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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopment disorder that characterises impairment 
in two major behaviours: Repetitive behaviour and deficit in social communication as well as 
interaction.[1] Other comorbid conditions observed in an autistic individual include anxiety, 
aggressiveness, sleeplessness, gastrointestinal disturbances and motor impairments.[2] Studies 
suggest that men are more susceptible to the ASD condition than women.

Propionic acid (PPA) is a naturally occurring saturated fatty acid that is produced through 
anaerobic fermentation of dietary substrates by gut microbiota. PPA modulates cellular 
processes and metabolism and exhibits immunosuppressive properties.[3] PPA can permeate the 
blood-brain barrier and cause developmental delays as well as disruption in neurotransmitter 
release.[3,4] PPA has been implicated in inflammation, oxidative stress, immune dysfunction and 
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cognitive impairment, which is also observed in ASD.[5-11] 
PPA exposure induces behavioural abnormalities akin to 
ASD. Administration of PPA induces stereotypy and causes 
impairment in attention, social behaviour, locomotion and 
information processing abilities in rodents.[5,6,12,13] Postnatal 
PPA exposure causes a decline in the levels of cerebral 
phosphorylated – cAMP response element binding protein 
and brain-derived neurotrophic factor (BDNF). Furthermore, 
PPA elevates the levels of oxidative (thiobarbituric acid 
reactive substance [TBARS]) and inflammation stress 
markers (interleukin 6 [IL-6] and tumour necrosis factor-
alpha [TNF-α]) in rodents.[14,15] Consequently, postnatal 
exposure to PPA serves as a reliable model for replicating 
behavioural and biochemical phenotypes that are associated 
with and observed in ASD.[5,6,11,13,16]

Progesterone is an endogenous steroid hormone that is 
essential for pregnancy, embryogenesis and the menstrual 
cycle of humans and other species. The potential role of 
progesterone has been implicated in several neurological 
such as traumatic brain injury, hypoxia/ischemic brain injury, 
Parkinson’s disease and subarachnoid haemorrhage.[17-20] 
Progesterone corrects behavioural abnormalities that are 
observed in ASD in various animal experimental models 
for diseases. This includes social behaviour, stereotypy, 
anxiety, depression and hyperactivity.[21-25] In addition 
to this, progesterone promotes neuroprotection, 
neurotransmission, myelination and neurogenesis through 
inhibition of neuroinflammation, oxidative stress and 
neurodegeneration.[26,27] However, the role of progesterone 
is yet to be elucidated in the experimental model of ASD. 
We have hypothesised that progesterone might play a key 
role in ameliorating behavioural as well as biochemical 
alterations that are observed in ASD. In this study, we have 
investigated the effects of progesterone against impaired 
behavioural (stereotypy, hyperlocomotion and exploration) 
and biochemical (cerebral inflammation and oxidative stress) 
parameters that are associated with ASD.

MATERIALS AND METHODS

Animals

The present study employed male Albino Wistar rats (male) 
that were housed in the animal house of Amity University 
(Reg No.  1327/PO/ReBi/S/10/CPCSEA). The animal house 
was set at a temperature of 25 ± 2°C with relative humidity of 
50 ± 5%. These rats were provided with water and a standard 
laboratory pellet chow diet (Ashirwad Industries, Punjab, 
India). The rats were exposed to 12 h natural light and 12 h 
dark cycle. This experimental study was approved by the 
Institutional Animal Ethics Committee (IAEC) of Amity 
University Uttar Pradesh, India, under the approved protocol 
‘CPCSEA/IAEC/AIP/2020/03/18.’

Chemical and reagents

Progesterone was procured from Central Drug House, 
Pvt. Ltd., New  Delhi, India. PPA was purchased from Lab 
Sale Corporation, New  Delhi, India. The IL-6 and TNF-α 
enzyme-linked immunosorbent assay kits were procured 
from Ray Biotech, Inc., Norcross, GA.

Drugs and administration

The male offspring from the untreated pregnant female rats 
received PPA (250 mg/kg) diluted in phosphate buffer saline 
(PBS) for injection in a 9 g/L sodium chloride solution from 
postnatal day (PND) 21 to 23.

Animals in the treatment groups were administered with 
drug/vehicle from PND 24 to PND 50. Progesterone 
(4  mg/kg, sc; 8  mg/kg, sc) was dissolved in sesame oil and 
was administered an hour before behavioural assessments. 
These doses were selected for administration on the basis of 
the previously published research reports.[28,29]

Experimental design

In the present study, animals were randomly divided into 
seven groups. Each group had eight animals (n = 8; male), 
and these animals were selected on the basis of previously 
published research reports.[6,13]

These groups include:
•	 Group I (Control group): Male offspring (No treatment/

vehicle) underwent behaviour assessments from PND 44 
to PND 50.

