O Journal of Population Therapeutics
< & Clinical Pharmacology

7

RESEARCH ARTICLE
DOI: 10.53555/jptcp.v31i6.6535

DNPH OF ISOSTEVIOL VIA SIRT 1/ NRF2 SIGNALING
PATHWAY ABROGATES NEURONAL SYNAPSE & MEMORY
DEFICITS IN AGING MOUSE MODEL

Saif Ullah'*, Muhammad Zahid?, Rahmat ali’, Muhammad Shimran Khan Afridi*,
Dr. Muhammad Ismail Khan®, Shahid Ali Shah®, Amir Zeb’, Asad Ullah®

"*Department of Zoology, Islamia College University, Peshawar, Email: saifktk302@gmail.com
*Department of Zoology, Islamia College University, Peshawar, Email: drmzahid@icp.edu.pk
3Department of Zoology, Islamia College University, Peshawar, Email: Drrahmatalil23@gmail.com
*Department of Zoology, Islamia College University, Peshawar,

Email: shimranafridil4@gmail.com
Department of Zoology, Islamia College University, Peshawar, Email: ismail@icp.edu.pk
Department of Biology, Haripur University, Peshawar, Email: shahid.ali@uoh.edu.pk
"Department of Natural and Basic Science, University of Turbat, Email: amir.zeb@uot.edu.pk
$Department of Chemistry, Islamia College University, Peshawar, Email: asadullah@icp.edu.pk

*Corresponding Author: Saif Ullah
*Department of Zoology, Islamia College University, Peshawar, Email: saitktk302@gmail.com

ABSTRACT:

Aging is a natural process which can’t be stopped and reversed. The physiological changes of aging
are inevitable and complex. There are a variety of causatives which speed up this process. The aim
of the present study was to find the rational process of aging and to slow down or reverse the
molecular intervention in ageing. The current study investigated the neurotherapeutic potential of
Dinitrophenyl hydrazine (DNPH) of Isosteviol against D galactose (D-Gal) induced oxidative stress-
mediated cognitive deficits in adult albino mice. DNPH of Isosteviol is naturally occurring
compound with biological anti-aging properties in adult male albino mice. For a period of eight
weeks, intraperitoneal (IP) administration of D-Gal at a dose of 100 mg/kg followed by the
administration of DNPH of Isosteviol at a dose of 10 mg/kg on alternating days for the last four
weeks. The results have shown that DNPH of Isosteviol significantly restored the cognitive deficits
in mice that is assessed with Morris’s water maze and Y-maze test. Similarly this DNPH of
Isosteviol markedly decreased the oxidative stress induced by D-Gal is determined through various
antioxidant assay such as catalase, POD, SOD, glutathione and LPO. Moreover, DNPH of
Isosteviol reduced the amyloidogenic pathway of Amyloid beta (A) to diminish neuroinflammation
by decreasing NF-kB and its downstream signaling such as TNF-a. Interestingly, this DNPH of
Isosteviol rescued male adult albino mice by stimulating SIRT1 protein to reduce the AP production
through SIRT1/NRF2/HO-1 signaling pathway.

Taken together, our results suggest that DNPH of Isosteviol is a novel neurotherapeutic agent that
can be proved to be a safe, effective in reducing cognitive deficits and other complication associated
with aging. A more in detail work is warranted to check the mechanism behind the DNPH of
Isosteviol in aging mice.

Keywords: DNPH, Isosteviol, SIRT1/NRF2/HO, NFKB, D-Gal.
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INTRODUCTION

The process of aging is multifaceted and results in a progressive deterioration of an organism's
physical, mental, and neural capabilities. This decline is caused by alterations in cellular and
structural components of the brain, as well as neural processing, cognitive abilities, and behavior.
These alterations consist of diminished grey matter, compromised white matter integrity, synaptic
dysfunction, and an increased susceptibility to neurodegenerative diseases (Fjell et al., 2014).
Annually, a staggering 9.9 million individual’s worldwide experience dementia, which serves as a
marker of the aging brain (Shwe ef al., 2018). Aging is linked to mitochondrial failure, which
decreases oxidative phosphorylation and increases free radical and ROS production. (Winklhofer &
Haass, 2010). Instead of this, the process of normal aging is linked to a steady and progressive
decline in cognitive and physical abilities (Arthur ez al., 2009).

However, in neurological illnesses that are influenced by aging, there is a rapid deterioration of
cognitive function; leading to significant disturbances in everyday life (Carvalho et al., 2009).
Synaptic dysfunction and neuronal loss are two main signs of cognitive decline that comes with
getting older. They are caused by changes in how neurons join and change over time (DeKosky &
Scheff, 1990). At the end, these problems can make it harder to do daily tasks and make people
more likely to get neurodegenerative illnesses like Alzheimer's disease and dementia (Harada et al.,
2013).

