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Abstract

Background Apolipoprotein (apo) C-lllis involved in several processes that increase triglyceride levels, inflammation,
and insulin resistance. Four of its proteoforms have been the focus of several studies and have shown differential
associations with cardiovascular risk biomarkers, mostly lipids. However, there are other proteoforms of apoC-ll

that have not yet been investigated in detail. The aim of this study was to evaluate the associations of seven apoC-

Il proteoforms with a comprehensive set of biomarkers, including lipid metabolism, inflammation, and glucose
homeostasis.

Methods Seven apoC-ll proteoforms (apoC-lly,, apoC-lly, apoCHll;, apoCHll,y, apoC-lil,, apoC-il,y, and apoC-lily)
were measured using a mass spectrometry immunoassay in 875 participants from the cross-sectional study of the
Di@bet.es cohort. The complete lipoprotein profile was obtained via the Liposcale test, and the proton nuclear
magnetic resonance ("H-NMR)-assessed glycoprotein signals were also obtained as biomarkers of inflammation.

Results Three proteoform ratios (apoC-ll,y, apoC-lil,, and apoC-lily normalized to apoC-ll;) showed protective
associations with most of the cardiovascular risk biomarkers in comparison with total apoC-lll in linear regression
models and were negatively associated with triglycerides (3=-0.173, p<0.001; =-0.297, p < 0.001; 3=-0.223, p=0.002),
very low-density (VLDL) particle concentration (3=-0.133, p<0.001; f=-0.265, p < 0.001; 3=-0.203, p < 0.001), GlycA
(B=-0.148, p<0.001; p=-0.263, p<0.001; f=-0.211, p<0.001) and homeostatic model assessment of insulin resistance
(HOMA-IR) (B=-0.096, p=0.003; 3=-0.199, p < 0.001; 3=-0.114, p=0.002). These associations were partly independent
of total apoC-lIl concentrations. Participants with high levels of these proteoforms had a lower prevalence of
cardiometabolic disorders, such as type 2 diabetes (p=0.022), obesity (p=0.001), and metabolic syndrome (p=0.013).

Conclusions While apoC-lil is positively associated with biomarkers of cardiometabolic risk, the proportions of
three apoC-lll proteoforms show opposite associations, independent of total apoC-lll concentrations. Measuring not
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only apoC-lil but also the proportions of apoC-lll proteoforms can provide valuable information since individuals
with similar levels of total apoC-lil could display opposite lipid profiles depending on the proportion of apoC-lil

proteoforms.
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Background
Apolipoprotein (apo) C-III is a small protein (8.8 kDa)
that is synthesized in the liver and intestine. It is mostly
bound to lipoproteins, especially very low-density lipo-
proteins (VLDL) and high-density lipoproteins (HDL)
[1], although it can also be detected in low-density lipo-
proteins (LDL) and intermediate-density lipoproteins
(IDL) [2]. It has raised interest as a cardiovascular risk
factor: loss-of-function mutations in the APOC3 gene
are associated with a lower risk of both ischemic vascu-
lar disease and coronary heart disease in two large cohort
studies [3, 4], and apoC-III concentrations in VLDL and
LDL are predictors of recurrent coronary events [5].
ApoC-III has multiple functions, all of which are
related to a worse cardiometabolic profile, which could
explain the increased cardiovascular risk associated
with apoC-III. These functions can be classified into
three areas: lipid metabolism, glucose homeostasis, and
inflammation. With respect to lipid metabolism, apoC-
III is a major regulator of triglyceride concentrations: it
decreases the uptake of triglyceride-rich lipoproteins

(TRLs) by liver receptors [6], inhibits lipoprotein lipase
(LPL) and hepatic lipase (HL) (although it is not clear
whether LPL inhibition occurs in vivo) [7], and enhances
the synthesis and secretion of VLDL [8].

In relation to glucose homeostasis, apoC-III impairs
the function of pancreatic p cells, and preclinical studies
suggest a role for apoC-III in the pathology of both type
1 and type 2 diabetes. In the context of the insulin resis-
tance found in type 2 diabetes (T2DM), a local increase
in the production of apoC-III within the pancreatic
islets causes inflammation and apoptosis of  cells, thus
impairing B-cell function [9]. In type 1 diabetes (T1DM),
increased serum apoC-III causes an increase in intracel-
lular Ca?* and B-cell apoptosis [10].

In vitro experiments have shown that apoC-III also
promotes the secretion of proinflammatory cytokines in
endothelial cells [11] and induces inflammasome activa-
tion and apoptosis in monocytes [12]. Moreover, LDL
particles containing apoC-III are more prone to aggrega-
tion in the endothelium [13].
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This study focuses on apoC-III posttranslational modi-
fications, which have the potential to alter, modulate or
reverse the above-described functions. ApoC-III is post-
translationally modified inside the cell and is secreted as
a glycosylated protein. In the circulation, four main forms
of the protein were initially described: nonglycosylated
apoC-III (apoC-IIl,,) and three proteoforms originating
from O-glycosylation at threonine 74: apoC-IILy, with
mucin-type core-1, Galactose (Gal)— N-acetylgalactos-
amine (GalNAc); and apoC-III; and apoC-III,, with one
or two sialic acid residues bound to the Gal-GalNAc core,
respectively [14].

These four proteoforms have been studied because
of their different behaviors in terms of cardiovascular
risk and lipid metabolism. There are several popula-
tion studies reporting that higher proportions of apoC-
III, and lower proportions of apoC-III; are associated
with improved lipids and lipoproteins and insulin resis-
tance, whereas less consensus exists regarding apoC-
111y, and apoC-IILy, [15-17]. Mechanistic in vivo studies
have revealed a different clearance pathway of apoC-III
depending on its glycosylation status: some hepatic
receptors such as the heparan sulfate proteoglycan pref-
erentially clear apoC-III,, whereas others like the LDL
receptor and the LDL receptor-related protein-1 are
more prone to the uptake of apoC-III; [18].

ApoC-I1I sialylation is also a biomarker of colorectal
cancer [19] and incident cardiovascular events [20, 21]
Therefore, it seems clear that not only apoC-III but also
the way it is glycosylated is important in relation to the
lipid profile and cardiovascular risk.

In addition to these four widely studied apoC-III pro-
teoforms, other less abundant proteoforms have been
identified by mass spectrometry: apoC-III,4 and apoC-
III,4, with the same glycosylation pattern as apoC-III,
and apoC-III,, respectively, but lacking the last alanine
residue; and apoC-II1, which is further fucosylated (Fuc)
at the same residue (Gal,GalNAc,Fuc;). The literature
on these proteoforms is scarce and has focused mostly
on proteomics [17, 22, 23]; therefore, to the best of our
knowledge, cohort studies assessing the associations
between these proteoforms and clinical or biochemical
biomarkers are lacking.

