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Abstract: Type 2 diabetes mellitus (T2DM) is a prevalent metabolic disorder caused by
impaired insulin secretion from pancreatic β-cells and insulin resistance in target tissues.
Genome-wide association studies have identified over 50 genetic variants linked to T2DM,
including polymorphisms associated with the disease. This study investigates the impact
of the FADS1 (rs174547) polymorphism in T2DM patients compared to healthy controls
and examines serum levels of omega-3 and omega-6 fatty acids, as well as D5D and D6D
enzyme levels and activity. This case–control study included 120 participants: 60 newly
diagnosed T2DM patients and 60 apparently healthy controls matched for age, sex, and
other sociodemographic factors. Polyunsaturated fatty acid (PUFA) levels and desaturase
enzyme activities in the n-3 and n-6 pathways were assessed using ELISA and gas chro-
matography. FADS1 gene polymorphisms were analyzed via Sanger sequencing. Genotype
and allele frequencies of FADS1 (rs174547) differed significantly between groups, with
higher frequencies of C-containing alleles in T2DM patients. Multivariate analysis revealed
a significant association between the C-allele genotype and increased T2DM risk, indepen-
dent of sociodemographic variables, lipid profile, and inflammatory markers. In conclusion;
reduced serum levels of omega-3 and omega-6 fatty acids in T2DM were associated with
decreased desaturase enzyme activity. The FADS1 (rs174547) polymorphism is significantly
associated with T2DM risk, with the minor allele linked to lower desaturase activity.

Keywords: diabetic mellitus; polyunsaturated fatty acids; desaturase enzymes; genetic
polymorphism

1. Introduction
Type 2 diabetes mellitus (T2DM) is a major public health concern with significant

implications for both individual health and healthcare systems. Rapid economic develop-
ment and urbanization have contributed to a growing global prevalence of diabetes [1,2].
Recent studies report that over one-third of diabetes-related deaths occur in individuals
under 60 years of age [3]. In Iraq, the incidence of T2DM has steadily increased, though
prevalence rates vary across studies. A 2014 study in Basrah estimated an age-adjusted
diabetes prevalence of 19.7%, with 55.7% of cases previously undiagnosed [4]. A 2022 study
found that nearly 10% of Iraqis had undiagnosed T2DM and identified associated factors
relevant to public health planning [5].

Polyunsaturated fatty acids (PUFAs) are categorized as n-3 (omega-3) or n-6 (omega-6)
based on the position of the first double bond relative to the methyl terminus of the fatty
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acid molecule [6]. The human body cannot synthesize PUFAs with double bonds at carbon
positions 3 or 6 from the methyl end; thus, they are considered essential and must be
obtained through the diet [7]. Fatty acid synthesis mainly involves the conversion of
acetyl-CoA and malonyl-CoA into palmitate, a process requiring nicotinamide adenine
dinucleotide phosphate (NADPH) and catalyzed by fatty acid synthase. In mammals,
the carbon sources for this process are typically derived from citrate, an intermediate of
the tricarboxylic acid cycle. Once synthesized, palmitate can be converted into various
long-chain fatty acids used in membrane biosynthesis and lipid droplet formation [8]. Fatty
acid synthesis includes the de novo generation of saturated fatty acids from acetate and
the elongation and desaturation of key dietary fatty acids—linoleic acid (LA; C18:2n-6)
and alpha-linolenic acid (ALA; C18:3n-3)—into highly unsaturated 20- and 22-carbon fatty
acids [9].

Previous studies have demonstrated that plasma phospholipid levels of long-chain
polyunsaturated fatty acids (LC-PUFAs) are involved in inflammation [10], obesity [11],
and type 2 diabetes [12]. LC-PUFAs can be obtained from the diet or synthesized endoge-
nously from essential fatty acids—linoleic acid (LA) and alpha-linolenic acid (ALA) [13].
Humans cannot produce these essential fatty acids due to the absence of enzymes needed
to introduce double bonds beyond the delta-9 carbon position; therefore, they must be
consumed through dietary sources [13]. Linoleic acid (18:2, n-6) and ALA (18:3, n-3)
belong to the omega-6 and omega-3 fatty acid families, respectively [14]. Following in-
gestion, both fatty acids are metabolized via a common enzymatic pathway. Two enzyme
families—elongases and desaturases—play pivotal roles in converting LA and ALA into
bioactive LC-PUFAs [15].

Polyunsaturated fatty acids (PUFAs), including arachidonic acid (AA; C20:4n-6), eicos-
apentaenoic acid (EPA; C20:5n-3), and docosahexaenoic acid (DHA; C22:6n-3), are pre-
cursors to lipid mediators such as eicosanoids and pro-resolving molecules. Eicosanoids,
which are 20-carbon derivatives of AA, dihomo-γ-linolenic acid (C20:3n-6), and EPA, are
produced through cyclooxygenase and lipoxygenase pathways, resulting in prostaglandins
and leukotrienes, respectively. While eicosanoids are primarily pro-inflammatory, some
lipid mediators, such as 15-deoxy-∆12,14-PGJ2 (15d-PGJ2), exhibit anti-inflammatory prop-
erties. EPA and DHA are also metabolized into pro-resolving mediators—such as lipoxins
and resolvins—via lipoxygenases, cytochrome P450, and acetylated cyclooxygenase-2. No-
tably, free PUFAs, particularly AA, can activate peroxisome proliferator-activated receptors
(PPAR)-α and -γ [16].

Desaturases are key enzymes in lipid metabolism, significantly influencing the de-
saturation index, which is closely associated with an elevated risk of insulin resistance
(IR) [17]. These enzymes introduce double bonds into fatty acid carbon chains, altering
their structure [18]. This desaturation impacts the physical properties of fatty acids, in-
cluding membrane fluidity and intracellular signaling pathways [19]. ∆6-desaturase (D6D)
and ∆5-desaturase (D5D) are critical for long-chain polyunsaturated fatty acid (LC-PUFA)
synthesis. D6D acts on linoleic acid (LA) and alpha-linolenic acid (ALA), inserting a double
bond at the ∆6 position to form γ-linolenic acid and stearidonic acid (SDA), respectively.
D5D subsequently introduces a double bond at the ∆5 position, producing arachidonic acid
and eicosapentaenoic acid (EPA), which are precursors to bioactive lipid mediators [15]. De-
saturase activity strongly influences membrane composition and lipid-mediated signaling,
thereby affecting various physiological functions. Altered desaturase function has been
linked to metabolic disorders, cardiovascular diseases, and inflammatory conditions [15].

A locus on human chromosome 11, identified as q12–q13, contains the FADS1 (fatty
acid desaturase-1), FADS2 (fatty acid desaturase-2), and FADS3 (fatty acid desaturase-3)
genes. These genes share similar exon–intron structures and are clustered together, likely
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due to gene duplication events [20]. Genetic variations, particularly single-nucleotide
polymorphisms (SNPs) in FADS1 and FADS2, can influence D5D and D6D enzyme activity,
leading to changes in blood fatty acid composition and lipid profiles. Some minor alleles
in these genes are linked to reduced D5D activity and increased D6D activity, thereby
altering LC-PUFA levels—such as arachidonic acid—and affecting lipid metabolism and
disease risk [21]. While earlier studies showed that FADS3 could synthesize sphinganine
ceramides using sphingosine ceramides as substrates, other findings suggest it also acts on
free sphingosine. Thus, the specific substrates of FADS3 remain debated [22].

Although several studies have investigated FADS1 polymorphisms in general popu-
lations and various diseases, limited research has explored its association with diabetes.
Moreover, no studies have examined the effect of FADS1 variants in Middle Eastern popu-
lations, representing a key knowledge gap addressed in this study. This research focuses on
FADS1 gene polymorphisms and associated differences in plasma enzyme levels. It is the
first study conducted in the Iraqi population to compare individuals newly diagnosed with
type 2 diabetes with healthy controls. The findings aim to clarify the distribution of FADS1
polymorphisms in these groups and their impact on plasma glucose and lipid levels.

2. Results
2.1. Assessment of Various Variables and Biochemical Markers in the Study Groups

This study included 120 participants, comprising 60 healthy controls and 60 patients
with T2DM. No significant differences were observed between groups in age (45.6 ± 6.7 vs.
47.8 ± 9.9 years), sex distribution (male-to-female ratio: 1.22:1 vs. 1.87:1), BMI (27.2 ± 2.1
vs. 27.0 ± 2.0 kg/m2), WHR (0.837 ± 0.041 vs. 0.841 ± 0.039), education levels, or dietary
habits. Median fasting plasma glucose (FPG) (98 vs. 136.5 mg/dL), fasting insulin (8.6 vs.
10.21 µU/mL), HOMA-IR (2.2 vs. 3.53), and mean HbA1c (5.73 vs. 9.50%) were significantly
lower in controls than in T2DM patients. No significant differences were found in plasma
levels of Apo A, Apo B, Apo B/A ratio, total cholesterol, or LDL-C. However, triglycerides,
VLDL, and hs-CRP levels were significantly higher, and HDL-C significantly lower, in
T2DM patients. Serum levels of all omega-3 PUFAs (ALA, SDA, ETA, EPA, DHA) and
omega-6 PUFAs (LA, GLA, DGLA, AA) were also significantly lower in T2DM patients
compared to controls, as depicted in Table 1.

Table 1. Assessment of sociodemographic variables, glycemic control parameters, lipid-related
parameters, polyunsaturated fatty acids, and inflammatory markers.

Variables Control T2DM p-Value

Number 60 60 -

Age (years) a 45.6 ± 6.7 47.8 ± 9.9 0.160 d

Sex b

0.264 eFemale 27 (45.0%) 21 (35.0%)

Male 33 (55.0%) 39 (65.0%)

BMI (kg/m2) a 27.2 ± 2.1 27.0 ± 2.0 0.566 d

WHR a 0.837 ± 0.041 0.841 ± 0.039 0.552 d

Education levels b

0.484 eIlliterate 6 (10.0%) 11 (18.3%)

Primary or secondary 51 (85.0%) 47 (78.3%)

College 3 (5.0%) 2 (3.3%)
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Table 1. Cont.

