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ABSTRACT: Monacolin K has long been considered a major effective component in the hypolipidemic functions of Monascus.
Monacolin K also serves as a well-known hypolipidemic medication, but its side effect myopathy is a concern. Monascin and
ankaflavin, the yellow pigments produced by Monascus species, have been proven to possess hypolipidemic functions; however,
no studies have compared the hypolipidemic effects of monascin, ankaflavin, and monacolin K under the same dosages. In this
study, the equal dosages of monascin, ankaflavin, and monacolin K were oral administrated to hamsters fed a high cholesterol diet
for 6 weeks. Comparison of the displayed hypolipidemic and anti-atherosclerosis effects was performed, in addition to an
investigation into the inducement of side effect. The results indicated that monascin and ankaflavin were similar to monacolin K
in significantly reducing total cholesterol (TC), triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C) levels in
serum and lipid plaque (p < 0.05) in the heart aorta. In addition, ankaflavin achieved the effects of serum TC and TG reduction,
with no significant difference as compared to those effects of monacolin K (p > 0.05). However, as compared to monacolin K,
ankaflavin possessed more significant effects on the prevention of fatty liver and lipid plaque accumulation in heart aorta. More
importantly, monascin significantly enhanced high-density lipoprotein cholesterol (HDL-C) concentrations, while monacolin K
displayed the opposite effect. Regarding the side effect, monacolin K also raised elevated creatinine phosphokinase (CPK)
activity, which was highly correlated with rhabdomyolysis development, while monascin and ankaflavin did not induce such a side
effect. In conclusion, MS and AK had the potential to be developed as hypolipidemic agents without rhabdomyolysis

development.
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B INTRODUCTION

Monascus-fermented product has long been thought to possess
both medicinal and edible purposes. In the past, the usage of
Monascus species focused mainly on pigment production and
traditional food development. However, in recent years, studies
on Monascus species have focused more on the prevention of
cardiovascular diseases. Monascus-fermented products such as
red mold rice (RMR) have been proven to significantly reduce
total cholesterol (TC), triglycerides (TG), and low-density
lipoprotein cholesterol (LDL-C) concentrations in serum, in
addition to raising apolipoprotein A (apo A), and reducing
apolipoprotein (apo B) expressions.l’2 Our previous studies
have indicated that red mold dioscorea (RMD) displays
tremendous capabilities for reducing TC, TG, and LDL-C in
high cholesterol hamster models, and also significantly
enhances high-density lipoprotein cholesterol (HDL-C) levels.®
Such studies indicate that Monascus-fermented products possess
significant hypolipidemic and anti-atherosclerosis effects. In the
past, such hypolipidemic functions were considered to be
contributed from monacolin K (lovastatin), as it is a HMG-

(CoQ10) level reduction.’~” Therefore, the safety of Monascus-
fermented product with high monacolin K concentration is also
a concern. Moreover, even though monacolin K reduces TC,
TG, and LDL-C levels in serum, it also significantly reduces
HDL-C levels.*”

However, recent studies have successively discovered that
other metabolites of Monascus species also possess hypolipi-
demic functions. Our previous studies were the first to discover
the hypolipidemic and anti-atherosclerosis functions of
monascin and ankaflavin; these studies also discovered that
monascin and ankaflavin significantly enhanced HDL-C levels,
while imposing no damage on the liver or kidneys.> Monascin
and ankaflavin also inhibited preadipocyte differentiation and
stimulated the lipolysis of mature adipocytes.'® Monascin has
been shown to protect the liver from chemical damage via the
anti-inflammatory effect.'’ Previous studies indicated that
monascin significant inhibits peroxynitrite (ONOO~; PN),
and ultraviolet light B (UVB) induced skin carcinogenesis.'>
These studies have shown that monascin and ankaflavin possess
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Table 1. Effect of Equal Dosage of Monascin, Ankaflavin, and Monacolin K on the Levels of TC, TG, HDL-C, and LDL-C and
the LDL-C/HDL-C Ratio in Serum of Hyperlipidemic Hamsters Fed a High-Cholesterol Diet”

group TC (mg/dL) TG (mg/dL)
NOR 1024 + 108 a 163.4 + 30.7 ab
HC 2324 + 256 d 268.6 + 85.5 ¢
MK 143.5 + 129b 1414 + 282 a
MS 1753 + 178 ¢ 202.3 + 504 b
AK 154.5 + 166 b 181.6 + 36.6 ab

HDL-C (mg/dL)

