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ABSTRACT: Most of the wheat germ in cereal grains is removed during the milling process. Various physiological effects
have been reported for bioactive substances in wheat germ such as phenolic acids and flavonoids. In this study, the an-
ti-oxidant and anti-adipogenic effects of ethanol extracts from wheat germ (WGE) and wheat germ fermented with
Aspergillus oryzae (F-WGE) were investigated in HepG2 and 3T3-L1 cells. The anti-oxidant activity of F-WGE was demon-
strated by a dose-dependent increase in the enhanced scavenging capacity of hydroxyl radicals and Cu®*-chelating activity
compared to WGE. WGE and F-WGE treatment at doses between 10 and 400 pg/mL did not affect the viability of HepG2
and 3T3-L1 cells. Intracellular ROS levels from Cu’*-induced oxidative stress were significantly decreased by F-WGE
treatment in HepG2 cells compared to WGE. Lipid accumulation was increased in 3T3-L1 adipocytes by 100 uM Fe**
treatment, but the accumulation was strongly inhibited by 100 pg/mL of WGE and F-WGE treatment. These results sug-
gest that changes in bioactive substances during the fermentation of wheat germ can potentiate scavenging activities
against transition metal-induced oxidative stress and lipid accumulation in 3T3-L1 adipocytes. Therefore, we propose
that F-WGE is a novel food materials and provided scientific evidences for its efficacy in the development of functional

foods.
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INTRODUCTION

Many pysiological systems in the human body are dam-
aged by reactive oxygen species (ROS) generated from
exogenous (radiation, chemotherapy, smoking, stress,
etc.) and endogenous (mitochondria, NADPH oxidase,
and xanthine oxidase etc.) sources (1). Excessive ROS
leads to oxidative stress which is known to impair vari-
ous cellular functions. Oxidative stress leads to the de-
velopment of many pathological conditions related to
metabolic syndrome such as, insulin resistance, type 2
diabetes, hypertension, dyslipidemia, atherosclerosis,
and cancer (2).

Obesity is a well known public health problem that al-
so causes various diseases (2). Adipose tissue increases
as a result of increased size and the number of adipo-
cytes due to an imbalance in energy intake and ex-
penditure, leading to decreased life expectancy and
health problems. The process of cell differentiation from

preadipocytes to mature adipocytes, known as adipo-
genesis, is important for intracellular lipid accumulation
(3). Furthermore, it has been reported that excessive lip-
id accumulation is promoted by up-regulation the ex-
pression of adipogenic transcription factors as a con-
sequence of ROS production in adipocytes (4). During
ROS production, H,O, and transition metal ions includ-
ing Cu** or Fe*" in cells react, generating both hydroxyl
radicals and higher oxidation states of the transition
metals in a process known as the Fenton reaction (5).
Transition metals ions (Cu®" or Fe**) can also induce
weight gain and increase adipose tissue mass in rats (6).
H,O, has been demonstrated as a signaling messengers
that induces phosphorylation, oxidation, and dimeriza-
tion related to the expression of adipogenic genes, such
as C/EBPB and PPARy (7). Furthermore, anti-oxidant
and anti-adipogenic effects of various natural materials
are well known to suppress adipogenesis by preventing
increased ROS levels. They also have potential roles in
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the prevention of chronic disease related to oxidative
stress and obesity (8). Thus, controlling adipogenesis
may be one of the most important strategies in prevent-
ing obesity.

Wheat germ comprises of 2~3% of the total weight of
wheat and its main contents are a-tocopherol, group B
vitamins, dietary fiber, polyunsatured fats, minerals and
phytochemicals (9). The constituents of wheat germ
have been reported to have various physiological effects.
In a previous study, we reported that wheat germ fer-
mented with Aspergillus oryzae exerts anti-oxidant effects
by promoting scavenging activity against 2,2'-azobis
(2-amidinopropane) dihydrochloride- and H,O»-induced
oxidative stress. It also enhanced the induction of phase
I enzymes, such as heme oxygenase-1, glutathione
S-transferase, and NAD(P)H quinone oxidoreductase 1
by increasing ferulic acid (10). Wheat germ agglutinin
(WGA) in wheat germ (up to 0.5 g/kg) has been re-
ported to improve immunity through the induction of
interleukin (IL)-2, IL-4, IL-12, and IL-13 while simulta-
neously inhibiting the proliferation of activated lympho-
cytes (11). Accorting to Tai et al., fermented wheat germ
extract containing chemotherapeutic agents such as cis-
platin and 5-fluorouracil exhibited synergistic effects of
cytotoxicity in human hepatocellular carcinoma, HepG2,
Hep3B, and HepJ5 cells (12). However, wheat germ is
almost completely removed during milling because it af-
fects the shelf-life and the processing quality of the
flour. Thus, numerous studies have investigated the
availability of wheat germ using various methods (13).

