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Abstract: There are numerous publications demonstrating that plant polyphenols can reduce ox-
idative stress and inflammatory processes in the brain. In the present study we have investigated
the neuroprotective effect of plant extract isolated from the roots of L. gmelinii since it contains a
rich source of polyphenols and other biologically active compounds. We have applied an oxidative
and inflammatory model induced by NMDA, H2O2, and TNF-α in human primary neurons and
astrocytes, and mouse cerebral endothelial cell (CECs) line in vitro. The levels of ROS generation,
NADPH oxidase activation, P-selectin expression, and activity of ERK1/2 were evaluated by quanti-
tative immunofluorescence analysis, confocal microscopy, and MAPK assay. In vivo, sensorimotor
functions in rats with middle cerebral artery occlusion (MCAO) were assessed. In neurons NMDA
induced overproduction of ROS, in astrocytes TNF-α initiated ROS generation, NADPH oxidase
activation, and phosphorylation of ERK1/2. In CECs, the exposure by TNF-α induced oxidative stress
and triggered the accumulation of P-selectin on the surface of the cells. In turn, pre-treatment of the
cells with the extract of L. gmelinii suppressed oxidative stress in all cell types and pro-inflammatory
responses in astrocytes and CECs. In vivo, the treatment with L. gmelinii extract improved motor
activity in rats with MCAO.

Keywords: antioxidants; neurons; astrocytes; CECs; L. gmelinii; plant polyphenols

1. Introduction

Oxidative stress is induced by an imbalance of the redox system due to the overpro-
duction of reactive oxygen species (ROS) and/or the disturbance of the antioxidant systems.
The brain is an organ that is especially susceptible to the effects of ROS due to its high
oxygen demand, increased levels of polyunsaturated fatty acids in neuronal cells, and rela-
tively low levels of antioxidant enzymes [1]. ROS damage lipids, proteins, DNA, RNA, and
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alter signaling pathways leading to necrotic and apoptotic neuronal death [2]. Additionally,
increased ROS stimulates cerebral endothelial cells and astrocytes to secrete inflammatory
cytokines and chemokines, and causes the upregulation of adhesion molecules in the
cerebral vasculature and the recruitment of peripheral leukocytes [3,4]. The deployment of
immune cells is primarily designed to tackle pathogens, and their activation during the ster-
ile immune response further destroys nerve tissue [5]. Previous studies have demonstrated
that oxidative stress is one of the leading pathophysiological reactions participating in the
development and progression of neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease [1], and it also plays a central role in ischemic brain injury [5].
Thus, agents targeting ROS production, activation of pro-inflammatory cytokines, and
expression of adhesion molecules have therapeutic value in brain disorder therapy.

As oxidative stress is one of the universal mechanisms of different pathological con-
ditions in the brain, antioxidants have been considered as therapeutics and preventive
measures to inhibit neuroinflammation and detrimental impacts of ROS [6]. There are lots
of compounds that have prominent antioxidant and anti-inflammatory potential. Com-
pounds such as phenolic acids, proanthocyanidins, and flavonoids are attracting great
interest because of their ability to scavenge free radicals and inhibit oxidative damage.
Nowadays, plant polyphenols occupy a unique place in medicine as they are potentially ca-
pable of reducing the risk of many diseases and might be used in the treatment of diabetes,
cardiovascular disorders, atherosclerosis, neurodegenerative disorders, and inflammation.

Polyphenols are natural organic molecules consisting of a huge number of phenol
structural units. They are commonly presented in vegetables, fruits, grains, bark, roots,
tea, and wine. Plant polyphenols possess many unique physical, chemical, and biolog-
ical (metabolic, toxic, therapeutic, etc.) properties directly dependent on the number
and characteristics of phenol units and their structure. Most polyphenols are generally
known to possess potent antioxidant, anti-inflammatory, and anti-apoptotic properties,
and their neuroprotective effects have been demonstrated in several in vitro and in vivo
studies [7–10]. For example, magnolia polyphenols have been shown to attenuate oxidative
and inflammatory responses in neurons and microglia cells [8]. Green tea polyphenols have
also been proven to exhibit multiple neuroprotective actions [11,12]. However, the health
effects of polyphenols depend on the chemical structure (e.g., glycosylation, esterification,
and polymerization) and bioavailability. Bioavailability appears to differ greatly between
the various polyphenols, and the most abundant polyphenols in our diet are not those that
have the best bioavailability profile [13]. Thus, new plant sources rich with bioavailable
polyphenols are still in demand.