•	 Group II (PBS): Male offspring were administered with 
0.2 M PBS from PND 21 to 23.

•	 Group III (Sesame oil): Male offspring were administered 
with sesame oil from PND 24 to PND 50.

•	 Group  IV (Progesterone per se [8  mg/kg]): Male 
offspring were administered progesterone (8 mg/kg; sc) 
from PND 24 to PND 50.

•	 Group V (PPA): Male offspring were administered with 
PPA (250  mg/kg, po), and the behavioural assessments 
were performed from PND 44 to PND 50.

•	 Groups  VI and VII (Progesterone [4  mg/kg, sc; 
8  mg/kg]): Male offspring that received PPA were 
administered with progesterone (4 mg/kg; 8 mg/kg; sc) 
from PND 24 to PND 50.

Behavioural assessments

All behavioural parameters were performed in experimental 
animals during the light phase (09:00–18:00  h) from PND 
44 to PND 50. The experiments were conducted during the 
daytime to obtain a clear understanding of the behavioural 
experiment conducted, as rats are nocturnal animals, and 
they exhibit peak activity during the night.
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Assessment of locomotor activity

Rats were assessed for locomotor activity using an open-
field apparatus. This apparatus consists of an open box with a 
floor divided into 25 squares. The individual rats were placed 
separately in a fixed corner facing toward the wall, and the 
number of squares crossed during a 5-min session (floor 
units which rats crossed with four feet) were regarded as a 
measure of locomotor activity.[30]

Assessment of self-grooming activity

Self-grooming is an innate grooming behaviour that rats 
perform on themselves. Excessive self-grooming denotes 
stereotypic behaviour. For the assessment of self-grooming, 
individual rats were placed in a clean and empty cage without 
any bedding and were allowed to habituate for 10  min. 
Post habituation, the cumulative time sent by the test rat 
in grooming all body regions was recorded for 10  min. 
Grooming behaviour elicited by the rat included head 
washing, genital/tail grooming, body grooming, scratching 
and paw as well as leg licking.[30]

Assessment of exploratory activity

The exploratory activity in the rats was examined with the help 
of a hole board apparatus. The hole board apparatus comprises a 
wooden platform (40 cm × 40 cm) which was raised to a height 
of 15  cm from the floor of a grey platform with dimensions 
40 cm × 40 cm × 40 cm × 40 cm × 40 cm × 40 cm. The platform 
was divided equally into 16 square compartments. Each square 
compartment had a circular hole of a diameter of 3 cm at the 
centre. A rat was placed at the centre of the platform for 5 min 
to explore. After this habituation, the exploratory activity of 
the rat was assessed as the latency of the first poke, number of 
rearing and hole pocking for 3 min.[7]

Biochemical assessments

Tissue preparation for biochemistry

Biochemical assessments were carried out after the 
completion of behavioural studies. The rats were 
euthanised through administration of thiopental sodium 
(90  mg/kg, ip) and their brains were removed after 
decapitation. The removed brains were washed with ice-
cold phosphate buffer solution (pH 7.4) to remove hair and 
other debris. The brain was sectioned carefully to isolate the 
cerebellum, frontal cortex and hippocampus regions. The 
brain samples were homogenised in RIPA buffer (1:9  w/v) 
using polytron (PT 1600 E) homogeniser. Each 1 mL of RIPA 
buffer contained 10 μL of cocktail protease inhibitor. The 
homogenised brain samples were centrifuged at 3000 rpm for 
15 min (4°C) using a centrifuge machine (Remi, C-24 PLUS, 
India) to collect the supernatant.[31] This supernatant was 

stored at −80°C for biochemical analysis in the cerebellum, 
frontal cortex hippocampus and remaining brain regions.[6]

Assessment of brain protein

Brain protein levels were calculated using Lowry’s method. 
Bovine serum albumin was used as a standard. The 
supernatant was mixed with Lowry’s reagent and after keeping 
this mixture undisturbed for 15 min, Folin-Ciocalteu reagent 
was added. This tube was vortexed and then incubated for 
30 min at room temperature. The absorbance of the tube was 
recorded at 750 nm, and the values were expressed as mg/mL 
of supernatant.[7]

Assay of thiobarbituric acid reactive substance and 
glutathione (GSH)

TBARS assesses lipid peroxidation and is used as an oxidative 
stress marker. The TBARS levels were estimated using a 
microplate reader (with slight modifications) at 532 nm.[31] For 
the estimation of TBARS, isolated supernatant (100 µL) was 
mixed with equal volumes of sodium dodecyl sulphate (8.1%), 
250 µL of 1:1 mix of 30% acetic acid (pH  3.5) and 0.8% 
thiobarbituric acid. This mixture was incubated for 60 minutes at 
95°C. After incubation, these samples were centrifuged (4000 g) 
for 10  min, and the butanol fraction was taken for further 
assessment. The results were expressed as nM/mg of protein.[32,33]