In a previous study, fermented wheat germ extract
with baker’s yeast was reported to have potential an-
ti-carcinogenic activities through the down-regulation of
major histocompatibility complex-1, tumor necrosis fac-
tors-a, and various IL in vitro and in vivo (14). Nuruk,
which is similar to fermented wheat germ and used as a
fermentation starter in traditional Korean recipes, is nat-
urally produced by the proliferation of fungi (Aspergillus
sp., Absidia sp., Rhizopus sp., and Mucor sp. etc.) and mi-
croorganisms on rice or wheat. It is mostly utilized in
the fermention process for making traditional alcoholic
drinks and it produces various organic acids or flavor
compounds (15). In particular, Aspergillus oryzae is com-
monly utilized to produce commercially fermented prod-
ucts such as doengang, miso, and gochujang (16).
However, the antioxidant and anti-adipogenic activity of
F-WGE and its molecular mechanisms have not yet been
investigated.

Previous studies have reported that antioxidant com-
pounds derived from natural plants can prevent oxida-
tive stress induced by free radicals and that fermentation
with microorganisms increases antioxidative activity
against ROS (17,18). Furthermore, inhibition of cellular
ROS generation can result in anti-adipogenic activity

against excessive lipid accumulation in oxidative stress-
induced adipocytes (19). In this study, ethanol extracts
from wheat germ (WGE) and wheat germ fermented
with Aspergillus oryzae (F-WGE) were prepared. We eval-
uated their anti-oxidative properties in vitro and in
HepG2 cells by assessing their scavenging activities
against Cu’*-induced oxidative stress. We also exam-
ined the anti-adipogenic effect of F-WGE against Fe**-
enhanced lipid accumulation during adipogenesis in
3T3-L1 cells and discussed their potential as functional
food materials against oxidative stress and adipogenesis.

MATERIALS AND METHODS

Materials

Wheat germ was obtained from Young Nam Flour Mills
Co. (Busan, Korea). Aspergillus oryzae KCTC 6377 were
purchased from the Korean Collection for Type Cultures
(Biological Resource Center, Daejeon, Korea). Dulbec-
co’s modified Eagle’s medium (DMEM), penicillin-strep-
tomycin, phosphate-buffered saline (PBS), and bovine
calf serum (BCS) were obtained from WELGENE Inc.
(Daegu, Korea). Fetal bovine serum (FBS) was pur-
chased from GE Healthcare Bio-Sciences Co. (Piscata-
way, NJ, USA). Dimethyl sulfoxide (DMSO) and iso-
propanol were obtained from Junsei (Tokyo, Japan) and
formaldehyde was purchased from Bio Basic Inc. (Mark-
ham, ON, Canada). Unless noted, all chemicals were ob-
tained from Sigma-Aldrich Co. (St. Louis, MO, USA).

Preparation of WGE and F-WGE using Aspergillus oryzae
Sixty grams of wheat germ was soaked in 150 mL of dis-
tilled water for 4 h and sterilized at 121°C for 30 min.
The sterilized wheat germs (WG) were extracted over-
night with 80% ethanol in a shaking incubator. Further-
more, to obtain the fermented WG, it was inoculated
with Aspergillus oryzae and cultured at 30°C for 72 h in
incubator. The inoculated WG was then extracted over-
night with 80% ethanol in a shaking incubator. The
WGE and F-WGE were lyophilized using a vacuum
freeze dryer (IlShinBioBase, Dongducheon, Korea) and
kept at —20°C until analyzed.

