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SUMMARY

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder. Unlike genetics and
gut dysbiosis, ASD appears to be homogeneous when considering tryptophan metabolism. Following these
findings, we found that ASD was associated with the miscompartmentalization of the chemical chaperone
trimethylamine N-oxide (TMAO). Intracellular TMAO was markedly reduced in ASD, possibly due to altered
fluid/electrolyte homeostasis, which appeared to be responsible for most anomalies of tryptophan meta-
bolism described in ASD. Administration of urea in a rat model of ASD that recapitulates the biochemical
and behavioral phenotypes observed in humans not only restored biochemical parameters but also broadly
improved behaviors. Our results suggest a major role of TMAO miscompartmentalization in the pathophys-
iology of ASD, although it is not causal for ASD. We anticipate that urea, which is already clinically approved,
offers a new therapeutic opportunity for ASD, although careful testing is required to ensure safety and

acceptability in this context.

INTRODUCTION

ASD is a complex and heterogeneous neurodevelopmental
disorder characterized by impaired social communication,
restrictive interest, repetitive behaviors, and hypersensitivity."
To date, there is no broadly effective treatment for ASD.
Although genetic factors have been associated with ASD,”™
at most 10% of cases can be attributed to specific mutations,
and >1,000 genetic variants have been associated with ASD.*
Gut dysbiosis has also been associated with the severity
of mental illness® and has been proposed as a driving factor
in ASD, although dysbiosis appears more as a consequence
than a cause of ASD.® From a metabolic standpoint, ASD is
characterized by numerous biochemical alterations, particu-
larly in tryptophan (Trp) metabolism. These alterations include
reduced enzymatic activities related to serotonin (5-HT) catab-
olism by sulphoconjugation” and the synthesis of melatonin,®
kynurenines, and nicotinamide adenine dinucleotide (NAD*).°
In marked contrast to genetics and microbiota findings, our
recent findings suggest that ASD is metabolically more homo-
geneous than initially thought.®

Trimethylamine N-oxide (TMAO) is the oxidation product of
trimethylamine (TMA), which is produced by the gut microbiota,
by liver flavin-containing monooxygenase 3 (FMO3)."° TMAO is
a chemical chaperone that facilitates protein folding''~'*
and prevents protein denaturation by urea'® and hydrostatic
pressure in marine animals.’® TMAO also stabilizes the tertiary
structure of RNA in vitro'” and increases the rigidity of lipid mem-
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branes.'® ' More recently, elevated TMAO plasma levels have
been associated with cardiometabolic diseases,”*** and a
study has reported elevated plasma TMAO levels in ASD.?®

Here, we first identified TMAO as a chemical chaperone
involved in melatonin synthesis and described the miscompart-
mentalization of TMAO (extracellular excess and intracellular
deficit) in individuals with ASD. Second, we found that other
biochemical anomalies observed in ASD”? are also dependent
on TMAO. Third, we found that TMAO miscompartmentalization
in ASD likely resulted from altered osmolarity, and we finally suc-
cessfully corrected TMAO miscompartmentalization with urea in
a preclinical model of ASD with biochemical and behavioral
benefits.

RESULTS

Intracellular TMAO is lower in ASD

Melatonin is produced from 5-HT by the sequential action of
arylalkylamine N-acetyltransferase (AANAT) and acetylserotonin
O-methyltransferase (ASMT), whose activities are reduced
in ASD.® The activity of both enzymes depends on the 14-3-3
chaperone, whose levels are also reduced in ASD.® AANAT ac-
tivity®® was more sensitive than ASMT activity to 14-3-3 levels,®
which is reflected by the strong positive correlation between
platelet 14-3-3 concentration and platelet AANAT activity,
only in individuals with ASD (Figure 1A) and the lack thereof
for platelet ASMT activity (Figure 1B). However, a decrease in
ASMT activity without any decrease in AANAT activity was
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Figure 1. TMAO chaperones melatonin synthesis
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(A) Relationship between platelet 14-3-3 concentration and platelet AANAT activity measured in the platelets of controls and individuals with ASD.

(B) Relationship between platelet 14-3-3 concentration and platelet ASMT activity measured in the platelets of controls and individuals with ASD.

(C) Representative GC/MS spectrum obtained from platelet AANAT or ASMT immunoprecipitates of healthy individuals.

(D) Platelet TMAO concentration in controls (n = 106) and individuals with ASD (n = 88).

(E) Plasma TMAO concentration in controls (n = 106) and individuals with ASD (n = 88).

(F) Relationship between plasma and platelet TMAO concentrations in controls and individuals with ASD.

(G) In vitro melatonin synthesis by recombinant human AANAT, ASMT and 14-3-3 with respect to TMAO concentration (n = 5 per osmolyte concentration).
(H) Melatonin plasma levels in control mice, that successively received TMAO and FMO3 inhibitor (n = 5 per group, see methods).

(I) Platelet concentration of trimethyl glycine (TMG) in controls (n = 105) and individuals with ASD (n = 66).

(J) Plasma TMG concentration in controls (n = 106) and individuals with ASD (n = 88).

Data are presented as mean + SD (G) or as median and interquartile range along with individual datapoints (D, E, H, I, and J). Intergroup comparisons were
performed using the Wilcoxon sum-rank test (D, E, |, and J) or the Kruskal-Wallis test followed by the Wilcoxon sum-rank test corrected for multiple comparisons
(G). Within-group comparisons were performed using repeated-measure ANOVA on log-transformed data, followed by the Tukey HSD test (H). Correlations (A, C,
and F) were calculated using Spearman’s correlation coefficient (p). The corresponding p values are presented in Table S1. The number of individuals for each

correlation is indicated on each plot.

observed in ~41% of individuals with ASD,® suggesting that
another chaperone could be involved. Therefore, we immuno-
precipitated AANAT or ASMT from 50 x 10° platelets from
healthy subjects (n = 6) and subjected the immunoprecipitates
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to native mass spectrometry.’’ Regardless of the antigen tar-
geted, the immunoprecipitates always contained AANAT, 14-3-
3, and ASMT, indicating that the three proteins formed a
complex in vivo. We also subjected the immunoprecipitates to
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GC-MS and consistently found three peaks (m/z = 75, 58, and
44), which were identified as TMAQ and its fragmentation prod-
ucts (Figure 1C). Of note, this finding is consistent with a recent
report that TMAQ interacts with 14-3-3.? Next, we quantified the
concentration of TMAO in platelets and plasma of individuals
with ASD and controls from the same cohort in which we
described various anomalies in tryptophan metabolism.”%*°
Platelet TMAO was markedly lower (Figure 1D), while plasma
TMAO was higher (Figure 1E) in individuals with ASD, with strong
correlations between plasma and platelet TMAO in individuals
with ASD and controls (Figure 1F), indicating that TMAQ is mis-
compartmentalized in ASD. TMAO miscompartmentalization
did not result from a deficit in TMAO synthesis since whole blood
levels of TMAO (Figure S1A) and those of its gut microbiota-
derived precursor, TMA (Figure S1B), were 26.8% and 14.8%
higher in individuals with ASD compared to controls, respec-
tively. To functionally test the role of TMAO in melatonin synthe-
sis, we measured melatonin production in vitro by incubating
5-HT with human recombinant AANAT, ASMT, and 14-3-3 along
with increasing TMAO concentrations, and found that melatonin
synthesis increased with increasing TMAO concentrations
(Figure 1G). These results were confirmed in vivo, as in male
mice (FVB/N), the administration of TMAO (50 mg/kg) caused a
parallel increase in platelet and plasma TMAO (Figures S1C
and S1D), and plasma melatonin (Figure 1H), while the adminis-
tration of an FMO3 inhibitor (phenylthiourea 3 mg/kg, FMOGi) to
inhibit TMAO synthesis decreased platelet and plasma TMAO
(Figures S1C and S1D), and plasma melatonin (Figure 1H).