We have previously reported that the plant substance extracted from roots of
Limonium gmelinii (Plumbaginaceae) possesses significant anti-oxidative and hepatopro-
tective activities, exceeding those of single flavonoids [14]. This plant is a rich source
of flavonols and their glycosides, phenolic acids, monomeric, dimeric, and oligomeric
forms of flavan-3-ols; it also contains other biologically active compounds, including all
known 20 natural α-amino acids, vitamins C, E, and ß-carotene. L. gmelinii is widespread
in Eastern Europe, South-Western Siberia, China, and Central Asia [15]. It has industrial
resources on the whole territory of Kazakhstan, primarily on saline lands, and has been
used in traditional herbal medicine in Central Asia for hundreds of years. These plants
are characterized by rapid growth and high yield, so their reserves in nature can be kept
at their original level if the guidelines of good practices for collection and preparation of
medicinal plant raw materials are followed. These plants can also be cultivated. In the
present study, we have assessed antioxidant and anti-inflammatory properties of plant
extract from Limonium gmelinii in neurons, astrocytes, and cerebral endothelial cells (CECs)
in vitro, and evaluated its therapeutic potential on animal models of ischemic brain injury.
Our choice of cells was dictated by the fact that, as mentioned before, neurons are highly
susceptible to oxidative stress [1]. In turn, increasing evidence exists, demonstrating that
both astrocytes and cerebral endothelial cells are intensively involved in different aspects
of CNS homeostasis including oxidative stress regulation, and the redox level in CNS can
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also affect astrocytes and CECs in morphology and function [3,4]. In our study, we have
applied human primary neurons and astrocytes. We have chosen mouse bEnd3 cerebral
endothelial cell line (ATCC) as a model of human brain cerebral endothelial cells since we
have previously reported that this cell line responds to the different treatments in a similar
way to human primary CECs [16].

2. Materials and Methods
2.1. Preparation and Chemical Characterization of L. gmelinii Roots Extract Using Liquid
Chromatography Diode Array Detector-Quadrupole Time-of-Flight Mass
Spectrometry (LC-DAD-QToF)

Preparation of the substance from the roots of L. gmelinii was carried out according to a
simple, economically, and ecologically viable technological scheme with a high yield output
equal to 30–40% of the weight of the dried and processed raw material. The substance
was obtained by double extraction of the plant material with 50% ethanol at a feed-solvent
ratio of 1:6 and a one-time extraction time of 5 h. The combined filtered extracts were
concentrated in a vacuum to dryness at 40–60 ◦C to get the desired product [17]. The
substance is a brownish powder of bitter-astringent taste with a weak specific odor. It
is insoluble in hydrophobic solvents, soluble in hydrophilic solvents, such as dimethyl
sulfoxide, dimethylformamide, in aqueous ethanol solutions (30% and 50%), moderately
soluble in water at 25 ◦C, soluble at 40–50 ◦C and highly soluble in water at 100 ◦C.

A total of 50 mg of extract was weighed and sonicated in 1.0 mL of methanol for
15 min followed by centrifugation for 10 min at 9000 rpm. The supernatant clear solution
was used for analysis. The liquid chromatographic system was an Agilent 1200 Series
Rapid Resolution LC system, and the separation was achieved on an Agilent Poroshell
120 EC-C18 (150 × 2.1 mm, 2.7 µ) column. The mobile phase consisted of water with 0.1%
formic acid (A) and acetonitrile with 0.1% formic acid (B) at a flow rate of 0.35 mL/min.
Analysis was performed using the following gradient elution: 95% A/5% B to 70% A/30%
B in 15 min and in next 10 min to 70% B. Each run was followed by a 5 min wash with
100% B and an equilibration period of 5 min with 95% A/5% B. Each run was followed by
a 5 min wash with 100% B and an equilibration period of 5 min with 65% A/35% B. Two
microliters of the sample were injected. The column temperature was 40 ◦C.

The mass spectrometric analysis was performed with a QToF-MS-MS (Model #G6530A,
Agilent Technologies, Santa Clara, CA, USA) equipped with an ESI source with Jet Stream
technology using the following parameters: drying gas (N2) flow rate, 11.0 L/min; dry-
ing gas temperature, 275 ◦C; nebulizer pressure, 25 psi, sheath gas temperature, 325 ◦C;
sheath gas flow, 11 L/min; capillary voltage, 3000 V; skimmer, 65 V; Oct RFV, 750 V; and
fragmentor voltage, 150 V. All the operations, acquisition and analysis of data were con-
trolled by Agilent MassHunter Data Acquisition Software Ver. A.05.01 and processed
with MassHunter Qualitative Analysis B.07.00 Service Pack. Each sample was analyzed in
positive mode over the range of m/z = 100–1100 and extended dynamic range (flight time to
m/z 1700 at 2 GHz acquisition rate). Accurate mass measurements were obtained through
reference ion correction using reference masses at m/z 121.0509 (protonated purine) and
922.0098 [protonated hexakis(1H, 1H, 3H-tetrafluoropropoxy)phosphazene or HP-921] in
positive ion mode. The compounds were confirmed in each spectrum.

The effluent from the LC column was directed from DAD into the ESI probe. The total
run time for analysis was 25 min and detection wavelengths were 254, 280, and 330 nm.

