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The study aims to determine the neuroprotective effect of Puerarin,
extracted from Pueraria lobata roots, against pentylenetetrazole (PTZ)-
induced epileptic seizures and concomitant demyelination and low
conductance through diffuse reflectance spectroscopic (DRS) technique.
Mice groups (n = 12) were pretreated with vehicle and Puerarin (100 mg
kg™, intraperitoneal (i.p.)) for 42 days (alternate days). PTZ (35 mg kg,
i.p.) was given after 30 min to all mice groups except the vehicle control
group. Puerarin remarkably reduced seizures scoring, hyperalgesia and
blood-brain barrier disruption and improved muscle coordination. High
anti-myelin oligodendrocyte glycoprotein (anti-MOG) levels in PTZ-treated
mice confirmed demyelination, with low molar absorption coefficient (i)
and high scattering coefficient (us) and absorption. Puerarin treatment
increased p, and decreased anti-MOG and pg similar to the vehicle
control group. This indicates a protective effect of Puerarin against
demyelination. Band gap energy (Epg) was calculated by the Kubelka—
Munk model and incorporated in the current study for the first time
to evaluate pathology. Epg blue shift showed compromised conductance
capacity of nerves in PTZ-induced epilepsy compared with Puerarin-
treated animals. Haematoxylin and eosin and Nissl staining were used to
further authenticate the neuroprotective effect of Puerarin. In conclusion,
Puerarin countered demyelination and low conductance of nerve owing to
PTZ-induced epilepsy assessed via DRS.

1. Introduction

Epilepsy is a neurological disorder that is common among 50 million
population and causes lifetime suffering in 10% of epileptic patients [1].
Hyperstimulation of neuronal electrical activity leads to recurring seizures [2].
Chronic agitated neuronal activity causes a disparity in neurotransmitters that
control excitation and inhibition, affecting the neuronal network and resulting
in neuronal loss [3,4]. Subsequently, blood-brain barrier (BBB) disruption
and the intrusion of leukocytes occur, leading to immune system activation
[5,6]. As a result, autoantibodies are formed against myelin oligodendrocyte
glycoprotein (MOG), which is produced by oligodendrocytes in the central
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nervous system (CNS) [7]. Myelination aids in conduction and communication among the nerves [8]. Therefore, several studies
reported CNS demyelination and low conductance in epilepsy [9]. However, the anti-seizures medication (ASM) is designed
only to manage symptoms, and concomitant pathologies are less considered in ASM research [10].

Concomitant pathologies diagnosis is challenging in clinical practice, and it includes various examination and assessment
techniques [11,12]. Hence, demyelination and low conductance in epileptic patients remain a matter of concern. The pentylene-
tetrazole (PTZ)-induced chronic epileptic seizures model was used in the study as it is illustrative of human epileptic seizures
[13]. Diffuse reflectance spectroscopy (DRS) and the Kubelka-Munk model are already in use for research on neurological
disorders [14]. Absorption and scattering coefficients indicate the extent of demyelination [15]. However, the concept of band
gap energy was corroborated in a study to detect changes in conductance [16]. DRS was used, and the Kubelka-Munk model
was applied for band gap energy calculation [17]. Conductors have 0 eV, while insulators have a higher (greater than 15 eV)
band gap energy [18]. Similarly, in the brain, myelinated nerves conduct impulses through ion flow via channels, demonstrating
conductance [19]. Thus, the concept was used to evaluate the conductance ability of brain samples. The process was easier to
perform, and the results are relatively less affected by human error than conventional methods that need more professional
training and handling practice.

Natural compounds are gaining more attention in the treatment of ailments owing to their fewer side effects [20]. Puerarin,
an isoflavone, is extracted from the roots of the kudzu plant, scientifically known as Pueraria lobata, and is commonly used
in Chinese medicine [21]. Puerarin is reported to possess anti-diabetic, anti-oxidant, anti-inflammatory, anti-tumour, anti-apop-
totic, hepatoprotective and neuroprotective properties [22-24]. The bioactive compound is gaining attention from scientists
owing to its high efficacy and fewer adverse effects [25]. However, the Puerarin effect in demyelination and low conductance
has not been studied specifically in epilepsy. Therefore, the effect of Puerarin was evaluated in demyelination and low conduc-
tance caused by chronic epilepsy. The spectroscopic results were compared and authenticated by using conventional methods of
haematoxylin and eosin (H&E) staining and enzyme-linked immunosorbent assay (ELISA) in order to confirm the pathological
changes.

2. Material and methods

2.1. Chemicals and materials

Puerarin was provided by Prof. Eun Kyoug Seo, College of Pharmacy, Graduate School of Pharmaceutical Sciences, Seoul,
South Korea. Dimethyl sulfoxide (DMSO), 0.9% saline solution, Evans blue dye, formalin, haematoxylin dye, eosin dye and
paraformaldehyde were purchased from Sigma-Aldrich, USA. Elisa kit (lot number F240319AD) for anti-MOG was purchased
from Euroimmun, Germany. Analytical grade chemicals were used in the study.

