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Abstract. Jansson Sigfrids F, Stechemesser L,
Dahlstrém EH, Forsblom CM, Harjutsalo V, Weit-
gasser V, et al. Apolipoprotein C-III predicts cardio-
vascular events and mortality in individuals with
type 1 diabetes and albuminuria. J Intern Med.
2022;291:338-349.

Objectives. We studied apolipoprotein C-III (apoC-III)
in relation to diabetic kidney disease (DKD), car-
diovascular outcomes, and mortality in type 1 dia-
betes.

Methods. The cohort comprised 3966 participants
from the prospective observational Finnish Dia-
betic Nephropathy Study. Progression of DKD was
determined from medical records. A major adverse
cardiac event (MACE) was defined as acute myocar-
dial infarction, coronary revascularization, stroke,
or cardiovascular mortality through 2017. Cardio-
vascular and mortality data were retrieved from
national registries.

Results. ApoC-III predicted DKD progression inde-
pendent of sex, diabetes duration, blood pressure,
HbA,., smoking, LDL-cholesterol, lipid-lowering
medication, DKD category, and remnant choles-
terol (hazard ratio [HR] 1.43 [95% confidence inter-

val 1.05-1.94], p = 0.02). ApoC-III also predicted
the MACE in a multivariable regression analy-
sis; however, it was not independent of remnant
cholesterol (HR 1.05 [0.81-1.36, p = 0.71] with
remnant cholesterol; 1.30 [1.03-1.64, p = 0.03]
without). DKD-specific analyses revealed that the
association was driven by individuals with albu-
minuria, as no link between apoC-III and the out-
come was observed in the normal albumin excre-
tion or kidney failure categories. The same was
observed for mortality: Individuals with albumin-
uria had an adjusted HR of 1.49 (1.03-2.16, p =
0.03) for premature death, while no association
was found in the other groups. The highest apoC-III
quartile displayed a markedly higher risk of MACE
and death than the lower quartiles; however, this
nonlinear relationship flattened after adjustment.

Conclusions. The impact of apoC-III on MACE risk
and mortality is restricted to those with albu-
minuria among individuals with type 1 diabetes.
This study also revealed that apoC-III predicts
DKD progression, independent of the initial DKD
category.

Keywords: apolipoprotein C-III, cardiovascular dis-
ease, diabetes mellitus, diabetic nephropathy, dys-
lipidemia, mortality, type 1

Fanny Jansson Sigfrids and Lars Stechemesser are co-first
authors.

Introduction

Despite improved treatment strategies, individu-
als with type 1 diabetes remain burdened with
marked premature mortality, especially due to
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cardiovascular causes of death [1]. However, the
mortality risk within this population is unequally
distributed. While several factors contribute to the
prognosis, its main determinant is undoubtedly
the presence and degree of diabetic kidney disease
(DKD) [2].

We and others have established dyslipidemia as
a pivotal risk factor for DKD in type 1 diabetes,
with hypertriglyceridemia showing the strongest
link [3,4]. Triglyceride concentrations have also
been highly associated with events of cardiovas-
cular disease in this patient population [5,6].
Yet, in the context of atherosclerosis, the current
understanding is that triglycerides foremost act
as a surrogate marker of triglyceride-rich lipopro-
tein particles (TRLs) and their cholesterol-enriched
remnants, which accumulate in atherosclerotic
plaques—whereas triglycerides, per se, do not
[7].

Apolipoprotein C-III (apoC-IIl) is present on cir-
culating apolipoprotein B (apoB)-containing TRLs,
HDL particles, and—to a smaller extent—on LDL
particles [8]. ApoC-III is a key regulator of triglyc-
eride homeostasis acting through multiple path-
ways, such as inhibition of lipoprotein lipase (LPL)—
mediated TRL lipolysis and impairment of TRL
remnant clearance, hence amplifying the plasma
resident time of these particles [8]. Besides, exper-
imental evidence implies several proatherogenic
outcomes of apoC-III that go beyond the effects of
the lipids. Even though apoC-III does not bind to
proteoglycans in the arterial wall itself, it modu-
lates endothelial function and adhesiveness, facil-
itating the subendothelial accumulation of athero-
genic lipoproteins [9]. ApoC-III further augments
arterial inflammation via various pro-inflammatory
trails [10].

In humans, apo-CIII is encoded by the APOC3 gene
on chromosome 11g23. Loss-of-function muta-
tions in the gene have been associated with
~40% lower concentrations of triglycerides, con-
ferring a markedly reduced risk of ischemic car-
diovascular disease [11,12]. Intriguingly, glucose
induces APOC3 transcription in mice [13], whereas
insulin appears to have an opposite, repressing
effect—supposedly via the insulin-response ele-
ment promoter on the gene [14]|. Thus, apoC-III
has emerged as a possible link connecting hyper-
glycemia, hypertriglyceridemia, and cardiovascu-
lar disease in type 2 diabetes [13].

