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Cardiometabolic risk factors are
affected by interaction between
FADS1 rs174556 variant and
dietary vegetable oils in patients
with diabetes: a randomized
controlled trial
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FADS1 rs174556 polymorphism influences on dietary fats metabolism and type 2 diabetes (T2DM).
This study aimed to compare the effect of three oils of sesame, canola and sesame-canola on cardio
metabolic factors across genotypes of rs174556 variant in patients with type 2 of diabetes. This study
was a randomized triple-blind three-way cross-over clinical trial. 95 Subjects with T2DM replaced
their regular dietary oil with sesame oil, canola oil, or sesame-canola oil for three 9-week phases

and completed the study. There were three anthropometric measurements, blood sampling and
biochemical assessments at the beginning, middle, and at the end of each phase for assessments.
Genotyping was conducted using the polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) method. In the crude model, there was an interaction between consumed
oils and rs174556 variant on serum concentration of Apolipoprotein A-1 (ApoA-1). During intake of
sesame oil, lower levels of triglycerides (TG) were observed in individuals with TT genotype compared
to C allele carriers’ allele, which remained significant in adjusted models. Compared to C allele carrier’s,
the people with TT genotype experienced significant increase and decrease in serum levels of HDL
and TG, respectively in adjusted models. Also, the subjects who consumed sesame-canola oil had
lower serum concentrations of fasting blood glucose than those who received sesame and canola oils,
regardless of used oils and genotypes. FADS1 Gene variant (rs174556) might modify cardiometabolic
changes following dietary vegetable oils. Larger longitudinal studies especially randomized clinical
trials are needed to clarify these associations.
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Type 2 diabetes (T2DM) is a growing global health challenge that needs effective management!?. Modifiable
environmental factors and various biomarkers are involved in T2DM>*. Diets have been shown associated
with metabolic condition related to T2DM?, and nutritional interventions can play a key role in reducing the
complications of T2DM®’. Dietary fats which consist of fatty acids can influence on lipid profile and glycemic
levels as evidenced by previous studies®®. Several reports studies have suggested that unsaturated fatty acids
(UFAs), which include mono- (MUFAs) and polyunsaturated fatty acids (PUFAs), are better alternatives than
saturated fatty acids (SFAs)10-14.

Plant-based oils, such as canola oil and sesame oil, are rich in UFAs, including MUFA (oleic acid), PUFAs
(alpha-linolenic acid, linoleic acid), and antioxidants!*>!®. These have been shown to improve cardio metabolic
markers!”18; however, some other studies have reported conflicting results'*-2.

Evidence has shown that genetic variants, such as single nucleotide polymorphisms (SNPs), can interact with
dietary factors and influence on metabolic markers differently in subjects?>**. The FADS1 gene, which encodes
the enzyme delta-5 desaturase (D5D), is located on the long arm of chromosome 11 (11q12-13.1). It has a
SNP at position rs174556 in its promoter region, which changed the major allele G to the minor allele T**-%.
Subjects with T allele have shown lower levels of long chain fatty acids including Eicosapentaenoic acid (EPA),
Docosahexaenoic acid (DHA) and arachidonic acid (AA) than those with the G allele?”3, this may increase
their risk of coronary heart disease (CHD)%. Previous studies reported an interaction between the T allele and
n-3 fatty acid supplementation on glucose homeostasis®® and serum lipid and lipoprotein levels?®3L.

Since rs174556 SNP and edible vegetable oils play a role in lipid metabolism and glycemic parameters, their
interaction may influence on risk factors of cardiovascular diseases (CVDs). To our knowledge, no previous
studies have investigated the interaction between vegetable oils (sesame, sesame-canola, and canola) and the
rs174556 variant on metabolic outcomes, hence this study aimed to examine how this interaction can influences
on biochemical biomarkers, such as glycemic indices and serum lipid and lipoproteins concentration, in patients
with T2DM.

Method and material

Participants

Present study that compared the effects of sesame, canola, and sesame-canola oils on cardio metabolic biomarkers
in patients with T2DM, used data from a three-way cross-over clinical trial. The detailed methodology is reported
in another publication®.

All participants provided written informed consent before enrollment in the study. This trial was registered
in the Iranian Registry of Clinical Trials (registration ID: IRCT2016091312571N6; in date 14/11/2016) and
approved by the ethics committee of Shahid Sadoughi University of Medical Sciences, Yazd, Iran (IR.SSU.SPH.
REC.1399.120). All methods were carried out in accordance with relevant guidelines and regulations.

In total, 102 diabetic patients were recruited from the Yazd Diabetes Research Center and included in trail
based on the following criteria; 1) having a history of type 2 diabetes for at least six months (fasting blood sugar
(FBS) > 126 mg/dL or HbAlc>6.5%, 2) taking oral anti-glycemic medications, 3) being between 18 and 60 years
old. Exclusion criteria were; 1) history of CVDs (coronary artery disease (CAD), stroke, congestive heart disease
(CHD), and coronary artery bypass grafting (CABG), cancer, kidney diseases, liver diseases, 2) insulin therapy
or changing oral drug therapy to insulin, 3) adherence to a special diet 4) changes in the dosage or type of
medications affect the lipid profile within the previous three months, 5) pregnancy.

Sampling size

The sample size was determined by a formula for cross-over studies®?, assuming the type one error of 5%, power
of 90% and FBS as the key variable resulting a total of n=34 participants. The formula was as follows: n=[(z
1-a/2+z 1-B)? * s?]/2A%. However, in total considered a sample size of n=100 with probability of high rate of
attrition.

Method of intervention

Initially, participants underwent a four-week run-in period, which they replaced their usual cooking oils with
sunflower oil, they completed three 9-week intervention periods with sesame oil, canola oil, and sesame-canola
oil (a blend of sesame oil (40%) and canola oil (60%)]), separated by 4-week washout periods. The participants
used sunflower oil instead of their regular cooking oils during washout periods. A person who was unaware of the
study protocol labeled the oil packs was similar by three codes (S, B, and G). Specific methods for randomization,
allocation concealment, and blinding described in the published protocol®.

Dietary intake and physical activity

The participants recorded 3-day weighed food and a 3-day physical activity record (2 weekdays and 1 weekend
day) at the start, middle, and end of each 9-week intervention phase. Food record trained by nutritionists and
also required tools given to subjects. The daily intake of energy and nutrients calculated using Nutritionist IV
software (version 3.5.2, Axxya Systems, Redmond, Washington, USA), modified for Iranian foods. Physical
activities were converted metabolic equivalent (MET)-min/day.