In the present study, we quantified up to 7 apoC-III
proteoforms: the four main proteoforms apoC-III,,
apoC-IILy, apoC-III;, and apoC-III, and the three less
abundant proteoforms apoC-III, 4, apoC-IIl,4 and apoC-
I, We analyzed the associations of all these proteo-
forms with a comprehensive set of biomarkers related
to the three areas of apoC-III functions (namely, lipid
metabolism, glucose homeostasis, and inflammation).
Additionally, we combined all these proteoforms to
define groups of people with different metabolic and car-
diovascular risk profiles.
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Methods

Study design and participants

The study population consisted of a subgroup of 875 par-
ticipants from the cross-sectional study of the Di@bet.es
cohort, which is a population-based study of the Spanish
general population conducted in 2008-10 [24].

The samples were taken from a previous study aimed
at exploring an advanced NMR lipoprotein and glycopro-
tein profile in relation to the prevalence and incidence of
diabetes and cardiovascular disease. As such, the study
population was enriched with people with different car-
diometabolic disorders, including diabetes, prediabetes,
and cardiovascular disease (CVD). People without any of
these diseases and with similar sex frequencies were also
included in a proportion close to 2:1.

Anthropometric data were collected and adherence to
the Mediterranean diet was assessed via a 14-item ques-
tionnaire that had been previously developed and vali-
dated [25].

Biochemistry

Upon enrolment in the Di@bet.es study, serum samples
were obtained, frozen and stored at -80 °C for subse-
quent analyses. Lipid and routine biochemistry values
were obtained as previously reported [24]. The homeo-
static model assessment of insulin resistance (HOMA-IR)
index was calculated from glucose and insulin measure-
ments. Apolipoproteins, lipoprotein (a) (Lp(a)) and
high-sensitivity C-reactive protein (hsCRP) were mea-
sured using immunoturbidimetric assays (apoA-I, apoB:
BioSystems, Spain; apoC-III, apoE: Randox, UK; hsCRP,
Lp(a): Spinreact, Spain) with a Spin240 autoanalyzer
(Spinreact, Spain).

Proton nuclear magnetic resonance ('"H-NMR) lipoprotein
and glycoprotein measurements

The particle concentrations of three subclasses (small,
medium, and large) of each lipoprotein type (VLDL,
LDL, and HDL) and the mean diameter of each lipopro-
tein type were obtained from the Liposcale® test (Biosfer
Teslab SL, Spain) of serum samples, an advanced lipo-
protein test based on 2D diffusion-ordered H-NMR
spectroscopy and utilizing diffusion coefficients to quan-
tify the number of lipoprotein particles, as previously
described [26].

The glycoprotein signals GlycA, GlycB, and GlycF were
obtained from analysis of the region of the 'H-NMR spec-
trum where the glycoproteins resonate (2.15-1.90 ppm)
via several analytical functions, as previously described
[27], by Biosfer Teslab SL (Spain). For each function, the
total area (proportional to the concentration) was deter-
mined. The area of GlycA provides the concentration of
protein-bound N-acetylneuraminic acid, and the area of
GlycB provides those of N-acetylglucosamine [28]. The
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GlycF area is derived from the concentration of the acetyl
groups of N-acetylglucosamine, N-acetylgalactosamine,
and N-acetylneuraminic acid unbound to proteins (free
fraction) [29].

Mass spectrometry immunoassay

ApoC-III proteoforms were analyzed via a mass spec-
trometry immunoassay at the Centre for Omic Sciences
(COS)- Eurecat, Reus, Spain. Briefly, serum samples
were incubated with a biotinylated goat anti-apoC-
III antibody (Fortis Life Sciences, MA, USA) and total
apoC-III was immobilized on streptavidin AssayMAP
cartridges (Agilent Technologies, CA, USA) using an
automated AssayMAP BRAVO platform (Agilent Tech-
nologies, CA, USA). After elution, total apoC-III was
dried and resuspended in a sinapinic acid matrix (15 mg/
mL sinapinic acid in a solution of 33% acetonitrile and
0.4% trifluoroacetic acid in water), and 1 puL was loaded
onto a ground steel MALDI plate. Mass spectra were
acquired with an UltrafleXtrem III MALDI-TOF/TOF
instrument (Bruker, Germany) operating in positive ion
mode and with a range from 4—20 kDa. An average of
5000 laser shot mass spectra were saved for each sample
spot. Mass spectra were internally calibrated using pro-
tein calibration standard-I (Bruker, Germany) and fur-
ther processed using Flex Analysis 3.0 software (Bruker
Daltonics). (Fig. 1A).

The peaks were labeled, and peak intensity lists were
generated. The extraction of peak intensities for each
proteoform was automated within a defined confidence
mass range spanning the theoretical m/z values 8765
(apoC-IIL,), 9136 (apoC-IIly), 9350 (apoC-III,y), 9422
(apoC-II1,), 9641 (apoC-IlI,,), 9713 (apoC-III,) and 9934

A

Page 4 of 15

(apoC-IILy). Given the complexity of the spectra, the
assignment of minor proteoforms was manually reviewed
for each sample to ensure accuracy. For comparison, the
peak intensities corresponding to each proteoform were
normalized to the peak intensity of the apoC-III; peak
(the most abundant proteoform) to account for sample
dilution; therefore, ratios of each apoC-III proteoform
to the apoC-III; proteoform were obtained: apoC-III,,/
apoC-III;, apoC-IIly /apoC-IIl;,  aoC-III;4/apoC-IIL;,
apoC-III,,/apoC-I111,;, apoC-I1I,/apoC-I1I; and apoC-III/
apoC-III;, as previously reported [16]. In some spectra,
certain peak intensities could not be reliably quantified
(especially those corresponding to the least abundant
proteoforms) and were considered missing values (see
Fig. 1 legend for the exact number of observations of
each proteoform ratio). Batch correction was performed
to address the inter-day variability in mass spectra
acquisition.

Statistical analyses

The normality of the variables was assessed via his-
tograms and qq-plots of the distributions. For lin-
ear regression analyses, triglycerides, Lp(a); the total
VLDL particle concentration (VLDLP); small, medium,
and large VLDL particle concentrations (S-VLDLP,
M-VLDLP, and L-VLDLP, respectively); insulin; fasting
glucose; HOMA-IR; GlycA; GlycB; GlycF; and hsCRP
were log-transformed.

