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Aim: to investigate the levels of various short-chain fatty acids (SCFAs) in the blood of patients with chronic heart
failure (CHF) complicated by sarcopenia and to analyze their associations with clinical parameters of CHF and sar-
copenia.

Materials and methods. This study included 76 patients with CHF (mean age — 68.0 + 9.8 years). Plasma lev-
els of SCFAs (e.g., acetic, propionic, and butyric acids) were determined using electrospray ionization mass spec-
trometry (ESI-MS). Sarcopenia was diagnosed according to the EWGSOP2 algorithm, which included assess-
ments of muscle strength (mechanical dynamometry), muscle mass (bioimpedance analysis), and muscle function
(SPPB tests).

Results. The plasma concentrations of butyric acid (C4) were on average 15,050 ng/mL (95 % CI: 12,525-18,200)
in patients without sarcopenia and 16,400 ng/mL (95 % CI: 10,100-20,850) in patients with sarcopenia (p = 0.00003).
Pentanoic acid (C5) levels were significantly lower: 472.0 ng/mL (95 % Cl: 368.2-551.2) in patients without sarco-
penia versus 439.0 ng/mL (95 % CI: 348.0-514.5) in patients with sarcopenia (p = 0.00001). Four distinct clusters
of CHF patients were identified based on their clinical, laboratory, and SCFA profiles. These clusters reflected differ-
ences in the severity of CHF, the presence of sarcopenia, physical activity levels, and SCFA concentrations. The most
pronounced differences in SCFA levels were observed between Clusters 2 and 3 (C4 levels: 18,650 ng/mL (95 % CI:
14,950-21,950) and 10,600 ng/mL (95 % CI: 9,220-12,600), respectively).

Conclusions. Differences in SCFA levels between clusters indicate potential links between SCFA metabolism, CHF,
and sarcopenia progression. These differences may serve as biomarkers for identifying patients at high risk for sar-
copenia and highlight the need for an individualized treatment approach, including SCFA metabolism and gut micro-
biota modulation.
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AnarHocTuyeckas poJib YPOBHSA KOPOTKOLLENOYEeYHbIX XXUPHbIX KUCNOT
B KPOBM Y NaLMEHTOB C XPOHUYECKON cepaevyHOo He[A0CTaTOYHOCTbIO,
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Llenb uccnepoBaHus: n3y4mtb YPOBHU PA3NUNYHbIX KOPOTKOLLENOYEYHbIX XUPHbIX KncnoT (KLPKK) B kpoBM y naum-
€HTOB C XPOHNYECKO cepaeyHol HegocTaTo4YHOCTbIO (XCH), 0cnoXHeHHOM capKkoneHnei, 1 npoaHann3mpoBaTb UX
B3aMMOCBS3b C KIMHMYeckuMn napametTpamm XCH 1 capkoneHun.
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Martepuansl u MmeToAbl. B uccnenosaHme BkoveHbl 76 naumeHToB ¢ XCH (cpegHuii Bo3pact — 68,0 £ 9,8 ropa).
YpoBHu KLKK (ykcycHas, nponvoHoBasi, 6ytaHoBas v Op.) B Miaa3me KpoBW Onpenensinncb MeToaoM Macc-
CNEKTPOMETPUM C MOHM3ALUMEN pachbiieHNEM B anekTpuiyeckom none (ESI). JuarHoctvka capkoneHum npoBoam-
nacb cornacHo anroputMy EWGSOP2 1 BktouYana namepeHmne MblLLEYHOW CUMbl (MEXaHUYECKNA ANHAMOMETP), Mbl-
LIEeYHOM Macchl (brnovMnenaHcoMeTpus), MblllevHOM pyHKUMKM (TecTbl SPPB).

Pe3ynbraTtbl. KoHueHTpaummn 6ytaHoBon kncnoTel (C4) B nna3me kpoBu coctaBunm B cpegHem 15 050 Hr/mn
(95%-HbI poBepuTeNbHbIA UHTEPBan (95% AW): 12 525-18 200) y naumeHToB 6€3 capkoneHun u 16 400 Hr/mn
(95% AOW: 10 100-20 850) y nauuyeHToB ¢ capkoneHunen (p = 0,00003). YpoBHM neHTaHOBOW kucnoTbl (C5) oka-
3anMCb 3HaunUTENbHO Huxe: 472,0 Hr/mn (95% OWN: 368,2-551,2) y nauneHToB 6€3 capkoneHun n 439,0 Hr/mn
(95% OW: 348,0-514,5) y naumeHToB ¢ capkoneHuein (p = 0,00001). B nccnenosaHnmn 6bi1m BbiOENEHbl YETLIPE
knactepa naumeHToB ¢ XCH Ha OCHOBE Mx KNMHUKO-NabopaTopHbIx nokadatenen u yposHe KLKK. Knactepbl oT-
paxaloT pas3nmung B TXKECTU CEPAEYHOM HEQOCTATOYHOCTN, HANTMYUKU CAPKOMNEHNN, YPOBHE GU3NYECKOM aKTUBHOC-
T cpeau NaumeHToB 1 pas3nnymns no ypoHsam KLDKK. Hanbonee BbipaxkeHHble pasnmyuns rno ypoBHsaMm KLDKK 6binm
BbISIBJIEHLI MexAay knactepamu 2 n 3 (yposHu C4: 18 650 Hr/mn (95% ON: 14 950-21 950) n 10 600 Hr/mn (95% OU:
9 220-12 600) COOTBETCTBEHHO).