Oxygen radicals absorbance capacity (ORAC) assay

The scavenging capacities of WGE and F-WGE against
hydroxyl radical (HO-) were measured using ORAC
assay. The 40 nM fluorescein and 1, 5, 10, 20, and 50
pg/mL of WGE and F-WGE in 75 mM potassium phos-
phate buffer (pH 7.4) added to triplicate wells in 96-well
black microplate. Fluorescein was used as a target of free
radical attack and the fluorescein solutions contained
acetone (0.01%, v/v). The 100 pL of CuSO4-H,O, (5 uM
CuSO4; H20, 0.75%) as mainly a hydroxyl radical gen-
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erator was added to the 96-well black microplate. Before
the measurement of fluorescence intensity, 96-well
black microplate was shook and settled for 10 and 5 s in
Tecan GENios multi-functional plate reader (GENios;
Tecan Trading AG, Salazburg, Austria), respectively. The
fluorescence intensity at emission wavelength 535 nm
was measured with excitation wavelength 485 nm every
2 min for 200 min (100 cycles) at 37°C. ORAC values
were expressed as TE (Trolox equivalents, uM). One
ORAC unit is equivalent to the net protection area pro-
vided by 1 uM of Trolox.

Cu**-chelating capacity

The metal chelating activities of WGE and F-WGE re-
ferred to the method of Mariana et al. (20) with a slight
modification. The WGE and F-WGE were mixed at 1, 5,
10, 20, and 50 pg/mL with 200 uL of 0.4 uM CuSO4
solution. Then, the mixed solution was added 100 uL of
0.05 uM calcein solution. The fluorescence intensity of
the final mixed solution was measured with the fluo-
rescence reader (GENios; Tecan Trading AG, Salazburg,
Austria) at an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. The percentage of met-
al chelating capacity was calculated as a percentage ver-
sus control.

HepG2 and 3T3-L1 cells culture and MTT assay

HepG2 cells and 3T3-L1 preadipocytes were purchased
from American Type Culture Collection (ATCC, Rock-
ville, MD, USA) and Korean Cell Line Bank (KCLB,
Seoul, Korea), respectively. HepG2 cells were cultured in
DMEM medium supplemented with 10% FBS and 100
unit/mL penicillin-streptomycin at 37°C in a humidified
atmosphere with 5% CO,. HepG2 cells were exposed
with 50, 100, and 200 pug/mL of WGE and F-WGE for
3 h and then 0.5 mg/mL 3-(4,5-dimethylthiazol)-2,5-
diphenyltetrazolium bromide (MTT) reagent dissolved
in PBS was added to each well and the plate was in-
cubated for 1 h. 3T3-L1 preadipocytes were maintained
DMEM medium supplemented with 10% BCS and 100
unit/mL penicillin-streptomycin at 37°C in a humidified
atmosphere with 5% CO,. Confluent 3T3-L1 preadipo-
cytes were treated with 10, 50, 100, and 200 pg/mL of
WGE and F-WGE for 24 h. The 0.2 mg/mL MTT-media,
including 10% BCS, 1% penicillic-streptomycin was add-
ed at 1 mL/well and the plate was incubated for 1 h. The
media was removed and the intracellular insoluble for-
mazan was dissolved in DMSO. The absorbance of each
cell was measured at 570 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA) and the cell
viability was calculated as a percentage versus untreated
cells.

Cellular antioxidant capacity (CAC)

Cellular oxidative stress, due to ROS generated by
CuSO,, was measured by the 2',7'-dichlorofluorescin di-
acetate (DCFH-DA) method. DCFH-DA is commonly
used to detect the oxidative stress inside of cells. When
used to treat cells, DCFH-DA is taken up and hydro-
lyzed into dichlorofluorescin (DCFH) by a cellular ester-
ase. In the presence of ROS, DCFH becomes 2',7'-di-
chlorofluorescein (DCF) which can be quantified (21).
HepG2 cells were seeded into 96-well culture black
plates (5x 10° cells/mL) for 24 h. The cells were treated
with various concentrations of 10, 20, 50, 100, and 200
pg/mL WGE and F-WGE for 30 min. After incubation
for 30 min, the medium was discarded. The cells were
gently washed twice using Hank’s balanced salt solution
(HBSS). Instead of media, HBSS was added in each well
which is stable to fluorescence and then the cells were
treated with 10 uM CuSO, for 30 min as an inducer of
oxidative stress. Then, cells were treated with 40 uM
DCFH-DA for 30 min at 37°C in the darkness.