2.2. Animals and ethical approval

Current research work was performed on male albino mice (BALB/c) of weight 25-30 g obtained from the National Institute of
Health (NIH), Islamabad, Pakistan. The experiment was performed as per the guidelines of NIH. A stress-free living environ-
ment was provided to animals with sufficient supply of food and water. The study was held after attaining ethical approval
(BEC-FBS-QAU2022-422) of the Bioethical Committee, Quaid-i-Azam University, Islamabad, and compliance was ensured as
per guidelines. All animals were acclimatized for a week in the laboratory conditions and divided into three groups having 12
animals in each group considering the mortality rate. Baseline values of weight were noted and documented.

2.3. Pentylenetetrazole-induced chronic epilepsy model

Epilepsy was induced using PTZ in mice groups (1 = 12) by following set protocols with minor modifications, keeping in view
the prognosis of demyelination [6,26,27]. The schematic diagram representing the complete study design with time intervals has
been demonstrated in figure 1. In brief, the complete period of the chronic model was 42 days, while induction and treatment
were performed on alternate days. Animals were divided into three groups with administration of vehicle control, Puerarin (100
mg kg™) and PTZ (35 mg kg ™) as follows:

Group I. Vehicle control group received only vehicle (DMSO 2% and normal saline).

Group II. PTZ administered group received only 35 mg kg™ PTZ i.p. injection, and subject to 30 min of observations for
seizure scoring.

Group III. Animals pretreated with Puerarin (100 mg kg™). After 30 min, PTZ (35 mg kg™) i.p. injection was given and the
animals were monitored for 30 min for seizure scoring.

Epileptic seizures were analysed according to Racine’s scale [28,29]. On day 42, animals were dissected, and sampling was
done.

2.4. Kondziela's inverted screen test to assess muscle coordination

Dempyelination of the nerves and reduced conductivity compromise muscle coordination [30]. Therefore, Kondziela’s inverted
screen test was performed in order to assess the effect of Puerarin on PTZ-induced epileptic seizures in mice. Set protocols were
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Figure 1. Study design of demyelination and reduced nerve conductivity induced by PTZ-induced epileptic seizures in mice.

followed to assess the motor coordination [31,32]. In brief, baseline readings were recorded by placing mice in the centre of a
mesh screen without administering any drug. The mesh was inverted, and animals were observed for the next 60 s to fall on a
cushioned surface. The time for fall was recorded and noted as the cut-off time. Similarly, readings were taken and noted for
vehicle control, epileptic and treatment groups. Behavioural assessment was performed at the end of every week after the last
injection of PTZ in order to determine the demyelination development.

2.5. Hot plate method for thermal hyperalgesia

Nerve demyelination and low conductivity can be a possible cause of hyperalgesic response to external thermal stimuli in
epilepsy [33]. The hot plate method was used to detect the change in the perception of heat stimuli at the end of every week
after the last injection of PTZ. The experiment was performed by exposing the mouse to the preheated hot plate at 55°C. The
mouse was observed for the cut-off time of 35 s. Time noted for withdrawal or licking of hind paw. The experiment was
performed at the end of every week during the 42 day chronic epilepsy model.

2.6. Evans blue test for assessment of blood-brain barrier dysfunction

Owing to the chronic hyperexcitation of neurons, the BBB becomes compromised, leading to the invasion of immune cells [34].
Resultantly, activation of the immune system and formation of autoantibodies occur against the myelin sheath of CNS neurons
[35]. The permeability for immune cells was assessed by applying the Evans blue (EB) test as per established protocols [36].
The experiment was performed on the 42nd day of the chronic epilepsy model. Three animals from each group were taken and
administered with 2% of EB dye (2 ml kg™) in the tail vein. Subsequently, perfusion with saline injection was done after 30 min.
Animals were dissected, and extracted brains were homogenized after adding phosphate buffer and trichloroacetic acid, each
2.5 ml. The homogenate was subject to 30 min of centrifugation (1000g), and the supernatant was separated. A microplate reader
was used to determine optical density at 620 nm. EB concentration (ug) per gram of brain tissue was reported in the results [37].

2.7. Enzyme-linked immunosorbent assay for the detection of anti-myelin oligodendrocyte glycoprotein antibodies

MOG is essential for the myelination of nerves as well as for communication between cells [38,39]. BBB disruption and immune
cell infiltration cause the production of antibodies against MOG that potentiate demyelination [40]. ELISA (Euroimmun,
Germany, containing lot number F240319AD Exp. date: 18-09-2025) was performed to detect if immuno-reactivity was the
possible reason for demyelination and low nerve conductance or not. Briefly, samples were taken as brain tissue extract
prepared from brain tissue homogenate (200 mg tissue in 1 ml of cell extraction buffer). Samples, standards and reagents were
prepared as per the instructions provided with the kit. Samples and standards, 50 ul each, were loaded in the wells. Antibody
solution (50 pl) was added to all wells of the samples and standard and incubated for 1 h at room temperature. Each well
was aspirated and washed with wash buffer three times. A development solution of 100 ul was added to all wells and again
incubated for 10 min. After incubation, a stop solution of 100 pl was added to each well, and then the optical density (OD) was
checked at 450 nm wavelength. Analysis was performed in triplicate and results demonstrated in percentage (%).