BbiBoAabl. Paznuuus B ypoBHsx KLIKK mexay knactepamMmm yka3biBalOT HA BO3MOXHbIE CBA3U MeXAY MeETabonn3mMom
KLPKK, cepaeyHoii HegoCTaTO4HOCThLIO M MPOrPeECCMPOBAHMEM CapPKOMEHUN. DTN pasnnuyunsa MoryT CnyXxutb 6mo-
MapkepamMu Ans BbISIBNIEHNSA NALUUEHTOB C BbICOKMM PUCKOM CapKOMEHUU 1 npegnonaraioT HeoO6XxoaMMOCTb MHOW-
BUAYaNM3UPOBAHHOIO NOAX0Aa B IeYeHUN, BKIoYas koppekumio metabonuama KLDKK 1 MMKpoOBrOThl KULLIEYHUKA.
KnioueBsblie cnoBa: xpoHnyeckas cepaeyHas HeOCTaTOYHOCTb, CAPKOMEHUS, KOPOTKOLENOYEYHbIE XNPHBbIE KUCNOThI
KoH®NUKT nHTEepecoB: aBTOPbI 3as9BNAIOT 00 OTCYTCTBUM KOH(IMKTA UHTEPECOB.

Ansa uutnpoBanusa: Cokonosa A.B., AparyHos [.0., Knumoa A.B., lonybes A.B., LLmurons T.A., Herpebeukuii B.B., ApyTio-
HoB I.T1. JuarHocTnyeckas posib YPOBHA KOPOTKOLLENOYEYHbIX XUPHBIX KNCAOT B KPOBWU Y NAUUEHTOB C XPOHUYECKOWN CepaeyHOom
HEe0CTaTOYHOCTbIO, OC/IOXXHEHHOW capkorneHnen. POCCUNCKNIA XypHan raCcTPO3HTEPOSIOrMK, renaTonornuy, KOnonpoKTONornu.

2025;35(1):42-52. https://doi.org/10.22416/1382-4376-2025-35-1-42-52

The presence of chronic heart failure (CHF) sig-
nificantly increases the risk of sarcopenia. According
to the SICA-HF study [1], the prevalence of sarco-
penia in CHF patients was 20 % higher compared
to age-matched individuals without CHF. Among
patients aged 65 and older, CHF increased the risk
of sarcopenia by 3.54 times (p = 0.013) [2]. It is
well-established that the development of sarcopenia,
in turn, worsens the course and prognosis of CHF
[3]. In this context, the analysis of the effects of var-
ious biological substrates on muscle tissue function is
of considerable clinical interest.

In recent years, the impact of gut microbiota on
skeletal muscle function has gained attention. One
of the mediators in this process is short-chain fatty
acids (SCFAs), which are produced by gut microbi-
ota [4]. Changes in gut microbiota composition, and
consequently in SCFA levels, are associated with in-
creased subclinical chronic inflammation [5], which
triggers muscle tissue damage and the progression
of sarcopenia [6, 7]. Thus, studying the levels and
ratios of various SCFAs in patients with CHF and
sarcopenia is of paramount importance.

Aim of the study

The objective of this study was to investigate
the blood levels of various SCFAs in patients with
CHF complicated by sarcopenia and to analyze
their associations with clinical parameters of CHF
and sarcopenia.

The study was conducted at Moscow City Clinical
Hospital No. 4 of the Moscow Department of Health
from September 2019 to December 2021 and was ap-
proved by the hospital’s Ethics Committee. A total
of 76 patients meeting the inclusion/exclusion crite-
ria (Table 1) were enrolled in the study.

Sarcopenia was diagnosed using the EWGSOP2
algorithm [8]. Muscle strength of skeletal muscles
was assessed with a mechanical hand dynamometer
DK-25 (Nizhny Tagil Medical Instrument Plant,
Russia). Muscle mass was assessed using a bio-
impedance analyzer of metabolic processes and body
composition ABC-02 “Medass” (Russia) using the
basic program for assessing integral parameters of
body composition ABC02-0362. Muscle function was
evaluated using tests comprising the Short Physical
Performance Battery (SPPB) [9].

