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ORIGINAL RESEARCH

Disrupted Blood- Brain Barrier and 
Mitochondrial Impairment by Autotaxin– 
Lysophosphatidic Acid Axis in Postischemic 
Stroke
Susmita Bhattarai , MS; Sudha Sharma, MS; Hosne Ara, MD, PhD; Utsab Subedi, MS, MPH;   
Grace Sun ; Chun Li, MD, PhD; Md. Shenuarin Bhuiyan , PhD; Christopher Kevil , PhD;   
William P. Armstrong, MS; Miles T. Minvielle , MS; Sumitra Miriyala, PhD; Manikandan Panchatcharam , PhD

BACKGROUND: The loss of endothelial integrity increases the risk of intracerebral hemorrhage during ischemic stroke. Adjunct 
therapeutic targets for reperfusion in ischemic stroke are in need to prevent blood- brain barrier disruption. Recently, we have 
shown that endothelial permeability is mediated by lysophosphatidic acid (LPA), but the role of autotaxin, which produces 
LPA, remains unclear in stroke. We investigate whether autotaxin/LPA axis regulates blood- brain barrier integrity after cerebral 
ischemia.

METHODS AND RESULTS: Ischemic stroke was induced in mice by middle cerebral artery occlusion for 90 minutes, followed by 
24- hour reperfusion. The therapeutic efficacy of autotaxin/LPA receptor blockade was evaluated using triphenyl tetrazolium 
chloride staining, Evans blue permeability, infrared imaging, mass spectrometry, and XF24 analyzer to evaluate blood- brain 
barrier integrity, autotaxin activity, and mitochondrial bioenergetics. In our mouse model of ischemic stroke, the mRNA levels 
of autotaxin were elevated 1.7- fold following the cerebral ischemia and reperfusion (I/R) group compared with the sham. The 
enzymatic activity of autotaxin was augmented by 4- fold in the I/R group compared with the sham. Plasma and brain tissues 
in I/R group showed elevated LPA levels. The I/R group also demonstrated mitochondrial dysfunction, as evidenced by de-
creased (P<0.01) basal oxygen consumption rate, mitochondrial ATP production, and spare respiratory capacity. Treatment 
with autotaxin inhibitors (HA130 or PF8380) or autotaxin/LPA receptor inhibitor (BrP- LPA) rescued endothelial permeability and 
mitochondrial dysfunction in I/R group.

CONCLUSIONS: Autotaxin- LPA signaling blockade attenuates blood- brain barrier disruption and mitochondrial function follow-
ing I/R, suggesting targeting this axis could be a new therapeutic approach toward treating ischemic stroke.
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Ischemic stroke, a vascular blockage in the brain, is a 
leading cause of death in the United States, responsi-
ble for 1 of every 20 deaths. Stroke results in varying 

levels of disability among recovered patients; the cost of 
poststroke care, which can be prohibitive, is one of the 
most expensive consequences of stroke. The United 
States spends the most on poststroke care, causing 

an economic burden on families and society.1 Despite 
the major limitation of a short therapeutic window of 
≈4.5 hours, recombinant tPA (tissue- type plasminogen 
activator) is the only therapy available for use in treating 
acute ischemic stroke. Several other treatments tested 
for stroke have not been introduced for use because 
they lacked effectiveness. Although recombinant tPA is 
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in use, only 3% to 5% of patients with stroke are eligible 
to receive it, as most other patients with stroke are at 
risk for intracerebral hemorrhage.2 Apart from recom-
binant tPA, mechanical thrombectomy is limited in use 
because of a lack of expertise and resources, and it 
is useful for only about 9% of patients with proximal 
large- artery occlusion.3– 5 Better therapeutic strategies 
are necessary to improve the outcome for patients with 
ischemic stroke by lowering death rates and improving 
the quality of life of ischemic stroke survivors.

Microvascular endothelial cells, tight junctions, and 
adherens junctions help the brain maintain its secu-
rity system (blood- brain barrier [BBB]), which ultimately 
protects the central nervous system. Astrocytes and 
microglial cells6 support the maintenance of the BBB. 
Breakdown of the BBB may initiate adverse clinical 
outcomes after ischemic strokes, such as elevated in-
terendothelial permeability.7 Disruption in BBB follow-
ing an ischemic stroke leads to edema, hemorrhage, 

and the infiltration of immune cells in the brain, re-
sulting in clinical deterioration.8 BBB disruption7 aids 
pathologic progression of ischemic stroke. Junctional 
proteins, such as zonula occludens- 1, claudin- 5, vas-
cular endothelial cadherin, and β- catenin, are essential 
for BBB maintenance, and their modulation could be 
used as a therapeutic target in ischemic stroke.6 The 
maintenance of dynamic regulation of junctional pro-
teins protects the vasculature, resulting in reduced risk 
of hemorrhage and ultimately controlling the progres-
sion of the disease.9 So, targeting junctional proteins 
represents a new path for the treatment of ischemic 
stroke, which is also the main focus in this study.9,10

Lysophosphatidic acid (LPA) is a phospholipid with 
a glycerol backbone, a hydroxyl group, phosphate, and 
a saturated or unsaturated fatty acid chain.11 LPA is 
generated in the blood plasma of humans and rodents 
by hydrolysis of circulating lysophospholipids, which 
are catalyzed by the lysophospholipase D enzyme au-
totaxin when the concentration is >100 nmol/L.12,13 The 
several physiological effects of LPA occur through the 
actions of 6 LPA receptors and their genes, namely 
LPA receptor (LPAR) 1 to LPAR6 (human) and Lpar1 to 
Lpar6 (nonhuman).14 LPA has been detected in higher 
than normal concentrations in other diseases as well, 
such as vascular dementia, spinal cord injury, fibrosis, 
cardiovascular diseases, cancer, and Alzheimer dis-
ease.15,16 It has been suggested that LPA could serve 
as a biomarker for these diseases and could be a bio-
marker of stroke, as shown by our study.

