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Abstract: Rutin (R) and quercetin (Q) are two widespread dietary flavonoids. Previous studies
regarding the plasma cholesterol-lowering activity of R and Q generated inconsistent results. The
present study was therefore carried out to investigate the effects of R and Q on cholesterol metabolism
in both HepG2 cells and hypercholesterolemia hamsters. Results from HepG2 cell experiments
demonstrate that both R and Q decreased cholesterol at doses of 5 and 10 uM. R and Q up-regulated
both the mRNA and protein expression of sterol regulatory element binding protein 2 (SREBP2), low-
density lipoprotein receptor (LDLR), and liver X receptor alpha (LXR«). The immunofluorescence
study revealed that R and Q increased the LDLR expression, while only Q improved LDL-C uptake
in HepG2 cells. Results from hypercholesterolemia hamsters fed diets containing R (5.5 g/kg diet)
and Q (2.5 g/kg diet) for 8 weeks demonstrate that both R and Q had no effect on plasma total
cholesterol. In the liver, only Q reduced cholesterol significantly. The discrepancy between the
in vitro and in vivo studies was probably due to a poor bioavailability of flavonoids in the intestine.
It was therefore concluded that R and Q were effective in reducing cholesterol in HepG2 cells in vitro,
whereas in vivo, the oral administration of the two flavonoids had little effect on plasma cholesterol

in hamsters.
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1. Introduction

Hypercholesterolemia is a major cause of cardiovascular diseases. Healthy diets and an
active lifestyle can improve the plasma lipid profile by reducing blood total cholesterol (TC)
and low-density lipoprotein cholesterol (LDL-C) while elevating high-density lipoprotein
cholesterol (HDL-C) [1,2]. Cholesterol homeostasis is regulated by its absorption, synthesis,
conversion, and excretion. In the lumen of the small intestine, cholesterol is transported into
enterocytes, where it is esterified and packed into chylomicrons followed by entering the
lymphatic system [3,4]. Synthesis of cholesterol is mainly carried out in the liver, starting
with acetyl CoA, mediated by regulation of the activity of 3-hydroxy-3-methylglutaryl-
CoA reductase (HMG-CoA R). The LDL receptor (LDLR) is responsible for the removal
of cholesterol from the circulation and lowering plasma LDL-C [5,6]. Sterol regulatory
element binding protein 2 (SREBP2) governs the expression of both HMG-CoA R and
LDLR. Cholesterol 7a-hydroxylase (CYP7A1) is a key enzyme for converting excessive
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cholesterol to bile acids in the liver [7]. Another regulator is liver X receptor o (LXR«x),
which regulates the encoding of CYP7A1 [8].

Rutin (R) is a natural flavonoid present in many foods [9-11] (Figure 1). R has been
reported to possess several biological functions, including anti-oxidative, anti-diabetic,
anti-adipogenic, anti-inflammatory, and anti-cancer activities [9,12-14]. R is structurally
composed of quercetin (Q) as its aglycone and rutinose as its sugar moiety [15] (Figure 1).
As with R, Q is also widely present in many foods, such as buckwheat, apple, onion, red
wine, and cranberry [16-18]. Q has also been demonstrated to possess anti-oxidative,
anti-viral, anti-atherosclerotic, and anti-inflammatory activities [19-23]. Various studies
have been carried out to investigate the effects of R and Q on cholesterol metabolism
using different models, including vascular endothelial cells, intestinal epithelial cells,
macrophages, hepatic cells, male Swiss ablino mice, male Wistar rats, male Sprague Dawley
rats, male New Zealand white rabbits, male C576]J/BL mice, and male golden Syrian
hamsters [24-27]. However, these studies generated inconsistent results regarding the
cholesterol-lowering activity of R and Q. We had previously shown that consumption of
rutin-rich buckwheat was effective in reducing plasma cholesterol in hypercholesterolemia
hamsters; however, R and Q appeared not to be the active ingredients [16]. This arouses
our interest to further investigate if R and Q act differently in vitro and in vivo in affecting
cholesterol metabolism.
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Figure 1. Chemical structures of rutin and quercetin.

The objectives of the present study were to (i) study the effect of R and Q on cholesterol
metabolism using HepG2 cells as an in vitro model; (ii) examine the effect of R and Q on
blood cholesterol using hamsters as an in vivo model; and (iii) investigate the interaction
of R and Q with the expression of genes involved in cholesterol metabolism. We chose
hamsters as an in vivo model because hamsters are relatively hyper-responsive to dietary
cholesterol, excrete bile acids, and synthesize cholesterol and bile acids in a manner similar
to that in humans [28,29].

2. Results
2.1. Effects on Cell Viability

To estimate the cytotoxicity of R and Q, HepG2 cells were incubated with various doses
of R and Q for 24 h. The results indicate that R and Q exhibited a different cytotoxicity in
HepG2 cells. R did not affect cell viability at concentrations ranging from 3 to 100 uM, while
Q had a significant toxicity in HepG2 cells from 25 uM onwards (Figure 2A). Therefore, the
effects of R and Q on HepG2 cells were evaluated at 5 and 10 pM.
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Figure 2. (A) Cytotoxicity of rutin (R) and quercetin (Q). HepG2 cells were incubated with R or Q for
24 h; thereafter, cell viability was measured by MTT assay. (B) Changes in total cholesterol content in
HepG2 cells with incubation of R or Q. Each value represents the mean =+ standard deviation from
3 representative experiments. *** p < 0.005; ** p < 0.01; or * p < 0.05 compared with vehicle group.

2.2. Cholesterol Content in HepG2 Cells

The cholesterol content in HepG2 cells was quantified using a cholesterol liquicolor
test. R and Q markedly reduced the cholesterol content in HepG2 cells at doses of 5 and
10 uM compared with the vehicle group (* p < 0.05, Figure 2B). The results from the in vitro
experiment reveal that R and Q could modulate cholesterol metabolism.