All patients underwent a comprehensive clinical
examination, including echocardiography to assess
left ventricular ejection fraction and blood sam-
pling to determine NTproBNP (N-terminal prohor-
mone of brain natriuretic peptide) levels and SCFA
concentrations.

SCFA levels in plasma samples were measured
at the Department of Medical Chemistry and
Toxicology, Pirogov Russian National Research
Medical University. Analysis was performed using
electrospray ionization mass spectrometry (ESI-
MS) in positive ionization mode. Multiple Reaction
Monitoring (MRM) transitions were used for:
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Table 1. Criteria for inclusion and exclusion in the study
Ta6.auya 1. Kpurepnn BKIIOUEHNs 1 HEBKJIIOYEHNS B MCC/IEI0BAHNE

Inclusion criteria
Kpumepuu ex.aiouenus

1. Men and women over 18 years old / Myxuunvl u sxenwunor cmapue 18 aem

2. Verified diagnosis of CHF stage 2B /
Bepuguyuposannviii duaznos XCH cmaduu 2B

1. Having a pacemaker / Hanruuue snexmpoxapouocmumyismopa

2. Any severe, decompensated or unstable somatic diseases or conditions that,

in the opinion of the researcher, threaten the patient’s life or worsen the prognosis
of the disease (including anemia, autoimmune, endocrine, oncological diseases,
hepatitis, connective tissue diseases, etc.) / J106bie maxenvie, dexomnencuposan-
Hble WU HECNAOULbHbIE COMAMUYECKUE 3A00Ne6AHUS UIU COCTROSIHUSL, KOTMOPbLE,
10 MHEHUIO UCCLe008AMENS, YZPOKAIOM KUSHU OONBHOZO UAU YXYOUAIOM NPOZHO3
saboaesanus (6 mom wucie anemus, aymouMmyHHovle, IHOOKPUHHBLE, OHKOIOZUYC-
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crue 3a6oaesanus, zenamumot, 3a6016aANUA COCOUHUMENHOU MKAHU U Op.)

Non-inclusion criteria
Kpumepuu

3. Long-term bed rest / Jaumenvuvii nocmenvtoitl pexum

HeBKJNI0UYeHUA

4. Any severe congenital and acquired injuries of the musculoskeletal system /
Ji06vie msxenvie 8poxoeHnvle U NPUOOPEMeHHbIe NOBPEKOCHUS.
ONOPHO-08U2AMENBHOZO ANNAPAMA

5. Concomitant neurosurgical or neurological pathology / Hanuuue conymcmeyiouei
HEUpOXUPYPIULECKOU UU HEeEPOS0ZUUECKOU NAMOI02UU

6. Abuse of alcohol, drugs, and narcotics / 3z0ynompebaenue anrxozonen,
JAEKADPCMEEHHBIMU CPEOCNEAMU, HAPKOMUUECKUMU BEUECTNEAMU

HOCMb

7. Mental illness, legal incapacity / ITcuxuueckue 3abonresanusi, nedeecnoco6-

Note: CHR — chronic heart failure.

Hpumeuanue: XCH — xponuyeckas cepdeunas nedocmamouHocmo.

- propionic acid derivative (C3): 180.05 ng/mL —

91.05 ng/mL
butyric (C4) and isobutyric acids
194.1 ng/mL — 91.05 ng/mL

- pentanoic (C5), 3-methylbutanoic (BC5), and
2-methylbutanoic acids (aC5): 208.15 ng/mL —
91.05 ng/mL

4-methylpentanoic (iC6) and hexanoic acids
(C6): 222.10 ng/mL — 91.05 ng/mL.

Concentrations of 3-methylpentanoic and 4-meth-
ylpentanoic acids were below the detection limit,
while acetic acid levels exceeded the upper limit of
the analytical range. Therefore, these acids were ex-
cluded from the study.

Machine learning

To determine the relationships between SCFAs
levels and sarcopenia, machine learning techniques
utilizing classification methods were employed, in-
cluding Principal Component Analysis (PCA) and
the k-means clustering algorithm. An unsupervised
learning approach was applied, enabling the model
to independently explore the data, identify patterns,
and uncover correlations.

For effective implementation of machine learn-
ing methods, incomplete, duplicate, and inconsistent
data that could negatively impact the results were
removed.

Methods of statistical data analysis

Statistical data analysis was performed using the
R programming language and RStudio software with
the following packages: tidyverse, tidymodels, gg-
plot2, ggpubr, googlesheets4, tidymodels, and rstatix.

