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Abstract
Cell differentiation is associated with changes in metabolism and function. Understanding these
changes during differentiation is important in the context of stem cell research, cancer, and
neurodegenerative diseases. An early event in neurodegenerative diseases is the alteration of
mitochondrial function and increased oxidative stress. Studies using both undifferentiated and
differentiated SH-SY5Y neuroblastoma cells have shown distinct responses to cellular stressors,
however the mechanisms remain unclear. We hypothesized that since the regulation of glycolysis
and oxidative phosphorylation are modulated during cellular differentiation, this would change
bioenergetic function and the response to oxidative stress. To test this, we used retinoic acid (RA)
to induce differentiation of SH-SY5Y cells and assessed changes in cellular bioenergetics using
extracellular flux analysis. After exposure to RA, the SH-SY5Y cells had an increased
mitochondrial membrane potential, without changing mitochondrial number. Differentiated cells
exhibited greater stimulation of mitochondrial respiration with uncoupling and an increased
bioenergetic reserve capacity. The increased reserve capacity in the differentiated cells was
suppressed by the inhibitor of glycolysis, 2-deoxy-D-glucose (2-DG). Furthermore, we found that
differentiated cells were substantially more resistant to cytotoxicity and mitochondrial dysfunction
induced by reactive lipid species 4-hydroxynonenal (HNE) or the reactive oxygen species
generator 2,3-dimethoxy-1,4-naphthoquinone (DMNQ). We then analyzed the levels of selected
mitochondrial proteins and found an increase in complex IV subunits which we propose
contributes to the increase in reserve capacity in the differentiated cells. Furthermore, we found an
increase in MnSOD that could, at least in part, account for the increased resistance to oxidative
stress. Our findings suggest that profound changes in mitochondrial metabolism and antioxidant
defenses occur upon differentiation of neuroblastoma cells to a neuron-like phenotype.
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Introduction
Mitochondrial dysfunction and oxidative stress are early characteristics and key contributing
factors to neurodegeneration in diseases, including Parkinson’s disease (1). Post-mitotic
neurons are highly dependent on mitochondria to meet their bioenergetic demands, in
contrast to rapidly dividing cells or tumor cells that largely depend upon glycolysis as a
primary energy source (2). Neuronal cells maintain a bioenergetic capacity sufficient to meet
physiological energy demands with a reserve or spare capacity which can be utilized by the
cells under stress (2). For example, during signal transmission across synapses, neurons have
high energy demands that maintain and allow rapid recovery from depolarization (3).
Bioenergetic reserve capacity is utilized when excessive glutamatergic stimulation causes a
cellular Ca2+ overload and increased energy demand in the cell (4). The recruitment of the
bioenergetic reserve capacity under these conditions is essential to prevent cell death (4).
Additionally, post-mitotic neurons cannot divide to remove or dilute out damaged
components and do not have high levels of antioxidants when compared to other cells, such
as the glia making their bioenergetic capacity a potentially important factor in protecting
against oxidative stress (5).

In a recent series of studies, we and others have proposed that the reserve or spare
bioenergetic capacity is critical to resist the toxicity associated with increased oxidative
stress (6). In the case of neurodegenerative diseases, such as Parkinson’s, in which
mitochondrial respiratory chain proteins are damaged (7), reserve capacity is likely to be
compromised rendering the cells more susceptible to oxidative insults. It has been suggested
by the Warburg hypothesis that rapidly dividing undifferentiated cells have a greater
dependence on glycolysis for metabolic intermediates needed for cell division (8–10). This
also results in a down regulation of mitochondrial function which suggests that the
mitochondria maybe functioning at near maximal rates resulting in loss of bioenergetic
reserve capacity. This paradigm also suggests that as cells differentiate, the metabolic
requirements change, resulting in a greater requirement for mitochondrial ATP production.
In the present study, we have used the well-established cell line SH-SY5Y because it can be
maintained in an undifferentiated state, and can be stimulated to differentiate into a neuron-
like phenotype in cell culture (11–18). SH-SY5Y human neuroblastoma cells are derived
from a thrice cloned cell line SK-N-SH originally from a neuroblastoma patient (19). SH-
SY5Y cells contain many characteristics of dopaminergic neurons (11), and have therefore
been used extensively to study neuron-like behavior in response to neurotoxins in the
context of Parkinson’s disease (11).

