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KEYWORDS Abstract Background and aims: The novel nutraceutical combination containing red yeast rice
Berberis aristate; (monacolin K 3.3 mg), Berberis aristata cortex extract (Berberine 531.25 mg) and Morus alba
Monacolin K; leaves extract (1-deoxynojirimycin 4 mg) is effective in the management of elevated plasma
Morus alba; low-density lipoprotein cholesterol (LDL-C) levels. The aim of the present study was to investi-
PCSK9 and red yeast gate the effects of the three components on proprotein convertase subtilisin/kexin type 9
rice (PCSK9), a key regulator of LDL receptor (LDLR) expression, in hepatocyte cell lines and to

compare their effects on LDL cellular uptake.

Methods and results: HepG2 and Huh7 cells were incubated with B. aristata cortex extract (BCE),
red yeast rice (RYR) and M. alba leaves extract (MLE) alone or in combination for 24 h. RYR
(50 pg/mL) increased PCSK9 protein expression (Western blot analysis and ELISA), PCSK9 mRNA
(gPCR) and its promoter activity (luciferase reporter assay). BCE (40 ug/mL) reduced instead
PCSK9 expression, mRNA levels and promoter activity. MLE determined a concentration-
dependent reduction of PCSK9 at the mRNA and protein levels, with a maximal reduction at
1 mg/mL, without significant changes of PCSK9 promoter activity. MLE also downregulated the
expression of 3-hydroxy-3-methyl-3-glutaryl coenzyme A reductase and fatty acid synthase
mRNA levels. The combination of RYR, BCE and MLE reduced the PCSK9 mRNA and protein levels,
as well as the promoter activity. Finally, the single components and their combination induced
LDL receptor and LDL uptake by the hepatocytes.

Conclusion: The positive effect of MLE on PCSK9 supports the rationale of using the nutraceutical
combination of RYR, BCE and MLE to control hyperlipidemic conditions.
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Introduction

In recent years, nutritional approaches to control dyslipi-
demias have been developed [1,2] and some Guidelines for
the management of hyperlipidemias encourage the use of
nutraceuticals as alternatives [3] or in addition to lipid-
lowering drugs [4]. Several nutraceutical combinations
have shown significant lipid lowering effects and potential
positive impact on cardiovascular (CV) risk [5] including
the one containing red yeast rice (monacolin K 3.3 mg),
Berberis aristata cortex extract (Berberine 531.25 mg) and
Morus alba leaves extract (1-deoxynojirimycin 4 mg). The
clinical efficacy of this combination was evaluated in
subjects with mild hypercholesterolemia and not on statin
therapy [6].

PCSK9 plays a pivotal role on low-density lipoprotein
cholesterol (LDL-C) levels by regulating the degradation of
the LDL receptor (LDLR), although other physiological
functions beyond lipid metabolism have been reported
[7—12]. In addition, PCSK9 is regulated by different factors
implicated in cardiovascular diseases (CVD), e.g. including
a condition of insulin resistance [13—15]. The relevance of
PCSK9 as a pharmacological target to control hypercho-
lesterolemia and CVD has been demonstrated by the
positive results of the main cardiovascular outcome trials
with evolocumab [16] and alirocumab [17].

Statin therapy raises PCSK9 [18] by activating the sterol
responsive element binding protein (SREBP) transcrip-
tional activity [19,20] or inhibiting the small G protein
Rac1 [21]. Besides statins, many nutraceuticals modulate
PCSK9 expression [22], including berberine [23], curcumin
[24], moracin C [25], and lignans [26].

Since monacolin K, the key component of RYR, is
chemically indistinguishable from lovastatin, it is
conceivable to hypothesize an inducible effect on PCSK9.
Conversely, berberine does not influence SREBP pathway
but rather increases expression of LDLR by stabilizing its
mRNA [27]. Additional evidence suggests that berberine
inhibits the PCSK9 promoter activity by reducing HNF1e
and SREBP expression [23,28,29]. This effect counteracts
the induction of PCSK9 by statins [29], and for this reason
berberine may be considered useful in combination to
statins [23].

The major component of M. alba, i.e. 1-deoxynojir-
imycin (DN]J), shows an inhibitory activity on a-glycosidase
leading to a significant hypoglycemic and antiobesity ef-
fect [30,31]. Experimental evidence also indicates that
MLE reduces cholesterol levels and attenuate the pro-
gression of atherosclerotic lesions [32—34], although the
basic molecular mechanism has not been explored. The
dual role of M. alba extracts on lipid and glucose levels
support the rational of studying its effect on PCSK9.

