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Abstract: Serum high-density lipoprotein cholesterol (HDL-C) levels and cholesterol excretion are
closely associated with the risk of cardiovascular complications. The specific aim of the present study
was to investigate the cholesterol lowering effect of mulberry fruit in rats fed a high cholesterol/cholic
acid diet. Four-week supplementation with mulberry fruit extract significantly decreased serum
and hepatic cholesterol (TC), serum low-density lipoprotein cholesterol (LDL-C), and fecal bile acid
levels without changes in body weight and food intake (p < 0.05). Mulberry fruit extract significantly
inhibited hepatic sterol-regulatory element binding protein (Srebp) 2 gene expression and upregulated
hepatic mRNA levels of liver X receptor alpha (Lxr-α), ATP-binding cassette transporter 5 (Abcg5),
and cholesterol 7 alpha-hydroxylase (Cyp7a1), which are involved in hepatic bile acid synthesis and
cholesterol metabolism (p < 0.05). In addition, hepatic microRNA-33 expression was significantly
inhibited by supplementation of mulberry fruit extract (p < 0.05). These results suggest the involvement
of miR-33, its associated hepatic bile acid synthesis, HDL formation, and cholesterol metabolism in
mulberry fruit-mediated beneficial effects on serum and hepatic lipid abnormalities.

Keywords: bile acid; cholesterol efflux; high-density lipoprotein cholesterol (HDL-C); mulberry fruit;
microRNA-33

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of death worldwide [1]. According
to the World Health Organization (WHO), the annual number of deaths from CVD will increase
up to 22.3 million by 2030, an increase of about 27% compared to 2012 [2]. Dyslipidemia is a
major risk factor for CVD, which is characterized by elevated low-density lipoprotein cholesterol
(LDL-C) and triglyceride (TG) levels and decreased high-density lipoprotein cholesterol (HDL-C)
concentrations [3]. Given a negative correlation between HDL-C levels and the risk of CVD, HDL-C
has been demonstrated as a strong predictor of CVD [4,5]. The cardioprotective properties of HDL-C
include reverse cholesterol transport from aortic foam cells to the liver, as well as anti-inflammatory,
anti-oxidative, and anti-apoptotic effects [6,7]. Thus, it is pivotal to improve HDL formation and
function for prevention and/or treatment of CVD.
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Cholesterol homeostasis is a complicated process that contains cholesterol biosynthesis, conversion
of cholesterol to bile acid, and bile secretion [8]. There are several transcriptional regulators and
enzyme activities involved in hepatic cholesterol homeostasis. Under normal physiological status,
sterol-regulatory element binding protein (SREBP) 2 is the key transcription factor by regulating
numerous genes including 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting
enzyme in cholesterol biosynthesis [9]. With excessive dietary cholesterol levels, the nuclear hormone
receptor, liver X receptor α (LXRα) regulates ATP-binding cassette protein G5/G8 (ABCG5/ABCG8)
in hepatocytes and enterocytes [10,11]. ABCG5/8 contributes to the absorption of excess dietary
cholesterol from the intestine and the cholesterol excretion from liver to bile acid to control cholesterol
homeostasis [10]. LXRα also regulates cholesterol 7a-hydroxylase (CYP7A1), a rate-limiting enzyme of
bile acid biosynthesis that is linked to hepatic cholesterol accumulation and its serious consequence,
CVD [12]. Bile acids bind to farnesoid X receptor (FXR), and induces FXR activation, all of which
stimulate the FXR target gene, small heterodimer partner (SHP) expression in the liver. Bile acid-induced
FXR promotes bile secretion by increasing expression of ATP-binding cassette subfamily B, member 11
(ABCB11), known as the bile salt export pump, and ATPase phospholipid transporting 8B1 (ATP8B1),
and by reducing bile acid synthesis through the inhibition of CYP7A1 expression [13]. For cellular
cholesterol efflux, excess cholesterol from peripheral cells and tissues is transferred to HDL particles,
which transport it back to the liver for concomitant disposal into the bile acids. Fecal loss of bile acid is
compensated by hepatic bile acid synthesis, leading to hepatic cholesterol depletion [14]. Increasing
HDL-C levels has been regarded as a therapeutic approach to prevent CVD by inhibiting LDL oxidation
and protecting endothelial cells from oxidized LDL-induced cytotoxic effects [5]. The main regulators
of HDL formation, ATP-binding cassette transporter A1 (ABCA1), apolipoprotein A-I (apoA-I), and
lecithin and cholesterol acyltransferase (LCAT) are also inversely related to CVD. ABCA1 has been
identified as the rate-limiting transporter for HDL formation and maturation as well as cholesterol
efflux [15]. ApoA-I, a major structural protein of HDL particles, regulates HDL-C biosynthesis and
shows a positive correlation with blood HDL-C levels [16]. LCAT is a critical enzyme for HDL particle
maturation and cholesterol efflux [17]. Improving cholesterol metabolism and bile acid synthesis while
raising HDL cholesterol appears to be an attractive therapeutic strategy to reduce CVD risk.

