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BACKGROUND/OBJECTIVES: This study was performed to investigate the in vitro antioxidant and cytoprotective effects of fermented 
sesame sauce (FSeS) against hydrogen peroxide (H2O2)-induced oxidative damage in renal proximal tubule LLC-PK1 cells. 
MATERIALS/METHODS: 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl radical (•OH), and H2O2 scavenging assay was used to 
evaluate the in vitro antioxidant activity of FSeS. To investigate the cytoprotective effect of FSeS against H2O2-induced oxidative 
damage in LLC-PK1 cells, the cellular levels of reactive oxygen species (ROS), lipid peroxidation, and endogenous antioxidant 
enzymes including catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-px) were measured.
RESULTS: The ability of FSeS to scavenge DPPH, •OH and H2O2 was greater than that of FSS and AHSS. FSeS also significantly 
inhibited H2O2-induced (500 μM) oxidative damage in the LLC-PK1 cells compared to FSS and AHSS (P < 0.05). Following treatment 
with 100 μg/mL of FSeS and FSS to prevent H2O2-induced oxidation, cell viability increased from 56.7% (control) to 83.7% 
and 75.6%, respectively. However, AHSS was not able to reduce H2O2-induced cell damage (viability of the AHSS-treated cells 
was 54.6%). FSeS more effectively suppressed H2O2-induced ROS generation and lipid peroxidation compared to FSS and AHSS 
(P < 0.05). Compared to the other sauces, FSeS also significantly increased cellular CAT, SOD, and GSH-px activities and mRNA 
expression (P < 0.05).
CONCULUSIONS: These results from the present study suggest that FSeS is an effective radical scavenger and protects against 
H2O2-induced oxidative damage in LLC-PK1 cells by reducing ROS levels, inhibiting lipid peroxidation, and stimulating antioxidant 
enzyme activity.
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INTRODUCTION3)

Soy sauce is a traditional fermented soy product with a salty 
taste that is widely consumed in Asia. It is rich in free amino 
acids, reducing sugars, and organic acids, and contains low 
levels of isoflavones. Fermented soy sauce (FSS) was found to 
possess high levels of antioxidant activity along with the ability 
to scavenge free radicals in vitro and in vivo [1-3]. Other studies 
reported that soy sauce has anticarcinogenic [4-7] and antimu-
tagenic [8,9] properties. Fermented sesame sauce (FSeS), a new 
type of liquid condiment, is prepared in a manner similar to 
that of FSS and is produced in South Korea. Sesame, the raw 
material used to manufacturer FSeS, is rich in high levels of 
lignans (such as sesamin, sesamolin, sesaminol, and sesame) 
that have antioxidant, anticarcinogen, hypolipidemic, antihyper-

tensive, and immunoregulatory activities in humans and 
experimental animals [10]. In contrast to other fermented 
sauces, acid-hydrolyzed soy sauce (AHSS) is prepared by hydroly-
zing defatted soybeans with hydrochloric acid. A couple studies 
reported that AHSS contains 1, 3-dichloropropan-2-ol (1, 3-DCP) 
and 3-chloropropane-1, 2-diol (3-MCPD), which exert potential 
mutagenic effects in humans and rodents [11,12]. 

Reactive oxygen species(ROS) are produced in mammalian 
cells during energy production in mitochondria by reducing 
oxygen during aerobic respiration, which including superoxide 
(O2

-), peroxide (O2
-2), hydroxyl radical (·OH), hydrogen peroxide 

(H2O2), and peroxynitrite (ONOO-) play a key role in the oxidative 
stress induced damage in renal epithelial cells is thought to 
be important for the development of renal disease [13,14]. 
Accumulation of the ROS was reduced the activity of endoge-
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nous antioxidant enzymes including catalase (CAT), superoxide 
dismutase (SOD), glutathione peroxidase (GSH-px), and depletion 
of GSH, as well as caused the oxidative damage in renal cells 
[14]. In particular, hydrogen peroxide (H2O2), a reactive oxygen 
metabolite formed by either enzyme-catalyzed or spontaneous 
dismutation of superoxide anions, has been implicated in the 
pathogenesis of renal injury [13-15]. H2O2- induced renal cell 
damage and tissue necrosis is associated with lipid peroxidation 
in renal cell membranes [13-17]. 

