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Abstract: Type 2 diabetes mellitus (T2DM) is a major global public health problem, as it is associated
with increased morbidity, mortality, and healthcare costs. Insulin resistance (IR) is a condition
characterized by disturbances in carbohydrate and lipid metabolism that precedes T2DM. The aim of
the present study was to investigate the association between HDL and its subfraction profile and the
progression of IR, as assessed by the Homeostatic Model Assessment for IR (HOMA-IR) index, and to
define cut-off values to identify an increased risk of IR. Individuals with a HOMA-IR greater than 3.63
were considered to have IR. The HDL subfractions were separated using the Lipoprint system, which
identifies ten subfractions (HDL-1-10) in three subclasses as large (HDL-L), intermediate (HDL-I) and
small (HDL-S). Analyses were performed on samples from 240 individuals without IR and 137 with
IR from the Hungarian general and Roma populations. The HDL-1 to -6 subfractions and the HDL-L
and -I classes showed a significant negative association with the progression and existence of IR.
Among them, HDL-2 (B = —40.37, p =2.08 x 10~'") and HDL-L (B = —14.85, p = 9.52 x 10~'9) showed
the strongest correlation. The optimal threshold was found to be 0.264 mmol/L for HDL-L and
0.102 mmol/L and above for HDL-2. Individuals with HDL-L levels below the reference value had a
5.1-fold higher risk of IR (p = 2.2 x 10~7), while those with HDL-2 levels had a 4.2-fold higher risk
(p = 3.0 x 107°). This study demonstrates that the HDL subfraction profile (especially the decrease
in HDL-2 and -L) may be a useful marker for the early detection and intervention of atherogenic
dyslipidemia in subjects with impaired glucose and insulin metabolism.

Keywords: insulin resistance; HDL subfraction profile; HDL-2; large HDL; cut-off points; HOMA-IR;
diabetes; high-density lipoprotein cholesterol

1. Introduction

According to the latest estimates of the International Diabetes Federation (IDF), the
global prevalence of diabetes (10.5% in 2021) will reach 20% by 2045, which means that
783 million adults will be living with diabetes [1]. Diabetes is a chronic disease caused
by a relative or absolute deficiency of insulin, reduced insulin sensitivity of target cells,
and disturbances in glycolipid and protein metabolism [2]. More than 90% of people with
diabetes have type 2 diabetes mellitus (T2DM) and adults with it have a significantly higher
risk of cardiovascular disease (CVD), among other diseases (cancer, blindness, kidney
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failure), and premature death [3]. The situation is further exacerbated by the fact that 44.7%
of adult cases are undiagnosed, among whom the risk of related complications is even
higher [1].

The condition that precedes T2DM is insulin resistance (IR), which is identified as an
impaired biological response to insulin stimulation of target tissues, primarily the liver,
muscle and adipose tissue [4]. IR impairs glucose distribution, resulting in a compensatory
increase in beta-cell insulin production and hyperinsulinemia. The metabolic consequences
of IR can result in hyperglycemia, hypertension, dyslipidemia, visceral adiposity, hyper-
uricemia, elevated inflammatory markers, endothelial dysfunction and a prothrombotic
state [5].

Carbohydrate and lipid metabolisms are closely interrelated with the three main
components of IR-associated dyslipidemia, namely increased triacylglycerol (TAG) levels,
decreased high-density lipoprotein cholesterol (HDL-C) levels and altered low-density
lipoprotein (LDL) cholesterol composition [6]. Hyperinsulinemia and central obesity, which
typically accompany IR, are thought to lead to the increased hepatic secretion of large TAG-
rich very-low-density lipoprotein (VLDL) particles and the impaired clearance of VLDL,
resulting in elevated plasma TAG levels. These VLDL particles can undergo intravascular
processing by lipases and transfer proteins, giving rise to smaller and denser LDL particles.
These LDL particles have a higher affinity for arterial wall proteoglycans and are more
susceptible to oxidative modification, thus increasing the risk of atherosclerosis. The
presence of IR is associated with an increased risk of CVD, partly due to alterations in the
lipid profile [7]. HDL is involved in these processes through its function in cholesterol
transport and may therefore be a common indicator of changes in the whole lipid profile.
The role of HDL function in the pathogenesis of IR (and hence T2DM) has become a topic
of research [8], but the underlying mechanisms are still not fully understood.

HDL is a class of lipoprotein that carries cholesterol from the tissues to the liver for
excretion or recycling. It is often called the “good” cholesterol because it protects against
CVDs by removing excess cholesterol from the arteries and preventing inflammation and
oxidation [9]. HDL is a heterogeneous group of lipoproteins that can be divided into
different subfractions based on their size, density and composition, which have different
effects on CVD risk [10,11]. The number and nomenclature of the subfractions depend
on the separation method used [12]. The Lipoprint HDL system (used in the present
study) can separate ten subfractions into three subclasses, namely large-HDL (HDL-L:
HDL-1 to -3), intermediate-HDL (HDL-I: HDL-4 to -7) and small-HDL (HDL-S: HDL-8
to -10). HDL-L (Lipoprint) corresponds to HDL, (HDL,, and HDL,,) as defined by other
methods, whereas HDL-I and HDL-S together correspond to HDL; (HDL3,, HDLg;, and
HDL3.) [13,14]. For more details, see Supplementary Table S1, which is based on the
article by Rosenson et al. [14], with the addition of fractions identified by the Lipoprint
HDL system.

As the first step in HDL synthesis, lipid-poor apolipoprotein Al (ApoAl—produced
by the small intestine) forms the discoidal HDL; (nascent pre-beta) with plasma mem-
brane phospholipids and unesterified cholesterol [15]. From peripheral cells (macrophages,
liver cells and intestinal epithelial cells), ApoAl takes up cholesterol from the HDL par-
ticle via the ATP binding cassette subfamily A member 1 (ABCA1) transporter and con-
verts it into (pre-beta) HDL, with a higher cholesterol content. Under the action of the
lecithin—cholesterol acyltransferase (LCAT) enzyme, which is mainly activated by ApoAl,
its cholesterol content is converted into cholesteryl ester (CE) and gradually transforms
into spherical HDL3, to which additional apolipoproteins and other enzyme proteins are
bound [16]. Under the action of LCAT, it is converted into HDL,,, which is larger and has
higher CE content. The HDL,, particle exchanges its CE content with other lipoproteins,
such as VLDL, for triglycerides via CE transfer protein (CETP) [17]. Other contributors to
the further maturation of HDL are phospholipid transfer protein (PLTP), which transfers
phospholipids from other lipoproteins to HDL, and hepatic lipase (HL), which is responsi-
ble for the hydrolysis of TAGs and phospholipids. All these processes lead to the formation
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of HDL,,, which is taken up by the liver by binding to the Scavenger receptor class B type
1 (SR-BI) receptor expressed on the liver surface [18]. Cholesterol is recycled, partly broken
down into bile acids and excreted with the bile and partly excreted in the feces, while the
other part is reabsorbed via Niemann-Pick C1-Like 1 (NPC1L1) receptors on the surfaces
of intestinal epithelial cells [19]. Some of the lipid-free or lipid-poor apoA1 not taken up
by the liver is taken up and filtered in the kidney via cubulin and megalin receptors in the
proximal tubules [20].

