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Abstract

The burden of cardiovascular disease is particularly high among individuals with
diabetes, even when LDL cholesterol is normal or within the therapeutic target.
Despite this, cholesterol accumulates in their arteries, in part, due to persistent
atherogenic dyslipidaemia characterized by elevated triglycerides, remnant cho-
lesterol, smaller LDL particles and reduced HDL cholesterol. The causal link
between dyslipidaemia and atherosclerosis in T2DM is complex, and our con-
tention is that a deeper understanding of lipoprotein composition and function-
ality, the vehicle that delivers cholesterol to the artery, will provide insight for
improving our understanding of the hidden cardiovascular risk of diabetes. This
narrative review covers three levels of complexity in lipoprotein characterization:
1—the information provided by routine clinical biochemistry, 2—advanced nu-
clear magnetic resonance (NMR)-based lipoprotein profiling and 3—the identifi-
cation of minor components or physical properties of lipoproteins that can help
explain arterial accumulation in individuals with normal LDLc levels, which is
typically the case in individuals with T2DM. This document highlights the impor-
tance of incorporating these three layers of lipoprotein-related information into
population-based studies on ASCVD in T2DM. Such an attempt should inevitably
run in parallel with biotechnological solutions that allow large-scale determina-
tion of these sets of methodologically diverse parameters.
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Atherosclerotic cardiovascular disease (ASCVD) is the lead-
ing cause of mortality and morbidity in people living with
type 2 diabetes mellitus (T2DM)." Adults with diabetes have
a 2-4 times higher risk of suffering cardiovascular events
than those without diabetes,” and the risk of dying from
ASCVD is twice as high.? In addition to a higher prevalence
of several classical risk factors, there are specific cardiovas-
cular risk factors, including diabetes duration, coexistence
of microvascular complications, higher prevalence of low-
income, dyslipidaemia, obesity and/or abnormal fat distri-
bution, among individuals with T2DM. This review focusses
on the pathological accumulation of cholesterol in the ar-
teries of individuals with normal or within the therapeutic
target* low-density lipoprotein cholesterol (LDLc) and our
incomplete understanding of this phenomenon character-
istic of T2DM and other states of insulin resistance. The
accumulation of cholesterol transported by lipoproteins in
the arterial wall is an almost inescapable feature of ASCVD
since only as little as 6%-8% of cases of myocardial infarc-
tion occur in the absence of atherosclerotic coronary artery
disease.” However, it is not obvious that cholesterol-loaded
atherosclerotic plaques are always the result of hypercho-
lesterolaemia as more than half of the cases of myocardial
infarction occur in individuals with desirable or within the
LDL cholesterol concentration goal.® The causal link be-
tween dyslipidaemia and atherosclerosis in T2DM is com-
plex, and our contention is that a deeper understanding of
lipoprotein composition and functionality, the vehicle that
delivers cholesterol to the artery, will provide the necessary
insight to understand the hidden cardiovascular risk of
diabetes. This narrative review covers three levels of com-
plexity in lipoprotein characterization: 1—the information
provided by routine clinical biochemistry, 2—advanced
nuclear magnetic resonance (NMR)-based lipoprotein pro-
filing and 3—the identification of minor components or
physical properties of lipoproteins that can help explain ar-
terial accumulation in individuals with normal LDLc levels,
which is typically the case in subjects with T2DM.

1 | LIPID PARAMETERS THAT
CAN BE OBTAINED IN A CLINICAL
SETTING

1.1 |
Lp(a)

Triglycerides, HDLc, LDLc and

An increased prevalence of lipid abnormalities, which
usually does not include elevated LDLc, contributes to
the increased risk of ASCVD in individuals with T2DM.
Typical analytical alterations include high triglyceride
(TG) and free fatty acid levels and low high-density lipo-
protein cholesterol (HDLc) concentrations.

On the other hand, HDLc has been suggested to have a
U-shape association with cardiovascular disease and mor-
tality in the general population,” and this association has
also been found in T2DM.*’

Nevertheless, approximately 40%-60% of subjects
exhibit characteristics of the so-called diabetic or ath-
erogenic dyslipidaemia and only approximately 25% are
reported to be normolipidaemic.'®"! Paradoxically, ther-
apeutic interventions aimed at lowering TG levels'*"* or
increasing HDLc levels'* have not consistently shown a
decrease in cardiovascular events,”” while therapy di-
rected at lowering LDLc levels (even within the normal
range) does, independently of the therapy used.'®!” While
this therapeutic strategy has been very effective, a large
proportion of patients still have unexplained risk, the so-
called residual risk, which requires further investigation.'
Part of this residual risk can be explained by Lipoprotein
(a) (Lp(a)) which is also an independent and causal risk
factor for ASCVD in diabetes. The intriguing inverse asso-
ciation between Lp(a) concentration and risk of diabetes
is still a matter of debate.'®