LDL-C(mg/dL) LDL-C/HDL-C ratio

63.0+43a 190+ 16a 026 + 0.03 a

93.6 + 17.2 be 796 £92d 0.70 + 0.08 d

847 £49b 49.5 £ 5.5 be 0.58 + 0.10 ¢
123.8 £209d 564 + 13.1 ¢ 0.53 + 0.11 be
103.1 + 10.1 ¢ 445+ 12.5b 047 + 0.07 b

“Two groups of the hamsters were fed a normal diet (NOR group) or a high cholesterol diet (HC group) without the administration of test
materials, respectively. The other hyperlipidemic hamsters were administrated with monacolin K (0.624 mg/kg/day) (MK group), monascin (0.624
mg/kg/day) (MS group), and ankaflavin (0.624 mg/kg/day) (AK group). Data are presented as means + SD (n = 8). Mean values with different
letters are significantly different (p < 0.05). The statistical significance in the biochemical effects was determined by ANOVA with Duncan’s multiple

test.

hypolipidemic, anti-atherosclerosis, antioxidative, and anti-
inflammatory characteristics, which render them as substances
that can potentially prevent cardiovascular diseases.>'%™'*

Our previous studies have shown that in hyperlipidemic
hamsters, RMD displayed better hypolipidemic and anti-
atherosclerosis effects than RMR, as RMD consisted of other
hypolipidemic components aside from monacolin K."> Studies
have shown that yellow pigments monascin and ankaflavin in
RMBD were higher than those in RMR; these not only possessed
hypoli?idemic functions, but could also increase HDL-C
levels.”"® These studies indicated that RMD including 2892
mg/kg monacolin K, 9822 mg/kg monascin, and 1428 mg/kg
ankaflavin displayed better hypolipidemic and HDL-C-elevating
effects in our previous study. > However, there is no study to
discuss the comparison of hypolipidemic effects among
monascin, ankaflavin, and monacolin K at the same dosage.
This evidence may be useful to understand the potential of
monascin and ankaflavin as innovative hypolipidemic com-
pounds or medicines. In this study, the hamsters were fed with
a high cholesterol diet and orally given monacolin K, monascin,
and ankaflavin (0.624 mg/kg of BW/day), to compare the
hypolipidemic and anti-atherosclerosis effect of these three
compounds.

B MATERIALS AND METHODS

Chemicals. Monascin and ankaflavin (99.9% purity) were provided
from SunWay Biotechnology Co, (Taipei, Taiwan, ROC). Monacolin
K (mevanolin, 99.9% purity), thiobarbituric acid (TBA), and
malondialdehyde (MDA) were purchased from Sigma Chemical Co.
(St. Louis, MO). LC grade chloroform, methanol, and dimethyl
sulfoxide (DMSO) were purchased from Merck Co. (Darmstadt,
Germany).

Animals and Diets. Forty male Golden Syrian hamsters weighing
90—110 g were housed in individual plastics cages and subjected to a
12 h light/dark cycle with a maintained relative humidity of 60% and a
temperature at 25 °C. The animals were given free access to regular
rodent chow and water for 2 weeks to adapt to the new environment.
Hamsters were weighed and randomly assigned to five groups of eight
animals each before the commencement of the animal experiment.

Dose and Grouping. The dose of monacolin K powder was
calculated in accordance with Boyd’s formula of body surface area as
recommended by Boyd."* This study used 5.784 mg of monacolin K as
the reference dose of an adult with a weight of 65 kg and a height of
170 cm to calculate the hamster dose according to our previous
study.'® After the prebreeding stage for 2 weeks, all test samples were
respectively suspended in 1 mL of water and orally administered to the
hamsters using a stomach tube for 6 weeks. Food intake was recorded
daily, and animals were weighed weekly.

Experimental diets were provided in accordance with AIN-76 diet
formulation with modification.'® The control group was fed a normal
diet via AIN-76 formulation, and the HC group was given a high-
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cholesterol diet including 0.2% cholesterol."”> The MK (monacolin K
feeding group), MS (monascin feeding group), and AK (ankaflavin
feeding group) groups were fed the high-cholesterol diet and orally
given monacolin K, monascin, and ankaflavin (0.624 mg/kg of BW/
day), respectively.

