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Abstract This study aimed to compare the effects of spirit vinegar and four types of natural fermented vinegar
products (apple vinegar, brown rice vinegar, lemon vinegar, and balsamic vinegar) on the differentiation of 3T3-L1
cells and obesity in rats fed a high-fat diet (HFD). Vinegar inhibited the accumulation of lipid droplets during the
differentiation of 3T3-L1 cells. Body weight gains, visceral fat pad weights, serum leptin and triglyceride levels, and
hepatic lipogenic enzyme mRNA levels were significantly decreased in the HF-vinegar administered groups
compared with those in the HF group. Furthermore, oral administration of vinegars significantly reduced the
occurrence of fatty liver deposits and steatosis, and inhibited the HF diet-induced increase in adipocyte size. The
anti-obesity and lipid-lowering effects were slightly greater in the HF-natural fermented vinegar groups than in the
HF-spirit vinegar group. Apple vinegar had the strongest anti-obesity effects in 3T3-L1 cells and obese rats
compared with the other tested vinegars. These findings indicated that vinegar administration may have potential for
improving some obesity-related parameters in 3T3-L1 cells and obese rats.
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1. Introduction

Obesity is a disease caused by an increase in body fat
tissue and the hypertrophy of adipocytes. Its various
causes include unbalanced energy intake and consumption,
genetic abnormalities, hormone abnormalities, and irregular
lifestyle. Obesity has a direct correlation with cardiovascular
diseases, cancer, and metabolic diseases such as fatty liver,
hyperlipidemia, arteriosclerosis, hypertension, diabetes,
and joint disorders induced by an imbalance in the
metabolism of lipid and carbohydrates [1]. Prevention of
obesity is achieved through dietary control; increased
energy expenditure; inhibition of the proliferation,
degradation, and accumulation of adipocytes; and degradation
of accumulated body fats [2]. Although medications for
managing obesity have been developed, these cause side
effects such as gastrointestinal distress, abdominal
distension, dry mouth, constipation, and hypertension.
Thus, attempts have been made to find functional
materials from natural substances to manage weight
effectively and safely with fewer side effects [3].

Vinegar is a typical fermented food with a unique
aroma and sour taste that contains small amounts of
volatile and nonvolatile organic acids, sugars, amino acids,
and esters [4,5]. Since ancient times, vinegar has been
widely used in Korea not only for seasoning but also for
detoxification and recovery from fatigue and hangovers in
the private sector [6]. Vinegar is classified into different
types: fermented vinegar, which is prepared from cereal,
fruit, and liquor, and synthetic acetic acid vinegar, which
is made by diluting glacial acetic acid or acetic acid with
drinking water [7]. Spirit vinegar is made using a
fermentation process of the dilute of distilled alcohol and
contains a higher acidic content (5-20%) [8], and is used
in cooking, pickling, baking, and meat preservation as
well as for medicinal, cleaning purposes, and laboratory
[9]. Vinegar fermented from fruit or cereal has a lower
acidity than spirit vinegar or synthetic vinegar, but it has a
pleasing taste and is high in nutritional and various
physiologically active substances [5]. Natural fermented
vinegars are rich in bioactive compounds such as phenolic
compounds, flavonid compounds, carotenoids, phytosterols,
amino acids, vitamin E, and vitamin C [5,10-15]. The
physiological activities of natural fermented vinegar have
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been reported have effects that include managing
constipation [16], diabetes [17,18], obesity [14,19,20,21,22],
inflammation [22], hypertension [23], immunity [24], lipid
metabolism [19,20], and fatigue [25]. Additionally, many
studies have reported that acetic acid, the key component
of vinegar and contained, exhibits anti-obesity properties
and improves lipid metabolism in animal models [17,19,26,27].
However, no study has been performed to compare the
anti-obesity effects of spirit vinegar and natural fermented
vinegar in rats.

Therefore, this study was conducted to investigate the
inhibitory effects of vinegars on the differentiation of 3T3-L1
cells and their anti-obesity effects in rats fed high-fat diets
(HFDs). We compared the anti-obesity effects of spirit
vinegar, which mainly comprises acetic acid, with those of
natural fermented vinegars (apple, lemon, balsamic, and
brown rice vinegars), which are known to contain a large
amount of physiologically active substances [10,28,29,30,31].

2. Materials and Methods

2.1. Materials

The vinegars used in this study included spirit vinegar,
balsamic vinegar, and three types of vinegars from CJ
CheilJedang Corp. (Seoul, Korea). The natural fermented
vinegars manufactured by CJ CheilJedang were fermented
through two sequential stages: 1% stage, alcoholic fermentation,
and 2" stage, acetous fermentation. Spirit vinegar was
prepared by thinly diluting alcohol with refined water,
artificially blowing in air required for acetic acid
fermentation, and fermenting it for a few days. The
vinegars are produced and commercially available in
Korea or abroad.

