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Aim: to study the levels of fatty acids in the membranes of erythrocytes and blood serum in patients with inflammato-
ry bowel diseases (IBD) examined over time, as possible predictors of exacerbation of the disease.

Materials and methods. Over a period of 6-12 months, 24 patients (mean age — 38.2 * 4.4 years) with IBD
with of moderate and mild severity of the disease were examined, of which 10 patients had ulcerative colitis, 10 —
Crohn’s disease, 4 — unclassified colitis: the first examination was in the acute stage, the second was in the re-
mission stage. In 48 additionally examined patients with IBD in remission (25 patients with ulcerative colitis, 15 —
with Crohn’s disease, 8 — with unclassified colitis), the course of the disease was monitored over the next 12 months.
The comparison group included 53 people comparable to the main groups in age. The study of the composition
of fatty acids (FAs) in the membranes of erythrocytes and blood serum was carried out using a gas chromatograph
mass spectrometry system based on three quadrupoles Agilent 7000B (Agilent Technologies Inc., USA).

Results. In the acute stage, patients with IBD have a higher total content of saturated fatty acids (SFAs) in erythrocyte
membranes compared to the control group (p = 0.006), and, on the contrary, lower levels of unsaturated fatty acids
(UFAs) (p = 0.005), mainly due to polyunsaturated FAs (PUFAs) (p = 0.026), namely omega-6 PUFAs (p = 0.011).
Remission of IBD is associated with an increase in the level of a number of SFAs in the blood serum — margaric
C17:0 (p=0.024), arachidic acid (C20:0) — in erythrocyte membranes and serum (p = 0.0001 and p =0.019, respec-
tively), with a decrease in the total content of monounsaturated FAs in erythrocyte membranes (p = 0.022), an in-
crease in the total concentration of PUFAs due to both omega-3 PUFAs (p = 0.0008) and omega-6 PUFAs (p = 0.033)
in erythrocyte membranes compared with a group of healthy individuals.

The exacerbation stage in patients with IBD examined over time is associated with higher levels of stearic FA C18:0
(p=0.005), SFA/UFA (p = 0.034) and SFA/PUFA (p = 0.039) ratios in erythrocyte membranes, serum level of arachid-
ic FA C20:0 (p = 0.008), and, on the contrary, lower content of UFAs in erythrocyte membranes — eicosapentaenoic
C20:5n-3 (p = 0.0023), eicosadienoic C20:2n-6 (p = 0.0027), hexadecadienoic C16:2n-6 (p = 0.006), docosatetrae-
noic C22:4n-6 (p = 0.008) and alpha-linolenic C18:3n-3 (p = 0.039).

A combined “panel” of fatty acids, including the levels of C20:2n-6, C18:0 in erythrocyte membranes and the content
of C20:0 in blood serum, provided an AUC of 0.683 (95 % CI: 0.500-0.844), sensitivity 91.4 %, specificity 68.3 %.
Levels of C20:5n-3, C20:2n-6, C18:0, C16:2n-6, C22:4n-6, C18:3n-3 fatty acids, SFA/UFA and SFA/PUFA ratios
in erythrocyte membranes and content C20:0 in blood serum, used as biomarkers — predictors of the development
of exacerbation in patients with IBD who were in remission, predicted the development of exacerbation of IBD after
2-4 months in the case of maximally changed levels of FAs, after 6—8 months — with moderately changed levels FAs,
maintaining remission for 12 months — with minimally changed FAs levels.

Conclusion. Fatty acids of erythrocyte membranes and blood serum should be considered as promising markers
for further studies related to the diagnosis and prediction of exacerbation in IBD.
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uccenoBaresnbCknii LeHTp VIHCTuTyT uutonorvm v reHetuku CO PAH», HoBocubupck, Poccuiickas Penepaums

2@re0y BO «HoBoCHbUpPCKMI rocyAapCTBEHHbI MEeANLIMHCKNI yHUBepCUTeT» MUHUCTepCcTBa 34paBooXpaHeHust Poccuiickoi
®enepauum, HoBocubupck, Poccurickas denepauus

Llenb uccnepoBaHusa: N3y4nTb YPOBHU XUPHbIX KACIOT MEMOpPaH SpUTPOLIMTOB U CbIBOPOTKM KPOBW Y MaumMeH-
TOB C BOCMa/IMTENbHbIMW 3ab60neBaHNsaMN kuLleyHrka (B3K), o6cnenoBaHHbIX B AMHAMUKE, B KQYECTBE BO3MOXHbIX
npeavkTopoB 060CTPEHUS 3ab0eBaHNS.

Martepuanbl u MeTogbl. B ouHamuke B TedeHne 6—12 mecsaueB obcnenosaHbl 24 nauyeHTa (cpenHunii Bo3pacT —
38,2 + 4,4 ropga) ¢ B3K cpeaHelt 1 nerkon cteneHu TaxecTtn 3aboneBaHms, n3 Hux 10 naumeHToB — C A3BEHHbIM
konutom, 10 — c 6onesHbio KpoHa, 4 — ¢ HeknaccuduLMpyeMbIM KOINTOM: NeEpPBOe 0b6cnefoBaHe — B CTaann
060CTpeHnsi, BTOopoe — B cTaamm pemuccun. Y 48 nononHuTenbHO obcnesoBaHHbIX naumeHToB ¢ B3K B ctagun
pemMuccun (25 naumMeHToB C S3BEHHLIM KONIMTOM, 15 — ¢ 6onesHblo KpoHa, 8 — ¢ HeknaccudunumpyemMbiM KOTUTOM)
NPOBEAEH MOHUTOPVHI TeYeHUs1 3aboneBaHns B Te4yeHne nocnenyolmx 12 mecsaues. pynny cpaBHeHWst cocTa-
BUAn 53 yenoBeka, CONOCTaBMMbIE MO BO3PACTy C MaLMeHTaMm OCHOBHbIX Fpynn. MiccnenoBaHme coctaBa XMPHbIX
KMUCNIOT MeMOpaH 3pUTPOLIMTOB N CbIBOPOTKM KPOBW MPOBELEHO C MOMOLLLIO CUCTEMbI ra30BOW XPOMATO-Macc-
CMEeKTPOMETPUN Ha OCHOBe Tpex kBaapynonen Agilent 7000B («Agilent Technologies Inc.», CLLA).

