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Abstract: (1) Background: high-density lipoproteins (HDLs) exhibit antioxidant and anti-inflammatory
properties that play an important role in preventing the development of atherosclerotic lesions and
possibly also diabetes. In turn, both type 1 diabetes (T1D) and type 2 diabetes (T2D) are susceptible
to having deleterious effects on these HDL functions. The objectives of the present review are to
expound upon the antioxidant and anti-inflammatory functions of HDLs in both diabetes in the
setting of atherosclerotic cardiovascular diseases and discuss the contributions of these HDL functions
to the onset of diabetes. (2) Methods: this narrative review is based on the literature available from the
PubMed database. (3) Results: several antioxidant functions of HDLs, such as paraoxonase-1 activity,
are compromised in T2D, thereby facilitating the pro-atherogenic effects of oxidized low-density
lipoproteins. In addition, HDLs exhibit diminished ability to inhibit pro-inflammatory pathways in
the vessels of individuals with T2D. Although the literature is less extensive, recent evidence suggests
defective antiatherogenic properties of HDL particles in T1D. Lastly, substantial evidence indicates
that HDLs play a role in the onset of diabetes by modulating glucose metabolism. (4) Conclusions and
perspectives: impaired HDL antioxidant and anti-inflammatory functions present intriguing targets
for mitigating cardiovascular risk in individuals with diabetes. Further investigations are needed to
clarify the influence of glycaemic control and nephropathy on HDL functionality in patients with
T1D. Furthermore, exploring the effects on HDL functionality of novel antidiabetic drugs used in the
management of T2D may provide intriguing insights for future research.
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1. Introduction

According to the World Health Organization, approximately 422 million people world-
wide are living with diabetes, of whom approximately 90% have type 2 diabetes (T2D) [1].
People with type 1 diabetes (T1D) or T2D have an excess risk of both fatal and non-fatal
atherosclerotic cardiovascular events [2,3]. Dyslipidemia is a major contributor to the
increased cardiovascular risk in these populations. Abnormalities in lipid metabolism in
patients with T2D are mainly characterized by high serum triglycerides (≥150 mg/dL)
and low levels of high-density lipoprotein cholesterol (HDL-C) (<40 mg/dL in men and
<50 mg/dL in women) [4]. In T1D, only people with poor glycaemic control are most likely
to have quantitative lipid abnormalities [5]. Beyond the quantitative aspect, lipoproteins
also undergo qualitative abnormalities in both T1D and T2D that are relative to lipid and
protein changes and chemical modifications.

In essence, HDLs, like all lipoproteins, are composed of apolipoproteins (apo), non-
structural proteins, and lipids. The surface of HDLs is characterized by a monolayer
composed of amphipathic phospholipids, sphingolipids, and unesterified cholesterol. This
outer layer surrounds the particle core, containing a mixture of triglycerides and cholesteryl
esters. HDLs exhibit heterogeneity regarding their size, density, and lipid and protein
composition. Classically, these particles are referred to as HDL2a and 2b (larger), HDL3a,
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3b, and 3c (medium or smaller), and lipid-free apoA-I or pre-β (discoidal). HDLs have
multiple antiatherogenic properties that prevent the development of atherosclerotic lesions.
The best-known effect of HDLs is their ability to promote cholesterol efflux from vascular
cells and transport it for its elimination from the body. But HDLs exhibit many important
antiatherogenic functions other than cholesterol efflux, such as anti-inflammatory and
antioxidant effects or the ability to induce nitric oxide (NO) production by the endothelium.
The interest in HDL functionality has increased over the past decade as several studies have
demonstrated that measuring HDL functions outperforms serum HDL-C in cardiovascular
risk stratification [6].

The interplay between HDLs and diabetes can be conceptualized as a bidirectional
relationship [7]:

• On one hand, diabetes has detrimental effects on the composition and functions of
HDLs, impairing, at least in part, their antiatherogenic properties [8–10]. Chronic
hyperglycaemia, oxidative stress and inflammation are hallmarks of diabetes, fostering
glycoxidative damage notably in lipoproteins, thereby detrimentally affecting the
cardiovascular system [11,12]. Beyond the well-known glycoxidized low-density
lipoproteins (LDLs), HDLs are also particles prone to glycoxidation (Figure 1).

• On the other hand, HDLs seem to fulfil functions on glucose metabolism that mitigate
the development and progression of diabetes [13,14].

Figure 1. Glycation and oxidation of HDL particles. (1) Glycation of HDLs. Reducing sugars, like
glucose, react with amino groups on HDL proteins, forming a reversible Schiff’s base and subse-
quently an Amadori product after rearrangement. These early glycation products can lead to the
generation of advanced glycation end-products (AGEs), constituting a diverse family of derivatives.
Oxidative stress further facilitates the formation of numerous AGEs, including carboxymethyl-lysine
and pentosidine, which may be regarded as glycoxidation products. (2) Oxidation of HDLs. Reactive
oxygen species (ROS) induce the oxidation of fatty acyl chains, encompassing those within phos-
pholipids, esterified cholesterol, and triglycerides, leading to the generation of lipid hydroperoxides.
ROS initiate the production of reactive aldehydes from polyunsaturated fatty acids. In particular,
4-hydroxynonenal, acrolein, and malondialdehyde are by-products of lipid peroxidation. These com-
pounds have the capacity to modify proteins in HDLs through the formation of cross-linked adducts.
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Therefore, within the context of the Special Issue of Antioxidants titled “Impact of
antioxidant and inflammatory functions of HDL in diseases”, the primary objective of this
narrative review is to report on the antioxidant and anti-inflammatory activities of HDLs in
both T1D and T2D, contextualized within the framework of atherosclerotic cardiovascular
disease. The secondary aim is to discuss the contribution of the antioxidant and anti-
inflammatory functions of HDLs to the onset of diabetes.

2. Methods

This narrative review is based on a selection of research studies exploring the an-
tioxidant and anti-inflammatory functions of HDLs in T1D and T2D within the context
of cardiovascular diseases and the development of diabetes. Relevant English-language
original articles, editorials and reviews published up to November 2023, were selected
from the PubMed database. The search employed terms such as “HDLs”, “high-density
lipoprotein”, “apoA-I”, “diabetes”, “antioxidant”, “antioxidative”, “anti-inflammatory”,
and “antidiabetic” to identify articles deemed relevant for this review.

3. Antioxidant Functions of HDLs in Diabetes

Oxidative stress plays a pivotal role in the pathophysiology of both diabetes and
atherosclerosis [11,15,16], stemming from an imbalance between the production of ROS
and reactive nitrogen species and the antioxidant mechanisms [16]. ROS are produced as
by-products of mitochondrial respiration or cellular metabolism, as well as through specific
enzymes, including nicotinamide adenine dinucleotide phosphate (NADPH) oxidases.
Ultimately, oxidative stress promotes endothelial dysfunction, pro-inflammatory pathways
in the vascular wall and alterations in lipoproteins on both lipids and proteins. For example,
it leads to the formation of oxidized LDLs (oxLDLs), which are widely acknowledged to
be atherogenic [17]. HDLs, possessing antioxidant properties, serve as protective agents
against damages induced by oxidative stress. The antioxidant functions of HDLs hold
considerable relevance in the context of cardiovascular health, as it has been shown to be
predictive of future cardiovascular events [18,19].

3.1. Overview of HDL Antioxidant Functions

Figure 2 summarizes the main antioxidant properties of HDLs. In brief, HDL particles
protect against oxidative damage through a variety of mechanisms and several compo-
nents [20]:

• HDLs protect LDL particles from oxidation caused by free radicals or copper ions. They
remove and inactivate oxidized lipids from LDLs [21]. OxLDLs promote inflammation
and oxidative stress in vessels through their binding to scavenger receptors. They
facilitate the recruitment of monocytes, the release of pro-inflammatory cytokines from
macrophages, the disruption of endothelial cell homeostasis and NO production, and
ROS production [17]. Therefore, the HDL-mediated protection of LDLs from oxidation
contributes to the anti-inflammatory and antioxidants effects of HDLs.

• HDLs stimulate the production of NO [22], which functions as an antioxidant by
decreasing Fenton-type reactions, terminating radical chain reactions, and inhibiting
oxidases. NO protects against NADPH oxidase-derived ROS production in the vas-
cular endothelium by S-nitrosylating NADPH subunits [23]. As developed below,
the anti-inflammatory effect of NO also contributes to the HDL-mediated decrease in
ROS production.

The antioxidative potential of HDL particles derives from their protein and lipid
components. HDLs transport multiple proteins that possess antioxidative properties. Thus,
numerous HDL-associated apolipoproteins, lipid transfer proteins and enzymes have been
demonstrated to play a role in the antioxidative capacity of HDLs. Firstly, apoA-I, the main
protein in HDLs, neutralizes oxidized lipids [24]. More specifically, the methionine residues
of apoA-I located at Positions 112 and 148 have the ability to convert lipid hydroperoxides
into redox-inactive lipid hydroxides [24]. Although one study showed that HDLs from
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transgenic mice overexpressing apoA-II exhibited increased antioxidative properties [25],
another study reported contradictory findings, potentially attributable to apoA-I displace-
ment [26]. In addition, apoE may have a role in HDL antioxidant functions. HDLs isolated
from apoA-I−/− mice treated with an apoE3-expressing adenovirus exhibited a higher
antioxidant capacity than those isolated from untreated apoA-I−/− mice, although at a
lesser extent than after treatment with apoA-I-expressing adenovirus [27]. Furthermore,
apoM has the ability to bind oxidized phospholipids and enhance antioxidative activity of
HDLs [28]. Secondly, cholesterol ester transfer protein (CETP), which serves to exchange
neutral lipids between apoB-containing lipoproteins and HDLs, may also contribute to
the antioxidant properties of HDLs since CETP addition to HDLs enhances their ability to
inhibit LDL oxidation [29]. It is hypothesized that CETP aids the transfer of lipid peroxides
towards HDLs. Thirdly, paraoxonase-1 (PON1), a protein exclusively associated with HDLs
in the circulation, plays a crucial role in the antioxidant functions of HDLs [30]. It is an enzy-
matic protein, which hydrolyses a wide range of substrates, including lipid hydroperoxides
that result from the conjugated diene free radicals on the later phase of the oxidation of fatty
acids [30]. PON1 facilitates the breakdown of lipid peroxides into carboxylic acids rather
than aldehydes or ketones, thereby preventing the uptake of oxLDLs by macrophages and
smooth muscle cells in the arterial wall [30]. ApoE may play an indirect role in HDL-PON1
activity, as the binding of recombinant PON1 to HDL particles containing apoE increases
its activity, albeit to a lesser extent than when it binds to HDLs containing apoA-I [31].
Overall, PON1 prevents oxidative damage to LDLs, endothelial cells, macrophages, and
HDLs themselves [32]. PON1 holds particular clinical relevance, as low PON1 activity has
been identified as a predictor of incident cardiovascular events [18,33]. Lastly, glutathione
peroxidase, another antioxidant enzyme associated with HDLs, catalyzes the reduction in
hydrogen peroxide and lipid peroxides.

Figure 2. Antioxidant functions of HDL particles. “↗” and “↘” mean “increase” and “decrease”, re-
spectively. HDLs protect LDLs from oxidation by several mechanisms. (1) HDL proteins paraoxonase-
1 (PON1) and apoA-I inactivate lipid hydroperoxides in oxidized LDLs. (2) HDL-sphingosine-1-
phosphate (S1P) stimulates the production of NO, which inhibits the formation of ROS by NADPH
oxidase in immune cells. (3) It has also been suggested that the cholesterol ester transfer pro-
tein (CETP) and apoM may bind oxidized lipids and facilitate their removal from oxidized LDLs.
The figure was partly created utilizing Servier Medical Art (Creative Commons Attribution 3.0
unported license).
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The antioxidative activity of HDLs is also influenced by their lipid content. It exhibits
a negative association with the HDL content in sphingomyelins, ceramides and triglyc-
erides [34,35], and a positive correlation with the HDL content in sphingosine-1-phosphate
(S1P), phosphatidic acid and phosphatidylserines [34,35]. Such influences may be due to
changes in physical properties, such as the fluidity and net charges in the HDL surface
monolayer [36]. In addition, S1P, which is a bioactive lipid mainly carried by HDLs, stim-
ulates endothelial nitric oxide synthase (eNOS)-dependent NO production by binding
to S1P receptors on vascular cells [34]. Lastly, plasmalogens, a class of phospholipids
containing a fatty alcohol with a vinyl-ether bond at the sn-1 position, may play a role in
the HDL-mediated eNOS activation and antioxidant effects [37,38].

The effectiveness of HDL subpopulations in preventing oxidative damage to LDLs
increases when their size decreases [39], likely due to distinct proteomic and lipidomic
profiles. For instance, the small dense HDL3 subpopulation is characterized by a higher
total protein, PON1, apoM and S1P content, as well as a lower phospholipid content [40].
ApoE is predominantly found in HDL2 [40], suggesting a marginal contribution to the
overall antioxidant function of HDLs. ApoA-I and apoA-II are evenly distributed among
HDL subpopulations [40], thereby excluding it as a potential explanation for variations in
the antioxidative properties across HDL subpopulations.

3.2. Effects of In Vitro Glycoxidation on HDL Antioxidant Functions

Glycoxidative damages in HDLs occurring in diabetes are likely to alter their antioxi-
dant effects. In vitro oxidation of methionine residues of apoA-I attenuates the inactivation
of lipid hydroperoxides [36]. Both glycation and glycoxidation of HDLs reduce PON1
activity [41–43], as well as their ability to inactivate lipid hydroperoxides in erythrocyte
membranes [42]. Furthermore, glycated HDLs are less able to counteract the inhibitory ef-
fect of oxLDLs on vasorelaxation, potentially resulting from decreased antioxidant capacity
of glycated HDLs [44]. Lastly, glycation of HDLs lowers their content in S1P through apoM
dimerization [45,46], thereby impacting the apoM/S1P/eNOS pathway.

3.3. Antioxidant Functions of HDLs in Type 1 Diabetes

Few studies have explored the antioxidant activity of HDLs in individuals with T1D.
The capacity of apoB-depleted serum to prevent LDLs from oxidation was reduced in 30
patients with T1D in comparison to 30 non-diabetic individuals, without any effect related
to glycaemic control in this study [47]. In addition, our group showed that HDL particles
from patients with T1D failed to reverse the inhibitory effect of oxLDLs on the relaxation of
the aortic blood vessels, that may be attributed, at least partially, to a reduced capability of
HDLs to counteract LDL oxidation [48]. PON1 activity was lower in 70 participants with
T1D in comparison to 30 individuals without diabetes [49], while it was alike in another
study that included smaller groups [47].

