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Abstract
HDL is a complexmacromolecular cluster of various components, such as apolipoproteins, enzymes and lipids. Quality evidence
from clinical and epidemiological studies led to the principle that HDL-cholesterol (HDL-C) levels are inversely correlated with
the risk of CHD. Nevertheless, the failure of many cholesteryl ester transfer protein inhibitors to protect against CVD casts doubts
on this principle and highlights the fact that HDL functionality, as dictated by its proteome and lipidome, also plays an important
role in protecting against metabolic disorders. Recent data indicate that HDL-C levels and HDL particle functionality are
correlated with the pathogenesis and prognosis of type 2 diabetes mellitus, a major risk factor for CVD. Hyperglycaemia leads
to reduced HDL-C levels and deteriorated HDL functionality, via various alterations in HDL particles’ proteome and lipidome. In
turn, reduced HDL-C levels and impaired HDL functionality impact the performance of key organs related to glucose homeo-
stasis, such as pancreas and skeletal muscles. Interestingly, different structural alterations in HDL correlate with distinct meta-
bolic abnormalities, as indicated by recent data evaluating the role of apolipoprotein A1 and lecithin–cholesterol acyltransferase
deficiency in glucose homeostasis.While it is becoming evident that not all HDL disturbances are causatively associated with the
development and progression of type 2 diabetes, a bidirectional correlation between these two conditions exists, leading to a
perpetual self-feeding cycle.
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Abbreviations
ABCA1 ATP-binding cassette sub-family

A member 1
ApoA-1 Apolipoprotein A1
ApoA-1-HDL ApoA-1-containing HDL
ApoA-2 Apolipoprotein A2
ApoA-2-HDL ApoA-2-containing HDL
ApoA-4 Apolipoprotein A4
ΑpoB Apolipoprotein B
ApoC-3 Apolipoprotein C3
ApoC-3-HDL ApoC-3-containing HDL
ApoE Apolipoprotein E

ApoE-HDL ApoE-containing HDL
CE Cholesteryl ester
CETP Cholesteryl ester transfer protein
GWAS Genome-wide association study
HDL-C HDL-cholesterol
LCAT Lecithin–cholesterol acyltransferase
LDL-C LDL-cholesterol
ox-LDL Oxidised LDL
PON1 Paraoxonase 1
SAA Serum amyloid A
SRB1 Scavenger receptor class B type 1
TAG Triacylglycerol
VCAM-1 Vascular cell adhesion molecule 1

Introduction

HDL consists of a variety of components, such as apolipo-
proteins, enzymes and lipids. HDL particles display large
heterogeneity regarding their size, density, composition
and hence functionality [1]. Proteomic analyses have
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revealed the presence of more than 85 different proteins in
the HDL particle population [1, 2]. Apolipoprotein A1
(ApoA-1) is the main protein in this population but other
apolipoproteins, such as apolipoprotein E (ApoE), apolipo-
protein A2 (ApoA-2) and apolipoprotein C3 (ApoC-3), are
also involved in HDL biogenesis [3].

The inverse correlation between HDL-cholesterol (HDL-
C) levels and the risk of CHD [4–6] highlights the role of
HDL-C in health and disease. New evidence suggests that in
addition to HDL-C levels, particle quality is very important
[1]. Functional HDL has been reported to possess anti-
atherosclerotic and antioxidant properties by which it prevents
oxidised LDL (ox-LDL)-mediated endothelial dysfunction
[3]. It also inhibits endothelial adhesion and leucocyte and
platelet activation [7]. The anti-inflammatory effect of HDL
is due to the alleviation of inflammation and immune activa-
tion at the site of atherosclerosis [1]. There is also evidence
supporting the notion that these properties of HDL not only
protect the coronary vessel wall against atherosclerosis but
also directly benefit the myocardium [8]. Finally, HDL possi-
bly acts as a coronary vasodilator via release of NO, leading to
enhanced myocardial perfusion.

