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ABSTRACT

There is a gap of knowledge about the clinical
and pathophysiological implications resulting
from the interaction between primary hyper-
lipidemias and type 2 diabetes (T2D). Most of
the existing evidence comes from sub-analyses
of cohorts; scant information derives from ran-
domized clinical trials. The expected clinical
implications of T2D in patients with primary
hyperlipidemias is an escalation of their already
high cardiovascular risk. There is a need to

R. Zubiran

Lipoprotein Metabolism Laboratory, National Heart,
Lung, and Blood Institute, National Institutes

of Health, Bethesda, MD, USA

e-mail: rafael.zubiran@nih.gov

I. Cruz-Bautista - C. A. Aguilar-Salinas (P<)

Unidad de Investigacién de Enfermedades
Metabdlicas, Instituto Nacional de Ciencias Medicas
y Nutricion Salvador Zubiran, Mexico City, Mexico
e-mail: caaguilarsalinas@yahoo.mx

I. Cruz-Bautista
e-mail: ivettecruzb@incmnsz.mx

C. A. Aguilar-Salinas

Direccién de Investigacion, Instituto Nacional de
Ciencias Médicas y Nutricién Salvador Zubirén,
Mexico City, Mexico

C. A. Aguilar-Salinas
Tecnolégico de Monterrey, Escuela de Medicina y
Ciencias de la Salud, Mexico City, Mexico

accurately identify patients with this dual bur-
den and to adequately prescribe lipid-lowering
therapies, with the current advancements in
newer therapeutic options. This review pro-
vides an update on the interactions of primary
hyperlipidemias, such as familial combined
hyperlipidemia, familial hypercholesterolemia,
multifactorial chylomicronemia, lipoprotein (a),
and type 2 diabetes.

Keywords: Primary hyperlipidemias;
Diabetes; Type 2 diabetes; Interactions;
Diabetes complications; Diabetes incidence;
Familial combined hyperlipidemia; Combined
hyperlipidemia; Familial hypercholesterolemia;
Multifactorial ~ chylomicronemia;  Familial
dysbetalipoproteinemia; Typelllhyperlipidemia;
Lp(a)

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s13300-024-01626-2&domain=pdf
http://orcid.org/0000-0003-4274-3585
http://orcid.org/0000-0002-2391-6367
http://orcid.org/0000-0001-8517-0241

1980

Diabetes Ther (2024) 15:1979-2000

Key Summary Points

Several primary hyperlipidemias (i.e., familial
combined hyperlipidemias, familial hypertri-
glyceridemia, and dysbetalipoproteinemia)
are associated with a higher risk of having
type 2 diabetes (T2D).

Familial hypercholesterolemia patients have
a lower prevalence of T2D than the general
population.

The association between multifactorial chy-
lomicronemia and T2D varies between 25
and 76%.

There is an inverse relationship between
Lipoprotein (a) and T2D, but those with T2D
and high levels of lipoprotein (a) have more
risk for cardiovascular events.

The interaction between primary hyperlipi-
demias and T2D has not been addressed in
clinical guidelines.

INTRODUCTION

Primary hyperlipidemias are a group of mono-
genic and polygenic diseases characterized by
severe disorders of lipid and lipoprotein metabo-
lism. These entities are characterized by severe
forms of hypercholesterolemia, hypertriglyceri-
demia, or both (mixed hyperlipidemias). These
groups of disorders are relatively common and
pose a significant burden due to increased risk
for cardiovascular disease (CVD). It is known
that several primary hyperlipidemias have a
bidirectional risk for the development of diabe-
tes. However, little attention has been focused
on the interaction of different primary hyper-
lipidemias and its clinical implications. In this
review, we focus on the association of primary
hyperlipidemias and type 2 diabetes (T2D). This
article is based on previously conducted stud-
ies and does not contain any new studies with
human participants or animals performed by
any of the authors.

BRIEF OVERVIEW OF CHANGES IN
LIPID METABOLISM ASSOCIATED
WITH TYPE 2 DIABETES

The interactions between lipoproteins and dia-
betes are the subject matter of several recent
reviews [1, 2] and are summarized in Fig. 1. Clin-
ically, these alterations are presented as either
elevated levels of triglycerides (TG) (>200 mg/
dl) and low high-density lipoprotein cholesterol
(HDL-C) levels (<40 mg/dl) with increased levels
of apolipoprotein B (apoB) but slightly increased
low-density lipoprotein cholesterol (LDL-C), or
a mixed hyperlipidemia (TG>200 mg/dl and
LDL-C>100 mg/dl). However, the increase in
ASCVD is caused by an increased apoB contain-
ing lipoproteins. For example, those mixed with
hypertriglyceridemia (HTG) and high levels of
apoB have a higher risk of developing ASCVD
(HR 3.3, 95% CI 2.06-5.30; p=0.0008) than
those with mixed lipid phenotype was 2.17
(1.38-3.40; p<0.0001) compared with those
with the optimal lipid phenotype [3].

GENETIC LINK BETWEEN T2D AND
HYPERLIPIDEMIAS

The connection between the predisposition of
T2D and hyperlipidemias is shown consistently
in Mendelian randomization studies. There is an
inverse association between LDL-C and the risk
of developing T2D [4-6]. Genome-wide associa-
tion studies of patients with T2D have found
that in 130 single-nucleotide peptide scores for
which each standard deviation (SD) of (38 mg/
dl) estimated increase in LDL-C, the risk of T2D
was reduced by 21% [R 0.79 (0.71-0.88)), as was
the case for 130 SNPs scores every 16 mg/dl esti-
mated increase in HDL-c (OR 0.83 (0.76-0.90)]
[7].

Genetic variants associated with lipid metabo-
lism are also linked to risk of developing T2D.
Some studies have found the genetic predisposi-
tion to low HDL and or high TG are associated
with an increase in T2D risk. In this same study,
they also evaluated the collective contribution
of multiple genetic variants and found that
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Fig.1 Overview of changes in type 2 diabetes dyslipi-
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demia. Chylomicron in T2D there is an increased secre-
tion of apoB-48, which is also stimulated by high cir-
culating FFA. The delayed catabolism of chylomicrons
is mainly due to metabolomic enrichment of apoC-III
and reduced expression of LRP. VLDL overproduction,
mainly VLDLI, produces an increased level of TG. There
is both an increased production and delayed catabolism
due to the increased FFA flux from adipocytes to liver.
Metabolomic changes of VLDL include enrichment of
apoC-III an inhibitor of LPL, which associated to glyca-
tion of apolipoproteins causes a reduced elimination. LDL
has a reduced catabolism in T2D, inducing a longer half-
life in plasma and promoting oxidation and production of
sdLDL. As a consequence of hyperglycemia, there is glyca-
tion of LDL which further reduce the affinity to the recep-

for each additional risk allele in the genotype
scores of HDL cholesterol or triglycerides it was
a~2-3% increment in the T2D risk [8]. Other
studies have shown that higher levels of choles-
terol, specifically on large and extra-large HDL

