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d rapeseed oils reduced fatty liver
formation in high-fat diet-fed C57BL/6J mice†

Youdong Li,a Jinwei Li,ab Peirang Cao*ab and Yuanfa Liu *ab

Oil enrichment with trace amounts of components has significant effects on animal nutrition and health. In

this work, the potential impact of sinapine, a trace amount of polyphenol naturally present in rapeseeds, was

investigated in high-fat diet (HF)-fed C57BL/6J mice. The mice were fed with different diets including chow

diet (LF), HF diet, rapeseed oil-containing HF diet (RO), and rapeseed oils enriched with sinapine (500 mg

kg�1 oil, high-fat diet, RP) for 12 weeks. Here, it was demonstrated that sinapine supplementation

significantly reduced (P < 0.05) body weight increase, fat accumulation, and fatty liver formation in mice

when compared with those fed with a high-fat diet. The TG, LDL-C, ALT and AST levels in the RP group

were significantly reduced (P < 0.05) by 15.67%, 73.62%, 20.67%, and 31.58%, respectively, compared with

that in the HF group. Besides, the addition of sinapine prevented the degeneration of mouse adipocytes

and lipid accumulation in the liver. Moreover, this change was achieved by downregulating SREBP-1c

and FAS and upregulating PPAR-a and ACOX1 gene expression levels. Our results indicate that sinapine

can be used as a prebiotic to enhance the nutritional function of vegetable oils to prevent obesity-

related chronic diseases such as NAFLD.
1. Introduction

The global prevalence of obesity has risen sharply and poses
a severe threat to human health. When energy intake exceeds
energy expenditure, food nutrients play an important role in
increasing body fat. Excessive intake of oils causes overweight
and obesity in population and worldwide pandemic related to
obesity and other metabolic syndromes such as fatty livers and
diabetes. In the long term, excessive energy intake can lead to
obesity.1 Non-alcoholic fatty liver disease (NAFLD) is associated
with obesity and encompasses a range of pathologies from
steatosis, non-alcoholic steatohepatitis (NASH), and brosis to
cirrhosis. In recent years, the incidence of NAFLD in China has
risen steadily due to the increased prevalence of obesity and
diabetes.2,3 The incidence of NAFLD in China is around 15%,
while in the West, it is as high as 20%.4 Obesity leads to an
increase in free fatty acids (FFAS) that enter the liver, which is
the leading cause of lipid accumulation in the liver. NAFLD is
oen accompanied by chronic diseases such as insulin
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resistance (IR), hyperlipidemia, and cardiovascular disease
(CVD).5,6 Researchers are committed to preventing and treating
chronic diseases from a dietary perspective. A healthy diet is an
effective means of controlling the development of obesity and
NAFLD.

Edible oil is an essential source of energy and fatty acids for
the body, and the quality of the edible oil may be related to
human health. The type of the vegetable oil used affects the
health of the population, and specic oil selection in the food
industry is one of the most important steps for a healthy diet.
The commonly used edible vegetable oils available in the
market include peanut oil, rapeseed oil, palm oil, soybean oil,
and sunower oil. Different oils have different effects on the
quality of the edible oil, and the functional properties of edible
oils are related to the amount of active substances; the active
substances in vegetable oils mainly include polyphenols,
phytosterols, and tocopherols.7 Rapeseed has a high crude-oil
content (36–43%) and is one of the most important oil crops
in the world.8 Rapeseed oil is rich in nutrients with high
contents of total phenolics, phytosterols, tocopherols, and b-
carotene, which enhance the value of the rapeseed oil.9

The relationship between minor components and chronic
diseases such as obesity, NAFLD, and cardiovascular diseases
has been reported. Micronutrients in rapeseeds such as poly-
phenols, tocopherols, phytosterols, and phospholipids have
potential benets for preventing atherosclerosis.10 Moreover,
the lack of tocopherol leads to hepatic lipid accumulation and
obesity.11,12 Polyphenol is a critical component in food. It has
several effects on nutrition and metabolism and antioxidative
This journal is © The Royal Society of Chemistry 2020
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effects on health and metabolism. Lipid metabolism in the liver
is mainly related to lipid synthesis and fatty acid b-oxidation.
Excessive free fatty acids can cause b-oxidative damage, leading
to oxidative stress. In addition, SREBP-1 is the key transcrip-
tional factor involved in lipogenesis, whereas PPAR-a plays a key
role in the catabolism of fatty acids.13 Studies suggested that tea
polyphenols can promote the expression of PPAR-a in the rat
liver to regulate b-oxidation.14

Rapeseeds are 10 to 30 times richer in polyphenols than
other oil seeds. Rapeseed polyphenols are classied into
phenolic acids (such as sinapic acid and sinapine) and
condensed tannins. The sinapine content in rapeseed poly-
phenols is 70–80%, with the free sinapic acid content being 6–
14%.15 Sinapine is an acetylcholinesterase inhibitor shown to
exert therapeutic effects in Alzheimer's disease, ataxia, myas-
thenia gravis, and Parkinson's disease.16 In recent years,
researchers have been paying more attention to the antioxidant
and anti-cancer effects of sinapine.17,18 The impact on the liver
has also been reported. Sinapine is mainly present in the form
of thiocyanates in nature. Fu et al.19 evaluated the hep-
atoprotective effects of sinapine using a mouse model of liver
injury induced by CCl4. In addition, they found that sinapine
can improve the antioxidant defense system and inhibit liver
damage. However, the effects of sinapine on high-fat diet-
induced obesity and liver damage have not previously been
evaluated in a systematic study. Whether this effect is related to
antioxidant activity needs further conrmation.

