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Abstract. Postoperative delirium (POD) is considered one of the most severe complications, resulting in impaired cog-
nitive function, extended hospitalization, and higher treatment costs. The challenge of early POD diagnosis becomes
particularly significant in cardiac surgery cases, as the incidence of this complication exceeds 50 % in certain patient
categories. While it is known that neuroinflammation, neurotransmitter imbalances, disruptions in neuroendocrine
regulation, and interneuronal connections contribute significantly to the development of POD, the molecular, ge-
netic mechanisms of POD in cardiac surgery patients, along with potential metabolomic diagnostic markers, remain
inadequately understood. In this study, blood plasma was collected from a group of patients over 65 years old after
cardiac surgery involving artificial circulation. The collected samples were analyzed for sphingomyelin content and
quantity using high-performance liquid chromatography coupled with mass spectrometry (HPLC-MS/MS) methods.
The analysis revealed four significantly different sphingomyelin contents in patients with POD compared to those
who did not develop POD (control group). Employing gene network reconstruction, we perceived a set of 82 regulato-
ry enzymes affiliated with the genetic coordination of the sphingolipid metabolism pathway. Within this set, 47 are as-
sumed to be regulators of gene expression, governing the transcription of enzymes pivotal to the metabolic cascade.
Complementing this, an additional assembly of 35 regulators are considered to be regulators of activity, degradation,
and translocation dynamics of enzymes integral to the aforementioned pathway. Analysis of the overrepresentation
of diseases with which these regulatory proteins are associated showed that the regulators can be categorized into
two groups, associated with cardiovascular pathologies (CVP) and neuropsychiatric diseases (NPD), respectively. The
regulators associated with CVP are expectedly related to the effects on myocardial tissue during surgery. It is hypo-
thesized that dysfunction of NPD-associated regulators may specifically account for the development of POD after
cardiac surgery. Thus, the identified regulatory genes may provide a basis for planning further experiments, in order
to study disorders at the level of expression of these genes, as well as impaired function of proteins encoded by them
in patients with POD. The identified significant sphingolipids can be considered as potential markers of POD.

