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Abstract

Ferulic acid, a phenolic acid derived mainly from a Chinese herb Angelica Sinensis Radix

(ASR), was reported to reduce the formation of free radicals. Danggui Buxue Tang (DBT),

a herbal decoction composing of Astragali Radix (AR) and ASR, has been utilized for more

than 800 years in China having known anti-oxidative property. Ferulic acid is a major active

ingredient in DBT; however, the role of ferulic acid within the herbal mixture has not been

resolved. In order to elucidate the function of ferulic acid within this herbal decoction, a feru-

lic acid-depleted herbal decoction was created and named as DBTΔfa. The anti-oxidative

properties of chemically modified DBT decoction were systemically compared in cultured

H9C2 rat cardiomyoblast cell line. The application of DBT and DBTΔfa into the cultures

showed functions in (i) decreasing the reactive oxygen species (ROS) formation, detected

by laser confocal; (ii) increasing of the activation of Akt; (iii) increasing the transcriptional

activity of anti-oxidant response element (ARE); and (iv) increasing the expressions of anti-

oxidant enzymes, i.e. NQO1 and GCLM. In all scenario, the aforementioned anti-oxidative

properties of DBTΔfa in H9C2 cells were significantly reduced, as compared to authentic

DBT. Thus, ferulic acid could be an indispensable chemical in DBT to orchestrate multi-

components of DBT as to achieve maximal anti-oxidative functions.

Introduction

Cardiovascular illnesses are the leading cause of death, worldwide. Over 1,750 million people
are estimated to be died of cardiovascular illnesses, accounting for about 30% of global deaths
per year [1]. Under aerobic stages, the production of reactive oxygen species (ROS) has a
closely relationship with cellular damages [2]. ROS is able to cause the damage of macromole-
cules in cells, and therefore ROS is thought to be implicated in pathogenesis of various diseases,
including cardiovascular problems. Moreover, ROS participates as a benevolent molecule in
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cell signaling, and which is considered as a lethal regulator to induce irreversible cellular dam-
age [3].

Anti-oxidative compounds are commonly distributed in our daily diet; these compounds
have been extensively studied, aiming to develop health supplements in human [4]. Phenolic
compounds are widely distributed in plants, cereals, legumes, nuts, olive oil, vegetables, fruits,
traditional Chinese medicine (TCM), tea and red wine [5]. Many phenolic compounds exhibit
anti-ROS formation function and possess promising benefits on thrombosis and tumorogen-
esis [5, 6].

Traditional Chinese medicine (TCM) has been adopted for disease prevention and healing
in thousands of years. Herbal decoction, containing different herbs, is one of the effective clini-
cal practices in TCM healing. Decoctions should be prepared by unique methodology accord-
ing to specific formulation (named as Fu Fang) [7]. Based on the syndrome differentiation and
the compatible principle of “Master, Minister, Assistant and Servant”, TCM formula should be
optimized in order to ease specific syndromes under the guidance of TCM principle [8]. Dang-
gui Buxue Tang (DBT) is a classically herbal decoctionutilized for thousands of years, contain-
ing Astragali Radix (AR) and Angelica Sinensis Radix (ASR) at the weight ratio 5:1. DBT was
recorded in “Neiwaishang Bianhuo Lun” by “Li Dongyuan” in AD1247, in China. Our previ-
ous studies demonstrated that there were over fifty components within this herbal decoction
[9].

Clinically, DBT was utilized to mitigate cardiovascular illness [10, 11]. Previous study
showed that application of DBT in cultured endothelial cells was able to trigger nitric oxide
(NO) production [11]. The ingredient responsible for this function was hypothesized to be
ferulic acid [12]. Ferulic acid, generated from ASR, is one of the most abundant chemicals
within DBT decoction [9, 13]. In line to this notion, ferulic acid showed benefit cardiovascular
functions by decreasing the formation of ROS [14, 15]. Thus, ferulic acid could be one key fac-
tor to account for anti-oxidative properties of DBT. Here, we would like to address the role of
ferulic acid within the herbal mixture by depleting ferulic acid from DBT. This chemically
modifiedDBT decoctionwas named as DBTΔfa. The prevention of ROS formation and the
induction of anti-oxidative proteins in cultured H9C2, rat cardiomyoblast cells, were systemi-
cally compared betweenDBT and DBTΔfa.

