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Mitochondrial quality is under surveillance by autophagy, the cell recycling process which degrades and re-
moves damaged mitochondria. Inadequate autophagy results in deterioration in mitochondrial quality, bioe-
nergetic dysfunction, and metabolic stress. Here we describe in an integrated work-flow to assess parameters of
mitochondrial morphology, function, mtDNA and protein damage, metabolism and autophagy regulation to
provide the framework for a practical assessment of mitochondrial quality. This protocol has been tested with
cell cultures, is highly reproducible, and is adaptable to studies when cell numbers are limited, and thus will be
of interest to researchers studying diverse physiological and pathological phenomena in which decreased mi-

tochondrial quality is a contributory factor.

1. Introduction

Mitochondria are complex cellular organelles responsible for
maintaining cellular energy status and homeostasis through production
of ATP, cell signaling and generation of intermediary metabolites.
Mitochondria are highly dynamic and in a constant state of structural
flux through fission and fusion processes and have important roles in
cellular signaling cascades. During the physiological process of meta-
bolism, the components of the organelle including proteins, lipids and
DNA become damaged and must be repaired to maintain normal
function. This maintenance process requires the integrated participa-
tion of a number of key pathways and is generally termed mitochon-
drial quality control [1].

An important contributor to mitochondrial quality control is au-
tophagy, which is an indispensable cellular process responsible for the
clearance of cellular debris, organelles, and damaged proteins [2,3].
This complex process is regulated by nutrient availability and response
to stress. Specific recycling of mitochondria by autophagy, termed mi-
tophagy, is important for maintaining optimal mitochondrial function
[4-6].

Mitochondrial dysfunction is associated with aging and chronic

pathologies including neurodegenerative diseases, cardiovascular dis-
ease and diabetes [7,8]. Mitochondrial dysfunction is a hallmark of
pathologies in tissues that are highly energetic, in particular the heart
and brain but also in a broad range of cells including platelets and those
controlling immunity. In the brain, mitochondrial dysfunction has been
frequently implicated in a range of age-dependent neurodegenerative
diseases, including Parkinson's disease (PD) and Alzheimer's disease
(AD). In these diseases, protein aggregation and mitochondrial dys-
function interplay and ultimately both contribute to neurodegeneration
[9-15]. Notable examples of the importance of mitochondria at the
center of this disease are evidenced by toxin-induced models of PD
through administration of rotenone, paraquat, and MPTP [16]. These
compounds have been reported to act through either complex I in-
hibition or through redox cycling [17,18]. Furthermore, the lipid per-
oxidation product, 4-hydroxynonenal (HNE) has been shown to accu-
mulate in both PD and AD brains, and to significantly alter
mitochondrial and autophagic function in diverse cell types [19-24].
We have proposed that autophagy can serve as an essential antioxidant
pathway to attenuate oxidative damage [25].

Given the importance of mitochondria in health and disease, here
we have outlined the initial approaches that are accessible to most
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Concept and Workflow of Comprehensive Mitochondrial Assessment
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Fig. 1. Workflow of comprehensive mitochondrial assessment. Using primary
neurons, assessment of mitochondrial function can be obtained by employing
diverse techniques. Shown here is a list of experiments used to examine au-
tophagy, mitophagy, mitochondrial damage, mitochondrial morphology, me-
tabolism and mitochondrial bioenergetic function.

laboratories using existing technology to investigate different facets of
mitochondrial health in a given disease paradigm (Fig. 1). We have
grouped similar modalities together allowing investigators to select the
appropriate methods and integrate them into a structured work flow.
Noting the importance of mitochondria in chronic pathologies, we have
used both primary cortical neurons and f-cells for the purposes of this
manuscript.

2. Protocol concept

The concept that autophagy, mitophagy, mitochondrial bioener-
getics and mitochondrial quality control are linked has emerged over
the last 10 years [26]. Although many studies have focused on in-
dividual elements of these processes, an integrated methodological
approach to provide a comprehensive view of cellular and tissue-spe-
cific responses to physiological, pharmacological, and pathological
perturbations has not been proposed. This is important since the as-
sessment of mitochondrial quality requires standardized protocols that
allow testing of key elements of this complex process using a broad
range of biological read-outs. We provide here a streamlined compre-
hensive strategy to combine autophagy assessment with mitochondrial
damage, mitochondrial dynamics and mitochondrial function, as well
as cellular metabolism. Mitochondrial function can be assayed in real
time to assess the consequence of exposures to nutrients, toxins and
pharmacological agents. This approach will be of significant value to
researchers over a broad area of biomedical research. The workflow is
outlined in Fig. 1.

3. Applications and target audience

There are currently 4407 papers available in PubMed (surveyed on
Mar 27th, 2018) discussing various aspects of autophagy and mi-
tochondria. Of these, 1438 papers discussed mitochondrial bioener-
getics, while 478 papers discussed mitochondrial quality control. Our
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protocols will be of use to researchers with established interest in a
combined approach, as well as those who have been solely focused on
one or two of these topics and wish to expand their repertoire of in-
vestigation, with the realization that these aspects of cellular function
are fundamental to most biomedical problems. Researchers working on
diverse biological challenges, including oxidative stress, mitochondrial
biology, autophagy, mitophagy, metabolism and a broad range of
pathologies are the target audience for the article.