Dietary intake of foods rich in antioxidants, such as phenolic 
compounds and vitamin E, is able to increase the levels of 
protective antioxidants in the body and improve the human 
antioxidant defense system to reduce the risk of renal dysfunc-
tion induced by ROS [18,19]. Many studies have reported that 
FSS has various beneficial properties [4-9]. However, the 
beneficial activities of FSeS have not been studied. This study 
was designed to investigate the ability of FSeS to provide 
protection against H2O2-induced oxidative damage compared 
to FSS and AHSS in LLC-PK1 cells, an epithelial cell line derived 
from pig kidney that has retained characteristics of the proximal 
tubular epithelium and is wildly used as a cell model for 
studying ROS-induced renal damage [17]. Additionally, the 
mechanisms underlying these effects were elucidated.

MATERIALS AND METHODS

Sauce samples and extract preparation
FSeS, FSS, and AHSS were provided by Daesang Food Co., 

Ltd. (Echeon, South Korea). Sauce samples (200 mL) were 
freeze-dried at -80℃, and underwent extraction three times 
with a 20-fold volume of methanol at room temperature in the 
dark for 24 h. The methanol extracts were combined, filtered 
through filter paper (Whatman International, Maidstone, Kent, 
UK), and concentrated under a vacuum at 50℃ in a rotary 
evaporator (Büchi RE 111 rotavapor, Flawil, Switzerland). The 
sauce extracts were finally dissolved in dimethyl sulfoxide 
(DMSO) and stored at -4℃ until further analysis. 

Chemicals and reagents
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide 

(MTT), 2’, 7’-dichlorodihydrofluorescin diacetate (DCFH-DA), 
1,1-diphenyl-2-picrylhydrazyl (DPPH), and deoxyribose were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, 
USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine 
serum (FBS), penicillin-streptomycin solution, and 0.05% trypsin- 
0.53 mM EDTA were purchased from Grand Island Biological 
Company (Grand Island, NY, USA). TRIzol reagent, oligodT18 
primer, murine maloney leukemia virus (MMLV) reverse transcri-
ptase, RNase inhibitor, reverse transcriptase buffer, dNTPs, 
ethidium bromide (EtBr), and agarose were purchased from 
Invitrogen Life Technologies (Carlsbad, CA, USA). Chemicals 
used were of standard analytical grade.

Evaluation of DPPH radical scavenging activity
DPPH radical scavenging activity was estimated as previously 

described by Hatano et al. [20]. Sauce extracts (10, 50, and 100 
μg/mL) were added to a methanolic solution (0.1 mL) of DPPH 
radicals (final concentration, 150 μM). The mixture was shaken 

vigorously and allowed to stand at 37℃ for 30 min. Absorbance 
of the reaction mixture was then measured at 517 nm using 
a UV-2401PC spectrophotometer (Shimadzu, Kyoto, Japan). 

Hydroxyl (•OH) radical scavenging assay
•OH scavenging activity was evaluated as previously described 

by Halliwell et al. [21]. A reaction mixture (1.4 mL) containing 
0.2 mL of the sauce extracts (10, 50, and 100 μg/mL), deoxyri-
bose (6 mM), H2O2 (3 mM), KH2PO4-K2HPO4 buffer (20 mM, pH 
7.4), FeCl3 (400 μM), EDTA (400 μM), and ascorbic acid (400 μM) 
was incubated at 37℃ for 1 h. The extent of deoxyribose 
degradation was measured using a thiobarbituric acid (TBA) 
assay. One mL of 1% TBA and 1 mL of 2.8% trichloroacetic acid 
(TCA) were added to the mixture and heated at 90℃ for 30 
min. Absorbance of the reaction mixture was measured at 532 
nm using a UV-2401PC spectrophotometer.

Assessment of H2O2 scavenging activity
H2O2 scavenging activity was estimated according to the 

method of Ruch et al. [22]. Sauce extract (20 μL) was dissolved 
in 200 μL of phosphate buffer (0.1 M, pH7.4) and mixed with 
600 μL of H2O2 solution (40 mM). The absorbance of the reaction 
mixture was measured at 230 nm using a UV-2401PC spectro-
photometer.

