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Cardiovascular diseases (CVDs) have become a public health problem despite
increased availability of statins for decreasing hypercholesterolemia. Recently,
pro protein Convertase subtilis in kexin 9(PCSK9) protein has been demonstrated
to predispose inflammation, endothelial dysfunction and hypertension apart from
its effects on low density lipoprotein (LDL)-receptor activity. Apart from causing
increased in LDL cholesterol, PCSK9 has physio-pathological roles in several
cardiovascular cells and more research is required on the regulation of PCSK9, its
extra-hepatic activities focusing on these cells. The normal mean concentration
of plasma PCSK9 is approximately 90ng/ml which may increase to 100ng/ml in
hypercholesterolemia and 130ng/ml in subjects with familial hypercholesterolemia.
In a meta-analysis including 13,761 subjects, the relative risk for CVD was 1.25
(95% CI: 1.14-1.38, P < .001, I = 25%) while compared highest to lowest level of
PCSK9. It is clear that high circulating levels of PCSK9 may be associated with
significantly increased risk of CVDs. These findings confirm for the first time that
there is a nonlinear dose-response association between circulating PCSK9 level and
risk of CVDs. The ODYSSEY OUTCOMES trial comprising of 18 924 patients of
acute coronary syndrome (ACS) showed that among patients with baseline LDL
cholesterol ≥100mg/dL, alirocumab reduced MACE by 24% and all-cause death by
29% compared with placebo. However, despite these benefits, this trial provides a
proof that alirocumab did not cause a significant decline in CAD and CV mortality,
hence new strategies such as chronotherapy with PCSK9 inhibitors are needed to
enhance efficacy of monoclonal antibodies, among these patients.
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Introduction
Cardiovascular diseases (CVDs) have become a public health
problem despite increased availability of drug therapy. Although
there is an increased availability of low-cost statin therapy, a large
unmet medical need remains for new and effective agents that are
also well tolerated and safe, especially for patients unable to either
tolerate statins or achieve optimal low density lipoprotein cholesterol
(LDL-C) on all other current therapies.1 Recently, pro protein
convertase subtilisin kexin 9 (PCSK9) protein has been demonstrated
to predispose inflammation, endothelial dysfunction and hypertension
apart from its effects on LDL-receptor activity.2–4 However, in a
meta-analysis, circulating PCSK9 level as a continuous variable was
not significantly associated with the risk of cardiovascular events
indicating that larger, properly designed studies would be required
to clarify the role of PCSK9 in cardiovascular risk.5 Clinical trials
with PCSK9 inhibitors, including a meta-analysis published in 2017,
have been conducted in which efficacy and safety of these agents, in
reducing LDL-C up to 60% has been established.6–9 In preliminary
trials, evolocumab and alirocumab, the leading PCSK9 inhibitors,
have been demonstrated for their efficacy and safety in reducing
cardiovascular events but alirocumab was associated with greater
adverse effects than evolocumab.4,5,9 Poor nutrition during fetal life
may cause under nutrition in new born with low birth weight which
may be associated with increased susceptibility of these subjects
to develop CVDs in later adult life.10 The increased susceptibility
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could be due to abnormal PCSK9 and lipoprotein metabolism which
enhances the damage to concerned tissues that may increase CVD risk
in later adult life. Further evidence indicate that PCSK9 has physiopathological dysfunctions in multiple cardiac and vascular cells and
more research is required on the roles of PCSK9, its actions beyond
hepatocytes but with a focus on these cells. In view of the potential
benefits of PCSK9 inhibitors on reducing LDL cholesterol and CVDs,
there is a need to develop new strategies to prevent the occurrence
of adverse effects and increase the efficacy of these agents on longterm administration.11‒13 Two of the new PCSK9 inhibitors directed
against the binding site of LDL receptors in PCSK9 gene are approved
in the European Union and the United States and several clinical
trials targeted to PCSK9, are in way, but the benefits in mortality
reduction are not very great. Further studies are necessary, to find
out circadian concentrations of this molecule in the body, because
circulating PCSK9 has a circadian rhythm which is synchronous with
the synthesis of total and LDL cholesterol and is decreased by fasting
in clinical studies.12 This view point is made to assess, if circadian
rhythm of PCSK could be used for possible chronotherapy with
PCSK9 inhibitors in the management of atherosclerosis.

