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Abstract

Purpose—Therapeutic strategies to treat ischemic stroke are limited due to the heterogeneity of 

cerebral ischemic injury and the mechanisms that contribute to the cell death. Since oxidative 

stress is one of the primary mechanisms that cause brain injury post-stroke, we hypothesized that 

therapeutic targets that modulate mitochondrial function could protect against reperfusion-injury 

after cerebral ischemia, with the focus here a mitochondrial protein, mitoNEET, that modulates 

cellular bioenergetics.

Method—In this study, we evaluated the pharmacology of the mitoNEET ligand NL-1 in an in 
vivo therapeutic role for NL-1 in a C57Bl/6 murine model of ischemic stroke.
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Results—NL-1 decreased hydrogen peroxide production with an IC50 of 5.95 μM in neuronal 

cells (N2A). The in vivo activity of NL-1 was evaluated in a murine 1h transient middle cerebral 

artery occlusion (t-MCAO) model of ischemic stroke. We found that mice treated with NL-1 (10 

mg/kg, i.p.) at time of reperfusion and allowed to recover for 24 hours showed a 43% reduction in 

infarct volume and 68% reduction in edema compared to sham-injured mice. Additionally, we 

found that when NL-1 was administered 15 min post-t-MCAO, the ischemia volume was reduced 

by 41%, and stroke-associated edema by 63%.

Conclusion—As support of our hypothesis, as expected, NL-1 failed to reduce stroke infarct in a 

permanent photothrombotic occlusion model of stroke. This report demonstrates the potential 

therapeutic benefits of using mitoNEET ligands like NL-1 as novel mitoceuticals for treating 

reperfusion-injury with cerebral stroke.
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INTRODUCTION

Stroke is the fifth leading cause of death, and the leading cause of permanent disability in 

the nation (1–3). Stroke occurs due to an occlusion in the vasculature supplying oxygen and 

nutrients to the brain, causing an energy crisis in that region which rapidly progresses into 

tissue death (4). The current treatment strategy for stroke is aimed at removing the occlusion 

to blood flow and restoring blood supply to the ischemic penumbra in a timely manner. To 

date, the only therapeutic targeting is to restore blood supply with thrombolytic agents like 

tissue plasminogen activator (t-PA) and endovascular intervention (thrombectomy) are the 

most common and only one approaches to this effect, however they do not address local and 

systemic neuroprotection in brain stroke pathology (3,5). However, when the blood supply is 

restored and the ischemic tissue is re-perfused, secondary tissue damage is observed, which 

is generally referred to as ischemia-reperfusion (IR) injury (6–9). A key player in the IR 

injury are the mitochondria, organelles that play important roles in cellular energetics, 

apoptosis and reactive oxygen species (ROS) generation (10).

MitoNEET (gene: CISD1) is a recently discovered novel mitochondrial protein located on 

the outer surface of mitochondria (11). MitoNEET belongs to a group of zinc-finger 

proteins, although instead of zinc, two redox active iron-sulfur clusters [2Fe-2S] are seen in 

the crystal structure, acting as redox and pH sensor for mitochondria. Several studies have 

shown that when mitoNEET is knocked-down or knocked-out, significant effects are seen in 

the bioenergetic functions of mitochondria including the oxidative phosphorylation 

(OXPHOS). For instance, mitochondria from mitoNEET knockout mice striatum show 

increased production of ROS and decreased ATP production. Additionally, when mitoNEET 

is overexpressed in the adipose of mice, there is a dramatic shift in lipid metabolism with 

improvements in systemic inflammation and glucose utilization (12–16).

MitoNEET ligands represent a new class of mitochondrially active compounds, which have 

been shown to have protective effects in models of stroke and traumatic brain injury (17). 

These include the mixed Peroxisome proliferator-activated receptor gamma (PPAR-γ)/

Saralkar et al. Page 2

Pharm Res. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitoNEET ligand pioglitazone, and recently discovered TT01001 (18). We developed a 

pioglitazone derivative NL-1, which we have previously shown is a mitoNEET ligand and 

has neuroprotective activity in Parkinson’s disease model (19) and traumatic brain injury 

(TBI) (17). Furthermore, we recently published findings that the mitoNEET ligand NL-1 is 

able to prevent the reperfusion-injury with an in vitro model of oxygen glucose deprivation 

(20). This in vitro model of ischemia and reperfusion known as the Oxygen-Glucose 

Deprivation and Reperfusion (OGDR) was employed for in vitro efficacy studies using 

NL-1. This widely used model mimics ischemic conditions when the cells are cultured in a 

glucose-free medium such as HBSS and incubated in an environment devoid of oxygen (21–

23). Reintroduction of the cells into the normal medium and environment mimics the 

reperfusion after ischemia. These promising reports led us to explore the effect of NL-1 on 

mitochondrial function and ischemic brain damage following IR injury of a stroke murine 

model since attenuation of mitochondrial dysfunction will allow for improved recovery 

(24,25). Here we hypothesized that NL-1 will be neuroprotective in a reperfusion-injury 

model of stroke but fail to be protective in a permanent occlusion model of stroke. The work 

presented here further supports that the mitoNEET class of compounds, including NL-1, can 

attenuate tissue damage following reperfusion injury after a transient occlusion of the middle 

cerebral artery (tMCAO) as new class of therapeutics agent for improving mitochondrial 

function after stroke.