Thus, the aim of the present study was to define the
effects of the active components of a novel nutraceutical
combination on genes involved in cholesterol homeostasis,
including PCSK9, and thus the molecular mechanisms
underlying its hypocholesterolemic effect.

Methods

For detailed descriptions of the Materials and methods,
please see Supplemental material.

Results
Effect of RYR, BCE and MLE on PCSK9 expression

In a first series of experiments, we compared the effect of
the three active components of the novel nutraceutical
combination on PCSK9 expression. HepG2 cells were
incubated for 24 h with non-cytotoxic concentrations of
RYR (50 pg/mL), MLE (1 mg/mL) or BCE (40 pg/mL)
(Supplemental Fig. 1A), and PCSK9 protein levels were
determined by Western blot analysis of total cell lysates.
As expected, RYR significantly induced both proPCSK9
(74 kDa; 3.1-fold) and the active form (62 kDa; 2.1-fold),
whereas BCE partially reduced their intracellular levels,
compared to untreated control cells (—34.7% proPCSK9
and —64.3% PCSK9 vs control, respectively) (Fig. 1A and B).
Simvastatin was used as the positive control. The water-
soluble extract of MLE acted similarly to BCE, leading to a
significant reduction of the intracellular levels of both
proPCSK9 and active form of PCSK9 (—17.1% proPCSK9 and
—59.3% PCSK9, respectively; Fig. 1A and B). Western blot
analysis from the Huh7 hepatic cell line showed similar
results with a significant reduction of PCSK9 expression by
BCE and MLE and increased levels in response to RYR
(Supplemental Fig. 2A and B). PCSK9 levels released in the
conditioned media were significant raised upon RYR
treatment (+9.8% + 1.2% vs control), whilst they were
reduced by BCE (-64.8% + 16.2% vs control) and MLE
(—43.8% + 23.6% vs control) treatments (Fig. 1C).

The quantification of the mRNA levels by real time
gPCR showed that RYR induced PCSK9 levels by
2.98 + 0.73-fold, while MLE and BCE significantly sup-
pressed its expression by 69.2% + 11.0% and by
93.7% + 3.9%, respectively (Fig. 1D). To demonstrate the
transcriptional inhibition of PCSK9 mRNA expression by
MLE, HepG2 cells were transfected with a luciferase
construct containing the 5’-flanking region of the PCSK9
gene from —1711 to —94 (pGL3-PCSK9-D1), relative to the
ATG starting codon [29]. RYR significantly increased the
luciferase activity (2.4 + 0.5-fold vs control) while BCE
determined an opposite effect (—63.0 + 11.8% vs control;
Fig. 1E). MLE did not affect the PCSK9 promoter activity,
thus indicating a different mechanism of action
compared to BCE. Similar results were observed when a
different plasmid was used, ie. the pGL3-PCSK9-D4
plasmid containing Sp1, SRE and HNF1a sites [29]. Upon
combined treatment with RYR and BCE, the luciferase
activity was increased by 1.6 & 0.08-fold and reduced by
63.6 + 16.3% vs control, respectively (Fig. 1F). These re-
sults provide new evidence on the inhibitory effect of
MLE on PCSK9 expression, without any interference with
its promoter activity.
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Figure 1 Effect of RYR, BCE and MLE on PCSK9 expression. A—D) HepG2 cells incubated with MEM/10%FCS in the presence or absence of RYR (40 ug/
mL), BCE (50 pg/mL), MLE (1 mg/mL), and simvastatin (40 uM). After 24 h, total protein extract and mRNA were prepared, and conditioned media
collected. A) PCSK9 protein expression was evaluated by Western blot analysis. p-actin was used as loading control. B) Densitometric readings were
evaluated using the ImagelLab™ software. C) PCSK9 levels in the conditioned media were evaluated by ELISA. D) mRNA levels of PCSK9 were
determined by quantitative real-time PCR. F and G) HepG2 cells were transfected with pGL3-PCSK9-D1 (E) or pGL3-PCSK9-D4 (F) and the effect of
RYR, BCE or MLE on PCSK9 promoter activity was evaluated by the luciferase assay. Data are given as the mean =+ S.D. of at least three independent
experiments. Differences between treatments were assessed by one-way ANOVA. B) a vs b **p < 0.01; a vs e *p < 0.05; b vs ¢ ***p < 0.001; b vs
d ***p < 0.001; fvs g **p < 0.01; fvs h **p < 0.01; fvs i **p < 0.01; fvs | **p < 0.01; gvs h ***p < 0.001; g vsi ***p < 0.001; C)avs b *p < 0.05; avsc
***p < 0.001;avsd **p < 0.01; bvs ¢ ***p < 0.001; bvs d ***p < 0.001; D) avs b **p < 0.001; avs c**p < 0.01; avs d *p < 0.05; b vs ¢ ***p < 0.001; b
vsd ***p < 0.001; E) avs b ***p < 0.001; a vs ¢ ***p < 0.001; b vs ¢ ***p < 0.001; b vs d ***p < 0.001; c vs d ***p < 0.001; F)avs b ***p < 0.001; avs ¢
**p < 0.01; bvs c ***p < 0.001; bvs d **p < 0.001; c vs d ***p < 0.001; Cnt: control; RYR: red yeast rice; BCE: Berberis aristata cortex extract; MLE:
Morus alba leaves extract; Simv.: simvastatin.

