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Objective(s): Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting millions 
globally, with no current cure despite extensive research efforts. The neurotoxin MPTP is commonly 
used as a PD model by inhibiting mitochondrial complex I. Nicotine, the primary alkaloid in 
tobacco, has shown potential neuroprotective effects against neurodegenerative diseases, including 
PD, although the precise mechanisms remain unclear. This study aims to investigate the effects of 
nicotine on the energetic metabolism of substantia nigra cells affected by MPTP.
Materials and Methods: We examined the impact of nicotine on glycolytic, Krebs cycle, and 
respiratory chain enzymes in substantia nigra cells, as well as mitochondrial and cytosolic creatine 
kinase activities. ATP levels, mitochondrial permeability transition pore (mPTP) activity, and PI3K-
AKT-mTOR signaling pathway were also assessed. The study was performed on a mouse model where 
PD was induced by MPTP, followed by nicotine treatment.
Results: Nicotine administration led to improvements in mitochondrial function, with enhanced 
ATP production, creatine kinase activity, and overall energetic metabolism. Nicotine corrected 
the energetic deficiencies induced by MPTP, likely through the activation of the PI3K-AKT-mTOR 
pathway, which is suppressed by MPTP.
Conclusion: Our findings suggest that nicotine may exert neuroprotective effects in Parkinson’s 
disease by improving mitochondrial function and enhancing energetic metabolism, potentially via 
activation of the PI3K-AKT-mTOR pathway. This highlights nicotine’s potential as a therapeutic agent 
in mitigating PD-induced metabolic disturbances.

Article history:
Received: Dec 16, 2024
Accepted: Jun 3, 2025

Keywords: 
Energy metabolism
Mitochondrial permeability 
transition pore
Neurodegenerative diseases
Neuroprotective agents1
Nicotine
Parkinson’s disease 

►Please cite this article as:  
Zhgenti N, Bibilashvili O, Shengelia M, Burjanadze G, Koshoridze M, Davitashvili E, Koshoridze N. Effect of nicotine on the energy metabolism 
of substantia nigra cells in mptp-induced parkinson’s disease. Iran J Basic Med Sci 2025; 28:

Introduction

                                   © 2025. This work is openly licensed via CC BY 4.0.
                                       This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses),                                                                                            
                                   which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Parkinson’s disease (PD) is a progressive 
neurodegenerative disorder that ranks second in prevalence 
only after Alzheimer’s disease. Over the past 25 years, 
the global prevalence of PD has doubled. In 2019, it was 
estimated that more than 8.5 million people worldwide 
were living with PD (1, 2). According to some authors, it 
is projected that by 2040, PD will affect around 12 million 
people (3). The disease is characterized by the death of 
neurons in the substantia nigra (SN), leading to a range 
of neurological symptoms, including rigidity, resting 
tremors, and bradykinesia (4). The molecular basis of PD 
is inextricably linked to several key processes: the abnormal 
aggregation of alpha-synuclein, culminating in the formation 
of Lewy bodies; dysregulation of the ubiquitination process; 
and the emergence of oxidative stress as a consequence of 
mitochondrial dysfunction, which leads to the accumulation 
of pathological alpha-synuclein and the generation of 
reactive oxygen species (ROS) and reactive nitrogen species 
(RNS). Collectively, these factors contribute significantly 
to the degeneration and ultimate demise of dopaminergic 
neurons in the SN (5, 6). Among the many animal models 

of PD, the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced model is widely recognized for its ability 
to reproduce the selective degeneration of SN dopaminergic 
neurons, thereby providing valuable insights into the 
mechanisms of PD pathology. Furthermore, MPTP-induced 
neurotoxicity is associated with mitochondrial complex I 
inhibition, leading to oxidative stress, energy deficits, and 
dopaminergic cell death (7, 8).

Nicotine, an alkaloid found primarily in tobacco, has 
garnered significant attention for its neuroprotective 
properties. Several epidemiological studies suggest an 
inverse correlation between smoking and the incidence of 
PD, proposing that nicotine may exert protective effects 
on dopaminergic neurons (9–11). It has been shown that 
nicotine reduces oxidative stress caused by MPTP, enhances 
the activity of anti-oxidant enzymes, and lowers levels of 
reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) (12). Nicotine has also been shown to affect various 
mitochondrial processes, including electron transport chain 
complex activity, uncoupling protein 1 (UCP1) expression, 
and the regulation of fission- and fusion-related proteins 
(13–15).

It also exhibits therapeutic effects in animal models 
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of PD by reducing dopaminergic degeneration in the 
substantia nigra (SN) (16–17), increasing dopamine levels 
in the striatum (18–19), and influencing mitochondrial 
respiration (20). However, its impact on energy metabolism 
processes such as glycolysis, the citric acid cycle, creatine 
kinase activity, and the functional state of the mitochondrial 
permeability transition pore (mPTP) in Parkinsonian 
conditions remains unclear (21).

The energy metabolism of neurons, including those in 
the substantia nigra, is highly dependent on the proper 
functioning of mitochondria. The first step of neuronal 
energy metabolism is glycolysis, which occurs in the 
cytoplasm, where one glucose molecule is broken down 
into two molecules of pyruvate. This process generates a 
small amount of energy in the form of 2 ATP and 2 NADH 
molecules. The pyruvate produced in glycolysis is then 
transported into the mitochondria, where it is converted 
into acetyl-CoA by the enzyme pyruvate dehydrogenase. 
Acetyl-CoA enters the Krebs cycle, which takes place 
in the mitochondrial matrix. The Krebs cycle completes 
the oxidation of acetyl-CoA, producing CO₂, NADH, 
and FADH₂. The NADH and FADH₂ generated in both 
glycolysis and the Krebs cycle are then used in the electron 
transport chain (ETC).

