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Oroxylum indicum ameliorates
D-galactose-induced aging
related memory impairments
via enhancing rat hippocampal
neurogenesis

Nittaya Tanrangka?, Ram Prajit!, Soraya Kaewngam?, Tanaporn Anosri?,
Worapol Sae-Foo?, Anusara Aranarochanal, Nataya Sritawan?, Apiwat Sirichoat?,
Waraporn Putalun?, Peter Wigmore* & Jariya Umka Welbat'™*

Brain aging significantly affects human lives, particularly among the elderly, leading to various
diseases and constituting memory and cognitive decline. Hippocampal neurogenesis, the process of
generating new neurons throughout life, decline with aging, which contribute to cognitive decline and
dementia. D-galactose (D-gal) induces brain aging by increasing oxidative stress and inflammation,
resulting in neurodegeneration and memory dysfunction. Oroxylum indicum fruit extract (OIFE), a
traditional Thai herb, possesses strong antioxidant and neuroprotective properties. We investigated
whether OIFE extract mitigates D-gal-induced memory decline, assessing its phytochemical profile,
antioxidant capacity and neuroprotective effects. The results revealed that OIFE possessed strong
phytochemical properties using measures such as total phenolic content (TPC), total flavonoid content
(TFCQ), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP), and high-
performance liquid chromatography-ultraviolet (HPLC-UV). Liver and kidney function tests on blood
samples showed no significant differences among the groups. For memory function testing, sixty male
Sprague Dawley rats were divided into six groups and treated with OIFE (125 or 250 mg/kg, p.o.) and
D-gal (50 mg/kg, i.p.) for eight weeks. D-gal administration resulted in significant memory deficits
(accessed via the novel object location [NOL] and novel object recognition [NOR] test). These deficits
were correlated with a decrease in the number of immature neurons and reduced neuronal cell survival
in the subgranular zone (SGZ), as observed using doublecortin (DCX) and 5-Bromo-2’-deoxyuridine/
Neuronal nuclear protein (BrdU/NeuN) immunofluorescence staining, respectively. However, co-
treatment with OIFE ameliorates D-gal-induced these impairments. Therefore, OIFE could mitigate
memory and neurogenesis impairments in D-gal-induced brain aging in rats.
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The proportion of the elderly population, defined as people aged 60 and over, is expected to increase from 12.3%
to 21.5% over the next few decades!. Aging is a process of cell senescence that affects organ functions, especially
brain functions®. The aging process induces cell damage related to impairment of structures and functionals in
the body. Brain aging is the main cause of neurodegenerative diseases, such as dementia, Alzheimer’s disease,
and Parkinson’s disease?>. In addition, memory and cognitive impairments are commonly found in aging
populations, leading to a decrease in quality of life and increased weakness disability?. Neurodegeneration is often
associated with abnormal homeostasis activities, for instance, DNA damage, protein, lipid, and mitochondrial
dysfunction?. Previous studies have postulated that age-related decline in memory function is associated with
decreased neurogenesis™®. Neurogenesis is an essential system for generation of new neurons in the brain,
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particularly in the subgranular zone (SGZ) of the hippocampus. Normally, hippocampal neurogenesis involves
neural stem cell (NSC) proliferation, transformation into immature neurons, and migration to the granule cell
layer>’. Decreasing hippocampal neurogenesis is influenced by neuroinflammation, oxidative stress, and lipid
peroxidation®’.

Chronic administration of D-galactose (D-gal) in animal models produces an aging-like phenotype in the
brain by triggering brain cell deterioration, leading to memory impairment!'*-!%. Chronic administration of
D-gal-generated reactive oxygen species (ROS) causes oxidative stress and induces neuronal cell damage!*1°.
Accumulation of D-gal leads to the generation of advanced glycation end-products, which increase inflammation
and oxidative damage in the brain. Additionally, long-term D-gal-induced cell deterioration involves unstable
oxidant production and antioxidant enzyme activity, which contribute to acceleration of aging. D-gal generates
ROS through galactose oxidase activity, leading to a progressive decline in learning and memory function.
D-gal induces memory impairment, particularly spatial and recognition memory, by reducing neurogenesis and
causing cell apoptosis in the brain'®-!%, Furthermore, administering D-gal at a dose of 50 mg/kg for 8 weeks can
reduce both spatial and recognition memory, which are linked to hippocampal neurogenesis!>!*20. Although
D-gal-induced brain aging, driven by oxidative stress, leads to impaired hippocampal neurogenesis, new
therapeutic options may slow down or improve this process.

