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ARTICLE INFO ABSTRACT

Keywords: Among the strategies to overcome the underperformance of statins in cardiovascular diseases (CVDs), the
PCSK9 development of drugs targeting the Proprotein Convertase Subtilisin-like Kexin type 9 (PCSK9) is considered one
f’mf‘g molecules of the most promising. However, only anti-PCSK9 biological drugs have been approved to date, and orally
yridones

available small-molecules for the treatment of hypercholesterolemic conditions are still missing on the market. In
the present work, we describe the application of a phenotypic approach to the identification and optimization of
4-amino-2-pyridone derivatives as a new chemotype with anti-PCSK9 activity. Starting from an in-house
collection of compounds, functional assays on HepG2 cells followed by a chemistry-driven hit optimization
campaign, led to the potent anti-PCSK9 candidate 5¢. This compound, at 5 pM, totally blocked PCSK9 secretion
from HepG2 cells, significantly increased LDL receptor (LDLR) expression, and acted cooperatively with sim-
vastatin by reducing its induction of PCSK9 expression. Finally, compound 5c also proved to be well tolerated in
C57BL/6J mice at the tested concentration (40 mg/kg) with no sign of toxicity or behavior modifications.

Phenotypic drug discovery

consequently reducing the LDL uptake and increasing the circulating
LDL-C levels [2,3].

1. Introduction

Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) represents
the most effective pharmacological target for reducing low-density li-
poprotein cholesterol (LDL-C) levels and cardiovascular diseases [1].
PCSK9 is mainly synthetized by the liver and can be detected in the
circulation. Its expression depends on the transcriptional activities of the
sterol regulatory element-binding protein 2 (SREBP2) and HNF1u fac-
tors. In the endoplasmic reticulum, the activity of PCSK9 catalytic
domain is required for the self-cleavage. After autocleavage, the pro-
domain remains non-covalently bound to the catalytic domain, giving
rise to the mature form of PCSK9, which is then secreted. Circulating
PCSK9 binds to the LDL receptor (LDLR), driving its degradation by the
lysosome, decreasing the hepatic cellular surface density of LDLRs, and

PCSK9 is a well-validated target for hypercholesterolemia treatment
and two monoclonal antibodies (mAb) alirocumab and evolocumab, and
the small interfering RNA (siRNA) inclisiran represent the available
pharmacological tools to inhibit its function. The efficacy of anti-PCSK9
mAbs may reach up to 55 % LDL-C lowering as monotherapy [4] and up
to a 61 % when added to standard therapy [5,6]. Importantly, biological
studies have also demonstrated that the most common hypocholester-
olemic agents statins induce PCSK9 overexpression, contributing to the
upset of statin resistance [7]. Hence, co-treatment with statins and
PCSK9 inhibitors can further lower the risk of adverse cardiovascular
events, acting cooperatively [8]. Nonetheless, the available anti-PCSK9
biological drugs present a few important drawbacks: 1) very high costs;
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2) administration by subcutaneous injection (poor compliance and
convenience); 3) immunogenicity for long term treatments. On the other
hand, the most recently approved siRNA inclisiran [9,10], could be less
expensive than mAbs but still has some drawbacks, such as the long
pharmacokinetic profile, the parenteral administration (the drug is
administered by subcutaneous injection every 6 months) and a still
undefined efficacy/safety profile [11]. More affordable orally bioavail-
able small-molecule drugs, able to modulate circulating level of PCSK9,
are still missing on the market and represent a unique drug discovery
opportunity.

In the last few years, different classes of small molecules have been
reported in the literature as promising anti-PCSK9 drug candidates,
acting through different mechanisms of action (Fig. 1) [12]. The
knowledge of PCSK9 biochemical pathway has in fact allowed to target
different steps of its life cycle with specific inhibitors, and both rational
drug design and phenotypic screening approaches have led to the
identification of promising candidates [13,14]. These small-molecule
PCSK9 inhibitors can be broadly classified in two main categories: i)
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small-molecules directly binding PCSK9 (e.g. inhibitors of LDLR-PCSK9
interaction, such as the imidazole-based peptidomimetic developed by
Silvani et al. [15,16], the guanidine derivative identified by Burgess
et al. [17], or the very promising macrocyclic peptide MK016 [18,19];
cryptic groove inhibitors and allosteric inhibitors, such as the
amino-thiazole derivative presented by Petrilli et al. [20]); and ii)
small-molecules preventing PCSK9 synthesis by interaction with other
molecular targets (e.g. transcription inhibitors, such as the xanthine
derivatives developed by Wang and coworkers [21], or translation in-
hibitors, such as the piperidine derivative identified by Pfizer [22-25])
[26,27].

The most advanced in the clinical development is the macrocyclic
peptide MK-0616, currently in phase 2, that expressed an exquisite po-
tency and selectivity for PCSK9 [18,19]. Despite several small-molecule
inhibitors have been patented and reported in the literature in the last
few years, no candidates have been approved so far and the development
of new PCSK9 inhibitors therefore remains a task of great interest for the
medicinal chemistry community.
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Fig. 1. Representative PCSK9 inhibitors.
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In the present work, we describe our recent efforts in the identifi-
cation of a new class of PCSK9 inhibitors endowed with a 2-pyridone
scaffold and very promising in vitro anti-PCSK9 activity. After the
identification of a hit compound through phenotypic screening of an in-
house library of small molecules, a hit optimization campaign has been
conducted by planning new closely related analogues that have been
synthesized and biologically tested in vitro. Among the synthesized an-
alogues, compound 5c has been identified as the most promising
candidate, showing complete block of PCSK9 secretion from HepG2 cells
and significant induction of LDLR at 5 uM concentration, acting syner-
gistically with simvastatin and resulting well tolerated in C57BL/6J
mice.

2. Results and discussion

Despite the recent advancements in molecular and structural
biology, predicting the specific molecular mechanisms of action of first-
in-class drugs is still quite challenging and targeted drug development
may lead to molecules unable to exert their effect on biological systems
(e.g. cell, animal model) despite promising data on target engagement
[28]. It is already well accepted that the application of a phenotypic
drug-discovery approach is more effective in the identification of
first-in-class drugs [29], and has already led to the discovery of prom-
ising PCSK9 inhibitors, as the naturally occurring compound berberine
[30], the R-IMPP compound [31], and the 2,3"-diindolylmethane de-
rivatives [32,33]. Recently, a methodical evaluation of target-based
drug discovery’s actual efficiency has been published, showing that
just 9.4 % of authorized small-molecule drugs have been discovered
using this strategy, evidencing the limitations of this approach [34]. We
decided therefore to rely on a phenotypic approach to identify novel
anti-PCSK9 agents, by screening a selection of 50 different chemotypes
from our in-house collection of small molecules. An in vitro preliminary
screening on human HepG2 cell system allowed to identify the 2-pyri-
done derivative 1 as the only hit compound able to reduce the expres-
sion of intracellular PCSK9 and its secretion after 24 h (h) incubation
(Fig. 2). This 4-amino-2-pyridinone chemotype was previously investi-
gated by our group as part of a targeted drug discovery campaign on new
anticancer agents [35,36]. However, this class of molecules did not show
the predicted anticancer activity in vitro and was further explored in the
development of novel PCSK9 inhibitors. In the following experiments,
compound 1 showed minor and not-significant reduction of cell viability
on HepG2 cells after 24 h incubation at the highest tested concentrations
(50-100 pM) (Fig. 2A). From this analysis, the effect of compound 1 on
PCSK9 and other genes involved in lipid metabolism was assessed at the
two lowest experimental concentrations, 6.25 and 12.5 pM respectively.
PCSK9 expression was determined by Western blot analysis from total
cell lysates (Fig. 2B and C) and PCSK9 secretion by ELISA assay from
conditioned media (Fig. 2D). In our experimental condition, Simvastatin
used as positive control, strongly induced the intracellular expression, as
well as the secretion of PCSK9 (Fig. 2B, C, and 2D). Compound 1 almost
completely abolished the protein expression of both proPCSK9 and
mature PCSK9 at 12.5 pM, while no effect was observed at 6.25 pM
compared to basal (Fig. 2B and C). The ELISA analysis of conditioned
media showed a minor, albeit significant, reduction of PCSK9 at both
tested concentrations (Fig. 2D). More in detail, at 12.5 pM, compound 1
reduced by 35.8 + 5.8 % the extracellular amount of PCSK9 (Fig. 2D).
To better investigate the molecular mechanism of action, we analyzed,
by quantitative real-time PCR, the expression of PCSK9 mRNA and two
key genes involved in the triglycerides and cholesterol biosynthesis:
fatty-acid synthase (FAS) and hydroxy-methyl-glutaryl-CoA (HMG-CoA)
reductase. Our results demonstrated that compound 1 specifically acts
on PCSK9 mRNA by significantly and dose-dependently affecting its
expression at concentrations of 6.25, 12.5 and 25 pM, without any effect
on both FAS and HMG-CoA reductase (Fig. 2E, F and 2G). However, at
higher concentrations (50 and 100 pM) compound 1 significantly affect
also the expression of other genes regulated by SREBP2 pathway, such as
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HMG-CoA reductase but not those SREBP1-dependent, i.e., FAS (Fig. 2F
and G). Thus, compound 1 showed a very effective and potent effect on
PCSK9 expression that was more evident intracellularly than extracel-
lularly. We hypothesized that this 4-amino-2-pyridone derivative may
have a slow onset of action, that may thus result in an apparent
discrepancy between intracellular and extracellular action, since PCSK9
secreted by the cells was affected by 1 for a restricted period of time
compared to the action elicited at intracellular level. Regarding its po-
tential molecular mechanism of action, compound 1 appeared to act by
inhibiting PCSK9 gene transcription. The molecular target is still un-
known, but both SREBP2 and HNF-1a are likely candidates, because of
their well-established role in PCSK9 transcription’s regulation [37-41].
The partial selectivity showed on PCSK9 transcription towards
HMG-CoA reductase is difficult to explain. Analysis of PCSK9 promoter
activity, revealed that compound 1 did not affect the basal activity but
interferes with its activation by simvastatin (Fig. 2H). However, com-
pound 1 was shown to activate the PCSK9 promoter activity only in the
presence of a selective mutation of sterol responsive element (SRE)
(Fig. 2I). Although the mechanism of action of this compound is still
unknown, the data indicated a direct interference with the
statin-activated SREBP pathway. Interestingly PCSK9 has been shown to
be very responsive to statins compared to the LDL receptor [42], effect
that may explain the partial selectivity of compound 1 on PCSK9 tran-
scription. However, the activation of PCSK9 promoter in the absence of a
functional SRE suggest that compound 1 is an HNF1-a activator, effect
that is counteracted by the inhibition of SREBP or others transcription
factors involved in the transcription of PCSK9, such as STAT3 [43,44].
This data indicated that compound 1 acts at the transcriptional level,
indeed the exogenous overexpression of PCSK9 FLAG tag with retroviral
transduction was not affected by the incubation with compound 1
(Fig. 2J). This overexpression is, indeed, not mediated by the endoge-
nous transcription factors but with the cytomegalovirus promoter.