Recent studies have demonstrated that HDL proteome
dictates both its lipidome and its functionality [3] and
that different apolipoprotein-containing HDL particles
have distinct functional properties. In one clinical para-
digm, morbidly obese individuals had primarily ApoE-
containing HDL (ApoE-HDL) and ApoC-3-containing
HDL (ApoC-3-HDL), while after rapid weight loss
following bariatric surgery they had primarily ApoA-1-
containing HDL (ApoA-1-HDL) associated with signifi-
cantly improved antioxidant properties [9]. In another
clinical paradigm, young asymptomatic individuals who
suffered an acute non-fatal myocardial infarction had
elevated plasma ApoE-HDL and ApoC-3-HDL, correlat-
ed with reduced antioxidant activity [10]. Additional
studies in mice support the notion that ApoA-1-HDL is
functionally distinct from ApoE-HDL and ApoC-3-HDL.
Specifically, only ApoA-1-HDL, ApoA-2-containing
HDL (ApoA-2-HDL) and ApoC-3-HDL demonstrated
significant antioxidant activity while ApoE-HDL had
only a marginal capacity in inhibiting dihydrorhodamine
123 (DHR123) oxidation [11–13]. When HDL particles
were compared according to their ability to promote
cholesterol efflux, ApoA-1-HDL turned out to be the
most efficient, followed by ApoC-3-HDL, while ApoE-
HDL and ApoA-2-HDL had the lowest ability [11–13].
Regarding anti-inflammatory activity, this has been
demonstrated only for ApoE-HDL and ApoA-2-HDL,
while ApoA-1-HDL and ApoC-3-HDL were found to
have proinflammatory activity [11–13]. Therefore, not

all HDL particles are equally active and the net impact
of HDL is highly dependent on the relative amounts of
HDL sub-particles present in circulation. However, it
remains unclear which HDL functions are clinically rele-
vant to human health and disease, and to what extent [2].

HDL pharmacology

Although high HDL-C levels in plasma were initially consid-
ered to be protective against the development of atherosclero-
sis, evidence fromMendelian randomisation analysis of sever-
al studies on SNPs of gene loci related to plasma HDL-C
(LIPG, MLXIPL ABCA1, MMAB, MVK, TTC39B, LCAT,
FADS1-FADS2-FADS3, LIPC, HNF4A) suggests that a caus-
ative relationship between HDL-C levels and CVD cannot be
established [14, 15]. Recently, data from a meta-analysis of a
genome-wide association study (GWAS) with 188,577 partic-
ipants were analysed regarding 140 lipid-related SNPs and
their relationship with type 2 diabetes [16]. Significant asso-
ciations were found between gene variants determining higher
LDL-cholesterol (LDL-C) levels and lower type 2 diabetes
risk, consistent with another study showing that lower plasma
LDL-C due to specific polymorphism in HMGCR (the gene
encoding the intended target of statins) appeared to associate
with higher BMI and higher type 2 diabetes risk [17].
Nevertheless, no clear associations were found between genet-
ically determined levels of plasma HDL-C, triacylglycerols
(TAGs) and glucose levels, insulin secretion, or insulin sensi-
tivity in diabetic or non-diabetic individuals. It should be
noted, however, that Mendelian randomisation studies of this
type suffer the major limitation that plasma lipoprotein
concentrations are influenced by a wide variety of loci.
Besides this, genetic variants that affect lipoprotein plasma
levels have pleiotropic effects on other risk factors. In addi-
tion, plasma lipids are present in the circulation as structural
components of lipoproteins and their levels are greatly affect-
ed by the biochemical mechanisms involved in lipoprotein
metabolism. Efforts to overcome such limitations focus on
incorporating the so-called allele scores, which appear to
provide more powerful genetic instruments for complex traits
[18]. Another way to overcome such challenges is to analyse
data from large GWAS datasets using inverse variance-
weighted and Mendelian randomisation Egger methods.
Such methods provide the opportunity to re-address the effect
of pleiotropy on the association between lipid levels and the
metabolic syndrome [19].

