
INTRODUCTION
Alzheimer’s disease (AD), which is the most common 

type of dementia, is a progressive neurodegenerative disease, 
most frequently characterized by early memory loss and cognitive 
decline that can eventually alter behavior, speech, visuospatial 
orientation, and the motor system [1]. It is identified by the presence 
of amyloid beta plaques (Aβ), tau protein phosphorylation, and 
neurofibrillary tangles (NFTs) as well as shrinkage and dysfunction 
of neuronal cells, which eventually leads to progressive cognitive, 
behavioral, and motor impairment and ultimately death [2]. The 
main factors that increase the likelihood of developing AD are age, 
genetic history, and apolipoprotein E4 (APOE4) genotype [3]. At 
present, 50 million people are affected by AD and prevalence will 
approach 152 million worldwide by 2050. 

Aβ was initially identified by sequencing amyloid 
plaques in the brains of AD and down syndrome patients [4]. 
They are formed from the protein called amyloid precursor 
protein (APP), which is sequentially cleaved by two enzymes: 
β and γ secretase. APP can be processed in nonamyloidogenic 
or amyloidogenic pathways. The Aβ region is cleaved by 
α-secretase as a result of nonamyloidogenic processing, 
preventing the formation of Aβ [5]. In contrast, β-secretase 
cleavage of APP initiates amyloidogenic cleavage, which 
releases an amino-terminal ectodomain [6]. By cleaving the 
99-residue carboxyl-terminal segment, γ-secretase generates 
Aβ species comprising 38–43 residues [7]. Further evidence 
suggests about 10%–15% of early-onset familial AD cases 
are associated with APP mutations [8]. The Swedish mutation 
(APPSwe), one such mutations, is located at the cleavage site 
of β-secretase. This mutation accelerates β-cleavage, thereby 
enhancing the generation of all Aβ species [9]. 

Apparently, there are no clinically promising solutions 
for these conditions. Diosgenin (DG), an eminent steroidal 
sapogenin that is widely distributed in medicinal herbs of 
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ABSTRACT
The pathophysiology of Alzheimer’s disease (AD) is a complex phenomenon which mediating through Aβ plaque 
formation and neurofibrillary tangles. Since, last few decades preclinical and clinical research evidences strengthen 
the elucidation of underlying causes in disease progression. The ongoing studies are mainly focused to screen the 
potential clinical candidates which turndown the neurodegeneration or delaying in AD progression. Considering the 
complicated etiopathogenesis of AD, the therapies which target the multiple molecular pathways of AD is required to 
potentiate the treatment and which in turn regulates the AD related complications. Diosgenin (DG), a natural steroidal 
saponin which has proven for an antioxidant, neuroprotective effects, and Pioglitazone is a peroxisome proliferator-
activated receptor-γ agonist that has been found to be effective in treating several neuropathies. DG and Pioglitazone 
combination may be a successful novel approach in treating AD and other neurodegenerative disorders; in the present 
study, we were targeted the neuro-inflammatory pathways with Pioglitazone and DG to evaluate the neuroprotective 
potential especially in AD like condition. Overall, the research findings revealed the possible therapeutic benefits 
with novel combination and it was notably down-regulated the cytokine storm and Aβ plaque formation.
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clearly shows that the treatment of AD requires a multiple target 
strategy. To enhance cognitive functions in an AD-like condition, 
we therefore combined the synthetic drug Pioglitazone with 
the natural phytochemical DG to address numerous processes 
including excitotoxicity, neuroinflammation, oxidative stress, 
and mitochondrial dysfunction. 

Pioglitazone that is already on the market would be 
combined with a novel cognitive enhancer, such as DG, and 
may be evaluated clinically based on pre-clinical results. 
Additionally, this combination can be advised for use in treating 
AD and other neurodegenerative diseases where excitotoxicity, 
neuroinflammation, oxidative stress, and mitochondrial 
dysfunction play a significant role in the onset and progression 
of disease. The new combination of Pioglitazone and DG’s 
neuroprotective potential will be evaluated in appropriate in 
silico and in vitro models of AD.