MATERIALS AND METHODS

Experimental animals

All mice were housed in the vivarium facilities, and all experiments were done in 

accordance with the West Virginia University Institutional Animal Care and Use Committee, 

and according to the Guide for the Care and Use of Laboratory Animals as adopted and 

promulgated by the U.S. National Institutes of Health. Male C57BL/6J mice (3-4 months) 

were used for these assays. Each group of mice was randomly assigned to treatment group, 

with number of animals ranging 4-5 in each group.

PPAR-γ activating assay

PPAR-γ activation of NL-1 was determined in vitro using a PPAR-γ activity assay 

(IndigoBiosciences). Neuronal cells containing a PPAR-γ luciferase construct were 

reconstituted in cell recovery medium and 100 μL of reconstituted cell suspension was 

seeded on to white 96 well plates. The plated cells were treated with the positive control 

rosiglitazone at 4 μM as recommended by the manufacturer to ensure reproducible 

activation, and NL-1, tested at 10 μM, which was the standard concentration evaluated in 
vitro. Plates were incubated at 37°C for 24 hours. After 24 hours, cell media was aspirated 

and 100 μL of luciferase detection reagent was added to each well, and the plates allowed to 

rest at room temperature for 5 minutes. Luciferase activity was measured by quantifying 

luminescence using a plate reader.

Glucose tolerance test

Glucose tolerance test (GTT) was performed in C57BL/6J mice by intraperitoneal (i.p.) 

injection of glucose (1.5 g/kg of bodyweight) after overnight fasting. The mice were then 
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administered DMSO (vehicle control) or the test compound, NL-1 (10 mg/kg; i.p.). DMSO 

was used as the vehicle as it was the drug solvent, to ensure the effects observed were due to 

drug alone. Blood was collected from the tail vein at the time points of 30, 60, 90 and 120 

minutes following glucose injection. Glucose levels were measured using a OneTouch® 

glucometer (LifeScan, Milipitas, CA).

Kinase Panel

NL-1 was screened against a panel of kinases from Reaction Biology at 10 μM 

(www.reactionbiology.com). The panel included a set of 349 typical kinases, while 20 

atypical kinases were tested for inhibition. NL-1 was tested at 10 μM in DMSO, and the 

concentration of ATP used for the kinase screen was 10 μM. Staurosporine served as a 

positive control.

Electron Transport Chain Complex Activities

Electron transport chain (ETC) complexes I and IV activities were measured 

spectrophotometrically as previously described (27). Briefly, brain was resected from mice. 

Mitochondria were isolated from organs using BioVision Mammalian Mitochondria 

Isolation Kit for Tissue & Cultured Cells (Catalog #: K288), resuspended in 1 mL KME 

buffer each, and stored at −80°C. Complex I (NADH dehydrogenase) activity was 

determined by measuring NADH oxidation at 340nm. Complex IV (cytochrome c oxidase) 

activity was evaluated by measuring the oxidation of cytochrome c at 550 nm. Each 

treatment group was comprised of 8 replicate wells in a 96-well plate. Bradford assay was 

used to measure protein concentration in isolated mitochondria from brain and liver that was 

used when performing calculations to obtain measurements expressed as nanomoles 

substrate converted/min/mg of protein. The mean measurement of each treatment group was 

compared with the mean of the control group (DMSO-only) with a One-Way ANOVA using 

GraphPad Prism 8 software program following the exclusion of outliers as determined by 

ROUT (Q = 1%) outlier method.

Mitochondrial membrane potential

The effect of NL-1 on mitochondrial membrane potential was assessed using previously 

published method (28). Briefly, N2A cells were seeded into black 96 well plates. The next 

day, this was followed by the addition of ursodeoxycholic acid (500 nM) as a positive 

control, and NL-1 at 10 μM for 30 minutes, followed by the addition of TMRM (10 nM final 

concentration) for an additional 10 minutes. Brilliant Black (1 mg/ml stock) was added the 

plates to quench background fluorescence. The plate was read using a BioTek Cytation 3 

plate reader at 540 nm excitation and 590 nm emission wavelengths.

Cellular respiration

The Seahorse assay using the Seahorse XF96 (Agilent Technologies, Santa Clara, CA) was 

used to assess the impact of NL-1 treatment on cellular respiration and glycolysis. N2a cells 

were seeded into collagen-coated Seahorse 96-well XF Cell culture microplate at a density 

of 20000 cells per well. Cells reached confluence after 24 hours and were then subjected to 

treatment with vehicle control or 10 μM NL-1 for either 3 or 24 hours. The Seahorse XF96 
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measured oxygen consumption rate (OCR) under different conditions using sequential 

addition of oligomycin, carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), 

antimycin A and rotenone. The assay provided information about the parameters of 

mitochondrial respiration such as basal respiration, ATP-linked respiration, proton link, 

maximal respiratory capacity, spare respiratory capacity and non-mitochondrial respiration. 