GSH is a crucial antioxidant and plays an important role 
in cellular defence against oxidative stress. The GSH levels 
in the brain were recorded at 412  nm using a microplate 
reader. For the estimation of GSH levels, brain supernatant 
was mixed with 10%  w/v trichloroacetic acid (1:1 ratio), 
and this mixture was centrifuged at 1000  g for 10  min at 
4°C. Following centrifugation, the resulting supernatant was 
combined with 0.25 mL of 0.001 M DTNB in 2 mL of 0.3 M 
disodium hydrogen phosphate. A  standard curve was built 
using fixed doses of GSH between 10 and 100 µM; the values 
were represented as µM/mg of protein.[6,32]

Assessment of IL-6 and TNF-α

The biochemical estimation of TNF-α and IL-6 was carried 
out in the selected brain regions (frontal cortex, cerebellum, 
and hippocampus) using their respective ELISA kits as 
per manufacturers’ instructions (RayBio®, USA). All kits 
were based on the sandwich in vitro ELISA principle, and 
the optical density of the samples was measured using a 
microplate reader at 450 nm. The concentrations for TNF-α 
and IL-6 were expressed as pg/mL.[31,33]

Statistical analysis

The data were represented as mean ± Standard deviation. 
The data were analysed using a two-way analysis of variance 
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followed by Bonferroni’s post hoc test using Sigma stat 12.5 
(Systat Softwares, Inc.). Data were statistically significant at 
P < 0.05.

RESULTS

Effect of progesterone on locomotion in postnatal PPA 
exposed rats

PPA-administered rats, compared to control groups, 
showed an increase in the number of square crossings that 
indicate hyper-locomotion. However, the administration of 
progesterone (4  mg/kg; 8  mg/kg; sc) to PPA-administered 
rats showed a significant reduction in the number of square 
crossings in open field apparatus in comparison to the PPA-
administered group [Figure 1a].

Effect of progesterone on self-grooming in postnatal PPA 
exposed rats

PPA-administered rats showed enhanced self-grooming 
activities such as head washing, genital/tail grooming, body 
grooming, scratching, and paw as well as leg licking activities 
in comparison to the control group; however, treatment with 
progesterone (4 mg/kg; 8 mg/kg; sc) significantly attenuated 
the PPA-induced increase in the self-grooming activities in 
the postnatal PPA-exposed rats [Figure 1b].

Effect of progesterone on exploratory activity in postnatal 
PPA exposed rats

PPA rats showed an increase in the exploratory behaviour as 
observed through an increase in the latency of the first poke 
as well as a decrease in the number of hole poking and rearing 

in comparison to control rats. However, treatment with 
progesterone (4 mg/kg; 8 mg/kg; sc) significantly attenuated 
the PPA-induced increase in the exploratory activity in the 
PPA-administered rats [Figure 2a-c].

Effect of progesterone on brain oxidative stress in 
postnatal PPA-exposed rats

PPA-administered rats showed a significant increase in 
oxidative stress (increased TBARS and decreased GSH) 
in different brain regions compared to control animals; 
however, treatment with progesterone (4 mg/kg; 8 mg/kg; sc) 
significantly attenuated the PPA-induced increase in the brain 
TBARS levels and decrease in the brains’ GSH levels in the 
postnatal PPA-exposed rats [Figures 3a and b].

Effect of progesterone on brain inflammation markers in 
postnatal PPA exposed rats

PPA-administered rats, in comparison to control rats, 
showed significant increases in the levels of IL-6 and TNF-α 
in the cerebellum, frontal cortex, and hippocampus regions 
of the brain; however, treatment with progesterone (4 mg/kg; 
8 mg/kg; sc) in postnatal PPA-exposed animals significantly 
decreased the elevation of inflammatory status in the 
cerebellum, frontal cortex, and hippocampus regions of the 
brain [Figure 3c and d].

DISCUSSION

Autistic animals have shown hyperlocomotion during the 
experimental studies.[3] In the present study, rats administered 
with PPA have shown an increase in the number of square 
crossings during an open field test, signifying an increase 

Figure  1: Effect of progesterone administration on locomotion and repetitive behaviour. Results 
are expressed as mean ± S.D (n = 8; male); two-way ANOVA followed by Bonferroni’s post hoc test. 
(a) Number of square crossings: (F [1,42] = 1511.663), a: P < 0.001 versus control group; (F [2,42] 
= 152.296), b: P < 0.05 versus PPA group. (b) Grooming: (F [1, 42] = 3493.017), a: P < 0.001 versus 
control group; (F [2, 42] = 796.243), b: P < 0.05 versus PPA group. PBS: Phosphate buffer saline, 
P8: Progesterone (8 mg/kg), PPA: Propionic acid, P4: Progesterone (4 mg/kg), ANOVA: Analysis of 
variance, S.D: Standard deviation.