Α recent epidemiological study fine-tuned the hypoth-
esis that elevated HDL-C levels affect cardiovascular
health and suggested that there is a U-shaped relationship
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between HDL-C levels and CVD and all-cause mortality
[20]. Low HDL-C levels (<1.036 mmol/l [40 mg/dl]) are
associated with increased risk for CVD and all-cause
mortality [20–22], while increasing the HDL-C levels
results in substantial reduction in CVD risk [23]. HDL-
C levels of between 1.036 and 1.813 mmol/l (40–70 mg/
dl) correspond to the lowest risk for CVD and all-cause
mortality [20]. Though HDL-C levels over 1.813 mmol/l
(70 mg/dl), present in a very small percentage of the
general population, correlate to gradually increased risk
for CVD and all-cause mortality [20], this does not
necessarily preclude a substantial benefit when raising
ones HDL-C from below 1.036 mmol/l (40 mg/dl) to
levels between 1.036 and 1.813 mmol/l (40–70 mg/dl).

The failure of cholesteryl ester transfer protein (CETP) inhib-
itors torcetrapib, dalcetrapib and evacetrapib to prove effective
against CVD [24] casted significant doubt on the clinical rele-
vance of HDL-C-raising strategies. Nonetheless, it is still unclear
whether the lack of pharmacological efficacy was specific to
these agents and whether they were the most suitable drugs for
testing the HDL-C-raising hypothesis. Evidence suggests that
lack of efficacy of CETP inhibitors may not be a class effect
since anacetrapib resulted in an 18% reduction in mortality rate
vs placebo, when administered on top of a statin in the REVEAL
clinical trial (ClinicalTrials.gov registration no. NCT01252953)
[25]. Along the same lines, when nicotinic acid (niacin) was
declared ineffective against CVD, the quality of clinical evidence
from the AIM-HIGH (ClinicalTrials.gov registration no.
NCT00120289) and the HPS2-THRIVE (ClinicalTrials.gov
registration no. NCT00461630) clinical trials was very low and
highly questionable due to design flaws [26]. Indeed, in theAIM-
HIGH trial, Niaspan (extended-release nicotinic acid) was
administered in patients receiving maximal intensive lipid-
lowering therapy with statin and ezetimibe, who already had a
median plasma LDL-C level of 1.86 mmol/l (72 mg/dl) and
median plasma TAG level of 1.84 mmol/l (163 mg/dl) [27].
According to the most recent European Society of Cardiology
(ESC) and the European Atherosclerosis Society (EAS) guide-
lines, most individuals with such LDL-C and TAG levels are
within goal. Similarly, when Tredaptive (laropiprant and nicotin-
ic acid) was tested in HPS2-THRIVE, the presence of
laropiprant, a prostaglandin D2 receptor antagonist, could have
blunted the pharmacological efficacy of nicotinic acid against
atherosclerosis [28]. Importantly, very recent evidence from the
REDUCE IT trial (Clinicatrials.gov registration no.
NCT01492361) suggests that lowering plasma TAG levels by
0.44 mmol/l (39 mg/dl) with icosapent ethyl is effective in
reducing CVD death and myocardial infarctions in individuals
with hypertriacylglycerolaemia. Similar data are also available
for other TAG-lowering agents such as pemafibrate
(PROMINENT clinical trial; ClinicalTrials.gov registration no.

NCT03071692). Since plasma HDL-C levels show an inverse
relationship to plasma TAG levels, it might be hypothesised that
any HDL-C-raising strategy that markedly decreases TAG levels
will benefit hypertriacylglycerolaemic individuals at risk for a
heart attack. Considering this, HDL-C-raising drugs must be
carefully re-examined in proper clinical trials and in suitable
individuals, such as those who are hypertriacylglycerolaemic
with increased CVD risk. For example, nicotinic acid, which
can increase HDL-C by 30%, and lower TAG by 30%, LDL-C
by 14% and lipoprotein (a) by 32%, is one such suitable candi-
date and its case should be re-opened. It should be noted, howev-
er, that despite the demonstrated beneficial effect on atheroscle-
rosis of lowering TAG levels no direct benefit on dysglycaemia
is expected.