MATERIALS AND METHODOLOGY

In silico studies

ADMET prediction using swissADME and pkCSM online web 
tool

To estimate the individual ADME behavior of the 
compounds DG and Pioglitazone, the Swiss Institute of 
Bioinformatics’ Swiss ADME software (www.swissadme.ch) 
was accessed in a web server that displays the Swiss ADME 
Submission page in Google. A table was used to represent the 
outcomes for each input molecule [29]. 

Pharmacokinetic properties
The pkCSM tool was used to assess pharmacokinetic 

features. Smiles were collected from swissADME, and entered 
in the pkCSM tool, followed by a click on the ADMET button 
to receive comprehensive data.

Optimum absorption 
Caco-2 cell permeability, an in vitro model was used 

for evaluating drug absorption in the human intestinal mucosa 
following oral administration. The permeability range of each 
molecule was classified using a prediction algorithm.

Optimum distribution
Gastrointestinal and brain penetration of derivatives/

anacardic acids/peptide nucleic acid derivatives, were evaluated 
using the BOILED-Egg approach (brain or intestinal estimated 
permeation method). VDSS, known as volume of distribution, a 
theoretical volume that helps in the prediction of drugs total dose 
which could be necessary for a regular distribution to provide a 
concentration that is equivalent to the level found in plasma. The 
greater the VDSS value, the higher the drug distribution in tissue. 
If a molecule’s log VDSS is less than 0.15, it is said to have low 
VDSS; if it is higher than 0.45, it is said to have high VDSS. Using 
pkCSM, the fraction unbound (Fu) value for each derivative/
anacardic acid/polypeptide nucleic acid can be evaluated.

Optimum of metabolism and excretion
To determine excretion pathways, we subjectively 

assessed renal organic cation transporter 2 (OCT2) substrate 

Dioscorea species is used as a principal source in producing 
steroidal medications [10]. It has received substantial attention 
for the prevention and treatment of various cancers [11], 
osteoporosis [12], cardiovascular diseases [13], atherosclerosis 
[14], diabetes mellitus (DM) [15], and skin conditions [16]. It 
is a light amorphous powder or white needle-shaped crystal 
with proven chemical and thermal stability under diverse 
environmental parameters [17]. The degree of DG’s solubility in 
aqueous solutions is approximately 0.7 ng/ml [18]. 

As AD progresses, Aβ-mediated chronic inflammation 
promotes microglia and astrocyte dysfunction, which in turn 
affects neuronal function and survival and eventually results 
in cognitive impairment [19]. In rat microglia and BV-2 
cells induced with lipopolysaccharides, Wang et al. [20] 
discovered that DG significantly suppressed the production 
of proinflammatory factors such nitric oxide, Interleukin 6 
(IL-6), and tumor necrosis factor (TNF)-α, thus achieving 
neuroprotective effectsClick here to enter text..

It has been observed that DG therapy dramatically 
reduced the cerebral cortex and hippocampal deposition of Aβ 
plaques and NFTs. Furthermore, it lowered the quantity of axons 
and presynaptic terminals which had degenerated in the vicinity of 
amyloid plaques [21]. Research has shown that isolated DG may 
represent a new category of cognitive enhancers with essential 
activities that morphologically and functionally reinforce neuronal 
networks [22]. Also, in our earlier study, we have demonstrated the 
neuroprotective effect of DG (200 mg/kg/po) against Aβ (1–42) 
induced neurotoxicity in animal model of AD. The mechanism 
of DG was attributed through attenuation of Aβ (1–42) mediated 
plaque load, oxidative stress, and neuroinflammation [23]. In 
addition, acute and subchronic toxicity study on rats administrated 
with DG orally at doses of 127.5, 255, and 510 mg/kg/day for 28 
days did not show any significant toxicity signs in rats indicating 
the less toxicity of DG [24].  