ba
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in locomotor activity as compared to the normal control 
animals. Evidence suggests hyperlocomotion in rodents 
with elevated levels of cerebral TNF-α in comparison to 
rodents with normal cerebral TNF-α levels.[34] Furthermore, 
hyperlocomotion was also recorded in GSH-knockout mice 
during the experiment of the open field apparatus.[35] In 
the present study, we have observed a significant elevation 
and reduction in the TNF-α and GSH levels, respectively, 
in the studied brain regions of the PPA-administered rats. 
Therefore, the observed hyper-locomotory effect in these 
PPA rats might have been due to an increase and decrease in 
brain TNF-α and GSH levels, respectively.

PPA-administered rats in the present study have shown an 
increase and decrease in repetitive and exploratory behaviour, 
respectively. Clinical observation suggests the association of 
restricted and repetitive behaviour with increased cerebral 
IL-6 levels in autistic children.[36] Furthermore, oxidative 
stress in the frontal cortex and hippocampal region regions 
of the brain was observed to impact exploratory behaviour 
in the experimental animals.[37] Consequently, a rise in the 
cerebral inflammatory status and oxidative stress markers in 
PPA-administered rats in the present study might have been 
responsible for an increase and decrease in the repetitive and 
exploratory behaviour, respectively. In addition, cerebral 
inflammation and oxidative stress are reported to cause 
behavioural impairment in the PPA-induced ASD animal 
model.[6-8,31-33,38] PPA induces the excessive formation of 
reactive oxygen species in both the frontal cortex and 
hippocampus. Oxidative stress activates the nuclear factor 
kappa-light-chain-enhancer of activated B-cells, which 
further increases the secretion of inflammatory markers, 
forming a vicious circle of inflammatory markers secretion 
and free radicals formation.[39,40] Furthermore, a decrease 
in the GSH levels was recorded in the postmortem brain of 

individuals suffering from autism, suggesting the crucial role 
of GSH depletion in autistic phenotype.[41]

Progesterone potentiates BDNF mRNA and protein 
levels in the hippocampus and cerebral cortex regions 
of the brain[42], which further initiates the activation of 
prosurvival cell signalling pathways.[43] In ADHD mice, 
an increase in the expression of BDNF is reported to 
protect against hyperactivity and hyper-locomotion.[44] 
Furthermore, administration of progesterone inhibits the 
release of proinflammatory cytokines such as IL-6, TNF-α 
and interferon-γ that are known to cause hyperlocomotion 
in ketamine-induced cognitive dysfunction and 
hyperlocomotion in rats.[33,45] Furthermore, another study 
has demonstrated that progesterone plays a beneficial role 
in synapse formation in the hippocampal region of the 
brain.[46] These results are akin to the results obtained in 
the present study, where subcutaneous administration of 
progesterone (4  mg/kg and 8  mg/kg) in postnatal PPA-
exposed experimental animals increases the expressions of 
antioxidant marker GSH as well as decreases the expression 
of brain inflammatory markers such as IL-6, TNF-α in the 
cerebellum, hippocampus and frontal cortex regions of 
the brain. Thus, in this study, the progesterone-mediated 
decrease in hyperlocomotion could have been due to an 
increase in the GSH and a decrease in the TBARS expression 
in the brain.

The present study has observed the protective effects 
of progesterone administration (4  mg/kg and 8  mg/kg) 
against increased repetitive behaviour as well as impaired 
exploratory activity in the PPA-treated rats. These results 
are in accordance with the previously published reports 
where the cocaine sensitisation rat model has demonstrated 
the beneficial effects of progesterone administration against 

Figure 2: Effect of progesterone administration on exploratory activity. Results are expressed as mean ± S.D (n = 8; male); two-way ANOVA 
followed by Bonferroni’s post hoc test. (a) Latency to first poke: (F [1, 42] = 2898.639), a: P < 0.001 versus control group; (F [2, 42] = 272.418) 
and b: P < 0.05 versus PPA group. (b) Hole poking: (F [1, 42] = 1448.832), a: P < 0.001 versus control group; (F [2, 42] = 74.818), b: P < 0.05 
versus PPA group. (c) Rearing: (F [1, 42] = 2108.065), a: P < 0.001 versus control group; (F [2, 42] = 86.364), b: P < 0.05 versus PPA group. 
PBS: Phosphate buffer saline, P8: Progesterone (8 mg/kg), PPA: Propionic acid, P4: Progesterone (4 mg/kg), ANOVA: Analysis of variance, 
S.D: Standard deviation.

a b c
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stereotypic behaviour in animals.[22] Furthermore, oxidative 
stress in the frontal cortex and hippocampal regions of the 

brain is observed to impair exploratory activities in rodents 
during pre-clinical studies.[37] Progesterone (4  mg/kg and 