We decided also to evaluate the in vitro effect of compound 1 co-
incubated with simvastatin, to better explore its pharmacological pro-
file, and the possible additive effect on the upregulation of the LDLR.
The concentration of simvastatin was determined from our previous
analysis [45]. As expected, simvastatin application to HepG2 cells,
strongly induced PCSK9’s expression after 24 h of incubation (Fig. 2C)
through SREBP2 pathway activation [46]. On the contrary, we observed
only a minimal effect on the LDLR expression (Fig. 3A and C), that
possibly requires a longer incubation period (48 h-72 h). Interestingly,
compound 1 significantly counteracted the effect of simvastatin on
PCSK?9 expression by reducing its levels by more than 65 % (Fig. 3A and
B). At 12.5 pM concentration, compound 1 completely abrogated the
induction of PCSK9 by simvastatin (Fig. 3A and B). Together with the
inhibition on PCSK9 expression, we observed a significant induction of
the LDLR after the incubation with lowest concentration of compound 1
(6.25 pM) in combination with simvastatin compared to the compound 1
alone (Fig. 3A and C).

These data suggest that this 2-pyridone derivative acts as inhibitor of
the SREBP2 pathway activated by simvastatin and that, at lower con-
centration, the inhibitory effect on PCSK9 may improve the effect of
simvastatin on the upregulation of the LDLR.

Pleased by the positive results observed with compound 1, we
extended our analysis on three structurally related analogues, already
available in house: compounds 2, 3, and 4 (Fig. 4). The possible cyto-
toxicity of these compounds was determined by SRB assay under the
same experimental conditions used for the hit compound 1. On one
hand, compound 2 showed to be cytotoxic at 50 and 100 pM, and with
important despite not significant effect on cell viability at 25 pM con-
centration (Fig. 4A). On the other hand, compound 3 significantly
affected HepG2 viability only at 100 pM, and compound 4 did not show
any toxicity across all concentrations (Fig. 4B and C). The analysis on
PCSK9 mRNA levels revealed that compound 2 was the less potent of this
set of compounds, showing a significant effect only at 25 pM concen-
tration, while compounds 3 and 4 showed very effective, and potent
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Fig. 2. Effect of compound 1 on cell viability and PCSK9 expression in HepG2. The cytotoxic effect was determined by SRB assay after 24 h incubation of HepG2
with 6.25, 12.5, 25, 50 or 100 uM of compound 1 (grey bar) or vehicle (basal, white bar) (A). Expression of proPCSK9 (light grey bar) and PCSK9 (dark grey bar) was
evaluated by Western blot analysis. The densitometric readings were evaluated using the ImageLab™ software and the optical density was normalized over f-actin
signal, used as a loading control (B and C). PCSK9 secretion from conditioned media was measured by ELISA assay under different experimental conditions: basal,
after treatment with simvastatin 5 pM, and 6.25 or 12.5 pM of compound 1 (D). PCSK9, FAS and HMG-CoA reductase mRNA expression, with 18S as endogenous
control, were measured by Quantitative real-time PCR (E, F, and G). PCSK9 promoter activity was determined under basal condition and after treatment with
simvastatin 5 pM, and 6.25 or 12.5 pM of compound 1 (H). The same analysis was performed with PCSK9 promoter carrying HNF and SRE mutations (I). Exogenously
expression of PCSK9-FLAG tag was detected from HepG2 overexpressing PCSK9 with anti-FLAG and anti-PCSK9 antibody (J). Data are shown as mean =+ SD of three
independent experiments and analyzed by means of one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001 vs Basal. #p < 0.05 vs simvastatin. Abbreviations: Simva:

simvastatin (40 pM); SRB: sulforhodamine B; FAS: fatty-acid synthase; HMG-CoA: hydroxy-methyl-glutaryl-CoA reductase.
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Fig. 3. Effect of combination of compound 1 and simvastatin on PCSK9
and LDLR expression in HepG2 cells. proPCSK9 (light grey, B), PCSK9 (dark
grey, B) and LDLR (grey, C) protein levels were evaluated by Western blot
analysis and normalized to B-actin, used as a loading control. Densitometric
readings were evaluated using the ImageLab™ software. Data are shown as
mean + SD of three independent experiments and analyzed by means of one-
way ANOVA test *p < 0.05; **p < 0.01; ***p < 0.001 vs Basal. #p < 0.05;
##p < 0.01; ###p < 0.001 vs Simva. Abbreviations: Simva: simvastatin (40
pM); LDLR: low-density lipoprotein receptor.

inhibition of PCSK9 expression (Fig. 4D). Therefore, we investigated the
effect of 3 and 4 on protein expression by Western blot analysis, getting
results consistent with those of mRNA expression (Fig. 4E and F)

Once verified the in vitro anti-PCSK9 effect of additional 2-pyridone
derivatives, we started a hit expansion campaign to define the pre-
liminary structure-activity-relationships (SAR) of this class of

compounds, by synthesis and biological evaluation of a focused collec-
tion of new derivatives. Adopting the synthetic procedures A-C shown in
Scheme 1, we prepared a collection of functionalized symmetric de-
rivatives (5a-f), asymmetric derivatives (7a-1), and N-acylated de-
rivatives (type 8a,b) illustrated in Table 1. The commercial 4-hydroxy-
6-methyl-2-pyrone, also known as triacetic acid lactone (TAL), and a
series of functionalized amines were combined under different reaction
conditions to achieve all the desired derivatives. Compounds 5a-f,
deriving from a nucleophilic attack on the TAL substrate by 2 equiva-
lents of the opportune amine (R;NHj), were prepared adopting a
solvent-free one-step microwave-assisted procedure (Scheme 1). The
asymmetric derivatives 7a-1 required instead a 2-steps procedure
(Scheme 1, procedure B). First, the intermediates 6a-f were synthesized
upon nucleophilic attack of the opportune amine (R;NH>, 1 equivalent)
on TAL, using water as solvent to limit the formation of the symmetric
derivatives 5. In the second step, the isolated intermediates 6a-f were
further functionalized by reaction with different amines (R;NHy) under
microwave heating at 160 °C in DME as solvent, thus affording the
desired compounds 7a-l. Finally, we further expanded the decoration of
the 2-pyridone chemotype by functionalizing the NH group of two
representative members of the symmetric and asymmetric derivatives:
compounds 5c¢ and 7g were thus reacted with acetyl chloride in DCM
under microwaves heating, affording compounds 8a,b. By exploiting
these three simple, fast and (sometimes) green procedures, it was
possible to synthesize the collection of derivatives reported in Table 1,
which is characterized by a series of lipophilic substituents (R; and Ry)
similar to those present in the hit compound 1. The methoxybenzyl
substituents of compounds 5e, 5f, and 71, were chosen for the structural
similarity with berberine, since the 2-pyridones might also have a
similar mechanism of action.

In order to identify improved analogues of the hit compound 1, the
newly synthesized molecules were initially tested at fixed concentration
of 5 pM for their cytotoxicity on HepG2 cells and for their effect on
PCSK9 and LDLR by Western blot analysis after overnight incubation.
This concentration was selected starting from the observation that
compound 1 was active from 6.25 pM. Under these conditions, all
compounds showed no impact on cell viability (>95 %, data not shown)
and, compared to untreated cells, a significant reduction of both
proPCSK9 and mature PCSK9 was observed for compounds 5c and 7i
(Fig. 5). More importantly, 5¢, but not 7i, determined a significant in-
duction of the LDLR. The inhibitory activity of compound 5¢ on PCSK9
expression was most potent and effective than 1, 2, 3, and 4, by almost
completely abrogating the expression of the target at 5 pM concentration
(compare Fig. 3A, 4E and 5A), and showing significant activity at 2.5 pM
(Fig. 6B and D). Intriguingly, also compound 5d highly increased the
expression of LDLR, by almost 3 folds; however, this effect was associ-
ated with no changes on proPCSK9 expression and a partial increase of
PCSK9 (Fig. 5). From these analysis, compound 5c seemed the most
promising and was further tested for its capability to inhibit PCSK9
expression and to induce the LDLR in combination with simvastatin
(Fig. 6). The determination of PCSK9 into conditioned media by ELISA
assay further confirmed the strong inhibitory effect of compound 5¢ on
PCSK9 expression, with a complete block of its secretion from HepG2
cells at both 5 and 10 pM concentrations (Fig. 6A). Interestingly, com-
pound 5c¢ counteracted the induction of PCSK9 by simvastatin, and was
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Fig. 4. Effect of compounds 2, 3 and 4 on cell viability and PCSK9 expression in HepG2 cells. The cytotoxic effect was determined by SRB assay after 24 h
incubation of HepG2 with indicated concentrations of 2, 3, and 4 (A, B, and C). mRNA expression of PCSK9 was determined by Quantitative real-time PCR (D). PCSK9
expression was evaluated by Western blot analysis at 5 pM concentration (E). p-actin was used as a loading control and densitometric readings were evaluated using
the ImageLab™ software, and the relative intensity of the bands are shown in the histograms (F). The data are expressed as mean + SD of three independent ex-
periments. *p < 0.05; **p < 0.01; vs Basal by one-way ANOVA. Simva: simvastatin (40 uM).
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associated with an additive effect on the expression of the LDLR by statin
(Fig. 6B-D). Indeed, while compound 5c¢ alone had a moderate effect, it
increased the simvastatin-induced LDLR expression and, consequently,
the relative ratio LDLR/PCSK9 (Fig. 6E). Thus, these data suggest that
compound 5c¢ may probably have a minor effect on cholesterol levels,
since its action on the LDLR is limited. Instead, this molecule may be
considered a booster of the hypocholesterolemic activity of statins, by
inhibiting the PCSK9 expression. It is still unclear how the compound
inhibited the PCSK9 without affecting the LDLR expression, however, it
is tempting to speculate that 5c interfere specifically with the tran-
scription of PCSK9, a gene dependent not solely from SREBP, as the
LDLR, but also by HNF-1a [47].

