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1  | INTRODUC TION

The Korean Ministry of Health and Welfare has reported that 11.9%, 
15.9%, and 17.6% of Koreans over 30 years of age suffer from dia-
betes, hypercholesterolemia, and hypertriglyceridemia, respectively 
(Ministry of Health & Welfare, 2013). Hyperlipidemia, especially 
hypercholesterolemia, is a major risk factor for the progression and 

development of atherosclerosis and ischemic heart disease (Berbée 
et al., 2015; Wu et al., 2013), which are important causes of death 
worldwide (Cassar, Holmes, Rihal, & Gersh, 2009).

Some lactic acid bacteria (LAB) have been reported to have cho-
lesterol-lowering effects in animals and humans (Bosch et al., 2014; 
Jeun et al., 2010; Jo, Choi, Lee, & Chang, 2015; Lee et al., 2010). 
Moreover, several mechanisms associated with serum cholesterol 
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Abstract
The aim of this study was to investigate the ability of Lactobacillus plantarum EM 
as a starter culture to control cabbage–apple juice fermentation and to explore the 
cholesterol-lowering effects of the fermented juice (EM juice) in rats. L. plantarum 
EM produced strong antimicrobial activities against bacteria and fungi, suppressing 
other microorganisms in the fermented juice, and was the dominant organism dur-
ing fermentation and storage. The EM juice also showed strong and broad-spectrum 
antimicrobial activity. Rats fed a high-fat and high-cholesterol diet and administered 
EM juice showed significantly reduced total cholesterol (TC), triglyceride, and LDL-
cholesterol levels, as well as a reduced atherogenic index, lower cardiac factors in 
serum, and lower TC levels in the liver, while total lipid and TC levels in the rat feces 
increased. Reverse transcription–polymerase chain reaction analysis revealed that 
the hepatic mRNA expression of HMG-CoA reductase decreased and the expres-
sions of cholesterol 7α-hydroxylase and low-density lipoprotein receptor increased 
in rats administered EM juice. The effects of EM juice on rats included inhibition of 
cholesterol synthesis as well as enhancement of cholesterol uptake and cholesterol 
excretion. The results of this study indicate that the use of L. plantarum EM as a 
functional starter culture for juice fermentation exerts microbial control, enhances 
sanitary safety, and provides beneficial food effects against hypercholesterolemia.
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reduction by LAB have been proposed, including assimilation, sur-
face binding, incorporation into cellular membranes, coprecipita-
tion with deconjugated bile, enzymatic deconjugation of bile acids, 
conversion of cholesterol, and production of short-chain fatty acids 
(Choi & Chang, 2015).

Fermented foods have a long history of consumption worldwide 
(Marco et al., 2017), and fermentation has traditionally been used as 
a food preservation method. Moreover, the organoleptic properties 
of raw materials can be improved during fermentation. Fermented 
foods can also have enhanced nutritional and functional proper-
ties as a result of the formation of bioactive end-products during 
fermentation (Marco et al., 2017). It is increasingly considered that 
some fermented foods have health-promoting effects that extend 
well beyond those of the raw food material, and recent human-based 
clinical studies of fermented foods support this suggestion (Parvez, 
Malik, Ah Kang, & Kim, 2006). Accordingly, the market for fermented 
foods has exhibited remarkable growth over the last few years 
(Ohm, Kim, & Jun, 2012). The production of fermented foods de-
rived by using a functional starter culture can be expected to provide 
additional benefits such as improved product shelf-life and safety, as 
well as organoleptic, nutritional, or health-related advantages (Leroy 
& De Vuyst, 2004).

In our previous study, we isolated Lactobacillus plantarum EM 
from kimchi and observed that growing, resting, and even dead bac-
terial cells were capable of cholesterol removal via the enzymatic 
assimilation and cell surface-binding abilities of L. plantarum EM in 
vitro. Moreover, L. plantarum EM appeared to meet the functional 
criteria required for consideration as a beneficial probiotic, including 
acid and bile tolerance, antagonistic activity against pathogens, and 
antibiotic susceptibility (Choi & Chang, 2015).

For further application, we utilized L. plantarum EM as a functional 
starter culture for cabbage–apple juice fermentation. Thereafter, we 
characterized the fermented juice (EM juice) and evaluated its func-
tionality in rats. The specific goals of this study were to determine 
the ability of L. plantarum EM to control juice fermentation and to 
investigate the health-promoting (cholesterol-lowering) effects of 
EM juice in high-fat and high-cholesterol diet-induced hypercholes-
terolemic rats.

