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Diabetes has been recognized since ancient times, and its
main symptoms were known by the increased thirst, frequent
urination, and tiredness. Obesity is one of the major risk
factors for a number of chronic diseases, especially type 2
diabetes (T2D), leading to increase in healthcare costs and
decrease in life expectancy. Free fatty acids (FFA) represent
a crucial link between obesity, inflammation, and insulin
resistance and, as such, reduction in elevated plasma FFA
should be an important therapeutic target in obesity andT2D.
According to theWorld Health Organization (WHO), 35% of
adults aged 20 and over were overweight in 2008, and 11%
were obese. Moreover, T2D prevalence has increased from
less than 10% in 1980 to more than 30% nowadays [1].

There are several types of glucose-lowering drugs [2],
including insulin sensitizers (biguanides,metformin, and thi-
azolidinediones), insulin secretagogues (sulfonylureas, me-
glitinides), and 𝛼-glucosidase inhibitors (miglitol, acarbose).
Most glucose-lowering drugs, however, may have side effects,
such as severe hypoglycemia, idiosyncratic liver cell injury,
lactic acidosis, permanent neurological deficit, digestive
discomfort, headache, and dizziness [3, 4]. As a result,
researchers are interested in findingmore efficientmedicines,
with less side effects. Medicinal plant drug discovery pro-
vides important leads against various pharmacological targets
including T2D and obesity.

With the dramatically increasing prevalence of obesity
andT2Dworldwide, there is an urgent need for new strategies

to combat the growing epidemic of these metabolic diseases.
Diet is an essential factor affecting the development of obesity
and T2D and it can either prevent or accelerate metabolic
diseases. In searching for preventative and therapeutic strate-
gies, it is therefore advantageous to consider the potential of
certain medicinal plants as well as herbal-based foods and
their bioactive compounds to prevent/treat the pathogenic
processes associated with these diseases. To date, the concept
of antidiabetic and antiobesitymedicinal plants is highlighted
in textbooks and pharmaceutical pamphlets and has been
reported in thousands of scientific publications. Yet, most
of these publications report the activity of a crude extract
without testing its chemical composition or identifying the
active compound(s) or even its mechanism of action. We
believe that natural novel drugs are nowmore achievable due
to modern techniques for separation, structure elucidation,
screening, and bio- and chemoinformatics. But whatever
approach is used, the medicinal plant efficacy will be based
on in vitro or in vivo bioassays.

This special issue onmedicinal plants for the treatment of
diabetes and obesity is a bird’s eye view on up-to-date knowl-
edge of promising traditional medicines and their active
ingredients efficacy and mechanisms of action in treating
obesity and T2D. Nine selected papers for publication in
the present issue summarize the most recent knowledge and
techniques to evaluate the medicinal plants and active com-
pounds for their antidiabetic, antiobesity, and antioxidant
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activity in vitro and in vivo. Manuscripts in this special
issue cover several aspects of recent developments in the
fields of (a) medicinal plants, buckwheat honey, and natural
compounds preventing metabolic disorders (including T2D)
in vivo and in vitro; (b) antioxidant and anti-inflammatory
natural products; (c) phenolic compounds that show adi-
pogenesis activity in vitro; (d) herbal pharmacotherapy and
phytochemical studies in vitro and in situ; (e) examining
the reliability of potential antioxidant substance based on
the selected assays; (f) studies involving toxicology and
pharmacological mechanisms of action of medicinal plants
used in vivo and in vitro.
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Buckwheat honey, which is widely consumed in China, has a characteristic dark color.The objective of this study was to investigate
the protective effects of buckwheat honey on liver and DNA damage induced by carbon tetrachloride in mice. The results
revealed that buckwheat honey had high total phenolic content, and rutin, hesperetin, and p-coumaric acid were the main
phenolic compounds present. Buckwheat honey possesses super DPPH radical scavenging activity and strong ferric reducing
antioxidant power. Administration of buckwheat honey for 10 weeks significantly inhibited serum lipoprotein oxidation and
increased serumoxygen radical absorbance capacity.Moreover, buckwheat honey significantly inhibited aspartate aminotransferase
and alanine aminotransferase activities, which are enhanced by carbon tetrachloride. Hepatic malondialdehyde decreased and
hepatic antioxidant enzymes (superoxide dismutase and glutathione peroxidase) increased in the presence of buckwheat honey.
In a comet assay, lymphocyte DNA damage induced by carbon tetrachloride was significantly inhibited by buckwheat honey.
Therefore, buckwheat honey has a hepatoprotective effect and inhibits DNA damage, activities that are primarily attributable to
its high antioxidant capacity.

1. Introduction

The liver plays important roles in metabolism, secretion,
excretion, and biotransformation. In China, where liver
disease is common, there are approximately 130 million
individuals with hepatitis B virus, which may contribute
to chronic hepatitis, cirrhosis, or liver cancer. Therefore,
there has been an increasing interest in the treatment and
prevention of liver disease. Oxidative stress, which is involved
in the pathogenesis of liver diseases, leads to hepatic damage
[1]. Antioxidants such as silymarin, tocopherol, and betaine
have desirable effects in patients with liver disease [2–4].

Carbon tetrachloride (CCl
4
) is one of the most widely

used toxins for the experimental induction of liver damage
in laboratory animals.The hepatotoxicity of CCl

4
stems from

reductive dehalogenation products, such as trichloromethyl
(CCl3

∙) and trichloromethyl peroxyl (CCl3O2
∙) radicals [5],

which can bind to proteins and lipids or remove a hydrogen
atom from an unsaturated lipid, thereby initiating lipid
peroxidation and contributing to liver damage [6]. In recent
years, numerous studies have shown that polyphenol extract
from natural products with high scavenging radical activity
and strong reducing power could attenuate CCl

4
-induced

liver damage [7–9]. Our previous studies have also proven
that bee pollen extract rich in phenolic compounds increases
antioxidant potential in mice and protects against CCl

4
-

induced liver damage [10].
Buckwheat (Fagopyrum esculentum Moench), which is

cultivated in several Asian and European counties, is an
important source of nectar and pollen for bees. Buckwheat
honey has a characteristic dark color and its antioxidant
activity has been studied for more than 10 years. Pasini et al.
[11] reported that there are 20 phenolic acids in buckwheat
honey, including p-hydroxybenzoic and p-coumaric acids.
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Phenolic antioxidants frombuckwheat honey are bioavailable
and increase the antioxidant activity of plasma. Gheldof et al.
[12] reported that the serum antioxidant capacity determined
by oxygen radical absorbance capacity (ORAC) was signif-
icantly increased following the consumption of buckwheat
honey inwater.However, in vitro serum lipoprotein oxidation
and thiobarbituric acid reactive substances (TBARS) were
not significantly affected following a single consumption of
buckwheat honey. Therefore, long-term studies on oxidative
stress-induced illnesses are necessary to investigate whether
buckwheat honey has antioxidant-related health benefits. In
this study, we assessed the antioxidant capacity of buckwheat
honey in mice and evaluated its protection potential for
attenuating CCl

4
-induced liver and DNA damage.

2. Materials and Methods

2.1. Materials. Buckwheat honey was obtained from Shaanxi
Bee Master Co., Ltd. (Xi’an, China). The pollen frequency
(Fagopyrum esculentum) was approximately 61%. Buckwheat
honey samples were stored at 4∘C.

2.2. Chemicals and Reagents. Fluorescein disodium (FL),
1,1-diphenyl-2-picrylhydrazyl radical 2,2-diphenyl-1-(2,4,6-
trinitrophenyl)hydrazyl (DPPH), 2,2-azobis(2-amidino-
propane)dihydrochloride (AAPH), dimethyl sulfoxide
(DMSO), Trolox, and silymarin were obtained from Sigma-
Aldrich (Steinheim, Germany). Agarose was purchased from
BioRad (Hercules, CA, USA). Diagnostic kits for aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
malondialdehyde (MDA), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and protein were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Lymphocyte separation medium was purchased
from Tianjin Hao Yang Biological Manufacture Co., Ltd.
CCl
4
, peanut oil, and other chemicals were acquired from

Tianjin Kemiou Chemical Reagent Co. (Tianjin, China).

2.3. Antioxidant Assays

2.3.1. Total Phenolic Content (TPC) and HPLC Analysis. We
used a modified Folin-Ciocalteu method to determine TPC
in buckwheat honey [13]. Briefly, 0.2mg of buckwheat honey
was mixed with 1.0mL of Folin-Ciocalteu reagent, allowed to
stand at room temperature for 5min, and mixed with 5mL
of 1M Na

2
CO
3
. An hour later, absorbance was measured at

760 nm. TPC was expressed as the gallic acid equivalents per
gram of buckwheat honey (mgGA/g).

The contents of individual phenols in buckwheat honey
were estimated by HPLC-DAD analysis as proposed by Liang
et al. [14]. An Agilent 1100 HPLC system (Agilent Tech-
nologies Deutschland, Waldbronn) equipped with a vacuum
degasser, a quaternary solvent delivery pump, amanual chro-
matographic valve, a thermostated column compartment,
and a diode-array detector (Agilent, Palo Alto, CA, USA) was
used. The column was a Zorbax SB-C18 column (150mm ×
4.6mm, 5.0 𝜇m). The mobile phase adopted was methanol
(A) and 0.15% aqueous acetic acid solution (B) (v/v) using

a linear gradient elution of 5–15% A at 0–10min, 15–35%
A at 10–15min, 35–55% A at 15–20min, 55–65% A at 20–
25min, 65–80% A at 25–30min, and 80% A at 30–35min.
The injected volume was 5𝜇L, and flow rate was 1.0mL/min.
The column was operated at 30∘C. The diode-array detector
was performed at 360 nm.

2.3.2. DPPH Radical Scavenging Activity. DPPH radical scav-
enging activity of buckwheat honey was assessed according
to the method proposed by Wang et al. [15]. Briefly, different
volumes of buckwheat honey (0.2 g/mL) were mixed with
4.0mL of 0.1mM DPPH radical solution. After adjusting
the total volume to 10mL, the mixture was mixed well and
allowed to stand at room temperature for 30min in the
dark. Absorbancewasmeasured at 517 nm.TheDPPH radical
scavenging activity was expressed as Trolox equivalents per
gram of buckwheat honey (mgTrolox/g).

2.3.3. Ferrous Ion-Chelating Activity. The ferrous ion-
chelating activity of buckwheat honey was measured by
the method reported by Singh and Rajini with some
modifications [16]. In this experiment, 50𝜇L of buckwheat
honey (0.2 g/mL) was mixed with 50𝜇L of 1mM iron vitriol
and 20𝜇L of 1mM ferrozine. The total volume was adjusted
to 1mL with methanol and incubated at room temperature
for 10min. The absorbance of the ferrozine-Fe2+ complex
was measured at 562 nm. Ferrous ion-chelating activity was
expressed as Na

2
EDTA equivalents per gram of buckwheat

honey (mgNa
2
EDTA/g).

2.3.4. Ferric Reducing Antioxidant Power (FRAP). FRAP of
buckwheat honey was assessed by the method reported
by Benzie and Strain [17]. Buckwheat honey (0.3mL at
0.2mg/mL) was mixed with 4.0mL of FRAP reagent (2.5mL
of 10mM TPTZ solution in 40mM HCl with 2.5mL of
20mM FeCl

3
; 25mL of 0.3M acetate buffer, pH 3.6), mixed

well and incubated at 37∘C for 4min. Absorbance was mea-
sured at 593 nm. FRAP was expressed as Trolox equivalents
per gram of buckwheat honey (mgTrolox/g).

2.3.5. Animals and Study Design

(1) Animals. Male Kunming mice (18–22 g) were obtained
from Xi’an Jiaotong University and housed in cages with six
mice per cage. The animal ethical approval communication
number is SCXK 2012-003.The animal experiments followed
the guidelines and regulations of the State Committee of
Science and Technology of the People’s Republic of China.

After acclimatization to laboratory conditions for 7 d,
the mice were randomly divided into four groups (12
mice/group). Control mice and CCl

4
-treated mice were

administered distilled water via gavage at 0.22mL/10 g BW,
twice daily for 10 weeks. According to the doses of honey
and silymarin reported by Cheng et al. [18], the mice
were administered 0.22 g/10 g BW of buckwheat honey and
0.5mg/10 g BW of silymarin via gavage twice daily for 10
weeks. To investigate the serum antioxidant capacity after
administration of buckwheat honey, the mice in the control
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and honey groups were bled by cardiac puncture 2 h after the
last administration. The blood samples were centrifuged at
3000 rpm for 15min to obtain serum. The serum was used
for serum lipoprotein oxidation and ORAC assays.

To investigate the protective effects of buckwheat honey
on CCl

4
-induced liver damage, all mice were continu-

ously intragastrically administered distilled water, buckwheat
honey, and silymarin for the next week. Two hours following
the last administration, all mice (except control mice) were
administered a CCl

4
/peanut oil mixture (0.2 : 100, intraperi-

toneally, 0.1mL/10 g BW); control mice received only peanut
oil. Subsequently, the animals were fasted for 16 h and bled by
cardiac puncture. Half of the blood samples were transferred
to anticoagulant tubes for separating lymphocytes, and the
other half were transferred to ordinary centrifuge tubes for
serum collection.

(2) Serum Lipoprotein Oxidation. Serum lipoprotein oxida-
tion was assessed by the method reported by Regnström et
al. [19]. Serum samples from control and honey groups were
diluted with phosphate buffer (10.1mM Na

2
HPO
4
, 1.8Mm

KH
2
PO
4
, 27mM KCl, and 138mM NaCl) to 0.5%. Copper

ions at 12 𝜇mol/L were added to the diluted serum samples.
Oxidation kinetics was determined at 234 nm every 20
minutes at 37∘C. Diluted serum samples without copper were
used as blanks.The area under the oxidation curve (AUC)was
plotted and the percentage inhibition of serum lipoprotein
oxidation was calculated according to the following equation:

Inhibition (%) =
(AUCcontrol − AUChoney)

AUCcontrol
× 100, (1)

where AUCcontrol is the area under the oxidation curve for the
control group serum samples and AUChoney is the area under
the oxidation curve for the honey group serum samples.

(3) ORAC Assay. The ORAC assay was performed in 96-
well plates and measured in a multifunctional plate reader
(Infinite M200Pro, Switzerland) [20]. Serum samples from
the control and honey groups were used in this assay.
Analyses were performed in 75mM sodium phosphate buffer
(pH = 7.4) at 37∘C. The excitation wavelength was 485 nm
and the emission wavelength was 535 nm. FL was used as
the substrate and AAPH was used for the production of
peroxyl radicals. Briefly, 50 𝜇L of 78 nM FL and 50 𝜇L of 1%
serumwere transferred to 96-well plates.The blank consisted
of 50 𝜇L of phosphate buffer instead of serum. The mixture
was preincubated at 37∘C for 30min before rapidly adding
25 𝜇L of 221mMAAPH solution.The plate was automatically
shaken prior to each reading. Fluorescence was measured
every 5 minutes. The assay was performed in triplicate, and
the results were expressed as inhibition of the area under the
curve (AUC) according to the following equation:

Inhibition (%) =
(net AUChoney − net AUCcontrol)

net AUCcontrol

× 100,

(2)

where net AUCcontrol = AUCcontrol − AUCblank; net
AUChoney = AUChoney − AUCblank.

(4) Comet Assay. The comet assay is the preferred technique
for detecting DNA damage in single cells. In this study,
lymphocytes isolated from control mice, CCl

4
-treated mice,

and honey mice were analyzed by the comet assay to assess
the protective effects of buckwheat honey on CCl

4
-induced

DNA damage. Lymphocytes from silymarin mice were set
as the positive reference. Following the methods proposed
by Singh et al. [21] with slight modifications, lymphocytes
were suspended in 0.15M of phosphate buffer (pH 7.4) at a
density of 1 × 105/mL. After fixing the lymphocytes on slides,
the slides were immersed in lysis buffer (2.5MNaCl, 100mM
EDTA, 1% N-lauroylsarcosine at pH 10, 10mM Tris-HCl, 1%
Triton X-100, and 10% dimethyl sulfoxide (DMSO)) for 2 h.
Subsequently, the slides were immersed in electrophoresis
buffer (1mM EDTA and 300mM NaOH, pH 13) for DNA
unwinding. After 30min, electrophoresis was run at 25V
(300mA) for 20min in the dark. All slides were treated
with ethidium bromide and observed under a fluorescence
microscope (Nikon 027012; Nikon, Tokyo, Japan).The results
were scored and analyzed using an automated analysis system
of the Comet Assay Software Project (CASP). At least 50 cells
were scored from each slide. The degree of DNA damage
was scored by determining the percentage of DNA in the tail
(tail DNA %) and olive tail moment (OTM), defined as the
fraction of tail DNA multiplied by the distance between the
means of the head and tail:

tail DNA% = ( tail DNA
(head DNA + tail DNA)

) × 100,

OTM = (tail DNA%)

× (tail mean− head mean) .

(3)

(5) Assessment of Liver Function. Serum was obtained follow-
ing the centrifugation of blood samples at room temperature
for 20min at 3,000 rpm. Serum ALT and AST values were
measured using commercially available diagnostic kits.

(6) Determination of MDA, SOD, and GSH-Px Activities.
After the animals were sacrificed, livers were immediately
excised. With the exception of a portion of the left lobe to
be used for histopathological examination, the livers were
homogenized in phosphate buffer (50mM, pH 7.4) and
centrifuged at 2,500 rpm for 20min at 4∘C.TheMDAcontent,
SOD, and GSH-Px activities along with protein levels in
the supernatant were estimated according to commercially
available diagnostic kits.

(7) Histopathological Examinations. A left lobe portion of the
liver was incubated for 24 h in 10% neutral formalin solution.
Based on standard procedures, we obtained 5 𝜇m sections
for histopathological studies using hematoxylin and eosin
(H&E) staining.

2.4. Statistical Analysis. We analyzed the data in triplicate
using SAS software version 8.1 (SAS Institute, Cary, NC,
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Table 1: Phenolic compounds (mg/kg) and TPC (mgGA/g) of
buckwheat honeys.

Phenolic compounds Concentration
Gallic acid 2.02 ± 0.52
Protocatechuic acid 1.09 ± 0.34
Chlorogenic acid 0.56 ± 0.07
p-Coumaric acid 12.52 ± 1.92
Rutin 35.94 ± 3.76
Quercetin 1.97 ± 0.09
Hesperetin 23.76 ± 0.31
Galangin 2.38 ± 0.18
TPC 2.039 ± 0.03
Results presented in the table are expressed as means ± standard deviation
(SD) for 3 replications.

Table 2: Antioxidant activities of buckwheat honey in vitro.

Antioxidant index Results
DPPH radical scavenging activity 0.304 ± 0.02 (mgTrolox/g)
Ferrous ion-chelating activity 0.479 ± 0.01 (mgNa2EDTA/g)
Ferric reducing antioxidant power 0.355 ± 0.05 (mgTrolox/g)
The results presented in the table were expressed as the mean values ±
standard deviation (SD) for 3 replications.

USA). Tukey’s posttest was used to assess statistical signifi-
cance (𝑃 value < 0.05).

3. Results

3.1. Antioxidant Assay of Buckwheat Honey. To study the
antioxidant activity, the TPC and individual phenolic com-
pounds of buckwheat honey were determined, and the results
are shown in Table 1 and Figure 1. The TPC of buckwheat
honey was 2.04mg GA/g. Four phenolic acids and four
flavones were identified in buckwheat honey. Rutin, the most
abundant phenolic compound, wasmeasured at 35.94mg/kg,
followed by hesperetin (23.76mg/kg) and p-coumaric acid
(12.52mg/kg).

The results of antioxidant activities of buckwheat honey
in vitro are shown in Table 2. The DPPH radical scavenging
activity is a widely used method to evaluate antioxidant
capacity.The DPPH radical scavenging activity of buckwheat
honey was 0.304mgTrolox/g. The ferrous ion-chelating
activity of buckwheat honey was 0.479mg Na

2
EDTA/g. The

FRAP assay is often used to determine the antioxidant prop-
erties of foods based on their electron-donating capacity [22].
As shown in Table 2, the FRAP value of buckwheat honey
was 0.355mgTrolox/g, which is comparable to the values
obtained in jujube honey, but lower than those obtained
in cacao farm honey, mangrove honey, citrus honey, and
a coconut grove honey in Mexico (48–152mgTrolox/100 g)
[23].

3.2. Buckwheat Honey Increased Serum Antioxidant Capacity
in Mice. The administration of buckwheat honey (0.22 g/10 g
BW, twice daily) for 10 weeks resulted in the inhibition
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Figure 1: Chromatogram of the buckwheat honey using HPLC-
DAD. Peaks: 1 = gallic acid; 2 = protocatechuic acid; 3 = chlorogenic
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Figure 2: Effects of buckwheat honey on serum lipoprotein oxida-
tion (absorbance values had been adjusted for the initial absorbance
reading). Control mice were administered distilled water via gavage.
Honey mice were administered buckwheat honey (0.22 g/10 g BW,
twice daily for 10 weeks) via gavage.

of serum lipoprotein oxidation. Buckwheat honey inhibited
serum lipoprotein oxidation by 65.71% (Figure 2). Serum
ORAC is another method for measuring serum antioxidant
capacity. As described in Figure 3, serum from honey-treated
mice had a relatively high ORAC value, whereas serum from
control mice had a relatively low ORAC value (27.19% lower
than the former).

3.3. Buckwheat Honey Attenuated DNA Damage Induced by
Carbon Tetrachloride. The protective effect of buckwheat
honey on CCl

4
-induced damage is shown in Figure 4. Based

on the picture of lymphocytes in the CCl
4
-treated group, a

significant increase in the tail length of comet was observed.
However, the lymphocyte from the mice administered honey
and silymarin showed a similar decrease in the tail length of
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Figure 3: Effects of buckwheat honey on serum oxygen radical
absorbance capacity (ORAC). Control mice were administered
distilledwater via gavage.Honeymicewere administered buckwheat
honey (0.22 g/10 g BW, twice daily for 10 weeks) via gavage. In the
blank, PBS was used instead of serum.

comet. As shown in Figures 4(b) and 4(c), a similar variation
was presented in mean tail DNA and OTM. The mean tail
DNA and OTM in the CCl

4
-treated group were 30.91% and

53.03%, respectively, whereas the mean tail DNA and OTM
in the control group were 11.76% and 5.21%, respectively.
Therefore, significant increases in the mean tail DNA and
OTM of lymphocytes were associated with CCl

4
exposure

(𝑃 < 0.05). Interestingly, pretreatment with buckwheat
honey (0.22 g/10 g BW, twice daily) for 11 weeks decreased
lymphocyte damage significantly (𝑃 < 0.05). Silymarin, as
a positive reference, had super protective effect on DNA
damage induced by CCl

4
.

3.4. Buckwheat Honey Protected the Liver from Carbon
Tetrachloride-Induced Damage. Serum ALT and AST activ-
ities were determined in this study and the results are shown
in Figure 5. In the CCl

4
-treated group, serum ALT and AST

activities were 170.68 and 55.01U/L, which were 15x and
1.52x higher than those of the control group, respectively
(𝑃 < 0.05). In the honey and silymarin groups, serum ALT
and AST activities were 11.12 and 27.77U/L and 12.43 and
25.96U/L, respectively. There were no significant differences
in the hepatic enzyme activities between the control, honey,
and silymarin groups.Therefore, buckwheat honey treatment
(0.22 g/10 g BW, twice daily) for 11 weeks inhibited an increase
in serum ALT and AST activity.

HepaticMDA levels andGSH-Px and SODactivities were
monitored in this study and the results are shown in Figure 6.
A 54.90% increase of hepatic MDA was obtained in the
CCl
4
-treated group relative to the control mice. Pretreatment

with buckwheat honey (0.22 g/10 g BW, twice daily) and
silymarin (0.5mg/10 g BW, twice daily) for 11 weeks signifi-
cantly decreased hepaticMDA levels in theCCl

4
-treatedmice

(𝑃 < 0.05) (Figure 6(a)). The activities of GSH-Px and SOD
in CCl

4
-treated mice decreased significantly compared to

the control mice (𝑃 < 0.05; Figure 6(b)). Interestingly, pre-
treatment with buckwheat honey and silymarin significantly
inhibited the decrease in GSH-Px and SOD activities induced
by CCl

4
(𝑃 < 0.05).

The histological observations supported the results
obtained from the enzyme assays. Liver sections from con-
trol mice showed regular cellular morphology (Figure 7(a)).
However, liver sections from CCl

4
-treated mice revealed

extensive liver damage characterized by severe hepatocellu-
lar hydropic degeneration and necrosis around the central
vein, dilated sinusoidal spaces, inflammatory cell infiltra-
tion, and ballooning degeneration (Figure 7(b)). Surprisingly,
pretreatment with buckwheat honey remarkably ameliorated
the hypertrophy of hepatocytes, inflammatory cell infiltra-
tion, ballooning degeneration, and dilated sinusoidal spaces
(Figure 7(c)). The protective effect of buckwheat honey was
similar to silymarin (Figure 7(d)).

4. Discussion

Phenolic compounds are present in plants and food prod-
ucts, including honey. Phenolic compounds possess powerful
antioxidant capacity by acting as hydrogen donors to free rad-
icals and as electron donors to metal ions [22]. According to
previous studies, phenolic compounds are the main contrib-
utor to the antioxidant activity of honey.Moreover, the darker
the honey, the stronger its antioxidant capability. Buckwheat
honey is deemed the darkest honey in China. Therefore, a
higher value of TPC (2.04mgGA/g) was acquired in this
study, which was significantly higher than that of seven
honey samples from Slovenia, which ranged from 44.8mg
GA/kg in acacia honey to 241.4mgGA/kg in fir honey [24].
Because phenolic hydroxyl can donate a hydrogen atom
to reduce free radicals [25], the DPPH radical scavenging
activity of buckwheat honey was higher than that reported
in black locust honey (0.3mmol Trolox/kg), goldenrod honey
(0.2mmol Trolox/kg), rapeseed honey (0.4mmol Trolox/kg),
and heather honey (0.6mmol Trolox/kg) [26]. The ferrous
ion-chelating activity represents another index of antioxidant
activity in bioactive compounds because divalent transition
metal ions play important roles in oxidation, such as by con-
tributing to the formation of hydroxyl radicals and hydroper-
oxides via the Fenton reaction [27].The ferrous ion-chelating
activity of buckwheat honey was 0.479mg Na

2
EDTA/g,

approximately 10x higher than that of jujube honey (37.59–
53.04mg Na

2
EDTA/kg) [18]. The metal-chelating potential

is strongly dependent on the arrangement of hydroxyls and
carbonyl groups around themolecule [25]. Flavonoids such as
rutin andhesperetin have been identified in buckwheat honey
as the main phenolic compounds.Therefore, it is not difficult
to understand why buckwheat honey has a high ferrous ion-
chelating activity.

To investigate whether buckwheat honey could increase
the antioxidant capacity of the mice, Cu2+-induced oxidation
of serum lipoprotein was determined. This method provides
an indication of diene formation in lipoprotein fatty acids



6 Evidence-Based Complementary and Alternative Medicine

Control Honey + CCl4 Silymarin + CCl4CCl4

(a)

C

B

A

D

Control Honey + Silymarin +CCl4
CCl4 CCl4

0

5

10

15

20

25

30

35

M
ea

n 
ta

il 
D

N
A

 (%
)

Treatment

(b)

C

B

A

D

Control Honey + Silymarin +CCl4
CCl4 CCl4

0

10

20

30

40

50

60

O
liv

e t
ai

l m
om

en
t (

O
TM

)

Treatment

(c)

Figure 4: Effects of buckwheat honey on mice lymphocyte DNA damage induced by CCl
4
((a) picture of lymphocyte DNA damage; (b)

mean tail DNA%; (c): olive tail moment). Control: lymphocytes from control mice; CCl
4
: lymphocytes from CCl

4
-treated mice; honey +

CCl
4
: lymphocytes from mice administered buckwheat honey (0.22 g/10 g BW) twice daily for 11 weeks prior to CCl

4
; silymarin + CCl

4
:

lymphocytes from mice administered silymarin (0.5mg/10 g BW) twice daily for 11 weeks prior to CCl
4
.

when exposed to Cu2+. Diene formation is assessed by mea-
suring changes in absorbance at 234 nm. High absorbance
values correspond to diene formation as a result of serum
lipoprotein oxidation, and low absorbance values correspond
to inhibition of serum lipoprotein oxidation and, conse-
quently, to high antioxidant activity [28]. The administration
of buckwheat honey remarkably inhibited serum lipoprotein
oxidation in this study. Phenolic compounds present in
buckwheat honey inhibit oxidation of serum lipoproteins
by acting as free radical scavengers or as metal-chelating
agents [20]. Antioxidants are often added to foods to prevent
the radical chain reactions of oxidation, and they act by
inhibiting the initiation and propagation step, leading to
termination of the reaction and a delay in the oxidation
process [25, 29]. Therefore, buckwheat honey significantly
inhibited the Cu2+-induced oxidation of serum lipoprotein
and increased the antioxidant capacity ofmice. SerumORAC
is another method for measuring serum antioxidant capacity.
This method, which incorporates FL as the fluorescent probe,
is commonly used in biological samples and foods. The
ORAC method is based on the inhibition of peroxyl-radical-
induced oxidation initiated by the thermal decomposition
of AAPH [20]. FL blocks the peroxyl-radical chain reaction
process by donating hydrogen protons, thereby reducing the

fluorescence intensity. Antioxidants can inhibit the decrease
in fluorescence intensity by scavenging AAPH or by donating
hydrogen protons, thereby blocking the free radical chain
reaction [30]. Accordingly, buckwheat honey administered
to mice for 10 weeks at 0.22 g/10 g BW increased the serum
antioxidant activity.

Intraperitoneal administration of CCl
4
is a classicmethod

used to induce oxidation and liver damage [7, 8]. Metabolites
of CCl

4
include highly reactive free radicals, which initiate

the chain reaction of lipid peroxidation, thereby affecting
polyunsaturated fatty acids and phospholipids [31]. Lipid
peroxidation affects the permeability of the mitochondria,
endoplasmic reticulum, and plasma membranes, resulting
in leakage of hepatic enzymes in the blood. Serum ALT
and AST activities have been confirmed to be the most
sensitive indicator of CCl

4
-induced liver damage. Therefore,

serumALT andAST activities in the CCl
4
-treated groupwere

significantly higher than those of the control group. Inter-
estingly, pretreatment with buckwheat honey inhibited the
increase of serum ALT and AST activities induced by CCl

4
.

With increasing serum ALT and AST activities as a result
of CCl

4
-induced damage, lipid peroxidation products (e.g.,

MDA) accumulate in hepatic cells. Therefore, hepatic MDA
levels were monitored in this study. As shown in Figure 6(a),
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a 54.90% increase in hepatic MDA was obtained in the
CCl
4
-treated group relative to the control mice. Pretreatment

with buckwheat honey and silymarin significantly decreased
hepaticMDA levels in the CCl

4
-treatedmice. To delineate the

mechanisms underlying the protective effects of buckwheat
honey, the activities of hepatic antioxidant enzymes (e.g.,
GSH-Px and SOD) were determined. In this study, the
activities of GSH-Px and SOD in the CCl

4
-treated mice

decreased significantly compared to those in the control mice
(𝑃 < 0.05; Figure 6(b)). SOD is a critical endogenous antiox-
idant enzyme that prevents and neutralizes oxidative damage
[32]. GSH-Px, which has both intracellular and extracellular
antioxidant functions, catalyzes the reduction of hydrogen
peroxide and hydroperoxides into nontoxic products [7].
When present in excess, lipid peroxides and reactive oxygen
species can easily inactivate these antioxidant enzymes [33].
Therefore, the reduction in GSH-Px and SOD was attributed
to an enhanced toxicity by CCl

4
. Interestingly, pretreatment

with buckwheat honey and silymarin significantly inhibited
the decrease in GSH-Px and SOD activities induced by
CCl
4
(𝑃 < 0.05). Meanwhile, histological observations

further affirmed that administration with buckwheat honey
significantly attenuates CCl

4
-induced liver damage.

In the present study, eight phenolic compounds were
identified in buckwheat honey, of which rutin and hesperetin
are the majority. Rutin has been verified to exert renal-
protective effects by inhibiting ROS and antioxidant activities
[34]. Hesperetin has also been confirmed to protect against
oxidative stress-related hepatic dysfunction [35]. In addition
to rutin and hesperetin, there are some unidentified high
content antioxidants in buckwheat, whichmay work together
in creating these antioxidative and hepatoprotective effects.
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Figure 6: Effects of buckwheat honey on hepatic MDA content (a)
and GSH-Px and SOD activities (b). Different lower case letters
represent significant differences (𝑃 < 0.05). Mice in “control”:
distilled water plus peanut oil; mice in “CCl

4
”: distilled water plus
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4
; mice in “honey + CCl

4
”: buckwheat honey (0.22 g/10 g BW)

twice daily for 11 weeks plus CCl
4
; mice in “silymarin + CCl

4
”:

silymarin (0.5mg/10 g BW) twice daily for 11 weeks plus CCl
4
.