Anthropometric and blood pressure measurements

Anthropometric parameters measured at the run in period and then at the beginning, middle, and end each
treatment phase by nutritionists. They weighed on a digital scale (Omron, Japan, model: BF51) that had an
accuracy of 100 g while stepped on the scale without shoes and had light clothes. Height measured using a
wall-fixed tape that had an accuracy of 0.1 cm. Body mass index (BMI) calculated by dividing weight (kg)
to height squared (m?). As well, waist to hip ratio (WHR) calculated by dividing the waist circumference by
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hip circumference. Visceral fat, body fat percentage, and lean mass were evaluated using a body composition
analyzer (model BF51, Omron, Japan).

Blood pressure (BP) measured three times in each visit using a sphygmomanometer (Riester, model:
Diplomat-presameter), after five minutes of rest in the sitting position, for the right arm with at least one-minute
interval.

Laboratory

Venous blood samples collected from participants at the start and end of each intervention, after they had fasted
for 10-12 h. The samples were stored at -80°C until analysis. An auto-analyzer (Alphaclassic, model: ATpp)
measured the blood levels of lipids, lipoproteins, Apolipoproteins, lipoprotein (a) [Lp (a)], fasting blood glucose
(FBG), insulin and liver enzymes [alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and gammaglutamyltransferase (GGT)] using Pars Azmun kits (Pars Azmun Co., Iran).
The researchers used enzyme-linked immunoassay (ELISA) kits (Monobind, Inc., Lake Forest, CA, USA) to
measure the fasting serum insulin concentrations. They calculated the hemostatic model assessment of insulin
resistance (HOMA-IR) using suggested formulas®.

DNA extraction and genotyping

The DNJia Blood Kit based on silica technology (Roje Technologies Inc, Iran) used to extract genomic DNA
from 250 pL of whole blood samples. PCR-RFLP method used to identify the rs174556 SNP genotypes. As
a 153 base pair (bp) fragment amplified by PCR. The PCR mixture was provided in a total volume of 20 uL
containing; 2 uL of genomic DNA, 10 puL of Master Mix (Ampliqon, Denmark), 6 pL of water and 1 uL of each
oligonucleotide primer (forward: AAG CAG GGA CCT CAA GAC and reverse: AGC CCACCA AGA ATG
TAA ). DNA was denatured at 94 °C for 5 min; this was followed by 40 cycles of amplification at 95 °C for 30 s,
annealing at 52 °C for 30 s, extension at 72 °C for 30 s, and ended with a final extension at 72 °C for 5 min. The
PCR products were digested with 1 L of the restriction endonuclease enzyme Mbol (Fermentase) in a total
volume of 20 pL after incubation at 37 °C overnight. The digested DNA fragments (8 pL) were loaded on 3%
agarose gel (SinaClon, Iran) and subjected to electrophoresis for 2 h at 19-24 V, and were finally visualized by an
ultraviolet transilluminator. The TT genotype had two bands of 97 and 56 bp, and the CC was characterized by
one fragment of 153 bp in length and TC had 97, 56 and 153 bp.

Statistical analysis

Kolmogorov-Smirnov test used if the data followed a normal distribution. Analysis of covariance (ANCOVA)
used to evaluate the mean values of the initial variables among different genotypes of the rs174556 polymorphism
in both unadjusted and adjusted models. Linear mixed models used to compare the changes in lipid profile
and glycemic indices in comparisons of the within-between periods of intervention and genotypes. Interaction
between edible oils and rs174556 SNP on lipid profile and glycemic index examined by linear mixed models.
Crude model and adjusted for age, gender, baseline BMI, and oil consumption, changes in energy intake and
physical activity was done in each period. Data were reported as mean =+ standard error (SE). Statistical analysis
was performed using IBM SPSS (version 20, IBM Corporation, USA). A p-value of less than 0.05 was used as the
criterion for statistical significance in all analyses.

Results
Out of 102 patients with T2DM, 94 (48 female and 46 male) followed the study protocol and entered the final
analysis. Figure 1 shows the flow diagram of the participants’ attendance in the trial. The genotype frequency of
FADSI rs174556 variant was for CC 59.57% (n=56), for CT 23.40% (n=22), and for TT 17.02% (n=16). There
was no significant difference in the mean age or gender distribution of subjects across rs174556 genotypes.
General characteristics of study participants including (demographic, anthropometric, and biochemical
parameters) across genotypes of rs174556 variant were presented in Table 1. In the unadjusted model, TG and
ALT levels were significantly different among the rs174556 genotypes (P =0.02) and (P=0.03), respectively. So
that, TT carriers had higher levels of TG and ALT compared with other genotypes. No significant difference
showed in levels of the other variables by the rs174556 genotypes (P> 0.05). Age- and gender-adjusted analyses
showed no significant difference in the studied indices across rs174556 genotypes, except for ALT and AST
levels, which were significantly higher in TT subjects than in other genotypes (P =0.04 for both).

The effect of dietary oils on glycemic indices, lipid profile and Apolipoproteins in patients
with T2DM according to the rs174556 FADS1 genotypes

In the crude model, neither the consumed oils nor the genotypes had an independent effect on the studied
outcomes (P >0.05), but their interaction significantly affected on ApoA-1 levels (P =0.04). In unadjusted model
and after controlling possible confounders (age, gender, average oil intake, baseline BMI, changes in energy
intake and physical activity in each period), intra-period analyses showed no significant difference in any of the
outcomes across different genotypes in all oil consumption periods. Moreover, inter-period analyses revealed no
independent or interaction effects of intervention oils and genotype on any of the outcomes (P > 0.05), as shown
in Tables 2, 3.

In crude model, within-period analysis showed, the TT genotype was associated with lower TG levels
than those carrying C allele consuming sesame oil, which it remained significant after adjusting for potential
confounders including age, gender, average oil intake, baseline BMI, changes energy intake and physical activity
in each period. Between-period analysis in adjusted model diagnosed that subjects with TT genotype compared
with carrier’s allele C had a significant increase in levels of HDL (0.02) and also significantly had a decrease in
levels of TG (0.04), other outcomes were not affected by the type of analysis in the models, nor their interaction,
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Fig. 1. The flow diagram of the attendance of study participants. CVD, cardiovascular disease; CO, canola oil;
SO, sesame oil; SCO, sesame-canola oil.

as indicated in Table 4. The between-period analysis showed that the subjects who consumed sesame-canola oil
had lower levels of FBS than those who consumed sesame or canola oils, regardless of their genotypes (P =0.04).
The intra-period analyses in both crude and adjusted models showed no significant differences in any of the
outcomes between the T allele carriers and the CC genotype in all periods of oils consumption. Other outcomes
were not affected by the type of analysis in models, nor their interaction, as presented in Table 5.