2.8. Diffuse reflectance spectroscopy

The technique is already in use for the detection of neurological disorders. Optical properties of tissue samples vary in disease
conditions; therefore, these techniques are of great significance in pathological condition diagnosis [14]. Moreover, researchers
have been using this technique in the development of new treatments [41,42]. DRS was performed by adopting the reported
methodology with some modifications. The aim was to use the intact brain samples without any chemical processing and
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sampling techniques to get results without any extra peaks of solutions or buffers. Sample preparation was performed in
controlled temperature surroundings. Pre-autoclaved glass slides (0.8 mm) were taken and cleaned with ethanol to avoid any
contamination. On the last day of the chronic epilepsy model, animals were dissected, and brains from each group were
extracted. Freshly extracted brains (1 = 3) from each group were frozen at —20°C for 24 h. At low temperature, frozen samples
were mounted on cleaned glass slides previously placed on ice packs. Instantly, samples were covered with cling film for
protection. Cling film was used because it has no distortion characteristics in the spectra of samples [43]. The empty clean
slides were covered with a cling sheet and scanned on a LAMBDA 950 UV/Vis/NIR Spectrophotometer by PerkinElmer Inc. The
screening was performed for zero correction to avoid any interfering peaks in the results. After that, glass slides mounted with
brains were scanned one by one for the complete wavelength (200-1200 nm) of the instrument. UV WinLab Data Processor and
Viewer by Perkin was used for obtaining spectra of each sample.

2.9. Data processing and analysis

Reflection calibration was performed by using barium sulfate as a reflection standard. Baseline correction and auto-calibration
of the instrument were done. To remove the interference of other factors, an empty, clean glass slide was covered with a cling
sheet and screened for the full wavelength to subtract from the samples. After completing the scanning of empty glass slides,
the auto-calibration of the instrument was done. The data were extracted in the form of per cent transmittance (%7T) spectra.
The instrument provides results with accuracy and precision of less than or equal to 0.0007%T with less than or equal to 0.005
nm wavelength resolution. All samples, prepared as described above, were loaded on the instrument one by one and scanned
for extraction of transmittance spectra. Optical densities (absorbance) of samples were calculated using the Beer-Lambert Law
equation from per cent transmittance [44],

Absorbance = A =2 - log(%T).

Reflectance (R) of the samples was calculated from absorbance and transmittance [45]. The following equation was used for the
calculation of reflectance:

Absorbance = 100 - (Reflectance + Transmittance) = 100 — Reflectance — Transmittance
by rearranging the equation
Reflectance = 100 — Absorbance — Transmittance = 100 — (Absorbance + Transmittance),
hence, taking reflectance as
R=100-(A+T),

calculation provided with reflectance and absorbance parameters of brain samples. The data were further processed to get the
ratio of molar absorption coefficient (1) and reduced scattering coefficient (ug).
Here,

Molar absorption coef ficient = u, = (1 —R)z,
while
Reduced scattering coef ficient = u,=2R.

The ratio was estimated by using Kubelka—-Munk theory, assuming the brains as samples with infinite thickness and a black
background [46-48]. The Kubelka-Munk model was simulated as it is simple to apply and suitable for chemical and structural
complexity. Therefore, the following equation was considered for obtaining the molar absorption coefficient and scattering
coefficient ratio [49,50]:

H T S T
where F (R..) is the Kubelka—Munk Function, « the sign represents the thickness of the sample, K is the molar absorption
coefficient (u,) that is a distinct intrinsic property of brain tissues to absorb the energy in the form of photons. However,
S denotes the reduced scattering coefficient (ug) of brain tissues that represent the light multiple scatterings incidents when
striking the tissue owing to the presence of various light scatterers.
To find the band gap energy shift (Epg), F ( R..)*hv'? was plotted against the energy of the photon. The energy of the photon
was taken by using Max Planck’s equation as under

where E represents the energy of the photon, / represents Planck’s constant, v represents the frequency of a light wave, ¢
denotes the speed of light and A shows the wavelength. Hence, direct Epg was calculated by plotting (F ( Ro)*hv)'”? against hv in
electron volts (eV) [19,50].
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2.10. Estimation of nerve conductance through band gap energy

The concept of band gap energy refers to the difference in energies between valence band (Ey) and the conductance band (Ec)
of the material [16]. The lower energy difference denotes that the electrons get excited and move to the conduction band for
the electrical conductivity [51]. Therefore, the lower band gap energy of brain samples shows a higher ability of the sample to
conduct electrical signals, and a higher energy difference is related to lower conductance ability. Usually, band gap energy in
the range of 0.1-6 eV shows semiconductor behaviour of the samples. Conductors have an energy gap below this energy range;
however, insulators show band gap energy of more than 6 eV [52]. Based on the description above, the relationship between
intrinsic electrical conductivity (o) and band gap energy can be expressed as follows:

1 1

Electrical conductivity (o) = Band gapenergy By
bg

Hence, if band gap energy reduces, nerve conductance enhances owing to potential intact ions flow having valence and
conductance bands across the nerves and synaptic cleft for transmission of impulse. However, the damaged and demyelinated
nerves owing to immuno-reactivity caused by epilepsy will have comparatively less impulse generation and transmission
ability.