HDL-mediated NO production was reduced by 22% in 70 adolescents with T1D when
compared to healthy controls [49]. This could potentially reduce the antioxidant capacity of
HDLs given the crucial role played by NO in this process. The decrease in NO production
induced by HDLs may be attributed to a lesser amount of the HDL3 fraction in S1P in this
population [50].

Lastly, our group demonstrated a depletion of HDL2 from patients with T1D in
plasmalogens [50]. This depletion could contribute to the reduction in the HDL antioxidant
capacity in T1D, as plasmalogens are able to scavenge oxygen radicals [51] and play a role
in the HDL-mediated stimulation of eNOS [37].

3.4. Antioxidant Functions of HDLs in Type 2 Diabetes

More information on the antioxidant functions of HDLs is available for T2D compared
with T1D [8]. Morgantini et al. found that HDLs from 73 patients with T2D had altered
capacity to protect LDLs from oxidation compared with 31 control subjects [52], that could
be due to a lesser ability to remove lipid hydroperoxides [42]. In contrast, there was no
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decrease in the antioxidative activity of HDLs in a small cohort of 17 individuals with T2D
compared to 17 controls [53]. Takata et al. recently demonstrated that the ability of HDLs
to inactivate lipid hydroperoxides was associated with coronary plaque characteristics in
38 patients with T2D, in particular the lipid content [54].

The antioxidant capacity of HDLs exhibits variation among HDL subfractions, with
smaller HDL subfractions demonstrating heightened antioxidant efficacy [39]. Small dense
HDL3b and HDL3c showed a reduced ability to prevent LDLs from chemically induced
oxidation in individuals with T2D, whereas HDL2 does not exhibit this effect [55]. In
contrast, Gowri et al. found that HDL2, but not HDL3, were less potent to protect LDLs
from macrophage-induced oxidation [56].

The inhibitory effect of HDLs on ROS production appears to be reduced in T2D. HDLs
from patients with T2D are unable to reduce endothelial ROS production and NADPH
oxidase activity in human aortic endothelial cells [57,58]. The impairment of HDL-induced
NO production in T2D could be involved since NO reduces NADPH oxidase-derived ROS
production in vascular endothelium [23].

The impairment of HDL antioxidant function in T2D may result from various alter-
ations in HDL proteome, primarily related to PON1. PON1 activity is reduced in patients
with T2D [42,59–62]. ApoA-I might be exchanged in HDLs for serum amyloid A (SAA), an
acute-phase protein whose circulating levels increased during diabetes-related inflamma-
tion and oxidative stress [63]. As apoA-I is required for PON1 stability in HDL particles,
this could lead to a reduction in PON1 activity [64]. In addition, PON1 shows higher
levels of glycation in patients with T2D compared to non-diabetic individuals, and PON1
glycation decreases its activity [42,43]. Interestingly, there is a greater reduction in PON1
activity in women with T2D than in men, suggesting that this mechanism contributes, at
least partially, to the lack of the protective effect of female gender against cardiovascular
diseases in this population [65]. Overall, the reduction in PON1 activity in T2D appears to
be of great importance, as it has recently been reported that PON1 activity improves the
prediction of severe coronary artery disease in this population [66]. An elevated presence
of oxidized apoA-II has been noted in individuals with T2D [67], yet its specific impact on
the compromise of HDL functionality remains unclear.

Alterations in the antioxidant functions of HDLs in T2D may be attributable in part
to alterations in their lipid composition. Several studies have found that triglyceride
enrichment in HDL3 subfractions, as well as cholesteryl ester depletion, are associated
with impaired antioxidative activity [55,68,69]. The substitution of cholesteryl esters with
triglycerides in the HDL lipid core affects the conformation of apoA-I, potentially altering
the accessibility of methionine residues to lipid hydroperoxides [70,71]. Otherwise, the
depletion of plasmalogens in HDLs probably reduces their antioxidant capacity in T2D [72].
In addition, a recent study revealed that elevated levels of oxidized fatty acids in HDLs from
individuals with T2D are associated with a reduced ability to inhibit ROS production [58].
Interestingly, the ex vivo treatment of HDLs from patients with T2D using an apoA-
I mimetic peptide with the capability to bind oxidized fatty acids (D-4F) restored the
antioxidant capacity of HDLs in individuals with T2D [58]. This suggests that oxidized
fatty acids have a significant impact on the impairment of HDL antioxidative function
in T2D. Lastly, the role of HDL-S1P in the alterations of HDL functions in T2D remains
unclear. In one hand, the circulating concentrations of S1P and its carrier protein in HDLs
(apoM) were often found to be reduced in patients with T2D [73–78]. On the other hand,
the S1P content in HDLs was often found to be normal in this population [72,79,80].

4. Anti-Inflammatory Functions of HDLs in Diabetes

The anti-inflammatory function of HDLs holds significant importance for cardiovascu-
lar outcomes due to its predictive ability for future major adverse cardiovascular events.
Thus, it predicts incident cardiac events in patients with myocardial infarction, regardless
of serum HDL-C [81]. Low anti-inflammatory capacity of HDLs was also predictive of
incident cardiovascular events in a study conducted in the general population [82]. A one-



Antioxidants 2024, 13, 57 7 of 26

standard deviation increase in the anti-inflammatory capacity of HDLs resulted in a 26%
reduction in the risk of incident atherosclerotic cardiovascular events after adjustment for
serum HDL-C and other cardiovascular risk factors [82]. Integrating the anti-inflammatory
capacity of HDLs into the Framingham risk score enhanced the predictive efficacy of the
model, outperforming that of serum HDL-C [82].

4.1. Overview of HDL Anti-Inflammatory Functions

The classical IκB kinase (IKK)/IκB-α/NF-κB pathway plays a pivotal role in vascular
inflammation, leading to heightened expression of chemokines and adhesion molecules,
and release of pro-inflammatory cytokines. These mechanisms are involved in the recruit-
ment of inflammatory cells into the subendothelial space, which is an early mechanism in
development of atherosclerosis.

Figure 3 summarizes the main anti-inflammatory activities of HDLs. Firstly, HDLs
downregulate the expression of chemokines and adhesion molecules. HDLs inhibit the
production of the C-C motif chemokine ligand 2 (CCL2), also known as monocyte chemoat-
tractant protein 1 (MCP-1), by vascular cells, thereby reducing the migration of a variety of
immune cells, including monocytes, memory T lymphocytes, and natural killer cells [83].
In addition, HDLs reduce the expression of vascular cell adhesion molecule (VCAM)-1,
intracellular adhesion molecule (ICAM)-1 and selectin-E on the surface of endothelial
cells [72]. Furthermore, HDLs inhibit the release of pro-inflammatory cytokines, such as
TNF-α and IL-6. Lastly, they reduce the inflammatory M1 macrophage phenotype [84], and
the transcriptional repressor activating transcription factor 3 (ATF3) in macrophages may
play a role in this phenomenon [85].

Figure 3. Main anti-inflammatory properties of HDLs. “↗” means “increase”. Several mediators
promote the inflammatory NF-κB pathway in vascular cells, including endoplasmic reticulum (ER)
stress, TNF-α, AGEs, ROS, and modified LDLs. This results in an elevated gene expression of
adhesion molecules, pro-inflammatory cytokines, and NADPH oxidase (NOX2). (1) Healthy HDLs
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bind to S1P receptors (S1PR), SR-BI, ABCA1 and ABCG1. (2) HDL-mediated protection of LDLs
against oxidation counteracts the activating effect of oxidized LDLs on NF-κB pathway through the
binding to the LOX-1 receptor. (3) HDLs dampen ROS production. (4) The activation of endothelial
NO synthase by HDLs leads to the inhibiting nitrosylation of NF-κB. (5) Ultimately, HDLs have the
capacity to impede the translocation of NF-κB into the nucleus, (6) subsequently suppressing the
gene expression of pro-inflammatory cytokines and adhesion molecules. (7) Such transcriptional
effects inhibit the recruitment of immune cells into the subendothelial space. The figure was partly
created utilizing Servier Medical Art (Creative Commons Attribution 3.0 unported license).

Some HDL components are particularly important for the anti-inflammatory effects of
HDLs. HDLs inhibit the NF-κB pathway through several overlapping mechanisms follow-
ing their interaction with the receptors SR-B1 and S1PR via apoA-I and S1P, respectively,
and the transporters ABCA1 and ABCG1: cholesterol efflux, inhibition of toll-like recep-
tors (TLR)4 [86] and TLR2 [87], upregulation of 3β-hydroxysteroid-δ24 reductase [88,89]
and heme oxygenase-1 [89], eNOS activation [90], and subsequent S-nitrosylation [91].
Ultimately, HDLs prevent the translocation of NF-κB into the nucleus and its binding to
DNA [86], leading to the inhibition of the gene expression of CCL2, pro-inflammatory
cytokines, adhesion molecules, and also NADPH-oxidase (NOX2). Lastly, HDL-apoM
binds to and neutralises lipopolysaccharides, leading to a reduction in the release of TNF-α
from macrophages [92]. The larger HDL subpopulations are less potent at inhibiting the
expression of adhesion molecules compared with smaller HDLs [93,94], likely due, at least
in part, to a lower content of apoM and S1P. Lastly, apoE may play a role in the anti-
inflammatory properties of HDLs. It has been recently found that apoE-containing HDLs
promote the survival of the anti-inflammatory regulatory T lymphocytes [95]. Interestingly,
apoE-containing HDL-C is inversely associated with coronary artery calcium score and
stenosis [96].

4.2. Effects of In Vitro Glycoxidation on HDL Anti-Inflammatory Functions

Glycoxidation of HDLs appears to modulate HDL anti-inflammatory functions. Firstly,
the ex vivo treatment of plasma with L-4F, an apoA-I mimetic peptide capable of binding
oxidized lipids with higher affinity than apoA-I itself, restores the anti-inflammatory
function of HDLs [52,97]. Secondly, apoA-I modified by AGEs exhibits a reduced capacity,
in comparison to native apoA-I, to inhibit the expression of the integrin CD11b, which is
located on monocytes and interacts with adhesion molecule ICAM-1 [98]. Lastly, the in vitro
glycation of HDLs using glycolaldehyde and malondialdehyde attenuated their ability to
suppress the gene expression of SAA and CCL2 [99]. The in vitro glycation of apoA-I or
HDLs reduces their ability to inhibit the release of pro-inflammatory cytokines, such as
TNF-α and IL-1β, by macrophages following lipopolysaccharide stimulation [100,101].

In addition, glycated apoA-I exhibits a partial reduction in its capacity to inhibit
cytosolic IκB-α phosphorylation and nuclear translocation of the NF-κB p65 subunit [100].
It may be attributable to a lower affinity of glycated apoA-I to macrophages compared
to native apoA-I [100]. Beyond the effects of glycoxidation of apoA-I or HDLs on the
NF-κB pathway, the carbamylation of HDLs also increases the phosphorylation of NF-κB
in endothelial cells, thus facilitating its translocation to nuclei [102].

4.3. Anti-Inflammatory Functions of HDLs in Type 1 Diabetes

Very limited data on HDL anti-inflammatory functions are available in T1D. HDLs
from patients with poorly controlled T1D kept their ability to suppress the gene expression
of SAA and CCL2 in palmitate-stimulated 3T3-L1 adipocytes [99]. In addition, it has been
shown that total HDLs from patients with T1D had the inhibitory effect on the endothelial
expression of adhesion molecules that is similar to that of healthy controls [93]. In contrast,
medium dense HDL fraction and, at a lesser extent, dense HDL fraction were less efficient
to reduce VCAM-1 expression on endothelial cells in female T1D patients than in female
controls, without any difference regarding E-selectin expression [93]. In this study, apoM
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and S1P were found to be partially moved from dense to light density HDL particles during
T1D, but surprisingly without improving their anti-inflammatory effect [93].

The recent study by Chiesa et al. has provided evidence indicating that HDLs isolated
from patients with T1D exhibit a reduced capacity to stimulate NO production by endothe-
lial cells [49]. This mechanism likely contributes to the defect in HDL anti-inflammatory
function regarding the inhibitory effect of NO on the inflammatory NF-κB pathway.

4.4. Anti-Inflammatory Functions of HDLs in Type 2 Diabetes

HDLs from patients with T2D have an impaired ability to impede the migration of
monocytes towards endothelial cells [52,102]. Interestingly, this functional impairment
was correlated with the plasma concentration of SAA and carbamylated HDLs [52,102].
In vitro carbamylation of HDLs replicates the observed decline in the ability to inhibit the
migration of monocytes, thereby highlighting the potential involvement of carbamylated
HDLs in this process [102]. The level of glycaemic control does not appear important in
this loss of the HDL function [52].

As previously mentioned, HDL particles can reduce the expression of ICAM-1 and
VCAM-1 on endothelial cells, thereby downregulating the recruitment of immune cells in
the vascular wall [72]. HDLs from patients with T2D exhibit a diminished ability to inhibit
the gene expression of VCAM-1 compared to those from healthy individuals [62,103]. The
underlying mechanisms are not well understood, but glycoxidative modifications of HDL
particles could be involved. This is suggested by the positive correlation between the
reduction in HDL-induced VCAM expression, plasma fasting glucose, and the negative
correlation with PON1 activity. In addition, the shift in HDL size towards the smaller
HDL3 particles in T2D may also play a role, as HDL3 has demonstrated more potent
anti-inflammatory activity than HDL2 [94]. The HDL/apoM/S1P pathway demonstrates
notable efficacy in suppressing the expression of adhesion molecules [104]. Although
apoM appears decreased in HDLs from patients with T2D [105], several groups have
reported a conserved level of S1P in HDLs from patients with T2D [72,79,80]. Therefore,
it is unlikely that the apoM/S1P axis plays a major role in this defect when it is observed.
Interestingly, carbamylation of HDLs also results in the same functional defect [102], and
carbamylated HDLs are predictive of all-cause mortality as well as cardiovascular-specific
mortality in patients with T2D [106]. On the contrary, our group showed no impairment in
the capability of HDLs to inhibit VCAM-1 and ICAM-1 expression in patients with T2D,
despite classical alterations in HDL lipid composition such as triglyceride enrichment and
esterified cholesterol depletion [72].

Otherwise, apoA-I or HDLs isolated from patients with T2D have a reduced capacity to
inhibit the release of pro-inflammatory cytokines such as TNF-α and IL-1β by macrophages
after lipopolysaccharide stimulation [100,101,107]. The effectiveness of HDL-induced inhi-
bition of TNF-α release diminishes with the degree of impaired kidney function in patients
with T2D [107]. In vitro enrichment of HDLs with SAA results in similar impairments [107].
The reduction in sphingomyelin content in HDLs from patients with T2D, observed by
some research groups [105,108,109] (though not universally supported [72]), may also
contribute to this deficiency in HDLs. In fact, reconstituted HDLs (rHDLs) containing
sphingomyelins exhibited a greater capacity than those containing phosphatidylcholines to
inhibit the production of pro-inflammatory cytokines [110].