Materials and Methods

Plant Materials and Preparation of Herbal Decoctions

Roots of three-year-old Astragalus memebranaceus (Fisch.) Bunge var. mongholicus (Bunge)
Hsiao (AR) from Shanxi Province [16] and two-year-old Angelica sinensis (Oliv.) Diel roots
(ASR) from Minxian of Gansu Province [17] were harvested in 2013. The authentication of
raw materials was identifiedmorphologically by Dr. Tina Dong at The Hong Kong University
of Science and Technology (HKUST). The voucher specimens were deposited in the Centre for
Chinese Medicine R&D at HKUST. Ferulic acid was purchased from Sigma (St. Louis, MO).
Calycosin, formononetin and Z-ligustilidewere purchased from TLCM (HKUST, Hong Kong
China). The purities of these marker chemicals were higher than 98.0%, which verified by
HPLC-DAD. Analytical- and HPLC-grade reagents were from Merck (Darmstadt, Germany).

In order to prepare ferulic acid-depletedDBT (DBTΔfa), a Dikma, Diamonsil, C18 column
(10.0 mm x 250, 5 μm) was used. The injection volume was 20 μL, and the detectionwave-
length was set at 254 nm. The mobile phase consisted of acetonitrile (as Solvent A) and 0.01%
formic acid (as Solvent B) with a gradient elution programs as follows: 15% to 60% of Solvent
A starting from 0 to 70 min. Dividing the ingredients of DBT into two parts: the target com-
pound (ferulic acid) and other compounds (without the target compound). When the elution

Ferulic Acid Orchestrates Anti-Oxidative Properties of Danggui Buxue Tang

PLOS ONE | DOI:10.1371/journal.pone.0165486 November 8, 2016 2 / 16

Competing Interests: The authors have declared

that no competing interests exist.

Abbreviations: DBT, Danggui Buxue Tang; AR,

Astragali Radix; ARE, Anti-oxidant response

element; ROS, Reactive oxygen species; TCM,

Traditional Chinese medicine; ASR, Angelica

Sinensis Radix; NO, Nitric oxide; ECL,

Chemiluminesence.



began, the eluate was collected in one flask. As the ferulic acid peak appeared, the target peak
was collected into another flask separately. Once the collection of ferulic acid peak was finished,
the residual components were collected in the former flask continuously. Repeating the above
procedures, as described above, all the ferulic acid peaks were completely disappeared from the
total components peaks. All of the samples generated by chemical-depletionmethod were
lyophilized and re-dissolved in water at 100 mg/mL for biological test and analytic
measurement.

Chemical Fingerprints of DBT

Agilent 1200 series system (Agilent, Waldbronn, Germany), equipped with a degasser, a binary
pump, an auto-sampler and a thermo-stated column compartment was used for the analysis.
Chromatographic separations were carried out on a Agilent, Eclipse Plus, C18 column (4.6 x
250 mm, 5 μm) with acetonitrile (as solvent A) and 0.01% formic acid (as solvent B) in the
mobile phase at a flow rate of 1.0 mL/min at room temperature. The pH of solvent A was 7.0,
and the pH of solvent B was 4.7. A liner gradient elution was applied from 15% to 60% of Sol-
vent A starting from 0 to 70 min. Ten μL samples were injected for HPLC analysis and wave-
length was set at 254 nm.

Cell Cultures

H9C2 cell, a cardiomyoblast cell line, was obtained from American Type Culture Collection
(ATCC, Manassas, VA). H9C2 cells were cultured in Dulbecco’s modifiedEagle’s medium
(DMEM), supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 units/
ml streptomycin in a humidifiedCO2 (5%) incubator at 37°C [18]. All culture reagents were
purchased from Invitrogen Technologies (CarIsbad, CA).

ROS Formation Assay

The formation of ROS was evaluated using the oxidation-sensitive dye 2’, 7’-dichlorofluorescin
diacetate (DCFH-DA) [19]. Cultured cells were pre-treated with tBHQ or herbal extract for 24
hours, then cells were labeled with 10 μM DCFH-DA in HEPES for 1 hour at room tempera-
ture. This non-fluorescent dye freely penetrated cells, and then was hydrolyzed to be weak fluo-
rescent, DCFH,which reacted with ROS to form a strong fluorescent signal, DCF. After
washing three times with HEPES, the cells were treated with tBHP for 1 hour at room tempera-
ture. The amount of intracellular tBHP-induced ROS formation was detected by fluorometric
measurement with excitation at 485 nm and emission at 530 nm [19].

