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ARTICLE INFO ABSTRACT
Keywords: Alzheimer’s disease (AD) is acknowledged as the main causative factor of dementia that affects
Kolaviron millions of people around the world and is increasing at increasing pace. Okadaic acid (OA) is a

Alzheimer’s disease toxic compound with ability to inhibit protein phosphatases and to induce tau protein hyper-

ioimttc;:irsl phosphorylation and Alzheimer’s-like phenotype. Kolaviron (KV) is a bioflavonoid derived from
Irﬂlfmaﬁon Garcinia kola seeds with anti-antioxidative and anti-inflammation properties. The main goal of
Pyroptosis this study was to assess whether kolaviron can exert neuroprotective effect against okadaic acid-

Oxidative stress induced cognitive deficit. Rats had an intracerebroventricular (ICV) injection of OA and pre-
treated with KV at 50 or 100 mg/kg and examined for cognition besides histological and
biochemical factors. OA group treated with KV at 100 mg/kg had less memory deficit in passive
avoidance and novel object discrimination (NOD) tasks besides lower hippocampal levels of
caspases 1 and 3, tumor necrosis factor o (TNFa) and interleukin 6 (IL-6) as inflammatory factors,
reactive oxygen species (ROS), protein carbonyl, malondialdehyde (MDA), and phosphorylated
tau (p-tau) and higher level of acetylcholinesterase (AChE) activity, mitochondrial integrity
index, superoxide dismutase (SOD), and glutathione (GSH). Moreover, KV pretreatment at 100
mg/kg attenuated hippocampal CAl neuronal loss and glial fibrillary acidic protein (GFAP)
reactivity as a factor of astrogliosis. In summary, KV was able to attenuate cognitive fall subse-
quent to ICV OA which is partly mediated through its neuroprotective potential linked to miti-
gation of tau hyperphosphorylation, apoptosis, pyroptosis, neuroinflammation, and oxidative
stress and also improvement of mitochondrial health.
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1. Introduction

Alzheimer disease (AD) is acknowledged as the most common causative factor of dementia in the elderly [1]. Brain samples of
Alzheimer’s patients show higher levels of extracellular amyloid beta (Ap) deposition as well as heightened intracellular tau neuro-
fibrillary tangles (NFTs) construction [2]. Number of patients with AD and related cognitive problems will be notably higher in the
next decades [3]. Moreover, AD patients suffer from memory impairment, non-memory cognitive deficits such as aphasia, executive
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TFC Total flavonoid content

TNF-a Tumor necrosis factor-o

dysfunction, and apathy, language disturbance, depressive symptoms, and so on [4]. No novel drugs with neuroprotective potential
besides its symptomatic relief have been approved for AD [5]. Existing drugs confer little benefit in symptom management and are not
practically capable to prevent neuronal death, brain atrophy, and gradual decline of cognition [6]. Although Ap fragments and
streptozotocin (STZ) have long been used to induce murine model of AD, neurotoxicants including okadaic acid (OA) are also used to
induce a consistent model of Alzheimer’s-like phenotype [7]. The mechanisms for OA neurotoxicity are partly through its inhibition of
serine/threonine phosphatases and concomitant tau hyperphosphorylation [8]. NFTs, lower activity of protein phosphatases, and
enhanced hyperphosphorylated tau are reported as the chief pathological markers in AD brain which is also observed following OA
challenge [9-11]. In addition, intracerebroventricular (ICV) microinjection of OA triggers oxidative stress, neuroinflammation, and
apoptosis [12], which is likewise seen in AD [11].

Bioactive compounds in medicinal plants especially their polyphenols have shown potential and promising effects to combat
against AD pathophysiological processes [13-15]. Garcinia kola (Garcinia genus, Clusiaceae family, Malpighiales order), commonly
known as the bitter kola, is a dioecious, multifunctional, and agroforestry tree which is found in some tropical African and even in
Asian countries [16,17]. This amazing and medicinal plant has a multitude of therapeutic applications. The therapeutic power of this
plant is mainly attributed to its seed bioflavonoid kolaviron (KV) with neuroprotective, cardioprotective and hepatoprotective activity
[18]. KV with anti-oxidant property, anti-inflammation effects, and anti-apoptotic potential has shown beneficial effects in neuro-
degenerative conditions [19,20]. KV can destabilize A fibrils and act as a potential anti-amyloidogenic factor [21], it has neuro-
protective effect against sodium azide or aluminium chloride neurotoxicity [22], and can also exert nootropic property due to its
targeting of antioxidant and cholinergic systems in scopolamine-induced model of memory disturbance [23]. Moreover, this plant is
able to protect against cognitive decline induced by lipopolysaccharide in rats by mitigation of oxidative stress and neuroinflammation
[24]. Nevertheless, there is still no established evidence on the positive effect of KV in some models of AD. Accordingly, this research
was designed and performed to evaluate the potential effect of KV on cognitive deficits in OA-provoked AD like phenotype.
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2. Materials and methods
2.1. Plant material

Garcinia kola seeds were obtained from local market of Nsukka, Enugu State, Nigeria and was systematically authenticated by
Centre for Ethnomedicine and Drug Development (voucher specimen # 17-022010).

