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Abstract: Autism spectrum disorders (ASDs) comprise a heterogeneous group of pathological condi-
tions, mainly of genetic origin, characterized by stereotyped behavior, such as marked impairment
in verbal and nonverbal communication, social skills, and cognition. Excitatory/inhibitory (E/I)
imbalances have been recorded as an etiological mechanism of ASD. Furthermore, GABA, the main
inhibitory neurotransmitter in adult life, is known to be much lower in both patients and rodent
models of ASD. We propose correcting GABA signaling as a therapeutic strategy for ASD. In this
study, 40 young male western Albino rats, 3-4 weeks in age, weighing about 60-70 g, were used. The
animals were randomly assigned into six experimental groups, each including eight rats. Group I
served as the control group and was orally administered phosphate-buffered saline. Groups II and III
served as rodent models of ASD and were orally administered a neurotoxic dose of propionic acid
(PPA). The rats in the three therapeutic groups (IV, V, and IV) received the same doses of PPA, fol-
lowed by 0.2 g/kg body weight of pure Bifidobacterium infantis, a probiotic mixture of ProtexinR, and
pure Lactobacillus bulgaricus, respectively, for 3 weeks. Selected variables related to oxidative stress,
glutamate excitotoxicity, and gut bacteria were measured in the six groups. Both pure and mixed
Lactobacillus and Bifidobacterium were effective in ameliorating glutamate excitotoxicity as an autistic
feature developed in the PPA-induced rodent model. Their therapeutic effects mostly involved the
correction of oxidative stress, restoration of depleted GABA, and up-regulation of GABA receptor
gene expression. Pure Bifidobacterium was the most effective, followed by the mixture of probiotics
and finally lactobacillus. In conclusion, Bifidobacteria and lactobacilli can be used independently or
in combination as psychobiotics to ameliorate oxidative stress and glutamate excitotoxicity as two
confirmed etiological mechanisms through the gut-brain axis.

Keywords: autism spectrum disorders; propionic acid; oxidative stress; glutamate excitotoxicity;
v-aminobutyric acid; GABA receptors; gene expression

1. Introduction

One of the etiologies of neurodevelopmental disorders is imbalanced neurotrans-
mitter signaling. Various associated proteins, such as receptors and transporters of the
neurotransmitters, are usually involved in the clinical presentation of many neurological
disorders, such as autism spectrum disorders (ASDs). For example, y-aminobutyric acid
(GABA), glutamate (Glu), serotonin (5-HT), and dopamine (DA) are related to deficits in
autism, a type of ASD. Ref. [1] Glutamatergic/GABAergic imbalance can be found in ASD
and anxiety disorders, with elevated glutamatergic neurotransmission as an excitatory
neurotransmitter, concomitant with lower GABA as inhibitory neurotransmission [2,3].
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Glutamate increase is responsible for excitotoxicity, leading to neuronal injury, cell death,
and dysfunction of surviving neurons; however, delayed disruption of excitatory glutamate
circuits leads to deficits in cognitive and motor function and in experience-dependent
plasticity. GABA modulates excitatory pathways in the brain, and following injury, the
loss of GABA-producing cells disrupts the balance of excitation and inhibition, leading to
further cell injury and apoptosis [4].

The brain—-gut-microbiota axis is a bidirectional communication system enabling
crosstalk between the brain and the gut microbiota [5]. It is composed of the central nervous
system (CNS, represented by the brain), the enteric nervous system, and the digestive
system [6]. This confirms that the gut microbiota can directly affect the GABAergic system
by regulating the synthesis and release of key GABA from bacteria. Lactobacillus and
Bifidobacterium species can reportedly produce GABA. These microbially synthesized
GABA can cross the mucosal layer of the intestines and indirectly affect brain functions,
acting on the enteric nervous system and modulating immune system activation. Altered
gut microbiota have been consistently documented in autistic individuals, with much higher
growth of Clostridium spp. as propionobacteria [7,8]. Manipulating the gut microbiota
with probiotics and prebiotics could be a novel approach to treating neurodevelopmental
disorders through the gut-brain axis [9].

It is well documented that PPA, usually generated by overgrown bacteria, such as
clostridial and others, as a metabolite, is successfully used to induce persistent autistic
features in rodents [7].

In the bidirectional communication of the gut-brain axis, Lactobacillus and Bifidobac-
terium strains are recognized to be useful therapeutic adjuncts in multiple neurological
disorders [10,11]. This information led us to test the effect of pure Lactobacillus, pure
Bifidobacterium, and a mixture of probiotics in ameliorating selected variables related to
oxidative stress, GABA /glutamate signaling, and gut microbiota and suggest the use of
probiotics as an early intervention strategy in ASD.

2. Results and Discussion

To determine if the use of probiotics could be effective in ameliorating the altered
GABA /glutamate signaling in the rodent model of ASD, selected biomarkers related to
oxidative stress and GABA signaling were measured in brain homogenates of control
(Group I), PPA-treated rats as a rodent model of autism (Groups II and III), the three thera-
peutic groups (IV, V, and VI) received the same doses of PPA, followed by 0.2 g/kg body
weight of probiotic (ProtexinR), healthy bacteria Bifidobacterium infantis, and healthy
bacteria Lactobacillus bulgaricus, respectively, for 3 weeks. The results are expressed as
means & SD. Table 1 and Figure 1 display (1) TBARS as a biomarker of oxidative stress that
significantly increases; the significant decrease in GSH and GST as markers of antioxidant
status; and lower glutamine, GABA, and GABARA as markers related to GABA signal-
ing in PPA-treated rats as a rodent model of ASD and (2) the ameliorative effects of the
used probiotics, with Bifidobacterium supplement being the most effective at p < 0.0001.
Table 2 and Figure 2 demonstrate the relative GABA/GABARA, GABA /glutamate, and
glutamine/glutamate ratios in the six studied groups. GABA/GABARA was significantly
lower in the six groups relative to the control group, while the other two ratios were
significantly reduced in PPA-treated rats and remarkably corrected in animals treated
therapeutically with probiotics. Table 3 and Figure 3 demonstrate the significant increase
in different GABA receptor gene expression in ProtexinR, Bifidobacterium infantis, and
Lactobacillus bulgaricus-treated groups at p < 0.0001 or 0.001. Table 4 presents the differ-
ences in microorganisms in the six studied groups at the end of the study. The decrease in
Moraxella as lactate producer in PPA-treated rats compared to the control group and the
ameliorative effect of the three probiotics used are easily noticed.