Multivariate linear regression models were built for
each studied parameter (lipids, lipoproteins, and apolipo-
proteins; inflammatory markers and glucose metabolism
variables) as dependent variables, with one proteoform
ratio at a time used as a predictor. All the models were
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Fig. 1 Detection and distribution of apoC-lil proteoforms. A Representative mass spectrum of apoC-lll proteoforms. B Distribution of the six apoC-Ill
proteoform ratios in the study population. The number of observations in which each proteoform ratio could be computed was 745 (apoC-llly,/apoClil;),
860 (apoC-lly,/apoCllly), 739 (@poC-lil, ¢/apoClily), 823 (apoC-Hil,y/apoCllly), 871 (apoC-lil,/apoClll;) and 687 (apoC-llly/apoClil;). Apo, apolipoprotein; Fuc,
fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic acid (sialic acid)
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adjusted for age, sex, body mass index (BMI), lipid-low-
ering medication, exercise, and the Mediterranean diet
score, plus specific confounders, depending on the anal-
yses: smoking history for lipid- or inflammation-related
variables and anti-inflammatory medication for inflam-
mation-related variables. To study the independence of
the observed effects from triglyceride levels and apoC-III,
additional models were built and adjusted for triglyc-
erides or apoC-III in addition to the abovementioned
confounders. Both the dependent variable and the pro-
teoform ratio were standardized.

Clustering of the data was performed via all of the
proteoform ratios: apoC-IIIj,/apoC-III;, apoC-IIIy,/
apoC-III;, apoC-III,4/apoC-III;, apoC-IIl,4/apoC-III;,
apoC-IIl,/apoC-1II; and apoC-III,/apoC-III; (only in
those cases with data of all the proteoform ratios avail-
able, #=645). The k-means and k-medoids algorithms
were tested, and the silhouette coefficient was calcu-
lated. On the basis of the silhouette values and inter-
pretability of the data, two clusters were defined using
the k-medoids algorithm. The characteristics of the two

Table 1 Characteristics of the study population (n=875)

Age,y 56.08 (47.00-67.00)
Male sex, n (%) 404 (46.17)
BMI, kg/m? 29.28 (25.93-32.06)

136.94 (123.25-150.00)
79.33 (71.62-85.50)

Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg

Obesity, n (%) 338(38.99)

Type 2 diabetes, n (%) 220 (25.14)
Hypertension, n (%) 515 (59.06)
Metabolic syndrome, n (%) 458 (54.39)

Under treatment

Lipid-lowering medication, n (%) 204 (23.34)

Oral antidiabetic medication, n (%) 77 (8.80)

Insulin treated, n (%) 31 (3.54)
Anti-hypertensive medication, n (%) 305 (34.86)
Anti-inflammatory medication, n (%) 196 (22.43)

Current smoking, (%) 187 (21.37)

Total cholesterol, mg/dL 199.00+39.32

LDLc, mg/dL 107.65+29.88

HDLc, mg/dL 50.34 (41.18-57.23)
Triglycerides, mg/dL 133.05 (82.15-157.88)
Lp(a), mg/dL 2661 (4.43-37.32)
apoA-, mg/dL 130.39 (105.64-150.34)
apoB100, mg/dL 90.93+13.95
apoC-lll, mg/dL 10.07 (7.63-11.87)
apoE, mg/dL 408 (3.51-4.55)
Fasting glucose, mg/dL 108.60 (89.82-115.74)
hsCRP, mg/L 4.07 (0.97-4.49)

The number of observations and percentage are shown for categorical
variables, the meanztstandard deviation for normally distributed continuous
variables, and the median (quartile 1-quartile 3) for nonnormally distributed
continuous variables. Apo, apolipoprotein; BMI, body mass index; HDLc, high-
density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; LDLc,
low-density lipoprotein cholesterol; Lp(a), lipoprotein (a)
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clusters were analyzed via principal component analysis
(PCA) (using all the proteoform ratios) and the loadings
of each proteoform.

Differences in potential confounders (age, sex, BMI,
anti-inflammatory medication, oral antidiabetic medica-
tion, insulin treatment, and smoking) between clusters
were assessed using the Student’s t-test for continuous,
normally distributed variables; Wilcoxon’s test for con-
tinuous, nonnormally distributed variables; and the chi-
square test for categorical variables.

Differences in lipid, lipoprotein, glucose, and inflamma-
tion-related parameters between clusters were assessed
via ANCOVA, controlling for confounders that were
found to differ between clusters and could interfere with
the studied variable: age and sex for all variables, plus
anti-inflammatory medication for inflammation-related
parameters. To compare variables related to glucose
metabolism, all participants with TIDM or previously
diagnosed with T2DM were excluded. The false discovery
rate of the differences between clusters was controlled via
the Benjamini and Hochberg method, with a false dis-
covery rate threshold of 5%. The prevalence of metabolic
disorders was compared between clusters using the chi-
square test.

Univariate differences in proteoform ratios between
groups of treated and nontreated participants were
assessed using Wilcoxon’s test.

All the statistical analyses were performed using MAT-
LAB version R2024a (MathWorks Inc. USA).

Results

Characteristics of the study population

The study population was a subgroup of the Di@bet.es
cohort, consisting of 875 participants with a mean age of
56.1 + 14.6 years, 46.2% of whom were men. The mean
lipid levels were within the normal range, and a high
proportion of participants had diabetes: 239 (27.3%), of
whom 126 (14.4% of the study population) were not pre-
viously diagnosed (without treatment) (Table 1).

The median apoC-III concentration was 10.07 mg/dL.
Among the 7 measured apoC-III proteoforms, the ratios
of 6 proteoforms (apoC-IIl),, apoC-IIly, apoC-III,,
apoC-IIl,4, apoC-III,, and apoC-IIly) to the most abun-
dant proteoform apoC-III; were computed. The proteo-
form with the highest proportion in relation to apoC-III;
was apoC-III, (24% of the apoC-III; peak), followed by
apoC-IIl,; and apoC-IIly, (11% and 9%, respectively).
The apoC-IlIl,,, apoC-IIl,4, and apoC-IIl peaks were
less pronounced (2%, 4%, and 3% of the apoC-III; peak,
respectively, and not quantifiable in part of the study
sample) (Fig. 1B).
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(See figure on previous page.)

