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In recent years, the prevalence of obesity in children has increased rapidly, resulting in insulin
resistance (IR) and metabolic dysfunction-associated steatotic liver disease (MASLD) being diagnosed
with increasing frequency. The main objective of this study was to evaluate the phospholipids and fatty
acids of erythrocyte cell membranes in overweight and obese children. Subsequently, patients with
MASLD and IR were selected. The structural properties of the erythrocyte membrane were determined
in the red blood cells using the gas-liquid chromatography method. This prospective analysis included
a cohort of 68 children, among whom IR was identified in 72.06% and MASLD in 57.35% of cases. No
significant differences in membrane lipid profile were observed between MASLD and non-MASLD
groups. Sphingomyelin (SM) polyunsaturated fatty acids (PUFA), SM n-6 PUFA, and SM n-6/n-3 PUFA
values were significantly higher in the group with IR. The group with homeostasis model assessment
of insulin resistance > 2.5 also had higher values of phosphatidylethanolamine (PE) PUFA, PE n-3

PUFA and PE n-6 PUFA. These findings suggest that insulin resistance may be associated with specific
changes in erythrocyte membrane lipid composition. Further studies on a larger group of patients are
needed to confirm this association.
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As the prevalence of obesity increases, metabolic dysfunction-associated steatotic liver disease (MASLD) is
observed to become the predominant liver disease among children. Based on previous studies, MASLD may
affect up to a quarter of the pediatric population. Moreover, disease progression to fibrosis/cirrhosis has also been
reported among children’?. Insulin resistance (IR) and lipotoxicity have been described as the most important
mechanisms involved in the pathogenesis of metabolic abnormalities and the development of MASLD?.

Currently, criteria for MASLD are based on the finding of cardiometabolic risk factors (excess body weight,
hyperglycemia, hypertension, hypertriglyceridemia or reduced high-density lipoprotein cholesterol (HDL-C))
and liver steatosis detected by imaging or biopsy*. Children and adolescents are a special group of patients,
as onset at a younger age can result in a more severe course of the disease®. Therefore, in the pediatric group,
prompt recognition and monitoring of disease progression is very important.

Excess body fat plays an important role in the development of IR. Patients with IR require higher
concentrations of insulin to maintain proper glucose uptake and utilization. Chronic persistence of high insulin
concentrations may serve a key role in the pathogenesis of metabolic disorders. IR has been found to play an
important role in the development of hepatic steatosis by participating in lipogenesis, impairing the inhibition
of lipolysis and stimulating the secretion of adipokines and other cytokines®. In addition, MASLD is considered
a hepatic manifestation of the metabolic syndrome’.
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Liver fat accumulation is a major process in MASLD, so assessment of lipid abnormalities is a very important
issue. Taking this into account, numerous studies have been conducted on serum lipid analysis of patients with
hepatic steatosis, both among children and adults®®. The lipid composition of erythrocyte cell membranes
(ECM) also deserves attention in the analysis of metabolic disorders. Cell membranes are composed of sterols,
fatty acids (FA), which form phospholipid fractions (phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI) and sphingomyelin (SM))*°. Studying the lipid composition
of the ECM provides additional information on the metabolic pathways involved in lipid metabolism and can be
used to investigate the relationship between patterns of fatty acids and phospholipids and disease occurrence or
progression. It should be noted that the FA composition of red blood cell (RBC) membranes is similar to that of
hepatocytes, containing saturated monounsaturated, w-6 and -3 polyunsaturated FAs'!. Moreover, erythrocytes
are the most abundant blood cells that can interact with various organs. Given these observations, analysis of the
lipid profile of ECM may be helpful in diagnosing and monitoring obesity-related diseases. Previous analyses
have observed changes in the erythrocyte lipid profile in obesity and obesity-related diseases such as type 2
diabetes and hypertension in adults'?>"'%. To date, no studies have been published on this topic among children
as well as adults with MASLD.

Therefore, the purpose of our study was to analyze the lipid profile of EMC of children and adolescents
meeting MASLD criteria compared to overweight and obese peers without liver pathology. Because of the
impact of IR on the development of MASLD, we aimed to evaluate the phospholipids and FA of EMC in relation
to with homeostasis model assessment of insulin resistance (HOMA-IR) values. Another focus of our study
was to determine the correlation of membrane lipid parameters with biochemical markers of liver damage,
carbohydrate metabolism and obesity.

