Journal of S
% Clinical Medicine ﬂVI\D\Py

Article

Influence of Bone Marrow-Derived Mesenchymal
Stem Cell Therapy on Oxidative Stress Intensity in
Minimally Conscious State Patients

Katarzyna Jezierska-Wozniak 12*({), Emilia Sinderewicz 12(J, Wioleta Czelejewska 12

Pawel Wojtacha 3, Monika Barczewska 2 and Wojciech Maksymowicz 2

1 Department of Neurosurgery, Laboratory of Regenerative Medicine, School of Medicine,

Collegium Medicum, University of Warmia and Mazury in Olsztyn, Warszawska 30 Str., 10-082 Olsztyn,
Poland; emilia.sinderewicz@uwm.edu.pl (E.S.); wioleta.czelejewska@uwm.edu.pl (W.C.)

Department of Neurosurgery, School of Medicine, Collegium Medicum,

University of Warmia and Mazury in Olsztyn, Warszawska 30 Str., 10-082 Olsztyn, Poland;
monika.barczewska@uwm.edu.pl (M.B.); maksymowicz@interia.pl (W.M.)

Department of Industrial and Food Microbiology, Faculty of Food Sciences, University of Warmia and
Mazury in Olsztyn, Plac Cieszynski 1 Str., 10-726 Olsztyn, Poland; pawel. wojtacha@uwm.edu.pl

*  Correspondence: katarzyna.jezierska@uwm.edu.pl; Tel.: +48-89-524-56-91

check for

Received: 6 February 2020; Accepted: 28 February 2020; Published: 3 March 2020 updates

Abstract: Neurological disorders, including minimally conscious state (MCS), may be associated
with the presence of high concentrations of reactive oxygen species within the central nervous
system. Regarding the documented role of mesenchymal stem cells (MSCs) in oxidative stress
neutralization, the aim of this study is to evaluate the effect of bone marrow-derived MSC (BM-MSC)
transplantation on selected markers of oxidative stress in MCS patients. Antioxidant capacity was
measured in cerebrospinal fluid (CSF) and plasma collected from nine patients aged between 19
and 45 years, remaining in MCS for 3 to 14 months. Total antioxidant capacity, ascorbic acid and
ascorbate concentrations, superoxide dismutase, catalase, and peroxidase activity were analyzed
and the presence of tested antioxidants in the CSF and plasma was confirmed. Higher ascorbic acid
(AA) content and catalase (CAT) activity were noted in CSF relative to plasma, whereas superoxide
dismutase (SOD) activity and total antioxidant capacity were higher in plasma relative to CSF.
Total antioxidant capacity measured in CSF was greater after BM-MSC transplantations. The content
of ascorbates was lower and CAT activity was higher both in CSF and plasma after the administration
of BM-MSC. The above results suggest that MSCs modulate oxidative stress intensity in MCS patients,
mainly via ascorbates and CAT activity.

Keywords: minimally conscious state; mesenchymal stem cells; oxidative stress; traumatic brain injury

1. Introduction

Traumatic brain injury (TBI), structural brain lesions, acute endocrine-metabolic disorders,
neuronal dysfunctions, and psychogenic unresponsiveness, among many others, provoke consciousness
disturbances [1-3] which, depending on the severity and duration, may be distinguished in coma and
states following coma: minimally conscious state (MCS) and vegetative state (VS) [4]. According to
the definition by the Aspen Neurobehavioral Conference Workgroup, MCS is a condition of severely
altered consciousness in which minimal, but definite, behavioral evidence of self or environmental
awareness is demonstrated on a reproducible or sustained basis by one or more of behaviors such as
following simple commands, gestural or verbal yes/no responses, or purposeful behavior [4].
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Consciousness disturbances are accompanied by an elevated level of oxidative stress, manifesting
a high concentration of reactive oxygen species (ROS). Excessive ROS production and losing the
scavenging capacity of the antioxidant response system, lead to extensive protein oxidation and lipid
peroxidation, which seem to be particularly dangerous in a lipid-rich content nervous system [5-7].
These changes provoke oxidative damage, cellular degeneration, and functional decline of the central
nervous system (CNS) [8,9]. It has been demonstrated that high ROS concentrations reportedly
diminish long-term potentiation and synaptic signaling as well as brain plasticity mechanisms [10,11].
This condition is considered to be a state of oxidative stress and poses a real threat to the normal
functioning of the brain [12-14].

