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Summary

The main variants of chronic disorders of consciousness (cDoC) developing in adverse coma outcome are
vegetative state/unresponsive wakefulness syndrome (VS/UWS) and minimal consciousness state (MCS).

The aim of the study was to investigate the main differences in metabolomic abnormalities in patients with
VS/UWS and MCS, as well as to identify changes in metabolomics depending on sleep or wakefulness phase.

Materials and Methods. Untargeted metabolome analysis of blood plasma of 10 patients in VS/UWS
(group 1) and 6 patients in MCS (group 2) was performed using reversed-phase and hydrophilic chromatog-
raphy methods. The underlying conditions of brain injury were TBI (2 in group 1 and 5 in group 2) and hy-
poxia (8 in group 1 and 1 in group 2). The internal jugular vein was catheterized in all patients, and blood
was collected while awake during the daytime for 2 days. Aliquots of pooled plasma samples were purified
from protein components and analyzed by high-performance liquid chromatography in two modes: re-
versed-phase and hydrophilic ones. Mass-spectrometric detection was performed in full ion current scan-
ning mode: registration of positively charged ions in the m/z range from 50 to 1300 a.u. Data were adjusted
and normalized using MS-DIAL software ver. 4.70 software; differences were identified using analysis of vari-
ance, discriminant and cluster analysis. The data were analyzed and visualized using MetaboAnalyst 5.0
software (https://www.metaboanalyst.ca).

Results. Four major metabolites (at VIP > 0.5), which content was most modulated depending on the study
group, were identified including 4 (m/z 124.0867, Rt=17.67, p<0.01), 33 (m/z 782.5722, Rt=17.69, p<0.01), 6
(m/z125.0904, Rt=18.43, p<0.01) and 1 (m/z463.2304, Rt=15.78, p<0.01), with no significant differences between
daytime and nighttime blood samples. Significant quantitative differences were shown for three metabolites
in the groups, 14 (m/z 162.1126, Rt=10.28, p<0.01), 35 (m/z 780.5483, Rt=7.65, p<0.01), and 41 (m/z 806.5649,
Rt=7.58, p<0.01), and four metabolites when comparing the daytime and nighttime samples: 14 (m/z 162.1126,
Rt=10.28, p=0.0201), 35 (m/z 780.5483, Rt=7.65, p<0.01), 41 (m/z806.5649, Rt=7.58, p<0.01), and 48 (11/z848.5354,
R=7.65, p<0.01).

Conclusion. Untargeted metabolomic analysis confirmed the hypothesis of likely significant quantitative
and qualitative differences in metabolite composition depending on the type of CCD and circadian rhythm.
The study established a set of metabolites that are potential biomarkers for differential diagnosis of VS/UWS
and MCS including 4, 33, 6, 1 (in the experiment on the reversed-phase column) and 14, 35, 41, 48 (in the ex-
periment on the hydrophilic column), based on their significant contribution to intergroup and intragroup
differences. Further studies will be aimed to characterize the identified metabolites.

Keywords: chronic disorders of consciousness; vegetative state; unresponsive wakefulness syndrome; min-
imal consciousness state; metabolomics; metabolomic profile; blood-brain barrier; circadian rhythm; glym-
phatic system; prediction of consciousness recovery; multidisciplinary approach
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Introduction

Chronic disorders of consciousness (cDoC)
include variants of adverse coma outcomes, when
a patient exhibits no or severe signs of impaired
consciousness [1]. The main forms of cDoC include
the «vegetative state» or «unresponsive wakefulness
syndrome» (VS/UWS), when there is lack of self-
awareness and awareness of the environment along
with the preserved sleep-wake cycle, as well as the
«minimally conscious state minus», when the patient
is available for a minimal contact, i. e., visual fixation
and eye tracking are present, and a «minimally con-
scious state plus», when the patient is able to
perform a simple task and answer a «yes-no» question
verbally or by nodding [2—4].

Significant progress has been made in recent
decades in understanding the mechanisms of im-
paired consciousness after severe brain damage,
and a multidisciplinary approach to this problem
has been described as a way to bridge the gaps
for advancing toward integrated translational sci-
ence [5]. The most studied and stable functional
states of the brain are sleep and wakefulness
which occur in circadian rhythms. The study of
sleep structure in patients with cDoC becomes
particularly relevant due to the discovery of the
brain's glymphatic system, which allows the re-
moval of amyloid proteins and tau-oligomers from
the glia during the slow sleep phase [6]. Impaired
functioning of this system is one of the mechanisms
for the development of neurodegenerative process-
es and neuroinflammation [7-9]. In our opinion,
the study of sleep and wake processes in patients
with cDoC is particularly interesting from the
viewpoint of studying the functional state of the
brain, as well as the homeostasis regulation variants
supporting these phases. In this respect,
metabolomics can be considered as one of the
approaches to reveal potential low-molecular-
weight biomarkers of the brain performance in
patients with cDoC. The general metabolomic
profile can serve as a direct indicator of metabolic
changes in a biological system [10]. The blood-
brain barrier (BBB) is known to be impermeable
to most metabolites under normal conditions.
Various pathological conditions such as neurode-
generation, neuroinflammation, traumatic brain
injury (TBI), and hypoxia result in disruption of
the BBB, functioning in both directions; hence,
the plasma metabolomic profile may reflect meta-
bolic disorders in the brain [11, 12]. Changes in
blood metabolome profile in stroke [13], traumatic
brain injury [14], diabetes mellitus [15], and can-
cer [16-18] have been actively studied.

