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Effects of Extended-Release Nicotinic Acid on Apolipoprotein
(a) Kinetics in Hypertriglyceridemic Patients

Mikaél Croyal, Khadija Ouguerram, Maxime Passard,* Véronique Ferchaud-Roucher,*
Maud Chétiveaux, Stéphanie Billon-Crossouard, Anne-Charlotte de Gouville, Gilles Lambert,
Michel Krempf,* Estelle Nobécourt*

Objective—To determine the mechanisms by which extended-release niacin reduces circulating lipoprotein (a) concentrations

in hypertriglyceridemic patients.

Approach and Results—Eight nondiabetic, obese male subjects (aged 48+12 years; body mass index, 31.2+1.8 kg/m?)
with hypertriglyceridemia (triglycerides, 226+78 mg/dL) were enrolled in an 8 week, double blind, placebo-controlled
cross-over study. At the end of each treatment phase, fasted subjects received a 10 pmol/L per kg bolus injection of
[5.5,5-*H,]-i-Leucine immediately followed by constant infusion of [5,5,5-*H,]--Leucine (10 pmol L™ kg™' h™') for 14
hours, and blood samples were collected. A liquid chromatography—tandem mass spectrometry method was used to study
apolipoprotein (a) (Apo(a)) kinetics. The fractional catabolic rate of Apo(a) was calculated with a single compartmental
model using the apolipoprotein B100 (ApoB100) containing very low density lipoprotein tracer enrichment as a
precursor pool. Extended-release niacin decreased plasma triglycerides (—46%; P=0.023), raised high-density lipoprotein
cholesterol (+20%; P=0.008), and decreased Apo(a) plasma concentrations (—20%; P=0.008). Extended-release niacin
also decreased ApoB100 (22%; P=0.008) and proprotein convertase subtilisin/kexin type 9 (PCSK9, —29%; P=0.008)
plasma concentrations. Apo(a) fractional catabolic rate and production rates were decreased by 37%.(0.58+0.28 versus
0.36+0.19 pool/d; P=0.008) and 50% (1.4+0.8 versus 0.7+0.4 nmol/kg per day; P=0.008), respectively.

Conclusions—Extended-release niacin treatment decreased Apo(a) plasma concentrations by 20%, production
rates by 50%, and catabolism by 37%. ApoB100 and PCSK9 concentrations were also decreased by treatment,
but no correlation was-found with Apo(a) kinetic parameters. (Arterioscler Thromb Vasc Biol. 2015;35:00-00.

DOI: 10.1161/ATVBAHA.115.305835.)
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Lipoprotein (a) [Lp(a)] is a proatherogenic lipoprotein com-
posed of a low-density lipoprotein (LDL) and apolipopro-
tein (a) [Apo(a)], a glycoprotein synthesized by the liver.and
covalently bound.to-the apolipoprotein-B100-(ApoB100).'
Apo(a) is composed of a protease domain (peptidase S1) and
kringle IV and kringle V domains. Kringle V, the peptidase S1
domain, and the Kringle IV (KIV) domains (KIV, to KIV )
are expressed once, except KIV,, which is repeated 3x to 40x.
Apo(a) size is genetically determined and is highly heteroge-
neous among and within patients, as most individuals have
2 circulating isoforms encoded by 2 different alleles. A low
copy number of KIV, has been associated with higher plasma
Lp(a) concentration, possibly because of differences in Apo(a)
production rates.'”

Lp(a) is associated with increased cardiovascular dis-
ease.'* Robust epidemiological and Mendelian randomization

studies support the hypothesis that increased Lp(a) plasma
concentrations-are related-to,an increased risk of coronary
heart disease,>® even in.cases of high LDL cholesterol (LDL-
C).” The European Atherosclerosis-Society-has proposed that
the optimal Lp(a) level should be <50 mg/dL.* Currently, there
are few available options for lowering Lp(a).””'' Lipoprotein
apheresis was approved in Germany for patients with pro-
gressive cardiovascular diseases to control LDL-C levels
and Lp(a). Recently, developed lipid-lowering treatments,
include targeting proprotein convertase subtilisin/kexin type
9 (PCSK9) and inhibiting cholesteryl ester transfer protein,
have shown significant lowering of Lp(a).'