The natural defense mechanisms against oxidative stress described in the nervous system can
be divided into two groups: low molecular weight antioxidants action and the antioxidant enzyme
system [15,16]. The first mechanism includes glutathione, uric acid, and vitamins (e.g., ascorbic acid
(AA)). Due to its high concentration in neurons and documented function as a neuromodulator and
ROS scavenger, AA is speculated as a general antioxidant in the central nervous system [17]. Its role is to
counteract oxidants by the chelation of transition metals [18]. Among the antioxidant enzymes present
in CNS, glyoxalase, glutathione reductase, glutathione peroxidase (GPx) and superoxide dismutase
(SOD), and catalase (CAT) families have been described [19]. Members of the SOD family, including
Mn-SOD and Cu-Zn-SOD, enable the dismutation of superoxide radicals to hydrogen peroxide (H,O5),
which is removed by other enzymes: CAT and GPx [20].

Although the prevalence of MCS has been estimated to be 112,000 to 280,000 adult and pediatric
cases [4,21] and a number of clinical trials have been performed, there is currently no effective therapy
for MCS [22-24]. One promising innovative therapeutic approach seems to be mesenchymal stem cell
therapy. The potential of mesenchymal stem cells (MSCs) to differentiate into mature cells of different
lineages, and above all, the possibility of expanding in vivo and immunoregulatory properties [25],
makes them an important tool in cell therapy, regenerative medicine, and neurodegenerative disorders.
The latest study documented that MSC transplantation suppressed oxidative stress in Alzheimer’s
disease [26]. Studies on cell cultures and animal models show that MSC transplantation improved
motor and receptive functions after cerebral stroke [27-29], TBI, spinal cord injury [30,31], and promoted
nerve remodeling [32]. In rodents, injection of MSC after TBI leads to neuroprotection by maintaining
blood-brain barrier integrity, promoting activated microglial apoptosis, and improving cognitive
function [33-35]. In ischemic rodents, MSC transplantation enhanced functional recovery, decreased
the volume of brain infarction, and promoted the expression of neurotrophic factors [36,37]. Similarly,
in humans with ischemic stroke, transplantation of MSC resulted in reduced scores on the Health
Stroke Scale, indicating a transition from moderate to minor stroke [29]. It was also proven that MSCs
are resistant to conditions generating oxidative stress, such as ionizing radiation [38]. Moreover, MSCs
were not susceptible to cell death induced by oxidative stress. It was documented that MSCs exposed
to oxidative stress revealed a low concentration of intracellular reactive species together with a high
expression of enzymes required to manage the oxidative stress, such as CAT and GPX [39].

Considering that recent investigations documented the ability of MSCs in oxidative stress
neutralization and the wide range of MSC applications in regenerative medicine, it is hypothesized that
autologous transplantation of bone marrow-derived MSCs (BM-MSCs) decreases the range of oxidative
stress in patients in MCS. As far as it is known, this is the first study investigating the influence of
BM-MSC therapy on oxidative stress in MCS patients.

2. Material and Methods

The study was conducted by the Department of Neurosurgery and Laboratory of Regenerative
Medicine Stem Cells Bank, School of Medicine, Collegium Medicum, University of Warmia and Mazury
in Olsztyn, Poland and the University Clinical Hospital in Olsztyn, Poland. The study was approved
by the Bioethical Committee of the School of Medicine, University of Warmia and Mazury in Olsztyn,
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Poland (ethical approval No. 19/2017 in April 2017). This study was performed in accordance with the
Declaration of Helsinki.

2.1. Patient Characteristic

Nine patients aged between 19 and 45 years remaining in MCS for 3 to 14 months qualified for
BM-MSC therapy. The characteristics of these patients are presented in Table 1. For the purposes
of the experiment, a diagnostic protocol based on magnetic resonance imaging, functional magnetic
resonance imaging, electroencephalography, and analysis of the 99mTc-hexamethylpropylene amine
oxime (HMPAO) single photon emission tomography/computed tomography (SPECT-CT) cerebral
perfusion factor to the differentiation of consciousness disorders was used.

Table 1. Clinical and demographic characteristic of nine patients in minimally conscious state (MCS) in
treatment with bone marrow-derived mesenchymal stem cells. The table contains data on age, sex,
mechanism of injury, and length of time in the state of minimal consciousness from the time of injury to
the start of experimental therapy.

Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6 7 8 9
Age (years) 22 19 45 19 30 23 36 35 38
Gender (M/F) M M M M F F F F M
Listeriosis
Mechanism Head injury ~ Head injury Head injury =~ Head injury =~ Head injury  encephalitis with Ischemia Hypoglycemia Head injury
of MCS after traffic after traffic after traffic after traffic after traffic damage to the with cardiac after after
induction accident accident accident accident accident thalamus and arrest poisoning trafficaccident
basal ganglia
Time in MCS
before the 3 8 7 6 12 10 14 6 6
clinical trial
(months)

2.2. Bone Marrow Collection and Isolation of MSC

Approximately 200 mL of bone marrow were obtained from each patient (n = 9) in local anesthesia
from the posterior iliac crest.