Finally, compound 5¢ was administered to wild type C57BL/6J mice
to preliminarily evaluate its in vivo tolerability in comparison with SBC-
115076, a commercially available PCSK9 modulator [14]. The latter
compound is known to act by inhibiting the PCSK9-LDLR interaction
and was tested in C57BL/6 mice at 4 mg/kg dosage [48]. To evaluate the
in vivo safety of compound 5c, it was subcutaneously administered
(SQ-inj) at 40 mg/kg, ten time the dosage of SBC-115076, for seven
consecutive days. Body weight maintenance was daily recorded
throughout the entire experimental period and the weight variation (%)
with respect of basal measure (average of days —3 to —1) was measured.
Our results demonstrated that 5S¢ administration did not induce any
significant effect in analyzed parameters (Fig. 7A). In addition, a
modified SHIRPA test was used to monitor general health status such as
phenotype, sensory, and neuropsychiatric functions. Specifically, the
spontaneous locomotor activity was measured before and after daily
repeated treatment in order to assess any changes due to treatment.
Results did not indicate significant differences in the average distance
travelled during test session (Fig. 7B); in fact, the index of environmental
exploration gradually reduced as a function of time and repeated ses-
sions, independently by 5c treatment. Moreover, no differences were
detected on other parameters as well as the mean speed and % time
exploring corners and arena, as index of anxiety (results not being sig-
nificant are not shown).

As concerns other phenotypical observations measured by SHIRPA
protocol, all experimental mice, regardless treatment group, were active
and responsive to operator stimulations, without any sign of suffering,
such as defect in urination and defecation, tremor or changes in fur
sheen and abnormal secretions (data not shown). Furthermore, a
macroscopic analysis of dissected organs (brain, spleen, liver, kidney
and gut) was performed after mice sacrifice and did not evidence ab-
normalities between 5c-treated groups with respect to vehicle. Histo-
pathological assessment of liver sections did not reveal abnormal
arrangement of hepatocytes, inflammatory cells infiltration or cellular
necrosis, indicating that compound 5c¢ did not cause hepatic toxicity in
comparison with vehicle-treated mice (Fig. 7C and D). In line with this
observation, SBC-115076 and compound 5c¢ showed a reduction of ALT
plasma levels (Fig. 7H). Albeit the experiment was designed to assess the
in vivo tolerability of compound 5¢, PSCK9 was quantified both in liver
(fold change of mRNA; Fig. 7E) and plasma (pg/ml PCSK9 protein;
Fig. 7G), together with plasma total cholesterol level (mg/dl; Fig. 7F).
Despite the absence of statistically significant differences, a slight in-
crease of PCSK9 was detected in mice treated with SBC-115076, which is
in line with previous experiments conducted on the same compound
[35] and on other compound with a similar mechanism of action [49],
while a slight decrease of PCSK9 was observed in mice treated with 5c.
No change in plasma total cholesterol level were detected, but this could
be very likely due to an insufficient length of treatment or dosage [36],
poor biodistribution and could be better detected on mice fed with high
fat diet.

Overall, these data suggest that the subcutaneous injection of 40 mg/
kg of compound 5c for 7 days did not induce any sign of toxicity and was
well tolerated by treated mice; proof of in vivo efficacy should be ob-
tained in the future with this promising anti-PCSK9 compound through a
series of dedicated experiments.
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3. Conclusion

In the present study we identified a new class of anti-PCSK9 small-
molecules potentially able to overcome the drawbacks of anti-PCSK9
biological drugs. Although a certain number of small molecules with
anti-PCSK9 inhibitory activity has been reported in the literature, PCSK9
is not easily druggable and an orally administrable small-molecule drug
is still missing. To overcome these limitations, we have conducted a
phenotypic drug discovery (PDD) campaign aimed at the identification
of new small molecules inhibitors able to modulate the PCSK9 activity in
a functional assay, independently from the specific binding pocket. This
approach can better address the complexity of drug action than a
simplistic model in which the therapeutic effects are determined by the
occupancy of a specific pocket of a target protein and also provide an
early toxicity estimation. By evaluating the intracellular PCSK9
expression of HepG2 cells treated with 50 different chemotypes from our
internal collection, the hit compound 1 was identified as a promising
PCSK9 inhibitor and expanded in a focused collection of derivatives.
Among the newly synthesized molecules, compound 5c¢ was identified as
the most potent and promising candidate: at 5 pM, it completely blocked
the PCSK9 secretion from HepG2 cells, significantly increasing the LDLR
expression. Importantly, 5c acted synergistically with simvastatin,
further increasing the LDLR expression and counteracting the statin-
induced PCSK9 expression. Further analyses are required to fully
elucidated its molecular mechanism of action, the selectivity towards
other genes involved in lipid metabolism, and the capability of
improving the LDL uptake from cell, alone or in combination with
simvastatin.

Finally, a preliminarily evaluation of the in vivo tolerability of com-
pound 5c¢ showed no sign of toxicity or behavior modifications. Thus,
the results of our study pave the way for the generation of a new set of
compounds interfering with PCSK9 expression that may be used as
booster of statin treatment. Future studies will be dedicated to investi-
gating the in vivo hypocholesterolemic effect in the absence or presence
of simvastatin. From our data it is, however, possible to envision a
problem of selectivity of our compounds towards PCSK9 compared to
other genes involved in cholesterol metabolism. The selection of the
appropriate dose for in vivo analysis may, indeed, required attention.

4. Experimental section
4.1. Chemistry

General. All commercially available chemicals were purchased from
Fisher Scientifics and Fluorochem and, unless otherwise noted, used
without any previous purification. Solvents used for work-up and puri-
fication procedures were of technical grade. TLC was carried out using
Sigma-Aldrich TLC plates (silica gel on Al foils, SUPELCO Analytical,
Merck 60 F254 silica plates). Where indicated, products were purified by
silica gel flash chromatography on columns packed with Merck Geduran
Si 60 (40-63 pm), or Merck 60 silica gel, 230-400 mesh. 'H and 13C
NMR spectra were recorded on BRUKER AVANCE 400 MHz spectrom-
eters. Chemical shifts (§ scale) are reported in parts per million relative
to TMS. 'H NMR spectra are reported in this order: multiplicity and
number of protons; signals were characterized as: s (singlet), d (doublet),
dd (doublet of doublets), ddd (doublet of doublet of doublets), t (triplet),
m (multiplet), bs (broad signal). ESI-mass spectra were recorded on an
API 150EX apparatus and are reported in the form of (m/z). Elemental
analyses were performed on a PerkinElmer PE 2004 elemental analyzer,
and the data for C, H, and N are within 0.4 % of the theoretical values.
Melting points were taken using a Gallenkamp melting point apparatus
and were uncorrected. IR spectra were recorded using “Agilent Tech-
nologies FTIR”, sample scans: 24; background scans: 16; wavelength
range: 4000-650 nm; Apodization: Happ-Genzel.

Microwave Irradiation Experiments. Microwave reactions were
conducted using a CEM Discover Synthesis Unit (CEM Corp., Matthews,
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Table 1
Library of 4-amino-2-pyridones, prepared as analogues of the hit compound 1.
Entry Compound Procedure Ry Ry Rs
1 5a A \(\@\ \(\@\ H
Cl Cl
2 5b A H
3 5c A \AO\ w@\ H
CF; CF3
4 5d B \(\)\ M H
5 Se A ~o ~o H
\A@O\ \/\©/o\
6 5f A (ONg (oA H
7 7a B N\ w@ H
8 7b B M \(\@\ H
cl
9 7c B w@ \A)\ H
10 7d B N \(\@ H
11 7e B \(\@ Y\/\/ H
12 7f B \(\( \(\@\ H
CFs
13 78 B \(\@\ L H
CFs
14 7h B \(\@ p H
CFs
15 7i B NN H
.,
16 7j B H
., &
17 7k B N W@\ H
CFs
18 71 B ~0 NN H
e
>
19 8a C \A@\ N o]
cFy \%J\
20 8b C \A@\

o
n
@

NC). The machine consists of a continuous focused microwave power
delivery system with an operator-selectable power output from 0 to 300
W. The temperature inside the reaction vessel was monitored using a
calibrated infrared temperature control mounted under the reaction
vessel. All experiments were performed using a stirring option whereby
the reaction mixtures were stirred by means of a rotating magnetic plate
located below the floor of the microwave cavity and a Teflon-coated
magnetic stir bar in the vessel.

4.1.1. General procedure A
In a 10 mL microwave tube, equipped with magnetic stir bar and

septum, a mixture 4-hydroxy-6-methyl-2-pyrone (100 mg, 1 equivalent,
0.79 mmol) and the opportune amine specified below (2-3 equivalents)
was heated at 120 °C for 6 min in the microwave apparatus (maximum
power input: 300 W; maximum pressure: 250 psi; power max: OFF;
stirring: ON). After cooling to room temperature, the solid was filtered
on Buchner, washed with Et;O and then purified by flash
chromatography.

4.1.1.1. 1-(4-chlorobenzyl)-4-((4-chlorobenzyl)amino)-6-methylpyridin-2
(1H)-one (5a). Compound 5a was prepared according to General pro-
cedure A, using as opportune amine the 4-chlorobenzylamine (2
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Fig. 5. Effect of 2-pyridone derivatives on PCSK9 and LDLR expression in HepG2 cells. PCSK9 and LDLR expression was evaluated by Western blot analysis (A
and C). p-actin was used as a loading control and densitometric readings were evaluated using the ImageLab™ software, and the relative intensity of the bands are

shown in the histograms (B, E and F). Simva: simvastatin (40 pM).



