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Increased amyloid-beta (Ap) and amyloid precursor protein (APP) in the brains of
Alzheimer’s disease (AD) patients are common pathological hallmarks mediating the
disease progression. Growing evidence also suggests that mitochondrial abnormalities
are an early feature in the pathogenesis of AD. Intervention with antioxidants has received
great interest as a molecular strategy for the manipulation of mitochondrial function. Our
previous preliminary study using in vitro cell models expressing different types of APP
demonstrated that treatment with alpha-tocopherol (ATF) or gamma-tocopherol (GTF)
modulates mitochondrial function by reducing mitochondrial reactive oxygen species
(ROS), increasing the production of ATP and preventing apoptosis events, especially in
cells expressing the mutant APP form. Thus, we hypothesized that ATF or GTF treatment
might also alter mitochondrial metabolic pathways such as oxidative phosphorylation.
The present study aimed to investigate the role of ATF and GTF in modulating
mitochondrial oxidative metabolism using high-resolution respirometry. Our results
showed that both ATF and GTF increased the respiratory capacity and membrane
potential in the ROUTINE and OXPHOS¢,. inkep States as well as complex IV enzyme
activity in wild-type and mutant APP-overexpressing SH-SY5Y cells. Although
preliminary, these findings indicate that ATF and GTF modulate mitochondrial
oxidative metabolism in APP-overexpressing cells and, in part, may contribute to the
planning of strategies for utilizing vitamin E isomers against mitochondrial-related
diseases such as AD.

Keywords: tocopherol, amyloid precursor proteins, respiratory capacity, membrane potential, Alzheimer’s disease

INTRODUCTION

The accumulation of insoluble amyloid-beta (A) protein in extracellular amyloid plaques in the
brains of Alzheimer’s disease (AD) patients is well known as the classical pathological hallmark of
the disease (Tiwari et al., 2019) together with the presence of neurofibrillary tangles (NFT's) (Gao
et al.,, 2018). In addition to abnormalities in protein aggregation, other pathological changes are
seen in this condition, such as alterations in mitochondrial function (Bell et al., 2021). A recent
study showed that overexpression of the P-secretase-derived APP-CTF fragment (C99) in
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neuroblastoma SH-SY5Y cells triggers excessive mitochondrial
morphology  alterations  associated ~ with  enhanced
mitochondrial ~ reactive  oxygen  species  production
independent of AB (Vaillant-Beuchot et al., 2021). Another
study showed that overexpression of the human amyloid
precursor protein (APP) with the familial Swedish mutation
(APPswe) in a mouse neuroblastoma cell line (N2A) altered the
structure and function of mitochondria-associated membranes,
mitochondrial dynamics, biogenesis and protein import as well
as the stress response (Fernandes et al., 2021). Previously, our
group showed that the level of reactive oxygen species (ROS) in
the mitochondria, activity of complex V enzyme, and
cyclophilin D (CypD) and pro-caspase 3 protein expression
as well as cytochrome c release were increased, followed by a
decrease in ATP levels in SH-SY5Y cells overexpressing the
mutant APP form (Pahrudin Arrozi et al., 2020), suggesting that
the mitochondrial function in these in vitro models of AD was
also altered. Thus, we hypothesized that mitochondrial
metabolic pathways, such as oxidative phosphorylation and
membrane potential, were also altered, as mitochondrial
oxidative metabolism is the major site of ATP synthesis.

Several previous studies have demonstrated the
tremendous role of alpha-tocopherol (ATF) as a radical-
scavenging antioxidant to protect cells against ROS
(Ulatowski and Manor, 2015) and as a signalling molecule
that influences the expression of genes involved in disease
development (Pédeboscq et al., 2012; Zingg, 2019). ATF is the
most widely studied vitamin E isomer, as it has the highest
biological activity in the body (Reboul, 2017) and is related to
vitamin E deficiency syndrome (Jilani and Igbal, 2018). In
addition to ATF, other isomers of vitamin E, such as gamma-
tocopherol (GTF), have also demonstrated unique functions
in preventing oxidative stress in the brain related to reactive
nitrogen species (RNS) (Williamson et al., 2002) regardless of
their low bioavailability in the body (Ashley et al., 2019).
Furthermore, a previous study also demonstrated that lower
brain GTF in combination with higher ATF was associated
with higher AD neuropathology (Morris et al., 2015), and
higher GTF levels were found to be associated with higher
presynaptic protein levels in the elderly human midfrontal
cortex (de Leeuw et al., 2020), supporting the important role
of GTF in the brain.

Studies on the role of ATF or GTF treatment on mitochondria
are still limited. A recent in vitro study showed that treatment with
different vitamin E isoforms, including ATF, had protective effects
by reducing oxidative stress and increasing metabolic activity via
oxidative metabolism in a human endothelial cell line under
conditions mimicking sepsis (Minter et al.,, 2020). In addition,
an in vivo study with preadministration of high-dose ATF showed
significantly improved memory and mitochondrial membrane
potential impairment as well as reduced ROS levels in the rat
hippocampus induced with lactacystin, a proteasome inhibitor
(Nesari et al., 2019). Our previous preliminary study revealed
that treatment with ATF or GTF for 24h reduced the Ap42
and mitochondrial ROS levels, increased the activity of complex
V enzyme and ATP levels, and prevented apoptotic events in SH-
SY5Y cells overexpressing mutant APP (Pahrudin Arrozi et al,
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2020), suggesting the protective effects of vitamin E on
mitochondria. Therefore, in the present study, we aimed to
investigate the potential effects of ATF and GTF in modulating
mitochondrial oxidative metabolism to further elucidate the
protective role of both vitamin E isomers, which may contribute
to strategies against mitochondrial-related diseases such as AD.

