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ract of crabapple fruit is the
cholesterol-lowering fraction
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Yuanyuan Zhao, Zunli Ke, Cheng Huang * and Shengjie Fan*

Hypercholesterolemia is highly associated with cardiovascular diseases (CVDs) such as atherosclerosis.

Our previous study showed that extracts of crabapple fruit may decrease serum total cholesterol (TC)

and low-density lipoprotein cholesterol (LDL-c) in high-fat diet-induced obese mice. To investigate

which bioactive component is responsive for cholesterol-lowering effect in crabapples and whether

the component has effects on atherosclerosis, three different chemical fractions were isolated from

ethanol extract of crabapples, and obese C57BL/6 mice fed with a high-fat diet and arteriosclerotic

low-density lipoprotein receptor deficiency (LDLR�/�) mice fed with a western-diet (WD) were

involved in our pharmacological studies. The results showed that ethyl acetate extract of crabapple

(EAC) significantly decreased serum TC in both DIO and LDLR�/� mice. EAC also improved obesity,

insulin resistance, lipid accumulation in the liver tissue in the DIO mice and prevented atherosclerotic

plaque formation in LDLR�/� mice. Mechanistic study showed that EAC increased cholesterol

excretion in the feces of DIO and LDLR�/� mice, and elevated CYP7A1 mRNA in HepG2 cell and

inhibited cholesterol accumulation in the cell membrane. Our data suggest that EAC may lower serum

TC and block atherosclerotic plaque via the inhibition of intestinal cholesterol absorption and TC

synthesis in the liver, and EAC may be used as a dietary supplement on hypercholesterolemia and

atherosclerosis.
Introduction

The prevalence of hyperlipidemia is increasing worldwide,
which is a lifelong chronic metabolic disease.1,2 Epidemio-
logical studies demonstrate that elevated levels of plasma TC
and LDL-c are the major risk factors of chronic cardiovascular
diseases (CVDs) such as atherosclerosis, myocardial infarc-
tion and stroke.3 The World Health Organization (WHO)
estimated that approximately one-third of all cardiovascular
disease worldwide is caused by high cholesterol.4–6 Conse-
quently, regulation of cholesterol homeostasis is one of
signicant approaches to prevent atherosclerosis and CVDs
development.

Statins are one of the mainstay of pharmacotherapy for
hypercholesteremia.7 However, some studies showed long-term
utility of these anti-hypercholesterolemia drugs may cause
serious adverse effects including liver and kidney damage,
myopathy, rhabdomyolysis and transaminase elevation.8–10 The
newest two FDA-approved PCSK9 inhibitors are well known as
the treatment of hyperlipidemia.11 However, they did not meet
“generally accepted” cost-benet thresholds.12
Traditional Chinese Medicine, Shanghai
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tributed equally to this work.
For years, nutraceuticals offer a safe and cost-effective option
for long-term treatment of hypercholesteremia.13 Crabapples,
belonging to the genus of the family Rosaceae, are important
ornamental plants widely distributed throughout the world. The
crabapple fruits have been used as food and nutritional supply.
Additionally, their fruits, owers and roots are rich in poly-
phenols, avonoids and dihydrochalcones which have managed
in prevention and treatment of various diseases including
digestive disease, cardiomyopathy, accelerated aging, tumor, and
metabolism disorder.14–18 Recently, we have conrmed that the
extracts of crabapple fruits could lower serum cholesterol and
LDL-c in high-fat diet-induced C57BL/6 obese mice.19 However,
the bioactive components for cholesterol lowering are unre-
vealed. Furthermore, whether the extracts can prevent athero-
sclerotic plaque formation is unknown.

In the present study, we rened several fractions, including
ethyl acetate extract of crabapples (EAC). Pharmacological
studies showed EAC decreased serum cholesterol in high-fat
diet induced obesity mice and prevented atherosclerotic pla-
ques formation in LDLR�/� mice. Additionally, EAC regulated
CYP7A1 mRNA expression in mice livers and cholesterol
biosynthesis in HepG2 human liver cell line, indicating that
ethyl acetate fraction may be the bioactive component and the
cholesterol-lowering effect of EAC may achieve through CYP7A1
pathway.
This journal is © The Royal Society of Chemistry 2017
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Materials and methods
Preparation and extractions