2.2. Cell Culture

Human primary neurons and astrocytes, and mouse brain endothelial cell line (bEnd3,
CRL-2299, ATCC) were used in this research. Human primary neurons and astrocytes were
received from the National Scientific Medical Center, Nur-Sultan, Kazakhstan. The purity
of astrocytic culture was assessed using immunofluorescence labeling of GFAP marker,
the purity of neuronal culture was confirmed with immunofluorescence labeling of MAP2
marker. All cells were maintained in humidified 5% CO2 at 37 ◦C.
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Only mycoplasma-free cell cultures were used in the present study. Delivered cell
cultures were cultured in a quarantine room with a separate CO2 incubator and Class II
safety cabinet one cell type at a time. After characterization of cell type and testing for
contamination with bacteria, fungi and mycoplasma cells were transferred to the regular
cell culture lab. On a regular schedule, once a month, or before performing the experiments,
antibiotics were excluded from the medium, and cells were tested for mycoplasma using
MycoFluor™ Mycoplasma Detection Kit (M7006, Invitrogen, Carlsbad, CA, USA).

Neurons were seeded on 96 well plates (density 5× 103/cm2). Cells were cultured in a
complete neurobasal medium (21103049, Gibco, Carlsbad, CA, USA) containing 2% of B27
medium (17504044, Gibco) and 1% penicillin/streptomycin. Neurons were incubated with
10 µM cytosine arabinoside (C1768, Sigma, Taufkirchen, Germany) for 10 days. Before the
experiments, cell culture was tested for purity by immunofluorescence labeling of MAP2
marker. To assess antioxidant properties of Limonium gmelinii extract, cells were starved
and simultaneously pre-incubated with plant extract for 18 h followed by treatment with
NMDA (M3262, Sigma), 100 µM for 30 min.

Primary human astrocytes and CECs were seeded to T-25 flasks (density 1× 104/cm2).
The growth medium was changed every day, at 70–80% confluency the cells were re-seeded
to the flasks or coverslips. All the experiments on astrocytes and CECs were performed
at 3rd passages. To examine astrocytic phenotype prior experiments cells were tested for
the GFAP marker. Astrocytes and bEnd3 cells were cultured in DMEM with 10% PBS and
1% antibiotic/antimycotic. To assess antioxidant properties of the plant extract, cells were
preincubated with the extract (30 µg/mL) for 18 h with simultaneous starving. Astrocytes
and CECs were exposed to 10 ng/mL TNF-α (T6674, Sigma) and 0.5 mM H2O2 (H1009,
Sigma) for 60 min. After treatment, total ROS production, NADPH oxidase, P-selectin, and
ERK 1/2 kinase activation were measured.

2.3. Fluorescent Intracellular ROS Assay

Overall, cellular ROS produced in the cells were measured using cell-permeable
chloromethyl derivatives of 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA,
C6827, Life Technologies, Carlsbad, CA, USA). Concurrently with treatment, cells were
incubated with CM-H2DCFDA (2.5 µM) for 60 min. Fluorescent intensity of CM-H2DCFDA
was measured using microplate reader Synergy H1 and was normalized to control.

2.4. Activation of NADP Oxidase Assay

The activation of NADPH-oxidase results in translocation of its cytosolic subunit (e.g.,
p47phox) to the cell membrane and membrane-associated subunits such as gp91phox [18,19].
We used confocal microscopy to quantify the co-localization of gp91phox and p47phox on
the surface of the astrocytes. The protocol was previously described by Yang et al. [20].
Briefly, after the treatments, cells were fixed with 4% paraformaldehyde at 37 ◦C for 30 min.,
PBS containing 5% BSA was then applied to cells for 1 h to block nonspecific bindings.
To label gp91phox at the cell surface, goat polyclonal anti-gp91phox (sc-5827, Santa Cruz
Biotechnology, Dallas, TX, USA, 1:200 dilution) was added and incubated at 4 ◦C without
permeabilization. To label p47phox, cells were then permeabilized with 0.1% Triton X-100
in PBS for 5 min. Rabbit polyclonal anti-p47phox (sc-14015, Santa Cruz Biotechnology,
1:200 dilution) in PBS with 1% BSA was then added and incubated at 4 ◦C overnight. This
was followed by the fluorescent labeling with secondary antibodies (1:500 dilution) at
room temperature for 1 h. The secondary antibodies for gp91phox and p47phox were
Alexa 594 donkey anti-goat antibody (A-11058, Life Technologies), and Anti-Rabbit Alexa
Fluor® 488 secondary antibody (A-21441, Life Technologies), respectively. Secondary
antibodies did not show immunostaining in the absence of the primary antibody (data
not shown). Confocal immunofluorescence microscopy was performed with Carl Zeiss
LSM700 confocal microscope. Confocal images were acquired with a 60X, numerical
aperture 1.2 oil immersion objective lens for the co-localization studies between NADPH
oxidase subunits, gp91phox and p47phox. To determine the spatial co-localization of
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labeled objects, Z-stack series at 1 µm spacing were captured. Background subtraction
was done for all images before analysis. The colocalization indexes between two channels
were calculated by normalizing the coincident intensity (yellow) to the total intensity of
the corresponding channel as described previously. A total of 200 images were analyzed
(50 images per group).