PesynbraThl. B cTagumn oboctpeHuns y naumeHtoB ¢ B3K Bbille cyMMapHOe COoAep)XaHMe HaCbILLEHHbIX XUPHbIX
kncnot (HXK) B MmembpaHax apUTpoUUTOB MO CPaBHEHUIO C rpynnoi koHTpons (p = 0,006) v, HaNPOTUB, HNXE CO-
[epXaHne HeHacbILWEeHHbIX XUpPHbIX kncnoT (HHXKK) (p = 0,005), npenmMyLL,eCTBEHHO 32 CHET MOSIMHEHACHILLEHHbIX
XupHbiX knenot (MHXK) (p = 0,026), a umeHHo — omera-6 MHXK (p = 0,011). Pemuccua B3K accouuvpoBaHa
C nosbiweHneM ypoBHS psaa HXXK B cbiBOpoTke kposu — maprapuHoson C17:0 (p = 0,024), apaxuHoson C20:0 —
B MeMOpaHax apuUTpoumToB 1 cbiBopoTke (p = 0,0001 n p = 0,019 COOTBETCTBEHHO); CO CHUXEHMEM CYMMAapPHOro
COAEPXAHNA MOHOHEHACHILLEHHBIX XXMPHBIX KUCOT B MeMOpaHax apuTpoumnToB (p = 0,022); noBbiLLEHNEM CyMMap-
Hol KoHueHTpauum MNMHXK, kak 3a cueT omera-3 NMHXK (p = 0,0008), Tak n omera-6 NMHXK (p =0,033), B MembpaHax
9PUTPOLMTOB MO CPABHEHMIO C FPYMMNON 300PO0BbIX JINLL.

Ctagusa obocTtpeHus y nauveHtoB ¢ B3K, obcnemoBaHHbIX B AMHaMuKe, accouumMpoBaHa ¢ 6osiee BbICOKMMM
YPOBHSAIMU cTeapunHoBon XupHon kncnotel C18:0 (p = 0,005), otHoweHnn HXK/HHXK (p = 0,034), HXK/MHXK
(p = 0,039) B MEMOpPaHax SpUTPOLIUTOB, CbIBOPOTOYHBLIM YPOBHEM apaxmHOBOW XMpHoW kncnoTtsbl C20:0 (p = 0,008)
1, HanpoTuB, 6onee HN3kMM copepxaHnem HHXXK B membpaHax apuTpounToB — aiko3aneHTaeHoBoir C20:5n-3
(p = 0,0023), anko3aameHoson C20:2n-6 (p = 0,0027), rekcanekagneHoson C16:2n-6 (p = 0,006), moko3aTteTpae-
HoBown C22:4n-6 (p = 0,008) n anbda-nmHoneHosom C18:3n-3 (p = 0,039).

KoM6GuHMpoBaHHas «naHesb» XUPHbIX KUCOT, Bkoyatowas ypoBHn C20:2n-6, C18:0 B MembpaHax apuTpOLMTOB
1 cogepxaHne C20:0 B cbiBOpOTKE KpoBu, obecneymna AUC 0,683 (95 % AN: 0,500-0,844), 4yBCTBUTENLHOCTb
91,4 % n cneundunyHocTb 68,3 %.

YpoBHU XUpHbIX kncnot C20:5n-3, C20:2n-6, C18:0, C16:2n-6, C22:4n-6, C18:3n-3, cooTHoweHnn HXXK/HHXK,
HXXK/TMHXK B MembpaHax aputpoumntoB 1 copepxaHne C20:0 B CbIBOPOTKE KPOBU, UCMOJIb30BaHHbIE Kak BrioMap-
Kepbl — NpPeaukTopbl pa3BUTUS 060CTPEHMUS Y NaumeHToB ¢ B3K, HaxooMBLUMXCS B CTaaun peMUCCUN, Npeackasa-
nn passuTtne oboctpeHns B3K yepes 2—-4 mecsiLia B criydae MakCUManbHO M3MEHEHHbIX YPOBHEN XMPHbIX KUCIOT,
yepesd 6-8 mecaueB — Npu YMEPEHHO M3MEHEHHbIX YPOBHSIX XUPHbBIX KUCIOT, COXPAQHEHUE PEMUCCUN B TEYEHME
12 mecaueB — Npyv MMHUMAJTIbHO N3MEHEHHbIX YPOBHSIX XXMPHbIX KNCIOT.

BakntoueHue. X1pHble KUCNOTbI MEMOpPaH 3pUTPOLMTOB U CbIBOPOTKM KPOBW CIIEAYET paccMaTpuBaTb Kak nep-
CMEKTMBHbIE MapKepbl AN AaNbHENLINX UCCNEeAO0BaHUN, CBA3AHHbIX C AMArHOCTUKOW M Npeavikumen pasButus
obocTpeHus npu B3K.

KnioueBbie cnoBa: BocnanuTesibHble 3a00/1€BaHUS KULLEYHUKA, NMPEANKLNSA 0OOCTPEHNS, XXUPHbIE KUCOTbI, MEM-
OpaHbl 3pPUTPOLIMTOB, CbIBOPOTKA KPOBU

KoHdnukT MHTEepecoB: aBTopbl 3as8BNASIOT 06 OTCYTCTBUN KOHPNNKTA NHTEPECOB.
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Introduction

Inflammatory bowel diseases (IBD), such as ul-
cerative colitis and Crohn’s disease, are character-
ized by recurrent and remitting courses. The aim of
therapy is to both induce and maintain persistent
remission and prevent progression of pathologies.
Outbreaks of activity of the disease occur random-
ly and are mostly unpredictable, and the constant
inflammatory background negatively affects the pa-
tient’s physical and psychological well-being, social
activity and ability to work. Despite effective drug
therapy that can guarantee clinical remission, some
degree of subclinical inflammation may persist in
the intestinal mucosa, increasing the risk of ‘symp-
tomatic’ relapse when the inflammatory process
reaches critical intensity [1].