2  | MATERIAL S AND METHODS

2.1 | Cultures and media

LAB strains were cultivated at 30℃ for 24 hr in de Man Rogosa 
Sharpe (MRS; Difco) medium. Micrococcus luteus ATCC 13513 and 
Staphylococcus aureus KCCM 40881 were cultivated in tryptic soy 
broth (TSB; Difco), while Vibrio parahaemolyticus KCCM 11965 was 
grown in nutrient broth (NB; Difco) supplemented with 2% NaCl. 
The other bacterial strains used in this study were cultivated in 
Luria–Bertani (LB; Difco) medium. These strains were incubated at 
30–37℃ with shaking for 24 hr (Lee & Chang, 2018).

The fungal strains used in this study were grown on malt extract 
agar (MEA; Difco) or potato dextrose agar (PDA; Difco) at 30℃ for 

24–48 hr, whereas Penicillium roqueforti ATCC 10110 were cultivated 
at 25℃. The ATCC strains were purchased from the American Type 
Culture Collection (ATCC), whereas the KCCM strains were acquired 
from the Korean Culture Center of Microorganisms (KCCM). The 
PF-2 and PF-3 fungal strains were isolated by our laboratory (Lee & 
Chang, 2016).

2.2 | Preparation of fermented cabbage–apple juice

Cabbage (Brassica oleracea var. capitata) and apples (Malus pumila 
var. dulcissima Koidz) were cleaned under running water and pressed 
separately by using a juice extractor (Hurom, HD-RBF09). The two 
kinds of pressed juice were subsequently blended in equal amounts. 
L. plantarum EM was cultured overnight in MRS broth, then harvested 
(10,100 g, 15 min, 4℃, Hanil Science), resuspended in sterilized dis-
tilled water, and inoculated (up to 106 CFU/ml) into the prepared 
juice, which was then designated as EM juice. The juice without an 
L. plantarum EM inoculum was designated as control juice. The pre-
pared juices were allowed to ferment at 15℃ for 5 days, after which 
they were stored at 4℃ for 21 days.

2.3 | Isolation and identification of LAB from the 
control juice

Microorganisms that formed a clear zone on MRS plates containing 
2% (w/v) CaCO3 after 24–48 hr culture at 30℃ were isolated from 
the fermented control juice. The isolated strains were tentatively 
considered LAB and identified by using morphological observation, 
Gram-staining, catalase testing, and determination of 16S rRNA 
gene sequences (Applied Biosystem). The obtained 16S rRNA gene 
sequences were subsequently compared with sequences available in 
the GenBank database (https ://blast.ncbi.nlm.nih.gov/Blast.cgi) by 
using the BLAST program.

2.4 | Effects of temperature on the growth of LAB

The LAB used in this study were cultivated at 10℃, 15℃, 20℃, and 
30℃, respectively, in MRS broth for 120 hr. During cultivation, LAB 
growth was measured every 24 hr by measuring broth turbidity at 
580 nm (Ultrospec 2100 pro; Amersham).

2.5 | Analysis of juice properties

2.5.1 | Acidity and pH assay

Juice pH was measured by using a pH meter (Denver). To deter-
mine the titratable total acidity, a juice sample was titrated with 
100 mmol/L NaOH to pH 8.3 (Chang & Chang, 2010).

2.5.2 | Microbial analysis

Juice samples were serially diluted and spread onto plate count 
agar (PCA, Merck) to obtain total microbial counts, MRS agar and 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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MRS + 2% CaCO3 agar to obtain LAB counts, and 3M™ Petrifilm™ 
E. coli/Coliform Count Plates (3M Corp.) to obtain coliform bacterial 
counts.

The culture-independent analysis was conducted simultaneously 
by performing PCR–DGGE as previously described (Moon, Kim, & 
Chang, 2018). Briefly, juice samples were centrifuged (13,475 g, 
5 min, 4℃), after which cell pellets were washed with sterile water 
and the DNA was extracted by using a Genomic DNA preparation kit 
(Qiagen). The 16S rRNA gene of the extracted DNA was amplified 
with the 27F and 1492R 16S universal primers. Thereafter, nested 
PCR targeting the V3 region of the 16S rRNA gene was conducted 
with the DGGE primers of Lac1 and GC Lac2. The DGGE was con-
ducted by using 8% (w/v) acrylamide in a Dcode system (BioRad). 
Bands of interest were extracted from the gels, reamplified using 
the Lac1 and GC Lac2 DGGE primers, and sequenced using an au-
tomated DNA sequencer (Applied Biosystem). The determined 
sequences were then used for BLAST searches of the GenBank da-
tabase to identify the closest known relatives.

