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Mitochondrial function is required to meet the energetic and metabolic requirements of the brain. Abnormalities
in mitochondrial function, due to genetic or developmental factors, mitochondrial toxins, aging or insufficient
mitochondrial quality control contribute to neurological and psychiatric diseases. Studying bioenergetics from
postmortem human tissues has been challenging due to the diverse range of human genetics, health conditions,
sex, age, and postmortem interval. Furthermore, fresh tissues that were in the past required for assessment of
mitochondrial respiratory function were rarely available. Recent studies established protocols to use in bio-
energetic analyses from frozen tissues using animal models and cell cultures. In this study we optimized these
methods to determine the activities of mitochondrial electron transport in postmortem human brain. Further we
demonstrate how these samples can be used to assess the susceptibility to the mitochondrial toxin rotenone and
exposure to the reactive lipid species 4-hydroxynonenal. The establishment of such an approach will significantly
impact translational studies of human diseases by allowing measurement of mitochondrial function in human

tissue repositories.

1. Introduction

Mitochondria are important for cellular energy production, metab-
olite homeostasis, and cell signaling. Dysfunction of mitochondria, due
to mitochondrial DNA mutations, deficiencies in electron transport
chain activities, and deficits in glucose and lipid metabolism, are asso-
ciated with aging and chronic pathologies including neurodegenerative
diseases [1-11]. Mitochondrial toxins such as rotenone, paraquat, and
MPTP have been shown to increase the risk for Parkinson’s disease
[12-16]. The lipid peroxidation product, 4-hydroxynonenal (HNE) has
been shown to accumulate in both Parkinson’s and Alzheimer’s disease
postmortem brains, and can severely impair mitochondrial and function
in experimental models [17-22]. Targeting mitochondrial bioenergetics
has emerged as a therapeutic strategy for age-related neurodegenerative
diseases [3,10,11,23-38]. We have previously reported a general
method to investigate different facets of mitochondrial function and
quality control analyses in cell culture based models [13]. It has proved
technically challenging to translate these findings due to the restriction
of human brain samples to post-mortem repositories.

Human postmortem brains have long provided important informa-
tion about the conditions of diseases and aided the discoveries of amy-
loid deposit and tau tangles. Despite the brain imaging, measurement of
CSF metabolites, and studies with isolated mitochondria, bioenergetics
studies have been hampered by the lack of high throughput functional
assays suitable for post-mortem samples [1,39-47]. These studies are
also challenging because of limitations in materials, and the diverse
range of human genetics, health conditions, sex, age, lifestyle, and tissue
preservation. Using our previously published methods for the mea-
surement of mitochondrial electron transport activities in frozen sam-
ples [48] we have modified and validated the method for human
post-mortem brain samples. We have optimized the sample prepara-
tion methods to yield activities for mitochondrial complexes I-IV.
Further, we demonstrate ex vivo the methods for determining dose
response curves for the complex I inhibitor rotenone and the reactive
lipid species 4-hydroxynonal (4-HNE) in tissue homogenates prepared
from individual brain samples. These data are a proof or principle for the
application of these methodology to human brain repositories to provide
key energetic data that has not previously been available.
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Table 1
Human subjects.

Subject ID Age Sex Race PMI (hours) Brain Hemisphere
A 84 F w 7 Left

B 86 M w 4 Right

C 74 F w 3 Left

Abbreviations: Postmortem interval (PMI), male (M), female (F), white (W).

2. Method
2.1. Chemicals

4-HNE (32100) was purchased from Cayman. Antimycin-A (A8674),
rotenone (R8875) succinic acid (S3674), p-Nicotinamide adenine dinu-
cleotide, reduced disodium salt hydrate (NADH; N8129), Cytochrome c
from equine heart (C2506), Alamethicin from Trichoderma viride
(A4665), N,N,N’,N'-Tetramethyl-p-phenylenediamine (TMPD; T7394),
Ascorbate (A-7631) were obtained from Sigma. Tetramethylhy-
droquinone (T0822) was purchased from TCI America and sodium azide
(S2271) from Fisher Chemical.

