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ABSTRACT

Background: Cerebral ischemia is caused due to insufficient blood
flow to brain cells. This study evaluates the therapeutic effects of
propionic acid (PA) on the abnormalities induced during the cerebral
ischemic-reperfusion (CIR) injury in mice. Materials and Methods: CIR
was induced by complete occlusion of the middle artery of the cerebrum
for 15 min and reperfusion for 24 h in the experimental C57BL/6 mice.
The analysis of mRNA levels of neuronal nitric oxide synthase (hnNOS) was
performed by reverse transcriptase polymerase chain reaction (RT-PCR).
Inflammatory cytokines such as interleukin-6 (IL-6), 1l-1 B, and tumor
necrosis factoralpha were quantitated by enzyme-linked immuno
sorbent assay. Apoptosis-related proteins and nuclear factorkB (NF«B)
were analyzed using Western blot technique. Results: PA demonstrated
strong therapeutic effects on controlling the expression of nNOS that
was analyzed using RT-PCR. Elevated levels of inflammatory cytokines,
caspase-3, caspase-9, and phosphorylated NF-kB during cerebral ischemia
were significantly controlled during PA treatment. Conclusion: Our
findings demonstrated that PA through oral gavage exhibited healthier
effects on the damage caused due to CIR injury.

Key words: Apoptosis, caspase-3, caspase-9, cerebral ischemia,
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SUMMARY

e PA effectively improved the neurological deficit in mice during cerebral
ischemic reperfusion injury

e PA inhibited the abnormal elevation of cytokines after cerebral ischemic
reperfusion injury and controlled the cerebral impairments.

INTRODUCTION

Cerebral ischemic reperfusion (CIR) injury causes brain damage, an
irreversible cascade of biological events, leading to brain cells death.
Further, it involves in many consequences in the brain, such as deficit
volume of blood flow, inflammation, and oxidative stress, leading
to apoptosis™?! which subsequently leads to functional impairment
and neuronal death in the subjects.”! The inflammatory response has
also been proved to cause ischemic stroke and elevation of various
inflammatory mediators such as interleukin-8 (IL-8), IL-1 f3, and
tumor necrosis factor-alpha (TNF-o), which can lead to neuronal
damage.*®! Enhancement of the inflammatory response, by the
produced cytokines, could initiate tissue damage through the diagnostic
markers such as TNF-o. and IL-6.1) Many studies have proved that
signaling pathways could have been involved in anti-apoptosis and
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phosphoinositide-3-kinase signaling pathways that are important for
the survival and growth of cells in ischemic brain injury.”! Postischemic
inflammation can lead to secondary damage in CIR injury by inducing
the coagulation cascade due to hypoxia, inflammatory cytokines
production, and release of reactive oxygen species.!®!
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Microbial fermentation produced short-chain fatty acids, using dietary
fibers, has been previously studied to prove the inhibition of intestinal
pathogenic bacteria,” as an anticonvulsant and antipsychotic drugs."
Furthermore, previous reports had shown to have positive influence
of short-chain fatty acids in extracellular signal-regulated protein
kinases (ERK) pathways!!!l which regulate transcription processes in
different cell types by effecting phosphorylation of cAMP response
element-binding protein (CREB).'" Butyric acid was proved as a
differentiation agent that acts through inhibiting histone deacetylase,
alter gene expression, and mRNA stability."*'* CREB is an important
transcription factor that involves in the transcriptional gene regulation
that are required for neuronal cell survival. In the neuronal cells, the
phosphorylation of CREB is mediated by ERK.'” Signaling cascade
of ERK 1/2 plays an important role for several forms of learning and
deposition of memory in the hippocampus region of the brain."”
Propionic acid (PA), a major metabolite produced in the human intestine
by the action of anaerobic microbiota may contribute to the existence
of the PA molecule in the ileum, cecum, and colon.™™ Small chain
fatty acids show significant differences between the cell types involved
in inflammatory processes and the suppression of pro-inflammatory
cytokines production."” Few other research studies have also reported
the pro-inflammatory and anti-inflammatory effects of short-chain fatty
acids.l202!!