TG

S~ T(ﬂ PL

tors. HDL undergoes several changes in T2D as there is
an increased activity of CETP and there is an enrichment
of TG in HDLs. This promotes HL activity and results in
an increased elimination of HDL from circulation. Also in
T2D its known that HDL undergoes glycation and there-
fore has metabolomic changes (loss of phospholipid con-
tent and reduced apoE). 4poB-100 apolipoprotein B-100,
apoB-48 apolipoprotein B-48, apoC-III apolipoprotein
C-I11, apoE apolipoprotein E, CE cholesteryl ester, CETP
cholesteryl ester transfer protein, CM chylomicron, FFAs
free fatty acids, glycLDL glycated low-density lipoprotein,
HL hepatic lipase, IDL intermediate density lipoprotein,
LDLR low-density lipoprotein receptor, LPL lipoprotein
lipase, sdLDL small, dense low-density lipoproteins, SR-BI
scavenger receptor Bl, TG triglycerides, VLDL very-low-
density lipoprotein

and LDL-C are associated with lower fasting
glucose and T2D, respectively. Other enzymes
related to metabolism of HDL have also been
associated with a greater risk of diabetes. For
example, Dixit et al. demonstrated that the
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prevalence of two CETP variants (rs708272,
1s708272) was higher in T2D [9].

The effect of TG on the risk on T2D has been
conflicting. Variants in LPL and angiopoietin-
like protein 4 (ANGPTL4) that lowered TG there
was lower risk for developing T2D [10]. Two
other studies have also shown that genetic var-
iants associated with high TG are linked to a
higher risk of T2D [8, 11]. However, it is impor-
tant to note that other studies have not found
any conclusive effects [7].

ASSOCIATION OF PRIMARY
HYPERLIPIDEMIAS AND DIABETES

Familial Combined Hyperlipidemia

Familial combined hyperlipidemia (FCHL) is
the most common primary dyslipidemia in the
general population (prevalent in up to 3%) and
in those with history of MI (prevalent up to
20-38%) [12]. FCHL is characterized by abnor-
mally elevated levels of apoB and mixed hyper-
lipidemia, isolated hypercholesterolemia, hyper-
triglyceridemia, or even a normal lipid profile
[13]; spontaneous fluctuations in serum lipid
concentrations are common in this condition.
FCHL is a high-risk condition for having
ASCVD. The prevalence of CAD in patients
with FCHL younger than 60 years has been
estimated to be near 15% [14-16], and being
five-fold higher in men. Diagnosis of FCHL has
changed over the years. Due to the polygenic
nature of its non-Mendelian trait, FCHL diag-
nosis is done clinically. Classically, it is based
on the identification of at least one of the
usual phenotypes (HTG, HCT, or mixed dyslipi-
demia), high levels of apoB (>90th percentile
or>120 mg/dl) alongside first degree relatives
with premature coronary artery disease (CAD)
with any of the mentioned phenotypes. Many
patients with FCHL remain undiagnosed [17].
Still, a high diagnostic uncertainty exists in
categorization as normal or abnormal mem-
bers of the family. This was further explored
in a 5-year follow-up study where it showed
that based on a single observation up to 40%
of patients can be misclassified. This becomes

critical, especially by the fact a single patient
can switch phenotypes in follow-up, while
family members could have a different phe-
notype [18, 19]. Therefore a fixed percentile
cut-off may be difficult to use. The FCHL crite-
ria have overlap with the metabolic syndrome
(MetS) [15]. However, the FCHL diagnosis is
established when apoB is abnormally high
(>90th percentile of the population) [13]. All
diagnostic criteria are mentioned in Table 1.

FHCL phenotype is frequently accompanied
by other cardiometabolic risk factors such as
metabolic syndrome, obesity, IR, MAFLD, and
hypertension, and those who share these fac-
tors are shown to be independent markers of
CVD in FHCL [14, 20, 21]. FCHL and T2D are
characterized by an increased number of cir-
culating TG-rich very-low-density lipoprotein
(VLDL)1 particles, which explains the com-
bined phenotype of HTG and HC, which also
produces reduced levels of HDL-C levels and
the plasma accumulation of small dense LDL
particles [22-24]. These lipid changes are also
observed in T2D, which confers a three-times
higher risk of developing macrovascular com-
plications [25]. However, a clinical character-
istic of FCHL is an early elevation of apoB in
young adults, even in the absence of insulin
resistance [26].

The development of T2D in FCHL is up to
6.3 times higher than unaffected relatives
[27]. Recent studies suggest that in a 5-15-
year follow-up period, approximately 10-26%
of individuals may develop T2D [16, 27, 28].
Follow-up cohort studies have found a higher
prevalence of CAD in those with FCHL and
T2D when compared to those without any
MetS component (26.5 vs. 11.1%, p<0.001).
This trend continues even after adjustment for
age, sex, and smoking [16]. All studies have
consistently shown that DM is a major inde-
pendent variable for developing CAD, with an
adjusted HR of 11.4 (95% CI 5.49-23.66) [16].

Genetically, FCHL share several linked
pathophysiological mechanisms with T2D.
Several genes identified for FCHL also have
an increased risk of developing T2D. These
genes are associated with hepatic fat accumu-
lation and increased VLDL secretion (GCKR),
thrifty genes (i.e., FOXC2), ceramide synthase
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Table 1 Primary dyslipidemias diagnosis criteria

Primary hyperlipidemia

Genetic defect

Diagnosis criteria

Familial combined hyperlipidemia

Familial hypercholesterolemia

Multifactorial chylomicronemia

Familial dysbetalipoproteinemia

Lipoprotein (a)

Polygenic trait, variants of GCKR,
FOXC2, CERS4, TNFRSFIB, and
TCF7L2, HNF4A4, APOA1/C3/A4/AS
gene cluster, and USFI

Defects in LDLR, PCSK9, or APOB

genes

Polygenic nature, large variants effects in
LPL, APOC2, APOAS, GPIHBPI, and
LMF1

Homozygous for apo €2/¢2

Genetically determined by variants of LPA

gene

HTG, HCT or mixed dyslipidemia

High levels of apoB (> 90th percentile
or> 120 mg/dl)

First-degree relatives with premature CAD
with any phenotype

> 8 of Dutch Lipid Clinical Network

criteria

TG > 1000 mg/dl

Genotyping for known variants

Definite diagnosis can only be achieved
with genotype
Others include:
TG between 150 and 1000 mg/dl and
VLDL-C/TG ratio > 0.30
VLDL-C/TG ratio > 0.194
Measurement of Lp(a)
>50 mg/dl
> 125 nmol/I

GCKR glucokinase regulator, FOXC2 Forkhead box protein C2, CERS4 ceramide synthase 4, TCF7L2 transcription factor
7-like 2, HNF4A hepatocyte nuclear factor 4 alpha, APOA1/C3/A4/AS apolipoprotein Al, C3, A4, AS, USFI upstream
stimulatory factor 1, LDLR low-density lipoprotein receptor, APOB apolipoprotein B, PCSK9 proprotein convertase sub-
tilisin/kexin type 9, LPL lipoprotein lipase, APOC2 apolipoprotein C2, GPIHBPI glycosylphosphatidylinositol-anchored
high-density lipoprotein binding protein 1, LMF]I lipase maturation factor 1, HTG hypertriglyceridemia, HCT hypercho-
lesterolemia, 2poB apolipoprotein B, CAD coronary artery disease, TG triglycerides, VLDL-C very-low-density lipoprotein

cholesterol, Lp(a) lipoprotein (a)

(CERS4), inflammation regulators (TNFRSF1B
and TCF7L2), and glucose and lipid regulators
(HNF4A, APOA1/C3/A4/AS5 gene cluster, and
USF1) genes [29] are associated with both T2D
and FCHL.