Effect of RYR, BCE, and MLE on mRNA levels of SREBP- To further investigate the effects of MLE on gene
regulated genes expression, we determined the protein expression of

SREBP2 and HNF1« from total cell lysates. RYR determined
As MLE reduces the expression of PCSK9 mRNA, we inves- a significant increase of both transcription factors (1.6- and

tigated its possible effect on additional genes regulated by 1.8-fold for SREBP2 and HNF1«, respectively), whereas BCE
the SREBP transcription factor, such as HMGCR, and FAS. determined a significant downregulation (—70% and 20%
This analysis revealed that MLE significantly reduces the for SREBP2 and HNF1e, respectively). Interestingly, MLE
expression of both FAS and HMGCR at a similar extent as determined a minor reduction of SREBP2 expression
BCE. On the contrary, RYR induced both transcripts in a (—40%) and no effect on HNF1« (Fig. 2D and E), suggesting
significant manner (Fig. 2A and B). In particular, the incu- that the inhibitory effects on PCSK9, HMGCR reductase and
bation of HepG2 cells with MLE significantly reduced FAS by MLE are due to a different mechanism of action.
HMGCR mRNA expression (—51.0 &+ 7.2% vs control), simi-

larly to BCE (—41.1% & 5.1% vs control); conversely, RYR led

to opposite results: +1.58 + 0.11-fold vs control. A similar Concentration-dependent effects of MLE on PCSK9 and
effect was observed on FAS mRNA expression (—37.2 £ 0.9%,  genes involved in cholesterol homeostasis

—30.0 + 0.7% and 1.25 + 0.04-fold vs control for MLE, BCE

and RYR, respectively). At the protein levels, both RYR, BCE To better define the effects of MLE on genes involved in
and MLE induced LDLR expression in HepG2 cells by 1.6, 1.7 lipid metabolism, a series of experiments were conducted
and 1.8-fold, respectively (Fig. 2C). These results were also with increasing concentrations of MLE (0.25, 0.5, and
confirmed in the Huh7 cell line (Fig. S2C). Overall, these 1.0 mg/mL). This analysis revealed a negative effect of MLE
findings indicate that MLE elicits an inhibitory effect on on PCSK9 mRNA on both HepG2 and Huh?7 cell lines, at any
additional genes, beyond PCSK9, that are both involved in concentration utilized (Fig. 3A and S2D). In addition, by
cholesterol metabolism and transcriptionally regulated by ELISA, we observed a significant reduction of extracellular
the SREBP pathway. concentrations of PCSK9 in HepG2 cell line (—42% at 1 mg/
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Figure 2 Effect of RYR, BCE and MLE on SREBP-regulated genes. A—E) HepG2 were incubated with MEM/10% FCS in the presence or absence of
simvastatin (40 uM), RYR (40 pg/mL), BCE (50 ug/mL), MLE (1 mg/mL). After 24 h total RNA and total protein extract were prepared. A and B) mRNA
levels of HMGCR and FAS mRNA were determined by qPCR. C—E) LDLR, SREBP2 and HNF1a protein expression were evaluated by Western blot
analysis from total protein extracts. f-actin was used as loading control. Densitometric readings were evaluated using the ImageLab™ software. Data
are given as the mean + S.D. of at least three independent experiments. Differences between treatments were assessed by Student’s t test, and one-
way ANOVA (when needed). A)avs b ***p < 0.001; avs c ***p < 0.001; avs d ***p < 0.01; avs e **p < 0.001; cvs d ***p < 0.001; cvs e ***p < 0.001; B)
avsb**p <0.001; avsc**p < 0.01;avsd ***p < 0.001; avs e ***p < 0.001; c vs d ***p < 0.001; c vs e ***p < 0.001. Cnt: control; RYR: red yeast rice;
BCE: Berberis aristata cortex extract; MLE: Morus alba leaves extract; Simv.: simvastatin.