Metabolites 2022, 12, 720

30f12
(I) GSH
150~
*
= _ 100
£ £
g 3
H 3
504 *
a
0-
N \d X N < Nl
C@‘ &g Q?;b h,v" &
DR
(IV) Glutamine I1Im) GST
200 25+
204
150- N
? be ? 154
- *k
3 100 " ;* £
g b * E 104
a d
o-
5 s
0- 0-
S v X N < t & » x & < &
& & F v & N LA S
¥ : ¥ »
QQ QQ QQ QQ 67’ Qg
(V) Glutamate (VI) GABA
*
51 400+ bc
*
44 b
300+
1] :
3 2001 ok a *
g 2 E a d
N 1004
0- 0-
& & & & S & S §
C°° R 3 % N D (?e A & < & 5
& &F & & &
15 (VII) GABAR 4
~ 104
oL *
£ bd
*
E a
e -
. a
*
2 a
0-
S w x & ¢
o & & Q,} ‘:3. x\". x*\

Figure 1. Concentrations of (I) TBARS, (II) GSH, (III) GST, (IV) glutamine, (V) glutamate, (VI) GABA,
and (VII) GABAR, in the brain homogenates of male western albino young rats in all groups.
(a) Control vs. all groups, (b) PPA vs. all groups, (c) PPA + vs. therapeutic groups, (d) PPA + BIF
vs. PPA + LAC and PPA + BIF vs. PPA + MIX, and (e) PPA + LAC vs. PPA + MIX. (*) The mean
difference is significant at p < 0.001, and (**) the mean difference is significant at p < 0.0001.
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Table 1. Means =+ SD of all the measured variables in the brain homogenates of the six studied groups.

Control PPA PPA+ PPA + BIF PPA + LAC PPA + MIX
TBARS 10.17 £ 3.528 43.61 £5.181 a** 51.24 +6.843a**  33.30 £ 6.274 ac*™*  40.68 + 6.111 a** 47.09 £10.41 a**
GSH 81.62 +19.59 26.21 + 15.94 a* 41.16 £24.21 69.70 + 45.15 27.39 £11.51 90.67 + 27.27 bee*
GST 18.55 £ 3.219 5.690 + 3.775 9.010 + 3.237 17.83 £ 6.741 6.135 £+ 2.628 18.38 £ 5.644
Glutamine 136.4 £+ 16.95 58.41 4 14.36 a** 77.76 + 14.39 a** 113.3 4= 16.67 bc* 58.74 £+ 10.18 d* 72.11 £ 18.05 d**
Glutamate 3.883 £+ 0.6326 1.061 £ 0.2552 1.931 £ 0.4517 2.773 £ 0.8548 1.214 £ 0.1813 2.033 £ 0.7631
GABA 283.5 £ 59.00 143.0 £ 24.02 a** 152.3 £ 34.06 a* 347.8 £ 80.01 bc* 142.0 +29.95 d* 278.7 £ 67.55 b*
GABARA 9.912 + 1.587 1.752 + 0.8360 a**  3.096 + 0.9080 a**  6.479 + 2.550 bd* 1.324 £ 0.7396 a* 4.493 + 2.594 a*

(a) Control vs. all groups, (b) PPA vs. all groups, (c) PPA + vs. therapeutic group, (d) PPA + BIF vs. PPA + LAC
and PPA + BIF vs. PPA + MIX, and (e) PPA + LAC vs. PPA + MIX. (*) The mean difference is significant at
p <0.001, and (**) the mean difference is significant at p < 0.0001.

Table 2. Means =+ SD of all the measured variables. Ratios of (I) GABA/GABARA, (II) GABA / glutamate,
and (III) glutamine/glutamate in the brain homogenates of the six studied groups.

Control PPA PPA+ PPA + BIF PPA + LAC PPA + MIX
GABA/GABARy 25.32 £7.092 11.32 £ 5.397 a* 12.64 £+ 10.00 a* 13.05 & 8.337 a* 11.21 £ 3.899 a* 10.59 £ 5.425 a*
GABA/Glutamate 83.27 4 26.58 47.92 £19.39 64.26 + 67.62 81.82 +28.73 61.63 & 40.50 83.06 + 44.28
Glutamine/glutamate 25.00 & 9.945 16.18 +7.730 28.72 £13.32 30.90 + 9.489 25.38 £ 11.18 39.86 + 12.84 b*

(a) Control vs. all groups and (b) PPA vs. all groups. (*) The mean difference is significant at p < 0.001.

(I) GABA\GABAR (IT) GABA\Gluamate

Figure 2. Ratios of (I) GABA/GABAR,, (II) GABA /glutamate, and (III) glutamine/glutamate in the
brain homogenates of male western albino young rats in all groups. (a) Control vs. all groups and
(b) PPA vs. all groups. (*) The mean difference is significant at p < 0.001.
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Figure 3. Effect of probiotic treatments on the gene expression of GABAR,, GABARg, and GABARg
selected subunits in the brain homogenates of male western albino young rats in all groups. (*) The
mean difference is significant at p < 0.001, and (**) the mean difference is significant at p < 0.0001.
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Table 3. Means =+ SD of the gene expression of GABARp, GABARg, and GABARg selected subunits

in the brain homogenates of male western albino young rats in all groups.