Natural products contain flavonoids that have a neuroprotective effect associated with neurogenesis in the
brain aging. Oroxylum indicum (L.) Benth. ex Kurz (O. indicum), found in Asia, such as Thailand?!, Sri Lanka,
Philippines, Indonesia, China, and Malaysia, is referred to as Pheka in Thailand. All parts of O. indicum can be
used in traditional medicine and as food ingredients?>?3. It also exhibits pharmacological properties, including
antioxidant and anti-inflammatory effects that help alleviate oxidative stress. O. indicum contains bioactive
compounds that belong to flavonoid group, such as oroxylin A, baicalein, and chrysin?>-2. A prior study
has found that bark and leave extracts of O. indicum improve memory impairments, decrease ROS, and lipid
peroxidation, and increase antioxidant levels caused by doxorubicin chemotherapy in a mice model*>*. Studies
have investigated the neuroprotective effects and the mechanisms of O. indicum extracts on memory impairment
in animal models of chemotherapy and cognitive function in older adults?®?’. Therefore, this inquiry aims to
investigate the phytochemical analysis, antioxidant activity, and the neuroprotective effect of O. indicum fruit
extract against memory and hippocampal neurogenesis declines in the SGZ of the hippocampal dentate gyrus
in D-gal-induced aging rats.

Results

Phytochemicals of the OIFE

The results demonstrated that OIFE contained a high level of TPC, measuring 73.506 + 19.2 mg GAE/g extract
powder and TFC, with a content of 125.16+1.20 mg QE/g extract powder content. The DPPH IC, values for
L-ascorbic acid and OIFE were 3.10 £0.27 pg/ml and 122.18 +0.33 ug/ml, respectively. Moreover, the antioxidant
activity in OIFE showed a high level of FRAP, with a content of 116.97 +0.002 (Fe>* pg/g extract). The results of
the phytochemical analysis of OIFE indicated that it possesses significant free radical scavenging and antioxidant
activity. HPLC-UV analysis of OIFE, conducted using a modified version of a previously published method
showed five major peaks in the extract as presented in Fig. 1?%. The major compounds in OIFE include (1) oroxin
A, (2) baicalin, (3) baicalein, (4) chrysin, and (5) oroxylin A. The identified compounds of OIFE data were
presented in Table 1. The precision of HPLC-UV system was evaluated as 0.46-1.80 percentage relative standard
deviation (%RSD) for intra-day precision and 0.67-2.94%RSD for inter-day precision as shown in Table S1. The
precision was in acceptable criteria.

Effect of OIFE on body weight, as well as kidney and liver function tests

No significant differences were observed in the animal body weight among the groups (F (275, 2640) =0.9873,
p=0.547, effect size (n?)=0.093), as shown in Fig. 2. The effect of OIFE on kidney and liver function tests,
as determined through biochemical investigations, revealed no significant differences in blood urea nitrogen
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Fig. 1. HPLC chromatogram of standardized OIFE. Peaks labeled with 1-5 represent the major compounds,
including (1) oroxin A, (2) baicalin, (3) baicalein, (4) chrysin, and (5) oroxylin A.
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Peak | Retention time (min) | Compounds | Contents (mg/g)
1 33.019+0.984 oroxin A 22.01+£1.36
2 33.883+0.749 baicalin 4.06+0.32
3 42.522+0.195 baicalein 28.67+£1.90
4 47.341+0.098 chrysin 4.48+0.37
5 48.041+0.091 oroxylin A 0.69+0.07

Table 1. Main compound of OIFE identified through HPLC-UV analysis.
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Fig. 2. Impact of OIFE and D-gal on body weight.

(BUN) (F (5, 42)=0.841, p=0.529, effect size (n?)=0.091), creatinine (F (5, 42)=0.853, p=0.521, effect size
(n?)=0.092), alanine aminotransferase (ALT) (F (5, 42) =1.456, p=0.225, effect size (n?) =0.148), and aspartate
aminotransferase (AST) (F (5, 42)=0.841, p=0.06, effect size (n?)=0.217), as presented in Fig. 3. The results
indicate that the treatment with OIFE (125 and 250 mg/kg) and D-gal (50 mg/kg) did not result in any adverse
events or major toxicity in kidney and liver functions across all groups.

