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ABSTRACT

The production of reactive species contributes to the age-dependent accumulation of dysfunctional
mitochondria and protein aggregates, all of which are associated with neurodegeneration. A putative
mediator of these effects is the lipid peroxidation product 4-hydroxynonenal (4-HNE), which has been
shown to inhibit mitochondrial function, and accumulate in the postmortem brains of patients with
neurodegenerative diseases. This deterioration in mitochondrial quality could be due to direct effects on
mitochondrial proteins, or through perturbation of the macroautophagy/autophagy pathway, which plays
an essential role in removing damaged mitochondria. Here, we use a click chemistry-based approach to
demonstrate that alkyne-4-HNE can adduct to specific mitochondrial and autophagy-related proteins.
Furthermore, we found that at lower concentrations (5-10 ©M), 4-HNE activates autophagy, whereas at
higher concentrations (15 M), autophagic flux is inhibited, correlating with the modification of key
autophagy proteins at higher concentrations of alkyne-4-HNE. Increasing concentrations of 4-HNE also
cause mitochondrial dysfunction by targeting complex V (the ATP synthase) in the electron transport chain,
and induce significant changes in mitochondrial fission and fusion protein levels, which results in alterations
to mitochondrial network length. Finally, inhibition of autophagy initiation using 3-methyladenine (3MA)
also results in a significant decrease in mitochondrial function and network length. These data show that
both the mitochondria and autophagy are critical targets of 4-HNE, and that the proteins targeted by 4-HNE
may change based on its concentration, persistently driving cellular dysfunction.
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Introduction ) o o
species and amplifying the initial oxidative insult, are not

Oxidative stress is a prevalent feature of stroke, ischemia-reper-
fusion, and neurodegenerative diseases.' As a major conse-
quence of oxidative stress, accumulation of lipid peroxidation
products and their adduction to target molecules is a prevalent
feature of these neuronal pathologies.”® 4-hydroxynonenal (4-
HNE) is typical of the highly reactive lipid peroxidation prod-
ucts that form covalent protein adducts, and 4-HNE stimulates
the formation of other reactive species in the brains of stroke
and neurodegenerative disease patients.” '’ Pathologically, 4-
HNE levels have been reported to be in the range of 1-10 uM
in patient plasma, tissues, and neurons, increasing as much as
10-fold from levels found in normal tissues.'''® Furthermore,
4-HNE can reach concentrations up to 100 M in the ventricu-
lar fluid of Alzheimer disease brains.'* Mitochondria are major
targets of 4-HNE, and covalent adducts with mitochondrial
respiratory chain subunits have been reported and are associ-
ated with enhanced reactive species production and a decrease
in the mitochondrial reserve capacity, all of which contribute to
bioenergetic dysfunction.'”** If these damaged mitochondria,
which are capable of generating secondary reactive oxygen

removed by autophagy, cellular dysfunction and ultimately cell
death occurs.*>*** In response to oxidative stress, autophagy is
then essential for clearing damaged proteins and organelles,
and in this role serves an essential antioxidant function.****
Changes in cellular metabolism, the production of reactive
species, and autophagy are closely linked.” For example, the
selective removal of damaged mitochondria by autophagy
(mitophagy) provides a system whereby damaged organelles can
be specifically removed without requiring bulk degradation of
cytosolic constituents.”® Furthermore, changes in the mitochon-
drial network, through mitochondrial fission and fusion events,
can also play a significant role in mitigating the effects of
increased oxidative stress, and these events, coupled with mito-
chondrial biogenesis or removal by autophagy, are required for
successful maintenance of a healthy mitochondrial popula-
tion.”"* Failure of mitochondria to properly function, or an
inability of autophagy to remove the mitochondria damaged by
oxidative stress, can result in an accumulation of mitochondria
that not only contributes to the bioenergetic deficit in the cell,
but also propagate the formation of more reactive species.”® This
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could, in part, explain why neurodegenerative disease brains
exhibit both autophagic abnormalities and mitochondrial dys-
function both early and late in the disease process.”**® While
several studies have shown 4-HNE modifies mitochondrial pro-
teins, including subunits of the mitochondrial respiratory
chain,”**">’ the effects of 4-HNE on mitochondrial fission and
fusion proteins are unknown.

An important factor in determining the interplay between
mitochondrial and autophagic dysfunction as a result of
increased oxidative stress, is determining if specific reactive
species target specific proteins in the mitochondria or auto-
phagy pathways. This is important because of the potential syn-
ergistic effect of reactive species impairing both mitochondrial
bioenergetics and the autophagy pathway needed to correct it.
As mentioned above, 4-HNE adducts to several proteins in the
cell, including mitochondrial respiratory chain subunits, and
several metabolic enzymes.**'*** With regard to the autophagy
pathway, there has been only one study demonstrating that 4-
HNE can target the vacuolar-type H" -translocating ATPase.*
While our previous study indicated that 4-HNE activates auto-
phagy in differentiated SH-SY5Y cells, and other studies have
shown that 4-HNE-induced aggregates can inhibit autophagy,*'
the mechanism underlying 4-HNE regulation of autophagy is
still unknown. We hypothesized that if both autophagy and
mitochondrial proteins are targets for 4-HNE, their dysfunc-
tion may jointly contribute to bioenergetic dysfunction. To test
this possibility, we exposed embryonic rat primary cortical neu-
rons to 4-HNE, and determined whether 4-HNE can target spe-
cific proteins involved in the autophagy pathway and whether
this was associated with deteriorating mitochondrial quality
using bioenergetic endpoints. Finally, we assessed whether
modulation of the autophagy pathway using the autophagy
activator rapamycin, and the autophagy inhibitor 3-methylade-
nine (3MA), could affect both basal and 4-HNE-dependent
mitochondrial dysfunction.