MATERIALS AND METHODS

Development of SH-SY5Y Cells
Overexpressing Wild-type and Mutant APP

Genes

The development of SH-SY5Y cells stably expressing the
wild-type or mutant APP gene was described in our
previous study (Pahrudin Arrozi et al., 2017). Briefly, SH-
SY5Y cells were transfected with three different plasmids
carrying the wild-type (WT), Swedish (Swe), or Swedish/
Indiana (Swe/Ind) form of the APP gene using Lipofectamine
3000 (Invitrogen, Carlsbad, United States). After 72h of
transfection, the positive green fluorescent protein (GFP)-
expressing cells were selected using selection medium
containing 400 pg/ml geneticin (G418) (Gibco, Calrsbad,
United States). The steady state APP gene and protein
expression as well as the production of secreted Ap42/
AP40 were measured for verification. The methodology
and results of these evaluations have been published,
whereby the levels of APP mRNA and protein expression
were increased in all cells stably expressing the different types
of APP genes, while the ratio of AP42/40 was found to be
increased in the following order: SH-SY5Y-APP WT < SH-
SY5Y-APP Swe < SH-SY5Y-APP Swe/Ind (Pahrudin Arrozi
et al,, 2017).

Cell Culture

The nontransfected SH-SY5Y cells were grown in complete
culture medium (CCM) containing a 1:1 ratio of Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F-12 medium
with 1% penicillin/streptomycin (Gibco) and 10% foetal bovine
serum (FBS) (HyClone, Utah, United States). The stably
transfected SH-SY5Y cell lines were grown in CCM without
penicillin/streptomycin but with 400 pg/ml geneticin (Gibco).
All types of cells were cultured in a humidified atmosphere of
5% CO, at 37°C.

Treatment of Cells With Tocopherol Isomers
Stock solutions of ATF (98.9% pure d-ATF) and GTF (95% pure
d-GTF) (ChromaDex, California, United States) were freshly prepared
in 100% ethanol (EtOH) to a final stock solution concentration of
0.5M and stored at —20°C for not more than 1 month. Prior to
treatment, 15 pl of each isomer from the stock solution was incubated
overnight with 20 pl of FBS at 37°C and then diluted to 0.1 M with
18 pl of CCM and 21 pl of 100% ethanol. The isomer solution was
further diluted to 0.05 M with a 72 ul mixture of CCM and 100%
ethanol in a 1:1 ratio (50% ethanol). Subsequently, the isomer solution
was diluted to 0.025 M with 146 ul of CCM only. Next, 60 pl from the
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FIGURE 1 | Qualitative data for simultaneous high-resolution respirometry analysis of (A) the respiratory capacity at four selected mitochondrial bioenergetics
states: ROUTINE, LEAKpy, OXPHOS¢,.Linkep, @and ETS expressed as the oxygen flux (pmol/s/mill cells) represented by the red line and (B) membrane potential at three
selected mitochondrial bioenergetic states: LEAKpy, OXPHOS¢,.inkep, and ETS. The black line corresponds to the safranin concentration in the chamber medium and
is directly proportional to the safranin signal expressed as amperes (amp). The membrane potential was inversely proportional to the safranin signal and thus

0.025 M isomer stock solution was removed and transferred into a
new microcentrifuge tube. Then, 240 pl of CCM was added to prepare
the 0.005 M stock solution. Two more stocks solutions (0.004 and
0.00025 M) were prepared by taking out 80 and 5pL from the
0.005 M stock solution and combining them with 20 and 95 pL of
CCM, respectively. Finally, the desired working concentrations of each
isomer (5, 80, and 100 pM) were prepared from their respective stock
solution (0.00025, 0.004, and 0.005 M), to give the final concentration
of each tocopherol isomer in the culture media added to the cells. The
final concentrations of ethanol and FBS were kept constant at 0.1 and
0.027%, respectively (calculated from the overnight incubation with
20 uL of FBS). Tocopherol treatment was carried out for 24 h. The
cytotoxicity assay was performed in our previous study, and the results
showed that ATF or GTF at concentrations from 1 to 100 uM were
not toxic to the cells (Pahrudin Arrozi et al., 2020).

Chemicals and Reagents Used in the

Oxygraph-2k Experiment
All chemicals and reagents used in Oxygraph-2k (O2k), such
as ethylene-glycol-bis(B-aminoetyl ether)-N,N,N’,N'-

tetraacetic acid (EGTA), magnesium chloride hexahydrate
(MgCl,6H,0), lactobionic acid, taurine, potassium
dihydrogen phosphate (KH,PO,), HEPES, D-sucrose, free
fatty acid bovine serum albumin (BSA), sodium pyruvate
(P), malate (M), glutamate (G), succinate (S), cytochrome c,
catalase, adenosine 5'-diphosphate (ADP), carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), rotenone, antimysin-A,
digitonin, safranin, ascorbate, tetramethyl-p-
phenylenediamine dihydrochloride (TMPD) and sodium
azide (NaNj), were from Sigma-Aldrich, Missouri,
United States. The preparation of all the substances is
described in Supplementary Table S1.