The identification of objective markers capable
of detecting such subclinical inflammation may
represent an important step forward in clinical
practice, allowing the gastroenterologist to select
patients and plan individualized treatment. When
verifying the diagnosis of IBD in clinical practice,
a combination of case history, clinical symptoms,
laboratory, radiological, endoscopy and histolog-
ical examination of tissue samples are considered
to assess disease activity and make treatment de-
cisions [2]. None of the proposed markers are re-
liable in isolation as a predictor of the develop-
ment of an active process in IBD [3]. To improve
predictive ability, “diagnostic panels” integrating
clinical and biological prognostic markers with
the establishment of prognostic scores are being
developed [4, 5].

From the point of view of potential biomarkers,
fatty acids, which play a variety of roles in IBD,
ranging from pro- and anti-inflammatory and im-
munoregulatory functions to modulation of gut
microbiota and maintenance of correct functioning
of the intestinal barrier, are promising [6].

The aim of the work was to study the levels
of fatty acids of erythrocyte membranes and blood
serum in patients with inflammatory bowel dis-
eases examined in dynamics as possible predictors
of disease exacerbation.

Material and methods

The study included 24 patients (13 women,
11 men) with IBD (mean age — 38.2 + 4.4 years)
who were examined in detail in the active stage
before therapy and in the remission stage. Ten
patients had ulcerative colitis (UC), 10 — had
Crohn’s disease (CD), and four had unclassifiable
colitis (UCC). The diagnosis of IBD was established
in accordance with the provisions of the Russian
clinical guidelines for UC and CD [7, 8]. All pa-
tients had affected colon, mostly had a recurrent
course of ICD, and the disease duration was 5.2 +
3.7 years. 70.8 % were diagnosed with moderate se-
verity of the disease, and 29.2 % with mild severity.
During the period of exacerbation, clinical and en-
doscopic activity of moderate degree prevailed. The
predominant part of patients with UC and NCC
(n =10, 41.7 %) had average severity of the present
attack according to Meyo index (6—9 points), the re-
maining four persons (16.7 %) were diagnosed with
mild attack (3—5 points). According to the Best’s
index values of 178.2 + 29.1 points in patients with
CD, the activity of the present attack corresponded
to mild.

In the predominant number of patients (n = 16,
66.7 %) anaemia of various genesis was diagnosed
in the active stage of the disease, arthralgia was
of concern (n =10, 41.7 %), liver steatosis and ste-
atohepatitis were detected in 5 patients (20.8 %).

The second study of fatty acid levels of eryth-
rocyte membranes, blood serum was performed
in 6—12 months in remission stage, which was
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confirmed by Meyo index in UC and Best’s in-
dex in CD. Patients were treated with corticoste-
roids, aminosalicylates, immunomodulators, etc.,
according to Russian standards.

To test the predictive capabilities of erythro-
cyte parameters, 48 patients (26 women, 22 men)
with IBD in clinical and endoscopic remission
(mean age — 39.5 + 4.9 years), which lasted
from 6 to 12 months, were additionally exam-
ined. Of them 25 patients had UC, 15 — CD,
8 — NCC; 28 (58.3 %) people had a chronic re-
current course of the disease of moderate severity,
20 (41.7 %) patients — a mild one. At the time of
examination, the inactive stage of the disease was
confirmed by clinical data, endoscopy, biochemis-
try and fecal markers. The course of the disease
(remission persistence, exacerbation development)
in this group was monitored during the following year.

The formed comparison group included
53 people (28 women and 25 men; mean age —
43.3 + 11.7 years), examined for preventive pur-
poses, without bad habits, leading a healthy lifestyle,
without manifesting diseases of therapeutic profile.

The concentration of fatty acids of erythrocyte
membranes and blood serum, as well as the total
concentrations of saturated, unsaturated, polyun-
saturated, omega-3 PUFA, omega-6 PUFA, and
their ratios, were estimated using gas chromatog-
raphy/mass spectrometry (based on three Agilent
7000B quadrupoles (Agilent Technologies Inc.,
USA)). The fatty acid content was expressed as
relative percentages. A detailed description of
sample preparation, procedure for determination
of fatty acid levels is given in the work [9]. The
statistical analysis of the results obtained was per-
formed using the SPSS program, ver. 17 (SPSS
Inc., USA). Kolmogorov — Smirnov method was
used. In the absence of normal distribution, me-
dians (Me) were calculated with the indication
of interquartile range (25th and 75th percentiles).
The reliability of the difference between the indi-
cators was assessed by the nonparametric Mann —
Whitney test. The critical level of significance
of the null hypothesis (p) was taken as 0.05. To
determine the levels of fatty acids as potential
predictors of exacerbation, the values of the in-
dicators were normalized. Partial least-squares
discriminant analysis (PLS DA) was used to de-
termine the differences between the levels of fatty
acids. Paired t-test (comparison of fatty acid lev-
els of the same patient in the stage of exacerbation
and remission) and Volcano plot method assessed
the content of fatty acids as markers of exacerba-
tion of the underlying disease. K-means clustering
was used to measure the predictive power of the
identified list of fatty acids. The system of ma-
chine learning methods — Random Forest with

MATLAB software (R2019a, MathWorks, USA),
R programming language with the use of standard
libraries of training classifications and sets of sta-
tistical tools [10] was used in this work. ROC-
analysis was used to assess the diagnostic accuracy
of indicators.

