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Abstract: Mitochondrial dysfunction during ischemic stroke ultimately manifests as ATP depletion.
Mitochondrial ATP synthase upon loss of mitochondrial membrane potential during ischemia
rapidly hydrolyses ATP and thus contributes to ATP depletion. Increasing evidence suggests that
inhibition of ATP synthase limits ATP depletion and is protective against ischemic tissue damage.
Bedaquiline (BDQ) is an anti-microbial agent, approved for clinical use, that inhibits ATP synthase of
Mycobacteria; however recently it has been shown to act on mitochondrial ATP synthase, inhibiting
both ATP synthesis and hydrolysis in low micromolar concentrations. In this study, we investigated
whether preconditioning with BDQ can alleviate ischemia/reperfusion-induced brain injury in
Wistar rats after middle cerebral artery occlusion-reperfusion and whether it affects mitochondrial
functions. We found that BDQ was effective in limiting necrosis and neurological dysfunction
during ischemia-reperfusion. BDQ also caused inhibition of ATPase activity, mild uncoupling of
respiration, and stimulated mitochondrial respiration both in healthy and ischemic mitochondria.
Mitochondrial calcium retention capacity was unaffected by BDQ preconditioning. We concluded
that BDQ has neuroprotective properties associated with its action on mitochondrial respiration and
ATPase activity.
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1. Introduction

Stroke currently is one of the leading causes of disability and death in adults in devel-
oped countries [1]. Numerous forms and subtypes of stroke are recognized but generally, it
can be classified into two categories: hemorrhagic stroke and ischemic stroke, the latter of
which accounts for about 70% of all stroke cases worldwide [2]. The treatment of ischemic
stroke focuses on restoring blood supply to the affected tissue either pharmacologically
with recombinant tissue plasminogen activator; or surgically via endovascular thrombec-
tomy [3]. These treatments are highly effective in reducing mortality after stroke; however,
not all stroke patients are eligible for thrombolysis or thrombectomy [4,5]. Only a small
portion of patients can undergo such procedures because of the risks associated with
these treatments: cerebral hemorrhage in the case of thrombolysis or procedure-associated
complications in the case of thrombectomy [6,7]. Due to the limitations of currently avail-
able ischemic stroke treatments, in recent years there has been a vast increase in studies
investigating new neuroprotective strategies that focus more on the damaged brain tissue
than the vascular component of stroke. As mentioned before, restoration of blood supply to
the affected brain region is very important to prevent death and limit the development of
disability, but this restoration of blood flow causes a phenomenon known as “reperfusion
injury” [8,9]. During reperfusion, there is a significant increase in reactive oxygen species
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(ROS), accumulation of leukocytes and platelets in the infarcted area, activation of the
complement system, and changes in mitochondprial signalling [10].

Mitochondria play an important role in the pathogenesis of ischemic stroke, as they
provide brain cells with most of the ATP and are major regulators of cell death [11]. In
ischemic conditions, the lack of oxygen and glucose inhibits mitochondrial respiration
and in turn, ATP synthesis, which leads to energy depletion and eventually necrotic cell
death [12]. Impaired work of the mitochondrial electron transport chain (ETC) results in the
collapse of the electrochemical proton gradient across the inner mitochondrial membrane
(IMM). Under such conditions, F1IFO-ATP synthase (further referred to as ATPase) starts to
hydrolyse ATP to maintain mitochondrial membrane potential (A{n,), and this contributes
even more to the loss of ATP energy during ischemia [13]. ATPase is an enzyme complex
located in the IMM. The main function of this complex under physiological conditions
is phosphorylation of ADP to make ATP while utilizing the electrochemical gradient
created by the mitochondrial ETC. Interestingly, from a thermodynamic point of view,
cellular conditions favour ATP hydrolysis reaction over synthesis; however, ATPase is
able to harness an external force (the electrochemical proton gradient) to keep the reaction
going against thermodynamic equilibrium [14]. During ischemia, the ETC complexes are
damaged; therefore, A, along with the proton motive force, severely decreases [15,16].
ATPase no longer has the external force to drive ATP synthesis, and as a result, rapidly
hydrolyses ATP while pumping protons out of the mitochondrial matrix in an effort to
maintain Ay, [17]. Besides ATP synthesis and maintaining IMM potential, ATPase is
also involved in the regulation of cell death, formation of mitochondrial cristae, and
permeability transition [18-21]. Because of the central role of this enzyme in energy
metabolism as well as involvement in other important cellular processes, ATPase has been
suggested as a potential therapeutic target for a plethora of diseases including heart failure,
neurodegenerative diseases, cancer, and microbial infections [22].