Familial Hypercholesterolemia

Familial hypercholesterolemia (FH) is an auto-
somal dominant, rarely recessive, genetic dis-
ease characterized by elevated levels of LDL-C
and premature CVD. The most frequent muta-
tions are found in the LDL-receptor (LDL-R)
gene (85-90%), followed by APOB (5%), or
gain-of-function of PCSK9 (1-3%) [30, 31].

Other mutations have also been identified in
the APOE gene and the LDL-R adaptor protein
type 1 gene (with an autosomal recessive inher-
itance pattern) [32, 33]. However, up to 40%
of patients with a clinical FH phenotype result
negative to all previous mutations and may be
the cause of severe polygenic forms of hyper-
cholesterolemia, or other non-described muta-
tions [34]. Diagnostic criteria are summarized
in Table 1.

Historically, the prevalence of T2D in FH is
lower than the general population. In the 2019
European Society of Atherosclerosis-Familial
Hypercholesterolemia Studies Collaboration
[35] report, the overall prevalence of diabetes
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was 5%, but varied by region and both were
more common with increasing age. For example,
the highest prevalence is in the Eastern Medi-
terranean with 26.5%, followed by South East
Asia and the Western Pacific in 11.2%, Ameri-
cas in 7.8%, Europe excluding the Netherlands
in 7.4%, Netherlands in 2.5%, and the Africa
population was the lowest at 1.3%. However, the
genetic relationship between FH mutations and
DM has not been consistent.

In 2015, Besseling and colleagues [36] found
that patients with mutations defining FH had
less history of DM than those without identi-
fied mutations (1.75 vs. 2.93%, respectively);
and remained significant despite adjustment for
confounders. Interestingly, individuals with LDL
receptor mutations had lower DM prevalence
(1.63%), and those with mutations on APOB had
an intermediate risk for DM (2.42%). Further-
more, those negative to mutation on the LDL
receptor had lower DM prevalence (1.41%) than
carriers (1.80%). Similar findings were found in
other studies; for example, PCSK9 InsLEU muta-
tions had a higher prevalence of DM and a lower
prevalence of CHD, but other studies have not
replicated the results [37, 38].

The cause of this lower prevalence is not
clearly known yet. It is now known that any
genetic variant associated with low levels of
cholesterol have shown an overall increased risk
of diabetes. In a large meta-analysis of genetic
association of LDL cholesterol-lowering alleles
in or near HMGCR, NPC1L1, PCSK9, LDLR, and
ABCG5/GS8, it was estimated the odds ratio for
T2D and found that variants at NPC1L1 were
directly associated with T2D (OR for a geneti-
cally predicted 38.6 mg/dl (1-mmol/l) reduction
in LDL-C of 2.42 [95% CI 1.70-3.43]; P<0.001).
For PCSK9 variants, the OR per 38.6 mg/dl
(1-mmol/l) genetically predicted reduction in
LDL-C was 1.19 (95% CI 1.02-1.38; p=0.03)
[39]. In patients with FH, the severity of the
LDLR mutation was inversely related to diabetes
prevalence [36, 40], and it has been shown that
there is no difference in p-cell function markers
and impaired glucose metabolism (such as insu-
lin, C-peptide, fasting plasma glucose) regard-
less of their insulin sensitivity [41-43]. In line

with these findings, murine models have shown
that the lack of LDLR pancreatic p-cells are pro-
tected from accumulation of cholesterol and its
related dysfunction [44, 45]. These data have
suggested that statins may increase new-onset
diabetes mellitus (NODM) through lipotoxicity,
but interestingly, in this effect in patients with
FH when compared to those with FHCL on sta-
tin treatment, the latter outweighed FH in T2D
prevalence (13 vs. 2%) in 10 years of follow-up
[46]. This is due to the reduced functionality
of LDLR in FH patients, which cannot sustain
cholesterol accumulation in B-cells even when
there is an increased expression of LDLR as a
consequence of statin treatment. These findings
support the key role of LDLR in the dysfunction
of pancreatic p-cells.

Other factors may play a role in the develop-
ment of DM in FH, such as environmental fac-
tors. This has been studied in the Spanish dys-
lipidemia registry as patients with HeFH without
CVD showed a lower BMI and smoking than
controls, suggesting that the lower prevalence
of T2D could be partially explained by a health-
ier lifestyle in patients with FH [47]. Another
factor that could play a role is lipoprotein (a),
which has an inverse association with the risk
of developing T2D, but this relationship has not
yet been explained or explored in the FH popu-
lation [48].

Despite this lower prevalence in the last years,
it has been shown that individuals with FH and
T2D act as an independent risk factor for the
development of ASCVD [49]. The results of a
recent Swedish nationwide register showed that
coexistence of FH and T2D had higher levels of
LDL-C and had a higher risk of cardiovascular
mortality (HR 2.40 [2.19-2.63]) and of a car-
diovascular event (2.73 [2.58-2.89]) [50]. This
was similar to what has been published earlier in
the SAFEHEART registry, where poorer metabolic
control also acted as a risk factor in this popula-
tion [51].

Several studies have assessed the phenotypic
features of diabetes-related dyslipidemia in FH.
It has been shown that patients with HeFH
and T2D are older, with a higher prevalence
of arterial hypertension and higher BMI when
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compared to those without T2D. As in most of
the patients with T2D, the lipid profiles show
higher TG, lower HDL-C, and apoA-I levels, as
well as higher inflammation biomarkers (hsCRP
and neutrophils). As expected CVD was higher
in patients with T2D, there is a greater risk for
CVD (OR, 2.01; 95% CI 1.18-3.43; p=0.010),
and HbA1lc was an independent risk factor for
both the presence and severity of CAD [OR
2.321 (1.098-4.904), p=0.027) in these studies
[37,52, 53].

Due to heterogeneous risk for CVD among
individuals with the same mutations of FH,
the development of predictive models of CV
risk stratification, designed mainly for HeFH,
have not added DM in their evaluation [51,
54]. This was then explored in a small sample
of 1412 patients (only 73 with DM) from the
FH Canada Registry. In this study, patients with
DM had higher CVD than those without. How-
ever, the inclusion of DM in the model of the
Montral-FH-SCORE did not improve its CVD risk
prediction [53]. More studies are needed in this
particular factor.