Analysis of metabolomic research results ob-
tained in the study of sleep and wake phases in
patients with cDoC should make it possible to
identify additional prognostic markers of potential

recovery of consciousness and develop patho-
genetic approaches to the treatment of this cate-
gory of patients in the future. Thus, the aim of
this study was to investigate the main differences
in metabolomic disorders in patients in the veg-
etative state/unresponsive wakefulness syndrome
and minimally conscious state and identify
changes in the metabolome depending on sleep
or wake phase.

Material and Methods

The study was supported by the ethical com-
mittee of the V. A. Almazov Scientific Research Cen-
ter (protocol No. 23082019) and was conducted in
accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki). Pa-
tients stayed in the anesthesiology and intensive
care unit for at least 21 days (in 2019-2020). Sixteen
patients with cDoC were included in the study. To
evaluate the signs of consciousness, the patients
were assessed on the Coma Recovery Scale- Revised
(CRS-R) 5 times during the first 10 days of hospital-
ization. Depending on the total CRS-R score, pa-
tients were divided into two groups. Group 1 in-
cluded patients with a CRS-R score of 0 to 5 (their
level of consciousness met the VS/UWS criteria),
and Group 2 included patients with a CRS-R score
of 9 to 15 (their level of consciousness met the MCS
«minus» or «plus» criteria). Characteristics of pa-
tients by age, duration of consciousness disorder,
and total CRS-R score are shown in Table 1.

The causes of brain damage included TBI (2 in
group 1 and 5 in group 2) and hypoxia (8 in group 1
and 1 in group 2). Patients with acute infection, he-
patic and renal dysfunction were not included in the
study. Medications received by the patients at the
time of serum sampling are presented in Table 2.

The study steps are shown in Fig. 1.

A catheter was inserted into the right jugular
vein in all patients a day before the examination,
with the catheter tip directed upward (against the
blood flow) — to obtain blood «flowing out» from
the brain. Blood sampling was performed in the
awake state at daytime (at 12:00) and at night (at
3:00 am) for 2 days ( two daytime and two nighttime
samplings were performed for 2 days). Blood was
collected in vacutainers with EDTA as an anticoag-
ulant, placed on ice, and immediately taken to the
laboratory, where it was centrifuged for 15 minutes
at 2700 rpm, aliquoted in Eppendorf tubes, and
frozen at-25°C. Hemolyzed samples were discarded
and not included in further study.

Preparation of samples. Pooling and purifi-
cation of blood plasma from protein molecules.
Pooled blood plasma samples were used for
analysis. Pools were formed at the daytime and
nighttime points for each group, i.e., 2 pooled

GENERAL REANIMATOLOGY, 2022, 18; 2

www.reanimatology.com



24

https://doi.org/10.15360/1813-9779-2022-2-22-36

Clinical Studies

|
Table 1. Characteristics of patients with chronic disorders of consciousness.
Main parameters Age, years Duration of disorder CRS,
of consciousness, months points
Group 1 (n=10)
Mean 38 5.4 4
Standard deviation 12 7.8 1
Median 40 2.0 4
Minimum 21 1.0 1
Maximum 54 26.0 5
25" percentile 26 1.0 3
75% percentile 45 6.0 5
Group 2 (n=6)
Mean 37 9.7 12
Standard deviation 15 11.3 2
Median 31 4.0 11
Minimum 21 1.0 9
Maximum 61 26.0 15
25% percentile 29 1.0 10
75" percentile 51 22.0 13

Fig. 1. The steps of the non-targeted blood test in patients with chronic disorders of consciousness.

samples were formed in Group 1 (daytime sample
contained the plasma of 10 patients of first and
second day sampling; nighttime sample con-
tained the plasma of 10 patients of first and sec-
ond nighttime sampling) and 2 pooled samples
in Group 2 (daytime sample contained the
plasma of 6 patients of first and second daytime
sampling; nighttime sample contained the
plasma of 6 patients of first and second nighttime
sampling). An aliquot of 100 yL was taken from

each pooled sample and transferred to a new Ep-
pendorf tube. Then, 400 pl of chilled acetonitrile
was added to each sample and stirred. To remove
protein components, samples were centrifuged
for 10 min (12,000 rpm, 4°C), and 400 pl of super-
natant was transferred to a chromatographic vial
for subsequent analysis.