(iC4):

Normality of data distribution was assessed using the
Shapiro — Wilk and Kolmogorov — Smirnov tests,
along with skewness and kurtosis analyses, and vi-
sualized with QQ plots and distribution histograms.
Both parametric and non-parametric statistical meth-
ods were utilized for data analysis. Quantitative data
were presented as mean (M) + standard deviation
(SD) or as median (Me) with interquartile ranges
(25th and 75th percentiles). Categorical data were
presented as counts (N) and percentages (%).

The Kruskal — Wallis test was used for group
comparisons, followed by post hoc analysis using the
Mann — Whitney U test. For categorical variables,
contingency tables were created and analyzed us-
ing the chi-squared test with Yates’ correction. For
groups with fewer than five participants, Fisher’s
exact test was applied, followed by post hoc analysis
with Holm’s correction for multiple comparisons.

Statistical hypotheses were tested at a signifi-
cance level of p < 0.05, with null hypotheses reject-
ed at this threshold.

Results

The clinical characteristics of the patients in-
cluded in the analysis are presented in Table 2. The
mean age of the patients was 68.0 + 9.8 years. The
study included nearly twice as many women as men:
48 (63 %) vs. 28 (37 %). Almost all patients had
abdominal obesity, with a mean body mass index
(BMI) of 34.00 + 7.42 kg/m? and an average waist
circumference of 114.8 + 18.8 cm.
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All patients enrolled in the study had stage 2B
CHF, with 24 (31.6 %) in the decompensated stage.
Hypertension was present in 72 (97 %) patients, ex-
ertional angina — in 28 (37 %) patients, post-myo-
cardial infarction cardiosclerosis — in 26 (34 %) pa-
tients, atrial fibrillation — in 43 (57 %) patients, a
history of stroke — in 11 (14 %) patients, and diabe-
tes mellitus — in 19 (25 %) patients. The diagnosis
of sarcopenia was confirmed in 52 (68.4 %) patients.

Cluster analysis using the k-means method was
performed to group patients based on their clinical
characteristics. The “elbow method” was employed
to determine the optimal number of clusters, which
indicated that dividing the dataset into four clusters
was most appropriate. After determining the number
of clusters, the data were optimally distributed with-
out any identified outliers.

The centroids obtained from the clustering pro-
cess are presented in Figure 1. These centroids rep-
resent the mean values of the analyzed characteris-
tics within each cluster, providing insights into the

common features of patients in each group. Figure 1
uses two colors to differentiate the characteristics:
pink represents values below the average, while blue
indicates higher-than-average values. This visual dis-
tinction enables an intuitive comparison of clinical
parameter levels across clusters.

Figure 1 illustrates four bar charts representing
the centroids of the four distinct clusters derived
from the k-means cluster analysis. Each centroid re-
flects the mean values of the variables used for clus-
tering. The charts are presented as horizontal bars,
with each bar corresponding to a specific short-chain
fatty acid (SCFA). The length of the bar indicates
the average value of the variable within the cluster.
The direction of the bar relative to the vertical line
at zero represents the deviation of the variable’s val-
ue from the baseline level.

Cluster 1

The first cluster encompasses a group of male pa-
tients (18.4 % of the total study population) whose
average age was below the overall sample mean. The

Table 2. Clinical characteristics of the group (n = 76)
Tab6auua 2. Kiunnueckas xapakrepuctuka rpymist (n = 76)

25th percentile 75th
Parameter Mean SD Median Min | Max g 53 percentile
Ilapamemp Cpednue Meoduana ADOMeHIMUD 75-ii
— npouenmus
Age, years 67.97 | 977 | 69.5 | 61.0 | 74.0 45.0 99.0
03pacm, 200bl
Eelght’ om 164.6 | 9.64 | 164.0 | 157.0 |171.25 143.0 186.0
ocm, cm
‘gelght’ ke 92.72 | 24.283| 89.0 | 78.0 | 103.0 35.0 196.0
ec, ke
BMI, kg/m’
HMT, o) 34.0 74 | 3335 |29.08| 37.9 17.1 59.8
Office SBP, mmHg
Ocpucnoe CAJL, nn pm. cm. 131.9 14.0 130.0 120.0 | 140.0 100.0 185.0
Office DBP, mmHg
Ocpucnoe JJAJL, nx pm. cm. 81.8 9.8 80.0 75.0 90.0 60.0 100.0
Heart rate, bpm
YCC, yo./ mun 73.2 13.9 70.0 64.0 80.0 45.0 110.0
Respiratory rate, breaths,/min 175 1.8 17.0 TR a0 . 250
Yacmoma Ovixamnus, Obix.,/ Mun : : ° . 8 . .
SARC-F questionnaire, scores
Onpocnux SARC-F, 6arnvi 3.9 2.7 4.0 2.0 5.0 0.0 10.0
LVEF, %
DB JK, % 47.7 14.6 52.0 38.0 55.0 18.0 76.0
AST, U/L
ACT, Ed./x 31.3 23.0 25.0 13.6 45.0 16.9 32.6
ALT, U/L
AJIT, E0./x 31.6 25.2 23.8 11.0 46.0 16.7 31.6
Clneoss, w1 6.64 | 1.69 6.2 342 | 12.5 5.4 7.42
Tmokosa, mmoan,/ 1
)C(hOIeSteml’ mmol/L 443 | 1.22 4.3 1.71 | 7.67 3.56 5.39
02eCmepUt, MMOAb/ L