2.3. mRNA and Protein Abundances in HepG2 Cells

mRNA levels of SREBP2, LDLR, and LXR«x in HepG2 cells treated with 10 uM of R
and Q were up-regulated significantly, whereas R at a dose of 10 uM down-regulated the
mRNA of HMG-CoA R (Figure 3). R and Q had no significant effects on mRNA levels of
CYP7A1 (Figure 3). R and Q treatments increased the protein abundances of SREBP2 (the
nuclear active fragment), LDLR, and LXRx. However, they had no significant effects on
the protein mass of HMG-CoA R and CYP7A1 (Figure 4).
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Figure 3. Effects of rutin (R) and quercetin (Q) on mRNA of SREBP2, HMG-CoA R, LDLR, and LXRe
in HepG2 cells as determined by real-time PCR. HepG2 cells were incubated with 5 and 10 uM of R
and Q for 24 h. Data were normalized with GAPDH. Values were expressed as means =+ standard
deviations (n = 3). ** p < 0.005; ** p < 0.01; or * p < 0.05 compared with the vehicle group.
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Figure 4. Effects of rutin (R) and quercetin (Q) on protein mass of SREBP2, HMG-CoA R, LDLR,
LXRa, and CYP7A1 in HepG2 cells treated with 5 and 10 uM of R and Q for 24 h. (A) The total
protein was extracted and subjected to Western blot analyses. (B) The relative band intensity was
quantified and normalized with 3-actin. Data represent the means =+ standard deviations (n = 3).
**p <0.01 or * p < 0.05 compared with the vehicle group.

2.4. Fluorescence Immunostaining of LDLR and LDL-C Uptake

Consistent with the up-regulation of LDLR expression in HepG2 cells at both the
mRNA and protein levels (Figures 3 and 4), the fluorescence immunostaining clearly
visualized that both R and Q up-regulated the amount of LDLR in HepG2 cells (Figure 5A).
HepG2 cells were covered with exogenous pHrodo red LDL-C to determine the effect of
R and Q on LDL-C endocytosis. The data demonstrated that R and Q could enhance the
uptake of pHrodo red LDL-C; however, only the effect of Q was statistically significant
(Figure 5B).
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Figure 5. Effects of rutin (R) and quercetin (Q) on LDLR expression (A,A’) and LDL-C uptake (B,B’) determined by using an
immunofluorescence staining method. Starved HepG2 cells were incubated with R, Q, or S (simvastatin) for 24 h and then
immunostained with an anti-LDLR antibody. (A) Images of LDLR (red) and the merged images with DAPI (blue) are shown
with magnification at x400; the fluorescence intensity was quantified (A’). (B) The HepG2 cells were starved in medium
containing R and Q for 8 h and then stimulated with pHrodo red LDL-C (green) for 3 h. The photos were taken by confocal
microscope with magnification at x200; the fluorescence intensity was quantified (B’). Values are expressed as means of
the cellular fluorescence intensity + standard deviations (n = 50) compared with those for the control group. ** p < 0.01 or
* p < 0.05 compared with the vehicle group.

2.5. Plasma Profile and Liver Cholesterol

Golden Syrian hamsters were selected to be an in vivo model for investigating the
effect of R and Q on blood cholesterol. Part of the study on blood cholesterol had been
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reported in our previous publication [16]. Supplementation of R (5.5 g/kg diet) and
Q (2.5 g/kg diet) did not affect the body weight gain compared with the control diet.
Additionally, there was no statistical difference in the plasma TC level in the R or Q group
compared with the control group as we had previously reported [16]. Similar to that in the
HepG2 cell experiment, feeding with the Q diet significantly reduced hepatic cholesterol.
However, feeding with the R diet had no effect on liver cholesterol (Figure 6A).
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Figure 6. Effects of rutin (R) and quercetin (Q) on cholesterol modulation in hamsters fed a high-cholesterol control diet

(HCD) or one of two experimental diets containing R and Q. At week 8: (A) liver cholesterol; and (B) mRNA expression

level of cholesterol-related genes of the hamsters. Data were normalized with GAPDH. Values are expressed as means +

standard deviations (n = 8). ** p < 0.01; or * p < 0.05 compared with the control group.

2.6. mRNA Abundance of Target Genes in the Liver

The hepatic mRNA expression level of the related genes was quantified. Feeding with
R and Q diets markedly up-regulated the mRNA levels of LXRo and SREBP2, whereas
they down-regulated the HMG-CoA R mRNA level. Feeding with R and Q diets had no
effect on the mRNA of LDLR and CYP7A1 (Figure 6B).

3. Discussion

An abnormal elevation in blood cholesterol is a key risk factor for cardiovascular
diseases [30]. Dietary modulation of blood cholesterol is an efficient way to reduce the risk
of atherosclerosis and cardiovascular diseases [17]. As a part of our study investigating the
effect of rutin-rich buckwheat on plasma cholesterol and identifying its active ingredient,
the present study examined the effects of R and Q on cholesterol metabolism in both HepG2
cells and golden Syrian hypercholesterolemia hamsters.

In HepG2 cells, R and Q could significantly reduce the cholesterol concentration
(Figure 2). The effect of R and Q on the gene expression of SREBP2, LDLR, and HMG-CoA
R in in vitro HepG2 cells was not always consistent with that observed in the in vivo
hamster model. Research has shown that SREBP2 regulates the gene expression of not
only LDLR but also HMG-CoA R [31,32]. Generally, LDLR removes plasma cholesterol
into the liver or other tissue via mediating cholesterol uptake, while HMG-CoA R is a key
enzyme in cholesterol synthesis. It is known that intracellular cholesterol regulates the
transcription of LDLR via a negative feedback mechanism. At a lower cellular cholesterol
environment, SREBP2 maturation will be enhanced and activate the expression of LDLR [6].
In the present study, mRNA abundance analysis in the liver and HepG2 cells showed that
R and Q could up-regulate the expression of SREBP2 (Figures 3 and 6). It was also found
that LDLR mRNA and protein abundances were both enhanced by R and Q in HepG2
cells (Figures 3 and 4). This was in agreement with the report of Moon et al., who found
that Q increased the expression of SREBP2 and LDLR [33]. This was also confirmed in the
present study where Q was capable of enhancing LDL-C endocytosis (Figure 5B). However,
R and Q supplementation into diets of hamsters had no effect on the mRNA of LDLR.
Feeding with R and Q diets down-regulated the mRNA of hepatic HMG-CoA R (Figure 6);
however, in HepG2 cells, incubation of R and Q had no effect on the mRNA of HMG-CoA
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R (Figures 3 and 4). The present study did not study the effect of R and Q on the activity
of HMG-CoA R in the liver of hamsters. However, computer docking has shown that R
had a strong affinity with HMG-CoA R, and Q could significantly reduce the activity of
HMG-CoA R [34,35].