The ETC, located in the inner mitochondrial membrane, 
uses the high-energy electrons from NADH and FADH₂ to 
power the movement of protons (H⁺) across the membrane, 
creating an electrochemical gradient (proton gradient). The 
flow of electrons through protein complexes in the ETC 
ultimately leads to the reduction of oxygen to water. This 
proton gradient drives ATP synthesis as protons flow back 
into the mitochondrial matrix through the enzyme ATP 
synthase, which phosphorylates ADP to form ATP. This 
process, known as oxidative phosphorylation, produces the 
bulk of ATP generated during cellular respiration. Together, 
glycolysis, the Krebs cycle, and the electron transport chain 
provide a continuous flow of energy, converting glucose 
into ATP in a coordinated, stepwise manner (22–24). 
The resulting ATP passes from the mitochondria to the 
cytosol, where it is used in various processes. However, 
part of the ATP in the mitochondria is oxidized to ADP by 

the mitochondrial isoform of the enzyme creatine kinase, 
which transfers the phosphate group from ATP to creatine, 
resulting in the high-energy compound phosphocreatine, 
which then passes into the cytosol, where it is consumed by 
the body when energy demand increases. The regeneration 
of ATP from phosphocreatine is catalyzed by the cytoplasmic 
isoform of creatine kinase. This process helps store energy 
in the form of phosphocreatine, which can be rapidly 
mobilized when needed (25).

It is well established that normal cellular energy 
metabolism is essential for the growth and development of 
both individual cells and the entire organism. This process 
is tightly regulated and influenced by a variety of factors, 
among which intracellular signaling pathways play a key 
role. Of particular importance is the phosphoinositide 
3-kinase (PI3K)/protein kinase B (AKT)/mechanistic target 
of rapamycin (mTOR) signaling pathway, which warrants 
special attention due to its significant role in metabolic 
regulation. The PI3K/AKT/mTOR pathway is crucial 
for regulating cellular growth, survival, and metabolism. 
Upon activation, PI3K phosphorylates and activates AKT, 
facilitating its localization to the plasma membrane. AKT 
then initiates a number of downstream effects, one of the 
most important being the activation of mTOR (26). PI3K/
AKT/mTOR signaling interfaces with key metabolic 
processes, particularly through the regulation of glucose 
uptake and glycolysis. Notably, hypoxia-inducible factor 1 
alpha (HIF1α), a downstream effector of mTORC1, plays an 
important role in upregulating the expression of hexokinase 
2 and pyruvate kinase M2, two critical, rate-limiting 
enzymes in the glycolytic pathway. Another downstream 
mechanism of mTORC2 involves the transcription factor 
c-MYC, which promotes the expression of heterogeneous 
nuclear ribonucleoproteins (hnRNPs) involved in the 
transcription of pyruvate kinase M2 (27–28). In addition 
to its metabolic roles, this pathway contributes to cellular 
protection against oxidative stress, in part by regulating the 
opening of the mitochondrial permeability transition pore 
(mPTP). Dysregulation of mPTP can lead to mitochondrial 
swelling and cell death, linking energy metabolism to cell 
survival pathways (29). Figure 1 illustrates the integration of 

Figure 1. Schematic representation of the interconnections between respiratory metabolism, creatine kinase, the mitochondrial permeability transition pore 
(mPTP), and the PI3K-AKT-mTOR signaling pathway 
Glucose undergoes metabolism via glycolysis, resulting in the production of pyruvate. Pyruvate is then converted into acetyl-CoA by the enzyme pyruvate dehydrogenase and 
enters the tricarboxylic acid (TCA) cycle. During the TCA cycle, reduced cofactors are generated, which transfer electrons to the mitochondrial electron transport chain, ultimately 
producing ATP. Mitochondrial creatine kinase catalyzes the transfer of a phosphate group from ATP to creatine, forming phosphocreatine (P-Creatine) and ADP. In the cytoplasm, 
cytosolic creatine kinase reverses this reaction, converting phosphocreatine back to creatine while regenerating ATP from ADP. This phosphocreatine system serves as a rapid 
energy buffer and shuttle between mitochondria and cytosolic ATP-consuming processes. Phosphoinositide 3-kinase (PI3K) activates protein kinase B (AKT) via phosphorylation. 
Activated AKT subsequently phosphorylates and activates the mechanistic target of rapamycin (mTOR). mTOR signaling enhances glycolysis and promotes closure of the mPTP. 
Under pathological conditions, the mPTP remains open, leading to mitochondrial swelling, release of pro-apoptotic factors, and activation of apoptotic signaling pathways.
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these processes into a unified model, depicting cellular energy 
metabolism as a cohesive and dynamically regulated system.

This study aims to explore the effects of chronic nicotine 
administration on the energetic metabolism of substantia 
nigra cells in an MPTP-induced PD model. By examining 
the mitochondrial permeability transition pore functional 
state, the ATP production process, and the PI3K-AKT-
mTOR signaling pathway, we aim to elucidate the potential 
protective mechanisms of nicotine in modulating the 
metabolic disturbances associated with PD. The findings 
from this research could provide valuable insights into 
novel therapeutic approaches targeting metabolic pathways 
in PD treatment.

Materials and Methods
Study design

The research was conducted on BALB/c line laboratory 
mice, aged 8 weeks and weighing 22 ± 2 g. The animals 
were housed, cared for, and tested in accordance with the 
Guide for the Care and Use of Laboratory Animals, 2021 
(30) at the Department of Biology, Iv. Javakhishvili Tbilisi 
State University and its vivarium. Throughout the study, the 
mice had unrestricted access to both water and standard 
laboratory-grade food. The ambient room temperature was 
rigorously maintained at 22 ± 2 °C to ensure a stable and 
comfortable environment for the animals. Furthermore, 
the mice were subjected to a controlled 12-hr light-dark 
cycle to mimic their natural circadian rhythm. Before the 
commencement of any experimental procedures, the mice 
were allowed a period of 7 days for acclimatization to the 
vivarium conditions. Following this adaptation phase, 
they were systematically partitioned into four distinct 
experimental groups, each composed of 40 mice (Figure 2): 
• Group I (G1) (control group): Mice received four 
intradermal injections of sterile physiological solution 
(0.9% NaCl) at 2-hr intervals, with a volume of 10 ml/kg. 
• Group II (G2): Mice were treated with drinking water 
containing nicotine bitartrate at a concentration of 10mg/
kg, ad libitum, for 14 days. 
• Group III (G3): Mice received four intradermal injections 
of MPTP at 2-hr intervals, at a dose of 20 mg/kg, with a 

volume of 10 ml/kg. 
• Group IV (G4): Mice were injected intradermally with 
MPTP following the same protocol as Group G3, and 
72 hours after the injection, they were given an aqueous 
nicotine solution for 14 days, similar to Group G2. 