1.2 | Apolipoprotein B, non-HDLc and
remnant cholesterol

These findings all suggest an incomplete understand-
ing of the mechanisms leading to cholesterol deposition
and ASCVD in general and in T2DM. The accumulation
of cholesterol in the arteries when the concentration of
circulating LDLc is normal can be caused by other lipo-
proteins also transporting cholesterol, likely TG-rich li-
poproteins (TRLs), since HDL has precisely the opposite
function, or by physical or compositional characteristics
of LDL, which make it prone to arterial infiltration and
retention even when LDLc is present at normal concen-
trations. The pathophysiology of diabetic dyslipidae-
mia provides the biological basis for both possibilities
(Figure 1). Briefly, the loss of insulin sensitivity in muscle
and adipose tissue results in an increased flux of free fatty
acids which, in turn, promotes hepatic overproduction of
TRLs in the form of large VLDL1, causing moderate hy-
pertriglyceridaemia (HTG). TG-rich lipoproteins are rap-
idly hydrolysed by lipoprotein lipase (LPL) and become
smaller particles, known as remnant particles, which
can be cleared by the liver or further metabolized to IDL
and LDL. Insulin resistance-induced hepatic synthesis of
large VLDL1 stimulates cholesteryl ester transfer protein
(CETP) activity. CETP facilitates the transfer of triglycer-
ides from triglyceride-rich lipoproteins to HDL and LDL
in exchange for cholesteryl esters, resulting in an increase
in triglyceride content of HDL and LDL. Triglyceride-
enriched LDL particles then undergo further hydrolysis

85UB01 7 SUOWIWIOD BA 81D 3|qeot(dde 8y} Aq peusenob afe Saofie YO 8SN Jo SajnJ o A%IqiT8UIUQ AS]IM UO (SUOTIPUCO-PUB-SWLS)/LLI0O" A8 | 1M Aled 1jul [UO//:SANL) SUONIPUOD puUe SWiB | 8U1 89S *[5Z02/S0/ST] Uo AkeqiTauliuo A8|im ‘(ouleAnge ) aqnopesy Aq ¥TzyT 199/TTTT'0T/I0P/W00 A8 |1 Aleiqiul|uo//Sdny Wwolj pepeojumod ‘8 ‘v20Z ‘Z9E2S9ET



GUARDIOLA ET AL.

WILEY-22

via hepatic lipase, thereby reducing LDL particle size."
Overall, this pool of remnant particles transports the so-
called, remnant cholesterol. This is aggravated by the de-
layed postprandial lipaemia characteristic of T2DM. Not
only is there increased production and decreased catabo-
lism of chylomicrons in T2DM,* but the intestinal syn-
thesis of VLDL, approximately 25% of total VLDL, nearly
doubles in T2DM and increases their residence time five-
fold. This helps increase the pool of TRLs and remnant
particles, including IDLs.*!

This metabolic scenario derived from insulin resistance
provides clues on four biological and clinical atherogenic
characteristics of lipoproteins beyond the cholesterol con-
centration of the LDL particle:

1. Non-HDL cholesterol: Cholesterol transported by ath-
erogenic lipoproteins other than LDL is an obvious
parameter of interest when atheroma is present in
normocholesterolaemic individuals (Figure 1A).

2. More circulating particles: Increased number of circu-
lating particles due to an insulin resistance-driven in-
crease in hepatic production and decreased clearance
of TRLs. Again, this often occurs with normal LDL or
total cholesterol levels (Figure 1B).

3. Smaller LDL and TRL particles: Smaller particles
cross the endothelium more easily than larger par-
ticles, and these smaller particles are retained and
oxidized in the extracellular matrix. VLDL remnants
rapidly become smaller particles (<70nm) that can
enter the subendothelial space and be taken up by
macrophages without any previous modification®*
(Figure 1B).

4. Cholesterol content of TRLs: Biology and clinical tri-
als indicate that cholesterol, not TGs, is the athero-
genic component of TRLs. TGs are hydrolysed and
do not accumulate in the arteries, while TG-lowering
therapies have shown to be ineffective at decreas-
ing ASCVD mortality in diabetes."® Although most
cholesterol is transported by LDL, in the nonfasting
state, up to one-third of cholesterol can be carried by
remnant lipoproteins.”> The biological relevance of
TRL remnant cholesterol in atherosclerosis has been
determined by comparing a single TRL particle to a
single LDL particle. TRLs can be taken up more eas-
ily by macrophages than LDL, as they do not require
any previous modification, and each TRL remnant
particle contains four times more cholesterol than a
single LDL particle**** (Figure 1C).