2.2. Total Acidity, pH, Sugar, Organic Acids,
Total Polyphenolic and Flavonoid
Compounds Contents of Vinegar Samples

Total titratable acidity of vinegar samples was measured
by titrating the diluted sampe with 0.LN NaOH until pH 8.3
and expressed as a quantity of acetic acid. pH was measured
using pH meter (Mettler-Toledo GmbH, Schwerzenbach,
Switzerland). Sugar contents were investigated using a
automatic digital saccharimeter (Atago pocket PAL-3,
Atago Co., Japan). A high-performance liquid chromatography
(Shimazu, Kyoto, Japan) was used for the identification
and quantification of organic acids in vinegar samples.
The total polyphenolic compounds content of vinegar
samples were determined according to the methods from
Folin-Ciocalteu method [32] with a slightly modification
and measured using a UV-visible spectrophotometer
(DU-650, Beckman Coulter, Fullerton, CA, USA) at a
wavelength of 700 nm. The measurement was calculated
using a standard curve of gallic acid (0-200 pg/mL) and
expressed as milligrams of gallic acid equivalents (GAE)
per liter. The total falvonoid content of vinegar products
were determined according to the method of Brimson et al.
[32]. The absorbance was measured at 420 nm using a
UV-visible spectrophotometer (DU-650, Beckman Coulter,
Fullerton, CA, USA). Flavonoid quantification was based

on a standard curve of rutin (0-200 pg/mL). All assays
were performed in triplicate.

2.3. Cell Viability Assay

3T3-L1 preadipocytes were plated in a 96 well plate at
a concentration of 1 x 10* cells/well, cultured in a 5% CO,
incubator at 37°C, and diluted with a set concentration of
vinegar (1/50, 1/100, 1/200, 1/500, 1/1000), followed by
culturing for another 24 h. After completion of culture,
100 pg of MTT reagent at a concentration of 5 pg/mL was
added, followed by culturing in a 5% CO, incubator at
37°C for 4 h. After removing the medium, 100 pL of
DMSO was added to dissolve the generated formazan, and
the absorbance was measured at 540 nm using an ELISA
microplate reader (Model 680, Biorad Laboratories Inc.,
Hercules, CA, USA).

2.4. Cell Culture and Differentiation

3T3-L1 preadipocytes (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Corning, Manassas,
VA, USA) containing 10% fetal bovine serum (FBS),
100 unit/mL penicillin, and 100 ng/mL streptomycin in a
5% CO, incubator at 37°C. The cells were dispensed and
cultured in a 6 well plate at a density of 6.0 x 10° cell/mL;
when the cells reached confluency, they were cultured in
DMEM containing 0.5 mM 3-isobutyl-1-methylxanthine,
5 pg/ml insulin, and 0.25 pM dexamethasone for 48 h to
induce differentiation. Subsequently, differentiation was
induced by replacing the medium with DMEM containing
only 10% FBS and 5 pg/mL insulin and incubating for 4 d
and then incubating in 10% FBS/antibioticsy DMEM for 2
d. After 6 d of inducing differentiation, the cells and
culture media were collected and used for the experiments.

2.5. Oil Red O staining of 3T3-L1 Cells

The ability of 3T3-L1 preadipocytes to differentiate
into adipocytes was confirmed by Qil-Red O staining.
Cultured cells were washed with phosphate buffered
saline (PBS), fixed with 10% formalin for 10 min, washed
with PBS, treated with Oil-Red O, and stained at room
temperature for 1 h. After staining, the staining solution
was removed, and the cells were washed with PBS to
observe the degree of formation of fat globules within
cells using a microscope. Stained fat globules were eluted
with isopropyl alcohol, and absorbance was measured at
520 nm using a Biotek microplate spectrophotometer
(Epoch, Biotek instruments, Winooski, VT, USA).

2.6. Experimental Animals and Diets

Fifty-six Sprague Dawley male rats aged 5 weeks were
obtained from the Central Lab. Animals Inc. (Seoul,
Korea) and adapted to a solid assorted feed for 1 week.
Seven groups with 10 rats per each group were assigned
randomly, and each of them was placed individually into
stainless steel cages and raised for 8 weeks. The following
experimental groups were established: the normal diet
group (N), high-fat diet group (control group, HF), HF
diet plus spirit vinegar administered group (HF-A), HF
diet plus apple vinegar administered group (HF-B), HFD
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plus brown rice vinegar administered group (HF-C), HF
diet plus lemon vinegar administered group (HF-D), and
HF diet plus balsamic vinegar administered group (HF-E).
The diets used in this experiment were prepared by
modifying the AIN-93 purified diet to the standard [33]
(Table 1). Based on the amount of daily intake in humans,
the amount of vinegar was administered orally at a dose of
1 mL/kg BWI/day at the same time every day. Sterile
distilled water was orally administered to the normal and
control rats. Water and diet were supplied without restriction;
the temperature of the feeding room was maintained
18+2°C, and the lighting was adjusted to a 12-h period
(08:00~20:00). Body weight and the amount of dietary
intake were measured once a week at a constant time. The
animal experimental protocol used in this study was
approved by the Institutional Animal Care and Use
Committee of Chosun University (CIACUC2015-A0028).

Table 1. Composition of the experimental diet (g/kg diet)

Diet composition N HF
Casein 200.00 200.00
L-cystine 3.00 3.00
Corn starch 397.486 267.460
Sucrose 100.00 100.00
Dextrose 132.00 132.00
Cellulose 50.00 50.00
Lard 0.00 200.0
Soybean oil 70.00 70.00
Mineral mix” 35.00 35.00
Vitamin mix? 10.00 10.00
Choline bitartrate 2.50 2.50
t-Butylhydroquinone 0.014 0.04

LDAIN-93-MX mineral mixture and AIN-93-VX vitamin mixture [33].

