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A B S T R A C T

Monacolin K (MK) is the principal active substance inMonascus-fermentation products (e.g. red yeast rice). MK is
effective in reducing cholesterol levels in humans and has been widely used as a lipid-lowering drug. The me-
chanism for this is through a high degree of competitive inhibition of the rate-limiting enzyme HMG-CoA re-
ductase (HMGR) in the cholesterol synthesis pathway. In addition to lowering blood lipid levels, MK also pre-
vents colon cancer, acute myeloid leukemia and neurological disorders such as Parkinson's disease and type I
neurofibromatosis. The aim of this manuscript is to comprehensively review the progress in the study of the
biological activity of MK and its imechanism of action in reducing blood lipid concentration, prevention of
cancer and its neuroprotective, anti-inflammatory and antibacterial properties. This review provides a reference
for future applications of MK in functional foods and medicine.

1. Introduction

Monacolin K (MK), also known as lovastatin, is the major active
component in red yeast rice (RYR) (Lin et al., 2008). Japanese Professor
Akira Endo first isolated an active substance capable of inhibiting
cholesterol synthesis from Monascus ruber, which was termed mon-
acolin K (Endo, 1979). MK is a transparent, white, needle-shaped
crystal under normal laboratory conditions, with low solubility in
water, but highly soluble in organic solvents such as methanol, ethanol,
acetone, chloroform and benzene. MK has the molecular formula
C24H36O5 with a molecular weight of 404.55. Under acidic conditions,
it adopts one of two forms, acidic or lactone. The acidic form plays a
role in reducing blood lipid concentration (Halpin et al., 1993).

RYR is recognized as a functional food, proven to be effective in
controlling hypercholesterolemia. The key active substance in RYR is
MK (Lin et al., 2008; Perez-Jimenez et al., 2018). Researchers from
around the world have conducted in-depth research on MK to in-
vestigate additional physiological properties that MK may have, such as
anti-cancer (Agarwal et al., 2002; Chen et al., 2015a,b; Klawitter et al.,
2010; Lin et al., 2006), neuroprotection (Divsalar et al., 2018;
Ghanizadeh et al., 2014; Lin et al., 2015), and anti-inflammatory and
antibacterial effects (Zhou et al., 2018).

This paper comprehensively reviews the research progress on RYR
and MK in terms of biological activity and mechanisms of action. We
review their anti-inflammatory and antibacterial properties and cap-
ability towards reducing blood lipid concentration, prevention of
cancer and neuroprotection. This review provides a reference for future
applications of RYR and MK in functional foods and medicine.

2. Reduction in blood lipids

2.1. Mechanism of action of MK in lowering blood lipid concentration

The mechanism by which MK lowers blood lipid concentration is
complex, acting through various components and different pathways in
human blood. The main lipid-lowering mechanism is through reducing
endogenous lipid synthesis, absorption of exogenous lipids and by
promoting their transport and excretion.

The principal components of blood lipids are triglycerides and
cholesterol. In the cholesterol synthesis pathway, acetyl-CoA (CoA)
synthesizes HMG-CoA, which in turn then synthesizes mevalonate
(MVA). Cholesterol is synthesized through a series of reactions. In this
reaction sequence, HMG-CoA reductase (HMGR) acts as the rate-lim-
iting enzyme. Because MK has a similar structure to HMGR, it operates
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through a high degree of competitive inhibition of HMGR, which can
effectively inhibit cholesterol synthesis in the blood, thereby reducing
blood lipid content (Endo, 1980; Istvan and Deisenhofer, 2001; Perez-
Jimenez et al., 2018).

Low-density lipoprotein (LDL) is also a key substance controlling
blood cholesterol concentration, its principal function being to trans-
port cholesterol in the circulation to peripheral tissues. LDL is mostly
degraded and transformed by LDL receptors. MK can increase LDL re-
ceptor production, thereby lowering LDL levels in the body, thus low-
ering the content of cholesterol in blood. Studies have confirmed that
RYR as a functional food is effective in reducing blood LDL con-
centration. The main active substance in RYR is MK. Compared with
purified lovastatin, MK in RYR extract has higher bioavailability, ren-
dering its cholesterol-lowering properties more effective (Poli et al.,
2018).

2.2. Hypolipidemic effects of MK

Hypercholesterolemia is a dangerous form of cardiovascular dis-
ease, for which statins are generally prescribed as the main therapeutic
drug. However, in some patients, statins can cause serious side effects
such as muscle pain. Ezetimibe is often used as adjunctive therapy to
statins but can also be used as a monotherapy for patients with statin
intolerance. Nevertheless, ezetimibe may cause elevated transaminases
within the liver (Stefanutti et al., 2017). Research has shown that when
RYR is used as a food supplement for patients with hypercholester-
olemia, it significantly reduces their symptoms (Anagnostis et al.,
2018).