From a mechanistic point of view, HDLs isolated from patients with T2D lose their
capacity to inhibit the activating phosphorylation of NF-κB in endothelial cells [74]. It
has been demonstrated that HDLs from patients with T2D are less able to stimulate the
activating-phosphorylation of eNOS at serine 1177 [74], NO production [57], and vessel
relaxation [57]. Such impairment in HDL-induced NO production may be involved in the
reduction of anti-inflammatory properties of HDLs, as NO acts as an inhibitor of the NF-κB
pathway in vascular cells [23]. Lastly, given that oxLDLs promote inflammatory pathways
within the vasculature, the compromised ability of HDLs to protect LDLs from oxidation
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contribute to the attenuated anti-inflammatory functions of HDLs observed in patients
with T2D [52].

5. Antioxidant and Anti-Inflammatory Functions of HDLs in the Development
of Diabetes

Substantial evidence indicates that HDLs play a role in the development and pro-
gression of diabetes. Firstly, epidemiological studies demonstrated an inverse association
between the development of T2D and HDL-C levels [111–114]. Elevated triglyceride
to HDL-C and apoCIII to apoA-I ratios are indicative of a higher risk for the onset of
T2D [115,116]. These observations have prompted the inclusion of HDL-C levels in risk
assessment scores for T2D [117]. Nevertheless, the predictive value of apoA-I levels for
the onset of T2D was not observed in individuals with prediabetes [118]. Interestingly, the
variability in serum lipid levels, such as elevated triglycerides/HDL-C variability, has been
linked to an increased risk of new-onset diabetes in Chinese adults [119]. In the context
of T1D, the AMORIS study uncovered that apoA-I levels, as well as triglycerides and
apoB/apoA-I ratio, serve as predictors for incident T1D in a cohort of 591,239 individuals
in Sweden [120]. Secondly, Mendelian randomization studies have demonstrated that an
elevation in serum HDL-C is associated with a reduced risk of developing T2D [121–123].
Thirdly, in large interventional studies, CETP inhibitors, which increased HDL-C concen-
trations by 30 to 130%, demonstrated an average 16% reduction in the risk of new-onset
diabetes [124]. Finally, many antidiabetic mechanisms triggered by HDLs or apoA-I have
been identified [13]. As summarized in Figure 4, HDLs exert their influence on glucose
metabolism by affecting various key components, especially the pancreas, skeletal muscle
and adipose tissue.

Figure 4. Antidiabetic properties of HDLs and apoA-I. “↑” and “↓” mean “increase” and “decrease”,
respectively. (1) In pancreas, HDLs increase insulin secretion, reduce β-cell apoptosis, and counteract
glucagon overproduction in α-cells. (2) In skeletal muscle cells, HDLs increase glucose uptake
through the insulin receptor substrate (IRS)-1/phosphatidyl inositol 3-kinase (PI3K)/Akt signalling
pathway. (3) In adipose tissue, HDLs activate IRS-1-PI3K/Akt pathway, facilitate the translocation
of GLUT4 to the cell membrane, and reduce macrophage infiltration. The figure was partly created
utilizing Servier Medical Art (Creative Commons Attribution 3.0 unported license).
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5.1. HDLs and Pancreatic β-Cells

ApoA-I stimulates the expression of key enzymes involved in insulin maturation
within pancreatic β-cells [125]. It increases the release of insulin by Ins-1E cells through a
forkhead box protein O1 (FoxO1)-dependent mechanism [126], and HDLs stimulate insulin
production in Min6 cells in a calcium dependent manner [127]. Infusions of rHDLs or
apoA-I stimulated insulin secretion, resulting in decreased plasma glucose concentrations
in both individuals with T2D and obese mice [128,129]. HDL-associated S1P may play
a crucial role, as evidenced by the correlation between the S1P content of HDLs from
patients with T2D and the capacity of HDLs to enhance insulin secretion by β-cells [130].
Furthermore, HDLs protect β-cells from apoptosis triggered by endoplasmic reticulum
stressors [131].

Excessive ROS production contributes to β cell dysfunction and apoptosis, ultimately
impairing insulin production and secretion. HDLs demonstrate the capability to scavenge
ROS, thereby mitigating oxidative damage to cellular components and safeguarding β-cell
integrity. Given its protective role against oxidative stress, PON1 is believed to positively
correlate with insulin release by β cells. Administration of recombinant PON1 to mice prior
to streptozotocin-induced diabetes resulted in a decreased incidence of diabetes and higher
circulating insulin levels [132]. In cultured β cells, the reduction in oxidative stress induced
by PON1 was inversely associated with the ability of cells to release insulin [132].

5.2. HDLs and Muscle Cells

Both HDLs and apoA-I enhance glucose uptake in skeletal muscle cells, acting in-
dependently of insulin secretion stimulation. Administration of recombinant apoA-I in
mice enhances the glucose uptake in skeletal muscle [133]. HDLs and apoA-I stimulate
the insulin-independent AMP-activated protein kinase (AMPK) pathway, and apoA-I ac-
tivates the insulin receptor pathway. Ultimately, the expression of glucose transporter
type 4 (GLUT4) is enhanced at the cell surface. Mice deficient in PON1 exhibited insulin
resistance [134]. PON1 upregulates GLUT4 expression in myotubes by enhancing the
PI3K/Akt signalling pathway [134]. The antioxidative function of PON1 may also be ac-
countable for the increased GLUT4 expression, as blocking the PON1 SH group at position
Cys284 significantly diminishes its impact on GLUT4 expression compared to wild-type
PON1 [134].

5.3. HDLs and Adipocytes

HDLs promote glucose uptake by 3T3-L1 adipocytes, stimulate the activation of Akt,
and facilitate the translocation of GLUT4 to the cell membrane [135]. The contribution of
the antioxidant and anti-inflammatory functions of HDLs to this process remains a subject
of significant interest.

6. Effects of Diabetes Management on Antioxidant and Anti-Inflammatory Functions
of HDLs
6.1. Lifestyle Interventions

Lifestyle interventions are effective strategies to prevent T2D and improve metabolic
control in patients with T2D [136–138]. Surprisingly, the DPPOS study recently demon-
strated that lifestyle intervention does not reduce the incidence of major adverse cardiovas-
cular events in 3234 participants with impaired glucose tolerance followed for 21 years on
average [138]. However, the intensive lifestyle intervention was implemented for a dura-
tion of only 3 years in this study [138]. On the contrary, the Da Qing Diabetes Prevention
Outcomes Study showed that a 6-year lifestyle intervention resulted in a 26% reduction in
the incidence rate of cardiovascular events during a 30-year follow-up in individuals with
impaired glucose tolerance [139].

Physical activity is typically associated with an increase in HDL-C, as well as a decrease
in serum LDL-C and triglycerides [140]. However, a Cochrane meta-analysis showed that
exercise had no effect on serum HDL-C in patients with T2D [141]. Regarding HDL
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functionality, the capacity of the small HDL3c fraction to prevent LDL oxidation was
improved in patients with metabolic syndrome following a 12-week educational program
centered on a reduction in caloric intake and an elevation in physical activity [142]. HDL2a
and HDL3b were more efficient in preventing LDLs from oxidation after 3 months of
moderate intensity training in 30 subjects with metabolic syndrome [143]. In a small cohort
of 11 patients with T2D, aerobic training improved by 15% the effect of HDL3 against
LDL oxidation [144]. Lastly, PON1 activity in serum and HDL3 increased after a 10-week
walk/run training program, in relation with a reduction in serum malondialdehyde [145].

Smoking cessation elicited a modest yet prompt elevation in both serum HDL-C and
apoA-I within a cohort comprising 65 smokers [146]. In addition, the ability of HDLs
to inactivate oxidized phospholipids improved after smoking cessation [147]. This im-
provement was associated with a reduction in the malondialdehyde content of HDLs, a
by-product resulting from lipid peroxidation [147].

Regarding the effects of lifestyle interventions on HDL anti-inflammatory function,
HDL3 were more efficient in downregulating the expression of VCAM-1 on endothelial cells
and the release of CCL2 after a 10-week walk/run training program in a study population
not strictly recruited based on the presence of diabetes but rather on the presence of
metabolic syndrome [145]. A short-term diet and exercise intervention enhanced the
capacity of HDLs to reduce monocyte chemotactic activity in a study that enrolled men
based on the presence of overweight or obesity rather than strictly on the presence of
T2D [148].

Diet interventions may improve antioxidant functions of HDLs. Supplementation with
ginger or Salvia miltiorrhiza extract improved PON1 activity in patients with T2D [149,150].
The arylesterase activity of PON1 and LCAT activity in HDL3 fractions from individuals
with T2D increased after a diet enriched with fruit and vegetable for 8 weeks [151].

6.2. Bariatric Surgery

Bariatric surgery increases serum HDL-C in T2D [152], and appears to be beneficial
for HDL functions. Their ability to prevent LDL oxidation was improved at 6 months
after bariatric surgery compared to before surgery in obese patients, while HDLs were less
susceptible to oxidation [153]. Similar conclusions were yielded at one year after sleeve
gastrectomy in adolescent males [154]. Primarily, Osto et al. demonstrated that Roux-en-Y
gastric bypass improved the ability of HDLs to reduce endothelial NADPH oxidase activity
at 12 weeks after surgery in 29 patients [155]. In this study, PON1 activity increased after
surgery, as well as the capacity of HDLs to stimulate endothelial NO production and reduce
VCAM-1 expression [155].

6.3. Glucose Control Agents

Longitudinal studies, such as the UK Prospective Diabetes Study (UKPDS) and the
Diabetes Control and Complications Trial (DCCT), have provided evidence that medications
such as insulin and metformin, which enhance glucose control, are linked to a reduction
in chronic complications. Additionally, though not extensively reported, they may be
associated with lower levels of glycated lipoproteins. Certain medications, like metformin,
may also exhibit pleiotropic effects, such as antioxidant or anti-AGE effects. These effects
are likely attributed to the impact of these medications on reducing glucose levels, as well as
related improvements in the lipid profile and other pleiotropic factors. Our group recently
demonstrated that the improvement of glycemic control through standard care in a cohort
of 27 patients with T1D resulted in a reduction in the carbamylation of HDLs [156]. This is
noteworthy as carbamylated HDLs exhibit diminished antioxidant and anti-inflammatory
properties [157].

Limited data exist regarding the impact of antidiabetic agents on the antioxidant
and anti-inflammatory functions of HDLs. In vitro incubation of metformin with glycated
HDLs reduced the formation of AGEs in HDLs [158] that could potentially improve their an-
tiatherogenic functions. The capacity of HDLs to decrease endothelial VCAM-1 expression
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exhibited greater efficacity in rats treated with liraglutide, a glucagon-like peptide 1 recep-
tor agonist [155]. This effect could be attributed, at least partially, to the heightened ability
of HDLs to induce NO production following liraglutide administration [155]. Liraglutide
treatment did not enhance PON1 activity in rats, but it reduced NADPH oxidase activity
in endothelial cells and decreased superoxide anion levels in rat aortas [155]. Concerning
thiazolidinediones, our research team observed no enhancement in the vasorelaxant effect
of HDLs in individuals with T2D treated with rosiglitazone or pioglitazone, despite a rise
in HDL-C levels [159].

Sodium glucose co-transporter 2 (SGLT2)-inhibitors have shown great benefit for
reducing major adverse cardiovascular events in people with diabetes [160]. A recent
meta-analysis including 41,320 individuals found that SGLT2-inhibitor treatment slightly
increased HDL-C by 0.06 mmol/L (2.23 mg/dL) [161]. However, there are currently no pub-
lished studies examining their effects on HDL glycoxidation. Dapagliflozin downregulated
NADPH oxidase-dependent ROS production and malondialdehyde levels in mouse cardiac
tissues [162], while canagliflozin reduces NADPH oxidase expression and lipid peroxides
in the kidneys of diabetic rats [163]. But dapagliflozin treatment did not improve PON1
activity after 12 weeks in 15 patients with T2D [164], as well as HDL-mediated endothelial
NO production after 4 weeks in eight patients with both T2D and CAD [165]. Further
investigations with larger study populations are required to draw conclusive findings.

6.4. Statins and Fibrates

Regarding the effects of lipid-lowering agents, rosuvastatin corrects HDL-apoA-I ki-
netics abnormalities in patients with T2D, with an effect on both catabolism and production
rate [166]. It decreases the levels of oxidized HDLs and improves PON1 activity in men
with T2D treated by 20 mg/day orally for a period of 12 weeks [167]. Administration of
simvastatin (40 mg/day) over an 8-week period in 14 men with T2D did not result in an en-
hancement of the in vitro capability of HDLs to inhibit LDL oxidation and CCL2 expression
by endothelial cells [168]. Similar results have been observed for bezafibrate [168].

6.5. Omega-3 Fatty Acids

The JELIS and REDUCE-IT trials demonstrated a significant reduction in cardiovas-
cular events in patients treated with omega-3 fatty acids, while the STRENGTH trial did
not [169–171]. In a subset of the JELIS trial, specifically conducted in hypercholesterolemic
patients with impaired glucose metabolism, the arm receiving statins plus 1.8 g/day of
eicosapentaenoic acid (EPA) exhibited a substantial 22% reduction in the incidence of
coronary artery disease compared to the arm receiving statins alone [169]. It is well docu-
mented that omega-3 fatty acids reduce triglyceride levels in patients with T2D [172], but
they also exert pleiotropic effects on multiple atherosclerotic processes including oxidative
stress and inflammation [173]. The influence of EPA on HDL functions has been poorly
studied. Treatment with 2 g/day EPA for 8 weeks increased serum levels and activity of
PON1 in a small randomized clinical trial involving 36 patients with T2D compared to
placebo [174]. In contrast, a 6-week intervention with 2 g EPA and docosahexanoic acid
(DHA) supplement did not improve serum PON1 activity in patients with T2D [175]. A
recent study further elucidated the antioxidant effects of EPA by comparing the effects
of placebo, EPA, and DHA on the oxidation rates of small-dense LDL, very-low-density
lipoproteins, and membranes [176]. EPA exhibited potent and sustained antioxidant effects
over time, distinguishing itself from the effects observed with DHA and the placebo [176].

7. Effects of Treatment with HDL Mimetics on Oxidative Stress and Inflammation

The landscape of HDL-based therapeutics has shifted its focus from merely increasing
circulating HDL-C to enhancing HDL functionality. HDL mimetics, consisting of nanopar-
ticles engineered with apoA-I as the scaffold, present a versatile range of therapeutic
properties by augmenting HDL quality. Current evidence from both pre-clinical and clini-
cal studies supports the notion that augmenting cholesterol efflux through HDL mimetics is
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a viable strategy, contributing to the stabilization of atherosclerotic plaques via various im-
munoregulatory processes [177]. Table 1 provides key data outlining the anti-inflammatory
and antioxidant effects of HDL mimetics that are pertinent to cardiovascular health.