Chromatography and mass spectrometry.
Conditions of chromatographic separation. The
chromatographic separation of the components
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Table 2. List of medications received by patients from the study groups.
Group 1 (VS/UWS) Group 2 (MCS)

Ipidacrine
Amlodipine
Bisoprolol
Valproic acid
Phenytoin
Ethylmethylhydroxypyridine succinate
Amantadine sulfate
Nadroparin calcium
Tolperisone hydrochloride
Choline alfoscerate

Citicoline

Omeprazole
Spironolactone Lactulose
Levetiracetam Clonidine
Memantine Proroxan
Pancreatin Brain peptide complex
Carbamazepine
Fluconasole
Succinic acid, inosine, nicotinamide
Apixaban
Levothyroxine
Table 3. Ratio of mobile phase components.
Time, minutes A% B,%
0 95 5
0.5 95 5
15.5 45 55
16.5 25 75
17.5 25 75
17.6 95 5
20 95 5

Note. Eluent flow rate = 0.3 ml/min; column thermostat temperature = 40°C; thermostat temperature (sampling department)
=10°C; sample injection volume — 2 pl; analysis time — 20 min.

Table 4. Ratio of mobile phase components.

Time, minutes A% B,%
0 5 95
3 5 95
12 40 60
15 40 60
16 5 95
20 5 95

Note. Eluent flow rate = 0.3 ml/min; column thermostat temperature = 40°C; thermostat temperature (sampling department)
=10°C; sample injection volume — 2 pl; analysis time — 20 min.

using high-performance liquid chromatography

(HPLC) was performed in two modes:

1. Reverse phase chromatography

Intensity Solo 2 C18 (Bruker) column,

length 100 mm, column diameter 2.10 mm, sorbent
particle diameter 1.8 pm.

The mobile phase:
e component A — 0.1% solution of formic
acid in deionized water;

Ascentis Express HILIC (Merck) column,

length 100 mm, column diameter 2.10 mm, diame-
ter of sorbent particles 2.7 um

Mobile phase:

e component A — 10 mM NH4COOH with
added formic acid (0.1%) in deionized
water;

e component B— HPLC category acetonitrile;
Gradient chromatographic elution mode

Operating conditions of the mass spectromet-
ric detector. Mass spectrometric detector was
Bruker Q-TOF Maxis Impact with electrospray ion-
ization at atmospheric pressure and «otof Control»
software for data control and processing.

e component B — HPLC category acetoni-
trile;
e Gradient chromatographic elution mode
Hydrophilic interaction liquid chromatogra-
phy (HILIC)

GENERAL REANIMATOLOGY, 2022, 18; 2 www.reanimatology.com

25



26

https://doi.org/10.15360/1813-9779-2022-2-22-36

Clinical Studies

Fig. 2. Hierarchical cluster analysis of samples from groups 1 and 2 from the C18 column.

Note. a — heat map of metabolites. The studied plasma samples by groups are arranged in columns: red correspond to
group 1, green to group 2, and the identified component variables are arranged in rows. The colors range from blue to red,
indicating a change in the content of the variables from very low (dark blue) to high (dark red). b — dendrogram. Samples

form clusters of groups 1 (red) and 2 (green).

Mode: drying gas flow (nitrogen) 8 1/min; gas
pressure on the nebulizer 2 bar; conducting capil-
lary temperature 220°C; capillary voltage 4500 V; de-
tection in full ionic current scanning mode: regis-
tration of ions in the m/z range from 50 to 1300 a.u.
(with positive ionization).

Data processing. Data from the chromato-
mass spectrometric analysis were converted to
mzML format and processed using MS-DIAL
metabolomics software (http://prime.psc.riken.
jp/Metabolomics_Software/MS-DIAL/index.html).
Data adjustment, normalization, and filtering
(the data were cleared of background noise and
unrelated ions) were performed using MS-DIAL
software ver. 4.70. The concentrations of the
studied substances by definition have a log-
normal distribution, so the data were sub-
jected to median normalization, logarithmic
transformation, and automatic scaling (center-
averaged and divided by the standard devia-
tion of each variable). Data were statistically
processed and visualized using the MetaboAn-
alyst 5.0 platform (https://www.metaboana-
lyst.ca/), which is generally accepted for meta-
bolic analysis. The intergroup differences were
tested using Student's test, Mann-Whitney test
(to compare groups 1 and 2), and ANOVA test
(to compare circadian changes of
metabolomics) in accordance with normally dis-

tributed logarithmically transformed variables.
The critical level of significance was set at
@=0.05. In addition, we performed unsuper-
vised principal component analysis (PCA) and
supervised PLS-DA analysis with a Pareto-
scaled data set and power transformation using
the first two latent variables. Based on the PLS-
DA models, we created volcano plots showing
the importance of variables in projection (VIP)
versus adjusted p-values [p (corr), load values
scaled as correlation coefficient values]. Vari-
ables with VIP > 0.5, q < 0.050, and absolute p
(corr) > 0.30 were considered significant. To il-
lustrate complex associations between several
parameters based on normalized data, cluster
analysis was performed, in which clustering
was performed using the Ward method, and the
Euclidean distance was considered as a meas-
ure of proximity [19, 20].