Silymarin, a high antioxidative flavonoid, has been used as
a drug for human liver disease induced by oxidative stress
for at least two decades [36]. Usually, it is used as a positive
reference in many studies [9], including in this study on
oxidative stress. Caffeic acid, unidentified in this study, was
found to exist in buckwheat honey [11] and have the capability
of preventing nickel-induced oxidative damage in rat livers
[37]. Recently, inhibition of free radical-induced damage
by antioxidant supplementation has become an attractive
therapeutic strategy for reducing the risk of liver disease [7].
Polyphenol extracts from natural products such as apples,
Murraya koenigii L., yam peel, and bee pollen have been
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(a) (b)

(c) (d)
Figure 7: Effects of buckwheat honey on hepatic morphological analysis (×400 H&E): control mice (a), CCl

4
-treated mice (b), and mice

pretreated with buckwheat honey prior to CCl
4
(c) and with silymarin (d).

studied for their hepatoprotective effects [7, 9, 10]. The high
levels of phenolic compounds in buckwheat honey reported
in previous studies [13] were confirmed in this study. Addi-
tionally, buckwheat honey has free radical scavenging and
ferrous ion-chelating properties. Moreover, CCl

4
-induced

DNA damage can be inhibited by the administration of
buckwheat honey. Therefore, buckwheat honey, which has
a free radical scavenging ability, reduces lipid peroxidation
and increases antioxidant capacity, thereby attenuating CCl

4
-

induced liver damage in mice.
Additionally, another aim of this study was to assess

whether buckwheat honey can attenuate CCl
4
-induced DNA

damage. Lymphocyte DNA damage induced by carbon
tetrachloride was assessed by alkaline single cell gel elec-
trophoresis, that is, the comet assay. This method is a
rapid and sensitive technique for measuring and analyzing
DNA damage in individual cells [38]. The more severe the
cell damage, the higher the amount of tail DNA. Another
parameter for DNA damage analysis is OTM, which is
generally considered themain index of DNAdamage because
it provides information about the total DNA content in the
tail as well as DNA migration from the comet-head. Thus,
in the present experiment, OTM is taken into consideration
for the interpretation of the data [39]. In the present study,
increases in tail DNA and OTM induced by CCl

4
are shown

in Figures 4(b) and 4(c).This demonstrated that the intraperi-
toneal administration of CCl

4
caused a significant rise in

DNA damage in peripheral lymphocytes. This result could
be attributed to the in vivo action of carbon tetrachloride
metabolites, that is, trichloromethyl and/or trichloromethyl

peroxy radicals, which pass from the liver to the circulatory
system, or to the appearance of stimulated nuclear cells in
circulation. According to Kujawska et al., oxidative damage
to DNA increases by 33% in mice following intraperitoneal
administration of CCl

4
[40]. On the other hand, Kadiiska et

al. reported that CCl
4
did not increase DNA damage in rat

blood leukocytes [41], which may be attributed to the dose
and time of CCl

4
poisoning. In this study, a marked rise in

tail DNA and OTM was obtained in mice treated with CCl
4
.

More importantly, pretreatment with antioxidants can inhibit
the increase of mean tail DNA and OTM. This protection
should be attributed to the phenolic compound existing in
buckwheat honey, which could scavenge the free radicals
produced in the metabolism of CCl

4
and thus attenuate the

damage.
In conclusion, the results of this study demonstrated

that buckwheat honey increased the antioxidant capacity and
attenuated CCl

4
-induced liver and DNA damage in mice.

Buckwheat honey demonstrated high TPC, free radical scav-
enging capability, and ferric-reducing antioxidant properties.
Pretreatment with buckwheat honey for 10 weeks in mice sig-
nificantly increased serum antioxidant activities. Therefore,
buckwheat honey exhibited hepatoprotective effects in mice.
Additionally, pretreatment with buckwheat honey protected
DNA from CCl

4
-induced oxidation.
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Obesity and associated conditions, such as type 2 diabetes mellitus (T2DM) and nonalcoholic fatty liver disease (NAFLD), are
currently a worldwide health problem. In Asian traditional medicine, Bai-Hu-Jia-Ren-Shen-Tang (BHJRST) is widely used in
diabetes patients to reduce thirst. However, whether it has a therapeutic effect on T2DM or NAFLD is not known. The aim of this
studywas to examinewhether BHJRST had a lipid-lowering effect using aHuS-E/2 cell model of fatty liver induced by palmitate and
in a db/db mouse model of dyslipidemia. Incubation of HuS-E/2 cells with palmitate markedly increased lipid accumulation and
expression of adipose triglyceride lipase (ATGL), which is involved in lipolysis. BHJRST significantly decreased lipid accumulation
and increased ATGL levels and phosphorylation of AMP-activated protein kinase (AMPK) and its primary downstream target,
acetyl-CoA carboxylase (ACC), which are involved in fatty acid oxidation. Furthermore, after twice daily oral administration for
six weeks, BHJRST significantly reduced hepatic fat accumulation in db/db mice, as demonstrated by increased hepatic AMPK and
ACC phosphorylation, reduced serum triglyceride levels, and reduced hepatic total lipid content. The results show that BHJRST
has a lipid-lowering effect in the liver that is mediated by activation of the AMPK signaling pathway.

1. Introduction

Obesity and dysregulated insulin action in the liver are
strongly associated and are currently a worldwide health
problem [1]. Fatty liver, the initial stage of nonalcoholic fatty
liver disease (NAFLD), is a common metabolic symptom [2]
and is caused by an imbalance of lipid metabolism. NAFLD
and type 2 diabetes mellitus (T2DM) frequently coexist, as
they share the pathogenic abnormalities of excess adiposity
and insulin resistance [3, 4]. Although the molecular mecha-
nisms underlying fatty liver are not fully understood, dysreg-
ulation of hepatic lipid homeostasis caused by pathological
conditions, such as reduced fatty acid oxidation, enhanced
de novo lipogenesis, elevated hepatic fatty acid influx, and/or
increased systemic insulin resistance, is thought to be impor-
tant in its development [5]. Indeed, current therapies for fatty

liver disease are aimed at reducing body weight and improv-
ing insulin sensitivity to alleviate the associated metabolic
syndrome [6, 7].

The pathologic findings in NAFLD include accumulation
of intracellular triglyceride in the parenchyma of the liver
[8, 9]. Adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL) are the major triglyceride lipases in
many tissues [10] and expression of both is decreased in the
obese, insulin-resistant state, suggesting that insulin resis-
tance is associated with impaired lipolysis [11, 12]. A large
body of evidence indicates that AMP-activated protein kinase
(AMPK) is important in regulating hepatic lipogenesis [13].
In the liver, activation of AMPK by phosphorylation of thre-
onine 172 switches off fatty acid synthesis by increasing the
phosphorylation and inactivation of acetyl-CoA carboxylase
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(ACC) [14]. Some antidiabetic drugs, such as metformin and
the thiazolidinediones, alleviate fatty liver in humans and
rodents by downregulating lipid metabolism through AMPK
activation [15]. Thus, AMPK represents an attractive target
for therapeutic intervention in the treatment of fatty liver
disorders [16, 17].

Bai-Hu-Tang (BHT), composed of Gypsum Fibrosum
(Shi-Gao), Rhizoma Anemarrhenae (Zhi-Mu), Radix Gly-
cyrrhizae Preparata (Zhi-Gan-Cao), and seed ofOryza sativa
(Jing-Mi), is a traditional Chinese medicine described in
the Chinese medicine book “Discussion of Cold Damage”
(“Shang-Han-Lun” in Chinese), which has been used in
China for over 1800 years. BHT potentiates insulin-stimu-
lated glucose uptake in vitro [18]. The formula used in this
study was Bai-Hu-Jia-Ren-Shen-Tang (BHJRST), which is an
enhanced formula of BHT prepared by addition of Ginseng
Radix (Ren-Shen). Traditionally, BHJRST is used to reduce
thirst in diabetes patients and is themost common herbal for-
mula prescribed by traditional Chinese medicine doctors for
the treatment of type 2 diabetes mellitus (T2DM) in Taiwan
[19]. Although BHJRST has been reported to have significant
antihyperglycemic activity [20], it is not knownwhether it has
a fat-lowering action.

In this study,we used a humanhepatic cell line and an ani-
mal model to investigate the mechanisms responsible for the
in vitro and in vivo effects of BHJRST on lipidmetabolism. In
the in vitro study, immortalized primary human hepatocytes,
HuS-E/2 cells [21], which are phenotypically and functionally
similar to primary hepatocytes, were used to established a
fatty liver cell model. In in vivo experiments, db/db mice,
which show dyslipidemia similar to that seen in patients with
T2DM, were used as a model to study the pathogenesis and
treatment of diabetic dyslipidemia [22].

2. Materials and Methods

2.1. Preparation of the BHJRST Formula and Single Remedy
Extracts. Rhizome of Rhizoma Anemarrhenae (Zhi-Mu),
Gypsum Fibrosum (Shi-Gao), root of Radix Glycyrrhizae
Preparata (Zhi-Gan-Cao), seed ofOryza sativa (Jing-Mi), and
root of Ginseng Radix (Ren-Shen) were mixed in a classical
dosage ratio used in the Han Dynasty (6 parts by weight
of Zhimu, 16 parts Shigao, 2 parts Gancao, 8 parts Jingmi,
and 3 parts Renshen). To prepare the water extracts, 35 g
of the mixture or the corresponding weight of each single
ingredient (e.g., 6 g of Zhimu) was added to 400mL of water
and refluxed at 100∘C for 1 h; then, the supernatant was col-
lected, clarified by centrifugation at 1000 g for 10min at 4∘C,
and either used directly as such in animal experiments or
lyophilized and dissolved in DMSO for cell studies.

2.2. Confirmation of the Identity of the Ingredients by Micros-
copy. All the specimens were sliced manually by hand, fixed
in a solution of 50% glycerin in water, and observed under
a microscope (Carl Zeiss Inc., Germany) to confirm their
identity.

2.3. HPLC Sample Preparation. Each lyophilized sample
(5mg) was dissolved in 5mL of DMSO, ultrasonicated for

30 s, and then injected into solid-phase extraction tubes
(Strata-X 33 𝜇m Polymeric Reversed Phase, 200mg/6mL)
(Phenomenex), which had been activated in advance by
MeOH and equilibrated in distilled water. The tubes were
then washed with distilled water, and the adsorbed materials
were eluted with 10mL of MeOH and filtered on a 0.45 𝜇m
filter (13mm,Millex-GV, EMDMillipore) for HPLC analysis.

2.4. Reverse-Phase HPLC Chemical Fingerprint Analysis of
BHJRST. All HPLC fingerprint analyses of the water extracts
of BHJRST and the single remedies of BHJRST were per-
formed on a HPLC instrument equipped with a Shimadzu
10A system controller (both from Shimadzu Corporation,
Kyoto, Japan). The injection volume was 10 𝜇L, the column
was a Nacalai Cosmosil 5C

18
-AR-II Waters (5 𝜇m, 4.6 ×

250mm; Nacalai Tesque), the linear gradient was 10.0–90.0%
B (A =MeOH, B = H

2
O) in 60min, detection was at 280 nm,

and the flow rate was 0.8mL/min.

2.5. Antibodies and Chemical Reagents. Antibodies against
ATGL, AMPK, pACC (Ser 79), ACC, tubulin, or actin were
obtained from Genetex, the anti-pAMPK (Thr 172) antibod-
ies were from Millipore, and the horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibodies were
from Jackson ImmunoResearch Laboratories Inc. Palmitate
and Oil Red O were purchased from Sigma.

2.6. Cell Culture and Treatment. HuS-E/2 cells, kindly pro-
vided by Dr. Shimotohno (Kyoto University, Japan), were
maintained as described previously in primary hepatocyte
medium (PHmedium) [DMEMwith 25mMglucose (Gibco)
containing 20mMHEPES, 10% fetal bovine serum, 15𝜇g/mL
of L-proline, 0.25𝜇g/mL of insulin, 5 × 10−8M dexametha-
sone, 44mM NaHCO

3
, 10mM nicotinamide, 5 ng/mL of

EGF, 0.1mM Asc-2P, 100 IU/mL of penicillin, 100 𝜇g/mL
of streptomycin, 10 𝜇g/mL of gentamicin, and 1 𝜇g/mL of
plasmocin] [21]. To induce fatty acid overload, HuS-E/2 cells
at 70% confluence were cultured in glucose-free PH medium
[made as above, but with glucose-free DMEM (Sigma)] and
incubated with the indicated concentration of palmitate for
24 h.The palmitate used was provided in the form of a palmi-
tate/BSA complex prepared as described previously [23]. To
study the effect of BHJRST, the cells were incubated with var-
ious concentrations of palmitate and either BHJRST or a final
concentration of 0.1%DMSO (vehicle) for the indicated time.

2.7. Cell Viability Assay. Cell viability was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) assay. MTT assay performed according to the manu-
facturer’s suggestions (Sigma). HuS-E/2 cells were added to
96-well plates at a density of 1 × 104 cells per well in 100 𝜇L of
PHmedium and allowed to attach for 18 h; then, the medium
was changed to glucose-free PHmedium containing different
concentrations of BHJRST or 0.1% DMSO (vehicle control)
and 0.1mMpalmitate for 24 h.Theywere then incubatedwith
MTT for another 4 h at 37∘C; then, the mediumwas removed
and 100 𝜇L of DMSOwas added to each well.The absorbance
of the samples was measured at 570 nm using a FlexStation 3
microplate reader (Molecular Devices).
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2.8. Oil Red O Staining. To measure intracellular lipid con-
tent, HuS-E/2 cells in 6-well plates were stained using the
Oil Red O method [24]. Briefly, the cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
30min at room temperature (23∘C), stained with Oil Red O
(stock solution, 3mg/mL in isopropanol; working solution,
60% Oil Red O stock solution and 40% distilled water) for
1 h at room temperature, and then rinsed with water, and
images were captured under a microscope. For quantitative
analysis of cellular lipids, the cells were washed three times
with ice-cold PBS, fixed with 10% formalin for 1 h, washed,
stained with Oil Red O solution for 1 h at room temperature,
and washed with water to remove nonbound dye; then, 1mL
of isopropanol was added to each well and the plate was
shaken at room temperature for 5min; then, the absorbance
at 510 nm was read on a spectrophotometer.

2.9. Western Blot Analysis. After treatment, HuS-E/2 cells
were harvested in lysis buffer (50mMTris-HCl, pH8.0, 5mM
EDTA, 150mM NaCl, 0.5% Nonidet P-40, 0.5mM phenyl-
methylsulfonyl fluoride, and 0.5mMdithiothreitol) and incu-
bated for 30min at 4∘C; then, the samples were sonicated for
3 × 5 s with 15 s breaks and centrifuged at 12000 g for 10min
at 4∘C. The protein concentrations of the supernatants were
determined using a protein assay kit (Bio-Rad); then, equal
amounts of total cellular protein (200mg) were resolved by
SDS-PAGE, transferred onto polyvinylidene difluoridemem-
branes (Amersham Biosciences), and probed with primary
antibody, followed by horseradish peroxidase-conjugated
secondary antibody; then, bound antibody was visualized
using enhanced chemiluminescence kits (Amersham Bio-
sciences).

2.10. Total Lipid, Triglyceride, and Cholesterol Assay. For lipid
determinations, cell homogenate, mouse serum, or mouse
liver was extracted using a modified Bligh and Dyer proce-
dure [25]. In brief, the sample was homogenized at room
temperature with a mixture of chloroform-methanol-water
(8 : 4 : 3) and the resulting mixture was shaken at 37∘C for 1 h
and then centrifuged at 1,000 g for 20min at 4∘C, and the
supernatant was collected for lipid analysis. Triacylglycerol,
total cholesterol, and total lipid levels were measured using
enzymatic method kits from Randox Laboratories in accor-
dance with the manufacturer’s instructions.

2.11. Animal Experiments. Six- to 8-week-old male BKS.Cg-
Leprdb+/+Leprdb/Jnarl (db/db) mice were purchased from
The National Laboratory Animal Center, Taipei, Taiwan, and
were housed at room temperature with controlled humidity
and on a 12 h/12 h light/dark cycle (lights on at 7.00 a.m.) at the
Animal Center of the National Research Institute of Chinese
Medicine (NRICM), Taipei, Taiwan. The use of animals
for this research was approved by the Animal Research
Committee of the NRICM and all procedures followed The
Guide for the Care and Use of Laboratory Animals (NIH
publication, 85-23, revised 1996) and the guidelines of the
Animal Welfare Act, Taiwan.

The mice were fed a standard diet (7.9% moisture, 22.9%
crude protein, 5.4% crude fat, 6.2% crude ash, 3.4% crude
fiber, and 54.2%nitrogen-free extract; Oriental Yeast Co., Ltd.
data sheet) throughout the study, but, at the age of 12 weeks,
they were divided into two groups which received either
double-distilled water or BHJRST (900mg/kg b.w. in double-
distilled water) twice daily by gavage for 6 weeks. At 18 weeks,
serum samples were collected prior to sacrifice and the liver
was harvested for protein and lipid analysis.

2.12. Statistical Analysis. All values are expressed as themean
± SD of the results from at least three separate experiments.
One-way ANOVA followed by Dunnett’s multiple compari-
son test was used to compare differences among groups of
samples. Asterisks indicate that the values were significantly
different from the control (∗𝑝 < 0.05; ∗∗𝑝 < 0.01).

3. Results

3.1. Characterization of BHJRST. Ginseng-plus-Bai-Hu-Tang
(BHJRST) is composed of five crude ingredients and the
appearance and microscopic features of each of these
were examined to confirm the identity of the ingredient
(Figure 1(a)). HPLC pattern analysis, the so-called “finger-
print” method, was performed on the water extracts of
BHJRST and three of the single ingredients (Figure 1(b));
analysis of the other two single ingredients, Gypsum Fibro-
sum (Shi-Gao) and seed of Oryza sativa (Jing-Mi), was
not performed, as their active components are believed
to be, respectively, inorganic (CaSO

4
) or macromolecular

(polysaccharides). The HPLC chromatogram of the extract
prepared from BHJRST (Figure 1(b), top panel) showed
three major peaks at 11.9, 24.4, and 32.6min, correspond-
ing to ginsenoside Rg3 from Ginseng Radix (Ren-Shen)
(12.0min), mangiferin from Rhizoma Anemarrhenae (Zhi-
Mu) (24.6min), and glycyrrhizic acid from Radix Gly-
cyrrhizae Preparata (Zhi-Gan-Cao) (32.7min).

3.2. A Fatty Liver Cell Model: A High Fat Environment
Increases Intracellular Lipid Formation in HuS-E/2 Cells and
Induces ATGL Expression. Fatty liver disease is mainly due to
triglyceride accumulation in hepatocytes [26]. To determine
whether liver cells esterify and deposit fatty acid as lipid
droplets, HuS-E/2 immortalized human primary hepato-
cytes were incubated in glucose-free PH medium alone
or containing 0.05–1mM palmitate; then, intracellular lipid
accumulation was measured using oil Red O staining. The
results (Figures 2(a) and 2(b)) showed that HuS-E/2 cells
exposed to palmitate showed a clear dose-dependent increase
in lipid accumulation in the cytosol compared to the control,
indicating that a cell model of steatosis was induced by
palmitate. Incubation of HuS-E/2 cells with concentrations of
palmitate lower than 0.25mM did not affect cell viability, as
demonstrated by theMTT assay (Figure 2(c)). Since ATGL is
responsible for the catabolism of cellular lipid stores [12] and
since we wanted conditions in which lipid could accumulate
in the absence of ATGL overexpression, ATGL expression
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Figure 1: Characterization of BHJRST. (a) Confirmation of the identity of the ingredients. The macroscopic and microscopic appearance of
the 5 ingredients used to prepare BHJRST was examined. (b) HPLC chromatograms of water extracts of BHJRST and three of the five single
ingredients.Three major peaks were identified in the classical BHJRST formula (top panel) by comparison of their retention times with those
of peaks in extracts of the single ingredients Rhizoma Anemarrhenae (Zhi-Mu), Ginseng Radix (Ren-Shen), or Radix Glycyrrhizae Preparata
(Zhi-Gan-Cao).

was examined by western blotting in HuS-E/2 cells treated as
above. As shown in Figure 2(d), ATGL expression was low
when cells were incubated in glucose-free PH medium alone
and was increased by treatment of cells with 0.25mM palmi-
tate for 24 h, but not by treatment with 0.1mM palmitate.
Thus, we established the parameters for a fatty liver cell model
by incubating HuS-E/2 cells in high fat (0.1mM palmitate)
glucose-free PH medium.

3.3. Effect of BHJRST or Palmitate on Cell Survival. To
examine the effect of BHJRST on cell viability, HuS-E/2 cells
were incubated with glucose-free PH medium alone or con-
taining 100–2000𝜇g/mL of BHJRST with or without 0.1mM
palmitate then an MTT assay was performed. As shown in
Figure 3(a), BHJRST concentrations of 100, 250, or 500 𝜇g/
mL alone had no significant effect on viability, but a signif-
icant decrease was seen using concentrations of 1000 and
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Figure 2: The fatty liver cell model—a high fat environment increases intracellular lipid formation in HuS-E/2 cells and induces ATGL
expression. (a) Micrographs of HuS-E/2 cells incubated for 24 h in glucose-free PH medium with different concentrations of palmitate to
simulate a high fat environment. Cells were stained with Oil Red O and observed under a microscope at 400x original magnification. (b)
Quantitative analysis of lipid deposition in cells using Oil Red O staining. HuS-E/2 cells were treated with the indicated concentration of
palmitate in glucose-free PH medium for 24 h. The data represent the mean ± SD for three independent experiments and are expressed as a
percentage of the control value. (c) Cell viability in the high fat environment. HuS-E/2 cells were incubated with the indicated concentration
of palmitate in glucose-free PH medium for 24 h as above; then, cell viability was determined using the MTT assay. The data represent the
mean ± SD for three independent experiments and are expressed as a percentage of the control value. (d) Western blots showing ATGL and
tubulin levels in HuS-E/2 cells incubated with the indicated concentration of palmitate in glucose-free PHmedium for 24 h.The upper panel
shows a representative result of those obtained in three experiments and the lower panel shows the quantitative analysis of ATGL expression
normalized to that of tubulin and expressed as a fold value relative to the control value.Thedata represent themean± SD for three independent
experiments. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 versus control.
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Figure 3: Effects of BHJRST on cell survival. Cells were cultured for 24 h in the presence of the indicated concentration of BHJRST alone (a)
or together with 0 or 0.1mM palmitate (b) in glucose-free PHmedium; then, cell viability was measured using the MTT assay and expressed
as a percentage of the value for untreated cells. The results are the mean ± SD for three independent experiments. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01
versus control.
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Figure 4: BHJRST inhibits palmitate-induced cellular lipid accumulation. (a) HuS-E/2 cells were treated with the indicated concentrations of
BHJRST and palmitate in glucose-free PHmedium for 24 h; then, images of the Oil Red O-stained cells were captured using a microscope at
400x original magnification. (b) HuS-E/2 cells were incubated for 24 h with the indicated concentrations of BHJRST and palmitate as above;
then, quantitative analysis of lipid deposition in the Oil Red O-stained cells was performed. The data represent the mean ± SD for three
independent experiments.

2000𝜇g/mL. Palmitate (0.1mM) alone or in combination
with 100 or 250𝜇g/mL of BHJRST also had no cytotoxic effect
(Figure 3(b)). BHJRST concentrations of 100 and 250𝜇g/mL
were therefore used in subsequent studies.

3.4. BHJRST Inhibits Palmitate-Induced Cellular Lipid Accu-
mulation. To examine the ability of BHJRST to inhibit
palmitate-induced lipid accumulation, HuS-E/2 cells were
incubated in glucose-free PH medium alone or containing
0.1mM palmitate with or without 100 or 250𝜇g/mL of
BHJRST, then total lipid levels were measured by Oil Red O

staining. As shown in Figure 4(a), treatment with 250𝜇g/mL
of BHJRST significantly reduced palmitate-induced cellular
lipid accumulation. These results were confirmed by quan-
tification of the intracellular lipid content (Figure 4(b)).

3.5. BHJRST Stimulates AMPK Phosphorylation and ATGL
Expression under High Fat Conditions. Having shown that
BHJRST had an inhibitory effect on the palmitate-induced
increase in hepatocyte lipid levels, the possible mecha-
nisms responsible for this effect were assessed. Since AMPK
responds to changes in cellular energy status [14] and has
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Figure 5: BHJRST stimulates AMPK phosphorylation and ATGL expression under high fat conditions. (a) HuS-E/2 cells were left untreated
or were incubated for 24 h with or without 0.1mM palmitate in glucose-free PH medium with or without BHJRST (100 or 250 𝜇g/mL) (left
section) or in PH medium containing 33mM glucose with or without BHJRST (100 or 250 𝜇g/mL) (right section); then, they were analyzed
for phosphorylation of AMPK atThr172 and ACC at Ser-79, total AMPK and ACC, and actin. Representative immunoblots are shown in the
upper panel and the densitometric analysis of AMPK and ACC phosphorylation is shown in the lower panel; the results are the mean ± SD
for three independent experiments for the intensity of the phosphorylated band divided by that for the “total” band expressed as a fold value
of the control value. (b) Western blot analysis of the expression of ATGL and actin in untreated HuS-E/2 cells and cells incubated for 24 h
with 0.1mM palmitate and 0, 100, or 250 𝜇g/mL of BHJRST as above. The upper panel shows a representative blot and the lower panel shows
the quantitative analysis of ATGL expression normalized to actin levels and expressed as a fold value compared to the control value.The data
represent the mean ± SD for three independent experiments. ∗𝑝 < 0.05 versus control.

been suggested to play a crucial role in regulating fat
metabolism in the liver, the effect of BHJRST on AMPK acti-
vation in HuS-E/2 cells was examined. Activation of AMPK,
which correlates tightly with phosphorylation at Thr-172,
and inactivation of its primary downstream target enzyme
ACC by phosphorylation at Ser-79 were assessed by mea-
suring phosphorylation at these sites by western blotting.
To determine whether BHJRST increased phospho-AMPK
levels, cells were incubated in glucose-free PHmedium alone
or containing 0.1mM palmitate in the presence or absence of
100 and 250 𝜇g/mL of BHJRST or in high glucose (33mM)
medium (glucose-free PH medium with 33mM glucose
added) in the presence or absence of 100 and 250𝜇g/mL
of BHJRST. As shown in Figure 5(a), 100 𝜇g/mL, but not

250 𝜇g/mL, of BHJRST significantly increased AMPK phos-
phorylation atThr-172 in fatty acid-overloadedHuS-E/2 cells,
but not in high glucose-treated cells, and the increasedAMPK
phosphorylation was accompanied by a significant increase
in ACC phosphorylation at Ser-79, indicating that BHJRST-
induced activation of AMPK led to inhibition of ACC.

To determine whether BHJRST also induced ATGL
expression in the high fat condition, cells were incubated in
glucose-free PH medium alone or containing 0.1mM palmi-
tate with or without 100 or 250𝜇g/mL of BHJRST. As shown
in Figure 5(b), treatment with 100 𝜇g/mL, but not 250 𝜇g/mL,
of BHJRST increased ATGL protein levels in HuS-E/2 cells.
These results show that, in vitro, AMPKactivation byBHJRST
increases ATGL expression under high fat conditions.
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Figure 6: BHJRST treatment of db/db mice stimulates AMPK phosphorylation and reduces liver lipid accumulation. Animals (5 per group)
were given BHJRST or double-distilled water (𝑛 = 5) twice daily by gavage for 6 weeks; then, they were euthanized for analysis of liver tissues
and serum, as described in Section 2. (a) Representative immunoblots of liver for phosphorylation for AMPK and ACC, total AMPK and
ACC, and tubulin. (b) Densitometric analysis of phosphorylation of AMPK and ACC levels. The results are the mean ± SD for the intensity
of the phosphorylated band divided by that for the “total” band expressed as a fold value of the control value. (c) Serum triglyceride and
cholesterol levels. The data represent the mean ± SD. (d) Hepatic triglyceride, cholesterol, and total lipid levels. The data represent the mean
± SD. In (b–d), the 𝑝 value compared to the control group is shown either as a value or as ∗𝑝 < 0.05.

3.6. BHJRST Treatment Stimulates AMPK Phosphorylation
and Reduces Liver Lipid Accumulation in db/db Mice. The
db/db mouse has high plasma levels of triglyceride and
cholesterol and is a good model for diabetic dyslipidemia
[22]. To examine whether BHJRST treatment could prevent
liver lipid accumulation in vivo, we administered BHJRST
(900mg BHJRST/kg) or double-distilled water (control)
twice daily by gavage for 6 weeks to male db/db mice fed a
standard diet. Consistent with the upregulated AMPK phos-
phorylation seen in vitro, as shown in Figures 6(a) and 6(b),
BHJRST treatment resulted in significantly increased AMPK
phosphorylation at The-172 in liver tissue lysates and also in
significantly increased ACC phosphorylation at Ser-79. To
test the effects of BHJRST on lipid homeostasis, we next mea-
sured serum and hepatic lipid levels. Figure 6(c) shows that

the BHJRST-treated group had significantly lower serum lev-
els of triglyceride compared to the controls, while Figure 6(d)
shows that BHJRST administration also resulted in decreases
of 40.4% in hepatic triglyceride levels and 25.5% in hepatic
total lipid levels. Together, these data suggest that BHJRST
induces activation of AMPK, which translates into inhibition
of ACC and leads to a decrease in hepatic fatty acid synthesis
and lipid accumulation.

4. Discussion

Fatty liver is characterized by increased levels of hepatocellu-
lar lipids and is frequently associated with steatohepatitis and
hepatocellular injury, which eventually can result in severe
liver damage, including bridging fibrosis and cirrhosis [27].
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Current treatment strategies aim to improve insulin resis-
tance by weight loss and exercise, improving insulin sensitiv-
ity by the use of insulin-sensitizing agents (e.g., pioglitazone)
and reducing oxidative stress by the use of antioxidants, such
as vitamin E. Some Chinese medicines with hypolipidemic,
antidiabetic, and antiobesity effects have been used by tradi-
tional Chinese medicine doctors for over a thousand years.
However, their therapeutic mechanism remains unclear. Bai-
Hu-Jia-Ren-Shen-Tang (BHJRST) is one of themost common
herbal medicines used to treat T2DM patients in Taiwan [19].
These findings prompted us to ask whether BHJRST could
reduce the hepatic fat accumulation associated with obesity
and to determine the mechanisms responsible for the thera-
peutic effect of BHJRST in fatty liver disease. Here, we report
the new finding that BHRST inhibits cellular lipid accumu-
lation through activation of AMPK. In the liver, the AMPK
complex, an evolutionally conserved serine/threonine het-
erotrimer kinase complex [28], is emerging as a possible tar-
get molecule for antiobesity therapy, as its activation results
in increased fatty acid oxidation and decreased lipid synthesis
[29]. In addition, inactivation of ACC reduces the synthesis
of malonyl-CoA and activates fatty acid oxidation [30].

BHJRST is an enhanced formula in which Ginseng Radix
(Ren-Shen) is added to the Bai-Hu-Tang (BHT) formula. Tra-
ditionally, BHJRST, but not BHT, is used to decrease thirst in
diabetes patients. In a recent study, a water extract of ginseng
root was found to have a fat-lowering action in vivo [31].
Ginsenoside Rb1 (Rb1), a compound extracted from ginseng
root, has a glucose-lowering action in vitro [32] and signifi-
cantly reduces body weight, improves glucose tolerance, and
enhances insulin action in high fat diet-induced obese rats
[33]. In our study, we found that if the content of Gypsum
Fibrosum (Shi-Gao) inBHJRSTwas reduced from 16 g to 10 g,
the concentrations of ginsenoside Rg3 and mangiferin in the
final extract were reduced, as shown by HPLC analysis (data
not shown), suggesting that Gypsum Fibrosum (Shi-Gao)
may help in dissolving these ingredients.

Normal human hepatocytes are the ideal system in which
to study the liver-specific metabolism of lipid, but when
cultured in vitro, they proliferate poorly and divide only a few
times. The most common cell line used to study liver lipid
metabolism is the hepatoma-derived HepG2 cell line, but
there is concern about its use, as it was derived from liver tis-
sue with differentiated hepatocellular carcinoma and is prob-
ably genetically distinct from primary hepatocytes. In this
study, we used the HuS-E/2 cell line, which was derived from
normal hepatocytes and has been shown to be phenotypically
and functionally similar to primary hepatocytes [21, 34]. We
investigated the ability of BHJRST to prevent fat deposi-
tion using an HuS-E/2 cell model of fatty liver induced
by palmitate and found that 0.1mM palmitate resulted in
marked fat accumulation, as demonstrated by Oil Red O
staining (Figure 2), and that coaddition of 100 𝜇g/mL of
BHJRST significantly reduced the amount of accumulated
lipid (Figure 4), without having a cytotoxic effect (Figure 3).
In addition, treatment with 100𝜇g/mL of BHJRST increased
phosphorylation of AMPK and ACC and upregulated ATGL
protein expression in HuS-E/2 cells (Figure 5). Thus, we
demonstrated that HuS-E/2 cells develop palmitate-induced

hepatic lipid accumulation and that BHJRST has a protective
effect associated with a significant increase in hepatic AMPK
activation and hepatic ATGL expression.