mL; Fig. 3B). MLE significantly inhibited PCSK9 at any The inhibition of HMGCR mRNA expression was
concentration utilized, whereas no effect was observed on observed in a very similar range of concentrations as those
the PCSK9 promoter activity, as assessed by the luciferase utilized for PCSK9 (Fig. 3E), whereas only 1 mg/mL of MLE
assay (Fig. 3C). The incubation with the transcriptional reduced, although only marginally, the expression of LDLR
activity inhibitor, actinomycin D, showed that MLE did not ~ (—26.0 & 18.0% vs control; Fig. 3F) and FAS (-23.2 + 14.9%

alter the stability of PCSK9 mRNA (Fig. 3D). vs control; Fig. 3G).
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Figure 3 Concentration-dependent effect of MLE on PCSK9 and SREBP-related genes expression. HepG2 cells were incubated with MEM/10% FCS in
the presence or absence of increasing concentrations of MLE (0.25, 0.5 and 1 mg/mL). After 24 h total RNA was prepared, and conditioned media
collected. A) mRNA levels of PCSK9 were determined by quantitative real-time PCR. B) PCSK9 levels in the conditioned media were evaluated by
ELISA and values corrected for total proteins from cell monolayers. C) HepG2 cells were transfected with pGL3-PCSK9-D1 and the effect of RYR, BCE
or MLE on PCSK9 promoter activity was evaluated by the luciferase assay. D) HepG2 were incubated for the indicated times with MLE in the presence
or absence of actinomycin D (5 pg/mL) and PCSK9 mRNA levels were determined by qPCR. E—G) mRNA levels of HMIGCR, FAS, and LDLR mRNA were
determined by quantitative real-time PCR. Data are given as the mean 4 S.D. of at least three independent experiments. Differences between
treatments were assessed by Student’s t test, and one-way ANOVA (when necessary). *p < 0.05; **p < 0.01; ***p < 0.001. Cnt: control; MLE: Morus
alba leaves extract.
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The analytical determination of the major active com-
ponents in MLE, showed the presence of
0.299 4+ 0.002 mg/mL of DNJ, 18.0 + 0.5 pg/mL of quercetin
malonyl glucoside and 3-, 4-, 5-caffeoyl quinic acid (30.2,
26.2 and 39.7 pg/mL, respectively, Table 1).

Thus, the calculated final concentrations of DNJ and
quercetin in 1 mg/mL of MLE added to cultured media
were 18 umol/L and 0.32 pumol/L, respectively. We then
tested increasing concentrations of DNJ and quercetin on
PCSK9 expression in HepG2 cells. As shown in Fig. 4, both
DNJ and quercetin did not affect PCSK9 mRNA levels at
concentrations similar to those present in MLE. However,
DNJ slightly raised mRNA PCSK9 levels at 200 umol/L
concentration whereas quercetin reduced the expression
at concentrations above 6.3 pmol/L.

Effects of the combination of RYR, BCE and MLE on genes
involved in cholesterol homeostasis

Previous studies have shown that berberine counteracts
the effects of statins on PCSK9 expression [23,29]. For this
reason, we performed a series of experiments in order to
define the effect of the combination of RYR, MLE and BCE
on cholesterol homeostasis in HepG2 cells. The incubation
of HepG2 cells with RYR (40 pg/mL), BCE (50 pg/mL) and
MLE (1 mg/mL) did not shown any significant cytotoxic
effect, as assessed by the SRB assay (Fig. S1B).