Note: SD — standard deviation; BMI — body mass index; SBP — systolic blood pressure; DBP — diastolic blood pressure;
LVEF — left ventricular ejection fraction; ALT — alanine aminotransferase; AST — aspartate aminotransferase.
Hpumeuanue: SD (standard deviation) — cmandapmnoe omxaonenue; MMT — undexc maccor meaa; CA/l — cucmonuue-
ckoe apmepuanvroe dasaenue; A — ouacmonuueckoe apmepuanvroe dasaenue; YCC — uacmoma cepoeunvix COKpauenutl;
DB JIK — ¢hpaxyus evibpoca ne6ozo xeayoouxa; AJAT — aranunamunompancgepasa; ACT — acnapmamamunompancgepasa.
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Figure 1. Distribution of centroids in each cluster

Pucynox 1. Pactipe/iesieHre 1EHTPONIOB B KXK/IOM KJacTepe

mean age of this group was 61.5 (57.5—67.8) years,
identifying it as a relatively younger cohort among
CHF patients. The clinical profile of these patients
was characterized by symptoms such as dyspnea and
lower limb edema.

The mean NTproBNP level in this cluster was
1488.4 (1109.6—2681.3) pg/mL. Bioimpedance anal-
ysis revealed an average extracellular water content
of 19.9 (18.1—24,0) liters, suggesting fluid balance
disturbances associated with heart failure.

Assessment of muscle mass showed no signs of
sarcopenia in any of the patients in this cluster. This
was corroborated by the skeletal muscle mass index
(SMMI), which on average deviated only by —7.1 %
from the norm (with a variation from —15.0 % to
12.2 %). Handgrip strength, reflecting overall mus-
cle strength, averaged 44.2 (41.1—71.5) kg, indicat-
ing good muscular function.

The “Chair Stand” test was completed in 13 se-
conds or less by this group, demonstrating no sig-
nificant impairment in muscle function: 15 % of
participants completed the test in under 11 sec-
onds, reflecting high levels of physical activity and
strength. The Short Physical Performance Battery
(SPPB) test yielded an average score of 8 out of 12,
with a range from 7 to 10 points. This suggests that
reduced muscle function and physical activity were
observed in only 29 % of patients in this cluster.

The analysis of SCFA levels in the blood of pa-
tients in Cluster 1 revealed that the level of C5 was
the lowest among the studied SCFAs, whereas C4
exhibited the highest levels (Table 3). Based on

the measured concentrations, the following order of
SCFA levels was established for this cluster, ranked
from lowest to highest: C5, C6, aC5, C3, BC3, iC4,
and C4. This relationship among SCFA levels can be
expressed numerically as a following proportion pro-
viding a quantitative assessment of the differences in
SCFA concentrations:
C5/C6/aC5/C3/BC5/iC4/C4 =
1:3:10:14:18.5:18: 35.

For example, the level of C4 was 35 times high-
er than that of C5, and similar comparisons apply
to the other SCFAs. This specific SCFA profile ob-
served in patients of Cluster 1 was designated as
“Type 17.

Cluster 2

The second cluster included 10 patients, making
up 13.2 % of the total study sample, and is charac-
terized by predominantly elderly participants with
an average age of 71.0 (70.0—74.8) years. The gen-
der distribution of the group was balanced, with
50 % men and 50 % women. Similar to patients in
Cluster 1, those in Cluster 2 presented with typical
symptoms of heart failure, such as dyspnea and lower
limb edema. Approximately half of them also report-
ed fatigue and reduced exercise tolerance.

