1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2019 February 26.

-, HHS Public Access
«

Published in final edited form as:
Biochem Biophys Res Commun. 2018 February 26; 497(1): 444-450. doi:10.1016/j.bbrc.2018.02.106.

Post-ischemic administration of 5-methoxyindole-2-carboxylic
acid at the onset of reperfusion affords neuroprotection against
stroke injury by preserving mitochondrial function and
attenuating oxidative stress

Jinzi Wul, Zhen Jinl, Xiaorong Yang!2, and Liang-Jun Yanl"
1Department of Pharmaceutical Sciences, UNT System College of Pharmacy, University of North
Texas Health Science Center, Fort Worth, TX 76107

2Department of Physiology, National Key Disciplines, Key Laboratory for Cellular Physiology of
Ministry of Education, Shanxi Medical University, Taiyuan, China, 030001

Abstract

We previously reported that 5-methoxyindole-2-carboxylic acid (MICA) could induce
preconditioning effect in the ischemic brain of rat. In the present study, we addressed the question
of whether MICA could also trigger a postconditioning effect in ischemic stroke. To this end,
MICA (100 mg/kg body weight) was injected intraperitoneally at the onset of 24 h reperfusion
following 1 h ischemia in rat brain. Results indicate that stroked animals treated with MICA
showed less brain infarction volume than that of vehicle-treated animals. Further experiments
revealed that brain mitochondrial complexes I and 1V showed elevated enzymatic activities in
MICA treated group and the elevation in complex | activity was likely contributed by seemingly
enhanced expression of many complex | subunits, which was determined by mass spectral peptide
sequencing. When compared with vehicle-treated rats, the preservation of complexes | and 1V
activities was shown to be accompanied by enhanced mitochondrial membrane potential, increased
ATP production, and decreased caspase-3 activity. Additional studies also indicate the involvement
of NQOL1 upregulation by the Nrf2 signaling pathway in this MICA postconditioning paradigm.
Consequently, attenuated oxidative stress in the MICA treated group reflected by decrease in H,O,
production and protein carbonylation and lipid peroxidation was detected. Taken together, the
present study demonstrates that MICA can also induce a postconditioning effect in the ischemic
brain of rat and the underlying mechanism likely involves preservation of mitochondrial function,
upregulation of cellular antioxidative capacity, and attenuation of oxidative stress.
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1. Introduction

The brain can be prepared to tolerate ischemic stroke injury by either preconditioning or
postconditioning [1]; and both approaches can be achieved either by short episodes of
ischemia [2, 3] or by administration of pharmacological agents [4]. While both
preconditioning and postconditioning are to induce the endogenous neuroprotective
mechanisms against ischemic stroke injury [3, 5, 6], postconditioning is more clinical
relevant as stroke is not a predictable event. Nonetheless, it has been reported that
preconditioning and postconditioning may share certain mechanisms by which the brain is
tolerant to stroke injury [6-9]. For example, maintenance of mitochondria integrity and
function is known to be involved in both preconditioning and postconditioning [10-13]. It
should be noted that while ischemic preconditioning or postconditioning offers clean
approaches in the sense that no foreign substances such as chemicals or drugs are introduced
at the time of pre- or postconditioning treatments, such approaches cannot be performed on
humans because it would not be ethical to occlude human middle cerebral arteries.
Therefore, we have been focusing our research on chemical or pharmacological
preconditioning or postconditioning in the brain.

During our studies of the role of mitochondrial dihydrolipoamide dehydrogenase (DLDH) in
stroke injury, we found that in vivo inhibition of DLDH activity by 5-methoxyindole-2-
carboxylic acid (MICA) administered before stroke could trigger a neuroprotective response
in the brain of rat undergoing stroke surgery, demonstrating that MICA has a
preconditioning effect [14]. In the present study, we investigated whether MICA could also
induce a postconditioning neuroprotective effect when administered at the onset of
reperfusion following an ischemic event. Our results indicate that MICA indeed has a
postconditioning effect in the brain, albeit that the underlying mechanism by which a
neuroprotective response was triggered is different from that in the preconditioning
experimental settings.