Sinapine is mainly present in rapeseed meal, and its nutri-
tional function as a natural active substance has not attracted
enough attention from researchers. The objective of this study
is to assess the effects of sinapine on lipid metabolism and
hepatoprotection in mice. The fatty acid composition and
minor components of the market rapeseed oil were measured,
and the results were compared with various indexes in mice.
Besides, the relationship between sinapine and lipid metabo-
lism in mice was investigated. Thus, this study may provide
a theoretical basis for the development of functional edible oils
and healthy diets.
2. Materials and methods
2.1. Materials

The market rapeseed oil (MRO) was obtained from Bohai Oil &
Fat Co., Ltd. (Shandong, China). A human hepatocarcinoma
HepG2 cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Total cholesterol (TC), total
triglyceride (TG), low-density lipoprotein cholesterol (LDL-C),
aspartate transaminase (AST), and alanine aminotransferase
(ALT), SOD and MDA kits were purchased from Nanjing Jian-
cheng Biological Company (Nanjing, China).
2.2. Determination of the quality of rapeseed oils

2.2.1. Fatty acid composition analysis. The fatty acid
composition was determined from its fatty acid methyl ester
and analyzed by gas chromatography as described by Song
et al.20 with slight modications. The fatty acid methyl esters
This journal is © The Royal Society of Chemistry 2020
were identied using their standards, and the results of quan-
titative analyses are presented as a relative percentage.

2.2.2. HPLC analysis of tocopherols. Tocopherols were
detected by high-performance liquid chromatography (HPLC)
as described by Zhang et al.21 with slight modication.
Tocopherols were extracted with a mixture of methanol : -
chloroform (2 : 1, v/v) and a solvent system consisting of
methanol : water (95 : 5, v/v) at a ow rate of 0.3 mL min�1. The
sample was detected by uorescence and identied by retention
time relative to the tocopherol standard.

2.2.3. Total polyphenol content analysis. The total poly-
phenol content was determined according to the Folin–Cio-
calteu reagent assay described by Gramza-Michałowska et al.22

Gallic acid was used as a standard. The results are expressed in
milligrams of gallic acid per gram of tea leaves.

2.2.4. Phytosterol content measurement. The phytosterol
measurement was performed using a gas chromatograph-mass
spectrum system equipped with a FID (Thermo Fisher) as
described by Jin et al.23 Briey, through saponication, the
unsaponiable part of the sample was silylated with BSTFA +
TMCS reagent at 75 �C and analyzed on a gas chromatograph
with a DB-5 capillary column. Phytosterol contents are
expressed in milligrams per kilogram.

2.2.5. Analysis of b-carotene content. The b-carotene
content was measured using a method described by Samaniego
et al.24 The chromatographic conditions were a Hedera ODS-2
column (25 cm � 4.6 mm � 5 mm), mobile phase methanol-
to-dichloromethane ratio of 70 : 30, ow rate of 1.0 mL min�1

and detection wavelength of 450 nm.
2.2.6. Oxidative stability of rapeseed oils with sinapine.

The oxidative stability of rapeseed oils was evaluated by the
Rancimat method,25 in which the oxidative induction time of
the oil is an indicator of the ability of the oil to resist auto-
oxidation. The antioxidative potential was estimated by DPPH
radical scavenging assays as described by Sánchez-Moreno
et al.26 The radical scavenging activity is presented in milli-
grams of Trolox equivalent (TE) in 1 g of the oil.
2.3. Effect of sinapine on lipid accumulation in HepG2 cells

The human hepatocarcinoma HepG2 cell line was cultured in
a minimum essential medium (MEM, Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS) and
1000 U mL�1 penicillin–streptomycin at 37 �C/5% CO2. To
detect intracellular lipid accumulation, the cells were treated
with BSA-conjugated oleic acids (OA) (0 mM, 0.5 mM, and 1
mM) for 24 h aer incubation in a medium without FBS over-
night, and then stained with LipidTOX™ Green dye; images
were taken using a Zeiss confocal microscope (LSM 880). The
OA solutions were freshly prepared and diluted in a MEM
medium without FBS to a nal concentration of 100 mM.27