Neurodegenerative diseases are frequently associated with increased oxidative stress,
including increased production of lipid peroxidation products (20;21). An important
secondary lipid peroxidation product that is present in Parkinson’s disease brain is the
aldehyde 4-hydroxy-2-nonenal (HNE). HNE is electrophilic, which allows it to react with
nucleophilic protein residues, thus modulating their functions (22–28). Furthermore,
accumulation of HNE can damage key proteins in the mitochondrial respiratory chain
(29;30), inhibit NADH-linked respiration (31;32), and deplete cardiolipin (33). In addition
the ability of the mitochondria to resist the toxic effects of reactive lipid species has not been
investigated in this neuronal cell model and was tested in the present study. Using both
undifferentiated and differentiated SH-SY5Y cells as a model system, we characterized the
mitochondria and the bioenergetics of these cells under basal conditions and in response to
oxidative stress induced by exposure to the oxidized lipid HNE and the generator of
intracellular reactive oxygen species (ROS), 2,3-dimethoxy-1,4-napthoquinone (DMNQ)
(34). This is particularly relevant to Parkinson’s disease because hydrogen peroxide is
produced by dopamine metabolism and is thought to be a major contributor to the early
dopaminergic cell death (35). In the present study we compared susceptibility to DMNQ and
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HNE in differentiated and undifferentiated cells and propose that mitochondrial function
plays a key role in the differential response to oxidative stress in neuronal cells.

Materials and Methods
Materials

HNE was obtained from Calbiochem. DMNQ (2,3-dimethoxy-1,4-napthoquinone) was
obtained from Alexis Biochemicals. All materials for the Extracellular Flux assays were
from Seahorse Biosciences. Carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone
(FCCP), oligomycin, and antimycin A were from Sigma. MitoTracker Red was purchased
from Molecular Probes. JC-1 was purchased from Invitrogen.

Cell cultures
We cultured and used early passage P11-17 human neuroblastoma SH-SY5Y cells grown in
DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin/
streptomycin. Differentiation was induced by 10 µM all-trans retinoic acid on day 1 after
plating and continued for 5 days. Medium was replaced with fresh medium containing
retinoic acid every 48 hours in 1% DMEM supplemented with 1% fetal bovine serum, 2 mM
glutamine and penicillin/streptomycin.

Immunocytochemistry
Cells were grown in 24 well plates in which a glass coverslip was added to the well prior to
plating. Cells were fixed with 4% paraformaldehyde for 1 h at room temperature,
permeabilized by 0.1% Triton X-100, incubated in 5% BSA blocking buffer for 1 h,
followed by primary antibodies and then Cy3 or FITC conjugated secondary antibodies, and
countered stained with Hoechst. Glass cover plates were taken out and mounted to glass
slides. Staining was visualized on a Leica TCS SP5 confocal microscope. MitoTracker
images were taken for live cells grown on chamber slides using the same Leica TCS SP5
confocal microscope.

Measurement of mitochondrial membrane potential by JC-1 staining
Cells were washed with phenol red and serum free DMEM media, then incubated the cells
with 5 µg/ml of JC-1 in phenol red and serum free DMEM for 45 min. Cells were then
washed 3 times with serum free DMEM. The last wash was without (Control) or with 10
µM FCCP (FCCP). The cells were incubated in media or media + FCCP for 10 min and then
were imaged on a Perkin Elmer Life Sciences Wallace 1420 multilabel plate reader. Green
was imaged with 485 nm excitation and 530nm emission and red was imaged with 530 nm
excitation and 590 nm emission. The ratio of red/green fluorescence (aggregated/non-
aggregated JC-1) was calculated.

Assessment of cell viability
We measured cell viability using a MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide] assay as described previously (29;36), and confirmed by a Calcein AM
assay and cell counting by trypan blue exclusion. For MTT assay, we seeded SH-SY5Y cells
in the XF24 culture plates at 80,000 cells/well. Sixteen hours after HNE or DMNQ
treatment, the cells were incubated with media containing 0.4 mg/ml thiazoyl blue
tetrazolium in a 37°C incubator for 2 h. Then we removed the media, solubilized the
resulting formazan crystals in 250 µl DMSO, and read the absorbance at 550 nm.
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Citrate synthase assay
Citrate synthase activity is based on the reaction of Ellman’s reagent, DTNB (5,5’-Dithio-
bis(2-nitrobenzoic acid) with the thiol group of free CoA producing TNB (5-thio-2-
nitrobenzoic acid) measured at 412 nm. Whole cell lysates were incubated with 100 mM
Tris/0.1% (v/v) Triton X-100, pH 8.0 containing 0.2 mM DTNB, 0.1 mM Acetyl CoA.
Reactions were initiated by the addition of oxaloacetate (0.2 mM). Rates are reported as
nmol TNB formed/min/mg protein.

Quantification of mtDNA
DNA was extracted from SH-SY5Y cells at the indicated days of differentiation.
Quantitative real-time PCR was performed by using a LightCycler-DNA Master SYBR
Green I kit (Roche) as described previously (37). The primer sequences used for mtDNA
were: mtF (5′-CACCCAAGAACAGGGTTTGT-3′) and mtR (5′-
TGGCCATGGGTATGTTGTTAA-3′). The primer sequences for the nuclear DNA (nDNA)
were 18SF (5′-TAGAGGGACAAGTGGCGTTC-3′) and 18SR (5′-
CGCTGAGCCAGTCAGTGT-3′). Cycling conditions were as follows: 95°C for 150 s,
followed by 40 cycles at 95°C for 10 s, 58°C for 15 s, and 72°C for 20 s.

