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Tereza Nehybová, Jan Šmarda, Lukáš Daniel, Marek Stiborek, Viktor Kanický,
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Preface to ”Biological Activity of Natural Secondary

Metabolite Products”

Natural secondary metabolite products that are isolated from plants, animals, microorganisms,

etc., are classified as polyketides, isoprenoids, aromatics (phenylpropanoids), alkaloids, etc. Their

chemical diversity and variety of biological activities have attracted the attention of chemists,

biochemists, biologists, etc. The Special Issue on the ”Biological Activity of Natural Secondary

Metabolite Products” is intended to present biologically active natural products as candidates and/or

leads for pharmaceuticals, dietary supplements, functional foods, cosmetics, food additives, etc.

The research fields covered in this Special Issue of IJMS include the chemistry of natural products,

phytochemistry, pharmacognosy, food chemistry, bioorganic synthetic chemistry, chemical biology,

molecular biology, molecular pharmacology, and other research fields related to bioactive natural

secondary metabolite products.

Toshio Morikawa

Special Issue Editor
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Abstract: Cancer of the head and neck is a group of upper aerodigestive tract neoplasms in which
aggressive treatments may cause harmful side effects to the patient. In the last decade, investigations
on natural compounds have been particularly successful in the field of anticancer drug research.
Our aim is to evaluate the antitumor effect of Tapirira guianensis Aubl. extracts on a panel of
head and neck squamous cell carcinoma (HNSCC) cell lines. Analysis of secondary metabolites
classes in fractions of T. guianensis was performed using Nuclear Magnetic Resonance (NMR).
Mutagenicity effect was evaluated by Ames mutagenicity assay. The cytotoxic effect, and migration
and invasion inhibition were measured. Additionally, the expression level of apoptosis-related
molecules (PARP, Caspases 3, and Fas) and MMP-2 was detected using Western blot. Heterogeneous
cytotoxicity response was observed for all fractions, which showed migration inhibition, reduced
matrix degradation, and decreased cell invasion ability. Expression levels of MMP-2 decreased
in all fractions, and particularly in the hexane fraction. Furthermore, overexpression of FAS and
caspase-3, and increase of cleaved PARP indicates possible apoptosis extrinsic pathway activation.
Antiproliferative activity of T. guianensis extract in HNSCC cells lines suggests the possibility of
developing an anticancer agent or an additive with synergic activities associated with conventional
anticancer therapy.

Keywords: HNSCC; cytotoxic activity; alkaloids; apoptosis markers
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1. Introduction

Cancer of the head and neck is a group of upper aerodigestive system neoplasms that corresponds
to the seventh most common cancer worldwide [1]. They are aggressive tumors and can often be
invasive and metastatic [2]. This pathology is a condition that continues to be diagnosed in an advanced
stage with low survival rate [3].

The prevalence of oral cancer in Brazil is high, especially among men in their fifth decade of
life [4]. According to INCA (Brazilian National Cancer Institute), approximately 300,000 new cases of
oral cancer were diagnosed in 2012 and it was responsible for 145,000 deaths. The five-year survival
rate of these patients is 50%–60% [4–6]. Unfortunately, even aggressive treatments, such as surgery,
radiotherapy and chemotherapy are not curative, and cause severe co-morbidities. To overcome these
limitations, the phytomedicine, which uses therapeutic agents derived from plants as an adjuvant
treatment in combination with surgery and or radiotherapy, can constitute potential options [7,8].

Some plants are known to contribute significantly within the traditional medicine of developing
countries [9,10]. In the last decade, research on natural compounds has been particularly successful in
the field of anticancer drug research. Examples of anticancer agents developed from higher plants (also
known as vascular plants) are the alkaloids vinblastine and vincristine, which were both obtained from
the Madagascar periwinkle (Catharanthus roseus) [11,12]. Brazil is home of the greatest biodiversity,
representing more than 20% of the total number of species on Earth [13]. This fact, together with
the need for developing new drugs, justifies the incentive for research programs in investigation of
potential medicinal plants.

Tapirira guianensis Aubl., a member of the Anacardiaceae family, is popularly known in Brazil as
“tatapiririca”, “cedroí” or “Pau-pombo”. It is widely distributed throughout the Brazilian territory, and
its leaves and bark are used by folk medicine to treat dermatitis, syphilis and as a cleanser, due to its
antibacterial and antifungal activity [14]. Preliminary study demonstrated that the CHCl3 extract and
two isolated compounds of the seeds of T. guianensis displayed cytotoxicity activity against human
prostate cancer [15], however the cytotoxic action of the leaves constituents remain unknown.

Studies have shown the presence of secondary compounds of the families of tannins, coumarins,
flavones, flavonols, flavanones, saponins, steroids and alkaloids in T. guianensis leaves [16,17].
The presence of hidrobenzofuranides norisoprenoids that are long chain metabolites with suggested
anti-tumor activity was also identified in the leaves [17]. Longatti et al. found that crude extract
and the hydroalcohol, chloroform and ethyl acetate fractions showed significant inhibition of matrix
metalloproteinase 2 (MMP-2) [16].

Despite these findings, the knowledge of T. guianensis anti-neoplastic activity and its molecular
mechanisms is still scarce. Therefore, in this study, we aim to evaluate the effect of this species in head
and neck tumor cell lines.

2. Results

2.1. Nuclear Magnetic Resonance (NMR) Analysis of T. guianensis

The identification by 1H NMR of secondary metabolites classes present on the crude extract and
fractions obtained by liquid–liquid extraction from T. guianensis was based on their chemical shifts
(ppm) features.

The NMR spectrum of the crude extract (C3) presented signals of chemical shifts characteristics of
alkaloids, coumarins and flavonoids in aromatic region of 6.0–7.5 ppm, hydrogen bonded to carbon
sp2 and/or neighbors heteroatoms in region of 3.4–5.3 ppm for alkaloids and coumarins and sugars
(saponin and/or glycosylated flavonoids) and hydrogen bonded to carbon sp3 in region of 0.7–2.4 ppm
for saponin and steroids. The ethyl acetate fraction (C1) showed signals of chemical shifts typical
of coumarins and flavonoids in aromatic region of 6.0–7.3 ppm, hydrogen bonded to carbon sp2

and/or neighbors heteroatoms in region of 3.0–5.8 ppm for coumarins and glycosylated flavonoids,
and hydrogen bonded to carbon sp3 in region of 0.5–1.5 ppm for steroids. The hydroalcoholic fraction
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(C2), on the other hand, exhibited signals of chemical shifts characteristics of alkaloids, coumarins
and flavonoids in aromatic region of 6.2–8.2 ppm, hydrogen bonded to carbon sp2 and/or neighbors
heteroatoms in region of 3.2–5.4 ppm for alkaloids, coumarins and sugars (saponin and/or glycosylated
flavonoids) and hydrogen bonded to carbon sp3 in region of 0.8–2.3 ppm for saponin and steroids.
Lastly, the hexane fraction (C4) displayed signals of chemical shifts typical of alkaloids in aromatic
region of 6.0–7.3 ppm and hydrogen bonded to carbon sp2 and/or neighbors heteroatoms in region of
3.0–5.8 ppm, a hydrogen bonded to carbon sp3 in region of 0.5–1.5 ppm for steroids.

2.2. Ames Mutagenicity Assay

All evaluated doses of T. guaianensis hydroalcoholic extract induced a significant increase in
revertants frequency employing the TA98 strain of Salmonella typhimurium (Table 1). The Ames test
mutagenic index (MI) values observed ranged between 3.37 (to lowest dose) and 14.84 (to highest
dose), indicating a high mutation index of this extract. However, in the TA100 strain without S9,
the mutagenicity was not observed. None of the assessed doses induced significant alterations in
revertants frequency to this strain when compared with negative control group dimethyl sulfoxide
(DMSO) and all MI values were lower than 2. Nevertheless, in studies with TA100 with metabolic
activation (+S9), the analyzed extract was mutagenic, but at a lower level, suggesting the presence of
indirect mutagens that induce base substitutions in DNA structure.

Table 1. Revertant/plate, standard deviation and mutagenicity index (MI) in the strains TA98 and
TA100 of S. typhimurium after treatment with different doses of the extract from T. guianensis, without
(−S9) and with (+S9) metabolic activation.

Treatment

TA98 TA100

−S9 +S9 −S9 +S9

Mean ± SD MI Mean ± SD MI Mean ± SD MI Mean ± SD MI

NC 16.7 ± 6.0 – 41.7 ± 5.69 – 121.7 ± 18.2 – 97.00 ± 40.85 –
Extract (μg/mL) – – – – – – – –

4.25 56.0 ± 11.0 * 3.3 140.3 ± 87.5 ** 3.4 130.0 ± 37.2 1.1 198.7 ± 24.5 * 2.0
8.67 67.3 ± 16.3 * 4.0 180.7 ± 42.2 * 4.3 118.0 ± 74.6 1.0 232.0 ± 8.9 * 2.4
16.68 136.0 ± 16.7 * 8.1 309.7 ± 74.6 * 7.4 68.7 ± 33.1 0.6 250.7 ± 35.2 * 2.6
24.09 186.0 ± 29.9 * 11.1 423.7 ± 60.5 * 10.2 110.7 ± 11.5 0.9 306.3 ± 31.2 * 3.2
30.97 246.3 ± 43.7 * 14.7 315.0 ± 10.5 * 7.6 119.7 ± 29.0 1.0 308.3 ± 41.4 * 3.2
PC 426.3 ± 40.3 * – 2839.7 ± 515.3 * – 471.0 ± 194.2 * – 1257.3 ± 159.3 * –

Mean ± SD: Revertants Mean Frequency per plate ± Standard Deviation; MI: Mutagenicity Index; NC: Negative
Control (DMSO − 80 μL/plate); PC: Positive Control 4-nitro-o-phenylenediamine (10 μg/plate − TA98 (−S9)),
Methylmethane sulfonate (260 μg/plate − TA100 (−S9)) or 2-Aminoanthracene (5 μg/plate − TA98 (+S9) and
TA100 (+S9)); * p < 0.05 and MI > 2; ** MI > 2.

2.3. Efficacy of T. guianensis Samples in Head and Neck Squamous Cell Carcinoma Cell Lines

The half-maximal inhibitory concentration (IC50) was determined to assess the cytotoxicity of
T. guianensis samples in head and neck tumor cell lines (Table 2) and a representation of the proliferation
and survival curves of the head and neck tumor cell lines is depicted in Figure S1. The ethyl acetate
fraction (C1) showed IC50 values between 28.0 ± 2.9 and 244.0 ± 4.8 μg/mL. The hydroalcoholic
fraction (C2) exhibited low values 14.0 ± 2.0 and 15.0 ± 2 μg/mL for SCC14 and HN13 cell lines,
respectively. The crude extract of T. guianensis (C3) display IC50 values between 45.0 ± 4.0 and
349.0 ± 5.6 μg/mL. The hexane fraction (C4) showed an IC50 values varying from 58.0 ± 1.9 to
592.0 ± 20 μg/mL. We observed that the SCC25 cell lines exhibited a resistant phenotype for all
compounds with IC50 values varying from 240 ± 26.0 to 592.0 ± 2.0 μg/mL (Table 2).
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Table 2. Classification and IC50 value response to different fractions of the T. guianensis extract in
HNSCC cell lines.

Cell Line Anatomic Site IC50 Value (Mean ± DP) mg/mL

– – C1 C2 C3 C4
SCC14 Hypopharynx 0.029 ± 0.0007 0.014 ± 0.002 0.058 ± 0.002 0.074 ± 0.002
SCC25 Oral Cavity 0.244 ± 0.048 0.240 ± 0.026 0.349 ± 0.056 0.592 ± 0.020
Fadu Hypopharynx 0.050 ± 0.002 0.023 ± 0.002 0.056 ± 0.003 0.186 ± 0.018
HN13 Tongue 0.028 ± 0.0002 0.015 ± 0.002 0.045 ± 0.004 0.058 ± 0.001

We further evaluated the growth inhibition (GI) classification and showed a moderate sensitivity
(MS) and highly sensitive (HS) for ethyl acetate (C1) and hydroalcoholic fractions (C2) in SCC14, Fadu
and HN13 cell lines, respectively (Table 3). The crude extract (C3) and hexane fraction (C4) showed
a moderate sensitivity in SCC14, Fadu and HN13 cell lines (Table 3). As expected, the SCC25 cell line
displayed a resistant (R) phenotype for all compounds (Table 3; Figure 1). Based on these results, the
most sensitive cell line (HN13) was chosen for the subsequent cellular characterization.

Table 3. Growth inhibition to different fractions of the T. guianensis extract in HSCC cell lines.

Cell Line GI Classification at 0.05 mg/mL (%)

– C1 C2 C3 C4
SCC14 MS (58.3%) HS (63.3%) MS (55.3%) MS (46.7%)
SCC25 R (25.3%) R (28%) R (25%) R (0%)
Fadu MS (47%) HS (66.3%) MS (50.3%) MS (47.3%)
HN13 MS (58.3%) HS (66.3%) MS (55.3%) MS (46.6%)

HS: highly sensitive; MS: moderate sensitive and R: resistant.

Figure 1. Cytotoxicity profile of SCC14, SCC25, Fadu, HN13 head and neck tumor cell lines, exposed
to the different fractions of the T. guianensis extract: (A) Ethyl acetate (C1); (B) Hydroalcoholic (C2);
(C) Crude extract (C3); and (D) Hexane (C4). Bars represent the cell viability at 50 μg/mL. Bars represent
the GI score classification. Green (HS: highly sensitive); Orange (MS: moderate sensitive) and Red
(R: resistant).
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2.4. Wound Healing Migration Assay

In the HN13 cell line, we observed that after 24 h, 60.20% ± 9.35% of the control (DMSO)
wound was closed (Figure 2A,B). All fractions and extract exhibited a significant reduction of wound
closure, with the hydroalcoholic (C2) and crude extract (C3), showing the highest closure rate, namely
30.21% ± 5.81% and 19.54% ± 2.03%, respectively (p < 0.01) (Figure 2A,B).

Figure 2. (A) Representative images of wound healing assay of HN13 cell line after 24 h, exposed to
ethyl acetate fraction (25 μg/mL), hydroalcoholic fraction (10 μg/mL), crude extract (50 μg/mL) and
hexane fraction (60 μg/mL). The red lines represent the distance between both edges of the wound;
Scale bars, 200 μm; (B) bars represent the relative migration expressed as the means ± SD for different
compounds. All experiments were repeated for three times. * p < 0.05; ** p < 0.01.

2.5. Invasion Assay

We further addressed whether T. guianensis extract and fractions could impair cell migration and
invasion in vitro (Figure 3). Using matrigel invasion assay, all compounds reduced the invasion of
HN13 cell lines, however the C4 fraction showed greater effect on cell invasiveness ability by matrix
degradation (p < 0.01) (Figure 3A,D). We previously observed the migration inhibition induced by
the hydroalcoholic (C2) and crude extract (C3) by wound healing assay. Additionally, we assess
migration potential using empty inserts (without Matrigel), where we found a significant reduction
of the migratory potential exposed to the hydroalcoholic (C2), crude extract (C3) and hexane (C4)
fractions. Finally, no significant differences were detected between C2 and C4 (Figure 3B,E). In order
to interrogate whether the invasion capability was associated with metalloproteinase activity, we
analyzed MMP-2 protein expression by Western blot that showed the presence of the MMP-2 (72 kDa)
band only in the C1 treatment (Figure 3C).
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Figure 3. Effect of crude extract (C3) and fractions (C1, C2 and C4) of T. guianensis on HN13 cellular
migration and invasion. (A) Invasion was measured at 24 h by Matrigel invasion assay, the results were
expressed in relation to the DMSO control (considered as 100% of invasion) as the mean percentage
of invasion ± SD; (B) analysis of index cell migration measured at 24 h by trans-well, the results
are expressed as the means ± SD; (C) western blot analysis using the antibodies of anti-human
MMP-2. The cells lines were incubated with compounds for 24 h; (D,E) representative images (at
×40 magnification) of migration and invasion assays, respectively. * p < 0.05; ** p < 0.01.

2.6. Expression of Apoptosis Markers (PARP, Caspase 3, and Fas)

To elucidate whether crude extract and fractions induce cancer cell death, HN13 cells were
treated for 24 h, and the expression of total and cleaved PARP, caspase 3, FAS and tumor necrosis
factor receptor 1 (TNFR1) proteins was evaluated by Western blot (Figure 4). All compounds showed
a significant increase of cleaved PARP compare to control (DMSO), being more significant for the crude
extract (C3) and hexane fraction (C4) (Figure 4B). Accordantly, we found increased levels of caspase 3
in HN13 cell lines treated with crude extract (C3) and hexane fraction (C4) (Figure 4C). Interestingly,
we found significant increased levels of FAS in the C3 and C4 fraction (Figure 4D), and only the C4
fraction showed increasing levels of TNFR1 (Figure 4E).

Figure 4. Cont.

6



Int. J. Mol. Sci. 2016, 17, 1839

Figure 4. Effect of crude extract (C3) and fractions (C1, C2 and C4) of T. guianensis on intracellular
signaling pathway activation in HN13 cells. HN13 cell lines were incubated with compounds (IC50

values) for 24 h. (A) Western blot, using the antibodies of anti-human PARP (Full Length: 116 kDa and
cleaved: 89 kDa), Caspase 3 (Full Length: 35 kDa), Caspase 9 (cleaved: 19 kDa) Fas (40 kDa) and TNFR1
(55 kDa) and Actin (45 kDa); (B–F) densitometric analysis of Western blot data of the four proteins.
Bars results are expressed as the means ± SD. * p < 0.05; ** p < 0.01.

3. Discussion

In the present study, we have reported the antineoplastic potential of the crude extract and fraction
of T. guianensis that showed a significant cytotoxicity effect in a panel of HNSCC cell lines. These data
were further supported by results from migration and invasion assay, which demonstrated a significant
reduction in migration index and cellular invasion. Moreover, the analysis of key cell death players
indicates an activation of the extrinsic apoptotic pathway.

A variety of studies conducted by the NCI (National Cancer Institute), showed that more than
1000 different phytochemicals have cancer-preventive activity [18] Brazil contains the richest flora
worldwide, and the great majority of it is unexplored in terms of therapeutic proprieties.

We initiated this study by assessing the mutagenicity of T. guianensis crude extract, using the Ames
assay. The hydroalcoholic extract was mutagenic in TA98 strain without and with metabolic activation.
High values of mutagenic index were observed in these conditions, indicating that compounds present
in the extract are able to induce gene mutations. Nevertheless, in TA100 strain of S. typhimurium, the
extract was mutagenic only after metabolic activation (+S9). According to Mortelmans and Zeiger
(2000), the strain TA98 identifies agents able to induce gene mutations by deletions or additions of
nucleotides on DNA structure, resulting in frameshift mutations [19]. Besides, TA100 strain detects
compounds that cause base substitution in DNA. Considering these findings, it was identified that the
crude extract presents in its phytochemical constitution agents able to induce frameshift mutations
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directly or indirectly. However, studies performed in TA100 indicated that substitution of bases was
induced by the extract only after its modification by hepatic enzymes, present in the S9 fraction.

Several studies have shown that some flavonoids can be potent mutagenic agents in different
biological systems [20,21]. In accordance with Procházková et al. (2011), the antioxidant or pro-oxidant
effects of flavonoids are related with the concentration during exposition and particular molecular
characteristics [22]. The values indicated in these tests may suggest the mechanisms of action of the
mutagenic activity evidenced in the extracts. However, the concentrations of growth inhibition of the
different cell lines do not relate with mutagenic assay.

A previous study of seeds of T. guianensis isolated two cyclic compounds which were broadly
active against a panel of human cancer cell lines [12]. Based on putative anti-tumoral effect of
T. guianensis, we tested its anti-proliferative action in a panel of four head and neck cancer cell lines
Briefly, we showed that all fractions caused a moderate (SCC14 and Fadu) or high (HN13) cytotoxicity,
with exception of the SCC25 cell line, which showed a resistant profile. We observed the classification
and response to different fractions from extract of T. guianensis in head and neck tumors cell lines
and verified that hydroalcoholic fraction showed the best results with low IC50 values (14.0 ± 2.0 and
15.0 ± 2 μg/mL). The NMR analyses showed signals of chemical shifts characteristics of alkaloids,
coumarins and flavonoids in hydroalcoholic fraction (C2). Flavonoid has been identified in crude
extract of leaves of the T. guianensis. In our study, rutin and quercetin were the flavonoids identified, the
latter present in greater quantities. These results are in agreement with previous report that detected
these components [16]. Moreover, in vitro studies have found the anticancer effects of flavonoids in
the NPC nasopharyngeal carcinoma cell line [23]; K562 leukemia cell line [24,25]; 184-B5/HER normal
breast cell line [26] and MCF-7 breast cancer cell line [27]. Furthermore, in vivo approaches indicated
that flavonoid compounds, similar to hydrobenzofuranoids obtained from T. guianensis, exhibit similar
biological activity [26,27]. Therefore, we suggest that the presence of flavonoids compounds within
the extract used in this study can be related to cytotoxic effects.

Cell motility is considered to be an important determinant of the metastatic potential of cancer
cells and can constitute promising treatment strategy [26,28]. Therefore, we used different experiments
to evaluate the effects of T. guianensis extract and fractions on the motility, migration and invasion.
We detected significant results in wound closure of the HN13 cell line exposed to all compounds.
Importantly, the hydroalcohol (C2), crude extract (C3) and hexane (C4) compounds, which showed
high levels of flavonoids such as quercetin, showed reduced invasion on the transwell migration assay.
Previous in vitro study showed that suppression of the HGF/c-Met signaling pathway by quercetin,
contributes to the anti-metastatic action and inhibit the cellular migration in melanoma cell lines [29]
and also inhibited the Wnt pathway in teratocarcinoma cell line [28].

We also showed that all compound inhibited the invasion in matrigel assay. MMPs are known
ECM-degrading enzymes and theirs activity are associated with tumor invasiveness [30] and associated
with tumorigenesis, progression and prognosis of head and neck tumor [31–33]. Herein, we observed
that hydroalcohol (C2), crude extract (C3), and hexane (C4) fractions induced MMP-2 downregulation.
These results are in line with previous work from our group that found that extracts of T. guianensis
inhibited matrix metalloproteinases [16].

Our findings suggest that several classes of secondary metabolites of C2, C3 and especially
C4 fraction may be responsible for the inhibition of cellular proliferation. Total alkaloids found in
these compounds can be related with reduced invasion. A recent study showed that total alkaloids
from Rubus alceifolius Poir inhibited the enzyme activity and reduced the expression of MMP-2 and
MMP-9 [34]. Alkaloids are secondary compounds that exhibit anti-tumor activity with broad spectrum
of action and they deserve further and deeper studies. Other studies have shown that alkaloids derived
from other plants also present antitumor activity, such as opium alkalois (papaverine, noscapine and
narceine) that induces apoptosis in cancer cell lines [35], capsaicin (an alkaloid isolated from the chili
pepper) that modulates cell cycle progression and induces apoptosis in human KB cell line (epidermoid
carcinoma) through mitochondrial membrane permeabilization and caspase activation, suggesting
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an antineoplastic activity [36]. We believe that our results offer important perspectives on cancer
targeted therapy, especially in the control of metastasis mechanisms, exhibit in vitro for C2, C3 and
C4 compounds.

Apoptosis pathway was assessed by Western blot, where we detected an overexpression of FAS,
caspase-3, TNFR1 and increased level of cleaved PARP in C3 and C4, which indicates a possible
extrinsic pathway of apoptosis. Fas-mediated apoptosis, ligands of Fas leads to strong caspase-8
activation at the DISC, thereby activating other caspases including caspase-3 in the absence of
mitochondrial involvement [37]. Despite the absence of moderate anti-neoplastic effect of the C3 and
C4 fraction, these fractions have secondary metabolites that activate an extrinsic activation mechanism
mediated by FAS and TNFR1 increased. Nevertheless, the mechanisms in which T. guianensis
participates into the complex signal pathways to achieve its anticancer role need further investigation,
such as monitoring of other proteins involved in extrinsic apoptotic signaling

4. Materials and Methods

4.1. Plant Material and Extraction

Samples of the T. guianensis were collected within the Cerrado region of Minas Gerais, Brazil
(Latitude S18◦58′08′′ and Longitude W49◦27′54′′). After identification, a voucher specimen was
registered (143407) in the Herbarium of the Department of Botany, of the Federal University of Minas
Gerais, in Belo Horizonte (Brazil).

Dried and powdered leaves (100 g) of T. guianensis were extracted by maceration (70%
hydroalcoholic solution, 15 days), which was filtered and afterwards lyophilized, resulting in 2.111 g
of crude extract. The extract was dissolved in CH3CH2OH/H2O (7:3) and successively extracted
with hexane (C6H14), chloroform (CHCl3) and ethyl acetate (C4H8O2), resulting in 1.1059 g (4677%),
0.3904 g (20.04%) and 0.2321 g (11.92%), respectively, and the hydroalcoholic residue was 0.2363 g
(12.13%) [12]. We further used the fractions: ethyl acetate (C1), hidroalcoholic (C2), crude extract (C3)
and hexane (C4).

4.2. Nuclear Magnetic Resonance (NMR) Analysis of T. guianensis

The extract and fractions from T. guianensis were prepared with deutered solvents for nuclear
magnetic resonance (NMR) analysis. The 1H NMR spectra were obtained using Bruker DRX-400MHz
spectrometer (Bruker, Billerica, MA, USA) with chloroform-d (CDCl3) and methanol-d4 (CD3OD)
using TMS as internal standard.

4.3. Ames Mutagenicity Assay

The Salmonella typhimurium mutagenicity assay was performed using the plate incorporation
protocol with the strains TA100 and TA98 of Salmonella typhimurium [38]. Five different concentrations
of the crude extract obtained from the leaves of T. guianensis were evaluated in this assay: 21.68, 16.26,
10.84, 5.42 and 2.71 mg/plate. The selection of the concentrations was based on the solubility limit of
the samples in DMSO and on their toxicity in the TA98 and TA100 [38].

Toxicity was apparent both as a reduction in the number of his + revertants and as an alteration in
the auxotrophic background (i.e., background lawn). The maximum volume of DMSO employed in
the studies was 80 μL per plate.

The various concentrations of extract tested were added to 500 μL of buffer pH 7.4, 100 μL
of bacterial culture and 2 mL of top agar. After agitation, the mixtures were poured on to plates
containing minimum agar. The plates were incubated at 37 ◦C for 48 h and the his+ revertant colonies
were manually counted. All experiments were performed in triplicate. The standard mutagens used
as positive controls in experiments were 4-nitro-o-phenylenediamine (10 μg/plate) for TA98 and
methylmethane sulfonate (260 μg/plate). DMSO (solvent) served as the negative control (80 μL/plate).
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4.4. Preparation of Standard Solutions

Each sample was accurately weighed so that 0.1 g of each could be separately re-dissolved in
1 mL of DMSO. From these solutions, serial dilutions were made to obtain lower concentrations (5, 10,
25, 50, 75, 100, and 200 μg/mL) and then, were frozen at −20 ◦C, for later use.

4.5. Cell Lines and Cell Culture

The head and neck cell lines SCC14, SCC25, Fadu and HN13 (kindly provided by Rui Manuel
Reis, Barretos Cancer Hospital) were used to determine the cytotoxic effect of different T. guianensis
extract and fractions [39]. All cell lines were initially authenticated by short tandem repeat (STR) DNA
typing according to the International Reference Standard for Authentication of Human Cell Lines
using a panel of 8 (D5S818, D13S317, D7S820, D16S539, vWA, TH01, TPOX and CSF1P0) STR loci plus
gender determination amelogenin (AMEL), using the fluorescent labeling primers as reported and
tested for mycoplasma contamination [40]. The cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma Aldrich, St. Louis, MO, USA), containing 10% fetal bovine serum
(FBS) (Gibco-Life Technologies, Grand Island, NY, USA), 1% penicillin/streptomycin (Sigma Aldrich).
Cells were incubated in a humidified atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.6. Cell Viability Assay

The cell viability was assessed by MTT assay (Promega, Madison, WI, USA) as previous
described [39,41]. To determine the IC50 values, 5 × 103 cell lines/well were seeded in a 96 well
plate and incubated at increased concentrations of different extract fractions of T. guianensis, under
reduced FBS concentration (0.5%) for 72 h. The results were expressed as a percentage relatively to
control cells (DMSO treatment). The IC50 values were calculated by nonlinear regression analysis using
GraphPad Prism software (5.01 version, GraphPad Software, Inc., La Jolla, CA, USA). The growth
inhibition (GI) was detected at fixed concentration of the 50 μg/mL, and cell lines were scored as
highly sensitive (HS) with GI > 60%, moderately sensitive (MS) with GI between 40% and 60% and
resistant with GI < 40% as previously described [39,42]. All the assays were done in triplicate and
repeated at least three times.

4.7. Wound Healing Migration Assay

To assess the potential effect of T. guianensis fractions and crude extract in inhibition of cell
migration, HN13 cell line was plated in 6 well plates (2.5 × 105) in DMEM 10% FBS + 1% P/S and
allowed to adhere overnight. After reaching 95% of confluence, mono-layer cells were washed with
PBS, scraped with a plastic 200 μL pipette tip. The cell line was incubated with fixed concentrations
of each fraction in DMEM 0.5% FBS + 1% P/S. Images of the wound were captured after 0 and 24 h
by Olympus IX71 optical microscope (Olympus Optical CO. Hamburg, Germany) and the relative
migration distance was measured by the following formula:

percentage of wound closure (%) =
100 × (A − B)

A

A, the width of cell wounds before incubation, and B the width of cell wounds after incubation [43].

4.8. Matrigel Invasion Assay

The invasion potential of T. guianensis fractions and crude extract was evaluated by BD BioCoat
Matrigel invasion chambers Kit (BD Biosciences, San Jose, CA, USA), following manufacturer
instructions and as previously described [44]. HN13 cell line (2.5 × 104) cells were plated in the
Matrigel-coated 24-well transwell inserts, containing DMEM (free-serum) and 2 μg/mL of the
different compounds, as a chemo-attractant was used DMEM 10% FBS. Additionally, control inserts
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(without Matrigel), were used for measuring the migratory index of HN13 cell line exposed to
different compounds.

HN13 cell line was allowed to invade and migrate for 24 h. Then, the insert membrane was fixed
with methanol iced and stained with hematoxylin/eosin. The membranes were photographed at 40×
magnification microscope and counted. The results were expressed in relation to the DMSO control
(considered as 100% of invasion) as the mean percentage of invasion ± SD.

4.9. Western Blot

To assess apoptosis and MMP-2, HN13 cell line was cultivated in 6 well plates and after 90%
plate confluence, cells were scraped in buffer lyses that contained 50 mM Tris (pH 7.6–8), 150 mM
NaCl, 5 mM EDTA, 1 mM Na3VO4, 10 mM NaF, 10 mM Na4P2O7, 1% NP-40, and protease cocktail
inhibitors. The cellular lysate was centrifuged at 13,000 rpm for 15 min in 5 ◦C and total protein of
the supernatant was quantified by Bradford method. Briefly, 20 μg of proteins from lysates were
resolved by 10% SDS-PAGE and transferred to nitrocelulose membranes in TransBlot Turbo transfer
(Bio-Rad Laboratories, Hercules, CA, USA) and incubated in 5% nonfat dried milk in TBS-T for
1 h at room temperature before primary antibody overnight incubation with PARP total/cleaved
(#9532, Cell Signaling Technology, Danvers, MA, USA), FAS (#4233, Cell Signaling Technology),
CASPASE-3 (#14220, Cell Signaling Technology), CASPASE-9 (#9505, Cell Signaling Technology),
TNFR1(#3736, Cell Signaling Technology), β-actin (#3700, Cell Signaling Technology) at 1:100 dilution,
and at 1:500 dilution for MMP-2 (sc-58386-Santa Cruz Biotechnology, Dallas, TX, USA). After washing
with TBS-T, membranes were incubated with the secondary antibody anti-rabbit (#7074, Cell Signaling
Technology) at dilution 1:5000. Immune detection was done with ECL Western Blotting Detection
Reagents in automatic ImageQuant mini LAS4000 (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
Densitometric data from Western blots were performed with ImageJ software (NIH-Scion Corporation,
Bethesda, MD, USA). Caspase-3, FAS and TNFR1 values were normalized to β-actin levels and PARP
cleaved to total PARP status. All experiments were carried out in triplicate.

4.10. Statistical Analysis

For Proliferation assay the results were expressed as the means ± SD. The results for Matrigel
invasion assay were expressed in relation to the DMSO control (invaded cells) as the mean number
of cells ± SD. Single comparisons between the different conditions studied were done using
Student’s t test, and differences between groups were tested using two-way analysis of variance.
Statistical analysis was done using GraphPad Prism version 5.01 (5.01 version, GraphPad Software,
Inc.). The level of significance in all the statistical analyses was set at p ≤ 0.05. The results obtained
were evaluated employing the statistical software Salanal and adopting the Bernstein et al. (1982) [45].
The data of Ames mutagenicity assay were assessed by analysis of variance (ANOVA) followed by
a linear-regression. Furthermore, the mutagenic index (MI), which is the average number of revertants
per plate divided by the average number of revertants per plate with the negative (solvent) control,
was also calculated for each concentration. A sample was considered mutagenic when a dose–response
relationship and a two-fold increase in the number of mutants (MI ≥ 2) with at least one concentration
were observed.

5. Conclusions

The present study showed cytotoxic activity of T. guianensis extract on oral cancer cells lines, as
well as an ability to inhibit tumor migration and invasion, constituting a putative anticancer agent,
alone or in combination with classic chemotherapy and radiotherapy approaches. Nevertheless,
further studies are needed to identify the mechanisms by which T. guianensis extract acts as inhibitors
of cell proliferation.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/11/1839/s1.

11



Int. J. Mol. Sci. 2016, 17, 1839

Acknowledgments: The authors acknowledge CNPq, FAPEMIG (APQ-00953-12), Ministério da Ciência,
Tecnologia e Inovação—MCTI, and Fundo Nacional de Saúde—FNS (1302/13), FINEP (MCTI/FINEP/MS/
SCTIE/DECIT-01/2013—FPXII-BIOPLAT) and CAPES (Brazilian agencies) for the financial support of this study.
We thank Arali Aparecida Costa Araujo for her support in collecting of T. guianensis and João Máximo De Siqueira
(UFSJ) and Paulo Cezar Vieira (UFSCar) for their support in the phytochemical analysis.

Author Contributions: Renato José Silva-Oliveira carried out the studies of cell line and cell culture,
proliferation assay, wound healing migration assay, matrigel invasion assay, Western blot analysis, and statistical
analysis. He also participated of data acquisition and its interpretation and performed the statistical analysis.
Gabriela Francine Lopes has been responsible for the preparation of extracts, carried out the studies of cell
culture and cell viability assay. Ana Maciel Ribeiro carried out the Statistical Analysis and has been involved
in drafting the manuscript. Fábio Vieira dos Santos and Luiz Fernando Camargos carried out the Ames
mutagenicity assay and interpretation of data. Ralph Gruppi Thomé and Hélio Batista dos Santos helped
to draft the manuscript and have been involved in revising critically the manuscript. Ana Paula Terezan,
Richele Priscila Severino and Vanessa Gisele Pasqualotto Severino participated in acquisition of nuclear magnetic
resonance data of T. guianensis, analysis and interpretation of these data, and have been involved in revising
it critically for important intellectual content. Rui Manuel Reis participated in the design of the study, and
has made substantial contributions to analysis and interpretation of data and helped to draft the manuscript.
Rosy Iara Maciel de Azambuja Ribeiro conceived the study, participated in its design and coordination, and has
made substantial contributions to analysis and interpretation of data and drafted the manuscript. All authors
read and approved the final manuscript.

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the research authorship
and/or publication of this article and no competing financial interests in relation to the work described.

References

1. Jemal, A.; Siegel, R.; Xu, J.; Ward, E. Cancer statistics, 2010. CA Cancer J. Clin. 2010, 60, 277–300. [CrossRef]
[PubMed]

2. Suh, Y.; Amelio, I.; Guerrero Urbano, T.; Tavassoli, M. Clinical update on cancer: Molecular oncology of head
and neck cancer. Cell Death Dis. 2014, 5, e1018. [CrossRef] [PubMed]

3. Hoffmann, T.K. Systemic therapy strategies for head-neck carcinomas: Current status. Laryngorhinootologie
2012, 91, 123–143.

4. Instituto Nacional de Câncer, Estimativa 2014: Incidência de câncer no brasil. Rio de Janeiro, R.J.
Available online: http://www.inca.gov.br/estimativa/2014 (accessed on 23 October 2015).

5. Bonfante, G.M.D.S.; Machado, C.J.; Souza, P.E.A.D.; Andrade, E.I.G.; Acurcio, F.D.A.; Cherchiglia, M.L.
Specific 5-year oral cancer survival and associated factors in cancer outpatients in the Brazilian Unified
National Health System. Cadernos de Saúde Pública 2014, 30, 983–997. [CrossRef] [PubMed]

6. Shah, J.P. Cervical lymph node metastases—Diagnostic, therapeutic, and prognostic implications. Oncology
1990, 4, 61–69. [PubMed]

7. Shaikh, R.; Pund, M.; Dawane, A.; Iliyas, S. Evaluation of anticancer, antioxidant, and possible
anti-inflammatory properties of selected medicinal plants used in Indian traditional medication. J. Tradit.
Complement. Med. 2014, 4, 253–257. [CrossRef] [PubMed]

8. Majid, M.Z.; Zaini, Z.M.; Razak, F.A. Apoptosis-inducing effect of three medicinal plants on oral cancer cells
KB and ORL-48. Sci. World J. 2014, 2014, 125353–125361. [CrossRef] [PubMed]

9. Pitchai, D.; Roy, A.; Ignatius, C. In vitro evaluation of anticancer potentials of lupeol isolated from
Elephantopus scaber L. on MCF-7 cell line. J. Adv. Pharm. Technol. Res. 2014, 5, 179–184. [CrossRef] [PubMed]

10. Kim, J.W.; Amin, A.R.; Shin, D.M. Chemoprevention of head and neck cancer with green tea polyphenols.
Cancer Prev. Res. 2010, 3, 900–909. [CrossRef] [PubMed]

11. Bhavana, S.M.; Lakshmi, C.R. Oral oncoprevention by phytochemicals—A systematic review disclosing the
therapeutic dilemma. Adv. Pharm. Bull. 2014, 4, 413–420. [PubMed]

12. Safarzadeh, E.; Sandoghchian Shotorbani, S.; Baradaran, B. Herbal medicine as inducers of apoptosis in
cancer treatment. Adv. Pharm. Bull. 2014, 4, 421–427. [PubMed]

13. Brazil, Ministry of the Environment. Brazilian biodiversity. Available online: http://www.mma.gov.br/
biodiversidade/biodiversidade-brasileira (accessed on 23 October 2015).

14. Roumy, V.; Fabre, N.; Portet, B.; Bourdy, G.; Acebey, L.; Vigor, C.; Valentin, A.; Moulis, C. Four anti-protozoal
and anti-bacterial compounds from Tapirira guianensis. Phytochemistry 2009, 70, 305–311. [CrossRef] [PubMed]

15. David, J.M.; Chavez, J.P.; Chai, H.B.; Pezzuto, J.M.; Cordell, G.A. Two new cytotoxic compounds from
Tapirira guianensis. J. Nat. Prod. 1998, 61, 287–289. [CrossRef] [PubMed]

12



Int. J. Mol. Sci. 2016, 17, 1839

16. Longatti, T.R.; Cenzi, G.; Lima, L.A.R.S.; Oliveira, R.J.S.; Oliveira, V.N.; Da Silva, S.L.; Ribeiro, R.I.M.A.
Inhibition of gelatinases by vegetable extracts of the species Tapirira guianensis (stick pigeon). Br. J. Pharm. Res.
2011, 1, 133–140. [CrossRef]

17. Correia, S.D.J.; David, J.M.; Silva, E.P.D.; David, J.P.; Lopes, L.M.X.; Guedes, M.L.S. Flavonoids,
norisoprenoids and other terpenes from leaves of Tapirira guianensis. Química Nova 2008, 31, 2056–2059.
[CrossRef]

18. Surh, Y.J. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. Cancer 2003, 3, 768–780. [CrossRef]
[PubMed]

19. Mortelmans, K.; Zeiger, E. The Ames Salmonella/microsome mutagenicity assay. Mutat. Res. 2000, 455,
29–60. [CrossRef]

20. Duthie, S.J.; Johnson, W.; Dobson, V.L. The effect of dietary flavonoids on DNA damage (strand breaks and
oxidised pyrimdines) and growth in human cells. Mutat. Res. 1997, 390, 141–151. [CrossRef]

21. Santos, F.V.; Tubaldini, F.R.; Colus, I.M.; Andreo, M.A.; Bauab, T.M.; Leite, C.Q.; Vilegas, W.; Varanda, E.A.
Mutagenicity of Mouriri pusa Gardner and Mouriri elliptica Martius. Food Chem. Toxicol. 2008, 46, 2721–2727.
[CrossRef] [PubMed]

22. Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids.
Fitoterapia 2011, 82, 513–523. [CrossRef] [PubMed]

23. Fang, C.Y.; Wu, C.C.; Hsu, H.Y.; Chuang, H.Y.; Huang, S.Y.; Tsai, C.H.; Chang, Y.; Tsao, G.S.; Chen, C.L.;
Chen, J.Y. EGCG inhibits proliferation, invasiveness and tumor growth by up-regulation of adhesion
molecules, suppression of gelatinases activity, and induction of apoptosis in nasopharyngeal carcinoma cells.
Int. J. Mol. Sci. 2015, 16, 2530–2558. [CrossRef] [PubMed]

24. Zhang, D.; Zhuang, Y.; Pan, J.; Wang, H.; Li, H.; Yu, Y.; Wang, D. Investigation of effects and mechanisms of
total flavonoids of Astragalus and calycosin on human erythroleukemia cells. Oxid. Med. Cell. Longev. 2012,
2012, 209843–209848. [CrossRef] [PubMed]

25. Costa, P.M.D. Antitumor Potential of Hydrobenzofuranoids Isolated from the Leaves of tapirira guianensis
(anacardiaceae). Available online: http://www.repositorio.ufc.br/bitstream/riufc/2614/1/2006_dis_
pmcosta.pdf (accessed on 23 October 2015).

26. Du, Y.; Feng, J.; Wang, R.; Zhang, H.; Liu, J. Effects of flavonoids from Potamogeton crispus L. on proliferation,
migration, and invasion of human ovarian cancer cells. PLoS ONE 2015, 10, e0130685. [CrossRef] [PubMed]

27. Hayashi, A.; Gillen, A.C.; Lott, J.R. Effects of daily oral administration of quercetin chalcone and modified
citrus pectin on implanted colon-25 tumor growth in Balb-c mice. Altern. Med. Rev. 2000, 5, 546–552.
[PubMed]

28. Cao, H.H.; Cheng, C.Y.; Su, T.; Fu, X.Q.; Guo, H.; Li, T.; Tse, A.K.; Kwan, H.Y.; Yu, H.; Yu, Z.L.
Quercetin inhibits HGF/c-met signaling and HGF-stimulated melanoma cell migration and invasion.
Mol. Cancer 2015, 14, 103–115. [CrossRef] [PubMed]

29. Mojsin, M.; Vicentic, J.M.; Schwirtlich, M.; Topalovic, V.; Stevanovic, M. Quercetin reduces pluripotency,
migration and adhesion of human teratocarcinoma cell line NT2/D1 by inhibiting Wnt/β-catenin signaling.
Food Funct. 2014, 5, 2564–2573. [CrossRef] [PubMed]

30. Yadav, L.; Puri, N.; Rastogi, V.; Satpute, P.; Ahmad, R.; Kaur, G. Matrix metalloproteinases and cancer—Roles
in threat and therapy. Asian Pac. J. Cancer Prev. 2014, 15, 1085–1091. [CrossRef] [PubMed]

31. Wang, D.; Muller, S.; Amin, A.R.; Huang, D.; Su, L.; Hu, Z.; Rahman, M.A.; Nannapaneni, S.; Koenig, L.;
Chen, Z.; et al. The pivotal role of integrin β1 in metastasis of head and neck squamous cell carcinoma.
Clin. Cancer Res. 2012, 18, 4589–4599. [CrossRef] [PubMed]

32. Liu, R.R.; Li, M.D.; Li, T.; Tan, Y.; Zhang, M.; Chen, J.C. Matrix metalloproteinase 2 (MMP2) protein expression
and laryngeal cancer prognosis: A meta analysis. Int. J. Clin. Exp. Med. 2015, 8, 2261–2266. [PubMed]

33. Jafarian, A.H.; Vazife Mostaan, L.; Mohammadian Roshan, N.; Khazaeni, K.; Parsazad, S.; Gilan, H.
Relationship between the expression of matrix metalloproteinase and clinicopathologic features in oral
squamous cell carcinoma. Iran. J. Otorhinolaryngol. 2015, 27, 219–223. [PubMed]

34. Zhao, J.; Liu, L.; Wan, Y.; Zhang, Y.; Zhuang, Q.; Zhong, X.; Hong, Z.; Peng, J. Inhibition of hepatocellular
carcinoma by total alkaloids of rubus alceifolius poir involves suppression of hedgehog signaling.
Integr. Cancer Ther. 2015, 14, 394–401. [CrossRef] [PubMed]

13



Int. J. Mol. Sci. 2016, 17, 1839

35. Afzali, M.; Ghaeli, P.; Khanavi, M.; Parsa, M.; Montazeri, H.; Ghahremani, M.H.; Ostad, S.N. Non-addictive
opium alkaloids selectively induce apoptosis in cancer cells compared to normal cells. Daru 2015, 23, 16–24.
[CrossRef] [PubMed]

36. Lin, C.H.; Lu, W.C.; Wang, C.W.; Chan, Y.C.; Chen, M.K. Capsaicin induces cell cycle arrest and apoptosis in
human kb cancer cells. BMC Complement. Altern. Med. 2013, 13, 46–55. [CrossRef] [PubMed]

37. Petak, I.; Houghton, J.A. Shared pathways: Death receptors and cytotoxic drugs in cancer therapy.
Pathol. Oncol. Res. 2001, 7, 95–106. [CrossRef] [PubMed]

38. Maron, D.M.; Ames, B.N. Revised methods for the salmonella mutagenicity test. Mutat. Res. 1983, 113,
173–215. [CrossRef]

39. Silva-Oliveira, R.J.; Silva, V.A.; Martinho, O.; Cruvinel-Carloni, A.; Melendez, M.E.; Rosa, M.N.; de Paula, F.E.;
de Souza Viana, L.; Carvalho, A.L.; Reis, R.M. Cytotoxicity of allitinib, an irreversible anti-EGFR agent, in
a large panel of human cancer-derived cell lines: Kras mutation status as a predictive biomarker. Cell. Oncol.
2016, 39, 253–263. [CrossRef] [PubMed]

40. Dirks, W.G.; Faehnrich, S.; Estella, I.A.; Drexler, H.G. Short tandem repeat DNA typing provides
an international reference standard for authentication of human cell lines. ALTEX 2005, 22, 103–109. [PubMed]

41. Martinho, O.; Silva-Oliveira, R.; Miranda-Goncalves, V.; Clara, C.; Almeida, J.R.; Carvalho, A.L.; Barata, J.T.;
Reis, R.M. In vitro and in vivo analysis of RTK inhibitor efficacy and identification of its novel targets
in glioblastomas. Transl. Oncol. 2013, 6, 187–196. [CrossRef] [PubMed]

42. Konecny, G.E.; Glas, R.; Dering, J.; Manivong, K.; Qi, J.; Finn, R.S.; Yang, G.R.; Hong, K.L.; Ginther, C.;
Winterhoff, B.; et al. Activity of the multikinase inhibitor dasatinib against ovarian cancer cells. Br. J. Cancer
2009, 101, 1699–1708. [CrossRef] [PubMed]

43. Martinho, O.; Zucca, L.E.; Reis, R.M. AXL as a modulator of sunitinib response in glioblastoma cell lines.
Exp. Cell Res. 2015, 332, 1–10. [CrossRef] [PubMed]

44. Moniz, S.; Martinho, O.; Pinto, F.; Sousa, B.; Loureiro, C.; Oliveira, M.J.; Moita, L.F.; Honavar, M.; Pinheiro, C.;
Pires, M.; et al. Loss of WNK2 expression by promoter gene methylation occurs in adult gliomas and triggers
rac1-mediated tumour cell invasiveness. Hum. Mol. Genet. 2013, 22, 84–95. [CrossRef] [PubMed]

45. Bernstein, L.; Kaldor, J.; McCann, J.; Pike, M.C. An empirical approach to the statistical analysis of
mutagenesis data from the salmonella test. Mutat. Res. 1982, 97, 267–281. [CrossRef]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

14



 International Journal of 

Molecular Sciences

Article

Berberine Suppresses Cyclin D1 Expression through
Proteasomal Degradation in Human Hepatoma Cells

Ning Wang 1, Xuanbin Wang 2,3, Hor-Yue Tan 1, Sha Li 1, Chi Man Tsang 4, Sai-Wah Tsao 4

and Yibin Feng 1,2,3,*

1 School of Chinese Medicine, The University of Hong Kong, 10 Sassoon Road, Pokfulam, Hong Kong, China;
ckwang@hku.hk (N.W.); hoeytan@hku.hk (H.-Y.T.); u3003781@connect.hku.hk (S.L.)