Then DCF fluorescence intensity was measured at 485
nm (excitation wavelength) and 535 nm (emission wave-
length) using the Tecan GENios multi-functional plate
reader (GENios; Tecan Trading AG).

Observation of ROS levels in HepG2 cells by fluorescence
microscopy

HepG2 cells were pre-incubated with 50 and 100 pg/mL
of WGE and F-WGE for 30 min. After incubation, the
cells were exposed to 10 uM CuSO;, for 30 min and
treated with 10 uM DCFH-DA. The cells were fixed with
3.5% (v/v) formaldehyde for 30 min and then washed
twice in PBS (pH 7.4). The cells were observed using a
fluorescence microscope (Olympus Optical, Tokyo, Ja-

pan).

3T3-L1 cells differentiation

3T3-L1 preadipocytes were maintained DMEM medium
supplemented with 10% BCS and 100 unit/mL pen-
icillin-streptomycin until confluency. At 2 days after
reaching confluency, designated as Day O, the 3T3-L1
preadipocytes were cultured in DMEM (FBS-medium)
supplemented with 10% FBS and 100 unit/mL pen-
icillin-streptomycin containing 500 uM 3-isobutyl-1-
methylxanthine, 5.2 uM dexamethasone, and 167 nM in-
sulin (differentiation medium; DM). After 2 days of
3T3-L1 differentiation, the medium was changed to 10%
FBS-medium with 167 nM insulin added for another
2 days (post-differentiation medium; Post-DM). On
Day 4, the 3T3-L1 adipocytes were cultured in 10%
FBS-medium. The 3T3-L1 cells were treated the 50 and
100 pg/mL of WGE and F-WGE with 100 uM Fe** dur-
ing the periods indicated in Fig. 1.
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Oil red O (ORO) staining

To examine the effects of intracellular lipid accumu-
lation by WGE and F-WGE treatment with 100 pM Fe**
in 3T3-L1 adipocytes, the cells were quantified by ORO
staining. The cultured medium was removed and wash-
ed with PBS. The cells were fixed with 3.7% form-
aldehyde for 30 min at room temperature. The fixed
3T3-L1 adipocytes were washed three times with tap
water. The lipid droplets were stained with 3 mg/mL
ORO in isopropanol for 15 min. After staining, the
stained cells were washed three times with distilled
water. The lipid droplets in ORO stained mature 3T3-L1
adipocytes were observed using inverted microscope
(Korealabtech, Seongnam, Korea) and it was then dis-
solved in DMSO and transferred at 100 pL/well to a
96-well plate. The absorbance of each well was quanti-
fied using microplate reader at a wavelength of 510 nm.

Statistical analysis

All experiments were performed at least three times,
and data are presented as means=standard deviations
(SDs). Statistical analysis was performed using the SPSS
software 18.0 (SPSS Inc., Chicago, IL, USA). The sig-

Day: -2 -1 0 1 2 3
| | | | |

nificance of differences between groups was assessed
with one-way analysis of variance (ANOVA) followed by
Duncan’s multiple range test. A P value<0.05 or 0.01
was considered to indicate statistical significance. The
significance of each groups was analysed as compared
with control group or between WGE and F-WGE groups
by Student’s t-test.

RESULTS

The scavenging activities of WGE and F-WGE against hy-
droxyl radicals

The scavenging activities of WGE and F-WGE against
hydroxyl radicals were measured using the ORAC assay.
In this assay, CuSO4 and H,O is used as a hydroxyl rad-
ical generator. The scavenging activity of hydroxyl radi-
cals by WGE treatment increased between 20 and 50
pug/mL whereas the scavenging activity of F-WGE in-
creased dose-dependently to 0.12, 2.31, and 3.18 TE at
10, 20 and 50 pug/mL, respectively (Fig. 2). Furthermore,
the scavenging activity of hydroxyl radicals by F-WGE
treatment was significantly higher than that of WGE at

Sample treatment

f f

Confluent Adipocytes
3T3-L1 differentiation

8_

1 WGE
Il F-WGE

ORAC,,, (Trolox equivalents, pM)

1 5 10 20 50
Concentration (ng/mL)

Fig. 2. The scavenging activities of WGE and F-WGE against hy-
droxyl radicals produced by Cu®-H.0,. The WGE and F-WGE
were dose-dependently increased in hydroxyl radical scaveng-
ing activities at 1, 5, 10, 20, and 50 ug/mL. The ORAC values
were calculated by dividing the area under the sample curve
by the area under the trolox curve. One ORAC unit was assigned
as the net area of protection provided by trolox at a final con-
centration of 1 uM. The results represent mean=SD of values
obtained from each 3 individual measurements. Different cor-
responding letters indicate significant differences at £<0.05 by
Duncan's test. One-way ANOVA (P <0.05) followed by compar-
isons using Student’s #-test. **~<0.01 comparing WGE and
F-WGE at each concentration.

