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Abstract: Neuroprotective strategies for stroke remain inadequate. Nanoliposomes comprised of 
phosphatidylcholine, cholesterol and monosialogangliosides (NL) induced an antioxidant protec-
tive response in endothelial cells exposed to amyloid insults. We tested the hypotheses that NL will 
preserve SH-SY5Y neuroblastoma cell viability following hypoxic injury and will reduce injury in 
mice following middle cerebral artery occlusion (MCAO). Neuroblastoma were exposed to 20-hour 
physoxic (5% oxygen) or hypoxic (1% oxygen) condition without or with NL (100 or 300 µg/mL). 
Viability was measured using calcein-AM fluorescence and SH-SY5Y gene expression of antioxidant 
proteins heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO1) and superoxide 
dismutase 1 (SOD1) were measured by quantitative polymerase chain reaction. C57BL/6J mice were 
treated with saline (N=8) or NL (10000 ug/mL, N=7) while undergoing 60-minute MCAO followed 
by reperfusion. Day 2 post-injury neurologic impairment score and infarction size were compared. 
Neuroblastoma showed reduced viability following hypoxia that was reversed by NL. NL increased 
gene expression of HO-1, NQO1 and SOD1 versus controls. NL-treated mice showed reduced neu-
rologic impairment and brain infarct size (18.8±2% versus 27.3±2.3%, p=0.017) versus controls. NL 
reduced stroke injury in mice subjected to MCAO likely through induction of an antioxidant stress 
response. NL is a candidate novel agent for stroke.  
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1. Introduction 

Stroke is the second leading cause of death and the third leading cause of disability-
adjusted, life years worldwide1. Stroke is also a major factor in later development of vas-
cular dementia and Alzheimer’s disease1.  Despite the widespread application of two 
reperfusion strategies (intravenous thrombolytics and endovascular thrombectomy), 
post-ischemic brain injury still results in significant long-term disability and increased 
health care costs in the large population of stroke survivors2.  Prolonged ischemia may 
also reduce or abolish the benefits of reperfusion therapy and delayed reperfusion engen-
ders secondary reperfusion injury3. Therefore the National Institute of Neurologic Disor-
ders and Stroke (NINDS) Stroke Progress Review group has called for the development 
of adjuvant therapies to protect against reperfusion injury as well as to extend the thera-
peutic window of reperfusion therapy4.  Nanoliposomes comprise <100 nm sized collec-
tion of phospholipids, and cargo-free nanoliposome formulation comprised of cholesterol, 
phosphatidylcholine and monosialoganglioside (NL) were shown to protect against oxi-
dative and nitrative stress induced in human vascular  tissue and endothelial cells by 
amyloidogenic light chain5 and medin proteins6.  NL fully reversed medin-induced en-
dothelial cell injury through nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated 
activation of cellular antioxidant protective responses, with increased production of anti-
oxidants heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO1) and 
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superoxide dismutase-1 (SOD1).  In light of these antioxidant effects, we aim to test the 
efficacy of NL in mitigating hypoxic injury both in vitro and in vivo.  We tested the hy-
pothesis that NL will preserve viability of human neuroblastoma and brain microvascular 
endothelial cells exposed to hypoxia and that NL will reduce functional and histologic 
brain damage in mice subjected to middle cerebral artery occlusion stroke.  

2. Results 

2.1. Nanoliposomes 
Nanoliposomes comprised of phosphatidylcholine, cholesterol and monosialogan-

glioside (70%, 25%, 5% molar ratios, respectively) were measured to be 38.83±1.23 nm in 
size with polydispersity index of 0.32 and Z-potential of -8.76 mV.  

2.2. Neuroblastoma 
Neuroblastoma cells exposed to hypoxia showed significantly reduced viability com-

pared to physoxic control, while co-treatment with low (100 µg/ml) or high (300 µg/ml) 
dose of NL improved cell viability with full restoration at high dose (Figure 1A).  There 
was no significant difference in gene expression of HO-1, NQO1 or SOD1 between neuro-
blastoma cells exposed to hypoxia or physoxia, but co-treatment with NL (300 µg/ml) sig-
nificantly increased HO-1, NQO1 and SOD 1 gene expression in cells exposed to hypoxia  
(Figure 1B-D). Human brain microvascular endothelial cells showed reduced viability af-
ter exposure to hypoxia with restoration of viability when treated with NL at 100or 300 
µg/ml (Figure 1E).  