Multifactorial Chylomicronemia Syndrome

Primary chylomicronemia is a monogenic dis-
order characterized by a significant reduction in
LPL activity. This enzymatic deficiency impairs
the clearance of triglyceride-rich lipoproteins
(TRL) from plasma [55]. However, the major-
ity of cases associated with chylomicronemia
syndrome (CS) occur due to the polygenic form
of HTG named multifactorial chylomicronemia
syndrome (MCS) [56, 57]. MCS is a complex
disorder characterized by severe HTG, typi-
cally defined by triglyceride levels>1000 mg/
dl (>10 mmol/l). With a global prevalence esti-
mated to range from 1:250 to 1:600, MCS stands
out as a clinically significant condition [58].
Chylomicronemia, the hallmark of MCS, arises
from a combination of common small-effect var-
iants and rare heterozygous large-effect variants
within genes implicated in HTG (LPL, APOC2Z,
APOAS, GPIHBP1, and LMF1, and many oth-
ers such as PPARG) [59]. The cumulative effect
of these genetic predispositions is quantified
by a polygenic TG risk score, representing an

individual’s susceptibility to chylomicronemia
[56]. Heterozygosity for pathogenic variants is
associated with highly variable TG phenotypes.
The heterozygous LPL and APOAV-deficient
phenotype is highly variable both within and
between patients [60, 61]. Diagnostic criteria
are summarized in Table 1.

Those affected by MCS have an increased
risk of acute pancreatitis, CVD, non-alcoholic
steatohepatitis (NASH), and DM. Secondary fac-
tors modulate the phenotypic severity [60, 61].
Recent findings have shown a higher prevalence
of NASH in individuals with MCS compared to
those with familial chylomicronemia syndrome
(FCS) or moderate HTG, as reported in a study
[62]. This elevated prevalence of NASH in MCS
cases is often associated with IR, MetS, and DM.
Moreover, MCS precipitates a pro-atherogenic
metabolic environment characterized by post-
prandial lipemia, making its management more
complicated [63].

The association between MCS and DM is well
documented, with reported prevalence rates in
cohorts with severe HTG varying between 25
and 76%. This is particularly more notable in
populations with additional secondary factors
such as obesity, alcohol consumption, and the
use of TG-raising medications. Among these
cohorts, individuals of Hispanic descent appear
to be disproportionately affected. Notably,
patients with DM with poor glycemic control are
at higher risk for developing severe TG [64-67].
Interestingly, the correlation between TG levels
in affected individuals and those of their first-
degree relatives is not consistent, given its mul-
tifactorial nature [66, 68].

Poorly controlled DM contributes to HTG
through several mechanisms. Firstly, it enhances
the conversion of free fatty acids released from
adipose tissue into TG. Additionally, it stimu-
lates de novo lipogenesis in the liver, leading
to increased production of TRL, thereby exacer-
bating the HTG. Finally, DM promotes overex-
pression of apoC-III, which results in lower LPL
activity and prolonged lifetime of TRL [69-71].
The impact of glucose-lowering therapy may
often lead to a significant reduction in TG levels:
however, this may not achieve TG target levels
in all patients [66].
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Familial Dysbetalipoproteinemia

Familial dysbetalipoproteinemia (FD), formerly
known as type III hyperlipoproteinemia [72], is
a genetic lipoprotein metabolism disorder associ-
ated with a tenfold increased risk for premature
CVD [73]. It is characterized by a combination
of lipoprotein phenotype and genotype that
consists of mutations of the apoE gene (APOE).
apo E contributes to the removal of lipopro-
teins by serving as a ligand for the LDLR, LDLR-
related protein, VLDL-receptor and the heparan
sulfate proteoglycans receptor.

The APOE polymorphisms are a combination
of two variants, rs429358 and rs7412, which
results in three common isoforms: ApoE2 (e2),
apoE3 (e3), and apoE4 (e4), leading to six com-
mon combinations; e2/e2, e3/e2, e4/e2, e3/e3,
e4/e3, and e4/e4 genotypes [74]. These six com-
binations can vary between individuals and pop-
ulations, but £3/e3 is the common allele in most
populations [74]. The £2 allele is associated with
high triglycerides and reduced LDL-C, which is
more pronounced when e2/e2 is present [735].

The homozygous e2/e2 is the most common
genetic defect of FD. Approximately 0.7% of the
general population is homozygous for the 2 allele
in the APOE gene, but interestingly the majority
of carriers do not express the lipid phenotype
(80%) [75]. The apoE2 isoform, which is only one
amino acid different from apoE3 (Argl158Cys),
has a lower affinity for the LDLR (<2% of bind-
ing activity compared to apoE3) [76, 77]. Thus,
when a precipitating factor that acts by decreas-
ing remnants clearance, increasing VLDL produc-
tion and/or decreasing LPL activity, this pheno-
type becomes clinically apparent. However, the
development of the FD phenotype is associated
with the appearance of secondary factors such
as IR, obesity, T2D, diet, alcohol, hypothyroid-
ism, pregnancy, estrogen therapy, menopause, or
high polygenic, thus, generally occurring until the
third or fourth decade of life [78].

Phenotypically, FD is characterized by mixed
hyperlipidemia with moderately severe eleva-
tions in plasma triglyceride and cholesterol lev-
els; typically, these values both range from 300
to 400 mg/dl, apoB<120 mg/dl, and low LDL-C
levels. Due to the impaired clearance of VLDL,

remnants, and chylomicrons, their plasma resi-
dence time is markedly prolonged. Given this
prolonged period in circulation, they become
cholesterol-enriched as they acquire excess cho-
lesterol ester due to CETP-mediated core lipid
exchanges [79]. Therefore, clinically, this is
shown as a nearly equally elevated level of TC
and TG and an altered non-HDL-C/apoB ratio
(>2.5) and VLDL-C/triglyceride ratio (>0.3) [80].
Some physical findings could also be found, like
xanthochromia striata palmaris, but this only
appears to be present in a minority of patients.

Diagnosis can be challenging since the gold
standard Fredrickson’s criteria for the diag-
nosis of FD (TG between 150 and 1000 mg/dl
and VLDL-C/TG ratio>0.30) required ultracen-
trifugation, which is an expensive test and not
widely available in the clinical care setting [81].
Therefore, some groups have proposed other
simple criteria for the diagnosis. For example,
the apoB/total cholesterol ratio [82], the apoB
algorithm of Sniderman [79, 83], the non-HDL-
C/apoB ratio [84], the remnant cholesterol/TG
ratio [85], and the most recent by Sampson
et al., which is based on a new formula to cal-
culate VLDL-C, which includes apoB, and then
used as a VLDL-C/TG ratio>0.194 (sensitiv-
ity=73.9%); specificity=82.6%; and area under
the curve (AUC)=0.8685) to identify FD [86].
However, the only certain way to diagnose the
pathology is though the identification of the
genotype. Fach is summarized in Table 1.