On the other hand, there is increasing evidence that 
complications caused by imbalances in insulin, particularly poor 
glucose tolerance and type II DM, elevate the probability of 
age-related cognitive decline and AD [25]. Aβ deposits and an 
increase in tau hyperphosphorylation are two major causes of the 
neurodegeneration that develops in AD and are associated to be 
exacerbated by insulin resistance and peripheral hyperinsulinemia 
[26]. As a result, targeting insulin dysregulation could be a 
cutting-edge approach for the treatment of AD. Treatment with 
thiazolidinediones, agonists of the nuclear receptor peroxisome 
proliferator-activated receptor (PPAR-γ), such as Rosiglitazone 
and Pioglitazone, may be beneficial in the treatment of AD since 
they lower peripheral insulin and improve insulin sensitivity. 
Besides this, it has also been discovered that PPAR-γ agonists 
have anti-inflammatory properties, regulate Aβ homeostasis, and 
have neuroprotective potential [27]. 

Pioglitazone activates PPAR-γ dependent peroxisome 
proliferator-activated receptor-gamma coactivator (PGC)-
1alpha co-activator signaling pathway and is found to be 
an effective strategy to exhibit neuroprotection in several 
neurodegenerative diseases [28]. 

Due to single targeting efficacy, many medicines 
for AD are failing to provide a successful therapy in Phase 
III clinical trials and even in pre-clinical investigations. This 
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followed by phosphate-buffered saline (PBS) [35], yielding a 
350 M stock solution. Three days were spent incubating the 
stock solution at 37°C, while pipetting the solution (50 strokes) 
every 3 days to aid in the production of large Aβ aggregates. 
SH-SY5Y cell line was planted in a six-well plate in Dulbecco’s 
modified eagle medium, supplemented with 10% fetal calf 
serum, penicillin (100 U/ml), and glutamine (0.3 mg/ml) 
and cultured at 37°C in a humidified tissue culture incubator 
containing 5% CO2 [36]. Then, 10 μM/l of synthetic coarse 
Aβ25–35 aggregates were added to the culture.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay—cell viability 

The reduction of MTT to formazan will be used to 
assess neuronal viability in terms of mitochondrial metabolic 
performance. The cultured cells were intoxicated with Aβ25–35 
and the combination of drugs was given with varying doses and 
exposure durations. After the removal of treatment, the cultured 
cells were washed in PBS and treated with MTT (5 mg/ml) in 
PBS for 2 hours at 37°C in 5% CO2. After several washings, the 
formazan crystals were dissolved in isopropanol and examined 
using spectrophotometer (570 nm, ref. 690 nm). The viability of 
the neurons was represented as a percentage of the control cells. 

Morphological observation
Morphological changes were observed by using phase 

contrast microscopy to assess the degeneration and regeneration 
of neurons with respect to injury and treatment.

Reactive oxygen species (ROS) assay—ROS expression
The ROS test was done using 

2’,7’-dichlorodihydrofluorescein diacetate following drug 
treatment in the aforesaid inebriated cell lines. After 24 hours 
of treatment, the cells were resuspended in a prewarmed PBS 
buffer containing a 10 μM probe and incubated for 1 hour 
at 37°C. Fluorescence was measured with the fluorescence 
microplate reader with excitation at 495 nm and emission at 
525 nm. The data were expressed as the percentage of cells that 
expressed dichlorofluorescein (DCF) intensity [37].

Enzyme-linked immuno sorbent assay (ELISA)
The cell lysates were separated and were subjected to 

estimate neuroinflammatory markers like IL-1β, TNF-α, etc., 
using respective ELISA kits as per manufacturer’s instruction. 

Statistical analysis
The results were expressed as mean ± standard error 

of the mean. One-way analysis of variance has been used for the 
statistical analysis, followed by Tukey’s multiple comparison 
using the software GraphPad Prism 9.0, where *** denotes the 
level of significance at p < 0.001.

RESULTS AND DISCUSSION

In silico evaluation

ADME properties
The swissADME and pkCSM webtool supports to 

analyze the biological activity as well as the drug likeliness of 
the compound. It also has a major impact on the effectiveness of 

and quantitatively analyzed total clearance for all derivatives. 
Total clearance, that is the sum of renal and hepatic clearance, 
is quantified by a proportionality constant. By using the pkCSM 
tool, in-silico data on the metabolic properties of derivatives 
was examined to determine any potential safety concerns 
involving drug-drug interactions.