Key words: LC-MS/MS; metabolomics; lipidomics; postoperative delirium; cardiac surgery; biomarkers; sphingolipids;
gene networks; ANDSystem.
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AHHoTayua. MNocneonepauunoHHbii genvpuii (NMOL) ABNAETCA cepbe3HbIM OCIOXKHEHUEM, NMPUBOAALMM K Hapy-
LEHNIO KOTHUTVBHBIX GYHKUMIA MaLMEHTOB, YBENIMYEHMIO ANIUTENIBHOCTM FOCAUTANM3aLMK, a TakKe MOBbILLEHNIO
pacxofoB Ha neuyeHune nayueHTa. Mpobnema paHHel anarHocTvkm MO nprobpeTaeT 0cobyro BaXXHOCTb B Cllyyae
KapAoXpPYPrnyeckrx onepaumi, NOCKONIbKY YacToTa Pa3BUTMA Takoro OC/IOKHEHUA Y HEKOTOPbIX KaTeropuin
naumneHToB npesblwaeT 50 %. M3BecTHO, uTo B pa3sutue MO 6onbliol BKIaa BHOCAT HelpoBocCnaneHme, gucba-
NaHC HeNPOMeAMaTopPOB, HapyLleHNe HEMPOIHAOKPHHOWM Perynauum n MexxHernpoHasbHbIX CBA3eN, OAHAaKO MO-
neKynApHo-reHeTnyeckre mexanusmbl MOJ y naymeHTOB, NepeHecLInX KapaMoxXpypruyeckme onepaunm, a Takxe
MeTaboNOMHble AMAarHOCTNYECKME MapKepbl, O CUX MOpP MAOXO M3y4yeHbl. B gaHHON paboTe C nomoLblo MeToga
BbICOKO3)DEKTVBHOM XKNAKOCTHON XpomaTtorpadum C macc-cnekTpomeTpuyeckon getekumen (BIXX-MC/MC) 6bin
npoBefieH aHann3 cofepkaHna paga cGUHrommeniHoB B Nniasme KPoBU MaLMeHTOB cTaplue 65 neT, B3ATON nocne
onepauumn Ha cepfue B YCNOBUAX NCKYCCTBEHHOrO KpoBoobpalleHuA. HaliieHo YeTbipe CTaTUCTUYECKN 3HAUYMMO
pasnunyaloLLmnXca No copeprkaHuto conHrommenvHa y nayneHTos ¢ MO no cpaBHeHWIO C MaLMeHTaMy, Y KOTOPbIX
He pa3sunca MNOJ (KoHTponbHaa rpynna). C NOMOLLbI0 PEKOHCTPYKLIMIN FeHHbIX CeTel, ONUCbIBAIOWMX reHeTnYe-
CKyl0 perynauuio nytm metabonusma chrHronnnuaos, onpepaeneHbl 82 perynatopHbix 6enka, u3 Kotopbix 47 — pe-
rynATOPbl SKCMPECCUn reHoB, KoaMpyoLwmx depmeHTbl MeTabonnyeckoro nyTu, U 35 — perynatopbl akTMBHOCTH,
Zerpagaumm n TpaHcnopTta GepMeHTOB JaHHOTO NyTU. AHANM3 NepenpencTaBleHHOCTU 3a60NeBaHNIA, C KOTOPbIMA
aCcCoLMMPOBaHbI 3TN PerynAaTopHble 6efikK, NoKasas, YTo PEerynaTopbl MOXKHO Pa3buTb Ha ABe rPynMbl, acCoLmm-
poBaHHble C CepAeUYHO-COCYANCTbIMY NATONOMUAMUN U C HEPBHO-MCUXNYECKAMI 3a60MeBaHNAMMN COOTBETCTBEHHO.
Perynatopbl, accoumMmpoBaHHble C cepAeyHO-COCYANCTbIMY NATOIOMMAMU, OXKNAAEMO CBA3aHbl C BO34ENCTBUEM HA
TKaHV M1oKappaa Bo Bpems onepaunv. CaenaHo npeanosioxKeHne, YTo HapyLlueHne GyHKLMU perynaTopos, accoumm-
POBaHHbIX C HEPBHO-MCUXMYECKMMY 3ab05eBaHAMU, MOXKET cneumdryeckn obycnosnnsatb passutre MO nocne
Kapanoxupypruyeckon onepauum. Takum o6pa3om, BbiSIBIEHHbIE PETYNATOPHbIE FreHbl MOTYT NPeACTaBAATb OCHOBY
ANA NNaHMPOBaHMA JaNbHENLLNX IKCMEPVIMEHTOB MO N3YYEHWIO HapyLIEHWI Ha YPOBHE SKCMPEeCC AaHHbIX FeHOB,
a TakxKe HapyweHua GyHKLUM Koanpyembix nmmn 6enkos y naumeHToB ¢ MOA. MaeHTndnLMpoBaHHbIE 3HaUYMMble
cOUHronMNMAbI MOryT paccMaTpMBaTbCA Kak MOTEHLMaNbHble MapKepbl MOCeonepaLoHHOro AeMpus.

KnioueBble cnosa: BOXKX-MC/MC; meTabonomuka; nMnUAOMIKa; NOCIeoNepaLroHHbIN AeNNPUi; KapanoxXmpypris;

6romapkepbl; cbuHronMnuapl; reHHble cetri; ANDSystem.