2 Laboratory of Chinese Herbal Pharmacology, Oncology Center, Renmin Hospital,
Hubei University of Medicine, Shiyan 442000, China; wangxb@hbmu.edu.cn

3 Hubei Key Laboratory of Wudang Local Chinese Medicine Research and School of Pharmacy,
Hubei University of Medicine, Shiyan 442000, China

4 Department of Anatomy, The University of Hong Kong, 21 Sassoon Road, Pokfulam, Hong Kong, China;
annatsan@hku.hk (C.M.T.); gswtsao@hku.hk (S.-W.T.)

* Correspondence: yfeng@hku.hk; Tel.: +852-258-90431; Fax: +852-216-84259

Academic Editor: Toshio Morikawa
Received: 27 September 2016; Accepted: 9 November 2016; Published: 15 November 2016

Abstract: The aim of this study is to explore the underlying mechanism on berberine-induced
Cyclin D1 degradation in human hepatic carcinoma. We observed that berberine could suppress
both in vitro and in vivo expression of Cyclin D1 in hepatoma cells. Berberine exhibits dose- and
time-dependent inhibition on Cyclin D1 expression in human hepatoma cell HepG2. Berberine
increases the phosphorylation of Cyclin D1 at Thr286 site and potentiates Cyclin D1 nuclear export
to cytoplasm for proteasomal degradation. In addition, berberine recruits the Skp, Cullin, F-box
containing complex-β-Transducin Repeat Containing Protein (SCFβ-TrCP) complex to facilitate Cyclin
D1 ubiquitin-proteasome dependent proteolysis. Knockdown of β-TrCP blocks Cyclin D1 turnover
induced by berberine; blocking the protein degradation induced by berberine in HepG2 cells increases
tumor cell resistance to berberine. Our results shed light on berberine′s potential as an anti-tumor
agent for clinical cancer therapy.

Keywords: berberine; Cyclin D1; ubiquitinated-dependent proteolysis; β-TrCP; tumor growth inhibition

1. Introduction

Overexpression of Cyclin D1 in various human cancers is regarded as a key mechanism underlying
tumor angiogenesis, progression, and metastasis [1–6]. Cyclin D1 overexpression is also found to
enhance cancer cells′ resistance to chemotherapeutic agents [7]. Disruption of Cyclin D1 proteolysis
is one of the major mechanisms that cancer cells accumulate Cyclin D1 [8]. In particular, it was
noticed that Cyclin D1 was overexpressed in hepatocellular carcinoma (HCC) and was associated with
aggressive forms of HCC [9,10]. Chronic overexpression of Cyclin D1 in transgenic mice with HCC
was also observed [11].

Berberine is a natural product belonging to the group of isoquinoline alkaloids that are present in
many medical plants. The anti-tumor action of berberine was extensively reported, in which berberine
was shown to modulate several different signal transductions to induce tumor cell cycle redistribution
and apoptosis, and to inhibit tumor cell migration [12,13]. Several studies revealed that inhibitory effect
of berberine on Cyclin D1 expression in various cancer cell lines including neuroblastoma SK-N-SH &
SK-N-MC cells [14], human epidermoid carcinoma A431 cells [15], human prostate carcinoma LNCap,
DU145 & PC-3 cells [16], human leukemia cells HL-60 [17], and pulmonary giant cell carcinoma
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PG cells [11], indicating that Cyclin D1 may be a potential target for berberine in cancer therapy.
However, the exact mechanism of Cyclin D1 inhibition in berberine-treated cancer cells has not been
well documented. A recent study reveals that berberine suppresses the activity of the AP-1 signaling
pathway and decreases the binding of transcription factors to the Cyclin D1 AP-1 motif, indicating
that transcriptional inhibition of Cyclin D1 may be involved in berberine′s anti-tumor effect [18]. It is
interesting to examine whether the inhibitory action of berberine on Cyclin D1 expression in liver
cancer cells shares the same mechanism and to figure out the exact machinery that undergoes Cyclin
D1 suppression in human hepatoma cells exposed to berberine.

In this study, the underlying mechanism of Cyclin D1 suppression by berberine in human
hepatoma cells was examined. It was observed that berberine could suppress both in vitro and
in vivo expression of Cyclin D1 in hepatoma cells. Dose- and time-dependent Cyclin D1 inhibition is
observed in HepG2 cells exposed to berberine; and the rapid ablation of Cyclin D1 induced by 6 h
berberine treatment is found independent of transcriptional inhibition. We found Cyclin D1 undergoes
ubiquitinated degradation in berberine-treated HepG2 cells, and phosphorylation at Thr-286 site of
Cyclin D1 is required for berberine-driven Cyclin D1 degradation. The β-transducin repeat-containing
protein (β-TrCP) recruitment as E3 ligases by berberine are induced when Cyclin D1 proteolyzes.
Genetic depletion of β-TrCP attenuates berberine′s inductive action on Cyclin D1 degradation as
well as berberine′s anti-tumor effect. Our results indicate that involvement of β-TrCP as E3 ligase in
Cyclin D1 ubiquitination-dependent proteolysis is the mechanism in berberine′s inhibitory action on
Cyclin D1 expression in HepG2 cells, and contributes partially to the anti-tumor action of berberine.
This sheds light on berberine′s potential in the agent list for liver cancer therapy.

2. Results

2.1. Berberine Suppresses In Vitro and In Vivo Cyclin D1 Expression in Hepatoma Cells

It was extensively reported by our previous studies that berberine could suppress both in vitro
and in vivo growth of HCC [19–21]. Consistently, we observed reduced expression of Cyclin D1
in hepatoma cells with berberine treatment (Figure 1A). While berberine significantly reduced
proliferation of xenografted hepatoma, the expression of Cyclin D1 in hepatoma xenograft was in
parallel inhibited (Figure 1B). These observations confirmed the property of berberine in suppressing
in vitro and in vivo expression of Cyclin D1 in hepatoma. To further profile the action of berberine, we
systemically examined Cyclin D1 expression in berberine-treated HepG2 cells. HepG2 cells with 6 h
exposure to berberine exhibit significant dose-dependent reduction of Cyclin D1 expression (Figure 1C).
Time-dependent manner of Cyclin D1 expression inhibition was also observed in HepG2 cells exposed
to100 μM berberine (Figure 1C). Six hour exposure of 100 μM berberine to HepG2 cells was unable
to carry out any alteration on the cell phase distribution, indicating that the rapid suppression on
Cyclin D1 is not attributed to the cycle arrest induction by berberine in HepG2 cells (Figure 1D).
This observation indicates that Cyclin D1 inhibition may occur prior to cell cycle change and can cause
redistribution of cell cycle phases. Our findings reveal that berberine could rapidly inhibit Cyclin D1
expression in time- and dose-dependent manner but is independent on cell cycle.

2.2. Berberine Triggers Post-Translational Suppression on Cyclin D1 Expression

A previous study reveals that berberine suppresses the activity of the AP-1 signaling pathway
and decreases the binding of transcription factors to the Cyclin D1 AP-1 motif, indicating that
transcriptional inhibition of Cyclin D1 may be involved in the anti-tumor effect of berberine [11].
To determine if inhibition of berberine on Cyclin D1 expression in hepatoma cells undergoes the
same mechanism, we issued a quantitative real-time polymerase chain reaction (qPCR) analysis to
quantify the Cyclin D1 mRNA transcripts in HepG2 cells exposed to berberine. Interestingly, we
found that either 6 or 12 h exposure to berberine could not suppress the transcripts level of Cyclin D1,
however, the protein expression was significantly inhibited (Figure 2A). To further examine if Cyclin
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D1 suppression by berberine in HepG2 cells undergoes at a post-transcriptional level, we analyzed the
protein expression in HepG2 cells with or without 100 μM berberine intervention in the presence of
cycloheximide, a translation and protein synthesis inhibitor. We found that 100 μM berberine could
shorten the half-life of Cyclin D1 protein in the presence of 150 μg/mL cycloheximide (Figure 2B).
This action is further confirmed by the observation that presence of 20 nM MG-132, a proteasome
inhibitor, is able to completely block the Cyclin D1 ablation induced by berberine exposure in HepG2
cells (Figure 2C). Our results show that berberine could induce a rapid post-translational degradation
of Cyclin D1 in HepG2 cells.

Figure 1. Berberine suppresses Cyclin D1 expression in hepatoma cells. (A) HepG2 and MHCC97L cells
were treated with 100 μM berberine for 24 h. the expression of Cyclin D1 was inhibited; (B) Xenograft
model was established as described and treatment of berberine can lead to reduced tumor size as well
as Cyclin D1 expression; (C) Upon 6 h exposure of 100 μM berberine, the expression of Cyclin D1
was potently repressed. Cyclin D1 was detected by immunoblotting with β-actin as internal control;
(D) HepG2 cells were treated with berberine at different doses for 6 h and then subject to cell cycle
analysis. No significant cell cycle phase redistribution was observed. * p < 0.05,** p < 0.01.
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Figure 2. Berberine inhibits Cyclin D1 expression in HepG2 cells via post-translational control.
(A) qPCR was used to detected the mRNA transcript of Cyclin D1 with GAPDH as internal control.
No mRNA changed while Cyclin D1 protein was reduced by berberine; (B) Cells were treated with
berberine in the presence of 150 μg/ml Cycloheximide. Reduced half-life in berberine-treated cells
were found; (C) Cells were treated with berberine in the presence of 20 nM MG-132. Cyclin D1 was
detected by immunoblotting with α-tubulin as internal control.

2.3. Berberine Promotes Cyclin D1 Ubiquitination in HepG2 Cells and Facilitates β-TrCP Binding

A direct evidence of berberine-induced Cyclin D1 unbiquitination in HepG2 cells was observed
(Figure 3A). The endogenous expressing Cyclin D1 in HepG2 cells with berberine treatment in the
presence of 20 nM MG-132 was immunoprecipitated using specific antibody against Cyclin D1
and analyzed using antibody against ubiquitin. Increased ubiquitinated Cyclin D1 was found in
a dose-dependent manner, indicating that berberine could promote the ubiquitination of endogenous
Cyclin D1. We observed that one of the F-box proteins, β-TrCP, could be triggered to bind to the
skp1-cullin-F-box (SCF) protein complex of Cyclin D1 upon berberine exposure (Figure 3B). As recently
reported, β-TrCP could serve as an E3 ligase and be incorporated in the SCF complex-facilitating
ubiquitination dependent Cyclin D1 proteolysis [22]. To figure out the direct evidence of the
involvement of β-TrCP in berberine-induced Cyclin D1 ablation, we used specific siRNA against
human BTRC gene to block its expression in HepG2 cells. Partial genetic deletion of β-TrCP in HepG2
cells attenuates berberine′s action on Cyclin D1 expression (Figure 3C). Our results may indicate that
β-TrCP serves as the particular E3 ligase in berberine-driving Cyclin D1 proteolysis in HepG2 cells.
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Figure 3. Berberine induces Cyclin D1 ubiquitination and recruits β-TrCPas an E3 ligase. (A) Cells were
treated by berberine for 6 h in the presence of MG-132 (20 nM). Ubiquitinated Cyclin D1 was precipitated
with antibody against Cyclin D1 and detected with ubiquitin antibody; (B) Cells were treated with
berberine for 6 h in the presence of MG-132 (20 nM). Ubiquitinated Cyclin D1 was precipitated with
antibody against Cyclin D1 and β-TrCP was detected with β-TrCP antibody; (C) shows that genetic
knockdown of β-TrCP attenuates berberine′s effect on Cyclin D1 degradation. (+ means presence of
the chemicals), ** p < 0.01.

2.4. Berberine Promotes Cyclin D1 Phosphorylation and Nuclear Export in HepG2 Cells

Previous studies reported that Cyclin D1 turnover was mediated by ubiquitin-dependent
proteasomal degradation and dependent on T286 (the threonine 286) phosphorylation [23]. However,
it was observed that certain mutations stabilized Cyclin D1 but did not affect its polyubiquitylation,
which could prove that the regulation of Cyclin D1 degradation may be ubiquitin-independent [24].
Identifying if the berberine-induced Cyclin D1 degradation in HepG2 is dependent on the
phosphorylation on its T286 site, we first examined if berberine could promote the Cyclin D1
phosphorylation in HepG2 cells. Western blot analysis indicates that berberine-facilitated Cyclin
D1 repression in HepG2 cells was accompanied with increases in Thr-286 phophorylation in the
presence of MG132, the proteasome inhibitor (Figure 4A), and the effect of berberine in triggering
Cyclin D1 phosphorylation in HepG2 cells is in dose- and time-dependent manner. This indicates that
phosphorylation of Cyclin D1 at the T286 site may be involved in its degradation induced by berberine.
Since the ubiquitination process of Cyclin D1 is conducted in cytoplasm, the nuclear export is necessary
for berberine-facilitated Cyclin D1 degradation. Both immunofluorescence and immunoblotting
analysis exhibit that berberine could reduce the nuclear localization of Cyclin D1 in HepG2 cells
(Figure 4B,C). These data suggest that the ability of berberine to promote phosphorylation dependent
nuclear transport and ubiquitination of Cyclin D1 plays an integral role in its subsequent degradation.
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Figure 4. Berberine induces Cyclin D1 phosphorylation at T286 site and its nuclear export in
HepG2 cells. (A) Cells were treated with berberine in the presence of MG132. The expression of
phosphor-Cyclin D1 was normalized by total Cyclin D1 to avoid fluctuation induced by dynamic
degradation of Cyclin D1; (B) Cells were treated with berberine for 6 h and fixed. Cyclin D1 was stained
(Red) and DAPI was used to stain the nucleus; (C) Cells were treated with berberine and cytosolic and
nuclear fractions were collected. β-actin and Lamin B1 were used as internal controls, respectively.
* p < 0.05.

2.5. Berberine-Induced Cyclin D1 Degradation Is T286 Phosphorylation Dependent

In order to determine if phosphorylation of Cyclin D1 at T286 site is required for its degradation
induced by berberine in HepG2 cells, we transfected pcDNA plasmid encoding either HA-tagged
Cyclin D1 (wild-type, wt) or HA-tagged Cyclin D1 T286A mutant (mut) into HepG2 cells which were
then exposed to berberine for 6 h. Immunoblotting analysis shows that the wild-type exogenous Cyclin
D1 undergoes rapid degradation in the presence of berberine while mutant Cyclin D1 remains intact
(Figure 5A). Since previous study reports that β-TrCP recruitment requires T286 phosphorylation of
Cyclin D1, we issued that the recruitment of protein complex including β-TrCP to Cyclin D1 should
be observed in cells transfected with wt Cyclin D1 but rather mut Cyclin D1. The protein complex in
HepG2 cells transfected with pcDNA3 plasmid encoding either wt HA-Cyclin D1 or mut HA-Cyclin D1
T286A was precipitated by HA antibody and β-TrCP was detected by immunoblotting. Recruitment
of β-TrCP was observed in HepG2 cells transfected with wt Cyclin D1 plasmid but not in cells
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with mut Cyclin D1 transfection when exposing to berberine, suggesting that T286 phosphorylation
is required for the recruitment of β-TrCP as E3 ligase for the ubiquitination of Cyclin D1 driven by
berberine (Figure 5B). This may indicate that berberine-induced Cyclin D1 ablation is T286-depdendent.
To further identify the contribution of Cyclin D1 ablation in berberine′s anti-tumor action, respectively,
the plasmid encoding either HA-Cyclin D1 wt or HA-Cyclin D1 T286A were transfected into HepG2
cells followed by berberine treatment and WST-1 assay was used to detect the cell response to berberine.
We found that cells with expression of mut Cyclin D1 show more resistance to berberine′s effect than
cells with wt Cyclin D1 transfection (Figure 5C). This indicates that cells that could not undergo T286
phosphorylation-mediated protein degradation when exposed to berberine are more likely to survive
upon berberine treatment. These results exhibit that berberine induced Cyclin D1 degradation partially
contributes to berberine′s effect.

Figure 5. T286 phosphorylation is required from Cyclin D1 ubiquitin-proteasomal degradation
induced by berberine. (A) Cells expressing HA-tagged wt and mutant Cyclin D1 was treated
with berberine for 6 h. Expression of exogenous Cyclin D1 was blotted with hemagglutinin (HA)
antibody; (B) Cells expressing HA-tagged wt and mutant Cyclin D1 was treated with berberine
for 6 h. The protein complex was precipitated with HA antibody and precipitated β-TrCP and
Cyclin D1 were detected. INPUT level of β-TrCP was detected as control; (C) Cells expressing
HA-tagged wt and mutant Cyclin D1 was treated with berberine for 24 h. Cell viability was detected
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (+ means presence of the
chemicals). * p < 0.05.

3. Discussion

In HCC, Cyclin D1 was found overexpressed and associated with aggressive forms of HCC [9,16].
Therefore, targeting Cyclin D1 by small molecule agents may be a therapeutically relevant strategy
for the treatment of Cyclin D1-overexpressing HCC [22]. As a natural product with a long
history and being intensively focused on its anti-tumor activity, berberine was reported to suppress
Cyclin D1 expression in various human cancer cell lines, however, few of studies reported the
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underlying mechanism on Cyclin D1 inhibition action of berberine. From a translational perspective,
understanding how berberine-facilitated Cyclin D1 inhibition is an important and integral step
in drug discovery. In our study, we found a rapid suppression action of berberine on Cyclin D1
expression in human hepatoma cells HepG2, and berberine promotes an ubiquitination-dependent
proteolysis of Cyclin D1 in HepG2 cells. This kind of effect of berberine is dependent on Cyclin D1′s
phosphorylation at the T286 site. Some previous studies show that berberine could upregulate the
AMP-kinase and MAPK p42/p44 [25,26]. Phosphorylation of the related signaling by berberine may
be responsible for its various biological functions, and our finding shows Cyclin D1 phosphorylation
by berberine may be related to Cyclin D1 degradation in tumor cells. These findings suggest that the
ubiquitin-proteasome signal pathway involves as a novel mechanism in Cyclin D1 ablation induced
by berberine in HepG2 cells.

It was noticed that berberine can suppress the expression of Cyclin D1 in different hepatoma cell
lines including HepG2 and MHCC97L. As well, Cyclin D1 was potently inhibited in berberine-treated
hepatoma xenograft. The detailed mechanism of berberine in suppressing Cyclin D1 was elaborated
in a particular cell line HepG2. The origin of HepG2 remains to be controversial though there are a
plenty of studies that regarded it as a cell line of hepatocellular carcinoma. However, it was recently
shown that HepG2 cells share more genetic similarity with hepatoblastoma but not hepatocellular
carcinoma [27]. An increasing number of HCC cell lines has been developed and was used in the
study of liver cancer, however, not all the cell lines have a correlation with the clinical features of
liver tumor. Chen et al. compared the genomic data of tumor samples from clinical setting and that
of commonly used HCC cell lines, and found that around half of cell lines have poor correlation in
genetic features with human tumor samples. Fortunately, the four commonly used hepatoma cell
lines, HepG2, Huh7, Hep3B, and PLC/PRF/5 exhibited high correlation to the tumors [28]. In our
findings, the post-transcriptional mechanism of berberine-induced Cyclin D1 degradation was proven
in one of clinically correlated cell line HepG2. The significance of this study may be increased with
this mechanism being validated in other hepatoma cell lines.

The ubiquitin-proteasome dependent proteolysis is the important system in the control of
protein degradation in cells [29]. The ubiquitination system is consisted of ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases (E3) [30,31], among
which E3 is the specific enzyme for each degraded protein. For proteins controlling cell cycle,
the Skp1-Cullin-F-box (SCF) complex is the particular E3 ligase for its ubiquitination [32]. β-TrCP is one
of the F-box proteins that contain a protein structural motif of approximately 50 amino acids mediating
protein-protein interactions. β-TrCP is linked closely to cancer for its activity in the degradation
of IκBα and β-catenin [33]. Cyclin D1 was also reported as the substrate of β-TrCP in tumor cells
under glucose starvation or particular anti-tumor agent treatment. Increased interaction between
β-TrCP and Cyclin D1 was shown to promote Cyclin D1 protelysis in LNCap cells with exposure
of peroxisome proliferator-activated receptor-γ (PPARγ) agonist STG28 and thereby contributed to
its anti-tumor activity [22]. In our study, we observed that berberine, a natural product with wide
spectrum of anti-tumor activity, could promote the recruitment of SCF protein complex and Cyclin D1
in HepG2 cells and facilitate Cyclin D1 proteolysis. We found that Cyclin D1 expression inhibition
by berberine is dependent on ubiquitination pathway, and the particular F-box protein β-TrCP is
involved. Knockdown of β-TrCP expression attenuates the Cyclin D1 turnover induced by berberine in
HepG2 cells in a dose-dependent manner, indicating that β-TrCP plays a key role in berberine′s action.
Moreover, genetic deletion of β-TrCP partially increases the viability of HepG2 cells with exposure
of berberine, revealing that Cyclin D1 degradation induced by berberine may contribute partially to
its anti-tumor activity. The overall scheme of the mechanism underlying berberine′s action on Cyclin
D1 degradation is shown in Figure 6. We found that long-termed treatment of berberine increases its
potency in suppressing tumor cell growth as well as in potentiating Cyclin D1 turnover. Our findings
in this study indicate berberine′s potential as an anti-tumor agent with clear mechanism in inducing
Cyclin D1 degradation.
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Figure 6. The overall scheme on the mechanism underlying berberine′s control on Cyclin D1
degradation in HepG2 cells.

4. Materials and Methods

4.1. Chemicals and Plasmids

Berberine chloride, protein synthesis inhibitor cycloheximide and proteasome inhibitor MG-132
were purchased from Sigma-aldrich (St. Louis, MO, USA). Plasmid pcDNA3 Cyclin D1-HA
(Plasmid 11181) and pcDNA3 Cyclin D1-HA (T286A, Plasmid 11182) were kindly provided by Bruce
Zetter (Harvard Medical School, deposited by Addgene, Cambridge, MA, USA); plasmid pcDNA3
HA-ubiquitin (Plasmid 18712) was provided by Edward Yeh (The University of Texas-Houston Health
Science Center, deposited by Addgene).

4.2. Cell Line and Cell Culture

The human hepatoma cell line HepG2 was obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). MHCC97L cells were kindly gifted by Man Kwan from Department of
Surgery, The University of Hong Kong (Hong Kong, China). Cells were maintained in the high glucose
Dulbecco′s Modified Eagle Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10%
FBS (Invitrogen), and incubated in a humidified atmosphere containing 5% CO2 at 37 ◦C.

4.3. Xenograft Model

The protocol for animal study was approved by the Committee on the Use of Live Animals in
Teaching and Research (CULATR) of the University of Hong Kong (code: 2441-11). Animal was housed
in Laboratory Animal Centre of The University of Hong Kong with humane care. Four-week-old
female BALB/c nude mice received 1 × 106 MHCC97L cells by subcutaneous injection at the right
flank. One week after injection, mice were randomized into two groups. The treatment group of mice
received intraperitoneal injection of berberine (10 mg/kg/2 days) while mice in control group received
the same volume of saline buffer. Treatment lasted three weeks and at the end of study, mice were
sacrificed by overdose of pentobarbital (200 mg/kg) and tumor was dissected out for analysis.
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4.4. Real-Time Quantitative Polymease Chain Reaction

Total RNA was extracted and purified using RNeasy Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer′s instruction. Reverse-transcription reaction was performed using
QuantiTech Reverse Transcription Kit (Qiagen) to prepare cDNA samples. The quantitative real-time
PCR (qRT-PCR) was conducted by QuantiTect SYBR Green PCR Kit (Qiagen) with 1 μM primers
for CCND1 (right: 5′-GACCTCCTCCTCGCACTTCT-3′; left: 5′-GAAGATCGTCGCCACCTG-3′;
Invitrogen, USA) on LightCycler 480 real-time PCR system (Roche, Basel, Switzerland). The expression
of GAPDH was used as endogenous control (right: 5′-GCCCAATACGACCAAATCC-3′; left:
5′-GCTAGGGACGGCCTGAAG-3′ Invitrogen, USA) for the normalization of gene expression
of CCND1.

4.5. Cell Cycle Analysis

HepG2 cells exposed to berberine (0, 50, 100 μM) for 6 h were collected and fixed in ice-cold 70%
ethanol overnight. Cells were then centrifuged for 5 min at 1500 rpm at room temperature. Ethanol
was discarded and cell pellet was re-suspended in PBS containing propidium iodide (5 μg/mL) and
RNase A (50 units/mL). Cell cycle phase distribution were examined by flow cytometer (Epics XL,
Beckman Coulter, Brea, CA, USA) and analyzed by Winmidi V2.9 program.

4.6. Immunofluoscence

HepG2 cells were seeded in 10 mm cover slip and incubated overnight. Then cells were treated
with berberine (0, 50, 100 μM) for 6 h. Cells were fixed in 4% paraformaldehyde for 1 h and then
penetrated in 0.1% Triton-X100 for 15 min. Cells were blocked in 5% normal goat serum in PBS
overnight at 4 ◦C followed by incubation with Cyclin D1 primary antibody (1:50) overnight at
4 ◦C. After washing, the bound primary antibody was detected using Texas Red goat anti-rabbit
antibody (Santa Cruz, 1:200) at room temperature for 2 h. The nuclear counterstaining was performed
using a 4,6-diamidino-2-phenylindole-containing mounting medium (Invitrogen) before examination.
Images were taken using confocal microscope (Carl Zeiss, Oberkochen, Germany, 400 magnification,
CCD camera).

4.7. Subcellular Fractionation

Cells were lysed with cold hypotonic buffer (10 mM Hepes, 10 mM KCl, 0.1 mM EDTA,
0.4% NP-40, 0.05 mM DTT) containing protease inhibitor cocktail (Roche) for 5 min and then
supernatant (Cytoplasmic fraction) was collected by centrifugation at 14,000× g 4 ◦C. The residue was
then extracted with nuclear extraction buffer (20 mM Hepes, 400 mM NaCl, 1 mM EDTA, 0.05 mM DTT,
in the presence of protease inhibitor cocktail) on ice for 30 min, followed by centrifugation at 14,000× g
for 10 min at 4 ◦C. Supernannt was collected as nuclear fraction. Both cytoplasmic and nuclear fraction
was separated and immunoblotted with β-actin and LAMIN B1 as control, respectively [22].

4.8. Immunoblotting

Protein was isolated on SDS-PAGE and then transferred to polyvinylidene fluoride membrane
(PVDF, Biorad, Hercules, CA, USA). The membrane was then blocked with 5% BSA overnight at
4 ◦C, followed by incubation with respective primary antibodies overnight at 4 ◦C. After washing,
the membrane was then incubated with appropriate secondary antibody (Abcam, Cambridge, UK) at
room temperature for 2 h. Image was captured using a chemiluminenescence imaging system (Bio-rad,
Biorad) with ECL advanced kit (GE Healthcare, Little Chalfont, UK) as substrate.

4.9. Co-Immunoprecipitation Assay

Cells were treated with berberine in the presence of MG-132 for 6 h. Collected cell pellets were
extracted using NP-40 lysis buffer (Invitrogen) supplemented with cocktail protease inhibitor (Roche)
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for 5 min on ice followed by centrifuging at 14,000 rpm at 4 ◦C for 10 min. The supernatant was
collected and aliquoted. Co-immunoprecipitation assay was performed using Dynabeads® protein
G kit (Invitrogen) following manufacturer′s instruction. Briefly, each 1.5 mg of magnetic beads were
transferred to a 1.5 mL microcentrifuge tube and separated on the magnet (Millipore, Billerica, MA,
USA) to remove the supernatant. Diluted antibodies were bound by incubating with the beads for
10 min at room temperature with rotation. The beads were collected by placing the tube on the
magnet and removing the supernatant. The cell lysate was then incubated with antibody-bound
beads for 10 min at room temperature with rotation and then discarded. After washing, the bound
protein was eluted by incubating the beads with 20 μL elution buffer for 2 min at room temperature
with rotation. The supernatant was collected and the eluted proteins were denatured and analyzed
by immunoblotting.

4.10. RNA Interference

HepG2 cells were seeded in DMEM medium supplemented with 10% FBS and 1% antibiotics
with 70% confluence. 24 h before transfection, medium was discarded and replaced with serum- and
antibiotic-free DMEM medium. Transfection was carried out using Lipofectamine 2000 (Invitrogen)
according to manufacturer′s instruction. 10 μg of siRNA against human β-TrCP (sc-37178, Santa Cruz,
CA, USA) was transfected. The cells were supplemented with DMEM medium with 10% FBS and 1%
antibiotics 6 h after transfection. Treatment of berberine was conducted within 48 h after transfection.

4.11. Statistical Analysis

All experiments were conducted in triplicate except particular notice. Results were analyzed
using student t-test and expressed as mean ± SD.

5. Conclusions

In conclusion, we observed that berberine exhibits dose- and time-dependent inhibition on
Cyclin D1 expression in human hepatoma cells. Berberine increases the phosphorylation of Cyclin
D1 at Thr286 site, and recruits the SCFβ-TrCP complex to facilitate Cyclin D1 ubiquitin-proteasome
dependent proteolysis. In addition, berberine potentiates Cyclin D1 nuclear export to cytoplasm for
proteasomal degradation. Knockdown of β-TrCP blocks Cyclin D1 turnover induced by berberine;
blocking the protein degradation induced by berberine in HepG2 cells increases tumor cell resistance
to berberine. Our results shed light on berberine’s potential as an anti-tumor agent for clinical
cancer therapy.
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Abstract: Acylated oleanane-type triterpene saponins, namely chakasaponins I (1) and II (2),
floratheasaponin A (3), and their analogs, together with catechins—including (–)-epigallocatechin
3-O-gallate (4), flavonoids, and caffeine—have been isolated as characteristic functional constituents
from the extracts of “tea flower”, the flower buds of Camellia sinensis (Theaceae), which have common
components with that of the leaf part. These isolates exhibited antiproliferative activities against
human digestive tract carcinoma HSC-2, HSC-4, MKN-45, and Caco-2 cells. The antiproliferative
activities of the saponins (1–3, IC50 = 4.4–14.1, 6.2–18.2, 4.5–17.3, and 19.3–40.6 μM, respectively)
were more potent than those of catechins, flavonoids, and caffeine. To characterize the
mechanisms of action of principal saponin constituents 1–3, a flow cytometric analysis using
annexin-V/7-aminoactinomycin D (7-AAD) double staining in HSC-2 cells was performed.
The percentage of apoptotic cells increased in a concentration-dependent manner. DNA fragmentation
and caspase-3/7 activation were also detected after 48 h. These results suggested that antiproliferative
activities of 1–3 induce apoptotic cell death via activation of caspase-3/7.

Keywords: chakasaponin; floratheasaponin; (–)-epigallocatechin 3-O-gallate; anti-proliferative
activity; tea flower; Camellia sinensis; apoptosis

1. Introduction

Saponins, which comprises a triterpene or steroid aglycone with oligosugar chains, are a large,
structurally diverse group of bioactive natural products that are widely distributed in higher plants
and marine organisms, such as starfish and sea cucumbers [1–6]. Saponins have been reported
to possess a number of important bioactive properties, such as expectorant, anti-inflammatory,
vasoprotective, hypocholesterolemic, immunomodulatory, hypoglycemic, cytotoxic, molluscicidal,
antifungal, and antiparasitic activities [1,3,5,6]. Recently, we reported the identification and biological
properties of saponin constituents from “tea flower”, the flower buds of Camellia sinensis (L.)
O. Kuntze (Theaceae) [7–11]; the major saponin constituents were chakasaponins I (1) and II (2)
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and floratheasaponin A (3) (Figure 1). “Tea flower” has been used as food-garnishing agent in
some Japanese dishes (e.g., botebote-cha in Shimane prefecture) or in drinks in some rural areas
(e.g., batabata-cha in Niigata prefecture). With regard to the biofunctions of saponin constituents in
“tea flower”, antihyperlipidemic, antihyperglycemic, gastroprotective, antiobesity, antiallergic, and
pancreatic lipase and amyloid β aggregation-inhibitory effects have been reported [11]. A variety
of health foods and beverages made from “tea flower” have been developed in Japan, Taiwan,
and neighboring Asian countries based on the abovementioned evidence. In the current study,
we investigated the antiproliferative activities of the active constituents in “tea flower”, namely
saponins, catechins (including (–)-epigallocatechin 3-O-gallate (4)), flavonoids, and caffeine, which
have components common with those of the leaf part (“green tea”) [12]. The antiproliferative effects
against human digestive tract carcinoma HSC-2, HSC-4, MKN-45, and Caco-2 cells were examined.

 

Figure 1. Structures of chakasaponins I (1) and II (2), floratheasaponin A (3), and (–)-epigallocatechin
3-O-gallate (4).

2. Results and Discussion

2.1. Antiproliferative Activities of Constituents Isolated from “Tea Flower” against Human Gastric Carcinoma
HSC-2, HSC-4, MKN-45, and Caco-2 Cells

Digestive tract carcinoma refers to a group malignancy located in the oral cavity, pharynx,
larynx, esophagus, stomach, and large intestines and is the most common type of cancer
worldwide [13]. In our previous studies of bioactive components from natural medicines
isolated from the flowers of Bellis perennis, we observed antiproliferative activities of acylated
oleanane-type triterpene saponins, perennisaponins A–T, against HSC-2, HSC-4, and MKN-45
cells [14]. The structures of perennisaponins resemble that of saponin constituents isolated from
C. sinensis, and thus, similar activities were expected. Two analytical protocols have been developed
with respect to nine acylated oleanane-type triterpene saponins, including chakasaponins I (1),
II (2), and III, floratheasaponin A (3), and 15 polyphenols, including (+)-catechin, (–)-epicatechin,
(–)-epigallocatechin, (–)-epicatechin 3-O-gallate, (–)-epigallocatechin 3-O-gallate (4), kaempferol,
kaempferol 3-O-β-D-glucopyranoside, kaempferol 3-O-β-D-galactopyranoside, kaempferol 3-O-β-D-
glucopyranosyl-(1→3)-α-L-rhamnopyranosyl-(1→6)-β-D-glucopyranoside, kaempferol 3-O-β-D-
glucopyranosyl-(1→3)-α-L-rhamnopyranosyl-(1→6)-β-D-galactopyranoside, quercetin, quercetin
3-O-β-D-glucopyranoside, quercetin 3-O-β-D-galactopyranoside, rutin, and caffeine (Figure S1) [8–10].
Previously, the antiproliferative effects of dietary catechins and flavonoids from “green tea”, such as
compound 4 and quercetin derivatives, against HSC-2, MKN-45, and Caco-2 cells have been
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reported [15–18]. To identify the active principles, the inhibitory activities of abovementioned
“tea flower” constituents against human gastric carcinoma HSC-2, HSC-4, MKN-45, and Caco-2
cells were evaluated. As shown in Table 1, the saponin constituents (1–3) show antiproliferative
activities, with IC50 values of 4.4–14.1 μM against HSC-2, 6.2–18.2 μM against HSC-4, 4.5–17.3 μM
against MKN-45, and 19.3–40.6 μM against Caco-2 cells. The results are as follows: the IC50 values
of chakasaponin I (1) against HSC-2, HSC-4, MKN-45, and Caco-2 cells were equal to 4.6, 17.5,
16.8, and 30.2 μM, respectively, and those of floratheasaponin A (3) were equal to 4.4, 6.2, 4.5,
and 19.3 μM, respectively. The compounds having a common theasapogenol B (=barringtogenol
C) moiety as an aglycone show relatively strong activities. These activities are higher than those of
chakasaponin II (2), which has an IC50 value of 14.1, 18.2, 17.3, and 40.6 μM against HSC-2, HSC-4,
MKN-45, and Caco-2 cells, respectively, and those of chakasaponin III, which has an IC50 value of
19.4, 22.1, 21.1, and 52.2 μM, respectively, except for the antiproliferative activity against MKN-45
cells. These results indicate that the presence of the 16β-hydroxy moiety in the aglycone part reduces
the activity. Conversely, the polyphenol constituents (–)-epigallocatechin and (–)-epigallocatechin
3-O-gallate (4) show an antiproliferative activity against HSC-2 cells with IC50 values equal to 54.6
and 28.3 μM, respectively, whereas (–)-epigallocatechin, compound 4, quercetin, and quercetin
3-O-β-D-glucopyranoside have IC50 values of 23.8, 27.2, 77.2, and 67.3 μM, respectively, against
HSC-4 cells (Table S1). The concentration dependencies of the antiproliferative activity of compounds
1–4 against HSC-2 cells are observed in a range of 3–100 μM for compounds 1, 2, and 4 and a range of
0.3–10 μM for compound 3, as shown in Figure S2.

Table 1. Antiproliferative effects of compounds 1–4 from “tea flower” on human digestive tract
carcinoma HSC-2, HSC-4, MKN-45, and Caco-2 cells.

Treatment
IC50 (μM) a

HSC-2 HSC-4 MKN-45 Caco-2

Chakasaponin I (1) 4.6 17.5 16.8 30.2
Chakasaponin II (2) 14.1 18.2 17.3 40.6

Floratheasaponin A (3) 4.4 6.2 4.5 19.3
(–)-Epigallocatechin 3-O-gallate (4) 28.3 27.2 >100 (70.3) >100 (71.8)

5-FU >100 (55.5) >100 (77.3) >100 (52.4) >100 (80.2)
Cisplatin 14.5 7.0 circa 100 >100 (69.5)

Doxorubicin 0.040 0.18 0.12 >100 (80.9)
Camptothecin 0.020 0.089 0.10 >100 (63.7)

Taxol 0.0012 0.0059 0.15 >100 (61.5)

Each value represents the mean ± S.E.M. (n = 4); a values in parentheses present percent of cell viability at
100 μM; commercial 5-FU (5-fluorouracil), cisplatin, doxorubicin, and camptothecin were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan) and taxol was from Tocris Bioscience (Bristol, UK).

2.2. Effects of Cell Cycle Distribution in HSC-2 Cells

Apoptosis and cell cycle dysfunction are closely associated biochemical processes, and any
disturbance in cell cycle progression may lead to apoptotic cell death [19]. The effects of cell cycle
distribution were analyzed to determine the mechanism associated with the growth inhibitory effect of
chakasaponins I (1) and II (2), floratheasaponin A (3), and (–)-epigallocatechin 3-O-gallate (4) on HSC-2
cells [20,21]. The cell distribution in G0/G1, S, and G2/M phases shown in blue, red, and green areas,
respectively, were determined after a 48 h incubation (Figure 2). As shown in Table 2, compounds 1–3

significantly induce populations of the cell distribution in S and G2/M phases, but reduce that of
the G0/G1 phase. However, compound 4 does not affect the cell cycle distribution at the effective
concentration. These results imply that compounds 1–3 induced the cell cycle arrest at the G2/M phase.
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Figure 2. Effects of 1–4, 5-FU, and cisplatin on the cell cycle distribution of HSC-2 cells. Cell cycle
distribution was measured by Muse® Cell Analyzer using a Muse Cell Cycle Kit (Merck Millipore,
Darmstadt, Germany); HSC-2 cells were treated with (a) 5, 7.5, and 10 μM of 1; (b) 10, 12.5, and 15 μM
of 2; (c) 2.5, 5, and 7.5 μM of 3; (d) 25, 50, and 75 μM of 4, 30 μM of 5-FU, and 3 μM of cisplatin for 48 h;
the data represent the mean percentages ± SD of total apoptosis (n = 3); commercial 5-FU and cisplatin
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
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Table 2. Effects of 1–4, 5-FU, and cisplatin on cell cycle distribution of HSC-2 cells for 48 h.

Treatment Concentration (μM)
Cell Cycle (%) a

G0/G1 Phase S Phase G2/M Phase

Control – 73.5 ± 0.8 10.8 ± 0.4 15.6 ± 0.7
Chakasaponin I (1) 5 71.6 ± 0.4 10.2 ± 0.4 18.0 ± 0.1

– 7.5 69.1 ± 1.4 * 10.6 ± 0.8 20.1 ± 0.8 **
– 10 59.9 ± 0.2 ** 11.2 ± 1.0 28.7 ± 0.9 **

Control – 72.4 ± 1.1 11.6 ± 0.4 16.0 ± 0.7
Chakasaponin II (2) 10 60.3 ± 0.1 ** 10.5 ± 0.4 28.9 ± 0.3 **

– 12.5 44.1 ± 1.3 ** 18.8 ± 2.4 ** 36.8 ± 1.3 **
– 15 49.2 ± 0.8 ** 20.0 ± 0.3 ** 30.5 ± 0.6 **

Control – 76.5 ± 1.4 9.8 ± 0.6 13.5 ± 0.8
Floratheasaponin A (3) 2.5 69.4 ± 1.0 * 11.8 ± 0.1 18.5 ± 0.9 *

– 5 67.6 ± 1.7 ** 10.3 ± 0.7 21.7 ± 0.9 **
– 7.5 53.1 ± 0.8 ** 15.9 ± 1.8 ** 30.3 ± 1.1 **

Control – 78.5 ± 1.2 9.4 ± 0.5 11.8 ± 0.7
(–)-Epigallocatechin 3-O-gallate (4) 25 78.8 ± 1.1 9.7 ± 0.5 11.2 ± 0.6

– 50 78.6 ± 1.2 9.0 ± 0.5 12.0 ± 0.6
– 75 76.8 ± 0.5 10.1 ± 0.1 12.7 ± 0.4

5-FU 30 36.4 ± 0.3 ** 37.9 ± 0.9 ** 25.4 ± 0.6 **
Cisplatin 3 50.7 ± 0.7 ** 27.9 ± 0.5 ** 20.0 ± 0.3 **

Each value represents the mean ± S.E.M. (n = 3); a cell cycle distribution was measured by Muse® Cell Analyzer
using a Muse Cell Cycle Assay Kit (Merck Millipore); asterisks denote significant differences from the control
group, * p < 0.05, ** p < 0.01; commercial 5-FU and cisplatin were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

2.3. Quantification of Apoptotic Cell Death Using Annexin-V Binding Assay in HSC-2 Cells

Apoptosis plays an important role in the homeostatic maintenance of the tissue by selectively
eliminating excessive cells. On the other hand, the induction of apoptosis of carcinoma cells is also
recognized to be useful in cancer treatment, since cytotoxic agents used in chemotherapy of leukemia
and solid tumors are known to cause apoptosis in target cells. Thus, the induction of apoptosis of
cancer cells may be useful in cancer treatment [22]. To determine the apoptosis-inducing effects of
compounds 1–4 against HSC-2 cells, staining with annexin-V/7-aminoactinomycin D (7-AAD) as
a marker of early and late apoptotic events was performed (Figure 3) [23]. As shown in Table 3,
the percentage of total apoptosis of compounds 1–3 increase in a concentration-dependent manner.
However, compound 4 does not induce apoptotic cell death by this annexin-V-binding assay.

2.4. Evaluation of Apoptotic Morphological Changes in HSC-2 Cells

Representative morphological features of apoptosis in HSC-2 cells were examined under
an inverted light fluorescence microscope using 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)
as a staining agent [24]. As shown in Figure 4, the cell shrinkage caused by compounds 1–3 was
mediated partially through apoptosis induction as nuclear chromatin condensation. Nuclei of the
cells treated with compound 4 showed the obvious changes only slightly, while evident nuclear
condensation was observed in cells treated with compounds 1–3.

2.5. DNA Fragmentation in HSC-2 Cells

DNA fragmentation in HSC-2 cells treated with compounds 1–4 were examined. Apoptotic
cells display condensed chromatin and fragmented nuclei, but nonapoptotic cells maintain their
structure [24–26]. As shown in Figure 5, DNA ladder formation, which is indicative of apoptosis,
is observed in HSC-2 cells treated with compounds 1–3 for 48 h at effective concentrations.
This fragmentation shows the same pattern as those treated with actinomycin D at a concentration
of 0.1 μM.
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Figure 3. Effects of 1–4 and camptothecin on the apoptosis of HSC-2 cells. Annexin-V-binding was
measured by Muse® Cell Analyzer using a Muse Annexin-V and Deal Cell Kit (Merck Millipore); HSC-2
cells were treated with (a) 5, 7.5, and 10 μM of 1; (b) 10, 12.5, and 15 μM of 2; (c) 2.5, 5, and 7.5 μM of 3;
(d) 25, 50, and 75 μM of 4 and 0.02 and 0.05 μM of camptothecin for 24 h; the data represent the mean
percentages ± SD of total apoptosis (n = 3); commercial camptothecin was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).
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Table 3. Effects of 1–4 and camptothecin on the apoptosis of HSC-2 cells for 24 h.

Treatment Concentration (μM) Total Apoptotic Cells (%) a

Control – 8.9 ± 1.5
Chakasaponin I (1) 5 10.0 ± 0.4

– 7.5 35.6 ± 3.0 **
– 10 89.7 ± 0.4 **

Control – 6.3 ± 0.4
Chakasaponin II (2) 10 7.0 ± 0.3

– 12.5 35.7 ± 0.4 **
– 15 64.2 ± 1.0 **

Control – 12.9 ± 0.4
Floratheasaponin A (3) 2.5 17.5 ± 1.0

– 5 18.7 ± 0.3 *
– 7.5 50.1 ± 1.9 **

Control – 13.9 ± 0.5
(–)-Epigallocatechin 3-O-gallate (4) 25 14.4 ± 0.6

– 50 13.1 ± 0.1
– 75 12.7 ± 0.1

Camptothecin 0.02 16.9 ± 0.2 **
– 0.05 43.9 ± 0.7 **

Each value represents the mean ± S.E.M. (n = 3); a cell cycle distribution was measured by Muse® Cell Analyzer
using a Muse Annexin-V and Deal Cell Kit (Merck Millipore); asterisks denote significant differences from
the control group, * p < 0.05, ** p < 0.01; commercial camptothecin was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

 

Figure 4. Cont.
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Figure 4. Morphological analysis of HSC-2 cells treated with 1–4 and camptothecin. Morphology
of representative fields of HSC-2 cells stained with 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI) after treatment with (a) 5, 7.5, and 10 μM of 1; (b) 10, 15, and 17.5 μM of 2; (c) 2.5, 5, and 7.5 μM
of 3; (d) 25, 50, and 75 μM of 4 and 0.05 μM of camptothecin for 48 h; the cells indicated by arrows
represent fragmented and condensed nuclear chromatins; commercial camptothecin was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Figure 5. DNA fragmentation in HSC-2 cells treated with 1–4 and actinomycin D. Representative DNA
fragmentation of HSC-2 treated with (a) 5, 10, and 15 μM of 1; (b) 10, 15, and 20 μM of 2; (c) 2.5, 5,
and 7.5 μM of 3; (d) 25, 50, and 75 μM of 4, and (Act.D) 0.1 μM of actinomycin D for 48 h; (M) represents
a marker (100 bp DNA ladder); commercial actinomycin D was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

2.6. Effects of Caspase-3/7 in HSC-2 Cells

Caspase play a central role in the apoptotic signaling. During apoptosis, caspase activity
contributes to the degradation of DNA and leads to further disruption of cellular components, resulting
in alterations of cell morphology [22,27–29]. To confirm that caspases are involved the enzyme activity
of caspase-3/7 in HSC-2 cells after coculture with compounds 1–4, the activities of caspase-3/7 were
measured by Muse® Cell Analyzer (Figure 6). As shown in Table 4, the activation of caspase-3/7 by
compounds 1–3 was found to occur in a concentration-dependent manner. These results suggest that
the antiproliferative effects of acylated saponin constituents isolated from “tea flower” (1–3) against
HSC-2 involve apoptotic cell death via activation of caspase-3/7. The efficacies of these saponins were
found to be stronger than that of compound 4, the most abundant polyphenol constituent in “green tea”.
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Figure 6. Effects of 1–4 and camptothecin on caspase-3/7 in HSC-2 cells. Activities of caspase-3/7
were measured by Muse® Cell Analyzer using a Muse Caspase-3/7 Kit (Merck Millipore); HSC-2 cells
were treated with (a) 5, 7.5, and 10 μM of 1; (b) 10, 12.5, and 15 μM of 2; (c) 2.5, 5, and 7.5 μM of 3;
(d) 25, 50, and 75 μM of 4 and 0.03 and 0.05 μM of camptothecin for 24 h; the data represent the mean
percentages ± SD of total apoptosis (n = 3); commercial camptothecin was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).
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Table 4. Effects of 1–4 and camptothecin on caspase-3/7 in HSC-2 cells.