Simultaneous Determination of the
Mitochondrial Respiratory Capacity and
Membrane Potential

The simultaneous determination of the respiratory capacity
and membrane potential was carried out using an Oxygraph-
2k (O2k) (Oroboros Instruments, Innsbruck, Austria)
according to the standard protocol as elaborated previously
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(Krumschnabel et al., 2014; Lemieux et al., 2017). Briefly, at the
beginning of each experiment, the O2k chambers were filled
with 2.5ml of Mir05 solution (Supplementary Table S2),
excess solution was removed (final volume of Mir05 in the
chamber was ~2.0 ml), calibrated with air at 37°C (9.72 pM O2/
kPa) and constantly stirred using white PVDF-coated stirrers
at 750 rpm. Each group of cells was trypsinized, and the cell
pellet was then resuspended in 300 uL of Mir05 solution. The
number of cells was calculated for normalization, and the cell
suspension was titrated into chambers.
Substrate—uncoupler-inhibitor titration (SUIT) protocols
were then applied for the simultaneous determination of
mitochondrial respiratory capacity and membrane potential
analysis (Supplementary Figure S1).

After cell permeabilization with digitonin,
nonphosphorylating LEAK respiration (LEAKpy) was
induced by adding the CI-linked substrates pyruvate (5mM)
and malate (2 mM). Subsequently, the OXPHOS capacity of CI-
linked activity (OXPHOScy 1inkep) Was measured after the
addition of saturating concentrations of ADP (2.5 mM),
cytochrome ¢ (10pM) and glutamate (10 mM). The
OXPHOS capacity with combined CI and CII-linked
substrates (OXPHOSc.ciiLinkep) Was  assessed by  the
addition of succinate (10 mM). Stepwise titration of CCCP (3
steps; 0.5, 1 and 1.5puM), 0.5uM) leads to proton leakage
through the inner mitochondrial membrane and was used to
measure the capacity of the electron transfer system (ETS),
which is the noncoupled state at the optimum uncoupler
concentration for maximum oxygen flux. Subsequent
inhibition of CI by rotenone (0.5 uM) provided measurement
of the ClI-linked ETS capacity (ETScr rmwnkep)- To control for
other oxygen-consuming processes, CIII was inhibited by
antimycin A (2.5pM). The resulting residual oxygen
consumption (ROX) reflects oxygen consumption from
undefined sources and was subtracted from mitochondrial
respiratory states. Meanwhile, for membrane potential, the
safranin signal was corrected manually using the value of
cytochrome ¢ acquired when injected into the chamber alone.
The respiratory flux was expressed per million cells (pmol/s/mill

cells). The fluorescence of the safranin signal was detected at an
excitation wavelength of 495 nm and emission wavelength of
587nm. The safranin signal (ampere) was inversely
proportional to the membrane potential. The membrane
potential was calculated as 1/Amp. Each experiment was
repeated three times.

Determination of Complex IV Enzyme
Activity

Determination of complex IV enzyme activity was carried out
using Oxygraph-2k (O2k) (Oroboros Instruments, Innsbruck,
Austria). At the beginning of each experiment, 5pL of
112,000 w/mL catalase solution was titrated into O2k
chambers filled with 2.5 ml Mir05 (final volume of Mir05 in
the chamber was ~2.0 ml), calibrated with air at 37°C (9.72 uM
O,/kPa) and constantly stirred using white PVDF-coated
stirrers at 750 rpm. Each group of cells was trypsinized, and
the cell pellet was then resuspended in 300 pL of Mir05. The
number of cells was calculated for normalization followed by
titration protocols (Supplementary Figure S2). All substance
preparations are presented in Supplementary Table S3. The
final concentrations of all the substances were as follows:
digitonin (0.01 mg/ml), rotenone (0.5 uM), CCCP (0.5 pM),
ascorbate (2 mM), TMPD (0.5 mM), cytochrome ¢ (10 uM),
and NaNj; (0.2 M). The value of oxygen flux was corrected
automatically by Datlab 7 software using the value recorded
after the inhibition of complex IV activity due to substrate
autooxidation. Each experiment was repeated three times.

Statistical Analysis

Statistical analyses were performed using GraphPad PRISM
v.8 software (GraphPad Software, La Jolla, California,
United States). Data obtained were expressed as the
mean + SD. Statistical comparisons between groups were
performed using one-way ANOVA followed by the Sidak post
hoc test. The statistical significance of all tests was set at
p < 0.05.
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RESULTS

An Abnormally Higher Respiratory Capacity
and Membrane Potential Was Found in
SH-SY5Y Cells Overexpressing APP Wt or
APP Swe but Was Impaired in APP Swe/Ind
Relative to the Non-transfected SH-SY5Y

Control

The mitochondrial respiratory capacity and membrane potential
were measured simultaneously in this study. Figure 1A shows
qualitative data of high-resolution respiration (HRR) using an
O2k respirometer with the SUIT protocol. The red line represents
the oxygen flux to indicate the volume of oxygen converted by the
cells per time per number of cells (pmol/s/mill cells), whereas the
blue line represents the level of oxygen concentration inside the

chamber. Figure 1B shows the signal of safranin in the chamber
medium represented by the black line. The concentration of
safranin is directly proportional to the safranin signal (amp)
but inversely proportional to the membrane potential.