2.5. ERK 1/2 Kinases Assay

The ratios of total and phospho-ERK 1/2 kinases were measured in a cell lysate using
Phospho/Total ERK 1/2 Whole Cell Lysate Kit (K15107D, Meso Scale Discovery, Rockville,
MD, USA). All procedures were conducted following the manufacturer’s protocol. Cell
lysates were collected using a lysis buffer provided with the kit. To discard cellular debris,
lysates were centrifuged at 10,000× g for 10 min. Total and phospho-ERK 1/2 kinases were
measured by electrochemiluminescence immunoassay in 96 well plates pre-coated with
capture antibodies and incubated for 3 h. Then the plates were washed and incubated with
a detection antibody for 1 h. After washing, a read buffer was added to each well and
the plate was analyzed on MSD QuickPlex SQ 120. As a loading control, total protein in
cell lysate was measured by BCA assay. Phospho-ERK/total ERK ratios in experimental
groups were normalized to control.

2.6. Immunofluorescent Assay of P-Selectin Expression on the bEnd3 Cells Surface

Cells were fixed immediately after treatment using 3.7% paraformaldehyde solution
for 30 min. To block non-specific binding, 5% BSA in PBS was applied to the cells for 1 h.
Cellular surface P-selectin was labeled with its primary antibody (sc-25771, Santa Cruz,
Dallas, TX, USA) without permeabilization at 4 ◦C overnight, followed by Goat anti-Rabbit
IgG (H + L) Cross-Adsorbed Secondary Antibody Alexa Fluor™ 594 conjugate (A-11012,
Invitrogen) labeling at room temperature for 1 h. To confirm the specificity of the primary
antibodies, cells were labeled by secondary antibodies alone. Bright-field illumination
and fluorescence microscopy were performed with fully motorized microscope Olympus
IX83 and 40X, NA 0.95 objective. Images were acquired using a cooled CCD camera
controlled with a computer and Meta Vue imaging software. The typical exposure time
for fluorescence image acquisition was 400 msec. The background was subtracted for all
images prior to analysis. P-selectin surface expression was quantified by calculating the
ratio between integrated fluorescent intensity and the number of cells. The intensity was
then normalized by the intensity of the labeled P-selectin in control cells (without any
treatment). A total of 300 images were analyzed (50 images per group).

2.7. In Vivo Study

To assess neuroprotective properties of L. gmelinii extract in vivo, outbred male Wistar
rats were used in this research. All procedures related to the animal studies were performed
according to the protocols approved by the Ethics Committee of the Center for Life Sciences
of Nazarbayev University (Registration number IORG 0006963). Animals were kept in
normal vivarium conditions with a scheduled day/night cycle, at a temperature of 22–23 ◦C
and received standard feed and drinking water ad libitum.

Ischemic stroke was induced in 16 rats aged 3–4 months through middle cerebral
artery occlusion (MCAO). The advantage of the MCAO model is the similarity to the
development of ischemic stroke (IS) in humans due to the ability to cause significant
sizes of IS [21]. For obturation of the middle cerebral artery, silicone tipped 4/0 nylon
monofilament (403734PK5Re, Doccol Corporation, Sharon, MA, USA) was used. A filament
was submerged into an arteria carotis interna under the bipolar microscope to 17–20 mm
depth. To make a focal zone of acute cerebral ischemia, monofilament was kept in this
position for 2 h. IS was confirmed 24 h after occlusion by the presence of clinical symptoms
(hemiparesis, hemianesthesia, hemianopsia, protrusion of the eyeball, unilateral ptosis).
The syndrome of three “hemi” indicated an ischemic damage of the brain. Six animals
were excluded from the experiments: four animals died during or immediately after the
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surgery, two animals did not show any signs of stroke. The remaining animals (weighing
280–300 g) were divided into 2 groups, 5 rats per group: (1) animals with IS and without
any treatment (negative control), (2) animals with IS and treated with Limonium Gmelinii
extract intragastrically (200 mg/kg for 28 days). Sensorimotor functions of rats were
measured using a beam walking test a day before the MCAO (positive control), the next
day, on the 7th, 14th, and 28th day after induction. After experiments, the animals were
kept for further observation.

2.8. Evaluation of Sensorimotor Activity in Laboratory Animals

To analyze the locomotor function of rats, the front and hind legs’ motor coordination
deficiency was measured by the Beam walk balance test (Open Science, Russia). All animals
were trained to walk on a beam prior to the initial test. To compare locomotor function of
healthy rats and animals with stroke the first beam walk test was performed before surgery.
Afterwards, the tests were repeated on the 1st, 7th, 14th, and 28th day after surgery.

To start the test, an animal was placed in the dark at the beginning of the beam (wide
part), after that, a bright light was turned on, compelling it to move forward to a narrowing
path with the shelter at the end of the beam. Each passage of the rat was recorded on a
video camera. All video records were analyzed using Realtimer software. To assess the
motor deficiency of experimental rats, the number of paw puts on the lower board (error),
the number of paw slips from the upper to the lower board (when the paw touches both
boards) and the total number of steps taken by the rat from the beginning of the beam to the
shelter were calculated. All calculations were done for front and hind paws separately. At
least three attempts of tests for each animal were recorded and calculated. The percentage
of sensorimotor deficiency was calculated using the following formula:

Error+0.5× Slipping×100
Total number of steps

2.9. Statistical Analysis

For in vitro studies, data from at least three independent experiments were averaged,
normalized to control, and presented as mean ± SD. The one-way analysis of variance
(ANOVA) was used to investigate the effects of the plant extract on ROS formation, the
activity of NADPH-oxidase, P-selectin expression, and phosphorylation of ERK 1/2 kinase.
When the one-way ANOVA was significant, a post hoc test using Tukey’s pairwise compari-
son of means was used to reveal differences between various groups. For in vivo study, the
data are also presented as mean± SD. The differences between the two groups in each time
point were evaluated using unpaired t-test. Values were considered significantly different
at p ≤ 0.05. Statistical analyses were performed on the Stata 13; SigmaPlot®, version 11.0
software was used to graphically demonstrate the results.