Finally, to test the specificity of TMAO with respect to melatonin
synthesis, we evaluated the impact of another osmolyte known to
modulate enzymatic activities, trimethyl glycine (TMG, glycine
betaine, betaine). In vitro, TMG had modest effects on melatonin
synthesis compared to TMAO (Figure 1G). Furthermore, platelet
TMG concentrations were higher (Figure 1l) and plasma TMG
levels were lower (Figure 1J) in individuals with ASD, when
compared to controls. There was no relationship between platelet
and plasma TMG in either group (Figure S1E).

Taken together, these data suggest that TMAO miscom-
partmentalization in ASD is responsible for the decrease in
AANAT/ASMT/14.3.3 chaperoning by TMAO, hence a reduc-
tion in melatonin production.

TMAO and other Trp metabolism alterations in ASD

The eukaryotic Trp metabolic pathways (Figure 2A) are
markedly altered in ASD. In addition to deficits in melatonin syn-
thesis® and sulphoconjugation (monoamine-specific phenol
sulfotransferase, PST-M and phenol-specific phenol sulfo-
transferase, PST-P),” a decrease in 3-hydroxyanthranilate
oxidase (3-HAO) activity, which resulted in the accumulation
of 3-hydroxyanthranilate (3-HAA), and a deficit in NAD* produc-
tion were reported.” As TMAO is a chemical chaperone, and
based on the principle of parsimony, we tested the role of
TMAO on these enzymes in vitro and in vivo. First, human re-
combinant PST-P activity increased with increasing TMAO
concentrations added to the reaction buffer (Figure 2B) and
platelet PST (the sole PST in rodents) activity was unaffected
by TMAO administration but decreased when TMAO synthesis
was blocked by FMOQOGi in mice (Figure 2C). Second, 3-HAO
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activity, estimated by the ratio of plasma quinolinic (QA) + pico-
linic acids (PA) to 3-HAA (Figure 2A), was strongly negatively
and negatively correlated with plasma (Figure 2D) and platelet
(Figure S2A) TMAO, respectively, only in individuals with ASD.
In vitro, the activity of human recombinant 3-HAO increased
with increasing TMAO concentrations added to the reaction
buffer (Figure 2E), and in vivo, exogenous TMAO increased
while FMOB3i decreased liver 3-HAO activity (Figure 2F). Finally,
plasma NAD™" concentrations negatively and positively corre-
lated with plasma (Figure 2G) and platelet (Figure S2B)
TMAO, respectively, only in individuals with ASD and NAD*
plasma levels increased after TMAO administration and
decreased after FMOS inhibition in mice (Figure 2H). Of note,
both PST-P and 3-HAO activities increased in vitro after the
addition of TMG (Figures 2B-2E), albeit to a lesser extent
than when TMAO was added. Taken together, these results
strongly suggest that TMAO chaperones different enzymatic
processes that were found to be altered ASD.”™®

Osmolarity and TMAO intracellular depletion

TMAO can be released from cells as a compatible solute to
compensate for a decrease in extracellular osmolarity.*%"
In our cohort, the only osmolarity-related parameter available
was natremia, and we found that 81% (n = 73/90) of individuals
with ASD were hyponatremic (<135 mM, Figure 3A). Furthermore,
there were strong correlations between natremia, platelet
(Figure 3B), and plasma (Figure 3C) TMAO concentrations in
individuals with ASD, especially in hyponatremic individuals. To
confirm the role of osmolarity in TMAO compartmentalization,
we resuspended fresh human platelets from healthy controls in
Tyrode solutions at different osmolarities and measured TMAO
in the platelets and the supernatant. At 300 mOsm/L, there was
no detectable TMAO release, while TMAO was released in a
dose-response fashion at lower osmolarities (Figure 3D). To
confirm the functional impact of osmolarity-driven TMAO cellular
release, we measured platelet AANAT and ASMT activities in
the same platelet samples and found that both activities
decreased with decreasing osmolarities (Figure 3E). Since natre-
mia is not a direct measurement of osmolarity, and since diluting
Tyrode solution decreased both sodium concentration and osmo-
larity, we tested the impact of osmolarity on TMAO release by
incubating platelets in Tyrode solution prepared with sodium con-
centrations similar to those of diluted Tyrode (130 mM, 123 mM,
and 119 mM corresponding to Tyrode solution at 300 mOsm/L,
285 mOsm/L, and 275 mOsm/L) and adjusted osmolarity to 300
mOsm/L by adding TMG. Under such conditions, TMAO release
was significant but markedly reduced when compared to diluted
Tyrode solution (Figure 3F), suggesting that osmolarity was the
main driver for TMAQ release, although natremia had a modest ef-
fect. Consequently, the reduced TMAO release had no impact on
platelet PST-P activity, unlike diluted Tyrode solution (Figure 3G).
Taken together, these results suggest that hypoosmolarity is
responsible for TMAO release from platelets and that individuals
with ASD have hypotonic hyponatremia in most instances.

TMAO, transport, and signaling

In addition to its chaperoning role on soluble proteins, TMAO has
membrane-rigidifying properties similar to cholesterol."® Taking

iScience 29, 117276, September 18, 2026 3




¢? CellPress

OPEN ACCESS

iScience

A NAD* — QA PA B 0.011/ C 0.001 D ctrl: p=-0.02 (n = 106)
QPRT 0.012/ 0.011/ 0.081 8.5x10°% ASD: p = -0.96 (n = 88)
NMNAT  \3-HAC _ < 2
NADSYN1 = 2 801 _ = <o 15
= 0.6 0.008 0.012 ] i‘ < %
MEL 3-HAA ) : 0.012 8 gl = ° o 5
> .
£ = =< 10
ASMT\ I 2 047 S 40l == 3
© 2 -
AANAT T ., 017 z < N
5-HT = e S 201 o 8
KYN o « TMAO e =
)
v o0d "M & ool 3 o
0 2 4 6 ctrl TMAO FMO3i 0123 456
TRP Osmolyte (M) plasma TMAO (uM)
E 0.008/ F 1.5x107 G ctrl: p = -0.04 (n = 106) H 0.001
0.008/ 0.008/ 0.0001 1.1x10* ASD: p = -0.68 (n = 88) 9.7x10° 2x10°
140 4 40 + i 25
= = [ —~ ~ 251 .
S 120 = — Q
= « TMAO 29 45 2 20 =
c = 30 =X EX
= 1001 T™MG S 2 = = 201 .
Z g 0.008 3 2 a 15l 2 é
= 7 = = < . < 154
B £ 201 E z z ‘
® 60 9( E ﬁ © 1.0 ®©
[} | 0.008/0.008 T3 = £ 101
< 40 h € 10 2 e
T @ & L 051 © .
4 2040. - — a Y a 0.5
0-| T T 1 0-—|—|—|— 0‘0-| T T T T T T 00-—|—|—|—
0 2 4 6 ctl TMAO FMO3i 012 3 4 5 6 ctrl TMAO FMO3i