There were four respiratory capacities measured in the present
study including ROUTINE, respiratory capacity in living cells
controlled by cellular energy demand, energy turnover and the
degree of coupling to phosphorylation, whereas the other three
respiratory capacities were measured in cells that selectively
permeabilized the plasma membrane of cells while the
mitochondrial membrane remain intact thus allowing direct
access to the mitochondria, which then required the supply
from  exogenous  substrates/substances  to  measure
mitochondrial respiration. The mitochondrial respiratory
capacities are LEAKpy;, the respiratory capacity by which
cation cycling and electron leakage lead to heat production
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instead of biochemical work. This state was measured in the
presence of reducing substrates such as pyruvate and malate but
absence of ADP, a component described as the non-
phosphorylating resting state when ATP synthase is not active;
OXPHOSc.LinkeD, the respiratory capacity supported by
NADH-generating substrates (pyruvate, malate and glutamate)
through complex I to the Q-junction, with further electron
transfer through complex III and complex IV to oxygen
coupled with phosphorylation in the presence of saturating
ADP, a component described as oxidative phosphorylation;
and ETS, the respiratory capacity of mitochondria measured
as oxygen consumption in the noncoupled state supported by
NADH-generating substrates and succinate at optimum
uncoupler (CCCP) concentration and is not limited by the
capacity of the phosphorylation system, a component
described as the electron-transfer-pathway capacity.

At the baseline level without treatment with ATF and GTF,
relative to the nontransfected control, the APP WT cells showed
significantly higher respiratory capacity in the ROUTINE,
OXPHOScr1nkep, and ETS states, whereas APP Swe cells
showed significantly higher respiratory capacity only in the
OXPHOSc; 1nkep state (Figure 2A). Meanwhile, for APP Swe/
Ind cells, the respiratory capacity ROUTINE and ETS states were
significantly lower relative to the nontransfected control
(Figure 2A). In parallel to higher/lower respiratory capacity, the
membrane potential was also higher in APP WT but lower in APP
Swe/Ind at OXPHOScy.1 inkep and ETS states relative to the non-
transfected control (Figure 2B). However, in APP Swe cells, the
membrane potential was higher only in the OXPHOScy.1nkED
state relative to the nontransfected control (Figure 2B). There was
no significant difference in respiratory capacity or membrane
potential under the permeabilized conditions of the LEAKpy
state in all SH-SY5Y cells overexpressing different types of APP
relative to the nontransfected control (Figures 2A,B). These results
showed that different forms of the APP gene expressed in the cells
have different alterations in the level of respiratory capacity and
membrane potential, such as abnormally higher expression in cells
overexpressing APP without or with a single mutation in the
OXPHOScrimnkep State  but lower expression in cells
overexpressing APP with double mutations in the ETS state.

Treatment With ATF and GTF at Higher
Concentrations Increased the Respiratory
Capacity and Membrane Potential in
SH-SY5Y Cells Overexpressing Different

Types of APP

Our previous data demonstrated that ATF at 100 uM and GTF at
80 uM significantly increased cell viability and decreased the AB42
level in SH-SY5Y cells expressing different forms of APP (WT,
APP Swe, and APP Swe/Ind) compared to untreated
nontransfected controls (Pahrudin Arrozi et al., 2020); therefore,
these cells were chosen to further elucidate their effect on the
mitochondrial respiratory capacity and membrane potential. The
respiratory capacity in the ROUTINE state was significantly
increased in APP WT and Swe cells treated with 100 uM ATF
compared to their respective untreated controls (Figure 3A). A
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similar observation was also shown when the same group of cells,
including APP Swe/Ind cells, was treated with GTF at 80 uM
(Figure 3A). There were no significant differences in the
mitochondrial respiratory capacity and membrane potential in
the LEAKp),; state when all types of cells were treated with ATF or
GTF compared to their respective untreated controls
(Figures 3B,C).

The mitochondrial respiratory capacity in the OXPHOS;.
LINKED State was significantly increased in all types of APP-
overexpressing cells, followed by an increase in the
membrane potential in APP WT and Swe cells treated with
100 uM ATF compared to their respective untreated controls
(Figures 3D,E). However, treatment with GTF at 80 pM
significantly increased the mitochondrial respiratory
capacity and membrane potential in the OXPHOS;. inkED
state in cells overexpressing mutant APP (Figures 3D,E) but
significantly decreased the membrane potential in APP
WT cells (Figure 3E) compared to their respective
untreated controls. Meanwhile, the mitochondrial
respiratory capacity and membrane potential in the ETS
state were significantly altered with only GTF treatment at
80 uM in APP WT cells compared to the untreated control
(Figures 3F,G). These results indicated that treatment with
ATF and GTF at higher concentrations modulated the
mitochondrial  respiratory capacity and membrane
potential in different types of APP-overexpressing cells. In
addition, lower concentrations of ATF and GTF at 5 uM did
not cause any changes to the mitochondrial respiratory
capacity and membrane potential, suggesting the dose
dependency of the effect of ATF and GTF.

Treatment With ATF and GTF at Higher
Concentrations Increased the Activity of
Complex IV Enzyme in SH-SY5Y Cells
Overexpressing Different Types of APP

As oxygen is consumed by respiring cells and its loss was used to
measure the rate of respiration, we further investigated the role of
ATF and GTF on the key regulatory enzyme responsible for the
conversion of oxygen to water molecules. The activity of complex
IV was measured using an O2k instrument. Figure 4A
demonstrates the graph of complex IV enzyme activity
measured as the rate of oxygen consumption (pmol/s/mill
cells) shown by the red line. The activity of complex IV was
recorded after the addition of ascorbate, TMPD and cytochrome
c. Data were corrected using the value recorded after the addition
of sodium azide. At the baseline level without treatment with ATF
or GTF, the activity of complex IV was higher in SH-SY5Y-APP
Wt and SH-SY5Y-APP Swe cells but lower in SH-SY5Y-APP
Swe/Ind cells than in nontransfected SH-SY5Y cells (Figure 4B).
Treatment with ATF at higher concentrations significantly
increased the activity of complex IV enzyme in SH-SY5Y-APP
Wt and Swe cells compared to their respective untreated controls
(Figure 4C). A similar result was obtained with GTF treatment at
higher concentrations, which significantly increased the activity
of complex IV enzyme in SH-SY5Y-overexpressing mutant APP
forms compared to their respective untreated controls

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 698833


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Pahrudin Arrozi et al.