Treatment Concentration (μM) Total Apoptotic Cells (%) a

Control – 7.1 ± 0.4
Chakasaponin I (1) 5 25.9 ± 3.8 **

– 7.5 59.6 ± 6.3 **
– 10 90.2 ± 0.9 **

Control – 2.8 ± 0.1
Chakasaponin II (2) 10 5.9 ± 0.1

– 12.5 35.6 ± 1.5 **
– 15 50.9 ± 9.7 **

Control – 4.2 ± 0.5
Floratheasaponin A (3) 2.5 27.9 ± 0.6 **

– 5 27.9 ± 1.0 **
– 7.5 45.3 ± 0.6 **

Control – 7.2 ± 0.4
(–)-Epigallocatechin 3-O-gallate (4) 25 5.9 ± 0.2

– 50 4.9 ± 0.4
– 75 5.9 ± 0.1

Camptothecin 0.03 67.2 ± 1.2 **
– 0.05 75.0 ± 2.1 **

Each value represents the mean ± S.E.M. (n = 3); a cell cycle distribution was measured by Muse® Cell Analyzer
using a Muse Caspase-3/7 Kit (Merck Millipore); asterisks denote significant differences from the control group,
** p < 0.01; commercial camptothecin was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

3. Materials and Methods

3.1. Chemicals Constituents from “Tea Flower”

In previous studies, chakasaponins I (1, 0.497%), II (2, 0.153%), and III (0.194%), floratheasaponin
A (3, 0.038%), (–)-epicatechin 3-O-gallate (0.015%), kaempferol (0.00080%), kaempferol 3-O-β-D-
glucopyranoside (0.021%), kaempferol 3-O-β-D-galactopyranoside (0.011%), kaempferol 3-O-rutinoside
(0.051%, 0.042%), kaempferol 3-O-β-D-glucopyranosyl-(1→3)-α-L-rhamnopyranosyl-(1→6)-β-D-
glucopyranoside (0.409%), kaempferol 3-O-β-D-glucopyranosyl-(1→3)-α-L-rhamnopyranosyl-(1→6)-
β-D-galactopyranoside (0.047%), quercetin 3-O-β-D-glucopyranoside (0.0063%), quercetin 3-O-β-D-
galactopyranoside (0.0032%), and rutin (0.021%), were obtained from the methanol extract form the
dried flower buds of C. sinensis collected in Fujian province, China (CSS-F1) [9]. The other chemicals,
(–)-epigallocatechin 3-O-gallate (4), (+)-catechin, (–)-epicatechin, (–)-epigallocatechin, (–)-epicatechin
3-O-gallate, and quercetin were purchased from Funakoshi Co., Ltd. (Tokyo, Japan) and caffeine was
from Nakalai Tesque Inc. (Kyoto, Japan) (Figure S1).

3.2. Reagents

Fetal bovine serum (FBS) was purchased from Life Technologies (Carlsbad, CA, USA); minimum
essential medium (MEM) and RPMI 1640 medium were from Sigma-Aldrich Chemical (St. Louis, MO,
USA); other chemicals were from Wako Pure Chemical Industries, Co., Ltd. (Osaka, Japan). The 96-well
microplate was purchased from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan).

3.3. Cell Viability Assays

HSC-2 (RCB1945), HSC-4 (RCB1902), MKN-45 (RCB1001), and Caco-2 cells (RCB0988) were
obtained from RIKEN Bio Resource Center (Thukuba, Japan). Cells were cultured in MEM (for HSC-2
and Caco-2) or RPMI 1640 medium (for HSC-4 and MKN-45) containing FBS (10% for HSC-2, HSC-4,
and MKN-45; 20% for Caco-2), 0.1 mM nonessential amino acids (for Caco-2), penicillin G (100 U/mL),
and streptomycin (100 μg/mL) at 37 ◦C under a 5% CO2 atmosphere. The cells were inoculated
into a 96-well tissue culture plate (HSC-2 and HSC-4: 3 × 103; MKN-45: 7.5 × 103 cells/well;
Caco-2: 2 × 104 cells/well in 100 μL/well). After 24 h incubation, 100 μL/well of medium
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containing a test sample was added. After 48 h incubation, cell viability was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. In this assay,
20 μL of MTT (5 mg/mL in phosphate-buffered saline (PBS(–)) solution was added to the medium.
After 4 h incubation, the medium was removed, and 100 μL of isopropanol containing 0.04 M HCl
was added to dissolve the formazan produced in the cells. The optical density (OD) of the formazan
solution was measured using a microplate reader at 570 nm (reference: 655 nm). Inhibition (%) was
obtained by the following formula and the IC50 was determined graphically.

Inhibition (%) = ((O.D. (sample)− O.D. (control)) /O.D. (control))× 100

Each test compound was dissolved in dimethylsulfoxide (DMSO), and this solution was added
to the medium (final DMSO concentration: 0.5%). Cisplatin, 5-fluorouracil (5-FU), doxorubicin,
camptothecin, and taxol were used as reference compounds.

3.4. Cell Cycle Analysis

The cell cycle distribution analysis was measured by Muse® Cell Analyzer (Merck-Millipore,
Darmstadt, Germany) using a Muse Cell Cycle Assay Kit (Merck-Millipore) according to the
manufacturer’s instructions. Briefly, HSC-2 cells were inoculated into a 6-well tissue culture plate
(2 × 105 cells/1.5 mL/well) and cultured in MEM containing 10% FBS, penicillin G (100 U/mL),
and streptomycin (100 μg/mL) at 37 ◦C under a 5% CO2 atmosphere. After 24 h incubation,
500 μL/well of medium containing the test sample was added. After 48 h treatment, the cells were
harvested by trypsinization, and suspended in 300 μL of PBS(–). The cells were added in 700 μL of
ice-cold ethanol and incubated overnight at −20 ◦C. The fixed cells were collected by centrifugation at
300× g for 5 min and washed twice with 250 μL of PBS(–), then suspended in 200 μL of cell cycle reagent
and incubated for 30 min in dark [30]. Each test compound was dissolved in DMSO, and the solution
was added to the medium (final DMSO concentration: 0.5%). 5-FU was used as a reference compound.

3.5. Annexin-V/7-AAD Assay

Apoptosis was measured by a Muse Annexin-V and Dead Cell Kit (Merck-Millipore) according
to the manufacturer’s instructions. Briefly, HSC-2 cells were inoculated into a 6-well tissue culture
plate (2 × 105 cells/1.5 mL/well). After 24 h incubation, 500 μL/well of medium containing the test
sample was added. After 24 h treatment, the cells were harvested by trypsinization and a 100 μL cell
suspension was labeled for 20 min in the dark with the same volume of Muse Annexin-V and Dead Cell
Reagent. Subsequently, quantitative detection of annexin-V/7-AAD-positive cells was performed using
the Muse® Cell Analyzer. Cells stained with annexin-V only were defined as early apoptotic, while
annexin-V and 7-AAD double-stained cells were defined as late apoptotic [14]. Each test compound
was dissolved in DMSO, and the solution was added to the medium (final DMSO concentration: 0.5%).
Camptothecin was used as a reference compound.

3.6. DAPI Staining for Morphological Analysis

HSC-2 cells (2 × 105 cells/2 mL/well) were seeded onto coverslips in a 6-well tissue culture plate
and cultured in MEM containing 10% FBS, penicillin G (100 U/mL), and streptomycin (100 μg/mL) at
37 ◦C under 5% CO2 atmosphere. After 24 h incubation, the medium was replaced with 2 mL fresh
medium per well containing the test sample; then, the cells were cultured for 48 h. Next, the medium
was removed and washed twice with PBS(–) and fixed with 4% paraformaldehyde phosphate buffer
solution (pH 7.4, Wako Pure Chemical Industries, Ltd., Osaka, Japan). The cells were permeabilized
by 0.2% Triton X-100 in PBS(–), stained with DAPI (1 μg/mL in PBS(–)), and were observed by
fluorescence microscopy (EVOS® FL Cell Imaging System, Thermo Fisher Scientific, Waltham, MA,
USA) [14]. Each test compound was dissolved in DMSO, and the solution was added to the medium
(final DMSO concentration: 0.5%). Camptothecin was used as a reference compound.
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3.7. Agarose Gel Electrophoresis for the Detection of DNA Fragmentation

HSC-2 cells were inoculated into a 6-well tissue culture plate (2 × 105 cells/1.5 mL/well).
After 24 h incubation, 500 μL/well of medium containing the test sample was added. After 48 h
treatment, the cells were harvested and suspended in a solution containing 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA), and 0.5% sodium dodecyl sulfate (SDS)
at room temperature for 30 min. The lysates were incubated with RNase A (100 μg/mL) for 1 h at
37 ◦C, then proteinase K (500 μg/mL) was added and incubated at 50 ◦C for 2 h. DNA was extracted
twice with an equal volume of 25:24:1 (v/v/v) phenol:chloroform:isoamyl alcohol and was purified by
ethanol precipitation. The DNA was subjected to electrophoresis on 2.0% agarose gels and stained by
ethidium bromide. The DNA bands were detected under UV illumination [24]. Each test compound
was dissolved in DMSO, and the solution was added to the medium (final DMSO concentration: 0.5%).
Actinomycin D was used as a reference compound.

3.8. Caspase-3/7 Assay

Apoptotic status based on caspase-3/7 activation was measured by a Muse Caspase-3/7
Kit (Merck-Millipore). Briefly, HSC-2 cells were inoculated into a 6-well tissue culture plate
(2 × 105 cells/1.5 mL/well). After 24 h incubation, 500 μL/well of medium containing the test sample
was added. After 48 h treatment, the cells were harvested by trypsinization and stained according
to the manufacturer's instructions. Subsequently, quantitative detection of caspase-3/7-positive cells
was performed using the Muse® Cell Analyzer [31–33]. Each test compound was dissolved in DMSO,
and the solution was added to the medium (final DMSO concentration: 0.5%). Camptothecin was used
as a reference compound.

3.9. Statistics

Values are expressed as means ± S.E.M. Significant differences were calculated using Dunnett’s
test. Probability (p) values less than 0.05 were considered significant.

4. Conclusions

Acylated oleanane-type triterpene saponins obtained from the flower buds of C. sinensis
(tea flower), namely chakasaponins I (1) and II (2) and floratheasaponin A (3), and the most abundant
polyphenol constituent in “green tea”, (–)-epigallocatechin 3-O-gallate (4), showed antiproliferative
activities against human digestive tract carcinoma HSC-2, HSC-4, MKN-45, and Caco-2 cells.
These activities of the saponins (1–3, IC50 = 4.4–14.1, 6.2–18.2, 4.5–17.3, and 19.3–40.6 μM, respectively)
were more potent than those of 4 (IC50 = 28.3, 27.2, >100, and >100 μM, respectively). In our previous
study, we have demonstrated that a similar acylated oleanane-type triterpene saponin obtained from
the flowers of Bellis perennis (Asteraceae), perennisaponin O, showed a relatively strong activity
against HSC-2, HSC-4, and MKN-45 cells (IC50 = 11.2, 14.3, and 6.9 μM, respectively). Furthermore,
the mechanism of action of perennisaponin O against HSC-2 was found to involve apoptotic cell
death [14]. To clarify the mechanisms of action of compounds 1–3 against HSC-2 cells, effects of cell
cycle distribution were analyzed at each effective concentration. The present study demonstrated
a significant inhibition of cell proliferation by compounds 1–3 with cell cycle arrest occurring at the
G2/M phase in a concentration-dependent manner. These saponins (compounds 1–3) efficiently
induce apoptosis in HSC-2 cells, as demonstrated by annexin V/7-AAD assay, morphological changes,
and DNA fragmentation. Furthermore, the apoptotic cell death triggered by compounds 1–3 in HCS-2
cells was dependent on the activation of caspase-3/7. The efficacy of these saponins (1–3) as apoptosis
inducers was found to be higher than that of compound 4. Recently, compound 4 has received great
attention in cancer research related to cancer preventive effects [34–36], the synergistic enhancement
by the combination with different anticancer drugs [37,38], and clinical applications [39–41]. It is well
recognized that compound 4 is able to bind to multiple molecular targets, thus, it can affect a range of
signaling pathways, resulting in growth inhibition, apoptosis or suppressions of invasion, angiogenesis,
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and metastasis [42]. Ability of compound 4 to induce cell death in cancer cells is considered a key
mechanism related to its anticancer function [43]. There are conflicting reports of apoptotic and
nonapoptotic cell death induced by compound 4, and the exact molecular mechanisms have not been
fully elucidated yet. However, most of the previous reports have concluded that this compound
induces caspase-mediated apoptosis in various tumor cells via the mitochondrial pathway [44,45]
or via the death receptor [46–48]. Conversely, several reports demonstrated the involvement of
nonapoptotic cell death, such as caspase-independent necrosis-like cell death [49] or reactive oxygen
species (ROS)-mediated lysosomal membrane permeabilization [50]. The detailed mechanism of
action of the antiproliferative activity of compound 4 needs further studies. In conclusion, we herein
described that the saponin constituents of “tea flower” compounds 1–3 showed some antiproliferative
activities against HSC-2 cells by the apoptotic pathway via caspase-3/7 activation. On the basis of
the abovementioned evidence, these saponins can potentially be useful for the treatment and/or
prevention of the digestive tract cancer. Further investigations are recommended.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/1979/s1.
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Abstract: Cuscuta seeds and whole plant have been used to nourish the liver and kidney. This study
was aimed to investigate the hepatoprotective activity of the ethanol extract of Cuscuta campestris
Yunck. whole plant (CCEtOH). The hepatoprotective effect of CCEtOH (20, 100 and 500 mg/kg)
was evaluated on carbon tetrachloride (CCl4)-induced chronic liver injury. Serum alanine
aminotransferase, aspartate aminotransferase, triglyceride and cholesterol were measured and the
fibrosis was histologically examined. CCEtOH exhibited a significant inhibition of the increase of serum
alanine aminotransferase, aspartate aminotransferase, triglyceride and cholesterol. Histological
analyses showed that fibrosis of liver induced by CCl4 were significantly reduced by CCEtOH.
In addition, 20, 100 and 500 mg/kg of the extract decreased the level of malondialdehyde (MDA)
and enhanced the activities of anti-oxidative enzymes including superoxide dismutase (SOD),
glutathione peroxidase (GPx) and glutathione reductase (GRd) in the liver. We demonstrate that
the hepatoprotective mechanisms of CCEtOH were likely to be associated to the decrease in MDA
level by increasing the activities of antioxidant enzymes such as SOD, GPx and GRd. In addition,
our findings provide evidence that C. campestris Yunck. whole plant possesses a hepatoprotective
activity to ameliorate chronic liver injury.

Keywords: Cuscuta campestris; hepatoprotective effect; carbon tetrachloride; fibrosis; antioxidant effect

1. Introduction

Cuscuta seed, Cuscutae Semen or Tu-Si-Zi, which has been widely used to nourish the liver and
kidney, mainly refer to the seeds of Cuscuta chinensis Lam. Some phytochemical and pharmacological
studies have reported the beneficial activities of Cuscuta seeds [1]. For example, Cuscuta seeds
have activities to improve defective kidneys [2], prevent liver against damage [3] and alleviate
inflammation/pain [4]. Crude polysaccharides from Cuscuta seeds have an immunostimulating
activity [5]. Alongside with the use of the seeds, the Cuscuta whole plant has also been recorded in the
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famous book “Shen Nong’s Herbal” and some ancient medicinal books to treat dermatosis. In addition,
it has been used as a folk medicine to treat adiposity or as a substitute for the Cuscuta seeds. However,
no pharmaceutical study has been reported yet. In this study, C. campestris Yunck. whole plant was
locally collected and used for the first time to examine its pharmaceutical activity.

Liver tissue injury can be caused by the ingestion of chemicals or drugs or by infection
through virus infiltration [6]. Among them, carbon tetrachloride (CCl4) is commonly used to study
hepatotoxicity in animal models [7,8]. CCl4 can be metabolized into the highly reactive trichloromethyl
radical [9] and then trigger lipid peroxidation [10]. Therefore, blocking the lipid peroxidation can
protect liver against CCl4-induced injury [11,12]. In this study, the hepatoprotective activity of the
ethanol extract of C. campestris whole plant (CCEtOH) was investigated on CCl4-induced chronic liver
injury in mice. Once liver damage has occurred, liver marker enzymes (alanine aminotransferase
(ALT), and aspartate aminotransferase (AST)) and lipid profile (total triglyceride and cholesterol)
will be increased [13]. Therefore, the levels of serum ALT, AST, cholesterol and triglyceride were
measured in this study. In addition, liver biopsies were performed for examining the pathological
changes. To elucidate the underlying mechanism of the hepatoprotective activity, the levels of
malondialdehyde (MDA) and the activities of anti-oxidative enzymes (superoxide dismutase (SOD),
glutathione peroxidase (GPx), and glutathione reductase (GRd)) in liver were also measured. Silymarin
was examined as the positive control as it is a promising agent for liver protection. Our findings in this
study provide evidence that C. campestris Yunck. whole plant possesses a hepatoprotective activity and
the underlying mechanism is likely to be associated to the increase of the anti-oxidation by increasing
the activities of antioxidant enzymes such as SOD, GPx and GRd.

2. Results and Discussion

2.1. Effect of CCEtOH on CCl4-Induced Hepatotoxicity

First of all, the hepatotoxicity effect of CCl4 and the protective effect of CCEtOH were examined
using the serum of CCl4-induced mice. As shown in Figure 1, the CCl4 group exhibited significant
increases of serum ALT, AST, triglyceride and cholesterol. However, these increases were obviously
inhibited by treatment with CCEtOH (20, 100 and 500 mg/kg) and silymarin (200 mg/kg). In addition,
the inhibitions were in a dose-dependent manner. These results clearly suggested that CCEtOH possess
protective properties against CCl4-induced liver injury.

2.2. Histological Analyses

The results of hematoxylin and eosin histological analyses showed that CCl4 induced histological
changes including increased hepatic cells cloudy swelling, cytoplasmic vacuolization, lymphocytes
infiltration, hepatocellular and necrosis (Figure 2C,D) when compared to the control group
(Figure 2A,B). The liver damages were reduced by treatment with CCEtOH (20, 100 and 500 mg/kg)
(Figure 2G–L). Since CCl4 induced fibrosis, Sirius Red staining was conducted and the score of liver
fibrosis were examined. The results showed that the levels of inflammation and fibrosis are significantly
decreased by treatment with CCEtOH (100 and 500 mg/kg) (Figures 2 and 3 and Table 1). Histological
examinations showed that treatment with CCEtOH significantly prevents CCl4-induced liver injury.
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Figure 1. The effects of silymarin and the ethanol extracts of Cuscuta campestris whole plant at low (L),
middle (M) and high (H) concentrations (20, 100 and 500 mg/kg, respectively) on serum: aspartate
aminotransferase (AST) (A); and alanine aminotransferase (ALT) (B) activities; and cholesterol (C);
and triglyceride (D) levels in mice treated with CCl4. Values are mean ± SEM (n = 10). # indicates
significant difference from the control group (### p < 0.001). * indicates significant difference from the
CCl4 group (* p < 0.05, ** p < 0.01 and *** p < 0.001).

Figure 2. Hepatic histological analyses of the effects of silymarin and the ethanol extracts of
Cuscuta campestris whole plant (CCEtOH) on CCl4-induced liver damage in mice using H&E staining
(40× (A,C,E,G,I,K) and 200× (B,D,F,H,J,L) magnification): (A,B) control group; (C,D) animals treated
with CCl4; (E,F) animals treated with silymarin (200 mg/kg) and CCl4; and (G–L) animals treated with
CCEtOH (20, 100 and 500 mg/kg) and CCl4, respectively.
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Figure 3. Hepatic histological analyses of the effects of silymarin and the ethanol extracts of
Cuscuta campestris whole plant (CCEtOH) on CCl4-induced liver damage in mice using Sirius Red
staining (40× (A,C,E,G,I,K) and 200× (B,D,F,H,J) magnification): (A,B) control group; (C,D) animals
treated with CCl4; (E,F) animals treated with silymarin (200 mg/kg) and CCl4; and (G–L) animals
treated with CCEtOH (20, 100 and 500 mg/kg) and CCl4, respectively. Arrows indicate the fibrosis.

Table 1. Quantitative the protective effects of silymarin and CCEtOH on CCl4-induced hepatic fibrosis
based on histological analyses using Sirius Red staining 1.

Group
Histopathologic Score of Liver Fibrosis

Observation 2 Image (%) 3

Normal 0 0.7 ± 0.3
CCl4 1.6 ± 0.5 2.9 ± 0.8

Silymarin/CCl4 1.4 ± 0.5 1.5 ± 0.5 *
CCEtOH 20 mg/kg/CCl4 1.4 ± 0.5 2.1 ± 0.9

CCEtOH 100 mg/kg/CCl4 1.2 ± 0.4 2.3 ± 0.7
CCEtOH 500 mg/kg/CCl4 1.1 ± 0.5 * 1.9 ± 0.6 *

1 Hepatic fibrosis was scored 0–4 according to the method of Ruwart et al. [14] as mentioned in the Materials
and Methods; 2 The scores were obtained by the following calculation: the sum of the number per grade of
affected mice/the total number of examined mice (n = 9–10); 3 The final Sirius Red positive area (%) was
calculated by Image-Plus and was divided the sum of the number per SR positive area (%) of affected mice
by the total number of examined mice (n = 9–10). * Statistically significant difference between CCl4 group and
drug-treated groups at p < 0.05.

2.3. Effect of CCEtoH on MDA Level

As MDA level is usually used to elucidate the level of lipid peroxidation in liver, the effects of
CCEtOH on CCl4-induced MDA production were examined. As shown in Figure 4, the level of MDA
in the CCl4 group was dramatically increased (p < 0.001) compared with the control group, however,
the levels of MDA were significantly reduced by treatment with CCEtOH (20, 100 and 500 mg/kg)
(p < 0.001) and silymarin (200 mg/kg) (p < 0.001) compared with the CCl4 group. The results suggested
that the CCl4-induced hepatic lipid peroxidation is reduced by CCEtOH.
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Figure 4. The effects of silymarin and the ethanol extracts of Cuscuta campestris whole plant on
malondialdehyde (MDA) content in mice treated with CCl4. Values are mean ± SEM (n = 10). # indicates
significant difference from the control group (### p < 0.001). * indicates significant difference from the
CCl4 group (*** p < 0.001).

2.4. Effect of CCEtOH on Antioxidant Enzymatic Activities

To evaluate the antioxidant effects of CCEtOH, SOD, GPx and GRd were measured in the liver.
The activities of these hepatic enzymes in the CCl4 group were dramatically decreased compared with
the control group (Figures 5–7). However, treatment with CCEtOH at the three doses and silymarin
significantly increased the levels of SOD, GPx and GRd activities. The results suggested that the
inhibitory effect of CCl4 on these hepatic enzymes was reversed by CCEtOH.

Figure 5. The effects of silymarin and the ethanol extracts of Cuscuta campestris whole plant on
superoxide dismutase (SOD) activity in mice treated with CCl4. Values are mean ± SEM (n = 10).
# indicates significant difference from the control group (## p < 0.01). * indicates significant difference
from the CCl4 group (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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Figure 6. The effects of silymarin and the ethanol extracts of Cuscuta campestris whole plant on
glutathione peroxidase (GPx) activity in mice treated with CCl4. Values are mean ± SEM (n = 10).
# indicates significant difference from the control group (### p < 0.001). * indicates significant difference
from the CCl4 group (* p < 0.05, ** p < 0.01 and *** p < 0.001).

Figure 7. The effects of silymarin and the ethanol extracts of Cuscuta campestris whole plant on
glutathione reductase (GRd) activity in mice treated with CCl4. Values are mean ± SEM (n = 10).
# indicates significant difference from the control group (### p < 0.001). * indicates significant difference
from the CCl4 group (* p < 0.05, ** p < 0.01 and *** p < 0.001).

2.5. Phytochemical Analysis of CCEtOH

As shown in Figure S1, the HPLC chromatograms of CCEtOH and the standards showed that peaks
at the retention times of 17.5 and 24.5 min were hyperoside and quercetin, respectively. Two peaks
showing at the retention times of 17.5 and 24.5 min were detected in the CCEtOH chromatogram.
The results revealed that hyperoside, quercetin and their glycosides are present in CCEtOH.

Cuscuta whole plant has also been used as a folk medicinal material to treat adiposity or as
a substitute for the Cuscuta seeds, which have been widely used to nourish the liver and kidney in
Chinese medicine. In this study, we demonstrated in the first time that the whole plant of C. campestris
exhibits a hepatoprotective activity.

CCl4 has been commonly employed for the evaluation of hepatoprotective activity of different
kinds of herbal extracts and drugs [8,15]. CCl4 is thought to be transformed into trichloromethyl
radicals, which are hepatotoxic metabolites. These radicals are able to react with sulfhydryl groups of
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glutathione (GSH) and protein. In addition, they can trigger protein oxidation and lipid peroxidation,
which result in hepatocellular damage [7,12,16]. In this study, CCl4 was used to induce chronic
hepatic injury and our results revealed that the injury was significantly reduced by CCEtOH, clearly
demonstrating that Cuscuta campestris possesses hepatoprotective activity.

Previous studies have shown that hepatic damage increases AST and ALT activities in the
hepatocytes [16] and the levels of ALT, AST, triglyceride and cholesterol in serum are increased by
administering CCl4 to mice [13,17,18]. In this study, serum ALT, AST, triglyceride and cholesterol
levels were increased after CCl4 administration and these increases were all significantly decreased by
treatment with CCEtOH at three concentrations (Figure 1). In addition, histological analyses showed
that hepatic cell injury induced by CCl4 was accompanied by fibrosis and such injury was attenuated
by CCEtOH (Figure 3). The quantitative histopathologic score of the fibrosis of hepatocytes showed that
the fibrosis levels were significantly decreased by CCEtOH (100 and 500 mg/kg; Table 1). These results
indicated that CCEtOH can prevent liver against fibrosis.

Lipid peroxidation has been shown to be an important cause of CCl4-induced liver injury [10].
Malondialdehyde (MDA) is the end product of the lipid peroxidation and thus commonly used
as an indicator of the CCl4-induced liver injury [19]. In this study, the increased hepatic MDA
levels induced by CCl4 were significantly decreased by treatment of CCl4 (Figure 4). Therefore,
these results indicated that CCl4 can protect the liver against CCl4-induced injury through inhibiting
MDA production. Superoxide dismutase (SOD), glutathione peroxidase (GPx) and glutathione
reductase (GRd) are anti-oxidative enzymes which are easily inactivated by reactive oxygen species
(ROS) and lipid peroxides which are caused by CCl4 [16]. In this study, the activities of SOD,
GPx and GRd from the CCl4-induced injury livers were measured. The results showed that their
activities were promoted by treatment with CCEtOH (Figures 5–7), suggesting that CCEtOH is able to
reduce ROS production by increasing hepatic anti-oxidative enzymes activities and thus prevent the
development of CCl4-induced liver damage. To confirm the anti-oxidative activity of the extract used
in this study, the catechin-equivalent phenolics and quercetin-equivalent flavonoid concentrations
of the extract were examined and determined as 58.61 ± 0.8 and 15.032 ± 1.3 mg/g CCEtOH,
respectively. In addition, 1,1-Diphenyl-2-picrylhydrazyl (DPPH) scavenging of the extract was
examined. The catechin equivalent DPPH scavenging capability was determined as 25.19 ± 0.54 mg/g
CCEtOH and the IC50 of CCEtOH for DPPH scavenging is approximately 1.71 mg/mL. These results
support that CCEtOH containing hyperoside and quercetin has a capability to increase the anti-oxidant
systems in liver. Moreover, the inhibitory effect on MDA production was also likely due to the increase
in SOD, GPx and GRd activities.

Phytochemical analyses by HPLC showed that the major compounds in CCEtOH are hyperoside,
quercetin and flavonoid glycosides (Figure S1). Although hyperoside and quercetin have been
detected in both of seeds and whole plant of C. campestris, their amounts and the other flavonoids are
different [4,20]. Hyperoside have been shown to increase the level of heme oxygenase-1, an important
enzyme in antioxidant defense systems to reduce oxidative stress [21]. Quercetin has shown a high
antioxidant activity by reducing the production of reactive oxygen species and nitric oxide [20,22].
The methanol extract of the seeds of Cuscuta chinensis containing hyperoside, quercetin and kaempferol
have been reported to increase the activities of SOD, GPx and GRd in the liver [4]. Hyperoside and
quercetin have been shown to exhibit hepatoprotective effect against CCl4-induced liver injury [23,24].
Therefore, hyperoside and quercetin can be the major active constituents in CCEtOH which contribute
to the hepatoprotective effect.

3. Materials and Methods

3.1. Plant Materials and Preparation of Plant Extract

Cuscuta campestris Yunck. grown on Bidens pilosa var. radiata was collected from Miaoli County,
Taiwan. They were authenticated by Ming-Kuem Lin and Wen-Huang Peng in several aspects,

50



Int. J. Mol. Sci. 2016, 17, 2056

including the morphology of its flowers and the chemical compositions of its seeds [20]. The whole
plants of C. campestris Yunck. were dried in a circulating air oven, and then ground. The powder
(1.05 kg) was extracted with 75% ethanol three times. The filtrates were collected and concentrated
with a rotary evaporator under reduced pressure. The concentrated extract was then lyophilized and
weighted. The yield ratio of CCEtOH (91 g) was 8.7% (w/w). The extract was stored in −20 ◦C before
the experiments.

3.2. Chemicals

Silymarin, quercetin and kampferol were purchased from Sigma-Aldrich Chemical Co.
(Saint Louis, MO, USA). Carboxymethylcellulose (CMC) and carbon tetrachloride (CCl4) was
purchased from Merck Co. (Munchen, Germany). CCl4 was dissolved into olive oil as a 40% (v/v)
solution. All other reagents used were of analytical grades (Merck Co., Munchen, Germany).

3.3. Experimental Animals

ICR male mice (18–22 g) were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan).
These mice were maintained in standard cages with a 12-h:12-h light-dark cycle, relative humidity
55% ± 5%, and 22 ± 1 ◦C for seven days before the experiment. Food and water ad libitum were
supplied by following the NIH Guide for the Care and Use of Laboratory Animals. The experimental
protocol conducted in this study has been approved by the Institutional Animal Care and Use
Committee, China Medical University (104-70-N; 18 December 2014).

3.4. Experimental Design of CCl4-Induced Hepatotoxicity

Sixty experimental mice were randomly separated into 6 groups. For the control group and the
CCl4 group, mice were orally administered 1% carboxymethyl cellulose (CMC). For the silymarin
group, mice were orally administered silymarin (200 mg/kg in 1% CMC). For the CCEtOH groups, mice
were orally administered CCEtOH (20, 100 and 500 mg/kg in 1% CMC). Theses oral administrations
were conducted using a feeding tube with 100 μL/10 g Body Weight every day for 9 consecutive weeks.
After one week of the administration of the silymarin and experimental drugs, CCl4 (40 μL/kg BW,
40% in olive oil) was started to inject intraperitoneally into all mice except for mice in the control group
at one hour before the administration of the experimental drugs for every 3.5 days (twice a week) and
8 consecutive weeks. Thus, there were sixteen times of CCl4 treatment for the five CCl4 treated groups.
The control mice received an equivalent volume of olive oil. One week after the last administration of
the experimental drugs, the mice were sacrificed under anesthesia and their blood was collected for
evaluation of the biochemical parameters (AST, ALT, triglyceride and cholesterol). Their liver tissues
were obtained for MDA assay, histological analysis and antioxidant enzymatic activity measurements.

3.5. Serum Biochemistry

The serum was obtained as descripted previously [4]. Serum ALT, AST, triglyceride and cholesterol
were measured using spectrophotometric diagnostic kits (Roche, Berlin, Germany).

3.6. Histological Analysis

Histological Analysis was performed according to the method of the previous report by staining
with hematoxylin and eosin [8,11] and with Sirius Red [25], and then observed under light microscopy
(Olympus, Tokyo, Japan). For quantitative scoring of the hepatic fibrosis, the values were used
according to the published method [14], as the following: none: normal liver, score 0; slight: increase of
collagen without formation of septa, score 1; mild: septa do not connect with each other and incomplete
septa formation from portal tract to central vein, score 2; moderate: septa interconnecting completely
but thin (incomplete cirrhosis), score 3; and remarkable: with thick septa (complete cirrhosis), score 4.
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3.7. MDA Level as Well as Antioxidant Enzymatic Activity Measurement

MDA level was determined as descripted previously using the thiobarbituric acid reacting
substance method [26]. SOD, GPx and GRd enzymatic activities were determined according to the
published methods [27–29]. MDA, SOD, GPx and GRd assay kits were purchased from Randox
Laboratory Ltd. (Antrim, UK).

3.8. Statistical Analyses

All data were shown as mean ± SEM. SPSS statistics software program was used to do the
statistical data analyses. One-way ANOVA followed by Scheffe’s multiple range test was used to
perform the statistical analyses. For the histological analyses, non-parametric Kruskal–Wallis test
followed by the Mann–Whitney U-test was used to carry out the statistical analyses. The criterion for
statistical significance was p < 0.05.

3.9. Phytochemical Analysis of CCEtOH by HPLC

The HPLC profile of CCEtOH was determined and compared with the standard (hyperoside and
quercetin), which was conducted as descripted previously [20]. Quantification was performed by
comparing the sample peak with the corresponding standard compound.

4. Conclusions

The present study clearly elucidated that CCEtOH exhibited a hepatoprotective activity against
CCl4-induced chronic liver injury in mice. The underlying mechanisms were likely the decreasing in
MDA level through enhancing the activities of hepatic anti-oxidative enzymes such as GPx, GRd and
SOD, and thereby the significant decrease of serum ALT, AST, triglyceride and cholesterol. In addition,
fibrosis of liver was significantly reduced by CCEtOH. Therefore, C. campestris can be developed into
pharmacological agents to prevent some liver disorders.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/2056/s1.
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Abstract: Euterpe oleracea (açaí) is a palm tree well known for the high antioxidant activity
of its berries used as dietary supplements. Little is known about the biological activity and
the composition of its vegetative organs. The objective of this study was to investigate the
antioxidant activity of root and leaflet extracts of Euterpe oleracea (E. oleracea) and characterize their
phytochemicals. E. oleracea roots and leaflets extracts were screened in different chemical antioxidant
assays (DPPH—2,2-diphenyl-1-picrylhydrazyl, FRAP—ferric feducing antioxidant power, and
ORAC—oxygen radical absorbance capacity), in a DNA nicking assay and in a cellular antioxidant
activity assay. Their polyphenolic profiles were determined by UV and LC-MS/MS. E. oleracea
leaflets had higher antioxidant activity than E. oleracea berries, and leaflets of Oenocarpus bacaba and
Oenocarpus bataua, as well as similar antioxidant activity to green tea. E. oleracea leaflet extracts
were more complex than root extracts, with fourteen compounds, including caffeoylquinic acids and
C-glycosyl derivatives of apigenin and luteolin. In the roots, six caffeoylquinic and caffeoylshikimic
acids were identified. Qualitative compositions of E. oleracea, Oenocarpus bacaba and Oenocarpus bataua
leaflets were quite similar, whereas the quantitative compositions were quite different. These results
provide new prospects for the valorization of roots and leaflets of E. oleracea in the pharmaceutical,
food or cosmetic industry, as they are currently by-products of the açaí industry.

Keywords: Euterpe oleracea; açaí; antioxidant activity

1. Introduction

Euterpe oleracea (E. oleracea), known as açaí worldwide and wassaye in French Guiana, is a
palm tree native from the Amazonian rainforest, which gives purple berries with high potential
currently used as dietary food supplements or in cosmetics thanks to their high antioxidant activity.
Traditionally, açaí berries are consumed as a beverage called “açaí vino” in Brazil. Since the mid
2000s, many scientific studies focused on E. oleracea berries due to its biological activities including
anti-proliferative, anti-inflammatory, antioxidant, and cardioprotective properties. E. oleracea was
also found to be extremely rich in antioxidant compounds including phenolic acids, flavonoids and
anthocyanins [1,2].

While açaí berries are mainly used as foodstuffs, E. oleracea vegetative organs (such as leaves and
roots) are traditionally used in medicine, curing snake bites [3], diabetes, kidney and liver pains, fever,
anemia, as well as arthritis, or used as hemostatic [4,5]. Roots of Euterpe precatoria, a close species to
E. oleracea, also showed anti-inflammatory [6] and antioxidant properties [7]. The vegetative organs of
E. oleracea are considered as waste from the açaí palm heart industry and could be potential sources of
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phytochemicals with cosmetic, pharmaceutical or nutritional applications. Currently, there is interest in
valorizing polyphenols-containing food wastes such as grape skins, olive mill waste water, citrus peels,
seed wastes or berry leaves [8,9] as there is a growing demand for polyphenols for pharmaceutical,
cosmetic and food industries, especially to treat cardiovascular, and skin diseases, cancer, aging, and
diet issues. Some studies have already been carried out on açaí seeds, another waste from the açaí
industry. Antioxidant activity [10] and anti-nociceptive activity have been demonstrated [11], showing
that this waste could find applications in the food or pharmaceutical industries. Therefore, there is
also a real value in enhancing the knowledge of the phytochemical composition and pharmacological
activities of açaí roots and leaves. A previous study showed that roots and leaflets of two other
Amazonian palm trees (Oenocarpus bacaba and Oenocarpus bataua) had high antioxidant activity,
underlining both Oenocarpus vegetative organs as good sources of antioxidant compounds [12]. In this
paper, we therefore investigated the antioxidant activity of root and leaflet crude extracts of E. oleracea
using different chemical antioxidant assays (DPPH—2,2-diphenyl-1-picrylhydrazyl, FRAP—ferric
reducing antioxidant power, and ORAC—oxygen radical absorbance capacity), a DNA nicking assay
and a cellular antioxidant activity assay, while LC-MS/MS was performed to elucidate the structures
of the bioactive compounds.

2. Results and Discussion

2.1. Antioxidant Activity

2.1.1. Antioxidant Activity in the Chemical Assays (DPPH, FRAP, and ORAC)

Antioxidant properties of root and leaflet extracts from E. oleracea were investigated using different
chemical assays (DPPH, FRAP and ORAC) having different modes of action: hydrogen transfer
(ORAC), electron transfer (FRAP) or a mixed mode (DPPH) [13]. In all antioxidant tests, best results
were obtained for acetone extracts independently of the organ used. Leaflet extracts were more active
than root extracts, independently of the solvent used.

In the DPPH assay, values for E. oleracea leaflet extracts ranged from 480 to 990 μmol Trolox
Eq/g Dry Matter (μmol TEq/g DM). DPPH activity of E. oleracea acetone leaflet extracts were at least
two-fold higher than E. oleracea and O. bataua berries [14], two-fold higher than Oenocarpus leaflets
acetone extracts [12], and slightly lower than green tea (1200 μmol TEq/g DM) (Table 1).

In the FRAP assay, all values for leaflet extracts ranged from 1000 to 1400 μmol Fe(II)Eq/g
DM. They were two-fold higher than palm berries [14–16], at least two-fold higher than antioxidant
foodstuffs like lettuce [17], but lower than green tea extracts (1900–2700 μmol Fe(II)Eq/g DM) (Table 1).
When comparing leaflet acetone extracts, E. oleracea FRAP activity was two-fold higher than O. bataua
and similar to O. bacaba [12].

The ORAC assay, considered as one of the most relevant amongst antioxidant chemical assays,
gave ORAC values from 1600 to 2200 μmol TEq/g DM, for leaflet extracts. They were at least
three-fold more active than palm berries in the ORAC assay [14], at least 1.5-fold more active than the
best Oenocarpus leaflet extracts [12] and almost equivalent to green tea with 2400 μmol TEq/g DM
(Table 1). Besides, even if E. oleracea roots were less active than E. oleracea leaflets in all the antioxidant
tests, their activities were as high or higher than those of E. oleracea and O. bataua berries, as illustrated
by ORAC results (300–1300 μmol TEq/g DM) (Table 1).

Root and leaflet extracts from E. oleracea were active across the board in the different chemical
antioxidant assays (DPPH, FRAP, and ORAC) showing that they act according to different mechanisms
of action such as electron and/or hydrogen transfer. Root and leaflet extracts were at least as active as
palm berries, considered as super fruits. Leaflet extracts were the most antioxidant extracts, almost
equivalent to green tea leaves, which have one of the strongest recorded antioxidant activity.
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Table 1. Antioxidant activity and total phenolic content (TPC) of root and leaflet extracts of
Euterpe oleracea.

Extract Name
(Plant/Part/Solvent)

TPC (μg
GAEq/mg DM) *

DPPH (μmol
TEq/g DM) *

FRAP (μmol
Fe(II) Eq/g DM) *

ORAC (μmol
TEq/g DM) *

EC50 in
NHDF

(μg/mL)

CAA in NHDF
(μmole QEq/g

DM)

WRW 14 ± 2 d 105 ± 5 c 310 ± 129 e 302 ± 124 d 30 ± 7 10 ± 2
WRA 58 ± 9 b,c 471 ± 101 b 769 ± 137 c,d 1259 ± 320 c 14 ± 2 29 ± 4
WRM 28 ± 4 c,d 237 ± 72 c 449 ± 111 d,e 686 ± 186 d 16 ± 1 14 ± 1
WLW 62 ± 7 a,b 479 ± 39 b,c 965 ± 178 b,c 1643 ± 385 b,c 29 ± 9 45 ± 12
WLA 84 ± 7 a 991 ± 81 a 1381 ± 376 a 2229 ± 484 a 10 ± 1 208 ± 23
WLM 76 ± 7 a,b 660 ± 72 b 1194 ± 180 a,b 2177 ± 611 a,b 16 ± 2 87 ± 12
TLW e 100 ± 9 748 ± 52 1911 ± 82 1348 ± 45 - -
TLA e 126 ± 2 1185 ± 34 2686 ± 107 2167 ± 19 - -
TLM e 98 ± 8 1045 ± 69 2677 ± 142 2366 ± 31 - -

ObtLA f 50 460 730 1200 14 100
ObcLA f 60 540 1030 1560 24 50
ObcBA g 30 240 200 170 - -
WBA g 40 240 130 430 - -

* Averages with the same letter a–d within columns are not significantly different (p < 0.05) using Fisher’s Least
Significant Difference test; W: Wassaye (E. oleracea); Obt: O. bataua; Obc: O. bacaba; R: roots; L: leaflets; B: berries;
T: Green Tea leaves; W: water; A: acetone/water 70/30; M: methanol/water 70/30; CAA: cellular antioxidant
activity; NHDF: normal human dermal fibroblasts; GAEq: Gallic acid equivalent; TEq: Trolox equivalent; QEq:
Quercetin equivalent; DM: dry matter; TPC: total phenolic content; EC50: median effective concentration; CAA:
cellular antioxidant activity; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; FRAP: ferric reducing antioxidant power;
ORAC: oxygen radical absorbance capacity; e data from Leba et al., 2014 [16]; f data from Leba et al., 2016 [12];
g data from Rezaire et al., [14].

2.1.2. Antioxidant Activity in the DNA Nicking Assay

Despite optimization of the DNA nicking assay conditions, the sensitivity using methanol extracts
was low [16], therefore only aqueous and acetone extracts of E. oleracea were assessed in the DNA
nicking assay. All root extracts of E. oleracea were found to be active in this assay. The aqueous
and acetone root extracts had an antioxidant effect at all concentrations tested; they protected form I
from degradation and reduced the formation of linear nicked form III in a similar way to Trolox
at 1 mg/mL (Figure 1). Aqueous leaflet extracts had an antioxidant effect in the DNA nicking assay at
all concentrations tested (1 mg/mL and 10 mg/mL), while acetone leaflet extracts had an antioxidant
effect at 10 mg/mL and a prooxidant effect at a lower concentration of 1 mg/mL. The overall high
potency of the root and leaflet extracts of E. oleracea in the DNA nicking assay encouraged the
evaluation of their antioxidant activity in an assay physiologically more relevant, i.e., a cell-based
antioxidant assay.
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Figure 1. Antioxidant activity of Euterpe oleracea extracts in the DNA nicking assay indicating:
(a) protection of supercoiled form I; and (b) formation of nicked linear form III; W: Wassaye (E. oleracea);
R: roots; L: leaflets; W: water; A: acetone/water 70/30; (* p < 0.05; n = 3).
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2.1.3. Cytotoxicity and Cellular Antioxidant Activity (CAA)

As root and leaflet extracts of E. oleracea were not cytotoxic to normal human dermal fibroblasts
(NHDF) at 100 μg/mL in the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay (Table S1), they were tested at this concentration in the Cellular Antioxidant Activity (CAA) assay.

Root and leaflet extracts from E. oleracea were quite active in the cellular antioxidant assay with
the median effective concentration (EC50) ranging from 10 to 30 μg/mL (Table 1). Most of the palm
extracts were more active than fruits including kiwis, blueberries, carrots and strawberries, which had
a high antioxidant activity (EC50 from 50 to 200 μg/mL) in a similar cell-based assay [18].

Leaflet extracts of E. oleracea were more active in the CAA assay (45–208 μmol Quercetin Eq/g
DM) than root extracts (10–30 μmol Quercetin Eq/g DM) and acetone extracts were more active
than methanol extracts. Activities for E. oleracea were quite similar to Oenocarpus roots (10–50 μmol
Quercetin Eq/g DM), whereas E. oleracea leaflets were at least two-fold superior than Oenocarpus
leaflets (7–100 μmol Quercetin Eq/g DM) [12]. Interestingly, there was a very high correlation between
the ORA activity and the cell-based activity (Pearson’s r correlation coefficients of 0.976) (Figure S1),
which are both based on the ROO· radical scavenging capacity of the extracts. These correlations were
also found in the work of Girard-Lalancette et al., 2009 and Leba et al., 2016 [12,18]. The high potency
of extracts in the ORAC assay translated well in the CAA assay, meaning that compounds were able to
act in a cellular environment, either by crossing membrane cells or by directly scavenging radicals
outside the cells. These results encourage investigating the chemical composition of E. oleracea root
and leaflet extracts.

2.2. Total Phenolic Content (TPC)

The Total Phenolic Content (TPC) of root and leaflet extracts from E. oleracea ranged from 14 to
84 μg Gallic acid equivalent/mg Dry Matter (μg GAEq/mg DM) (Table 1).

Best results were found with acetone independently of the organ used. The highest values were
found for the leaflet extracts of E. oleracea, with 84 μg GAEq/mg DM, which was two-fold higher
than the TPC of palm berries including E. oleracea, O. bataua [14] and O. bacaba [15], known to be
antioxidants. The TPC of E. oleracea roots were globally similar to that of Oenocarpus roots extracts [12],
whereas E. oleracea leaflets were richer in polyphenols than Oenocarpus leaflets [12]. Moreover, the TPC
of E. oleracea leaflets was almost similar to the TPC of green tea leaves (100–125 μg GAEq/mg), which
has one of the strongest recorded antioxidant activities. There was a high correlation between the total
polyphenolic content (TPC) and the antioxidant activity in the different assays (p < 0.05) with high
Pearson’s r correlation coefficients between TPC and DPPH (0.945), TPC and FRAP (0.983), TPC and
ORAC (0.986), and TPC and CAA activity (0.968) (Figure S1).