Results

The prospective study included 39 (57.35%) children and adolescents diagnosed with MASLD and 29 (42.65%)
overweight/obese controls (non-MASLD). The demographic data and laboratory results of each group are
presented in Table 1. The parameters that were statistically higher in patients with MASLD were ALT, AST
(p<0.001), GGT activities (p=0.006) and UA concentration (p=0.02). While higher fasting glucose levels
(p=0.04) were observed in the group without MASLD, insulin and HOMA-IR values in both groups (p>0.05)
were comparable.

We observed no significant differences in the overall membrane lipid profile between the MASLD and non-
MASLD groups (p>0.05) (Table 2). Similarly, the analysis of total fatty acid concentrations in RBC membranes
showed no statistically significant differences depending on the diagnosis of MASLD (Table 1 Suppl.). However,
when examining individual FAs within specific lipid fractions, we found significantly higher levels of PE C18:3
(median: 3.68 vs. 4.91 pmol/mg of hemoglobin; p=0.03) and PI C14:0 (median: 2.52 vs. 2.90 pmol/mg of
hemoglobin; p=0.02) in the non-MASLD group (Tables 2, 3, 4, 5 and 6 Suppl.).

Table 3 shows the characteristics of patients according to the presence of IR as assessed by HOMA-IR. Forty-
nine (72.06%) children/adolescents had HOMA-RI higher than 2.5. Increased GGT (p=0.03), TG (p=0.01)
and UA (p=0.05) levels were noted in the IR group. On the other hand, elevated TC (p=0.02) and LDL-C
(p=0.005) levels were observed in the group with HOMA-IR <2.5. The incidence of MASLD was comparable in
both groups (p>0.05).

The lipid composition of erythrocyte membranes depending on HOMA-IR is shown in Table 4. The total
amounts of all analyzed phospholipids were comparable in both groups. However, it should be noted that the

Parameters MASLD (n=39) (median, Q1-Q3) | Non-MASLD (n=29) (median, Q1-Q3) | p

Age (years) 12 (11-14) 11 (9-13) NS
Male (n, %) 28 (73.68%) 19 (65.51%) NS
BMI SD 2.00 (1.80-2.31) 2.02 (1.61-2.32) NS
ALT (IU/L) 48 (27-70) 20 (14-28) <0.001
AST (IU/L) 32(28-43) 22 (10-24) <0.001
GGT (IU/L) 24 (16-29) 16 (13-21) 0.006
Total cholesterol (mg/dL) 160 (135-173) 151 (133-165) NS
HDL-cholesterol (mg/dL) 44 (35-51) 45 (40-51) NS
LDL-cholesterol (mg/dL) 104 (76-112) 97 (78-110) NS

TG (mg/dL) 100 (82-132) 86 (62-107) NS
UA (mg/dL) 5.8 (5.1-7.1) 5.0 (4.1-6.1) 0.02
Glucose (mg/dL) 85 (79-87) 87 (84-91) 0.04
Insulin (u[U/L) 18.27 (12.81-22.72) 16.16 (10.14-26.13) NS
HOMA-IR 3.89 (2.30-5.07) 3.8(2.1-5.4) NS

Table 1. Comparative characteristics of patients with and without MASLD. MASLD, Metabolic
dysfunction associated steatotic liver disease; BMI, Body mass index; SD, Standard deviation; ALT, Alanine
aminotransferase; AST, Aspartate aminotransferase; GGT, Gamma-glutamyltransferase; HDL, High-density
lipoprotein; LDL, Low-density lipoprotein; TG, Triglycerides; HOMA-IR, Homeostasis model assessment
score; UA, Uric acid; NS, Not significant.
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Parameters (pmol/mg of hemoglobin) | MASLD (n=39) (median, Q1-Q3) | Non-MASLD (n=29) (median, Q1-Q3) | p