Animal studies with recombinant human ApoA-1 and
sphingomyelin (CER-001) revealed a regression of atheroscle-
rotic lesions [29], an effect that was not observed in on-statin
patients with acute coronary syndrome [30]. A single infusion
of another recombinant HDL formulation (native ApoA-1 and
phospholipids [CSL-111]) in individuals with documented
coronary artery disease led to reduced lipid content in the
plaque, increased HDL-C levels and cholesterol efflux capacity
[31]. However, in another randomised controlled study, CSL-
111 failed to reduce atherosclerotic plaque while an increase in
liver enzymes levels led to suspension of its further develop-
ment [32]. The newest formulation of human ApoA-1 (human
plasma-derived ApoA-1 and phosphatidylcholine [CSL-112])
demonstrated great efficacy in enhancing cholesterol efflux as
well as promoting beneficial modifications in plaque lipid
composition [33, 34]. Currently, the phase III clinical trial
Study to Investigate CSL-112 in Subjects With Acute
Coronary Syndrome (AEGIS-II) is recruiting volunteers to
evaluate the efficacy and safety of CSL-112 in reducing the risk
of major cardiovascular events in individuals with acute coro-
nary syndrome [35]. The clinical benefits of CSL-112 in diabe-
tes have not been investigated thus far.

Another HDL-related pharmacological strategy that has been
tested involves HDL-mimetic peptides. ApoA-1 mimetic
peptides could be a promising therapeutic approach in the
management of atherosclerosis, since they prevent lipoprotein
oxidation and promote cholesterol efflux [36]. Specifically,
D-4F peptides have been shown to bind more efficiently than
endogenousApoA-1 to oxidised lipids [37], while animal studies
have revealed that they also increase cholesterol efflux, prevent
LDL oxidation and reduce atherosclerotic lesions and the expres-
sion of endothelial cell vascular cell adhesion molecule 1
(VCAM-1) and monocyte chemoattractant protein 1 (MCP-1)
[38, 39]. Furthermore, the first-in-human multiple-dose,
randomised controlled trial in high-risk individuals demonstrated
that D-4F reduced HDL inflammatory index [40]. However, its
effects on type 2 diabetes were not evaluated.
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Type 2 diabetes

Type 2 diabetes, a metabolic disorder characterised mainly by
elevated blood glucose levels, constitutes a major global health
burden, being among the top ten causes of death in adults.
According to the WHO in 2014, 422 million people were diag-
nosed with type 2 diabetes, increasing the global prevalence of
the disease from 4.7% (in 1980) to 8.5%. Furthermore, it is
estimated that the global prevalence will be 10.2% (578 million)
by 2030 and 10.9% (700 million) by 2045 [41].

Fasting plasma glucose levels increasewhen beta cells become
unable to produce or secrete sufficient amounts of insulin to meet
metabolic demands, or when peripheral insulin-sensitive tissues
lose their ability to respond to insulin stimulus, and hence develop
insulin resistance [1]. Insulin resistance usually precedes the diag-
nosis of type 2 diabetes and is accompanied by a characteristic
dyslipidaemia, marked by elevated TAGs and NEFA, low levels
of HDL-C and the predominance of the atherogenic small dense
LDL particles [42]. Diabetic dyslipidaemia develops mainly due
to impaired insulin sensitivity of adipose tissue and liver. In
adipose tissue, insulin inhibits hormone-sensitive lipase leading
to increased TAG storage while it influences TAG formation by
promoting glucose absorption and its conversion to glycerol-3-
phosphate and then to TAGs.When adipose tissue becomes insu-
lin resistant, uncontrolled lipolysis is observed due to decreased
hormone-sensitive lipase inhibition and glucose absorption, lead-
ing to increased circulating NEFA [42]. In the liver, insulin
downregulates TAG-rich lipoprotein production, meaning that
in insulin-resistant states, increased circulating VLDL is observed
due to hepatic overproduction [42].

The existence of low HDL-C and increased TAG levels in
diabetic dyslipidaemia suggest that a correlation between
HDL-C and the development and progression of type 2 diabe-
tes may exist.