According to recent studies, continuous D-Gal injection speeds up ageing and affects the cognitive
loss that comes with age in mice (Lei et al., 2008). It has been found that mice that recieved
regularly and accurately injected with D-gal for 6-10 week can show signs of natural aging that are
used to test anti-aging drugs and study how they work in the body (Zhao et al., 2017). It has been
found that the NAD+-dependent deacetylases known as Silencing Information Regulator 2 Related
Enzyme 1 (SIRT1) is involved in the control of cellular senescence and the advancement of age
(Chen et al., 2020). Deacetylation of signal transduction pathway protein substrates regulates gene
expression, energy metabolism, cell apoptosis and senescence, inflammation, neuroprotection, the
oxidative stress response, and toxicant-induced and SIRT1 activator/inhibitor-antagonized toxic
damage (Ren et al., 2019). The SIRT1/NRF2 signaling axis is a crucial regulator of cellular
homeostasis and neuroprotection, and it presents potential targets for therapeutic intervention
(Zhang et al., 2019; Hwang et al., 2021).

Isosteviol, a naturally occurring chemical extracted from the Stevia plant, has attracted interest due
to its potential to protect the nervous system and regulate several cellular pathways associated with
ageing and dementia (Chen et al., 2020; Park et al., 2021). Two Isosteviol derivatives, 2,4-dinitro
phenyl hydrazine (2,4-DNPH) and 4-nitro phenyl hydrazine (4-NPH), have been made and studied
for their good biological activities (Ullah et al., 2019).

This study aims to investigate the neuroprotective properties of DNPH of Isosteviol and its impact
on synaptic integrity and memory function in the ageing mice model.

Material and Methods

This study used adult Albino BAL/B mice were purchased from VRI (Veterinary Research
Institute), Peshawar, Pakistan and brought to Neuro Molecular medicines Research Center
(NMMRC, Peshawar).The mice were grouped as follows.

1. Normal Mice

2. D-Gal treated (100 mg/Kg) mice

3. D-Gal treated (100 mg/Kg) + DNPH of Isosteviol (10 mg/Kg) treated mice

4. DNPH of Isosteviol treated (10 mg/Kg) mice

All the injections were administered intraperitoneal (i.p.). D-Gal was injected for duration of 8
weeks, while DNPH of Isosteviol was injected during the remaining four weeks. The mice (30-32 g
average body weight) were placed in the breeding room with a 12 /12-h light/dark cycle at 25 £°C
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temperature, provided with water and food and libitum. All the work conducted at NMMRC,
Peshawar has been authorized by the ethical committee.

Behavioral Tests

Behavioral tests conducted to check the positive effects of DNPH of Isosteviol on D-Gal-induced
memory impairment. Adult albino mice were administered D-gal intraperitoneally (i.p.) with or
without DNPH of Isosteviol. All mice divided into four groups randomly, and the observer
performing the behavioral test was fully unaware of the various mice groups throughout this
practice. After the completion of the treatment, the behavioral study of the mice conducted by using
the Y-maze test followed by the Morris Water Maze (MWM).

Morris Water Maze (MWM) Test

The MWM test conducted to check the hippocampus-based long-term spatial learning capabilities.
The device for MWM testing is described in detail in the recent study (Vorhees et al., 2006). For the
first three days, the mice were trained twice daily. The escape latency of the animals to search for
the hidden disc observed. If the mice could not locate the platform on their own, they manually
guided and made to stay there for 10 seconds. This procedure followed for 5 days; each day, the
various experimental groups had a specific set of data (seconds). After receiving two days of rest,
the mice subjected to a probe test to search for the hidden disc, and the duration of time they stayed
in the target area will be recorded.

Y-Maze Test

This procedure carried out as per the already reported method (Kraeuter at al., 2019). The Y-Maze
is a device with three arms that measure 50x10x20cm*(LxWxH) and are oriented at 120°. Each time,
the animals given 10 minutes to acclimatize to their new environment. After that, the animals kept at
the center of the maze and given eight minutes to explore the maze. The overall arm entries of the
mice and the frequency of the successive triplets monitored using the software. The formula used to
calculate the alternations percentage is as follows,

[Spontaneous alternation= Total triplicates/Total arm entries-2] x 100

At the completion of the injections and behavior all the animals were sacrificed and their brain
tissue collected carefully. Then these brain tissues were subjected to western blotting and
antioxidant enzymes assays techniques.

Antioxidant Analysis of Brain Homogenates

Catalase Assay (CAT)

For catalase assay, an earlier developed method (Zhang et al., 2017) will be employed with little
modifications. The 3 mL reaction mixture comprised 400 puL of 5.9 mM H>0,, 2500 pL of 50 mM
phosphate buffer (at pH 5.0) and 100 pL of brain supernatant. The reaction mixture analyzed for the
change in the absorbance at 240 nm at one minute intervals. A 0.01 unit/minute change in
absorbance was regarded as one unit of activity.