It has been suggested that ATPase plays a role in ischemic preconditioning in the
heart [23] and the brain [24]. The main factor regulating ATPase activity during precondi-
tioning is suggested to be a protein called mitochondrial FOF1 ATPase inhibitory factor 1
(IF1), which inhibits ATP hydrolysis by ATPase [25]. This protein seems to be expressed
in response to hypoxia-inducible factor 1« (HIF-1x) in liver and brain cells [24,26]. Ex-
perimental overexpression of IF1 was shown to have a neuroprotective effect for neurons
after oxygen-glucose deprivation (OGD), and IF1 knockdown neurons showed a higher
rate of ATP depletion during periods of OGD, suggesting that inhibition of ATPase during
ischemia leads to the preservation of ATP and reduced neuronal cell death [24]. Based
on this research, we hypothesized that pharmacological inhibition of ATPase may result
in a similar effect and reduce ischemic damage after middle cerebral artery occlusion
(MCAOQ)/reperfusion.

Mitochondrial permeability transition pore (mPTP) is suggested to be one of the
pathogenetic mechanisms of ischemia-reperfusion injury. mPTP is a structure inside
the inner mitochondrial membrane (IMM) that is permeable to ions and solutes up to
1.5 kDa [27]. This non-specific pore is activated by high matrix Ca?* concentration, and
prolonged opening of mPTP leads to mitochondrial swelling, loss of A, cessation of ATP
synthesis, and release of cytochrome c and other pro-apoptotic signals into the cytosol [28].
The main regulating factor of mPTP opening is matrix Ca?* concentration [29], and not
many endogenous molecules have been shown to regulate mPTP. However, inhibition of
complex I with rotenone was shown to significantly increase the Ca?* concentration at
which mPTP opened [30]; therefore, complex I may be considered as a regulatory factor of
mPTP opening. The molecular identity of mPTP is not entirely understood; however, there
is evidence that ATPase may be involved in the formation of mPTP or its regulation [31-33].

Bedaquiline (BDQ) is a diarylquinoline compound that was granted accelerated ap-
proval by the Food and Drug Administration (FDA) in 2012 to be used as part of combina-
tion therapy for multidrug-resistant tuberculosis [34]. BDQ targets mycobacterial ATPase,
binds to its ¢ subunit in the FO domain, and prevents rotation of the c-ring, thus inhibiting
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the enzyme complex [35]. As a result, ATP synthesis is compromised and mycobacteria
undergo cell death [36]. Initially, BDQ was reported to be selective for mycobacterial
ATPase with minimal or no inhibitory effect on mammalian enzyme [37,38]. However in
2020 Luo et al. published a comprehensive study on the interaction between BDQ and
yeast as well as human ATPase [39]. They showed that BDQ inhibits yeast and human
ATPase working both in ATP synthesis and ATP hydrolysis directions. They suggested that
the binding site of BDQ is at the interface of ¢ and a subunits in the FO domain, which is
similar to the binding site on mycobacterial ATP synthase [35]. Targeting the c ring by other
compounds (e.g., oligomycin) has been shown to inhibit apoptosis [40] and protect against
myocardial ischemia/reperfusion injury [41]. Therefore, we investigated whether a similar
effect can be achieved by BDQ in an experimental cerebral ischemia/reperfusion model.

In this study, we aimed to investigate whether BDQ is capable of neuroprotection in
the context of ischemic stroke. We hypothesize that BDQ may have two neuroprotective
mechanisms: inhibition of ATP hydrolysis by mitochondrial ATP synthase (ATPase activity)
and possibly inhibition of mPTP, as some studies claim that the c-ring of the FO domain
in ATP synthase is directly involved in the formation of mPTP (see review [42]). We
studied the effects of pretreatment with BDQ on ischemia-damaged and healthy brain
mitochondria, mainly focusing on the hydrolytic activity of ATP synthase, mitochondrial
respiration, and mPTP opening.

2. Results
2.1. Effect of BDQ Treatment on the Infarct Size and Neurological Impairment of Ischemic Rats

First, we evaluated whether intraperitoneal administration of BDQ has an effect on
ischemia-induced brain damage by measuring infarct sizes in brains of rats subjected
to MCAO. As can be seen in Figure 1la,b, the infarct size in MCAO group brains was
20.7 £+ 1.6% and in the MCAO+BDQ group, it was substantially reduced, to 10.3 £ 2.4%.

We also evaluated neurological impairment in MCAOQ rats and found that the average
score in the MCAO group was 2.6 £ 0.3 points, while in the MCAO+BDQ group, the
average score was significantly reduced to 1.5 & 0.2 points (Figure 1c). These data suggest
that pretreatment with BDQ was able to reduce the neurological impairment as well as the
size of brain injury after MCAO surgery.

2.2. Effect of MCAO and BDQ Treatment on Mitochondrial Respiration

Next, we investigated whether pretreatment with BDQ affects mitochondrial respi-
ration in healthy and ischemic brains by using high-resolution respirometry. We used
freshly isolated mitochondria to evaluate oxygen consumption rates (OCRs) in different
metabolic states. Figure 2a represents OCRs in proton leak-linked metabolic states: there
was a tendency of increased rates in LEAKpy after MCAO, but it was not further affected
by BDQ treatment. No significant changes in rates of LEAKg as well as CATg and CATpax
were observed after MCAO or BDQ treatment; however, in CATpyg state, the respiratory
rates were increased by BDQ treatment both in control and MCAO groups (Figure 2a).
These data suggest that BDQ exhibits a slight uncoupling effect in mitochondria respiring
on complex I substrates in the presence of carboxyatractyloside (CAT).