Results

Initial data processing. Pooled blood samples
from cDoC patients of two groups were analyzed.
High-performance liquid chromatography with
mass spectrometry detector (HPLC-MS) data for
all pooled samples were obtained on two different
chromatographic columns, hydrophilic (HILIC) and
reversed-phase (C18), for comprehensive evaluation
of metabolites of different polarity. Group spectra
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showed a consistent set of metabolite signals present.
The number of raw spectral signals detected in-
strumentally was 6569 for HILIC analysis and 7952
on the C18 column. Noise and artifact peaks were
filtered out, yielding 6134 and 4759 signals, respec-
tively. Based on the hypothesis of probable significant
quantitative and qualitative differences in the com-
position of metabolites depending on the severity
of patient condition, we identified those metabolites
whose relative levels, calculated from chromato-
graphic peak areas, dempnstrated significant in-
tergroup differences, using ANOVA analysis. Thus,
we identified 63 metabolites for the HILIC column
and 73 metabolites for the C18 column (P<0.05)
(Table 5, 6 — see Appendix).

Analysis of reversed-phase chromatography
data. Normalized data of the relative intensities of
the chromatographic signals obtained on the C18
column were imported into MetaboAnalyst 5.0 soft-
ware and visualized using cluster analysis techniques.
The resulting hierarchically grouped heat map of
metabolites reflects a comparative assessment of
mean metabolite contents, and the dendrogram
demonstrates, on the one hand, a significant cor-
relation between all samples from one group, and
a distinct clustering of samples belonging to groups
1 and 2 on the other hand (Fig. 2).

Preliminary conclusions were confirmed using
other statistical methods. An estimation plot based
on the unsupervised PCA model (Fig. 3, @) showed
clusters of Group 1 (VS/UWS) and Group 2 (MCS)
samples in the two main components PC1 and
PC2, which accounted for 87% and 12% of the
variance in the data, respectively. To make this
difference more apparent, we performed a super-
vised PLS-DA analysis with a Pareto-scaled data
set and power transformation using the first two
latent variables. This model produced clusters
similar to the PCA for groups 1 and 2 (Fig. 3, b),
and both models showed relatively greater ho-
mogeneity of group 2 samples. According to the
PLS-DA loading plots (Fig. 3, ¢), we identified four
major metabolites (at VIP > 0.5) whose content
was most modulated depending on the patient
group, which included signal 4 (m/z 124.0867,
Rt=17.67, P<0.01), 33 (m/z 782.5722, Rt=17.69,
P<0.01), 6 (m/z 125.0904, Rt=18.43, P<0.01), and
1 (m/z 463.2304, Rt=15.78, P<0.01). Metabolite 4
content was higher in group 1, while the content
of metabolites 33, 6, and 1 was higher in group 2.

When analyzing differences in the composition
of metabolites of daytime and nighttime samples
on column C18, no significant differences were
found. Hierarchical cluster analysis showed a sig-
nificant correlation between both daytime and
nighttime samples of the same group (Fig. 4, a and
b), no isolated clusters of daytime and nighttime
sampling appeared in the PLS-DA analysis (Fig. 5).

Fig. 3. Graphs of the assessment of PCA (A) and PLS-DA (B) in
groups 1 and 2 from C18 column.