Reduced Glutathione Assay (GSH)

The glutathione assay involves the precipitation of proteins contained in 1000 pL of brain
homogenate by adding 4% sulfosalicylic acid solution in an equal volume as per previous research
(Owen & Butterfield, 2010). After one hour of 4 °C incubation, the reaction mixture was centrifuged
for 20 minutes at 1200*g. The reaction mixture comprised 200 puL of 100 mM DTNB, 100 pL of
centrifuged aliquot, and 2700 puL of 0.1 M phosphate buffer at pH 7.4. The change in the absorbance
of the reaction mixture immediately measured at 412 nm. Reduced glutathione results expressed as
uM/g tissue.
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Estimation of Lipid Peroxidation (TBARS)

A previously developed method will be employed (Aguilar & Borges, 2020) with little modification
to perform lipid peroxidation assay. This experiment conducted using a 1000 pL of the reaction
mixture that contained 20 pL (100 mM) ferric chloride, 200 pL (100 mM) ascorbic acid, 580 pL
(0.1 M, pH 7.4) phosphate buffer, and 200 pL brain homogenate supernatant. After 1 hour of
incubation at 37 °C, the reaction stopped after adding 1000 pL trichloroacetic acid solution (10%) as
a stopping reagent. Then, a 1000 pL thiobarbituric acid solution filled in the tubes, heated to 95C°
for 20 minutes in a hot water bath, and immediately shifted to a crushed ice bath. Subsequent
centrifugation for about 10 minutes (at 25*g) produced lipid peroxidation, calculated from
absorbance measured at 535 nm on a spectrophotometer. Results indicated as nM TBARS/min/mg
of tissue at a temperature of 37°C (The TBARS molar extinction coefficient is 1.56 x105 M cm™).

Peroxidase Assay (POD)

The POD activity will be measured using the previously described method (de et al., 2021) with
little modifications. The mixture used in the current experiment consists of 100 uL of 20 mM
guaiacol, 300 uL of 40 mM H»0,, 1000 pL brain homogenate supernatant, and 2500 pL of 50 mM
phosphate buffer (pH 5.0). The absorbance of the mixture noted at 470 nm at minute intervals. A
change of 0.0 lunit/minute in absorbance taken as one unit of POD activity.

Superoxide Dismutase Assay (SOD)

An earlier developed method will be employed (McCord et al., 1969) with slight modification to
perform a superoxide dismutase assay. For this purpose, the reaction mixture comprised 300 pL
brain homogenate supernatant, 1200 pL of 0.052 mM sodium pyrophosphate buffer (pH 7.0), and
100 uL (186 M) phenazine methosulphate. The enzymatic process will be initiated after adding 200
uL of 780 mM NADH to the reacting mixture. The reaction stopped after adding 1000 pL of glacial
acetic acid at an interval of 1 minute. The absorbance of the mixture noted at 560 nm, and the
amount of chromogen produced were quantified in units per mg of protein.

Western Blotting Analysis

Following the duration of treatment, the animals were sacrificed to conduct the western blot
analysis, as previously reported (Fido ef al., 1995). The mice brains were immediately recovered
and carefully separated, immersed in a 1:1 RNA-to-PBS solution on ice. Afterward, the brain
component blended with a T-PER (Thermo Scientific) reagent to extract the protein from the tissue.
To determine the protein concentration, Bio-Rad protein assay tests performed to measure
absorbance at 595 nm. The protein of each sample standardized to 30pg/group, and an
electrophoresis gel of 12 to 15% SDS PAGE was used. It was then followed by transferring protein
samples onto the PVDF membrane (Santa Cruz Biotechnology, Santa Cruz, CA, USA) using a semi-
dry transblot (Bio-Rad). Various primary antibodies i.e., mouse-derived (anti-actin, anti-SYP, anti-
SIRT1, anti-NRF-2, anti-HO-1, anti-Af, anti-BACE]1, anti-TNF-a and anti-PSDF95) monoclonal
antibodies (Santa Cruz, CA, USA) were used. Finally, HRP conjugated anti-mouse secondary
antibody (Santa Cruz, CA, USA) used, and the X-ray based results developed carefully.

Molecular Docking

The binding affinity of Sirtuin 1 (SIRT1) in complex with 2,4-Dinitrophenylhydrazine (DNPH) was
predicted by molecular docking simulation. Schrodinger Maestro has an inbuilt module “Glide”,
which is reliably uses for molecular docking of protein-ligand complex (Rana et al., 2020;
Irfanullah et al., 2018). Herein, the experimentally determined structure of SIRT1 in complex with
Sirtuin activating compound (STAC) was obtained from protein data bank (PDB ID: 4ZZJ)
(https://www.rcsb.org/structure/427J).

Before conducting docking simulation, the structure of SIRT1 in complex with inbound substrate
peptide, NAD+ and STAC was pre-processed by removing all the solvent and other co-crystalized
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unwanted moieties. The cleaned structure of SIRT1 was energy minimized to the local minima by
protein preparation wizard module implanted in Schrodinger Maestro. Herein, the energy
minimization was performed by using the OPLS4 forcefield and conjugate gradient and steepest
descent algorithms. Subsequently, the target ligand “2,4-Dinitrophenylhydrazine” (hereafter DNPH)
was created and optimized for docking by employing the LigPrep module implanted in Schrodinger
Maestro.