Variables Control T2DM p-Value

Fish diet b

0.575 e
Once every two weeks 10 (16.7%) 14 (23.3%)

Once weekly 33 (55.0%) 28 (46.7%)

Twice weekly 17 (28.3%) 18 (30.0%)

FPG (mg/dL) c 98 (93–105) 136.5 (119.3–198.8) <0.001 f

HbA1c (%) a 5.73 ± 0.41 9.50 ± 2.42 <0.001 d

Fasting insulin (µU/mL) c 8.6 (4.52–11.85) 10.21 (5.89–18.96) 0.009 f

HOMA-IR c 2.2 (1.11–2.78) 3.63 (2.34–7.04) <0.001 f

Apo A (g/L) a 1.28 ± 0.25 1.21 ± 0.36 0.210 d

Apo B (g/L) a 1.15 ± 0.22 1.15 ± 0.25 0.920 d

Apo B/A ratio c 0.87 (0.75–1.11) 0.90 (0.82–1.16) 0.320 f

Cholesterol (mg/DL) a 173.8 ± 31.7 182.1 ± 45.6 0.250 d

LDL-c (mg/dL) a 110.6 ± 24.9 111.7 ± 39.3 0.860 d

HDL-c (mg/dL) a 39.95 ± 6.91 35.72 ± 7.66 0.002 d

Triglyceride (mg/dL) c 108.5 (88.5–142.8) 167.5 (118.8–215.0) <0.001 f

VLDL (mg/dL) c 21.9 (17.7–21.9) 32.9 (23.7–42.95) <0.001 f

hs-CRP (mg/L) c 1.78 (0.6–4.27) 3.28 (1.16–5.83) 0.020 f

ω3-PUFA

ALA (%) a 4.014 ± 0.413 2.46 ± 0.217 <0.001 d

SDA (%) a 2.482 ± 0.216 1.334 ± 0.131 <0.001 d

ETA (%) a 3.353 ± 0.160 2.34 ± 0.126 <0.001 d

EPA (%) a 4.378 ± 0.172 3.581 ± 0.143 <0.001 d

DHA (%) a 2.513 ± 0.102 2.182 ± 0.061 <0.001 d

ω6-PUFA

LA (ng/mL) c 4.71 (3.19–7.09) 3.41 (2.86–4.49) 0.009 f

GLA (ng/mL) c 4.32 (2.98–5.69) 2.44 (1.24–4.21) 0.001 f

DGLA (ng/mL) c 12.13 (6.94–19.34) 4.91 (3.24–8.79) <0.001 f

AA (mg/L) 10.41 (5.997–14.71) 5.65 (2.57–8.34) <0.001 f

a Data presented as mean ± standard deviation, b as number (%), c as median (interquartile range), d independent
t-test, e Chi-square test, f Mann–Whitney U test. BMI: body mass index, WHR: Waist-to-hip ratio, HOMA-IR:
Homeostatic Model Assessment for Insulin Resistance, FPG: fasting plasma glucose, HbA1c: glycated hemoglobin,
LDL: low-density lipoprotein, HDL: high-density lipoprotein, VLDL: very-low-density lipoprotein, hs-CRP:
high-sensitivity C-reactive protein, ALA: alpha-linolenic acid, SDA: stearidonic acid, ETA: eicosatetraenoic acid,
EPA: eicosapentaenoic acid, DHA: docosahexaenoic acid, LA: linolic acid, GLA: Gamma-linolenic acid, DGLA:
dihomo-Gamma-linolenic acid, AA: arachidonic acid, PUFA: polyunsaturated fatty acid.

The plasma levels of D5D and D6D were slightly lower in T2DM patients than in
the controls, though the differences were not statistically significant. The estimated D5D
activity in the omega-3 pathway was significantly higher in T2DM patients and marginally
elevated in the omega-6 pathway. Conversely, the estimated D6D activity was significantly
reduced in the omega-3 pathway and slightly lower in the omega-6 pathway among T2DM
patients. Elongase-5 activity was significantly increased in the omega-3 pathway and
significantly decreased in the omega-6 pathway in T2DM patients, as depicted in Figure 1.
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associated with an increased risk of T2DM. In the co-dominant model, the TC genotype was 
linked to a 3.176-fold higher risk compared to the TT genotype. Additionally, the combined 
TT + TC genotypes showed a 3.051-fold increased risk of T2DM relative to TT alone. 

  

Figure 1. Assessment of plasma desaturase enzyme levels and activities. (A) D5D enzyme levels,
(B) D6D enzyme levels, (C) SDA/ALA ratio, (D) ETA/SDA ratio, (E) EPA/ETA ratio, (F) GLA/LA
ratio, (G) DGLA/GLA ratio, and (H) AA/DGLA ratio.

2.2. Genetic Analysis

The studied SNP (rs174547) conformed to Hardy–Weinberg equilibrium. In FADS1
(rs174547), both genotype and allele frequencies differed significantly between the controls
and T2DM patients, with higher frequencies of C-containing alleles and genotypes observed
in the T2DM group. As shown in Table 2, genotypes containing the C allele (CC or TC) were
associated with an increased risk of T2DM. In the co-dominant model, the TC genotype was
linked to a 3.176-fold higher risk compared to the TT genotype. Additionally, the combined
TT + TC genotypes showed a 3.051-fold increased risk of T2DM relative to TT alone.

Table 2. Allele distribution and association between FADS1 (rs174547) genotype with risk of type 2
diabetes according to genetic models.

Models Genotype Control T2DM OR (95% CI) p-Value

Co-dominant

CC 2 (3.3%) 4 (6.7%) 2.615 (0.455–15.018) 0.281 a

TC 7 (11.7%) 17 (28.3%) 3.176 (1.199–8.411) 0.020 a

TT 51 (85.0%) 39 (65.0%) 1.0 -
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Table 2. Cont.

Models Genotype Control T2DM OR (95% CI) p-Value

Dominant
CC + TC 9 (15.0%) 21 (35.0%) 3.051 (1.259–7.395) 0.014 a

TT 51 (85.0%) 39 (65.0%) 1.0 -

Recessive
TT + TC 58 (96.7%) 56 (93.3%) 0.483 (0.085–2.741) 0.411 a

CC 2 (3.3%) 4 (6.7%) 1.0 -

Allele
C 11 (9.17%) 25 (20.83%) -

0.011 b

T 109 (90.83%) 95 (79.17%) -
a Binary logistic regression analysis, b Chi-square test. CI: confidence interval, OR: odds ratio.

2.3. Multivariate Analysis

The presence of the C-allele genotype in FADS1 (rs174547) was associated with an
increased risk of T2DM. This association remained significant after adjusting for sociode-
mographic factors, lipid profile parameters, and inflammatory markers, indicating that the
rs174547 polymorphism is independently linked to T2DM, as depicted in Table 3.

Table 3. Multivariate analysis of the association between FADS1 (rs174547) genotype to predict type
2 diabetes.

Models OR (95% CI) p-Value

Unadjusted a 3.051 (1.259–7.395) 0.014

Model-1 b 3.266 (1.279–8.338) 0.013

Model-2 c 3.230 (1.034–10.087) 0.044

Model-3 d 3.967 (1.167–13.480) 0.027

Model-4 e 3.070 (0.777–12.135) 0.110
a Dominant model (CC + TC vs. TT). b Adjustment for sociodemographic (sex, age, fish diet, education levels,
BMI, and WHR). c Adjustment for lipid profile: apo A, apo B, total cholesterol, triglycerides, LDL, and HDL
(in addition to Model-1 parameters). d Model-3: adjustment for hs-CRP (in addition to Model-2 parameters).
e Model-4: adjustment for D5D and D6D (in addition to Model-3 parameters).

2.4. Assessment of Lipid Profile, Apolipoproteins, and Inflammatory Mediator in Type 2 Diabetes
Patients Under the Effect of rs174547 Polymorphism

In T2DM patients, the rs174547 polymorphism was not associated with significant dif-
ferences in FPG, HbA1c, fasting insulin, or HOMA-IR values. However, serum cholesterol
and LDL-C levels were influenced by genotype, with the TC genotype showing significantly
lower levels than both CC and TT genotypes. No significant differences were observed
between the CC and TT genotypes for these parameters. Other variables, including Apo A,
Apo B, Apo B/A ratio, HDL-C, triglycerides, VLDL, and hs-CRP, were not significantly
affected by rs174547 polymorphism, as depicted in Figure 2.

The rs174547 polymorphism influenced serum cholesterol and LDL-C levels, with
the TC genotype showing significantly lower values than both CC and TT genotypes. No
significant differences were observed between CC and TT genotypes. Other parameters,
including Apo A, Apo B, Apo B/A ratio, HDL-C, triglycerides, VLDL, and hs-CRP, were
not significantly affected by rs174547 polymorphism, as illustrated in Figure 3.

2.5. Assessment of Plasma Polyunsaturated Fatty Acids in Type 2 Diabetes Patients Under the
Effect of rs174547 Polymorphism

Plasma ALA levels were significantly higher in T2DM patients with the TC genotype
compared to those with the TT genotype. However, rs174547 polymorphism was not
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associated with significant differences in the remaining omega-3 and omega-6 PUFAs (SDA,
ETA, EPA, DHA, LA, GLA, DGLA, and AA) in T2DM patients, as depicted in Figure 4.
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Figure 2. Assessment of glycemic control parameters, apolipoproteins, and hs-CRP in type 2 dia-
betes patients under the effect of rs174547 polymorphism. (A) Fasting plasma glucose, (B) HbA1c,
(C) fasting insulin, (D) HOMA-IR, (E) serum apoprotein A levels, (F) serum apoprotein B levels,
(G) apoprotein B/A ratio, and (H) serum hs-CRP levels.

2.6. Assessment of Desaturase Enzymes in Type 2 Diabetes Patients Under the Effect of
rs174547 Polymorphism

In T2DM patients, rs174547 polymorphism was not associated with significant differ-
ences in D5D or D6D enzyme levels. Similarly, no significant differences were observed
in the SDA/ALA, ETA/SDA, EPA/ETA, GLA/LA, DGLA/GLA, or AA/DGLA ratios, as
presented in Table 4.
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Table 4. Effect of rs174547 polymorphism on desaturase enzymes in type 2 diabetes patients.