Generally, larger and less dense HDL particles are more anti-inflammatory and anti-
atherogenic than smaller and denser ones. HDL-L has a higher capacity to remove choles-
terol from macrophages and inhibit LDL oxidation than HDL-I or HDL-S [11]. However,
some studies have also suggested that smaller HDL particles may have beneficial effects
on endothelial function and nitric oxide production [21]. The profile of HDL subfractions
may vary depending on environmental, lifestyle [22] and genetic factors [23] and metabolic
disorders [24]. For instance, obesity, diabetes and metabolic syndrome are associated with
lower levels of HDL-L and higher levels of HDL-S [24]. IR has profound effects on lipid
and lipoprotein metabolism, which possibly contribute to the development of T2DM and
its complications. Understanding these changes may help to identify novel targets for the
prevention and treatment of diabetic dyslipidemia.

The association of the TAG/HDL-C ratio [25-27] and the HDL subfraction pro-
file [28-30] with the risk of IR has been described in several publications. However, there is
a lack of studies that have established cut-off values for HDL-C and its subclasses/fractions
that could predict an increased risk of IR (and thus T2DM) in future routine testing.

The present study aimed to investigate the association between the progression of IR,
assessed by the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR), and the
HDL subfraction profile in 377 samples (240 control and 137 insulin-resistant subjects). A
further aim was to identify the HDL subfraction(s) and subclass(es) most important for the
development of IR and to define the cut-off values for those that indicate an increased risk
of IR to support diagnostic routines.

2. Results
2.1. Characteristics of Study Groups

There were no significant differences between the IR and control groups in age, pro-
portion of sex, Roma ethnicity and current smokers. There was a significant difference
in body mass index (BMI), systolic blood pressure, fasting blood glucose, insulin, LDL-C,
hemoglobin Alc (HbAlc), TAG and the proportion of patients with antihypertensive and
antidiabetic medication. See Table 1 for more details.

2.2. Comparison of HDL Subfractionation Profile between the IR and Control Groups

The IR group had significantly lower native HDL-C levels compared to the control
one (HDL-Cjr: 1.02 mmol/L, 95%CI: 0.98-1.07 vs. HDL-Conro: 1.25 mmol/L, 95%CI:
1.21-1.30; p < 0.001). HDL-L (HDL-Lr: 0.22 mmol/L 95%CI: 0.20-0.23 vs. HDL-L ontro1:
0.34 mmol/L, 95%CI: 0.31-0.36; p < 0.001) and HDL-I (HDL-Ijg: 0.53 mmol/L, 95%CI:
0.51-0.55 vs. HDL-I opr01: 0.64 mmol/L, 95%CI: 0.61-0.66; p < 0.001) subclasses showed
significantly lower mean concentrations in the IR group than in the control one.

For the HDL subfraction profile, the levels of HDL-1 to -6 subfractions were signif-
icantly (p < 0.001) lower in the IR group compared to the control one after Bonferroni
correction. See Figure 1 for more details.

2.3. Association of HDL and Its Subfractions with Fasting Insulin, Fasting Glucose Levels
and HbAlc

Native HDL-C levels showed a significant negative correlation with fasting insulin
levels (unstandardized coefficient (B) = —16.55, standard error (SE): 2.79, p < 0.001), but
not with fasting blood glucose (B = 0.28, SE: 0.23, p = 0.224) or HbAlc (B = —0.22, SE:
0.10, p = 0.028). Among the HDL subfractions, HDL-1 to -8 showed a significant negative
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correlation with fasting insulin levels, while HDL-7 and -8 showed a significantly positive
correlation with fasting blood glucose levels. For the HDL subclasses, HDL-L and -I showed
a significant negative correlation with fasting insulin levels. The HDL-7 subfraction showed
an inverse significant correlation with HbAlc levels. See Table 2 for more details.

Table 1. Anthropometric, laboratory and demographic characteristics of the study groups.

Control Insulin Resistance
(HOMA-IR < 3.63) (HOMA-IR > 3.63)
n =240 n =137 p-Value
Mean (95%CI)
Age (in years) 40.73 (39.16-42.29) 41.47 (39.42-43.53) 0.552
BMI (kg/m?) 25.86 (25.15-26.56) 30.62 (29.59-31.66) <0.001 *
Fasting glucose (mg/dL) 82.54 (80.77-84.31) 112.66 (105.90-119.41) <0.001 *
Fasting insulin (mU/L) 8.43 (9.91-8.95) 37.92 (33.34-42.50) <0.001 *
HbAlc (%) 5.33 (5.27-5.40) 5.77 (5.61-5.93) <0.001 *
Fasting LDL-C (mmol/L) 2.87 (2.77-2.96) 3.16 (2.97-3.34) 0.007 *
Fasting TAG (mmol/L) 1.35(1.24-1.47) 2.24 (2.04-2.44) <0.001 *
Systolic BP (mmHg) 121.80 (119.77-123.84)  126.68 (124.17-129.19) 0.002 *
Prevalence in % (95%CI) p-Value
Roma ethnicity 57.08 (50.77-63.23) 54.74 (46.38-62.91) 0.660
Women 67.08 (60.96-72.80) 66.42 (58.24-73.92) 0.896
Antihypertensive treatment 21.25 (16.44-26.75) 34.31 (26.75-42.52) 0.005 *
Antidiabetic treatment 2.92 (1.31-5.64) 14.60 (9.45-21.23) <0.001 *
Current smoker 56.49 (50.15-62.66) 50.74 (42.39-59.05) 0.282

HOMA-IR: Homeostasis Model Assessment of Insulin Resistance, SD: standard deviation, 95%CI: 95% confidence
interval, BMI: body mass index, HbAlc: hemoglobin Alc, LDL: low-density lipoprotein, TAG: triacylglycerol, BP:
blood pressure, *: p < 0.05.
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Figure 1. Comparison of mean high-density lipoprotein subfraction profiles between control and in-
sulin resistance groups. HOMA-IR: Homeostasis Model Assessment of Insulin Resistance. *: p < 0.05,
*%.

: p <0.001.
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Table 2. The association of native high-density lipoprotein cholesterol (HDL-C) levels and its sub-
fractions (HDL-1 to -10) and subclasses (HDL-L, -I and -S) with fasting insulin, fasting glucose and
hemoglobin Alc (HbAlc) levels.