Optimum toxicity
Drug design and development are greatly simplified 

in the pharmaceutical industry by in-silico methodologies, 
which benefit the early detection of safety endpoints. The most 
frequently used quantifiable endpoints to screen out potential 
safety hazards include lethal rat acute toxicity (LD50), hERG 
inhibition, minnow toxicity, Tetrahymena pyriformis toxicity, 
and other significant toxicity endpoints. The use of pkCSM 
makes it simple to examine potential toxicity endpoints.

Molecular docking 
Theamino acidsβ-catenin (7AFW), PGC1-α (3CS8), 

GSK-3β (1Q4L), BACE-1 (4B05), JNK3 (4WH2), PPAR-γ 
(2PRG) along with the existing cocrystals were obtained from 
Discovery Studio version 3.0 for active site prediction and to 
obtain the binding pockets. Molecular docking was performed for 
DG and Pioglitazone using the PyRx software to determine the 
target-ligand binding affinity and the root-mean-square deviation 
(RMSD) values. To facilitate molecular docking, PyRx has been 
utilized to ascertain the binding affinity of a ligand to a protein. 
The ligands were changed to protein data bank, partial charge 
(Q), and atom type (T) format following the devaluation. The 
macromolecule that will specify the binding site for the resulting 
protein was first selected. Following that, the active docking 
site was built using bound ligand binding locations. Then, all 
generated ligands were screened virtually on a molecular window, 
interacting with the specified active site [30,31]. The order of all 
ligands is then decided by their binding affinities as given by the 
PyRx score. The ligands were then divided into groups based on 
their binding energy levels.

Molecular dynamics (MD)
We performed a MD simulation using the Desmond 

module of Schrodinger 2020-1 to examine the atomic-level 
binding behavior of highly rated chemicals and to comprehend 
the molecular interaction analysis [32,33]. The ligand-protein 
complexes were positioned in single point charge water box for 
10 minutes. To neutralize the charge, counter ions (33 Na+ and 29 
Cl− ions) were added. To mimic the physiological circumstances, 
salt level was fixed to 0.15 M sodium and chloride ions method. 
The short-range Vander Waals and Coulomb interactions were 
calculated at cut-off radius of 9.0 A. A total of 100 ns MD 
simulation was performed with a timestep of 2 fs under an 
isothermal-isobaric ensemble (NPT) at a temperature of 300 K 
and pressure of 1 bar. OPLS-3e force field was employed in the 
simulations. Maestro’s Desmond simulation interaction diagram 
tool was used to create plots and figures [34].

In vitro model for AD

Aβ25-35 intoxicated SH-SY5Ycell culture
Aβ25-35 wassolubilized at 2.5 mM in 35% acetonitrile, 

0.1% trifluoroacetic acid and diluted with double-distilled water 
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the bioactive molecules. The results of ADME prediction were 
mentioned in Table 2.

The characteristics of ADMET and MD were computed 
in silico. SwissADME and pkCSM have been employed to 
evaluate the drug-likeliness and biological performance. As an 
outcome of the findings (Table 1), it was revealed that DG’s log 
P value (iLog P 5.93) exceeded the Lipinski Rule of 5. It was 
taken into consideration since there weren’t any other serious 
violations.

It was discovered using the boiled egg approach (Fig. 
1) that Pioglitazone depicted good gastrointestinal absorption 
while DG exhibited promising blood-brain barrier (BBB) 
permeability.

Docking results
The comparative in silico data of target proteins in AD 

was mentioned in Table 3.

Docking analysis
In silico study results found that DG has greater 

binding affinity to BACE-1 when compared with the standard 
AZD3839 and docking score of DG was found to be −11.3 kcal/
mol and for the standard AZD3839 −11.0 kcal/mol. AZD3839 
is a known synthetic analogue that inhibits BACE-1. 

Interactions of BACE-1 protein with the standard 
AZD3839 were found at positions Asp32, Leu30, Ile118, 
Gly230, Thr231, Ser35, Asn37, Trp76, Phe108, and Asp228, 
whereas DG has formed interaction at Trp115, Ile118, Ile110, 
Phe108, Arg128, Trp76, Val69, and Tyr71 positions in BACE-1 
enzyme which was shown in Figures 2 and 3.