Twenty-four hours before sacrifice, all food was removed. Animals
were anesthetized and sacrificed by carbon dioxide inhalation, and
whole blood, plasma, and serum samples were collected, prepared, and
then stored at —80 °C. Liver tissue was lavaged and rinsed frequently
with 0.8% sodium chloride solution for eliminating any blood. The
biggest leaf of liver tissue was ground in ice-cold phosphate-buffered
saline (PBS) and then centrifuged (8000 X g, 1S5 min). The
supernatant was collected and stored at —80 °C for the assay of
thiobarbituric acid reactive substances (TBARS). Part of the liver
tissue was immersed in 10% formalin stock and then examined for
pathology using H&E staining. The other liver tissue was immersed in
liquid nitrogen and then stored at —80 °C.

Serum, Liver, and Fecal Lipid Analysis. Serum TC, TG, and
HDL-C levels were measured in triplicate using commercial enzymatic
kits. These kits were as follows: the TC assay kit (CH 200, Randox
Laboratories Ltd., Antrim, U.K.), the TG assay kit (TR-210, Randox
Laboratories Ltd.), and the HDL-C assay kit (CH-203, Randox
Laboratories Ltd.). Serum LDL-C levels were gained via the following
calculation: LDL-C (mg/dL) = TC — TG/S — HDL-C. Liver tissue
and feces (0.5 g) were ground in 10 mL of ice-cold Folch solution
(chloroform/methanol = 2:1; v/v) and incubated for 30 min at room
temperature.16 The aqueous layer was aspirated and discarded, and the
fixed volume of the organic layer was then evaporated to dryness. The
dried lipid layer was dissolved with an equal volume of DMSO and
then used to determine the TC and TG levels using commercial
enzymatic kits (Randox Laboratories Ltd.).

Determination of Creatine Phosphokinase (CPK) Content.
Blood samples (0.5 mL) were collected for measurement of CPK.
Blood samples were immediately centrifuged at 3000 X g for 10 min.
The serum was decanted and stored at 4 °C within 1 h after collection
for biochemical analysis. Serum levels of CPK were determined with
an autoanalyzer (COBAS C111, Roche Diagnostics, Basel, Switzer-
land) to obtain biochemical data."”

Determination of TBARS Content. The TBARS assay is also
regarded as the accepted determination for in vivo lipid peroxida-
tion.'"™" According to the procedure of the previous study, the
TBARS levels of serum and liver were determined by the method of
thiobarbituric acid (TBA) colorimetric analysis, and the optical density
(OD) value was measured at 532 nm.*°

Stain of Aortic Plaque in Heart Aorta. The heart aorta was cut
open longitudinally along the anterior side, and the lipid-rich lesions
on the surface of the aorta were stained with 2% Sudan IV and then
successively washed with a gradient concentration of methanol (100%,
909%, 80%, 70%, 60%) and PBS. The whole surface area of the thoracic
aorta was stained by Sudan IV and photographed using a digital
camera. The aortic surface area and its stained plaque area (red) were
selected and quantitated by the Posterize program of Photoshop 7.0
software (Adobe Systems Inc., San Jose, CA). The selected pixel of the
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Table 2. Effect of Equal Dosage of Monascin, Ankaflavin, and Monacolin K on the Levels of TC and TG in Liver and Feces of

Hyperlipidemic Hamsters Fed a High-Cholesterol Diet”

feces

liver
group TC levels (mg/g) TG levels (mg/g)
NOR 1.28 + 0.04 a 216 £ 0.17 a
HC 4.50 + 034 d 4.63 + 0.60 ¢
MK 2.05 + 0.08 b 296 +£ 048 b
MS 3.04 £ 031 ¢ 224+ 024 a
AK 224 + 040 b 267 £035b

TC levels (mg/g) TG levels (mg/g)

1.17 £ 009 b 0.88 + 0.04 b
1.92 + 0.00 ¢ 1.25 £ 0.04 c
0.89 + 0.13 ab 0.94 + 0.04 b
1.01 =022 b 0.50 £ 0.04 a
0.67 £ 0.09 a 0.53 + 0.00 a

“Two groups of the hamsters were fed a normal diet (NOR group) or a high cholesterol diet (HC group) without the administration of test
materials, respectively. The other hyperlipidemic hamsters were administrated with monacolin K (0.624 mg/kg/day) (MK group), monascin (0.624
mg/kg/day) (MS group), and ankaflavin (0.624 mg/kg/day) (AK group). Data are presented as means + SD (n = 8). Mean values with different
letters are significantly different (p < 0.05). The statistical significance in the biochemical effects was determined by ANOVA with Duncan’s multiple

test.

plaque area and whole aorta was used to calculate the percent area of
the aortic plaque as follows:"

aortic plaque (%) = pixel of stained plaque area

/pixel of whole aorta X 100%

Plasma Liver Index Analysis. Plasma aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels were measured in
triplicate using commercial enzymatic kits. The kits were as follow:
AST assay kit (Part MP2-113, Johnson and Johnson, New Brunswick,
NJ), ALT assay kit (Part MP2-36, Johnson and Johnson).

