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Abstract

Neuronal mitochondrial dysfunction increases inflammatory mediators and leads to free radical genera-
tion and anti-oxidant enzymatic alterations, which are major neuropathological hallmarks responsible for
autism. Mitochondrial dysfunction in autism is associated with decreased ATP levels due to reduced levels
of cyclic adenosine monophosphate. Rat models of autism were established by intracerebroventricular in-
jection of propionic acid. These rat models had memory dysfunction, decreased muscle coordination and
gait imbalance. Biochemical estimation of propionic acid-treated rats showed changes in enzyme activity
in neuronal mitochondrial electron transport chain complexes and increases in pro-inflammatory cyto-
kines, oxidative stress and lipid biomarkers. Oral administration of 10, 20 and 30 mg/kg adenylate cyclase
activator forskolin for 15 days reversed these changes in a dose-dependent manner. These findings suggest
that forskolin can alleviate neuronal mitochondrial dysfunction and improve neurological symptoms of rats
with autism. This study was approved by the RITS/IAEC, SIRSA, HARYANA on March 3, 2014 (approval
No. RITS/IAEC/2014/03/03).
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Introduction

Autism is a severe and pervasive behavioural neurodevelop-
mental disorder (Choudhuryet al., 2012) characterized by
impaired social behaviour and communication, repetitive
behaviors (Myers et al., 2007), and sensory changes (Al-Lah-
ham et al., 2010). Pathological hallmarks of autism include
mitochondrial dysfunction, oxidative stress, neuroinflam-
mation, neuroexcitation, abnormal synapse formation, over
expression of glial cells in autism-related brain regions (the
cerebellum, cerebral cortex, amygdala and hippocampus),
neurotransmitter abnormalities (including decreased gamma
amino butyric acid, increased levels of glutamate, enhanced
dopamine level and dysregulation of serotonergic system and
oxytocin in the brain) (McDougle et al., 2005; Al-Gadani
et al., 2009; Morgan et al., 2010). Bowel dysfunction and
gastrointestinal disturbances have been reported in patients
with autism (de Theije et al., 2011).

Chemical toxins such as valproic acid and propionic acid
play an important role in the neurodevelopment of autism
(Sandhya et al., 2012). If a mother is exposed to thalidomide,
a sedative or anti-vomiting medication, during pregnancy;,
then the offspring has the risk of limb deformities and au-
tism-like behavioral disorders (Stromland et al., 1994; Law-
ler et al., 2004; Ragini et al., 2011). Propionic acid (PPA) is
a food preservative (Zarate et al., 2004) that passes the lipid
bilayer of cell membrane and is responsible for intracellular
acidification, leading to neurotransmitter alterations (includ-
ing biosynthesis and release of dopamine, glutamate and se-
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rotonin), and mainly affecting behavioral function (Brockand
Buckel, 2004; Gupta et al., 2008). PPA inhibits Na'/K" AT-
Pase activity, increases neuroexcitation which can enhance
neuronal depolarization, leading to impaired locomotor ac-
tivity (Wyse et al., 1998), and also promotes intracellular cal-
cium release. PPA can affect mitochondrial metabolism, and
increase oxidative stress and synaptic transmission in the
brain of individuals with autism (Nakao et al., 1992). PPA
induction hampers cellular metabolites in tri-carboxylic acid
cycle where it interferes with the conversion of succinyl co-A
to succinate for generation of FADH2 which is consumed by
the complex-II, further impairs the ATP synthesis, resulting
in mitochondrial dysfunction, and interferes with overall
cellular metabolism (Macfabe, 2013). Administration of PPA
to rodents resulted in CNS lesions that selectively target right
lateral ventricle, striatum, cortex, cerebellum, hippocampus
and amygdala especially in autism (Xu et al., 2005).

In autism, mitochondrial functioning altered specially in
dorsal prefrontal cortex that is associated with language and
neuropsychological deficits, mental retardation, learning dis-
abilities, seizures and gastrointestinal disturbances (Minshew
et al.,, 1993; Aliev et al., 2009).

Cyclic adenosine mono-phosphate (cAMP) is recognized
as universal cell regulator and is generated by catalysis of
the adenylcyclase (AC) from ATP (Lee et al.,, 2013; Li et
al., 2018). Immune function, growth, differentiation, gene
expression and metabolism need cAMP signaling. cAMP
activates cCAMP dependent protein kinase (cAMP/PK,),
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which results in phosphorylation of CREB (Schenk and
Snaar-Jagalska, 1999). CREB is a constitutively expressed
transcriptive agent in the nuclei of hippocampal neurons, in
the inner mitochondrial compartment as well as in the nu-
cleus (Cammarota et al., 1999).