Cell culture
LLC-PK1 porcine renal tubules cells were obtained from the 

American Type Culture Collection (ATCC; Manassas, VA, USA). 
The cells were routinely maintained in DMEM medium supple-
mented with 10% (v/v) FBS, and 1% penicillin-streptomycin in 
a humidified CO2 incubator (model 3154; Forma Scientific, Inc., 
Marietta, OH, USA) with 5% CO2 at 37℃. 

Cell viability assay
Cell viability was measured using an MTT assay. LLC-PK1 cells 

were seeded in 96well plates (Nunc, Rochester, NY, USA) at a 
density of 1 × 104 cells/well. Following a 24h incubation, the 
cells were first treated with the sauce samples(10 and 100 μ
g/mL) for 24 h, and then exposed to H2O2 (500 μM) for an 
additional 4 h. Next, 100 μL MTT reagent (0.5 mg/mL) was added 
to each well and the cells were incubated in a humidified 
incubator at 37℃ to allow the MTT to be metabolized. After 
4 h, 100 μL DMSO was added to each well to dissolve the 
formazan crystals. Absorbance of the samples was measured 
at a wavelength of 540 nm using a microplate reader (model 
680; Bio-Rad, Hercules, CA, USA).

Measurement of lipid peroxidation 
Lipid peroxidation was quantitated using a TBA reactive 

substance (TBARS) assay as previously described [23]. Briefly, 
the cultured cells were washed with cooled phosphate-buffered 
saline (PBS), scraped into TCA (2.8%, w/v), and sonicated 3 times 
for 10 second intervals at 40 V setting over ice. Concentration 
of the total cell proteins was determined using a bicinchoninic 
acid (BCA) assay. The suspension(200 μL) was mixed with 1 mL 
TBA (0.67%, w/v) and 1 mL TCA (25%, w/v), heated (30 min 
at 95℃), and centrifuged (3,000 × g for 10 min at 4℃). The TBA 
reacted with the products of lipid oxidative degradation, 
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Fig. 1. DPPH (A) and •OH radical scavenging (B) activities of the sauce extracts. 
Data from three independent experiments are presented as the mean ± SD. 
a-fDifferent letters over the bars indicate that the mean values are significantly 
different (P < 0.05) according to Duncan's multiple range test. AHSS, acid- 
hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, fermented 
sesame sauce extract.

yielding red complexes. Absorbance was measured at 532 nm 
using a UV-2401PC spectrophotometer (Shimadzu, Kyoto, Japan).

Assessment of intracellular ROS generation
Intracellular ROS levels were measured using the fluorescent 

probe DCFH-DA. The treated LLC-PK1 cells were washed with 
calcium- and magnesium-free PBS, and incubated in DCFH-DA 
(20 μM) containing serum- and phenol red-free DMEM at 37℃ 
for 30 min. The medium was then removed and the cells were 
washed twice with PBS. Fluorescence was measured using a 
FLUOstar OPTIMA fluorescence plate reader (BMG Labtech, Orten-
berg, Germany); excitation was read at 485 nm and emission 
was detected at 535 nm. Relative ROS production was expressed 
as the percentage of fluorescence for the treated samples over 
fluorescence for the appropriate controls: (fluorescencetreatment

/ fluorescencecontrol) × 100.

Antioxidant enzyme activity assay
LLC-PK1 cells grown in a 10cm cell culture dish (Nunc, 