Table 1. Effects of HDL mimetics on oxidative stress and inflammation.

Reference HDL Mimetic Model Findings

[178] Ac-hE18A-NH2 HUVECs
THP-1

↘ VCAM-1 expression
↘ monocyte adhesion

↘ IL-6 release
↘ CCL2 release

[179]

CSL-111

HMDMs ↘ NF-κB activation
↘ TNF-α, IL-6, and IL-1β

[180] Wild-type mice
Patients with T2D

↘ CD11b on monocytes
↘ leukocytes

[181] Patients with T2D
↗ HDL ability to inhibit

VCAM-1 and ICAM-1
expression on HCAECs

[182]
Wild-type mice
LDLR−/− mice
apoE−/− mice

↘ IL-6, TNF-α, and CCL2
expression by macrophages

No effect on IL-6, TNF-α,
and CCL2

↘ IL-6 and IL-1β expression
on aortic macrophages and

neutrophils

[183] ETC-642
New Zealand White

rabbits
HCAECs

↘ ICAM-1 and VCAM-1 in
the artery wall

↘ monocyte adhesion
↘ NF-κB activation and

VCAM-1 expression

[184] PC/PS-rHDL
Macrophages

LDLR−/− mice
↘ IL-6 secretion
↘ circulating IL-6

[185] 4F Primary monocytes
THP1

↘ CCL2, IL-6 and TNF-α
↘ monocyte adhesion

[58] D-4F HCAECs ↘ HDL oxidation induced
by H2O2

[186] CER-001 HUVECs
LDLR−/− mice

↘ CCL2, IL-6 and IL-8
↘ VCAM-1 in plaques

[187]

CSL-112

Small remodeled HDLs
+ PBMCs ↘ IL-6, IL-1β and TNF-α

[188] Human whole blood
↘ ICAM-1 on monocytes

and neutrophils
↘ IL-6, IL-1β and TNF-α

[189]

5A/PLPC

New Zealand White
rabbits

HCAECs

↘ ICAM-1 and VCAM-1 in
the artery wall

↘ ROS production and
NADPH oxidase expression
↘ NF-κB activation, ICAM-1

and VCAM-1 expression
↘ ROS production

[190] C57BL/6 mice

↘ plasma IL-6, TNF-α,
and CCL2

↘ CD11b on monocytes
↘ in vivo leukocyte

recruitment
“↘” and “↗” means “decrease” and “increase”, respectively. HCAECs, human coronary artery endothelial cells;
HMDMs, human monocyte-derived macrophages; LDLR, low-density lipoprotein receptor; PC, phosphatidyl-
choline; PL, phospholipid; PS, phosphatidylserine.

Infusion of CSL-111 into mice fed a Western-type diet has anti-inflammatory effects in
lesion macrophages [182]. In patients with T2D, CSL-111 increases the ex vivo capability of
HDLs to inhibit the expression of adhesion molecules on endothelial cells and decrease the
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expression of CD11b on leukocytes [181]. CSL-112, composed of two molecules of apoA-I
and 110 molecules of phosphatidylcholine, appears as one of the most promising HDL
mimetics [191,192]. CSL-112 particles were rapidly remodelled after infusion in humans,
resulting in particular in the formation of small highly functional HDL particles [187]. They
were more efficient than native HDL3 to reduce the release of IL-6, IL-1β and TNF-α by
peripheral blood mononuclear cells, and were as effective as HDL3 in inactivating lipid
peroxides in LDLs [187]. The ongoing phase 3 AEGIS-II trial (NCT03473223) is currently
investigating the efficacity of a 4-week treatment with CSL-112 on cardiovascular events in
high-risk patients with acute myocardial infarction [193].

8. Discussion

Oxidative stress and inflammation are intricated mechanisms implicated in diabetes
and the progression of atherosclerotic lesions [194]. The antioxidant and anti-inflammatory
properties of HDLs play a crucial role in mitigating the adverse effects of oxidative stress
and inflammation in diabetes. The present review adds to existing literature by highlighting
new insights on the HDL functionality in both T1D and T2D [9,10], with particular emphasis
on the intricate interplay between compositional alterations and antiatherogenic functions
of HDLs. In addition, this review underscores the detrimental impact of glycoxidation on
the composition and functions of HDLs.

Table 2 summarizes the findings from the current review concerning the antioxidant
and anti-inflammatory functions of HDLs in both T1D and T2D. In patients with T2D,
the antioxidant functions of HDLs on LDLs and ROS production are impaired [52,57,58],
with a notable contribution of the alterations in PON1 activity in this population [42,59–62].
Limited studies in patients with T1D hinder definitive conclusions regarding the antioxidant
functions of HDLs in this specific population.

Table 2. Summary of antioxidant and anti-inflammatory functions of HDLs and compositional
alterations of HDLs in type 1 and type 2 diabetes.

Functions and
Composition Type 1 Diabetes Ref. Type 2 Diabetes Ref.

Antioxidative
properties ↘ LDL oxidation [47]

↘ LDL oxidation
↘ lipid hydroperoxide

removal
↘ ROS production

[52,55,56]
[42]

[57,58]

Anti-inflammatory
properties

=adhesion molecule
inhibition [93]

↘ or =adhesion molecule
inhibition

↘ monocyte migration
↘ TNF-α and IL-1β

[62,72]
[103]
[52]

[100,101]

NO production ↘ NO production [49] ↘ NO production [57]

HDL proteome PON-1 activity? [47,49] ↘ PON-1 activity [59–62]

HDL lipidome
↗ triglycerides
↘ S1P in HDL3

↘ plasmalogens in HDL2

[50]
[50]

↗ triglycerides
↘ plasmalogens

[105]
[72]

HDL size ↗ large HDLs [195] Shift towards small HDL3 [105]

“↘”, “↗”, and “=” mean “decreased”, “increased”, and “similar” effects, respectively.

The anti-inflammatory capacities of HDLs are compromised in T2D, characterized by
a reduced capacity to impede the migration of monocytes into the subendothelial space
and the release of pro-inflammatory cytokines [52,102]. Alterations in HDL-induced NO
production in T2D may play a pivotal role [57]. Data regarding the ability of HDLs to down-
regulate the endothelial expression of adhesion molecules appear more nuanced [62,72].
Although limited results are available in T1D, recent findings revealed a reduction in HDL-
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induced NO production in patients with T1D [49], suggesting a potential impact on HDL
anti-inflammatory functions.

The HDL efflux capacity may contribute to the impairment of the antioxidant and
anti-inflammatory properties of HDLs in diabetes, notably through the effects of HDLs on
NO production. The binding of HDLs to SR-BI via apoA-I causes cholesterol efflux that is
sensed by SR-BI, leading to PDZK1-dependent activation of Src family kinases and Akt,
which phosphorylates eNOS at Ser1177 and thereby increases NO production [196–198].
In individuals with T1D, apoB-depleted serum cholesterol efflux has been reported to be
increased using J774 macrophages [195], although contradictory findings were observed
in a smaller study cohort [47]. The plasma cholesterol efflux of 14 individuals with T1D
was increased using Fu5AH cells and fibroblasts [199]. Our group recently conducted a
comprehensive review of data on HDL cholesterol efflux in T2D. The results exhibit a high
degree of heterogeneity, preventing the formulation of definitive conclusions [8].

HDLs exert multifaceted roles in diabetes development, with their antioxidant and
anti-inflammatory functions acting as pivotal guardians against oxidative stress and chronic
inflammation. HDL antioxidant functions seem to contribute to preventing β cell dysfunc-
tion related to oxidative stress. PON1 emerges as a crucial determinant of this beneficial
effect, as well as in the capacity of HDLs to facilitate glucose uptake in muscle cells.

Some gaps persist in elucidating the pathophysiology of the antiatherogenic functions
of HDLs in diabetes. For instance, the capacity of HDLs to inactivate lipid hydroperoxides
and PON1 activity remains unclear in T1D. Additionally, considering the strong association
of glycaemic control and nephropathy with cardiovascular risk in this population, it would
be interesting to better understand the impact of these variables on HDL functionality. In
the context of T2D, the findings regarding the ability of HDLs to reduce the expression of
adhesion molecules are contrasted, warranting further investigation.

Cardiovascular risk stratification in patients with T2D remains a significant challenge.
The assessment of HDL functions could a valuable approach to improve cardiovascular risk
evaluation in this population. Several aspects related to HDLs, including HDL antioxidant
and anti-inflammatory functions, as well as cholesterol efflux capacity and HDL size,
have been shown to possess predictive value for incident cardiovascular events in the
general population and in high-risk study populations [18,19,82,200–203]. However, the
question remains unresolved specifically within the population of patients with T2D. In
this regard, the innovative high-throughput cell-free assays designed for the evaluation
of the antiatherogenic functions of HDLs represent promising tools for conducting such
epidemiological studies [6].

Finally, from a therapeutic perspective, unravelling the impact of HDL mimetics on
HDL functionality may provide novel insights into therapeutic strategies for diabetes and
its associated complications. Interventions aimed at enhancing PON1 activity hold promise
and are of particular clinical relevance in the diabetic population. Examining the impact
of novel antidiabetic drugs, such as SGLT2-inhibitors, on HDL functionality may provide
intriguing insights for future research.

9. Conclusions

Accumulating evidence has demonstrated an impairment of HDL antioxidant and
anti-inflammatory functions in individuals with T2D. In contrast, data in T1D are less
conclusive. A better understanding of these functions is crucial to identify intriguing
targets to mitigate cardiovascular risk in these populations.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The author declares no conflict of interest.



Antioxidants 2024, 13, 57 17 of 26

References
1. World Health Organization—Diabetes. Available online: https://www.who.int/health-topics/diabetes (accessed on 24 Decem-

ber 2023).
2. Haffner, S.M.; Lehto, S.; Rönnemaa, T.; Pyörälä, K.; Laakso, M. Mortality from Coronary Heart Disease in Subjects with Type

2 Diabetes and in Nondiabetic Subjects with and without Prior Myocardial Infarction. N. Engl. J. Med. 1998, 339, 229–234.
[CrossRef]

3. Lind, M.; Svensson, A.-M.; Kosiborod, M.; Gudbjörnsdottir, S.; Pivodic, A.; Wedel, H.; Dahlqvist, S.; Clements, M.; Rosengren, A.
Glycemic Control and Excess Mortality in Type 1 Diabetes. N. Engl. J. Med. 2014, 371, 1972–1982. [CrossRef] [PubMed]

4. Vergès, B. Pathophysiology of Diabetic Dyslipidaemia: Where Are We? Diabetologia 2015, 58, 886–899. [CrossRef] [PubMed]
5. Vergès, B. Cardiovascular Disease in Type 1 Diabetes, an Underestimated Danger: Epidemiological and Pathophysiological Data.

Atherosclerosis 2023, in press. [CrossRef] [PubMed]
6. Denimal, D. Rethinking ‘Good Cholesterol’ for Cardiovascular Risk Stratification. QJM Int. J. Med. 2023, hcad251. [CrossRef]
7. Xepapadaki, E.; Nikdima, I.; Sagiadinou, E.C.; Zvintzou, E.; Kypreos, K.E. HDL and Type 2 Diabetes: The Chicken or the Egg?

Diabetologia 2021, 64, 1917–1926. [CrossRef] [PubMed]
8. Denimal, D.; Monier, S.; Bouillet, B.; Vergès, B.; Duvillard, L. High-Density Lipoprotein Alterations in Type 2 Diabetes and Obesity.

Metabolites 2023, 13, 253. [CrossRef]
9. Chapman, M.J. HDL Functionality in Type 1 and Type 2 Diabetes: New Insights. Curr. Opin. Endocrinol. Diabetes Obes. 2022, 29,

112–123. [CrossRef]
10. Ganjali, S.; Dallinga-thie, G.M.; Simental-mendía, L.E.; Banach, M.; Pirro, M.; Sahebkar, A. HDL Functionality in Type 1 Diabetes.

Atherosclerosis 2017, 267, 99–109. [CrossRef]
11. Batty, M.; Bennett, M.R.; Yu, E. The Role of Oxidative Stress in Atherosclerosis. Cells 2022, 11, 3843. [CrossRef]
12. Ménégaut, L.; Laubriet, A.; Crespy, V.; Leleu, D.; Pilot, T.; Van Dongen, K.; de Barros, J.-P.P.; Gautier, T.; Petit, J.-M.; Thomas,

C.; et al. Inflammation and Oxidative Stress Markers in Type 2 Diabetes Patients with Advanced Carotid Atherosclerosis.
Cardiovasc. Diabetol. 2023, 22, 248. [CrossRef] [PubMed]

13. Cochran, B.J.; Ong, K.-L.; Manandhar, B.; Rye, K.-A. High Density Lipoproteins and Diabetes. Cells 2021, 10, 850. [CrossRef]
[PubMed]

14. King, T.W.; Cochran, B.J.; Rye, K.-A. ApoA-I and Diabetes. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 1362–1368. [CrossRef]
[PubMed]

15. Bhatti, J.S.; Sehrawat, A.; Mishra, J.; Sidhu, I.S.; Navik, U.; Khullar, N.; Kumar, S.; Bhatti, G.K.; Reddy, P.H. Oxidative Stress in the
Pathophysiology of Type 2 Diabetes and Related Complications: Current Therapeutics Strategies and Future Perspectives. Free
Radic. Biol. Med. 2022, 184, 114–134. [CrossRef] [PubMed]

16. Black, H.S. A Synopsis of the Associations of Oxidative Stress, ROS, and Antioxidants with Diabetes Mellitus. Antioxidants 2022,
11, 2003. [CrossRef] [PubMed]

17. Poznyak, A.V.; Sukhorukov, V.N.; Surkova, R.; Orekhov, N.A.; Orekhov, A.N. Glycation of LDL: AGEs, Impact on Lipoprotein
Function, and Involvement in Atherosclerosis. Front. Cardiovasc. Med. 2023, 10, 1094188. [CrossRef] [PubMed]

18. Kunutsor, S.K.; Bakker, S.J.L.; James, R.W.; Dullaart, R.P.F. Serum Paraoxonase-1 Activity and Risk of Incident Cardiovascular
Disease: The PREVEND Study and Meta-Analysis of Prospective Population Studies. Atherosclerosis 2016, 245, 143–154. [CrossRef]

19. Schrutka, L.; Distelmaier, K.; Hohensinner, P.; Sulzgruber, P.; Lang, I.M.; Maurer, G.; Wojta, J.; Hülsmann, M.; Niessner, A.; Koller,
L. Impaired High-Density Lipoprotein Anti-Oxidative Function Is Associated with Outcome in Patients with Chronic Heart
Failure. J. Am. Heart Assoc. 2016, 5, e004169. [CrossRef]

20. Brites, F.; Martin, M.; Guillas, I.; Kontush, A. Antioxidative Activity of High-Density Lipoprotein (HDL): Mechanistic Insights
into Potential Clinical Benefit. BBA Clin. 2017, 8, 66–77. [CrossRef]

21. Klimov, A.N.; Kozhevnikova, K.A.; Kuzmin, A.A.; Kuznetsov, A.S.; Belova, E.V. On the Ability of High Density Lipoproteins to
Remove Phospholipid Peroxidation Products from Erythrocyte Membranes. Biochemistry 2001, 66, 300–304.