The dosage of both the neurotoxin and nicotine was 
determined based on existing literature data (31-32). A 
fresh nicotine solution was prepared daily. According to 
the literature, the average experimental dose of transdermal 
nicotine is around 20 mg/kg, with a bioavailability of 
approximately 75–80% (33). In contrast, only about 30–40% 
of orally administered nicotine enters systemic circulation 
(34). Therefore, the oral dose used in this study (10 mg/
kg) is below the typical transdermal equivalent. On the 
seventeenth day of the study, the animals from each group 
were euthanized in accordance with international guidelines 
(35). After euthanizing the animals, we decapitated them. 
(Figure 2) Then, their brains were removed and frozen at 
-80 °C. Using the rodent brain coronal matrice (RBMS-
200C), stereomicroscope (Laxco LMS-Z230PMZS33), and 
mouse brain atlas (36), we dissected the substantia nigra. 

Subcellular fractionation
Fractionation of brain tissue was performed as per 

Whittaker (1969). Briefly, mouse brains were homogenized 
in 0.32 M sucrose and centrifuged at 1,000× g for 10 min. 
The supernatant (S1) was collected and centrifuged at 
17,000× g for 55 min, resulting in the S2 supernatant 
and the P2 pellet (crude mitochondrial fraction). S2 was 
centrifuged at 100,000× g for one hour to generate the 
supernatant (cytosol fraction). P2 was resuspended in 0.32 
M sucrose and layered onto a 1.2 M, 0.8 M block sucrose 
gradient. Following centrifugation at 53,000× g for two 
hours, fractions A (0.32/0.8M boundary), B (0.8/1.2 M 
boundary), and C (pellet below 1.2 M) (pure mitochondrial 
fraction) were collected and centrifuged at 100,000× g for 
one hour to isolate membranes. Pure mitochondrial and 
cytosol fractions were used for further experiments (37).

Determination of energetical metabolism enzyme activity
To study the glycolysis process, we measured the 

Figure 2. Study design
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activity of several key enzymes involved in this pathway. 
First, we assessed the activity of hexokinase, the primary 
enzyme of glycolysis that catalyzes the phosphorylation of 
glucose. For this, we used a commercially available kit from 
MyBioSource (MBS9719202). In addition, we measured the 
activity of fructose-bisphosphate aldolase, another critical 
enzyme that catalyzes the reversible reaction splitting 
fructose 1,6-bisphosphate into two triose phosphates: 
dihydroxyacetone phosphate (DHAP) and glyceraldehyde 
3-phosphate (G3P). This was done using the Fructose-
bisphosphate Aldolase Test Kit (MBS265365).

Given the importance of pyruvate dehydrogenase as 
the key enzyme linking glycolysis to the tricarboxylic acid 
(TCA) cycle, we also measured its activity using the Pyruvate 
Dehydrogenase Test Kit (MBS8243249). To investigate 
the TCA cycle, we measured the activity of several critical 
enzymes, including aconitase (MBS8309682), alpha-
ketoglutarate dehydrogenase (MBS8309683), Succinate 
Dehydrogenase (MBS8243220), fumarase (MBS7218132), 
and malate dehydrogenase (MBS8309689), using their 
respective enzyme activity kits. These measurements 
provided comprehensive insights into the functionality of 
glycolysis and the TCA cycle. 

In addition to these enzymes, the key enzyme creatine 
kinase, which plays an active role in cellular energy 
metabolism, was also analyzed. The activities of both 
mitochondrial and cytoplasmic isoforms of creatine kinase 
were measured using a test kit from Abcam (Ab155901).

Determination of electron transport chain enzyme activity
To investigate ATP synthesis in detail, we analyzed the 

activity of the entire respiratory chain by measuring the 
enzymatic activities of its key complexes. This included 
Complex I (NADH: ubiquinone oxidoreductase), assessed 
using the Mybiosource kit (MBS8806971); Complex 
II (succinate dehydrogenase), measured with the kit 
(MBS8243220); Complex III (cytochrome bc1 complex), 
using the Complex III Test Kit (MBS3805803); and 
Complex IV (cytochrome c oxidase), evaluated with the 
kit (MBS037447). Additionally, we measured the activity 
of Complex V, also known as ATP synthase, using the ATP 
Synthase Activity Test Kit (MBS8305380). 

Determination of ATP levels
To quantify ATP levels, we employed the Luminescent 

ATP Detection Assay Kit from Abcam (Ab113849). 

Mitochondrial permeability pore (mPTP) opening 
To determine the mitochondrial permeability pore 

(mPTP) opening, 2 ml mitochondrial suspension 
(approximately 0.5 mg protein) was added to 1 ml of an 
incubation medium prepared using 25 mM Tris-HCl buffer, 
containing 120 mM KCl, 3 mM KH₂PO₄, and 5 mM sodium 
succinate, adjusted to pH 7.4. To induce pore opening, 
CaCl₂ was added to a final concentration of 420 µM, while 
cyclosporin A, at a concentration of 0.42 µM, was used 
to inhibit this effect. Both CaCl₂ and cyclosporin A were 
introduced into the reaction mixture either sequentially 
or in equal volumes. Absorbance values   were measured 
spectrophotometrically at 520 nm, and pore opening was 
assessed based on changes in absorbance over a 30-minute 
period (38). After a stable initial optical density (OD) 
was obtained, the absorbance change was set to zero, and 
subsequent changes were recorded. Upon the addition of 
calcium chloride, the absorbance change indicated pore 
opening, as reflected by a decrease in OD, while cyclosporin 

A caused an increase in OD, reflecting pore closure. 
To assess mitochondrial swelling, a swelling buffer 

containing 70 mM sucrose, 230 mM mannitol, 3 mM 
HEPES, 2 mM Tris-base, 5 mM sodium succinate, and 1 μM 
rotenone was added to the mitochondrial suspension. The 
absorbance was measured spectrophotometrically at 540 
nm. A decrease in optical density (OD) is proportional to 
mitochondrial swelling (39).

PI3K-AKT-mTOR pathway Western blotting analysis
Substantia nigra cells from experimental animals were 

analyzed using Western blotting, following the standard 
method (40). The following primary antibodies were used: PI3 
Kinase p85 Antibody (Cell Signaling #4292); Phospho-Akt 
(Ser473) Antibody (Cell Signaling #9271), and Phospho-mTOR 
(Ser2448) Antibody (Cell Signaling #2971). Immunoreactivity 
was detected by enhanced chemiluminescence autoradiography 
(ECL kit, Santa-Cruz Biotechnology). Protein concentrations 
were determined using a BCA protein assay kit (Thermo 
Scientific). Signal quantification from Western blots was 
assisted by ImageJ software.