Figure 3: Effect of progesterone administration on cerebral oxidative stress and inflammatory markers 
Results are expressed as mean ± S.D (n = 8; male); two-way ANOVA followed by Bonferroni’s post 
hoc test. (3a) TBARS: Frontal cortex (F (1, 42) = 1130.157), a: p<0.001 versus control group; (F (2, 42) 
= 36.501), b: p<0.05 versus PPA group. Cerebellum (F (1, 42) = 443.856), c: p<0.001 versus control 
group; (F (2, 42) = 30.389), d: p<0.05 versus PPA group. Hippocampus (F (1, 42) = 513.7), e: p<0.001 
versus control group; (F (2, 42) = 59.402), f: p<0.05 versus PPA group. (3b) GSH: Frontal cortex (F 
(1, 42) = 1606.387), a: p<0.001 versus control group; (F (2, 42) = 115.005), b: p<0.05 versus PPA 
group. Cerebellum (F (1, 42) = 919.987), c: p<0.001 versus control group; (F (2, 42) = 177.589), d: 
p<0.05 versus PPA group. Hippocampus (F (1, 42) = 1127.581), e: p<0.001 versus control group; (F 
(2, 42) = 129.703), f: p<0.05 versus PPA group. (3c) TNF-α: Frontal cortex (F (1, 42) = 946.783), a:  
p<0.001 versus control group; (F (2, 42) = 642.398), b: p<0.05 versus PPA group. Cerebellum (F (1, 
42) = 5502.655), c p<0.001 versus control group; (F (2, 42) = 386.948), d: p<0.05 versus PPA group. 
Hippocampus (F (1, 42) = 6046.561), e: p<0.001 versus control group; (F (2, 42) = 126.985), f: p<0.05 
versus PPA group. (3d) IL-6: Frontal cortex (F (1, 42) = 3724.988), a: p<0.001 versus control group; 
(F (2, 42) = 727.146), b: p<0.05 versus PPA group. Cerebellum (F (1, 42) = 15333.05), c: p<0.001 
versus control group; (F (2, 42) = 5393.849), d: p<0.05 versus PPA group. Hippocampus (F (1, 42) = 
6811.425), e: p<0.001 versus control group; (F (2, 42) = 1166.197), f: p<0.05 versus PPA group. PBS: 
Phosphate buffer saline, P8: Progesterone (8 mg/kg), PPA: Propionic acid, P4: Progesterone (4 mg/
kg), ANOVA: Analysis of variance, S.D: Standard deviation, TNF-α: Tumour necrosis factor-alpha, 
IL-6: Interleukin, GSH: Glutathione, TBARS: Thiobarbituric acid reactive substance. [Note: For the 
frontal cortex, “a” is for the statistical comparison of the PPA group with the control group; “b” is 
for the statistical comparison of treatment groups with the PPA group for all the parameters, i.e., 
TBARS, GSH, TNF-α, and IL-6. For the cerebellum region, “c” is for the statistical comparison of the 
PPA group with the control group; “d” is for the statistical comparison of treatment groups with the 
PPA group for all the parameters, i.e., TBARS, GSH, TNF-α, and IL-6. For the Hippocampus region, 
“e” is for the statistical comparison of the PPA group with the control group; “f ” is for the statistical 
comparison of treatment groups with the PPA group for all the parameters, i.e., TBARS, GSH, TNF-α, 
and IL-6.]

a

c

b

d
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8 mg/kg) administration to the PPA-treated rats in this study 
caused a marked decrease in the levels of oxidative stress 
markers (TBARS) in the frontal cortex as well as hippocampal 
regions of the brain. Therefore, progesterone-mediated 
beneficial effects against PPA-induced decrease in the 
exploratory behaviour as well as an increase in the repetitive 
behaviour might have been due to its ameliorating effects 
against elevated inflammation and oxidative stress markers 
in animals. Furthermore, the present study utilises sesame 
oil as a vehicle for progesterone administration. Sesame oil 
is a delivery vehicle for all fat-soluble compounds, such as 
steroidal hormones and toxins. The administration of sesame 
oil to male offspring from PND 24 to PND 50 has shown 
no significant effects against any of the parameters assessed, 
which clearly suggests that the beneficial effects observed in 
the present study were observed through the administration 
of progesterone and not its vehicle.

CONCLUSION

Therefore, we can conclude that the administration of 
progesterone (4 mg/kg and 8 mg/kg) has significantly enhanced 
the exploratory behaviour as well as reduced the hyperlocomotion 
and stereotypy behaviour in postnatal PPA-treated rats in the 
present study. This beneficial effect of progesterone was observed 
through the activation of anti-inflammatory as well as anti-
oxidative stress markers and the inhibition of inflammatory as 
well as oxidative stress markers in the frontal cortex, hippocampus 
and cerebellum regions of the brain.