Diterpenoid Forskolin (FSK) obtained from Coleus for-
skohlii, upregulates adenyl cyclase by increasing intracellular
cAMP and leading to various physiological effects (Mehan
et al., 2017). At present, many drugs are available but they
provide only symptomatic relief and do not inhibit the pro-
gression of autism. Therefore, therapeutic approaches for new
pharmacological interventions remained unclear. Mitochon-
drial dysfunction occurs mostly in the autistic individuals,
due to which there is decreased level of cAMP responsible
for low production of ATP (Song et al., 1997). Moreover,
increased cAMP secondary messenger level or CREB phos-
phorylation can be obtained with direct adenyl cyclase acti-
vator FSK. Therefore, in this study, we investigated the neuro-
protective potential of FSK in PPA-intoxicated rats.

Materials and Methods

Experimental animals

Wistar rats of either gender, weighing 220-250 g, aged 8-9
months, were obtained from the Animal House of Rajendra
Institute of Technology & Sciences (RITS) (Sirsa, Haryana,
India) and included in this study. These animals were kept
in polyacrylic cages with a wire mesh roof and soft sand
under specific situations of 12-hour dark/light cycle, ad li-
bitum food and water at 23 + 2°C. The study protocol was
approved by the RITS/TAEC, SIRSA, HARYANA (RITS/
TAEC/2014/03/03) on March 3, 2014 and conducted in ac-
cordance with the guidelines of Committee for the Purpose
of Control and Supervision of Experiments on Animals,
Government of India. Animals were acclimated to laborato-
ry situations before experimentation.

Drug treatment and experiment schedule

PPA was procured from Sigma-Aldrich (Delhi, India) and
FSK was provided as ex-gratia sample by BAPEX, Rajasthan,
India. Analytical grade chemicals were used apart from PPA
and FSK. Solutions of the drugs and chemicals were freshly
prepared. 0.26 M PPA was prepared and 6.0 uL/kg PPA was
given by intracerebroventricular injection for 8 successive
days. A mixture of water and 2% ethanol was used to solu-
bilize FSK and administered orally (p.o.). In this study, rats
were randomly divided into six groups, with six animals per
group. Experimental protocol schedule and parameter eval-
uation are presented in Table 1 and Figure 1.

Establishment of rat models of autism induced by
intracerebroventricular injection of PPA

Rats were anesthetized by intraperitoneal injection of 75
mg/kg ketamine. The body of anesthetized rat was placed on
warm pad with the head positioned in the stereotactic frame
(Stoelting Co., Wood Dale, IL, USA). A hole was drilled
through the parietal bone to access the right lateral cerebral
ventricle (stereotactic coordinates: antero-posterior from
bregma 1.3 mm, medio-lateral from mid-sagittal suture 1.8
mm, dorso-ventral from the skull 3.0 mm) (Thomas et al,,

2012) and a cannula of 2.5 cm in length was inserted in the
burr hole and the cannula was locked using plastic earpin.
On day 1 to day 8, PPA (4.0 uL of 0.26 M solution) was in-
jected through a hypodermic needle with 0.4 mm external
diameter attached to a 10 pL of Hamilton microliter syringe
into the left lateral cerebral ventricle within 10 minutes (1
puL/min). After injection, the Hamilton microneedle was
left in place for 5 minutes to facilitate diffusivity of drug in
CSF (MacFabe et al., 2008; Shultz et al., 2008; Thomas et al.,
2010).

Behavioral parameters

Assessment of memory and cognitive performance
According to a previous study (Morris, 1984), the Morris
water maze was performed on days 9, 13, 17 and 21 of the ex-
perimental scheme to assess the spatial learning and memory
of rodents. A circular tank was divided into four quadrants
and the platform was submerged underneath 2 cm in water
in fourth quadrants. All rats received four consecutive days of
training, with each trial having a ceiling time of 120 seconds
and a trial interval of approximately 30 seconds. The rat had
to swim until it climbed onto the platform. After climbing
onto the platform, the animal remained there for 30 seconds
before the commencement of the next trial. If the rat failed
to reach the escape platform within the maximally allowed
time of 120 seconds, it was guided with the help of a rod
and allowed to remain on the platform for 30 seconds. The
time taken by rats to locate the hidden platform (latency in
seconds) and the time spent in target quadrant zone (TSTQ)
was recorded. The TSTQ represents the degree of memory
consolidation in animals after learning (Kaur at al., 2015).

Assessment of spontaneous locomotion

Locomotion was evaluated on days 1, 8, 15 and 22. Each an-
imal’s locomotion activity was analyzed using actophotom-
eter (INCO, Ambala, India)(counts per 5 minutes)(Singh et
al,, 2015).

Assessment of grip strength

Grip strength of animals was measured using grip strength
meter (Chatillon, USA) (Olsson et al., 1995). Grip strength
allows the neuromuscular function of rats by determining
the maximal peak force developed by fore limb to measure
grip strength. A rat was held by the tail and lowered towards
the apparatus observed in percent fall of time until it grabbed
a handle with both front paws. Rats were gently pulled back
until they released their grip from the handle. The maximum
force exerted by rodent instantly on immediate discharge of
the paw grip from the grip stage was measured in percent
fall of time as a degree of grip strength.