2.5.3 | Antimicrobial activity assay

To determine the antimicrobial activity of LAB cultured in MRS or 
juice, spot-on-the-lawn assays (Lee & Chang, 2016) or paper disk as-
says (Yang & Chang, 2010) were used. Briefly, LAB strain was culti-
vated in MRS broth at 30℃ for 24 hr or in juice at 15℃ for 0–5 days. 
The culture was then centrifuged (10,100 g, 15 min, 4℃) and the 
supernatant sterilized by passing through a 0.45 μm membrane filter 
(Sartorius) and used as culture filtrate or juice filtrate.

The prepared culture filtrate or juice filtrate was used for the 
antimicrobial activity assay. Plates were prepared by adding fungi 
(6.0 log spore per 20 ml MEA or PDA) to 1.5% bacto agar (Duchefa) 
for antifungal assays or by spreading the bacteria (6.0 log CFU/mL) 
onto MRS, LB, TSB, or NB + 2% NaCl agar for antibacterial assays 
(Lee & Chang, 2016; Yang & Chang, 2010). For the paper disk assay, 
paper disks (diameter 8 mm; Advantec, Tokyo, Japan) on MRS plates 
were spotted with 100 µl of sample. The plates were then incubated 
at 30℃ for 24 hr and examined for inhibition zones. For the spot-on-
the-lawn assay, 10 µl of sample was spotted onto the sensitive mold 
and bacterial plates. Antimicrobial activity, which was defined as the 
reciprocal of the highest dilution at which microbial growth was in-
hibited, was expressed as arbitrary units (AU) per milliliter.

2.6 | Animals and diets

To investigate the cholesterol-lowering effects of the juice, 5-week-
old Sprague Dawley male rats (n = 32) were purchased from Orient 
Bio Inc. (Daejeon, Korea). The rats were housed in stainless steel cages 
under controlled temperature (22 ± 1°C) and humidity (60%) condi-
tions with a 12-hr light–dark cycle and were fed a diet of commercial 
pelleted rat chow (Samtako) for 7 days. Animals were then randomly 
allocated into one of the following four groups (n = 8): (a) ND, normal 
diet; (b) HFCD, high-fat/high-cholesterol diet; (c) HFCD-A, high-fat/
high-cholesterol diet + nonfermented control juice; and (d) HFCD-B, 

high-fat/high-cholesterol diet + fermented EM juice. Juice was orally 
administrated to each rat at a volume of 1 ml/day, and the same 
amount of distilled water was administrated to rats in the ND and 
HFCD groups. The feed of the ND group consisted of AIN-93 puri-
fied diet containing 17.48% protein, 6.85% fat, 62.99% carbohydrates, 
4.08% ash, 1.48% minerals, and 0.68% vitamins (Reeves, Nielsen, & 
Fahey, 1993). The HFCD consisted of 17% fat and 1% cholesterol 
(w/w) excluding the AIN-93 purified diet. Rat food intake and body 
weight were recorded daily and weekly, respectively, during the 6-
week feeding period. All animal procedures were performed in ac-
cordance with the Guidelines for Institutional Animal Care and Use 
Committee of Chosun University, Korea (CIACUC2016-A0032).

2.7 | Analysis of lipid profiles in animals

2.7.1 | Analysis of biochemical parameters

After overnight fasting, final body weight was measured and rats 
were sacrificed. Blood samples were then collected by cardiac 
puncture and used to determine serum lipid profiles. The liver was 
immediately removed, rinsed with 0.9% saline solution, weighed, 
and flash-frozen for further analysis. Feces were collected for 5 
consecutive days before euthanasia, completely dried by heating 
at 70°C for 3 days, and stored at −70°C until lipid profile analyses 
were performed. Serum levels of triglyceride (TG), total cholesterol 
(TC), and high-density lipoprotein (HDL) cholesterol were deter-
mined by using an auto blood analyzer (Fuji Dri-Chem 3500, Fujifilm, 
Tokyo, Japan). Serum low-density lipoprotein (LDL) cholesterol was 
calculated according to the Friedewald method (Friedewald, Levy, 
& Fredrickson, 1972). Both the atherogenic index (AI) and the car-
diac risk factor (CRF) were calculated using the following formulae: 
AI = (TC–HDL-cholesterol)/HDL-cholesterol and CRF = TC/HDL-
cholesterol (Rosenfeld, 1989). Lipids were extracted from the livers 
and feces by using the Folch method (Folch, Lees, & Sloane Stanley, 
1957), while TG and TC contents in the liver and feces were meas-
ured as described by Rizvi et al. (2003).