Histological Analysis. Liver tissue sections were cut at a thickness
of 7 ym and mounted on silanized slides (Dako Japan, Tokyo, Japan).
The sections were stained with hematoxylin—eosin (HE) to observe
the histological features of the livers.”*

Statistics. Data are expressed as the mean + SD. The statistical
significance in the biochemical effects was determined by one-way
analysis of variance (ANOVA) with Duncan’s multiple test.

B RESULTS

Total Cholesterol and Triglyceride in Serum. This study
applied equal dosages of monascin, ankaflavin, and monacolin
K as test substances in the treatment of hyperlipidemic
hamsters, and subsequently compared the hypolipidemic and
anti-atherosclerosis effects of these three compounds.’ The
comparison of serum TC and TG levels is shown in Table 1.
The results of this study showed that MS, AK, and MK all
exhibited significant effects in decreasing TC and TG levels, as
compared to the HC group (p < 0.05). The groups treated with
MS, AK, and MK displayed significantly lower TC than the HC
group (24.6% (p < 0.05), 33.5% (p < 0.05), and 39.3% (p <
0.05), respectively). As for TG, the MS, AK, and MK groups
also exhibited significantly lower results than the HC group
(24.7% (p < 0.0S), 32.4% (p < 0.05), and 47.4% (p < 0.05),
respectively). Monacolin K displayed better effects in reducing
TC and TG levels than monascin; however, the results of
comparison between monacolin K and ankaflavin did not
achieve a significant difference (p > 0.05).

HDL-C, LDL-C, and LDL-C/HDL-C Ratios in Serum.
LDL-C is the primary substance in causing cardiovascular
diseases such as atherosclerosis. The results (as shown in Table
1) indicated that, as compared to the HC group, groups given
identical dosages of MS, AK, and MK all significantly reduced
LDL-C levels by 29.1% (p < 0.05), 44.1% (p < 0.05), and 37.8%
(p < 0.05), respectively. Ankaflavin exhibited higher LDL-C-
lowering effects than monacolin K, but without significant
difference (p > 0.05). As compared to the HC group, MS and
AK enhanced HDL-C levels by 32.3% (p < 0.05) and 10.1% (p
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> 0.05), respectively; on the contrary, MK treatment led to
HDL-C reduction by 9.5%.

The LDL-C/HDL-C ratio is another critical indicator in
hypolipidemic function assessment. A lower ratio indicates
higher HDL-C levels in TC and naturally lower levels of LDL-
C, which induces cardiovascular disease. The results in Table 1
indicate that after 6 weeks of a high cholesterol diet in the HC
group, the LDL-C/HDL-C ratio was significantly increased as
compared to the NOR group (p < 0.05). As for the groups
treated with MS, AK, and MK, the LDL-C/HDL-C ratio was
reduced, respectively, by 24.3% (p < 0.05), 32.9% (p < 0.05),
and 17.1% (p < 0.05) as compared to the HC group. In
conclusion, ankaflavin displayed the strongest effect in reducing
the LDL-C/HDL-C ratio. The results indicated that monascin
and ankaflavin possess higher suitability as functional
compounds in cardiovascular disease prevention and anti-
atherosclerosis.

Total Cholesterol and Triglycerides in Liver and
Feces. As shown in Table 2, TC and TG levels in the HC
group were significantly higher than those in the NOR group (p
< 0.05), while in the groups treated with equal dosages of MS,
AK, and MK, TC and TG levels were significantly reduced (p <
0.05). For TC in the liver, monacolin K displayed stronger
reduction effects than monascin (p < 0.05); however, when
compared to ankaflavin, no significant differences were
observed (p > 0.05). As for liver TG, monascin displayed the
strongest reducing effects, followed by ankaflavin and
monacolin K. These results indicated that monascin, ankaflavin,
and monacolin K all successfully reduced lipid levels in the
liver.

