetes or RORA defi-
ciency” by SPSS 22 software, and a P value of <0.05 was
considered significant.
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