4. Materials

Tables of needed chemicals, PCR primers, antibodies, consumables
and equipment needed are listed in Supplemental Tables 1-5.

4.1. Protocol: steps and procedures

4.1.1. Neuron preparation

Primary neurons isolated from either rat or mice provide an ex-
cellent platform in which to test aspects of neuropathologies, especially
before, during or after either neurotoxin or neuroprotective treatments
administered through genetic and/or pharmacological means [27,28].
While there are certainly some alterations of metabolism due to being
cultured, primary neurons provide more relevant read-outs than im-
mortalized cells. This is particularly the case when measuring para-
meters of mitochondrial metabolism and function.

The isolation workflow is diagrammed in Fig. 2. The day before
isolation, coat 24 well tissue plates for =1 h at room temperature in a
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Fig. 2. Primary neuronal culture. Briefly, pups can be obtained from mice or
rats ranging from E18 to p0-3 in age. Desired brain region can then be micro-
dissected from the brain. Tissue is then digested using a papain solution for
20 min at 37 °C with gentle agitation every ~3 min. Cells are then triturated
using 1 mL pipet tip with smooth edges. Remaining debris should be removed
and DNase added. Cells are then centrifuged at ~250 x g for 5min. Cells are
then to be resuspended, counted, and plated.
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poly-l-lysine coating solution (25mL water, 12.5mL 200 mM Boric
Acid, 10 mL 50 mM Borax, 2.5 mL of 2 mg/mL filtered Poly-L-lysine).
After coating, wash plates twice with ddH,O and allow to dry before
storing at 4 °C until use. Brain tissue can then be isolated from E18 pups
excised from Sprague-Dawley rats. Once cortices are removed from the
brain, they are dissected in ice cold HBSS media and placed in a short-
term storage solution (2 mL per brain) until further processing (500 mL
HBSS supplemented with 250 pL 20% Glucose, 5mL 1 M HEPES pH 7.3,
5mL 100 X pyruvate [29,30]. Long exposures of the tissue to air should
be avoided if possible during isolation.

Next, decant storage media from cortex tissue and replace with 1 mL
per brain of papain solution (activate papain for ~15 min at 37 °C prior
to addition) and incubate for 20 min at 37 °C with gentle agitation every
few min. After 20 min, add 2 mL of neurobasal media (NBM) supple-
mented with B27, pen/strep, and L-glutamine per brain to dilute di-
gestion solution. Then wash brain tissue once with 1 mL per brain of
NBM. Mechanically separate tissue by trituration in 4 mL per brain of
NBM. After allowing a few minutes to settle, remove debris and add
10 pL per brain of 40 ug/mL DNase I. To remove cells from DNase so-
lution, pellet the cells by centrifugation for 5min at ~250 X g. Decant
the supernatant, and resuspend the cells in 2 mL of NBA per brain and
count by hemocytometer. Neurons can then be plated at desired den-
sities for analysis by western blot, seahorse, imaging or metabolomics
approaches. This procedure takes about 6 h.

4.1.2. Exposing cells to biological or pharmacological reagents

Primary neurons can be maintained for several weeks in culture and
as they age and mature, they extend their cellular processes and in-
tegrate into ever more reticulated networks. We have traditionally
performed experiments between 7 and 14 days in vitro (DIV) and have
performed all experiments at DIV7 for the purposes of this manuscript.
For exposing neurons to pharmacological reagents, half of the media is
removed and then replaced with NBM containing only pen/strep and L-
glutamine. B27 is a cocktail of signaling molecules, antioxidants, and
supplements, and has been omitted during our studies since these
agents impact metabolism and energetics [30,31].

4.1.3. Effects of lysosome inhibitors on autophagy

Given the importance of autophagy in maintaining healthy mi-
tochondrial populations, an initial assessment of two key autophagy
components can be utilized to determine if aberrations in autophagy
alter mitochondrial quality. For western blot analyses, we routinely
plate neurons in 24-well plates at 480,000 cells per well. In Fig. 3 we
show the measurement of the scaffold, ubiquitin binding and autophagy
substrate protein p62 as well as both cytosolic LC3-I and autophago-
some incorporated LC3-II in response to various autophagy modulators
by western blot analyses (antibodies see Table 2). In response to 3-
methyladenine (3MA), an autophagy initiation inhibitor, LC3-II levels
remained unchanged, but significant increases in p62 were observed,
which is generally interpreted as decreased clearance through autop-
hagy inhibition. The lysosomal inhibitors E64 and pepstatin A, are also
shown as an additional example and showed no changes in p62 but
significant increases in LC3-II.

Furthermore, the LC3-II / LC3-I ratio is calculated, which measures
autophagosomal LC3 versus cytosolic LC3 (Fig. 3A-E). Similar to other
lysosome inhibitors, chloroquine (CQ) results in the accumulation of
LC3-II and consequently increases the LC3-II/LC3-I ratio (Fig. 3F-J)
[32,33]. CQ is water soluble and inhibits lysosome enzyme function
through increased pH, opposed to inhibition of specific lysosomal
proteases as E64 and pepstatin A [3,34].

4.1.4. Assessment of the mitochondrial network and mitophagy

Confocal microscopy was used to measure both the morphology of
the mitochondrial network, which undergoes alteration response to
stress, and mitophagy. The mitochondrial network can change pri-
marily through fission or fusion between individual organelles [35].