Fasting Insulin Level Fasting Glucose Level HbAlc
(U/dL) (mmol/L) (%)
B (SE) p-Value B (SE) p-Value B (SE) p-Value
HDL-C —16.55 (2.79) 7.45 x 1079 ** 0.28 (0.23) 0.224 —0.22 (0.10) 0.028 *
HDL-1 —120.25 (27.39) 1.50 x 1075 ** 3.66 (2.14) 0.088 —2.52(0.95) 0.008 *
HDL-2 —104.92 (16.42)  5.65 x 10710 * 0.51 (1.37) 0.711 —1.05 (0.61) 0.087
HDL-3 —78.47 (15.41) 5.81 x 1077 ** —0.60 (1.24) 0.629 —0.67 (0.55) 0.229
HDL-4 —72.03 (16.76) 2.20 x 1072 ** —2.12 (1.31) 0.106 0.25 (0.60) 0.669
HDL-5 —123.69 (26.09) 0.30 x 1076 ** —2.07 (2.07) 0.318 —0.65 (0.93) 0.485
HDL-6 —72.75 (15.13) 2.00 x 1076 ** 2.65 (1.19) 0.026 * —1.45 (0.53) 0.006 *
HDL-7 —141.19 (36.48) 1.29 x 1074 * 10.30 (2.74)  1.96 x 10~ ** —3.74 (1.24) 0.003 **
HDL-8 —129.89 (45.31) 0.004 ** 11.92 (3.35) 4.23 x 1074 * —3.28 (1.54) 0.033 *
HDL-9 —71.28 (56.85) 0.211 8.37 (4.23) 0.049 * —1.50 (1.91) 0.434
HDL-10 —14.80 (19.25) 0.443 1.73 (1.43) 0.229 —0.54 (0.64) 0.406
Large HDL —38.72 (6.64) 1.23 x 1078 ** 0.21 (0.54) 0.696 —0.46 (0.24) 0.059
Intermediate HDL —30.06 (5.65) 1.80 x 1077 ** 0.44 (0.45) 0.331 —0.40 (0.20) 0.049 *
Small HDL —16.40 (12.21) 0.180 1.93 (0.91) 0.034 * —0.55(0.41) 0.182

B: unstandardized coefficient, SE: standard error, *: p < 0.05, **: p < 0.005 (Bonferroni-corrected p-value).

2.4. Association of HDL and Its Subfractions with HOMA-IR Levels and Insulin Resistance

Native HDL-C levels were significantly associated with both HOMA-IR as a continu-
ous outcome variable (B = 5.75, SE: 1.01, p < 0.001) and with a reduced risk of IR (B = —1.91,
SE: 0.45, p < 0.001). Among the HDL subfractions, HDL-1 to -6 showed a significant associ-
ation with reduced HOMA-IR and HDL-2 to -6 with a reduced risk of IR. HDL-L and -I
subclasses showed a significantly negative association with both HOMA-IR values and the
risk of IR. See Table 3 for more details.

Table 3. The association of native high-density lipoprotein cholesterol (HDL-C) levels and its sub-
fractions (HDL-1 to -10) and subclasses (HDL-L, -I and -S) with Homeostasis Model Assessment of
Insulin Resistance (HOMA-IR) and presence of insulin resistance (HOMA-IR > 3.63).

Insulin Resistance

HOMA-IR (HOMA-IR > 3.63)
B (SE) p-Value B (SE) p-Value
HDL-C —5.75 (1.01) 241 x 1078 ** —1.91 (0.45) 2.00 x 1075 **
HDL-1 —37.00 (9.99) 245 x 1074 * —8.66 (3.98) 0.030 *
HDL-2 —40.37 (5.83) 2.08 x 10711 #* —11.26 (2.65) 2.20 x 1075 **
HDL-3 —32.95 (5.41) 3.01 x 1072 ** —8.53(2.34) 2.67 x 1074 **
HDL-4 —35.07 (5.82) 4.14 x 1079 * —8.94 (2.51) 3.70 x 10~4**
HDL-5 —54.37 (9.10) 5.73 x 1079 ** —14.85 (3.93) 1.16 x 10~ **
HDL-6 —20.70 (5.53) 2.14 x 1074 * —7.83 (1.83) 8.47 x 104 **
HDL-7 —21.73 (13.33) 0.104 —11.50 (5.41) 0.034 *
HDL-8 —10.98 (16.43) 0.504 —11.22 (6.64) 0.091
HDL-9 —0.95 (20.55) 0.963 —9.27 (8.29) 0.264
HDL-10 —0.01 (6.90) 0.999 —2.51 (2.77) 0.364
Large HDL —14.85 (2.36) 9.52 x 10710 #* —3.85 (1.03) 1.99 x 104 **
Intermediate HDL —10.66 (2.03) 2.80 x 1077 ** —3.43 (0.89) 1.13 x 104 **
Small HDL 0.09 (4.40) 0.984 —2.37 (1.78) 0.183

B: unstandardized coefficient, SE: standard error, *: p < 0.05, **: p < 0.005 (Bonferroni-corrected p-value).
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2.5. Determination of Optimal Cut-Off Points and Their Association with the Risk of Insulin
Resistance

Native HDL-C levels showed the optimal sensitivity and specificity values at a cut-off
point of 1.045 mmol/L (sens.: 0.696, spec.: 0.628; Youden index: 0.324). Based on Youden’s
statistic, among the HDL subfractions, HDL-2 showed the optimal IR marker at a cut-off
point of 0.102 mmol/L (sens.: 0.579, spec.: 0.796; Youden index: 0.375), whereas, among the
HDL subclasses, HDL-L showed the optimal IR marker at a cut-off point of 0.264 mmol/L
(spec.: 0.604, sens.: 0.804; Youden index: 0.407). See Table 4 for more details.

Table 4. The optimal cut-off points for native high-density lipoprotein cholesterol (HDL-C) and its
subfractions (HDL-1 to 10) and subclasses (HDL-L, -I and -S) based on Youden’s J statistic.

Optimal
AUC Sens./Spec. Youden Index Cut-Off Point
(in mmol/L)

HDL-C 0.715 0.696/0.628 0.324 1.045
HDL-1 0.676 0.646/0.679 0.325 0.057
HDL-2 0.722 0.579/0.796 0.375 0.102
HDL-3 0.715 0.621/0.737 0.358 0.093
HDL-4 0.709 0.567/0.803 0.370 0.113
HDL-5 0.711 0.692/0.672 0.363 0.106
HDL-6 0.661 0.633/0.620 0.254 0.250
HDL-7 0.584 0.796/0.365 0.161 0.082
HDL-8 0.540 0.821/0.285 0.106 0.060
HDL-9 0.504 0.850/0.234 0.084 0.043
HDL-10 0.507 0.296/0.752 0.048 0.173
Large HDL 0.723 0.604/0.803 0.407 0.264
Intermediate HDL 0.699 0.546/0.781 0.327 0.584
Small HDL 0.518 0.625/0.431 0.056 0.253

AUC: area under the curve, Sens.: sensitivity, Spec.: specificity.

Native HDL-C levels below the defined optimal threshold (<1.045 mmol/L) signif-
icantly increased the risk of IR (odds ratio (OR) = 2.94, 95%ClI: 1.71-5.06, p < 0.001). For
the defined optimal cut-off points, HDL-1 to -6 and HDL-L and -I subclasses showed a
significant association with an increased risk of the existence of IR. The strongest association
(p=1.00 x 10~°) with an increased risk of IR was shown for HDL-L, with individuals with
less than the optimal value of 0.264 mmol/L having a 4.73-times higher risk of IR (95%Cl:
2.53-8.86) than those with a higher value. See Table 5 for more details.

Table 5. Correlation of native high-density lipoprotein cholesterol (HDL-C) level below the optimal
and its subfractions (HDL-1 to -10) and subclasses (HDL-L, -I and -S) with the existence of insulin
resistance (Homeostasis Model Assessment of Insulin Resistance > 3.63).