 

Figure 1. Hypoxic injury to human neuroblastoma and brain microvascular endothelial cells. A. SH-SY5Y cells exposed 
to hypoxia for 20 hours showed reduced viability that was restored by treatment with NL 100 µg/ml and 300 µg/ml, 
respectively.  Hypoxia did not elicit any change in gene expression measured by quantitative polymerase chain reaction 
of HO-1 (B), NQO1 (C) and SOD1 (D) in SH-SY5Y cells, but treatment with NL 300 µg/mL showed significant increase in 
gene expression of the antioxidant enzymes. E shows similar response in human brain microvascular endothelial cells 
(HBMVEC) with reduced viability with hypoxia and restoration of viability with NL treatment.  *p<0.05, **p<0.01, 
***p<0.001. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 August 2021                   doi:10.20944/preprints202108.0302.v1

https://doi.org/10.20944/preprints202108.0302.v1


 3 of 8 
 

 

.

Figure 2. In vivo administration of NL. A. Mouse with cranial window and Miniscope camera.  B-C. Fluorophore-la-
belled NL were injected intravenously in a mouse and fluorescent signal was measured; B shows brain prior to injection 
and C shows brain at peak fluorescent signal.  D-F shows the time course of fluorescent signal in cerebral artery (red) and 
parenchymal brain regions (black) following intravenous (D-E) and intraperitoneal (F) administration, (N=3). Note that 
signal saturates (maximum reading) at 256 arbitrary units (A.U.). E shows NL signal during initial period following tail 
vein injection demonstrating NL delivery to cerebrovasculature within 30 seconds of injection. 

2.3. In vivo NL administration 

NL administration showed delivery to mouse cerebral arteries with persistence of signal 
for up to 2 hours for IV injection and for more than 4 hours for IP injection (Figure 2, 
Movie Supplement 1 and 2).  Following tail vein injection, NL was noted to reach cere-
bral circulation within 30 seconds of injection (Figure 2E).    

 

Figure 3. NL reduced stroke injury following MCAO. Mice treated with NL during MCAO showed 
less neurological impairment compared to saline-treated controls (A).  B shows representative 
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brain sections after triphenyltetrazolium chloride staining.  C-D show that mice who had MCAO 
treated with NL had smaller infarcts with a trend towards reduced brain edema in NL-treated mice. 

2.3. Stroke Injury 
Mice that received NL showed improved neurologic impairment score compared to 

saline control (Figure 3A).  They also had significantly smaller infarcts and a trend to-
wards decreased brain edema (Figure 3B-D).   

3. Discussion 

This is an initial proof-of-concept demonstration that nanoliposomes comprised of 
phosphatidylcholine, cholesterol and monosialoganglioside could mitigate functional 
and structural stroke injury in an established preclinical ischemia model.  