Introduction
Postoperative delirium (POD) is a serious complication of
the early postoperative period. Its incidence in cardiovascular
surgery is 52 % (Brown, 2014). The development of POD
leads to a worse prognosis, including longer hospitalization
duration, increased complications and mortality, impaired
cognitive function and physical status, and increased patient
costs (Pisani et al., 2009; Gottesman et al., 2010). Delirium
and postoperative cognitive impairment most commonly
occur in patients over 60 years of age (Morimoto et al., 2009).
Factors such as CNS hypoxia, embolism, neurotransmitter
release, systemic inflammatory responses and other disorders,
including metabolic issues, contribute to this phenomenon
(Wimmer-Greinecker et al., 1998; Cerejeira et al., 2010).
Metabolomics is a branch of bioanalytical chemistry
focused on the identification and quantification of low
molecular weight metabolites (<1,500 Da). The metabolomic
approach can be used to search for associations between
metabolic signatures and disease phenotypes. In particular,
metabolomic methods allow the detection of low molecular
weight metabolites capable of crossing the blood-brain barrier,
making metabolomic analysis a powerful tool for identifying
markers of delirium (Ke et al., 2019). For example, several
studies have shown that disturbances in energy metabolism,
amino acid biosynthesis, omega-3 and omega-6 fatty acid
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deficiency, and glutamate-glutamine cycle dysfunction are
associated with postoperative delirium in non-cardiac surgery
(Guo et al., 2019; Tripp et al., 2021).

Previously, a number of our studies have shown the
possibility of using the results of metabolomic screening
in the search for biomarkers of pathologies, as well as the
reconstruction of gene networks based on the obtained data.
Thus, using statistical analysis of metabolomic profiles of
cerebrospinal fluid (CSF) and blood plasma of patients with
high-grade glioma obtained by HPLC-MS/MS, we have
revealed correlations between metabolomic profiles of blood
plasma and CSF (Rogachev et al., 2021). Metabolomic
analysis combined with gene network reconstruction using
ANDSystem to interpret metabolomic data (Ivanisenko V.A. et
al., 2015, 2019; Ivanisenko T.V. et al., 2020, 2022) allowed us
to identify key SARS-CoV-2 proteins whose interactions with
human proteins could lead to impaired metabolic processes in
COVID-19 patients (lvanisenko V.A. et al., 2022).

Sphingomyelins (SM) are among the major phospholipids
that make up the hydrophobic matrix of plasma membranes
of mammalian cells; however, in response to stress, sphin-
gomyelins can be cleaved by sphingomyelinase into
phosphatidylcholine and ceramide, which have a signaling
function. Changes in sphingomyelin metabolism can affect the
balance of neurotransmitters in the brain, cause disruption of
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neuronal connectivity, and induction of neuroinflammation,
making them an important target for studying the mechanisms
of delirium pathogenesis (Wang, Shen, 2018; Xiao et al.,
2023).

In this study, the content of 9 phospholipids belonging to
the sphingomyelin class in the plasma of patients undergoing
cardiac surgery was analyzed using HPLC-MS/MS. There
were 4 statistically significant different sphingomyelin
contents in patients with POD compared with patients who
did not develop POD (control group).

To explain possible mechanisms of sphingolipid metabolism
disorders, we reconstructed gene networks describing the
genetic regulation of the KEGG pathway “Sphingolipid
metabolism” (hsa: 00600) using ANDSystem. Analysis of
gene networks allowed us to identify 35 regulators of transport,
activity and degradation of enzymes of this pathway, as well as
47 regulators of expression of genes encoding these enzymes.

Materials and methods

Patients. The study included patients over 65 years of age
who underwent cardiac surgery under artificial circulation.
Exclusion criteria were: emergency intervention, aortic
surgery, hemodynamically significant carotid artery stenosis,
Parkinson’s disease, liver cirrhosis (Child-Pugh B or C),
taking anticholinergic drugs, antidepressants, antiepileptic
and chemotherapeutic drugs. Patients were recruited from
June 2019 to January 2021. Atotal of 39 patients were included
in the study (Table 1). Within 5 days after surgery, patients
were evaluated for postoperative delirium using the CAM-ICU
(Confusion Assessment Method for the Intensive Care Unit)
test. The first test was performed 68 hours after surgery, and
then the patients were assessed twice a day. Delirium was
considered to be present if the CAM-ICU test was positive
at least once.