Thenceforth, the docking grid was generated by selecting the inbound STAC in the N-terminal
domain (NTD) of SIRT1, which is occupied the allosteric activation site of SIRT1. The docking grid
was generated by using the Receptor Grid Generation protocol. Further, the previously prepared
SIRT1 structure and DNPH were employed as receptor and ligand input files for docking simulation
by the Glide Docking module. In brief, the docking protocol was designed as the total numbers of
conformers were set to 50, while the total number of poses for output file was set to 40. The docking
algorithm was set to standard precision (SP) docking scoring function to ensure the high level of
accuracy. The rest of docking parameters were executed as default values.

Statistical Analysis

Every X-ray of the results was scanned, gathered, and statistically analyzed using designated
computer-based programmes. Among them are Adobe Photoshop, Prism 5 graph pad, and picture J.
Protein density is given in arbitrary units (A.U.s.) as the mean £ S.E.M. # substantially different
from normal saline treated mice and * significantly different from D-Gal-treated mice respectively;
**4# P <0.01.

RESULTS

DNPH of Isosteviol Reduced D-Gal-Induced Oxidative Stress in Mice Brain.

D-Gal induces excessive accumulation of ROS (reactive oxygen species) that leads to oxidative
stress (Kumar et al., 2022). Thus, our findings have evaluated the ant oxidative stress capability of
DNPH of Isosteviol against D-Gal-Induced oxidative stress in the mice brain. After treatment with
DNPH of Isosteviol all the brain homogenates were subjected to the antioxidant assay like POD,
SOD, catalase (CAT), glutathione (GSH) and LPO (lipid peroxidation). The results showed that D-
Gal inhibited the activities of antioxidant enzymes such as POD, SOD, CAT, GSH and increased
LPO activities. On the other hand the administration of DNPH of Isosteviol significantly restored
the antioxidant activities of enzymes and also decreased oxidative stress, suggesting an enhanced
antioxidant capacity of DNPH of Isosteviol to protect the brain against D-Gal-Induced oxidative
damage. The POD, SOD, CAT, LPO, and GSH activites are shown in Fig.1 (A-E) respectively.
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Figure 1: DNPH of Isosteviol reduced D-Gal-induced oxidative stress in adult mice brain. Here
are the graphs displaying the results of antioxidant enzyme assays. The assays were performed with
brain homogenates from four groups of mice: control, D-Gal treated, D-Gal plus DNPH of
Isosteviol treated, and DNPH of Isosteviol alone treated. The enzymes catalase, lipid peroxidase
(TBARS), glutathione (GSH), and superoxide dismutase (SOD) were added. All of these tests were
run three times, and the specifics of the treatments used are detailed in the "materials and methods"
section. Mean £ SEM of five mice per group is how the results are presented. *Denotes the
comparison of D-Gal with D-Gal + DNPH of Isosteviol, while # indicates the significance of control
compared to D-Gal. Determination of significance: ##, ** p<0.01 and ###, ***p<0.001.
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DNPH of Isosteviol Abrogate D-Gal-induced AB Production in Mice Brain.

D Gal is known for inducing AP production in the brain of mice (Shwe et al., 2018). For this reason,
we also investigated the amyloid beta production pathway in D galactose induced aging mice model.
Our result reveals that D-Gal caused a significant increase in the expression of BACE1 (Beta
amyloid cleaving enzymel) which acts on amyloid precursor protein (APP) to cleave it in three
positions i.e., to produce toxic amyloid beta fragments thus increase the maximum production of AP
and hence increase its deposition. As shown in figure 2(A-C). On the other hand, the administration
of DNPH of Isosteviol significantly inhibited BACE1 accompanied by less production of AB. This
has been depicted in fig.2 (A-C)
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Figure 2: DNPH of Isosteviol inhibited BACEI1 proteins to reduce A expression against D-Gal
in mice. (A) This is an illustration of the western blot results showing the expression of the BACE1
and AP proteins in the brain supernatant of mice that were either treated with D-Gal alone or with
DNPH of Isosteviol together. (B, C) Here we can see the histograms of the two relative density
distributions. In order to determine densities and create graphs, the Image J program was utilized.
The data were presented in arbitrary units (A.U.) and calculated using a histogram that shows the
mean in A.U = SEM. Both p<0.01 and p<0.001 are noteworthy.
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DNPH of Isosteviol attenuated D-Gal induced Neuroinflammation.

D-Gal is known for inducing neuroinflammation in the brain of mice (Ahmad et al., 2021). To
investigate this matter, we observed that the D-Gal caused the induction of TNF alpha as a
neuroinflammatory protein marker as shown in the figure 3. In contrast to this the DNPH of
Isosteviol significantly reduced the TNF alpha as a neuroinflammatory protein marker as shown in
the figure 3(A,B)

TNF-a

HitH

Relative Density
(A.U)

TNF-a

I

B-Actin

Figure 3: DNPH of Isosteviol attenuated Neuroinflammation against D-Gal in mice.