22. Denimal, D.; Monier, S.; Brindisi, M.-C.; Petit, J.-M.; Bouillet, B.; Nguyen, A.; Demizieux, L.; Simoneau, I.; Pais de Barros, J.-P.;
Vergès, B.; et al. Impairment of the Ability of HDL from Patients with Metabolic Syndrome but without Diabetes Mellitus to
Activate ENOS: Correction by S1P Enrichment. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 804–811. [CrossRef] [PubMed]

23. Luo, M.; Tian, R.; Lu, N. Nitric Oxide Protected against NADPH Oxidase-Derived Superoxide Generation in Vascular Endothelium:
Critical Role for Heme Oxygenase-1. Int. J. Biol. Macromol. 2019, 126, 549–554. [CrossRef] [PubMed]

24. Brock, J.W.C.; Jenkins, A.J.; Lyons, T.J.; Klein, R.L.; Yim, E.; Lopes-Virella, M.; Carter, R.E.; (DCCT/EDIC) Research Group; Thorpe,
S.R.; Baynes, J.W. Increased Methionine Sulfoxide Content of ApoA-I in Type 1 Diabetes. J. Lipid Res. 2008, 49, 847–855. [CrossRef]
[PubMed]

25. Boisfer, E.; Stengel, D.; Pastier, D.; Laplaud, P.M.; Dousset, N.; Ninio, E.; Kalopissis, A.-D. Antioxidant Properties of HDL in
Transgenic Mice Overexpressing Human Apolipoprotein A-II. J. Lipid Res. 2002, 43, 732–741. [CrossRef] [PubMed]

26. Ribas, V.; Sánchez-Quesada, J.L.; Antón, R.; Camacho, M.; Julve, J.; Escolà-Gil, J.C.; Vila, L.; Ordóñez-Llanos, J.; Blanco-Vaca,
F. Human Apolipoprotein A-II Enrichment Displaces Paraoxonase from HDL and Impairs Its Antioxidant Properties: A New
Mechanism Linking HDL Protein Composition and Antiatherogenic Potential. Circ. Res. 2004, 95, 789–797. [CrossRef]

https://www.who.int/health-topics/diabetes
https://doi.org/10.1056/NEJM199807233390404
https://doi.org/10.1056/NEJMoa1408214
https://www.ncbi.nlm.nih.gov/pubmed/25409370
https://doi.org/10.1007/s00125-015-3525-8
https://www.ncbi.nlm.nih.gov/pubmed/25725623
https://doi.org/10.1016/j.atherosclerosis.2023.06.005
https://www.ncbi.nlm.nih.gov/pubmed/37369617
https://doi.org/10.1093/qjmed/hcad251
https://doi.org/10.1007/s00125-021-05509-0
https://www.ncbi.nlm.nih.gov/pubmed/34255113
https://doi.org/10.3390/metabo13020253
https://doi.org/10.1097/MED.0000000000000705
https://doi.org/10.1016/j.atherosclerosis.2017.10.018
https://doi.org/10.3390/cells11233843
https://doi.org/10.1186/s12933-023-01979-1
https://www.ncbi.nlm.nih.gov/pubmed/37710315
https://doi.org/10.3390/cells10040850
https://www.ncbi.nlm.nih.gov/pubmed/33918571
https://doi.org/10.1161/ATVBAHA.123.318267
https://www.ncbi.nlm.nih.gov/pubmed/37381981
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
https://www.ncbi.nlm.nih.gov/pubmed/35398495
https://doi.org/10.3390/antiox11102003
https://www.ncbi.nlm.nih.gov/pubmed/36290725
https://doi.org/10.3389/fcvm.2023.1094188
https://www.ncbi.nlm.nih.gov/pubmed/36760567
https://doi.org/10.1016/j.atherosclerosis.2015.12.021
https://doi.org/10.1161/JAHA.116.004169
https://doi.org/10.1016/j.bbacli.2017.07.002
https://doi.org/10.1161/ATVBAHA.117.309287
https://www.ncbi.nlm.nih.gov/pubmed/28360087
https://doi.org/10.1016/j.ijbiomac.2018.12.252
https://www.ncbi.nlm.nih.gov/pubmed/30594624
https://doi.org/10.1194/jlr.M800015-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18202432
https://doi.org/10.1016/S0022-2275(20)30115-2
https://www.ncbi.nlm.nih.gov/pubmed/11971944
https://doi.org/10.1161/01.RES.0000146031.94850.5f


Antioxidants 2024, 13, 57 18 of 26

27. Filou, S.; Lhomme, M.; Karavia, E.A.; Kalogeropoulou, C.; Theodoropoulos, V.; Zvintzou, E.; Sakellaropoulos, G.C.; Petropoulou,
P.-I.; Constantinou, C.; Kontush, A.; et al. Distinct Roles of Apolipoproteins A1 and E in the Modulation of High-Density
Lipoprotein Composition and Function. Biochemistry 2016, 55, 3752–3762. [CrossRef]

28. Elsøe, S.; Ahnström, J.; Christoffersen, C.; Hoofnagle, A.N.; Plomgaard, P.; Heinecke, J.W.; Binder, C.J.; Björkbacka, H.; Dahlbäck,
B.; Nielsen, L.B. Apolipoprotein M Binds Oxidized Phospholipids and Increases the Antioxidant Effect of HDL. Atherosclerosis
2012, 221, 91–97. [CrossRef]

29. Hine, D.; Mackness, B.; Mackness, M. Cholesteryl-Ester Transfer Protein Enhances the Ability of High-Density Lipoprotein to
Inhibit Low-Density Lipoprotein Oxidation. IUBMB Life 2011, 63, 772–774. [CrossRef]

30. Durrington, P.N.; Bashir, B.; Soran, H. Paraoxonase 1 and Atherosclerosis. Front. Cardiovasc. Med. 2023, 10, 1065967. [CrossRef]
31. Gaidukov, L.; Viji, R.I.; Yacobson, S.; Rosenblat, M.; Aviram, M.; Tawfik, D.S. ApoE Induces Serum Paraoxonase PON1 Activity

and Stability Similar to ApoA-I. Biochemistry 2010, 49, 532–538. [CrossRef]
32. Ahmed, Z.; Ravandi, A.; Maguire, G.F.; Emili, A.; Draganov, D.; La Du, B.N.; Kuksis, A.; Connelly, P.W. Multiple Substrates for

Paraoxonase-1 during Oxidation of Phosphatidylcholine by Peroxynitrite. Biochem. Biophys. Res. Commun. 2002, 290, 391–396.
[CrossRef] [PubMed]

33. Corsetti, J.P.; Sparks, C.E.; James, R.W.; Bakker, S.J.L.; Dullaart, R.P.F. Low Serum Paraoxonase-1 Activity Associates with Incident
Cardiovascular Disease Risk in Subjects with Concurrently High Levels of High-Density Lipoprotein Cholesterol and C-Reactive
Protein. J. Clin. Med. 2019, 8, 1357. [CrossRef] [PubMed]

34. Kontush, A.; Therond, P.; Zerrad, A.; Couturier, M.; Négre-Salvayre, A.; de Souza, J.A.; Chantepie, S.; Chapman, M.J. Preferential
Sphingosine-1-Phosphate Enrichment and Sphingomyelin Depletion Are Key Features of Small Dense HDL3 Particles: Relevance
to Antiapoptotic and Antioxidative Activities. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 1843–1849. [CrossRef] [PubMed]

35. Camont, L.; Lhomme, M.; Rached, F.; Le Goff, W.; Nègre-Salvayre, A.; Salvayre, R.; Calzada, C.; Lagarde, M.; Chapman, M.J.;
Kontush, A. Small, Dense High-Density Lipoprotein-3 Particles Are Enriched in Negatively Charged Phospholipids: Relevance to
Cellular Cholesterol Efflux, Antioxidative, Antithrombotic, Anti-Inflammatory, and Antiapoptotic Functionalities. Arterioscler.
Thromb. Vasc. Biol. 2013, 33, 2715–2723. [CrossRef]

36. Zerrad-Saadi, A.; Therond, P.; Chantepie, S.; Couturier, M.; Rye, K.-A.; Chapman, M.J.; Kontush, A. HDL3-Mediated Inactivation
of LDL-Associated Phospholipid Hydroperoxides Is Determined by the Redox Status of Apolipoprotein A-I and HDL Particle
Surface Lipid Rigidity: Relevance to Inflammation and Atherogenesis. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 2169–2175.
[CrossRef] [PubMed]

37. Marsche, G.; Heller, R.; Fauler, G.; Kovacevic, A.; Nuszkowski, A.; Graier, W.; Sattler, W.; Malle, E. 2-Chlorohexadecanal Derived
from Hypochlorite-Modified High-Density Lipoprotein–Associated Plasmalogen Is a Natural Inhibitor of Endothelial Nitric
Oxide Biosynthesis. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 2302–2306. [CrossRef] [PubMed]

38. Maeba, R.; Ueta, N. Ethanolamine Plasmalogens Prevent the Oxidation of Cholesterol by Reducing the Oxidizability of Cholesterol
in Phospholipid Bilayers. J. Lipid Res. 2003, 44, 164–171. [CrossRef]

39. Kontush, A.; Chantepie, S.; Chapman, M.J. Small, Dense HDL Particles Exert Potent Protection of Atherogenic LDL against
Oxidative Stress. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 1881–1888. [CrossRef]

40. Davidson, W.S.; Silva, R.A.G.D.; Chantepie, S.; Lagor, W.R.; Chapman, M.J.; Kontush, A. Proteomic Analysis of Defined HDL
Subpopulations Reveals Particle-Specific Protein Clusters: Relevance to Antioxidative Function. Arterioscler. Thromb. Vasc. Biol.
2009, 29, 870–876. [CrossRef]

41. Bacchetti, T.; Masciangelo, S.; Armeni, T.; Bicchiega, V.; Ferretti, G. Glycation of Human High Density Lipoprotein by Methylgly-
oxal: Effect on HDL-Paraoxonase Activity. Metabolism 2014, 63, 307–311. [CrossRef]

42. Mastorikou, M.; Mackness, B.; Liu, Y.; Mackness, M. Glycation of Paraoxonase-1 Inhibits Its Activity and Impairs the Ability
of High-Density Lipoprotein to Metabolize Membrane Lipid Hydroperoxides. Diabet. Med. 2008, 25, 1049–1055. [CrossRef]
[PubMed]

43. Hedrick, C.C.; Thorpe, S.R.; Fu, M.X.; Harper, C.M.; Yoo, J.; Kim, S.M.; Wong, H.; Peters, A.L. Glycation Impairs High-Density
Lipoprotein Function. Diabetologia 2000, 43, 312–320. [CrossRef]

44. Brindisi, M.C.; Duvillard, L.; Monier, S.; Vergès, B.; Perségol, L. Deleterious Effect of Glycation on the Ability of HDL to Counteract
the Inhibitory Effect of Oxidized LDL on Endothelium-Dependent Vasorelaxation. Diabetes Metab. Res. Rev. 2013, 29, 618–623.
[CrossRef] [PubMed]

45. Brinck, J.W.; Thomas, A.; Lauer, E.; Jornayvaz, F.R.; Brulhart-Meynet, M.-C.; Prost, J.-C.; Pataky, Z.; Löfgren, P.; Hoffstedt, J.;
Eriksson, M.; et al. Diabetes Mellitus Is Associated with Reduced High-Density Lipoprotein Sphingosine-1-Phosphate Content
and Impaired High-Density Lipoprotein Cardiac Cell Protection. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 817–824. [CrossRef]
[PubMed]

46. Kobayashi, T.; Kurano, M.; Nanya, M.; Shimizu, T.; Ohkawa, R.; Tozuka, M.; Yatomi, Y. Glycation of HDL Polymerizes
Apolipoprotein M and Attenuates Its Capacity to Bind to Sphingosine 1-Phosphate. J. Atheroscler. Thromb. 2021, 28, 730–741.
[CrossRef] [PubMed]

47. Manjunatha, S.; Distelmaier, K.; Dasari, S.; Carter, R.E.; Kudva, Y.C.; Nair, K.S. Functional and Proteomic Alterations of Plasma
High Density Lipoproteins in Type 1 Diabetes Mellitus. Metabolism 2016, 65, 1421–1431. [CrossRef] [PubMed]

https://doi.org/10.1021/acs.biochem.6b00389
https://doi.org/10.1016/j.atherosclerosis.2011.11.031
https://doi.org/10.1002/iub.508
https://doi.org/10.3389/fcvm.2023.1065967
https://doi.org/10.1021/bi9013227
https://doi.org/10.1006/bbrc.2001.6150
https://www.ncbi.nlm.nih.gov/pubmed/11779181
https://doi.org/10.3390/jcm8091357
https://www.ncbi.nlm.nih.gov/pubmed/31480611
https://doi.org/10.1161/ATVBAHA.107.145672
https://www.ncbi.nlm.nih.gov/pubmed/17569880
https://doi.org/10.1161/ATVBAHA.113.301468
https://doi.org/10.1161/ATVBAHA.109.194555
https://www.ncbi.nlm.nih.gov/pubmed/19762782
https://doi.org/10.1161/01.ATV.0000148703.43429.25
https://www.ncbi.nlm.nih.gov/pubmed/15514213
https://doi.org/10.1194/jlr.M200340-JLR200
https://doi.org/10.1161/01.ATV.0000091338.93223.E8
https://doi.org/10.1161/ATVBAHA.109.186031
https://doi.org/10.1016/j.metabol.2013.10.013
https://doi.org/10.1111/j.1464-5491.2008.02546.x
https://www.ncbi.nlm.nih.gov/pubmed/18937674
https://doi.org/10.1007/s001250050049
https://doi.org/10.1002/dmrr.2434
https://www.ncbi.nlm.nih.gov/pubmed/23908137
https://doi.org/10.1161/ATVBAHA.115.307049
https://www.ncbi.nlm.nih.gov/pubmed/26966278
https://doi.org/10.5551/jat.55699
https://www.ncbi.nlm.nih.gov/pubmed/32999208
https://doi.org/10.1016/j.metabol.2016.06.008
https://www.ncbi.nlm.nih.gov/pubmed/27506748