Insulin Resistance

HOMA-IR (HOMA-IR > 3.63)

B (SE) p-Value OR (95%CI) p-Value
HDL-C (<1.045 mmol /L) 3.22 (0.70) 5.00 x 1076 ** 2.94 (1.71-5.06) 1.01 x 10~ **
HDL-1 (<0.057 mmol /L) 2.48 (0.73) 7.05 x 10~ ** 2.08 (1.21-3.59) 0.009 *
HDL-2 (<0.102 mmol/L) 4.39 (0.73) 4.02 x 1079 ** 3.81 (2.06-7.02) 1.80 x 1075 **
HDL-3 (<0.093 mmol /L) 3.49 (0.73) 3.00 x 1076 ** 2.87 (1.62-5.10) 3.09 x 1074
HDL-4 (<0.113 mmol /L) 3.68 (0.69) 1.62 x 1077 ** 3.80 (2.12-6.80) 7.00 x 1076 **
HDL-5 (<0.106 mmol/L) 3.24 (0.68) 3.00 x 1076 ** 3.03 (1.78-5.16) 43 x 1075 =
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Insulin Resistance
HOMA-IR (HOMA-IR > 3.63)
B (SE) p-Value OR (95%CI) p-Value
HDL-6 (<0.250 mmol/L) 2.37 (0.67) 433 x 1074 * 2.37 (1.40-4.02) 0.001 **
HDL-7 (<0.082 mmol /L) 151 (0.73) 0.039 * 2.06 (1.19-3.56) 0.010 *
HDL-8 (<0.060 mmol /L) 1.85 (0.80) 0.021 * 2.22 (1.20-4.10) 0.011 *
HDL-9 (<0.043 mmol/L) 1.10 (0.85) 0.198 2.00 (1.05-3.83) 0.036 *
HDL-10 (<0.173 mmol /L) —0.09 (0.73) 0.905 1.28 (0.73-2.24) 0.393
Large HDL (<0.264 mmol /L) 457 (0.73) 1.09 x 1079 ** 4.73 (2.53-8.86) 1.00 x 1076 **
Intermediate HDL (<0.584 mmol /L) 3.50 (0.65) 1.55 x 1077 ** 3.47 (1.98-6.06) 1.30 x 1075 **
Small HDL (<0.253 mmol/L) 0.08 (0.69) 0.905 1.63 (0.95-2.77) 0.075

B: unstandardized coefficient, SE: standard error, *: p < 0.05, **: p < 0.005 (Bonferroni-corrected p-value).

3. Discussion

Our aim in the present study was to investigate the association between the develop-
ment and progression of IR (assessed by HOMA-IR) and changes in the HDL subfraction
profile. Furthermore, we sought to determine the optimal cut-off values for the prediction
of IR by HDL subfractions and subclasses.

Based on a comparison of the HDL subfraction profiles of the IR-free control and IR
case groups, the subfractions that strongly (HDL-1 to -3) and moderately (HDL-4 to 6)
reduced cardiovascular risk [31] were present in significantly lower concentrations in blood
samples from the IR group. The HDL-7 to -10 subfractions considered neutral for CVD risk
estimation showed no significant difference between the two groups.

The HDL-1 to -6 subfractions and HDL-L and -I subclasses showed a significant nega-
tive association with the progression and risk of IR after adjustment for relevant covariates
(age, sex, ethnicity, BMI, medication, current smoking status, systolic B?, LDL and HbA1lc
levels). These results are in harmony with previous publications [10,29,32]. In most of these
studies, only two subfractions (HDL, and HDL3) were determined by ultracentrifugation
and it was found that both native HDL-C levels and these two subfractions showed sig-
nificant negative correlations with the risk of IR. However, these studies—in addition to
the fact that only two subfractions were examined—had some other weaknesses, as the
results were based on correlational analyses and the statistical analyses were not adjusted
for relevant factors that could significantly influence carbohydrate metabolism (such as sex,
age and BMI).

Of the three IR-related laboratory parameters (fasting insulin, fasting glucose and
HbAIc levels) examined in the present study, native HDL-C showed a significant asso-
ciation with fasting insulin levels. Seven of the ten subfractions (HDL-1 to -7) showed
significant associations with fasting insulin levels, while HDL-7 and -8 showed significant
associations with fasting blood glucose levels. HDL-7 was the only subfraction that showed
a significant association with all three laboratory parameters tested. The effects of HDL-C
and its subfractions on insulin levels (and hence blood glucose) have been known for
decades [33,34], and the underlying mechanisms are partially understood.

Ochoa-Guzman and colleagues investigated the effects of HDL and its subfractions
in vitro in a MIN-6 (3-cell line and found that HDL particles isolated from healthy indi-
viduals promoted insulin secretion [30]. However, although no significant differences
were found, a trend was observed that, at low glucose concentrations, the small and dense
HDL subfractions had the strongest effect on insulin secretion, with HDL3, showing the
strongest correlation of all. They also observed that glucose promoted insulin secretion in a
concentration-dependent manner, but that insulin secretion was further enhanced in the
presence of HDL, independent of glucose levels. Studies in mice suggest that cholesterol
accumulation in islet 3-cells is the cause of their pathology. HDL protects beta cells from
the toxic effects of glucose and IL-1§3 and increases insulin production. In skeletal muscle,
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insulin activity and glucose uptake have been shown to increase with increasing HDL
levels [35].

Although the HDL-S subclass (and subfractions) did not show a significant association
with either HOMA-IR levels or the development of insulin resistance in our present study,
it has been shown to have beneficial effects on endothelial function, namely the ability of
blood vessels to dilate or constrict in response to various stimuli. Endothelial function is
largely mediated by nitric oxide (NO), a vasodilator molecule produced by endothelial nitric
oxide synthase (eNOS), an enzyme found in specialized membrane domains called caveolae.
It can stimulate eNOS activity and NO production by binding to specific receptors on the
endothelial surface, such as the type SR-BI and ABCA1, and by providing substrates and
cofactors for eNOS, such as L-arginine and tetrahydrobiopterin (BH4) [9,36-38]. HDL3 can
also be oxidatively modified by 15-lipoxygenase, an enzyme that catalyzes the incorporation
of oxygen into polyunsaturated fatty acids. This modification alters the lipid and protein
composition of HDL3 and impairs its ability to activate eNOS and enhance NO production.
Indeed, 15-lipoxygenase-modified HDL3 has been shown to decrease eNOS expression and
activity, reduce intracellular cGMP levels and increase oxidative stress in endothelial cells.
These effects may contribute to endothelial dysfunction and cardiovascular disease [39].

The present study is the first to define an optimal cut-off for HDL-C and its ten
subfractions and three subclasses indicating an increased risk of IR. The HDL-L class
overall, and, in this class, HDL-2, showed the strongest correlation with the existence of
IR. Previous research has identified high HDL concentration as being inversely associated
with cardiovascular risk [40-42], obesity [43] insulin resistance [44], abnormal glucose
tolerance [45] and the development of T2DM [46]. There are currently no known studies
that describe the association of the HDL-2 subfraction measured by Lipoprint HDL® (which
is not the same as the HDL, and HDL; subfractions identified by different methods) with
the development of IR.

This study had its strengths and limitations. A major limitation of the present study
was the small sample size, which may have resulted in limited statistical power. Although
our results showing a correlation between IR and HDL subfraction profiles were statistically
significant even after Bonferroni correction, further analyses on a larger sample of different
ethnicities would be useful to confirm our conclusions.