Luciferase Assay

For the transcriptional activation of anti-oxidant response element (ARE), the pARE-Luc (Pro-
mega, Fitchburg, WI) DNA construct was employed here. The pGL4.37 (luc2P/ARE/Hygro)
vector contains four copies of ARE (5’-TGACnnnGCA-3’) that drives transcription of the lucif-
erase reporter gene luc2P (Photinus pyralis). The transcriptional factor (Nrf2) binds to ARE for
subsequent gene activation. Cultured H9C2 cells were transfected with pARE-Luc by Lipofec-
tamine 3000 (Invitrogen) according to the manufacturer's instructions.H9C2 cells, seeded in
24-well plates, were treated with various concentrations of drugs for 1 day. Then, the medium
was aspirated, and the cultures were washed by PBS for twice. The cells were lysed by a buffer
containing 0.2% Triton X-100, 1 mM dithiothreitol (DTT) and 100 mM potassium phosphate
buffer (pH 7.8) at 4°C. Followed by centrifugation at 13,200 rpm 10 min, the supernatant was
collected and used to perform luciferase assay (Tropix Inc., Bedford, MA). The transfection
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efficiency in H9C2 cells was 40%, as determined by another control plasmid of having a β-
galactosidase, under a cytomegalovirus enhancer promoter [19].

Phosphorylation of Akt

The phosphorylation of Akt (Ser473) was determined by western blot assay. Cultures were
serum-starvedfor 3 hours before the drug or herbal extracts application. After drug treatment,
including activators, the cultures were harvested immediately in lysis buffer (125 mM Tris-HCl,
2% SDS, 10% glycerol, 200 mM 2-mercaptoethanol, pH 6.8). Protein concentrations were mea-
sured by Bradford’s method (Herculues, CA), and the protein were subjected to SDS-PAGE anal-
ysis. After transferring the proteins to membranes, the membranes were incubated with anti-Akt
(Upstate, Lake Placid, NY) at 1:5,000 dilution at cold room for overnight. Following incubation
in horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies in 1:5,000 dilu-
tions for 3 hours at room temperature, the immune-complexes were visualized by the enhanced
chemiluminesence (ECL) method (Amersham Biosciences, Piscataway, NJ). The band intensities
in the control and agonist-stimulated samples, run on the same gel and under strictly standard-
ized ECL conditions, were compared on an image analyzer, using in each case a calibration plot
constructed from a parallel gel with serial dilutions of one of the samples.

Protein Expression of NQO1 and GCLM

The protein expressions of NAD(P)H quinone oxidoreductase (NQO1) and glutamate-cysteine
ligase catalytic (GCLM) were revealed by western blot. Cultures were seeded onto 6-well plate.
After drug treatment for 24 hours, including activators, the cultures were harvested in high salt
lysis buffer (1 M NaCl, 10 mM HEPES, pH 7.5, 1 mM EDTA, 0.5% Triton X-100), followed by
centrifugation at 16,100 × g for 10 min at 4°C. Samples with equal amount of total protein were
added with 2X lysis buffer (0.125 M HCl, pH 6.8, 4% SDS, 20% glycerol, 2% 2-meracptoethanol
and 0.02% bromophenol blue) and heated under 95°C, and the protein were subjected to
SDS-PAGE analysis. After transferring the proteins to membranes, the membranes were incu-
bated with anti-NQO1 and GCLM antibodies (Upstate, Lake Placid, NY) at 1:5,000 dilution at
cold room for overnight. Following incubation in HRP-conjugated anti-rabbit secondary anti-
bodies in 1:5,000 dilutions for 3 hours at room temperature, the immune-complexes were visu-
alized by the ECL method. The band intensities in control and agonist-stimulated samples, run
on the same gel and under strictly standardized ECL conditions, were compared on an image
analyzer, using in each case a calibration plot constructed from a parallel gel with serial dilu-
tions of one of the samples.