Fig. 1. Scheme of WGE and F-WGE
treatment with Fe? and 3T3-L1
differentiation.
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Fig. 3. The Cu®*-chelating activities of WGE and F-WGE. The
Cu®*-chelating activity of WGE and F-WGE was measured using
calcein. The Cu*~chelating activity of F-WGE was dose-depend-
ently increased at 1, 5, 10, 20, and 50 pg/mL. The results repre-
sent meanxSD of values obtained from each of 3 individual
experiments. Different corresponding letters indicate signifi-
cant differences at 2<0.05 by Duncan's test. One-way ANOVA
(P<0.05) followed by comparison Student’s ¢-test. ***~<0.001
comparing WGE and F-WGE at each concentration.
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20 and 50 pg/mL.

Cu’*-chelating activities of WGE and F-WGE
Cu**-chelating activity was measured as the inhibition
percentage of calcein-Cu”* complex formation by each
antioxidant. Calcein is used as metal chelator and emits
fluorescence. As shown in Fig. 3, the Cu®*-chelating ac-
tivity of the positive control, quercetin was 67.2% at 10
ng/mL. The Cu’**-chelating activities of WGE and
F-WGE increased dose-dependently at 1, 5, 10, 20, and
50 pg/mL. F-WGE had stronger Cu’*-chelating activity
than the positive control at 10, 20, and 50 pg/mL and
individual concentrations also had significantly stronger
activity than WGE. Thus, these results are consistent
with the results observed against hydroxyl radicals. The
anti-oxidant effect of F-WGE in vitro is believed to occur
through either direct scavenging or occurrence sup-
pression of hydroxyl radicals by metal chelation. WGE
was confirmed to act only through direct scavenging of
the hydroxyl radicals generated in the Fenton reaction.

Cell viability of HepG2 and confluent 3T3-L1 cells by
WGE and F-WGE treatment

To evaluate the effect of WGE and F-WGE on cell via-
bility, the HepG2 cells and confluent 3T3-L1 pre-
adipocytes were assessed using the MTT assay. The
HepG2 cells were exposed to 50, 100, and 200 pg/mL of
WGE and F-WGE for 3 h, while the confluent 3T3-L1
preadipocytes were treated at 10, 50, 100, and 200
pug/mL for 24 h. The cell viability of the HepG2 cells
were maintained at 50, 100, and 200 ng/mL over 80%
and the cell viability of confluent 3T3-L1 preadipocytes
did not significantly differ between 10 and 200 pg/mL
with either WGE or F-WGE treatment (Table 1). Thus,
the non-toxicity concentration range of WGE and
F-WGE concentrations up to 200 ug/mL in HepG2 cells
and 3T3-L1 preadipocytes were chosen for subsequent
studies.

Table 1. The cytotoxicity by WGE and F-WGE treatment in HepG2 and 3T3-L1 cells

33

Change in intracellular ROS levels on WGE and F-WGE-
treated HepG2 cells

The cellular antioxidant capabilities of WGE and F-WGE
were evaluated using a DCFH-DA probe in HepG2 cells.
Cellular oxidative stress in HepG2 cells increased by
186.57% in comparison with the control group follow-
ing treatment with CuSOy (Fig. 4A). Quercetin (10 uM),
used as a positive control, maintained the intracellular
oxidative stress from CuSOs at 182.50%. The intra-
cellular oxidative stress induced by CuSO4 was dose-de-
pendently decreased by F-WGE treatment at 50~200
pg/mL for 30 min. Furthermore, there was significant
difference in antioxidant capabilities between 200 pg/mL
WGE and F-WGE, with no apparent effect by WGE
observed. The cellular antioxidant capability of F-WGE
treatment was also observed between 50 and 100 uM in
DCFH-DA-stained HepG2 cells using fluorescence mi-
croscopy (Fig. 4B). These results were similarly repeated
for the Cu®*-chelating activities of WGE and F-WGE in
comparison to that of quercetin. Therefore, the anti-oxi-
dant effect of F-WGE through direct or indirect scaveng-
ing of hydroxyl radicals by Cu”*-chelation in vitro and in
HepG2 cells was confirmed to be stronger than that of
WGE, which directly scavenges hydroxyl radicals but
does not possess Cu”*-chelating activity.

