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Ketogenesis controls mitochondrial
gene expression and rescues
mitochondrial bioenergetics

after cervical spinal cord injury

in rats

Oscar Seiral2¢*, Kathleen Kolehmainen3$, Jie Liu, Femke Streijger', Anne Haegert®,
Stéphane Lebihan®, Robert Boushel* & Wolfram Tetzlaff%:?*

A better understanding of the secondary injury mechanisms that occur after traumatic spinal

cord injury (SCI) is essential for the development of novel neuroprotective strategies linked to the
restoration of metabolic deficits. We and others have shown that Ketogenic diet (KD), a high fat,
moderate in proteins and low in carbohydrates is neuroprotective and improves behavioural outcomes
in rats with acute SCI. Ketones are alternative fuels for mitochondrial ATP generation, and can
modulate signaling pathways via targeting specific receptors. Here, we demonstrate that ad libitum
administration of KD for 7 days after SCl rescued mitochondrial respiratory capacity, increased
parameters of mitochondrial biogenesis, affected the regulation of mitochondrial-related genes, and
activated the NRF2-dependent antioxidant pathway. This study demonstrates that KD improves post-
SCl metabolism by rescuing mitochondrial function and supports the potential of KD for treatment of
acute SClin humans.

The initial tissue damage that occurs after spinal cord injury (SCI) is followed by the activation of secondary
injury mechanisms, which ultimately worsen the long-term outcomes. Ischemia, excitotoxicity, inflammation
and energy failure are amongst these secondary mechanisms and lead to demyelination, neuronal death, and scar
formation'~. Indeed, this energy failure is partially caused by impaired mitochondrial function and an increase
in oxidative stress due to overproduction of reactive oxygen species (ROS)**. This increase in ROS production
partly accounts for the damage caused to proteins forming the mitochondrial electron transport system (ETS),
cell membranes and mitochondrial DNAS®. Interestingly, an imbalance of pro- versus anti-oxidative responses
to oxidative stress can reciprocally aggravate ROS production thereby increasing mitochondrial damage in a
potentially vicious cycle®. In that regard, the acute temporal changes that affect mitochondrial bioenergetics and
mitochondrial ROS production after SCI have been previously characterized!®-12.

The ketogenic diet (KD) is a high-fat, low carbohydrate diet. The fats from the diet are converted by hepatic
B-oxidation into ketone bodies which are used as alternative energy sources in the mitochondrial citric acid
cycle*1>1%, Alternatively, the ketone body beta-hydroxybutyrate (BHB) can also act as a signaling molecule by
binding to at least two cell surface receptors: HCA2 (hydroxycarboxylic acid receptor) and FFAR3 (free fatty acid
receptor 3)"°>"'7. While changes in signaling pathways have been identified for the niacin-mediated activation of
HCA2!>18-20 fewer studies have looked at the effects of BHB or KD-mediated activation of HCA2%'-2%, Whether
those pathways could trigger beneficial changes in the spinal cord bioenergetics after trauma is yet unknown.

Ketone bodies improve mitochondrial function in Parkinson’s, Alzheimer, amyotrophic lateral sclerosis,
epilepsy and neurotrauma'”?*-*2, In fact, a growing number of publications support the idea that a shift in energy
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metabolism towards ketogenesis and fatty acid oxidation may play a key role in controlling mitochondrial func-
tion and mitohormesis®. For example, acutely after traumatic brain injury (TBI) in rats, ketones increased the
expression of antioxidant enzymes preventing oxidative stress-mediated mitochondrial damage and improving
mitochondrial function®. Furthermore, in vitro work using cortical and hippocampal neurons suggests that
ketones reduce ROS production by increasing NADH oxidation® through activation of mitochondrial uncou-
pling proteins (UCPs)?*!; and the administration of PHB rescues H,0,-mediated deficits in coupled mitochon-
drial respiration in rat hippocampal neurons both in vitro and in vivo®. In the field of SCI, we have previously
shown that KD improves forelimb motor function and promotes neuroprotection in rodents after SCI**; and,
for example, in TBI neuroprotection has been also attributed to ketones after fasting®. Others have shown that
treatment with KD 2 weeks before cervical SCI attenuates oxidative stress by inhibition of class l HDACs*.
Similarly, the intra-spinal treatment with D-B-hydroxybutyrate for 2 weeks reduced inflammation and O, ~ and
H,O0, formation, increased ATP formation, and improved locomotor function in mice®. Despite the rapidly
growing research on the use of KD or ketone bodies after SCI, the mechanisms underlying its beneficial effects
are not well understood.

The overall goal of the study was to elucidate the possible mechanisms by which a ketogenic state may
be beneficial to counteract the mitochondrial bioenergetic dysfunction that occurs after SCI. We report that
administration of KD initiated after SCI restores mitochondrial bioenergetics. Overall our data show that KD
modulation of select kinases and transcription factors involved in the control of the cellular and mitochondrial
transcriptional and translational machineries together with the activation of anti-oxidant defence mechanisms
globally contribute to the rescue of mitochondrial bioenergetics after cervical spinal cord injury.

Results

Ketogenic diet induces ketosis in rats 7 days after SCl.  We first examined the effectiveness of the
Bioserv F5848 ketogenic diet (KD) in inducing ketosis in rats. This KD formulation (Fig. 1a) led to a significant
increase in blood B-hydroxybutyrate levels one week post SCI while at the same time glucose levels were signifi-
cantly reduced (Fig. 1c). As expected, a significant weight loss occurred during the first days post-injury (DPI).
However, the animals’ weights stabilized and recovered starting at 5 and 6 DPI. Interestingly, the animals that
were fed with KD showed a trend towards a better weight recovery 4 and 5 DPI when compared to the animals
fed with the control diet (CD). Weights from both groups were equal by 6 DPI (Fig. 1b).

Ketogenic diet rescues complex | and lI-driven respiration, improves complex IV activity and
increases complex |, Il and I1l protein expression following SCI.  To evaluate the possible benefits of
KD on energy metabolism following SCI we studied mitochondrial respiratory function and oxidative phospho-
rylation (OXPHOS) in the injured cervical spinal cord segments (Fig. 2a). For this, we used a substrate-uncou-
pler-inhibitor-titration protocol (see “Methods”) based on a previous report by Sullivan et al.'’. As expected, our
respirometry results showed an overall decline in mitochondrial respiration (oxygen consumption) at 7 DPL
Following SCI, mitochondrial respiration measured in the presence of malate, pyruvate, glutamate, succinate
and the uncoupler CCCP showed a significant decrease in Complex I (CI,) and Complex II (CIL,) respiration
(Fig. 2b). LEAK respiration measured after oligomycin addition to block ATP-synthase activity was significantly
decreased after injury in both treated groups, CD and KD. The decrease in LEAK after injury was not prevented
with the KD treatment (Fig. 2b). The ADP-stimulated OXPHOS for complex I showed greater variability and the
apparent differences observed between the uninjured group and the injured groups (CD nor KD) did not reach
significance. However, in the KD group, mitochondrial respiration with convergent electron supply through
Complex I and Complex II were significantly higher compared to the CD group (48.12% increase, p =0.028 for
CI; 76.07% increase, p=0.025 for CII). Mitochondrial respiration via Complex IV (CIV) also showed a signifi-
cant increase in the KD treated group after the complex was fully inhibited with sodium azide in order to con-
trol for oxygen consumption through autoxidation (or spontaneous oxidation) of tetramethylphenylenediamine
(TMPD) (35.82% increase, p=0.0469) (Fig. 2b). Although respiratory rates and control ratios were somewhat
low in the permeabilized spinal cord tissue compared to other tissues, previous literature reveals variability
in the rates between different models, tissues and cell types. The finding that respiration with addition of the
uncoupler CCCP showed only modest increases above coupled respiration indicates that tissues were sufficiently
permeabilized.