2. Materials and methods

2.1. Animals

Young adult male Sprague-Dawley rats (~ 3 months old) were employed in this study. All
animal related procedures were approved by Institutional Care and Use Committee of
University of North Texas Health Science Center and all the protocols followed NIH
Guidelines for the Care and Use of Laboratory Animals. Rats were randomly assigned to
either MICA groups or control groups.
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2.2. Chemicals and reagents

5-methoxyindole-2-carboxylic acid (MICA) was from Fisher Scientific (Hanover Park, IL).
Nitro-blue tetrazolium (NBT) tablets, NADH, and 2,3,5-triphenyltetrazolium chloride (TTC)
were purchased from Sigma (St. Louis, MO). Amino caproic acid was obtained from MP
Biochemicals. Acrylamide, bis-acrylamide, Coomassie brilliant blue, Bradford protein assay
solution, and streptavidin-HRP were purchased from Bio-Rad. All antibodies and HRP
conjugated secondary antibodies were from Abcam (Cambridge, MA) and Invitrogen (San
Diego, CA), respectively. Protein carbonyl probe biotin-hydrazide was purchased from
Thermo Fisher. Mitochondrial membrane potential was determined by a kit purchased from
BioAssay System (Hayward, CA). Nrf2 assay kit was purchased from Signosis Inc. (Santa
Clara, CA).

2.3. Transitional middle cerebral artery occlusion (tMCAQ) and MICA administration

For ischemic stroke surgery (tMCAQ), an intraluminal filament model was used as
previously described [14]. Rats were anesthetized by 1-3% isoflurane in 30% oxygen using
an anesthetic vaporizer and flowmeter. The left MCA was occluded by a 4-0 monofilament
suture (coated with silicon to a diameter of 0.30 — 0.33 mm) introduced via internal carotid
artery. After a 60 minute occlusion, the suture was withdrawn for reperfusion. For MICA
postconditioning studies, MICA (100 mg/kg body weight) prepared in 1 ml of 150 mM
sodium bicarbonate [15] was injected (I.P. injection) at the onset of reperfusion immediately
following tMCAQ. Control animals received sodium bicarbonate only. Twenty four hours
after reperfusion, rats were sacrificed for tissue collection.

2.4. Measurement of infarct size

Brain stroke injury was evaluated by measuring the infarct volume using 2,3,5-
triphenyltetrazolium chloride (TTC) staining [14]. Basically, brain slice was incubated at
37°C for 30 minutes in a 2% solution of TTC in physiological saline, and then fixed in 10%
formalin. The stained slice was then digitally scanned and subsequently measured for the
lesion size (AlphaEaseFC) [16]. The percentage of infarction volume over total brain
volume was quantitated as previously described [17].

2.5. Preparation of brain mitochondria

Whole brain mitochondria were prepared using Percoll gradient centrifugation as previously
reported [18] with slight modifications [19, 20]. Brains were removed rapidly and
homogenized in 15 ml of ice-cold mitochondrial isolation buffer containing 0.32 M sucrose,
1 mM EDTA and 10 mM Tris-HCI, pH 7.1. The homogenate was centrifuged at 1,330 g for
10 min and the supernatant was saved. The pellet was resuspended in half volume (7.5 ml)
of the original isolation buffer and centrifuged again under the same conditions. The two
supernatants were combined and centrifuged further at 21,200 g for 10 min. The resulting
pellet was resuspended in 12% Percoll solution prepared in mitochondrial isolation buffer
followed by centrifugation at 6,900 g for 10 min. The obtained soft pellet was resuspended
in 10 ml of the mitochondrial isolation buffer and centrifuged again at 6,900 g for 10 min.
All the mitochondrial pellets collected after centrifugation were either used immediately or
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frozen at —80°C until analysis. Protein concentrations were determined by Bradford assay
[21].

2.6. Measurement of enzyme activities

Measurement of mitochondrial complexes | and IV activities was performed using BN-
PAGE as previously described [22]. DLDH dehydrogenase activity was also determined by
BN-PAGE using nitro blue tetrazolium and NADH as the substrates as previously described
[19, 20]. NQO1 enzyme activity was assayed using NADH as the electron donor and 2,6-
dichloroindophenol (DCPIP) as the electron acceptor as previously described [23].