Discussion

Differences between the three triglyceride polymorphisms were observed only in the crude model. However,
this significance was lost when adjusting for sex and age, indicating that the interaction between the rs174556
genotypes, and age as well as sex can influence on plasma TG concentration. We found the intervened oils and
rs174556 genotypes did not affect independently on metabolic indices; however, their interaction was significant
on the Apo-Al levels only in the unadjusted model. In the adjusted model, people with TT genotype compared
with carrier’s allele C had a significant increase in levels of HDL and significantly a decreased level in TG while it
observed independent of intervened oils. Moreover, TT genotype was associated with lower TG levels than those
carrying C allele consuming sesame oil in both unadjusted and adjusted models. Subjects intervened by sesame-
canola oil compared to other oils studied had significantly a decreased levels of FBG; of course, this finding was
independent of genotypes.

A review study showed canola oil in comparison with olive and sunflower oils, can reduce FBS, serum
lipid levels and lipoproteins ratio®. A clinical trial showed people with T2DM that intervened by sesame oil,
compared with the control group had a decreased levels of FBS and HbA1C but increased levels of insulin®, As
sohouli et al. also indicated positive effects of sesame products on FBG and HA1C levels’. These differences may
be related to the fatty acids profile used in the oils of the studies, as in our study, the sesame-canola oil compared
to sesame or canola oils contained in different amounts of MUFA and PUFA.

In line with results of this study, a meta-analysis showed replacing SFA with PUFA lead to a favorable results
in blood sugar, insulin resistance and insulin secretion capacity, while it shown less favorable changes on HbAlc
and HOMA-IR levels by replacing with MUFAs!?. 1t is possible that PUFAs by increasing membrane fluidity and
insulin sensitivity reduce the risk of T2DM. In addition, sesame-canola oil contains MUFA, which may enhance
the effects of PUFA on fasting insulin levels and insulin sensitivity®®. Although, the exact mechanism is still
unknown. Possibly, in the present study effect of canola oil or sesame on the increase of FBG, could be attributed
to increased consumption of the PUFA and decreased of the MUFA that may increase pro-inflammatory markers
such as prostaglandin E2 and leukotriene B4 and decrease anti-inflammatory markers including resolvins,
docosatrins and proteins that is related to impaired glucose tolerance and insulin resistance'®. However, the role
of rs174556 alleles in the FADS1 gene in the observed associations remains unclear.

Khalesi et al.!® Showed sesame oil can reduce levels of the TG but had no significant change on TC, LDL-C,
and HDL-C levels. Another study® found daily intake of sesame oil to decrease serum levels of TC, LDL-C and
TG. The evidence suggests that this effect may be mediated by inhibiting of the cholesterol intestinal absorption
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Model Crude Model adjusted
Variables FADS1 rs174556 P-value* | FADS1 rs174556 P-value*
CcC CT TT CcC CT TT
N/ Female 56/30 22/11 16/7 0.913 56/30 22/11 16/7 0.913
Age, year 49.86(0.897) | 49.90(1.44) 45.80(1.74) 0.108 49.87(0.899) | 49.89(1.44) 45.75(1.75) 0.103
Weight, kg 75.23(1.84) 78.15(2.96) 79.90(3.59) 0.439 75.92(1.53) | 78.54(2.46) 76.72(3.04) 0.666
BMI, kg/m? 28.52(0.502) | 29.31(0.80) 29.55(0.97) 0.531 28.60(0.49) | 29.41(0.78) 29.10(0.97) 0.661
WC, cm 100.21(1.21) | 102.61(1.96) | 101.66(2.37) | 0.558 100.46(1.19) | 102.82(1.91) | 100.39(2.36) | 0.556
Visceral fat, % 10.41(0.478) | 10.97(0.770) | 11.20(0.932) | 0.687 10.48(0.398) | 10.92(0.639) | 11.01(0.790) | 0.752
Body fat, % 33.04(1.28) 34.43(2.06) 34.04(2.50) 0.828 32.89(0.738) | 34.70(1.18) 34.17(1.46) 0.388

Muscle mass,% | 30.02(1.28) | 29.22(1.11)  |29.92(1.34) | 0.825 30.15(0.325) |29.10(0.523) | 29.61(0.646) | 0.229
SBP, mm Hg 10.33(0.187) | 10.43(0.301) | 10.04(0.364) | 0.702 10.30(0.174) | 10.38(0.279) | 10.24(0.345) | 0.951
DB, mmHg |7.37(0.152) | 7.31(0.24) 7.30(0.29) 0.965 7.38(0.15) | 7.31(0.24) 7.27(0.30) 0.933
TC, (mg/dl) 160.47(4.24) | 155.27(6.83) | 173.66(8.27) |0.223 160.40(4.08) | 155.72(6.56) | 173.26(8.11) | 0.239
HDL-C, mg/dl |39.43(1.43) |36.77(2.30) |33.80(2.79) |0.176 39.03(1.34) |36.47(2.16) |35.79(2.67) |0.418
LDL-C, (mg/dl) | 80.98(2.48) | 77.54(3.99) | 85.10(4.83) | 0.485 80.91(2.43) |77.72(3.90) | 85.08(4.83) | 0.501

TG, (mg/dl) 149.15(10.08) | 140.47(16.23) | 206.63(19.65) | 0.022 151.03(9.86) | 142.50(15.85) | 196.52(19.60) | 0.081
LP(a), (mg/dl) |22.70(3.19) | 2420(5.04) |18.14(4.56) | 0.758 22.89(3.22) |2432(5.08) | 17.14(6.71) | 0.681
LDL:HDL 2.34(0.192) | 2.43(0.309) |2.80(0.374) | 0.553 2.38(0.187) |2.47(0.301) |2.60(0.372) | 0.858
TC:HDL 4.65(0.399) | 4.91(0.642) | 5.74(0.778) | 0.463 4.73(0.388) | 5(0.623) 5.30(0.770) | 0.783
TG:HDL 5(0.858) 5.27(1.38) 7.30(1.67) 0.472 5.18(0.836) | 5.44(1.34) 6.37(1.66) 0.818
Apo B, (mg/dl) | 97(4.50) 88.45(7.24) | 97.23(8.77) | 0.585 97.31(4.54) |88.78(7.30) |95.59(9.02) | 0.611

dAl[)JOA_l’ (mg/ 152.66(3.46) | 145.45(5.58) | 156.66(6.76) | 0.397 152.04(3.29) | 145.26(5.28) | 159.31(6.53) | 0.249

FBG (mg/dl) 114.48(3.71) | 118.70(5.97) | 115.30(7.23) | 0.835 114.70(3.74) | 118.98(6.02) | 114.04(7.44) | 0.812