2.1.1. Kolaviron preparation

Garcinia kola seeds were peeled, cut, and dried under shade at 25 °C. Kolaviron was separated as mentioned in a former study [25].
Its seeds (100 g) were ground and defatted with 150 ml of petroleum ether and 24 h-incubation in a soxhlet device. It was dried at
25 °C, extracted in acetone (120 ml, 40 °C), concentrated, and re-extracted with ethyl acetate. Major components in the obtained
kolaviron include Garcinia Biflavonoid 1, kolaflavanone, and Garcinia Biflavonoid 2 [26].

2.1.2. Kolaviron analytical tests

2.1.2.1. Total antioxidant activity (TAA) measurement. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity was
measured [27]. For calibration standard curve, different 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) concen-
trations were used. For this assay (in triplicate), 2 pL of sample were reacted with 250 ul of DPPH reagent. After shaking and incubation
in dark for 0.50 h, reading of absorption at 515 nm and data reporting as Trolox equivalent/g of KV (Table 1) were done.

2.1.2.2. Assessment of total flavonoid content (TFC). Protocol of an earlier study was applied for this test [28]. For this assay (in
triplicate), an aliquot of 0.1 g of KV was reacted with 1.5 ml of 95 % alcohol, 0.1 ml of 10 % aluminum chloride hexahydrate, and 0.1
ml of potassium acetate (1 M). After incubation for 40 min, the absorbance was measured at 415 nm. Quercetin was used as the
standard and data were shown as mg of quercetin equivalents/g of KV (Table 1).

2.1.2.3. Assessment of total phenolic content. For this test, Folin-Ciocalteu phenol reagent was used [28]. In this test, 0.05 g of KV was
reacted with 1.4 ml of deionized water, 1 ml of sodium carbonate (2 %), and 0.05 ml of Folin-Ciocalteau reagent (50 %) in triplicate.
After 30 min, the absorbance was taken at 750 nm and with gallic acid as the standard and data were shown as milligram of gallic acid
equivalent/g of KV (Table 1).

2.1.2.4. Determination of total flavonols. In this test [28], 1 mL of KV was mixed with 1 ml of aluminium trichloride solution (1 g/50
ml) in 95 % ethanol and 3 ml of sodium acetate solution (2.50 g/50 ml) and after 2.5 h, the absorbance was read at 440 nm and with
rutin as the standard and data were shown as milligram of rutin equivalent/g of KV (Table 1). This test was done in triplicate.

2.2. Animals

In this project, forty rats (Rattus norvegicus var. albinos, male gender, 12-13 weeks old, Wistar strain, 220-250 g) were used.
Working with animals was in accordance to the ethical guidelines and approval of Iran University of Medical Sciences (IR.IUMS.FMD.
REC.1399.538). Animal house conditions included 12-h lighting photoperiod, a humidity of 45-50 %, and free access to water and
food pellet.

2.3. Stereotaxic surgery

Rats were intensely anesthetized with an i.p. injection of an admixture of ketamine and xylazine (80 and 10 mg/kg), positioned in
the stereotaxic frame, the scalp was disinfected, incised, and a burr hole was made and OA (Santa Cruz Biotechnology Inc., USA)
dissolved in aCSF at a volume of 5 pl was delivered (into the right ventricle) at coordinates 0.2 mm behind Bregma, 1.2 mm in relation
to midline, and 3.2 mm below the dura and in conformity with the stereotaxic atlas [29].

2.4. Experimental design

Animals were studied in 5 groups including sham, sham treated with KV 100 mg/kg, OA, and OA groups receiving KV 50 or 100
mg/kg. KV was daily administered intraperitoneally started one week before till one week after the stereotaxic surgery. Doses of
kolaviron in this study were obtained from previous studies on its anti-inflammatory and redox regulatory effects in carbon nanotubes-

Table 1

Total phenols, flavonoids, and flavonols in kolaviron.
Total antioxidant activity (equivalent to Trolox/g) 217 £ 1.5
Total phenol (mg equivalent of gallic acid/gram) 19.2+1.7
Total flavonoid (mg equivalent of quercetin/gram) 18.7 £ 1.8
Total flavonol (mg equivalent of rutin/gram) 16.3 + 1.4
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induced model of neurobehavioral deficits and neurotoxicity (Adedara et al., 2020) and its protective effect against ischemia/
reperfusion injury [30]. In a previous study by Kalu et al., in 2016, LD50 for kolaviron was determined as 3050 mg/kg [31]. On this
basis, selected doses for kolaviron in this study were far lower than its LD50 dose and seem safe for therapeutic purposes. Dose of OA
(200 ng/rat) was in accordance to an earlier report on its neurotoxicity in the rat [32]. At 4th week post-surgery, animals were
evaluated in behavioral tasks. Experimental scheme is shown in Fig. 1.