To explore the cytotoxicity of sinapine to HepG2 cells, a cell
counting kit-8 (CCK-8) solution was used. The cells (1 � 104)
were seeded into 96-well plates and incubated for 24 h. Then,
they were treated with various amounts of sinapine. Aer 24 h of
incubation, 10 mL of CCK-8 solution was added to each well for
further 2 h, and the corresponding absorbance (A value) was
RSC Adv., 2020, 10, 21248–21258 | 21249
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measured at 450 nm using a microplate reader. For the quan-
titative measurement of intracellular lipid accumulation,
a procedure described by Nasrin et al.28 was followed with slight
modication. The cells (2 � 104) were seeded into 24-well plates
and treated with OA and various amounts of sinapine simulta-
neously and incubated for further 24 h. Then, the cells were
xed with 10% formalin and stained with freshly diluted 0.5%
oil red O solution for 15 min (60% isopropanol, Sigma-Aldrich,
USA). Aer washing thoroughly with tap water, the stain was
extracted with isopropanol, and the OD was measured at
510 nm wavelength using a plate reader (SpectraMax 2, molec-
ular device, CA, USA). The sinapine inhibition rate was calcu-
lated relative to that of OA-induced lipid accumulation, and the
medium without FAA was used as the control. All the tests were
performed in triplicate, and the means were calculated.
2.4. Animal experiment

Four-week-old male C57BL/6J (B6) mice (weight, 22 � 2 g) were
purchased from SLRC Laboratory Animal (Shanghai, China).
Aer being fed with standard rodent chow for a week for
acclimation, the mice were randomly divided into four groups
and fed with rened diets as indicated in ESI Table.† The diets
were regular chow (with low-fat content, LF), high-fat diets
containing 20% lard only (HF), and a combination of 10% lard
and either 10% rapeseed oil (RO) or 10% rapeseed oil with
500 mg sinapine supplementation per kilogram rapeseed oil
(RP). All diets were customized and made by Beijing Huafukang
Biotechnology Co., Ltd. (Beijing, China). All mice were housed
in a facility maintained at 23 � 2 �C under a controlled 12 h
light/12 h dark cycle. Food and drinking water were supplied ad
libitum. All procedures were approved by the Committee on
Animal Research and Ethics of Jiangnan University (protocol
no. JN 20180430b0320730).

Bodyweight and food consumption were monitored weekly
and every other day, respectively. At the end of 12 weeks of
feeding, the mice were killed, and blood and tissue samples
were collected. The collected tissues were either xed with
formalin for H&E staining or frozen immediately in liquid
nitrogen and stored at �80 �C according to standard
Table 1 Primer sequences of genes used for quantitative real-time-poly

Species Gene Forward

Human b-Actin AAGGAGCCCCACGAGAAAAAT
PPAR-a GATGCCAGCGACTTTGACTC
ACOX2 GCACCCCGACATAGAGAGC
SREBP-1c TGCATTTTCTGACACGCTTC
FAS GTTGAGGGTCTGCGTGTCTTT

Mouse b-Actin GCTACAGCTTCACCACCACA
PPAR-a GCAGCTCGTACAGGTCATCA
ACOX1 GTCTCGTCTTCGGCCTAGTG
SREBP-1c CAGCTATTGGCCTTCCTCAG
FAS ATGCACACTCTGCGATGAAG
Dgat2 TCGCGAGTACCTGATGTCTG

a PPARa: peroxisome proliferator activated receptor a; ACOX2: acyl-CoA ox
binding protein-1c; FAS: fatty acid synthase; Dgat2: diacylglycerol acyltran

21250 | RSC Adv., 2020, 10, 21248–21258
procedures. The images were taken using a DP73 Olympus
microscope (Tokyo, Japan).
2.5. Determination of oxidation index

The ROS level was measured using a reactive oxygen species
assay kit. The cells were incubated with 10 mmol L�1 of 20,70-
dichlorouorescein (DCFH-DA) in a serum-free medium at
37 �C for 20 min. Then the cells were washed three times with
PBS to remove the excess probe. The cells are collected and
measured using a ow cytometer.

The MDA content and antioxidase activity were detected
using the corresponding kit. Aer collection, the cells were
lysed and centrifuged (12 000� g, 5 min). Then the supernatant
was taken for subsequent experiments. The protein concentra-
tion was determined using the BCA protein assay kit.
2.6. Quantitative real-time polymerase chain reaction
(qPCR)

qPCR was performed as described in our previous publication.29

Briey, total RNA was extracted from freshly harvested liver
tissues using the Trizol reagent. cDNA synthesis was conducted
using the PrimeScript™ RT Reagent Kit with gDNA Eraser
(Takara Biotechnology, Kyoto, Japan). qPCR assays were carried
out in a 20 mL reaction volume containing SYBR® Premix Ex
Taq™ (Takara Biotechnology, Kyoto, Japan) using a Quant
Studio™ 3 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The primer sequences are shown in Table 1. The
mRNA levels were calculated by the 2�DDCt method and
normalized using b-actin as the endogenous reference. The
primers used in the experiments were purchased from Biolog-
ical engineering Co., Ltd (Shanghai, China).
2.7. Statistical analyses

Data analyses were performed using Microso Excel and PASW
Statistics package version 17.0 (SPSS Inc., Chicago, IL, USA). All
experimental data are expressed as means � standard deviation
(SD). The signicance was determined at P < 0.05 by the analysis
of variance (ANOVA) followed by Tukey's multiple range test
merase chain reaction (qRT-PCR)a

Reverse Accession no.