2.7. Measuring Organ Weights and Serum
Biochemical Parameters

All experimental animals were induced to fast for 12 h
after the end of the experiments and then lightly
anesthetized with CO,. After opening the abdomen, blood
was collected from the abdominal aorta and centrifuged at
1,900 x g for 20 min to separate the serum. Subsequently,
the liver and adipose tissue (i.e., epididymal, mesenteric,
retroperitoneal, perirenal, and total white fat pads) were
excised, and rinsed with 0.9% normal saline to remove the
remaining blood, and other adherent substances, and then
weighed. Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), and
lactate dehydrogenase (LDH) activities as well as
triglyceride (TG), total cholesterol (TC), and high-density
lipoprotein cholesterol (HDL-C) levels were determined
using an automated blood biochemistry analyzer (Fuji
Dri-Chem 3500, Fujifilm, Tokyo, Japan). Low-density
lipoprotein-cholesterol (LDL-C) was calculated using the
Friedewald equation [34]. The serum leptin level was
analyzed by immunoassay using the mouse leptin
Quantikine ELISA kit (R&D systems, Inc., Minneapolis,
MN, USA).

2.8. Measuring Liver and Adipose Tissues
Lipid Contents

TG and TC levels in the liver and TG level in
epididymal adipose tissues were assessed after extracting
total lipids by the Folch method [35]. Briefly, to 0.1 g of
tissue, 6 mL of CHCI;-MeOH (2: 1, v/v) was added and
left to stand for 3 d in a refrigerated state. Then, H,O was
added followed by centrifugation at 1,900 x g for 20 min
to obtain the lower lipid layer containing TG and TC for
analysis. The TG level was determined using the method
of Biggs et al. [36], and the TC level was analyzed by the
method of Zlatkis and Zak [37].

2.9. Hepatic RNA Extraction and Reverse
Transcription-polymerase Chain
Reaction (RT-PCR) Analysis

Hepatic total RNA was isolated using an RNeasy mini
kit (QIAGEN, Maryland, USA), and complementary DNA
(cDNA) was prepared by reverse transcriptase. Gene
expression of acetyl CoA carboxylase (ACC), fatty acid
synthetase (FAS), and glucose-6-phosphate dehydrogenase
(G6PDH) was measured by RT-PCR with synthesized
cDNA and primers (Invitrogem, Carsbad, CA, USA). A
RT-PCR analysis was performed using the forward
5-CAACGCCTTCACACCACCTT-3" and reverse primer
(5'-AGCCCATTACTTCATCAAAGATCCT-3") for ACC,
F (5-TGCTCCCAGCTGCAAG-3) and R (5'-GTATCC
TCGGGACCGGTTAT-3) for FAS, F (5-GTTTGGCA
GCGGCAACTAA-3) and R (5-GGCATCACCCTGGT
ACAACTC-3") for G6PDH, and F (5-CTCTCCGCAGC
AGGATGAC-3") and R (5-AAACACGTGGCGGAAT
TTG-3) for B-actin. RT-PCR products were electrophoresed
on a 2.0% agarose gel, and amplified DNA bands were
detected using ultraviolet light. The intensities of the DNA
bands were analyzed using the Carestream MI SE
(Carestream Health Inc., Rochester, NY, USA) program.

2.10. Histological Analysis of Liver and
Epididymal Adipose Tissues

Liver and epididymal adipose tissues were cut into a
uniform size, fixed with a 10% neutral formalin buffered
solution, rinsed, dehydrated with ethanol, and embedded
in paraffin. After cutting to a thickness of 4 um using a
Cryostat microtome (Leica, Wetzlar, Germany), the liver
tissue was stained with Oil-Red O, the fat tissue was
stained with hematoxylin & eosin (H & E), and the
sections were examined using light microscopy (Olympus
D970, Olympus Optical Co., Tokyo, Japan). The size of
the adipose tissue was photographed and measured at 400
X magnification, and Axio-Vision Rel. 4.6 software (Carl
Zeiss) was used to compare the cell sizes of the tissues.

2.11. Statistical Analysis

All statistical analyses were conducted using SPSS
(Statistical Package for Social Science). The results are
presented as the mean * standard error in each group, and
one-way analysis of variance was used to test the
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statistical significance of the mean difference between
groups, followed by post hoc testing using Turkey’s test at
p <0.05.

3. Results

3.1. Physicochemical Composition, Total
Polyphenolics and Flavonoids Contents

Total acidity, pH, sugar, organic acids, total polyphenolic
and flavonoid compounds contents in vinegar samples are
given in Table 2. The organic acid contents were
composed of acetic acid, citric acid, succinic acid, lactic
acid and acetic acid, with the greatest content of acetic
acid in all vinegars. The citric acid content was highest in
apple vinegar. The pH values and total acidity of the
vinegar samples were significantly different showing the
range 2.32-2.98 and 5.47-7.08%, respectively. The sugar
content of balsamic vinegar was significantly higher than
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the other vinegars. The total polyphenolic and falvonoid
compound contents were detected in the following order;
balsamic vinegar > apple vinegar > lemin vinegar > brown
rice vinegar > sprit vinegar.

3.2. Cytotoxicity

The effect of vinegar on the cell viability of 3T3-L1
preadipocytes was evaluated using the MTT assay. The
optimum pH for cell growth is 6.9-7.8; however, since the
organic acid in vinegar affects growth by changing the pH
of the medium, pretreatment of 3T3-L1 preadipocytes
with vinegars without pH adjustment showed cytotoxicity
up to 1/50 dilution rate (data not shown). Thus, after
adjustment of the pH of vinegar with 10 N NaOH to pH
7.0, the vinegar was diluted (1/200, 1/100, 1/50, 1/10), as
mentioned above. The all vinegar groups showed no
toxicity at 24 h after the pretreatment compared with the
control group; in addition, cell viability did not decrease
(Figure 1).