Measurement of mitochondrial function
To measure mitochondrial function in differentiated and undifferentiated SH-SY5Y cells, a
Seahorse Bioscience XF24 Extracellular Flux Analyzer was used. The XF24 creates a
transient, 7 µl chamber in specialized microplates that allows for the determination of
oxygen and proton concentrations in real time (38;39). To allow comparison between
different experiments, data are expressed as the rate of oxygen consumption in pmol/min or
the rate of extracellular acidification in mpH/min, normalized to cell protein in individual
wells determined by the DC protein assay (BioRad). In some experiments the data were
expressed as a percentage of the basal O2 consumption rate (OCR) or extracellular
acidification rate (ECAR). The optimal seeding density of the cells needed to obtain a
measurable O2 consumption and extracellular acidification rates (OCR and ECAR
respectively) was established, and both ECAR and OCR show a proportional response with
cell number (data not shown). For subsequent experiments, a seeding density of 80,000 cells
per well was selected to allow both potential increases and inhibition of OCR and ECAR to
be assessed. The undifferentiated and differentiated cells grew at different rates which could
confound the interpretation of the data. To address this issue we undertook a comprehensive
analysis of the relationship between basal and maximal OCR and ECAR for the cells at
different cell densities so removing this factor as an uncontrolled variable by using protein
levels in individual wells as an index of cell number (Supplemental Figure 1 A–D) (Dranka
et al 2011, FRBM in press) (3). We have noted that high levels of FCCP inhibit
mitochondrial respiration presumably due to the loss of the ability to accumulate respiratory
substrates. Accordingly, oligomycin, FCCP, and antimycin A concentrations to elicit
maximal effects were optimized prior to assessment of bioenergetic function and found to be
1 µM, 1 µM and 10 µM respectively.

Western blot analysis
Protein extracts were separated by SDS-PAGE and probed with respective antibodies.
Antibodies used: MAP2 (Sigma), Complex I-subunit 39 kDa (Invitrogen), Complex I ND1
(Abcam), Complex III-FeS (Invitrogen), Complex IV-subunit II (Invitrogen), Complex IV-
subunit IV-isoform 1 (Abcam), Complex IV-subunit IV-isoform 2 (Protein Tech), VDAC
(MitoSciences), MnSOD (Assay Design), and Bcl-2 (Santa Cruz). Ponceau S staining was
used to demonstrate equal loading. Relative levels of proteins were quantified by
densitometry using AlphaEase software from Cell Biosciences (Santa Clara, California).
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Statistical analysis
Data are reported as mean ± SEM. Comparisons between two groups were performed with
unpaired Student’s t-tests. Comparisons among multiple groups or between two groups at
multiple time-points were performed by either one-way or two-way analysis of variance, as
appropriate. A p value of less than 0.05 was considered statistically significant. For data
presented in Supplemental Figure 1, the data were collected under two treatment conditions
(control and retinoic acid) over three independent experiments. Within each experiment, 4–5
wells were studied for each treatment condition. Protein levels and basal and maximal OCR
were measured for each well. Repeated measures analysis of covariance (RM ANOCVA)
was performed to analyze significance between treatment groups and between experiments.
Experiment and treatment were considered grouping factors and protein levels were a
covariate. The basal and maximal OCR measurements in each well were considered the
repeated measures.

Results
Differentiation of SH-SY5Y cells and mitochondrial characterization

Exposure of SH-SY5Y cells to retinoic acid (RA) results in differentiation to a more
characteristically neuronal morphology (11). Prior to determining whether differentiation
changes cellular bioenergetics, we first performed a series of studies characterizing
mitochondria in both undifferentiated and differentiated SH-SY5Y cells. As shown in Figure
1A, cells at Day 0 exhibit compact morphology which changes over days 3–5 on exposure to
RA with formation of axons and dendrite-like projections and shrinkage of the cytoplasm. In
previous studies (11–18), and as shown in Figure 1A, an important feature of differentiation
is the extension of neurites. In addition differentiation results in increased expression of the
neuronal marker, microtubule associated protein 2 (MAP2). The fluorescence intensity of
MAP2 was found to have increased by 50% after 5 days exposure to RA (Figure 1B,C).
Next cells were stained with MitoTracker Red under the same conditions as Figure 1 (Figure
2A). As the cells adopt a more differentiated phenotype, the mitochondrial network is now
distributed throughout the cell into the neurites. Mitochondrial membrane potential was
assessed by JC-1 and found to increase approximately 60% at Day 5 after RA treatment
(Figure 2B) and, as expected, the uncoupler FCCP decreased mitochondrial membrane
potential in both undifferentiated and differentiated cells.

Cell lysates were collected after 5 days of RA, to assess potential changes in mitochondrial
mass or number. The mitochondrial matrix enzyme, citrate synthase is frequently used as an
index of mitochondrial number and was not changed by RA treatment (Figure 2C) and this
overall conclusion was confirmed by measurement of mitochondrial DNA copy number
normalized to nuclear DNA copy number, which also did not change (Figure 2D).