The average NTproBNP level in Cluster 2 was
4559.4 (1860.5—5464.1) pg/mL, the highest among
all studied groups. These values may indicate a more
severe form of CHF in patients within this cluster.
The extracellular water volume, measured by bio-
impedance analysis, was also high, with an average
of 21.2 (18.7—26.1) liters.
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Table 3. Concentration of short-chain fatty acids in blood plasma
Ta6.auya 3. KoHieHTpamus KOPOTKOIETIOYEYHDBIX KIPHBIX KNUCJIOT B TIJIa3Me KPOBI

ITapamerp Kinacrep 1 Knacrep 2 Kaacrep 3 Knacrep 4
Parameter Cluster 1 Cluster 2 Cluster 3 Cluster 4 p
Propanoic acid (C3), ng/mL 5930 7390 6580 2890 0.0001
IIponanosas xucroma (C3), nz/ma [4580; 6382.5] [6537.5; 9310] [4790; 6905] [2580; 3370] :
Butanoic acid (C4), ng/mL 15050 18650 16400 10600 0.0003
Bymanosas xucaoma (C4), ne/mn [12525; 18200] [14950; 21950] [10100; 20850] | [9220; 12600] :
Isobutanoic acid (iC4), ng/mL 7785 13250 10800 1140 0.0001
H3zo6ymanosas xucaoma (iC4), nz/mn [3942.5; 10325] | [12500; 14875] [9900; 14150] [860; 1440] :
Pentanoic acid (C5), ng/mL 472 642.5 439 314 0.0001
Henmanosas xucroma (C5), ne/mn [368.2; 551.2] [553.8; 804.5] [348; 514.5] [277; 433] :
2-methylbutanoic acid (aC5), ng/mL 4200 10600 8180 650 0.0001
2-memunbymanosas xucaroma (oC5), ne/ma | [2072.5; 7972.5] | [9262.5; 14350] [5085; 10750] [328; 1330] :
3-methylbutanoic acid (BC5), ng/mL 7885 17180 13600 251 0.0001
3-memunbymanosas xucroma (BC5), me/ mn [1720; 10375] [14825; 23825] [10800; 18100] [205; 402] :
Hexanoic acid (C6), ng/mL 1140 2285 1330 500 0.0001
Texcanosas xucaoma (C6), ne/mn [839; 1272.5] [1880; 3642.5] [1185; 1885] [329; 578] :

No signs of sarcopenia were observed in Cluster 2.
In men, the skeletal muscle mass index (SMMI) was
reduced by 6.93 % relative to the norm (ranging
from a decrease of —12.5 % to an increase of 23.2 %).
In women, however, the reduction was significantly
higher at 29 % (with a range from 10.6 % to 91.6 %).

The average handgrip strength for men was
30.6 (30.3—31.1) kg, while for women it was 21.8
(16.7—25.1) kg. In the “Chair Stand” test, patients
in this cluster performed worse than those in Cluster
1, as they took more than 15 seconds to complete the
task. Additionally, the results of the SPPB test, which
assesses overall physical activity and functionality,
showed a decline in muscle function, with an average
score of 6 out of 12, ranging from 3 to 7.5 points.

Patients in Cluster 2 exhibited elevated levels
of SCFAs compared to the overall patient sample
(Table 3). These levels were ranked in increasing
order, starting with C5 and ending with C4. The
SCFA levels can be expressed as proportions, where
each subsequent number represents how many times
higher the level of the given acid is compared to C5:

C5/C6/C3/aC5/iC4/BC5/C4 =
1:3:10:15:19:24.5:27.

This specific pattern of SCFA levels observed in
Cluster 2 patients was designated as “Type 2”.

Cluster 3

The third cluster included 15 patients, accounting
for 19.7 % of the total sample, with a predominance
of women (13 patients; 87 % of this group). This
cluster represents the oldest age group in the study,
with a median age of 75.0 (72.5—80.5) years.

Patients in Cluster 3 predominantly reported
complaints of general weakness, fatigue, and reduced
exercise tolerance. The mean NTproBNP level in
this group was 685.0 (489.4—1406.3) pg/mL, indi-
cating less severe CHF compared to Cluster 2. The
extracellular water volume was 13.6 (12.6—14.8) li-
ters, suggesting better control of fluid balance in
this group compared to previous clusters.

All patients in Cluster 3 were diagnosed with
sarcopenia. Among men, the median reduction in
skeletal muscle mass index (SMMI) was —53.2 %
(ranging from —58.8 % to —47.7 %), indicating a
significant loss of muscle mass. In women, the re-
duction in SMMI was —22.1 % (with a range from
—32.3 % to —8.7 %), also confirming sarcopenia, al-
beit less pronounced than in men.

Handgrip strength averaged 39.3 (34.65—43.5) kg
in men and 17.7 (10.6—19.8) in women, reflecting
substantial muscle weakness, particularly in women.
The “Chair Stand” test was completed in more than
15 seconds, similar to the performance of Cluster 2
patients, indicating delayed execution of this task.

The SPPB test, assessing physical activity and
functional ability, yielded an average score of 3.5
out of 12, with a range of 4 to 7 points, confirming
reduced physical function. Notably, 80 % of patients
in this cluster (12 individuals) suffered from severe
sarcopenia.

The distribution and hierarchy of SCFA levels
in Cluster 3 align precisely with those observed in
Cluster 2:

C5/C6/C3/aC5/iC4/BC5/C4 =
1:2:11.5:14:19 : 24 : 29.