SM total 2197.58 (2076.27-2365.52) 2185.85 (2048.86-2305.84) NS
SM SAT 1738.85 (1560.74-1835.54) 1708.85 (1571.06-1822.62) NS
SM MUFA 487.87 (418.80-525.54) 467.77 (429.68-505.58) NS
SM PUFA 8.78 (7.37-9.66) 8.87 (8.1-9.60) NS
SM n-3 PUFA 3.58 (3.38-4.55) 3.72 (3.43-4.12) NS
SM n-6 PUFA 4.54 (3.73-5.30) 5.04 (4.226-6.04) NS
SM n-6/n-3 PUFA 1.29 (1.00-1.63) 1.40 (1.18-1.61) NS
PC total 3967.31 (3066.41-4667.57) 3941.88 (3174.37-4763.28) NS
PC SAT 2199.00 (1795.04-2612.08) 227.17 (1977.89-2621.29) NS
PC MUFA 681.28 (593.04-802.98) 666.79 (606.25-779.21) NS
PC PUFA 987.73 (749.34-1295.76) 1056.00 (755.07-1252.02) NS
PC n-3 PUFA 74.23 (55.42-100.06) 81.87 (57.26-96.99) NS
PCn-6 PUFA 74.23 (55.42-100.06) 979.64 (695.60-1157.98) NS
PC n-6/n-3 PUFA 12.52 (10.90-14.26) 11.77 (10.86-13.46) NS
PI total 204.39 (174.53-229.23) 226.54 (203.66-257.95) NS
PISAT 142.59 (124.89-161.05) 157.09 (141.11-179.92) NS
PI MUFA 23.82(21.49-27.25) 26.22 (22.73-27.64) NS
PI PUFA 35.03 (25.75-41.63) 39.31 (26.51-48.65) NS
PIn-3 PUFA 2.79 (2.34-3.23) 2.90 (2.55-3.52) NS
PIn-6 PUFA 33.51 (23.41-37.07) 36.37 (23.82-45.14) NS
PI n-6/n-3 PUFA 10.07 (7.61-13.53) 11.99 (8.25-14.03) NS
PS total 1723.55 (1326.68-2009.89) 1601.70 (754.27-1854.86) NS
PS SAT 1071.80 (695.08-1212.34) 1022.89 (799.93-1195.03) NS
PS MUFA 119.08 (100.92-135.20) 116.59 (95.13-134.91) NS
PS PUFA 506.95 (300.48-586.39) 477.59 (360.58-562.57) NS
PS n-3 PUFA 124.78 (88.19-151.51) 113.09 (72.44-141.68) NS
PS n-6 PUFA 360.01 (232.25-452.15) 113.09 (72.44-141.68) NS
PS n-6/n-3 PUFA 3.01 (2.42-3.55) 358.49 (275.60-411.86) NS
PE total 2439.91 (1636.63-2755.06) 2621.18 (2277.16-2821.06) NS
PE SAT 922.53 (707.09-1049.65) 985.17 (836.38-1105.61) NS
PE MUFA 603.54 (426.92-699.66) 646.19 (520.61-754.87) NS
PE PUFA 832.92 (605.82-993.94) 827.99 (769.31-1018.19) NS
PE n-3 PUFA 143.10 (88.72-188.61) 143.25 (93.46-205.61) NS
PE n-6 PUFA 700.24 (476.69-808.97) 714.59 (617.34-840.33) NS
PE n-6/n-3 PUFA 4.48 (3.85-5.32) 4.87 (4.11-5.59) NS

Table 2. Lipid profiles in circulating erythrocyte membranes according to the MASLD diagnosis. PC,

Phosphatidylcholine; PI, Phosphatidylinositol; PE, Phosphatidylethanolamine; PS, Phosphatidylserine; SM,
Sphingomyelin; SAT, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty

acids; NS, Not significant.