Results

aHNE modifies mitochondrial and autophagy proteins in a
concentration-dependent manner

Because increased 4-HNE levels, mitochondrial dysfunction,
and decreased autophagy are all common characteristics associ-
ated with neurodegenerative diseases,'**>*>*> we determined
whether 4-HNE modifies proteins involved in the autophagy
pathway in rat E18 primary cortical neurons. Using click chem-
istry and an alkyne modified form of 4-HNE (aHNE), we first
tested if aHNE-associated toxicity differed from unmodified 4-
HNE (Fig. 1A). Comparison of the 4-HNE and aHNE treated
cells for 4 h revealed that 30-45 uM aHNE exhibited similar
toxicity to 10-15 uM 4-HNE (Fig. 1A). In subsequent experi-
ments, we adjusted for this difference in potency by using
aHNE at a 2- to 3-fold higher concentration. Next, we per-
formed the same treatment with aHNE and conducted click
chemistry, followed by biotin-streptavidin-based affinity isola-
tion on the neuronal protein lysates. After the affinity isolation
we performed western blot analysis on the purified samples to
determine which mitochondrial or autophagy pathway proteins
were modified by the aHNE (Fig. 1B-E). We found that the
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mitochondrial proteins SDHA (succinate dehydrogenase com-
plex, subunit A, flavoprotein [Fp]), VDACI (voltage-dependent
anion channel 1), and ATP5] (ATP synthase, H" transporting,
mitochondrial FO complex, subunit F), as well as the autophagy
initiation proteins ATG5 (autophagy-related 5), ATG7 (auto-
phagy-related 7), BECN1 (Beclin 1, autophagy related),
MAPILC3A/B (microtubule-associated protein 1 light chain 3
al/B), and SQSTM1/p62 (sequestosome 1) were all modified at
a concentration of 45 uM aHNE (Fig. 1D and E). We also
tested whether aHNE could modify key mitochondrial dynam-
ics machinery; however, DNM1L/Drpl (dynamin 1-like) was
not modified by aHNE at either concentration tested (Fig. 1D).
SDHA, VDACI1, ATP5], BECN1, SQSTM1, MAP1LC3A/B-],
MAPI1LC3A/B-II, and the autophagy signaling protein MTOR
(mechanistic target of rapamycin [serine/threonine kinase])
were also modified at 30 uM aHNE. Interestingly,
MAPILC3A/B-I, MAP1LC3A/B-1I, MTOR, and all 3 mito-
chondrial targets exhibited more modification at 30 uM aHNE
compared with 45 uM (Fig. 1B-E), indicating there may be
specific targets in both the mitochondria and autophagy path-
way sensitive to changing concentrations of 4-HNE.

4-HNE affects autophagic flux in a concentration-
dependent manner

To determine if 4-HNE-based modifications of autophagy pro-
teins are activating or inhibiting autophagy, we performed an
autophagic flux assay in primary cortical neurons by inhibiting
lysosomal function using chloroquine (CQ) in the presence or
absence of 4-HNE, and measuring the levels of MAP1LC3A/B-
I, as well as the conversion of MAPILC3A/B-I to
MAPILC3A/B-II (Fig. 2A-C). MAP1LC3A/B-II levels were
significantly increased following treatment with 10 uM 4-HNE
in both the presence and absence of CQ, consistent with an
increase in autophagy initiation. However, the levels of
MAPILC3A/B-II, and the ratio of MAPILC3A/B-II
MAPILC3A/B-I in the 15 uM 4-HNE-treated groups were
similar to control levels. We interpret this result to mean that
autophagy activation at the lower concentration of 4-HNE was
suppressed at the higher concentrations, and may therefore be
inadequate to remove the damaged proteins (Fig. 2A-C). A 2-
way ANOVA analysis of the ratio of MAP1LCA/B-II to actin
and MAP1LC3A/B-I to MAP1LC3A/B-II confirmed a signifi-
cant increase at 10 uM, but not 5 or 15 uM 4-HNE (Fig. S1A
and B). These results were further verified using levels of
SQSTM1, which is turned over by autophagy. The levels of
SQSTM1 decreased in the 10 uM +/— CQ groups, indicating
autophagy activation; however, SQSTM1 levels increased in the
15 uM +/— CQ-treated group compared with the control,
indicating autophagy inhibition at this concentration
(Fig. S1C).