Acknowledgements

The authors are thankful to the Indian Council of Medical 
Research for granting the Senior Research Fellowship for 
our work. We are also thankful to Dr  Ashok K. Chauhan, 
Hon’ble Founder President, Ritnand Balved Education 
Foundation, India and Dr Atul Chauhan, Hon’ble Chancellor, 
Amity University Uttar Pradesh, India, for providing all 
the necessary experimental facilities and motivation to 
conduct this research work. We are also thankful to Prof 
(Dr.). Nirmal Singh, Pharmacology Division, Department 
of Pharmaceutical Sciences and Drug Research, Faculty of 
Medicine, Punjab University, Patiala (Punjab), India, for his 
valuable suggestions.

Ethical approval

The experiments in the current study were conducted 
as per the approved study protocol (CPCSEA/IAEC/
AIP/2019/01/22), dated: January 19, 2019; by IAEC of 
Amity University Uttar Pradesh, India (CPCSEA Reg. No. 
1327/PO/ReBi/S/10/CPCSEA). Animals were housed and 
taken care off as per the guidelines set by Committee for 
the Purpose of Control and Supervision of Experiments on 

Animals (CPCSEA), Ministry of Environment and Forests, 
Government of India.

Declaration of patient consent

Patient’s consent was not required as there are no patients in 
this study.

Financial support and sponsorship

This study has received a grant (No. 45/26/2019-PHA/BMS) 
under the Senior Research Fellowship program of the Indian 
Council of Medical Research, New Delhi, India.

Conflicts of interests

There are no conflicts of interest.

Use of artificial intelligence (AI)-assisted technology for 
manuscript preparation

The authors confirm that there was no use of artificial 
intelligence (AI)-assisted technology for assisting in the 
writing or editing of the manuscript and no images were 
manipulated using AI.

REFERENCES

1.	 Arlington VA. American Psychiatric Association: Diagnostic 
and statistical manual of mental disorders. 5th ed. Washington, 
DC: American Psychiatric Publishing; 2013. p. 5-25.

2.	 Matson JL, Cervantes PE. Commonly studied comorbid 
psychopathologies among persons with autism spectrum 
disorder. Res Dev Disabil 2014;35:952-62.

3.	 Lobzhanidze G, Japaridze N, Lordkipandize T, Rzayev F, 
MacFabe D, Zhvania M. Behavioral and brain ultrastructural 
changes following systemic administration of propionic acid in 
adolescent male rats. Further development of a rodent model 
of autism. Int J Dev Neurosci 2020;80:139-56.

4.	 Karuri AR, Dobrowsky E, Tannock IF. Selective cellular 
acidification and toxicity of weak organic acids in an acidic 
microenvironment. Br J Cancer 1993;68:1080-7.

5.	 MacFabe DF, Cain NE, Boon F, Ossenkopp KP, Cain DP. 
Effects of the enteric bacterial metabolic product propionic 
acid on object-directed behavior, social behavior, cognition, 
and neuroinflammation in adolescent rats: Relevance to autism 
spectrum disorder. Behav Brain Res 2011;217:47-54.

6.	 Mirza R, Sharma B. Selective modulator of peroxisome 
proliferator-activated receptor-α protects propionic acid 
induced autism-like phenotypes in rats. Life Sci 2018;214: 
106-17.

7.	 Mirza R, Sharma B. Beneficial effects of pioglitazone, a 
selective peroxisome proliferator-activated receptor-γ agonist 
in prenatal valproic acid-induced behavioral and biochemical 
autistic like features in wistar rats. Int J Dev Neurosci 
2019a;76:6-16.

8.	 Mirza R, Sharma B. Benefits of fenofibrate in prenatal valproic 



Mirza, et al.: Role of progesterone in autistic experimental model

Indian Journal of Physiology and Pharmacology • Article in Press  |  8

acid-induced autism spectrum disorder related phenotype in 
rats. Brain Res Bull 2019b;147:36-46.

9.	 Sharma R, Rahi S, Mehan S. Neuroprotective potential of 
solanesol in intracerebroventricular propionic acid induced 
experimental model of autism: Insights from behavioral and 
biochemical evidence. Toxicol Rep 2019;6:1164-75.

10.	 Mehan S, Rahi S, Tiwari A, Kapoor T, Rajdev K, 
Sharma R, et al. Adenylate cyclase activator forskolin alleviates 
intracerebroventricular propionic acid-induced mitochondrial 
dysfunction of autistic rats. Neural Regen Res 2020;15:1140-9.

11.	 Meeking MM, MacFabe DF, Mepham JR, Foley KA, 
Tichenoff LJ, Boon FH, et al. Propionic acid induced 
behavioural effects of relevance to autism spectrum 
disorder evaluated in the hole board test with rats. Prog 
Neuropsychopharmacol Biol Psychiatry 2020;97:109794.