The effect of LPA on endothelial cells has been 
shown to increase the phosphorylation of endothe-
lial NO synthase on serine 1179, leading to endothe-
lial NO synthase activation in aortic endothelial cells.17 
Lysophosphatidylcholine and its product LPA activate 
nicotinamide adenine dinucleotide phosphate oxidase 
2, leading to increased reactive oxygen species forma-
tion18 in pulmonary microvascular endothelial cells.19 
These studies indicate that LPA and its downstream 
signaling disrupt the balance of the oxidative equilibrium 
in endothelial cells. Decreased mitochondrial mem-
brane potential, along with reduced ATP levels, were 
also observed in coronary artery endothelial cells and 
cardiomyocytes treated with LPA.18,20 In particular, LPA 
has been shown to increase permeability in cultured 
brain microvascular endothelial cells.21– 23 However, the 
extent of destruction caused by autotaxin/LPA in brain 
endothelial cells, leading to endothelial permeability and 
disruption of junctional proteins, has yet to be explored. 
In this study, the focus is to determine the role and effect 
of LPA and its regulator enzyme autotaxin in stroke.

METHODS
All data and supporting materials have been provided 
with the published article.

CLINICAL PERSPECTIVE

What Is New?
• Autotaxin– lysophosphatidic acid (LPA) axis 

could play a critical role in pathophysiological 
effects during ischemic stroke.

• Herein, we show that LPA is increased along 
with autotaxin following ischemic stroke.

• We evaluate the effect of the autotaxin- LPA 
axis in elevated permeability following ischemic 
stroke.

• Autotaxin- LPA axis affects the mitochondrial 
bioenergetics in the brain after ischemic stroke.

What Are the Clinical Implications?
• Autotaxin inhibitors could be implemented to 

manage ischemic stroke as the autotaxin- LPA 
axis increases endothelial permeability in our in 
vivo stroke model.

• We elucidate the effect caused by elevated LPA 
following ischemic stroke so that LPA could be 
considered a marker for stroke management.

Nonstandard Abbreviations and Acronyms

BBB blood- brain barrier
I/R ischemia and reperfusion
LPA lysophosphatidic acid
MCAO middle cerebral artery occlusion
OCR oxygen consumption rate
SOD superoxide dismutase
TTC triphenyl tetrazolium chloride
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Animal Models of Ischemic Stroke
Animal handling and surgical procedures and protocols 
were approved by the Institutional Animal Care and Use 
Committee at Louisiana State University Health Science 
Center– Shreveport. They were performed in accord-
ance with the National Institutes of Health Guide for 
the Care and Use Laboratory Animals. C57BL6/J male 
mice (3 months old) were used for the surgery. In the 
animals that underwent cerebral ischemia and reperfu-
sion (I/R), ischemic stroke was induced by right mid-
dle cerebral artery occlusion (MCAO) for 90  minutes 
and reperfusion for 24 hours. Mice were anesthetized 
with isoflurane (induction at 5% and maintenance at 
1.5%) in a gas mixture containing 30% O2/70% N2 via 
a facemask and kept on a temperature- controlled heat-
ing pad (Harvard Apparatus, March, Germany), which 
maintained the rectal temperature at 37 °C throughout 
the surgery. A laser- Doppler flow probe (PERIMED, PF 
5010 LDPM Unit, Sweden) was attached to the right 
side of the dorsal surface of the skull to monitor regional 
cerebral blood flow. The right common and external ca-
rotid arteries were exposed and ligated. The middle cer-
ebral artery was occluded by the insertion of a silicone 
rubber- coated monofilament (Doccol Corporation, MA); 
through the basal part of the external carotid artery, the 
monofilament was advanced cranially into the internal 
carotid artery to the point where the middle cerebral ar-
tery branches off from the internal artery. An immediate 
decrease in regional cerebral blood flow indicated the 
onset of MCAO. In the sham group, the monofilament 
was also inserted into the internal carotid artery but not 
to the point that it causes a reduction in regional cere-
bral blood flow. Reperfusion was induced at 90 minutes 
of MCAO by suture withdrawal and reopening the right 
common carotid artery. After the surgery, mice were 
given carprofen (2 mg/kg) postoperative by subcutane-
ous injection and placed in a heating pad. Animals were 
observed for at least 30 minutes to 1 hour to ensure 
that they show no surgery’s ill effects. During this re-
covery period, any mice unable to right themselves (like 
spinning in place or paresis) were euthanized. To enable 
easy access to food, soft wet food is placed inside the 
cage. At 24 hours of reperfusion, the mice were eutha-
nized by exposure to absolute isoflurane. Blood was 
collected, and the plasma was separated to measure 
the LPA concentration. Triphenyl tetrazolium chloride 
(TTC) staining was done in mouse brain tissues, cut in 
1.5- mm sections. The infarct size in the corresponding 
areas was measured using Image J. Brain cortical tis-
sues were collected for Western blotting analysis and 
reverse transcription– polymerase chain reaction.

