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Abstract LPL is a key player in plasma triglyceride
metabolism. Consequently, LPL is regulated by
several proteins during synthesis, folding, secretion,
and transport to its site of action at the luminal side
of capillaries, as well as during the catalytic reaction.
Some proteins are well known, whereas others have
been identified but are still not fully understood. We
set out to study the effects of the natural variations in
the plasma levels of all known LPL regulators on the
activity of purified LPL added to samples of fasted
plasma taken from 117 individuals. The enzymatic
activity was measured at 25◦C using isothermal titra-
tion calorimetry. This method allows quantification
of the ability of an added fixed amount of exogenous
LPL to hydrolyze triglyceride-rich lipoproteins in
plasma samples by measuring the heat produced. Our
results indicate that, under the conditions used, the
normal variation in the endogenous levels of apoli-
poprotein C1, C2, and C3 or the levels of angiopoietin-
like proteins 3, 4, and 8 in the fasted plasma samples
had no significant effect on the recorded activity of
the added LPL. Instead, the key determinant for the
LPL activity was a lipid signature strongly correlated
to the average size of the VLDL particles. The signa-
ture involved not only several lipoprotein and plasma
lipid parameters but also apolipoprotein A5 levels.
While the measurements cannot fully represent the
action of LPL when attached to the capillary wall, our
study provides knowledge on the interindividual
variation of LPL lipolysis rates in human plasma.
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CVD is one of themain causes of death andmorbidity
in modern society (1). Recent genetic evidence suggests
that plasma triglycerides (TGs), triglyceride-rich lipo-
proteins (TRLs), and TRL remnants play major roles in
the progression ofCVD (2). TG levels in the blood are to a
large extent regulated by the action of LPL (3). Thus,
‡These authors contributed equally to this work.
*For correspondence: Gunilla Olivecrona, Gunilla.Olivecrona@

umu.se.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY license (http://creativecommons.org/lic
there is currently a great interest in LPL and its
regulators.

LPL (Enzyme Commission number: 3.1.1.34) hydrolyses
TG that are transported in the core of chylomicrons and
VLDL into FFAs and monoglycerides. The lipolysis
products are taken up by many tissues: by white adipose
tissue (WAT) for storage, bybrownadipose tissue for heat
production, or by muscle tissues for energy production
(3, 4). The synthesis rate of LPL is found to be relatively
constant because of rather stable mRNA levels (3, 5). The
turnover of the enzyme is too slow to respond to the
metabolic cues that are repeated several times during the
day after food ingestion orbouts ofphysical activity (3–7).
Therefore, a major part of the LPL regulation occurs
post-translationally: either in the parenchymal cells of
muscle and adipose tissue; during the secretion and
transendothelial transport of the enzyme by the
glycosylphosphatidylinositol-anchored HDL-binding
protein 1 (GPIHBP1) to the site of action on the capillary
endothelium; or, during the action of LPL on the TRL.
Other important control proteins for LPL include the
apolipoproteins (Apos) that are found on the surface of
TRL and angiopoietin-like proteins (ANGPTLs) that
regulate the amount of active LPL in the tissues in
response to metabolic and hormonal signals (8).

The exchangeable Apos are relatively small amphi-
pathic proteins that are found both on TRL and onHDL.
When the TRLs are depleted of their TG, the exchange-
able Apos leave the shrinking particles and relocate to
HDL, which serve as a reservoir for Apos in the blood
(9, 10). HDL-bound Apos can then be recycled into newly
synthesized lipoproteins. Four of the exchangeable Apos
were previously shown to regulate LPL activity—ApoC1,
ApoC2, ApoC3, and ApoA5. ApoC2 serves as a cofactor
for LPL—it helps LPL to stay attached to theTRLparticle
until it gets sufficiently lipolyzed, but the exact mecha-
nismof action forApoC2onLPL is not known (11).ApoC1
and ApoC3, on the other hand, are inhibitors of LPL ac-
tivity. Their mechanism of action is still under debate. It
was proposed that they inhibit TG hydrolysis either by
making the TG from the core of TRL inaccessible to LPL
or by displacing ApoC2 from the TRL (12, 13). Studies on
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ApoC3 demonstrate that LPL-independent inhibition of
receptor-mediated uptake of lipoproteins and remnants
may be more important than previously thought (14).
ApoA5 is amore recently identified activator ofLPL.The
mode of action of ApoA5 is still an enigma—it is present
in minute amounts in plasma compared with the other
Apos, and the effect of ApoA5 on LPL activity has been
difficult to replicate in vitro. In previous studies, ApoA5
was shown to bind to heparan sulphate proteoglycans
(HSPGs) and to GPIHBP1 (15, 16). Thus, ApoA5may serve
as a bridge between TRL and the capillary wall and
thereby bring TRL closer to LPL.

The ANGPTL family consists of eight proteins, three
of which are important in TGmetabolism through their
action on LPL. ANGPTL3, ANGPTL4, and ANGPTL8
act as irreversible inactivators of LPL (8, 17, 18).
ANGPTL4 is the most studied protein of the three in
relation to its action on LPL. ANGPTL4 is produced at
various sites in the body but was proposed to act on LPL
predominantly in WAT. During fasting, ANGPTL4
levels in WAT increase, LPL becomes inactivated, and
the TG in VLDL are directed to energy-demanding tis-
sues like skeletal muscle and heart (19, 20). During exer-
cise, the ANGPTL4 levels in resting muscles increase,
thus directing plasma TG to contracting muscles (21).
ANGPTL3 ismostly produced in the liver and inactivates
LPL inmetabolically active tissues (22). ANGPTL3works
together with ANGPTL8, which has no effect on its own,
but is upregulated in the fed state and greatly enhances
the negative effect of ANGPTL3 on LPL activity (17, 18,
23, 24). ANGPTL8 may also form complexes with
ANGPTL4 that, in contrast to the ANGPTL3/8 com-
plexes, have reduced effect on LPL activity compared
with that of ANGPTL4 alone (17, 18).