PCSK9
concentrations
cardiovascular diseases

and

risk

of

There has been a controversy on the association of plasma PCSK9
levels and risk of CVDs. The circulation of PCSK9 is mainly in the
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blood plasma and an ELISA test was developed to measure total plasma
PCSK9 concentration.13 In a clinical study, plasma levels of PCSK9
were obtained among subjects with normal blood cholesterol (n=254)
and those with hypercholesterolemis (n=200) with and without
treatment with statins or statin plus ezetimibe. In control subjects
(n=254), the mean concentration PCSK9 (89.5±31.9ng/ml) in the
plasma revealed significant positive correlation with age, fasting blood
glucose, total and cholesterol and triglycerides. However, a new lossof-function R434W variant was found on sequencing of PCSK9 from
subjects at the extremes of the normal PCSK9 distribution that was
associated with lower levels of circulating PCSK9 and LDL-C. In
subjects with high cholesterol, PCSK9 concentrations were greater
than in control subjects (99.3±31.7vs 89.5±31.9ng/ml, P<0.04) and
increase was consistent with drug therapy. The subjects with LDL
receptor gene mutations known as familial hypercholesterolemia
(n=139), treated with statins, showed greater PCSK9 levels compared
to others (147.01±42.5 vs. 127.2±40.8ng/ml, P<0.005), but decline in
LDL cholesterol showed positive correlation consistent with plasma
PCSK9 concentrations to a similar extent in both the subgroups.14

Figure 1 Effects of PCSK9 on endosome and lysosome and LDL-receptor as
well as on progression of atherosclerosis by causing inflammation (modified
from Google).

There is evidence that atherosclerosis is accelerated by increased
levels of LDL-C which is under influence of PCSK9 through its
capability to cause degradation of the LDL cholesterol receptor in the
lysosome of the liver cells.15 A large number of recent advances made
in recent years, in the understanding of PCSK9 physiopathology have
revealed that the activity of PCSK9 is strongly regulated throughout
by factors having definite influence on its release, transcription or by
clearance and inactivation out of the cells.15 There is some evidence
that LDL receptor activity and cholesterol synthesis as well as plasma
PCSK9 levels are under influence of circadian alteration, dietary
nutrients, fasting and exercise which may also influence plasma
PCSK9 levels, which is secreted mainly by liver.12,13,16
In two recent meta-analysis, including 11 cohort studies comprising
of 13,761 subjects, the relative risk for CVD was 1.25 (95% CI: 1.141.38, P < .001, I = 25%) while compared highest to lowest level of
PCSK9.4,5 It is clear that high circulating levels of PCSK9 may be
associated with significantly increased risk of CVDs. These findings
confirm for the first time that there is a nonlinear dose-response
association between circulating PCSK9 level and risk of CVDs. It is
clear that PCSK9 level in the plasma is an independent risk factor
beyond the traditional cardiovascular risk factors and indicates a
potential role of PCSK9 in the risk assessment.4,5 However, earlier
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studies by Ridker et al and others were not consistent with these
findings, which may be due to circadian variations in the synthesis
of PCSK9 in the liver, which may be under influence of circadian
clock.17‒19 High levels of PCSK9 can predispose atherosclerosis as
shown in Figure 1.
The Brisighella Heart Study, selected 1296 subjects including;
227 premenopausal women and 193 age-matched men and 460
postmenopausal women and 416 age-matched men.20 The results
showed that postmenopausal women had higher PCSK9 levels
(309.9±84.1ng/mL) compared with the other groups (P<0.001).
The mean level of PCSK9 was significantly higher in the older men
than younger men (283.2±75.6 versus 260.9±80.4 ng/mL; P=0.008).
In the whole sample, pulse wave velocity was predicted mainly by
age (B=0.116, 95% CI 0.96–0.127, P<0.001) and levels of PCSK9
(B=0.014, 95% CI 0.011–0.016, P<0.001), and serum uric acid
(B=0.313, 95% CI 0.024–0.391, P=0.026). It is clear that circulating
PCSK9 is significantly related to arterial stiffness, independent of sex
and menopausal status in women.20 The increased risk of diabetes
among subjects receiving statins could be due to beta cell damage
caused by lower cell membrane cholesterol and high PCSK9 levels.21
It seems that there are other mechanisms by which increase
in PCSK9 increases serum levels of LDL cholesterol (LDL
receptor degradation), increases intestinal triglyceride-rich
lipoprotein production and secretion through transcriptional and
posttranscriptional mechanisms.22‒24 Increased PCSK9 also enhances
triglyceride accumulation by targeting the very LDL receptor in
the adipose tissue.25,26 There is experimental evidence that PCSK9
may be significantly expressed in vascular smooth muscle cells
as well as in the human atherosclerotic plaques.27 Further evidence
revealed that circulating PCSK9 may also be involved in neointima
formation.28 There is an increase in total plaque area with increase
in PCSK9(100ng/mL increase).29 In familial hypercholesterolemic
and hypertensive patients, PCSK9 levels were associated with carotid
intima–media thickness.30,31 In view of these adverse effects of PCSK9
in the cardiovascular tissues, PCSK9 inhibiters have been used for
decline in CVDs with some success.9,32 In a prospective study, 181
patients presenting with ST-segment-elevation myocardial infarction,
undergoing primary percutaneous coronary intervention, were
prospectively enrolled with a follow-up of 24months.33 Eosinophil
cationic protein serum levels predicted major adverse cardiac events
after follow up of 2years (odds ratio=1.041, 95% confidence interval
1.012-1.071, P=0.005), although C-reactive protein serum levels
showed only a borderline statistical significance. It is possible that
increased eosinophil count could be an indicator of inflammation
(allergic) which may be possibly due to increase in PCSK9 levels,
which is associated with worst clinical outcome in ACS.