The immediate questions are which biomarkers can
provide information on these four lipoprotein charac-
teristics and whether there is evidence of their clinical
relevance.

1. Non-HDL cholesterol: In T2DM, the non-HDLc (cal-
culated as total cholesterol minus HDL cholesterol) is
considered a more informative parameter than LDLc as
it also takes into account the cholesterol transported by
the TRLs produced in excess in T2DM.”® In diabetes,
non-HDL cholesterol may be a stronger predictor of
ASCVD than either LDLc or TGs.?” According to the
current ESC/EAS guidelines, non-HDLc is the key
lipid parameter in the assessment of cardiovascular
risk in T2DM.

2. More circulating particles: Even though the exact

number of lipoprotein particles can be assessed only
through advanced NMR lipidomics (as discussed
below), apolipoprotein B is still a reliable surrogate
marker of the number of atherogenic lipoproteins.
Because apoB is one of the largest proteins in circula-
tion, only one apoB molecule is bound to each lipo-
protein. Therefore, the more apoB there is, the more
atherogenic particles there are. ApoB has been shown
to be able to identify dyslipidaemic phenotypes associ-
ated with cardiovascular risk in normocholesterolae-
mic individuals with T2DM.?® ApoB, however, does
not allow distinction between TLRs (VLDL and IDL)
and LDL or Lp(a). ApoB has been proven to be a better
predictor of myocardial infarction and ASCVD than
LDLc and non-HDLc**°

3. Smaller LDL and TRL particles: Although the exact
diameter of each lipoprotein subclass can be reliably
assessed only by NMR lipidomics, an LDLc/apoB
ratio lower than 1.2 has been used to estimate preva-
lence of small and dense LDL in T2DM.*! The amount
of cholesterol transported by small LDL particles can
also be estimated by direct precipitation of LDL.*?

4. Cholesterol content of TRLs: The exact content of

TRL cholesterol can be determined by direct measure-
ment of cholesterol in VLDL and IDL isolated by ul-
tracentrifugation, direct automated determination™?
or advanced NMR lipidomics. Given that these tech-
niques might not be easily accessible, remnant cho-
lesterol can be alternatively calculated by subtracting
LDLc and HDLc from total cholesterol. When LDLc
is calculated by the Friedewald formula, the increase
in TG in individuals with T2DM may render inexact
results,* which may require specific adjustments.*®
Epidemiology, genetic epidemiology and randomized
controlled trials have extensively proven the clini-
cal relevance of remnant cholesterol in ASCVD.*®?’
In relation to T2DM, the identification of VLDLc as
a stronger contributor than LDLc to myocardial in-
farction,>® which is a significant contributor to the
excess cardiovascular risk due to T2DM*’ or the
identification, in the PREDIMED study,*’ of the low
LDLc-elevated VLDLc category (typically observed in
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T2DM) as the one with the highest ASCVD, are par-
ticularly clarifying.

Normality and reference values for the parameters de-
scribed in this section can be found in Table 1.

2 | NUCLEAR MAGNETIC
RESONANCE

From the pathophysiology described above, the number
and size of particles appear to be two distinctive athero-
genic characteristics of the lipoprotein profile in T2DM.
While these parameters can be estimated only through
routine biochemical methods, they can be precisely meas-
ured via NMR.

Therefore, NMR has emerged as a methodology with
the potential to deepen our understanding of ASCVD
by evaluating additional characteristics of lipoproteins
known to play a role in residual cardiovascular risk. NMR
lipoprotein measurements are based on the fact that ester-
ified cholesterol and TGs carried by lipoproteins contain
methyl groups in their molecular structure that, through
the use of radiofrequency pulses, resonate at different fre-
quencies depending on the size of the lipoprotein, thus
generating a series of detectable signals. In this respect,
the smaller the lipoprotein size is, the lower the resonance
frequency of the lipids contained. NMR is a metabolomic
profiling technique that offers rapid and simultaneous au-
tomatic quantification of the number and lipid content of
particles of the three main classes of lipoproteins (VLDL,
LDL and HDL), and of their subclasses according to size
(large, medium and small) (Figure 2).

In addition, the fact that this technique allows the
sample to be retrieved, stored for a long time and reused,
should not be underestimated. NMR also allows for the
determination of the cholesterol and TG content of each
lipoprotein subclass, which establishes a collection of con-
ventional and advanced parameters.