LXRa is highly expressed in metabolically active tissues and organs, including adipose
tissue, macrophages, the intestine, and the liver [36]. LXRo signaling regulates lipid
homeostasis by activating the downstream molecules. It is reported that LXRe is capable
of regulating CYP7A1 expression at the transcriptional level [8]. The present study found
that R and Q could up-regulate the mRNA level of LXRa in both HepG2 cells and the liver
of hamsters; however, no effect of R and Q on the mRNA of CYP7A1 was seen. The present
results show that R and Q significantly decreased the cholesterol in HepG2 cells, while
they had a down-trend effect on liver cholesterol in the hamster liver even though it was
not statistically significant. As LXR« is a sensor of cholesterol in the liver, it is possible that
cholesterol reduction in HepG2 cells or liver cells led to up-regulation of LXRx. CYP7A1
is an enzyme regulating the conversion of cholesterol to bile acids in the liver if hepatic
cholesterol is excessive. In the present study, mRNA CYP7A1 remained unchanged, while
R and Q decreased the cholesterol in HepG2 and the liver of hamsters.

In the in vivo golden Syrian hamster model, Q decreased liver cholesterol, whereas
R had no effect on liver cholesterol. Both R and Q had no effect on plasma TC. As
we had reported, plasma TC in R- and Q-supplemented hamsters was 241 £ 23 and
250 =+ 25 mg/dL, respectively, values which were not statistically different from the con-
trol value (259 £ 41 mg/dL), indicating R and Q had little effect on blood cholesterol
in vivo [16].

The in vivo study was in contrast to the report of Mariee et al.,, who found that
administration of Q at 15 mg/kg body weight in Sprague Dawley rats for two weeks
reduced plasma TC by 20% [37]. In another study conducted in male Wistar rats, R at
a dose of 0.2% could reduce plasma TC by 22% [11]. The differences in results among
the various in vitro and in vivo studies are most likely attributable to the different animal
models used and the poor bioavailability of both R and Q [38-40].

The physical and metabolic properties of R and Q result in poor solubility, which
may affect their biochemical efficacy [41,42]. As reported, quercetin can be absorbed as
its native form in the stomach and small intestine [43]. Once rutin is ingested, it will
undergo hydrolysis by glycosidase in the colon, releasing Q and rutinoside, meaning the
absorption of R takes more time. Several flavonoid metabolites were detected in human
plasma, including tamarixetin, isorhamnetin, and kaempferol; however, their quantity
is much lower than quercetin in plasma. In plasma, the major circulating metabolites
of Q are conjugated with glucuronide, methyl, or sulfates, such as quercetin 3-O-f3-D-
glucuronide (Q3GA) and quercetin-3’-sulfate [44]. Thus, physiologically speaking, these
phase-II metabolites, instead of R/Q, enter into the circulation system and exert their
biological functions [45]. Therefore, mimicking the physiological in vivo conditions, in
order to study the function of these circulating metabolites at the cell culture level, will
contribute to unveiling the mode of action of R and Q at the in vivo level.

Based on our data and the characters of R and Q, we speculated that the weak
bioactivity in hamsters was probably attributable to their poor bioavailability and solubility.
Much effort has been devoted to improving their solubility and absorption [46—48]. By
utilizing nano-lipid complexes, the solubility of rutin was significantly enhanced over
20 times, accompanied by a relatively higher absorption and oral bioavailability, in rats [48].
Similarly, in a clinical trial, quercetin in a food-grade lecithin-based formulation was found
to provide a significant improvement in bioavailability [46]. Enhancing the bioavailability
of rutin and quercetin may bring the two natural flavonoids to the forefront of dietary
supplementation in the management of hypercholesterolemia.

In summary, R and Q could favorably modulate cholesterol metabolism in HepG2 cells,
through up-regulation of SREBP2, LDLR, and LXR«. However, dietary supplementation
of R and Q had little significant effect on plasma total cholesterol in hypercholesterolemia
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hamsters. The present study does not fully support the claim that oral supplementation of
R and Q in diets is hypocholesterolemic in vivo. In consideration of the poor solubility and
bioavailability, application of better delivery systems or investigation of related metabolites
may be conducive to facilitating the effective utilization of R and Q as dietary supplements
in the treatment of hypercholesterolemia.

4. Materials and Methods
4.1. Chemicals and Reagents

Q and simvastatin were obtained from Sigma (St. Louis, MO, USA). R was purchased
from DND Pharm-technology Co. Inc. (Shanghai, China). The antibodies against 3-actin
(sc-69879, 1:3000 dilution) and SREBP2 (sc-13552, 1:750 dilution), and anti-mouse and anti-
rabbit horseradish perioxidase (HRP)-conjugated secondary antibodies were purchased
from Santa Cruz Biotechonology (Dallas, TX, USA). The antibodies against LXRa (ab176323,
1:1000 dilution), LDLR (ab52818, 1:500 dilution), and CYP7A1 (ab65596, 1:1000 dilution)
were purchased from Abcam (Cambridge, UK). The anti-HMG-CoA R (ABS229, 1:2000
dilution) antibody was bought from Millipore (Burlington, MA, USA). The immunoflu-
orescence secondary antibody and Alexa Fluor 488 Goat anti-Rabbit IgG (H + L) were
purchased from Thermo (Waltham, MA, USA).

4.2. Cell Culture

HepG2 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) [49]. HepG2 cells were cultured in RPMI-1640 (Gibco, Rockville, MD,
USA), supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic.
The cells were cultured at 37 °C and 5% CO, humidified atmosphere.