Table 2. Physicochemical compositions of spirit and natural fermented vinegar products

Spirit vinegar

Apple vinegar

Brown rice vinegar Lemon vinegar Balsamic vinegar

Organic acids(g/L)

Citric acid ND¢ 2.25+0.01°
Malic acid ND ND

Succinic acid 0.28+0.00%% 0.27+0.00°
Lactic acid 0.29+0.01° 0.15+0.00°
Formic acid ND ND

Acetic acid 51.89+1.13° 43.24+0.94°
Total acidity (%, as acetic acid) 6.45+0.11° 7.08+0.08°
Total sugar (°Brix) 3.20+0.00° 6.60+0.00°
pH 2.32+0.00° 2.98+0.25°
o eyt compounc
Total flavonoid compounds ND? 773+1.08

(mg RE /100 mL)

0.12+0.00° ND® ND®

ND ND ND
0.20+0.00° 0.02+0.00° 0.17+0.00°
0.27+0.00° ND¢ 0.43+0.01°

ND ND ND
39.78+1.20° 46.69+1.07° 53.55+0.93
6.71+0.06° 6.45+0.03° 5.47+0.03¢
7.60+0.00° 6.10+0.00° 25.10+0.00°
2.69+0.03° 2.97+0.01° 2.92+0.04°
25.98+1.12° 30.15+0.59° 143.04+6.93%
3.14+0.12° 3.68+0.17° 109.34+8.26

DAIl values are expressed as mean+SE (n=3)..

Avalues with different superscript in the same row significantly different (p<0.05) among groups by Tukey's test.
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Figure 1. Cytotoxic effects of spirit vinegar and natural fermented vinegar products on 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were treated with
vinegars at various dilutions (1/50-1/1000) for 24 h. Cell viability was evaluated with the MTT Assay System. Values are presented as the mean + SD (n = 3)
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3.3. Inhibitory Effects of Spirit Vinegar and
Natural Fermented Vinegars on
Adipogenesis in 3T3-L1 Cells

Lipid formation and accumulation in response to
non-toxic dilutions of vinegars with pH adjustment were
analyzed by Oil Red O staining to evaluate differentiation
into adipocytes (Figure 2). Microscopic observations
revealed that the control group was actively induced to
form lipid globules within the cytoplasm. The group
treated with caffeine (0.2 mg/mL), which is known to
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inhibit lipid differentiation [38], showed fewer lipid
globules compared to the control group (Figure 2A). The
formation of lipid globules in the groups administered
vinegar was reduced in a dose-dependent manner. Fat
accumulation in 3T3-L1 cells was significantly inhibited
only at the dilution of 1/50 in the balsamic vinegar treated
group; however, administration of the other vinegars
resulted in a significant dose-dependent inhibition of fat
accumulation in 3T3-L1 cells (Figure 2B). Among the
vinegar treatments, apple vinegar showed the strongest
inhibition effect on the differentiation of 3T3-L1 cells.
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Spirit Apple Brown rice Lemon Balsamic
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Figure 2. Inhibitory effects of spirit vinegar and natural fermented vinegar

products on lipid accumulation in fully differentiated 3T3-L1 adipocytes.

3T3-L1 preadipocytes were differentiated by adding adipogenic inducers (insulin, dexamethasone, and 3-isobutyl-1-methylxanthine) when the cells
reached confluence, followed by 2 d of incubation. Complete differentiation to adipocytes was achieved by further culturing the cells in 10%
FBS/DMEM with 5 pg/mL insulin for 4 d and then in 10% FBS/antibiotics/ DMEM for 2 d. Vinegars were added during all stages of differentiation. (A)

Intracellular triglycerides were stained with Oil Red O. (B) Oil Red O was

dissolved with isopropanol, and optical density was measured at 520 nm.

Values are presented as the mean + SD (n =3). *p < 0.05, **p < 0.01, ***p<0.001 compared to the control
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Table 3. Effects of orally administered spirit and natural fermented vinegar products on body weight gain, food intake, and relative tissue
weight in rats fed a high-fat diet

Groups”
N HF HF-A HF-B HF-C HF-D HF-E

Body weight gain (g/day) 5.65+0.229%  7.1240.26°  6.91+0.33"  6.13+0.24°  6.85+0.30®  6.68+0.37®°  6.44+0.36"
Food intake (g/day) 24724058  20.02#0.53°  20.62+0.63°  20.10+0.58°  20.89+0.55°  20.75+0.56°  20.95+0.55°
FER? 0.23+0.01° 0.36+0.01° 0.34+0.01° 0.31+0.02° 0.33+0.01° 0.32+0.01° 0.31+0.01°
Liver weight (g/100 g body wt) 2.62+0.13"% 2.91+0.05 2.74+0.09 2.70+0.06 2.76+0.05 2.75+0.08 2.71+0.07
White fat pads (g/100 g body wt)

Epididymal 2.16+0.15° 3.01+0.19°  2.69+0.26®  2.30+0.09°  2.65+0.16®®  2.54+#0.13"  2.66+0.13*
Mesenteric 1.01+0.07° 1.44+0.10° 1.35+0.08°  1.23+0.09®  1.28+0.12®  1.27+0.07®®  1.28+0.09®
Retroperitoneal 2.7740.13° 3.82+0.12° 3.62+0.14° 3.04+0.08™  3.50+0.15®°  3.42+0.09°  3.43+0.21*
Perirenal 0.85+0.06° 1.15+0.09° 0.94+0.04° 0.91+0.05° 0.92+0.04° 0.92+0.02° 0.92+0.04°
Total fat pads 6.79+0.28° 9.41+0.36° 8.60+0.30  7.51+0.18"  8.36+0.25® 8.15+0.22° 8.29+0.30°

YN: normal diet group, HF: high-fat diet group, HF-A: high-fat diet + spirit vinegar administered group, HF-B: high-fat diet + apple vinegar
administered group, HF-C: high-fat diet + brown rice vinegar administered group, HF-D: high-fat diet + lemon vinegar administered group, HF-E: high-

fat diet + balsamic vinegar administered group.