Parameters HOMA-IR <2.5 (n=19) (median, Q1-Q3) | HOMA-IR >2.5 (n=49) (median, Q1-Q3) | p
Age (years) 11 (9-13) 12 (10-13) NS
Male (n, %) 15 (78.95%) 32 (66.67%) NS
BMI SD 2.00 (1.80-2.31) 2.01 (1.71-2.41) NS
MASLD (n, %) 11 (57.98%) 27 (56.25%) NS
ALT (IU/L) 27 (14-49) 31(20-51) NS
AST (IU/L) 28 (22-38) 25 (22-35) NS
GGT (IU/L) 16 (13-24) 22 (16-28) 0.03
Total cholesterol (mg/dL) | 165 (143-204) 149 (129-163) 0.02
HDL-cholesterol (mg/dL) 50 (39-62) 44 (38-50) NS
LDL-cholesterol (mg/dL) | 109 (98-145) 96 (74-106) 0.005
TG (mg/dL) 77 (54-98) 99 (81-134) 0.01
UA (mg/dL) 4.8 (4.1-7.0) 5.7 (5.0-7.0) 0.05
Table 3. Characterization of all overweight/obese patients based on HOMA-IR values.
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Parameters (pmol/mg of hemoglobin) | HOMA <2.5 (n=19) (median, Q1-Q3) | HOMA >2.5 (n=49) (median, Q1-Q3) | p
SM total 2185.85 (2053.07-2401.17) 2169.92 (2048.86-2305.84) NS
SM SAT 1702.34 (1571.06-1884.90) 1718.01 (1525.14-1801.19) NS
SM MUFA 431.45 (418.80-520.46) 487.87 (434.55-517.00) NS
SM PUFA 7.69 (6.39-9.01) 9.07 (7.95-10.03) 0.02
SM n-3 PUFA 3.78 (2.74-4.08) 3.63 (3.38-4.37) NS
SM n-6 PUFA 4.13 (3.49-4.78) 4.95 (4.19-6.19) 0.01
SM n-6/n-3 PUFA 1.17 (1.00-1.36) 1.38 (1.07-1.69) 0.02
PC total 3889.17 (2613.65-4844.38) 3941.88 (3113.68-4667.57) NS
PC SAT 2197.51 (1735.44-2635.13) 2200.16 (1808.32-2603.90) NS
PC MUFA 654.79 (569.03-820.83) 671.16 (606.25-802.98) NS
PC PUFA 1049.06 (546.27-1410.55) 1044.96 (755.07-1262.68) NS
PC n-3 PUFA 74.23 (59.46-106.99) 75.57 (55.42-99.90) NS
PCn-6 PUFA 967.18 (484.86-1294.09) 963.07 (699.46-1173.32) NS
PC n-6/n-3 PUFA 12.01 (10.90-14.07) 12.19 (11.04-14.02) NS
PI total 189.51 (167.86-252.52) 210.62 (186.13-228.39) NS
PISAT 142.09 (124.41-170.96) 149.15 (133.11-162.15) NS
PI MUFA 25.71 (21.55-28.56) 23.51 (22.04-26.85) NS
PI PUFA 36.81 (12.64-52.99) 37.97 (25.79-42.82) NS
PIn-3 PUFA 291 (2.25-3.61) 2.83 (2.50-3.23) NS
PIn-6 PUFA 34.05 (10.35-49.66) 34.88 (23.48-40.03) NS
PI n-6/n-3 PUFA 9.79 (4.65-1353) 11.48 (7.78-13.92) NS
PS total 1791.80 (1030.02-1930.50) 1630 (1324.39-1986.84) NS
PS SAT 1062.91 (549.93-1195.03) 1058.96 (840.17-1212.34) NS
PS MUFA 119.81 (94.12-138.03) 114.93 (100.31-134.49) NS
PS PUFA 498.17 (89.40-555.83) 490.35 (329.14-591.93) NS
PS n-3 PUFA 111.00 (40.09-142.75) 123.25 (84.98-150.13) NS
PS n-6 PUFA 365.74 (68.63-431.21) 353.36 (232.89-452.85) NS
PS n-6/n-3 PUFA 2.83(2.37-3.44) 3.17 (2.50-3.61) NS
PE total 2275.79 (997.60-2681.43) 2586.40 (2144.71-2830.99) NS
PE SAT 905.83 (536.74-1106.35) 947.13 (822.70-1051.42) NS
PE MUFA 601.34 (378.49-754.87) 626.58 (520.61-710.83) NS
PE PUFA 780.90 (151.39-852.43) 904.27 (715.22-1065.67) 0.008
PE n-3 PUFA 119.94 (25.81-135.63) 160.28 (103.43-208.34) 0.006
PE n-6 PUFA 654.08 (125.58-729.15) 750.79 (611.79-852.43) 0.02
PE n-6/n-3 PUFA 4.87 (4.22-5.96) 4.75 (3.85-5.29) NS