Pioglitazone docking score was noted −6.2 kcal/mol 
as shown in Table 3, whereas its standard agonist Rosiglitazone 
reported −5.2 kcal/mol and interactions has happened at Ile281, 
Tyr327, Ile341, Gln286, Ser289, Tyr473, Arg288, and Ser342 
positions with PPAR-γ as protein and Pioglitazone formed 
interactions in positions of Met329, Phe226, Ile326, Leu330, 
Arg288, Cys285, Phe363, His323, Ser289, and Gln286 as 
shown in Figures 4 and 5.

MD simulation
MD simulation was done for the DG/4B05 complex to 

provide more insight into the structural forces for the antagonist 
binding affinity. The RMSD chart revealed that the BACE-1 
enzyme complex (PDB ID 4B05) stabilized promptly after the 
simulation of 50 ns (Fig. 6). On the reference frame backbone, 
all frames from the 50 ns trajectory were aligned. A slight 0.14 
Å variation in ligand RMSD was detected over the first 15 ns 
of the trajectory and in the last 10 ns of the trajectory, a 2.4 
Å fluctuation in the plot was observed. However, this slight 
fluctuation in ligand had not undergone significant structural 
changes in ligand-protein complex because this variation is 

within the acceptable range of 1–3 Å. The interaction of DG 
with enzyme BACE-1 during MD simulation was represented 
in Figure 7.

In vitro analysis

MTT assay

Individual assay
In this study, three test compounds to determine 

the cytotoxic impact on SH-SY5Y cells were tested. The test 

Table 1. In silico ADME properties of DG and Pioglitazone.

Molecule Formula MW #H-bond acceptors #H-bond donors MR TPSA iLOGP #Lipinskiviolations

DG C27H42O3 414.62 3 1 121.59 38.69 5.93 1

Pioglitazone C19H20N2O3S 356.44 4 1 102.17 93.59 2.61 0

Table 2. ADMET prediction of Pioglitazone and DG.

Model name Predicted values

DG Pioglitazone

Water solubility −5.539 log mol/l −4.309

Caco2 permeability 1.293 106 cm/s 0.978

Intestinal absorption 96.565% 92.422

Skin Permeability −3.39 log Kp −2.705

P-glycoprotein substrate No No

P-glycoprotein I inhibitor Yes Yes

P-glycoprotein II inhibitor Yes Yes

VDss 0.426 log l/kg −0.007

Fraction unbound 0 FU 0.017

BBB permeability 0.2 log BB −0.591

CNS permeability 2.885 log PS −2.496

CYP2D6 substrate No No

CYP3A4 substrate Yes Yes

CYP1A2 inhibitor No No

CYP2C19 inhibitor No Yes

CYP2C9 inhibitor No No

CYP2D6 inhibitor No No

CYP3A4 inhibitor No No

Total clearance 0.328 log ml/
minute/kg

−0.044 log ml/
minute/kg

Renal OCT2 substrate No No

AMES toxicity No No

Max. tolerated dose −0.559 0.41

hERG I inhibitor No No

hERG II inhibitor Yes No

Oral Rat Acute Toxicity (LD50) 1.921 Mol/kg 2.258

Oral Rat Chronic Toxicity (LOAEL) 1.452 log mg/kg 1.379 log mg/kg

Hepatotoxicity No Yes

Skin sensitization No No

T. pyriformis toxicity 0.399 log ug/l 1.138 log ug/l

Minnow toxicity 0.247 log Mm 0.094 log Mm
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The MTT assay findings indicate that the tested 
substances, Pioglitazone as well as the combination of 
Pioglitazone with DG were noncytotoxic and cell-proliferative 
in nature on human neuroblastoma cells as it shows p < 0.001 
level of significance.

chemicals were then used to treat the cells that had the following 
concentrations as given in Table 4.

Observation
• The results of MTT assay show that the test chemicals, 

viz., Pioglitazone (Fig. 8) was cell-proliferative and 
noncytotoxic in nature and other compound, viz., DG (Fig. 
9) moderately cytotoxic in nature on human bone marrow 
neuroblastoma (SH-SY5Y) cells with 65% cell viability at 
100 μM/ml concentration used for the study.