PCSK9 inhibiters and cardiovascular diseases
Since PCSK9 is a protein secreted from PCSK9 gene, human
monoclonal antibodies are used for the reduction of PCSK9
concentrations. A recent meta-analysis including 35 randomized
controlled trials comprising 45 539 patients, mean age was
61.0±2.8years, had a mean follow-up: 85.5weeks.9 Treatment with
a PCSK9 inhibitor was associated with a lower rate of myocardial
infarction (2.3% versus 3.6%; odds ratio [OR]: 0.72 [95% confidence
interval (CI), 0.64-0.81]; P<0.001), stroke (1.0% versus 1.4%; OR:
0.80 [95% CI, 0.67-0.96]; P=0.02), and coronary revascularization
(4.2% versus 5.8%; OR: 0.78 [95% CI, 0.71-0.86]; P<0.001) compared
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to control group. However, no significant reduction was reported
in all-cause mortality (OR: 0.71 [95% CI, 0.47-1.09]; P=0.12) or
cardiovascular mortality (OR: 1.01 [95% CI, 0.85-1.19]; P=0.95). A
significant association was observed between higher baseline LDL
cholesterol and benefit in all-cause mortality (P=0.038). It is clear
that administration of PCSK9 inhibitor is well tolerated and improves
CVDs, without any overall benefit in all-cause or cardiovascular
mortality.9 But, such benefit may be possible in patients with higher
baseline LDL cholesterol, hence larger trials are necessary to confirm

that reduction in PCSK9 can cause significant reduction in CAD and
CVD mortality. The ODYSSEY OUTCOMES trial comprising of 18
924 patients of ACS from 57 countries were followed up for 4years. In
patients with recent ACS, alirocumab 75 or 150mg subcutaneous Q2W
targeting LDL-C levels 25–50mg/dl and allowing levels as low as
15mg/dL compared to placebo, reduced major cardiovascular events,
myocardial infarction and ischemic stroke (Table 1). Treatment with
alirocumab was associated with a significantly lower rate of all-cause
death and was safe and well-tolerated over the duration of the trial.

Table 1 Main secondary efficacy endpoints: Hierarchical testing
CAD, coronary artery disease, MI, myocardial infarction
End points, n(%)

Alirocumab(n=9462)

Placebo(n=9462)

CAD events
Major CAD events
Cardiovascular events
Death, MI, ischemic stroke
CAD Death
Cardiovascular death
All cause death

1199 (12.7)
793 (8.4)
1301 (13.7)
973 (10.3)
205 (2.2)
240(2.5)
334(3.5)

1199 (12.7)
899(9.5)
1474 (15.6)
1126 (11.9)
222(2.3)
271(2.9)
392(4.1)