A FER (food efficiency ratio): weight gain (g/day)/food intake (g/day).
% The results are the mean + SE of 10 rats per each group.

4 NS: No significance.

% Values with different superscripts in the same row are significantly different (p < 0.05) among the groups by Tukey's test.

3.4. Body Weight Gain, Food Intake, and
Food Efficiency Ratio (FER) in Rats

No mortality was observed in any of the experimental
groups during the entire experimental period, and the test
substances caused no clinical symptoms. The body weight
gains of the HF group increased markedly compared with
those of the N group (Table 3). The HF-vinegar administered
groups showed lower body weight gains than the HF
group; moreover, the HF-B and HF-E groups showed the
lowest body weight gain, reaching a similar body weight
as the N group. The food intakes of the HF groups were
significantly lower compared with those of the N group,
and there was no significant difference between the HF
groups. FER significantly increased in the HF groups
compared to the N group.

3.5. Liver and White Fat Pad Weights in Rats

The HF-vinegar administered groups had lower liver
weights than the HF group with no statistical significance,
and no difference was found with the N group (Table 3).
The weights of epididymal, mesenteric, perirenal, and
total white fat pads significantly increased in the HF group
compared to those in the N group. Total fat pads weights
were lower in the HF-B, HF-D, and HF-E groups
compared to the HF group. Moreover, the weights of
epididymal, mesenteric, and retroperitoneal fat pads were
lower in the HF-vinegar administered groups compared to
the HF group. The weight of perirenal fat pads was
significantly lower in the HF-vinegar administered groups
compared to the HF group. Among the HF-vinegar
administered groups, the HF-B group had the lowest
epididymal, retroperitoneal, and total fat pad weights.

3.6. Serum Lipid Profiles and Leptin
Contents

Serum TG, TC, and LDL-C contents were significantly

increased in the HF group compared to the N group (Table 4).

Serum TC and LDL-C contents were significantly reduced

in the HF-B, HF-C, HF-D, and HF-E groups compared to
the HF group. Serum TG levels were slightly lower in the
HF-B, HF-C, and HF-E groups than in the HF group.
However, significant differences in serum HDL-C contents
were not observed among the groups. Among the
HF-vinegar administered groups, the HF-B group had the
lowest serum levels of TC and LDL-C, and the levels
were similar to those in the N group. Serum leptin levels
were significantly higher in the HF group than in the N
group (Table 4). The toxicity of spirit vinegar and natural
fermented vinegars was determined by measuring serum
ALT, AST, ALP, and LDH activities. Serum ALT, AST,
ALP, and LDH activities significantly increased in the HF
group compared to those in the N group. The increase in
ALT activity caused by the HF diet was significantly
decreased by apple vinegar, lemon vinegar, or balsamic
vinegar administration. The HF-vinegar administered
groups had lower LDH activities compared to those in the
HF group. However, there were no significant differences
in serum AST activity between the HF groups. The serum
levels of leptin were significantly reduced in the HF-vinegar
administered groups compared to those in HF group, and
the HF-B, HF-C, HF-D, and HF-E groups showed no
significant difference with the N group.

3.7. Hepatic TG and TC Contents and
Histological Changes

Hepatic TG and TC contents were significantly increased
in the HF group compared to those in the N group (Figure 3A).
The TG contents of the HF-A, HF-B, HF-C, and HF-D
groups were significantly decreased compared to those in
the HF group. Hepatic TC levels in the HF-vinegar
administered groups (HF-B, HF-C, HF-D, and HF-E)
except for HF-A were significantly lower than that in
the HF group. The macroscopic appearance of the liver
photographed immediately after sacrificing the rats
(Figure 3B) was blood-red in the N group and pale pink
in the HF group due to deposited yellow fat. In the
HF-vinegar administered groups, the liver was less reddish
than in the N group but had less lipid deposition than that



600

in the HF group. In addition, the results of Oil Red O
staining (Figure 3C) to confirm hepatic fat accumulation
showed that the HF group had marked red staining in
hepatocytes compared with the N group, indicating that fat
accumulation was increased. Lipid accumulation in
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hepatocytes of the HF-vinegar administered groups was
suppressed compared to the levels in the HF group.
Among the HF-vinegar administered groups, fat
accumulation in hepatic tissue was most inhibited in the
HF-B group.