• The combination of these two compounds at 1:1 ratio 
also exhibited effective cell proliferation with 94.5% cell 
viability at the 100 μM/ml concentration (Fig. 10).

Figure 1. Boiled Egg approach.

Figure 3. 2-D interaction docking model of BACE 1 against DG.

Figure 5. 2-D interaction of protein PPAR-γ against Pioglitazone.

Figure 6. RMSD (Å) of the simulated BACE-1 and backbone atom with DG.

Table 3. Comparative in silico data of target proteins in Alzheimer’s 
disease.

S. No Target PDB ID Binding affinity (kcal/mol)

Standard DG Pioglitazone

1. β-catenin/Wnt 
signaling 7AFW −6.3 −5.3 −6.0

2. PGC1-α 3CS8 −5.9 −4.3 −6.2

3. GSK-3β 1Q4L −9.5 −8.3 −6.8

4. BACE-1 4B05 −10.9 −11.3 −9.0

5. JNK3 4WH2 −9.4 −8.3 −7.8

6. PPAR-γ 2PRG −8.5 −2.3 −9.4

Figure 2. Docking model of 3-D crystallographic structure of BACE-1 
against DG.

Figure 4. Pioglitazone interaction with 3-D crystallographic structure of PPAR-γ.
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Combination assay
This study examines the cytotoxicity of three chemicals 

on SH-SY5Y cells. The test chemicals that were utilized to treat 
the cells are listed in Table 5.

• According to MTT assay findings, the test chemical 
is cytotoxic viz., Aβ protein fragment Aβ25–35 causing 
effective cytotoxicity on Human neuroblastoma (SH-
Sy5Y) cells with IC50 values of 9.50 μM/ml (10 μM/ml) 
after the incubation period of 24 hours.

• In the Aβ neurotoxicity induced model, Pioglitazone (Fig. 
11), DG (Fig. 12), and Pioglitazone + DG (1:1 ratio) (Fig. 
13) compounds showed effective neuro-protective potency 
by recovering the cells death/autophagy on dose-dependent 
manner as it shows p < 0.001 level of significance.

The % cell viability of SH-SY5Y cell line along with 
IC50 and optimum concentration and morphological observation 
of SH-SY5Y cell line after 24 hours. of MTT assay was shown 
in Figures 14 and 15, respectively.

ROS assay
To measure the ROS expression of given test 

compounds on Aβ induced SHSY-5Y flow cytometry staining 

Table 4. Details of drug treatment to respective cell lines used for the 
study.

S. No Test compound Cell line Concentrations 
treated to cells

1 Untreated SH-SY5Y No treatment

2 Vehicle control SH-SY5Y 0.1% DMSO

3 Blank - Only Media without 
cells

4 Std control SH-SY5Y 10 μM/ml

5 Test compounds—DG

Pioglitazone

SH-SY5Y 5 (6.25, 12.5, 25, 
50,100 μM/ml)

Table 5. Drug treatment in Aβ25–35induced SH-SY5Y cell line.

S. No Test compound Cell line Concentrations treated 
to cells

1 Untreated SH-SY5Y No treatment

2 Vehicle control SH-SY5Y 0.1% DMSO

3 Blank - Only Media without cells

4 Std control SH-SY5Y 10 μM/ml

5 Test compounds SH-SY5Y cells

stimulated with 
B-AM

5 (6.25,12.5, 25, 50, 100 
µM/ml)

Figure 7. Represents the interaction of DG with enzyme BACE-1 during MD 
simulation.

Figure 8. % Cell viability of PIO treated SH-SY5Y cell line.

Figure 9. % Cell viability of DG treated SH-SY5Y cell line.

Figure 10. % Cell viability of PIO + DG treated SH-SY5Y cell line.
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of cell lines with H2DCFDA.The sample details are mentioned 
in Table 6.

Observation
H2DCFDA expression study of the test compounds 

against Aβ induced SH-SY5Y cell line was shown in Table 7 
and the results were presented in Figure 16.

The gated SH-SY5Y singlets’ H2DCFDA histograms 
discriminate between M1 and M2 phase cells. A negative 
expression/region is designated as M1, while a positive 
expression/region is designated as M2. It is possible to fine-tune 

the gating of the M1 and M2 phases using software analysis 
(Cell Quest Software, Version 6.0).