Variables a CC TC TT p-Value b

Number 4 17 39 -

D5D (pg/mL) 164.5 (118.6–262.5) 177.7 (113.6–307.3) 134.9 (85.1–213.8) 0.243

EPA/ETA ratio (D5D) 1.5 (1.3–1.7) 1.5 (1.5–1.6) 1.5 (1.5–1.6) 0.480

AA/DGLA ratio (D5D) 1625.7 (768.4–2561.5) 825.3 (494.7–2533.5) 1075.9 (688.7–1809.6) 0.701

D6D (ng/mL) 79.9 (58.9–97.8) 89.6 (55.6–104.7) 76.7 (60.4–102.2) 0.986

SDA/ALA ratio (D6D) 0.5 (0.5–0.6) 0.5 (0.5–0.6) 0.6 (0.5–0.6) 0.188

GLA/LA ratio (D6D) 0.5 (0.2–1.4) 0.6 (0.2–1.3) 0.8 (0.5–1.3) 0.500

ETA/SDA ratio
(elongase-5) 1.8 (1.7–2.1) 1.7 (1.6–1.9) 1.8 (1.6–1.9) 0.562

DGLA/GLA ratio
(elongase-5) 3.3 (1.3–9.5) 1.7 (1.1–3.1) 2.1 (1.1–3.0) 0.692

a Data presented as median (IQR), b Kruskal–Wallis test. D5D: delta-5 desaturase, D6D: delta-6 desaturase, ALA:
alpha-linolenic acid, SDA: stearidonic acid, ETA: eicosatetraenoic acid, EPA: eicosapentaenoic acid, LA: linolic
acid, GLA: Gamma-linolenic acid, DGLA: dihomo-Gamma-linolenic acid, AA: arachidonic acid.
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linolenic acid levels, (I) serum arachidonic acid levels.

3. Discussion
In this study, the mean age of newly diagnosed T2DM patients was 47.8 ± 9.9 years,

consistent with both international and local research. A large study across 19 high-income
countries reported a mean diagnostic age of 54.4 ± 9.8 years [23], while a U.S. study of
8654 patients reported 51.71 years [24], and a Chinese study reported 52.91 ± 10.25 years [25].
In Iraq, a Basrah study involving over 5400 patients found a mean age of 46.7 ± 14.3 years [4].
Two Baghdad studies reported means of 49.17 ± 7.31 and 45.3 ± 5.67 years, respectively [26,27].
These international and local findings align with the present study [28–31].

The ω-3 and ω-6 PUFA are recognized as important immune nutrients with pharma-
cological effects, including lipid regulation, inflammation reduction, and immune enhance-
ment. However, their role in type 2 diabetes remains debated [32,33]. Some studies suggest
that ω-3 PUFA supplementation offers protective effects against various complications
associated with type 2 diabetes [34–36].
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The rs174547 variant is a key regulator of ω-6 PUFA, closely associated with its
synthesis and serum levels [37]. In this study, the C allele of FADS1 (rs174547) was
significantly associated with T2DM and was more prevalent in T2DM patients (T/C:
0.792/0.208) than in controls (T/C: 0.908/0.092). Genotype distribution also differed
notably between groups, with TT being most common (TT/TC/CC: 0.65/0.283/0.067 in
T2DM vs. 0.85/0.117/0.033 in controls).

Globally, the T/C allele frequency of the rs174547 SNP is approximately 0.673/0.327.
However, distribution varies across ethnic groups, with African populations showing
the highest T/C ratio (0.921/0.079), followed by South Asians (0.821/0.179), Europeans
(0.676/0.324), and East Asians (0.608/0.392) [38]. In this study, the T/C ratio in the control
group resembled that of African populations, whereas the T2DM group was more similar
to South Asian populations.

Only one study has examined the rs174547 genotype specifically in T2DM. Ti-
wana’s study of 820 T2DM patients reported genotype frequencies of TT/TC/CC as
0.341/0.481/0.174, with a T/C allele frequency of 0.583/0.417—showing a higher rate
of heterozygosity and a lower frequency of both the wild-type TT genotype and T allele
compared to the current study [39]. Other research has reported rs174547 distributions in
different populations and conditions. In healthy Japanese lactating women, the genotype
distribution was 0.375/0.497/0.128 (TT/TC/CC) [40,41]. A post hoc GWAS analysis from
the PREDIMED Plus-Valencia study showed a T/C allele frequency of 0.702/0.298 [42].
In metabolic syndrome, the genotype distribution was 0.468/0.426/0.106, with a T/C
ratio of 0.681/0.319 [43]. Among healthy Malaysian participants, the distribution was
0.395/0.320/0.285, with T/C frequencies of 0.555/0.445 [44]. In contrast, the current study
observed a higher TT-to-TC ratio than previously reported, particularly in Iraqi T2DM pa-
tients, where TC genotype frequency was lower in T2DM than in controls (28.3% vs. 11.7%).

An exploratory multivariate analysis was conducted to examine the relationship
between the rs174547 genotype (dominant model) and T2DM risk. After adjusting for
sociodemographic factors, serum lipid profile, and hs-CRP, the CC + TC genotype was
independently associated with an increased risk of T2DM. However, this association lost
statistical significance after further adjustment for serum desaturase (δ5 and δ6) enzyme
levels, suggesting that the link between rs174547 and T2DM is influenced by desaturase
levels. As existing literature primarily focuses on desaturase activity, measured via product-
to-substrate ratios rather than direct enzyme levels as in this study, comparison with
previous findings remains challenging. Notably, identifying an independent association
between the CC + TC genotype and T2DM represents a novel finding.

Some studies have reported opposing results, suggesting that ω-3 PUFAs have either
no effect or a potentially harmful impact on diabetes risk [45,46]. The ASCEND trial,
involving approximately 15,000 T2DM patients, found that daily supplementation with
1 g of ω-3 PUFA did not significantly affect cardiovascular events or all-cause mortality
compared to 1 g of olive oil over a 7.4-year follow-up [47]. Additional evidence from clinical
trials and cohort studies suggests that ω-3 PUFA intake—whether from supplements or
food—has neither beneficial nor adverse effects on type 2 diabetes [48,49]. While these
studies address dietary PUFAs and T2DM risk, the present study directly investigated the
impact of PUFAs in relation to FADS1 polymorphism. A similar association was reported
in a study on a different ethnic group (Tiwana’s study) [39].

The association between ω-3 PUFA consumption and T2DM is influenced by both ge-
netic and non-genetic factors. Polymorphisms in the FADS gene family affect the biological
role of ω-3 PUFAs in T2DM. D5D and D6D, enzymes involved in ω-3 PUFA metabolism,
are encoded by FADS1 and FADS2, respectively. Genetic variation within these genes is
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linked to the reduced expression and activity of these enzymes, thereby altering ω-3 PUFA
concentrations [50].

A pharmacokinetic study of 161 T2DM patients established a dose–response relation-
ship between plasma ω-3 PUFA levels and HbA1c using nonlinear mixed-effect analysis,
highlighting the complexity of this interaction [32]. The study found that HDL signifi-
cantly influenced this relationship: individuals with lower HDL exhibited faster ω-3 PUFA
clearance, reducing the effectiveness in lowering HbA1c. This underscores the critical role
of HDL levels in HbA1c regulation [32]. A cross-sectional study in T2DM patients aged
≥60 years identified a U-shaped relationship between HDL-C and HbA1c, with an inflec-
tion point at 60 mg/dL [51]. Dietary PUFAs, especially ω-3 PUFAs, promote the transport
of HDL-bound apoE, which supports reverse cholesterol transport through mechanisms
such as HDL subspecies secretion, cholesterol efflux from macrophages, HDL enlargement
via cholesterol ester uptake, and rapid clearance. These effects help reduce T2DM risk.
Conversely, apoC3 counteracts the benefits of apoE, possibly explaining the link between
HDL-apoC3 and T2DM [52]. In this study, HDL levels were significantly lower in T2DM
patients, aligning with Wang et al. [32], further supporting the complex interaction between
PUFAs, HDL, and T2DM risk. However, rs174547 polymorphism did not affect HDL-C
levels, suggesting that the HDL-T2DM relationship is independent of FADS1 genotype.

PUFAs are vital components of cellular membranes, incorporated into phospholipids
and other complex lipids through esterification to glycerol or other polyols. These lipids
often contain hydrophilic groups that enhance the structural and functional integrity of
cell membranes [53–55]. Saturated fats, with their straight-chain structure, create tightly
packed and rigid lipid bilayers. In contrast, PUFAs, due to their multiple double bonds
and bent structure, promote a more fluid and dynamic membrane environment. This
variation in lipid composition directly affects membrane fluidity, which is essential for
normal cellular functions such as receptor mobility, intracellular signaling, and nutrient and
ion transport. The accumulation of saturated fats can stiffen membranes, reducing insulin
receptor mobility and impairing interactions with signaling proteins. This disruption
in insulin signaling contributes to insulin resistance, a key factor in the development of
T2DM [56,57].

Omega-3 fatty acids play a key role in maintaining insulin sensitivity and regulating
glucose metabolism. They enhance insulin action in target tissues, such as muscle and
adipose tissue, by strengthening signaling pathways associated with insulin receptors.
Omega-3s also promote the expression of glucose transporter type 4 (GLUT4) through
mechanisms involving peroxisome proliferator-activated receptor gamma (PPAR-γ), a
critical transcription factor that improves insulin responsiveness. A diet low in omega-3
and high in omega-6 fatty acids disrupts the fatty acid balance in cell membranes, leading
to increased production of pro-inflammatory mediators from omega-6 fatty acids. This
imbalance exacerbates systemic inflammation and insulin resistance. Chronic inflammation
impairs insulin signaling, reduces glucose uptake, and increases the risk of developing
type 2 diabetes [58].

Omega-3 fatty acids regulate triglyceride levels by modulating the activity of sev-
eral nuclear receptors, including sterol regulatory element-binding protein (SREBP), liver
X receptor-alpha (LXRα), retinoid X receptor-alpha (RXRα), farnesoid X receptor (FXR),
and peroxisome proliferator-activated receptors (PPARs) [59]. SREBPs are transcription
factors that control genes involved in lipid synthesis and are implicated in both physi-
ological and pathological processes [60]. Omega-3s reduce hepatic lipid production by
inhibiting SREBP-1c activity, thereby decreasing VLDL formation, fatty acid synthesis, and
triglyceride-producing enzymes [61]. They suppress SREBP-1c expression by preventing
the LXR/RXR heterodimer from binding to LXR response elements (LXREs) within the
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SREBP-1c promoter, a critical step for gene activation [62]. Lipid accumulation in non-
adipose tissues is strongly linked to T2DM and its complications. Increased SREBP-1c
expression has been observed in the liver and islets of diabetic rats [63], suggesting that
lower omega-3 levels may elevate SREBP activity and T2DM risk.