12.	 Shultz SR, MacFabe DF, Martin S, Jackson J, Taylor R, 
Boon F, et al. Intracerebroventricular injections of the enteric 
bacterial metabolic product propionic acid impair cognition 
and sensorimotor ability in the Long-Evans rat: Further 
development of a rodent model of autism. Behav Brain Res 
2009;200:33-41.

13.	 Mirza R, Sharma B. A  selective peroxisome proliferator-
activated receptor-γ agonist benefited propionic acid induced 
autism-like behavioral phenotypes in rats by attenuation of 
neuroinflammation and oxidative stress. Chem Biol Interact 
2019c;311:108758.

14.	 Kumar H, Kulkarni GT, Diwan V, Sharma B. Shielding effect 
of ryanodine receptor. Modulator in rat model of autism. Basic 
Clin Neurosci 2021;14:247-61.

15.	 Sahin K, Orhan C, Karatoprak S, Tuzcu M, Deeh PB, 
Ozercan IH, et al. Therapeutic effects of a novel form of biotin 
on propionic acid-induced autistic features in rats. Nutrients 
2022;14:1280.

16.	 Roux S, Bossu JL. Valproic acid and autism spectrum disorder: 
From clinical observations to animal studies. Curr Trends 
Neurol 2017;8:182-91.

17.	 Robertson CL, Fidan E, Stanley RM, Noje C, Bayir H. 
Progesterone for neuroprotection in pediatric traumatic brain 
injury. Pediatr Crit Care Med 2015;16:236-44.

18.	 Fabres RB, Da Rosa LA, De Souza SK, Cecconello AL, 
Azambuja AS, Sanches EF, et al. Effects of progesterone on the 
neonatal brain following hypoxia-ischemia. Metab Brain Dis 
2018;33:813-21.

19.	 Jarras H, Bourque M, Poirier AA, Morissette M, Coulombe K, 
Di Paolo T, et al. Neuroprotection, and immunomodulation 
of progesterone in the gut of a mouse model of Parkinson’s 
disease. J Neuroendocrinol 2020;32:e12782.

20.	 Yan F, Hu Q, Chen J, Wu C, Gu G, Chen G. Progesterone 
attenuates early brain injury after subarachnoid hemorrhage in 
rats. Neurosci Lett 2013;24:163-7.

21.	 Koonce CJ, Frye CA. Progesterone facilitates exploration, 
affective and social behaviors among wildtype, but not 
5α-reductase Type  1 mutant mice. Behav Brain Res 
2013;15:232-9.

22.	 Souza MF, Couto-Pereira NS, Freese L, Costa PA, 
Caletti G, Bisognin KM, et al. Behavioral effects of endogenous 
or exogenous estradiol and progesterone on cocaine 
sensitization in female rats. Braz J Med Biol Res 2014;47:505-14.

23.	 Flores RJ, Cruz B, Uribe KP, Correa VL, Arreguin MC, 
Carcoba LM, et al. Estradiol promotes and progesterone 
reduces anxiety-like behavior produced by nicotine withdrawal 
in female rats. Psychoneuroendocrinology 2020;119:104694.

24.	 Frye CA. Progesterone attenuates depressive behavior of 
younger and older adult C57/BL6, wildtype, and progesterone 
receptor knockout mice. Pharmacol Biochem Behav 
2011;99:25-31.

25.	 Frye CA, Sora I. Progesterone reduces hyperactivity of female 
and male dopamine transporter knockout mice. Behav Brain 
Res 2010;209:59-65.

26.	 Schumacher M, Guennoun R, Robert F, Carelli C, 
Gago N, Ghoumari A, et al. Local synthesis, and dual actions 
of progesterone in the nervous system: Neuroprotection and 
myelination. Growth Horm IGF Res 2004;14(Suppl A):S18-33.

27.	 De Nicola AF, Gonzalez Deniselle MC, Garay L, 
Meyer M, Gargiulo-Monachelli G, Guennoun R, et al. 
Progesterone protective effects in neurodegeneration and 
neuroinflammation. J Neuroendocrinol 2013;25:1095-103.

28.	 Cai J, Cao S, Chen J, Yan F, Chen G, Dai Y. Progesterone 
alleviates acute brain injury via reducing apoptosis and 
oxidative stress in a rat experimental subarachnoid hemorrhage 
model. Neurosci Lett 2015;600:238-43.

29.	 Liu S, Wu H, Xue G, Ma X, Wu J, Qin Y, et al. Metabolic 
alteration of neuroactive steroids and protective effect of 
progesterone in Alzheimer’s disease-like rats. Neural Regen 
Res 2013;8:2800-10.