However, individuals with type 1 diabetes are
also distinguished by elevated plasma apoC-III
levels [15,16]. Importantly, Kanter et al. recently
reported an association between apoC-III con-
centrations and cardiovascular disease in type 1
diabetes, independent of LDL-cholesterol (LDL-C),
HDL-cholesterol (HDL-C), and several nonlipid risk
factors [17]. Along with its connection with cardio-
vascular outcomes, a cross-sectional association
between apoC-III and albumin excretion rate (AER)
has been seen in the DCCT/EDIC cohort com-
prising individuals with type 1 diabetes [18]. Yet,
whether the presence and degree of DKD modulate
the association between apoC-III and macrovascu-
lar disease in type 1 diabetes is so far not known.
Nor has it been elucidated whether elevated apoC-
III concentrations translate into an elevated risk of
DKD progression.

Therefore, in a multicenter cohort comprising 3966
individuals with type 1 diabetes, we aimed to study
the serum concentration of apoC-III with respect
to DKD progression, cardiovascular events, and
all-cause mortality. Our particular interest was to
establish whether the associations are different in
individuals with and without DKD.

Materials and methods
Study cohort

This study is part of the ongoing Finnish Dia-
betic Nephropathy (FinnDiane) Study, established
in 1997 to assess chronic complications of dia-
betes. The FinnDiane study protocol has been pub-
lished previously [19]. The FinnDiane participants
have not been preselected based on DKD or other
diabetic complications—the only requirement for
partaking is type 1 diabetes as determined by inter-
national diagnostic criteria. To ensure the cor-
rect diabetes type, only those with diabetes onset
under the age of 40 and permanent insulin treat-
ment initiated within 1 year since diagnosis were
included in the present study. An available apoC-
III measurement at the baseline visit was also
required. The inclusion criteria were met by 3966
individuals.

Ethical considerations

The research plan was approved by the Ethical
Committee of the Helsinki and Uusimaa Hospi-
tal District and the study was performed accord-
ing to the Declaration of Helsinki. All participants

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 339

Journal of Internal Medicine, 2022, 291; 338-349

85US0 | SUOLULLIOD BRSO 3|qedt|dde au) Aq pauieA0b 8.2 s3I O ‘B8N JO 3N J0J ARIq 1T 8UIIUO AB]IM UO (SUORIPUOD-PUB-SLLLBIALIY A8 |1 AReIq 1 BUTIUO//SAIY) SUORIPUOD PUe SWiS L 8U} 885 *[€202/T0/02] U0 ArigiTaulluO ABIM ‘BUSEH JO AISBAIUN Ag ZTYET WIOTTTT0T/10p/w00" A3|1mARelg i ou|uo//SAny oy papeojumod ‘€ ‘2202 ‘962259ET



JIM ApoC-Ill in type 1 diabetes / F. Jansson Sigfrids et al.

provided their written informed consent prior to
their inclusion in the study.

Lipids and apolipoproteins

Venous blood was drawn after a light breakfast.
Triglycerides, cholesterol, and HDL-C concen-
trations in total serum were analysed by auto-
mated enzymatic methods using the Konelab
60i analyser (Thermo Fisher Scientific, Finland).
Serum concentrations of apoC-III were measured
immuneturbidometrically (Kamiya Biomedical
Company, Seattle, WA, USA). ApoB concentrations
were determined using a Cobas Mira analyser
by immunoprecipitation with a commercial kit
(Orion Diagnostica, Espoo, Finland) until 2006,
whereafter an immunoprecipitation method with a
Konelab 60i analyser and a kit from the same man-
ufacturer (Thermo Fisher Scientific) were used.
LDL-C was calculated using the recently intro-
duced formula by Sampson et al. [20], which—in
contrast to previous ones—can be used in hyper-
triglyceridemic samples. Remnant cholesterol was
calculated as total cholesterol-LDL-C-HDL-C [21].

Diabetic kidney disease

DKD was categorized according to the most
advanced stage prebaseline. Normal AER was
defined as AER <20 pg/min, or <30 mg/
24 h, or an albumin-creatinine ratio (ACR)
<2.5 mg/mmol for men and <3.5 mg/mmol
for women; microalbuminuria as an AER >20
and <200 pg/min, or >30 and <300 mg/
24 h, or an ACR >2.5 and <25 mg/mmol for
men or >3.5 and <35 mg/mmol for women; and
macroalbuminuria as an AER >200 pg/min, or
>300 mg/mmol, or an ACR >25 mg/mmol for men
or >35 mg/mmol for women in two out of three
consecutive measurements. Urine samples during
fever, menstruation, heart failure, or after physical
strain were excluded. Glomerular filtration rate
was estimated (eGFR) using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) for-
mula [22]. Kidney failure was defined as ongoing
dialysis or kidney transplantation due to DKD.