61

Redox Biology 17 (2018) 59-69

The level of fission/fragmentation in response to stress can be measured
by quantification of the length of a cell's mitochondrial population. We
have measured mitochondrial fragmentation. Neurons were plated on 8
well Nunc™ Lab-Tek™ Chambered coverglass plates at a density of
100,000 per well. MitoTracker Green FM (25 nM) was added to the cells
for approximately 20 min before being washed three times with pre-
warmed and equilibrated media. Images were taken with a Zeiss 700
laser-scanning microscope. Mitochondrial length was measured in-
dividually using the polygon-curve tool in proprietary ZEN Blue soft-
ware (Fig. 4). By utilizing this tool to draw a line along the length of
each mitochondrion, the length can be gathered for a population of cells
per field. All measurements can then be exported to Microsoft Excel
where additional analysis can be performed. Approximately 300-500
total mitochondria were counted from at least 3 images for each
treatment group in each experimental replicate. Only mitochondria in-
focus with defined borders were used for measurements. In this control
sample the average mitochondrial length was 969.6 + 78.2nM.

In addition to morphology, recycling of mitochondria by autophagy
can be measured. Mitophagy events were determined from the co-lo-
calization between MitoTracker red and LysoTracker green. As shown,
100,000 cells per well were plated on 8-well Lab-Tek chambered cover-
glass slides pre-coated coated with poly-L-lysine (Fig. 5). After 4h CQ
exposure, cells were washed with phenol-free media and incubated
with 25nM MitoTracker Red and 100nM LysoTracker Green. After
30 min, cells were imaged using a Zeiss LSM 710 Confocal Microscope
[28,33]. The percentage of red pixels overlapping with green pixels
normalized to total red pixels was quantified using ImageJ (NIH Be-
thesda, MD USA). One limitation of this technique is that an increase of
co-localization between MitoTracker and LysoTracker does not distin-
guish between increases in mitophagy or a blockade in degradation of
mitochondria by the lysosome (Fig. 5A-B). Therefore, an autophagic
flux analyses, to quantify the percentage of red pixels overlapping with
green pixels normalized to total red pixels in the presence and absence
of chloroquine (CQ), can be performed for assessing increase or de-
crease of flux [3].

Fig. 5C shows primary neurons probed for LC3 after 24h CQ ex-
posure. This experiment was performed by plating neurons at 240,000
cells per well on autoclaved glass coverslips in 24 well plates. After
treatment, cells were fixed using a mixture of 4% paraformaldehyde
and 4% sucrose for 20 min followed by washes with PBS. After fixation,
cells were blocked with 5% BSA and 10% horse serum and then probed
for LC3. AlexaFluor 488 and Hoechst were added before slides were
mounted and visualized with a Leica TCS SP5 V confocal laser scanning
microscope. Quantification can be performed by counting puncta per
cell or cells with puncta [35,36]. Capturing images routinely takes
1-2h, and analysis routinely takes 1 h per field.

4.1.5. Assessing changes in mitochondrial protein and DNA

Measurement of mitochondrial parameters can be performed under
the same conditions used to assess autophagy. The protein complexes in
the mitochondria can be turned over at different rates and a decrease in
mitochondrial quality can be detected as decreased specific activity of
the mitochondrial enzymes and damaged mitochondrial DNA.

The levels of all five mitochondrial complexes can be assessed by
measuring representative subunits from each complex. This can be done
individually by purchasing separate antibodies and probing each
complex individually [37,38]. Another approach is to use commercially
available antibody cocktails that probe for all five complexes at once
[35] (Table 2) (Fig. 6A, B). The advantage of this approach is that it is
economical if sample size is limiting but can be challenging to optimize
when the relative levels of individual complexes and antibody binding
is very different as occurs in some cell types. This is evident in Fig. 6A-B
in which the ATP synthase subunit gives a strong signal whereas
complex I and III signals are relatively weak. It is important to note that
the relative strength of the signals does not necessarily indicate the
relative abundance of the respiratory chain complexes since the
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Fig. 3. Assessing autophagosomal LC3-II and autophagy adaptor/substrate p62 levels. (A-E) Primary cortical rat neurons were exposed to 3MA (10 mM), E64
(100 uM), or pepstatin A (100 uM) for 24 h. Levels of p62, LC3-I and LC3-II were measured by western blot analysis. (F-J) Primary cortical rat neurons exposed to
40 uM chloroquine (CQ) for 4 h and then analyzed by western blot for p62, LC3-I and LC3-II. *p < 0.05 compared to control, n = 3.
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Example
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Fig. 4. Quantification of mitochondrial fragmentation. (A) Neurons were in-
cubated with 25nM MitoTracker Green for 15min and imaged using laser
scanning confocal microscopy. (B) Representative image of quantification of
individual mitochondria using Zen Blue polygon curve tool.

antibody affinity for each protein in specific respiratory complexes is
unlikely to be the same. Furthermore, it is important that samples
should not be boiled prior to western blotting of mitochondrial electron
transport chain subunits as boiling cause irreversible aggregation of
some the proteins and will hinder accurate assessment of their levels.
This approach can be extended to assess levels of mitochondrial
proteins involved in other metabolic pathways such as the TCA cycle. In
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Fig. 6C-E we have performed western blot analyses (antibodies see
Table 2) for aconitase and citrate synthase as representative TCA en-
zymes and observed modest but significant increase on citrate synthase
while no changes were observed for aconitase in response to CQ. We
further measured citrate synthase (CS) enzyme activity (Fig. 6F) and
normalized to protein levels determined by western blotting (Fig. 6C, E)
and found that although CS protein levels are increased by CQ, the
specific activity is suppressed (Fig. 6G).