Table 4. Lipid profiles in circulating erythrocyte membranes according to HOMA-IR levels. PC,
Phosphatidylcholine; PI, Phosphatidylinositol; PE, Phosphatidylethanolamine; PS, Phosphatidylserine; SM,

Sphingomyelin; SAT, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty

acids.

values of SM polyunsaturated fatty acids (PUFA) (p=0.02), SM n-6 PUFA (p=0.01), and the SM n-6/n-3 PUFA
ratio (p=0.02) were significantly higher in the IR group. The group with HOMA-IR > 2.5 also had higher levels
of PE PUFA (p=0.008), PE n-3 PUFA (p=0.006), and PE n-6 PUFA (p=0.02). Moreover, individual fatty acids
such as SM 18:2 (median: 2.11 vs. 1.60 pmol/mg of hemoglobin; p =0.009), PE 20:4 (560.42 vs. 459.63 pmol/mg
of hemoglobin; p=0.005) and PE 22:6 (132.88 vs. 90.25 pmol/mg of hemoglobin; p=0.003) were significantly
elevated in the group with HOMA-IR > 2.5 group (Tables 2, 3, 4, 5 and 6 Suppl.). Despite these differences, the
overall FA profile remained comparable between the groups with HOMA-IR>2.5 and HOMA-IR < 2.5 (Table 1

Suppl.).

In order to investigate possible relationships between BMI, biochemical parameters and RBC lipid profile,
Spearman’s rank correlation was performed in the whole group (n=68). Only those phospholipids and fatty acids
that had significantly different values according to the presence of IR (Table 4) were included in the correlation
analysis. Positive correlations were observed between all analyzed phospholipids and HOMA-IR. What is more,
the following significant correlations of SMn-6/n-3 PUFA and AST the same as PE n-6 PUFA and TC were
noted, significant correlations with PE PUFA were found for LDL-C and UA; and significant correlations for n-3

PUFA were determined for GGT and UA. The correlations are summarized in Table 5.
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SM PUFA (R) | SM n-6 PUFA (R) | SM n-6/n-3 PUFA (R) | PE PUFA (R) | PE n-3 PUFA (R) | PE n-6 PUFA (R)

ALT -0.06 -0.14 -0.14 -0.06 0.02 0.08
AST -0.15 -0.24 -0.26* -0.06 -0.02 -0.08
GGT 0.06 0.03 0.05 0.23 0.29% 0.19
Total cholesterol | —0.22 -0.17 -0.02 -0.024 -0.06 -0.27*
HDL-cholesterol | —0.03 -0.01 -0.01 0.01 —-0.02 -0.01
LDL-cholesterol | —0.21 -0.14 0.05 —-0.26* -0.05 —-0.29,0.02
TG -0.01 -0.01 0.05 -0.01 0.07 -0.04

UA 0.21 0.19 0.23 0.25 0.30% 0.24

BMI SD 0.06 —-0.02 -0.05 -0.14 -0.17 -0.12
HOMA-IR 0.31* 0.31* 0.27* 0.33** 0.28* 0.31*

Table 5. Correlation of membrane lipid profile with clinical and laboratory data in overweight/obese patients.
The significant correlations are marked as: *p <0.05; **p <0.01. MASLD, Metabolic dysfunction associated
steatotic liver disease; BMI, Body mass index; SD, Standard deviation; ALT, Alanine aminotransferase; AST,
Aspartate aminotransferase; GGT, Gamma-glutamyltransferase; HDL, High-density lipoprotein; LDL, Low-
density lipoprotein; TG, Triglycerides; HOMA-IR, Homeostasis model assessment score; UA, Uric acid; PE,
Phosphatidylethanolamine; SM, Sphingomyelin; PUFA, Polyunsaturated fatty acids.