Pioglitazone, DG, and their combination treated cells 
significantly suppressed the DCF expression in Aβ induced 
model as compared to Aβ alone treated cells (Fig. 17). For the 
ROS study, the minimum concentration of the tested drugs that 
significantly reduced Aβ toxicity by showing more than 85%–
90% cell survival was taken into account.

When compared to Aβ-induced cells, a 25 μM/ml 
dose of Pioglitazone produced a satisfactory reduction in DCF 
intensity, but DG at a dose of 50 μM/ml showed a moderate 
suppression of DCF intensity. DCF expression was seen in 
56.49% of Aβ-induced cells and 13.8% of cells treated with Aβ 
plus Pioglitazone and DG, respectively.

Overall, the results showed that the given compounds, 
Pioglitazone and DG, have neuroprotective potential since they 
greatly reduced the oxidative stress-induced apoptosis caused 
by Aβ, as determined by measuring DCF intensity. 

ELISA 
Inflammatory cytokine levels will be significantly 

increased in AD. In ELISA, the expression of IL 1β and TNF α 
markers is measured.

TNF-α and IL-1β levels were measured using ELISA 
in Aβ25–35 induced SHSY5Y cell line models treated with 
different concentrations of Pioglitazone, DG, or a combination 
of both (3.125, 6,25, 12,12.5, and 25 M). When the maximum 
concentration (25 M) was used, the levels of TNF- and IL-1 
were significantly reduced (Figs. 18 and 19–21).

Discussion
This study was designed to determine whether the 

novel combination of Pioglitazone and DG can successfully 
inhibit the toxicity caused by Aβ25–35 in human neuroblastoma 
cells (SH-SY5Y). We hypothesized that this novel combination 
could alleviate the toxicity caused by Aβ25–35 peptide based 
on the finding that DG significantly reduced the cerebral 

Figure 11. % Cell viability of Aβ25-35 + PIO treated SH-SY5Y cell line.

Figure 12. % Cell viability of Aβ25-35 + DG treated SH-SY5Y cell line.

Figure 13. % Cell viability of Aβ25-35 + PIO + DG treated SH-SY5Y cell line.
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cortex and hippocampal deposition of Aβ plaques and NFTs 
[38] and PPAR-γ agonists have anti-inflammatory properties, 
regulate Aβ homeostasis, and have neuroprotective potential 
[39]. Whilst this is only a hypothesis at this point, there is 
currently no concrete experimental evidence to support 
how well this combination would affect neurotoxicity and 
morphological deterioration. Thus, to evaluate whether DG 
and Pio individually and in combination have a beneficial 
effect on neurotoxicity, we intoxicated Aβ25–35 peptide in SH-
SY5Y cells. 

Figure 14. % Cell viability of SH-SY5Y cell line along with IC50 and optimum concentration.

Figure 15. Morphological observation of SH-SY5Y cell line after 24 hrs. 
of MTT.

Figure 16. H2DCFDA expression study of untreated (A), Aβ alone with 10 μM/
ml (B), Aβ + Pioglitazone-25 μM/ml (C), Aβ + DG- 50 μM/ml (D), and Aβ + 
Pioglitazone + DG-50 μM/ml (E) concentrations against the SH-SY5Y cells 
using BD FACS Calibur, Cell Quest Pro Software (Version 6.0).

Table 6. Details of samples used for the study.

S. No. Sample name/code Concentrations used 
for the study

Cell line

1 Untreated - SH-SY5Y

2 Aβ alone 10 µM/ml SH-SY5Y

3 Aβ + Pio 10 µM/ml + 25 µM/ml SH-SY5Y

4 Aβ + Dio 10 µM/ml + 50 µM/ml SH-SY5Y

5 Aβ + {Pio+Dio} 10 µM/ml + 50 µM/ml SH-SY5Y

Table 7. H2DCFDA expression study of the test compounds against 
SH-SY5Y cell line.