Fig. 2 Associations between apoC-lil proteoforms and parameters of TRL (A-C), LDL (D-F) and HDL (G-I) metabolism. Beta coefficients and 95% confi-
dence intervals of apoC-Iil or proteoform ratios (predictors) for individual multivariate linear regression models on each lipid-related variable (dependent
variables) are shown. In each model, both the predictor and dependent variable are standardized; therefore, the coefficients indicate the SD variation in
the lipid-related parameter for a 1 SD increase in the apoC-lll or apoC-lil proteoform ratio. A, D, G: Models were adjusted for age, sex, BM, lipid-lowering
medication, exercise, Mediterranean diet score, and smoking history. B, E, H: Models were adjusted for confounders in the first models (A, D, G) plus
triglycerides. C, F, I: Models were adjusted for confounders in the first models (A, D, G) plus apoC-lil. Apo, apolipoprotein; BMI, body mass index; HDL,
high-density lipoprotein; HDLc, HDL cholesterol; HDLP, HDL particle concentration; L-HDLP, large HDL particle concentration; L-LDLP, large LDL particle
concentration; L-VLDLP, large VLDL particle concentration; LDL, low-density lipoprotein; LDLc, LDL cholesterol; LDLP, LDL particle concentration; Lp(a), li-
poprotein (a); M-HDLP, medium HDL particle concentration; M-LDLP, medium LDL particle concentration; M-VLDLP, medium VLDL particle concentration;
VLDL, very low-density lipoprotein; VLDLP, VLDL particle concentration; S-HDLP, small HDL particle concentration; S-LDLP, small LDL particle concentra-

tion; S-VLDLP, small VLDL particle concentration; SD, standard deviation; TRL, triglyceride-rich lipoprotein

ApoC-lll, apoC-lil proteoforms, and lipid metabolism
Triglycerides and VLDL

Total apoC-III was positively associated with triglycer-
ide (B=0.648, p<0.001) and VLDL particle concentra-
tions (p=0.648, p<0.001; f=0.639, p<0.001; $=0.486,
»<0.001 and $=0.590, p<0.001; for total, small, medium
and large VLDL particles, respectively) (Fig. 2A). The
association with all VLDL particle subclasses was still
significant after controlling for the triglyceride concen-
tration, although the magnitude of the effect was mark-
edly lower (Fig. 2B).

Analysis of individual apoC-III proteoforms revealed
that the ratio apoC-III,4/apoC-III; was also positively
associated with triglycerides, total, large, and small
VLDL particles. However, the ratios of three proteo-
forms (apoC-IlIL,, apoC-IIl,, and apoC-Illy) to apoC-
III, were negatively associated with triglycerides and
the concentrations of all VLDL particles. ApoC-IIL,/
apoC-III; had the greatest negative associations (B=-
0.297, p<0.001; B=-0.265, p<0.001; p=-0.267, p<0.001;
B=-0.163, p<0.001; p=-0.250, p<0.001; for triglycerides;
total, small, medium and large VLDL particle concentra-
tions, respectively), but all three ratios had similar regres-
sion coefficients (Fig. 2A). These effects were significant
even after controlling for total apoC-III concentrations
(except with medium VLDL particles), albeit with a
lower magnitude (Fig. 2C), but were lost after adjust-
ing for triglycerides (Fig. 2B). An interesting negative
association between the same three ratios (apoC-III,4/
apoC-III;, apoC-III,/apoC-III1 and apoC-IIIy/apoC-
II1;) and VLDL cholesterol (VLDLc) (f=-0.135, p<0.001;
B=-0.206, p<0.001; p=-0.160, p<0.001; respectively) was
also observed, although it was not independent of triglyc-
eride levels either (data not shown).

An increase in total apoC-III was associated with a
smaller VLDL size, whereas the ratios apoC-III,/apoC-
I, and apoC-IIl/apoC-III; were associated with a
larger VLDL size (Fig. 2A). For the ratio apoC-III,/apoC-
II1;, this association was independent of total apoC-III
(Fig. 2C) but was lost when controlling for triglycerides
(Fig. 2B).

LDL

Concerning the metabolism of LDL cholesterol (LDLc),
total apoC-III was positively associated with LDLc
(B=0.214, p<0.001), apoBl00 (B=0.399, p<0.001),
and total, small and medium LDL particle concentra-
tions (f=0.333, p<0.001; p=0.443, p<0.001; p=0.096,
p=0.004; respectively) (Fig. 2D). Except for LDLc, this
effect was independent of the triglyceride concentration
(Fig. 2E).

The associations of apoC-IIl,4/apoC-III;, apoC-III,/
apoC-III; and apoC-III/apoC-III; ratios were opposite
to those of total apoC-III, with apoC-III,/apoC-III; dem-
onstrating the strongest negative association with LDLc
(B=-0.223, p<0.001), apoB100 (B=-0.253, p<0.001) and
LDL particles (f=-0.246, p<0.001; p=-0.320, p<0.001;
f=-0.084, p<0,001 for total, small and medium LDL,
respectively) (Fig. 2D). These effects remained significant
after controlling for triglycerides (all the associations)
(Fig. 2E) or total apoC-III (all except medium LDL par-
ticles; Fig. 2F).

Interestingly, higher levels of apoC-III were related to
smaller LDL particles (f=-0.199, p<0.001), but a greater
proportion of apoC-III, and apoC-IIly; over apoC-III;
was associated with larger particles (3=0.175, p<0.001;
f=0.108, p=0.005), which, in the case of apoC-III,, was
still significant after controlling for total triglycerides or
total apoC-II1.

HDL
Total apoC-III was also associated with increased
HDL cholesterol (HDLc) (p=0.424, p<0.001), apoA-
I (B=0.376, p<0.001) and HDL particles (3=0.449,
»<0.001; $=0.491, p<0.001; p=0.134, p=0.003; $=0.203,
p<0.001; for total, small, medium and large HDL par-
ticles, respectively) when regressions were adjusted for
triglyceride levels (due to the strong relationship between
triglycerides and HDL, both directly related to apoC-III,
the magnitude and significance of some of the previous
associations was only evident after adjusting for triglyc-
erides, Fig. 2G-H).

After adjusting for triglyceride concentrations, the
ratios apoC-IIl,/apoC-III; and apoC-IIl/apoC-III;
showed the opposite trend to that of total apoC-III in
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relation to apoA-I (f=-0.105, p=0.002 for apoC-III,/
apoC-III;; p=-0.079, p=0.024 for apoC-IIIy/apoC-III,)
and small HDL particles (f=-0.124, p<0.001 for apoC-
III,/apoC-III; and a nonsignificant trend for apoC-III,/
apoC-III;: f=-0.075, p=0.052), although this trend was
not independent of total apoC-III. These two ratios,
together with ApoC-III,,/apoC-III;, were positively asso-
ciated with medium HDL particles after adjusting for
total apoC-III (f=0.102, p=0.001; p=0.191, p<0.001;
f=0.096, p=0.009 for apoC-IIl,4/apoC-III;, apoC-
[I,/apoC-1II; and apoC-IIly/apoC-III;, respectively.
Figure 2H-I).

An increase in apoC-III concentrations was related
to smaller HDL particles (f=-0.393, p<0.001 with HDL
size, controlling for triglycerides), whereas increased
apoC-III,/apoC-I1II; and apoC-IIl,/apoC-III, ratios were
associated with larger HDL particles ($=0.226, p<0.001;
B=0.113, p=0.007, respectively, controlling for triglycer-
ides). The association with apoC-III,/apoC-III; remained
significant after adjusting for total apoC-III (Fig. 2H-I).
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ApoC-lll, apoC-lil proteoforms, and inflammation

Because of the proinflammatory role of apoC-III, the
associations between apoC-III and its proteoforms and
distinct markers of inflammation (hsCRP and 'H-NMR-
assessed glycoprotein signals GlycA, GlycB, and GlycF)
were explored.