The study was approved by the Ethics Committee of the
E. Meshalkin National Medical Research Center (Novosibirsk,
Russia).

Blood sampling and sample preparation. Blood samples
were collected from patients 24 hours after cardiac surgery.
Venous blood was collected into 10 mL BD Vacutainer®
KEDTA tubes containing potassium EDTA as anticoagulant.
Plasma was separated from blood cells by centrifugation for
15minat 2,000 g and +4 °C, separated into aliquots and stored
frozen at —80 °C until further use.

All samples were processed simultaneously according to
the protocol described in (Li et al., 2017): 400 uL of a chilled
mixture of methanol and acetonitrile (1:1) was added to 100 pL.
of blood plasma. The samples were shaken on a shaker,
then centrifuged for 15 min at +4 °C and 16,000 rpm. The
supernatant was transferred to a glass vial insert and analyzed.
Two quality control samples, obtained by mixing equal
volumes of plasma samples from patients with POD and
controls, were prepared using the same procedure.

HPLC-MS/MS analysis was performed on a Shimadzu
LC-20AD Prominence chromatograph equipped with a
gradient pump, SIL-20AC autosampler (Shimadzu, Japan),
thermostated at 10 °C, and CTO-10ASvp column thermostat,
with a temperature of 35 °C. Chromatographic separation was
carried out on a monolithic column with 1-vinyl-1,2,4-triazole
based sorbent (Basov et al., 2024). The monolithic material
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Table 1. Sex and age characteristics of patients

Group  Sex Age, yrs
NJE) oo
(M/F) Min Max  Mean Median Standard
deviation
Control 11/16 65 75 69.6 70 3.0
POD 5/7 65 79 69.7 69.5 43

was synthesized in glass tubes with an inner diameter of
2 mm as described previously (Patrushev et al., 2020). Mobile
phase Awas an aqueous 20 mM ammonium carbonate solution
adjusted to pH = 9.8 with 25 % aqueous ammonia solution
and containing 5 vol % acetonitrile; mobile phase B was pure
acetonitrile. The elution gradient was as follows: 0 min —
0% B, 1 min—0 % B, 6 min — 98 % B, 16 min — 98 % B,
after which the column was equilibrated for 3 min. The flow
rate was 300 pL/min and the sample volume was 2 pL.

Metabolites were detected on an APl 6500 QTRAP
mass spectrometer (AB SCIEX, USA) equipped with an
electrospray ionization source operating in positive ionization
mode. Metabolites were detected in multiple reaction
monitoring (MRM) mode.

The main mass spectrometric parameters were as follows.
The voltage at the ion source was 5500 V. The dryer gas
temperature was 475 °C, CAD gas pressure was “high”,
GS1, GS2 and curtain gas pressures were 33, 33 and
30 psi, respectively. The declustering potential (DP) was
91V, the entry potential (EP) was 10 V, and the collision
cell exit potential (CXP) was 10 V. The precursor and
fragment ion transitions, metabolite names, residence times,
and corresponding collision energies are presented in the
Supplementary Table S1t. Instrument control and data
acquisition were performed using Analyst 1.6.3 software
(AB SCIEX, Framingham, MA, USA). Chromatograms were
processed using the MultiQuant 2.1 program (AB SCIEX,
USA).

Data preprocessing and statistics analysis. The raw data
were preprocessed to fill in missing values of metabolite
content in the analyzed samples as follows. If the number of
samples with missing values did not exceed 5 % of the total
number of values for 39 patients, the median was calculated
for the remaining samples and taken as the metabolite content
value. This approach is due to the robustness of the median to
outliers. Statistical differences in the content of metabolites
in blood plasma samples in the group of patients with and
without POD were assessed using the nonparametric Mann—
Whitney criterion.