Statistical Analysis

Principal component analysis (PCA) of the relative peak areas or luciferase reading was per-
formed using SPSS for Windows 16.0 software (SPSS Corporation,Armonk, NY) to evaluate
the difference of groups of samples. Data were expressed as the mean ± SEM for n = 3 to 5. Sta-
tistical tests were performed by one-way ANOVA. In the statistical analyses, differences were
classed as significant for values of p< 0.05, and highly significant for values of p< 0.01 and
p< 0.001.

Results

Chemical Assessments of DBT

Before performing the biological proprieties of DBT, the first step was to ensure the quality of
the decoction.DBT was prepared according to the optimized extraction conditions, as
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describedpreviously [9, 13, 20]. Four chemicals were selected as markers, including AR-
derived calycosin, formononetin, and ASR-derived ferulic acid, Z-ligustilide [7, 16, 18]. Fig 1A
showed the HPLC fingerprint of DBT at absorbance of 254 nm. A semi-preparative column
was employed to create DBTΔfa. The fingerprint of DBTΔfa was shown in Fig 1A. Ferulic acid
peak was depleted from the authentic DBT: this depletion was done by 3 times in order to
ensure a complete ferulic acid depletion. After calculating the peak area from HPLC, over 98%
of ferulic acid had been removed. The quantitative results were shown in S1 Table. Besides, the
amount of polysaccharides in DBT was determined by anthrone-sulfuric acid method. DBT
contained 13.49% polysaccharides, and DBTΔfa contained 12.98% polysaccharides (S1 Table).

The 1H NMR metabolic profiling has received attention and served as a quick and generic
way for quality control of TCM [21, 22]. Here, we employed 1H NMR to reveal the purity of
ferulic acid-isolated fraction. From the results, only ferulic acid was identified (Fig 1B). Besides
chemical fingerprint, we employed PCA to analyze the difference of DBT and DBTΔfa. The
main purposes of PCA are to reduce the dimensionality of a dataset. By PCA analysis, we
found there were no significant variations of the chemical composition betweenDBT and
DBTΔfa (Fig 1C).

Oxidant Scavenging Functions of DBT

The formation of ROS was revealed by laser confocal employing DCF fluorescent dye [19]. The
formation of ROS in cultures was in a dose-dependentmanner in application of tBHP. tBHQ,
a positive control, dramatically decreased the tBHP-induced ROS formation (Fig 2). DBT was
able to decrease the generation of tBHP-induced ROS by ~50% (Fig 2). In contrast, the reduc-
tion of ROS, induced by DBTΔfa, was much lower, as compared with that of the authentic DBT
(Fig 2). Ferulic acid by itself at ~800 ng/mL (a concentration being found in 1 mg/mL DBT)
did not show effect on tBHP-induced ROS formation, except at a high dose. Similarly, extra
~800 ng ferulic acid in DBT, i.e. DBT+fa, did not increase DBT effect in anti-oxidative proper-
ties (Fig 2).

The signaling of a serine/threonine-specificprotein kinase Akt, also known as protein
kinase B (PKB), is reported to play a crucial role in monitoring the survival and apoptosis of
cardiomyocytes [23]. Stimulation of Akt has been shown to be vital for cardiovascular protec-
tion [13, 24]. Under the stressed condition, the activated form of Akt, i.e. phosphorylated Akt,
induces the activated form Nrf2. The active Nrf2 translocates into nucleus and binds to ARE in
regulating DNA sequence, and thus which stimulates the expressions of Nrf2-mediated genes,
e.g. NQO1 and GCLM. As such, the amount of phospho-Akt is critical to be determined [2].
Ferulic acid-modifiedDBT was analyzed and compared in cultured H9C2 cells. DBT stimu-
lated the phosphorylation of Akt in a time-dependentmanner; the maximal induction was
~3.5 folds at 15 min (Fig 3A & 3B). DBTΔfa showed robust reduction in triggeringAkt phos-
phorylation, at least by 50% reduction. Again, ferulic acid alone showed no effect, except at
high concentration. Addition of ferulic acid in DBT, DBT+fa, did not increase the phosphoryla-
tion. In all cases, the pre-treatment of Akt antagonist, LY294002, dramatically suppressed the
activation of Akt (Fig 3A & 3B).