Progression of DKD was defined as reclassification
to a more advanced albuminuria stage or initia-
tion of kidney replacement therapy, as retrieved
from medical records. The subjects were followed
until progression or the most recent date of sus-
tained DKD with a median (interquartile range
[IQR]) follow-up time of 7.6 (4.4-12.2) years.

Cardiovascular disease and mortality

A major adverse cardiac event (MACE) was
defined as the first of acute myocardial infarc-
tion (AMI), coronary revascularization, or stroke
through 2017. Both fatal and nonfatal events
were included. These data were retrieved from the
National Care Register for Health Care using the
ICD and Nordic Classification of Surgical Proce-
dure codes listed in Table S1. Only the study par-
ticipants free of cardiovascular events prebaseline
(90.7%) were included in the analyses where MACE
served as the endpoint. The median follow-up time
for the MACE was 14.3 (10.8-17.2) years. Mortal-
ity data were obtained through 2017 from Statis-
tics Finland, and regarding all-cause mortality, the
study participants were followed for 14.8 (11.1-
17.2) years. The cause of death was classed as car-
diovascular if the immediate and/or the underlying
cause of death was recorded as a disease of the cir-
culatory system (ICD-10 I00-199).

Statistical analyses

Data were analysed using the R open-source
software version 4.1.1 (http://www.r-project.org).
Variable symmetry was evaluated graphically and
variables with skewed distributions (apoC-III, rem-
nant cholesterol, triglycerides, eGFR, and high-
sensitivity C-reactive protein [hs-CRP]) were log-
transformed in the regression analyses. In the
analyses including hs-CRP, only those with hs-CRP
concentration below 10 mg/l were included (n =
3664) to avoid the interference of potential ongo-
ing infections. Between-group differences were
analysed using Student’s t-test, ANOVA, Mann—
Whitney U test, Kruskal-Wallis test, or Pearson’s
chi-squared test, as suitable. The linear correla-
tion between variables was assessed using Pear-
son’s correlation coefficient. A p-value <0.05 was
considered statistically significant.

The effects of apoC-III on the outcomes of
interest—progression of DKD, MACE, and all-
cause mortality—were investigated with mul-
tivariable Cox proportional hazards regression
analyses. The results from these analyses are pre-
sented as hazard ratios (HRs) with 95% confidence
intervals (Cls). The extent of multicollinearity in
the regression models was tested with variance
inflation factors, which did not exceed three in
any of the models used. Separate Cox regression
analyses for MACE and mortality stratified by DKD
were performed. In these analyses, the individuals
with micro- and macroalbuminuria were pooled,
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considering the arbitrary cut-off values for these
DKD categories.

Kaplan—-Meier analysis was used to generate sur-
vival curves portraying time-to-event, with apoC-
IIT concentration quartiles as strata. Lastly, the
relationship between apoC-IIl and MACE /mortality
was assessed allowing for nonlinearity by using
restricted cubic splines. The number of knots
was set to three based on Akaike- and Bayesian
information criterion minimization. Reference was
assigned to the median of apoC-III. The Wald test
was used to check for the presence of nonlinearity
in these analyses.

Results
Clinical characteristics

Clinical characteristics of the complete study
cohort appear in Table 1, stratified by quartiles
of apoC-III in Table S2, and by DKD category
at baseline in Table S3. Of the study partici-
pants, 47.9% were women, their mean age was
39.2 years, and the mean diabetes duration 23.0
years. The cohort’s median apoC-III concentra-
tion was 7.0 (IQR 5.5-9.1) mg/dl, and a corre-
lation between apoC-III and remnant cholesterol
(r=10.58, p < 0.001), triglycerides (0.56, p < 0.001),
and HbA;. (r=0.16, p < 0.001) was observed. With
rising apoC-III quartile, the individuals were older,
had a longer diabetes duration, worse glycemic
control, higher blood pressure, and higher lipid
levels. A larger proportion of individuals in the
upper quartiles belonged to advanced stages of
DKD. However, no difference in the sex distribu-
tion between the quartiles was noted.

ApoC-I1l and DKD

We observed a cross-sectional association between
apoC-III concentration and DKD category (Table
S3); the median (IQR) apoC-III was 6.5 (5.2-8.2),
6.8 (5.4-9.2), 8.9 (6.5-11.6), and 9.9 (7.5-13.2)
mg/dl in those with normal AER, microalbumin-
uria, macroalbuminuria, and kidney failure at
baseline, respectively (p for trend <0.001). Of the
310 individuals with kidney failure, 236 (76.1%)
had received a kidney transplant, and their base-
line apoC-III was lower (8.9 [7.1-12.2] mg/dl) than
what was noted for those treated with dialysis
(12.3 [9.0-16.1] mg/dl), p < 0.001. The correlation
between apoC-III and AER was also significant: r =
0.27, p < 0.001.