2.11. Histopathological examination of brain regions using haematoxylin and eosin staining

Phosphate buffer saline (PBS) and 4% paraformaldehyde were used for perfusion of anaesthetized animals. Immediately after
the perfusion, brains (1 = 3) of animals were extracted subsequent to dissection. Tissues were sectioned using a microtome at
a thickness of 4-5 um at room temperature or 25°C. Tissue sections were again fixed for 12 h in the same fixative at room
temperature, i.e. 25°C. Subsequently, tissues were embedded in paraffin wax and finally mounted on glass slides. These slides
were used to perform haematoxylin and eosin (H&E) [53]. For histological evaluation and to determine the impact of treatment,
three sections of each animal were typically examined using an Olympus microscope from Japan. For quantification, Image J
software (NIH, USA) was used.

2.12. Nissl staining for histopathological analysis

The structure of neurons in nuclei and layers throughout the nervous system, primarily the brain and spinal cord, is extensively
studied using Nissl staining. Three brain samples (1 = 3) were taken from each group’s animal. Sections of the samples were
divided up and fixed in formalin (3%) for 24 h. Each section was further processed, and finally, thin slices of 5 um were formed
from paraffin-embedded blocks. Cresyl violet acetate stain (Thermo Fisher Scientific, Germany) was used for further processing
of slide-mounted brain sections as per a previously reported protocol [54-56]. Pyramidal cells that were intact in morphology
were counted by observers following blind study protocols. Images were taken and analysed using an Olympus microscope
(USA).

2.13. Statistical test applied to data

All samples for analysis were taken in triplicate. Therefore, results are reported in mean + standard deviation (s.d.). For
evaluation of behavioural data, GraphPad Prism software was used for the application of statistics and the formation of graphs.
Two-way ANOVA was applied to the results of the behavioural evaluation of animals. For diffuse reflectance spectroscopy,
Origin software v. 8.5 was used to form graphs and for statistical evaluation.

3. Results

3.1. Effects on chronic epileptic seizures

Puerarin (100 mg kg™) dose was used as pretreatment for chronic epileptic seizures in the PTZ-induced epileptic seizures
model [57]. PTZ-administered mice showed high scoring of epileptic seizures compared with the vehicle control group (p <
0.001) during the 42 days of the chronic model. However, Puerarin prominently reduced (p < 0.001) the epileptic-seizure scoring
compared with the PTZ-administered mice group assessed at the end of every week. The results are presented as mean =+ s.d.
of the seizure intensity score observed at the end of every week after the last PTZ injection during the whole chronic model of
epileptic seizures (figure 2).

3.2. Effect on compromised muscle coordination owing to epileptic seizures-led demyelination

Muscle coordination was assessed by observing the latency time to fall every week after 4 h of seizure scoring (figure 3). At the
end of the first week of the model, PTZ-administered mice showed compromised muscle coordination at the significance level
p < 0.01 compared with the vehicle control group. Nevertheless, the significance level was p < 0.001 for the remaining weeks.
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Figure 2. Puerarin exhibited a reduction in PTZ-induced epileptic seizures, scoring assessed via Racine’s scale. Seizure intensity score is exhibited in mean = s.d. for 12
mice in each group (n = 12). Significance level *** p < 0.001 represents comparison of Puerarin effect with PTA-administered group mice; however, ### p < 0.001
shows comparison between PTZ-administered mice and vehicle control group of animals.

However, Puerarin (100 mg kg™) considerably improved latency time to fall at a significance level p < 0.01 in the first week and p
<0.001 on the remaining weeks compared with PTZ-administered mice.

3.3. Effect on sensory-motor response owing to demyelination in epileptic seizures

The untreated PTZ-administered group showed thermal hyperalgesia response owing to altered sensory-motor response as a
result of epileptic seizures, leading to demyelination. The response (p < 0.001) was compared with the vehicle control group.
However, Puerarin (100 mg kg™) considerably reduced the thermal hyperalgesia compared with the PTZ-administered group of
animals at a significance level p < 0.001. Results are presented as mean + s.d. (n =12) in figure 4.

3.4. Effect on blood-brain barrier integrity affected owing to the immune response

The BBB gets compromised in PTZ-induced epileptic seizures, and the effect was visible in PTZ-treated mice when Evans blue
dye was administered intravenously. The induction was compared with the vehicle control group. Results showed a high level
of Evans blue dye penetration in PTZ-treated mice (p < 0.001). Contrary to this, Puerarin (100 mg kg™) prominently (p < 0.001)
limited the BBB disruption compared with PTZ-treated animals, as shown in figure 5A.