Fresh crabapple fruits were obtained from Crabapple R&D
Company (Huailai, Hebei, China). The fruits were dried in
electrothermal drying oven (DHG-9140A, China). Two kg of
dried crabapples were extracted with 8 L ethanol by ultrasonic
(KX, China) for 3 times each 1 h. Then, the extract was
concentrated at 40 �C with a rotary evaporator (EYELA N-1100S-
W, Japan) under reduced pressure. The extracts were dissolved
in 2 L water and sequentially partitioned with chloromethane,
ethyl acetate and n-butanol (Sinopharm Chemical Reagent Co.,
Ltd, Beijing, China) for three times, respectively. Finally,
different fractions including chloromethane extract of cra-
bapple (CC), ethyl acetate extract of crabapple (EAC) and
n-butanol extract of crabapple (BC) were freeze-dried to powder
by cryogenic dryer (Christ Alpha 1-2 LD plus, Germany) and
stored at �80 �C until use.

EAC was isolated through silica gel 60 GF254 (60–100 mesh,
Merck) using chloromethane and methanol at ratio of 20 : 1,
15 : 1, 10 : 1, 5 : 1, and 1 : 1. Fractions were obtained from this
separation (1–15) by analyzing of the thin-layer chromatography
(TLC). Compounds were puried and isolated by with RP-18
reverse phase silica gel (YMC Co., Ltd, Tokyo), Sephadex LH-
20 column chromatography (GE Healthcare Bio-Sciences AB,
USA) and semi-preparative HPLC (Agilent Technologies, Santa
Clara, CA, USA).

The chemical construction of three compounds separating
from EAC were identied by 1HNMR and 13C NMR spectroscopy
analysis. Compound 1 was a white powder, 1H NMR (600 MHz,
CDCl3) spectroscopic data showed d 5.34 (1H, brd, J¼ 5.1 Hz, H-
6), 3.54 (1H, m, H-3), 1.01 (3H, s, H-19), 0.91 (3H, d, J ¼ 6.4 Hz,
H-21), 0.85 (3H, t, J ¼ 7.5 Hz, H-29), 0.84 (3H, d, J ¼ 6.8 Hz, H-
26), 0.81 (3H, d, J ¼ 6.8 Hz, H-27), 0.68 (3H, s, H-18); 13C NMR
(150 MHz, CDCl3) spectroscopic data showed d 141.0 (C-5),
121.9 (C-6), 72.0 (C-3), 57.0 (C-14), 56.3 (C-17), 50.3 (C-9), 46.0
(C-24), 42.4 (C-13), 42.5 (C-4), 40.0 (C-12), 37.9 (C-1), 36.7 (C-10),
36.4 (C-20), 34.2 (C-22), 32.1 (C-7), 32.1 (C-8), 31.8 (C-2), 29.4 (C-
25), 28.5 (C-16), 26.3 (C-23), 24.5 (C-15), 23.4 (C-28), 21.4 (C-11),
20.1 (C-26), 19.6 (C-19), 19.3 (C-27), 19.0 (C-21), 12.2 (C-18), 12.1
(C-29). Compound 2 was a white amorphous powder, 1H NMR
(600 MHz, CDCl3) spectroscopic data showed d 5.48 (1H, brs, H-
12), 3.59 (1H, d, J ¼ 7.0 Hz, H-3), 1.23 (3H, d, J ¼ 6.5 Hz, H-29),
1.19 (3H, s, H-27), 1.04 (3H, s, H-25), 1.03 (3H, s, H-24), 1.03
(3H, s, H-26), 1.01 (3H, s, H-23), 0.88 (1H, d, J ¼ 6.5 Hz, H-30);
13C NMR (150 MHz, CDCl3) spectroscopic data showed d 179.7
(C-28), 139.0 (C-13), 125.4 (C-12), 77.9 (C-3), 55.6 (C-5), 53.3 (C-
18), 47.8 (C-17), 47.8 (C-9), 42.3 (C-14), 39.7 (C-4), 39.3 (C-19),
39.1 (C-8), 39.1 (C-1), 38.8 (C-20), 37.2 (C-10), 37.0 (C-22), 33.3
(C-7), 30.8 (C-21), 28.5 (C-15), 28.4 (C-23), 27.8 (C-2), 24.6 (C-16),
23.6 (C-27), 23.4 (C-11), 21.1 (C-30), 18.5 (C-6), 17.3 (C-29), 17.2
(C-26), 16.9 (C-25), 15.4 (C-24). Compound 3 was a white
amorphous powder, 1H NMR (600 MHz, CD3OD) spectroscopic
data showed d 7.06 (2H, d, J ¼ 8.4 Hz, H-20, 60), 6.68 (2H, d, J ¼
8.4 Hz, H-30), 6.15 (1H, d, J ¼ 1.4 Hz, H-30), 5.95 (1H, d, J ¼
1.4 Hz, H-50), 5.86 (2H, brs, H-6, 8), 5.03 (1H, d, J¼ 6.8 Hz, H-100),
This journal is © The Royal Society of Chemistry 2017
3.30–3.91 (6H, m, H-200–600), 3.45 (1H, t, J ¼ 8.0 Hz, H-a), 2.87
(2H, t, J ¼ 8.0 Hz, H-b); 13C NMR (150 MHz, CD3OD) spectro-
scopic data showed d 204.2 (C-4), 164.6 (C-7), 164.2 (C-5, 9),
155.4 (C-40), 131.6 (C-10), 129.1 (C-20, 60), 115.1 (C-30, 50), 103.7 (C-
10), 94.7 (C-6, 8), 102.1 (C-100), 98.1 (C-7), 92.4 (C-5), 78.5 (C-500),
77.7 (C-300), 74.3 (C-200), 71.2 (C-400), 62.3 (C-600), 45.4 (C-a), 29.5
(C-b).