The work was approved by the Biomedical
Ethics Committee of the Research Institute of
Therapy and Preventive Medicine — Branch of
the Institute of Cytology and Genetics, Siberian
Branch of the Russian Academy of Sciences (pro-
tocol No. 120, December 17, 2018). All people
included in the study signed informed consent for
participation.

Results

At the first stage, the content of different class-
es of fatty acids (FAs) was analyzed in patients
with IBD and in the comparison group. During the
exacerbation of the disease, higher total saturated
fatty acid (SFA) content in erythrocyte membranes
(palmitic C16:0, stearic C18:0, arachidic C20:0)
and in serum (p = 0.0000006—0.05) was observed
in patients with IBD compared to healthy individ-
uals. Concentrations of two SFAs in erythrocyte
membranes tended to decrease in exacerbation
of the disease — pentadecane C15:0 (p = 0.075)
and margaric C17:0 (p = 0.052). Beyond the ex-
acerbation, higher than in the control content of
margaric (C17:0) FA in serum (p = 0.024), ara-
chidic FA (C20:0) — in erythrocyte membranes
(p = 0.0001) and serum (p = 0.019) was observed,
and also lower level of C18:0 in serum (p = 0.05)
and trend to decrease of serum total FA content
was revealed.

Lower total levels of monounsaturated FAs were
observed in erythrocyte membranes (p = 0.001)
and serum (p = 0.02) during exacerbation of the
underlying disease compared to the control group.
The content of individual monounsaturated acids
in erythrocyte membranes was statistically sig-
nificantly lower or tended to be lower in active
IBD: C16:1;7 (p = 0.079), C16:1;9 (p = 0.001),
C18:1;¢9 (p = 0.011), C18:1;t9 (p = 0.018). The
remission stage of IBD was also found to be asso-
ciated with lower levels of total monounsaturated
FAs (p = 0.022), more due to C16:1;9 (p = 0.0001),
partly — due to C16:1;7 (p = 0.068).

Erythrocyte membranes in patients with acute
IBD were characterized by a lower total unsatu-
rated fatty acid (UFA) content (p = 0.005), to a
greater extent due to reduced levels of polyunsat-
urated FAs (PUFAs) (p = 0.02), especially ome-
ga-6 PUFAs (p = 0.01) compared to the control
group. The ratios of SFA/UFA and SFA/PUFA
were higher in the active phase of IBD both in
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erythrocyte membranes (p = 0.017 and p = 0.041,
respectively) and in serum (p = 0.03 and p = 0.02,
respectively). In exacerbation of IBD, lower lev-
els of linoleic acid C18:2n-6 in erythrocyte mem-
branes were observed than in healthy individu-

als (p =

0.0009). In contrast, serum content of

C20:2n-6 and C22:4n-6 was higher in active IBD
than in controls (p = 0.051 and p = 0.027, respec-
tively). Of omega-3 PUFAs, only the serum level

of C22:5n-3 was higher in patients with acute

IBD (p =

0.05) than in healthy subjects, while

the omega-6 PUFA/omega-3 PUFA ratio was

lower (p = 0.03).

In the remission stage of IBD, the total PUFA
concentration was higher in the erythrocyte
membranes of patients with IBD (p
than in the comparison group, both due to ome-
ga-3 PUFA (p = 0.0008) (including the sum of

0.005)
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Figure 1. Normalization of fatty acid levels in erythrocyte membranes and blood serum in patients with IBD,
examined dynamically (left — parameters before normalization, right — after normalization)

Pucynox 1. Hopmanmsamus ypoBHEH JKUPHBIX KHCJOT MeMOpaH 3pUTPOIUTOB M CBIBOPOTKHM KPOBU Y TIAIIMEHTOB
¢ B3K, ofcienoBatnnbix B quHaMiKe (cjeBa — TapaMeTpbl 10 HOPMATU3AIHH, ClpaBa — II0CJe HOPMaIH3aIlin)
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C20:5n-3 + C22:6n-3; p = 0.0018) and omega-6
PUFA (p = 0.033). The ratio of SFA/PUFA was
lower in erythrocyte membranes in the remission
stage (p = 0.039) and higher in serum than in
controls (p = 0.04). In the inactive stage, pa-
tients with IBD had higher levels of individual
omega-6 PUFAs both of C16:2n-6 (p = 0.000003),
C20:2n-6 (p =0.000006), C20:3n-6 (p = 0.0005) in
erythrocyte membranes and C20:4n-6 (p = 0.036),
C22:4n-6 (p = 0.001) in serum than in the com-
parison group. Individual omega-3 PUFAs were
also predominant in erythrocyte membranes of
patients with inactive IBD compared to healthy
individuals: C18:3n-3 (p = 0.00006), C20:5n-3
(p = 0.000001), C22:5n-3 (p = 0.0006), C22:6n-3
(p = 0.033). But the total content of omega-3
PUFAs was higher compared to omega-6 PUFAs
in erythrocyte membranes of patients with IBD in
remission, therefore the ratio of omega-3,/omega-6
PUFAs was higher than in comparison group sub-
jects (p = 0.05).