Control PPA PPA+ PPA + BIF PPA + LAC PPA + MIX
GABAR\1 140.409 0.0716 + 0.0089 * 1.878 £ 0.086 * 2.493 £ 0.291 ** 2.049 £ 0.0789 * 0.0371 +£ 0.00073 **
GABARjy2 1+0.162 0.0116 + 0.007 ** 0.924 + 0.056401 * 1.574 +0.336 * 0.310 £ 0.044 * 0.0259 =+ 0.0026 **
GABAR\3 1+0.027 0.00036 + 5.18046 x 1075 ** 0.648 £ 0.024 ** 1.132 £ 0.119 ** 0.256 £ 0.0213 ** 0.00059 =+ 0.00015 **
GABAR\5 1+0.108 0.0070 & 0.0011 ** 0.564 £ 0.030 ** 0.683 £ 0.038 ** 0.142 £ 0.004 ** 0.019 £ 0.002 **
GABARg2 14 0.0195 0.066 + 0.0137 * 1.076 £ 0.135* 1.608 £ 0.269 * 0.677 £ 0.662 0.038 £ 0.00196 **
GABARg3 1+0.158 0.00025 4 0.00011 * 1.089 + 0.0064 * 2.099 £ 0.215 ** 0.561 £ 0.087 * 6.81 x 107> +8.92 x 107%*
GABARgG2 1+0.199 0.0410 + 0.00322 * 0.611 £ 0.028 * 1.181 £ 0.1609 * 0.2875 + 0.0266 * 0.01715 4+ 0.0017 *

(*) The mean difference is significant at p < 0.001. (**) The mean difference is significant at p < 0.0001.

Table 4. Estimated changes in microorganisms in all groups. MCA—MacConkey agar; NA—nutrient
agar; MHA—Mueller Hinton agar; blood agar. ((-) No growth, (+) weak growth, (++) medium growth,
and (+++) strong growth).

Media and Incubation

Isolated Organisms - Control PPA+ PPA + BIF PPA + LAC PPA + MIX
Conditions
Enterobacteriaceae
(Gram-negative rod, MCA /aerobic 37 °C/24 h + - ++ +++ ++
lactose fermenters)
Staphylococcus and /or Bacilli
(Gram-positive cocci/rod or NA/aerobic 37 °C/24 h - - +++ + ++
Gram-negative rod)
Moraxella spp. . o
G - MHA /aerobic 37 °C/24 h ++ + ++ ++ ++
ram-negative
Gram-positive/Gram-negative Blood/aerobic 37 °C/24 h - ++ ++ - +

rod and positive cocci

Oxidative stress is one of the topmost penalties of glutamate-induced neurotoxicity.
However, it is not possible to describe a unidirectional cause—effect connection between
the two signaling as etiological mechanisms of ASD since oxidative stress and excessive
intracellular ROS can also induce excitotoxicity by inducing the extracellular discharge of
glutamate [12] and releasing calcium from mitochondria into the cytosol [13]. From another
perspective, it has already been shown that astrocytic glutamine synthetase is especially
susceptible to ROS-induced inactivation, which negatively affects the complete glutamate—
glutamine cycle and contributes to an increase in extracellular glutamate concentrations,
resulting in excitotoxicity [14]. Additionally, the presence of ROS has been shown to
decrease the activity of glutamate transporter, weakening synaptic clearance of glutamate
and further contributing to increased extracellular glutamate levels [15]. Collectively, this
could support the remarkable increase in lipid peroxides concomitant with the decrease
in glutathione, GST, glutamine, and glutamine/glutamate ratios in PPA-treated groups as
a rodent model of ASD (Table 1 and Figure 11-V; Table 2 and Figure 2III). This is in good
agreement with numerous previous works that have demonstrated alteration in multiple
biomarkers related to oxidative stress and glutamate excitotoxicity in a PPA-induced rodent
model of autism [16-18]. Lower glutamine could lead to a much higher toxic effect of
glutamate as an excitatory neurotransmitter, while lower GABA and GABA receptors could
be easily related to the E/I imbalance repeatedly reported in autistic patients and rodent
models [19,20]. Reversal of GABAergic/glutamatergic imbalance was recently reported
as a medical hypothesis to treat ASD [3]. Among the integrated strategies to reverse E/I
imbalance is the use of probiotics as a source of GABA and inducer of GABA receptor
gene expression.

Table 1 and Figure 1I-V and Table 2 and Figure 21II also demonstrate the significant
improvement in lipid peroxides, glutathione, GST, glutamine, and glutamine/glutamate
ratios in probiotic-treated rats. This is in good agreement with a previous work by
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Duranti et al. [21], in which they reported a slight decrease in glutamate concentration
after the growth of B. dentium. While glutamate levels were somewhat unchanged in their
study, which is in good agreement with this study, they observed increased concentrations
of GABA and glutamine in B. dentium-conditioned fully defined bacterial media, called
ZMB1, for 18 h.

GABAergic neurons produce GABA from glutamate using glutamic acid decarboxy-
lase (GAD), and this synthesized GABA is packaged into synaptic vesicles at synaptic
terminals through vesicular GABA transporters (VGATs). Synaptically released GABA
binds to both presynaptic and postsynaptic GABA receptors (GABAA and GABAB) and
suppresses the excitation as a neurotoxic mechanism repeatedly reported in ASD [3,17].

Table 1 and Figure 1VL VII also demonstrate the significant increase in GABA and
GABA receptors in probiotic-treated rats, with Bifidobacterium strains being the most effec-
tive, followed by the probiotic mixture, while lactobacillus was the least effective. This finds
support in the work of Yunes et al. [10], in which they screened the ability of 135 human-
derived lactobacillus and bifidobacterium strains to produce GABA from glutamate. They
reported that the most efficient GABA producers were Bifidobacterium strains, a finding in
good agreement with the results of this study. Their data indicate that gad genes, as well as
the ability to produce GABA, are widely distributed among lactobacilli and bifidobacteria,
which could help in the use of both bacterial strains independently or in combination as
psychobiotics [10]. In a recent study by Duranti et al. [21], in Groningen rats fed on a diet
supplemented with B. adolescentis strains, the in vivo production of GABA was stimulated,
highlighting their potential implication in gut-brain axis interactions. On the basis of the
significant role of PPA in decreasing PTEN (Akt inhibitor), leading to gliosis, disturbed neu-
rocircuitry, and inflammatory response as seen in ASD, the therapeutic effects of the used
probiotics could be attributed to the up-regulation of PTEN signaling, down-regulation
of Akt genes, and restoration of GABA A receptor function [22,23]. Going by all these
studies, we can suggest that probiotics have demonstrated an effect in the form of mono-
and multi-strains and could help treat infectious diarrhea, antibiotic-associated diarrhea,
and diarrhea associated with Clostridium difficile, a problem related to GI co-morbidity in
ASD patients [24-26].

