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ABSTRACT

Legumain is known to be regulated in atherosclerotic disease and may have both pro- and
anti-atherogenic properties. The study aimed to explore legumain in individuals with familial
hypercholesterolemia (FH), a population with increased cardiovascular risk. Plasma legumain was
measured in 251 subjects with mostly genetically verified FH, of which 166 were adults (=18 years)
and 85 were children and young adults (<18years) and compared to 96 normolipidemic healthy
controls. Plasma legumain was significantly increased in the total FH population compared to
controls (median 4.9 versus 3.3 pg/mL, respectively, p<0.001), whereof adult subjects with FH
using statins had higher levels compared to non-statin users (5.7 versus 3.9 pg/mL, respectively,
p<0.001). Children and young adults with FH (p=0.67) did not have plasma legumain different
from controls at the same age. Further, in FH subjects, legumain showed a positive association
with apoB, and markers of inflammation and platelet activation (i.e. fibrinogen, NAP2 and
RANTES). In the current study, we show that legumain is increased in adult subjects with FH
using statins, whereas there was no difference in legumain among children and young adults
with FH compared to controls. Legumain was further associated with cardiovascular risk markers
in the FH population. However the role of legumain in regulation of cardiovascular risk in these
individuals is still to be determined.
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recently, high plasma legumain levels were observed in
patients with complex coronary lesions [5] and predicted
all-cause mortality following myocardial infarction (MI)

Introduction

Legumain, asparagine endopeptidase, is a cysteine protease

of the C13 family. Although traditionally associated with
its cysteine protease activity in lysosomes, where it con-
tributes to antigen processing for MHC II presentation, it
can also localize to the nucleus, cytosol and extracellu-
larly, highlighting the adaptability and diversity of func-
tions [1].

Atherosclerosis, the main cause of cardiovascular dis-
ease (CVD), which is the number one cause of death in
the world, is defined by a complex interaction between
lipids and inflammation [2]. Legumain is known to be
regulated in atherosclerotic disease of both mice and men
[3], and so far the data point to a complex and dual role
of legumain in these conditions. We have previously
shown that legumain is upregulated in plasma and plaques
from patients with carotid atherosclerosis, especially in
patients with the most recent symptoms, and within the
lesions, legumain localized to macrophages [4]. More

[6]. Moreover, in an atherosclerotic mouse model, legu-
main infusion promoted vascular remodeling [7]. Recently,
however, we reported that high plasma levels of legumain
was associated with improved outcome in patients with
acute coronary events and to mediate anti-inflammatory
effects within macrophages [8]. In line with a potential
protective effect of legumain in atherosclerotic disorders,
we recently found high legumain levels to be associated
with reduced risk of stroke in patients with acute coro-
nary disease [9].

Familial hypercholesterolemia (FH) is an inherited dis-
order resulting in increased low-density lipoprotein (LDL)
cholesterol levels from birth, and an increased risk of
premature coronary heart disease [10-12]. Thus, the
first-line therapy in these patients are long-term use of
statins, with a recommended initiation at 8-10years of
age [13], to lower their cholesterol burden. However,
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subjects with FH also display an inflammatory phenotype
already from childhood [14,15], which does not seem to
be fully normalized by lipid-lowering therapy [16,17]. To
further elucidate the role of legumain in atherosclerosis,
we investigated the effect of lifelong LDL cholesterol
exposure and statin treatment on plasma legumain as well
as its relation to markers of inflammation and platelet
activation known to be related to cardiovascular risk in a
well-characterized population of young and adult FH
patients.

Materials and methods
Study population

In this cross-sectional study, we recruited subjects with
mostly genetically verified FH > 6years of age from the
outpatient Lipid Clinic, Oslo University Hospital, Norway
[18-22]. A Dutch Lipid Clinic Network score >8[11], or a
clinical examination and the Simon Broome criteria [23]
were used to assess a clinical FH diagnosis in subjects
without a positive DNA test. Healthy, normolipidemic
controls were recruited among friends and colleagues at
the university and the hospital. Exclusion criteria were
homozygous FH, and pregnant and lactating women.
Furthermore, as part of the regular follow-up of the chil-
dren with FH, thirteen initiated statin therapy during the
study [20] and were included in an exploratory, pilot sta-
tin intervention.