3. Results
3.1. Chemical Characterization of the Plant Substance

LC-MS chromatogram of L. gmelinii extract in (+)ESI mode using LC-QToF is pre-
sented in Figure 1a, and LC-UV chromatogram of the extract at 254, 280, and 330 nm
using LC-DAD is presented in Figure 1b. The chemical composition of the plant substance
is presented in the supplementary Table S1. In short, root extract of Limonium gmelinii
contains a unique set of polyphenols in the form of phenolic acids (gallic and ellagic),
flavonols, mainly aglycone myricetin and its glycoside forms, condensed tannins, the latter
being represented by dimeric and oligomeric forms of flavan-3-ols. In the chemical study
of the substance flavonols (myricetin, quercetin, kaempferol, and the new 3,4,5,3′,4′,6′-
hexahydroxyoxyflavone), their glycosides (myricitrin, rutin, 3-β-galactosylquercetin, 3-
β-galactosylmyricetin, new 3-α-galactopyranoside myricetin and 3-O-α-L-(2”-galloyl)-
arabinopyranoside myricetin), pyrogallol are identified. The main monomeric flavan
is (-)–epigallocatechin gallate. The new forms of flavan-3-ols, namely the 3,5,7,3′,4′,6′-
hexahydroxyflavan, (-)–epigallocatechin-(4β→8)-(-)-3,5,7,3′,4′,6′–hexahydroxyflavan, and
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the (+)–gallocatechine–(4α→8)–[(-)–epigallocatechin]5–(4β→8)–(-)–epigallocatechin gal-
late, was found in the L. gmelinii root extract [22]. The quantitative content of tannins
in the substance was 43.2%, flavonoids—15.23%, organic acids—6.36%, carbohydrates—
5.44% [17]. Safety study of the substance conducted at the Test Center of the National
Center of drugs, medical products, and medical equipment examination of the Ministry
of Healthcare of the Republic of Kazakhstan has shown that it has no toxic effect on the
animal organism and thus may be attributed to the group of non-toxic substances.

Figure 1. Chemical characterization of L. gmelinii root extract using Liquid chromatography diode array detector-quadrupole
time-of-flight mass spectrometry (LC-DAD-QToF). LC-MS chromatogram of L. gmelinii extract in (+)ESI mode using
LC-QToF (a); LC-UV chromatogram of L. gmelinii extract at 254, 280, and 330 nm using LC-DAD (b).

3.2. L. gmelinii Extract Attenuated NMDA-, H2O2, and TNF-α Induced Oxidative Response in
Neurons, Astrocytes, and CECs

Cellular ROS production in human primary neurons, astrocytes, and CECs was
quantified with CM-H2DCFDA, a fluorescein dye commonly used as an indicator for ROS
in cells. In agreement with previously published reports [8,23], our data indicated that
in human primary neurons, 100 µM of NMDA increased CM-H2DCFDA fluorescence by
22% (p ≤ 0.001) as compared with untreated control (see Figure 2). At the same time, we
observed a slight reduction of ROS (by 5%, p ≤ 0.001) in the group pre-treated with plant
extract compared to the untreated cells.

The results of quantitative fluorescence analysis of the level of ROS generation in
astrocytes and bEnd3 cells exposed to TNF-α are presented in Figure 3. As a positive
control, we exposed the cells to H2O2, which is a known source of ROS. According to
the data obtained, the treatment of astrocytes with TNF-α and H2O2 resulted in a 28 and
100% increase in the production of ROS, respectively, as compared to control (p ≤ 0.001)
(see Figure 3a). Pre-treatment of the cells with the extract from L. gmelinii prevented the
accumulation of ROS in astrocytes. As compared to cells that were exposed to TNF-α or
H2O2 alone, ROS indicator was reduced by 10 and 73%, respectively (p ≤ 0.01, p ≤ 0.001).
At the same time, the extract itself did not influence the generation of ROS in astrocytes,
as there was no significant changes in the fluorescence intensity of the dye in this group.
Similarly, the treatment of bEnd3 cells with TNF-α and H2O2 resulted in a 56 and 86%
increase, respectively, in the production of ROS (p ≤ 0.01, p ≤ 0.001), while the presence
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of L. gmelinii extract completely attenuated accumulation of ROS in these cells (p ≤ 0.05,
p ≤ 0.001). Moreover, the Limonium extract itself was capable of significantly reducing the
generation of ROS in bEnd3 cells (p ≤ 0.001), (see Figure 3b).