Reconstruction and analysis of gene networks. The list
of genes encoding enzymes involved in the “Sphingolipid
metabolism” pathway (ID: hsa00600) was extracted from the
KEGG database (https://www.kegg.jp/kegg/pathway.html,
Kanehisa, 2002; Kanehisa et al., 2022). The regulatory gene
network was reconstructed using the ANDSystem software
and information system (lvanisenko V.A. et al., 2015, 2019;
Ivanisenko T.V. et al., 2020, 2022). Work with the ANDSystem
knowledge base was performed using the ANDVisio program

! Supplementary Tables S1-510 are available at:
https://vavilovj-icg.ru/download/pict-2023-27/appx24.xIsx
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module. Analysis of overrepresentation of biological processes
(Gene Ontology) and diseases associated with regulatory
gene network proteins was performed using the web-based
tool DAVID (https://david.ncifcrf.gov/tools.jsp, Huang D.W.
et al., 2009).

Results

Study of sphingolipid content in patients’
blood plasma using the HPLC-MS/MS method
Since impaired sphingomyelin metabolism may contribute to
the development of delirium, the aim of our analysis was to
investigate their role in the complication of POD by examining
their content in the plasma of patients after cardiac surgery.
Specifically, we comparatively analyzed SM expression in the
plasma of patients undergoing cardiac surgery. The metabolites
of'this class that had a significant statistical difference in con-
tent within the samples taken from the group of patients with
POD were compared with those from the group of patients
who did not develop POD and are summarized in Table 2.
According to the Mann—Whitney test, out of these
9 sphingomyelins analyzed, four (SM(d18:1/22:2 OH),
SM(d18:1/24:0), SM(d18:1/24:1), and SM(d18:1/22:2))
showed statistically significant (p-value < 0.05) differences
between the studied patient groups. We hypothesized that the
impaired metabolism of sphingolipids may be related to the
impaired metabolic pathway of their biosynthesis. To test this
hypothesis, using the ANDSystem software and information
system, we reconstructed and analyzed the gene network
describing the regulation of expression of genes encoding
enzymes of the KEGG “Sphingolipid metabolism” metabolic
pathway, as well as the regulation of transport, activity, and
degradation of these enzymes.

Reconstruction of the regulatory gene network

To reconstruct the regulatory gene network, a list of genes
encoding enzymes involved in sphingolipid metabolism
“Sphingolipid metabolism” (hsa00600) was extracted from
the KEGG database. The resulting list contained 43 human
genes (Supplementary Table S2). The gene network graph was
reconstructed in the “Query Wizard” module of ANDVisio.

It should be noted that in the gene network we considered
only regulatory connections directed from regulatory proteins
to enzymes of the metabolic pathway. The resulting gene net-
work contained 43 human genes, 125 proteins (43 metabolic
pathway enzymes and 82 regulatory proteins), and 159 in-
teractions between them (see the Figure). Different types of
interactions between gene network members were represented
in the following ratio: 28 links corresponding to the type
“regulation of activity”, 2 — “regulation of degradation”, 4 —
“proteolysis”, 8 — “regulation of transport”, 43 — “expression”,
74 — “regulation of expression”.

To investigate the association of regulatory proteins with
pathologies, we analyzed the overrepresentation of diseases
and biological processes by Gene Ontology, using the web-
based tool DAVID. A list consisting of 82 genes encoding
gene-network regulatory proteins was provided as the input.
The results of the disease and biological processes overre-
presentation analysis are summarized in Supplementary Tables
S3 and S4, respectively.
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Table 2. Statistical significance of differences between
the group of patients with POD and the control group
in the content of metabolites in blood plasma samples
when compared by the Mann-Whitney test

Metabolites

All regulatory proteins represented in the gene network
(see the Figure) can be divided into two groups: (1) regula-
tors of gene expression and (2) regulators of activity, stabil-
ity, transport, etc., which can be called regulators of protein
function. To investigate the features associated with these
diseases and biological processes, overrepresentation analysis
was performed separately for each of these groups of proteins
(Supplementary Tables S5-S8).