Apos and ANGPTLs are the main protein regulators
of LPL activity, but the enzyme also responds to other
factors. Effects of TRL size, lipid composition, and
other biochemical and biophysical characteristics of the
substrate lipoproteins on the activity of LPL were pre-
viously reported (25, 26). However, in most studies, these
factors are ignored. The aim of the present study was to
apply the novel isothermal titration calorimetry (ITC)-
based method to measure the activity of LPL on TRL
directly in human plasma (27). ITC was described as an
alternative method to currently available activity assays
for LPL. It allows the use of intact lipoproteins, without
need for their isolation from plasma, and therefore
preserving the natural equilibrium between the surface
components of the lipoproteins and other plasma fac-
tors. In comparison with other methods to measure LPL
activity, ITC is not affected by the high background
levels of FFA in plasma, and, being label free, ITC does
not suffer from pan-assay interference compounds.
ITC is currently the only technique that allows com-
parisons of plasma samples from different individuals
with regard to their ability to support LPL-mediated
TG hydrolysis. Here, we have studied lipolysis
of plasma samples from a randomized subgroup of
2 J. Lipid Res. (2022) 63(1) 100144
middle-aged participants of the visualization of
asymptomatic atherosclerotic disease for optimum
cardiovascular prevention (VIPVIZA) study (28, 29).
MATERIALS AND METHODS

VIPVIZA trial
Human blood samples were obtained from a randomly

selected group from the VIPVIZA cohort at their 3-year
follow-up visit. VIPVIZA is a randomized controlled trial
with the aim to improve the diagnosis and prevention of CVD
(28, 29). VIPVIZA subjects were recruited from the
Västerbotten Intervention Program, which is a population-
based study integrated into the primary health care services.
It includes the assessment of traditional CVD risk factors as
well as health counseling for 40-, 50-, and 60-year-old in-
dividuals (30). About 3,532 participants from the Västerbotten
Intervention Program, with at least one CVD risk factor, were
enrolled into the VIPVIZA study. Out of the 3,532 individuals,
118 participants were randomly selected for the in-depth
analysis of their plasma. One individual was excluded
because of a broken tube. The study was performed in
accordance with the ethical principles set forth in the Decla-
ration of Helsinki and was approved by the Regional Ethics
Review Board of Umeå (diary no.: 2016-245-32M).

Sample preparation
Blood was taken from overnight fasted study participants

into EDTA-containing tubes by trained and qualified medical
professionals. The tubes were centrifuged for 15 min at 2,000
g at room temperature. Plasma was recovered and immedi-
ately aliquoted into small volumes that were stored at −80◦C.
ITC experiments and analyses by NMR were performed on
plasma that was thawed only once. The ELISA experiments
were performed with the aim to keep repetitive freezing and
thawing of the plasma sample to a minimum. At worst, sam-
ples were frozen and thawed three times before performing
an ELISA experiment. The amount of freeze and thaw cycles
was consistent throughout the ELISA assays, meaning that all
samples used in the specific assay were frozen and thawed for
equal number of times.

The plasma samples for the ITC experiments were pre-
pared as described previously (26). In brief, immediately
before the experiments, 360 μl of plasma was mixed with 40 μl
of 200 mM Tris buffer (pH 7.4) to a final concentration of
20 mM Tris-HCl. The LPL used in the experiments was pu-
rified from bovine milk, as described previously (31). A stock
solution of LPL was diluted to a concentration of 40 nM in
ice-cold 10 mM Tris (pH 8.5) containing 4 mM sodium deox-
ycholate (DOC). This solution was aliquoted in small volumes
and stored at −80◦C. DOC stabilizes LPL and protects it from
both temperature- and ANGPTL-induced inactivation (32, 33).
Dilution of DOC in solutions containing albumin abolishes
this protective effect because of the high-affinity binding of
DOC to albumin (27, 34).

Samples for NMR and ELISA experiments were treated in
accordance with the protocols from the service providers and
manufacturers, respectively.

ITC
LPL activity in plasma samples was measured using an

assay based on ITC, which was described previously (27).



Experiments were performed using a MicroCal Auto-iTC200
(GE Healthcare) instrument. Only 20 samples were loaded per
run in order to ensure the stability of both LPL and plasma
during the experiment. To adjust for interassay (12.5%) and
intra-assay (5.8%) variations, two standards were run before
and after the samples. The plate loaded with the individual
plasma samples was stored at 4◦C with 400 μl of buffered
human plasma per well or with 200 μl of DOC-stabilized LPL
per well. The ITC sample cell was equilibrated with 20 mM
Tris buffer (pH 7.4) before each experiment. Measurements
of enzyme activity were performed at 25◦C with 200 μl of
buffered plasma in the ITC sample cell and 40 μl of DOC-
stabilized LPL in the syringe. The temperature was selected
because of the fact that the assay was validated at 25◦C tem-
perature (27). The stirring speed in the sample cell was
600 rpm. The injections of LPL were started after a delay of
60 s to provide an initial baseline. In order to remove gas
bubbles from the syringe, the first injection was 0.2 μl and
lasted for 100 s. This was used as the zero point in later cal-
culations. Subsequently, three more injections of 5 μl were
made. Each injection increased the LPL concentration by
1 nM. The enzyme was allowed to act on the plasma lipids for
300 s, ensuring that there was a linear response to the
increased concentration of LPL under the experimental
conditions. After each experiment, the MicroCal Auto-iTC200
system was washed with MilliQ water, followed by 10%
Decon90 (Decon Laboratories Ltd), and finally with 100%
methanol. Data were analyzed in Microsoft Excel, and the rate
of heat production was expressed as microjoule per second.
Peaks in heat production occurred because of protein–pro-
tein/protein–lipid interactions and the effects of mixing.
These peaks were omitted from the analyses. The difference
in the baselines was calculated as was done in the previous
study (27) and exported into R software (free from The R
Foundation, version 4.0.2) for further analysis.
ELISAs
All assays were performed according to the manufacturers'