Ethics approval and consent to participate

The Regional Committees for Medical and Health
Research Ethics approved the protocols, ref. no. REK
2013/592, REK 2015/1577 and REK 2015/2392. The study
confirms the principles outlined in the Declaration of
Helsinki for use of human samples or subjects. Signed
informed consent was obtained from all participants, or
from one of their parents for the children below the age
of 16years.

Plasma analysis

Plasma legumain concentrations were determined by enzyme
immunoassay (EIA) with antibodies from R&D Systems
(Duoset DY4769), Stillwater, MN. Serum levels of
LDL-associated phospholipase A2 (Lp-PLA2) and autotaxin
were determined by EIA from R&D systems (DPLG70 and
DENP20, respectively). Plasma levels of tumor necrosis factor
(TNF) was determined by a custom human cytokine Kkit,
V-plex (cat # KI151A0H-1), from Mesoscale Discovery,
Rockville, MD. Plasma levels of platelet-factor (PF)4 (Cat#
DY795), neutrophil-activating  protein  (NAP2/CXCL7)
(Cat#DY393), regulated on activation, normal T cell expressed
and secreted (RANTES/CCL5) (Cat#DY278) and soluble
CD40 ligand (CD40L) (Cat#DY617) were measured by EIAs
obtained from R&D Systems. The intra- and inter-assay coef-
ficients of variations were <10% for all EIAs. Routine bio-
chemical analysis was performed in clinical routine laboratory
at Oslo University Hospital.

Statistical analysis

We calculated descriptive summary statistics for display in
tables. We used n (%) for categorical variables; for continu-
ous variables, we used mean (SD) for normally distributed
variables, and median (IQR) for right-skewed variables. For
hypothesis testing, we used Pearson’s Chi-squared test for
categorical variables; for continuous variables, we used the
Welch Two Sample t-test for normally distributed variables,
and the Wilcoxon rank sum test for right-skewed variables.
We log, transformed legumain before analyses since it was
right-skewed. In the figures, the axis labels for legumain are
back-transformed for readability. In Figures 1 and 2, we dis-
play p-values from Welch Two Sample t-tests. In Figure S2,
we display p-values from a paired t-test. For the 13 subjects
with repeated measures of legumain, we excluded measure-
ments for post-statin treatment in all analyses, except for
data presented in Figure S2. We used multiple linear regres-
sion to explore the association between legumain and vari-
ous clinical and biochemical markers among the entire
population (adults and children, FH and controls, n=347),

Figure 1. Plasma levels of legumain in the (A) total population of FH subjects and controls (controls, n=96; FH, n=251), (B) in children and young adults (con-
trols, n=64; FH, n=85) and (C) in the adult populations (controls, n=32; FH, n=166). FH, familial hypercholesterolemia. P values are from Welch Two Sample

t-tests.
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Figure 2. Plasma levels of legumain in adult FH subjects according to statin
use (no statin use, n=33; statin use, n=133). FH: familial hypercholesterolemia.
p value is from Welch Two Sample t-test.

Table 1. FH subjects and healthy control <18years of age.

Overall, Controls,
N=149 N=64 FH, N=85 p value
Statin use 0 (0%) 0 (0%) O (0%)
Female 0 (47%) 26 (41%) 4 (52%) 0.18
Age, y 3 (10, 14) 14 (13, 14) 12 (10, 14) <0.001
Weight, kg 8 (15) 2 (13) 46 (16) 0.050
Height, cm 156 (15) 162 (13) 152 (15) <0.001
BMI, kg/m? 9 3 (3.3) 19.2 (2.9) 19.3 (3.5) 0.89
TC, mmol/L 7 (1.9) 4.0 (0.7) 7.0 (1.5) <0.001
LDL-C, mmol/L 9 (1.8) 2.2 (0.5) 5.1 (1.4) <0.001
HDL-C, mmol/L 4 (0.3) 1.5 (0.3) 1.4 (0.3) 0.027
TG, mmol/L 7 (0.5,1.00 0.7 (0.5, 1.0) 0.8 (0.6, 1.0 0.13
ApoB, g/L 0 (0.4) 0.6 (0.1) 1.3 (0.3) <0.001
ApoA-I, g/L 4(0.2) 14 (0.2) 1.4 (0.3) 0.67
Glucose, mmol/L 4. 78 (0.54) 4.67 (0.62) 4.82 (0.51) 0.33
CRP, mg/L 0.60 (0.60, 0.60 (0.60 1.00 (0.60, <0.001
1.00) 0.62) 1.00)
Legumain, pg/mL 2881 (2430, 2868 (2423, 2910 (2451, 0.72
3,778) 3,590) 4,005)