Antioxidants 2024, 13, 57 19 of 26

48. Perségol, L.; Foissac, M.; Lagrost, L.; Athias, A.; Gambert, P.; Vergès, B.; Duvillard, L. HDL Particles from Type 1 Diabetic Patients
Are Unable to Reverse the Inhibitory Effect of Oxidised LDL on Endothelium-Dependent Vasorelaxation. Diabetologia 2007, 50,
2384–2387. [CrossRef]

49. Chiesa, S.T.; Charakida, M.; McLoughlin, E.; Nguyen, H.C.; Georgiopoulos, G.; Motran, L.; Elia, Y.; Marcovecchio, M.L.; Dunger,
D.B.; Dalton, R.N.; et al. Elevated High-Density Lipoprotein in Adolescents with Type 1 Diabetes Is Associated with Endothelial
Dysfunction in the Presence of Systemic Inflammation. Eur. Heart J. 2019, 40, 3559–3566. [CrossRef]

50. Denimal, D.; Pais de Barros, J.-P.; Petit, J.-M.; Bouillet, B.; Vergès, B.; Duvillard, L. Significant Abnormalities of the HDL
Phosphosphingolipidome in Type 1 Diabetes despite Normal HDL Cholesterol Concentration. Atherosclerosis 2015, 241, 752–760.
[CrossRef]

51. Wallner, S.; Schmitz, G. Plasmalogens the Neglected Regulatory and Scavenging Lipid Species. Chem. Phys. Lipids 2011, 164,
573–589. [CrossRef]

52. Morgantini, C.; Natali, A.; Boldrini, B.; Imaizumi, S.; Navab, M.; Fogelman, A.M.; Ferrannini, E.; Reddy, S.T. Anti-Inflammatory
and Antioxidant Properties of HDLs Are Impaired in Type 2 Diabetes. Diabetes 2011, 60, 2617–2623. [CrossRef] [PubMed]

53. Sanguinetti, S.M.; Brites, F.D.; Fasulo, V.; Verona, J.; Elbert, A.; Wikinski, R.L.; Schreier, L.E. HDL Oxidability and Its Protective
Effect against LDL Oxidation in Type 2 Diabetic Patients. Diabetes Nutr. Metab. 2001, 14, 27–36. [PubMed]

54. Takata, K.; Imaizumi, S.; Iwata, A.; Zhang, B.; Kawachi, E.; Miura, S.-I.; Ogawa, M. Associations of High-Density Lipoprotein
Functionality with Coronary Plaque Characteristics in Diabetic Patients with Coronary Artery Disease: Integrated Backscatter
Intravascular Ultrasound Analysis. Biomolecules 2023, 13, 1278. [CrossRef] [PubMed]

55. Nobécourt, E.; Jacqueminet, S.; Hansel, B.; Chantepie, S.; Grimaldi, A.; Chapman, M.J.; Kontush, A. Defective Antioxidative
Activity of Small Dense HDL3 Particles in Type 2 Diabetes: Relationship to Elevated Oxidative Stress and Hyperglycaemia.
Diabetologia 2005, 48, 529–538. [CrossRef] [PubMed]

56. Gowri, M.S.; Van der Westhuyzen, D.R.; Bridges, S.R.; Anderson, J.W. Decreased Protection by HDL from Poorly Controlled Type
2 Diabetic Subjects against LDL Oxidation May Be Due to the Abnormal Composition of HDL. Arterioscler. Thromb. Vasc. Biol.
1999, 19, 2226–2233. [CrossRef] [PubMed]

57. Sorrentino, S.A.; Besler, C.; Rohrer, L.; Meyer, M.; Heinrich, K.; Bahlmann, F.H.; Mueller, M.; Horváth, T.; Doerries, C.; Heinemann,
M.; et al. Endothelial-Vasoprotective Effects of High-Density Lipoprotein Are Impaired in Patients with Type 2 Diabetes Mellitus
but Are Improved after Extended-Release Niacin Therapy. Circulation 2010, 121, 110–122. [CrossRef] [PubMed]

58. Feng, J.; Wang, Y.; Li, W.; Zhao, Y.; Liu, Y.; Yao, X.; Liu, S.; Yu, P.; Li, R. High Levels of Oxidized Fatty Acids in HDL Impair the
Antioxidant Function of HDL in Patients with Diabetes. Front. Endocrinol. 2022, 13, 993193. [CrossRef]

59. Kappelle, P.J.W.H.; de Boer, J.F.; Perton, F.G.; Annema, W.; de Vries, R.; Dullaart, R.P.F.; Tietge, U.J.F. Increased LCAT Activity and
Hyperglycaemia Decrease the Antioxidative Functionality of HDL. Eur. J. Clin. Investig. 2012, 42, 487–495. [CrossRef]

60. Kashyap, S.R.; Osme, A.; Ilchenko, S.; Golizeh, M.; Lee, K.; Wang, S.; Bena, J.; Previs, S.F.; Smith, J.D.; Kasumov, T. Glycation
Reduces the Stability of ApoAI and Increases HDL Dysfunction in Diet-Controlled Type 2 Diabetes. J. Clin. Endocrinol. Metab.
2018, 103, 388–396. [CrossRef]

61. Murakami, H.; Tanabe, J.; Tamasawa, N.; Matsumura, K.; Yamashita, M.; Matsuki, K.; Murakami, H.; Matsui, J.; Suda, T. Reduction
of Paraoxonase-1 Activity May Contribute the Qualitative Impairment of HDL Particles in Patients with Type 2 Diabetes. Diabetes
Res. Clin. Pract. 2013, 99, 30–38. [CrossRef]

62. Ebtehaj, S.; Gruppen, E.G.; Parvizi, M.; Tietge, U.J.F.; Dullaart, R.P.F. The Anti-Inflammatory Function of HDL Is Impaired in Type
2 Diabetes: Role of Hyperglycemia, Paraoxonase-1 and Low Grade Inflammation. Cardiovasc. Diabetol. 2017, 16, 132. [CrossRef]
[PubMed]

63. Liu, T.; Li, M.; Cui, C.; Zhou, J. Association between Serum Amyloid A Levels and Type 2 Diabetes Mellitus: A Systematic Review
and Meta-Analysis. Endocrinol. Metab. 2023, 38, 315–327. [CrossRef] [PubMed]

64. Kotani, K.; Yamada, T.; Gugliucci, A. Paired Measurements of Paraoxonase 1 and Serum Amyloid A as Useful Disease Markers.
Biomed. Res. Int. 2013, 2013, 481437. [CrossRef] [PubMed]

65. Rosta, V.; Trentini, A.; Passaro, A.; Zuliani, G.; Sanz, J.M.; Bosi, C.; Bonaccorsi, G.; Bellini, T.; Cervellati, C. Sex Difference Impacts
on the Relationship between Paraoxonase-1 (PON1) and Type 2 Diabetes. Antioxidants 2020, 9, 683. [CrossRef] [PubMed]

66. Mahrooz, A.; Khosravi-Asrami, O.F.; Alizadeh, A.; Mohmmadi, N.; Bagheri, A.; Kashi, Z.; Bahar, A.; Nosrati, M.; Mackness, M.
Can HDL Cholesterol Be Replaced by Paraoxonase 1 Activity in the Prediction of Severe Coronary Artery Disease in Patients
with Type 2 Diabetes? Nutr. Metab. Cardiovasc. Dis. 2023, 33, 1599–1607. [CrossRef] [PubMed]

67. Azizkhanian, I.; Trenchevska, O.; Bashawri, Y.; Hu, J.; Koska, J.; Reaven, P.D.; Nelson, R.W.; Nedelkov, D.; Yassine, H.N.
Posttranslational Modifications of Apolipoprotein A-II Proteoforms in Type 2 Diabetes. J. Clin. Lipidol. 2016, 10, 808–815.
[CrossRef] [PubMed]

68. Hansel, B.; Giral, P.; Nobecourt, E.; Chantepie, S.; Bruckert, E.; Chapman, M.J.; Kontush, A. Metabolic Syndrome Is Associated
with Elevated Oxidative Stress and Dysfunctional Dense High-Density Lipoprotein Particles Displaying Impaired Antioxidative
Activity. J. Clin. Endocrinol. Metab. 2004, 89, 4963–4971. [CrossRef]

69. Kontush, A.; de Faria, E.C.; Chantepie, S.; Chapman, M.J. A Normotriglyceridemic, Low HDL-Cholesterol Phenotype Is
Characterised by Elevated Oxidative Stress and HDL Particles with Attenuated Antioxidative Activity. Atherosclerosis 2005, 182,
277–285. [CrossRef]

https://doi.org/10.1007/s00125-007-0808-8
https://doi.org/10.1093/eurheartj/ehz114
https://doi.org/10.1016/j.atherosclerosis.2015.06.040
https://doi.org/10.1016/j.chemphyslip.2011.06.008
https://doi.org/10.2337/db11-0378
https://www.ncbi.nlm.nih.gov/pubmed/21852676
https://www.ncbi.nlm.nih.gov/pubmed/11345163
https://doi.org/10.3390/biom13091278
https://www.ncbi.nlm.nih.gov/pubmed/37759677
https://doi.org/10.1007/s00125-004-1655-5
https://www.ncbi.nlm.nih.gov/pubmed/15729582
https://doi.org/10.1161/01.ATV.19.9.2226
https://www.ncbi.nlm.nih.gov/pubmed/10479666
https://doi.org/10.1161/CIRCULATIONAHA.108.836346
https://www.ncbi.nlm.nih.gov/pubmed/20026785
https://doi.org/10.3389/fendo.2022.993193
https://doi.org/10.1111/j.1365-2362.2011.02604.x
https://doi.org/10.1210/jc.2017-01551
https://doi.org/10.1016/j.diabres.2012.10.022
https://doi.org/10.1186/s12933-017-0613-8
https://www.ncbi.nlm.nih.gov/pubmed/29025405
https://doi.org/10.3803/EnM.2023.1621
https://www.ncbi.nlm.nih.gov/pubmed/37280788
https://doi.org/10.1155/2013/481437
https://www.ncbi.nlm.nih.gov/pubmed/24228251
https://doi.org/10.3390/antiox9080683
https://www.ncbi.nlm.nih.gov/pubmed/32751395
https://doi.org/10.1016/j.numecd.2023.05.020
https://www.ncbi.nlm.nih.gov/pubmed/37344284
https://doi.org/10.1016/j.jacl.2016.03.001
https://www.ncbi.nlm.nih.gov/pubmed/27578111
https://doi.org/10.1210/jc.2004-0305
https://doi.org/10.1016/j.atherosclerosis.2005.03.001


Antioxidants 2024, 13, 57 20 of 26

70. Sparks, D.L.; Davidson, W.S.; Lund-Katz, S.; Phillips, M.C. Effects of the Neutral Lipid Content of High Density Lipoprotein on
Apolipoprotein A-I Structure and Particle Stability. J. Biol. Chem. 1995, 270, 26910–26917. [CrossRef]

71. Curtiss, L.K.; Bonnet, D.J.; Rye, K.A. The Conformation of Apolipoprotein A-I in High-Density Lipoproteins Is Influenced by
Core Lipid Composition and Particle Size: A Surface Plasmon Resonance Study. Biochemistry 2000, 39, 5712–5721. [CrossRef]

72. Denimal, D.; Benanaya, S.; Monier, S.; Simoneau, I.; Pais de Barros, J.-P.; Le Goff, W.; Bouillet, B.; Vergès, B.; Duvillard, L. Normal
HDL Cholesterol Efflux and Anti-Inflammatory Capacities in Type 2 Diabetes despite Lipidomic Abnormalities. J. Clin. Endocrinol.
Metab. 2022, 107, e3816–e3823. [CrossRef] [PubMed]

73. Kurano, M.; Tsukamoto, K.; Shimizu, T.; Kassai, H.; Nakao, K.; Aiba, A.; Hara, M.; Yatomi, Y. Protection against Insulin Resistance
by Apolipoprotein M/Sphingosine-1-Phosphate. Diabetes 2020, 69, 867–881. [CrossRef] [PubMed]

74. Vaisar, T.; Couzens, E.; Hwang, A.; Russell, M.; Barlow, C.E.; DeFina, L.F.; Hoofnagle, A.N.; Kim, F. Type 2 Diabetes Is Associated
with Loss of HDL Endothelium Protective Functions. PLoS ONE 2018, 13, e0192616. [CrossRef] [PubMed]

75. Plomgaard, P.; Dullaart, R.P.F.; de Vries, R.; Groen, A.K.; Dahlbäck, B.; Nielsen, L.B. Apolipoprotein M Predicts Pre-Beta-HDL
Formation: Studies in Type 2 Diabetic and Nondiabetic Subjects. J. Intern. Med. 2009, 266, 258–267. [CrossRef]

76. Memon, A.A.; Bennet, L.; Zöller, B.; Wang, X.; Palmér, K.; Dahlbäck, B.; Sundquist, J.; Sundquist, K. The Association between
Apolipoprotein M and Insulin Resistance Varies with Country of Birth. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 1174–1180.
[CrossRef] [PubMed]

77. Zhang, P.; Gao, J.; Pu, C.; Feng, G.; Wang, L.; Huang, L.; Tao, Q.; Zhang, Y. Effects of Hyperlipidaemia on Plasma Apolipoprotein
M Levels in Patients with Type 2 Diabetes Mellitus: An Independent Case-Control Study. Lipids Health Dis. 2016, 15, 158.
[CrossRef] [PubMed]

78. Mughal, S.A.; Park, R.; Nowak, N.; Gloyn, A.L.; Karpe, F.; Matile, H.; Malecki, M.T.; McCarthy, M.I.; Stoffel, M.; Owen, K.R.
Apolipoprotein M Can Discriminate HNF 1A-MODY from Type 1 Diabetes. Diabet. Med. 2013, 30, 246–250. [CrossRef]

79. Tong, X.; Peng, H.; Liu, D.; Ji, L.; Niu, C.; Ren, J.; Pan, B.; Hu, J.; Zheng, L.; Huang, Y. High-Density Lipoprotein of Patients with
Type 2 Diabetes Mellitus Upregulates Cyclooxgenase-2 Expression and Prostacyclin I-2 Release in Endothelial Cells: Relationship
with HDL-Associated Sphingosine-1-Phosphate. Cardiovasc. Diabetol. 2013, 12, 27. [CrossRef]

80. Zhao, D.; Yang, L.-Y.; Wang, X.-H.; Yuan, S.-S.; Yu, C.-G.; Wang, Z.-W.; Lang, J.-N.; Feng, Y.-M. Different Relationship between
ANGPTL3 and HDL Components in Female Non-Diabetic Subjects and Type-2 Diabetic Patients. Cardiovasc. Diabetol. 2016,
15, 132. [CrossRef]