Mulberry (Morus alba L) belongs to the genus Morus in the Moraceae family. The flowers of Morus
alba L are called Sang Shen and Oddi [18]. Numerous studies demonstrate various biological activities
of mulberry, including anti-oxidant [19], anti-diabetic [20], and anti-inflammatory properties [21].
In addition, many biologically active components have been reported, including anthocyanins and
flavonols [18,22]. High hydrostatic pressure (HHP), a recent non-thermal food processing technique,
has been developed to extract bioactive compounds without thermally destroying the activity and
structure of bioactive components [23]. A study illustrates that the HHP procedure maintains higher
total phenolic, flavonoid, and resveratrol levels and anti-oxidant activity of mulberry juice than the heat
treatment process [24]. Therefore, the purpose of the present study was to investigate if HHP-treated
mulberry fruits improve serum HDL-C concentrations as well as other serum lipid markers in rats
fed a high cholesterol/cholic acid diet. This was done by measuring serum metabolic profiles, hepatic
expression of genes involved in bile acid synthesis, cholesterol synthesis and efflux, HDL formation,
and hepatic miR-33 expression.

2. Materials and Methods

2.1. Preparation of High Hydrostatic Pressure-Treated Mulberry Fruit Extract

HHP extract of mulberry fruits was prepared by the Korea Food Research Institute (KFRI; Wanju,
Korea). Frozen mulberry fruits (Morus alba L) from the Sangju silkworm farming association (Sangju,
Geongsangbuk-do, Korea) were chopped into small particles, homogenized in a Waring blender for
5 min, and mixed with 40,000 units each of Pectinex ultra color. Then, Pectinex BE XXL enzymes
(Daejong Trade Co. Seoul, Korea) were poured into plastic bags and a high pressure machine (TFS-50L,
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Innoway Co., Bucheon, Korea) under 100 Mpa at 50 ◦C was utilized. After 4 h extraction, the extracts
were boiled for 10 min for inactivation. After cooling, the extracts were centrifuged at 11,000× g for
5 min, filtered using Whatman No. 5 filter paper, and freeze-dried until use.

2.2. Animals and Experimental Design

Six-week old male Sprague Dawley rats weighing 180–200 g were purchased from Doo Yeol
Biotech (Seoul, Korea). Each rat was housed in an individual rack under a controlled environment
of 12-h light/dark cycle with constant temperature (22 ± 2 ◦C) and humidity (55% ± 5%). All rats
were acclimatized for 1 week with free access to water and normal chow diet (Harlan 2018S rodent
diet, Harlan, USA) and were randomly divided into three groups (n = 6/group) as follows: normal
diet (NOR, Harlan 2018S rodent diet, Harlan, USA), high cholesterol/cholic acid diet containing 1%
cholesterol and 0.5% cholic acid (HC), and HC containing 0.4% HHP-treated mulberry (HM). The diet
compositions of NOR, HC, and HM were described in Supplementary Table S1. Body weights and
food intake were measured twice a week during the 4-week experimental period. During the last three
consecutive days before the end of the experiment, feces were collected and stored at −40 ◦C until
further use. After 12 h of overnight fasting, rats were anesthetized with an intraperitoneal injection of
a mixture of Zoletil 50 (Virbac Laboratories, Carros, France) and Rompun (Bayer Korea, Seoul Korea).
Blood samples were collected by cardiac puncture, separated by centrifugation at 1516× g for 20 min,
and stored at −40 ◦C until use. Excised liver and epididymal white adipose tissue (eWAT) samples,
except for the histological analysis sample, were immediately frozen in liquid nitrogen and stored at
−70 ◦C for further analysis. All experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Ewha Womans University (IACUC No. 18-011).