Assessment of memory retention

Elevated plus maze (EPM) (Kumar et al., 2007) was used to
assess working memory in rodents. EPM task was performed
on days 21 and 22. Acquisition and retention memory pro-
cesses were assessed using the EPM. On day 21, acquisition
transfer latency (TL1) was measured by placing rats individ-
ually at the end of one open arm facing away from central
platform and the time took to move from the open arm to
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either of the enclosed arm with all its four legs cross to the
enclosed arm was recorded. When the rat did not enter the
enclosed arm for 90 seconds, it was gently pushed on the
back into the enclosed arm and the transfer latency was as-
signed 90 seconds. The rat was allowed to move freely in the
plus maze regardless of open and closed arms for 20 seconds
after measurement of transfer latency. On day 22, retention
transfer latency (TL2) was recorded in the same manner as
in the acquisition trial. Usually, transfer latency was short-
ened on the second day. The percentage memory retention
[(TL1 — TL2) x 100/TL1] was calculated. The maze was
cleaned after each trial.

Assessment of neuromuscular coordination

Beam-crossing task (BCT) (Tomkins et al., 2007) was per-
formed to observe the gait dysfunction and measure total
counts of foot slips. Rats were allowed to travel on beam
from one side to another side and total number of foot slips
was counted. Acquisition and retention memory processes
were assessed using the EPZ. EPZ was used to assess work-
ing memory in rodents. EPM task was performed on days
21 and 22. On day 21, acquisition transfer latency (TL1) was
recorded by placing rats individually at the end of one open
arm facing away from central platform and the time took
to move from the open arm to either of the enclosed arm
with all its four legs cross to the enclosed arm was recorded.
When the rat did not enter the enclosed arm for 90 seconds,
it was gently pushed on the back into the enclosed arm and
the transfer latency was recorded as 90 seconds. The rat was
allowed to move freely in the plus maze regardless of open
and closed arms for 20 seconds after the measurement of
transfer latency. On day 22, retention transfer latency (TL2)
was recorded in the same manner as in the acquisition trial.
Usually, transfer latency was shortened on the second day,
and relative to the first, percentage memory retention [(TL1
— TL2) x 100/TL1] was calculated. Additionally motor per-
formance of rats in terms of neurological scores was scored
on a scale ranging from 0 to 4. A score of 0 was assigned
to animal that could readily transverse the beam. Scores 1,
2 and 3 were given to the animals that demonstrated mild,
moderate and severe impairment, respectively. Score 4 was
assigned to the animals completely unable to walk on beam.
The maze was cleaned after each trial.

Assessment of depressive behaviors

Forced swim test (FST) was well established to determine
rat depressive behaviors. The first trial was performed for 15
minutes followed by the second trial 24 hours later, with an
exposure for 5 minutes which represents the duration of im-
mobility (Abelaira et al., 2013).

Estimation of biochemical parameters in rat brain

Rat brain homogenate preparation

On day 22, rats were decapitated, and their brains were re-
moved and cleaned with isotonic cold saline solution. The
brains were then homogenized with 10 times (w/v) 0.1 M
cold phosphate buffer (7.4), homogenated and centrifuged at
10,000 x g for 20 minutes. Supernatants were separated and
aliquots were used for neurochemical measurements.
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Measurement of protein content

Agappe protein estimation kit (Agappe Diagnostics, Delhi,
India) was used to evaluate the protein content using Biuret
method.

Measurement of enzymatic activity of mitochondrial-ETC
complexes

Mitochondrial ETC complex-I (NADPH dehydrogenase)
enzyme assay: Complex-I activity was measured by the ox-
idation rate of NADH at 340 nm in an assay medium for
duration of 3 minutes at 37°C. Complex-I activity was ex-
pressed as % control (Hoglinger et al., 2003).

Mitochondrial ETC complex-II (succinate dehydrogenase/
SDH) enzyme assay: 0.3 mL of sodium succinate solution
was mixed with 50 uL of homogenate and absorbance at
490 nm was measured with ultraviolet spectrophotometer.
Data was expressed as INT reduced pmol/mg tissue protein
(Bhateja et al., 2012).

Mitochondrial ETC complex-IV (cytochrome oxidase)
enzyme assay: 0.3 mM reduced cytochrome ¢ was mixed
with 75 mM phosphate buffer. Reaction was further initiated
by the mixing solubilised brain homogenate mitochondrial
sample and absorbance at 550 nm was measured with ultra-
violet spectrophotometer (Sottocasa et al., 1967).

Mitochondrial ETC complex-V (ATPase) enzyme assay:
To inactivate ATPase, aliquots of mitochondrial sample
were sonicated with perchloric acid (0.1 N) and centrifuged
at 14,000 x g for 5 minutes at 4°C. 1 N NaOH was used to
neutralize the sample containing ATP at —80°C. Complex-V
enzyme assay was performed by high performance liquid
chromatography at 254 nm (Ramanatha et al., 2012).

Measurement of AChE levels

According to a previous study by Ellman et al. (1961), mea-
surement of acetyl cholinesterase (AChE) enzyme level was
measured. The absorbance was assessed at 412 nm. AchE
enzyme level was indicated as uM/mg protein.

