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Summary

Glucose is the main energy source of the brain, yet
recent studies demonstrate that fatty acid oxidation
(FAO) plays a relevant role in the pathogenesis of
central nervous system disorders. We evaluated FAO
in brain mitochondria under physiological conditions,
in the aging brain, and after stroke.

Using high-resolution respirometry we compared
medium-chain (MC, octanoylcarnitine) and long-chain
(LC, palmitoylcarnitine) acylcarnitines as substrates
of B-oxidation in the brain. The capacity of FA
oxidative  phosphorylation (F-OXPHOS) with
palmitoylcarnitine was up to 4 times higher than
respiration with octanoylcarnitine. The optimal
concentration of palmitoylcarnitine was 10 pM which
corresponds to the total concentration of LC
acylcarnitines in the brain. Maximal respiration with
octanoylcarnitine was reached at 20 pM, however, this
concentration exceeds MC acylcarnitine
concentrations in the brain 15 times. The protocols
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developed avoid FAO overestimation by malate-
linked anaplerotic activity in brain mitochondria. F-
OXPHOS capacity was highest in mouse cerebellum,
intermediate in cortex, prefrontal cortex, and
hypothalamus, and hardly detectable in hippocampus.
F-OXPHOS capacity was 2-fold lower and
concentrations of LC acylcarnitines were 2-fold higher
in brain of aged rats. A similar trend was observed in
the rat model of endothelin-1-induced stroke. In
conclusion, although FAO is not a dominant pathway
in brain bioenergetics, it deserves specific attention in
studies of brain metabolism.

1. Introduction

Brain function depends on aerobic mitochondrial energy metabolism of glucose,
lactate, and ketones, but the role of fatty acid oxidation (FAQ) is controversial. Fatty acids
are both transported and metabolized in the brain 12. The pattern of core energy
metabolism differs among cell types: FAO occurs in astrocytes but not in neurons 34. A
high-fat diet increased the levels of lipids and reduced cytochromes in astrocytes but not
in neurons of mice >.

Acyl-CoA are formed in the cytosol, which are then available for further metabolic
reactions, including the formation of acylcarnitines by exchange of CoA with carnitine by
carnitine palmitoyltransferase 1 (CPT1). A liver-type CPT1A isoform is found in
astrocytes 3. Acylcarnitines can be transported to other cells or enter mitochondria
through carnitine acylcarnitine translocase (CAT) located in the mitochondrial inner
membrane (mtIM) ¢. In the mitochondrial matrix, acylcarnitine is converted into acyl-CoA
by CPT2. In healthy mitochondria, acyl-CoA is immediately broken down into acetyl-CoA
in the B-oxidation cycle, further oxidized in the TCA cycle, and finally in the membrane-
bound electron transfer system (membrane-ETS).

B-oxidation is initiated in the mitochondrial matrix by acyl-CoA dehydrogenases
(ACADs), which dehydrogenate acyl-CoA, reducing the enzyme’s FAD prosthetic group to
FADH2. Further H*-linked electron transfer is mediated by electron-transferring
flavoprotein (ETF)7 reducing FAD in the electron-transfer flavoprotein ubiquinone
oxidoreductase (ETF-QO or ETFDH) 89. ETFDH is effectively an integral membrane-ETS
Complex (CETFDH) that catalyzes the reduction of coenzyme Q 10-13

Many pathways converge at the Q-junction, to reduce the electron transfer system-
reactive CoQ (Q) ™. Q is oxidized by Complex III (CIII), after which the electrons are
transferred to cytochrome c and sequentially to Complex IV, which reduces Oz to H20. This
allows measurement of FAO by respirometry 15.

B-oxidation generates NADH from the 3-hydroxyacyl-CoA dehydrogenase reaction in
the mitochondrial trifunctional protein (TFP or MTP), which receives the products from
various ACADs 16. NADH is oxidized by Complex I (CI), which reduces Q. In this way, FAO
depends on two different entries of electrons into the membrane-ETS through ETF into
CETFDH and NADH into CI. 11

Acetyl-CoA is produced during each [-oxidation cycle when the FA chains are
shortened by 2 carbons. Acetyl-CoA enters the TCA cycle through condensation with
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oxaloacetate by citrate synthase. To avoid acetyl-CoA accumulation, which would block
FAO, the addition of malate is necessary in respirometry with mitochondrial preparations,
to provide oxaloacetate by malate dehydrogenase 1217. However, it is little discussed in
the literature that the presence of mitochondrial malic enzyme might pose a problem
when using malate for FAO analysis: this enzyme, involved in anaplerosis, converts malate
into pyruvate, thus enabling the TCA cycle enzymes to produce NADH independent of
FAO. This leads to overestimation of FAO. Therefore, careful assessment of protocols is
required to quantify FAO accurately by respirometry 18,

With high-resolution respirometry (HRR), it is possible to measure FAO in
mitochondrial preparations such as isolated mitochondria, tissue homogenate,
permeabilized cells, and permeabilized fibers. Different FA of varying length or
conjugated to CoA or carnitine can be used to measure FAO capacities. FAs can be divided
by chain length into short-chain (SC, 2-5 carbons), medium-chain (MC, 6-12 carbons),
long-chain (LC, 13-20) and very long-chain (VLC, >21 carbons) FA. While SC and MCFA
can enter the mitochondrial matrix, LCFA must be bound to carnitine by carnitine
acyltransferase to enter the mitochondrial matrix 1°. Thus, acylcarnitines are frequently
employed to study mitochondrial FAO. Combinations of acyl-CoA and carnitine are used
less frequently, as the reaction of carnitine acyltransferase (carnitine
palmitoyltransferase, CPT-1) is considered a regulatory node controlling FAO rates 20.