Rochester, NY, USA) were incubated with FSeS, FSS, and AHSS 
for 24 h, and then treated with H2O2 (500 μM) for 4 h at 37℃. 
The cells were washed with PBS, removed by scraping, and 
centrifuged (3,000 × g for 10 min at 4℃). The resulting cell pellet 
was stored at -80℃. The pellets were then thawed, resuspended 
in 300 μL cold lysis buffer (PBS and 1 mM EDTA), homogenized, 
and centrifuged (12,000 × g for 10 min at 4℃). Protein contents 
were determined using a Bio-Rad protein assay kit according 
to the manufacturer's instructions. Catalase(CAT) activity (U/mg 
protein) in the supernatant was assessed according to the 
method described by Nelson and Kiesow [24] in which disap-
pearance of the H2O2 substrate was measured using a UV- 
2401PC spectrophotometer at 260 nm. Superoxide dismutase 
(SOD) activity (U/mg protein) was measured using a modified 
auto-oxidation pyrogallol method [25]. One unit of SOD activity 
was defined as the amount of enzyme that inhibited the auto- 
oxidation rate of pyrogallol by 50%. Glutathione peroxidase 
(GSH-px) activity (U/mg protein) was evaluated as previously 
described by Hafemen et al. [26]. 

mRNA expression of antioxidant enzymes measured by reverse 
transcription (RT)-PCR

mRNA expression of CAT, SOD, GSH-px, and glutathione 
S-transferase (GST) in the cells was measured with an RT-PCR 
assay. Total RNA was isolated with TRIzol reagent according to 
the manufacturer’s recommendations. Chloroform (200 μL) was 
added and the solution was centrifuged at 12,000 × g for 15 
min at 25℃. Isopropanol was then added to the supernatant 
at a 1:1 (v:v) ratio and the RNA was pelleted by centrifugation 
(12,000 × g for 15 min at 4℃). After washing the pellet with 
70% ethanol, the RNA was solubilized in diethyl pyrocarbonate- 
treated RNase-free water and quantified by measuring the 
absorbance at 260 nm using a UV-2401PC spectrophotometer. 
Equal amounts of RNA (1 μg) were reverse transcribed in a 
AccuPower PCR PreMix(Bioneer, Daejeon, South Korea) containing 
1 × reverse transcriptase buffer, 1 mM dNTPs, 500 ng of 
oligodT18 primers, 140 U of MMLV reverse transcriptase, and 
40 U of RNase inhibitor for 45 min at 42℃. PCR was then carried 
out in an automatic PCR thermocycler (Bioneer, Daejeon, South 

Korea) for 25 cycles of 94℃ for 30 s, 54℃ for 60 s, and 72℃ 
for 30 s followed by a 7-min extension at 72℃. The PCR 
products were separated in 2% agarose gels and visualized by 
EtBr staining. β-actin was used for normalization.

Statistical analysis
Data are presented as the mean ± standard deviation (SD). 

Differences between the mean values for individual groups 
were assessed with a one-way ANOVA and Duncan’s multiple 
range tests. P-values < 0.05 were considered statistically signifi-
cant. The SAS v9.1 statistical software package (SAS Institute 
Inc., Cary, NC, USA) was used to conduct the analysis.

RESULTS

DPPH radical scavenging activity
Fig. 1A shows the DPPH radical scavenging activities of FSeS, 

FSS, and AHSS. FSeS effectively scavenged DPPH radicals in a 
concentration-dependent manner. DPPH scavenging activity 
levels of 20.7%, 48.1%, and 76.4% was observed for FSeS 
concentrations of 10, 50 and 100 μg/mL, respectively. The same 
concentrations of FSS resulted in DPPH radical scavenging 
activity levels of 17.1%, 34.1%, and 63.8%, respectively. In contrast, 
the DPPH scavenging activities of AHSS at concentrations 
ranging from 10 to 100 μg/mL were relatively weak (9.8-17.2%).

•OH radical scavenging activity
As shown in Fig. 1B, the •OH radical scavenging activity of 

FSeS was stronger than that of FSS. At concentrations of 50 
and 100 μg/mL, the •OH scavenging levels of FSeS were 31.5% 
and 54.2%, respectively. At the same concentrations, the •OH 
scavenging levels of FSS were 23.1% and 48.6%, respectively. 
In contrast, AHSS showed only weak •OH radical scavenging 
activity (16.0%) at a concentration of 100 μg/mL. 