Overall, NMR is effective for metabolite quantification
in large-scale epidemiological studies because it requires
minimal sample preparation and processing, allowing
high-throughput methods to be used. Thus, although this

methodology is less accessible and has been suggested to
be unfeasible for clinical practice,* its utility in assessing
cardiovascular risk has been more accurately demon-
strated in large cohorts.

2.1 | NMR lipoprotein profiling and
risk of CVD in diabetes

Individuals with T2DM have an approximately twofold
increase in CVD risk on average, which is subject to wide
variation depending on the population and therapy.*
Atherogenic dyslipidaemia,* which presents as a cluster of
plasma lipid and lipoprotein abnormalities that are meta-
bolically interrelated and triggered by an increase in large
VLDL particles associated with atherogenic remnants,
small dense LDL and small TG-rich dense HDL particles,
is recognized as a major risk factor for the elevated risk.**
Both LDL and HDL particles show variable compositional
changes that are reflected in their functions and are inde-
pendently associated with cardiovascular risk in individuals
with T2DM.*? Together, TRL remnants, small dense LDL
and small dense HDL comprise the atherogenic lipid profile,
which is also characterized by an increase in the ApoB con-
centration, and the number of ApoB-containing particles.
Several large-scale clinical outcome trials have shown
that a decrease in LDLc levels is crucial for reducing car-
diovascular morbidity and mortality.*® However, using
LDLc alone is insufficient, as approximately 50% of these
events occur in individuals with normal LDL concentra-
tions, and specific management of atherogenic dyslipi-
daemia might help reduce the high residual burden of
ASCVD.* How to prevent the extra risk beyond the tradi-
tional risk factors in clinical practice is currently debated.
The IMPROVE-IT study” involving 18,144 patients
provided evidence that lower LDLc (53mg/dL) and apoB
(70 mg/dL) result in better outcomes in subjects with di-
abetes after acute coronary syndrome, and apoB-targeted
lipid-lowering therapies are recommended beyond LDLc.
On the other hand, the LDL particle (LDL-P) count can also
be useful as a target for treatment in subjects with diabetes.
However, in the absence of robust prospective clinical trial
evidence, there is a lack of uniform agreement regarding

FIGURE 1 (A)Non-HDLc accounts for the cholesterol content of TRLs (VLDL and VLDL remnants) and LDL. In diabetes, given the
increased amount of circulating TRL triggered by insulin resistance, non-HDLc is a strong predictor of ASCVD. (B) VLDL, VLDL remnants
and LDL particle concentrations are elevated in T2DM due to an increased synthesis of VLDL by the liver, a result of insulin resistance,

and a decreased clearance of TRLs and LDL due to conformational changes or interference of apoC-III with apoE. These particles stay in
circulation longer, increasing the risk for lipoprotein modification and accumulation in the intima. TRL and LDL of people with diabetes are
TG-enriched. Hydrolysis of these TGs by HL or LPL results in smaller TRL and LDL, which can easily go through the arterial endothelium
and accumulate in the intima. (C) Only a small proportion of TRL lipid cargo is cholesterol; however, since they are much larger than LDL,
one TRL that accumulates in the intima contains 4 times more cholesterol per particle than LDL. ASCVD, atherosclerotic cardiovascular
disease; HDLc, high-density lipoprotein cholesterol; LDL, low-density lipoprotein; TRL, TG-rich lipoprotein.
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TABLE 1 Normality values and assessment methods of the proposed parameters.

Parameter

Clinical setting™"'®"

Triglycerides

LDLc

HDLc

Non-HDLc

Remnant cholesterol

ApoB

Lp(a)

Nuclear magnetic resonance
Total VLDL particle concentration
Large VLDL particle concentration

Medium VLDL particle
concentration

Small VLDL particle concentration

Total LDL particle concentration

Large LDL particle concentration
Medium LDL particle concentration
Small LDL particle concentration
Total HDL particle concentration
Large HDL particle concentration
Medium HDL particle concentration

Small HDL particle concentration

Normality values Assessment method

<150mg/dL (1.69mmol/L) + Enzymatic colorimetric
assay (glycerol-phosphate
oxidase-peroxidase)

<55mg/dL (1.4mmol/L) « Enzymatic colorimetric
<70mg/dL (1.8 mmol/L)
<100mg/dL (2.6 mmol/L)

assay;
« Friedewald formula

>50mg/dL (1.29 mmol/L) « Enzymatic colorimetric assay
in women

>40mg/dL (1.03mmol/L)
in men

<85mg/dL (2.2mmol/L) » Total cholesterol minus HDL

<100mg/dL (2.6 mmol/L) cholesterol

<130mg/dL (3.4 mmol/L)