Chemicals and reagents
All the reagents were purchased from Sigma–Aldrich 

(Sigma–Aldrich Inc., St. Louis, USA) unless otherwise 
specified.

Statistical analysis
Data are presented as mean ± standard error of the 

mean (SEM), and statistical analysis was performed using 
GraphPad Prism 9.0 software (GraphPad Prism 9.0, USA). 
To assess the assumption of normality, the Shapiro-Wilk test 
was applied. Only data that met the normality assumption 
were subjected to further analysis using a one-way ANOVA 
to determine statistical significance, followed by Tukey’s 
post hoc test for multiple comparisons. P-values of 0.05 or 
less were considered statistically significant.

Results
Energy metabolism enzyme activity

In the initial phase of the experiment, the activities of 
glycolytic enzymes in the substantia nigra cells of MPTP-
treated laboratory mice were analyzed. These results were 
compared to data obtained after a 14-day nicotine treatment. 
Hexokinase activity increased by approximately 40% 
following MPTP administration (P≤0.001) but returned 
to normal levels in the MPTP + Nicotine group (P≤0.01). 
In contrast, aldolase activity decreased by about 30% after 
MPTP treatment compared to the control (P≤0.0001) but 
similarly normalized following nicotine administration 
(P≤0.001). Additionally, pyruvate dehydrogenase activity 
showed a 43% decrease post-MPTP treatment (P≤0.0001), 
with levels returning to baseline after chronic nicotine 
administration (P≤0.0001) (Figure 3).

Regarding TCA cycle enzymes, most exhibited decreased 
activity in Group 3 (MPTP-treated) compared to the control 
group (P≤0.0001). However, these activities returned to 
normal levels following nicotine treatment (Group 4). For 
example, aconitase, alpha-ketoglutarate dehydrogenase, 
and malate dehydrogenase activities decreased by 40–45% 
in Group 3 but increased by approximately 50–60% after 
nicotine administration. In contrast, fumarase activity 
showed no significant changes (Figure 4). Notably, in 
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healthy animals, nicotine administration (Group 2) did not 
affect the activities of glycolytic or TCA cycle enzymes. 

In addition to glycolytic and TCA cycle enzymes, 
the activity of creatine kinase, an enzyme involved in 
energy metabolism, was assessed in both its cytosolic and 
mitochondrial isoforms. The results are presented in Figure 

5. MPTP exposure led to a nearly threefold decrease in 
mitochondrial creatine kinase activity (P≤0.001), while 
cytoplasmic isoform activity increased by approximately 
90% (P≤0.0001). Following nicotine administration, the 
activity of both isoforms returned to normal levels (P≤0.01, 
P≤0.001) (Figure 5).

Figure 3. Activity of hexokinase, aldolase and pyruvate dehydrogenase (U/mg)
The reported results represent the mean or average values obtained from 10 repeated trials. Note: Data are mean ± SEM; *P≤0.01; ** P≤0.001; ***P≤0.0001

Figure 4. Activity of aconitase, alpha-ketoglutarate dehydrogenase, fumarase and malate- dehydrogenase (U/mg)
The reported results represent the mean or average values obtained from 10 repeated trials. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; ***P≤0.0001. 

Figure 5. Ativity of mitochondrial and cytoplasmic isoforms of creatine kinase (mU/mg)
The reported results represent the mean or average values obtained from 10 repeated trials. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; *** P≤0.0001
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Determination of electron transport chain enzyme activity
Based on the obtained data, it became relevant to investigate 

the direct effect of nicotine on ATP synthesis, specifically by 
examining the activity of mitochondrial respiratory chain 
complexes in the substantia nigra mitochondria of both 
control and MPTP-treated mice. As shown in Figure 6, the 
activity of all enzyme complexes in the respiratory chain 
significantly decreased by 50-80% (P≤0.0001), except for 
Complex II, whose activity increased by more than 70% 
(P≤0.0001). Following nicotine administration, the function 
of the electron transport chain approached normal levels. 
The activity of Complex II decreased, while the activities of 
all other complexes increased.

Determination of ATP levels
The obtained results are consistent with the subsequent 

experiment, where the amount of ATP in the study cells was 
measured directly. Analysis of ATP levels revealed a sharp 
reduction in its concentration in the cells of the substantia 
nigra following MPTP exposure (P≤0.0001). However, 
nicotine administration significantly increased ATP levels, 
bringing them closer to normal (P≤0.001) (Figure 7).

The obtained data provided insights into the functional 
state of mitochondria across the experimental groups. 
Specifically, we assessed the state of the mitochondrial 
permeability transition pore (mPTP), a key driver of changes 
in mitochondrial function. Analysis of mPTP activity 
revealed that all experimental groups, except the MPTP 
group, exhibited sensitivity to the activator CaCl₂, with only 
minimal changes observed in the MPTP group (Figure 8A). 
In response to the inhibitor cyclosporine A, only Group 3 
demonstrated sensitivity, while no other group showed a 
significant response (Figure 8B).

Figure 6. Activity of electrone transport chain enzyme complexes: I complex (NADH depended dehydrogenase); II complex (succinate dehydrogenase); III 
complex (cytochrome c reductase); IV complex (cytochrome c oxidase), and V complex (ATP synthase) (U/mg)
The reported results represent the mean or average values obtained from 10 repeated trials. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; *** P≤0.0001

Figure 7. Concentration of ATP in SN cells (μM/mg)
The reported results represent the mean or average values obtained from 10 repeated trials. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; *** P≤0.0001.
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This study also examined mitochondrial swelling 
as a downstream event following the opening of the 
mitochondrial permeability transition pore. Our results 
indicate that MPTP treatment significantly increased 
mitochondrial swelling, as evidenced by reduced absorbance 
(P≤0.0001). In contrast, nicotine effectively prevented 
mitochondrial swelling in isolated mitochondria, showing a 
highly significant difference compared to the MPTP group 
(P≤0.001), as shown in Figure 9.