To confirm the increase in cytochrome c oxidase (Complex I'V) respiration, we decided to perform a colori-
metric enzymatic assay in tissue homogenates from a second cohort of animals with the exact same injury and
treatment conditions. Using this enzymatic approach we also saw significant changes in cytochrome c oxidase
activity between treatment groups (Fig. 2c). The decrease in cytochrome c oxidase activity after injury (52.17%
decrease, p=0.087) was reversed to almost uninjured activity levels in the animals treated with KD (Fig. 2c).
Similar results were observed when cytochrome c oxidase activity was measured in isolated mitochondria (See
“Methods” section) from the epicenter of the injury (Supplementary Fig. S4).

Additionally, in order to identify changes in protein expression levels of the ETS complexes after injury and
dietary treatment, a western blot analysis using a “total OXPHOS” antibody cocktail was performed in tissue
homogenates obtained from the epicenter of the injury (Fig. 2d,e). These blots revealed an overall significant
decrease in protein content at 7 DPI. Interestingly, the cords from the KD treated group showed a significant
rescue in expression of complexes I, IT and III compared to CD (68.8% increase, p <0.001 for CI; 16.36% increase,
p=0.003 for CII; and 60.12% increase, p <0.001) (Fig. 2d,e). No significant differences were observed in the pro-
tein content of complexes IV and V between the CD or KD groups, although there was a trend towards increased
complex IV expression with KD (p=0.0748) (Fig. 2d,e).
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Figure 1. (a) Table showing the control and ketogenic diets breakdown (%) (CD: F5960, Bioserv; KD:
F5848, Bioserv). (b) Experimental timeline and percentage weight change along the experiment. Data are
the means + SEM. ¢) Blood ketone (B-hydroxybutyrate) levels increased and glucose levels decreased when
consuming KD ad libitum. Data are the means+SEM. Student’s t-Student test.

Changes in mitochondrial markers after ketogenic diet treatment. We next asked whether KD
rescues mitochondrial function via activation of the mitochondrial biogenesis PGCla-SIRT3-UCP2 axis. An
increase in this axis by KD was recently shown in hippocampal neurons in vitro?s. We analyzed the expression
of voltage-dependent anion selective channel protein 1 (VDAC1/Porin) and peroxisome proliferator-activated
receptor y-coactivator-la (PGC-1a) by western blot and RT-qPCR respectively (Fig. 3). Our western blot analy-
sis showed a significant decrease in VDACI content in the injured spinal cords in both CD and KD groups one
week post-injury (Fig. 3a,b). Interestingly, treatment with KD significantly increased VDACI expression when
compared to the CD treated group (20.71% increase, p=0.0217). Furthermore PGC-1a mRNA levels showed
a trend towards an increase in the KD animals compared to the CD treated animals at 7DPI (p=0.101). This
trend that was no longer seen at 2-weeks post-injury, suggesting that the possible effect of KD may be transient
or time-dependent (Fig. 3c). Interestingly, our 2 weeks post-injury data also show a significant upregulation
in both injured groups (Fig. 3¢). In addition, using a histological approach, we wanted to evaluate if changes
in expression of mitochondrial markers were taking place in neurons located in the vicinities of the injury site
rostral and caudal to the injury (Fig. 3d,e). Interestingly, we observed a significant increase in the mitochondrial
import receptor subunit TOM20 (TOM20) immunofluorescence mean intensity in NeuN* cells both rostral
and caudal to the injury site (ipsilateral) when compared to the uninjured spinal cords (25% increase rostral,
p=0.0185 (CD); ~32% increase caudal, p=0.048 (CD) p=0.032 (KD)) . No difference between CD and KD
treated groups was found. The contralateral side (non-injured) did not show differences between any of the three
groups (Fig. 3d,e).

Transcriptional and translational regulation by ketogenic diet after SCI.  We further analyzed
whether the treatment with KD could regulate transcription factors and proteins associated with the general
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Figure 2. Mitochondrial respiration and western blotting analysis of the relative levels of the 5 OXPHOS
complexes. (A) Schematic representation of the mitochondrial Electron Transport System (ETS). Adapted from
“Electron Transport Chain”, by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templ
ates. (B) Quantification of mitochondrial respiration by high-resolution respirometry showing Oxygen flux
values of the respiratory states. OXPHOS: Representing the maximum oxidative phosphorylation in the presence
of metabolic substrates after the addition of ADP; LEAK respiration (proton leak): Mitochondrial respiration rate
in the presence of an ATP synthase inhibitor (Oligomycin); Complex I (CI) Maximum respiration: Maximum
respiration measured after addition of the uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
causing a depolarization of the cell membrane and leading to an increase in respiration; Complex II (CII)
Maximum respiration: Maximum respiration measured after inhibition of CI with Rotenone and the subsequent
addition of its substrate, Succinate; Complex IV (CIV) Maximum respiration: Maximum respiration estimated
after inhibition of Complex III with Antimycin A, and the subsequent addition of ascorbate and N,N,N',N'-
tetramethyl-p-phenylenediamine (TMPD) as proton donor substrates. Finally, NaN3 (Sodium Azide) was added
to block the respiratory chain by blocking ATPase and leaving the fraction of total respiration that is non-
mitochondrial, this value is subtracted from the Complex CV Maximum respiration in order to estimate the real
mitochondrial CIV respiration. Student’s t-Student tests. (C) Cytochrome C Oxidase (or Complex IV) activity
assay shows an increase in activity in the KD treated group. (D,E) Western blot of total OXPHOS proteins and
subsequent quantifications showing an increase in the protein levels in CI, CII and CII after KD treatment
versus the CD. One-way ANOVA, Tukey’s Post-hoc test. All data are mean + SEM.
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control of the transcriptional and translational machineries in the injured spinal cord (Fig. 4). Using spinal
cord homogenates, we first examined p44/42 MAPK (ERK1/2) and STAT3. Both kinases appear to play central
roles in mitochondrial regulation and it has been suggested that they are translocated to the mitochondria and
regulate the transcription of mtDNA**". Western blot analysis showed a significant decrease in phospho-p44/42
MAPK (ERK1/2) (Thr202/Tyr204) after SCI (56.6% decrease, p=0.001) (Fig. 4a,b). The phosphorylation analy-
sis of ERK1/2 revealed a significant increase in phosho-ERK1/2 in the KD group compared to the CD group
(118.52% increase, p<0.0001) (Fig. 4a,b). A significant increase in total STAT3 expression was observed in the
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Figure 3. Expression of mitochondrial markers after SCI. (a,b) Western blot and quantification using an
antibody against VDAC1/Porin, an outer mitochondrial ion dependent channel. One-way ANOVA, Fisher’s
LSD Post-hoc test. All data are mean+ SEM. (c) Relative gene expression of Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a). The expression levels of mRNAs were measured by real-time
PCR. Values represent relative expression levels of PGC1-a in uninjured rats (n=5) compared to the injured
spinal cord of KD rats (n=6) compared with CD rats (n=6). Two-way ANOVA, Tukey’s Post-hoc test. All data
are mean+SEM. (d,e) Example high magnification micrograph of the ventral horn of an uninjured spinal cord
stained with TOM20 (mitochondria), NF200 (Neurofilament) and NeuN (D). Intensity quantifications of the
mitochondrial import receptor subunit (TOM20) from randomly outlined NeuN* cells (n=9-12) (e). One-
way ANOVA, Fisher’s LSD Post-hoc test. All data are mean + SEM. Two different mitochondrial markers both
targeting outer mitochondrial membrane proteins were used due to its differential effectiveness in detecting
the target in western blots or in immunofluorescence. The blots from the same gels were cropped and rearranged
in the following order: Uninjured, Control Diet, Ketogenic Diet; to make them more clear and enhance reader’
understanding of the figure and the subsequent quantifications. Membranes were cut previous incubation with
primary antibodies in order to optimize limited sample use. Full-length blots/gels are presented in Supplementary
Fig. 5.