Attenuation of elevated levels of cytokines such as TNF-a, IL-6, and
nitric oxide (NO) in rat primary microglia cells had been proved in
short-chain fatty acids administration.” Butyric acid was proved to
attenuate brain infarct volume, activation of brain microglial cells, and
enhancement of anti-inflammatory cytokine IL-10 production and its
release.” However, a decrease in IL-10 (anti-inflammatory cytokine)
production by monocytes was observed.?* In a previous study, PA had
been proved to stimulate neutrophil chemotaxis.*”! Jonsson et al. had
showed that elevated plasma acetic acid level due to ethanol intake
was associated with the prevention of the development of destructive
arthritis.*! With these information, the current study was designed to
prove the efficiency of PA as a neuroprotective agent in experimental
CIR injury in mice.

MATERIALS AND METHODS

Experimental animals

Animal experimentation procedures and protocols were approved by
the Institutional Animal Care and Usage Committee of Heilongjiang
University of Chinese Medicine (Approval # HUCM201902113409).
Male C57BL/6 mice weighing 23-25 g and 8 weeks old were used for the
study. Animals procured were acclimatized for 1 week in a sterile facility
with water and feed ad libitum.””) Light/dark cycles of 12 h each were
maintained throughout the study.

Surgical and drug administration protocol

Animal model for CIR injury was done by a method previously
described.?! Precisely, middle artery occlusion was done for 15 min
to induce cerebral ischemia using vascular clips.”’ Exposure of the
ventral side common carotid artery of the neck was done by the surgical
procedure under controlled ether anesthesia. After ischemia, vascular
clips were removed and circulation was restored for 24 h before the
sacrifice of the animals by cervical decapitation under anesthesia.
A sham-operated group of mice also underwent same surgical procedure
without arterial occlusion.

PA sodium salt with the highest purity 299% was obtained from Sigma
Co. Ltd., St. Louis, USA. Random division of animals into three groups
with 12 mice each was done. Group 1 served as sham-operated group
with normal saline administration. Group 2 served as CIR injury
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group with normal saline. Group 3 animals were subjected to CIR injury
protocol with PA administration at an optimal dose at an appropriate
time. Intragastric administration of PA in a dose of 120 mg/kg
(determined by dosage optimization protocol) was administered by oral
gavage, 1 h after the initiation of reperfusion. A second dose of PA (same
concentration) was administered after 12 h to Group 3 animals. At
the end of experimental period, brain samples were dissected out and
processed immediately appropriately for different assays. Protein assay
was done using Beyotime assay kit from Beyotime Biotech Inc., Nanjing,
China. All other reagents and chemicals used for this study were of
analytical grade.

Neurological defects analysis

Evaluation of the neurological defects score on a five-point scale was
done after 24 h of the CIR. A score of “0” indicates no defect and was
appropriately increased up to “5” based on observed severity. Difficulty
in full extension of contralateral forelimb scores “1,” animals not being
able to extend the contralateral forelimb scores “2” mild circling to the
contralateral side scores “3”, severe circling scores “4”, and falling to the
contralateral side scores “5” In each group, all the mice were evaluated
and scores were recorded for the analyses.

Isolation of total RNA and neuronal nitric oxide
synthase reverse transcription-polymerase chain
reaction

Isolation of total RNA from the experimental animals’ brain
hippocampus region was done using the Axyprep multisource total
RNA mini-prep kit (Axygen Biosciences). The isolation protocol
followed was according to the manufacturer instructions given
overleaf. Spectrophotometry based method was employed to find the
yield and quality of total RNA isolated, by the ratio of absorbance
at 260-280 nm (n = 3). The purity and quality of the isolated
total RNA was confirmed by the value of ratio not <1.8 + 0.1. To
construct cDNA for the experiments, 2 pg of isolated total RNA was
reverse-transcribed from each sample using the SYBR PrimeScript’
reverse transcription-polymerase chain reaction (RT-PCR) kit and the
manufacturer’s protocol was followed (Takara Bio Inc., Japan).