Table 1. Clinical characteristics of the complete study cohort

N 3966
Apolipoprotein C-III (mg/dl) 7.0 (5.5-9.1)
Sex (women) 1901 (47.9%)
Age (years) 39.2 £ 12.6
Age at diabetes onset (years) 16.1 £ 9.3
Diabetes duration (years) 23.0 £ 12.9
Body mass index (kg/m?) 25.24 + 3.81

Baseline diabetic kidney disease

category

Normal albumin excretion rate 2603 (66.4%)

Microalbuminuria 515 (13.1%)

Macroalbuminuria 493 (12.6%)

Kidney failure 310 (7.9%)
Systolic blood pressure (mmHg) 135 £+ 19
Diastolic blood pressure (mmHg) 79 £ 10
History of smoking

Current 855 (23.2%)

Former 874 (23.7%)

Never 1957 (53.1%)
Total cholesterol (mmol/1) 4.84 £ 0.95
HDL-cholesterol (mmol/1) 1.39 £ 0.41
LDL-cholesterol (mmol/1) 2.92 £ 0.86

Triglycerides (mmol/]) 1.03 (0.77-1.46)

Remnant cholesterol (mmol/]) 0.43 (0.33-0.66)

Apolipoprotein B (mg/dl) 84.0 £ 229

HbA;. (mmol/mol) 68.6 + 16.1

HbA. (%) 8.4+ 3.6

High-sensitivity C-reactive protein 1.56 (0.83-3.00)
(mg/1)

Estimated glomerular filtration rate
(ml/min/1.73 m?)

Use of RAAS inhibitor? (yes) 1267 (32.2%)

Use of lipid-lowering medication (yes) 729 (18.5%)

101 (80-115)

Note. Data are mean =+ standard deviation, median
(interquartile range), or n (%).

Abbreviation: RAAS, renin-angiotensin-aldosterone sys-
tem.

2ACE inhibitor and/or angiotensin II receptor antagonist.

Progression of DKD occurred in 451 individuals,
corresponding to 14.6% of the 3085 individuals
with available progression status. The progressors
were characterized by a higher median apoC-III
concentration (8.1 [6.1-10.9] mg/dl) than that of
those who did not progress (6.6 [5.2-8.3] mg/dl),
p < 0.001.

Results from Cox regression analyses for DKD
progression are presented in the first panel of
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Table 2. Cox proportional hazards regression analyses with different levels of adjustment reporting hazard ratios with 95%

confidence intervals for apolipoprotein C-III (apoC-III)

Hazard ratio (95% confidence interval)

p-value

Diabetic kidney disease (DKD) progression
Individuals, n = 3085

Events n = 451 (14.6%)

Model 1

Model 2

Model 3 2.04 (1.59-2.64)2
Model 4 1.43 (1.05-1.94)2
Major adverse cardiac event

Individuals, n = 3597
Events, n = 583 (16.2%)
Model 1

Model 2

Model 3

Model 4

Mortality

Individuals, n = 3966
Events, n = 653 (16.5%)
Model 1

Model 2

Model 3

Model 4

1.30 (1.03-1.64)2
1.05 (0.81-1.36)2

1.56 (1.26-1.93)2
1.28 (1.01-1.63)2

3.80 (3.04-4.74)
2.41 (1.88-3.08)

2.49 (2.05-3.03)
1.78 (1.43-2.22)

3.66 (3.07-4.38)
2.59 (2.11-3.18)

<0.001

<0.001
1.19 (0.90-1.58)b <0.0012 0.21P
0.90 (0.66-1.24)P 0.022 0.53P

<0.001
<0.001

1.31 (1.03-1.65)P 0.032 0.03P

1.06 (0.81-1.38)P 0.712 0.67°

<0.001
<0.001

1.55 (1.24-1.94)P <0.0012 <0.001P

1.27 (0.99-1.63)P 0.042 0.06P

Note. Model 1: sex, diabetes duration; Model 2: model 1 + systolic blood pressure, HbA;., smoking status, LDL-cholesterol,
lipid-lowering medication; Model 3: model 2 + baseline DKD category? (left column) or estimated glomerular filtration
rateP (right column); Model 4: model 3 4+ remnant cholesterol.