2.7. Polyacrylamide gel electrophoresis and Western blot analysis

Nongradient blue native gel electrophoresis was performed as previously described [19, 22,
24]. For SDS-PAGE and Western blot assays, 10% resolving SDS-PAGE was usually
performed. Typically, one of the resulting gels was stained with Coomassie colloid blue [22],
and the other gel was subjected to electrophoretic transfer to immunoblot membrane and
immunoblotting [25]. Immunochemical signals on the immunoblot membrane were detected
with an enhanced chemiluminescence (ECL) kit. All images were documented by an
EPSON PERFECTION 1670 scanner with all densitometric quantifications of gel images
being analyzed by AlphaEaseFC software.

2.8. Other measurements

ATP levels were measured spectrophotometrically using an ATP probe kit purchased from
BioVision (Milpitas, CA). Brain homogenate H,0, was measured by the Amplex Red
method [26] using a kit purchased from Invitrogen. Caspase-3 activity (cleaved form), as a
cell death parameter [27, 28], was determined by a kit that was purchased from BioAssay
(Hayward, CA). Protein carbonyl content was quantitated by a gel-based Western blot
analysis of biotin-hydrazide derivatized proteins [29-31], whereby Western blot signal
intensities were normalized against those of Coomassie blue stained bands. Lipid
peroxidation was measured by thiobarbituric acid reactive substances (TBARS) [32, 33]
using a kit purchased from BioAssay Systems (Hayward, CA). Mitochondrial membrane
potential was determined by a kit that was also purchased from Biovision (Milpitas, CA).
Nrf2 nuclear translocation was measured by electrophoretic mobility shift assay (EMSA)
[34] using a commercially available kit obtained from Signosis Inc (Santa Clara, CA).
Protein identification by mass spectrometry peptide sequencing was carried out by ProtTech
(Phoneixville, PA) as previously described [35]. The relative abundance of an identified
protein was determined by the number of peptides recovered [36].

2.9. Data analysis

Where applicable, statistical data analysis was performed by GraphPad’s 2-tailed unpaired ¢
test (GraphPad, San Diego, CA). P< 0.05 was considered statistically significant.
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3.1. Decreased brain infarction volume in MICA postconditioning

To investigate whether MICA (structure shown in Fig. 1A) has any postconditioning effect
in the ischemic brain, we injected MICA at a dosage of 100 mg/kg body weight (IP
injection) at the onset of reperfusion following 1 h ischemia achieved by transitional middle
cerebral arterial occlusion (tMCAO) (Fig. 1B). After 24 h reperfusion, brain tissues were
collected for further studies. Although the number of size was small in this histochemistry
experiment, TTC staining of the brain slices clearly indicates that MICA treatment yielded a
much smaller infarction size when compared with that of control group (Fig. 1, C and D),
demonstrating that MICA administration at the onset of reperfusion also exhibits a
neuroprotective effect on stroke injury.

3.2. Preservation of brain mitochondrial function in MICA postconditioning

To explore the possible underlying mechanism of MICA postconditioning, we then
measured the activities of several mitochondrial enzymes involved in metabolic pathways
using BN-PAGE [22]. The enzymes tested in this study were complex |, DLDH, and
complex IV. As shown in Fig. 2, complex | activity was higher in the MICA-treated group
than in the vehicle group (Fig. 2, A and B), while no difference in DLDH activity was
detected between MICA and control groups (Fig. 2A). Complex 1V activity in the MICA
group was also higher than that in the control group (Fig. 2, C and D). These results indicate
that mitochondrial function was largely preserved in the presence of MICA after ischemia.
We then investigated the expression changes of complex | subunits that might be related to
the observed elevation of complex | activity in the MICA group. To this end, we excised the
BN-PAGE complex | gel bands for mass spectral peptide sequencing on the basis that the
more peptide recovered for an identified protein, the more abundant of that protein [35].
Results were tabulated in Fig. 2E. While many subunits showed increased peptide recovery
when compared with that of control, two proteins stood out, which were NDUFS1 and
NDUFS8, and both are iron-sulfur proteins involved in complex | electron transportation.
Using respective antibodies, we then verified that the two subunits in MICA-treated group
indeed showed higher contents than in the control group (Fig. 3A, B, and C).