2.2. Human subjects and tissue acquisition

De-identified postmortem tissues were obtained from the Alabama
Brain Collection in compliance with the University of Alabama at Bir-
mingham Institutional Review Board protocol. Tissue samples consisted
of gray matter from superior/middle temporal cortex from 3 individuals
(Table 1). These samples were 1-2 cm? from approximately the same
area of superior temporal gyrus (Brodmann Area 22). Following brain
removal, assessments of neuropathology were conducted and in-
dividuals were excluded from the study if they had been diagnosed with
any neurological or neurodegenerative disorder or if there was neuro-
pathological evidence of neurodegenerative disease. Tissue chunks were
then pulverized to a fine powder over liquid nitrogen and a small
amount of the powder was subsequently homogenized and stored at
—80 °C before being used in the assay. It is not possible to distinguish
different cortical layers from these samples, as the powdered temporal
cortex tissue as well as the homogenates prepared from the powdered
cortex are a blend of cell types obtained from the same approximate
brain region.
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2.3. Human tissue processing and homogenization

Tissue fragments from human subjects were pulverized into a fine
powder using a mortar and pestle over liquid nitrogen. Aliquots con-
taining approximately 20 mg wet weight of brain tissue powder were
mechanically homogenized in 10x volume of buffer containing 220 mM
mannitol, 70 mM sucrose, 10 mM KH3POy4, 5 mM MgCLy, 1 mM EGTA, 2
mM HEPES, pH7.2 (mitochondrial assay buffer (MAS)). Homogenates
were incubated on ice for 10 min prior to centrifugation at 200xg,
500xg, or 1000xg for 10 min at 4 °C. Supernatants were collected and
protein concentrations assessed by DC Lowry protein assay. Samples
were either used immediately or stored at —80 °C.

2.4. Western blot analysis

Samples were prepared in 6x loading buffer (300 mM Tris-HCl, pH
6.8, 600 mM 1,4-dithiothreitol (DTT), 60% glycerol, 12% sodium
dodecyl sulfate (SDS), 0.6% bromophenol blue), and 15 pg protein
loaded per lane in 12% Tris-Acrylamide gels. Proteins were electro-
phoresed and transferred onto nitrocellulose membranes, and probed for
target proteins using primary antibodies against MT-CO1 (1:2000;
ab14705, Abcam, Waltham, MA, USA) and VDAC1 (1:5000; ab14734,
Abcam). Protein levels were quantified using Image Studio Lite v 5.2 (LI-
COR, Lincoln, NE, USA) and data analyzed using GraphPad Prism v.
8.4.3 software (GraphPad, San Diego, CA, USA) by two-way repeated
measures ANOVA.

2.5. Bioenergetic assessment

As described previously [48], protein lysates at the indicated
amounts in MAS buffer were loaded onto Seahorse XF96 microplates
(Agilent, Santa Clara, CA) and centrifuged at 2000xg for 20 min at 4 °C.
No pre-treatment of the plates was required. Then 160 pl of MAS sup-
plemented with Cytochrome ¢ (10 pM) and Alamethicin (10 pg/ml) were
then added to each well with a multichannel pipette pointed at 45° angle
to avoid disrupting the homogenate adherence to the bottom of plate.
Different substrates were added for complex I-IV assays: 1 mM NADH for
complex I, 10 mM Succinate and 2 pM Rotenone for complex II, 0.5 mM
Duroquinol for complex III, 2 mM ascorbate and 0.5 mM TMPD (tetra
methyl phenylene diamine) for complex IV. The last addition in the
assays was 2 pM Rotenone, 10 pM AA or 20 mM Azide which were used
to inhibit mitochondrial complexes.

co8 008008 08008008 Fig. 1. Western blot analyses of Complex IV sub-
8. 8. S. 2. % 8[ 8. “D." ‘E." 2. 8. 3. 8, uo,l 8. 8. S’? 8] unit 1, and VDAC effect of centrifugation rate.
CLC<L< DOm0 OO << Dm0 OO Protein levels of the mitochondrial markers MT-CO1
38KDa— . e < MT-CO1 38kDa— ;:_;_*;-_’ < VDACL and VDAC1 in human brain homogenate samples
' ] 31kDa— g from 3 human subjects processed at 200xg, 500xg,
and 1000xg. Data are displayed as the mean + S.E.M.
from 3 sample preparations from each subject at each
MT-CO1 VDAC1 centrifugation force. 2 way ANOVA indicates that
there is a significant difference for centrifugation
B 40- * kK m * K force. *p < 0.05 compared to 200xg, and #p < 0.05
E r % ! E * compared to 500xg, by post-hoc testing using the
> L—| > 307 .' 1 original FDR method of Benjamini and Hochberg.
© 30 :ﬁ ns g o ns
% — 3 204 L 2 —
S 20- 5 °
= L] =
[ [
: & 1] 1 .
3 10 &l 3 5
s 3 .
S a2
E 0 T T T i v T T T
200 500 1000 200 500 1000

Centrifugation (x g)

Centrifugation (x g)



G.A. Benavides et al.