KD group compared to the CD group (93.22% increase, p=0.026). However, no significant changes in STAT3
phosphorylation levels after SCI nor between treatment groups was detected (Fig. 4a,b).

Next, we examined the phosphorylation levels of mMTORC and two of its well-known downstream effectors:
4E-BP11 and p70-S6K. Amongst many other roles, these kinases also regulate the nutrient and growth factor
protein biosynthesis in response to nutrient stimuli*'. Furthermore, ketone bodies have been shown to induce
mTORC inhibition in the hippocampus of rats fed with KD*2. While a significant decrease in total mTORC
content was observed after injury and this decrease was rescued by KD, we saw no differences in mTORC phos-
phorylation levels between KD and CD-treated groups (Fig. 4c,d). Despite no changes in mTORC activation after
injury, we did see changes in its downstream effectors. After SCI, the phosphorylation of the translation initiation
factor 4E-BP1 was remarkably increased in both CD and KD groups (253% increase, p <0.0001). However, no
differences were observed between the treatments (Fig. 4c,d). In contrast, the serine/threonine kinase p70-S6K
showed a considerable decrease in phosphorylation on Thr389 epitope after injury (82.91% decrease, p=0.0102)
(Fig. 4¢,d), and its phosphorylation was significantly increased after KD treatment when compared to the injured
group treated with the CD (167.38% increase, p < 0.005) (Fig. 4c,d).

We further studied the expression of the mitochondrial transcription factor A (TFAM). TFAM is a nuclear
DNA-encoded protein that binds to the mtDNA and promotes transcription®’. Our data show that in tissue
homogenates TFAM was significantly downregulated after injury (48.14% decrease, p=0.037); the treatment
with KD upregulated its expression to nearly uninjured levels (78.92% increase, p=0.04) (Fig. 4a, b).

Modulation of intrinsic mitochondrial components by ketogenic diet after SCI. In order to
study changes in the mitochondrial intrinsic signaling pathways after KD treatment, mitochondrial enriched
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Figure 4. Western blot analysis of mTFAM and members of the MAPK, mTOR and STAT signaling pathways
after KD treatment in spinal cord tissue homogenates. (a) Immunoblots showing an increase in ERK1/2
phosphorylation at the Thr42/44 epitope, increased mTFAM and total Stat3 expression in injured spinal cords
after KD treatment. (b) Quantifications of blots in (a). (c¢) Immunoblots showing an increase in p70-S6K
phosphorylation at the Thr202/Tyr204 epitope and an increase in total mTOR expression in injured spinal cords
after KD treatment. (d) Quantifications of blots in (c). One-way ANOVA, Fisher’s LSD Post-hoc test. All data are
mean = SEM. The blots from the same gels were cropped and rearranged in the following order: Uninjured, Control
Diet, Ketogenic Diet; to make them more clear and enhance reader’ understanding of the figure and the subsequent
quantifications. Membranes were cut previous incubation with primary antibodies in order to optimize limited
sample use. Full-length blots/gels are presented in Supplementary Fig. 5.

fractions from spinal cords were isolated by gradient centrifugation. Samples were analyzed by western blot and
normalized to total VDACI content (Supplementary Fig. S2a,b).

Phosphorylation of mitochondrial ERK1/2 was significantly increased after SCI (86% increase, p <0.01) (Sup-
plementary Fig. S2c,d). Although we did not see significant differences between treatment groups, the KD treated
group showed a slight trend towards a decrease in phosphorylation compared to the CD group (Supplementary
Fig. S2¢,d). STAT3 showed an overall increase in Ser-727 phosphorylation after injury. A significant increase
in STAT3 activity was seen after KD treatment when compared to the injured group and the CD treated group
(205.1% increase, p <0.001 and 57.18% increase, p =0.0294 respectively) (Supplementary Fig. S2¢,d). In isolated
mitochondria, mMTORC phosphorylation was not different between groups, consistent with the data obtained
from the tissue homogenate samples (Supplementary Fig. S2¢,d). In contrast, when we examined total protein
content, total mMTORC protein was remarkably higher after injury in the CD group compared to the uninjured
group (162.2% increase, p <0.01), while its expression levels after KD treatment were reduced to levels that
were comparable to the ones found in the uninjured group (Supplementary Fig. S2¢,d). The phosphorylation
levels of p70-S6K followed a similar pattern of phosphorylation to that seen with ERK1/2: a significant increase
in phospho-p70-S6K was observed after injury (88.5% increase, p=0.01) and a trend towards a reduction in
phosphorylation was seen in the KD treated group (p=0.07) (Supplementary Fig. S2¢,d). Similar to the mTORC
data from isolated mitochondria, these results differ from those observed in the tissue homogenate samples.
Furthermore, our western blot analysis showed a significant increase in TFAM expression in the mitochondria
that were isolated from the cords treated with KD.

A mitochondrial population of NRF2 has been described that forms a complex containing a KEAP1 dimer
and the mitochondrial histidine phosphatase PGAM5*4>. Recent data also suggest that NRF2 might protect
mitochondria from oxidative damage through direct interaction with the mitochondrial outer membrane*.
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Interestingly, our results showed a significant reduction in the levels of phosphorylated NRF2 in isolated mito-
chondria after injury (69.7%, p=0.0131); after KD treatment we observed a trend towards a partial rescue
(p=0.13) (Supplementary Fig. S2¢,d). These results point out the importance of studying the different protein
pools and populations from different organelles and compartments separately.

We further analyzed the effect of KD in modulating the expression of the ETS complexes in isolated mito-
chondria. Similar to the tissue homogenates, we saw an overall decrease in expression of Complexes I to IV after
SCI (Supplementary Fig. S2e,f). However, contrary to the tissue homogenate results, no statistical differences
were found in the expression levels between CD and KD treated samples. Even so, trends towards an increase in
expression in the KD group can be seen for CI and CII (Supplementary Fig. S2e,f).

Ketogenic diet reduces oxidative damage and induces activation of the NRF2-dependent
antioxidant pathway after SCl. ROS formation after trauma contributes to the pathogenesis associated
with SCI by affecting the mitochondrial respiratory system itself, and by inducing lipid peroxidation and pro-
tein nitration. Lipid peroxidation and protein nitration has long been known as a main contributor to sec-
ondary damage after SCI and it has been shown to increase after injury*’-*. Our histological data showed an
increase in lipid peroxidation and protein nitration using 4HNE and 3NT markers respectively at 7 days post
injury (Fig. 5a—f). Interestingly, when we compared the immunofluorescence mean intensity between treatment
groups, we observed a significant reduction of both markers in the KD group compared to the CD group in the
center of lesion (ROI) (17.2%, p=0.046 (4HNE); 12.3%, p=0.0047 (3NT)) area with most of the infiltrating
immune cells (Fig. 5a-d,f). However, this reduction was no longer significant when the intensity of the entire
contour of the ipsilateral side of the cord was measured, which included a large area with low signal (Fig. 5a,e).

ROS can also trigger activation of specific intracellular antioxidant pathways as a protective response to
injury®. In order to assess the activation of intracellular antioxidant mechanisms after KD treatment, we used
Western blots to quantify levels of phosphorylated (active) NRF2, an upstream transcription factor that regulates
the expression of several antioxidant genes (Fig. 5g,h) in tissue homogenates. Our results showed that while the
level of active NRF2 decreased after SCI (p=0.051), those levels were fully rescued by KD (Fig. 5g,h).