Balanced neural circuits are especially important for proper social and emotional
behavior, language processing, and higher-order cognition. Research in this area has shown
that alterations in GABAergic signaling inhibition activities could result in a loss of balance
in neural circuits and lead to a disproportionately high level of excitation. Importantly, evi-
dence accumulated from previous studies indicates that disruption in GABAergic signaling
transmission could potentially lead to the development of autism [27,28].

Specific ratios between selected pairs of metabolite concentrations (metabolite ratios)
have been introduced in the past as biomarkers in many biomedical applications [26].
Glutamate/GABA and glutamate/ glutamine ratios were used to evaluate the biochemical
and functional relationship of impaired glutamate signaling in ASD patients, and both
recorded much higher predictive values [28-30].

Table 2 and Figure 2I-III demonstrate the relative ratios of GABA/GABAAa, GABA/
glutamate, and glutamine/glutamate. These three ratios established the impaired gluta-
mate signaling in response to PPA-induced neurotoxicity in the rodent model. In addition,
the remarkable ameliorative effects of the three probiotic interventions used were estab-
lished, noticeably seen as much higher GABA /glutamate and glutamine/glutamate ratios.
As previously discussed, this is in good agreement with multiple clinical or experimental
works on ASD [15-17].

The significant decrease in or downregulation of all the seven studied GABA receptor
subunits in PPA-treated rats supports the validity of this model and explains the recently
recorded alteration in social interaction as an autistic feature in male rats treated with
PPA [7]. With lower and dysfunctional GABA receptors, an imbalanced E/I signal can
be induced as an autistic feature (Table 3 and Figure 3). The three probiotic intervention
strategies used clearly demonstrate significant up-regulation of the studied GABA receptor



Metabolites 2022, 12, 720

8of 12

subunit gene expression, with pure Bifidobacterium strains being the most potent, followed
by the probiotic mixture, while lactobacillus was the least effective. This is supported by
the work of Bravo et al. [11], which proves the effectiveness of probiotics in up-regulating
GABA receptor subunits and highlights the possible mechanistic vision into the potential
effect of probiotics in treating anxiety-like behavior [31,32].

Table 4 demonstrates the changes in microorganisms in the six studied groups at
the end of the study. The decrease in lactate producers in PPA-treated rats compared
to the control group and the ameliorative effect of the three probiotics used are easily
observed. This result is seemingly supported by the study of Kang and colleagues [33],
which recorded a much lower growth rate of certain species of lactate fermenters in subjects
with autism [34,35]. The decrease can partly explain the high levels of lactate observed in
autistic patients [36]. There was a noticeable increase in Staphylococcus and Moraxella species
in probiotic-treated rats compared to those in the PPA-induced model, which is in good
agreement with the recent works of Forsyth [28] and Al-Dera [37], which reported a decrease
in the abundance of certain bacteria, for example, Moraxella in autistic individuals and the
PPA-rodent model of ASD. Lower Moraxella in the PPA-rodent model was attributed to a
leaky gut as an accepted phenomenon relating gut microbiota to brain disorders through
the gut-brain axis.

The remarkable increase in Moraxella in the probiotic-treated groups finds support in
the work of van den Broek et al. [38], which recorded the inhibitory effect of lactobacilli
against the respiratory tract pathogen Moraxella catarrhalis.

Since a lower GABA /glutamate ratio, altered gut microbiota, and overgrowth of
propionobacteria are promising targets for a precision medicine approach to ASD treat-
ment [39,40], the ameliorating effects of the tested probiotics displayed in this study suggest
measuring the GABA /glutamate ratio by magnetic resonance spectroscopy (MRS) as a
neuroimaging biomarker for assessing the treatment efficacy of probiotics for ASD patients.
This finds support in a recent randomized clinical trial that proved potentially positive
effects of probiotics on core autistic symptoms in a subgroup of ASD children independent
of the specific intermediation of the probiotic effect on GI symptoms [41].

Although the cause—effect connection between ASD and gut microbiota is not yet
well proven, the anti-depressive effects, improvement in mental health, and gut micro-
biota composition of stressed individuals after consuming Lactobacillus and Bifidobacterium
populations indicate the importance of the gut-brain axis as a target to treat ASD [42].

Supplementation of specific probiotics may represent a side-effect-free tool to re-
establish gut homeostasis and promote brain health through the gut-brain axis. Thus, pure
Bifidobacterium infantis, the probiotic mixture of ProtexinR, and pure Lactobacillus bulgaricus
could be recommended as a non-pharmacological adjuvant therapy for children with ASD
that could be accessed at home.

3. Materials and Methods:
3.1. Animals

Forty young male western Albino rats, 3-4 weeks in age, weighing about 60-70 g,
obtained from the experimental surgery and animal laboratory, were enrolled in this study.
The animals were randomly assigned into six experimental groups, each including eight
rats. The animals in the control group (I) were orally administered phosphate-buffered
saline. The animals in the PPA-treated groups (II and III) were orally administered a
neurotoxic dose of PPA (250 mg/kg body weight/day) for 3 days. Group II was euthanized
after 3 days, while Group IIl was kept alive to be euthanized with other groups [16]. The rats
in the three therapeutic groups (IV, V, and VI) received the same doses of PPA, followed by
0.2 g/kg body weight of probiotic (ProtexinR), healthy bacteria Bifidobacterium infantis, and
healthy bacteria Lactobacillus bulgaricus, respectively, for 3 weeks. ProtexinR (Somerset, UK)
is a mixture of some healthy bacteria, such as Bifidobacterium infantis, Bifidobacterium breve,
Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus rhamnosus,
and Streptococcus thermophiles, with the concentration of 1 billion CFU per gram.
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The rats were placed at 22 £ 1 °C with ad libitum access to water and standard chow,
and quantitative stool cultures were carried out. The experiment protocol was in accordance
with the ethical standards of the ethics committee responsible for animal experimentation
at King Saud University, Riyadh, and was approved according to the Helsinki Declaration
of 1975, as revised in 2008 (http:/ /www.wma.net/en/20activities /10ethics /10helsinki/,
accessed on 18 June 2022). (IRB NO.: KSU-SE-19-131).