protocols, unless otherwise specified. The concentrations of
ApoA5, ApoC1, ApoC2, ApoC3, ANGPTL3, and ANGPTL8
were measured using the following commercial kits: Human
Apolipoprotein A-V sandwich ELISA (LS-F23424; LifeSpan
Bioscience, Inc; 1:100 dilution), Human Apolipoprotein CI
ELISA Kit (ab108808; Abcam, UK; 1:100 dilution), Apolipo-
protein CII ELISA Kit (ab168549; Abcam, UK; 1:200 dilution),
Human Apolipoprotein CIII ELISA Kit (ab154131; Abcam, UK;
1:4,000 dilution), Angiopoietin-Like Protein 3 Human ELISA
(RD191092200R; BioVendor, Czech Republic; 1:5 dilution), and
ELISA Kit for Human Betatrophin (Wuhan EIAab Science
Co, China, E11644h; 1:4 dilution), respectively. ANGPTL4 was
measured using the Human Angiopoietin-like 4 DuoSet
ELISA kit (DY3485; R&D Systems; 1:25 dilution) with some
modifications to the manufacturer's protocol (35). The cap-
ture antibody was incubated on the plate for 4 h at 37◦C,
instead of overnight at 4◦C. Samples were incubated on the
plate overnight at 4◦C, instead of 2 h at room temperature.
The rest of the assay was performed in accordance with the
manufacturer's protocol.
NMR-based metabolomics
NMR-based metabolomics was performed using the

Nightingale platform (Nightingale Health Ltd, Finland). The
benefit of this platform is that it provides simultaneous high-
throughput analysis of over 200 biomarkers in a single plasma
sample including measurements of lipoprotein subclasses,
their size, and composition (36). In brief, frozen plasma sam-
ples were gently thawed overnight and mixed with an equal
ratio of 75 mM sodium phosphate buffer (in 80%/20% H2O/
deuterium oxide, pH 7.4, with 0.08% sodium 3-(trimethylsilyl)
propionate-2,2,3,3-d4 and 0.04% sodium azide). Thawed sam-
ples were loaded on either a Bruker AVANCE III 500 MHz
spectrometer or a Bruker AVANCE III HD 600 MHz spec-
trometer in order to collect data on the lipoproteins and the
low molecular weight metabolites. After the measurements
were completed, the samples underwent a multistep lipid
extraction procedure and fractions were analyzed on the
Bruker AVANCE III HD 600 MHz spectrometer in order to
obtain data on lipid composition. All data were then processed
by Bruker in an in-house software and transferred to the end
user in a ready-to-analyze form (36).

Statistical analysis
Density plots and histograms for the lipid and regulator

protein measurements were visually inspected to assess their
frequency distributions. The statistical relationships between
LPL activity, the regulator proteins, and NMR lipid mea-
surements were evaluated using univariate linear regression
and are either reported as the change in LPL activity
(expressed in microjoule per second) per 1 SD increase in the
continuous x-variable (NMR measurements) or per unit of
concentration (regulator proteins). To compare the linear
regression models against each other, we calculated fre-
quency distributions for their respective conditional variance
explained percentage (R2 %) using bootstrapping with 10,000
random resamples for each model. Correlations between the
individual NMR measurements are reported as standardized
correlation coefficients (Spearman's rank correlation coeffi-
cient). The primary hypothesis was that the plasma concen-
trations of the known LPL regulators would affect the activity
of LPL, as measured by ITC. Thus, to correct for multiple
comparisons in our primary analysis, we calculated the P value
threshold as 0.05/9 ≈ 0.006 using the Bonferroni method. In
the NMR data, there was a high degree of multicollinearity
between variables (Fig. 1, panel C). Therefore, we used prin-
cipal component analysis to address the multiple comparison
issue (37). The number of hypotheses ultimately corrected for
corresponded to the number of principal components that
could explain 99.5% of the variance in the data. For our data,
hypothesis testing on the NMR parameters corresponded to
22 independent tests (corrected P for significance = 0.05/22 ≈
0.002). All reported confidence intervals and P values are
corrected for multiple comparisons. Samples with missing
values at random were excluded from further analyses. Six
samples in the NMR dataset held left-censored missing values
(in total 0.4% of all data points), caused by concentrations
being below the instrument limit of quantification. To pre-
serve information, these values were imputed by a deter-
ministic minimal value approach using the imputeLCMD
package. The statistical analyses were performed using R
software (free from The R Foundation, version 4.0.2).

RESULTS

Activity of LPL in plasma samples as measured by
ITC

The physiological parameters of the 117 enrolled
patients are presented in Table 1. To directly study the
action of LPL on lipids in the plasma samples, we used
LPL activity measured by ITC in human plasma 3
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Fig. 1. Effects of plasma lipids on LPL activity. A: Forest plot showing the effect of NMR parameters on LPL activity (numbered
labels from C) with Bonferroni-corrected 95% CIs. B: Violin plot showing the conditional variance explained (R2 %) by each NMR
parameter. The x-axis density curves reflect the frequency distributions that resulted from bootstrapping the R2 % using 10,000
random resamples. C: Heatmap showing the Spearman's rank correlations between 94 NMR lipid parameters. Complete variable
descriptions with abbreviations as well as summary statistics are provided in the supplemental data (supplemental Tables S1 and S2).
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TABLE 1. Descriptive statistics for study participants

Measurement nobs Mean/Median

Age (years) 117 63 (IQR: 53–63; range: 43–63)
Sex 117

Male 57 (48.7%)
Female 60 (51.3%)