Note. In Figures a and b, the red cloud represents the cluster of
group 1, the green one — the cluster of group 2. 1_1-1_12 —
studied plasma samples from patients of group 1;2_1-2_12 —
studied plasma samples from patients of group 2. b— PLS-DA
model load graph observed by PC 2 (w * ¢ [2]): each column rep-
resents a putative marker metabolite with standard errors dis-
played in the error bar.
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Table 5. List of target metabolites for the HILIC column
Metabolite No. m/z tR Normalized mean Normalized mean Pvalue
for group 1 for group 2
1 116.07095 2.488 0.723+0.626 —0.723+0.747 <0.0001*
2 121.96481 8.845 0.730+0.221 —-0.730+0.938 0.0002*
3 129.06573 9.348 0.800+0.507 -0.800+0.662 <0.0001*
4 129.97771 10.045 —0.549+1.025 0.549+0.617 0.0018**
5 131.95901 8.258 —-0.209+0.593 0.209+1.282 0.0284**
6 133.95724 8.564 -0.864+0.569 0.864+0.374 <0.0001*
7 136.04131 3.363 0.038+1.257 -0.038+0.712 0.3777**
8 143.99974 10.047 -0.607+1.100 0.607+0.275 0.0028*
9 144.98315 6.978 -0.766+0.891 0.766+0.129 <0.0001*
10 146.1156 10.44 —0.275+0.971 0.275+0.991 0.1842*
11 146.11641 10.411 —-0.265+0.972 0.265+0.996 0.2005*
12 153.03342 9.78 -0.766+0.859 0.766+0.271 <0.0001**
13 156.04485 9.013 —0.908+0.463 0.908+0.278 <0.0001*
14 162.11261 10.278 0.206 +0.778 —-0.206+1.180 0.3228*
15 175.11806 10.621 -0.823+0.557 0.823+0.552 <0.0001*
16 185.02979 1.43 —0.012+0.954 0.012+1.086 0.955*
17 188.07005 7.322 —-0.408+0.695 0.408+1.116 0.0427*
18 226.04523 7.582 -0.478+0.821 0.478+0.958 0.0155*
19 353.07663 3.476 —-0.695+0.381 0.695+0.944 0.0003*
20 385.03558 7.325 0.075+0.898 —-0.0750+0.128 0.2657**
21 480.34351 8.566 -0.853+0.482 0.853+0.520 <0.0001*
22 496.62271 8.726 0.369+0.221 —0.369+1.321 0.0284**
23 533.32251 3.401 0.369+0.623 -0.369+1.186 0.0145**
24 566.89081 7.513 -0.860+0.584 0.860+0.370 <0.0001*
25 634.87213 7.513 —0.899+0.398 0.899+0.413 <0.0001*
26 701.49713 7.245 —-0.898+0.468 0.898+0.333 <0.0001*
27 702.85931 7.513 -0.884+0.428 0.884+0.452 <0.0001*
28 736.86053 7.512 —0.879+0.431 0.879+0.469 <0.0001*
29 738.50195 6.442 0.473+0.087 —0.473+1.263 0.0029**
30 741.53412 8.296 -0.884+0.471 0.884+0.407 <0.0001*
31 759.04663 7.651 0.663+0.486 -0.663+0.946 0.0005*
32 759.17041 7.65 0.523+0.794 -0.523+0.929 0.0071*
33 769.55829 7.652 -0.773+0.694 0.773+0.553 <0.0001*
34 770.85394 7.513 —0.884+0.444 0.884+0.434 <0.0001*
35 780.54828 7.654 -0.873+0.515 0.873+0.403 <0.0001**
36 784.93988 7.592 0.642+0.373 -0.642+1.026 0.0012*
37 786.96295 7.596 0.236x1.240 —0.236+0.657 0.2593*
38 793.54767 8.297 -0.901+0.457 0.901+0.333 <0.0001*
39 796.54877 7.977 -0.812+0.611 0.812+0.527 <0.0001*
40 802.58978 1.545 -0.017£1.071 0.017+0.971 0.936*
41 806.56488 7.584 —-0.823+0.593 0.823+0.510 <0.0001*
42 814.55292 7.813 -0.741+0.906 0.741+0.268 <0.0001**
43 815.54834 7.522 0.556+0.475 —0.556+1.091 0.0055*
44 818.52917 7.645 —-0.655+1.040 0.655+0.271 <0.0001**
45 818.59137 7.579 0.101+0.874 -0.101+1.143 0.9774**
46 833.64746 8.141 0.255+1.098 —0.255+0.862 0.1005**
47 843.57544 7.474 -0.878+0.505 0.878+0.392 <0.0001*
48 848.5354 7.654 0.831+0.473 -0.831+0.602 <0.0001*
49 852.55658 5.647 0.456+0.413 —0.456+1.211 0.0100**
50 854.55298 7.578 0.257+0.569 -0.257+1.274 0.5899**
51 856.5672 7.58 -0.299+1.197 0.299+0.681 0.1473*
52 862.54602 7.497 —0.949+0.272 0.949+0.223 <0.0001*
53 867.07965 7.481 0.286+0.545 -0.286+1.271 0.5137**
54 868.52759 7.404 -0.827+0.555 0.827+0.537 <0.0001*
55 874.5517 7.581 0.644+0.383 —0.644+1.020 0.0011*
56 876.55682 5.555 —-0.892+0.465 0.892+0.370 <0.0001**
57 876.57294 7.59 0.552+0.457 —-0.552+1.103 0.0002**
58 878.56982 5.604 —0.112+1.418 0.112+0.228 0.1432**
59 880.58649 5.616 0.121+0.765 -0.121+1.214 0.8874**
60 896.56024 7.365 -0.868+0.454 0.868+0.489 <0.0001*
61 906.8288 7.513 —0.203+0.888 0.203+1.101 0.3307*
62 922.5542 7.445 —-0.879+0.433 0.879+0.468 <0.0001*
63 974.80841 7.513 0.723+0.626 —-0.723+0.747 <0.0001*

Note. Here and in Table 6: * — P value calculated using Student’s ¢-test; ** — P value calculated using the Mann-Whitney test.
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Table 6. List of target metabolites for the C18 column.