3.2. Preparation of Brain Tissue Homogenates

By the end of the feeding trials, deeply anesthetized (by using Ketamine/
Xylazine + D.W (91, respectively 9 mg/kgbw, L.P.) rats were decapitated. The brain tissues
were retrieved from the rats in the six groups and dissected into small pieces, homogenized
in bi-distilled water (1:10, w/v), and stored at —30 °C until further use.

3.3. Biochemical Analyses
3.3.1. ELISA Measurements of GABA-Signaling-Related Markers

The enzyme-linked immunosorbent assay (ELISA) technique was used to measure
the parameters in the brain tissue homogenate from all the experimental animal groups.
The applied assays were based on the method of sandwich or competitive binding en-
zyme immunoassay technique. While the sandwich ELISA principle was used to estimate
Gamma-Aminobutyric Acid Receptor Subunit Alpha-1 (GABRA1) and glutamate, competi-
tive ELISAs were used to estimate GABA and glutamine markers. All tests were quanti-
tatively determined according to the manufacturer’s instructions using ELISA kits from
MyBioSource (San Diego, CA, USA). The following markers were estimated: GABRA1 (Cat
No.: MB59342109), with a detection range of 0.5-16 umol/L; GABA (Cat No. MBS5269152),
with a detection limit of 2000-31.2 pg/mL; glutamate (Cat No. MBS 269969), with a sensi-
tivity of 1.0 ng/mL,; glutamine (Cat No.: MBS755884), with a sensitivity of 1.0 ng/mL; and
Glutathione S-Transferase (Cat No.: MBS564158).

3.3.2. Measurement of Lipid Peroxidation Concentration

The method of Potter et al. [43] was used for lipid oxidation, which is estimated by the
formation of thiobarbituric-acid-reactive substances.

3.3.3. Assay of Glutathione (GSH)

The GSH content was determined according to the method described by Beutler et al. [44]
using 5,5'-dithiobis 2-nitrobenzoic acid (DTNB) with sulfhydryl compounds to produce a
relatively stable yellow color.

3.4. Gene Expression

The gene expression of GABA in brain tissue was determined according to the method
described in [45]. Total RNA was purified from the rat brain tissue using the RN Aeasy®
Lipid Tissue Mini Kit (Qiagen, Germany) (Cat No. 74104). To prepare complementary DNA
(cDNA), purified total RNA from each sample was reverse-transcribed by random hexamers
of the high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA). GABAergic expression was estimated by quantitative RT-PCR (Light Cycler
48011/96, Roche Applied Science, Basel, Basel-Stadt, Switzerland) using an iTaq™ Universal
SYBR® Green Super mix kit prepared according to the manufacturer’s protocol Gene
Expression Assay (Assay ID Rn00691548_m1, Applied Biosystems). Gene expressions of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as a reference gene (assay
ID Rn01775763g1, Applied Biosystems). Specific primers were added to the reaction mix at
a final concentration of 10 pM.
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3.5. Microbial Analysis
3.5.1. Fecal Collection and Preparation for Microbial Analysis

The fecal samples of the rats from all groups were collected in sterile tubes and kept at
—20 °C until further use. The microbial analysis involved culturing microorganisms on
different media and under different incubation conditions for their preliminary identifi-
cation and enumeration to identify the alteration in the gut microbiota in response to the
treatment being tested.

Fecal suspensions of each treated group correspondingly were prepared by dissolving
1:10 w/v in sterile phosphate-buffered saline (PBS, 0.1 M) [46].

All samples were homogenized using a sonicator for 5 s and then centrifuged at
5000 rpm for 10 min at —4 °C. Ten-fold serial dilution of the fecal suspensions was then
performed. To begin with, 1 mL of the supernatant from the original dilution (dilution 0)
was added to 9 mL of sterile PBS in a tube (dilution 1). The process was repeated until
dilution 4 was created, and 0.1 mL of each of the prepared dilutions was loaded on the
surface of different culture media and spread. The culture media used included the nutrient
agar and were incubated aerobically at 37 °C for 18-24 h.

3.5.2. Bacterial Enumeration and Identification

Before incubation, the bacterial count from the different media was recorded as the
colony count per plate. Data of the rat groups used in the study were compared. Preliminary
bacterial identification was performed by morphological observation on the different media
used. Further identification was made microscopically using the Gram-staining technique,
where single colonies from the various culture media were selected, heated to form a smear,
subjected to a Gram-staining procedure, and then observed under the microscope using an
oil immersion lens.

3.5.3. Statistical Analyses

The results of this study were expressed as the means + SD. All statistical comparisons
between the control group and the PA and probiotic-treated rat groups were performed
using SPSS V, 21 software package (SPSS Inc., Chicago, IL, USA). One-way analysis of
variance (ANOVA) tests with Dunnett’s test for multiple comparisons was performed.

4. Conclusions

The study indicates that pure or mixed lactobacillus and bifidobacterium can be used to
ameliorate glutamate excitotoxicity induced in a rodent model of autism, mostly through
the amelioration of oxidative stress, increasing the depleted GABA and up-regulating the
gene expression of GABA receptors. Collectively, these data highlight the important role of
probiotics in the bidirectional communication of the gut-brain axis and suggest that certain
organisms may prove to be useful in therapy.

Author Contributions: RM.B.-K. and A.T.A. acquired the data; M.A.A. co-drafted the manuscript;
AM.A.-D. and H.S.A. carried out the experimental work; D.A.S. collected microbiology data;
AK.E.-A. suggested the topic and drafted the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded through Researchers Supporting Project number (RSP-2021/183),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: This work was approved by the Ethics Committee, College
of Science, King Saud University (IRB NO.: KSU-SE-19-131).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets and generated analyses during this study are available
from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare that there is no conflict of interest.