In Vivo Imaging
Autotaxin activity in the mouse brain and brain 
slices was analyzed using a fluorogenic analog of 

lysophosphatidylcholine (AR- 2), enabling in vivo visuali-
zation of autotaxin activity. AR- 2 activated by autotaxin 
exhibits fluorescence, and the fluorescence observed 
correlates directly with the activity of autotaxin. The assay 
was performed according to that used by Madan et al, 
with modifications.24 AR- 2, diluted in PBS, was injected 
intravenously via the lateral tail vein and administered 
at 0.5 mg/kg body weight 2 hours before brain collec-
tion. The fluorescence signal was acquired and analyzed 
using the LI- COR Odyssey (LI- COR Biosciences) in the 
brain sections. The autotaxin inhibitors PF8380 (30 mg/
kg body weight) (Echelon Biosciences Inc, Logan, UT), 
HA130 (0.5  mg/kg body weight; 1  μL/g, 1  mmol/L) 
(Echelon Biosciences Inc), and BrP- LPA (10 mg/kg body 
weight) were injected intraperitoneally in mice 1 hour be-
fore MCAO surgery in the respective separate experimen-
tal groups.25– 27 The effect of LPA on vascular permeability 
was examined, as shown previously.26 Briefly, the mice 
were anesthetized and injected intravenously with Evans 
blue dye (0.1 mL of a 1% solution in PBS) at 6 hours of rep-
erfusion. Fifteen minutes later, the anesthetized mice were 
perfused with PBS containing heparin through the right 
ventricle at a constant rate to yield pressure of 25 mm Hg. 
Evans blue dye, being a fluorophore,28 is measured in 680 
channels using the LI- COR Odyssey. The fluorescence 
intensity measured directly correlates to the amount of 
Evans blue dye permeabilized in the brain tissue.

Mitochondrial Bioenergetics
The oxygen consumption rate (OCR) was analyzed 
using a Seahorse extracellular flux analyzer (XF- 24, 
Seahorse Biosciences, Chicopee, MA). The mito-
chondria was isolated from the peri- infarct I/R tissue 
and the corresponding areas of the sham mice. The 
mitochondrial bioenergetic measurements were per-
formed according to the method described in Chandra 
et al,18 where different batches of mitochondria came 
from the same group. The real- time bioenergetic ac-
tivity of mitochondria and the effects of treatments 
were observed as free protons, and the concentra-
tion of oxygen was measured using the XF- 24. OCR 
was quantified in pmol/min per μg, with normalization, 
performed with respect to the total protein content. 
The initial basal value of OCR was interrupted by the 
addition of oligomycin (complex V inhibitor), giving val-
ues for ATP- linked OCR. Carbonyl cyanide p- trifluoro- 
methoxyphenyl hydrazone (FCCP; an uncoupler) and 
rotenone+antimycin (complex I and complex III inhibi-
tor) additionally determine maximal OCR capacity and 
spare OCR capacity, respectively.

Lysophosphatidylcholine and LPA 
Analysis Using Mass Spectrometry
For the quantification of lysophosphatidylcholine and 
LPA molecular species, we used high- performance 
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liquid chromatography– tandem mass spectrometry, 
as previously described.12,18,26 The abundance of the 
lysophosphatidylcholine/LPA in plasma was calculated 
as pmol/10 nmol PO42− and finally normalized with the 
18:1 lysophosphatidylcholine/LPA of the sham group, 
resulting in relative abundance.

Statistical Analysis
Data analysis was conducted using Graphpad Prism 
8. Data are reported as mean±SD, with all experiments 
performed with a minimum of 3 replicates. One- way 
ANOVA, followed by the Tukey, post hoc test or the 
unpaired Mann- Whitney U test was used to identify 
significant differences between groups. A P value of 
<0.05 was considered significant. The study was ran-
domized, and the investigators were blinded between 
the treatment groups.

An expanded Methods section is available in Data 
S1.

RESULTS
Elevated Autotaxin Activity Following I/R
The I/R was performed in 3- month- old male mice, 
and the 1.5- mm brain slices prepared were stained 
with TTC. TTC staining of the brains of mice who un-
derwent I/R showed infarct regions in the right hem-
isphere of the brain, compared with slices from the 
sham mice (Figure 1A). The infarct area was measured 
with Image J and quantified as a percentage of the 
hemisphere. The brain cryosections showed microglial 
activation, indicating inflammation on the ipsilateral 
side of the I/R mouse brains, but not those of the sham 
mice (Figure  1B). The ipsilateral brains from I/R and 
sham mice were collected for reverse transcription– 
polymerase chain reaction, which showed that the 
level of autotaxin mRNA was significantly elevated in 
I/R mice to >1.7- fold higher than that of the sham mice 
(Figure  1C). As autotaxin is an enzyme, we were in-
terested in assessing the activity following stroke. An 
AR- 2 fluorescence assay was used to determine the 
activity of autotaxin in vivo. As shown in Figure 1D, the 
AR- 2 fluorescence measured in I/R mice using the 
Li- COR Odyssey was significantly higher compared 
with that in the sham mice. The AR- 2 fluorescence ob-
tained correlates directly with the increased enzymatic 
activity of the autotaxin in the brain tissue in I/R mice. 
Saturated and unsaturated forms of lysophosphati-
dylcholine are the precursors for the different forms 
of LPA in circulation. Liquid chromatography– mass 
spectrometry analysis showed that there were no sig-
nificant changes in lysophosphatidylcholine levels, ex-
cept for the unsaturated 18:1 lysophosphatidylcholine, 
in the plasma of I/R compared with that of the sham 
mice (Figure 1E).