B-hydroxybutyrate (BHB) increases NRF2 activation after H,0,-induced injury and downregu-
lates p21 in non-H,0,-induced injury conditions in cortical neurons. B-hydroxybutyrate (BHB) is
the most abundant ketone body found in the blood as a result of exogenous KD ingestion®'. We used in vitro cul-
tures of primary cortical neurons to evaluate whether B-hydroxybutyrate (BHB) alone would be sufficient in pro-
moting an increase in NRF2 activity in response to cellular ROS production. Hence, H,0, (10 uM) was added to
the culture media to induce oxidative stress and initiate an antioxidative response. The cultures were incubated
with BHB (4 mM) alone or in combination with H,O, for 24 h (Supplementary Fig. S3a). Our immunofluores-
cence intensity analysis showed that addition of H,0, increases NRF2 activity—as shown by an increase in Ser-
ine 40 (S40) phosphorylation (162%, p <0.0001) (Supplementary Fig. S3b,d,g). Interestingly, when compared to
untreated cultures exposed to H,0, alone, the H,O, exposed cultures treated with BHB showed an even higher
increase in S40 phosphorylation (216.9%, p <0.0001) (Supplementary Fig. S3b,e,g). The treatment with BHB
alone had no effect on pNRF2 levels (Supplementary Fig. S3¢,g). Moreover, to further assess the effect of KD on
regulation of oxidative stress, we evaluated p21 intensity levels. p21 is a cyclin dependent kinase inhibitor (CDK)
that regulates multiple cellular processes such gene transcription, cell differentiation and apoptosis. p21 has been
also associated with a new protective role against oxidative stress in cells’>**. Our results showed that p21 expres-
sion in cortical neurons was significantly downregulated after BHB treatment (25%, p <0.001) (Supplementary
Fig. S3¢,f). Cortical cultures treated with H,O, showed a dramatic decrease in p21 immunofluorescent intensity
(83%, p<0.0001); this decrease was not prevented with addition of BHB (4 mM) (Supplementary Fig. S3d-f).

Ketogenic diet alters Citrate synthase activity and decreases Aconitase activity after SCI.  The
activities of the mitochondrial enzymes aconitase (AC) and citrate synthase (CS) were evaluated after SCI
as previous work linked AC and CS activity to the regulation of the cellular redox state in response to ROS
production®-’. Furthermore, it has already been established that ROS production increases after SCI'**. There-
fore, we analyzed the enzymatic activities of CS and AC in spinal cord homogenates after injury and treatment
with KD (Fig. 5i,j). Our activity assay showed a significant decrease in CS activity after injury in the animals that
were fed CD (45.37%, p <0.01). There was a trend (p=0.11) towards an increase in CS activity with KD treat-
ment. (Fig. 5i). Using a different cohort of animals, we measured CS activity of isolated mitochondria from the
injury site. Contrary to what we observed in tissue homogenates, CS activity in isolated mitochondria showed
a significant decrease in activity in the KD treated group, but no differences were found between the CD group
and the uninjured nor the KD group (Supplementary Fig. $4). After SCI, AC activity increased significantly in
the CD fed group (68.18%, p<0.01) (Fig. 5j) and KD treatment reduced AC to nearly uninjured levels (Fig. 5j).

Effects of ketogenic diet on expression levels of mMRNAs encoding proteins involved in mito-
chondrial metabolic and intracellular signaling pathways. RNA from the injured spinal cords was
analyzed from rats fed either a KD or a CD for a week. The microarray analysis indicated significant changes
(p<0.05) in gene expression for a total of 1018 genes (530 increased; 488 decreased). The data for all genes
detected as certain signals were deposited in the NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE159555. Amongst those genes, in Table 1 we show a subset of sig-
nificantly increased or decreased genes that includes genes associated with mitochondria, transcription and
translation, metabolic pathways and oxidative stress responses. We found increased levels of mitochondrial-
specific mnRNAs that either encode for different subunits of complexes of the ETS (Ndufa12, Nda6, Atp5I), or that
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Figure 5. Effect of KD and BHB treatments on oxidative stress in vivo. (a-f) Double immunostainings of

the spinal cord with the lipid peroxidation marker 4HNE and the protein nitration marker 3NT. Low-power
example image of a cross section of an injured cord treated with CD (a). Dashed white outline (contour) and
square (ROI) showing an example of quantified areas in (e-f). (b-d) High magnification example images of the
ROIs selected form the epicenter of the injury from uninjured, and injured cords after CD or KD treatment.
Intensity quantifications of the ipsilateral contour and ROI of the epicenter of the injury are shown in (e,f).
Uninjured (n=4), control diet, (n=4) and ketogenic diet (n=6); One-way ANOVA, Fisher’s LSD Post-hoc test.
Values are shown as mean+ SEM. (g,h) Spinal cord homogenates were subjected to SDS-PAGE followed by
western blot analysis using phospho-NRF2 antibody. Quantification is shown in (h). (i,j) Citrate synthase (CS)
and Aconitase (AC) activities were measured in spinal cord tissue homogenates from uninjured (n=3), control
diet, (n=4) and ketogenic diet (n=4) treated animals. The epicenter of the injury was used for the analysis in
the animals with SCI. The blots from the same gels were cropped and rearranged in the following order: Uninjured,
Control Diet, Ketogenic Diet; to make them more clear and enhance reader’ understanding of the figure and the
subsequent quantifications. Membranes were cut previous incubation with primary antibodies in order to
optimize limited sample use. Full-length blots/gels are presented in Supplementary Fig. 5. One-way ANOVA,

Fisher’s LSD Post-hoc test. Values are shown as mean + SEM.

encode for proteins associated with the assembly or synthesis of its components (Cog3 (p=0.055) and Cox11).
Moreover, the microarray showed increased and decreased expression of mitochondrial ribosomal proteins such
Mrpsi4 and Mrpl22 (up) and Ptcd3 (down); increase levels of Pdk4 that encodes for the pyruvate kinase respon-
sible for inhibiting pyruvate dehydrogenase, regulation of glucose-fatty acid homeostasis, and an increase in the

RNA encoding the outer mitochondrial membrane anti-apoptotic factor Bcl2.

Other interesting changes in gene expression were nuclear-coded genes linked to fatty acid and lipid metabo-
lism such Mttp, Fads6 and Pank]1, or genes associated with glucose homeostasis such Gegr and Glp2r (both mRNA
levels decreased). Furthermore, increasing mRNAs that encoded for transcription (Polr2f, Tceall) or translation
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Gene ‘ Gene name Fold change (Absolute) KD vs CD | P-value
Upregulated

Mitocondrial associated genes

Cog3 ger)r(lzpcr;nyldihydroxybenzoate methyltransferase (Synthesis of Coen- 1.8260276 p=0.055436
Nde NADH-ubiquinone oxidoreductase chain 6 (Complex I) 1.2989544 0.028589
Pdk4 Pyruvate dehydrogenase kinase, isozyme 4 1.2670953 0.028164
Coxll gOO;(lille)i};t\(;;:hrome ¢ oxidase assembly homolog (yeast) (Assembly of 1.243264 0.03916
Bcl2 B-cell CLL/lymphoma 2 1.2251029 0.009542
Ndufal2 ?)TADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 12 (Complex 12011336 0.014646
Tomm40b | Translocase of outer mitochondrial membrane 40 homolog B (yeast) 1.1915064 0.020061
Mrpsi4 Mitochondrial ribosomal protein S14 1.147669 0.015547
Gesh Glycine cleavage system protein H (aminomethyl carrier) 1.116142 0.029307
Mrpl22 Mitochondrial ribosomal protein L22 1.1113199 0.018437
Ssbpl Single-stranded DNA binding protein 1 1.1083369 0.035728
Atps] (Agfn:glr;t:ui\]s)e H + transporting, mitochondrial FO complex, subunit G 11060036 0.019063
Transcription, translation and metabolism associated genes