ACCGAACTTGCATTGATTCCAG NM_004882
ACCCACGTCATCTTCAGGGA NM_001172698
CTGCGGAGTGCAGTGTTCT NM_003500
CCAAGCTGTACAGGCTCTCC NM_001005291.3
ACCCAGGGTGGCTAGAACA NM_079422
AAGGAAGGCTGGAAAAGAGC NM_027493
ACTGCCGTTGTCTGTCACTG NM_133947
TCGCTTGAGTGACCAGTGTC NM_030721
GGTTACTGGCGGTCACTGTC NM_011252.4
TTCAGGGTCATCCTGTCTCC NM_019569
AGGGGGCGAAACCAATATAC NM_026384

idase 2; ACOX1: acyl-CoA oxidase 1; SREBP-1c: sterol regulatory element-
sferase 2.

This journal is © The Royal Society of Chemistry 2020
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using Statistica PL 13.0 (StatSo, Inc. US). The differences
between the test subjects and model controls were evaluated by
Student's t-test.
time, h activity, mmol TE/100 g oil

Rapeseed oil 4.84 � 0.37a 232.21 � 6.23a

SP rapeseed oil 6.30 � 0.21b 259.75 � 7.82b

a SP rapeseed oil: rapeseed oil with sinapine addition.
3. Results
3.1. Composition of rapeseed oils

The quality of the rapeseed oil used was estimated for its
composition of fatty acids and trace components (Table 2).
According to Table 2, the rapeseed oil is rich in oleic acid (C18:1,
65.4 � 0.2%) and highly comprises monounsaturated fatty acids
(67.0� 0.4%). Besides, it is an excellent source of a-linolenic acid
(C18:3u3, 8.07 � 0.06%), an essential fatty acid, in contrast to
other vegetable oils such as peanut oil and sunower oil, which
are rich in omega-6 fatty acids.30 As shown in Table 2, the rape-
seed oil has a high amount of phytosterols (5691 � 90 mg kg�1),
including campesterol and b-sitosterol, 2081 � 81 mg kg�1 and
2874 � 75 mg kg�1, respectively. The tocopherol and polyphenol
contents were 679 � 14 mg kg�1 and 72 � 5 mg GAE kg�1,
Table 2 The compositions of fatty acid and trace components of
commercial rapeseed oil (CRO)a

Type of fatty acid (%)

C16:0 3.85 � 0.03
C16:1 0.20 � 0.01
C18:0 1.91 � 0.02
C18:1 65.39 � 0.15
C18:2 17.65 � 0.09
C18:3u6 0.05 � 0.01
C18:3u3 8.07 � 0.06
C20:0 0.65 � 0.02
C20:1 1.25 � 0.05
C20:4 0.36 � 0.01
C22:5u6 0.18 � 0.02
C24:0 0.20 � 0.02
Total SFA 6.74 � 0.13
Total MUFA 66.95 � 0.41
Total PUFA 26.31 � 0.30
Total UFA 93.26 � 0.45

a SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA:
polyunsaturated fatty acid; UFA: unsaturated fatty acid.

Tocopherol (mg kg�1)
a 159.52 � 10.83
b 16.62 � 0.81
g 485.84 � 14.27
d 16.95 � 2.11
Total VE 678.93 � 14.32

Phytosterol (mg kg�1)
Brassicasterol 736.29 � 28.22
Campesterol 2081.07 � 80.56
b-Sitosterol 2874.03 � 75.22
Total 5691.39 � 90.21

Polyphenols (mg GAE per kg) 71.65 � 4.83

This journal is © The Royal Society of Chemistry 2020
respectively. In addition, the antioxidant index showed that
sinapine supplementation to the rapeseed oil increased its
oxidative induction time up to 6.3 � 0.1 h from 4.8 � 0.4 h (P <
0.01) (Table 3) and its radical scavenging capacity up to 260 � 8
mmol from 232 � 6 mmol TE/100 g oil (P < 0.05), compared to the
rapeseed oil alone.
3.2. Sinapine inhibition of TAG accumulation in HepG2 in
vitro

Direct effects of sinapine on intracellular lipid accumulation
was investigated using a hepatocyte carcinoma HepG2 cell line.
As shown in Fig. 1C, the intracellular lipid accumulation is FFA
concentration-dependent, as demonstrated using a LipidTOX™
Green phospholipidosis detection reagent and could be quan-
titatively estimated. In addition, sinapine did not show signi-
cant cytotoxicity at a concentration less than 0.64 mM and
exceeded the cell half-lethal rate when it reached 1.28 mM
(Fig. 1A). In vitro lipid accumulation experiments show that at
a concentration of 0.4 mM, sinapine inhibited 27.5% of lipid
accumulation (Fig. 1B and C).