L. Giannessi et al. European Journal of Medicinal Chemistry 265 (2024) 116063

A B
'% 8 ELISA assay
s
s 6
= PCSKD —> | o
< a
g LDLR—»’D~~—_--|
2
[&]
= 0 l T e GAPDH — [—--——.-‘
=
Basal 25 5 5 10 uM Basal 25 5 25 5 uM5c
5a 5¢ Simva
C D E
_ LDLR PCSK9 LDLR / PCSK9
T 5 =8
58 2 o ? -
Ll 4 5o E 4
< > [N} o ) e
10 33 2
o g 2 o4 ON2
= (W] o
= ) x 1 .
o Oz . =
= o S (m]
0 =0 -0
Basal 255 25 5 uM5c Basal 255 25 5 uM5c Basal 255 25 5 uM5c
Simva Simva m

Fig. 6. Effect of combination of compound 5c and simvastatin on PCSK9 and LDLR expression in HepG2 cells. A) PCSK9 levels were determined by ELISA
from conditioned media after treatment with indicated concentrations of compound 5a and 5c¢. The data were normalized with total protein content of HepG2 cells.
B) PCSK9 and LDLR expression was evaluated by Western blot analysis after incubation of HepG2 cells with compound 5c in the presence or absence of simvastatin
(40 pM). GAPDH was used as a loading control and densitometric readings were evaluated using the ImageLab™ software, and the relative intensity of the bands are
shown in the histograms (C, D and E). Simva: simvastatin.
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Fig. 7. Effects of subacute 5c treatment on behavioral and biochemical parameters in vivo. A-B) The analysis of body weight changes (A) and spontaneous
locomotor activity (B) were similar in all experimental groups - vehicle (light grey), SBC-115076 (black) or 5¢ compound (dark grey) - showing the absence of
toxicity due to subacute injections of 5¢ compound. C-D) Histological analysis of hepatic tissues from vehicle (C) or 5c-treated mice (D). E) Pcsk9 mRNA expression in
the liver of mice treated with vehicle (white bar), SBC-115076 (black bar) or 5¢ compound (dark grey). Data are presented as fold change normalized over vehicle
group mean and calibrated over GAPDH housekeeping gene. F-G) Total cholesterol (F) and PCSK9 plasma levels (G) were determined by biochemical and ELISA
assay, respectively. H) ALT plasma levels were determined by ELISA kit. Data are shown as mean + SEM. Experimental groups: Vehicle, n = 5; SBC-115076, n = 6
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equivalents, 193 pL, 1.58 mmol). The reaction was monitored by TLC
analysis (CHCl3/MeOH 96/4; Rf = 0.4). The crude of the reaction was
purified by flash chromatography (CHCl3/MeOH 99/1-98/2), affording
the desired product in 50 % yield (149.30 mg, 0.40 mmol).

1H NMR (300 MHz, DMSO-dg) § 7.37 (m, 6H), 7.11 (d, 2H), 7.09 (bs,
1H), 5.70 (d, 1H, J = 1.77 Hz), 5.13 (d, 1H, J = 2.19 Hz), 5.08 (s, 1H),
5.24 (d, 2H, J = 5.88 Hz), 2.08 (s, 3H). 13C NMR (100.6 MHz, CDCls) 5
163.3, 154.9, 145.2, 138.0, 137.4, 131.3, 128.5, 98.9, 88.7, 44.6, 44.3,
19.9. MS (ESD) m/z 373.2 [M+H] "

4.1.1.2. 1-(4-methoxybenzyl)-4-((4-methoxybenzyl)amino)-6-methylpyr-
idin-2(1H)-one (5b). Compound 5b was prepared according to General
procedure A, using as opportune amine the 4-Methoxybenzylamine (2
equivalents, 206 pL, 1.58 mmol). The reaction was monitored by TLC
analysis (CHCl3/MeOH 96/4; Rf = 0.4). The crude of the reaction was
purified by flash chromatography, (CHCls/MeOH 99/1-98/2), affording
the desired product in 70 % yield (201.50 mg, 0.55 mmol).

'HNMR (300 MHz, CDCl3) 6 7.26 (2, 2H, J = 8.76 Hz), 7.13 (d, 2H, J
= 8.49 Hz), 6.90 (d, 2H, J = 8.61 Hz), 6.84 (d, 2H J = 8.67 Hz), 5.64 (s,
1H), 5.49 (s, 1H), 5.19 (s, 2H), 4.22 (d, 2H, J = 4.65 Hz), 3.82 (s, 3H),
3.79 (s, 3H), 2.17 (s, 3H). 3¢ NMR (100.6 MHz, CDCl3) 6§ 162.8, 155.1,
144.5,137.6,137.0,133.2, 127.6, 99.9, 88.8, 55.6, 44.6, 44.1, 20.0. MS
(ESI) m/z 365.1 [M+H] ™.

4.1.1.3. 6-Methyl-1-(4-(trifluoromethyDbenzyl)-4-((4-(trifluoromethyl)
benzyl)amino)pyridin-2(1H)-one (5c). Compound 5c was prepared ac-
cording to General procedure A, using as opportune amine the 4-(tri-
fluoromethyl)benzylamine (2 equivalents, 225 pL, 1.58 mmol). The
reaction was monitored by TLC analysis (CHCl3/MeOH 96/4; Rf = 0.4).
The crude of the reaction was purified by flash chromatography (CHCl3/
MeOH 99/1-98/2), affording the desired product in 55 % yield (180.40
mg, 0.43 mmol).

1H NMR (400 MHz, CDClg) § 7.505 (d, 2H, J = 7.83 Hz), 7.46 (d, 2H,
J=7.83Hz),7.33(d, 2H, J = 7.83 Hz), 7.16 (d, 2H, J = 7.83 Hz), 5.53
(d, 1H, J = 1.89 Hz), 5.46 (d, 1H, J = 1.89 Hz), 5.18 (bs, 2H), 4.79 (bs,
1H), 4.26 (d, 2H, J = 4.60 Hz), 2.04 (s, 3H).!3C NMR (100.6 MHz,
CDCl3) 6 163.5, 153.9, 144.5, 140.7, 140.5, 128.8 (q, Jc.r = 32.51 Hz),
128.5 (q, Jcr = 32.51 Hz), 126.4, 125.6, 124.7, 124.7, 123.0 (q, Jcr =
271.69 Hz), 99.0, 89.9, 45.3, 44.9, 19.4. MS (ESI) m/z 441.2 [M+H] ",
463.3, [M+Na]™.

4.1.1.4. 1-(2,3-dimethoxybenzyl)-4-((2,3-dimethoxybenzyl)amino)-6-
methylpyridin-2(1H)-one (5e). Compound 5e was prepared according to
General procedure A, using as opportune amine the 2,3-dimethoxyben-
zylamine (3 equivalents, 326 pL, 2.37 mmol). The reaction was moni-
tored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the
reaction was purified by flash chromatography (DCM/MeOH 99/1-97/
3), affording the desired product in 21 % yield (70.60 mg, 0.17 mmol).

'H NMR (300 MHz, CDCl3) § 6.94 (t, 1H, J = 2.29 Hz), 6.85 (t, 1H, J
= 8.07 Hz), 6.80 (dt, 2H, J = 7.94, 1.20 Hz), 6.10 (d, 1H, J = 7.25 Hz),
6.40 (d, 1H, J=7.76 Hz), 5.56 (d, 1H, J = 2.59 Hz), 5.45 (s, 1H), 5.21 (s,
2H), 4.60 (s, 1H), 4.22 (d, 2H, J = 7.14 Hz), 3.79-3.78 (m, 9H), 3.77 (s,
3H), 2.00 (s, 3H). 13¢ NMR (100.6 MHz, CDCl3) § 163.9, 153.9, 151.7,
151.3, 146.0, 144.9, 144.7, 130.4, 130.3, 123.4, 123.2, 119.9, 117.4,
111.0, 110.0, 98.8, 89.6, 59.8, 59.6, 54.8, 54.7, 41.2, 39.9, 19.2. MS
(ESD m/z 425.2 [M+H] ™.

4.1.1.5. 1-(3,4-dimethoxybenzyl)-4-((3,4-dimethoxybenzyl)amino)-6-
methylpyridin-2(1H)-one (5f). Compound 5f was prepared according to
General procedure A, using as opportune amine the 3,4-dimethoxyben-
zylamine (3 equivalents, 364 pL, 2.37 mmol). The reaction was moni-
tored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the
reaction was purified by flash chromatography (DCM/MeOH 99/1-97/
3), affording the desired product in 40 % yield (134.14 mg, 0.32 mmol).
'H NMR (300 MHz, CDCl3) § 6.78-6.65 (m, 6H), 5.51 (d, 1H, J =
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2.29 Hz), 5.45 (s, 1H), 5.06 (s, 2H), 4.56 (s, 1H), 4.10 (d, 2H, J = 5.74
Hz), 3.77 (s, 6H), 3.73 (s, 3H), 3.72 (s, 3H), 2.07 (s, 3H). 3C NMR
(100.6 MHz, CDCl3) 5 163.8, 153.8, 148.2, 148.2, 147.5, 147.1, 144.7,
129.2,129.1,118.9,117.6,110.3, 110.1, 109.9, 109.1, 98.7, 89.7, 54.9,
54.9, 45.8, 44.9, 42.3, 41.7, 19.5. MS (ESI) m/z 425.2 [M+H]".

4.1.2. General procedure B. Step 1 (intermediate synthesis)

To a solution of 4-hydroxy-6-methyl-2-pyrone (500 mg, 3.96 mmol,
1 equivalent) in HyO (10 mL), the proper amine (3.96 mmol, 1 equiv-
alent) was added. The resulting mixture was refluxed until complete
conversion of the starting materials (3-24 h), monitored by TLC. The
solid mass was filtrated under vacuum, washed with diethyl ether and
purified by silica gel flash chromatography to give the desired com-
pounds as white solids.

4.1.2.1. 4-Hydroxy-1-isopentyl-6-methylpyridin-2(1H)-one  (6a). Com-
pound 6a was prepared according to General procedure B, using as
opportune amine the Isopentylamine (459.6 pL, 3.96 mmol). The reac-
tion mixture was refluxed for 12 h, and upon completion of the reaction
(monitored by TLC analysis: DCM/MeOH 93/7; Rf = 0.4). The resulting
solid was filtrated under vacuum, washed with diethyl ether and puri-
fied by flash chromatography (DCM/MeOH 99/1-95/5), affording the
desired product in 83 % yield (641.80 mg, 3.29 mmol).

'H NMR (300 MHz, DMSO-de) § 10.32 (s, 1H), 5.73 (s, 1H), 5.47 (s,
1H), 3.86-3.80 (m, 2H), 2.29 (s, 3H), 1.65-1.56 (m, 1H), 1.41-1.34 (m,
2H), 0.91 (d, J = 6.6 Hz, 6H). MS (ESI) m/z 196.2 [M+H]", 218.3
[M+Nal*.