2.3. Determination of Serum Metabolic Parameters

Serum activities of alanine transaminase (ALT) and aspartate transaminase (AST) and serum
concentrations of TG, total cholesterol (TC), and HDL-C were determined by enzymatic colorimetric
methods using commercially available kits (Asan Pharmaceutical Co., Seoul, Korea). Serum contents
of LDL-C were calculated using the Friedewald formula: (LDL-C = TC − HDL-C − (TG/5)) [25].

2.4. Hepatic and Fecal Lipid Analysis

Hepatic and fecal lipid extraction were conducted using the method of Bligh and Dyer as
previously described [26]. A total of 0.5 g of wet liver tissues were homogenized in 1.5 mL of 0.9%
saline. Then, 7.5 mL of chloroform and methanol mixture (1:2, v/v) were added to the homogenates.
After 10 min of vortexing and 1 h of stability, 2.5 mL of chloroform were added and centrifuged at
2214× g for 20 min. Using a Pasteur pipette, the clear lower phase was moved to a fresh tube, filtered
through a Whatman No.6 filter paper, dried, and weighed. A mixture of n-hexane/isopropanol (3/2,
v/v) was used to dissolve lipid extract. For fecal lipid extraction, feces were dried at 65 ◦C for one day,
ground, and weighed. Fecal lipids were extracted in the same way that the liver lipids were extracted
as described above. As previously described, enzymatic colorimetric methods were used to determine
hepatic and fecal TG and TC levels.

2.5. Fecal Bile Acid Analysis

A total bile acid-test kit (Wako, Osaka, Japan) was utilized to measure fecal total bile acids (TBA)
according to the manufacturer’s instruction. First, fecal lipid extraction was executed as described
above. Using the enzymatic calorimetric method, the reacted substrates create end color products that
are directly proportional to fecal TBA contents. Absorbance was measured at a wavelength of 560 nm
by a Varioskan plate reader (Thermo Scientific, Waltham, MA, USA) and expressed as fold change
with respect to the HC group.
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2.6. Histological Analysis

Dissected liver tissues were fixed in 10% formalin buffer overnight at room temperature. The fixed
liver tissues were then embedded in paraffin blocks, sliced into 6 µm thick sections by a microtome
(Leica-microsystems, Wetzlar, Germany), and stained with hematoxylin-eosin (H&E). Digital images of
stained liver tissue sections were captured with an Olympus IX 51 inverted microscope (Olympus,
Tokyo, Japan) at 200×magnification.

2.7. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

A Ribo Ex total RNA solution (Geneall Biotechnology Co., Daejeon, Korea) was used to isolate
total RNA from liver tissues according to the manufacture’s instruction. The concentration and purity
of isolated RNA were determined by a spectrophotometer (Ultrospec 2100 pro, Amersham Bioscience,
Sweden). The integrity of RNA was confirmed by staining two ribosomal RNA bands (18S and 28S
rRNA) with ethidium bromide (EtBr) and electrophoresed on 1.5% agarose gel. Isolated RNA was
reverse transcribed to cDNA using a moloney murine leukemia virus reverse transcriptase (MMLV
RTase, Bioneer Co., Daejeon, Korea). Real-time quantitative polymerase chain reaction (RT-qPCR) was
performed using a fluorometric thermal cycler (Rotor GeneTM 3000; Corbett Research, Mortlake, NSW.,
Australia) and AccuPower 2X Greenstar qPCR Master mix (−ROX Dye) (Bioneer Co.). To optimize
conditions for each primer pair, the PCR efficiency, including slope, R2, and melt curve, was analyzed
using a serial dilution of pooled samples. In addition, electrophoresis with 1.5% agarose gel and PCR
reaction products was conducted to check out primer dimer production. Primers used in the current
study are listed in Supplementary Table S2. Gene expression was normalized to the housekeeping
gene, β-actin, calculated using the ∆∆Ct method [27] and expressed as fold difference compared to the
HC group.

A miRNA cDNA Synthesis Kit with Poly (A) Polymerase Tailing (ABM Inc., Richmond, BC,
Canada), EvaGreen miRNA qPCR Master Mix (ABM Inc.), and specific primers for miR-33 and U6
(ABM Inc.) were utilized to measure hepatic microRNA expression. After RT-qPCR amplification
using the Rotor Gene 3000 (Corbett Research), hepatic miR-33 expression was normalized to U6 snRNA
and expressed as fold change compared to the HC group.