H2O2 scavenging activity
H2O2 scavenging activities of FSeS, FSS, and AHSS are 

presented in Fig. 2. FSeS showed stronger H2O2 scavenging 
activity (43.6%) than FSS (37.8%) or AHSS (13.3%) at a concent-
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Fig. 2. H2O2 scavenging activities of the sauce extracts. Data from three 
independent experiments are presented as the mean ± SD. a-dDifferent letters over 
the bars indicate that the mean values are significantly different (P < 0.05) according 
to Duncan's multiple range test. AHSS, acid-hydrolyzed soy sauce extract; FSS, 
fermented soy sauce extract; FSeS, fermented sesame sauce extract.

Fig. 3. Protective effect of the sauce extracts against oxidative stress induced 
by H2O2 in LLC-PK1 cells. Data from three independent experiments are presented 
as the mean ± SD. a-fDifferent letters over the bars indicate that the mean values 
are significantly different (P < 0.05) according to Duncan's multiple range test. AHSS, 
acid-hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, 
fermented sesame sauce extract.

Fig. 4. Effect of sauce extracts on ROS generation in LLC-PK1 cells treated with 
H2O2. Data from three independent experiments are presented as the mean ± SD. 
a-eDifferent letters over the bars indicate that the mean values are significantly 
different (P < 0.05) according to Duncan's multiple range test. AHSS, acid- 
hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, fermented 
sesame sauce extract.

Fig. 5. Effect of sauce extracts on lipid peroxidation levels in LLC-PK1 cells 
treated with H2O2. Data from three independent experiments are presented as the 
mean ± SD. a-fDifferent letters over the bars indicate that the mean values are 
significantly different (P < 0.05) according to Duncan's multiple range test. AHSS, 
acid-hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, 
fermented sesame sauce extract.

ration of 100 μg/mL. Similar results were also observed for 
concentrations of 10 and 50 μg/mL. It was noted that AHSS 
exhibited a weak H2O2 scavenging activity that did not increase 
in a concentration-dependent manner.

Cell viability
To determine whether FSeS, FSS, or AHSS are cytotoxic, 

LLC-PK1 cells were first treated with the sauce extracts (10 and 
100 μg/mL) for 24 h, and cell viability was measured with an 
MTT assay. FSeS, FSS, and AHSS did not induce cytotoxicity and 
the viability of all cells was more than 90% (data not shown). 
Based on these results, concentrations of 10 and 100 μg/mL 
were used for further studies. As shown in Fig. 3, H2O2 (500 
μM) induced death of the LLC-PK cells (cell viability was 56.7%). 
Following treatment of the H2O2-treated LLC-PK1 cells with 100 
μg/mL of FSeS or FSS, cell viability was 83.7% and 75.6%, 
respectively. Similar results were observed for cells treated with 
10 μg/mL of FSeS and FSS. However, treatment with 10 and 
100 μg/mL of AHSS resulted cell viability rates of 54.1% and 

54.6%. These results demonstrated that FSeS exerted more 
potent cytoprotective effects compared to FSS and AHSS.

Intercellular ROS concentration
H2O2 significantly increased the ROS levels (to 178.6%) compared 

to the concentrations found in normal (untreated) cells (Fig. 
4). In the presence of H2O2, FSeS (10 and 100 μg/mL) signifi-
cantly reduced ROS generation. Intercellular ROS levels in cells 
treated with at 10 and 100 μg/mL of FSeS were 138.9% and 
115.8%, respectively. In contrast, ROS levels in the cells treated 
with 10 and 100 μg/mL of FSS were 159.4% and 144.9%, respec-
tively. AHSS (10 or 100 μg/mL) did not suppress H2O2-induced 
ROS generation in the LLC-PK1 cells. Treatment with the same 
concentrations of FSeS, FSS, or AHSS alone did not significantly 
increase the intracellular ROS levels (data not shown). Taken 
together, these results suggest that FSeS and (to a lesser extent) 
FSS are effective ROS scavengers.
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Treatment (μg/mL)
CAT (U/mg protein) SOD (U/mg protein) GSH-px (U/mg protein)

10 100 10 100 10 100

Untreated 3.00 ± 0.50a 4.27 ± 0.24a 4.72 ± 0.17a

H2O2 1.76 ± 0.22c 1.75 ± 0.37d 1.91 ± 0.14e

H2O2 + AHSS 1.69 ± 0.13c 1.88 ± 0.14b 1.74 ± 0.14d 1.94 ± 0.16d 1.94 ± 0.14e 1.97 ± 0.12e