Insulin, (mIU/

30.64(2.74) 25.18(4.62) 25.94(5.20) 0.510 30.94(2.74) | 25.48(4.61) 24.48(5.30) 0.413

ml)

HOMA-IR 8.96(0.82) 7.38(1.39) 6.76(1.57) 0.366 9.05(0.828) | 7.45(1.39) 6.36(1.60) 0.274
ALP, (U/L) 178.88(6.15) | 205.77(9.90) | 182.60(11.99) | 0.073 178.67(6.16) | 205.94(9.90) | 183.15(12.24) | 0.068
GGT, (U/L) 29.83(1.92) | 27.60(3.09) |28.85(3.74) |0.825 29.99(1.90) |27.61(3.06) |28.20(3.78) |0.775
AST, (U/L) 23.20(1.57) 21.01(2.53) 29.94(3.07) 0.074 23.09(1.57) | 20.83(2.52) 30.60(3.11) 0.049
ALT, (U/L) 25.78(2.15) | 3521(347) |[35.59(4.20) | 0.035 25.94(2.10) |21.29(3.38) | 35.03(4.18) | 0.043

Table 1. Demographic, anthropometric, and biochemical characteristics of type 2 diabetes patients across
FADSI rs174556 genotypes (N =94). All data are presented as mean =+ standard error. DBP, diastolic blood
pressure; FBG, fasting blood glucose; GGT, gamma-glutamyltransferase; HDL-C, High-density lipoprotein
cholesterol; HOMA-IR, homeostasis model assessment for insulin resistance; LDL-C, Lowdensity lipoprotein
cholesterol; Lp(a), lipoprotein a; QUICKI, quantitative insulin sensitivity check index; SBP, Systolic blood
pressure; TC, total cholesterol; TG, Triglyceride; WC, waist circumference. The mean initial values of the
variables between genotypes measured using Analysis of Covariance (ANCOVA) test in both unadjusted and
adjusted models (for age and sex adjusted).

and its synthesis, increased biliary excretion, and decreased activity of Acyl CoA reductase!®*?. Additionally, the
antioxidant compounds in sesame may prevent lipid peroxidation*” and affect the gene expression of enzymes
and proteins involved in dietary fat metabolism and fatty acid transport?!.

Wided Khamlaudi et al.*> Showed that the minor allele in the FADS1 and FADS2 genes was associated with
a decrease in TG and LDL-C levels. As, Meng-chuan huang et al.*> Showed that the minor C allele of some
polymorphisms of them can reduce the activity of delta-5 and delta-6 desaturase enzymes and lower the levels
of HDL-C, which confirmed by Khathirresen**.

A recent meta-analysis®® in patients with T2DM showed that consumption of omega-3 fatty acids, especially
EPA and DHA, can reduce serum TG levels. Evidence suggests that association the different FADS gene cluster
polymorphisms with cholesterol levels related to the availability of long chain PUFAs and their effects on the
homeostasis of glycerophospholipids*®.

Apo-Al, one of the most abundant components of HDL-C¥, that has not been studied in relation to the
rs174556 polymorphism alleles of the FADSI gene. A study on hypercholesterolemic subjects found that
derivatives of sesame oil did not alter Apo-Al and HDL-C levels in the treatment groups versus the control
group, but they significantly lowered TG levels and the ApoB/Apo-A1 ratio®.

A randomized crossover study showed that canola oil, compared to sesame oil, significantly improved
serum Apo-Al levels and the ApoB/Apo-Al ratio in men. also, sesame oil compared to sesame-canola oil, ,
improved serum HDL-C and TG levels in women’. A clinical trial®® did not show any change in Apo-A1l, TG

Scientific Reports |

(2024) 14:27531 | https://doi.org/10.1038/s41598-024-78294-6 nature portfolio


http://www.nature.com/scientificreports

‘[opow pajsnfpeun Ul ‘SPPOW PAXIW Jeaur] SuIsn SaWodINo

3} UO S[I0 JUSWILI) PU. JUBLIBA 9GS/ TSI TSV U9aMIq UOTIORIUI ‘¢ TopOW pajsnipeun ur ‘spppowr paxrur reaur] Jursn sad£jouad oy ssoroe sanfea agueyd jo uostredwoo porradiaul ‘¢d
‘[opour pajsn{peun Ul ‘SPPOUT PAXTW Jeaur] SUISn SUOTIBIND S[I0 JUaUIeaT) 3} Uam)aq sanfea afued Jo uostredurod porradiaquy [4 "9oUaIajuunoIm JSTem ‘DA OPLIIAISIIT, ‘D) T, 0910
8303 ‘D1, 2anssaid pooiq o1[03sAS ggs Xopul }oayd AJAnIsuas urnsut aaneyzuenb ‘DOINO e urjoadodiy ¢(e)dT oraisajoyo urejordodi] AJISUsp-MOT D~ QOUEISISII UI[NSUL JOJ JUSWISSISSE
[epout siseIsoawoy “Y[-VINOH oIaise[oyd urjoxdodry Aysuap-ySiy O-TaH ‘oserdjsuendweiniS-ewwes | oo 9soon[3 poojq Sunsey ‘Hg @inssaid poojq d10iserp qg Xopur ssews £poq
TN “OSeIajSUBIOUTWIE dUTUE[E [Ty seldjsuerjourure ejredse 7Sy osejeydsoyd aurpexre qTv g urjordodijode ‘gody ¢[-v urjordodrjode ‘1-yody 10110 prepuejs F ueaw se pajuasaid
are eIep [V "( ¥6="u) sad£jousd 966/ 151 1SV pue sporrod uonuaiajul ssotoe sajaqerp z 9d4A3 yim syusned ur sujordodrjody opyoxd pidiy ‘seorpur orurao[3 ur sanjea aueyD) g d[qel,