The culture of purified BM-MSCs was prepared under aseptic conditions according to Good
Manufacturing Practice (GMP) procedures (European Medicines Agency, 1999). Briefly, a phosphate-
buffered saline (PBS)-diluted (Gibco, cat no. 18912-014, Thermo Fisher Scientific, Waltham, MA, USA)
cell fraction of bone marrow was layered over a Ficoll density gradient (1.077 g/mL, cat no. 17-1440-03,
GE Healthcare, Boston, MA, USA), followed by centrifugation at 400 G at room temperature for 40 min.
Nucleated cells were collected, diluted with two volumes of PBS, centrifuged twice at 200 G for 10 min,
and finally resuspended in culture medium (Gibco DMEM/F-12, GlutaMAX™  cat no. 10565018, Thermo
Fisher Scientific, Waltham, MA, USA). Cells were plated and expanded in a T-150 flask (Falcon Blue Plug
Seal Cap, cat no. 355000, Corning Inc, Corning, NY, USA) and grown at 37 °C and 5% CO, [40]. After five
days, the medium was replaced, and unattached cells were removed. After reaching 75% of confluence,
cells were washed with PBS, harvested by trypsinization, and frozen in culture medium containing 10%
of dimethyl sulfoxide (DMSO, cat no. D2650, Sigma-Aldrich, St. Louis, MO, USA).

The cell surface marker expression was determined for all patients to certify the safety, identity,
potency, and the pharmaceutical grade of the MSCs, as well to satisfy the GMP regulatory process
criteria. The set of primary antibodies (The BD Stemflow™ Human MSC Analysis Kit, cat. no. 562245,
BD Biosciences, Franklin Lakes, NJ, USA) was used to determine the MSC phenotype, according to MSC
features established by the International Society for Cellular Therapy guidelines [41]. Flow cytometry
was performed using a fluorescence activated cell sorter (BD Facs Aria II, BD Biosciences, Franklin
Lakes, NJ, USA) and the results were analyzed with DIVA software.

Before transplantation, the cells were thawed in a basal culture medium without serum, detached,
and washed three times with PBS 1x containing 1% human albumin (Alburex 5, CSL Behring GmbH,
Marburg, Germany). The number of cells was determined by analysis in a Biirker chamber (Heinz
Herenz Medizinalbedarf GmbH, Hamburg, Germany) with Trypan blue (cat. no T8154, Sigma-Aldrich,
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St. Louis, MO, USA) staining. A mean of 20 X 10° cells were injected intrathecally during the
neurosurgical procedure by the neurosurgeon. The MSCs were administered to the patients three
times every two months.

The culture of purified MSCs was prepared under aseptic Good Manufacturing Practice conditions
by the European Medicines Agency in 1999, where manufacturing facilities maintain a clean and
hygienic manufacturing area in controlled environmental conditions. All manufacturing processes
were clearly defined, controlled, and validated to ensure consistency and compliance with specifications.
The laboratory has all the approvals and certificates required by Polish and European law.

2.3. Plasma and Cerebrospinal Fluid Collection

Immediately before MSC transplantation, 8 mL of cerebrospinal fluid (CSF) and up to 2 h before
MSC transplantation, 8 mL of plasma sample were collected. CSF was collected from patients by
lumbar puncture made by a neurosurgeon. Plasma and CSF collected before the first administration of
MSCs provided control values for the analyzed parameters. The collected CSF and plasma samples
were aliquoted and frozen at —80 °C for further analysis.

2.4. Antioxidant Capacity Measurement

Antioxidant capacity was measured in CSF and plasma collected from nine patients by examination
of total antioxidant capacity (Antioxidant Assay Kit, cat. no. CS0790, Sigma Aldrich, St. Louis, MO,
USA), ascorbic acid and ascorbate concentrations (Ascorbic Acid Assay Kit, cat. no. MAKO075, Sigma
Aldrich, St. Louis, MO, USA), superoxide dismutase, and catalase activity (SOD Determination Kit, cat.
no. 19160, Sigma Aldrich, St. Louis, MO, USA; Catalase Assay Kit, cat. no. CAT100, Sigma Aldrich, St.
Louis, MO, USA, respectively), according to the manufacturer’s instructions. Peroxidase activity was
measured by Peroxidase Activity Assay Kit (cat. no. MAK092, Sigma Aldrich, St. Louis, MO, USA)
and methods described by Shannon et al. [42] and Maehly and Chance [43]. All measurements were
performed in duplicate.