We further examined autophagosome accumulation to con-
firm autophagy activation at the lower concentrations of 4-
HNE by immunocytochemistry for the formation of GFP-
MAPILC3A/B-positive puncta. All 3 concentrations of 4-HNE
significantly increased autophagosome levels; however, while
the increased autophagosomal number in the 5 and 10 uM 4-
HNE groups indicate increased autophagy, the increase in the
number of autophagosomes in the 15 uM group is consistent



1830 M. DODSON ET AL.

A B C
kDa Input (Ponceau S) Post i.p. label
120 - °HNE G568, 7r - -
100 caHNE 150 — “
. . 102 —
= * 76 —— N
* 111
> 60 52— I . !
ES 38 — }
40 31— | "
24_ |
20 1 17 —
0 ——————————, 12 Ll | |- [ ] | |—
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 .&@\\ \a\@‘\\
0%Q0§h§ O@QQ§§
HNE (uM) NI NS
Sgg SR
F R FF
D E
Mitochondria Autophagy
i.p. Biotin Sp— = | i.p. Biotin
l l i.b. SDHA | T | L vaPiLcaa
i.p. Biotin ' - i.p. Biotin
- i i.b. VDAC1 , L ] J i.o. BECN1
i.p. Biotin — i.p. Biotin
W =S| ib. ATP5J & ik e— i.b. SQSTM1
I:I i.p. Biotin [ Pe— |i.p. Biotin
i.o. DNM1L i.bo. MTOR
> D D D i.p. Biotin
S @§Q§ (,,§ W |ib. ATGS
o o2 ks ] i.p. Biotin
& ST Y w= | ATGY
>
FHS
& X 8
O oY W&
AP
&g
F L

Figure 1. aHNE modifies mitochondrial and autophagy proteins. E18 primary cortical neurons were treated on DIV 7-14 in XF medium containing 0, 5, 10 or 15 M 4-HNE
or 20, 30 and 45 uM aHNE for 4 h. (A) Cell counts for neuronal viability following treatment. (B-D) Click chemistry and western blot analysis of aHNE-modified autophagy
proteins. (B) Ponceau S stain of total protein (Input). (C) Western blot against streptavidin to demonstrate only aHNE-modified proteins were enriched by biotin-streptavi-
din affinity purification. (D and E) Western blot analysis of mitochondrial and autophagy protein targets following biotin immunoprecipitation (i.p.): SDHA, VDAC1, ATP5J,

DNM1L, BECN1, SQSTM1, MAP1LC3A/B, MTOR, ATG5, and ATG7.

with autophagosome accumulation resulting from autophagy
inhibition, as evidenced by the increased levels of SQSTM1
(Fig. 2D and E, Fig. S1C). These results indicate that autophagy
is stimulated at lower concentrations of 4-HNE, but higher
concentrations are associated with a decrease in autophagic
flux.

4-HNE causes mitochondrial fragmentation without
changing mitochondrial mass

We have shown previously that 4-HNE inhibits neuronal mito-
chondrial function in neuroblastoma cells;’>*' however,
whether 4-HNE affects mitochondrial function in primary neu-
rons, and what effects 4-HNE has on the mitochondrial net-
work has not been reported. To determine the effects of 4-HNE
on the network of the overall mitochondrial population,

particularly when the autophagy pathway is compromised, we
measured mitochondrial length using MitoTracker Green
staining and confocal microscopy following exposure to 4-
HNE (Fig. 3A-C). A distribution plot showed that the peak
mitochondrial length shifted from the 800-1000 nm range in
untreated cells, to the 600-800 nm range in 5, 10 and 15 M 4-
HNE-treated neurons (Fig. 3B). Furthermore, the average mito-
chondrial length decreased significantly following treatment
with 15 uM 4-HNE (Fig. 3C).

Next, we determined if the changes in mitochondrial length
were a result of 4-HNE-induced changes to the mRNA or pro-
tein levels of mitochondrial fission and fusion proteins. The
mRNA levels of MEN1 (mitofusin 1), MFN2 (mitofusin 2), and
OPA1 (OPAl, mitochondrial dynamin like GTPase) were not
significantly changed by treatment with 4-HNE, whereas
DNMIL levels were slightly decreased following treatment with
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Figure 2. 4-HNE alters autophagic flux. E18 primary cortical neurons were treated with XF medium containing 0, 5, 10 or 15 M 4-HNE in the presence or absence of
40 M chloroquine (CQ) for 4 h. (A) Western blot analysis of autophagic flux measuring MAP1LC3A/B-Il levels, and MAP1LC3A/B-I to MAP1LC3A/B-II conversion following
HNE treatment with and without CQ. (B) Quantification of MAP1LC3A/B-Il levels from panel (A). (C) Quantification of MAPTLC3A/B (LC3)-1l:MAP1LC3A/B-I ratio from panel
(A). Data = mean = SEM, n = 3; normalized to control. *p < 0.05 compared with no HNE. #p < 0.05 compared with -CQ. Two-way ANOVA, followed by post hoc Tukey’s
HSD. (D) Immunocytochemistry of MAP1LC3A/B puncta and Hoechst nuclear staining following treatment. (E) Quantification of Hoechst-positive cells that contained
MAP1LC3A/B puncta (3 images per treatment). Data = mean & SEM, n = 150-250 cells per group (x3 experimental replicates); normalized to control. “p < 0.05 com-

pared with no HNE. Student t test.

15 uM 4-HNE (Fig. 4A). At 5 and 10 M 4-HNE, both OPA1
and MFN2 protein levels were decreased, whereas MFNI1 levels
did not change (Fig. 4B-E). At 10 and 15 uM 4-HNE, levels of
the fission protein DNMI1L were significantly increased, and
the phosphorylation of residue S616, which promotes fission,
was increased at 5 and 10 uM 4-HNE, and decreased at 15 uM
4-HNE (Fig. 4B, F and G). Taken together, these results suggest
that 4-HNE concentration-dependently affects the levels of
mitochondrial fission and fusion proteins, also affecting their
phosphorylation status, resulting in changes to mitochondrial
network morphology.