Mttp Microsomal triglyceride transfer protein 1.7323127 0.015456
Fads6 Fatty acid desaturase domain family, member 6 1.5089704 0.0251
Pankl Pantothenate kinase 1 1.2655075 0.044121
Nfyb Nuclear transcription factor-Y beta 1.2637761 0.016081
Polr2f Polymerase (RNA) II (DNA directed) polypeptide F 1.2126642 0.038375
Apoo Apolipoprotein O 1.2104626 0.015709
Teeall Transcription elongation factor A (SII)-like 1 1.163035 0.013797
Cyp2d4 Cytochrome P450, family 2, subfamily d, polypeptide 4 1.1584259 0.02751
Eif4e Eukaryotic translation initiation factor 4E 1.142376 0.030993
Oxidative stress related genes

Gsta5 ‘ Glutathione S-transferase Yc2 subunit 2.4397118 0.013714
Downregulated

Mitocondrial associated genes

Mitfrl Mitochondrial fission regulator 1 1.2446603 0.047542
Ptcd3 Pentatricopeptide repeat domain 3 1.2458737 0.047166
Inpp5b Inositol polyphosphate-5-phosphatase B 1.1909425 0.021694
Mpv17I2 MPV17 mitochondrial membrane protein-like 2 1.170515 0.012484
Bckdha Branched chain ketoacid dehydrogenase E1, alpha polypeptide 1.1625147 0.010577
Pitrm1 Pitrilysin metallopeptidase 1 1.1204993 0.034489
Gatm glycine amidinotransferase (L-arginine:glycine amidinotransferase) 1.1167421 0.013758
Transcription, translation and metabolism associated genes

Gegr Glucagon receptor 1.7509662 0.013298
Glp2r Glucagon-like peptide 2 receptor 1.3274169 0.010548
Stat6 Signal transducer and activator of transcription 6 1.2245467 0.041221
Oxidative stress related genes

Nrfl ‘ Nuclear respiratory factor 1 1.1174673 0.039902

Table 1. List of genes showing significant fold change in microarray. Selection of relevant genes from

the Agilent Microarray analysis from animals fed with KD compared to CD fed animals. Table shows the
mitochondrial related genes; transcription, translational metabolism genes; and oxidative stress associated
genes for which expression significantly changed (p <0.05) (with the exception of Cog3 that with a p=0.0554
was included in the selection as the gene we believe is relevant for the study).

(Eif4e) factors were found. In addition, genes that contribute to the cell defense mechanisms against oxidative
stress such Gsta5 (up) and Nrfl, (down) were also altered by KD.
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Discussion

The beneficial effects of KD in ameliorating the metabolic deficits associated with some neurological disorders
are widely recognized and accepted®®*. Ketone bodies can interact with specific receptors and trigger the activa-
tion of cell signaling pathways that have been shown to play important roles in models of stroke, Alzheimer’s,
Parkinson’s disease and Multiple Sclerosis®.

Our respirometry data show that KD rescues complex I and II driven O, flux in the injured spinal cord,
increases the total protein content of complexes I, IT and I1I in tissue homogenates, and increases cytochrome ¢
oxidase (or complex IV) activity at 7 days post injury. In fact, KD and low-carbohydrate diets have been shown
to upregulate expression and activity of components of the mitochondrial ETS complexes®, which together with
our microarray data and other results presented here suggest that modulation of transcription and the subsequent
protein upregulation are linked to a rescue in respiratory function after KD treatment.

Ketone bodies preserve the function of mitochondrial complexes after Traumatic Brain Injury (TBI)*, in
Purkinje cells in aged rats®, in a cellular model of mitochondrial Encephalomyopathy®?, and after a moderate
T9-T10 spinal cord contusion in mice*®. Moreover, TBI decreases mitochondrial content due to an imbalance
between mitochondrial biogenesis and mitophagy that in turn leads to deficiencies in energy metabolism®.
Our results show a trend towards an increase in the mRNA levels for the mitochondrial biogenesis regulator
PGC-1a, and an increase in protein content for the mitochondrial biogenesis marker VDACI after SCI in the
animals treated with KD. Surprisingly, at the 2 weeks after injury time-point, the data shows a major increase
in PCG-1a in both treated groups, suggesting that the injury itself might lead to a compensatory mechanism
in which a delayed increase in mitochondria biogenesis might compensate for an initial energetic deficiency.
The implications of this compensation, and if this increase in mRNA is truly translated into protein stills to be
determined. In regards to a proposed increase in mitochondrial biogenesis by KD, KD increases mitochondrial
mass in other neurological disorders such as epilepsy® and ischemic stroke®; and recent publications highlight
how mitochondrial biogenesis could be a potential pharmaceutical target to treat SCI**®’. VDACI has also
been linked to an increase in the transcription of multiple ETS complexes by interacting with TOM20, a com-
ponent of the receptor complex responsible for the recognition and translocation of cytosolically synthesized
mitochondrial pre-proteins or enzymes required to promote the activation of the transcriptional machinery of
the mitochondria®. This suggests that an increase in VDACI1 might concurrently promote the expression of
ETS complexes. However, it should be noted that the relationship between respiratory function and markers
of mitochondrial biogenesis is not always linked®”°. Interestingly, our histological analysis using TOM20, a
different mitochondrial marker, showed that the injury itself increases mitochondria density in neurons in the
intermediate grey/ventral horn area -similarly to what others have shown”'. However, there were no differences
in the expression between CD and KD in neurons indicating that they are unlikely to contribute to the overall
changes in mitochondrial content we observed in tissue homogenates after KD treatment. Although with a
generally low mitochondrial content compared to other mammalian cells’, inflammatory cells might be linked
to changes in mitochondrial content after neurotrauma. However, our observations suggest that they would not
be major contributors to the increase in mitochondrial density in our model. Indeed, growing evidences suggest
that KD or ketones might reduce inflammation’®, implying that a reduction in mitochondrial content after our
treatment should have been expected. It remains to be determined whether (1) other cells (i.e. inflammatory cells,
oligodendrocytes or astrocytes) in the lesion site (and vicinities) or/and increase in tissue sparing would show
differences and lead to changes in mitochondrial density; (2) if the improvements in mitochondrial respiration
that we observed in the injured cord may be partially associated with a global increase in total amount of mito-
chondria, or (3) what seems more likely, that activation of several signaling pathways involved in the regulation
of nuclear and mitochondrial transcription and translational in multiple cell types, as discussed further below.

Mitochondrial DNA (mtDNA) encodes for 13 subunits of the complexes composing the oxidative phospho-
rylation system (OXPHOS) or ETS™. Yet, mitochondria require nuclear DNA coding the remainder of constituent
proteins”. Extracellular signal-regulated kinase 1/2 (ERK1/2) is a serine/threonine kinase implicated in signal
transduction that is activated in response to growth factors and other intercellular messengers’. Interestingly,
ERK1/2 can regulate mitochondrial function’”-”. In HeLa cell cultures, activation of ERK1/2 leads to its inter-
action with VDACI in the mitochondrial outer membrane promoting its translocation into the mitochondrial
matrix. Once inside the mitochondrial matrix activated ERK1/2 interacts with the mitochondrial specific tran-
scription factor TFAM in order to promote the transcription of the ETS complexes*’. Our results show that
KD treatment induces an increase in ERK1/2 phosphorylation in spinal cord tissue homogenates, and TFAM
expression in tissue homogenates and isolated mitochondria. It is conceivable, that after activation, ERK1/2 is
translocated into the mitochondria via VDACI to bind to TFAM. However, this mechanism was not fully sup-
ported in this study as we were unable to detect ERK1/2 in the mitochondrial fraction. Since TFAM is a nuclear
encoded gene®, one possibility is that an increased availability of TFAM would also increase its translocation
into the mitochondria. Hence, an increase in ERK1/2 activation (and translocation) together with an increase
in mitochondrial TFAM could enhance the transcription of some of the ETS complexes in order to compensate
for the deficits observed after injury.