Figure 2b shows OCRs in ADP-stimulated respiration states. As can be seen, BDQ
pretreatment had a stimulating effect on normal mitochondria ADP-stimulated rates with
pyruvate plus malate (PM) and pyruvate plus malate plus glutamate (PMG), but not with
succinate (S) and pyruvate plus malate plus glutamate plus succinate (PMGS) as substrates.
In the MCAO group, ADP-stimulated rates with all substrates investigated (PM, PMG, S,
and PMGS) were substantially decreased by about 37%, 43%, 41%, and 37% respectively,
compared to control; however, BDQ pretreatment before occlusion had no effect on ADP-
stimulated rates with all substrates investigated. To obtain better insight into BDQ effects
on phosphorylating respiration of mitochondria, we performed calculations subtracting
the proton leak respiration rate value from the respective ADP-stimulated respiration rate
value and expressed this as OXPHOS (phosphorylating respiration) rates (Figure 2c). As
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in the ADP states, we observed a significant effect of MCAO on OXPHOS rates with all
substrates investigated; however, no significant effect of BDQ in the ischemic mitochondria
was detected. BDQ treatment of normal, healthy rats resulted in higher OXPHOSpy; and
OXPHOSpp G rates compared to control. These data suggest that BDQ did not prevent
ischemia-induced decrease in phosphorylating respiration of brain mitochondria, but it
stimulated respiration in control mitochondria respiring on complex I substrates.

25
D B O® .-
Cd o~
o
@ P e
©
- S o
@ A
Control MCAO MCAO+BDQ 0

Control MCAO MCAO+BDQ

(a) (b)

Neurological
impairment, points

0.5 A

0.0

Control MCAO MCAO+BDQ
(c)

Figure 1. The effect of bedaquiline (BDQ) treatment on infarct size and neurological impairment. (a) Representative images
of 2, 3, 5 triphenyltetrazolium chloride (TTC) staining of brain slices. (b) The effect of 60 min middle cerebral artery
occlusion (MCAO)/24 h reperfusion as well as BDQ treatment on the infarct size in TTC stained brain slices. (c) The effect
of 60 min MCAQO/24 h reperfusion as well as BDQ treatment on the neurological state of the animals. Data are presented as
Mean + SEM of 3—4 experiments on individual animals. *—Statistically significant difference (p < 0.05).
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Figure 2. Mitochondrial respiration rates after MCAO and BDQ treatment. (a)—Oxygen consumption rates (OCRs) in
the proton leak linked respiration states with complex I (LEAKpy; and CATppsg), complex II (LEAKg and CATs), and
complex I +II (CATy\ax) substrates; (b)—OCRs in the ADP-stimulated respiration states with complex I (ADPpy; and
ADPpyG), complex IT (ADPg), and complex I +II (ADPy4x) substrates; (c)—calculated values of OCRs linked to oxidative
phosphorylation (identical metabolic states to Figure 3b; (d)—OCRs linked to maximal electron transport chain (ETC)
capacities with complex I (ETCpysg), complex II (ETCsg), and complex I +II (ETCp1ax) substrates. LEAK refers to a metabolic
state in which mitochondria and substrates are added to the reaction chamber without ADP; CAT refers to a metabolic
state induced by the addition of 2 uM carboxyatractyloside (CAT); ADP refers to a metabolic state in which mitochondria,
substrates, and ADP are present; OXPHOS refers to a calculated value representing OCRs strictly linked to oxidative
phosphorylation; ETC refers to the OCRs of uncoupled mitochondria. The substrates are abbreviated: P—pyruvate;
M-—malate; G—glutamate; S—succinate; MAX—all of the listed substrates. Data are presented as Mean + SEM of
67 experiments on individual animals. Statistically significant difference (p < 0.05): *—compared to control; #—compared
to MCAO.

Results represented in Figure 2d show the effect of MCAO and BDQ) treatment on
OCRs linked to maximal ETC capacities. MCAO significantly reduced respiration in

ETCppg, ETCs, and ETCypax states by 47%,

37%, and 43%, respectively, while BDQ

protected against ischemia-induced decrease in ETCyax by 38%. The positive, stimulating
effect of BDQ was also observed in normal, healthy mitochondria, where BDQ significantly
increased OCRs in ETCpyg and ETCpax metabolic states both by 36%. These data pointed
to a tendency of BDQ to stimulate the activity of respiratory complexes both in control and
in ischemic mitochondria. While a statistically significant difference in ischemic groups
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was found only when all substrates were used (ETCyiax), overall data from respirometry
suggest that this stimulating effect was most pronounced for complex L