High-performance liquid chromatography (HPLC) analysis

HPLC analysis was performed on an Agilent 1200 series HPLC
system (Agilent Technologies, Santa Clara, CA, USA). Samples
were dissolved in a mobile phase acetonitrile–water with the
nal concentration of 1% (1 : 1, v/v). Aer ltration by Millipore
membrane (0.45 mm) syringe lter, 10 mL samples were taken by
with a UV-DAD detector at a l max of 210 nm. An autoinfection
Agilent Extend-C18 of HPLC column (5 mm, 4.6 � 250 mm) was
monitored to separate at 30 �C. The samples were analyzed
using a solvent system with 0.1% formic acid in water (A) and
acetonitrile (B) under the following the method: 0–20 min, 5%
B; 20.01 min, 85% B; 30 min, 95% B at a ow rate of
1.0 mL min�1. Retention time of b-sitosterol, ursolic acid,
phlorizin was compared to EAC.

Total polyphenol and avonoid content analysis in EAC

The contents of total polyphenol and avonoid in the EAC were
tested by using methods of Folin–Ciocalteu and colorimetric
respectively as previously reported.20 Results of total polyphenol
and total avonoids contents were presented as milligram of
gallic acid of EAC or rutin per gram of EAC.

Animal experiments

Animal experiments were conducted in accordance with the
guidelines and regulations of the Ethics Committee of Shanghai
University of Traditional Chinese Medicine (Approved Number:
2015017). Male C57BL/6 mice were obtained from the SLAC
Laboratory (Shanghai, China) at the six-week-old. Themice were
housed under controlled temperature (22–23 �C) with a 12 h
light/dark cycle. Aer the adaptation period, the mice were fed
with a high-fat (HF) diet (60% of calories derived from fat,
5.24 kcal g�1, Research Diets, D12492) for 3 months to induce
obesity.21 For effective fraction screening, the diet-induced
obese (DIO) mice were randomly grouped into HF diet or HF
diet mixed with (CC, BC and EAC, 0.1%, w/w) and an ethanol
extract (EC) group (1%, w/w) and treated for 2 weeks. For EAC
study, the DIO mice were randomly grouped and treated with
0.015% atorvastatin (Tianfang Pharmaceuticals, China) as
a positive control, or different concentrations of EAC (0.1%,
0.2%, 0.5%) or HF diet continuously along with chow diet (10%
of calories derived from fat, Research Diets no. D12450B) as
a lean control for 2 weeks. All diet and water were provided
freely. Body weight and food intake were recorded every other
day.

The LDLR�/� mice were purchased from Animal Center,
Nanjing University (Nanjing, China). Five-week-old male LDLR�/�

mice were randomly divided and fed with a Western diet (HC,
0.21% cholesterol, 41% of calories derived from fat, 4.7 kcal g�1,
RSC Adv., 2017, 7, 43114–43124 | 43115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06585j


Table 1 Sequence of the primers used in real-time PCR

Gene Forward primer Reverse primer

b-Actin TGTCCACCTTCCAGCAGATGT AGCTCAGTAACAGTCCGCCTAGA
LXRa GAGTGTCGACTTCGCAAATGC CCTCTTCTTGCCGCTTCAGT
CYP7A1 GTGGTAGTGAGCTGTTGCATATGG CACAGCCCAGGTATGGAATCA
APOE GAACCGCTTCGGGTTGATTCCAAA TCAGTGCCGTCAGTTCTTGTG
LDLR CTCCACTCTA TGGGATTACCT ACTGAAAATGGCTTCGTTTATGAC
SREBP-2 ACAACACTGACCAGCACCCATAC AAGACGCTCAAGACAATCACACC
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Research Diets no. D12079B) or a Western diet mixed with ator-
vastatin (0.015%) or EAC (0.1%, 0.2%, and 0.5%) along with chow
diet for 14 weeks.22 Body weight and food intake were measured
every other day.