Table 2. Log-transformed apoC-III predicted pro-
gression, independent of the most stringent adjust-
ment model, with an HR of 1.43 (95% CI 1.05-1.94,
p = 0.02) when the baseline DKD category was
used as a covariate instead of eGFR. The HR was
1.41 (1.03-1.91, p = 0.03) when remnant choles-
terol was replaced by triglycerides in the model
(Table S4) and 1.91 (1.47-2.49, p < 0.001) when
apoB was chosen as a covariate (Table S5). Adjust-
ment for hs-CRP did not alter the significance lev-
els of the point estimates (HR 1.43 [1.05-1.94, p =
0.02] with remnant cholesterol and hs-CRP in the
model), in contrast to additional adjustment for
eGFR (Table 2, Tables S4 and S95), likely reflecting
the strong influence of kidney function. Notably,
apoC-III predicted progression at all stages of the
disease; HRs adjusted for sex and diabetes dura-
tion for the different steps of progression (normal
AER to microalbuminuria, micro- to macroalbu-
minuria, and macroalbuminuria to kidney failure)
appear in Fig. 1.

ApoC-11l and cardiovascular disease

Of the 3597 individuals included in the cardiovas-
cular analyses, 583 (16.2%) experienced a MACE.
The first-occurring MACE was fatal or nonfatal AMI
or coronary revascularization in 392 (67.2%) indi-
viduals and fatal or nonfatal stroke in 191 (32.8%).
Those who experienced a MACE during follow-up
had higher baseline apoC-III concentration than
those who did not—7.7 (5.8-10.5) versus 6.7 (5.4—
8.7) mg/dl, p < 0.001.

ApoC-III was associated with the incident MACE
when adjusting for sex, diabetes duration, sys-
tolic blood pressure, HbA,., smoking status, LDL-
C, the use of lipid-lowering medication, and base-
line DKD category (Table 2). This was also the
case when the DKD category was replaced by eGFR
(Table 2). When the analysis was further adjusted
for hs-CRP, the point estimate for apoC-III was
unaffected in the DKD-adjusted model (HR 1.30
[1.03-1.64, p = 0.03]) and the impact of hs-CRP in

342 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Progression of DKD

HR (95% ClI) p-value events

i
1

Combined | —_— 3.80 (3.04-4.74) <0.001 451
I

Normal AER to micro X _— 1.79 (1.21-2.64) 0.004 200
|

Micro to macro X + 3.59 (2.09-6.16) <0.001 86

|

Macro to kidney failure X —_—— 3.62 (2.54-5.14) <0.001 165
1
MACE '

Combined | —_—— 2.49 (2.05-3.03) <0.001 583
I

Stroke : _—— 3.30 (2.38-4.57) <0.001 191
|

AMI/revascularization : —_— 218 (1.71-2.79) <0.001 392
1
Mortality '
1

All-cause ! — 3.66 (3.07-4.38) <0.001 653
1
1

Cardiovascular | —— 1.39 (1.09-1.78)  0.009 358
1

1 2 3 4 5 6

HR and 95% CI (log-scale)

Fig. 1 Forest plot illustrating sex- and diabetes duration—-adjusted hazard ratios with 95% confidence intervals for
apolipoprotein C-III regarding separate components of the primary endpoints of interest; DKD, diabetic kidney dis-
ease; micro, microalbuminuria; macro, macroalbuminuria; MACE, major adverse cardiac event; AMI, acute myocardial

infarction.

the eGFR-adjusted model was minor (1.29 [1.02-
1.63, p=0.03]). However, the associations between
apoC-III and MACE lost significance when rem-
nant cholesterol was added to the models (HR 1.05
[0.81-1.36, p = 0.71] and HR 1.06 [0.81-1.38, p
= 0.67], respectively), and the same was observed
when remnant cholesterol was replaced by triglyc-
erides (Table S4). HRs for the MACE components
are shown separately in Fig. 1.

Next, we wanted to study those with normal
AER, albuminuria, and kidney failure separately to
assess whether DKD alters the association between
apoC-III and cardiovascular disease. These anal-
yses (Table 3) revealed an association between
apoC-III and MACE only in the individuals with
albuminuria—the HR for apoC-III in this group was
1.60 (1.16-2.19, p = 0.004) with adjustment for
several key modifiable and nonmodifiable risk fac-
tors (model 2) and decreased to 1.33 (0.91-1.94, p
= 0.14) when remnant cholesterol was added as a
covariate (model 3). The association between apoC-
IIT and the cardiovascular outcome was nonsignif-
icant at all levels of adjustment in individuals with
normal AER and kidney failure (Table 3).

We further stratified the population by quartiles of
apoC-IIT and found a markedly higher cumulative
risk of MACE in the highest quartile compared to
the lower three (Kaplan—-Meier plot in Fig. 2a; log-
rank p < 0.001). Consequently, as described in the
methods section, we included apoC-III as a nonlin-
ear term in Cox regression using restricted cubic
splines to test whether the relationship between
apoC-IIl and MACE was nonlinear. This analysis
yielded an unadjusted nonlinear p-value of 0.01.
However, when we adjusted for sex, diabetes dura-
tion, and baseline DKD category, the relationship
between apoC-III and the cardiovascular endpoint
did not deviate from linearity (nonlinear p = 0.18),
as Fig. 2c illustrates.