Table 4. Effects of orally administered spirit and natural fermented vinegar products on serum lipid profiles, cardiac biomarkers, and leptin

levels in rats fed a high-fat diet

Groups”

N HF HF-A HF-B HF-C HF-D HF-E
Serum lipid profiles (mg/dL)
Triglyceride 61.34%3.619% 96.32+3.32° 83.103.55® 72.54+2.14° 72.61+4.50° 79.92+3.70° 75.252.85"
Total cholesterol 88.31+4.51" 130.19+2.98°  117.9245.65®  102.36x3.59°  108.32+4.63"  121.24+5.09®  115.18+4.84%
HDL-cholesterol 41.89+4.43" 28.44+2.90 37.615.76 39.15+4.55 32.104.55 38.47+4.89 36.13+4.51
LDL-cholesterol 34.25+1.86° 84.44%1.52° 65.68+7.88™ 48.64+4.71" 61.686.35" 66.8215.35" 63.9615.84°
Serum cardiac biomarkers (U/L)
ALT 153.19+7.90°  209.62+11.48°  187.11+6.92®  158.73+8.51°  178.47+6.75®  154.72+12.44"  152.25+12.88"
AST 26.53+1.49" 53.67+4.18 41102547  39.51+47.72®  42.845.00® 40.32+3.89% 37.01£3.23*
ALP 427.12+19.94°  710.60+27.4*°  582.84+20.59°  571.11#25.04° 592.94+23.11° 608.13+£51.82®  588.44£30.80°
LDH 48.51%3.96° 102.57+8.27° 72.7246.47° 62.50+4.31% 72.64%3.86° 62.86+4.80™ 71.3245.93°
Leptin (pg/mL) 430.42£30.66°  757.29£38.35"  591.29+36.56°  487.04#31.20" 538.42+17.70" 507.21#26.63"  250.36+29.67™

ON: normal diet group, HF: high-fat diet group, HF-A: high-fat diet + spirit vinegar administered group, HF-B: high-fat diet + apple vinegar
administered group, HF-C: high-fat diet + brown rice vinegar administered group, HF-D: high-fat diet + lemon vinegar administered group, HF-E: high-
fat diet + balsamic vinegar administered group.

AThe results are the mean + SE of 10 rats per each group.
3\Values with different superscripts in the same row are significantly different (p < 0.05) among the groups by Tukey's test.
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Figure 3. Effects of spirit vinegar and natural fermented vinegar products on hepatic triglyceride and total cholesterol contents (A), representative
anatomical views (B), and histological analysis (C) in rats fed a high-fat diet. All sections were stained with Oil Red O, x 100. Values are the mean +
SE (n = 10). Bars with different letters are significantly different at p < 0.05 by Tukey’s test. N: normal diet group, HF: high-fat diet group, HF-A: high-
fat diet + spirit vinegar administered group, HF-B: high-fat diet + apple vinegar administered group, HF-C: high-fat diet + brown rice vinegar
administered group, HF-D: high-fat diet + lemon vinegar administered group, and HF-E: high-fat diet + balsamic vinegar administered group
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Figure 4. Effects of spirit vinegar and natural fermented vinegar products on the mRNA expression of enzymes related to lipid synthesis in the liver of
rats fed a high-fat diet. The mRNA expression of ACC, FAS, and G6PDH was measured by RT-PCR. In the determination of mRNA levels, B-actin
served as a loading control. Values are the mean + SE (n = 10). Bars with different letters are significantly different at p < 0.05 by Tukey’s test. N:
normal diet group, HF: high-fat diet group, HF-A: high-fat diet + spirit vinegar administered group, HF-B: high-fat diet + apple vinegar administered
group, HF-C: high-fat diet + brown rice vinegar administered group, HF-D: high-fat diet + lemon vinegar administered group, and HF-E: high-fat diet +
balsamic vinegar administered group
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Figure 5. Effects of spirit vinegar and natural fermented vinegar products on epidydimal triglyceride content (A), representative findings (B), and
adipocyte size (C) in rats fed a high-fat diet. Epididymal fat tissues were visualized by hematoxylin and eosin staining. Adipocyte size was measured
using a microscope and quantified using an image analyzer. Values are the mean + SE (n = 10). Bars with different letters are significantly different at p
< 0.05 by Tukey’s test. N: normal diet group, HF: high-fat diet group, HF-A: high-fat diet + spirit vinegar administered group, HF-B: high-fat diet +
apple vinegar administered group, HF-C: high-fat diet + brown rice vinegar administered group, HF-D: high-fat diet + lemon vinegar administered
group, and HF-E: high-fat diet + balsamic vinegar administered group
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3.8. mMRNA Expression of Enzymes Related to
Lipid Synthesis in the Liver

To investigate the effect of vinegar on lipid synthesis in
liver tissue, we measured the gene expression of ACC,
FAS, and G6PDH mRNA, the major enzymes involved in
lipid synthesis in the liver (Figure 4). The gene expression
of ACC, FAS, and G6PDH mRNA was higher in the HF
group than in the N group. ACC gene expression in the
liver was significantly lower in the HF-vinegar administered
groups than in the HF group. The expression of the FAS
gene was reduced only in the HF-A, HF-B, HF-D, and
HF-E groups compared with that in the HF group. G6PDH
gene expression in the liver was significantly lower in the
HF-vinegar administered groups, except for the HF-D and
HF-E groups, than in the HF group.

3.9. Epididymal Adipose Tissue TG Content
and Histological Changes

The TG contents in epididymal adipose tissues were
significantly increased in the HF group compared to those in
the N group (Figure 5A). The TG contents in the HF-vinegar
administered groups (HF-A, HF-B, HF-C, HF-D, and HF-E)
were significantly lower compared to that in the HF group.
The TC content showed no significant difference among
the HF groups. Compared to the N group, the HF group
showed hypertrophy of epididymal adipocytes on microscopic
evaluation of the size of epididymal adipocytes stained
with H & E (Figure 5B) and adipose tissue size analysis using
an image analyzer (Figure 5C). The sizes of adipocytes in
the HF-vinegar administered groups were significantly
decreased compared to those in the HF group, with no
significant difference among the HF-vinegar administered
groups.