Discussion

According to the literature, sphingomyelins (SM) play an
important role in nervous system function, and alterations
in their metabolism may contribute to the development of
delirium by inducing neuroinflammation, altering neuro-
transmitter balance, and disrupting neuronal connectivity
(Wang, Shen, 2018; Xiao et al., 2023). Our metabolomic
analysis using HPLC-MS/MS of blood plasma from patients
undergoing cardiac surgery allowed us to identify 4 out of
9 sphingomyelins, the content of which had a significant
statistical difference in the analyzed samples of patients with
POD compared to patients who did not develop POD (see
Table 2).

To study potential mechanisms of sphingolipid metabolism
disorders, a gene network (see the Figure) describing the
regulation of gene expression and function of the enzymes
encoded by them, participants of the KEGG metabolic pathway
“Sphingolipid metabolism” (Sphingolipid metabolism, hsa:
00600), was reconstructed using ANDSystem. Network
analysis showed that 82 regulatory proteins were involved
in the regulation of the metabolic pathway, the dysfunction
of which could influence the impairment of sphingolipid
metabolism. Based on the enrichment analysis of the list of
genes encoding these proteins with disease-associated genes,
168 statistically significantly overrepresented diseases were
identified.

To simplify the presentation of the results, the list of
diseases was divided into five groups (Table 3). The most
significant disease was from the group of cardiovascular
system pathologies, which may be due to the fact that all
patients underwent cardiac surgery due to cardiac pathologies.
The surgeries and medical procedures performed, such as
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Gene network regulation of the sphingolipid metabolism pathway.

artificial circulation, may also explain the presence of the
groups “inflammation”, “renal pathologies” and “surgical
intervention” among the identified significant pathologies
(Stafford-Smith et al., 2008; Squiccimarro et al., 2019). These
pathologies could be concurrently associated with both groups
of patients, with and without POD, as each had undergone
cardiac surgery.

The “neuropsychiatric diseases” group of pathologies
is of particular interest in the context of the development
of postoperative delirium. In particular, H. Huang et al.
(2022) discuss the role of neuroinflammation in the deve-
lopment of postoperative delirium. The authors emphasize
neuroinflammation and disruption of the blood-brain
barrier as some of the main pathophysiological factors in
the onset of delirium. The association of neuropsychiatric
pathologies with POD is also widely discussed in the
scientific literature. For example, O’Sullivan et al. consider
that the link between delirium and depressive disorder may
be due to common pathophysiological mechanisms including
impaired stress and inflammatory responses, monoamine
and melatoninergic signaling (O’Sullivan et al., 2014).
According to our analysis, at the molecular genetic level,
these pathophysiologic mechanisms may involve genetic
regulation of the sphingolipid metabolism pathway. The
list of regulatory genes from the gene network associated
with the “neuropsychiatric diseases” group is summarized
in Supplementary Table S9.

Statistical analysis of Gene Ontology overrepresentation
of biological processes based on the list of regulatory
genes identified 67 significant biological processes (BPs,
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f Transport regulation

Protein Activi‘t)y reguglation

Gene Expression regulation
Expression
Degradation regulation

Supplementary Table S4). The list of biological processes was
categorized into 7 groups to represent the results (Table 4).
Among the significant BPs were found fundamental regulatory
processes, including regulation of transcription, regulation of
proliferation, activation of cell signaling pathways, etc. These
results were expected because the gene network members are
regulators of gene expression and functions of the enzymes
they encode. The set of regulators we analyzed turned out to be
enriched with genes involved in the process of cardiovascular
cell proliferation (see Table 4 and Supplementary Table S10),
which can be explained by the activation of regenerative
processes after surgical intervention. In addition to those
mentioned above, it is possible to identify more specifically
delirium-related BPs, such as inflammatory processes,
response to stress factors and regulation of apoptosis (Steiner,
2011; Vutskits, Xie, 2016).