Impact of type 2 diabetes on HDL

It is believed that the hyperglycaemia and hyperinsulinaemia
that develop in type 2 diabetes may impact the structure as

well as the functions of HDL [1] (Fig. 1). Indeed, insulin
resistance and dyslipidaemia are inversely correlated with
HDL-C levels, HDL particle size and diameter. As seen in
NMR studies, the HDL population in type 2 diabetes consists
mostly of small TAG-rich HDL particles accompanied by loss
of large and very large particles [43]. The intensive formation
of small HDL particles and the reduced overall HDL-C levels
may be attributed to abnormal HDLmetabolism, explained by
either increased catabolic rate or impaired maturation and
decreased biogenesis [44]. The precise mechanism for this
phenomenon remains unknown and existing interpretations
are based on HDL-C levels that, considering the importance
of HDL functionality in type 2 diabetes, may be inadequate. It
has been proposed that large amounts of VLDL are synthe-
sised and secreted by the liver in response to increased levels
of carbohydrate-responsive element-binding protein
(ChREBP) and sterol regulatory element-binding protein 1c
(SREBP1c) due to hyperinsulinaemia and hyperglycaemia
[45], which in turn upregulates CETP expression, thereby
facilitating HDL depletion from cholesteryl esters (CEs) and
its enrichment with TAGs. Though not proven, it was
suggested that such TAG enrichment could render HDL parti-
cles more susceptible to hydrolysis by hepatic and endothelial
lipases, thereby reducing their size even further [46] and facil-
itating their interaction with scavenger receptor class B type 1
(SRB1) [47]. It is also proposed that due to lipid loss ApoA-1
could dissociate from HDL, leading to its subsequent catabo-
lism [48].

This hypothesis agrees with the altered proteomic
composition of HDL particles that is commonly reported
in the literature. Specifically, in the presence of type 2
diabetes, low levels of ApoA-1 and ApoE as well as
reduced catabolism of apolipoprotein B (ApoB) and over-
expression of ApoC-3 are observed [49]. Enrichment of
HDL particles with the oxidative moieties myeloperoxidase
and serum amyloid A (SAA) is also observed under diabetic
conditions [50]. Lipid composition also seems to be affect-
ed by the presence of type 2 diabetes. In particular, HDL
particles are enriched in oxidised fatty acids and TAGs,
possibly due to enhanced CETP activity, while CEs are
mostly depleted from HDL particles [51]. As a result, the
particle surface becomes neutral, thus affecting its ability to
interact with plasma enzymes, such as paraoxonase 1
(PON1), lecithin–cholesterol acyltransferase (LCAT) and
lipoprotein-associated phospholipase A2, leading to lipid
peroxide accumulation.

Lipid peroxidation is also promoted by hyperglycaemia,
which in turn contributes to dysfunctional HDL, since
HDL particles containing glycated PON1 exhibit defective
hydrolysis of lipid peroxides [52]. Additionally, depletion
of PON1-rich HDL3 particles is commonly reported in
type 2 diabetes [53], alongside impairment in their antiox-
idant capacity. Since HDL in type 2 diabetes is unable to
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provide antioxidant protection to LDL, there is a failure to
counteract ox-LDL-induced vasoconstriction [54].
Glycation of HDL protein components, such as ApoA-1
and PON1, also negatively affects endothelial cell survival,
proliferation and migration capacity by promoting vascular
inflammation and endoplasmic reticulum stress and by
direct activation of pro-apoptotic pathways [4].

HDL particles from diabetic individuals promote elevated
synthesis of adhesion molecules (intercellular adhesion molecule
1 [ICAM-1], VCAM-1) and therefore monocyte infiltration and
vascular inflammation [55]. In such chronic inflammatory states,
the HDL subpopulation consists mainly of SAA-containing
HDL alongside less functional ApoA-1-HDL particles [56].
Glycated ApoA-1, in particular, has been shown to activate the
NF-κB signalling pathway and therefore triggers cytokine
synthesis either by its interaction with the receptor for AGEs or
by upregulating SRB1-mediated ox-LDL uptake from macro-
phages. Furthermore, SAA enrichment also contributes to NF-
kB activation and therefore exaggerated cytokine production
frommacrophages. In general, such dysfunctional HDL particles
display impaired anti-inflammatory activity and are proven to be
defective in alleviating cytokine production from macrophages
and LDL-induced monocyte chemotaxis [57].