The second measurement performed by Seahorse XF96 was that of the extracellular 

acidification rate (ECAR), which is a measure of cellular glycolysis. The Seahorse XF96 

measured ECAR under different conditions using sequential addition of glucose, oligomycin 

and 2-deoxyglucose. The assay provided information about the parameters such as 

glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification.

Oxygen glucose deprivation and reperfusion (OGDR)

An in vitro cerebral ischemia and reperfusion model was employed by exposing the cells to 

oxygen-glucose deprivation and reperfusion (OGDR). Cell culture medium was replaced 

with the glucose deficient Hank’s Balanced Salt Solution (HBSS), containing 10% FBS and 

transferred to the BioSpherix X3 Xvivo System hypoxia chamber, with 0.1-0.2% oxygen, 

5% carbon dioxide. The temperature of hypoxia chamber was maintained at 37°C. The cells 

were incubated in hypoxia chamber for 3 hours. After the desired period of hypoxia, the 

glucose-free medium was replaced with normal cell growth medium and cells were 

incubated in normal growth environment for 24 hours, mimicking the reperfusion following 

cerebral ischemia (29). The in vitro efficacy of NL-1 in reducing generation of ROS was 

studied using Amplex Red assay (Thermo Scientific). N2a cells were plated in a black 96-

well plate at a density of 10,000 cells per well. After 24 hours, cells were subjected to 

OGDR. The cells were treated with NL-1 drug during the period of recovery. After the 24-

hour recovery, 50 μL of Amplex Red working reagent was added to each well and allowed to 

react in dark at room temperature for 30 minutes. The amount of hydrogen peroxide in each 

well was measured by fluorimetry using the BioTek Synergy H1 plate reader (BioTek 

Instruments, Winooski, VT), at an excitation and emission wavelength of 530 nm and 590 

nm, respectively. The data of each plate were normalized for the control wells of that plate, 

and then compared with other plate replicates.

Brain distribution/pharmacokinetic study

A pharmacokinetic study to determine the distribution profile of NL-1 in support of the 

stroke studies, were done to determine brain exposure of NL-1 (30). NL-1 was dissolved in 

DMSO and injected at 10 mg/kg i.p. (1 μL per gram body weight) into C57BL/6J mice, and 

after a specified period of time euthanized to remove the brain and plasma. The brains were 

weighed and 1 part (v/w) PBS pH 7.4 was added, and homogenized using a Teflon tipped 

homogenizer. Blood samples were collected in heparinized tubes, and centrifuged at 5,000 

rpm for 10 min. NL-1 was extracted by adding an equal volume of acetonitrile and vortexing 

the samples, and centrifuging for 10 min. at 10,000 rpm. Samples were analyzed by LC-

MS/MS to determine concentration of NL-1 in brain with an ABSciex 5500 LC-MS/MS as 

described before (20,30). To determine the [brain]/[plasma] ratio of NL-1, 10 mg/kg was 

delivered I.V and the brain and plasma concentration determined after 30 min of exposure.
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Artificial membrane permeability assay

To predict the in vitro BBB permeability of NL-1, an artificial membrane permeably assay 

was performed as described earlier (31). Briefly, a solution of hexadecane in hexane (5% 

v/v) was added (15 mL) to a donor plate containing a polycarbonate (3 μm) filter membrane, 

and allowed to evaporate for 45 min in a fume hood. A stock concentration of NL-1 in 

phosphate buffered saline (PBS) pH 7.4 was made at 500 μM final concentration, by adding 

7 μL of a 10 mM NL-1 stock in pure DMSO to the PBS. A 150 μL of this 500 μM NL-1 

solution was added to the donor well. The acceptor well contained PBS with 5% DMSO to 

match the concentration of DMSO in the top well, and the donor plate placed on top of the 

acceptor plate. After a 5-hour incubation period, the solutions were analyzed with LC-

MS/MS. Propranolol was used as control. Data was presented as logPe.

Transient middle cerebral artery occlusion (t-MCAO)

In vivo cerebral ischemia was induced as described in detail previously (32). Briefly, 

C57BL/6J mice were subjected to 1h of transient middle cerebral artery occlusion (t-

MCAO). Mice were anesthetized with 3 % isoflurane and maintained at 1-1.5% isoflurane 

during surgery. During the procedure, body temperature was maintained at 37 °C by a 

thermostatic blanket, and cerebral blood flow was monitored by laser Doppler flowmetry 

(Moor Instruments, Wilmington, DE). For drug treatment, NL-1 (10 mg/kg, i.p.) was 

injected at the time of reperfusion. For a post reperfusion study, NL-1 was administered 15 

minutes after reperfusion of brain tissue was carried out to mimic aggressive clinical 

manipulation required in management of brain stroke (post-treatment). Vehicle (DMSO) 

treated mice served as a control. After 24 hours, the mice were deeply anaesthetized with 

isofluorane (4%) and euthanized by decapitation. The brains were quickly removed and 

sectioned into coronal slices of 1-mm thickness (McIlwain Tissue Chopper, Redding CA). 