It is clear that in this nearly 19,000-patient placebo-controlled
trial, including many patients treated for ≥3years, there was no
safety signal with alirocumab other than injection site reactions.
Among patients with ACS and baseline LDL cholesterol ≥100mg/
dL, alirocumab reduced MACE by 24% (ARR 3.4%) and all-cause
death by 29% (ARR 1.7%) compared with placebo. This trial provides
a proof that alirocumab did not cause a significant decline in CAD
and CV mortality. It is clear that new strategies are necessary to
improve the efficacy of alirocumab while manipulating its dose and
mode of administration without causing any adverse effects. It may
be possible via using Franz Halberg’s approach by finding out the
chrono-pharmacokinetics of alirocumab and chrono-bio kinetics of
LDL receptor activity and PCSK9 release.35‒38

271

HR(95%
confidence
interval)
0.88 (0.81, 0.95)
0.88(0.80,0.96)
0.87(0.81,0.94)
0.86(0.79,0.93)
0.92(0.76,1.11)
0.88(0.74,1.05)
0.85(0.73,0.98)

Long- rank P
value
0.001
0.006
0.0003
0.0003
0.38
0.15
0.026

unexpected, regulated by circadian clock through which it controls
cholesterol homeostasis by regulation of non-rhythmic genes in the
liver (Figure 2).

Circadian regulation of PCSK9 expression
There is some evidence that the synthesis of LDL cholesterol and
circulating PCSK9 concentrations are circadian periodic, which gives
us an opportunity to use Halberg’s approach of chronotherapy with
monoclonal antibodies, to enhance their efficacy and reduce adverse
effects of these agents.12,35‒38 It has been demonstrated long ago
that disruption of the body clock may be a risk factor for metabolic
syndrome.35‒40 However, there is a need to find out how the circadian
pacemaker interacts with the genetic factors associated with plasma
lipid traits. Recent genome-wide association studies have identified
an expanding list of genetic variants that influence plasma cholesterol
and triglyceride levels.39 A recent analyzed circadian regulation of
lipid-associated candidate genes in the liver and identified two distinct
groups exhibiting rhythmic and non-rhythmic patterns of expression
during light-dark cycles. The disruption of the PCSK9/LDL receptor
regulatory axis via liver-specific inactivation of Bmal1 was associated
with increase in plasma LDL/VLDL cholesterol levels. It could be a
consequence of ablation of the liver clock perturbed diurnal regulation
of lipid-associated genes in the liver and markedly reducing the
expression of the non-rhythmically expressed gene Trib1.39 The
experiment reported that adenovirus-mediated rescue of Trib1
expression lowered plasma PCSK9 levels, increased LDL receptor
protein expression, and restored plasma cholesterol homeostasis, in
absence of a functional liver clock. This mechanism appears to be

Figure 2 Showing liver clock regulating trib1 non-rhythmic genes that acts
on PCSK9/LDL receptor axis to regulate plasma cholesterol. 39