n (%) for categorical variables; median (IQR) and mean (SD) for right-skewed and
normally distributed continuous variables, respectively. For hypothesis testing, we
used Wilcoxon rank sum test and Welch Two Sample t-test for right-skewed and
normally distributed continuous variables, respectively; we used Pearson’s
Chi-squared test for categorical variables. FH: familial hypercholesterolemia; BMI:
body mass index; TC: total cholesterol; LDL-C: low density lipoprotein cholesterol;
HDL-C: high density lipoprotein cholesterol; TG: triglycerides; apoB, apolipopro-
tein B; apoA-1: apolipoprotein A1; CRP: C reactive protein.

including biomarkers of inflammation and platelet activa-
tion, adjusting for sex, age, BMI and statin use. Prior to
modeling, to enable visualization in a forest plot, we scaled
each clinical and inflammatory/platelet activation marker to
a standard normal distribution by subtracting the mean and
dividing by its standard deviation, using the scale function
in R. All data analyses were performed in R version 4.2.0
[24], using RStudio (Boston, MA, USA, www.rstudio.com)
and the tidyverse framework [25].

Results

Characteristics
The study population consisted of a total of 251 FH subjects,
divided in two different cohorts; children and young adults

Table 2. FH subjects and healthy control 18years of age and older.

Overall, Controls,
N=198 N=32 FH, N=166 p value

CHD

No CHD 124 (86%) 0 (0%) 124 (86%)

CHD 21 (14%) 0 (0%) 21 (14%)
Statin use <0.001

No statin use 65 (33%) 32 (100%) 33 (20%)

Statin use 133 (67%) 0 (0%) 133 (80%)
Sex 0.15

Male 91 (46%) 11 (34%) 80 (48%)

Female 107 (54%) 21 (66%) 86 (52%)
Age, y 40 (27, 56) 29 (24, 41) 42 (28, 58) 0.001
Weight, kg 76 (17) 67 (13) 77 (17) <0.001
Height, cm 173 (9) 174 (10) 173 (9) 0.39
BMI, kg/m? 25.2 (5.0) 21.7 (2.8) 25.9 (5.0) <0.001
TC, mmol/L 5.1 (1.8) 4.5 (0.7) 53 (2.0) <0.001
LDL-C, mmol/L 33 (1.8) 2.6 (0.7) 34 (1.9 <0.001
HDL-C, mmol/L 1.5 (0.4) 1.6 (0.5) 1.4 (0.4) 0.1
TG, mmol/L 1.0 (0.7, 1.5) 09 (0.7, 1.3) 1.0 (0.7, 1.5) 0.21
ApoB, g/L 1.0 (0.4) 0.8 (0.2) 1.1 (04)  <0.001
ApoA-l, g/L 1.5 (0.3) 1.6 (0.3) 1.5 (0.3) 0.049
Glucose, mmol/L 5.40 (0.94) 4.97 (1.10) 5.45 (0.91) 0.12
CRP, mg/L 0.60 (0.60, 0.65 (0.60, 0.60 (0.60, 0.47

1.08) 1.23) 0.99)
Legumain, pg/mL 5264 (4061, 4003 (3435, 5560 (4465, <0.001
6,707) 5,120) 6,735)

n (%) for categorical variables; median (IQR) and mean (SD) for right-skewed
and normally distributed continuous variables, respectively. For hypothesis test-
ing, we used Wilcoxon rank sum test and Welch Two Sample t-test for
right-skewed and normally distributed continuous variables, respectively; we
used Pearson’s Chi-squared test for categorical variables. FH: familial hypercho-
lesterolemia; CHD: coronary heart disease; BMI: body mass index; TC: total cho-
lesterol; LDL-C: low density lipoprotein cholesterol; HDL-C: high density
lipoprotein cholesterol; TG: triglycerides; apoB: apolipoprotein B; apoA-1: apoli-
poprotein A1; CRP: C reactive protein.