Semi-quantitative RT-PCR was used to analyze the neuronal
nitric oxide synthase (nNOS) mRNA expression in the samples.
cDNAs constructed from the reverse transcription of isolated
high-quality total RNA were amplified using an Applied
Biosystems Thermal Cycler/RT-PCR System (USA) using an
SYBR technology (PrimeScript’, Takara Bio Inc., Japan) PCR Kit.
Hot-start protocol was followed for PCR amplification. Briefly,
initial incubation at 94°C for 180s, followed by denaturation at
94°C for 15s, annealing for 50s at 63°C and extension for 60s at
68°C for 40 cycles. Amplification of a desired and single PCR
product was confirmed by melt curve analyses. -actin gene of
mouse was used as an internal control gene. Primers used were as
followed: For nNOS detection-Fwd-5’GTGGCCATCGTGTCCT
ACCATAC3’ and Rev-5GTTTCGAGGCAGGTGGAAGCTA3’;
for B-actin detection-Fwd-5>CCGTTTCTCCTGGCTCAGT
TTA3 and Rev-5’CCCCAATACCACATCATCCAT3’ were used.
Amount of target transcript (mRNA level) was calculated as 2
ACT (ACT-differences in threshold cycles for nNOS gene), which
was normalized by an endogenous reference gene (f-actin). 2 ACT
was calculated as relative fold-change over the values of the reference
gene in the analyses. A vial, only with water and without cDNA, was
used as a negative control during the analysis. Results were reported
as mean * standard deviation (SD) of the samples in a group.
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Inflammatory cytokines assay by enzyme linked
immunosorbant assay

Inflammatory cytokines such as TNF-q, IL-1 § and IL-6 were quantified
by enzyme-linked immuno-sorbent assay (ELISA). ELISA kits used
were procured from Keygen biotech Co., Ltd., Nanjing, China, and
analyses were performed according to the manufacturer instructions.
Levels of inflammatory cytokines were expressed as pictogram (pg) per
milligram (mg) of protein in the brain hippocampus.

Protein expression by Western blot analysis

Brain hippocampus tissue was dissected and homogenized in ice-cold
Tris buffer and centrifuged briefly to remove cell debris. The supernatant
was used to determine the total protein levels in the sample. After
adjustment of samples for equal protein concentrations, separation was
done by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
After blocking with 5% fat-free milk for 2 h, samples separated in
polyvinylidene fluoride membranes were incubated in the respective
primary antibodies (antibodies specific for mouse caspase-3, caspase-9,
NFkB, and phosphorylated NFkB (pNFkB) were procured from Abcam
Shanghai Company Ltd., Shanghai, China) overnight at a temperature
of 4°C. After development of the bands further using enhanced
chemiluminescence reagent, visualization and documentation were
done using automated software (Biorad Laboratories Inc., CA, USA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
control gene for the protein expression studies.

Statistical analysis

Collected data were summarized as mean + SD. Statistical analyses were
performed using the statistical analysis software package (SPSS 17.0,
Chicago, IL, USA). Analyses were performed by one-way analysis of
variance. Post hoc analysis and comparisons were made using Student’s
t-test. Statistical significance was considered when P value is < 0.05.

RESULTS

Neurological defects analysis

CIR caused neurological deficit in the experimental mice that
was confirmed by paralysis of left forelimbs. In the present study,
neuroprotective effects of PA were evaluated based on neurological deficit
scores. Figure 1 depicts the effects of PA on CIR in all the experimental
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Figure 1: Protective effect of propionic acid on cerebral ischemic
reperfusion injury based on neurological deficit score in experimental
mice. Data were presented as mean =+ standard deviation A P < 0.05 was
considered statistically significant. Comparisons: *-with Sham; #-with
cerebral ischemic reperfusion
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groups. Sham-operated group showed no neurological deficit. CIR
group showed severe neurological deficit (P < 0.05) when compared
to the sham group. During treatment with PA, neurological deficit was
partially recovered in the treatment group (P < 0.05). A significant
neuroprotective effect of PA against CIR based on neurological deficit
scores was observed.