Gene expression related to lipid metabolism in cells was
measured by qPCR. As shown in Fig. 1D, the mRNA levels for
genes encoding sterol regulatory element-binding protein-1c
(SREBP-1c), the upstream activator of lipogenic regulator,
were enhanced in the OA group. However, it was inhibited by
sinapine supplementation. FAS, a desaturase essential for fatty
acid synthesis, was reduced accordingly in sinapine supple-
mentation groups (Fig. 1D), indicating that fatty acid synthesis
diminished. Moreover, the mRNA levels for peroxisome
proliferator-activated receptor a (PPARa), the master regulator
of fatty acid oxidation in the liver, were clearly enhanced with
the increase in sinapine ingestion in contrast to the OA treat-
ment group (Fig. 1D). As one of its downstream targets for fatty
acid oxidation on peroxisomes, acyl-CoA oxidase 2 (ACOX2) was
inhibited in the OA group, and no signicant difference was
observed at a concentration of 0.4 mM sinapine compared to
the control ones. These data might indicate a signicant
increase in the expression of genes regulating fatty acid oxida-
tion on peroxisomes.
3.3. Effect of sinapine supplementation to rapeseed oils on
animal growth

To examine the physiological effect of sinapine supplementa-
tion in animals, C57BL/6J mice were fed with various dened
diets. The amount of sinapine supplementation to rapeseed oils
RSC Adv., 2020, 10, 21248–21258 | 21251
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Fig. 1 Sinapine directly inhibits oleic acid (OA)-induced TAG accumulation in HepG2 cell lines. The CCK-8 toxicity test of sinapine on HepG2
cells (A). OA-induced lipid accumulation in HepG2 cells stained with LipidTOX™ Green dye after 24 h (image, with 20� magnification, upper
panel, (C)). Quantitative analyses were measured by the oil red O staining method and absorption was measured at 510 nm (B and C). Effects of
different concentrations of sinapine on the expression of lipid metabolism genes in HepG2 cells (D). Each result represents the mean � standard
deviation (n ¼ 10); different letters indicate significant differences (P < 0.05) between groups; the one-way ANOVA test followed by the Tukey
test.

21252 | RSC Adv., 2020, 10, 21248–21258 This journal is © The Royal Society of Chemistry 2020
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(500 mg kg�1 of oil) in the diets was based on the inhibition rate
of lipid deposition by sinapine in the range of 0.4–1.2 mM
relative to the mouse body weight/area in the HepG2 cell line.31

As shown in Fig. 2, the mice fed with a high-fat diet (HF) showed
high body weight gain compared to the chow-fed mice (LF) aer
12 weeks. This was consistent with the fact that although the HF
group had less food intake, it had 14% more calories for
consumption (Fig. 2C and Table S). Interestingly, among the
high-fat diet groups, the weight gain was signicantly different.
Compared with the LF group, the HF group had the highest
weight gain, reaching 17.6% (P < 0.05), which was higher than
other high-fat diet groups. The RP diet reduced the weight gain
by 11.24% and 9.36%, compared to the HF and RO diets,
respectively. Since all three high-fat diet groups consumed
roughly similar amounts of diets (Fig. 2C) with similar calories,
no obvious difference was observed on absorption and defeca-
tion, and the difference in body weight gain was probably due to
the difference of sinapine supplementation and oil substitution
among HF and RO, and RP diets.
3.4. Sinapine supplementation effects on animal lipid
metabolism

Feeding of high-fat diet to animals leads to high body weight
gain and high fat deposition in the adipose tissues and liver as
well. As shown in Fig. 2D–F, the high-fat diet (HF and RO) had
a signicant impact on the visceral fat deposition, including
both epididymal and perirenal fat tissues. There were about 1.0-
Fig. 2 The growth curve of mice fed with various diets for 12 weeks. The
(C), change in adipose tissue weight including epididymal fat weight (D),
were included (ref. 29). Data are expressed as mean � SEM (n ¼ 10). Diffe
the one-way ANOVA test followed by the Tukey test. Note: LF: low-fat die

This journal is © The Royal Society of Chemistry 2020
and 2.0-fold fat weight gains in the RO and HF groups,
respectively, in comparison to the low-fat diet group. In
contrast, there was little fat accumulation in mice fed with
sinapine-supplemented high-fat diet. Corroborating this result,
the adipose tissue cell size of RP-fed mice was signicantly
smaller than that of HF- and RO-fed mice (Fig. 3).