Effect of OIFE on memory functions

The effects of OIFE and D-gal on memory function were assessed through the NOL and NOR tests, which
measured spatial and recognition memory in D-gal-induced aging rats. There was no significant difference
in exploration time across the groups in both the NOL (F (5, 30)=0.827, p=0.541, effect size (n?)=0.121,
Fig. 4A) and NOR tests (F (5, 30)=0.888, p=0.501, effect size (n?) =0.129, Fig. 4C). These results suggest that
neither OIFE nor D-gal treatment impacted the rat’s locomotion or movement. The discrimination indexes
(DIs) of the D-gal group were significantly lower than those of the vehicle group (p <0.0001, Fig. 4B and 4D),
suggesting that D-gal impaired both spatial and recognition memory in the rats. Rats in the D-gal+ OIFE125,
and D-gal + OIFE250 groups showed significantly increased DIs in the NOL and NOR tests compared to the
D-gal group [NOL test (F (5, 30)=9.230, p<0.0001, effect size (n?)=0.606) and NOR test (F (5, 30)=10.77,
p<0.0001, effect size (n?) =0.642], signifying that OIFE can mitigate the impact of D-gal-induced brain aging as
shown in Fig. 4 and Table 2.

Effect of D-gal and OIFE on immature neurons

DCX immunofluorescence staining was applied to evaluate immature neurons in the SGZ as shown in Fig. 5.
The mean number of DCX-positive cells were showed in Table S2. The D-gal group had significantly fewer cells
stained with DCX compared to the vehicle group (p <0.0001, Fig. 5B). However, a higher number of cells stained
with DCX was detected in the co-treatment groups compared to the D-gal group (F5,30=36.51, p <0.0001, effect
size (n?) =0.195), suggesting that OIFE can protect against the D-gal-induced reduction of immature neurons
in the SGZ.
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Fig. 3. The effect of OIFE on kidney and liver function tests, as determined through biochemical
investigations, including (A) BUN, (B) Creatinine, (C) ALT, and (D) AST.

Effect of D-gal and OIFE on and neuronal cell survival

Neuronal cell survival was assessed through double immunofluorescence staining of BrdU/NeuN as shown in
Fig. 6. The mean number of BrdU/NeuN-positive cells were showed in Table S3. The D-gal group had significantly
fewer cells stained BrdU/NeuN compared to the vehicle group (p <0.05, Fig. 6B). However, treated with both the
OIFE (125 mg/kg and 250 mg/kg) and D-gal ameliorated the reduction of neuronal cell survival, as indicated by
cells stained BrdU/NeuN compared to the D-gal group (F5,30=22.93, p <0.0001, effect size (n?) =0.793, Fig. 6B).
This suggests that OIFE can improve neuronal cell survival in D-gal-triggered brain aging.

Discussion

The present study involved the quantification of phytochemicals in O. indicum fruit. The analysis showed an
abundant quantity of flavonoids, phenols, as well as good antioxidant activity. HPLC analysis of O. indicum
revealed several flavonoids particularly baicalein, oroxin A, chrysin, oroxylin A, and baicalin, which contributed
to its observed free radical scavenging capacity. Various parts of O. indicum have been reported to exhibit potent
antioxidant activity, attributable to their rich content of flavonoid compounds???4%°, The antioxidant effects of
OIFE are therefore primarily mediated by these flavonoids?>?*°. The present study showed the highest baicalein
of OIFE, which acts as a potent antioxidant and anti-inflammation?!. Numerous studies reported that its effects
of baicalein have a good protective effect by decreasing oxidative stress and pro-inflammatory mediators on
kidney, liver, and brain tissues®!~3>.

Consistent with a previous study that reported strong antioxidant activity and neuroprotective effects for O.
indicum extract at (250-500 mg/kg)?S, the 250 mg/kg dose was selected as the reference dose for this study. We
included a low dose of 125 mg/kg to determine if OIFE’s efficacy is dose-dependent, given that the established
effective rage (100-150 mg/kg), has previously yielded significant anti-inflammatory and antioxidant outcomes
in rodent models?2. In this animal study, co-administration of OIFE (125 mg/kg and 250 mg/kg) with D-gal
(50 mg/kg) did not induce weight loss or kidney and liver toxicity in aging rats. In studies involving rats and
mice, O. indicum has been administered at doses ranging from 5 to 5000 mg/kg without causing weight loss,
toxicity signs, or mortality>*3>. While there is no evidence to suggest that OIFE directly enhances neurogenesis,
it can effectively protect against neuronal cell damage by increasing antioxidant activity. The effect of oxidative
stress induces abnormality in various cells consequently causing cell injury. Oxidative stress arises from
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Fig. 4. The impact of OIFE on D-gal-caused memory loss. The total exploration time of the NOL and NOR
tests in the six groups (A and C). The discrimination index of the NOL and NOR tests in the six groups (B
and D). Data are demonstrated as mean + SEM. The markers * and * indicate comparisons with the vehicle and

D-gal groups, respectively. Significance levels are set at **p<0.001, “"p<0.001, and ""p <0.0001.