PI3K-AKT-mTOR pathway 
It is known that various internal and external processes 

regulate the course of energy metabolism. Among these 
processes, the PI3K-AKT-mTOR signaling pathway plays 
a central role. Taking this into account, the quantitative 

Figure 8. Activity of mPTP in substantia nigra cells (Change of optical density (OD) at 520 nm after CaCl2 (A), and cyclosporine A (B) addition
The reported results represent the mean or average values obtained from 10 repeated trials

Figure 9. The mitochondrial swelling in substantia nigra cells
The reported results represent the mean or average values obtained from 10 repeated 
trials. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; *** P≤0.0001

Figure 10. Mean values and representative Western blots of PI3K, p-AKT(Serine 473) and p-mTOR (Serine 2448) in the SN cells
The data shown are representative of three independent experiments. β-Actin was also visualized by Western blotting to confirm the equal loading of the fractions. Quantification 
of PI3K blots is shown in A, of AKTp in B, and of mTORp in C. Note: Data are mean ± SEM; * P≤0.01; ** P≤0.001; *** P≤0.0001
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changes of some components of this pathway in the cells of 
the substantia nigra of the brain of the research groups were 
studied in further tests. The obtained data are presented in 
Figure 10. As shown in Figure 10, the PI3K-AKT-mTOR 
signaling pathway is inhibited in the MPTP group. Nicotine 
activates the pathway by increasing the phosphorylation 
of AKT (P≤0.0001), which subsequently enhances the 
activation of mTOR (P≤0.01). 

Discussion
PD is a progressive, long-term neurodegenerative 

disorder primarily characterized by the massive loss of 
dopaminergic neurons in the substantia nigra pars compacta 
and the formation of protein aggregates, known as Lewy 
bodies composed of synuclein (41). PD is believed to result 
from a complex interplay of aging, genetic predispositions, 
and environmental factors. These interactions lead to 
mechanisms that disrupt dopaminergic neuron function, 
causing oxidative stress, mitochondrial dysfunction, 
inflammation, and genetic mutations that impair the 
ubiquitin-proteasome system, ultimately resulting in 
neurodegenerative changes (42-43). Currently, 120–150 
individuals per 100,000 are affected by PD, and given 
the increasing prevalence rates, the number of patients is 
expected to rise significantly by 2050. Consequently, there 
is a growing focus on finding interventions to mitigate 
neurodegenerative processes.

Nicotine, the primary alkaloid found in tobacco, 
constitutes approximately 0.6–3.0% of its dry weight (44). 
Remarkably, epidemiological investigations have indicated 
that individuals who smoke cigarettes exhibit a reduced 
mortality rate from PD when compared to non-smokers, 
thereby suggesting a potential influence of nicotine on the 
course of this debilitating disorder (45-46). Furthermore, 
the neuroprotective properties of nicotine have been 
substantiated through diverse in vivo studies (47-49). 
These investigations not only underscore the advantageous 
impact of nicotine in animal models of Parkinsonism 
but also elucidate various signaling pathways implicated 
in this phenomenon. Notably, these pathways include 
the downregulation of SIRT-6, the inhibition of PARP-1 
and caspase-3 cleavage, as well as the modulation of the 
p-JNK/JNK and p-ERK/ERK ratios. It is conceivable that 
the neuroprotective efficacy of nicotine extends beyond 
these pathways, encompassing other cellular regulatory 
mechanisms. Of particular interest is the inquiry into 
whether nicotine’s action is associated with a reduction in 
oxidative stress, a key pathological process in the context 
of PD. Intriguingly, some studies have suggested that 
nicotine may paradoxically elevate oxidative stress levels. 
Our previous study showed that nicotine administration 
improved the locomotor function of MPTP-treated mice, 
elevated dopamine levels, and decreased markers of 
oxidative stress. Nicotine also increased the activity of anti-
oxidant enzymes in the cells of the substantia nigra (12). In 
this study, we investigated the effects of chronic, per oral 
nicotine administration on the energetical metabolism of 
substantia nigra (SN) cells in an MPTP-induced PD model. 
Our results indicate that nicotine exerts a neuroprotective 
role, particularly through modulation of key mitochondrial 
and metabolic processes. This suggests potential therapeutic 
pathways for mitigating energy deficits characteristic of PD. 

MPTP administration led to a marked inhibition of 
glycolysis, the TCA cycle, and oxidative phosphorylation, 

indicating severe mitochondrial dysfunction. This 
observation aligns with existing literature that implicates 
mitochondrial impairment in PD pathogenesis, particularly 
through inhibition of Complex I of the electron transport 
chain (ETC) (50). In our study, the activities of key enzymes 
involved in glycolysis and the TCA cycle, such as aldolase, 
pyruvate dehydrogenase, aconitase, α-ketoglutarate 
dehydrogenase, and malate dehydrogenase, were 
significantly disrupted by MPTP, resulting in reduced ATP 
production and an energy deficit. Unlike other enzymes 
affected by the neurotoxin, hexokinase and fumarase 
exhibited different responses: hexokinase activity increased, 
while fumarase activity remained unchanged. The increase 
in hexokinase activity can be explained as a compensatory 
mechanism, where the cell attempts to break down more 
glucose to compensate for the lack of ATP (51). In contrast, 
fumarase’s resistance to oxidative stress can be attributed to 
its structural features, particularly the absence of sulfhydryl 
bonds, which protects it from the damaging effects of 
the neurotoxin (52). Nicotine administration, however, 
restored the activity of these enzymes and normalized 
ATP production, suggesting that nicotine modulates 
mitochondrial function to counteract MPTP-induced 
damage. The restoration of TCA cycle enzyme activity 
points toward nicotine’s ability to enhance mitochondrial 
biogenesis or stability, possibly through its effects on 
mitochondrial dynamics. 

The alterations in creatine kinase (CK) activity further 
underscore the metabolic dysregulation caused by MPTP. 
The nearly threefold decrease in mitochondrial CK 
activity following MPTP administration reflects impaired 
energy buffering in the mitochondria. This disruption 
compromises the ability of cells to rapidly mobilize ATP 
stores in response to energy demands, a critical feature in 
neurons that rely on efficient energy transfer for synaptic 
function (53-54). Nicotine’s ability to normalize CK activity 
in both mitochondrial and cytosolic compartments suggests 
that it plays a crucial role in stabilizing energy metabolism at 
multiple levels. By restoring the CK shuttle system, nicotine 
ensures that neurons can efficiently meet energy demands, 
especially under conditions of mitochondrial stress. This 
normalization may also contribute to nicotine’s protective 
effects on dopaminergic neurons, where energy deficits are 
a key driver of neurodegeneration.