A further comparison was made on the overall animal health
using blood biochemical parameters, very important indicators
of general animal health. As expected, high-fat diet feeding led
to hyperlipidemia. The total plasma cholesterol and tri-
acylglycerol contents of the HF and RO groups were signicantly
higher than those of the low-fat diet chow group. With sinapine
supplementation to the high-fat diet, both total cholesterol and
triacylglycerol contents were signicantly reduced (Table 4). The
LDL-C, the bad cholesterol, was also dramatically decreased to
1.3 � 0.2 mmol L�1, even as low as 1.4 � 0.1 mmol L�1 in chow-
fed mice (Table 4), in contrast to 5.1 � 0.2 mmol L�1 in HF-fed
mice. There was not much difference in HDL-C among all
groups. These results indicated that sinapine can inhibit blood
lipid metabolism disorders.
3.5. Sinapine supplementation effects on fatty liver
formation

A high-fat diet leads to fatty liver formation in mice, where
signicant fat deposition in hepatocytes caused enlarged liver
and hepatocyte ballooning (Fig. 2F and 3). From the
morphology of hepatocytes stained with H&E staining,
body weight change (A), final body weight gain (B), average food intake
perirenal fat weight (E) and liver weight (F) of mice with different diets
rent letters indicate significant differences (P < 0.05) between groups;
t; HF: high-fat diet; RO: rapeseed oil diet; RP: rapeseed polyphenol diet.
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Fig. 3 Effects of sinapine on liver and adipose tissue morphology (H&E) and liver lipid accumulation (ORO) in HFD-fed mice (200� magnifi-
cation) (ref. 29). HE: hematoxylin and eosin; ORO: oil red O; LF: low-fat diet; HF: high-fat diet; RO: high-fat diet with common rapeseed oil; RP:
high-fat diet with sinapine in rapeseed oils.
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hepatocyte ballooning and hepatic vacuoles were dramatically
increased in HF-fed mice compared with chow-fed mice. As
expected, in mice fed with the high-fat diet containing sinapine,
the hepatocytes had little abnormal ballooning hepatocytes.
The lipid droplets in the liver, as demonstrated by oil red O
staining, also showed results consistent with the above-
mentioned results: namely, high contents of lipid were
observed in the liver of both HF- and RO-fed mice. The lipid
deposition in RP-fed mice, in contrast, was signicantly less.
These results indicated that sinapine-supplemented high-fat
diets could reduce lipid accumulation; therefore, the weight of
the liver is controlled and the liver function remains normal.
This was supported by liver function tests analysing AST and
ALT activities, the liver biomarkers of aminotransferase.
Table 4 The TC, TG, LDL-C, HDL-C, ALT and AST of different diet-fedmi
indicate significant differences (P < 0.05) between groups; the one-way

TC, mmol L�1 TG, mmol L�1 LDL-C, mmol L�1

LF 4.01 � 0.25a 0.53 � 0.04a 1.38 � 0.11a

HF 6.03 � 0.32b 0.70 � 0.03bc 5.05 � 0.16b

RO 4.88 � 0.21c 0.74 � 0.03c 3.51 � 0.15c

RP 4.56 � 0.18ac 0.59 � 0.03ab 1.33 � 0.16a

a LF: low-fat diet; HF: high-fat diet; RO: rapeseed oil diet; RP: rapeseed p
density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholester

21254 | RSC Adv., 2020, 10, 21248–21258
Specically, the ALT activity was reduced by sinapine containing
high-fat diets as low as the normal chow fat diet.
3.6. Modulation of gene expression in lipid metabolism by
sinapine supplementation

The mechanism of action of sinapine in lipid metabolism was
investigated using gene expression. Compared with the HF
group, the gene expression levels of fatty acid synthase (FAS)
and diacylglycerol acyltransferase 2 (Dgat2) in other groups
were signicantly down-regulated (P < 0.05) (Fig. 4C), with the
sinapine diet group having the highest effect, indicating the
inhibition of triglyceride synthesis in the liver. SREBP-1c, the
master lipogenic regulator in lipid synthesis,32 was also signif-
icantly decreased by the presence of sinapine, even less
ce (ref. 29). Data are expressed asmean� SEM (n¼ 10). Different letters
ANOVA test followed by the Tukey testa

HDL-C, mmol L�1 ALT, U L�1 AST, U L�1

2.32 � 0.10a 46.75 � 6.56a 127.61 � 10.19a

2.39 � 0.35a 60.82 � 5.98b 171.22 � 12.72b

2.40 � 0.28a 50.40 � 4.35a 162.83 � 8.67b

2.09 � 0.10a 47.67 � 7.76a 117.45 � 14.94a

olyphenol diet; TC: total cholesterol; TG: total triglyceride; LDL-C: low-
ol; ALT: alanine aminotransferase; AST: aspartate transaminase.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of sinapine on liver oxidation index and gene expression. The liver MDA (A) and SOD (B) of mice with different diets were included.
ThemRNA levels of genes examined by QPCRwere expressed relative to that of mice fed with low-fat diet (C and D). Data are expressed asmean
� SEM (n ¼ 10). Different letters indicate significant differences (P < 0.05) between groups; the one-way ANOVA test followed by the Tukey test.
Note: LF: low-fat diet; HF: high-fat diet; RO: rapeseed oil diet; RP: rapeseed polyphenol diet.
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compared to the low-fat chow diet. These results indicated that
lipogenesis was inhibited by the presence of sinapine under
high-fat diet conditions.