Studies have confirmed the efficacy and tolerability of RYR in pa-
tients intolerant to conventional statins. Stefanutti et al. (2017) selected
55 patients with familial hypercholesterolemia who discontinued statin
use due to muscle pain. They received a cholesterol-lowering diet
containing 300mg of RYR (containing 10mgMK) daily. LDL choles-
terol levels in patients decreased significantly after 6 months of treat-
ment (17% for men, 16% for women; p < 0.005). After 12 months,
levels had decreased by 24% and 27% in men and women, respectively.
No patient experienced elevated levels of serum aminotransferase or C-
reactive protein.

Liu et al. (2006) conducted a meta-analysis to evaluate the efficacy
and safety of RYR preparations to achieve lipolyzation in primary hy-
perlipidemia. The study consisted of three randomized trials, using
9625 participants, in which three RYR formulations were tested. The
combined results demonstrated a significant decrease in levels of total
cholesterol, triglycerides and LDL in the serum of participants, and a
significant increase in high density lipoprotein cholesterol (HDL) con-
centrations. The results of this study indicate that RYR has a short-term
positive effect on lipolyzation.

Gerards et al. (2015) also performed a meta-analysis of 20 trials to
verify the safety and efficacy of RYR extract to lower LDL cholesterol.
Compared with a placebo, it was found that RYR extract could sig-
nificantly reduce LDL, as effective as treatment using statins. The study
therefore indicated that RYR may be a safe and effective option for
statin-intolerant patients in the treatment of dyslipidemia and in re-
ducing the risk of cardiovascular disease.

Researchers have collected clinical data from a large number of
patients with hypercholesterolemia, including some who have used
RYR as a therapy, for a follow-up survey. This highlighted that RYR can
lower blood cholesterol levels and can also serve as an alternative ac-
ceptable to patients intolerant of other drugs (Becker et al., 2010;
Stefanutti et al., 2017; Venero et al., 2010). Stefanutti et al. (2017)
demonstrated that RYR has good efficacy and safety in patients with
hypercholesterolemia who are intolerant to statins, while MK from RYR
is the key active ingredient providing therapeutic activity in patients
with moderate hypercholesterolemia.

3. Anti-cancer

Statins have potential utility as a therapeutic drug against cancer
(Abdullah et al., 2018; Aguirre-Vidal et al., 2015; Altwairgi, 2015).
Moon et al. (2019) demonstrated that in a mouse model of liver cancer
that have a p53 gene mutation, atorvastatin inhibited cholesterol
synthesis by suppressing the expression of genes involved in the me-
valonate pathway, significantly inhibiting tumor growth. A combina-
tion of statins and chemotherapeutic drugs can improve the efficacy of
chemotherapy. Statins can also be used directly as chemotherapeutic
drugs. Their positive effects in combination with other chemother-
apeutic drugs are principally due to their cytostatic (cytotoxic) prop-
erties towards cancer cells (Ahmadi et al., 2018).

Lovastatin, an important type of statin, has been shown to sig-
nificantly inhibit the growth of cancer cells and promote their apoptosis
(Agarwal et al., 2002; Chen et al., 2015a,b; Hong et al., 2008; Klawitter
et al., 2010; Laezza et al., 2008; Lin et al., 2006; Sanli et al., 2011;
Ukomadu and Dutta, 2003; Zhang et al., 2019) when used in the
treatment of many types of cancer, including colon (Agarwal et al.,
2002; Hong et al., 2008; Lin et al., 2006; Ukomadu and Dutta, 2003),
acute myeloid leukemia (Chen et al., 2015a,b), gastric (Zhang et al.,
2019), breast (Klawitter et al., 2010), lung (Sanli et al., 2011) and
thyroid cancers (Laezza et al., 2008).

3.1. Prevention and treatment of colon cancer

A growing number of reports suggests that statins (including lo-
vastatin) can inhibit colon cancer cell growth, thereby reducing the
incidence of colon cancer (Agarwal et al., 2002; Lin et al., 2006;
Ukomadu and Dutta, 2003).

Hong et al. (2008) compared RYR with purified MK in the inhibition
of colon cancer. Purified MK reduces the proliferation of HCT-116 and
HT-29 human colon cancer cells and induces apoptosis in cancer cells.
RYR inhibits HCT-116 tumor cell growth and increases cell apoptosis.
In this study, RYR was purified into two components: pigment-rich (P-
RYR) and MK-rich (M-RYR) fractions. M-RYR exhibited properties si-
milar to those of purified MK, while P-RYR acted in a similar manner to
that of the whole RYR extract.