DBT Induces Anti-Oxidative Enzymes

The transcriptional activity of ARE is a crucial regulator against oxidative stress [25]. To
explore the function of Akt in ARE transcriptional activation, pARE-Luc construct was trans-
fected into H9C2 cells, and the transcriptional activity of ARE was revealed here. From the
results, we found that the stimulation of ARE-driven luciferase activity, induced by the herbal
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decoctions, showed a dose-dependentmanner (Fig 4). The maximal induction of DBTΔfa was
~2.5 folds, which was much weaker than that of authentic DBT or DBT+fa (Fig 4).

Upon activation, ARE stimulates and promotes the transcription of a group of cyto-protec-
tive genes [26]. These genes encode enzymes providing anti-oxidants, e.g. NQO1 and GCLM.
Here, we revealed the protein levels of NQO1 and GCLM in cultured H9C2 cells after the
herbal treatment for 24 hours. Ferulic acid alone did not induce the expressions of NQO1 and
GCLM, except at high concentration (Fig 5). DBT, as well as DBT+fa, induced the protein
expressions about 3 to 4 folds. Again, DBTΔfa reduced the potency of DBT in inducing the pro-
tein expressions (Fig 5).

PCA provides a roadmap to show how a complex data set can be transformed to a lower
dimension in order to reveal the differences of various samples [21, 22]. The loading plots of
PCA reveal whether the biological data contribute significantly to the intergroup differences in
which they are farthest from the main cluster of analyzed materials. The input materials were
the luciferase data at 1 mg/mL, the phosphorylation values at 15 min and the protein levels of
NQO1 and GCLM, as induced by our herbal decoctions.As a result, these biological properties
could be significant for determiningDBT or DBT+fa from DBTΔfa (Fig 6).

Discussion

ROS is being produced in responding to many hormones, e.g. auxin, abscisic acid and salicylic
acid. Thus, ROS is a key factor in sensing and responding to environmental changes, as well as
in orchestrating human body responses and development [27]. The harmful functions of ROS
come in a form of DNA damage, lipid preoccupation, protein amino acid oxidation, and in
activation of specific enzymes by oxidation of their cofactors. These damages lead to many spe-
cific or general illnesses and problems, such as Keshan disease, stroke, neurotoxins, cancer, and
renal graft glomerulonephritis [28]. Besides, ROS is accumulated with age [29], which is pro-
posed to play roles in age-related illnesses, i.e. cancer and cardiovascular illness [30]. Consider-
able data showed that ROS was a critical regulator inducing cardiovascular diseases [31].
However, numerous approaches of western medicine for mitigating cardiovascular disease
have not received favorable results [32].

Herbal decoctionhas numerous ingredients, and indeed the role of individual chemical is
hard to identify. Chemical knock-out method is one of the approaches being used to reveal the
action mechanism of DBT. Previously, we have generated calycosin-depletedDBT, i.e. DBTΔcal,
and this chemically modifiedherbal decoction lost its functions in regulating estrogenic eryth-
ropoietic, osteogenic properties in different cells [13]. Similarly, calycosin alone did not show
any functions of that of DBT. Here, we demonstrated the anti-oxidative properties of DBT
could be mainly mediated by ferulic acid. However, ferulic acid alone was not able to trigger
the DBT activities, at least in a dose that was corresponding to DBT at 1 mg/mL, which sug-
gested that ferulic acid played an important role in orchestrating anti-oxidative functions of
DBT. We hypothesized that those key chemicals, e.g. calycosin and ferulic acid, act as organiz-
ers in triggering various functions of a herbal mixture. However, DBTΔfa did not affect

Fig 1. Chemical analysis of DBT and ferulic acid-depleted DBT (DBTΔfa). (A): Ten μL of 100 mg/mL of

parental DBT and DBTΔfa were subjected to HPLC-DAD analysis, and the chemical fingerprints were

revealed at the wavelength 254 nm. (B): 1H NMR spectra of ferulic acid-isolated fraction, and ferulic acid

were revealed. The spectra were recorded in a Varian 600 MHz spectrometer at room temperature. By visual

inspection, ferulic acid-isolated fraction showed the similar pattern with ferulic acid. Chemometric analysis by

PCA. (C): The score plot of peak area of DBT and DBTΔfa, determined by HPLC as in (A), was not able to

discriminate the difference between authentic DBT and DBTΔfa. Representative chromatograms were

shown, n = 5.