2.5. Behavioral assessments

2.5.1. Y magze

Y maze was conducted as mentioned beforehand [33]. This test was based on the curious instinct of the animal and does not use
stimuli. At the beginning of the experiment, each rat was placed in the device and observed for 8 min. To evaluate the animal’s
behavior, the arms to which the animal was inserted were categorized into triple sequences and the categories containing the duplicate
arms were ignored. In addition, total number of explored arms was determined and alternation was calculated from the following
formula: (number of arms with actual alternation/(total number of arms-2)) x 100.

2.5.2. Novel object recognition

The device to perform this test was an open field chamber in a quiet and noise-free environment with a dim light [33]. Each animal
had two 5-min search sessions with a 4-h interval. During the familiarization, each rat was exposed to two identical objects, and in the
second experiment, one of the objects was swapped with a new (novel) object. Exploration of objects such as smelling, licking,
chewing, or nasal contact was assessed and ratio of discrimination was obtained from the next formula: (t [new] - t [familiar])/(t
[new] + t [familiar]) * 100.

2.5.3. Passive avoidance test (shuttle box)

The device had light and dark chambers, an interconnecting door, and a stimulator for shock application [34]. The test was done in
three phases including acclimation, acquisition, and retention and recall. For acquisition, each rat was positioned in the light arena and
after 5 min, lamp was switched on and door was raised and the animal was allowed to enter the dark chamber. After closing the door,
an electric chock (intensity = 1 mA, duration = 1 s) was given. During retention and recall, the same protocol was repeated with no
electric chock and time to enter dark chamber was taken as step through latency (STL; cut-off = 300 s).

2.6. Measurement of oxidative stress factors

2.6.1. Homogenate and supernatant preparation

At the end of study, rats were intensely anesthetized with ketamine (130 mg/kg), perfused with normal saline, brains were
immediately removed, and they were divided into two halves, right side in 10 % formalin solution for histochemical experiments (n =
6/group) and left side under frozen condition at —70 °C for biochemical assessments (n = 7/group). Specimens were homogenized in
Tris buffer (150 mM, pH 7.4, 5 % w/v) and after centrifuging at 7000 rpm for 10 min (4 °C), supernatants were separated and kept at
—70 °C.

2.6.2. Protein measurement

Protein measurement was done by the Bradford method in the presence of Coomassie Brilliant Blue G-250 dye [35]. For this
measurement, 20 pL of sample were reacted with 250 pl of reagent, incubated for 5 min, its absorbance was taken at 595 nm, and
bovine serum albumin was used as the standard.

‘ Stereotaxic ICV injection of Euthanasia
okadaic acid (200 ng/rat) Biochemical tests
| Day-7 | | Dayo ‘ | Day7 | | Day14 || Day21 | Day2g |

| I R N

Adaptation || IPInjection of kolaviron Behavioral tasks:
(50 and 100 mg/kg/day) | Y maze
- . Novel object recognition
Passive avoidance

Fig. 1. Experimental design of the study. KV (50 and 100 mg/kg) was injected for 2 weeks. To induce memory impairment, OA was I.C.V.
microinjected at 200 ng/kg. Behavioral assessment was done at 4th week and finally biochemical and histochemical assessments were conducted.
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2.6.3. Reactive oxygen species (ROS) assay

ROS quantification in the hippocampal lysate was done using 2, 7- dichlorofluorescein diacetate (DCF-DA), which is converted to
fluorescent DCF (dichlorofluorescein) by cellular peroxides. In this measurement, one hundred microliters of supernatant was reacted
with 10 pL of DCF-DA at 37 °C for 30 min. Fluorescent signals were detected using a fluorometer at an excitation of 488 nm and at an
emission of 525 nm [36].

2.6.4. Malondialdehyde (MDA) assay

Quantity of MDA as a factor of lipid peroxidation was measured in the presence of 0.5 % thiobarbiturate and 20 % trichloroacetic
acid in a thermoblock (95°C) for 30 min. After cooling and centrifuging (1500xg) at 25°C for 5 min, absorption was obtained at 535 nm
and with tetraethoxypropane as the standard [37].

2.6.5. Nitrite assay
Lysate nitrite content was measured using Griess reagent containing phosphoric acid (2.5 %), sulfanilamide (1 %) and naph-
thylethylenediamine dihydrochloride (0.1 %) and after incubation for 10 min, absorption was obtained at 540 nm [38].