Notably, the regulatory connections in the gene network can
be divided into two groups: regulators of the gene expression
and regulators of the functions (activity, degradation, and
transport) of protein products of their expression. It is of
interest to consider whether there are characteristic features
related to the molecular mechanisms of delirium development
for regulators from these two separate groups. We analyzed
the overrepresentation of diseases and biological processes
separately for regulators of expression as well as for regulators
of protein function (see Supplementary Tables S5-S8).

Unexpectedly, when considering regulators of protein
function, the top ten most significant pathologies were
neuropsychiatric diseases (e. g., schizophrenia, bipolar
disorders, autism), which, according to the literature, are
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Table 3. Statistical significance of disease overrepresentation based on gene-regulatory list analysis
Pathology group Number of The most significant pathology FDR Number
pathologies of genes
in the group
Pathologies of the cardiovascular system 23 Hypertension 7.7x107° 12
Kidney pathologies Acute renal failure 7.3x107 10
Inflammatory processes Inflammation 73%x107° 11
Operative intervention Reperfusion injury 14%x107 9
Neuropsychiatric diseases 26 Depressive disorder 2.1x10™ 12
Note. False Discovery Rate (FDR) and the number of genes associated with the pathology are given for the most statistically significant pathology.
Table 4. Statistical significance of overrepresentation of biological processes based on gene-regulatory list analysis
Group of Biological Processes (BPs) Number of BPs The most significant BP FDR Number
in the group of genes
Regulation of apoptosis 7 Positive regulation of apoptosis 4.1%x107 14
Response to stressors 3 Cellular response to mechanical stimulus ~ 4.1x 1077
Regulation of cell signaling pathways 9 Positive regulation of MAP kinase activity 4.0x 1077
Regulation of transcription 8 Positive regulation of transcription 3.9x107 23
from RNA-pol. Il promoter
Regulation of cardiovascular 7 Positive regulation of angiogenesis 6.8x107 9
cell proliferation
Regulation of cell proliferation 3 Positive regulation of cell proliferation 0.0014 12
Inflammatory processes 5 Positive regulation of inflammatory 0.0046 6

response

Note. False Discovery Rate (FDR) and the number of genes associated with BPs are given for the most statistically significant BPs.

specifically associated with delirium (Garcia-Bueno et al.,
20164, b). Interestingly, the literature discusses the association
of preoperative pain factors with depressive symptoms and
the subsequent development of POD (O’Sullivan et al., 2014).
When considering the regulators of gene expression, among
the significant pathologies, the group of pathologies of the
cardiovascular system was predominant, which was expected,
given the patients’ history. In this regard, it can be assumed that
a special role in the manifestation of pathological mechanisms
of delirium belongs to the regulation of the activity of protein
products and, to a lesser extent, to the regulation of gene
expression. Note that no significant differences between the
two groups of regulators were found as a result of the analysis
of BP overrepresentation.