2.7.2 | Hepatic RNA extraction and reverse 
transcription–polymerase chain reaction (RT‐PCR)

Total RNA was extracted from frozen rat livers by using an RNeasy 
mini kit (Qiagen, Gaithersburg, MD, USA). Complementary 
DNA (cDNA) was synthesized by using SuperScript III Reverse 
Transcriptase and oligo-dT primers (Invitrogen) according to the 
manufacturer's protocols. PCR (TaKaRa Biochemicals) analysis of 
the cDNA gene expression was conducted by using the following 
PCR primers: forward 5'-GTGATTACCCTGAGCTTAGC-3' and re-
verse 5'‐TGGGATGTGCTTAGCATTGA‐3′ for 3‐hydroxy‐3‐meth-
ylglutaryl-CoA reductase (HMGCR; Alvarez, Gómez, Scardapane, 
Fornes, & Giménez, 2007); forward 5′‐GCCGTCCAAGAAATC 
AAGCAGT‐3′ and reverse 5′‐TGTGGGCAGCGAGAACAAAGT‐3′ 
for cholesterol 7α-hydroxylase (CYP7A1; Sun, Xie, Xue, & Wang,  
2010); forward 5′‐ATTTTGGAGGATGAGAAGCAG‐3′ and reverse  
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5′‐CAGGGCGGGGAGGTGTGAGAA‐3′ for low‐density lipoprotein 
receptor (LDLR; Nakamura et al., 2009); forward 5′‐GTGGGGCG 
CCCCAGGCACCAGGGC‐3′ and reverse 5′‐CTCCTTAATGTCACG 
CACGATTTC‐3′ for β-actin (Jang et al., 2003). The PCR conditions 
were as follows: 30 cycles of 94°C for 3 min, 60°C for 1 min, and 
72°C for 2 min for HMGCR, CYP7A1, and LDLR; 30 cycles of 95°C 
for 15 s, 60°C for 60 s, and 72°C for 30 s for β-actin. The relative 
amount of each studied mRNA was normalized to β-actin as a house-
keeping gene, and the data were analyzed by using Alpha Ease FC 
software (Alpha Innotech Corporation).

2.8 | Statistical analysis

Data pertaining to the chemical components analysis and sensory 
evaluations were expressed as means ± standard deviations (SD) of 
duplicate evaluations, and comparisons of means were made by using 
the t test and Duncan's multiple range test, respectively. Animal ex-
perimental data were expressed as means ± standard errors (SE) and 
were analyzed by performing one-way analysis of variance followed 
by Tukey's posthoc test by using the SPSS ver. 11.5 software (SPSS). 
A p < .05 was considered to indicate statistical significance.

3  | RESULTS AND DISCUSSION

3.1 | Screening of microorganisms in cabbage–apple 
juice (control juice)

To identify the microorganisms naturally present in the prepared 
cabbage–apple juice, screening of microorganisms in the control 
juice was conducted. Total microorganisms and LAB in the control 
juice were enumerated, and their morphologies were evaluated on 
plates (PCA, MRS, and MRS + 2% CaCO3) after cultivation at 30℃ 
for 24–48 hr. When the control juice was freshly prepared, 4.18 log 
CFU/ml of viable cells composed of different bacteria was detected. 
However, 9.03 log CFU/ml of LAB were detected among 9.08 log 
CFU/ml of total viable cells after 5 days of fermentation at 15℃. The 
counted LAB were divided into three strains (HL1, HL2, and HL3) 
based on colony color and cell-shape (data not shown). All three 

selected strains were Gram-positive and catalase-negative. When 
16S rRNA gene sequences of the three strains, HL1 (1377 bp), HL2 
(1482 bp), and HL3 (1443 bp), were determined and compared with 
those of type strains in GenBank, sequences of strain HL1 were 
found to be 99.8% homologous with those of Weissella cibaria Ⅱ-Ⅰ-59T, 
while sequences of strains HL2 and HL3 showed 99.9% and 99.4% 
homologies with the 16S rRNA gene sequences of Leuconostoc mes‐
enteroides ATCC 8293T. Thus, HL1, HL2, and HL3 were designated 
as W. cibaria HL1, Leu. mesenteroides HL2, and Leu. mesenteroides 
HL3, respectively, and their sequences were deposited in GenBank 
(accession number KY229730 for W. cibaria HL1, KY233187 for 
Leu. mesenteroides HL2, and KY233186 for Leu. mesenteroides HL3).