Slices were incubated in a 1% solution of 2,3,5-triphenyltetrazolium chloride (TTC) in 

phosphate buffered saline at 37°C (water bath) for 15 min and then fixed by immersion in 

4% buffered formaldehyde solution. Images were acquired by digital camera (Nikon 

Coolpix, Melville, NY), and areas of both hemispheres and the infarcted regions were 

quantified for each slice using image analysis software (Image J, NIH). We measured the 

areas of infarction (volume), and brain edema (tissue swelling) by area increase in the 

ipsilateral (ischemic) hemisphere, and compared these with the contralateral (non-ischemic) 

hemisphere. This allowed for a direct comparison of areas of ischemia (volume) with brain 

edema and allowed us to use each animal as its own control. Quantification of infarct 

volume and edema formation were done according to previously published protocols. 

Measurements were made on each brain slice to calculate the volume of the lesion and to 

correct for overestimation (33) due to the effects of brain edema (brain swelling) where: a = 

area of infarct (mm2), b = area of the infarcted (ipsilateral) hemisphere slice (mm2), c = area 

of the non-infarcted (contralateral) hemisphere slice (mm2), d = brain swelling (mm2) = (b

−c). The area (Al) of the lesion (mm2), corrected for swelling, was derived from the equation 

Al = a−d. The edema (swelling) area was designated Ae and quantified by determining the 

ratio between the areas of the infracted and non-infarcted hemisphere slices, thus: Ae = b−c.
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Photothrombic stroke model

Rose Bengal (1 mg/mL in saline) was administered to C57BL/6 mice via IV tail vein as 

described before (34). The skin was surgically opened exposing the mouse skull. A laser 

light with 532 nm green laser was used to illuminate the brain for 15 minutes after injection 

of Rose Bengal. If the mice were injected with a NL-1 or vehicle, treatment occurred 15 min 

after Rose Bengal administration.

Immunohistochemistry

Immunofluorescence staining was performed on mouse brain coronal sections. The slides 

with were allowed to thaw at room temperature for about 15 minutes. The sections were then 

fixed with addition of methanol for 3 minutes, upon which, the slides washed once with 1X 

PBS. The tissue permeabilization was carried out in a solution of 4% v/v horse serum and 

1% w/v TritonX-100 in PBS for one hour, followed by washing thrice with PBS. The slides 

were then stained for 4-hydroxynonenal (4HNE) (Novus biologicals, mouse, 1:200 dilution), 

an ROS marker. The primary antibody incubation was carried out in the dark at 4°C, 

overnight. The following day, the primary antibody was removed and the slides were washed 

thrice with PBS, prior to secondary antibody incubation. AlexaFluor 568 (Invitrogen, 1:1000 

dilution) was used as the fluorescent secondary antibody and the incubation was carried out 

for 2 hours in the dark at room temperature, following which, the slides were washed thrice 

with PBS. After the final wash, the slides were cover-slipped using the Flouromount-G 

(Southern Biotech) mounting medium, and allowed to dry prior to imaging. The slides were 

imaged by fluorescence microscopy using an Olympus Slide Scanner microscope.

Statistical analysis

Data were analyzed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) were 

each experiment had technical repeats. Differences between two or more groups were 

assessed using Student’s t-test and one-way ANOVA, respectively. Data are expressed as 

mean ± standard deviation. Values of P < 0.05 were considered statistically significant in all 

experiments. Number of mice used for the study was done based on our previous published 

data (35).

RESULTS

PPAR-γ activation by NL-1

Figure 1B shows the results of luminescence intensity induced by the activation of PPAR-γ 
for vehicle, the positive control rosiglitazone and the test compound NL-1. These results 

indicate that NL-1 (10 μM) did not activate PPAR-γ at the dose tested. The choice of 10 μM 

for NL-1 was based on our evaluation of NL-1 in other in vitro assay including the 

mitochondrial function.

NL-1 effect on blood glucose levels

The ability of NL-1 to affect blood glucose levels was tested using an intraperitoneal glucose 

tolerance test. Figure 1C shows a glucose concentration (mg/dL) versus time plot for vehicle 

and NL-1 treated mice. NL-1 did not have a significant effect on altering blood glucose 
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levels when dosed at 10 mg/kg. The AUC values for vehicle and NL-1 treated groups were 

found to be 43860 ± 2155 mg.min.dL−1 and 44120 ± 2820 mg.min.dL−1, respectively.

NL-1 effect on kinases

To test the kinase inhibition of NL-1, we used a kinase panel consisting of wild type and 

atypical kinases. NL-1 did not appreciably inhibit any of the kinases except for the WNK 

family, WNK1 (76.44% of control), WNK2 (66.89% of control) and WNK3 (54.75% of 

control) (figure 2A) and PDK/PDHK family, in which inhibition was observed for PDK2/

PDHK2 (65.5% of control) and PDK3/PDHK3 (73.8% of control) (Figure 2B).