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad PRISM v. 8.0 software (GraphPad Software,
Inc.). All experimental data are shown as the mean + SEM, and the differences were considered
significantly different at a 95% confidence level (p < 0.05). The analyses were performed using one-way
ANOVA followed by Tukey’s multiple comparison test (Figures 1-5) or Student’s ¢-test (Table 2).
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Figure 1. Total antioxidant capacity in cerebrospinal fluid (CSF) (Figure 1a) and plasma (Figure 1b) of
the patients in MCS before (white bars) and after first (grey bars) and second (black bars) transplantation
of bone marrow-derived (BM)-MSC. The statistical analysis was determined by a one-way ANOVA
followed by Tukey’s multiple comparison test (p < 0.05). Asterisks indicate differences in the antioxidant
capacity between examining groups (* p < 0.05).
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Figure 2. Ascorbic acid concentration in CSF (a) and plasma (b) of the patients in MCS before (white bars)
and after first (grey bars) and second (black bars) transplantation of BM-MSC. The statistical analysis was
determined by a one-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05). Asterisks
indicate differences in the antioxidant capacity between examining groups (* p < 0.05; ** p < 0.001).
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Figure 3. Total ascorbate concentration in CSF (a) and plasma (b) of the patients in MCS before (white
bars) and after first (grey bars) and second (black bars) transplantation of BM-MSC. The statistical analysis
was determined by a one-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05). Asterisks
indicate differences in the antioxidant capacity between examining groups (* p < 0.05; ** p < 0.001).
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Figure 4. Superoxide dismutase (SOD) activity in CSF (a) and plasma (b) of the patients in MCS before
(white bars) and after first (grey bars) and second (black bars) transplantation of BM-MSC. The statistical
analysis was determined by a one-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05).
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Figure 5. Catalase activity in CSF (a) and plasma (b) of the patients in MCS before (white bars) and
after first (grey bars) and second (black bars) transplantation of BM-MSC. The statistical analysis was
determined by a one-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05). Asterisks
indicate differences in the antioxidant capacity between examining groups (* p < 0.05; ** p < 0.001).

Table 2. Total antioxidant capacity (A), ascorbic concentration (B), total ascorbate concentration (C),
super oxide dismutase (D), and catalase (E) activity in CSF and plasma in patients in MCS before and
after BM-MSC therapy. Small letters a and b indicate statistical differences in the measured parameters
between CSF and plasma within the control, first, and second transplantation of BM-MSC. The statistical
analysis was determined by Student’s t-test (p < 0.0001).

Before Treatment I Application of MSC II Application of MSC
CSF plasma CSF plasma CSF plasma
A Total antioxidant 0.05 +0.0152 0.39 +0.04® 0.08 +0.014 2 0.34 +0.04° 0.08 £0.0122 0.39 +0.04°
capacity (nM)
B Ascorbic acid 2725+1.312 9.96 +1.44 P 2273 £+ 1422 6.39 +1.32P 2813 +1.222 7.36 +1.56 P
concentration (ng/uL)
C Total ascorbate 0.20 +0.009 2 0.39 +0.02° 0.17 £ 0.008 2 0.32+0.02° 0.19+0.012 0.32+0.02°

concentration
(nM/uL)

D  Superoxide dismutase 40.82 £2.052 65.66 +2.27 b 3742 +1972 66.35 +2.27 b 36.87 £2.112 60.73 +2.41°
(SOD) activity
(%)

E Catalase (CAT) activity ~ 11.29 +0.602  0.04 + 0.008 1320 £0.512 0.06 + 0.008 ® 12.38 0592 0.03+0.009 b
(umol/min/mL)

3. Results

3.1. Total Antioxidant Capacity in CSF and Plasma of the Patients in MCS Undergoing BM-MSC Treatment

Total antioxidant capacity, determined by evaluation of the ABTS (2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonate) oxidation ability by active antioxidants in CSF (Figure 1a) and
plasma (Figure 1b) was examined for patients in MCS undergoing BM-MSC therapy. The antioxidant
concentration in CSF was higher after the first and second application of BM-MSC than before treatment
(Figure 1a, p < 0.05). In plasma, statistical differences in antioxidant capacity between examined groups
were not found (Figure 1b, p > 0.05). Antioxidant capacity was four-fold greater in plasma compared
to CSF (Table 2A, p < 0.0001).

3.2. Ascorbic Acid Concentration in CSF and Plasma of the Patients in MCS Undergoing BM-MSC Treatment

The concentration of AA in CSF (Figure 2a) and plasma (Figure 2b) was determined for patients
in MCS undergoing BM-MSC therapy. A lower concentration of AA was detected in CSF after the first
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application of BM-MSC (Figure 2a, p < 0.05). The AA content was equalized to the control value after
the second application of MSC (Figure 2a, p > 0.05). In the plasma, the AA concentration was greater
before MSC treatment compared to the content after the application of BM-MSC (Figure 2b, p < 0.05).
The AA concentration was three-fold greater in CSF towards plasma (Table 2B, p < 0.0001).

