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Isoflavones and phytosterols contained in Xuezhikang
capsules modulate cholesterol homeostasis in high-fat
diet mice
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Aim: Xuezhikang (XZK), an extract of red yeast rice, has been widely used in traditional Chinese medicine to treat cardiovascular
disease. Three fractions F1, F2 and F3 (primarily containing isoflavones, monacolins or phytosterols, respectively) are extracted from
Xuezhikang capsules. In this study we evaluated the lipid-lowering effects of these fractions and explored the potential mechanisms of
actions.

Methods: Mice treated with a high-fat diet (HFD) were orally administered lovastatin (10 mgkg™d™), XZK (1200 mgkg*d™), F1 (27.5
mgkgld™), F2 (11.3 mgkg™d™) or F3 (35 mgkg™d™) for 10 weeks. Lipids were measured using commercial enzymatic kits, and the
mRNA and protein levels of genes involved in cholesterol and bile acid homeostasis were evaluated using qRT-PCR and Western blot
analysis, respectively.

Results: XZK increased the fecal excretion of lipids and bile acids, reduced serum TC, TG and LDL-C levels by 40%, 55% and 46%,
respectively, and increased serum HDL-C by 31%. Administration of F1 repressed serum TC and TG by 24% and 52%, respectively,
and elevated hepatic synthesis of CYP7AL. It also increased hepatic elimination of bile acids in the fecal excretions by 79% through
upregulating BSEP and downregulating NTCP. Administration of F3 decreased serum TC, TG and LDL-C levels by 33%, 29% and

39%, respectively, and increased serum HDL-C by 28%, significantly reduced intestinal absorption of cholesterol by inhibiting the
transcription of NPC1L1, and elevated excretion of TC, FC and CE by 96%, 72% and 101%, respectively. Administration of F2 showed
pharmacological effects similar to those of lovastatin.

Conclusion: Isoflavones and phytosterols in XZK exert cholesterol-lowering effects in HFD mice through mechanisms that differ from
those of lovastatin. Isoflavones and phytosterols act in a complimentary manner: through enhancing the elimination of bile acids and
reducing intestinal cholesterol absorption, respectively.
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Introduction are seen as the key factors that regulate the serum lipid profile.
Despite efforts to fight cardiovascular disease (CVD), it Several types of cholesterol-lowering medications, including
remains the leading cause of morbidity and mortality in China statins, are available on the market and are taken alone or
and abroad. Hyperlipidemia is considered to be the major in combination with other medications. However, reported
contributing factor to CVD" 2 Diet, exercise and medication increases in the clinical side effects of these medications have
made further investigations into complementary or alternative
% therapies necessary. The use of functional foods, for example,
To whom correspondence should be addressed. has attracted a great deal of interest as a possible alternative
E-mail guangjiwang@hotmail.com (Guang-ji WANG);
jiyea@cpu.edu.cn (Ji-ve AA) therapy for lowering plasma cholesterol.
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using a specific strain of red yeast called Monascus purpureus,
has been used as a food supplement to improve blood circula-
tion and decrease levels of serum cholesterol®. Monacolin K,
also known as lovastatin, is the conserved, active component
of RYR™™! In addition to Monacolin K, RYR also contains
other monacolins and pigments, unsaturated fatty acids,
plant sterols, amino acids, isoflavones, alkaloids and trace ele-
ments!"7. Interestingly, RYR, which contains approximately
2-7.5 mg of lovastatin, lowers cholesterol with an efficacy
equivalent to 20 mg of administered lovastatin” "**'l. This data
suggests that other components in RYR may exert an additive
and/or synergistic pharmacological effect in combination with
lovastatin!”.

Xuezhikang, an extract of red yeast rice, has been widely
used in traditional Chinese medicine as a functional food
to treat patients with cardiovascular disease for more than
two thousand years. Today, Xuezhikang is recommended
for the treatment of dyslipidemia™ *!. Clinical benefits of
Xuezhikang use have also been documented in coronary
heart disease (CHD) patients who received medication com-
bined with Xuezhikang to treat dyslipidemia in randomized
controlled trials® *!. Clinical trials have also shown that
Xuezhikang has anti-inflammatory activity® and improves
endothelial function”.