Endoplasmic reticulum (ER) stress also plays a key role in insulin resistance. Im-
balances in fatty acid composition can induce ER stress, triggering the unfolded protein
response (UPR) and impairing insulin signaling. The interplay between fatty acid com-
position, inflammation, and cellular stress underscores the importance of maintaining a
balanced PUFA intake in preventing and managing insulin resistance and T2DM. Omega-3
fatty acids enhance insulin sensitivity through PPAR-γ activation and anti-inflammatory
effects, whereas excessive omega-6 intake promotes insulin resistance via inflammation,
dysregulated adipokine release, and ER stress induction [64,65].

Genetic studies on PUFAs have identified associations with SNPs in FADS1 and FADS2.
Human desaturase research typically estimates enzyme activity using product-to-precursor
fatty acid ratios. Since most circulating lipids during fasting are liver-derived, desaturation
indices from fasting samples are considered reflective of hepatic desaturase activity [66,67].
In addition to enzymatic activity, the present study directly measured serum desaturase
enzyme levels.

In this study, D5D enzyme levels were higher in participants with the TC genotype
of rs174547 compared to other genotypes, although D5D activity was lower in this group.
However, these differences were not statistically significant. D6D enzyme levels and activity
also showed no significant variation by rs174547 genotype, as illustrated in Figure 5.

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 13 of 29 
 

 

reported significant differences in D6D activity, with the highest levels in TT, followed by 
TC and lowest in CC genotypes [39]. These findings partially align with the present study 
regarding D5D activity, but differ concerning D6D activity. Potential explanations include 
the limited number of participants with CC and TC genotypes in the current study, ethnic 
differences between populations, and variation in disease stage. The present study exam-
ined newly diagnosed T2DM patients in their 5th decade of life, whereas Huang et al. 
(2017) focused on patients with established T2DM in their 6th decade [39]. These factors 
may account for the discrepancies. 

In a study on healthy Japanese individuals, the rs174547 SNP had no effect on D5D 
activity but significantly influenced D6D activity, with the highest levels observed in TT, 
followed by TC and CC genotypes [68]. Similarly, a Polish study involving postmenopau-
sal women found no significant effect on D6D activity, while D5D activity was signifi-
cantly higher in the TT genotype compared to TC + CC genotypes [69]. Previous research 
suggests that the FADS1 genotype modulates systemic FADS1 activity, with the minor C 
allele associated with reduced D5D activity [37,70]. A study on calcified and non-calcified 
aortic valve tissue also reported that the TT genotype exhibited the highest D5D and D6D 
activity, followed by TC and CC [71]. One possible explanation is that the C allele of 
rs174547 impairs desaturase function, leading to the reduced synthesis of long-chain n-6 
and n-3 PUFAs, particularly 20:4n-6 and 20:5n-3 [72]. 

 

Figure 5. Effect of FADS1 gene polymorphism (re174547) on PUFA and desaturase enzymes in type 2 
diabetes patients. ALA: alpha-linolenic acid, SDA: stearidonic acid, ETA: eicosatetraenoic acid, EPA: 
eicosapentaenoic acid, DHA: docosahexaenoic acid, LA: linolic acid, GLA: Gamma-linolenic acid, 
DGLA: dihomo-Gamma-linolenic acid, AA: arachidonic acid, PUFA: polyunsaturated fatty acid. 

Figure 5. Effect of FADS1 gene polymorphism (re174547) on PUFA and desaturase enzymes in type 2
diabetes patients. ALA: alpha-linolenic acid, SDA: stearidonic acid, ETA: eicosatetraenoic acid, EPA:
eicosapentaenoic acid, DHA: docosahexaenoic acid, LA: linolic acid, GLA: Gamma-linolenic acid,
DGLA: dihomo-Gamma-linolenic acid, AA: arachidonic acid, PUFA: polyunsaturated fatty acid.



Int. J. Mol. Sci. 2025, 26, 4015 13 of 28

In Huang et al. (2017), among T2DM patients, the TC genotype of rs174547 was
associated with lower D5D activity compared to TT and similar activity to CC. The study
also reported significant differences in D6D activity, with the highest levels in TT, followed
by TC and lowest in CC genotypes [39]. These findings partially align with the present
study regarding D5D activity, but differ concerning D6D activity. Potential explanations
include the limited number of participants with CC and TC genotypes in the current study,
ethnic differences between populations, and variation in disease stage. The present study
examined newly diagnosed T2DM patients in their 5th decade of life, whereas Huang et al.
(2017) focused on patients with established T2DM in their 6th decade [39]. These factors
may account for the discrepancies.

In a study on healthy Japanese individuals, the rs174547 SNP had no effect on D5D
activity but significantly influenced D6D activity, with the highest levels observed in TT,
followed by TC and CC genotypes [68]. Similarly, a Polish study involving postmenopausal
women found no significant effect on D6D activity, while D5D activity was significantly
higher in the TT genotype compared to TC + CC genotypes [69]. Previous research suggests
that the FADS1 genotype modulates systemic FADS1 activity, with the minor C allele
associated with reduced D5D activity [37,70]. A study on calcified and non-calcified aortic
valve tissue also reported that the TT genotype exhibited the highest D5D and D6D activity,
followed by TC and CC [71]. One possible explanation is that the C allele of rs174547
impairs desaturase function, leading to the reduced synthesis of long-chain n-6 and n-3
PUFAs, particularly 20:4n-6 and 20:5n-3 [72].

In this study, D5D and D6D enzyme levels were lower in T2DM patients, whereas
D5D and D6D enzymatic activities were higher. A Mendelian randomization study sug-
gested that genetically reduced D5D activity is associated with increased diabetes risk [73].
However, the molecular mechanisms linking D5D and D6D to diabetes remain poorly
understood. Cross-sectional studies have linked altered D5D and D6D activity to insulin
resistance [74,75], while lifestyle-driven changes in desaturase activity have been associated
with shifts in insulin sensitivity [76]. The rs174550 genotype in FADS1—fully linked with
rs174546—was associated with early insulin secretion but not insulin sensitivity [77], and an-
other study found no consistent relationship between this genotype and β-cell function [78].
It is likely that altered fatty acid composition mediates the impact of desaturase activity
on diabetes risk, as membrane lipid content may influence insulin signaling, receptor
binding, and function. Additionally, LC-PUFAs can act as ligands for transcription factors
such as sterol regulatory element-binding protein 1 and peroxisome proliferator-activated
receptors [79–81].

In recent decades, many Middle Eastern and North African countries have experienced
a dietary shift from traditional plant- and seafood-rich diets to more Westernized diets high
in saturated and trans fats. This transition, driven by urbanization, economic growth, and
increased access to processed foods, has contributed to rising rates of obesity, diabetes, and
cardiovascular disease—often compounded by sedentary lifestyles and limited preventive
care access [82]. This shift may explain the lower PUFA levels observed in T2DM patients.

The present findings offer insights into omega-3 supplementation strategies. Diabetic
patients exhibited reduced serum PUFA levels, alongside decreased D5D and D6D levels
and activity. Moreover, individuals with the TT genotype of rs174547 had lower enzyme
levels and activity, suggesting a need for higher supplementation with LA and ALA.

4. Methods
4.1. Study Design and Settings

This case–control study included 120 participants divided into two groups: 60 individuals
newly diagnosed with T2DM and 60 apparently healthy controls, matched for age, sex,
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and other relevant sociodemographic variables. T2DM diagnosis followed the 2024
American Diabetes Association guidelines, based on either FPG > 126 mg/dL and/or
HbA1c > 6.5% [83]. Participants were recruited from the Diabetes and Endocrinology
Center, Nasiriyah, Dhi-Qar Health Directorate, Iraqi Ministry of Health. The study was
conducted from 5 March to 25 October 2024, and adhered to the STROBE guidelines for
reporting observational studies [84,85].

4.2. Ethical Approval

Ethical approval was obtained from the Scientific and Ethical Committee, College of
Pharmacy, University of Baghdad (Approval No. REC042024191H), on 1 March 2024. All
participants were informed about the study’s purpose and potential benefits, and written
informed consent was obtained prior to enrollment.

4.3. Patient Selection and Data Collection

Following consultation with the center’s endocrinologist regarding inclusion and
exclusion criteria, eligible patients were referred to the primary investigator. Relevant
data, including age, sex, diet, education level, BMI, and waist-to-hip ratio, were recorded.
A venous blood sample (10 mL) was collected from each participant for analysis. All
examinations were provided free of charge, with no financial burden on the participants.

4.3.1. Inclusion Criteria

Eligible participants were aged 18 years or older, of either sex, not taking any med-
ications or supplements, and free of severe chronic diseases other than diabetes in the
T2DM group.

4.3.2. Exclusion Criteria

Exclusion criteria included obesity (BMI ≥ 30 kg/m2), waist-to-hip ratio > 0.85 in
females or > 0.9 in males, pregnancy, current or former smoking, and alcohol consumption.

4.4. Obesity Assessment

Each participant’s weight, height, waist circumference, and hip circumference were
measured. BMI was calculated by dividing weight in kilograms by the square of height in
meters [86], with obesity defined as BMI ≥ 30 kg/m2 [87]. Waist-to-hip ratio (WHR) was
determined by dividing waist circumference by hip circumference [88]. According to WHO
criteria, WHR > 0.85 in females and >0.9 in males was classified as abdominal obesity [89].

4.5. Specimen Collection

Approximately 10 mL of venous blood was collected from each participant. Of this,
1.5 mL was placed in an EDTA tube; 0.5 mL was used for HbA1c measurement, while the
remaining 1.0 mL was frozen for subsequent DNA extraction [90]. The remaining 8 mL
of blood was transferred to a gel tube and left at room temperature for 30 min to allow
clotting, followed by centrifugation at 4000 rpm for 10 min to separate the serum. The
extracted serum was divided into two portions: one was used immediately for measuring
glucose, insulin, hs-CRP, Apo A, Apo B, and the lipid profile; the second was stored in
Eppendorf tubes at −40 ◦C for later ELISA and gas chromatography (GC) analysis, as
depicted in Figure 6.