¥0°0 660 6€°0 (6L79)€L's- (8LF)EV TT (L60)6TY (0T°9)06'% (6T%)TL0 (990)%9°1- (zes)L6'T (FTH)IEs- (89°7)55°0 [p/3w ‘[-yody
18°0 L8°0 66°0 (19°9)9L°C- (€9%)19°0 (880)€€0 (10°2)91°S (1€°5)88°€- (6L°9)%- (1€°9)€TT- (8THIVET- (897)T€0- [p/3w ‘g ody
€8°0 98°0 L8°0 (9€)¥L0- (S6'1)96°0- (cT1)61°0 (01°€)89°0- (95'0)20°0 (65°1)66'T- (€6'0)9T°1- (S£°0)¥6°0 (L¥0)L1°0- TAHDL
920 ¥6°0 880 (z0'1)97°0- (58°0)55°0 (€5°0)LT°0 (€T°1)9T°0- (10'1)€0°0- (€9°0)¥8°0- (8€'0)£5°0- (0€°0)£T°0 (61°0)€0°0 TAHDL
890 860 06'0 (8%°0)L0°0- (6€°0)0€°0- (¥7°0)80°0- (§5°0)L0°0- (S¥°0)€0°0- (82°0)1%°0- (81°0)82°0- (ST°0)0T°0 (60°0)20°0 TAHTAT
060 9%°0 870 (L8€)EV'T- (¥0°€)9€"€- (€6'1)20°0- (890)%0°€ (€07)LS°0- (Lznisec (IsmeTt (09'7)£9°0- (0£'1)29°0- [p/8w <(8)d'1
580 Tro €6'0 (1§°£1)9€° 1T F9vDV0'6 (86'8)€¥°0- (98'81)01°9- (85'S1)88'9 (89'6)€9°S- (€0°02)59%C (1091)¥0°C1 (1ron)orer [p/8w O,
90 060 88°0 (500)90°C- (et (£0'0)89°0 (19'7)€8% (08'€)95°0 (9¢)¥8'1- (909)LT°T- (¥Te)19°C- (500)¥0°C /3w O-1a1
870 €10 L6'0 (502)0T°0 (69T)S6'T (90'1)CTT (€07)T8'C (£9'1)60°0 (Y0'1)L8°0 (TT)ees (9L D)61°C- (crnigo- [p/8w O-TAH
670 S8°0 16'0 (699)L°L- (zs9)sv's (eve)ere (0£°£)08'9 (9€9)60°0 (S6°€)9L'T- (teinee- (9L9)¥S¢- ¥9°€)10°S /8w D1,
surajordodiy ody pue aygoid pidy
160 ST0 96'0 (8T'T)TI0 (so'm)zTo- (19°0)69°0- (1ITn10°C- (16L1- (29091~ (6T°T)SL0- (€0'1)18°0- (590)98°1- AI-VINOH
ST'0 (440 €9°0 (S¥'01)95°0 (29'8)85HC (9€°5)81°6- (€8°€)81°01- (L1T€)SLY- (96'1)61°S- (81'9)99°C- (Ire)LLe- (€Te)Teo1- [w/N] W ‘urnsug
¥9°0 760 ST0 (LyL)eLo (91°9)8€ 71 (€8€)1L9 (20'8)€T°0 (299)9¢°s- arpyiet- (6£9)T0°¢ (297)Ts'T (z67)0s°€ P/Sw ‘Dgq
wwu_—uﬁ_ U_EMU%ﬁU
od od ol 1L 10 20 LL 10 20 1L 10 20 s[qertep
1o ejoue) 10 e[oUR)-dWesdI§ 10 duresag

nature portfolio

www.nature.com/scientificreports/

| https://doi.org/10.1038/s41598-024-78294-6

(2024) 14:27531

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

‘ayeyur A310u0 ur a3ueyd pue A1a13oe [ed1sAYd JO S[OAS] A3UBYD ‘S[I0 PIWNSUOD JO JUNOWE ‘TN dUI[Pseq Iopuds ‘9Fe 10J pajsnipe ‘S[PPOW PaxTW Jeaul] SUIsn SUWI02INO I} UO S[I0 JUIUIJeI)
puUe JueLIRA 9GS/ TSI TSV U2aMIq UOTIORIUI ‘g "ejur £310us ur aSueypd pue A31anoe [es1sAyd Jo s[oA] aSueyDd ‘S[I0 pawnsuod Jo junowe T dureseq Iopuad 9Je 10y pajsnipe ‘s[ppowr
paxrur reaury ursn sad£jouaS a1y ssoxoe sanfea aSueyd Jo uostredwos porradiauy ‘zq ayeur 4S1ous ur afuepd pue Aanoe [ed1sdyd Jo s[oAd] 93U ‘S[I0 PAWNSUOD JO JUNOWE TN UT[Pseq
gopuad ©Fe 10] pajsnipe ‘S[EpoWw paxIw Jedur] SUISN SUOTIBINP S[IO JUSWIIBIT} Y} Udom]Idq sanfea aSueypd Jo uostredurod porradiajuy ‘T4 "90UaIJWnoIm ISTeM ‘DA OPLIROA[SLIT, ‘D T, 0I9IS3[0YD
18303 D1, ‘2anssaid poojq d1[0ISAS ‘IS XOPUI qo3yd ANANISUIS urnsur aanjesnuenb ‘DOINO ‘e urajoxdodi ‘(e)dT Joxaysajoyo urejordodi AysUsp-MmoT ‘D-T'T 9OUEISISII UI[NSUL 0] JUIUISSISSE
[opou sisejsodwoy “Y[-VINOH ‘oI21so[oyd urajoxdodry Aysuap-ySiH O-TAH ‘oserdjsuendweinis-ewwes |0 9soon[3 poojq Sunsey ‘Hgq 2@inssaid poojq d1oiserp qgd Xopur ssewr £poq
TN OSeIajsUuBIjOUTWE JUTUETE [Ty Oselajsuerjourure aejredse 7Sy osejeydsoyd surpere qTv g ursjordodrjode ‘gody ¢-v ursjordodrjode ‘1-yody 10110 prepuejs F ueaws se pajuasaid
are eyep Iy "(F6=u ) sad£jouad 966/ 151 TSV pue sporrad uoruaAIaiur ssoxoe sajaqerp g 2d4) yam sjusried ur saorpur orwaoA[S pue suejoidodijody ‘orgoad pidiy ur sanfea aduey) ¢ sqey,