Extended-release nicotinic acid (ERN) is the only avail-
able oral treatment that is able to lower Lp(a) by 25% to 30%."
In vitro studies have shown that nicotinic acid could increase
retention of Apo(a) at the hepatocyte surface, and it may also
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Nonstandard Abbreviations and Acronyms

Apo(a) apolipoprotein (a)

ERN extended-release nicotinic acid
FCR fractional catabolic rate

KIV kringle type IV domain

inhibit Apo(a) gene transcription."'* Few human studies have
looked at Lp(a) metabolism in untreated healthy volunteers,'*
but, to date, there have been no human studies characteriz-
ing the effects of ERN on Lp(a) metabolism. New analyti-
cal methods based on liquid chromatography—tandem mass
spectrometry and enzymatic proteolysis have simplified the
study of apolipoprotein kinetics in humans.'>'7 In this study,
we applied these approaches to analyze the effects of ERN on
Apo(a) metabolism in 8 hypertriglyceridemic patients.
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Materials and Methods

Eight nondiabetic, overweight male subjects (aged 48+12 years; body
mass index, 31.2+1.8 kg/m?* waist circumference, 106+4.9 cm) with
hypertriglyceridemia (triglycerides, 22678 mg/dL) were enrolled in a
randomized crossover controlled study (8 weeks/phase and a 4-week
washout interval) comparing 2 g/day ERN (gradually increased from
0.5 to 2.0 g/day in the first 4 weeks to avoid flushing effects and asso-
ciated in both arms with 300 mg/day of lysine acetylsalicylate) with
placebo. Plasma lipids and lipoproteins, as well as lipoprotein kinetics,
were assessed as described in detail in the supplemental Materials
and Methods section available in the online-only Data Supplement.

Results
Overall, ERN treatment was well tolerated and no dropout
or major flushes were observed. A small and nonsignificant
increase of fasting blood glucose and insulin concentrations
were observed with ERN (not shown) as well as HOMA-IR
index (3.8+3.7 versus 5.6+2.7, NS) Compared with placebo,

Table. Results of Major Biochemical Measurements
Plasma VLDL- LDL- Plasma

Patients TG TC LDL-C HDL-C PCSK9 ApoA-| ApoB100 ApoB100 ApoB100 Apo(a) KIV Repeats

Placebo
No. 1 174 152 83 34 360 110 60 6 37 55 13
No.2 217 276 179 51 374 150 140 10 79 46 13
No.3 192 265 185 41 196 130 130 17 84 66 20
No.4 202 253 147 66 272 180 120 6 73 45 12
No.5 340 158 63 27 206 120 70 9 38 43 13
No.6 129 231 150 46 237 130 100 7 61 52 12
No.7 293 209 120 29 203 110 118 12 44 85 16
No.8 224 177 97 35 234 120 90 11 43 41 13
Mean 221 215 128 41 260 131 104 10 58 54 14
SD 67 49 45 13 70 24 29 4 19 15 3

Niacin
No. 1 62 128 66 49 179 120 50 3 16 45 13
No. 2 11 241 136 57 188 140 100 6 65 29 13
No. 3 89 184 118 49 80 130 90 13 66 48 18
No. 4 79 195 112 67 149 170 80 6 75 44 12
No. 5 96 132 74 38 154 130 60 10 36 32 12
No. 6 117 200 115 48 158 130 80 7 43 42 12
No. 7 125 199 131 43 133 136 117 13 48 75 17
No. 8 262 160 68 39 197 130 70 7 52 34 13
Mean 118 180 103 49 155 136 81 8 50 44 14
SD 62 38 29 10 37 15 22 3 19 14 3