4. Discussion

Vinegars prepared with fruits and cereals mainly have a
higher content of polyphenolic compounds [10,11,13,28,29],
which have been reported to prevent or treat obesity,
inhibition of pancreatic lipase activity [39], hyperlipidemia,
lipid peroxidation, inflammation, cancer, and hypertension
[5,15,40,41,42]. Apple and apple products (vinegar, cider
or juice) contain polyphenolic compounds such as
chlorogenic acid, benzoic acid, caffeic acid, gallic acid,
caftaric acid, syringic acid, coumaric acid, ferulic acid,
catechin, epicatechin, tyrosol and vanillin [11]. Lemon-
based products are rich in limonoids, coumarins, and
flavonoid compounds such as naringin, neohesperidin, and
hesperidin [13]. The black vinegar prepared with unpolished
rice contains dihydroferulic acid, dihydrosinapic acid,
sinapic acid, vanillic acid, and p-hydroxycinnamic acid
[10,28]. Balsamic vinegar also contains high levels of total
polyphenols and flavonoids [29]. According to Etherton et
al. [43], biological active compounds improve more and

better effective health benefits compared to other nutrients.

Several reports have demonstrated that polyphenols and
flavonoids compounds exert anti-obesity and hypolipidemic
effects [31,39,42,44,45]. Among all polyphenol compounds,
chlorogenic acid- or quercetin-containing apple products
have been shown to have anti-obesity effects in HFD-induced

obesity [30,31]. Fukuchi et al. [46] indicated that citrus
bioactive phenolics were reported to promote less body
weight gain and white adipose tissue gain in mice after
feeding of a HFD. Acetic acid is a major ingredient of
vinegar, representing 6% of vinegar by volume, and it has
also been shown to affect metabolic regulation and to have
weight-reducing effects and alleviate hyperlipidemia
[17,19,20,26,27]. Therefore, in this study, we determined
whether acetic acid or bioactive compounds, components
of vinegar, were had stronger anti-obesity effects. We
compared the effects of spirit vinegar and natural
fermented vinegars produced from apple, brown rice,
lemon, and grape must on the inhibition of adipogenesis in
3T3-L1 cells and on obesity and the lipid profiles of mice
fed a HFD.

Accumulation of lipid globules in the cytoplasm is an
indication of the differentiation of preadipocytes to adipocytes
[47]. In order to investigate the effects of spirit vinegar
and natural fermented vinegar products on the formation
of lipid globules in 3T3-L1 preadipocytes, the differentiation
of preadipocytes was induced, and lipid globules were
selectively stained with Oil Red O and observed under a
microscope. As a result, the formation and accumulation
of lipid globules were concentration-dependently inhibited
in the vinegar treatments given in the non-cytotoxic range,
indicating that all vinegars had an inhibitory effect on
lipid differentiation at the cellular level. Thus, we selected
both spirit vinegar and natural fermented vinegars and
implemented further animal studies in rats fed an
obesogenic HF diet.

To investigate the anti-obesity effect of vinegars in
experimental animals, the effects of vinegar on body
weight gain, feed intake, adipose tissue weights, and blood
biomarkers were examined in rats fed a HFD. Reducing
body and body fat pad weights are important for
preventing obesity [48]. The body weight gain was
significantly higher in the experimental animals in the HF
group than in those in the N group, suggesting that obesity
was induced by the HFD. The feed intake was not
different among the HF groups, but the body weight gain
was lower in the HF-apple and balsamic vinegar administered
groups than in the HF group. Even though the feed intake
in the sprit vinegar group was similar to those in the apple
and balsamic vinegar groups, body weight gain was
prevented by apple or balsamic vinegar administration,
and this may have been due to the higher content of total
polyphenols in the apple and balsamic vinegars [11,29].
Previous studies have shown that orally administering
vinegar rich in polyphenolic compounds lowered body
weight gain in experimental animals [21], and human
subjects [19,49]. In addition, many studies have found that
acetic acid also significantly reduced body weight gain in
experimental animals [17,19]. However, in this study,
body weight gain in the HF-spirit vinegar administered
group was lower compared with that in the HF group, and
there was no significant difference between the two
groups.

Obesity has been reported to negatively affect health
not because of body weight gain but because of the
increased mass of visceral fat pads located in the
abdominal cavity [50]. Total white fat pad weights were
lower in the HF-natural fermented vinegar administered
groups than in the HF group. In particular, the weight of
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epididymal fat pads was reduced by natural fermented
vinegar administration due to the decrease in the size of
adipocytes on histological examination as a result of the
lowered TG content. Among the vinegar groups, the
HF-apple vinegar administered group resulted in the lowest
TG level, size of adipocytes, and weight of epididymal fat
pads. In addition, the adipocyte size and TG content
values were significantly lower in the epididymal adipose
tissues in the HF-spirit vinegar administered group than in
the HF groups, despite the fact that the HF-spirit vinegar
administered group did not exhibit a change in the white
fat pads mass. The limitations of current study were that it
did not purpose to assay the constituents of the bioactive
compounds detected in vinegar that have anti-obesogenic
properties. Some researcher indicated that apple vinegar
contains chlorogenic acid and quercetin [30,31]; therefore,
we hypothesize that the suppressive effects of apple
vinegar on HFD-induced lipid accumulation are owing to
these polyphenolic compounds. However, the contents of
chlorogenic acid and quercetin in the apple vinegar were
not measured to confirm these findings.