LDH enzymatic assay

Biochemical estimation kit (Trans Asia, Delhi, India) was
utilized to assess lactate dehydrogenase (LDH) enzymatic
activity in rat brain homogenate indicated as IU/L (Searey,
1969).

Measurement of malondialdehyde levels

The measurement of malondialdehyde (MDA) in brain ho-
mogenate was estimated according to a previous study (Wills,
1996). The levels of MDA were expressed as nmol/mg tissue
protein.

Measurement of reduced glutathione levels

Measurement of reduced glutathione (GSH) levels in the
brain were measured according a previous report (Ellman et
al., 1959). Results were calculated and expressed as pmol/mg
tissue protein.

Measurement of nitrite concentration

Using Greiss reagent, accumulation of nitrite in the homoge-
nate was assayed as given by Green et al. (1982). Nitrite con-
centrations were determined by spectrophotometric analysis
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at 540 nm, where standard curve was plotted by sodium
nitrite and values were expressed as uM/mg protein (Tietze
1969).

Measurement of superoxide dismutase activity
Measurement of superoxide dismutase (SOD) activity was
measured according to the method of Misra and Frodvich
(1972). The absorbance was spectrophotometrically quan-
tified at 480 nm. Results are expressed as % control (Misra
and Fridovich, 1972).

Measurement of catalase activity

Catalase activity was measured according to a previous
method (Green et al., 1982). The final degradation rate of
H,0, was measured spectrophotometrically at 240 nm. Cat-
alase activity was expressed as pM/H,0, decomposed/min
activity.

Measurement of neuroinflammatory markers in rat brain
homogenate

KRISHGEN BioSystem (Bio-RAD, India) was used to mea-
sure tumor necrosis factor-a (TNFa), interleulin-1 (IL-1),
and interleukin-6 (IL-6) levels according to the method of
Singh and Kumar (2016).

Statistical analysis

All data are presented as the mean + SEM and analyzed
via GraphPad Prism 5.0 software for Windows (GraphPad
Software, San Diego, CA, USA). Results were analyzed using
two-way analysis of variance followed by Bonferroni test,
one-way analysis of variance and Tukey’s post hoc multiple
comparison analysis test. P < 0.05 was considered statistical-
ly significant.

Results

Effects of FSK on behaviors of rats with autism

Memory and cognitive performance

A significant increase in escape latency on day 9 was
observed in PPA-treated rats compared to normal and
FSK-administered rats (P < 0.05). There was no significant
difference in increase in escape latency between normal and
FSK-treated rats (P > 0.05).

On days 13 and 17, significant reduction in escape latency
was observed in FSK30 mg/kg-treated autistic rats than in
FSK 10 and 20 mg/kg-treated autistic rats (P < 0.05; Fig-
ure 2). TSTQ was performed on day 22. PPA-treated rats
showed major reduction in TSTQ when compared to nor-
mal and FSK-treated rats (P < 0.05). Administration of 10
and 20 mg/kg FSK led to significant increase in TSTQ when
compared with PPA-treated group (P < 0.05). Administra-
tion of 30 mg/kg FSK caused notable recovery in memory
function when compared with 10 and 20 mg/kg FSK in
PPA-intoxicated rats (P < 0.05; Figure 3).

Spontaneous locomotion

PPA-treated rats showed a significant elevation in locomotor
activity as compared to normal and FSK only-treated rats
(P < 0.05). No significant change in spontaneous locomo-

tion was observed in FSK only-treated rats than in normal
rats (P > 0.05) on days 1, 8, 15, and 22. 10, 20, and 30 mg/kg
FSK-treated rats showed significant reduction in elevated lo-
comotion counts than PPA-treated rats on days 8, 15, and 22
(P < 0.05; Figure 4).

Grip strength

On day 1, change in grip strength was insignificant in all
groups compared with before treatment (P > 0.05). On days
9, 15 and 22, significant loss in grip strength was observed in
FSK-treated rats compared with normal rats (P < 0.05). Grip
strength was significantly improved in 10, 20, and 30 mg/kg
FSK treated rats than in normal rats (P < 0.05; Figure 5).

Memory retention (working memory)

Percent memory retention was recorded on day 21 of proto-
col schedule to investigate working memory. Transfer laten-
cy was recorded on day 22 to evaluate learning and memory.
On day 22, PPA-treated rats showed marked increase in
transfer latency as compared to normal and FSK-adminis-
tered rats (P < 0.05). There was no significant difference in
memory retention between FSK-treated and normal rats.
Transfer latency was obviously decreased in 10, 20 and 30
mg/kg FSK treated rats than in PPA-treated rats (P < 0.05;
Figure 6).