3.3. Total Ascorbate Concentration in CSF and Plasma of the Patients in MCS Undergoing BM-MSC Treatment

The concentration of ascorbates in CSF (Figure 3a) and plasma (Figure 3b) was examined for
patients in MCS undergoing BM-MSC therapy. The total concentration of ascorbates in CSF was lower
after the first application of BM-MSC than before treatment (Figure 3a, p < 0.05). In plasma, the total
concentration of ascorbates was lower after the first and second application of BM-MSC than before
therapy (Figure 3b, p < 0.05). The total content of ascorbates was two-fold greater in plasma compared
to CSF (Table 2C, p < 0.0001).

3.4. Superoxide Dismutase Activity in CSF and Plasma of the Patients in MCS Undergoing BM-MSC
Treatment

The activity of SOD in CSF (Figure 4a) and plasma (Figure 4b) was determined for patients in
minimal MCS undergoing BM-MSC therapy. The SOD activity was not statistically different between
the control and applications of BM-MSC, both in CSF (Figure 4a, p > 0.05) and plasma (Figure 4b,
p > 0.05). The SOD activity was greater in plasma in comparison to CSF (Table 2D, p < 0.0001).

3.5. Catalase Activity in CSF and Plasma of the Patients in MCS Undergoing BM-MSC Treatment

The CAT activity in CSF (Figure 5a) and plasma (Figure 5b) was determined for patients in MCS
undergoing BM-MSC therapy. The CAT activity measured in CSF was greater after the first and second
application of BM-MSC than before treatment (Figure 5a, p < 0.05), whereas in plasma it was lower
after the second application of BM-MSC in comparison to the first application (Figure 5b, p < 0.05).
The CAT activity was 200-fold greater in CSF in comparison to plasma (Table 1E, p < 0.0001).

3.6. Peroxidase Activity in CSF and Plasma of the Patients in MCS Undergoing BM-MSC Treatment

The activity of peroxidase in CSF and plasma was measured for patients in MCS undergoing
BM-MSC therapy. The results gained by using different protocols did not confirm the presence of
active peroxidases in the examined material.

4. Discussion

Oxidative stress accompanies neurodegenerative disorders, causing neuronal dysfunctions and
vascular damage [30,44]. The latest studies have shown that the level of oxidative stress is elevated in
disorders of consciousness [7]. The intensity of oxidative stress can be determined in three ways: (i) by
evaluation of ROS level; (ii) by direct evaluation of the concentration of antioxidants (enzymatic and
non-enzymatic); and (iii) by measuring oxidative stress biomarkers, defined as a biological molecule,
whose chemical existence is modified by ROS [45]. As the definition of oxidative stress is a lack of
the proper quantity of tools dismissing ROS [6,46—48] and according to research, showing the ability
of MSCs to reduce oxidative stress intensity and increase content or activity of enzymes neutralizing
ROS [39], it could be supposed that MSC therapy may contribute to greater antioxidant ability of
patients in MCS. We consider three ways of MSC activity: (i) activation of antioxidant mechanisms
in CNS cells, inoperative in MCS; (ii) intensification of antioxidants transported from plasma to CSF;
and (iii) activation of immunomodulatory role of examining antioxidants. As the concentration of
antioxidants in plasma did not change significantly after BM-MSC application and because of the
constant, greater concentration or activity of examining molecules in plasma in comparison to CSF,
the activation of temporary inactive mechanisms in CNS seems to be the most possible.

To select the potential mechanism of BM-MSC action involved in oxidative stress reduction
in MCS, the concentration or activity of molecules regulating this process in CNS was examined.
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Among them was ascorbic acid (AA), which participates in neuromodulation [49,50], extension
of synaptic reactivity [51], catecholamine biosynthesis, and modulation of cell proliferation and
differentiation [17,52]. Ascorbic acid (as a source of electrons having the ability to neutralize free
radicals formed in the CNS [53]) is also involved in antioxidant protection [54-56]. The AA content and
its antioxidative role were extensively investigated in numerous neurodegenerative disorders, including
meningitis [57], Alzheimer’s disease [58,59], neurocysticercosis [60], Creutzfeldt-Jakob disease [61],
aseptic encephalopathy [62], amyotrophic lateral sclerosis [63], and Parkinson’s disease [64]. However,
to the best of our knowledge, this is the first study evaluating the relationship between the concentration
of AA and BM-MSC therapy of MCS.