2.3. BDQ Effects on the Activity of ATPase

BDQ is known as an inhibitor of ATP synthase in liver mitochondria [43]; however, we
did not observe a BDQ inhibitory effect on OXPHOS respiration rates in brain mitochondria.
Therefore, we questioned whether BDQ could inhibit a reverse reaction—hydrolysis of
ATP by ATPase of isolated brain mitochondria. The direct effect of BDQ on ATPase activity
in isolated brain mitochondria is represented in Figure 3a: ATPase was inhibited by about
50% with 5uM BDQ and stayed at a similar level with higher concentrations of BDQ.
Pretreatment with 2 mg/kg BDQ before MCAO also resulted in a significant decrease in the
activity of ATPase: in ischemic mitochondria pretreated with BDQ, ATPase activity was 19%
lower compared to the MCAO group (Figure 3b). A tendency toward decreased ATPase
activity was also observed in mitochondria isolated from brains of BDQ-treated healthy
rats compared to control, although the effect was not statistically significant (Figure 3b). It
is worth mentioning that the calculated theoretical plasma concentration of BDQ would
be about 50 uM after injection of 2 mg/kg dose (assuming 100% bioavailability) and, as
BDQ has been reported to be able to accumulate in CNS in rodents [44], estimated BDQ
concentration in the CNS after such dose would be within the 5-75 uM range. This is
consistent with the BDQ concentration range directly causing ATPase inhibition in isolated
mitochondria (Figure 3a).
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Figure 3. Effect of BDQ on ATPase activity. (a)—The direct effect of BDQ on ATPase activity in isolated normal brain
mitochondria. BDQ in all concentrations significantly decreased ATPase activity (p < 0.05). The extent of inhibition between
different concentrations of BDQ did not differ significantly (p > 0.05). (b)—The effect of BDQ, injected into rats prior to
MCAO or 24 h before euthanasia, on the activity of ATPase in isolated mitochondria. Data are presented as mean £ SEM of
3-6 experiments on individual animals. *—Statistically significant difference (p < 0.05).

2.4. Effect of BDQ on Mitochondrial Calcium Retention Capacity

To evaluate the direct effect of BDQ on mPTP opening, we measured the calcium
retention capacity of mitochondria isolated from normal rat brains. These experiments
were performed with BDQ dissolved in DMSO and using mixtures of substrates: PM
or PMGS (Figure 4a). As can be seen in Figure 4a, 25-75 uM BDQ and vehicle DMSO
had no effect on mitochondrial calcium retention capacity. We also investigated whether
pretreatment with BDQ (2 mg/kg) for 24 h affects calcium retention capacity of normal
and ischemia-damaged brain mitochondria. As shown in Figure 4b, mitochondrial calcium
retention capacity was 127.9 4+ 9.0 nmol/mg in the control group, while in the MCAO
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group, it was reduced by 46%. However, pretreatment with BDQ had no statistically
significant effect compared to non-treated groups.
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Figure 4. Effect of BDQ on mitochondrial calcium retention capacity. (a)—the direct effect of BDQ and vehicle dimethyl

sulfoxide (DMSO) on isolated brain mitochondrial calcium retention capacity using pyruvate and malate or pyruvate,

malate, glutamate, and succinate as substrates; (b)—mitochondrial calcium retention capacity after MCAO with/without

BDQ using pyruvate and malate as substrates. Data are presented as Mean £ SEM of 3-6 experiments on individual animals.

*—Statistically significant difference compared to control (p < 0.05).

3. Discussion

In the present study, we for the first time demonstrated that BDQ, when administered
before the onset of MCAOQ, exerts a neuroprotective effect against ischemia-reperfusion
induced brain damage and neurological dysfunction. The results show that MCAO rats
pretreated with BDQ exhibited decreased mitochondrial ATPase activity and increased
proton leak-associated and uncoupled respiration rates, whereas mitochondrial calcium
retention capacity remained unchanged. Direct effects of BDQ investigated on isolated
brain mitochondria confirmed that BDQ inhibits mammalian ATPase but does not prevent
the calcium-induced opening of the mPTP. This allows us to suggest that the neuroprotec-
tive effect of BDQ may be at least partially due to limiting ATP hydrolysis by ATPase and
limiting the ischemia-induced damage to complexes of the ETC.

Inhibition of ATPase is considered to be one of the mechanisms of ischemic precondi-
tioning [20,45]. It has been shown that neurons overexpressing the endogenous ATPase
inhibitor IF1 are more resistant to cell death caused by oxygen-glucose deprivation [24] and
excitotoxicity [20]. Therefore, we investigated whether pharmacological preconditioning
with BDQ could lead to a similar outcome in vivo. Our results revealed that BDQ caused
inhibition of ATPase that persisted for the whole reperfusion period and administration of
BDQ was effective in limiting necrosis caused by ischemia-reperfusion, as was apparent
from the TTC-stained brain slices.