A

Redox Biology 50 (2022) 102241

B 200 -
= 180 - NADH Rot = 150 | Succ/ AA +200g
% 250 --200g = Rot
8 o5 2 160 --500g
S 140 + --500g 2 140 - -9-1000g
oo 120 - ©-1000g vo 120 -
x = 100 c 3 100
8 Q O o0
T 80 - O 80
E 60 - ‘E 60 A
S 40 - 5 40 4
E 20 1 g 20 -
— 0 14 : . : . & 0 18— T T =8 1
0 20 . 40 60 0 20 ) 40 60
Time (min) Time (min)
C —_ 600 - TMPD/ Az
c 450 - AA 200 b =
= 4 = -
S 400 | Duroq S 500 Asc. K A -+-200g
2 350 - 45008 o )/ 4-500g
300 | Q 400 -
o ©-1000g 1)
e 3 250 | e I 300 4 ©-1000g
O o0 O ©
O =~ 200 A ~
c O ¢
£ 150 | = 200 - /
= 100 A =
5 & o5 100 1 ,
£ ———A& € / : 1
o 0 &= : 2 ] o 0 a——e T T
0 20 40 60 0 20 40 60
Time (min) Time (min)
E
ol (2] ci GV
_ ok EE 23 Kk kk *kkk
-5 150 R e _’g 560 *k = skkk = 600 * Hokokok
8 2 B 400 K]
a xaa 3 3 T g = g o=
2 100 L g 150 300 ® - =
3 . 2 2 M
@ © _l_ = = 400
E ~ E 100 g 200 E
% 1 * % % P % 200 Ak
g E 80 E 100 E ==
o © x x
8 0 T T T 8 0 T T T Q 9 T T T 5
200g 5009 1000g 200g 5009 1000g S 200g 500g 1000g o 2009 5009 1000g
Centrifugation Centrifugation Centrifugation

Centrifugation

Fig. 2. Effect of centrifugation during sample preparation on complex I, II, III, and IV substrate linked respiration with postmortem brain samples.
Postmortem sample A was used to test the effect of centrifugation during sample preparation on complex I, II, III, and IV substrate linked respiration (OCR) with
postmortem brain samples. After sample preparation at the indicated centrifugation forces, 8 pg of protein was loaded per well (n = 3-5 technical replicates per
sample preparation). Traces of complexes I (A), II (B), III (C), and IV (D) substrate linked respiration measured as described in Method. (E) Bar graphs comparing

calculated complexes I-IV activities. Data are displayed as the mean + S.E.M.

2.6. Citrate synthase and LDHA activity assays

Citrate synthase and lactate dehydrogenase activities were measured
using biochemical assays [48]. For citrate synthase activities, oxaloac-
etate, acetyl CoA, and DTNB were incubated with protein lysates. We
than measured the product of DTNB-CoA at 412 nm, and calculated the
activity as nmol/min/mg protein from the change of absorbance. For
measurement of LDHA activities, NADH and Pyruvate were incubated
with protein lysates. We then measured the disappearance of NADH
absorption at 340 nm, and calculated the activity as nmols/min/mg
protein from the change of absorbance.

2.7. Statistics for the XF analyses

Data are reported as mean + SEM. Comparisons among multiple
groups were performed using a one-way analysis of variance (ANOVA),
followed by post hoc Tukey’s HSD test. A p-value of <0.05 was
considered statistically significant. The IC50 was calculated by Non-

linear regression log (inhibitor) vs. response with variable slope.
3. Results

3.1. Optimization of generating protein lysates for bioenergetics
measurement from frozen human postmortem brain tissues

Recently we have established that mitochondrial electron transport
chain activities can be measured using frozen protein lysates using the
high throughput Seahorse XF bioanalyzer [48]. To apply this method-
ology to postmortem human brains we first investigated the optimal
conditions for preparation of the protein lysates. We prepared cortical
homogenates from 3 human subjects (A, B, and C) in lysis buffer
compatible with Seahorse XF analyses, and removed debris using 3
different centrifugation forces: at 200xg, 500xg, or 1000xg. The su-
pernatants were used for Western blot and Seahorse XF analyses.

Western blot analyses with 15 pg of lysates in 3 separate preparations
of each of these centrifugation conditions were performed using
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(D) substrate linked respirations were measured as described in Method. Linear regression was used to determine the R? value. Data are displayed as the mean =+ S.