4.3. MTT Assay

The cytotoxicity of R and Q on cells was evaluated by MTT assay as described previ-
ously [50]. Briefly, cells were cultured in 96-well plates overnight. Then, cells were treated
without or with addition of R and Q, ranging 3 to 200 uM, for 24 h, followed by staining
with 30 uL MTT (5 mg/mL) for another 4 h. The medium was then replaced with 200 uL
DMSO. After 10 min of complete dissolution, the cell viability was quantified by measuring
the optical density at 570 nm using a UV-Vis spectrophotometer (Genesys 5, Spectronic
Instruments, New York, NY, USA).

4.4. Cholesterol Determination in Cells

HepG2 cells (5 x 10° cells/well) were equally seeded in 6-well plates. The adherent
cells were exposed to R and Q for 24 h. Then, the cells were extracted using a mixture
of chloroform and methanol (3:1, v/v) for 30 min, the samples were then centrifuged at
13,000 g x 15 min for purification. The pellet was lysed in a RIPA buffer for measurement
of protein abundance, and the supernatant was collected for total cholesterol measurement
by a cholesterol liquicolor test (Stanbio, Boerne, TX, USA) using a microplate reader.

4.5. Real-Time PCR Analysis

Quantitative real-time PCR assay was performed as previously described [51]. Briefly,
total RNA was isolated from HepG2 cells or hamster tissue by using Trizol reagent (In-
vitrogen, Carlsbad, CA, USA). Complementary DNA was synthesized from RNA with a
high-capacity cDNA reverse transcription kit. Real-time PCR analysis was conducted on
a StepOnePlus Real-time PCR System (Applied Biosystems, Foster City, CA, USA) using
SYBR Green Fast Universal PCR Master Mix; the primer sequences are shown in Table 1.
The mRNA level of the markers was normalized with that of GAPDH.
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Table 1. Real-time PCR primer sequences.

Gene For HepG2 Cells For Hamster
Fw: CCCACTCCTCCACCTTTGAC Fw: GAACATCATCCCTGCATCCA
GAPDH Rv: TCTTCCTCTTGTGCTCTTGC Rv: CCAGTGAGCTTCCCGTTCA
Fw: AACGGTCATTCACCCAGGTC Fw: GGACTTGGTCATGGGAACAGATG
SREBF2 Rv: GGCTGAAGAATAGGAGTTGCC Rv: TGTAATCAATGGCCTTCCTCAGAAC
Fw: TGATTGACCTTTCCAGAGCAAG Fw: CGAAGGGTTTGCAGTGATAAAGGA
HMG-CoAR Rv: CTAAAATTGCCATTCCACGAGC Rv: GCCATAGTCACATGAAGCTTCTGTA
Fw: ACGGCGTCTCTTCCTATGACA Fw: GCCGGGACTGGTCAG ATG
LDLR Rv: CCCTTGGTATCCGCAACAGA Rv: ACAGCCACCATTGTTGTCCA
Fw: TCTGGAGACATCTCGGAGGTA Fw: GTTTGTCCTGAGCTTCGTCC
LXRox Rv: GGCCCTGGAGAACTCGAAG Rv: CACCGCTGTGGCAAACATAG
Fw: GCAATTTGGTGCCAATCCTCT Fw: GGTAGTGTGCTGTTGTATATGGGTTA
CYP7Al Rv: GCACAACACCTTATGGTATGACA Rv: ACAGCCCAGGTATGGAATCAAC

4.6. Western Blotting

HepG2 cells (5 x 10° cells/dish) were distributed in 100 mm culture dishes for 24 h.
After 6 h of starvation, cells were incubated with cell growth medium containing R and Q
for 24 h. Cell lysates were collected, and total protein was electrophoretically separated
and transferred onto a PVDF membrane as described previously [49]. The membrane
was incubated with primary antibody and HRP-conjugated relative secondary antibodies.
Protein bands were visualized with Pierce ECL substrate and detected with the ChemiDoc
Touch Gel Imaging System (Bio-Rad, Hercules, CA, USA); subsequently, the relative band
intensity was quantified.

4.7. LDL Uptake Assay

1 x 10° HepG2 cells were cultured in 35 mm glass-bottom cell culture dish plates
overnight [46]. Then, cells were starved in a serum-free medium containing 0.5% BSA for
6 h and incubated with R and Q for 8 h; thereafter, the medium was removed, and cells
were covered with 10 ug/mL pHrodo red LDL for 3 h. Subsequently, the cells were washed
twice, and the images were captured on a confocal microscope (Olympus FV1000 ix81,
Shinjuku, Tokyo, Japan).

4.8. Immunofluorescence Staining

HepG2 cells were cultured in glass-bottom cell culture plates at 37 °C for 12 h. After
6 h of starvation with a serum-free medium, cells were overlaid with medium containing
R and Q for another 24 h. Following this, the cells were washed with PBS, fixed with
paraformaldehyde (4%) for 15 min at room temperature, and permeabilized with Triton
X-100 (0.1%) for 5 min, and then cells were blocked in BSA (5% in PBS) for at least 1 h
and incubated with antibody against LDLR (1:250 in BSA) overnight at 4 °C. After being
washed with PBS three times, cells were immunostained with secondary fluorescence
antibody for 1 h at room temperature [52]. The cell nucleus was visualized with DAPL
After washing with PBS three times, cells were examined using a confocal microscopy, and
the fluorescence intensity was analyzed with Fluoview viewer software (Olympus) [47].