This identical SCFA distribution underscores the
universality of the “Type 2” profile in reflecting the
metabolic characteristics of patients in both clusters.
Consequently, the SCFA profile of Cluster 3 can be
classified as belonging to “Type 2”, based on its met-
abolic similarity to the profile observed in Cluster 2.

Cluster 4

The fourth cluster is the largest group, consisting
of 37 patients, which accounts for 48.7 % of the total
study population. The mean age of patients in this
cluster was 66 (59—70) years. The majority of the
patients in this cluster were women, with their num-
ber reaching 30 (81 % of the cluster’s participants).

The mean NTproBNP level in Cluster 4 was 2038.5
(1530—2547) pg/mL. The average extracellular
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water volume was 16.6 (14.9—19.1) liters, indicating
varying degrees of fluid balance disturbances.

Signs of sarcopenia were identified in all patients
within this cluster, as evidenced by reductions in
muscle mass, strength, and function. The reduction
in the skeletal muscle mass index (SMMI) among
men was —13.4 % on average (ranging from —23.0 %
to —11.4 %), while for women, the reduction av-
eraged —10.1 % (with a range from —23.3 % to
—1.63 %). The average handgrip strength for men
was 32.8 (31.9-35.6) kg, while for women it was
23.75 (21.2—26.2) kg. Similar to participants in
Clusters 2 and 3, Cluster 4 patients required more
than 15 seconds to complete the “Chair Stand” test,
indicating reduced muscle strength. The results of
the Short Physical Performance Battery (SPPB) test
showed an average score of 9 out of 12, with a range
from 8 to 11 points. Only 22 % of patients in this
cluster exhibited reduced muscle function and phys-
ical activity limitations.

In Cluster 4, SCFA levels were noticeably low-
er than the average across the entire study sample
(Table 3). The SCFA levels in this cluster were
ranked in the following order, from BCS5 to C4, as
reflected in the proportion:

BC5/C5/C6/aC5/iC4/C3/C4 =
1.5:2:3:4:7:18:65.

This proportion illustrates the relative concentra-
tions of the acids, where, for example, the level of
C4 is 65 times higher than that of BC5. This specific
SCFA distribution identified in Cluster 4 patients
was designated as “Type 3”.

Post-hoc analysis

A post-hoc analysis was conducted to identify
differences between the identified clusters, focus-
ing on the presence of sarcopenia, fluid retention
levels, and SCFA concentrations.

In the initial analysis, patients were divided into
groups based on the presence or absence of CHF
decompensation and sarcopenia. The results showed
that patients in Clusters 1 and 2 were in a state
of CHF decompensation. However, fluid retention
levels did not differ significantly between these
clusters: 19.9 (18.1; 24.0) liters — in Cluster 1,
21.2 (18.7—26.1) liters — in Cluster 2; p = 0.66.

Additionally, none of the clusters exhibited
sarcopenia, as indicated by the skeletal muscle
mass index (SMMI): 11.6 (10.7—12.7) kg/m? —
in Cluster 1, 12.9 (10.3—15.5) kg/m?
in Cluster 2; p = 0.348.

These results suggest similar profiles for fluid
retention and muscle mass in patients with CHF
decompensation across these two clusters. Further
analysis is needed to explore differences in SCFA
levels and their potential implications.

Patients in Clusters 3 and 4 were in differ-
ent stages of CHF compensation, with more

compensated patients assigned to Cluster 3.
Extracellular fluid levels were significantly
lower in Cluster 3: 13.6 (12.6—14.8) liters vs.
16.6 (14.9—19.1) liters in Cluster 4; p = 0.000355.

Both clusters included patients with sarcopenia.
The median skeletal muscle mass index (SMMI)
was significantly lower in Cluster 3: 7.2 (6.6—
7.9) kg/m? vs. 8.7 (7.7-9.5) kg/m? in Cluster 4;
p = 0.00062. It indicated that more severe cases of
sarcopenia were observed in Cluster 3.

Only patients in Cluster 1 retained normal
muscle strength. Comparisons between Cluster
1 and the others showed statistically signif-
icant differences: p = 0.000632 — for Clusters
1 and 2, p = 0.000186 — for Clusters 1 and 3,
p = 0.00000206 — for Clusters 1 and 4.

However, muscle strength reduction among pa-
tients in Clusters 2, 3, and 4 did not show sta-
tistically significant differences: p = 0.288 — for
Clusters 2 and 3, p = 0.876 — for Clusters 2
and 4.

Patients in Cluster 3 exhibited more pro-
nounced muscle strength reduction compared to
Cluster 4 (p = 0.009), highlighting the greater
severity of sarcopenia and its impact on muscle
strength in Cluster 3.