Systolic blood pressure (mm Hg) 114 130.5 (SD: ±18.6; range: 89–174)
Diastolic blood pressure (mm Hg) 114 86.7 (SD: ±10.1; range: 65–113)
Body mass index (kg/m2) 114 26.1 (IQR: 23.9–29.1; range: 19.0–41.1)
Total cholesterol (mmol/l) 114 5.35 (SD: ±1.10; range: 2.9–8.0)
Total triglycerides (mmol/l) 114 1.35 (SD: ±0.84; range: 0.4–4.9)
LDL cholesterol (mmol/l) 112 3.13 (SD: ±1.00; range: 1.2–5.7)
HDL cholesterol (mmol/l) 113 1.60 (SD: ±0.47; range: 0.7–3.6)
Fasting blood glucose (mmol/l) 114 5.5 (IQR: 5.1–6.0; range: 4.0–8.4)
LPL activity (μJ/s) 117 0.72 (SD: ±0.37; range: 0.05–1.64)
Angiopoietin-like 3 (ng/ml) 117 236 (IQR: 194–301; range: 107–516)
Angiopoietin-like 4 (ng/ml) 116 159 (IQR: 97–493; range: 40–1,489)
Angiopoietin-like 8 (pg/ml) 116 1,397 (IQR: 1,051–1,734; range: 641–4,819)
Apolipoprotein C-I (μg/ml) 116 57 (IQR: 50–66; range: 33–118)
Apolipoprotein C-II (mg/dl) 117 12.0 (IQR: 8.4–21.1; range: 0.9–91.8)
Apolipoprotein C-III (mg/dl) 117 14.0 (IQR: 12.6–17.5; range: 8.2–49.3)
Apolipoprotein A-V (ng/ml) 117 10.8 (IQR: 5.9–19.2; range: 0.9–117.2)

IQR, interquartile range; nobs, number of complete observations.
Summary statistics are presented as mean with SD and range, or median with IQR and range, depending on the distribution of the data.
the novel method based on ITC, which was described
previously (27). Before addition of LPL, there was
essentially no change in heat production in the sample
cell, which was translated into a stable baseline on the
thermograms. This illustrated that there are only very
low levels of catalytically active endogenous LPL pre-
sent in human plasma (38). Therefore, lipolysis was
studied after addition of a standardized amount of
purified bovine LPL. Because of the high reproduc-
ibility of this method, and the relatively large volume of
sample plasma used per run, each sample was analyzed
only once. The three repeated additions of bovine LPL
ensured that there was a linear response and thus
enough substrate present in the experiment. The
baseline change after the first injection was used for
further calculations.

As can be seen in Table 1, the LPL activity, as
measured by ITC, varied by a factor of 33 between
plasma samples from the 117 middle-aged individuals.
The lowest recording was 0.05 μJ/s, and the highest
recording was 1.64 μJ/s. To explain the large variation in
response to the added LPL, we analyzed known protein
factors in the plasma samples that might affect the ac-
tivity of LPL as well as lipoprotein sizes. As determined
by the linear regression analysis, one of the strongest
determinants of LPL activity was the mean diameters
of VLDL and HDL particles (Fig. 1, panels A and B).
Thus, their composition was investigated further.

Effects of physical parameters of plasma
lipoprotein particles on LPL activity

The effect of various factors on LPL activity was
extensively studied previously (27, 39, 40). It is well
known that, although LPL can interact with all major
lipoprotein classes, its affinity for the large TRL parti-
cles is much higher than for the small cholesterol-rich
LDL and HDL (39–42). It was therefore not surprising
that the strongest effector for LPL activity in plasma
was the mean diameter of the VLDL particles (Fig. 1,
panels A and B). By further analyses we found that the
average VLDL diameter was superior to total plasma
TG at explaining the ITC-measured LPL activity (Fig.
S1). Plasma from overnight fasted individuals is ex-
pected to contain low amounts of small TG-poor chy-
lomicrons that are not expected to significantly
contribute to the overall lipolysis. The ratio of TG to
phospholipids, the VLDL TG levels, and the content of
VLDL cholesterol were also determinants of LPL ac-
tivity (Fig. 1, panels A and B); however, these properties
strongly correlated with the size of the VLDL particles
(Fig. 1, panel C).

IDL and LDL had no specific effect on the activity of
LPL in our assay, with the exception for a few variables
that may be attributed to the metabolism of VLDL,
such as the TG content of IDL (Fig. 1, panels A and B).
One of the strongest inverse correlations with LPL ac-
tivity in our study was found for the HDL diameter
(Fig. 1, panels A and B). The same trend carried over to
HDL cholesterol levels and levels of ApoA1 (Fig. 1,
panels A and B).

Effects of plasma lipids on LPL activity
Evaluation of the effect of the total FA composition

in plasma on the activity of LPL, as measured by ITC, is
complicated (Fig. 1, panels A and B). A limitation of our
study is that we only have data for the whole plasma
sample, including not only FAs in TG but also FFA, FAs
in cholesterol esters, in phospholipids, and in other FA-
based lipids. Furthermore, the FA composition of each
lipoprotein fraction was not determined. Therefore,
one can expect contributions to the lipid composition
from lipoproteins that are not substrates for LPL (such
LPL activity measured by ITC in human plasma 5



as LDL and HDL). LPL has a strong preference for TGs
and diglycerides, but it can also hydrolyze phospho-
lipids (43, 44). The contribution of phospholipid hy-
drolysis to the recorded heat production under our
conditions is not known. Taking these caveats into ac-
count, there were still significant positive and negative
correlations between the LPL activity recorded by ITC
and the FA composition of the plasma samples (Fig. 1,
panels A and B). The preference of LPL for TG that
contain unsaturated FAs is well known from previous
studies (45–47). There was a weak positive correlation
between the activity of LPL in plasma, recorded by ITC,
and the level of monounsaturated FAs (Fig. 1, panels A
and B). The level of saturated FA, and the ratio of
saturated FA to total FA, also correlated positively to
the recorded LPL activity (Fig. 1, panels A and B). The
overall unsaturation level of FAs correlated however
negatively with LPL activity (Fig. 1, panels A and B). The
ratios of ω-6 to total FA and of PUFA to total FA
showed a negative correlation with LPL activity, as did
the unspecified unsaturation level of FA and the ratio
of linoleic acid to total FA. The negative correlation
between LPL activity and the ω-6 FA ratio was one of
the strongest negative correlations in our study. How-
ever, all these variables were intermediately to highly
collinear with the size and lipid content of the VLDL
particles (Fig. 1, panel C).