81. Dullaart, R.P.F.; Annema, W.; Tio, R.A.; Tietge, U.J.F. The HDL Anti-Inflammatory Function Is Impaired in Myocardial Infarction
and May Predict New Cardiac Events Independent of HDL Cholesterol. Clin. Chim. Acta 2014, 433, 34–38. [CrossRef]

82. Jia, C.; Anderson, J.L.C.; Gruppen, E.G.; Lei, Y.; Bakker, S.J.L.; Dullaart, R.P.F.; Tietge, U.J.F. High-Density Lipoprotein Anti-
Inflammatory Capacity and Incident Cardiovascular Events. Circulation 2021, 143, 1935–1945. [CrossRef]

83. Tölle, M.; Pawlak, A.; Schuchardt, M.; Kawamura, A.; Tietge, U.J.; Lorkowski, S.; Keul, P.; Assmann, G.; Chun, J.; Levkau, B.; et al.
HDL-Associated Lysosphingolipids Inhibit NAD(P)H Oxidase-Dependent Monocyte Chemoattractant Protein-1 Production.
Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1542–1548. [CrossRef] [PubMed]

84. Lee, M.K.S.; Moore, X.-L.; Fu, Y.; Al-Sharea, A.; Dragoljevic, D.; Fernandez-Rojo, M.A.; Parton, R.; Sviridov, D.; Murphy, A.J.;
Chin-Dusting, J.P.F. High-Density Lipoprotein Inhibits Human M1 Macrophage Polarization through Redistribution of Caveolin-1.
Br. J. Pharmacol. 2016, 173, 741–751. [CrossRef] [PubMed]

85. De Nardo, D.; Labzin, L.I.; Kono, H.; Seki, R.; Schmidt, S.V.; Beyer, M.; Xu, D.; Zimmer, S.; Lahrmann, C.; Schildberg, F.A.; et al.
High-Density Lipoprotein Mediates Anti-Inflammatory Reprogramming of Macrophages via the Transcriptional Regulator ATF3.
Nat. Immunol. 2014, 15, 152–160. [CrossRef] [PubMed]

86. Cheng, A.M.; Handa, P.; Tateya, S.; Schwartz, J.; Tang, C.; Mitra, P.; Oram, J.F.; Chait, A.; Kim, F. Apolipoprotein A-I Attenuates
Palmitate-Mediated NF-KB Activation by Reducing Toll-like Receptor-4 Recruitment into Lipid Rafts. PLoS ONE 2012, 7, e33917.
[CrossRef]

87. Dueñas, A.I.; Aceves, M.; Fernández-Pisonero, I.; Gómez, C.; Orduña, A.; Crespo, M.S.; García-Rodríguez, C. Selective Attenuation
of Toll-like Receptor 2 Signalling May Explain the Atheroprotective Effect of Sphingosine 1-Phosphate. Cardiovasc. Res. 2008, 79,
537–544. [CrossRef]

88. McGrath, K.C.Y.; Li, X.H.; Puranik, R.; Liong, E.C.; Tan, J.T.M.; Dy, V.M.; DiBartolo, B.A.; Barter, P.J.; Rye, K.A.; Heather, A.K. Role
of 3beta-Hydroxysteroid-Delta 24 Reductase in Mediating Antiinflammatory Effects of High-Density Lipoproteins in Endothelial
Cells. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 877–882. [CrossRef]

89. Wu, B.J.; Chen, K.; Shrestha, S.; Ong, K.L.; Barter, P.J.; Rye, K.-A. High-Density Lipoproteins Inhibit Vascular Endothelial
Inflammation by Increasing 3β-Hydroxysteroid-∆24 Reductase Expression and Inducing Heme Oxygenase-1. Circ. Res. 2013, 112,
278–288. [CrossRef]

90. Besler, C.; Heinrich, K.; Rohrer, L.; Doerries, C.; Riwanto, M.; Shih, D.M.; Chroni, A.; Yonekawa, K.; Stein, S.; Schaefer, N.; et al.
Mechanisms Underlying Adverse Effects of HDL on ENOS-Activating Pathways in Patients with Coronary Artery Disease. J.
Clin. Investig. 2011, 121, 2693–2708. [CrossRef]

91. Marshall, H.E.; Stamler, J.S. Inhibition of NF-Kappa B by S-Nitrosylation. Biochemistry 2001, 40, 1688–1693. [CrossRef]
92. Mousa, H.; Thanassoulas, A.; Zughaier, S.M. ApoM Binds Endotoxin Contributing to Neutralization and Clearance by High

Density Lipoprotein. Biochem. Biophys. Rep. 2023, 34, 101445. [CrossRef] [PubMed]

https://doi.org/10.1074/jbc.270.45.26910
https://doi.org/10.1021/bi992902m
https://doi.org/10.1210/clinem/dgac339
https://www.ncbi.nlm.nih.gov/pubmed/35647758
https://doi.org/10.2337/db19-0811
https://www.ncbi.nlm.nih.gov/pubmed/31915150
https://doi.org/10.1371/journal.pone.0192616
https://www.ncbi.nlm.nih.gov/pubmed/29543843
https://doi.org/10.1111/j.1365-2796.2009.02095.x
https://doi.org/10.1016/j.numecd.2014.05.007
https://www.ncbi.nlm.nih.gov/pubmed/24984825
https://doi.org/10.1186/s12944-016-0325-1
https://www.ncbi.nlm.nih.gov/pubmed/27633510
https://doi.org/10.1111/dme.12066
https://doi.org/10.1186/1475-2840-12-27
https://doi.org/10.1186/s12933-016-0450-1
https://doi.org/10.1016/j.cca.2014.02.026
https://doi.org/10.1161/CIRCULATIONAHA.120.050808
https://doi.org/10.1161/ATVBAHA.107.161042
https://www.ncbi.nlm.nih.gov/pubmed/18483405
https://doi.org/10.1111/bph.13319
https://www.ncbi.nlm.nih.gov/pubmed/26332942
https://doi.org/10.1038/ni.2784
https://www.ncbi.nlm.nih.gov/pubmed/24317040
https://doi.org/10.1371/journal.pone.0033917
https://doi.org/10.1093/cvr/cvn087
https://doi.org/10.1161/ATVBAHA.109.184663
https://doi.org/10.1161/CIRCRESAHA.111.300104
https://doi.org/10.1172/JCI42946
https://doi.org/10.1021/bi002239y
https://doi.org/10.1016/j.bbrep.2023.101445
https://www.ncbi.nlm.nih.gov/pubmed/36915826


Antioxidants 2024, 13, 57 21 of 26

93. Frej, C.; Mendez, A.J.; Ruiz, M.; Castillo, M.; Hughes, T.A.; Dahlbäck, B.; Goldberg, R.B. A Shift in ApoM/S1P between HDL-
Particles in Women with Type 1 Diabetes Mellitus Is Associated with Impaired Anti-Inflammatory Effects of the ApoM/S1P
Complex. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1194–1205. [CrossRef] [PubMed]

94. Ashby, D.T.; Rye, K.A.; Clay, M.A.; Vadas, M.A.; Gamble, J.R.; Barter, P.J. Factors Influencing the Ability of HDL to Inhibit
Expression of Vascular Cell Adhesion Molecule-1 in Endothelial Cells. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1450–1455.
[CrossRef] [PubMed]

95. Atehortua, L.; Morris, J.; Street, S.E.; Bedel, N.; Davidson, W.S.; Chougnet, C.A. Apolipoprotein E-Containing HDL Decreases
Caspase-Dependent Apoptosis of Memory Regulatory T Lymphocytes. J. Lipid Res. 2023, 64, 100425. [CrossRef] [PubMed]

96. Sorokin, A.V.; Patel, N.; Abdelrahman, K.M.; Ling, C.; Reimund, M.; Graziano, G.; Sampson, M.; Playford, M.P.; Dey, A.K.; Reddy,
A.; et al. Complex Association of Apolipoprotein E-Containing HDL with Coronary Artery Disease Burden in Cardiovascular
Disease. JCI Insight 2022, 7, e159577. [CrossRef] [PubMed]

97. Van Lenten, B.J.; Wagner, A.C.; Jung, C.-L.; Ruchala, P.; Waring, A.J.; Lehrer, R.I.; Watson, A.D.; Hama, S.; Navab, M.; Ananthara-
maiah, G.M.; et al. Anti-Inflammatory ApoA-I-Mimetic Peptides Bind Oxidized Lipids with Much Higher Affinity than Human
ApoA-I. J. Lipid Res. 2008, 49, 2302–2311. [CrossRef] [PubMed]

98. Hoang, A.; Murphy, A.J.; Coughlan, M.T.; Thomas, M.C.; Forbes, J.M.; O’Brien, R.; Cooper, M.E.; Chin-Dusting, J.P.F.; Sviridov, D.
Advanced Glycation of Apolipoprotein A-I Impairs Its Anti-Atherogenic Properties. Diabetologia 2007, 50, 1770–1779. [CrossRef]

99. Gomes Kjerulf, D.; Wang, S.; Omer, M.; Pathak, A.; Subramanian, S.; Han, C.Y.; Tang, C.; den Hartigh, L.J.; Shao, B.; Chait, A.
Glycation of HDL Blunts Its Anti-Inflammatory and Cholesterol Efflux Capacities in Vitro, but Has No Effect in Poorly Controlled
Type 1 Diabetes Subjects. J. Diabetes Complicat. 2020, 34, 107693. [CrossRef]

100. Liu, D.; Ji, L.; Zhao, M.; Wang, Y.; Guo, Y.; Li, L.; Zhang, D.; Xu, L.; Pan, B.; Su, J.; et al. Lysine Glycation of Apolipoprotein A-I
Impairs Its Anti-Inflammatory Function in Type 2 Diabetes Mellitus. J. Mol. Cell Cardiol. 2018, 122, 47–57. [CrossRef]

101. Liu, D.; Ji, L.; Zhang, D.; Tong, X.; Pan, B.; Liu, P.; Zhang, Y.; Huang, Y.; Su, J.; Willard, B.; et al. Nonenzymatic Glycation of
High-Density Lipoprotein Impairs Its Anti-Inflammatory Effects in Innate Immunity. Diabetes Metab. Res. Rev. 2012, 28, 186–195.
[CrossRef]

102. Chen, Z.; Ding, S.; Wang, Y.P.; Chen, L.; Mao, J.Y.; Yang, Y.; Sun, J.T.; Yang, K. Association of Carbamylated High-Density
Lipoprotein with Coronary Artery Disease in Type 2 Diabetes Mellitus: Carbamylated High-Density Lipoprotein of Patients
Promotes Monocyte Adhesion. J. Transl. Med. 2020, 18, 460. [CrossRef] [PubMed]

103. van Tienhoven-Wind, L.J.N.; Tietge, U.J.F.; Dullaart, R.P.F. The HDL Anti-Inflammatory Function Is Impaired in the Context of
Low-Normal Free Thyroxine in Diabetic and Nondiabetic Individuals. Clin. Endocrinol. 2018, 88, 752–754. [CrossRef] [PubMed]

104. Ruiz, M.; Frej, C.; Holmér, A.; Guo, L.J.; Tran, S.; Dahlbäck, B. High-Density Lipoprotein-Associated Apolipoprotein M Limits
Endothelial Inflammation by Delivering Sphingosine-1-Phosphate to the Sphingosine-1-Phosphate Receptor 1. Arterioscler.
Thromb. Vasc. Biol. 2017, 37, 118–129. [CrossRef] [PubMed]

105. Cardner, M.; Yalcinkaya, M.; Goetze, S.; Luca, E.; Balaz, M.; Hunjadi, M.; Hartung, J.; Shemet, A.; Kränkel, N.; Radosavljevic,
S.; et al. Structure-Function Relationships of HDL in Diabetes and Coronary Heart Disease. JCI Insight 2020, 5, e131491. [CrossRef]
[PubMed]

106. Lui, D.T.W.; Cheung, C.-L.; Lee, A.C.H.; Wong, Y.; Shiu, S.W.M.; Tan, K.C.B. Carbamylated HDL and Mortality Outcomes in Type
2 Diabetes. Diabetes Care 2021, 44, 804–809. [CrossRef] [PubMed]

107. Mao, J.Y.; Sun, J.T.; Yang, K.; Shen, W.F.; Lu, L.; Zhang, R.Y.; Tong, X.; Liu, Y. Serum Amyloid A Enrichment Impairs the
Anti-Inflammatory Ability of HDL from Diabetic Nephropathy Patients. J. Diabetes Complicat. 2017, 31, 1538–1543. [CrossRef]

108. Kostara, C.E.; Karakitsou, K.S.; Florentin, M.; Bairaktari, E.T.; Tsimihodimos, V. Progressive, Qualitative, and Quantitative
Alterations in HDL Lipidome from Healthy Subjects to Patients with Prediabetes and Type 2 Diabetes. Metabolites 2022, 12, 683.
[CrossRef]

109. Ståhlman, M.; Fagerberg, B.; Adiels, M.; Ekroos, K.; Chapman, J.M.; Kontush, A.; Borén, J. Dyslipidemia, but Not Hyperglycemia
and Insulin Resistance, Is Associated with Marked Alterations in the HDL Lipidome in Type 2 Diabetic Subjects in the DIWA
Cohort: Impact on Small HDL Particles. Biochim. Biophys. Acta 2013, 1831, 1609–1617. [CrossRef]

110. Schwendeman, A.; Sviridov, D.O.; Yuan, W.; Guo, Y.; Morin, E.E.; Yuan, Y.; Stonik, J.; Freeman, L.; Ossoli, A.; Thacker, S.; et al. The
Effect of Phospholipid Composition of Reconstituted HDL on Its Cholesterol Efflux and Anti-Inflammatory Properties. J. Lipid
Res. 2015, 56, 1727–1737. [CrossRef]

111. Abbasi, A.; Corpeleijn, E.; Gansevoort, R.T.; Gans, R.O.B.; Hillege, H.L.; Stolk, R.P.; Navis, G.; Bakker, S.J.L.; Dullaart, R.P.F.
Role of HDL Cholesterol and Estimates of HDL Particle Composition in Future Development of Type 2 Diabetes in the General
Population: The PREVEND Study. J. Clin. Endocrinol. Metab. 2013, 98, E1352–E1359. [CrossRef]

112. Wilson, P.W.F.; Meigs, J.B.; Sullivan, L.; Fox, C.S.; Nathan, D.M.; D’Agostino, R.B. Prediction of Incident Diabetes Mellitus in
Middle-Aged Adults: The Framingham Offspring Study. Arch. Intern. Med. 2007, 167, 1068–1074. [CrossRef] [PubMed]