E.M.

antibodies against cytochrome ¢ oxidase subunit I (MT-CO1) and voltage
dependent anion channel 1 (VDAC1) as markers of mitochondrial con-
tent (Fig. 1). We found centrifugation at 200xg resulted in removal of
cellular debris and greater retention of these mitochondrial marker
proteins either 500xg or 1000xg.

Using one of the post-mortem brain samples (A), we compared the
mitochondrial electron transport chain activities under these different
centrifugation conditions. Shown in Fig. 2A-D are the typical profiles
obtained using complex I-IV specific substrates and inhibitors. The
shaded areas were used for calculation of the activities of each complex
after subtracting the rate post addition of the specific inhibitor. We
found that the 1000x g centrifugation resulted in attenuated mitochon-
drial respiration through complexes I, II, III and IV substrates compared
to 200 and 500x g (Fig. 2A-D). Complex activities normalized to protein
in the supernatant (the specific activity) are shown in Fig. 2E. Based on
this data and that shown in Fig. 1 it is clear that 1000 x g centrifugation
results in a significant loss in mitochondrial proteins and their associated
activities. In subsequent experiments the 200xg centrifugation condi-
tion was used for sample preparation.

3.2. The effect of lysate concentration on the mitochondrial electron
transport chain activity

We next measured mitochondrial complexes I, II, III and IV substrate
linked respiration in all 3 (A, B, and C) brain lysates with increasing
amounts of protein per well to determine both linearity and the optimal
concentration. As shown in Fig. 3, between 2 and 12 pg of lysates,
complex I, II, III and IV substrate linked activities were linear with
protein amount for all samples as expected (A, B, and C). Some differ-
ences between the different individuals in electron transport activities

were noted. For example, sample C had a lower complex I activity
(Fig. 3A), and sample A had higher complex II, IIl and IV activities
(Fig. 3B-D). From these data, a minimum amount of 8 pg protein is
optimal for each complex resulting in an activity value with a low level
of variation and efficient use of material. It is recommended that these
calibration curves are performed with a typical sample before assaying a
large cohort to ensure linearity and an optimal signal.

To have an independent measure of mitochondrial content and the
efficiency of preparing the cell lysates, the activities of citrate synthase
(CS), a mitochondrial matrix enzyme, and lactate dehydrogenase (LDH),
a cytosolic enzyme were measured. Among the 3 independent brain
samples, CS activities varied consistent with different amounts of
mitochondria whereas LDH activities remained more consistent sug-
gesting the homogenate preparation was similar between samples
(Fig. 4A). The ratio of CS:LDH was also calculated and suggested an
approximately 50% variation in mitochondrial content between sam-
ples. By normalizing the electron transport activities by CS activity this
corrects for differences in mitochondrial number and can be used to
determine whether the mitochondrial specific enzyme activity is lower
in a given sample. When activities of complexes I, II, III and IV were
normalized to CS activity in this way, the relationship between protein
amount and activity become closer (Fig. 4B-E), compared to the values
not corrected for CS activity (Fig. 3). However, lower complex I activity
sample C and the higher complex III activity in sample A still evident,
suggesting that there are intrinsic differences in these mitochondrial
electron transport activities unrelated to mitochondrial mass (Fig. 4A,
D). Comparing OCRs both with and without normalization to CS activ-
ities is necessary to determine whether a different mitochondrial activity
is due to change of mitochondrial mass or change of specific activities of
a given complex.
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3.3. Assessing susceptibility to neurotoxins in human brain lysates ex vivo

We then examined whether these protein lysates from frozen human
postmortem brain tissues could be used to generate mitochondrial
toxicity curves. We first incubated brain lysates with increasing con-
centrations of rotenone. As shown in Fig. 5A there is an inhibition of
complex I substrate linked respiration in all 3 samples (A, B, and C).
Complexes II, ITI, and IV linked respiration were unchanged by rotenone
as expected and supporting the specificity of the assay and rotenone for
complex I (Fig. 5B-D). After normalization to CS activity, the inhibition
persisted while the differences between the three samples were
decreased (Fig. 5E-H). The IC50s for complex I inhibition were
remarkably similar and consistent with literature values: A: 10.1 nM, B:
2.2 nM, and C: 2.2 nM (Fig. 5I) [16]. For example we have shown in
primary neuron cultures, rotenone 10 nM immediately inhibited mito-
chondrial respiration and cell death occurs at 1 pM after 2 h and 1 nM
after 24 h [14].