Effect of known protein regulators of LPL on its
activity

We analyzed the levels of the three members of the
ANGPTL protein family, which are known to have
strong effects on LPL stability, and thereby its activity
level (18, 48–50). The content of ANGPTL3, ANGPTL4,
and ANGPTL8, as measured, showed no significant
correlation with the activity of LPL when added to the
plasma samples (Fig. 2, panels A–C). This could be ex-
pected for ANGPTL4 because of the efficient protec-
tion of LPL by the presence of TRLs (51), and that most
of the ANGPTL4 in plasma is the inactive carboxy-
terminal part (18). The lack of effect of ANGPTL3
and ANGPTL8, which were previously shown to work
as heterooligomers, may be due to the low levels of
ANGPTL8 (17, 23, 24). The blood samples were taken
from fasted subjects, and fasting is known to suppress
the production of ANGPTL8. Therefore, the measured
levels of ANGPTL8 were nearly 100-fold lower than
those of ANGPTL3 and ANGPTL4. As a result, it can
be expected that there were insufficient amounts of
ANGPTL3/8 heterooligomers present in plasma to be
able to have an effect on LPL activity.

ApoC1, ApoC2, ApoC3, and ApoA5 were all previ-
ously shown to affect LPL activity (12, 15, 52). Of the
four Apos, ApoC2 is the most studied and best-known
effector acting as a cofactor for LPL. However, the
10-fold difference observed in the levels of ApoC2 in
the patients' plasma showed no significant correlation
with the recorded LPL activity (Fig. 2, panel D). This
6 J. Lipid Res. (2022) 63(1) 100144
supported the previous notion that the normal physio-
logical levels of ApoC2 are sufficient to completely
saturate the LPL system (27, 53). Similarly, correlations
were neither obtained with the levels of ApoC1 and
ApoC3 nor with the ratios between them and ApoC2,
and LPL activity (Fig. 2, panels E–H).

ApoA5 levels, however, showed a weak positive cor-
relation with LPL activity (Fig. 2, panel I). Several
studies have shown that ApoA5 plays an important role
in LPL-mediated lowering of the TG levels in the blood
(16, 54, 55). This is quite intriguing in light of that the
levels of ApoA5 in plasma are the lowest amongst all
the Apos.

The full list of variables, as well as supplementary
statistics for the linear regression models, can be found
in the supplemental tables (supplemental Tables S1 and
S2).

DISCUSSION

In the current study, our aim was to measure effects
of the levels of the known protein regulators of LPL,
and of the physical properties of human plasma, on the
activity of LPL that was added to the plasma samples.
Our results demonstrate that the main determinants
for the activity of LPL were the particle sizes and the
levels of VLDL and HDL, as well as the concentration
of FAs and their degree of saturation in the total
plasma lipids. Surprisingly, the physiological variation
neither in the levels of ApoC1, ApoC2, or ApoC3 nor
the in the levels of ANGPTL3, ANGPTL4, or
ANGPTL8 had any significant effect on the recorded
LPL activity under the conditions used. The only
known regulator of LPL, which showed a weak signif-
icant association with activity, was ApoA5 (Fig. 2, panel
I).

Our study shows that the concentrations of VLDL and
HDL, as measured by the number of particles, were one
of the strongest determinants of LPL activity. Interest-
ingly, only the larger fractions of VLDL and HDL
contributed (positively and negatively, respectively) to
the LPL activity. We have no explanation other than
collinearity for the strong positive effects ofHDLTGon
LPL activity, as HDL contains relatively small amounts
of TG. It is likely that HDLTGs are related to VLDLTGs
through nonpolar lipid exchange between the lipopro-
tein particles mediated by cholesteryl ester transfer
protein (56). On the other hand, the smallest HDL par-
ticles had an opposite effect to the overall effect ofHDL.
The levels of the smallest most lipid-poor HDLs are
known to be increased in CVD, which is opposite to what
is known for the total levels of HDL (57).

The effect of the diameter of TRL on LPL activity
was expected, as LPL is known to prefer large and less
curved lipid particles (39–42). This may in part be
attributed to the binding preferences of its cofactor
ApoC2 (40, 58). ApoC2 prefers surfaces or lipoproteins
with little curvature, low surface pressure, and low
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adj. P = 1, R² = 0
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Fig. 2. Effect of known protein regulators of LPL activity. A–I: Scattered points with smoothed conditional means (linear regression
slopes) and standard error intervals, showing the relationship between LPL activity measured by ITC, and the plasma concentrations
of LPL regulator proteins. Effect estimates are presented as LPL activity change (microjoule per second) per 1 SD change in X-
variable unit of concentration. The margin histograms show the distributions of the x and y variables on the opposite side of their
respective axes.
crowding (58–60). As ApoC2 is distributed between TRL
and HDL, the total concentration of ApoC2 in plasma
may be a poor indicator of its ability to activate LPL.
Previous studies have demonstrated that concentrations
of ApoC2 corresponding to about 100 nM result in full
activation of LPL (27, 53). In the present study, the
median concentration of ApoC2 in the plasma samples
was 12.0 μM, with the lowest value of 0.8 μM. Thus, the
physiological levels of ApoC2 saturate the LPL ma-
chinery and therefore do not directly play a role in the
regulation of LPL activity. The absence of significant
effects of the levels of ApoC1 and ApoC3 on LPL ac-
tivity could be explained by the relatively low levels of
these proteins in the plasma samples used for ITC. The
median level of ApoC1 corresponded to 6.1 μM, and the
median level of ApoC3 corresponded to 12.9 μM. Both
levels are within the common range reported in the
literature. In our previous study, addition of ApoC3
corresponding to 15 μM in human plasma resulted in
only a minor decrease in the LPL activity recorded by
LPL activity measured by ITC in human plasma 7