Oxidative modifications as well as glycation of ApoA-
1 negatively impact its stability and compromises its
interaction with ATP-binding cassette sub-family A
member 1 (ABCA1), leading to impaired cholesterol
efflux in most individuals with type 2 diabetes [56, 58].
Additionally, AGEs interfere with ABCA1-mediated
efflux and promote cholesterol accumulation by directly
downregulating ABCA1 and ATP-binding cassette sub-
family G member 1 (ABCG1) expression [59]. However,
a small number of studies failed to demonstrate any corre-
lation between glucose levels and cholesterol efflux
capacity, implying that hyperglycaemia per se is not the
only factor for defective cholesterol efflux in type 2
diabetes.

Taken together, it appears that hyperinsulinaemia and
hyperglycaemia lead to reduced HDL-C levels and a
deterioration in HDL functionality, via various alter-
ations in HDL particles’ proteome and lipidome. The
altered HDL composition and structure noted in type 2
diabetes promotes the progression of atherosclerosis
through defective cholesterol efflux, increased oxidative
stress, exaggerated inflammatory responses, vascular
dysfunction and reduced anti-apoptotic activity.

HDL Type 2 diabetes

Impaired efflux 

Impaired antioxidant capacity

Dysfunctional HDL

Proteome alterations

Enrichment with oxidised FAs and TAGs 

Glycation of ApoA-1

Reduced HDL-C levels

Hyperglycaemia 

Hyperinsulinaemia 

Impaired glucose uptake

Impaired insulin secretion 

Cell lipotoxicity

Apoptosis 

Fig. 1 Depiction of the functional
crosstalk between HDL and type
2 diabetes. Type 2 diabetes
impacts the quantity, composition
and function of HDL, which in
turn affects the secretory capacity
of beta cells in pancreatic islets
and skeletal muscle insulin
sensitivity in a perpetual self-
feeding cycle. FA, fatty acid. This
figure is available as a
downloadable slide
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Impact of HDL on type 2 diabetes

HDL levels and functionality have been implicated in
glucose homeostasis mainly by four distinct mechanisms:
beta cell insulin secretion; peripheral insulin sensitivity;
non-insulin-dependent glucose uptake; and adipose tissue
metabolic activation [60] (Fig. 1). Increased HDL-C levels
are considered protective against type 2 diabetes by facil-
itating insulin secretion and modifying glucose uptake. In
contrast, reduced HDL-C levels predispose to the develop-
ment of the disease, even though low HDL-C levels alone
have not been directly associated with its induction. In
addition to HDL-C levels, HDL particle size has been
shown to relate to the regulation of glucose homeostasis.
Strikingly, large spherical HDL (HDL2) particles correlate
inversely with type 2 diabetes risk and good glycaemic
control [44]. In contrast, smaller TAG-rich HDL particles
are possibly associated with elevated plasma glucose levels
[61].

Increasing HDL-C and ApoA-1 levels seems to
enhance glycaemic control by improving two key anti-
atherogenic HDL features: antioxidant capacity and
reverse cholesterol transport [62, 63]. Reverse cholesterol
transport has been reported to facilitate insulin secretion
by protecting beta cells from cholesterol-induced toxicity,
stress-induced apoptosis and inflammation through inhibi-
tion of cytokine-stimulated apoptosis [64]. In line with
these findings, reduced ABCA1 activity has been linked
to low levels of secreted insulin due to impaired choles-
terol efflux and, thus, increased intracellular cholesterol
and cholesterol membrane deposition leading to cell
lipotoxicity [65]. It has been demonstrated that infusion
of HDL in diabetic individuals improves pancreatic beta
cell function, possibly due to reduced apoptosis [66, 67].
Many other HDL-related proteins and apolipoproteins
also play an important role in insulin secretion and
glucose homeostasis. It has been reported that ApoA-1
enhances insulin secretion resulting in improved glucose
tolerance [68, 69]. Similarly, apolipoprotein A4 (ApoA-4)
was shown to boost insulin secretion in hyperglycaemic
states and reduce serum glucose levels [62, 70].