Stroke represents the second most frequent cause of death in people older than 60 
years old, the most frequent cause of permanent disability and the second leading cause 
of dementia7.  Ischemic stroke from cerebral ischemia due to cerebral artery occlusion 
accounts for 85% of all strokes8.  Immediately after ischemia, neurons are unable to sus-
tain their normal transmembrane ionic gradient and homeostasis leading to oxidative 
and nitrative stress, excitotoxicity, cell death and neuronal destruction9. While the pre-
dominant emphasis is to reverse hypoperfusion, minimize tissue infarct and salvage the 
ischemic penumbra through reperfusion therapy, there is still great need for neuropro-
tective approaches that could enhance these revascularization strategies or administered 
in case revascularization is no longer an option. Oxidative stress in stroke results from 
enzymatic generation of free radicals fueled by oxygen supply which still reaches the 
ischemic tissue in the penumbra particularly after reperfusion7.  Neutralizing oxidative 
stress is a promising strategy as the ischemic brain is susceptible to oxidative damage 
due to high oxygen consumption and relatively low antioxidant capacity7.  Antioxidant 
agents such as edavarone that scavenges hydroxyl, peroxyl and superoxide radicals 
have been shown in cell and preclinical models to be efficacious, although this has not 
yet convincingly benefited patients with acute ischemic stroke10.  In human vascular 
models of amyloid toxicity mediated by oxidative and nitrative stress, NL was shown to 
be effective in preventing endothelial dysfunction and endothelial cell death following 
exposure to amyloidogenic light chain and aging-associated medin proteins5, 6. Our re-
sults show that the protective effect conferred by NL extends to preserving viability of 
human brain microvascular endothelial cells and neuroblastoma cells exposed to hy-
poxic insult.  In our prior work, we showed that NL’s ability to preserve cellular viabil-
ity in the setting of amyloid-induced oxidative stress was due to increased gene and pro-
tein expression of endogenous antioxidants HO-1, NQO1 and SOD1 through Nrf2-medi-
ated signaling6. HO-1 is an important enzymatic defense against oxidative stress 
through cleavage of heme to yield physiological antioxidants biliverdin and bilirubin5, 11.  
NQO1is an antioxidant enzyme through promotion of 2-electron reductions of quinones 
and depression of quinone levels leading to reduced generation of reactive oxygen inter-
mediates by redox cycling5, 12.  SOD1 catalyzes the dismutation of superoxide anion6. 
Our results show that neuroblastoma cells exposed to hypoxic condition do not generate 
an increase in gene expression of these antioxidant enzymes, but treatment with NL 
does, accompanied by preservation of cell viability to levels similar to physoxia condi-
tion.  In vivo, administration of NL similarly resulted in reduced functional impairment 
and brain infarct size in mice exposed to MCAO followed by reperfusion.  The protec-
tive effect of NL in the mouse stroke model is likely related, at least in part, to its ability 
to protect neuronal and endothelial cells in the face of hypoxic insult as demonstrated in 
our in vitro cell model, although this has yet to be empirically established in vivo. 
Miniscope imaging provided pharmacokinetic insight that the NL formulation used per-
sists in cerebrovascular circulation 2 hours or longer following either IV or IP 
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administration, suggesting sufficient exposure time to brain tissue within the therapeutic 
window required to treat stroke patients.   

The data are consistent with prior reports of mitigation of stroke injury by mono-
sialoganglioside in a rodent model published by Li and colleagues13, although mono-
sialoganglioside treatment had equivocal results in human stroke clinical trials14, 15. Im-
portant differences with our study are that we injected nanoliposomes and our formula-
tion was composed of 3 phospholipids: phosphatidylcholine, cholesterol and monosialo-
ganglioside with the latter comprising only 5% molar weight. The prior study by Li and 
colleagues using monosialoganglioside resulted in 6.8% absolute reduction of infarction 
volume that was achieved using 150 mg/kg total dose13, whereas our NL formulation 
with ~8.4 mg/kg monosialoganglioside component resulted in 8.5% absolute reduction 
of infarction volume. Li and his team injected free monosialoganglioside in saline; due to 
its low solubility in aqueous medium this glycolipid forms micellar aggregates the sizes 
of which were not reported.  It is likely that any uncontrolled aggregate formation can 
severely limit the bioavailability of monosialogangliosides that could in turn reduce its 
efficacy.  This might explain the fact that we needed much less of the monosialogangli-
osides in our nanoliposomes to produce the protective effect.  Nevertheless, our NL 
formulation needs to be tested for efficacy in future translational studies.    

 The study has several limitations.  Only male mice were tested and follow up tests 
should include female mice. The ideal dosing and timing of NL administration was not 
determined, but promising results in this initial study serve as a solid foundation to base 
future optimization experiments. The first dose was given 1 hour prior to arterial occlu-
sion (hence allowing the agent to potentially affect brain cells prior to ischemia) and a 
second dose given following occlusion and just before reperfusion.  This timing is not 
applicable to the most common clinical scenario wherein the treatment window availa-
ble is only following occlusion (onset of stroke).  Therefore, NL protective effect would 
have to be tested in the future within this window.  It is important to note however that 
strokes are frequently accompanied by prodromal transient ischemic attacks represent-
ing symptomatic but brief flow disruptions not leading to irreversible injury.  In such 
cases, the NL treatment scheduling we employed in this model would apply, so our cho-
sen mode/timing of administration does have some valid translational clinical correlate.   