One of the most intriguing findings of this study is 
nicotine’s differential regulation of electron transport 
chain (ETC) complexes. As expected, the inhibition 
of Complex I in the MPTP group aligns with MPTP’s 
known neurotoxic mechanism, which directly impairs this 
complex. Interestingly, nicotine not only restored Complex 
I activity but also modulated Complex II, which had been 
paradoxically increased in the MPTP group. The elevated 
activity of Complex II likely represents a compensatory 
response to the inhibition of Complex I, as cells attempt 
to maintain ATP synthesis despite the disruption. This 
compensatory mechanism may involve reverse electron 
transport (RET), a process in which electrons flow backward 
from Complex II to Complex I (55). In the case of MPTP-
induced Complex I inhibition, RET allows electrons to be 
pushed from Complex II upstream to Complex I, resulting 
in heightened Complex II activity. However, while RET 
can temporarily support ATP production, it has also been 
associated with increased reactive oxygen species (ROS) 
production (56). On the other hand, given that Complex I 
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inhibition is sustained, it is possible that the increase in the 
activity of the second complex is caused by a compensatory 
mechanism and serves to enhance the transport of electrons 
not to the first but to the third complex. Nicotine’s ability 
to normalize both Complex I and II activities suggests that 
it may mitigate the adverse effects of MPTP, supporting 
more efficient and balanced mitochondrial function in the 
context of ETC dysfunction. Additionally, the activities 
of Complexes III and IV, which were also suppressed by 
MPTP, were significantly restored by nicotine treatment. 
This broader normalization of ETC function suggests that 
nicotine plays a pivotal role in optimizing electron flow 
across the entire chain, potentially reducing excessive ROS 
production. Complex II’s dual role in both the TCA cycle 
and the ETC makes it a critical node for regulating cellular 
metabolism, and its dysregulation is known to contribute to 
ROS generation (57). Nicotine’s ability to restore Complex I 
and other complex activities may be attributed to its indirect 
anti-oxidant effects, as previous studies have demonstrated 
that nicotine enhances the activity of anti-oxidant enzymes 
such as superoxide dismutase (SOD) and catalase, 
preventing oxidative damage to ETC components (12). The 
observed increase in ATP synthase (Complex V) activity 
further supports the hypothesis that nicotine enhances ATP 
production efficiency, contributing to energy homeostasis 
under neurodegenerative conditions.

The PI3K-AKT-mTOR pathway is a central regulator 
of cellular metabolism, growth, and survival (58). Our 
results demonstrate that MPTP significantly inhibited this 
pathway, as reflected by reduced phosphorylation of AKT 
and mTOR. This inhibition likely exacerbates energy deficits 
by impairing glucose metabolism and reducing the cell’s 
ability to respond to metabolic stress. Nicotine, however, 
reactivated the pathway by increasing the phosphorylation 
of AKT, which in turn enhanced mTOR activation (26). The 
reactivation of the PI3K-AKT-mTOR pathway by nicotine 
could have far-reaching effects on cellular metabolism. 
mTOR signaling is known to regulate glycolysis by 
modulating the activity of hexokinase and other glycolytic 
enzymes (59). Thus, nicotine’s ability to activate mTOR 
may explain the observed normalization of glycolytic 
enzyme activity in the nicotine-treated group. Additionally, 
mTOR plays a protective role in preventing mitochondrial 
permeability transition pore (mPTP) opening, a process 
that leads to mitochondrial swelling and cell death (29). By 
inhibiting mPTP opening, nicotine may prevent the loss 
of mitochondrial membrane potential, thereby preserving 
mitochondrial function and preventing apoptosis in SN 
cells. In particular, there was a decrease in sensitivity to 
calcium chloride, a known activator of the mitochondrial 
permeability transition pore, in the MPTP group, along with 
an enhanced response to the mPTP blocker, cyclosporine 
A. This observation suggests that the mitochondrial pore in 
this group is already open due to the underlying pathological 
process. Consequently, these mitochondria exhibit swelling, 
which serves as a characteristic marker of mitochondrial 
dysfunction (60).

Our study provides compelling evidence that nicotine 
exerts neuroprotective effects on SN neurons in an MPTP-
induced PD model by modulating multiple aspects of energy 
metabolism. Nicotine’s ability to restore glycolytic, TCA 
cycle, and ETC enzyme activity, normalize CK function, 
and activate the PI3K-AKT-mTOR pathway suggests that 
it functions as a potent regulator of neuronal energetics. 

These findings open up new avenues for investigating 
nicotine and related compounds as potential therapeutics 
for PD, particularly in targeting the metabolic disturbances 
that underlie dopaminergic neurodegeneration. Further 
research is needed to elucidate the precise molecular 
mechanisms by which nicotine exerts these effects and to 
explore its therapeutic potential in clinical settings.

Conclusion
Nicotine restores mitochondrial function and ATP levels 

in MPTP-induced PD models, likely through activation of 
the PI3K-AKT-mTOR pathway, suggesting its potential as a 
neuroprotective agent.

Acknowledgment
None.

Authors’ Contributions
N Z, O B, G B, and N K designed the experiments; N Z, 

OB, and MS performed experiments and collected data; N 
Z, G B, M K, ED, and N K discussed the results and strategy; 
N K supervised, directed, and managed the study; N Z, E D, 
M K, and N K approved the final version to be published.

Conflicts of Interest
The authors declare no conflicts of interest regarding the 

publication of this paper.

Declaration
During the preparation of this work, the author(s) used 

ChatGPT to improve language and grammar. After using 
this tool/ service, the author(s) reviewed and edited the 
content as needed and take(s) full responsibility for the 
publication’s content.

Data Avaiiability Statement
Data sharing does not apply to this article as no datasets 

were generated or analyzed during the current study.

Funding
No funding to declare.

References
1. Mhyre TR, Boyd JT, Hamill RW, Maguire-Zeiss KA. Parkinson’s 
disease. Subcell Biochem 2012; 65: 389-455.
2. World Health Organization. Parkinson disease: A public health 
approach. Technical brief. Geneva: World Health Organization; 
2022. Licence: CC BY-NC-SA 3.0 IGO.
3. Dorsey ER, Sherer T, Okun MS, Bloem BR. The emerging 
evidence of the Parkinson’s pandemic. J Parkinsons Dis 2018; 8: 
S3-S8.
4. Sveinbjornsdottir S. The clinical symptoms of Parkinson’s 
disease. J Neurochem 2016; 139: 318-324.
5. Radhakrishnan DM, Goyal V. Parkinson’s disease: A review. 
Neurol India 2018; 66: S26-S35.
6. Kouli A, Torsney KM, Kuan WL. Parkinson’s disease: Etiology, 
Neuropathology, and Pathogenesis. In: Parkinson’s Disease: 
Pathogenesis and Clinical Aspects [Internet]. Brisbane (AU): 
Codon Publications; 2018 Dec 21. Chapter 1.
7. Chia SJ, Tan EK, Chao YX. Historical perspective: Models of 
Parkinson’s disease. Int J Mol Sci 2020; 21: 2464-2478. 
8. Mustapha M, Mat Taib CNM. MPTP-induced mouse model 
of Parkinson’s disease: A promising direction of therapeutic 
strategies. Bosn J Basic Med Sci 2021; 21: 422-433.