The majority of cholesterol in the body is synthesized in
the liver. The molecule HMG-CoAR is known to carry out
the rate-limiting step for this catalysis reaction”. Intestinal
absorption of exogenous cholesterol, mediated by NPC1L1,
may be another source®™. When the cholesterol level in an
organism becomes too high, excess cholesterol is actively taken
up into the liver by SR-BI***, a receptor for HDL. Cholesterol
is then converted into bile acid in the liver by CYP7A1F"2,
Together, BSEPP* * and NTCPP> *! mediate the biliary excre-
tion and reabsorption of bile acids.

Although there have been several studies reporting on the
efficacy and mechanisms of RYR, few have provided infor-
mation regarding whether other components in RYR might
have additive pharmacological effects. In addition, the spe-
cific mechanisms engaged by RYR to lower cholesterol, either
through an influence on cholesterol or bile acid homeostasis,
remains unclear, as does the contribution of other compo-
nents involved in such mechanisms. To address this question,
Xuezhikang was examined in the present study. Three frac-
tions enriched in isoflavones, monacolins or phytosterols were
isolated according to their different polarities. A hypercholes-
terolemic mouse model was then used to explore their hypo-
lipidemic activity and potential mechanisms of action.

Materials and methods
Extraction of XZK
XZK powder was provided by WBL Peking University Bio-
tech Co, Beijing, China. Crude XZK powder (100.0 g) was
extracted twice with 95% ethanol (1000 mL each). After reflux,
the pooled solution was filtered and concentrated to give a
primary extract weight of 6.7 g.

The primary extract was dissolved in 25% ethanol (30 times

volume) to form the sample solution. Wet, pretreated resin
(bed volume (BV) 1600 mL) was packed in the glass column.
The adsorption process was conducted by loading the sample
solution onto the resin overnight. The adsorbate-laden col-
umn was then eluted with an ethanol-water gradient solution
at a flow rate of 25 mL/90 s. The gradient elution was carried
out as follows: first, the adsorbate-laden column was washed
with distilled water (5 BV) and eluted with ethanol-water of
different ratios (30/70, 50/50, 70/30, 90/10, 95/5, v/v) and
with different volumes (6, 8, 8, 8, 8 BV), successively. After
identification by HPLC (Shimadzu, Kyoto, Japan), three frac-
tions containing isoflavones (F1), monacolins (F2) and sterols
(E3) were obtained, with a yield of 34%, 14% and 44 %, respec-
tively, relative to the primary extract.

Diets

Diets were purchased from TROPHIC Animal Feed High-
tech Co, Ltd, Nantong, China. The control diet (Control) was
prepared by mixing the following ingredients (g/kg diet):
casein, 140; corn starch, 465.69; maltodextrin, 155; sucrose, 100;
soybean oil, 40; cellulose, 59; mineral mix, 35; vitamin mix, 10;
L-cystine, 1.8; choline bitartrate, 2.5; and TBHQ, 0.008. The
high fat diet (HFD) was as follows (g/kg diet): casein, 198.21;
maltodextrin, 219.99; sucrose, 90.63; soybean oil, 34.04; lard,
306.37; cellulose, 70.79; mineral mix, 49.55; vitamin mix, 14.16;
L-cystine, 2.55; choline bitartrate, 3.54; TBHQ, 0.068; and cho-
lesterol, 10.