2.8. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). Statistical differences between
two or three groups were determined using the one-tailed Student’s t-test or one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison tests using SPSS software (version 23;
IBM Corporation, Armonk, NY, USA). Significant differences were determined at p < 0.05.

3. Results

3.1. Effects of Mulberry Fruit Extract on Body Weight, Food Intake, and Adipose Tissue Mass

At 4 weeks of supplementation, there were no statistical changes in final body weight, body
weight gain, food intake, energy intake, and food efficiency among all experimental groups. Moreover,
no statistical difference in eWAT mass was measured (Table 1).

3.2. Effects of Mulberry Fruit Extract on Liver Weight and Serum AST and ALT Activities

Four weeks of consumption of the HC diet significantly increased liver weight by 36.5% compared
to the NOR group, resulting in HC-induced hepatomegaly. However, no further change was found
with supplementation of the HC diet with mulberry fruit extract (Table 1). Serum AST and ALT
activities were measured to investigate the possibility that a HC diet supplemented with HHP extract
of mulberry fruits contributes to liver toxicity. Compared to the HC diet, HHP-treated mulberry fruit
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extract did not change serum AST and ALT activities, showing that 0.4% mulberry fruit in HC diet was
tolerated well by rats (Table 1).

Table 1. Effect of mulberry fruit extract on physiological variables.

Variables NOR HC HM

Initial body weight (g) 243.09 ± 3.18 242.18 ± 1.88 240.57 ± 1.26
Final body weight (g) 402.00 ± 6.70 404.97 ± 4.87 406.95 ± 4.59

Body weight gain (g/4 week) 158.90 ± 6.18 162.79 ± 4.83 166.39 ± 5.17
Food intake (g/day) 24.03 ± 0.49 24.06 ± 0.56 25.14 ± 0.19

Energy intake (kcal/day) 90.67 ± 1.83 89.37 ± 2.07 92.97 ± 0.71
Food efficiency 1) 0.24 ± 0.01 0.24 ± 0.00 0.24 ± 0.01

Epididymal fat weight (g/100g body weight) 1.52 ± 0.10 1.39 ± 0.06 1.37 ± 0.03
Liver weight (g/100g body weight) 3.28 ± 0.06 a 5.17 ± 0.09 b 5.46 ± 0.18 b

Serum ALT (IU/L) 6.02 ± 0.25 8.75 ± 0.95 7.13 ± 0.91
Serum AST (IU/L) 35.88 ± 1.50 a 41.54 ± 2.55 ab 45.47 ± 3.00 b

1) Food efficiency = body weight gain (g/day)/food intake (g/day); data are expressed as mean ± SEM (n = 6). Values
with different letters are significantly different at p < 0.05. NOR, normal diet; HC, high cholesterol/cholic acid diet
containing 1% cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic pressure mulberry fruit extract.

3.3. Effects of Mulberry Fruit Extract on Serum Lipid Parameters

Serum levels of TG, TC, LDL-C, and HDL-C were measured to investigate the effect of a HC
diet supplemented with mulberry fruit extract on HC-induced dyslipidemia. Rats fed a HC diet
showed higher serum TG, TC, and LDL-C contents than animals fed a NOR diet. Supplementation
with mulberry fruit extract significantly decreased serum TG, TC, and LDL-C concentrations by 54.3%,
26.8%, and 24.1%, respectively, compared to the HC group (p < 0.05, Figure 1a). Interestingly, rats in
the HM group showed higher serum HDL-C levels than the HC group (p < 0.05, Figure 1a), indicating
the beneficial effect of mulberry extract on HC-decreased HDL-C levels, a powerful predictor of CVD.

3.4. Effects of Mulberry Fruit Extract on Hepatic Lipid Profiles

At the end of a 4-week experimental period, the HC diet induced significant increases of hepatic
TG and TC levels with larger lipid droplets in hepatocytes, as observed by H&E staining (p < 0.05,
Figure 1b,c). Decreased hepatic TG levels in the HM group were observed without statistical difference.
HC-increased hepatic TC levels were significantly inhibited by 18.2% with mulberry fruit extract
supplementation (p < 0.05, Figure 1c).