TC levels reduction may be the result of cholesterol
biosynthesis inhibition or cholesterol excretion enhancement.
However, monacolin K is proven as the inhibitor of HMG-CoA
reductase in the cholesterol biosynthesis. * As shown in Table
2, monascin, ankaflavin, and monacolin K all reduced TC
excretion in feces. Their similar results indicated that monascin
and ankaflavin possibly reduced TC in serum by inhibiting
cholesterol biosynthesis, rather than by regulating TC excretion
in feces.

Lipid Peroxidation in Serum. MDA levels often serve as
indicators of lipid peroxidation in the body. When MDA levels
are excessive, the LDL in the blood is converted into oxidized
LDL through lipid peroxidation. This oxidized LDL is highly
correlated with the occurrence of atherosclerosis.”> As shown in
Figure 1, MDA levels in the HC group were significantly higher
than in the NOR group (p < 0.05), indicating that feeding a
high cholesterol diet stimulated an increase in MDA levels. As
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Figure 1. Effect of equal dosage of monascin, ankaflavin, and
monacolin K on lipid peroxidation in serum of hyperlipidemic
hamsters fed a high-cholesterol diet. Two groups of the hamsters were
fed a normal diet (NOR group) or a high cholesterol diet (HC group)
without the administration of test materials, respectively. The other
hyperlipidemic hamsters were administrated with monacolin K (0.624
mg/kg/day) (MK group), monascin (0.624 mg/kg/day) (MS group),
and ankaflavin (0.624 mg/kg/day) (AK group). Data are presented as
means = SD (n = 8). Mean values with different letters are
significantly different (p < 0.0S). The statistical significance in the
biochemical effects was determined by ANOVA with Duncan’s
multiple test.

compared to the HC group, the groups treated with equal
dosages of MS, AK, and MK displayed significantly lower MDA
levels (22.1% (p < 0.05), 26.7% (p < 0.05), and 20.6% (p <
0.05), respectively). Ankaflavin exhibited the strongest effects in
MDA reduction, followed by monascin and monacolin K.

Lipid Plaque in Heart Aorta. Lipid plaque accumulation is
known to be correlated with the occurrence of atherosclerosis.
The results for the lipid plaque accumulation of each group are
shown in Figure 2. As compared to the NOR group, the HC
group displayed larger amounts of plaque accumulation in the
heart aorta. In contrast, the MS, AK, and MK groups displayed
significantly lower plaque accumulation levels than the HC
group (p < 0.05): reductions of 82.7% (p < 0.05), 89.7% (p <
0.05), and 57.5% (p < 0.0S), respectively. The lipid plaque
reduction in the MS and AK groups was significantly higher
than in the MK group (p < 0.05); among these, the AK group
exhibited stronger effects than the MS group, but did not
achieve a level of significance (p > 0.05). This indicated that the
monascin and ankaflavin displayed higher effectiveness in
inhibiting atherosclerosis-related lipid plaque accumulation
than the monacolin K.

Liver Function Test and Pathological Examination.
ALT and AST activities in serum are considered the indicators
of liver function. In this study, they were applied to assess the
protective effects of monascin, ankaflavin, and monacolin K
against fatty liver damage induced by a high cholesterol diet. As
shown in Table 3, as a result of a high cholesterol diet, ALT and
AST activity in the HC group was significantly higher than that
in the NOR group (p < 0.05). However, ALT and AST
activities in the MS, AK, and MK groups were significantly
lower than those in the HC group (p < 0.05): 41.2% and 45.0%
lower in the MS group; 65.7% and 57.2% lower in the AK
group; and 60.1% and 40.8% lower in the MK group,
respectively. These results indicate that monascin, ankaflavin,
and monacolin K all successfully reduced ALT and AST
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activity, and displayed liver-protecting effects by decreasing liver
damage induced by a high cholesterol diet. Among the three,
ankaflavin displayed the strongest protective effects.

The results of the liver pathological examination are shown
in Figure 3. The HC group, fed with a high-cholesterol diet,
displayed vacuolar characteristics around the nucleus, in
addition to a more complete cytoplasm condition than the
NOR group. In the HC group, the cytoplasm in the liver was
occupied by lipids, leading to the formation of vacuoles known
as lipid vacuoles. The liver biopsy results indicated that an
extremely fatty liver was observed in the HC group, due to the
considerably large amounts of lipid vacuoles present in the liver.
However, in the MS, AK, and MK groups, which were also fed
with high cholesterol diets, the quantities of lipid vacuoles in
the liver were significantly lower than in the HC group. These
results indicate that monascin, ankaflavin, and monacolin K
significantly prevented lipid accumulation in the liver and,
consequently, the chance of fatty liver development. Among
these three, ankaflavin displayed the strongest effects.