Pvalue* 0.023 0.008 0.039 0.008 0.008 0.531 0.008 0.156 0.211 0.008 0.750

PCSK9, ApoA-I, ApoB100, and Apo(a) plasma concentrations expressed in ng/mL, mg/dL, mg/dL, and nM, respectively. KIV repeats were assessed by the targeted
liquid chromatography-tandem mass spectrometry (MS)/MS analysis of a specific peptide of the repeated domain as described in the supplemental file. ApoA indicates
apolipoprotein A; HDL-C, high-density lipoprotein cholesterol (mg/dL); KIV, Kringle IV; LDL-C: low-density lipoprotein cholesterol (mg/dL); N/C, not calculated; TC, total
cholesterol (mg/dL); TG: plasma triglycerides (mg/dL); and VLDL, very low-density lipoprotein.

*Nonparametric Wilcoxon-matched pairs signed rank test.
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ERN decreased plasma triglycerides by 46% (118+62 versus
221+67 mg/dL; P=0.023), total cholesterol by 16% (180+38
versus 215+49 mg/dL; P=0.008), LDL-C by 20% (103+29
versus 128+45 mg/dL; P=0.039), ApoB100 by 22% (81+22
versus 104+29 mg/dL; P=0.008), and Apo(a) by 20% (44+14
versus 54+15 nmol/L; P=0.008; Table). In contrast, ERN
raised high-density lipoprotein cholesterol by 20% (49+10
versus 41+13 mg/dL; P=0.008) but did not increase apoli-
poprotein A-I concentrations (136+15 versus 131+24 mg/
dL; P=0.531; Table). The dominant isoform size of Apo(a)
ranged from 12 to 18 KIV repeats (Table). The average size of
Apo(a) was slightly modified in 3 subjects (6%—10%). Plasma
PCSK9 concentrations were decreased by 29% with ERN
(180453 versus 260+70 ng/mL; P=0.008; (Table).

ERN affected the mean *H,-Leucine incorporation dur-
ing the course of the tracer infusion for Apo(a) (P<0.05;
Figure 1). Compared with placebo, ERN decreased the frac-
tional catabolic rate (FCR) of Apo(a) by 37% (0.36+0.19
versus 0.58+0.28 pool/d; P=0.008), whereas no significant
change was observed in ApoB100-VLDL (Figure 2), and a
slight increase of ApoB100-LDL FCR was shown (+12%;
P=0.031; 1-tailed). ERN treatment also reduced the Apo(a)
production rate by 50% compared with placebo (0.7+0.4
versus 1.4+0.8 nmol/kg per day; P=0.008) but had no sig-
nificant effects on ApoB100-VLDL or ApoB100-LDL pro-
duction rates (Figure 2). Apo(a) FCRs and production rates
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Figure 1. Mean change in ?H_-Leucine incorporation during the
course of the tracer infusion in 8 patients treated with placebo
or extended-release niacin (ERN). A, Results obtained for Apo(a)
in the Lipoprotein (a) [Lp(a)] fraction and (B) results obtained for
ApoB100 in both very low density lipoprotein (VLDL) and LDL
fractions. Values are mean+SEM (n=8). *P<0.05 (nonparametric
Wilcoxon-matched pairs signed rank test). M3: [5,5,5-°H ]-.-Leu-
cine labeled peptide, MO indicates unlabeled peptide.
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were significantly correlated (P<0.0001; r=0.8223) suggest-
ing that these 2 processes are under control of similar path-
ways. No significant correlations were observed between
ApoB100 plasma concentrations and Apo(a) kinetic data.
Similarly, no significant correlation was observed between
HOMA-IR index or changes in PCSK9 plasma concentra-
tions and Apo(a) catabolic rates.