Neuromuscular coordination

On day 1, change in neuromuscular coordination was in-
significant in all groups compared with before treatment
(P > 0.05). Neuromuscular coordination was reduced as
increased number of slips and walking impairment was alle-
viated as assessed by beam crossing task on days 9 and 22 in
PPA-treated rats than in normal and FSK-treated rats. Neu-
romuscular coordination was not significantly altered in FSK
only-treated rats than in normal rats (P < 0.05). On days 9
and 22, the number of slips was remarkably reduced and the
balance and walking were improved in 10, 20, and 30 mg/kg
FSK-treated rats than in PPA-treated rats (P < 0.05; Figures
7 and 8). Furthermore, 30 mg/kg was more potent than 10
and 20 mg/kg FSK.

Figure 1 Experimental design (behaviroal and biochemical
measurements)
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Table 1 Experimental grouping of animals

Pharmacological
Group interventions Dose Route Duration
1 Normal control ~ — - 22 days
2 FSK only 30 mg/kg per day p.o. 22 days
3 PPA control 6 uL/kg per day i.c.v. 8 days
4 FSK+PPA 10 mg/kg per day p.o. 22 days
6 uL/kg per day  i.c.v. 8 days
5 FSK+PPA 20 mg/kg per day p.o. 22 days
6 uL/kg per day i.c.v. 8 days
6 FSK+PPA 30 mg/kg per day p.o. 22 days
6 uL/kg per day  i.c.v. 8 days

FSK: Forkolin; PPA: propionic acid.
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Figure 3 Effect of FSK on time spent in target quadrant zone in rats
with autism induced by intracerebroventricular injection of PPA as
shown by Morris water maze test results.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P <0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA treatment and FSK 20 mg/kg + PPA treatment. Two-way analysis
of variance followed by Bonferroni test. FSK: Forkolin; PPA: propionic
acid.

150+

100+

a
S
T

%Activity (fall of time)

0 o 24
Day 1

#3 Normal B PPA control FSK20 mg/kg+PPA

B FSK only D FSK10 mg/kg+PPA FSK30 mg/kg+PPA

Figure 5 Effect of FSK on grip strength in rats with autism induced
by intracerebroventricular injection of PPA as determined by string
test.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA and FSK 20 mg/kg +PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 2 Effect of FSK on memory and cognitive performance in rats
with autism induced by intracerebroventricular injection of PPA as
shown by Morris water maze test results.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P <0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA and FSK 20 mg/kg + PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 4 Effect of FSK on spontaneous locomotion in rats with
autism induced by intracerebroventricular injection of PPA as
determined by actophotometer.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA and FSK 20 mg/kg + PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 6 Effect of FSK on transfer latency in rats with autism
induced by intracerebroventricular injection of PPA as determined
by elevated plus maze task.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA only; @P < 0.05, vs. FSK 10 mg/kg + PPA
and FSK 20 mg/kg +PPA. Two-way analysis of variance followed by
Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 7 Effect of FSK on neuromuscular coordination (number of
slips) in rats with autism induced by intracerebroventricular
injection of PPA as determined by beam-crossing task.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA and FSK 20 mg/kg + PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 8 Effect of FSK on neuromuscular coordination

(neurological scores) in rats with autism induced by
intracerebroventricular injection of PPA as determined by
beam-crossing task.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK 10 mg/kg +
PPA and FSK 20 mg/kg + PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.
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Figure 9 Effect of FSK on stress-like behaviors in rats with autism
induced by intracerebroventricular injection of PPA as determined
by forced swim test.

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and
FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg +
PPA and FSK20 mg/kg + PPA. Two-way analysis of variance followed
by Bonferroni test. FSK: Forkolin; PPA: propionic acid.

Stress-like behaviors

On days 9, 16 and 22, a significant increase in immobility
was found in PPA-treated rats than in normal rats (P < 0.05).
The immobility time was significantly reduced in rats treated
with 10, 20 and 30 mg/kg FSK than in PPA-treated rats (P <
0.05; Figure 9).

Effect of FSK on biochemical markers in rat brain
Mitochondrial enzyme activity

In PPA intoxicated autistic rats, mitochondrial enzyme ac-
tivity of complex-I, II, IV and V was remarkably decreased
compared with normal and FSK treated rats (P < 0.05; Table
2).Treatment with oral 10, 20, and 30 mg/kg FSK significantly
restored PPA mediated reduction in levels of complex-I, II, IV
and V when compared with PPA treated autistic rats (P < 0.05).
Among the treatment doses of direct adenyl cyclase activator
FSK, highest dose of 30 mg/kg (p.o.) was found to be most
effective when compared with FSK 10 and 20 mg/kg groups.

LDH and AChE

Lactatedehydrogenase (LDH) and AChE significantly in-
creased in PPA control as compared to normal and FSK
groups in rat brain homogenate (P < 0.05). FSK 10, 20 and
30 mg/kg p.o. significantly reduced the LDH as compared
with PPA control group (P < 0.05). FSK treatment at a high
dose of 30 mg/kg (p.o.) was significantly more effective when
compared with low doses (10 and 20 mg/kg, orally) of FSK
treated rats (P < 0.05; Table 3).