2.6.6. Protein carbonyl estimation

Protein carbonyl assay was based on the reactivity of carbonyl compounds and 2, 4 dinitrophenyl hydrazine. One hundred mi-
croliters of supernatant were added to 200 pL of 2,4-dinitrophenylhydrazine (10 mM) in HCl (2.5 N) for 60 min. Samples were then
precipitated with 300 pl of trichloroacetic acid (20 %), centrifuged for 5 min at 9000 g, the pellet was rinsed with 0.5 ml of ethanol and
ethyl acetate, dissolved in 225 pl of guanidine (6 M, 37 °C) for 5 min and its absorbance was obtained at 365 nm [39].

2.6.7. GSH measurement

For GSH assessment, lysate was incubated with 20 % trichloroacetic acid (TCA) and 1 mM EDTA for 5 min and after centrifuging at
10000xg for 30 min (4 °C), obtained product was reacted with 0.1 mM 5.5'-dithiobis 2-nitro-benzoic acid and its absorbance was
obtained at 412 nm [40].

2.6.8. Determination of superoxide dismutase (SOD) activity

Activity of this enzyme was analyzed in the presence of nitroblue tetrazolium (NBT) and xanthine with absorbance taken at A = 560
nm [41]. Tissue lysate (100 pl) was reacted with 60 pl chloroform and 100 pl ethanol. The mixture was centrifuged (15000xg, 30 min),
50 pL of supernatant was separated and reacted with 0.9 ml of the reagent (50 mg of bovine serum albumin, 0.1 mmol/] xanthine, 0.1
mmol/L EDTA, 25 mmol/] nitroblue tetrazolium and 40 mmol/] sodium carbonate; pH 10.2). Xanthine oxidase was then added and
kept for 20 min at ambient temperature. The reaction was finished by cupric chloride (0.8 mmol/1) and its absorbance was determined
at 560 nm.

2.6.9. Determination of catalase (CAT) activity

Enzyme activity was assessed in the presence of hydrogen peroxide, potassium hydroxide, and potassium periodate [42]. For this
experiment, 20 pL of supernatant were reacted with 100 pl of buffer and 20 pL of diluted substrate for 20 min. The reaction was
terminated by 30 pL of diluted potassium hydroxide. Then, 10 pL of potassium periodate were included and after 5 min, absorbance
was taken at 540 nm.

2.6.10. Glutathione peroxidase (GPx) assay

For this measurement [43], changes of absorption in the presence of 50 pl of supernatant and 250 pl of phosphate buffer solution
(50 mM, pH 7.4) containing NaNs (1.25 mM), ethylenediaminetetraacetic acid (EDTA, 4 mM), HyO5 (0.25 mM), GSH (1 mM), and
nicotinamide adenine dinucleotide phosphate cofactor (NADPH, 0.16 mM) were read at 365 nm.

2.6.11. Glutathione reductase assay

For assaying glutathione reductase (GR) activity, 50 pl of supernatant and 450 pl of potassium phosphate buffer solution (0.1 M, pH
7.6), NADPH cofactor (0.1 mM), EDTA (0.5 mM), and glutathione disulfide (1 mM) were mixed and absorption was taken at 340 nm
[44].

2.7. Measurement of TNFa, IL-6, and phosphorylated tau

Sandwich ELISA kits (Karmania Pars Gene, Kerman, Iran) were used to quantify TNF-a and IL-6 in samples and reading of
absorbance at 450 nm. To quantify phosphorylated tau (p-tau), rabbit anti-phospho-tau (ser 396) antibody and goat anti-rabbit
peroxidase IgG were used in accordance to sandwich ELISA protocol from Abcam company, USA.
2.8. Evaluation of apoptotic and pyroptotic factors

The activity of caspase 3 was measured as mentioned before [45]. For caspase 3, 30 pl of lysate was incubated at 37 °C with 120 pL

of assaying buffer (50 mM Hepes, 0.2 % 3-([3-cholamidopropyl]-dimethyllammonio)-1-propanesulfonate (CHAPS), 20 % sucrose,
EDTA (2 mM), dithiothreitol (10 mM), and 50 pM p-nitroaniline; pH 7.4). After 3 h, absorbance was determined at 405 nm. For caspase



M. Nazari-Serenjeh et al. Heliyon 10 (2024) e25564

1, Abcam specific kit (USA) was used. In the latter assay, 25 pL of supernatant were reacted with 110 pl of reagent consisting of 10 mM
DTT and 0.2 mM YVAD-p-NA substrate for 90 min at 37 °C and reading of absorbance was done at 405 nm.

2.9. Evaluation of acetylcholinesterase (AChE) activity

This assay was conducted as mentioned before [46]. In this test, 20 pl of supernatant was mixed with 130 pL of phosphate buffer
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Fig. 2. Findings for performance in Y-maze (A), novel object recognition (B), and shuttle box (C) tests. * for p < 0.05, ** for p < 0.01 and *** for p
< 0.001 compared to the sham group. # for p < 0.05 and ## for p < 0.01 versus OA group.
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solution (0.1 M, pH 8.0) and then 5 pL of DTNB were included. After 2 min, the absorbance was reset to zero. For the substrate, 20 pL of
acetylthiocholine-iodide (0.075 M) were included. Absorbance change at 412 nm was taken for 10 min and the change in absorbance
per min was obtained.