4.6. Routine Laboratory Biochemical Analysis
4.6.1. Plasma Glucose Assessment

Serum glucose levels were measured using the glucose hexokinase GLUC3 kit (Roche,
Mannheim, Germany), designed for the Cobas® c 311 analyzer (Roche, Mannheim, Ger-
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many). This enzymatic assay involves the hexokinase-mediated phosphorylation of glucose
to glucose-6-phosphate, which is subsequently converted to 6-phosphogluconate, produc-
ing nicotinamide adenine dinucleotide (NADH). The amount of NADH formed is directly
proportional to the glucose concentration (mg/dL) and is measured photometrically at
459 nm [91].
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4.6.2. Glycated Hemoglobin Assessment

HbA1c levels were measured using the A1C3 kit (Roche, Mannheim, Germany) on
the Cobas® c 311 analyzer (Roche, Mannheim, Germany). Tetradecyltrimethylammonium
bromide (TTAB) was used in the hemolyzing reagent to eliminate leukocyte interference.
HbA1c was determined as a percentage using a turbidimetric inhibition immunoassay
(TINIA) on hemolyzed whole blood. Glycohemoglobin in the sample reacted with anti-
HbA1c antibodies to form soluble antigen–antibody complexes [92].

4.6.3. Serum Insulin Assessment

Serum insulin levels (µU/mL) were quantified using the Insulin CalSet kit (Roche,
Mannheim, Germany) on the Cobas e411 analyzer (Roche, Mannheim, Germany), employ-
ing electrochemiluminescence immunoassay (ECLIA) technology [93]. A 20 µL sample was
incubated with two monoclonal insulin-specific antibodies—one biotinylated and the other
labeled with a ruthenium complex—forming a sandwich complex. Streptavidin-coated
microparticles were added to anchor the complex via biotin–streptavidin interaction. The
reaction mixture was transferred to a measuring cell, where microparticles were magnet-
ically captured onto the electrode surface. After the removal of unbound substances, a
voltage induced chemiluminescence, which was measured by a photomultiplier at 450 nm.
The emitted light intensity was directly proportional to the insulin concentration [94].

4.6.4. Homeostatic Model Assessment for Insulin Resistance

The Homeostasis Model Assessment (HOMA) is a mathematical framework for evalu-
ating IR based on fasting glucose and insulin levels [95]:

HOMA − IR = [Fasting Insulin(µU/mL) × FPG(mg/dL)]÷ 405
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4.6.5. High-Sensitivity C-Reactive Protein Assessment

The CRP4 kit, designed for use with Cobas® c 311 analyzers, was used to measure
serum CRP levels (mg/L). Prepared serum samples were loaded into the analyzer, which
automatically performed the test using a particle-enhanced turbidimetric method. In
this assay, human CRP agglutinates with latex particles coated with anti-CRP antibodies,
leading to increased turbidity. The resulting turbidity was measured photometrically at
450 nm [96].

4.6.6. Lipid Profile Assessment

The current study employed the TRIGL kit (Roche, Mannheim, Germany) on the
Cobas® c 311 analyzer to measure total triglycerides (mg/dL) using an enzymatic col-
orimetric assay [97]. Total cholesterol was assessed with the CHOL2 kit [98], HDL with
the HDLC4 kit [99], and LDL with the LDLC3 kit [100], all using the same analyzer and
assay principle. These enzymatic colorimetric assays were based on absorbance readings at
450 nm [101–105].

Very-low-density lipoprotein (VLDL) (mg/dL) was calculated by dividing triglyc-
erides by five [106].

VLDL − C = [Triglycerides]/5

4.6.7. Lipoprotein Assessment

Apolipoprotein A and B (Apo A and Apo B) levels (g/L) were measured using an im-
munoturbidimetric assay on the Cobas® c 311 analyzer. In this method, anti-apolipoprotein
antibodies react with serum antigens, forming antigen–antibody complexes upon aggluti-
nation. These complexes are quantified using turbidimetric analysis [107,108].

4.6.8. Enzyme-Linked Immunosorbent Assay of Omega-6 Fatty Acids and Desaturase
Enzyme Levels

Enzyme-linked immunosorbent assay (ELISA) kits (Yl Biont, Shanghai, China) were
used to quantify serum levels of linoleic acid (LA) and its physiologically active omega-
6 derivatives, including Gamma-linolenic acid (GLA), dihomo-Gamma-linolenic acid
(DGLA), and arachidonic acid (AA). Serum levels of delta-5-desaturase (D5D) and delta-
6-desaturase (D6D) enzymes were also measured using this method [109,110]. Quantifi-
cation was performed using a microplate reader (ELISA system, Biotek 800 TS, Winooski,
VT, USA).

All kits employed biotin double-antibody sandwich ELISA technology. Fatty acids
from samples and standards were added to wells pre-coated with fatty acid monoclonal
antibodies. After incubation, biotin-labeled anti-fatty acid antibodies and streptavidin–HRP
were added, forming an immune complex. Following incubation and washing, substrates
A and B were introduced, producing a color change from blue to yellow upon the addition
of the stop solution. The intensity of the final color was positively correlated with fatty acid
concentration [111].

4.6.9. Serum Omega-3 Fatty Acid Measurements

Gas chromatography (GC) was used to determine serum levels of the essential omega-
3 fatty acid alpha-linolenic acid (ALA) and its physiologically active derivatives, including
stearidonic acid (SDA), eicosatetraenoic acid (ETA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA). A 200 µL serum sample was used for fatty acid extraction. To
each sample, 50 µL of 0.05% sulfuric acid (H2SO4) was added to lower the pH and enhance
extraction efficiency from serum proteins. The mixture was vortexed for at least 30 s,
followed by the addition of 2 mL ethyl acetate, a polar solvent used to extract fatty acids
from the aqueous phase. After vortexing for 60 s, the sample was centrifuged at 4000 rpm



Int. J. Mol. Sci. 2025, 26, 4015 17 of 28

for 10 min at 4 ◦C to separate the ethyl acetate (organic) phase. The organic layer, containing
the fatty acids, was collected and evaporated to dryness under a nitrogen stream.

The residue was reconstituted in 2 mL of an H2SO4–methanol–toluene mixture (5:90:5,
v/v) to initiate transesterification. In this reaction, H2SO4 acted as a catalyst, methanol
(CH3OH) as the methylating agent to form fatty acid methyl esters (FAMEs), and toluene
as a stabilizer to improve FAME solubility. The mixture was incubated at 75 ◦C for 1 h with
intermittent shaking every 20 min to complete the transesterification process [112].

Following incubation, the sample was cooled to room temperature, and 1 mL of
saturated NaCl solution followed by 2 mL of hexane was added. NaCl enhances FAME
partitioning into the hexane phase by reducing the solubility of polar compounds, while
hexane, a non-polar solvent, efficiently extracts FAMEs from the aqueous layer. The mixture
was vortexed for 60 s to ensure thorough mixing and FAME transfer into the organic phase.
After centrifugation, the upper hexane layer, containing the FAMEs, was collected and
evaporated to dryness under a nitrogen stream. The residue was re-dissolved in 200 µL of
n-hexane for gas chromatography analysis and filtered through a 0.25 µm membrane to
remove particulates that could interfere with chromatography [112].

A non-polar to slightly polar capillary column (DB-5; 30 m length, 0.25 mm internal
diameter) was used to separate fatty acid methyl esters (FAMEs) based on chain length
and degree of unsaturation. Nitrogen served as the carrier gas at a flow rate of 100 kPa.
FAMEs were analyzed using a Shimadzu GC-2010 gas chromatography system (Shimadzu
Corporation, Kyoto, Japan) equipped with a flame ionization detector (FID). Retention
times were compared with known standards to identify individual fatty acids.

A calibration curve was prepared using known standards of ALA, SDA, ETA, eicos-
apentaenoic acid (EPA), and docosahexaenoic acid (DHA). The peak area of each fatty
acid methyl ester in the sample chromatogram was integrated, and concentrations were
calculated by comparison with the calibration curve. Chromatographic data were analyzed
using IC Solution software (version 2.4), and the results were expressed as the weight
percent of total fatty acids. Fatty acid concentrations were reported as a percentage of the
total peak area (weight%) [39].

4.6.10. Estimation of Desaturase and Elongase Enzyme Activity for Omega-3 and
-6 Pathways

Based on the product-to-substrate ratio, the enzyme activity of D5D, D6D, and elongase
enzymes was estimated as follows for the omega-3 pathway [113,114]:

D5D = EPA/ETA

Elongase = ETA/SDA

D6D = SDA/ALA

While for the omega-6 pathway [113,114]:

D5D = AA/DGLA

Elongase = DGLA/GLA

D6D = GLA/LA

4.7. Genomic Examination

For DNA extraction, frozen blood samples collected in EDTA tubes and stored at
–40 ◦C were used. Genomic DNA was isolated using the EasyPure® Blood Genomic DNA
Kit (TransGen Biotech, EE121-02, Beijing, China), following the manufacturer’s instructions.
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The protocol involves cell lysis, protein removal, DNA binding, washing, and elution,
providing a simple and efficient method for extracting high-quality genomic DNA from 5
to 250 µL of frozen blood [115–117].

To extract genomic DNA, 20 µL of proteinase K, 500 µL of BB3 buffer, and 20 µL
of RNase were added to a microcentrifuge tube and vortexed for 15 s. The mixture was
incubated at room temperature for 10 min, followed by centrifugation. The lysate was
transferred to a spin column and centrifuged at 12,000 rpm for 1 min; the flow-through was
discarded. Next, 500 µL of ethanol-containing wash buffer (95–100%) was added, and the
column was centrifuged at 12,000 rpm for 30 s. This washing step was repeated twice to
ensure the removal of residual contaminants. The spin column was placed into a collection
tube, centrifuged at 12,000 rpm for 2 min, and then air-dried at room temperature. To
elute DNA, the column was transferred to a 1.5 mL microcentrifuge tube, and 50–200 µL of
elution buffer (prewarmed to 60 ◦C) or distilled water (pH > 7.0) was added to the column
center. After 1 min of incubation at room temperature, the column was centrifuged at
12,000 rpm for 1 min. DNA presence and integrity were evaluated using 1% agarose gel
electrophoresis. Ten microliters of each DNA sample were run on the gel stained with
ethidium bromide and visualized under a UV transilluminator after applying a 100-volt
current for 1 h [118,119].