<30mg/dL (.78 mmol/L) « Total cholesterol minus
LDL cholesterol minus HDL
cholesterol;

« automated two-
step determination
(degradation of LDL and
HDL + measurement of
cholesterol content);
« NMR
« ultracentrifugation +
cholesterol measurement
<65mg/dL (1.27 pmol/L) + Turbidimetric immunoassays
<80mg/dL (1.56pumol/L) ~ * Ratenephelometry
<100mg/dL (1.95 pmol/L)

<80nmol/L « Turbidimetric immunoassays

41.27 (27-56) nmol/L
1.09 (.73-1.35) nmol/L
4.33 (3.04-6.08) nmol/L

Nuclear magnetic resonance

35.69 (23-49) nmol/L

1313.71 (1120-1500)
nmol/L

200.24 (170-230) nmol/L
394.43 (310-500) nmol/L
709.21 (610-790) nmol/L
28.36 (24-32) pmol/L

28 (.25-.32) pmol/L

9.68 (8.5-11) pmol/L
18.31 (15-21) pmol/L

Observation

Very high CVR
High CVR
Intermediate CVR

>97mg/dL (2.51 mmol/L) in
women and >77 mg/dL
(1.99 mmol/L) in men increase
all-cause mortality’

Very high CVR
High CVR
Intermediate CVR

Very high CVR
High CVR
Intermediate CVR

Data obtained from 6.022
subjects from three different
cohorts, 2122

Total LDL particle concentration:
according to the AACE
guidelines for the management
of diabetes it should be
<1200nmol/L in subjects
with moderate risk and
<1000nmol/L in subjects with
high risk'*

Note: Parameters also mentioned in the manuscript but measured in lipoproteins only in research studies have not been included in this table due to the
absence of reliable reference values. These include apolipoprotein C-III (measured by turbidimetric immunoassays, ELISA or Mass Spectrometry immunoassay
in the case of its Glycoforms); Lipopolysaccharide (measured by Limulus amoebocyte assay (LAL), Endotoxin activity assay (EAA) or Mass spectrometry);
Lipoprotein electronegativity (measured by Ultracentrifugation + Anion-exchange chromatography) and Oxidized LDL (measured by ELISA against a variety

of epitopes).

Abbreviations: CVR, cardiovascular risk; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein; apo,

apolipoprotein; Lp(a), lipoprotein (a); NMR, nuclear magnetic resonance.
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FIGURE 2 NMR spectroscopy allows for the quantification of lipoprotein particle concentrations in different lipoprotein subclasses
(large, medium and small) within each main lipoprotein class (VLDL, LDL and HDL) including also their cholesterol and TG content.
Interestingly, the acquisition of NMR spectra for lipoprotein profiling also contains additional signals from which data on useful biomarkers

can be obtained. One of these signals correspond to the glycoproteins (GlycA, B and F) which are an integrated marker of low-grade

inflammation derived from a composite signal of N-acetylmethyl group resonances from several acute phase proteins, thus integrating

multiple inflammatory pathways. NMR spectra analysis also distinguishes the low molecular weight metabolites window (LMWM) that

includes a wide range of small molecules such as different amino acids and metabolites related to glucose metabolism, renal function
and ketone bodies that have been linked to various phases of the progression from pre-diabetes to T2DM. HDLc, high-density lipoprotein
cholesterol; LDL, low-density lipoprotein; NMR, nuclear magnetic resonance; T2DM, type 2 diabetes mellitus.

the goal levels.” The suggested targets in nmol/L have been
proposed to be <1200 for high-risk and <1000 for very high-
risk individuals. Data for LDL-P in patients now described
as at extreme risk have not been established.

In particular, the superiority of apoB or LDL-P for
cardiovascular risk assessment is more evident when
LDLc and LDL-P/apoB are discordant.*® Patients with

discordantly high LDL-P or apoB tend to have small,
cholesterol-depleted LDL and normal LDLc levels, which
are hallmarks of atherogenic dyslipidaemia and insulin
resistance.* Therefore, consideration of particle number
in metabolic-related patients helps identify high-risk indi-
viduals who would have a low cardiovascular risk accord-
ing to their LDLc levels.”
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Furthermore, although simple measurements of apoB
and LDL-P were found to be comparably associated with
cardiovascular risk, incorporating LDL particle concen-
tration into clinical guidelines is largely based on avail-
ability, which currently favours apoB. However, (i) if
other aspects of the lipoprotein analysis provided by the
NMR spectroscopy assay are evaluated, including access
to VLDL and HDL particle concentrations and lipid com-
position, and (ii) if its availability increases through the
placement of instruments in clinical laboratories, it is
possible that this approach could eventually emerge as a
valuable method of lipoprotein quantification for cardio-
vascular risk management.