Metabolites 2022, 12, 720 11 of 12

References

1.  Quaak, I; Brouns, M.R.; Van De Bor, M. The Dynamics of Autism Spectrum Disorders: How Neurotoxic Compounds and
Neurotransmitters Interact. Int. . Environ. Res. Public Health 2013, 10, 3384-3408. [CrossRef] [PubMed]

2. Essa, M.M.; Braidy, N.; Vijayan, K.R.; Subash, S.; Guillemin, G.]J. Excitotoxicity in the Pathogenesis of Autism. Neurotox. Res. 2013,
23,393-400. [CrossRef]

3. El-Ansary, A. GABA and Glutamate Imbalance in Autism and Their Reversal as Novel Hypothesis for Effective Treatment
Strategy. Autism Dev. Disord. 2020, 18, 46-63. [CrossRef]

4. Guerriero, RM.; Giza, C.C.; Rotenberg, A. Glutamate and GABA Imbalance Following Traumatic Brain Injury. Curr. Neurol.
Neurosci. Rep. 2015, 15, 27. [CrossRef] [PubMed]

5. Dinan, T.G.; Cryan, J.FE. The Microbiome-Gut-Brain Axis in Health and Disease. Gastroenterol. Clin. N. Am. 2017, 46, 77-89.
[CrossRef]

6. Kim, Y.-K;; Shin, C. The Microbiota-Gut-Brain Axis in Neuropsychiatric Disorders: Pathophysiological Mechanisms and Novel
Treatments. Curr. Neuropharmacol. 2018, 16, 559-573. [CrossRef] [PubMed]

7. Abuaish, S.; Al-Otaibi, N.; Abujamel, T.; Alzahrani, S.; Alotaibi, S.; AlShawakir, Y.; Aabed, K.; El-Ansary, A. Fecal Transplant and
Bifidobacterium Treatments Modulate Gut Clostridium Bacteria and Rescue Social Impairment and Hippocampal BDNF Expression
in a Rodent Model of Autism. Brain Sci. 2021, 11, 1038. [CrossRef] [PubMed]

8.  Mazzoli, R.; Pessione, E. The Neuro-endocrinological Role of Microbial Glutamate and GABA Signaling. Front. Microbiol. 2016,
7,1934. [CrossRef] [PubMed]

9.  Boonchooduang, N.; Louthrenoo, O.; Chattipakorn, N.; Chattipakorn, S.C. Possible links between gut-microbiota and attention-
deficit/hyperactivity disorders in children and adolescents. Eur. J. Nutr. 2020, 59, 3391-3403. [CrossRef] [PubMed]

10.  Yunes, R; Poluektova, E.; Dyachkova, M.; Klimina, K.; Kovtun, A.; Averina, O.; Orlova, V.; Danilenko, V. GABA production and
structure of gadB / gadC genes in Lactobacillus and Bifidobacterium strains from human microbiota. Anaerobe 2016, 42, 197-204.
[CrossRef]

11. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. [CrossRef] [PubMed]

12. Pellegrini-Giampietro, D.; Cherici, G.; Alesiani, M.; Carla, V.; Moroni, F. Excitatory amino acid release and free radical formation
may cooperate in the genesis of ischemia-induced neuronal damage. J. Neurosci. 1990, 10, 1035-1041. [CrossRef] [PubMed]

13. Richter, C.; Kass, G.E. Oxidative stress in mitochondria: Its relationship to cellular Ca?* homeostasis, cell death, proliferation, and
differentiation. Chem. Interact. 1991, 77, 1-23. [CrossRef]

14. Schor, N.F. Inactivation of mammalian brain glutamine synthetase by oxygen radicals. Brain Res. 1988, 456, 17-21. [CrossRef]

15. Anderson, C.M.; Swanson, R.A. Astrocyte glutamate transport: Review of properties, regulation, and physiological functions.
Glia 2000, 32, 1-14. [CrossRef]

16. El-Ansary, A.K.; Ben Bacha, A.; Kotb, M. Etiology of autistic features: The persisting neurotoxic effects of propionic acid.
J. Neuroinflamm. 2012, 9, 74. [CrossRef]

17.  El-Ansary, A. Data of multiple regressions analysis between selected biomarkers related to glutamate excitotoxicity and oxidative
stress in Saudi autistic patients. Data Brief 2016, 7, 111-116. [CrossRef] [PubMed]

18. Aldbass, A.M.; Bhat, R.S.; El-Ansary, A. Protective and therapeutic potency of N-acetyl-cysteine on propionic acid-induced
biochemical autistic features in rats. J. Neuroinflamm. 2013, 10, 42. [CrossRef] [PubMed]

19. Al-Gadani, Y.; El-Ansary, A.; Attas, O.; Al-Ayadhi, L. Metabolic biomarkers related to oxidative stress and antioxidant status in
Saudi autistic children. Clin. Biochem. 2009, 42, 1032-1040. [CrossRef] [PubMed]

20. Khemakhem, A.M.; Frye, RE.; El-Ansary, A.; Al-Ayadhi, L.; Ben Bacha, A. Novel biomarkers of metabolic dysfunction is autism
spectrum disorder: Potential for biological diagnostic markers. Metab. Brain Dis. 2017, 32, 1983-1997. [CrossRef] [PubMed]

21. Duranti, S.; Ruiz, L.; Lugli, G.A.; Tames, H.; Milani, C.; Mancabelli, L.; Mancino, W.; Longhi, G.; Carnevali, L.; Sgoifo, A.; et al.
Bifidobacterium adolescentis as a key member of the human gut microbiota in the production of GABA. Sci. Rep. 2020, 10, 14112.
[CrossRef] [PubMed]

22.  Abdelli, L.S.; Samsam, A.; Naser, S.A. Propionic Acid Induces Gliosis and Neuro-inflammation through Modulation of PTEN/AKT
Pathway in Autism Spectrum Disorder. Sci. Rep. 2019, 9, 309. [CrossRef] [PubMed]