We next determined if 4-HNE-induced changes to the mito-
chondrial network were altering the overall mitochondrial content
in the cell. To test this, we measured the mitochondrial to nuclear
DNA ratio, as well as the protein levels of TFAM (transcription fac-
tor A, mitochondrial), SOD2 (superoxide dismutase 2, mitochon-
drial), and COX4I1 (cytochrome c oxidase subunit 4I1), and found
no change across the 4-HNE treatment groups (Fig. 5A-F). Inter-
estingly, the protein levels of PPARGCIA (peroxisome proliferative
activated receptor, gamma, coactivator 1 o) were significantly

decreased following treatment with 10 and 15 uM 4-HNE, indicat-
ing that mitochondrial biogenesis may be inhibited at these con-
centrations (Fig. 5A and E). These data indicate that 4-HNE causes
significant changes to the mitochondrial network independent of
changes to overall mitochondrial number/content, and may inhibit
the biogenesis of new mitochondria via decreased levels of
PPARGCIA.

4-HNE concentration-dependently decreases
mitochondrial function and complex I and V activity

Based on our findings that 4-HNE can modify proteins in the
autophagy pathway, coupled with the ability of 4-HNE to alter
the mitochondrial network, we next examined whether 4-HNE
can modify cellular and mitochondrial bioenergetics using the
Seahorse XF analyzer. Following exposure to 0-15 M 4-HNE
for 4 h, oxygen consumption rates (OCR) were assessed using
the mitochondrial stress test.”>**** Basal OCR is first measured
for 20 min, followed by the addition of 1 pg/mL oligomycin to
measure ATP-linked OCR, 1 puM carbonyl cyanide 4-
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Figure 3. 4-HNE alters mitochondrial fission and fusion. Rat E18 primary cortical neurons were treated on DIV 7-14 with XF medium containing 0, 5, 10 or 15 M 4-HNE
for 4 h. (A) 4-HNE-treated neurons were incubated with 25 nM MitoTracker Green for 15 min and imaged using laser-scanning confocal microscopy. (B) Histogram data of
changes in mitochondrial length were generated for each group (3 images per treatment [x3 experimental replicates]). The average frequency was then plotted into
buckets of 200 for each experiment. (C) Quantification of the combined average mitochondrial length following treatment. Data = mean £ SEM, n = 3; normalized to

control.

(trifluoromethoxy)phenylhdrazone (FCCP) to measure maxi-
mal OCR, and 1 uM antimycin A to measure nonmitochon-
drial OCR (Fig. 6A). Interestingly, a decrease in basal OCR was
only observed at a concentration of 4-HNE (15 M) associated
with decreased average mitochondrial length and increased
DNMIL (Fig. 6B). However, 4-HNE-dependent effects on bio-
energetics were also evident below this threshold concentration.
Specifically, ATP-linked OCR was decreased at 5, 10 and
15 uM 4-HNE (Fig. 6C), coupled with increased proton leak
(Fig. 6D). Both the maximal OCR and reserve capacity were
decreased following treatment with 10 and 15 uM 4-HNE
(Fig. 6E and F). Nonmitochondrial OCR was similar among all
treatment groups (Fig. 6G). Since 4-HNE targets specific mito-
chondrial complexes in the heart and liver,!*%? we next exam-
ined whether 4-HNE-induced mitochondrial dysfunction was
associated with effects on specific mitochondrial complexes in
primary neurons. Using the detergent saponin to permeabilize
the plasma membrane, with either adenosine diphosphate
(ADP) or FCCP and specific complex I and II substrates (pyru-
vate-malate and succinate, respectively), complex-dependent
OCR can then be measured. We found that 4-HNE caused a
concentration-dependent decrease in complex I-dependent
OCR in the presence of both ADP and FCCP. In the case of

complex II-dependent OCR, 4-HNE inhibited function only at
a concentration of 15 M in the presence of ADP, which would
be consistent with 4-HNE-dependent inhibition of complex V
(Fig. 6H and I).

3-methyladenine decreases complex I activity, induces
mitochondrial fragmentation, and exacerbates 4-HNE-
induced mitochondrial dysfunction

The preceding data suggest that activation or inhibition of
autophagy using rapamycin or 3MA, respectively, could modify
the loss of complex I activity in response to 4-HNE. We found
that 3MA alone decreased complex I activity without any effect
on complex II, whereas rapamycin had no effect on either com-
plex (Fig. 7A). Treatment of neurons with 3MA or 15 uM 4-
HNE in the presence of FCCP resulted in similar inhibition of
mitochondrial complex I and II function compared with con-
trol, and the combination showed a further depression in activ-
ity (Fig. 7B). 3MA treatment also resulted in a decrease in
protein levels of mitochondrial complex I subunit NDUFB8
(NADH dehydrogenase [ubiquinone] 1 8 subcomplex 8), but
not SDHB (succinate dehydrogenase complex, subunit B, iron
sulfur [Ip]) or ATP5] (Fig. 7C-F). Furthermore, overall
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Figure 4. 4-HNE alters mitochondrial fission and fusion mRNA and protein levels. Rat E18 primary cortical neurons were treated on DIV 7-14 with XF medium containing
0, 5,10 or 15 M 4-HNE for 4 h. (A) RT-PCR of Dnm1l, Mfn1, Mfn2, and Opal mRNA levels following treatment with 4-HNE. (B) Western blot analysis of mitochondrial fis-
sion and fusion proteins: OPA1, MFN1, MFN2, phosphor (p)-DNM1L (S616), and total DNM1L. ACTB/S-actin was used as an internal loading control. (C) Quantification of
OPA1 from panel (B). (D) Quantification of MFN1 from panel (B). (E) Quantification of MFN2 from panel (B). (F) Quantification of phospho-DNM1L (S616) from panel (B).
(G) Quantification of total DNM1L from panel (B). Data = mean & SEM, n = 3; normalized to control. “p < 0.05 compared with control. Student t test.