Similarly to ERK1/2, several studies have shown that STAT3 can also be found inside the mitochondria
(mitoSTAT3) where it regulates the activity of the ETS®'-%. For example, ciliary neurotrophic factor (CNTF)
enhances respiratory capacity, membrane potential and complex IV activity in sensory neurons via STAT3
signaling®”%, and cultured astrocytes lacking STAT3 show decreased mitochondrial function®'. However, the
precise mechanism by which STAT3 locally modulates mitochondrial function is unknown. Interestingly, some
findings suggest that STAT3 can directly interact with complexes I and II to regulate their activity®4. Our results
indicate that KD treatment increases total STAT3 content—but not the relative phosphorylation levels at Ser727-
in tissue homogenates. Interestingly, KD increases the amount of phosphorylated STAT3 (Ser727) in isolated
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mitochondria, which could be due to an increase in total STAT3 in the tissue homogenate driving the observed
increase in mitoSTAT?3 that would in the end contribute to an improvement in mitochondrial bioenergetics.
Clearly, the efficient function of the ETC requires complex layers of regulation (mitochondria-to-nucleus com-
munication and vice versa) to coordinate the expression of the different subunits, including a combination of
transcriptional coordination, sub-cytoplasmic localization of translation and the intricate assembly of the ETC
enzyme complexes®>.

KD was found to inhibit the mTOR pathway in liver and brain*. mTORCI regulates intracellular signaling
associated with protein synthesis and acts as a nutrient/energy sensitive regulator through, for example, activa-
tion of p70-S6K, a serine/threonine kinase that via S6 ribosomal phosphorylation leads to protein synthesis; and
inhibition of 4E-BP11, a member of the family of translation repressors®®2. Interestingly, our data indicate that
a7 day KD treatment after injury had no effects on PI3 kinase/Akt-dependent mTOR activation (Ser 2448), but
increased mTOR total protein content. Although our findings do not support an increase in activation through
KD, we cannot preclude that other epitopes such as the Ser2481 (autophosphorylation) could still be phosphoryl-
ated and active®. Interestingly, we observed different results between the two downstream effectors: p70-S6K and
4E-BP11. KD increased the phosphorylation of p70-S6K after injury but did not affect 4E-BP11 phosphorylation
levels. Several mechanisms such as association/dissociation of mTOR associated proteins or post-translational
modifications on mMTORC1 have been considered as possible mechanisms to explain such differential effects in
regulating its downstream effectors®***. mTOR and p70S6K are also found in mitochondria®>®’. Similar to our
observations in tissue homogenates, we found no differences in mTOR phosphorylation at Ser2448 after injury or
between treatment groups, but on the contrary there was an increase in total mTOR and p70-S6K phosphoryla-
tion in the mTOR mitochondrial pool after injury, both of which are reduced after KD treatment. This reduction
in total mTOR and phospho-p70-S6K in the mitochondrial pool after KD might contribute to a reduction of
ROS production as previously described®®, while the increase in the mTOR cytosolic pool might contribute to
an increase in nutrient-related protein translation®.

Two possible mechanisms could explain the differences in activities and expression of proteins and kinases
observed when comparing our tissue homogenate samples to our samples from isolated mitochondria; the first
one is the differential rate of kinase degradation by mitochondrial proteases, thus some kinases might have been
degraded faster than others'®; and the second is that some of those kinases might have been removed from
the mitochondria after the initial stimulation and downstream signaling activation as previously shown!?!. It
is increasingly recognized that proteins and kinases can be translocated to or associating with mitochondria,
modulating their differential expression in the mitochondrial pools versus the cytosolic pools (i.e. faster degra-
dation, different activation mechanisms, and different activity levels)!%% The detailed mechanisms on how these
kinases function or are interconnected after SCI or KD treatment would require further study.

Secondary damage after SCI is associated with an increase in oxidative stress'®9*1% An overproduction of
ROS leads to deficits in enzymatic activity, increase in lipid peroxidation, activation of apoptosis and activation
of the antioxidant response, which, together contribute to deficits in mitochondrial bioenergetics after trauma'®,
Similarly to a recently published work from Lu et al.'%, our data indicate that KD treatment decreases lipid
peroxidation (4-HNE) and protein nitration (3NT) at the center of the lesion -where most of the infiltrated
inflammatory cells are localized, and activates the NRF2-dependent antioxidant pathway after SCI in vivo and
in vitro. In response to stimuli, NRF2 detaches from KEAPI in the cytosol and translocates into the nucleus to
bind to the antioxidant response element (ARE) leading to the expression of antioxidant-associated genes'”’.
Furthermore, NRF2 increases the mitochondrial membrane potential and ATP levels, the rate of respiration
and the efficiency of oxidative phosphorylation'®®1%. Indeed, NRF2 plays a key role in regulating the balance
between mitochondrial function and the redox state of the cells by modulating the utilization of substrates for
mitochondrial respiration (NADH and FADH?2), which also appears to be important for the function of anti-
oxidant enzymes''?. Our data from isolated mitochondria show that KD treatment also induces NRF2 activa-
tion. NRF2 can associate with the mitochondria through a complex with KEAP1 and the mitochondrial outer
membrane serine/threonine kinase PGAMS5. Interestingly, PGAMS5 interacts with the antiapoptotic protein
BCL-XL"! suggesting that KD, through an increase in NRF2 might also be important in reducing apoptosis
after SCI. In addition, ROS production changes the activity of TCA cycle enzymes involved in the regulation of
cellular metabolism. In skeletal muscle aconitase (AC) undergoes oxidative modification and inactivation after
oxidative stress®!!2. Interestingly the opposite has been reported in the CNS where AC activity is increased
at 7 and 28 days after optic nerve transection in rats''. Similarly, our results show increased AC activity after
SCI at 7 DPI which was reduced by KD treatment. Hence, after SCI KD treatment could decrease AC activity,
increase citrate production and thus protect the mitochondria from more oxidative damage leading to recovery
of mitochondrial metabolism. These experimental differences also suggest that TCA enzyme function may differ
between tissues or after different types of insults.

Finally, our microarray data are in line with previous work from the brain''%, and as briefly commented at the
beginning of the discussion, supports the hypothesis that KD treatment after injury might overall regulate the
transcriptional and translational machineries (i.e. Eifée, MrpsI4, Nfyb) that control the expression of proteins
encoding subunits of some of the complexes (i,e Ndufal2), or proteins required for their assembly (i.e. Cox11);
which would contribute to the bioenergetic rescue after SCI. Additionally, our microarray data also indicate that
KD might promote activation of antioxidative stress pathways complementary to the NRF2 pathway, seen by the
up- and down-regulation of Gsta5 and NrfI respectively; and it implies that KD treatment triggers changes in
expression of genes encoding proteins with roles in the glucose-fatty acid metabolism as previously reported!!*!>.