The mRNA level of PPARa was down-regulated by a high-fat
diet (HF and RO) and stimulated by sinapine supplementation
(Fig. 4D). One of its downstream targets, ACOX1 for fatty acid
oxidation, showed a very similar trend. From all these data, this
work showed that under high-fat diet feeding conditions,
sinapine could stimulate fat oxidation and inhibit lipid
biosynthesis, leading to signicant improvement in lipid
metabolism and preventing fatty liver formation.
4. Discussion

Sinapine is a prebiotic with antioxidant properties, but its
mechanism of action and whether it can inhibit NAFLD are not
clear. In this study, we rst determined the composition of the
This journal is © The Royal Society of Chemistry 2020
rapeseed oil and then studied the functional properties of
sinapine, especially the effects on lipid metabolism and liver
function by in vivo and in vitro experiments.

Our results indicated that the rapeseed oil is rich in omega-3
essential fatty acids and some trace components such as
phytosterols, tocopherols and polyphenols. These ingredients
have benecial effects on human health. Polyphenols have
various activities, including anti-oxidative, anti-inammatory,
anti-tumor and prevention of cardiovascular diseases. Sun
et al.33 studied the antioxidant properties and stability of poly-
phenols. They found that polyphenols can signicantly increase
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity
and ferric reducing antioxidant power (FRAP). The results of our
determination of the anti-oxidant capacity of polyphenols are
consistent with the above-mentioned results. The polyphenols
in rapeseeds are high in content and contain mainly sinapic
acid and its derivatives such as sinapine and choline derivatives
RSC Adv., 2020, 10, 21248–21258 | 21255
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of sinapine.34 However, the polyphenol content of rapeseed oils
from food markets is signicantly lower than that from the
rapeseed and its meal, in which it is about 1–3% of the total
weight. The signicant loss of polyphenols as well as other trace
components such as phytosterols and tocopherols in rapeseed
oils is due to the processing methods and raw materials of
vegetable oils. In food science, polyphenols have anti-oxidative
and nutritive effects on metabolism, fortifying the rapeseed oil.
Sinapine was selected and added to 500 mg kg�1 of oil, which
was in the range of extra virgin oil phenolic contents (200–
500 mg kg�1).35,36

In order to explore the nutritional function of sinapine, we
conducted in vitro experiments. The results indicated that oleic
acid treatment caused accumulation of cellular lipids, and
sinapine supplementation prevented this phenomenon. HepG2
cells can efficiently accumulate intracellular phospholipids in
the presence of oleic acid. Excessive fatty acids can lead to
increased lipid accumulation in hepatocytes. The lipids are
combined with apolipoprotein B (ApoB) and exported from the
liver in the form of very low density lipoprotein (VLDL). An
increase in the amount of TG and its clearance reduces the
incidence of lipid metabolism disorders.37

Sinapine signicantly inhibited hepatocyte cell intracellular
lipid accumulation in a concentration-dependent manner. In
HepG2 hepatocytes, polyphenols increase the phosphorylation
of AMP-activated protein kinase (AMPK) and its downstream
target acetyl-CoA carboxylase (ACC), increase AMPK activity and
reduce liver lipid accumulation.38 Gene expression related to
lipid metabolism further supported the changes induced by
sinapine. An increase in the level of mRNAs encoding PPARa,
which is involved in b-oxidation, was observed in the sinapine
groups compared to the OA group. Interestingly, the same trend
was also observed as to mRNAs encoding Acox2, a downstream
target of PPARa, which regulates the fatty acid oxidation on
peroxisomes. SREBP-1c and FAS increase hepatic lipogenesis
and contribute to lipid deposition in the liver. As the concen-
tration of sinapine increased, the expressions of SREBP-1c and
FAS were down-regulated, indicating that sinapine inhibited
lipid synthesis in hepatocytes. Our results were in line with
others' work with lipid metabolism.39,40 As fatty liver is the
consequence of excess amounts of lipid deposition in the
hepatocyte, this result strongly indicated that direct inhibition
of polyphenols from rapeseed oils might be an important
mechanism in preventing fatty liver formation via nutrient
changes.