It is widely hypothesized that neurons receive metabolic support from astrocytes by
delivering metabolites such as ketones, acetyl-CoA, and acylcarnitines that are taken up
and utilized by neurons 21. Thus, metabolic processes in neurons depend on FAO in
astrocytes that generate a variety of metabolites. While several methods have been
developed to assess metabolism in the brain in vivo 22, ex vivo analyses are complementary
to investigate metabolism and test interventions.

Several studies have shown that plasma/serum levels of acylcarnitines, especially MC
and LC acylcarnitines, are elevated in patients with diabetes mellitus, cancer, heart failure,
and septic shock ©23. The content of LC acylcarnitines in adult and aged male mice is
elevated after stroke, and LC acylcarnitines accumulate in the brain with aging 24
However, the physiological and pathological roles of MC and LC acylcarnitines in brain
tissue mitochondrial function are unknown.

In the present study, we evaluated the effect of MC and LC acylcarnitines on FAO and
their contribution to mitochondrial brain respiration. We compared different mouse
tissues, brain regions, and brain from different species. Finally, we determined the effect
of ischemia and aging on FAO in brain.

2. Materials and Methods
2.1. Chemicals

Endothelin-1 (ET-1), isoflurane, oxygen and nitrous oxide gases, tramadol, and sterile
0.9 % NaCl solution (saline) were purchased from Tocris Bioscience (Bristol, United
Kingdom), ABOTT (Maidenhead, Great Britain), AGA (Riga, Latvia), KRKA (Novo mesto,
Slovenia) and Fresenius Kabi (Warszawa, Poland), respectively. All other reagents were
purchased from Sigma-Aldrich (Schnelldorf, Germany).

www.mitofit.org 3
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2.2. Animals

All animal care and experimental procedures complied with the guidelines reported
in EU Directive 2010/63/EU and with local laws and policies and were approved by the
Ethics Council of Animal Protection at the Veterinary and Food Service, Riga, Latvia
(ethical approvals No.82 and 83) or were conducted following the Austrian Animal
Experimentation Act (Tierversuchsgesetz 2012; Directive 2010/63/EU; BMWFM-
66.011/0128-WF/V/3b/2016).

Male Sprague-Dawley outbred rats or male inbred Wistar rats were purchased from
Envigo, Netherlands. C57bl/6N inbred mice were purchased from the Laboratory Animal
Centre, University of Tartu (Estonia). The mice and rats were housed in separate rooms
in individually ventilated cages (three rats per cage or five mice per cage), under standard
conditions (21-23°C, 65% * 10 % relative humidity, 12 h light-dark cycle) with
unlimited access to standard food (R70 diet, Lactamin AB, Stockholm, Sweden) and water.

C57bl/6N wild-type young adult mice (male and female) were also obtained from the
animal facility of the Medical University of Innsbruck and were housed in clear plastic
cages (maximum five mice per cage) at 23 * 3 °C under a 12/12 h light/dark cycle with
access to food and water ad libitum.

C57BI/6N 3 months old mice were used to compare MC and LC acylcarnitines as FA
substrates and the FAO-dependent Oz flux in different tissues and various brain regions.

CSORC strain Drosophila melanogaster wild-type flies, originated from crossing of
CantonS and OregonR-C flies (Bloomington Drosophila Stock Center, Bloomington, IN,
United States), were kept at 25 °C in an incubator with 60 % humidity on a 12/12-hour
light/dark cycle. The flies were fed with Jazz-Mix Drosophila food with the addition of
8.3 % yeast extract (both from Fisher Scientific, Waltham, MA, USA).

Animal model of aging: To compare the brain energy metabolism of adult and aged
rats, a natural aging model was chosen. For this experiment, we set two experimental
groups (N=6 each): adult (8 months) and aged (20 months) Wistar rats. As the groups
were supposed to differ significantly in age, Wistar rats were ordered from the same
vendor with a time gap of 12 months and were housed under standard conditions. After
reaching the specified age, the animals were sacrificed, and brain tissues were collected
to analyze FAO and the acylcarnitine profile in brain homogenates.

Animal models for transient middle cerebral artery occlusion (MCAQ): The
Sprague-Dawley 8-10 week old rats were divided into experimental groups with N=4
each: sham-operated, and ET-1-induced MCAO rats with brain tissue collected 2 or 24
hours after.

The vasoconstrictive peptide ET-1 was used to induce MCAO 25. Briefly, the rats were
anesthetized with 5 % isoflurane in a mixture of nitrous oxide and oxygen (30:70), and
anesthesia was maintained with 2 % isoflurane using a face mask. The depth of anesthesia
was monitored by toe pinch. After that, the rats received a subcutaneous injection of
tramadol (10 mg-kg1) and were placed in a stereotaxic device (Stoelting Europe, Dublin,
Ireland). A midline incision was made in the skin above the bregma, the skull was cleaned
of surrounding tissue, and a small hole was drilled in the skull using a micromotor High-
Speed Drill (Stoelting Europe, Dublin, Ireland). The stereotaxic coordinates for ET-1
microinjection were (relative to the bregma): 0.2 mm anterior, 5.1 mm lateral, and
8.2 mm ventral. These coordinates are adjacent to the middle cerebral artery (MCA) in the
piriform cortex as described previously 26. ET-1 solution at a dose of 50 pmol-L-1 was
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injected at 1 pL-min! using a 10 pL Hamilton syringe with a 26 s-gauge needle for
3.2 minutes, resulting in 160 pmol of ET-1 injected. Prior to slow withdrawal, the needle
was left in the injection site for 3.5 min to prevent backflow of ET-1. The sham-operated
animals were subjected to the same surgical procedure, and saline was used for
microinjection.

After MCAO induction, brain tissue was collected for further analyses to detect
mitochondrial function in risk and non-risk areas as well as acylcarnitine levels in the
brain.