LPA Escalation Following I/R
As autotaxin was elevated following I/R, we then meas-
ured plasma LPA using liquid chromatography– mass 
spectrometry and found that 18:1, 16:0, 18:0, 20:4, and 
22:6 were significantly elevated after I/R (Figure  2A). 
Following on from our observation of elevated LPA in 
plasma, we were interested in measuring LPA in brain 
tissue following I/R. We performed ELISA in the ipsilat-
eral hemisphere brain tissue lysate, revealing a signifi-
cant increase in LPA levels in I/R compared with sham 
(Figure  2B). Along with ELISA, immunofluorescence 
assays were performed in brain cryosections to detect 
LPA in brain tissue. Immunohistochemistry analysis 
(Figure 2C) revealed LPA in the ipsilateral area of I/R 
mouse brain tissue. There was a clear difference be-
tween the comparable regions of the brains of I/R mice 
compared with those of sham mice, with amplified LPA 
detection in the I/R tissue of both the infarct core and 
peri- infarct areas. With LPA detection in the I/R tissue, 
we observed an exciting finding of LPA being not pre-
sent uniformly in the tissues but enhanced in a vascular 
distribution pattern. So immunofluorescence analysis 
of LPA and cluster of differentiation 31 (endothelial 
marker) was performed in these brain sections. We de-
tected colocalization of enhanced LPA with cluster of 
differentiation 31 in I/R tissues (Figure 2D), suggesting 
LPA increase was confined to the brain microvessels 
following ischemic stroke. LPA was increased robustly 
in ipsilateral side compared with the contralateral side 
in I/R group (Figure 2D). Because LPA acts on cellu-
lar functions via its receptors, we performed reverse 
transcription– polymerase chain reaction for the recep-
tors. Peri- infract brain tissue yielded mRNA levels of 
all 6 known LPA receptors in the corresponding areas 
of the brain tissues. There was a significant increase 
in levels of LPAR1, LPAR2, LPAR5, and LPAR6, with 
LPAR5 having the highest (≈5- fold) change in I/R 
mouse brains compared with those of sham mouse 
brains. LPAR3 was significantly reduced, whereas 
LPAR4 was not altered following I/R in mouse brains 
compared with levels in the sham brains (Figure 2E).

Autotaxin Inhibitors Decreased LPA 
Levels in MCAO Mice
Having observed elevated levels of autotaxin and LPA, 
we were interested in looking at the effects of auto-
taxin inhibitors on ischemic stroke. The autotaxin in-
hibitors PF8380 and HA130 were used in our MCAO 
mice model. PF8380 or HA130 was injected intraperi-
toneally 1 hour before MCAO surgery. Both inhibitors 
significantly reduced the activity of autotaxin com-
pared with that in the sham group (Figure 3A). The rela-
tive abundance of lysophosphatidylcholine in plasma, 
measured with liquid chromatography– mass spec-
trometry in all experimental groups (sham, I/R, HA130 
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treated, and PF8380 treated), showed no significant 
differences between the groups, except a decrease 
in 18:1 lysophosphatidylcholine in I/R mouse brains, 

which was significantly reduced compared with sham 
mouse brains (Figure 3B). There were no remarkable 
changes in lysophosphatidylcholine isoforms with the 

Figure 1. Elevated autotaxin (ATX) activity following ischemia and reperfusion (I/R).
A, Triphenyl tetrazolium chloride staining of mouse brain slices and respective infarct volume (percentage of the hemisphere) measured 
in sham and I/R mice. B, Mouse brain cryosections stained for microglia (Iba1) in sham and I/R mice ipsilateral cortex. Bar=200 µm. 
C, ATX mRNA expression was measured in ipsilateral cortex brain tissue lysate from sham and I/R mice. D, Enzymatic activity test 
for ATX measured with AR- 2 fluorescence, quantified as relative fluorescence unit (RFU) in sham and I/R mouse brain slices. E, 
Lysophosphatidylcholine subspecies in plasma from sham and I/R mice, measured with liquid chromatography– mass spectrometry, 
quantified relative to 18:1 LPC. All values are mean±SD compared with the sham group using Mann- Whitney U test. DAPI indicates 
4′,6- diamidino- 2- phenylindole. NI, near- infrared.
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use of autotaxin inhibitors compared with results in the 
sham group. PF8380 acts as a substrate for competi-
tive and tight- binding inhibition of autotaxin activity.26 In 
contrast, inhibition of autotaxin by HA130 results from 
a combination of a decreased turnover number and 
reduced affinity for its substrate.25 LPA isoforms were 
then measured in the plasma of sham, I/R, and HA130-  
and PF8330- treated mice. The elevated levels of LPA 
isoforms (18:1, 16:0, 18:0, 20:4, and 22:6) observed in 
I/R mouse brain tissue were significantly blunted by the 
use of either HA130 or PF8380 (Figure 3C). None of the 
other isoforms of LPA showed any significant alteration 
between the groups. These results demonstrate that 
autotaxin activity and LPA elevation can be managed 
with the use of autotaxin inhibitors.

Autotaxin Inhibitors and an LPA 
Receptor Inhibitor Rescue Mitochondrial 
Bioenergetics Following I/R
Mitochondrial bioenergetics studies reveal the healthy 
state of cells, providing a snapshot of the status of the 
tissues. To evaluate the oxidation- reduction status of 
the brain tissue, we performed OCR analysis in the 
mitochondria isolated from the brain tissue for all the 
groups (sham, I/R, HA130, and PF8330). The spare 
respiratory capacity, ATP turnover, and maximal res-
piration were significantly decreased in the I/R group 
compared with those of the sham group. Treatment 
with HA130 or PF8380 significantly reverted the basal 
respiration, spare respiratory capacity, ATP turnover, 
and maximal respiration to near- normal levels com-
pared with results in the I/R group (Figure 3D through 
3F). In addition to autotaxin inhibitors, we also used 
BrP- LPA, which is an autotaxin inhibitor plus LPA pan 
receptor inhibitor.26,27 The autotaxin– LPA– LPA recep-
tor is the classic action pathway for LPA, and as we 
observed increased LPA receptor expression (LPAR1/
LPAR2/LPAR5/LPAR6; Figure 2E), we were interested 
in using BrP- LPA in our ischemic stroke model. BrP- 
LPA was able to revert the basal OCR and FCCP 
OCR, which ultimately led to a significant increase 
in the spare respiratory capacity, ATP turnover, and 
maximal respiration in mitochondria when compared 
with those in the I/R group. These findings suggest 

that autotaxin activity or LPA receptor inhibition could 
be beneficial for maintaining intact mitochondrial func-
tion in stroke.