The western blot result of the TNF-a protein expression in the brain supernatant of mice
homogenates treated with D-Gal alone or in combination with DNPH and Isosteviol is displayed in
(A). In figure B, Here we can see the histogram of the relative densities. In order to determine
densities and create graphs, the Image J program was utilized. The data were presented in arbitrary
units (A.U.) and calculated using a histogram that shows the mean in A.U + SEM. Significance:
p<0.01 and p<0.001.

DNPH of Isosteviol stimulated SIRT1/Nrf-2/HO-1 signaling pathway in Mice.

It has been now well documented that D-gal is causing oxidative stress when chronically injected to
mice or rats (Parameshwaran et al., 2010). Due to oxidative stress burden the antioxidant defense
molecules of the body such as SIRT1 and NRF-2/HO-1 are suppressed and cannot perform their
normal functioning (Hammad et al., 2023). For this reason we have evaluated the expression levels
of SIRT1 and NRF-2/HO-1 through western blotting. The western blot results indicate that chronic
administration of D- D-Gal to mice significantly inhibited SIRT1, NRF-2 and HO-1 proteins in the
brain homogenates of the experimental animals. Interestingly, DNPH of Isosteviol supplementation
to the mice in combination with D-Gal enhanced and activated the anti-oxidant proteins such as
SIRT1, NRF-2 and HO-1 against D-Gal induced oxidative stress as given in the figure 4(A-D).

The docking of DNPH in the allosteric binding site of SIRT1 suggested that DNPH occupied the
allosteric binding site in the N-terminal domain (NTD) of SIRTI and oriented the same
conformation which was reported for the previously identified Sirtuinl activating compounds
(STACs) (Fig. 1A, B) (Dai et al., 2015, Cao ef al., 2015, Azminah et al., 2019). Our docking results
also suggested that the dinitro moiety of the DNPH is pointed to the shallow regions formed by the
major grove of NTD in SIRT1 (Fig. 1B). Further, a nitro (NO2) group at position 2 of phenyl ring
has established two hydrogen bonds with threonine 219 (T219) and glutamine 222 (Q222) residues
of SIRT1 as shown in figure 1C and D. In parallel, the other nitro at position 4 of phenyl ring has
formed a single hydrogen bond with the asparagine 226 (N226) residue of SIRT1 (Fig. 1C, D). Our
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docking results observed that the orientation of DNPH is nearly similar to other SIRT 1activators by
facing the substrate binding site of SIRT1 (Dai et al.,2015, Azminah et al., 2019). Therefore, we
argue that DNPH may follow the same mechanism of activation of SIRT1 like other STACs.
Following the binding stability of DNPH and SIRT1, the 2D interaction pattern of DNPH displayed
several hydrophobic interactions with the residues forming the allosteric binding site of SIRTI,
leveraging strong binding affinity of SIRT1 and DNPH (Fig. 4E).
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A B

Fig. 4. DNPH of Isosteviol attenuated D-Gal induced oxidative stress via SIRT1/NRF-2/HO-1
signaling pathway in mice brain. (A)The western blot analysis of post-
treatment brain homogenates of mice was used to examine the protein expression of SIRT1, NRF-2,
and HO-1. The B-actin serves as a reference control in all proteins. (B-D) Protein bands were
quantified using Image J software. We used one-way ANOVA and the student's t test for all of our
statistical analyses. Figure 1: Docking of SIRT1 with DNPH. A) Shows the SIRT1 in complex
with DNPH, inbound substrate peptide, and nicotinamide adenine dinucleotide (NAD™"). NTD and
CTD stands for N-terminal and C-terminal domains, respectively. DNPH accommodated the
allosteric binding site of SIRT1. B) Zoom in view of DNPH orientation in the allosteric binding site
of SIRT1. C) Shows the 3D interaction pattern of DNPH in the allosteric binding site of SIRT1. The
DNPH is displayed as stick representation with carbon atoms as green colored. The interacting
residues of SIRT1 are depicted as thin stick representation with carbon atoms as light gray colored
and labelled. The hydrogen bonds are represented as yellow dashed-lines. D) The 2D interaction
pattern of DNPH and SIRT1, the hydrogen bonds, and other hydrophobic interacting residues are
displayed. The hydrogen bonds are portrayed as magenta colored arrow lines. The densities of the
bands are given in arbitrary units (AUs) as the mean = S.E.M. #significantly different from normal
saline treated and *significantly different from D-gal-treated rats respectively; *# P < 0.01.

DNPH of Isosteviol restored neuronal synapse deficits in adult Mice.