Novel object location (NOL) Novel object recognition (NOR)
Group Total exploration time (sec) | Discrimination index | Total exploration time (sec) | Discrimination index
Vehicle 179.0+£15.42 0.76+0.08 101.1+£8.93 0.60+0.05
D-gal 152.2+16.45 -0.14+0.117% 120.7+8.06 0.06+0.12%%
OIFE125 174.6 £16.26 0.70+0.07 130.8+£17.46 0.61+0.06
OIFE250 149.2+£16.70 0.70+0.10 111.6+£7.249 0.61+0.07
D-gal+ OIFE125 | 177.8+20.56 0.85+0.08*** 124.1+14.24 0.59+0.04**
ngal+OIFE250 184.7+12.77 0.80£0.22*** 128.3+12.10 0.70£0.03%*+**

Table 2. Mean the total exploration time and difference index of the novel object location (NOL) and novel
object recognitions (NOR) test after treatment. ***p <0.001 indicates comparison with the vehicle, and ***
p<0.001, and ***p <0.0001 indicate comparisons with the D-gal groups (one-way ANOVA, Tukey’ s post-hoc
test).

an imbalance between ROS and the antioxidant defense system, which is closely associated with decreasing
neurogenesis and memory functions®®. Furthermore, previous studies have demonstrated that the extraction
of O. indicum can effectively prevent neuronal cell death induced by oxidative stress and inflammation, thereby
contributing to improve memory and cognitive function®*°. Extracts of O. indicum can ameliorate the adverse
effect of chemotherapy by providing antioxidant protection?®. Accordingly, the ability of OIFE to restore
hippocampal neurogenesis and ameliorate memory dysfunction may stem primarily from its antioxidant-
mediated neuroprotective mechanisms.
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Fig. 5. Immature neurons in the SGZ of the dentate gyrus in the hippocampus were assessed using DCX
immunofluorescence staining. Green and red represent cells stained DCX and propidium iodide, respectively.
White arrows represent DCX positive cells. Data are demonstrated as means + SEM. The markers * and
indicate comparisons with the vehicle and D-gal groups, respectively. Significance levels are set at *"p < 0.0001
and #*p <0.0001. SGZ: subgranular zone; GCL: granule cell layer; ML: molecular layer.
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Fig. 6. BrdU/NeuN double immunofluorescence investigation. Green and red represent cells stained BrdU and
NeuN, respectively. White arrows represent DCX positive cells. Data are demonstrated as means + SEM. The
markers * and " indicate comparisons with the vehicle and D-gal groups, respectively. Significance levels are set

at*p<0.05 and “p<0.0001. SGZ: subgranular zone; GCL: granule cell layer; ML: molecular layer.

The hippocampus is a key brain area involved in learning and memory, encompassing the process of
information acquisition, encoding, consolidation, and retrieval. Dysfunction of the hippocampus is associated
with memory impairment®”%. For the behavioral assessments, the NOL and NOR test were employed to
investigate the neuroprotective effects of OIFE to assess spatial and recognition memory, respectively>®. The NOL
and NOR tests assess hippocampal and perirhinal cortex function by evaluating the rat’s spontaneous preference
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for exploring novel object locations and their recognition of previously encountered objects. These tests do not
require reinforcement*’. Previous studies have consistently shown that D-gal induces memory impairment in
aging rat models, and our findings are in agreement with these observations!”!*?. Our results showed that the
co-administration of D-gal and OIFE extract significantly improved spatial and recognition memory. Notably,
previous research in animal models of aging has reported that co-treatment with chrysin or baicalin (both
components found in OIFE) can mitigate memory deficits and restore hippocampal neurogenesis impaired by
D-gal or valproic acid!®*!. Therefore, the observed protective effect of OIFE against D-gal-induced memory
impairment, as indicated by the NOL and NOR test results, is likely mediated by these bioactive flavonoids.