3.2. Prevention and treatment of acute myeloid leukemia

Chen et al. (2015) demonstrated that MK was capable of inhibiting
the spread of acute myeloid leukemia (AML). The study demonstrated
that MK exhibited a significant inhibitory effect on the proliferation of
the U937 human AML cell line in a dose-dependent manner. The me-
chanism by which MK induces apoptosis in U937 cells appears related
to inhibition of the Ras/Raf/ERK and Ras/PI3K/Akt signaling pathways
and the down-regulation of HMGR and GLO1 gene expression by MK.

The mechanism of MK-induced apoptosis in HL-60 cancer cells was
studied by the same research team (Chen et al., 2015a). A large
quantity of cholesterol is required for cell membrane synthesis during
the rapid proliferation of cancer cells. The Ras gene is the most common
mutant oncogene in human cancer. Fig. 1 shows that MK, as an in-
hibitor of HMGR, inhibits the synthesis of farnesyl pyrophosphate (FPP)
in the cholesterol synthesis pathway, inhibits the isoprenylation of Ras,
reduces the concentration of Ras in cell membranes and consequently
results in the inactivation of the Akt and Erk genes, resulting in trans-
port of the NF-κB transcription factor from the cytoplasm to the cell
membrane. As a result, the expression levels of the glyoxalase 1 (GLO1)
gene decreased. Methylglyoxal (MG) is a by-product of glucose de-
composition, which is strongly cytotoxic, can prevent cell proliferation
and induce cell apoptosis. GLO1 is the key enzyme that protects cancer
cells from apoptosis by eliminating excessive MG. Therefore, decreased
expression of GLO1 will lead to the accumulation of MG in cancer cells,
resulting in cancer cell apoptosis (Chen et al., 2015a,b).
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3.3. Prevention and treatment of gastric cancer

Zhang et al. (2019) utilized WGCNA and CMap software to identify
two compounds that could potentially provide a positive therapeutic
effect in gastric cancer patients: valproic acid (VPA), a histone deace-
tylase (HDAC) inhibitor and lovastatin. In vitro experiments revealed
that VPA and lovastatin exhibit dose-dependent inhibition of the
growth of gastric cancer cells. HDAC2 is overexpressed in gastric cancer
cell lines and both VPA and lovastatin induce gastric cancer cell
apoptosis by inhibition of HDAC2 expression. The study highlighted
that lovastatin may show potential as a therapy for treatment of gastric
cancer.

4. Neuroprotection

In terms of neuroprotection, MK and other statins have demon-
strated significant efficacy in the prevention and treatment of neuro-
logical disorders such as Parkinson's disease (Lin et al., 2015), in im-
provement in memory (Lee et al., 2007), schizophrenia (Shen et al.,
2018), depression (Divsalar et al., 2018) and type I neurofibromatosis
(Acosta et al., 2011).

4.1. Prevention and treatment of Parkinson's disease

Lee et al. (2007) found that RYR was capable of improve memory
and reducing learning impairment in rats. Researchers have since stu-
died improvements in the symptoms of Parkinson's disease in humans
associated with the administration of RYR and MK.

Lin et al. (2015) studied the protective effects of six lovastatin de-
rivatives on nerve growth factor (NGF)-differentiated PC12 cells. The
results demonstrated that four of the six derivatives, termed 3a, 3d, 3e
and 3f, enhanced cell viability significantly. Compound 3f in particular
exhibited excellent neuroprotective properties and reduced the 6-
OHDA-induced apoptosis of PC12 cells. Furthermore, compound 3f also
reduced the activity of caspase (CASP) 3, CASP 8 and CASP 9, in a
concentration-dependent manner. Compound 3f was also able to in-
crease intracellular calcium concentration by increasing 6-OHDA ac-
tivity without inhibiting the production of reactive oxygen species. The
results of JC-1 staining demonstrated that compound 3f also stabilized

mitochondrial membrane potential. Therefore, compound 3f has po-
tential as a protective agent for nerve cells.

4.2. Prevention and treatment of schizophrenia

Shen et al. (2018) conducted a meta-analysis to demonstrate that
statins can be used as an adjuvant drug in schizophrenia. Statins can
improve both positive and negative schizophrenic symptoms. However
simvastatin is the sole statin associated with improvement in only ne-
gative symptoms. There is currently no evidence to show that lovastatin
has a significant positive effect in the treatment of schizophrenia.

Ghanizadeh et al. (2014) utilized a placebo-controlled trial to
evaluate the efficacy and safety of lovastatin as an adjuvant treatment
for patients with schizophrenia. However, this study did not demon-
strate that lovastatin significantly relieved schizophrenic symptoms.