Corr
ect

ed
 Proo

f



Iran J Basic Med Sci, 2025, Vol. 28, No. 

Zhgenti et al. Nicotine and energy metabolism in parkinson’s disease

10

9. Mappin-Kasirer B, Pan H, Lewington S. Tobacco smoking and 
the risk of Parkinson’s disease: A 65-year follow-up of 30,000 male 
British doctors. Neurology 2020; 94: 2132-2138.
10. Gallo V, Vineis P, Cancellieri M, Chiodini P, Barker RA, Brayne 
C, et al. Exploring causality of the association between smoking 
and Parkinson’s disease. Int J Epidemiol 2019; 48: 912-925.
11. Breckenridge CB, Berry C, Chang ET, Sielken RL, Mandel JS. 
Association between Parkinson’s disease and cigarette smoking, 
rural living, well-water consumption, farming and pesticide 
use: Systematic review and meta-analysis. PLoS One 2016; 11: 
e0151841-151883.
12. Zhgenti N, Bibilashvili O, Burjanadze G, Shengelia M, 
Koshoridze N. Exploring the neuroprotective effects of nicotine 
against MPTP-induced neuronal damage in mice: Insights into 
antioxidant system. Int J Biochem Biophys 2023; 11: 27-34.
13. Saraste M. Oxidative phosphorylation at the fin de siècle. 
Science 1999; 283: 1488-1493.
14. Yoshida T, Yoshioka K, Hiraoka N, Kondo M. Effect of nicotine 
on norepinephrine turnover and thermogenesis in brown adipose 
tissue and metabolic rate in MSG obese mice. J Nutr Sci Vitaminol 
1990; 36: 123-130.
15. Godoy JA, Valdivieso AG, Inestrosa NC. Nicotine modulates 
mitochondrial dynamics in hippocampal neurons. Mol Neurobiol 
2018; 55: 8965-8977.
16. Parain K, Hapdey C, Rousselet E, Marchand V, Dumery B, 
Hirsch EC. Cigarette smoke and nicotine protect dopaminergic 
neurons against the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
Parkinsonian toxin. Brain Res 2003; 984: 224-232.
17. Janson AM, Fuxe K, Goldstein M. Differential effects of acute 
and chronic nicotine treatment on MPTP-(1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) induced degeneration of nigrostriatal 
dopamine neurons in the black mouse. Clin Investig 1992; 70: 232-
238.
18. Lucente E, Söderpalm B, Ericson M, Adermark L. Acute and 
chronic effects by nicotine on striatal neurotransmission and 
synaptic plasticity in the female rat brain. Front Mol Neurosci 
2023; 15: 1104648-1104664.
19. Costa G, Abin-Carriquiry JA, Dajas F. Nicotine prevents 
striatal dopamine loss produced by 6-hydroxydopamine lesion in 
the substantia nigra. Brain Res 2001; 888: 336-342.
20. Cormier A, Morin C, Zini R, Tillement JP, Lagrue G. Nicotine 
protects rat brain mitochondria against experimental injuries. 
Neuropharmacology 2003; 44: 642–652.
21. Lu JYD, Su P, Barber JEM, Nash JE, Le AD, Liu F, Wong AHC.
The neuroprotective effect of nicotine in Parkinson’s disease models 
is associated with inhibiting PARP-1 and caspase-3 cleavage. PeerJ 
2017; 5: e3933-3957.
22. Bélanger M, Allaman I, Magistretti PJ. Brain energy 
metabolism: Focus on astrocyte-neuron metabolic cooperation. 
Cell Metab 2011; 14: 724-738.
23. Dienel GA. Brain glucose metabolism: Integration of energetics 
with function. Physiol Rev 2019; 99: 949-1045.
24. Nolfi-Donegan D, Braganza A, Shiva S. Mitochondrial electron 
transport chain: Oxidative phosphorylation, oxidant production, 
and methods of measurement. Redox Biol 2020; 37: 101674-
101683. 
25. Wyss M, Schulze A. Health implications of creatine: Can 
oral creatine supplementation protect against neurological and 
atherosclerotic disease? Neuroscience 2002; 112: 243-260. 
26. Xu F, Na L, Li Y, Chen L. Roles of the PI3K/AKT/mTOR 
signalling pathways in neurodegenerative diseases and tumours. 
Cell Biosci 2020; 10: 54.
27. Altomare DA, Khaled AR. Homeostasis and the importance of 
a balance between AKT/mTOR activity and intracellular signaling. 
Curr Med Chem 2012; 19: 3748-3762.
28. Zou Z, Chen J, Liu A, Zhou X, Song Q, Jia C, et al. mTORC2 
promotes cell survival through c-Myc-dependent up-regulation of 
E2F1. J Cell Biol 2015; 211: 105-122.
29. Kim JE, He Q, Chen Y, Shi C, Yu K. mTOR-targeted therapy: 
Differential perturbation to mitochondrial membrane potential 