¥20 SL0 €€°0 (16'9)8L°1- (€8%)L0°CT (10€)¥I'Y (sTo)Lre (8T%)18°0 (Loowre- (067)€0% (98" €)1 - (S¥°0)¥0°0- [p/3w ‘1-yody
760 ¥6°0 L8°0 (¢6'9)SLT- (€8%)9T'T (10°€)88°0 (LTL)seT (€6')TT¥- (0£'€)59%- (€9°9)58°0- (FFp)611- (¢8°27)67°0- [p/3w ‘g ody
S8°0 L8°0 L8°0 (152)08°0- (507)96°0- (6T1)7T0 (6T°€)59°0- (692)60°0- (89'T)S6'T- (66'0)9C°T- (8£°0)56'0 (05°0)50°0- TAHOL
LLO S60 880 (60°T)€€°0 (68°0)SS5°0- (95°0)12°0 (1€°D)91°0- (90°1)20°0- (99°0)s8°0- (0¥°0)TS°0- (1€°0)2T°0 (02°0)60°0 TAHDL
690 860 16°0 (15°0)1T°0- (1%°0)0€"0- (97°0)1T°0 (85°0)€0°0- (L¥'0)20°0- (62°0)T¥°0- (61°0)ST°0- (ST'0)60°0 (60°0)50°0 TAH1AT
160 6%°0 ¥E0 (STH)09°1- (zTe)ose- (507)60°0- (6sO1T°€E (z6'1)EL0- (17°1)08°1 (9L°€)SL'T (€£7)8°0- (08'1)¥6°0- [p/8w “(8)d'1
060 01°0 16'0 (S¥'81)8L°61- (2orsT)L¥701 (6€°6)VT'1- (2L'81)09°8- (6TSD)IEL (€S6)€T'T- (Tr17)98°€CT- (L99n)ecel (Ls01)TT 91 [p/3w D,
£9°0 €60 16°0 (IT)vro- Fre)er't ¥F1o)eo1 (¢81)97°€ (€6°€)LS°0- (s¥o)1ee- (ST'%)95°0- (vee)ee- (T17)98'1 P/8w O-1AT
050 90°0 920 (907)SL'T (89'T)T6'T (90T)6T°T (€00)66'T (99'D1T°0- (€0'T)0€0 (670)79°S (08'D¥LT- (STT)LL0- /3w O-TaH
¥5°0 960 S6°0 (689)ze"e- (€99)60°9 (15°€)8¥°C (50°8)L0°S (Ls9)sLT (019)6v'C- (L¥'L)s0'T- (889)60°C- (€L€)T8y /8w D1,
surayordodry ody pue syoxd pidip
S¥6°0 ¥L9°0 90 (ST'1)590°0 (01°1)8T°0- (59°0) 89°0- (FToioc- (T0'D¥e'T- (€9°0)79'T- (€€ T)¥L8°0- (FO'1)¥0'1- (£9°0)66'T- MI-VINOH
LLTO 6L7°0 985°0 (0T'11)81°0 (90'6)09°S2- (59°5)S5°6- (88°€)€L°6- (AR (I (£6'1)80°S- (¥59)L0°¢- (Ye9)8T Y- (6€°€)LV'01- [w/N] W ‘urnsug
1€L°0 668°0 760°0 (F8LVI'T (ov'9)Teel (66€)8T'L (oc'8)vre- (8L9)Tv's- (TTP)E9'T (Lys)oTe (1€'7)69°0 (€LDY9'T P/8w ‘Dgq
Sad1pUt U_Ewuxﬁnr.v
od od 1d LL 1D 20 1L 10 20 1L 10 20 s[qerres
—_G sﬁ:—dU —mO ﬁ—Oﬁwqu--dwuw —«0 uresag

nature portfolio

| https://doi.org/10.1038/s41598-024-78294-6

(2024) 14:27531

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

31} UO S0 JUSUIIEAT} PUB JUBLIA 9GGF/ TSI [SV:] U99MIaq UOTIDRISUI ‘¢ "axeiut A81aua ut afueypd pue L1anoe [estsyd jo s[aaa] adueypd ‘S[1o0 pawnsuod Jo JUNOWe [N dul[aseq “Iapuad ‘oFe 10§ pa:

fpe pue ppow

‘spppour paxtu Jeaut] Sursn ‘sadfjouad usamiaq sanea adueyo jo uostredwos porradenuy , -axeyur £319ua ut s3ueyd pue A1anoe [ed1s4Ayd Jo sppAd] IBueyD ST PAWNSUO JO JUNOWE T dUT[aseq Topuag ‘9Fe 10J paisn(pe pue [Ppour pajsn{peun Ul ‘S[PPOUT PIXTW JeauT] FuTsn sawodIno
ut ‘sppow paxtur reaur| Suisn sad£jouad oy ssoroe

sanfea afueyd jo uostredwos porradiayug ‘¢ eyt A810us ur afueypd pue Lranose resrsAyd jo spasy adueyd ‘s[o paumsuod Jo Junowre AT duraseq “opudf 9fe 10§ pajsnipe pue [ppow pajsnfpeun ur ‘SPPOW PIXTW TeduT] UTSN SUOTEINP S[I0 JUIUIJLIT) AY) UaM]Iq Sanea aFueyd Jo
uostedwod porLadiajuy [ *2oUIJUWNIID ISTeM DA @PLIAIAISLLT, ‘D T, 0121S2[0Y [€10) D T, 2anssaid poo[q J1[0ISAS ‘S Xapurt 3oayd Aianisuas urmsur aanenuenb OINY ‘& urjordodiy (e)d qoraisajoyd urordodiy AIsuap-mo O~ 9IULISISI UINSUT J0J JUIWSSISSE [2POUL
SISE)S0AWOY “Y[-VINOH ‘[o1a1sa[0y utajoxdodiy Aysuap-ySif] “O-TqH oserapsuenjfurenid-eurured oo soonid pooyq Sunsej ‘Og.f omssard poo[q orjoiserp Jg Xopur sseur £poq ‘[N ‘OSeIdJSUBIOUTIE dUIURE ‘[T ‘Oselajsuenourure ajeyredse [y sejeydsoyd aureyre q1v
«g urajoxdodijode ‘gody ¢ [-v urajordodrjode -yody “1o11a prepue)s F ueawr se pajuasaid are elep [[v *( F6=Uu) sadfjousd 966/ 151 1SAVA pue sporrad uonuaardur ssomde sajaqerp g 2dA) yim syuaned ur saorpurt srwadA[S pue sursjordodijody ogoad pidy ur sanfea afuey) §aqer,