Intraperitoneal glucose tolerance test (IPGTT)

At the end of treatments, the DIO and LDLR�/� mice were fasted
overnight. The glucose levels were tested from the tail vein
(0 min). Then, glucose (1 g per kg body weight) was intraperi-
toneally injected and additional blood glucose levels were
measured at regular intervals (15, 30, 60, 90 and 120 min).

Serum biochemistry analysis

At the end of the experiments, the heart blood samples were
collected aer anesthesia (urethane, 20%, w/v).23 Blood samples
were centrifuged at 3000 rpm for 15 min to separate serum.
Serum triglyceride (TG), TC, high-density lipoprotein choles-
terol (HDL-c) and LDL-c, alanine aminotransferase (ALT),
aspartate transaminase (AST) levels were measured by using an
automatic analyzer (Hitachi 7020, Tokyo, Japan) with 150 mL of
heart blood serum.

Hematoxylin and eosin (H&E) staining

For analysis the morphology of liver tissue, the liver samples
were xed in 4% paraformaldehyde, embedded in paraffin and
sliced into 10 mm sections according to a standard procedure.
The sections were stained with H&E. Images were then exam-
ined under a microscope (Zeiss, Germany).

Liver and fecal lipid content analysis

The liver tissues (50 mg) were weighed and suspended with
0.5 mL lysis buffer (20 mM Tris–HCl, pH 7.5, 150 mMNaCl, and
1% Triton) and an equal volume of chloroform to test the lipid
concentration of liver. The chloroform layer was separated,
dried, and nally dissolved in 100 mL of isopropyl alcohol to
measure the TG and TC levels as described.24 The mouse feces
were collected over the nal 3 days and freeze-dried and then
grinded. Fecal lipids was extracted and measured using the
same method as liver concentrations.

Cell culture

HepG2 cells on the cover slide were grown in DMEM without
serum for 24 h. Then the cells were transferred to DMEM con-
taining 10% fetal bovine serum (Hyclone, Logan, UT, USA), and
43116 | RSC Adv., 2017, 7, 43114–43124
treated with EAC, b-sitosterol, ursolic acid, phlorizin, or pra-
vastatin at the indicated concentrations. Aer 24 h treatment,
the cell xed in 4% paraformaldehyde for 10 min, and incu-
bated with 100 mL of cholesteryl BODIPY (Life Technologies,
Sigma, USA) for 30 min at 37 �C. Then the cell was counter-
stained with 3.2 mL of Fluoroshield DAPI (Life Science, Sigma,
USA). Pictures were taken using a uorescence microscope
(Zeiss, Germany).
Quantitative real-time polymerase chain reaction (qRT-PCR)

qRT-PCR was performed as previous described.20 Briey, total
RNA from DIO mouse livers were isolated using the TRIzol
(Takara, Tokyo, Japan) according to the protocol of manufac-
turer.25 The rst-strand cDNA was synthesized with a RevertAid
First Strand cDNA synthesis kit (Thermo Scientic, Wilmington,
Delaware, USA). The gene expression levels were analyzed by the
quantitative real-time PCR using an ABI StepOnePlus Real-Time
PCR system (Applied Biosystems, CA, USA). The sequences of
the primers (Generay Biotech Co., Ltd, Shanghai, China) used in
the experiment were shown in Table 1. The mRNA levels were
normalized using b-actin as an internal reference.
Analysis of atherosclerotic plaque

The anatomy of aortic vessels were stained with Sudan IV for
15 min, then destained 10 min using 80% ethanol to quantify
atherosclerosis of the aortic arch, which is easy to develop
atherosclerotic plaque. Sudanophilic lesions were assessed by
microscope (Lecia, German) computer-assisted image analysis
and calculated the area of plaque.
Statistical analysis

The results are expressed as mean � SEM. Data analyses were
performed using SPSS 21.0 for windows statistical program.
Statistical analysis was programmed by one-way analysis of
variance (ANOVA). Difference was regarded as signicant (*P <
0.05).
Results
EAC is cholesterol-lowering faction in crabapples