Differentiation of SH-SY5Y cells increases their mitochondrial bioenergetic reserve
capacity

To determine whether treatment with RA impacts cellular bioenergetics we assessed
mitochondrial function in both undifferentiated and differentiated SH-SY5Y cells.
Extracellular flux analysis allows determination of O2 consumption and extracellular
acidification in adherent cells (39;40) (Dranka et al 2011, FRBM in press). The basal O2
consumption rates (OCR) in both undifferentiated and differentiated cells (RA treatment for
5 days) are not significantly different (Figure 3A,B). This value is also comparable to the
published rate of 8.8 pmol of O2/min/µg protein measured by polarography for these cells
(41;42). We next defined mitochondrial function in differentiated and undifferentiated SH-
SY5Y cells by sequentially adding pharmacological inhibitors of the respiratory chain
(Figure 3A,B) (3). After measurement of basal OCR, oligomycin (1 µg/ml) was injected into
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all samples to inhibit the ATP synthase (Complex V). In both forms of the SH-SY5Y cells a
substantial decrease in OCR occurred to approximately the same extent indicating that the
mitochondrial oxygen consumption used for ATP synthesis is not changed during cellular
differentiation.

The remaining OCR, after oligomycin treatment, can be ascribed to both proton leak across
the mitochondrial membrane and utilization of the mitochondrial membrane potential for ion
or substrate transport (43). It is important to note that oligomycin induces a state 4-like
respiratory condition which causes an increase in the mitochondrial membrane potential
(ΔΨm) (44) and a higher proton leak through the mitochondrial membrane (45;46). Thus the
value determined here for proton leak will be overestimated by approximately 10–15% (6).

Next, to determine the maximal OCR that the cells can sustain, the proton ionophore
(uncoupler) FCCP (1 µM) was injected. We have noted that high levels of FCCP inhibit
mitochondrial respiration, presumably due to the loss of the ability to accumulate respiratory
substrates, therefore the FCCP concentration was titrated in both differentiated and
undifferentiated cells to determine the concentration that gave the maximum response (1
µM). FCCP addition resulted in stimulation of OCR which is due to the increase in
permeability of the mitochondrial inner membrane to protons, resulting in an OCR
unconstrained by the mitochondrial membrane potential. The OCR after addition of FCCP is
then an estimate of the potential maximal respiratory capacity. Interestingly, the maximal
respiratory capacity in the undifferentiated cells was essentially identical to the basal
respiratory OCR. The potential reserve capacity for bioenergetic function in the cells is
calculated by subtracting the basal OCR from the maximal OCR. We therefore conclude that
the undifferentiated cells have no significant bioenergetic reserve capacity (Figure 3B). In
contrast, the maximal respiratory capacity was stimulated 25–40% in the differentiated cells,
and the reserve capacity is substantially increased in the differentiated cells to essentially the
maximal level at 5 days after exposure to retinoic acid (Figure 3C, Supplementary Figure 1).
Lastly, antimycin A (10 µM) was injected to inhibit electron flux through Complex III
which causes a dramatic suppression of the OCR. The remaining OCR is attributable to O2
consumption due to the formation of mitochondrial ROS and non-mitochondrial O2
consumption and is unchanged by differentiation of the SH-SY5Y cells.

RA treatment for 24 hr did not induce reserve capacity (Figure 3C) suggesting that changes
in bioenergetic function are not an immediate response to the addition of RA. Reducing
serum alone for 24 hr to 1% FBS also did not change reserve capacity (data not shown),
suggesting that the increase of reserve capacity is not simply due to decreased cell
proliferation or ATP demand. Using these data we can estimate the metabolic status of the
mitochondria in a cellular setting and compare it to the states of respiration previously
defined for isolated mitochondria (6). In this analysis, we assume that state 4 respiration is
equivalent to the OCR after addition of oligomycin since the cells will be unable to use the
proton gradient to generate ATP. Similarly, we assume that state 3 respiration is equivalent
to the OCR after the addition of FCCP. Using these parameters we calculated the
Stateapparent for both undifferentiated and differentiated SH-SY5Y cells. The Stateapparent for
undifferentiated cells is (3.04) suggesting that proliferating undifferentiated cells are
functioning at or close to their maximal bioenergetic capacity (State 3). After exposure to
RA for 5 days, the Stateapparent for SH-SY5Y cells moves closer to State 4 (3.40), indicating
that the cells respire at an intermediate respiratory state. This implies that the function and
control of the electron transport chain has changed as a result of differentiation, potentially
affording the differentiated cells a higher bioenergetic capacity to utilize under increased
work demand or stress.
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Under the identical conditions shown in Figure 3A, the ECAR was also determined. Several
studies have demonstrated conclusively that this measurement reflects glycolytic activity in
the cells (47). Figure 3D shows the ECAR for the undifferentiated and differentiated cells
before (basal) and after the injection of oligomycin (maximal) (see also supplementary
Figure 1). Under basal conditions, ECAR is decreased in differentiated cells compared to
undifferentiated cells, but the increase in the presence of oligomycin is higher in the
differentiated cells (2 fold compared to 1.4 × fold in undifferentiated cells). These data are
consistent with a higher glycolytic activity in undifferentiated cells.