On the other hand, the present study had several strengths. First, compared to
previous studies, our study was based on more complex statistical analyses (adjusted
for multiple confounders). Furthermore, the Lipoprint HDL® platform used to measure
HDL subfractions provides the opportunity for the high-resolution and more accurate
identification of the lipoproteins and their groups associated with the development of IR.

In conclusion, the progression and risk of IR are negatively associated with changes
in the HDL subfraction profile from a cardiovascular point of view. There is a significant
decrease in the mean concentration of the HDL-1-6 subfractions, while the amount of
HDL-7-10 subfractions remains unchanged; it results in an unfavorable lipid profile that
indicates increased cardiovascular risk. We successfully identified HDL-2 and HDL-L as
the two most dominant subfractions associated with IR. For both, an optimal cut-off point
was determined, which may help to predict the increased risk of developing IR.

4. Materials and Methods
4.1. Study Design and Populations

A full, detailed description of the study design and data collection was provided in
our previous paper [47]. Briefly, in order to understand the background of the poor health
status of the Roma population compared to the Hungarian general one, especially the
high prevalence of noncommunicable diseases, a health survey was designed and carried
out to create a complex database for comparative and association statistical analyses. The
survey consisted of three main components: a questionnaire survey, physical examinations
and laboratory tests in the adult (20-64 years old) Hungarian general (HG) and Roma
populations. A total of 832 participants, including 417 HG (232 women and 185 men)
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and 415 Roma (307 women and 108 men), were recruited during the study (in 2018/2019).
Fasting blood samples were collected from participants to perform routine laboratory
tests (including fasting glucose, TAG, HDL, LDL and total cholesterol measurements) and
anthropometric (e.g., body height and weight), demographic (e.g., sex, ethnicity, and age),
socioeconomic and health (including medication use and blood pressure measurements)
data were collected.

In the present study, participants with missing anthropometric and/or laboratory
parameters (20 HG and 47 Roma) and participants on lipid-lowering therapy (27 HG and
43 Roma) were excluded from further analysis.

The remaining 695 subjects (370 HG and 325 Roma) were divided into two subgroups
based on their lipid profiles: (1) participants with normal lipid profiles and (2) those with
reduced HDL-C. The normal lipid profile group included subjects with normal HDL-C
(>1.03 mmol/L in men and >1.29 mmol/L in women TAG, TC and LDL-C (126 HG and
87 Roma).

For the sample population of the present study, 277 people (115 HG and 162 Roma)
with reduced HDL-C levels and 100 people with normal lipid profiles (25 HG men, 25 Roma
men, 25 HG women and 25 Roma women) were selected. A further 20 people were excluded
during the optimization of the datasets.

4.2. Analysis of HDL Subfractions

HDL is a highly heterogeneous class of lipoproteins, identified solely by the hydration
density of its particles. There are several methods for the separation of HDL into subfrac-
tions. The majority of published prospective and clinical studies have used one of the
proprietary laboratory tests or in-house systems available to clinicians to evaluate the use
of subfractions for outcome prediction: Lipoprint HDL® (gel electrophoresis), Cardio IQ®
(ion mobility), NMR LipoProfile® (nuclear magnetic resonance) and, until recently, Vertical
AutoProfile (VAP)® (ultracentrifugation) [48].

For the present study, the Lipoprint HDL subfractional assay (Quantimetrix Corp.,
Redondo Beach, CA, USA) was used to measure HDL subfractional concentrations by
polyacrylamide gel electrophoresis according to the manufacturer’s instructions. This
commercial test can separate and quantify up to 10 HDL subfractions in serum or plasma
based on the linear polyacrylamide gel electrophoresis method. First, 25 uL of serum was
added to 3% polyacrylamide gel tubes together with 300 uL of Lipoprint HDL loading gel
solution. The tubes were photo polymerized for 30 min at room temperature using Sudan
Black as a lipophilic dye. Electrophoresis was performed at a constant current of 3 mA /tube
for 50 min using tubes containing serum samples and the manufacturer’s quality control
sample. Subfraction bands were identified by their mobility (Rf) and scanned with an
ArtixScan M1 digital scanner (Microtek International Inc., Redondo Beach, CA, USA) using
very-LDL (VLDL) + LDL as the start (Rf 0.0) and albumin as the end (Rf 1.0) reference point.

Ten subfractions of HDL were distinguished between the peaks of VLDL + LDL and
albumin. They were grouped into three main classes: HDL-L (from HDL-1 to -3), HDL-I
(from HDL-4 to -7) and HDL-S (from HDL-8 to -10) HDL subfractions. The Lipoware
software LW03-v.16-134 (Quantimetrix Corp., Redondo Beach, CA, USA) was used to
calculate the cholesterol concentrations of the HDL particle subsets. The relative area
under the curve of the subfraction bands was multiplied by the cholesterol concentration
of the samples.

4.3. Data Used to Identify Insulin Resistance

A limitation in estimating IR prevalence at a population level is the variety of meth-
ods/indices used to determine it. The hyperinsulinemic-euglycemic clamp technique is
considered the gold standard for identifying IR [49], but this invasive method is extremely
difficult to implement at the population level. A number of feasible and non-invasive
methods have been identified and are available as surrogate markers, of which the HOMA-
IR index is the most widely used and most suitable for quantifying IR at a population
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level [50-52]. HOMA-IR was defined as (fasting glucose (mmol/L) x fasting insulin level
(mIU/L)/22.5) and individuals with a HOMA-IR value greater than 3.63 were considered
to have IR and an increased risk of developing diabetes mellitus [51]. Insulin and glucose
levels were determined from blood samples taken after overnight fasting. Blood glucose
levels were measured by a standard enzymatic glucose oxidation method using automated
laboratory equipment, while insulin levels were determined by immunoassay-based analysis.

4.4. Statistical Analyses

Prevalence data were compared by the x? test. Comparisons between (IR and control)
subgroups were performed by Student’s unpaired ¢-test in the case of normally distributed
variables and by the Mann—-Whitney U-test in the case of variables with a non-normal
distribution. Correlations between continuous variables were assessed by adjusted linear
regression analyses, while adjusted logistic regression analyses were used in the case of
binary outcome variables.

All types of regression analyses were carried out under the adjusted model (ethnic-
ity, age, sex, BMI, current smoking status, LDL levels, HbAlc, systolic blood pressure,
antihypertensive and antidiabetic treatment).

To estimate the optimal cut-off points of the HDL subfractions and subclasses for
discriminating IR, the receiver operating characteristic (ROC) curve was applied. Youden's
method [53] was applied to find an optimal cut-off point on the ROC curves to optimize
the sensitivity and specificity of each of them. The index was calculated for all points of
the ROC curves, and the maximum value of the index was used as a criterion for selecting
the optimum cut-off point. To characterize the predictive power of different biochemical
parameters and surrogate indices for IR, area under the curve (AUC) calculations were
carried out. Analyses were performed using the SPSS software version 26.0 (IBM, Armonk,
NY, USA).

Bonferroni correction was applied for multiple analyses of the same dependent vari-
able to avoid type I error, and the p-value determined by Bonferroni correction was consid-
ered as the threshold for statistical significance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241713563/s1.