Osmolyte (UM)

Figure 2. TMAO chaperones numerous enzymatic activities

plasma TMAO (uM)

(A) Simplified schematic representation of tryptophan (TRP) metabolism relevant for the study. MEL, melatonin; KYN, kynurenine, 3-HAA, 3-hydroxyanthranilic
acid, QA, quinolinic acid, PA, picolinic acid, NAD*, nicotinamide dinucleotide. Enzymes are indicated in blue: 3-HAO, 3-hydroxyanthranilate oxidase; AANAT,
arylkylamine N-acetyltransferase; ASMT, acetylserotonin O-methyltransferase; NMNAT, nicotinamide nucleotide adenylyl transferase; NADSYN1, glutamine-
dependent NAD* synthetase; and QPRT, quinolinate phosphoribosyl transferase.

(B) Activity of recombinant human phenol-specific phenol sulphotransferase (PST-P) with respect to TMAO (blue) and trimethyl glycine (TMG, orange) con-
centration (n = 5 per osmolyte concentration).

(C) Platelet PST activity measured in control mice, that successively received TMAO and FMOS inhibitor (n = 5, see STAR Methods).

(D) Relationship between plasma TMAO concentration and 3-hydroxyanthranilate oxidase (3-HAO) activity estimated by the QA + PA/3-HAA ratio in controls and
individuals with ASD.

(E) Activity of recombinant human 3-HAO with respect to TMAO (blue) and trimethyl glycine (TMG, orange) concentration (n = 5 per osmolyte concentration).
(F) Liver 3-HAO activity measured in control mice that successively received TMAO and FMOS3 inhibitor (n = 5, see STAR Methods).

(G) Relationship between plasma TMAO and NAD™ in controls and individuals with ASD.

(H) Plasma NAD* measured in control mice, that successively received TMAO and FMOS inhibitor (n = 5, see STAR Methods).

Data are presented as mean + SD (B and E) or as median and interquartile range along with individual datapoints (C, F, and H). Intergroup comparisons
were performed using the Kruskal-Wallis test followed by the Wilcoxon sum-rank test corrected for multiple comparisons (B and E). Within-group comparisons
were performed using repeated-measure ANOVA on log-transformed data followed by the Tukey HSD test (C, F, and H). Correlations (D and G) were
calculated using Spearman’s correlation coefficient (p). The corresponding p values are presented in Table S1. The number of individuals for each correlation is

indicated on each plot.

advantage of the platelet model described previously, we
evaluated the functional impact of intracellular TMAO depletion
on the organic cation transporter 2 (OCT2, SLC22A2) and the
vasopressin (AVP) receptor 1A (V1aR), which have relevance in
ASD and psychiatric disorders.*?** Both proteins are present
at the plasma membrane of platelets and require cholesterol
for high-affinity binding of their ligands.***° First, we incubated
control human platelets in Tyrode solutions at different osmolar-
ities with the pan-OCT inhibitor, decynium-22 (D22), and found a
decrease in D22 binding with decreasing osmolarity (Figure 4A).
In vivo, we also found a decrease in D22 binding in the hippo-
campus of developmental hyperserotonemia (DHS) rats, a
model of ASD®® (Figure 4B). To functionally test a deficit in

4 iScience 29, 117276, September 18, 2026

OCT-2 transport, we measured the transport of 1-methyl-4-
phenyl pyridinium (MPP¥) in the same setting and found a
decrease in MPP* uptake (Figure 4A). We next investigated
the binding of AVP to V1aR (the sole AVP receptor present in
platelets®”). In platelet samples from our cohort, we found a
lower AVP binding in platelets from individuals with ASD than
in controls (Figure 4C) despite similar V1aR protein levels
(Figure 4D). Furthermore, AVP binding but not V1aR levels
decreased with osmolarity in platelets from healthy subjects
incubated in Tyrode solutions of varying osmolarities
(Figure 4E). This decrease in AVP binding was associated with
an overall decrease in IP3 production, even when IP3 production
was expressed relatively to AVP binding when osmolarity
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Figure 3. Osmolarity drives TMAO efflux
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(A) Natremia of controls (n = 106) and individuals with ASD (n = 88). The dotted line indicates the lower limit of the reference range.
(B) Relationship between plasma TMAO concentration and natremia in controls and individuals with ASD.
(C) Relationship between platelet TMAO concentration and natremia in controls and individuals with ASD.

(D) Tyrode (blue) and platelet (orange) TMAO concentrations measured in control human platelets incubated in Tyrode solutions of varying osmolarity (n = 5 per
condition).

(E) Platelet ANAAT (blue) and ASMT (orange) activities measured in human platelets incubated in Tyrode solutions of varying osmolarity (n = 5 per condition).
(F) Tyrode TMAOQ concentration measured in control human platelets with decreasing sodium concentration with osmolarity adjusted with trimethyl glycine (TMG).
(G) Platelet PST-P activity measured in control human platelets incubated in Tyrode solutions of varying osmolarity (blue) or in hyponatremic Tyrode with os-
molarity adjusted with trimethyl glycine (TMG) (purple, n = 5 per condition).

Data are presented as mean + SD (D-G) or as median and interquartile range along with individual datapoints (A). Intergroup comparisons were performed using
the Wilcoxon sum-rank test (A) or the Kruskal-Wallis test followed by the Wilcoxon sum-rank test corrected for multiple comparisons (D-G). Correlations (B and C)
were calculated using Spearman’s correlation coefficient (p). The corresponding p values are presented in Table S1. The number of individuals for each cor-

relation is indicated on each plot.

reached 275 mOsm/L (Figure 4F). These results are consistent
with the results of a recent small clinical trial that found that
intranasal AVP administration to children with ASD was more
beneficial to children with the highest pre-treatment AVP blood
levels, suggesting that AVP receptors could be less functional.®*
Taken together, these results strongly suggest that TMAO also
influences transport across the plasma membrane as well as
GPCR affinity and signaling.

Restoration of natraemia by urea in young DHS rats

We next hypothesized that restoring fluid/electrolyte balance in
ASD using a salt-sparing diuretic should correct TMAO compart-
mentalization and alleviate the associated biochemical burden.
To this end, we used the DHS rat model of ASD®® (Figure 5A)
and urea, as it is already clinically approved for the treatment

of acute and chronic hyponatraemia.®®*° Importantly, DHS rats
shared numerous biochemical alterations found in individuals
with ASD from the cohort: (1) hyperserotonemia (Figure 5B) as
previously described,*® (2) moderate hyponatremia (<130 mM,
Figure 5C), (3) lower platelet and higher plasma TMAO levels
(Figures 5D and 5E), and (4) lower plasma levels of melatonin
(Figure 5F) and NAD™ (Figure 5G). Young DHS rats were admin-
istered 0.5 g/kg/day urea subcutaneously for five days from
PND21 to PND25 using an osmotic pump (Figure 5A). At
PND33, urea had restored TMAO compartmentalization, and
all the biochemical parameters tested were restored to control
levels (Figures 5B-5G).