2.3. Determination of the acylcarnitine profile in brain tissue

The carnitine concentration and acylcarnitine profile in the brain homogenates were
determined with ultra-performance liquid chromatography-tandem mass spectrometry
(UPLC/MS/MS) 2 and 24 hours after ET-1-induced MCAO or at the endpoint of the aging
experiment 27.28, The concentration of measured compounds was expressed as nmol-mg-
1 of wet tissue mass.

2.4. Sample preparation for respirometric analyses

Mouse and rat tissues were collected in ice-cold BIOPS (10 mM Ca2+-EGTA - 0.1 uM
free Ca?*, 20 mM imidazole, 20 mM taurine, 50 mM K+*-MES, 0.5 mM dithiothreitol,
6.56 mM MgClz, 5.77 mM ATP, 15 mM phosphocreatine, pH 7.1 adjusted with KOH) 2°.
Brain and kidney tissue homogenates were prepared using a Teflon-glass pestle with
mechanical homogenizer at 200 rpm, 10 strokes, at a wet mass concentration of
80 mg-mL-1 with mitochondrial respiration medium MiR05 (0.5 mM EGTA, 3 mM MgCl,
60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose,
1 g-L-1 BSA essentially free of FAs; pH 7.1) 30. Homogenate (25 pL) was added to the
respirometric chambers to obtain a final concentration of 1 mg-mL-1. When indicated,
protein was determined following the Lowry method 3! and used for normalization of the
data.

Cardiac fibers were permeabilized with saponin (50 pug-mL-1) in a modified BIOPS
buffer (20 mM imidazole, 0.5 mM dithiothreitol, 20 mM taurine, 7.1 mM MgClz, 50 mM
MES, 5 mM ATP, 15 mM phosphocreatine, 2.6 mM CaK2EGTA, 7.4 mM K2EGTA; pH 7.0) for
15 minutes 32. Between ~1.5-2mg of fibers (wet mass) was transferred to the
respirometric chambers.

Drosophila brains were dissected according to a previously published protocol 33- The
same modified BIOPS buffer described above was chosen for brain dissection to preserve
mitochondrial function until respirometric analysis, 10-12 brains were used per
respirometric chamber and the data was normalized per wet mass.

2.5. High-resolution respirometry

Mitochondrial respiration was measured at 37 °C (mouse, rat) or 25 °C (Drosophila)
using 02k high-resolution respirometers (Oroboros Instruments, Innsbruck, Austria)
with 2 mL chambers with MiRO5 supplemented with 20 mM creatine 34 Several
substrate-uncoupler-inhibitor titration (SUIT) protocols were used:
https://wiki.oroboros.at/index.php/FAT4BRAIN FAO-mito-CNS platform (retrieved on
2023-11-20).
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For experiments with brain homogenate with different acylcarnitines and malate
kinetics, the protocols SUIT-036, 037 and 038 with Pal, Oct and carrier, respectively, were
used: after sample addition to the chambers, ADP was added at 5 mM, to stimulate
oxidation of residual endogenous substrates (REN state). Afterwards, malate 0.1 mM was
added, followed by palmitoylcarnitine (Pal) or octanoylcarnitine (Oct) (10 or 20 uM,
respectively, if not stated otherwise) to measure FAO-dependent OXPHOS capacity (F (N)-
pathway) 18. In one group, acylcarnitine was substituted by the carrier, H20. Cytochrome c
10 pM was added to test the integrity of the mitochondrial outer membrane (mtOM).
Further titrations with malate (final concentrations of 0.2, 0.5, 1.0, and 2.0 mM) were
performed, and pyruvate 5 mM was added supporting NADH-linked respiration (FN-
pathway). Glutamate 10 mM was added as an additional substrate for the N-pathway.
Succinate (10 mM and later 50 mM final concentration) was added to reconstitute
convergent respiration through the FNS-pathway. Glycerophosphate 10 mM was added
to support glycerophosphate dehydrogenase Complex-linked respiration (FNSGp-
pathway). Stepwise titrations (0.5 uM) of the uncoupler carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) were performed to determine the electron transfer (ET) capacity at
optimum uncoupler concentration. Rotenone 0.5 pM, a CI inhibitor, was added to
determine the SGp-pathway ET capacity. Finally, antimycin A 2.5 uM, a CIII inhibitor, was
titrated to determine residual oxygen consumption (Rox), which was used to correct all
respiratory rates.

To evaluate the optimal concentration of acylcarnitine, after titration of ADP 5 mM
and malate 0.1 mM, increasing concentrations of palmitoylcarnitine or octanoylcarnitine
were titrated (with final concentrations of 10, 20, and 50 uM), followed by cytochrome c
10 puM, malate 2 mM, pyruvate 5 mM, glutamate 10 mM, succinate 10 mM, rotenone
0.5 mM and antimycin A 2.5 pM (SUIT-041).

For experiments comparing different mouse tissues, the brains of different species,
and the MCAO and aging models, a shortened version of the protocol was used with the
following sequential titrations: ADP 5 mM; malate 0.1 mM; carnitine 100 uM;
palmitoylcarnitine 10 upM, malate 2 mM, pyruvate 5mM, glutamate 10 mM,
succinate 10 mM, uncoupler (CCCP) up to the optimum concentration (highest 02 flux);
rotenone 0.5 pM; and antimycin A 1.5 puM (SUIT-039). To compare brain substructures, a
variation of this protocol was used, with the addition of glycerophosphate 10 mM before
or after succinate (SUIT-040).

To determine the contribution of each substrate to the respiratory rate, the flux
control efficiency (Jz-v) was calculated (Equation 1) 12:

Jzv=1-Yx/Zx, (D

where Zx is the reference state with high (stimulated or uninhibited) flux and Yx is the
background state at low flux, upon which the metabolic control variable, X, acts. This
allowed to analyze whether the presence of the acylcarnitines impacted the next
measurements of the protocol, the flux control efficiencies of the FN-, FNS-, FNSGp- and
SGp-pathways.