4.1.2.2. 1-Benzyl-4-hydroxy-6-methylpyridin-2(1H)-one (6b). Com-
pound 6b was prepared according to General procedure B, using as
opportune amine the Benzylamine (432.6 pL, 3.96 mmol). The reaction
mixture was refluxed for 12 h, and upon completion of the reaction
(monitored by TLC analysis: DCM/MeOH 93/7; Rf = 0.4). The resulting
solid was filtrated under vacuum, washed with diethyl ether and puri-
fied by flash chromatography (DCM/MeOH 99/1-95/5), affording the
desired product in 89 % yield (758.60 mg, 3.52 mmol).

'H NMR (300 MHz, DMSO-dg) § 10.31 (s, 1H), 7.36-7.26 (m, 5H),
5.54 (s, 1H), 5.47 (s, 1H), 4.25 (d, J = 5.3 Hz, 2H), 2.27 (s, 3H). MS (ESI)
m/z 216.2 [M+H]", 238.3 [M+Na] ™.

4.1.2.3. 4-Hydroxy-6-methyl-1-pentylpyridin-2(1H)-one (6¢). Com-
pound 6¢ was prepared according to General procedure B, using as
opportune amine the Pentylamine (459.6 pL, 3.96 mmol). The reaction
mixture was refluxed for 12 h, and upon completion of the reaction
(monitored by TLC analysis: DCM/MeOH 93/7; Rf = 0.4). The resulting
solid was filtrated under vacuum, washed with diethyl ether and puri-
fied by flash chromatography (DCM/MeOH 99/1-95/5), affording the
desired product in 79 % yield (610.90 mg, 3.13 mmol).

'H NMR (300 MHz, DMSO-de) § 10.32 (s, 1H), 5.98 (s, 1H), 5.91 (s,
1H), 3.96-3.91 (m, 2H), 2.34 (s, 3H), 1.67-1.62 (m, 2H), 1.37-1.32 (m,
4H), 0.93-0.89 (m, 3H). MS (ESI) m/z 196.4 [M+H]*, 218.4 [M+Na] .

4.1.2.4. 4-Hydroxy-1-isobutyl-6-methylpyridin-2(1H)-one  (6d). Com-
pound 6d was prepared according to General procedure B, using as
opportune amine the Isobutylamine (394.0 pL, 3.96 mmol). The reaction
mixture was refluxed for 12 h, and upon completion of the reaction
(monitored by TLC analysis: DCM/MeOH 93/7; Rf = 0.4). The resulting
solid was filtrated under vacuum, washed with diethyl ether and puri-
fied by flash chromatography (DCM/MeOH 99/1-95/5), affording the
desired product in 90 % yield (645.90 mg, 3.56 mmol).

'H NMR (300 MHz, DMSO-ds) § 10.30 (s, 1H), 6.05 (s, 1H), 5.95 (s,
1H), 3.83-3.82 (m, 2H), 2.34 (s, 3H), 2.21-2.14 (m, 1H), 0.94 (d, J =
6.5 Hz, 6H). MS (ESI) m/z 182.2 [M+H] ™", 204.3 [M+Na] ™.
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4.1.2.5. 4-Hydroxy-6-methyl-1-(4-(trifluoromethyl)benzylDpyridin-2(1H)-
one (6e). Compound 6e was prepared according to General procedure B,
using as opportune amine the 4-(trifluoromethyl)benzylamine (564.3
pL, 3.96 mmol). The reaction mixture was refluxed for 3.5 h, and upon
completion of the reaction (monitored by TLC analysis: DCM/MeOH 93/
7; Rf = 0.4) The resulting solid was filtrated under vacuum, washed with
diethyl ether and purified by flash chromatography (DCM/MeOH 99/1),
affording the desired product in 40 % yield (449.00 mg, 1.58 mmol).

'H NMR (300 MHz, DMSO-de) 5 10.59 (bs, 1H), 7.69 (d, 2H, J = 8.97
Hz), 7.30 (d, 2H, J = 7.98 Hz), 5.84 (dd, 1H, J = 2.64, 0.81 Hz), 5.62 (d,
1H, J = 2.61 Hz), 5.27 (bs, 2H), 2.16 (s, 3H). MS (ESI) m/z 284.1
[M-+H]*

4.1.2.6. 4-Hydroxy-1-(4-methoxybenzyl)-6-methylpyridin-2(1H)-one

(6f). Compound 6f was prepared according to General procedure B,
using as opportune amine the 4-(trifluoromethoxy)benzylamine (604.6
pL, 3.96 mmol). The reaction mixture was refluxed for 3.5 h, and upon
completion of the reaction (monitored by TLC analysis: DCM/MeOH 93/
7; Rf = 0.4). The resulting solid was filtrated under vacuum, washed
with diethyl ether and purified by flash chromatography (DCM/MeOH
99/1), affording the desired product in 34 % yield (449.00 mg, 1.58
mmol).

'H NMR (300 MHz, DMSO-ds) 5 10.48 (bs, 1H), 7.94 (d, 2H, J = 8.82
Hz), 6.88 (d, 2H, J = 8.76 Hz), 5.77 (dd, 1H, J = 2.62, 0.76 Hz), 5.58 (d,
1H, J = 2.61 Hz), 5.10 (bs, 2H), 3.71 (s, 3H), 2.17 (s, 3H). MS (ESI) m/z
246.1 [M+H]".

4.1.2.7. 1-(2,3-dimethoxybenzyD)-4-hydroxy-6-methylpyridin-2(1H)-one
(6g). Compound 6g was prepared according to General procedure B,
using as opportune amine the 2,3-(dimethoxy)benzylamine (543.3 pL,
3.96 mmol). The reaction mixture was refluxed for 24 h, and upon
completion of the reaction (monitored by TLC analysis: DCM/MeOH 93/
7; Rf = 0.4). The resulting solid was filtrated under vacuum, washed
with diethyl ether and purified by flash chromatography (DCM/MeOH
97/3-96/4), affording the desired product in 22 % yield (246.40 mg,
0.89 mmol).

'H NMR (300 MHz, DMSO-de) § 10.50 (s, 1H), 6.97-6.96 (m, 2H),
6.15(dd, 1H,J=5.1,1.8 Hz), 5.82 (dd, 1H,J = 2.1, 0.6 Hz), 5.57 (d, 1H,
J=2.1Hz),5.15 (s, 2H), 3.81 (s, 3H), 3.79 (s, 3H), 2.14 (s, 3H). MS (ESI)
m/z 276.1 [M+H]".

4.1.2.8. 1-Isopentyl-4-(isopentylamino)-6-methylpyridin-2(1H)-one

(5d). Compound 5d was obtained in amount sufficient for biological
testing as byproduct of the reaction performed for synthesizing inter-
mediate 6a. According to General procedure B, using as opportune
amine the Isopentylamine (459.6 pL, 3.96 mmol), the reaction mixture
was refluxed for 12 h, and upon completion of the reaction (monitored
by TLC analysis: DCM/MeOH 93/7; Rf = 0.4 for the intermediate 6a, Rf
= 0.6 for compound 5d). The resulting solid was filtrated under vacuum,
washed with diethyl ether and purified by flash chromatography (DCM/
MeOH 99/1-95/5), affording the product in33 % yield (345.5 mg, 1.31
mmol).

'H NMR (400 MHz, CDCl3) 6 5.45 (s, 1H), 5.44 (s, 1H), 3.98 (s, 1H),
3.94-3.90 (m, 2H), 3.09-3.05 (m, 2H), 2.27 (s, 3H), 1.74-1.64 (m, 2H),
1.55-1.45 (m, 4H), 0.97 (d, J = 6.6 Hz, 6H), 0.94 (d, J = 6.6 Hz, 6H).13C
NMR (100.6 MHz, CDCl3) 5 164.6, 154.6, 144.6, 99.4, 90.7, 42.1, 40.9,
37.9, 37.8, 26.5, 25.9, 22.5 (2C), 22.4 (2C), 20.2. MS (ESI) m/z 265.2
[M+H]".

4.1.3. General procedure B. Step 2

In a 10 mL microwave tube, equipped with magnetic stir bar and
septum, a mixture of intermediate 6a—g and the opportune amine in
dimethoxyethane (1 mL) was heated at 120 °C for 40 min in the mi-
crowave apparatus (maximum power input: 300 W; maximum pressure:
250 psi; power max: OFF; stirring: ON). After cooling to room
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temperature, the solvent was evaporated under reduced pressure and
the residue was purified by silica gel flash chromatography, affording
the desired compounds as white solids.

4.1.3.1. 4-(Benzylamino)-1-isopentyl-6-methylpyridin-2(1H)-one (7a).
Compound 7a was prepared according to General procedure B, using as
reactants intermediate 6a (100 mg, 0.51 mmol) and benzylamine (1.5
equivalents, 84.1 pL, 0.77 mmol). The reaction was monitored by TLC
analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the reaction was
purified by flash chromatography (DCM/MeOH 99/1-98/2), affording
the desired product in 28 % yield (39.80 mg, 0.14 mmol).

H NMR (400 MHz, CDCl3) § 7.35-7.26 (m, 5H), 5.52 (s, 1H), 5.49 (s,
1H), 4.61 (s, 1H), 4.24 (d, J = 5.4 Hz, 2H), 3.92-3.88 (m, 2H), 2.26 (s,
3H), 1.73-1.64 (m, 1H), 1.54-1.48 (m, 2H), 0.97 (d, J = 6.6 Hz, 6H).'3C
NMR (100.6 MHz, CDCl3) § 164.5, 154.6, 144.8, 137.9, 128.7 (2C),
128.5,127.5 (2C), 99.4,91.3, 46.9, 42.1, 37.8, 26.5, 22.5 (2C), 20.3. MS
(ESD) m/z 285.3 [M+H] ", 307.3 [M+Na]*.

4.1.3.2. 4-((4-Chlorobenzyl)amino)-1-isopentyl-6-methylpyridin-2(1H)-
one (7b). Compound 7b was prepared according to General procedure
B, using as reactants intermediate 6a (100 mg, 0.51 mmol) and 4-chlor-
obenzylamine (1.5 equivalents, 93.7 pL, 0.77 mmol). The reaction was
monitored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of
the reaction was purified by flash chromatography (DCM/MeOH 99/
1-98/2), affording the desired product in 33 % yield (53.70 mg, 0.17
mmol).