From a behavioral standpoint, at PND33, DHS rats exhibited a
decrease in sociability using the three-chamber test for sociability
and social preference (Figures 6A and 6B), an increase in anxiety

iScience 29, 117276, September 18, 2026 5
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Figure 4. Impact of TMAO on transport and signaling
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(A) [BH]-D22 binding (blue) and [3H]-MPP+ uptake (orange) measured in human platelets incubated in Tyrode solutions of varying osmolarity (n = 5 per condition).
(B) [3H]-D22 binding on the hippocampus of control and DHS rats (n = 7 per condition).

(C) AVP binding on platelets of controls (n = 106) and individuals with ASD (n = 88).

(D) Platelet V1aR concentrations in platelets of controls (n = 106) and individuals with ASD (n = 88).

(E) Platelet V1aR concentrations (blue) and AVP bindings (orange) measured in human platelets incubated in Tyrode solutions of varying osmolarity (n = 5 per

condition).

(F) Platelet IP3 produced by V1aR after incubation with AVP (blue) and relative to AVP binding (orange) activities measured in human platelets incubated in Tyrode

solutions of varying osmolarity (n = 5 per condition).

Data are presented as mean + SD (A, E, and F) or as median and interquartile range along with individual datapoints (B-D). Intergroup comparisons were performed
using the Wilcoxon sum-rank test (B-D) or the Kruskal-Wallis test followed by the Wilcoxon sum-rank test corrected for multiple comparisons (A, E, and F).

using the elevated plus maze (Figures 6C and 6D), an increase
in locomotion in the open field tests (Figures 6E and 6F), and an
increase in repetitive tasks using the spontaneous alternation
test (Figure 6G). Urea administration markedly improved all
behavioral parameters tested (Figures 6A-6G), rescuing at least
60% of the DHS phenotypes. When the same rats were re-evalu-
ated at PND60-64 and PND90-94, all biochemical parameters
except natremia and all behavioral parameters progressively re-
verted toward levels observed in untreated DHS rats (Figure S3).
Altogether, these results show that the administration of urea in
a young rat model of ASD restored TMAO compartmentalization,
which was associated with the normalization of biochemical pa-
rameters and a broad improvement in behavior.

Restoration of osmolarity/natraemia by urea in adult
DHS rats

As ASD is not restricted to children, we also tested urea in three-
month-old DHS rats, that is, adult DHS rats, which exhibited
similar biochemical and behavioral alteration than young DHS
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rats (Figure S4A). Urea normalized natremia (Figure S4B) and
markedly improved TMAO compartmentalization (Figure S4C).
Plasma NAD" levels (Figure S4D) were restored to control values,
but whole-blood 5-HT (Figure S4E) and plasma melatonin levels
(Figure S4F) were only partially yet significantly restored toward
normal values. From a behavioral standpoint, urea significantly
improved most parameters (Figures S4G-S4M). However, only
sociability (Figures S4G and S4H) and general locomotion
(Figure S4K) improved by more than 30%, while other parame-
ters improved marginally (Figures S4l, S4J, S4L, and S4M).
Altogether, these results show that the administration of urea
in an adult rat model of ASD mainly restored TMAO compart-
mentalization, although its impact on biochemical and behav-
ioral parameters was less remarkable than in young animals.

DISCUSSION

This study suggests that TMAO miscompartmentalization drives
most biochemical and behavioral alterations in ASD. TMAO
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Figure 5. Effects of urea on biochemical parameters in young DHS rats

(A) Schematic representation of the experimental protocol (5-MT: 5-methoxytryptamine).

(B-G) Whole-blood serotonin (5-HT, B), Natremia (C), platelet (D), plasma TMAO (E), plasma melatonin (F), and NAD™" (G) concentrations in control rats (n = 12,
blue), DHS rats (n = 12, orange), and DHS rats treated with urea at PDN21-PDN25 (n = 8, green). Platelet TMAO was measured in 8 rats per group. Measurements
were assessed at PDN33. Data are presented as interquartile range along with individual datapoints. Intergroup comparisons were performed using the Kruskal-
Wallis test followed by the Wilcoxon sum-rank test corrected for multiple comparisons.

miscompartmentalization appears mainly driven by blood hypo-
osmolarity, which is pharmacologically actionable, and we
established a proof of concept that the salt-sparing diuretic
(urea) corrected TMAO miscompartmentalization and signifi-
cantly improved biochemical and behavioral impairments in
a rat model of ASD. Overall, this study posits intracellular
TMAO deficit as a prevalent and major component of ASD path-
ophysiology and cellular physiology in general.

From a pathophysiological standpoint, lower intracellular
TMAO levels observed in all individuals with ASD translated
into elevated plasma TMAO levels. Such elevation in plasma
TMAQO levels has already been described in ASD,*® suggesting
that these findings are not restricted to our cohort. Of note,
the difference in slope observed between controls and indi-
viduals with ASD for platelet/plasma TMAO concentrations
(Figure 1F) may reflect that in individuals with ASD hypoosmo-
larity provokes an intracellular decrease in TMAO, which in
turn reduced OCT-2 activity, the transporter responsible for
TMAO cellular uptake.”® TMAO miscompartmentalization
was correlated with hyponatraemia, although ex vivo data and
previously published data®®*' suggest that hypoosmolarity is
responsible for TMAO miscompartmentalization. Although all
these measurements were performed in the blood, experi-
mental hypotonic hyponatraemia caused cerebrospinal os-
motic imbalance,”' suggesting that osmolarity is also altered

in the brain of individuals with ASD and is in line with the higher
extra-axial cerebrospinal fluid (CSF) volume in ASD.** There-
fore, it is likely that central TMAO miscompartmentalization
parallels peripheral TMAO miscompartmentalization.

Our findings suggest that ASD is characterized by alterations
in fluid/electrolyte homeostasis, resulting in TMAO miscompart-
mentalization, hence physiological imbalance. Yet, TMAO mis-
compartmentalization is per se not causative of ASD, as patients
with primary trimethylaminuria (FMO3 mutation) do not exhibit
any ASD-like phenotype. However, TMAQ intracellular depletion
becomes critical in the context of serotonergic overstimulation
by 5-MT (DHS rats). Interestingly, depletion or enhancement of
5-HT signaling has been associated with ASD,*® suggesting
that any alteration of the serotonergic system could be a
common cause of ASD, especially in idiopathic cases. There-
fore, we speculate that various mechanisms could provoke the
deregulation of the serotonergic system, which in turn causes
alteration in brain development and maturation, resulting in
part by an impairment in fluid/electrolyte homeostasis; the latter
possibly resulting in alterations of the development/maturation
of the hypothalamus/pituitary/adrenal axis (Figure 7). Conse-
quently, TMAO would become miscompartmentalized, resulting
in the alteration of numerous enzymatic activities that
affect various metabolisms that may contribute to most of the
ASD-related and peripheral symptoms. As the correction of
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TMAO miscompartmentalization by urea improved all behavioral
symptoms in a rat model of ASD, we propose that the
initial deregulation of the serotonergic system, in itself, may
have mild behavioral consequences and that positive and
negative reinforcements improve or worsen initial symptoms,
TMAO miscompartmentalization being a major negative rein-
forcement (Figure 7).