For T2DM and metabolic-related conditions such as
insulin resistance or prediabetes course with HDL alter-
ations, previous reports have shown that HDL particle
number (HDL-P) is more predictive of cardiovascular
risk than HDLc’"*? in population-based studies and in
subjects with T2DM.> Furthermore, NMR spectroscopy,
which is inherently able to simultaneously measure a
wide range of lipoprotein parameters, may add further
value in cardiovascular risk assessment by complement-
ing the known cardiovascular risk factor LDL-P with a
more comprehensive metabolomic profiling approach
to ASCVD. Although substantial additional research is
needed in this area, the NMR approach may provide ad-
ditional future benefits.

Representative population values for the parameters
described in this section can be found in Table 1.

3 | EXAMPLES OF
FUNCTIONALLY IMPORTANT
MINOR COMPONENTS AND
PHYSICAL PROPERTIES

Routine lipid and lipoprotein biochemistry analyses pro-
vide the full set of parameters that are most extensively
and consistently associated with ASCVD in the general
population, namely, the lipid concentrations of the dif-
ferent lipoproteins. However, these studies do not in-
clude lipoprotein characteristics that have proven to be
relevant in T2DM, namely, the size and concentration
of each lipoprotein subclass, which can be determined
by NMR. However, despite this information, the cause

of atherosclerosis in a significant part of the population
has not fully elucidated. The third section of the present
review focusses on minor components or physical char-
acteristics of lipoproteins, which can help clarify unex-
plained residual risk. Candidate elements are those bound
to lipoproteins at very low concentrations but with solid
evidence of functional implications for atherosclerosis;
however, these elements, have almost always been studied
separately. We believe that incorporating selected minor
components into a global panel that includes traditional
and NMR parameters would significantly increase our
understanding of atherosclerosis development even in the
context of normolipidaemia. Although the number of po-
tentially important lipoprotein components is extensive,
we will address this point by describing apolipoprotein
C-III (apoC-III), lipopolysaccharide (LPS) and lipoprotein
electronegativity.

31 | APOC-III
ApoC-IIT is a small protein that is transported on the sur-
face of lipoproteins at very low concentrations; neverthe-
less, it has been reported to be an independent risk factor
for CVD.>*** People carrying loss-of-function mutations
in the APOC-III gene exhibit reduced TG levels and a re-
duced incidence of cardiovascular events.’®*’ This may be
because, although apoC-III is found at very low concen-
trations in circulation, it plays key roles in the metabo-
lism of lipoproteins that cause or enhance ASCVD; for
example, apoC-III inhibits lipoprotein lipase; inhibits the
apoE-mediated uptake of lipoproteins by the liver recep-
tors LDLR and LRP1%; induces the aggregation of LDL
particles and their binding to proteoglycans™; or triggers
inflammation by inducing the expression of adhesion
molecules® and activation of the NLRP3 inflammasome
and subsequent secretion of interleukin-1p.* ApoC-III
also induces the expression of adhesion molecules on
endothelial cells, leading to the infiltration of circulating
monocytes into the subendothelial space® (Figure 3A).
The presence or absence of apoC-III in lipoproteins al-
ters their characteristics: HDL particles lacking apoC-III
are associated with a higher risk of diabetes and coronary
heart disease, but apoC-III-containing HDL do not have
such protective effect.®>"* Similarly, light LDL particles

FIGURE 3 (A) ApoC-III impacts lipoprotein clearance by the liver, and TG hydrolysis by LPL and enhances LDL aggregation and
binding to proteoglycans in the arterial wall. The autocrine production of apoC-III in pancreatic islets triggers -cell dysfunction and
apoptosis. Two LDL and HDL subclasses can be defined by the presence or absence of apoC-III; in both cases, those containing apoC-III
are more proatherogenic. (B) Intestinal LPS leakage is increased in T2DM. LPS bound to lipoproteins that accumulate in the intima can
enhance inflammation within atherosclerotic plaques. A small fraction of circulating LDL are electronegative (LDL(—)), which are more
proinflammatory, impact the endothelial integrity and are associated with plaque vulnerability. Oxidized LDL (oxLDL) also contribute to

endothelium damage, inflammation and promote foam cell formation.
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with apoC-III result in a greater conversion to dense LDL  glucose and a lack of insulin inside the cell enhance the
than light LDL particles without apoC-IIL.% transcription of apoC-III via different transcription fac-

Importantly, in the context of diabetes, the expression tors.%”%® In addition, VLDL (and, more specifically, apoC-
of apoC-III is modulated by insulin and glucose. Both III), can also exacerbate insulin resistance by inducing
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endoplasmic reticulum stress and inhibiting insulin sig-
nalling.%” Thus, apoC-III is involved in a positive feedback
loop in which both apoC-III transcription and insulin re-
sistance are enhanced.