Our results, concerning the effect of BDQ on mitochondrial respiration, do not indi-
cate inhibition of ATP synthesis by ATPase. Inhibition of ATP synthesis normally leads
to a decrease in mitochondrial respiration, as is apparent from numerous studies using
oligomycin (well-described inhibitor of ATPase) to achieve state 4 respiration [46]. In our
experiments, we did not observe reduced respiration rates because of BDQ treatment. In
healthy brain mitochondria, administration of BDQ resulted in higher complex I-driven
respiration rates including proton leak (CATpyc), ADP-stimulated respiration (ADPpy;,
ADPpyg, OXPHOSpy;, and OXPHOSpyG), and maximal complex I related respiratory
capacity (ETCppg). Increased respiration rates in the proton-leak state may be explained by
the uncoupling effect of BDQ, which has been observed both in Mycobacteria [47] and in
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rat liver mitochondria [43]. BDQ has been described as a non-traditional uncoupler that, by
binding to ATPase, dissipates the ApH across the inner mitochondrial membrane but does
not decrease the A, [48]. The decrease in ApH reduces the proton motive force needed
for ATP synthesis; therefore, uncoupling cannot account for the increase in OXPHOS rate,
which is strictly oxidative phosphorylation—associated respiration. Generally, BDQ has
been shown to stimulate oxygen consumption both by prokaryotic [49] and eukaryotic
cells [50]. Stimulated bacterial respiration is attributed to the uncoupling effect of BDQ
because regardless of increased oxygen consumption, ATP synthesis is inhibited [49]. How-
ever, a study by Fiorillo et al. showed that cultured human fibroblasts exhibit increased
cellular respiration as well as ATP production when exposed to BDQ [50]. This particular
observation is in agreement with our results, as we show that BDQ was successful in
stimulating phosphorylating respiration (OXPHQOS state). It is important to note that in the
proton leak-associated respiration, only the CATpp G rate was increased after BDQ pretreat-
ment. CAT state is achieved by inhibiting adenine nucleotide translocase (ANT), which
results in “trapping” ATP inside mitochondria [51]. Increased levels of intra-mitochondrial
ATP could possibly result in activation of certain signalling pathways such as phosphory-
lation of respiratory complexes by protein kinases, thus regulating their activity. In our
investigations, respiration with succinate (complex II-driven respiration) was not affected
by BDQ, suggesting that BDQ specifically targets NADH-dependent respiration. This
was further demonstrated in uncoupled respiration, where BDQ administered to control
animals resulted in higher rates of ETCpy;g and ETCyax but not ETCs. However, the
specific mechanism by which BDQ stimulates OXPHOS respiration rates specifically with
NADH-dependent substrates is not entirely clear.

A statistically significant effect of BDQ treatment after MCAQO was observed in the pro-
ton leak state CATppig and uncoupled state ETCygax. The higher rate of proton leak-linked
respiration again demonstrates that mitochondprial respiration was mildly uncoupled by
BDQ, while the higher rate in ETCyjax metabolic state indicates that BDQ treatment might
limit the ischemia-reperfusion-induced damage to the mitochondrial ETC complexes. Mild
uncoupling of mitochondrial respiration has been demonstrated to limit cell death after
cardiac ischemia [52] and traumatic brain injury [53]. The protective effect of mild uncou-
pling is thought to occur because of a reduction in mitochondrial ROS generation. During
reperfusion, mitochondria initially become hyperpolarized [15,54], and ROS production
is high in this state. BDQ has been shown to have no effect on the A, in mammalian
cells [43]; however, it is not clear whether it can reverse the hyperpolarization of mitochon-
drial membrane following the onset of reperfusion in brain cells. A possible mechanism of
neuroprotection by BDQ is preventing this rise in A, along with excessive ROS produc-
tion. Furthermore, ischemia is reported to cause a decrease in the activities of all 4 ETC
complexes [55,56], and this is partly reflected in our study as respiration in the ETCpax
state (where all complexes supposedly work at maximal capacity) was decreased after
MCAQO. The effect of BDQ in this state is similar to one observed in control animals, again
suggesting that BDQ stimulates mitochondrial respiration both in normoxic conditions
and during ischemia-reperfusion.

The direct effects of BDQ on mitochondria isolated from a healthy brain revealed
inhibition of ATPase but no effect on the mPTP. Interestingly, only the ATP hydrolysis
reaction was inhibited by BDQ. This is partly consistent with the study by Luo et al., in
which they show that the ICs value of BDQ for ATP hydrolysis (25 nM) is much lower than
the ICs5¢ value for ATP synthesis (1.3 uM) in purified yeast FOF1 ATP synthase [39]. For
reference, they also measured the inhibition of ATP hydrolysis by oligomycin and found
that the IC5 of ATP hydrolysis was 100 nM. This comparison shows that ATP hydrolysis is
more sensitive to inhibition by BDQ than ATP synthesis, and suggests that BDQ is more
effective in inhibiting ATP hydrolysis compared to oligomycin.

ATPase is considered to be the target of BDQ. Experimental studies provide evidence
that mPTP component cyclophilin D interacts with ATPase in a cyclosporin A-sensitive
manner [57,58]. However, in our experiments, BDQ had no effect on isolated brain mito-
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chondrial calcium retention capacity. Similarly, pretreatment with BDQ had no effect on
mitochondrial calcium retention capacity in the MCAO group. These results let us conclude
that the protective effect of BDQ against ischemic brain injury is not via mPTP. A study with
isolated liver mitochondria showed that preincubation with BDQ inhibits mPTP opening
and the release of cytochrome c [43]. Additionally, it should be mentioned that the binding
affinity of BDQ to ATP-synthase depends on the surrounding lipid composition and this is
one of the explanations why BDQ appears to be species and cell type-specific [39].