Animals and experiments

Six-week-old specific-pathogen-free (SPF) male C57BL/6 mice
were purchased from the Animal Center of Nanjing Medical
University. Research on animals was approved by the Ani-
mal Experimental Ethical Committee of China Pharmaceuti-
cal University. All mice were housed at 25°C in a 12-h light-
dark cycle. Mice were fed a control diet for 1 week before
the experiment. Fifty-six (18+1 g) male mice were randomly
divided into seven groups (n=8): control group (Control),
high-fat diet group (HFD), HFD+lovastatin (Lv, 10 mg/kg),
HFD+XZK (1200 mg/kg, equivalent to 10 mg/kg of lovas-
tatin), HFD+Fraction 1 (F1, 27.5 mg/kg), HFD+Fraction 2 (F2,
11.3 mg/kg), and HFD+Fraction 3 (F3, 35.0 mg/kg). Mice were
treated according to their group assignment for the following
10 weeks. Mice were provided feed and tap water ad libitum.
Food intake was measured and body weight was recorded
once per week.

Food was removed 12 h before the end of the experiment.
Mice were then sacrificed, and serum/tissue samples were
collected. Blood was obtained from the retinal vein and was
centrifuged at 5000%g for 10 min at 4 °C after coagulation.
Serum was collected for determination of lipids and lipopro-
teins. The liver and intestine were immediately removed,
rinsed with saline solution, weighed and stored in liquid
nitrogen until used to measure lipids, or for assays for gene
or protein expression. One part of the liver was carefully
removed, rinsed several times with saline solution to elimi-
nate any blood, and subsequently immersed in 10% formalin
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stock solution for histological analysis. Fecal pellets were col-
lected during the last week immediately prior to the end of the
experiment and stored at -80 °C until analysis.

Determination of lipids in serum, liver and feces

Serum lipid levels were determined using commercial
enzymatic kits (Biosino Bio-Technology & Science Inc, Bei-
jing, China) for markers including total cholesterol (TC),
triglyceride (TG), high-density lipoprotein cholesterol (HDL-C)
and low-density lipoprotein cholesterol (LDL-C). TC, free
cholesterol (FC) and cholesterol ester (CE) concentrations in
liver and fecal samples were determined using commercial
kits (Applygen Technologies Inc, Beijing, China).

Determination of bile acid pool in liver and feces, fecal bile acids
composition

To measure bile acid pool size, total bile acids were extracted
from liver and feces and quantified using a commercial assay
kit (Jiancheng Bioengineering Institute, Nanjing, China).

To determine the bile acid composition in fecal pellets,
samples were extracted and measured with an LC-MS/MS
API4000 and an Agilent ZORBAX SB-Aq column (2.1x150
mm, 3.5 pm), as has been previously described™”..

Histology of the liver

Liver tissue was collected to investigate changes in histology.
After fixation in 10% formalin, tissue was embedded in paraf-
fin and a small section was subjected to hematoxylin and eosin
(H&E) staining. For hepatic lipid staining, frozen liver tissues
were cryosectioned, briefly fixed in 10% formalin, and stained
with Oil Red O.

Real-time PCR analyses

Total RNA was extracted from liver using a TRIzol plus RNA
purification kit (Invitrogen, Life Technologies, USA) according
to the manufacturer's instruction. First strand cDNA was syn-
thesized from RNA using a PrimeScript™ 1st Strand cDNA
Synthesis Kit (TaKaRa Bio Inc, Japan). mRNA levels were
determined by quantitative reverse transcription (qQRT)-PCR
using SYBR Premix Ex Taq™ (TaKaRa Bio Inc, Japan) in
a Bio-Rad real-time PCR machine. Initial denaturation at
95°C for 5 min was followed with 40 cycles of 94°C for 15 s,
60°C for 15 s, and 68 °C for 30 s. The sequences of the primers
used for this study are shown in Table S1. Results were nor-
malized to GAPDH expression.

Western blot analysis

Total proteins from the liver and ileum were extracted accord-
ing to a previously described method™. Membrane and
cytoplasm proteins were electrophoresed by 8% SDS-PAGE
and then transferred to a 0.22 pm polyvinylidene difluoride
membrane. After blocking in 5% (w/v) nonfat milk, mem-
branes were incubated with anti-SR-BI antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-HMG-CoAR anti-
body (Upstate USA, Lake Placid, NY, USA), anti-CYP7A1
(Santa Cruz Biotechnology), anti-CYP27A1 or anti-GAPDH

Acta Pharmacologica Sinica

antibody (Santa Cruz Biotechnology, Santa Cruz, USA) over-
night at 4°C. After a wash step, blots were incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG for 1 h
at room temperature. After washing in TBS-T, signals were
detected using an ECL enhanced chemiluminescence agent
(Millipore Corporation, USA). Densitometry was quantified
using BioRad Quantity One software. The SR-BI, CYP7A1 and
CYP27A1 abundance values were normalized to GAPDH.