It is also important to measure mitochondrial DNA copy number as
an additional indicator of mitochondrial mass. For DNA analyses, we
routinely plate neurons in 24-well plates. This can be done by real-time
PCR using mtDNA directed primers and then normalizing to nuclear
DNA primers targeted to the 18S ribosome [28,33] (Table 3). This is
demonstrated in Fig. 6H, where no changes were observed after CQ
exposure. We and others have used a mitochondrial DNA damage assay
that calculates the amount of lesions per mitochondrial genome, pro-
viding an assessment of mitochondrial quality [31,39,40]. As shown in
Fig. 6b, this assay reveals that CQ exposure results in an increase in
mtDNA damage consistent with decreased mitochondrial quality.

Lesion frequency was calculated as follows [39]:

Lesion frequency per 16 kb of each sample

- —1in long PCR product/short PCR product
- mean of(long PCR product/short PCR product)from control group

]
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4.1.6. Measure changes in protein modification

Protein modification can occur in response to cellular damage.
These include carbonylation, thiol oxidation, HNE-protein adduct for-
mation and protein glutathionylation. To determine protein carbony-
lation, samples can be derivatized with either Bodipy or biotin hy-
drazide and visualized by in-gel fluorescence or by western blot
respectively. Fig. 7A shows an example of carbonyl detection in which
cells were subjected to hemin, a pro-oxidant released from heme pro-
teins during hemolysis for 4 h [41]. Post-treatment media was removed
and the cells incubated with Bodipy hydrazide (1 mM) for 45 min at
37 °C in serum-free media after which protein lysates were prepared
and protected from light [41]. To detect protein thiol modifications,
intact cells can be incubated with 100 uM Bodipy-NEM for 15 min, a
fluorophore-labeled alkylating agent that reacts specifically with thiol
groups [42,43]. Cell lysates can then be separated using 10% SDS-PAGE
under non-reducing conditions, in-gel fluorescence imaging of the
BODIPY signal is then used to visualize the thiol redox state [44]. An
authentic standard curve can be made by incubating a known molar
amount of a protein such as GAPDH with Bodipy hydrazide. The
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Fig. 5. Quantification of MitoTracker and LysoTracker co-
localization and LC3 puncta in the presence and absence of
chloroquine (CQ). (A) Cells were exposed to vehicle versus
40 uM CQ for 4h and probed with LysoTracker (green)
and MitoTracker (red) then live cell imaged at 63 x. (B)
The co-localization was quantified as the percentage
of red signal co-localized with the green signal per field.
Data = mean = SEM, n = 3. (C) Representative im-
munocytochemistry images of neurons plated at 250,000
per well on autoclaved glass coverslips and treated with
either control or CQ, then probed for LC3 puncta. (For
interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this ar-
ticle.).

Bodipy-GAPDH standard can then be used for determining pmol thiol
under basal conditions and under pharmacological stressors (Fig. 7B).
Non-enzymatic lipid peroxidation protein adduct formation is a hall-
mark of oxidative stress and linked to several pathologies. Alkane HNE
(aHNE) can be used as tool to identify key proteins that have been
undergone an HNE modification [45]. A caveat to this approach is that
the concentration of aHNE has to be determined experimentally to
match results based on unmodified HNE. In the example shown, day 14
primary neurons (80 K) were incubated in the presence of HNE (15 pM)
or aHNE (30 and 45 uM) for 4h in a 96-well plate. Pooled cell lysates
from 24 of these wells were harvested and post-labeled with biotin
using the copper(I)-catalyzed azide/alkyne cycloaddition reaction
(Click chemistry). Protein (200 pg) was incubated with NaBH, (10 mM)
for 1h at RT followed by the addition of 2mM ascorbate and 1 mM
cupric sulfate and incubated at RT while mixing for at least 2h in the
dark (Samples can be stored at —80 °C at this point). Protein should be
precipitated at this point to remove any remaining reactants and re-
constituted using RIPA lysis buffer. Click chemistry labeling should be
confirmed by running a streptavidin western blot. Once labeling has
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Fig. 6. Assessment of mitochondrial proteins and DNA. (A-B) Levels of mi-
tochondrial electron transport chain complex proteins were analyzed by wes-
tern blot of extracts (samples mixed with sample buffers and at room tem-
perature for 10 min without boiling) from primary cortical neurons by using
Abcam's total OXPHOS rodent antibody cocktail, n = 3, normalized to CI, no
statistical analysis performed. (C-I) Primary cortical neurons exposed for 24 h to
40 uM chloroquine (CQ). (C-E) Western blot analysis of two TCA cycle enzymes
aconitase and citrate synthase. (F) Citrate synthase, a key enzyme in the TCA
cycle, activity was measured by biochemical method and UV spectrometry. (G)
The specific activity levels were then normalized to citrate synthase protein
levels as determined in Fig. 6C, E. (H) Measurement of mtDNA copy number by
normalizing mtDNA PCR to nDNA PCR. (I) Measurement of mtDNA damage.
*p < 0.05 compared to control, n = 3.