2.10. Evaluation of BACE-1 activity

This experiment was done as reported before [45,47]. Reaction solution had 50 pL of lysate, 50 pL of sodium acetate buffer solution
(50 mM, pH 4.5) and 100 pL of DL-BAPNA (6 mM) at 37 °C. Then, absorption difference was obtained for 65 min at 405 nm and it was
reported as the rate of hydrolysis of DL-BAPNA/h (AA/h).

2.11. Evaluation of MMP

MMP as a diagnostic factor related to mitochondrial integrity and wellbeing was measured through Rhodamine 123. This substance
is a cationic fluorescent dye that accumulates in the mitochondria after entering cells. In this assay, samples were centrifuged at 10000
rpm and then 20 pl of Rhodamine 123 (0.5 mg/5 ml DMSO, SigmaAldrich, USA) and 180 pL of PBS with pH at 7.4 was added to the
sediment and after incubation for 30 min (37 °C), emission at 525 nm was determined following excitation at 488 nm [48,49].

2.12. Histological examination

Rotary-microtome cut five-micron hippocampal sections were deparaffinized and stained alternatively for Nissl staining (0.1 %
Cresyl violet). Other sections were reacted for glial fibrillary acidic protein (GFAP) immunohistochemistry after incubation in primary
mouse antibody against GFAP (monoclonal, 1:75, Santa Cruz Biotechnology, USA) for 12 h at 4 °C, reaction with secondary antibody
(HRP-conjugated, Santa Cruz Biotechnology, USA) at room temperature for 4 h and development with 3,3-diaminobenzidine-tetra-
hydrochloride (DAB) chromogen in the company of H202 and further staining with Hematoxylin for 20 s. Determination of Nissl-
stained CA1 pyramidal neuronal number and intensity of GFAP immunoreactivity (IRA) at stereotaxic levels of 3.2-3.6 mm behind
the bregma reference point was made in ImageJ (Version 1.53, National Institutes of Health, USA) in a blinded manner on coded slides
and findings were reported as number of neurons or as GFAP immunoreactive loci per mm2.

2.13. Statistical judgement

Analyzed data in GraphPad Prism 9.3 (GraphPad Software Inc., USA) were shown as mean + SEM. Sample size in this study was
obtained from pertinent studies in this field [50,51] and using sample and power function in Minitab, version 19.2. After ascertaining
normal distribution in Shapiro-Wilk test and testing for outliers in data sets using Grubbs’ statistical analysis, we further assessed data
using analysis of variance (ANOVA) and Tukey’s test and with statistical significance at p < 0.05.

3. Results
Establishment of OA-induced Alzheimer’s-like phenotype in this study was verified in our different behavioral tasks as follows.
3.1. The effect of kolaviron on behavioral performance

Fig. 2A shows data of recognitive spatial and short-term memory in the Y maze. Performing one-way ANOVA displayed a significant
difference (F [4,35] = 4.95, p < 0.01). Additional assessment with Tukey’s multiple range test showed that ICV microinjection of OA
significantly reduces alternation score in relation to the sham group (p < 0.01). However, KV administration to OA-injured groups at
none of the used doses, i.e., 50 or 100 mg/kg, was successful to significantly improve alternation.

Performing one-way ANOVA in novel object recognition task (Fig. 2B) showed a significant and marked difference (F [4,35] =5.91,
p < 0.001). Additional Tukey’s test showed that discrimination index is notably lower in OA-challenged group in relation to the sham
group (p < 0.01) and such significant decrease to a lesser degree was similarly observed for KV-treated OA group at 50 mg/kg (p <
0.05). Contrariwise, OA-injured group receiving KV at 100 mg/kg had a higher discrimination score versus OA group (p < 0.05).

Data analysis with one-way ANOVA for passive avoidance test (Fig. 2C) displayed a significant difference (F [4,35] = 7.54, p <
0.001). Further analysis with Tukey’s test indicated that OA-injured group has a significantly lower latency in relation to sham group
(p < 0.001) and this reduction was similarly obtained for KV50 + OA group (p < 0.01). In contrast, latency to enter dark chamber was
significantly greater in KV100 + OA group versus ICV OA injured group (p < 0.01).