2.6. Statistical analysis

All results are expressed as the mean * standard deviation (SD). Student’s t test, one-
way ANOVA, or two-way ANOVA was used depending on the number of groups, as stated
in the figure legends, p values are described in the figures or tables in supplementary
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material. The statistical calculations were performed using the GraphPad Prism 10.0
software package (GraphPad Software, Inc., La Jolla, California, USA).

Flux control ratios were calculated for all brain regions studied as the slope of an
inverted linear regression with zero intercept 3.

3. Results

3.1. A high-resolution respirometry protocol to analyze fatty acid oxidation in
brain tissues

FAO of mouse brain was compared using octanoylcarnitine and palmitoylcarnitine as
MC and LC acylcarnitines. The F-OXPHOS capacity was calculated by subtracting the O2
flux after the low concentration of malate from the 02 flux after titration of FAO
substrates:

F-OXPHOS capacity = Jra - Jmo.1 (2)

The optimum concentration for maximum Oz flux was 20 uM of octanoylcarnitine, and
10 uM of palmitoylcarnitine. The maximum Oz flux with palmitoylcarnitine was 4 times
higher than with octanoylcarnitine. However, 20-50 uM palmitoylcarnitine inhibited
respiration (Figure 1). Optimal concentrations were used in further experiments.

h
o

F-OXPHOS / [pmol-s™'-mg™]

0 10 20 30 40 50
acylcarnitine concentration / [uM]

Figure 1. Optimal concentrations of acylcarnitines for fatty acid oxidation (FAO) F-
OXPHOS capacity of mouse brain homogenate. Octanoylcarnitine (Oct, squares) or
palmitoylcarnitine (Pal, triangles) were titrated stepwise in the presence of ADP 5 mM
and malate 0.1 mM. The F-OXPHOS capacity was normalized by tissue wet mass and
calculated from the O2 flux after each acylcarnitine titration, Jra, subtracting the preceding
02 flux in the absence of acylcarnitine, /mo.1. Average = SD; N=2 mice, measured in
duplicate, n=2.

Figure 2a shows a representative trace of the SUIT protocol used to compare F-
OXPHOS capacity (Fp) with respiration stimulated by sequentia titrations of NADH-linked
substrates (FNp), succinate (FNSp), glycerophosphate (FNSGpr), followed by uncoupler
titrations to determine the ET capacity (FNSGpk). Figure 2b is a zoom into the section of
the F(N)-pathways to visualize the increase in Oz flux after palmitoylcarnitine titration.

The same protocol was applied with palmitoylcarnitine and octanoylcarnitine and the
carrier H20 as a control, expressing Oz flux per wet tissue mass (Figure 3a and 3b). The F-
OXPHOS capacity with palmitoylcarnitine was higher than with octanoylcarnitine
(Figure 3c), consistent with the previous experiment (Figure 1). Palmitoylcarnitine but
not octanoylcarnitine inhibited OXPHOS capacity supported by pyruvate as shown by the
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flux control efficiencies (Figure 3d). Glutamate feeds into the TCA cycle and generates
NADH in the mitochondrial matrix, independent of pyruvate. The fact that glutamate
restored N-pathway OXPHOS capacity in the presence of palmitoylcarnitine points to an
inhibitory effect of palmitoylcarnitine specifically on pyruvate oxidation. Both
acylcarnitines did not exert a disruptive effect on the mtOM, as shown by unchanged
cytochrome c flux control efficiencies (Figure S1).
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Figure 2. High-resolution respirometry with substrate-uncoupler-inhibitor-
titration (SUIT) protocol for measuring fatty acid oxidation (F-OXPHOS capacity)
and malate Kkinetics. Representative traces with mouse brain homogenate. The blue line
shows the 02 concentration in the chamber, while the red line depicts the O2 flux per
protein concentration. Sections of OXPHOS capacity, P, and electron transfer (ET)
capacity, E, are indicated by green and blue bars, respectively. Residual endogenous
respiration (Ren) and residual oxygen consumption (Rox) are shown by black bars. (a)
Electron-transfer pathway states are marked by gray bars, where F, N, S and Gp indicate
fatty acid oxidation-, NADH-, succinate-, and glycerophosphate-linked respiration,
respectively. Titrations are indicated by vertical lines: tissue homogenate thom; ADP 5
mM; cytochrome ¢ 10 pM; malate (concentrations indicated in mM); pyruvate 5 mM;
glutamate 10 mM; succinate (concentrations in mM); uncoupler U (concentrations in uM);
rotenone 0.5 pM Rot and antimycin A 2.5 pM. (b) Magnified view from panel (a)
highlighting FAO-related Oz2 flux.
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Figure 3. OXPHOS and ET capacities including fatty acid oxidation (FAO) in mouse
brain homogenates. O: flux per tissue mass, corrected for residual oxygen consumption
measured in the presence of the CIII inhibitor antimycin A. (a) First part of the protocol
(Fig. 2b), titration sequence: ADP; malate 0.1 mM, MO0.1, acylcarnitine or carrier (H20) as
indicated in the box (carrier, circle; octanoylcarnitine, square; palmitoylcarnitine,
triangle); cytochrome c; and malate from 0.2 to 2 mM, M0.2 to M2. (b) Second part of the
experiment (Fig. 2a), titration sequence: malate M2; pyruvate P; glutamate, G; succinate S
(10 and then 50 mM); glycerophosphate Gp; and rotenone, Rot. (¢) F-OXPHOS capacity
using the optimal concentrations of octanoylcarnitine (Oct, 20 uM) or palmitoylcarnitine
(Pal, 10 uM) compared to carrier (H20). (d) Flux control efficiencies in the presence or
absence of acylcarnitines. Mean + SD of 4-5 independent measurements. Two-way
ANOVA was used for the statistics in (d); unpaired Student’s t test was used in (c), p values
are shown.