Our pervious study showed that ethanol extract of crabapple
fruits had anti-hypercholesteremia effect.19 To identify the
bioactive fraction for the treatment of hyperlipidemia, the cra-
bapple extract was rened with chloromethane, n-butanol and
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 EAC has anti-hypercholesteremia effect. (A–D) Different extractions of EC, CC, BC, EAC treated with DIO mice of serum total cholesterol
(TC), triglyceride (TG), and high-density lipoprotein cholesterol (HDL-c) levels, low-density lipoprotein cholesterol (LDL-c). Data are presented as
mean � SEM for eight mice per group. *P < 0.05 vs. HF group.
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ethyl acetate to obtain three fractions: chloromethane extract
(CC), n-butanol extract (BC) and ethyl acetate extract (EAC).

To assay the cholesterol-lowering bioactive component of
crabapples, male C57BL/6 mice were fed with high-fat diet (HF)
to induce obesity (DIO) for 3 months. The crabapple fractions
CC, BC and EAC were mixed into high-fat diet at 0.1%, w/w. An
ethanol extract mixed at 1%, w/w was used for control. Aer
2 weeks of the treatment on the DIO mice, 0.1% of EAC reduced
serum TC, TG and LDL-c remarkably, while EAC did not change
HDL-c (Fig. 1A–D), suggesting EAC may have effect on hyper-
lipidemia than other 2 fractions.
Chemical composition analysis of EAC

Based on the result above, the EAC seemed the bioactive
component of crabapples. To investigate the main components
of EAC, wemeasured total polyphenol and avonoid with Folin–
Ciocalteu and colorimetric assay. The data showed that total
polyphenol content was 614.90 � 15.20 mg gallic acid equiva-
lents per g EAC, total avonoid was 206.82 � 8.61 mg rutin
equivalents per g EAC, indicating that EAC were rich in avo-
noids and polyphenols, which similar to the previous
studies.26–28

We then analyzed the major three compounds puried from
crabapples. Contrasted the NMR spectrum data with litera-
ture,29–31 the compound 1, 2, 3 were identied b-sitosterol,
ursolic acid and phlorizin (Fig. 2A–C). Then we analyzed EAC
components by High Performance Liquid Chromatography
(HPLC) with a UV-DAD detector at a lmax of 210 nm. Under this
condition, only 3 chromatographic peaks were determined
(Fig. 2D), except for the solvent peak. Comparing with the
retention times of standard controls, we identied the 3 peaks
were same as b-sitosterol, ursolic acid and phlorizin (Fig. 2B–D),
This journal is © The Royal Society of Chemistry 2017
suggesting that the major contents in EAC are b-sitosterol,
ursolic acid and phlorizin.

EAC improves metabolic disorders in DIO mice

To test the effect of EAC on metabolic disorders, the DIO mice
were randomly divided into 5 groups and treated with different
dosages of EAC (0.1%, 0.2%, 0.5%, w/w) mixed into a HF diet or
with atorvastatin (0.015%, w/w) as a positive control or fed with
a high-fat diet alone. Aer 2 week treatment, high-fat diet
increased body weight while atorvastatin increased slimly
(Fig. 3A and B). However, EAC decreased body weight dose-
dependently without change of food intake (Fig. 3A–C), indi-
cating body weight loss of EAC was not relevant with food
intake.

Blood glucose homeostasis is closely related to lipid
metabolism.32,33 To investigate EAC effect on glucose and lipid
balance, fasting blood glucose and short-term effects of EAC on
the blood glucose levels of the DIO mice were tested. As ex-
pected, high-fat diet induced higher fasting blood glucose levels
and impaired glucose tolerance, compared to the chow control
mice (Fig. 3D–F). Atorvastatin and three different concentration
of EAC decreased fasting blood glucose in DIO mice (Fig. 3D).
EAC, especially 0.1% and 0.5% of EAC, also reduced blood
glucose at different time point (30 min, 60 min, 120 min) aer
i.p. injection of glucose comparing with HF in IPGTT (Fig. 3E).
The total area under the curve (AUC) of blood glucose levels
between 0 and 120 min showed 0.1%, 0.5% of EAC and ator-
vastatin were signicantly lowered than HF group while there
was no change on 0.2% of EAC (Fig. 3F). The results indicated
that EAC could decrease the fasting blood glucose and improve
the glucose tolerance in DIO mice.