3.2. Kolaviron effect on oxidative stress factors

Analysis of oxidative stress factors including MDA (F [4,30] =10.49, p < 0.001), ROS (F [4,30] = 5.38, p < 0.01), nitrite (F [4,30]
=4.72, p < 0.01), protein carbonyl (F [4,30] = 12.87, p < 0.001), GSH (F [4,30] = 4.36, p < 0.01), catalase (F [4,30] = 9.23, p <
0.001), SOD (F [4,30] = 5.69, p < 0.01), glutathione reductase (GR) (F [4,30] = 3.34, p < 0.05) and glutathione peroxidase (GPx) (F
[4,30] = 4.02, p < 0.01) (Table 2) showed that intracerebroventricular injection of OA is associated with significant elevation of
protein carbonyl (p < 0.001), MDA (p < 0.001), ROS (p < 0.001), and nitrite (p < 0.05) and lower levels or activities of GR (p < 0.05),
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GPx (p < 0.05), GSH (p < 0.01), catalase (p < 0.001), and SOD (p < 0.01) in relation to the sham. Conversely, treatment of ICV OA
group with kolaviron at 100 mg/kg significantly reduced protein carbonyl (p < 0.05), ROS (p < 0.05), and MDA (p < 0.01) and
significantly enhanced GSH (p < 0.05) and SOD (p < 0.05) and with no significant change of GR, GPx, nitrite, and catalase.
Furthermore, kolaviron treatment at 50 mg/kg did not produce such significant and reversing effects.

3.3. The effect of kolaviron on inflammation factors

Analysis of inflammation factors (Table 2) by one-way ANOVA displayed a significant difference for TNFa (F [4,30] = 13.46, p <
0.001) and for IL-6 (F [4,30] = 8.47, p < 0.001). Further analysis by Tukey test displayed significant elevation of both TNFa and IL-6 (p
< 0.001) in OA group in relation to the sham. Contrariwise, kolaviron given to OA group at 100 mg/kg attenuated both TNFx (p <
0.01) and IL-6 (p < 0.05) in relation to OA-injured group. Again, treatment of OA group with KV at 50 mg/kg reduced only TNF-a level
at a significant level (p < 0.05).

3.4. Kolaviron effect on apoptotic and pyroptotic factors

Analysis of data for apoptotic factor caspase 3 (F [4,30] = 7.25, p < 0.001) and pyroptotic factor caspase 1 (F [4,30] = 6.10, p <
0.01) (Table 2) by one-way ANOVA displayed a significant difference. Further Tukey analysis showed that hippocampal levels of
caspase 3 and caspase 1 are significantly higher (p < 0.01 for both of them) in OA group in relation to the sham. Additionally, kolaviron
given at 100 mg/kg to OA group was associated with significantly lower level of caspase 1 and caspase 3 (p < 0.05) in relation to OA
group (Table 2).

3.5. Kolaviron effect on hippocampal level of phosphorylated tau (p-taw)

One-way ANOVA for hippocampal level of p-tau as a diagnostic indicator of tauopathy and AD development (F [4,30] = 16.10, p <
0.001) indicated significant difference. Further Tukey test showed that phosphorylated tau is markedly higher in OA group (p < 0.001)
and OA groups pretreated with kolaviron at 50 mg/kg (p < 0.01) and 100 mg/kg (p < 0.05) in relation to sham. In contrast, kolaviron
given to OA group at 50 mg/kg (p < 0.05) and 100 mg/kg (p < 0.01) led to lower hippocampal amount of phosphorylated tau in
relation to OA-injured group (Table 2).

3.6. The effect of kolaviron on activity of BACE-1 and AChE

Conductance of one-way ANOVA for hippocampal activity of BACE-1 (F [4,30] = 5.42, p < 0.01) (Fig. 3A) and AChE (F [4,30] =
7.29, p < 0.001) (Fig. 3B) displayed a significant difference. Further Tukey analysis displayed that hippocampal activity of BACE-1 and
AChE in the OA group is distinctly more (p < 0.01) and less (p < 0.01), respectively, in relation to sham. Contrariwise, KV given at 100
mg/kg to OA group caused non-significant reduction of BACE-1 activity (p < 0.05) and significant improvement of AChE activity (p <
0.05) in relation to OA group.
3.7. The effect of kolaviron on hippocampal MMP

One-way ANOVA test for hippocampal level of MMP as factor of mitochondrial integrity showed a significant inter-group difference