The incubation with the three extracts resulted in a
significant reduction of intracellular and secreted forms of
PCSK9, as determined by Western blot analysis and ELISA,
respectively (Fig. 5A and C). In particular, the three com-
ponents reduced by 96.6% and 93.3% the levels of
proPCSK9 and PCSK9 respectively, and by 74.4 + 14.9% the
extracellular PCSK9 in the cultured media. The effect of
these components on intracellular PCSK9 levels were also
confirmed in Huh7 cells (Figs. S2E and F). A similar effect
was also observed at the transcriptional level, with lower
mRNA levels (—77.3 4 0.8% vs control) and PCSK9 promoter
activities of pGL3-PCSK9-D1 and pGL3-PCSK9-D4 plasmids
(-76.0 &+ 9.6% and —67.4 + 7.5% vs control, respectively;
Fig. 5D—F). Under the same experimental conditions,
treatments did not show any significant changes of -
Galactosidase activity after transfection with the pCMV-f§
vector, suggesting a specific effect on the PCSK9 promoter
and the lack of interference with protein expression
(Supplemental Fig. 3). These data suggest that BCE and
MLE actively counteract the induction of PCSK9 by RYR. We

Table 1 Concentrations of active components of MLE.

therefore investigated the effect of different active com-
ponents of the novel nutraceutical combination on PCSK9
promoter activity. As shown in Fig. 5G, MLE did not
interfere with the induction of the PCSK9 promoter activity
by RYR. However, the combination of three active com-
ponents reduced the PCSK9 promoter activity below basal
conditions. These data suggest that the addition of BCE and
MLE to a nutraceutical based on RYR could facilitate the
LDL-C reduction by interfering with PCSK9 expression.

In order to extend this evidence, we investigated, under
the same experimental conditions, the effect of active
components of the novel nutraceutical combination on
additional SREBP-regulated genes. As shown in Fig. 6, the
combination of RYR, BCE and MLE reduced both the
expression of HMGCR (—32.5 + 5.5% vs control) and FAS
(—30.0 & 3.4% vs control) mRNA. The Western blot analysis
showed a significant induction of the LDLR after incuba-
tion of HepG2 and Huh7 cells with RYR, BCE and MLE
combination (1.54 + 0.38 and 4.3 + 1.9-fold, respectively;
Fig. 6C and D, S2G and H). As expected, simvastatin
induced the LDIR (Fig. 6C and S2C). Since lipid lowering
effect has to rely on the induction of LDLR and uptake of
LDL-C, we determined the effects of RYR, BCE and MLE on
this parameter by incubating HepG2 cells for 24 h with
different combination of these active components fol-
lowed by 3 h incubation of fluorescently labeled LDL-DiO.
As expected, both RYR and BCE significantly improved the
capacity of HepG2 cells to capture LDL (2.7 £ 0.9 and
2.1 + 1.0-fold, respectively; Fig. 6E). MLE also increased, in
a concentration dependent manner, the uptake of LDL-C
reaching a maximal induction at concentration of 1 mg/
mL (2.4 + 0.5-fold; Fig. 6E). Importantly, MLE partially
improved the effects of both RYR and BCE on LDL uptake
and the final combination of the three active components
showed the maximal effect (4.3 + 1.2-fold increase). These
data support the use of this nutraceutical combination for
an effective lipid-lowering action.

Discussion

In the present study, we investigated the effects of active
constituents of a nutraceutical combination, i.e. RYR, BCE
and MLE, on PCSK9 expression and additional genes
regulated by the SREBP transcription factors (LDLR, HMGCR
and FAS ). In particular, the active components of this nu-
traceutical combination on cholesterol levels, such as RYR
containing monacolin K and berberine, reportedly reduce

Component Concentration in MLE MW (molecular Molar quantity in 1 mg/mL of
stock extract weight) MLE in cultured media

DN] 0.299 =+ 0.002 mg/mL 163.17 g/mol 18 pmol/L

Quercetin malonyl 18.0 & 0.5 pg/mL 550.42 g/mol 0.32 umol/L

glucoside

3-Caffeoyl quinic acid 30.2 + 0.5 pg/mL 354.31 g/mol 0.85 pmol/L

4-Caffeoyl quinic acid 26.2 + 0.5 pg/mL 354.31 g/mol 0.74 pmol/L

5-Caffeoyl quinic acid 39.7 + 0.5 pg/mL 354.31 g/mol 1.12 pmol/L
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Figure 4 Effect of DNJ and quercetin on PCSK9 mRNA expression in HepG2 cells. HepG2 cells were seeded in MEM/10% FCS and the day after
incubated with MEM/10%FCS in the presence or absence of simvastatin (40 uM) or indicated concentrations of DNJ (A) and quercetin (B). After 24 h,
total RNA was prepared and mRNA levels of PCSK9 were determined by quantitative real-time PCR. Differences between treatments were assessed
by Student’s t test. *p < 0.05 vs control. Simv.: simvastatin.