Metabolite No. m/z tR Normalized mean Normalized mean Pvalue

for group 1 for group 2

1 15.78 463.2304 —-0.755+0.768 0.755%0.506 <0.0001**
2 18.65 108.0811 -0.798+0.485 0.798+0.684 <0.0001*
3 18.77 118.0872 -0.708+0.912 0.708+0.406 <0.0001**
4 17.67 124.0867 -0.257+1.062 0.257+0.905 0.3777*
5 17.93 124.1716 -0.692+0.639 0.692+0.799 0.0001*
6 18.43 125.0904 —-0.803+0.665 0.803+0.493 <0.0001*
7 18.78 128.9628 -0.753+0.757 0.753£0.529 <0.0001*
8 19.05 131.9308 -0.711+0.884 0.711+0.453 <0.0001**
9 18.71 131.9625 -0.812+0.518 0.812+0.620 <0.0001*
10 17.75 138.102 -0.671+£0.725 0.671+0.764 0.0002*
11 18.71 147.0929 -0.731+0.888 0.731+0.369 0.0001*
12 18.82 182.9617 —-0.357+0.820 0.357+1.068 0.1005**
13 18.77 90.5081 —-0.883+0.422 0.883 +0.460 <0.0001*
14 18.7 674.4291 -0.004+1.151 0.004+0.876 0.7728**
15 18.72 686.6918 0.404+1.271 -0.404+0.344 0.5443**
16 18.68 711.7711 0.675 +0.727 -0.675+0.753 0.0007**
17 18.72 716.5522 -0.705+0.826 0.705+0.570 <0.0001*
18 17.75 723.4638 0.341+1.234 -0.341+0.561 0.4356**
19 18.54 727.4619 -0.622+0.764 0.622+0.814 0.0008*
20 18.66 727.7125 0.159 +1.178 -0.159+0.806 0.3863**
21 18.66 738.4745 0.488 +0.581 -0.488+1.111 0.0156*
22 18.72 741.2301 0.636+0.899 -0.636+0.632 0.0262**
23 18.65 748.7361 0.290+1.240 -0.290 +0.608 0.3122**
24 17.73 755.4784 0.519+0.581 -0.519+1.080 0.0376**
25 17.78 757.9766 —-0.250+£1.040 0.25040.935 0.2288*
26 17.72 763.49 0.286+1.041 -0.286+0.911 0.1409**
27 18.63 772.2356 0.530+0.749 -0.530+0.957 0.0193**
28 17.56 772.4897 0.551+1.029 -0.551+0.608 0.0056**
29 18.71 772.493 -0.010 +1.187 0.010+£0.825 0.5066**
30 18.7 773.4938 0.043+1.031 -0.043+1.012 0.8852**
31 18.71 778.0045 0.345 +1.088 -0.345+0.804 0.0734**
32 17.93 778.9939 0.210+1.166 -0.210+0.797 0.4095**
33 17.69 782.5722 -0.790+0.725 0.790+0.452 <0.0001**
34 18.7 782.7464 0.418+0.530 -0.418+1.195 0.1600**
35 17.9 792.5078 0.375%£0.663 -0.375+1.160 0.0646*
36 18.71 793.3143 0.068+1.002 -0.068+1.037 0.7475*
37 18.67 800.6866 —-0.755+0.662 0.755+0.639 <0.0001*
38 17.91 802.0062 -0.777+0.573 0.777+0.667 <0.0001*
39 17.66 805.7479 0.457+0.630 -0.457+1.113 0.0209**
40 17.8 808.5083 0.026+1.215 -0.026+0.784 0.8874**
41 18.64 813.5074 -0.108+0.921 0.108+1.103 0.6085*
42 17.95 816.5212 0.325+0.392 -0.325+1.306 0.1224*
43 17.65 821.1963 0.532+0.836 -0.532+0.880 0.0145**
44 17.93 821.8597 0.692+0.936 -0.692+0.410 0.0003*
45 17.7 829.8372 0.669+0.958 -0.669+0.442 0.0043**
46 17.79 831.8625 0.566+1.008 -0.566+0.613 0.0031*
47 18.67 831.863 0.470+0.869 -0.470+0.923 0.0145**
48 17.76 848.8497 0.589+1.037 -0.589+0.507 0.0028*
49 17.89 849.0341 0.29340.961 -0.293+0.990 0.1550*
50 18.7 855.7933 0.257+1.180 -0.257+0.744 0.2151*
51 18.71 857.2792 0.379+£0.753 -0.379+1.100 0.2144**
52 18.62 862.7601 —-0.858+0.582 0.858+0.384 <0.0001*
53 18.58 863.1935 0.401+1.020 -0.401+0.837 0.1938**
54 18.66 867.7538 -0.747+0.616 0.747+0.703 0.0002**
55 18.63 877.3093 0.546%0.906 -0.546+0.787 0.0086**
56 17.87 886.5561 0.374+1.072 -0.374+0.798 0.1135**
57 18.63 887.5426 -0.826+0.445 0.826+0.637 <0.0001**
58 18.64 896.2261 —-0.008+1.236 0.008+0.751 0.7125**
59 17.83 897.5506 -0.119+0.990 0.119+1.039 0.5726*
60 18.65 915.5733 -0.012+1.010 0.012+1.034 0.6297**
61 18.71 919.8516 -0.814+0.762 0.814+0.259 <0.0001*
62 18.57 926.2381 0.168 +0.949 -0.168+1.062 0.6033**
63 18.69 928.9295 0.581+1.026 -0.581+0.548 0.0086**
64 17.96 935.5851 0.22140.951 -0.221+£1.039 0.5137**
65 17.64 935.9096 0.547+0.637 -0.547+1.016 0.0121**
66 18.64 948.9295 —-0.853+0.402 0.853+0.583 <0.0001**
67 17.99 950.2549 0.634+0.228 -0.634+1.078 0.0018*
68 18.71 977.2341 -0.792 +0.719 0.792+0.453 <0.0001*
69 18.65 982.1268 0.572+0.711 -0.572+0.934 0.0027*
70 18.63 1007.1024 0.398+1.014 -0.398 +0.846 0.0605**
71 17.79 1033.6344 —-0.835+0.665 0.835+0.356 <0.0001*
72 18.57 1036.2665 -0.736+0.804 0.736+0.513 <0.0001**
73 17.79 1056.1636 0.249+1.217 -0.249+0.690 0.2306*
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Fig. 4. Hierarchical cluster analysis of samples of daytime and nighttime sampling in the studied groups from C18 column.
Note. a— heat map of metabolites. The studied plasma samples are arranged by groups in the columns: red correspond to daytime
sampling from group 1, green — nighttime sampling from group 1; dark blue — daytime sampling from group 2, blue — nighttime
sampling from group 2, and the identified component variables are arranged in rows. The colors range from blue to red, indicating
a change in the content of the variables: from very low (dark blue) to high (dark red). b— dendrogram: 1 — group 1, daytime sam-
pling; 2— group 1, nighttime sampling; 3 — group 2, daytime sampling; 4 — group 2, nighttime sampling. The samples form clusters
of groups 1 and 2, but do not show a distinct clustering into daytime and nighttime sampling.