Inhibitory effect of intracellular lipid accumulation by
WGE and F-WGE treatment with Fe’* in 3T3 adipocytes

To determine the inhibitory effects of WGE and F-WGE
on adipogenesis in 3T3-L1 cells, the cells were treated
with adipogenic medium in the presence or absence of
various concentrations of WGE and F-WGE with 100
uM Fe**. The levels of lipid accumulation after 6 days of
WGE and F-WGE treatment in differentiated 3T3-L1
adipocytes were quantified using ORO staining. Mature
3T3-L1 adipocytes (control, 100%) accumulated a sig-
nificant amount of intracellular ORO-stained lipid drop-
lets by Day 6 and the amount increased over 137.60%
after treatment with 100 uM Fe** (Fig. 5A). Intracellular
lipid accumulation was completely suppressed after
treatment with 10 and 50 pg/mL WGE and F-WGE

(% of control)

Viability of HepG2 cells”

Viability of 3T3-L1 cells?

Samples
(ng/mL) WGE F-WGE WGE F-WGE
10 — — 85.91+£7.93 91.45x7 41
50 89.59+3.33* 84.83+4.80* 102.09+4.97 99.03+5.54
100 85.26+3.05* 86.25+3.04* 103.74+4.43 94.41+5.93
200 87.37+4.68* 82.49+3.49** 103.19+7.81 92.69+15.01

YWGE and F-WGE were treated for 3 h in HepG2 cells.

“WGE and F-WGE were treated for 24 h in confluent 3T3-L1 cells.
The results represent mean+SD of values obtained from 3 measurements. One-way ANOVA (P <0.05) followed by comparison
Student’s t-test. *P<0.05, **P<0.01 as compared with control group.
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Fig. 4. The decreases in intracellular ROS (CuSQy) levels by WGE and F-WGE treatment in HepG2 cells. F-WGE shown to dose-de-
pendently decrease intracellular ROS (CuSQs) levels at between 10 and 200 ug/mL in HepG2 cells (A). The results represent
meanzSD of values obtained from each of 3 individual measurements. Different corresponding letters indicate significant differ-
ences at £<0.01 by Duncan's test. One-way ANOVA (P<0.05) followed by comparison Student’s #-test. ***P<0.001 comparing
WGE and F-WGE at each concentration. Observation of intracellular ROS levels in HepG2 cells using DCFH-DA (B).

compared to control. Furthermore, lipid accumulation in
100 pM Fe** treated mature 3T3-L1 adipocytes de-
creased significantly after treatment with 50 and 100
pg/mL WGE and F-WGE. To examine the effects of
WGE and F-WGE on the size and number of lipid drop-
lets in 3T3-L1 adipocytes, the lipid droplets were vi-
sualized using microscopy after ORO staining. The ma-
ture adipocytes contained a large number of lipid drop-
lets and the amount of droplets in 100 pM Fe**-treated
3T3-L1 adipocytes was greater than in the control. The
size and number of lipid droplets were decreased in ma-
ture 3T3-L1 adipocytes with 50 and 100 pg/mL WGE
and F-WGE and they also effectively suppressed lipid
droplets increased by 100 uM Fe** treatment (Fig. 5B).
These results indicated that the anti-oxidant activities of
WGE and F-WGE, such as metal-chelation, contributed
to the inhibition of lipid accumulation in 3T3-L1 cells.
Taken together, we prepared ethanol extract from
wheat germ and wheat germ was fermented with
Aspergillus oryzae. The anti-oxidant activities of F-WGE in
vitro and in HepG2 cells were shown to occur through
direct or indirect scavenging of hydroxyl radicals via
Cu”*-chelating and were stronger than the activities of
WGE. Intracellular lipid accumulation in 3T3-L1 adipo-
cytes was strongly inhibited by WGE and F-WGE treat-
ment in control cells as well as in cells treated with Fe**

(Day 6).