Author Contributions: Conceptualization, P.P. and R.A.; Data curation, P.P.; Formal analysis, P.P.
and N.K,; Funding acquisition, R.A.; Investigation, T.]., Z.K,, J.S., N.K,, LS. and G.P,; Methodology,
P.P; Resources, R.A.; Supervision, R.A.; Validation, P.P.; Visualization, P.P.; Writing—original draft,
P.P,; Writing—review and editing, R.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This project was co-funded by the European Regional Development Fund (GINOP-2.3.2-
15-2016-00005), the Hungarian Academy of Sciences (TK2016-78) and the E6tvts Lorand Research
Network (TKCS-2021/32). Project No. 135784 has also been implemented with the support of
the National Research, Development and Innovation Fund of Hungary, financed under the K_20
programme. P.P. and R.A. also work as team members of the National Laboratory for Health
Security Hungary (RRF-2.3.1-21-2022-00006) supported by the National Research, Development and
Innovation Office (NKFIH). P.P. is a fellow of the New National Excellence Programme of the Ministry
of Innovation and Technology, funded by the National Research, Development and Innovation Fund
of Hungary (UNKP-22-4-T1-DE-268).

Institutional Review Board Statement: The study was conducted under the tenets of the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of the Hungarian Scientific
Council for Health (61327-2017 /EKU—date: 22 December 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available on request due to privacy or ethical concerns.
Acknowledgments: The authors thank Zsuzsa Peter for the English proofreading.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms241713563/s1
https://www.mdpi.com/article/10.3390/ijms241713563/s1

Int. . Mol. Sci. 2023, 24, 13563 110f13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sun, H.; Saeedi, P,; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, ].C.N.; Mbanya, ].C.; et al.
IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119. [CrossRef]

Assoc, A.D. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 2009, 32, S62-567. [CrossRef]

Martin-Timoén, I.; Sevillano-Collantes, C.; Segura-Galindo, A.; Del Cafizo-Goémez, E]. Type 2 diabetes and cardiovascular disease:
Have all risk factors the same strength? World |. Diabetes 2014, 5, 444-470. [CrossRef]

Freeman, A.M.; Pennings, N. Insulin Resistance. In StatPearls; StatPearls Publishing Copyright © 2023; StatPearls Publishing
LLC.: Treasure Island, FL, USA, 2023.

Jellinger, P.S. Metabolic consequences of hyperglycemia and insulin resistance. Clin. Cornerstone 2007, 8 (Suppl. 7), S30-542.
[CrossRef]

Parhofer, K.G. Interaction between Glucose and Lipid Metabolism: More than Diabetic Dyslipidemia. Diabetes Metab. J. 2015, 39,
353-362. [CrossRef]

Podlipskyte, A.; Kazukauskiene, N.; Varoneckas, G.; Mickuviene, N. Association of Insulin Resistance With Cardiovascular Risk
Factors and Sleep Complaints: A 10-Year Follow-Up. Front. Public Health 2022, 10, 848284. [CrossRef]

Siebel, A.L.; Heywood, S.E.; Kingwell, B.A. HDL and glucose metabolism: Current evidence and therapeutic potential. Front.
Pharmacol. 2015, 6, 258. [CrossRef]

Jomard, A.; Osto, E. High Density Lipoproteins: Metabolism, Function, and Therapeutic Potential. Front. Cardiovasc. Med. 2020,
7,39. [CrossRef]

Generoso, G.; Bensenor, .LM.; Santos, R.D.; Staniak, H.L.; Sharovsky, R.; Santos, 1.S.; Goulart, A.C.; Jones, S.R.; Kulkarni, K.R,;
Blaha, M.].; et al. High-density Lipoprotein-cholesterol Subfractions and Coronary Artery Calcium: The ELSA-Brasil Study. Arch.
Med. Res. 2019, 50, 362-367. [CrossRef]

Maeda, S.; Nakanishi, S.; Yoneda, M.; Awaya, T.; Yamane, K.; Hirano, T.; Kohno, N. Associations between Small Dense LDL,
HDL Subfractions (HDL2, HDL3) and Risk of Atherosclerosis in Japanese-Americans. J. Atheroscler. Thromb. 2012, 19, 444-452.
[CrossRef]

Lappegard, K.T; Kjellmo, C.A.; Hovland, A. High-Density Lipoprotein Subfractions: Much Ado about Nothing or Clinically
Important? Biomedicines 2021, 9, 836. [CrossRef] [PubMed]

Morais, J.; Muniz, N.; Di Guida, O. Evaluation of HDL subclasses using the Lipoprint (R) HDL system. Clin. Chem. 2006, 52, A118.
Rosenson, R.S.; Brewer, H.B.; Chapman, M.].; Fazio, S.; Hussain, M.M.; Kontush, A.; Krauss, R.M.; Otvos, ].D.; Remaley, A.T,;
Schaefer, E.J. HDL Measures, Particle Heterogeneity, Proposed Nomenclature, and Relation to Atherosclerotic Cardiovascular
Events. Clin. Chem. 2011, 57, 392-410. [CrossRef]

Fisher, E.A.; Feig, ].E.; Hewing, B.; Hazen, S.L.; Smith, ].D. High-Density Lipoprotein Function, Dysfunction, and Reverse
Cholesterol Transport. Arter. Thromb. Vasc. Biol. 2012, 32, 2813-2820. [CrossRef] [PubMed]

Sasahara, T.; Nestel, P.; Fidge, N.; Sviridov, D. Cholesterol transport between cells and high density lipoprotein subfractions from
obese and lean subjects. J. Lipid Res. 1998, 39, 544-554. [CrossRef] [PubMed]

Hill, S.A.; McQueen, J. Reverse cholesterol transport—A review of the process and its clinical implications. Clin. Biochem. 1997,
30, 517-525. [CrossRef]

Connelly, M.A; Klein, S.M.; Azhar, S.; Abumrad, N.A.; Williams, D.L. Comparison of class B scavenger receptors, CD36 and
scavenger receptor BI (SR-BI), shows that both receptors mediate high density lipoprotein-cholesteryl ester selective uptake but
SR-BI exhibits a unique enhancement of cholesteryl ester uptake. J. Biol. Chem. 1999, 274, 41-47. [CrossRef]

Annema, W,; Tietge, U.].F. Regulation of reverse cholesterol transport—A comprehensive appraisal of available animal studies.
Nutr. Metab. 2012, 9, 25. [CrossRef]

Graversen, ].H.; Castro, G.; Kandoussi, A.; Nielsen, H.; Christensen, E.I.; Norden, A.; Moestrup, S.K. A pivotal role of the human
kidney in catabolism of HDL protein components apolipoprotein A-I and A-IV but not of A-II. Lipids 2008, 43, 467—470. [CrossRef]
Tran-Dinh, A.; Diallo, D.; Delbosc, S.; Varela-Perez, L.M.; Dang, Q.B.; Lapergue, B.; Burillo, E.; Michel, ].B.; Levoye, A.; Martin-
Ventura, ].L.; et al. HDL and endothelial protection. Br. J. Pharmacol. 2013, 169, 493-511. [CrossRef]