Importantly, serum TG, TC, LDL-c and HDL-c levels were
increased signicantly in HF group comparing with chow
RSC Adv., 2017, 7, 43114–43124 | 43117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06585j


Fig. 2 Fingerprint analysis of EAC by RP-HPLC. (A–C) b-Sitosterol, ursolic acid, phlorizin were analyzed as standards using HPLC with a C-18
reverse phase column at 210 nm and chemical construction. (D) The major components of the EAC were detected for comparison with the
retention times of the standard compounds.
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group. However, 0.2% and 0.5% of EAC reduced TC and LDL-c
markedly with a dose-dependent manner (Fig. 3G). Moreover,
high concentration of EAC decreased HDL-c. Interestingly,
the positive control, 0.015% of atorvastatin reduced LDL-c,
but not TC in DIO mice (Fig. 3G), indicating that 0.2% and
0.5% of EAC had anti-hyperlipidemia effect, especially on
cholesterol.

Serum ALT and AST are commonly biomarkers for identi-
cation of liver health.34 Fig. 3H showed HF increased obviously
indicating that high-fat diet can induce liver tissue damage.
However, 0.2% and 0.5% of EAC as well as atorvastatin
43118 | RSC Adv., 2017, 7, 43114–43124
decreased signicantly serum ALT levels dose-dependently
(Fig. 3H), but not the serum AST (Fig. 3I), indicating that EAC
could improve liver damage.
EAC ameliorates hepatic steatosis in DIO mice

Liver is an important organ for lipid metabolism. Obese mice
usually develop fatty liver, even hepatic steatosis, due to
excess storage of fat in liver.35 To test whether EAC may alle-
viate fatty liver, we performed H&E staining to observe liver
structure of the mice. As expected, HF group showed
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 EAC improves metabolic disorders in DIO mice. (A & B) Body weight change; (C) food intake amount; (D) fasting blood glucose; (E)
intraperitoneal glucose tolerance test (IPGTT); (F) quantification of the area under the curve (AUC) from the GTT in (E). (G) Serum total cholesterol
(TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-c), and high-density lipoprotein cholesterol (HDL-c) levels; (H & I) serum ALT,
AST level. Data are presented asmean� SEM for eightmice per group. (A & E) ++P < 0.01, +P < 0.05, atorvastatin vs.HF; ��P < 0.01, �P < 0.05, 0.1%
EAC vs. HF; ##P < 0.01, #P < 0.05, 0.2% EAC vs. HF; **P < 0.01, *P < 0.05, 0.5% EAC vs. HF; (B, D, F, G and H): **P < 0.01, *P < 0.05 vs. HF group.
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obviously lipid droplets in liver compared to Chow group
(Fig. 4A). However, different concentrations of EAC-treated
and atorvastatin group showed much less lipid droplets
comparing with HF group with a dose-dependent manner
(Fig. 4A atorvastatin, 0.1% EAC, 0.2% EAC and 0.5% EAC),
while lipid accumulation in atorvastatin seemed more effec-
tive than high concentration of EAC.

As known, accumulation of triglycerides (TG) in hepato-
cytes is the main cause of fatty liver formation.36 Thus, we
measured TG and TC level in liver tissues (Fig. 4B and C).
Comparing with Chow group, TG content in HF group was
highly increased. In accordance with HE staining, 0.2% and
0.5% of EAC lowered TG dose-dependently, while no change in
atorvastatin (Fig. 4B). However, there was no difference among
the 6 groups in TC content in liver (Fig. 4C). These data indi-
cate that EAC prevents liver damage and fatty liver formation
in DIO mice.

Furthermore, we measured cholesterol and triglyceride
contents in mouse feces. Fig. 4D showed that AC increased TC
This journal is © The Royal Society of Chemistry 2017
contents in feces with a severe dose-dependent pattern when
compared with HF group, suggesting that EAC inhibited the
absorption of TC in the intestine. However, EAC treatment had
no effect on TG in feces (Fig. 4E).

Taken together, EAC decreased serum TC and LDL-c levels,
inhibited lipid accumulation in liver and TC absorption in the
intestine in DIO mice.
EAC prevents the hypercholesterolemia in the LDLR�/� mice