Creatinine Phosphokinase Activity in Serum. Excessive
CPK activity in serum leads to muscle weakness or pain, even
rhabdomyolysis.n_25 As shown in Figure 4, the results
indicated that CPK activity in the HC group did not display
a significant difference as compared to the NOR group (p >
0.05). This indicated that a high cholesterol diet did not result
in an increase in CPK activity. Previous studies have shown that
long-term high monacolin K (lovastatin) dosages lead to
rhabdomyolysis.”® In this study, the MK group displayed
significantly higher CPK activity as compared to the HC group
(p < 0.05), indicating that monacolin K may significantly lead
to the development of rhabdomyolysis. However, the MS and
AK groups did not display any significant difference in CPK
activity when compared to the HC group (p > 0.05). Monascin,
ankaflavin, and monacolin K are all effective hypolipidemic
substances, with the difference being that monacolin K
increases CPK activity, while monascin and ankaflavin do not.

B DISCUSSION

This study compared the hypolipidemic and anti-atheroscle-
rosis effects of equal dosages of monascin, ankaflavin, and
monacolin K. Monascin and ankaflavin are proven to have
effective hypolipidemic, anti-inflammation, and antitumor
components,3’10’ ¢ while monacolin K is an HMGR inhibitor,
proven to effectively reduce TC in serum and the liver.** Our
previous study focused on the contribution of MK, MS, and AK
in the hypolipidemic effect of RMD, but their hypolipidemic
effects cannot be compared among each other due to the
different dosage use. Therefore, this study is designed to
compare the hypolipidemic effect of MS, AK, with that of MK
under the same dosage. This information is useful to evaluate
the potential of MS and AK to develop as hypolipidemic agents
or medicines in the future.

From the combined results, this study investigates whether
monascin and ankaflavin possess stronger hypolipidemic effects
than monacolin K, and whether they exert side effects similar to
those of monacolin K. Among monascin, ankaflavin, and
monacolin K, monascin displayed the strongest effects in
elevating serum HDL-C levels. However, in reducing LDL-C
levels, AST and ALT activity, lipid plaque levels in aorta,
antilipid peroxidation, and cholesterol accumulation in liver,
ankaflavin displayed the strongest results. The cholesterol
inhibitor monacolin K displayed better effects in TC and TG
levels reduction, but did not achieve a significant difference
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Figure 2. Effect of equal dosage of monascin, ankaflavin, and monacolin K on the atherosclerotic plaque in the heart aorta of hyperlipidemic
hamsters: (A) atherosclerotic plaque presented as the red dye in the graph; (B) proportion of the area of the atherosclerotic plaque in the aorta. Two
groups of the hamsters were fed a normal diet (NOR group) or a high cholesterol diet (HC group) without the administration of test materials,
respectively. The other hyperlipidemic hamsters were administrated with monacolin K (0.624 mg/kg/day) (MK group), monascin (0.624 mg/kg/
day) (MS group), and ankaflavin (0.624 mg/kg/day) (AK group). Data are presented as means + SD (n = 8). Mean values with different letters are
significantly different (p < 0.05). The statistical significance in the biochemical effects was determined by ANOVA with Duncan’s multiple test.

when compared to ankaflavin (p > 0.05). Monascin displayed
reduction effects similar to those of monacolin K. In addition to
TC levels reduction, monacolin K also resulted in HDL-C
levels reduction; on the contrary, monascin caused an elevation
in HDL-C levels, as did ankaflavin. Although monascin induced
the highest HDL-C levels, the MS group displayed higher TC
levels than the AK group. Because HDL-C is a component of
TC, TC levels increase with HDL-C levels. As the MS group
exhibited higher TC levels in serum and liver, TC excretion in
feces was also the highest in the MS group. Previous studies
have shown that under a daily monascin dosage of 5.30 mg/kg
and an ankaflavin dosage of 0.77 mg/kg, they performed no
significant difference in TC reduction with each other.® These
results indicate that 6 times more monascin is required to
achieve effects similar to those of ankaflavin in TC reduction.
However, this study discovered that ankaflavin possessed the
strongest effects in reducing LDL-C levels, AST and ALT
activity, lipid plaque levels in aorta, antilipid peroxidation, and
cholesterol accumulation in liver in the three substances. Thus,
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ankaflavin possessed the most effective hypolipidemic and anti-
atherosclerosis functions.