mitochondrial length was decreased, similar to treatment with
15 uM 4-HNE; however, combined treatment of 3MA and
15 uM 4-HNE did not further decrease mitochondrial length
(Fig. 8A and B). These data support the hypothesis that auto-
phagy protects against the accumulation of 4-HNE-dependent
mitochondrial damage, and that the inhibition of autophagy
can directly affect mitochondrial function and dynamics.

Discussion

Metabolic decline, and particularly mitochondrial dysfunction
associated with increased oxidative stress, occurs in the brain
during normal aging, but proceeds at an accelerated rate in
neurodegenerative disease.***® Associated with the bioener-
getic stress that occurs during neurodegeneration is decreased
autophagic function, which prevents stressed neurons from
recycling damaged cellular constituents, resulting in increased

cellular stress and neuronal cell death.*" If a toxin, directly or
indirectly, modifies both bioenergetics and autophagy, this
combined effect would likely lead to an accelerated pathological
outcome. To test this, we used the lipid peroxidation product 4-
HNE, which modifies proteins through covalent modification
of nucleophilic amino acid residues.” 4-HNE-protein adducts
have been detected as a common feature in the brains from
Alzheimer and Parkinson disease patients. It has previously
been shown that 4-HNE can modify mitochondrial proteins,
and can stimulate autophagy and thus promote the removal of
damaged proteins.'”>>> However, if 4-HNE also modifies
autophagy proteins, then removal of dysfunctional proteins
and mitochondria would be attenuated, further contributing to
4-HNE-dependent bioenergetic dysfunction.

To test this hypothesis we determined the effects of 4-HNE
on cellular bioenergetics and the autophagy-lysosomal pathway
in rat cortical neurons. While autophagosomal number was
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(nDNA) ratio to determine mitochondrial number following treatment with 4-HNE.

increased by the lowest concentration of HNE (5 uM) it
reached a maximum at 10 #M. An increase in autophagy initia-
tion was detected at 10 uM 4-HNE and then decreased to the
basal level at 15 uM (Fig. 2). The increased MAP1LC3A/B-II
puncta detected by immunocytochemistry at 15 uM in the
absence of increased MAP1LC3A/B-II and MAPILC3-I by
western blot could be due to differences in the sensitivity of
these methods, or could indicate inhibition of the autophagy
pathway, as SQSTM1 levels were increased at this concentra-
tion (Fig. S1). To determine the mechanism by which auto-
phagy might be suppressed at high concentrations of 4-HNE,
we used click chemistry in combination with aHNE to deter-
mine if direct modification of autophagy proteins had occurred.
We found evidence for direct 4-HNE-dependent modification
of BECN1, SQSTM1, MAP1LC3A/B-I and MAP1LC3A/B-II,
MTOR, ATGS5, and ATG7, as well as several mitochondrial
proteins, including SDHA, VDAC1 and ATP5] (Fig. 1).
Whereas the modification of mitochondrial proteins by 4-HNE
has been demonstrated, to our knowledge, this is the first evi-
dence that 4-HNE can specifically target proteins involved in

autophagy initiation under conditions associated with a change
in autophagic activity. Interestingly, there was a concentration-
dependent effect on both mitochondrial and autophagy protein
modification by aHNE. Modification of MTOR may be impor-
tant for decreasing its activity and thus activating autophagy
initiation. Modification of MAP1LC3A/B-II may also play a
role in bringing MAP1LC3A/B-II to the membrane and thus
promoting autophagosome expansion. However, the modifica-
tion of other autophagy proteins, such as BECN1, ATG5 and
ATG7 may attenuate their function and thus suppress the neu-
ron’s overall autophagic activity. This may be the reason why
autophagy initiation is increased and autophagic flux is
unchanged in response to 4-HNE.