'H NMR (400 MHz, CDCl3) § 7.32-7.22 (m, 4H), 5.52 (s, 1H), 5.48 (s,
1H), 4.55 (s, 1H), 4.24 (d, J = 5.4 Hz, 2H), 3.93-3.89 (m, 2H), 2.28 (s,
3H), 1.73-1.67 (m, 1H), 1.55-1.49 (m, 2H), 0.97 (d, J = 6.6 Hz, 6H). 1>C
NMR (100.6 MHz, CDCls3) 6 164.4, 154.3, 144.9, 136.4, 133.3, 128.9
(20), 128.7 (2C), 99.3, 91.5, 46.2, 42.2, 37.8, 26.5, 22.5 (2C), 20.3. MS
(ESI) m/z 319.3 [M+H]", 341.3 [M+Na]*.

4.1.3.3. 1-Benzyl-4-(isopentylamino)-6-methylpyridin-2(1H)-one  (7c).
Compound 7c¢ was prepared according to General procedure B, using as
reactants intermediate 6b (110 mg, 0.51 mmol) and Isopentylamine (1.5
equivalents, 89.3 puL, 0.77 mmol). The crude of the reaction was purified
by flash chromatography (DCM/MeOH 99/1-98/2), affording the
desired product in 36 % yield (52.20 mg, 0.18 mmol).

'H NMR (400 MHz, CDClg) § 7.22-7-13 (m, 3H), 7.07 (d, 2H J = 8.01
Hz), 5.50 (s, 1H), 5.43 (s, 1H), 5.17 (s, 2H), 4.15 (s, 1H), 3.03-3.01 (m,
2H), 2.05 (s, 3H), 1.59 (sep, 1H, J = 6.61 Hz), 1.41 (q, 2H, J = 7.87 Hz),
0.86 (s, 3H), 0.85 (s, 3H).13C NMR (100.6 MHz, CDCl3) § 163.8, 154.0,
144.4, 136.6, 127.6, 125.9, 126.3, 98.9, 89.9, 45.1, 39.9, 36.8, 28.7,
24.9, 21.4, 19.4. MS (ESD) m/z 285.3 [M+H]", 307.3 [M+Na] .

4.1.3.4. 4-(Benzylamino)-6-methyl-1-pentylpyridin-2(1H)-one (7d).
Compound 7d was prepared according to General procedure B, using as
reactants intermediate 6¢ (100 mg, 0.51 mmol) and benzylamine (1.5
equivalents, 84.1 pL, 0.71 mmol). The reaction was monitored by TLC
analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the reaction was
purified by flash chromatography (DCM/MeOH 99/1-98/2), affording
the desired product in 31 % yield (45.00 mg, 0.16 mmol).

'H NMR (400 MHz, CDCl3) § 7.36-7.26 (m, 5H), 5.52 (s, 1H), 5.51 (s,
1H), 4.53 (s, 1H), 4.25 (d, J = 5.4 Hz, 2H), 3.90-3.86 (m, 2H), 2.27 (s,
3H), 1.65-1.63 (m, 2H), 1.36-1.34 (m, 4H), 0.93-0.90 (m, 3H). 3¢
NMR (100.6 MHz, CDCl3) § 164.6, 154.5, 144.9, 137.9, 128.8 (2Q),
127.6, 127.5 (2C), 99.3, 91.4, 47.0, 43.6, 29.2, 28.8, 22.5, 20.4, 14.0.
MS (ESI) m/z 285.2 [M+H] ", 307.2 [M+Na] ™.

4.1.3.5. 1-Benzyl-6-methyl-4-(pentylamino)pyridin-2(1H)-one (7e).

Compound 7e was prepared according to General procedure B, using as
reactants intermediate 6b (110 mg, 0.51 mmol) and pentylamine (1.5
equivalents, 89.4 pL, 0.77 mmol). The reaction was monitored by TLC
analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the reaction was
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purified by flash chromatography (DCM/MeOH 99/1-98/2), affording
the desired product in 31 % yield (45.00 mg, 0.16 mmol).

'H NMR (400 MHz, CDCl3) 6 7.27-7.14 (m, 5H), 5.54 (s, 1H), 5.49 (s,
1H), 5.25 (d, J = 5.4 Hz, 2H), 4.30 (s, 1H), 3.10-3.05 (m, 2H), 2.12 (s,
3H), 1.61-1.59 (m, 2H), 1.34-1.27 (m, 4H), 0.93-0.89 (m, 3H). 3¢
NMR (100.6 MHz, CDCl3) § 165.0, 155.0, 145.3, 137.7, 128.6 (20Q),
126.9, 126.3 (2C), 99.8, 90.0, 46.0, 42.7, 29.2, 28.6, 22.4, 20.5, 14.0.
MS (ESD) m/z 285.3 [M+H]", 307.2 [M+Na]™.

4.1.3.6. 1-Isobutyl-6-methyl-4-((4-(trifluoromethylbenzyl)amino)pyridin-
2(1H)-one (7f). Compound 7f was prepared according to General pro-
cedure B, using as reactants intermediate 6d (92.00 mg, 0.51 mmol) and
4-(trifluoromethyl)benzylamine (1.5 equivalents, 109.7 pL, 0.77 mmol).
The reaction was monitored by TLC analysis (DCM/MeOH 96/4; Rf =
0.4). The crude of the reaction was purified by flash chromatography
(DCM/MeOH 99/1-98/2), affording the desired product in 29 % yield
(50.00 mg, 0.15 mmol).

'H NMR (400 MHz, CDCl3) 6§ 7.60 (d, J = 7.8 Hz, 2H), 7.42 (d, J =
7.8 Hz, 2H), 5.53 (s, 1H), 5.46 (s, 1H), 4.59 (s, 1H), 4.36 (d, J = 5.2 Hz,
2H), 3.76-3.74 (m, 2H), 2.27 (s, 3H), 2.20-2.13 (m, 1H), 0.94 (d, J =
6.6 Hz, 6H).13C NMR (100.6 MHz, CDCl3) § 164.9, 154.2, 145.6, 142.3,
128.0, 127.5 (2C), 125.7 (2C), 125.6, 99.3, 91.8, 50.2, 46.4, 28.1, 20.9,
20.1 (2C). MS (ESD m/z 339.2 [M+H]", 361.3 [M+Na] ™.

4.1.3.7. 6-Methyl-4-(pentylamino)-1-(4-(trifluoromethylDbenzyDpyridin-2
(1H)-one (7g). Compound 7g was prepared according to General pro-
cedure B, using as reactants intermediate 6f (100 mg, 0.41 mmol) and
pentylamine (3 equivalents, 141.4 pL, 1.22 mmol). The reaction was
monitored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of
the reaction was purified by flash chromatography (DCM/MeOH 98/2),
affording the desired product in 68 % yield (83.90 mg, 0.24 mmol).

H NMR (800 MHz, MeOD-dy) 6 7.65 (d, 2H, J = 8.26 Hz), 7.32 (d,
2H, J = 7.96 Hz), 5.87 (s, 1H), 5.58 (d, 1H, J = 2.45 Hz), 5.36 (s, 2H),
3.11 (t, 2H, J = 7.04 Hz), 2.20 8s, 3H), 1.66-1.62 (m, 2H), 1.43-1.31 (m,
4H), 0.98-0.92 (m, 3H). 13C NMR (100.6 MHz, CDCl3) § 163.6, 154.1,
143.9, 140.8, 128.3 (q, Jc.r = 32.20 Hz), 125.5, 124.6, 123.0 (q, Jor =
271.64 Hz), 99.0, 88.9, 44.8, 41.7, 28.1, 27.6, 21.3,19.4, 12.9. MS (ESI)
m/z 353.2 [M+H] .

4.1.3.8. 4-(cyclopentylamino)-6-methyl-1-(4-(trifluoromethyl)benzyDpyr-
idin-2(1H)-one (7 h). Compound 7h was prepared according to General
procedure B, using as reactants intermediate 6e (100 mg, 0.35 mmol)
and cyclopentamine (3 equivalents, 120.8 pL, 1.22 mmol). The reaction
was monitored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude
of the reaction was purified by flash chromatography (DCM/MeOH 98/
2), affording the desired product in 37 % yield (45.55 mg, 0.13 mmol).

'H NMR (300 MHz, CDCl3) § 7.72 (d, 2H, J = 8.23 Hz), 7.31 (d, 2H, J
= 8.23 Hz), 5.89 (bs, 1H), 5.44 (bs, 1H), 5.26 (s, 2H), 3.71 (s, 1H), 2.15
(s, 3H), 1.92-1.24 (m, 8H).'3C NMR (100.6 MHz, CDCl3) § 163.6, 153.5,
143.9,140.8,128.3(q, Jc.r = 32.19 Hz), 125.6, 124.6, 121.7,99.3, 89.6,
52.8, 44.8, 32.2, 22.9, 19.4. MS (ESI) m/z 351.1 [M+H] ™.

4.1.3.9. 1-(4-methoxybenzyl)-6-methyl-4-(pentylamino)pyridin-2(1H)-
one (7i). Compound 7i was prepared according to General procedure B,
using as reactants intermediate 6f (100 mg, 0.41 mmol) and pentyl-
amine (3 equivalents, 141.4 pL, 1.22 mmol). The reaction was moni-
tored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of the
reaction was purified by flash chromatography (DCM/MeOH 97/3),
affording the desired product in 15 % yield (21.00 mg, 0.06 mmol).

'H NMR (300 MHz, CDClg) §7.03 (d, 2H, J = 9.96 Hz), 6.74 (d, 2H, J
= 6.64 Hz), 5.46 (s, 1H), 5.37 (s, 1H), 5.10 (s, 2H), 3.69 (s, 3H), 3.02-2-
98 (m, 2H), 2.07 (s, 3H), 1.53-1.50 (m, 2H), 1.28-1.26 (m, 4H),
0.86-0.82 (m, 3H).13C NMR (100.6 MHz, CDCl3) § 163.9, 157.6, 153.8,
144.4,128.8,126.7,113.0, 98.6, 89.3, 54.2, 44.5,41.7,28.1, 27.7, 21 .4,
19.5, 13.0. MS (ESI) m/z 315.2 [M+H] .

13

European Journal of Medicinal Chemistry 265 (2024) 116063

4.1.3.10. 4-(cyclopentylamino)-1-(4-methoxybenzyl)-6-methylpyridin-2
(1H)-one (7j). Compound 7j was prepared according to General pro-
cedure B, using as reactants intermediate 6f (100 mg, 0.41 mmol) and
cyclopentamine (3 equivalents, 120.8 pL, 1.22 mmol). The reaction was
monitored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of
the reaction was purified by flash chromatography (DCM/MeOH 97/3),
affording the desired product in 32 % yield (6.30 mg, 0.02 mmol).