Analysis of changes in fatty acid levels in pa-
tients with IBD in the dynamics of observation
(exacerbation vs. remission) showed greater infor-
mativeness of erythrocyte membranes compared to

10 q Scores Plot
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© exacerbation
®
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Figure 2. PLS DA method in the analysis of fatty acids
in erythrocyte membrane and blood serum in patients
with IBD, examined in dynamics: green cloud, green
dots — in the acute stage; pink cloud, pink dots —
in remission

Pucynox 2. Merog PLS DA npu ananuse ypoBHeii Kup-
HBIX KHCJIOT MeMOpaH 3PUTPOIUTOB M ChIBOPOTKH KPOBU
y nammeHToB ¢ B3K, o6cie/ioBaHHBIX B JAWHAMUKE: 3€-
JieHoe 00J1aK0, 3eJieHble TOUKH — B CTQIUN 000CTPEHUST;
PO30BO€e 00JTaK0, PO30BbIE TOUKH — B CTAJUU PEMUCCHH

serum. The predominance of the sum of saturated
fatty acids over unsaturated ones in the eryth-
rocyte membranes of patients with IBD in the
stage of exacerbation (p = 0.0019), affected the
higher values of SFA/UFA (p = 0.01) and SFA/
PUFA (p = 0.02) ratios, than in the remission
stage. A greater proportion of SFAs in erythro-
cyte membranes was found to be associated with a
higher content of palmitic C16:0 (p = 0.015) and
stearic C18:0 (p = 0.0005) acids, the mass frac-
tion of which was higher compared to other SFAs.
Serum levels of C20:0 (p = 0.01) were found to
be higher in exacerbations. Levels of a whole list
of SFAs, the percentage of which in erythrocyte
membranes is low, were higher in remission: C12:0
(p =0.047), C14:0 (p = 0.057), C15:0 (p = 0.041),
C17:0 (p = 0.021).

The total content of UFAs was higher in the
remission stage than in the exacerbation of IBD,
including polyunsaturated, both omega-3 and
omega-6 FAs: UFAs — p = 0.001; PUFAs —
p = 0.0009; omega-3 PUFAs — p = 0.004; ome-
ga-6 PUFAs — p = 0.0009.

It should be noted that the levels of individu-
al omega-6 PUFAs were statistically significant-
ly higher in remission compared to exacerbation:
C16:2n-6 (p = 0.002), C18:2n-6 (p = 0.0001),
C20:2n-6 (p = 0.002), C20:3n-6 (p = 0.004),
C20:4n-6 (p = 0.064), C22:4n-6 (p = 0.001).

At the second stage, to determine the FAs lev-
els in erythrocyte membrane and in serum as po-
tential predictors of exacerbation, the concentra-
tions of the indicators were normalized by their
sum (Fig. 1).

Discriminant analysis (PLS DA) made it pos-
sible to establish the presence of different levels
of fatty acids in erythrocyte membranes and blood
serum in the acute and remission stages (Fig. 2).

The Volcano plot method, which is a
combination of multiple changes and t-tests, was
applied in the subsequent analysis (Fig. 3). Ten
fatty acids (red and pink dots) levels of which
differed statistically significantly between active
and inactive stages of the disease can be seen from
the plot data.

The Table presents data on erythrocyte and
serum membrane fatty acids, potential predictors
of exacerbation in patients with IBD.

It follows from the data of the Table that
the stage of exacerbation in patients with IBD,
examined in dynamics, is associated with higher
levels of stearic acid C18:0 (p = 0.005), SFA/
UFA (p = 0.034) and SFA/PUFA (p = 0.039)
ratios in erythrocyte membranes, serum level of
arachidic acid C20:0 (p = 0.008), and conversely,
lower levels of UFAs in erythrocyte membranes:
eicosapentaenoic C20:5n-3 (p = 0.0023),
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Figure 3. Volcano plot (paired statistics) of fatty acids
of erythrocyte membranes and blood serum in the iden-
tification of markers-predictors of exacerbation

Pucynox 3. Volcano plot (mapmas craructuka) xup-
HBIX KHUCJOT MeMOPaH 3PUTPOIUTOB U CHIBOPOTKU KPOBU
B BBISIBJIEHHN MapKepoB — IPEJUKTOPOB 060CTPEHNS

eicosa-diene C20:2n-6 (p = 0.0027), hexadecadiene
C16:2n-6 (p = 0.006), docosatetraenoic C22:4n-6
(p =0.008) and alpha-linolenic  C18:3n-3
(p = 0.039).

Figure 4 shows the distribution of erythrocyte
membrane and blood serum fatty acids according
to their contribution to distinguishing between
exacerbation and remission in patients with IBD
examined dynamically.

ROC analysis revealed sufficient levels of
diagnostic accuracy when using levels of individual
fatty acids with high values of either sensitivity
or specificity to differentiate between stages of
exacerbation and remission of IBD (Fig. 5). For
example, erythrocyte eicosadienoic acid C20:2n-6
content provided an AUC of 0.774 (95 % CI: 0.621—
0.878) with a sensitivity of 66.7 % and specificity
79.2 %; erythrocyte stearic acid C18:0 — AUC
0.767 (95 % CI: 0.61—0.878), sensitivity — 70.8 %,
specificity — 70.8 %; erythrocyte alpha-linolenic

Table. Indicators of fatty acids of erythrocyte membranes and blood serum and their ratios —
potential predictors of exacerbation in patients with IBD (exacerbation vs. remission); data obtained

using Volcano plot (paired statistics)

Ta6.auua. [lokazaresm sKUPHBIX KUCJIOT MeEMOPAH 9PUTPOIUTOB U CHIBOPOTKH KPOBHM U UX COOTHOIITE-
HUSI — TIOTEHIMAJIbHBIE TIPEAUKTOPbI 06ocTpenus y nanuentos ¢ B3K (o6ocrpenne npotus pemuccun);
JIaHHbIE TOJIyYeHbl IpU ucnoab3zosannu Volcano plot (napuas cratucruka)