From a therapeutic perspective, osmolarity can be readily cor-
rected by dietary intake, such as salts.** However, dietary intake
is non-existent during sleep. This suggests that the negative
impact of TMAO miscompartmentalization resets every sleep
cycle, which prompts a therapeutic intervention to correct
fluid/electrolyte imbalance appropriately. In that regard, urea is
a salt-sparing diuretic that is clinically approved for the acute®®
and chronic® treatment of hyponatremia. Consequently, urea
provokes hemoconcentration without salt loss capable of
restoring osmolarity and TMAO compartmentalization. Adminis-
tration of urea showed major benefits in young DHS rats, whose
age equivalence in humans (2-3 years old)*® conveniently fits
within the time frame of ASD diagnosis.“® Moreover, DHS rats
shared strong behavioral and phenotypic resemblance with
the individuals with ASD from our cohort, suggesting potential
transferability to humans. However, the phenotypic reversal
observed after urea withdrawal advocates for the chronic
administration of urea and indicates that urea only palliates

8 iScience 29, 117276, September 18, 2026

to fluid/electrolyte imbalance and not its cause. In adult rats,
the results were less spectacular, possibly due to differences
in neuroplasticity,”> which suggest that restoring urea treatment
could improve post-natal cerebral development in children with
ASD. Nevertheless, the biochemical improvements observed in
adult rats treated with urea still warrant testing in adults with
ASD to alleviate the biochemical burden ASD is associated
with. Interestingly, urea is not the first diuretic to be tested in
ASD. The loop diuretic bumetanide has shown promising
results®”*® for the treatment of ASD, although a recent phase 3
clinical trial failed to show efficacy.*® Unlike urea, loop diuretics
provoke the elimination of both water and sodium, with water
loss exceeding that of salt, only resulting in partial hemo-
concentration. Nevertheless, these data reinforce hypoosmolar-
ity as a therapeutic target in ASD and posit urea as a better
diuretic candidate than loop diuretic to treat ASD. Finally, these
results suggest that loop diuretics act via a partial restoration
of fluid/electrolyte homeostasis rather than a sole improvement
in GABAergic signaling.

More broadly, our results show that TMAOQ is important, yet not
essential, in cell physiology. Based on our data, TMAO appears
to chaperone homodimeric interactions (sulphotransferase
activities) and protein complexes (melatonin synthesis) and
play a major role in membrane fluidity, hence GPCR signaling
(V1aR) and transport (OCT-2), under physiological conditions.
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However, it should be noted that TMAO does not always have a
positive effect on proteins,®*®" indicating that TMAO homeosta-
sis is important. A recent study has shown that only ~5% of
cellular water content was free and suggested that the main
impact of change in electric charge by post-translational modifi-
cation was to modify the behavior of water molecules around a
protein.>? Importantly, TMAO does not physically interact with
either proteins®*~°° or lipids®**"°® but rather interacts with the
surrounding water molecules.®® Furthermore, the high TMAO
dipole moment modifies water distribution around it.” There-
fore, given the ubiquitous nature of TMAO-water interactions,
we anticipate TMAO to impact a vast majority of proteins and
lipids in the cell.

In conclusion, TMAO appears to be a major modulator of
cell physiology and suggests its miscompartmentalization as a
major worsening factor in ASD. Given the phenotypic similarities
between DHS rats and individuals with ASD, urea- or any salt-
sparing diuretics offer a promising therapeutic option for ASD
that warrants carefully designed clinical trials in humans to
address the safety, acceptability, and dosing in this context, tak-
ing into account the heterogeneity of ASD.

Limitations of the study

A limitation of this study is the size of the cohort and the fact
that ASD was determined based on the revised version of the
of the fourth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV-TR), which may less reflect the
heterogeneity of ASD than current description. However, the
fact that elevated TMAO was observed in a different cohort of
ASD suggest that this may be a commonality in ASD

¢? CellPress

OPEN ACCESS

individuals, although further study are required to evaluate
this aspect. A second limitation of the study is the use of the
DHS rat model. Although this model recapitulated the biochem-
ical and behavioral phenotype of the individuals with ASD of the
cohort, they may not reflect the entire spectrum of ASD.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Human anti-p31T-AANAT Merck AB-5467
anti-ASMT EpiGentek A72945
Biological samples

Human EDTA plasma samples NCT02628808 NCT02628808
Chemicals, peptides, and recombinant proteins

5-methoxytryptamine Sigma Aldrich 286583

Urea Sigma Aldrich u5128

[H-3] MPP+ acetate Tritec RCTT0970
Critical commercial assays

Melatonin Radioimmunoassay Novolytix RK-MEL2
14-3-3 Pro ELISA kit MyBioSource #MBS269690
Inositol 1,4,5 Triphosphate RIA Kit Perkin EImer NEK-064
Deposited data

Datasets Harvard Dataverse https://doi.org/10.7910/DVN/4FQZRA
Experimental models: Organisms/strains

FVB/N male mice Charles River Strain code: 207
Sprague-Dawley female rats Charles River Sprague-Dawley Rats (CD® IGS)

Software and algorithms

R statistical software version 4.0.3 https://www.r-project.org/ N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cohort

The cohort used has already been described.”:° It consisted of 88 individuals with ASD and 106 neurotypic controls. Clinical
evaluations and blood sampling of individuals with ASD (diagnosed according to DSM-IVTR) and control individuals from the general
population investigated for genetics and blood biochemistry have previously been detailed.”*® Venous blood samples were
collected after a 48-h diet that excluded important sources of serotonin and tryptophan.

Individuals with ASD were hospitalized for 48h, and blood samples were collected on the last morning, on waking, before any food
or fluid intake. For controls, fasting blood samples were collected.

All blood samples were collected between 8:30 and 10:00 into tubes containing 109 mM sodium citrate (Greiner Bio-One)
with a 9:1 blood-to-anticoagulant ratio. After removing 0.5 mL of whole blood (for serotonin measurement), the remainder
was centrifuged at 1,000 x g for 10 min to obtain platelet-rich plasma, which was then centrifuged at 3,000 x g for 15 min to
isolate platelets and obtain platelet-poor plasma. Importantly, the time between blood sampling and platelet/plasma isolation
was less than 1 h. Whole blood, platelets, and plasma were aliquoted into barcode-labeled cryovials and stored at —80°C
until investigations. All samples for ASD individuals and controls were collected during the same period. All measurements
were performed blinded.