Our study has some limitations. First, we showed that BDQ was protective against
early acute ischemia-induced brain injury. However, it remains unclear whether BDQ
can prevent delayed neuronal death, which occurs days and weeks after the onset of
ischemia. Second, BDQ in our study was applied as pretreatment before ischemia. Such an
approach is unlikely to be possible in most clinical situations. Therefore, it is important to
investigate whether BDQ, administered a few hours after an ischemic episode or at the time
of reperfusion, will exhibit similar neuroprotective effects. A potential clinical significance
of our study can be related to tuberculosis patients who take BDQ. It has been reported that
tuberculosis patients have a greater risk of experiencing ischemic stroke compared to the
general population, and thus patients taking BDQ might benefit from the neuroprotective
effects of this medicine [59].

In conclusion, this study indicates that BDQ is able to alleviate ischemia-reperfusion-
induced brain injury in a rodent model of ischemic stroke. Pretreatment with BDQ caused
inhibition of ATPase activity, mild uncoupling, and stimulation of the activity of ETC
complexes. All of these effects may be components of a possible mechanism of neuropro-
tection by BDQ. Thus, our findings are important in revealing the mechanisms by which
acute neuronal death can be reduced during stroke. Inhibitors of mitochondrial ATPase
activity as neuroprotective agents are not extensively studied currently; therefore, our
study provides new evidence that this field should be investigated more rigorously.

4. Materials and Methods
4.1. Animals and Treatment

Experiments were performed on male Wistar rats aged 2—4 months (200-300 g). The
rats were housed and handled at the Lithuanian University of Health Sciences animal
house in agreement with the Guide for the Care and Use of Laboratory Animals. All
experimental procedures were reviewed and approved by the State Food and Veterinary
Service of Lithuania (license No. G2-79) according to Directive 2010/63/EU of the Eu-
ropean Parliament. The animals were randomly assigned into 4 groups: healthy rats
injected with vehicle 24 h before euthanasia (Control group); healthy rats that received
2 mg/kg BDQ intraperitoneally 24 h before euthanasia (Control + BDQ group); rats sub-
jected to MCAO surgery and injected with vehicle 60 min before the onset of ischemia
(MCAO group); and MCAOQ rats injected with 2 mg/kg BDQ 60 min before the onset of
ischemia (MCAO+BDQ group). BDQ stock solution was prepared by dissolving BDQ in
10:90 (vol/vol) DMSO:PEG300 mixture and, right before injection, this stock solution was
diluted with 60:40 (vol/vol) PEG300:NaCl (0.9%) mixture. BDQ was injected at a dose of
2 mg/kg intraperitoneally 60 min before the onset of ischemia or 24 h before the animal
was euthanized. Animals assigned to ischemic groups underwent MCAO surgery, and
control animals were not operated on.

4.2. Transient Focal Ischemia Model

Animals were anesthetized in an enclosed box using 4% sevoflurane in a 70:30 air and
oxygen mixture for induction, and maintained using a nose cone with 3% sevoflurane in
the same gas mixture. Prior to operation, animals were administered atropine (0.05 mg/kg
intraperitoneally) and lidocaine locally (0.1 mL of 2% solution subcutaneously). Temper-
ature of the animals was maintained at 37 °C throughout the surgical procedure using a
heating mat.
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Focal cerebral ischemia was induced using the original Longa et al. MCAO method [60]
with slight modifications. Briefly, a midline neck incision was made, and left common
carotid artery (CCA) along with left external carotid artery (ECA) and left internal carotid
artery (ICA) were exposed. CCA and ICA were gently separated from the adjacent vagus
nerve. Small branches of the ECA including the occipital artery and superior thyroid
artery were isolated and coagulated. Then, CCA and ECA were permanently ligated using
a silk suture, and a microvascular clamp was placed on the ICA as distally as possible.
Another silk suture was loosely tied around the CCA proximal to its bifurcation. CCA was
punctured with a 25G needle below the loosely tied suture and a special MCAO suture with
a silicone tip (Doccol, Sharon, MA, USA) was introduced into the CCA. Microvascular clip
from the ICA was removed, and MCAO suture was advanced into the ICA approximately
17-19 mm until resistance was felt, and at this point, the middle cerebral artery (MCA)
was considered occluded. To secure the MCAO suture in place, the loosely tied suture
on the CCA was tightened. Animals were removed from anesthesia and were allowed
to recover. To reintroduce blood flow to the MCA after 60 min of occlusion rats were
anesthetized as described previously, the knot proximal to bifurcation of the CCA loosened,
and the MCAO suture was removed. The knot was tightened again to prevent bleeding, the
incision was closed and sutured, and the rats were administered 5 mg/kg ketoprofen for
analgesia subcutaneously and were removed from anesthesia. During recovery for about
1 h, animals were kept in a 37 °C environment and monitored for bleeding and respiratory
symptoms. When fully recovered, rats were placed in individual cages with free access to
food and water.