Discussion

Despite the growing body of data on adult obesity, relatively fewer studies have been conducted on child and
adolescent populations. Therefore, we decided to examine the lipid profile of ECM in overweight/obese children
and adolescents in relation to clinical and laboratory data. Single studies on the composition of FAs of ECM
have been conducted in pediatric patients'>~!3. One study evaluated only the total phospholipid composition,
without distinguishing between individual phospholipid fractions (i.e., SM, PC, PE, P1I, PS)'. To the best of our
knowledge, no study has yet comprehensively evaluated the lipid profile of ECM in both adults and children with
MASLD as well as IR. In our analysis, we assessed not only the phospholipid fractions, but also the individual
fatty acids within each fraction. We divided the study group into two subgroups. The first group consisted of
children with MASLD, and the second group consisted of children with IR assessed by HOMA-IR values. The
lipid profile of ECMs was comparable between the MASLD and non-MASLD groups. However, significant
differences were observed between patients depending on the presence of IR. Higher values of SM PUFA, SM n-6
PUFA, SM n-6/n-3 PUFA, as well as PE, PE n-3 PUFA, and PE n-6 PUFA were found in the group with HOMA-
IR values > 2.5. The results may indicate the contribution of individual fatty acids, as well as phospholipids, to the
presence of IR in children, which is a key factor in the development of metabolic disorders.

The molecular mechanisms underlying metabolic dysfunction and the development of IR remain still
unclear. A recently published study using a targeted phospholipidomic approach observed that an increase in
PE PUFA was a major feature of plasma phospholipid abnormalities associated with IR in adults?®. Although
our study focused on individuals younger than 18 years of age, we made similar observations. In another study,
the author observed that among adults who were overweight but without diabetes, plasma insulin levels, as well
as the presence of IR, were positively correlated with SM and PE content in the ECM. Moreover, multivariate
regression analysis showed that PE and SM were independent predictors of insulin concentration and HOMA-
IR values in both lean and obese subjects?!. In contrast, in a study conducted on 9 adults with a BMI of 19.2-
30.5 kg/m?, PC, but not PE, of skeletal muscle membranes was found to be of particular importance for the
occurrence of IR. After administration of nicotinic acid (an inducer of IR), there was an increase in insulin levels,
a decrease in peripheral insulin sensitivity, accompanied by a significant increase in PC and a decrease in n-3 FAs
and PUFA?2, Lee et al.?%, observed that an important determinant of IR is an increased PC:PE ratio in skeletal
muscle. The PC:PE ratio in skeletal muscle also correlated with intracellular lipid droplets, Ca2+ -ATP-ase of the
endoplasmic reticulum, mRNA of oxidative enzymes and insulin receptors in the plasma membrane, suggesting
a complex role for PC and PE in the development of IR. Based on our study and the results of the studies
described above, we can conclude that changes in lipid levels are associated with IR, but there is no evidence to
determine whether they are a cause or a consequence of metabolic abnormalities, thus it should be elucidated
in further studies. In particular, the observed higher levels of PE n 3 PUFA in the IR group remain difficult to
explain definitively. One possible explanation may be a compensatory mechanism, in which the body increases
the incorporation of n 3 PUFA into membrane phospholipids (such as PE) as a protective response to metabolic
stress and inflammation. This is supported by the known anti-inflammatory effects of n 3 PUFA, including the
inhibition of NLRP3 inflammasome activation and the reduction of IL 1B secretion, which may enhance insulin
sensitivity in the liver and adipose tissue?*. However, further studies are needed to confirm these mechanisms.

There is also interest in evaluating the FA profile of ECMs in childhood obesity. Jauregibeitia et al.!?, observed
that membrane FA composition changed with age. Obese children had higher levels of n-6 FA and lower values of
n-3 FA compared to adults, which may be related to the utilization of n-3 FA for the synthesis of cell membranes
of the growing body. In our study, the two patient cohorts analyzed (with and without MASLD and with normal
and abnormal HOMA-IR values) did not differ significantly in terms of age, which excludes the influence of
age on our results. Another study noted that the FA profile of RBC membranes is also affected by BMI. Obese
children had higher levels of n-6 PUFA and lower levels of MUFA compared to normal-weight peers!>. Another
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study involving obese pediatric patients observed that metabolically healthy obese participants had a different
FA composition of membranes than obese children with complications. The differences were mainly related
to lower n-6 FA and n-6/n-3 FA values in the group without obesity-related complications'®. It is well known
that mediators derived from n-6 PUFA have been described in the literature as exacerbating inflammation,
while obesity is considered a chronic inflammatory condition?. Our study included only obese children and
adolescents, but interestingly, the group with abnormal HOMA-IR values had higher PE n-6 PUFA, PE n-6
PUFA and PE n-3 PUFA.