H NMR (300 MHz, CDClg) § 7.11 (d, 2H, J = 8.50 Hz), 6.83 (d, 2H, J
= 8.5 Hz), 5.58 (s, 1H), 5.48 (s, 1H), 5.18 (s, 2H), 4.28 (d, 1H, J = 6.20
Hz), 3.78 (s, 3H), 2.15 (s, 3H), 2.02-1.99 (m, 2H), 1.71-1.63 (m, 4H),
1.51-1.48 (m, 2H).13C NMR (100.6 MHz, CDCl3) 6 164.5, 158.7, 154.7,
145.5, 129.5, 127.8, 114.1, 100.5, 90.1, 55.3, 53.9, 45.8, 33.2, 24.0,
20.5. MS (ESI) m/z 313.1 [M+H] ™.

4.1.3.11. 1-(2,3-dimethoxybenzyl)-6-methyl-4-(pentylamino)pyridin-2
(1H)-one (7k). Compound 7k was prepared according to General pro-
cedure B, using as reactants intermediate 6g (100 mg, 0.36 mmol) and
pentylamine (3 equivalents, 126.3 pL, 1.09 mmol). The reaction was
monitored by TLC analysis (DCM/MeOH 96/4; Rf = 0.4). The crude of
the reaction was purified by flash chromatography (DCM/MeOH 98/
2-97/3), affording the desired product in 30 % yield (37.17 mg, 0.11
mmol).

H NMR (300 MHz, CDCl3) § 6.96 (t, 1H, J = 8.41 Hz), 6.80 (d, 1H, J
= 8.41 Hz), 6.50 (d, 1H, J = 8.41 Hz), 5.54 (d, 1H, J = 2.50 Hz), 5.48 (d,
1H, J = 2.05 Hz), 5.32 (s, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.11-3.06 (m,
2H), 2.09 (s, 3H), 1.65-1.58 (m, 2H), 1.37-1.33 (m, 4H), 0.94-0.91 (m,
3H).*C NMR (100.6 MHz, CDCl3) 6 165.1, 155.0, 152.4, 145.9, 145.6,
131.6,124.5,118.4,110.9, 99.6, 90.0, 77.1,76.7,60.7, 55.7, 42.7, 40.8,
29.2, 28.7, 22.4, 20.2, 14.0. MS (ESI) m/z 345.2 [M+H]".

4.1.3.12. 6-Methyl-1-pentyl-4-((4-(trifluoromethyl)benzyl)amino)pyridin-
2(1H)-one (71). Compound 71 was prepared according to General pro-
cedure B, using as reactants intermediate 6¢ (100 mg, 0.51 mmol) and
(4-(trifluoromethyl)phenyl)methanamine (3 equivalents, 220.6 pL,
1.54 mmol). The reaction was monitored by TLC analysis (DCM/MeOH
96/4; Rf = 0.4). The crude of the reaction was purified by flash chro-
matography (DCM/MeOH 98/2-97/3), affording the desired product in
17 % yield (30 mg, 0.08 mmol).

'H NMR (300 MHz, CDCl3) 6 7.58 (d, 2H, J = 7.77 Hz), 7.41 (d, 2H, J
=7.77 Hz),5.56 (d, 1H, J=1.69 Hz), 5.43 (d, 1H, J = 2.21 Hz), 4.84 (bs,
1H), 4.3 (d, 2H, J = 6.67 Hz), 3.89-3.85 (m, 2H), 2.28 (s, 3H), 1.67-1.59
(m, 2H), 1.36-1.32 (m, 4H), 2.96-2.89 (m, 3H).13C NMR (100.6 MHz,
CDCl3) 6 164.4, 154.5, 145.2, 142.1, 129.7 (q, Jcr = 32.6 Hz), 127.4,
125.7, 125.6, 124.1 (q, Jo.r = 271.9 Hz), 99.5, 91.5, 46.3, 43.7, 29.7,
29.1, 28.8, 22.5, 20.4, 14.0. MS (ESI) m/z 353.1 [M+H]".

4.1.4. General procedure C

In a 10 mL microwave tube, equipped with magnetic stir bar and
septum, a mixture of 4-amino-pyridone (5c or 7g), acetyl chloride (2.5
equivalents), and pyridine (2.5 equivalents) in anhydrous DCM (1.5 mL)
was heated at 45 °C for 30 min in the microwave apparatus (maximum
power input: 300 W; maximum pressure: 250 psi; power max: OFF;
stirring: ON). After cooling to room temperature, the solution was
diluted with Ethyl Acetate and washed with NaHCO; sat. sol. The
aqueous phase was then extracted with Ethyl Acetate (3 times), and the
collected organic layers washed with BRINE, dried over NaySOg,
filtered, and the solvent removed under reduced pressure.

4.1.4.1. N-(6-methyl-2-oxo-1-(4-(trifluoromethyDbenzyD)-1,2-dihydropyr-
idin-4-yl)-N-pentylacetamide (8a). Compound 8a was synthesized ac-
cording to the General procedure C, using as starting material compound
7g (50 mg, 0.14 mmol). The reaction was monitored by TLC analysis
(DCM/MeOH 97/3; Rf = 0.4). The crude of the reaction was then pu-
rified by flash chromatography (DCM/MeOH 98/2), affording the
desired product as yellowish solid in 43 % yield (23.70 mg, 0.06 mmol).
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TH NMR (300 MHz, CDCl3) §7.62 (d, 2H, J = 8.38 Hz), 7.32 (d, 2H, J
= 8.38 Hz), 6.38 (d, 1H, J = 2.12 Hz), 6.00 (s, 1H), 5.40 (s, 1H),
3.68-3.64 (m, 2H), 3.11 (s, 3H), 2.10 (s, 3H), 1.60-1.53 (m, 2H),
1.36-1.27 (m, 4H), 0.90 (t, 3H, J = 7.10 Hz).!3C NMR (100.6 MHz,
CDCls) 6 169.2, 164.1, 153.3, 147.2, 140.0, 130.0 (g, Jo.r = 33.56 Hz),
126.9, 125.9, 125.9, 123.9 (q, Jor = 274.06 Hz), 114.5, 107.1, 48.4,
46.9, 29.7, 28.9, 27.9, 22.9, 22.4, 20.8, 14.0. MS (ESD) m/z 395.2
[M+H] .

4.1.4.2. N-(6-methyl-2-oxo-1-(4-(trifluoromethyDbenzyl)-1,2-dihydropyr-
idin-4-yl)-N-(4-(trifluoromethyl)benzylacetamide (8b). Compound 8a
was synthesized according to the General procedure C, using as starting
material compound 5c¢ (100 mg, 0.23 mmol). The reaction was moni-
tored by TLC analysis (DCM/MeOH 97/3; Rf = 0.4). The crude of the
reaction was then purified by flash chromatography (DCM/MeOH 98/
2), affording the desired product as yellowish solids in 51 % yield (46.00
mg, 0.12 mmol).

'H NMR (300 MHz, CDCl3) 6 7.51-7.48 (m, 4H), 7.27 (d, 2H, J =
8.37 Hz), 7.16 (d, 2H, J = 8.37 Hz), 6.18 (d, 1H, J = 2.30 Hz), 5.83 (s,
1H), 5.26 (s, 2H), 4.85 (s, 2H), 2.18 (s, 3H), 2.09 (s, 3H).13C NMR
(100.6 MHz, CDCls3) § 168.6, 162.7, 151.7, 146.5, 139.6, 138.7, 128.9
(q, Jo.r = 32.83 Hz), 128.8 (q, Jcr = 32.51 Hz), 126.9, 125.7, 124.8,
124.8,124.6,124.5,122.9 (q, Jc.r = 272.08 Hz), 121.8 (q, Jc.r = 272.08
Hz), 113.1, 105.4, 50.3, 45.8, 21.7, 19.7. MS (ESI) m/z 483.1 [M+H] .

4.1.5. Cell cultures

HepG2 cell line was cultured in 100 mm Petri dishes in Modified
Eagle’s Medium (MEM) supplemented with 10 % Fetal Bovine Serum
(FBS), 1 % penicillin/streptomycin solution (10.000U/mL and 10 mg/
mL, respectively), 1 % r-glutamine 200 mM and 1 % non-essential amino
acids 100X solution. Cells were maintained at 37 °C, 95 % humidity and
5 % CO3 and subcultured at 80 % confluency. All cell culture reagents
and plastic supplies were purchased from EuroClone (Milan, Italy).
HepG2 overexpressing human PCSK9-FLAG tag were generated by the
means of HEK293-Phoenix (¢pNX-A) cells as previously described [50],
using empty pBMN-IRES-puromycin vector or the same vector carrying
human PCSK9 coding sequence under CMV promoter to generate,
respectively, HepG2 and HepG2 PCSK9-FLAG cells.

Simvastatin (Merck Sharp & Dohme Research Laboratories, Read-
ington, NJ, USA) was dissolved in 0.1 M NaOH and the pH was adjusted
to 7.4, then the solution was sterilized by filtration.

Testing compounds (1-4; 5a-f, 7a-1, 8a,b) were provided in a pow-
der form. They were dissolved in dimethyl sulfoxide (DMSO, Sigma
Aldrich) to a concentration of 80 mM. To maintain the quality of the
compounds, they were stored at —20 °C.

4.1.6. Sulphorodamine B cell viability assay

Cellular toxicity of the MR compounds was assessed using sulphor-
odamine (SRB) assay according the protocol established by Shehan et al.
[51]. 8000 cells/well were seeded in a 96 well-tray in 100pl/well of
complete medium. The following day the medium was replaced by fresh
media containing 0.4 % FBS and treatments or DMSO as control. After
24 h of incubation, SRB assay was performed and absorbances measured
at 570 nm with Victor Nivo multiplate reader by PerkinElmer.