the transcription of PCSK9 [23,28], whereas the activity of =~ However, differently from berberine [29], MLE does not
MLE on this pivotal regulator of cholesterol homeostasis is significantly affect the promoter activity of PCSK9, as
still unclear. determined by using the pGL3-PCSK9-D1 and pGL3-

Our results demonstrate that the water-soluble extract PCSK9-D4 constructs, as well as the expression of both
of MLE significantly inhibited the expression of PCSK9, by SREBP2 and HNF1a. However, it is important to point out
reducing both mRNA and protein levels in hepatic cells. that MLE negatively regulated the expression of both
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Figure 5 Effect of the active components of a novel nutraceutical combination on PCSK9 expression. A—D) HepG2 were incubated with MEM/10%
FCS in the presence or absence of three active components simultaneously (RYR, 40 pg/mL; BCE, 50 ug/mL and MLE, 1 mg/mL) or simvastatin (40 uM).
After 24 h, total protein extract and RNA were prepared, and conditioned media collected. A) PCSK9 protein expression was evaluated by Western
blot analysis from total protein extracts. B-actin was used as loading control. B) Densitometric readings were evaluated using the ImageLab™
software. C) PCSK9 levels in the conditioned media were evaluated by ELISA and values corrected for total proteins from cell monolayers. D) mRNA
levels of PCSK9 were determined by quantitative real-time PCR. E and F) HepG2 cells were transfected with pGL3-PCSK9-D1 (E) or pGL3-PCSK9-D4
(F). The day after the transfection, cells were seeded in a 48-well tray and, after an additional 24 h, they were incubated with RYR, BCE and MLE. After
24 h, luciferase activities were determined by NeoLite reagent. G) Under the same experimental conditions of panel F, the effect of different
combinations of active components on PCSK9 promoter activity was determined. Data are given as the mean + S.D. of at least three independent
experiments. Differences between treatments were assessed by Student’s t test (panels B—F), and one-way ANOVA (panel G). G) avs b ***p < 0.001; a
vs e **p < 0.001; avs f *p < 0.05; avs g *p < 0.05; b vs ¢ ***p < 0001; b vs d ***p < 0.01; b vs f ***p < 0.001; b vs g ***p < 0.001; c vs e ***p < 0.001;
d vs e ***p < 0.001; e vs f ***p < 0.001; e vs g***p < 0.001. Cnt: control; RYR: red yeast rice; BCE: Berberis aristata cortex extract; MLE: Morus alba
leaves extract; Simv.: simvastatin.
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Figure 6 Effect of the active components of a novel nutraceutical combination on genes involved in cholesterol homeostasis and LDL uptake. HepG2
(A—D) cells were seeded in MEM/10% FCS and the day after incubated with MEM/10%FCS in the presence or absence of the three active components
simultaneously (RYR, 40 ug/mL; BCE, 50 pg/mL and MLE,1 mg/mL). After 24 h, total protein extract and RNA were prepared. A and B) mRNA levels of
HMGCR, and FAS mRNA were determined by quantitative real-time PCR. C) LDLR protein expression was evaluated by Western blot analysis from total
protein extracts. f-actin was used as loading control. D) Densitometric readings were evaluated using the ImageLab™ software. E) HepG2 cells were
seeded in MEM/10% FCS and the day after incubated with MEM/0.4% FCS in the presence or absence of different combination of active components.
After 24 h, HepG2 cells were incubated with 10 pg/mL of LDL-DiO and fluorescence intensity determined by flow cytometry analysis after 3 h in-
cubation. Data are given as the mean + S.D. of at least three independent experiments. Differences between treatments were assessed by Student’s t
test, and one-way ANOVA (panel E). *p < 0.05; **p < 0.01; ***p < 0.001 vs control; #p < 0.05 vs RYR/BCE/MLE. Cnt: control; RYR: red yeast rice; BCE:
Berberis aristata cortex extract; MLE: Morus alba leaves extract; Simv.: simvastatin.