113. Cao, C.; Hu, H.; Zheng, X.; Zhang, X.; Wang, Y.; He, Y. Non-Linear Relationship between High-Density Lipoprotein Cholesterol
and Incident Diabetes Mellitus: A Secondary Retrospective Analysis Based on a Japanese Cohort Study. BMC Endocr. Disord.
2022, 22, 163. [CrossRef] [PubMed]

114. Cao, X.; Tang, Z.; Zhang, J.; Li, H.; Singh, M.; Sun, F.; Li, X.; Li, C.; Wang, Y.; Guo, X.; et al. Association between High-Density
Lipoprotein Cholesterol and Type 2 Diabetes Mellitus among Chinese: The Beijing Longitudinal Study of Aging. Lipids Health Dis.
2021, 20, 71. [CrossRef] [PubMed]

https://doi.org/10.1161/ATVBAHA.117.309275
https://www.ncbi.nlm.nih.gov/pubmed/28385702
https://doi.org/10.1161/01.ATV.18.9.1450
https://www.ncbi.nlm.nih.gov/pubmed/9743234
https://doi.org/10.1016/j.jlr.2023.100425
https://www.ncbi.nlm.nih.gov/pubmed/37579971
https://doi.org/10.1172/jci.insight.159577
https://www.ncbi.nlm.nih.gov/pubmed/35389891
https://doi.org/10.1194/jlr.M800075-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/18621920
https://doi.org/10.1007/s00125-007-0718-9
https://doi.org/10.1016/j.jdiacomp.2020.107693
https://doi.org/10.1016/j.yjmcc.2018.08.001
https://doi.org/10.1002/dmrr.1297
https://doi.org/10.1186/s12967-020-02623-2
https://www.ncbi.nlm.nih.gov/pubmed/33272295
https://doi.org/10.1111/cen.13570
https://www.ncbi.nlm.nih.gov/pubmed/29446834
https://doi.org/10.1161/ATVBAHA.116.308435
https://www.ncbi.nlm.nih.gov/pubmed/27879252
https://doi.org/10.1172/jci.insight.131491
https://www.ncbi.nlm.nih.gov/pubmed/31830004
https://doi.org/10.2337/dc20-2186
https://www.ncbi.nlm.nih.gov/pubmed/33402368
https://doi.org/10.1016/j.jdiacomp.2017.07.005
https://doi.org/10.3390/metabo12080683
https://doi.org/10.1016/j.bbalip.2013.07.009
https://doi.org/10.1194/jlr.M060285
https://doi.org/10.1210/jc.2013-1680
https://doi.org/10.1001/archinte.167.10.1068
https://www.ncbi.nlm.nih.gov/pubmed/17533210
https://doi.org/10.1186/s12902-022-01074-8
https://www.ncbi.nlm.nih.gov/pubmed/35717187
https://doi.org/10.1186/s12944-021-01499-5
https://www.ncbi.nlm.nih.gov/pubmed/34273996


Antioxidants 2024, 13, 57 22 of 26

115. Liu, H.; Liu, J.; Liu, J.; Xin, S.; Lyu, Z.; Fu, X. Triglyceride to High-Density Lipoprotein Cholesterol (TG/HDL-C) Ratio, a Simple
but Effective Indicator in Predicting Type 2 Diabetes Mellitus in Older Adults. Front. Endocrinol. 2022, 13, 828581. [CrossRef]
[PubMed]

116. Brahimaj, A.; Ligthart, S.; Ikram, M.A.; Hofman, A.; Franco, O.H.; Sijbrands, E.J.G.; Kavousi, M.; Dehghan, A. Serum Levels of
Apolipoproteins and Incident Type 2 Diabetes: A Prospective Cohort Study. Diabetes Care 2017, 40, 346–351. [CrossRef]

117. Hu, P.L.; Koh, Y.L.E.; Tan, N.C. The Utility of Diabetes Risk Score Items as Predictors of Incident Type 2 Diabetes in Asian
Populations: An Evidence-Based Review. Diabetes Res. Clin. Pract. 2016, 122, 179–189. [CrossRef] [PubMed]

118. Croyal, M.; Wargny, M.; Chemello, K.; Chevalier, C.; Blanchard, V.; Bigot-Corbel, E.; Lambert, G.; Le May, C.; Hadjadj, S.; Cariou,
B. Plasma Apolipoprotein Concentrations and Incident Diabetes in Subjects with Prediabetes. Cardiovasc. Diabetol. 2022, 21, 21.
[CrossRef]

119. Cai, Z.; Chen, Z.; Fang, W.; Li, W.; Huang, Z.; Wang, X.; Chen, G.; Wu, W.; Chen, Z.; Wu, S.; et al. Triglyceride to High-Density
Lipoprotein Cholesterol Ratio Variability and Incident Diabetes: A 7-Year Prospective Study in a Chinese Population. J. Diabetes
Investig. 2021, 12, 1864–1871. [CrossRef]

120. Herzog, K.; Andersson, T.; Grill, V.; Hammar, N.; Malmström, H.; Talbäck, M.; Walldius, G.; Carlsson, S. Alterations in Biomarkers
Related to Glycemia, Lipid Metabolism, and Inflammation up to 20 Years before Diagnosis of Type 1 Diabetes in Adults: Findings
from the AMORIS Cohort. Diabetes Care 2022, 45, 330–338. [CrossRef]

121. White, J.; Swerdlow, D.I.; Preiss, D.; Fairhurst-Hunter, Z.; Keating, B.J.; Asselbergs, F.W.; Sattar, N.; Humphries, S.E.; Hingorani,
A.D.; Holmes, M.V. Association of Lipid Fractions with Risks for Coronary Artery Disease and Diabetes. JAMA Cardiol. 2016, 1,
692–699. [CrossRef]

122. Fall, T.; Xie, W.; Poon, W.; Yaghootkar, H.; Mägi, R.; GENESIS Consortium; Knowles, J.W.; Lyssenko, V.; Weedon, M.; Frayling,
T.M.; et al. Using Genetic Variants to Assess the Relationship Between Circulating Lipids and Type 2 Diabetes. Diabetes 2015, 64,
2676–2684. [CrossRef] [PubMed]

123. Smith, M.L.; Bull, C.J.; Holmes, M.V.; Davey Smith, G.; Sanderson, E.; Anderson, E.L.; Bell, J.A. Distinct Metabolic Features of
Genetic Liability to Type 2 Diabetes and Coronary Artery Disease: A Reverse Mendelian Randomization Study. EBioMedicine
2023, 90, 104503. [CrossRef] [PubMed]

124. Dangas, K.; Navar, A.-M.; Kastelein, J.J.P. The Effect of CETP Inhibitors on New-Onset Diabetes: A Systematic Review and
Meta-Analysis. Eur. Heart J. Cardiovasc. Pharmacother. 2022, 8, 622–632. [CrossRef] [PubMed]

125. Nilsson, O.; Del Giudice, R.; Nagao, M.; Grönberg, C.; Eliasson, L.; Lagerstedt, J.O. Apolipoprotein A-I Primes Beta Cells to
Increase Glucose Stimulated Insulin Secretion. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165613. [CrossRef] [PubMed]

126. Cochran, B.J.; Bisoendial, R.J.; Hou, L.; Glaros, E.N.; Rossy, J.; Thomas, S.R.; Barter, P.J.; Rye, K.-A. Apolipoprotein A-I Increases
Insulin Secretion and Production from Pancreatic β-Cells via a G-Protein-CAMP-PKA-FoxO1-Dependent Mechanism. Arterioscler.
Thromb. Vasc. Biol. 2014, 34, 2261–2267. [CrossRef]

127. Fryirs, M.A.; Barter, P.J.; Appavoo, M.; Tuch, B.E.; Tabet, F.; Heather, A.K.; Rye, K.-A. Effects of High-Density Lipoproteins on
Pancreatic Beta-Cell Insulin Secretion. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1642–1648. [CrossRef] [PubMed]

128. Stenkula, K.G.; Lindahl, M.; Petrlova, J.; Dalla-Riva, J.; Göransson, O.; Cushman, S.W.; Krupinska, E.; Jones, H.A.; Lagerstedt, J.O.
Single Injections of ApoA-I Acutely Improve in Vivo Glucose Tolerance in Insulin-Resistant Mice. Diabetologia 2014, 57, 797–800.
[CrossRef]

129. Drew, B.G.; Duffy, S.J.; Formosa, M.F.; Natoli, A.K.; Henstridge, D.C.; Penfold, S.A.; Thomas, W.G.; Mukhamedova, N.; de
Courten, B.; Forbes, J.M.; et al. High-Density Lipoprotein Modulates Glucose Metabolism in Patients with Type 2 Diabetes
Mellitus. Circulation 2009, 119, 2103–2111. [CrossRef]

130. Brulhart-Meynet, M.C.; Thomas, A.; Sidibé, J.; Visentin, F.; Dusaulcy, R.; Schwitzgebel, V.; Pataky, Z.; Philippe, J.; Vuilleumier, N.;
James, R.W.; et al. Sphingosine-1-Phosphate as a Key Player of Insulin Secretion Induced by High-Density Lipoprotein Treatment.
Physiol. Rep. 2021, 9, e14786. [CrossRef]

131. Pétremand, J.; Puyal, J.; Chatton, J.-Y.; Duprez, J.; Allagnat, F.; Frias, M.; James, R.W.; Waeber, G.; Jonas, J.-C.; Widmann, C. HDLs
Protect Pancreatic β-Cells against ER Stress by Restoring Protein Folding and Trafficking. Diabetes 2012, 61, 1100–1111. [CrossRef]

132. Koren-Gluzer, M.; Aviram, M.; Meilin, E.; Hayek, T. The Antioxidant HDL-Associated Paraoxonase-1 (PON1) Attenuates Diabetes
Development and Stimulates β-Cell Insulin Release. Atherosclerosis 2011, 219, 510–518. [CrossRef] [PubMed]

133. Fritzen, A.M.; Domingo-Espín, J.; Lundsgaard, A.-M.; Kleinert, M.; Israelsen, I.; Carl, C.S.; Nicolaisen, T.S.; Kjøbsted, R.; Jeppesen,
J.F.; Wojtaszewski, J.F.P.; et al. ApoA-1 Improves Glucose Tolerance by Increasing Glucose Uptake into Heart and Skeletal Muscle
Independently of AMPKα2. Mol. Metab. 2020, 35, 100949. [CrossRef] [PubMed]

134. Koren-Gluzer, M.; Aviram, M.; Hayek, T. Paraoxonase1 (PON1) Reduces Insulin Resistance in Mice Fed a High-Fat Diet, and
Promotes GLUT4 Overexpression in Myocytes, via the IRS-1/Akt Pathway. Atherosclerosis 2013, 229, 71–78. [CrossRef] [PubMed]

135. Zhang, Q.; Zhang, Y.; Feng, H.; Guo, R.; Jin, L.; Wan, R.; Wang, L.; Chen, C.; Li, S. High Density Lipoprotein (HDL) Promotes
Glucose Uptake in Adipocytes and Glycogen Synthesis in Muscle Cells. PLoS ONE 2011, 6, e23556. [CrossRef] [PubMed]

136. Sagastume, D.; Siero, I.; Mertens, E.; Cottam, J.; Colizzi, C.; Peñalvo, J.L. The Effectiveness of Lifestyle Interventions on Type
2 Diabetes and Gestational Diabetes Incidence and Cardiometabolic Outcomes: A Systematic Review and Meta-Analysis of
Evidence from Low- and Middle-Income Countries. EClinicalMedicine 2022, 53, 101650. [CrossRef] [PubMed]

https://doi.org/10.3389/fendo.2022.828581
https://www.ncbi.nlm.nih.gov/pubmed/35282431
https://doi.org/10.2337/dc16-1295
https://doi.org/10.1016/j.diabres.2016.10.019
https://www.ncbi.nlm.nih.gov/pubmed/27865165
https://doi.org/10.1186/s12933-022-01452-5
https://doi.org/10.1111/jdi.13536
https://doi.org/10.2337/dc21-1238
https://doi.org/10.1001/jamacardio.2016.1884
https://doi.org/10.2337/db14-1710
https://www.ncbi.nlm.nih.gov/pubmed/25948681
https://doi.org/10.1016/j.ebiom.2023.104503
https://www.ncbi.nlm.nih.gov/pubmed/36870196
https://doi.org/10.1093/ehjcvp/pvac025
https://www.ncbi.nlm.nih.gov/pubmed/35441656
https://doi.org/10.1016/j.bbadis.2019.165613
https://www.ncbi.nlm.nih.gov/pubmed/31765698
https://doi.org/10.1161/ATVBAHA.114.304131
https://doi.org/10.1161/ATVBAHA.110.207373
https://www.ncbi.nlm.nih.gov/pubmed/20466975
https://doi.org/10.1007/s00125-014-3162-7
https://doi.org/10.1161/CIRCULATIONAHA.108.843219
https://doi.org/10.14814/phy2.14786
https://doi.org/10.2337/db11-1221
https://doi.org/10.1016/j.atherosclerosis.2011.07.119
https://www.ncbi.nlm.nih.gov/pubmed/21862013
https://doi.org/10.1016/j.molmet.2020.01.013
https://www.ncbi.nlm.nih.gov/pubmed/32244181
https://doi.org/10.1016/j.atherosclerosis.2013.03.028
https://www.ncbi.nlm.nih.gov/pubmed/23639858
https://doi.org/10.1371/journal.pone.0023556
https://www.ncbi.nlm.nih.gov/pubmed/21886796
https://doi.org/10.1016/j.eclinm.2022.101650
https://www.ncbi.nlm.nih.gov/pubmed/36119561


Antioxidants 2024, 13, 57 23 of 26

137. Celli, A.; Barnouin, Y.; Jiang, B.; Blevins, D.; Colleluori, G.; Mediwala, S.; Armamento-Villareal, R.; Qualls, C.; Villareal, D.T.
Lifestyle Intervention Strategy to Treat Diabetes in Older Adults: A Randomized Controlled Trial. Diabetes Care 2022, 45,
1943–1952. [CrossRef]

138. Goldberg, R.B.; Orchard, T.J.; Crandall, J.P.; Boyko, E.J.; Budoff, M.; Dabelea, D.; Gadde, K.M.; Knowler, W.C.; Lee, C.G.; Nathan,
D.M.; et al. Effects of Long-Term Metformin and Lifestyle Interventions on Cardiovascular Events in the Diabetes Prevention
Program and Its Outcome Study. Circulation 2022, 145, 1632–1641. [CrossRef]

139. Gong, Q.; Zhang, P.; Wang, J.; Ma, J.; An, Y.; Chen, Y.; Zhang, B.; Feng, X.; Li, H.; Chen, X.; et al. Morbidity and Mortality after
Lifestyle Intervention for People with Impaired Glucose Tolerance: 30-Year Results of the Da Qing Diabetes Prevention Outcome
Study. Lancet Diabetes Endocrinol. 2019, 7, 452–461. [CrossRef]
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