Culture condition % Cells expressed DCF intensity ±SD (N = 3)

Untreated 0.56 ± 0.40

Aβ − 10 uM alone 57.59 ± 1.33

Aβ + Pio 22.51 ± 2.96

Aβ + Dio 31.87 ± 2.94

Aβ + Dio + Pio 15.26 ± 1.49
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In silico studies have revealed that the natural 
substance DG has good BBB penetration, which ensures that 
the drug will actively reach the brain and exert its effect by 
binding to BACE-1 enzyme.

The MTT assay determines the mitochondrial 
redox potential of live cells, in this context SH-SY5Y cells, 
and therefore measures changes in color of the redox dye 
from yellow to purple or blue in healthy cells as opposed to 
unhealthy cells. According to previous literature reporting 
that Aβ25–35 inhibits the cellular reduction of MTT, the MTT 
redox levels were lowered in the Aβ25–35 treated SH-SY5Y cells 
[40]. Considering it a measure of cell viability, the percentage 
reduction of MTT was discovered to be much higher in Aβ25–35 
+ PIO + DG treated cells than in cells treated with Aβ25–35 alone, 
suggesting that this combination is responsible for the enhanced 
redox activity in these cells.

The ROS assay is a cell-based approach to assess the 
activity of hydroxyl, peroxyl, and other reactive oxygen species. 

Figure 17. ROS Expression in SH-SY5Y Aβ25-35 induced model.

Figure 18. TNF-α standard Graph.

Figure 20. IL-1β standard Graph.

Figure 19. TNF-α Expression in SHSY5Y cell line model.

Figure 21. IL-1β Expression in SH-SY5Y cell line model.
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Measuring DCF intensity revealed that both Pioglitazone and 
DG greatly reduced the oxidative stress-induced apoptosis 
induced by Aβ. In Aβ-induced SH-SY5Y cells, the combination 
of Pio and Dio in a 1:1 ratio produced better inhibition of DCF 
intensity than the individual drugs.

Both experimental and clinical data have shown 
that the AD brain produces more proinflammatory cytokines, 
such as TNF-α, IFN- γ, IL-1β, IL-6, and IL-18, and that their 
receptors are upregulated during the disease progression [41]. 
Tau hyperphosphorylation and neuronal death are caused by 
pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IL-
18, that are elevated as a result of Aβ binding to the surface of 
microglial cells [42]. Earlier studies also revealed that transcript 
levels for several proinflammatory markers, specifically TNF-α 
and IL-1β, were increased in AD, specifically in response to 
tau [43]. Therefore, in the current study, TNF-α and IL-1β 
levels were measured using ELISA, and it was found that these 
levels were significantly lowered when the cells were treated 
with Pioglitazone (PIO) and DG together, indicating that these 
drugs have a significant protective role for the cells against 
neuroinflammation.

CONCLUSION
The effectiveness of all AD therapeutic interventions 

is confined. Currently, symptomatic improvement over 
pretreatment baseline constitutes the best short-term outcome. 
The reliability of combination therapy has, therefore, been 
considered to be important due to the availability of drugs for 
the treatment of AD that have diverse mechanisms of action. 
Two potential treatments for AD include cholinesterase 
inhibitors and N-methyl-D-aspartate antagonists, both of 
which have a lengthy history of usage in clinical settings. 
Due to their poor therapeutic efficacy, these drugs have not 
been successful at eliminating Aβ plague, NFTs, or improving 
cognitive function. In the current study, we evaluated both 
individual and combined neuroprotective effects of DG and 
Pioglitazone in AD. The study found that the combined effects 
of these medications showed more significant neuroprotection 
than their individual effects. Pioglitazone, which suppresses 
nuclear factor kappa B via activating PGC-1, and DG, which 
is observed to inhibit the BACE-1 enzyme and promote Aβ 
clearance, together decreased neuroinflammation and the 
growth of Aβ plague. 

We could, therefore, conclude by stating that 
Pioglitazone and DG together may be a promising novel 
neuroprotective combination for neurodegenerative disorders 
like Alzheimer’s. However, it is crucial to carry out in vivo and 
clinical investigations to understand more about the underlying 
neuroprotective mechanism of these drugs as well as regarding 
their toxicity or side effects associated with their long-term 
usage.
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