<18years of age (n=85) (Tablel), and adults >18years of age
(n=166) (Table 2). More than 97% of the FH subjects had a
genetically-verified diagnosis. Normolipidemic healthy indi-
viduals were included as control subjects (64 children and
young adults, 32 adults). The adult FH subjects were charac-
terized by a higher age, than controls (median age 42 versus
29, p<0.001); however, for children and young adults, FH
subjects were younger than the control subjects (median age
12 versus 14, p=0.001). In the children and young adults
with FH, total cholesterol, LDL cholesterol, apolipoprotein B
(apoB) and C reactive protein (CRP) were increased com-
pared to control subjects (Table 1, 7.0 versus 4.0mmol/L, 5.1
versus 2.2mmol/L, 1.3 versus 0.6g/L and 1.0 versus 0.6mg/L
in FH subjects and controls respectively, p<0.001 for all).
None of the children and young adults (both FH and con-
trols) used statins (Table 1). In adults with FH (>18years of
age, n=166), body mass index (BMI) and apoB were increased
(25.9 versus 21.7kg/m? and 1.1 versus 0.8g/L in FH subjects
and controls, respectively), and there were more statin users
among FH subjects, with 80% of FH subjects using statins,
versus none in the control group (Table 2, p<0.001 for all).

Plasma legumain is increased in adult subjects with

FH using statins

In the total FH population, plasma levels of legumain were
significantly elevated compared to controls (median 4.9
versus 3.3pg/mL, respectively, Figure 1A, p<0.001) with
no differences between male or female FH subjects (data
not shown). Legumain showed a positive correlation with
age (Spearman’s r=0.36, p=0.0003). When analyzing the
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cohorts separately, plasma legumain was increased in adult
subjects with FH compared to healthy controls (5.6 and
4.0 pg/mL, respectively, p<0.05, Figure 1C), but not in FH
children (2.9 and 2.9pg/mL, respectively p=0.67, Figure
1B,). To examine the effect of statins on plasma legumain,
we performed analyses in the adult FH population, in
which we had statin users. Levels of legumain were higher
among statin users as compared to non-statin users (5.7
versus 3.9 pg/mL, respectively, Figure 2, p<0.001), with no
differences between sexes (males: 6.2 versus 3.8pg/mL in
males and 5.5 versus 4.1pg/mL in females, respectively,
Supplemental Figure 1). Statin use was further positively
associated with legumain levels after adjusting for age, sex
and BMI, in the total population (f=0.29, p<0.001) and
even more so in the FH population ($=0.34, p<0.001). In
an explorative pilot intervention study, we measured legu-
main levels before and after initiation of statin use in chil-
dren and young adults with FH (n =13, Supplemental Table
1). Although not significant, legumain levels seemed to
increase after initiation of statin use in these individuals
(Pre statin use, 2.2 pg/mL and after, 2.3 pg/mL, Supplemental
Figure 2).

Legumain is associated with markers related to
cardiovascular risk in adult FH subjects

To further address the role of legumain in atherosclerosis,
we performed a multiple regression analysis investigating the
association between legumain and markers related to cardio-
vascular risk, including plasma lipids and markers of inflam-
mation and platelet activation. In the total population,
legumain showed a positive association with apoB, as well as
markers of platelet activation and inflammation, ie. CRP,
LpPLA2, TNE NAP2, and RANTES after adjusting for sex,
age, BMI and statin use. In FH subjects alone, legumain
showed a positive association with apoB, and fibrinogen,

NAP2 and RANTES (B=0.37, f=0.63, f=0.71 and B=0.57,
respectively, all p<0.05, Figure 3).

Discussion

Legumain is known to be regulated in atherosclerotic dis-
ease [4, 7-9], but its functional role is still not completely
understood. Herein, we show that legumain levels is
increased in adult FH subjects, but not in children and
young adults with FH, compared to control subjects, driven
by increased levels of legumain in adult FH subjects using
statins. Furthermore, legumain was associated with several
atherosclerotic markers such as apoB and other markers of
inflammation and platelet activation related to increased
cardiovascular risk.