Analysis of hydrophilic chromatography data.
The hierarchically grouped heat map of the metabo-
lites with the highest relative content of the chro-
matographic signals obtained on the HILIC column
and the dendrogram shows results similar to those
obtained on the C18 column. All samples of the
same group showed a significant correlation between
each other when separating groups 1 and 2 into
separate clusters (Fig. 6, a, b). However, when ana-
lyzing the data from the samples taken at different
times, we observed them forming separate clusters
indicating the presence of significant differences
in the metabolic profiles of daytime and nighttime
samples (Fig. 6, ¢, d).

The PCA and PLS-DA assessment plots showed
distinct clustering of groups 1 and 2 in the two
major components PC1 and PC2, which accounted
for 99% and 0.5% of sample variance in PCA analysis
(Fig. 7, a) and 99% and 0.3% in PLS-DA analysis
(Fig. 7, b). The PLS-DA loading plots (Fig. 7, B)
identified three major metabolites (at VIP > 0.5)
most significant for clustering groups in the PLS-
DA model, namely 14 (m/z 162. 1126, Rt=10.28, p <
0.01), 35 (m/z 780.5483, Rt=7.65, P<0.01), and 41
(m/z 806.5649, Rt=7.58, P<0.01), whose content was
higher in group 1. When comparing daytime and
nighttime sampling, however, there was marked

Fig. 5. PLS-DA analysis of differences between samples 1 and
2 with the daytime and nighttime sampling from C18 column.
Note. Red cloud represents group 1, daytime sampling; green
cloud is group 1, nighttime sampling; dark blue cloud is group
2, daytime sampling; blue cloud is group 2, nighttime sampling.
Red and green, dark blue and blue clouds overlap in pairs, which
indicates the presence of intergroup and the absence of intra-
group differences depending on the time of collection.
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Fig. 6. Hierarchical cluster analysis of samples from the HILIC column.

Note. a— heat map of the studied metabolites of groups 1 and 2. The studied plasma samples by groups are arranged in the columns.
Red color indicated group 1, green — group 2, and the identified component variables are arranged in rows. The colors range from
blue to red, indicating a change in the content of the variables from very low (dark blue) to high (dark red). b— Dendrogram showing
samples forming distinct clusters of groups 1 (red) and 2 (green). c— heat map of metabolites for comparison of daytime and night-
time sampling of the group: red corresponds to group 1 with the daytime sampling, green — to the group 1 with the nighttime sam-
pling; dark blue represents group 2 with the daytime sampling, blue color shows group 2 with nighttime sampling, and the identified
component variables are arranged in rows. The colors range from dark blue to dark red, indicating a change in the content of the
variables from very low (dark blue) to high (dark red). d — dendrogram: 1 — group 1, daytime sampling; 2 — group 1, nighttime
sampling; 3 — group 2, daytime sampling; 4 — group 2, nighttime sampling. Samples form clusters of groups 1 and 2, daytime and
nighttime sampling.
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Fig. 7. Graphs of PCA (A) and PLS-DA (B) of groups 1 and 2 (HILIC).