Strong and positive associations between apoC-III and
GlycA (p=0.684, p<0.001), GlycB (p=0.289, p<0.001),
and GlycF (p=0.562, p<0.001) (Fig. 3A) were observed,
which remained significant after adjusting for triglyc-
erides. After this adjustment, a weak negative associa-
tion with hsCRP (f=-0.110, p=0.015) was discovered
(Fig. 3B).

The apoC-IIly /apoC-III; ratio was also positively
associated with GlycA (3=0.116, p<0.001) and GlycB
(p=0.116, p<0.001), and this effect was independent
of triglycerides or total apoC-III. Conversely, the apoC-
111, 4/apoC-I1I,, apoC-I1I,/apoC-III; and apoC-III/apoC-
II1, ratios exhibited the opposite trend in terms of their
relationships with GlycA (p=-0.148, p<0.001; =-0.263,
p<0.001; p=-0.211, p<0.001) and GlycF (B=-0.138,
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Fig. 3 Associations between apoC-lll proteoforms and parameters of inflammation (A-C) and glucose metabolism (D-F). Beta coefficients and 95%
confidence intervals of apoC-lll or proteoform ratios (predictors) for individual multivariate linear regression models on each inflammation or glucose-
related variable (dependent variables) are shown. In each model, both the predictor and dependent variable are standardized; therefore, the coefficients
indicate the SD variation in the inflammation- or glucose-related parameters for a 1 SD increase in the apoC-lll or apoC-lll proteoform ratio. A: Models
were adjusted for age, sex, BM|, lipid-lowering medication, exercise, Mediterranean diet score, smoking history, and anti-inflammatory medication. B:
Models were adjusted for confounders in A plus triglycerides. C: Models were adjusted for confounders in A plus apoC-lll. D: Models were adjusted for
age, sex, BM|, lipid-lowering medication, exercise, and the Mediterranean diet score. E: Models were adjusted for confounders in D plus triglycerides. F:
Models were adjusted for confounders in D plus apoC-lil. Apo, apolipoprotein; BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin

resistance; hsCRP, high-sensitivity C-reactive protein; SD, standard deviation
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p<0.001; B=-0.230, p<0.001; B=-0.1845, p<0.001). The
trends involving ratio of apoC-IIl,y and apoC-III, were
independent of total apoC-III, but none of them resisted
the adjustment for triglycerides. The apoC-IlI,,/apoC-III,
ratio was negatively associated with hsCRP levels (B=-
0.106, p=0.002) independently of triglycerides or total
apoC-III, whereas the apoC-IIL,/apoC-III; ratio showed
the opposite trend (Fig. 3A-C).

ApoC-lll, apoC-lll proteoforms, and glucose metabolism
Since apoC-III is tightly controlled by insulin and glucose
and has been reported to affect the function of § cells in
pancreatic islets, the relationships between apoC-III and
its proteoforms and the clinical parameters of glucose
metabolism were also studied. In this context, partici-
pants under treatment for type 1 or type 2 diabetes were
excluded to eliminate the potential effects of drugs or
insulin injection on the studied parameters.

Total apoC-III was associated with increased plasma
concentrations of insulin (3=0.086, p=0.007) and fasting
glucose (p=0.145, p<0.001) and, consequently, with an
increased HOMA-IR index (p=0.118, p<0.001) (Fig. 3D).
Interestingly, after adjustment for triglycerides, the asso-
ciation with HOMA-IR became negative (f=-0.181,
p<0.001) (Fig. 3E).

The apoC-IIl,4/apoC-III;, apoC-IIl,/apoC-III; and
apoC-IIl/apoC-III; ratios showed the opposite asso-
ciation to that observed for total apoC-III in relation
to HOMA-IR (=-0.096, p=0.003; p=-0.199, p<0.001
and P=-0.114, p=0.002, respectively) as did apoC-III,/
apoC-III; (p=-0.060, p=0.077). These relationships were
independent of total apoC-III, but only apoC-III,/apoC-
I, and apoC-III;,/apoC-III;, were significantly associ-
ated with HOMA-IR after controlling for triglycerides
(Fig. 3D-F).
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Clusters of apoC-Ill proteoforms

The previous results were obtained from models that
used only one proteoform ratio at a time. Since inter-
esting associations were observed in more than just one
proteoform ratio, we wanted to assess whether the com-
bination of all proteoforms could characterize subgroups
of people with different profiles. All 6 ratios of apoC-III
proteoforms were used to cluster the data into two clus-
ters using the k-medoids algorithm (since this number of
clusters and this algorithm retrieved the best average sil-
houette coefficient among those tested). Only the obser-
vations with available data for all ratios were used for this
analysis (n=645).

The PCA of all 6 ratios revealed that the two clus-
ters were separated by principal component (PC) 1,
with Cluster 1 (#=494) having mostly positive values
and Cluster 2 (n=151) having negative values for PC1
(Fig. 4A). This principal component was defined by posi-
tive loadings for apoC-III, ;/apoC-III; and, with a greater
magnitude, apoC-IIl,4/apoC-III;, apoC-III,/apoC-III;
and apoC-III,/apoC-III; and negative values of apoC-
111,,/apoC-1II;, and apoC-IIIy/apoC-III; (although less
important in magnitude) (Fig. 4B). Therefore, high val-
ues of the three proteoform ratios that were associated
with a more protective profile (in terms of lipids, lipopro-
teins, biomarkers of inflammation, and glucose metabo-
lism, according to the results from the previous section)
defined Cluster 2, whereas low values of these proteo-
form ratios defined Cluster 1.

Compared with those in Cluster 2, the participants in
Cluster 1 were older (p=0.002) and had a higher BMI
(p<0.001), as well as a higher proportion of individuals
treated with anti-inflammatory drugs (p=0.045) or insu-
lin (p=0.007) (Table S1); therefore, subsequent analy-
ses were performed taking into account these potential
confounders.