and permeability transition pore plays a role in therapeutic 
response. Biochem Biophys Res Commun 2014; 447: 184-191.
30. National Research Council (US) Committee for the Update of 
the Guide for the Care and Use of Laboratory Animals. Guide for 
the care and use of laboratory animals. 8th ed. Washington, DC: 
National Academies Press (US); 2011.
31. Matta SG, Balfour DJ. Guidelines on nicotine dose selection for 
in vivo research. Psychopharmacology 2007; 190: 269-319.
32. Meredith GE, Rademacher DJ. MPTP mouse models of 
Parkinson’s disease: An update. J Parkinsons Dis 2011; 1: 19-33.
33. Olsson Gisleskog PO, Perez Ruixo JJ, Westin Å, Hansson 
AC, Soons PA. Nicotine population pharmacokinetics in 
healthy smokers after intravenous, oral, buccal and transdermal 
administration. Clin Pharmacokinet 2021; 60: 541-561.
34. Alsharari SD, Siu EC, Tyndale RF, Damaj MI. Pharmacokinetic 
and pharmacodynamics studies of nicotine after oral administration 
in mice: Effects of methoxsalen, a CYP2A5/6 inhibitor. Nicotine 
Tob Res 2014; 16: 18-25.
35. American Veterinary Medical Association. The AVMA 
Guidelines for the Euthanasia of Animals: 2020 Edition. 
Schaumburg, IL: AVMA; 2020.
36. Paxinos G, Franklin KBJ. The mouse brain in stereotaxic 
coordinates. 2nd ed. San Diego, CA: Academic Press; 2001.
37. Kuchukashvili Z, Burjanadze G, Menabde K, Chachua M, 
Dachanidze N, Mikadze M, et al. Long-lasting stress, quantitative 
changes in nitric oxide concentration and functional state of brain 
mitochondria. Acta Neurobiol Exp (Wars) 2012; 72: 40-50.
38. Dolder M, Walzel B, Speer O, Schlattner U, Wallimann T. 
Inhibition of the mitochondrial permeability transition by creatine 
kinase substrates: Requirement for microcompartmentation. J Biol 
Chem 2003; 278: 17760-11766.
39. Sadighara M, Joktaji JP, Hajhashemi V, Minaiyan M. Protective 
effects of coenzyme Q10 and L-carnitine against statin-induced 
pancreatic mitochondrial toxicity in rats. Res Pharm Sci 2017; 12: 
434-443.
40. Shanshiashvili L, Tsitsilashvili E, Dabrundashvili N, 
Kalandadze I, Mikeladze D. Metabotropic glutamate receptor 5 
may be involved in macrophage plasticity. Biol Res 2017; 50: 4-13.
41. Beitz JM. Parkinson’s disease: A review. Front Biosci  2014; 6: 
65-74.
42. Lew M. Overview of Parkinson’s disease. Pharmacotherapy 
2007; 27: 155S-60S.
43. Bose A, Beal MF. Mitochondrial dysfunction in Parkinson’s 
disease. J Neurochem 2016; 139: 216-231.
44. Siegmund B, Leitner E, Pfannhauser W. Determination of the 
nicotine content of various edible nightshades (Solanaceae) and 
their products and estimation of the associated dietary nicotine 
intake. J Agric Food Chem 1999; 47: 3113-3120.
45. Ben-Shlomo Y, Darweesh S, Llibre-Guerra J, Marras C, 
Luciano MS, Tanner C. The epidemiology of Parkinson’s disease. 
Lancet 2024; 403: 283-292.
46. Ascherio A, Schwarzschild MA. The epidemiology of 
Parkinson’s disease: Risk factors and prevention. Lancet Neurol 
2016; 15: 1257-1272.
47. Lu JYD, Su P, Barber JEM. The neuroprotective effect of 
nicotine in Parkinson’s disease models is associated with inhibiting 
PARP-1 and caspase-3 cleavage. PeerJ 2017; 5: e3933-3957.
48. Nicholatos JW, Francisco AB, Bender CA. Nicotine promotes 
neuron survival and partially protects from Parkinson’s disease by 
suppressing SIRT6. Acta Neuropathol Commun 2018; 6: 120-138.
49. Ruan S, Xie J, Wang L, Guo L, Li Y, Fan W, et al. Nicotine 
alleviates MPTP-induced nigrostriatal damage through 
modulation of JNK and ERK signaling pathways in the mice model 
of Parkinson’s disease. Front Pharmacol 2023; 14: 1088957-108891.
50. Langston J. The MPTP story. J Parkinsons Dis 2017; 7: S11-19. 
51. Bell SM, Wareing H, Capriglia F, Hughes R, Barnes K, 
Hamshaw A, et al. Increasing hexokinase 1 expression improves 
mitochondrial and glycolytic functional deficits seen in sporadic 
Alzheimer’s disease astrocytes. Mol Psychiatry 2025; 30: 1369-
1382.

Corr
ect

ed
 Proo

f



11Iran J Basic Med Sci, 2025, Vol. 28, No. 

Nicotine and energy metabolism in parkinson’s disease Zhgenti et al.

52. Estévez M, Skarda J, Spencer J, Banaszak L, Weaver TM. X-ray 
crystallographic and kinetic correlation of a clinically observed 
human fumarase mutation. Protein Sci 2002; 11: 1552-1557.
53. Hemmer W, Wallimann T. Functional aspects of creatine 
kinase in brain. Dev Neurosci 1993; 15: 249-260.
54. Bürklen TS, Schlattner U, Homayouni R, Gough K, Rak M, 
Szeghalmi A, et al. The creatine kinase/creatine connection to 
Alzheimer’s disease: CK-inactivation, APP-CK complexes and 
focal creatine deposits. J Biomed Biotechnol 2006; 2006: 35936-
35947.
55. Scialò F, Fernández-Ayala DJ, Sanz A. Role of mitochondrial 
reverse electron transport in ROS signaling: Potential roles in 
health and disease. Front Physiol 2017; 8: 428-435.
56. Chavda V, Lu B. Reverse electron transport at mitochondrial 

complex I in ischemic stroke, aging, and age-related diseases. 
Antioxidants (Basel) 2023; 12: 895-908.
57. Fernie AR, Carrari F, Sweetlove LJ. Respiratory metabolism: 
Glycolysis, the TCA cycle and mitochondrial electron transport. 
Curr Opin Plant Biol 2004; 7: 254-261.
58. Ersahin T, Tuncbag N, Cetin-Atalay R. The PI3K/AKT/mTOR 
interactive pathway. Mol Biosyst 2015; 11: 1946-1954.
59. Deng H, Chen Y, Li P, Hang Q, Zhang P, Jin Y, et al. PI3K/
AKT/mTOR pathway, hypoxia, and glucose metabolism: Potential 
targets to overcome radioresistance in small cell lung cancer. 
Cancer Pathog Ther 2022; 1: 56-66.
60. Briston T, Selwood DL, Szabadkai G, Duchen MR. 
Mitochondrial permeability transition: A molecular lesion with 
multiple drug targets. Trends Pharmacol Sci 2019; 40: 50-70.

Corr
ect

ed
 Proo

f


	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	_GoBack