Discussion

The new liquid chromatography—tandem mass spectrom-
etry method used in this study enabled analysis of in vivo
effects of ERN on Apo(a) metabolism in hypertriglyceride-
mic subjects. As expected, ERN significantly decreased tri-
glycerides and Apo(a) and ApoB100 plasma concentrations
and raised high-density lipoprotein cholesterol. Apo(a)
production and catabolic rates were significantly reduced,
while no significant changes were observed in ApoB100-
VLDL kinetics. An increase in ApoB100-LDL catabolism
was shown, which may be related to the significant decrease
of PCSK9 plasma concentrations:

Because of high discrepancies“in"plasma concentra-
tions and complexity of size determination, conventional
analytical methods'®'? are not relevant.for Apo(a) measure-
ments.'"'*!7 This study confirmed that enzymatic proteolysis
and subsequent liquid chromatography—tandem mass spec-
trometry analysis of specific peptides overcome these dif-
ficulties (Materials and Methods section.in the online-only
Data Supplement).'>-!” Our results are in agreement with
a'study using similar methods and a single compartment
model to analyze Apo(a) metabolism in 3 healthy subjects'®
and to-other data reported in a using gas chromatography—
mass spectromeétry | study ‘and a ‘multicompartment model-
ing.? Together, these comparisons validated our analytic
method and the mono compartmental model we have used.
Compared with studies-in healthy subjects without dyslip-
idemias, this study showed that hypertriglyceridemia does
not have a strong effect on Apo(a) kinetics, although data
are in near the upper limits of the reported normal range.?
We were also amazed to observe a slight decrease of size of
Apo(a) in few subjects with ERN treatment. This was prob-
ably because of a slight change in the proportion of the 2 iso-
forms related to unknown effects of ERN or more likely to
the tolerated precision of the liquid chromatography—tandem
mass spectrometry method (+15%) and the small number of
patients.

This study showed that ERN was able to significantly
decrease Apo(a) production rates by 50%, consistent with
in vitro studies revealing the impacts of ERN on Apo(a)
hepatic production and on ApoB100 availability for Lp(a)
synthesis.?! Nicotinic acid is already known to inhibit hepa-
tocyte diacylglycerol acyltransferase-2, a key enzyme for
triglyceride synthesis, accelerating intracellular hepatic
ApoB100 degradation and decreasing hepatic ApoB100-
VLDL and ApoB100-LDL secretion rates.?' Other stud-
ies have shown that nicotinic acid increased retention
of Apo(a) at the hepatocyte surface and also directly
inhibited transcription of the Apo(a) gene."!'* This study
did not show any association between ApoB100-LDL or
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ApoB100-VLDL and Apo(a) production rate, in agreement
with a previous kinetic study of untreated healthy controls
having showed that the kinetics of Apo(a)-Lp(a) were
similar to ApoB100-Lp(a) but not to ApoB100-VLDL or
ApoB100-LDL.* The modification of Apo(a) production
rate by ERN could thus be a consequence of an inhibition
of Apo(a) transcription or a decrease of protein release as
discussed above. In addition, ERN did not show signifi-
cant changes on ApoB100 kinetic parameters in VLDL as
previously reported by Lamon-Fava et al.?> Conversely,
Fabbrini et al*® haye found a.significant.effect of ERN, to
reduce VLDL-ApoB100 production .rates but the.different
metabolic states of patients (hepatic steatosis) and the lon-
ger duration of treatment (167weeks) could ¢xplain these
differences.

Results also showed that ERN was able to significantly
decrease the rate of Apo(a) catabolism by 37%, which par-
tially compensated for the change in production rates in the
liver. Although catabolic mechanisms of Lp(a) are poorly
understood, kidneys seem to play central roles involving
binding with megalin/glycoprotein 330.** In patients with
advanced chronic kidney diseases, elevated plasma Lp(a) con-
centrations were observed,” which were related to decreases
in Apo(a) and ApoB100 Lp(a) catabolic rates.” It has also
been shown that, in patients with chronic kidney diseases,
ENR has reduced efficacy.”’