To test the contribution of glycolysis to the increased reserve capacity in differentiated cells,
we used 2-deoxy-D-glucose (2-DG) as an inhibitor. Basal OCR was decreased by 2-DG in
differentiated cells and reduced maximum OCR in both undifferentiated (Figure 4A) and
differentiated cells (Figure 4B). Reserve capacity is significantly decreased by 2-DG in
differentiated cells, suggesting a significant contribution of glycolytic activity to provide
substrates for maximal bioenergetic capacity in these cells (Figure 4B). In the presence of 2-
DG, ECAR is no longer increased by oligomycin in both undifferentiated and differentiated
cells (data not shown).

Differentiation of SH-SY5Y cells confers resistance to oxidative stress-induced cell death
and alterations of mitochondrial function

We measured the survival of undifferentiated and differentiated cells in response to HNE, a
reactive lipids species, and DMNQ, an intracellular generator of ROS. We found that
differentiated SH-SY5Y cells are more resistant than undifferentiated cells to HNE (Figure
5A) and DMNQ (Figure 5B) -induced cell death. We further hypothesized that
mitochondrial dysfunction in response to these oxidative stressors is an early event before
cell death occurs. To determine the impact of HNE on the parameters of mitochondrial
function, the basal OCR in SH-SY5Y cells was determined, followed by OCR measurement
after the addition of HNE.

As shown in Figure 6A, both basal and maximal OCR in undifferentiated cells is dose-
dependently reduced by HNE. At 20 µM, there is no remaining maximum OCR, indicating
mitochondrial function is eliminated by HNE at this concentration. In differentiated cells,
HNE also reduced both the basal and maximal OCR but to a lesser extent than in
undifferentiated cells (Figure 6B). The comparison of basal OCR 25 min after HNE
exposure was plotted in Figure 7A and shows a greater HNE-dependent inhibition for the
undifferentiated cells suggesting they are initially more susceptible to stress. The values of
maximal OCR, assessed after addition of FCCP, in undifferentiated and differentiated cells
are shown in Figure 7B. The reserve capacity was calculated by subtracting the basal OCR
at the time point immediately prior to the addition of oligomycin from maximal OCR. The
reserve capacity values in undifferentiated and differentiated cells are plotted in Figure 7C
and show an HNE-dependent decrease in reserve capacity in differentiated cells. Similarly,
we examined cellular bioenergetics in both undifferentiated and differentiated SH-SY5Y
cells after 4 h treatment with DMNQ. DMNQ dose-dependently reduced basal and maximal
OCR in undifferentiated cells but had no effect on basal and maximal OCR in differentiated
cells (Figure 8,9). DMNQ only decreased the reserve capacity in differentiated cells at the
highest concentration (Figure 9).

To determine the molecular mechanisms responsible for the increased reserve capacity and
resistance to oxidative stress, we examined the levels of mitochondrial proteins in cell
lysates in undifferentiated and differentiated SH-SY5Y cells. Western blot analyses showed
no change in complex I subunit 39kDa, complex I ND1, complex III Fe-S, complex Vβ,
outer membrane protein VDAC, or Bcl-2. Interestingly, we found an increase in the matrix
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protein MnSOD (approximately 4 fold) and an increase in complex IV subunit II, and
subunit IV-isoforms I and 2 (Figure 10).

Discussion
SH-SY5Y cells are frequently used to study neuron-like behavior in response to neurotoxins
in the context of Parkinson’s disease (11), because they possess many characteristics of
dopaminergic neurons (11–18). The SH-SY5Y cells can be prepared in both the
undifferentiated and differentiated forms, and both types have been widely used in
Parkinson’s disease research, despite the ongoing debate as to which cell is the most
appropriate model. On one hand, it has been noted that differentiation by retinoic acid
confers resistance to oxidative stress inducing compounds such as 6-hydroxydopamine
whereas neuronal cells are generally thought to be more susceptible (15). The authors
conclude that differentiated cells are not the best model to study toxicity mediated by agents
such as 6-hydroxydopamine. On the other hand, undifferentiated cells have biochemical and
morphological characteristics of early sympathetic neurons with few mature neuronal
markers (11;48). This has raised the question whether undifferentiated cells are suitable to
study the effects of neurotoxins relevant to adult neurodegenerative diseases since these
diseases primarily affect mature fully differentiated neurons. Supporting this notion, a
separate study has reported that RA differentiated cells are more sensitive to 6-
hydroxydopamine (13). How differentiation changes cellular bioenergetics is therefore an
important question in understanding neurodegeneration. Recently, Birket et al. have shown
that the oxidative phosphorylation in human embryonic stem cells (hESCs) decreases as the
cells differentiate into hESC-derived neural stem cells (NSCs). During differentiation there
is a decrease in overall ATP turnover, macromolecule biosynthesis and protein secretion
(49). The controversial findings in SH-SY5Y cells and the new studies on embryonic stem
cell development prompted us to determine the response of cellular bioenergetics to
differentiation in SH-SY5Y cells. Specifically, we reasoned that measuring bioenergetic
reserve capacity may provide insight into how oxidative stress differentially impacts cellular
bioenergetics and be useful in determining the applicability of differentiated SH-SY5Y cells
to the study of neurodegenerative diseases.