4.3. Neurological Evaluation

The neurological deficit was evaluated 24 h after the onset of reperfusion according to
a modified 5-point neurological impairment scale [60]. Briefly, we tested for neuromuscular
function impairment using 4 tests performed in succession: the forelimb extension (flexion)
test; torso twisting test; observing for circling to the contralateral side; observing for falling
to the contralateral side. Animals that had no neuromuscular deficit were given 0 points
and were excluded from the study. Each test was graded by 1 or 0 points according to the
behavior of the animal (Table 1).

Table 1. Interpretation of the neurological impairment test. Points were given if the animal failed to
extend both forelimbs and/or showed flexion of the contralateral forelimb when held above a flat
surface (1 point); animal held by its tail showed twisting of the torso to the ipsilateral side (+1 point);
animal showed a tendency to circle to the contralateral side when allowed to freely move (+1 point);
and was falling to the contralateral side when allowed to freely move (+1 point).

Test Neurological Deficit Score
Forelimb extension (flexion) Mild 1
Twisting of the torso Mild-moderate 2
Circling to the right Moderate 3
Falling to the right Severe 4

4.4. Evaluation of Infarct Size

Twenty-four hours after the onset of reperfusion, rats were euthanized with increasing
concentrations of CO; gas, perfused with ice-cold phosphate-buffered saline (PBS) solution
through the heart, and decapitated. Brains were carefully removed and chilled for 5 min in
ice-cold PBS. Then cerebella were separated and the remaining brain was sectioned into
six 2-mm-thick coronal slices using a brain matrix (AgnTho’s, Lidingt, Sweden). Slices
were fully immersed into a 1% 2,3,5-Triphenyl-tetrazolium chloride (TTC) solution and
incubated for 20 min in the dark at 37 °C. Images of brain slices were converted to a digital
format and analysed using Image] software. The surface area of infarct was calculated for
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all 6 slices on both sides (expressed as % of the surface of the whole slice) and normalized

using the Equation (1).

Infa?‘ct X chntr
S

)

Infarctyorm =
ips

Infarct,orm is the normalized infarct size (% of the whole slice); Infarct is the measured
size of infarct; Scontr is the surface area of the contralateral (non-ischemic) hemisphere and
Sips is the surface area of the ipsilateral (ischemic) hemisphere. The infarct size of one
animal is expressed as the average of the normalized infarct sizes from all 12 images.

4.5. Isolation of Mitochondria

Animals were euthanized and brains removed as previously described. Mitochondria
were isolated only from the left hemisphere. Briefly, the tissue was finely minced using
sharp scissors. Then it was homogenized with a glass-Teflon homogenizer in mitochondria
isolation buffer (222 mM mannitol, 75 mM sucrose, 5 mM HEPES, 1 mM EGTA, pH
7.4 at 4 °C). The first centrifugation was carried out at 1000x g for 5 min at 4 °C, and
the supernatant was collected and centrifuged again at 10,000x g for 10 min at 4 °C.
Pelleted mitochondria were resuspended in a small volume of mitochondria isolation
buffer and divided into two portions: one portion was frozen at —80 °C and stored for
further experiments, and the remaining part was used for experiments that required freshly
isolated mitochondria.

4.6. Measurement of Mitochondrial Respiration

Freshly isolated mitochondria were used for respiration measurements. Total mito-
chondrial protein was measured by the Biuret method. Mitochondrial respiration was
recorded by high-resolution respirometry (OROBOROS Oxygraph-2k and Dat-lab soft-
ware) using 0.125 mg/mL mitochondrial protein at 37 °C. OCRs were recorded in different
metabolic states, as illustrated in Figure 5.

Figure 5a shows the distinction between key metabolic states that were recorded
during our experiments. Proton leak-linked respiration, highlighted in red, was achieved
by adding mitochondria and substrates without ADP (LEAK). After ADP was added to
the system, we recorded ADP-stimulated respiration (ADP). OCR, which was exclusively
linked to oxidative phosphorylation, was calculated by subtracting the LEAK value from
ADP value and termed OXPHOS (highlighted in blue). The addition of CAT after ADP
has already been supplied to the system reverts respiration to a state, linked to proton
leak, and we termed this metabolic state CAT. Finally, we used an uncoupler, carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), to record maximal ETC capacity with a given
substrate, and this metabolic state was termed ETC (highlighted in green).