Statistical analysis

Data were expressed as the meantstandard deviation (SD).
Statistical significance of differences was evaluated using Stu-
dent’s t-test and significance was set at P<0.05.

Results

Body weight and food intake

The body weight and food intake (Table S2) of mice in the
HFD group were significantly higher than those of the Control
group (P<0.05). Lv had no effect on body weight and food
intake of mice compared to the HFD group.

XZK repressed the HFD-induced elevation of body weight
(P<0.01) without affecting food intake compared with HFD
group (P>0.05).

F1 and F3 showed similar effects to the HFD+XZK group.

F2 had no effect on body weight and food intake compared
with the HFD group.

Effects of XZK on serum lipids and atherogenic indices
Significant increases were observed in the HFD group in
serum TC (by 84%) and LDL-C (by 95%), compared to the
Control group (P<0.05, Figure 1). There was a slight, but
not significant, increase in serum HDL-C and TG in the HFD
group (P>0.05). The ratio of LDL to HDL-C was clearly
increased by 1.9-fold and the HDL-C to TC ratio was signifi-
cantly decreased (P<0.01) in the HFD group compared to the
Control group (Table S3).

Lv strongly reduced serum TG and HDL-C levels by 25% and
33%, respectively, and modestly reduced serum TC and LDL-C
levels by 22% and 19%, respectively, compared to the HFD group
(Figure 1). As expected, the LDL-C/HDL-C ratio was signifi-
cantly improved following exposure to Lv (P<0.05, Table S3).

XZK strongly inhibited the increase in TC, TG, LDL-C
levels induced by HFD by 40%, 55% and 46%, respectively,
compared to the HFD-only group (Figure 1). XZK also sig-
nificantly increased serum levels of HDL-C by 31%. XZK dra-
matically lowered the LDL-C/HDL-C and TG/HDL-C ratios
(P<0.05, Table S3) and increased the HDL-C/TC ratio (P<0.01).

F1 significantly repressed TC and TG levels by 24% and 52%,
respectively, in comparison to the HFD group (Figure 1). F1
also lowered the LDL-C/HDL-C and TG/HDL-C ratios (P<0.05,
Table S3).

Effects on serum levels of TC, LDL-C, TG and HDL-C in the
HFD+F2 group were similar to those observed in the HFD+Lv
group.

F3 not only significantly decreased serum levels of TC,
TG and LDL-C by 33%, 29% and 39%, respectively; it also
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Figure 1. Quantification of serum cholesterol (total, LDL, HDL) and triglyceride in high fat diet-treated C57BL/6 male mice after oral administration of
lovastatin (Lv) 10 mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for 10
weeks, respectively. Mean+SD. n=8. °P<0.01 vs Control; °P<0.05, fP<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat diet.

increased serum HDL-C levels by 28% (Figure 1) and sig-
nificantly lowered the LDL-C/HDL-C and TG/HDL-C
ratios (P<0.05, Table S3). An increased HDL-C/TC ratio was
observed in the HFD+F3 groups (P<0.01).

Hepatic lipids and histopathology
The HFD treatment resulted in significant liver weight
gain (P<0.01, Table S2) and greater lipid accumulation
compared with the Control group (Figure 2). HFD signifi-
cantly increased serum levels of hepatic TC, FC and CE by
116%, 83% and 167 %, respectively, compared to the Control
group (Figure 3A).