A variety of stimuli can disrupt hippocampal neurogenesis, promoting to the development of brain
disorders. Impairment of hippocampal neurogenesis leads to learning and memory dysfunction, potentially
by decreasing cell survival. Under healthy conditions, hippocampal neurogenesis involves in the differentiation
of neural stem cells into immature neurons, characterized by the expression of DCX, a microtubule-associated
protein expressed during the early stage of differentiation?. A previous study reported that O. indicum extract
particularly its major flavonoids enhances neuronal differentiation, possibly by activating the neurogenin2
(Ngn2) promoter and altering of C17.2 neural stem cell fate*>. Our study showed that co-administration of OIFE
can restore the population of immature neurons in the SGZ. These immature neurons subsequently mature and
integrate into existing neural circuits, as evidenced by BrdU incorporation and co-localization with neuronal
nuclei antigen (NeuN), a marker of mature post-mitotic neurons. BrdU, a thymidine analog incorporated into
newly synthesized DNA, serves as a marker of cell proliferation and survival*4. Co-localization of BrdU and
NeuN is used to identify mature neurons that have originated through neurogenesis and survived!*?%>. In the
present study, BrdU/NeuN co-localization revealed that chronic D-gal administration significantly decreased
neuronal cell survival, indicative of brain aging. However, OIFE treatment recovered hippocampal neurogenesis
by increasing the number of surviving cells in the SGZ. D-gal accumulation is known to increase ROS generation
through the activity of galactose oxidase, leading to the production of hydrogen peroxide (H,O,) and hydroxide
(OH"). This disruption of redox homeostasis contributes to increased inflammation and impaired neurogenesis,
ultimately resulting in neuronal cell damage!'6*S. The flavonoid constituents of OIFE are proposed to act as
an electron donor, exhibiting free radical scavenging activity, thereby contributing to redox homeostasis and
potentially reducing inflammation®’. Additionally, the results of the present study align with previous studies
reported that O. indicum extract exhibits antioxidant and anti-inflammatory activities in BV2 microglial cells*
and protects SH-SY5Y cells against f-amyloid-induced cell injury by mitigating oxidative stress, suppressing
neuroinflammation, and promoting cell survival pathways?. Overall, OIFE co-treatment may mitigate D-gal-
induced oxidative stress through its antioxidant and neurotrophic mechanisms, thereby ameliorating D-gal-
induced neurogenesis impairment and memory deficits in aging rat brains.

Our findings align with previous research demonstrating that oroxylin A, a compound in OIFE, increases
neuronal cell proliferation and survival, thereby enhancing neurogenesis via increased synaptic plasticity
and upregulation of brain-derived neurotrophic factor (BDNF) and the transcription factor cyclic adenosine
monophosphate response element binding protein (CREB)*3%°. In agreement with these mechanisms, a recent
study on O. indicum extract reported up-regulation of BDNF gene expression in neuronal cells exposed to
inflammatory stimuli and improved cognitive outcomes in people with mild cognitive impairment?’. Baicalein,
which is also present in OIFE, decreased neuronal cell inflammation, increased cell survival, and attenuated
sevoflurane-induced behavioral, learning, and memory impairments in rats®. Consistent evidence suggests that
baicalein protects the hippocampal neurogenic niche and enhances cognition by exerting both antioxidant and
neurotrophic actions!. In an irradiation model, baicalein attenuated ROS accumulation, preserved neural stem
cell viability, restored neurogenesis in the dentate gyrus, and prevented spatial memory deficits and enhanced
BDNF/pCREB signaling®>. Baicalein and baicalin have also been reported to activate the nuclear factor erythroid
2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling pathway, leading to an increase in
antioxidant enzymes such as induce the expression of heme oxygenase-1 (HO-1), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx). These enzymes subsequently reduce oxidative stress and
promote neuronal survival’>3-%. These pathways maintain redox homeostasis and protect hippocampal
progenitor cells from ROS-induced senescence, thereby promoting neuronal differentiation and synaptic
plasticity. Both compounds also enhanced BDNF expression and extracellular signal-regulated kinases (ERK),
and CREB signaling, which play crucial roles in neurogenesis and cognitive function?*31:°%%, Baicalin, a major
flavonoid in OIFE, counteracted valproic acid-induced memory deficits and impaired neurogenesis in adult
rats by restoring Ki-67/RECA-1, BrdU, and DCX positive cell counts and improving spatial and recognition
memory?!. Chrysin and oroxin A supplementation protects against D-gal-induced impairments in hippocampal
neurogenesis and memory in brain aging!**®%°. Moreover, chrysin has also been demonstrated to suppress
oxidative stress, p21-mediated cell-cycle arrest, and neuronal apoptosis. This action restores hippocampal
neurogenesis and improves memory in D-galactose-induced aging rat models®”,

In conclusion, OIFE demonstrated potent antioxidant and neuroprotective effects, successfully ameliorating
D-gal-induced memory deficits and neurogenesis impairments in rats. These actions are likely ameliorated
by its abundant flavonoid and phenolic constituents, which counteract oxidative stress and prevent neuronal
damage associated with brain aging. Co-treatment with OIFE resulted in an increase in the number of both
immature and mature neurons, correlating with improved spatial and recognition memory. Although our
findings provide preclinical evidence supporting OIFE’s beneficial effects, further mechanistic and translational
studies are needed to elucidate its underlying pathways and confirm its therapeutic relevance. Therefore, OIFE
may be considered a potential natural compound for further investigation to prevent or mitigate age-related
cognitive decline.
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Methods