Any alteration in the concentration of PCSK9 in the plasma may
be synchronous with synthesis of cholesterol by the hepatocytes
under conditions of no therapy to reduce cholesterol. Further studies
indicate that disruption of the circadian rhythm of the gene in
hepatocytes in its expression in an specific aryl hydrocarbon receptor
nuclear translocator-like protein 1 (=Bmal1) can cause marked rise in
PCSK9 concentrations with a decline in LDL receptor and increase in
LDL cholesterol levels.39 The targets of the Bmal1 gene are hundreds
of other genes via regulation of transcription. Other genes may
include all of the clock genes and a number of genes responsible for
regulation of encoding metabolism. The expression of the Tribbles
homolog 1, may be decreased due to loss of Bmal1. Tribs1 is a protein
responsible for the turnover of transcription factor CCAAT/enhancerbinding protein α (C/EBPα). In the activation of mitogen activated
protein (MAP) kinase and phosphorylation can result in the inhibition
of transcription of lipogenic gene including PCSK9 gene.39,40 The
variants near the TRIB1 gene locus and all the traits of plasma
lipids have repeatedly been correlated genome-wide.41 The PCSK9
transcription may be induced by peroxisome proliferator-activated
receptor γ (PPARγ) which may activate MAP kinase activation and
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may reduce the expression of PCSK9 via dephosphorylation of
PPARγ. It is possible that inhibition of MAP kinase induces PCSK9
expression in the hepatocytes (HepG2 cells).42 There is increased
processing of SREBP-2 due to the effects of PPARγ activity on
transcription of PCSK9.42
It is important to gain insight into the circadian function of
PCSK9 in humans by establishing whether circulating levels are
influenced by diurnal, dietary, and hormonal changes.12 In a clinical
study, circulating PCSK9 were measured, in a set of dynamic human
experiments which show that serum PCSK9 levels display a diurnal
rhythm that closely parallels that of cholesterol synthesis, measured
as serum lathosterol. Despite marked diurnal changes in cholesterol
metabolism, serum LDL cholesterol levels remained stable during
the diurnal cycle. However, decline in liver cholesterol by treatment
with the bile acid-binding resin, cholestyramine, abolished the diurnal
rhythms of both PCSK9 and lathosterol. The intervention with fasting
(>18hours) was associated with reduction in circulating PCSK9 and
lathosterol levels, whereas serum LDL levels remained unchanged.
The increase in growth hormone, during fasting in humans, was
associated with reduction in circulating PCSK9 in parallel to LDL
cholesterol levels. There was a marked variation in circulating PCSK9
levels, throughout the day, and in response to fasting and cholesterol
depletion possibly, due to stimulation of circadian clock which
regulates the metabolism of hepatocytes according to time structures.12
It is possible that these changes may be due to oscillations in hepatic
cholesterol that modify its activity in parallel with cholesterol
synthesis. It is also possible that this sterol-mediated regulation, may
have additional effects on LDL receptors that may be mediated by
hormones directly influencing PCSK9. Apart from its effects on LDL
receptor activity, PCSK9 concentration may have circadian stage
effects on pro-inflammatory cytokines and endothelial function which
may also be circadian periodic. The concentration of PCSK9 can also
be altered by nutraceuticals without any adverse effects.16 This study
demonstrated that cardiovascular risk can be reduced by improving
lipid-related serum lipoprotein functions such as high-density
lipoproteins cholesterol efflux capacity and serum cholesterol loading
capacity apart from reducing PCSK9, independently of lipoprotein
concentrations.

Chronotherapy with pcsk9 inhibitors
Similar to LDL receptor activity, PCSK9 concentrations may
follow a circadian variation synchronized with cholesterol synthesis,
indicating that the bioactivity of PCSK9 in the body may have
circadian stage influence on its beneficial and adverse effects. It is
possible that PCSK9 inhibitors may also provide circadian periodic
effects which need further characterization since a molecule could be
highly bio available but may not be bioactive.35‒38
In a recent view point, Singh et al, advised to assess the circadian
variation in PCSK9 levels by cosinor using Halberg,s approach.38
The PCSK9 concentrations in the blood should be determined every
4hours for 7- days in order to find the time (circadian stage) of its
highest activity, so that treatment with evolocumab or alirocumab
or any other agent, may be optimized by timing in relation to each
patient’s time of awakening. Chronotherapy takes into consideration
the fact that physiology and metabolism follow a 24hour synchronized
rhythm, coordinated by a central circadian clock present in the suprachiasmatic nucleus (SCN) as well as in peripheral clocks present in
all other organs, such as hepatocytes in the liver. A chrono therapeutic
approach can thus result in increased efficacy and decreased toxicity,
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even with lower doses of the agent as compared to conventional drug
administration (without consideration for timing). Chronotherapy with
evolocumab and alirocumab is expected to enhance its bioactivity and
to be associated with a decrease in deaths due to CAD and stroke
observed in the recent clinical trials, and in its other adverse effects
in patients with ACS.9,18,34 Chronotherapy with PCSK9 inhibitors will
have the ethical advantage of reducing drug consumption and toxicity
while increasing efficacy by influencing circadian clock in the brain
and liver.
In brief, Apart from LDL receptor degradation, increase in PCSK9
concentrations can also have adverse effects on inflammation,
endothelial dysfunction and hypertension independent of their effects
on LDL receptors. Since PCSK9 levels and LDL receptor activity
are circadian periodic, causing increased synthesis and turnover
of cholesterol in the night, there is a need to find out circadian
concentration of PCSK9 in the plasma according to time structure.
In view of the significant adverse effects and usefulness of PCSK9
inhibitors (monoclonal antibodies), there is a need for new clinical
trials via chronotherapy with PCSK9 inhibitors by using circadian
stage PCSK9 concentration in patients with ACS. This is important
because deaths due to CAD and stroke have become worldwide public
health problems which may be prevented by chronotheraphy.
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