In this study, we found that RA-induced differentiation alters mitochondrial function in SH-
SY5Y cells. Specifically, we found RA increases mitochondrial membrane potential, levels
of cytochrome c oxidase and MnSOD and bioenergetic reserve capacity. The lack of major
changes in citrate synthase activity and in complex I subunit 39 kDa, complex I ND1,
complex III Fe-S, complex Vβ, VDAC, or Bcl-2 suggests that the changes in mitochondrial
function are relatively specific, although a complete proteomics analysis is required to
address this point. Differentiation increases the cells’ ability to combat stress and confers
additional protection from HNE- and DMNQ-induced mitochondrial dysfunction and cell
death. Interestingly, during these changes in mitochondrial function, there are no increases
in total mitochondrial DNA copy number as shown in Figure 2D, or the activity of the
matrix enzyme citrate synthase as shown in Figure 2C.

From the mitochondrial function studies (Figure 3), the fact that the Stateapparent is closer to
State 4 and the mitochondrial membrane potential is higher suggests that the mitochondria
are metabolically less active in the differentiated cells. This could occur for a number of
reasons, including a decreased ATP demand in the differentiated cells or an increased
capacity of the respiratory chain. The undifferentiated cells are rapidly dividing and could
therefore have a higher ATP demand. However, the ATP linked OCR is identical in both
differentiated and undifferentiated cells (Figure 3B), which does not support an increased
ATP demand. More likely the increased reserve capacity reflects the increased levels of
cytochrome c oxidase (Figure 10). In addition, it is important to recognize that differentiated
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cells maybe utilizing glycolysis and oxidative phosphorylation to serve different purposes
than the dividing undifferentiated cells.

In this regard, we found that undifferentiated SH-SY5Y cells have higher intrinsic basal
ECAR (approximately 80% of maximum) than differentiated cells (50% of maximum). This
suggests that the undifferentiated cells are more reliant on glycolysis to sustain ATP
demand. Indeed it is known that cancer cell lines have greater requirement for intermediates
of the TCA cycle for cell division resulting in a lower control of respiration in these cells by
ADP (5;8–10;50). In support of this possibility the basal OCR in the undifferentiated cells
was more sensitive to the inhibitor of glycolysis, 2-DG, than differentiated cells (Figure 4).

Reserve capacity is a parameter which has been proposed to be necessary for cells to survive
stressors such as Ca2+ overload, reactive oxygen and nitrogen species (ROS/RNS) and
oxidized lipids (2;4;6;29;51–53). Prior studies with characterization of mitochondrial
function in primary neurons have revealed that mature neurons indeed exhibit reserve
capacity (38). Due to the post-mitotic nature of this cell, it is important to maintain this
reserve capacity to survive stress, whereas proliferating cells use much bioenergetic function
to divide, as discussed above. It has been shown that reserve capacity is important in
Parkinson’s disease, a neurodegenerative disease with a strong oxidative stress component
(54). Cybrid NT2 cells with mitochondria from Parkinson’s disease patient platelets
exhibited similar basal OCR as parent NT2 cells, whereas in the cybrid cell, reserve capacity
is significantly reduced (54).

The differentiated cells were more resistant to the stress of 4-HNE or DMNQ (Figure 6–9).
The redox cycling agent DMNQ enters cells and generates both superoxide and hydrogen
peroxide at a concentration-dependent rate, similar to reactive oxygen species (ROS)
generated by endogenous enzymes, such as NADPH oxidase. Since we found a substantial
increase in MnSOD, this clearly can contribute to the protection against DMNQ. Indeed,
MnSOD has previously been shown to be induced by retinoic acid in SK-N-SH cells and is
postulated to play an important role in differentiation by decreasing oxidative stress (55).
However, it is not obvious why the toxicity of 4-HNE should be decreased by MnSOD
unless the reactive lipid species promotes mitochondrial ROS formation as we have
previously shown in endothelial cells (56). Another possibility is that the increased reserve
capacity may provide a greater energetic reserve for the repair of protein and lipid damage
mediated by ROS. Our prior studies have shown that changes of complex IV may make
electron transfer chain more efficient (57), and thus may provide a mechanism for increased
reserve capacity. High reserve capacity has been shown to be important in defense against
oxidative stress in vascular cells (6). Further studies will determine whether both MnSOD
and complex IV changes are required for reserve capacity and resistance to oxidative stress.
Our findings suggest that exploration of approaches that target the mitochondrion, especially
ones which increase mitochondrial reserve capacity and control ROS, may provide novel
neuroprotective mechanisms for cellular preservation and protection against oxidative stress.