Pairwise comparisons of SCFA levels among
the identified clusters were conducted (Fig. 2).
The results revealed the following patterns of in-
ter-cluster differences:

« Clusters 1 and 4 vs. Clusters 2 and 4:
Statistically significant differences were identified
in the levels of all studied SCFAs. Differences
between Clusters 2 and 4 were more pronounced
(p = 0.00001).

« Clusters 1 and 2 vs. Clusters 3 and 4:
Significant differences were observed in the levels
of iC4, C3, aC5, BC5, and C6. More substantial
differences were found between Clusters 3 and 4
(p = 0.00001). However, the levels of C4 and C5
did not show significant differences (p = 0.06).

This visualization provides a clear comparison
of the SCFA profiles across the clusters, high-
lighting the unique metabolic characteristics of
each group.

Figure 2 presents the results of statistical com-
parisons of SCFA levels between the four patient
clusters. Each column on the chart represents a
pairwise comparison between two clusters (e.g.,
“1 vs. 27, “1 vs. 37, etc.), and each row corre-
sponds to a specific SCFA (e.g., butyric acid, pen-
tanoic acid, etc.). Within each cell of the chart,
points indicate the p-value for the comparison of a
specific SCFA level between two clusters. The nu-
merical values adjacent to the points display the
precise p-values, reflecting the likelihood of error
in rejecting the null hypothesis (i.e., no difference
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Figure 2. Post-hoc analysis

Pucynox 2. AnoctepuopHbBIi aHAIN3

between groups). Green points indicate non-sig-
nificant results (p > 0.05), suggesting no statis-
tically significant differences in the SCFA levels
between the compared clusters. Red points denote
statistically significant results (p < 0.05), indi-
cating meaningful differences in the SCFA levels
between the clusters.

Discussion

Our findings demonstrate that the levels of short-
chain fatty acids (SCFAs) in the plasma of patients
with chronic heart failure (CHF) and sarcopenia
are significantly elevated compared to control val-
ues. This elevation may be attributed to compro-
mised intestinal barrier integrity. Increased intes-
tinal permeability in CHF patients, as reported
by A. Sandek et al. [10, 11], is associated with
intestinal wall hypoxia and edema, which lead to
enhanced permeability and elevated SCFA levels
in peripheral blood.

These alterations likely reflect a deterioration
of the intestinal barrier function, supported by the
high levels of butyrate and pentanoic acid observed
in the blood of these patients. This suggests a po-
tential link between intestinal barrier dysfunction
and metabolic disturbances in CHF, emphasizing
the role of SCFAs as possible biomarkers for disease
progression and gut permeability.

It is well-established that butyrate plays a cru-
cial role in maintaining intestinal barrier integrity

and exhibits anti-inflammatory properties [12].
Elevated plasma levels of butyrate may indicate
increased translocation through a compromised
intestinal wall, aligning with the observed barri-
er dysfunction in CHF patients with sarcopenia.
Additionally, high concentrations of pentanoic
acid are likely associated with increased intestinal
permeability and alterations in the gut microbiota.
These changes may contribute to disruptions in
metabolic processes and the progression of sarco-
penia [13, 14]. This suggests that both butyrate
and pentanoic acid could serve as markers of in-
testinal and metabolic disturbances in this patient
population, highlighting the interconnected roles
of gut health and systemic metabolic regulation.

The gut microbiota and its metabolites, includ-
ing SCFAs, play a critical role in the pathogenesis
of sarcopenia and CHF [15, 16]. Dysbiosis, par-
ticularly the reduction in beneficial bacteria and
an increase in opportunistic species, is associated
with decreased microbial diversity and a deteriora-
tion of metabolic status [17, 18]. Studies indicate
that changes in SCFA levels, such as butyrate and
propionate, may promote inflammatory processes,
leading to muscle loss and reduced physical ac-
tivity [19]. For example, J. Yin et al. [3] high-
lighted the significant role of inflammation in the
pathogenesis of sarcopenia, which aligns with our
findings.

A key aspect of our results is the heterogene-
ity observed among patients, as demonstrated by
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cluster analysis. The clusters exhibited distinct
SCFA profiles and clinical characteristics, poten-
tially reflecting different disease stages and em-
phasizing the need for individualized treatment
approaches. Patients in clusters with high levels
of butyrate and pentanoic acid are likely to ex-
perience more pronounced dysbiosis and inflam-
matory processes, necessitating targeted thera-
peutic strategies [15, 16].

Thus, our findings highlight the importance of
a comprehensive approach to the treatment of pa-
tients with CHF and sarcopenia. This approach
should include interventions aimed at correcting
gut microbiota composition and improving intes-
tinal barrier function to reduce SCFA levels and
minimize inflammatory processes. Further research
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