Frequency
of changes p value
Fatty acids / Kupnote xucaomot (FC) log2(FC) | (raw.p val.) |—log10(p)
Kpamnocmo 3nauenus p
usmenenuil
Erythrocyte eicosapentaenoic acid
Spumpoyumapnas NUKO3IANEHMAeHO8dA KUCIOMA 0.50912 —0.97391 0.002327 2.6332
C20:5n-3
Erythrocyte eicosadienoic acid
Ipumpoyumapnas 3UKo3a0UeHo08As KUCIOMA 0.43428 —1.2033 0.002768 2.5578
C20:2n-6
Erythrocyte stearic acid
IpUmpouumapHas. cmeapurosas Kucioma 1.5551 0.63699 0.005021 2.2992
C18:0
Erythrocyte octadecadienic acid
Apumpoyumapnas zexcadexaduenosds Kuciomd 0.48007 —1.0587 0.006332 2.1985
C16:2n-6
Serum arachidic acid
Col60pomounas apaxunosas Kucioma 1.7652 0.81986 0.00819 2.0867
C20:0
Erythrocyte docosatetraenoic acid
Apumpoyumapnas 00Ko3amempaeHo8ds Kuciomd 0.63131 —0.66357 0.008351 2.0783
C22:4n-6
Erythrocyte SFA/UFA ratio
Apurponuraproe coorHomenne HXKK/ HHKK sl ez e - A
Erythrocyte alpha-linolenic acid
Dpumpoyumapnas arvpa-1uHoaeH08aAs KUCIOMA 0.26412 —1.9207 0.039344 1.4051
C18:3n-3
Erythrocyte SFA/PUFA ratio
Spumpoyumapnoe coomnowenue H)KK/ITHKK 2B 25tlEs Bt g

Note: SFA — saturated fatty acids, UFA — unsaturated fatty acids, PUFA — polyunsaturated fatty acids.
IIpumeuanue: H’KK — nacvuuennvie xupnovie kucaomo,, HHKK — nenacvuuennvie xupnoie xuciomol, ITHKK — noaune-

HacvluenHvle KupHovle Kuca10maol.
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Figure 4. Distribution of fatty acids of erythrocyte
membranes and blood serum according to their degree
of contribution to distinguishing the stage of exacer-
bation and remission in patients with IBD examined
dynamically

Pucynox 4. Pacripesiesienne JXUPHbIX KUCJOT MeMOpaH
APUTPOITUTOB U CHIBOPOTKM KPOBHU IO UX CTEIIEHU BKJAJa
B pa3jMyeHue CTa i 060CTPEHUS U PEMUCCHU Y TAI[HeH-
toB ¢ B3K, o6ciiefoBaHHbIX B AMHAMUKE

acid C18:3n-3 — AUC 0.766 (95 % CI: 0.606—
0.899), sensitivity — 66.7 %, specificity —
75.1 %; serum arachidic acid C20:0 — AUC 0.727
(95 % CI: 0.569—0.859), sensitivity — 66.7 %,
specificity — 75.1 %. A combined fatty acid model
consisting of C20:2n-6 and C18:0 concentrations
in erythrocyte membranes and C20:0 content in
serum provided a lower AUC of 0.683 (95 % CI:
0.500—0.844), but a higher sensitivity — 91.4 %.

At the subsequent stage of statistical processing,
the levels of the above mention fatty acids
(C20:5n-3, C20:2n-6, C18:0, C16:2n-6, C22:4n-6,
C18:3n-3), the ratios of SFA/UFA and SFA/
PUFA in erythrocyte membranes, and the content
of C20:0 in serum were used as biomarkers
in cluster analysis of 48 patients with IBD in
remission. The majority of patients with different
nosological forms of IBD were found to be within
one of these three clusters (Fig. 6).

The follow-up of the patients during the
next year revealed some regularities. Patients
with IBD, who were within the cluster with
minimally changed FAs levels, had remission
during 12 months of follow-up. The majority
of individuals with IBD who were within the
cluster with moderately altered FAs levels had
an exacerbation from 6 to 8 months from the
beginning of monitoring. The shortest terms before

the onset of the active stage of the disease were
in patients with maximally deviated FAs values —
2—4 months. Patients who were placed in the
clusters intersection areas appeared in the stage of
exacerbation in intermediate terms in comparison
with those described above. Thus, fatty acid levels
have the potential to predict exacerbation of IBD
and stratify the risk of disease activity.

Discussion

The problem of searching for biomarkers —
predictors of exacerbation development in patients
with IBD continues to be relevant. From the point
of view of accessibility and minimally invasiveness,
the study of fatty acids of erythrocyte membranes
and blood serum has certain advantages. Fatty
acids, as essential components of dietary lipids,
play a variety of roles in IBD, ranging from
pro-/anti-inflammatory and immunoregulatory
functions to modulation of the gut microbiota
and maintenance of the intestinal barrier. Short-
chain fatty acids, products of the fermentation of
non-digestible dietary fibre by the gut microbiota,
have strong anti-inflammatory properties and are
considered as key protective factors in IBD. Among
long-chain fatty acids, saturated fatty acids, trans-
isomers of fatty acids and omega-6 PUF As have pro-
inflammatory effects, while oleic acid and omega-3
PUFAs have anti-inflammatory effects. PUFA-
derived lipid mediators are bioactive molecules
that influence immune cell function and exert both
pro- and anti-inflammatory effects. Recent studies
have highlighted the potential of medium and very
long chain fatty acids in modulating inflammation,
mucosal barriers and intestinal microbiota in IBD
[6]. Thus, the consideration of fatty acid levels
in erythrocyte membranes and blood serum as
potential biomarkers of exacerbation prediction in
IBD is pathogenetically justified.

In the present study, erythrocyte membrane
fatty acids were the most informative, which is not
surprising since they reflect the metabolic profile
to a greater extent than serum fatty acids, which
are more dependent on dietary characteristics
[11]. The general trend revealed was an increased
content of saturated fatty acids, both total one
and the content of individual fatty acids levels —
stearic acid, arachidic acid — and a decreased
content of unsaturated fatty acids, including
polyunsaturated fatty acids.