2.3. Identification of Compounds in Root and Leaflet Extracts by LC-MS/MS

The UV chromatograms recorded at 320 nm showed that both E. oleracea root and leaflet extracts
(Figure 2) contained polyphenols, whose structures (Figure 3) were then determined by LC-MS/MS.
Leaflet extracts showed more complex polyphenol profiles (fourteen compounds) than root extracts
(six compounds), while some peaks (1, 2, and 3) were common to both extracts.

58



Int. J. Mol. Sci. 2017, 18, 61

Figure 2. Representative chromatograms of: (a) root extracts; and (b) leaflet extracts of Euterpe oleracea
at λ = 320 nm; Kinetex PFP column 100 × 4.6 mm, 2.6 μm; (1) 3-CQA; (2) 4-CQA; (3) 5-CQA; (4) 4-CSA;
(5) 5-CSA; (6) CSA; (7) 6,8-di-C-hexosyl apigenin; (8,9) 6,8-di-C-hexosyl apigenin sulfate; (10,14,15)
6-C-hexosyl-8-C-pentosyl apigenin isomers; (12,16) 6-C-pentosyl-8-C-hexosyl apigenin isomer; (11)
8-C-glucosyl luteolin; (13) 6-C-glucosyl luteolin; and (17) 6-C-glucosyl apigenin; CQA: caffeoylquinic
acid; CSA: caffeoylshikimic acid.

Figure 3. Structure of main components of root and leaflet extracts of Euterpe oleracea; Glc: glucose.

2.3.1. Characterization of Caffeoylquinic Derivatives (Mr = 354) in Root and Leaflet Extracts

In the root and leaflet extracts, three peaks (1, 2, and 3) at retention time (tR) 4.2, 7.2 and 9.1 min
yielded [M − H]− ions at m/z 353 and [M + Na]+ at m/z 377 and showed UV spectra (at λ = 298 nm
and 320 nm) characteristic of caffeoylquinic acids (CQA, Mr = 354).

In positive mode, the ions at m/z 163 and 145, produced by the loss of the quinic acid moiety [19]
were not conclusive of the structure of the CQA. The structure of CQA isomers was assigned according
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to their diagnostic ions at m/z 191, 179 and 173 in the negative mode [20]. Compound 2 (tR 7.2 min)
was assigned to 4-CQA, having a base peak at m/z 173 in the MS2 spectrum. Compounds 1 (tR 4.2 min)
and 3 (tR 9.1 min), both having m/z 191 as a base peak were distinguished by the intense ion at m/z 179
in the MS2 spectrum, characteristic of 3-CQA for compound 1, whereas compound 3 was assigned to
5-CQA (Table 2). The retention order of the CQA isomers (3 < 4 < 5) was similar to the study of Regos
and Treutter, 2010 [21] using a similar PFP column.

2.3.2. Characterization of Caffeoylshikimic Derivatives (Mr = 336) in Root Extracts

In the root extracts, three peaks (4, 5, 6) at tR 12.2, 14.2 and 16.2 min yielded [M − H]− ions at
m/z 335, [M + Na]+ at m/z 359, and showed UV spectra (λ = 298 nm and 320 nm) corresponding
to caffeoylshikimic acids (CSA, Mr = 336). In positive mode, the ions at m/z 163 and 145 were
characteristic of the caffeoyl moiety [19]. The structure of CSA was tentatively assigned according
to their diagnostic ions at m/z 317, 291, 179, 161 and 135 in negative mode [22–24] (Table 2).
The fragmentation pattern of compound 4 with an intense ion at m/z 161 was conclusive of a 4-CSA.
The absence of the ion at m/z 161 in the MS2 spectrum of compound 5 and the presence of ions at
m/z 317 and m/z 291 was indicative of a 5-CSA isomer. The fragmentation pattern of compound 6

was close to that of a 4-CSA isomer but was not conclusive of the structure.

2.3.3. Characterization of Apigenin Derivatives (Mr = 432, Mr = 594, Mr = 674, and Mr = 564) in
Leaflet Extracts

The UV spectra of eleven compounds (7–17) in the leaflet extracts of E. oleracea showing a λmax

at 340 nm were indicative of flavone derivatives. Compound 17 (Mr = 432) gave [M−H]− at m/z
431 and [M + H]+ at m/z 433. Characteristic losses of 90, 120 and 150 Da were diagnostic of hexose
residues. The fragment ions at m/z 311 (aglycone + 42) and m/z 341 (aglycone + 72) in negative mode
clearly indicate 6-C-glycosyl apigenin [25], whose identity was confirmed with a synthetic standard.
Nine compounds, i.e., compounds 7 (Mr = 594), 8, 9 (Mr = 674) 10, 12, 14, 15, and 16 (Mr = 564),
showed the characteristic MS2 fragmentation of di-C-glycosyl flavones, the occurrence of fragment
ions at m/z 353 (aglycone + 83) and 383 (aglycone + 113) being indicative of apigenin derivatives [25].
Compound 7 (Mr = 594) yielded [M − H]− at m/z 593, with a fragmentation pattern in negative mode
characteristic of hexose derivatives (losses of 90 Da and 120 Da) and was assigned to a 6,8-di-C-hexosyl
apigenin. Compounds 8 and 9 (Mr = 674) yielded [M − H]− at m/z 673 and [M + K]+ at 713. The
MS2 spectrum showed a first loss of 80 Da, characteristic of sulfates, followed by successive losses
of 90 Da, 120 Da and 150 Da, characteristics of hexose residues in both positive and negative modes.
Compounds 8 and 9 were tentatively assigned to 6,8-di-C-hexosyl apigenin sulfates. The lack of a
hypsochromic shift in the band I of 8 and 9 compared to compound 7 suggest the sulfation occurred
on position 7 or on the sugar moieties [26]. Six peaks (10, 12, 14, 15, 16) (Mr = 564) at tR 21.2, 22.3,
23.2, 24.9 and 25.6 min yielded [M − H]− ions at m/z 563 in the negative mode. Their MS2 spectrum
showed losses of 60 Da, 90 Da, 120 Da and 150 Da, characteristic of pentose and hexose residues. They
were assigned as 6,8-di-C-pentosyl-hexosyl apigenin derivatives. The [M − H-60]− ion resulting from
the fragmentation of the pentose moiety was more intense in 12 (100%) and 16 (25%) than in other
compounds, indicating that the pentose moiety was on position 6, which fragments preferentially over
sugars on position 8 [25]. Therefore, compounds 12 and 16 were identified as 6-C-pentosyl-8-C-hexosyl
apigenin isomers. The others compounds (10, 14, and 15) were assigned as 6-C-hexosyl-8-C-pentosyl
apigenin isomers.
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2.3.4. Characterization of Luteolin Derivatives (Mr = 448)

Compounds 11 and 13 (Mr = 432) gave [M − H]− at m/z 447 and [M + H]+ at m/z 449.
Characteristics losses of 90 Da and 120 Da were diagnostics of hexose residues. The fragments
ions at m/z 327 (aglycone + 42) and m/z 357 (aglycone + 72) in the negative mode clearly indicated
C-glycosyl luteolin derivatives [25]. Based on retention order and injection of synthetic standards,
11 was identified as 8-C-glycosyl luteolin and 13 as 6-C-glycosyl luteolin.

2.3.5. Quantification of Chemical Compounds in Root and Leaflet Extracts

Root extracts of E. oleracea were mainly characterized by the presence of hydroxycinnamic acids
HCA, namely three caffeoylquinic acids (CQA) and three caffeoylshikimic acids (CSA) (Figure 4).
Hydroxycinnamic acids are known to display biological properties such as antiviral, anti-inflammatory
and antioxidant activity [27]. They also play important physiological role of defense against pathogens
and disease resistance [27], which is essential for vulnerable vegetative organs such as roots. The CSA
content was higher than the CQA content in the root extracts, (2.5 mg/g DM against 0.5 mg/g DM for
the most concentrated extract), i.e., 70%–85% of all HCA (Figure 4). 5-CQA was the major compound
amongst CQA, while each of the three CSA was found in almost similar amounts. The qualitative
composition of E. oleracea roots was similar to that of O. bataua and O. bacaba [12]. However, the
quantitative compositions of O. bacaba were different with a global two-fold lower content in compound
compared to E. oleracea.

Figure 4. Chemical composition of: (a) root extracts; and (b) leaflet extracts of Euterpe oleracea; W:
Wassaye (E. oleracea); R: roots; L: leaflets; W: water; A: acetone/water 70/30; M: methanol/water
70/30; CQA: caffeoylquinic acid; CSA: caffeoylshikimic acid (for identification of compounds 7–17,
see Table 2); Di-Glc-Api: 6,8-di-C-hexosyl apigenin; Di-Glc-Api Sulf: 6,8-di-C-hexosyl apigenin sulfate;
n = 3 biological replicates.

Leaflet extracts were characterized by two main compound families: three caffeoylquinic acids,
as in the root extracts, and eleven flavones (Figure 4). 5-CQA was the main CQA in the leaflet extracts
(40%–70% of total CQA). Higher contents of CQA (up to 4.5 mg/g DM) were found in the leaflet
extracts compared to the root extracts. Leaflet flavones were quantified mainly as C-monoglycosyl
and C-diglycosyl derivatives of apigenin, and to a lesser extent as C-glycosyl derivatives of luteolin.
Di-C-glycosyl derivatives of apigenin (compounds 7–9) were the major compounds in leaflet extracts
of E. oleracea, accounting for almost 50% of all C-glycosylflavones, the sulfated flavones 8 and 9 being
the major ones with about 2 mg/g DM. Apigenin C-glycosides are phytochemical markers specific to
a few Arecaceae species, while C-glycosyl luteolin derivatives are more common amongst palm tree
species [28]. More recently, C-glycosyl derivatives of apigenin, close to those found in this work, were
identified in another Amazonian palm tree species, Mauritia flexuosa [29]. The presence of sulfated

63



Int. J. Mol. Sci. 2017, 18, 61

flavones in the leaflet extracts of E. oleracea is interesting as natural sulfated flavonoids inspire the
design of smaller bioactive compounds with sulfate groups [30]. E. oleracea leaflets composition
was qualitatively similar to that of Oenocarpus leaflets [12] but the quantitative composition was
conspicuously different (maximum 1500 and 5000 μg/g DM for O. bataua and O. bacaba, respectively,
against 16000 μg/g DM for E. oleracea). It was interesting to observe that these three palm tree species
(E. oleracea, O. bacaba and O. bataua) have the same qualitative composition of their roots or of their
leaflets but have quite different antioxidant activities. Indeed, E. oleracea leaflets were two fold more
active than O. bacaba and O. bataua leaflets. The difference of activity could come from the quantity
of polyphenolic compounds in the extracts, rather than the qualitative composition. These results
interrogate the fact that there might be a particular regulation of key enzymes in the biosynthetic
pathway of polyphenols in E. oleracea leaflets. To validate this hypothesis, numerous molecular and
biochemical studies will be required.

2.4. Relationship between the Chemical Composition and the Antioxidant Activity

Principal Component Analysis (PCA) was carried out using the data from the chemical antioxidant
assays (DPPH, FRAP, ORAC) and the quantification of compounds in root and leaflet extracts of
E. oleracea. The antioxidant activity of the roots was linked to the CSA and CQA contents (negative
side of PC1) (Figure 5). There was no clear differentiation of the methanol and acetone root extracts
according to the PCA, as they had very similar antioxidant activity and chemical composition.

 

Figure 5. Principal Component Analysis (PCA) plots for antioxidant activity and chemical composition
of: root extracts (a,b); and leaflet extracts (c,d) of Euterpe oleracea; W: Wassaye (E. oleracea); R: roots;
L: leaflets; W: water; A: acetone/water: 70/30; M: methanol/water: 70/30; CQA: caffeoylquinic
acid; CSA: caffeoylshikimic acid, (for identification of compounds 7–17, see Table 2); DPPH:
2,2-Diphenyl-1-picrylhydrazyl; FRAP: ferric reducing antioxidant power; ORAC: oxygen radical
absorbance capacity.
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For the leaflet extracts, the most active extracts in all the chemical assays were on the positive side
of PC2, which was correlated with high contents of flavones 8 and 9 (Figure 5). These results translated
quite well to the CAA assay, where the leaflet extracts of E. oleracea were very active. The PCA
highlighted a correlation between the antioxidant activity of E. oleracea leaflet extracts and the presence
of di-C-glycosyl apigenin sulfates (8 and 9). Indeed, hydroxyl substituted flavones such as apigenin or
luteolin derivatives are known to have high antioxidant activity due to their structures [31].

3. Materials and Methods

3.1. Chemicals and Reagents

Solvents used for extraction and LC-MS analysis were of HPLC grade, obtained from Carlo Erba
Reagents (Val de Reuil, France). Standards of 5-O-caffeoylquinic acid, orientin (>99%), isoorientin
(>99%), and isovitexin (>99%) were obtained from Extrasynthèse (Genay, France). Gallic acid-1-hydrate
(99%) was purchased from Panreac Quimica (Barcelona, Spain).

3.2. Plant Materials

Roots and leaflets of three specimens of E. oleracea were harvested on February 2013, in Macouria,
French Guiana. Samples were washed, cut, freeze-dried and grinded immediately after collection.
Dried matter was then stored at −20 ◦C to limit degradation until extraction.

3.3. Extraction

Extractions were performed following the method previously published [12]. Three solvents were
used for extraction of roots and leaflets from E. oleracea and green tea leaves: water (W), methanol/water
70/30 v/v (M) and acetone/water 70/30 v/v (A). The combination of acetone or methanol with water
is commonly used to extract polyphenols [32]. Ultrasounds were used to assist the extraction of
polyphenols of leaflets and roots from E. oleracea, as they are known to be a green alternative to
conventional extraction methods and give optimized extraction efficiency and reduced extraction
time [33]. Preliminary studies using ultrasound extraction were carried out to determine that four
successive extractions gave optimized extraction efficiency.

3.4. Total Phenolics by Folin–Ciocalteu

Total Phenolic Content (TPC) was determined using the Folin–Ciocalteu method as previously
described [12].

3.5. Chemical Antioxidant Assays (DPPH, FRAP, ORAC)

Chemical antioxidant properties were assessed using DPPH, FRAP and ORAC assays as described
in our previous paper [12]. These assays are based on different antioxidant mode of action like electron
transfer (FRAP), hydrogen transfer (ORAC) or a mixed mechanism implying both electron and
hydrogen transfer (DPPH) [13].

3.6. Cellular Assay

3.6.1. Cell Culture

Normal Human Dermal Fibroblasts (NHDF) were purchased from PromoCell (Heidelberg,
Germany), cultured in growth medium RPMI GlutaMAX™ (89%) (Thermo Fischer Scientific, Waltham,
MA, USA), supplemented with 5% FBS (Fetal Bovine Serum), 1% antibiotics, 5% CO2 and maintained
at 37 ◦C. NHDF cells were used to determine the cytotoxicity of E. oleracea extracts and to assess the
antioxidant activity of the extracts in a cell-based assay described in Section 3.6.3.
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3.6.2. Cytotoxicity Assay

Cytotoxicity of the extracts in NHDF was measured using the MTT (3-(4,5-dimethylthiazol-2
-yl)-2,5-diphenyltetrazolium bromide) method [34]. NHDF cells were incubated for 24 h at 37 ◦C,
in presence or absence of E. oleracea extracts at 100, 200, 300, 400 and 500 μg/mL. The cells were washed
twice with 500 μL of a phosphate buffer solution (PBS), then incubated at 37 ◦C for 3 h with MTT
at 0.5 mg/mL. MTT was removed using 1 mL of DMSO and the plate was kept in the dark at room
temperature during 30 min before recording the absorbance at 595 nm using a plate-reader (Dynex,
Magellan Biosciences, Tampa, FL, USA) to detect viable cells. A decrease of the absorbance by more
than 20% was set as the limit for cytotoxicity.

3.6.3. Cellular Antioxidant Activity (CAA) Assay

The cell-based assay was done according to the method of Wolfe and Liu [35], with some
modifications. Briefly, NHDF cells were seeded for 24 h on a 96-well microplate at a density of
11 × 104 cells by well in 100 μL of RPMI growth medium. The growth medium was removed
and the wells were washed with PBS. Wells were treated in triplicates with 100 μL of extracts
at four concentrations (10, 25, 50 and 100 μg/mL), not cytotoxic to the NHDF cells, plus 50 μM
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) dissolved in the treatment medium and kept in
the dark for 1 h. Control wells (cells treated with 50 μM of DCFH-DA, without extract), and blank
wells (cells treated only with growth medium) were included. Then, the wells were drained from the
treatment medium and 100 μL of 2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH) at 250 μM
was added in each well (except in blank wells). Immediately after the AAPH addition, the plate was
placed into a plate-reader (Dynex, Magellan Biosciences) at 37 ◦C and the fluorescence was recorded
for 30 min (λexcitation 485 nm, λemission 538 nm). After blank subtraction from the fluorescence readings,
the area under the curve of fluorescence versus time was integrated to calculate the CAA value at
each extracts concentration tested as follows: CAA unit: 100 − (

∫
SA/

∫
CA) × 100 where

∫
SA is the

integrated area under the sample fluorescence versus time curve and
∫

CA is the integrated area from
the control curve. The median effective concentration EC50 (μg/mL), was determined for E. oleracea
extracts from the median effect plot of log (ƒa/ƒu) versus log (concentration), where ƒa is the fraction
affected and ƒu is the fraction unaffected by the treatment. Quercetin was used as a standard in the
CAA assay and the cellular antioxidant activity of E. oleracea extracts was then expressed in μmol
Quercetin equivalents/g of dried matter (μmol QEq/g DM).

3.6.4. DNA Nicking Assay

The DNA nicking assay was performed using the pUC18 plasmid. All conditions required to
analyze aqueous and organic extracts were previously optimized [16]. Four microliters of E. oleracea
extracts (max 7% acetone) at various concentrations were added to 4 μL of the Fenton reaction mixture,
containing: plasmid DNA (150 μg/μL), phosphate buffer (50 mM, pH 7.4), H2O2 (30 mM), FeSO4

(2 mM/8 mM) and EDTA-Na2 (3.75 mM/15 mM) for aqueous and acetone extracts respectively. The
final volume was adjusted to 24 μL using distilled water and incubated for 20 min and 15 min at
37 ◦C for aqueous and acetone extracts respectively. Two microliters of loading dye was added to
the incubated mixture, and 10 μL were loaded onto 1% (w/v) agarose gel. After electrophoresis in
TAE buffer (0.04 M tris-acetate and 1 mM EDTA, pH 7.4) using a DNA subcell (Bio-Rad Laboratories,
Hercules, CA, USA), the agarose gel was stained with ethidium bromide for 15 min and DNA bands
were analyzed using a Bio-Rad Gel Doc™ XR (Bio-Rad Laboratories). The prooxidant and antioxidant
activity of the extracts was assessed using band intensity (NIH Image J) of form I (supercoiled DNA)
and form III (nicked linear DNA) compared to the appropriate controls. DNA incubated with and
without Fenton’s reagent was used as positive and negative control, respectively. Trolox was used
as a control of DNA protection, at a concentration of 0.01 and 0.1 mg/mL for aqueous and acetone
extracts, respectively.
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3.6.5. Analysis by LC-MS/MS

LC-MS/MS analysis was performed on an ion trap (500-MS Varian, Palo Alto, CA, USA) equipped
with an electrospray ionization source and coupled to a Pro Star LC system (Agilent Technologies,
Santa Clara, CA, USA) and a Pro Star 335 PDA (Agilent). Extracts were filtered using 0.2 μm PTFE
filters. Twenty microliters of samples were injected onto a Kinetex PFP column, 100 × 4.6 mm, 2.6 μm
(Agilent) using a gradient of 1% formic acid (A) and acetonitrile (B) at 25 ◦C. The gradient was as
follows: 5%–10% B in 10 min, 10%–20% in 10 min, 20% held for 10 min, 20%–100% in 5 min, 100%
held for 5 min, and returned to initial conditions for 9 min to reequilibrate the column. The flow rate
was 1 mL/min. The total run time per sample was 60 min.

Analyses were first performed using Full scan mode (m/z 120–750), both in negative mode and
positive mode to identify the molecular ions and then in TurboDDS™ mode (Data Dependent Scanning,
Varian) to acquire MS2 spectra. Helium was used as the damping and collision gas at 0.8 mL/min.
The operation parameters were as follows: nebulizer gas pressure 50 psi, drying gas pressure 25 psi,
drying gas temperature 350 ◦C, needle voltage −5000 V/5000 V, sprayshield voltage −600 V, spray
chamber 50 ◦C, capillary voltage 100 V/−70 V (negative ionization mode/positive ionization mode).

The identification of compounds was performed according to their MS2 fragmentation [15–17,26,27],
using standards when available. Quantification was carried out with UV detection. 5-CQA and
6-C-glycosyl apigenin (isovitexin) were used as calibration standards (λmax = 320 nm) to quantify
hydroxycinnamic acids (caffeoylquinic acids—CQA and caffeoylshikimic acids—CSA) and flavones,
respectively. Gallic acid was used as the internal standard at λmax = 280 nm.

3.6.6. Statistical Data Analysis

Results of antioxidant activity were presented as the mean of three biological replicates and
standard error (SE) or standard error of the mean (SEM). Comparisons between extracts in the TPC,
ORAC, FRAP, DPPH and DNA nicking assays were performed using an ANOVA followed by multiple
comparisons using Fisher’s Least Significant Difference test (p < 0.05). Principal component analysis
(PCA) was performed on the phytochemical composition and chemical antioxidant activity (DPPH,
FRAP, and ORAC) of roots and leaflet extracts from E. oleracea using the Statistica program (Statsoft,
Paris, France).

4. Conclusions

Root and leaflet extracts from E. oleracea were active across the board in different chemical
antioxidant assays (DPPH, FRAP, ORAC, DNA nicking) and biological assay (CAA). The high
antioxidant activity of the root and leaflet extracts of E. oleracea was respectively correlated to
the presence of hydroxycinnamic acids and apigenin C-glycosides. The high antioxidant activity
of E. oleracea leaflets seemed to come from their highest content of polyphenols, suggesting a
particular regulation of the polyphenols biosynthetic pathway. This study shows for the first time
that Euterpe oleracea roots and leaflets, which are currently by-products of the palm heart industry,
could, along with the berries, be valorized as a new non-cytotoxic source of antioxidants containing
hydroxycinnamic acids and flavonoids for pharmaceutical, nutraceutical or cosmetic applications.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/1/61/s1.
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DPPH 2,2-Diphenyl-1-picrylhydrazyl
FRAP Ferric Reducing Antioxidant Power
ORAC Oxygen Radical Absorbance Capacity
CAA Cellular Antioxidant Activity
TPC Total Polyphenol Content
GAEq Gallic acid equivalent
TEq Trolox equivalent
QEq Quercetin equivalent
DM Dry Matter
PCA Principal Component Analysis
NHDF Normal Human Dermal Fibroblasts
HCA Hydroxycinnamic acid
CQA Caffeoylquinic acid
CSA Caffeoylshikimic acid
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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Abstract: Eleven new abietane type (1-11), and one new kaurane (12), diterpenes, together with
eleven known compounds (13–23), were isolated and identified from the stems of Tripterygium regelii,
which has been used as a traditional folk Chinese medicine for the treatment of rheumatoid arthritis
in China. The structures of new compounds were characterized by means of the interpretation of
high-resolution electrospray ionization mass spectrometry (HRESIMS), extensive nuclear magnetic
resonance (NMR) spectroscopic data and comparisons of their experimental CD spectra with
calculated electronic circular dichroism (ECD) spectra. Compound 1 is the first abietane type diterpene
with an 18→1 lactone ring. Compound 19 was isolated from the plants of the Tripterygium genus
for the first time, and compounds 14–17 were isolated from T. regelii for the first time. Triregelin I (9)
showed significant cytotoxicity against A2780 and HepG2 with IC50 values of 5.88 and 11.74 μM,
respectively. It was found that this compound was inactive against MCF-7 cells. The discovery
of these twelve new diterpenes not only provided information on chemical substances of T. regelii,
but also contributed to the chemical diversity of natural terpenoids.

Keywords: Tripterygium regelii; diterpenoids; cytotoxicity

1. Introduction

Diterpenes are naturally-occurring 20-carbon terpenoids that display a wide array of potentially
useful biological effects. Abietanes are a large group of diterpenoids, which have been isolated from a
variety of terrestrial plants, such as families of Araucariaceae, Cupressaceae, Phyllocladaceae, Pinaceae,
Podocarpaceae, Asteraceae, Celastraceae, Hydrocharitaceae, and Lamiaceae, etc. [1,2]. Furthermore,
this class of diterpenes have been found from fungal species [2]. So far, it has been reported that
some abietane type diterpenes displayed a broad spectrum of promising biological activities including
anticancer [3], cytotoxic [4,5], antiviral [6–9], anti-inflammatory [10], and anti-oxidant [9] effects,
and so on. For example, tanshinone IIA was regarded as a potent cytotoxic compound for human
leukemia cells [11]. Carnosol has been found to possess favorable anticancer and chemo-preventive
effects [12]. Triptolide is a promising lead compound to treat inflammatory, immunological and
cancerous diseases [13]. Recently, it was reported that miltirone is an inhibitor of P-glycoprotein [14].

As a part of ongoing research work on bioactive constituents from Tripterygium regelii [15–17],
the methanolic extract of the stems of T. regelii was further investigated, leading to the isolation and
characterization of twenty three diterpenoids, including eleven new abietane (1−11) and one new

Int. J. Mol. Sci. 2017, 18, 147; doi:10.3390/ijms18010147 www.mdpi.com/journal/ijms71
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kaurane type (12) diterpenes, as well as eleven known abietane compounds (13−23) (Figure 1). Herein,
this paper reports the isolation and structural elucidation of these new diterpenes, as well as cytotoxic
evaluation of seventeen diterpenes on three cancer cell lines.
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Figure 1. The chemical structures of compounds 1−23.

2. Results and Discussion

Compound 1 was obtained as a yellow amorphous powder with a molecular formula of C20H22O5,
which was determined by a protonated molecular ion at m/z 343.1546 [M + H]+ (calcd for C20H23O5,
343.1540) in its high-resolution electrospray ionization mass spectrometry (HRESIMS), indicating
10 degrees of unsaturation. IR spectrum of 1 showed a lactone carbonyl band at 1732 cm−1 and
benzoquinone bands at 1680 and 1601 cm−1. The UV spectrum of 1 exhibited an absorption maximum
at 260 nm, which is characteristic of a p-benzoquinone. The 1H nuclear magnetic resonance (NMR)
spectroscopic data (Table 1) exhibited the characteristic signals for a benzoquinone proton (δH 6.41
(1H, d, J = 1.2 Hz, H-12)), an oxygenated methine (δH 5.86 (1H, d, J = 6.0 Hz, H-1)), an isopropyl
moiety including a methine (δH 3.00 (1H, sept d, J = 6.6, 1.2 Hz, H-15)) and two secondary methyls
(δH 1.12 and 1.11 (each 3H, d, J = 6.6 Hz, H3-16 and H3-17)), and two tertiary methyls (δH 1.85 and
1.54 (each 3H, s, H3-19 and H3-20)). The 13C NMR spectroscopic data (Table 2) displayed resonances
for 20 carbons, which were confirmed by distortionless enhancement by polarization transfer (DEPT)
and heteronuclear single quantum coherence (HSQC) experiments to be an ester carbonyl carbon
(δC 177.3), a trisubstituted p-benzoquinone (δC 187.3 (C-11), 186.8 (C-14), 153.9 (C-13), 146.0 (C-8),
144.6 (C-9) and 131.6 (C-12)), a tetrasubstituted double bond (δC 132.6 (C-5) and 130.2 (C-4)), two
aliphatic quaternary carbons (including an oxygenated one), two methines (including an oxygenated
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one), three methylenes, and four methyl groups. These spectroscopic data (Tables 1 and 2) suggested
that compound 1 is an abietane type diterpene with a p-benzoquinone C-ring [18,19], structurally
similar to the known triptoquinone A (20) [18], an 18(4→3)-abeo-abietane quinone type diterpene,
except for the A-ring. The Δ4,5 double bond was inferred from the HMBC correlations from H2-2, H2-6
and H3-19 to C-4 (δC 130.2), from H-7 (δH 2.90), H3-19 and H3-20 to C-5 (δC 132.6). The oxygenated
methine (δH 5.86; δC 78.4) was assigned to C-1 based on the HMBC correlations from H-1 proton
(δH 5.86) to C-2 (δC 39.1), C-3 (δC 74.3), C-5 (δC 132.6), C-9 (δC 144.6), C-10 (δC 44.7), and C-20 (δC 23.7).
The key HMBC correlation from H-1 (δH 5.86) to C-18 (δC 177.3) suggested a lactone formed between
C-1 and C-18, accounting for the remaining one degree of unsaturation. Hydroxylation of C-3 was
inferred from the HMBC correlations from H-1 (δH 5.86), H2-2 (δH 2.36 and 1.96) and H3-19 (δH 1.85)
to C-3 (δC 74.3). It was deduced that the proton at C-1 and the hydroxyl group at C-3 should be a
cis relationship due to the lactone between C-1 and C-3. Therefore, the proposed structure of 1 was
established as a lactone derivative of triptoquinone A bearing 5S, 10S absolute configuration by X-ray
crystallographic analysis [18] (Figure 2).

Figure 2. The 1H–1H COSY and key HMBC correlations of compounds 1, 6, and 12.

However, the relative configuration of the substituents at the C-1 and C-3 could not be assigned by
nuclear Overhauser effect spectroscopy (NOESY) experiment, owing to the fact that no any key NOE
effects were observed (Figure 3). Hence, electron circular dichroism (ECD) calculations were conducted
to determine the absolute configuration of compound 1 by time-dependent density functional theory
(TDDFT) with the B3LYP/DGDZVP method [20,21]. The calculated ECD of (1R, 3R)-1 matched well
with the experimental CD spectrum (Figure 4A) of 1. Therefore, compound 1 was determined as
proposed, and given the trivial name of triregelin A.
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Figure 3. The selected NOESY correlations of compounds 1, 6, and 12. The red, yellow and green
atoms represent oxygens, hydrogens and carbons, respectively.

Figure 4. Experimental and calculated CD spectra of compounds 1 (A) and 12 (B).

Compound 2 was assigned as a molecular formula of C20H24O5 based on a deprotonated
molecular ion at m/z 343.1560 [M − H]− (calcd for C20H23O5, 343.1551) in its HRESIMS. IR spectrum
of 2 exhibited a conjugated carboxylic acid band at 1688 cm−1 and benzoquinone band at 1649 cm−1.
The 1H and 13C NMR spectroscopic data (Tables 1 and 2) of 2 were closely analogous to those of
triptoquinone A (20) [18], except for the absence of a secondary methyl group and the presence of a
hydroxymethyl group (δH 3.67 (2H, d, J = 7.2 Hz, H2-17); δC 66.6). The hydroxymethyl group was
allocated to be at C-15, as deduced by 1H–1H COSY correlation of H-15/H2-17 and HMBC correlations
from the hydroxymethyl protons to C-13 (δC 149.0) and C-15 (δC 34.5). Therefore, compound 2 was
characterized and given a trivial name of triregelin B.

Compound 3 showed a molecular formula of C20H26O5, as established from an [M + H]+ ion at
m/z 347.1866 (calcd C20H27O5, 347.1853) in the HRESIMS. Analysis of the NMR spectroscopic data
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(Tables 1 and 2) indicated that 3 was structurally related to triptoquinone B (21) [18] except for the
absence of the C-7 methylene in triptoquinone B and the presence of an additional hydroxyl proton
(δH 2.77) and an oxygenated methine (δH 4.81, δC 61.9) in 3. These data suggested hydroxylation
of C-7 in 3, which was supported by HMBC correlation from the hydroxyl proton (δH 2.77) to C-7
(δC 61.9). The α-orientation of the hydroxyl group at C-7 was deduced from the NOESY correlation of
H-7/H3-20. Thus, compound 3 was identified and named triregelin C.

Compound 4 gave a molecular formula of C21H28O5, as deduced from an [M + H]+ ion at m/z
361.2008 (calcd C21H29O5, 361.2010), 14.0142 atomic mass units (amu) more than that of 3 in the
HRESIMS. The 1H and 13C NMR spectroscopic data (Tables 1 and 2) of 4 were closely similar to those
of 3, except for the appearance of a methoxyl group. The methoxyl group was assigned at C-7, as
evidenced from the observed HMBC correlation from the methoxyl protons (δH 3.50) to C-7 (δC 69.8).
Thus, compound 4 was characterized and named triregelin D.

Compound 5 showed a molecular formula of C22H28O5 on the basis of a protonated molecular
ion at m/z 373.1998 [M + H]+ (calcd C22H29O5, 373.2010) in its HRESIMS, 42.0106 amu more than that
of triptoquinone B (21) [18]. The 1D NMR spectroscopic data (Tables 1 and 2) of 5 were analogous to
those of triptoquinone B (21) [18], except for the presence of an acetyl group (δH 2.03; δC 170.8, 20.9).
The acetyl group was allocated to C-19, as evidenced from the HMBC correlations from H2-19 (δH 4.56,
4.08) to the carbonyl carbon (δC 170.8) of the acetyl group. Therefore, compound 5 was determined
and named triregelin E.

Compound 6 had a molecular formula of C20H28O2 deduced from a protonated molecular ion at
m/z 301.2162 [M + H]+ (calcd for C20H29O2, 301.2162) in the HRESIMS. IR spectrum of 6 displayed a
double bond band at 1626 cm−1, and aromatic ring bands at 1580 and 1424 cm−1. The 1H NMR data
(Table 3) showed the characteristic signals for two coupled aromatic protons (δH 7.04 and 6.09 (1H each,
d, J = 7.8 Hz)), two singlet vinylic protons (δH 4.86 and 4.77), an oxygenated methylene (δH 3.95 and
3.70), an isopropyl moiety (δH 3.15, 1.26 and 1.25), and a tertiary methyl group (δH 0.99). The 13C NMR
data (Table 2) displayed resonances for 20 carbons, which were ascribed to a tetrasubstituted benzene
ring, an exocyclic double bond, an aliphatic quaternary carbon, three methines, five methylenes
(including an oxygenated one) and three methyl groups. The 1H and 13C NMR spectroscopic data of 6

were similar to those of triptobenzene P [22], an 18 (4→3)-abeo-abietane diterpene previously isolated
from T. wilfordii, except for the following two differences. One difference is the replacement of the
methoxyl group at C-12 in triptobenzene P by a hydrogen in 6, which was supported by 1H–1H COSY
correlation of H-11/H-12, and HMBC correlations from H-12 (δH 7.04) to C-9 (δC 145.8) and C-15
(δC 26.9). The other difference is the downfield shift of C-14 (δC 150.3) in 6 relative to that (δC 123.8) in
triptobenzene P, indicating hydroxylation of C-14 in 6. Thus, the planar structure of 6 was established
as 12-demethoxy-14-hydroxy-triptobenzene P, which was confirmed by the 1H–1H COSY and HMBC
data (Figure 2). The NOE correlations of H-5α/H2-18 and H3-20β/H-3 indicated α-orientation of
CH2-18 (Figure 3). Thus, compound 6 was defined and named triregelin F.

Compound 7 gave a molecular formula of C21H28O4, as established from an [M + H]+ ion at m/z
345.2055 (calcd for C21H29O4, 345.2060) in the HRESIMS. IR spectrum of 7 exhibited a carbonyl band at
1703 cm−1, and aromatic ring bands at 1604, 1566 and 1455 cm−1. The 1H and 13C NMR spectroscopic
data (Tables 2 and 3) of 7 were very similar to those of triptobenzene A (13) [23], except for the absence
of two methylene groups and an aromatic proton, and the presence of a double bond (δH 6.82 (1H, dd,
J = 10.2, 3.0 Hz, H-7); 122.1 and 5.86 (1H, dd, J = 10.2, 3.0 Hz, H-6); δC 124.0), and a methoxyl group
(δH 3.80 (3H,s, OCH3-12); δC 55.7). The double bond was assigned at between C-6 and C-7, which was
supported by HMBC correlations from H-6 (δH 5.86) to C-4 (δC 53.0) and C-10 (δC 37.7), and from H-7
(δH 6.82) to C-9 (δC 145.2) and C-14 (δC 150.3). The methoxyl group was located at C-12, as deduced
from the HMBC correlation from the methoxyl protons (δH 3.80) to C-12 (δC 158.3). The key NOE
correlations of H-5α/H3-18 and H3-20/H2-19 were observed in the NOESY spectrum. Accordingly,
compound 7 was elucidated as illustrated in Figure 1, and named triregelin G.
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Compound 8 had a molecular formula of C20H26O5, according to an [M + H]+ ion at m/z 347.1840
[M + H]+ (calcd for C20H27O5, 347.1853). The 1H and 13 C NMR spectroscopic data (Tables 2 and 3) of
8 were closely related to those of triptobenzene A (13) [23]. However, one of the key differences was
the replacement of the methylene at C-7 in triptobenzene A by a keto carbonyl carbon (δC 204.3) in 8,
as evidenced from HMBC correlation from H-5 (δH 2.64) to C-7. The other difference was the absence
of a doublet aromatic proton and the presence of an additional hydroxyl proton (δH 4.62) together
with the downfield shift of C-11 (δC 144.5) in 8 compared to that in triptobenzene A, which suggested
hydroxylation of C-11 in 8. Therefore, compound 8 was assigned and named triregelin H.

Compound 9 had a molecular formula of C20H28O5 based on a protonated molecular ion at
m/z 349.2005 [M + H]+ (calcd for C20H29O5, 349.2010), with 2.0161 amu more than that of 8 in the
HRESIMS. The 13C NMR spectroscopic data (Table 2) of 9 were closely comparable to those of 8, except
for the absence of the C-3 keto carbonyl in 8, and the presence of an oxygenated methine (δH 3.56 (1H,
dd, J = 11.4, 3.6 Hz, H-3); δC 79.7) in 9. These suggested that the C-3 keto carbonyl group in 8 was
reduced to be a hydroxyl group in 9. The hydroxyl group at C-3 was β-oriented, as deduced from the
NOESY correlations of H-3/H-5α and H-3/H3-18. Therefore, compound 9 was identified and named
triregelin I.

Compound 10 displayed a molecular formula of C20H28O4 established by a protonated molecular
ion at m/z 333.2053 [M + H]+ (calcd for C20H29O4, 333.2060), revealing 15.9948 amu less than that in 9

in the HRESIMS. The 1H and 13C NMR spectroscopic data (Tables 2 and 3) of 10 were very similar to
those of 9 except for the presence of an extra doublet aromatic proton (δH 6.74, H-11) and the upfield
shift of C-11 (δC 113.6) relative to that (δC 144.2) in 9. These data revealed the dehydroxylation of C-11
in 10, which was further supported by 1H–1H COSY correlation of H-11/H-12, and HMBC correlations
from H-11 to C-8 (δC 114.2), C-10 (δC 37.5), and C-13 (δC 134.9). Hence, compound 10 was elucidated
and named triregelin J.

Compound 11 showed a molecular formula of C21H32O3, as deduced from a protonated molecular
ion at m/z 333.2426 [M + H]+ (calcd for C21H33O3, 333.2424) in the HRESIMS. Comparison of the NMR
spectroscopic data (Tables 2 and 3) of 11 with neotriptonoterpene (14) [24] showed that both compounds
were structurally comparable, except for the absence of the C-3 keto carbonyl in neotriptonoterpene (14)
and the presence of an extra oxygenated methine (δH 3.68; δC 74.8) in 11. These suggested that the C-3
keto carbonyl group in neotriptonoterpene (14) was reduced to be a hydroxyl group in 11. The C-3
hydroxyl group was α-oriented, as inferred from the coupling constant (J2,3 = 3.6 Hz) and the NOESY
correlation between H-3 and H3-19. Accordingly, the compound 11 was characterized and named
triregelin K.

Compound 12, white amorphous power, had a molecular formula of C20H30O2, as deduced from
an [M + H]+ ion at m/z 303.2322 (calcd for C20H31O2, 303.2319) in the HRESIMS. IR spectrum of
12 exhibited a strong carbonyl band at 1710 cm−1. The 1H NMR spectrum (Table 1) exhibited the
characteristic signals for a vinylic group (δH 4.99 and 4.87), an oxygenated methylene (δH 3.68 and
3.44), a hydroxyl group (δH 1.09), and two tertiary methyls (δH 0.98 and 0.85). The 13C NMR and
DEPT spectra (Table 2) showed 20 carbon signals including a carbonyl group, an exocyclic double
bond, three quaternary carbons, there methines, nine methylenes (including an oxygenated one) and
two methyl groups. All the above NMR data indicated that 12 was a kaurane type diterpenoid, and
structurally similar to (−)-ent-kaur-16-en-19-ol [25–27]. The distinct difference was that the C-12
methylene in (−)-ent-kaur-16-en-19-ol was oxidized to be a keto carbonyl group in 12, as deduced
from the downfield shift of C-12 (δC 211.5), and the HMBC correlations from H-9 (δC 1.58) and H2-14
(δH 2.40, 1.51) to C-12. Finally, the planar structure of 12 was confirmed on the basis of the 1H–1H
COSY and HMBC experiments (Figure 2). In the NOESY spectrum, the correlations of H3-20/H2-19
and H3-20/H2-14 indicated that these protons were in the same face. In the same way, the other key
NOE cross peaks of H-5/H-9 and H-9/H2-15 were also observed (Figure 3), suggesting H-5, H-9, and
H2-15 were in the other face. However, 12 displayed a positive specific rotation ([α]21

D +50.86 (c 0.50,
MeOH)) in contrast to the negative one reported for (−)-ent-kaur-16-en-19-ol [27]. ECD curves for
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the two possible stereo-structures (4R, 5S, 8S, 9R, 10S, 13R-12 and 4S, 5R, 8R, 9S, 10R, 13S-12) were,
therefore, calculated to determine the absolute configuration of 12. As illustrated in Figure 4B, the
calculated profile of 4R, 5S, 8S, 9R, 10S, and 13R-12 were in good agreement with the experimental CD
spectrum of 12. Therefore, compound 12 was identified and named triregelin L.

The compounds 3, 6, 7, and 9 were also selected to calculate their ECD data in order to further
confirm their absolute configurations. As the results, their experimental CD spectra showed similar
CD pattern to the calculated ones of (4S, 5R, 7R, 10S)-3, (3R, 5S, 10S)-6, (4S, 5R, 10S)-7, and (3S, 4S, 5R,
10S)-9, respectively (Figure S1). The HRMS, UV, IR, NMR and CD spectra (Figures S2–S121) of twelve
new compounds were shown in supplementary materials.

In addition, eleven known abietanes were also isolated from the stems of T. regelii, including
triptobenzene A (13) [23], neotriptonoterpene (14) [24], triptobenzene M (15) [28], wilforol F (16) [29],
triptobenzene J (17) [30], triptobenzene B (18) [23], abieta-8, 11, 13-triene-14, 19-diol (19) [31],
triptoquinone A (20), triptoquinone B (21), triptoquinone D (22) and triptoquinone F (23) [18].
These compounds were identified by comparison of their spectroscopic (1D NMR and specific rotation)
and HRMS data with those reported in the literature. Compound 1 is the first abietane type diterpene
with an 18→1 lactone ring. The discovery of the above twelve new diterpenes contributed to the
chemical diversity of natural terpenoids.

Cytotoxic effects of seventeen diterpenes (2, 7–11, 13–23) were evaluated against three cancer
cell lines of A2780, HepG2 and MCF-7. As the results show (Table 4), compound 9 displayed
cytotoxicity against A2780, HepG2, and MCF-7 cells with IC50 values of 5.88, 11.74, and 46.40 μM,
respectively. Compound 11 showed solely cytotoxic effect on MCF-7 cell with an IC50 value of 26.70 μM.
Compound 14 exhibited weak cytotoxic activity on A2780, HepG2, and MCF-7 cells with IC50 values
of 65.80, 35.45, and 64.80 μM, respectively.

Table 4. Cytotoxic effects of diterpenes on three cancer cell lines of A2780, HepG2, and MCF-7.

Compounds * IC50 (μM) against A2780 IC50 (μM) against HepG2 IC50 (μM) against MCF-7

9 5.88 ± 2.22 11.74 ± 1.92 46.40 ± 3.54
11 >100 >100 26.70 ± 5.57
14 65.80 ± 21.53 35.45 ± 8.23 64.80 ± 24.90

taxol 0.006 ± 0.001 0.003 ± 0.0002 0.005 ± 0.001

* Seventeen compounds (2, 7–11, 13–23) were evaluated for cytotoxic effects against three cancer cell lines; IC50
values for other tested compounds were larger than 100 μM on three cancer cells.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were obtained using a Rudolph Research Analytical Autopol I automatic
polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA). IR spectra were measured on an
Agilent Cary 600 series FT-IR spectrometer (KBr) (Agilent, Santa Clara, CA, USA). Ultraviolet (UV)
spectra were recorded on a Beckman Coulter DU® 800 spectrophotometer (Beckman Coulter,
Fullerton, CA, USA). HRMS spectra were carried out on an Agilent 6230 electrospray ionization
(ESI) time-of-flight (TOF) mass spectrometer (Agilent, Santa Clara, CA, USA). Nuclear magnetic
resonance (NMR) spectra were measured on a Bruker Ascend 600 NMR spectrometer at 600 MHz for
1H NMR and 150 MHz for 13C NMR (Bruker, Zurich, Switzerland). Chemical shifts were expressed
in δ (ppm) with tetramethylsilane (TMS) as an internal reference, and coupling constants (J) were
reported in hertz (Hz). Circular dichroism spectra were measured on a Jasco J1500 CD spectrometer
(Jasco Corporation, Tokyo, Japan). Medium pressure liquid chromatography (MPLC) was conducted
on a Sepacore Flash Chromatography System (Buchi, Flawil, Switzerland) by employing a flash column
(460 mm × 36 mm, i.d., Buchi) packed with Bondapak Waters ODS (40–63 μm, Waters, Milford, MA,
USA). Preparative high performance liquid chromatography (HPLC) was carried out on a Waters
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Xbridge Prep C8 column (10 mm × 250 mm, 5 μm) by utilizing a Waters liquid chromatography system
equipped with 1525 Binary HPLC Pump and 2489 UV/Visible detector (Waters, Milford, MA, USA).
Semi-preparative HPLC was done on a Waters Xbridge Prep C18 column (10 mm × 250 mm, 5 μm) by
using an Agilent 1100 liquid chromatography system coupled with a quaternary pump and a diode
array detector (DAD) (Agilent, Santa Clara, CA, USA). Column chromatography was conducted on
silica gel (40−60 μm, Grace, Columbia, MD, USA) and Bondapak Waters ODS (40–63 μm, Waters).
Thin layer chromatographies (TLCs) were performed on pre-coated silica gel 60 F254 plates and TLC
silica gel 60 RP-18 F254S plates (200 μm thick, Merck KGaA, Darmstadt, Germany), which were used to
monitor fractions. Spots on the TLC were visualized by UV light (254 nm) or heating after spraying
with 5% H2SO4 in ethanol.

3.2. Plant Material

The stems of T. regelii used in this study were collected from Changbai Mountain in Jilin province,
China, in October 2012. The plant was authenticated by Liang Xu, Liaoning University of Traditional
Chinese Medicine (Dalian, China). A voucher specimen (No. MUST-TR201210) has been deposited
at State Key Laboratory of Quality Research in Chinese Medicine, Macau University of Science
and Technology.