Consistent with the idea that 4-HNE did not overtly change
autophagy flux at the concentration and duration of 4-HNE expo-
sure used in this study, 4-HNE did not change mitochondrial mass
(Fig. 5). However, a significant decrease in mitochondrial size
occurred in response to 4-HNE (Fig. 3). Furthermore, 4-HNE-
induced changes to the mitochondrial network, as assessed by the
decrease of peak mitochondrial length, were associated with a
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Figure 6. 4-HNE causes a concentration-dependent decrease in mitochondrial function by targeting complexes | and V. Rat E18 primary cortical neurons were treated on
DIV 7-14 in phenol-free DMEM supplemented with T mM pyruvate (XF medium) and 0.5 mM glutamax, containing either 0, 5, 10 or 15 M 4-HNE for 4 h. (A) Mitochon-
drial oxygen consumption rate (OCR; pmol/min) was measured following 4-h treatment with 4-HNE. O = 1 pg/mL oligomycin to determine OCR linked to ATP produc-
tion, F = 1 M FCCP to determine the maximal OCR, and A = 10 M antimycin A to determine non-mitochondrial OCR. Three measurements are taken before addition
of oligomycin to determine the basal OCR. Proton leak is determined as the difference between the final measurements following antimycin treatment subtracted from
the final measurement following oligomycin treatment. The reserve capacity is determined by subtracting the basal OCR from the maximal OCR. (B-G) show the summary
of (B) basal OCR, (C) ATP-linked OCR, (D) proton leak, (E) maximal OCR, (F) reserve capacity, and (G) non-mitochondrial OCR. Data = mean £ SEM, n = 4 or 5. The effects
of 4-HNE treatment on mitochondrial complex | (Cl), Il (Cll) and V was determined by permeabilizing the mitochondria using 20 r.g/mL saponin, then providing either (H)
ADP -+ pyruvate-succinate to determine complex | and Il function, or () FCCP + pyruvate-succinate to determine complex V function. Data = mean + SEM, n = 4 or 5.

*p < 0.05 compared with control. Student t test.

concentration-dependent decrease in the mitochondrial fusion
proteins OPA1 and MFN2, while MENI1 levels remained
unchanged (Fig. 4). 4-HNE also increased the levels of DNMI1L at
the 10 and 15 uM concentrations, where the average mitochon-
drial length was also decreased.

4-HNE-induced changes in mitochondrial fusion machinery
were associated with increased mitochondrial proton leak or
uncoupling, and decreased ATP-linked mitochondrial respiration.
At the 10 uM concentration, when OPA1 was decreased and when
autophagy initiation was increased without changing autophagic

flux, maximal respiration and reserve capacity were significantly
decreased. At the 15 M concentration, when the fission protein
DNMIL was increased, basal respiration was decreased (Fig. 6). It
has previously been reported that increased mitochondrial uncou-
pling can promote fission and mitophagy.”>*> Interestingly, 4-
HNE decreased complex I function in the presence of both ADP
and FCCP, while complex II function remained unchanged during
4-HNE treatment following provision of substrates and FCCP
(Fig. 6). Although other effects associated with decreased mito-
chondrial quality or direct modification by 4-HNE of other
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Figure 7. 3-methyladenine (3MA) decreases complex | (Cl), but not complex Il (Cll), activity and exacerbates 4-HNE-induced mitochondrial dysfunction. E18 primary corti-
cal neurons were treated on DIV 7-14 in XF medium containing 10 mM 3MA or 1000 nM rapamycin in the presence or absence of 0, 5, 10 or 15 M 4-HNE for 4 h. (A)
The effects of 3MA and rapamycin on mitochondrial complex |, Il and V was determined using the saponin-based permeabilization assay. Data = mean =+ SEM, n = 4 or
5. (B) The effects of 3MA on 4-HNE-induced mitochondrial dysfunction were determined using the saponin-based permeabilization assay using complex | or Il substrates
in the presence of FCCP. Data = mean =+ SEM, n = 4 or 5. *p < 0.05 compared with control. #p < 0.05 compared with 3MA. Student ¢ test. (C) Western blot analysis of
NDUFBS, SDHB, and ATP5)J. (D) Quantification of NDUFB8 from panel (C). (E) Quantification of SDHB from panel (C). (F) Quantification of ATP5J from panel (C). ACTB was
used as an internal loading control. Data = mean =+ SEM, n = 3. *p < 0.05 compared with control. Student t test.

mitochondrial proteins are also possible,”® our observation suggests
that complex I and complex V function are the most severely
affected by 4-HNE.

Finally, to determine the interaction between the autophagy
pathway and mitochondrial dysfunction we tested how activation
of autophagy using rapamycin, and inhibition of autophagy
using 3MA, affected mitochondrial oxygen consumption in pri-
mary neurons. We showed that inhibition of autophagy with
3MA significantly decreased complex I substrate-linked oxygen
consumption, while leaving complex II function intact (Fig. 7).
In contrast, rapamycin had no effect on complex I, or complex
IT substrate-linked respiration. These observations indicate that
autophagy under basal conditions was necessary and sufficient
for optimal mitochondrial function, especially complex I

substrate-linked respiration. In the presence of 4-HNE, 3MA
also significantly decreased complex II-dependent mitochondrial
oxygen consumption, and further exacerbated complex I sub-
strate-dependent mitochondrial respiration (Fig. 7), indicating a
higher requirement of autophagy in response to 4-HNE exposure
to maintain mitochondrial function.

These findings indicate that highly reactive lipid species, such as
4-HNE, have specific targets in the both the mitochondria and
autophagy pathway, with modification possibly affecting auto-
phagy initiation, mitochondrial dynamics, and bioenergetics in a
concentration-dependent manner, and that their combined effects
are responsible for neuronal metabolic dysfunction and decreased
cell survival, contributing to neurodegenerative disease progression
(Fig. 9).
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with control. Student ¢ test.

Materials and methods
Materials

4-hydroxynonenal (393204) was obtained from Calbiochem.
Click Tag™ 4-HNE alkyne (13265) was obtained from Cay-
man Chemicals. Chloroquine (C6628), 3-methyladenine
(M9281), and FCCP (C2920) were obtained from Sigma.