In conclusion, our findings—see Fig. 6 for graphical summary- indicate that KD mitigates mitochondrial
oxidative damage and dysfunction in acute SCI. Furthermore, we provide new insights into the possible underly-
ing regulatory mechanisms through which KD ameliorates mitochondrial bioenergetics after spinal cord injury
(Fig. 6). Additional studies are necessary in order to evaluate whether these early metabolic changes are long
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«Figure 6. Graphical summary of the proposed mechanism of mitochondrial bioenergetics rescue and
activation of antioxidant pathways by ketogenic diet after SCI. After SCI, an increase in ROS production would
affect several complexes of the Electron Transport System (ETS) leading to a global dysfunction in cellular
bioenergetics. Treatment with KD would lead to an increase in ketone bodies that would bind to specific
receptors (i.e. HCA2, FFR2 or unknown). The activation of these receptors would trigger phosphorylation
of ERK1/2 and the increase in expression of Stat3 and mTOR . mTOR would regulate ribosomal translation
and the subsequent synthesis of proteins and growth factors that are nutrient-dependent. Simultaneously, an
increase in VDACI expression, might contribute to the translocation of phospho-ERK1/2 (and other essential
proteins) into the mitochondrial matrix where by binding the mitochondrial transcription factor (TFAM)
would lead to an increase mtDNA transcription and a subsequent expression of several components of the ETS
contributing to the mitochondrial bioenergetics rescue. Furthermore, the presence of the mitochondrial pools
of Stat3 and mTOR/p70-S6K would contribute to the activation of some of the complexes of the ETS and to
reduce ROS production inside the mitochondria. KD treatment would also increase activation of the NRF2-
dependent antioxidant pathway that not only would activate expression of antioxidant and DNA repair genes,
but whose mitochondrial-associated pool might also help reducing cellular apoptosis. Moreover, KBs might act
as an alternative substrate and promote neuroprotection. Overall, our data indicates that KD treatment regulates
mtDNA transcription, DNA transcription and ribosomal translation, which altogether contributes to the
improvement of mitochondrial bioenergetics after SCI. Created with BioRender.com.

lasting or if a long term exposure to ketone bodies, either via KD or ketone esters, might be necessary to sustain
these early beneficial effects in cell metabolism seen after SCI.

Methods

Experimental design and SCI.  All procedures involving animals were conducted according to the guide-
lines of the Canadian Council for Animal Care and were approved by the University of British Columbia Animal
Care Committee. We used 66 adult male Sprague-Dawley rats (~300 g at time of injury; Harlan Breeding Labo-
ratory), group-housed (21 °C; 12 h: 12 h light:dark cycle) and given ad libitum access to control rodent diet prior
to the injury. The injury was performed as we described previously in JoVE®. After a unilateral C5 laminectomy,
the dorsal processes of C4-C6 were held with a clamp and fixed in a frame tilted at a 22.5° angle. The contusion
force was set to 150 Kdynes using the Infinite Horizon impactor.

Micro-array. RNA extraction. Gene expression 7 days after SCI surgery was chosen to identify and char-
acterize changes between CD (n=4) and KD (n=4) treated rats. Total RNA was isolated from 5-mm segment
centered on the site of impact according to the instructions of the supplier using the miRvana miRNA isolation
kit (Ambion). RNA quantity and integrity were assessed by (Nanodrop ND-1000, Thermo Scientific, USA) and
microfluidics-based electrophoresis (Agilent 2100 Bioanalyzer, Agilent Technologies, USA), respectively. RNA
samples with OD 260/280 of approximately 2.0 and RIN = 8.0 were used for microarray experiments.

cRNA labeling and hybridization to microarrays. 'Whole-genome gene expression profiles of SCI rats treated with
a CD (n=4) or KD (n=4) were measured using a SurePrint G3 Rat GE 8 X 60 K Microarray ((G4858A-028279,
Agilent Technologies, Palo Alto, CA). A total of 200 ng of total RNA was used and labeled using the Low Input
Quick Amp Labeling Kit, One-Color (Agilent Technologies) with Cy3. The microarray was hybridized with the
targets for 17 h at 65 °C using a Gene Expression Hybridization Kit (Agilent Technologies), washed using Gene
Expression Wash Buffers Pack (Agilent Technologies), and scanned by a Microarray Scanner (G2565CA, Agilent
Technologies). All steps were performed according to the manufacturer (Agilent Technologies).

Data analysis. 'The data analysis was performed following the methodology previously described by Oliveira
et al.'””. The Feature Extraction Software v9.1.3.1 (Agilent Technologies) was used to extract and analyze the
assay signals and subsequently determine the signal-to-noise ratios from the microarray images. Microarray raw
data (.txt files) were imported into Rv. 3.0.1 (Team RDC, 2012) and analyzed with the Bioconductor (Gentleman
et al,, 2004) packages Agi4 x 44PreProcess and limma (Smyth, 2005). Briefly, after quality check, the microarray
probes were filtered and their median foreground intensity was normalized within and between arrays accord-
ing to Agi4 x 44Preprocess and limma user guides, respectively. Finally, the probes were tested for differential
expression using a linear model followed by Bayes moderated ¢-Student test (Smyth, 2005) for the comparisons
of interest. Genes with nominal p <0.05 were accepted to be differentially expressed. The data was deposited
in the NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE159555. Genes whose absolute fold change was > 1.1 were selected in Table 1.

RNA isolation and quantitative real-time polymerase chain reaction (Q-PCR). A 5 mm segment
of the ipsilateral side of the spinal cord centered on the impact site was removed for extraction of RNA. Total
RNA was extracted using a Trizol Reagent (Invitrogen, CA, USA) according to the manufacturers’ manual.
Quantitative PCR reactions were performed using the TagMan Fast Universal PCR Master Mix Kit (Applied Bio-
systems, CA, US)*. The mRNA for peroxisome proliferator-activated receptor-gamma coactivator la (PGC-1a)
was measured by real-time quantitative RTPCR using PE Applied Biosystems prism model 7700. Triplicate
reactions were run for each sample for both the gene of interest and the endogenous control (glyceraldehyde-
3-phosphate dehydrogenase; GAPDH). Results are presented as 2-dCt, where dCt was difference between cycle
threshold (Ct) values of GAPDH and gene of interest, a calculation that compensates for loading errors. Subtrac-
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Table of antibodies

Antibody Vendor Catalog Number | Dilution
Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) Cell Signaling 9101 1:500
Total OXPHOS Antibody Cocktail Abcam ab110413 1:1000
p44/42 MAPK (ERK1/2) Cell Signaling 9102 1:500
STAT3 Santa Cruz Biotechnology | sc-8019 1:500
STAT3-Ser727 Cell Signaling 91348 1:500
VDAC1 Abcam ab14734 1:1000
mTOR Cell Signaling 7C10 1:500
Phospho-mTOR Ser 2448 Cell Signaling D9C2

Phospho-p4E-BP1 Cell Signaling 94598 1:500
Phospho-p70 S6 Cell Signaling 92058 1:500
Actin Proteintech 60,008.1 1:10,000
Tubulin Abcam T8660 1:5000
p21 Santa Cruz Biotechnology | sc-6246 1:300
TOM20 Sigma-Aldrich WHO0009804M1 1:300
3NT Millipore 05-233 1:250
NF200 Sigma-Aldrich NO0142 1:500
4HNE Calbiochem 393207 1:400
NeuN Millipore ABN9OP 1:500
TFAM Santa Cruz Biotechnology | sc-166965 1:500
Phospho-NRF2 Abcam ab76026 1:1000

Table 2. List of antibodies, vendors and used dilutions.

tion of dCt of CD rats from dCt of KD rats gives the ddCt value that was used to calculate relative expression
levels in KD animals (2-ddCt) as previously described®.