Animal models of fatty liver disease can arise as a result
of induced genetic mutation andmost published studies have
employed the leptin-resistant (db/db) mouse [35]. In this
study, we used db/db mice and showed that BHJRST also
activated AMPK and reduced ACC activation and lipid levels
in vivo (Figure 6). These results were confirmed by quantifi-
cation of intracellular triglyceride and total lipid levels. We
suggest that AMPK and ACC are the critical components
involved in the BHJRST-induced inhibition of lipid synthesis
in the db/db mice liver, implying a role of BHJRST in energy
balance control by modulating lipid biosynthesis. It has been
demonstrated that AMPK increases glucose transporter 4
(GLUT 4) transposition and GLUT 4 gene transcription in
muscle and liver [36], suggesting a possible mechanism by
which BHJRST modulates homoeostasis of lipid and carbo-
hydrate metabolism in living cells.

ATGL is important for basal lipolysis and is responsible
for the first step in the breakdown of fat. Regulation of ATGL
expression is impaired with age and could contribute to the
observed increased difficulty in metabolizing lipids [37]. It
is the rate-limiting enzyme in triglyceride hydrolysis, which
produces free fatty acids, which are released into the medium
and do not accumulate in cells [10]. The findings agree with
the fact that calorie restriction and exercise can be used to
treat nonalcoholic fatty liver disease, as both activate AMPK.
Our data are in agreement with the reports of Reid et al.
and Caimari et al. showing that an increase in ATGL levels
results in decreased hepatic lipogenesis and liver triglyceride
accumulation and secretion.

Palmitate, a lipotoxic fatty acid, increases oxidative stress
and ROS production and induces insulin resistance in hep-
atocytes [38]. Indeed, it has been shown that ROS levels are
increased in patients andmicewith clinical conditions associ-
ated with insulin resistance, such as obesity and T2DM, that
palmitate treatment of cultured adipocytes induces cellular
oxidative stress and ROS generation, and that a decrease in
ROS production in obese mice contributes to a reduction
in palmitate-induced lipid accumulation [39]. It will be very
interesting to examinewhether BHJRST is an antioxidant and
can lower ROS production.

In summary, we have demonstrated that activation of the
AMPK signaling pathway plays a critical role in the inhibitory
effect of BHJRST on lipid metabolism in vitro and in vivo.
These findings provide molecular evidence for the use of
BHJRST as therapy for themanagement of fatty liver diseases.
Unraveling the molecular mechanisms by which BHJRST
controls energy balance bymodulating lipid biosynthesis will
provide new insights into the pathogenesis of these diseases
and open avenues for novel therapeutic strategies.
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[26] V. Zámbó, L. Simon-Szabó, P. Szelényi, É. Kereszturi, G.
Bánhegyi, and M. Csala, “Lipotoxicity in the liver,”World Jour-
nal of Hepatology, vol. 5, no. 10, pp. 550–557, 2013.



Evidence-Based Complementary and Alternative Medicine 11

[27] B. A. Neuschwander-Tetri and S. H. Caldwell, “Nonalcoholic
steatohepatitis: summary of anAASLD single topic conference,”
Hepatology, vol. 37, no. 5, pp. 1202–1219, 2003.

[28] D. G. Hardie, “AMPK and SNF1: snuffing out stress,” Cell
Metabolism, vol. 6, no. 5, pp. 339–340, 2007.

[29] C.-L. Lin, H.-C. Huang, and J.-K. Lin, “Theaflavins attenuate
hepatic lipid accumulation through activating AMPK in human
HepG2 cells,” Journal of Lipid Research, vol. 48, no. 11, pp. 2334–
2343, 2007.

[30] J. D. McGarry and N. F. Brown, “The mitochondrial carnitine
palmitoyltransferase system. From concept to molecular analy-
sis,” European Journal of Biochemistry, vol. 244, no. 1, pp. 1–14,
1997.

[31] L. Shen, Y. Xiong, D. Q.-H. Wang et al., “Ginsenoside Rb1
reduces fatty liver by activating AMP-activated protein kinase
in obese rats,” Journal of Lipid Research, vol. 54, no. 5, pp. 1430–
1438, 2013.

[32] S. Park, I. S. Ahn, D. Y. Kwon, B. S. Ko, and W. K. Jun, “Gin-
senosides Rb1 and Rg1 suppress triglyceride accumulation in
3T3-L1 adipocytes and enhance beta-cell insulin secretion and
viability inmin6 cells via PKA-dependent pathways,”Bioscience,
Biotechnology and Biochemistry, vol. 72, no. 11, pp. 2815–2823,
2008.

[33] Y. Xiong, L. Shen, K. J. Liu et al., “Antiobesity and antihyper-
glycemic effects of ginsenoside Rb1 in rats,”Diabetes, vol. 59, no.
10, pp. 2505–2512, 2010.

[34] H.-C. Huang, C.-C. Chen, W.-C. Chang, M.-H. Tao, and C.
Huang, “Entry of hepatitis B virus into immortalized human
primary hepatocytes by clathrin-dependent endocytosis,” Jour-
nal of Virology, vol. 86, no. 17, pp. 9443–9453, 2012.

[35] Q.M.Anstee andR.D.Goldin, “Mousemodels in non-alcoholic
fatty liver disease and steatohepatitis research,” International
Journal of Experimental Pathology, vol. 87, no. 1, pp. 1–16, 2006.

[36] R. Burcelin, V. Crivelli, C. Perrin et al., “GLUT4, AMP kinase,
but not the insulin receptor, are required for hepatoportal glu-
cose sensor-stimulated muscle glucose utilization,”The Journal
of Clinical Investigation, vol. 111, no. 10, pp. 1555–1562, 2003.

[37] A. Caimari, P. Oliver, and A. Palou, “Impairment of nutritional
regulation of adipose triglyceride lipase expression with age,”
International Journal of Obesity, vol. 32, no. 8, pp. 1193–1200,
2008.

[38] S. Nakamura, T. Takamura, N.Matsuzawa-Nagata et al., “Palmi-
tate induces insulin resistance in H4IIEC3 hepatocytes through
reactive oxygen species produced bymitochondria,”The Journal
of Biological Chemistry, vol. 284, no. 22, pp. 14809–14818, 2009.

[39] S. Furukawa, T. Fujita,M. Shimabukuro et al., “Increased oxida-
tive stress in obesity and its impact onmetabolic syndrome,”The
Journal of Clinical Investigation, vol. 114, no. 12, pp. 1752–1761,
2004.



Research Article
Oxidative Stress Type Influences the Properties of Antioxidants
Containing Polyphenols in RINm5F Beta Cells

Nathalie Auberval,1 Stéphanie Dal,1 William Bietiger,1 Elodie Seyfritz,1 Jean Peluso,2

Christian Muller,2 Minjie Zhao,3 Eric Marchioni,3 Michel Pinget,1,4,5

Nathalie Jeandidier,1,4,5 Elisa Maillard,1 Valérie Schini-Kerth,5 and Séverine Sigrist1
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The in vitromethods currently used to screen bioactive compounds focus on the use of a single model of oxidative stress. However,
this simplistic view may lead to conflicting results. The aim of this study was to evaluate the antioxidant properties of two natural
extracts (amix of red wine polyphenols (RWPs) and epigallocatechin gallate (EGCG)) with threemodels of oxidative stress induced
with hydrogen peroxide (H

2
O
2
), a mixture of hypoxanthine and xanthine oxidase (HX/XO), or streptozotocin (STZ) in RINm5F

beta cells. We employed multiple approaches to validate their potential as therapeutic treatment options, including cell viability,
reactive oxygen species production, and antioxidant enzymes expression. All three oxidative stresses induced a decrease in cell
viability and an increase in apoptosis, whereas the level of ROS production was variable depending on the type of stress.The highest
level of ROS was found for the HX/XO-induced stress, an increase that was reflected by higher expression antioxidant enzymes.
Further, both antioxidant compounds presented beneficial effects during oxidative stress, but EGCG appeared to be amore efficient
antioxidant. These data indicate that the efficiency of natural antioxidants is dependent on both the nature of the compound and
the type of oxidative stress generated.

1. Introduction

Oxidative stress can be defined as an imbalance between pro-
and antioxidants and is often associated with free radical
[1] overproduction and/or defective physiological defence
mechanisms resulting in the cell being overwhelmed with
oxidizing radicals [2]. This phenomenon involves reactive
oxygen species [3], such as superoxide anion (O2

−) [4], hyd-
roxyl radical (OH∙) [1], singlet oxygen (1O2), and hydrogen
peroxide (H

2
O
2
) [5]. High concentrations of ROS can cause

lipid peroxidation, protein oxidation or denaturation, nuclear

acid oxidation, andmany othermacromolecular changes that
can lead to serious cellular damage [6]. Such ROS-related
damage has been identified to occur in numerous diseases,
including metabolic syndrome, diabetes, multiple types of
cancer, Alzheimer’s disease, and cardiovascular diseases.

Further, obesity, hyperglycemia, and hyperlipidemia have
also been shown to promote oxidative stress through elevated
ROS production [7], which is likely due to the higher occur-
rence of mitochondrial dysfunction and superoxide produc-
tion that has been associatedwith fat accumulation [8].Under
normal conditions, enzymatic defence mechanisms [9], such
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as scavenging by superoxide dismutase [10] and glutathione
peroxidase, are active in most types of cells to degrade ROS
and prevent cellular damage. However, the antioxidant defe-
nce system functioning in insulin producing beta cells, which
have been linked to both diabetes and obesity, is known to be
very weak [1, 11, 12], making these beta cells highly sensitive to
oxidative stress, which can lead to cell death and disease [5].
Notably, the prevention of ROS-related beta cell destruction
using antioxidant compounds has been identified to be an
effective strategy to delay the onset of diabetes [10, 13, 14].

In fact, several dietary plants that have pharmacological
properties shown to prevent apoptosis induced by oxidative
stress are under investigation as treatment options for dia-
betes [9, 15]. Some of these plants appear to utilize antioxidant
mechanisms related to their rich flavonoid (polyphenols fam-
ily) content. The unique chemical structures and redox pro-
perties of these polyphenols [16] allow them to scavenge free
radicals as well as chelate transitionmetals and inhibit proox-
idant enzymes, such as inducible nitric oxide synthase (iNOS)
in macrophages [17]. For example, tea catechins, especially
epigallocatechin gallate (EGCG), appear to have antiobesity
and antidiabetic properties [11, 18], and the beneficial effects
of red wine polyphenols (RWPs) in diabetics have been
widely documented [19]. RWPs are qualitatively and quanti-
tatively rich in polyphenols, particularly anthocyanins, flav-
onol, and stilbene. In general, polyphenols are characterized
by antioxidant activity and in vitro studies have shown that
they act as radical peroxyl scavengers [20]. However, most of
these in vitro studies were performed using a single model of
stress, such as hypoxanthine/xanthine oxidase (HX/XO) [21]
or H
2
O
2
[22, 23], whereby HX/XO was a direct supplier in

O2
−, while H

2
O
2
activated NADPH oxidase or NOS which

produce O2
−. In diabetes, in addition to O2

−∙, generated by
chronic hyperglycemia [4], other types of ROS are produced
during insulin resistance and hyperinsulinism development
[24]. Therefore, a single model of oxidative stress does not
reflect the full complexity of this disease. In more relevant
studies, oxidative stress was induced bymultiple mechanisms
using cytokines [25], alloxan [26], or streptozotocin [9, 27].
Notably, STZ is an NO donor and induces the formation
of several kinds of ROS (e.g., O2

−∙, H
2
O
2
, OH∙, and per-

oxynitrite; Szkudelski, 2001) as well as DNA alkylation and
tricarboxylic citric acid (TCA) cycle inhibition, all of which
lead to cell damage and death. Thus, STZ can be used to
inducemultiple levels of oxidative stress in order tomore app-
ropriately mimic that which occurs during diabetes in vivo.

Obviously the oxidative stress observed during diabetes is
complex, and the screening of antioxidant compounds can-
not be reduced to the use of a single chemical stress. It is
therefore important to validate the antioxidant properties of
each antioxidant treatment compound, such as the RWPs,
using both simple (single) and complex (multiple) oxidative
mechanisms.The aim of this study was to create three in vitro
models of oxidative stress (one with single radicals produced
by HX/XO and two with more complex oxidative reactions
using H

2
O
2
and STZ) in order to assess the antioxidant

efficiencies of a RWP extract and a purified extract of EGCG.

2. Materials and Methods

2.1. Cell Line. Rat insulinoma clonem5F (RINm5F) [28] cells
were purchased from the American Type Culture Collection
(ATCC, Manassas, USA). Cells were cultivated in Roswell
Park Memorial Institute (RPMI-1640) medium supplemen-
ted with 10% fetal bovine serum (FBS; Sigma, St. Louis, USA)
and 1% antibiotic-antimycotic (ABAM; Gibco, Invitrogen,
Grand Island, USA). Cells were grown in a humidified 5%
CO
2
atmosphere at 37∘C and trypsinized at 80% confluence

using 0.05% trypsin EDTA (Sigma). Medium was refreshed
every 48 hours.

2.2. Antioxidant Molecules. The RWP extract used in this
study was generously given by Dr. M. Moutounet (National
Institute of Agronomic Research, Montpellier, France). Red
wine phenolic extract dry powder was obtained from French
redwine (Corbières AOC) and analyzed byDr. P.-L. Teissedre
(Département d’Oenologie, Bordeaux, France). The extract
was prepared as previously described [29]: briefly, phenolic
compounds were adsorbed on a preparative column and,
then, alcohol desorbed; the alcoholic eluent was gently evap-
orated; the concentrated residue was lyophilized and finely
sprayed to obtain the phenolic extract dry powder. One liter
of red wine produced 2.9 g of phenolic extract, which con-
tained 471mg/g of total phenolic compounds expressed as
gallic acid. Phenolic levels in phenolic extract were mea-
sured by HPLC. The extract contained 8.6mg/g catechin,
8.7mg/g epicatechin, dimers (B1: 6.9mg/g, B2: 8.0mg/g,
B3: 20.7mg/g, and B4: 0.7mg/g), anthocyanins (malvidin-
3-glucoside: 11.7mg/g, peonidin-3-glucoside: 0.66mg/g, and
cyanidin-3-glucoside: 0.06mg/g), and phenolic acids (gal-
lic acid: 5.0mg/g, caffeic acid: 2.5mg/g, and caftaric acid:
12.5mg/g).

A stock solution of this RWP extract was prepared by
diluting 10mg/mL in a 1 : 1 mixture of distilled water and
100% ethanol. The EGCG extract was a pure form of green
tea Teavigo (DSM Nutritional Product, Gland, Switzerland).
To confirm its purity, Teavigo was analysed using chromato-
graphic separation on a octadecylsilyl silica gel LC column
(l: 0.125mm; d: 4; 0mm; Thermo Scientific, France) with
spherical particles. Mobile phase consisted of water : formic
acid (0.1%, phase A) and methanol : formic acid (0.1%, phase
B). A split systemwas used allowing the HPLC eluate to enter
the MS detector at a flow rate of 0.2mL/min. The injection
volume was 20𝜇L. UV spectral data were acquired at 275 nm
(the chromatogram was presented in Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2015/859048).
The extract was prepared at a 10mg/mL stock solution con-
centration which was then diluted in 1× phosphate-buffered
saline (PBS), pH 7.4 (Gibco, Invitrogen) as previously descri-
bed [18]. Cells were cultured for 48 hours before all treat-
ments. The antioxidant compounds (200 to 1000 pg/mM for
the EGCG and 100 to 1000 𝜇g/mL for the RWPs) were added
to cells seeded in 96-well treated microplates (BD Falcon,
Franklin Lakes, USA) at 30,000 cells/well and incubated for
1 hour. The toxicity of the EGCG and RWP extracts was then
assessed as described below.
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2.3. Oxidative Stress Induction and Protective Effects of EGCG
and RWPs. Oxidative stress was induced in the RINm5F cells
with (1) H

2
O
2
using a 33% daily prepared solution [30] that

was diluted with culture medium to multiple concentrations
(1, 10, 25, and 40 𝜇mol/L); (2) amixture of variousHX (mmol/
L) to XO (mU/mL) ratios (0.05/2, 0.2/8, 0.25/10, and 0.3/12)
isolated frombuttermilk [22]; and (3) a 40 𝜇mol/L solution of
STZ prepared in 0.1mol/L citrate buffer solution, pH 4.2 (27,
25, and 40 𝜇mol/L, prepared in pH 4.2 citrate buffer solution
(0.1mol/L)) [27]. All products were purchased from Sigma.

To evaluate the toxicity of the EGCG and RWP antioxi-
dants alone, various concentrations (EGCG at 200, 500, and
1000 𝜇g/mL; RWPs at 10, 50, 100, 150, and 200 𝜇g/mL) were
added to stressed and unstressed cells and incubated for 1
hour.

2.4. MTS Assay. Cell viability was assessed by measuring the
mitochondrial activity with the CellTiter 96 AQueous One
Solution Cell Proliferation Assay from Promega Corporation
(Madison, USA). After treatment, 100 𝜇L of culture medium
containing 20𝜇L of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbo
xymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
was added. Cells were incubated for 2 hours at 37∘C, in
5% CO

2,
and the absorbance was measured at 490 nm with

a Metertech 960 microplate reader (Metertech Inc., Taipei,
Taiwan). The quantity of the formazan product was directly
proportional to the mitochondrial activity related to number
of living cells. Results are expressed as the percentage of cell
viability compared to the appropriate negative controls.

2.5. Flow Cytometry

2.5.1. Caspase 8. Oxidative stress often affects the cells very
quickly, making it difficult to identify the primary apoptotic
effects of the ROS. Therefore, the expression and/or activity
of initiator caspases, such as caspase 8 [31], are often used
to study apoptosis in this context as they reflect the initial
effects of oxidative stress. Here, the activity of caspase 8 was
determined by flow cytometry using fluorescent inhibitor of
activated caspase 8 (caspase 8 FAM; Millipore, Guava Tech-
nologies, Hayward, CA). Briefly, cells were seeded in 96-
well treated microplates (BD Falcon, Franklin Lakes, USA) at
30,000 cells/well. After treatment, fresh medium supplemen-
ted with 10 𝜇L of caspase inhibitor was added. After mixing,
plates were incubated for 1 hour at 37∘C and centrifuged for 5
minutes at 300×g. Cells were then resuspended and 200𝜇L of
7-aminoactinomycin D (7AAD) was added and incubated
for 10 minutes at room temperature in the dark before ana-
lysis. A Guava Easycyte microcapillary flow cytometer (Mil-
lipore) was used with laser excitation at 488 nm in order to
detect caspase 8 FAM emission at 517 nm with carboxyfluo-
rescein [6] according to the manufacturer’s instructions. For
each assay, 200 cellular events were collected. Results were
analysed with CytoSoft software (Guava Technologies Inc.,
Hayward, CA, USA) and are expressed as the percentage of
stained cells.

2.5.2. ROS Production. Cells were seeded in 24-well treated
microplates (BD Falcon, Franklin Lakes, USA) at 500,000

cells/well. After treatment, 500𝜇L of fresh medium supple-
mented with 2,7-dichlorofluorescein diacetate (DCFH-DA;
Sigma) at final concentration of 5𝜇M[32] was added. DCFH-
DA is deacetylated by a membrane esterase, forming DCFH,
which is then transformed by intracellular H

2
O
2
to a fluores-

cent molecule [28]. Cells were incubated for 1 hour and then
trypsinized. After centrifugation during 10 minutes (500×g),
pellets were dissolved with 500 𝜇L PBS and 200𝜇L of the cell
solution was transferred to 96-well treated microplates. The
suspended cells were then treated with 10 𝜇L of propidium
iodide [11] for 15minutes and assayed for fluorescence by flow
cytometry at 530 nm. Assays were analyzed with CytoSoft
software and the results are expressed as a percentage of ROS
production (DCF-labelled cells) compared to the appropriate
negative controls.

2.6. Antioxidant Enzyme Expression: Catalase (CAT) and
Manganese Superoxide Dismutase (MnSOD). Protein extra-
cts were prepared from the treated cells using lysis buffer
containing 20mMTris ultrapure pH 8 (Euromedex,Mundol-
sheim, France), 137mM NaCl (Sigma), 1% Igepal CA-630
(Sigma), 31mM phenyl methyl sulfonide fluoride (Eurobio,
Les Ulis, France), and 10% glycerol (Sigma) with protease
inhibitor Complete Mini 1X (Roche, Indianapolis, USA).The
protein content of each was measured using the methods of
Bradford [33].

A 50 𝜇g aliquot of the total protein was then separated on
4–12% Bis-Tris Criterion XT Precast Gels (Bio-Rad), trans-
ferred to 0.45 𝜇m nitrocellulose membranes (Bio-Rad), and
detected with the following primary antibodies: anti-catalase
produced in mouse (Sigma) or anti-MnSOD produced in
rabbit (Sigma), each diluted to 1/1000e, as well as a 1/5000e
dilution of anti-𝛽-actin monoclonal antibody produced in
mouse. All antibodies were diluted in blocking buffer
from the WesternBreeze Chemiluminescent Kit (Invitrogen,
Grand Island, USA) overnight at 4∘C. Secondary antibody
solution (anti-mouse (1/2000) or anti-rabbit (1/4000) coupled
to alkaline phosphatase) was incubated with the membranes
for 30 minutes with continuous rotation as described in the
kit. Membranes were then exposed with a Bio-Rad Chemi-
Doc XRS System for 600 seconds, and the captured images
were analysed using Quantity One software. Expression of
CAT and MnSOD proteins was normalized to the quantity
of 𝛽-actin and expressed as a percentage compared to the
appropriate negative controls.

2.7. Statistical Analysis. Samples were assayed at least three
times for each test and the results are given as the mean ±
standard error (SEM). Data were analysed with one-way
analysis of variance [34] when designated using the Statistica
program (Statsoft©, Créteil, France). Treatment differences
were subjected to Fischer’s test with a 95% significance (𝑃 <
0.05) threshold.

3. Results

3.1. Cellular Effects of Various Oxidative Stressors. We first
screened the cell viability following treatment with multiple
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Figure 1: Effects of H
2
O
2
(a), HX/XO (b), and STZ (c) on RINm5F cell viability. Values are given as the mean ± SEM for three different

experiments. 𝑛 = 6; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared to the control cells.

concentrations of each oxidative molecule to determine the
concentration of each that induced RINm5F cell death in at
least 50% of the culture (Figure 1). H

2
O
2
appears to induce a

significant decrease in cell viability at concentrations above
25 𝜇mol/mL (𝑃 < 0.01), with the lowest number of viable
cells reaching 21.4 ± 0.5% at the 40 𝜇mol/mL concentration
(Figure 1(a)). Further, a ratio of 0.25mmol/L of HX and
10mU/mL of XO was sufficient to induce a significant loss
of cell viability, resulting in only 45.9 ± 9.2% of the cells
being viable at this ratio (𝑃 < 0.01) (Figure 1(b)). Finally,
even though the 10mmol/L concentration of STZ induced
a significant decrease in cell viability, leaving only 76.5 ±
0.7% of the cells (𝑃 < 0.01), a more marked reduction
of cell viability similar to that of the other oxidants was
observed at 25mmol/L, which resulted in only 32 ± 1.6%
of the cells remaining alive in the culture (𝑃 < 0.01)
(Figure 1(c)). Concentrations that induced a loss greater than
50% (25 𝜇mol/L of H

2
O
2
, a ratio of 0.25mmol/L of HX and

10mU/mL of XO, and 25mmol/L of STZ) were the sole
concentrations used in the subsequent analyses to study the
antioxidant properties of the EGCG and RWP extracts.

3.2. Antioxidant Toxicity Assessment. The potential toxicity
of each antioxidant extract on the unstressed RINm5F cells
was evaluated by measuring the cell viability in the presence
of different concentrations of EGCG and RWPs (Figure 2).
RWPs appear to have no effect on cell viability until reaching
a concentration of 500 𝜇g/mL, at which point the number of
viable cells drops to 92.4 ± 14.7% (not significant). A dose-
dependent decreasing trend in cell viability was also observed
around this concentration; however, this decrease was not
significant until the RWP concentration reached 1000 𝜇g/mL
(𝑃 < 0.05) (Figure 2(a)). In contrast, EGCG was observed to
induce a significant increase in cell viability at the 500𝜇g/mL
(152 ± 26%, 𝑃 < 0.01) and 1000𝜇g/mL (233.5 ± 13.0%,
𝑃 < 0.01) concentrations (Figure 2(b)).

3.3. Effects of EGCG and RWPs during H2O2-Induced Oxida-
tive Stress. RWPs were shown to reduce the loss of RINm5F
cell viability induced by H

2
O
2
oxidative stress (Figure 3(a))

in a dose-dependent manner starting at a concentration of
50 𝜇g/mL (32.4 ± 1.8%, 𝑃 < 0.01) and reaching a maximum
level at 200𝜇g/mL (73.9 ± 3.5%, 𝑃 < 0.01), the highest
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Figure 2: Effects of RWPs (a) and EGCG (b) on RINm5F cell viability. Values are given as the mean ± SEM for three different experiments.
𝑛 = 6; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared to the control cells.

concentration used in this study. Further, 500𝜇g/mL of
EGCG was sufficient to significantly improve cell viability
after oxidative stress (82.3 ± 6.2%, 𝑃 < 0.01) (Figure 3(b)).
This effect again appeared to be dose-dependent, with the cell
viability being completely restored and enhanced at an EGCG
concentration of 1000 𝜇g/mL (110 ± 8.9%, 𝑃 < 0.01).

The antioxidant properties of RWPs and EGCG were
also confirmed by measuring apoptosis through the evalu-
ation caspase 8 expression using 150 𝜇g/mL of RWPS and
500𝜇g/mL of EGCG. Both antioxidants appear to reduce the
significant increase in caspase 8 activation observed during
H
2
O
2
-induced oxidative stress back to levels similar to the

unstressed control cells (𝑃 < 0.01). Surprisingly, the sig-
nificant increase in ROS production observed during H

2
O
2

oxidative stress was not reduced by the RWP extract; it actu-
ally appeared to induce an increase in ROS production, going
from 11.1±2.1% to 19.2±1.9% (𝑃 < 0.01). On the other hand,
EGCG extract significantly reduced ROS production during
oxidative stress. In terms of antioxidant enzyme expression
during H

2
O
2
-induced oxidative stress, MnSOD (Figure 3(e))

and CAT protein expression (Figure 3(f)) was comparable to
that of the unstressed control cells. Further, MnSOD protein
expression was significantly reduced by RWPs during oxida-
tive stress (𝑃 < 0.05), while CAT protein expression was
reduced using EGCG (𝑃 < 0.01).

3.4. Effects of EGCG and RWPs on HX/XO-Induced Oxida-
tive Stress. The significant decrease RINm5F cell viability
observed during HX/XO-induced oxidative stress was signif-
icantly increasedwhen 200𝜇g/mLof RWPwas added, but the
percentage of viable cells did not exceed 40.2±1.9%(𝑃 < 0.01)
(Figure 4(a)).The efficiency of EGCG to improve the viability
of stress cells was similar to that observed for RWPs at the
200𝜇g/mL concentration (43.1±3.8%), although this was not
significant (Figure 4(b)). However, at higher concentrations
EGCG was able to significantly increase cell viability from
16.5 ± 2.1% in the stressed control cells to 88.5 ± 7.4% at

500𝜇g/mL (𝑃 < 0.01) and over 100% at the 1000 𝜇g/mL
concentration.

Further, the 150 𝜇g/mL and 500𝜇g/mL concentrations
of RWPs and EGCG, respectively, were then used to study
their antioxidant properties during HX/XO-induced oxida-
tive stress. It appears that these concentrations of RWPs
and EGCG significantly reduce caspase 8 cleavage during
HX/XO-induced oxidative stress (𝑃 < 0.05 and 𝑃 < 0.01,
resp.; Figure 4(c)), bringing the caspase 8 activity back down
to levels similar to the unstressed control cells. Moreover,
both antioxidants significantly reduced the ROS production
as well (Figure 4(d)). Notably, only EGCG was observed to
increase the protein expression of MnSOD (Figure 4(e)) and
CAT (Figure 4(f)) during HX/XO-induced oxidative stress.

3.5. Effects of EGCG and RWPs on STZ-Induced Oxidative
Stress. The significant decrease in cell viability during STZ-
induced oxidative stress was slightly opposed by 200𝜇g/mL
of RWPs, which significantly increased the number of viable
cells to amere 50.6±0.5% (𝑃 < 0.01). Similarly, a 1000 𝜇g/mL
concentration of EGCG was needed to significantly increase
the cell viability during STZ-induced oxidative stress (60 ±
14%, 𝑃 < 0.05) (Figure 5(b)). For further investigation
of the antioxidant properties of the RWPs and EGCG extracts
during this type of oxidative stress, we focused on the 200𝜇g/
mL and 1000 𝜇g/mL concentrations of RWPs and EGCG,
respectively.

Notably, caspase 8 activationwas not observed to increase
during STZ-induced oxidative stress; the addition of either of
the antioxidants did not significantly change these levels com-
pared to the unstressed or stressed control cells (Figure 5(c)).
However, the production of ROS was significantly increased
during STZ-induced stress and only EGCG treatment caused
a significant reduction of this induced ROS production (𝑃 <
0.05; Figure 5(d)). The unaltered MnSOD (Figure 5(e)) and
CAT (Figure 5(f)) protein expression during STZ-induced
oxidative stress was also only affected by the addition of
EGCG.
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Figure 3: Effects of the antioxidants RWPs and EGCG on cell viability (a, b), caspase 8 activity/apoptosis (c), ROS production (d), MnSOD
expression (e), and CAT expression (f) during H

2
O
2
-induced oxidative stress. Values are given as the mean ± SEM for three different

experiments. 𝑛 = 6; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared to the unstressed control cells (CTL−); #
𝑃 < 0.05, ##

𝑃 < 0.01 compared to
the stressed control cells (CTL+); §𝑃 < 0.05, §§𝑃 < 0.01, and §§§

𝑃 < 0.001 compared to the stressed cells treated with RWPs.

4. Discussion

In the present study, we sought to accurately determine the
antioxidant properties of two specific natural compounds,

RWPs and EGCG. In doing so, we have demonstrated that
antioxidant properties depend not only on the nature of the
compound itself, but also on the type of oxidative stress
induced. These data show, for the first time, that using one
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Figure 4: Effects of the antioxidants RWPs and EGCG on cell viability (a, b), caspase 8 activity/apoptosis (c), ROS production (d), MnSOD
expression (e), and CAT expression (f) during HX/XO-induced oxidative stress. Values are given as the mean ± SEM for three different
experiments. 𝑛 = 6; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to the unstressed control cells (CTL−); #𝑃 < 0.05, ##𝑃 < 0.01
compared to the stressed control cells (CTL+); §§𝑃 < 0.01 compared to the stressed cells treated with RWPs.

model of oxidative stress is not sufficient to make meaningful
conclusions concerning the action of an antioxidant, partic-
ularly in regard to disease-related oxidative stress.

Complexmechanisms related to glucose autoxidation and
hyperinsulinism, which increase ROS production, have been

identified in diabetes [5]. Further, the increased level of ROS
has been associated with beta cell apoptosis, which, in time,
induces insulin dependence [34, 35]. In order to decrease beta
cell oxidative stress, nutraceutical approaches have been
developed focusing on the screening of plant extract [36–38].
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Figure 5: Effects of the antioxidants RWPs and EGCG on cell viability (a, b), caspase 8 activity/apoptosis (c), ROS production (d), MnSOD
expression (e), and CAT expression (f) during STZ-induced oxidative stress. Values are given as the mean ± SEM for three different
experiments. 𝑛 = 6; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to the unstressed control cells (CTL−); #𝑃 < 0.05, ##𝑃 < 0.01
compared to the stressed control cells (CTL+); §𝑃 < 0.05, §§§𝑃 < 0.001 compared to the stressed cells treated with RWPs.

For the initial screening, the efficiency of the bioactive comp-
ounds in the plant is currently validated in vitro using a single
type of oxidative stress [27, 39–41]. Here, in order to provide
a comprehensive overview of ROS generated in diabetes, we

have utilized three models of oxidative stress to screen our
bioactive compounds.