doi:10.1371/journal.pone.0165486.g001
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Fig 2. DBT suppresses the tBHP-induced ROS formation. Cultured H9C2 cells were pre-treated with a

series of our herbal decoction (1 mg/mL) or ferulic acid (809, 5000 ng/mL) for 24 hours, and then exposed to

tBHP (75 μM) for 1 hour. The pre-treatment of tBHQ (5 μM) was used for comparison. The results were in

percentage of ROS formation relative to the control (with tBHP alone). Micrographs were taken by a confocal

microscope. Bar = 100 μm. Values were expressed as mean ± SEM, where n = 3. *** p < 0.001, ** p < 0.01,

* p < 0.05, as compared to the control. # p < 0.05, ## p < 0.01, as compared to DBTΔfa.

doi:10.1371/journal.pone.0165486.g002
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estrogenic, osteogenic and erythropoietic properties (S1 Fig), while DBTΔcal did not affect anti-
oxidative properties in cultured H9C2 cells (S2 Fig). Thus, this chemical knock-out methodol-
ogy could be used for other herbal mixture, as to reveal its action mechanism.

ASR has been utilized for thousands of years, and this is widely utilized for treating various
illness [33]. Previous papers showed that ASR possessed anti-oxidative effects, promoted
angiogenesis, prevented chronic cardiotoxicity and reduced myocardial injury in vivo [34, 35].
Besides the role of ASR in DBT, ASR plays key functional roles in various herbal mixtures. For
examples, Buzhongyiqi decoction, a popular herbal formula, contains 9 different herbs includ-
ing ASR, which has been utilized for easing oxidative stress induced diseases [36]. The in vivo
study of Buzhongyiqi decoctionpresented that this herbal decoction reduced myocardial
lesion, improved heart antioxidant capacity and suppressed the cardiomyocyte apoptosis [37].
Huang et al., (2014) demonstrated that ASR attenuated angiotensin II-induced cell death in
H9C2 cells through JNK and PI3K inhibitions [33]. The major ingredients of ASR were

Fig 3. DBT induces the phosphorylation of Akt. Serum free H9C2 cultures were pre-treated with DMEM, or LY294002 at 10 μM, for 3 hours prior to

treatment of 1.0 mg/mL of DBT or various concentration of ferulic acid for indicated time. Phosphorylation of Akt (P-Akt) was detected by immunoblot

analysis using specific antibodies, total Akt (T-Akt) served as internal control (A). Quantification of P-Akt from the blot at 15 min was calculated by a

densitometer (B). Phosphorylation values were expressed as the ratio to the basal reading where the time zero (without treatment) equaled to 1, values

were expressed as mean ± SEM, where n = 3. *** p < 0.001, ** p < 0.01 as compared to the control.

doi:10.1371/journal.pone.0165486.g003
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Fig 4. DBT induces the activation of pARE-Luc transfected H9C2 cells. Four repeats of anti-oxidant responsive element (ARE: 5’–TGA Cnn

nGC A- 3’) tagged with luciferase reporter vector called pARE-Luc (upper panel). This reporter was stably transfected to H9C2 cells, and which

were treated with the herbal decoction for 24 hours (lower panel). tBHQ (5 μM) was used as a positive control of having 5 folds of activation (data

not shown). Data were expressed as mean ± SEM, where n = 3, each with triplicate samples.

doi:10.1371/journal.pone.0165486.g004

Fig 5. DBT induces the expressions of anti-oxidative enzymes. Cultured H9C2 cells were treated with a series of chemically modified DBT decocton

(0.5–2.0 mg/mL) or ferulic acid (809–5000 ng/mL) for 24 hours (A-E). The cell lysates were collected to determine the protein expressions of NQO1 and

GCLM using specific antibody. Five μM of tBHQ served as positive control. GAPDH served as loading control. Quantification of protein amount from the blot

was calculated by a densitometer (F). Values were expressed as the fold of increase to basal reading (untreated culture). Data were expressed as

mean ± SEM, where n = 3. *** p < 0.001, ** p < 0.01, * p < 0.05 as compared to the control.