H2O2 + FSS 1.80 ± 0.14c 2.00 ± 0.15c 1.96 ± 0.21c 2.45 ± 0.27d 2.11 ± 0.23e 2.82 ± 0.31c

H2O2 + FSeS 2.00 ± 0.13c 2.50 ± 0.14b 2.47 ± 0.28b 3.08 ± 0.35c 2.49 ± 0.11d 3.11 ± 0.14b

Data from three independent experiments are presented as the mean ± SD. aeMean values with different letters are significantly different (P < 0.05) according to Duncan's 
multiple range test. AHSS, acid-hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, fermented sesame sauce extract; CAT, catalase; SOD, superoxide 
dismutase; GSHpx, glutathione peroxidase.

Table 1. Effect of AHSS, FSS, and FSeS on the activity of CAT, SOD, and GSH-px in LLC-PK1 cells exposed to H2O2 (500 μM).

Fig. 6. Effects of the sauce extracts (100 μg/mL) on mRNA expression of CAT, 
SOD, GSH-px, and GST in LLC-PK1 cells treated with H2O2(500 μM). Band intensity 
was measured with a densitometer and expressed as fold of the control. Fold 
ratio = gene expression/β-actin × control numerical value (control fold ratio: 1). 
a-dDifferent letters over the bars indicate that the mean values are significantly 
different (P < 0.05) according to Duncan's multiple range test. AHSS, acid- 
hydrolyzed soy sauce extract; FSS, fermented soy sauce extract; FSeS, fermented 
sesamin sauce extract. 

Lipid peroxidation levels
Free radicals and ROS-induced oxidative damage are closely 

associated with lipid peroxidation in the cell membranes, thereby 
increasing the generation of malondialdehyde (MDA), a bio-
marker of cell membrane lipid peroxidation [13]. In the present 
study (Fig. 5), MDA generation markedly increased by almost 
four times in cells treated with 500 μM H2O2 (1.07 nmol/mg 
protein) compared to the untreated cells (0.29 nmol/mg protein). 
However, treatment with FSeS and FSS (particularly FSeS) 
reduced MDA generation in a concentration-dependent manner. 
Cells treated with 100 μg/mL FSeS exhibited significantly 
decreased MDA levels (0.46 nmol/mg) while ones exposed to 
the same concentration of FSS also showed decreases MDA 
production (0.64 nmol/mg protein). Similar results were observed 
for cells treated with 10 μg/mL of FSeS or FSS. In contrast, both 
concentrations (10 and 100 μg/mL) of AHSS only weakly reduced 
MDA generation (1.03 and 0.94 nmol/mg protein, respectively).

Intercellular antioxidant enzyme activities
Under normal conditions, endogenous antioxidant enzymes 

such as CAT, SOD, and GSH-px are able to protect cells against 
ROS-induced oxidative damage. The effects of FSeS, FSS, and 
AHSS on antioxidant enzyme activities in H2O2-treated LLC-PK1 
cells are shown in Table 1. Treatment with 500 μM H2O2 lowered 
CAT activity (1.76 U/mg protein) in the LLC-PK1 cells compared 
to untreated cells (3.00 U/mg protein). At a concentration of 
100 μg/mL, FSeS and FSS increased CAT activity (2.50 U/mg 
protein with FSeS and 2.00 U/mg protein with FSS) in H2O2- 
treated LLC-PK1 cells compared to AHSS (1.88 U/mg protein). 
Similar results were observed for cells treated with 10 μg/mL 
of FSeS, FSS, or AHSS. 

SOD activity in the LLC-PK1 cells treated with 500 μM H2O2 
was also significantly decreased (1.75 U/mg protein) compared 
to the untreated cells (4.27 U/mg protein). At a concentration 
of 100 μg/mL, FSeS helped restore SOD activity (3.08 U/mg 
protein); FSS had a similar effect (2.45 U/mg protein). However, 
treatment with the same concentration of AHSS did not 
improve SOD activity in the H2O2-treated LLC-PK1 cells. 