Compared with the HFD group, the Lv group exhibited
significantly decreased liver weight (P<0.01, Table S2). Lipid

H&E

Oil Red O

Control HFD+Lv

HFD+XZK

accumulation was improved slightly in livers from HFD+LV
mice (Figure 2). Lv caused a remarkable decrease in TC
hepatic levels (by 38%) and a slight reduction in FC and CE
hepatic levels (Figure 3A).

XZK repressed the HFD-induced increase in liver weight
(P<0.01, Table S2). Livers collected from the HFD+XZK group
appeared normal (Figure 2). XZK significantly reduced HFD-
induced increases in TC, FC and CE serum levels by 50%,
42% and 58%, respectively (Figure 3A). XZK also lowered the
accumulation of total bile acid in the liver by 47% compared to
the HFD group (Figure 4A).

F1 also lowered liver weight (P<0.01, Table S2) and lipid
accumulation (Figure 2) compared to the HFD group. HFD+F1
decreased the hepatic bile acid pool by 46% (Figure 4A).

HFD+F1 HFD+F2 HFD+F3

Figure 2. H&E staining and Oil Red O staining of liver sections from high fat diet-treated C57BL/6 male mice after oral administration of lovastatin
(Lv) 10 mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for 10 weeks,

respectively (200x).
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Lipid accumulation was decreased in the HFD+F2 group
compared to the HFD group (Figure 2). F2 affected hepatic
lipids and the bile acid pool in a manner similar to Lv (Figure
3A and 4A).

F3 decreased liver weight (P<0.01, Table S2) and lipid
accumulation (Figure 2) compared to the HFD group. HFD-
induced elevated TC, FC and CE levels were lowered by 53 %,
43% and 63 %, respectively, in the HFD+E3 group (Figure 3A).

Excretion of lipids and BA into feces
HFD significantly elevated the fecal excretion of TC and FC

by 37% and 61%, respectively, compared to the Control group
(Figure 3B). The fecal bile acid pool increased 1.1-fold in the
HFD group (Figure 4B). The HFD group showed increases in
all types of bile acid excretion in feces compared to the Control
group (Figure S1).

Mice receiving Lv displayed an increased excretion of total
bile acids in feces of 30% compared with the HFD group (Fig-
ure 4B).

The fecal excretion of TC, FC and CE (Figure 3B) were sig-
nificantly increased by 207%, 175% and 183%, respectively, in
the HFD+XZK group. XZK also increased the fecal excretion
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Figure 3. Hepatic and fecal lipid concentrations in high fat diet-treated C57BL/6 male mice after oral administration of lovastatin (Lv) 10 mg/kg,
Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for 10 weeks, respectively. (A)
Hepatic lipids; (B) Fecal lipids. Mean+SD. n=8. "P<0.05, °P<0.01 vs Control; °P<0.05, 'P<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat

diet.

(mmol/kg) p=2

Liver_TBA

B
20-
i fi
%’ 154 T
(=]
= e
£
=z 10-
o
'_\
[}
ot
i

: \W x‘fi

Figure 4. Hepatic and fecal total bile acid (TBA) concentrations in high fat diet-treated C57BL/6 male mice after oral administration of lovastatin (Lv) 10
mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for 10 weeks, respectively.
Mean+SD. n=8. °P<0.01 vs Control; °*P<0.05, ‘P<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat diet.
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of total bile acids by 71% compared to the HFD group (Figure
4B). Exposure to XZK resulted in a remarkable increase in
fecal excretion of all types of bile acids compared to the HFD
group (Figure S1).

Mice receiving F1 displayed an increase in excretion of total
bile acids into the feces of 79% (Figure 4B). Administration of
F1 lead to increased fecal excretion of all types of bile acids,
compared to the HFD group (Figure S1). F2 had an effect
similar to that observed in the HFD+Lv group on changes in
fecal lipids. F3 increased TC, FC and CE excretion into feces
by 96%, 72%, and 101%, respectively (Figure 3B).