(Figure 4C). These results indicate that ATF and GTF might act
as signalling molecules in regulating the complex IV enzyme
activation/deactivation pathway.

DISCUSSION

In this study, we demonstrated that the mitochondrial respiratory
capacity and membrane potential were abnormally higher in APP
WT or Swe cells, particularly in the OXPHOS¢; 1 nkep state, but
lower in APP Swe/Ind cells, particularly in the ETS state. A similar
observation was also shown for complex IV enzyme activity, which
is the major regulator of oxidative phosphorylation; it was higher in
APP WT or Swe cells but lower in APP Swe/Ind cells. We also
demonstrated that treatment with ATF and GTF at higher
concentrations modulated the respiratory capacity and
membrane potential, particularly in the ROUTINE and
OXPHOSc; 11vkED States, as well as complex IV enzyme activity
in APP-overexpressing cells.

We assessed mitochondrial oxidative metabolism using a cell
suspension instead of isolated mitochondria, as this required a mild
detergent, such as digitonin, to selectively permeabilize the cell
plasma membrane via interaction with cholesterol, thus allowing
free exchange of organic molecules and inorganic ions between the
cytosol and the immediate cell environment while maintaining the
integrity and localization of organelles, the cytoskeleton, and the
nucleus. In the preparation of isolated mitochondria, however, the
mitochondria are separated from other cell fractions and purified
by differential centrifugation, entailing the loss of mitochondria;
thus, this might compromise the mitochondrial yield or structural
and functional integrity (Gnaiger, 2020).

The different alterations in the mitochondrial respiratory capacity
and membrane potential were probably influenced by the types of
APP accumulated in the cells. It has become generally accepted that
the accumulation of AP is responsible for mitochondrial impairment
(Ciedlik et al, 2020; Quintana et al, 2020; Zhang et al, 2018);
however, there is also evidence for the relationship between APP
processing and mitochondrial bioenergetic regulation (Puig and
Combs, 2013; Wilkins and Swerdlow, 2017). Our data highlight
the need for a better understanding of the cellular function of APP
and its metabolites, and further work is needed to elucidate their
potential contribution to the alteration of mitochondrial
bioenergetics. A study by Reddy et al. (Reddy et al, 2004)
demonstrated the upregulation of gene expression involved in the
regulation of mitochondrial metabolism in a Tg2576 transgenic
mouse model transfected with the APP Wt gene as early cellular
changes during the progression of Alzheimer’s disease (Swerdlow,
2018). Meanwhile, a study by Hauptmann et al. (Hauptmann et al.,
2009) showed a decreased mitochondrial respiration rate in the ETS
state followed by a decrease in the mitochondrial membrane
potential, complex IV enzyme activity and ATP levels in isolated
mitochondria of transgenic mouse models carrying Swedish and
London APP mutations (similar mutation position to Indiana
mutation with different amino acid substitutions) as late cellular
changes in disease progression.

The subsequent mechanism of action of ATF or GTF in this
study was unclear, as the gene or protein expression involved in
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mitochondrial bioenergetic regulation was not measured. We
speculated that ATF or GTF might act as signalling molecules in
the transcriptional alteration of mitochondrial genes involved in
mitochondrial energy metabolism, as shown by the increased/
decreased complex IV enzyme activity in different types of APP-
overexpressing cells (Figure 5). A previous study demonstrated
that aged mice supplemented with different antioxidants,
including ATF, modulate age-related changes in the activity of
complex enzymes in the cerebral ETS composed of complexes I,
I, IIT and IV (Sharman and Bondy, 2001). Furthermore, oral
treatment with a combination of ATF and folic acid in an in vivo
model of AD also modulated mitochondrial complex activity,
especially complexes I and IV (Figueiredo et al, 2011). In
addition, the gene expression profiles obtained in the brains of
aged mice supplemented with ATF or a mixture of ATF and GTF
showed a significant modulation effect by the combination of
both isomers but not ATF alone on genes involved in
mitochondrial energy metabolism, including ATP synthesis,
which is primarily dependent on oxidative phosphorylation
(Park et al, 2008), thus suggesting that the combination of
vitamin E isomers might have better modulation than a single
isomer. Moreover, ATF supplementation in aged rats was
restored in a dose-dependent manner, and the decreases in
tissue and mitochondrial respiration as well as complex I and
IV activities in both the hippocampus and frontal cortex region
(Navarro et al., 2011) supported the modulatory effect of ATF on
mitochondrial bioenergetics.

There are several limitations in the present study. First, an in vivo
study was not included to further confirm the role of ATF and GTF
in modulating mitochondrial oxidative metabolism in a higher
model system. Second, the expression of the genes or proteins
involved in the regulation of mitochondrial oxidative metabolism
was also not measured to further elucidate the mechanism of action
of ATF or GTF. Third, only complex IV enzyme was measured, as
this is the major enzyme regulator in ETS that permits the transfer of
electrons from reduced cytochrome ¢ to the final acceptor of
electrons, oxygen, which is important to characterize the function
of mitochondrial respiration.