Besides insulin secretion, glucose uptake by peripheral
tissues is also positively affected by HDL particle function-
ality, as defined by its composition and its functional inter-
actions with other factors. ApoA-1 and -2 seem to boost
glucose-stimulated insulin secretion through enhanced
cholesterol efflux mediated by ABCA1 [66]. More specif-
ically, ApoA-1 is strongly associated with enhanced insulin
sensitivity and glucose-stimulated insulin secretion mainly
via an ABCA1–Cdc42–cAMP–protein kinase A (PKA)

pathway [71–74]. Furthermore, recent data suggest that
ApoA-1 as well as reconstituted discoidal HDL particles
modulate skeletal muscle glucose uptake via an insulin-
independent pathway involving GLUT-4 translocation
[71, 75]. Additionally, it was recently shown that ApoA-
1-mediated heart and skeletal muscle glucose uptake could
be independent of the AMP-activated protein kinase
(AMPK) pathway [76]. The rs670 variant of the APOA1
gene has been found to result in higher HDL-C levels,
enhanced insulin levels and HOMA-IR modifications while
it also correlated with reduced insulin resistance [77].
Furthermore, this variant enhances insulin secretion
resulting in improved glucose tolerance [68, 78].

Recent data demonstrated that ABCA1 gene variants
contribute to the development of type 2 diabetes by reduc-
ing serum HDL-C levels [79, 80] and by increasing intra-
cellular non-esterified cholesterol levels, leading to cell
lipotoxicity and thus impaired pancreatic beta cell func-
tion [81–85]. Moreover ABCA1 gene downregulation
reduces insulin-dependent Akt phosphorylation and
GLUT4 translocation, affecting insulin sensitivity [46,
48]. On the contrary, dysfunctional ABCA1 has been also
linked to improved secretory ability of beta cells, poten-
tially due to increased cholesterol supply for their secre-
tory needs [86].

The direct causative relationship between HDL struc-
ture and type 2 diabetes was investigated in a study
evaluating the role of ApoA-1 and LCAT deficiency in
diet-induced obesity and glucose homeostasis in mice
[87]. ApoA-1 deficiency results in lack of classical
ApoA-1-HDL, while LCAT deficiency results in mainly
discoidal HDL particles, both of which constitute drastic
changes in HDL structure and composition. Indeed,
HDL from ApoA-1-deficient (Apoa1−/−) mice contained
mainly ApoE, while HDL from LCAT-deficient (Lcat−/−)
mice contained primarily ApoA-2; both strains displayed
significantly reduced HDL-C levels [87]. The structural
differences in the HDL of Apoa1−/− and Lcat−/− mice
correlated with distinct metabolic abnormalities in each
strain. Even though both strains developed obesity, the
beta cells from only the Apoa1−/− mouse islets showed
reduced capacity to secrete insulin in response to
glucose stimulation. This observation was attributed to
the increased rigidity of the beta cell membrane, a phys-
icochemical property that is associated with reduced
stimulation of ion channels, which are of paramount
importance for insulin secretion [88]. Similarly, skeletal
muscles of only the Apoa1−/− mice showed reduced
glucose uptake upon insulin stimulation. Even though it
is often mentioned that obesity is the cause of diabetes
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in individuals with the metabolic syndrome, these find-
ings strongly suggest that HDL structure, rather than
adipose tissue, is responsible for the observed glucose
metabolic abnormalities.

Conclusions and future directions

Based on the current literature, a bidirectional correlation
between HDL dysfunction and type 2 diabetes exists, leading
to a perpetual self-feeding cycle (Fig. 1). It is increasingly evident
that not all HDL disturbances are causatively associated with the
development and progression of type 2 diabetes. Most recent
clinical and epidemiological data indicate that an optimal range
of plasma HDL-C concentrations exists in humans. Even though
very high HDL-C levels appear to correlate with dysfunctional
HDL, this does not necessarily preclude a substantial benefit
when raising ones HDL-C from very low levels to levels within
the optimal range. The notion that HDL proteome dictates its
lipidome and subsequently HDL particle functionality [11]
suggests that alterations in the HDL metabolic pathway have
substantial influence on its properties and functions. However,
the interrelation between HDL lipidome, proteome and particle
functionality is a missing part of the puzzle, which remains as yet
unsolved. HDL, the sleeping beauty of lipoproteins, is waiting
for its prince to awake her therapeutic potential. Understanding
HDL functionality and the factors affecting it in diabetic individ-
uals remains a crucial step towards better glucose homeostasis.
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