3.5. Effects of Mulberry Fruit Extract on Fecal Lipid Profiles and Bile Acid Excretion

Next, fecal levels of TG, TC, and TBA were measured. After 4 weeks of diet intervention, fecal
TG levels in the HC group were not statistically different compared to the NOR group. However, the
HM group had 50.6% higher fecal TG levels than the HC group (p < 0.05, Figure 1d). There was no
statistical difference in fecal TC concentrations between HC and HM groups (Figure 1d). As shown
in Figure 1d, fecal bile acid excretion as measured by TBA levels in the HC group was statistically
higher than in the NOR group. Four-week supplementation with mulberry fruit extract significantly
increased fecal TBA levels by 24.5% compared to the HC diet (p < 0.05, Figure 1d).
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(a, b, c) are statistically different at p < 0.05. HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; TBA, 
total bile acid; TC, total cholesterol; TG, triglyceride; NOR, normal diet; HC, high-cholesterol/cholic 
acid diet containing 1% cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic 
pressure mulberry fruit extract. 
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supplemented with HHP-treated mulberry fruit extract significantly upregulated hepatic gene 
expression of Lxr-α and Abcg5, key transcriptional regulators of cholesterol efflux (p < 0.05). 
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observed in the HM group compared to the HC group (Figure 2B). Thus, we suggest that the 
hypolipidemic effect of mulberry fruits might be involved in changes in mRNA transcription related 
to cholesterol synthesis and efflux. In the liver, mRNA expression of Cyp7a1, a rate-limiting enzyme 
in bile acid synthesis, was significantly enhanced by about 1.6-fold in rats fed a HM diet compared 
to the HC diet (p < 0.05, Figure 2C). In addition, hepatic mRNA levels of Fxr and Shp were 
significantly increased by the high cholesterol/cholic acid diet (HC), which was downregulated 
significantly by supplementation of mulberry fruit extract in the HC diet (p < 0.05, Figure 2D). 
However, Fxr-target gene, Abcb11, and Atp8b1 gene expression were not changed by either the HC 
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Figure 1. Influence of high hydrostatic pressure mulberry fruit extract on serum (a), hepatic (c), and
fecal lipid profiles (d). (b) Representative hematoxylin and eosin (H&E) stained liver tissue (scale bars
= 100 µm; magnification of 200×). Data are expressed as mean ± SEM (n = 6). Bars with different letters
(a, b, c) are statistically different at p < 0.05. HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; TBA,
total bile acid; TC, total cholesterol; TG, triglyceride; NOR, normal diet; HC, high-cholesterol/cholic
acid diet containing 1% cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic pressure
mulberry fruit extract.

3.6. Effect of Mulberry Fruit Extract on Hepatic Gene Expression related to Cholesterol Metabolism and Bile
Acid Synthesis

To investigate the effect of HHP-treated mulberry fruit extract on mRNA levels involved in
cholesterol homeostasis, hepatic mRNA levels were analyzed by qRT-PCR. As shown in Figure 2a, 54%
significant reduction of hepatic Srebp2 mRNA expression related to de novo cholesterol biosynthesis
was measured in rats fed a HM diet (p < 0.05). Compared to the HC diet, a HC diet supplemented with
HHP-treated mulberry fruit extract significantly upregulated hepatic gene expression of Lxr-α and
Abcg5, key transcriptional regulators of cholesterol efflux (p < 0.05). Although not statistically different,
a 1.48-fold increase of hepatic Abcg8 mRNA expression was observed in the HM group compared to
the HC group (Figure 2b). Thus, we suggest that the hypolipidemic effect of mulberry fruits might be
involved in changes in mRNA transcription related to cholesterol synthesis and efflux. In the liver,
mRNA expression of Cyp7a1, a rate-limiting enzyme in bile acid synthesis, was significantly enhanced
by about 1.6-fold in rats fed a HM diet compared to the HC diet (p < 0.05, Figure 2c). In addition,
hepatic mRNA levels of Fxr and Shp were significantly increased by the high cholesterol/cholic acid
diet (HC), which was downregulated significantly by supplementation of mulberry fruit extract in the
HC diet (p < 0.05, Figure 2d). However, Fxr-target gene, Abcb11, and Atp8b1 gene expression were not
changed by either the HC diet or supplementation of mulberry fruit extract (Figure 2d).
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Figure 2. Effect of high hydrostatic pressure mulberry fruit extract on mRNA levels related to cholesterol
homeostasis in the liver. Hepatic mRNA levels of Srebp2 (a); liver X receptor-α (Lxr-α), ATP-binding
cassette sub-family G member 5 (Abcg5), and Abcg8 (b); cholesterol 7 alpha-hydroxylase (Cyp7a1) (c);
and farnesoid X receptor (Fxr), small heterodimer partner (Shp), and ATP-binding cassette subfamily B,
member 11 (Abcb11) (d) were measured by RT-qPCR and normalized to β-actin. Data were expressed
as fold change compared to the HC and expressed as mean ± SEM (n = 6). * p < 0.05; ** p < 0.01
compared to the HC diet. NOR, normal diet; HC, high cholesterol/cholic acid diet containing 1%
cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic pressure mulberry fruit extract.