B
- PCA loadings -
[ 2poCl,, / 2poC-il,
[T apoC-ily, / apoC-i,
06 [ 2PoC-l, , / apoCHil,
I apoC-ll,, / apoC-l,
I 270G, / apoC-i,

[ 2oC-1, / apoC-il

u,ﬂﬂ ,HI_ Illﬂ : hi

Fig. 4 Clusters of apoC-lll proteoforms. A: PCA of the study sample (only observations with data available for all proteoform ratios, n=645) generated via
the 6 apoC-lll proteoform ratios showing the two clusters. B: PCA loadings of the 6 principal components. Apo, apolipoprotein; PC, principal component;

PCA, principal component analysis
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Lipid metabolism, inflammation, and glucose metabo-
lism parameters were compared across the two clusters
(Table 2). Compared with those in Cluster 2, participants
in Cluster 1 presented higher triglyceride (p<0.001),
apoC-III (p<0.001), VLDLc (p<0.001), and VLDL
particle (p=0.002) concentrations. LDLc (p=0.001),
apoB100 (p=0.003), and the concentration of LDL parti-
cles (p=0.002) were also higher in Cluster 1. In addition,
Cluster 1 displayed increased levels of small LDL parti-
cles (»p<0.001) and a smaller mean LDL size (p=0.001).
Cluster 2 had higher concentrations of medium HDL
particles (p<0.001) and larger HDL particles (p=0.003).

With respect to glucose metabolism and inflammation,
Cluster 1 had increased insulin resistance, as assessed by
HOMA-IR (p=0.008), and the 'H-NMR-assessed bio-
markers of inflammation, GlycA, and GlycF were also
higher in Cluster 1 (p<0.001 and p=0.003, respectively)
than in Cluster 2 (Table 2).

Since the above results for lipids, glucose metabo-
lism, and inflammation clearly revealed one cluster with
a worse metabolic and inflammatory profile, we studied
whether there were any differences in the prevalence of
several metabolic conditions across the two clusters. We
found a greater prevalence of obesity (p=0.001), meta-
bolic syndrome (p=0.013), and T2DM (p=0.022) within
Cluster 1. Surprisingly, the history of cardiovascular
events was higher in Cluster 2 (p=0.009) (Table 3).

Discussion

In the present study, we were able to quantify seven dif-
ferent apoC-III proteoforms in more than 800 individuals
from a subgroup of the Di@bet.es cohort and assess their
relationship with a complete set of parameters related to
cardiovascular risk.

Lipoprotein profile

In terms of lipid metabolism, we observed that three
proteoform ratios (apoC-IIl,4/apoC-III;, apoC-IIL,/
apoC-III; and apoC-IIly/apoC-IIL;) displayed the oppo-
site behavior to that of total apoC-III since they were
associated with lower levels of triglycerides and LDLc,
as well as their transport particles (VLDL and LDL) and
apoB100. Notably, the strongest association between
these three ratios and LDL particles was found with the
atherogenic small LDL subtype, a hallmark of diabetic
dyslipidemia [30, 31] and associated with a higher risk
of CVD [32]. This feature was again opposed to those of
total apoC-III. While the associations with triglyceride-
related parameters were dependent on total triglyceride
concentrations, the negative association with LDLc and
LDL particles was, in part, independent of triglycerides.
This finding is especially relevant in the case of reduced
small LDL particles, a subtype that is normally a con-
sequence of increased triglyceride concentrations [33]
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and highlights the importance of apoC-III glycosylation
beyond its effects on triglyceride metabolism. Some of
these protective proteoform ratios were negatively corre-
lated with total apoC-III (Supplemental Figure S1). How-
ever, the observed associations were in part independent
of apoC-III levels, which indicated that they were not
completely driven by the lower apoC-III levels associated
with these proteoforms and emphasized the importance
of glycosylation.

The literature on the associations between minor apoC-
III proteoforms (apoC-III 4, apoC-IIl,3 and apoC-IIly)
and lipid or lipoprotein parameters is scarce, and most of
the available studies analyze the four main proteoforms
with a focus on the apoC-III,/apoC-III; ratio. Our results
on these proteoforms and triglyceride metabolism are in
line with those reported from previous studies on people
without diabetes [15, 34], with prediabetes or diabetes
[16], with hypertriglyceridemia and receiving apoC-III-
lowering therapy [18] or in the MESA cohort [20]. Yass-
ine et al. reported that the ratios of apoC-Ill,, apoC-IIly,
and apoC-III; to apoC-III, were positively correlated
with fasting triglycerides, which supports our findings
that higher apoC-III, and/or lower apoC-1II; were associ-
ated with fewer triglycerides and VLDL. We were unable
to find such clear associations regarding the proportion
of apoC-III, and apoC-IIIy, but in our results, we nor-
malized these proteoforms by apoC-III; and in the men-
tioned article, the ratios are computed to apoC-III,. These
results suggest that apoC-III,, and apoC-IIly, as well as
apoC-III;, are directly related to triglycerides, which, in
our method, could mask the associations between the
ratios of these proteoforms and triglycerides. Koska et al.
showed that both triglycerides and LDLc are strongly and
negatively correlated with the ratio of apoC-III,/apoC-
II1,, which is in agreement with the trends found in our
study regarding these proteoforms. This protective role
of a greater relative proportion of apoC-III, that we and
others have observed in relation to triglyceride metabo-
lism could be explained by less efficient interference with
TRL uptake by the liver [35] or less inhibition of LPL
activity [16].

The strong relationship between apoC-III,/apoC-III;
and fewer small LDL particles (or a larger mean LDL
size) that we observed was also reported in the above-
mentioned study, also in an apoC-IlI-independent fash-
ion [16]; and, in Mendoza et al., apoC-III, was the only
proteoform that was not related to a decreased LDL size
[17]. However, other studies have shown a negative asso-
ciation between the apoC-III, production rate and LDL
size [36]. Further research with comparable proteoform
metrics (ratios, absolute concentrations, and kinetic met-
rics) is needed to understand the full picture of the rela-
tionship between apoC-III proteoforms and LDL size.
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Table 2 Lipid, lipoprotein, glucose, and inflammation-related

differences between cluster 1 and 2
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Table 3 Prevalence of metabolic disorders across the clusters
defined by apoC-lll proteoforms