Malate Kkinetics: In the presence of ADP, cytochrome c, and absence of fuel substrates
(carrier H20 as a control for acylcarnitines), titration of malate from 0.1 to 2 mM increased
respiration in mouse brain homogenate (Figure 4a). This indicates the activity of the FAO-
independent malate-anaplerotic pathway. Subtracting these control rates at each malate
concentration from the malate kinetics in the presence of palmitoylcarnitine or
octanoylcarnitine revealed that maximum F-OXPHOS capacities were obtained at a
kinetically saturating concentration of 0.1 mM malate (Figure 4b). This provided the
rationale for a slightly simplified SUIT protocol with a malate concentration of 0.1 mM for
measurment of FAO capacity. However, N-patway capacity required kinetically a higher
malate concentration of 2 mM.
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Figure 4. Malate Kinetics in the absence and presence of acylcarnitines. Sequential
titrations of malate in the presence of ADP and cytochrome c. Oz flux per mass of wet
tissue. (@) Oz flux after subtraction of the initial Oz flux at zero malate concentration. (b)
02 flux additionally corrected by the means of the carrier group at each malate
concentration. Means * SD, N=4.

3.2 FAO in different mouse tissues

As expected, F-OXPHOS capacity was highest in the heart, lowest in brain (45 times
lower), and intermediate in kidney (3.5 times lower than in the heart) (Figure 5a).

To compare the contribution of FAO to the overall energy metabolism of the different
tissues, F-OXPHOS capacities were normalized for FN-OXPHOS capacity (Figure 5b) or
FNS-OXPHOS capacity. F-OXPHOS/FNS-OXPHOS in the brain was approximately 15 times
lower than that in the heart, while in the kidney it was 2.3 times lower (Figure 5c). Since
these tissues have high aerobic capacity and mitochondrial content, the patterns of mass-
specific F-OXPHOS capacity and flux control ratios remained similar.
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Figure 5. Fatty acid oxidation (FAO) capacity in mouse brain, kidney and heart
tissues. (a) F-OXPHOS capacity calculated according to equation 2. Internal
normalization of F-OXPHOS capacity using (b) FN-OXPHOS and (c) FNS-OXPHOS as the
reference state. Flux control ratios were calculated intraexperimentally as F-OXPHOS
capacity/O2 flux with FN or FNS pathway substrates, PalPGMp and PalPGMSp, respectively
(palmitoylcarnitine, pyruvate, glutamate, malate and succinate). Means + SD, N=4-6. One-
way ANOVA followed by Tukey’s test; p values are shown.
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3.2 FAO in different mouse brain regions

In mouse brain, the cerebellum had the highest F-OXPHOS capacity, followed by the
hypothalamus, cortex, and prefrontal cortex. In the hippocampus, F-OXPHOS capacity was
practically undetectable (Figure 6a). Similarly, FN- and FNSGp-OXPHOS were highest in
the cerebellum. FNp increased linearly and proportionally with FNSGpp, which indicates a
constant flux control ratio calculated as the slope of 0.59 in these regions of the brain
(Figure 6b, Figure S2a and S2b). SGp-ET capacity, measured after titration of uncoupler
and rotenone, was likewise linearly related to FNSGp-ET capacity, with a flux control ratio
of 0.36 (Figure 6¢, S2c and S2d). The FNSGp P/E ratio was 0.74, as calculated from the
slope FNSGpp/ FNSGpe, with a similar correlation coefficient r2= 0.94 (or 0.98 with
intercept forced through zero), in contrast to the mouse heart with an NS P/E ratio close
to one 3°.

F-OXPHOS capacity was measured at a low malate concentration (0.1 mM) and
corrected for O2 flux before titration of Pal. Uncorrected (total) respiration measured at
2 mM malate did not correlate with F-OXPHOS capacity (r? = 0.13). Malate anaplerosis-
enhanced respiration interferes with the quantification of FAO at high malate
concentrations. We calculated the malate anaplerosis-enhanced respiration as the sum of
the step increases in respiration upon titration of 0.1 mM (before Pal) and 2 mM malate
(after Pal). This is based on the assumption that the malate anaplerosis with 2 mM malate
exerts an additive effect on F-OXPHOS, as justified by the results in Figure 4. This malate
anaplerosis enhanced respiration correlated with FN-OXPHOS capacity (Figure 6d, Figure
S2g).

A linear pattern as observed in Figures 6b-d suggests quantitative but no qualitative
changes in mitochondrial respiratory control patterns between brain regions. In contrast,
however, F-OXPHOS capacity did not follow the same pattern (Figure 6e). The FAO/FN
flux control ratio was highest for the hypothalamus (Figure S2c). Altogether, this indicates
that mitochondria in different brain regions are qualitatively different. The large scatter
indicates variability between regions and between individual mice.
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Figure 6. Respiration of mouse brain regions (cortex, prefrontal cortex,
hippocampus, hypothalamus, and cerebellum) normalized per tissue protein. (a) F-
OXPHOS capacity in the presence of 10 uM palmitoylcarnitine (Pal), 0.1 mM malate, and
ADP, means * SD, Tukey’s test following one-way ANOVA. p values are shown in Table S1.
(b) FN-OXPHOS capacity (Pal, pyruvate, glutamate, malate) compared to FNSGp-OXPHOS
capacity (same substrates plus succinate and glycerophosphate). (c¢) SGp-ET capacity
(after titration of rotenone) compared to FNSGp-ET capacity (after uncoupler titration).
(d) Malate-anaplerotic respiration (the sum of increases in respiration after titration of
0.1 mM malate at 5 mM ADP and titration of 2 mM malate after addition of Pal and
cytochrome c), compared to FN-OXPHOS capacity. (e) F-OXPHOS capacity compared to
FN-OXPHOS capacity. N=6, other results are shown in Figure S2. r2 from linear regression
without forcing the intercept through zero.
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3.2 FAO in different animal species