D-Gal is known to induce synoptic as well as memory dysfunction in animal model of mice or rat
(Samad et al., 2022). Similarly in the current study we also observed that this D Galactose caused
synoptic deficits both (pre- and post-) synapse of mice brain homogenate is assessed by western blot
analysis as shown in figure. On the other side while animals received DNPH of Isosteviol in
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combination with D-Galactose have shown improved DNPH of Isosteviol restored neuronal synapse
in Mice. Neuronal synapse as depicted in western blot in fig.5(A-C)
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Figure S. DNPH of Isosteviol enhanced synaptic decline against long time administration of D-
gal in mice brain. (A) Shown are the Western blot results of both pre- and post-synapse proteins
(SYP and PSD95) along with their respective histograms (B,C) of all the three experimental groups
(n=5/group). Image J a computer based software was used for the quantification of the protein
bands. B-actin was used as a house keeping gene. Graph pad Prism 5 was used to make the
histograms and for all the statistical analysis through one way ANOVA followed by student’s t test.
The density of proteins is expressed in arbitrary units (A.U.s) as the mean + S.E.M. #significantly
different from normal saline treated and “significantly different from D-gal-treated mice,
respectively; “# P < 0.01.

DNPH of Isosteviol improved Memory and Behavior in D-gal treated Mice

The effect of DNPH of Isosteviol on spatial learning and memory was analyzed through Morris
water maze and Y-maze in D-gal administered ageing model. These mice were first trained, rested
and then their data was collected on day 1 until to 5th day. As per our results which indicate that the
mean latency to locate the submerged platform in all the experimental groups decreased slowly
during the training days. On day 1 the D-gal treated mice did not find the submerged platform, while
the DNPH of Isosteviol treated mice find it and escaped. Similarly, on day 2 and following days the
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D-gal treated mice succeeded in finding the submerged platform but their escape latency (seconds)
was very high. Interestingly, DNPH of Isosteviol treated mice showed good learning abilities and
their escape latencies were significantly (P<0.01) decreased in finding the submerged platform from
day 2 to day 5 and almost equals to the normal mice. The normal mice were observed to have very
low escape latency and there escape latency was reduced from day 1 to 5th day as given in the
figure A. As shown in the figure 2A that, only D-gal-treated mice exhibited longer latencies to the
submerged platform in comparison to the normal mice. These findings indicate that the spatial
learning impairment and memory dysfunction in D-gal-administered mice. In contrast to that the
mice received DNPH of Isosteviol (10 mg/kg) injections along with D-gal significantly (P<0.01)
reduced the increased latencies to the platform in treated mice Fig. 6(A-C).

On day 6 when the submerged platform was removed and the respective time spent in the target
quadrant was observed of all the three groups. The mice were then allowed to find the hidden
submerged platform. The data taken indicate that control animals spent more time in the target
quadrant while D-gal treated mice spent less time in the target quadrant as compared to the normal
mice. The mice received DNPH of Isosteviol along in combination with D-gal spent significantly
more time compared to D-gal treated mice in the target quadrant, but there spent time is less than the
control mice (Fig. 6(B)).

To know the short memory recognition of the experimental mice Y-maze test was performed. In this
test the percentage spontaneous alternation of the three mice groups was calculated through its
respective formula. The results of Y-maze reveal that the percentage spontaneous alternation of
control animals was very high while the D-gal mice showed a very low %age of spontaneous
alternation. Interestingly, the third group of mice received DNPH of Isosteviol in combination with
D-gal showed significantly higher percentage spontaneous alternation against only D-gal treated
mice (Fig. 6(C)).
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Fig.6 DNPH of Isosteviol administration improved D-gal-induced memory dysfunction in
adult mice. All experimental groups underwent behavioral testing, notably the Morris water maze
(MWM) and Y-maze. The histogram illustrates the average duration of escape delays (measured in

seconds) during the MWM testing phase of the training process. The test results are exhibited
continuously for a period of five days, specifically spanning from day 1 to day 5. The user's text is
"(B)". The histogram shown illustrates the outcomes of the probe test carried out on the fifth day of
the Morris Water Maze (MWM) experiment. This test specifically measures the duration of time
spent in the target quadrant. The test was conducted with the submerged platform concealed. The
histogram depicts the ratio of spontaneous behavior seen during the Y-maze test. The given data is
displayed as the mean + standard error of the mean (S.E.M.). The data labeled with # indicates a
statistically significant difference compared to the mice treated with normal saline, whereas the data
labeled with * indicates a statistically significant difference compared to the mice treated with D-
gal. The data marked with **## indicates a significance level of P < 0.01.

DISCUSSION

This study reports for the first time that DNPH of Isosteviol minimized the D-gal induced oxidative
stress mediated neuroinflammation, synaptic dysfunction and memory impairment in animal model
of aging. Most importantly, DNPH of Isosteviol directly activated SIRT1 which in turn stimulated
NRF-2 and HO-1 proteins to limit the oxidative stress burden. Additionally, DNPH of Isosteviol
inhibited TNF-a to reduce D-gal induced neuroinflammation and amyloidogenic pathway of A
production in adult albino mice. Elegant studies have already documented that antioxidant agents
either natural or synthetic are good drug candidates against D-gal-induced oxidative stress in the
animal model of aging (Rusu et al., 2019). While carrying out this study here, oxidative stress,
neuroinflammation, synaptic dysfunction, and memory impairment—the four fundamental
characteristics of D-galactose-induced aging—were our focus.