Highlights
> SH-SY5Y cells adopts a more oxidative phenotype on differentiation.> Differentiated
SH-SY5Y cells haves increased cytochrome c oxidase and MnSOD. >Bioenergetic
reserve capacity is increased in the differentiated SH-SY5Y cells. >Differentiated SH-
SY5Y cells are more resistant to oxidative stress.
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Abbreviations

DMNQ 2,3-dimethoxy-1,4-naphthoquinone

2-DG 2-deoxy-D-glucose

ECAR extracellular acidification rate

FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone

HNE 4-hydroxynonenal

OCR oxygen consumption rate

RA retinoic acid

ROS/RLS reactive oxygen species/reactive lipid species
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Figure 1. Retinoic acid induced differentiation of SH-SY5Y cells
(A) Bright field images of cells after retinoic acid treatment for 0, 3 and 5 days. Neurite
extension was evident in Day 5 cells (arrows). (B) Low and high magnification images of
nuclear stain by Hoechst and MAP2 immunostaining were captured by confocal microscopy
with Day 0, Day 3 and Day 5 cells. Scale bar = 20 microns. (C) Quantitation of anti-MAP2
immunofluorescence intensity from panel B with Day 0, Day 3 and Day 5 cells.
Quantification was performed with ≥ 84 cells for each of retinoic acid treatment days. Data
= mean ± SEM. *p <0.05 Student t-test compared to Day 0.
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Figure 2. Differentiated SH-SY5Y cells exhibit increased mitochondrial network and higher
membrane potential without changing mitochondrial mass
(A) SH-SY5Y cells were treated with retinoic acid for 0, 3, and 5 days. MitoTracker Red
was loaded to the cells. Low (taken at 10 × lens and compiled by montage) and high
magnification images (taken at 100 × lens) were captured by confocal microscopy. (B)
Mitochondrial membrane potential assessments with JC-1 staining. Day 5 cells have higher
baseline membrane potential (Control) as assessed by JC-1. 10 µM FCCP decreased
membrane potentials in both Day 0 and Day 5 cells. *p <0.05 Student t-test compared to
Day 0. # p <0.05 Student t-test compared to Control. (D) Citrate synthase activities are
comparable between Day 0 and Day 5 SH-SY5Y cell extracts. Cells were lysed in phosphate
buffer containing 3% (w/v) lauryl maltoside. Each assay contained 5 – 50 µg of cell lysate.
Data was normalized to total protein. n=4. (E) Mitochondrial DNA copy number per cell is
comparable between Day 0 and Day 5 SH-SY5Y. DNA was isolated from SH-SY5Y cells.
Mitochondrial and nuclear 18S DNA copy numbers were quantitated with real-time PCR.
Mitochondrial DNA was normalized to 18S nuclear DNA. n=3.

Schneider et al. Page 15

Free Radic Biol Med. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Differentiated SH-SY5Y cells exhibit increased mitochondrial reserve capacity
compared to undifferentiated SH-SY5Y cells
Cells were seeded into specialized 24-well Seahorse Biosciences V7 microplates then
bioenergetic function was assessed using the Seahorse XF24 Analyzer. Both oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were measured. ATP
synthase inhibitor oligomycin (O, 1 µM), uncoupler FCCP (F, 1 µM) and complex III
inhibitor antimycin A (A, 10 µM) were injected at indicated times to determine different
parameters of mitochondrial functions. (A) OCR as pmol O2/min/µg protein, n=5 for each
experiment. Data = mean ± SEM. (B) Bar graph comparison of basal, ATP-linked, proton
leak-linked, maximal, non-mitochondrial oxygen consumption of Day 0 and Day 5 cells.
Non-mitochondrial OCR was determined as the OCR after antimycin A treatment. Basal
OCR was determined as OCR before oligomycin minus OCR after antimycin A. ATP-lined
OCR was determined as OCR before oligomycin minus OCR after oligomycin. Proton leak
was determined as Basal OCR minus ATP-linked OCR. Maximal was determined as the
OCR after FCCP minus non-mitochondrial OCR. Reserve Capacity was defined as the
difference between Maximal OCR after FCCP minus Basal OCR. Statistical analyses were
carried out by Student t-test. *p <0.05 compared between Day 0 and Day 5 samples. Data =
mean ± SEM. (C) Reserve Capacity is plotted as a percentage of basal OCR against
differentiation days after 0, 1, 3, and 5 days of retinoic acid treatment. n=5 for each