Furthermore, we compared the F-OXPHOS capacity in the brains of two
homeothermic mammalian species, mice (C57bl/6 N) and rats (Wistar) measured at
37 °C, with the heterothermic insect Drosophila melanogaster, measured at 25 °C. The
average F-OXPHOS capacity expressed per tissue wet mass was similar in mice and rats
with high variability for mice (Figure 7a). The F-OXPHOS-capacity per tissue wet mass in
the Drosophila brain was markedly lower than that in the mouse and rat brains, without
adjustment for the experimental temperature. To achieve comparability, respiratory rates
were normalized for rates in the reference states FN- and FNS-OXPHOS. This revealed that
actually the FAO in Drosophila brain was relatively higher than in rodents (Figure 7b and
7¢).
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Figure 7. Brain fatty acid oxidation (FAO) in mouse, rat and Drosophila. (a) F-
OXPHOS capacity in brain tissues normalized by wet tissue mass. (b) and (c)
Intraexperimental ratios of F-OXPHOS capacity per O2 flux in the FNS- or FN-pathway,
with substrates PalPGMS or PalPGM, respectively (palmitoylcarnitine, pyruvate,
glutamate, malate and succinate). Mean + SD, N=4-6. One-way ANOVA followed by
Tukey’s test; p values are shown.

3.2. FAO in ischemic brain

To evaluate the effect of ischemia on F-OXPHOS capacity in brain, endothelin-1 (ET-
1)-induced brain ischemia was studied as a model. Mitochondrial respiration in non-risk
and stroke-affected areas of the rat brain was measured after 2 and 24 h of the stroke
induction. In comparison to sham animals and non-risk areas, the risk area of the brain
exhibited a trend of decreasing F-OXPHOS capacity (Figure 8a; p values summarized in
Table S2). Moreover, a similar trend was observed in the FNS-OXPHOS rate in the risk
area 24 hours after the induction of ischemia (Figure 8b). However, F-OXPHOS capacity
declined even when normalized for FN- and FNS-OXPHOS (Figure 8c and 8d). This
indicates that FAO is a highly sensitive and specific target of mitochondrial ischemic
injury. Since acylcarnitine content is a marker of mitochondrial FAO, we determined the
acylcarnitine profile in the brain. Ischemia increased the levels of MC and LC
acylcarnitines in the risk area 24 h after ET-1 administration (Figures 8e and 8f).
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Figure 8. Rat brain fatty acid oxidation (FAO), FNS-OXPHOS capacity and
acylcarnitine levels in an ischemia model. Rats were submitted to endothelin-1 (ET-1)
or saline (sham) brain injection. The brains were collected 2 h or 24 h after ET-1 injection.
Risk areas and non-risk areas were compared. (a) F-OXPHOS capacity in the presence of
palmitoylcarnitine (Pal) 10 pM, malate 0.1 mM, and ADP, corrected for the O2 flux prior to
Pal titration. (b) FNS-OXPHOS capacity, measured in the presence of ADP, Pal, pyruvate,
glutamate, malate, and succinate. (c) and (d) Intraexperimental ratios between F-
OXPHOS capacity and 02 flux with FN- or FNSGp-pathway substrates, PalPGM or
PalPGMSGp respectively (palmitoylcarnitine, pyruvate, glutamate, malate, succinate,
glycerophosphate). Comparison of medium-chain and (e) long-chain acylcarnitine
content (f). Mean * SD of 3-4 animals. Two-way ANOVA followed by Tukey’s test (a, b, c,
d), p-values are shown in Table S2; paired Student’s ¢ test (e, f).
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3.3. FAOin aging brain

In the rat aging model, the F-OXPHOS capacity was 2-fold lower in the brain of rats
aged 20 months compared to adult animals (8 months) (Figure 9a). In contrast, brain FNS-
OXPHOS capacity was not different between adult and old rats (Figure 9b). Accordingly,
F-OXPHOS capacity normalized for FN- and FNS-OXPHOS was lower in the old rats
(Figure 9c and 9d). Furthermore, the content of LC acylcarnitines was increased in the old
animals (Figure 9e). No changes were observed in MC acylcarnitine content in the brain
due to aging (Figure 9f).
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4. Discussion

The study of fatty acid oxidation addresses the most complex metabolic pathway of
mitochondrial core energy metabolism 12. Octanoate or octanoylcarnitine are widely used
as a substrate of FA-linked respiration. However, different pathways participate in the
metabolism of long-chain (LC) and medium-chain (MC) FAO 37. Therefore, respiration on
octanoylcarnitine as a substrate does not represent overall FA metabolism in
mitochondria. Octanoate and other MCFAs enter mitochondria without the carnitine-
dependent CPT1/CPT2 and carnitine/acylcarnitine translocase system 6. Thus, MCFA
metabolism is considered faster and is not inhibited by malonyl-CoA. MCFAs have been
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proposed as a treatment to compensate for LCFAO defects 1°. However, it was shown that
in heart and skeletal muscle, oxidation of MCFAs depends on the carnitine-mediated FA
transfer system, in contrast to liver. Accordingly, octanoate failed to compensate for CPT2
deficiency in mice 38,

Octanoate contributes up to 20 % to metabolism in rat brain 2. LC and MC
acylcarnitine metabolism in the brain has not been compared in previous studies. In
human heart, octanoylcarnitine exerted an additive effect on F-OXPHOS capacity with
palmitoylcarnitine and malate 3°. Lauroylcarnitine (C12) supports the highest F-pathway
respiration in rat heart and skeletal muscle (gastrocnemius), closely followed by
decanoylcarnitine (C10) and myristoylcarnitine (C14), when tested at 20 uM
acylcarnitine concentration 4%, In our study, using optimal concentrations of
octanoylcarnitine (20 uM) and palmitoylcarnitine (10 uM), LC acylcarnitine oxidation was
4 times higher than MC acylcarnitine (Figure 1). Notably, the LC acylcarnitine
concentration in the brain reached 12 uM (Figure 8f, Figure 9e), which is comparable to
that in skeletal muscle and heart 28, while the concentration of MC acylcarnitines was
approximately 10 times lower in brain (Figure 8e, Figure 9f). Accordingly, 10 pM
palmitoylcarnitine used in measurements of mitochondrial respiration corresponds to
physiological concentrations of LC acylcarnitines in the brain. In contrast, the 20 pM
octanoylcarnitine concentration exceeds the physiological level of MC acylcarnitines in
the brain by approximately 15-fold. Taken together, it is important to use a variety of MC
and LCFAs or acylcarnitines as substrates for the characterization of mitochondrial FAO.