Not surprisingly, the level of cell death induced by each
type of oxidative stress studiedwas similar. However, the level
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of ROS produced in the cells was found to be higher in the
HX/XOmodel compared to the others. In fact, our data show
that there is no correlation between ROS production and the
level of cell death, indicating that cell viability alone is not an
accurate marker of the oxidative stress response in a cell or
tissue.This is in contrast to several previous studies that have
linked oxidative stress to cell viability [3, 26, 28]. Notably, the
conclusions in these studies were all based on single models
of oxidative stress. We chose to measure ROS production in
parallel with other markers of the cellular stress response,
such as changes in SOD and CAT expression as well as the
caspase 8 activity in the cells, in order to evaluate the full effect
of the oxidant. According to these results, the cellular defence
mechanisms, characterised by SOD and CAT expression,
were more activated by the HX/XO-induced stress, which is
correlated to the higher level of ROS. Thus, we suggest that
antioxidant enzymes likely play a crucial role in cell protec-
tion following the introduction of oxidative stress, particu-
larly because the cell viability was comparable to the other
conditions as previously described [21, 40].This phenomenon
in the HX/XO experiments could also be explained by the
type of radical generated. In fact, the stress induced by H

2
O
2

and STZ was more complex (ROS generation via NADPH
oxidase activation and/or NO synthase) compared to that
generated byHX/XO (direct ROSprovider), whichmay result
in the latter inducing the cell’s response to stress earlier or
more efficiently. Additional work is necessary to further elu-
cidate the differing effects caused by the various free radicals.

Using the three stress models outlined here in conjunc-
tion with parallel investigations of ROS generation and cel-
lular defence mechanisms to screen bioactive compounds
also providedmore detailed information on the cellular stress
response. For example, in these experiments, EGCGappeared
to be a better antioxidant for the three types of different
stresses induced, with a decrease in ROS production and an
activation of MnSOD and CAT expression, whereas RWPs
were shown to be efficient only on the strongest stress
(HX/XO) and even then only had a limited influence on anti-
oxidant enzyme expression. Thus, the use of multiple types
of free radical stress indicates that EGCG is likely the most
efficient scavenger [26] and pharmacological treatment [37]
investigated in this study. This is corroborated by a previous
study that demonstrated the neuroprotective effects of EGCG
involving inhibition of the Fenton reaction and upregulation
of several antioxidant enzymes, such as superoxide dismutase
and catalase, resulting in the attenuation of oxidative stress
[42]. In contrast, the antioxidant properties of RWPs seem
to be solely related to scavenging during severe changes in
oxidative stress. Moreover, our study suggests that RWPsmay
be both antioxidant and prooxidant because we observed an
increase of ROS production when RPWs were added during
H
2
O
2
oxidative stress. It is well known [43] that polyphenols

extract could autoxidize and produce more hydrogen perox-
ide. In our study, we have demonstrated in this condition that
RWPs have no impact on SODor CAT protein expression but
other protectivemechanisms could be activated like the stim-
ulation ofCATand SODactivity or a direct action glutathione
or thioredoxin. Notably, while we sought to use the same
concentration of compound (pure or extract) for both RWPs

and EGCG, the composition of these compounds made this
impractical. Using HPLC [29], it appears that the raw RWP
extract also contains several flavonoids (epicatechin, cate-
chin, and gallic acid) but is found at concentrations that are
100 times less than that of the pure EGCG used in this study.
This composition could explain the relatively low efficiency
of RWPs shown here. In contrast, the pure EGCG extract
was able to activate antioxidant pathways through several
mechanisms, which could be due to the high concentra-
tion of the flavonoids present.

Regardless of the composition of the compounds, if only
one oxidative stress model had been used or only one ROS
or cell death assay had been performed, then it is unlikely
that the complex nature of these antioxidants would have
been uncovered. Therefore, we believe that the sole use of
one model or one assay to validate the efficiency of bioactive
compounds in the current literature [30, 32] greatly limits
the scope and conclusions of these studies. Further, a more
precise determination of cell death, ideally using additional
apoptosis signalling pathways, like additional caspase activa-
tion, antiapoptotic Bcl-xL, and proapoptotic Bax expression
[27, 37], as well as further analysis of oxidation-related
enzymes could also be utilized to expand our current analysis.
Additional work is necessary to determine the full function-
ality of our multitype oxidative stress model in testing the
antioxidant properties of other compounds.

5. Conclusion

Here, we have demonstrated that the level of ROS gener-
ated by different oxidative stresses was variable and a drug
screening using a single kind of stress can introduce bias in
the estimation of the antioxidant properties of a compound.
Therefore, a combination of several stresses and several cellu-
lar and molecular approaches would provide a more accurate
experimental text to determine if the compound is an
efficient antioxidant.This in vitromodel also more accurately
mimics the in vivo biological situation, which will help avoid
unnecessary spending of money and time when transitioning
a bioactive antioxidant treatment from the context of cell
culture to clinical validation. Taken together, this study
provides a much neededmethod for the comprehensive asse-
ssment of antioxidants for the treatment of oxidative stress-
related diseases.
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[11] H. P. Ammon, R. Hägele, N. Youssif, R. Eujen, and N. El-
Amri, “A possible role of intracellular and membrane thiols
of rat pancreatic islets in calcium uptake and insulin release,”
Endocrinology, vol. 112, no. 2, pp. 720–726, 1983.

[12] S. Lenzen, J. Drinkgern, and M. Tiedge, “Low antioxidant
enzyme gene expression in pancreatic islets compared with
various othermouse tissues,” Free Radical Biology andMedicine,
vol. 20, no. 3, pp. 463–466, 1996.
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The traditional medicinal plant, Labrador tea (Rhododendron groenlandicum (Oeder) Kron & Judd; Ericaceae), present in the
pharmacopoeia of the Cree of Eeyou Istchee, has shown glitazone-like activity in the 3T3-L1 adipogenesis bioassay.This activity has
been attributed to phenolic compounds, which have been shown to vary in this plant as a function of insolation parameters. The
goal of this study was to determine if these changes in phenolic content were pharmacologically significant. Leaves were harvested
in 2006 throughout the James Bay region of Northern Quebec and ethanol extracts were tested in vitro using the 3T3-L1 murine
cell line adipogenesis bioassay. This traditional medicinal plant was found active in the assay. However, there was no detectable
spatial pattern in the accumulation of intracellular triglycerides, suggesting that such patterns previously observed in the phenolic
profile of Labrador tea were not pharmacologically significant. Nonetheless, a reduction in the adipogenic activity was observed
and associated with higher concentrations of quercetin for which selected environmental variables did not appropriately explain
its variation.

1. Introduction

In a previous study on the phytochemistry of the North
American medicinal plant, Rhododendron groenlandicum
(Oeder) Kron & Judd (Ericaceae), Labrador tea, we found
the concentration of biologically active compounds to vary
in Northern Quebec’s Hudson and James Bay region [1].
Labrador tea is a common species in Canada’s boreal forest.
More importantly, it is a popularmedicinal plant found in the
traditional pharmacopoeia of indigenous populations from
the Algonquian, Salish, Wakashan, Tsimshian, and Eskimo-
Aleut linguistic families [2–9].

In ethnobotanical studies conducted in six communities
of the Cree Nation of Eeyou Istchee (CEI), we found R.
groenlandicum to be the top-ranked plant species used for the
treatment of symptoms associated with type 2 diabetes (T2D)
[10–13].The inherent cultural relevance of this species to CEI
traditional medicine (CTM) warrants further investigation
into its antidiabetic potential.

The CIHR Team on Antidiabetic Aboriginal Medicines
(CIHR-TAAM), formed through collaborative work between
CEI communities, the Cree Board of Health and Social
Services of James Bay (CBHSSJB), and Canadian academic
researchers, has screened many of the multiple plants
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present in the CEI pharmacopoeia [14–17]. Of these, R.
groenlandicum was shown to possess in vitro glitazone-like
activity comparable to rosiglitazone in an adipogenic assay
measuring the lipid accumulation in differentiating 3T3-L1
preadipocytes [14].

The antidiabetic drug rosiglitazone induces an increase
in the sensitivity to insulin, acting as a PPAR𝛾 receptor
agonist [18]; the expression of this transcription factor is
particularly implicated in the differentiation of adipocytes
[19–22] and in insulin sensitivity [18]. Hence, it plays a
critical role in the pathogenesis of T2D.The action of PPAR𝛾
results in an improvement in the absorption of fatty acids
in differentiated adipocytes which store them as triglycerides
(TG) [18]. Adipocytes therefore provide storage for fatty
substances that would otherwise accumulate in tissues such
as skeletalmuscle and liver, thereby contributing tometabolic
disorders such as insulin resistance [22].

The pharmacological activity of R. groenlandicum
has been attributed to phenolic compounds [14, 16, 23].
Bioassay-guided fractionation using adipogenesis of 3T3-L1
murine cells confirmed that specific phenolics are the most
active compounds [24]. In developing culturally appropriate
approaches to treating T2D in the CEI communities, the
variation of these compounds in R. groenlandicum has
important implications in ensuring the quality control of
traditional medicinal plants or to develop standardized
natural health products (NHPs).

In this study, we assessed possible variations in the
antidiabetic potential of R. groenlandicum. Our objective
was to determine if the phytochemical variations observed
in the species’ phenolic profile are biologically significant.
We evaluated the in vitro pharmacological activity of crude
extracts from various localities using the adipogenesis bioas-
say and hypothesized that high concentrations of phenolic
compounds would result in a stronger adipogenic activity.

2. Materials and Methods

2.1. Sampling, Extraction, and Phytochemical Analysis. The
sampling, extraction, and analytical methods for phyto-
chemical identification and quantification are thoroughly
described in Rapinski et al. [1], which reports on the
phytochemistry of R. groenlandicum. A subsample, selected
randomly, of previously reported samples was used in this in
vitro study.

Briefly, mature leaves were sampled during the summer
of 2006 around the communities of Mistissini, Nemaska,
Eastmain, Wemindji, and Whapmagoostui, thus covering
much of the northsouth gradient in Eeyou Istchee. Five
accessions, each containing leaves from multiple individual
plants, were collected within a 50 km radius around each
community and selected for this study. Samples were air-
dried and preserved in paper bags at room temperature.

Samples were milled through a Wiley Mill at 40 mesh
and extracted overnight in 25mL/g of 80% EtOH by orbital
shaking at room temperature at 250 RPM. The pellet
was extracted overnight in 15mL 80% EtOH. An aliquot
(1mL) of the pooled supernatants (adjusted to 50.0mL in
a volumetric flask) was prepared for High Performance

Liquid Chromatography coupled with Diode Array Detector
(HPLC-DAD). The leftover crude extracts were dried using
a speedVac; the trace water was removed by lyophilization
using SuperModulo freeze dryer and the dehydrated extracts
were stored at −80∘C.

Finally, 10𝜇L of each extract aliquot was injected through
an autosampler and detected by DAD at 290 nm, bandwidth
4, reference off. The separations were performed on a Luna
C18 column (250 × 4.6mm, 5 𝜇M particle size). Peak identi-
fication was undertaken by cochromatographic comparison
of the spectral data adopted in our in-house metabolomics
spectral library [23]. A standard curve was constructed by
injection of serially diluted marker compounds in methanol.
The quantification was based on peak area. The quantitation
of putatively identified quercetin-glycosides was achieved
based on calibration curve of quercetin-3-galactoside. Each
sample was analyzed in triplicate and averaged to account for
instrumental variation.

2.2. Cell Culture. 3T3-L1 murine preadipocyte cells were
grown to confluence in 24-well plates in DMEMproliferation
medium containing 10% FBS. Media were changed every 2
days. At 24 h after confluence (day 0), cells were induced
to differentiate with a short-term differentiation medium of
DMEM supplemented with 10% FBS, 1 𝜇M DMX, 250𝜇M
IBMX, and 500 nM insulin. After 48 h, the media were
replaced with DMEM containing 10% FBS and 500 nM
insulin for long-termdifferentiation. Cells were differentiated
for a total of 5 days with media change every 2 days.
Rhododendron groenlandicum crude extracts (75𝜇g/mL) and
rosiglitazone (10 𝜇M; positive control) were dissolved in
DMSO and added to the cells as of day 0 of differentiation.
The final concentration of DMSO was kept at 0.1% through-
out the differentiation period.

2.3. Adipogenesis. We measured intracellular TG content at
day 5 of differentiation using the AdipoRed reagent accord-
ing to the manufacturer’s instructions. Methods have been
previously described in Spoor et al. [14] and Harbilas et al.
[16]. In short, wells containing adipocytes were washed twice
with phosphate-buffered saline (PBS) before 1mL of PBS
containing 30 𝜇L of AdipoRed reagent was added to each well
and incubated for 15minutes at room temperature. AdipoRed
becomes fluorescent when partitioned in a hydrophobic
compartment, namely, intracellular triglycerides (TG). The
fluorescence of each well was measured with a Wallac
Victor2 fluorimeter (Perkin-Elmer, Saint-Laurent, QC) at an
excitation wavelength of 485 nm and an emission wavelength
of 572 nm. The results were reported as percentage of the
vehicle control, 0.1% DMSO.

2.4. Cell Lines, Chemicals, Biochemicals, and Standards.
For the identification and quantification of phenolic mark-
ers, (+)-catechin (1), chlorogenic acid (2), (−)-epicatechin
(3), p-coumaric acid (4), rutin (5), quercetin-3-galactoside
(6), quercetin-3-glucoside (7), quercetin-3-rhamnoside (12),
myricetin (13), and quercetin (14) were purchased from
Sigma-Aldrich (Oakville, Ontario, Canada) and Extrasyn-
these (Genay, France). HPLC grade water, acetonitrile, and
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formic acid (99% purity) were purchased from Sigma-
Aldrich.

For cell culture and adipogenesis, preadipocyte 3T3-L1
cell line was purchased from the American Type Culture
Collection (ATCC; Manassas, VA). Dexamethasone (DMX),
bovine pancreatic insulin, 3-isobutyl-1-methylxanthine (IBMX),
and Dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (Oakville, ON). Rosiglitazone was obtained
from Alexis Biochemicals (Hornby, ON).

Dulbecco’sModified EagleMedium (DMEM), fetal bovine
serum (FBS), and bovine calf serum (NCS) were fromWisent
Inc. (Saint-Bruno, QC). AdipoRed reagent was purchased
from Cambrex Bio Science Walkersville Inc. (Walkersville,
MD).

2.5. Environmental Data. Annual estimates of bioclimatic
variables, namely, annual temperature range, corresponding
to our sampling year and long-term estimates for insolation
variables were provided by the Canadian Forest Services of
Natural Resources Canada [25]. Long-term estimates were
derived frommultidecademeteorological data collected from
1971 to 2000 [26, 27].

2.6. Statistical Analysis. To reduce interassay variation, TG
content was normalized relative to each assay’s vehicle con-
trol, 0.1% DMSO, set at 100%. Rhododendron groenlandicum
and rosiglitazone always induced significant increases in
activity as verified by the fact that the 95% confidence
interval of the mean activity (quadruplicate determinations)
did not include the 100% adipogenic activity reference (𝑝 <
0.05). Differences between communities were analyzed by
one-way analysis of variance. The relationships between
TG content and compounds were analyzed by multiple
and simple linear regressions. To represent the adipogenic
activity of R. groenlandicum and the quantified compounds,
principal components analysis (PCA) was performed on the
matrix of these compounds using the correlation matrix.
Individual samples were scored onto the PCA axes and
representedwith the vectors for each compounds. TG content
was subsequently projected as a supplementary variable
onto the principal components in order to interpret the
dimensions of variability. In doing so, the calculation of
distances between each of the samples and the construction
principal components depends only on their phytochemical
profile. Using the transition formulae described by Lê et al.
[28], the coordinates for TG content are calculated using
the original eigenvalues. Finally, we partitioned the variation
in the adipogenic activity of R. groenlandicum between the
two sets of variables: compounds and environmental factors.
This was done using a partial-redundancy analysis (partial-
RDA) approach [29, 30]. All analyses were performed using
R statistical language [31]. Results are reported asmeans ± SD
and statistical significance is set at 𝛼 = 0.05.

3. Results and Discussion

The phytochemistry of the same R. groenlandicum accessions
has already been described and discussed in greater length in
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Figure 1: Effect of R. groenlandicum crude leaf extracts from
Northern Quebec on lipid accumulation. Intracellular triglyceride
content was measured by AdipoRed fluorescence, in live 3T3-L1
murine adipocytes incubated with plant extracts for 5 days after
differentiation. Means ± SD (𝑛 = 4 for rosiglitazone, 𝑛 = 100
for R. groenlandicum) are normalized to the vehicle control (0.1%
DMSO). Asterisk (∗) indicates significant differences with respect
to the DMSO control at 𝛼 = 0.05.

Rapinski et al. [1]. Here, we present the results of a subsample
of 2006 accessions in the adipogenesis bioassay.

The glitazone-like activity ofR. groenlandicum to increase
the accumulation of intracellular TG in 3T3-L1 adipocytes
was measured at day 5 of differentiation. Extracts increased
adipogenesis, with an average content of TG of 159.0% that
of DMSO (Figure 1) and a 95% confidence interval of 138.8–
179.1% of DMSO.The adipogenic activity of R. groenlandicum
was roughly half of the positive control, rosiglitazone. This is
lower than what has previously been reported for this species.
Spoor et al. [14] reported the stimulation of adipogenesis to
be comparable to rosiglitazone, while later determinations
measured an activity representing two-thirds that of the
antidiabetic drug [24]. With few exceptions (Figure 2), our
results nonetheless confirm the adipogenic potential of this
species. It is important to consider the fact that previous
determinations of activity were carried out using extracts
prepared from large quantities of source material (large
number of individual plants) collected a few years prior to the
material used in the present studies. Hence, interindividual
variations were absent and different climatic conditions
may have prevailed. This can explain, at least in part, the
differences in adipogenic potential observed between the
studies.

There were no statistically distinct spatial patterns
detected in the pharmacological activity of R. groenlandicum.
None of the communities sampled possessed accessions
which significantly increased intracellular TG more than the
others (𝑝 = 0.348, Figure 3). We have previously found
that biologically active phenolics were greater in collections
made around the communities of Nemaska, Eastmain, and
Wemindji [1]. The adipogenic activity of R. groenlandicum
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Figure 2: Frequency distribution of the adipogenic activity from 25
samples of R. groenlandicum leaves collected throughout Northern
Quebec. Intracellular triglyceride content was measured by Adi-
poRed fluorescence, in live 3T3-L1 murine adipocytes incubated
with plant extracts for 5 days after differentiation. Triglyceride
content was normalized to the vehicle control (0.1% DMSO).
Samples with content levels below 100% (in white) were considered
inhibitory and decreased lipid accumulation.

followed a similar trend, as can be observed in Figure 3,
although statistical significance of a polynomial relationship
was not achieved (𝑝 = 0.170), possibly due to high variability.
This suggests that variations in the phytochemical profiles,
observed in Rapinski et al. [1], may be pharmacologically
relevant, but further studies will be necessary to confirm this
point.

Indeed, we found that quantified compounds explained
considerable variability obtained in this species’ pharmaco-
logical activity (𝑝 = 0.0279, 𝑅2adj = 0.491). The distribution
of R. groenlandicum samples based on their phytochemical
profile was reconstructed into a reduced three-dimensional
space, which represented 69.92% of the samples’ variation
over three statistically constructed principal components, or
axes (Figure 4). Each principal component, from the first to
the third, respectively, explained 35.99% (𝜆

1
= 3.96), 22.97%

(𝜆
2
= 2.53), and 10.96% (𝜆

3
= 1.20) of the variation. The

direction and proximity of arrows for some major markers
suggest that these are highly correlated (Figure 4). When
projecting intracellular TG onto this plot, it did not appear
to be well correlated with the bulk of these markers, many of
which were found near a 90∘ angle from it, thus indicating
week or null correlations. One of the only markers for which
a significant relationshipwith TG appears to exist is quercetin
(Figures 4(b) and 4(c)). This suggests that, out of all the
compounds assessed, variations in the adipogenic activity
of R. groenlandicum are most vulnerable to changes in the
content of quercetin found in the crude extracts. Figure 5
further illustrates the linear correlation (𝑝 = 0.0458, 𝑅2 =
0.162) whereby the adipogenic activity of R. groenlandicum
decreases as the concentration of quercetin in the sample
increases. This is consistent with observations from our
own group [24] where pure quercetin was found to inhibit
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Figure 3: Effect of R. groenlandicum crude leaf extracts prepared
from accessions collected around five communities in Northern
Quebec on lipid accumulation. Intracellular triglyceride content
was measured by AdipoRed fluorescence, in live 3T3-L1 murine
adipocytes incubated with plant extracts for 5 days after differentia-
tion.Means ± SD (𝑛 = 5) are normalized to the vehicle control (0.1%
DMSO).Therewere no significant differences between communities
(𝑝 = 0.348).

adipogenesis in a dose-dependent manner. The activity of
quercetin is well studied and has also been consistently shown
by others to be a potent inhibitor of adipocyte differentiation
and adipogenesis [18, 32–34].

Our results suggest that while the geographical location
does not appear to have a statistically significant impact on
the adipogenic activity of crude extracts of localized R. groen-
landicum samples, variations in active compounds do explain
a significant proportion of variability in pharmacological
activity. We have shown that annual temperature ranges
and insolation parameters, such as solar radiation, could
significantly explain some of the variation in the species’
phenolic compounds [1]. Although we did not find in this
study that these environmental variables could significantly
explain the variation in TG content (𝑝 = 0.150, 𝑅2adj = 0.162),
we found, nonetheless, that they explained an important
proportion of the variation in the phytochemical profiles
of R. groenlandicum, which could significantly explain TG
content (nontestable; see Table 1, Figure 6). Indeed, variation
partitioning of TG content with both phytochemical and
environmental variables indicates that while the relationship
with compounds was statistically significant (𝑝 = 0.0279,
𝑅
2

adj = 0.491), their unique contribution to explaining TG
content no longer was when the contribution of environ-
mental variables, albeit small, was taken into account and
removed (𝑝 = 0.0619, 𝑅2adj = 0.424).

This confirms the caveat that environmental variables
play an underlying role in affecting the content of biologically
active compounds. Conversely, quercetin, the only significant
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Figure 5: Intracellular triglycerides content of 3T3-L1 murine
adipocytes exposed to 75 𝜇g/mL of R. groenlandicum leaf extracts
collected from various locations. Quercetin concentrations in crude
extract were significantly and negatively associated with the species’
adipogenic activity (𝑝 = 0.0458). Triglyceride contents are normal-
ized to the vehicle control (0.1% DMSO).

Table 1: Variation partitioning of the adipogenic activity ofR. groen-
landicum leaf extracts explained by the content in biologically active
compounds (compounds) and the effect of bioclimatic variables
(environment). Fraction [𝑎] corresponds to the unique contribution
of compounds once the environment has been taken into account,
whereas fraction [𝑐] represents the reverse. Fraction [𝑏] represents
the shared portion, or overlap, between the effect of compounds and
environment. The variation (𝑅2adj) of each fraction is represented in
Figure 6. Asterisk (∗) indicates significant fractions at 𝛼 = 0.05.

Fractions 𝑅
2

adj p
[𝑎 + 𝑏] = compounds 0.491 0.0279∗

[𝑏 + 𝑐] = environment 0.109 0.150
[𝑎 + 𝑏 + 𝑐] = compounds +
environment (full model) 0.534 0.0437∗

[𝑎] = compounds|environment 0.424 0.0619
[𝑏] = shared 0.0668 Not testable
[𝑐] = environment|compounds 0.0424 0.302
[𝑑] = unexplained (residuals) 0.466 Not testable
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Figure 6: Variation partitioning of the adipogenic activity of
R. groenlandicum leaf extracts explained by the content in bio-
logically active compounds and the effect of bioclimatic vari-
ables. 𝑎 = compounds|environment, 𝑏 = shared component, 𝑐 =
environment|compounds, and𝑑=unexplained (see Table 1 formore
details). The full model, fraction [𝑎 + 𝑏 + 𝑐], as well as the model
including compounds only, fraction [𝑎 + 𝑏], was significant at 𝛼 =
0.05.

compound related to changes in the adipogenic activity of R.
groenlandicum, was not found to be strongly associated with
environmental variables [1]. This may hence explain why the
portion of variation those environmental variables contribute
to the model, and more specifically to the content of biologi-
cally active compounds, which best explains the variation in
TG content, is considerably small (Table 1, Figure 6).

On the other hand, our results provide support for the
hypothesis that synergistic interactions may occur between
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compounds. For instance, the inhibitory action of Hibiscus
sabdariffa (Malvaceae) was greater than the sum of its parts
when polyphenols had been fractionated, isolated, and tested
individually [35]. More importantly, in bioassay-guided frac-
tionation experiments, the activity of crude Labrador tea
extracts was higher than that of each active compound tested
individually [24]. Finally, quercetin and resveratrol, together,
decreased lipid accumulation considerably more than each of
these used separately at the same dose [34].

Many of the compounds quantified in this paper
have shown adipogenic activity in some form or another.
Quercetin-3-glucoside has been found toxic to adipocytes
at relatively low concentration (50 𝜇M) but was not found
to affect adipogenic activity [33]. Quercetin-3-rhamnoside
has been found inactive at low concentrations yet inhibited
adipogenesis at high concentrations and chlorogenic acid has
also been found to inhibit intracellular triglycerides accumu-
lation [33]. Content variations of some of these, particularly
(+)-catechin and (−)-epicatechin, have been explained by
environmental variables [1]. Although the individual effect of
these compounds was not detected in our study, it does not
undermine the role they may play when found in a cocktail
of substances.

4. Conclusion

We have previously shown that latitude acted as a marker
for the impact of environmental variables on phytochemical
concentrations [1]. Therefore, a trend could possibly exist
between abiotic factors and concentration of targeted sec-
ondary metabolites, but a larger sample size might be needed
to detect it. There may also be other environmental, climatic,
and even biotic factors that were not taken into account,
which explain the changes in quercetin content. These may
better explain the ecophysiological processes affecting the
antidiabetic potential of R. groenlandicum. Increase in the
adipogenic potential of this traditional medicine was asso-
ciated primarily with lower concentrations of quercetin, but
the cause for its variation will require further investigation.
Nonetheless, our results do not provide enough evidence to
justify the idea that specific accessions of Labrador tea may
have reproducibly better adipogenic potential than others
along a latitudinal gradient. Conversely, our study implies
that random harvesting of R. groenlandicum in the Eeyouch
territory of NorthernQuebec should not have amajor impact
on the quality of traditional preparations orNHPsmade from
this plant.
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Erchen decoction (ECD) is a traditional Chinese medicine prescription, which is used in the treatment of obesity, hyperlipidemia,
fatty liver, diabetes, hypertension, and other diseases caused by retention of phlegm dampness. In this study we investigated the
potentialmechanism of ECD, usingmetabolism-disabledmice induced by high-fat diet. Bodyweight and abdominal circumference
were detected. OGTT was measured by means of collecting blood samples from the tail vein. Blood lipid levels and insulin
were measured using biochemical assay kit. Real-time PCR was used to measure the CDKAL1 gene expression and western blot
was used to measure the protein expression. Through the research, it was found that ECD showed markedly lower body weight
and abdominal circumference than those in the HFD group. Consistently, we observed that ECD significantly improved glucose
tolerance, promoted the secretion of insulin and decreased the level of TG, TC level.Meanwhile, we observed significantly increased
CDKAL1 mRNA and protein level in the ECD group.Therefore, we speculate that the potential molecular mechanism of ECD is to
promote the CDKAL1 expression, ameliorate islet cell function, and raise insulin levels to regulate the metabolic disorder.

1. Introduction

Erchen decoction (ECD) is a common Traditional Chinese
Medicine prescription, which was first recorded in a classic
clinical Traditional ChineseMedicine (TCM) book titledThe
Taiping Huimin Heji Jufang, and it is a basic prescription
of the treatment in drying dampness and resolving phlegm
and is used in the treatment of a variety of diseases caused
by retention of phlegm dampness. In the clinical application
of TCM, ECD is used extensively in the treatment of obesity,
hyperlipidemia, fatty liver, diabetes, hypertension, and other
diseases caused by retention of phlegm dampness [1–4].
It has been reported that the phlegm dampness tends to
be concentrated in the metabolic syndrome people [5, 6].
At present, metabolic syndrome (MS) refers to the clinical
syndrome gathered by diabetes, hyperlipidemia, and hyper-
tension, which takes the insulin resistance as the basis and
central obesity as the main performance. In the past decades,
MS has attracted attention due to its higher and higher

incidence related to changes of people’s life style in China.
It is shown in studies that ECD [7, 8] could improve the
fatty deposits, reduce blood lipid, lower body mass index and
blood glucose, improve the glycolipidmetabolic disorder, and
so on. It is found in animal experiments that ECD could
reduce the blood glucose and blood lipid in mice fed with
high-fat diet and increase insulin sensitivity [9, 10]. It also
has the function of reducing the atherosclerosis index and
antiatherosclerosis [11]. Despite multiple treatment effects
observed, the molecular mechanism of ECD in regulating
metabolism disorder is still unclear.

CDKAL1 is located on chromosome 6, 6P22.3, and
its full length is 37 kb. The mRNA of CDKAL1 is highly
expressed in the bone, muscle, pancreas, and brain tissues
in the human body. In recent years, part of the study
shows that CDKAL1 is a mammalian methylthiotransferase
that catalyzes the 2-methylthio (ms2) modification of N6-
threonylcarbamoyladenosine (t6A) to produce 2-methylthio-
N6-threonylcarbamoyladenosine (ms2t6A) at position 37 of

Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2015, Article ID 501272, 9 pages
http://dx.doi.org/10.1155/2015/501272

http://dx.doi.org/10.1155/2015/501272


2 Evidence-Based Complementary and Alternative Medicine

tRNALys (UUU) [12]. The ms2 modification of tRNALys
(UUU) stabilises the interaction with its cognate codons,
allowing for efficient translation. CDKAL1 induces insulin
secretion through induction of precise protein translation of
insulin [13]. Clinical studies and animal studies have sug-
gested that ECD can promote the secretion of insulin. In this
study, we would like to explore the molecular mechanisms
of ECD in treatment of MS by observing its effect on the
expression of CDKAL1 in mice fed with high-fat diet.

2. Materials and Methods

2.1. Drug Preparation and Diet. ECD comprises four Chinese
herbs: Pericarpium Citri Reticulatae (9 g), Rhizoma Pinelliae
(9 g), Poria (6 g), and Radix Glycyrrhizae (3 g). The dosage
is determined according to the book of The Taiping Huimin
Heji Jufang. All herbs were purchased from Guoyi Hospital
affiliated to Fujian University of TCM. Herbal decoction was
prepared in accordance with conventional TCM decocting
methods. (1) Place all herbs in a cooking pot (porcelain) with
500mL water; (2) boil the herbs with highest heat after 30
minutes of soak; (3) reduce heat and simmer for 20 minutes;
(4) transfer the liquid by filtration; (5) add water and boil the
remaining, and then repeat (3) and (4) onemore time tomake
a second dose of medicine; and (6) mix the two doses in a
glass pot and concentrate solution by the rotary evaporation
apparatus. The final concentrated decoction is 50mL. ECD,
metformin, and simvastatin were administered at a dose
of 10mL/kg/d (pure solution), which was approximately 12
times of the standard dose in practice, according to the dose-
equivalence equation between mice and humans [14]. The
high-fat diet (HFD) contained 34.9% fat (60% of calories),
26.3% carbohydrates (20% of calories), and 26.2% protein
(20% of calories) as well as fiber, vitamins, and minerals with
total calorific value 21924 kJ/kg (D12492, ResearchDiets, New
Brunswick, NJ, USA).The ordinary diet (NFD) contained 5%
fat, 23% protein, and 53% carbohydrate with total calorific
value 25 kJ/kg (Shanghai Slac Laboratory Animal Company,
Shanghai, China).

2.2. Animals and Interventions. SPF animals (male C57BL/6J
mice, 20 g ± 2 g) were obtained from Shanghai Slac Labora-
tory Animal Company (Shanghai, China). Mice were housed
in an SPF, temperature (24∘C ± 2∘C) and humidity controlled
(55%± 10%) roomwith a 12-hour light-dark cycle (commenc-
ing with light at 08:00) in the animal experiment center of
Fujian University of TCM. The experimental protocol was
approved by the Fujian University of TCM Ethics Committee
for the use of experimental animals (number 2014-004).
Animals were randomized into 2 groups: the normal group
(NFD, 𝑛 = 8), fed ordinary diet, and the high-fat diet group
(HFD, 𝑛 = 32), fed high-fat diet. After 10 weeks, the mice in
the HFD group were randomized into 4 groups: the model
group (HFD, 𝑛 = 8), the Erchen decoction group (ECD,
𝑛 = 8), the metformin group (MFN, 𝑛 = 8, each mouse is
given 0.3 g/kg metformin), and the simvastatin group (SVN,
𝑛 = 8, each mouse is given 2mg/kg simvastatin). Every
group, respectively, gives corresponding drug by gavage orally
for 4 weeks. All mice could eat and drink ad libitum. Body

weight and abdominal circumference were recorded every
2 weeks.

2.3. Intraperitoneal Glucose Tolerance Test. At week 10, week
12, and the end of the treatment, mice were fasted overnight
(12 h). The baseline glucose values (0min), prior to injection
of glucose (1 g/kg body weight), were measured by means
of collecting blood samples from the tail vein. Additional
blood samples were collected at regular intervals (30, 60, and
120min) for glucose tolerance tests.

2.4. Serum Chemistry Analysis. The mice were fasted over-
night and anesthetized. Blood samples were collected from
the retroorbital sinuses of each group. Serum triglyceride
(TG), total cholesterol (TC), HDL cholesterol (HDL-c), and
LDL cholesterol (LDL-c) were measured using biochemical
assay kit according to the manufacturer’s instruction (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China).
Serum insulin was measured using an ELISA kit according to
the manufacturer’s instruction (Shanghai Westang Bio-Tech
Co. Ltd., Shanghai, China).