DISCUSSION

Numerous studies have reported that changes in the re-
dox state by intracellular ROS levels serve as essential
markers for the induction or inhibition of various meta-
bolic processes (22). Furthermore, in adipogenesis, in-
creased ROS levels can cause excessive lipid accumu-
lation during the conversion of preadipocytes into adipo-
cytes and accelerate adipocyte differentiation through
the expression of adipogenic genes in response to oxida-
tive stress (23). The decrease in excessive ROS levels
and the inhibition of adipocyte differentiation are im-
portant strategies for preventing of various chronic dis-
eases related to oxidative stress and obesity. Thus, we
investigated whether WGE and F-WGE could prevent
oxidative stress against ROS generation and thereby in-
hibit lipid accumulation in 3T3-L1 cells. Moreover, we
evaluated the differences in antioxidant and anti-adipo-
genic activities between WGE and WGE fermented with
Aspergillus oryzae (F-WGE).

Although wheat germ is removed as a by-products
during milling, it was recently reported to possess po-
tential anti-carcinogenic properties, but its anti-oxidant
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Fig. 5. Inhibition of lipid accumulation by WGE and F-WGE treatment in 3T3-L1 adipocytes. Inhibitory activities of WGE and F-WGE
on 3T3-L1 lipid accumulation measured by ORO staining (A). The results represent mean+SD of values obtained from each 3
individual measurements. Different corresponding letters indicate significant differences at £<0.05 by Duncan's test. One-way
ANOVA (P<0.05) followed by comparison Student’s #-test. *~<0.05 comparing WGE and F-WGE at each concentration. Inhibitory
effect of intracellular lipid accumulation by WGE and F-WGE treatment in 3T3-L1 adipocytes observed by microscopy using ORO

staining (B).

and anti-adipogenic effects are still unknown (24). We
prepared ethanol extracts of wheat germ and wheat
germ fermented using Aspergillus oryzae. Fermentation
using Aspergillus oryzae is known to cleave glycosidic
linkages from various glycosides into aglycones which is
initiated by various enzymes, such as protease, a-gal-
actosidase, amylase, invertase, lignin peroxidase, and
tannase. Fermentation is an effective technique for the
production or extraction of anti-oxidant active com-
pounds from natural sources (25).

Cell viability can be assessed by the ability of func-
tional mitochondria to catalyze the reduction of MTT to
insoluble purple formazan. The cytotoxicity of WGE and
F-WGE were measured in both HepG2 cells and 3T3-L1
preadipocytes (Table 1). The cell viability and confluency
of 3T3-L1 preadipocytes did not differ significantly be-
tween 10 and 200 pg/mL WGE and F-WGE treatment.
The cell viability of HepG2 cells was shown to decrease
significantly after WGE and F-WGE treatment at 50,
100, and 200 pg/mL. However, the concentration of
WGE and F-WGE were chosen to maintain cell viability

over 75% because previous studies reported that cyto-
toxins could cause false-negative results with cell via-
bility below 75% by inducing of DNA migration in the
nucleus (26,27). Thus, HepG2 cells and 3T3-L1 pre-
adipocytes were treated with WGE and F-WGE between
10 and 200 pg/mL.

Anti-oxidant activities of WGE and F-WGE were eval-
uated by the scavenging activity of Cu’*-H,Oz-induced
hydroxyl radicals and the Cu**-chelating activity in vitro
(Fig. 2 and 3). The scavenging activity of hydroxyl radi-
cals and Cu**-chelating activity were increased dramati-
cally by F-WGE treatment compared to WGE. Similarly,
Cu**-induced oxidative stress in HepG2 cells was sig-
nificantly decreased by F-WGE (Fig. 4). Numerous stud-
ies have reported that the anti-oxidant activities of fer-
mented plant-based foods are primarily due to increases
in the amounts of phenolic compounds and flavonoids
during fermentation, which can be attributed to the lib-
eration or synthesis of various antioxidant compounds
(28). Zhang et al. (29) reported that the anti-oxidant ac-
tivities of water, 70% acetone and 70% ethanol extracts
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from wheat fermented with Cordyceps militaris, measured
by scavenging activities against hydroxyl radicals, re-
ducing potential, and Fe** chelating activities, were sig-
nificantly higher in comparison with unfermented wheat
extract. The study also reported that the total phenolic,
total flavonoids and free phenolic acid content were en-
hanced in fermented wheat extracts. According to Huang
et al. (30), the anti-oxidant activities of methanol extract
from tofu fermented by Aspergillus oryzae, measured by
2,2-diphenyl-2-picylhydroxyl radical-scavenging activity,
Fe’*-chelating activity, and reduction potential, were
stronger than non-fermented tofu extract. Nam et al.
(31) reported that soybean fermented with Aspergillus or-
yzae decreased H,O»-induced oxidative stress in HepG2
cells, which was mainly attributed to the production of
free isoflavones during fermentation. Therefore, F-WGE
could permeate the cell membrane and suppress hydrox-
yl radicals and higher oxidation states via the Fenton re-
action through rapid combination with Cu**. Addition-
ally, fermentation with Aspergillus oryzae changes the
contents of bioactive substances in wheat germ.