Cluster 1 (n=494) Cluster2(n=151) p
value
triglycerides, 130.20 96.55 (71.74-137.29) 0.004
mag/dL (95.66-177.15)
HDLc, mg/dL 47.56 (40.22-56.07) 5143 (41.57-59.55) 0470
LDLc, mg/dL 111.78+29.15 102.85+30.43 0.006
VLDLc, mg/dL 41.38(34.80-48.72)  37.51(31.42-45.15) 0.004
Lp(a), mg/dL 13.04 (4.52-37.68) 12.77 (4.55-34.61) 0.384
apoB100, mg/dL  93.22+13.83 8942+14.13 0.007
apoA-I, mg/dL 122.28 130.54 0.904
(103.77-146.66) (109.84-153.50)
apok, mg/dL 4.04 (3.58-4.63) 4.06 (3.48-4.59) 0.382
apoC-lll, mg/dL  10.12(8.12-12.72) 8.99 (6.87-11.45) 0.004
VLDLP, nmol/L 54.07 (35.66-81.43)  37.61 (29.20-58.86) 0.006
S-VLDLP, nmol/L  47.76 (30.99-73.52)  32.80 (25.65-51.10) 0.006
M-VLDLP, nmol/L  4.59 (3.36-6.09) 379 (2.68-4.92) 0.116
L-VLDLP, nmol/L  1.44 (1.07-2.02) 1.12(0.83-1.53) 0.058
LDLP, nmol/L 1460.25+280.25 1380.63+26543 0.007
S-LDLP, nmol/L 82841 76443 <0.001
(733.71-937.63) (681.74-847.47)
M-LDLP, nmol/L  413.73+136.88 416.25+140.62 0.705
L-LDLP, nmol/L 191.89+38.46 192.70+38.49 0.730
HDLP, umol/L 2747 (2447-30.58)  28.28 (25.57-31.23) 0.884
S-HDLP, pmol/L 1863 +4.01 18.63+4.08 0.387
M-HDLP, umol/L 892 (8.06-9.75) 9.38 (8.54-10.45) 0.005
L-HDLP, umol/L  0.28 (0.25-0.31) 0.28 (0.25-0.30) 0.528
VLDL size, nm 41.88(41.62-42.13) 4201 (41.75-42.22) 0.120
LDL size, nm 20.96 (20.70-21.15) 21.07 (20.83-21.28) 0.007
HDL size, nm 8.25 (8.20-8.30) 8.27 (8.23-833) 0.007
fasting insulin, 9.16 (6.38-13.10) 6.44 (4.96-8.19) 0.010
mlU/L
fasting glucose,  99.00 (90.36-112.45)  94.41 (86.04-105.39) 0.096
mg/dL
HOMA-IR 229 (1.54-3.45) 1.51(1.13-2.04) 0016
GlycA, umol/L 734.14 660.54 0.002
(646.91-851.53) (596.33-783.84)
GlycB, umol/L 25834 250.97 0465
(227.31-296.65) (215.50-287.38)
GlycF, umol/L 293.12 27393 0.006
(258.72-330.04) (236.92-312.41)
hsCRP, mg/L 2.21(1.07-4.68) 1.76 (0.72-3.60) 0.393

The meanztstandard deviation is reported for variables that are normally
distributed in both clusters, and the median (quartile 1-quartile 3) is reported
for variables that are nonnormally distributed in at least one cluster. P values
were calculated via ANCOVA with age and BMI as covariates (for all variables
except inflammation-related variables) and age, BMI, and anti-inflammatory
medication for GlycA, GlycB, GlycF, and hsCRP; and further corrected for
multiple comparisons via the Benjamini and Hochberg procedure with a false
discovery rate threshold of 5%. Participants with TIDM or previously diagnosed
T2DM were excluded from the models for glucose, insulin, and HOMA-IR. Apo,
apolipoprotein; HDL, high-density lipoprotein; HDLc, HDL cholesterol; HDLP,
HDL particle concentration; HOMA-IR, homeostatic model assessment of insulin
resistance; hsCRP, high-sensitivity C-reactive protein; L-HDLP, large HDL particle
concentration; L-LDLP, large LDL particle concentration; L-VLDLP, large VLDL
particle concentration; LDL, low-density lipoprotein; LDLc, LDL cholesterol;
LDLP, LDL particle concentration; Lp(a), lipoprotein (a); M-HDLP, medium HDL
particle concentration; M-LDLP, medium LDL particle concentration; M-VLDLP,
medium VLDL particle concentration; VLDL, very low-density lipoprotein;
VLDLc, VLDL cholesterol; VLDLP, VLDL particle concentration; S-HDLP, small
HDL particle concentration; S-LDLP, small LDL particle concentration; S-VLDLP,
small VLDL particle concentration TIDM, T2DM,

Cluster 1 Cluster 2 p value
Prediabetes 116 (25.72%) 26 (20.97%) 0.277
Type 2 diabetes 87 (19.29%) 13 (10.48%) 0.022
CcvD 100 (20.24%) 46 (30.46%) 0.009
obesity 210 (42.86%) 42 (28.19%) 0.001
metabolic syndrome 288 (60.63%) 70 (48.95%) 0.013
hypertension 304 (61.91%) 81 (53.64%) 0.07

The number of observations and percentage are reported for each outcome. P
values were computed via the chi-square test. For the prevalence of prediabetes
and type 2 diabetes, those participants with TIDM or previously diagnosed
with T2DM were excluded. CVD, cardiovascular disease

Figure titles and legends

In relation to HDL, we observed a clear positive asso-
ciation of total apoC-III with HDLc and HDL particles
after adjusting for triglycerides. This relationship may
seem counterintuitive because of the known association
of apoC-III with a more proatherogenic lipid profile, but
it could be explained by the presence of apoC-III on the
surface of HDL particles and, after controlling for tri-
glyceride levels (which impact the HDL particle compo-
sition [33]), apoC-III and HDL were directly related, as
previously observed in the MESA cohort [20]. ApoC-I1I,/
apoC-III; and apoC-IIl,/apoC-III; were associated with
decreased small HDL and a larger mean HDL size. This
finding is consistent with the protective lipid profile asso-
ciated with these proteoform ratios that we observed
regarding the LDL and VLDL parameters since small and
dense HDL are a hallmark of diabetic dyslipidemia, and
a larger HDL size is related to reduced cardiovascular
risk [37]. However, HDL size is a controversial param-
eter: most of the published results on HDL size and car-
diovascular risk are not independent of HDLc or other
traditional risk factors, and some studies even reported
opposite associations with cardiovascular mortality [38].
Here, we also observed an association of these proteo-
forms with medium HDL independent of the total apoC-
IIT concentration, which should be further studied. Other
studies showed that apoC-III, was also associated with
increased HDLc and that apoC-III; was associated with
decreased HDLc, which supports the suggested protec-
tive role of the apoC-III,/apoC-III; ratio [20, 34]; how-
ever, in our study, we did not observe such associations.

Inflammation

While total apoC-III was undoubtedly associated with
more inflammation when assessed by GlycA, GlycB, or
GlycF, there was no association between apoC-III and
hsCRP (and it was even negative after controlling for tri-
glycerides). This finding is in line with previous data from
our group, where iPCSK9 therapy resulted in a parallel
decrease in apoC-III and glycoprotein signals, while no
such association was observed with hsCRP [39].
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The negative associations between apoC-III,;/apoC-
III,, apoC-III,/apoC-III;, and apoC-III,/apoC-III; and
"H-NMR-glycoprotein signals are explained by plasma
triglycerides, and the positive relationship between gly-
coprotein signals and total apoC-III was also diminished
when adjusting for triglycerides (although it remained
significant). This result was expected because of the
pro-inflammatory nature of triglycerides and their high
correlation with glycoproteins. However, the positive
association of apoC-IIly/apoC-III; with GlycA and
GlycB seemed to be partly independent of triglyceride
concentrations and total apoC-III. The apoC-III,/apoC-
III, ratio was the only ratio that was associated with
lower hsCRP, whereas the ratio of the other proteoform
with no sialic acids, apoC-IIly/apoC-III;, showed the
opposite trend, suggesting that not only sialic acids but
also the GalGalNAc moiety is related to differential asso-
ciations among apoC-III proteoforms.