NL-1 effect on ETC

We evaluated the effect of NL-1 treatment on mitochondrial function. NL-1 interactions with 

the components of electron transport chain (ETC) such as complex I (NADH 

dehydrogenase) and complex IV (cytochrome c oxidase) were studied my measuring the 

concentrations of NADH and cytochrome c, which are the substrates of these enzymes. At 

10 μM, NL-1 was found to significantly increase Complex I (figure 4A) function by about 

33% of DMSO control. At the same concentration, NL-1 had no significant effect on the 

complex IV activity (figure 4B).

NL-1 effect on mitochondrial membrane potential

Mitochondrial membrane potential was measured using the tetramethyl rhodamine methyl 

ester (TMRM) assay (36). Ursodeoxycholic acid at 500 nM was used as a positive control. 

Figure 5 shows that fluorescence intensities of ursodeoxycholic acid and NL-1 were found 

to be significantly higher than that of the vehicle treated cells. Thus, showing that NL-1 

changed mitochondrial membrane potential at the 10 μM dose tested.

NL-1 effect on mitochondrial respiration

The data were obtained for mitochondrial respiration which is expressed as the OCR plotted 

as a function of time and sequential addition of drugs that modulate respiration (figure 7A 

and 7C). The OCR for different parameters of mitochondrial respiration obtained was 

plotted as a comparison between DMSO control and 10 μM NL-1 (figure 7B and 7D). For 

the acute treatment period of 3 hours, NL-1 was found to significantly change the maximal 

respiration and spare respiratory capacity of N2a cells (figure 7B). For a prolonged drug 

exposure of 24 hours, NL-1 treatment also significantly improved the cellular basal 

respiration along with the maximal respiration and spare respiratory capacity (figure 7D). 

Similarly, the ECAR was plotted as a function of time and sequential addition of drugs that 

modulate glycolysis (figure 8A and 8C). The ECAR for glycolytic parameters obtained was 

plotted as a comparison between DMSO control and 10 μM NL-1 (figure 8B and 8D). NL-1 

acute treatment (3 hours) had no significant impact on the glycolysis in N2a cells, while 

prolonged exposure of 24 hours changed the cellular glycolytic capacity.

NL-1 effect on hydrogen peroxide generation following OGDR

The efficacy of NL-1 in reducing peroxide generation was studied by subjecting N2a cells to 

OGDR conditions for a period of 3 hours, and a reperfusion period of 24 hours (figure 9). 
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The hydrogen peroxide produced was measured using the Amplex Red assay, and each 

treatment was compared to control. It was found that NL-1 significantly reduced the 

peroxide produced at a dose of 10 and 30 μM, for a stroke period of 3 hours.

Pharmacokinetic study of NL-1

To predict the permeability of NL-1 through the BBB, we evaluated it in an artificial 

membrane permeability assay found the −logPe of NL-1 as −3.71, while the control 

compound propranolol was −logPe of −3.94, with a −logPe>−5 considered to be permeable 

(31). The accumulation of NL-1 in the brain, after an extravascular dose, was evaluated 

using a preliminary pharmacokinetic study using C57BL/6J mice. The time points of 30 

minutes, 1, 2, 6 and 24 hours were used. In figure 10, the concentration of NL-1 extracted 

from the brain of mice has been plotted for each time point. We found that NL-1 

concentrations in the brain reached a maximum at 30 minutes post administration i.p. of the 

drug with a maximum concentration in the brain of 3154 ± 676 ng/mL NL-1. Subsequently, 

there was a steady decline in NL-1 levels until 6 hours, beyond which NL-1 brain 

concentration had reduced to baseline levels. The calculated t1/2 for NL-1 in the plasma was 

2.27 hours. A follow-up study to determine the ratio of brain/plasma, we found that the 

brain/plasma ratio was 1.07, after IV injection, with a logBB of 0.029. Typical classification 

of molecules to cross the BBB is logBB>0.3 for compounds crossing readily, and logBB< 

−1 are compounds which poorly distribute to the brain (37,38). Taken together, the PK curve 

of figure 10, NL-1 has moderate ability to reach the CNS.

NL-1 protects against ischemia-reperfusion injury

Figure 11 shows that NL-1 (10 mg/kg, i.p.) was neuroprotective in a murine t-MCAO 

ischemic stroke model. NL-1 was administered at the time of reperfusion and the results of 

the TTC-stained brain sections showed that infarct volumes were larger in control-treated 

mice compared to NL-1 treated mice (Figure 11). The quantification of infarct volumes 

demonstrated that NL-1 administration significantly reduced ischemia/reperfusion-injury in 

vivo via reduction in infarct volume (Vehicle: 116.42 ± 6.73; NL-1: 66.87 ± 11.25) and 

edema (Vehicle: 1.18 ± 0.026; NL-1: 0.509 ± 0.065). Mice treated with NL-1 (10 mg/kg) 15 

min after reperfusion, showed a reduction in infarct volume (Vehicle: 111.88 ± 3.10; NL-1: 

70.06 ± 6.80; Figure 12) and edema (Vehicle: 1.19 ± 0.029; NL-1: 0.48 ± 0.037). As control 

experiment, we used a permanent occlusion model with Rose Bengal clot formation under 

light activation, which permanently prevents blood flow to the infarct area. We found that 

the average infract size for the vehicle was 14.89 ± 5.02 mm3, and with NL-1 (10 mg/kg) 

12.94 ± 6.39 mm3 (N = 15), which was not significantly reduced in infract size (Figure 13).