2.5. Real-Time PCR for mRNA Analysis. Total RNA was
extracted from liver subcutaneous adipose and visceral adi-
pose tissues using Trizol reagent (TaKaRa, Otsu, Japan).
First-strand complementary DNA (cDNA) was generated
by reverse transcriptase, with random primers (TaKaRa,
Otsu, Japan). The sequences of the primers are described in
Table 1. To evaluate the mRNA expression of CDKAL1 in the
liver subcutaneous adipose and visceral adipose tissues, real-
time PCR was performed using a SYBR Green master mix
kit (TaKaRa, Otsu, Japan) according to the manufacturer’s
instructions on the Mastercycler ep realplex4S real-time
PCR system (Eppendorf, Hamburg, Germany). The cDNA
was denatured at 95∘C for 10min followed by 40 cycles of
PCR (95∘C, 15 s; 60∘C, 60 s). The 2−ΔΔCt method [15] was
used to determine relative amounts of product, and data are
presented as fold change, using 𝛽-actin as an endogenous
control.

2.6. Protein Isolation and Western Blotting. The liver subcu-
taneous adipose and visceral adipose tissues of every group
were homogenized in liquid nitrogen, and whole-cell protein
was extracted by using lysate buffer containing proteinase
inhibitor (Beyotime Biotechnology, Shanghai, China). Pro-
tein concentration was quantified spectrophotometrically
by using BSA protein assay kit (Beyotime Biotechnology,
Shanghai, China). Protein samples were separated by PAGE
using 10% SDS-polyacrylamide gels. Samples were trans-
ferred to polyvinylidene fluoride membrane and blocked
with 5% milk. The membrane was incubated with a rabbit
anti-CDKAL1 primary antibody (1 : 500, Abcam, Cambridge,
England) overnight at 4∘C and followed by the secondary
antibody (against rabbit, Beyotime Biotechnology, Shanghai,
China) for 1 h at 37∘C. The primary antibodies including
mouse anti-𝛽-actin (1 : 1000, Sigma, America) were similar.
Lastly, each protein band was detected using enhanced
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Table 1: List of primers.

Gene Forward primer Reverse primer
CDKAL1 ATCGGGGTTCAGCAGATAGAT TCTTCGGCAAATCCAGTCGAG
𝛽-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

chemiluminescence (ECL, Beyotime Biotechnology, Shang-
hai, China). The densitometric values were measured with
Gel-Pro Analyzer.

2.7. Statistical Analysis. Data analyses were performed using
the statistical program SPSS 19.0. All data were presented as
means ± SE. Independent-samples 𝑡-test was performed to
compare two groups. ANOVA was performed to compare
multiple groups. Differences were considered as significant,
𝑃 < 0.05, or not significant, 𝑃 > 0.05.

3. Results

3.1. ECD Reduces the Body Weight and Abdominal Circum-
ference in Mice Fed with High-Fat Diet. In order to explore
ECD effects on body weight and abdominal circumference
in high-fat mice, body weight and abdominal circumference
were recorded every 2weeks. Since the secondweek, theHFD
group was significantly higher than the NFD group regarding
body weight and abdominal circumference (𝑃 < 0.01)
(Figures 1(a) and 1(b)). After themedication intervention, the
body weight and abdominal circumference in the ECD and
SVN groups were markedly lower than in the HFD group
(𝑃 < 0.01) which also lost more weight and abdominal
circumference than the MFN group at week 12 (𝑃 < 0.01).
In addition, the body weight and abdominal circumference
in the MFN group were significantly lower than in the HFD
group at week 14 (𝑃 < 0.05) (Figures 1(c) and 1(d)).

3.2. ECD Improves the Glucose Tolerance in Mice Fed with
High-Fat Diet. We used the glucose tolerance test to explore
the change of blood glucose. After high-fat feeding, the
glucose tolerance wasmarkedly lower in the HFD group (𝑃 <
0.01) (Figure 2(b)). After themedication intervention, fasting
blood glucose significantly decreased in the ECD and MFN
groups compared to the HFD group (𝑃 < 0.01); meanwhile,
there was no significant difference between the ECD, MFN,
and NFD groups at week 14 (𝑃 > 0.05). For the glucose
tolerance, comparedwith theHFDgroup, the ECDgroupwas
significantly improved at week 12 and week 14 (𝑃 < 0.05),
and the MFN and SVN groups were significantly improved
at week 14 (𝑃 < 0.05) (Figures 2(c) and 2(d)).

3.3. ECD Improves the Level of Insulin and Reduces Blood Lipid
Levels. We surmised that the ECD can possibly improve the
glucose tolerance by changing the insulin levels. Later on,
the study found that the insulin levels of the ECD, MFN,
and SVN groups were significantly higher than the HFD
group (𝑃 < 0.05), and the effect of MFN was better than
that of ECD; the difference was statistically significant (𝑃 <
0.05) (Figure 2(a)). Compared with the NFD group, TC, TG,
HDL-c, and LDL-c in the HFD group were higher, and the

difference was statistically significant (𝑃 < 0.01); TC and TG
in the ECD, MFN, and SVN groups decreased significantly
compared to the HFD group (𝑃 < 0.01); LDL-c of the MFN
and SVN groups decreased significantly compared to the
HFD group (𝑃 < 0.05); HDL-c of the SVN group decreased
significantly compared to the HFD group (𝑃 < 0.01). In
addition, the SVN group was markedly lower than the ECD
group regarding the level of HDL-c and LDL-c (𝑃 < 0.05).
Meanwhile, compared with theMFN group, the level of LDL-
c in the SVN group was significantly lower (𝑃 < 0.01)
(Figure 2(e)).

3.4. ECD Increased the Expression of CDKAL1 in the Liver Vis-
ceral Adipose and Subcutaneous Adipose Tissues. To explore
the mechanisms by which ECD regulate the metabolic dis-
order in high-fat mice, the expressions of CDKAL1 mRNA
and protein were tested. The study found that the expression
of CDKAL1 mRNA and protein in the HFD group decreased
significantly in the liver, visceral adipose and subcutaneous
adipose tissues (𝑃 < 0.01). In the liver tissues, the expressions
of CDKAL1 mRNA and protein in the ECD, MFN, and SVN
groups were significantly higher than that of the HFD group
(𝑃 < 0.05); meanwhile, the MFN group was markedly higher
than the SVN group (𝑃 < 0.05). Indeed, the MFN group
was significantly higher than the ECD group regarding the
expression of protein (𝑃 < 0.01) (Figures 3(a) and 4(a)). In
visceral adipose and subcutaneous adipose tissue, compared
with HFD group, the expression of mRNA and protein
significantly elevated in the ECD group (𝑃 < 0.01), and the
expression of protein significantly elevated in theMFN group
(𝑃 < 0.01). In addition, the ECD group was markedly higher
than the MFN group regarding the expression of mRNA
(𝑃 < 0.05). Compared with the HFD and MFN groups,
the expression of mRNA and protein markedly elevated in
the SVN group (𝑃 < 0.05); meanwhile, the SVN group
was significantly higher than the ECD group regarding the
expression of protein (𝑃 < 0.05) (Figures 3(b), 3(c), 4(b), and
4(c)).

4. Discussion

The retention of phlegm dampness is considered to be an
important factor in themetabolic disorders related diseases in
the TCM theory. And according to the TCM theory, the high-
fat diet causes the spleen and stomach impairment and then
leads to the accumulation of grease in the body, and finally the
excess grease induces the retention of phlegm dampness [16].
We fed themice with the high-fat diet; after 2 weeks, the body
weights and abdominal circumference of the mice increased
significantly and the obvious abdominal obesity appeared.
At the same time, the mice had significantly elevated blood
glucose, impaired glucose tolerance, and lipid metabolism
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Figure 1: The changes of body weight and abdominal circumference: (a) body weight (weeks 0–10); (b) abdominal circumference (weeks
0–10); (c) body weight (weeks 12 and 14); and (d) abdominal circumference (weeks 12 and 14); ∗∗𝑃 < 0.01, versus the NFD group; #𝑃 < 0.05,
##
𝑃 < 0.01, versus the HFD group; △△𝑃 < 0.01, versus the MFN group.

disorders. All of these symptoms are consistent with the
pathological diagnosis of metabolic syndrome. Therefore, it
is considered that the mice fed with high-fat diet can induce
the model of the retention of phlegm dampness in MS.

A series of TCM studies have indicated that [5, 6]
the retention of phlegm dampness is one of main TCM
pathological factors of MS, which runs through the whole
disease development process. As the basic prescription of the
treatment in drying dampness and resolving phlegm, ECD
showed a good effect in the treatment of MS. It was found in
the animal experiments [17, 18] that ECD could reduce blood
glucose, regulate lipidmetabolism, and reduce the expression
of IR, IRS-1, and Cav-1, so as to improve insulin resistance.
Also ECD can decrease the NF-𝜅B excessive activation and
inhibit the adipose tissue low-grade inflammation in MS
model of rats [19]. Another study carried out in rats fed with
HFD also showed that ECD can reduce AST, ALT, and APN
and remit the pathological changes of liver tissue [20]. In
our study, it was observed that ECD can significantly reduce
the body weight and abdominal circumference in mice fed

with high-fat diet, improve glucose tolerance, promote the
secretion of insulin and reduce the level of blood lipid, and
also promote the expression of CDKAL1 mRNA and protein.

MS refers to the clinical syndrome gathered by abnormal
glucose metabolism, hypertension, and lipid metabolism
disorder, which takes the insulin resistance as the basis [21]
and central obesity as the main performance [22]. When the
insulin secretion decreased and the blood glucose increased,
the apoB100 saccharification happened and then resulted
in the decline of the LDL clearance by apoB receptor-
mediated in liver cells and the increase in LDL-c. While
the MS is in the presence of insulin resistance, the liver
synthesis, and secretion of VLDL, TG is increasing, and the
clearance decreases, so as to produce hyperlipidemia. It is
found in this study that ECD can significantly decrease the
body weight and abdominal circumference in mice fed with
high-fat diet, and it is surmised that it reduces the weight
and improves abdominal obesity by reducing abdominal fat
accumulation. At the same time in this study, ECD improves
the OGTT and decreases the TG and TC. So it is surmised
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Figure 2: ECD improve insulin level, OGTT, and lipid accumulation: (a) insulin level; (b) OGTT (week 10); (c) OGTT (week 12); (d) OGTT
(week 14); and (e) lipid levels; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, versus the NFD group; #𝑃 < 0.05, ##𝑃 < 0.01, versus the HFD group; △𝑃 < 0.05, versus
the MFN group; 𝑃 < 0.05, 𝑃 < 0.01, versus the SVN group.

that ECD can reduce blood glucose through the promotion
of insulin secretion and result in the improvement of the
apoB saccharification, so as to improve the insulin resistance
and reduce the secretion of VLDL and TG in liver, ultimately
improving hyperlipidemia.

It was reported that the ms2t6Amodification of tRNALys
(UUU) by CDKAL1 is required for the accurate translation
of AAA and AAG codons. The human insulin gene contains
2 Lys (AAG) codons. One of the Lys residues is located at the
cleavage site between the C-peptide and A chain of insulin.
And it was confirmed that the defects of CDKAL1 in 𝛽-
cell easily misread this Lys codon by ms2t6A modification-
deficient tRNALys (UUU) which results in the misfolding or
miscleavage of proinsulin and leads to decrease in insulin

secretion and impairment of glucose regulation eventually
[13, 23]. It has been reported that CDKAL1 risk allele carriers
display an insulin secretory defect that is concomitant with
higher levels of proinsulin [24], while some studies have
shown that CDKAL1 can also promote the generation of
ATP and control the insulin release within the first phase of
pancreatic 𝛽-cells [25, 26], which has also been confirmed in
the study of gene knockout mice [13]. The first phase insulin
secretion is important to reduce the postprandial blood
glucose, which can inhibit the production of endogenous
glucose and inhibit the increase of postprandial blood glucose
levels, and participate in the occurrence of high blood
glucose after meal. Another animal study suggested that
CDKAL1 gene deletion is accompanied bymodestly impaired
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Figure 3: The mRNA expression of CDKAL1: (a) liver tissue; (b) visceral adipose tissue; and (c) subcutaneous adipose tissue; ∗∗𝑃 < 0.01,
versus the NFD group; #𝑃 < 0.05, ##𝑃 < 0.01, versus the HFD group; △𝑃 < 0.05, △△𝑃 < 0.01, versus the MFN group.

insulin secretion and longitudinal fluctuations in insulin
sensitivity during high-fat feeding in mice. CDKAL1 may
affect such compensatory mechanisms regulating glucose
homeostasis through interaction with diet [27]. Additionally,
several genome-wide association analyses identified that
CDKAL1 multiple single nucleotide polymorphism loci were
associated with human susceptibility of type 2 diabetes [28–
32]. Thus far, several human studies have indicated that the
risk variant of CDKAL1 is associated with reduced insulin
secretion [26, 33–36].

In this study, the expressions of CDKAL1 mRNA and
protein in the liver visceral adipose and subcutaneous adipose
tissues of mice were significantly downregulated after being
induced by high-fat diet. And after the treatment of ECD,
the expressions of CDKAL1 mRNA and protein in the liver
visceral adipose and subcutaneous adipose tissues of mice
increased significantly. At the same time, it is found in this
study that the insulin secretion in mice is reduced after
inducement by the high-fat diet, and ECD can promote
mouse insulin secretion. These observations suggested that

ECD can increase the expression of CDKAL1 to promote the
secretion of insulin, which can improve glucose metabolism.

There are several limitations in the present study. Above
all, although ECD can promote the expression of CDKAL1,
the mechanism of how ECD triggered the increase of
CDKAL1 was still unclear. Also why ECD can regulate lipid
metabolism and how ECD can adjust lipid metabolism have
not been investigated in our study.

In summary, ECD has good therapeutic effects on the
metabolic disorders induced by high-fat diet in mice, includ-
ing reducing body weight and abdominal circumference,
improving glucose tolerance, and regulating glucose and lipid
metabolism. At the same time, it was observed to improve the
function of islet cell by regulating the expression of CDKAL1,
so as to promote the secretion of insulin. This research
preliminarily studied the potential mechanism of ECD from
the blood biochemical levels and the expression of CDKAL1,
and further research on other relatedmechanisms and related
pathways should be taken to provide amore effective basis for
the clinical application of ECD.
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Figure 4: The protein expression of CDKAL1: (a) liver tissue; (b) visceral adipose tissue; and (c) subcutaneous adipose tissue; ∗∗𝑃 < 0.01,
versus the NFD group; ##𝑃 < 0.01, versus the HFD group; △𝑃 < 0.05, △△𝑃 < 0.01, versus the MFN group; 𝑃 < 0.05, 𝑃 < 0.01, versus the
SVN group.
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This study investigates the effect of soothing liver and invigorating spleen recipes on steatohepatitis examining the IKK𝛽-NF-𝜅B
signaling pathway in KCs of NASH rats. SD male rats were randomly divided into 8 groups, and the NASH model was induced
by a high-fat diet (HFD). After 26 weeks, liver tissue was examined in H&E stained sections and liver function was monitored
biochemically. KCs were isolated by Seglen’s method, with some modifications. The mRNA and protein expression of the IKK𝛽-
NF-𝜅B signaling pathway components was examined by quantitative PCR andWestern blotting. The results show that the high-fat
diet induced NASH in the rats, and the soothing liver recipe and invigorating spleen recipe decreased the levels of TNF-𝛼, IL-
1, and IL-6 in KCs, as well as inhibiting the mRNA and protein expression of the IKK𝛽-NF-𝜅B signaling pathway components.
In conclusion, the experiment indicated the importance of the IKK𝛽-NF-𝜅B signaling pathway in KCs for the anti-inflammatory
effects of the soothing liver and invigorating spleen recipes.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a
spectrum of diseases ranging from simple hepatic steatosis
to the aggressive condition, nonalcoholic steatohepatitis,
whereas NASH is an aggressive liver disease which leads
to advanced fibrosis, cirrhosis, and even hepatic failure [1].
NAFLD is also a strong independent predictor of cardiovas-
cular disease andmay play a central role in the cardiovascular
risks of the metabolic syndrome [2]. Epidemiological studies
suggest that NAFLD has become the most common cause
of chronic liver disease worldwide among children and
adolescents, with a prevalence in the west of approximately
15∼35% [3]. The overall prevalence of NAFLD in China was
20.09% (17.95∼22.31%) [4]. Hence, studies of the prevention
and treatment of NAFLD are important.

Because the pathogenesis ofNAFLD is incompletely char-
acterized, there is no consensus regarding the most effective

and appropriate pharmacologic therapy [5]. Herbal treat-
ment for NAFLD has received increasing attention in recent
decades due to its wide availability, minimal side effects,
proven therapeutic mechanisms, and benefits [6]. Evidence-
based medicine supports this point of view [7]. Based on
TCM theory, liver stagnation and spleen deficiency were
principal pathogenesis of NAFLD. Following the principles
of “prescription-syndrome correspondence,” the important
treatment would be soothing liver and invigorating spleen
recipes [8]. Clinical and experiment studies showed that
soothing liver and invigorating spleen recipes could effec-
tively treat NAFLD [9, 10].

The soothing liver recipe (Chaihu-Shugan-San) is a clas-
sical formula from “Jingyue Quanshu” that was written by
Jingyue Zhang, a famousMing dynasty physician, in China in
1640 A.D.The invigorating spleen recipe (Shen-ling-bai-zhu-
San) is also a famous classical formula recorded in “Taiping
Huimin Heji Ju Fang” that was written by the Imperial
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Medical Bureau of the Song Dynasty in 1078 A.D. The
invigorating spleen recipe is recognized in the widely used
official Chinese Pharmacopoeia. According to TCM theory,
the soothing liver recipe dredges liver qi and enhances blood
circulation and is prescribed mainly for liver qi stasis. The
invigorating spleen recipe invigorates the spleen and stomach
qi, which it ismainly used to restore. Chaihu-Shugan-San and
Shen-ling-bai-zhu-San have a significant effect on dredging
by the liver and spleen deficiency.

IKK𝛽-NF-𝜅B is an important redox-sensitive and proin-
flammatory transcription factor that plays a critical role in
the regulation of a variety of genes important in cellular
responses [11]. Our previous study showed that rats fed a
high-fat diet for 16 weeks developed NAFLD and that I
kappa B kinase 𝛽 (IKK𝛽), phospho-IKK𝛽 (p-IKK𝛽), and
nuclear factor-𝜅B (NF-𝜅B) were highly expressed in their
KCs, implying a relationship between NAFLD and the IKK𝛽-
NF-𝜅B pathway [12]. We next asked whether rats fed a HFD
for 26 weeks would develop NASH and, in this paper, we
study the effects of soothing liver and invigorating spleen
recipes on inflammatory markers and proteins involved in
IKK𝛽-NF-𝜅B p65 pathway in KCs to explore some of the
underlyingmechanisms involved. To explore the evolution of
the pathology, we also examined the inflammatory changes
that accompany NAFLD at different periods.

2. Materials and Methods

2.1. Preparation of Soothing Liver and Invigorating Spleen
Recipes. The soothing liver recipe is composed of seven Chi-
nese herbs: Bupleuri radix, Citri reticulatae pericarpium,
Chuanxiong Rhizoma, Cyperi Rhizoma, Bitter Orange Au-
rantii Fructus, Paeonia lactiflora Pall, and Glycyrrhizae radix,
in a traditional dose ratio of 6 : 6 : 5 : 5 : 5 : 5 : 3. The invigo-
rating spleen recipe includes Dolichos lablab, Atractylodes
macrocephala Koidz, Poria cocos (Schw.) Wolf, Glycyrrhizae
radix, Platycodi radix, Sulphur, Panax ginseng C. A. Mey,
Amomum villosum Lour, Dioscorea opposita Thunb, and
Semen Coicisin a ratio of 5 : 5 : 5 : 5 : 4 : 3 : 3 : 3 : 2 : 2. The inte-
grated recipe is amixture of CSGS and SLBZ in a 1 : 1 ratio. All
Chinese medicines were purchased as formula granules from
Shenzhen Sanjiu Medical Co., Ltd. (1005001S). The formula
granules were dissolved in distilled water and stored at −4∘C
in a refrigerator.

2.2. Animals. 120 SD rats (6 weeks old, 200 g ± 20 g) were
obtained from the Laboratory Animal Research Center
of Guangzhou University of Traditional Chinese Medicine
(China, Animal License Key no. 0107792; License no. SCXK
(Yue) 2008–0020). The use of animals in this study was
approved by the Ethics Committee of Medical College of
Jinan University. The rats were separately housed in the Ani-
mal Administration Laboratory, Jinan University, at a con-
trolled temperature (24∘C ± 2∘C) and humidity (70% ± 10%)
with a 12 h light and 12 h dark cycle, with free access to food
and water.

2.3. Grouping and Modeling. After 7 d for adaptation, the
rats were randomly divided into 8 groups, each of 15 rats
(liver samples were taken from 9 rats of each group and KCs
were isolated from the remaining 6). The groups comprised
normal,model, low-dose soothing liver recipe (L-SLG), high-
dose soothing liver recipe (H-SLG), low-dose invigorating
spleen recipe (L-ISG), high-dose invigorating spleen recipe
(H-ISG), low-dose integrated recipe (L-IG), and high-dose
integrated recipe (H-IG) group.NASHwas reproduced in our
rats by our previously reportedmethod [13] with someminor
modifications. The normal group of rats had free access to
a normal chow diet, and the model group of rats were fed
a HFD composed of regular chow 88%, axungia porci 10%,
cholesterol 1.5%, and bile salt 0.5%. All recipes were given by
gastrogavage [14] at 8 am at 1mL/100 g body weight for the
low-dose groups (equivalent to the human dose) and 3 times
this volume for the high-dose groups. Rats in the normal and
model groups were fed with the same dose of distilled water
once daily at 8:00 am. All treatments lasted for 26 weeks.

2.4. Histopathological Examination of Liver Tissue. Rats were
anesthetized by intraperitoneal injection of 3% pentobarbital
(0.2mL/100 g body weight) and a portion (approximately
1 cm × 1 cm × 0.5 cm) of liver approximately 0.5 cm from the
edge of the right hepatic lobule was removed and paraffin-
embedded for sectioning and hematoxylin-eosin (H&E)
staining. The steatosis, fibrosis, and inflammation of NASH
were identified by light microscopy.

2.5. Biochemical Test in Serum. Liver tissues were placed in
isopropanol and homogenized with a TissueLyser-II homog-
enizer, centrifuged at 3000×g, 4∘C for 10min, when the
clear supernatants were collected. Levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and the
AST/ALT ratio in the serumwere determined with automatic
biochemical analyzer.

2.6. Separation and Identification of KCs. KCs were isolated
and identified from 6 rats in each group as previously
described [15], and somemodifications were made. After rats
were anesthetized, the liver was perfused in situ with 200mL
0.5mmol/L Ethylene Glycol Tetraacetic Acid (EGTA) in D-
Hanks at 20mL/min, 37∘C, until the color of the liver changed
into amber. Then the liver was transferred to a culture dish
and was perfused ex situ with 0.03% collagenase IV in
Hanks, which contained 5mmol/L calcium ions and was
preheated to 37∘C, at 20mL/min in a recirculating fashion
for 15min. The liver was then placed in 10mL RPMI-1640
culture medium containing 10% fetal calf serum (FBS). The
capsule and fibrous tissue were removed, and the remaining
tissue was cut into small pieces. After the obtained liver
homogenate was filtered through a 200𝜇mand 300 𝜇mnylon
mesh, the cell suspension was centrifuged at 350 rpm, 4∘C,
for 3min and clear supernatant was collected in another tube
and centrifuged at 1050 rpm, 4∘C, for 10min. The cell pellet
was subsequently resuspended in RPMI-1640 containing 10%
FBS.
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Table 1: Primer sequences, annealing temperatures, and length of products in real-time PCR.

Gene Forward Backward
GAPDH GATCCCGCTAACATCAAATG GAGGGAGTTGTCATATTTCTC
IKK𝛽 GAGAAGAAAGTGCGGGTGATTTACT GAGCCTCACCACCTCTTCTACTTT
NF-𝜅B GTGGGCAAGCACTGTGAGGA TCATCCGTGCTTCCAGTGTTTC

Then some 15mL centrifuge tubes were carefully laid
into 2.5mL 24% Nycodenz working solution at the bottom,
2.5mL 11% Nycodenz working solution in the middle layer,
and 2.5mL the cell suspension at the top. Then it was cen-
trifuged at 2500 rpm, 4∘C, for 15min. KCs cloud appearance
between the 11%Nycodenz layer and 24%Nycodenz layer was
collected into another 15mL tube, resuspended in GBSS, and
then centrifuged twice at 1050 rpm, 4∘C, for 15min. The cell
pellet was then resuspended and seeded on a culture dish at
a density of 2–5 × 106 cells/mL with RPMI-1640 containing
10% FBS and incubated in a 5% CO

2
atmosphere for 30min

at 37∘C. By further using adhesion purification, KC purity
was improved, and cell viability was tested by trypan blue dye
exclusion.

2.7. Determination of Inflammatory Cytokines in KCs. KCs
from each group were isolated and identified. The cells
were then centrifuged, washed 3 times in PBS, adjusted to
1 × 106/mL, and sonicated at 4∘C for 15min at 10000 rpm.
Clear supernatants were used for the cytokine measure-
ments. TNF-𝛼, IL-1, and IL-6 were measured by enzyme-
linked immunosorbent assay (ELISA) using ShangHai ExCell
Biotechnology Co., Ltd. (China) kits: 24122012-002 for TNF-
𝛼, ZGAHBZAB01 for IL-1, and ZIBIBZAB02 for IL-6.

2.8. Determination of IKK𝛽 and NF-𝜅B p65mRNA Expression
in KCs. Total RNA was extracted from KCs using TRIZOL
Reagent. The integrity of each RNA sample was evaluated
by agarose gel electrophoresis, its purity and concentration
were assayed, and then the total RNAwas reverse transcribed
to cDNA. Using the gene sequences for IKK𝛽, NF-𝜅B p65,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
in Genebank, the primers were designed and synthesized by
Shanghai Generay Biological Engineering Co., Ltd. GAPDH
was used as the reference gene. The reaction conditions were
as follows:Apredenaturation for 10 s at 95∘C,Bdenaturation
for 5 s at 95∘C, C GAPDH 55∘C, IKK𝛽 60∘C, NF-𝜅B 62∘C,
renaturation for 20 s, D extension for 40 s at 60∘C, B–D
being repeated 39 times, and E analysis of the solubility
curve, 72∘C to 95∘C for 5–10 s. After the reaction was finished,
the results were analyzed usingOpticonMonitor 3.1 software,
and the 2−ΔΔCt formula was used for relative quantification
(Table 1).

2.9. Analysis of IKK𝛽, p-IKK𝛽, and NF-𝜅B p65 Protein Expres-
sion in KCs. The IKK𝛽, p-IKK𝛽, NF-𝜅B p65, and GAPDH
proteins in KCs weremeasured byWestern blotting. GAPDH
was used as an internal control. KCs were lysed in RIPA
lysis buffer and centrifuged at 12000 rpm for 5min at 4∘C,
when the supernatants were collected. The concentration

of supernatant protein was determined by a BCA protein
assay. Protein preparations were subjected to 10% SDS-
PAGE and transferred to a polyvinylidene difluoride (PVDF)
membrane. After transfer, the membrane was blocked in 5%
skimmilk inTris-Buffered SalineTween-20 (TBST) and incu-
bated overnight at 4∘C with specific primary antibodies. The
IKK𝛽 antibody (no. 0002), anti-phosphor-IKK𝛽 antibody
(no. 0013), NF-𝜅B p65 antibody (no. 0006), and GAPDH
antibody were purchased from Cell Signaling Technology
(USA).Then, horseradish peroxidase (HRP) conjugated goat-
anti-rabbit antibody was added and incubated at room
temperature for 1 h. After being washed for three times in
TBST, the PVDF membrane was put into developer and
exposed to X-ray film. The films were scanned and analyzed
by a gel image processing system.

2.10. Statistical Analysis. Statistical analyses were performed
by using SPSS 13.0. The values were presented as the mean ±
standard. One-way analysis of variance (one-way ANOVA)
and Tukey’s test were used to determine the statistical
significance of the differences. 𝑃 values less than 0.05 were
considered significant.

3. Results

3.1. Histopathological Changes. Sections were stained with
H&E staining. As shown in Figure 1, hepatocyte nuclei were
blue, and cytoplasm was uniformly red-stained, with less or
no adipose hollow space. The hepatic lobule and liver rope
both had clear structures and regular arrangement.There was
no point necrosis or soakage of inflammatory cell soakage. In
the model group, the central vein and portal area appeared
as a diffuse adipose hollow space. Hepatocytes had obvious
tumefaction or enlargement or even ballooning. Substantial
adipose hollow space was observed in the cytoplasm. Some
small hollow spaces were converted into a larger space.
The narrow hepatic sinusoidal and disorder liver rope were
observed. It was difficult to find the normal hepatocytes.
Inflammatory infiltrates were found in the hepatic lobule and
portal areas are scant. Compared with the model group, the
structure arrangement, morphological features, macrovesic-
ular lipid droplets, ballooning, inflammatory infiltrates, and
spots necrosis improved by various degrees in all drug
therapy groups.H-IGhad themost significant impact on liver
tissue histopathology.

3.2. Changes of ALT, AST, and AST/ALT in Serum. The
ALT results showed no differences between the normal and
model groups, and there were no obvious differences in the
serum ALT levels of the treatment groups (𝑃 > 0.05). The
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Figure 1: Histological changes of liver sections in different groups (HE stain×200). (a) Normal group, (b)model group, (c) L-SLG, (d)H-SLG,
(e) L-ISG, (f) H-ISG, (g) L-IG, and (h) H-IG.
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Figure 3: AST/ALT ratio in serum was computed. Rats were fed
with normal chow diet or HFD with or without CSS and SLBZS for
26 weeks. The values were expressed as mean ± S.E.M. 9 rats per
group. a𝑃 < 0.01 versus normal group; b𝑃 < 0.05, c𝑃 < 0.01 versus
model AST/ALT; d𝑃 < 0.01 versus L-SLG, H-SLG, L-ISG, H-IS, and
L-IG.

serum AST level and AST/ALT ratio of the model group
were obviously increased (𝑃 < 0.01) compared with normal
group. Compared with model group, the H-IG group had a
significantly decreased level of AST (𝑃 < 0.05).TheAST/ALT
ratios of the H-SG, H-IG, and L-IG were all decreased (𝑃 <
0.01, 𝑃 < 0.05), as shown in Figures 2 and 3.

3.3. The Population, Purity, and Viability of KCs. KCs were
isolated from 6 rats in each group by collagenase perfusion as
described. After 3 h incubation at 37∘C, the cells were washed
3 times with PBS and nonadherent cells were washed off.
The KCs viability was >95% (as tested by trypan blue dye
exclusion). The purity of KCs was 91.21% (as assessed by flow
cytometry method using a Lysozyme antibody), as shown in
Figures 4 and 5.

Figure 4: Isolated rat KCs cultured for 3 h (×100).
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Figure 5: The purity of KCs identified by flow cytometer. Isolated
rat KCs positive for lysozyme were more than 91.21%.

3.4. Changes of Inflammatory Cytokines in KCs. Higher levels
of TNF-𝛼, IL-1, and IL-6 were observed in KCs of the model
group compared with those of the normal group (𝑃 < 0.01).
Compared with the model group, the H-ISG, H-IG, and L-
IG groups showed significant decreases in TNF-𝛼 and IL-6
(𝑃 < 0.01 or 𝑃 < 0.05), and the H-ISG and H-IG had clearly
lower levels of IL-1 (𝑃 < 0.01 or 𝑃 < 0.05).The results showed
that the high dose of both the invigorating spleen recipe and
integrated recipes reduced the TNF-𝛼, IL-1, and IL-6 levels of
liver inflammatory cytokine in rats with NASH induced by
HFD, as shown in Figure 6.

3.5.The IKK𝛽 and NF-𝜅B Expression in KCs. Compared with
the normal rats, the levels of IKK𝛽 and NF-𝜅BmRNA in KCs
of the model group increased 20.56-fold and 16.29-fold, (𝑃 <
0.01). The H-CG, H-SG, H-IG, and L-IG treated animals had
lower expression levels of IKK𝛽 and NF-𝜅B mRNA than the
model rats (𝑃 < 0.01,𝑃 < 0.05).The expression levels of IKK𝛽
and NF-𝜅B mRNA in the H-IG were obviously lower than
those of the H-SG and L-IG (𝑃 < 0.05), as shown in Table 2.