3.3. Extraction and Isolation

The air-dried stems of T. regelii (8.0 kg) were powdered, and extracted three times with methanol
(64 L) under ultrasonic-assisted extraction at room temperature for 1 h. The methanol extract was
evaporated under reduced pressure to yield a dark brown residue, which was then suspended in
H2O, and successively partitioned with n-hexane, ethyl acetate (EtOAc) and n-butanol. Then, the
EtOAc-soluble extract (150.0 g) was fractionated over a silica gel column using a gradient system of
petroleum ether (PE)-acetone (100:0–35:65, v/v) to provide thirteen fractions (Fr.1–Fr.13). Fraction 5 was
chromatographed over an ODS column using a gradient system of MeOH–H2O (50:50–100:0, v/v) to
yield eight fractions (Fr.5-1–Fr.5-8). Fractions 5-2 (110.0 mg) and 5-4 (130.0 mg) were further separated
on silica gel columns eluted with PE–EtOAc (95:5–55:45, v/v) to afford compounds 22 (15.0 mg) and 23

(30.0 mg), respectively. Similarly, fraction 7 (5.0 g) was subjected to an ODS column with a gradient
system of MeOH–H2O (40:60–90:10, v/v) to give nine fractions (Fr.7-1–Fr.7-9). Compounds 20 (50.0 mg)
and 21 (30.0 mg) were obtained by silica gel columns separation using PE–EtOAc (90:10–30:70, v/v)
as eluting solvents from fractions 7-2 (150.0 mg) and 7-4 (100.0 mg), respectively. Fraction 8 (5.4 g)
was subjected to an ODS column using a gradient system of MeOH–H2O (35:65–80:20, v/v) to afford
ten fractions (Fr.8-1–Fr.8-10). The fraction 8-3 (2.5 g) was fractionated over a silica gel column, with
a gradient elution by PE–EtOAc (90:10–63:35, v/v), to produce seven fractions (Fr.8-3-1–Fr.8-3-7).
Fraction 8-3-4 (40.5 mg) was purified by semi-preparative HPLC using CH3CN–H2O (52:48, v/v) as
mobile phase to afford compounds 5 (0.6 mg), 12 (0.7 mg) and 18 (1.0 mg). Fraction 8-3-5 (200.6 mg)
was subjected to semi-preparative HPLC using CH3CN-H2O (58:42, v/v) as solvent system to give
compounds 6 (1.9 mg) and 11 (2.0 mg), as well as subfraction 8-3-5-2. Compounds 14 (1.6 mg) and
19 (1.0 mg) were obtained by preparative HPLC with an isocratic elution of CH3CN-H2O (55:45,
v/v) from the subfraction 8-3-5-2 (65.7 mg). Fraction 11 (5.5 g) was chromatographed over an ODS
column, eluted with MeOH–H2O (30:70-100:0, v/v), to afford sixteen fractions (Fr.11-1–Fr.11-16).
Compound 3 (5.0 mg) was isolated by preparative HPLC eluting with a MeOH–H2O (35:65, v/v)
solvent system from fraction 11-4 (26.9 mg). Fraction 11-6 (49.5 mg) was separated by semi-preparative
HPLC using CH3CN–H2O (35:65, v/v) as mobile phase to yield compound 2 (5.0 mg). Fraction 11-7
(261.1 mg) was subjected to a silica gel column with a gradient elution of PE–EtOAc (20:80–10:90,
v/v) and purified by semi-preparative HPLC using CH3CN–H2O (40:60, v/v) as eluting solvent to
afford compounds 8 (1.2 mg), 4 (2.0 mg), 13 (1.6 mg) and fraction 11-7-3. Compounds 7 (0.6 mg)
and 16 (3.1 mg) were purified by semi-preparative HPLC with a CH3CN–H2O (42:58, v/v) solvent
system from fraction 11-7-3 (56.9 mg). Fraction 11-8 (284.3 mg) was isolated by preparative HPLC
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using MeOH−H2O (46:54, v/v) as mobile phase to yield compound 1 (0.59 mg) and five fractions
(Fr.11-8-1−Fr.11-8-5). Fraction 11-8-2 (42.5 mg) was subjected to semi-preparative HPLC with a
CH3CN–H2O (47:53, v/v) solvent system to give compound 15 (2.0 mg). Fraction 11-8-3 (30.3 mg)
was isolated by semi-preparative HPLC using CH3CN–H2O (45:55, v/v) as eluting solvent to yield
compounds 10 (1.6 mg) and 17 (2.1 mg). Fraction 12 (9.0 g) was separated by MPLC using a gradient
system of MeOH–H2O (5:95–100:0, 50 mL/min) to obtain six fractions (Fr.12-1–Fr.12-6). Fraction 12-5
was chromatographed over a silica gel column using CHCl3–MeOH (100:0–90:10, v/v) as solvent
system, and then purified by semi-preparative HPLC using CH3CN–H2O (39:61, v/v) as mobile phase
to give compound 9 (1.2 mg).

3.4. Structural Characterization

Triregelin A (1): yellow amorphous powder; [α]21
D + 3.8 (c 0.50, MeOH); IR (KBr) νmax: 3444, 2925,

2854, 1732, 1601, 1455, 1377, 1260, 1167, 1086, 1013, 957, 893, 803, 756, 667 cm−1; UV (MeOH) λmax

(log ε) 260 (2.35) nm; CD (c 2.92 × 10−3 mol/L, MeOH) λmax (Δε) 225 (−1.22), 311 (+0.16); 1H NMR
(CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 1 and 2; HRESIMS m/z 343.1546
[M + H]+ (calcd for C20H23O5, 343.1540).

Triregelin B (2): yellow amorphous powder; [α]21
D + 75.5 (c 1.00, MeOH); IR (KBr) νmax: 3421, 2970,

2937, 2881, 1688, 1649, 1436, 1375, 1248, 1104, 1030, 977, 905, 798, 659, 599 cm−1; UV (MeOH) λmax

(log ε) 258 (3.17) nm; CD (c 1.46 × 10−3 mol/L, MeOH) λmax (Δε) 269 (+7.24), 355 (+0.35), 476 (−0.54);
1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 1 and 2; HRESIMS m/z
343.1560 [M − H]− (calcd for C20H23O5, 343.1551).

Triregelin C (3): yellow, amorphous powder; [α]21
D − 34.0 (c 1.00, MeOH); IR (KBr) νmax: 3437,

2966, 2936, 2876, 1700, 1650, 1463, 1430, 1383, 1294, 1235, 1165,1107, 1044, 974, 933, 900, 813, 741 cm−1;
UV (MeOH) λmax (log ε) 256 (3.42) nm; CD (c 1.45 × 10−3 mol/L, MeOH) λmax (Δε) 283 (+2.21),
359 (−0.25), 478 (−0.32); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz,) data, see
Tables 1 and 2; HRESIMS m/z 347.1866 [M + H]+ (calcd for C20H27O5, 347.1853).

Triregelin D (4): yellow, amorphous powder; [α]21
D − 9.3 (c 1.00, MeOH); IR (KBr) νmax: 3435, 2964,

2932, 2877, 1688, 1652, 1606, 1462, 1426, 1383, 1293, 1234, 1192, 1085, 1039, 910, 856 cm−1; UV (MeOH)
λmax (log ε) 255 (3.19) nm; CD (c 1.39 × 10−3 mol/L, MeOH) λmax (Δε) 271 (+3.05), 357 (−0.22),
481 (−0.61); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 1 and 2;
HRESIMS m/z 361.2008 [M + H]+ (calcd for C21H29O5, 361.2010).

Triregelin E (5): yellow, amorphous powder; [α]21
D + 17.0 (c 0.50, MeOH); IR (KBr) νmax: 3455,

2962, 2930, 2874, 1744, 1713, 1650, 1604, 1464, 1384, 1294, 1233, 1104, 1042, 906, 802, 757, 666, 603 cm−1;
UV (MeOH) λmax (log ε) 257 (2.75) nm; CD (c 1.34 × 10−3 mol/L, MeOH) λmax (Δε) 261 (+3.35),
349 (+0.33), 474 (−0.30); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see
Tables 1 and 2; HRESIMS m/z 373.1998 [M + H]+ (calcd for C22H29O5, 373.2010).

Triregelin F (6): yellow, amorphous powder; [α]21
D +169.3 (c 1.00, MeOH); IR (KBr) νmax: 3437,

2964, 2872, 1626, 1424, 1250, 1160, 1115, 1059, 896, 815, 705 cm-1; UV (MeOH) λmax (log ε) 223 (3.03),
270 (2.35) nm; CD (c 1.67 × 10−3 mol/L, MeOH) λmax (Δε) 209 (+5.51), 217 (sh) (+3.41), 265 (+1.02);
1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 2 and 3; HRESIMS m/z
301.2162 [M + H]+(calcd for C20H29O2, 301.2162).

Triregelin G (7): yellow, amorphous powder; [α]21
D − 46.9 (c 0.50, MeOH); IR (KBr) νmax: 3382,

2958, 2929, 2872, 1703, 1604, 1566, 1455, 1417, 1378, 1312, 1261, 1224, 1137, 1107, 1056, 802, 756, 667 cm−1;
UV (MeOH) λmax (log ε) 233 (3.23), 279 (2.37), 312 (2.45) nm; CD (c 1.45 × 10−3 mol/L, MeOH) λmax

(Δε) 239 (−2.50), 286 (+1.08), 311 (−1.02), 392 (+0.31); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3,
150 MHz) data, see Tables 2 and 3; HRESIMS m/z 345.2055 [M + H]+ (calcd for C21H29O4, 345.2060).

Triregelin H (8): yellow, amorphous powder; [α]21
D + 56.4 (c 1.00, MeOH); IR (KBr) νmax: 3398,

2961, 2926, 2872, 1697, 1624, 1429, 1382, 1349, 1301, 1233, 1162, 1107, 1040, 964, 894, 801, 754 cm−1;
UV (MeOH) λmax (log ε) 238 (2.82), 270 (2.38) nm; CD (c 1.45 × 10−3 mol/L, MeOH) λmax (Δε) 233
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(+2.77), 270 (−0.27), 310 (−1.08), 377 (+1.25); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3,
150 MHz) data, see Tables 2 and 3; HRESIMS m/z 347.1840 [M + H]+ (calcd for C20H27O5, 347.1853).

Triregelin I (9): white, amorphous powder; [α]21
D + 29.4 (c 0.50, MeOH); IR (KBr) νmax: 3396, 2959,

2924, 2854, 1714, 1592, 1428, 1348, 1260, 1168, 1114, 1028, 970, 800, 755, 709 cm−1; UV (MeOH) λmax

(log ε) 235 (3.32), 270 (3.22), 380 (2.95) nm; CD (c 1.44 × 10−3 mol/L, MeOH) λmax (Δε) 206 (+2.23),
235 (+0.88), 271 (−0.65), 311 (−0.61), 375 (+0.96); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3,
150 MHz) data, see Tables 2 and 3; HRESIMS m/z 349.2005 [M + H]+ (calcd for C20H29O5, 349.2010).

Triregelin J (10): white, amorphous powder; [α]21
D + 1.4 (c 1.00, MeOH); IR (KBr) νmax: 3364, 2962,

2937, 2870, 1622, 1558, 1455, 1427, 1381, 1347, 1251, 1212, 1160, 1113, 1080, 1037, 981, 914, 821, 757, 711,
663, 582 cm−1; UV (MeOH) λmax (log ε) 216 (3.40), 266 (2.33), 343 (2.42) nm; CD (c 1.51 × 10−3 mol/L,
MeOH) λmax (Δε) 218 (+1.82), 230 (+1.34), 266 (−3.14), 333 (+1.23), 346 (+1.71); 1H NMR (CDCl3,
600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 2 and 3; HRESIMS m/z 333.2053 [M + H]+

(calcd for C20H29O4, 333.2060).
Triregelin K (11): white, amorphous powder; [α]21

D + 28.1 (c 0.25, MeOH); IR (KBr) νmax: 3396,
3210, 2926, 2865, 1737, 1607, 1581, 1441, 1412, 1373, 1331, 1308, 1268, 1206, 1101, 1041, 942, 926, 857,
800, 756, 695, 660 cm−1; UV (MeOH) λmax (log ε) 227 (2.82), 283 (2.36) nm; CD (c 1.51 × 10−3 mol/L,
MeOH) λmax (Δε) 228 (+0.97); 1H NMR (pyridine-d5, 600 MHz) and 13C NMR (pyridine-d5, 150 MHz)
data, see Tables 2 and 3; HRESIMS m/z 333.2426 [M + H]+ (calcd for C21H33O3, 333.2424).

Triregelin L (12): white, amorphous powder; [α]21
D + 50.86 (c 0.50, MeOH); IR (KBr) νmax: 3475,

3072, 2961, 2924, 2867, 1710, 1655, 1607, 1510, 1445, 1415, 1369, 1261, 1089, 1028, 882, 801, 701, 665 cm−1;
UV (MeOH) λmax (log ε) 203 (3.15) nm; CD (c 1.66 × 10−1 mol/L, MeOH) λmax (Δε) 203 (−24.65),
295 (+6.40); 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150 MHz) data, see Tables 1 and 2;
HRESIMS m/z 303.2322 [M + H]+ (calcd for C20H31O2, 303.2319).

3.5. Calculation Methods of Electronic Circular Dichroism (ECD) Spectra

The Gaussian 09 software package [32] was used to conduct all of the ECD calculations.
The molecule geometries of molecules were firstly optimized at the level of B3LYP/6-31G (d, p) and the
output geometries were subsequently employed to perform ECD calculations using time-dependent
density functional theory (TDDFT) with the method of B3LYP/DGDZVP [20,21] since this method
usually offers desirable outcomes [33]. The model of polarizable continuum was utilized to simulate
the solvation effect in the calculations of circular dichroism. The experimental condition was simulated
by using methanol as the solvent. The absolute configurations of all compounds were defined by
comparing the calculated ECD curves with the experimental spectra.

3.6. Cytotoxicity of Diterpenes against Three Cancer Cell Lines

The A2780 (ovarian carcinoma) cell line was obtained from the KeyGEN biotech (Nanjing, China).
HepG2 (hepatocellular carcinoma) and MCF-7 (human breast cancer) cell lines were purchased from
the American Type Culture Collection. All of the cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM) (Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Invitrogen), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen) in a
humidified atmosphere of 5% CO2/95% air at 37 ◦C. Briefly, cells were seeded in 96-well plates
in triplicate at a density of 2 × 103 cells/well (100 μL) and cultured at 37 ◦C in a 5% CO2 humidified
atmosphere for 24 h. Then, the cells were treated with fresh culture medium containing various
concentrations of tested compounds and incubated at 37 ◦C under a humidified atmosphere of
5% CO2/95% air for another 72 h. After that, the supernatant in each well was discarded and the
cells were washed by phosphate-buffered saline (PBS) to avoid the possible effect of culture medium
and tested compounds on the following MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Subsequently, cells were incubated for 4 h at 37 ◦C in culture medium containing
a final concentration of 0.5 mg/mL MTT (100 μL). The formed formazan crystals were dissolved in
DMSO (100 μL) after removing the supernatant in each well. A microplate reader (Infinite 200 PRO,
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Tecan, Männedorf, Switzerland) was employed to determine the absorbance of each well at 570 nm.
GraphPad Prism 6 software (Prism 6.0, GraphPad Software, Inc., La Jolla, CA, USA) was used to
calculate the IC50 values (concentration that suppresses 50% of cell growth) of all tested compounds.
All assays were performed in triplicate in three independent experiments. Data was expressed as
mean ± SD (n = 3).

4. Conclusions

To sum up, 23 diterpenoids were isolated from the Chinese herbal medicine T. regelii, including
eleven new abietane, and one new kaurane, diterpenes. Importantly, triregelin A (1) represents the
first abietane diterpene bearing an 18→1 lactone ring. Triregelin I (9) exhibited significant cytotoxic
effects on A2780 and HepG2 cancer cells with IC50 values of 5.88 μM and 11.74 μM, respectively, and
was found inactive against MCF-7 cancer cells. Triregelin K (11) displayed a weak cytotoxic effect on
MCF-7 cell with an IC50 value of 26.70 μM.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/1/147/s1.
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Abbreviations

HRESIMS High resolution electrospray ionization mass spectrometry
CD Circular dichroism
UV Ultraviolet visible
IR Infrared
NMR Nuclear magnetic resonance
DEPT Distortionless enhancement by polarization transfer
HSQC Heteronuclear single quantum coherence
HMBC Heteronuclear multiple bond correlation
1H–1H COSY Proton–proton correlation spectroscopy
NOESY Nuclear Overhauser effect spectroscopy
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Abstract: Heliopsis longipes roots have been widely used in Mexican traditional medicine to relieve
pain, mainly, toothaches. Previous studies have shown that affinin, the major alkamide of these roots,
induces potent antinociceptive and anti-inflammatory activities. However, the effect of H. longipes
root extracts and affinin on the cardiovascular system have not been investigated so far. In the
present study, we demonstrated that the dichloromethane and ethanolic extracts of H. longipes roots,
and affinin, isolated from these roots, produce a concentration-dependent vasodilation of rat aorta.
Affinin-induced vasorelaxation was partly dependent on the presence of endothelium and was
significantly blocked in the presence of inhibitors of NO, H2S, and CO synthesis (NG-nitro-L-arginine
methyl ester (L-NAME), DL-propargylglycine (PAG), and chromium mesoporphyrin (CrMP),
respectively); K+ channel blockers (glibenclamide (Gli) and tetraethyl ammonium (TEA)), and
guanylate cyclase and cyclooxygenase inhibitors (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ)
and indomethacin (INDO), respectively). Our results demonstrate, for the first time, that affinin
induces vasodilation by mechanisms that involve gasotransmitters, and prostacyclin signaling
pathways. These findings indicate that this natural alkamide has therapeutic potential in the treatment
of cardiovascular diseases.

Keywords: Heliopsis longipes; affinin; vasodilation; rat aorta; gasotransmitters; prostacyclin

1. Introduction

Heliopsis longipes (A. Gray) S. F. Blake (Asteraceae) (H. longipes) is an herbaceous plant native to
Mexico, that grows particularly in the states of Querétaro, Guanajuato, and San Luis Potosí, where it is
known by common names including “Chilcuague”, “Chilcuán”, “Chilmecatl”, “Aztec root”, “Golden
root”, among others [1–4]. In Central Mexico, the roots of this species are widely used as a spice, home
insecticide, and for the treatment of some illnesses, which include toothaches, gingival disease, and
muscular pain [5–8]. When H. longipes roots come into contact with oral cavity tissues, they produce
numbness and a tingling sensation of the tongue, associated with a significant increase in salivary
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flow [9,10]. The predominant bioactive molecules found in H. longipes roots are N-alkylamides or
alkamides, mainly N-isobutyl-2E,6Z,8E-decatrienamide, also known as affinin or spilanthol [7,11–16].
This alkamide is not only found in H. longipes roots, it has also been identified in other plants,
including Spilanthes species (Synonym: Acmella species) [17–24]. A variety of biological activities such
as larvicidal (10–14 μg/mL) [25], antimicrobial (25–300 μg/mL) [4], fungistatic, and bacteriostatic
(5–150 μg/mL) [8] effects have been attributed to this compound. In addition, several pharmacological
studies have demonstrated that affinin displays analgesic (ED50 = 1 mg/kg intraperitoneal (i.p.) in
mice) [5,16], antinociceptive (ED50 = 6.98 mg/kg per os (p.o.); ED50 = 36 ± 5 mg/kg i.p. in mice) [6,26],
anti-inflammatory (90–180 μM in macrophage cell line) [18], anxiolytic (3–30 mg/kg i.p. in mice) [6],
and diuretic (800 mg/kg p.o. in mice) [27] properties. Some of these pharmacological activities have
been also reported for crude organic extracts of H. longipes roots [5,6,26,28–31].

Affinin has an adequate lipophilicity. An in vitro permeability test showed that this alkamide
(10 μg/mL) permeates through CaCo-2 cell monolayer cultures via passive diffusion. Whereas in vivo
assays demonstrated that it is able to permeate skin and oral mucosa, and subsequently reach blood
circulation, and cross the blood-brain barrier in high amounts (~98%) [23,32]. Therefore, this compound
might be considered a valuable potential drug candidate [13,18,23,33].

With respect to safety assessment studies, the acute toxicity of affinin was evaluated on ICR
mice and the determined median lethal dose (LD50 = 113 mg/kg) was significantly higher than the
doses required to elicit antinociception [6,26]. No mutagenic effects were observed by using the Ames
test [6] and antimutagenic effects of affinin were observed at 25 and 50 μg/mL [10]. The cytotoxic
effect of affinin was determined on human HEK293 kidney cells and the calculated mean inhibitory
concentration (IC50) was 260 μg/mL, while the concentration used to observe biological effects was
100 μg/mL [27]. No cytotoxic effects of affinin, which elicits a stimulatory effect on nitric oxide (NO)
production in RAW 264.7 murine macrophages, were observed at concentrations up to 40 μg/mL [18].

Regarding the mechanism of action underlying the antinociceptive effect of affinin,
Déciga-Campos et al. [26] showed that this effect might be due to activation of opiodergic,
serotoninergic, and GABAergic systems, and also involves participation of the NO/cGMP/potassium
channel pathway. It has been well documented that this signaling pathway plays an important role in
vascular tone regulation [34–39]. This physiological process is also regulated by other gasotransmitters,
such as hydrogen sulfide (H2S) and carbon monoxide (CO) [40–54]. Together with gasotransmitters,
vascular endothelium releases prostacyclin, which also represents a key piece in the vasodilation
process [55–57].

Considering involvement of the NO/cGMP/KATP pathway in the antinociceptive effect of affinin,
we hypothesized that this compound might exert a vasodilator effect via activation of gasotransmitters
and prostacyclin signaling pathways. Therefore, the aim of this study was to investigate whether affinin,
isolated from H. longipes roots, was capable of inducing vasodilation and to explore its mechanism
of action.

2. Results

2.1. Phytochemical Study of the Dichloromethane Extract Obtained from H. longipes Roots and Isolation
of Affinin

Dichloromethane provided a higher yield of extract (19 g/kg roots dry weight) compared to
ethanol (17 g/kg roots dry weight). Considering vasodilator potency, the dichloromethane extract
was chosen to isolate the bioactive compounds. This extract (100 g) was fractionated by open column
chromatography to obtain 21 fractions. Subsequent chromatography of fractions 8–17 resulted in the
isolation of 28.5 g of pure affinin (Figure 1).
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Figure 1. Diagram of the isolation of affinin from the dichloromethane extract of H. longipes roots.

Affinin (Figure 2) was identified by comparison with an authentic sample and by comparing its
spectroscopic data (1H-NMR and 13C-NMR) with those previously reported in the literature (Table 1).
High performance liquid chromatography/photodiode array detector (HPLC-PDA) analysis of affinin
revealed a purity >94%.

Table 1. 13C-NMR (400 MHz) and 1H-NMR (400 MHz) spectral data of affinin.

H δppm C

1 - 166.15
2 5.80 (1H, br d, J = 16.0, 8.0 Hz) 124.30
3 6.80 (1H, dt, J = 16.0, 8.0 Hz) 143.51
4 2.28 (4H, m) 32.20
5 2.28 (4H, m) 26.49
6 5.25 (1H, dt, J = 10.7, 7.1 Hz) 127.73
7 5.94 (1H, dd, J = 12.0 Hz) 129.52
8 6.25 (1H, br dd, J = 16.0, 4.0 Hz) 126.79
9 5.67 (1H, dq, J = 16.0, 6.0 Hz) 130.00

10 1.76 (3H, d, J = 6.0 Hz) 18.39
NH 5.47 (br s) -
1′ 3.13 (2H, dd, J = 6.0, 6.0 Hz) 46.97
2′ 1.80 (1H, m) 28.68
3′ 0.93 (6H, d, J = 6.7 Hz) 20.23
4′ 0.93 (6H, d, J = 6.7 Hz) 18.40

Affinin was recorded in CDCl3. Integrations, multiplicity, and coupling constants of protons are shown
in parentheses.
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Figure 2. Chemical structure of affinin, the major alkamide in H. longipes roots.

2.2. Determination of the Vasodilator Effect of H. longipes Extracts and Affinin, and Elucidation of the
Mechanism of Action of Affinin

2.2.1. Vasodilator Effect of H. longipes Roots Extracts and Affinin

The dichloromethane and ethanolic extracts of H. longipes roots, and affinin, induced a
concentration- dependent relaxation of aortic rings with functional endothelium. Figure 3A shows the
concentration-response curves for both extracts, affinin, and acetylcholine (ACh), which was used as a
positive control. The dichloromethane extract (Emax = 100% ± 3.11% and EC50 = 76.99 ± 1.14 μg/mL)
was approximately two fold more potent than the ethanolic extract (Emax = 100% ± 4.54% and
EC50 = 140.5 ± 1.16 μg/mL), whereas affinin was significantly more potent than both extracts
(Emax = 100% ± 3.10% and EC50 = 27.38 ± 1.20 μg/mL). Affinin turned out to be approximately
twenty-five fold less potent than acetylcholine (Emax = 70.02% ± 1.43% and EC50 = 1.094 ± 1.14 μg/mL),
however, this alkamide elicited a maximum vasodilator effect greater than that of the positive control
(Table 2). Carboxymethylcellulose 1% (CMC), employed as a vehicle, did not show any significant
vasodilator effect.

Figure 3. (A) Vasodilator effect of the dichloromethane extract (HLDE), the ethanolic extract (HLEE),
and affinin from Heliopsis longipes roots on intact aortic rings. Acetylcholine (ACh) was used as positive
control; (B) Concentration-response curves of the vasodilator effect of affinin in the presence (E+) and
absence (E−) of endothelium. Values are expressed as mean ± standard error of the mean (SEM) (n = 6);
+ p < 0.01.
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Table 2. Vasodilator effect of Heliopsis longipes roots extracts and affinin on rat aorta.

Compound Emax (%) EC50 (μg/mL)

Dichloromethane extract 100 ± 3.11 76.99 ± 1.14
Ethanolic extract 100 ± 4.54 140.5 ± 1.16

Affinin 100 ± 3.10 27.38 ± 1.20
ACh 70.02 ± 1.43 1.094 ± 1.14

Data are expressed as mean ± SEM (n = 6). Acetylcholine (ACh) is presented as positive control.

2.2.2. Role of Vascular Endothelium in the Vasodilation Induced by Affinin

Endothelial denudation caused a significant rightward shift in the concentration-response curve of
affinin, without affecting the maximal response (Emax = 100% ± 4.5% and EC50 = 231.2 ± 1.13 μg/mL,
p < 0.01) (Figure 3B).

2.2.3. Involvement of Gasotransmitters in the Vasodilation Produced by Affinin

The vasorelaxant effect of affinin was significantly reduced by inhibiting endothelial NO
synthase (eNOS) with NG-nitro-L-arginine methyl ester (L-NAME, 100 μM), heme-oxygenase
(HO) with chromium mesoporphyrin IX (CrMP, 15 μM), and cystathionine-γ-lyase (CSE) with
DL-propargylglycine (PAG, 1 mM), which indicated that the NO/cGMP, the CO/cGMP, and the
H2S/KATP pathways are involved in this effect (Figure 4A). The vasodilator effect of affinin was also
significantly reduced by 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 μM), an inhibitor of
soluble guanylate cyclase (sGC).

2.2.4. Involvement of K+ Channels in Affinin-Evoked Vasodilation

To determine whether activation of K+ channels participated in the vasodilatory effect of affinin,
the effects of glibenclamide (Gli, a specific blocker of the KATP channels) and tetraethyl ammonium
(TEA, a non-selective K+ channel inhibitor) were assessed. Both blockers significantly shifted to the
right the concentration-response curve of the vasodilator effect of affinin (Figure 4B), indicating that
these channels are involved in its effect.

Figure 4. (A) Vasodilator effect of affinin in the absence (control) and presence of PAG (1 mM),
chromium mesoporphyrin (CrMP, 15 μM), NG-nitro-L-arginine methyl ester (L-NAME, 100 μM), and
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 μM) in rat aortic rings; (B) Vasodilator effect of
affinin in the absence (control) and presence of glibenclamide (Gli, 10 μM) and tetraethyl ammonium
(TEA, 1 mM) in rat aortic rings. Values are expressed as mean ± SEM (n = 6); + p < 0.01; * p < 0.001.
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2.2.5. Effect of PGI2/cAMP Pathway on Affinin-Induced Dilation of Rat Aorta

To test whether the PGI2/cAMP pathway was implicated in affinin-induced relaxation,
indomethacin (INDO, 10 μM) was used to inhibit cyclooxygenase (COX). INDO pre-treatment
significantly reduced the affinin-vasorelaxant effect (Figure 5).

 

Figure 5. Vasodilatory effect of affinin in the absence (control) and presence of indomethacin (INDO,
10 μM) in rat aortic rings. Values are expressed as mean ± SEM (n = 6); * p < 0.001.

3. Discussion

H. longipes roots have a long tradition of culinary and medicinal use in Mexico. A number of
studies have evidenced that organic extracts obtained from H. longipes roots and affinin, their major
component, possess interesting biological and pharmacological activities [4–6,8,9,16,25,26,28–31,58].
However, currently, no investigation has been directed toward examining the effect of H. longipes root
extracts and affinin on the vascular tone.

In the present study, both the dichloromethane and ethanolic extracts from H. longipes roots
were found to significantly relax the isolated rat aorta. To our knowledge, this has not been
previously reported. In 2008, Wongsawatkul et al. [59] described the vasorelaxant effect of four
organic extracts (hexane, chloroform, ethyl acetate, and methanol extracts) prepared from aerial parts
of Spilanthes acmella (Synonym: Acmella oleracea) on rat aorta rings. In that study, the ethyl acetate
extract exhibited the most potent vasorelaxant effect and, according to the authors, such an effect could
be attributed to the presence of polar phenolic and triterpenoid ester compounds. Additionally, the
chloroform extract showed the highest maximum vasodilator response. The authors ascribed such
effect to triterpenoids and fatty alcohols or esters present in the chloroformic extract. Furthermore,
vasodilation induced by the S. acmella extracts was completely abolished in the absence of endothelium
and significantly reduced in the presence of L-NAME (1 μM) and indomethacin (1 μM), which strongly
suggested the participation of the NO and the PGI2 pathways [59].

Other studies were carried out to test the effect of oral administration of the S. acmella ethanolic
flower extract at doses ranging from 50 to 150 mg/kg on sexual performance in male rats. The extract
was administered during 28 days and no toxic effects were observed. One of the main findings was
the dose-dependent erectile function improvement induced by the extract and its capacity to produce
long-term effects, even by day 15 after cessation of the treatment. In the same study, a good correlation
was found between these results and a raise on NO levels determined in DS-1 cells (a human corpus
cavernosum cell line) cultures stimulated with the S. acmella ethanolic extract (100 μg/mL). The authors
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suggested a possible contribution of affinin and other alkamides present in the extract on the observed
effect of improved sexual function [22]. It is a well-known fact that erectile function is mediated by
a complex integration of signals, where NO, synthesized by endothelial, inducible, and neuronal
NOS, is the most important factor that contributes to vasodilation of the erectile vasculature of the
penis [60–62].

Regarding our research, based on the vasodilator potency, we selected the dichloromethane
extract of H. longipes roots to carry out a phytochemical study in order to isolate the bioactive
constituents. Chromatographic analysis of the extract led to the isolation of affinin as the major
component. This result is consistent with previous studies that have demonstrated that affinin is the
main alkamide found in H. longipes roots [4,6,8,11,16,25,26]. Of great interest was the finding that
affinin elicited a significant vasodilator effect, which was approximately three fold more potent than
that of the crude extract. This finding represents the first demonstration that affinin is capable of
relaxing the arterial smooth muscle. Considering that affinin was the most abundant constituent of
the H. longipes dichloromethane extract, it can be inferred that this compound is responsible for the
vasodilation induced by the crude extract.

Removal of endothelium significantly decreased, but did not completely block, the vasorelaxation
induced by affinin, indicating that both, endothelial-dependent and independent vasodilation
pathways are involved in its mechanism of action. The vasorelaxing effect was significantly reduced
in the presence of NOS, CSE, and HO inhibitors, which evidenced that activation of the NO/cGMP,
H2S/KATP, and CO/cGMP pathways contribute to affinin-induced vasodilation. The most relevant
inhibition was observed when aortas were preincubated with L-NAME (p < 0.001), suggesting that
activation of the NO/cGMP pathway plays a more prominent role in the effect of this alkamide
than that played by the other two gasotransmitters pathways. Moreover, inhibition of sGC by ODQ
(p < 0.001) significantly reduced the vasodilatory effect of affinin, revealing that it might directly
activate sGC, the main receptor of NO [36]. It is important to point out that CO-sensitive sGC isoforms
exist in the vascular smooth muscle [46], therefore CO is also considered to be an important activator
of this class of enzymes [37]. Activation of sGC on the smooth muscle cells might underlie, at least in
part, endothelium-independent vasodilation caused by affinin.

One of the key mechanisms by which NO, CO, and H2S, synthesized in endothelial cells, induce
vasodilation is activation of potassium channels located in vascular smooth muscle cells. Regarding
nitric oxide-cGMP induced vasodilation, it has been shown that cGMP-dependent protein kinase (PKG)
phosphorylates calcium-activated potassium channels (KCa) on the smooth muscle cell membrane
leading to a decrease in intracellular calcium concentration [38,39]. This same mechanism is involved
in the vasorelaxation produced by CO. Moreover, this gasotransmitter is able to directly activate
potassium channels, in particular KCa [51,52]. On the other hand, H2S mediates vasorelaxation via
direct opening of KATP channels [47–50]. In this study, we assessed whether potassium channel
blockers impaired vasodilation provoked by affinin. Glibenclamide and TEA significantly decreased
affinin-evoked vasodilation, which confirmed the activation of signaling pathways for NO, CO,
and H2S.

Indomethacin (p < 0.001) caused a significant reduction in affinin-induced vasodilation, suggesting
that activation of the PGI2/cAMP pathway is also involved in the mechanism of vasorelaxation caused
by this alkamide. Along with gasotransmitters, PGI2 is secreted by endothelial cells and elicits
smooth muscle relaxation by stimulating adenylate cyclase, which subsequently increases cAMP levels.
This second messenger activates calcium-activated potassium channels (KCa) via PKA-dependent
phosphorylation [55,56]. Evidence from some previous studies suggest that cAMP also enhances KCa

activity by “cross-activation” of PKG [38,54].
According to our results, it is evident that affinin does not only act on a specific type of cell

receptor in the arteries. Since its vasodilator effect is not completely blocked in the absence of
endothelium, it is clear that this compound activates both endothelium dependent and independent
pathways. Our results indicated that affinin is able to activate the NO/cGMP, CO/cGMP, H2S/KATP,
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and PGI2/cAMP signaling pathways, and considering that the triggering of these four signaling
pathways depends on the activation of molecular targets located on the endothelium layer, it is very
likely that this alkamide might be acting on molecular targets, whose activation leads to an increase
in Ca2+ levels in the endothelial cells. The chemical structure of N-alkylamides or alkamides [63],
like affinin [13,64,65] resembles that of fatty acid amides [66–69], and the endogenous cannabinoid
N-arachidonylethanolamine or anandamide [70]. This molecule produces a potent vasodilator effect
through several proposed mechanisms that include activation of TRPV1 channels and G-coupled
receptors, such as CB1, CB2, and endothelial non-CB1/non-CB2 [71–73]. Herradón et al. [72] showed
that the vasodilator effect of anandamide in rat aorta is mainly produced by activation of the endothelial
non-CB1/non-CB2 cannabinoid receptor, which in turn activates the NO/cGMP pathway. Therefore,
considering the similarity between the chemical structures of anandamide and affinin, it is quite
possible that endothelial non-CB1/non-CB2 or/and TRP channels may be the putative molecular
targets for affinin in the endothelial cells.

Concerning endothelium-independent relaxation induced by affinin, our results indicate that this
molecule might directly activate sGC. We can speculate that affinin might also directly activate RPGI,
although this possibility needs to be confirmed.

Figure 6 shows the proposed signaling pathways involved in the vasodilatory effect of affinin.

Figure 6. Pathways involved in the vasodilator effect of affinin. PLA2, phospholipase A2; AA,
arachidonic acid; COX, cyclooxygenase; eNOS, endothelial NO synthase; HO2, heme-oxygenase 2;
CSE, cystathionine-γ-lyase; sGC, soluble guanylate cyclase; PKG, protein kinase G; AC, adenylate
cyclase; PKA, protein kinase A; K+ Ch, K+ channel; P-MLC, phosphorylated myosin light chain. Black
upwards arrow, increased levels; Black downwards arrows, decreased levels. ?, pathway that remains
to be confirmed.

The results of the present study have clearly shown that affinin, obtained from H. longipes
roots, produces vasodilation of rat aorta by activating the NO/cGMP, CO/cGMP, H2S/KATP, and
PGI2/cAMP signaling pathways. This is the first report describing the vasodilator effect of this
alkamide and some of the processes involved in its mechanism of action. The median effective
concentration to produce vasodilation (EC50 = 27.38 μg/mL) falls within the concentration ranges
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at which this compound elicits other biological and pharmacological activities. Moreover, the EC50

obtained for the vasodilator effect of affinin is within the non-cytotoxic concentration range for
mammalian cells, however, more cytotoxic studies must be performed in order to establish its possible
adverse effects. Besides the other pharmacological properties that have been attributed to affinin,
the vasodilator effect is a new interesting activity that might be ascribed to this alkamide. Undoubtedly,
these results contribute to support the great therapeutic potential of Heliopsis longipes roots and affinin,
their main constituent.

4. Materials and Methods

4.1. Reagents and Chemicals

Reagents and solvents used in the chemical study of H. longipes roots were purchased from JT
Baker (Phillisburg, NJ, USA). Standards and solvents for the pharmacological assays were obtained
from Sigma-Aldrich (St. Louis, MO, USA). CrMP was purchased from Porphyrin Products, Inc. (Logan,
UT, USA).

4.2. Animals

All experimental protocols were performed in accordance with guidelines of the Mexican Official
Standard NOM-062-ZOO-1999 [74], and approved by the Bioethics Committee of the Faculty of Natural
Sciences, Autonomous University of Querétaro, México. Wistar male rats (250–300 g) were used for
the pharmacological study; they were provided by the Institute of Neurobiology of the National
Autonomous University of Mexico, Campus Juriquilla, Querétaro, Qro., Mexico. Animals were housed
in standard cages under controlled temperature conditions with a 12:12 h light-dark cycle. Water and
food were provided ad libitum.

4.3. Plant Material

H. longipes (Asteraceae) roots were collected in Peñamiller, Querétaro, Qro., Mexico. The
specimens were identified (H. longipes vouchers J.E. Castro R.1. and R.2.) and deposited in the Herbario
Jerzy Rzedowski (QMEX), Facultad de Ciencias Naturales, Universidad Autónoma de Querétaro,
Querétaro, Qro., Mexico.

4.4. Preparation of the Extracts Employed for the Pharmacological Evaluation

Air dried H. longipes roots were ground to a fine powder. For the preparation of H. longipes
root extracts, ground plant material (10 g) was subjected to maceration with either dichloromethane
or absolute ethanol for one week in a 1:10 ratio (w/v). This process was repeated three times with
fresh solvent. Thereafter, the plant material was filtered and the solvents were removed by rotary
evaporation. The extraction yields were: 0.019 g extract/g dried roots for the dichloromethane extract
and 0.017 g extract/g dried roots for the ethanolic extract.

4.5. Chemical Study of the Dichloromethane Extract Obtained from H. longipes Roots

4.5.1. Fractionation of the Dichloromethane Extract Obtained from H. longipes Roots and Purification
of Affinin

Dried and ground plant material (7 kg) was extracted with dichloromethane as described above.
One hundred grams of the dichloromethane extract were fractionated by column chromatography on
normal phase using an open silica gel column (1 kg, Kiesegel 60 Merck 100–230 mesh, 8 × 110 cm).
Hexane and ethyl acetate were used as eluents in ratios from 100:0 to 40:60. From this procedure,
472 fractions (250 mL) were collected, monitored by thin layer chromatography (TLC), and grouped
into 21 pools according to their chromatographic similarity. TLC analysis of pools 8–17 revealed the
presence of a main dark gray spot (Rf = 0.3, hexane: ethyl acetate 3:2), visualized with an ultraviolet
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lamp at 254 nm. Spraying TLC plates with a spray solution of anisaldehyde/sulfuric acid (0.5 mL
anisaldehyde in 50 mL glacial acetic acid and 1 mL 97% sulfuric acid) developed a bright purple spot,
as reported for other olefinic isobutyl-amides [75].

Pools 8–17 were combined (45 g) and further analyzed by open column chromatography (450 g,
Kiesegel 60 Merck 100–230 mesh, 4.5 × 120 cm) using a step gradient of hexane and ethyl acetate 100:0
to 90:10. Based on their chromatographic similarity, determined by TLC, fractions eluted with hexane:
ethyl acetate 97:3 were combined and evaporated to dryness in vacuo leaving a residue of 28.5 g of
an apparently pure compound. The purity of the isolated compound was confirmed by HPLC-PDA,
using an HPLC chromatograph (Waters 600 Associates, Milford, MA, USA) coupled to a photodiode
array detector (Waters 2998). This analysis was carried out on a XBridge C18 (4.6 × 100 mm 3.5 μm)
column. The flow rate of the mobile phase (acetonitrile/water 44:56 v/v) was 0.5 mL/min with column
temperature of 30 ◦C and detection wavelength of 229 nm.

4.5.2. Determination of the Chemical Structure of Affinin

Chemical structure of the purified compound was elucidated by analysis of its proton nuclear
magnetic resonance (1H-NMR) and carbon-13 (13C-NMR) spectra (Table 1). Nuclear magnetic
resonance (NMR) spectra were taken on a Varian VNMRS 400 spectrometer with tetramethylsilane
(TMS) as internal standard. Affinin was identified by comparing its spectroscopic constants with those
reported in the literature [20,21].

4.6. Determination of the Vasodilator Effect and Elucidation of the Mechanism of Action of Affinin

4.6.1. Isolated Rat Aorta Assay

The rats were killed by decapitation. The thoracic aorta was surgically removed and placed in a
Petri dish containing ice-cold (4 ◦C) Krebs-Henseleit solution with the following composition (mM):
126.8 NaCl; 5.9 KCl; 1.2 KH2PO4; 1.2 MgSO4; 5.0 D-glucose; 30 NaHCO3; 2.5 CaCl2 (pH 7.4), bubbled
with a mixture of carbogen (95% O2 and 5% CO2). Then, the intraluminal space of aorta was rinsed with
fresh solution to prevent clot formation, cleaned from surrounding connective tissue, and sliced into
rings (3–4 mm in length). Aortic rings were mounted between two metallic hooks, with one being fixed
and the other attached to an isometric transducer, and placed into organ baths chambers containing
pre-warmed Krebs-Henseleit solution (37 ◦C) gassed with carbogen. The aortic segments were allowed
to equilibrate for 60 min under a resting tension of 1.5 g. During the resting period, the organ bath
solution was exchanged every 10 min. In order to stimulate the vascular smooth muscle, the tissues
were contracted with KCl solution (100 mM). Once a stable contractile tone was reached, the bathing
medium was replaced every 10 min to restore the initial resting tension of 1.5 g. Afterwards, the aortic
rings were contracted with 1 μM L-phenylephrine (Phe); the contractile force induced was defined as
100%, and once the plateau was reached, the test substances were cumulatively added. Acetylcholine
(ACh), dissolved in distilled water, was evaluated in a concentration range of 0.2 ng/mL–2 mg/mL;
while affinin and the extracts, dissolved in vehicle (carboxymethylcellulose 1% in distilled water), were
tested in a concentration range of 1 μg/mL–1 mg/mL. When used, pharmacological inhibitors were
added to the organ bath chambers 20 min before the addition of Phe. The changes in tension caused
by the tested concentrations were detected by Grass FT03 force transducers coupled to a Grass 7D
Polygraph; they were expressed as percentages of relaxation based on the contraction generated by
adding Phe [76].

4.6.2. Participation of the Endothelium in the Vasodilator Response of Affinin

To determine whether the vasodilator response of affinin was dependent on the vascular
endothelium, assays on aorta segments without endothelium were performed. In these experiments
the endothelial layer was removed by flushing the lumen of aorta with 0.2% desoxycholate in saline
solution 0.9%, as reported previously [76]. The absence of endothelium was confirmed at the start
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of the experiment, showing that the addition of 1 μM of acetylcholine (ACh) did not induce more
than 5% relaxation. Once the cumulative concentrations of affinin were added to the bath chambers,
as described above, sodium nitroprusside (100 μM) was added to the chambers to demonstrate that
the artery was still capable of relaxation.

4.6.3. Evaluation of the Participation of the Gasotransmitters and Prostacyclin Signaling Pathways in
the Vasodilator Response of Affinin

Involvement of the main gasotransmitters pathways in the vasodilator effect evoked by affinin was
assessed by incubating intact endothelium aortic rings for 20 min in the presence of inhibitors of specific
enzymes of each of these pathways: (1) NO/cGMP pathway: 100 μM NG-nitro-L-arginine methyl ester
(L-NAME, inhibitor of eNOS) or 10 μM 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, inhibitor
of sGC); (2) H2S/KATP channel pathway: 1 mM DL-propargylglycine (PAG, inhibitor of CSE); and
(3) HO/CO pathway: 15 μM chromium mesoporphyrin IX (CrMP, inhibitor of HO) [40–44,49,52,77].

To determine the involvement of the prostacyclin pathway in the vasodilator effect of affinin, aortic
segments were pre-incubated for 20 min in the presence of 1 μM indomethacin (INDO, inhibitor of
COX) [78,79]. In addition, to assess whether activation of K+ channels was involved in the vasodilation
produced by affinin, the effect of pretreatment with the non-selective potassium channel blocker, 1 mM
tetraethyl ammonium (TEA) and 10 μM glibenclamide (a specific blocker of the KATP channels) was
evaluated [80,81].

4.7. Statistical Analysis

Evaluations of each concentration of the tested substances were performed on aortas obtained
from at least three different rats (n = 6). All values are expressed as the mean ± standard error of the
mean (SEM). The resulting data obtained from each evaluation were fitted to a sigmoidal equation,
plotted, and analyzed to calculate EC50 (GraphPad Prism 7.02, San Diego, CA, USA). These results
were subjected to one-way analysis of variance (ANOVA) using the statistical program GraphPad
Prism 7.02, followed by the Tukey test to evaluate any significant differences between the means.
Values of + p < 0.01 or * p < 0.001 were considered to be significant.

5. Conclusions

Our study provides a heretofore unknown evidence that affinin, isolated from H. longipes roots,
is capable of inducing vasodilation via mechanisms that involve activation of gasotransmitters and
prostacyclin signaling pathways. The NO/cGMP and PGI2/cAMP pathways appear to play a more
prominent role than either the H2S/KATP pathway or the CO/cGMP pathway in affinin-evoked
vasorelaxation. Undoubtedly, this molecule deserves further investigation in order to completely
understand its mechanism of action. The results derived from this study suggest that affinin is
a promising molecule for the development of drugs useful in the prevention and/or treatment of
cardiovascular diseases, particularly when considering that it has an adequate lipophilicity that allows
it to permeate skin and oral mucosa, and reach blood circulation.
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Abstract: Manganese (Mn) is an important trace element present in human body, which acts as an
enzyme co-factor or activator in various metabolic reactions. While essential in trace amounts, excess
levels of Mn in human brain can produce neurotoxicity, including idiopathic Parkinson’s disease
(PD)-like extrapyramidal manganism symptoms. This study aimed to investigate the protective role
of polyphenolic extract of Euphorbia supina (PPEES) on Mn-induced neurotoxicity and the underlying
mechanism in human neuroblastoma SKNMC cells and Sprague-Dawley (SD) male rat brain. PPEES
possessed significant amount of total phenolic and flavonoid contents. PPEES also showed significant
antioxidant activity in 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging and reducing power
capacity (RPC) assays. Our results showed that Mn treatment significantly reduced cell viability
and increased lactate dehydrogenase (LDH) level, which was attenuated by PPEES pretreatment at
100 and 200 μg/mL. Additionally, PPEES pretreatment markedly attenuated Mn-induced antioxidant
status alteration by resolving the ROS, MDA and GSH levels and SOD and CAT activities. PPEES
pretreatment also significantly attenuated Mn-induced mitochondrial membrane potential (ΔΨm) and
apoptosis. Meanwhile, PPEES pretreatment significantly reversed the Mn-induced alteration in the
GRP78, GADD34, XBP-1, CHOP, Bcl-2, Bax and caspase-3 activities. Furthermore, administration of
PPEES (100 and 200 mg/kg) to Mn exposed rats showed improvement of histopathological alteration
in comparison to Mn-treated rats. Moreover, administration of PPEES to Mn exposed rats showed
significant reduction of 8-OHdG and Bax immunoreactivity. The results suggest that PPEES treatment
reduces Mn-induced oxidative stress and neuronal cell loss in SKNMC cells and in the rat brain.
Therefore, PPEES may be considered as potential treat-ment in Mn-intoxicated patients.