The FD relationship with T2D has not been
fully explored. As mentioned above, the devel-
opment of T2D may be a precipitating factor for
the development of the FD phenotype in those
at risk, but if there is a genetic link between
them has not been explored. Although in the
majority of cohort studies the prevalence of T2D
in FD is considered to be higher than what is
seen in the general population (8-20% in FD)
[79, 87-89], and the coexistence of both is asso-
ciated with a higher risk of the development of
CVD. This combination is probably underdiag-
nosed by the assumption that the mixed dyslipi-
demia in a T2D patient may be due to diet habits
and to T2D by itself, and by the fact that dietary
intervention in combination with treatment
of associated disorders (such as overweight,
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diabetes mellitus) may normalize plasma lipid
levels [90].

Lipoprotein (a)

Similar to LDL, lipoprotein (a) (Lp(a)) is an
apoB-containing lipoprotein with an additional
protein, an apolipoprotein (a) (apo(a)), which
is covalently bound. The Lp(a) has been identi-
fied as a causal factor for coronary heart disease
based on epidemiological and genetic findings
[91-93]. Apo(a) contains large Kringle-shaped
protein structures which vary in number, and
therefore affect the size and production rate.
Thus, there is an inverse relationship between
circulating levels Lp(a) and size [94]. The
gene that codes for apo(a) is LPA, where vari-
ations determine its size. Of importance is the
polymorphisms of LPA Kringle IV type 2 (KIV-
2) repeat, which is defined by a 5.6-kb repeat
that can occur two to more than 43 times per
allele and, therefore, determines the number of
apolipoprotein(a) Kringle structures [95, 96].

Although the circulating levels of Lp(a) are
much lower than other lipoproteins, it has been
shown that per-particle ASCVD risk of Lp(a) is
six times higher than LDL (point estimate of 6.6;
95% CI 5.1-8.8). It is expected that up to 1%
of the population has extreme levels of Lp(a)
above 430 nmol/l (180 mg/dl), which is associ-
ated with a more than threefold increased risk
of CVD and the same lifetime risk for ASCVD as
untreated heterozygous familial hypercholester-
olemia [94].

Mendelian randomization studies have shown
that low levels of Lp(a) and a high LPA KIV-2
sums of repeats are clearly associated with an
increased risk for T2D. This has also been sup-
ported by a prospective study of 26,746 women
with 13-year follow-up. They found an inverse
association of Lp(a) with risk of T2D, with
approximately 20-50% lower relative risk in
quintiles 2-5 compared with quintile 1 [97]. A
recent meta-analysis of four prospective studies
found that the risk of T2D was higher in those
with the lowest Lp(a) concentration, with the
highest risk in those with a Lp(a) less than 7 mg/
dl [48]. The basis of this relationship remains
unclear, but it has been hypothesized that it may

be related to either the isoform size or an inverse
relationship with TG [98].

THERAPEUTIC IMPLICATIONS

Familial Combined Hyperlipidemia

Treatment of mixed hyperlipidemia should
achieve a significant lowering of LDL-C,
non-HDL-C, and apoB. As mentioned above,
the coexistence of FCHL and T2D implies the
categorization of cases at least as a high risk sta-
tus (according to the European Atherosclerosis
Society). Intermediate-risk patients with dia-
betes (i.e., young type 2 diabetes cases with a
time since diagnosis lower than 10 years, free
of chronic complications) should be consid-
ered as a high-risk status because of the coexist-
ence of FCHL. Cases with ten or more years of
exposure to hyperglycemia or with one or more
chronic complications should be considered
as a very high-risk status. As guidelines recom-
mend, patients at high risk need to achieve a
50% LDL-C decrement compared to the base-
line concentrations and a during therapy LDL-C
level <70 mg/dl. The same recommendation
applies for the very high-risk cases, but the on-
therapy LDL-C should be below 55 mg/dl [99].
The main first-line therapy to reduce cardiovas-
cular risk should be statins, and if goals are not
attained, the addition of a combined therapy
with ezetimibe, PCSK9i, bempedoic acid, or
inclisiran should be considered. In cases with a
non-HDL-C>220 mg/dl, a statin/ezetimibe com-
bination should be considered as initial therapy.
If there is a persistence of TG>200 mg/dl despite
dietary therapy, a fibrate or eicosapentaenoic
acid ethyl ester should be added, although its
capability to reduce CVD is controversial [100].

A novel therapeutic strategy that might be rel-
evant for FCHL and T2D is apoC-III inhibition
because increased levels of apoC-III are associ-
ated with insulin resistance and drive CV risk
in T2D [101]. The effects of apoC-III inhibition
on T2D dyslipidemia have been supported by
several trials. The use of antisense oligonucleo-
tides (ASO) like volanesorsen, a second-gener-
ation non-triantennary N-acetylgalactosamine
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(GalNAc) ASO. A recent meta-analysis of the
phase 2 and phase 3 clinical trials on volane-
sorsen in chylomicronemia showed an impres-
sive lowering of VLDL-C (-73%), TG (- 68%),
apoC-III (- 74%), and increasing HDL-C (+40%),
but also LDL-C (+136%) and apoB (+20%)
[102]. This has to be further studied in FCHL.
In the BROADEN study for familial partial lipo-
dystrophy (FPL), the subgroup of T2D benefited
from decreased TG (- 88%) and apo CIII levels
(- 80%) without any effect in hemoglobin Alc
(HbAlc) [103]. In a randomized placebo-con-
trolled trial for patients with T2D with hyper-
triglyceridemia, 300 mg of volanesorsen once a
week decreased plasma apoC-III levels by 88%,
TG levels by 69%, and increased HDL-C levels
by 42% compared to placebo. Insulin sensitiv-
ity measured with the gold standard methodol-
ogy (the hyperinsulinemic-euglycemic clamp)
increased by 57% during volanesorsen treatment
and was significantly correlated with a decrease
in plasma apoC-III and TG levels [104]. How-
ever, in the COMPASS trial, HbAlc increased by
0.3-0.7% among those with T2D and HOMA-IR
increased in patients without T2D. However, the
follow-up of patients with volanesorsen over 5
years has not shown chronic deleterious effects
on glucose homeostasis [105]. This will be fur-
ther addressed in ongoing open-label trials with
volanesorsen [106].

Two novel agents targeting APOC3 (olezarsen
and plozasiran) are in clinical development in
the hope of retaining the benefits seen in vol-
anesorsen while avoiding thrombocytopenia.
Olezarsen, a third-generation triantennary
N-acetylgalactosamine (GalNac) conjugates
APOC3-ASO, is in ongoing phase 3 clinical stud-
ies covering patients with FCS (NCT05130450),
severe HTG (NCT05681351), and atheroscle-
rotic cardiovascular disease (NCT05610280). In
a phase 2 study, BRIDGE-TIMI 73, a total of 154
patients with moderate HTG (150-499 mg/dl)
and high CVD risk or severe HTG (>500 mg/dl)
were treated with 50 and 80 mg of olezarsen;
with 68% of patients with a T2D diagnosis. They
showed that TG levels were reduced in 49.3 and
53.1% of the cases, respectively. In this trial, 86
and 93% of patients, respectively, achieved TG

levels<150 mg/dl compared to 12% in the pla-
cebo group. Treatment with olezarsen lowered
apoC-III levels in 64-73% [107]. Currently, the
ESSENCE study will evaluate the change from
baseline to week 25 in fasting TG on patients
with TG between 200 and 500 mg/dl and ASCVD
or increased risk for ASCVD and TG >500 mg/dl
(NCT05610280). Of note, in the recent phase
3 BALANCE trial, a total of 43 patients were
treated with olezarsen and 23% of the treated
patients had diabetes. This trial showed that
there was a 43.5% reduction of TG at 6 months
of treatment on the 80 mg group, which also
showed a 73.7% reduction of apoC-III, no out-
comes of diabetes or HbA1lc were reported.