Malate is required as a cosubstrate to study FAO to avoid acetyl-CoA accumulation
with consecutive inhibition of FAO 1217, Typically, malate alone does not support
mitochondrial respiration if oxaloacetate is not further metabolized in the absence of
acetyl-CoA. However, when mitochondrial malic enzyme is present, the malate-
anaplerotic pathway generates pyruvate and the TCA cycle is refueled, with NADH
production independent of FAO. This stimulation of respiration through the N-pathway
must be avoided for estimating FAO capacities.

Mitochondrial malic enzyme is expressed in rat and human brain 4142, Different
mouse strains present variable mt-malic enzyme activity 43. McKenna et al. 44 observed
higher malic enzyme activity in mitochondria from cortical synaptic terminals than in
mitochondria from primary cultures of cortical neurons or cerebellar granule cells. We
tested the possible impact of mitochondrial malic enzyme on FAO assessment in the
mouse brain by employing kinetics with malate titrations from 0.1 to 2 mM. 0.1 mM
malate saturated F-OXPHOS capacity in mouse brain (Figure 4). A further increase in
malate concentration, however, activated malate anaplerosis, leading to overestimation
of FAO capacity.

Studies performed using high concentrations of malate for FAO assessment in the
brain must thus be interpreted with care. Overestimation of FAO is avoided by baseline
correction of respiration at low malate concentrations: F-OXPHOS capacity is calculated
as the difference in Oz flux before and after addition of acylcarnitine. This correction is
essential for analysis in brain mitochondria, with FAO capacity as low as 1% of
carbohydrate-linked NS-OXPHOS capacity. Respiration due to malate anaplerosis was
higher in the cerebellum than in the cortex and prefrontal cortex, while it was absent in
the hippocampus and hypothalamus (Figures 6 and S2).

Respiratory N- and S-pathway capacities differ between brainstem, hippocampus,
motor cortex and striatum 34 We extended this study by showing an even more
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pronounced region-specific variety of FAO capacity. F-OXPHOS capacity was highest in
the cerebellum, followed by the hypothalamus, and almost no FAO activity in
hippocampus (Figure 6a). The F-OXPHOS capacities did not correlate with FN-OXPHOS
(Figure 6e) thus indicating N-pathway independent variability of FAO in different brain
regions: Cortex and prefrontal cortex showed similar F-OXPHOS capacity, but cortex
showed higher FN-, FNSGp-OXPHOS and SGp-ET capacities than prefrontal cortex
(Figures 64, 6e, and S2).

FAO capacity depends on the expression of CPT enzymes that together with CAT
ensure LCFA transfer into mitochondria 3. In a previous study, the highest CPT2 enzyme
expression was found in the cerebellum, in agreement with our results 3. Opposite to our
results, however, the same study demonstrated a higher oleate oxidation rate in the
hippocampus than in the cortex.

In our study, FAO had a higher contribution to brain energy metabolism in Drosophila
than in rodents (Figure 7), consistent with the specific metabolic relevance of FAO in
Drosophila brain 4546,

Our results confirm that FAO occurs in brain tissue but has lower relevance as a
bioenergetic pathway compared to kidney and heart (Figure 5). However, acylcarnitine
content in the brain (Figures 7 and 8) is comparable to that in other tissues 28, suggesting
specific metabolic roles for FAO in the brain, which opens paths for further investigation.

The role of acylcarnitines in the pathogenesis of central nervous system disorders
receives increasing attention °. High concentrations of LC acylcarnitines in tissues and
blood are markers of mitochondrial dysfunction ©. In our study, low mitochondrial FAO
capacity in the area of stroke and in the brain of aged rats correlated with high levels of
acylcarnitines. This is in line with previous observations that LC acylcarnitine levels are
elevated in brain of aged mice and a stroke model 2% Alterations in acylcarnitine
concentrations have been reported from clinical trials on neurodegenerative and
psychiatric disorders such as Alzheimer’s disease 47, cognitive decline 48, Parkinson’s
disease 49, depression 59, schizophrenia 5! and psychosis 52. In a patient cohort of traumatic
brain injury with intracranial injury, higher total acylcarnitine levels in serum were
associated with poor functional outcomes after injury >3. However, it remains largely
unknown whether acylcarnitine levels in the circulation correspond to acylcarnitine
levels in brain tissues and whether such associations provide diagnostic information on
mitochondrial energy metabolism in the brain.