been confirmed, adducted proteins can be affinity enriched using neu-
travidin resin and the purified proteins validated by either western blot
analysis and/or mass spectrometry. Fig. 7C shows an example of
MAP1LC3A/B (microtubule-associated protein 1 light chain 3 alpha/
beta) was modified at a concentration of 30-45uM aHNE in primary
neurons. Protein S-glutathionylation (PSSG) is a reversible post-trans-
lational protein modification resulting from increased levels of GSSG
and has been shown to regulate enzyme activity and to protect critical
thiol residues from irreversible oxidative damage [46]. As shown in
Fig. 7D B-cells derived from Ins2Akita mice have increased levels of
PSSG [47]. In this experiment shown, B-cells (3 X 10°) were re-sus-
pended in 100 pL of 1 mM GSH-biotin ethyl ester in serum-free medium
and incubated O/N at 37 °C. Proteins were then extracted in lysis buffer
containing 20 mM Tris, pH 7.4, 1% Triton x-100, 10 uM DTPA, 25 mM
NEM, and protease inhibitors. To enrich for S-glutathiolated proteins,
lysates were affinity purified using neutravidin beads and affinity
purified lysates separated by SDS-PAGE and immunoblotted against
streptavidin.

4.1.7. Targeted metabolomics of TCA cycle metabolites
Metabolomics methods can be used to assess mitochondrial function
[48]. There are various approaches to this which require varying levels
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Fig. 7. Analyses of protein oxidation. (A) Quantitative measurement of protein
carbonylation. Bovine aortic endothelial cells were treated with increasing
concentrations of hemin (0 — 50 uM) for 4 h. After media containing hemin was
removed, the cells were treated with Bodipy Hydrazide (1 mM) for 45 min at
37 °C in serum-free media. (B) Detection of oxidative thiol protein modifica-
tions. WT and Akita* /™2 B-cells were treated with BODIPY-NEM (100 uM) for
15 min in the dark. Cell lysates were collected and separated using SDS-PAGE.
Thiol modifications were visualized using in-gel fluorescence and scanned with
a Typhoon fluorescence imager. BODIPY-GAPDH was used as a standard to
determine pmol thiol content. Quantitation of free thiols was determined using
ImageQuant software. n = 3. This study demonstrates that cysteine oxidation of
proteins occurs in Akita B-cells and thus less BODIPY signal is detected. (C)
Analyses of protein-HNE adduction. Primary neurons were treated with aHNE
(30 and 45 uM) for 4 h prior to performing click chemistry. Western blot ana-
lysis with LC3 antibody of whole cell lysates (input) and biotin im-
munoprecipitation products. (D) Analyses of protein glutathionylation. WT and
Akita*/™2.derived B-cells were treated with biotinylated glutathione ethyl
ester (1 mM) in solution prior to affinity purification of S-glutathiolated pro-
teins using streptavidin beads. Affinity purified proteins were separated using
SDS-PAGE and probed for total glutathiolated proteins using streptavidin-HRP.
Results are mean = SEM, n = 3 per group, *p < 0.01 compared to WT B-cells.

of investment of resources to obtain the data and perform the analysis.
As a first pass, we recommend some form of targeted metabolomics in
which a limited number of analytes are assessed. The example shown
here (Fig. 8) is a targeted metabolomics analysis of TCA cycle, gluta-
minolysis and glycolytic intermediates. For mouse cortical primary
neurons, we plated 480,000 cells per well on 24-well plates. At the time
for harvest, cells were washed with 1 mL of ice cold PBS, lysed and
scraped in 500 pL of HPLC grade ice-cold methanol and incubated at
—80°C for 2h. Then the plates were scraped again and cell lysates
transferred to glass tubes and centrifuged at ~1000 X g for 20 min at
4 °C. Deproteinated supernatants were then transferred to new glass
tubes and stored at —80 °C [49].

For processing samples, a mix of 9 standards at 100 ug/mL in H,O
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Fig. 8. Targeted TCA metabolomics. (A-L) Targeted metabolomics of primary
cortical rat neurons exposed to 40 uM chloroquine (CQ) for 24h. Key TCA
metabolites, including those important for glutaminolysis were measured by
LC-multiple reaction ion monitoring-mass spectrometry. Metabolite levels are
shown in pg/mL. *p < 0.05 compared to control.

was diluted to 10 x of the final concentrations (0.05-10 pug/mL) before
further diluted to 1 X in methanol to a total volume of 1 mL and dried
by a gentle stream of N,. For the experimental cell extracts, 1 mL of
each were transferred to a glass tube and dried under a gentle stream of
N,. Standards and samples were resuspended in 50 pL of 5% acetic acid,
vortexed for 15s. Amplifex™ Keto Reagent (SCIEX, Concord, Ontario,
Canada) (50 uL) was added to each sample and incubated for 1h at
room temperature. Standards and samples were then dried again under
a gentle stream of N, and resuspended in 1 mL and 200 uL of 0.1%
formic acid, respectively.