To further conrm the anti-hypercholesterolemia effect of EAC,
LDL receptor-knockout (LDLR�/�) mice were involved in our
study, which is a proper model for hypercholesterolemia and
atherosclerosis.37,38 LDLR�/� mice were fed with Western diet
with high-cholesterol for 14 weeks to induce hypercholesterol-
emia and atherosclerotic plaque. Meanwhile, the mice were
treated with different dosage of EAC (0.1%, 0.2%, and 0.5%) or
atorvastatin (0.015%) as a positive control with chow diet as the
regular control (Chow). Aer 14 week treatment, EAC had no
RSC Adv., 2017, 7, 43114–43124 | 43119
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Fig. 4 EAC ameliorates the hepatic steatosis in DIO mice. (A) H&E staining of liver sections (�200); (B) liver cholesterol level; (C) liver triglyceride level;
(D) fecal cholesterol level; (E) fecal triglyceride level. Data are presented as mean � SEM for seven mice per group. **P < 0.01, *P < 0.05 vs. HF group.
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effect on body weight, food intake or fasting blood glucose in
LDLR�/� mice (Fig. 5A–C). However, 3 different concentrations
of EAC decreased serum TC and TG levels comparing with HC
group in LDLR�/� mice, while atorvastatin decreased TC, but
not TG (Fig. 5D). And 0.2% of EAC showed also decreased HDL-c
and LDL-c as well as atorvastatin (Fig. 5D). These data
conrmed that EAC has anti-hypercholesterolemia effect in vivo.

Additionally, the aortic arch were peeled off and stained with
Sudan IV to observe the aortic plaque formation (Fig. 5G).
Comparing with Chow, HC appeared obvious red aortic plaques
and the biggest aortic plaque area (Fig. 5H) among the 6 groups.
43120 | RSC Adv., 2017, 7, 43114–43124
However, the aortic plaque area was much less in atorvastatin
and EAC groups (Fig. 5G and H), suggesting that EAC can
inhibit aortic plaque formation in LDLR�/� mice induced by HC
diet.

We also measured serum ALT and AST (Fig. 5E and F), TC
and TG in the liver tissues (Fig. 5I and J). However, the data
showed that EAC could not change any of them. Interestingly, in
agreement with the DIO data, EAC increased TC in LDLR�/�

mouse feces dose-dependently (Fig. 5K) but not TG in feces
(Fig. 5L), which indicated that EAC could inhibit TC absorption
in intestines.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 EAC decreases the atherosclerosis development in the LDLR�/� mice. (A) Body weight change; (B) food intake amount; (C) fasting blood
glucose level; (D) serum TC, TG, HDL-c, LDL-c levels; (E) serum ALT level; (F) serum AST level; (G) representative photographs of aortas arch
lesion; (H) quantitation of aortas lesion area; (I) liver cholesterol level; (J) liver triglyceride level; (K) fecal cholesterol level; (L) fecal triglyceride
level. Data are presented as mean � SEM for seven mice per group. **P < 0.01, *P < 0.05 vs. HC group.
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EAC and its small molecules inhibit the cholesterol
biosynthesis in HepG2 cells

As known, cholesterol-lowering strategies are mainly through
reducing the absorption, promoting excretion, and decreasing
the synthesis of cholesterol.39 Our results had proved that EAC
This journal is © The Royal Society of Chemistry 2017
increased fecal TC to promote cholesterol excretion. Whether
EAC could affect cholesterol biosynthesis was unknown. To
further investigate the mechanism of EAC effect on cholesterol-
lowering, a BODIPY-cholesterol assay was used for visualizing
membrane cholesterol accumulation in HepG2 cells.
RSC Adv., 2017, 7, 43114–43124 | 43121
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Fig. 6 EAC inhibits TC synthesis in vitro. (A) EAC and compounds from EAC inhibiting the cholesterol biosynthesis in HepG2 cell through
BODIPY-cholesterly staining (�400); (B) number of cholesterol droplets on HepG2 cell; (C) the RT-PCR analysis of mRNA expression level of the
liver tissue in DIO mice. b-Actin was used as an internal control for normalizing the mRNA levels. Data are presented as mean � SEM for three
samples per group. **P < 0.01, *P < 0.05 vs. HF group.
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The culture medium induced cholesterol accumulation on
cell membrane comparing with non-serum medium (Fig. 6A,
negative control). Pravastatin (25 mM) reduced cholesterol
uorescence signal dramatically (Fig. 6A). In addition, three
different dose of EAC (50, 100, 200 mg mL�1) decreased
cholesterol accumulation on cell membrane in a dose-
dependent pattern (Fig. 6A). Interestingly, the 3 small
compounds extracted from EAC, b-sitosterol, ursolic acid,
phlorizin, also showed signicant reduction of cholesterol
uorescence signal dose-dependently (Fig. 6B), indicating that
EAC as well as its molecular components could inhibit choles-
terol biosynthesis in vitro.
EAC regulates the expression of cholesterol metabolic genes
in the liver of DIO mice