GSH-px activity was significantly reduced by 500 μM H2O2 
(1.91 U/mg protein) compared to the untreated LLC-PK1 cells 
(4.72 U/mg protein). Treatment with 100 μg/mL of FSeS or FSS 
resulted in elevated GSH-px activity in the H2O2-treated LLC-PK1 
cells (3.11 U/mg protein with FSeS and 2.82 U/mg protein with 
FSS). However, GSH-px activity was relatively low (2.00 U/mg 
protein) in cells treated with AHSS up to a concentration of 
100 μg/mL.

mRNA expression of intercellular antioxidant enzymes
Effects of the FSeS, FSS, and AHSS extracts on CAT, SOD, 

GSH-px, and GST mRNA expression in H2O2-treated LLC-PK1 cells 
was evaluated by RT-PCR. As shown in Fig. 6, H2O2 (500 μM) 
significantly decreased the mRNA expression of CAT (71.4%), 
SOD (72.1%), GSH-px (83.4%), and GST (82.2%) compared to that 
found in the untreated cells. Extracts from all the sauces, 
particularly FSeS, effectively increased the mRNA expression of 
CAT (1.8-fold), SOD (2.3-fold), GSH (4.9-fold), and GST (4.2-fold) 
compared to that observed in the H2O2-treated cells. Following 
treatment with 100 μg/mL of FSeS, the mRNA expression levels 
of CAT, SOD, GSH-px, and GST were 1.3-, 1.5-, 2.1-, and 2.7-fold 
higher, respectively, relative to the levels observed in LLC-PK1 
cells treated with 100 μg/mL of AHSS.
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DISCUSSION

Fermented soybean products such as soy sauce and soy 
pastes are known as health foods in Asia [26]. FSeS and FSS 
are prepared by fermenting sesame seeds or soybeans, respec-
tively, with Aspergillus oryzae and other starters at 30℃ for over 
180 d. Several studies have reported that FSS has many 
beneficial properties [1-9]. During soy sauce fermentation, the 
soy isoflavones daidzin and genistin are transformed into 
daidzein and genistein, respectively, by Asperillus fungi [28,29]. 
In addition, sesame seeds used to make sesame sauce contain 
high levels of sesamin and sesaminol along with their glycosides 
[30,31]. Sesamin and sesaminol glucosides are transformed by 
Asperillus fungi into sesaminol monoglucoside, sesaminol triglu-
cosides, sesaminol 6-catechol, and epsisesamin 2, 6-dicatechol 
during sesame sauce fermentation [32,33]. AHSS, a product 
prepared from defatted soybeans (or other protein-rich materials) 
and 18% food-grade hydrochloric acid by heating (107℃) for 
15-20 h, only contains glutamic acid, reducing sugars, and other 
amino acids [34].

In the present study, we found that FSeS has strong in vitro 
antioxidant activity against DPPH, •OH, and H2O2 because this 
sauce contains sesaminol triglucoside and sesaminol 6-catechol 
[33]. Sesaminol triglucosides and sesaminol 6-catechol have 
been shown to have significant DPPH radical scavenging 
activities [32]. The in vitro antioxidant activity of FSS was weaker 
than that of FSeS. In contrast to the fermented sauce products, 
non-fermented AHSS had low levels of in vitro antioxidant 
activity or lacked this activity altogether. These results suggested 
that FSeS is a potent antioxidant and could help protect against 
oxidative damage caused by free radicals. Our data also 
indicated that the fermentation process and compounds in the 
sauces produced by fermentation are important.

Increased ROS levels results in renal cell damage [35,36]. As 
an important ROS, H2O2 can cross cell membranes and react 
with Fe2+ to generate highly reactive •OH radicals through 
Fenton’s reaction. These radicals attack several cellular com-
pounds, such DNA, proteins, or membrane lipids, and cause cell 
damage [37]. In the present investigation, we demonstrated that 
both FSeS and FSS prevented H2O2-induced oxidative damage 
in LLC-PK1 cells, resulting in increased cell viability as assessed 
by an MTT assay. In particular, FSeS offered greater protection 
against H2O2-induced damage than FSS. Furthermore, AHSS was 
not able to prevent H2O2-induced damage in the LLC-PK1 cells. 
The protective effects of FSeS and FSS may be correlated with 
their strong •OH and H2O2 scavenging activities.