Figure 2. L. gmelinii extract inhibits ROS in human primary neurons exposed to NMDA. The level
of ROS is represented by the relative intensity of CM-H2DCFDA normalized to the control group.
***—p ≤ 0.001 compared to the control; •••—p ≤ 0.001 compared to the group treated with NMDA.

Figure 3. L. gmelinii extract reduces ROS in human primary astrocytes (a) and bEnd3 cells (b) treated with TNF-α and H2O2.
The level of ROS is represented by the relative intensity of CM-H2DCFDA normalized to the control group. ***—p ≤ 0.001
compared to the control; **—p ≤ 0.01 compared to the control; •—p ≤ 0.05 compared to the group treated with TNF-α;
###—p ≤ 0.001 compared to the group treated with H2O2.

It is worthy to note here that in bEnd3 cells treated with L. gmelinii extract ROS was
significantly lower than in control cells, whereas in astrocytes it remained the same as in
control condition. This difference might be attributed to the existence of slightly different
ROS-dependent downstream pathways for CECs (bEnd3 cells in particular) and astrocytes
that we have reported previously [24,25], albeit this is speculation.
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3.3. Effect of L. gmelinii Extract on the Activity of NADPH Oxidase in Human Primary
Astrocytes

To further access antioxidant properties of L. gmelinii, we investigated the activity of
NADPH oxidase in human primary astrocytes in the presence of TNF-α. NADPH-oxidase
is a trans-membrane enzymatic complex comprising of two membrane-bound subunits
(gp91-phox, p22-phox), three cytosolic subunits (p67-phox, p47-phox and p40-phox), and
a low-molecular-weight G protein [26]. Several researchers have demonstrated that
NADPH-oxidase actively participates in the production of ROS in astrocytes [24,27–29].
Since NADPH oxidase was activated by the assembly of the membrane-bound subunits
with its cytosolic components, we tested the effects of L. gmelinii extract on co-localization of
gp91phox and p47phox subunits by analyzing confocal images of double immunofluorescent-
labeled gp91-phox and p47-phox in rat primary astrocytes (see Figure 4a,b).

Figure 4. L. gmelinii extract suppresses activation of NADPH-oxidase induced by TNF-α in human primary astrocytes.
NADPH-oxidase activity is represented by the coefficient of gp91phox and p47phox subunits co-localization (normalized to
the control group). Confocal images (a), quantitative analysis (b). **—p ≤ 0.01 compared to the control; •••—p ≤ 0.001
compared to the group treated with TNF-α.

As can be seen in Figure 4a, the number of yellow pixels in the combined images was
minimal in the control group. In cells that were exposed to TNF-α, the number of yellow
pixels increased markedly. In contrast, in the astrocytes, which were pre-incubated with
polyphenol extract from L. gmelinii, and then with TNF-α, the level of yellow light glow
on the combined images was much lower. Quantitative analysis showed that the level
of co-localization of p47phox and gp91phox subunits of NADPH oxidase in astrocytes
that were exposed to TNF-α increased by 20% (p ≤ 0.01), which indicates activation of
this enzyme complex (see Figure 4b). For astrocytes that were pre-incubated with the
extract, and then with TNF-α, the level of the co-localization of p47phox and gp91phox
subunits was significantly lower (by 30%, p ≤ 0.001) compared to the cells that had only
been exposed to TNF-α and remained at the control level suggesting either reversion or
prevention of NADPH oxidase activation. The polyphenols extract itself had no significant
effect on co-localization of the enzyme subunits.
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3.4. Pretreatment with L. gmelinii Extract Suppressed Induced by TNF-α Pro-Inflammatory
Responses in Astrocytes and CECs

To assess the effect of the extract on the activation of ERK 1/2 under the influence of
TNF-α, an analysis of the level of phosphorylation of this enzyme was performed in human
primary astrocytes by using MAP kinase assay. The results of the ERK 1/2 protein kinase
activity shown in Figure 5 demonstrated that the level of phosphorylation of ERK 1/2 was
significantly higher (by 23.5%, p ≤ 0.05) in cells that were exposed to TNF-α compared to
the control. If cells were pretreated with the extract phosphorylated enzyme content did
not increase as much as in a TNF-α group, this suggested either reversion or prevention of
ERK 1/2 activation. In this group, the amount of phospho-ERK 1/2 almost reached the
control values. The extract itself did not affect the activity of the enzyme. The level of its
phosphorylation in cells that were incubated only with the extract did not significantly
differ from the control one.

Figure 5. L. gmelinii extract suppresses activation of ERK 1/2 kinase induced by TNF-α in astrocytes.
*—p ≤ 0.05 compared to the control; •—p ≤ 0.05 compared to the group treated with TNF-α;
#—p ≤ 0.05 compared to the group treated with H2O2.