ST S6'0 68°0 (¥6'S) 8L'T- (£87) 9€9 (€T9) L1T (90) T€'1- (06'%)L0F (900) TT'T- [p/3w ‘[-yody
790 (740 660 (68'9) SLT- (#57) 860 (tTL)set (1°€) 059~ (09°0)%8°0- (9€0)55°0- [p/3w ‘g ody
080 LL0 S6'0 (057) 08°0- (80'T) TT°0- (8T°€) 590 (Tr'1) 8¢°T- (660) LTT- (2#0) €20 TAHDOL
9.0 8L°0 S6'0 (60°T) €€°0- (£¥0)200°0- (0€'T) 9T°0- (95°0) 29°0- (07°0)zS0- (LT0)¥1°0 TAHDL
69°0 980 S6'0 (150) 110 (2T0)$00°0- (85°0) €0°0- (5T0) 1€°0- (61°0)ST°0- (80°0)90°0 TAHTAT
98°0 $5°0 6€°0 (ST'%) 09°T- (€£T)60°T- (65T 1T°€ (€0'T) 0T FLe)yL1 (67'1)68°0- P/3w (e)d1
69°0 $0°0 060 (6€81) 8L°61- #6'L)%0°C (¥9'81) 098 (50'0) S0°8 (00'12) 98°€C- o(88'8)1F'ST P/Aw DO,
S50 9,0 L6°0 (8T%) ¥1°0- (18D #1'T (6L7%) 9%°€ (L07) 281~ (STH)SS0- (6£1)89°0 /3w O-1a'T
o 200 8L°0 (S0T) SL'T (68°0) 0F'T (207) 66'T (£8'0) 81°0 (877) 19T (£6'0) 90°T- /3w O-TAH
50 080 S6'0 (989) Tee- (96'7) 67°€ (10'8)£0°S (9v'€) 6L1- Ly'L)To1- (ST°€)T8°C /8w D,
$L0 990 LT0 #T1) 900 (55°0) 85°0- (eT1) 10T (€5°0) ¥S°1- (2€'1)L8°0- (95°0)1£°1- AI-YIWOH
61°0 0€°0 S6°0 (81'11) 81°0 (€8'%) SOF1- (98°€) €L6- (LS1) 879~ (¥5'9)L0°€- (98'7) 08" [/ W ugnsuy
£9°0 99°0 9€°0 (8€L)¥I'L (8€€) ¥1'6 (979) ¥1°€- (L5€) 69'C- (¥¥'s) 0T’€ (6T0)LET IP/8w ‘D
[opout pajsnfpy
90°0 1610 060 (18'9)€L'S- (€50)879 (81°9)06'7 (5T°0)86'0- (8€'9)%0°€ (6T°0)66'T- [p/3w ‘1-yody
9’0 09°0 €60 (85°9)9L°C- (€ O170 (£6'9)91°S (¥0°€)96'¢- (6T9)€TT- (ST)19°0- [p/3u °q ody
08°0 8L°0 ¥60 (SE€DPLO- (€0'T)ET0- (60°€)89°0- FEDIFT- (¥6°0) LTT- (07'0) €T°0 TAHDOL
9.0 LL°0 €60 (20'1)92°0- (S7°0)20°0- (2T1)92°0- (€5°0)19°0- (8€°0)L5°0- (91°0) 0T°0 TAHDL
L9°0 98°0 760 (8%°0)£0°0- (12°0)20°0- (55°0)£0°0- (¥2°0)0€°0- (81°0)82°0- (80°0)%0°0 TAH1AT
1670 £9°0 €60 (Lge)Er'T- (€9'1)86°0- (69°0)%0°€ (80'1)E9T (6¥€)eTT (7' 1)29°0- P/3w (e)d1
95°0 S0°0 06'0 (FrL1)9€ 1T (09°2)0T°C (8'81)001°9- (6T'8)€T'C- (T6'61)89'2- +(05'8)£8°C1 /3w D,
€€°0 S8°0 9L'0 (20'%)90°C- (S£1)LL0 (6SP)E8'Y (@Q)8v'1- (£0°0)9T1°T- (€£T)0L0 P/8w O-1aT
o S0°0 690 (¥0'2)0T°0 (68°0)c¥'1 (200)68'C (880590 (0T70)EE’S (¥60)58°0- /3w O-1aH
170 190 €90 (99°9)€¥'L- (06'7)50°€ (99°2)08'9 (FeeTT- (yTL)81T- (60°€)SS°T /3w D1,
8L°0 650 170 (Lrmero (€5°0)L5°0- (0z1) 10°T- (25°0)89'1- (6T°1)SL0- (55°0)95°1- AI-YIWOH
LT0 970 980 (2501950 (8SP)LYET- (18°€)8T°0T- (99°'1)20°S- (61'9)99°C- (€LT)sT'8- [W/O] W utnsug
190 L0 $5°0 (L¥L)eLo (sTe)s88 (86'L)€T°0 Cigdisas (9£°9)20°€ (Cigaix /3w ‘Dg1
[epowr uﬁ_.;U

LL 10/00 1L 10/20 LL 12/0D
mAm Nm ~n~ 1o ejoue) 1o e[oue)-auIesag I0 swresa§ d[qeLIeA

nature portfolio

| https://doi.org/10.1038/s41598-024-78294-6

(2024) 14:27531

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

eyt A31ous ur adueypd pue Aj1anoe eorsAyd Jo sjpas] aueyd S[ro pawnsuod Jo Junowe A durseq Topuad

“a8e 10y pajsnipe ‘Sopowr paxru Ieaut] Sursn SAUWI0dINO I} UO S[IO JUIUIILT) PUL JUBLIBA 9GGH/ [ST TSIV U2aMIaq UOTORINUI ‘¢ J axeur AS10ua ut aSueyd pue L1anoe [esrsAyd jo sjoaa] aduey ‘S[1o pawmsuod Jo JUnowe ‘(g dutfaseq Iopuad 9fe 10§ pajsn(pe ‘S[ppouwr paxIur reaury
Sursn sad£1oual o) ssoxde sanfea afueyd jo uostreduros porradiayug ‘zq axeyut A81ous ur a8ueypd pue L1anoe [esrsAyd jo spad] afueyd ‘s[I0 pawNsu0d Jo Junowe T durfseq Tapuad 9fe 10§ pajsnipe S[PPOW paxTUI Teaul] SUISN SUOTEIND S[I0 JUIUINEII) AY) U9IM]Aq sanfea aFueypd jo
uostreduwod porradIaiuy ‘[ 20UDIJWNIID ISTeM DM OPHABLIL, DT, [019153[0Y2 [€10) D ], 2anssard pooq d1[o1sAg JgS xapul 3oaypd Ajranisuas urnsur aanenuenb DIND ‘e urajordody «(e)d oraisajorp urajordodiy Asuap-mo O-T'T OOULISISAI UNNSUT JOF JUIWISSISSE [JPOU

SISE)S0AWOY “Y[-VINOH ‘[o1a1sa[0y utajoxdodiy Aysuap-ySif] “O-TqH oserapsuenjfurenid-eurured oo soonid pooyq Sunsej ‘Og.f omssard poo[q orjoiserp Jg Xopur sseur £poq ‘[N ‘OSeIdJSUBIOUTIE dUIURE ‘[T ‘Oselajsuenourure ajeyredse [y sejeydsoyd aureyre q1v
g uoxdodijode ‘gody ¢ -y urajordodrjode 1-yody ‘10113 prepue)s F ueaw se pajuasaid are ejep [[v *( F6=u ) sadfjousd 956¥/ 151 1SAVA pue sporrad uonuaAIdur ssorde sajaqerp g 2dA) yim syuaned ur saotput srwadA[S pue surajordodijody ogoad pidy ur sanfea afuey) g dqer,