Table 2

Hippocampal levels of apoptosis-, oxidative stress-, and neuroinflammation-associated factors.
Groups Sham Sham+ KV100 mg/kg OA OA+ KV50 mg/kg OA-+ KV100 mg/kg
Oxidative stress and antioxidants (n=7/group)
MDA (nmol/mg) 1.03 £ 0.09 1.15+0.14 2.18 £ 0.17%** 1.73 £ 0.18* 1.29 + 0.15##
Estimated ROS (RFU) 5.17 £ 0.49 4.95 £ 0.53 8.91 + 0.85** 6.92 £+ 0.81 5.79 £+ 0.75#
Nitrite (ug/mg) 5.91 £+ 0.67 5.73 £ 0.75 9.82 £ 0.91* 8.32 £ 0.83 7.03 £ 0.78
Protein carbonyl (pmol/g) 7.85+1.12 8.27 +1.34 20.15 + 1.62%** 15.91 + 1.59%* 13.82 + 1.54%#
GSH (nmol/mg) 6.71 £ 0.49 6.03 £ 0.51 3.86 + 0.55%* 5.35+0.52 6.07 &+ 0.54#
Catalase (unit/mg) 491 +£0.33 4.51 + 0.39 2.07 £ 0.45%** 2.51 + 0.43** 3.46 + 0.41
SOD (unit/mg) 7.51 + 0.49 7.05 + 0.53 4.17 £+ 0.59%* 6.09 + 0.56 6.67 + 0.52#
Glutathione reductase (nmol/min/mg) 73.52 + 5.68 70.21 + 4.97 47.32 + 5.93* 57.80 + 5.82 65.81 + 6.34
Glutathione peroxidase (nmol/min/mg) 38.95 + 2.85 41.76 + 3.25 25.17 + 3.55% 30.93 + 3.29 33.85 + 3.37
Inflammation (n=7/group)
TNFa (pg/mg) 27.83 £+ 2.57 26.58 + 2.91 55.14 + 3.46%** 41.09 + 3.55%# 38.25 + 3.18##
1L-6 (pg/mg) 25.13 £ 2.38 30.38 + 2.85 48.51 + 3.57*** 42.35 + 3.76** 35.21 + 3.17#
Apoptosis and pyroptosis (n=7/group)
Caspase 1 (OD) 0.31 + 0.05 0.35 + 0.06 0.79 £+ 0.11** 0.57 = 0.08 0.45 + 0.07#
Caspase 3 (OD) 0.27 + 0.04 0.25 + 0.06 0.67 4 0.08** 0.48 = 0.07 0.36 = 0.07#
Phosphorylated tau (n=7/group)
P-tau (pg/mg) 31.95 + 2.87 33.51 + 3.09 65.82 + 3.89%** 50.19 + 3.75**# 46.37 £ 3.52%##

* for p < 0.05, ** for p < 0.01, *** for p < 0.001 versus sham group; # for p < 0.05, ## for p < 0.01 versus OA group.
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Fig. 3. Hippocampal level of BACE 1 (A) and AChE activity (B). These factors were evaluated three weeks after OA injection. * for p < 0.05 and **
for p < 0.01 (versus the sham); # for p < 0.05 (versus the OA group).
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Fig. 4. Hippocampal level of mitochondrial membrane potential (MMP). * for p < 0.05 and *** for p < 0.001 (relative to the sham), # for p < 0.05
(versus the OA group).
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(F [4,30] =12.97, p < 0.001). MMP in OA group was notably lower (p < 0.001) in relation to sham. Conversely, KV administration to
OA group at 100 mg/kg significantly prevented such reduction of MMP (p < 0.05). Additionally, KV given at 50 mg/kg to OA group did
not produce a significant effect (Fig. 4).

3.8. The effect of kolaviron on hippocampal histochemistry

One-way ANOVA analysis showed a significant difference for number of CA1 pyramidal neurons (F [4,25] = 6.34, p < 0.01) and
GFAP immunoreactivity (F [4,25] = 21.2, p < 0.001). Further Tukey analysis showed that ICV microinjection of OA is associated with
significantly lower density of CA1 neurons in Nissl staining (Fig. 5A) (p < 0.01) and higher GFAP immunoreactivity as a special in-
dicator of astrocytes (Fig. 5B) (p < 0.001). In contrast, OA group under treatment with kolaviron at 100 mg/kg, but not administered at
50 mg/kg, had a significantly higher density of pyramidal neurons (p < 0.05) and lower GFAP reactivity (p < 0.01), clearly suggestive
of neuroprotective potential of kolaviron and also its ability to attenuate astrogliosis.

4. Discussion

The main goal of this research was to show potential protective effect of kolaviron in ICV OA murine model of Alzheimer’s like
phenotype regarding memory function, apoptosis, oxidative stress, neuroinflammation, and neuronal loss. ICV microinjection of OA
was associated with impairment of memory functions, as demonstrated by inferior alternation in Y maze, disturbed discrimination
score in novel object discrimination (NOD) test, and recall deficit in passive avoidance task which was in agreement with past reports
[12,52]. Contrarywise, kolaviron administration at 100 mg/kg improved discrimination and raised latency in OA-injected rats, clearly
indicating its improvement of information consolidation and retrieval besides its restoration of recognition. These results for kolaviron
are corroborating past reports [23,53,54].

Loss and down-regulation of brain cholinergic activity as an indicator of degeneration of cholinergic neuronal system has been
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Fig. 5. Density of CA1 pyramidal neurons (A) and immunoreactivity for glial fibrillar acidic protein (GFAP). * for p < 0.05, ** for p < 0.01 and ***
for p < 0.001 versus the sham group; # for p < 0.05 and ## for p < 0.01 versus the OA group.
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reported in AD phenotype [50,55,56]. Since we observed lower activity of AChE besides neuronal loss in the hippocampus in the OA
group, this clearly justify cholinergic impairment in our study. However, as a limitation, it had been better to determine also AChE
activity and expression status of cholinergic receptors within cerebral cortex. This important issue certainly requires further inves-
tigation. KV administered at 100 mg/kg to ICV OA-injected group caused significant improvement of hippocampal AChE which may be
attributed to its neuroprotective effect and preservation of the cholinergic system. In line with this finding, it has been shown that KV at
100 and 200 mg/kg is able to improve cortical and striatal activity of AChE in a cerebral ischemic model [57].