An important structural characteristic of the graph of
gene networks, which determines the peculiarities of their
functioning, is the centrality of vertices. One of its indicators
is the degree centrality of vertices, which characterizes the
ratio of the number of links of a given vertex to the total
number of links in the graph and is widely used in the
analysis of gene networks. The enzyme sphingomyelinase
(ASM, see the Figure) had the largest number of connections
(regulation of activity, degradation, and transport) with
regulatory proteins among the graph vertices corresponding
to enzymes. This enzyme cleaves sphingomyelins into
phosphatidylcholine and ceramide, which have a signaling
function. The function of ASM enzyme was modulated
by 10 regulatory proteins, 6 of which had the “activity
regulation” type of links (ASM3B, Hsp70, KLRB1, TNFA,
TNR6, VEGFA), 3 proteins (CASP8, SORT, TNR5) had
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the “transport regulation” type, and there was one link with
CASP7 protein with the “proteolysis” type. Note that among
the regulatory proteins, caspase-8 (CASP8) and tumor necrosis
factor alpha (TNFA) were present and found to be associated
with overrepresented diseases such as epilepsy, depression,
dementia and other neuropsychiatric diseases. According
to the literature, CASP8 accomplishes the activation and
translocation of ASM to the surface of the plasma membrane.
ASM activation results in the cleavage of sphingomyelins
and the formation of ceramide, which promotes caspase-8
activity and induction of apoptosis (Grassmé et al., 2003).
Surgical interventions are known to provoke the penetration
of pro-inflammatory factors such as interleukins and TNFA
across the GEB, which contributes to neuroinflammation and
may be associated with the development of POD (Alam et al.,
2018). According to the reconstructed gene network, TNFA
increases phosphomyelinase activity (Corre et al., 2013) and
is also associated with overrepresented neuropsychiatric
diseases such as depression, epilepsy, etc. (see Supplementary
Table S3).

The SPHK2 gene (see the Figure), encoding the enzyme
sphingosine kinase 2, had the highest centrality index among
the gene network graph nodes corresponding to the genes.
The gene network represented 7 regulators of expression
of this gene encoded by the AGT, CCNAL, FAS, IL17A,
KCNN1, SPHK1, and PAPSS1 genes (see the Figure). In
contrast to the peak corresponding to the ASM protein, there
were no regulators of SPHK2 expression associated with
neuropsychiatric diseases. This fact once again indicates
that the most important contribution to the dysfunction
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of the sphingolipid metabolism pathway associated with
postoperative delirium may come not from the regulation of
the expression of genes encoding enzymes of the metabolic
pathway, but from the impaired transport, activity, and
stability of the products of these genes. Genes associated with
other disease groups were represented among the regulators
of SPHK2 expression (see Supplementary Table S5). For
example, fatty acid synthase (FAS) activity is associated with
myocardial infarction, hypertension, type Il diabetes, and other
diseases (Nosrati-Oskouie et al., 2021).

Conclusion

An integrated approach in metabolomic analysis of blood
plasma from cardiac surgery patients using HPLC-MS/MS
and bioinformatic methods of ANDSystem gene network
reconstruction allowed us to identify potential markers of the
sphingomyelin class, as well as regulatory genes, the dysfunc-
tion of which may underlie the mechanisms of postoperative
delirium (POD) development. The analysis of disease over-
representation revealed that the groups of pathologies such
as neuropsychiatric diseases, cardiac and renal pathologies,
inflammatory processes, and surgical intervention were associ-
ated with these regulatory proteins. The function of regulators
associated with CVDs could be impaired in patients with
POD due to heart surgery and medical procedures such as
artificial circulation (Gao et al., 2005). However, since heart
surgery was undergone by all subjects, it can be expected that
the altered function of these regulatory proteins could have
equally affected both the group with and without POD. In
this regard, the function of a group of regulators associated
with neuropsychiatric diseases could have been specifically
impaired in patients with POD, which was responsible for
the decreased plasma sphingolipid content in these patients.

Among the nodes of the gene network graph, the node with
10 regulatory connections corresponding to the ASM enzyme
(phosphomyelinase) had the highest centrality index. Proteins
encoded by the TNFA, CASP8, TNR5, and VEGFA genes,
which are associated with epilepsy, depression, and other
neuropsychiatric diseases, were found among regulators of
ASM activity and transport. Among the nodes corresponding
to the genes, the SPHK2 (sphingosine kinase 2) gene had the
highest centrality score in the graph. The expression of this
gene is regulated by 7 proteins encoded by the AGT, CCNA1,
FAS, IL17A, KCNN1, SPHK1, and PAPSS1 genes.

The proposed hypotheses on the role of regulatory genes in
the development of AMP can be used to plan transcriptomic
and proteomic analysis experiments to study the molecular
genetic mechanisms of this complication.
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