Figure 5b shows titration protocol 1, where pyruvate plus malate (6 + 6 mM) were
used as substrates of mitochondrial complex I; after the addition of these substrates and
mitochondria (0.125 mg/mL), we recorded OCR, which represented proton leak with these
substrates (LEAKpy). Then, ADP (2.5 mM) was added, and the rates of ADPpy; as well
as OXPHOSpy; were recorded. Glutamate (10 mM) was added as a complex I substrate
that overcomes the pyruvate dehydrogenase complex (PDH) to see whether PDH is a rate-
limiting factor in complex I-linked respiration, and rates ADPpyg as well as OXPHOSppiG
were recorded. The addition of 2 uM of CAT resulted in a state also representing the
proton leak similar to LEAKpy;, and was termed CATppg. Next, we added 1.5 uM of
CCCP, which resulted in a state of uncoupled respiration, and recorded the maximal ETC
capacity with complex I substrates (ETCppg). Succinate (10 mM) was used as a substrate
for mitochondrial complex II, and rate ETCyg5x was recorded. Rotenone (0.5 tM) was used
to inhibit complex I-linked respiration, and the resulting state was considered to be complex
II-dependent—ETCg was recorded. Titration protocol 2 is shown in Figure 5c; it contains
mostly the same metabolic states as titration protocol 1, except after addition of succinate,
maximal ADP-stimulated respiration was achieved, and ADPyjax as well as OXPHOSpax
rates were recorded. Additionally, with this protocol, we recorded respiration linked
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to proton leak with pyruvate, malate, glutamate, and succinate (CATpax). Figure 5d
represents titration protocol 3, which started with succinate, mitochondria, and rotenone
(LEAKg was recorded). Then, the addition of ADP led to ADPg and OXPHOSg states.
Addition of CAT resulted in the CATg metabolic state, and finally, uncoupling with CCCP
led to the ETCg state.

Substrate + CAT cCcCcr

ADP
mitochondnia \ \ \

g 250 '.-g
£ 200] F240 <
= £
2 1501 oX T — 12
£ HOS :120 ;
= L
1004 ADP r120 s
£ e ETC 2
@ o r
£ 5l CAT 160 §
S ~1 1 L@
o . i r - ! - o3
0:20 0:25 0:30 135 I 0:40 0:45
"(Sﬂwﬁimem:mnkg:ao cal ccep
(a)

Mitochondria

250pg +

Pyruvate 6mM+ ADP 2.5mM Glutamate 10mM CAT 2 uM CCCP1.5pM Succinate 10mM Rotenone 0.5pM

Malate 6mM

ETC,

OXPHOS,,, OXPHOSp g

(b)
Mitochondria
250pg +
Pyruvate 6mM+ ADP 2.5mM Glutamate 10mM Succinate 10mM CAT 2 uM CCCP1.5uM
Malate 6mM

OXPHOS,
(¢)
Mitochondria
250pg +
Succinate 10mM+ ADP 2.5mM CAT 2 uM CCCP1.5uM

Rotenone 0.5um

ETC,

(d)

Figure 5. Substrate, uncoupler, and inhibitor titration protocols. (a)—Representation of different metabolic states investi-
gated in our experiments. Image is taken from Oroboros DatLab software interface, where the blue line represents oxygen
concentration in the chamber and the red line represents the OCRs at a given moment. (b)—Substrate, uncoupler, and
inhibitor titration protocol 1. (c)—Substrate, uncoupler, and inhibitor titration protocol 2. (d)—Substrate, uncoupler, and
inhibitor titration protocol 3.
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In summary, we recorded OCRs in the following metabolic states: proton leak-linked
respiration (LEAKpy;, LEAKg, CATppg, CATs, and CATyax); ADP-stimulated respiration
(ADPpp, ADPppg, ADPg, and ADPyax and calculated rates OXPHOSpy;, OXPHOSpp G,
OXPHOSg, and OXPHOS)aX), and uncoupled respiration (ETCppg, ETCs, and ETCpax).

4.7. Measurement of Mitochondrial Calcium Retention Capacity

Mitochondrial calcium retention capacity was measured using freshly isolated mi-
tochondria in a medium containing 1 mM KH;POy, 10 uM EGTA, 10 mM Tris-HCl, and
200 mM sucrose (pH 7.4) supplemented with 1 mM pyruvate and 1 mM malate. The
method of CRC assessment was based on the measurement of fluorescence of the Calcium
Green 5N dye with spectrofluorometer PerkinElmer LS-55 (excitation at 507 nm, emission at
538 nm). Before each experiment, the medium was supplemented with 150 nM of Calcium
Green 5N, and experiments were started by the addition of 0.17 mg/mL mitochondria.
Then, 1.6 uM CaCl, pulses were added every 2 min until a large increase in fluorescence
signal was recorded. The large increase in fluorescent signal was determined as the opening
of the mPTP.

4.8. Measurement of the Enzymatic Activity of ATPase

The activity of complex V (ATPase) was measured using a commercial kit from Abcam
(ab109714) according to the manufacturer’s instructions. The ATP synthase complex
was immunocaptured within the wells in the microplate. The enzymatic hydrolysis of
ATP is coupled to oxidation of NADH in this particular kit; therefore, the enzymatic
activity of ATP synthase was recorded by measuring the decrease in absorbance at 340 nm
(Infinite 200 PRO microplate reader, Tecan, Austria). The enzymatic activity of ATPase
was expressed as the decrease in absorbance at 340 nm per min per 1 mg of mitochondrial
protein (AOD340 nm /min/mg protein).

4.9. Statistical Analysis

Statistical analyses were performed using IBM SPSS statistics 22 software. Graphs
were made using Sigma plot 13.0 software. Data are presented as means + 1 standard error.
One-way ANOVA with LSD post hoc statistical tests were used to compare means. The
difference was considered significant when p < 0.05.
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