4.9. Hamsters and Diets

Three diets were prepared as a part of our buckwheat study reported previously [16].
A high-cholesterol control diet (HCD) was prepared by mixing the following ingredients
of 508 g corn starch, 242 g casein, 119 g sucrose, 50 g lard, 40 g mineral mix, 20 g vitamin
mix, 1 g DL-methionine, and 2 g cholesterol. Diets were prepared by adding 8.2 mmol
(5.5 g-kg~!, human equivalent dose = 0.74 g-kg ') of R and 8.2 mmol (2.5 g-kg !, human
equivalent dose = 0.34 g-kg 1) of Q into one kilogram of the HCD diet. Male golden Syrian
hamsters were divided into three groups (n = 8) and housed in wire-bottom cages at 23 °C
with a 12 h light-dark cycle in an animal room. They were fed one of three diets, namely,
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HCD control diet, R diet, or Q diet, for 8 weeks. Blood sample was collected from the
retro-orbital sinus at the end of week 8 after overnight fasting. After the 3-day recovery, all
hamsters were sacrificed under carbon dioxide suffocation. Plasma TC and HDL-C were
measured using the commercial enzymatic kits from Infinity (Waltham, MA, USA) and
Stanbio Laboratories (Boerne, TX, USA), respectively. The experimental protocols were
approved by the Animal Experimental Ethical Committee, The Chinese University of Hong
Kong (Ref. No. 15-066-MIS).

4.10. Liver Cholesterol Determination

Cholesterol in the liver was determined according to a previously described method [53].

In brief, all liver lipids were extracted using a solvent mixture of chloroform-methanol
(2:1, v/v) with the addition of 5x-cholestane as an internal standard. After saponification,
the remaining cholesterol was extracted into cyclohexane, followed by converting to its
TMS-ether derivative. The analysis of cholesterol TMS-ether derivatives was carried out
on a SAC-5 capillary column (30 m x 0.25 mm, Supelco, Bellefonte, PA, USA) in a Shi-
madzu GF-14B equipped with an FID detector. The amount of cholesterol in the liver was
calculated according to the internal standard added.

4.11. Statistical Analyses

All values were analyzed using one-way analysis of variance (ANOVA) followed by a
post hoc LSD analysis to detect any significant differences between any two groups. Data
were expressed as mean =+ standard deviation (SD). Significance was defined as a p-value
less than 0.05.

Author Contributions: N.L. conducted the HepG2 experiment; Y.-M.L., ZH., WH., Y.Z,,].L, HZ,
EK, K-Y.M. and W.-S.H. were responsible for hamster experiments; Z.-Y.C. was responsible for the
project management and preparation of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This project was partially supported by a grant from the Hong Kong Research Grants
Council General Research Fund (Project Number CUHK 14105820) and a grant from the Health and
Medical Research Fund (Project No. 13140111).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Experimental Ethical Committee, The Chinese
University of Hong Kong.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples are not available from the authors.

References

1. Chen, Z.Y.; Ma, K.Y;; Liang, Y.; Peng, C.; Zuo, Y. Role and classification of cholesterol-lowering functional foods. J. Funct. Foods
2011, 3, 61-69. [CrossRef]

2. Hoving, L.R; Katiraei, S.; Heijink, M.; Pronk, A.; van der Wee-Pals, L.; Streefland, T.; Giera, M.; Willems van Dijk, K.; van Harme-
len, V. Dietary Mannan Oligosaccharides Modulate Gut Microbiota, Increase Fecal Bile Acid Excretion, and Decrease Plasma
Cholesterol and Atherosclerosis Development. Mol. Nutr. Food Res. 2018, 62, e1700942. [CrossRef] [PubMed]

3. Takenaka, T.; Harada, N.; Kuze, J.; Chiba, M.; Iwao, T.; Matsunaga, T. Human small intestinal epithelial cells differentiated
from adult intestinal stem cells as a novel system for predicting oral drug absorption in humans. Drug Metab. Dispos. 2014, 42,
1947-1954. [CrossRef] [PubMed]

4. Wang, D.Q.H. Regulation of Intestinal Cholesterol Absorption. Annu. Rev. Physiol. 2007, 69, 221-248. [CrossRef] [PubMed]

5. Miserez, A.R,; Muller, PY; Barella, L.; Barella, S.; Staehelin, H.B.; Leitersdorf, E.; Kark, ].D.; Friedlander, Y. Sterol-regulatory
element-binding protein (SREBP)-2 contributes to polygenic hypercholesterolaemia. Atherosclerosis 2002, 164, 15-26. [CrossRef]

6.  Madison, B.B. SREBP2: A master regulator of sterol and fatty acid synthesis. J. Lip. Res. 2016, 57, 333-335. [CrossRef]

7. Schaap, EG.; Trauner, M.,; Jansen, P.L. Bile acid receptors as targets for drug development. Nat. Rev. Gastroenterol. Hepatol. 2014,

11, 55-67. [CrossRef]


http://doi.org/10.1016/j.jff.2011.02.003
http://doi.org/10.1002/mnfr.201700942
http://www.ncbi.nlm.nih.gov/pubmed/29665623
http://doi.org/10.1124/dmd.114.059493
http://www.ncbi.nlm.nih.gov/pubmed/25200868
http://doi.org/10.1146/annurev.physiol.69.031905.160725
http://www.ncbi.nlm.nih.gov/pubmed/17002594
http://doi.org/10.1016/S0021-9150(01)00762-6
http://doi.org/10.1194/jlr.C066712
http://doi.org/10.1038/nrgastro.2013.151

Molecules 2021, 26, 3766 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.
31.
32.
33.

34.

Guo, S,; Li, L; Yin, H. Cholesterol Homeostasis and Liver X Receptor (LXR) in Atherosclerosis. Cardiovasc. Hematol. Disord. Drug
Targets 2018, 18, 27-33. [CrossRef]

Gimenez-Bastida, J.A.; Zielinski, H. Buckwheat as a Functional Food and Its Effects on Health. ]. Agric. Food Chem. 2015, 63,
7896-7913. [CrossRef]

Liew, S.S.; Ho, W.Y,; Yeap, S.K.; Sharifudin, S.A.B. Phytochemical composition and in vitro antioxidant activities of Citrus sinensis
peel extracts. Peer] 2018, 6, e5331. [CrossRef]

Al-Rejaie, S.S.; Aleisa, A.M.; Sayed-Ahmed, M.M.; Al-Shabanah, O.A.; Abuohashish, H.M.; Ahmed, M.M.; Al-Hosaini, K.A.;
Hafez, M.M. Protective effect of rutin on the antioxidant genes expression in hypercholestrolemic male Westar rat. BMC
Complement. Altern. Med. 2013, 13, 136. [CrossRef] [PubMed]