3.7. Effect of Mulberry Fruit Extract on Hepatic Gene Expression related to HDL Formation

Hepatic mRNA levels of Abca1, ApoA-1, and Lcat were measured to examine the influence of
mulberry fruit extract on serum HDL-C levels. HC-reduced Abca1 and ApoA-1 hepatic mRNA levels
were significantly upregulated by mulberry fruit extract (p < 0.05, Figure 3). In addition, 4-week
supplementation with HHP-treated mulberry fruit extract in the HC diet significantly increased Lcat
gene expression by 1.9-fold (p < 0.05, Figure 3), suggesting that supplementing the HC diet with
mulberry fruit extract enhances HDL formation.
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Figure 3. Effect of high hydrostatic pressure mulberry fruit extract on hepatic mRNA levels involved in
HDL formation. ATP-binding cassette, subfamily A member 1 (Abca1), apolipoprotein A-1 (ApoA-1),
and lecithin cholesterol acyltransferase (Lcat) mRNA levels were measured by RT-qPCR and normalized
to β-actin. Data were expressed as fold change compared to the HC and are expressed as mean ± SEM
(n = 6). * p < 0.05; ** p < 0.01 compared to the HC diet. NOR, normal diet; HC, high cholesterol/cholic
acid diet containing 1% cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic pressure
mulberry fruit extract.

3.8. Effect of Mulberry Fruit Extract on Hepatic miR-33 Expresion

To demonstrate the molecular mechanism by which HHP-treated mulberry fruit extract controls
cholesterol homeostasis and increases HDL formation, hepatic miR-33 expression was measured.
As shown in Figure 4, the HC diet significantly increased hepatic miR-33 expression by 55.2% compared
to the NOR diet (p < 0.05). Four-week supplementation of the HC diet with mulberry fruit extract
significantly downregulated HC-induced miR-33 expression by 41.5% (p < 0.05).
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Hepatic miR-33 levels were measured by RT-qPCR, normalized to U6 snRNA, expressed as the fold
change compared to the HC group, and expressed as mean ± SEM (n = 6). Mean values with different
superscript (a, b) are significantly different at p < 0.05. NOR, normal diet; HC, high cholesterol/cholic
acid diet containing 1% cholesterol and 0.5% cholic acid; and HM, HC + 0.4% high hydrostatic pressure
mulberry fruit extract.

4. Discussion

Accumulating epidemiologic and prospective evidence has demonstrated that lower circulating
HDL-C is negatively associated with an increased risk of CVD [4,5,28]. In addition to HDL-cholesterol
efflux capacity, HDL also exerts anti-oxidative, anti-inflammatory, and anti-apoptotic properties and
restores endothelial function, all of which contribute to decreased risk of CVD [6,7]. Therefore,
understanding the features of HDL formation, dysfunction, and capacity might allow development of
therapeutic approaches to CVD. Growing evidence has shown that mulberry fruits have anti-oxidative
and anti-inflammatory actions [19,21,29,30]. HHP was recently introduced as a non-thermal food
processing technique that prevents degradation of activity and structure of bioactive components [23].
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This information led us to investigate the beneficial effect of HHP extract of mulberry fruit extract on
HC-induced changes in HDL formation and function. We elucidated the favorable effect of mulberry
fruit on serum and hepatic lipid profiles by measuring mRNA levels involved in cholesterol efflux and
bile acid synthesis as well as hepatic miR-33 expression.