Transcriptional and translational regulation of the enzymes
involved in homeostasis of cholesterol and bile acids
Up-regulated hepatic ABCG5 and ABCG8 (P<0.05) and down-
regulated intestinal NPC1L1 (Figure 5, P<0.05) were observed
in the HFD group, compared to the Control group. HFD did
not affect the hepatic mRNA levels of CYP7A1 and CYP27A1
(P>0.05), but it robustly increased BSEP (P<0.01) and intestinal
OSTa (P<0.05). Compared to the HFD group, HMG-CoAR
and intestinal OSTa/ [ were significantly down-regulated in
the Lv group (Figure 6, P<0.01).

HMG-CoAR was significantly down-regulated and hepatic
SR-BI was markedly up-regulated in the XZK group com-
pared to the HFD group (Figure 5, P<0.01). Protein levels
followed a similar trend (Figure 7). HFD+XZK markedly
suppressed intestinal NPC1 and up-regulated hepatic LDL-R

(P<0.05). The mRNA levels of hepatic FXRa, NTCP and intes-
tinal OSTa/P were lower, while those of hepatic CYP7A1,
CYP27A1 and BSEP were higher, in the HFD+XZK group (Fig-
ure 6, P<0.05).

SR-BI and CYP7A1 were significantly increased in F1 com-
pared to HFD (P<0.01), and their protein levels followed simi-
lar trends (Figure 5 and 7). HFD + Fl-treated mice had higher
BSEP mRNA levels (P<0.01). F1 strongly suppressed the
mRNA levels of intestinal OSTa/p (P<0.01) and hepatic NTCP
(Figure 6, P<0.05).

F2 significantly lowered the mRNA (P<0.01) and protein
level of HMG-CoAR compared to the HFD group. It also
strongly suppressed the mRNA levels of intestinal OSTa/3
(Figure 5 and 7, P<0.01).

F3 significantly decreased the HMG-CoAR mRNA level
(Figure 5, P<0.01), and the protein level followed a similar
trend (Figure 7). mRNA levels of intestinal NPC1L1 and
hepatic NTCP were markedly suppressed by F3 (Figure 5,
P<0.05).

Discussion

XZK, an extract of RYR, has been shown to be effective in
reducing dyslipidemia both clinically and pre-clinically. In
this study, an HFD-fed mouse model was used to confirm the
anti-hyperlipidemic effect of XZK. The results indicated that
XZK treatment lowered serum levels of TC, TG and LDL-C
by 41%, 55% and 46%, respectively, and increased HDL-C

Table 1. Level of lipids and related genes altered by three fractions from Xuezhikang (F1, F2 and F3) compared with lovastatin.

Biochemical index Xuezhikang F1 (isoflavones) F2 (monacolins) F3 (sterols)
Serum lipids

Total cholesterol (TC) 1l - - |
Triglyceride (TG) 1 1l - -
LDL-C H - - H
HDL-C 11 ) - "
Hepatic lipids

Total cholesterol (TC) - - - -
Free cholesterol (FC) - - - |
Cholesterol ester (CE) - - - -
Total bile acids (TBA) 1l 1l - |
Fecal lipids

Total cholesterol (TC) " - - 1
Free cholesterol (FC) " - - 1
Cholesterol ester (CE) 1 - - 1
Total bile acids (TBA) " 1 - -
Molecular mechanism

Cholesterol pathway related genes

HMG-CoAR l 1l - -
SR-BI ) i) - -
NPC1L1 l - - |
Bile acid pathway related genes

CYP7AL 11 " - "
NTCP ! ) - H
BSEP 1 1 - )

11, induced (P<0.01); |, repressed (P<0.05); ||, repressed (P<0.01); -, without significant difference.
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Figure 5. mRNA expression of genes related to cholesterol synthesis and transport in high fat diet-treated C57BL/6 male mice after oral administration
of lovastatin (Lv) 10 mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for
10 weeks, respectively. Mean+SD. n=8. ®P<0.05 vs Control; °P<0.05, P<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat diet.

by 31% in serum (Figure 1). HDL-C has been described as
the”good”cholesterol; it mediates reverse cholesterol trans-
port (RCT) from the periphery to the liver®™ *l. Lv, used as a
positive control, lowered serum TG and HDL-C levels by 25%
and 33%, respectively, while modestly reducing serum TC
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and LDL-C levels by 17% and 19%, respectively. These results
show that XZK has a greater effect on the improvement of
dyslipidemia than a lovastatin equivalent (Table 1), which is
consistent with previous research!”.