ITC (27). ApoC1 was previously proposed to be a slightly
more potent inhibitor of LPL than ApoC3 (12). In our
study, the mean level of ApoC1 was even lower than
that of ApoC3 and, consequently, ApoC1 had no
observable effect on the recorded LPL activity. Data
from our study on plasma samples from fasted in-
dividuals are certainly not enough to disprove the po-
tential regulatory role of ApoC1 and ApoC3 on the
activity of LPL. The conditions might be different in
samples of postprandial plasma that are expected to
also contain TG-rich chylomicrons and chylomicron
remnants. Such particles may have more surface
available for binding of the Apos, and they may
therefore have a chance to influence on LPL activity.
Furthermore, it is possible that interaction between LPL
and GPIHBP1 is necessary for the inhibitory effect of
ApoCs on LPL activity to take place (61). Our present
results are, nevertheless, in line with previous evidence
that the main effect of ApoC1 and ApoC3 does not
directly involve inhibition of LPL activity but rather
receptor-mediated uptake of TRL remnants by the
liver (14, 62, 63). It should be mentioned that most of the
observations on the inhibitory effects of ApoC1 and
ApoC3 on LPL originate from in vitro studies with
concentrations of these proteins that were much higher
than that of ApoC2 (12, 64).

The weak positive effect of ApoA5 on the LPL ac-
tivity recorded by ITC, though completely in line with
previous observations in vivo, was somewhat unex-
pected (16, 54, 55). ApoA5 was previously linked to
reduced levels of plasma TG, and mutations in the
APOA5 gene are linked to hypertriglyceridemia (16, 65).
However, the stimulatory effect of ApoA5 on LPL ac-
tivity has been difficult to replicate in vitro. Several
factors complicate the understanding of the mecha-
nism of action of ApoA5. First, ApoA5 is found in
plasma at very low levels. In our study, the median
concentration of ApoA5 was 10.8 ng/ml or 0.3 nM. This
concentration corresponds to a single molecule of
ApoA5 on one out of 275 VLDL particles. This ratio is
far too low for ApoA5 to have a direct effect on LPL,
unless ApoA5 is rapidly moving between the VLDL
particles. The second aspect, which makes direct inter-
action of ApoA5 with LPL unlikely, is that both pro-
teins contain regions with a strong positive charge (15,
16). ApoA5 can use the strong positive charge to
interact with GPIHBP1 and/or with HSPG. It was pro-
posed, based on this, that ApoA5 could strengthen the
bridge between the TRLs and the capillary endothe-
lium. LPL is bound to the same structures and could
somehow take advantage of the support by ApoA5 (15,
66). Our ITC measurements do not include this
important aspect, because they are conducted with LPL
in solution in the absence of any membrane-bound
GPIHBP1 and HSPG. Third, the ApoA5 levels were
positively correlated to the TG levels (supplemental
Table S3). Therefore, we cannot rule out the possibil-
ity that the observed positive effect of ApoA5 on LPL
8 J. Lipid Res. (2022) 63(1) 100144
activity was due to the increased TG levels, rather than
a direct effect of ApoA5 on LPL.

The lack of a direct effect of the levels of the
ANGPTLs on the activity of LPL could be explained by
results from a previous study that demonstrated that
LPL is stabilized and protected from the action of
ANGPTL proteins when the enzyme is bound to TRLs
(51). Furthermore, in vivo, most of the active LPLs in
plasma are found in complex with GPIHBP1, which was
previously shown to protect LPL from both sponta-
neous and ANGPTL-mediated inactivation (17, 34, 67).
We cannot exclude that low levels of soluble GPIHBP1
could contribute to the stabilization of the added LPL
(68). Another concern is that our experiments were
carried out at 25◦C, while the body temperature is 37◦C.
The stability of LPL both in the presence and absence
of ANGPTLs is highly dependent on the temperature
(69). All factors considered, including our current data,
as well as our previous experiments with ITC, suggest
that the levels of ANGPTL proteins are not high
enough to act on LPL in the plasma compartment at
25◦C (27). The levels of ANGPTL8 were extremely low,
nearly 100-fold lower than those of ANGPTL3 and
ANGPTL4. This was due to the fact that the plasma
samples were obtained from fasted individuals and/or
possibly to suboptimal quantification by the immuno-
assay used because of complex formation between
ANGPTL8 and ANGPTL3 or ANGPTL8 (18). There-
fore, effects of ANGPTL8, and of its partner,
ANGPTL3, were expected to be marginal in our study.

Finally, levels of plasma FAs and their saturation
showed significant correlations with the recorded LPL
activity in our analyses. Interpretation of these findings
is complicated by the fact that the FAs originated from
not only TG but also other lipid substrates and from
lipids that are not hydrolyzed by LPL including FFA
bound to albumin. FFAs are known to inhibit LPL ac-
tivity by several mechanisms resulting in strong prod-
uct inhibition (70). This was not expected to occur
during our ITC recordings, as human plasma contains
high amounts of albumin, and the measurements were
performed under conditions when the hydrolysis re-
action was linear with time and with the amount of
added enzyme. Even though LPL prefers TG as sub-
strate, some phospholipids will also be hydrolyzed. The
hydrolysis rate for phospholipids is slower than that for
TG (43, 44), and they may therefore act as competitive
inhibitors. It is expected that differences in the FA
composition of the phospholipids could affect their
relative rate of hydrolysis by LPL. Another important
aspect is that the lengths and degree of saturation of
the FAs contained in the lipoprotein lipids is likely to
affect the fluidity and other physical properties of the
surface layer of the lipoproteins. This may impact on
the binding of proteins to the lipoproteins, including
Apos and LPL. It may also influence on the fraction of
TG that can be present in the surface layer of the li-
poproteins (71). The two-dimensional concentration of



TG in the surface layer is probably one of the most
important determinants for the rate of hydrolysis by
LPL. The catalytic reaction must occur at, or close to,
the surface where there is access to water.