NL-1 reduces levels of oxidative stress marker 4-HNE

Figure 14 shows the effect of treatment of NL-1 (10 /mg) on the oxidative stress marker 4-

HNE. As can be seen, there is decrease in 4-HNE staining, a technique recently published to 

study mitoNEET redox activity (39). Human recombinant mitoNEET was treated with FMN 

in the presence of blue light, and showed a decrease in monomer occurrence at 12 kDa. 

NL-1 treatment increased the presence of the monomer in a dose-dependent manner.
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DISCUSSION

The goal of this study was to investigate the mitoNEET ligand, NL-1, as a possible 

therapeutic strategy for cerebral ischemia and reperfusion injury treatment. Here we 

evaluated the pharmacological properties of NL-1, a prototype mitoNEET ligand (40), on its 

ability to interact with the cellular mitochondrial system, and we found that NL-1 can be 

used as a potential neuroprotective agent for mitigating the pathology of cerebral ischemia 

and reperfusion injury (41,42).

MitoNEET belongs to the iron-sulfur protein family (gene: cisd), and contains 2Fe-2S 

clusters, which have been reported to be redox active (43). The natural endogenous ligand of 

mitoNEET remains to be elucidated, but some studies have indicated that it may play a role 

in glutathione and other free thiol mediated redox reactions (44–46), as well as interacting 

with related metabolic systems including adiponectin (47) and GDH (48). MitoNEET was 

first identified from the binding of pioglitazone, a type II diabetic glitazone (11). The effect 

pioglitazone exhibits on lowering of lipid levels were independent of activation of the 

PPARγ receptor. Investigation into its off-target actions led to the discovery of the 

mitochondrial protein mitoNEET. We have previously shown that pioglitazone has beneficial 

CNS effects in traumatic brain injury (TBI), and found that first in class mitoNEET ligand 

NL-1 shared a similar profile of neuroprotection in TBI. Of interest was that the TBI 

protection was lost in mitoNEET KO mice. Here we further provide additional evidence that 

NL-1 was not able to activate the PPARγ to any significant extent, therefore, likely not 

contributing to the activity seen in this stroke study (17).

Calcium homeostasis plays an important role in neurodegeneration following ischemia and 

reperfusion injury (32,49,50). Dysregulation of intracellular calcium activates the mediators 

of apoptosis and necrosis and calcium channel blocker are able to mitigate these deleterious 

effects (35). In mitochondria, excess calcium leads to swelling and a loss of membrane 

potential which increases the permeability of mitochondrial membranes, promoting 

cytochrome c release (51,52). Furthermore, mitochondrial dysfunction also leads to 

disruption of BBB tight junctions, leading to increased permeability (53). Considering the 

importance of intracellular calcium in regulation of cell survival after stroke, we performed 

the calcium flux assay to determine if NL-1 itself affected the calcium levels in the cells 

(54). Potassium chloride was used to depolarize the voltage gated calcium channels 

(VGCC), allowing for calcium entry into the cells (55,56). We found that NL-1 does not 

appreciably affect the calcium flux from the VGCC and therefore likely does not contribute 

to the activities profile seen with the tMCAO mouse model.

Since mitoNEET is a redox and pH sensor for mitochondria, and has been shown to regulate 

the OXPHOS and bioenergetics, we evaluated the mitochondrial effects of NL-1 at the 

electron transport chain complex I and IV activities level. Complex I activity has been 

shown to be decreased following ischemia and is not restored upon reperfusion (57,58). 

Improvement via pharmacological means in complex I activity contributed to a cerebral-

protective effect in a mouse stroke model (58–60), while an impairment in complex I activity 

exacerbates stroke (61). Since NL-1 treated cells showed improvement in complex I activity, 

this might in part contribute to the attenuation of tissue loss post stroke. While ischemia is 
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the primary cause of hampered complex I activity, complex IV activity is mainly inhibited 

by a period of prolonged reperfusion (62). NL-1 caused no significant change in the 

complex IV activity. Our experiments also indicated that NL-1 primarily helps to improve 

the mitochondrial respiration, compared to glycolysis with a potential for NL-1 to improve 

mitochondrial respiration and ATP production in cells that might suffer from a massive ATP 

deficit following ischemia. Taken together, our findings suggest that NL-1 is likely to be 

more active during the reperfusion injury phase of stroke.