4. Materials and Methods 

Nanoliposome production 
The details of the production of NL have previously been described5, 6. NL used for 

treatment was prepared from phosphatidylcholine, cholesterol and monosialogangli-
oside (70:25:5 % molar ratios) using lipid film hydration method. The hydrodynamic 
diameters of the liposomal nanoparticles were measured by dynamic light scattering 
(DLS) in triplicates using a Malvern Nano ZS Zetasizer (Malvern Panalytical Inc, 
Westborough, MA, USA) at 25℃. In this study, the size reported is based on average 
particle diameter by volume. The zeta potential values of the NLGM1 suspensions were 
measured in disposable cuvettes equipped with gold electrodes. Zeta potential was de-
termined using electrophoretic light scattering and is reported as the Z-average. Each 
measurement was performed on freshly prepared samples without dilutions.  
 
Hypoxic injury 
 SH-SY5Y human neuroblastoma cells (ECACC General Collection, Public Health 
England, passages 16-18) were seeded into 6-well plates and each group was exposed to 
the following conditions for 20 hours using Bio Tek Cytation 5 (Fisher Scientific, Wal-
tham MA): physoxia (5% oxygen, 5% carbon dioxide, 90% nitrogen), hypoxia (1% oxy-
gen, 5% carbon dioxide, 94% nitrogen), hypoxia co-treated with NL (100 µg/mL) or 
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hypoxia co-treated with NL (300 µg/mL, the dose chosen as it was the dose found to pro-
tect endothelial cells against medin and light chain amyloid-induced oxidative stress5, 6). 
Cells were then given calcein-acetoxymethyl (10 nmol/L, Life Technologies), a fluores-
cent probe that measures cell viability through detection of active and intact esterases 16 
and cell viability was measured using flow cytometer (Beckman Coulter FC500, Indian-
apolis IN) at 494/517 nm excitation/emission settings 6. Separate groups were exposed to 
same treatment conditions and gene expression was measured following lysis, ribonu-
cleic acid extraction and conversion to complementary deoxyribonucleic acid using Au-
rum Total RNA Mini Kit and iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules 
CA) as per previous methods 6.  Primers for HO-1 (SEQ1 F-5’-GAAGACACCCUAAU-
GUGGCAGCTG-3’ R-3’-GACCUUCUGUGGGAUUACACCGUCGAC-5’ 
SEQ2 F-5’-ACAACAUUGUCUGAUAGUAGCUUGA-3’ R-3’-UUUGUUGUAACAGAC-
UAUCAUCGAACU-5’) and SOD1 (SEQ1 F-5’-CCTCGGAACCAGGACCT-3’ SEQ2 F-5’-
TTAATGCTTCCCCACACCTT-3’) were obtained from IDT DNA Technologies (Coral-
ville IA) and NQO1 (F – 5’-ATGTATGACAAAGGACCCTTCC-3’ R-3’-GGTACATGA-
GAGACGTTCCCT-5’) was obtained from Sigma-Aldrich.  β-actin served as reference 
normalization gene.  In separate experiments, human brain microvascular endothelial 
cells (CellBiologics, Chicago IL, passages 5-8) were exposed for 20 hours to hypoxia (1% 
oxygen) without or with NL (100 or 300 µg/ml) and viability was compared with control 
endothelial cells in incubator (room air) using calcein-AM flow cytometry.  
 