In conclusion, our results show that the physiological
levels of the known protein regulators of LPL in hu-
man plasma are not high enough to influence the rate
of lipolysis by added LPL. The levels of the ANGPTL
proteins had no significant effect on the recorded LPL
activity as measured at 25◦C. This may be because
ANGPTL-mediated inhibition of LPL activity is highly
temperature dependent and presumably stronger at
37◦C; or that the ANGPTL8 levels were very low
because of fasting; or that in the body, the ANGPTL
proteins either act in the subendothelial space, as pre-
viously suggested for ANGPTL4, or that inactivation is
dependent on that LPL is attached to the endothelium
via GPIHBP1 and/or HSPG. Such conditions could not
be replicated in our ITC setup. We demonstrate that,
despite the fact that ApoC1 and ApoC3 inhibit LPL
activity in vitro, their physiological levels in human
plasma are too low to inhibit the activity of added LPL.
Similarly, the variation in the plasma levels of ApoC2
did not significantly influence on the LPL activity
recorded during the ITC experiments. This supports
the previous view that ApoC2 is normally present at
concentrations that are sufficient to saturate LPL. An
interesting possibility is, however, that the distribution
of ApoC2 between TRL and HDL could be an impor-
tant determinant for the rate of lipolysis. Our study
identified a plasma lipid signature, including both FFA
and lipoprotein parameters associated with the mean
VLDL particle size, that strongly influences the rate of
lipid hydrolysis by LPL in plasma.
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29. Näslund, U., Ng, N., Lundgren, A., Fhärm, E., Grönlund, C.,
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Olivecrona, T., and Bengtsson-Olivecrona, G. (1993) Lipoprotein
lipase in human plasma is mainly inactive and associated with
cholesterol-rich lipoproteins. J. Lipid Res. 34, 1555–1564

39. MacPhee, C. E., Chan, R. Y. S., Sawyer, W. H., Stafford, W. F., and
Howlett, G. J. (1997) Interaction of lipoprotein lipase with ho-
mogeneous lipid emulsions. J. Lipid Res. 38, 1649–1659

40. Tajima, S., Yokoyama, S., and Yamamoto, A. (1984) Mechanism
of action of lipoprotein lipase on triolein particles: effect of
apolipoprotein C-II. J. Biochem. 96, 1753–1767

41. Connelly, P. W., Maguire, G. F., Vezina, C., Hegele, R. A., and
Kuksis, A. (1994) Kinetics of lipolysis of very low density lipo-
proteins by lipoprotein lipase. Importance of particle number
and noncompetitive inhibition by particles with low triglyceride
content. J. Biol. Chem. 269, 20554–20560

42. Fisher, R. M., Coppack, S. W., Humphreys, S. M., Gibbons, G. F.,
and Frayn, K. N. (1995) Human triacylglycerol-rich lipoprotein
subfractions as substrates for lipoprotein lipase. Clin. Chim. Acta.
236, 7–17

43. Deckelbaum, R. J., Ramakrishnan, R., Eisenberg, S., Olivecrona,
T., and Bengtsson-Olivecrona, G. (1992) Triacylglycerol and
phospholipid hydrolysis in human plasma lipoproteins: role of
lipoprotein and hepatic lipase. Biochemistry. 31, 8544–8551

44. Rojas, C., Olivecrona, T., and Bengtsson-Olivecrona, G. (1991)
Comparison of the action of lipoprotein lipase on tri-
acylglycerols and phospholipids when presented in mixed
liposomes or in emulsion droplets. Eur. J. Biochem. 197, 315–321

45. Coiffier, E., Paris, R., and Lecerf, J. (1987) Effects of dietary
saturated and polyunsaturated fat on lipoprotein lipase and
hepatic triglyceride lipase activity. Comp. Biochem. Physiol. B. 88,
187–192

46. Jackson, R. L., and Demel, R. A. (1985) Lipoprotein lipase-
catalyzed hydrolysis of phospholipid monolayers: effect of
fatty acyl composition on enzyme activity. Biochem. Biophys. Res.
Commun. 128, 670–675

47. Demel, R. A., Dings, P. J., and Jackson, R. L. (1984) Effect of
monolayer lipid structure and composition on the lipoprotein
lipase-catalyzed hydrolysis of triacylglycerol. Biochim. Biophys.
Acta. 793, 399–407

48. Zhang, R. (2016) The ANGPTL3-4-8 model, a molecular mech-
anism for triglyceride trafficking. Open Biol. 6, 150272

http://refhub.elsevier.com/S0022-2275(21)00126-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref48


49. Dijk, W., and Kersten, S. (2016) Regulation of lipid metabolism
by angiopoietin-like proteins. Curr. Opin. Lipidol. 27, 249–256

50. Kersten, S. (2019) New insights into angiopoietin-like proteins in
lipid metabolism and cardiovascular disease risk. Curr. Opin.
Lipidol. 30, 205–211

51. Nilsson, S. K., Anderson, F., Ericsson, M., Larsson, M., Mako-
veichuk, E., Lookene, A., Heeren, J., and Olivecrona, G. (2012)
Triacylglycerol-rich lipoproteins protect lipoprotein lipase from
inactivation by ANGPTL3 and ANGPTL4. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids. 1821, 1370–1378

52. Kei, A. A., Filippatos, T. D., Tsimihodimos, V., and Elisaf, M. S.
(2012) A review of the role of apolipoprotein C-II in lipoprotein
metabolism and cardiovascular disease. Metabolism. 61, 906–921

53. Quinn, D., Shirai, K., and Jackson, R. L. (1983) Lipoprotein lipase:
mechanism of action and role in lipoprotein metabolism. Prog.
Lipid Res. 22, 35–78

54. Lookene, A., Beckstead, J. A., Nilsson, S., Olivecrona, G., and
Ryan, R. O. (2005) Apolipoprotein A-V-heparin interactions:
implications for plasma lipoprotein metabolism. J. Biol. Chem.
280, 25383–25387