The purity and concentration of the extracted genomic DNA were assessed using
a NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Ab-
sorbance was measured at 260 nm and 280 nm, with DNA absorbing at 260 nm and protein
contaminants at 280 nm. DNA purity was determined by the A260/A280 ratio, with val-
ues between 1.7 and 2.0 indicating good quality suitable for PCR applications [120–122].
Polymerase chain reaction (PCR) was used to amplify the isolated genomic DNA.

Primers were designed using Primer3Plus [123,124] and verified using UCSC
tools [125] and reference sequences from the National Center for Biotechnology Infor-
mation (NCBI), as shown in Appendix A. The FADS1 (rs174547) primers were forward (F)
5′-AGGAGTTGGCTTGGGAAAGT-3′ and reverse (R) 5′-TCTCTGCTCCCACCTGTACC-3′,
with a primer size of 20 bp and a product size of 604 bp. For each assay, primers were
prepared by dissolving lyophilized samples in nuclease-free water per the manufacturer’s
instructions (Alpha DNA Ltd., Montreal, QC, Canada). A 100 µM stock solution was
prepared and stored at −20 ◦C. A 10 µM working solution was obtained by diluting 10 µL
of stock with 90 µL of nuclease-free water and stored at −20 ◦C until use.

A partial sequence was selected to investigate the association between FADS1 gene
polymorphism and T2DM in Iraqi patients [116]. PCR optimization involved testing
four annealing temperatures: 56, 58, 60, and 62 ◦C. An annealing temperature of 58 ◦C
produced the clearest and most distinct bands on agarose gel and was therefore used in
this study [126]. PCR was performed using 2xEasyTaq® PCR SuperMix (TransGen Biotech,
Beijing, China) in a final volume of 25 µL, following the manufacturer’s instructions.

Extracted DNA and PCR-amplified fragments were separated by agarose gel elec-
trophoresis and visualized under UV light following ethidium bromide staining [126]. A
1% (w/v) agarose gel was used for DNA extraction, and a 2% (w/v) gel for PCR prod-
uct detection. One gram of agarose was dissolved in 100 mL of 1X TBE buffer (0.89 M
Tris, 0.89 M boric acid, 2 mM EDTA; pH = 8) with continuous heating and stirring. After
cooling to 60 ◦C, ethidium bromide was added to a final concentration of 0.5 µg/mL. The
agarose was poured into a casting tray, and a comb was inserted. Once solidified, the comb
was carefully removed. The gel tray was placed in a horizontal electrophoresis tank and
covered with 1X TBE buffer (3–5 mm above the gel surface). Each well was loaded with
10 µL of DNA or PCR product, along with 5 µL of a 100 bp DNA ladder. Electrophoresis
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was conducted at 5 V/cm2 for 60 min. Stained bands were visualized using gel imaging
equipment, as depicted in Figure 7.
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Figure 7. Electrophoresis of the FADS1 gene PCR reaction outcomes in a 604 bp PCR product size. A
DNA marker ladder (100–1200 bp) and a 2% agarose gel were utilized.

Each gel well was loaded with a mixture of 3 µL loading dye and 7 µL of extracted
genomic DNA or PCR product. Once all wells were loaded, electrophoresis was run at
100 volts (5 V/cm2) for 60 min, allowing negatively charged DNA to migrate from the
cathode (−) to the anode (+).

Ethidium bromide staining was performed by preparing a solution with 70 µL of
10 mg/mL ethidium bromide in 300 mL distilled water. Gels were soaked in the staining
solution for 20–30 min, and then visualized using a gel documentation system at a wave-
length of 365 nm. Images of DNA bands were captured and saved using Geneious Prime
software version 2025.1 [127].

4.8. DNA Sequencing

Sanger sequencing was conducted on the amplified PCR fragments using an
ABI3730XL automated DNA sequencer (Macrogen Corporation, Seoul, Republic of Korea)
(Appendix B) [128]. Genotypes were identified using BioEdit software by aligning the
sequences with the reference from GenBank [116].

BioEdit software is widely used in molecular biology, originally developed as a
Windows-based sequence alignment editor. It offers various alignment features, including
manual alignment, split-window views, user-defined color schemes, and integration with
tools like ClustalW and BLAST. Over time, BioEdit has expanded to include additional
functionalities such as plasmid drawing, annotation, and restriction mapping, making it a
valuable tool for molecular biologists. Its shareware licensing, efficient modules, and fast
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performance have contributed to its popularity in molecular research [129]. Primers for
FADS1 (rs174547) detection and genotyping were prepared based on reference sequences
from the National Center for Biotechnology Information (NCBI). Primer sequences were
verified using NCBI bioinformatics tools and are presented in Appendix C.

4.9. Sample Size Calculation

Post hoc power analysis was performed using G*Power version 3.1.9.7 [130,131]. With
an effect size of 0.25, α-level of 0.05, and 90% power using a t-test family, the required total
sample size was 120, with 60 participants in each group.

4.10. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism version 9.0 for Windows
and SPSS version 24.1. The Anderson–Darling test assessed the normality of variable
distributions. Discrete variables were analyzed using the Chi-square test or Fisher’s exact
test, as appropriate. Two-sample t-tests were used to compare group means when data
followed a normal distribution with no significant outliers. For non-normally distributed
data, the Mann–Whitney U test was applied to compare medians between two groups. The
Kruskal–Wallis test was used to assess median differences across three groups.

Binary logistic regression analysis was used to calculate odds ratios (ORs) and cor-
responding 95% confidence intervals for binary outcomes. For multivariate analysis, an
unconditional logistic regression model was applied to examine the association between
T2DM risk (dependent variable) and genetic polymorphism (independent variables). The
analysis followed a hierarchical approach: Model-1 adjusted for sociodemographic vari-
ables (sex, age, fish intake, education, BMI, and WHR); Model-2 included lipid profile
variables (Apo A, Apo B, total cholesterol, triglycerides, LDL, and HDL) in addition to
Model-1; Model-3 further adjusted for hs-CRP; and Model-4 included D5D and D6D levels
along with all prior variables.

Allele and genotype frequencies were calculated and presented as counts and percent-
ages. Hardy–Weinberg equilibrium (HWE) was assessed using the SHEsisPlus web tool
(http://shesisplus.bio-x.cn/SHEsis.html [Accessed on 20 February 2025]) for two alleles.
The χ2 goodness-of-fit test compared observed and expected genotype frequencies based
on binomial distribution assumptions [132]. A p-value < 0.05 was considered statistically
significant, where applicable [133,134].

5. Conclusions
The C allele of FADS1 (rs174547) was significantly associated with T2DM, being more

prevalent in T2DM patients than in controls. Additionally, rs174547 genotype distribution
differed significantly between groups, with TT being the most common genotype. D5D
enzyme levels were higher in the TC genotype compared to other genotypes, although
this was accompanied by lower D5D enzymatic activity; however, the difference was not
statistically significant. D6D enzyme levels and activity showed no significant variation
across rs174547 genotypes.
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6. Balić, A.; Vlašić, D.; Žužul, K.; Marinović, B.; Bukvić Mokos, Z. Omega-3 Versus Omega-6 Polyunsaturated Fatty Acids in the
Prevention and Treatment of Inflammatory Skin Diseases. Int. J. Mol. Sci. 2020, 21, 741. [CrossRef]

7. Ojha, P.K.; Poudel, D.K.; Rokaya, A.; Maharjan, S.; Timsina, S.; Poudel, A.; Satyal, R.; Satyal, P.; Setzer, W.N. Chemical
Compositions and Essential Fatty Acid Analysis of Selected Vegetable Oils and Fats. Compounds 2024, 4, 37–70. [CrossRef]

8. Sanchez, E.L.; Lagunoff, M. Viral activation of cellular metabolism. Virology 2015, 479–480, 609–618. [CrossRef]
9. Clarke, S.D.; Nakamura, M.T. Fatty Acid Structure and Synthesis. In Encyclopedia of Biological Chemistry, 2nd ed.; Lennarz, W.J.,

Lane, M.D., Eds.; Academic Press: Waltham, MA, USA, 2013; pp. 285–289.
10. Calder, P.C. Long-chain polyunsaturated fatty acids and inflammation. Scand. J. Food Nutr. 2006, 50, 54–61. [CrossRef]
11. Fekete, K.; Györei, E.; Lohner, S.; Verduci, E.; Agostoni, C.; Decsi, T. Long-chain polyunsaturated fatty acid status in obesity: A

systematic review and meta-analysis. Obes. Rev. Off. J. Int. Assoc. Study Obes. 2015, 16, 488–497. [CrossRef]
12. Poreba, M.; Rostoff, P.; Siniarski, A.; Mostowik, M.; Golebiowska-Wiatrak, R.; Nessler, J.; Undas, A.; Gajos, G. Relationship

between polyunsaturated fatty acid composition in serum phospholipids, systemic low-grade inflammation, and glycemic control
in patients with type 2 diabetes and atherosclerotic cardiovascular disease. Cardiovasc. Diabetol. 2018, 17, 29. [CrossRef]

13. Petersen, K.S.; Maki, K.C.; Calder, P.C.; Belury, M.A.; Messina, M.; Kirkpatrick, C.F.; Harris, W.S. Perspective on the health effects
of unsaturated fatty acids and commonly consumed plant oils high in unsaturated fat. Br. J. Nutr. 2024, 132, 1039–1050. [CrossRef]
[PubMed]

14. Kothri, M.; Mavrommati, M.; Elazzazy, A.M.; Baeshen, M.N.; Moussa, T.A.A.; Aggelis, G. Microbial sources of polyunsaturated
fatty acids (PUFAs) and the prospect of organic residues and wastes as growth media for PUFA-producing microorganisms.
FEMS Microbiol. Lett. 2020, 367, fnaa028. [CrossRef] [PubMed]
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16. Korbecki, J.; Rębacz-Maron, E.; Kupnicka, P.; Chlubek, D.; Baranowska-Bosiacka, I. Synthesis and Significance of Arachidonic
Acid, a Substrate for Cyclooxygenases, Lipoxygenases, and Cytochrome P450 Pathways in the Tumorigenesis of Glioblastoma
Multiforme, Including a Pan-Cancer Comparative Analysis. Cancers 2023, 15, 946. [CrossRef]

17. Kytikova, O.Y.; Novgorodtseva, T.P.; Antonyuk, M.; Gvozdenko, T.A. Associations of delta fatty acid desaturase gene polymor-
phisms with lipid metabolism disorders. Russ. Open Med. J. 2021, 10, 403. [CrossRef]

18. Monroig, Ó.; Shu-Chien, A.C.; Kabeya, N.; Tocher, D.R.; Castro, L.F.C. Desaturases and elongases involved in long-chain
polyunsaturated fatty acid biosynthesis in aquatic animals: From genes to functions. Prog. Lipid Res. 2022, 86, 101157. [CrossRef]

19. O’Neill, L.M.; Miyazaki, M.; Bond, L.M.; Lewis, S.A.; Ding, F.; Liu, Z.; Ntambi, J.M. Chapter 6-Fatty acid desaturation and
elongation in mammals. In Biochemistry of Lipids, Lipoproteins and Membranes, 7th ed.; Ridgway, N.D., McLeod, R.S., Eds.; Elsevier:
Amsterdam, The Netherlands, 2021; pp. 201–226.