Previous studies have reported that differentiating
3T3-L1 adipocytes already perform lipid synthesis-re-
lated metabolic processes to store intracellular glucose
(32). The biosynthetic and metabolic pathways of glu-
cose can include glycerol-3-phosphate used in trigly-
ceride and phospholipid synthesis as well as sugar phos-
phates through hexose monophosphate (HMP). NADPH
derived from glucose-6-phosphate dehydrogenase, the
limiting enzyme of HMP, is known to increase the levels
of cellular ROS production by NADPH oxidase. Further-
more, excessive ROS generation is associated with in-
creased lipid accumulation during adipocyte differenti-
ation (33,34). Previous studies reported excessive differ-
entiation of 3T3-L1 cells induced by transition metals
(Cu®* or Fe**), due to increased expression of adipo-
genic transcriptional factors related to the NADPH-de-
pendent H,O,-generating system (35). Thus, we inves-
tigated the inhibitory effect of WGE and F-WGE treat-
ment on adipogenesis in 3T3-L1 cells. WGE and F-WGE
treatment suppressed lipid accumulation in 3T3-L1
cells, whereas lipid accumulation was increased by Fe**
treatment compared to mature 3T3-L1 adipocytes. The
adipogenesis in Fe’* treated 3T3-L1 cells was strongly
inhibited by WGE and F-WGE treatment (Fig. 5).
Gabrielsen et al. (36) showed that adiponectin and in-
sulin sensitivity in FeSOq-treated 3T3-L1 cells were de-
creased by increased expression of adipogenic regulators
such as Akt, which play essential roles in regulating the
expression of C/EBPs and PPARy during 3T3-L1 adipo-
genesis, as part of the insulin signaling pathway. The
improvement in anti-adipogenic effects of plant extracts
by fermentation were reported as well as the discovery
that the free phenolic content of rice bran fermented

with Issatchenkia orientalis MFST1 was higher than that of
non-fermented rice bran and strongly suppressed ROS
generation induced by H,O, in 3T3-L1 adipocytes (37).
Previous studies reported that an ethanol extract of
black soybean koji (BSK) produced by the fermentation
of black soybean with Aspergillus awamori was rich in iso-
flavones such as benzoic acid, daidzin, genistin, and
genistein. BSK extract exhibited anti-adipogenic effects
such as suppression of lipid accumulation and inhibition
of PPARy protein expression in 3T3-L1 adipocytes.
Taken together, our results indicate that the anti-adipo-
genic activities of WGE and F-WGE on the adipogenesis
of 3T3-L1 cells may correlate with antioxidant activity
against oxidative stressors such as hydroxyl radical and
transition metals.

We determined that the antioxidant activities of
F-WGE were stronger than those of WGE and also dem-
onstrated the anti-adipogenic activity of WGE and
F-WGE in control and Fe**-treated 3T3-L1 cells. How-
ever, we did not clearly elucidate the bioactive substances
derived from wheat germ fermented with Aspergillus or-
yzae responsible for the anti-adipogenic activity or the
direct correlation between anti-oxidant and anti-adipo-
genic activities. Further studies should focus on whether
the ethanol extract from fermented wheat germ should
be used to examine the effect of natural compounds de-
rived from wheat germ on anti-oxidant and anti-adipo-
genic activities. Our results provide new evidence for an-
ti-adipogenic activity of fermented wheat germ extract
and suggests its usefulness for the development of val-
ue-added functional foods.
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