Umarani, V,; Muvvala, S.; Ramesh, A.; Lakshmi, B.V.; Sravanthi, N. Rutin potentially attenuates fluoride-induced oxidative
stress-mediated cardiotoxicity, blood toxicity and dyslipidemia in rats. Toxicol. Mech. Methods 2015, 25, 143-149. [CrossRef]
Sikder, K.; Kesh, S.B.; Das, N.; Manna, K.; Dey, S. The high antioxidative power of quercetin (aglycone flavonoid) and its glycone
(rutin) avert high cholesterol diet induced hepatotoxicity and inflammation in Swiss albino mice. Food Funct. 2014, 5, 1294-1303.
[CrossRef]

Huang, R.; Shi, Z.; Chen, L.; Zhang, Y.; Li, J.; An, Y. Rutin alleviates diabetic cardiomyopathy and improves cardiac function in
diabetic ApoEknockout mice. Eur. |. Pharmacol. 2017, 814, 151-160. [CrossRef] [PubMed]

Hsieh, C.L.; Peng, C.C.; Chen, K.C.; Peng, R.Y. Rutin (quercetin rutinoside) induced protein-energy malnutrition in chronic
kidney disease, but quercetin acted beneficially. . Agric. Food Chem. 2013, 61, 7258-7267. [CrossRef]

Zhang, C.; Zhang, R.; Li, YM.; Liang, N.; Zhao, Y.; Zhu, H.; He, Z; Liu, ].; Hao, W.,; Jiao, R.; et al. Cholesterol-Lowering Activity
of Tartary Buckwheat Protein. J. Agric. Food Chem. 2017, 65, 1900-1906. [CrossRef] [PubMed]

Chen, Z.Y,; Jiao, R.; Ma, K.Y. Cholesterol-lowering nutraceuticals and functional foods. J. Agric. Food Chem. 2008, 56, 8761-8773.
[CrossRef] [PubMed]

Edwards, C.A.; Havlik, J.; Cong, W.; Mullen, W.; Preston, T.; Morrison, D.J.; Combet, E. Polyphenols and health: Interactions
between fibre, plant polyphenols and the gut microbiota. Nutr. Bull. 2017, 42, 356-360. [CrossRef]

Braun, ].B.S.; Ruchel, ].B.; Adefegha, S.A.; Coelho, A.P.V,; Trelles, K.B.; Signor, C.; Rubin, M. A ; Oliveira, J.S.; Dornelles, G.L.;
de Andrade, C.M.; et al. Neuroprotective effects of pretreatment with quercetin as assessed by acetylcholinesterase assay and
behavioral testing in poloxamer-407 induced hyperlipidemic rats. Biomed. Pharma. Ther. 2017, 88, 1054-1063. [CrossRef] [PubMed]
Braun, J.B.S.; Ruchel, J.B.; Manzoni, A.G.; Abdalla, FH.; Casalli, E.A.; Castilhos, L.G.; Passos, D.E,; Leal, D.B.R. Pretreatment with
quercetin prevents changes in lymphocytes E-NTPDase/E-ADA activities and cytokines secretion in hyperlipidemic rats. Mol.
Cell Biochem. 2018, 444, 63-75. [CrossRef] [PubMed]

Ren, K;; Jiang, T.; Zhao, G.J. Quercetin induces the selective uptake of HDL-cholesterol via promoting SR-BI expression and the
activation of the PPARgamma/LXRalpha pathway. Food Funct. 2018, 9, 624-635. [CrossRef]

Terao, J.; Kawai, Y.; Murota, K. Vegetable flavonoids and cardiovascular disease. Asia Pac. J. Clin. Nutr. 2008, 17 (Suppl. S1),
291-293. [PubMed]

Kuipers, E.N.; Dam, A.D.V.; Held, N.M.; Mol, .M.; Houtkooper, R.H.; Rensen, P.C.N.; Boon, M.R. Quercetin Lowers Plasma
Triglycerides Accompanied by White Adipose Tissue Browning in Diet-Induced Obese Mice. Int. |. Mol. Sci. 2018, 19, 1786.
[CrossRef] [PubMed]

Kamada, C.; da Silva, E.L.; Ohnishi-Kameyama, M.; Moon, J.H.; Terao, J. Attenuation of lipid peroxidation and hyperlipidemia by
quercetin glucoside in the aorta of high cholesterol-fed rabbit. Free Radic. Res. 2005, 39, 185-194. [CrossRef]

AlSharari, S.D.; Al-Rejaie, S.S.; Abuohashish, H.M.; Ahmed, M.M.; Hafez, M.M. Rutin Attenuates Hepatotoxicity in High-
Cholesterol-Diet-Fed Rats. Oxid. Med. Cell Longev. 2016, 2016, 5436745. [CrossRef] [PubMed]

Hsu, C.L.; Wu, C.H.; Huang, S.L.; Yen, G.C. Phenolic compounds rutin and o-coumaric acid ameliorate obesity induced by
high-fat diet in rats. J. Agric. Food Chem. 2009, 57, 425-431. [CrossRef]

Liu, Q.; Pan, R,; Ding, L.; Zhang, F; Hu, L.; Ding, B.; Zhu, L.; Xia, Y.; Dou, X. Rutin exhibits hepatoprotective effects in a mouse
model of non-alcoholic fatty liver disease by reducing hepatic lipid levels and mitigating lipid-induced oxidative injuries. Int.
Immunopharmacol. 2017, 49, 132-141. [CrossRef]

Emini Veseli, B.; Perrotta, P.; de Meyer, G.R.A.; Roth, L.; van der Donckt, C.; Martinet, W.; de Meyer, G.R.Y. Animal models of
atherosclerosis. Eur. J. Pharmacol. 2017, 816, 3-13. [CrossRef]

Priyadharsini, R.P. Animal models to evaluate anti-atherosclerotic drugs. Fundam. Clin. Pharmacol. 2015, 29, 329-340. [CrossRef]
Krumholz, H.M. Treatment of Cholesterol in 2017. JAMA 2017, 318, 417-418. [CrossRef]