3.5. Effect on anti-myelin oligodendrocyte glycoprotein antibody concentration

Immuno-reactivity occurred owing to BBB disruption and immune cell infiltration in PTZ-induced epileptic seizures (figure
5B). As a result, significantly (p < 0.001) higher concentrations of anti-MOG antibodies were formed in mice with PTZ-induced
epileptic seizures than in the vehicle control group. However, Puerarin (100 g kg”') remarkably reduced (p < 0.001) the
immuno-reactivity and formation of anti-MOG antibodies.

3.6. Effect on reduced scattering coefficient owing to demyelination

Reduced scattering coefficient (us) is the optical parameter that changes owing to demyelination and differentiates the demyeli-
nated samples [15]. Following the investigational procedure and data acquisition protocols, i values of the mice brains were
plotted using Origin software. The data were processed for the whole range of wavelengths. Figure 6 indicates that the pg trend
follows the scattering-phase theorem [58]. For all the samples, s was proportional to the phase variance, i.e. a decrease in pig
with the increase of wavelength. Moreover, a huge difference in pg is found among the three groups, as shown in figure 6. It
is evident from the results that the mice brains from the PTZ-induced epileptic seizures group showed the highest ug value
compared with the other two groups of animals. The pg range of the PTZ-induced epileptic seizures group was 1.93982-1.33593
cm™’. The brain samples of the Puerarin-treated group showed a reduction in the overall yg value. For the Puerarin-treated
mouse brain, the pg range was 1.91859-1.21509 cm™. The result is closer to the pg value of the vehicle control group of animals,
which ranges from 1.87289 to 1.14691 cm™.

3.7. Effect on molar absorption coefficient owing to demyelination

Molar absorption coefficient (1,) is the optical parameter that reduces with the increase in demyelination owing to a reduction
in neuron density [59]. The vehicle control group showed overall highest p, values (ranging from 1.26540 to 0.00404 cm™).
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Figure 3. Puerarin exhibited progress in muscle coordination by improving latency time to fall owing to PTZ-induced epileptic seizures. Latency time to fall in seconds
is indicated in mean =+ s.d. for 12 mice in each group (n = 12). Significance level ** p < 0.01 and *** p < 0.001 represent the comparison of Puerarin effect with
PTZ-administered group mice; however, ## p < 0.01 and ### p < 0.001 show comparison between PTZ-induced epileptic seizures group and vehicle control group of
animals.

Thermal Hyperalgesia
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Figure 4. Puerarin showed a reduction in thermal hyperalgesia owing to PTZ-induced epileptic seizures by improving paw licking response time in seconds. Paw licking
response is indicated in mean =+ s.d. for 12 mice in each group (n = 12). Significance level ** p < 0.01 and *** p < 0.001 represent the comparison of Puerarin
protective potential with PTZ-administered group mice; however, ### p < 0.007 shows comparison between PTZ-induced epileptic seizure group and vehicle control
group of animals.

(A) Evans Blue Test (B) Anti-MOG Antibodies
sas say
1 Bl Vehicle control 250+ ! B Vehicle Control

@ PTZ (35 mg/Kg)
@l Puerarin (100 mg/Kg)| | ~

@ PTZ (35 mg/Kg)
@@ Puerarin (100 mg/Kg)

w
=
n

2001

-
h
2

1504

-
3
1

1004

Concentration (ng/ml

h
rt

Concentration of EB (1g/g)
g

0

Figure 5. Puerarin considerably controlled the disruption of the blood-brain barrier and immune reactivity owing to PTZ-induced epileptic seizures by reducing the
concentration of Evans blue dye (A) and anti-MOG antibodies (B). Mean =+ s.d. (n = 3) for each group is presented in the results. Significance level *** p < 0.001
exhibits comparison of Puerarin protective effect with PTZ-administered group mice; however, ### p < 0.001 shows comparison between PTZ-induced epileptic seizure
group and vehicle control group of animals.

PTZ-induced epileptic seizures cause a reduction in overall u, values (0.10957 cm™-0.00090542 cm™). However, u, values
prominently improved in Puerarin-pretreated animals, ranging from 0.14624 to 0.00164 cm™ (figure 7).
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Figure 6. Puerarin's effect on the scattering coefficient (i) caused owing to demyelination in PTZ-induced epileptic seizures. Puerarin prominently reduced ys in
mice compared with PTZ-induced epileptic seizures. Values of y are plotted against increase in the wavelength (A). The results exhibit the trend of scattering-phase
theorem.
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Figure 7. Puerarin's effect on absorption coefficient (u,) is caused owing to demyelination and reduced cell density in PTZ-induced epileptic seizures. Puerarin
prominently enhanced i, in the mice compared with PTZ-induced epileptic seizures. Values of 11, are plotted against the increase of the wavelength ().