23. Liu, B; Li, L.; Zhang, Q.; Chang, N.; Wang, D.; Shan, Y.; Li, L.; Wang, H.; Feng, H.; Zhang, L.; et al. Preservation of GABA »
Receptor Function by PTEN Inhibition Protects Against Neuronal Death in Ischemic Stroke. Stroke 2010, 41, 1018-1026. [CrossRef]
[PubMed]

24. Wasilewska, J.; Klukowski, M. Gastrointestinal symptoms and autism spectrum disorder: Links and risks—A possible new
overlap syndrome. Pediatr. Health Med. Ther. 2015, 6, 153-166. [CrossRef] [PubMed]

25. Doenyas, C. Novel Personalized Dietary Treatment for Autism Based on the Gut-Immune-Endocrine-Brain Axis. Front. Endocrinol.
2019, 10, 508. [CrossRef]

26. Abdellatif, B.; McVeigh, C.; Bendriss, G.; Chaari, A. The Promising Role of Probiotics in Managing the Altered Gut in Autism
Spectrum Disorders. Int. . Mol. Sci. 2020, 21, 4159. [CrossRef]

27. Eagleson, K.; Gravielle, M.; McFadyen-Ketchum, L.S.; Russek, S.; Farb, D.; Levitt, P. Genetic disruption of the autism spectrum

disorder risk gene PLAUR induces GABAA receptor subunit changes. Neuroscience 2010, 168, 797-810. [CrossRef] [PubMed]


http://doi.org/10.3390/ijerph10083384
http://www.ncbi.nlm.nih.gov/pubmed/23924882
http://doi.org/10.1007/s12640-012-9354-3
http://doi.org/10.17759/autdd.2020180306
http://doi.org/10.1007/s11910-015-0545-1
http://www.ncbi.nlm.nih.gov/pubmed/25796572
http://doi.org/10.1016/j.gtc.2016.09.007
http://doi.org/10.2174/1570159X15666170915141036
http://www.ncbi.nlm.nih.gov/pubmed/28925886
http://doi.org/10.3390/brainsci11081038
http://www.ncbi.nlm.nih.gov/pubmed/34439657
http://doi.org/10.3389/fmicb.2016.01934
http://www.ncbi.nlm.nih.gov/pubmed/27965654
http://doi.org/10.1007/s00394-020-02383-1
http://www.ncbi.nlm.nih.gov/pubmed/32918136
http://doi.org/10.1016/j.anaerobe.2016.10.011
http://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
http://doi.org/10.1523/JNEUROSCI.10-03-01035.1990
http://www.ncbi.nlm.nih.gov/pubmed/1969465
http://doi.org/10.1016/0009-2797(91)90002-O
http://doi.org/10.1016/0006-8993(88)90341-1
http://doi.org/10.1002/1098-1136(200010)32:1&lt;1::AID-GLIA10&gt;3.0.CO;2-W
http://doi.org/10.1186/1742-2094-9-74
http://doi.org/10.1016/j.dib.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/26933667
http://doi.org/10.1186/1742-2094-10-42
http://www.ncbi.nlm.nih.gov/pubmed/23537042
http://doi.org/10.1016/j.clinbiochem.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19306862
http://doi.org/10.1007/s11011-017-0085-2
http://www.ncbi.nlm.nih.gov/pubmed/28831647
http://doi.org/10.1038/s41598-020-70986-z
http://www.ncbi.nlm.nih.gov/pubmed/32839473
http://doi.org/10.1038/s41598-019-45348-z
http://www.ncbi.nlm.nih.gov/pubmed/31217543
http://doi.org/10.1161/STROKEAHA.110.579011
http://www.ncbi.nlm.nih.gov/pubmed/20360540
http://doi.org/10.2147/PHMT.S85717
http://www.ncbi.nlm.nih.gov/pubmed/29388597
http://doi.org/10.3389/fendo.2019.00508
http://doi.org/10.3390/ijms21114159
http://doi.org/10.1016/j.neuroscience.2010.03.066
http://www.ncbi.nlm.nih.gov/pubmed/20381588

Metabolites 2022, 12, 720 12 of 12

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Leblanc, J.J.; Fagiolini, M. Autism: A “Critical Period” Disorder? Neural Plast. 2011, 2011, 921680. [CrossRef] [PubMed]
Petersen, A.-K.; Krumsiek, J.; Wagele, B.; Theis, FJ.; Wichmann, H.-E.; Gieger, C.; Suhre, K. On the hypothesis-free testing of
metabolite ratios in genome-wide and metabolome-wide association studies. BMC Bioinform. 2012, 13, 120. [CrossRef] [PubMed]
Al-Otaish, H.; Al-Ayadhi, L.; Bjerklund, G.; Chirumbolo, S.; Urbina, M.A.; El-Ansary, A. Relationship between absolute and
relative ratios of glutamate, glutamine and GABA and severity of autism spectrum disorder. Metab. Brain Dis. 2018, 33, 843-854.
[CrossRef]

Rudolph, U.; Mohler, H. Analysis of GABA 5 Receptor Function and Dissection of the Pharmacology of Benzodiazepines and
General Anesthetics Through Mouse Genetics. Annu. Rev. Pharmacol. Toxicol. 2004, 44, 475-498. [CrossRef]

Cryan, J.F.; Kaupmann, K. Don’t worry ‘B’ happy!: A role for GABAB receptors in anxiety and depression. Trends Pharmacol. Sci.
2005, 26, 36—43. [CrossRef] [PubMed]

Macdonald, R.L.; Kang, J.-Q.; Gallagher, M.]. GABAA Receptor Subunit Mutations and Genetic Epilepsies. In Jasper’s Basic
Mechanisms of the Epilepsies [Internet], 4th ed; Oxford University Press: New York, NY, USA, 2013; pp. 740-749. [CrossRef]
Lindsay, J.O.; Whelan, K.; Stagg, A.J.; Gobin, P.; Al-Hassi, H.O.; Rayment, N.; Kamm, M.A; Knight, S.C.; Forbes, A. Clinical,
microbiological, and immunological effects of fructo-oligosaccharide in patients with Crohn’s disease. Gut 2006, 55, 348-355.
[CrossRef] [PubMed]