Mitochondrial isolation, protein extraction and western blot analysis. The ipsilateral side of
the injured spinal cord segments (5 mm) were dissected out after 7 DPI and homogenized in ice-cold lysis
buffer containing 1 x protease inhibitor cocktail and phosphatase inhibitors. Mitochondria were isolated using
the Mitochondria Isolation Kit (Biochain. Catalog# KC010100, Newark, CA). The protein concentration from
the tissue homogenates and isolated mitochondria was determined using a BCA protein assay kit (Pierce). The
extracted proteins were analyzed in polyacrylamide-SDS gels and electro-blotted using PVDF membranes.
Some of the membranes were cut prior incubation with the antibodies. After blocking, the membranes were
probed overnight at 4°C with the rabbit anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti-Total
OXPHOS Antibody Cocktail, anti-p44/42 MAPK (ERK1/2), anti-STAT3, anti-STAT3-Ser727, anti-VDACI,
anti-phospho-NRF2, anti-TFAM, anti-mTOR, anti-phospho-mTOR (Ser2448), anti-phospho-p4E-BP1, anti-
Actin, anti-phospho-p70-SK6. Secondary fluorescent antibodies IRDye (800, 680CW IgG (H+L) (1:15,000, LI-
COR) were applied to the membrane and incubated for 1 h at room temperature. Blots were visualized using
Odyssey Fc Imaging System (LI-COR, Nebraska, USA). Densitometric analysis was performed using Image
Studio Lite Ver 5.2. For more detailed information about the antibodies used, see Table of Antibodies (Table 2) at
the end of the “Methods” section.

In vitro cultures, treatment, immunocytochemistry and immunohistochemistry. Cortical
neurons from C57BL/6 PO-P2 mouse pups were dissociated by combined trypsinization. Cells were placed in
24-well tissue culture dishes (Nunc, Roskilde, Denmark) on coated coverslips and grown for 7 DIV in Neu-
robasal A medium supplemented with N2 and B27. Cultures were treated then for 24 h with H,0, (10 uM,
Sigma-Aldrich), B-Hydroxybutyrate (BHB) (4 mM, Sigma-Aldrich) alone or a combination of both. Cultures
were stained with anti-p21, anti-phospho-NRF2 and anti-B-III-Tubulin, fixed with 4% PFA mounted in Fluoro-
mount (Vector Labs, Burlingame, CA, USA). The immunofluorescence intensities of the randomized confocal
(TCS SPII, Leica, Bannockburn, IL, USA) images (n=5) taken from each well were analyzed. A total of 14 rats
were perfused transcardially with PBS, followed by PFA 4%. The harvested spinal cords were post-fixed for
12-24 h and cryoprotected in a PBS-30% sucrose solution. The cords were subsequently snap frozen in tissue
freezing media for cryostat cryosectioning (20 um section thickness). A full set of sections of each harvested
cord was stained for each animal (200 um between sections). After thawing the sections, the following primary
antibodies were used against: TOM20, 3NT, 4HNE, NeuN, NF200, CD45, Iba-1, and GFAP. These were applied
overnight at room temperature. Secondary antibodies (1:500, Jackson) conjugated to DyLight 594, 488 and 647,
respectively, were applied for 2 h at room temperature. Digital images were captured with an Imager M2 micro-
scope (Zeiss, Jena, Germany) (Immunocytochemistry and Immunohistochemistry protocols as per used in our
previous publication''®). For the lipid peroxidation and protein nitration analysis, 2 different sections of the
epicenter of the lesion per animal were evaluated. The spline contour of the whole ipsilateral (injured) side of
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each section and a ROl in the center of the injury were selected for the intensity measurements. NeuN" staining
was used to identify neurons in the intermediate gray/ventral horn area, randomized 9-12 NeuN" cells were
outlined and assessed for intensity measurements (TOM20) from four different sections per animal rostral and
caudal to the injury (intensity values were averaged). The sections selected were the 4 closest sections to the
injury where we did not find neuronal loss. Next, 2 different sections where the injury was still present (rostral
and caudal, 1000-1200um from epicenter) were used to outline the injury site (GFAP was used as a reference)
and the intensities of the different markers (IBA1, CD45, TOM20) were assessed. The images were analyzed
using Zen Software (Zeiss). For more detailed information about the antibodies used, see Table 2 at the end of
the “Methods” section.

Enzymatic activities. Tissue homogenates or isolated mitochondria lysates from the epicenter of the injury
were used to quantify the activities of complex IV (Cytochrome C oxidase) as well as citrate synthase by spec-
trophotometry using the Cytochrome C oxidase Kit (Abcam, ab239711) and Citrate Synthase Assay Kit (Sigma,
CS0720) respectively. Citrate Synthase activity defined by the rate of change in the linear range per mg of protein
in tissue homogenates corresponding to the epicenter of the injury. Unit definition: 1 unit would oxidize 1 pmol
of reduced cytochrome ¢ per min at 25°C and pH 7.2.

Mitochondrial respiration. Mitochondrial respiration in permeabilized spinal cord segments was meas-
ured using high-resolution respirometry (Oroboros Instruments, Innsbruck, Austria). Experiments were per-
formed at 37 °C in respiration medium containing EGTA (0.5 mM), MgCl, (3 mM), K-lactobionate (60 mM),
taurine (20 mM), KH,PO, (10 mM), HEPES (20 mM), sucrose (110 mM), and BSA (1 g/1), with the addition
of mitochondrial substrates and inhibitors (Substrates-Uncouplers- and Inhibitors (SUIT) Protocol) to meas-
ure coupled and uncoupled respiration, flux through complex I and II, maximal respiration of the ETS, and
cytochrome oxidase (complex IV respiration). Mitochondrial respiration was expressed as weight-specific oxy-
gen flux (pmolO, s™! mg™) (See Supplementary Fig. S1 for an example of a tracing). Chamber oxygen levels were
maintained between 240 and 400 nmol ml™ to avoid O, limitation. b routine respiration was first measured, then
malate (2 mM), pyruvate (5 mM), and glutamate (10 mM) were added to measure LEAK respiration (respiration
due to proton leakage and the circuit of electrons and cations that is not dependent on ATP synthase activity).
ADP (2.5 mM) was then added to measure NADH-dependent coupled respiration through complex I, followed
by Oligomycin (2.5 uM) to measure LEAK respiration at high membrane potential during inhibition of ATP syn-
thase. Complete, non-physiological uncoupled respiration of the ETS was measured with the titration of carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (CCCP) (0.5+0.5 uM). After complex I inhibition with rotenone
(0.5 uM), succinate (10 mM) was added to measure reduced flavin adenine dinucleotide (FADH,)-dependent
complex II respiration. Residual oxygen consumption (ROX) attributed to non-mitochondrial respiration was
measured with addition of Antimycin A (2.5 uM) to inhibit complex III of the ETS. Finally, ascorbate (2 mM)
and N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (TMPD) (0.5 mM) were added to measure
the isolated respiratory rate of cytochrome oxidase (complex IV respiration) (See Supplementary Fig. S1 for the
quantification of the oxygen flux after sequential titration of the components in our SUIT Protocol).

Statistical analysis. Statistics were analyzed by using the GraphPad Prism version 6.0.0 for Windows
(GraphPad Software, San Diego, California USA, www.graphpad.com). The Shapiro- Wilk test was performed
to determine the normality of the data. Wherever appropriate, an unpaired Student’s t-test , one-way or two-way
ANOVA, followed by Turkey’s or Fisher’s LSD post hoc comparisons test were used to determine differences
between group mean values. Each test used is specified in the figure legends. Data are expressed as means + SEM.
The minimum level of statistical significance was set at P <0.05.
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