Mouse model

Wild-type male FVB/N mice were from Charles River and housed in light- (on from 08:00 — 20:00 h) and temperature
(22°C)-controlled testing rooms, with food and water available ad libitum. Blood samples were obtained from the submandibular
(facial) vein at baseline, after administration of 50 pg/kg TMAO, and after administration of 3 mg/kg of the FMOS inhibitor phenyl-
thiourea. The same animals were used throughout the experiment. A one-week wash-out period was allowed between the admin-
istration of exogenous TMAO and FMOGi phenylthiourea, once confirmed that plasma TMAO levels returned to baseline levels.
Males were selected to reflect the strong sex-ratio bias observed in ASD.
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Developmental hyperserotonemia (DHS) rat model

The developmental hyperserotonaemia (DHS) rat model for ASD was performed as previously described.*® Nulliparous Sprague-
Dawley female rats (180-220 g) were from Charles River and housed in metabolic cages, in light- (on from 08:00 — 20:00 h) and tem-
perature (22°C)-controlled testing rooms, with food and water available ad libitum. They were mated overnight, and fertilization was
determined using a vaginal smear; this day was considered gestational day 0 (GDO0). Eight pregnant females were administered a
single subcutaneous dose (1.0 mg/kg of body weight) of 5-methoxytryptamine (5-MT, Sigma Aldrich St. Louis MO) daily from
GD12 to parturition, and five pregnant females received the vehicle in equal volumes on the same days. Upon parturition (postnatal
day [PND] 0), litters were culled to five males and five females. Male pups exposed to 5-MT in utero were further administered 5-MT
by intraperitoneal injection from PNDO to PND20, to induce DHS. Similarly, pups only exposed to the vehicle prenatally were admin-
istered the vehicle in equal volumes. Rejection from the dams was prevented by smearing the pups with urine collected from the
metabolic cage after each manipulation. At PND21 (young rats) or PND91 (adult rats), 0.5 g/kg body weight/day urea (Sigma-
Aldrich) was administered subcutaneously using an Alzet osmotic pump (Durect Corp., Cupertino, CA) for 5 days. Males were
selected to reflect the strong sex-ratio bias observed in ASD.

Ethical statement

This study was approved by the local ethics committee (Comité de Protection des Personnes lle de France IX, ref: 2008-A00019-46)
and was performed according to the current revision of the Helsinki Declaration. Written informed consent was obtained after oral
and written information from all participants, their parents or legal guardians. Animal care and experimental procedures complied
with the European Communities Council Directive (CEE 86/609/EEC), EU Directive 2017/32/EU, and French Departmental Direction
of Animal Protection (2019-11 #1027).

METHOD DETAILS

Osmolarity experiments

For osmolarity experiments, human platelets from healthy donors were isolated after blood collection on pre-chilled Vacutainer
tubes containing sodium citrate as described above. The platelet pellet was resuspended in a Tyrode-Tris buffer, pH 7.40, 290-
310 mOsm/L (NaCl 130 mM; KCI 5.6 mM; Tris 12.4 mM; NasEDTA 2.1 mM; NaH,PO,4 0.9 mM; sucrose 13.1 mM; and dextrose
11.1 mM), which was selected as the most efficient for the study of 5-HT uptake and platelet physiology on isolated platelets.”®
Tyrode solution was diluted with water to decrease osmolarity to 285 and 275 mOsm/L. When testing the impact of natremia, Tyrode
solution was prepared with varying amounts of NaCl corresponding to the final NaCl concentration at 300, 285, and 275 mOsm.

Natremia
Natremia was measured on fresh plasma at the time of collection by potentiometry on an Abbott Architect c8000 (Abbott Labora-
tories, Abbott Park, IL, USA).

Immunoprecipitation/mass spectrometry

Platelet samples from healthy individuals were obtained as described above. Platelet lysis was achieved by -SH-activated toxin treat-
ment.*® 150 hemolytic units of alveolysin (purified as in60) per 1.5 x 10° platelets (equivalent to about 375 ng or 6 pmol of protein) were
added (10:1) to platelet suspensions at 4°C and the suspensions were warmed to 37°C for enzyme measurement. This amount of
toxin binds to platelets at 4°C and elicits complete lysis at 37°C since about 16 molecules of toxin are sufficient to lyse one human
platelet.61 Immunoprecipitations were performed using human anti-p31T-AANAT (ref: AB-5467, Merck, Darmstadt, Germany; RRI-
D:AB_2219739) or anti-ASMT (ref: A72945, EpiGentek, Farmingdale, NY, USA). GC-MS analysis was carried out on a TRACE GC
2000 Series (ThermoQuest CE Instruments, Austin TX, USA) gas chromatograph, interfaced with GCQ Plus (ThermoQuest) mass de-
tector with ion trap analyzer, operating in EI mode (70 eV). The capillary GC column was an OV-1 (30 m x 0.25 mm ID, OV-1 bonded,
0.25 pm film thickness ref. 1105-2502 105, Ohio Valley Specialty Co, Marietta OH, USA). Helium was the carrier gas at a flow rate of
1.0 mL/min. A temperature program was adopted: initial temperature was 40°C (hold time: 5 min), then ramp by 10 C/min to 220°C
(hold time: 5 min). The temperatures of the transfer line and ionization source were maintained at 250°C and 200°C respectively.
The GC was operated in split-less mode; the injector base temperature was set at 250°C. The mass spectra were recorded in full
scan mode (30-200 amu) to collect the total ion current (TIC) chromatograms. Quantitation was carried out by using the extracted
ion chromatograms (XIC) by selecting qualifier and quantifier fragment ions of the studied analytes. Standard TMAO and the concen-
trated eluates were run under the same conditions.

TMA, and TMAO quantification by LC/MS

Twenty-five pL of plasma, platelet lysate or whole blood and 300 pL of acetonitrile:methanol:water (5:4:1; v/v:v) containing the
internal standards (IS) d9-TMAO and d9-TMA for quantification were mixed and vigorously vortexed for 20 s. The samples were
re-equilibrated on ice for 30 min and centrifuged for 10 min at 25,100xg at 4°C. The supernatant was then transferred into a
specific vial before liquid chromatography-mass spectrometry (LC-MS) analysis. Matrix-matched calibration curves were generated
using a human control plasma pool spiked with the standards. The concentration range of the calibration curves was 0-250 pM. An
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ultra-high-performance LC system coupled with a 6490 triple-quadrupole mass spectrometer (QqQ, Agilent Technologies) using an
electrospray as an ion source (LC-ESI-QgQ) working in positive mode was used to analyze the extracts. An ACQUITY UPLC
BEHHILIC column (1.7 mm, 2.1 x 150 mm, Waters) and a gradient mobile phase containing water with 50 mM ammonium acetate
(phase A) and acetonitrile (phase B) were used to perform the chromatographic separation. The gradient was as follows: for 0.5 min,
isocratic at 75% B; from 0.5 to 2 min, reduced to 65% B; from 2 to 2.1 min, decreased to 45% B; from 2.1 to 3.9 min, maintained
at 45% B; from 3.9 to 4 min, hiked up to 75% B; and, finally, until 5.5 min, the column was equilibrated at 75% B. The flow throughout
this process was 0.6 mL/min. Two hundred microliters of plasma extract were injected into the LC system. The mass spectrometer
conditions were: a drying gas temperature of 280°C and a sheath gas temperature of 400°C; source and sheath gas flows of 20
and 12 L/min, respectively; a nebulizer flow of 60 psi; a nozzle voltage of 500 V; a capillary voltage of 2500 V; and iFunnel and
HRF values of 110 and 80 V, respectively. The QqQ worked in the multiple reaction monitoring (MRM) mode and used
predetermined transitions and collision energies (CE(V)) of 16 (transition 76 — 58) and 8 (transition 76 — 59) for TMAO, (transitions
60 — 44 and 60 — 52) for TMA and of 16 (transition 85 — 67) and 8 (transition 85 — 68), (transitions 69 — 53 and 69 — 60) for
d9-TMAO and d9-TMA (ISs) respectively.