20. Howard, T.D.; Mathias, R.A.; Seeds, M.C.; Herrington, D.M.; Hixson, J.E.; Shimmin, L.C.; Hawkins, G.A.; Sellers, M.; Ainsworth,
H.C.; Sergeant, S.; et al. DNA methylation in an enhancer region of the FADS cluster is associated with FADS activity in human
liver. PLoS ONE 2014, 9, e97510. [CrossRef]

21. Žák, A.; Jáchymová, M.; Burda, M.; Staňková, B.; Zeman, M.; Slabý, A.; Vecka, M.; Šeda, O. FADS Polymorphisms Affect the
Clinical and Biochemical Phenotypes of Metabolic Syndrome. Metabolites 2022, 12, 568. [CrossRef]

22. Jojima, K.; Kihara, A. Metabolism of sphingadiene and characterization of the sphingadiene-producing enzyme FADS3. Biochim.
Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2023, 1868, 159335. [CrossRef]

23. Kaptoge, S.; Seshasai, S.R.K.; Sun, L.; Walker, M.; Bolton, T.; Spackman, S.; Ataklte, F.; Willeit, P.; Bell, S.; Burgess, S.; et al. Life
expectancy associated with different ages at diagnosis of type 2 diabetes in high-income countries: 23 million person-years of
observation. Lancet Diabetes Endocrinol. 2023, 11, 731–742. [CrossRef] [PubMed]

24. Zhang, H.-J.; Feng, J.; Zhang, X.-T.; Zhang, H.-Z. Age at type 2 diabetes diagnosis and the risk of mortality among US population.
Sci. Rep. 2024, 14, 29155. [CrossRef]

25. Yao, X.; Zhang, J.; Zhang, X.; Jiang, T.; Zhang, Y.; Dai, F.; Hu, H.; Zhang, Q. Age at diagnosis, diabetes duration and the risk of
cardiovascular disease in patients with diabetes mellitus: A cross-sectional study. Front. Endocrinol. 2023, 14, 1131395. [CrossRef]

26. Hamid, S.; Sahib, H.B. Age and General Characteristic Effect on Iraqi Patients with Type 2 Diabetes Mellitus. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 454, 012018. [CrossRef]

27. Mohammed, M.S.; Ahmed, H.S. Atherogenic indices in type 2 diabetic Iraqi patients and its association with cardiovascular
disease risk. J. Fac. Med. Baghdad 2023, 65, 179–186.

https://doi.org/10.1016/j.jegh.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/29110860
https://doi.org/10.2147/DMSO.S59652
https://doi.org/10.1136/bmjopen-2022-064293
https://doi.org/10.3390/ijms21030741
https://doi.org/10.3390/compounds4010003
https://doi.org/10.1016/j.virol.2015.02.038
https://doi.org/10.1080/17482970601066389
https://doi.org/10.1111/obr.12280
https://doi.org/10.1186/s12933-018-0672-5
https://doi.org/10.1017/S0007114524002459
https://www.ncbi.nlm.nih.gov/pubmed/39475012
https://doi.org/10.1093/femsle/fnaa028
https://www.ncbi.nlm.nih.gov/pubmed/32053204
https://doi.org/10.3390/nu12020356
https://www.ncbi.nlm.nih.gov/pubmed/32013225
https://doi.org/10.3390/cancers15030946
https://doi.org/10.15275/rusomj.2021.0403
https://doi.org/10.1016/j.plipres.2022.101157
https://doi.org/10.1371/journal.pone.0097510
https://doi.org/10.3390/metabo12060568
https://doi.org/10.1016/j.bbalip.2023.159335
https://doi.org/10.1016/S2213-8587(23)00223-1
https://www.ncbi.nlm.nih.gov/pubmed/37708900
https://doi.org/10.1038/s41598-024-80790-8
https://doi.org/10.3389/fendo.2023.1131395
https://doi.org/10.1088/1757-899X/454/1/012018


Int. J. Mol. Sci. 2025, 26, 4015 24 of 28

28. Mohammed, H.R.; Kadhim, K.A.; Alkutubi, H.M.; Rahmah, A.M.; Khalaf, B.H.; Hussein, S.A.-R.; Fawzi, H.A. Correlation between
ABO blood groups with insulin resistance in type II diabetes mellitus patients using Metformin. Int. J. Res. Pharm. Sci. 2018, 9,
893–900.

29. Hamid, S.; Sahib, H.B.; Fawzi, H.A.; Nori, A.Y. Medication adherence and glycemic control in newly diagnosed diabetic patients.
Int. J. Res. Pharm. Sci. 2018, 9, 816–820.

30. Atia, Y.A.; Mohammed, S.T.; Abdullah, S.S.; Abbas, A.S.; Fawzi, H.A. Effects of subclinical hypothyroidism in type II diabetes
mellitus patients on biochemical, coagulation, and fibrinolysis status. J. Adv. Pharm. Technol. Res. 2024, 15, 130–134. [CrossRef]

31. Khudair, F.A.; Ali, S.H.; Al-Nuaimi, A.A.M. Study of Association between RAGE Gene Polymorphism rs2070600 (G82S) and
Aspirin Resistance in Coronary Artery Disease Iraqi Patients with and without Type 2 Diabetes. J. Pharm. Negat. Results 2022, 13,
170–182.

32. Wang, L.; Huang, X.; Sun, M.; Zheng, T.; Zheng, L.; Lin, X.; Ruan, J.; Lin, F. New light on ω-3 polyunsaturated fatty acids and
diabetes debate: A population pharmacokinetic-pharmacodynamic modelling and intake threshold study. Nutr. Diabetes 2024,
14, 8. [CrossRef]

33. Kazemian, P.; Kazemi-Bajestani, S.M.; Alherbish, A.; Steed, J.; Oudit, G.Y. The use of ω-3 poly-unsaturated fatty acids in heart
failure: A preferential role in patients with diabetes. Cardiovasc. Drugs Ther 2012, 26, 311–320. [CrossRef] [PubMed]

34. Delpino, F.M.; Figueiredo, L.M.; da Silva, B.G.C.; da Silva, T.G.; Mintem, G.C.; Bielemann, R.M.; Gigante, D.P. Omega-3
supplementation and diabetes: A systematic review and meta-analysis. Crit. Rev. Food Sci. Nutr. 2022, 62, 4435–4448. [CrossRef]
[PubMed]

35. Gortan Cappellari, G.; Semolic, A.; Ruozi, G.; Barbetta, D.; Bortolotti, F.; Vinci, P.; Zanetti, M.; Mak, R.H.; Garibotto, G.; Giacca,
M.; et al. n-3 PUFA dietary lipid replacement normalizes muscle mitochondrial function and oxidative stress through enhanced
tissue mitophagy and protects from muscle wasting in experimental kidney disease. Metabolism 2022, 133, 155242. [CrossRef]

36. Durán, A.M.; Beeson, W.L.; Firek, A.; Cordero-MacIntyre, Z.; De León, M. Dietary Omega-3 Polyunsaturated Fatty-Acid
Supplementation Upregulates Protective Cellular Pathways in Patients with Type 2 Diabetes Exhibiting Improvement in Painful
Diabetic Neuropathy. Nutrients 2022, 14, 761. [CrossRef]

37. Lemaitre, R.N.; Tanaka, T.; Tang, W.; Manichaikul, A.; Foy, M.; Kabagambe, E.K.; Nettleton, J.A.; King, I.B.; Weng, L.C.;
Bhattacharya, S.; et al. Genetic loci associated with plasma phospholipid n-3 fatty acids: A meta-analysis of genome-wide
association studies from the CHARGE Consortium. PLoS Genet. 2011, 7, e1002193. [CrossRef]

38. (rs174547) F. rs17454. dsSPN. 2025. Available online: https://www.ncbi.nlm.nih.gov/snp/rs174547 (accessed on 15 February 2025).
39. Huang, M.C.; Chang, W.T.; Chang, H.Y.; Chung, H.F.; Chen, F.P.; Huang, Y.F.; Hsu, C.C.; Hwang, S.J. FADS Gene Polymorphisms,

Fatty Acid Desaturase Activities, and HDL-C in Type 2 Diabetes. Int. J. Environ. Res. Public Health 2017, 14, 572. [CrossRef]
[PubMed]

40. Niwa, S.; Kawabata, T.; Shoji, K.; Ogata, H.; Kagawa, Y.; Nakayama, K.; Yanagisawa, Y.; Iwamoto, S.; Tatsuta, N.; Asato, K.; et al.
Investigation of Maternal Diet and FADS1 Polymorphism Associated with Long-Chain Polyunsaturated Fatty Acid Compositions
in Human Milk. Nutrients 2022, 14, 2160. [CrossRef]