Schneider et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments. Statistical analyses were carried out by Student t-test. *p <0.05 compared to
Day 0. Data = mean ± SEM. (D) Extracellular acidification rate (ECAR) was plotted for Day
0 and Day 5 cells. Basal ECAR was plotted at the time before oligomycin injection (open
bars). Maximal ECAR was plotted after oligomycin injection (closed bars). Data = mean ±
SEM. Statistical analyses were carried out by Student t-test. *p <0.05 compared to Day 0. #
p <0.05 compared to Basal.
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Figure 4. Inhibition of glycolysis by 2-DG changes reserve capacity in differentiated cells
(A) OCR of Day 0 undifferentiated SH-SY5Y cells without and with 2-DG treatment for 24
hours. (B) OCR of Day 5 differentiated SH-SY5Y cells without and with 2-DG treatment for
24 hours. ATP synthase inhibitor oligomycin (O), uncoupler FCCP (F) and complex III
inhibitor antimycin A (A) were injected at indicated times to determine different parameters
of mitochondrial functions. Data = mean ± SEM.
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Figure 5. Differentiated SH-SY5Y cells are more resistant to HNE or DMNQ-induced cell death
(A) Cell viability of undifferentiated (Day 0) and differentiated (Day 5) SH-SY5Y cells after
treatment with 0–20 µM HNE, determined by MTT assay. (B) Cell viability of
undifferentiated (Day 0) and differentiated (Day 5) SH-SY5Y cells after treatment with 0–
20 µM DMNQ, determined by MTT assay. Data = mean ± SEM. *p <0.05 Student t-test
compared to Day 0. # p<0.05 compared to 0 µM treatment.
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Figure 6. Resilience of mitochondrial function in response to HNE in differentiated SH-SY5Y
cells compared to undifferentiated cells
(A) OCR of Day 0 undifferentiated SH-SY5Y cells treated with 0–20 µM HNE. Basal OCR
levels ranged from 122–177 pmol O2/min. (B) OCR of Day 5 differentiated SH-SY5Y cells
treated with 0–20 µM HNE. Basal OCR ranged from 230–559 pmol O2/min. HNE was
injected at 30 min of OCR measurement and continued for 2 hr, followed by injection of
oligomycin (O), FCCP (F) and antimycin A (A) at indicated times. Data = mean ± SEM.
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Figure 7. Comparison of parameters of mitochondrial function between Day 0 undifferentiated
SH-SY5Y cells and Day 5 differentiated cells in response to HNE treatment
(A) Basal OCR after HNE (determined as OCR at 50 min after HNE injection normalized
against the OCR before HNE injection) was plotted with increasing doses of treatment with
HNE. (B) Maximal OCR (determined as OCR after FCCP injection normalized against OCR
before oligomycin injection) was plotted with increasing doses of treatment with HNE. (C)
Reserve capacity (determined as OCR after FCCP injection minus OCR before oligomycin
injection followed by normalization against OCR before oligomycin injection) was plotted
with increasing doses of treatment with HNE. Data = mean ± SEM. *p <0.05 Student t-test
compared to Day 0. # p <0.05 compared to 0 µM treatment.
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Figure 8. Resilience of mitochondrial function in response to DMNQ in differentiated SH-SY5Y
cells compared to undifferentiated cells
DMNQ was added to cells for 4 hr before OCR measurement and continued for 30 min,
followed by injection of oligomycin (O), FCCP (F) and antimycin A (A) at indicated times.
(A) OCR of Day 0 undifferentiated SH-SY5Y cells treated with 0–20 µM DMNQ. (B) OCR
of Day 5 differentiated SH-SY5Y cells treated with 0–20 µM DMNQ. Data = mean ± SEM.
OCR was normalized to protein.
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Figure 9. Comparison of parameters of mitochondrial function between Day 0 undifferentiated
SH-SY5Y cells and Day 5 differentiated cells in response to DMNQ treatment
(A) DMNQ OCR (determined as OCR before oligomycin injection) was plotted with
increasing doses of treatment with DMNQ. (B) Maximal OCR (determined as OCR after
FCCP injection minus OCR after antimycin injection) was plotted with increasing doses of
treatment with DMNQ. (C) Reserve capacity (determined as OCR after FCCP injection
minus OCR before oligomycin injection) was plotted with increasing doses of treatment
with DMNQ. Data = mean ± SEM. *p <0.05 Student t-test compared to Day 0. # p <0.05
compared to 0 µM treatment.
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Figure 10. Mitochondrial protein levels in differentiated and undifferentiated SH-SY5Y cells
Western blot analyses of mitochondrial inner membrane protein Complex I-subunit 39 kDa,
Complex I-subunit ND1, Complex III-FeS, Complex IV-subunit II, Complex IV-subunit IV-
isoform 1, Complex IV-subunit IV-isoform 2, Complex V-β subunit, outer membrane
protein VDAC, matrix protein MnSOD, Cytochrome C, and Bcl-2Ponceus S staining
intensity of the whole gel was used for loading control. Data = mean ± SEM. n=3–10. Bar
graph shows the quantification. * p <0.05 by Student t-test compared between Day 0 and
Day 5.
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