SL0 09°0 €10 (20°¢) €77 (¥8'€) €19 (€9°7) €0°C- (sg¢) LTT (9%'2) 90°0- (¥0°€) 66'0- [p/3w ‘[-yody
[£:0] 60 L9°0 (L6T) LT'T (8L°€) ¥¥°0- (59°€) T9'F- (59%) 87'1- (08'7) 62°0- (9%€) 90°'T- [p/3w ‘g ody
590 S8°0 L9°0 (LT1) 120 (09°'1) 26°0- (59'1) 16'T- (017) 120~ (6%°0) 10°0- (19'0) TT°0 TAHDOL
150 L60 89°0 (55°0) 020 (69°0) L¥0- (59°0) #8°0- (€8°0)90°0- (02°0) TT°0 (52°0) 20°0- TAHDL
€70 €6'0 L9°0 (5T0) 110 (z€0) €20- (62°0) T¥°0- (££0) T0°0- (01°0) S0°0 (210) €0°0- TAHTAT
€90 $5°0 870 (20'7) #0°0- (L§0) L6'C (0TT)9L'T (£§'1) 590 (6£T) $6°0- (61°7) 010 P/3w (e)d1
Lo S50 €L°0 (¥€°6) 6L°0- (88'11) S€°C- (17'6) ¥5°1- (96'11) 99T (£9°01) LT91 (0T°€T) £8°0- P/Aw DO,
wo 780 €80 (117 1€°1 (89'7) €£°0 (¢ro) 9r'e- (80°€) 680 (117 16'T (190) 991~ /3w O-1a'T
LLO 0 €50 #01) T (1€1) 591 (20°'1) €770 (0£'1) €5°0 (61°1) 08°0- ornert /3w O-TAH
90 Two €8°0 (8¥¢€) 66'C (@) v01 (¥0'¥) €€°T- (F1'6) 16T (12°€) 68°F (657) T8'1- /8w D,
#8'0 €0 TT0 (¥9°0) 99°0- (€8°0) ST0- (29'0) 69°T (6£°0) 6¥'T- (99'0) 66'T- (18°0) 96°0- \AI-VINOH
%0 760 €€°0 (99°6) 6€°6- (1TL) 1Lst- (96'T) 9¥°S- (05°7) S0°S- (€7€) L¥OT- (I1v) 6L°€- [/ W utnsug
98°0 L8°0 ¥0°0 (L6°€) 8€°L (50'9) 698 (91°%) 65°T- (67°S) 99~ (@991 (9€°€) 6591 IP/8w ‘D
[opout pajsnfpy
9¢'0 68°0 61°0 (10°€) €5°F (28°€) 80% (€90 ¥S'T- (s€7¢) 9¢°¢ (1L ¥50 (see) ¥6°¢- [p/3w ‘1-yody
vL0 68°0 680 (¥8'0) 290 (09°€) STT- (95°¢) 86°€- (zsv) ¥1°0- (99'7) €€°0- (67°€) 1€1- [p/3u °q ody
€90 18°0 690 (0T'1) 810 (15°'1) 68°0- (95'1) S6°1- (66'T) ¥T'0- (L70) €10 (85°0) 80°0 TAHDOL
¥5°0 660 89°0 (250) LT'0 (99'0) #¥°0- (€9°0) €8°0- (6£°0) TT°0- (61°0) 700 (¥7°0) S0°0- TAHDL
V0 86°0 L9°0 (¥2°0) 800 (0€°0) 120 (£z0) 0F'0- (5€°0) S0°0- (60°0) 200 (11°0) $0°0- TAH1AT
€90 w0 0z0 (06'T) 200 (1v'7) 6LC (92'1) 9¥'C (¥9'1) 920 (69'T) €9°0- (L0 ¥0'0 [p/3w ‘(e)dT
790 990 6L°0 (¥6'8) 20°0- (PE'T1) 209~ (55'6) 16°S- (1ren) 6ze (0z°01) ST'ET (1o e /3w D,
€0 £9°0 66'0 (50'7) 960 (097) 1£°0- (FeT) 0L'T- (£67) 0S'T (€0'7) 60°C (1S9 ¥v1re- P/8w O-1aT
98°0 SL0 SL0 (S0'T) SE'T TeD¥01 (€0'T) 860 (1€'1) L0'T (OT1)€EE0- (TF'1)8L0 /3w O-1aH
PE0 050 66'0 (Tr'e) 19 (F€'P) 19°0- (06'€) T9'T- (96'%) LT (29°€) 80°S (8%'%) LT'E /3w D1,
120 ¥€0 ST (09°0) £9°0- (6£'0) 60°0- (19°0) 1£°T- (£L°0) LL'T- (59'0) L8'T- (08'0)8£°0- AI-VINOH
1€0 960 L¥0 (8€°S) ¥0°6- (€8'9) L9LF1- (56'T) 85°S- (87°C) 8€'9- (17°€) TE0T- (16°¢) T8¢~ [W/O] W utnsug
68°0 060 90°0 (28'€) #89 (¥87) 0L'8 (90%) 6T°T- (STS) LT'€- (06'7) 67°€ (65°€) ¥1'T /3w ‘Dg1
[epowr uﬁ!uU

jole} ID/LL jole} I10/LL jole} ID/LL
mAm Nnm ?m 1o ejoue) IO e[oUR)-oUIEesd§ 10 duresa§ d[qeLIeA

nature portfolio

| https://doi.org/10.1038/s41598-024-78294-6

(2024) 14:27531

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and HDL levels after canola oil consumption. It suggested that PUFAs may affect Apo-A1 levels by regulating the
expression of the Apo-A1 gene and its variants®!.

The strengths of the current study are: It is the first study to investigate the effect of vegetable oils (sesame,
canola and sesame-canola) on glycemic indices and lipid profile across genotypes of FADSI gene rs174556
variant in people with type 2 diabetes. Second, it is a three-blind crossover RCT. Third; the intervention had an
optimal duration. However, this study also had some limitations, such as the nature of the study design, which
replaced the usual oils consumed by the participants with sesame, sesame-canola and canola oils, it could not be
determined the exact amount of oils consumed by each participant. The observation of statistically significant
interactions was reduced, because the metabolic responses to dietary changes involved in multiple genes. The
used oils had low SFAs. If one of them had higher SFAs, more direct and interactive effects might have been
observed. However, this would not have been ethical.

Conclusion

The rs174556 variant may cause different metabolic responses in diabetic patients who consumed vegetable oils.
Diabetic people with the T allele had a better metabolic effect after consuming sesame oil. Further studies should
examine the combined effect of multiple FADS] gene variants and related genes and edible oil intake for more
conclusive results.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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