30.	 Daghestani MH, Selim ME, Abd-Elhakim YM, Said EN, 
El-Hameed NEA, Khalil SR, et al. The role of apitoxin 
in alleviating propionic acid-induced neurobehavioral 
impairments in rat pups: The expression pattern of Reelin 
gene. Biomed Pharmacother 2017;93:48-56.

31.	 Sharma P, Aggarwal K, Awasthi R, Kulkarni GT, Sharma B. 
Behavioral and biochemical investigations to explore the 
efficacy of quercetin and folacin in experimental diabetes 
induced vascular endothelium dysfunction and associated 
dementia in rats. J  Basic Clin Physiol Pharmacol 2021;34: 
603-15.

32.	 Sharma P, Gaur N, Jayant S, Sharma BM, Singh B, Kharkwal H, 
et al. Salubrious effects of ulinastatin and quercetin alone or in 
combination in endothelial dysfunction and vascular dementia. 
Pharmacol Rep 2022;74:481-92.

33.	 Sharma P, Kaushik P, Jain S, Sharma BM, Awasthi R, 
Kulkarni GT, et al. Efficacy of ulinastatin and sulforaphane 
alone or in combination in rat model of streptozotocin diabetes 
induced vascular dementia. Clin Psychopharmacol Neurosci 
2021b;19:470-89.

34.	 Sedky AA, Magdy Y. Reduction in TNF alpha and 
oxidative stress by liraglutide: Impact on ketamine-induced 
cognitive dysfunction and hyperlocomotion in rats. Life Sci 
2021;278:119523.

35.	 Kulak A, Cuenod M, Do KQ. Behavioral phenotyping of 
glutathione-deficient mice: Relevance to schizophrenia and 
bipolar disorder, Behav Brain Res 2012;226:563-70.

36.	 Hughes HK, Onore CE, Careaga M, Rogers SJ, Ashwood P. 
Increased monocyte production ofil-6 after toll-like receptor 
activation in children with autism spectrum disorder (ASD) 
is associated with repetitive and restricted behaviors. Brain Sci 



Mirza, et al.: Role of progesterone in autistic experimental model

Indian Journal of Physiology and Pharmacology • Article in Press  |  9

2022;12:220.
37.	 Behr GA, Schnorr CE, Simões-Pires A, Da Motta LL, Frey BN, 

Moreira JC. Increased cerebral oxidative damage and 
decreased antioxidant defences in ovariectomized and sham-
operated rats supplemented with vitamin A. Cell Biol Toxicol 
2012;28:317-30.

38.	 Kumar H, Sharma B. Memantine ameliorates autistic behavior, 
biochemistry and blood brain barrier impairments in rats. 
Brain Res Bull 2016;124:27-39.

39.	 Shih RH, Wang CY, Yang CM. NF-kappaB signaling pathways 
in neurological inflammation: A  mini review. Front Mol 
Neurosci 2015;8:77.

40.	 Gąssowska-Dobrowolska M, Cieślik M, Czapski GA, 
Jęśko H, Frontczak-Baniewicz M, Gewartowska M, et 
al. Prenatal exposure to valproic acid affects microglia 
and synaptic ultrastructure in a brain-region-specific 
manner in young-adult male rats: Relevance to autism 
spectrum disorders. Int J Mol Sci 2020;21:3576.

41.	 Chauhans A, Audhya T, Chauhan V. Brain region-specific 
glutathione redox imbalance in autism. Neurochem Res 
2012;37:1681-9.

42.	 Jodhka PK, Kaur P, Underwood W, Lydon JP, Singh M. The 

differences in neuroprotective efficacy of progesterone and 
medroxyprogesterone acetate correlate with their effects on 
brain-derived neurotrophic factor expression. Endocrinology 
2009;150:3162-8.

43.	 Singh M, Su C. Progesterone brain-derived neurotrophic 
factor, and neuroprotection. Neuroscience 2013;239:84-91.

44.	 Tsai SJ. Role of neurotrophic factors in attention deficit 
hyperactivity disorder. Cytokine Growth Factor Rev 
2017;34:35-41.

45.	 Hall OJ, Klein SL. Progesterone-based compounds affect 
immune responses and susceptibility to infections at diverse 
mucosal sites. Mucosal Immunol 2017;10:1097-107.

46.	 Acharya KD, Nettles SA, Sellers KJ, Im DD, Harling M, 
Pattanayak C, et al. The progestin receptor interactome in 
the female mouse hypothalamus: Interactions with synaptic 
proteins are isoform specific and ligand dependent. eNeuro 
2017;4:1-19.

How to cite this article: Mirza R, Sharma P, Kulkarni GT, Sharma B. 
Progesterone attenuate autism-like-phenotype through modulation of 
cerebral inflammation and oxidative stress. Indian J Physiol Pharmacol. 
doi: 10.25259/IJPP_408_2022

https://dx.doi.org/10.25259/IJPP_408_2022