doi:10.1371/journal.pone.0165486.g005
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reported to be Z-ligustilide and ferulic acid [11, 18, 37]. Ferulic acid was shown to increase
blood fluidity, to inhibit platelet aggregation in vivo, to decrease serum lipids, to prevent
thrombus formation, to protect neurons, to exhibit anti-cancer and anti-oxidative functions
[38]. Moreover, ferulic acid had anti-inflammatory functions, prevented liver injury,
restricted viral infections, inhibited production of interleukin-8, and harmonized various
inflammatory reactions in human body [38, 39]. After oral administration of DBT in rat, the
ferulic acid was found in the plasma, which suggested the bioavailability of ferulic acid was
shown to be ~10% [40]. Keap1-Nrf2-ARE is an important signaling pathway to modulate the
anti-oxidative functions [25]. Under unstressed conditions, Nrf2 acts as an inactive complex
with its repressor Keap1, which negatively modulates Nrf2 by ubiquitination and proteaso-
mal degradation [25]. Our data suggested that DBT modulated the anti-oxidative effects

Fig 6. PCA analysis of DBT, DBTΔfa and DBT+fa. The score plot of biological properties from various ferulic acid-modified DBT. The input materials were

the luciferase data at 1 mg/mL of DBT, the phosphorylation values at 15 min, and the protein levels of NQO1 and GCLM. The depletion of ferulic acid in

DBT, i.e. DBTΔfa showed a significant effect on the bioactivities. Addition of ferulic acid in DBT, DBT+fa, did not affect the properties.

doi:10.1371/journal.pone.0165486.g006
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through the Keap1-Nrf2-ARE mechanism. Furthermore, DBTΔfa exhibited much lower acti-
vation inducing the protein expressions of NQO1 and GCLM, transcriptional activity of
ARE, and phosphorylation of Akt. All of the results suggested that ferulic acid played an
indispensable role in DBT decoction in terms of protecting injury of cardiomyocyte.

Supporting Information

S1 Fig. Reduced amount of ferulic acid does not alter estrogenic, osteogenic and erythro-
poietic functions on different cell models. (A): In pERE-Luc stably transfected MCF-7 cul-
tures, DBT and DBTΔfa were applied for 48 hours at different concentrations (0.125–2.0 mg/
mL). Cell lysate were subjected to the luciferase assay. 17-Estrodiol (E2; 100 nM) served as a
positive control, which caused ~1.4-fold increase of the luciferase (B): Water extracts of DBT
or DBTΔfa at different concentrations (0.125–2.0 mg/mL) were applied onto cultured MG-63
cells for 48 hours before the analysis on the enzymatic activity of ALP. Dexamethasone (50
nM) together with vitamin C (250 μM) was used as positive control in MG-63 cell, which acti-
vated the ALP activity by ~1.8-fold. (C): Cultured Hep3B cells were transfectedwith pHRE-Luc
construct. The pHRE-Luc expressed cells were treated with a series concentrations of DBT
decoction (0.5–2.0 mg/mL) for 48 hours. The cell lysates were subjected to luciferase assay.Val-
ues were shown in fold of changes as compared to control. Values were in mean ± SEM, n = 3,
each with triplicate.
(TIF)

S2 Fig. DBTΔcal and authentic DBT have similar roles in triggering anti-oxidative func-
tions. Cultured H9C2 cells were treated with herbal extracts (1.0 mg/mL) for 24 hours. The cell
lysates were collected to determine the protein expressions of NQO1 and GCLM by specific
antibody. Five μM of tBHQ served as positive control. GAPDH served as loading control.
Quantification of protein from the blot was calculated by a densitometer. Values were
expressed as the fold of increase to basal reading (untreated culture). Data were expressed as
mean ± SEM, where n = 3. ��� p< 0.001, �� p< 0.01 as compared to the control.
(TIF)

S1 Table. Quantitative assessment of marker chemicals in DBT, DBTΔfa and the collected
ferulic acid fraction. a Four markers were selected as marker chemicals, and which were deter-
mined by HPLC method. These chemicals set parameters for minimal requirement for the
quality control. b DBTΔfa generated as stated in the method. c The ferulic acid fraction was col-
lected from the preparative HPLC of DBT, as stated in method. d Values were expressed in μg/
g dried extract of DBT, in Mean ± SEM, where n = 3. e Not detected. f The content of polysac-
charides was determined by anthrone-sulfuric acid method. Values were expressed in
mean ± SEM, where n = 3. ��� p< 0.001 as compared with authentic DBT.
(DOCX)
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