We then further assessed mitochondrial integrity by measuring mitochondrial membrane
potential. Results in Fig. 3D indicate that mitochondrial membrane potential was higher in
the MICA group than in the control group, indicating that mitochondrial underwent less
damage in the presence of MICA. Indeed, mitochondrial ATP production in the MICA
postconditioning group was found to be higher than that in the control group (Fig. 3E). All
these could lead to less cell death as observed in Fig. 3F. These results further indicate that
MICA administered after ischemia preserves mitochondrial function.

3.3. Enhancement of anti-oxidation capacity and attenuation of oxidative damage in MICA
postconditioning

As oxidative stress is known to be involved in ischemic injury [37, 38], we then evaluated
the antioxidative status and oxidative damage in the brains of MICA treated rats. NQO1 was
used as the antioxidative parameter in this study, and H,O», production, protein
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carbonylation, and lipid peroxidation measured by TBARS were used as oxidative stress
parameters. Results indicate that NQO1 expression was higher in the MICA group than in
the control group (Fig. 4A and B). As NQO1 expression is regulated by Nrf2 signaling [39—
41], we further analyzed Nrf2 nuclear translocation. As expected, we indeed found that Nrf2
translocation into the nucleus was activated by MICA postconditioning (Fig. 4C),
demonstrating that MICA induced postconditioning in the brain involves Nrf2 signaling
pathway and NQO1 expression. Consequently, we found that cellular HyO, production in
the MICA group was attenuated (Fig. 4D), protein carbonylation (Fig. 4E) and lipid
peroxidation (Fig. 4F) were decreased. These results demonstrate that MICA induced
postconditioning involves decreased oxidative damage.

4. Discussion

The major findings of the present study are as the following. 1) MICA administered at the
onset of reperfusion triggered neuroprotective effect on ischemic brain injury; 2)
Mitochondrial function as assessed by enzyme activities, mitochondrial membrane potential,
and ATP production was preserved by MICA postconditioning; 3) MICA-triggered
neuroprotection involves enhancement of the cellular antioxidative capacity reflected by
NQOL1 upregulation by the Nrf2 signaling pathway; 4) Oxidative damage was attenuated by
MICA postconditioning.

We previously reported that MICA exhibited a preconditioning effect in the brain [14].
While the endogenous protein targets of MICA may be many, DLDH is certainly one of
them [15, 42-44]. It has been reported that MICA not only can target DLDH in multiple
tissues, but can also inhibit the gluconeogenesis pathway in the liver [15, 45]. Therefore,
MICA may have anti-diabetic property [46, 47]. Nonetheless, that whether MICA inhibition
of the gluconeogenesis pathway contributes to brain postconditioning remains to be further
investigated.

It appears that the triggering event in MICA postconditioning is different from that of
preconditioning as we did not observe enzymatic activity changes for DLDH (Fig. 2A), at
least at the end of reperfusion. In contrast, there was a significant difference in complexes |
and IV activities between control and MICA postconditioning. Based on the data collected,
we conclude that mitochondrial function was preserved by MICA postconditioning. Indeed,
mitochondrial membrane integrity was greater in MICA group than in the control group
(Fig. 3D), so were ATP levels (Fig. 3E). Consequently, decreased oxidative stress (Fig. 4D to
F) and attenuated cell death reflected by decreased caspase-3 activity (Fig. 3F) were
observed in the MICA group when compared with control group.

In our preconditioning studies, MICA given before ischemic stroke exhibited delayed
preconditioning effects [14], in which stroke surgery performed 4 weeks after MICA
treatment yielded less infarction volume than that of vehicle-treated animals. In the present
postconditioning study, we attempted to investigate whether MICA postconditioning also
showed a delayed protective effect. Unfortunately, we couldn’t observe reduction in brain
infarction volume one week after stroke surgery on MICA treated rats. While the reason for
this discrepancy may be multifactorial, one injection of MICA in this study as opposed to
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multiple injections of MICA in the preconditioning study could be at least one of the
explanations because in MICA delayed preconditioning studies, seven injections (once per
day for 7 days) were performed.