We did not observe differences in the composition of the membrane lipid profile in obese children and
adolescents depending on the diagnosis of MASLD. Studies addressing this issue in children and adults are
scarce. Bonafini et al.'¥, analyzing children with obesity, found an inverse correlation of n-6 PUFA of ECM with
the hepatic steatosis index (calculated from BMI, waist circumference, TG, and GGT) and ALT. This study did not
evaluate FA composition in relation to the presence of hepatic steatosis on imaging studies and the correlation of
liver parameters with membrane FA. Therefore, it is difficult to compare the results of this study with our results.
On the other hand, in a study involving adult patients with non-alcoholic fatty liver disease (NAFLD), there were
no significant differences in membrane FA composition (i.e., PUFA, MUFA, and SFA) according to the degree
of hepatic steatosis assessed by elastography. However, it was observed that severe NAFLD was associated with a
significant decrease in saturation index, which was calculated as the ratio of stearic acid to oleic acid®®. Another
study involving adults with NAFLD found that after 6 months on an individualized diet, hepatic steatosis was
less severe, ALT and AST values decreased, and ECM lipid composition changed. After dietary restriction, there
was an increase in PUFA and a decrease in SFA in erythrocyte membranes?. Further studies are needed to
determine whether the composition and FA changes of RBC can be a determinant of the severity of liver damage,
as well as its progression to metabolic dysfunction-associated steatohepatitis (MASH).

Our study has several potential limitations. First, the number of patients was relatively small to draw firm
conclusions. In addition, our study did not analyze participants’ dietary habits and physical activity, which
could also have affected our results. Another limitation of the study was the lack of assessment of patients using
the Tanner scale, a clinical tool used to determine pubertal stage. We should also mention the strength of our
research. This is the first study in patients with MASLD and IR to examine the ECM lipid profile. The novelty of
these results is a major strength of our study and may be a prelude to further analysis in this age group. It should
also be noted that the patients included in our study did not have other metabolic complications of obesity, such
as type 2 diabetes or hypertension, which excludes the influence of other diseases. Another strength of our study
is that we assessed not only membrane lipid concentrations, but also analyzed associations between their levels
and multiple clinical and biochemical parameters in children and adolescents with MASLD and IR.

Conclusion

In our study, we found differences in phospholipid profile, as well as FA composition in relation to IR. Surprisingly,
the lipid profile of erythrocyte membranes of MALSD patients was not significantly different compared to obese
peers without coexisting liver disease. Further studies on a larger group of patients are needed to determine the
exact role of membrane lipids in the pathogenesis of IR and to confirm the usefulness of the ECM lipid profile in
detecting and monitoring patients with IR.

Material and methods

The study group

The prospective study included overweight or obese patients admitted to our department with suspected liver
disease based on hepatomegaly or elevated liver enzymes or features of hepatic steatosis on ultrasound. According
to the latest guidelines®?%, patients were divided into two groups (MASLD and non-MASLD) based on laboratory
and ultrasound findings. Hepatic steatosis was diagnosed by abdominal ultrasonography. Subsequently, study
participants were divided according to their HOMA-IR value (a value above 2.5 was considered IR?*3!, Patients
classified as non-MASLD had simple obesity, without other obesity-related comorbidities. Individuals with type
2 diabetes mellitus, arterial hypertension, obstructive sleep apnea, or any other condition beyond those listed as
exclusion criteria—such as infectious hepatitis (A, B, C), infectious mononucleosis, autoimmune hepatitis and
selected metabolic liver diseases (including Wilson’s disease, alpha-1-antitrypsin deficiency, and cystic fibrosis)
were not included in the study. Patients using medications affecting blood pressure, lipid or carbohydrate
metabolism, or consuming alcohol were also excluded.