Samples were analyzed using LC-multiple reaction ion monitoring-
mass spectrometry. Liquid chromatography was performed by LC20AC
HPLC system (Shimadzu, Columbia, MD) with a Synergi Hydro-RP 4 um
80 A 250 X 2mm ID column (Phenomenex, Torrance, CA) with mobile
phases of A) 0.1% formic acid and B) methanol/0.1% formic acid.
Compounds were eluted using a 5-40% linear gradient of B from 1 to
7 min, followed by a column wash of 40-100% B from 7 to 10 min, and
re-equilibrated at 5% B from 10.5 to 15 min. Eluants were passed into
an electrospray ionization interface of an API 4000 triple-quadrupole
mass spectrometer (SCIEX). The following mass transitions were mon-
itored in the positive ion mode: m/z 261/118 for a-ketoglutarate, m/z
247/144 for oxaloacetate and m/z 204/144, 204/118 and 204/60 for
pyruvate. In the negative mode, the following transitions are mon-
itored: m/z 115/71 for fumarate, m/z 89/43 for lactate, m/z 117/73 for
succinate, m/z 133/115 for malate, m/z 173/85 for cis-aconitate, m/z
191/87 for citrate, m/z 191/73 for isocitrate, m/z 147/129 for 2-hy-
droxyglutarate, m/z 146/102 for glutamate, m/z 145/42 for glutamine
and m/z 132/88 for aspartate. The 16 transitions were each monitored
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for 35 ms, with a total cycle time of 560 ms. MS parameters were CAD
4, CUR 15, GS1 60, GS2 30, TEM 600, IS — 3500 V for negative polarity
mode and IS 4500 for positive polarity mode. Peak areas of metabolites
in the sample extracts were compared in MultiQuant software (SCIEX)
to those of the known standards to calculate metabolite concentrations.

Key steps of the TCA cycle and their products are outlined in
Table 1. Under the condition of 24h CQ exposure which decreased
mitochondrial quality as assessed by increased mtDNA damage we
observed marked decreases in citrate, cis-aconitate, and iso-citrate
(Fig. 8). Key components of glutaminolysis including glutamine, glu-
tamate, and a-ketoglutarate were also significantly decreased.

4.1.8. Assessment of mitochondrial function utilizing Seahorse extracellular
Sflux

The development of Seahorse extracellular flux technology has al-
lowed for the high throughput measurement of cellular bioenergetics
and the activity of individual mitochondrial complexes within the cell
and in isolated mitochondria [1,24,50,51]. The principles and ap-
proaches of these methods have been outlined elsewhere, including
how to optimize for plating densities and titrations for the optimal
amount of oligomycin, FCCP, and antimycin A [1,24]. Here we show
how they can be employed as part of an integrated approach to assess
mitochondrial quality control. For this analysis, we routinely plate
neurons in XF96 plates with 5-10 replicated wells and then repeat
experiments a minimum of 3 times using additional plates. In Fig. 9A, B,
we have applied the mitochondria stress test, which consists of mea-
surements of oxygen consumption rate (OCR) before and after the se-
quential injection of mitochondrial inhibitors. Oligomycin, FCCP, and
antimycin A (Table 1) were used to measure basal (OCR before oligo-
mycin minus OCR after antimycin), ATP-linked (OCR before oligomycin
minus OCR after oligomycin), proton leak (OCR after oligomycin minus
OCR after antimycin), maximal (OCR after FCCP minus OCR after an-
timycin), reserve capacity (OCR after FCCP minus OCR before oligo-
mycin), and non-mitochondrial (OCR after antimycin) parameters of
mitochondrial oxygen consumption. Here we show that upon exposure
to increasing concentrations of CQ over a 4 h time span, mitochondrial
OCR is diminished, with all parameters being significantly decreased.

The intact-cell mitochondrial stress test used above is ideal for as-
sessing the mitochondria's ability to provide energy in a cellular milieu.
This can be complemented with the assay for the function of individual
mitochondrial complexes. This is achieved by permeabilizing the cells
with saponin, digitonin or other proprietary reagents [52] and pro-
viding specific substrates for each complex [52]. This has the advantage
that since the mitochondria are assessed within the cell then selection
bias for more robust mitochondria, which occurs in the more traditional
methods which involve physical cell disruption, is avoided. In Fig. 10A,
B, complex I and II substrate linked activities were measured by per-
meabilization with Plasma Membrane Permeabilizer (PMP; a proprie-
tary reagent that permeabilizes intact cells in culture) and concurrent
injection of pyruvate and malate that provides complex I substrates.
ADP is also added as a substrate for complex V. The serial injection of
rotenone followed by succinate and additional ADP, serves to inhibit
complex I linked oxygen consumption and while providing substrates
for complex II. Under these conditions in which ATP synthesis through
complex V is rate limiting, both complex I and II linked oxygen con-
sumption can be calculated. Using a 4h CQ treatment we observed
under cell permeabilized conditions, a significant decrease in both
complex I and II linked activities.