AD is pathologically typified by the development of two abnormal assemblies, i.e., AB plaques and tau-associated neurofibrillary
tangles [58]. Although we did not measure amyloid beta plaques in this study which is a limitation, our ICV injection of OA was
associated with higher hippocampal level of phosphorylated tau. In agreement with this finding, in a study by Foidl et al., in 2018, it
was shown that exposure of brain slices obtained from wild type mice to okadaic acid induces tau hyperphosphorylation [59].
Additionally, Cakir et al., in 2023 showed enhanced level of phosphorylated-tau in OA model of AD in cortical and hippocampal areas
[60]. In contrast, kolaviron pretreatment of OA group at 50 and 100 mg/kg was capable to appropriately reverse this change regarding
p-tau. There is still no report how the kolaviron can target tauopathy and amyloidogenesis which warrants further investigation.

ICV OA injection in rats is associated with oxidative stress load, apoptosis, cellular inflammation, and neurodegenerative changes
in cortical and hippocampal areas [61], which was also observed in this study by elevated hippocampal levels of MDA, protein
carbonyl, ROS, nitrite and concomitant depression of antioxidants such as SOD and catalase in addition to higher activity for caspases 1
and 3. In contrast, kolaviron treatment of ICV OA-challenged group was associated with attenuation of these inappropriate changes. In
line with our findings, it has been shown that KV can alleviate busulfan-induced brain damage via partial suppression of oxidative
stress load, apoptosis, and neuroinflammation [62]. Furthermore, it has been shown that kolaviron can suppress 1-methyl-4-phenyl-1,
2,3,6-tetrahydropyridine (MPTP)-induced striatal load of oxidative stress, degeneration of dopaminergic neurons besides its
down-regulation of caspase 3 in a model of Parkinson’s disease [63]. However, there is no report on the effect of kolaviron on caspase 1
and this still warrants further research studies.

Development of astrogliosis has been reported following ICV OA [64,65]. Such findings were also obtained in our study, as
demonstrated by higher hippocampal GFAP immunoreactivity as a specific feature of astrogliosis. Conversely, KV treatment of ICV OA
group was able to significantly attenuate astrogliosis. Of relevance to this finding, it has been proven that kolaviron can protect
prefrontal cortex against sodium azide neurotoxicity through attenuation of astrocyte activation [66].

Multifunctional phytocompound kolaviron has been presented as an amyloid beta fibrils disruptor and may be considered as a
potential anti-amyloidogenic agent after further studies [21]. Although ICV microinjection of OA in this study was associated with
significantly higher BACE1 (fB-secretase 1) activity as one of the key enzymes in amyloidogenic cascade, however, KV treatment even at
100 mg/kg was not able to significantly lower BACE1 and only a 34.7 % reduction in enzyme activity was obtained in this regard which
may have been due to its insufficient administered dose and/or time duration of administration.

OA exposure is associated with lower MMP as a marker for mitochondrial health and integrity [67] which was also detected in this
research. On the contrary, KV treatment prevented loss of MMP in OA-instigated hippocampal injury. In conformance to this result, it
has been displayed that flavonoid-rich kolaviron can abrogate MMP loss following busulfan-instigated brain injury in rats [62].

In the current research, we preferred to have a pretreatment, preventive, and neuroprotective strategy and not a post-treatment and
restorative design and accordingly we administered kolaviron before okadaic acid microinjection. Such design for Alzheimer’s-like
phenotype and under neurotoxic conditions is according to literature [68-71]. However, as a limitation, it is recommended to evaluate
the beneficial and restorative effect of kolaviron post-treatment in OA model of AD like phenotype in future studies. In addition, in this
study, we administered our therapeutic kolaviron through intraperitoneal route to avoid potential changes in its pharmacokinetics due
to absorption and also having its effectiveness to a greater degree. However, since medicinal plants and their by-products are usually
given orally, thus, it is recommended to administer kolaviron through oral route to assess its possible effectiveness in animal models of
AD. Lack of immunoblotting and gene expression studies in addition to absence of assessment of amyloid p deposition were other
limitations of this study.

In conclusion, KV was able to attenuate cognitive fall subsequent to ICV OA which is partly mediated through its neuroprotective
potential linked to mitigation of tau hyperphosphorylation, apoptosis, pyroptosis, neuroinflammation, and oxidative stress and also
improvement of mitochondrial health.
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