The results of the studies described above do not confirm whether
MK has a significant effect in schizophrenia, or that it contributes to
improving schizophrenia as an adjuvant therapy. Therefore, the ther-
apeutic effect of MK in schizophrenia remains unclear.

4.3. Prevention and treatment of depression

Divsalar et al. (2018) studied the efficacy of RYR in 50 patients with
major depression. All patients had undergone coronary angioplasty and
were divided into placebo and treatment groups, comprising sertraline
plus placebo or RYR capsules containing MK. The primary outcome of
the trial approached significance with a significant time× treatment
interaction effect. This study was the first to report the use of RYR as a
treatment for depression.

Since lipophilic statins are more likely to cross the blood-brain
barrier and directly affect mood (Fong, 2014), Dave et al. (2018) sug-
gested that statins may increase the risk of depression. Statistical and
analytical results demonstrate however, that the use of lipophilic statins
(including lovastatin) has not been associated with a significant in-
crease in the risk of developing depression. Therefore, MK is unlikely to
increase the risk of depression, and may even have a positive ther-
apeutic effect.

Fig. 1. Overview of the mechanism of cancer cell apoptosis induced by MK (Chen et al., 2015a,b). MK down-regulates the expression of the HMGR and GLO1
genes by inhibition of Ras/Raf/ERK/NF-κB and Ras/PI3K/Akt/NF-κB pathways in cancer cells. G-6-P: glucose 6-phosphate; F1,6 BP: fructose 1,6-bisphosphate;
DHAP: dihydroxyacetone phosphate; FPP: farnesyl pyrophosphate; FPTase: farnesyl prenyl transferase; GLO 1: glyoxalase 1; GEF: guanine nucleotide exchange
factor; GAP: GTPase-activating protein.
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4.4. Prevention and treatment of type I neurofibromatosis

Type I neurofibromatosis is a common neurological disease that is
associated with the development of learning disabilities (Brewer et al.,
1997) and attention deficit disorders (Koth et al., 2000). In experiments
with mice, Li et al. (2005) found that treatment with lovastatin could
enhance spatial learning and reduce attention deficit. The study in-
dicated that lovastatin can treat type I neurofibromatosis. Guimarães
et al. (2015) also concluded that treatment with lovastatin had no ne-
gative effects on cognition or memory, such cognitive capabilities
shown to improve in rats after treatment with lovastatin and α-toco-
pherol.

The most common neurological complication of neurofibromatosis
in children is cognitive dysfunction (North et al., 2002). Based on the
mouse experiments described above, Acosta et al. (2011) administered
lovastatin to 24 children with type I neurofibromatosis, the results
showing that their speech and non-verbal memory improved.

These two studies demonstrated that lovastatin causes a clear im-
provement in type I neurofibromatosis and its associated cognitive
dysfunction, but specific efficacy and methods of clinical use require
further study.

5. Anti-inflammatory and antibacterial effects

Song et al. (2003) discovered that lovastatin and fluconazole have
synergistic effects on the inhibition of planktonic Candida albicans cells
in vitro and can affect gene expression in the ergosterol and prenylation
pathways.

Zhou et al. (2018) demonstrated that a combination of lovastatin
and itraconazole is an effective synergistic therapy against planktonic
C. albicans cells and biofilms, even in itraconazole-resistant strains.
Strains with dysregulated ERG11 and ERG3 genes are resistant to
itraconazole, but sensitive to lovastatin monotherapy. The results of
this study indicate that the drug combination is effective in overcoming
resistant fungal pathogens.

The results of the studies above indicate that lovastatin has a clear
antibacterial effect against C. albicans when used in combination with
other antibacterial agents. Lovastatin alone has also demonstrated an-
tibacterial activity in specific circumstances, but whether it has a
broader antibacterial action and suppress other strains requires further
study.

6. Conclusions and outlook

Over recent years, researchers have conducted in-depth research on
the hypolipidemic effects of MK, widely recognized as a lipid-lowering
drug. The proportion of hyperlipidemia patients with statin intolerance
is high and MK can achieve comparable or even greater lipid-lowering
effects than statins. MK is therefore a suitable adjuvant therapy or a
potential substitute for statins and has thus gained increased attention.

In addition, many reports have highlighted the positive effect that
MK has in the treatment of cancer and neurological diseases. However,
due to its lipid-lowering properties, the focus on MK's ability to prevent
and treat cancer and neurological diseases is rather low. Most studies
have not progressed beyond the stage of in vitro or animal testing,
lacking in-depth research in clinical settings. In the future, compre-
hensive studies of the mechanism of action of MK and its efficacy in
treating diseases such as hyperlipidemia, cancer, neurological disorders
and inflammation, will significantly promote further application of MK
in functional foods and medicine.
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