Levels of neuronal nitric oxide synthase mRNA by
reverse transcriptase-polymerase chain reaction

Expression levels of nNOS mRNA that was quantitated through RT-PCR
is shown in Figure 2. Sham-operated group of mice showed normal level
of expression during the experimental period. However, significantly
higher level was observed in CIR group of mice. However, during the
therapeutic administration, PA controlled the elevated level of nNOS in
CIR + PA group of mice that was elevated due to cerebral ischemia. This
significant decreased level of nNOS explains the possible therapeutic
protective effects during cerebral ischemia.

Levels of inflammatory cytokines

Levels of inflammatory cytokines in the hippocampus region of the
brain, assayed by ELISA are presented in Figures 3-5. As shown in the
Figure, significantly elevated levels of TNF-o, IL-1 B, and IL-6 were
observed in the CIR group of animals when compared to sham group.
PA treatment attenuated these abnormalities by a significant decrease in
the abnormally elevated cytokines levels of the treatment group when
compared to CIR group. Thus, significantly decreased levels of the
inflammatory cytokines were observed in the hippocampus of the brain
during PA treatment.

Protein expression levels by western blot analysis

Expression levels of apoptotic proteins such as NfkB, caspase-3, and
caspase-9 that were involved in the apoptosis-related pathways were
analyzed using Western blot technique. Figure 6a-c lists the Western blot
images of the proteins under investigation and its relative expression
levels to GAPDH. Expression levels of pNfkB, caspase-3, and caspase-9
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Figure 2: Expression levels of neuronal nitric oxide synthase mRNA
in experimental groups of mice. ACt = Ct (nNOS)-Ct (B-actin), where
Ct = cycle threshold, B-actin is the endogenous reference gene.
Relative neuronal nitric oxide synthase mRNA expression: PACt = 2
ACt, representing neuronal nitric oxide synthase mRNA levels. Final
data in the graph were magnified to 1000 x 2 ACt. Data were reported
as mean =+ standard deviation. A P < 0.05 (two-tailed Student “t” test).
Comparisons: *-with Sham; #-with cerebral ischemic reperfusion
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Figure 3: Levels of inflammatory cytokine tumor necrosis factor-o. on
cerebral ischemic reperfusion injury and treatment by propionic acid in
experimental mice. Data were presented as mean =+ standard deviation.
A P < 0.05 was considered statistically significant. Comparisons: *-with
Sham; #-with cerebral ischemic reperfusion
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Figure 5: Levels of inflammatory cytokine interleukin-6 on cerebral
ischemic reperfusion injury and treatment by propionic acid in
experimental mice. Data were presented as mean + standard deviation.
A P < 0.05 was considered statistically significant. Comparisons: *-with
Sham; #-with cerebral ischemic reperfusion

were increased in the CIR group of mice. Interestingly, elevated levels of
caspases (3 and 9) were controlled during PA treatment. Furthermore,
a relatively decreased level of pNfkB was observed during PA
administration.

DISCUSSION

Complex carbohydrates of dietary sources after bacterial fermentation
produces short-chain fatty acids such as acetic acid, butyric acid,
and PAPY and is readily absorbed by intestinal epithelium."
Previous studies proved that inflammatory response, apoptosis, and
oxidative stress were the important reasons for the pathogenesis of
stroke.*?! Short-chain fatty acids were proved to inhibit inflammation
and neuronal apoptosis that could lead to pathogenesis of brain in
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Figure 4: Levels of inflammatory cytokine interleukin-1 3 on cerebral
ischemic reperfusion injury and treatment by PA in experimental mice.
Data were presented as mean * standard deviation. A P < 0.05 was
considered statistically significant. Comparisons: *-with Sham; #-with
cerebral ischemic reperfusion

the experimental animals,® and also have reported to improve
memory and spatial learning in Alzheimer’s disease experimental
mice.?" Significant decrease in the neuropathological alterations
in the treatment group showed that PA effectively improved the
neurological deficit in mice during CIR injury.