ApoC-11I and mortality

In all, 653 (16.5%) individuals died during follow-
up and 358 (54.8%) of the deaths were cardio-
vascular. The individuals who died had a higher
baseline apoC-III concentration than that of those
who survived—8.4 (6.3-11.4) versus 6.7 (5.4-8.7)
mg/dl, p < 0.001.
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Table 3. Cox proportional hazards regression analyses with different levels of adjustment reporting hazard ratios (HRs) with
95% confidence intervals (CIs) for apoC-III for individuals with normal albumin excretion rate (AER), albuminuria, and kidney

failure separately

Normal AER Albuminuria Kidney failure

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value
MACE

Individuals, n = 2496 Individuals, n = 878 Individuals, n = 206

Events, n = 223 (8.9%) Events, n = 260 (29.6%) Events, n =97 (47.1%)
Model 1 1.43 (0.96-2.12) 0.07 1.96 (1.48-2.60) <0.001 1.18(0.74-1.88) 0.48
Model 2 1.25 (0.83-1.90) 0.29 1.60 (1.16-2.19) 0.004 0.94 (0.53-1.68) 0.84
Model 3 0.97 (0.62-1.51) 0.88 1.33 (0.91-1.94) 0.14 0.85 (0.45-1.59) 0.60
Mortality

Individuals, n = 2603 Individuals, n = 1008 Individuals, n = 310

Events, n= 177 (6.8%) Events, n = 284 (28.2%) Events, n = 187 (60.3%)
Model 1 1.82 (1.16-2.84) 0.009 2.61 (1.99-3.42) <0.001 1.33(0.95-1.87) 0.10
Model 2 1.61 (1.01-2.54) 0.04 1.99 (1.47-2.70) <0.001 1.30(0.89-1.91) 0.18
Model 3 1.38 (0.84-2.27) 0.21 1.49 (1.03-2.16) 0.03 1.16 (0.77-1.74) 0.49

Note. Model 1: sex, diabetes duration; Model 2: model 1 + systolic blood pressure, HbA;., smoking status, LDL-cholesterol,
lipid-lowering medication; Model 3: model 2 4+ remnant cholesterol.

Table 2 shows that apoC-III predicted all-cause
mortality independent of all covariates in model 4,
comprising DKD category—the HR was 1.28 (1.01-
1.63, p = 0.04). The point estimate was 1.37 (1.05-
1.77, p = 0.02) when hs-CRP was included in the
model, 1.26 (0.99-1.61, p = 0.06) when remnant
cholesterol was replaced by triglycerides (Table S4),
and 1.27 (0.99-1.63, p = 0.06) when eGFR was
incorporated instead of the DKD category (Table 2).
In a subanalysis, apoC-III was associated with car-
diovascular mortality separately (adjusted HR 1.39
[1.09-1.78], p = 0.009, Fig. 1). Of note, the fully
adjusted Cox regression analyses stratified by DKD
category revealed that the association between
apoC-III and mortality was solely mediated by the
individuals with albuminuria (Table 3, Table S4
and S6)—hence, this finding was analogous to the
MACE observations previously presented. Another
similarity with the MACE analyses was the all-
cause mortality risk in the highest apoC-III quar-
tile, which was distinct from the rest of the popula-
tion (Fig. 2b, log-rank p < 0.001). The relationship
between apoC-III and all-cause mortality was non-
linear (p for nonlinearity <0.001); however, after
adjustment for sex, diabetes duration, and DKD
category, the nonlinearity disappeared (p for non-
linearity 0.13; Fig. 2d).

The impact of apoC-11l on the association between apoB
and the outcomes

Considering the mechanistic connection between
apoC-IIT and apoB-containing lipoprotein particles,
we wanted to clarify the effect of apoC-III on the
relationship between apoB and the endpoints.

We found an association between apoB and DKD
progression in the Cox regression analyses despite
adjustment for sex, diabetes duration, systolic
blood pressure, HbA;., smoking status, and base-
line DKD category (HR 1.07 [1.02-1.12] for a 10-
unit increase in apoB concentration, p = 0.003).
However, the inclusion of apoC-III to the model
weakened apoB as a predictor—its HR dropped to
1.04 (0.99-1.08), p = 0.12, whereas the associa-
tion between the endpoint and apoC-III remained
significant (HR 1.91 [1.47-2.49, p < 0.001], Table
S5). This finding implies that apoC-III is a stronger
predictor of DKD progression than apoB in the set-
ting of the covariates used.