The effects of monascin and ankaflavin are likely correlated
with the regulating mechanisms of lipid metabolism. In general,
an increase in the TC results from a combination of food intake
and cholesterol biosynthesis pathway; conversely, a decrease in
the TC is a result of enhanced cholesterol excretion or inhibited
cholesterol biosynthesis. The results of this study indicate that
monascin and ankaflavin lead to reduced TC in feces, similar to
the effects of monacolin K. Monacolin K is a typical
competitive inhibitor, which inhibits HMGR activity in the
TC biosynthesis pathway, resulting in TC reduction.* There-
fore, reduction in TC levels in the serum, the liver, and feces is
a result of inhibited TC biosynthesis, rather than enhanced TC
excretion. Study results indicate that monascin and ankaflavin
regulated lipid metabolism by reducing TC levels in serum,
liver, and feces.

Under the same effective dosages, although monascin and
ankaflavin displayed hypolipidemic mechanisms similar to those
of monacolin K, these mechanisms were still different in nature.
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Table 3. Effect of Equal Dosage of Monascin, Ankaflavin,
and Monacolin K on the Activities of Aspartate
Aminotransferase (AST) and Alanine Transferase (ALT) in
Serum of Hyperlipidemic Hamsters Fed a High-Cholesterol
Diet”®

group AST activity (U/L) ALT activity (U/L)
NOR 48.6 + 6.5 a 619 + 82 a
HC 120.5 + 524 b 209.5 + 388 ¢
MK 713 £83a 835+ 150a
MS 66.3 +£238a 123.1 £ 285 b
AK 51.6 + 10.7 a 719 + 238 a

“Two groups of the hamsters were fed a normal diet (NOR group) or
a high cholesterol diet (HC group) without the administration of test
materials, respectively. The other hyperlipidemic hamsters were
administrated with monacolin K (0.624 mg/kg/day) (MK group),
monascin (0.624 mg/kg/day) (MS group), and ankaflavin (0.624 mg/
kg/day) (AK group). Data are presented as means + SD (n = 8).
Mean values with different letters are significantly different (p < 0.05).
The statistical significance in the biochemical effects was determined
by ANOVA with Duncan’s multiple test.

Importantly, monascin and ankaflavin resulted in increased
HDL-C levels, whereas monacolin K did not. HDL-C is
considered beneficial to atherosclerosis prevention, as it
facilitates cholesterol transport from peripheral tissues to the
liver. HDL prevents macrophages from forming foam cells, and
also possesses atherosclerosis functions, as it is capable of
reverse cholesterol transport (RCT), in other words, trans-
porting excessive cholesterol from peripheral tissues to the liver
for excretion.”’ Moreover, HDL possesses antioxidant, anti-
inflammatory, antithrombotic, and antiapoptotic effects.”®™>
Previous studies have indicated that chitosan, young
persimmon, gallic acid, linoleic acid, and an aqueous extract
of the Withania coagulans fruit significantly reduce TC levels in
mice fed a high fat diet, but meanwhile cause a reduction in
HDL-C levels. *' The results of this study indicate that
monascin and ankaflavin significantly reduced TC levels;
moreover, monascin significantly enhanced HDL-C levels,
while ankaflavin also facilitated an HDL-C level increase.
Monacolin K displayed fairly good effects in TC reduction, but
had the undesired effect of causing a reduction in HDL-C
levels.

However, the regulation of lipid metabolism is complex. The
hypolipidemic and HDL-C raising mechanism of monascin and
ankaflavin is currently unclear, but we try to discuss the possible
regulation for lipid metabolism. Our previous studies proved
that monascin and ankaflavin were able to inhibit PPARy
expression during the differentiation of preadipocyte involved
in the obesity development.'® Furthermore, ankaflavin was also
proven as the PPARy agonist to lower blood glucose and
increase insulin sensibility.”> Therefore, the two compounds are
possible regulators of PPARs. PPARs family is highly associated
with the regulation of lipid metabolism, adipogenesis, and
diabetes control. PPARy is related to the regulation of blood
glucose, insulin resistance, adipogenesis, and anti-inflammation
in adipose, muscle, and vessel wall.**> The anti-adipoensis and
anti-inflammation of monascin and ankaflavin may contribute
to the antiobesity effect and anti-atherosclerosis. Furthermore,
PPARa is proven to mediate lipid metabolism involving the
decrease of TG levels, increase of HDL-C levels, and fatty acid
oxidation in liver, muscle, and vessel wall. PPARa agonist such
as fibrates exhibited the ability to decrease TG and increase
HDL-C levels.*® However, it is unclear whether monascin and
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Figure 3. Pathological examination of liver of experimental hamsters in
the 100X power field (A) and 400X power field (B). The liver sections
were stained using H&E and observed in the light microscope. Two
groups of the hamsters were fed a normal diet (NOR group) or a high
cholesterol diet (HC group) without the administration of test
materials, respectively. The other hyperlipidemic hamsters were
administrated with monacolin K (0.624 mg/kg/day) (MK group),
monascin (0.624 mg/kg/day) (MS group), and ankaflavin (0.624 mg/
kg/day) (AK group).