3.8. Effect on UV-vis diffuse reflectance spectroscopy absorption spectra of the brain

Absorption spectra of the normal and Puerarin-treated brains was profoundly different from the brain with epileptic seizures
[60]. Figure 8 indicates the absorption spectra of the brain samples from all groups. Brain samples of the vehicle control group
and Puerarin-treated animals showed high absorption for the complete range of wavelengths. However, the PTZ-treated group
showed lower absorption. All the groups showed higher absorption from 250 to 600 nm wavelength that gradually decreased
with the increase of wavelength.

3.9. Effect on band gap energy shift among the groups

The band gap energy (Epg) shift was observed by comparing the results of three groups. Epg of the vehicle control group was
lowest among all, i.e. 1.064 eV. Brain samples of PTZ-induced epileptic mice showed an increase in Ebg, which was 1.097 eV.
However, the animals from the Puerarin pretreated group exhibited Epg of 1.065 eV, which was closer to the vehicle control
group. Among the three groups, a blue shift of Epg was detected. The graphical plot is presented in figure 9.

3.10. Effect on nerve electrical conductivity of brain samples

Results of Epg were used for the approximation of nerve electrical conductivity (o) of brain samples. The o of the vehicle control
group was highest among the three groups, i.e. 0.943396226. Contrary to this, PTZ-induced epileptic seizures reduced ¢ with a
value of 0.911577028 owing to disrupted myelin sheath. Compared with this, Puerarin (100 mg kg™) treatment maintained the
value of ¢ as 0.938967136. Table 1 presents the values of o along with their E},g values to show a comparison.
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Figure 8. Puerarin's effect on absorption (A) is caused owing to myelin loss in PTZ-induced epileptic seizures. Puerarin prominently enhanced A in the mice compared
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Figure 9. Puerarin effect on band gap energy (Epg) shift triggered owing to demyelination of CNS nerves in PTZ-induced epileptic seizures. lllustration of
demyelination and Eyq concept (A). Overall, £y exhibits a blue shift owing to demyelination as £pg values are shown in the vehicle control group (B), PTZ-induced
epileptic mice (C), and Puerarin pretreated mice (D). The Kubelka—Munk model was used for approximation of £,g, and F(Roo) *hv'”? was plotted against energy (eV).

3.11. Effect on the histopathological factor in haematoxylin and eosin staining

H&E staining results showed the normal neuron cells in the hippocampus and prefrontal cortex (PFC) of the vehicle control
group (figure 10A-F). However, histopathological alteration (p < 0.001) in the brain cortex and hippocampus appeared in
the PTZ-treated group compared with the vehicle control group. Demyelination owing to epileptic seizures causes nuclear
shrinkage, loss of neurons and a higher level of vacuolation in the brain sections taken from the PTZ-treated mice. However,
Puerarin treatment significantly (p < 0.001) alleviated this histopathological alteration.

3.12. The effect on neuronal density owing to epileptic seizures led to demyelination

Nissl staining showed intact cells and cell density with intense staining of Nissl bodies and DNA staining of nerve nucleus
in the hippocampus and PFC of the vehicle control group (figure 10G-L). Contrary to this, the brain sections taken from
PTZ-treated mice had more significant (p < 0.001) nerve damage and lower cell density than the vehicle control. In comparison,
Puerarin treatment significantly (p < 0.001) countered the reduction of cell density caused by demyelination owing to epileptic
seizures.
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Figure 10. Puerarin treatment reduced histopathological changes in the hippocampus, scale bar = 50 pum, (A) vehicle control, (B) PTZ control, and (C) Puerarin. (a) and
(b) Quantification in hippocampus histopathology. Pre-frontal cortex, scale bar = 50 pm, (E) vehicle control, (F) PTZ control and (G) Puerarin. (c) and (d) Quantification
of pre-frontal cortex histopathology. Pre-frontal cortex stained with Nissl stain, scale bar = 50 pum, (G) vehicle control, (H) PTZ control and (I) Puerarin. (a) and
(b) Quantification of pre-frontal cortex histopathology. Hippocampus, scale bar = 50 pm, (J) vehicle control, (K) PTZ control and (L) Puerarin. (c) and (d) Quantification
of pre-frontal cortex histopathology. Results are presented as mean =+ s.d. (n = 3), where *** p < 0.001 represents significance as compared with epileptic mice (PTZ
35mgkg™). ### p < 0.001 represents significance as compared with vehicle control.

Table 1. Correlation between band gap energy and electrical conductivity of the brain samples taken from different groups.

experimental groups band gap energy (eV) electrical conductivity (o)
1. vehicle control 1.064 0.943396226
s ; TZ(35mgkg‘1)10970911577028 ................................................
e ; uerarm(100mgkg‘1)10650938967136 ................................................