In similar fashion to the mitochondrial stress test employed in Fig. 9
where FCCP was used to determine the maximal OCR, the same can be
performed in permeabilized cells. In Fig. 10C, sequential injection of
substrates and inhibitors were added as before, however, this time the
injection of FCCP in the place of ADP allows for the maximal rate to be
determined without limitation by complex V. Indeed, if the FCCP de-
pendent activity is greater than ADP —dependent oxidation it suggests
that complex V activity can be limiting for maximal mitochondrial
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Fig. 9. Measurement of bioenergetic profile of intact cells. (A) Seahorse ex-
tracellular flux analysis of primary cortical rat neurons exposed for 4h to in-
creasing concentrations of chloroquine (CQ). Then the mitochondrial stress test
was performed by measurements of OCR before and after sequential injections
of oligomycin (O), FCCP (F), and antimycin A (A). (B) From panel A, basal,
ATP-linked, proton leak, maximal, reserve capacity, and non-mitochondrial
linked oxygen consumption rates were calculated. Shown is a representative
experiment with data = mean = SEM, n > 3 independent samples, p < 0.05.

function. In this example, we found that 40 uM CQ exposure for 4h
decreased both complex I and II substrate-linked activities in the pre-
sence of FCCP (Fig. 10D).

Complex IV substrate linked activities can be determined in similar
fashion by using ascorbate and Tetramethyl-p-phenylenediamine
(TMPD) allowing the flow of electrons through complex IV. Rotenone is
used to mitigate the possible effect of reverse electron flow through
complex I. Lastly, the addition of azide is used to terminate the ex-
periment by inhibiting cytochrome c oxidase and is used as the baseline
to correct of oxygen consumption by ascorbate/TMPD. As shown in
Figs. 11, 4 h exposure to 40 pM CQ did not change complex IV substrate
linked activities.

To determine whether any pharmacological reagent directly im-
pacts mitochondrial bioenergetics, the compound can be directly in-
jected into the assay wells in either intact or permeabilized cells. OCR
can be observed as long as desired, then cells can be subjected to a
mitochondrial stress test or complex activity assay at the end of the
exposure. Preparation of each assay routinely takes 1-2 h.

5. Data interpretation

When experiments outlined here have been completed, it is then
important to carefully analyze and compare the data obtained. Fig. 12
shows a decision tree for guidance in possible interpretation of possible
observations. In assessing whether the mitochondrial quality control
machinery is defective, autophagic flux measurement performed in the
presence and absence of lysosomal disruptors (enzyme inhibitors or
pharmacological neutralization of lysosomal pH), if LC3II protein and
LC3 puncta are increased in the presence of reagents that block
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Fig. 10. Evaluation of complex I and II substrate linked activities in permea-
bilized cells. Seahorse extracellular flux analysis in PMP permeabilized primary
cortical rat neurons exposed for 4 h to increasing concentrations of chloroquine
(CQ). (A-B) ADP was added during permeabilization in the assay to determine
OCR under ATP synthase limiting conditions. (C-D) FCCP was added during
permeabilization in the assay to determine the maximum rate of respiration in
the presence of substrates for each respective complex. Complex I substrate
linked activities were measured by the addition of pyruvate (P) and malate (M)
(calculated as OCR after these substrates minus OCR after rotenone (R).
Complex II substrate linked activities were measured by the addition of succi-
nate (suc) (calculated as OCR after substrates minus OCR after antimycin A
(A)). Rotenone (R) was added to inhibit complex I before complex II mea-
surements. Antimycin A (A) was added to inhibit respiration through electron
transport chain. Shown is a representative experiment with data =
mean *+ SEM n = 3 independent samples, p < 0.05.

lysosomal mediated degradation (chloroquine, ammonium chloride,
bafilomycin, or leupeptin), then autophagy is upregulated. If mito-
tracker and lysotracker colocalization or immuno-co-localization of
mitochondrial and lysosomal proteins is increased, then mitophagy is
increased. If mtDNA copy numbers normalized to nuclear DNA copy
numbers, as well as mitochondrial proteins (VDAC, MnSOD, ETC sub-
units) normalized to cytosolic proteins (e.g. actin) are also decreased,
then mitophagy is associated with decreased mitochondrial mass. To
conclude this, additional measurements may be needed to determine
whether mitochondrial biogenesis also contributes to this decrease.
Insufficient mitophagy may decrease mitochondrial quality and can be
assessed by mtDNA and protein damage and oxidation. Results from
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tracellular flux analysis of PMP permeabilized primary cortical rat neurons
exposed for 4 h to increasing concentrations of chloroquine (CQ). (B) Complex
IV substrate linked activities were calculated as OCR after substrates ascorbate
(asc), TMPD, and rotenone (R), minus OCR after azide (AZ). Shown is a re-
presentative experiment with data = mean = SEM n = 3 independent sam-
ples, p < 0.05.

post-translational modifications (PTMs) such as protein carbonylation,
protein thiol status, protein adduct formation and protein glutathio-
nylation will give insight to the redox status of the cell. For example,
increased protein carbonylation, glutathionylation and adduct forma-
tion are all indicative of oxidative stress indicating that the production
of the PTMs has surpassed the cells ability to clear them. Decreased
protein thiol content in the reduced form can be indicative of mod-
ification of critical cysteine residues which are important for enzyme
function as well as signaling mechanisms.