A second novel apoC-III antagonist is plo-
zasiran, formerly known as ARO-APOC3, an
APOC3 GalNAc-conjugated small interfering
RNA (siRNA), currently under phase 3 studies
in FCS, severe HTG and HTG at high CVD risk.
In phase 1/2 trials, it has been shown that treat-
ment with plozasiran can have apoC-III reduc-
tions in up to 94% and up to 64% in TG with-
out safety issues. Of relevance in this context,
FHCL pathophysiology can have a reduction in
VLDL-C up to 68%, LDL-C up to 25%, and an
increase in HDL-C up to 69%. The phase 2 MUIR
trial, which evaluated the safety and efficacy of
plozasiran in 353 patients with mixed hyperlipi-
demia, showed that treatment with plozasiran
decreased apoC-III in a dose-dependent manner
up to 80%. The TG reduction was significant by
52-64% and reduced non-HDL-C in 27%, 19%
apoB, 55% remnant cholesterol, and increased
HDL-C in 51%. Recently, the MUIR-3 trial was
published where they evaluated the TG change
with plozasiran in adults with TG>150-499 mg/
dl and LDL-C<130 mg/dl on statins. They
showed that treatment with plozasiran signifi-
cantly reduced apoC-III, TG, Non-HDL-C, and
LDL-C in a dose-dependent manner. Plozasiran
10, 25, and 50 mg s.c. Q12W reduced apoC-III
by 58.9, 74.1 and 80.1%, respectively, compared
to placebo at week 24. This was accompanied by
reductions in TG of 49.8, 56, and 62.4%, respec-
tively, compared to placebo. In addition, non-
HDL-C was reduced by 19.3, 20.1, and 26.9%,
respectively, and apoB was reduced by 9.5, 12.2
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and 18.3%, respectively, compared to placebo
[108]. In the same trial, they also reported up to
20% in glycemic control outcomes. The results
of the SHASTA-2 trial, a phase 2b study, have
been published where 64% of population had
T2D [109]. This trial showed that the treatment
with plozasiran led to a modest worsening of
glycemic control compared to placebo, lead-
ing to discontinuation in one patient [109]. In
the analysis, it showed that the glycemic events
were confined to those with diabetes at baseline.
In those without T2D, there were no changes in
insulin sensitivity, evaluated through HOMA-IR.
The authors hypothesized that this might be due
to an increased substrate delivery to the liver
to drive gluconeogenesis. Although this needs
further investigation, long-term use of volane-
sorsen for up to 5 years in patients with FCS has
not revealed any chronic deleterious effects on
glucose homeostasis. This suggests that these
effects may be transient rather than long term
[10S5, 106].

Other strategies can come in the new future
as angiopoietin-like protein 3 (ANGPTL3) siRNA
as ARO-ANG3 (zodasiran), which recently pub-
lished the results of a double-blind, placebo-
controlled phase 2b study to evaluate the
efficacy and safety in adults with mixed dyslipi-
demia [110]. Zodasiran 50, 100, and 200 mg s.c.
reduced ANGPTL3 by 54.3, 69.8, and 73.7%,
respectively, compared to placebo at week 24
(all p<0.0001). This was accompanied by reduc-
tions in TG of 51.2, 56.6, and 63.1%, respec-
tively, compared to placebo (all p<0.0001). In
addition, remnant cholesterol was reduced by
72.6, 75.9, and 82.0%, respectively, compared
to placebo (all p<0.0001), and apoB was reduced
by 18.7, 15.2, and 21.9%, respectively, compared
to placebo (p<0.0001, p<0.05, p<0.0001). Simi-
larly, solbinsiran, a GalNAc conjugated siRNA
targeting ANGPTL3 is in an ongoing trial. A
phase 1 ascending and repeat-dose study of
solbinsiran in patients with mixed dyslipi-
demia (fasting TG>150 mg/dl and <500 mg/
dl, as well as LDL-C>70 mg/dl) has been com-
pleted (NCT04644809) and results are soon to
be published.

A new monoclonal antibody against
ANGPTL3/8 complex has shown in preliminary
results of phase 1 and 2 [111] that single doses a

monoclonal antibody targeting the ANGPTL3/8
complex achieved significant reductions in TG
and remnant cholesterol levels among patients
with mixed dyslipidemia. The preliminary study,
involving 48 participants with plasma TG levels
exceeding 135 mg/dl (1.5 mmol/l) and plasma
LDL-C levels>70 mg/dl (1.8 mmol/l) showed
remarkable TG reductions of 59, 65, and 70%
at 15 days with LY3475766 doses of 100, 300,
and 600 mg, respectively. Additionally, LDL-C
levels showed reductions of up to 17, 22, and
37%, while decreases in apoB were at 14, 21,
and 31% for the respective doses. Furthermore,
a dose-dependent reduction in cholesterol rem-
nants and a corresponding increase in HDL-C
were observed. The effects of the treatments are
summarized in Table 2.

Currently, FCHL populations are considered
at high risk for CVD, but when combined with
DM, which is frequent this population, they
should be treated as high or very high risk.
Although there are no direct randomized trials
with a FCHL population as underrepresented in
trials, we can extrapolate the experience of high-
risk populations to choose and individualize the
right treatment. There is a need to further study
new treatments in this population.

Familial Hypercholesterolemia

Statins with ezetimibe continue to be the main-
stay of treatment in FH. However, up to 80% of
patients fail to achieve LDL-C with this lipid-
lowering therapy [112]. Therefore, an addition
of newer medications like PCSK9i are required.
For example, both alirocumab and evolocumab
have been tested for HeFH. In the Rutheford-2
trial, evolocumab lowered LDL-C by 60%, non-
HDL-C in 56% and apoB by 49%, Lp(a) by 31
and TG by 22%. In the Odyssey FH I and FH
II studies, alirocumab lowered LDL-C by 55%,
non-HDLC by 50%, apoB by 43%, and Lp(a) by
19% [113].