However, when it comes to the cardiovascu-
lar outcome, the discovery was somewhat differ-
ent. With a regression model covering nonmod-
ifiable confounders, modifiable confounders, and
apoB to depict the atherogenic lipoproteins (model
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1 in Table S5), both apoC-III (1.64 [1.30-2.06,
p < 0.001]) and apoB (1.08 [1.04-1.13, p < 0.001]
for a 10-unit increase) were significantly associ-
ated with the endpoint. Removing apoC-III from
the model increased the estimate for apoB to 1.11
(1.07-1.15, p < 0.001). When DKD category was
further adjusted for, the point estimate for apoB
remained significant (1.07 [1.03-1.12, p < 0.001]),
although the association between apoC-III and the
MACE was lost (Table S5).

As for mortality, the association with apoB was
independent of sex and diabetes duration (HR for
apoB 1.13 [1.09-1.16, p < 0.001]) and further of
apoC-III (HR for apoB 1.05[1.01-1.09, p = 0.006]).
Yet, the association between apoB and the outcome
was lost with additional adjustment, in contrast to
the results retrieved for apoC-III (Table S5).

Discussion

ApoC-III has received attention as a potential driver
of residual cardiovascular risk in the general pop-
ulation [23-25], and this connection has recently
been highlighted in individuals with type 1 dia-
betes as well [17,26,27]. However, to the best of
our knowledge, the current study is the first one to
demonstrate the impact of DKD on the association
between apoC-III and macrovascular endpoints.

DKD has been portrayed as the most devastat-
ing complication of type 1 diabetes due to its
strong association with cardiovascular morbidity
and mortality, and the cardiovascular risk goes
together with the deterioration of kidney disease.
Hence, to improve the prognosis of the patients,
attempts have been made to identify factors pre-
dicting the occurrence and progression of DKD at
an early stage. In the 1990s, Hughes et al. [28]
reported higher apoC-III concentrations in indi-
viduals with type 1 diabetes and advanced DKD
compared with their nondiabetic counterparts. A
decade later, findings from the DCCT/EDIC cohort
[18] proposed a correlation between apoC-III and
microvascular diabetic complications, depicted by
AER and the severity of diabetic retinopathy, in a
cross-sectional study design. Our results extend
the previous findings by showing that apoC-III also
predicts the progression of DKD, independent of
the initial DKD category and well-recognized risk
factors such as diabetes duration, HbA;., blood
pressure, and smoking.

In a recent case-control study by Kanter et al. [17],
comprising 181 subjects with type 1 diabetes from

the CACTI cohort, apoC-III was a stronger predictor
of cardiovascular events than plasma triglycerides.
With diabetic mouse models, Kanter et al. demon-
strated that insulin deficiency increases apoC-III
levels approximately twofold and, importantly, that
the reduction of apoC-III prevents atherosclerosis.
These findings made a convincing case for propos-
ing apoC-III as a major cardiovascular risk factor
in type 1 diabetes.

The analyses of the current study confirm that
baseline apoC-III concentration predicts incident
cardiovascular events in individuals with type 1
diabetes (n = 3597) followed for 14.3 (10.8-17.2)
years. In our cohort, the association between apoC-
III and the MACE was independent of both LDL-
C concentration and lipid-lowering therapy but
lost significance when remnant cholesterol was
accounted for. This raises the question of whether
remnant cholesterol is an intermediate step on
the pathway between apoC-III and atherosclero-
sis. Considering the TRL-metabolism-modulating
effects of apoC-III [8], as well as the role of TRL
lipids (particularly remnant cholesterol) in the
development of atherosclerotic plaques [21], this
theory is plausible.

However, in contrast to our hypothesis, sys-
temic inflammation—at least when characterized
by hs-CRP—had minor effects on the association
between apoC-III and the MACE. The findings were
analogous regarding the other endpoints of the
study. Extensive previous research has associated
chronic inflammation with the development of dia-
betic complications [29-31], and since apoC-III has
also been found to promote inflammation [10],
one could have expected inflammation to mediate
at least part of the outcomes of apoC-III. Addi-
tional and multiple inflammatory markers should
be appraised in the future to untangle this rela-
tionship fully, but based on the information our
study provides, it appears that the actions of apoC-
III that increase the plasma resident time of TRL
remnant particles are key.