Neurodegeneration

Ischemia/Reperfusion
Stroke

l

AM4-Hydroxynonenal

Mitochondrial Autophag
proteins proteins
Mitochondrial «2FS00PUsion , 4 40phagic }7 3MA
function flux

N /

Cell Death

Figure 9. Working model of the impact of 4-HNE on neuronal autophagy, mito-
chondrial dynamics and bioenergetics. 4-HNE can modify both mitochondrial and
autophagy pathway proteins, resulting in mitochondrial and autophagic dysfunc-
tion. 4-HNE also causes significant changes to the mitochondrial network due, in
part, to altered protein levels of key mitochondrial fission and fusion proteins. The
concentration-dependent effects of 4-HNE on mitochondrial and autophagic func-
tion contribute to bioenergetic crisis and eventual neuronal cell death.

*p<0.05 compared

Neurobasal medium  (21103-049), B-27  supplement
(17504044-044), L-glutamine (25030-081) and penicillin-
streptomycin (15140-122) were obtained from Life Technolo-
gies. MitoTracker Green FM (M7514) was obtained from
Thermo Fisher. Trypan Blue Solution (25-900-CI) was
obtained from CellGro.

Cell culture

Primary E18 rat cortical neurons were isolated, and cultured in
Neurobasal medium containing 2% B27 supplement, 1% peni-
cillin-streptomycin and 0.5 mM glutamax (Gibco, 35050061).
All experiments used 7-14 d in vitro (DIV) cultures. DIV 7-14
neurons were treated in XF medium (DMEM [ThermoFisher,
12800017] supplemented with 1 mM pyruvate [ThermoFisher,
11360070, 5 mM D-glucose, and 4 mM L-glutamine [Thermo-
Fisher, 25030081]) with or without 10 mM 3MA, 40 uM chlo-
roquine or 1000 nM rapamycin (ThermoFisher, PHZ1235) for
4 h in the presence or absence of 0, 5, 10 or 15 uM HNE. All
animal procedures were approved by UAB institutional
IACUC.

Assessment of cell viability

Primary cortical neurons were plated at 80,000 cells per well in
96-well plates, and following treatment, trypsinized and resus-
pended in neurobasal medium. Trypan blue was added, and
the cells nonpermeable to trypan blue were counted as viable.

Seahorse extracellular flux assays

Primary cortical neurons were plated at 40,000 cells per well in
Seahorse XF-96 plates. Mitochondrial function was measured
using the Seahorse XF-96 analyzer. Basal OCR was determined,
followed by injection of: 1 pg/ml oligomycin (Sigma, 75351) to
determine the OCR linked to ATP production; 1 uM FCCP
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(Sigma, C2920) to determine the maximal OCR; and 10 uM
antimycin A (Sigma, A8674) to determine nonmitochondrial
OCR. All OCR measurements are represented as pmol oxygen
consumed per min.>%***3

Mitochondrial electron transport chain activity assay

The standard assay for mitochondrial function can be further
optimized to indicate changes in the function of specific mito-
chondrial complexes. This is accomplished by permeabilizing
the cell membrane using 20 pg/ml of the detergent saponin
(Sigma, 47036), then providing specific complex I and II sub-
strates (ADP + pyruvate-malate [Sigma, A2754; P5280;
M6413] and ADP + succinate [Sigma, S2378], respectively)
back to the cell in MAS buffer (70 mM sucrose [MP Biomedi-
cal, 04821721], 220 mM mannitol [Sigma, M8429], 10 mM
KH,PO4, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, pH 7.2).
Substrate provision is followed by permeabilization, coupled
with the complex I inhibitor rotenone (1 uM; Sigma, R8875),
and complex II inhibitor antimycin A (10 wM). This assay,
coupled with a similar assay that includes saponin permeabili-
zation, followed by addition of buffer containing FCCP and the
same substrates, provides a detailed assessment of mitochon-
drial respiratory chain function and health in adhered cells.””

Western blot analysis

Primary cortical neurons were plated at 80,000 cells per well in
96-well plates, and following treatment, were lysed in RIPA
buffer (50 mM Tris-Cl pH 7.8, 150 mM NaCl, 2 mM EDTA,
1% Triton X-100, and 0.1% SDS). Protein lysates were separated
by SDS-PAGE and probed with the following antibodies:
MAPI1LC3A/B (Sigma, L8918), SQSTM1 (Abnova, H00008878),
BECNI1 (Santa Cruz Biotechnology, sc-11427), MTOR (Cell Sig-
naling Technology, 2983S), ATG5 (Cell Signaling Technology,
8540S), ATG7 (Abcam, ab133528), MFN1 (Santa Cruz Biotech-
nology, sc-50330), MEN2 (Santa Cruz Biotechnology, sc-
100560), OPA1 (Santa Cruz Biotechnology, sc-30573), DNM1L
(Abcam, ab-56788), phospho-DNMIL (616; Cell Signaling Tech-
nology, D9A1), SOD2 (BD Transduction Laboratories TM,
611580), COX4I1 (Abcam, ab-14744), ATP5] (Invitrogen, PA5-
439800), TFAM (Abcam, ab-138351), PPARGCIA (Santa Cruz
Biotechnology, sc-13076), and total OXPHOS Rodent WB Anti-
body Cocktail (Abcam, ab110413). Relative levels of protein to
ACTB (Sigma, A5441) loading control or Ponceau S for total
protein were quantified by densitometry using Image], and nor-
malized to the lane with the highest signal.