In vivo testing of NL administration 
 The animal experiments were approved and were under the supervision of the In-
stitutional Animal Care and Use Committee of the University of Arizona College of 
Medicine-Phoenix and Barrow Neurological Institute at St. Joseph’s Hospital and Medi-
cal Center and conform to the Animal Welfare Act and applicable statutes. First, we 
tested delivery and persistence of NL in mouse cerebral circulation by producing a fluor-
ophore-containing modification of NL (phosphatidylcholine, monosialoganglioside, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-carboxyfluorescein in 85:5:10 % molar 
ratios) visualized with a miniature fluorescent microscope (V3 Miniscope) secured to the 
skull. Three C57BL/6J male mice (8 weeks old) underwent surgery to attach a Miniscope, 
with details as previously described17. A single GRIN lens (Edmund Optics, #64-538) 
was implanted perpendicular to the parieto-temporal cortex. Seven days after surgery, 
each mouse was anesthetized and secured in a stereotaxic frame for imaging. Baseline 
images were acquired and then the mouse received 0.1 ml of NL (10000 µg/ml) via tail 
vein intravenous (IV) injection. All imaging was done with modified Miniscope software 
with identical capture settings (Achromatic lens: 7.5mm, FPS: 30, Exposure: 100%, Gain: 
0, LED: 100%) capturing continuous video (30Hz) modified to capture time lapse video 
(1 image per ~1-5 minutes) turning the LED to 0% between image acquisitions. After 1- 
day recovery, the process was repeated following injection of 0.1 ml of NL via intraperi-
toneal (IP) injection. Fluorescent signals from 2 regions of interest (cerebral artery and 
brain parenchyma) were measured using ImageJ (National Institutes of Health, Bethesda 
MD) and plotted by time.  
 
Middle cerebral artery occlusion injury 
 20 week old male C57BL/6J mice (Jackson Laboratory, Bar Harbor ME) underwent 
transient MCAO as previously described18.  In brief, a silicon-coated 6-0 nylon suture 
was introduced into the external carotid artery and advanced up to the internal carotid 
artery to occlude the middle cerebral artery for 60 minutes followed by removal of the 
filament to restore perfusion. The mice were divided into two groups: an experimental 
group received NL (phosphatidylcholine, cholesterol, monosialoganglioside in 70:25:5 % 
molar ratios, 10000 µg/ml, N=7) intraperitoneally (IP) 1 hour prior to occlusion and 
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intravenously (IV) just before reperfusion, while the control group (N=8) received saline 
IP and IV at the same time points.  
  
Neurological score, infarction volume and edema analyses 
 Neurological deficit scoring (NDS) was performed according to the modified 
Bederson scale 48 hours after stroke, similar to previous methods19, 20. In brief, the neuro-
logical score was measured using a 5-point scale (0-No neurologic deficit; 1-Failure to 
extend left forepaw fully; 2- Circling to the left indicates a moderate focal neurologic 
deficit; 3- Falling to the left shows severe focal deficit; 4- Inability to walk spontaneously 
and diminished level of consciousness). Infarction volume was assessed 48 hours post 
MCAO.  In brief, mice were anesthetized and brains were harvested for coronal sections 
(2 mm thickness) by using a mouse brain matrix (Roboz Surgical Instrument, 
Gaithersburg MD). Brain slices were then stained with 1% solution of 2,3,4-triphenyl 
tetrazolium chloride (Sigma-Aldrich) at 37±0.5oC for 15-20 minutes.  Using ImageJ, cor-
rected infarct volume was calculated as previously reported18. An algorithm described 
by McBride, et al.21 was applied to indirectly calculate infarct volumes, corrected for 
edema, as well as the degree of brain edema. NDS and infarction measurements were 
performed by an investigator blinded to treatment allocation (AK). 
  
Data and Statistical Analyses 
 Cell viability and gene expression values were compared using one-way repeated 
measures analysis of variance (ANOVA) with post-hoc pairwise comparison using 
Holm-Sidak method for normally distributed data with equal variance, or repeated 
measures ANOVA on ranks with post-hoc pairwise comparison using Tukey test for 
data that are not normally distributed or with unequal variance (Sigma Stat 3.5, Systat, 
San Jose CA) . Neurologic function and histopathology were compared using unpaired 
Student’s t-test between drug-treated and control groups.  Significant p-value was set at 
0.05 (two-sided). Data are presented as mean±standard error of means.  

5. Conclusions 
Nanoliposomes composed of phosphatidylcholine, cholesterol and monosialogangli-

osides prevented hypoxia-induced injury in neuroblastoma and endothelial cells and re-
duced functional and structural brain damage in mice exposed to middle cerebral artery 
occlusion.  NL is a promising candidate for further testing as a neuroprotective adjuvant 
agent in stroke. 

6. Patent 
A patent application has been submitted by the Department of Veterans Affairs re-

sulting from the work reported in this manuscript. 

Supplementary Materials: Video S1: Intravenous injection of nanoliposomes, Video S2: Intraperi-
toneal injection of nanoliposomes. 
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