NOS-1 or nNOS is one among the three types of NOS that have been
studied well in stroke research.®™ In CIR group, elevated mRNA level
could possibly due to ischemic stress during carotid artery occlusion.
Expression of neuronal NOS could lead to the synthesis of NO that helps
in the long-term synaptic plasticity and memory formation®**” and
differentiation of axon to form multi-innervated spines.®® Although
we have not assayed NO levels, elevated level of nNOS mRNA in CIR
group might be due to the ischemic response that stimulate elevated
production of NO for repairing the damage due to arterial occlusion
during the experimentation. Attenuation of abnormal levels of NO in
bronchoalveolar lavage fluid that was elevated due to acute lung injury
was observed in short-chain fatty acid administration.” Probably, the
administration of PA in the treatment (CIR + PA) group could have
controlled indirectly the expression of nNOS by controlling NO in the
hippocampus region.

Brain cells are more susceptible to neuronal damage due to
over-activated astrocytes and microglia in brain cells that secrete higher
levels of inflammatory cytokines.**#!) Cytokines are the important
signaling molecules that could trigger the pathogenesis of ischemic
damage in the brain cells."?) Cytokine signaling could trigger a crucial
inflammatory signaling cascade by the activation of mitogen-activated
protein kinase pathways.*?! IL-6, TNF-o, IL-10, and IL-1 f are the
important inflammatory cytokines related to ischemia in brain cells
and are the therapeutic targets and biomarkers for prognosis.*!!
Furthermore, elevated levels of IL-1  could increase calcium influx
through N-methyl-D-aspartate-receptor ionophores leading to neuronal
damage!®! and elevated IL-6 level after stroke could lead to brain
damage. " In this study, elevated levels of cytokines clearly demonstrated
the deterioration of hippocampus region through abnormal neuronal
deficit and nNOS levels during CIR injury. In our study, restoration of
abnormalities in the levels of cytokines such as TNF-a,, IL-1 3, and IL-6
during PA treatment could explain the protective effect in CIR injury.
Dietary supplementation of fibers or short-chain fatty acids was proved

Pharmacognosy Magazine, Volume 16, Issue 67, January-March 2020
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Figure 6: (a-c) Western blot analyses of apoptotic proteins in cerebral ischemic reperfusion injury and propionic acid treatment in experimental mice.
Data were presented as mean + standard deviation. A P < 0.05 was considered statistically significant. Comparisons: *-with Sham; #-with cerebral ischemic

reperfusion

to reduce the levels of inflammatory cytokines in inflammatory bowel
diseases*”! and the levels of NOS and TNF-a. activities."*" It could be due
to the protective effect of bacterial digested and released fatty acids that
circulate to the brain cells that include PA.!"® These were consistent with
the data obtained in the present study, in which supplemented PA could
have beneficial effects in decreasing the levels of inflammatory cytokines.
Administration of PA after CIR injury attenuated the elevated levels of
inflammatory cytokines and controlled the cerebral impairments.

NfKB, caspase-3, and caspase-9 are the major important proteins involved
in the inflammatory processes. Of those, NfkB has been reported to
involve in the inflammatory processes by its translocation into the
nucleus after phosphorylation.” In line with this report, our study
showed an elevated level of pNfkB to NfkB during CIR inflammation
and was reverted during treatment with PA. Concomitantly, this could
have decreased the expression levels of inflammatory cytokines, leading
to beneficial effects in PA treatment. Furthermore, we showed that PA
inhibited the activation of NF-kB pathway, mediated by TNF-a, which
benefits to treat the CIR injury. Inflammatory signaling network involves
Rho-kinase (RhoK), and NfkB-mediated caspase activation leading to
apoptosis in the injured tissues.™” In line with these research, our study
demonstrated decreased level of caspases (3 and 9) that were elevated
during CIR injury.

CONCLUSION

Overall the findings reflect the healthier effect of PA toward brain
cells. Furthermore, as seen together, decreased apoptotic protein levels
augmented the control of cytokines level during PA administration, in
the inflammatory processes in CIR injury. In summary, we found that PA
treatment exhibited a healthier effect in CIR injury by interacting with
RhoK/NfkB pathways signaling in brain hippocampus of mice.
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