Note. Group 1 cluster is represented by red cloud, Group 2 cluster is represented by green cloud. a — studied plasma samples of
patients in group 1; b— studied plasma samples of patients in group 2. c— PLS-DA model loading plot, PC 2 (w*c [2]): each column
represents the putative marker metabolite with standard errors displayed on the error panel. PCA (d) and PLS-DA (e) plots of dif-
ferences between samples of daytime and nighttime sampling in groups 1 and 2 from column C18: red cloud, daytime sampling
from group 1; green cloud, nighttime sampling from group 1; blue cloud, daytime sampling from group 2; blue cloud, nighttime
sampling from group 2. Four separate clouds are formed, indicating significant differences both between groups and between sam-
ples at different times of the day. f— is the PLS-DA model loading plot, PC 2 (w*c [2]): each column represents the putative marker
metabolite with standard errors displayed in the error panel.
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clustering of samples both between and within the
groups, depending on the time of sampling, with a
slight overlap in the second component (Fig. 7, d).
The PLS-DA model produced results similar to
those of the PCA model (Fig. 7, e). Based on PLS-
DA load plots (Fig. 7, fj, we identified metabolites
(at VIP > 0.5) that played a key role in intragroup
differences, including 14 (m/z 162.1126, Rt=10.28,
P=0.0201), 35 (m/z 780.5483, Rt=7.65, P<0.01), 41
(m/z.806.5649, R=7.58, P<0.01) and 48 (m/z 848.5354,
Rt=7.65, P<0.01), whose levels were higher in Group
2 patient samples.

Discussion

As aresult of non-targeted metabolome analysis
of pooled plasma samples of patients in VS/UWS
(group 1) and in MCS (group 2), we revealed several
unidentified compounds, whose levels are most
strongly associated with the type of cDoC (VS/UWS
or MCS). To the best of our knowledge, this study
was the first to compare «daytime» and «nighttime»
plasma metabolome of patients with cDoC. Our
findings have indicated significant differences be-
tween the studied samples, which suggests the pos-
sibility of identifying prognostic and diagnostic
markers in the future research. However, it also be-
came evident that non-targeted metabolomic analy-
sis is not informative enough.

The first study on metabolomics in patients
with cDoC was conducted by Jie Yu et al. in
2021 [21]. The authors used nontargeted and tar-
geted plasma metabolome analysis in patients in
VS/UWS and MCS to identify the main metabolom-
ic abnormalities in patients of these two groups.
Their findings showed that the metabolomic profile
of patients with cDoC differed significantly not
only from that of healthy volunteers, but also be-
tween patients in VS/UWS and MCS, with partic-
ularly relevant differences found in the lipidome
analysis. The authors identified certain lipids
whose levels were significantly elevated in patients
in VS/UWS and MCS. For example, there was a
significant difference in phosphatidylcholine and
arachidonic acid levels between patients in VS/UWS
and MCS, which, according to the authors, could
serve as a marker for differential diagnosis of
these disorders of consciousness. Also, significant
differences in purine metabolism were observed
in patients with cDoC compared to the control
group of healthy volunteers. Patients in VS/UWS
and MCS demonstrated decreased levels of adeno-
sine, adenosine diphosphate, and adenosine
monophosphate, which resulted from the adeno-
sine triphosphate degradation. The results of other
studies of metabolomics in patients with acute
and subacute TBI have also shown that lipidomics
was the most promising study [22, 23].

In a recently published paper by T. Dawiskiba
et al addressing the metabolomic profile of patients
diagnosed with brain death or coma, proline, or-
thophosphoric acid, B-hydroxybutyric acid, galactose,
creatinine, valine, linoleic acid, arachidonic acid,
medium-chain fatty acids were found to be both
markers of acute traumatic brain damage and
adverse outcome (death) predictors [24, 25]. Studies
There are few studies on metabolomics in patients
post hypoxic brain injury [26, 27]. Apparently, po-
tential metabolomic markers in hypoxic damage
would be those identified in ischemic stroke sych
as lactate, pyruvate, glycolic acid, formate, glutamine,
methanol, acetate, cysteine, folic acid, tyrosine,
tryptophan, valine, carnitine, etc. [25, 28-30].

Thus, metabolomics is an rapidly evolving area
of modern translational medicine [31-35].
Metabolomic changes can be minor and consist in
the abnormal ratios between various chemical com-
pounds, however, it is possible to identify some
completely new chemical compounds («disease bio-
markers») and/or loss of certain molecules normally
present in the homeostatic state [36-38]. We believe
that the study of metabolomic changes in patients
with cDoC is a promising approach and will allow
to create prognostic and differential models for this
complex category of patients. The next stage of our
work will be to determine the structure of the iden-
tified compounds, to study their prognostic value
and changes depending on circadian rhythm.

There were several limitations in this study.
First, the patients received various pharmacological
drugs, so we could not exclude their effect on the
metabolomic profile. Second, the patients received
various types of nutritional support using specialized
formulas. The third limitation of the study was the
small number of patients and various etiology of
brain damage (traumatic brain injury or hypoxia),
as well as the absence of a control group of healthy
volunteers (due to unavailability of blood sampling
from the jugular vein).

Conclusion

Thus, non-targeted metabolomic analysis con-
firmed the hypothesis of probable significant quan-
titative and qualitative differences in the composition
of metabolites depending on the type of cDoC and
the phase of the circadian rhythm. The study iden-
tified a set of metabolites which are potential bio-
markers for differential diagnosis of VS/UWS and
MCS including 4, 33, 6, 1 (in the reverse-phase col-
umn experiment) and 14, 35, 41, 48 (in the hy-
drophilic column experiment), based on their sig-
nificant contribution to intergroup and intragroup
differences. Therefore, the aim of further research
is to identify and characterize the above mentioned
metabolites.
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