3.2 | Characteristics of LAB

We applied L. plantarum EM as a starter culture for the cabbage–
apple juice in an attempt to control fermentation. However, juice 
fermentation also occurred in response to fermentation with 
W. cibaria HL1, Leu. mesenteroides HL2, and Leu. mesenteroides HL3; 
thus, we attempted to determine the level of antimicrobial activ-
ity of L. plantarum EM against the three predominant microorgan-
isms in the juice. L. plantarum EM cultivated in MRS or juice showed 
strong antimicrobial activity against W. cibaria HL1, Leu. mesenter‐
oides HL2, and Leu. mesenteroides HL3. However, W. cibaria HL1, 
Leu. mesenteroides HL2, and Leu. mesenteroides HL3 did not show 
any antimicrobial activities against L. plantarum EM (Figure 1). These 
results imply that the use of L. plantarum EM as a starter culture can 
suppress the three main microorganisms originally present during 
juice fermentation.

We also tried to determine the effects of temperature on the 
growth of L. plantarum EM, W. cibaria HL1, and Leu. mesenteroides 
HL2 and Leu. mesenteroides HL3 (Figure 2). W. cibaria HL1 showed 
the least growth at 10℃, followed by L. plantarum EM, whereas 
Leu. mesenteroides HL2 and HL3 grew better than L. plantarum EM 
at 10℃. However, the growth of L. plantarum EM was notably higher 
(approximately 3–4 times) than that of the other three LAB strains at 
15℃, 20℃, and 30℃. It is important to establish the lowest fermen-
tation temperature possible to maintain the freshness of the juice; 

F I G U R E  1   Antimicrobial activity of lactic acid bacteria. Lactobacillus plantarum EM (1), Weissella cibaria HL1 (3), Leuconostoc mesenteroides 
HL2 (4), or Leu. mesenteroides HL3 (5) was cultivated in MRS for 1 day at 30℃. Simultaneously, L. plantarum EM (2) was cultivated in 
prepared cabbage–apple juice for 5 days at 15℃. Their activities were then assayed against W. cibaria HL1 (a), Leu. mesenteroides HL2 (b), 
Leu. mesenteroides HL3 (c), and L. plantarum EM (d) by performing paper disk assays

(a) (b) (c) (d)
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therefore, we decided that the optimum temperature for juice fer-
mentation using L. plantarum EM was 15℃ in order to minimize the 
growth of the innate LAB strains as well as to maintain juice fresh-
ness (Figure 2).

3.3 | Characteristics of the juice

3.3.1 | Acidity, pH, and viable cell counts

When the juice was initially prepared, its total acidity was approxi-
mately 0.21% (pH 5.52). During fermentation at 15℃ for 5 days and 
then storage at 4℃ for 21 days, the acidity of the juice fermented 
using L. plantarum EM (EM juice) had increased faster than that of 
the control juice. Specifically, the acidity of the EM and control juices 
reached 1.12% (pH 3.91) and 0.89% (pH 4.14) at day 5. The acidities 
of both juices increased continuously, reaching 1.46% (pH 3.73) and 
1.19% (pH 4.12), respectively, after 7 days of storage. Thereafter, 
the acidities increased slowly, reaching 1.58% (pH 3.69) for EM juice 
and 1.26% (pH 4.08) for control juice at day 21 of storage (Table 1).

As shown in Table 1, the initial viable counts of total cells and 
LAB were 6.74 log CFU/ml and 6.58 log CFU/ml for EM juice and 
4.09 log CFU/ml and 3.42 log CFU/ml for control juice, respectively. 
The higher initial cell counts in EM juice were due to inoculation 
with the starter culture. Following fermentation at 15℃, maxi-
mum cell growth (9.01–9.11 log CFU/ml) was obtained from day 3 

of fermentation, and these levels were maintained until day 21 of 
storage. All LAB cells detected during the fermentation and stor-
age were L. plantarum EM. However, in the control juice, the initial 
cell counts increased to maximum values of 9.18 log CFU/ml of total 
cells and 9.15 log CFU/mL of LAB cells after 5 days of fermentation. 
Counts of LAB from control juice rapidly decreased during storage 
to 6.09 CFU/ml at day 21 of storage. The ratio of short rod-type:coc-
cus-type LAB was 62.3:37.7 at day 0 of fermentation, after which 
the proportion of short rod-type LAB decreased until day 5 of fer-
mentation, then increased from day 7 of storage until reaching a final 
ratio of 66.9:33.1 at day 21 of storage. These results indicate that the 
short rod-type LAB (possibly W. cibaria HL1) in the juice was more 
stable than the coccus-type LAB (possibly Leu. mesenteroides HL2 
and HL3) during storage. No coliform bacteria were detected in the 
EM or control juices during fermentation and storage.