3.6. Expression of IKK𝛽, p- IKK𝛽, and NF-𝜅B p65 Proteins
in KCs. To explore the mechanism of the anti-inflammatory
effect of soothing liver and invigorating spleen recipes in
the KCs of NASH rats, we assayed three important proteins,
IKK𝛽, p-IKK𝛽, and NF-𝜅B, which participate importantly
in the NF-𝜅B p65 signaling pathway to an inflammatory
response, as shown in Figure 7(a). The expression levels of
IKK𝛽, p- IKK𝛽, and NF-𝜅B p65 in the model group were
significantly higher than those in the normal control group
(𝑃 < 0.01, Figure 7(b)). Compared to the model group, the
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Table 2: Expression of IKK𝛽 and NF-𝜅B mRNA in KCs (𝑥 ± 𝑠, 𝑛 =
6).

2−ΔΔCT IKK𝛽 Rel. to
control

2−ΔΔCT NF-𝜅B p65Rel.
to control

Normal 1 (0.25–4.09) 1 (0.39–2.65)
Model 20.56 (4.56–34.05)a 16.29 (2.77–48.16)a

L-SLG 17.99 (1.89–30.69) 14.43 (2.33–31.12)
H-SLG 14.34 (3.51–23.43)b 10.39 (2.15–22.31)b

L-ISG 15.63 (7.31–28.05) 12.07 (7.06–15.78)
H-ISG 10.32 (3.83–23.91)c 9.15 (4.43–27.10)c

L-IG 12.09 (4.75–20.11)b 9.85 (2.56–18.90)b

H-IG 6.55 (1.80–14.83)cd 4.76 (0.55–12.47)cd

Expression of IKK𝛽 and NF-𝜅B mRNA in KCs was determined by Q-PCR.
Rats were fed with normal chow diet orHFDwith or without CSS and SLBZS
for 26 weeks.The values were expressed asmean ± S.E.M. of 6 rats per group.
a
𝑃 < 0.01 versus normal group; b𝑃 < 0.05, c𝑃 < 0.01 versus model group,

d
𝑃 < 0.01 versus H-ISG and L-IG group.
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Figure 6: Related inflammatory cytokines of IL-1, IL-6, and TNF-𝛼
in KCs were determined by ELISA. Rats were fed with normal chow
diet orHFDwith orwithout CSS and SLBZS for 26weeks.The values
were expressed as mean ± S.E.M. 6 rats per group. a𝑃 < 0.01 versus
normal group; b𝑃 < 0.05, c𝑃 < 0.01 versus model group; d𝑃 < 0.01
compared with H-SLG; e𝑃 < 0.01 compared with L-ISG.

expression levels of IKK𝛽, p- IKK𝛽, and NF-𝜅B p65 were
reduced in all treatment groups (𝑃 < 0.01, 𝑃 < 0.05). We
found that IKK𝛽, p-IKK𝛽, andNF-𝜅B p65 protein expression
was inhibited in the H-IG more than in the H-CG, L-CG, H-
SG, and L-SG (Figure 7(b)).

4. Discussion

In our previous study, a rat model of NASH was established
using 16 weeks of HFD, so as to resemble the pathogenesis of
NASH in humans more closely. In this study, we showed by
H&E staining that NASH was successfully established. In the
model group, the central vein and portal areas appeared as
diffuse adipose hollow spaces. The hepatocytes had obvious
tumefaction, enlargement, or even ballooning. The H&E
staining also suggested that the different treatments affected

the NAFLD to different degrees, with the H-IG superior to
other groups.

Past studies indicated that the ALT and AST are the
most useful tools for diagnosis of the chronic liver disease.
Beyond these tools, the ALT/AST ratio is a prognostic
parameter in patients with liver injury [16]. If hepatocytes
are badly damaged and their cytoplasm and mitochondria
are destroyed, AST is released into the blood and its level
increases more than that of ALT, so the AST/ALT ratio
increases [17]. The AST/ALT ratio has therefore become
an important index for the diagnosis of NAFLD [18]. In
this study, the serum AST levels and AST/ALT ratios were
obviously increased (𝑃 < 0.05). We speculate that liver
injury already exists in NAFLD rats. Combining the H&E
staining and liver function tests, we can see that the liver has
sustained serious damage from inflammation. We now show
that a high dose of integrated recipes protects against liver
injury and moderates NASH progression (𝑃 < 0.05). TCM
theory attributes the abnormalities in the 26 weeks’ HFD-
induced NASH rats to liver stagnation and spleen deficiency.
Therefore, the effects of the soothing liver recipe and the
invigorating spleen recipe were superior to other classical
formulas.

KCs are resident hepatic macrophages that account for
80–90% of the total number of fixed tissue macrophages of
the body [19]. KCs eliminate and detoxify microorganisms,
endotoxins, and degenerated cells, as well as possessing other
functions [20]. Therefore, KCs play an important role in liver
physiological homeostasis and are intimately involved in the
liver’s response to infection, toxins, and various other stresses
through the expression and secretion of soluble inflammatory
mediators [21, 22]. KCs are associated with the proinflam-
matory response and produce associated cytokines such as
IL-1𝛽, IL-12, IL-23, and TNF-𝛼. Cytokines act as protective
mediators for the recovery of normal liver function.However,
excessive activation of KCs may aggravate liver damage [23,
24]. According to the two-hit hypothesis, the second hit is
an exacerbating factor such as an inflammatory cytokine.
Previous studies show that inflammatory KCs play a key
role in NASH [25]. In this paper, the expression of IL-6
and TNF-𝛼 was significantly increased in KC supernatants
from the model group (𝑃 < 0.01) while the levels in the
supernatants of the low- and high-dose integrated recipes
were significantly lower than the other groups (𝑃 < 0.01, 𝑃 <
0.05). These findings suggest that increases in liver TNF-𝛼,
IL-1, and IL-6 may aggravate hepatic inflammation, necrosis,
and fibrosis and that the high dose of the invigorating spleen
and integrated recipes may have a favorable effect on the
inflammatory reaction in the steatotic liver.

As everyone knows, excessive inflammatory cytokines
such as TNF-𝛼, IL-1, and/or IL-6 exacerbated liver injury
and promoted NASH progression in different ways [26].
The mechanisms involved remain unclear, though many
reports implicate the NF-𝜅B signal pathway. To elucidate the
regulatory mechanisms in the NF-𝜅B signaling pathway and
the anti-inflammatory effects of the soothing liver and invig-
orating spleen recipes further, we examined the expression
and levels of several proteins closely related to the signal
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Figure 7: (a) Western blot of IKK𝛽, p-IKK𝛽, and NF-𝜅B p65 proteins in KCs. A: normal group; B: model group; C: L-SLG; D: H-SLG; E:
L-ISG; F: H-ISG; G: L-IG; H: H-IG. (b) Expression of IKK𝛽, p-IKK𝛽, and NF-𝜅B p65 proteins in KCs. Rats were fed with normal chow diet
or HFD with or without CSS and SLBZS for 26 weeks. The values were expressed as mean ± S.E.M. 6 rats per group. A𝑃 < 0.01 versus normal
group; B𝑃 < 0.05, C𝑃 < 0.01 versus model group; D𝑃 < 0.01 versus L-SLG, H-SLG, L-ISG, H-IS, and L-IG.

transduction in the NF-𝜅B pathway of KCs from NASH rats
[27].

The IKK𝛽-NF-𝜅B p65 signaling pathway is an important
regulator of inflammatory gene transcription involved in
many chronic inflammatory diseases. In NASH, different
activators of the IKKs-I𝜅B-NF-𝜅B p65 signaling pathway
in KCs regulate the synthesis of downstream inflammatory
mediators. Possible pathways are reviewed in and include
[28–31] (1) LPS captured by LPS-binding protein (LBP), with
the LPS-LBP complex then interacting with the membrane
form of CD14 on the surface of KCs. TLR4 serves as
the LPS receptor and binds MyD88 to activate IRAK-1 or
IRAK-4, leading to downstream activation of the IKKs-I
Kb-NF-𝜅B signaling pathway. (2) The TNF receptor com-
bined with its related apoptosis structural domain protein
TRADD interacts with the TNFR-2 pathway through ubiq-
uitinated receptor interacting protein RIP and finally forms
the RNFR complex with IKK𝛾, which leads to activation
of the IKKs-I𝜅B-NF-𝜅B signaling pathway. During hepatic
steatosis, inflammation, and fibrosis, hepatic NF-𝜅B is highly
expressed, though IKK𝛽/NF-𝜅B pathway activation is inhib-
ited. These findings suggest that it may be possible to delay
the occurrence of inflammation and liver steatosis and insulin
resistance (IR). (3) A previous study showed that, in IRF3
gene-knockoutmice, activation of the IKK𝛽/NF-𝜅B signaling
pathway caused severe inflammation of the liver IR and fatty
degeneration.

Traditional Chinese medicine has received increasing
attention as an alternative source of treatments for a variety
of diseases [32]. According to TCM theory, NAFLD belongs
to the Gan-Pi and Gan-Zhu. Epidemiological researches
showed that the syndrome of stagnation of liver qi and
spleen deficiency is one of the most common syndromes of

NAFLD in china, and the proportion is 34.7%. This study
suggested the clinical characteristics of Chinese NAFLD
population in contemporary [33]. Therefore, the syndrome
of stagnation of liver qi and spleen deficiency has become
themost important syndrome in expert consensus document
of NAFLD [34]. According to Chinese medicinal chemistry,
the principal active components of Senlinbaizhu Powder and
ChaihushuganPowder include: ferulic acid, ginsenoside, pae-
oniflorin, naringin, hesperidin, meranzin hydrate, neohes-
peridin, albiflorin, and atractylenolide, together with other
drug ingredients [35, 36]. At the same time, Chinese medic-
inal pharmacology has demonstrated that Chaihu-Shugan-
San and Shen-ling-bai-zhu-San have inhibitory activities on
oxidative stress [37], lipid peroxidation, and inflammatory
reactions [38]. Beyond that, naringin, hesperidin, ferulic acid,
and other active ingredients have some anti-inflammatory
effects [36, 37]. Our results show that soothing liver and
invigorating spleen recipes can protect the liver from inflam-
matory injury caused by an HFD, that the release of IL-
1, IL-6, and TNF-𝛼 was significantly reduced, and that the
downregulation of IL-1, IL-6, and TNF-𝛼 might be due to
different degrees of inhibitory expression of IKK𝛽, p-IKK𝛽,
and NF-𝜅B. A previous study showed that the soothing liver
and invigorating spleen recipes could regulate the expression
and activation of the interacting protein of IKK𝛽-NF-𝜅B
signaling pathway of KCs in NASH rats, reducing the release
of inflammatory mediators (IL-6, TNF-𝛼, and IL-1) in KCs
and, ultimately, ameliorating inflammatory damage. Conse-
quently, a combination of the soothing liver and invigorating
spleen recipes could have a significant anti-inflammatory
effect, which might be closely related to their effects on the
NF-𝜅Bp65 signaling pathway.
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5. Conclusion

In conclusion, this study showed that the release of inflam-
matory factors such as IL-1, TNF-𝛼, and IL-6 by KCs was
significantly increased by a HFD and that the IKK𝛽-NF-
𝜅Bp65 signaling pathway maybe the effective target for the
soothing liver and invigorating spleen recipes.
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This study was to explore the protective effects of Deepure tea against insulin resistance and hepatic steatosis and elucidate the
potential underlyingmolecular mechanisms. C57BL/6mice were fed with a high fat diet (HFD) for 8 weeks to induce themetabolic
syndrome. In the Deepure tea group, HFD mice were administrated with Deepure tea at 160mg/kg/day by gavage for 14 days. The
mice in HFD group received water in the same way over the same period. The age-matched C57BL/6 mice fed with standard chow
were used as normal control. Compared to the mice in HFD group, mice that received Deepure tea showed significantly reduced
plasma insulin and improved insulin sensitivity. Deepure tea increased the expression of insulin receptor substrate 2 (IRS-2), which
plays an important role in hepatic insulin signaling pathway. Deepure tea also led to a decrease in hepatic fatty acid synthesis and
lipid accumulation, which were mediated by the downregulation of sterol regulatory element binding protein 1c (SREBP-1c), fatty
acid synthesis (FAS), and acetyl-CoA carboxylase (ACC) proteins that are involved in liver lipogenesis. These results suggest that
Deepure tea may be effective for protecting against insulin resistance and hepatic steatosis via modulating IRS-2 and downstream
signaling SREBP-1c, FAS, and ACC.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) and insulin resis-
tance are the main pathophysiological characteristic of meta-
bolic syndrome [1], which has become a significant public
health problem as a result of high fat diet and seden-
tary lifestyles [2, 3]. NAFLD, once considered benign, may
progress to steatohepatitis, fibrosis, and ultimately cirrhosis
[4–6]. NAFLD represents a state of lipid accumulation in
hepatocytes, and its pathogenesis is associated with enhanced
liver lipogenesis and hepatic insulin resistance. The liver
lipogenesis can be activated by elevated plasma insulin, as

seen in patients with themetabolic syndrome, type 2 diabetes,
or obese individuals [4, 7].

In the liver, insulin is involved in a number of actions
responsible for glucose control and lipid metabolism. Insulin
receptor substrate (IRS) proteins are a family of cytoplasmic
adaptor proteins that transmit signal from insulin receptor
to its final biological actions through a series of intermediate
effectors. Hepatic insulin signaling for these effects is medi-
ated mainly through insulin receptor substrate 2 (IRS-2) [8,
9], rather than insulin receptor substrate 1 (IRS-1). Elevated
insulin also leads to activation of the lipid biosynthetic
pathway through activation of the expression and proteolytic
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maturation of the transcription factor sterol regulatory ele-
ment binding protein 1c (SREBP-1c) [10], thereby leading to
the increased expression of fatty acid synthase (FAS) and
acetyl-CoA carboxylase (ACC) in the lipogenesis pathway,
resulting in steatosis. Moreover, NAFLD leads to hepatic
insulin resistance by stimulating gluconeogenesis [11], and
upregulated SREBP-1c may suppress IRS-2-mediated insulin
signaling generating a feedforward machinery to further
stimulate or worsen NAFLD [11, 12]. Thus, NAFLD and
insulin resistance have a number of reciprocal relationships
and can enhance each other [13, 14].

Tea is one of the most popular beverages worldwide and
can be categorized into three types: nonfermented green, par-
tially fermented oolong, and fully fermented black and Pu-
erh tea [15]. Several biological functions of Pu-erh tea have
been reported, such as antiobesity [16], antihyperlipidemia
[17], anti-liver fat accumulation [18], and promoting skeletal
muscle glucose transport [19]. Also, epigallocatechin gallate,
a compound from tea, has been shown to reduce intestinal
lipid absorption [20] and lower blood lipids [21]. Therefore,
the mechanisms of Pu-erh tea protecting against obesity-
associated disease are likely to be multifaceted. However, the
study is limited so far to address the mechanism underlying
the actions of Pu-erh tea.

The present study was conducted to investigate whether
Deepure tea, a specific tea concentrated from Pu-erh tea,
could ameliorate insulin resistance and NAFLD in high fat
diet (HFD) raisedmice andpossiblemechanisms of its action.
We demonstrated that Deepure tea decreased HFD-induced
hyperinsulinemia and improved diet-induced NAFLD in
C57BL/6 mice. HFD markedly inhibited hepatic IRS-2 pro-
tein expression inmice, whichwas reversed by treatmentwith
Deepure tea. The improved hepatic steatosis appears to be
mediated through the downregulation of SREBP-1c protein
level, subsequently decreasing the level of FAS and ACC,
which are involved in de novo lipogenesis in the liver.

2. Materials and Methods

2.1. Materials. Deepure tea was supplied by Tasly Pharma-
ceutical Co. Ltd. (Tianjin, China). The raw materials were
extracted from leaves of old Pu-erh tea trees, whichwere from
Yunnan province of China.The batch number of the Deepure
tea used in this experiment was 20110918. The processing of
the product followed a strict quality control, and the ingre-
dients were subjected to standardization. Deepure tea was
manufactured as nanometer level powder after dynamic cycle
extraction and concentrated by evaporating and spray drying.

Antibodies recognizing IRS-2 and GAPDH were from
Cell Signaling Technology (Boston, MA, USA). Antibodies
against SREBP-1c, FAS, and ACC were from Abcam (Cam-
bridge,MA,USA). BCAprotein assay kit was purchased from
Applygen Technologies (Beijing, China). ELISA kit for LDLR
of mice was purchased from Andygene (Richardson, USA).
All other reagents used in our study were of analytical grade.

2.2. Animal Model and Treatment. Four-week-old male
C57BL/6 mice (the animal certificate number was SCXK

(Jing) 2006–2009) were purchased from Weitonglihua Ani-
mal Center, Beijing, China. The animals were housed at 21–
23∘C and a humidity level of 40–60%. They were exposed to
a 12 h lighting cycle and allowed ad libitum access to water
and the appointed chows. The HFD-induced mice were fed
withHFD for 8 weeks, which contained 50% fat (mainly from
lard), 36% carbohydrate, and 14% protein, with a total energy
content of 21.0 kJ/g. In control group, aged-matched male
C57BL/6 mice were fed with standard laboratory chows con-
taining 12% fat, 62% carbohydrate, and 26% protein [22] with
a total energy content of 12.6 kJ/g. The HFD-induced mice
were randomly divided into two groups: HFD and Deepure
tea. The animals in Deepure tea group received Deepure tea
(160mg/kg/day) orally for 14 days.Themice inHFD and con-
trol groups were given the same volume of water. All animal
experiments were approved by the Beijing Municipal Ethics
Committee for Laboratory Animals.

2.3. Intraperitoneal Glucose Tolerance Test (IPGTT). C57BL/6
mice were fasted for 2 h before experiment. Blood samples
were collected from tail veins for determination of baseline
values of blood glucose (𝑡 = 0min). The mice were then
injected intraperitoneally with glucose at 2 g/kg, and addi-
tional blood samples were collected at 15, 60, and 120min,
respectively, for glucose measurement.

2.4. Biochemical Assays. After C57BL/6 mice were fasted for
6 h, tail vein blood was collected. The samples were cen-
trifuged at 3500 rpm for 10min at 4∘C to separate plasma.
Plasma insulin levels were measured by enzyme-linked
immunosorbent assay (ELISA) using an insulin ultrasensitive
ELISA kit (ALPCO, Salem, NH, USA), according to the
manufacturer’s instruction. The concentrations of plasma
triglyceride (TG) and total cholesterol (TC) were deter-
mined according to the kit instruction (Jian Cheng Biotech-
nology Company, Nanjing, China). Plasma glucose levels
were detected to calculate the homeostasis model assess-
ment (HOMA). HOMA-IR index = fasting blood glucose
(mmol/L) × fasting plasma insulin (pmol/L)/22.5 [23]. The
concentration of LDLRprotein in liver tissues was assessed by
ELISA kit according to the manufacturer’s protocol. OD val-
ues were determined by enzyme microplate reader (Thermo
Multiskan Mk3, Thermo Fisher Scientific Inc., Barrington,
USA), with detection wave length of 450 nm.The LDLR level
was calculated based on the standard curves.

2.5. Western Blotting. Liver tissues were lysed in sample
buffer containing 62mMTris-HCl, pH 6.8, 0.1% SDS, 0.1mM
sodium orthovanadate, and 50mM sodium fluoride. The
protein content was determined by the BCA protein assay.
Equal amounts of proteinswere loaded and separated by SDS-
PAGE. After electrophoresis, the proteins were transferred
on membranes, after being blocked with 3% nonfat dry milk
the membrane with target proteins was incubated with an
antibody against IRS-2, SREBP-1c, ACC, FAS, or GAPDH
overnight at 4∘C. The blots were incubated with a respective
HRP-conjugated second antibody, and then immunoreactive
bands were revealed using an enhanced chemiluminescence
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system (Applygen Technologies Inc., Beijing, China). The
protein signal was quantified by scanning densitometry in the
X-film by Image-Pro Plus 6.0 software (Bio-Rad, Hercules,
California, USA) [24].

2.6. Hematoxylin and Eosin (HE) Staining. Liver tissue sam-
ples from each mouse were fixed in formalin saline solution
(10%) and then embedded in paraffin, sliced at five microm-
eter thickness, and stained with HE for histological analysis
under a light microscope.

2.7. Statistical Analysis. Data were expressed as means ±
SEM. Student’s 𝑡-test for unpaired observations was used to
compare the mean values of two groups. A value of 𝑝 < 0.05
was considered statistically significant.

3. Results

3.1. Deepure Tea Treatment Improves Hyperinsulinemia and
Insulin Resistance in HFD Mice. The mice in HFD and
Deepure tea groups did not show any difference in body
weight but both possessed a higher body weight than those
in the control group, as shown in Figure 1(a). After 6-hour
fasting, the HFD mice demonstrated hypercholesterolemia,
but not hypertriglyceridemia, as compared with the normal
control mice (Figures 1(b) and 1(c)). Plasma TC was slightly
decreased inDeepure tea groups compared to theHFD group
(93.13±6.799 versus 106.9±5.229), but without significance.

At baseline, plasma glucose level in HFD group did not
differ from that in control group but decreased by 15.3% in
Deepure tea treated group with significance (Figure 1(d)).
In contrast, HFD resulted in a significant increase in
serum insulin, as compared with the control group, which
was reduced as much as 43.5% by Deepure tea treatment
(Figure 1(e)). The homeostasis model assessment (HOMA)
was calculated as an index of insulin resistance. As shown
in Figure 1(f), HOMA-IR index was decreased by ∼54% in
Deepure tea treated mice compared with HFD mice. The
potential of Deepure tea treatment to improve insulin resis-
tance was also confirmed by IPGTT (Figure 1(g)). Figure 1(h)
presents the results of the plasma glucose levels detected 2
hours after glucose administration, showing a decrease by
25.1% in Deepure tea-treatment mice compared with HFD
mice.

3.2. Deepure Tea Attenuates HFD-Induced Hepatic Steatosis
in C57BL/6 Mice. Histological examination was conducted
at the end of the experiment, and the result is illustrated in
Figure 2. Strikingly, HFD led to an apparent NAFLD com-
pared with control mice, which manifested a large number of
lipid-filled vacuoles (arrowheads) in liver tissue. Impressively,
liver sections from Deepure tea-treatment mice revealed an
obvious reduction of lipid droplets (arrowheads), showing
the potential of Deepure tea to relieve hepatic steatosis.

3.3. Deepure Tea Modulates the Expression of Genes Involved
in Hepatic Insulin Signaling Pathway and Hepatic Lipid Syn-
thesis. Insulin resistance is known showing a reduced insulin

sensitivity of peripheral tissue with aberrant IRS-2 and down-
stream members of the insulin signaling pathway [25]. To
examine whether IRS-2 expression is changed in the present
setting, we assessed the IRS-2 protein in liver tissues. As an
important regulator of liver insulin signaling, the expression
of IRS-2 wasmarkedly reduced in themouse liver of the HFD
group, as compared to those in normal diet mice. Signif-
icantly, mice that received Deepure tea showed evidently
higher IRS-2 protein level in comparison with that in HFD
mice (Figures 3(a) and 3(b)).

To gain insight into the protective mechanisms of Deep-
ure tea against insulin resistance and hepatic steatosis in
HFD-fed mice, we further examined the protein levels in
hepatic tissue that are involved in insulin signaling and lipo-
genesis. SREBP-1c is a key transcriptional factor regulating de
novo lipogenesis in liver [26]. As shown in Figures 3(c) and
3(d), HFD markedly upregulated hepatic SREBP-1c expres-
sion.Of notice, hepatic SREBP-1c protein level of theDeepure
tea groupwas reduced by 44.7%, compared to theHFDgroup.
Similar results were observed for the protein levels of hepatic
FAS and ACC, the target gene of SREBP-1c and the key
enzyme of de novo lipogenesis, which were downregulated
by 25.6% (Figure 3(e)) and 65.8% (Figure 3(f)), respectively,
in the Deepure tea-treatment mice, compared to the HFD
group. Low density lipoprotein receptor (LDLR) plays an
important role in insulin resistance [27, 28]. The level of
LDLR was detected by ELISA kit. As shown in Figure 3(g),
LDLRwas significantly upregulated in liver tissues fromHFD
mice. After treatment with 160mg/kg/day Deepure tea, the
upregulation of liver LDLR induced by HFD was reduced.

4. Discussion

This study provides evidence that short-term intake of Deep-
ure tea protects against the development of hyperinsulinemia
and NAFLD in HFD mice. Histologic results clearly showed
that 14-day feeding of Deepure tea at 160mg/kg reduced
dietary-induced hepatic steatosis, which was correlated with
the downregulation of SREBP-1c, FAS, and ACC expression
in the liver. Consistent with reduced plasma insulin, the
hepatic IRS-2 expression was significantly reduced in HFD
mice. Thus, the findings from our investigation suggest that
Deepure tea may be a desirable food for preventing insulin
resistance and ectopic lipid accumulation, especially in HFD-
induced obesity.

High-energy diets are used widely in nutritional experi-
ments as a strategy to induce obesity in animals [29]. Rodents
fed a lard-based HFD are reported to exhibit visceral adipos-
ity, dyslipidemia, hyperinsulinemia, and NAFLD [22], which
are typically linked with human obesity. In line with this
report, mice in the preset study were fed with high fat diet
containing 50% fat, 36% carbohydrate, and 14% protein for 8
weeks and developed obesity, insulin resistance, and lipid
metabolic disorder. Insulin resistance is one of the key
pathogenic factors of the metabolic syndrome [30]. Impaired
glucose tolerance assessed by IPGTT indicates the presence
of insulin resistance and abnormality in glucose disposal [31].
The present study demonstrated that Deepure tea effectively
decreased plasma insulin and ameliorated glucose tolerance
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Figure 1: Deepure tea restored plasma level of insulin and improved insulin resistance in high fat dietmice. Plasma parameters weremeasured
in the fasting state of the mice. (a) The body weight in different groups. (b)-(c) Plasma TG and TC level in different groups. (d) Plasma
glucose level in different groups at baseline. (e) Plasma insulin level in different groups at baseline. (f) Insulin resistance of mice evaluated by
homeostasis model assessment (HOMA) index. (g) Intraperitoneal glucose tolerance test (IPGTT). (h) Plasma glucose concentration tested
120min after glucose administration. The number of animals included was 10 (control group), 9 (HFD group), and 8 (Deepure tea group),
respectively. All experiments were performed in triplicate. Data are means ± SEM. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 versus control
mice; †𝑝 < 0.05 and ††𝑝 < 0.01 and †††𝑝 < 0.001 versus HFD mice.



Evidence-Based Complementary and Alternative Medicine 5

1

2

3

4

Control

100𝜇m

100𝜇m

100𝜇m

100𝜇m

HFD Deepure tea

(a) (b) (c)

Figure 2: Deepure tea diminished nonalcoholic steatohepatitis caused by HFD in C57BL/6 mice. Representative images of liver tissues
collected from the mice of control (a), HFD (b), and Deepure tea (c) group with low magnification displayed in 1 and high magnification in
2, 3, and 4 are shown. The number of mice examined in each group was 6. Bar = 100 𝜇m.

in the high fat diet mice. A similar phenomenon has also
been reported for the water extract of Pu-erh tea showing its
ability to inhibit the increase in blood insulin and improve
impaired glucose tolerance in db/dbmice [32]. Also, we found
that administration of Deepure tea for 14 days at 160mg
tea/kg body weight, a dose that is approximately equivalent to
1 g per day recommended for human, significantly repressed
the elevated HOMA-IR index in HFD mice. Taken together,
Deepure tea can improve insulin resistance induced by a high
fat diet in C57BL/6 mice. The amount of food intake was
almost the same for the mice in HFD and Deepure tea group
(data not shown), and the body weight of mice did not reveal
significant difference between HFD group and Deepure tea

group. Plasma TC was only slightly decreased in Deepure
tea group mice compared to that of the HFD group, which
may result from the relatively short-term administration of
Deepure tea.

Insulin resistance manifests reduced insulin sensitivity of
peripheral tissue with an abnormality in the insulin signaling
pathway, including IRS and other downstream molecules
[33]. IRS-2 is the main mediator of hepatic insulin signaling,
controlling hepatic insulin sensitivity [9]. In the present
study, there was a dramatic decrease in hepatic IRS-2 in the
liver of HFD mice. Deepure tea intragastrically given for 14
days could reverse the downregulation of IRS-2 protein in
dietary-induced obese mice, which may be contributable to
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Figure 3: Deepure tea modulated the expression of genes involved in hepatic insulin signaling and lipid metabolism. (a) Representative
western blot of IRS-2 expression in liver tissue of mice in different group. (b) Quantification of the western blot results of IRS-2. (c)
Representative western blot of SREBP-1c, FAS, and ACC expression in liver tissue of mice in different group. (d) Quantification of the western
blot results of SREBP-1c. (e) Quantification of the western blot results of FAS. (f) Quantification of the western blot results of ACC, 𝑁 = 6.
(g) LDLR levels determined by ELISA kit,𝑁 = 8. The results are presented as mean ± SEM of 3 experiments. ∗∗𝑝 < 0.01 and ∗∗∗𝑝 < 0.001
versus control mice; †𝑝 < 0.05 and ††𝑝 < 0.01 versus HFD mice.

the improvement of hepatic insulin resistance. This result is
in line with previous study showing that the water extract
of Pu-erh tea can significantly increase glucose uptake by
HepG2 cell [32]. Nonetheless, the present study is the first
to show a possible molecular mechanism for Pu-erh tea to
improve hepatic insulin resistance. However,more researches
are needed to elucidate the mechanism that Deepure tea
ameliorates dietary-induced hepatic insulin resistance.

Excessive intake of fatty acid will lead to fatty liver. In the
present study, C57BL/6 mice fed with high fat diet displayed
NAFLD, whereas after administration of Deepure tea, the

lipid content in liver was significantly reduced, suggesting
that the Deepure tea could significantly improve hepatic lipid
accumulation.

The increased fatty acid de novo synthesis is one of the
major sources of lipid accumulation in liver. The protein
SREBP-1c, as a transcriptional regulator of lipid synthesis,
activates genes required for de novo lipogenesis [26, 34–36].
SREBP-1c activates ACC that produces malonyl-CoA at the
mitochondrial membrane and also increases the expression
of FAS, which plays an important role in the lipogenesis
pathway. Previously, Pu-erh tea [18], Yerba Mate tea [37],
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and coffee polyphenols [38] have been shown to decrease the
hepatic SREBP-1cmRNA level, resulting in the suppression of
body fat accumulation. Here, we observed that the proteins of
SREBP-1c, FAS, and ACC were increased impressively in the
liver of high fat diet mice, which were significantly restored
by treatment with Deepure tea, accompanied with an atten-
uation of the lipid accumulation. Deepure tea also reduced
the upregulated LDLR protein induced by high fat diet.
However, further investigations are required to clarify the
effects of Deepure tea on the expressions of genes involved in
triglyceridemetabolism such as fatty acid oxidation, lipolysis,
and lipid delivery.

In conclusion, this study demonstrates that short-term
oral administration of Deepure tea has beneficial effects on
diet-induced hyperinsulinemia and ectopic lipid accumula-
tion. These effects are most likely mediated through modifi-
cation of IRS-2 and its downstream signaling SREBP-1c, FAS,
andACC. Importantly, the dose ofDeepure tea administrated
in the present study was close to that which human intakes as
routing. Thus, these results also suggest that regular Deepure
tea consumption is conducive tomaintainmetabolism home-
ostasis.
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Increased fructose ingestion has been linked to obesity, hyperglycemia, dyslipidemia, and hypertension associated with metabolic
syndrome. Blackcurrant (Ribes nigrum; BC) is a horticultural crop in Europe. To induce metabolic syndrome, Sprague-Dawley rats
were fed 60% high-fructose diet. Treatment with BC (100 or 300mg/kg/day for 8 weeks) significantly suppressed increased liver
weight, epididymal fatweight, C-reactive protein (CRP), total bilirubin, leptin, and insulin in ratswith inducedmetabolic syndrome.
BC markedly prevented increased adipocyte size and hepatic triglyceride accumulation in rats with induced metabolic syndrome.
BC suppressed oral glucose tolerance and protein expression of insulin receptor substrate-1 (IRS-1) and phosphorylated AMP-
activated protein kinase (p-AMPK) in muscle. BC significantly suppressed plasma total cholesterol, triglyceride, and LDL content.
BC suppressed endothelial dysfunction by inducing downregulation of endothelin-1 and adhesion molecules in the aorta. Vascular
relaxation of thoracic aortic rings by sodium nitroprusside and acetylcholine was improved by BC. The present study provides
evidence of the potential protective effect of BC against metabolic syndrome by demonstrating improvements in dyslipidemia,
hypertension, insulin resistance, and obesity in vivo.

1. Introduction

Metabolic syndrome is a disease condition characterized by
variable coexistence of obesity, hyperuricemia, hyperinsu-
linemia, hypertension, and dyslipidemia. The pathogenesis
of metabolic syndrome includes multiple organs in the
cardiorenal system [1]. Patients with metabolic syndrome,
as defined by the National Cholesterol Education Program
Adult Treatment Panel III (NCEP-ATP III), simultaneously
exhibit 3 or more of the following traits: increased waist
circumference, elevated blood pressure, reduced high-density
lipoprotein (HDL) level, elevated triglyceride level, and
hyperglycemia [2, 3].