Inclisiran is a long-acting siRNA that inter-
feres with the translation of PCSK9. Its effect in
LDL-C in HeFH was explored in the ORION-9
study [114]. These patients were administered
with 284 mg (n=242) of inclisiran or placebo
(n=240) for 510 days. The LDL-C levels of these
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Table 2 Current therapies for primary hyperlipidemias

Drug Mechanism of  Indications LDL-C HDL-C TG Lp(a) ApoB
action
Statins Inhibits HMG-  Hypercholes-  |20-60% 15-15% 10-35% 18-24% 120-30%
CoA reductase  terolemia
Fibrates PPAR alpha Hypertriglyc-  |0-15% 15-15% 120-50% 112% 111%
agonist eridemia
Ezetimibe Inhibits Hypercholes-  |15-25% 11-3% 110-20% - 11—
NPCIL1 terolemia 17%
PCSK9 inhibi- mAb targeting  Hypercholes-  |50-60% 15-15% 15-20% 16.2-46.7% |40-
tors PCSK9 terolemia 62%
Bempedoic acid ATP- citrate Hypercholes-  |15-25% 15-6% No change 12.4% 18-
lyase terolemia 13.2%
Volanesorsen ~ ASO inhibiting MCS and 1136% 140% 158.9-88.5% - 120%
APOC3 mixed hyper-
lipidemia
Olezarsen ASO inhibiting MCS and 17.7-9.9% 139.6% 149-53.1% - 18.2—
APOC3 mixed hyper- 18.5%
lipidemia
Plozasiran siRNA APOC3 Mixed hyper-  |0.9-10% 137-50%  |49-62% 119-33.9% |9.5-
lipidemia 18.3%
Evinacumab ASO inhibiting Mixed hyper-  [29.9-47.2% [19-27.9% |38-53.4%  |8.9-10.3% |19.9-
ANGPTL3 lipidemia 38.8%
Hypercholes-
terolemia
Zodasiran siRNA- Mixed hyper-  [7.3-15.8%  |7.8-24.5% |52-63% 13.3-20%  |6.8-
inhibiting lipidemia 21.9%
ANGPTL3
Solbisiran siRNA- Mixed hyper- - - - - -
inhibiting lipidemia
ANGPTL3  (Not pub-
lished)
LYS3475766 ~ mAb-targeting  Mixed hyper-  |17-37% 137% 159-70% -
ANGPTL3/8  lipidemia
complex (Not pub-
lished)

LDL-C low-density lipoprotein cholesterol, TG triglycerides, HDL-C high-density lipoprotein cholesterol, Lp(a) lipopro-
tein (a), apoB apolipoprotein B, HMG-CoA B-hydroxy B-methylglutaryl-CoA, PPAR B-hydroxy B-methylglutaryl-CoA,
NPC1LI Niemann-Pick Cl-like 1, 7245 monoclonal antibody, PCSK9 proprotein convertase subtilisin/kexin type 9, ATP
adenosine triphosphate, 4SO antisense oligonucleotide, APOC3 apolipoprotein C-III gene, siRNA silencing ribonucleic
acid, ANGPTL3 angiopoictin-like protein 3
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patients were reduced by 47.9%, non-HDL-C by
44%, Lp(a) by 17.2%, and TG by 12% compared
to placebo. Interestingly, the reduction of LDL-C
was similar in all genotypes.

Recently, evinacumab, a monoclonal antibody
against ANGPTL3, has been approved in the EU,
UK, and US for the treatment of homozygous
FH (HoFH). In the ELIPSE HoFH trial [115], an
intravenous infusion of evinacumab 15 mg/kg
every 4 weeks (n=42) showed a 47% reduction
in LDL-C and 41% in apoB levels compared to
placebo (n=25). Interestingly, in those with null-
null LDL receptor variants, the treatment with
evinacumab resulted in a 43% decrease in LDL-
C. Also, treated patients showed a 55% decrease
in TG and 30% increase in HDL-C. In 2020,
this was also shown for patients with HeFH and
refractory hypercholesterolemia. In a double-
blind, placebo-controlled trial, 272 patients
with HeFH with refractory hypercholesterolemia
(LDL-C>70 mg/dl with ASCVD or>100 mg/dl
without ASCVD) were treated with evinacumab
15 mg/kg [116]. In this trial, it was shown that
LDL-C levels were decreased in 50% compared
to placebo. In contrast to HoFH in the ELIPSE,
in this study HeFH also presented a decrease in
Lp(a) by 16%. Currently, there are no cardiovas-
cular outcomes studies. The effects of the treat-
ments are summarized in Table 2.

In summary, the clinical implications of DM
in FH are of relevance for a higher risk of pre-
senting CVD. Although some studies have been
controversial, the consensus of treatment sug-
gests that those who coexist with FH and DM
or CHD should be considered as very high-risk
subjects and be treated more intensively, and,
as guidelines recommend, patients at very high
risk need to achieve LDL-C goals of 50% reduc-
tion and LDL-C< 55 mg/dl (<1.8 mmol/l), which
is not achieved in 50% of this population [50,
99]. An unmet need is the development of a tool
to determine the degree of risk that T2D con-
fers in this population. However, FH registries
are heterogeneous in nature; the difficulties in
realizing a genetic diagnosis leads to a too wide
range of registries based solely on clinical criteria
(such as Dutch Lipid Clinical Network or Simone
Broom). The need to standardize registries based
on molecular diagnosis is needed for a better
understanding of FH heterogeneity.

Multifactorial Chylomicronemia

Diet remains the cornerstone of treatment of
all forms of primary hypertriglyceridemia, but
the response to treatment is influenced by the
extent of genetic variants associated with TG
metabolism. Those with minimal genetic con-
tributions often exhibit a favorable response
to treatment and with the control of second-
ary causes. However, individuals with a high
genetic burden may experience a poorer
response, with need for intensive therapeu-
tic interventions. Targeting specific pathways
implicated in TG metabolism opens up excit-
ing possibilities for more tailored and effective
treatments.

Volanesorsen, in a double-blind randomized
placebo-controlled trial, showed significantly
reduced plasma apoC-III (- 88%, p=0.02), tri-
glycerides (- 69%, p=0.02) and increased HDL-
cholesterol levels (+ 42%, p=0.03) in patients
with DM compared to placebo [104]. However,
in the COMPASS Study, participants with T2D
had an HbA1c increase of 0.3-0.7%, but we still
do not know the mechanism or the clinical rel-
evance of this. The most frequent adverse effect
was thrombocytopenia and site injection reac-
tions. Volanesorsen was also approved for FCS
[102, 117], and MCS [106], with reductions of
77 and 71%, respectively.