The analysis of AA concentrations in CSF from controls and patients with neurological disorders
did not show significant differences [63,65], which is consistent with the current results. This study
found that the concentration of AA in CSF of patients in MCS was 23 + 10 ng/ul, which is approximately
equal to 133 + 58.8 umol/L, measured in CSF of healthy humans [66]. On the other hand, in CSF
of patients with septic encephalopathy, decreased levels of ascorbates were observed [62] and these
results correlated with neurologic symptoms. Similarly, a reduced concentration of total AA in the
CSF was found in patients with head trauma, increased intracranial pressure, cerebral tumors [67],
intracranial hemorrhage, or head trauma [68], indicating extensive consumption of AA in severe
oxidative stress. Moreover, the AA level was inversely correlated with the diameter of the lesion and
the number of neurological disabilities evaluated by the Glasgow Coma Scale (GCS) [68]. In turn,
de Menezes et al. [57] showed increased AA content in CSF of patients with aseptic and bacterial
meningitis. The above studies suggest that the role of AA in the CNS depends on the type of disorder.
As MCS is mostly a long-term state with varied etiology, it seems possible that, along with the duration
of disease, the AA content in CSF equalizes to the initial level, and the concentration of AA in the CNS
is relatively stable in comparison with other organs [69]. The presence of an adaptive mechanism to
oxidative stress was previously suggested in patients with head injury. It was documented that the
level of lipid peroxidation was reduced over time and was correlated with an improvement in GCS
scores [70]. Moreover, a high level of AA was present in neurons despite a concentration gradient
promoting diffusion from the brain to peripheral tissues [58] and correlated with density of neurons,
which probably store AA in the brain [69].

The current study found that AA concentration in CSF was significantly lower after the first
autologous transplantation of BM-MSCs in comparison with the concentration before cell administration,
which indicates that AA was intensively consumed in the CNS tissues in response to a BM-MSC
application, and the level of oxidative stress accompanying MCS may be decreased in response to
BM-MSC transplantation. Surprisingly, the effect of BM-MSC administration on AA concentration in
CSF was compensated for after the second transplantation, which may be a result of a mechanism
maintaining a high and relatively constant level of AA in the brain [17,58]. Moreover, the AA content
decreased in plasma after BM-MSC administration, suggesting transport of the AA from plasma
to peripheral tissues. The suspected effect of AA transport from plasma to the CNS as a response
to oxidative stress is increased AA levels in CSF. In this study, the opposite result was observed,
which may be a consequence of the bedridden patients’ diets, poor in natural sources of exogenous
AA. Moreover, besides AA there may be another mechanism involved in oxidative stress regulation.
Alho et al. [71] also suggested the presence of unidentified antioxidants in CSF and plasma, influencing
the process of neurological diseases. Similar observations were obtained by a group examining another
experimental therapy of consciousness disorders (electrical cervical spinal cord stimulation) resulting
in lower free radical levels [72]. However, that the consumption of AA resulted from the elevated
oxidative stress caused by mechanistic interference in the body during BM-MSC application cannot
be excluded.

Although the concentration of AA in CSF is relatively constant in patients with neurodegenerative
disorders [63,65], the CSF:plasma concentration ratio of AA may be a valuable tool to evaluate the role
of AA role examining disorders or therapy. Bowman et al. [58] showed that despite its concentration in
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CSF and plasma, AA did not indicate Alzheimer’s disease progression; rather, the CSF:plasma AA
ratio was correlated with the rate of cognitive decline, suggesting that this ratio is an indicator of AA
availability in the brain. The current results documented that, apart from the higher AA content in
plasma in the control in comparison to the concentration measured after both applications of BM-MSCs,
the ratio of AA concentration in CSF to the AA concentration in plasma was changed from 3:1 to 4:1
after the first and second transplantations, which may indicate that AA sources were completed by
the transport of AA from plasma to CSE. The concentration of AA is the most constant in the brain
compared to the other organs [17,73-75] and because of that the CSF:plasma ratio may reflect the
uptake, and thereby the activity of blood—CSF transporter [63]. As AA is not produced in human
tissues, its efficient transport plays a pivotal role in providing appropriate levels in the CNS. It was
documented that ascorbic acid is transported into the brain via CSF and epithelial cells of choroid plexus
(appointed with sodium AA transporters) incorporating reduced forms of AA into the cytoplasmic
membrane [75-77] and glucose transporters, uptaking its oxidized form as dehydroascorbic acid
(DHA) [78,79]. This two-fold transport mechanism may explain the alteration of the ratio of CSF:plasma
AA content. Ascorbic acid is mainly incorporated in neurons in its oxidized form [80], which modifies
neuron functions [81,82]. According to the above data, the administration of BM-MSCs may indirectly
alter neurons’ ability to regulate oxidative stress in MCS. Nevertheless, to confirm and clarify this
hypothesis, further investigation is needed.