Autotaxin Inhibitors and LPA Receptor 
Inhibitor Attenuated Antioxidant Status in 
I/R Mice and Attenuated BBB Dysfunction
As a measure of physiological outcome, TTC staining 
was performed in mice brain sections. In TTC stainings 
performed in the treatment groups (HA130/PF8330/
BrP- LPA), the infarct region was significantly reduced 
compared with that of the I/R (Figure  4A), suggest-
ing reduced stroke exacerbation with the use of these 
inhibitors. Oxidative stress is increased in many dis-
eases, including stroke, which disrupts the oxidative 
balance of the cells, ultimately altering the antioxidants. 
Cells are equipped with a range of antioxidants, so we 
wanted to examine the antioxidant status in our experi-
mental groups. Because superoxide is a crucial indica-
tor of oxidative stress, we measured the superoxide 
levels in brain tissues. With I/R, there was a >2- fold 
(Figure 4B) increase in the levels of superoxide in the 
brain tissue compared with those in the sham brain tis-
sue. All 3 inhibitors (HA130, PF8380, and BrP- LPA) sig-
nificantly lowered the superoxide levels in brain tissue 
compared with levels in I/R (Figure 4B). As superoxide 
dismutase (SOD) is the primary enzyme responsible 
for quenching superoxide, an SOD activity assay was 
performed in which the reduction of both MnSOD and 
CuZnSOD (Figure 4C) was observed in I/R mice com-
pared with that in sham mice. SOD activity for MnSOD 
and CuZnSOD was rescued on the use of autotaxin 
inhibitors and an LPA receptor inhibitor (Figure  4C). 
Catalase and glutathione peroxidase are antioxidant 
enzymes that also challenge the oxidative stress 
caused by reactive oxygen species during tissue in-
jury. With I/R, catalase activity and glutathione per-
oxidase activity declined significantly, whereas HA130, 
PF8380, or BrP- LPA rescued the enzymatic activities 
of these antioxidants (Figure 4C and 4D), demonstrat-
ing attenuation of LPA- mediated oxidative stress in 
the brain tissue. In line with the reduced glutathione 
peroxidase activity, it was expected that we would 
detect decreased glutathione levels in I/R mice brains 

Figure 2. Lysophosphatidic acid (LPA) escalation following ischemia and reperfusion (I/R).
A, LPA subspecies in plasma from sham and I/R mice, measured with high- performance liquid chromatography– tandem mass 
spectrometry (liquid chromatography– mass spectrometry), quantified relative to 18:1 LPA. B, LPA ELISA immunoassay performed 
in ipsilateral brain tissue lysate and quantified as ng/mg protein in sham and I/R. C, Mouse brain cryosections stained for LPA (green 
fluorescence) and 4′,6- diamidino- 2- phenylindole (DAPI) (blue fluorescence) in sham and I/R mice; the arrows show magnified images 
of the respective regions in the brain Bar=1 mm for the whole brain, and bar=500 µm for magnified images. D, Immunofluorescence in 
mouse brain cryosections performed for LPA and cluster of differentiation 31 (CD31) in sham and I/R on ipsilateral and contralateral 
cortex. Bar=200 µm. E, LPA receptor mRNA expression was measured in brain tissue lysate from sham and I/R mice. All values are 
mean±SD compared with the sham group using Mann- Whitney U test. L indicates left; LPAR, LPA receptor; OCR, oxygen consumption 
rate; and R, right.
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compared with those of sham brains. The glutathione 
level was significantly revived with the use of HA130, 
PF8380, or BrP- LPA (Figure 4F) when compared with 

I/R. These data show that autotaxin inhibitors and the 
LPA receptor inhibitor were able to restore a variety of 
potent antioxidants in I/R.
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Increased BBB permeability after stroke is one of 
the main problems that exacerbate the disease. We 
wanted to observe permeability in all of our experi-
mental groups as a measure of the extent of stroke 
pathology. Evans blue fluorescence analysis was used 
to determine the level of permeability in mice brains in 
real time using a Li- COR Odyssey imager. In the brains 
of mice with the I/R injury, there was an apparent in-
crease in permeability, which was elevated almost 
3- fold compared with that in the sham mice. HA130, 
PF8380, or BrP- LPA injection treatment significantly 
attenuated the permeability of the BBB (Figure  5A). 
Further along, the effect of inhibitors was evaluated 
with immunofluorescence of the junctional proteins in 
sham, I/R, HA130, PF8380, and BrP- LPA mice brains. 
Ipsilateral cortex staining of junctional proteins for clau-
din- 5 (Figure 5B), zonula occludens- 1 (Figure 5C), VE- 
cadherin (Figure  S1), and β- catenin (Figure  S2) was 
performed. A clear observation of improved modula-
tion of junctional proteins was observed with the use of 
HA130, PF8380, or BrP- LPA (Figure 5B and 5C) com-
pared with the I/R. So, the maintenance of junctional 
proteins should decrease the risk of BBB dysfunction 
and hemorrhage.