41. Coltell, O.; Asensio, E.M.; Sorlí, J.V.; Barragán, R.; Fernández-Carrión, R.; Portolés, O.; Ortega-Azorín, C.; Martínez-LaCruz, R.;
González, J.I.; Zanón-Moreno, V.; et al. Genome-Wide Association Study (GWAS) on Bilirubin Concentrations in Subjects with
Metabolic Syndrome: Sex-Specific GWAS Analysis and Gene-Diet Interactions in a Mediterranean Population. Nutrients 2019,
11, 90. [CrossRef]

42. Coltell, O.; Sorlí, J.V.; Asensio, E.M.; Barragán, R.; González, J.I.; Giménez-Alba, I.M.; Zanón-Moreno, V.; Estruch, R.; Ramírez-
Sabio, J.B.; Pascual, E.C.; et al. Genome-Wide Association Study for Serum Omega-3 and Omega-6 Polyunsaturated Fatty Acids:
Exploratory Analysis of the Sex-Specific Effects and Dietary Modulation in Mediterranean Subjects with Metabolic Syndrome.
Nutrients 2020, 12, 310. [CrossRef]

43. Park, S.; Kim, D.S.; Kang, S. Carrying minor allele of FADS1 and haplotype of FADS1 and FADS2 increased the risk of metabolic
syndrome and moderate but not low fat diets lowered the risk in two Korean cohorts. Eur. J. Nutr. 2019, 58, 831–842. [CrossRef]

44. Ching, Y.K.; Chin, Y.S.; Appukutty, M.; Ramanchadran, V.; Yu, C.Y.; Ang, G.Y.; Gan, W.Y.; Chan, Y.M.; Teh, L.K.; Salleh, M.Z.
Interaction of Dietary Linoleic Acid and α-Linolenic Acids with rs174547 in FADS1 Gene on Metabolic Syndrome Components
among Vegetarians. Nutrients 2019, 11, 1686. [CrossRef] [PubMed]

45. Chen, C.; Yang, Y.; Yu, X.; Hu, S.; Shao, S. Association between omega-3 fatty acids consumption and the risk of type 2 diabetes: A
meta-analysis of cohort studies. J. Diabetes Investig. 2017, 8, 480–488. [CrossRef]

46. Djuricic, I.; Calder, P.C. Polyunsaturated fatty acids and metabolic health: Novel insights. Curr. Opin. Clin. Nutr. Metab. Care 2022,
25, 436–442. [CrossRef] [PubMed]

47. The ASCEND Study Collaborative Group. Effects of n−3 Fatty Acid Supplements in Diabetes Mellitus. N. Engl. J. Med. 2018, 379,
1540–1550. [CrossRef]

48. Vessby, B.; Karlström, B.; Boberg, M.; Lithell, H.; Berne, C. Polyunsaturated fatty acids may impair blood glucose control in type 2
diabetic patients. Diabet. Med. 1992, 9, 126–133. [CrossRef] [PubMed]

https://doi.org/10.4103/JAPTR.JAPTR_89_24
https://doi.org/10.1038/s41387-024-00262-w
https://doi.org/10.1007/s10557-012-6397-x
https://www.ncbi.nlm.nih.gov/pubmed/22644698
https://doi.org/10.1080/10408398.2021.1875977
https://www.ncbi.nlm.nih.gov/pubmed/33480268
https://doi.org/10.1016/j.metabol.2022.155242
https://doi.org/10.3390/nu14040761
https://doi.org/10.1371/journal.pgen.1002193
https://www.ncbi.nlm.nih.gov/snp/rs174547
https://doi.org/10.3390/ijerph14060572
https://www.ncbi.nlm.nih.gov/pubmed/28555039
https://doi.org/10.3390/nu14102160
https://doi.org/10.3390/nu11010090
https://doi.org/10.3390/nu12020310
https://doi.org/10.1007/s00394-018-1719-9
https://doi.org/10.3390/nu11071686
https://www.ncbi.nlm.nih.gov/pubmed/31340443
https://doi.org/10.1111/jdi.12614
https://doi.org/10.1097/MCO.0000000000000865
https://www.ncbi.nlm.nih.gov/pubmed/35943130
https://doi.org/10.1056/NEJMoa1804989
https://doi.org/10.1111/j.1464-5491.1992.tb01748.x
https://www.ncbi.nlm.nih.gov/pubmed/1563246


Int. J. Mol. Sci. 2025, 26, 4015 25 of 28

49. Glauber, H.; Wallace, P.; Griver, K.; Brechtel, G. Adverse metabolic effect of omega-3 fatty acids in non-insulin-dependent diabetes
mellitus. Ann. Intern. Med. 1988, 108, 663–668. [CrossRef]

50. Jäger, S.; Cuadrat, R.; Hoffmann, P.; Wittenbecher, C.; Schulze, M.B. Desaturase Activity and the Risk of Type 2 Diabetes and
Coronary Artery Disease: A Mendelian Randomization Study. Nutrients 2020, 12, 2261. [CrossRef]

51. Huang, R.; Yan, L.; Lei, Y. The relationship between high-density lipoprotein cholesterol (HDL-C) and glycosylated hemoglobin
in diabetic patients aged 20 or above: A cross-sectional study. BMC Endocr. Disord. 2021, 21, 198. [CrossRef]

52. Sacks, F.M.; Andraski, A.B. Dietary fat and carbohydrate affect the metabolism of protein-based high-density lipoprotein
subspecies. Curr. Opin. Lipidol. 2022, 33, 1–15. [CrossRef]

53. Li, M.; Liu, Y.; Li, Q.; Yang, M.; Pi, Y.; Yang, N.; Zheng, Y.; Yue, X. Comparative exploration of free fatty acids in donkey colostrum
and mature milk based on a metabolomics approach. J. Dairy Sci. 2020, 103, 6022–6031. [CrossRef]

54. Fillmore, N.; Mori, J.; Lopaschuk, G.D. Mitochondrial fatty acid oxidation alterations in heart failure, ischaemic heart disease and
diabetic cardiomyopathy. Br. J. Pharmacol. 2014, 171, 2080–2090. [CrossRef] [PubMed]

55. Bentsen, H. Dietary polyunsaturated fatty acids, brain function and mental health. Microb. Ecol. Health Dis. 2017, 28, 1281916.
[CrossRef]

56. Ruiz, M.; Bodhicharla, R.; Svensk, E.; Devkota, R.; Busayavalasa, K.; Palmgren, H.; Ståhlman, M.; Boren, J.; Pilon, M. Membrane
fluidity is regulated by the C. elegans transmembrane protein FLD-1 and its human homologs TLCD1/2. Elife 2018, 7, e40686.
[CrossRef]

57. Mititelu, M.; Lupuliasa, D.; Neacs, u, S.M.; Olteanu, G.; Busnatu, S, .S.; Mihai, A.; Popovici, V.; Măru, N.; Boroghină, S.C.; Mihai,
S.; et al. Polyunsaturated Fatty Acids and Human Health: A Key to Modern Nutritional Balance in Association with Polyphenolic
Compounds from Food Sources. Foods 2025, 14, 46. [CrossRef]

58. Lepretti, M.; Martucciello, S.; Burgos Aceves, M.A.; Putti, R.; Lionetti, L. Omega-3 Fatty Acids and Insulin Resistance: Focus on
the Regulation of Mitochondria and Endoplasmic Reticulum Stress. Nutrients 2018, 10, 350. [CrossRef] [PubMed]

59. Shearer, G.C.; Savinova, O.V.; Harris, W.S. Fish oil—How does it reduce plasma triglycerides? Biochim. Biophys. Acta 2012, 1821,
843–851. [CrossRef] [PubMed]

60. Shimano, H.; Sato, R. SREBP-regulated lipid metabolism: Convergent physiology-divergent pathophysiology. Nat. Rev. Endocrinol.
2017, 13, 710–730. [CrossRef]

61. Backes, J.; Anzalone, D.; Hilleman, D.; Catini, J. The clinical relevance of omega-3 fatty acids in the management of hypertriglyc-
eridemia. Lipids Health Dis. 2016, 15, 118. [CrossRef]

62. Wang, M.; Ma, L.J.; Yang, Y.; Xiao, Z.; Wan, J.B. n-3 Polyunsaturated fatty acids for the management of alcoholic liver disease: A
critical review. Crit. Rev. Food Sci. Nutr. 2019, 59, S116–S129. [CrossRef]

63. Wang, H.; Maechler, P.; Antinozzi, P.A.; Herrero, L.; Hagenfeldt-Johansson, K.A.; Bjorklund, A.; Wollheim, C.B. The transcription
factor SREBP-1c is instrumental in the development of beta-cell dysfunction. J. Biol. Chem. 2003, 278, 16622–16629. [CrossRef]

64. Kalupahana, N.S.; Claycombe, K.J.; Moustaid-Moussa, N. (n-3) Fatty acids alleviate adipose tissue inflammation and insulin
resistance: Mechanistic insights. Adv. Nutr. 2011, 2, 304–316. [CrossRef] [PubMed]

65. Djuricic, I.; Calder, P.C. Beneficial Outcomes of Omega-6 and Omega-3 Polyunsaturated Fatty Acids on Human Health: An
Update for 2021. Nutrients 2021, 13, 2421. [CrossRef]

66. Sjögren, P.; Sierra-Johnson, J.; Gertow, K.; Rosell, M.; Vessby, B.; de Faire, U.; Hamsten, A.; Hellenius, M.L.; Fisher, R.M. Fatty
acid desaturases in human adipose tissue: Relationships between gene expression, desaturation indexes and insulin resistance.
Diabetologia 2008, 51, 328–335. [CrossRef]

67. Merino, D.M.; Ma, D.W.; Mutch, D.M. Genetic variation in lipid desaturases and its impact on the development of human disease.
Lipids Health Dis. 2010, 9, 63. [CrossRef] [PubMed]

68. Sasaki, H.; Sueyasu, T.; Tokuda, H.; Ito, M.; Kaneda, Y.; Rogi, T.; Kawashima, H.; Horiguchi, S.; Kawabata, T.; Shibata, H. Aging
and FADS1 polymorphisms decrease the biosynthetic capacity of long-chain PUFAs: A human trial using [U-(13)C]linoleic acid.
Prostaglandins Leukot. Essent. Fat. Acids 2019, 148, 1–8. [CrossRef]
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