CONCLUSION

Both ATF and GTF modulated the mitochondrial respiratory
capacity and membrane potential as well as the activity of the
complex IV enzyme in different types of APP-overexpressing
cells. Although preliminary, these findings may indicate the
possible health benefits of ATF or GTF and, in part, may
contribute to planning for a strategy of utilizing vitamin E
isomers against mitochondrial-related diseases such as AD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 698833


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Pahrudin Arrozi et al.

AUTHOR CONTRIBUTIONS

SM designed the study and supervised the project. APA performed
the experiments and prepared the figures. SM, WZWN and HAD
provided experimental technical assistance and commented on the
results. APA and SM wrote the paper. All authors contributed to
the article and approved the submitted version.

FUNDING

This article is part of a research study financially supported by the
Universiti Kebangsaan Malaysia Grants DIP-2013-003 and FF-
2015-025.

REFERENCES

Ashley, S., Bradburn, S., and Murgatroyd, C. (2019). A Meta-Analysis of Peripheral
Tocopherol Levels in Age-Related Cognitive Decline and Alzheimer’s Disease.
Nutr. Neurosci. 24, 1-15. doi:10.1080/1028415X.2019.1681066

Bell, S. M., Barnes, K., De Marco, M., Shaw, P. J., Ferraiuolo, L., Blackburn, D. J.,
et al. (2021). Mitochondrial Dysfunction in Alzheimer’s Disease: A Biomarker
of the Future? Biomedicines 9, 63. doi:10.3390/biomedicines9010063

Cieslik, M., Czapski, G. A., Woéjtowicz, S., Wieczorek, I, Wencel, P. L.,
Strosznadjer, R. P., et al. (2020). Alterations of Transcription of Genes
Coding Anti-oxidative and Mitochondria-Related Proteins in Amyloid B
Toxicity: Relevance to Alzheimer’s Disease. Mol. Neurobiol. 57, 1374-1388.
doi:10.1007/s12035-019-01819-y

de Leeuw, F. A., Honer, W. G., Schneider, J. A., and Morris, M. C. (2020). Brain
y-Tocopherol Levels Are Associated with Presynaptic Protein Levels in Elderly
Human Midfrontal Cortex. J. Alzheimers. Dis. 77, 619-627. doi:10.3233/JAD-
200166

Fernandes, T., Resende, R, Silva, D. F., Marques, A. P., Santos, A. E., Cardoso, S.
M., et al. (2021). Structural and Functional Alterations in Mitochondria-
Associated Membranes (MAMs) and in Mitochondria Activate Stress
Response Mechanisms in an In Vitro Model of Alzheimer’s Disease.
Biomedicines 9, 881. doi:10.3390/biomedicines9080881

Figueiredo, C. P., Bicca, M. A., Latini, A., Prediger, R. D., Medeiros, R., and Calixto,
J. B. (2011). Folic Acid Plus a-tocopherol Mitigates Amyloid-B-Induced
Neurotoxicity through Modulation of Mitochondrial Complexes Activity.
J. Alzheimers. Dis. 24, 61-75. doi:10.3233/JAD-2010-101320

Gao, Y., Tan, L, Yu, J. T, and Tan, L. (2018). Tau in Alzheimer’s Disease:
Mechanisms and Therapeutic Strategies. Curr. Alzheimer Res. 15, 283-300.
doi:10.2174/1567205014666170417111859

Gnaiger, E. (2020). Mitochondrial Pathways and Respiratory Control. An
Introduction to OXPHOS Analysis. 5th ed. Bioenerg. Commun. 2, 122.
doi:10.26124/bec:2020-0002

Hauptmann, S., Scherping, I, Drése, S., Brandt, U., Schulz, K. L., Jendrach, M., et al.
(2009). Mitochondrial Dysfunction: An Early Event in Alzheimer Pathology
Accumulates with Age in AD Transgenic Mice. Neurobiol. Aging 30,
1574-1586. doi:10.1016/j.neurobiolaging.2007.12.005

Jilani, T., and Iqbal, M. P. (2018). Vitamin E Deficiency in South Asian Population
and the Therapeutic Use of Alpha-Tocopherol (Vitamin E) for Correction of
Anemia. Pak ]. Med. Sci. 34, 1571-1575. doi:10.12669/pjms.346.15880

Krumschnabel, G., Eigentler, A., Fasching, M., and Gnaiger, E. (2014). “Use of Safranin
for the Assessment of Mitochondrial Membrane Potential by High-Resolution
Respirometry and Fluorometry,” in Conceptual Background and Bioenergetic/
Mitochondrial Aspects of Oncometabolism. Editors L. Galluzzi and G. Kroemer
(Academic Press), 163-181. doi:10.1016/B978-0-12-416618-9.00009-1

Lemieux, H., Blier, P. U, and Gnaiger, E. (2017). Remodeling Pathway Control of
Mitochondrial Respiratory Capacity by Temperature in Mouse Heart: Electron
Flow through the Q-junction in Permeabilized Fibers. Sci. Rep. 7, 2840.
doi:10.1038/s41598-017-02789-8

Effects of Tocopherol on Mitochondrial Function

ACKNOWLEDGMENTS

The authors would like to express their gratitude to the research
officer and medical laboratory technologists of the Biochemistry
Department, Faculty of Medicine, Universiti Kebangsaan
Malaysia Medical Centre for technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.698833/
full#supplementary-material