The microbial populations of juice were analyzed simultaneously 
by performing PCR–DGGE (Figure 3). The results were similar to the 
plate count results. In the control juice (Figure 3a) at day 0 of fermen-
tation, two bands were identified as W. cibaria (band 1) and Leu. mes‐
enteroides (band 2) with 99% identities. The same two bands were 
continually detected as thick bands until day 21 of storage. In the EM 
juice, only one band, identified as L. plantarum EM (with 100% iden-
tity), was detected during fermentation and storage (Figure 3b). The 
results demonstrate that L. plantarum EM suppressed the innate mi-
croorganisms in the juice and controlled juice fermentation efficiently.

F I G U R E  2   Effects of temperature on the growth of lactic acid bacteria. Lactobacillus plantarum EM (●),Weissella cibaria HL1 
(■),Leuconostoc mesenteroides HL2 (◆), and Leu. mesenteroides HL3 (▲)
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3.3.2 | Antimicrobial activity of juice

After 5 days of juice fermentation at 15℃, the antimicrobial ac-
tivity was investigated (Table 2). L. plantarum EM cultivated in 
MRS at 30℃, which was used as a control, showed the highest 
antimicrobial activities against the tested pathogenic bacteria and 
food spoilage fungi. The EM juice also showed strong antifungal 
(40–160 units) and antibacterial (0–2560 units) activities, even 
though its activities were somewhat lower than those of L. plan‐
tarum EM cultured in MRS at 15℃. However, the activities of EM 
juice against different microorganisms were significantly higher 
than those of the control juice (Table 2). Such antimicrobial ac-
tivities of EM juice might result in improved sanitary safety along 
with extended shelf-life of the juice.

3.4 | Cholesterol‐lowering effects of EM juice in 
rats fed a high‐fat/high‐cholesterol diet

All rats generally appeared healthy throughout the feeding period. 
As shown in Table 3, rats belonging to the HFCD group showed sig-
nificantly higher average body weight gain (p < .05) than those of 
rats in the other groups. The other three groups (ND, HFCD-A, and 
HFCD-B) showed similar body weight gains. There was no significant 
difference (p > .05) in total food intake among the groups.

The HFCD group exhibited significantly higher levels of serum 
TC and LDL-cholesterol than the other diet groups. Specifically, 
the HFDC-B group showed greatly reduced serum TG, TC, and 
LDL-cholesterol levels, as well as an increased HDL-cholesterol 
level compared with the HFCD group. Among the juice-treated 
groups, the HFCD-B group showed significantly reduced lev-
els of serum TG, TC, and LDL-cholesterol compared with those in 
the HFCD-A group. The AI and CRF values decreased in the order 
HFCD > HFCD-A > HFCD-B > ND.

The hepatic total lipid (TL), TG, and TC contents of the HFCD 
group were significantly higher than those of the other diet groups. 
The increased contents of TL, TG, and TC in the HFCD group were 
significantly lower in the HFCD-A and HFCD-B groups. The hepatic 
TC contents in the HFCD-A and HFCD-B groups were reduced by 
27.58% and 43.91%, respectively, when compared to the level in the 
HFCD group.

The amounts of feces in the collected stool samples were similar 
among the four groups. The highest levels of TL, TG, and TC in fecal 
samples were found in the HFCD-B group. When compared with the 
HFCD group, the TL, TG, and TC levels in the feces of the HFCD-B 
group were significantly elevated by 10.24%, 9.80%, and 21.69%, 
respectively. The contents of fecal TL, TG, and TC were not signifi-
cantly different between the HFCD and HFCD-A groups.