Understanding the role of apoC-III in ASCVD also
includes measuring its glycoforms, which originate from
O-glycosylation of the Thr94. These modifications can
modulate apoC-III function and differences in the propor-
tions of certain apoC-III glycoforms are associated with
differences in lipid and lipoprotein profiles regarding TG
levels, LDL particle size and TRL uptake.””””* Measuring
not only total apoC-III but also the apoC-III content of
lipoprotein subclasses and the relative distribution of
apoC-III glycoforms can provide a better understanding
of dyslipidaemia and cardiovascular risk in people with
diabetes. Currently, plasma apoC-III levels can be easily
assessed using common turbidimetric assays, although
methods with greater sensibility (such as ELISA) are
needed to measure apoC-III levels in lipoprotein fractions.
Obtaining reliable measurements of apoC-III glycoforms is
challenging and requires affinity immobilization of apoC-
11T and isoform quantification via mass spectrometry.”®”*

3.2 | Lipopolysaccharide

LPS is a component of the outer membrane of gram-
negative bacteria that induces a strong immune response
in innate immune cells by binding to cluster of differentia-
tion 14 (CD14) and activating Toll-like receptor 4 (TLR4)
signalling.

A high-fat diet can cause alterations in the gut micro-
biota and increase gut permeability leading to the translo-
cation of LPS through the intestinal wall to the circulation
(endotoxaemia).”>”® These alterations are associated with
systemic, low-grade inflammation, which is a hallmark of
T2DM, and have been related to metabolic disorders such
as obesity and metabolic syndrome.”””®

Approximately 90% of the LPS found in the bloodstream
is bound to lipoproteins. There is no consensus on the
exact distribution of LPS between lipoprotein fractions, al-
though most of the studies reported a higher proportion of
lipoprotein-bound LPS in the LDL and HDL fractions.” ™
However, since there are fewer VLDL particles than LDL
or HDL particles in circulation, the LPS per particle ratio
is higher in VLDL.*® Lipoprotein-bound LPS is cleared by
the liver, metabolized and excreted into the bile®*%>; thus,
regarding systemic inflammation, the binding of LPS to
lipoproteins reduces the immune response to endotox-
aemia.®*® However, in the context of ASCVD, LPS has
been found in human atherosclerotic plaques and plaque
regions with more LPS showed increased macrophage ac-
tivation, while no LPS was detected in nonatherosclerotic

arteries.” In line with these findings, circulating LPS lev-
els are associated with an increased incidence of major ad-
verse cardiovascular events®’ and in vitro studies suggest
that LPS plays a role in triggering platelet aggregation.”
Therefore, regarding the atherosclerotic plaques, LPS in
lipoproteins that accumulate in the intima may be proath-
erogenic (Figure 3B).

This proatherogenic role of LPS could be especially rel-
evant in people with T2DM, since they exhibit increased
endotoxin levels in circulation compared to those of
healthy controls.” Similarly, the baseline LPS concentra-
tion in circulation is also higher in people who develop
diabetes than in nonincident controls.**

Several methods for measuring LPS levels in circula-
tion have been used for the assessment of sepsis. Popular
methods such as the limulus amoebocyte assay (LAL) or
endotoxin activity assay (EAA) are rapid and are based on
the reactivity induced by LPS molecules.””® Other more
complex methodologies, such as those using mass spec-
trometry, directly detect the LPS and are more sensitive,
with less interference from other molecules, although
they are more difficult to use in routine analysis.””’

3.3 | LDL modifications:
electronegativity and oxidation

In addition to the cargo of lipoproteins, some intrinsic
characteristics of lipoprotein particles (such as particle
number and size, reviewed above) are also biomarkers
of cardiovascular risk. Other less common measures in-
clude lipoprotein electrical charge and the concentration
of negatively charged LDL [LDL(—)], which are increased
in people with T2DM.*®

Although LDL(—) represents only a very small propor-
tion of total LDL (10%), abundant evidence supports its
pro-atherogenic role. Increased LDL(—) levels in individ-
uals with T2DM are important in regard to increased car-
diovascular risk since LDL(—) is associated with increased
plaque vulnerability’® and has numerous proatherogenic
effects in vitro, namely, impairment of endothelial integ-
rity and apoptosis of endothelial cells,'® cardiomyocyte
damage and apoptosis,'® activation of macrophages'*
and polarization to the M1 phenotype.103 Moreover, in
people with diabetes, LDL(—) from patients with poor
glycaemic control induced a greater proinflammatory
response in monocytes than LDL(—) from controls or pa-
tients with good glycaemic control'®* (Figure 3B).