DISCUSSION
Ischemic stroke has only one clinically approved treat-
ment, recombinant tPA, apart from the clinical inter-
vention of mechanical thrombectomy. Unfortunately, 
this treatment is not inclusive, as <5% of patients can 
receive treatment2 because of hemorrhagic transfor-
mation.29 Therefore, studies have begun to focus on 
developing a more comprehensive therapeutic agent. 
Studies suggest that a leading cause of stroke exacer-
bation is BBB disruption following I/R.10,30 Preservation 
of the integrity of the BBB has become an important 
focus when addressing the therapeutic issues re-
lated to ischemic stroke.31,32 Molecules and signaling 
pathways in the brain, particularly in endothelial cells, 
are targeted for this purpose.7– 9 In this study, we ad-
dressed the role of the autotaxin- LPA axis in a mouse 
model of transient focal cerebral ischemia. In our 
stroke model, an ischemic infarct was detected in the 
right hemisphere of the mouse brain following I/R. We 

observed microglial activation in the ipsilateral brain 
sections following MCAO. Following I/R, levels of the 
LPA producer autotaxin were increased at the mRNA 
level in the peri- infarct region, suggesting that reactive 
oxygen species generation33,34 in stroke might stimu-
late the signal. Autotaxin converts lysophosphatidyl-
choline to LPA, so we performed an autotaxin activity 
assay using AR- 2 fluorescence in real time, detecting 
an almost 4- fold higher autotaxin enzymatic activity 
in the brains of mice subjected to I/R. When plasma 
lysophosphatidylcholine was analyzed using mass 
spectrometry, we observed no change in the different 
species of lysophosphatidylcholine following MCAO, 
except for a reduction in the 18:1 species. Thus, au-
totaxin was observed to be upregulated following is-
chemic stroke.

LPA is essential for basic cellular signaling in healthy 
cells; however, in diseased conditions, such as athero-
sclerosis,35 hypertension,36 traumatic brain injury,37,38 
Alzheimer disease,39 myocardial infarction,40,41 pulmo-
nary fibrosis,42 and cancer,43,44 the elevation of LPA 
has been observed in local tissue as well as in blood. 
Therefore, we examined LPA in plasma following I/R 
using mass spectrometry and in localized tissue using 
the LPA antibody in brain sections. We observed in-
creased autotaxin activity on the ipsilateral side in 
mouse brain tissues, resulting in increased plasma 
and tissue levels of LPA in I/R mice. LPA was elevated 
in tissue level in the brain following I/R observed by 
ELISA along with the plasma level. Detection of LPA in 
localized brain tissue of I/R mouse brain cryosections 
also displayed an increased accumulation of LPA in the 
brain tissue, both in and around the ischemic core tis-
sue. In line with our observations, Ueda et al45 reported 
an increase in several species of LPA, mainly in the 
sensory cortex, with cerebral infarction.

Interestingly, we detected LPA being colocalized 
with brain microvasculature when LPA and cluster of 
differentiation 31 were costained in brain cryosec-
tions, indicating LPA elevation specifically in brain 
microvessels with I/R. Our observation suggests 
that the enhanced microvascular permeability fol-
lowing ischemic stroke is mediated partly through 
increased LPA signaling in the microvasculature. 
LPA signals downstream through its receptors, and 

Figure 3. Autotaxin (ATX) inhibitors in middle cerebral artery occlusion decrease ATX activity and lysophosphatidic acid 
(LPA).
A, Enzymatic activity test for ATX, measured with AR- 2 fluorescence, quantified as relative fluorescence unit (RFU), in sham, ischemia 
and reperfusion (I/R), HA130, and PF8380 mouse brain slices. B, Lysophosphatidylcholine (LPC) subspecies in plasma from sham, I/R, 
HA130, and PF8380 mice measured with high- performance liquid chromatography– tandem mass spectrometry (liquid chromatography– 
mass spectrometry [LC- MS]) quantified relative to 18:1 LPC. C, LPA subspecies in plasma from sham, I/R, HA130, and PF8380 mice 
measured with LC- MS, quantified relative to 18:1 LPA. D and E, Graph represents oxygen consumption rate (OCR) (pmol/min per µg 
protein) measurements in isolated mitochondria from sham, I/R, HA130, PF8380, or BrP- LPA mouse brain tissue at baseline and after 
sequential addition of oligomycin, carbonyl cyanide p- trifluoro- methoxyphenyl hydrazone (FCCP), and antimycin A+rotenone. F, Spare 
respiratory capacity, ATP turnover, and maximum respiration values analyzed in sham, I/R, HA130, PF8380, or BrP- LPA mice. All values 
are mean±SD. *P<0.05, **P<0.01 (1- way ANOVA, followed by the Tukey, post hoc test, was performed).
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with I/R injury, mRNA expression levels of LPAR1, 
LPAR2, LPAR5, and LPAR6 increased significantly in 
the peri- infract region. However, LPAR3 mRNA ex-
pression levels were reduced considerably, with no 

apparent changes observed in LPAR4 expression 
levels. Previously, we showed that lung endothelial 
permeability is partly mediated through LPAR4.26 
Our current findings further attest that BBB integrity 
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Figure 4. Biochemical assays improved with the use of inhibitors.
A, Triphenyl tetrazolium chloride staining of mouse brain slices and respective infarct volume (percentage of the hemisphere) 
measured in sham, ischemia and reperfusion (I/R), HA130, PF8380, or BrP- LPA mice (n=5 in each group). B, Superoxide measured 
using high- performance liquid chromatography in brain tissue lysate after staining with a dihydroethidium fluorescence probe in 
sham, I/R, HA130, PF8380, or BrP- LPA mice. C through E, Superoxide dismutase (SOD) activity, catalase activity, and glutathione 
peroxidase activity quantified in brain tissue lysate from sham, I/R, HA130, PF8380, or BrP- LPA mice. F, Glutathione levels were 
measured in sham, I/R, HA130, PF8380, or BrP- LPA mice. All values are mean±SD (1- way ANOVA, followed by the Tukey, post hoc 
test, was performed).
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differs from the endothelial barrier integrity observed 
elsewhere.46 LPAR5 has been found to be involved in 
inflammation through microglial activation,47,48 so the 
several- fold elevation observed following I/R could 
be from activated microglia. LPAR1 has previously 
been shown to be involved with cell migration prolif-
eration49 and contraction.50,51 In our study, we have 
observed that LPAR1 is the dominant player mediat-
ing the permeability in brain microvascular endothe-
lial cells (data not shown).