In addition to the kidney, other mechanisms are likely to
occur in the liver. Indeed, Lp(a) metabolism has been linked
to the scavenger receptor class B type 1,® the low-density
lipoprotein receptor—related protein 1, the very low-density
lipoprotein receptor, plasminogen receptors, and megalin/
glycoprotein 330.** The role of the LDL receptor on Lp(a)
catabolism is controversial. A recent study in HepG2 cells
provided evidence that the LDL receptor is implicated in
Lp(a) catabolism modulated by PCSK9.? Our data do not
support this finding as we showed a significant decrease in
ApoB100 plasma concentrations (—22%) probably related

D.—
Placebo Niacin

Figure 2. Individual and mean+SEM changes in
kinetic parameters of Apo(a) and ApoB100. FCR
indicates fractional catabolic rate; and PR, pro-
duction rate. *P<0.05, **P<0.01 (nonparametric
Wilcoxon-signed rank test).
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to the increase of ApoB100-LDL catabolism (+12%) pos-
sibly as a consequence of the decrease in PCSK9 plasma
concentrations known to occur with ERN.***! The increase
of ApoB100-LDL FCR suggested an enhanced the LDL
receptor activity and an increase of Apo(a) catabolism
was expected from the HepG2 cell experiment.”” We have
observed just the opposite but it is possible that the role
of the LDL receptor in Lp(a) catabolism could have been
overshadowed by changes in other Lp(a) catabolic pathways
related to ERN as we measured the total in vivo disappear-
ance. In addition, no.significant relationship was observed
between changes ‘of Apo(a) FCR and. PESK9 plasma con-
centrations,(P=0.2436; r=0.4668), which do not support a
central role of PCSK9 inApo(a) catabolism.

This study-has some limitations. To follow the guidelines
of ERN prescription, only patients with hypertriglyceridemia
were selected. Although unlikely, it is not possible to rule out
that different results could have been observed in lean normo-
lipidemic subjects. It is also difficult to anticipate the mecha-
nisms involved in patients with elevated baseline Lp(a) and
the effect of ERN in these individual. We were not able to
get a good recovery of Lp(a) in the ApoB100 containing par-
ticles. Then, we only present Apo(a) kinetics as a whole and
not the fine tuning and exchanges of Lp(a) related to measured
activities of lipases or transfer proteins. However, this simple
approach allows to get new information on the mechanisms
involved in the decrease of plasma Lp(a) related to ERN treat-
ment and could initiated new researches. Finally, this study
was performed in men with no statin treatment and it is not
known if the sex or an added treatment could have changed
the results.

In conclusion, decreased plasma Lp(a) in ERN-treated
patients was related to a decrease of Apo(a) production rate,
which was partially compensated by decreased catabolism.
The regulatory mechanisms involved in changes of both pro-
duction and catabolism of Apo(a) by ERN seem to be con-
nected. No cardiovascular benefits of ERN were reported in
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recent cardiovascular outcome trials but with a decrease of
plasma Lp(a) of only 20%.3*° A better understanding of the
mechanisms responsible for decreased Lp(a) catabolism asso-
ciated with ERN treatment could help the development of new
derived niacin treatments targeting only the production rate
leading to a more effective therapy for lowering Lp(a) plasma
concentrations.
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Significance

Apolipoprotein (a) is a major component of lipoprotein (a) and has a genetically controlled, highly polymorphic size strongly associated with
risk of coronary heart disease. Although some treatments, such as extended-release nicotinic acid, lower lipoprotein (a) plasma concentra-
tions, the exact mechanisms underlying the reductions remain unclear. A liquid chromatography—tandem mass spectrometry method was
recently developed for apolipoprotein (a) measurements. This method was used here to study apolipoprotein (a) kinetics in 8 hypertriglyc-
eridemic patients treated with extended-release nicotinic acid. Treatment decreased apolipoprotein (a) plasma concentrations by 20% and
decreased production rates by 50%. These changes were partially compensated by decreased catabolism (-37%:compared with placebo).
Apolipoprotein B100 and proprotein convertase subtilisin/kexin type 9 plasma concentrations were also decreased by treatment, but no cor-
relation was found with apolipoprotein (a) kinetic parameters. Therefore, extended-release nicotinic acid has impacts on lipoprotein (a) levels

and apolipoprotein (a) synthesis and catabolism.