MDA, a major end product of the reaction between free 
radicals and cellular polyunsaturated fatty acids (PUFAs), is an 
appropriate factor for evaluating the degree of ROS-induced 
cell damage. Previous studies have demonstrated that renal cell 
damage caused by H2O2 is directly associated with increased 
peroxidation of PUFAs in the cell membrane [15,38,39]. 
However, treatment with antioxidants such as α-tocopherol, 
21-aminosteroid, 2-methyl aminochroman, or hydroxyrosol and 
its metabolites is able to ameliorate H2O2-induced renal cell 
damage through the inhibition of MDA generation [38-40]. Our 
results suggested that H2O2 (500 μM) significantly increased the 
total intercellular ROS levels, resulting in the production of MDA 

in the LLC-PK1 cells. Treatment with FSeS and FSS (particularly 
100 μg/mL of FSeS) significantly reduced ROS and MDA levels 
in H2O2-treated LLC-PK1 cells. In contrast, AHSS did not affect 
the H2O2-induced production of ROS and MDA. 

We also found that FSeS was rich in biofunctional compounds 
including sesamin, sesaminol monoglucoside, sesaminol triglu-
cosides, and sesaminol 6-catechol [33]. Neither daidzein nor 
genistein have been detected in FSS [33]. Treatment with 
sesamin was found to significantly decrease ROS production in 
H2O2-treated rat pheochromocytoma PC12 cells [41]. Sesamin 
and sesaminol are able to inhibit lipid peroxidation in rat liver 
and kidney [42,43]. These results indicate that fermented sauces, 
in particularly FSeS, reduced ROS-induced lipid peroxidation in 
H2O2-treated LLC-PK1 cells. 

ROS and free radicals are scavenged by endogenous antioxi-
dant enzymes including CAT, SOD, GSH-px, and GST. SOD 
catalyzes the conversion of superoxides (O2

·) into H2O2; the H2O2 
is further reduced to H2O by CAT. Treatment with CAT and SOD 
helps prevent ROS-induced damage in LLC-PK1 cells [36,44] and 
reduced the oxidative stress-induced lipid peroxidation in vivo 
[45]. GSH-px catalyzed the intercellular reduced GSH which as 
a hydrogen donor to generate oxidized glutahthine(GSSG), and 
eliminated H2O2 and catalyzed the reduction of peroxides in 
living organ [46,47]. In addition, GST is a detoxification enzyme 
in most mammalian cells, catalyzes the conjugation of electro-
philic compounds to GSH [48], and confers protection against 
H2O2-induced cell death [50]. Our results suggested that H2O2 
significantly decreased the mRNA expression and activity of 
CAT, SOD, and GSH-px in LLC-PK1 cells. Treatment with FSeS 
and FSS significantly increased the activity and mRNA levels 
of these antioxidative enzymes. On the other hand, AHSS only 
exerted a weak effect on the activity and mRNA levels of these 
enzymes. Similar to our findings, Hou et al. [41] indicated that 
sesamin and sesamolin significantly increase CAT and SOD 
activity to prevent H2O2-induced damage in PC12 cells.

In conclusion, we demonstrated that fermented soybean 
sauce rather than chemically prepared AHSS, and FSeS have 
potent in vitro antioxidative activities and protect against 
H2O2-induced oxidative damage in LLC-PK1 cells. This is accom-
plished through increased activity of endogenous antioxidant 
enzymes (CAT, SOD, and GSH-px) as well as reduced H2O2- 
induced ROS and MDA generation. Our findings indicated that 
the fermentation process and raw materials for fermenting 
sauces are important for increasing the antioxidative effects. 
The further studies are needed to determine the detailed 
protective mechanisms and active compounds of the fermented 
sauces in oxidative stress-induced damage in vitro and in vivo. 
The fermented sauces, especially the FSeS can be used as a 
new health food to prevent oxidative stress-associated diseases.
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