The results of immunofluorescence analysis of P-selectin mobilization are presented in
Figure 6. Under the influence of TNF-α, the fluorescence intensity of the labeled P-selectin
increased (see Figure 6a, colored red) as compared with the control, and in cells that
had been pretreated with the extract, a decrease in the emission of the labeled P-selectin
was observed. Quantitative analysis of the P-selectin content on the cell surface showed
that, upon exposure to TNF-α, the P-selectin level increased by 50% (p ≤ 0.05) compared
to the control. On the contrary, pre-incubation of the cells with plant extract prevented
overexpression of the P-selectin on the surface of the cells (by 65%, p ≤ 0.05, compared
to TNF-α only treated group). In cells that were incubated only with plant extract, the
P-selectin content on the surface did not differ from the control level (see Figure 6b).
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Figure 6. L. gmelinii extract suppresses TNF-α and H2O2-induced expression of P-selectin on the cell
surface. Fluorescent images of P-selectin labeled bEnd3cells (a); relative intensity of P-selectin in the
bEnd3 (b). ***—p ≤ 0.001 compared to the control; *—p ≤ 0.05 compared to the control; •—p ≤ 0.05
compared to the cells treated only with TNF-α; ###—compared to the cells treated only with H2O2.

We have previously reported that phosphorylation of ERK 1/2 in astrocytes and
mobilization of P-selectin in CECs could be induced by ROS [25,30]. As a positive control,
in the present study, we have exposed the cells to H2O2 (see Figures 5 and 6). In agree-
ment with our earlier studies, exposure of the cells to H2O2 resulted in a 32% increase of
Phospho/Total ERK 1/2 ratio (p ≤ 0.05, compared to control) in human primary astrocytes
and 4 fold increase of the P-selectin levels in CECs (p ≤ 0.001, compared to control), while
pretreatment with the plant extract either prevented or reversed phosphorylation of ERK
1/2 (p ≤ 0.001, compared to H2O2) and overexpression of P-selectin on the surface of CECs
(p ≤ 0.001, compared to H2O2).

3.5. L. gmelinii Extract Improved Motor Activity in Rats with MCAO

As mentioned above, to study the neuroprotective effect of the extract from L. gmelinii
on a model of laboratory animals, ischemic stroke was induced in male Wistar rats by
occlusion of the middle cerebral artery (MCAO). The next day after the induction of
the stroke, the animals started to receive an extract from the L. gmelinii at 200 mg/kg,
intragastrically for 28 days.

In all the operated animals, in the first hours after waking up and on the first day of the
postoperative period, development of neurological deficiency was observed, manifested
by the development of lethargy and slowed movements, unilateral ptosis of the eye on
the affected side, paresis or paralysis of the right anterior and/or hind paws, tremor,
hemianesthesia of the affected side, suppression of appetite, dysfunction of the regulation
of defecation and urination, and deterioration of sensorimotor activity (see Figure 7).
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Figure 7. L. gmelinii extract improves motor coordination of rats with induced ischemic stroke after
14 and 28 days of treatment. The percentage of motor deficiency was calculated and normalized to
the control trials (before surgery, represented as a 0 point). *—p ≤ 0.05 compared to the animals with
ischemia only.

On the seventh day after the beginning of the experiment (MCAO), both groups of
the animals showed an increase in sensorimotor disturbances: by 14.1% in the control
group and by 10.3% in the treatment group. In control, a sensorimotor deficiency was
increased on the 14th day (by 18.2%) and was still present on the 28th day (14.1%). In
contrast, we did not observe negative dynamics on days 14 and 28 in animals treated with
plant extract; moreover, motor activity was significantly improved in this group (by 6.8
and 4.5% compared to untreated control, p ≤ 0.05).

4. Discussion

This study is aimed at investigating the antioxidant and neuroprotective properties
of polyphenols from the L. gmelinii plant. The results of the study of the influence of
polyphenols extract from L. gmelinii on the generation of ROS show that this extract at a
dosage of 30 µg/mL can partially protect primary human neurons from NMDA-induced
oxidative stress and significantly attenuates TNF-α and H2O2 induced accumulation of
ROS in human primary astrocytes, and mouse CECs. The antioxidant effect of the extract is
likely associated with a high content of flavonoids (15.23%) and tannins (43.2%). It has been
demonstrated that flavonoids and tannins are highly effective radical scavengers due to the
catechol ring of flavonoids and trigalloyl moieties of gallic acid–based compounds [31,32].

However, as mentioned above, this extract has a complex multicomponent compo-
sition, so it is a reasonable assumption that it can also have a modulating effect directed
at various enzyme systems of the cell. For example, there is evidence that flavonoids
and their in vivo metabolites act not only as straight hydrogen-donating antioxidants, but
also can directly attune protein kinase and lipid kinase signaling pathways in the cells.
For example, it has been demonstrated that flavonoids and their metabolites regulate PI
3-kinase, Akt/PKB, tyrosine kinases, PKC, and MAP kinase signaling cascades [33,34].