Oxidative stress occurs when there is an imbalance in the ratio between pro-oxidants and
antioxidants, resulting in the generation of toxic reactive oxygen species (ROS) (Niedzielska et al.,
2016). The heightened oxidative stress induces neuroinflammation and neurodegeneration at the
same time in age-related diseases like AD (Ikram et al., 2019a) as well as Parkinson's disease and
other animal models of neurodegeneration based on toxins (Khan et al., 2019a; Badshah et al.,
2019). Several studies have revealed that D-galactose accelerates the aging process in animal
models by inducing oxidative stress and neuroinflammation (Chang et al., 2014). Multiple processes
can lead to oxidative stress, including the suppression of endogenous ROS regulators and the
activation of lipid peroxidation. During aging, there is a significant decline in the expression of
SIRT1, which is critical for different neuronal survival by decreasing oxidative stress (Salminen et
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al., 2013). Also, cells have an antioxidant defense system that is controlled by Nrf2. This system
helps make proteins that are involved in oxidative stress and damage. When Nrf-2 is turned on, it
targets many genes, including HO-1, that protect against oxidative stress, neuroinflammation, and
cell death. This gives the brain a strong defense against neurodegeneration caused by oxidative
stress (Johnson et al., 2008).

This study found that DNPH and isosteviol therapy reduced the activity of B-Secratase (BACEI)
and APP protein expression, hence inhibiting amyloidogenic AP formation pathways. DNPH from
isosteviol dramatically reduced AP burden in adult albino mice's hippocampus. Evidence suggests
that AR synthesis and deposition lead to neuroinflammation, neurodegeneration, and memory
impairment (Kumar et al., 2015; Zhang et al., 2015). NF-kB, a heterodimer molecule composed of
p50 and p65 proteins, is an essential transcription factor (Berkowitz et al., 2002). In this study, we
demonstrated that DNPH of isosteviol suppressed NF-kB-mediated neuroinflammation. Isosteviol
inhibits NF-kB DNPH, which in turn decreases downstream signalling molecules like TNF-o and
IL-1B.

Here in the current study we evaluated the antioxidant capability of DNPH of Isosteviol, and our
results reveal that DNPH of Isosteviol is one of the potent antioxidant agent. Here one thing should
be noted that our western blot results shows that DNPH of Isosteviol is involved in the activation of
SIRT1. It is that important endogenous target molecule which after activation, further stimulated the
NRF-2/HO-1/TNF-a signaling pathway that minimized ROS production and its toxic effects and
burden of the neuroinflammation against D-gal. DNPH of Isosteviol stimulated NRF2/HO-1
signaling pathway not only reduced the oxidative damage but also inhibited its downstream
signaling to minimize the extent of neuroinflammation.

The predominant characteristics of the aging brain are synaptic dysfunction, diminished neural
communication, and decreased release of neurotransmitters, resulting in reduced synaptic plasticity
(Jellinger et al., 2013). In age-related disorders like AD, there has been a lot of discussion regarding
synaptic disruption (Ali et al., 2018). But how exactly D-gal triggers synapse malfunction and
neurological diseases is still a mystery. Elevated oxidative stress or the activation of inflammatory
mediators can directly promote synaptic dysfunction, much as neuroinflammation can impair and
synaptic functioning. In this study, our western blot analysis revealed that the administration of
DNPH of Isosteviol increased the expression of both pre- and post-synaptic proteins in the brains of
mice treated with D-gal. The findings of our work align with a prior investigation conducted by
Latimer et al. (2014), which shown that DNPH of Isosteviol therapy increased the expression of
many genes associated with both pre- and post-synaptic activity. Here in this study our western blot
results shows that DNPH of Isosteviol administration enhanced expression of both pre-and post-
synapse related proteins in D-gal treated mice brains. This is accompanied by DNPH of Isosteviol
beneficial effect on the memory and behavior of aging animals. In the behavior test, DNPH of
Isosteviol treated animals showed good performance both in the Morris water maze and Y-maze
tests. The gradual decrease on each new day in mean escape latencies and spending more time
(when submerged platform was hidden) in the target quadrant of DNPH of Isosteviol treated animals
suggests that it plays a very vital role in improving impaired memory and cognition. Similarly,
DNPH of Isosteviol treated mice also showed higher percentage spontaneous alternation in Y-maze
test, reveals good effect of DNPH of Isosteviol on memory in mice.