Hypercholesterolemia is known to be a major contributor to the 
development of coronary heart disease (CHD) and fatty liver dis-
ease, which results in health problems and death (Harb, Bustanji, & 
Abdalla, 2018). High-fat and high-cholesterol diets are associated 
with the development of chronic disorders such as CHD, nonalco-
holic fatty liver disease, hyperlipidemia, diabetes, obesity, and meta-
bolic syndrome (Harb et al., 2018; Jung & Kim, 2013). In the present 
study, an obvious increase in serum and hepatic TG and TC, serum 
LDL-cholesterol, AI, and CRF, and a decrease in serum HDL-choles-
terol level were observed in hypercholesterolemic rats. However, 
rats treated with EM juice had effectively lower serum TG, TC, and 
LDL-cholesterol levels with no marked decrease in serum HDL-cho-
lesterol levels. These results indicated that administration of EM 
juice could ameliorate hypercholesterolemia caused by a high-fat/
high-cholesterol diet. Additionally, the excretions of TL, TG, and TC 
via feces following consumption of EM juice, which harbors more 
than 1.33 × 109 L. plantarum EM cells/mL, were significantly higher 
than those in the other groups.

The mRNA expression levels of hepatic genes HMGCR, CYP7A1, 
and LDLR are shown in Figure 4. The HFCD group had higher lev-
els of HMGCR mRNA expression, as well as lower levels of CYP7A1 
and LDLR mRNA expression than those in the other diet groups. 
Specifically, the HFCD-B group showed significantly reduced mRNA 
expression of HMGCR, as well as increased mRNA expression 
of CYP7A1 and LDLR when compared with the HFCD group. The 
mRNA expression levels of all investigated genes did not differ sig-
nificantly between the HFCD and HFCD-A group (p > .05).

The liver is generally considered to be the primary organ re-
sponsible for maintaining cholesterol homeostasis, which occurs via 
regulation of cholesterol biosynthesis and uptake as well as choles-
terol excretion into bile acids (Murakami et al., 2016). The key genes 
involved in the synthesis, absorption, and degradation of hepatic 
cholesterol are mainly associated with HMGCR, LDLR, and CYP7A1, 

F I G U R E  3   PCR–DGGE patterns of 16S 
V3 rRNA gene sequences. PCR–DGGE 
patterns of 16S V3 rRNA gene sequences 
in control juice (non-Lactobacillus 
plantarum EM-fermented juice) (a) and EM 
juice (L. plantarum EM-fermented juice) 
(b). 1:0 days of fermentation, 2:5 days 
of fermentation, 3:7 days of storage, 
4:14 days of storage, and 5:21 days of 
storage. The closest relatives of the 
fragments were identified and compared 
using sequences from GenBank
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respectively (Han et al., 2005). HMGCR is the rate-limiting enzyme 
associated with hepatic cholesterol biosynthesis, and a low hepatic 
HMGCR gene expression level is associated with a lower risk of ath-
erosclerotic lesion formation (Bocan et al., 1998). The LDLR gene 
mediates the absorption of plasma LDL-cholesterol into the liver. 
Therefore, high levels of hepatic LDLR mRNA are associated with 
improved clearance of plasma LDL-cholesterol (Brown & Goldstein, 
1986). CYP7A1 is the initial and rate-limiting enzyme involved in the 
pathway of bile acids biosynthesis from cholesterol in the liver for 
excretion into bile (Cheema, Cikaluk, & Agellon, 1997). The over-
expression of CYP7A1 inhibits the development of atherosclerosis 
in C57BL/6J mice and prevents diet-induced hypercholesterolemia 
(Miyake et al., 2002). It was previously reported that chronic feeding 
of a high-fat and/or high-cholesterol diet led to the suppression of 
hepatic LDLR and CYP7A1 expression, as well as the promotion of 
HMGCR expression, which is associated with the development of 
severe hepatic cholesterol accumulation (Choi, Gwon, Ahn, Jung, & 
Ha, 2013; Han et al., 2005). In the present study, treatment with 
HFCD-B significantly reversed the upregulating effects of HFCD on 
the expression of HMGCR mRNA and the downregulating effects of 
HFCD on the expression of CYP7A1 and LDLR mRNA. The decrease 
in hepatic TC content coincided with the inhibition of HMGCR mRNA 

expression, as well as with increases in CYP7A1 and LDLR gene ex-
pressions in rats fed HFCD-B when compared with the HFCD group. 
Consumption of the EM juice was effective at improving serum and 
hepatic lipid profiles in rats fed a high-fat/high-cholesterol diet.

Fermented and nonfermented juices are readily available. As fer-
mented juice with probiotics has been shown to exhibit nutritional 
and health-promoting effects (Marazza, LeBlanc, Giori, & Garro, 
2013), it is necessary to elucidate the mechanism of those beneficial 
effects. Some studies have demonstrated that the hypocholesterol-
emic and hypolipidemic effects of fermented fruit and/or vegetable 
juices (Jeon, Kim, Mun, Cha, & Yu, 2017; Li et al., 2014) might be as-
sociated with the organic acids (Parvez et al., 2006) and short-chain 
fatty acids (Li et al., 2014) produced by LAB or with thepolyphe-
nolic compounds derived from juice materials (Hertog et al., 1993; 
Yugarani, Tan, & T, M., & Das, N. P., 1992) that have antiatherogenic 
activity.