Considering the chemical composition of root extract from L. gmelinii, it is logical to
assume that it has a direct effect on enzymatic complexes producing oxygen radicals. As is
known, NADPH oxidase is one of the most important sources of ROS in astrocytes and
CECs [27–29]. In connection with the foregoing, we conducted a study of the effect of this
extract on the activation of NADPH oxidase in human primary astrocytes. Based on the
obtained data, it can be concluded that TNF-α induces the assembly of cytoplasmic and
membrane subunits of NADPH oxidase of astrocytes and activates this enzyme complex.
Polyphenols extract from L. gmelinii inhibits activation of NADPH oxidase, and therefore,
probably reduces the level of synthesis of ROS in astrocytes.
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One of the most important systems in astrocytes and other cell types, which are in-
volved in the development of inflammatory processes implicated in the pathogenesis of
neurodegenerative disorders and ischemic brain injury, are signaling pathways mediated
by MAP kinases such as p38, JNK, and ERK 1/2. Several studies have demonstrated
that Aβ oligomers and ROS can initiate the downstream mitogen-activated protein ki-
nase/extracellular signal-regulated kinase (MAPK/ERK) pathway in astrocytes [24,25,35,36].
Transcriptome analysis of gene expression suggested the involvement of the MAPK sig-
naling pathway in human temporal lobe epilepsy and hypothermia [37,38]. These protein
kinases are involved in the activation of transcription factors controlling the expression
of pro-inflammatory cytokines, and through the activation of various pathways regulate
the assembly of NADPH oxidase and the formation of ROS [24,39].Substances that inhibit
the activity of these enzymes can have a great therapeutic potential in the treatment of
diseases of the central nervous system, including post-stroke states. In this connection, we
studied the effect of polyphenols extract from L. gmelinii on the activity of ERK 1/2 under
the influence of TNF-α. It was identified that TNF-α activates ERK 1/2, which resulted in
an increase of phosphorylated protein content in cells. Polyphenols extract from L. gmelinii
reduced the activity of the studied protein kinase and thereby blocked the toxic effect
of TNF-α.

The pro-inflammatory effect of TNF-α is not limited to the generation of ROS, acti-
vation of NADPH oxidase and phosphorylation of ERK 1/2. TNF-α is involved in the
development of inflammatory processes that occur in ischemic or neurodegenerative brain
damage due to many other mechanisms. For instance, TNF-α can induce the transmigration
of blood cells through the blood-brain barrier into the brain parenchyma. Transmigration
of immunocompetent blood cells is one of the earliest stages of the development of inflam-
mation in the brain parenchyma [40]. It is regulated by cell adhesion receptors expressed
on the surface of CECs, such as selectins [30,40]. It is known that ROS and TNF-α lead to
the activation of CECs, followed by the mobilization of P-selectin on the luminal surface
of the endothelium [30,41]. In connection with this, one of the tasks of this study was
to investigate the effect of polyphenols extract from L. gmelinii on the TNF-α-induced
mobilization of P-selectin. In our study, ROS (H2O2) and TNF-α promoted endothelial
surface receptor P-selectin expression, while pre-treatment with the extract of L. gmelinii
significantly reduced the fluorescence of P-selectin. Based on the obtained data, it can be
concluded that polyphenols extract from L. gmelinii inhibited the mobilization of P-selectin
induced by the cytokine TNF-α. As mentioned earlier, mobilization of P-selectin on the
surface of endothelial cells is one of the earliest mechanisms triggering the transmigration
of leukocytes and monocytes through the BBB in the development of neuroinflammation.
Substances that can inhibit the redisposition of P-selectin from the cytoplasm to the surface
of CECs can be used to develop methods for brain disorders therapy.

To verify the neuroprotective properties of L. gmelinii extract in vivo, we evaluated
its therapeutic potential on an animal model of ischemic brain injury. Ischemic stroke is
the third cause of death after heart disease and cancer, and the leading cause of long-term
disability in aging adults in most countries [42], and 85% of stroke cases are ischemic in
nature and caused by occlusion of blood vessels or arteriole ends, which results in blood
supply deprivation to the brain. Although early restoration of blood flow is critical to save
a patient’s live, reperfusion itself causes further damage to cerebral tissue [43]. During
reperfusion, blood returns to an infarcted brain area carrying leukocytes. When reaching
the microvasculature in the damaged area, these leukocytes transmigrate into the brain
parenchyma in response to the cell adhesion molecules expressed on the surface of cerebral
endothelial cells (CECs) [44]. Here, leukocytes release reactive oxygen species (ROS) and
further inflammatory mediators [45]. In line with data demonstrating the critical role
of edema in stroke-associated morbidity and mortality, several studies have shown that
post-ischemic edema in the brain is associated with brain fluid homeostasis and strictly
regulated by aquaporin 4 (AQP4) channels, which are mainly expressed in perivascular
astrocytic end-feet, and targeting AQP4 could be a useful therapeutic approach for treating
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brain ischemia and edema [46–49]. Moreover, some evidence exists showing the role of
polyphenols, such as curcumin, pinocembrin, resveratrol, and quercetin, in modulating the
activity of some aquaporin (AQP) isoforms, which could also contribute to neuroprotective
effects exerted by plant polyphenols [50,51]. In our study we have found that motor activity
significantly improved in animals subjected to MCAO and treated with L. gmelinii extract
as compared to untreated controls, and we suggest that the therapeutic potential of plant
extract is associated with its antioxidant, anti-inflammatory, and modulatory properties
described above.

5. Conclusions

In conclusion, the extract from roots and rhizomes of Limonium gmelinii protects
neurons, astrocytes, and cerebral endothelial cells from oxidative and inflammatory re-
sponses in vitro, improves motor functions after ischemic stroke in vivo, and could be
recommended for further pre-clinical and clinical studies.
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