In the murine stroke models, the mitoNEET ligand NL-1 show improved outcomes 

following stroke in mice treated with NL-1, to support our primary hypothesis that NL-1 is 

protective against reperfusion injury (63). Reperfusion-injury is a contributor to secondary 

tissue damage after a stroke, and mitochondria contribute to this injury. We found that 

treatment of mice with NL-1 at the time of reperfusion was able to reduce the edema 

formation and brain tissue damage associated with reperfusion-injury in mice compared to 

the untreated mice. Additionally, this protection can also be seen when treatment with NL-1 

was 15 min post reperfusion, allowing for mitoNEET target engagement between 45-60 min 

post tissue reperfusion (see pharmacokinetic profile figure 10). Our PK data did indicate that 

NL-1 does not accumulate in the brain (logBB of 0.029), with lower brain levels than 

plasma, suggesting that the pharmacological activity profile we observed is during the 

reperfusion-injury stage. Lastly, to validate our hypothesis that NL-1 is protective in the RI 

after stroke, we used a permanent clot-based model, the photothrombotic mouse model, 

where a permanent clot formed prevents the reperfusion of the tissue, and found that NL-1 

was unable to significantly reduce the infract size in treated mice as expected. Since NL-1 

does not contribute to significantly to changes in calcium flux e.g. excitotoxicity, it would be 

unlikely that the compound would support protection via the non-reperfusion injury 

mechanisms such as the calcium excitotoxic mechanisms (64). These data support a 

reperfusion-injury model of protection by NL-1, which is likely mediated via its ability to 

interact with mitoNEET on mitochondria. Furthermore, since oxidative stress is a major 

contributor to the neuronal cell loss post stroke we evaluated the effect NL-1 had on an 

oxidative stress marker. MitoNEET structure has several lysine residues, and these lysines 

seem to be susceptible to modification by the oxidative stress by-product of lipid 

peroxidation, 4-hydoxynonenoal (4-HNE). Proteomics studies indicated that LYS55 is 

modified by 4-HNE, via an aldehyde covalent bond (65). Preliminary support for this future 

avenue of investigation is the reduction in 4HNE staining as seen from the IFC staining in 

stroke. Future studies will be focused on evaluating the possible role NL-1 has on 

attenuating the modification of mitoNEET lysines, protecting the functionality of these 

lysines from an 4HNE attack during oxidative stress during reperfusion injury.

To explore the off-target profile of NL-1, an array of kinases present was evaluated. The 

inhibition of NL-1 towards kinases has been untested and we intended to check for 

inhibition of kinases by NL-1. The high throughput kinase panel used included members of 

all major human protein kinase families (66). Staurosporine is a general kinase inhibitor that 

is widely used as the positive control for a kinase panel (67,68). The only kinase family 

amongst the typical kinases inhibited by NL-1 (~40% of control) was the WNK kinase 

family, particularly WNK3. WNK kinases or With-No-Lysine kinases play an important role 

in body fluid and ion homeostasis and regulates blood pressure (69,70). An inhibitor of 
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WNK kinase family, WNK463, was shown to lower mean arterial pressure, and increase 

urinary excretion of sodium and potassium (71). It has been recently reported that WNK3 is 

upregulated upon onset of intracerebral hemorrhage which in turn deteriorates brain injury 

via the WNK3/SPAK/NKCC1 pathway(72). WNK3 knockout in mouse and rat models 

exhibit significantly reduced infarct volumes, cerebral edema, axonal demyelination, BBB 

damage and improved neurocognitive behavior following an ischemic stroke (72–74). Of 

note is that fact that NL-1 was used at a single concentration of 10 μM, which is a high 

concentration for kinase inhibition. A more detailed investigation at lower concentrations of 

NL-1 is necessary to determine its effective inhibitory actions on WNKs and PDKs. 

Nonetheless, a possible inhibition of WNK3 by NL-1 could contribute to improved 

outcomes after stroke, and presents a promising mitoNEET-independent axis that warrants 

further investigation.

A few caveats do exist in our current study. From the kinase panel we found that only kinase 

family inhibited at 10 μM by NL-1 was the WNK kinase family, particularly WNK3 (69–

72). Lastly, we acknowledge that only younger male mice were used in these studies, instead 

of aged (>16 months of age) mice. We established the pharmacokinetic parameters in this 

study and initial experimental design in anticipation of repeating these studies in older 

animals. Cell damage following stroke is multimodal, with a complex interplay occurring 

between ROS, apoptosis and inflammatory mediators. Further investigation is needed to 

fully elucidate the pharmacology of NL-1 on biochemical pathways with greater focus on 

the levels of molecular mediators of neurodegeneration.