Oxidative stress markers

MDA and nitrite levels: MDA and nitrite levels in rat brain
homogenate were increased in PPA-treated rats than in nor-
mal and FSK-treated rats (P < 0.05). There were no obvious
differences in MDA and nitrite levels between FSK-treated
and normal rats. MDA and nitrite levels were significantly re-
duced in 10 and 20 mg/kg FSK-treated rats than in PPA-treat-
ed rats (P < 0.05). MDA and nitrite levels were significantly
reduced in 30 mg/kg FSK-treated rats than in PPA-treated
rats or low doses (10 and 20 mg/kg) of FSK-treated rats (P <
0.05; Table 4).

GSH levels: Systematic administration of PPA resulted in
remarkable reduction of GSH level in the brain homoge-
nate when compared with normal and FSK-treated rats (P
< 0.05). There was no significant difference in GSH level
between FSK-treated rats and normal rats. Administration
of 10 and 20 mg/kg FSK resulted in remarkable improve-
ment in reduced GSH level. Moreover, reduced GSH level
was significantly restored in 30 mg/kg FSK-treated rats than
in PPA-treated and low doses (10 and 20 mg/kg, orally) of
FSK-treated rats (P < 0.05; Table 4).

SOD and catalase activities: SOD and catalase activities were
significantly decreased in PPA-treated rats than in normal
and FSK-treated rats (P < 0.05). FSK administration did not
show any alterations in SOD and catalase activities as com-
pared with normal rats. SOD and catalase activities in rats
treated with 10 and 20 mg/kg FSK were significantly restored
than those in PPA-treated rats (P < 0.05). Treatment with 30
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Table 2 Effect of FSK on neuromitochondrial ETC complexes enzymatic assay in the brain homogenate of rats with autism induced by

intracerebroventricular injection of PPA

Treatment Complex I (%control) Complex II (nmol/mg protein) ~ Complex IV (%control)  Complex V (umol/g tissue)
Normal 100.00.0 7.34+0.61 100.0£0.0 607.5£14.52

FSK only 91.67+1.03 7.28+0.67 94.20+2.53 607.2+16.04

PPA control 25.83+3.71" 1.34+0.37" 32.73+2.34" 208.5+15.83"

FSK 10mg/kg+PPA 37.50+4.08° 3.04+0.63" 47.35+3.71° 300.2+16.80

FSK 20mg/kg +PPA 52.50+8.01° 4.76£0.59° 66.20+£3.92° 392.2422.29°

FSK30mg/kg +PPA 74.00+7.48¢ 6.15+0.42°¢ 81.61+2.59% 485.5+20.74™

Data expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg + PPA and
FSK 20 mg/kg + PPA (one-way analysis of variance followed by Tukey’s post hoc test). FSK: Forkolin; PPA: propionic acid.

Table 3 Effect of FSK on AChE and LDH levels in the brain
homogenate of rats with autism induced by intracerebroventricular
injection of PPA

Table 4 Effect of FSK on oxidative stress markers (MDA, GSH and
nitrite) in the brain homogenate of rats with autism induced by
intracerebroventricular injection of PPA

Treatment LDH (IU/L) AchE (pmol/mg protein)
Normal 393.5+13.98 12.12+0.64

FSK only 394.2+13.32 12.20%0.50

PPA control 1114+26.69" 39.31+0.82"
FSK10mg/kg+PPA  876.8+22.73 33.84+0.63"
FSK20mg/kg+PPA  704.8%15.007 27.46+0.87"
FSK30mg/kg+PPA  460.3£18.01°°  20.59+0.98™

Data expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and FSK
only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg + PPA and
FSK 20 mg/kg + PPA (one-way analysis of variance followed by Tukey’s
post hoc test). AChE: Acetyl cholinesterase; FSK: forkolin; LDH: lactate
dehydrogenase; PPA: propionic acid.

mg/kg FSK significantly increased SOD and catalase activi-
ties when compared with PPA-treated rats (P < 0.05). High
dose (30 mg/kg) of FSK was more effective in restoring SOD
and catalase activities than low doses (10 and 20 mg/kg) of
FSK (P < 0.05; Table 5).

Neuroinflammatory markers

TNF-a, IL-1f, and IL-6: TNF-q, IL-1pB, and IL-6 levels were
remarkably increased in PPA-treated rats than in normal
and FSK-treated rats (P < 0.05). There were no significant
differences in TNF-a, IL-1p, and IL-6 levels between normal
and FSK-treated rats. However, 10, 20 and 30 mg/kg FSK
treatment consequentially decreased TNF-a, IL-1p, and IL-6
levels than PPA administration (P < 0.05). High dose (30
mg/kg) of FSK significantly reduced TNF-q, IL-1pB, and IL-6
levels than low doses (10 and 20 mg/kg) of FSK (P < 0.05;
Table 6).

IL-10 level: IL-10 level was significantly decreased in
PPA-treated rats than in normal and FSK only-treated rats (P
< 0.05). There was no significant difference in IL-10 level be-
tween normal and FSK-treated rats. IL-10 level was signifi-
cantly increased in rats treated with each FSK dose (10, 20
and 30 mg/kg) than in PPA-treated rats (P < 0.05). 30 mg/kg
FSK was more potent in restoring anti-inflammatory maker
IL-10 level than 10 and 20 mg/kg FSK (P < 0.05; Table 6).