Chemicals and reagent

The fresh fruit of O. indicum was collected between June and December from a local market in Muang Khon
Kaen District, Khon Kaen, Thailand in 2022. The following chemicals: gallic acid, Folin-Ciocalteau reagent,
quercetin, aluminum chloride, 2,2-diphenyl-1-picryl-hydrazyl (DPPH), L-ascorbic acid, and D-galactose were
acquired from Sigma Chemical Company (St. Louis, MO, USA). Moreover, anti-BrdU antibody, anti-NeuN
antibody, and normal goat serum were acquired from Abcam Limited (Abcam, Cambridge, UK). Alexa Fluor
568 goat anti-rabbit IgG and Alexa Fluor 488 rabbit anti-mouse IgG were acquired from Thermo Fisher Scientific
(Invitrogen, Carlsbad, CA, USA).

Ethical approval
All animal experiments of this study were approved by the Khon Kean University Ethics Committee in
Animal Research (Record No. IACUC-KKU-71/65, Date of Approval: 18 August 2022) and were performed in
accordance with the Ethic of Animal Experimentation of National Research Council of Thailand and ARRIVE
guidelines thereof.

Preparation of O. indicum fruits extract (OIFE)

The O. indicum fruit was prepared following a previously published method?. The plant samples were collected
from the local market at Meaung Khon kaen district, Khon Kaen Province, Thailand. The voucher specimen
(N. Tanrangka 1 [KKU No. 26744]) was deposited at the flora of Khon Kaen University (KKU) Herbarium
and authenticated by Dr. Natthawut Triyutthachai, a plant taxonomist at the Department of Biology, Facullty
of Science, KKU, Thailand. Selected mature and undamaged O. indicum fruits were washed with tap water to
remove contaminants. Chopped O. indicum fruit was dried and weighed, followed by static maceration in 95%
(v/v) ethanol for 7 days at room temperature. Then, OIFE was filtered, concentrated, and freeze-dried. The
production of OIFE was 13.51% per dry weight of O. indicum fruits.

Phytochemical analyses

Determination of total phenolic content (TPC) assay

A stock solution of OIFE was prepared and gallic acid was used for calibration. The mixtures of Folin-Ciocalteau
reagent and sodium carbonate solution were combined with the OIFE and gallic acid solutions, followed by
incubating in darkness for 2 h at room temperature and assessing in triplicate. The optical density was measured
at 750 nm using a spectrophotometer (Evolution™300 UV-Vis Spectrophotometer, Thermo Fisher Scientific,
Darmstadt, Germany) and the total phenolic element in the OIFE was manifested as mg of gallic acid equivalents
(GAE) per gram of OIFE®.

Measurement of total flavonoid content (TFC) assay

The aluminum chloride colorimetric method was employed to determine the total flavonoid content in the
OIFE, using quercetin as the reference material, as adapted from earlier research®. After incubating at room
temperature, the mixture of the OIFE, a spectrophotometer was used to quantify the TFC at 430 nm and the TFC
assay was performed in triplicate. TFC content in the OIFE was manifested as mg quercetin equivalent (QE) per
gram of the OIFE.

Measurement of free-radical-scavenging activity 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging
activity

The DPPH radical scavenging activity method was modified to quantify the free radical scavenging ability in
the OIFE and with L-ascorbic acid as the standard®. Equal volumes of OIFE or L-ascorbic acid solution and
DPPH solution were mixed and incubated in the darkness for 30 min at room temperature. After incubating, the
optical density was quantified at 517 nm and the DPPH radical scavenging activity was performed in triplicate.
The radical scavenging capacity was evaluated to estimate the IC; values necessary to scavenge 50% of DPPH
free radicals.

Measurement of ferric reducing antioxidant power (FRAP)

The ferric reducing antioxidant power (FRAP) method was utilized to determine the total antioxidant power in
the OIFE by evaluating its ability to reduce a ferric tripyridyltriazine (Fe**-TPTZ) complex to its ferrous (Fe?*)
form at low pH®!. The FRAP reagent was combined and incubated with the OIFE or L-ascorbic acid for 10 min
at 37 °C and the FRAP measurement was performed in triplicate. After that, the optical density was quantified
at 593 nm and the FRAP value of the OIFE was determined using a calibration curve of L-ascorbic acid and
manifested as uM L-ascorbic acid equivalent per mg of the OIFE.