Guan, N.; Liu, L. Microbial response to acid stress: Mechanisms and applications. Appl. Microbiol. Biotechnol. 2020, 104, 51-65.
[CrossRef] [PubMed]

Benjamin, J.L.; Hedin, C.; Koutsoumpas, A.; Ng, S.C.; McCarthy, N.; Hart, A.L.; Kamm, M.A.; Sanderson, ].D.; Knight, S.C.;
Forbes, A.; et al. Randomised, double-blind, placebo-controlled trial of fructo-oligosaccharides in active Crohn’s disease. Gut
2011, 60, 923-929. [CrossRef]

Al Dera, H.; Alrafaei, B.; AL Tamimi, M.I,; Alfawaz, H.A.; Bhat, R.S.; Soliman, D.A.; Abuaish, S.; El-Ansary, A. Leaky gut
biomarkers in casein- and gluten-rich diet fed rat model of autism. Transl. Neurosci. 2021, 12, 601-610. [CrossRef]

Van den Broek, M.EL.; De Boeck, L; Claes, 1.].].; Nizet, V.; Lebeer, S. Multifactorial inhibition of lactobacilli against the respiratory
tract pathogen Moraxella catarrhalis. Benef. Microbes 2018, 9, 429-439. [CrossRef] [PubMed]

Zhang, L.; Huang, C.-C.; Dai, Y,; Luo, Q.; Ji, Y.; Wang, K.; Deng, S.; Yu, J.; Xu, M.; Du, X,; et al. Symptom improvement in children
with autism spectrum disorder following bumetanide administration is associated with decreased GABA /glutamate ratios.
Transl. Psychiatry 2020, 10, 9. [CrossRef]

Santocchi, E.; Guiducci, L.; Prosperi, M.; Calderoni, S.; Gaggini, M.; Apicella, F.; Tancredi, R.; Billeci, L.; Mastromarino, P;
Grossi, E.; et al. Effects of Probiotic Supplementation on Gastrointestinal, Sensory and Core Symptoms in Autism Spectrum
Disorders: A Randomized Controlled Trial. Front. Psychiatry 2020, 11, 550593. [CrossRef]

Afroz, K.F; Reyes, N.; Young, K,; Parikh, K.; Misra, V.; Alvifia, K. Altered gut microbiome and autism like behavior are associated
with parental high salt diet in male mice. Sci. Rep. 2021, 11, 8364. [CrossRef]

Yong, S.J.; Tong, T.; Chew, J.; Lim, W.L. Antidepressive Mechanisms of Probiotics and Their Therapeutic Potential. Front. Neurosci.
2020, 13, 1361. [CrossRef] [PubMed]

Jackson, S.J.; Andrews, N.; Ball, D.; Bellantuono, I.; Gray, J.; Hachoumi, L.; Holmes, A.; Latcham, J.; Petrie, A.; Potter, P; et al.
Does age matter? The impact of rodent age on study outcomes. Lab. Anim. 2017, 51, 160-169. [CrossRef] [PubMed]

Beutler, E.; Duron, O.; Kelly, B.M. Improved Methods for Determination of Blood Gluthatione. J. Lab. Clin. Med. 1963, 61, 882-888.
[PubMed]

Seol, D.; Choe, H.; Zheng, H.; Jang, K.; Ramakrishnan, P.S.; Lim, T.H.; Martin, J.A. Selection of reference genes for normalization
of quantitative real-time PCR in organ culture of the rat and rabbit intervertebral disc. BMC Res. Notes 2011, 4, 162. [CrossRef]
[PubMed]

Zhang, Z.; Peng, X.; Li, S.; Zhang, N.; Wang, Y.; Wei, H. Isolation and identification of quercetin degrading bacteria from human
fecal microbes. PLoS ONE 2014, 9, €90531. [CrossRef] [PubMed]


http://doi.org/10.1155/2011/921680
http://www.ncbi.nlm.nih.gov/pubmed/21826280
http://doi.org/10.1186/1471-2105-13-120
http://www.ncbi.nlm.nih.gov/pubmed/22672667
http://doi.org/10.1007/s11011-018-0186-6
http://doi.org/10.1146/annurev.pharmtox.44.101802.121429
http://doi.org/10.1016/j.tips.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15629203
http://doi.org/10.1093/med/9780199746545.003.0057
http://doi.org/10.1136/gut.2005.074971
http://www.ncbi.nlm.nih.gov/pubmed/16162680
http://doi.org/10.1007/s00253-019-10226-1
http://www.ncbi.nlm.nih.gov/pubmed/31773206
http://doi.org/10.1136/gut.2010.232025
http://doi.org/10.1515/tnsci-2020-0207
http://doi.org/10.3920/BM2017.0101
http://www.ncbi.nlm.nih.gov/pubmed/29633637
http://doi.org/10.1038/s41398-020-0692-2
http://doi.org/10.3389/fpsyt.2020.550593
http://doi.org/10.1038/s41598-021-87678-x
http://doi.org/10.3389/fnins.2019.01361
http://www.ncbi.nlm.nih.gov/pubmed/32009871
http://doi.org/10.1177/0023677216653984
http://www.ncbi.nlm.nih.gov/pubmed/27307423
http://www.ncbi.nlm.nih.gov/pubmed/13967893
http://doi.org/10.1186/1756-0500-4-162
http://www.ncbi.nlm.nih.gov/pubmed/21615931
http://doi.org/10.1371/journal.pone.0090531
http://www.ncbi.nlm.nih.gov/pubmed/24594786

	Introduction 
	Results and Discussion 
	Materials and Methods: 
	Animals 
	Preparation of Brain Tissue Homogenates 
	Biochemical Analyses 
	ELISA Measurements of GABA-Signaling-Related Markers 
	Measurement of Lipid Peroxidation Concentration 
	Assay of Glutathione (GSH) 

	Gene Expression 
	Microbial Analysis 
	Fecal Collection and Preparation for Microbial Analysis 
	Bacterial Enumeration and Identification 
	Statistical Analyses 


	Conclusions 
	References