4. Discussion

In the current experimental study, the neuroprotective effect of Puerarin was investigated against the demyelination and low
o of CNS nerves in epileptic seizures. A novel and less invasive method (DRS) was adopted to assess these factors, i.e. band
gap energy shift. Further, mathematical simulation using Kubelka-Munk theory was adopted in combination with common
in vivo and in vitro laboratory techniques to cross-check the DRS results. Epileptic seizures and subsequent demyelination
were induced using PTZ (35 mg kg™) i.p. injection on alternate days for six weeks. Seizure scoring exhibited a significant
Puerarin (100 mg kg™) protective effect during 30 min of observation. Moreover, behavioural assessment is performed for
the detection of demyelination and reduced o at the end of every week. PTZ-induced epileptic seizures prominently reduced
muscle coordination and invoked thermal hyperalgesia [61]. Therefore, these behavioural factors are the close expression of
demyelination in CNS nerves. These outcomes were further strengthened by the reported studies [6,33,61]. The results exhibited
significant improvement in motor coordination owing to Puerarin pretreatment compared with the mice with epileptic seizures.
Additionally, Puerarin showed more prominent protection against thermal hyperalgesia than the PTZ-treated animals. The
behavioural assessment demonstrated Puerarin's protective effect against demyelination and low o caused by epileptic seizures
in mice.

Structurally compromised BBB and immuno-reactivity are common mechanisms for the pathogenesis of demyelination of
the CNS in epileptic seizures [62,63]. Neuronal hyper-excitation in epileptic seizures causes activation of the innate immune
system, and subsequently, it makes the BBB structurally compromised [64]. BBB disruption causes infiltration of more immune
cells [40]. Resultantly, anti-MOG antibodies are formed in epilepsy. These antibodies are considered an indicator factor for
demyelination [39]. MOG is important for the myelination of nerves as well as for immune responses in the CNS [65]. Therefore,
in the current study, EB dye infiltration and anti-MOG antibodies were checked in all samples to verify the induction of
demyelination. Results indicated prominent BBB disruption and higher concentration of anti-MOG antibodies in PTZ-treated
mice than in the vehicle control group. Puerarin (100 mg kg™) significantly protected the structural integrity of the BBB.
Moreover, Puerarin protected against immuno-reactivity and subsequently the formation of antibodies against MOG. The
results further strengthen the hypothesis that Puerarin has neuroprotective potential against demyelination owing to epileptic
seizures.

After authenticating the induction, spectroscopic analysis was performed to evaluate Puerarin effect on demyelination and
nerve o in epileptic seizures. Intrinsic optical properties of brain samples were determined through DRS. It was adopted
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based on the less invasive and more attractive technique for researchers. Furthermore, Kubelka-Munk theory was adopted [ 11|
for simulation, considering the heterogeneity and infinity of samples [66]. The Kubelka-Munk model is already the centre of
attraction for scientists, particularly for the assessment of neuropathologies and disease prognosis [67]. After scanning the brain
samples, ug was measured by adopting the established protocols. Change in pg is well reported, indicating optical property for
demyelination of nerves in CNS and spinal cord [68]. Reported factors are myelin content, neuronal cell bodies and roughness
of the nerves that affect ug. It was observed in the results that the trend of ug versus wavelength followed the scattering-phase
theorem. The reported theorem manifested as the overall increase in pg with the increase of tissue roughness. The inflamed
and disrupted nerve cells enhance the tissue roughness, and resultantly, g increases [69]. The same pg increase manifested in
our results for mice with epileptic seizures as in Puerarin-treated mice. Moreover, the reported data revealed that the myelin
sheath thinning causes a decrease in g compared with highly myelinated nerves. However, our results indicated a prominent
increase in g for mice with epileptic seizures compared with vehicle control [15,68]. Wang et al. [58] coined a concept of phase
gradient of tissue. The propagated light ray faces a tilt or change in direction or angle [58]. This can be a possible reason that
the fragmented myelin content and intrusion of peripheral immune cells act as internal light scatterers in samples from epileptic
seizure mice. The higher number of light scatterers offers more phases to change the propagated light path, and hence, the g
increases in brain samples with epileptic seizures. DePaoli ef al. in 2020 also reported the same angle-based propagation of light
and its effect on ug [68]. Contrary to this, Puerarin remarkably maintained the structural integrity of myelin sheath and nerves;
therefore, it showed 15 reduction of brain tissues; and hence, it protected against demyelination.

In addition to this, the results of i, further support the hypothesis of the neuroprotective effect of Puerarin against
demyelination in epileptic seizures. Results clearly demonstrated a reduction in p, of the mice’s brains having PTZ-induced
epileptic seizures. However, samples from the vehicle control and the Puerarin pretreated group of animals showed higher
Ua- Reported studies are also strengthening the hypothesis with the current results. Zou et al. in 2017 propagated the concept
of a linear increase of i, with the increase in myelin content of the samples [70]. The possible mechanism behind this optical
characteristic is enhanced lipid density. The highly myelinated brain area contains high lipid density owing to the lipid nature
of the myelin sheath. Moreover, the synthesis of myelin sheath requires fatty acids that undergo lipid synthesis and form the
main components of the myelin sheath [71]. The main constituents are lecithin and cholesterol. Therefore, the brain samples
with high lipid concentration show higher i, and hence have high myelin content [70]. Moreover, the high density of neurons
in normal brains exhibits higher p, than the brain samples of epileptic mice. The study reported by Zhu et al. further supports
the current results regarding neuron density [59]. Contrary to this, PTZ-induced epileptic seizure reduces the neuronal density
owing to hyper-excitability and cell death [72]. Our current results also support this finding by demonstrating reduced p, levels
in mice experiencing PTZ-induced epileptic seizures.