Autotaxin inhibitors are believed to be beneficial in 
cancer,52 pulmonary fibrosis,53 and other diseases.54 
The actions of these inhibitors in stroke have not been 
adequately explored, so we used 2 inhibitors, HA130 
and PF8380, in our study of I/R. Following treatment 
with either of the autotaxin inhibitors, the initial increase 
in autotaxin activity in I/R was significantly lowered, 
with HA130 being more effective than PF8380. Liquid 

chromatography– mass spectrometry analysis revealed 
no particular alteration in the lysophosphatidylcholine 
species after the use of inhibitors compared with re-
sults in the sham group, suggesting a potent block-
ade of autotaxin activity. As lysophosphatidylcholine 
is the precursor of LPA and autotaxin catalyzes lyso-
phosphatidylcholine, it was apparent that the autotaxin 
inhibitors caused no specific changes to the lysophos-
phatidylcholine isoforms. Nevertheless, on treatment 
with the autotaxin inhibitors, the levels of LPA isoforms 
18:1, 16:0, 18:0, 20:4, and 22:6 decreased, when they 
had been significantly elevated with I/R. Both the au-
totaxin inhibitors were efficient in lowering the plasma 
LPA level.

It has been established that following stroke, oxi-
dative stress is induced, and furthermore, that ox-
idative stress is enhanced with reperfusion.55– 58 
Mitochondria are directly affected by oxidative stress 

Figure 5. Improved endothelial permeability with the use of inhibitors.
A, Evans blue fluorescence measured and quantified with relative fluorescence unit (RFU) in whole brains of sham, ischemia and 
reperfusion (I/R), HA130, PF8380, or BrP- LPA mice. B, Immunofluorescence staining for claudin- 5 in ipsilateral cortex of sham, I/R, 
HA130, PF8380, or BrP- LPA mice. C, Immunofluorescence staining for zonula occludens- 1 in ipsilateral cortex of sham, I/R, HA130, 
PF8380, or BrP- LPA mice. Bar=200 µm. All values are mean±SD (1- way ANOVA, followed by the Tukey, post hoc test, was performed). 
CD31 indicates cluster of differentiation 31; and DAPI, 4′,6- diamidino- 2- phenylindole.
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in various neuronal diseases.59 The mitochondria from 
the mouse brain tissue showed reduced mitochondrial 
bioenergetics (ie, reduced basal OCR with decreased 
spare capacity, ATP turnover, and maximal respiration 
following I/R injury). However, following treatment with 
HA130, PF8380, or BrP- LPA, the OCR level improved, 
suggesting that the increased autotaxin/LPA axis in I/R 
has a negative effect on mitochondrial bioenergetics.

LPA has been shown to cause permeability in var-
ious organs, such as the lungs,60 via modulation of 
its receptors. In our I/R model, we used Evans blue 
dye to measure permeability in real time using a Li- 
COR Odyssey imager. The inhibitors HA130, PF8380, 
and BrP- LPA limited permeability, showing that auto-
taxin/LPA receptor inhibitors reduced damage to the 
BBB. We also observed that the junctional proteins, 
such as claudin- 5, zonula occludens- 1, VE- cadherin, 
and β- catenin, were improved in inhibitor- treated 
groups along with the improved Evans blue perme-
ability. It has been previously shown that intact junc-
tional proteins can be considered therapeutic targets 
for stroke management.6,9,61 With further mechanistic 
study, autotaxin/LPA receptor inhibitors could be in-
cluded in the ischemic stroke treatment strategy for 
improved BBB function. In addition to mitochondrial 
impairment and permeability, we observed a reduc-
tion in the cellular antioxidant activity of enzymes, 
such as catalase, MnSOD, and glutathione peroxi-
dase, signifying oxidation- reduction imbalance with 
I/R. The oxidation- reduction capacity in I/R mouse 
brains was restored to near normal on treatment with 
HA130, PF8380, or BrP- LPA. In addition, the overall 
superoxide levels in the brain, which were amplified 
following I/R, were also controlled on treatment with 
autotaxin/LPA receptor inhibitors. These findings 
suggest that cellular oxidative stress could be lim-
ited, and reactive oxygen species toxicity is counter-
balanced by using autotaxin/LPA receptor inhibitors, 
ultimately rescuing brain tissue following ischemic 
stroke.

LPA was observed to disrupt mitochondrial func-
tion, oxidation- reduction balance, and BBB. The find-
ings in this study suggest that inhibition of LPA or its 
receptors limits the mitochondrial damage caused by 
LPA. Mice with a heterozygous autotaxin deficiency 
were associated with improved mitochondrial energy 
metabolism when exposed to a high- fat, high- sucrose 
diet.62 Recently, we showed that cells exposed to 
LPA demonstrated decreased mitochondrial oxidative 
phosphorylation.18 In this study, we pursued defining 
the role of autotaxin and LPA in ischemic stroke, focus-
ing on BBB disruption, as restriction of vascular perme-
ability limits the exacerbation of the disease. With the 
increase of autotaxin and LPA in brain tissue through 
I/R, the downstream effects of LPA in endothelial cells 

provide more insight into the development of an effi-
cient therapeutic agent. Remedies can be designed 
at different levels, such as the use of autotaxin inhib-
itors, LPA receptor inhibitors, or downstream signal-
ing molecules to target permeability. As in our study, 
recent research by Strumwasser et al63 in rat mesen-
teric postcapillary venules discusses the probability of 
controlling permeability following I/R injury by inhibiting 
autotaxin. Katsifa et al64 have shown that autotaxin ac-
tivity is dispensable for the adult mouse. Because au-
totaxin seems to be a nonessential enzyme for adults, 
compared with other approaches, the alteration of this 
enzyme may be a safer option to pursue in combating 
disease. With this in mind, better therapeutics for isch-
emic stroke could be formulated.
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Supplemental Methods 