CONCLUSION

In summary, we describe studies performed to investigate the viability of using mitoNEET 

ligands such as NL-1 as a stroke therapeutic in the prevention of tissue loss during cerebral 

reperfusion injury after a stroke. Our data indicate that use of NL-1 was found to further 

improve cerebral stroke outcomes following treatment in mice reperfusion injury. This work 

presents the first report of NL-1 as a possible stroke therapeutic for the novel mitochondrial 

target mitoNEET in reducing tissue damage in reperfusion injury.
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Fig. 1: 
(A) Structures of NL-1 and pioglitazone (B) The mitoNEET ligand NL-1 does not activate 

PPAR-gamma receptor. The positive control rosiglitazone had significantly higher 

bioluminescence activity compared to control and NL-1 (P<0.05) N = 4. (C) NL-1 at 10 

mg/kg did not lower blood glucose after glucose tolerance test. Each data point represents 

mean ± S.D. where N = 4.
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Fig. 2: Effect of NL-1 treatment on kinase activity.
(A) Typical kinase panel shows that the only notable inhibition for the WNK kinase family, 

out of 349 kinases, and (B) Atypical kinase panel showing significant inhibition of PDK2 

and PDK3. Results are expressed as the percent inhibition of control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).
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Fig. 3: Effect of NL-1 (10 μM) on endogenous calcium and calcium influx in N2A cells.
Cells were treated with NL-1 for 15 minutes and the calcium flux measure with the 

Fluoforte calcium kit. Control cells received DMSO only, with a final concentration of 

DSMO 1%. (A) Effect of NL-1 on baseline calcium uptake. (B) Effect of NL-1 on cells 

which have been stimulated by KC1 (50 mM) to stimulate voltage gated ion channels. The 

cells treated with NL-1 did not show significant effects on calcium flux at the dose tested. 

Each data point represented by average +/− S.D. were N = 3 -5 for each group. 

Abbreviation: relative fluorescent units (RFU).
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Fig. 4: Effect of NL-1 on mitochondrial complexes of the electron transport chain.
(A) NL-1 (10 μM) stimulates complex I activity in isolated mitochondria; (B) NL-1 does not 

affect complex IV in isolated mitochondria. Each bar represents average +/− S.D, where N = 

3 (*p<0.05).
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Fig. 5: 
NL-1 (10 μM) stimulates mitochondrial membrane potential in N2A cells with 

ursodeoxycholic acid used as control (500 nM). Each bar represents average +/− S.D, where 

N = 3 (*p<0.05).
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Figure 6: Measurement of oxygen consumption rate (OCR) of N2a cells as a function of 
mitochondrial respiration.
The OCR is plotted over time with sequential addition of modulators of respiration for (A) 3 

hour and (C) 24 hour treatment. The OCR for parameters of mitochondrial respiration are 

compared for control and 10 μM NL-1 for (B) 3 hour and (D) 24 hour treatment.
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Fig. 7: Measurement of extracellular acidification rate (ECAR) of N2a cells as a function of 
glycolysis.
The ECAR is plotted over time with sequential addition of modulators of glycolysis for (A) 

3 hour and (C) 24 hour treatment. The ECAR for parameters of glycolysis are compared for 

control and 10 μM NL-1 for (B) 3 hour and (D) 24 hour treatment.
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Fig. 8: NL-1 protects neuronal cells against oxygen glucose deprivation and reperfusion (OGDR).
N2a cells were exposed to OGDR conditions for 3 hours and reperfused for 24 hours. The 

fluorescence intensity from Amplex Red assay is plotted as a percentage on control cells for 

a series of NL-1 concentrations versus vehicle control (*p<0.05).
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Fig. 9: Brain and plasma distribution pharmacokinetic profiles of NL-1 into the brain of male 
C57BL/6J mice (30).
NL-1 (10 mg/kg) was injected i.p. Each data point represents average ± S.D. where N = 6-8 

male mice.
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Fig. 10: Administration of NL-1 protects against brain ischemic reperfusion injury.
NL-1 was administered to mice at the time of reperfusion, and mice were protected from 

transient brain ischemic-reperfusion injury. (A) TTC staining, where red areas are live and 

white areas are ischemic tissue. Effect of NL-1 treatment (10 mg/kg) on the infarct volume 

(B) and brain edema (C) of mice treated with NL-1 compared to vehicle treated mice. Data 

shown as mean ± S.D. where N = 3-5 mice. Statistical significance *P<0.05.
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Fig. 11. Post-reperfusion administration of NL-1 protects against brain ischemic reperfusion 
injury.
NL-1 was administered to mice 15 min post-reperfusion protected mice from transient brain 

ischemic-reperfusion injury as seen in brain slices with TTC staining, where red areas are 

live and white areas are ischemic tissue. Effect of NL-1 treatment (10 mg/kg) on the infarct 

volume (A) and brain edema (B) of mice treated with NL-1 compared to vehicle treated 

mice. (C) Vehicle treated tMCAO; (D) NL-1 (10 mg/kg) with tMCAO. Data shown as mean 

± S.D. where N = 4-5 mice. Statistical significance *P<0.05.
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Fig. 12: Permanent occlusion ischemic stroke is not protected by NL-1.
NL-1 was administered to mice 1 hour post a photothrombotic induced stroke (10 mg/kg). 

(A) TTC brain sections with tissue infarct; (B) no statistical significant reduction in infarct 

size; N = 10-15 mice.
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Fig. 13: Oxidative stress reduction by NL-1 in ischemic reperfusion injury.
NL-1 reduced the levels of the oxidative stress marker 4-hydroxynonenal in tMCAO mice 

when treated with 10 mg/kg NL-1.
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