ankaflavin decreased blood lipid and raised HDL-C levels via
the regulation of PPARa. Detailed evidence remains to be
discovered in the future.

Oxidative stress is regarded as the key risk factor for the
development of atherosclerosis. Lipid peroxidation caused the
ox-LDL formation and stimulated the deposition of ligid
plaque, resulting in the occurrence of atherosclerosis.'”"’
Therefore, antioxidative ability is able to reverse the develop-
ment of atherosclerosis. The results of this study have proven
that monascin and ankaflavin expressed a significant effect in
reducing high cholesterol diet-induced MDA levels and lipid
plaque. However, these protections are probably contributed
from the antioxidative ability of monascin and ankaflavin,
because they were proven as the antioxidative and anti-
inflammatory compounds.'*** Both monascin and ankaflavin
are similar in structure, with ankaflavin possessing 2 additional
carbon and 4 additional hydrogen atoms; the hydrogen atoms
possibly contribute to the antioxidant ability of monascin and
ankaflavin.
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Figure 4. Effect of equal dosage of monascin, ankaflavin, and
monacolin K on the activities of creatine phosphokinase (CPK) in
serum of hyperlipidemic hamsters fed a high-cholesterol diet. Two
groups of the hamsters were fed a normal diet (NOR group) or a high
cholesterol diet (HC group) without the administration of test
materials, respectively. The other hyperlipidemic hamsters were
administrated with monacolin K (0.624 mg/kg/day) (MK group),
monascin (0.624 mg/kg/day) (MS group), and ankaflavin (0.624 mg/
kg/day) (AK group). Data are presented as means + SD (n = 8).
Mean values with different letters are significantly different (p < 0.0S).
The statistical significance in the biochemical effects was determined
by ANOVA with Duncan’s multiple test.

Studies have shown that a long-term high monacolin K
dosage may lead to various side effects, including rhabdomyol-
ysis and CoQ10 level reduction, while no studies have shown
monascin and ankaflavin to possess similar side effects.”~” The
results also indicate that monacolin K leads to a CPK increase,
while monascin and ankaflavin do not exhibit such side effects.
Monacolin K (lovastatin) is a competitive inhibitor of HMGR,
thus inhibiting the synthesis of mevalonate, and in turn
inhibiting cholesterol biosynthesis and preventing the synthesis
of geranylgeranylated pyrophosphate (GGpp) downstream
products, including CoQ10. CoQI10 is an important cofactor
in the mitochondrial electron transport system. Insufficient
CoQI0 can affect oxidative phosphorylation and synthesis of
adenosine triphosphate (ATP) in mitochondria, resulting in
mitochondrial ATP deficiency.** Insufficient mitochondrial
ATP in turn decreases muscle aerobic capacity and causes
muscle fatigue.”** CoQI10 deficiency therefore possibly
damages muscle energy metabolism and aggravates myopathy
progression.”* Muscle damage causes CPK to release into the
blood, which results in muscle weakness or pain, and even in
rhabdomyolysis.”*>°

In our previous study, high concentration of monascin and
low concentration of ankaflavin were found to contribute the
hypolipidemic effect of RMD, but the result cannot be used to
evaluate their hypolipidemic ability, as well as the potential for
the medicine development. However, hypolipidemic ability is
important for the development of a hypolipidemic medicine,
which affects the cost, dosage, and acceptance of patient, etc. In
this study, ankaflavin was found to express higher TC, TG, and
LDL-C-lowering effect than monascin under the same dosage,
but a higher HDL-C-raising effect was performed by monascin
than by ankaflavin. Therefore, ankaflavin was suggested as a
hypolipidemic agent, and monascin was potential to raise HDL-
C levels according to this comparison study. Furthermore,
monascin and ankaflavin do not cause a myopathy side effect.
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We hope this comparison study is useful to the mechanism
study and development of hypolipidemic agents in the future.
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