High performance liquid chromatography (HPLC)

The OIFE was standardized using HPLC connected to ultraviolet wavelength detector (HPLC-UV) for analysis.
Quantitative HPLC assessment was conducted using a SHIMADZU i-Series system with separated achieved a
Purospher® STAR RP-18 column HPLC columns (5 um) for polarity separation of chemical molecules as described
and conducted previously by Choonong et al.?82, The gradient mobile phase of HPLC system used acetonitrile
and 0.05% phosphoric acid in water with 0.8 ml/min flow rate. Briefly, the samples of OIFE were sampling and
prepared in absolute ethanol until dissolved, filtered through 0.45 um filter to protect column obstruction, and
compared to standard solutions of cinnamic acid, baicalein, baicalin, oroxylin A, oroxin A, and chrysin (Sigma
Aldrich, St. Louis, USA). The samples 10 and 1 mg/ml of OIFE were injected at 20 pL per injection in triplicate
(n=3). Detection was carried out at 280 nm and peak areas were calculated using the triangular method to
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Fig. 7. The diagram illustrates the timeline of treatment and the experimental animal groups.

create calibration curves for quantification. The method validation of HPLC was described in previous study?®
as the standard curve of oroxin A, cinnamic acid and chrysin were used in range of 0.78-100 ug/ml, baicalin
and oroxylin A were used in range of 1.56-100 pg/ml and baicalein was used in range of 6.25-100 ug/ml. All of
standard were prepared from 100 pg/ml and used two-folds dilution until lowest concentration for using 5-7
concentrations depending on each standard compound. The linearity, limit of detection (LOD), and limit of
quantification (LOQ) were described in previous study?®. The precision was described to intra-day and inter-day
precision (n=3) for 5 concentrations were 0.75, 6.25., 12.5, 25.0 and 100 pg/ml which was calculated to relative
standard deviation (RSD)?8.

Animal and experimental design

This experiment involved 60 adult male Sprague-Dawley rats, aged 8 weeks and weighing between 280-300 g,
obtained from Nomura Siam International Co., td. Pathumtawan, Bangkok. Three to four rats were allocated per
cage. The rats were provided with food and water, maintained at a temperature of 25 °C and kept on a 12-h light/
dark cycle. The research guidelines were authorized by the Institutional Animal Care and Use Committee of
Khon Kaen University (IACUC-KKU-71/65) and ARRIVE guidelines thereof. After 4-week of acclimation, the
rats were divided into six groups (10 rats per group): vehicle, D-gal, OIFE-125, OIFE-250, D-gal + OIFE125, and
D-gal + OIFE250. The rats received D-gal at a dose of 50 mg/kg via daily intraperitoneal injection for 56 days.
Additionally, OIFE was administered via daily oral gavage for 56 days at doses of 125 mg/kg and 250 mg/kg
with propylene glycol. The rats underwent a 3-day rest period prior to behavioral testing to minimize residual
stress from drug administration, handling, or related procedures. Memory alterations were determined utilizing
novel object location (NOL) and novel object recognition (NOR) examinations after drug administration.
Before starting the experiment, all groups of rats received an intraperitoneal dose of 100 mg/kg of BrdU, a
marker for studying cell survival, dissolved in 0.9% saline solution for 3 consecutive days. The timeline of animal
experiment was shown in Fig. 7.

Behavioral tests

The NOL and NOR tasks were modified from previous published protocols!>®*, In the NOL and NOR tests,
rats were habituated to an empty arena 24 h before testing to minimize context-related novelty and anxiety,
ensuring that subsequent exploration reflects object novelty and/or location rather than the arena context. Data
from both tests were recorded using EthoVision® XT software (version 12, Noldus, Wageningen, Netherlands)
The framework apparatus for all behavioral tasks was composed of an arena (50 x 50 x 50 cm, width x length x
high) and round plastic bottles filled with red water (1000 ml capacity; 72 mm diameter x 265 mm height). Video
tracking data for both tests were recorded with EthoVision® XT software (Etho Vision °, XT version 12, Noldus,
Wageningen, Netherlands). For the NOL test, the rats were habituated to a vacant arena for 30 min one day
before the test day. The following day, rats were again habituated for 3 min. The next day, they were habituated
again for 3 min before being introduced to two similar objects in the arena for 3 min during the familiarization
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trial. After a 15-min break, the rats then were given the opportunity to explore the objects placed in novel and
familiar locations for 3 min, and their exploration time was recorded to calculate the discrimination index!?40:63,
In the NOR test, the rats were allowed to freely explore the arena for 30 min during the habituation. The next day,
they were re-habituated for 3 min and exposed two similar objects in the arena for 3 min during familiarization
phase. After a 15-min break, the rats were permitted to investigate both the familiar object and a novel object
for 3 min. The arena and objects were cleaned with 20% ethanal to reduce the olfactory cues. The DI was then
worked out based on their exploration time as outlined in previous studies!®4%%3. The DI was calculated as:
(Novel object exploration time — Familiar object exploration time) / (Novel object exploration time + Familiar
object exploration time)®4.