Marquart, T.J.; Allen, RM.; Ory, D.S.; Baldan, A. miR-33 links SREBP-2 induction to repression of sterol transporters. Proc. Natl.
Acad. Sci. USA 2010, 107, 12228-12232. [CrossRef] [PubMed]

Zhao, Y,; Liu, J.; Hao, W.,; Zhu, H; Liang, N.; He, Z.; Ma, K.Y.; Chen, Z.Y. Structure-Specific Effects of Short-Chain Fatty Acids on
Plasma Cholesterol Concentration in Male Syrian Hamsters. J. Agric. Food Chem. 2017, 65, 10984-10992. [CrossRef]

Moon, J.; Lee, SM.; Do, H.J.; Cho, Y.; Chung, ].H.; Shin, M.]. Quercetin up-regulates LDL receptor expression in HepG2 cells.
Phytother. Res. 2012, 26, 1688-1694. [CrossRef] [PubMed]

Cheurfa, M.; Abdallah, H.H.; Allem, R.; Noui, A.; Picot-Allain, C.M.N.; Mahomoodally, F. Hypocholesterolaemic and antioxidant
properties of Olea europaea L. leaves from Chlef province, Algeria using in vitro, in vivo and in silico approaches. Food Chem.
Toxicol. 2019, 123, 98-105. [CrossRef]


http://doi.org/10.2174/1871529X18666180302113713
http://doi.org/10.1021/acs.jafc.5b02498
http://doi.org/10.7717/peerj.5331
http://doi.org/10.1186/1472-6882-13-136
http://www.ncbi.nlm.nih.gov/pubmed/23773725
http://doi.org/10.3109/15376516.2014.1003359
http://doi.org/10.1039/c3fo60526d
http://doi.org/10.1016/j.ejphar.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28826911
http://doi.org/10.1021/jf304595p
http://doi.org/10.1021/acs.jafc.7b00066
http://www.ncbi.nlm.nih.gov/pubmed/28199789
http://doi.org/10.1021/jf801566r
http://www.ncbi.nlm.nih.gov/pubmed/18778072
http://doi.org/10.1111/nbu.12296
http://doi.org/10.1016/j.biopha.2017.01.134
http://www.ncbi.nlm.nih.gov/pubmed/28192878
http://doi.org/10.1007/s11010-017-3231-6
http://www.ncbi.nlm.nih.gov/pubmed/29188537
http://doi.org/10.1039/C7FO01107E
http://www.ncbi.nlm.nih.gov/pubmed/18296359
http://doi.org/10.3390/ijms19061786
http://www.ncbi.nlm.nih.gov/pubmed/29914151
http://doi.org/10.1080/10715760400019638
http://doi.org/10.1155/2016/5436745
http://www.ncbi.nlm.nih.gov/pubmed/27239252
http://doi.org/10.1021/jf802715t
http://doi.org/10.1016/j.intimp.2017.05.026
http://doi.org/10.1016/j.ejphar.2017.05.010
http://doi.org/10.1111/fcp.12130
http://doi.org/10.1001/jama.2017.6753
http://doi.org/10.1073/pnas.1005191107
http://www.ncbi.nlm.nih.gov/pubmed/20566875
http://doi.org/10.1021/acs.jafc.7b04666
http://doi.org/10.1002/ptr.4646
http://www.ncbi.nlm.nih.gov/pubmed/22388943
http://doi.org/10.1016/j.fct.2018.10.002

Molecules 2021, 26, 3766 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Khamis, A.A.; Salama, A.F.; Kenawy, M.E.; Mohamed, T.M. Regulation of hepatic hydroxy methyl glutarate—CoA reductase for
controlling hypercholesterolemia in rats. Biomed. Pharmacother. Ther. 2017, 95, 1242-1250. [CrossRef]

Hong, C.; Tontonoz, P. Liver X receptors in lipid metabolism: Opportunities for drug discovery. Nat. Rev. Drug Discov. 2014, 13,
433-444. [CrossRef]

Mariee, A.D.; Abd-Allah, G.M.; El-Beshbishy, H.A. Protective effect of dietary flavonoid quercetin against lipemic-oxidative
hepatic injury in hypercholesterolemic rats. Pharm. Biol. 2012, 50, 1019-1025. [CrossRef] [PubMed]

Nait Chabane, M.; al Ahmad, A.; Peluso, J.; Muller, C.D.; Ubeaud, G. Quercetin and naringenin transport across human intestinal
Caco-2 cells. . Pharm. Pharmacol. 2009, 61, 1473-1483. [CrossRef]

Perez-Moral, N.; Saha, S.; Philo, M.; Hart, D.].; Winterbone, M.S.; Hollands, W.J.; Spurr, M.; Bows, ].; van der Velpen, V,;
Kroon, P.A.; et al. Comparative bio-accessibility, bioavailability and bioequivalence of quercetin, apigenin, glucoraphanin and
carotenoids from freeze-dried vegetables incorporated into a baked snack versus minimally processed vegetables: Evidence from
in vitro models and a human bioavailability study. J. Funct. Foods 2018, 48, 410-419.