Legumain was increased in adult FH subjects using
statins, but not in adult non-statin users or children with
FH. The positive association between legumain and age seen
in the FH population, is in line with our previous findings
in a large cohort of patients with acute coronary syndrome
[9]. However, in a population of osteoporotic women, an
inverse relationship has been shown between serum legu-
main levels and age [26]; illustrating that the association is
not straight forward. Legumain is not previously studied in
FH subjects, however levels of legumain is shown to be
associated with vascular disease in other populations with
increased cardiovascular risk, including type 2 diabetes, in
which circulating legumain is associated with increased risk
of peripheral artery disease [27]. Herein, levels of legumain
were positively correlated with apoB, as well as Lp-PLA2
and CRP in the total population, markers associated with
increased risk of CVD [28,29]. In the FH population, the
apoB association remained, and legumain was also associ-
ated with fibrinogen, which is suggested as a marker of
thrombotic risk [30]. However, further and larger studies are

Figure 3. Association between legumain and clinical and inflammatory/platelet activation markers in the total population of FH subjects and controls (right), only
FH subjects (Middle) and controls (left). The volcano plots show regression coefficients and 95% Cls from multiple regression analyses adjusted for age, sex, BMI,
and statin use (statin use not relevant for control group). Colors indicate p-value. Prior to modeling, to enable visualization in a volcano plot, we scaled each
clinical and inflammatory/platelet activation marker to a standard normal distribution by subtracting the mean and dividing by its standard deviation. FH: familial
hypercholesterolemia; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; apoB: apolipoprotein B; apoA-1: apolipoprotein A1;
CRP: C reactive protein; Lp-PLA2: LDL-associated phospholipase A2; PF4: platelet factor 4, NAP2: neutrophil activating protein; TNF: tumor necrosis factor; SD:

standard deviation.
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needed to examine if legumain could be a marker of future
CVD in the FH population.

In FH subjects, higher plasma legumain was associated
with statin use in age-adjusted analysis. In contrast, simvas-
tatin has previously been shown to decrease maturation and
activity of legumain in human myotubuli in vitro [31], and
treatment of monocytes with atorvastatin modestly reduce
legumain mRNA expression [32]. Further, and also in con-
trast to our present data, legumain levels was reduced after
statin treatment in atherosclerotic rats [33]. However, in
vitro studies and animal models may not necessarily reflect
the in vivo situation in humans and new studies are needed
to address the statin - legumain axis.

Legumain has been shown to exhibit both pro- and
anti-inflammatory effects, potentially related to the induc-
tion of a pro-resolving and anti-inflammatory phenotype in
macrophages [7,8,34]. The higher levels of legumain in sta-
tin users add to the complicated picture of legumain in
CVD. In the total population, legumain levels were associ-
ated with CRP and TNF, and we have previously shown an
association between CRP and legumain in a large popula-
tion of ACS patients. However, herein, legumain was not
associated with CRP in FH subjects. Legumain was, how-
ever, associated with markers of platelet activation, i.e.
NAP2 and RANTES in the FH population. And we have
previously shown that legumain is secreted from activated
platelets, localized to platelets in the atherosclerotic plaque
[8] and associated with platelet count in a large population
of ASC patients [9]. Our findings in the present study sup-
port the notion that legumain is associated with activated
platelets, also in individuals with FH, which may argue
against a potential anti-inflammatory role of legumain in
these subjects; but this needs further investigation.

This is the first study investigating plasma levels of legu-
main in an age-spanning, mostly genetically verified FH
population. However, our study has some limitations. Some
analyses herein had few individuals, and need to be verified
in lager cohorts. Further, our study does not prove causality
due to the cross-sectional design. Legumain should be mea-
sured in larger statin interventions in FH subjects to inves-
tigate the effect of statins on legumain further. Moreover in
vitro and in vivo experiments should be performed to verify
the association between legumain and the markers described
herein. The association between legumain and several
inflammatory markers does not necessarily mean that legu-
main mediate inflammatory effects in itself. It could repre-
sent a counteracting mechanisms against inflammation.

Our data show that legumain levels are increased in an
adult FH population using statins, but not in FH children,
and strongly associated with apoB, and platelet and inflam-
mation markers. These data point to a coupled and complex
role of legumain in atherosclerosis progression, cardiovascu-
lar risk and disorder.
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