The proinflammatory effects of saturated
fatty acids are realized through the effect on the
peroxisome proliferator-activated receptor gamma
(PPAR-y) and retinoid X receptors (RXR) [12].
It has been previously shown that total saturated
fatty acid content, as well as levels of individual
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Figure 5. ROC curves including fatty acid levels to distinguish between exacerbation and remission of IBD in pa-
tients examined dynamically: A — erythrocyte eicosadienoic acid C20:2n-6 (AUC 0.774; 95 % CI: 0.621—0.878);
B — erythrocyte stearic acid C18:0 (AUC 0.767; 95 % CI: 0.61—0.878); C — erythrocyte alpha-linolenic acid
C18:3n-3 (AUC 0.766; 95% CI: 0.606—0.899); D — serum arachidic C20:0 (AUC 0.727; 95 % CI: 0.569—0.859);
E — “panel” of fatty acids (erC20:2n-6, erC18:0, serumC20:0) (AUC 0.683; 95 % CI: 0.500—0.844)

Pucynox 5. ROC-kpuBble ¢ BKJIIOYEHNEM YPOBHEH XKUPHBIX KUCJOT JIUIsl pasindyeHust o6ocrpenus u pemuccun B3K
y HAlMeHToB, 00CAeIOBaHHbIX B AMHAMEKE: A — spuTpouurapHas siikosaauenosas kuciaora C20:2n-6 (AUC 0,774;
95% JAWN: 0,621—0,878); B — spurponurapnas creapunosas kucaora C18:0 (AUC 0,767; 95% JIN: 0,61—0,878);
C — opurpouutapHag anbda-mHonenosas kucaora C18:3n-3 (AUC 0,766; 95% JU: 0,606—0,899);
D — ceBoporounast apaxunosasa C20:0 (AUC 0,727; 95% JAW: 0,569—0,859); E — «maHenb» >KUPHBIX KUCJIOT
(5pC20:2n-6, 5pC18:0, criC20:0) (AUC 0,683; 95% JAW: 0,500—0,844)
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Figure 6. Cluster analysis using fatty acid levels
of erythrocytes membranes and blood serum — po-
tential predictors of IBD exacerbation in a group of
patients in remission (n = 48). Blue cloud — cluster
of patients with minimally altered FAs levels; green —
cluster of patients with moderately altered FAs levels;
pink — cluster of patients with maximally altered FAs
levels. Red dots — patients with unclassifiable colitis,
green — patients with ulcerative colitis, blue — pa-
tients with Crohn’s disease

Pucynox 6. Krnacrepublll aHaIW3 € HMCIOJb30BAaHUEM
yposueit KK MeMOpan apuUTpOLNUTOB U CHIBOPOTKH KPO-
BH — IOTEHI[HAJbHBIX MPEAUKTOPOB oboctpenusi B3K
y TPYIIbl MAalMeHToB B cragnu pemuccun (n = 48).
Tony6oe 06/1ak0 — KJacTep MAIMEHTOB C MHHUMAJD-
HO uaMeHeHHbIMU ypoBHaMEU JKK; 3esenoe — kiactep
MAIIIEHTOB C YMepPeHHO u3MeHeHHbIME ypoBHaMmu JKK;
pO30BOE — KJIACTep MHAIMEHTOB C MaKCUMAJIbHO M3Me-
HenupiMu ypoBHaMu sKK. KpacHble TOukm — maImeHTb
C HeKJACCU(DUITMPYEMBIM KOJUTOM, 3e/€Hble — IalueH-
TBI C SI3BEHHDBIM KOJIUTOM, CHHHE — MAIMEeHTHl ¢ 6oje3-
upio Kpona

saturated fatty acids — palmitic acid, stearic acid
and arachidic acid — were directly associated with
levelsof inflammatory markers, including leukocyte
counts, blood sedimentation rate, C-reactive
protein, fibrinogen, and fecal calprotectin [13].
Saturated fatty acids have been shown to be
associated with macrophage inflammation and
lipotoxicity [14], that is due to their less efficient
esterification into triglycerides. Accumulation of
palmitic acid in macrophages stimulates them to
increased release of inflammatory cytokines in
the intestinal mucosa, supporting inflammation
[15]. Studies on plasma metabolites have shown
that palmitic acid is a potential diagnostic
marker for IBD [16]. It promotes inflammation
by increasing intestinal epithelial permeability
[17], activating the NF-kB pathway and cytokines

[18], causing endoplasmic reticulum stress leading
to lipotoxicity of intestinal epithelial cells [19].
The proinflammatory potential of saturated FAs
is indirectly confirmed by direct associations of
their levels in serum with concentrations of tissue
cytokines in patients with ulcerative colitis [20].

A number of experimental studies have shown
significant changes in fatty acid metabolism
under conditions of hypoxia associated with
inflammation and carcinogenesis through HIF1a-
dependent and independent mechanisms [21, 22].
Activation of fatty acid synthase, an enzyme of
de novo lipogenesis, in IBD can modulate the
permeability of the intestinal barrier through
covalent attachment of palmitic acid to mucin-2,
a key intestinal glycoprotein [23, 24].

Reduced levels of unsaturated fatty acids, including
polyunsaturated fatty acids, was another important
trend identified in the present study. Reduced levels of
both omega-3 (eicosapentaenoic acid, alpha-linolenic
acid) and omega-6 PUFAs (eicosadienoic acid,
hexadecadienoic acid, docosatetraenoic acid) were
found to be predictors of exacerbation development.

PUFAs may influence the course of IBD by
affecting inflammation in the intestinal wall.
Increased arachidonic acid [25, 26] and decreased
eicosapentaenoic acid [27, 28] have been found
to be associated with inflammation in the colonic
mucosa of patients with ulcerative colitis. PUFAs
can modulate anti-inflammatory  signaling
pathways and maintain the integrity of the
intestinal barrier by interacting with G-protein
coupled receptor 120 (GPR120) [29, 30]. The
anti-inflammatory effects of omega-3 PUFAs have
been associated with a decrease in prostaglandin
E, (PGE,) levels, alkaline phosphatase activity
[25], NF-xB, TNF-alpha, inducible nitric oxide
synthase and interleukin 1 beta levels [31], and
an increase in PPAR-y activity [32]. Alpha-
linolenic acid can reduce the activity of ionized
calcium-binding adaptor molecule 1-positive
macrophages [33] and decrease the expression of
pro-inflammatory genes IL-8, cyclooxygenase-2
(COX2) and inducible nitric oxide synthase with
decreased inflammation in the gut [34].