Minter, B. E., Lowes, D. A., Webster, N. R,, and Galley, H. F. (2020). Differential
Effects of MitoVitE, a-Tocopherol and Trolox on Oxidative Stress,
Mitochondrial Function and Inflammatory Signalling Pathways
Endothelial ~ Cells Cultured under Conditions Mimicking Sepsis.
Antioxidants (Basel) 9, 1. doi:10.3390/antiox9030195

Morris, M. C,, Schneider, J. A, Li, H., Tangney, C. C,, Nag, S., Bennett, D. A,, et al.
(2015). Brain Tocopherols Related to Alzheimer’s Disease Neuropathology in
Humans. Alzheimers. Dement. 11, 32-39. doi:10.1016/j.jalz.2013.12.015

Navarro, A., Bandez, M. J., Lopez-Cepero, ]. M., Gémez, C., and Boveris, A. (2011).
High Doses of Vitamin E Improve Mitochondrial Dysfunction in Rat
hippocampus and Frontal Cortex upon Aging. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 300, R827-R834. doi:10.1152/ajpregu.00525.2010

Nesari, A., Mansouri, M. T. Khodayar, M. ], and Rezaei, M. (2019).
Preadministration of High-Dose Alpha-Tocopherol Improved Memory
Impairment and Mitochondrial Dysfunction Induced by Proteasome
Inhibition in Rat hippocampus. Nutr. Neurosci. 24, 1-11. doi:10.1080/
1028415X.2019.1601888

Pahrudin Arrozi, A., Shukri, S. N. S., Wan Ngah, W. Z., Mohd Yusof, Y. A.,
Ahmad Damanhuri, M. H,, Jaafar, F., et al. (2020). Comparative Effects of
Alpha- and Gamma-Tocopherol on Mitochondrial Functions in
Alzheimer’s Disease In Vitro Model. Sci. Rep. 10, 8962. doi:10.1038/
$41598-020-65570-4

Pahrudin Arrozi, A., Shukri, S. N. S., Wan Ngah, W. Z., Mohd Yusof, Y. A., Ahmad
Damanhuri, M. H., and Makpol, S. (2017). Evaluation of the Expression of
Amyloid Precursor Protein and the Ratio of Secreted Amyloid Beta 42 to
Amyloid Beta 40 in SH-Sy5y Cells Stably Transfected with Wild-type, Single-
Mutant and Double-Mutant Forms of the APP Gene for the Study of
Alzheimer’s Disease Pathology. Appl. Biochem. Biotechnol. 183, 853-866.
doi:10.1007/s12010-017-2468-6

Park, S. K, Page, G. P, Kim, K., Allison, D. B., Meydani, M., Weindruch, R,, et al. (2008).
Alpha- and Gamma-Tocopherol Prevent Age-Related Transcriptional Alterations in
the Heart and Brain of Mice. J. Nutr. 138, 1010-1018. doi:10.1093/jn/138.6.1010

Pédeboscq, S., Rey, C., Petit, M., Harpey, C., De Giorgi, F., Ichas, F., et al. (2012).
Non-antioxidant Properties of a-tocopherol Reduce the Anticancer Activity of
Several Protein Kinase Inhibitors In Vitro. PLoS One 7, €36811. doi:10.1371/
journal.pone.0036811

Puig, K. L., and Combs, C. K. (2013). Expression and Function of APP and its
Metabolites outside the central Nervous System. Exp. Gerontol. 48, 608-611.
doi:10.1016/j.exger.2012.07.009

Quintana, D. D., Garcia, J. A., Anantula, Y., Rellick, S. L., Engler-Chiurazzi, E. B.,
Sarkar, S. N,, et al. (2020). Amyloid-p Causes Mitochondrial Dysfunction via a
Ca2+-Driven Upregulation of Oxidative Phosphorylation and Superoxide
Production in Cerebrovascular Endothelial Cells. J. Alzheimers. Dis. 75 (1),
119-138. doi:10.3233/JAD-190964

Reboul, E. (2017). Vitamin E Bioavailability: Mechanisms of Intestinal Absorption
in the Spotlight. Antioxidants (Basel) 6, 95. doi:10.3390/antiox6040095

Reddy, P. H., McWeeney, S., Park, B. S., Manczak, M., Gutala, R. V., Partovi, D.,
et al. (2004). Gene Expression Profiles of Transcripts in Amyloid Precursor
Protein Transgenic Mice: Up-Regulation of Mitochondrial Metabolism and

in

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 698833


https://www.frontiersin.org/articles/10.3389/fphar.2021.698833/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.698833/full#supplementary-material
https://doi.org/10.1080/1028415X.2019.1681066
https://doi.org/10.3390/biomedicines9010063
https://doi.org/10.1007/s12035-019-01819-y
https://doi.org/10.3233/JAD-200166
https://doi.org/10.3233/JAD-200166
https://doi.org/10.3390/biomedicines9080881
https://doi.org/10.3233/JAD-2010-101320
https://doi.org/10.2174/1567205014666170417111859
https://doi.org/10.26124/bec:2020-0002
https://doi.org/10.1016/j.neurobiolaging.2007.12.005
https://doi.org/10.12669/pjms.346.15880
https://doi.org/10.1016/B978-0-12-416618-9.00009-1
https://doi.org/10.1038/s41598-017-02789-8
https://doi.org/10.3390/antiox9030195
https://doi.org/10.1016/j.jalz.2013.12.015
https://doi.org/10.1152/ajpregu.00525.2010
https://doi.org/10.1080/1028415X.2019.1601888
https://doi.org/10.1080/1028415X.2019.1601888
https://doi.org/10.1038/s41598-020-65570-4
https://doi.org/10.1038/s41598-020-65570-4
https://doi.org/10.1007/s12010-017-2468-6
https://doi.org/10.1093/jn/138.6.1010
https://doi.org/10.1371/journal.pone.0036811
https://doi.org/10.1371/journal.pone.0036811
https://doi.org/10.1016/j.exger.2012.07.009
https://doi.org/10.3233/JAD-190964
https://doi.org/10.3390/antiox6040095
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Pahrudin Arrozi et al.