Long-term high-fat diet intervention leads to the accumula-
tion of subcutaneous and organ fat in mice, which increases
body and organ weights. Sinapine supplementation reduced the
body weight of mice in the RP group by 11.24% compared with
the HF group, and the weight of the organs also decreased
signicantly. This shows that sinapine is involved in the regu-
lation of lipid metabolism. These results were consistent with
other reports that (1) high contents of unsaturated fatty acids in
vegetable oils are less obesogenic than those of saturated fatty
acid riches in fat-like lard41 and (2) polyphenol addition to the
diet reduces animal body weight gains and improves metabo-
lism.42 In addition, sinapine also improved lipid metabolism in
21256 | RSC Adv., 2020, 10, 21248–21258
mice. These results were consistent with the notion that the
addition of polyphenols to a high-fat diet would signicantly
improve animal health and improve its hyperlipidemia.43,44

Excess energy leads to fatty acid degeneration and lipid
accumulation in the liver. The cause of NAFLD is related to
oxidative stress. The intake of sinapine reduced the degree of
NAFLD and improved the integrity of fat cells. As polyphenolics
play an important role in anti-oxidative capacities in vitro and in
vivo as well,43,45 these results indicated that rapeseed poly-
phenols could not only reduce hepatic steatosis but also
improve liver functions induced by the high-fat diet. High-fat
diets induced fatty liver formation and led to lipid accumula-
tion, oxidative stress, and chronic inammation.46 Whether
sinapine signicantly prevents fatty liver formation in RP-
treated mice may be related to oxidative environments, and
the liver redox status and its oxidative products were examined.
Malondialdehyde (MDA), an accumulated product of
membrane peroxidation, was reduced from 22 and 19 nmol
mg�1 of HR and RO, respectively, to 14 nmol mg�1 of RP, which
was very close to the MDA level of chow-fed mice (Fig. 4A).
Superoxide dismutase (SOD), the major component of anti-
oxidation in liver tissues, also decreased inversely; namely,
sinapine-containing high-fat diet-fed mice have almost restored
their SOD activities in contrast to other high-fat diet-fed groups.
These results indicated that sinapine from rapeseed oils could
reduce fatty liver formation by reduced anti-oxidation and were
consistent with other reports.47

Gene expression related to lipid metabolism in the mouse
liver was determined by qPCR. Fatty acid synthase is a key
lipogenic enzyme, and Dgat2 enzyme is important for triglyc-
eride biosynthesis,48–50 both of which down-regulate genemRNA
expression. Moreover, the intake of sinapine up-regulated the
expression levels of PPARa and ACOX2. These results are
consistent with the results of in vitro experiments. In addition,
our results are also supported by other works: Shimoda et al.51

demonstrated that polyphenols from walnuts have a hypolipi-
demic effect in the high-fat diet-fed mice via down-regulation of
both hepatic PPARa and ACOX-1. The above-mentioned results
indicated that sinapine can regulate lipid metabolism and
maintain liver health by reducing lipid synthesis and promoting
lipid b-oxidation. In addition, this function is related to the
antioxidant properties of polyphenols.

In conclusion, our results clearly indicated that sinapine has
benecial effects on cardiovascular health. Sinapine can inhibit
the accumulation of triglycerides in human HepG2 cells.
Interestingly, the sinapine-supplemented rapeseed oil enriches
the content of polyphenols to enhance its nutritional value,
which was evaluated in an animal model, and shows its high
efficacy in improving its effect on the fatty liver formation and
lipidmetabolism. Sinapine supplementation could signicantly
inhibit animal body weight increase, fat deposition, and fatty
liver formation. This work showed that sinapine supplementa-
tion could inhibit fatty liver damage via up-regulating gene
expression for lipid metabolism and down-regulating gene
expression for lipid synthesis. This result might indicate that
the benecial effect of using sinapine as a food additive, as well
as highlight the role of the rapeseed polyphenol in health,
This journal is © The Royal Society of Chemistry 2020
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nutrition, and pharmacology and provide a theoretical basis for
the development of a healthy diet and edible vegetable oil.
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R. Chim., 2004, 7, 611–616.

16 K. Yates, F. Pohl, M. Busch, A. Mozer, L. Watters, A. Shiryaev
and P. Kong Thoo Lin, Food Chem., 2019, 276, 768–775.

17 Y. Guo, H. An, L. Feng, Q. Liu, S. Wang and T. Zhang, Food
Chem. Toxicol., 2014, 67, 187–192.

18 Y. Guo, Y. Ding, T. Zhang and H. An, Phytomedicine, 2016, 23,
267–273.

19 R. Fu, Y. Zhang, Y. Guo, T. Peng and F. Chen, J. Funct. Foods,
2016, 22, 73–81.

20 G. Song, Z. Dai, Q. Shen, X. Peng and M. Zhang, Eur. J. Lipid
Sci. Technol., 2018, 120, 1700219.

21 Y. Zhang, K. Liu, X. Zhu, Y. Wu, S. Zhang, H. Chen, J. Ling,
Y. Wang and X. Fang, Plant Cell Rep., 2018, 37, 775–787.

22 A. Gramza-Michałowska, B. Kulczynski, Y. Xindi and
M. Gumienna, Acta Sci. Pol., Technol. Aliment., 2016, 15,
447–457.

23 J. Jin, P. Warda, H. Mu, Y. Zhang, L. Jie, J. Mao, D. Xie,
J. Huang, Q. Jin and X. Wang, J. Am. Oil Chem. Soc., 2016,
93, 1115–1125.

24 C. Samaniego-Sánchez, J. J. Quesada-Granados, H. L. G. de la
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