To the best of our knowledge, we are among the first
group to report associations between apoC-III proteo-
forms and 'H-NMR-assessed glycoprotein signals, and
most importantly, these associations were partly inde-
pendent of total apoC-III concentrations.

Glycoproteins are strongly related to cardiometabolic
risk [40, 41] and are predictors of CVD [42] and T2DM
[43]. Accordingly, the same proteoforms that are associ-
ated with a more protective lipid profile also show nega-
tive regression coefficients with GlycA, GlycF and, to a
lesser extent, GlycB. However, Hiukka et al. [13] reported
that, compared with other proteoforms, apoC-III, stim-
ulated greater secretion of proinflammatory cytokines
in vitro; this finding could also be explained by the dif-
ferent types of inflammation that are assessed and the
methodology used, although further research on the
role of apoC-III glycosylation in inflammation should be
performed, including a greater number of biomarkers of
inflammation, to fully understand its implications.

Glucose metabolism

Few glucose homeostasis biomarkers are available in our
cohort, but the same protective proteoform ratios were
found to be associated with reduced insulin resistance,
in agreement with the lipid profile associated with these
proteoforms. ApoC-III,,/apoC-1II; also showed a simi-
lar coefficient with HOMA-IR, which was less expected
because, in general, it exhibited a trend towards a more
dyslipidaemic lipid profile and a significant associa-
tion with the small LDL subclass; but, conversely, it was
also related to less inflammation, as assessed by hsCRP.
The literature provides similar results in relation to fast-
ing glucose in the MESA cohort [20] and in people with
diabetes [16]. In addition, the present results revealed
that the associations between these proteoforms and
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insulin resistance were again independent of total apoC-
III concentrations.

The analyses performed in all three areas (lipid metab-
olism, inflammation, and glucose homeostasis) revealed
protective associations among the three proteoform
ratios. Nevertheless, multivariate models including all
proteoform ratios confirmed an independent effect of
apoC-III,/apoC-III; but suggested that the associations
of apoC-I11,4/apoC-III; and, to a lesser extent, apoC-III/
apoC-III, were dependent on the apoC-III,/apoC-III;
ratio (data not shown).

ApoC-lll proteoform clusters

Measuring and analyzing as many as seven apoC-III pro-
teoforms allowed us to identify more proteoforms associ-
ated with a protective lipid profile than those previously
reported. The PCA loadings showed that the three pro-
tective proteoform ratios (all three in the same direction)
were the variables that contributed the most to the unsu-
pervised clustering of the sample by the k-medoids algo-
rithm, splitting the population into one small cluster with
high values and another greater cluster with smaller val-
ues of these ratios. As expected, they differed in most of
the lipid, lipoprotein, inflammation, and glucose homeo-
stasis parameters that were already associated with these
ratios and clearly showed a more proatherogenic profile
of Cluster 1 versus a more protective profile of Cluster 2,
which translated to a higher prevalence of metabolic dis-
orders in Cluster 1.

Surprisingly, the history of cardiovascular events was
significantly lower in the first cluster. In the literature,
similar findings have been reported in the MESA cohort,
where apoC-III,/apoC-III; shows a positive associa-
tion and apoC-IIl,;/apoC-III; shows a negative associa-
tion with the risk of PAD [21] and CVD [20], and several
studies have linked the presence of sialic acid in plasma
with greater inflammation and CVR [44—46]. In other
studies, a lower incidence of MACE has been reported
in people with a greater apoC-III,/apoC-III; ratio in a
triglyceride-dependent fashion [16]. However, given that
all cardiovascular risk factors were decreased in Cluster
2, the observed higher prevalence of CVD in this cluster
might be due to certain confounders, such as treatment
(see below).

ApoC-lll proteoforms and lipid-lowering and anti-
inflammatory therapies

Lipid-lowering therapies and antidiabetic treatment can
alter the proportion of apoC-III proteoforms towards
a higher apoC-III,/apoC-III; ratio [16, 47, 48], and we
observed that people under either lipid-lowering or anti-
inflammatory medications showed increased proportions
of some of the protective proteoform ratios (Supple-
mental Figure S2 A-B). In our case, we cannot rule out
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the possibility that our finding for CVD prevalence was
affected by treatment. A similar situation might occur
regarding the prevalence of T2DM: Cluster 2 showed a
lower prevalence of T2DM when we excluded treated
diabetes from the analysis (Table 3), but we observed no
significant differences when we also included people with
treated diabetes (data not shown), who had increased
ratios of protective proteoforms and were classified into
Cluster 2 (Supplemental Figure S2 C-E).

Overall, the results of the present study provide infor-
mation on proteoforms that are not usually studied
(apoC-II1, 4, apoC-III,y, and apoC-III ) and complete the
existing knowledge on previously studied proteoforms
by assessing their relationship with advanced biomarkers
(the complete lipoprotein profile and 'H-NMR-measured
Glyc concentrations). Owing to the study design, the
associations observed throughout the study do not imply
a causal role of proteoform ratios on the studied param-
eters. The fact that differences in proteoform ratios exist
between treatment groups could suggest that, to some
extent, the proteoform composition might be a conse-
quence of the metabolic state. Conversely, other evidence
from in vitro and mechanistic studies supports a direct
effect of proteoform composition on some of the studied
roles, as discussed above. To gain a deeper understanding
of the physiological role and mechanisms of action of the
different apoC-III proteoforms, further research in more
controlled environments, such as in vitro systems or
animal models, could complement the present findings.
Another limitation of the study is the great variability of
the study sample in the prevalence and duration of expo-
sure to metabolic disorders and treatments, and despite
robust control for covariates, other confounders that are
not collected in our dataset may be important. From a
clinical perspective, the study of the potential therapeu-
tic implications of the observed results, i.e., different
responses to triglyceride-lowering treatments depend-
ing on the proteoform distribution, would be of interest.
Additionally, for future large cohort studies on apoC-III
proteoforms or to consider any application in a clinical
environment, a faster and simpler way to detect the most
informative proteoforms would be highly useful.

Conclusions

In conclusion, our results support the importance of
measuring not only apoC-III but also the relative pro-
portions of its proteoforms, since similar levels of total
apoC-III could be related to very different lipid profiles
in people with different distributions of apoC-III proteo-
forms, not only in relation to lipoprotein metabolism but
also inflammation and glucose metabolism.
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