In the present study, the source of the improved pharma-
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Figure 6. mRNA expression of genes related to bile acid synthesis and transport in high fat diet-treated C57BL/6 male mice after oral administration of
lovastatin (Lv) 10 mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols) 35.0 mg/kg for 10
weeks, respectively. Mean+SD. n=8. "P<0.05, °P<0.01 vs Control; °P<0.05, ‘P<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat diet.

cological function of XZK relative to lovastatin was further
explored. The fraction enriched in monacolins (F2) induced
similar effects to Lv. The fraction enriched in isoflavones (F1)
significantly repressed the TG serum level by 52% compared
to the HFD group. F3, which was enriched in phytosterols, not
only significantly decreased TC, TG and LDL-C levels by 33%,
30% and 32%, respectively; it also increased the serum HDL-C
level by 29%. The pharmacological effects of XZK and XZK-
derived fractions were compared with Lv, with results shown
in Table 1. F1 contributed to the serum TG-lowering effect of
XZK. F3 contributed to the TC- and LDL-C-lowering effects
of XZK. Importantly, F3 contributed to the HDL-C-increasing
effect of XZK.

The mechanism of XZK action and the contribution of each
of the three fractions to lowering cholesterol levels were fur-
ther explored (Figures 5-7). XZK and F1 increased the reverse
transport of excess cholesterol from the periphery to the liver

by up-regulating hepatic SR-BI. XZK and F3 reduced intesti-
nal absorption of exogenous cholesterol from foods by signifi-
cantly inhibiting the transcriptional level of NPC1L1. XZK and
F1 increased levels of bile acid synthase (CYP7A1) leading to
increased conversion of cholesterol to bile acids. XZK and F1
augmented BA biliary secretion by increasing hepatic BSEP and
repressing BA reabsorption by reducing NTCP. These results
collectively demonstrate that XZK regulates cholesterol-bile
acids homeostasis, reduces lipid absorption, and increases lipid
excretion, thereby contributing to lower serum and hepatic
lipid concentrations. F1 decreased the hepatic concentration
and increased the fecal concentration of BA. F3 decreased
hepatic lipids, while simultaneously increasing the excretion
of fecal lipids. A similar effect by plant sterols has also been
reported™ . Our results reveal that F1 and F3 contribute to
the cholesterol-lowering effect of XZK mainly by regulating
bile acid and cholesterol homeostasis, respectively (Figure 8).
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Figure 7. Hepatic protein expression related to homeostasis of cholesterol and bile acid metabolism in high fat diet-treated C57BL/6 male mice after
oral administration of lovastatin (Lv) 10 mg/kg, Xuezhikang (XZK) 1200 mg/kg, F1 (isoflavones) 27.5 mg/kg, F2 (monacolins) 11.3 mg/kg, or F3 (sterols)
35.0 mg/kg for 10 weeks, respectively. Mean+SD. n=8. °P<0.05 vs Control; °P<0.05, ‘P<0.01 vs HFD; "P<0.05, 'P<0.01 vs HFD+Lv. HFD, high fat

diet.

In conclusion, the present study demonstrates that isofla- SR-BI
vones and phytosterols in XZK have cholesterol-lowering 3 GeConn XZK, F1 %
effects through mechanisms that are different than those 3 Cholesterol
induced by Lv (Table 1). F1 and F3 contributed to the effect s WA
of XZK on dyslipidemia through regulation of bile acid ©
and cholesterol homeostasis, respectively. Our results pro- Cholesterol
vide a basis for the development of these two substances as — \L Hepatocyte
new functional foods. JZK. F1, F3 CYPT7AL

Bilglacids XZK, F1, F3
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