Immunocytochemistry for MAP1LC3A/B

Autoclaved glass coverslips were placed in 24-well culture
plates and seeded with primary cortical rat neurons at a density
of 240,000 cells per well. Cells were exposed to 0, 5, 10, or
15 uM HNE for 4 h. After exposure cells were fixed using a
mixture of 4% paraformaldehyde and 4% sucrose. After fixa-
tion, cells were blocked with 5% BSA (Fisher Scientific,
BP1600) and 10% horse serum (ThermoFisher, 16050) and
then probed for MAP1LC3A/B. Alexa Fluor 488 (Thermo-
Fisher, A-21208) and Hoechst were added before slides were

mounted and visualized with a Leica TCS SP5 V confocal laser-
scanning microscope. Hoechst-positive cells with MAP1LC3A/
B puncta were then counted and presented as a percentage of
cells containing MAP1LC3A/B puncta.

Mitochondrial fragmentation

To assess changes to the mitochondrial network, E18 rat pri-
mary cortical neurons were seeded on 4-well Nunc™ Lab-
Tek™ chambered coverglass plates (ThermoFisher, 155361) at
a density of 200,000 per well. After a 4-h exposure to 4-HNE,
25 nM MitoTracker Green FM in pre-equilibrated XF medium
was added to the cells for approximately 20 min before being
washed once with fresh medium. Images were taken with a
Zeiss700 laser-scanning microscope. Mitochondrial length was
measured using proprietary ZEN Blue software. Approximately
300-500 total mitochondria were counted from 3 images for
each treatment group on each experimental replicate. Only in-
focus mitochondria with defined borders were used for
measurements.

Mitochondrial copy number

The mitochondrial (mt) and nuclear Rni8s/18S DNA was
amplified using RT Real-Time SYBR Green PCR master mix
(ThermoFisher, 4309155) in an ABI 7500 PCR machine. The
primer sequences used for mtDNA were mtF (5-CCCCAGC-
CATAACACAGTATCAAAC-3’) and mtR (5-GCCCAAA-
GAATCAGAACAGATGC-3'). The primer sequences for the
nuclear Rn18s DNA were 18SF (5'-AAACGGCTACCACATC-
CAAG - 3') and 18SR (5-CAATTACAGGGCCTCGAAAG-
3"). PCR conditions were as follows: 94°C for 2 min, followed
by 40 cycles of denaturation at 94°C for 15 sec, annealing and
extension at 60°C for 1 min. mtDNA copy number was nor-
malized to amplification of an Rn18s nuclear amplicon.

Quantitative real-time PCR

RNA was isolated from cells using TRIzol (Invitrogen, 15596
026) according to the manufacturer’s protocol. RNA (2 ug)
was used to convert to cDNA using the iScript™ ¢DNA Syn-
thesis Kit (Bio-Rad, 170-8891) according to the manufacturer’s
protocol. Quantitative real-time PCR was performed with
SYBR Green Mastermix (ThermoFisher, 4309155) with the fol-
lowing conditions: 50°C 2 min, 95°C 10 min, 95 °C 15 s ->
60 °C 1 min for 40 cycles. Results were normalized against an
internal control (Actb/B-actin). The following RT-PCR primers
were used: Dnmll, F — atccagctgcctcagattgt; Dnmll, R - gtgac-
cacaccagtcectct; Mfunl, F - tgagggctcacattttgttg; Mfnl, R -
gcgagcttgtttctgtagee; Mfn2, F — ggcacagaggagacctcaag; Mfn2, R
- cgagaaaagagcagggacat.

Statistical analysis

Data are reported as mean £ SEM. Comparisons between 2
groups were performed with unpaired Student ¢ tests. Compari-
sons among multiple groups or between 2 groups at multiple
time-points were performed by either one-way or 2-way analy-
sis of variance, as appropriate, followed by post hoc Tukey’s



HSD test. Analyses were performed using JMP v.10 Pro (Cary,

NC). A p-value of < 0.05 was considered statistically

significant.

Abbreviations

4-HNE 4-hydroxynonenal

3MA 3-methyladenine

ADP adenosine diphosphate

aHNE alkyne-4-hydroxynonenal

ATGS5 autophagy-related 5

ATG7 autophagy-related 7

ATP5] ATP synthase, H" transporting, mitochon-
drial FO complex, subunit F

BECN1 Beclin 1, autophagy related

CcOox4I1 cytochrome c oxidase subunit 411

CQ chloroquine

DIV day in vitro

DNMIL dynamin 1-like

FCCP carbonyl  cyanide  4-(trifluoromethoxy)
phenylhdrazone

MAPILC3A/B  microtubule-associated protein 1 light chain 3
alB

MEFN1 mitofusin 1

MEN2 mitofusin 2

mtDNA mitochondrial DNA

MTOR mechanistic target of rapamycin (serine/thre-
onine kinase)

NDUFBS NADH dehydrogenase (ubiquinone) 1 S sub-
complex 8

OCR oxygen consumption rate

OPA1l mitochondrial dynamin like GTPase

PPARGCIA peroxisome proliferative activated receptor,
gamma, coactivator 1 o

SDHA succinate dehydrogenase complex, subunit A,
flavoprotein (Fp)

SOD2 superoxide dismutase 2, mitochondrial

SQSTM1 sequestosome 1

TFAM transcription factor A, mitochondrial

VDACI voltage-dependent anion channel 1
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