TMG quantification by LC/MS

Plasma or platelet lysate samples (10 pL) and 10 pL of IS solution (d9-TMG, 500 ng/mL) were put into a 1.5 mL Eppendorf tube. Then
200 pL of methanol was added and the mixture was vortex-mixed for 2 min, followed by centrifugated at 15,000 rpm at 4 °C for 5 min.
The supernatant, transferred to another tube, was evaporated to dryness using a vacuum drying concentrator at 25 °C. Finally, the
drying residue was dissolved in 100 pL of methanol-acetonitrile (25:75, v: v), followed by vortex-mixed for 2 min, and then centrifuged
at 15000 rpm for 5 min. The corresponding supernatant was transferred to an auto-sampler vial with an insert (LVI, 150 pL, Waters)
and 10 pL was injected into the UPLC-MS/MS system for analysis. The UPLC (Thermo Fisher Scientific Inc., Boston, USA) system
was made up with Ultimate 3000 RSLC system equipped with binary pumps and S Surveyor autosampler (Thermo Fisher Scientific
Inc., Boston, USA). The treated sample (10 pL) was injected to the system on a Waters Acquity BEH Amide (2.1 x 100 mm, 1.7 pm)
column. The flow rate was set at 0.4 mL/min and composed of Water (A) (containing 10 mM ammonium formate, pH = 3.0) and
acetonitrile (B) as the mobile phase. The condition of isocratic elution was set to 60% B and the total running time was 3 min. All
the samples were kept in the auto-sampler at 10 °C.

The triple-quadrupole tandem mass spectrometric detection was performed on a TSQ Quantum Acess Max API mass spectrom-
eter (Thermo Fisher Scientific Inc, Boston, USA) furnished with an electrospray ionization (ESI) interface. Under selected reactions
monitoring (SRM), quantification was obtained using positive ion pairs at m/z transitions of m/z 118.1 — 58.3 for TMG, and m/z
127.1 — 67.2 for d9-TMG, respectively. The optimized parameters were as follows: heated capillary temperature: 350 °C; spray
voltage: 3500 v; sheath gas (nitrogen): 30 psi; the auxiliary gas (nitrogen): 5 psi; the collision gas (argon): 1.5 mm Torr; the collision
energy: 21 eV for TMG; 22 eV for d9-TMG. The data acquisition and procession was performed with the Thermo Scientific Xcalibur
2.0.7 SP1 data system.

Other biochemical measurements

Serotonin and kynurenine metabolites were measured by LC-MS/MS as previously described.®” Melatonin was measured using a
radioimmunoassay (ref: RK-MEL2, Novolytix, Switzerland) according to the manufacturer’s instructions. NAD* concentrations
were determined by LC-MS as described previously.®® The amount of 14-3-3 proteins was determined using the commercial
14-3-3 Pro ELISA kit from MyBioSource (San Diego, CA, USA). The immunogen used to produce the antibodies is recombinant
full-length human 14-3-3 y. The kit has about 40% cross-reactivity with 14-3-3 (, ¢, o, T (MyBioSource, personal communication).

Enzymatic activities

Platelet or tissue lysis was achieved by -SH-activated toxin treatment” as described above. Separate experiments showed that
the addition of equivalent amounts of toxin to cells already disrupted by homogenization produced no change in the rates of
enzyme activities measured at least in duplicate. Under the conditions employed here, enzyme rates were linear with time and
with platelet protein concentrations ranging from 0.01 to 0.1 mg of protein per mL. PST (EC 2.8.2.1) activities were determined
by radioenzymology using p-nitrophenol as the substrate for humans (PST-P) and mice (PST).” Measurement of AANAT activity®
was performed at 37°C in 1.5 mL polypropylene microtubes. The reaction was started by the addition of enzyme
preparation (25 plL) to 40 uL buffer containing 20 mM sodium citrate (pH 7.00), 300 mM NaCl, 1 mM EDTA, 0.05 mg/mL BSA,
50 nM [acetyl-° H]-CoA, and 500 nM tryptamine. After 20 min the reaction was stopped by adding 1 mL of chloroform and vortexing
the mixture. The reaction product, N-[°H]-acetyl tryptamine, was extracted into the chloroform which was then washed once
with 0.1 mL of 0.1 mM sodium phosphate buffer, pH 6.80. A 500 pL aliquot of the chloroform was then transferred to a
scintillation vial. Three mL of scintillation fluid were added and the radioactivity was measured by a liquid scintillation counter
(Beckman LS 6000SC).

The reaction mixtures for ASMT assay®® contained in a final volume of 50 pL the following: N-acetylserotonin (1 mM), tissue
homogenate (25 L), and 0.1 mM S-[methyl-®H]-adenosyl-L-methionine. Reactions were carried out in plastic Eppendorf tubes
at 37°C for 30 min in 50 mM sodium phosphate buffer (pH 7.90). Reactions were stopped by the addition of 100 pL of 0.5 M borate
buffer (pH 10.50) to the tubes. Blanks consisted of reaction mixtures minus N-acetylserotonin. One mL of chloroform was added.

t59
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The mixture was vortexed twice for 15 s to extract the product, [°H]-melatonin, into the chloroform. The organic layer was washed
once with borate buffer, and an aliquot (500 pL) was dried and its radioactivity measured. To verify that the activities measured in
platelets reflect authentic AANAT and ASMT and not non-specific actions of other N-acetyltransferases and methyltransferases,
si-RNA specific for each enzyme (SR300008 and SR300317, Origene; 1 nM final concentrations after transfection by the siTran
1.0 as recommended by Origene) were used. 3-HAO activity was determined by the decrease in 3-HK measured by LC-MS/MS®?
in 10 mM HEPES, pH 6.5, containing 0.3 mM Fe(NH4SOy,),.

In vitro enzymatic reactions

Human recombinant AANAT, ASMT and 14-3-3¢ were purified as previously describe and mixed in 1:1:2 ratio in the presence of
10 nM 5-HT binoxalate in optimal conditions for melatonin production.®® Human recombinant SULT7A7 gene product (PST-P) was
expressed in budding yeast’® and purified as previously described.”’ PST-P activity was measured using p-nitrophenol as sub-
strate.” Human recombinant 3-HAQ was purified as previously described’” and its activity was measured as described above.