In the current study, male Sprague-Dawley rats were fed NOR, HC, or HM diets for 4 weeks.
The dose of mulberry fruit extract given in the HM diet was determined as described in previous
studies [31,32]. The 0.4% HHP-treated mulberry fruit extract in the HC diet was tolerated well by rats,
as indicated by no statistical difference in serum ALT and AST activities and liver weight compared to
rats fed a HC diet. Similar to previous studies using aqueous or ethanol extraction or freeze-dried
powder of mulberry fruits [31–33], HHP extraction of mulberry fruits significantly decreased serum TG,
TC, and LDL-C levels. Based on our previous study, HHP-treated mulberry fruits contain anthocyanins,
including cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside and flavonols such as quercetin and
quercetin 3-O-rutinoside [21]. Isolated and purified anthocyanin from mulberry fruits, anthocyanin-rich
pomegranate juice, and quercetin supplementation improve serum lipid profiles [34–36]. Therefore,
we speculate that the favorable effect of HM on serum lipid parameters might be involved in its
major bioactive compounds such as anthocyanins and flavonols. As previously reported using virgin
olive oil or cocoa [37], other biomaterials or polyphenol-rich nutrients might be associated with the
hypolipidemic properties of HHP-mulberry fruits.

The negative effect of nonalcoholic fatty liver disease (NAFLD) on CVD risk is associated with
the abnormalities in cardiac metabolism and function [38]. In the present study, a 4-week HC diet
significantly increased serum and hepatic TG and TC levels and larger lipid droplets in hepatocytes,
as observed by H&E staining, when compared to the NOR diet. Supplementation of mulberry fruit
extract in the HC diet significantly suppressed hepatic TC levels with reduction of serum TG and
TC levels without changing hepatic mRNA levels involved in inflammation (data not shown). Thus,
HM-decreased serum and hepatic lipids might implicate the favorable effects of mulberry fruits on the
initial stage of NAFLD. A following study to investigate how chronic administration of mulberry fruit
extract influences fatty liver/liver injury might need to be conducted.

Hepatic de novo cholesterol biosynthesis, uptake, and secretion and bile acid synthesis and
secretion are involved in hepatic cholesterol homeostasis [8]. Biosynthesis of bile acids, the final
products of cholesterol catabolism, and their excretion to feces contribute to reduction of excess
hepatic cholesterol [14,39]. In the present study, rats fed a HC diet with HHP-treated mulberry fruit
extract showed lower hepatic TC levels and higher fecal bile acid contents when compared to the
HC diet. In addition, mulberry fruit extract significantly inhibited hepatic Srebp2 gene expression
and upregulated hepatic Lxr-α, Abcg5, and Cyp7a1 mRNA levels. SREBP2 overexpression increases
transcripts of enzymes related to cholesterol biosynthesis and HMGCR [9,40]. A major regulator of
dietary cholesterol, LXRα reduces cholesterol absorption and stimulates biliary cholesterol secretion by
regulating hepatic and intestinal Abcg5/8 gene transcripts [10]. Genetic ablation of Abcg5/8 upregulates
cholesterol absorption and inhibits biliary cholesterol concentrations [41]. In addition, LXRα regulates
CYP7A1, a key enzyme for bile acid formation and cholesterol excretion [12]. Decreased bile acid
excretion and hypercholesteremia were observed in a proband’s family with CYP7A1 deficiency [42].
Increased CYP7A1 activity promotes hepatic bile acid biogenesis and biliary cholesterol secretion [43].
In the feedback of bile acid regulation, inhibition of CYP7A1 and its-associated decrement in bile acid
synthesis result from binding of bile acid to Fxr, its activation, and SHP induction. In the liver, FXR
leads to bile acid excretion by ABCB11 and ATP8B1. Hepatic ABCB11 overexpression increases Fxr/Shp
expression and decreases hepatic Cyp7a1 expression, which in turn inhibits bile acid synthesis [44].
ATP8B1 deletion enhances biliary output of cholesterol by inhibiting Fxr mRNA and protein expression
and decreasing Fxr target genes, Abcb11, and Shp expression [45,46]. In our present study, high
cholesterol/cholic acid diet significantly upregulated hepatic mRNA levels of Fxr and Shp, which were
suppressed by HHP-treated mulberry fruit extract. However, HC diet or supplementation of mulberry
fruit extract did not change Fxr target, Abcb11, and Atpb81 transcripts related to bile acid export.