Keywords: manganese; Euphorbia supina; neurotoxicity; antioxidant; neuroprotection

1. Introduction

Manganese (Mn) is a vital trace element for normal function and development of human body [1].
Mn binds to and/or regulates several important body enzymes such as Mn-superoxide dismutase
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(Mn-SOD) and pyruvate carboxylase in the growth and development of central nervous system
(CNS) [2]. In micronutrient studies, Mn deficiency has been found in parenteral nutrition patients [3,4].
Exposure to excess levels of Mn produces cognitive, psychiatric, and motor abnormalities [3]. It has
been reported that overexposure to the Mn could produce neurodegenerative damage, resulting in
development of manganism symptoms such as cognitive, psychiatric, and motor abnormalities,
similar to idiopathic Parkinson’s disease (PD) [4–8]. Chronic exposure of Mn causes toxic Mn
accumulation in brain regions, especially in striatum [9–11]. Mn toxicity has been identified through
overexposure of Mn in occupational (e.g., welders and smelters), environmental, medical and dietary
routes [6,8,12]. It has been noted that Mn causes toxic effect mainly in the CNS and lungs, as well as
in heart, liver, and reproductive organs and during embryonic stage [4,7,13–21]. Some countries use
anti-knock agent methylcyclopentadienyl manganese tricarbonyl as a fuel additive, which could
increase Mn overexposure to human [22,23]. A number of studies have identified the possible
underlying mechanisms of Mn-induced neurotoxicity with some different aspects but it remains
unclear. Mn has the ability to induce reactive oxygen species (ROS) generation, lead to mitochondrial
dysfunction, impairs endoplasmic reticulum (ER) homeostasis and promotes apoptosis [24–27]. Mn
can also induce excitotoxic cell death through alteration of neurotransmitters levels [28–30]. Mn can
induce protease activation and apoptotic cell death [31,32]. Recently, involvement of ER stress and ER
stress-mediated apoptosis has been found in Mn-induced neurotoxicity in the rat striatum in vivo [33].

The Korean prostrate spurge Euphorbia supina (E. supina), in the family Euphorbiaceae, is
characterized as a broadleaf weed, with pinkish stems, dense hair and spotted spurge exude a
milky sap when injured. It has been used as folk medicine against various diseases such as
bronchitis, hepatitis, hemorrhage, etc. It was reported that the plant contained a variety of biologically
active components, such as terpenoids, tannins, and polyphenols [34]. Polyphenols have a great
interest to researcher as they possess many biological benefits to human health, especially in
neurodegenerative diseases including PD and Alzheimer’s disease (AD) [34–36]. E. supine is abundant
in polyphenols and, by using high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS), nine biologically interesting polyphenols were isolated and identified from this
plant: gallic acid, protocatechuic acid, nodakenin, quercetin 3-O-hexoside, quercetin 3-O-pentoside,
kaempferol 3-O-hexoside, kaempferol 3-O-pentoside, quercetin and kaempferol [37]. Polyphenols
such as quercetin and kaempferol derivatives from E. supina have strong antioxidant properties [37].
Recently, it has been found that polyphenolic compounds of E. supina markedly inhibit metastatic
cancer in MDA-MB-231 breast cancer cells [38]. A number of studies identified strong antioxidant
activity of E. supina in presence of several key polyphenols [37]. Moreover, no systematic studies have
been conducted to validate the pharmacological efficacy of polyphenols of E. supina. The present study
aimed to investigate the protective effect of polyphenols of E. supina on Mn-induced oxidative stress
and the underlying mechanism in human neuroblastoma SKNMC cells and Sprague-Dawley (SD)
male rats.

2. Results

2.1. Total Phenol and Flavonoid Content

The PPEES possessed significant amount of total phenol and flavonoid content expressed as
gallic acid and quercetin equivalents, respectively (Table 1). The phenolic content of PPEES was
175.53 ± 5.94 mg GAE/g. Flavonoid content of the PPEES was 98.48 ± 17.73 mg QE/g.

Table 1. Total phenolic content and flavonoid content of PPEES.

TPC in PPEES (mg·GAE/g) TFC in PPEES (mg·QE/g)

175.53 ± 5.94 98.48 ± 7.73
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2.2. DPPH Scavenging and RPC of PPEES

The DPPH activity of PPEES was found to increase in dose dependent manner. The IC50 value
of the PPEES was 145.04 ± 6.2 μg/mL, while the IC50 of ascorbic acid was 14.27 ± 1.06 μg/mL.
The RPC of PPEES was found to increase in dose dependent manner. The IC50 value of the PPEES
was 86.052 ± 3.94 μg/mL, while the IC50 of ascorbic acid was 10.05 ± 0.64 μg/mL In comparison
to ascorbic acid, PPEES showed strong antioxidant activity, as determined using DPPH and RPC
(Table 2).

Table 2. Antioxidant capacity of PPEES.

DPPH Radical Scavenging Activity; IC50 (μg/mL) Reducing Capacity of PPEES; IC50 (μg/mL)

PPEES Ascorbic acid PPEES Ascorbic acid
145.044 ± 6.2 14.27 ± 1.06 86.0517 ± 3.94 10.05 ± 0.64

2.3. Effect of PPEES on SKNMC Cell Lines

The cytotoxic effect of the PPEES on human neuroblastoma cell line SKNMC was evaluated by
incubating it with various concentrations of extract (1–1000 μg/mL). The toxicity results revealed a
decrease in percentage of viability at higher concentrations of the extract and the IC50 value was found
to be 1181.281 ± 8.1 μg/mL.

2.4. Protective Effect of PPEES on Mn-Induced Cytotoxicity

The effect of PPEES on the viability of SKNMC cells under Mn-induced toxicity conditions was
measured by crystal violet assay. Pretreatment of SKNMC cells with PPEES at concentrations of 50–200
μg/mL significantly (p < 0.05 or p < 0.01) protected SKNMC cells from Mn toxicity. An increase
in cell viability was observed in treated cells compared to Mn alone group (Figure 1A). The result
displayed that PPEES doses of 100 μg/mL and 200 μg/mL possessed the best protective effects.
Correspondingly, PPEES pretreatment significantly decreased (p < 0.05 or p < 0.01) the Mn-caused
LDH release (Figure 1B). No change of the cell viability and LDH activity was observed in control and
PPEES groups (Figure 1).
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Figure 1. Protective effect of PPEES on Mn -induced cytotoxicity in SKNMC cell lines: (A) cell viability;
and (B) LDH activity. Values were represented as mean ± SD (n = 3). ## p < 0.01 as compared with the
control group; * p < 0.05; ** p < 0.01 as compared with the Mn alone group.

2.5. PPEES Attenuated Mn-Induced Oxidative Stress in SKNMC Cells

As shown in Figure 2A, the intracellular ROS level was markedly increased to 2.88-fold (p < 0.01)
in SKNMC cells with the treatment Mn compared to the control. PPEES pretreatment with different
concentrations (50, 100 and 200 μg/mL) significantly reduced the ROS level to 2.51, 2.31 (p < 0.05), and
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1.75 fold (p < 0.01) of the control value, respectively. Similarly, the cells were pretreated with different
concentrations of PPEES (50, 100 and 200 μg/mL) in the presence of Mn (500 μM) for 24 h significantly
reduced (p < 0.01) the MDA levels from 309.08% to 254.81%, 227.71% (p < 0.05) and 174.15% (p < 0.01)
(Figure 2B), respectively. Correspondingly, pretreatment of PPEES at the concentration of 100 and
200 μg/mL significantly increased the activities of SOD and CAT and the GSH level (p < 0.05 or
p < 0.01) (Figure 2C–E). PPEES treatment alone at 50, 100 and 200 μg/mL had no effect on cellular
oxidative stress.
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Figure 2. Protective Effect of PPEES on Mn-induced oxidative stress in SKNMC cell lines: (A) ROS;
(B) malondialdehyde (MDA) levels; (C) superoxide dismutase (SOD) activity; (D) catalase (CAT)
activity; and (E) glutathione (GSH) levels. Values were represented as mean ± SD (n = 3). ## p < 0.01 as
compared with the control group; * p < 0.05 and ** p < 0.01 as compared with the Mn alone group.

2.6. PPEES Attenuates Mn-Induced Mitochondrial Dysfuction

The loss of mitochondrial membrane potential (ΔΨm) was observed using JC-1, a sensitive
fluorescent dye. Mn exposure significantly reduced (p < 0.01) the ΔΨm value in SKNMC cells (Figure 3).
In comparison with the control group, the Mn group showed a reduced ΔΨm at 45.5%, which could
be rescued to 51.36%, 61.34% (p < 0.05) and 70.94% (p < 0.01) with the pretreatment of PPEES at the
concentrations of 50, 100 and 200 μg/mL, respectively. No change of ΔΨm was observed in control
and PPEES alone groups (Figure 3).
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Figure 3. The protective effect of PPEES against Mn-induced mitochondrial dysfunction in SKNMC
cells. JC-1 fluorescent dye was used to measure the loss of mitochondrial membrane potential (ΔΨm).
Values were represented as mean ± SD (n = 3). ## p < 0.01, compared to the control group; * p < 0.05;
** p < 0.01, compared to the Mn alone group.

2.7. PPEES Reduced Apoptosis on Manganese-Induced Apoptosis in SKNMC Cells

SKNMC cells treated with Mn (500 μM) for 24 h showed typical properties of apoptosis, including
chromatin condensation, fragmentation and nuclei shrinkage using Hoechst 33342 staining (Figure 4A).
The amount and rate of apoptotic cells were significantly increased (p < 0.01) compared to the control
and PPEES alone groups. However, the number of apoptotic cell was significantly reduced (p < 0.05 or
p < 0.01) with PPEES pretreatment at 100 and 200 μg/mL in the presence of Mn (Figure 4B).
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Figure 4. Protective effects of PPEES against Mn-induced apoptosis in SKNMC cells: (A) representative
pictures showing the apoptotic cells (Hoechst-positive cells) in arrowheads; and (B) representative
percentage of the apoptotic rate, measured by calculating the percent of Hoechst positive cells over
the total number of cells. Values were represented as mean ± SD (n = 3). ## p < 0.01, compared to the
control group; * p < 0.05; ** p < 0.01, compared to the Mn alone group.
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2.8. PPEES Decreased Mn-Induced ER Stress and ER Stress-Mediated Apoptosis

Western blot and RT-PCR analyses were performed to investigate the effects of PPEES on
Mn-induced ER stress and ER stress-mediated apoptosis. Western blot analyses were performed
to investigate the effects of Mn and PPEES on the expression of GRP78, GADD34 and cleaved caspase-3
proteins in the SKNMC cell line. The ER stress biomarkers GRP78 and GADD34 were markedly
increased (p < 0.01) in Mn-treated group, while PPEES pretreatment significantly reduced (p < 0.05 or
p < 0.01) the Mn-induced changes in GRP78 and GADD34 to levels similar to that of both untreated
control and PPEES treated only groups (Figure 5). The results showed that the Mn administration
significantly increased (p < 0.01) the levels of apoptotic hallmark protein cleaved caspase-3 and that the
treatment with PPEES significantly reduced (p < 0.05 or p < 0.01) the cleaved caspase-3 to levels similar
to that of both untreated control and PPEES-treated only groups (Figure 5). RT-PCR analyses were
performed to investigate the effects of Mn and PPEES on the expression of mRNA levels of XBP-1,
CHOP, Bcl-2 and Bax in the SKNMC cell line. Our results showed that compared with the control
treatment, the Mn treatment significantly increased (p < 0.01) the mRNA expression of XBP-1, CHOP
and Bax, while significantly decreased (p < 0.01) the mRNA expression of the anti-apoptotic protein
Bcl-2 (Figure 6). Interestingly, the treatment with PPEES significantly reversed (p < 0.05 or p < 0.01) the
Mn-induced changes in the XBP-1, CHOP Bax and Bcl-2 mRNA expression levels (Figure 6).

Beta actin 43 kda

GADD34 75 kda

GRP78 78 kda

Cleaved caspase-3 17 kda
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Figure 5. (A,B) Western blotting was performed to examine the effect of PPEES on the increased protein
expression of GRP78, GADD34 and cleaved caspase-3, induced by administration of MnCl2 (500 μM).
Protein expression was normalized against β-actin. Values were represented as mean ± SD (n = 3).
## p < 0.01, compared to the control group; * p < 0.05; ** p < 0.01, compared to the Mn group.
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Figure 6. (A–D) RT-PCR was performed to examine the effect of PPEES on the mRNA expression of
XBP-1, CHOP, Bcl-2 and Bax in SKNMC cell that result from Mn treatment. GAPDH served as an
internal control. The transcriptive levels of XBP1-1, CHOP, Bcl-2 and Bax were normalized against
GAPDH. Values were represented as mean ± SD (n = 3). ## p < 0.01, compared to the control group;
* p < 0.05; ** p < 0.01, compared to the Mn group.

2.9. The OF Test

The OF test showed that Mn-treated rats spent significantly less (p < 0.01) time in the center of
arena (Figure 7A) and displayed significantly less (p < 0.01) locomotors activity (Figure 7B) compared
to normal control and Mn + PPEES groups. PPEES treatment significantly improved (p < 0.05 or
p < 0.01) the time spent in the center area (p < 0.05 or p < 0.01) and the locomotors activity compared to
the Mn-treated animals. To avoid possible unwanted olfactory influences on tested animals, the OF
was thoroughly cleaned with a 10% ethanol solution.

 

Figure 7. The locomotors activity of normal control, Mn control and PPEES-treated rats was evaluated
by open field OF test: (A) representation of time spent in the center of the arena; and (B) representation
of number of squares traveled. Values were represented as mean ± SD (n = 5). ## p < 0.01 (normal
control versus Mn-exposed rats), * p < 0.05, ** p < 0.01 (Mn-exposed versus Mn + PPEES rats).
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2.10. The Beneficial Effect of PPEES Treatment on Mn-Induced Histopathological and Immunohistochemically
Altered Rats Brain

The histopathology examination was conducted using striatum part of brain under microscope
(Figure 8A–D). Exposure of Mn led to marked histopathological alterations in the striatum
characterized by neuronal damaged and present of ghost cells, hemorrhage and vacuolated
cytoplasm. PPEES treatment showed beneficial effect compared to Mn-treated group. There was no
histopathological alteration in striatum of normal control (Figure 8A).

A B

C D

 

Figure 8. Histopathological images showing the beneficial effects of PPEES on Mn-induced changes
in rat striatum: (A) control group (Normal saline); (B) manganese chloride (15 mg/kg) treated group;
(C) manganese chloride (15 mg/kg) + PPEES (100 mg/kg); and (D) manganese chloride (15 mg/kg) +
PPEES (200 mg/kg) treated group (magnification at 10×). Damage (d); Ghost cells (g); hemorrhage (h);
and vacuolated cytoplasm (s) (magnification at 10×).

8-OHdG and Bax immunoreactivity was significantly increased in Mn-treated rats brain with
respect to control group (Figures 9B and 10B). Moreover, PPEES treatment significantly reduced
Mn-induced immunoreactivity in rat brain (Figure 9C,D and Figure 10C,D). In normal control rats,
there was no immunoreactivity (Figures 9D and 10D).
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A B
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Figure 9. IHC staining showing the protective effect of PPEES against Mn-induced neurodegenetive
disease by reducing oxidized RNA in neurons. PPEES treatment significantly reduced
8-hydroxy-2′-deoxyguanosine (8-OHdG) expression that result from Mn exposure in striatum:
(A) control group (Normal saline); (B) manganese chloride (15 mg/kg) treated group; (C) manganese
chloride (15 mg/kg) + PPEES (100 mg/kg); and (D) manganese chloride (15 mg/kg) + PPEES
(200 mg/kg) treated group (magnification at 40×).
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Figure 10. Photographs showing protective effect of PPEES against Mn-induced neurotoxicity
by reducing Bax expression in cortex of rats: (A) control group (Normal saline); (B) manganese
chloride (15 mg/kg) treated group; (C) manganese chloride (15 mg/kg) + PPEES (100 mg/kg); and
(D) manganese chloride (15 mg/kg) + PPEES (200 mg/kg) treated group (magnification at 40×).
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3. Discussion

To investigate the protective role of PPEES on Mn-induced neurotoxicity, we used human
neuroblastoma SKNMC cells and SD male rats. Our results revealed that Mn treatment could induce
ROS generation, oxidative stress, mitochondrial dysfunction, apoptosis and neurotoxicity, while PPEES
treatment could effectively resolved these undesired neurotoxicity.

We determined the beneficial effects of PPEES against the Mn-induced toxicity in SKNMC cells.
The SKNMC cells were treated with Mn (500 μM) and three different concentrations (50, 100 and
200 μg/mL) of PPEES for 24 h. The results showed that PPEES at all three concentrations was nontoxic
to SKNMC cells and that there was no significant difference between the cell viability and LDH
activity of the control cells and the PPEES alone cells (Figure 1). Mn exposure at 500 μM significantly
decreased (p < 0.01) cell viability and increased (p < 0.01) LDH activity in SKNMC cells after 24 h.
However, pretreatment with PPEES at 100 mg/mL and 200 mg/mL concentrations significantly
increased (p < 0.05 or p < 0.01) the cell viability and decreased (p < 0.05 or p < 0.01) LDH activity of
Mn-exposed cells, which could protect the SKNMC cell from cytotoxicity [39].

To understand the antioxidant effects of PPEES against the Mn-induced oxidative stress, we
quantified the intracellular ROS, MDA and GSH level and SOD and CAT activities in vitro. Mn
treatment resulted in a significant increase (p < 0.01) in the ROS and MDA levels, decreased (p < 0.01)
GSH levels, and decreased SOD and CAT activities compared with the control treatment and PPEES
alone treatment. All three different concentrations (50, 100 and 200 μg/mL) was nontoxic to SKNMC
cells and the concentrations of PPEES (100 mg/mL and 200 mg/mL) significantly reduced (p < 0.05 or
p < 0.01) the ROS and MDA levels, increased (p < 0.05 or p < 0.01) GHS levels, and increased SOD and
CAT activities, which suggested PPEES acted as a potent antioxidant (Figure 2) [39,40].

The main target of ROS-induced oxidative damage is mitochondria [41,42]. In the present
study, Mn treatment significantly decreased (p < 0.01) ΔΨm of SKNMC cells (Figure 3), which led to
mitochondrial dysfunction. PPEES pretreatment significantly attenuated (p < 0.05 or p < 0.01) the
disruption of ΔΨm, which led to initiating mitochondria mediated apoptosis through intrinsic and
extrinsic apoptotic [43].

There are three main apoptosis pathways: mitochondrial pathway, death receptor pathway, and
ER pathway [44]. It has been demonstrated that Mn treatment could induce apoptosis in SKNMC cell
via the involvement of ER stress and mitochondria dysfunction [24]. In the present study, we found
that Mn treatment significantly increased (p < 0.01) the apoptotic rates [44]. Interestingly, pretreatment
of PPEES attenuated (p < 0.05 or p < 0.01) Mn-induced cytotoxicity involving the inhibition of cell
apoptosis (Figure 4).

To investigate the protective role of PPEES on Mn-induced ER stress and ER stress-mediated
apoptosis markers (GRP78, GADD34, XBP-1, CHOP, Bcl-2, Bax and cleaved caspase-3), both western
blot and RT-PCR analyses were performed. ER stress-signaling pathways regulated by GRP78,
leading to UPR survival, cell fate and apoptosis responses [45]. ER stress induces XBP-1 to produce
a more active transcription factor [46]. Induction of CHOP expression is most sensitive to ER stress
condition and led to DNA damage [45]. Overexpression of GADD34 can initiate or enhance apoptosis
through various signals [47,48]. It has been reported that the pro-apoptotic Bax and the anti-apoptotic
Bcl-2 proteins regulate the mitochondrial apoptotic pathway [49,50]. Both intrinsic and extrinsic
apoptotic pathways can activate caspase-3, a key biomarker of apoptosis and consequently lead to
DNA breakdown [43,51]. Our results showed that the Mn administration significantly (p < 0.01)
altered the GRP78, XBP-1, CHOP, Bcl-2, Bax and caspase-3 activities. Importantly PPEES pretreatment
significantly reversed (p < 0.05 or p < 0.01) the Mn-induced alteration in the GRP78, GADD34, XBP-1,
CHOP, Bcl-2, Bax and caspase-3 activities (Figures 5 and 6).

To further understand this, we investigated the protective effects of PPEES on Mn-induced
neuronal toxicity in the striatum and cerebral cortex of SD male rats treated with Mn at a dose
regimen of 15 mg/kg. The striatum and cerebral cortex parts were chosen because Mn affects more
severely the striatum and cortex regions than any other region of the CNS [33]. Exposure of Mn
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caused histopathological alterations in the striatum. Administration of PPEES (100 and 200 mg/kg) to
Mn-exposed rats showed improvement of histopathological alteration in comparison to Mn-treated
rats (Figure 8).

Oxidative stress is one of the most important factors in the pathogenesis of neurological disorders
(e.g., AD and PD), and 8-OHdG is a common oxidative stress marker produced by oxidation of
DNA bases [52]. We found that 8-OHdG expression in striatum region was significantly increased in
Mn-exposed rats compared to normal control rats. 8-OHdG expression was significantly reduced in
PPEES-treated rats (Figure 9). It has been established that several observed alterations of neuron in
the vulnerable brain regions of AD patients are due to upregulation of Bax immunoreactivity [53,54].
Administration of PPEES to Mn-exposed rats showed significant reduction of Bax immunoreactivity
(Figure 10).

4. Materials and Methods

4.1. Plant Material

E. supina plants were purchased from the Jirisan Medicinal Herbs (Jirisan, Republic of Korea).
The identities of the plants were authenticated by Professor Chang Young-Nam, Ph.D., Department
of Chinese Medicine Resource, College of Environmental & Bioresource sciences, Chonbuk National
University, Jeonju, Republic of Korea. A voucher of herbarium sheet was deposited in the
above-mentioned entity. The aerial parts of E. supina were separated and air dried without exposure to
sunlight at room temperature for one week to make coarse powder. The coarse powder (500 g) was
macerated with 2000 mL of hydro-alcoholic mixture (water:methanol 30%:70% vol/vol) for 10 days
at room temperature. The resulted solution was filtered through Whatman filter paper (No. 4) and
concentrated using a rotary evaporator under reduced pressure at <35 ◦C. The total dried plant extract
was storage for further stage.

4.2. Extraction of Polyphenol Enriched Extracts of E. supina (PPEES)

To obtain polyphenol extracts of E. supina (PPEES), the total plant extract residue was first
dissolved in water and 200 mL of petroleum ether (four times) was added to obtain a clear upper layer
(petroleum ether). Then lower layer (aqueous water layer) was washed with 200 mL of ethyl acetate
containing glacial acetic acid (10 mL/L) (four times). Finally, the resulted solutions were combined,
and ethyl acetate was evaporated to obtain PPEES, which was stored at −20 ◦C [55]. Details of the
Identification of polyphenolic compounds are described in the Supplementary Materials (Table S1,
Figure S1).

4.3. Total Phenolic Content (TPC)

The total phenolic content of the PPEES was measured using the Folin–Ciocalteu reagent [56,57].
Briefly, PPEES was oxidized by adding Folin–Ciocalteu reagent and then sodium carbonate was added
to neutralize the reaction. After 30 min, the absorbance of resulting solution was read at 760 nm using
gallic acid as standard. Total phenolic content was expressed as mg gallic acid equivalent (GAE)/gm
of extract.

4.4. Total Flavonoid Content (TFC)

The flavonoid content was determined using quercetin (Q) as reference standard [58,59].
The PPEES was mixed with aluminum trichloride and one drop of acetic acid was added. Then,
the mixture was diluted with ethanol. After 40 min, the absorbance of resulting solution was measured
at 415 nm. The absorbances of blank sample and standard quercetin solution were measured under the
same condition. Total flavonoid content was expressed as mg quercetin equivalent (QE)/gm of extract.
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4.5. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity assay was conducted
following previously described methods with minor adjustments [60]. The PPEES was mixed with the
0.004% methanol solution of DPPH and incubated for 30 min. After incubation, the absorbances of all
the samples were determined at 517 nm. Inhibition of DPPH (D) was measured using Equation (1).

D(%) = {(Ac − As)/Ac} * 100 (1)

where Ac and As are the absorbance of control and test samples, respectively.

4.6. Reducing Power Capacity (RPC)

The assay was conducted following previously described method based on the measurement
of absorbance of Pearl’s Prussian blue [61]. The PPEES was added to a mixture of PBS (pH 6.6)
and potassium ferricyanide [K3Fe(CN)6]. The resultant mixture was incubated and centrifuged after
adding trichloroacetic. The upper layer was mixed with distilled water and FeCl3. The absorbance
was measured at 700 nm.

4.7. Cell Culture

SKNMC, a human neuroblastoma cell line, was obtained from the American type culture
collection (Manassas, VA, USA). The cells were grown in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 4.5 g/L D-glucose, 2 mmol/L L-glutamine, 110
mg/L sodium pyruvate, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C in a humidified
atmosphere containing 95% air and 5% CO2.

4.8. Cytotoxicity of PPEES

PPEES was dissolved in dimethyl sulphoxide (DMSO) (D2650, Sigma, Saint Louis, MO, USA)
to obtain a stock solution of 20 mg/mL, and 0.2 mg/mL of sub stock solution was prepared by
diluting 10 μL of the stock solution into 990 μL serum-free DMEM medium, and prepared at different
concentrations (the percentage of DMSO in the experiment should not exceed 0.5). Stock and sub
stock solutions were both stored at 4 ◦C. Cell viability was determined by crystal violet assay. Briefly,
SKNMC cells were seeded onto 24-well plate (5 × 104 cells/well), incubated overnight and pretreated
with various concentrations of PPEES (0–1000 μg/mL) for 24 h. Then, the medium was removed and
cells were washed with phosphate buffer solution (PBS). Two hundred microliters of 0.2% crystal violet
solution was added to each well and incubated for 10 min at room temperature then washed with
water and 100 μL 1% SDS was added to solubilize the stain solution until color was uniform and there
were no areas of dense coloration in bottom of wells. The samples were read at 590 nm in microplate
reader (Spectra MAX, Gemini EM, Molecular Device, Sunnyvale, CA, USA).

4.9. Lactate Dehydrogenase (LDH) Activity

The LDH activity assay was conducted based on reduction of nicotinamide adenine dinucleotide
(NAD) by LDH. LDH release into the media was taken as an indicator of cell damage and the
assay is based on the principle of reduction of nicotinamide adenine dinucleotide (NAD) by LDH.
The stoichiometric conversion of a tetrazolium dye utilized the reduced NAD (NADH) that was
measured spectrophotometrically using an assay kit Tox-7 (Sigma, Saint Louis, MO, USA). Briefly,
SKNMC cells were seeded (5 × 104 cells/well)) and cultured in 24-well culture plates. The cells were
then preincubated with or without different concentrations of PPEES (50, 100, and 200 μg/mL) at 37 ◦C
for 6 h followed by incubation with 500 μM MnCl2 (CAS: 7773-01-5, Sigma, Saint Louis, MO, USA)
for 24 h. After treatment, cells were centrifuged at 240× g for 4 min and supernatant solution was
transferred to assay plate. The plate was wrapped in foil and incubated at room temperature for 30 min.
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After incubation, by adding stop solution the reaction was terminated and the plate read at 490 nm and
at a reference wavelength of 690 nm in microplate reader (Spectra MAX, Gemini EM, Molecular Device,
Sunnyvale, CA, USA). The amount of LDH release is expressed as the fold of absorbance of control.

4.10. Cell Viability

Mn-induced cell survival was determined by crystal violet assay. Briefly, SKNMC cells were
seeded (5 × 104 cells/well)) and cultured in 24-well culture plates. The cells were then preincubated
with or without different concentrations of extract (50, 100, and 200 μg/mL) at 37 ◦C in a humidified
atmosphere of 5% CO2/95% air for 6 h followed by incubation with 500 μM Mn for 24 h. Afterwards,
the medium was removed and cells were washed with phosphate buffer solution (PBS) and 200 μL of
0.2% crystal violet solution was added to each well and incubated for 10 min at room temperature, and
then wash with water and 100 μL 1% SDS was added to solubilize the stain solution until the color
was uniform and there were no areas of dense coloration in bottom of wells. The samples were read at
590 nm in a microplate reader (Spectra MAX, Gemini EM, Molecular Device, Sunnyvale, CA, USA).

4.11. Measurement of Intracellular Reactive Oxygen Species (ROS) Level

The intracellular ROS generation was measured based on enzymatic conversion of a non-fluorescent
compound dichloro-dihydro-fluorescein diacetate (DCFH-DA) to highly fluorescent compound DCF,
following the previously described method [62]. Briefly, the cells were harvested and seeded onto
6-well plate with 2 × 105 cells per well in culture media and allowed to attach overnight. The cells
were pretreated with the doses of PPEES at 50, 100 and 200 μg/mL at 37 ◦C for 6 h and washed with
PBS. Then, the cells were treated with Mn (500 μM) for additional 24 h. Finally, after washing, the
cells were seeded on the 6-well plate with PBS once and incubated with DCFH-DA (10 μmol/L) for
30 min at 37 ◦C in the dark. The fluorescence intensity was measured in the microplate reader (Spectra
MAX, Gemini EM, Molecular Device, Sunnyvale, CA, USA) at an excitation wave length of 485 nm
and an emission wave length of 538 nm after the cells were washed three times with PBS to remove
the extracellular DCFH-DA. The level of intracellular ROS is shown as a fold of control.

4.12. Antioxidant Status

Antioxidant status of PPEES was examined by measurement of intracellular malondialdehyde
(MDA) and glutathione (GSH) levels, and superoxide dismutase (SOD) and catalase (CAT) activities,
using specific assay kits (Nanjing Jiancheng Co., Ltd., Nanjing, China) according to the manufacturer’s
instructions. In brief, SKNMC cells were seeded (2 × 105 cells/well) into 12-well plates and pre-treated
with PPEES (50, 100 or 200 μg/mL) at 37 ◦C for 6 h. The cells were incubated with or without Mn
(500 μM) for 24 h after removing PPEES containing medium. Then cells were washed with cold PBS
and lysed using the cell lysis buffer. The cell lysates were centrifuged at 14,000× g for 10 min at 4 ◦C
and supernatant solutions were used for measuring the levels of MDA and GSH, and the activities
of SOD and CAT. Protein concentrations were measured using the BCA protein assay kit (Intron
Biotechnology, Inc., Gyeonggi, Korea).

4.13. Measurement of Mitochondrial Membrane Potential (ΔΨm)

Harvested SKNMC cells the day before the experiment and seeded onto 6-well plate with
2 × 105 cells per well in culture media and allowed to attach overnight. The cells were pretreated with
the doses of PPEES at 50, 100 and 200 μg/mL at 37 ◦C for 6 h and washed with PBS. Then, the cells
were treated with Mn (500 μM) for an additional 24 h. Finally, after washing, the cells were seeded on
a 6-well plate with PBS once and incubated with JC-1 (10 mM final concentration) for 30 min at 37 ◦C
in the dark. The JC-1 green fluorescence intensity was measured in the microplate reader (Spectra
MAX, Gemini EM, Molecular Device) at an excitation wave length of 488 nm and an emission wave
length of 530 nm after the cells were washed two times with PBS to remove the extracellular JC-1.
Monomeric JC-1 green fluorescence emission and aggregate were measured at excitation wavelength
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488 nm, emission wavelength 530 nm on a microplate reader (Spectra MAX, Gemini EM, Molecular
Device, Sunnyvale, CA, USA).

4.14. Apoptosis Assay

Hoechst33342 staining was conducted based on qualitative and quantitative measurements of
the apoptotic cells by distinguishing apoptotic cells from normal cells. SKNMC cells were cultured
in 6-well plates for 24 h. After treatment, the cells were incubated with 5 μg/mL Hoechst 33342
for 15 min, then washed twice with PBS and finally visualized by inverted fluorescence microscopy
(Axioskop 2 plus microscope, Carl Zeiss, Oberkochen, Germany). The apoptotic cells were counted by
observation of minimum 200 cells from five non-overlapping fields in all groups, and expressed as a
percentage (%) of the total number of cells counted.

4.15. Real Time Polymerase Chain Reaction (RT-PCR)

To examine the protective mechanism of PPEES, the expression of X-box binding protein-1 (XBP-1),
C/EBP homologous protein (CHOP), Bcl-2 and Bax was measured by real time quantitative polymerase
chain reaction (RT-qPCR). The total RNA was extracted from SKNMC cells using trizol reagent
(sigma-Aldrich, Saint Louis, MO, USA). The integrity of mRNA was measured spectrophotometrically
examined according to its A260/A280 absorption. Subsequently, reverse transcription was used to
obtain cDNA. RT-qPCR was conducted on Mastercycler ep realplex (Eppendorf, Hamburg, Germany)
using housekeeping gene GAPDH as an internal control. Briefly, the amplification of primer was
carried out with 40 cycles at a melting temperature of 94 ◦C for 15 s, an annealing temperature
of 60 ◦C for 1 min, and an extension temperature of 72 ◦C for 50 s. The primers used in the
amplification were as follow: XBP-1, forward primer: 5′-AAACAGAGTAGCAGCGCAGACTGC-3′,
reverse primer: 5′-GGATCTCTAAAACTAGAGGCTTGGTG-3′; CHOP, forward primer: 5′-GAA
AGCAGAAACCGGTCCAAT-3′, reverse primer: 5′- GGATGAGATATAGGTGCCCCC-3′; Bcl-2,
forward primer: 5′-CCAGGTCTCCGATGAACTTTT-3′, reverse primer: 5′-CAGTGGTTCCATCTC
CTTGTTG-3′; Bax, forward primer: 5′-TTTGCTTCAGGGTTTCATCC-3′, reverse primer: 5′-GCCAC
TCGGAAAAAGACCTC-3′; GAPDH, forward primer: 5′-TGGAGTCTACTGGCGTCTT-3′, reverse
primer: 5′-TGTCATATTTCTCGTGGTTCA-3′. The fold or percentage of change in the relative
expression of the mRNA of target gene l was measured by the 2−ΔΔCt method.

4.16. Western Blotting

The total proteins were extracted from SKNMC cells by using radioimmunoprecipitation assay
(RIPA) lysis buffer (Intron Biotechnology, Inc., Gyeonggi, Korea), and the protein concentration
was measured using bicinchoninic acid (BCA) kit (Intron Biotechnology, Inc., Gyeonggi, Korea).
The separation of proteins was carried out on 8% and 12% polyacrylamide gels, and nitrocellulose
(Bio-Rad, Hercules, CA, USA) membranes were used for electro-transferred in a semi-dried
environment. Blots were blocked by 5% skim milk (tris-buffer and 0.1% Tween-20) and then incubated
with primary anti-GRP78 (1:1000; SC-13539, Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
anit-GADD34 (1:1000, ab9869, Abcam, Cambridge, UK) and anti-cleaved caspase (1:1000, Asp175,
9661, cell signaling, Danvers, MA, USA) antibodies at 4 ◦C overnight. Subsequently, the blots were
incubated with anti-mouse (#115-035-003; Jackson ImmunoResearch laboratories, Inc., West Grove,
PA, USA), anti-goat (SC-2020, Santa Cruz Biotechnology, Inc.), and anti-rabbit (SC-2004, Santa Cruz
Biotechnology, Inc.) secondary antibodies at room temperature for 1 h. Then, the blots were developed
with EZ-Western Lumi Plus solution (ATTO Corporation, Tokyo, Japan) (Millipore Corporation,
Billerica, MA, USA) and analyzed with Ez-Capture ST (ATTO Corporation, Tokyo, Japan).

4.17. Experimental Animal and Treatments

Seven-week-old Sprague-Dawley (SD) male rats, weighing 220–250 g each were purchased from
DBL (Eumseong, South Korea). They were kept in clean and dry polypropylene cages with 12-h
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light–dark cycle at 25 ± 2 ◦C and 45%–55% relative humidity in the animal house, Pharmacology
Department, Chonbuk National University. The rats were fed with a standard laboratory diet and
water ad libitum. After a week of adaptation, the rats were randomly divided into four groups (each
group, n = 5). The protocol used for this study in the rat as an animal model was carried out with the
guidelines of the Institutional Animal Care and Usage Committee (IACUC) with approval from ethical
committee of Chonbuk National University, Korea for using animals by describing the protocols of the
study (Approved number: CBNU 2015-099).

The rats were divided into four groups, each group with 5 rats. Group I for normal control, other
groups for Mn which were treated by 15 mg MnCl2/kg body weight of rats through intraperitoneal
(i.p.) injection five days/week for three weeks. Then, the rats designated for PPEES groups (Group III
and IV) followed a daily oral dose of 100 and 200 mg/kg for another four weeks, while the rats
in Mn-exposed (group II) and normal control groups received normal saline orally. Details of the
treatment pattern and groups are described in the Supplementary Materials. Body weight and food
consumption were measured daily (Figures S2 and S3).

4.18. The Open Field (OF) Test

The OF test was performed based on observation of locomotor activity of rats in an ideal
environment. Briefly, rats were placed in an ideal environment in an OF box for a 30 min session.
We recorded the locomotors activity throughout the experiment, spent time and number of squares
traveled in the central area of the OF as indices of animal anxiety level.

4.19. Collection of Brain

The rats were deeply anesthetized with ketamine and normal saline (0.9%) was used for
transcardial perfusion. The brain tissues were fixed using 4% paraformaldehyde (pH 7.4) solution for
12 h; incubated overnight at 4 ◦C in 100 mM sodium phosphate buffer (pH 7.4) containing 15% sucrose
followed by 30% sucrose; and embedded in optimal cutting temperature (OCT, Leica Biosystems
Melbourne Pty Ltd., DB Maarn, the Netherland) medium. Coronal sections (20 μm) from cryofixed
tissue were collected on silane-coated slides (Muto Pure Chemical Co., Ltd., Tokyo, Japan) and stored
at −70 ◦C.

4.20. Histopathology and Immunohistochemistry

Histopathological examination was conducted on the striatum part of brain from SD rats after
embedded in OCT medium, following the previously described method [33]. The histopathological
alterations were observed using hematoxylin and eosin (HE) staining under light microscope.

To examine the protective effect of the PPEES treatments on Mn-induced immunoreativity of
oxidative protein 8-hydroxy-2’-deoxyguanosine (8-OHdG), pro-apoptotic protein Bax and apoptotic
protein caspase-3 immunohistochemistry (IHC) was performed in the striatum and cortex of all
treatment groups. Sections (14 μm) were prepared from OCT embedded samples described above.
The sections were treated with mouse polyclonal anti-8-OHdG (1:500, N45.1, ab48508, Abcam) and
rabbit polyclonal anti-Bax (1:500; P-19, sc-526, Santa Cruz Biotechnology, Inc.) antibodies at 4 ◦C
overnight. Subsequently, these were incubated with biotinylated goat anti-mouse (1:30, code: D0314,
Dako, Burlington, ON, Canada) and goat anti-rabbit (1:80, code: D0487, Dako) immunoglobulins and
latter visualized with substrate chromogen (code: K3464, Dako), followed by hematoxylin and mounted
with aqueous mount medium. The sections were cover slipped after drying and observed under a
microscope, and images were taken by Nikon Differential Interference Contrast Inverted Microscope
(Nikon, Kanagawa, Japan) equipped with Narishige micromanipulators (Narishige, Tokyo, Japan).
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4.21. Statistical Data Analysis

All data were expressed as mean ± SD and one-way ANOVA (Analysis of variance) followed
by Dunnett’s test was used for the statistical analysis using SPSS software (version 16). * p < 0.05 and
** p < 0.01 were considered significant.

5. Conclusions

In conclusion, the present study reveals that PPEES could effectively inhibit Mn-induced
neurotoxicity through antioxidant properties via regulation of ER stress and ER stress-mediated
apoptosis (Figure 11). Further studies are also needed to elucidate the precise mechanism of action of
PPEES and to evaluate its neuroprotective effects in various neurological disorders.

 

Figure 11. The proposed mechanism of PPEES against Mn-induced toxicity. The schematic diagram
shows Mn could exceed ROS; subsequently, altering activity of SOD and CAT. Changing GSH, MDA
and 8-OHdG levels led to ER stress, followed by apoptosis through mitochondrial dysfunction. This
diagram shows that PPEES prevents the Mn-induced neurotoxicity through regulation of ER stress and
ER stress-mediated apoptosis.

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/18/2/300/s1.
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Abstract: The aim of this study was to determine aldose reductase (AR) inhibitory activity
and 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity of compounds from
Agrimonia pilosa Ledeb (AP). We isolated agrimoniin (AM), four flavonoid glucosides and two
flavonoid glucuronides from the n-butanol fraction of AP 50% methanol extract. In addition to
isolated compounds, the AR-inhibitory activity and the DPPH free radical scavenging activity of
catechin, 5-flavonoids, and 4-flavonoid glucosides (known components of AP) against rat lens AR
(RLAR) and DPPH assay were measured. AM showed IC50 values of 1.6 and 13.0 μM against RLAR
and DPPH scavenging activity, respectively. Additionally, AM, luteolin-7-O-glucuronide (LGN),
quercitrin (QU), luteolin (LT) and afzelin (AZ) showed high inhibitory activity against AR and
were first observed to decrease sorbitol accumulation in the rat lens under high-sorbitol conditions
ex vivo with inhibitory values of 47.6%, 91.8%, 76.9%, 91.8% and 93.2%, respectively. Inhibition
of recombinant human AR by AM, LGN and AZ exhibited a noncompetitive inhibition pattern.
Based on our results, AP and its constituents may play partial roles in RLAR and oxidative radical
inhibition. Our results suggest that AM, LGN, QU, LT and AZ may potentially be used as natural
drugs for treating diabetic complications.

Keywords: Agrimonia pilosa Ledeb; aldose reductase; flavonoids; 1,1-diphenyl-2-picrylhydrazyl
(DPPH); diabetic complication

1. Introduction

Aldose reductase (AR, EC.1.1.1.21) is a key enzyme in the polyol pathway that catalyzes the
conversion of glucose to sorbitol in the hyperglycemic state and oxidoreductase-induced nicotinamide
adenine dinucleotide phosphate (NADPH) to NADP+ [1]. Accumulation of sorbitol leads to the
generation of osmotic stress, an influx of water and causes of diabetic complications such as cataracts
and retinopathy. In addition, the conversion of sorbitol to fructose is catalyzed by nicotinamide
adenine dinucleotide (NADH)-dependent sorbitol dehydrogenase. Increased fructose formation leads
to the formation of reactive dicarbonyl species such as glucosones, glyoxal, and methylglyoxal, which
are important factors in advanced glycation end products [2]. Oxidative stress causes an imbalance
between the formation of free radicals and the body’s antioxidant potential. Free radicals are defined
as atoms or molecules that contain one or more unpaired electrons [3]. Diabetes mellitus and its
complications, such as retinopathy, nephropathy, neuropathy, and atherosclerosis, are caused by an
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imbalance in cells and free radicals, and this imbalance is mainly responsible for the auto-oxidation of
glucose and glycosylated proteins [4,5] Therefore, the development of diabetic complications could be
controlled by inhibiting AR activity and also by increasing antioxidant activity in the body.

Agrimonia pilosa Ledeb (A. pilosa, AP), belonging to the Rosaceae family, is famous in traditional
Chinese medicine. According to pharmacological studies, it has anti-nociceptive, anti-inflammatory,
antioxidant, anticancer and α-glucosidase inhibitory activity [6,7]. The known constituents of AP
are 3-methoxy quercetin, quercitrin (QU), quercetin (QC), tiliroside, ursolic acid, tormentic acid
and corosolic acid [8,9]. The major known flavonoids of AP are catechin (CT), luteolin (LT), QC,
isoquercetin (IQC), hyperin (HP), apigenin (AG), vitexin (VT), kaempferol (KP), astragalin (AS),
and afzelin (AZ) [10–12]. Generally, these flavonoids are involved in plant metabolism and possess
antioxidant, antidiabetic, anticancer, and various inhibitory activities [13,14].

The isolation and purification of active compounds from complex plant extracts takes a long time.
In the past few years, several online high performance liquid chromatography (HPLC) methods that use
post-column derivative method, which are based on online detection by 1,1-diphenyl-2-picrylhydrazyl
(DPPH) or 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radicals, have been utilized
to screen antioxidants in some complex plant extracts to avoid the aforementioned problem.
These methods required an online instrumental system and technical skills that were complex and
available. Recently, the more convenient offline DPPH-HPLC method was successfully developed by
spiking the complex plant extracts [15,16].

To date, no data have been published on the inhibitory effects of AP on rat lens AR (RLAR), DPPH
radical scavenging capacity and offline DPPH-HPLC assay. Therefore, the inhibitory effects of ten
known flavonoids from the literature as well as seven compounds isolated from AP 50% methanol
(MeOH) extract (APE) were investigated to evaluate their use in treatment of RLAR-related diabetic
complications. The active compounds of APE that showed antioxidant properties were investigated by
offline DPPH-HPLC assay. Additionally, the ability of the major active compounds to decrease sorbitol
accumulation in rat lens in ex vivo high-sorbitol conditions as well as the recombinant human AR
(RHAR) inhibition type of the compounds were assessed.

2. Results

2.1. Structural Determination of Isolated Compounds

The effects of APE on RLAR and DPPH free radical scavenging activity were further investigated.
APE exhibited inhibitory activity against RLAR, with 51.4% inhibition at a concentration of 10.0 μg/mL.
Moreover, APE showed 53.4% inhibition of DPPH at a concentration of 7.1 μg/mL. Consequently, APE
was further partitioned by systematic fractionation. Among the resulting fractions, the ethyl acetate
(EtOAc) and n-butanol (n-BuOH)-soluble fractions exhibited potent inhibitory activity against RLAR
with 84.4% and 92.4% inhibition, respectively, compared with the positive control tetramethylene
glutaric acid (TMG; 99.7% inhibition) at a concentration of 1.0 μg/mL. The EtOAc and n-BuOH
fractions also showed inhibitory activity against DPPH, with 62.3% and 61.0% inhibition, respectively,
compared with the positive control L-ascorbic acid (81.0% inhibition) (Table 1).

Therefore, this study focused on the isolation of the AR inhibitor from the n-BuOH fraction.
The seven compounds isolated from n-BuOH were identified as compound 1 (agrimoniin, AM,
69.3 mg) [17], compound 2 (rutin, RT, 30.3 mg) [18], compound 3 (luteolin-7-O-glucoside, LGC,
96.1 mg) [19], compound 4 (luteolin-7-O-glucuronide, LGN, 150.5 mg) [20], compound 5 (quercitrin,
QU, 11.6 mg) [21], compound 6 (apigenin-7-O-glucoside, AGC, 21.3 mg) [22] and compound 7
(apigenin-7-O-glucuronide, AGN, 251.6 mg) [23] on the basis of the 1D and 2D NMR spectral data
(Table S1), as well as by comparison with published spectral data (Figures 1 and 2).
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Table 1. Inhibitory effect of 50% MeOH extract of Agrimonia pilosa Ledeb. on rat lens aldose
reductase (RLAR) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity. TMG:
tetramethylene glutaric acid.

Extract and Fractions
Inhibition (%)

RLAR DPPH

Methylene chloride extract 6.8 ± 0.20 4.19 ± 0.14

50% MeOH ext.

Crude extract 51.4 ± 0.10 53.4 ± 0.14
EtOAc fraction 84.4 ± 0.27 62.3 ± 0.04

n-BuOH fraction 92.4 ± 0.14 61.0 ± 0.42
Water fraction 37.9 ± 0.47 33.0 ± 0.10

RLAR TMG 99.7 ± 0.11 -

DPPH Ascorbic acid - 81.0 ± 0.01

 

Figure 1. The structure of the compounds known and isolated from the n-BuOH fraction of A. pilosa
Ledeb; a) IC is the compounds isolated from A. pilosa Ledeb; b) KNC is the known compounds isolated
from A. pilosa Ledeb.
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Figure 2. HPLC chromatogram of the compounds isolated from the n-BuOH fraction of
A. pilosa Ledeb. at 254 nm; Peak 1: agrimoniin; Peak 2: rutin; Peak 3: luteolin-7-O-glucoside;
Peak 4: luteolin-7-O-glucuronide; Peak 5: quercitrin; Peak 6: apigenin-7-O-glucoside; Peak 7:
apigenin-7-O-glucuronide.