06605707 32 pa 205y ysyjewinolfbio-bunsyqndisaposiefos

In comparison with the pi,, the optical absorbance of the tissue provides indication of the overall absorbance of the photons
by the samples. The measurement of the absorbance of biological tissue is not preferred owing to the scattering effect. The
biological samples, in this case brain samples, have a large number of components that cause strong scattering of the absorbed
light [73]. Consequently, the term absorbance is also referred to as the optical density. The scattering effect in the overall
absorbance causes deviation of the measured light at different angles from the direct path. Hence, in order to ignore the effect
of scattering molecules in the brain tissue and to assess the effect on the basis of true absorbance, molar absorption coefficient
was measured [74]. The figure 7 of the molar absorption coefficient and figure 8 of optical absorbance spectra clearly indicate
the difference that is caused by scattering effect. In figure 8, a high absorption coefficient is indicated in the end of the visible
red light spectrum and near-infrared (IR) region that lies under 600-1200 nm wavelength. It is a well-reported fact that high
penetration of the light is observed at this wavelength [75]. Therefore, the light absorbers or chromophores deep into the tissue,
such as water and haemoglobin, show significant absorbance at this range [76]. The reported data further support the results
indicated in figures 7 and 8. However, the general effect of demyelination can be assessed with the overall absorbance spectra.
Dempyelination involves loss of myelin and hence the demyelinated samples show less absorbance compared with normal
samples [60,70].

By simulating with the Kubelka-Munk model, Epg was calculated separately for samples of each group. Epg is the intrinsic
ability of the matter to conduct electrical signals [77]. Epg is the energy required for the movement of an electron from the
valence band to the conduction band. If the matter is a good conductor, it will have less Ebg~ The conduction of an impulse
through electron movement will be easy. Contrary to this, a reduction in conduction ability will show a high Ebg value.
Similarly, in biological tissues, an action potential is generated owing to ion movement across the cell membrane and generates
electrical impulses. In the CNS, the action potential is stronger owing to the involvement of synapse. Therefore, the optical
characteristic is a closer indicator of the conduction ability of brain samples. Additionally, the excitation of electrons via photon
propagation is a well-documented phenomenon, and our results support this hypothesis [78]. Therefore, the epileptic brain
showed higher Epg value owing to demyelination and reduced ability to generate impulse than vehicle and Puerarin-treated
group. In addition to this, the Epg shift was observed as a blue shift among the groups. Blue shift is referred to as an increase
in Epg value. The vehicle control group showed the lowest Epg value. Puerarin-pretreated mice showed slightly higher Epg
values. However, the PTZ-treated mice exhibited the highest Ebg value, as shown in table 1. The blue shift strongly corresponds
with reduced conductivity of matter [79]. Therefore, it further authenticates the previous findings that Puerarin protects against
demyelination.

Histopathological analysis was performed to further authenticate the results of spectroscopic assessment. H&E staining
was conducted to verify whether the normal neuron density was altered owing to PTZ-induced epileptic seizures. The results
explicated that Puerarin significantly maintained the normal tissue structure of the brain hippocampus and cerebral cortex
compared with the negative control group. Additionally, Nissl staining was executed to find the neuron density in the samples
of all groups. The lowest neuron density was found in PTZ-induced epileptic seizure mice. In contrast, Puerarin significantly
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preserved the neurons and maintained the density of normal neurons in both the cerebral cortex and the hippocampus. These [ 12|
results further support the DRS results and band gap energy concept in biological tissue samples. In short, PTZ-induced
epileptic seizures cause demyelination owing to the formation of anti-MOG antibodies and BBB disruption. Immune reactivity
and cascade of demyelination led to a reduction in cell density, and hence, reduction in ¢ of samples. However, Puerarin
exhibited protective influence against demyelination and low ¢ by maintaining the normal tissue structure and neuronal cell
density. Results are in correlation with the p,, 1g and Epg corresponding to the intrinsic o of samples.

5. Conclusion

In conclusion, the study demonstrates that Puerarin provides significant neuroprotection against demyelination and reduced
intrinsic sigma activity associated with PTZ-induced epileptic seizures. Puerarin significantly countered epileptic seizures and
their associated BBB disruption. The resultant immuno-reactivity was reduced by inhibiting the formation of antibodies against
the MOG protein. The effect, subsequently, preserved the myelin sheath and basic tissue morphology. In spectroscopic analysis,
Puerarin showed similar results by enhancing (i, reducing pg and Epg shift, and consequently, the intrinsic ability of brain
samples to conduct impulses after stimulation and excitation of electrons with photonic energy. Histopathological assessment
further supports the results. However, keeping in view the introduction of band gap energy shift in biological samples, there is
a need for a more detailed study with different simulation models to further improve the literature on brain optical properties.
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