Bajer, B.; Radikova, Z.; Havranova, A ; Zitnanova, I; Vlcek, M.; Imrich, R; Sabaka, P.; Bendzala, M.; Penesova, A. Effect of 8-weeks
intensive lifestyle intervention on LDL and HDL subfractions. Obes. Res. Clin. Pract. 2019, 13, 586-593. [CrossRef] [PubMed]
Wang, Z.; Manichukal, A.; Goff, D.C.; Mora, S.; Ordovas, ].M.; Pajewski, N.M.; Post, W.S.; Rotter, ].I.; Sale, M.M.; Santorico, S.A;
et al. Genetic associations with lipoprotein subfraction measures differ by ethnicity in the multi-ethnic study of atherosclerosis
(MESA). Hum. Genet. 2017, 136, 715-726. [CrossRef] [PubMed]

Nikolic, D.; Katsiki, N.; Montalto, G.; Isenovic, E.R.; Mikhailidis, D.P.; Rizzo, M. Lipoprotein Subfractions in Metabolic Syndrome
and Obesity: Clinical Significance and Therapeutic Approaches. Nutrients 2013, 5, 928-948. [CrossRef] [PubMed]

Iwani, A K.N.Z; Jalaludin, M.Y,; Yahya, A.; Mansor, F; Zain, EM.; Hong, J.Y.H.; Zin, RM.W.M.; Mokhtar, A.H. TG: HDL-C Ratio
as Insulin Resistance Marker for Metabolic Syndrome in Children With Obesity. Front. Endocrinol. 2022, 13, 852290. [CrossRef]
Chauhan, A; Singhal, A.; Goyal, P. TG/HDL Ratio: A marker for insulin resistance and atherosclerosis in prediabetics or not? J.
Fam. Med. Prim. Care 2021, 10, 3700-3705. [CrossRef] [PubMed]


https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.2337/dc09-S062
https://doi.org/10.4239/wjd.v5.i4.444
https://doi.org/10.1016/S1098-3597(07)80019-6
https://doi.org/10.4093/dmj.2015.39.5.353
https://doi.org/10.3389/fpubh.2022.848284
https://doi.org/10.3389/fphar.2015.00258
https://doi.org/10.3389/fcvm.2020.00039
https://doi.org/10.1016/j.arcmed.2019.10.006
https://doi.org/10.5551/jat.11445
https://doi.org/10.3390/biomedicines9070836
https://www.ncbi.nlm.nih.gov/pubmed/34356900
https://doi.org/10.1373/clinchem.2010.155333
https://doi.org/10.1161/ATVBAHA.112.300133
https://www.ncbi.nlm.nih.gov/pubmed/23152494
https://doi.org/10.1016/S0022-2275(20)33293-4
https://www.ncbi.nlm.nih.gov/pubmed/9548587
https://doi.org/10.1016/S0009-9120(97)00098-2
https://doi.org/10.1074/jbc.274.1.41
https://doi.org/10.1186/1743-7075-9-25
https://doi.org/10.1007/s11745-008-3169-2
https://doi.org/10.1111/bph.12174
https://doi.org/10.1016/j.orcp.2019.10.010
https://www.ncbi.nlm.nih.gov/pubmed/31806470
https://doi.org/10.1007/s00439-017-1782-y
https://www.ncbi.nlm.nih.gov/pubmed/28352986
https://doi.org/10.3390/nu5030928
https://www.ncbi.nlm.nih.gov/pubmed/23507795
https://doi.org/10.3389/fendo.2022.852290
https://doi.org/10.4103/jfmpc.jfmpc_165_21
https://www.ncbi.nlm.nih.gov/pubmed/34934668

Int. . Mol. Sci. 2023, 24, 13563 12 0f13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Eng, D.; Gregg, B.; Singer, K.; Lee, ]. M. TG/HDL Ratio as a Predictor of Insulin Resistance in US Adolescents: Do Age and Sex
Percentiles Matter? Diabetes 2022, 71. [CrossRef]

Generoso, G.; Bensenor, .M.; Santos, R.D.; Santos, 1.S.; Goulart, A.C.; Jones, S.R.; Kulkarni, K.R.; Blaha, M.].; Toth, P.P.; Lotufo,
P.A.; et al. Association between high-density lipoprotein subfractions and low-grade inflammation, insulin resistance, and
metabolic syndrome components: The ELSA-Brasil study. J. Clin. Lipidol. 2018, 12, 1290-1297. [CrossRef]

Hsu, H.; Hsu, P; Cheng, M.H,; Ito, Y.; Kanda, E.; Schaefer, E.J.; Ai, M. Lipoprotein Subfractions and Glucose Homeostasis in
Prediabetes and Diabetes in Taiwan. J. Atheroscler. Thromb. 2019, 26, 890-914. [CrossRef]

Ochoa-Guzman, A.; Guillén-Quintero, D.; Mufioz-Herndndez, L.; Garcia, A.; Diaz-Diaz, E.; Pérez-Méndez, O.; Rodriguez-Guillén,
R.; Mitre-Aguilar, I.B.; Zentella-Dehesa, A.; Aguilar-Salinas, C.A.; et al. The influence of high-density lipoprotein (HDL) and HDL
subfractions on insulin secretion and cholesterol efflux in pancreatic derived 3-cells. J. Endocrinol. Investig. 2021, 44, 1897-1904.
[CrossRef]

Piko, P.; Kosa, Z.; Sandor, ].; Seres, I.; Paragh, G.; Adany, R. The profile of HDL-C subfractions and their association with
cardiovascular risk in the Hungarian general and Roma populations. Sci. Rep. 2022, 12, 10915. [CrossRef]

Moriyama, K.; Negami, M.; Takahashi, E. HDL2-cholesterol/HDL3-cholesterol ratio was associated with insulin resistance,
high-molecular-weight adiponectin, and components for metabolic syndrome in Japanese. Diabetes Res. Clin. Pr. 2014, 106,
360-365. [CrossRef]

Mattock, M.B.; Salter, A.M.; Fuller, ].H.; Omer, T.; Elgohari, R.; Redmond, S.D.; Keen, H. High-Density Lipoprotein Subfractions
in Insulin-Dependent Diabetic and Normal Subjects. Atherosclerosis 1982, 45, 67-79. [CrossRef]

Durrington, PN. Serum High-Density Lipoprotein Cholesterol Subfractions in Type-I (Insulin-Dependent) Diabetes-Mellitus.
Clin. Chim. Acta 1982, 120, 21-28. [CrossRef]

Brunham, L.R; Kruit, ] K.; Hayden, M.R.; Verchere, C.B. Cholesterol in beta-cell Dysfunction: The Emerging Connection Between
HDL Cholesterol and Type 2 Diabetes. Curr. Diabetes Rep. 2010, 10, 55-60. [CrossRef] [PubMed]

Hoang, H.H.; Padgham, S.V.; Meininger, C.J. L-arginine, tetrahydrobiopterin, nitric oxide and diabetes. Curr. Opin. Clin. Nutr.
2013, 16, 76-82. [CrossRef] [PubMed]

Mineo, C.; Shaul, PW. Regulation of Enos in Caveolae. Adv. Exp. Med. Biol. 2012, 729, 51-62. [CrossRef]

Vallance, P.; Chan, N. Endothelial function and nitric oxide: Clinical relevance. Heart 2001, 85, 342-350. [CrossRef] [PubMed]
Cutuli, L,; Pirillo, A.; Uboldi, P.; Kuehn, H.; Catapano, A.L. 15-Lipoxygenase-Mediated Modification of HDL3 Impairs eNOS
Activation in Human Endothelial Cells. Lipids 2014, 49, 317-326. [CrossRef]