The current study also comprises an analysis of the total reduction ability in CSF and plasma,
involving measurements of the concentrations of AA with other molecules as electron donors
neutralizing ROS. Although similar trends in total ascorbate content as in the case of AA concentration
were observed, the influence of BM-MSC application on anti-oxidation capacity was weaker in CSF
and stronger in plasma of patients in MCS. Furthermore, the current study found a three times greater
content of AA and two times lower concentration of all electron donors in CSF in comparison to
plasma, which indicates the importance of AA in CNS homeostasis. Moreover, among electron donors
there are also anions, being transitional forms of AA, leading to DHA formation, which is a transport
type of AA [78,79]. Increased lipid peroxidation and reduced antioxidant activities in plasma were
observed in Alzheimer’s disease [83,84], Creutzfeldt-Jakob disease [61], and acute ischemic stroke [85],
proving oxidative mechanisms involved in the pathogenesis of these disorders. A positive correlation
between oxidants, such as glutathione reductase level, and GCS scores was also found. The above
results suggest that low weight molecules play an important anti-oxidative role in both CSF and
plasma, however, AA is pivotal in oxidative stress regulation in the CNS, which is consistent with
previous studies [54-56]. However, the great concentration of electron donors in plasma, caused by the
response of the patient and consisting of the preparation of increased doses of AA for transport to CSF,
cannot be excluded.

The appropriate level of ROS in the CNS is also maintained by the enzyme system, including
SOD, CAT, and GPx. The only known function of SOD is the dismutation of O,*" to H,O,. Catalase
and GPx catalyze the conversion of H,O, into oxygen and water. It is well known that three isoforms
of SOD participate in the formation of the primary defense against ROS-mediated damage [86-88].
In this study, no changes in SOD activity were observed in either the plasma or CSF. There was
lower SOD activity in CSF than in plasma, measured both before and after BM-MSC transplantation,
which may indicate that the function of the blood-brain barrier in the analyzed group of patients
has not been affected by the oxidative stress causing vascular leakage. Moreover, it was proven that
the concentration of the main isoform of SOD—CuZn-SOD—in CSF is positively dependent on its
concentration in the cytosol of neurons and the rates of basal background leakage and increased leakage
from impaired cells, and conversely dependent on the rate of turnover of CSF [87]. In acute diseases
such as stroke, when a large number of neurons are damaged, multiple-fold increases in the amount
of CuZn-SOD in the CSF have been found [89,90]. Although MSC therapies are very promising in a
number of neurodegenerative disorders [31,91-93], the current results suggest that BM-MSC therapy
for MCS patients does not influence SOD activity.
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The analysis of oxidative stress in neurodegenerative disorders has shown a short-term effect of
enzymatic antioxidant defense. Higher CAT activity and lower total SOD activity was detected in the
plasma of patients within the first 24-72 h of acute ischemic stroke onset compared to healthy controls
and returned to control values within five days [94,95]. Likewise, it has been shown that on days 1-7
after aneurysmal subarachnoid hemorrhage CSF SOD levels were lower and serum malondialdehyde
levels were higher in patients than in healthy controls [96]. Therefore, it is possible that antioxidants
are depleted in the early period after ischemia as a consequence of an excessive production of ROS
and increased oxidative stress. Bayir and Kiyici [97] reported that SOD activity levels in the blood
were lower in patients with a severe head injury compared to patients with a moderate head injury.
Furthermore, patients with medium and large infarcts had lower SOD activity compared to those with
less extensive strokes, which may also reflect the increased amount of ROS released from a severe
ischemic injury [95]. Interestingly, SOD levels in the CSF or serum of the ischemic cerebrovascular
patients increased after two days, reaching the highest values after one week in CSF and two weeks in
plasma and returned to initial concentrations after three weeks [98]. The cited data show that changes
in SOD activity are observed right after brain injury, and depending on the type of disease, could only
be noticeable for a short period of time. In the current study, evaluation of SOD activity in CSF and
plasma after BM-MSC therapy was performed two months after transplantation, so it may be supposed
that assessment of actual effects of BM-MSC treatment on SOD antioxidant activity was not possible.

The results of the current study revealed increased CAT activity in CSF after the first and second
BM-MSC transplantation compared to the control value. Surprisingly, GPx activity, known as a
crucial antioxidant enzyme, oscillated at the limit of detection and did not allow reliable analysis to
be performed or conclusions to be drawn. The observed changes may imply that CAT was the key
enzyme responsible for catalyzing the decomposition of H,O; in CSF of patients in MCS. These results
are consistent with studies showing that CAT is more efficient in removing higher intracellular
H,0; concentrations, whereas at low concentrations this radical is disposed mainly by GPx [99,100].
Moreover, conversion of HyO; into harmless forms by GPx occurs with the concomitant oxidation of
reduced glutathione (GSH) into the oxidized form (GSSG), and glutathione reductase recycles GSSG to
GSH. Thus, it is supposed that the main limiting factor for GPx in scavenging higher amounts of H,O,
is the rate of recycling of GSH/thioredoxin, which is necessary to maintain the catalytic cycle [101,102].
On the other hand, the MSC-treated group of mice with induced oxidative stress accompanying colitis
exhibited greater GSH levels than the untreated group and these were similar to that observed in the
control group [103]. However, this variance of results in comparison to our data may be caused by
different disorders, as well as the different therapy recipients.