Fructose, present in added sugars such as sucrose
and high-fructose corn syrup, has been epidemiologically
linked with metabolic syndrome. Increased consumption of

fructose, commonly used in processed food and soft drinks, is
one of themost important factors contributing to the growing
prevalence of metabolic syndrome [4]. Recent findings have
shown that dietary fructose accelerates metabolic disorders
and induces oxidative damage [5]. A high-fructose diet
induces a well-characterized metabolic syndrome, generally
resulting in hyperinsulinemia, hypertension, dyslipidemia,
and a low HDL level [6]. A recent study suggested that
renal damage is associated with metabolic syndrome [7].
Exposure of the liver to high levels of fructose leads to rapid
stimulation of lipogenesis and triglyceride accumulation,
which lead to reduced insulin sensitivity and hepatic insulin
resistance/glucose intolerance [8].

Blackcurrant (Ribes nigrum; BC) is a valuable horticul-
tural crop in Russia, Poland, German, Scandinavia, Eng-
land, New Zealand, and several Eastern European nations.
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Annual worldwide production of BC is approximately
500,000 to 600,000 tons [9]. BC contains numerous physio-
logically active components, including vitamins, carotenoids,
and flavonoids, which have antiulcer, anticonvulsion, and
antidiarrhea effects, as well as protective effects against
carcinomas, diabetes, and regressive disease [10, 11].

Several studies have reported that BC produces antiox-
idative effects. Anthocyanins from BC abrogate oxida-
tive stress through Nrf2-mediated antioxidant mechanisms
[12]. In addition, BC extract has cytoprotective and anti-
inflammatory properties [13]. Moreover, BC protects against
kidney stones [14]. However, the therapeutic effects of BC
in subjects with metabolic disorder have not been reported.
Thus, this study was designed to identify the effect of BC
extract on high-fructose diet-inducedmetabolic syndrome in
rats.

2. Methods and Materials

2.1. Plant Material and Preparation of BC Extract. BC was
purchased fromGukmin Farm (Jeongeup, Korea). A voucher
specimen (number HBF191) was deposited in the Herbarium
of the Professional Graduate School of Oriental Medicine,
Wonkwang University (Korea). BC (400 g) was boiled with
3 L of distilled water at 100∘C for 2 h.The resulting extract was
filtered through Whatman No. 3 filter paper and centrifuged
at 990×g for 20min at 4∘C. The resulting supernatant was
concentrated using a rotary evaporator, after which the
resulting extract (63.19 g) was lyophilized using a freeze-drier
and stored at −70∘C until required.

2.2. Animal Experiments and Diet. All experimental pro-
cedures were carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal
Care and Utilization Committee for Medical Science of
Wonkwang University (approval number: WKU 14-50). Six-
week-oldmale Sprague-Dawley (SD) rats were obtained from
Samtako (Osan, Korea) and kept in a roomwith automatically
maintained temperature (23∘C), humidity (50–60%), and
light/dark cycles (12-h each) throughout the experiments.
After 1 week of acclimatization, the rats were randomly
divided into 4 groups (10 rats per group). The control group
(Cont.) was fed a regular diet. The high-fructose (HF) diet
group was fed a 60% fructose diet (Research Diet, USA).
The low-dose BC group was fed 60% fructose diet with
100mg/kg/day BC administered orally by Sonde for a period
of 4weeks.Thehigh-dose BC groupwas fed 60% fructose diet
with 300mg/kg/day of BC administered orally by Sonde for
a period of 4 weeks. The regular diet was composed of 50%
starch, 21% protein, 4% fat, and a standard mix of vitamins
and minerals. The high-fructose diet was composed of 60%
fructose, 20%protein, 10% fat, and a standardmix of vitamins
and minerals.

2.3. Measurement of Blood Pressure. Systolic blood pres-
sure (SBP) was determined using noninvasive tail-cuff
plethysmography and recorded with an automatic sphygmo-
graph (MK2000; Muromachi Kikai, Tokyo, Japan). SBP was

measured once per week. At least 10 determinations of SBP
were made during every measurement session. Values are
presented as the mean ± SEM of 8 measurements.

2.4. Estimation of Oral Glucose Tolerance. Two oral glucose
tolerance tests (OGTT) were performed 2 days apart after
8 weeks of treatment. Briefly, basal blood glucose concen-
trations were measured after 10–12 h of overnight fasting,
after which glucose (2 g/kg body weight) was immediately
administered via oral gavage. Tail vein blood samples were
collected 30, 60, 90, and 120min after glucose administration.

2.5. Blood and Tissue Sampling. At the end of the experi-
ments, the thoracic aorta and muscle were separated, rinsed
with cold saline, and frozen. Plasma was obtained from
coagulated blood samples by centrifugation at 3,000 rpm for
15min at 4∘C and frozen at −80∘C.

2.6. Blood Parameters. Triglyceride levels in plasma were
measured using commercial kits (AM 157S-K, ASAN, Korea).
Levels of HDL, total cholesterol, and low-density lipoprotein
(LDL) in plasma were measured using HDL and LDL assay
kits (E2HL-100, Bio Assay Systems, Germany). Levels of
insulin in plasma were measured using commercial kits (80-
INSRT-E01, ALPCO,UK). Levels of C-reactive protein (CRP)
in plasma were measured using commercial kits (557825,
BD Biosciences, America). Levels of leptin in plasma were
measured using commercial kits (ab100773, Abcam, UK).
Levels of T-Bill and BUN in plasma were measured using
commercial kits (77184, Arkray, Japan).

2.7. Preparation of Aorta and Measurement of Vascular Reac-
tivity. The thoracic aorta was rapidly and carefully collected
from each rat and placed into cold Kreb’s solution (118mM
NaCl, 4.7mMKCl, 1.1mMMgSO

4
, 1.2mMKH

2
PO
4
, 1.5mM

CaCl, 25mM NaHCO
3
, 10mM glucose, and pH 7.4). Con-

nective tissue and fat were removed from each thoracic aorta.
Each thoracic aorta was cut into rings of approximately
3mm in length. Care was taken to protect the endothelium
from accidental damage during the dissection procedure.
The thoracic aortic rings were suspended in a tissue bath
containing Kreb’s solution at 37∘C by means of 2 L-shaped
stainless-steel wires inserted into the lumen and aerated
with 95% O

2
and 5% CO

2
. The isometric forces of the

rings were measured using a Grass FT 03 force displacement
transducer connected to a Model 7E polygraph recording
system (Grass Technologies, Quincy, MA, USA). A passive
stretch of 1 g in the thoracic aortic rings was determined
to be the optimal tension for maximal responsiveness to
phenylephrine (10−6M). The preparations were allowed to
equilibrate for approximately 1 h with the Kreb’s solution
replaced every 10min. The relaxant effects of acetylcholine
(ACh, 10−9–10−6M) and sodium nitroprusside (SNP, 10−10–
10−5M) in the thoracic aorta rings were studied.

2.8. Western Blot Analysis in the Rat Aorta and Muscle.
Thoracic aorta and muscle homogenates were prepared in
ice-cold buffer containing 250mM sucrose, 1mM EDTA,
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0.1mM phenylmethylsulfonyl fluoride, and 20mM potas-
sium phosphate buffer (pH 7.6). The homogenates were
centrifuged at 8,000 rpm for 10min at 4∘C, after which the
resulting supernatants were centrifuged at 13,000 rpm for
5min at 4∘C to produce a cytosolic fraction for protein
analysis. The recovered proteins were separated by 10%
SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes, which were blocked with 5%
bovine serum albumin (BSA) powder in 0.05% Tween 20-
Tris-buffered saline (TBS-T) for 1 h. Specific primary anti-
bodies against ICAM-1, VCAM-1, E-selectin, eNOS, ET-
1 (in aorta), AMP-activated protein kinase (AMPK), p-
AMPK, and insulin receptor substrate-1 (IRS-1) (in mus-
cle) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). The nitrocellulose membranes were
incubated overnight at 4∘C with protein antibodies. The
blots were washed several times with TBS-T and incubated
with horseradish peroxidase-conjugated secondary antibody
for 1 h after which immunoreactive bands were visualized
using an enhanced chemiluminescence system (Amersham,
Buchinghamshire, UK). The bands were analyzed densit-
ometrically using a Chemi-doc Image Analyzer (Bio-Rad,
Hercules, CA, USA).

2.9. Hematoxylin and Eosin (H & E) and Oil Red O Staining
of Aorta, Epididymal Fat, and the Liver. Thoracic aorta tissue
from 5 random subjects from each group was fixed in 10%
(v/v) formalin in 0.01Mphosphate-buffered saline (PBS) for 2
days, with the formalin solution changed every day to remove
traces of blood. The aortic tissue samples were dehydrated
and embedded in paraffin, sectioned (6 𝜇m), and stainedwith
H & E. Epididymal fat (from 5 random subjects from each
group) and liver tissue (from 5 random subjects from each
group) samples were fixed in 4% paraformaldehyde for 48 h
at 4∘C and incubated with 30% sucrose for 2 days. Each fat
and liver sample was embedded in OCT compound (Tissue-
Tek, Sakura Finetek, Torrance, CA, USA), frozen in liquid
nitrogen, and stored at −80∘C. Frozen sections were cut with
a Shandon Cryotome SME (Thermo Electron Corporation,
Pittsburg, PA, USA) and mounted on poly-l-lysine-coated
slides. Epididymal fat sections were stained with H & E,
whereas liver sections were stained with Oil Red O. For
quantitative histopathological comparisons, each section was
analyzed using Axiovision 4 Imaging/Archiving software.

2.10. Immunohistochemistry of Thoracic Aorta Tissue. Prior
to immunohistochemical staining, tissue sections in paraffin
were mounted on poly-l-lysine-coated slides (Fisher Scien-
tific, Pittsburgh, PA, USA). The tissue on each slide was
immunostained using Invitrogen HISOTO-STAIN-SP kits
with the labeled streptavidin-biotin (LAB-SA) method. After
antigen retrieval, slides were immersed in 3% hydrogen per-
oxide for 10min at room temperature to block endogenous
peroxidase activity and rinsed with PBS. Next, slides were
incubated with 10% nonimmune goat serum for 10min at
room temperature and incubated with primary antibodies
against ICAM-1, VCAM-1, ET-1, and eNOS (1 : 200; Santa
Cruz, CA, USA) in humidified chambers overnight at 4∘C.
Next, slides were incubated with biotinylated secondary

antibodies for 20min at room temperature, followed by incu-
bation with horseradish peroxidase-conjugated streptavidin
for 20min at room temperature. Peroxidase activity was
visualized using a 3,3-diaminobenzidine (DAB; Novex, CA)
substrate-chromogen systemwith hematoxylin counterstain-
ing (Zymed, CA, USA). For quantitative analysis, the average
score of 10–20 randomly selected areas was calculated using
NIH Image Analysis Software, ImageJ (NIH, Bethesda, MD,
USA).

2.11. Statistical Analysis. All experiments were repeated at
least 3 times. Results are expressed as mean ± S.D. or mean ±
S.E.M. Data were analyzed using Sigmaplot 10.0 software.
Student’s 𝑡-test was used to determine significant differences
between groups. Results of 𝑃 < 0.05 were considered statis-
tically significant.

3. Results

3.1. Effects of BC on Body Weight and Tissue Weights. Dur-
ing the experimental period, all groups showed significant
increases in body weight. The body weight of the HF diet
group was not significantly different from that of the control
group. However, the BC1 and BC2 groups showed signifi-
cantly decreased body weight in comparison with the HF diet
group during the final week of the experiment.

In comparison with the control group, the HF diet group
showed significantly increased liver weight, liver weight as a
percentage of BW, epididymal fat pad weight, and epididymal
fat pad weight as a percentage of BW. However, the BC1 and
BC2 groups showed significantly reduced liver weight, liver
weight as a percentage of BW, epididymal fat pad weight, and
epididymal fat pad weight as a percentage of BW (Table 1).

3.2. Effects of BC on Plasma Parameters. The HF diet group
showed significantly increased CRP, T-Bil, and insulin levels
in comparison with those of the control group. However,
the BC2 group showed significantly decreased CRP, T-Bil,
and insulin in comparison with those of the HF diet group.
The HF diet group showed significantly decreased leptin in
comparison with that of the control group. The BC2 group
showed significantly increased leptin in comparisonwith that
of the HF diet group (Table 2).

3.3. Effects of BC on Oral Glucose Tolerance and Expression
of IRS-1 and p-AMPK in Muscle. Each rat was subjected to
the OGTT to measure insulin resistance. The HF diet group
showed significantly increased blood glucose content 90 and
120min after glucose administration. However, the blood
glucose content of the BC2 group significantly reduced in
comparison with that of the HF diet group 90 and 120min
after glucose administration.

The IRS-1 and p-AMPK protein expression levels of the
HF diet group significantly decreased in comparison with
those of the control group. However, the IRS-1 and p-AMPK
protein expression levels in muscle tissue from the BC1 and
BC2 groups reduced in comparison with those of the HF diet
group (Figure 1).
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Figure 1: Effects of BC on oral glucose tolerance test (a) and the expression of IRS-1 and p-AMPK in the muscle (b). Values were expressed
as mean ± S.E. (𝑛 = 10). ∗𝑃 < 0.05 versus Cont; #𝑃 < 0.05 versus HF. Representative western blots of IRS-1 and p-AMPK protein levels are
shown (𝑛 = 4). IRS-1: insulin receptor substrate 1; Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant
300mg/kg/day.

Table 1: Effects of BC on body weight, liver weight, liver weight % of BW, epididymal fat pads weight, and epididymal fat pads weight % of
BW.

Cont. HF BC1 BC2
Body weight (g)

Start 227.62 ± 1.96 221.75 ± 2.64 233.79 ± 1.99 224.27 ± 2.31
Final 466.15 ± 10.75 455.14 ± 8.15 427.14 ± 10.97# 419.73 ± 6.6#

Liver weight (g) 10.9 ± 0.52 13.2 ± 0.76∗ 11.18 ± 0.21# 10.8 ± 0.23##

Liver weight % of BW 2.49 ± 0.07 2.8 ± 0.03∗ 2.52 ± 0.03# 2.54 ± 0.04#

Epididymal fat pads weigh (g) 6.64 ± 0.4 7.47 ± 0.46∗ 6.42 ± 0.55# 5.15 ± 0.42#

Epididymal fat pads weight % of BW 1.45 ± 0.05 1.74 ± 0.06∗ 1.38 ± 0.14# 1.19 ± 0.08#

Values were expressed as mean ± S.E. (𝑛 = 10). ∗𝑃 < 0.05 versus Cont.; #𝑃 < 0.05 and ##
𝑃 < 0.01 versus HF. BW: body weight; Cont.: control; HF: high

fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant 300mg/kg/day.

Table 2: Effects of BC on CRP, T-Bil, leptin, and insulin.

Cont. HF BC1 BC2
CRP
(ng/mL) 195.62 ± 1.32 208.82 ± 5.6∗ 194.1 ± 2.52 193.67 ± 2.39#

T-Bil
(mg/dL) 0.6 ± 0.03 0.72 ± 0.05∗ 0.63 ± 0.04 0.57 ± 0.02#

Leptin
(pg/dL) 0.62 ± 0.03 0.45 ± 0.03∗ 0.53 ± 0.01 0.83 ± 0.1##

Insulin
(mg/dL) 0.64 ± 0.03 1.15 ± 0.19∗ 0.64 ± 0.06# 0.62 ± 0.05#

Values were expressed as mean ± S.E. (𝑛 = 10). ∗𝑃 < 0.05 versus Cont; #𝑃 <
0.05 and ##

𝑃 < 0.01 versusHF. CRP:C-reactive protein; T-Bil: total bilirubin;
Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2:
blackcurrant 300mg/kg/day.

3.4. Effect of BC on the Morphology of Epididymal Fat
Pads. The HF diet induced fat hypertrophy in this study.

However, the adipocytes of the BC1 and BC2 groups showed
significantly reduced hypertrophy in comparison with those
of the HF diet group (Figure 2).

3.5. Effect of BC on Hepatic Steatosis. To investigate fat
accumulation in the liver, we prepared frozen liver sec-
tions, which were stained with Oil Red O. Lipid droplets
were detected in the HF diet groups. However, significantly
fewer lipid droplets were counted in the BC1 and BC2
groups compared to those counted in the HF diet group
(Figure 3).

3.6. Effect of BC on Lipid Metabolism Biomarker Levels.
Total cholesterol, triglyceride, LDL, and HDL plasma levels
were measured as biomarkers of lipid metabolism. The total
cholesterol, triglyceride, and LDL levels of the HF diet
group significantly increased in comparison with those of
the control group. However, the total cholesterol, triglyceride,
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Figure 2: Effects of BC on epididymal fat pads morphology. Representative microscopic photographs in epididymal fat pads of SD rats with
control diet and HF diet were stained with hematoxylin and eosin. Values were expressed as mean ± S.E. (𝑛 = 5). ∗∗𝑃 < 0.01 versus Cont;
##
𝑃 < 0.01 versus HF. Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant 300mg/kg/day.

and LDL levels of the BC1 and BC2 groups significantly
decreased in comparison with those of the HF group. There
was no significant difference in theHDL level of either theHF
group or the BC group (Table 3).

3.7. Effect of BC on Systolic Blood Pressure and Vascu-
lar Tension. At the beginning of the experimental feeding
period, systolic blood pressure was measured by the tail-
cuff technique. After 4 weeks, the systolic blood pressure
of the HF diet group was significantly higher than that of
the control group. The systolic blood pressure of the BC1
group was significantly lower than that of the HF diet group.

The systolic blood pressure of the BC2 groupwas significantly
lower than that of the HF diet group.

Vascular responses to SNP (1 × 10−10 to 1 × 10−7M) and
ACh (1 × 10−9 to 1 × 10−6M) were measured in the thoracic
aorta. ACh-induced relaxation of thoracic aorta rings was
significantly impaired in the HF diet group in comparison
with that of the other groups. SNP-induced relaxation of
thoracic aorta rings was significantly impaired in the HF diet
group in comparison with that of the other groups (Figure 4).

3.8. Effect of BC on the Morphology of Aorta. The tunica
intima-media layer of the HF diet group showed significantly
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BC1 BC2

Cont. HF

Figure 3: Effects of BC on liver morphology. Representative microscopic photographs in liver of SD rats with control diet and HF diet were
stained with Oil red O (𝑛 = 5). Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant 300mg/kg/day.

Table 3: Lipid profile in SD rats fed HF and/or BC for 8 weeks.

Cont. HF BC1 BC2
T-Cho (mg/dL) 55.36 ± 1.65 73.66 ± 3.62∗∗ 59.93 ± 3.07# 58.36 ± 3.76#

TG (mg/dL) 98.13 ± 13.43 229.66 ± 15.29∗∗ 137.32 ± 14.42## 109.38 ± 13.36##

LDL-c (mg/dL) 31.37 ± 3.73 46.76 ± 8.85∗ 33.32 ± 4.97# 34.35 ± 2.63#

HDL-c (mg/dL) 30.37 ± 4.8 27.49 ± 5.72 32.64 ± 5.2 35.1 ± 7.62
Values were expressed as mean ± S.E. (𝑛 = 10). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus Cont; #𝑃 < 0.05 and ##

𝑃 < 0.01 versus HF. T-Cho: total cholesterol;
TG: triglyceride; LDL-c: low-density lipoprotein; HDL-c: high-density lipoprotein; Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2:
blackcurrant 300mg/kg/day.

increased thickness in comparison with that of the control
group. However, the tunica intima-media layer of the BC1
and BC2 groups showed significantly decreased thickness in
comparison with that of the HF diet group (Figure 5).

3.9. Effects of BC on Expressions Levels of Adhesion Molecules,
eNOS, and ET-1 in Aortic Tissue. Protein expression levels
of adhesion molecules (VCAM-1, ICAM-1, and E-selectin),
ET-1, and eNOS in aortic tissue were determined by western
blotting. Protein levels of adhesion molecules and ET-1
increased in the HF diet group in comparison with those of
the control group. However, the BC1 and BC2 groups showed
decreased protein levels of adhesion molecules and ET-1 in
comparison with those of the HF diet group. In addition,
eNOS protein expression in the HF diet group decreased in
comparison with that of the control group. However, the BC1

and BC2 groups showed increased eNOS protein expression
in comparison with that of the HF group (Figure 6).

3.10. Effects of BC on Immunoreactivity of AdhesionMolecules,
eNOS, and ET-1 in Aortic Tissues. Immunohistochemistry
was used to evaluate expression of ET-1, ICAM-1, VCAM-1,
and e-NOS in the aortic wall. ET-1, ICAM-1, and VCAM-1
protein expression levels increased in the HF diet group in
comparison with those of the control group. However, the
ET-1, ICAM-1, and VCAM-1 protein expression levels of the
BC1 and BC2 groups decreased in comparison with those of
the HF diet group. eNOS expression decreased in the HF diet
group in comparisonwith that of the control group. However,
the groups treatedwith BC1 andBC2 showed increased eNOS
expression in comparison with that of the HF diet group
(Figure 7).
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Figure 4: Effects of BC on systolic blood pressure (a), vascular tone in thoracic aorta effect of a BC on sodium nitroprusside-induced
contraction in thoracic aorta (b), and effect of a BC on acetylcholine-induced relaxation in thoracic aorta (c). Values were expressed as
mean ± S.E. (𝑛 = 10). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus Cont.; #𝑃 < 0.05 and ##

𝑃 < 0.01 versus HF. SNP: sodium nitroprusside; ACh:
acetylcholine; Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant 300mg/kg/day.

4. Discussion

The results of this study demonstrate that theHF diet induced
metabolic syndrome with increased epididymal fat pad
weight resulting from increased plasma levels of triglycerides
and LDL. Treatment with BC lowered epididymal fat pad
weight, triglyceride levels, and LDL levels, whereas it elevated
levels of HDL, which enhances lipid metabolism. Thus, BC
improves lipid metabolism by decreasing plasma levels of
triglycerides and LDL. Although epididymal fat pad weight
increased in response to the HF diet, the body weight of the
control diet and HF diet groups was similar [15]. HF has
been shown to increase hepatic lipase activity and epididymal
fat hypertrophy [7, 16]. Experiments intended to measure

increased body weight should be longer than the period of
8 weeks used in the present study [17]. BC reduces obesity in
HF diet rats, because BC significantly decreased the HF diet-
induced increase in bodyweight in this study. In addition, BC
suppressed insulin and leptin levels [18, 19].

Because HF impairs glucose tolerance and induces obe-
sity, dyslipidemia, and fatty liver, this study focused on
the expression of AMPK in the liver and muscle [20]. HF
decreased expression of IRS-1. IRS-1 deficiency causes insulin
resistance. In addition, IRS-1 plays a very important role in
secretion of insulin from pancreatic 𝛽-cells in the liver and
muscle [21]. The BC group showed reduced IRS-1 expression
in comparison with that of the HF group.
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Figure 5: Effects of BC on aorta morphology. Representative microscopic photographs in aorta of SD rats with control diet and HF diet were
stained with hematoxylin and eosin. Values were expressed as mean ± S.E. (𝑛 = 5). ∗∗𝑃 < 0.01 versus Cont.; #𝑃 < 0.05 versus HF. Cont.:
control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2: blackcurrant 300mg/kg/day.

In the present study, HF increased circulating levels of
inflammatory marker CRP. Increased CRP is an independent
risk factor for coronary artery disease [22]. Altered lipid levels
induced by the HF diet were associated with aortic lesions.
Histological analysis demonstrated that the endothelial layers
were rougher in aortic sections from HF diet rats, which was
associated with a trend towards increased development of
atherosclerosis. Intima-media thickness of the thoracic aorta
has been shown to correlate with prognosis and the degree
of coronary artery disease [23]. BC treatment maintained
smooth and soft intima endothelial layers and decreased
intima-media thickness in the aortic sections of HF diet rats.

Endothelial dysfunction plays an important role in hyper-
tension, vascular inflammation, other cardiovascular dis-
eases, and metabolic syndrome [24, 25]. In this experimental
model, expression of ET-1 and inducible adhesion molecules
such as ICAM-1 and VCAM-1 in the arterial wall represented
a key event in the development of atherosclerosis. BC ame-
liorated vascular inflammation by downregulation of ET-1,
ICAM-1, VCAM-1, and E-selectin expression in the thoracic
aorta. Several studies have shown that reduced blood pressure
and endothelial function are related to increased eNOS
reactivity, which results in increased production of NO,
a strong vasodilator [26, 27]. In the present study, BC
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blackcurrant 300mg/kg/day.
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Figure 7: Effects of BC on ET-1 (a), ICAM-1 (b), VCAM-1 (c), and eNOS (d) immunoreactivity in aortic tissues. Values were expressed as
mean ± S.E. (𝑛 = 5). ∗∗𝑃 < 0.01 versus Cont.; #𝑃 < 0.05 versus HF. Cont.: control; HF: high fructose; BC1: blackcurrant 100mg/kg/day; BC2:
blackcurrant 300mg/kg/day.
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upregulated eNOS levels in the aorta and recovered HF diet-
induced impairment of endothelium-dependent vasorelax-
ation. These results suggest that the hypotensive effect of BC
ismediated by endothelium-dependentNO/cGMP signaling.
The histological study revealed that BC suppressed vascular
inflammation, compatible with the processes of atherosclero-
sis. In fact, endothelial dysfunction was initially identified as
impaired vasodilation in response to specific stimuli such as
ACh and bradykinin; therefore, improvement of endothelial
function is predicted to regulate lipid homeostasis [28].

5. Conclusion

BC improved reduced plasma levels of biomarkers of dyslipi-
demia, including total cholesterol, triglycerides, and LDL. BC
enhanced SNP- and ACh-induced relaxation and suppressed
expression of adhesion molecules in the thoracic aorta,
reduced systolic blood pressure, and reduced C-reactive pro-
tein levels. In addition, BC ameliorated insulin resistance by
decreasing insulin release, improving glucose tolerance, and
restoring insulin signaling by recovering IRS-1 expression
in skeletal muscle tissue. In addition, BC improved obesity
parameters such as leptin and adipocyte size. These results
suggest that BC ameliorated dyslipidemia, hypertension,
insulin resistance, and obesity in rats with HF-induced
metabolic syndrome. Taken together, the results of this study
demonstrate that BC may be used as a new therapeutic
approach for metabolic syndrome.
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This study investigated the antioxidant activity of one hundred kinds of pure chemical compounds foundwithin a number of natural
substances and oriental medicinal herbs (OMH). Three different methods were used to evaluate the antioxidant activity of DPPH
radical-scavenging activity, ABTS radical-scavenging activity, and online screeningHPLC-ABTS assays.The results indicated that 17
compounds exhibited better inhibitory activity against ABTS radical thanDPPH radical.The IC

50
rate of amore practical substance

is determined, and the ABTS assay IC
50
values of gallic acid hydrate, (+)-catechin hydrate, caffeic acid, rutin hydrate, hyperoside,

quercetin, and kaempferol compounds were 1.03 ± 0.25, 3.12 ± 0.51, 1.59 ± 0.06, 4.68 ± 1.24, 3.54 ± 0.39, 1.89 ± 0.33, and 3.70 ±
0.15𝜇g/mL, respectively.The ABTS assay is more sensitive to identifying the antioxidant activity since it has faster reaction kinetics
and a heightened response to antioxidants. In addition, there was a very small margin of error between the results of the offline-
ABTS assay and those of the online screeningHPLC-ABTS assay.We also evaluated the effects of 17 compounds on theNO secretion
in LPS-stimulated RAW 264.7 cells and also investigated the cytotoxicity of 17 compounds using a cell counting kit (CCK) in order
to determine the optimal concentration that would provide an effective anti-inflammatory action with minimum toxicity. These
results will be compiled into a database, and this method can be a powerful preselection tool for compounds intended to be studied
for their potential bioactivity and antioxidant activity related to their radical-scavenging capacity.

1. Introduction

Natural substances and oriental medicinal herbs (OMH)
have been traditionally administered to treat or prevent
various diseases in Asia, including Korea, China, and Japan
[1]. Generally OMH have very effective anticancer, anti-
inflammatory, and antivirus properties [2], and researchers
have reported that these natural substances also exhibit
antioxidant activity. In addition, their long historical clinical
practice and reliable therapeutic efficacymake them excellent
sources to discover natural bioactive compounds [3]. OMH
have received extensive attention for their use as drugs,
functional foods, and cosmetic materials [1, 4]. An extraction
solvent composed of water and ethanol is commonly used to
extract the bioactive compounds fromOMHwith subsequent
boiling and distillation to obtain useful components [5].
The chemical constituents of OMH have been shown to

be composed of natural products, including triterpenes,
steroids, alkaloids, flavonoids, and polysaccharides [3, 6].
During our investigation on the potential antioxidant activity
of the commonly known phytochemical, one hundred kinds
of pure compounds were identified. Reactive oxygen species
(ROS), which originate from oxygen, are naturally produced
by some enzymes as part of the metabolism within the
cytoplasm [7, 8]. However, excess ROS have a fatal effect on
oxygen toxicity and cellular dysfunction. In addition, excess
ROS have also been linked to maladies such as cancer, stroke,
Parkinson’s disease, heart disease, arteriosclerosis, infection,
ageing, and autoimmune disease [8, 9]. Many studies have
been carried out on the antioxidant activity that eliminates
ROS to obtain more conclusive information [10, 11], and
OMH have been reported to contain these kinds of antiox-
idants: ABTS, DPPH, and lipid peroxidation inhibition. The
corresponding target compounds were used to identify the
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antioxidant activity, especially using DPPH or ABTS radical
technique [12]. Recently, sensitive online HPLC methods
(online HPLC-DPPH and online HPLC-ABTS assays) have
been developed to analyse free radical-scavenging activity
[5, 13]. An online systemhas been introduced to rapidly deter-
mine the antioxidant activity of each component in the given
compounds, and online screening HPLC postcolumn assay
involving DPPH or ABTS radical techniques has been devel-
oped to provide a new analysis screening technology method
with which the bioactive compounds can be spectrophoto-
metrically monitored due to the decrease in absorbance at
515 or 734 nm [14].This newmethod was successfully applied
to screen and identify the natural bioactivity of complex
mixtures, especially for OMH [15]. In this study, we conduct
DPPH and ABTS assays to screen for the antioxidant activity
of one hundred kinds of pure chemical compounds, so the
IC
50

rate of a more practical substance is determined. We
also evaluated the cytotoxicity of 17 compounds, including
(1) (+)-catechin hydrate, (2) calycosin, (3) caffeic acid, (4)
curcumin, (5) eugenol, (6) ferulic acid, (7) gallic acid hydrate,
(8) hyperoside, (9) kaempferol, (10) magnolol, (11) quercetin,
(12) quercetin 3-beta-D-glucoside, (13) quercitrin hydrate,
(14) rutin hydrate, (15) sinapic acid, (16) vanillylacetone, and
(17) L-(+)-ascorbic acid, by using a CCK assay to determine
the optimal concentration that would be effective for anti-
inflammatory activity with a minimum toxicity [9, 16]. In
addition, the results of an online HPLC-ABTS assay of some
of the compoundswere compared and analysed to find amore
practical approach toward the use of online screening HPLC-
ABTS assays to quickly pinpoint peaks in chromatograms that
correspond to bioactive compounds.

2. Experimental

2.1. Reagents and Materials. One hundred kinds of pure
chemical compounds were purchased from KFDA (Korea),
Daejung (Korea), Sigma (USA), Chem Faces (China), TCI
(Japan), ChromaDex (USA), Fluka (USA), Wako (Japan),
GlycoSyn (New Zealand, USA), Santa Cruz Biotech (USA),
China Lang Chem Inc. (China), and RD Chemical (USA).
The following reagents were used for radical-scavenging
assays: ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)), DPPH (2,2-diphenyl-1-picrylhydrazyl), potas-
sium persulfate, and trifluoroacetic acid (TFA) were pur-
chased from Sigma (USA). The HPLC-grade methanol and
acetonitrile were purchased from J. T. Baker (USA).The triple
distilled water was filtered with a 0.2𝜇m membrane filter
(Advantec, Tokyo, Japan) before analysis. Materials for cell
culture were obtained from Lonza (Basel, Switzerland). LPS,
bovine serum albumin (BSA), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma (St. Louis, MO, USA). Antibodies for ELISA
were obtained from eBioscience (San Diego, CA, USA). The
chemical structures of potentially selected compounds are
shown in Figure 1.

2.2. Standard Sample Preparation. The high purity standard
sample (higher than >95%) was prepared by dissolving

2mg of each standard chemical in 20mL of methanol and
adjusting the concentration to 100 𝜇g/mL.

2.3. Offline DPPH Assay for Antioxidant Activity Evaluation.
The DPPH radical cation method [17] was modified to eval-
uate the free radical-scavenging effect of one hundred pure
chemical compounds. The DPPH reagent was DPPH (8mg)
dissolved in MeOH (100mL) for a solution concentration
of 80 𝜇L/mL. To determine the scavenging activity, 100 𝜇L
DPPH reagent was mixed with 100𝜇L of sample in a 96-
well microplate and was incubated at room temperature
for 30min. After incubation, the absorbance was measured
514 nm using an ELISA reader (TECAN, Gröding, Austria),
and 100% methanol was used as a control. The DPPH
scavenging effect was measured using the following formula:

Radical scavenging (%)

= [

(𝐴)control − (𝐴)sample

(𝐴)control
]× 100.