Leptin is a cytokine that is secreted by adipocytes. It
regulates appetite and energy metabolism by suppressing
appetite and providing a feeling of satiety, and it is known
that obesity increases leptin secretion [27,51]. In general,
serum leptin concentration is proportional to body fat
mass, and when excess energy accumulates, production is
increased; thus, it is widely used as an indicator of obesity
[52]. In current study, the body weight gain and white fat
pads weight of rats were reduced by vinegar administration,
and the serum leptin level was also decreased.

Obesity and the accumulation of visceral fat pads have
been reported to alter serum lipid profiles [53]. In this
study, the serum TG, TC, and LDL-C levels were increased
by the HFD; moreover, in the HF-natural fermented vinegar
administered groups, serum TG, TC, and LDL-C levels
were lower than those in the HF group. These effects were
possibly mediated by the various phytochemicals and
organic acids contained in vinegar [15,30,54,55]. Apple
cider vinegars manufactured with different technique has a
higher content of total polyphenols and chlorogenic acid
reduces the oxidation of LDL-C and prevents cardiovascular
disease [54]. Several studies have reported that chlorogenic
acid in apple cider vinegar had an effect on improving
serum lipid metabolism [30,55]. Black vinegar rich in
catechin and chlorogenic acid was also shown to suppress
serum TG, TC, and LDL-C levels [15]. Acetic acid is also
known to be involved in the regulation of lipid metabolism
in vivo [17,19,26]. Studies on rats [17] and humans [19]
have showed that acetic acid decreases serum TG and TC
contents. Acetic acid and various types of organic acids
contained in vinegar are known to promote appetite, stimulate
the use of fatty acids, and inhibit the serum levels of TG
and TC by inhibiting 3-hydroxy-3-methylglutaryl-CoA
reductase activity, and suppress glycolysis [26]. However,
in the present study, the rats administered spirit vinegar
(HF-A group) had similar levels of lipids in the serum and
liver as the control rats (HF group). Similar to this result,
Tong et al. [27] reported that the oral administration of
acetic acid did not affect the serum lipid profiles in rats.
Several bioactive components of natural fermented
vinegar seem to decrease serum lipid contents, which are
increased by a HFD. However, the exact mechanism of

the action of natural fermented vinegar is not known and
needs further investigation.

The liver is the main site for the biosynthesis and
metabolism of TG and TC [56]. Fatty liver is caused by
the accumulation of fat when lipids, such as synthesized
TG, in the liver are not properly metabolized [57]. Obesity
and metabolic syndrome are caused by the accumulation
of TG in the liver from increased TG synthesis, which is
caused by the increased inflow of free fatty acids from a
HFD to the liver through the blood [58]. Our results show
that compared to the N group, the HF group developed
noticeably higher levels of TG and lipid accumulation in
liver tissue and that body weight gain in the HF group was
also dramatically increased compared to that in the N
group. Although the liver weight did not differ among
groups, we found that treatment with vinegars significantly
lowered TG and TC contents, and fat deposits in liver
tissues compared to the levels in the HF group. The ALT,
AST, ALP, and LDH activities of serum cardiac biomarkers
of inflammation and cellular damage decreased in the
vinegar administered rats compared to the high fat-fed rats
and were not significantly altered among all HF-vinegar
administered groups, which showed the probable safety of
the tested vinegars. Taken together, these results on fat
content and liver enzyme activity indicate an ameliorate
effect of vinegar administration on the development of
hepatic metabolic dysfuction due to high fat diet.

Enzymes such as ACC, FAS, and G6PDH play major
roles in TG synthesis in the liver [17]. In this study, the
gene expression of ACC FAS, and G6PDH increased in
the HF group compared to the N group; however, the
administration of vinegar decreased gene expression. This
result indicates that lipogenic gene expression is related to
the decreases in hepatic TG, lipid accumulation, and liver
weight. Yamashita et al. [17] indicated that vinegar causes
a reduction in body fat mass because acetic acid in vinegar
inhibits the gene expression of lipogenic-related enzymes
such as ACC, FAS, and malic enzyme. Thus, acetic acid
in vinegar also seems to be involved in gene expression
regarding fat synthesis in liver tissue. Our data show that
spirit vinegar or natural fermented vinegars lowered high
liver TG contents by down-regulating the genes for ACC
FAS, and G6PDH and that this was associated with a
decrease in the serum TG content.

Our results are consistent with previous researches
using polyphenol-rich vinegars and animal treatment tests
with persimmon vinegar [14], black vinegar [15,27],
tomato vinegar [21], pomegranate vinegar [39], apple
cider vinegar [54], pineapple vinegar [59], and fruit
vinegar [60], which also shown similar effects as found in
current study, including suppression of lipid accumulation
and hyperlipidemic effects.

5. Conclusion

In conclusion, vinegar products can effectively suppress
the differentiation of 3T3-L1 cells. In addition, orally
administered vinegar in rats fed a HFD had beneficial
effects, including decreases in the weight of visceral fat
pads, size of epididymal adipocytes, serum levels of TG
and TC, liver weight and hepatic steatosis, and expression
of lipogenic genes without affecting appetite and
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cytotoxicity. Spirit vinegar and natural fermented vinegars

treatments had anti-obesity effects;

however, apple

vinegar was the most effective. It is assumed that the anti-
obesity effects of the vinegars were due to the
polyphenolic compounds and/or acetic acid in the vinegar
samples. Additional studies are required to further identify
the anti-obesogenic active substances and clarify the
mechanism of apple vinegar on anti-obesity effects.
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