55. Fruchart-Najib, J., Baugé, E., Niculescu, L-S., Pham, T., Thomas,
B., Rommens, C., Majd, Z., Brewer, B., Pennacchio, L. A., and
Fruchart, J-C. (2004) Mechanism of triglyceride lowering in mice
expressing human apolipoprotein A5. Biochem. Biophys. Res. Com-
mun. 319, 397–404

56. Barter, P. J., Brewer, H. B., Chapman, M. J., Hennekens, C. H.,
Rader, D. J., and Tall, A. R. (2003) Cholesteryl ester transfer
protein: a novel target for raising HDL and inhibiting athero-
sclerosis. Arterioscler. Thromb. Vasc. Biol. 23, 160–167

57. Kontush, A. (2015) HDL particle number and size as predictors
of cardiovascular disease. Front. Pharmacol. 6, 218

58. Meyers, N. L., Larsson, M., Olivecrona, G., and Small, D. M. (2015)
A pressure-dependent model for the regulation of lipoprotein
lipase by apolipoprotein C-II. J. Biol. Chem. 290, 18029–18044

59. Saito, H., Lund-Katz, S., and Phillips, M. C. (2004) Contributions
of domain structure and lipid interaction to the functionality of
exchangeable human apolipoproteins. Prog. Lipid Res. 43,
350–380

60. Segrest, J. P., Jackson, R. L., Morrisett, J. D., and Gotto, A. M. (1974)
A molecular theory of lipid-protein interactions in the plasma
lipoproteins. FEBS Lett. 38, 247–258

61. Larsson, M., Allan, C. M., Jung, R. S., Heizer, P. J., Beigneux, A. P.,
Young, S. G., and Fong, L. G. (2017) Apolipoprotein C-III inhibits
triglyceride hydrolysis by GPIHBP1-bound LPL. J. Lipid Res. 58,
1893–1902

62. Jong, M. C., Hofker, M. H., and Havekes, L. M. (1999) Role of
ApoCs in lipoprotein metabolism: functional differences be-
tween ApoC1, ApoC2, and ApoC3. Arterioscler. Thromb. Vasc. Biol.
19, 472–484

63. Sehayek, E., and Eisenberg, S. (1991) Mechanisms of inhibition by
apolipoprotein C of apolipoprotein E-dependent cellular
metabolism of human triglyceride-rich lipoproteins through the
low density lipoprotein receptor pathway. J. Biol. Chem. 266,
18259–18267

64. Brown, W. V., and Baginsky, M. L. (1972) Inhibition of lipopro-
tein lipase by an apoprotein of human very low density lipo-
protein. Biochem. Biophys. Res. Commun. 46, 375–382

65. Garelnabi, M., Lor, K., Jin, J., Chai, F., and Santanam, N. (2013)
The paradox of ApoA5 modulation of triglycerides: evidence
from clinical and basic research. Clin. Biochem. 46, 12–19

66. Gin, P., Beigneux, A. P., Davies, B., Young, M. F., Ryan, R. O.,
Bensadoun, A., Fong, L. G., and Young, S. G. (2007) Normal
binding of lipoprotein lipase, chylomicrons, and apo-AV to
GPIHBP1 containing a G56R amino acid substitution. Biochim.
Biophys. Acta Mol. Cell Biol. Lipids. 1771, 1464–1468

67. Sonnenburg, W. K., Yu, D., Lee, E-C., Xiong, W., Gololobov, G.,
Key, B., Gay, J., Wilganowski, N., Hu, Y., Zhao, S., Schneider, M.,
Ding, Z-M., Zambrowicz, B. P., Landes, G., Powell, D. R., et al.
(2009) GPIHBP1 stabilizes lipoprotein lipase and prevents its
inhibition by angiopoietin-like 3 and angiopoietin-like 4. J. Lipid
Res. 50, 2421–2429

68. Miyashita, K., Fukamachi, I., Nagao, M., Ishida, T., Kobayashi, J.,
Machida, T., Nakajima, K., Murakami, M., Ploug, M., Beigneux,
A. P., Young, S. G., and Nakajima, K. (2018) An enzyme-linked
immunosorbent assay for measuring GPIHBP1 levels in hu-
man plasma or serum. J. Clin. Lipidol. 12, 203–210.e1

69. Sukonina, V., Lookene, A., Olivecrona, T., and Olivecrona, G.
(2006) Angiopoietin-like protein 4 converts lipoprotein lipase to
inactive monomers and modulates lipase activity in adipose
tissue. Proc. Natl. Acad. Sci. U. S. A. 103, 17450–17455

70. Bengtsson, G., and Olivecrona, T. (1980) Lipoprotein lipase.
Mechanism of product inhibition. Eur. J. Biochem. 106,
557–562

71. Miller, K. W., and Small, D. M. (1983) Surface-to-core and
interparticle equilibrium distributions of triglyceride-rich lipo-
protein lipids. J. Biol. Chem. 258, 13772–13784
LPL activity measured by ITC in human plasma 11

http://refhub.elsevier.com/S0022-2275(21)00126-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref69
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref69
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref69
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref69
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref69
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref70
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref70
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref70
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref70
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref71
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref71
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref71
http://refhub.elsevier.com/S0022-2275(21)00126-7/sref71

	Lipoprotein size is a main determinant for the rate of hydrolysis by exogenous LPL in human plasma
	Materials and methods
	VIPVIZA trial
	Sample preparation
	ITC
	ELISAs
	NMR-based metabolomics
	Statistical analysis

	Results
	Activity of LPL in plasma samples as measured by ITC
	Effects of physical parameters of plasma lipoprotein particles on LPL activity
	Effects of plasma lipids on LPL activity
	Effect of known protein regulators of LPL on its activity

	Discussion
	Data availability

	Supplemental data
	Author contributions
	Funding and additional information
	References