However, the TRL remnants do not seem to explain
another aspect of the results, namely the novel
discovery that the association between apoC-III
and cardiovascular events is driven by individ-
uals with albuminuria. Rather surprisingly, no
association was noted between apoC-III and the
composite endpoint in the study participants who
had normal AER or kidney failure. What could
explain this finding? One possible differentiating
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factor that goes beyond the TRL lipids could be
endothelial dysfunction—evidently present in dia-
betes [32], but especially when albuminuria co-
exists [33]. ApoC-III has been claimed to increase
the endothelial cell expression of vascular cell
adhesion molecule-1 and intercellular cell adhe-
sion molecule-1 by activation of PKCB and NF-
KB [9]. Hence, the actions of apoC-III lead to
augmented adhesion of monocytes to endothe-
lial cells [9] as well as inflammasome activation
and impairment of endothelial regeneration after
injury, resulting in organ damage [10]. Notably, in
atherosclerosis, endothelial cell dysfunction plays
a crucial role in provoking monocyte recruitment
into the arterial intima and enhancing lipoprotein
deposition, foam cell creation, and plaque progres-
sion and is, thus, considered a prerequisite for the
development of atheromas [34]. Among the study
population with kidney failure, a potential relation-
ship between apoC-III and macrovascular disease
could have been attenuated by the overwhelming
cardiovascular risk that burdens these individuals.
Yet, it is also noteworthy that dysregulated apoC-
IIT production has been proposed as a putative
link between immunosuppressive agents and sec-
ondary dyslipidemia [35,36], which is frequently
encountered in individuals undergoing immuno-
suppressive therapy. Since 76% of the study par-
ticipants with kidney failure in this cohort had
received a renal transplant, it is possible that the
effects of immunosuppression on apoC-III per se
could account for the observed disparity between
the albuminuria and the kidney failure groups.

In a descriptive time-to-event Kaplan-Meier analy-
sis, the study participants in the uppermost quar-
tile of apoC-III displayed an outstandingly supe-
rior risk of cardiovascular events. Although this
nonlinear association disappeared after adjust-
ment, the linear relationship between apoC-III
and MACE remained strong, suggesting that the
risk of MACE increases with a growing concen-
tration of apoC-Ill. This finding, together with
the results from Cox regression analyses, sup-
ports the view of apoC-III as an appealing treat-
ment target to reduce TRLs and, consequently, the
cardiovascular risk. Volanesorsen, a second-
generation antisense nucleotide agent designed to
cut the production of apoC-III by targeting its
mRNA, has been developed for this purpose [37]. In
clinical studies, the agent has efficiently reduced
plasma triglycerides in individuals with familial
chylomicronemia syndrome [38], a genetic disor-

der characterized by LPL deficiency, as well as in
individuals with type 2 diabetes [39] and varying
degrees of hypertriglyceridemia [40]. To the best of
our knowledge, no studies on volanesorsen have
been conducted in individuals with type 1 dia-
betes yet. Therefore, it remains to be discovered
whether apoC-IIl inhibitors will be incorporated
into the treatment regimen of individuals with type
1 diabetes in the future, and in that case, what
the effects on microvascular complications such as
DKD may be.

We further investigated apoC-III in relation to
all-cause mortality. Interestingly, apoC-III was a
strong predictor of premature death in our cohort—
even after accounting for eGFR, which has tradi-
tionally been considered a potent risk factor. How-
ever, after stratifying the cohort based on the DKD
category, an association independent of the most
stringent adjustment level was—again—only seen
in the subjects with albuminuria. There was an
association in individuals with normal AER as well;
yet, it did not persist after adjustment for remnant
cholesterol/triglycerides. High apoC-III concentra-
tion has previously been linked to cardiovascular
mortality both in the general population [25] and
cohorts preselected by coronary artery disease [41].
Notably, an association between apoC-III and car-
diovascular mortality alone was also observed in
our cohort and, hence, our findings add to the pre-
vious ones by extending them to cover type 1 dia-
betes.

A key strength of this research is its large and
well-characterized population, along with the high
number of events compared with many other stud-
ies in the same field. The availability of wide-
ranging data characterizing DKD (AER, eGFR, DKD
baseline category, and DKD progression) enabled a
multifaceted study approach. One possible weak-
ness is the lack of direct LDL-C measurements;
however, the formula by Sampson et al. [20] for
LDL-C estimation has appeared more accurate
than previous ones—particularly in hypertriglyc-
eridemic samples. Adjusting for apoB in the regres-
sion models rendered comparable associations,
further supporting the interpretation of precise
LDL-C calculations. Moreover, as with observa-
tional studies in general, our analyses cannot con-
clude whether apoC-III is driving the endpoints or
the endpoints are driving apoC-III, which should
be regarded when interpreting the results of our
study.
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Conclusions

In conclusion, this study is the first one to sug-
gest that the association between apoC-III and
cardiovascular events is restricted to those with
albuminuria among individuals with type 1 dia-
betes. We also show that apoC-III predicts DKD
progression as well as premature mortality—even
after accounting for several established risk fac-
tors, including eGFR. New drugs reducing apoC-
IIT production are on the way to clinical practice.
Although the current study does not take a stand
on causality, the results cautiously imply that indi-
viduals with type 1 diabetes—especially those with
albuminuria—could potentially benefit from this
new type of therapeutic class.
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