Kontush, A. HDL particle number and size as predictors of cardiovascular disease. Front. Pharmacol. 2015, 6, 218. [CrossRef]

Li, J.J.; Zhang, Y,; Li, S.; Cui, C.J.; Zhu, C.G.; Guo, Y.L.; Wu, N.Q.; Xu, R.X;; Liu, G.; Dong, Q.; et al. Large HDL Subfraction But
Not HDL-C Is Closely Linked With Risk Factors, Coronary Severity and Outcomes in a Cohort of Nontreated Patients With Stable
Coronary Artery Disease: A Prospective Observational Study. Medicine 2016, 95, €2600. [CrossRef]

McGarrah, R.W,; Craig, D.M.; Haynes, C.; Dowdy, Z.E.; Shah, S.H.; Kraus, W.E. High-density lipoprotein subclass measurements
improve mortality risk prediction, discrimination and reclassification in a cardiac catheterization cohort. Atherosclerosis 2016, 246,
229-235. [CrossRef] [PubMed]

Woudberg, N.J.; Goedecke, ].H.; Blackhurst, D.; Frias, M.; James, R.; Opie, L.H.; Lecour, S. Association between ethnicity and
obesity with high-density lipoprotein (HDL) function and subclass distribution. Lipids Health Dis. 2016, 15, 92. [CrossRef]
[PubMed]

Goff, D.C.; D’Agostino, R.B.; Haffner, S.M.; Otvos, J.D. Insulin resistance and adiposity influence lipoprotein size and subclass
concentrations. Results from the Insulin Resistance Atherosclerosis Study. Metabolism 2005, 54, 264-270. [CrossRef] [PubMed]
Wang, J.; Stancakova, A.; Soininen, P.; Kangas, A.J.; Paananen, ].; Kuusisto, ].; Ala-Korpela, M.; Laakso, M. Lipoprotein subclass
profiles in individuals with varying degrees of glucose tolerance: A population-based study of 9399 Finnish men. J. Intern. Med.
2012, 272, 562-572. [CrossRef]

Dullaart, R.PE; Otvos, ].D.; James, R.W. Serum paraoxonase-1 activity is more closely related to HDL particle concentration and
large HDL particles than to HDL cholesterol in Type 2 diabetic and non-diabetic subjects. Clin. Biochem. 2014, 47, 1022-1027.
[CrossRef]

Adany, R.; Piko, P; Fiatal, S.; Kosa, Z.; Sandor, ].; Biro, E.; Kosa, K.; Paragh, G.; Bacsne Baba, E.; Veres-Balajti, I.; et al. Prevalence
of Insulin Resistance in the Hungarian General and Roma Populations as Defined by Using Data Generated in a Complex Health
(Interview and Examination) Survey. Int. |. Environ. Res. Public Health 2020, 17, 4833. [CrossRef]

Chary, A.; Hedayati, M. Review of Laboratory Methods to Determine HDL and LDL Subclasses and Their Clinical Importance.
Rev. Cardiovasc. Med. 2022, 23, 147. [CrossRef]

DeFronzo, R.A.; Tobin, J.D.; Andres, R. Glucose clamp technique: A method for quantifying insulin secretion and resistance. Am.
J. Physiol. 1979, 237, E214-E223. [CrossRef]

Singh, Y.; Garg, M.K,; Tandon, N.; Marwaha, R.K. A Study of Insulin Resistance by HOMA-IR and its Cut-off Value to Identify
Metabolic Syndrome in Urban Indian Adolescents. J. Clin. Res. Pediatr. Endocrinol. 2013, 5, 245-251. [CrossRef]


https://doi.org/10.2337/db22-997-P
https://doi.org/10.1016/j.jacl.2018.05.003
https://doi.org/10.5551/jat.48330
https://doi.org/10.1007/s40618-021-01504-9
https://doi.org/10.1038/s41598-022-15192-9
https://doi.org/10.1016/j.diabres.2014.08.007
https://doi.org/10.1016/0021-9150(82)90172-1
https://doi.org/10.1016/0009-8981(82)90073-0
https://doi.org/10.1007/s11892-009-0090-x
https://www.ncbi.nlm.nih.gov/pubmed/20425068
https://doi.org/10.1097/MCO.0b013e32835ad1ef
https://www.ncbi.nlm.nih.gov/pubmed/23164986
https://doi.org/10.1007/978-1-4614-1222-9
https://doi.org/10.1136/heart.85.3.342
https://www.ncbi.nlm.nih.gov/pubmed/11179281
https://doi.org/10.1007/s11745-014-3888-5
https://doi.org/10.3389/fphar.2015.00218
https://doi.org/10.1097/MD.0000000000002600
https://doi.org/10.1016/j.atherosclerosis.2016.01.012
https://www.ncbi.nlm.nih.gov/pubmed/26803432
https://doi.org/10.1186/s12944-016-0257-9
https://www.ncbi.nlm.nih.gov/pubmed/27169717
https://doi.org/10.1016/j.metabol.2004.09.002
https://www.ncbi.nlm.nih.gov/pubmed/15690322
https://doi.org/10.1111/j.1365-2796.2012.02562.x
https://doi.org/10.1016/j.clinbiochem.2014.04.013
https://doi.org/10.3390/ijerph17134833
https://doi.org/10.31083/j.rcm2304147
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.4274/Jcrpe.1127

Int. . Mol. Sci. 2023, 24, 13563 13 0f 13

51.

52.

53.

Horakova, D.; Stepanek, L.; Janout, V.; Janoutova, J.; Pastucha, D.; Kollarova, H.; Petrakova, A.; Stepanek, L.; Husar, R.; Martinik,
K. Optimal Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) Cut-Offs: A Cross-Sectional Study in the Czech
Population. Medicina 2019, 55, 158. [CrossRef]

Rajala, U.; Laakso, M.; Paivansalo, M.; Pelkonen, O.; Suramo, I.; Keinanen-Kiukaanniemi, S. Low insulin sensitivity measured
by both quantitative insulin sensitivity check index and homeostasis model assessment method as a risk factor of increased
intima-media thickness of the carotid artery. J. Clin. Endocrinol. Metab. 2002, 87, 5092-5097. [CrossRef] [PubMed]

Ruopp, M.D.; Perkins, N.J.; Whitcomb, B.W.; Schisterman, E.F. Youden index and optimal cut-point estimated from observations
affected by a lower limit of detection. Biom. J. 2008, 50, 419-430. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/medicina55050158
https://doi.org/10.1210/jc.2002-020703
https://www.ncbi.nlm.nih.gov/pubmed/12414877
https://doi.org/10.1002/bimj.200710415
https://www.ncbi.nlm.nih.gov/pubmed/18435502

	Introduction 
	Results 
	Characteristics of Study Groups 
	Comparison of HDL Subfractionation Profile between the IR and Control Groups 
	Association of HDL and Its Subfractions with Fasting Insulin, Fasting Glucose Levels and HbA1c 
	Association of HDL and Its Subfractions with HOMA-IR Levels and Insulin Resistance 
	Determination of Optimal Cut-Off Points and Their Association with the Risk of Insulin Resistance 

	Discussion 
	Materials and Methods 
	Study Design and Populations 
	Analysis of HDL Subfractions 
	Data Used to Identify Insulin Resistance 
	Statistical Analyses 

	References