To demonstrate the potential to assess susceptibility to toxins that
are reactive to proteins we used the lipid peroxidation product 4-HNE.
Protein-4-HNE adducts accumulate in Parkinson’s and Alzheimer’s

disease brains, and protein and organelle damage by 4-HNE has been
shown to affect mitochondrial respiration in rodent primary neurons
[17-22,49]. We next examined its effect on mitochondrial respiration in
lysates from frozen human postmortem brain tissues. We found that
there was a concentration dependent inhibition of complex I activity in
the 10-500 pM range (Fig. 6A). The inhibition of complexes II, III, and IV
linked respiration were not as dramatic as complex I (Fig. 6B-E). As the
case of rotenone, after normalization to CS activity, the effects persisted
(Fig. 6E-H) with IC50s for complex I inhibition of: A: 72.0 pM, B: 55.0
pM, and C: 52.0 uM (Fig. 6I).

4. Discussion

In tissues and cell culture, the methods for assessing respiration with
or without enrichment using mitochondrial preparations has been
available for many years. However, only recently have high throughput
methods been developed for frozen tissues [48,50] which have to be
optimized for each specific tissue and complex activity. This new
approach allows for the time needed for the transportation from a
clinical setting to laboratories and measurement from tissues collected
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over several years in biorepositories. In addition, throughput, isolation
bias, consistency, and sensitivity is improved since it is no longer
necessary to perform the multiple steps needed for mitochondrial
purification.

In this study we demonstrate that the conditions of the centrifugation
step needed for clearance of cellular debris are critical with a condition
of 200x g being optimal for human brain homogenates. Our study also
demonstrates that the mitochondrial respiration is linearly proportional
to the amount of homogenates with a dynamic range that can be used to
detect changes of mitochondrial respiration that may arise due to aging
or neurodegenerative diseases with as little as 8-12 pg protein. Mito-
chondrial electron transport activities can be normalized to protein in
the homogenate which identifies a change in overall activity. Additional
experiments using citrate synthase as a surrogate for mitochondrial
number can then be used to determine whether the change activity can
be ascribed to a change in mitochondrial number or loss of function in a
specific protein complex. There are several caveats associated with using
human postmortem tissues. These include variation in the regions or
layers of the brain that are sampled that may have intrinsic differences
in mitochondrial content and activity. In addition, post-mortem

intervals are rarely the same and should be assessed as an independent
variable in larger study cohorts. Further, it is important to recognize that
once screening with the bioenergetic assay has been performed, as
described in these methods, they can be confirmed with spectrophoto-
metric and other functional assays that offer a higher degree of speci-
ficity in terms of assignment of activity values to specific complexes but
need a greater amount of starting material.

A variety of environmental or endogenously produced toxins are
thought to contribute to human neurodegenerative diseases. An
important hypothesis is that the impact of these toxins varies between
individuals because of intrinsic difference in their susceptibility. The
approach we describe here shows how this data can be generated using
brain tissue homogenates. These approaches cannot take into account
the impact of differential metabolism in response to the same exposure
to a toxin but they could lead to more insights into intrinsic suscepti-
bility at the site of action of the neurotoxin. As a proof of concept we
used the environmental toxin rotenone and the endogenously generated
lipid peroxidation product 4-HNE that has been detected in human brain
[12-22]. The sensitivity to rotenone may be dependent on the initial
complex I activity as rotenone specifically inhibits this respiratory
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Fig. 6. Response of postmortem brain lysates to 4-HNE. Homogenates were pretreated with 4-HNE for 1 h at the indicated concentrations, followed by mea-
surement of complex I (A,E), II (B,F), III (C,G), and IV (D,H) substrate linked respiration (OCR), with (E-H) and without (A-D) normalization to CS activities. Linear
regression was used to determine the R? value for complex L. (I) Log regression was used to calculate IC50. Data are displayed as the mean =+ S.E.M.

complex. Therefore, lower complex I activity due to genetic, environ-
mental exposure or aging related complex I deficits, may result in higher
sensitivity to rotenone. In a retrospective study this could then be
correlated with clinical parameters related to the onset of neurodegen-
erative disease. In the case of 4-HNE it is endogenously produced
through lipid peroxidation and has pleiotropic effects on mitochondrial
function [49]. Sensitivity to 4-HNE is controlled by a number of factors
including endogenous thiol status which could be revealed by the ex-vivo
exposure assay illustrated here. These assays may then provide addi-
tional insights into susceptibility to oxidative stress that can be related to
clinical parameters. In summary, we have shown a human brain ho-
mogenates obtained for a biorepository can be prepared from as little as
20 mg tissue and mitochondrial electron transport activities and sus-
ceptibility to toxins can be measured.
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