It was documented that CAT may be an alternate source for oxygen upon Hy,O, degradation
to rescue neurons from hypoxic conditions and revealed the highest turnover rates among known
enzymes [104]. Moreover, CAT encapsulated with PLGA (poly (lactic co-glycolic acid)) nanoparticles
and added to the primary human neuron cultures protected these cells from H,O,-mediated cytotoxicity
by reducing cellular protein oxidation, DNA damage, loss of neuronal cytoskeleton structure,
and plasma membrane integrity [104]. The increased CAT level without significant changes in SOD
activity observed in this study may be explained by the fact that enhanced CAT activity reflects elevated
levels of H,O, produced not only by SOD but also by other cellular mechanisms [105]. Furthermore,
the efficacy of SOD in reducing oxidative stress depends predominantly on the elimination of H,O,
by CAT and GPx [86], so we suggest that in case of BM-MSC therapy, CAT is crucial in oxidative
stress regulation. On the other hand, it was documented that an excess of ROS negatively affected
the neuroprotective potential of mesenchymal stem cell treatment. The adipose tissue-derived MSC
(Ad-MSCs) treatment was less effective alone than in the case of the administration of Ad-MSCs
with CuZn-SOD in a rabbit model of spinal cord ischemia [106]. Moreover, oxidative stress-induced
impairments in cellular molecules promote stem cells aging [47] and reduce MSC survival [107];
however, the animal experimental model cannot be fully objective in relation to human therapy.
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Taking the above into consideration, the high ROS level accompanying coma and further states as MCS
may also influence MSC properties.

The qualification process of patients presenting disorders of consciousness (DOC) is still
under development, and therefore, a number of diagnostic methods analyzing pathomechanism,
clinical evaluation, and outcome predictions is required for accurate diagnosis [108]. Despite the
approved classification of DOC, the latest studies indicate the necessity for inclusion of a new category
of patients with cognitive and motor dissociation (CMD) [109,110]. In this study, we analyzed oxidative
stress markers in plasma and CSF of seven patients with MCS caused by head injury and three
patients with other MCS etiology. Regardless of differentiated MCS pathomechanism, we gained very
homogenous results, without significant standard deviations. The influence of BM-MSC therapy of
MCS patients on oxidative stress markers irrespective of the pathomechanism of the disorder seems
possible. However, the examined group may not be large enough to evaluate whether the results
of the therapy are dependent on the pathomechanism of MCS. Due to the heterogenous etiology of
brain lesions, supplementing the manuscript with MRI analysis, performed before and after treatment,
would be helpful in precise assessment of the therapy results. Integration of well-known and newly
described tools, such as Coma Recovery Scale-Revised (CRS-R), the Motor Behavior Tool (TBM),
neuroimaging, and electrophysiological technologies, seems to be essential for the future of effective
therapeutic approaches.

5. Conclusions

Summarizing, the presence of all examining antioxidants in CSF and plasma of patients undergoing
therapy was confirmed, except GPx, both before and after BM-MSC transplantation. A greater content
of AA and CAT activity was detected in CSF in comparison to plasma, suggesting the major role of
these factors in maintaining the proper level of ROS in the CNS of MCS patients. Moreover, higher
total antioxidant ability and lower AA concentration detected after BM-MSC transplantation than
before therapy both in CSF and plasma, indicate that BM-MSC administration increased the capacity
of CNS cells to ROS utilization and that the important tool of this action is intensively consumed AA.
Furthermore, change in CSF:plasma ratio of AA concentration after BM-MSC transplantation indicates
that during therapy AA sources were completed by the transport of AA from plasma to CSF. Moreover,
CAT activity was changed after BM-MSC transplantation, which suggests that BM-MSC therapy
for MCS patients also influenced the enzymatic antioxidant mechanism. The above study indicates
the influence of BM-MSC therapy on the oxidative stress intensity in patients in MCS regardless
of pathomechanism and clinical evaluation. These results confirm the hypothesis that BM-MSC
transplantation is a promising therapeutic tool for neurodegenerative disorders. However, the results
of ongoing clinical evaluations are needed to assess the effectiveness of BM-MSC application on the
course of recovery in MCS patients.
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