Kidney and liver function measurement

After the behavioral tests, blood samples were collected from the lateral tail vein to assess the impact of OIFE
on liver and kidney function tests. These analyses were performed by Clinical Chemistry and Immunology
Unit, Clinical Laboratory Section, Srinagarind Hospital, Faculty of Medicine, Khon Kaen University to obtain
serum biochemical parameters, including blood urea nitrogen (BUN), creatinine, alanine aminotransferase
(ALT), and aspartate aminotransferase (AST). These tests were measured using an automated clinical chemistry
analyzer (cobas c701 module, Roche Diagnostics GmbH, Mannheim, Germany) with commercial reagent kits
(ASTP2, ALTP2, CREP2, UREAL; Roche Diagnostics). BUN was measured by the enzymatic urease- glutamate
dehydrogenase (GLDH) method, based on NADH consumption at 340 nm. Creatinine was analyzed by the
enzymatic method involving creatininase, creatinase, sarcosine oxidase, and peroxidase (Trinder reaction), with
quinoneimine dye formation measured at 550 nm®. AST and ALT were analyzed using the kinetic methods
recommended by the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC), based
on NADH consumption at 340 nm®. The results were expressed as mg/dL for BUN and creatinine, and U/L for
AST and ALT.

Immunofluorescence

After the behavioral assessments, the rats were euthanized by cervical dislocation and decapitation. Anesthetic
agents were not used in this study. The brain tissues were collected for immunofluorescence analysis modified
from previous published protocols'®%3. One hemisphere of the brain was fixed in 30% sucrose cryoprotective
solution for 4 h at 4 °C to prevent tissue damage from freezing. It was subsequently embedded in optimal cutting
temperature compound (Themo Fisher Scientific, Karlsruhe, Germany). The brain hemispheres were then
frozen in isopentane cooled with liquid nitrogen (Sigma-Aldrich, Inc., St. Louis, USA) and stored at — 80 °C for
immunofluorescence staining. Thereafter, the brain hemispheres were sectioned with a thickness of 40 pm along
the coronal plane using a cryostat (Cryostat Series HM 550 Microm International; Walldorf, Germany). Every
eighth section throughout the full length of the dentate gyrus (9 sections per brain) were selected for BrdU/
NeuN and DCX immunofluorescence staining. For BrdU/NeuN assessment, the sections were incubated with
anti-BrdU (1:100, Abcam, Cambridge, UK) primary antibody at 4 °C overnight. On the second day, the sections
were incubated with a secondary antibody [Alexa Fluor 568 goat anti-rabbit IgG (1:400, Invitrogen, Carlsbad,
CA, USA)] for 60 min, followed by incubation with primary anti-NeuN antibody (1:500, Sigma Aldrich, St.
Louis, USA) at 4 °C overnight. On the third day, the sections were incubated with a secondary antibody [Alexa
Fluor 488 rabbit anti-mouse IgG (1:500, Invitrogen, Carlsbad, CA, USA)] for 60 min and then mounted using
glycerol. For DCX straining, the sections were incubated with a primary anti-DCX antibody (1:100, Santa Cruz.
USA) at 4 °C overnight. On the second day, the sections were incubated with a secondary antibody (Alexa Fluor
488 rabbit anti-mouse IgG (1:500, Invitrogen, Carlsbad, CA, USA)) for 60 min, followed by a counterstain with
propidium iodide and mounting using glycerol.

BrdU/NeuN and DCX-stained cells were counted within a distance equivalent to three cell bodies in the SGZ
using a Nikon Eclipse 80i fluorescence microscope. The total number of stained cells was calculated by summing
the counts from 9 sections per brain, and then the numbers of BrdU/NeuN and DCX-positive cell counts were
multiplied by 81°3%63,

Statistical

All statistical evaluations were performed using Graphpad Prism (Version 10; Graphpad Software Inc., San
Diego, CA, USA). The data are represented as mean +standard error of mean (SEM). Statistical examinations
were conducted using two-way analysis of variance (ANOVA) for animal body weight (in gram), and one-way
ANOVA followed by Tukey’s multiple comparison test for the total exploring time, the DI values, biochemical
analysis, phytochemical assessments, the counts of BrdU/NeuN and DCX. All statistical evaluations at the
probability level of p <0.05 were statistically significant.

Data availability
All data generated or analyzed during this study are included in this published article.
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