Apoptotic Genes Is an Early Cellular Change in Alzheimer’s Disease. Hum. Mol.
Genet. 13, 1225-1240. doi:10.1093/hmg/ddh140

Sharman, E. H., and Bondy, S. C. (2001). Effects of Age and Dietary Antioxidants
on Cerebral Electron Transport Chain Activity. Neurobiol. Aging 22, 629-634.
doi:10.1016/s0197-4580(01)00226-3

Swerdlow, R. H. (2018). Mitochondria and Mitochondrial Cascades in
Alzheimer’s Disease. J. Alzheimers. Dis. 62, 1403-1416. doi:10.3233/
JAD-170585

Tiwari, S., Atluri, V., Kaushik, A., Yndart, A., and Nair, M. (2019). Alzheimer’s
Disease: Pathogenesis, Diagnostics, and Therapeutics. Int. J. Nanomedicine 14,
5541-5554. doi:10.2147/IJN.S200490

Ulatowski, L. M., and Manor, D. (2015). Vitamin E and Neurodegeneration.
Neurobiol. Dis. 84, 78-83. doi:10.1016/j.nbd.2015.04.002

Vaillant-Beuchot, L., Mary, A., Pardossi-Piquard, R., Bourgeois, A., Lauritzen, I,
Eysert, F., et al. (2021). Accumulation of Amyloid Precursor Protein
C-Terminal Fragments Triggers Mitochondrial Structure, Function, and
Mitophagy Defects in Alzheimer’s Disease Models and Human Brains. Acta
Neuropathol. 141, 39-65. doi:10.1007/s00401-020-02234-7

Wilkins, H. M., and Swerdlow, R. H. (2017). Amyloid Precursor Protein Processing
and  Bioenergetics. Brain. Res. Bull. 133, 71-79. doi:10.1016/
j.brainresbull.2016.08.009

Williamson, K. S., Gabbita, S. P., Mou, S., West, M., Pye, Q. N., Markesbery, W.
R., et al. (2002). The Nitration Product 5-nitro-gamma-tocopherol Is
Increased in the Alzheimer Brain. Nitric Oxide 6, 221-227. doi:10.1006/
niox.2001.0399

Effects of Tocopherol on Mitochondrial Function

Zhang, L., Trushin, S., Christensen, T. A., Tripathi, U., Hong, C., and Geroux, R. E.
(2018). Differential Effect of Amyloid Beta Peptides on Mitochondrial Axonal
Trafficking Depends on Their State of Aggregation and Binding to the Plasma
Membrane. Neurobiol. Dis. 114, 1-16. doi:10.1016/j.nbd.2018.02.003

Zingg, ]. M. (2019). Vitamin E: Regulatory Role on Signal Transduction. [UBMB
Life 71, 456-478. doi:10.1002/iub.1986

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pahrudin Arrozi, Wan Ngah, Ahmad Damanhuri and Makpol.
This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The wuse, distribution or
reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

11

November 2021 | Volume 12 | Article 698833


https://doi.org/10.1093/hmg/ddh140
https://doi.org/10.1016/s0197-4580(01)00226-3
https://doi.org/10.3233/JAD-170585
https://doi.org/10.3233/JAD-170585
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.1016/j.nbd.2015.04.002
https://doi.org/10.1007/s00401-020-02234-7
https://doi.org/10.1016/j.brainresbull.2016.08.009
https://doi.org/10.1016/j.brainresbull.2016.08.009
https://doi.org/10.1006/niox.2001.0399
https://doi.org/10.1006/niox.2001.0399
https://doi.org/10.1016/j.nbd.2018.02.003
https://doi.org/10.1002/iub.1986
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Modulatory Effects of Alpha- and Gamma-Tocopherol on the Mitochondrial Respiratory Capacity and Membrane Potential in an In ...
	Introduction
	Materials and Methods
	Development of SH-SY5Y Cells Overexpressing Wild-type and Mutant APP Genes
	Cell Culture
	Treatment of Cells With Tocopherol Isomers
	Chemicals and Reagents Used in the Oxygraph-2k Experiment
	Simultaneous Determination of the Mitochondrial Respiratory Capacity and Membrane Potential
	Determination of Complex IV Enzyme Activity
	Statistical Analysis

	Results
	An Abnormally Higher Respiratory Capacity and Membrane Potential Was Found in SH-SY5Y Cells Overexpressing APP Wt or APP Sw ...
	Treatment With ATF and GTF at Higher Concentrations Increased the Respiratory Capacity and Membrane Potential in SH-SY5Y Ce ...
	Treatment With ATF and GTF at Higher Concentrations Increased the Activity of Complex IV Enzyme in SH-SY5Y Cells Overexpres ...

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