Inflammation has a significant role in the course of dementia (Ikram et al., 2020). Research
indicates that D-gal promotes oxidative stress.Stress triggers both inflammatory and apoptotic cell
death pathways (Rehman et al., 2019). Furthermore, inflammatory responses are closely linked to
oxidative stress. Oxidative stress can trigger the expression of inflammatory cytokines including IL-
6 and IL-1pB, leading to an inflammatory response. HO-1 is the enzyme that limits the rate of heme
breakdown in the body to biliveric acid, Fe2+, and CO. Currently, cumulative research suggest that
the Nrf2/HO-1 pathway is responsible for the regulation of inflammatory responses by reducing the
amounts of inflammatory cytokines in organs such as the brain, liver, kidneys, etc.
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To demonstrate the effects of DNPH of Isosteviol on high oxidative stress, we examined the
expression of SIRT1, Nrf2, and HO-1 in the experimental groups, indicating that DNPH of
Isosteviol effectively regulated elevated oxidative stress in D-galactose-injected mouse brains. As
previously reported, SIRT1, Nrf-2, and HO-1 are downregulated in the brains of D-gal-treated mice
(Chen et al., 2019). The findings show that D-galactose-induced oxidative stress may be caused in
part by the regulation of natural antioxidant systems, as previously suggested (Ahmad et al., 2019).
Interestingly, DNPH from isosteviol reduced oxidative stress, as evidenced by the ROS and LPO
assays.

Sirtuins (SIRT1) are a class of histone deacetylases that rely on nicotinamide adenine dinucleotide
(NAD+) and plaa critical role in organ damage (Sosnowska et al., 2017). It has been shown that
SIRT1 can deacetylate p53 to reduce oxidative stress, apoptosis, and damage (Tian et al., 2019).
Furthermore, SIRT can increase Nrf2 expression while decreasing Bax expression (Wang et al.,
2021). Numerous investigations have shown that oxidative stress-induced apoptosis plays an
important role in brain, liver, and renal injury, as well as a variety of senescence-related disorders
(Kim et al., 2014;Ullah et al., 2018). Research indicates that apoptosis plays a significant role in the
damage induced by p-gal (Zhang et al., 2019). Furthermore, our docking results observed that the
docking of DNPH in the allosteric binding site of SIRT1 obtained highest docking score of -3.2
kcal/mol, glide emodel score (-23.7kcal/mol) and glide energy (-18.3 kcal/mol). Such high docking
energetics suggested that DNPH could feasibly interact and lodged in the allosteric binding site of
SIRT1 and the resultant complex is highly stable. Conclusively, our docking results suggested that
the most possible activation mechanism of DNPH is allosterically programmed which is also
mechanistically confirmed by other studies (Dai ef al., 2015, Cao et al., 2015).

Nrf2 is an important nuclear transcription factor that regulates the balance of oxidation and
reduction in the body (Zhang et al., 2024). Following the stimulation of ROS or oxidative stress
production, Nrf2 is released from the Nrf2-Keapl-Culs complex and transferred into the nucleus to
bind with the antioxidant response element (ARE), eventually promoting the transcription of various
antioxidant enzymes (GSH-Px, CAT, SOD, and HO-1), GSH synthesis, and metabolism (Li et al.,
2023). These antioxidant enzymes serve critical roles in scavenging excess ROS. SOD catalyzes the
conversion of O2— into H202, which is then converted to H20 and oxygen via CAT catalysis (Gill
et al., 2013). Furthermore, GSH is the body's most abundant antioxidant, capable of directly
scavenging free radicals, including lipid and metal radicals, via its unique redox processes catalyzed
by GSH-Px and glutathione reductase (GR) (Yuan et al., 2022). Thus, activating the Nrf2-regulated
antioxidant pathway is critical for evaluating exogenous substances that stimulate the endogenous
antioxidant potential. More specifically, our results from molecular docking confirmed that these
chemicals could bind to the Nrf2 protein. In addition, our findings showed that DNPH of Isosteviol
might activate the SIRT1/Nrf2/HO-1 pathway, improve antioxidant enzyme and TOC activity,
promote GSH synthesis, and minimize ROS buildup.

As a result, the SIRT1/Nrf2/HO-1 pathway plays an important regulatory role in reducing D-gal-
induced oxidative stress, inflammation, and apoptosis. Our findings revealed that Dinitrophenyl
hydrazine (DNPH) of Isosteviol prevented apoptosis in D-gal-induced aging animals. Finally, the
Western blot analysis results in this study showed that DNPH of Isosteviol might affect the protein
expressions of SIRT1 and HO-1. These findings revealed that DNPH of Isosteviol therapeutic effect
on age-related brain, liver, and kidney dysfunction was directly linked to the activation of the SIRT1
signal pathway.

Collectively our results suggested that DNPH of Isosteviol may attenuate oxidative stress,
neuroinflammation, neurodegeneration, and memory impairment in D-gal treated mice via
regulation of SIRT1, Nrf2/HO-1-mediated neuroinflammation. Our study is strongly supporting the
previously conducted studies on the role of Isosteviol, Rosing et al., 2020 finding point that

Isosteviol Sodium (STVNA) has also in vitro neuroprotective effects at the Blood brain barrier
(BBB).
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Collectively, our findings demonstrate that the use of DNPH of Isosteviol effectively prevented the
harmful effects associated with oxidative stress-induced neuroinflammation and Alzheimer's
disease-like symptoms in an aging animal model. The recent findings precisely understand the
signaling route of the neuroprotection provided by DNPH of Isosteviol in mice with D-gal-induced
oxidative stress associated memory impairment.
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