In conclusion, FAO deserves attention in studies of brain metabolism. The protocols
described allow for quantitative measurement of F-OXPHOS capacity in brain, and other
tissues with low F-OXPHOS capacity and malate anaplerosis. Palmitoylcarnitine is the
preferable substrate of FAO compared to octanoylcarnitine in the brain, but additive
effects exerted by combinations of different acylcarnitines need to be evaluated further.
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innovation programme, grant number 857394.
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Abbreviations
CAT Carnitine acylcarnitine translocase | LC Long chain
CoA Coenzyme A MC Medium chain
CoQ Coenzyme Q Oct Octanoylcarnitine
CPT Carnitine palmitoyltransferase Pal Palmitoylcarnitine
FA Fatty acid SC Short chain
FAO Fatty acid oxidation
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Figure S1. Cytochrome c control efficiency in the presence or absence of different
acylcarnitines. The presence of acylcarnitines for measurement of FAO did not impact
the mitochondrial outer membrane integrity. The cytochrome c control efficiency is the
flux change after titration of cytochrome c. The results are presented as the mean + SD of
4-5 independent measurements, and the results were compared with one-way ANOVA.
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Figure S2. Respiration of mouse brain regions (cortex, prefrontal cortex,
hippocampus, hypothalamus, and cerebellum) normalized per tissue protein. The
highest overall energy metabolism rate occurred in the cerebellum and cortex, followed
by the hippocampus, prefrontal cortex, and hypothalamus: (a) FN-OXPHOS capacity in the
presence of palmitoylcarnitine, pyruvate, glutamate and, malate. (b) FNSGp-OXPHOS
capacity with these same substrates plus succinate and glycerophosphate. (c, d)
Intraexperimental ratios between FAO OXPHOS-capacity and Oz flux with FN- or FNSGp-
pathway substrates, PalPGM or PalPGMSGp, respectively. (e) FNSGp-ET capacity,
measured after titration of uncoupler; (f) SGp-ET capacity, measured following rotenone
titration. (f) Malate anaplerosis-enhanced respiration, the sum of the stimulation of O2
flux by 0.1 mM and 2 mM malate titration. Means + SD, N=6. One-way ANOVA followed by
Tukey’s test p values are shown in Table S1.
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Table S1. p values summarized from Figure 6 and S2, Tukey’s multiple comparison test

following one-way ANOVA.

FAO capacity Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
Cortex 0.9967 0.6065 0.8289 0.0030
Prefrontal cortex - 0.8079 0.6327 0.0012
Hippocampus - 0.1189 <0.0001
Hypothalamus - 0.0416
Malate anaplerosis Prefrontal cortex Hippocampus Hypothalamus Cerebellum
Cortex 0.0754 0.0721 >0.0001 0.6671
Prefrontal cortex - >0.9999 0.0016 0.0028
Hippocampus - 0.0017 0.0027
Hypothalamus - <0.0001
FN-OXPHOS Prefrontal cortex Hippocampus Hypothalamus Cerebellum
Cortex 0.0034 0.0507 <0.0001 0.5269
Prefrontal cortex - 0.8102 0.5332 <0.0001
Hippocampus - 0.0863 0.0009
Hypothalamus - <0.0001
FNSGp-OXPHOS Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
Cortex 0.0055 0.0355 0.0001 0.6348
Prefrontal cortex - 0.9427 0.6229 0.0001
Hippocampus - 0.2203 0.0010
Hypothalamus - <0.0001
FNSGp-ET Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
Cortex 0.0311 0.1279 0.0053 0.9986
Prefrontal cortex - 0.9655 0.9522 0.0590
Hippocampus - 0.6565 0.2158
Hypothalamus - 0.0108
SGp-ET Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
Cortex 0.0027 0.0261 <0.0001 0.5870
Prefrontal cortex - 0.5870 0.8962 0.5563
Hippocampus - 0.1380 0.0006
Hypothalamus - <0.0001
FAQ capacity/FN-OXPHOS Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
Cortex >0.9999 0.9971 0.3530 0.9239
Prefrontal cortex - 0.9898 0.4241 0.9582
Hippocampus - 0.2039 0.7784
Hypothalamus - 0.8260
FAO capacity/FNSGp- Prefrontal cortex Hippocampus Hypothalamus  Cerebellum
OXPHOS
Cortex 0.9992 0.9856 0.1784 0.7014
Prefrontal cortex - 0.9427 0.2701 0.8309
Hippocampus - 0.0633 0.3934
Hypothalamus - 0.8547
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Table S2. p values summarized from Figure 8, Tukey’s multiple comparison test
following two-way ANOVA, n.c.: not compared.

. Non-risk Risk
F-OXPHOS capacity ET-12h ET-124h | Shamz2h ET-12h ET-124h
Sham 2 h 0.9163 0.7349 0.3863 n.c. n.c.
Non-risk | ET-12h - 0.4949 n.c. 0.9797 n.c.
ET-124h 0.4949 - n.c. n.c. 0.0436
Risk ET-12h 0.9797 n.c. 0.4341 - 0.5603
ET-124h n.c. 0.0436 0.0808 0.5603 -
Non-risk Risk
FNS-OXPHOS ET-12h ET-124h Sham 2 h ET-12h ET-124h
Sham 2 h 0.7955 0.9156 0.8913 n.c. n.c.
Non-risk | ET-12h - 0.5563 n.c. 0.9166 n.c.
ET-124h 0.5563 - n.c. n.c. 0.0055
Risk ET-12h 0.9166 n.c. 0.9145 - 0.0963
ET-124h n.c. 0.0055 0.0441 0.0963 -
F-OXPHOS capacity/FN- Non-risk Risk
OXPHOS ET-12h ET-124h Sham 2 h ET-12h ET-124h
Sham 2 h 0.9835 0.9927 0.5993 n.c. n.c.
Non-risk | ET-12h - 0.9552 n.c. 0.9456 n.c.
ET-124h 0.9552 - n.c. n.c. 0.2307
Risk ET-12h 0.9456 n.c. 0.8005 - 0.5627
ET-124h n.c. 0.2307 0.2596 0.5627 -
F-OXPHOS capacity/FNS- Non-risk Risk
OXPHOS ET-12h ET-124h Sham 2 h ET-12h ET-124h
Sham 2 h 0.9305 0.9336 0.4779 n.c. n.c.
Non-risk | ET-12h - 0.7574 n.c. 0.9556 n.c.
ET-124h 0.7574 - n.c. n.c. 0.1270
Risk ET-12h 0.9556 n.c. 0.5678 - 0.5904
ET-124h n.c. 0.1270 0.1556 0.5904 -
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