Similarly, recently published results from the
BALANCE study where at 6 months of treat-
ment, TG levels were significantly reduced
with olezarsen 80 mg (-43.5%; 95% CI-69.1
to-17.9; p<0.001) [118], but not with olezarsen
50 mg (-22.4%; 95% CI-47.2 to 2.5; p=0.08).
At 12 months, placebo-adjusted reductions in
TG and apoC-III were 59 and 81%, respectively.
By 53 weeks of treatment there was only one
episode of acute pancreatitis in each olezarsen
group compared to the 11 in the placebo group.
Treatment with olezarsen had no drug-related
adverse effects [118]. Currently, an open-label
extension of the BALANCE study is undergoing,
and also phase 3 clinical trials for severe HTG
(CORE and CORE2 study), which aim to evalu-
ate the safety and efficacy of the drug in severe
HTG will provide more data (NCT05079919,
NCT05552326).
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Plozasiran [119] is currently phase 1/2a
(including patients with FCS and MCS) and has
shown a decrease of TG levels in 87% in those
with FCS compared to 84% in those without
FCS. The phase 2b SHASTA-2 study evaluated
patients with severe HTG, showed a TG in 90%,
apoC-III in 96%, non-HDL-c in 35%, apoB in
19%, and also showed an increase HDL-C in
75% to 99% but also of LDL-C 13-22% [120].
Among plozasiran-treated patients, 91%
achieved a TG level of<500 mg/dl at week
24. However, currently active is the PALISADE
trial (NCT05089084), which will evaluate the
changes of TG at 10 months of treatment in
patients with FCS and TG >880 mg/dl. The
patients who complete the randomized period
will continue in a 2-year open-label exten-
sion period where all participants will receive
plozasiran.

ANGPTL3 inhibitors and ANGPTL3,8 com-
plex inhibitors require a minimal LPL enzy-
matic activity, therefore they are not useful in
patients with FCS. Their utility is in polygenic
and MCS and are reviewed above [121]. How-
ever, it is important to note that evinacumab
and vupanorsen have recently been suspended
for severe HTG, as it was associated with
higher adverse events (acute pancreatitis and
increased hepatic fat, respectively).

Finally, pegozafermin is a long-acting gly-
copegylated analog human fibroblast growth
factor 21 (FGF21) [122, 123] in development
for the treatment of severe hypertriglyceri-
demia and nonalcoholic steatohepatitis [122].
The outcomes of the ENTRIGUE Study [124]
(NCT0441186) a phase 2, double-blind, rand-
omized, five-arm trial evaluating pegozafermin
at four varying doses compared to placebo over
an 8-week period in patients diagnosed with
severe hypertriglyceridemia, defined as tri-
glycerides > 500 mg/dl and <2000 mg/dl. Treat-
ment with pegozafermin reached its primary
endpoint by achieving reductions in TG that
varied from 36.4 to 63.4% in a dose-dependent
manner. No serious adverse events related to
the administration of the drug were reported.
However, phase 3 trials are still undergoing.
The effect of treatments are summarized in
Table 2.

In summary, severe HTG is influenced by a
complex interplay of genetic predisposition and
secondary factors like diabetes, with additional
nuances related to race/ethnicity and sociocul-
tural disparities. These multifaceted risk factors
pose challenges for clinical management, neces-
sitating tailored therapeutic approaches. While
current strategies target the prevention of both
CVD and pancreatitis, the novel drug targets and
treatment approaches hold promise for address-
ing these challenges. By targeting the underly-
ing genetic and secondary contributors to HTG,
these emerging therapies aim to reduce the risk
of both CVD and pancreatitis, offering improved
outcomes and prevention strategies tailored to
individual needs.

Familial Dysbetalipoproteinemia

Treatment of FD starts with lifestyle modifi-
cation with a reduced intake of fats and/caz-
bohydrates. If dyslipidemia continues after
controlling precipitating factors and lifestyle
changes, which is the case in 60% of patients
[80], non-HDL-C should be the primary lipid
treatment target, this is particularly impor-
tant in FD as LDL-C levels are usually low. The
effect of different pharmacological treatments
on CVD outcomes in FD is not known as there
is a lack of RCT, where most of the clinical tri-
als in FD use intermediate or lipid levels as
surrogate for endpoints. Statin treatment in
these patients show that they reduce LDL-C as
in non FD patients but with a lesser impact in
TG. As guidelines recommend, in most cases of
FD, when TG levels are over 200 mg/dl a fibrate
should be added. In fact, in FD, the addition
of FD has shown to improve the lipid profile.
Some studies have shown that adding bezafi-
brate significantly improved non-HDL-C, TG,
HDL, and apoB compared to standard lipid-
lowering level.

Achievement of non-HDL-C target levels
in FD only occurs in 40% of patients (PMID:
25,768,710). Therefore, the addition of other
therapies could be of use in this population.
This was evaluated in the EVOLVE-FD trial
where the use of the PCSK9i evolocumab in
patients with FD, showed a large reduction
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of non-HDL-C, IDL-C, and apoB of 51% (95%
CI 43-57%), 44% (95% CI 30-55%), and 48%
(95% CI 42-53%), respectively [125]. A fol-
low-up study showed that evolocumab reduced
particle number of all apoB-containing parti-
cles, but PCSK9i reduced more cholesterol con-
tent than TG (VLDL-C 48%, 95% CI 29-63%,
and VLDL-TG 20%, 95% CI 6.3-41%). Other
treatments targeted to inhibit apoC-III or
ANGPTL3 could be beneficial in patients with
FD, although these treatments have not been
explored in this context.

In summary, the link between FD and DM
is not quite clear. This is due to the difficulty
of diagnosis of FD and the underrepresenta-
tion of primary dyslipidemias in DM trials. It
is true that generally with DM standard care,
the phenotype of FD might disappear, but it
should be suspected more frequently as thera-
peutic goals and follow-up may change. The
addition over statins in these patients is, as
mentioned above, dependent on the achieve-
ment of goals, which is low. Newer therapeu-
tics such as PCSK9i have proven to be effective
in this population.

Lipoprotein (a)

Although the relationship between Lp(a) and
diabetes is inverse, the cardiovascular risk of
Lp(a) in diabetes is directly proportional. In the
BiomarCaRE study, elevated levels of Lp(a) were
associated with increased risk of CAD in T2D
[126]. In another study, one standard deviation
of change in Lp(a) (26.5 mg/dl in pre DM and
26.0 mg/dl in DM) was associated with 32.7%
and 38.6% increased risk of CVEs in pre-DM and
DM, respectively [127]. This was further repli-
cated in the ARIC study with ASCVD events in
Caucasian participants with prediabetes (hazard
ratio [HR]=1.35; 95% confidence interval [CI]
1.07-1.69); p=0.03) and diabetes (HR=1.42;
95% CI 1.10-1.84; p<0.01) [128].

However, there is a lot of work to be done in
assessing these interactions. A recent case-cohort
study showed that Lp(a) is associated with CVD,
neuropathy, and nephropathy in patients with
diabetes, suggesting its value as a biomarker of
outcomes in diabetes [129]. Although new drugs

have shown a potent lowering of Lp(a), their
benefits and impact on diabetes and its compli-
cations have yet to be proven.

CONCLUSIONS

The interactions between primary hyperlipi-
demias and T2D can be complex, with limited
available data on the associated risks and links,
which have therapeutic implications. Most data
come from sub-analyses of cohorts; frequently
patients with primary dyslipidemia are undez-
represented in all T2D clinical trials. The general
clinical implications of T2D in primary hyper-
lipidemias is the higher risk of CVD than those
presented separately. Consequently, there is a
need to accurately identify patients with this
dual burden and to adequately prescribe lipid-
lowering therapies with the current advance-
ments in newer therapeutic options.
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