HMGCR and FAS, two additional SREBP-regulated genes.
We also excluded an effect of MLE on PCSK9 mRNA sta-
bility, since the degradation of PCSK9 was similar in con-
trol and MLE treated cells in the presence of the
transcriptional inhibitor actinomycin D. These data suggest
that MLE may interfere with the SREBP pathway but at
the post-transcriptional levels. Similar results have been
observed with oncostatin M, a cytokine that effectively
suppresses the PCSK9 mRNA levels without affecting pro-
moter activity [35]. In addition, the suppressor of cytokine
signaling 3 (SOCS3) molecule has been shown to induce

PCSK9 without activating the PCSK9 promoter activity [36].
Thus, additional experiments need to be performed to
explore a possible effect of MLE on the mRNA stability of
PCSK9 or on epigenetic regulation of PCSK9 expression.
The relevant aspect that should be taken into account is
the concentration of the component/s with PCSK9 inhibi-
tory activity present in water soluble MLE. The analytical
determination of the major active components of MLE
showed that DN]J is the most abundant, being quercetin
malonyl glucoside and different isomers of caffeoyl quinic
acid in minor amounts. The effects of DN]J that elicit a
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significant increase of PCSK9 expression in HepG2 cells
occur at 200 umol/L; on the contrary, we observed a sig-
nificant reduction of PCSK9 mRNA after incubation with
quercetin, although this effect was statistically significant
at concentrations 20-fold higher than those detected in
MLE. At similar concentrations, quercetin-3-glucoside re-
duces the secretion of PCSK9 in Huh7 [37].

In a separate evaluation of the active components of
MLE, it has been recently reported that moracin C, present
in dried immature M. alba fruits, reduces both the mRNA
and protein of PCSK9 [25]. Moracin C was identified from a
chloroform soluble extract of M. alba fruits, whereas in our
study we utilized water soluble extracts of M. alba leaves.
Interestingly, the water-soluble extracts of M. alba fruits
did not show any activity on PCSK9 expression [25]. Thus,
although moracin C is present in M. alba leaves [38], it is
unlikely to be present in our water extract. Overall, these
results demonstrated a significant effect of MLE on PCSK9,
although the active component/s still need to be identified.

The final concentrations of water-soluble extracts of M.
alba leaves, i.e. 0.25 ~ 1 mg/mL, are lower than the pre-
viously tested 1 + 6 mg/mL of mulberry water extracts on
HepG2 cells [34] and 0.5 + 2 mg/mL of mulberry leaf
extract in cultured aortic vascular smooth muscle cells
[39]. We chose these concentrations since they were not
cytotoxic in HepG2 cells. These concentrations appear to
exceed those utilized for RYR and BCE and thus it is diffi-
cult to establish if the observed effect on PCSK9 on
HepG2 cells can be relevant for the clinical effects of this
novel combination. However, the reduction of PCSK9 was
observed at the concentration of 250 pg/mL, thus similar
to the 40 pg/mL of BCE or 50 ug/mL of RYR.

Regardless of the mechanism of action and active
components of M. alba responsible for the inhibited
expression of PCSK9, it is conceivable that MLE, together
with BCE, may effectively counteract the induction of
PCSK9 by monacolin K in RYR, ameliorating the final
hypocholesterolemic action of the nutraceutical combina-
tion. We further demonstrated that the combination of
MLE and BCE effectively counteracts the effect of RYR, by
blocking the PCSK9 expression at protein, mRNA and
promoter activity levels, together with a significant
reduction of HMGCR and FAS levels. The same combination
induces the LDLR and LDL-DiO uptake in HepG2 cells,
compared to control untreated cells.

In the present study, we thus demonstrated that the
combination of three active components can markedly
affect genes that regulate the cholesterol homeostasis,
with a significant reduction of PCSK9 and increased LDLR
and LDL uptake. In addition, we provided new evidence of
the contribution of water-soluble extracts of M. alba leaves
on the hypocholesterolemic effect of this nutraceutical by
reducing PCSK9 levels.

It remains obviously unclear by what mechanism these
active components can induce LDLR and LDL uptake; it
may be dependent upon a variation of the intracellular
pool of cholesterol, consequent either by a variation of
VLDL secretion by the cells or to the inhibition of choles-
terol synthesis. Further analyses will need to be performed

to address these points. The results of the present study
indicate that the inhibitory effect of MLE on PCSK9 may
contribute to the lipid-lowering action of this nutraceuti-
cal, supporting the rationale for the use of this combina-
tion in the management of hyperlipidemias [4,5].
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