2.2. Inhibitory Effect of Isolated Compounds on RLAR

We compared the ability of the isolated compounds and TMG (a positive control) to inhibit RLAR
activity (Table 2). Among the isolated constituents, RT, LGC and AGC exhibited RLAR inhibitory
activity, with 50% inhibition concentration (IC50) values of 9.5, 8.1 and 4.3 μM, respectively. QU had
the highest IC50 value of 0.2 μM, which was 2.5 times higher than the positive control (IC50 of
TMG = 0.5 μM). AM and LGN had high IC50 values at 1.6 and 0.7 μM, respectively, while AGN was
inactive. In addition, previous investigations of flavonoids isolated from AP by Jiang et al., Kato et al.,
and Liu et al. reported that CT, LT, QC, IQC, HP, AG, VT, KP, AS, and AZ were isolated from the
leaves of AP [10–12]. The RLAR inhibitory effects of ten known compounds were evaluated using
TMC as a positive control. LT and AZ had the strongest RLAR inhibitory activity, with IC50 values of
0.6 and 1.0 μM, respectively. QC, IOC, HP, AG and AS also exhibited potent inhibitory activity, with
IC50 values ranging from 3.2 to 15.2 μM. CT and VT showed lower inhibitory activity, with 7.2% and
12.2% inhibition, respectively, against RLAR at a concentration of 10.0 μg/mL. The RLAR inhibitory
effect of ten known compounds was similar to previous data from the literature [24,25].
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Table 2. Inhibitory effect of compounds referenced and isolated from A. pilosa Ledeb. on rat lens aldose
reductase (RLAR) and DPPH free radical scavenging activity.

Entry Compounds
DPPH RLAR

Experiments References

IC50 (μM) Inhibition (%) IC50 (μM) IC50 (μM)

IC a)

Agrimoniin (AM) 13.0 ± 0.06 35.0 ± 0.41 1.6 ± 0.12 -
Rutin (RT) 66.8 ± 0.34 31.7 ± 0.65 9.5 ± 0.75 9.0 [24] b)

Luteolin-7-O-glucoside (LGC) 71.5 ± 0.29 46.9 ± 0.95 8.1 ± 0.72 7.5 [26]
Luteolin-7-O-glucuronide (LGN) 80.6 ± 0.38 83.3 ± 0.88 0.7 ±0.54 3.1 [27]
Apigenin-7-O-glucoside (AGC) >250 40.2 ± 0.56 4.3 ± 0.14 23.0 [28]

Quercitrin (QU) 77.9 ± 0.27 97.4 ± 1.38 0.2 ±0.02 0.2 [29]
Apigenin-7-O-glucuronide (AGN) >250 <0 >30 -

KNC b)

Catechin (CT) 106.7 ± 0.43 7.2 ± 1.02 >30 >30 [24]
Kaempferol (KP) 91.6 ± 0.68 11.8 ± 0.81 15.2 ± 1.32 10 [24]
Quercetin (QC) 70.4 ± 0.15 74.1 ± 0.85 3.2 ± 0.13 2.2 [24]

Isoquercitrin (IQC) 65.9 ± 0.46 41.0 ± 1.07 5.1 ± 0.88 4.5 [24]
Hyperin (HP) 73.3 ± 0.23 90.8 ± 0.96 4.1 ± 0.32 3.0 [24]

Apigenin (AG) 156.3 ± 1.21 81.8 ± 1.20 3.2 ± 0.21 2.2 [24]
Vitexin (VT) >250 12.2 ± 0.95 >30 >30 [25]

Astragalin (AS) >250 53.3 ± 1.14 5.1 ± 0.89 >30 [25]
Luteolin (LT) 88.2 ± 0.52 80.2 ± 0.90 0.6 ± 0.03 0.5 [27]
Afzelin (AZ) >250 86.2 ± 0.38 1.0 ± 0.27 0.3 [30]

Positive
control

DPPH L-Ascorbic
acid 147.3 ± 0.43 - - -

RLAR TMG - 119.7 ± 0.22 0.5 ± 0.05 1.0 [30]
a) ICs are the compounds isolated from A. pilosa Ledeb; b) KNCs are the known compounds isolated from A. pilosa
Ledeb; b) [Number] is reference number.

2.3. DPPH and Off-Line DPPH HPLC Assay

The n-BuOH fraction showed high DPPH radical scavenging activity. The chromatogram of the
n-BuOH fraction without DPPH (blue line) and with DPPH (red line) is shown in Figure 3A, which
presents the peak areas of seven compounds isolated reduced obviously. As shown in Figure 3B,
seven compounds showed peak area reduction (PAR) between 13.6%–37.4%. In addition, Zeng et al.
reported that the rear eluting peak of the 34-min retention time is of DPPH [15]. Among these seven
compounds, AM and QU (PAR 23%–37%) would be more potent antioxidants than RT, LGC, LGN,
AGC and AGN, which showed PAR lower than 20.0%. The results of seven compounds in n-BuOH
fraction suggested antioxidant activity. The scavenging activity of the seven compounds isolated
from the n-BuOH fraction of APE was evaluated by measuring DPPH free radical scavenging activity
(Table 3). Of the tested compounds, AM had the highest IC50 value at 13.0 μM. RT, LGC, LGN and QU
also showed strong scavenging activity with IC50 values of 66.8–80.6 μM, compared to the positive
control, L-ascorbic acid (IC50 = 147.3 μM). However, AGC and AGN had almost no DPPH free radical
scavenging activity. Scavenging activity of the known compounds from AP was evaluated using
L-ascorbic acid. Of the tested known compounds, LT, QC, IOC, HP, and KP showed strong scavenging
activity, with IC50 values of 88.2, 70.4, 65.9, 73.3, and 91.6 μM, respectively, which were higher than
those of the positive control (L-ascorbic acid = 147.3 μM). On the other hand, VT, AS, and AZ showed
no DPPH free radical scavenging activity.
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Figure 3. HPLC-ultraviolet (UV) (before reaction: blue) and DPPH-HPLC-UV (after reaction: red)
of the n-BuOH fraction from A. pilosa Ledeb. at 254 nm (A) and quantitative reduction (%) in
the peak areas of compounds designated as follows (B); Peak 1: Agrimoniin; Peak 2: Rutin;
Peak 3: Luteolin-7-O-glucoside; Peak 4: Luteolin-7-O-glucuronide; Peak 5: Quercitrin; Peak 6:
Apigenin-7-O-glucoside; Peak 7: Apigenin-7-O-glucuronide; * is DPPH.

Table 3. Inhibitory effect of the constituents on the sorbitol accumulation in rat lenses and inhibition
type by active compound.

Compounds
Sorbitol Content (mg)/
Lens Wet Weight (g) a)

Inhibition
(%)

Inhibition Types
(References)

Sorbitol free No detection - -
Control 1.47 ± 0.04

Quercetin a) 0.21 ± 0.02 85.7 ± 8.32 Noncompetitive [31]
Agrimoniin (AM) 0.77 ± 0.02 47.6 ± 1.34 Noncompetitive

Luteolin-7-O-glucuronide (LGN) 0.12 ± 0.01 91.8 ± 9.01 Noncompetitive
Quercitrin (QU) 0.34 ± 0.02 76.9 ± 5.32 Uncompetitive [29]

Luteolin (LT) 0.12 ± 0.01 91.8 ± 7.91 Mixed type [30]
Afzelin (AZ) 0.10 ± 0.01 93.2 ± 8.67 Noncompetitive

a) Quercetin was used as positive control; b) [Number] is reference number.
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2.4. Kinetic-Type RHAR Inhibition by the Active Compounds

A kinetic study using DL-glyceraldehyde as a substrate at a concentration range of 1.0 to 25.0 mM
was performed to determine the type of inhibition that AM, LGN and AZ exhibited, which showed
the highest activity. The kinetic analysis of RHAR inhibition shown in Figure 4 was conducted with
AM, LGN and AZ using Lineweaver–Burk plots of 1/velocity and 1/concentration of substrate.
With the change of the concentration of the substrate DL-glyceraldehyde, the slopes obtained with
the uninhibited enzyme and the three different concentrations of each compound were found to be
parallel. The results showed that the inhibition of RHAR by AM, LGN and AZ were competitive
and mixed-type. In addition, Lee et al., Ha et al., and Chethan et al. reported that QU, LT, and QC
showed uncompetitive, mixed-type, and noncompetitive inhibition patterns, respectively, against
RHAR (Table 3) [31–33].

Figure 4. Lineweaver–Burk plots showing the reciprocal of the velocity (1/V) of recombinant rat lens
aldose reductase versus the reciprocal of the substrate concentration (1/S) with DL-glyceraldehyde as
the substrate at concentrations of 1.0 to 25.0 mM.
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2.5. Lens Culture and Intracellular Sorbitol Measurement

We also investigated the effect of RLAR inhibitory compounds (including the known inhibitory
compounds LT and AZ) on the sorbitol accumulation in isolated rat lens; the results are shown in
Table 3. AM, LGN, QU, LT and AZ inhibited sorbitol accumulation by 47.6%, 91.8%, 76.9%, 91.8%,
and 93.2%, respectively, at a concentration of 5.0 μg/mL. In addition, QC as a positive control, which
inhibits sorbitol accumulation in isolated rat lens by 85.7%, reduced the sorbitol level in culture medium
containing a high glucose concentration. These results indicated that RLAR inhibitors isolated from
APE are effective in either preventing or slowing sugar cataract formation associated with diabetes.

3. Discussion

The results of the RLAR and DPPH revealed that all tested APEs have a potent inhibitory
effect on RLAR and protect against oxidative stress (Figure 5); these results are shown in Table 1.
In addition, the inhibitory effect of the n-BuOH fraction of APE on RLAR inhibition was comparable
to that of the positive control TMS. In previous studies, VT, RT, HP, LT-7-O-β-D-glucopyranoside,
QC, tiliroside, LT, AP, and KP isolated from AP were analyzed by HPLC-UV and showed
α-glucosidase inhibitory activity, ABTS+ radical scavenging activity, and hydroxyl radical
scavenging activity [12]. QC-3-O-β-D-glucopyranoside, QC-3-O-α-L-rhamnopyranoside,
(2S,3S)-(−)-taxifolin-3-O-β-D-glucopyranoside, KP-3-O-α-L-rhamnopyranoside, 1-butanoyl-3,5-
dimethyl-phloroglucinyl-6-O-D-glucopyranoside, CT, tiliroside, AG, and agrimonolide in AP
were established for characterization and simultaneous quantification by the HPLC-diode
array detector-electrospray ionization mass spectrometry (MS)/MS method [10]. Kato et al
successfully separated three new compounds and nine known compounds, including
(−)-aromadendrin-3-O-β-D-glucopyranoside, desmethylagrimonolide-6-O-β-D-glucopyranoside,
and 5,7-dihydroxy-2-propylchromone-7-O-β-D-glucopyranoside, agrimonolide-6-O-glucoside,
takanechromone C, AT, AZ, tiliroside, LT, QC, IQC, and AGC from AP's aerial parts MeOH extract [11].

 

Figure 5. Inhibition points of A. pilosa Ledeb and its constituents on polyol pathway. GSH:
glutathione, GSSG: glutathione disulfide, NAD: nicotinamide adenine dinucleotide, NADH:
oxidoreductase-induced nicotinamide adenine dinucleotide, NADP: nicotinamide adenine dinucleotide
phosphate, NADPH: oxidoreductase-induced nicotinamide adenine dinucleotide phosphate.

Various flavonoid constituents were isolated as active compounds from AP. Based on the literature,
we evaluated the effect of ten known flavonoids and isolated compounds from the n-BuOH fraction of
APE on RLAR. Among the compounds isolated, compound 4 was isolated for the first time from this
plant and AM (IC50 = 1.6 μM) was evaluated in RLAR for the first time. Except for AGN, all compounds
showed a potent inhibitory effect, with IC50 values of 0.2–9.5 μM. Among active compounds, LGN
and QU had similar or higher activity than the positive control TMS. Previous flavonoid RLAR studies
reported that LGC (7.5 μM) [26], LGN (3.1 μM), LT (0.5 μM) [27], and AGC (23.0 μM) [28] were
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isolated from plant sources. Matsuda et al. reported potent IC50 values as follows: QC (2.2 μM), IQC
(4.5 μM), HP (3.0 μM), AG (2.2 μM), KP (10.0 μM), and RT (9.0 μM) [24]. QU had an IC50 value of
0.2 μM [29]. These reported data were similar to our experimental data (shown in Table 2). The sorbitol
accumulation was not significantly correlated with RLAR activity. AM, LGN, QU, LT, AZ, and QC
showed different RLAR inhibitory effects (IC50 values) as structures (QU, 0.2 μM > LT, 0.6 μM > LGN,
0.7 μM > AZ, 1.0 μM > AM, 1.6 μM > QC, 3.2 μM). On the other hand, high inhibition of sorbitol
accumulation was observed in the following order: AZ (93.2%), LGN (91.8%) and LT (91.8%), QC
(85.7%), QU (76.9%), and AM (47.6%). According to structures of flavonoids, different inhibitory effects
were seen in vitro and ex vivo. Therefore, this result suggests that bioavailability may be affected by
structures of flavonoids.

Based on these results, the RLAR inhibitory effect of flavonoid derivatives and the structure
activity relationship (SAR) were investigated using the RLAR assay. RLAR inhibitory effects of
flavonoid derivatives depend on the position and sugar type of the aromatic A and C ring at a catechol
moiety. RT, QC, IQC, HP, and QU were isomers of flavonol and had rhamnoside, no sugar, galactoside,
glucoside, and rutinoside, respectively, in the same position. However, these compounds showed
different RLAR inhibitory effects and different IC50 values. RT showed IC50 values 15.5, 20.0, 25.5, and
47.5 times higher than those of QC, HP, IQC, and QU, respectively. In addition, LT derivatives showed
different RLAR inhibitory effects according to sugar types (LGN > LT > LGC). Flavone derivatives
showed different patterns on SAR. AZ, AG, AGN, AG, KP, and AGN have no hydroxyl at the 4’
position at a catechol moiety B ring, and showed lower activity than the flavonol structure. However,
rhamnoside at the 3-position in the A ring of flavonol/flavone structure showed stronger activity
than other sugar types, and glucuronide and glucoside at the 7′ position showed higher activity than
glucoside at the 3′ and 7′ positions. A previous SAR study demonstrated that the inhibitory activity of
flavonol/flavone was different according to 3′,4′-hydroxyl moiety in a catechol moiety at the B ring,
and suggested that sugar type and hydroxyl moieties at the 3’ and 7’ position increased the activity of
RLAR [26].

Offline DPPH-HPLC method is able to rapidly screen antioxidants from complex mixtures,
especially for natural products with minimum sample preparation. Reduction or disappearance of the
peak areas in the HPLC chromatogram certify potential antioxidant activity of the compounds, while
there was no change of peak areas for compounds with no antioxidant activity after their reaction
with DPPH. Zhang et al. reported that eighteen antioxidants were screened and identified from
Pueraria lobata flowers by the offline DPPH-HPLC-MS/MS method [34] Moreover, seven antioxidant
compounds in Eucommia ulmoides Olive were analyzed by offline DPPH-HPLC [35]. As shown in
Figure 3, our offline DPPH-HPLC method results suggested that this method is a good strategy for
selecting antioxidant compounds from crude plant extracts. Many studies were done for evaluating
the antioxidant activities of flavonoids, which showed the ability to quench free radicals through
several mechanisms, including the donation of electrons and hydrogen atoms, and chelate transition
metals [36]. Thus, we evaluated the antioxidant activity of seven isolated compounds with offline
DPPH-HPLC, as well as the DPPH radical scavenging activity of ten known flavonoids. The n-BuOH
fraction of AP showed the capacity to scavenge DPPH radicals. In addition, AM, RT, LGC, LGN and
QU showed potent DPPH inhibitory activity, with IC50 values of 13.0, 66.8, 71.5, 80.6, and 77.9 μM,
respectively. Among ten known flavonoids, seven compounds (except for VT, AG, and AZ) exhibited
potent DPPH inhibitory activity, with IC50 values of 65.9–156.3 μM, compared to L-ascorbic acid
(147.3 μM, Table 2). Although activity results of offline DPPH-HPLC and DPPH assay showed
different activity patterns, we believe that the offline DPPH method can be very efficient and fast for
screening antioxidant compounds from complex mixtures (natural products, food, or materials).
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4. Materials and Methods

4.1. General

1H and 13C NMR spectra and correlation 2D NMR spectra were obtained from a Bruker Avance
DPX 400 (or 600) spectrometer. These spectra were obtained at operating frequencies of 400 MHz
(1H) and 100 (or 150) MHz (13C) with CD3OD, (CD3)2SO, (CD3)2CO, or D2O and TMS used as an
internal standard; chemical shifts were reported in δ values. Isolated compounds were analyzed by
electron ionization-MS in a low resolution-MS equipped with JMS-700. A semi prep-HPLC system for
separation identification (recycling preparative LC908-C60, JAI, Tokyo, Japan) was used.

4.2. Chemicals and Reagents

L-Ascorbic acid, DPPH, NADPH, DL-glyceraldehyde dimer, TMG, glucose, and the reference
compounds used in this study (CT, LT, QC, IQC, HP, AG, VT, KP, AS, and AZ) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). RHAR was purchased from Wako Pure Chemical Industries
(Osaka, Japan). All other chemicals and reagents used were of analytical grade.

4.3. Plant Materials

Dried bark of AP was purchased at a local market in Yeongcheon, Gyeongsangbuk-do Province,
Korea (June 2015). The AP was identified by Hyung Joon Chi at Seoul National University,
and a voucher specimen (No. RIC-2015-0615) was deposited at the Regional Innovation Center,
Hallym University, Korea.

4.4. Extraction, Fractionation, and Isolation

The dried bark of AP (10 kg) was extracted twice with methylene chloride (50.0 L × 2 times)
for 48 h at room temperature. The suspension was filtered and evaporated under reduced pressure
at 40 ◦C to give methylene chloride extract (yield: 1.9%, 194.0 g). The residue was extracted with
APE. The suspension was filtered and evaporated under reduced pressure at 40 ◦C to give the
APE (yield: 7.6%, 762.9 g). This extract was suspended in distilled water and then successively
partitioned with EtOAc, n-BuOH and water to yield EtOAc (17.2%, 110.0 g), n-BuOH (20.6%, 132.0 g)
and water fractions (59.5%, 381.3 g), respectively. These fractions were concentrated to dryness by
rotary evaporation at 40 ◦C, while the water fraction was freeze-dried. The n-BuOH fraction showed
strong inhibitory activity against RLAR. Thus, the n-BuOH fraction was applied to an open glass
column packed with Diaion HP-20 with MeOH-H2O in a gradient of 30%–100% MeOH, thereby
yielding 15 sub-fractions (HP-S1 to HP-S15). It was then eluted with water to wash any sugars or
impure components. Fraction HP-S8 (200.0 mg) was purified to yield compound 1 (69.3 mg) and
compound 2 (30.3 mg) by recycle HPLC with a gradient system from 30%–35% MeOH. Other fractions
obtained from Diaion HP-20 were applied to a Sephadex LH-20 column (90 cm × 3 cm, internal
diameter). Fraction HP-S9 (888.6 mg) was separated with 70% MeOH to obtain compound 3 (96.1 mg)
and compound 4 (150.5 mg). Fraction HP-S11 (797.1 mg) was separated with a 60% MeOH system to
obtain compound 5 (11.6 mg) and compound 6 (21.3 mg). Fraction HP-S12 (465.9 mg) was isolated
with a 100% MeOH system to yield compound 7 (251.6 mg).

4.5. Preparation of Aldose Reductase

Crude RLAR was prepared as follows: lenses weighing 250–280 g were removed from
Sprague–Dawley rats and frozen at −70 ◦C until use. This was approved by the University of
Hallym Animal Care and Use Committee (registration number: Hallym 2015-06-08). Non-cataractous
transparent lenses were pooled and a homogenate was prepared in 0.1 M phosphate-buffered saline
(pH 6.2). RLAR homogenate was then centrifuged at 10,000× g for 20 min at 4 ◦C in a refrigerated
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centrifuge. The supernatant was collected and used as the RLAR. All procedures were carried out at
4 ◦C [37].

4.6. Determination of RLAR Inhibition In Vitro

RLAR activity was assayed spectrophotometrically by measuring the decrease in the absorption
of NADPH at 340 nm over a 3-min period using DL-glyceraldehyde as the substrate. Each 1.0 mL
cuvette contained equal units of the enzyme, 0.10 M potassium phosphate buffer (pH 6.2), 1.6 mM
NADPH, 25 mM DL-glyceraldehyde (the substrate), and an inhibitor or dimethyl sulfoxide (DMSO).
The inhibition of RLAR (%) was calculated with the following equation: [1 − (ΔA sample/min) − (ΔA
blank/min)/(ΔA control/min) − (ΔA blank/min)] × 100%, where ΔA sample/min is the reduction of
absorbance for 3 min with reaction solution, the test sample, and substrate, and ΔA control/min is the
same but with DMSO instead of the test sample [38].

4.7. HPLC Analysis

The sample was analyzed using an Agilent Technologies modular model 1200 system with a
vacuum degasser (G1322A), a quaternary pump (G1311A), an auto-sampler (G1329A), a thermo-statted
column compartment (G1316A), and a variable wavelength detector (VWD, G1314D) system.
The separation was achieved on an Eclipse XDB-phenyl column (150 mm × 4.6 mm, 3.5 μm) maintained
at 30 ◦C. The elution solvents were 0.1% trifluoroacetic acid (A) and MeOH (B) with the following
gradient: 20%–30% B (0–3 min), 30%–40% B (3–10 min), 40%–50% B (10–20 min), 50%–60% B
(25–35 min), 60%–100% B (25–35 min), 100%–100% B (35–38 min), 100%–20% B (38–40 min), and
20%–20% B (40–45 min). Injection volume was 10 μL (sample concentration: 1 mg/mL) and UV
wavelength was 254 nm.

4.8. Evaluation of DPPH Radical Scavenging Capacity

The stable free radical was used to determine the free radical-scavenging activity of the
extracts [39]. Briefly, a 0.32 mM solution of DPPH in MeOH was prepared, and 180 μL of this solution
was mixed with 30 μL of each sample at concentrations of 0.05–1.0 mg/mL in DMSO. After 20 min of
incubation in the darkroom, the decrease in the absorbance of the solution was measured at 570 nm on a
microplate reader (EL800 Universal Microplate reader, Bio-Tek instruments, Winooski, VT, USA). DPPH
inhibitory activity was expressed as the percentage inhibition (%) of DPPH in the aforementioned
assay system, and was calculated as [1 − (Asample − Ablank/Acontrol − Ablank)] × 100%, where Acontrol
is the absorbance of DPPH solution (180 μL) with methanol (30 μL); Ablank is the absorbance of distilled
water (180 μL) with methanol (30 μL); Asample is the absorbance of DPPH solution (180 μL) with sample
solution (30 μL).

4.9. OffLine DPPH HPLC Assay

The offline DPPH HPLC assay was performed by modifying a previously-described protocol [40].
Thirty microliters (20 mg/mL in MeOH) of the n-BuOH fraction from APE were mixed with 180 μL
prepared DPPH solution (0.32 mM). The mixture was incubated in the dark for 20 min, then filtered
through a 0.45-μm filter for HPLC analysis. The n-BuOH (20 mg/mL in MeOH) was used as a control.
The extent of peak decrease is expressed as a quantitative reduction.
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4.10. Determination of Inhibition-Type of RHAR by Active Compound

Reaction mixtures consisted of 0.1 M potassium phosphate, 1.6 mM NADPH, and 2 mM of RHAR
with varied concentrations of substrate DL-glyceraldehyde and AR inhibitor in a total volume of 600 μL.
Concentrations ranged from 0 to 25 mM for DL-glyceraldehyde and from 0 to 20 μM for the active
compound. RHAR activity was assayed by measuring the decrease in absorption of NADPH after
substrate addition at 340 nm using a Bio Tek Power Wave XS spectrophotometer (Bio Tek Instruments,
Winooski, VT, USA) [41].

4.11. Lens Culture and Intracellular Sorbitol Measurement

Lenses isolated from 10-week-old Sprague–Dawley rats using the registration number mentioned
in the section of 4.5 were cultured for 6 d in TC-199 medium that contained 15% fetal bovine serum,
100 units/mL penicillin, and 0.1 mg/mL streptomycin, under sterile conditions and an atmosphere of
5% CO2 and 95% air at 37 ◦C. Samples were dissolved in DMSO. The lenses were divided into three
groups and cultured in medium containing 30 mM glucose and RLAR-active compounds. Each lens
was placed in a well containing 2.0 mL of medium. Sorbitol was determined by HPLC using the
methods mentioned in the section of 4.7 after its derivatization by reaction with benzoic acid to a
fluorescent compound [42].

4.12. Statistical Analysis

Inhibition rates were calculated as percentages (%) with respect to the control value, and the IC50

value was defined as the concentration at which 50% inhibition occurred. Data are expressed as mean
values ± standard deviation of triplicate experiments.

5. Conclusions

In summary, seven compounds isolated from the n-BuOH fraction of the APE and ten flavonoids
known as ingredients of AP were evaluated for RLAR inhibitory activity and DPPH radical scavenging
activity. Additionally, antioxidant compounds in the n-BuOH fraction of APE were investigated with
a DPPH offline HPLC assay. Of the compounds tested, AM, LGN, QU, LT, and AZ showed strong
inhibitory activity against RLAR and sorbitol accumulation. Consequently, we conclude that APE and
its constituents may play partial roles in RLAR and oxidative radical inhibition. Our results suggest
that AP may potentially be used as a herbal drug to treat diabetic complications.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/2/379/s1.
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Abbreviations

AR aldose reductase
NADPH nicotinamide adenine dinucleotide phosphate
NADH nicotinamide adenine dinucleotide
CT catechin
AP Agrimonia pilosa Ledeb
LT luteolin
QC quercetin
IQC isoquercetin
HP hyperin
AG apigenin
VT vitexin
KP kaempferol
AS astragalin
AZ afzelin
RLAR rat lens aldose reductase
APE Agrimonia pilosa 50% methanol (MeOH) extract
RHAR recombinant human aldose reductase
ICs isolated compounds isolated from Agrimonia pilosa
KNCs known compounds isolated from Agrimonia pilosa
TMG tetramethylene glutaric acid
PAR peak area reduction
CH2Cl2 methylene chloride
EtOAc ethyl acetate
n-BuOH n-butanol
DPPH 1,1-diphenyl-2-picrylhydrazyl
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Abstract: Hazelnut shells, a by-product of the kernel industry processing, are reported to contain
high amount of polyphenols. However, studies on the chemical composition and potential effects
on human health are lacking. A methanol hazelnut shells extract was prepared and dried. Our
investigation allowed the isolation and characterization of different classes of phenolic compounds,
including neolignans, and a diarylheptanoid, which contribute to a high total polyphenol content
(193.8 ± 3.6 mg of gallic acid equivalents (GAE)/g of extract). Neolignans, lawsonicin and
cedrusin, a cyclic diarylheptanoid, carpinontriol B, and two phenol derivatives, C-veratroylglycol,
and β-hydroxypropiovanillone, were the main components of the extract (0.71%–2.93%, w/w).
The biological assays suggested that the extract could be useful as a functional ingredient in food
technology and pharmaceutical industry showing an in vitro scavenging activity against the radical
1,1-diphenyl-2-picrylhydrazyl radical (DPPH) (EC50 = 31.7 μg/mL with respect to α-tocopherol
EC50 = 10.1 μg/mL), and an inhibitory effect on the growth of human cancer cell lines A375, SK-Mel-28
and HeLa (IC50 = 584, 459, and 526 μg/mL, respectively). The expression of cleaved forms of caspase-3
and poly(ADP-ribose) polymerase-1 (PARP-1) suggested that the extract induced apoptosis through
caspase-3 activation in both human malignant melanoma (SK-Mel-28) and human cervical cancer
(HeLa) cell lines. The cytotoxic activity relies on the presence of the neolignans (balanophonin),
and phenol derivatives (gallic acid), showing a pro-apoptotic effect on the tested cell lines, and the
neolignan, cedrusin, with a cytotoxic effect on A375 and HeLa cells.

Keywords: hazelnut by-product; neolignans; diaryleptanoid; DPPH radical; caspase-3; PARP-1

1. Introduction

Hazelnut (Corylus avellana L., Betulaceae family) is one of the most cultivated and marketed
nuts in the world. Italy is the second largest hazelnut-producing area (about 105,000 t/year), behind
Turkey (about 600,000 t/year) [1]. About 10% of the world crop production is sold as in-shell product
consumed fresh or roasted, and the remaining 90% as shelled hazelnuts and used as an ingredient in
food (bakery, confectionary industry, and chocolate) processing industries [2,3]. During the kernel
harvesting and industrial processing, a large amount of by-products, including green leafy cover, shell
and skin, is obtained. Their disposal represents both an economic problem for the producers and a
serious environmental problem due to the combustion of the crop residues [4–6]. The ligno-cellulose
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shells, obtained after cracking the kernel, account for the majority of this waste, and they are used as a
heat source, for mulching, and furfural production in dye manufacturing [7]. The reported antioxidant
potential of both hazelnut kernel and shell extracts might be related to the presence of phenolic acids
and tannins [8–11]. Polyphenols have received great attention for their human health benefits due to
antioxidant properties [8,11–13]. Intake of foods or vegetable products rich in polyphenols is generally
recognized as useful for the prevention and treatment of cancer, and cardiovascular, inflammatory,
microbial, and age-related diseases [14]. In particular, the chemopreventive efficacy of these natural
antioxidants has been demonstrated against several human cancer cell lines [15]. Therefore, recovery
and upgrading of hazelnut shells seems to be consistent with the growing demand for ingredients
that have beneficial effects on human health. Nevertheless, the information about the chemical profile
of hazelnut shells is limited to the identification of free and bound phenolic compounds, such as
flavonoid glycosides and aromatic acids, in hazelnuts cultivated in Poland [16]. Therefore, the aim of
the present study was to define the chemical composition and biological activities of the methanol
extract from hazelnut shells (HSE). The research led to the isolation and characterization by Nuclear
Magnetic Resonance (NMR) and Elettrspray Mass Spectrometry (ESI-MS) of four neolignans with a
dihydro[b]benzofuran skeleton, seven phenolic derivatives, and a cyclic diarylheptanoid. The in vitro
free radical scavenging activity of HSE and isolated compounds was determined by DPPH test.
The antiproliferative activity of HSE and its major components against human melanoma (primary
and metastatic, A375, and SK-Mel-28, respectively) and cervical cancer (HeLa) cell lines was evaluated
by MTT bioassay. The potential pro-apoptotic mechanism of action, as well as the involvement of
caspase-3 and its major substrate PARP-1 in the apoptotic process, was investigated.

2. Results and Discussion

2.1. Extract Preparation, Chemical Composition, and Quantitative Analysis

In order to investigate the chemical profile and biological activities of hazelnut shells, a methanol
extract (HSE) from powdered and defatted shells was prepared. The extraction yield, after maceration
(3 times × 24 h) at room temperature of shells, was about 2.08%. This result is comparable to that
reported by Shahidi et al. (2007) [9] and Contini et al. (2008) [8] using aqueous ethanol, methanol,
or acetone as solvent systems and hot-reflux extractor (80 ◦C) or a long maceration at room temperature
as extraction procedures. A portion of HSE (1.5 g) was subjected to chromatography by Sephadex
LH-20 and RP-HPLC to obtain twelve major constituents belonging to different phenolic subclasses.
The structures of the isolated compounds (Figure 1) were established by their NMR and MS data in
comparison to those found in the literature. They include four dihydro[b]benzofuran-type neolignans
(1–4), lawsonicin (1) [17], cedrusin (2) [18], balanophonin (3) [19], and ficusal (4) [20]; seven phenolic
derivatives, dihydroconiferyl alcohol (5) [21], veratric acid (6) [22], vanillic acid (7) [17], gallic acid (8),
methyl gallate (9) [23], C-veratroylglycol (11) [24], and β-hydroxypropiovanillone (12) [25]; and a
cyclic diarylheptanoid, carpinontriol B (10) [26]. Vanillic and gallic acids (7–8) have been previously
identified in hazelnut kernel and shells [16], while the presence in hazelnut of compounds 1–6 and
9–12 was revealed for the first time.

The major components of HSE, neolignans (1) and (2), cyclic diarylheptanoid (10), and
phenols (11) and (12), were selected as markers of the extract and their quantitative analysis was
performed by High-Performance Liquid Chromatography with Diode-Array Detection (HPLC-DAD)
using the isolated compounds as the standards for calibration curves. The HPLC fingerprint is
reported in Figure 2. Lawsonicin (1), cedrusin (2), carpinontriol B (10), C-veratroylglycol (11), and
β-hydroxypropiovanillone (12) were found to be 1.98%, 1.79%, 1.41%, 2.93%, and 0.71%, w/w of the
extract, respectively. Other isolated compounds (3–9) were not quantified.
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Figure 1. Structures of compounds (1–12) isolated from hazelnut shells extract (HSE).

Figure 2. HPLC-DAD fingerprint (230 nm) of hazelnut shells extract (HSE). The peak numbers in this
figure correspond to compounds in Figure 1.

2.2. Free Radical Scavenging Activity

The well known antioxidant activity of phenolic compounds is generally thought to be due
to redox properties, which can play an important role in neutralizing free radicals, quenching
singlet and triplet oxygen, or decomposing peroxides [27]. Considering their occurrence in HSE, the
free-radical scavenging activity of the extract was verified by DPPH test. This method evaluates
the ability of a sample to scavenge the chromogen long-lived DPPH free radical [28]. Results
(Table 1) showed that the extract possessed a significant and concentration-dependent free radical
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scavenging (EC50 = 31.7 μg/mL) which may be correlated to its high polyphenol content, evaluated
by Folin–Ciocalteu method, and expressed as gallic acid equivalent (193.8 mg GAE/g of the extract).
Moreover, the free-radical scavenging activity of all isolated compounds was also evaluated, with
the aim to identify the compounds responsible for HSE activity. As previously reported [23],
gallic acid (8) and methyl gallate (9), water-soluble polyphenols, were very effective in quenching
free-radicals, exhibiting an EC50 of 1.2 and 1.4 μg/mL, respectively, 10-fold higher than α-tocopherol
(EC50 = 10.1 μg/mL) used as positive control (Table 1). Neolignans, lawsonicin (1), cedrusin (2),
and balanophonin (3), phenolic acid derivatives, vanillic (6) and veratric (7) acids, and cyclic
diarylheptanoid, carpinotriol B (10) had EC50 values ranging from 42.7 to 89.2 μg/mL (Table 1).
Only ficusal (4) and dihydroconiferyl alcohol (5) were about 10-fold less active than α-tocopherol
(Table 1). Results were in agreement with the observation that the structure of polyphenols is the key
determinant of their antioxidant activity [29]. The strong effect of phenolic acids such as gallic acid (8)
and methyl gallate (9) is due to three free hydroxyl groups at position 3, 4 and 5 on the aromatic
ring [30]. The loss of a hydroxyl group and/or the presence of one or more methoxy groups on the
aromatic ring reduced drastically the activity as observed for veratric (7) and vanillic (6) acids (Table 1),
respectively. Moreover, in the series of di-ortho phenolic derivatives, β-hydroxypropiovanillone (12)
was more active than C-veratroylglycol (11) and dihydroconiferyl alcohol (5) (Table 1), probably
due to modification in the side chain. Considering the structures of neolignans 1–4, the free-radical
scavenging activity was as follows 2 > 3 > 1 > 4, suggesting that the effect could be related to the
3-phenylpropan-1-ol unit and free hydroxyl group at position C-3′ [31]. The presence of a methoxy
group at C-3′ (lawsonicin, 1 and balanophonin, 3) decreases the efficacy; and the activity disappeared
in ficusal (4) which shows the loss of the side chain and presence of an aldheide function at R1.
In conclusion, the significant free radical scavenging activity of the hazelnut shells extract could be
ascribed to the additive and synergistic effect of its phenols, which may exert, in combination, a better
antiradical effect than individual compound [32].

Table 1. Total Phenolic Content and free-radical scavenging activity of hazelnut shells extract (HSE)
and compounds 1–12.

Extract and Compounds Phenol Content (mg/g Extract) a EC50
b (μg/mL)

HSE 193.8 ± 3.6 c 31.7 ± 1.4 c

1 74.3 ± 3.8
2 42.7 ± 2.5
3 59.2 ± 2.9
4 160.0 ± 4.5
5 118.7 ± 3.5
6 55.4 ± 1.2
7 58.6 ± 3.5
8 1.2 ± 0.2
9 1.9 ± 0.8

10 78.2 ± 2.1
11 89.2 ± 3.2
12 54.6 ± 2.8

α-Tocopherol d 10.1 ± 1.3
a Gallic acid equivalent; b EC50 ± standard deviation (data from three experiments in triplicate); c Mean ± SD of
three determination by the Folin–Ciocalteu method; d Positive control of the DPPH assay.

2.3. Cytotoxic Activity of Hazelnut Shells Extract (HSE) and Isolated Compounds

The treatment of melanoma and cervical cancer with conventional chemotherapy, surgery,
and radiation, alone or in combination, is rather unsatisfactory [15,33]. Therefore, the research on
functional foods fortified and enriched with natural potential chemopreventive additives, dietary
supplements, and nutraceuticals able to decrease the incidence of these cancers, is raising a great
interest. The cytotoxic activities of gallic acid and neolignans with a dihydro[b]benzofuran against
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several cancer cell lines have been reported [14,16,31,34]. In the present study, the activity of hazelnut
extract and its constituents in inhibiting cell proliferation was evaluated by MTT assay against human
melanoma (primary A375, metastatic SK-Mel-28), and cervical cancer (HeLa) cell lines. The total extract
(HSE) exhibited a significant (p < 0.05) and concentration-dependent inhibitory effect on the tumor cell
lines growth (IC50 459–584 μg/mL, Table 2). Balanophonin (3), and gallic acid (8) were cytotoxic on all
cell lines with IC50 values ranging from 142 to 200 μM (Table 2). The neolignan cedrusin (2) was found
active in A375 and HeLa cells (IC50 = 130 and 141 μM, respectively) for the first time. On the contrary,
other neolignans, lawsonicin (1) and ficusal (4), phenol derivatives, dihydroconyferyl alcohol (5),
veratric acid (6), vanillic acid (7), C-veratroylglycol (11), and β-hydroxypropiovanillone (12), and cyclic
diarylheptanoid, carpinontriol B (10) were not cytotoxic up to 1000 μM (Table 2). Results indicated
that the effect of HSE on cancer cell growth might be due to a synergy of action of the neolignans,
cedrusin (2) and balanophonin (3), and gallic acid (8). However, it cannot be excluded that not isolated
or interfering constituents may contribute to the extract activity.

Table 2. Effect of hazelnut shells extract (HSE) and its compounds on human cancer cell lines.

Extract or Compound
Cell Line

A375 a (IC50) b SK-Mel-28 (IC50) HeLa (IC50)

HSE 584.0 ± 9.0 c 459.0 ± 8.3 526.0 ± 8.9
1 NA d NA NA
2 130.0 ± 4.2 NA 141.0 ± 3.8
3 142.0 ± 3.6 150.0 ± 4.1 143.0 ± 4.4
4 NA NA NA
5 NA NA NA
6 NA NA NA
7 NA NA NA
8 170.0 ± 3.2 150.0 ± 4.0 200.0 ± 3.3
10 NA NA NA
11 NA NA NA
12 NA NA NA

a A375 and SK-Mel-28, melanoma cells; HeLa, cervical cancer cells; b IC50, required concentration of hazelnut shells
extract or pure compound to inhibit cell proliferation by 50% expressed as μg/mL for extract and μM for compounds;
c IC50 ± standard deviation (data from three experiments in triplicate); and d Not active (IC50 > 1000 μM).

Gallic acid has been shown to induce apoptosis in cancer cells and it has been recognized as a
chemopreventive agent [33,35,36]. However, there is no study in the literature supporting the possible
mechanism of action of neolignans, cedrusin (2), and balanophonin (3), in the induction of human
cancer cell death. Therefore, the potential apoptotic effect of the extract, HSE, and the most cytotoxic
neolignans (2) and (3), and gallic acid (8) was investigated evaluating the presence of hypodiploid
nuclei in the cells by flow-cytometric analysis, after incubating with the extract (100–500 μg/mL) or
compounds (each 100–500 μM) for 24 h [17].

Figure 3 shows that the extract induced apoptosis in all treated cancer cells increasing in a
dose-dependent manner the percentage of hypodiploid nuclei. Notably, this effect was significant
(p < 0.05) from 250 μg/mL and was more evident in A375 cells compared to SK-Mel-28 and HeLa cells.
Moreover, compounds (2), (3) and (8) exhibited a pro-apoptotic effect (data not shown).
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Figure 3. Effects of hazelnut shells extract (HSE) on apoptosis of A375, SK-Mel-28 and HeLa cells.
Analysis of percentage of nuclei in apoptosis was performed with propidium iodide staining. Cancer
cells were incubated with different concentrations of hazelnut shells extract (HSE) (100–500 μg/mL)
for 24 h. Cells were then collected, and the percentage of hypodiploid nuclei was analyzed by flow
cytometry (* p < 0.05, ** p < 0.01 vs. control cells). All results are shown as mean ± standard deviation
of three experiments performed in triplicate. Statistical comparison between groups were made using
ANOVA followed by the Bonferroni parametric test. Differences were considered significant if p < 0.05.

One of the most common signaling cascades involved in apoptosis is the activation of caspases, a
family of cysteinyl-aspartate proteases, usually present as inactive zymogen forms. Caspases cleave
several proteins, during the execution phase of apoptosis, and among them, PARP-1 (poly(ADP-ribose)
polymerase-1), a nuclear enzyme involved in DNA repair, DNA replication, and modulation of
chromatin structure [37]. In response to genotoxic stress, PARP-1 is cleaved by caspase-3 and -7 into a
~25 kDa N-terminal fragment, containing the DNA binding domain (DBD), and a ~85 kDa C-terminal
fragment that retains basal enzymatic activity PARP-1, recognizes DNA strand interruptions, and can
complex with RNA inhibiting transcription. Through these processes, PARP-1 cleavage may help cells
to commit to the apoptotic pathway [38,39].

In order to investigate the mechanism of apoptosis induction by both the extract (HSE) and
compounds in A375, SK-Mel-28 and HeLa cancer cells, the expressed levels of caspase-3 and
PARP-1 cleavage were further analyzed by Western blotting analysis. Results indicated that HSE,
balanophonin (3), and gallic acid (8) induced PARP-1 cleavage after 24–48 h of treatment (Figure 4)
in human cervical cancer (HeLa) and human malignant metastatic melanoma (SK-Mel-28) cell lines.
Therefore, hazelnut extract and compounds-induced apoptosis is mediated by caspase-3 activation in
the above cancer cells. Conversely, no activation of PARP-1 in human malignant melanoma (A375)
cells (Figure 4) suggested that the pro-apoptotic mechanism of extract and compounds must be
further investigated.
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Figure 4. PARP-1 expression in A375, HeLa and SK-Mel-28 cell lines after 24 and 48 h of treatment.
Hazelnut shells extract (HSE) and compounds (after 24 h) induce PARP-1 cleavage in HeLa and
SK-Mel-28, but not in A375 cell lines.

3. Materials and Methods

3.1. Chemicals and Reagents

Analytical grade n-hexane, chloroform, n-butanol, and methanol employed for extraction
and isolation procedures, methanol deuterated, Folin–Ciocalteu phenol reagent, 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH), α-tocopherol, and HPLC-grade methanol were purchased from
Sigma-Aldrich (Milan, Lombardia, Italy). HPLC-grade water (18 mΩ) was prepared by a Milli-Q50

purification system (Millipore Corp., Bedford, MA, USA). Water and MeOH employed for the
electrospray ionization ESI-MS analysis were of HPLC supergradient quality (Romil Ltd., Cambridge,
UK). Human malignant melanoma (A375, and SK-Mel-28), human cervical cancer (HeLa), all reagents,
and supplements for cell cultures were obtained from Gibco Life Technology Corp. (ThermoFischer
Scientific, Milan, Italy). Sodium citrate, Triton X-100 and propidium iodide (PI) were purchased
from (Sigma-Aldrich, St. Louis, MO, USA). PARP-1 (F-2) antibody was acquired from Santa Cruz
Biotechnology, Inc. (Heidelberg, Germany).

3.2. General Experimental Procedures

A Bruker DRX-600 NMR spectrometer (Bruker Italia, Milano, Italia), operating at 599.19 MHz
for 1H and 150.858 MHz for 13C, using the TopSpin 3.2 software package (Bruker Italia, Milano, Italy),
was used for NMR experiments in CD3OD. Chemical shifts are expressed in δ (parts per million)
referring to the solvent peaks δH 3.31 and δC 49.05 for CD3OD, with coupling constants, J, in Hertz.
Conventional pulse sequences were used for 1H-1H DQF-COSY (Double Quantum Filter-Correlation
Spectroscopy) 1H-13C HSQC (Heteronuclear Single Quantum Coherence), and HMBC (Heteronuclear
Multiple Bond Correlation) experiments [27]. ESI-MS experiments were performed with a Finnigan
LC-Q Deca spectrometer (Thermoquest, San Jose, CA, USA), equipped with Xcalibur 3.1 software
(Thermoquest, San Jose, CA, USA). Chromatography was performed on Sephadex LH-20 (Pharmacia,
Uppsala, Sweden). Thin-layer chromatography (TLC) analysis was performed with Macherey−Nagel
precoated silica gel 60 F254 plates (Delchimica, Naples, Italy), and the spray reagent cerium sulfate
(saturated solution in dilute H2SO4) and UV (254 and 366 nm) were used for the spot visualization.
Preparative HPLC separations were conducted on a Waters 590 series pumping system, equipped
with a Waters R401 refractive index detector and a Rheodyne injector (100 μL loop), using μ-Bondapak
C18 (300 × 7.8 mm i.d., 10 μm, Waters) or Luna C8 (250 × 10.0 mm i.d., 10 μm, Phenomenex,
Torrance, CA, USA) as column. An Agilent 1100 series system (Agilent Technologies, Waldbronn,
Germany), equipped with a Model G-1312 pump, a Rheodyne Model G-1322A loop (20 μL), and a
DAD G-1315A detector was used for the HPLC quantitative analysis using a Nucleodur 100-5 C18

column (150 × 4.6 mm, 5 μm, Machery-Nagel). Peaks area were calculated with an Agilent Integrator
(Agilent Technologies, Waldbronn, Germany).
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3.3. Materials

Hazelnut shells were provided from a local company, Hazelnuts South Italy Manufacturing S.r.l.
(Baiano, Avellino, Italy). They represented the waste of industrial processing carried out on two Italian
varieties (90% Mortarella and 10% Lunga San Giovanni) at roasting temperature of 240 ◦C for 30 min.
The shells were ground in a mortar grinder (RM 100, Retsch, Bergamo, Italy) for 5 min. The shells
(1000 g) were sequentially defatted with n-hexane and chloroform, and extracted at room temperature
(3 times × 1.6 L for 24 h) with methanol. The organic solvent was removed under vacuum at 40 ◦C in a
rotary evaporator (Rotavapor R-200, Buchi Italia s.r.l, Cornaredo, Italy), to give 20.8 g of residue (HSE).
The extraction yield, gravimetrically determined (balance Denver Instruments-PK-201; 15/30 ◦C),
and expressed as the weight percentage of the dry matter compared to the total amount of the initial
material, was 2.08%, w/w.