66-68
d

Binding and uptake experiments

AVP binding on platelet membranes and D-22 binding on rat hippocampal membranes were performed as previously published”>"*
with 5 nM [*H]JAVP and 7.5 nM [?H]D-22, respectively. Platelet IP; concentrations were measured radio-immunologically as described
previously’” except the TRK 1000 kit (Amersham) was replaced by the NEK 064 kit (PerkinElmer, Boston, MA, USA). The recovery
was 90.1 + 4.8% and the intra- and inter-assay coefficients of variations were 4.4% and 7%, respectively. Platelet MPP* uptake
(BHIMPP™ ref RCTT0970 from Tritec, Teufen, Switzerland) was performed as previously published.”®

Behavioral analyses

All behavioral studies were conducted during the light phase, between 09:00 and 18:00 h, and were assessed by three independent
observers blinded for the intervention; each data point corresponds to the median of the three independent measures (relative
variation < 10%). To assess the impact of urea on DHS rats, animals were exposed to behavioral protocols on open field-sponta-
neous locomotory activity (PND33, PND60, PND90 in young rats and PDN103 for adult rats),’” three-chambered social
interaction—social behavior/interaction (PND34-35, PDN61-62, PDN91-92 for young rats and PDN104-105 for adult rats), y-maze-re-
petitive behavior (PND36, PND63, PND93 and PDN106 for adult rats)’® and elevated plus maze (EPM)-anxiety (PND37, PND64,
PND94 for young rats and PND107 for adult rats).”® Animals were placed in the testing area 5 days before the beginning of the behav-
ioral experiments. To reduce the chances of olfaction-related cues during testing, the test arena was cleaned with 70% v/v ethyl
alcohol and dried between each consecutive trial.

Locomotor activity

Spontaneous increase in locomotion is extensively reported as one of the important features of the DHS model. This hyper-locomo-
tion was measured using an open-field apparatus. The apparatus measured 90 cm x 90 cm with 50 cm high walls made of dark-
colored wood. The animals (PND33, PND60, PND90 in young rats and PDN103 for adult rats) were introduced individually into
the center of the arena for a single 10-min trial period.?® The total number of line crossings and the total number of central square
entries were recorded to assess changes in the locomotion of the animals.

Social behavior

Diminished and abnormal social interaction is a core phenotype of ASD, which may be mimicked by the DHS model.” This change in
social behavior was assessed using the three-chambered social interaction test protocol (PND34-35, PDN61-62, PDN91-92 for
young rats and PDN104-105 for adult rats).”® The test arena measured 76 cm x 30 cm x 35 cm and was divided into three chambers
with an access point between each chamber. Animals had free access to all the chambers and each trial began with the animal being
placed in the central chamber. To encourage exploration of the side chambers, all animals were habituated to the apparatus for 5 min
before initiation of the test trial. After ending of the habituation period, the rats were tested in the sociability phase lasting for 10 min.
Animals to be placed under a wire cage were habituated to the wire cage for 30 min, 24 h before the beginning of the sociability phase.
In the sociability phase, a stranger animal was placed under the wired cage in either (left or right) side chamber, while in the other
chamber, an empty cage would be placed. To avoid side preferences, the placement of wired cages was randomized and the
chamber with the stranger animal and the empty cage are referred to as the stranger chamber and the empty chamber, respectively.
Upon conclusion of the sociability phase, the social preference phase was initiated 2 h after the last animal trial. In the social
preference phase, each animal was allowed to explore the complete arena for 10 min. During this phase, the animal previously
considered a stranger was now familiar and a new stranger animal was introduced into the previously empty cage. So, the two
chambers now became the familiar chamber and the novel chamber. The time spent by test animals in both chambers
containing the cages was measured. The sociability index (Sl) and the social preference index (SPI) were calculated according to
the following formula’®: Sociability index = total time in the stranger chamber/total time in the empty chamber, and Sociability Pref-
erence Index (SPI) = total time in the novel chamber/total time in the familiar chamber, respectively.

Anxiety

Anxiety is the most common co-morbid trait expressed with ASD.? An elevated plus maze (EPM) is a commonly used apparatus
to assess anxiety-like behavior in animal models of ASD. The EPM apparatus was made up of wood with four arms at 90° to each
other. Two open arms and two closed arms were 50 x 10 cm in dimensions, enclosed by a 40 cm high wall. To facilitate exploration
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of the maze, all animals were placed in a pre-test arena for 5 min each (PND37, PND64, PND94 for young rats and PND107 for adult
rats). Soon after, the animals were transferred to the EPM placed 50 cm high from the ground. All animals were released in the center
of the maze, pointing toward the open arm and entries along with the time spent in each arm were recorded for 5 min. The basis of this
test is the conflict associated with the two parts of the maze, i.e., the open arms, which are aversive, bright and unprotected and the
closed arms, which are covered, shadowy and protected. To this, the number of open arm entries and the closed arm entries, time
spent in the open arm and time spent in the closed arm were measured to finally calculate % open arm entries and % open arm time,
using the following formula®: % open arm entries (OAE) = 100 x number of entries in open arm/(closed arm entries + open arm entries)
and % time spent in open arm (TSOA) = 100 x time spent in open arm/(time spent in open arm + time spent in the closed arm).
Repetitive behavior

One of the core diagnostic features of ASD is the presence of stereotypical or repetitive behavior; this key clinical feature is replicated
by inducing DHS.2* The extent of % spontaneous alteration is regarded as a measure of stereotypy or repetitive behavior in animals.
A Y-maze apparatus was used to assess % spontaneous alterations.®® The maze makes a Y shape, with three arms of equal length,
each at an angle of 120° from the other. One of the arms was considered the start arm, and all animals were placed at the end of this
arm, pointing toward the center of the maze. The animals were subjected to 8 min of testing in the Y-maze (PND36, PND63, PND93
and PND106 for adult rats). The exploration of three different arms in succession was considered as one alternation. Serial arm entries
were observed for each animal to calculate % spontaneous alternations. The % spontaneous alternation can be calculated with the
following formula: % Spontaneous alternation = 100 x total alternations/(total arm entries—2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean + SD or median and interquartile range along with data dispersion, as appropriate. The number of
biological objects, the test used, and the exact p-values are indicated in each panel in the legends to the figures. All the statistical
analyses were performed using R statistical software (version 4.2.1). Data normality was assessed using the Shapiro-Wilk test.
Data are presented as boxplots where the box represents the 25" (Q1) and 75™ (Q2) percentile, the line in the box represents the
median, and the whiskers represent Q1 - the interquartile range (IQR) and the 75" percentile + IQR. Intergroup comparisons were
performed using the Wilcoxon sum-rank test or the Kruskal-Wallis test followed by the Wilcoxon sum-rank test corrected for multiple
comparisons (Holm). Longitudinal data were analyzed using repeated-measures ANOVA on log-transformed data followed by the
Tukey Honest Statistical Significance Difference test. Correlations between variables were evaluated using Spearman’s correlation
coefficient (p). A p-value < 0.05 was considered significant, and exact p-values are reported unless <2 x 107'®. Statistical details for
correlation, repeated-measure ANOVA, and Kruskal-Wallis tests are reported in Tables S1-S3, respectively.
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