Discussion
Neurodevelopmental disorders, such as autism, cause re-
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MDA (nmol/mg GSH (umol/mg Nitrite (umol/mg

Treatment protein) protein) protein)
Normal 1.20+0.30 11.31+0.56 1.2740.14
FSK only 1.2540.29 11.54+0.50 1.25+0.22
PPA control 11.73+0.90 1.96£0.51" 9.25+0.31"
FSK10mg/kg+PPA  7.1+0.75 3.04+0.22° 5.87+0.14°
FSK20mg/kg+PPA  4.24+0.417 4.07£0.24° 3.54+0.20°
FSK30mg/kg+PPA  2.69+0.38™ 5.34+0.24"  2.18+0.19"

Data expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and FSK
only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg + PPA
and FSK 20 mg/kg + PPA (one-way analysis of variance followed by
Tukey’s post hoc test). FSK: Forkolin; GSH: reduced glutathione; MDA:
malondialdehyde; PPA: propionic acid.

Table 5 Effect of FSK on oxidative stress markers (SOD and
catalase) in the brain homogenate of rats with autism induced by
intracerebroventricular injection of PPA

Treatment SOD (%control)  Catalase (%control)
Normal 100.0+0.0 100.0+0.0

FSK only 69.67+1.86 98.33+1.21

PPA control 19.33+5.31" 35.17+1.60"
FSK10mg/kg+PPA  39.67+2.50° 56.67+1.21°
FSK20mg/kg+PPA  55.67+4.03° 67.50+1.87°
FSK30mg/kg+PPA  83.50£4.59% 82.50+2.07%

Data expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and FSK
only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg + PPA and
FSK20 mg/kg + PPA (one-way analysis of variance followed by Tukey’s
post hoc test). FSK: Forkolin; PPA: propionic acid; SOD: superoxide
dismutase.

duced social interaction, repetitive and disordered move-
ments (Choudhury et al., 2012). Despite the availability of
various treatment strategies, the natural therapies contribute
to the effective recovery of neurodegenerative disorders
(Velmurugan et al., 2018). Here, in this study, FSK has been
utilized for improving mitochondrial dysfunction in rats
with autism induced by PPA. The major role of cAMP sig-
naling pathway in neurodegeneration induced by PPA, as
well as the new strategies for diagnosing autistic dysfunc-
tions, has been discussed.

PPA, commonly used as food preservative, is a metabolic
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end-product of enteric gut bacteria and has been reported
to retard mitochondrial ETC complex-II and also complex-I
activity responsible for neuronal mitochondrial energy dys-
regulation (Macfabe, 2013). The neuromitochondrial toxin
PPA interferes with the conversion of succinate to fuma-
ratein tricarboxylic acid cycle (TCA) cycle, responsible for
production of FADH2 mediated complex-II alteration in
mitochondrial electron transport chain (ETC) by which it
directly inhibits mitochondrial metabolic enzyme succinate
dehydrogenase and NADH where it is consumed in com-
plex-I with the help of an enzyme complex-I (NADPH oxi-
dase) as well as involved in the dysregulation of complex-IV
(cytochrome-C oxidase). PPA is the final protein complex
in the ETC, contributing to contrasting electrochemical po-

Figure 10 PPA induced neurotoxicity.
5-HT: 5-Hydroxytryptamine; AC: ad-
enyl cyclase; Ach: acetylcholine; ATP:
adenosine triphosphate; cAMP: cyclic
adenosine monophosphate;cAMP:
cyclic adenosine monophosphate; CK:
creatine kinase; COX: cyclooxygenase;
CREB: cyclic AMP response element
binding protein; DA: dopamine; ETC:
electron transport chain; GABA:
y-aminobutyric acid; IL: interleukin;
LOX: lectin-like oxidized low-density
lipoprotein receptor; MDA: malondi-
aldehyde; NA: noradrenaline; NMDA:
N-methyl-D-aspartate; PPA: propionic
acid; RNS: reactive nitrogen species;
TNFa: tumor necrosis factor alpha.

Figure 11 Possible neuroprotective
mechanism of FSK in ICV-PPA
intoxicated autism.

5-HT: 5-Hydroxytryptamine; AC: adenyl
cyclase; Ach: acetylcholine; ATP: adenos-
ine triphosphate; cAMP: cyclic adenosine
monophosphate; BDNF: brain-derived
neurotrophic factor; cAMP: cyclic ade-
nosine monophosphate; CO-Q10: coen-
zyme Q10; CREB: cyclic AMP response
element binding protein; DA: dopamine;
FSK: forskolin; ICV-PPA: intracerebro-
ventricular propionic acid; NA: nor-
adrenaline; NGF: nerve growth factor;
PK,: protein kinase A; RNS: reactive
nitrogen species; ROS: reactive oxygen
species.

tential that the complex-V (ATP synthase) synthesizes ATP.
To confirm autism-associated neurochemical and motor
alterations, PPA has become a major experimental tool (Fig-
ure 10) (Thomas et al., 2014). In rats, PPA leads to increased
lactate levels, resulting in neuroexcitation-caused energy
depletion, abnormal activation of NMDA receptors and sub-
sequent Ca’" influx (Nakao et al., 1992).