It had been conrmed that EAC, the bioactive component
rened from crabapples, has a potent effect on lowering TC in
different mouse model. However, its anti-hypercholesteremia
43122 | RSC Adv., 2017, 7, 43114–43124
mechanism required further study. Since our previous data
showed crabapples can active CYP7A1 signaling specically,19

we tested lipid metabolism related gene expression including
CYP7A1 in DIO mouse liver. As expected, 0.2% and 0.5% of EAC
increased CYP7A1 mRNA expression with a dose-dependent
manner while low concentration of EAC (0.1%) showed no
effect (Fig. 6C) comparing with HF. 0.5% of EAC also increased
LDLR expression. However, there was no change between EAC
and HF on APOE, LXRa or SREBP-2 expression (Fig. 6C). Taken
together, EAC up-regulated CYP7A1 expression particularly to
reducing serum TC, improving fatty liver and preventing
atherosclerosis.
Discussion

Our previous study showed ethanol extracts (EC) of crabapple
fruits have therapeutic effect on hypercholesterolemia though
CYP7A1 signaling.19 However, the bioactive component and the
This journal is © The Royal Society of Chemistry 2017
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potential mechanism of anti-hypercholesterolemia remains
further studies. In this study, we used the EAC from crabapples
and conrmed that EAC lowered serum cholesterol dose-
dependently in DIO mice. Additional, EAC lowered serum TC
and blocked atherosclerotic plaque formation in LDLR�/� mice.
Further, the mechanism study showed that EAC increased
CYP7A1 mRNA level in DIO mouse liver tissue. We identied
that b-sitosterol, ursolic acid and phlorizin are three major
components in EAC and the compounds inhibited cholesterol
biosynthesis in vitro. This result is agreement to the previous
reports that show b-sitosterol, ursolic acid and phlorizin have
an effect on lipid metabolism.40–42 Thus, it is possible that b-
sitosterol, ursolic acid and phlorizin responsible for the
cholesterol-lowering effects of crabapple.

High-fat diet induced obesity (DIO) mice is one of authority
animal model to mimic metabolic syndrome with obesity, dia-
betes, dyslipidemia and fatty liver.43 Although EAC decreased
body weight gain in DIO mice without changing energy input,
and decreased fasting blood glucose and improved glucose
tolerance (Fig. 3), the reason is unclear. If this benecial effect
on obesity and diabetes relays on EAC anti-
hypercholesterolemia effect or some other mechanism
required further study. It may also be a concern that EAC
inhibited lipid accumulation in liver (Fig. 4A–C) without
changing liver TC level. One possibility is that the main
component in liver lipid droplets is TG. Although EAC did not
change TC content in liver, TG decreased by EAC treatment to
improve fatty liver induced by high-fat diet. And both pharma-
cological study and mechanism study showed that the effective
dose of EAC is 0.2% and 0.5%, not 0.1%.

Interestingly, in both DIO and LDLR�/� mice, EAC increased
fecal TC signicantly and with an obvious dose-dependent
manner. It indicated that EAC may inhibit TC absorption to
reduce serum TC. b-Sitosterol is structurally similar to choles-
terol and may compete with it in the intestine to inhibit
absorption of dietary cholesterol.44,45 Therefore, b-sitosterol may
be the active element in crabapples for the inhibition of TC
absorption.

Another possible mechanism for the TC lowering effects is
the EAC increased CYP7A1 expression in the mice. CYP7A1 is an
attractive target for cholesterol lowering drug development
sense CYP7A1may increase biotransformation from cholesterol
to bile acid in liver. The ndings are similar to the results in our
previous study that showed 5 different species of crabapple
increase CYP7A1 mRNA and protein levels in DIO mouse liver.
The data indicated that EAC may inhibit TC synthesis in the
liver through the increase of CYP7A1 function.

Conclusion

We identied that crabapple fraction EAC has signicant
cholesterol-lowering effect in both DIO and LDLR�/� mice.
Additionally, EAC may improve obesity, insulin resistance, lipid
accumulation in the liver tissue andmay prevent atherosclerotic
plaque formation in LDLR�/� mice. In vitro study showed that
EAC inhibited cholesterol accumulation in HepG2 cell
membrane. Mechanistic study found that EAC inhibited TC
This journal is © The Royal Society of Chemistry 2017
absorption in the intestine and elevated mRNA of CYP7A1 in the
liver of the mice. Our data suggests that EAC is a potential
functional dietary supplement on hypercholesterolemia and
atherosclerosis.
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