All participants underwent a detailed medical history and physical examination with anthropometric
measurements barefoot and wearing minimal clothing. Body mass index (BMI) was calculated by dividing
weight (kg) by height squared (m?). Children were classified by BMI, using a pediatric age- and gender-specific
z-score, as overweight (standard deviation (SD) score> 1) and obese (SD score >2).

Written informed consent was obtained from the parents of all study participants, as well as from the patient
if the participant was over the age of 13. The protocol was approved by the local bioethics committee (Medical
University of Bialystok) before patient recruitment, and the study complied with the Helsinki Accords (approval
number: R—002/384/2019).

Collection of samples for analysis

Blood samples were taken from all participants after a 10 h overnight fast. Two blood samples of approximately
2.7 ml each were collected. The first blood sample was used to assess membrane lipids (described below), while
the second blood sample was used to measure biochemical parameters including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), gamma glutamyltransferase (GGT), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), glucose,
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insulin and uric acid (UA). IR was assessed by HOMA-IR using the following formula: HOMA-IR = fasting
insulin (pU/ml) x fasting plasma glucose (mmol/L)/22.5.

Red blood cells’ fatty acids and phospholipid measurements

The contents of different subclasses of phospholipid fraction (i.e., PC, PE, PI, PS, and SM) were determined in
the red blood cells using the gas-liquid chromatography (GLC) method. In brief, erythrocytes were separated
from plasma and other formed elements. Then, the red blood cells in the volume of 200 pl underwent extraction
of lipids in a chloroform-methanol mixture (2:1, v/v). After overnight incubation, water was added to the
mixture, and samples were centrifuged (10 min, 3000 rpm). Next, the lower organic layer was collected, and the
total PL along with PC, PE, PI, PS, and SM subclasses were separated using thin-layer chromatography (TLC) on
silica gel glass plates (Silica Plate 60, 0.25mm; Merck, Darmstadt, Germany) in a chamber containing resolving
solution (chloroform/ methanol/acetic acid/water (50:37.5:3.5:2, v/v/v/v)). The above-mentioned lipid fractions
were visualized under UV light, and corresponding gel bands were scrapped and collected. Later, to each sample
internal standard was added, and thereafter, the procedure of transmethylation was performed using a 14%
boron trifluoride-methanol solution with subsequent incubation at 100 °C for 30 min (PC, PE, PI, and PS
fractions) or 90 min (SM fraction). After incubation, pentane was used to extract the fatty acid methyl esters and
then evaporated under a steady stream of nitrogen gas. The last stage included dissolving the samples in 50 pl of
hexane and analyzing with Hewlett-Packard 5890 Series II gas chromatograph, HP-INNOWax capillary column.
The individual fatty acid methyl esters were identified and quantified using Agilent Technologies ChemStation
software (version Rev. A.09.03) based on retention times and standard curves, respectively. The total contents
of PC, PE, PI, PS, and SM subclasses were evaluated as the sum of individual fatty acids, i.e., myristic acid
(C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid
(C18:2), arachidic acid (C20:0), linolenic acid (C18:3), behenic acid (C22:0), arachidonic acid (C20:4), lignoceric
acid (C24:0), eicosapentaenoic acid (C20:5), nervonic acid (C24:1), and docosahexaenoic acid (C22:6). The
results were expressed as picomoles per milligram of hemoglobin (pmol/mg). In addition, in the examined
phospholipid fractions, we calculated the total content of saturated fatty acids (SFAs; as the sum of C14:0, C16:0,
C18:0, C20:0, C22:0, and C24:0), monounsaturated fatty acids (MUFAs; as the sum of C16:1, C18:1, and C24:1),
polyunsaturated fatty acids (PUFAs; as the sum of C18:2, C18:3, C20:4, C20:5, and C22:6), n-3 PUFA (as the sum
of C18:3, C20:5, and C22:6), and n-6 PUFA (as the sum of C18:2 and C20:4).

Statistical analysis
Statistical tests and calculations were performed using STATISTICA software. Continuous variables were
summarized as median and quartiles (Q1-Q3) and compared using the Mann-Whitney U test; categorical
variables were presented as number and percentage and compared using the Chi-square test. For the analysis of
correlations between parameters, the Spearman’s rank correlation coeflicient was applied. Statistical significance
level was set at p < 0.05.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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