Chang, C.E.; Hsieh, C.M.; Huang, S.C.; Su, C.Y.; Sheu, M.T.; Ho, H.O. Lecithin-Stabilized Polymeric Micelles (LsbPMs) for
Delivering Quercetin: Pharmacokinetic Studies and Therapeutic Effects of Quercetin Alone and in Combination with Doxorubicin.
Sci. Rep. 2018, 8, 17640. [CrossRef]

Erlund, I; Kosonen, T.; Alfthan, G.; Maenpaa, J.; Perttunen, K.; Kenraali, J.; Parantainen, J.; Aro, A. Pharmacokinetics of quercetin
from quercetin aglycone and rutin in healthy volunteers. Eur. ]. Clin. Pharmacol. 2000, 56, 545-553. [CrossRef] [PubMed]
Gohlke, A.; Ingelmann, C.J.; Nurnberg, G.; Starke, A.; Wolffram, S.; Metges, C.C. Bioavailability of quercetin from its aglycone and
its glucorhamnoside rutin in lactating dairy cows after intraduodenal administration. J. Dairy Sci. 2013, 96, 2303-2313. [CrossRef]
Sharma, S.; Ali, A.; Ali, J.; Sahni, ] K.; Baboota, S. Rutin: Therapeutic potential and recent advances in drug delivery. Expert Opin.
Investig. Drugs 2013, 22, 1063-1079. [CrossRef]

Wein, S.; Beyer, B.; Zimmermann, B.F,; Blank, R.H.; Wolffram, S. Bioavailability of Quercetin from Onion Extracts after Intraruminal
Application in Cows. J. Agric. Food Chem. 2018, 66, 10188-10192. [CrossRef]

Magar, R.; Sohng, J. A Review on Structure, Modifications and Structure-Activity Relation of Quercetin and Its Derivatives. J.
Microbiol. Biotechn. 2020, 30, 11-20. [CrossRef] [PubMed]

Riva, A.; Ronchi, M.; Petrangolini, G.; Bosisio, S.; Allegrini, P. Improved Oral Absorption of Quercetin from Quercetin Phy-
tosome(R), a New Delivery System Based on Food Grade Lecithin. Eur. ]. Drug Metab. Pharmacokinet. 2019, 44, 169-177.
[CrossRef]

Mel, M.; Gunathilake, K.; Fernando, C.A.N. Formulation of microencapsulated rutin and evaluation of bioactivity and stability
upon in vitro digestive and dialysis conditions. Int. J. Biol. Macromol. 2020, 159, 316-323. [CrossRef] [PubMed]

Ravi, G.S.; Charyulu, R.N.; Dubey, A.; Prabhu, P; Hebbar, S.; Mathias, A.C. Nano-lipid Complex of Rutin: Development,
Characterisation and In Vivo Investigation of Hepatoprotective, Antioxidant Activity and Bioavailability Study in Rats. AAPS
PharmSciTech 2018, 19, 3631-3649. [CrossRef]

Li, X.; Guo, J; Liang, N.; Jiang, X.; Song, Y.; Ou, S.; Hu, Y,; Jiao, R.; Bai, W. 6-Gingerol Regulates Hepatic Cholesterol Metabolism
by Up-regulation of LDLR and Cholesterol Efflux-Related Genes in HepG2 Cells. Front. Pharmacol. 2018, 9, 159. [CrossRef]
Liang, N.; Li, Y.; Chung, H.Y. Two natural eudesmane-type sesquiterpenes from Laggera alata inhibit angiogenesis and suppress
breast cancer cell migration through VEGF- and Angiopoietin 2-mediated signaling pathways. Int. . Oncol. 2017, 51, 213-222.
[CrossRef]

Wang, X.; Guan, L.; Zhao, Y.; Lei, L.; Liu, Y;; Ma, K.Y.; Wang, L.; Man, SW.; Wang, ].; Huang, Y.; et al. Plasma cholesterol-lowering
activity of dietary dihydrocholesterol in hypercholesterolemia hamsters. Atherosclerosis 2015, 242, 77-86. [CrossRef] [PubMed]
Li, H,; Li, M.; Wang, G.; Shao, F.; Chen, W,; Xia, C.; Wang, S.; Li, Y.; Zhou, G.; Liu, Z. EM23, A Natural Sesquiterpene Lactone
from Elephantopus mollis, Induces Apoptosis in Human Myeloid Leukemia Cells through Thioredoxin- and Reactive Oxygen
Species-Mediated Signaling Pathways. Front. Pharmacol. 2016, 7, 77. [CrossRef]

He, Z.; Lei, L.; Kwek, E.; Zhao, Y; Liu, J.; Hao, W.; Zhu, H.; Liang, N.; Ma, K.Y.; Ho, H.M.; et al. Ginger attenuates trimethylamine-
N-oxide (TMAO)-exacerbated disturbance in cholesterol metabolism and vascular inflammation. J. Funct. Foods 2019, 52, 25-33.
[CrossRef]


http://doi.org/10.1016/j.biopha.2017.09.071
http://doi.org/10.1038/nrd4280
http://doi.org/10.3109/13880209.2012.655424
http://www.ncbi.nlm.nih.gov/pubmed/22775419
http://doi.org/10.1211/jpp.61.11.0006
http://doi.org/10.1038/s41598-018-36162-0
http://doi.org/10.1007/s002280000197
http://www.ncbi.nlm.nih.gov/pubmed/11151743
http://doi.org/10.3168/jds.2012-6234
http://doi.org/10.1517/13543784.2013.805744
http://doi.org/10.1021/acs.jafc.8b03049
http://doi.org/10.4014/jmb.1907.07003
http://www.ncbi.nlm.nih.gov/pubmed/31752056
http://doi.org/10.1007/s13318-018-0517-3
http://doi.org/10.1016/j.ijbiomac.2020.05.085
http://www.ncbi.nlm.nih.gov/pubmed/32417545
http://doi.org/10.1208/s12249-018-1195-9
http://doi.org/10.3389/fphar.2018.00159
http://doi.org/10.3892/ijo.2017.4004
http://doi.org/10.1016/j.atherosclerosis.2015.06.046
http://www.ncbi.nlm.nih.gov/pubmed/26184696
http://doi.org/10.3389/fphar.2016.00077
http://doi.org/10.1016/j.jff.2018.10.022

	Introduction 
	Results 
	Effects on Cell Viability 
	Cholesterol Content in HepG2 Cells 
	mRNA and Protein Abundances in HepG2 Cells 
	Fluorescence Immunostaining of LDLR and LDL-C Uptake 
	Plasma Profile and Liver Cholesterol 
	mRNA Abundance of Target Genes in the Liver 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	MTT Assay 
	Cholesterol Determination in Cells 
	Real-Time PCR Analysis 
	Western Blotting 
	LDL Uptake Assay 
	Immunofluorescence Staining 
	Hamsters and Diets 
	Liver Cholesterol Determination 
	Statistical Analyses 

	References