On the other hand, the cholesterol removal effects of L. planta‐
rum EM in this study were observed to occur as a result of its enzy-
matic assimilation, including bile salt hydrolase activity, and the high 
cholesterol-binding capacity of its cell wall (Choi & Chang, 2015). 
Such cholesterol removal mechanisms of L. plantarum EM could be 
attributed to excessive excretion of the high levels of cholesterol and 

Diet*  ND HFCD HFCD‐A HFCD‐B

Body weight 
gain (g/day)

5.93 ± 0.42b 7.13 ± 0.75a 6.18 ± 0.59b 6.01 ± 0.71b

Serum (mg/dL)

Triglyceride 64.38 ± 5.24b 97.50 ± 7.80a 88.00 ± 13.09a 71.13 ± 9.13b

Total 
cholesterol

83.13 ± 5.00c 115.25 ± 11.57a 97.75 ± 5.50b 84.13 ± 6.42c

LDL-choles-
terol

35.13 ± 5.92c 75.00 ± 11.35a 57.28 ± 7.50b 41.90 ± 9.55c

HDL-choles-
terol

35.13 ± 3.40a 20.75 ± 5.95c 22.88 ± 2.64bc 28.00 ± 7.09b

AI 1.37 ± 0.09d 4.55 ± 0.31a 3.28 ± 0.29b 2.00 ± 0.18c

CRF 2.37 ± 0.21d 5.55 ± 0.39a 4.27 ± 0.28b 3.00 ± 0.27c

Liver (mg/g)

Total lipid 118.79 ± 17.27c 388.77 ± 51.63a 331.70 ± 59.49b 318.31 ± 31.63b

Triglyceride 85.27 ± 12.73c 193.08 ± 21.61a 160.36 ± 18.53b 151.15 ± 19.78b

Total 
cholesterol

20.22 ± 5.47d 58.10 ± 6.95a 42.12 ± 6.66b 32.59 ± 4.77c

Fecal (mg/g)

Total lipid 127.87 ± 22.14c 154.55 ± 22.73b 158.70 ± 16.32b 170.37 ± 22.32a

Triglyceride 33.64 ± 4.89c 65.80 ± 5.78b 69.76 ± 4.35ab 72.25 ± 8.48a

Total 
cholesterol

14.52 ± 2.61c 25.26 ± 4.05b 24.54 ± 3.91b 30.74 ± 4.13a

Note: AI (atherogenic index) = (total cholesterol – HDL-cholesterol)/HDL-cholesterol. CRF (cardiac 
risk factor) = total cholesterol/HDL-cholesterol. Values are the means ± SE of eight rats per group. 
Values with different superscripts in the same row indicate significant differences (p < .05) based 
on Tukey's test.
*ND, normal diet; HFCD, high-fat/high-cholesterol diet; HFCD-A, high-fat/high-cholesterol diet 
containing control juice (nonfermented juice) and HFCD-B, high-fat/high-cholesterol diet contain-
ing EM juice (Lactobacillus plantarum EM-fermented juice at 15℃ for 5 days). 

TA B L E  3   Lipid profiles of serum, liver, 
and fecal samples from rats different diets
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fat added by diet via the feces as well as to decreases in the serum 
and liver lipid profiles. Administration of EM juice to hypercholes-
terolemic rats consequently improved the serum and liver lipid pro-
files. The results of our study imply that the hypocholesterolemic 
effects of EM juice are partially mediated through the regulation 
of hepatic genes involved in cholesterol metabolism and partially 
connected with a physical interaction between cholesterol mole-
cules and L. plantarum EM cell walls. Such effects of the L. plantarum 

EM-fermented juice on rats resulted in the inhibition of cholesterol 
synthesis as well as enhancement of cholesterol uptake and a high 
level of cholesterol excretion.

4  | CONCLUSION

The L. plantarum EM-fermented juice showed significant hypocho-
lesterolemic effects and cholesterol metabolism improvement in 
rats. Overall, the results indicate that the use of L. plantarum EM as a 
functional starter culture for juice fermentation can exert microbial 
control, improve sanitary safety, and provide beneficial food effects 
in prevention of hypercholesterolemia.
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