Nutrients 2020, 12, 1499 10 of 14

This suggests that the cholesterol lowering effect of HHP-treated mulberry fruit extract might, at least
in part, interact with the nuclear hormone receptor, Lxr-α and its associated Abcg5 and Cyp7a1 gene
transcripts involved in cholesterol efflux and bile acid synthesis. A following study is necessary to
delineate the molecular mechanisms by which mulberry fruit extract influences bile acid transport and
metabolism in the liver and intestine.

HDL-cholesterol efflux capacity from macrophages via ABCA1 and ABCG1 pathways
related to reverse cholesterol transport is a major advantage of HDL function associated with
lowering CVD [5,47,48]. The nuclear hormone receptor Lxr-α promotes Abca1 transcription [49].
ABCA1 facilitates cholesterol efflux to lipid-free or lipid-poor apoA-I, a major apolipoprotein of HDL,
leading to nascent HDL formation that contributes to HDL levels [16]. Overexpression of ABCA1 in
mice shows the atheroprotective action of ABCA1 [50,51]. Overexpression of apoA-I also enhances
HDL levels and prevents plaque progression [52]. By promoting cholesterol partitioning from the
surface to the core, changing small discoidal HDLs to larger spherical HDL particles, and preventing
cholesterol export from HDL, LCAT is responsible for HDL formation and maturation and reverse
cholesterol transport [17]. Genetic mutations in ABCA1, apoA-1, and LCAT are associated with familial
hypoalphalipoproteinemia. Subjects with theses mutations and significant reduction of HDL-C have
increased risk of coronary artery disease [53]. In the current study, rats fed a HC diet supplemented with
mulberry fruit extract had significantly higher serum HDL-C concentrations and hepatic mRNA levels
of Abca1, ApoA-1, and Lcat when compared to animals with the HC diet. These results demonstrate
that HHP-treated mulberry fruit extract might enhance serum HDL-C levels by modulating hepatic
gene expression related to HDL formation.

MicroRNAs (miRNAs) are single-stranded small RNA molecules (18–25 nucleotides long) that
post-transcriptionally regulate physiologic processes by binding to complementary target sites in the
3′ untranslated regions (3′UTRs) of mRNAs [54]. miR-33, an intronic miRNA located within the gene
encoding SREBF-2, is a transcriptional regulator of cholesterol synthesis that controls gene transcripts
involved in cholesterol homeostasis [55–57]. In the current study, supplementation of mulberry fruit
extract in HC diet significantly decreased hepatic Srebp2 mRNA expression. Hepatic overexpression
of miR-33 [55] and lentiviral delivery of miR-33 [57] decrease hepatic Abca1 expression involved in
cholesterol efflux to apoA-1 and blood HDL-C concentration [55]. In contrast, inhibition of miR-33
promotes Abca1 expression and cholesterol efflux and enhances plasma HDL levels [56], indicating
that miR-33 might regulate HDL formation and cholesterol efflux. In the present study, we found for
the first time that HHP-treated mulberry fruit extract significantly suppressed hepatic Srebp2 and
miR-33 expression. The results show that mulberry fruit extract increases HDL formation by regulating
hepatic miR-33 levels. Still, further investigation with female animals is needed to demonstrate how
mulberry fruit extract influences serum and hepatic lipid metabolism in women.

5. Conclusions

In the present study, the favorable effects of HHP-treated mulberry fruit extract on serum HDL-C
levels and serum and hepatic lipid abnormalities were investigated in rats fed a high cholesterol
diet. Four-week supplementation with mulberry fruit extract suppressed HC diet-induced serum and
hepatic lipid parameters and enhanced fecal lipid excretion. Significant induction of serum HDL-C
levels was found in rats fed a HC diet containing mulberry fruit. Moreover, HHP-treated mulberry
fruit extract significantly increased hepatic mRNA levels related to cholesterol efflux, bile synthesis,
and HDL formation. Given the close association between miR-33 and post-translational regulation,
we speculate that the beneficial effects of mulberry fruit might be related to miR-33 expression and
associated cholesterol metabolism, bile acid synthesis, and HDL formation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/5/1499/s1,
Table S1: The compositions of experimental diets, Table S2: Primers used for quantitative real-time polymerase
chain reaction (qRT-PCR).
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