Diabetes is associated with increased oxidative stress,
which can lead to the oxidation of LDL particles. Oxidized
LDL (oxLDL) contributes to atherosclerosis by activat-
ing and damaging the endothelium, inducing inflamma-
tion, attracting monocytes, and providing lipids in a way
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that promotes foam cell formation. Circulating oxLDL
is known to be higher in type 2 diabetic patients than in
control subjects.'” Additionally, plasma levels of oxLDL
are predictors for future events in diabetic patients with
coronary artery disease,'® and in diabetic males, there
is an association of oxLDL/LDL with CHD.'”” We also
showed that the oxLDL/HDL ratio is associated with vas-
cular disease in diabetic patients.'® It is of special inter-
est that antidiabetic drugs were clinically associated with
a suppressive effect on oxLDL in patients with impaired
glucose tolerance. Thus, the anti-inflammatory, antioxi-
dant and anti-apoptotic properties of antidiabetic agents
reverse the effects induced by oxLDL, which can be bene-
ficial in controlling atherosclerosis in diabetic patients.'®”

3.4 | Other putative nonconventional
biomarkers of lipoproteins

As mentioned above, apoC-III, LPS, LDL(—) and ox-LDL
are just few examples of lipoprotein features with sub-
stantial evidence of their impact on ASCVD beyond lipid
concentrations. There might be other equally valid can-
didates, such as angiopoietin-like protein 3 (ANGPTL3).
ANGPTL3 has emerged as a promising molecular target
for reducing remnant lipoprotein levels and CVD risk,"*°
and loss-of-function mutations in ANGPTL3 are associ-
ated with decreased plasma insulin and HOMA-IR.'!!

These parameters are not measured in clinical
practice due to obvious methodological limitations.
Overcoming such limitations is one of the challenges for
the implementation of new biomarkers for better identi-
fication of residual risk. Another significant challenge is
the selection of potentially relevant biomarkers among
the numerous proteins, enzymes, physicochemical
modifications (e.g., the microplastics and nanoplastics
recently identified in carotid artery plaques''?) or miR-
NAs that can be associated with lipoproteins. Notably,
lipoprotein-bound miRNAs are small noncoding RNAs
that can bind to target sites on mRNA and regulate gene
expression at the mRNA level; increasing amounts of
miRNAs are being identified in many different species
with numerous target genes.''* Lipoproteins, especially
HDL but also VLDL and LDL, have been proven to
stabilize and transport miRNAs in the circulation and
deliver them to recipient cells, and differences in the
miRNA profile have been found in patients with familial
hypercholesterolaemia.''*'*?

Proteomic studies on lipoproteins have identified nu-
merous proteins (beyond the known apolipoproteins
related to lipid metabolism) carried by VLDL, LDL and
especially HDL. Those carried by VLDL and LDL were
associated with human diseases such as atherosclerosis

and coagulation disorders,"*® while a larger and more di-
verse set of proteins was identified in HDL, as reviewed
previously."'” While the number of potential biomarkers is
overwhelming, the rationale for selecting them is straight-
forward, as we focussed on biomarkers with convincing
scientific evidence of their implications for ASCVD.

4 | CONCLUSIONS

The rationale for this narrative review lies in the obser-
vation that atherosclerosis can occur even in the absence
of high LDLc concentrations. Hence, factors other than
LDLc play a crucial role in the accumulation of cholesterol
in the arterial wall. Gaining a comprehensive understand-
ing of these characteristics is essential for elucidating car-
diovascular residual risk. In the context of diabetes, recent
advancements have allowed for the precise measurement
of atherogenic lipoprotein features, including the particle
number and diameter of lipoprotein subclasses, which
were previously approximated only through routine lipid
analyses. Notably, NMR technology now provides reliable
and accurate measurements in this regard. We propose
the integration of a third level of lipoprotein study, focus-
sing on minor components and physicochemical prop-
erties consistently associated with ASCVD risk. These
factors have not been collectively examined alongside
traditional biomarkers. The limited exploration of these
alternative biomarkers is largely attributed to the techni-
cal complexity involved in their analysis. Undoubtedly,
addressing this methodological challenge is crucial for
advancing our comprehension of residual risk within the
context of diabetes.
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