In the present study, marked acquisition and reten-
tion latency deficits in MWM and EPM were observed in
PPA-treated rats than in normal and FSK only-treated rats. A
previous study showed that PPA injection resulted in memo-
ry deficits and walking imbalance observed through various
behavioural models like EPM, MWM, EST, beam-crossing
test and grip strength for autistic rats (Dubey et al., 1981).
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Table 6 Effect of FSK on neuroinflammatory markers (IL-1p, TNF-a and IL-10) in the brain homogenate of rats with autism induced by

intracerebroventricular injection of PPA

Treatment TNF-a (pg/mg protein) IL-1f (pg/mg protein) IL-10 (pg/mg protein) IL-6 (pg/mg protein)
Normal 32.02+2.09 66.53+3.64 51.31+2.52 44.76%3.36

FSK only 32.74%2.53 66.553.04 52.44%2.47 45.67+3.01

PPA control 371.3+17.67" 517.9+15.41" 32.13£1.72° 250.7+7.15"
FSK10mg/kg+PPA 274.2+12.87° 408.0+7.46 41.11£1.66 209.3+7.11°
FSK20mg/kg+PPA 226.9£19.45 348.4+10.96" 48.0322.00 160.2+3.78"
FSK30mg/kg+PPA 168.9+13.22°¢ 245.6+8.70° 52.96+1.56™ 122.8+6.04%

Data are expressed as the mean + SD (n = 6). *P < 0.05, vs. normal and FSK only; #P < 0.05, vs. PPA control; @P < 0.05, vs. FSK10 mg/kg + PPA and
FSK20 mg/kg + PPA (one-way analysis of variance followed by Tukey’s post hoc test). FSK: Forkolin; IL: interleukin; PPA: propionic acid; TNF-a:

tumor necrosis factor alpha.

Intracerebroventricular administration of PPA in rodents
induces renowned biochemical modifications in serotoner-
gic, glutamatergic, GABAergic, cholinergic, and dopaminer-
gic systems (Cannizzaro et al., 2003). The PPA produces be-
havioral, neurochemical, and pathological alterations in rats.
In this study, FSK-mediated increase in ATP is attributable
to cAMP/CREB upregulation (Seamon et al., 1981).

It has been reported that autism results in alteration in
cholinergic neurotransmission (Minshew et al., 1997). As
a result of cholinergic impairment, especially in the brain
regions associated with cholinergic neuronal transmission,
learning and memory abilities are altered, (Kim et al., 2014).
In this study, we noticed significant increase in AchE activity.
This increased AchE activity was partially restored by FSK.

Disequilibrium occurred as a result of increased produc-
tion of ROS, reduced levels of free radical scavengers and
antioxidants in the autistic brains (Perry et al., 2001). PPA
also potentiated the lipid peroxidation and other free radical
markers (El-Ansary et al., 2012). This study showed that FSK
treatment remarkably restored the anti-oxidant system and
profoundly reduced the level of oxidative stress markers and
restored complex I, II, IV & V activities.

The reason behind neuroinflammatory action of PPA was
the alteration in levels of neuroinflammatory cytokines such
as TNF-a, IL-6 and IL-10. In this study, FSK treatments
markedly attenuated the levels of inflammatory cytokines
such as TNF-q, IL-6, IL-1p and increased IL-10 level in rat
brain homogenate. Furthermore, elevation in lactate dehy-
drogenase level was observed in the brain of PPA-intoxicated
rats.

This study signifies that FSK per se resulted in no any
significant changes in behavioural and neurochemical pa-
rameters. But FSK treatment (10, 20 and 30 mg/kg) led to re-
markable modifications in both behavioral and neurochem-
ical assessments, as compared with PPA-treated rats. Results
from this study indicate that FSK exhibits anti-oxidant ef-
fects through reductions in ROS and providing its potential
against oxidative damage induced by PPA. Chronic adminis-
tration of FSK at 30 mg/kg exhibited highly neuroprotective
effects on all behavioral and neurochemical alterations.

There are several limitations to this study. First, we did not
measure molecular parameters such as cAMP, PKa, CREB
levels in PPA-treated rats. Second, we did not investigate the
effects of long-term pharmacological interventions by FSK
alone and in combination with other standard clinical drugs
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used in patients with autism.

To conclude, chronic FSK administration effectively and
dose-dependently regulates the toxic neurochemical and
behaviroal alterations in PPA-intoxicated rats. FSK, as an
adenylate cyclase activator associated with upregulation of
cAMP/CREB might be a possible futuristic approach against
neurodegenerative diseases like autism (Figure 11).
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