4.1.7. Western blotting

Cells were lysed in lysis buffer containing 1 % NP-40, 150 mM NaCl
and 50 mM Tris-HCI at pH 7.5. Protein concentration was assessed by
BCA assays (SERVA), accordingly to manufacturer’s instructions. 25 pg
total protein extract was loaded and separated on 4-20 % SDS-Page gel
(Bio-Rad) under denaturing and reducing conditions. Proteins were then
transferred onto a nitrocellulose membrane by using the Trans-Blot®
Turbo™ Transfer System (Bio-Rad). Blocking solution is made of 5 %
non-fat dried milk in tris-buffered saline containing 0.2 % of tween 20
(TBST20). All the primary antibodies were diluted in blocking solution
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and incubated overnight at 4 °C in agitation. Horseradish peroxidase
(HPR) conjugated secondary antibodies were diluted in blocking solu-
tion and membranes were incubate 2 h at room temperature (RT) in
agitation.

Luminescence signals were acquired with c400 Azure Molecular
Imager (Aurogene). Quantitative densitometric analysis was performed
with ImageLab™ (Version 6.0.1, BIO-RAD) software. PCSK9 antibody
was from Abcam (cod. ab181142; dilution 1:1000), LDLR antibody was
from was from GeneTex (cod. GTX132860; dilution 1:1000), beta-actin
antibody was from GeneTex (cod. GTX109639; dilution 1:5000), anti-
rabbit secondary antibody was from Jackson Immuno Research (cod.
113-036-045, dilution 1:5000).

4.1.8. Reverse transcription and quantitative PCR (RT-qgPCR)

Total RNA was extracted using the iScript™ RT-qPCR Sample Prep
reagent (Bio-Rad), according to the manufacturer’s instructions. Quan-
tiNova SYBR Green RT-PCR Kit (QIAGEN) was used for qPCR, along with
specific primers for 18S (FWD 5-CGGCTACCACATCCACGGAA-3/, REV
5'-CCTGAATTGTTATTTTTCGTCACTACC-3") PCSK9 (FWD 5'-
CCTGCGCGTGCTCAACT-3', REV 5-GCTGGCTTTTCCGAATAAACTC-3"),
LDLR (FWD 5- TCTATGGAAGAACTGGCGGC-3, REV 5-
ACCATCTGTCTCGAGGGGTA-3") FAS (FWD 5'-GCAAATTC-
GACCTTTCTCA-3/, REV 5’ - GGACCCCGTGGAATGTCA-3"), HMG-CoAR
(FWD  5-  CTTGTGTGTCCTTGGTATTAGAGCTT-3, REV  5-
GCTGAGCTGCCAAATTGGA-3").

The analyses were performed with the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) with cycling conditions of 50 °C for 10 min,
95 °C for 2 min, and a repetition of 40 cycles at 95 °C for 5 s followed by
10 s at 60 °C. The data were expressed as Ct values and used for relative
quantification of targets with AACt calculations. The AACt values were
determined by multiplying the ratio value between the efficiency of
specific primers and housekeeping 18S. The efficiency was calculated as
((107(—1/slope)) - 1) x 100.

4.1.9. ELISA assay for PCSK9

To detect the secreted amount of PCSK9 from HepG2 cells, the
Human Proprotein Convertase 9/PCSK9 DuoSet ELISA (Biotechne) was
used according to the manufacturer’s instructions using conditioned
media. Conditioned media were collected, centrifuged 15000 rpm for
10 min and diluted according to the manufacturer’s instructions.
Absorbance at 450 nm was obtained with VICTOR Nivo Multimode
Microplate Reader (PerkinElmer).

4.1.10. Luciferase reported promoter activities assay

The plasmid pGL3-PCSK9-D4 contains the 5’ flanking region of the
PCSK9 gene from —440 to —94, relative to the ATG start codon as pre-
viously described [52]. To measure the PCSK9 promoter activity, HepG2
cells were seeded in 48 well plates at a density of 8 x 10° cells per well.
On the next day, cells were transiently transfected with pGL3-PCSK9-D4
or pGL3-PCSK9-SREmut or pGL3-PCSK9-HNFmut and, 48 h post trans-
fection, cells were treated with simvastatin or compound 1 for an
additional 24 h. Luciferase activities were measured by using Neolite
reagent (PerkinElmer, Milan, Italy) according to manufacturer’s
instructions.

4.1.11. Statistical analysis

Data are expressed as mean =+ standard deviation. To compare dif-
ferences between two conditions, p values were determined by Student’s
t-test using GraphPad® Software v8.2.1 for Windows. Otherwise, dif-
ferences between treatment groups were evaluated by one-way ANOVA.
A probability value of p < 0.05 was considered statistically significant.

4.1.12. In vivo experiment

4.1.12.1. Animals. A total of 17 male three months of age C57Bl6/J
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mice (26-30g) were randomly divided into three experimental groups.
The first group was assigned to serve as control (Vehicle) and received
100 % Diethylene Glycol Monoethyl Ether (Transcutol), the second and
the third ones received SBC-115076 (4 mg/kg), a well-known PCSK9
inhibitor, or 5¢ (40 mg/kg) respectively. All drugs and vehicle were
subcutaneously injected (SQ-inj) for seven days. Mice were kept in a
conventional animal facility with controlled temperature (20-24 °C)
and humidity (60 %) on a light/dark cycle of 12 h. Food and water were
available ad libitum and body weight was recorded throughout the entire
observation period. All animal procedures were approved by the Com-
mittee on Animal Health and Care of the University of Modena and
Reggio Emilia (protocol number: n° 511/2019-PR) and conducted
following National Institutes of Health guidelines.

4.1.12.2. Behavioral screening and analysis. Behavioral tests were per-
formed by an operator unaware of the treatment to avoid bias. Animal
behavior was conducted in a sound-proof room, recorded and auto-
matically analyzed with ANY-maze Video Tracking system (Stoelting).

For three days, after body weight recording, all mice underwent an
Open Field task [53] to evaluate general motor activity and anxiety
(Basal Day1-3). The animal was placed in the centre of an open wooden
chamber (50 x 50 x 40 cm) and allowed to explore for 10 min freely.
Travelled distance and speed were automatically recorded. On the third
day, after basal activity recordings, all animals received a 50 pl SQ-inj
according to the experimental group and for six consecutive days.

For testing the effects of subacute treatments, all animals were sub-
jected to a Shirpa modified test [54]. This standard test is used to
evaluate general phenotype, such as hence muscle, sensory, cerebellar,
and neuropsychiatric functions in vivo and consists in the observation of
spontaneous mouse behavior in its home cage for 3 min. The analysis
was carried out according to the parameters given in Table 2. All data
are shown as mean =+ standard error of the mean (SEM) and were
analyzed by two-way repeated measures analysis of variance (ANOVA)
using the statistical package SPSS (version 26). Differences were
considered significant with p-value <0.05, with p < 0.05 *; p < 0.01 **;
p < 0.001 ***,

4.1.12.3. Sacrifice and serum collection. At the end of the experiment,
after 6 h after the last SQ-inj mice were sacrificed under deep anesthesia
with isoflurane and blood samples was obtained through a retro-orbital
bleeding. The blood was collected in ethylenediamine tetra acetic acid
(EDTA) coated tubes and centrifuged at 3000 rpm at 4 °C for 10 min. The
surnatant was collected and stored at —80 until use. For each animal,
also brain and peripheral organs were dissected out and immediately
frozen in liquid nitrogen. Plasma total cholesterol was determined by
colorimetric assay (ABX Penta, cholesterol assay). PCSK9 was deter-
mined with Quantikine® Mouse Proprotein Convertase 9 ELISA assay
(R&D Systems, Catalog #: MPC900). ALT detection on mouse serum
samples was performed using mouse Alanine Aminotransferase (ALT)
ELISA kit from MyBiosource (catalog #MBS264717) following manu-
facturer procedure.

Table 2
Behavioral observation and score for the assessment of the general animal
welfare.

Score
0 1 2
Behavioral general activity  inactive active hyperactive
observations tremors inexistent  available
eyelid opening open closed
fur coat carefull bristly
vibrissae available inexistent
movement
defecation available inexistent
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4.1.12.4. Total RNA extraction, reverse transcription, and real time poly-
merase chain reaction. The liver was lysed by mechanical disruption in
Trizol reagent (Qiagen), homogenized following the procedure provided
by the manufacturer (RNeasy Plus Mini Kit, Qiagen) and processed for
quantitative PCR (qPCR) as previously described [55]. Isolated mRNA
was reverse transcribed to cDNA using random hexamers and M-MLV
Reverse Transcriptase (Promega Corporation) following the instructions
provided by the manufacturer. Samples were heated at 70 °C for 5 min to
eliminate any secondary structures, then incubated at 23 °C for 10 min,
1 h at 37 °C, and 5 min at 95 °C before being chilled at 4 °C using a
thermocycler T Gradient (SimpliAmp, Applied Biosystem). The amount
of cDNA was quantified with iTaq Universal SYBR Green Supermix
(Bio-Rad) using a Bio-Rad RT-PCR iCycler. Each PCR reaction was per-
formed in triplicate using 300 nM of each primer (Table 3), 10 pL of iTaq
Universal SYBR Green Supermix (Bio-Rad), cDNA and nuclease-free
water with the following cycling parameters: 2 min at 95 °C and 40
cycles of 5 min at 95 °C and 30 s at 60 °C, followed by 5 s at 95 °C and
65°-95° melting curve analysis.

4.1.12.5. PCR product and statistical analyses. For gene expression
analysis, mRNA levels of Pcsk9 gene target were normalized to Gapdh
reference gene. For quantitative evaluation of changes, the comparative
AACt method was performed, using as calibrator the average levels of
expression of Vehicle mice. Statistical comparisons were performed
using the one-way ANOVA.

4.1.12.6. Histological analysis. Liver samples were fixed in 4 % para-
formaldehyde (PFA), incubated overnight at +4 °C in PBS/20 % sucrose
sterile solution and embedded in Tissue-Tek OCT (Kaltek, Padua, Italy).
Samples were processed for optical microscopy by collecting 7 pm
thickness sections using a cryostat. Sections were furtherly fixed with 10
% Neutral Buffered Formalin, extensively washed in PBS and then
subjected to hematoxylin/eosin staining. Slides were mounted with
Eukitt® Quick-hardening mounting medium (Sigma-Aldrich, St. Louis,
MO, USA), and coverslips were sealed. Images were acquired with a
ZEISS AXIOVERT 200 microscope and visually examined by two
different operators.
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List of primers used for ex-vivo qPCR experiments.

Transcript NCBI Ref Seq Primer sequence (5- 3")
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Pcsk9 NM_153565 Fw AACCTGGAGCGAATTATCCCA
Rv TTGAAGTCGGTGATGGTGACC
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