Eicosapentaenoic acid slowed down the
inflammatory pathways of transforming growth
factor beta-1/epidermal growth factor receptor
P-EGFR and NF-«B, modulated the reductive-
oxidative balance and mitigated the progression
of UC in a rat experiment [35]. In studies,
docosahexaenoic acid and eicosapentaenoic acid
were shown to reduce the severity of endoplasmic
reticulum stress in bocaloid cells, affecting the
synthesis and secretion of protective mucin barrier
mucin-2 (Muc2) [19].
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E. Scaioli et al. evaluated the ability of free
eicosapentaenoic acid (EPA-FFA) form to reduce
intestinal inflammation in patients with UC and
used fecal calprotectin level as a marker [27].
The study showed that compounds derived from
omega-3 PUFAs can not only induce but also
maintain clinical remission for at least six months.
A. Prossomariti et al. showed that supplementation
with EPA-FFAs reduces inflammation of the
intestinal mucosa, promotes the differentiation of
bocaloid cells and changes the composition of the
intestinal microbiota in patients with UC [36].

K. Uchiyama et al. also investigated the effect
of dietary therapy using ‘omega-3 PUFA exchange
table’ (w3DP) on the composition of erythrocyte
membranes of patients with CD and UC and their
remission. It can be assumed that 3DP changes the
composition of cell membranes of FA and affects the
clinical activity of patients with IBD [37].

The significance of reduced levels of a number of
omega-3 PUFASs in the present study as predictors
of exacerbation development may be related to
the above effects of these metabolites.

J. Diab et al. established the potential of increased
levels of arachidonic acid derivatives (prostaglandins E,
and D,, thromboxane B,, hydroperoxyecosatetraenoic
acids) in colon tissue in predicting the development of
active inflammation in ulcerative colitis [38].

According to the present work, the reduced
level of omega-6 PUFA — eicosadienoic acid
(C20:2n-6) turned out to be a predictor of
exacerbation development in patients with IBD.
The concentrations of this acid in tissues and
body fluids are significantly lower than linoleic
and arachidonic acids [39, 40]. The concentration
of C20:2n-6 in blood indirectly reflects the level
of other omega-6 PUFAs and, probably, may
depend both on the level of its precursor, linoleic
acid (C18:2n-6), and on the degree of activity of
endogenous synthesis of arachidonic acid, which is
a derivative of C20:2n-6 [41].

Analyses of the effect of eicosadienoic FA
on inflammatory processes revealed opposite
effects. The anti-inflammatory nature of the
effect of C20:2n-6 in patients with type 2
diabetes mellitus in a large-scale European study
[42, 43], in autoimmune diseases (polymyositis,
dermatomyositis) was shown [44]. Increased
activity of A6-desaturase (D6D, FADS2 gene),
which determines high levels of C20:2n-6,
C20:4n-6, and a number of other PUFAs in blood
plasma, may be associated with the rs174537
polymorphism in the FADS gene cluster affecting
the concentrations of low-density lipoproteins
and total cholesterol [45—47]. The results of
experimental and clinical studies suggest that

eicosadienoic acid is an anti- rather than pro-
inflammatory metabolite [48, 49]. The study
by S. Sitkin et al. proposed a new metabolomic
index — the ratio of the level of arachidonic
acid to the level of eicosadienoic acid (C20:4n-6/
C20:2n-6), reflecting the balance between pro-
inflammatory and anti-inflammatory components
of the omega-6 PUFA pool [50].

Since the synthesis of docosatetraenoic acid
C22:4n-6 occurs through the action of elongases
on arachidonic acid C20:4n-6, the consumption of
the latter in the arachidonic cascade during the
development of inflammation leads to a decrease
in docosatetraenoic acid due to the low level of
substrate for its formation [6].

To confirm our results, a larger cohort including
patients with IBD of different severity, longer
follow-up periods are required; this may improve
the quality of the prognostic model.

Conclusion

Thus, the study revealed the peculiarities of
fatty acid profile of erythrocyte membranes and
blood serum of patients with IBD examined in
dynamics. Higher levels of stearic FA C18:0
(p = 0.005), SFA/UFA (p = 0.034) and SFA/
PUFA (p = 0.039) ratios in erythrocyte membranes,
arachidic acid C20:0 (p = 0.008) in blood serum,
and in contrast, lower concentrations of unsaturated
fatty acids were revealed in erythrocyte membranes:
eicosapentaenoic C20:5n-3 (p = 0.0023), eicosadiene
C20:2n-6 (p = 0.0027), hexadecadiene C16:2n-6
(p = 0.006), docosatetraenoic C22:4n-6 (p = 0.008)
and alpha-linolenic C18:3n-3 (p = 0.039).

The use of levels of individual fatty acids
in blood serum and erythrocyte membranes
provided sufficient levels of diagnostic accuracy in
distinguishing between exacerbation and remission
in patients with IBD examined in dynamics.
A combined panel of fatty acids including C20:2n-6,
C18:0 levels in erythrocyte membranes and C20:0
content in serum showed an AUC of 0.683 (95 % CI:
0.500—0.844) with a higher sensitivity (91.4 %) and
a low specificity (68.3 %).

Levels of C20:5n-3, C20:2n-6, C18:0, C16:2n-6,
C22:4n-6, C18:3n-3 fatty acids, ratios of SFA/
UFAs and SFAs/PUFAs in erythrocyte membranes
and the content of C20:0 in blood serum, used as
biomarkers-predictors of exacerbation development
in patients with IBD in remission, predicted the
development of IBD exacerbation in 2—4 months
in case of maximally altered FA levels, in
6—8 months — in case of moderately altered FA
levels, and remission persistence for 12 months —
in case of minimally altered FA levels.
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