It should also be pointed out that in MICA postconditioning studies, rats were less tolerant
to MICA dosage than in MICA preconditioning studies, whereby no animals would die
when MICA (200 mg/kg body weight) was given for 4 weeks via diet intake or for 7 days
via intraperitoneal injection. In contrast, most rats died when 200 mg/kg MICA was given
after stroke surgery in postconditioning experiments. In fact, most rats would die at the
dosage of 150 mg/kg body weight. Hence, we decreased MICA dosage to 100 mg/kg in this
study. Apparently, stroke surgery renders rats less tolerant to MICA treatment at dosages
greater than 100 mg/kg.

Finally, it should be pointed out that our conclusion of preservation of mitochondrial
function by MICA preconditioning is based on the establishment that mitochondria are
damaged and exhibit dysfunction in ischemic stroke [11, 12, 48]. One might argue that a
comparison of our data between control and MICA groups could well support the notion that
activities of complexes | and 1V are upregulated by MICA postconditioning along with
enhancement of mitochondrial ATP production and increased mitochondrial membrane
potential. Needless to say, there might be minor contributions by MICA treatment to the
seemingly observed elevation in enzyme activities and mitochondrial function. However, the
percentages of mitochondrial functional enhancement vs. mitochondrial functional
preservation by MICA postconditioning will need to be further determined.

In summary, the present study demonstrates that MICA also could trigger a postconditioning
effect in the brain when administered at the onset of reperfusion. The likely mechanisms by
which MICA protects against ischemic brain injury involve preservation of mitochondrial
complexes | and IV activities, membrane integrity, enhanced ATP production, and attenuated
oxidative stress and cell death. Additionally, we found that NQO1 upregulation by the Nrf2
signaling pathway was also implicated in MICA-induced postconditioning in the ischemic
brain. These results, together with those of preconditioning study [14], indicate that MICA
could be a potential neuroprotective agent in stroke.
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Highlights
1. MICA administered at the onset of reperfusion triggers a postconditioning
effect
2. MICA postconditioning preserves mitochondrial function

3. MICA-triggered neuroprotection involves NQO1 upregulation by the Nrf2
signaling

4, Oxidative damage is attenuated by MICA postconditioning.
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Fig. 1.

A)gChemicaI structure of MICA. B) Timeline of MICA injection (IP) during the ischemia
reperfusion procedure; MICA was administered at the onset of 24 h reperfusion following 1
h ischemia (MCAQ). C) TTC staining of brain slices after 24 h reperfusion between control
and MICA groups (N=3 for each group). D) Densitometric quantitation of the infarction size
shown in C.
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Fig. 2.

A) BN-PAGE analysis of mitochondrial complex | and DLDH. B) Densitometric
guantitation of complex I gel band intensity shown in A. C) BN-PAGE analysis of complex
IV between control and MICA. D) Densitometric quantitation of complex IV gel band
intensity shown in C. E) Comparison of protein expression of detected complex | subunits
between control and MICA. Complex | band from each group were excised for mass
spectral peptide sequencing and the number of peptides for each subunit were shown. The
number of peptide for each subunit was the sum of three blue native gel bands for each

group
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Fig. 3.

A)gWestern blot determination of complex I subunits NDUFS1 and NDUFSS8, indicating a
higher expression of the two subunits than that in the control. B and C) show densitometric
guantitation of the two subunits, respectively. D) Comparison of mitochondrial membrane
potential between control and MICA. E) Comparison of cellular ATP content between
control and MICA. F) Comparison of caspase-3 activity between control and MICA.
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A) NQO1 expression determined by Western blot assay (N=3 for each group). B)
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Comparison of densitometric quantitation of gel bands between control and MICA shown in
A. C) Comparison of electro-mobility of Nrf2 transcription factor between control and
MICA. D) Comparison of H,O» production between control and MICA. E) Comparison of
protein carbonyl content between control and MICA. F) Comparison of lipid peroxidation
(as TBARS) between control and MICA.
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