 

mRNA expression of LPA receptors 

Cortical tissues isolated from the peri-infarct area in the ischemia group and the corresponding 
area in the sham group were used for RNA extraction. Total RNA was extracted from cortical 
tissues using the Purelink RNA mini kit (Invitrogen) following the manufacturer’s instructions. 
cDNA was prepared with Multiscribe reverse transcriptase enzyme (4368814 High-Capacity 
cDNA Archive Kit; Applied Biosystems, Foster City, CA), and mRNA expression was measured 
in a RT-PCR reaction using TaqMan® gene expression assays and TaqMan® Universal PCR 
Master Mix (4444556 Applied Biosystems, Foster City, CA) on a Viaa7 Real-Time PCR System 
(Applied Biosystems, Foster City, CA). Receptor expression analysis was done using the ∆ct 
method normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fold change 
in expression was calculated using the 2-ΔΔCT method normalized to GAPDH as an endogenous 
control. Primers used were Mm01346925_m1 (LPAR1), Mm00469562_m1 (LPAR2), 
Mm00469694_m1 (LPAR3), Mm02620784_s1 (LPAR4), Mm02621109_s1 (LPAR5), 
Mm00613058_s1 (LPAR6), Mm00516572_m1 (ATX), and Mm99999915_g1 (GAPDH) from 
Applied Biosystems. 

 

Immunohistochemistry 

Mice were euthanized with 100% isoflurane and perfused with 4% paraformaldehyde.  Mouse 
brains were collected and preserved in OCT and then cryosectioned. The brain sections were 
blocked with 10% goat serum for an hour then permeabilized with 0.2% Triton X-100. The 
primary antibodies LPA (Z-P200, Echelon Biosciences Inc.) and Iba1 (019-19741, Wako 

Chemicals) were added overnight at 4 C. Secondary antibodies were added for 1 hour at room 
temperature, and the mounted slides were visualized using a fluorescence microscope with a 
mounted Nikon camera. LPA in tissue lysate was measured using the LPA ELISA kit (LS-
F25111-1, LSBio). 

 

Superoxide measurement  

A high-performance liquid chromatography (HPLC) system coupled with UV-vis and 
fluorescence detectors were used for the measurement of superoxide in brain tissue and in 
MBMEC. For mouse brain tissue, 0.3 mg DHE (DHE-5-ethyl-5, 6-dihydro-6-phenyl-3, 8-
diaminophenanthridine; Fluka, 37291) was prepared in DMSO and administered i.p. 1 h before 
the completion of reperfusion time. Brain tissues were collected after reperfusion and 
homogenized in 50 mM phosphate buffer (pH 7.4). The supernatant was separated and 100 μL 
transferred to a tube with 100 μL MeOH/HClO4 solution. Protein was precipitated by incubating 
the tube on ice for 2 h. The supernatant was obtained by centrifugation of the tubes at 12,000 x 

g, 4 C for 10 min. An aliquot of 100 μL supernatant was added to 100 μL 1 M 
phosphate buffer (pH 2.6). Excess buffer was removed following centrifugation at 12,000 x g, 4 

C for 5 min. The supernatant was transferred to a new tube to be used for HPLC superoxide 
measurement.  



Biochemical assays 

For SOD2 activity, we used the Nitro Blue Tetrazolium (NBT)-bathocuproine sulfonate (Sigma) 
reduction inhibition method of Spitz and Oberley 70. Homogenized mouse brain tissues in 50 
mm potassium phosphate buffer (pH 7.8) were used for the assay. Sodium cyanide (5 mM; 
Sigma) was used to inhibit Cu/ZnSOD, allowing measurement of MnSOD activity (units per mg 
protein). The catalase and glutathione assays was performed in homogenized brain tissues 
according to the manufacturer’s instructions (Catalase Assay Kit, CAT100, and Glutathione 
Peroxidase Cellular Activity Assay Kit, CGP1, both from Sigma). 

 

Immunofluorescence staining of junctional proteins 

For immunofluorescence staining, mice brain cryosections were blocked with 10% goat serum 

for 1 h, then incubated overnight at 4 C with mouse anti-ZO-1 (ThermoFisher), mouse anti-
claudin-5 (Invitrogen), rabbit anti-VE-cadherin (Santacruz biotechnology), rabbit anti-β-catenin 
(Santacruz biotechnology) and CD31 (BD biosciences) as primary antibodies. The following 
secondary antibodies: AlexaFluor 488 goat anti-mouse (ThermoFisher), AlexaFluor 488 goat 
anti-rabbit (ThermoFisher), or AlexaFluor 594 goat anti-rat (ThermoFisher) were used for 1 h at 
room temperature. The sections were mounted with Vecta shield mounting medium with DAPI 
(H-1800, Vector Laboratories) and visualized using a fluorescence microscope with a mounted 
Nikon camera. 

 

 



Figure S1. Immunofluorescence staining of Junctional proteins in mice brain. 
Immunofluorescence staining for VE-cadherin in ipsilateral brains of sham, I/R, HA130, PF8380, 
or BrP-LPA mice.  

 

 

 



Figure S2. Immunofluorescence staining for β-catenin in ipsilateral brains of sham, I/R, 
HA130, PF8380, or BrP-LPA mice. Scale bar=200µm. 

 

 