A decrease of mitochondrial length suggests increased mitochon-
drial fragmentation and decreased mitochondrial networks which may
be associated with decreased mitophagy. If an increase of particular
glycolysis or TCA cycle metabolites is determined by targeted meta-
bolomics, this can suggest an increased synthesis of metabolites or
decreased catabolism of metabolites (altered flux). The activities of the
enzymes catalyzing their synthesis and catabolism can then be mea-
sured to differentiate the two possibilities. Finally, changes of basal,
ATP-linked, proton leak, maximal and non-mitochondrial respiration in
the mitochondrial stress test can suggest whether ATP demand, turn-
over, substrate supply, uncoupling or ETC damage is involved in the
altered mitochondrial quality control. Decreased complex I, II, and IV
substrate linked oxygen consumption rates in permeabilized cells will
directly assess the activities of the ETC complexes in excess of sub-
strates. Combining these approaches can provide not only whether the
mitochondrial quality control machinery is functioning, but also whe-
ther the increase or decrease of the quality control results in any
changes in metabolism and bioenergetics, which are related to cellular
and organismal health.

6. Advantages

Using the approach outlined in this article, we can assess mi-
tochondrial quality and perturbation of the control mechanisms. Both
biochemical and cellular biological methods are used that can detect
the activities and the intracellular location of key processes. One can
perform all the described experiments with consistent sample
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Fig. 12. Data interpretation decision tree for assessing mitochondrial quality
control mechanisms and cellular consequences. 1) In autophagic flux mea-
surements, if LC3II protein and LC3 puncta are decreased in the presence of
reagents that block lysosomal mediated degradation (chloroquine, ammonium
chloride, bafilomycin, or leupeptin), then these data indicate that autophagy is
inhibited. 2) If mitotracker and lysotracker colocalization or immuno-co-loca-
lization of mitochondrial and lysosomal proteins is decreased, then the data
indicate that mitophagy is inhibited. If mtDNA copy numbers normalized to
nuclear DNA copy numbers, as well as mitochondrial proteins (VDAC, MnSOD,
ETC subunits) normalized to cytosolic proteins (e.g. actin) are also increased,
then the data is consistent with mitophagy being inhibited. However, to con-
clude this, additional measurements may be needed to determine whether
mitochondrial biogenesis also contributes to this decrease. An increase of mi-
tochondrial fragmentation may be a trigger for mitophagy initiation. However,
a decrease of mitochondrial length would suggest that inhibition of mitophagy
completion would lead to increased mitochondrial fragmentation and de-
creased mitochondrial networks. 3) a) Insufficient mitophagy may decrease
mitochondrial quality and can be assessed by mtDNA and protein damage. b)
Furthermore, if an increase of particular glycolysis or TCA cycle metabolites is
determined by targeted metabolomics, this observation can suggest an in-
creased synthesis of metabolites or decreased catabolism of metabolites. The
activities of the enzymes catalyzing their synthesis and catabolism can then be
determined to differentiate the two possibilities to determine the consequence
of mitophagy inhibition on glycolysis and TCA cycle. c¢) Finally, in mitochon-
drial stress test in intact cells, inhibition of basal, ATP linked, or maximal re-
spiration, or increase of leak or non-mitochondrial respiration suggest a de-
crease of ATP demand, substrate supply, or electron transport chain (ETC)
activity, or increase of oxidase activities or uncoupling. Mitochondrial re-
spiration assays in permeabilized cells in the presence of ADP versus FCCP will
help distinguishing decreased substrate availability versus decreased complex I,
II, IV or V activities. Combining these approaches can determine not only
whether the mitochondrial quality control machinery is impaired, but also
whether the inhibition of the quality control machinery results in perturbations
of metabolism and bioenergetics, and increases of mitochondrial damage,
which are related to disease pathologies.

preparations and under well controlled laboratory conditions. The
protocols will be detailed enough that one can easily teach a graduate
student to perform these studies. The versatile integration of the
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combined approach will be useful for both preclinical animal and cell
culture studies as well as of high potential for translational research
including the applications related to precision medicine.

7. Limitations

As with any laboratory investigations, there are both conceptual and
technical limitations. Technical limitations include the lack of spatial
and temporal resolution when assessing enzymatic activities of each
mitochondrial complexes and metabolites. Biochemical assessment of
mitochondrial function and metabolism so far cannot be achieved ef-
fectively with a single mitochondrion, and thus can only assess the
overall function in the entire population of mitochondria in a cell, and
the cell populations in the assay unit. Targeted metabolomics analysis
outline here can only give a snapshot of TCA, glycolytic and glutami-
nolysis intermediates. It cannot identify whether the increase or de-
crease of metabolites are the result of increased clearance or synthesis
(flux) from enzymatic activities. Finally, when one decides to evaluate
the reactive thiol proteome, considerations must be made as to the level
of information needed to answer scientific questions. For example,
biotin-NEM can be used instead of Bodipy-NEM with the use of re-
ductants such ascorbate to delineate between cysteine oxidation states.
Conceptually, this protocol does not integrate with proteasomal activity
assays or reactive species detection, both of which can be important for
mitochondrial quality control in health and diseases.

8. Concluding remarks

Taken together, we show here a workflow that allows researchers to
investigate mitochondrial function and quality control that is adaptable
to any cell-based system and should assist in helping researchers in
addressing key questions of how post-translational modifications, mi-
tochondrial function and autophagy are affected and interrelated in
disease models.
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