(1)

The IC
50
DPPH values (the concentration of sample required

for inhibition of 50% of DPPH radicals) were obtained
through extrapolation from regression analysis. The antiox-
idant was evaluated based on this IC

50
value.

2.4. Offline-ABTS Assay for Antioxidant Activity Evaluation.
The ABTS radical cation method [17] was modified to
evaluate the free radical-scavenging effect of one hundred
pure chemical compounds. The ABTS reagent was prepared
by mixing 5mL of 7mM ABTS with 88𝜇L of 140mM
potassium persulfate. The mixture was then kept in the dark
at room temperature for 16 h to allow free radical generation
and was then diluted with water (1 : 44, v/v). To determine
the scavenging activity, 100 𝜇L ABTS reagent was mixed
with 100 𝜇L of sample in a 96-well microplate and was
incubated at room temperature for 6min. After incubation,
the absorbance was measured 734 nm using an ELISA reader
(TECAN, Gröding, Austria), and 100%methanol was used as
a control. The ABTS scavenging effect was measured using
the following formula:

Radical scavenging (%)

= [

(𝐴)control − (𝐴)sample

(𝐴)control
]× 100.

(2)

The IC
50
ABTS values (the concentration of sample required

for inhibition of 50% of ABTS radicals) were obtained
through extrapolation from regression analysis. The antiox-
idant activity was evaluated based on this IC

50
value.

2.5. Online Screening HPLC-ABTS Analysis. The online
radical-scavenging activity of one hundred kinds of pure
standard compounds was determined using the ABTS assay
modifying the methods used by Stewart et al. [18]. A 2mM
ABTS stock solution containing 3.5mMpotassium persulfate
was prepared and was kept in the dark at room temperature
for 16 h to allow the completion of radical generation and
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Figure 1: Chemical structure of the superior antioxidant activity compounds.
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Figure 2: Schematic of online screening HPLC-ABTS system.

was then diluted with water (1 : 29, v/v). Each pure sample
was injected into a Dionex Ultimate 3000 HPLC system
(Thromo Scientific). The chromatographic columns used in
this experiment are commercially available; this is obtained
from RS-tech (0.46 × 25 cm, 5 𝜇m, C

18
, Daejeon, Korea).

The injection volume was 10 𝜇L, and the flow rate of the
mobile phase was 1.0mL/min. The wavelength of the UV
detector was fixed at 203, 254, and 320 nm. The composition
of the mobile phases was as follows: A, water/trifluoroacetic
acid = 99.9/0.1, vol%, and B, acetonitrile 100%. The run time
was 70min and the solvent program was the linear gradient
method (90 : 10–60 : 40, A : B vol%). Figure 2 is a schematic
showing the online coupling of HPLC to a DAD (diode array
detector) and the continuous flow ABTS assay. Online HPLC
then arrived at a “T” piece, whereABTSwas added.TheABTS

flow rate was 0.5mL/min, delivered by a Dionex Ultimate
3000 Pump. After mixing through a 1mL loop which was
maintained at 40∘C, the absorbance was measured by a VIS
detector at 734 nm. Data were analyzed using Chromeleon 7
software.

2.6. Cell Culture and Drug Treatment. RAW 264.7 cells
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and grown in RPMI 1640
medium containing 10% FBS and 100U/mL of antibiotics
sulfate. The cells were incubated in humidified 5% CO

2

atmosphere at 37∘C. To stimulate the cells, the medium was
changedwith freshRPMI 1640mediumandLPS (200 ng/mL)
[18, 19]was added in the presence or absence of 17 compounds
(1, 5, and 10 𝜇g/mL) for 24 h.
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2.7. Cell Viability Assay. Cytotoxicity was analyzed using
CCK (Dojindo, Japan). 17 compounds were added to the cells
and incubated for 24 hours at 37∘C with 5% CO

2
. 10 𝜇L CCK

solutionswere added to eachwell and the cells were incubated
for another 1 h. Then the optical density was read at 450 nm
using an ELISA reader (Infinite M200, Tecan, Männedorf,
Switzerland).

2.8. Measurement of NO Production. NO production was
analyzed by measuring the nitrite in the supernatants of
cultured macrophage cells. The cells were pretreated with
17 compounds and stimulated with LPS for 24 hours. The
supernatant was mixed with the same volume of Griess
reagent (1% sulfanilamide, 0.1% naphthylethylenediamine
dihydrochloride, and 2.5% phosphoric acid) and incubated
at room temperature (RT) for 5min [19]. The absorbance at
570 nm was read.

2.9. Inflammatory Cytokine Determination. Cells were seed-
ed at a density of 5 × 105 cells/mL in 24-well culture plates and
pretreated with three concentrations of 17 compounds for 1
hour before LPS stimulation. ELISA plates (Nunc, Roskilde,
Denmark) were coated overnight at 4∘C with capture anti-
body diluted in coating buffer (0.1M carbonate, pH 9.5) and
then washed five times with phosphate-buffered saline (PBS)
containing 0.05% Tween 20.The nonspecific protein-binding
sites were blocked with assay diluent buffer (PBS containing
10% FBS, pH 7.0) for more than 1 hour. Promptly, samples
and standards were added to the wells. After overnight of
incubation at 4∘C, theworking detector solution (biotinylated
detection antibody and streptavidin-HRP reagent) was added
and incubated for 1 hour. Subsequently, substrate solution
(tetramethylbenzidine) was added to the wells and incubated
for 30min in darkness before the reaction was stopped with
stop solution (2N H

3
PO
4
). The optical density was read at

450 nm [19].

2.10. Statistical Analysis. The results are expressed as mean
± SD values for the number (𝑛 = 3 times) of experiments.
Statistical significance was compared for each treated group
with the control and determined by Student’s 𝑡-tests. Each
experiment was repeated at least three times to yield com-
parable results. Values with 𝑝 < 0.01 and 𝑝 < 0.001 were
considered significant.

3. Result and Discussion

Several researches have revealed that a variety of natural and
chemical compounds from natural substance crops, fruits,
vegetables, and oriental medicinal herbs (OMH) have shown
high antioxidant activity after the extraction and purification
processes [3]. In addition, variousmethods have been used to
determine the antioxidant activity of natural substance crops,
foods, and plant products [1, 4]. The present study used three
different methods to evaluate the antioxidant activity con-
sisting of DPPH radical-scavenging activity, ABTS radical-
scavenging activity, and online screeningHPLC-ABTS assays.
Therefore, this work documented for the first time a

comparison of the antioxidant activities of one hundred kinds
of pure chemical compounds.

3.1. Offline DPPH and ABTS Assay. Antioxidant activity
reportedly has an effect on various different bioactivities
(whitening, anti-inflammation, and high blood pressure).
The antioxidant activity of natural substances and OMH
has been widely studied, and, thus, this study identifies the
antioxidant activity of standard substances that have origi-
nated from various OMH in terms of their DPPH radical-
scavenging activity and ABTS radical-scavenging activity.
TheDPPHandABTS radical-scavenging assays offer a redox-
functioned proton ion for unstable free radicals and play
a critical role in stabilizing detrimental free radicals in the
human body. This is generally achieved by taking advantage
of the fact that unstable violet DPPH and ABTS free radicals
transform to stable yellow DPPH free radicals by accepting
a hydrogen ion from antioxidants. In terms of the antiox-
idant activity, the ability to eliminate hydroxyl radicals or
superoxide radicals through a physiologic action or through
oxidation is evaluated, and a high index indicates a strong
antioxidant activity. Table 1 provides the results of the DPPH
and ABTS radical scavenging in 100 ppm for one hundred
kinds of pure standard compounds used in this study. 17 com-
pounds among the one hundred kinds of pure standard com-
pounds ((1) (+)-catechin hydrate, (2) calycosin, (3) caffeic
acid, (4) curcumin, (5) eugenol, (6) ferulic acid, (7) gallic acid
hydrate, (8) hyperoside, (9) kaempferol, (10) magnolol, (11)
quercetin, (12) quercetin 3-beta-D-glucoside, (13) quercitrin,
(14) rutin hydrate, (15) sinapic acid, (16) vanillylacetone,
and (17) L-(+)-ascorbic acid) have an antioxidant activity of
over 90%. Table 2 shows the IC

50
rate of compounds with

a strong antioxidant activity. The ABTS radical-scavenging
measurement method, which is commonly used to evaluate
the antioxidant activity, takes advantage of the fact that ABTS
free radicals become stable by accepting a hydrogen ion from
the antioxidant, losing their blue colors. Moreover, in the
ABTS assay as well as in the DPPH assay, when antioxidant
activity occurs, the ability to eliminate hydroxyl radicals or
superoxide radicals through physiologic action or oxidation
is evaluated with a high index indicating a strong antioxidant
activity. Each of the DPPH and ABTS are compounds that
have a proton free radical, with a characteristic absorption
that decreases significantly upon exposure to proton radical
scavengers. DPPH and ABTS radical-scavenging through
antioxidant activity are well known to be attributable to their
hydrogen-donating ability (Tables 1 and 2).The concentration
of these compounds required to inhibit 50% of the radical-
scavenging effect (IC

50
) has been determined by testing a

series of concentrations. In particular, the sample with (+)-
catechin hydrate, caffeic acid, eugenol, gallic acid hydrate,
hyperoside, quercetin, vanillylacetone, and L-(+)-ascorbic
acid compounds showed the strongest activity. In addition,
the 17 compounds showed better inhibitory activity against
ABTS radical than the DPPH radicals. That is, the ABTS
assay is more sensitive in identifying antioxidant activity
because of the faster reaction kinetics, and its response to
antioxidants is higher. Consequently, this study shows that
theABTS assay IC

50
values of gallic acid hydrate, (+)-catechin
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Table 1: Free radical-scavenging capacities of antioxidant activity available measured with DPPH and ABTS assay on microwell plate.

Number Compounds names Compounds
purchased Concentration 𝜇M (𝜇mol/L) Radical scavenging (%)

DPPH ABTS
1 Albiflorin Wako 208.13 −0.15 ± 0.39 0.14 ± 5.27
2 Alisol A Wako 203.79 −0.47 ± 0.71 12.92 ± 0.86
3 Alisol B Wako 211.55 −1.66 ± 0.23 12.78 ± 1.35
4 Amygdalin KFDA 218.61 −0.85 ± 0.67 12.31 ± 0.03
5 Anthraquinone Wako 480.28 0.12 ± 0.70 0.86 ± 5.12
6 Atractylenolide iii Chem Faces 402.71 −2.07 ± 0.53 1.34 ± 8.29
7 Aucubin Wako 288.74 −1.64 ± 0.79 1.22 ± 9.74
8 Baicalein KFDA 370.04 95.84 ± 0.15 99.37 ± 0.12
9 Benzoic acid Sigma 818.87 1.88 ± 0.42 3.80 ± 0.26
10 Berberine Chem Faces 297.30 0.64 ± 0.43 84.68 ± 2.55
11 Berberine HCl KFDA 268.95 −0.30 ± 0.30 8.74 ± 8.38
12 Caffeic acid Sigma 555.06 95.91 ± 0.16 99.66 ± 0.24
13 Calycosin Chem Faces 351.79 64.51 ± 0.59 99.19 ± 0.05
14 Catalpol Wako 275.99 −2.55 ± 0.47 1.12 ± 9.62
15 Chrysin Sigma 393.33 0.45 ± 0.53 99.13 ± 0.06
16 Cimifugin Chem Faces 326.46 −0.89 ± 0.21 14.39 ± 1.81
17 Cinnamyl alcohol Sigma 745.27 −0.03 ± 0.37 15.18 ± 0.75
18 cis-Inositol Sigma 555.06 0.15 ± 0.26 0.54 ± 1.22
19 Costunolide Sigma 430.44 2.86 ± 0.17 20.13 ± 8.74
20 Crocin Sigma 102.36 24.43 ± 1.28 47.73 ± 0.67
21 Curcumin Sigma 271.46 97.50 ± 0.63 99.97 ± 0.16
22 (+)-Catechin hydrate TCI 344.51 94.50 ± 0.16 99.15 ± 0.06
23 1,8-Dihydroxy-3-methylanthraquinone Sigma 393.33 −0.94 ± 0.54 2.09 ± 2.60
24 D-(−)-Lactic acid Sigma 1110.12 2.51 ± 2.40 28.29 ± 0.74
25 D-(+)-Chiro-inositol Sigma 555.06 0.49 ± 0.33 0.21 ± 0.45
26 Daidzein Wako 393.33 0.52 ± 0.61 99.49 ± 0.49
27 Decursin KFDA 304.54 −3.01 ± 0.91 0.97 ± 2.75
28 Decursinol Chem Faces 406.07 −1.59 ± 1.03 15.12 ± 1.81
29 Dioscin Sigma 115.07 −2.93 ± 1.30 0.43 ± 2.75
30 Diosgenin Sigma 241.18 −1.38 ± 0.70 1.96 ± 9.24
31 D-Pinitol Sigma 514.99 −2.27 ± 0.33 12.72 ± 1.85
32 6,7-Dimethylesculetin RD Chemical 484.99 −2.74 ± 0.54 1.31 ± 0.21
33 (−)-Epicatechin Sigma 344.51 94.51 ± 0.41 99.61 ± 0.16
34 (−)-Epigallocatechin gallate Sigma 218.16 95.69 ± 0.14 99.51 ± 0.24
35 Eleutheroside B Wako 268.55 −2.04 ± 1.02 1.97 ± 2.85
36 Emodin TCI 370.04 2.20 ± 1.16 91.27 ± 1.39
37 Ephedrine-HCl KFDA 495.81 −2.11 ± 1.52 0.00 ± 0.12
38 Ergosterol Chem Faces 252.11 −1.65 ± 1.34 0.55 ± 9.46
39 Eugenol Sigma 609.01 93.72 ± 0.12 99.91 ± 0.55
40 Evodiamine KFDA 329.64 4.21 ± 1.55 40.76 ± 2.09
41 Ferulic acid Sigma 514.99 95.12 ± 0.24 98.96 ± 0.27
42 Gallic acid hydrate TCI 587.82 95.56 ± 0.03 101.30 ± 2.12
43 Geniposide Chem Faces 257.49 −1.45 ± 0.90 1.22 ± 9.49
44 Genistein TCI 370.04 −1.52 ± 0.30 98.50 ± 0.48
45 Genistin Wako 231.28 2.23 ± 0.64 100.65 ± 0.03
46 Geraniol Sigma 112.49 −2.43 ± 1.67 14.94 ± 0.95
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Table 1: Continued.

Number Compounds names Compounds
purchased Concentration 𝜇M (𝜇mol/L) Radical scavenging (%)

DPPH ABTS
47 Glabridin Wako 308.29 42.20 ± 0.88 100.58 ± 0.04
48 Glimepiride Sigma 203.82 −1.33 ± 0.63 7.84 ± 2.30
49 Glycyrrhetic acid TCI 212.46 0.66 ± 0.65 10.23 ± 0.62
50 Glycyrrhizin TCI 121.52 1.59 ± 1.96 12.36 ± 1.15
51 Gomisin A KFDA 240.12 1.80 ± 0.28 1.74 ± 0.22
52 Gomisin N KFDA 249.71 0.45 ± 0.51 3.80 ± 0.21
53 Hesperidin KFDA 202.23 31.84 ± 0.37 100.21 ± 0.01
54 Hyperoside Chem Faces 215.34 93.16 ± 0.25 99.62 ± 0.20
55 2-Hydroxy-4-methoxy-acetophenone Sigma 601.76 −2.81 ± 0.28 99.73 ± 1.04
56 Icariin TCI 147.78 3.82 ± 1.08 14.60 ± 0.12
57 Imperatorin Chem Faces 369.99 −0.71 ± 2.31 0.74 ± 9.51

58 Isoimperatorin Santa Cruz
Biotech 369.99 0.27 ± 0.22 3.06 ± 2.17

59 Jujuboside A Chem Faces 82.83 −1.63 ± 0.35 0.26 ± 9.74
60 Kaempferol Chem Faces 349.36 95.02 ± 0.22 99.84 ± 0.41
61 Liquiritigenin Chem Faces 390.24 12.26 ± 0.86 0.12 ± 0.68
62 Loganin KFDA 256.16 2.62 ± 1.28 5.80 ± 0.62
63 Magnolol KFDA 375.47 54.50 ± 0.12 77.74 ± 1.06
64 Mevinolin Sigma 247.19 −0.26 ± 0.07 2.78 ± 0.69

65 Morroniside China Lang
Chem Inc. 246.08 7.11 ± 0.58 19.62 ± 1.83

66 Naringin Sigma 172.26 3.05 ± 0.37 100.36 ± 0.05
67 Nodakenin Chem Faces 244.86 0.68 ± 0.45 15.70 ± 1.92
68 Oleanolic acid Wako 218.96 −0.37 ± 0.54 0.00 ± 0.12
69 Ononin Sigma 232.34 2.23 ± 1.58 22.91 ± 1.89
70 Oxymatrine Chem Faces 378.26 −1.63 ± 0.17 0.72 ± 8.85
71 Oxypeucedanin Chem Faces 349.31 −0.11 ± 0.27 19.10 ± 2.38
72 Paeoniflorin TCI 208.13 4.29 ± 1.43 22.03 ± 0.91
73 Paeonol Sigma 601.79 0.99 ± 2.21 19.79 ± 2.35
74 Palmatine chloride hydrate Sigma 257.82 2.57 ± 2.42 84.15 ± 2.43
75 Palmatine Chem Faces 292.05 0.12 ± 0.23 68.05 ± 3.63
76 p-Coumaric acid Sigma 609.16 8.89 ± 0.04 38.52 ± 0.84
77 Poncirin KFDA 168.19 −1.44 ± 1.27 84.20 ± 3.66
78 Puerarin Wako 240.17 9.89 ± 0.16 100.62 ± 0.06
79 Quercetin Sigma 330.86 96.02 ± 0.08 100.18 ± 0.06
80 Quercetin 3-𝛽-D-glucoside Sigma 215.34 94.43 ± 0.02 99.94 ± 0.06
81 Quercitrin hydrate Sigma 223.03 93.32 ± 0.04 99.12 ± 0.14
82 Rutaecarpine KFDA 348.04 −1.41 ± 0.60 97.23 ± 0.63
83 Rutin hydrate Sigma 163.79 93.57 ± 0.13 100.10 ± 0.02
84 Saikosaponin a KFDA 128.04 −0.67 ± 0.79 16.17 ± 1.62
85 Salicylaldehyde Sigma 818.87 2.07 ± 0.04 100.36 ± 0.05
86 Schisandrin KFDA 231.21 −2.39 ± 0.89 10.29 ± 2.43
87 Sennoside A KFDA 115.91 −3.09 ± 0.64 87.86 ± 3.21
88 Sequoyitol GlycoSyn 514.99 −3.20 ± 1.37 10.28 ± 2.07
89 Sinapic acid Fluka 445.99 94.84 ± 0.33 99.99 ± 0.23
90 Spinosin Chem Faces 164.33 −0.96 ± 2.26 80.16 ± 2.20
91 Tetrandrine Fluka 160.58 60.83 ± 2.11 100.28 ± 0.06
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Table 1: Continued.

Number Compounds names Compounds
purchased Concentration 𝜇M (𝜇mol/L) Radical scavenging (%)

DPPH ABTS
92 trans-Cinnamaldehyde Sigma 756.66 2.83 ± 0.69 19.00 ± 1.37
93 trans-Cinnamic acid Sigma 674.95 0.19 ± 0.15 0.02 ± 9.45
94 Uric acid Sigma 594.85 40.37 ± 1.97 98.33 ± 0.31
95 Vanillylacetone Sigma 514.85 93.78 ± 0.06 99.92 ± 0.24
96 Wogonin KFDA 351.79 1.02 ± 0.51 100.57 ± 0.13
97 Wogonoside Chem Faces 217.21 10.84 ± 0.10 98.62 ± 0.32
98 Ziyuglycoside I Chem Faces 130.38 −1.71 ± 1.00 0.01 ± 9.85
99 Z-Ligustilide Chem Faces 531.29 1.92 ± 0.76 68.69 ± 2.14
100 Ascorbic acid (Vitamin C) Daejung 567.79 99.56 ± 0.89 99.89 ± 0.04

Table 2: Antioxidant activity of 17 compounds with offline DPPH
and ABTS IC50 assay.

Number Name
Radical- scavenging IC50

(𝜇g/mL)
DPPH ABTS

1 (+)-Catechin hydrate 5.25 ± 0.31 3.12 ± 0.51
2 Calycosin 61.88 ± 1.19 33.21 ± 3.59
3 Caffeic acid 4.50 ± 0.30 1.59 ± 0.06
4 Curcumin 8.89 ± 0.24 4.99 ± 0.45
5 Eugenol 5.22 ± 0.25 3.22 ± 0.45
6 Ferulic acid 9.49 ± 0.21 1.99 ± 0.12
7 Gallic acid hydrate 1.56 ± 0.38 1.03 ± 0.25
8 Hyperoside 5.44 ± 0.36 3.54 ± 0.39
9 Kaempferol 7.78 ± 0.30 3.70 ± 0.15
10 Magnolol 85.57 ± 1.40 8.37 ± 0.56
11 Quercetin 2.66 ± 0.24 1.89 ± 0.33
12 Quercetin 3-𝛽-D-glucoside 7.05 ± 0.59 3.59 ± 0.89
13 Quercitrin hydrate 7.55 ± 0.77 4.23 ± 0.84
14 Rutin hydrate 9.72 ± 1.06 4.68 ± 1.24
15 Sinapic acid 8.26 ± 0.41 5.36 ± 0.85
16 Vanillylacetone 5.69 ± 0.00 3.45 ± 0.05
17 Ascorbic acid (Vitamin C) 3.65 ± 0.23 2.65 ± 0.46

hydrate, caffeic acid, rutin hydrate, hyperoside, quercetin,
and kaempferol compounds were 1.03 ± 0.25, 3.12 ± 0.51,
1.59 ± 0.06, 4.68 ± 1.24, 3.54 ± 0.39, 1.89 ± 0.33, and 3.70 ±
0.15 𝜇g/mL, respectively.

3.2. Online HPLC-ABTS Assay Analysis. The most popular
approach utilises a relatively stable, coloured radical solution
of DPPH or ABTS, which is added postcolumn to the HPLC
flow. Drug, food, functional material, and plant and OMH
samples are evaluated for their antioxidant capacities accord-
ing to a variety of antioxidant activity test methods, such
as those for ABTS [2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)] radical scavenging [20]. The HPLC analyses
react postcolumn with the ABTS, and the reduction is
detected as a negative peak by a VIS absorbance detector at

734 nm. The ABTS radical is much more water soluble than
DPPH [13], so ABTS better shows the details of an online
HPLC-ABTS assay system that analysed the 17 given com-
pounds (Figures 3(a) and 3(b)). Combined UV (positive sig-
nals) andABTS quenching (negative signals) chromatograms
of the 17 compounds ((1) gallic acid hydrate 𝑅

𝑡
: 5.46min,

(2) (+)-catechin hydrate 𝑅
𝑡
: 9.26min, (3) caffeic acid 𝑅

𝑡
:

11.12min, (4) ferulic acid 𝑅
𝑡
: 15.87min, (5) rutin hydrate 𝑅

𝑡
:

15.99min, (6) sinapic acid 𝑅
𝑡
: 16.15min, (7) hyperoside 𝑅

𝑡
:

16.49min, (8) quercetin 3-beta-D-glucoside𝑅
𝑡
: 16.82min, (9)

vanillylacetone 𝑅
𝑡
: 17.92min, (10) quercitrin 𝑅

𝑡
: 18.90min,

(11) calycosin 𝑅
𝑡
: 23.81min, (12) quercetin 𝑅

𝑡
: 24.31min, (13)

kaempferol 𝑅
𝑡
: 28.37min, (14) eugenol 𝑅

𝑡
: 28.98min, (15)

curcumin 𝑅
𝑡
: 40.20min, (16) magnolol 𝑅

𝑡
: 43.98min, and

(17) L-(+)-ascorbic acid) (not detected; L-(+)-ascorbic acid)
(each concentration 100 ppm) are presented in Figure 3(a). Of
these, seven compounds that showed excellent activity were
further analysed. Several eluted substances were detected in
the 7 compounds, including (1) gallic acid hydrate (210 nm),
(2) (+)-catechin hydrate (210 nm), (3) caffeic acid (320 nm),
(4) rutin hydrate (210 nm), (5) hyperoside (210 nm), (6)
quercetin (210 nm), and (7) kaempferol (254 nm), which are
observed as a positive signal on theUVdetector (210, 254, and
320 nm). The retention times (𝑅

𝑡
) of (1) gallic acid hydrate

(𝑅
𝑡
5.62min), (2) (+)-catechin hydrate (𝑅

𝑡
9.46min), (3)

caffeic acid (𝑅
𝑡
11.12min), (4) rutin hydrate (𝑅

𝑡
15.86min), (5)

hyperoside (𝑅
𝑡
16.26min), (6) quercetin (𝑅

𝑡
23.58min), and

(7) kaempferol (𝑅
𝑡
28.30min) are reported in Figure 3(b).The

other compounds exhibited a hydrogen-donating capacity
(negative peak) towards the ABTS radical at the applied
concentration.These results therefore reveal that this method
can be applied for quick screening of antioxidant activity or,
more precisely, of radical-scavenging activity (Table 3). This
work confirms the feasibility of assessing the bioactivity of
specific phytochemicals by using an online screening HPLC-
ABTS assay. This method was successfully applied to screen
and identify the antioxidant activity of natural substances
and OMH complex mixtures [5, 15]. The results show the
shape of the chromatogram by the competitive adsorption
and desorption. In addition, the screening methods for the
rapid activity can provide useful information in basic research
on natural products chemistry and isolation analysis. It is
considered that the data will only be valuable in engineering
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Table 3: Simultaneous identification of antioxidant activity with online screening HPLC-ABTS assay.

Compounds UV wavelength (nm) Retention time (min) Peak area (mAu) Positive
S.D.

Negative
S.D.Positive (average) Negative (average)

Gallic acid hydrate 210 5.623 72.116 51.624 0.054 0.405
(+)-Catechin hydrate 210 9.463 75.974 57.981 0.076 0.328
Caffeic acid 320 11.123 108.475 57.808 0.048 0.433
Rutin hydrate 210 15.860 51.185 13.241 0.393 0.023
Hyperoside 210 16.263 80.346 15.631 0.017 0.213
Quercetin 210 23.583 109.672 22.155 0.101 0.067
Kaempferol 254 28.303 56.806 30.651 0.143 0.071
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Figure 3: Identification antioxidant activity of online screening HPLC-ABTS assay ((a) simultaneous analysis of 17 compounds, (1) gallic
acid hydrate, (2) (+)-catechin hydrate, (3) caffeic acid, (4) ferulic acid, (5) rutin hydrate, (6) sinapic acid, (7) hyperoside, (8) quercetin 3-
𝛽-D-glucoside, (9) vanillylacetone, (10) quercitrin hydrate, (11) calycosin, (12) quercetin, (13) kaempferol, (14) eugenol, (15) curcumin, (16)
magnolol, and (17) ascorbic acid (not detected); (b) simultaneous analysis of 7 compounds).

and also very useful as functional materials and pharmaceu-
tical materials in commercial processes.

3.3. Anti-Inflammatory Activity Screening

3.3.1. Effect of 17 Compounds on RAW264.7 Cell Viability. We
evaluated the cytotoxicity of the 17 compounds by using CCK
to determine the optimal concentration that would be effec-
tive in providing anti-inflammatory activity with a minimum
toxicity. As shown in Figure 4(a), kaempferol, quercetin,
and curcumin show toxicity at a concentration of 10 𝜇g/mL.
Also, quercetin 3-beta-D-glucoside has a strong toxicity on
macrophage viability at 5𝜇g/mL or more. Vanillylacetone,
hyperoside, gallic acid hydrate, sinapic acid, rutin hydrate,
ferulic acid, (+)-catechin hydrate, ascorbic acid, calycosin,
caffeic acid, magnolol, quercitrin hydrate, and eugenol did
not affect cell viability up to 10 𝜇g/mL, indicating that these
13 compounds are not toxic to cells.

3.3.2. Effect of the 17 Compounds on NO Production in
LPS-Stimulated RAW 264.7 Macrophages. We evaluated the
effects of 17 compounds on NO secretion in LPS-stimulated
RAW 264.7 cells. The cells were pretreated with 17 com-
pounds at concentrations of 1, 5, and 10 𝜇g/mL prior to LPS
stimulation, and NO production was also measured. We
employed 10 𝜇Mdexamethasone as a positive control, since it
is widely used as an anti-inflammatory agent. As shown in
Figure 4(b), vanillylacetone, gallic acid hydrate, kaempferol,
quercetin, magnolol, and curcumin exhibit a strong inhibi-
tory effect on NO secretion upon LPS stimulation. The inhi-
bitory effects of 10 𝜇g/mL kaempferol, quercetin, and cur-
cumin on NO production were a result of their cytotox-
icity. However, kaempferol, quercetin, and curcumin exert
effective inhibition at concentrations of 1 and 5 𝜇g/mL.
In particular, magnolol strongly inhibited NO production
in a dose-dependent manner without toxicity. Hyperoside,
sinapic acid, rutin hydrate, ferulic acid, (+)-catechin hydrate,
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Figure 4: Effect of 17 compounds on (a) cell viability andLPS-induced (b)NOproduction inRAW264.7 cells. RAW264.7 cells were pretreated
with 17 compounds for 1 hour before incubation with LPS for 24 hours. (a) Cytotoxicity was evaluated by a CCK. (b)The culture supernatant
was analyzed for nitrite production. As a control, the cells were incubated with vehicle alone. Data shows mean ± SE values of triplicate
determination from independent experiments. ∗𝑝 < 0.01 and ∗∗𝑝 < 0.001 were calculated from comparing with LPS-stimulation value.
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Figure 5: Continued.
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Figure 5: Effect of 17 compounds on the production of (a) TNF-𝛼, (b) IL-6, and (c) IL-1𝛽 cytokine inmacrophages. Cells were pretreated with
17 compounds for 1 hour before being incubated with LPS for 24 hours. Production of cytokines was measured by ELISA. Data shows mean
± SE values of triplicate determinations from three independent experiments. ∗𝑝 < 0.01 and ∗∗𝑝 < 0.001 were calculated from comparing
with LPS-stimulation value.
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ascorbic acid, calycosin, caffeic acid, quercitrin hydrate, euge-
nol, and quercetin 3-beta-D-glucoside do not show remark-
able suppressive effects.

3.3.3. Effect of the 17 Compounds on LPS-Induced Inflam-
matory Cytokines Production. Next, we investigated the
inhibitory effect of the 17 compounds on the production of
inflammatory cytokines, including TNF-𝛼, IL-6, and IL-1𝛽,
which are the other parameters of the inflammation. Gallic
acid hydrate exerts an inhibitory effect on theTNF-𝛼 cytokine
production at all concentrations in a dose-dependent man-
ner. In addition, 5𝜇g/mL kaempferol and 10 𝜇g/mLmagnolol
show a strong inhibitory effect (Figure 5(a)). As shown in
Figure 5(b), vanillylacetone, gallic acid hydrate, kaempferol,
and quercetin significantly inhibited IL-6 cytokine secretion
in a statistically significant, dose-dependent manner. In
addition, all of the compounds showed an inhibitory effect on
IL-1𝛽 cytokine production. Gallic acid hydrate, kaempferol,
quercetin, and magnolol were especially strong inhibitors
of IL-1𝛽 cytokine production in a dose-dependent manner
(Figure 5(c)).

4. Conclusions

This study provides a comparison of the free radical scav-
engers in the one hundred kinds of pure chemical com-
pounds through an offline DPPH radical-scavenging activity
assay, ABTS radical-scavenging activity assay, and an online
screening HPLC-ABTS assay. Here, the IC

50
rate of a more

practical substance is determined. The results indicate that
theABTS assay IC

50
values of gallic acid hydrate, (+)-catechin

hydrate, caffeic acid, rutin hydrate, hyperoside, quercetin,
and kaempferol compounds were 1.03 ± 0.25, 3.12 ± 0.51,
1.59 ± 0.06, 4.68 ± 1.24, 3.54 ± 0.39, 1.89 ± 0.33, and
3.70 ± 0.15 𝜇g/mL, respectively. This testing methodology
provided a useful tool to focus efforts on chemically active
radical-scavenging compounds with high kinetic rates and
allowed quick gathering of useful information related to the
molecular compounds in terms of their antioxidant activity
potential. In addition, there was a very small margin of
error between the results of the offline-ABTS assay and
those of the online screening HPLC-ABTS assay. We also
evaluated the effects of 17 compounds on NO secretion
in LPS-stimulated RAW 264.7 cells and the cytotoxicity
of the 17 compounds using CCK to determine the opti-
mal concentration that would be effective to provide anti-
inflammatory activity with a minimum toxicity.These results
will be compiled into a database, and this method can
therefore be a powerful preselection tool for compounds
intended to be studied for their potential bioactivity and
antioxidant activity related to their radical-scavenging capa-
city.
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