3.4. Isolation Procedure of Compounds 1–12

A portion of the dried HSE (1.5 g) was fractionated using a Sephadex LH-20 column (1 m × 5 cm)
with MeOH as eluent at flow rate 0.5 mL/min. Fractions of 8 mL each were collected, and combined
into six major groups (I–VI) based on their TLC spots (Si-gel, n-BuOH–acetic acid–H2O (60:15:25,
v/v/v), CHCl3–MeOH–H2O (7:3:0.3, v/v/v). Fractions I, III and V–VI were purified by RP-HPLC
on a C8 column (flow rate 2.0 mL/min) with the elution solvent MeOH/H2O 4:6 v/v. Fraction I

(545.0 mg) yielded compounds 5 (6.3 mg, tR = 15 min), and 2 (33.4 mg, tR = 26 min), while fraction III

(99.0 mg) afforded compounds 6 (9.2 mg, tR = 20 min), and 7 (1.3 mg, tR = 32 min). Fraction V (38.8 mg)
consisted of compounds 8 (1.8 mg, tR = 8 min), and 9 (0.2 mg, tR = 14 min). Fraction VI (105.2 mg)
gave compound 10 (2.8 mg, tR = 42 min). Fraction II (114.8 mg) was separated by RP-HPLC on a C8

column (flow rate 1.5 mL/min) using as solvent system MeOH/H2O 4:6 v/v to afford compounds 11

(5.4 mg, tR = 8 min), 12 (3.2 mg , tR = 14 min), 2 (2.3 mg, tR = 24 min), and 1 (2.5 mg, tR = 54 min).
Finally, fraction IV (53.8 mg) was purified by RP-HPLC using MeOH/H2O 5:5 v/v on a C18 column
(flow rate 2.0 mL/min) to obtain compounds 4 (1.7 mg, tR = 14 min), and 3 (2.0 mg, tR = 19 min).

3.5. Spectroscopic Data

Lawsonicin (1): NMR and optical rotation data were consistent with those previously reported [17].
ESI-MS (positive mode), m/z 361.4 [M + H]+. Cedrusin (2): NMR and optical rotation data
were consistent with previously reported [18]. ESI-MS (positive mode), m/z 347.3 [M + H]+.
Balanophonin (3): NMR data were consisted with previously reported [19]. ESI-MS (positive mode),
m/z 357.3 [M + H]+. Ficusal (4): NMR and optical rotation data were consistent with those previously
reported [20]. ESI-MS (positive mode), m/z 331.1 [M + H]+. Dihydroconyferyl alcohol (5): NMR data
were consistent with previously reported [21]. ESI-MS (positive mode), m/z 183.2 [M + H]+. Veratric
acid (6): NMR data were consistent with previously reported [22]. ESI-MS (negative mode), m/z
181.1 [M − H]−. Vanillic acid (7). NMR data were consisted with previously reported [17]. ESI-MS
(negative mode), m/z 167.1 [M − H]−. Gallic acid (8) and methyl gallate (9): NMR data were in
agreement with those previously reported [23]. ESI-MS (negative mode), m/z 169.1 [M − H]− and
183.1 [M – H]−, respectively. Carpinontriol B (10): NMR and optical rotation data were consistent with
those previously reported [26]. ESI-MS (positive mode), m/z 344.1 [M + H]+. C-veratroylglycol (11):
NMR data were in agreement with those previously reported [24]. ESI-MS (positive mode), m/z
213.3 [M + H]+. β-hydroxypropiovanillone (12): NMR data were in agreement with those previously
reported [25]. ESI-MS (positive mode), m/z 197.0 [M + H]+.

3.6. Quantitative Determination of Total Phenol Content

Total phenolic content (TPC) of hazelnut shells extract (HSE) was determined using the
Folin–Ciocalteu colorimetric method [4]. TPC was expressed as gallic acid equivalents (GAE) mg/g of
dried HSE (means ± standard deviation of three determinations).
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3.7. Quantitative HPLC Analysis of HSE

Quantitative HPLC was carried out using as eluent system H2O (solvent A) and MeOH (solvent B).
The solvent gradient was as follows: 0→3 min, 5% B; 3→7 min, 5%→30% B; 7→17 min, 30% B;
17→35 min, 30%→50% B, 40→50 min 100% B. Elution was performed with a flow rate of 0.8 mL/min,
injection volume of 20 μL, and DAD detector set at 230 nm. Analysis was carried out in triplicate.
Lawsonicin (1), C-veratroylglycol (11), and cedrusin (2) (isolated from HSE and characterized by
NMR, and MS data) were used to prepare three solutions at different concentration levels in the range
0.25–1.00 mg/mL for compounds 1 and 11, and 0.25–2.00 mg/mL for 2. The peak associated with each
compound was identified by comparison of the retention times, and confirmed by co-injection of HSE
with isolated compounds. Peak areas of isolated compounds lawsonicin (1), cedrusin (2), carpinontriol
B (10), C-veratroylglycol (11), and β-hydroxypropiovanillone (12) (at each concentration) were plotted
against the corresponding standard concentrations (mg/mL) using linear regression to generate
standard curves (regression equation y = 30885.7x − 1704.1, r = 0.9989 for 1; y = 16723.0x − 1348.2,
r = 0.9997 for 2; y = 11109x + 213.7, r = 0.9980 for 10; y = 8761.8x + 104.0, r = 1.0000 for 11,
y = 14914x − 460.22, r = 0.9984 for 12, where y is the peak area and x the concentration). HSE
was dissolved in MeOH at 10 mg/mL, and analyzed under the same chromatographic conditions.

3.8. Antioxidant Activity

The radical scavenging activities of HSE and compounds 1–12 were assayed using stable
1,1-diphenyl-2-picrylhydrazyl radical (DPPH), according to our procedures previously reported [4].
Briefly, 1.5 mL of DPPH solution (25 mg/mL in methanol, prepared daily) was added to 0.375 mL
of various concentrations, in MeOH solution, of each sample under investigation (ranged from
12 to 100 μg/mL). The mixtures were kept in the dark for 10 min at room temperature and the
decrease in absorbance was measured at 517 nm against a blank consisting of an equal volume
of methanol. α-Tocopherol was used as positive control. The DPPH concentration in the reaction
medium was calculated from a calibration curve (range = 5–36 μg/mL) analyzed by linear regression
(y = 0.0228x − 0.0350, R2 = 0.9999), and EC50 (mean effective scavenging concentration) was determined
as the concentration (in micrograms per milliliter) of sample necessary to decrease the initial DPPH
concentration by 50%. All tests were performed in triplicate.

3.9. Cell Cultures

Human malignant melanoma (A375), and Human cervical cancer (HeLa) cell lines were grown
at 37 ◦C in Dulbecco’s modified Eagle’s medium containing high glucose supplemented with 10%
fetal calf serum, and 100 units/mL each of penicillin and streptomycin, and 2 mmol/L glutamine.
Human melanoma (SK-Mel-28) cell line was grown at 37 ◦C in minimum essential medium (MEM)
supplemented with 10% fetal calf serum and 100 units/mL each of penicillin and streptomycin. At the
onset of each experiment, cells were placed in fresh medium and then cultured in the presence of
different concentrations of HSE or its constituents. The experiments were repeated three times.

3.10. Cell Viability Assay

To perform the assay, the cells were grown in 96-well plates, in numbers of 7000 per well and
after 24 h were treated with increasing concentrations of HSE from 10 μg/mL to 1 mg/mL and with
isolated compounds from 10 nM to 500 μM, in triplicate for a given time (24 and 48 h). At the end
of treatment, the plates were centrifuged at 1200 rpm for 5 minutes, the medium was aspirated and
added 100 μL of 1 mg/mL MTT (3-[4,5-dimetiltiazol-2,5-diphenyl-2H-tetrazolium bromide]) to each
well and the plates were kept at 37 ◦C for the time necessary to the formation of salt formazan (1–3 h
depending on cell type). The solution was then removed from each well, and the formazan crystal
within the cells were dissolved with 100 μL of DMSO. Absorption at 550 nm for each well was assessed
by a Multiskan Spectrum Thermo Electron Corporation Reader. IC50 values were calculated from cell
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viability dose–response curves and defined as the concentration resulting in 50% inhibition of cell
survival compared to untreated cells.

3.11. Flow Cytometry Analysis

Apoptosis was analyzed by propidium iodide incorporation in permeabilized cells and flow
cytometry [17,40]. After 24 h of culture in 24-wells plates, cancer cells (5 × 104) were treated with HSE
or compounds at different doses, and re-cultured for 24 or 48 h. The apoptosis analysis was carried
out in permeabilized cells labelled with propidium iodide (PI) by incubation at 4 ◦C for 30 min with
a solution containing 0.1% sodium citrate, 0.1% Triton X-100 and 50 mg/mL PI. Subsequently, the
cancer cells were analyzed by flow cytometry by a FACSCalibur flow cytometer (Becton Dickinson,
North Ryde, NSW, Australia). Each experiment was repeated three times.

3.12. Western Blotting Analysis

Cells were lysed in modified RIPA buffer (Tris-HCl pH 7.4 10 mM, NaCl 150 mM, EDTA 1 mM,
NP40 1% Na-deoxycholic 0.1%, PMSF 1 mM, protease inhibitor cocktail). Equal amounts of proteins
were separated by 10%–12% SDS-PAGE and blotted on ECl Hybond nitro-cellulose membranes
(GE Healthcare, Buckinghamshire, UK). Blots were blocked in PBS containing 10% non-fat dry milk
and 0.1% Tween-20 and incubated overnight with optimal dilutions of PARP-1 (F-2) antibody for
detection of full-lenght and the C-terminal cleavage product (95 kDa) of PARP-1. Anti-mouse IgG
HRP conjugated were used as secondary antibody, bands were visualized by autoradiography of ECL
reaction (Pierce, Thermo Scientific, Rockford, IL, USA), and anti α-tubulin antibody were used as
control for equal amounts of proteins loaded on the gel.

3.13. Statistical Analysis

All results are shown as mean ± standard deviation of three experiments performed in triplicate.
Statistical comparison between groups were made using ANOVA followed by the Bonferroni
parametric test. Differences were considered significant when p < 0.05.

4. Conclusions

Few chemical and biological studies on hazelnut shells, a waste product of industrial food
processing, have been reported in the literature until now. The present research contributes to further
understand the composition and bioactivity of hazelnut shells. Neolignans, dihydro[b]benzofuran-type
(lawsonicin, cedrusin, balanophonin, and ficusal), phenolic derivatives (dihydroconyferyl alcohol,
veratric, vanillic and gallic acids, methyl gallate, C-veratroylglycol, and β-hydroxypropiovanillone),
and a cyclic diarylheptanoid (carpinontriol B) are the main constituents of the hazelnut methanol
extract and these phytochemicals, with the exception of vanillic and gallic acids, are found in hazelnut
for the first time. The extract exhibited an in vitro significant free-radical scavenging activity that
was mainly due to gallic acid and its methyl ester. Both compounds were proven to be potential
free-radical scavengers in the methanol extracts. The hazelnut extract, some neolignans, cedrusin (2)
and balanophonin (3) and gallic acid (8) are able to inhibit the growth of human cancer cells (primary
melanoma, A375, metastatic melanoma, SK-Mel-28, and cervical cancer, HeLa) inducing apoptosis
mediated by caspase-3 activation and PARP-1 cleavage. Thus, extracts from hazelnut shells might be
useful as health-promoting ingredients potentially expandable in functional foods, nutraceuticals or
dietary supplements.
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Abstract: A simultaneous quantitative analytical method for 13 stilbenoids including (−)-hopeaphenol
(1), (+)-isohopeaphenol (2), hemsleyanol D (3), (−)-ampelopsin H (4), vaticanols A (5), E (6), and G (7),
(+)-α-viniferin (8), pauciflorol A (9), hopeafuran (10), (−)-balanocarpol (11), (−)-ampelopsin A (12),
and trans-resveratrol 10-C-β-D-glucopyranoside (13), and two dihydroisocoumarins, phayomphenols
A1 (14) and A2 (15) in the extract of Shorea roxburghii (dipterocarpaceae) was developed. According
to the established protocol, distributions of these 15 polyphenols (1–15) in the bark and wood
parts of S. roxburghii and a related plant Cotylelobium melanoxylon were evaluated. In addition, the
principal polyphenols (1, 2, 8, 13–15) exhibited hepatoprotective effects against D-galactosamine
(D-galN)/lipopolysaccharide (LPS)-induced liver injury in mice at a dose of 100 or 200 mg/kg, p.o.
To characterize the mechanisms of action, the isolates were examined in in vitro studies assessing their
effects on (i) D-GalN-induced cytotoxicity in primary cultured mouse hepatocytes; (ii) LPS-induced
nitric oxide (NO) production in mouse peritoneal macrophages; and (iii) tumor necrosis factor-α
(TNF-α)-induced cytotoxicity in L929 cells. The mechanisms of action of these polyphenols (1, 2,
and 8) were suggested to be dependent on the inhibition of LPS-induced macrophage activation
and reduction of sensitivity of hepatocytes to TNF-α. However, none of the isolates reduced the
cytotoxicity caused by D-GalN.

Keywords: Shorea roxburghii; stilbenoid; dihydroisocoumarin; quantitative analysis; hepatoprotective
effect; mechanism of action

1. Introduction

Stilbenoids, a family of polyphenols, are known for the complexity of their structure and diverse
biological activities [1]. They occur with a limited but heterogeneous distribution in the plant kingdom.
Some phylogenetically distant botanical families (e.g., Gnetaceae, Pinaceae, Cyperaceae, Fabaceae,
Dipterocarpaceae, and Vitaceae) are well recognized as rich sources of stilbenoids and their oligomers
(oligostilbenoids) [1]. Trans-resveratrol (3,5,4′-trihydroxy-trans-stilbene), one of the most popular
naturally occurring stilbenoids, has been reported to have anti-aging properties as well as beneficial
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health effects in patients with cancer, cardiovascular, inflammatory, and central nervous system
diseases [2–7]. The majority of the oligostilbenoids are regioselectively synthesized by phenoxy radical
coupling of resveratrol [8–12]. A Dipterocarpaceae plant Shorea roxburghii G. Don is widely distributed
in Thailand and its neighboring countries such as Cambodia, India, Laos, Malaysia, Myanmar, and
Vietnam. In Thailand, this plant is locally called “Phayom”, and its bark has been used as an astringent
and preservative for traditional beverages. In the course of our studies on bioactive constituents from
S. roxburghii, we have isolated the following 13 stilbenoids, (−)-hopeaphenol (1), (+)-isohopeaphenol
(2), hemsleyanol D (3), (−)-ampelopsin H (4), vaticanols A (5), E (6), and G (7), (+)-α-viniferin (8),
pauciflorol A (9), hopeafuran (10), (−)-balanocarpol (11), (−)-ampelopsin A (12), and trans-resveratrol
10-C-β-D-glucopyranoside (13), and two dihydroisocoumarins, phayomphenols A1 (14) and A2 (15),
from methanol extract of the bark part as they were present in relative abundance (Figure 1) [13,14].
We also revealed that the methanol extract and its constituents displayed anti-hyperlipidemic and
anti-diabetogenic effects in olive-oil and sucrose-loaded mice, respectively. These effects were noted in
their corresponding target enzymatic inhibitory activities, such as pancreatic lipase, small intestinal
α-glucosidase, and lens aldose reductase [13,14]. Furthermore, we have recently reported that
several oligostilbenoids (1, 3, and 8) possess more potent anti-proliferative properties than that
of a corresponding monomer, trans-resveratrol, against SK-MEL-28 human malignant melanoma
cells [15]. Thus, the plant S. roxburghii is considered a promising abundant resource for these bioactive
oligostilbenoids. In this paper, we propose a simple, rapid, and precise analytical method for high
performance liguid chromatography (HPLC) simultaneous quantitative determination of 13 stilbenoids
(1–13) and two dihydroisocoumarins (14 and 15) in S. roxburghii using a one-step sample preparation
procedure. In addition, we also describe the hepatoprotective effects of the principal isolates from the
bark of S. roxburghii as well as their possible mechanisms of action.
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Figure 1. Stilbenoids and dihydroisocoumarins (1–15) from the bark of Shorea roxburghii.

2. Results and Discussion

2.1. Isolation

Studies have shown that the principal compounds (1–15) as well as following compounds—vaticanols
B and C, malibatols A and B, (+)-parviflorol, cis-resveratrol 10-C-β-D-glucopyranoside, trans-piceid, and
1′S-dihydrophayomphenol A2 (Figure S1)—were obtained from the bark of S. roxburghii [13,14].
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2.2. Simultaneous Quantitative Analysis

As shown in Figure 2, a typical HPLC chromatogram for a standard solution mixture (1–15) under
UV detection (284 nm) demonstrated good baseline separation for all peaks. Each peak was observed
at the following retention time (tR): 1: 25.5 min; 2: 26.5 min; 3: 28.0 min; 4: 28.1 min; 5: 23.2 min; 6:
26.2 min; 7: 17.7 min; 8: 30.2 min; 9: 22.5 min; 10: 27.0 min; 11: 19.5 min; 12: 16.8 min; 13: 10.3 min; 14:
14.8 min; 15: 16.4 min. These peaks were unambiguously assigned by comparing of their retention
times with those of authentic specimens.

 

Figure 2. Typical HPLC chromatogram (UV, 284 nm) of standard solution mixture (each 25 μg/mL).

In order to optimize the extraction condition, the quality of the extracts in association with the
contents of the stilbenoids (1–13) and dihydroisocoumarins (14 and 15) were examined. The extraction
efficacies were compared for three solvent systems (methanol, 50% aqueous methanol, and water)
under two different conditions (reflux for 120 min or sonication for 30 min, each twice). As shown
in Table 1, “reflux in methanol” afforded the highest total contents of these polyphenols (1–15).
Therefore, all of the analytical samples were prepared using the method “reflux in methanol for
120 min, twice”. As shown in Table 2, analytical parameters such as linearity, limits of detection
and quantitation, and precision of the developed method were evaluated. The calibration curves
were linear in the range studied (2.5–50 μg/mL), showing the correlation coefficients (R2) of more
than 0.9994 for each analyte. Linear regression equations of their calibration curves for each analyte
were described in Table 2. The detection and quantitation limits were estimated to be 0.05–0.26
and 0.14–0.80 ng, respectively, indicating sufficient sensitivity of this method. The relative standard
deviation (RSD) values were 0.13%–1.54% for intra-day assays and 0.13%–1.58% for inter-day assays.
Accuracy was determined in recovery experiments using the methanol under reflux extract from
the bark of S. roxburghii. As shown in Table 3, overall recovery rate was observed in the range of
95.1%–104.9% with RSD values lower than 1.3%. According to the established protocol, contents of the
stilbenoids (1–13) and dihydroisocoumarins (14 and 15) in both bark and wood of S. roxburghii, as well
as a related plant classified the same Dipterocarpaceae family Cotylelobium melanoxylon, which have all
been reported to possess the common oligostilbenoids, were evaluated [16] (Figure S2). The assays
proved to be reproducible, precise, and readily applicable to the quality evaluation of these extracts.
As shown in Table 4, total polyphenol content in the bark of S. roxburghii (72.60 mg/g in dry material)
was found to be three-fold higher than the wood part (21.20 mg/g). Among them, two resveratrol
tetramers, (−)-hopeaphenol (1, 13.31 mg/g in dry material) and (+)-isohopeaphenol (2, 10.21 mg/g),
a resveratrol trimer, vaticanol E (6, 11.57 mg/g), and a dihydroisocoumarin, phayomphenol A1 (13,
13.81 mg/g) were present relatively in abundance in the bark of S. roxburghii. As for C. melanoxylon, both
of the total oligostilbenoid contents in the bark (286.73 mg/g) and wood (197.50 mg/g) were higher than
those of S. roxburghii, and their distributions were biased towards vaticanols A (5, 76.45 mg/g in the
bark), E (6, 120.75 mg/g in the bark), and G (7, 63.81 mg/g in the bark; 181.69 mg/g in the wood), which
is supported by our previous report [16]. On the basis of this evidence, these Dipterocarpaceaeous
plants, S. roxburghii and C. melanoxylon, have been shown to be useful as abundant resources for
obtaining the bioactive oligostilbenoids.
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2.3. Protective Effects of Principal Polyphenols (1, 2, 8, and 13–15) on Liver Injury Induced by
D-GalN/LPS in Mice

Infection with hepatitis C virus and chronic consumption of alcohol are major causes of liver
injury, cirrhosis, and hepatocellular carcinoma worldwide. Tumor necrosis factor-α (TNF-α) is
known to mediate organ injuries through its induction of cellular inflammatory responses. In
the liver, the biological effects of TNF-α have been implicated in hepatic injuries associated with
hepatic toxins, ischemia/reperfusion, viral hepatitis, and alcoholic liver disease or alcohol-related
disorders [17–19]. Therefore, TNF-α is considered as an important target in the attempt to discover
anti-inflammatory and hepatoprotective agents. The D-GalN/lipopolysaccharide (LPS)-induced
liver injury model is recognized to develop via immunological responses [20]. This model causes
liver injury in two steps. First, expression of inhibitors of apoptosis proteins (IAPs) is inhibited
by administration of D-GalN through depletion of uridine triphosphate in hepatocytes. Second,
pro-inflammatory mediators such as nitric oxide (NO), reactive oxygen species (ROS), and TNF-α
are released from LPS-activated macrophages (Kupffer’s cells). Apoptosis of hepatocytes induced
by TNF-α plays an important role in D-GalN/LPS-induced liver injury [21]. In our previous
studies on hepatoprotective properties of compounds obtained from natural resources, we have
already reported that sesquiterpenes [22–25], triterpenes [26], limonoids [27], coumarins [28], acid
amides [29–31], phenylethanoids [32], and saponins [33] exhibited significant protective effects against
liver injuries induced by D-GalN/LPS in mice. In the present study, we investigated the protective
effects of principal polyphenols, (−)-hopeaphenol (1), (+)-isohopeaphenol (2), (+)-α-viniferin (8),
trans-resveratrol 10-C-β-D-glucopyranoside (13), and phayomphenols A1 (14) and A2 (15), on the
D-GalN/LPS-induced liver injury. As shown in Table 5, all of the tested compounds (1, 2, 8, and 13–15)
at a dose of 100 or 200 mg/kg, p.o. significantly inhibited the increase in serum levels of aspartate
amino transaminase (sAST) and alanine amino transaminase (sALT), which served as markers of acute
liver injury [34–36]. A corresponding stilbene monomer resveratrol has been reported to ameliorate
hepatotoxicity in several in vivo liver injury models, such as streptozotocin-induced diabetic [37],
acetoaminiphen-induced [38], and ethanol-induced oxidative stress models [39]. The hepatoprotective
activities of compounds 1, 2, 8, and 13–15 in this model were equivalent to or more potent than
trans-resveratrol.

Table 5. Inhibitory effects of principal polyphenol constituents (1, 2, 8, and 13—15) on
D-GalN/lipopolysaccharide (LPS)-induced liver injury in mice.

Treatment Dose (mg/kg, p.o.) n Inhibition (%)

sAST sALT

(−)-Hopeaphenol (1) 100 6 92.2 ± 5.4 ** 90.6 ± 6.5 **
(+)-Isohopeaphenol (2) 100 6 80.6 ± 4.1 ** 79.8 ± 3.6 **

(+)-α-Viniferin (8) 100 6 70.1 ± 4.0 ** 69.5 ± 6.2 **
– 200 6 75.3 ± 5.5 ** 71.9 ± 2.6 **

Trans-resveratrol 10-C-Glc (13) 100 7 47.8 ± 4.8 43.9 ± 11.8
– 200 7 65.7 ± 3.4 ** 67.5 ± 12.3 **

Phayomphenol A1 (14) 100 7 48.0 ± 6.0 * 47.0 ± 6.5 *
Phayomphenol A2 (15) 100 7 61.0 ± 8.1 ** 64.7 ± 6.9 **

Trans-resveratrol 100 7 52.0 ± 9.0 * 51.2 ± 7.9 *
– 200 5 55.7 ± 9.9 * 63.1 ± 5.0 **

Curcumin [26,27] 12.5 10 21.1 ± 20.0 24.0 ± 2.6
– 25 10 47.8 ± 16.0 50.9 ± 14.6
– 50 9 63.8 ± 9.1 * 71.2 ± 7.1 *

Silybin [27] 500 8 71.1 ± 6.8 ** 71.9 ± 3.1 **

Each value represents the mean ± SEM; asterisks denote significant differences from the control group, * p < 0.05,
** p < 0.01; commercial resveratrol was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
whereas silybin was from Funakoshi Co., Ltd. (Tokyo, Japan).
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2.4. Effects on D-GalN-Induced Cytotoxicity in Primary Cultured Mouse Hepatocytes

To characterize the mechanisms responsible for the hepatoprotective activity, the inhibitory
effect of 23 polyphenol constituents, including principal polyphenols (1–15) isolated from the bark
of S. roxburghii [13,14], on D-GalN-induced cytotoxicity in primary cultured mouse hepatocytes
were examined. As shown in Table 6, none of the isolates led to a reduction in the cytotoxicity at
concentrations of up to 100 μM. These results are similar to what was seen with curcumin [22,23,25,27],
a naturally occurring hepatoprotective product obtained from turmeric [40]. Thus, the principal
polyphenols (1–15) did not affect D-GalN-induced cytotoxicity. In contrast, trans-resveratrol inhibited
the cytotoxicity (IC50 = 40.8 μM), which was equivalent to that of silybin (IC50 = 38.8 μM) [26,27,30,32],
a naturally occurring hepatoprotective product obtained from milk thistle [41,42]. This evidence led
us to confirm that trans-resveratrol and its oligomers do not have similar effects on D-GalN-induced
cytotoxicity in hepatocytes.

Table 6. Inhibitory effects of constituents from the bark of Shorea roxburghii on D-GalN-induced
cytotoxicity in mouse primary hepatocytes.

Treatment
Inhibition (%)

0 μM 3 μM 10 μM 30 μM 100 μM

(−)-Hopeaphenol (1) 0.0 ± 0.6 −5.8 ± 1.6 −4.5 ± 1.3 −5.0 ± 0.3 −5.8 ± 1.5
(+)-Isohopeaphenol (2) 0.0 ± 1.4 −4.9 ± 0.4 −7.9 ± 1.2 −10.2 ± 0.4 −12.5 ± 0.9

Hemsleyanol D (3) 0.0 ± 1.3 −7.2 ± 0.5 −12.1 ± 0.5 −7.8 ± 0.9 −23.2 ± 0.5
(−)-Ampelopsin H (4) 0.0 ± 0.2 −7.1 ± 0.7 −7.1 ± 1.2 −10.5 ± 1.3 −17.3 ± 0.3

Vaticanol A (5) 0.0 ± 0.9 1.6 ± 0.5 −1.3 ± 0.5 2.2 ± 1.1 −2.0 ± 1.1
Vaticanol E (6) 0.0 ± 0.4 −3.1 ± 0.7 −3.0 ± 1.0 −2.4 ± 0.6 −0.3 ± 1.0
Vaticanol G (7) 0.0 ± 0.6 −7.5 ± 0.7 −7.0 ± 1.7 −6.6 ± 1.7 −12.7 ± 1.0

(+)-α-Viniferin (8) 0.0 ± 2.1 −3.3 ± 1.9 10.1 ± 2.1 32.4 ± 4.0 ** −29.9 ± 0.6
Pauciflorol A (9) 0.0 ± 1.4 −1.5 ± 0.9 −5.0 ± 0.7 −6.1 ± 0.4 −10.2 ± 0.4
Hopeafuran (10) 0.0 ± 1.4 −6.7 ± 0.4 0.8 ± 1.4 13.0 ± 0.9 ** −22.0 ± 0.6

(−)-Balanocarpol (11) 0.0 ± 1.5 −6.4 ± 0.3 −3.1 ± 2.0 11.8 ± 2.7 ** 13.5 ± 0.8 **
(−)-Ampelopsin A (12) 0.0 ± 1.8 −2.9 ± 0.8 −1.4 ± 1.2 22.5 ± 1.5 ** 29.4 ± 1.0 **

Trans-resveratrol 10-C-Glc (13) 0.0 ± 2.0 7.1 ± 1.9 15.4 ± 2.5 ** 12.8 ± 2.3 ** 2.5 ± 0.8
Phayomphenol A1 (14) 0.0 ± 1.3 5.1 ± 6.8 12.2 ± 4.8 26.9 ± 3.2 ** 42.7 ± 4.3 **
Phayomphenol A2 (15) 0.0 ± 2.2 1.7 ± 2.8 13.0 ± 1.9 * 16.1 ± 3.0 ** 33.9 ± 3.0 **

Vaticanol B 0.0 ± 1.4 −1.5 ± 0.9 −5.0 ± 0.7 −6.1 ± 0.4 −10.2 ± 0.4
Vaticanol C 0.0 ± 2.1 −5.7 ± 2.0 −4.3 ± 1.5 −5.6 ± 2.2 −12.0 ± 1.3
Malibatol A 0.0 ± 0.7 −1.4 ± 0.9 4.2 ± 0.4 8.9 ± 1.3 * 30.8 ± 2.9 **
Malibatol B 0.0 ± 0.9 −0.8 ± 1.3 −6.1 ± 0.6 −10.9 ± 0.7 −17.0 ± 0.4

(+)-Parviflorol 0.0 ± 1.1 9.1 ± 2.5 21.2 ± 0.6 ** 23.8 ± 1.0 ** −20.8 ± 0.2
Cis-resveratrol 10-C-Glc 0.0 ± 0.5 9.1 ± 2.0 20.9 ± 1.3 ** 29.6 ± 2.6 ** 33.6 ± 1.8 **

Trans-piceid 0.0 ± 3.3 1.3 ± 2.1 13.0 ± 2.6 19.9 ± 6.1 * 33.9 ± 3.6 **
1′S-Dihydrophayomphenol A2 0.0 ± 1.9 −0.8 ± 1.4 −1.2 ± 1.1 14.4 ± 0.5 ** 38.0 ± 4.8 **

Trans-resveratrol 0.0 ± 1.7 8.5 ± 0.4 14.1 ± 0.9 ** 37.5 ± 3.7 ** 57.3 ± 2.5 **
Curcumin [22,23,25,27] 0.0 ± 3.7 0.1 ± 3.8 1.1 ± 2.2 −17.7 ± 1.3 −44.3 ± 0.3

Silybin [26,27,30,32] 0.0 ± 0.3 4.8 ± 1.1 7.7 ± 0.7 45.2 ± 8.8 ** 77.0 ± 5.5 **

Each value represents the mean ± SEM (n = 4); asterisks denote significant differences from the control group,
* p < 0.05, ** p < 0.01; commercial trans-resveratrol was purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), whereas silybin was from Funakoshi Co., Ltd. (Tokyo, Japan).

2.5. Effects on LPS-Induced NO Production in Mouse Peritoneal Macrophages

The effects of the polyphenol constituents from the bark of S. roxburghii on NO production were
examined to provide an estimation of macrophage activation levels in LPS-treated mouse peritoneal
macrophages. As shown in Table 7, resveratrol tetramers, (−)-hopeaphenol (1, IC50 = 4.6 μM),
(+)-isohopeaphenol (2, 38.5 μM), (−)-ampelopsin H (4, 18.6 μM), and vaticanols B (26.8 μM) and C
(14.5 μM), the trimers, (+)-α-viniferin (8, 9.7 μM) and pauciflorol A (9, 17.8 μM), the dimers, hopeafuran
(10, 45.9 μM), and malibatols A (23.0 μM) and B (18.5 μM) significantly inhibited NO production
without notable cytotoxic effects at the effective concentration. The potencies of the aforementioned
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oligostilbenoids were higher than those of the NO synthase inhibitor, NG-monomethyl-L-arginine
(L-NMMA, IC50 = 36.0 μM). The inhibitory activity of trans-resveratrol (17.8 μM) was equivalent to
that of caffeic acid phenethyl ester (CAPE, 11.0 μM), an inhibitor of nuclear factor-κB activation.

Table 7. Inhibitory effects of the constituents from bark of Shorea roxburghiii on LPS-activated NO
production in mouse peritoneal macrophages.

Treatment
Inhibition (%)

IC50 (μM)
0 μM 3 μM 10 μM 30 μM 100 μM

(−)-Hopeaphenol (1) 0.0 ± 4.0
(100.0 ± 1.6)

42.3 ± 2.5 **
(118.9 ± 3.1)

64.9 ± 3.0 **
(119.1 ± 4.9)

73.9 ± 1.5 **
(130.6 ± 4.5)

80.5 ± 2.3 **
(111.5 ± 6.2) 4.6

(+)-Isohopeaphenol (2) 0.0 ± 2.9
(100.0 ± 3.5)

38.5 ± 4.6 **
(132.6 ± 1.1)

30.7 ± 4.0 **
(129.6 ± 5.6)

41.7 ± 6.3 **
(139.3 ± 4.4)

95.7 ± 1.0 **
(35.2 ± 1.5 #) 38.5

Hemsleyanol D (3) 0.0 ± 3.8
(100.0 ± 2.5)

−4.3 ± 3.7
(120.1 ± 2.5)

8.4 ± 7.8
(135.3 ± 1.8)

34.8 ± 4.4 **
(93.3 ± 1.3)

-34.0 ± 1.8
(32.2 ± 2.9 #)

(−)-Ampelopsin H (4) 0.0 ± 5.4
(100.0 ± 2.4)

29.2 ± 1.8 **
(102.1 ± 1.0)

39.0 ± 2.8 **
(110.0 ± 4.0)

52.0 ± 3.9 **
(139.0 ± 0.3)

99.7 ± 0.5 **
(85.4 ± 0.9) 18.6

Vaticanol A (5) 0.0 ± 5.0
(100.0 ± 1.3)

30.3 ± 4.5 **
(122.1 ± 4.3)

32.2 ± 5.5 **
(132.2 ± 2.7)

14.5 ± 3.8
(138.4 ± 5.6)

0.5 ± 4.7
(136.2 ± 10.9)

Vaticanol E (6) 0.0 ± 5.7
(100.0 ± 2.5)

-4.0 ± 8.9
(121.1 ± 2.9)

14.7 ± 5.9
(111.7 ± 7.2)

29.5 ± 5.3 **
(136.2 ± 4.0)

-21.7 ± 5.6
(122.1 ± 10.2)

Vaticanol G (7) 0.0 ± 3.0
(100.0 ± 2.9)

8.2 ± 5.6
(130.2 ± 5.0)

25.1 ± 2.5 **
(120.3 ± 3.0)

26.7 ± 3.0 **
(123.3 ± 5.4)

44.1 ± 2.3 **
(131.6 ± 9.5)

(+)-α-Viniferin (8) 0.0 ± 2.9
(100.0 ± 4.3)

27.8 ± 5.7 **
(123.4 ± 8.8)

46.3 ± 3.5 **
(98.8 ± 10.5)

75.4 ± 1.3 **
(87.7 ± 2.9)

97.9 ± 0.6 **
(36.5 ± 3.2 #) 9.7

Pauciflorol A (9) 0.0 ± 4.1
(100.0 ± 4.5)

38.3 ± 3.8 **
(120.7 ± 5.6)

43.5 ± 3.2 **
(129.4 ± 3.8)

53.2 ± 2.2 **
(119.6 ± 2.2)

80.1 ± 1.4 **
(119.0 ± 2.4) 17.8

Hopeafuran (10) 0.0 ± 5.5
(100.0 ± 1.0)

30.6 ± 3.6 **
(125.7 ± 3.8)

33.3 ± 1.8 **
(128.7 ± 3.9)

33.6 ± 5.7 **
(128.9 ± 2.6)

67.7 ± 3.7 **
(117.5 ± 14.1) 45.9

(−)-Balanocarpol (11) 0.0 ± 7.2
(100.0 ± 6.5)

26.1 ± 7.6 **
(129.8 ± 7.4)

41.0 ± 5.2 **
(127.0 ± 4.8)

41.9 ± 5.2 **
(89.6 ± 4.8)

42.5 ± 2.7 **
(101.3 ± 2.9)

(−)-Ampelopsin A (12) 0.0 ± 6.8
(100.0 ± 4.4)

16.5 ± 2.9
(127.3 ± 4.4)

23.1 ± 10.3
(139.0 ± 6.4)

32.0 ± 2.3 **
(128.3 ± 5.8)

32.9 ± 7.5 **
(116.3 ± 6.1)

Trans-resveratrol 10-C-Glc (13) 0.0 ± 4.3
(100.0 ± 2.4)

39.0 ± 5.1 **
(126.6 ± 4.4)

43.6 ± 4.4 **
(125.2 ± 9.1)

38.2 ± 4.3 **
(119.8 ± 4.1)

45.4 ± 3.8 **
(113.0 ± 11.0)

Phayomphenol A1 (14) 0.0 ± 4.9
(100.0 ± 2.0)

33.6 ± 6.0 **
(111.3 ± 1.1)

40.7 ± 6.5 **
(108.0 ± 1.9)

43.8 ± 4.2 **
(113.0 ± 2.1)

40.3 ± 3.8 **
(107.5 ± 5.3)

Phayomphenol A2 (15) 0.0 ± 2.0
(100.0 ± 6.4)

35.2 ± 4.2 **
(102.0 ± 3.8)

38.1 ± 1.4 **
(102.9 ± 7.3)

42.4 ± 1.3 **
(120.9 ± 7.7)

45.4 ± 4.8 **
(104.7 ± 5.6)

Vaticanol B 0.0 ± 5.4
(100.0 ± 2.0)

28.6 ± 2.6 **
(133.8 ± 2.7)

31.0 ± 4.8 **
(111.5 ± 7.1)

51.9 ± 1.7 **
(99.6 ± 5.1)

75.7 ± 1.0 **
(56.5 ± 2.8 #) 26.8

Vaticanol C 0.0 ± 3.1
(100.0 ± 2.7)

35.4 ± 5.6 **
(124.4 ± 9.7)

45.3 ± 4.2 **
(105.4 ± 8.0)

59.2 ± 2.2 **
(94.2 ± 4.0)

96.5 ± 2.3 **
(11.8 ± 0.8 #) 14.5

Malibatol A 0.0 ± 4.8
(100.0 ± 2.6)

28.5 ± 7.9 **
(133.8 ± 3.7)

42.5 ± 8.6 **
(131.6 ± 3.8)

47.8 ± 4.1 **
(106.3 ± 4.6)

77.3 ± 2.1 **
(96.0 ± 5.2) 23.0

Malibatol B 0.0 ± 5.7
(100.0 ± 41)

39.0 ± 5.7 **
(119.1 ± 3.4)

44.4 ± 4.8 **
(122.3 ± 2.3)

49.7 ± 2.3 **
(105.8 ± 7.0)

80.5 ± 3.3 **
(91.9 ± 4.6) 18.5

(+)-Parviflorol 0.0 ± 8.0
(100.0 ± 6.4)

34.8 ± 2.2 **
(122.8 ± 7.4)

48.6 ± 1.7 **
(130.1 ± 7.4)

49.7 ± 1.6 **
(92.7 ± 8.6)

50.9 ± 1.7 **
(95.7 ± 10.5) 40.9

Cis-resveratrol 10-C-Glc 0.0 ± 2.0
(100.0 ± 3.6)

26.5 ± 2.0 **
(102.9 ± 4.4)

35.5 ± 2.4 **
(109.6 ± 2.9)

47.0 ± 2.8 **
(99.6 ± 5.6)

46.5 ± 2.4 **
(91.8 ± 0.7)

Trans-piceid 0.0 ± 3.5
(100.0 ± 1.8)

38.6 ± 3.1 **
(91.9 ± 7.7)

41.0 ± 2.7 **
(87.8 ± 5.5)

48.8 ± 2.1 **
(81.5 ± 3.3)

51.4 ± 5.3 **
(66.1 ± 4.8 #) 59.8

1'S-Dihydrophayomphenol A2
0.0 ± 2.7

(100.0 ± 3.0)
40.1 ± 2.3 **
(117.3 ± 4.0)

40.6 ± 1.0 **
(115.6 ± 5.5)

48.6 ± 1.8 **
(109.9 ± 3.5)

49.4 ± 3.6 **
(113.5 ± 1.8)

Trans-resveratrol 0.0 ± 2.6
(100.0 ± 1.4)

38.2 ± 6.3 **
(120.4 ± 1.7)

45.6 ± 1.3 **
(128.7 ± 3.6)

78.8 ± 1.1 **
(96.7 ± 10.1)

88.8 ± 1.0 **
(84.4 ± 3.0) 17.8

L-NMMA [26,27,30] 0.0 ± 3.1
(100.0 ± 0.9)

1.4 ± 2.8
(101.1 ± 5.7)

19.9 ± 2.8 **
(100.7 ± 6.2)

43.0 ± 2.1 **
(102.6 ± 4.2)

70.9 ± 1.6 **
(106.4 ± 4.6) 36.0

CAPE [26,27,30] 0.0 ± 2.1
(100.0 ± 1.5)

5.9 ± 5.2
(95.4 ± 0.7)

44.4 ± 3.2 **
(70.0 ± 4.0 #)

86.2 ± 1.1 **
(71.4 ± 6.0 #)

99.6 ± 0.1 **
(53.0 ± 1.4 #) 11.0

Each value represents the mean ± SEM (n = 4); asterisks denote significant differences from the control group,
* p < 0.05, ** p < 0.01; # cytotoxic effects were observed, and values in parentheses indicate cell viability (%) in
MTT assay; commercial trans-resveratrol was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
whereas L-NMMA and CAPE were from Sigma-Aldrich Chemical Co., LLC. (St. Louis, MO, USA).
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2.6. Effects on TNF-α-Induced Cytotoxicity in L929 Cells

The effects of the isolates on the sensitivity of hepatocytes to TNF-α were assessed by measuring
TNF-α-induced decreases in the viability of L929 cells, a TNF-α-sensitive cell line, using the MTT
assay [27]. As shown in Table 8, oligostilbenoids such as vaticanol G (7, IC50 = 86.6 μM), (+)-α-viniferin
(8, 15.0 μM), pauciflorol A (9, 26.7 μM), hopeafuran (10, 22.0 μM), and malibatols A (12.3 μM) and B
(10.2 μM) inhibited the decrease in cell viability to a greater degree than that of silybin (IC50 = 60.4 μM).

Table 8. Inhibitory effects of the constituents from bark of Shorea roxburghiii on TNF-α-induced
cytotoxicity in L929 cells.

Treatment
Inhibition (%)

IC50 (μM)
0 μM 3 μM 10 μM 30 μM 100 μM

(−)-Hopeaphenol (1) 0.0 ± 0.2 3.8 ± 1.5 28.9 ± 0.2 ** −1.8 ± 0.7 −6.7 ± 0.8
(+)-Isohopeaphenol (2) 0.0 ± 0.5 −0.6 ± 1.1 0.3 ± 1.0 69.8 ± 1.4 ** −6.2 ± 0.5

Hemsleyanol D (3) 0.0 ± 1.1 6.7 ± 1.8 17.6 ± 1.7 ** 91.5 ± 2.1 ** 10.0 ± 1.8
(−)-Ampelopsin H (4) 0.0 ± 0.8 1.0 ± 2.1 −10.7 ± 0.3 −16.4 ± 0.4 −18.9 ± 0.3

Vaticanol A (5) 0.0 ± 0.3 3.6 ± 0.4 4.0 ± 1.2 7.8 ± 1.5 28.9 ± 1.2 **
Vaticanol E (6) 0.0 ± 0.4 6.7 ± 1.1 9.4 ± 0.6 3.7 ± 0.8 4.9 ± 0.5
Vaticanol G (7) 0.0 ± 0.4 7.9 ± 0.8 9.7 ± 0.7 12.7 ± 0.6 * 57.6 ± 4.2 ** 86.6

(+)-α-Viniferin (8) 0.0 ± 1.2 12.2 ± 1.2 * 38.3 ± 0.6 ** 84.4 ± 2.5 ** 78.5 ± 1.9 ** 15.0
Pauciflorol A (9) 0.0 ± 1.0 8.2 ± 0.9 16.1 ± 0.7 ** 54.6 ± 5.0 ** 94.7 ± 4.6 ** 26.7
Hopeafuran (10) 0.0 ± 0.7 8.3 ± 1.3 17.2 ± 1.3 ** 66.4 ± 1.5 ** 85.1 ± 1.2 ** 22.0

(−)-Balanocarpol (11) 0.0 ± 1.1 4.5 ± 0.8 7.5 ± 1.7 10.4 ± 0.9 * 17.7 ± 3.2 **
(−)-Ampelopsin A (12) 0.0 ± 1.1 4.1 ± 1.5 8.4 ± 1.1 14.6 ± 2.1 * 35.5 ± 1.5 **

Trans-resveratrol 10-C-Glc (13) 0.0 ± 1.4 4.5 ± 2.2 4.4 ± 1.9 6.6 ± 1.6 6.6 ± 2.3
Phayomphenol A1 (14) 0.0 ± 0.7 0.0 ± 0.6 1.8 ± 0.6 1.9 ± 0.6 1.5 ± 0.4
Phayomphenol A2 (15) 0.0 ± 0.8 0.7 ± 0.7 1.4 ± 0.9 0.6 ± 0.5 −3.1 ± 0.7

Vaticanol B 0.0 ± 0.7 0.0 ± 0.7 12.1 ± 1.1 * 7.9 ± 0.4 −9.8 ± 0.5
Vaticanol C 0.0 ± 0.6 9.3 ± 0.3 14.4 ± 1.0 ** 94.3 ± 2.6 ** −8.2 ± 0.2 18.2
Malibatol A 0.0 ± 0.5 8.1 ± 0.9 30.7 ± 3.8 ** 86.9 ± 2.9 ** 81.8 ± 4.3 ** 12.3
Malibatol B 0.0 ± 1.2 16.8 ± 0.6 ** 37.7 ± 3.3 ** 90.7 ± 0.3 ** 77.2 ± 2.9 ** 10.2

(+)-Parviflorol 0.0 ± 0.8 4.5 ± 0.9 9.4 ± 2.2 13.0 ± 0.4 ** 24.3 ± 0.9 **
Cis-resveratrol 10-C-Glc 0.0 ± 0.7 4.8 ± 0.2 9.7 ± 1.2 14.5 ± 1.7 * 31.6 ± 1.5 **

Trans-piceid 0.0 ± 0.9 3.4 ± 1.4 6.7 ± 2.6 3.6 ± 1.8 1.6 ± 1.7
1′S-Dihydrophayomphenol A2 0.0 ± 0.3 2.0 ± 0.4 3.8 ± 0.5 2.5 ± 1.2 4.7 ± 0.5

Trans-resveratrol 0.0 ± 1.4 1.4 ± 0.5 1.8 ± 0.8 2.1 ± 1.2 5.3 ± 0.6
Silybin [27,36] 0.0 ± 2.6 5.3 ± 2.8 22.0 ± 3.8 ** 48.0 ± 4.1 ** 50.8 ± 3.9 ** 60.4

Each value represents the mean ± SEM (n = 4); asterisks denote significant differences from the control group,
* p < 0.05, ** p < 0.01.; commercial trans-resveratrol was purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), whereas silybin was from Funakoshi Co., Ltd. (Tokyo, Japan).

3. Materials and Methods

3.1. Chemicals and Reagents

Methanol, acetic acid, and distilled water for HPLC were purchased from Nacalai Tesque Inc.,
Kyoto, Japan. All other chemicals were reagent grade, and were purchased from Wako Pure Chemical
Industries, Ltd., Tokyo, Japan or Nacalai Tesque Inc., Kyoto, Japan.

3.2. Plant Materials

The bark and wood parts of Shorea roxburghii and Cotylelobium melanoxylon were collected from
Phatthalung Province, Thailand, in September 2006 or September 2007 as described previously [13,16].
All of the plant materials were identified by one of the authors, Yutana Pongpiriyadacha. Voucher
specimens (2006.09. Raj-02, 2006.09. Raj-02#, 2007.09. Raj-04, and 2006.09. Raj-04#, respectively)
were deposited in the Garden of Medicinal Plants, Kindai University. The materials were air-dried in
a shaded room for more than a month.
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3.3. Standard Solution Preparation

An accurately weighed 20.0 mg of each compound (1–15) was introduced into a 20 mL volumetric
flask, and methanol was added to make up the volume of the stock standard solution (1000 μg/mL).
Aliquots of 50, 100, 250, and 500 μL of the stock standard solution were transferred into 10 mL
volumetric flasks and the volume was made up with 50% aqueous methanol for use as working
solutions (5.0, 10, 25, and 50 μg/mL, respectively) for constructing calibration curves. For calibration,
an aliquot of 2 μL of each solution was injected into the HPLC system. Each peak was observed at the
following retention times: 1 (tR 25.5 min), 2 (tR 26.5 min), 3 (tR 28.0 min), 4 (tR 28.1 min), 5 (tR 23.2 min),
6 (tR 26.2 min), 7 (tR 17.7 min), 8 (tR 30.2 min), 9 (tR 22.5 min), 10 (tR 27.0 min), 11 (tR 19.5 min),
12 (tR 16.8 min), 13 (tR 10.3 min), 14 (tR 14.8 min), and 15 (tR 16.4 min).

3.4. Sample Solution Preparation

An accurately weighed pulverized sample powder (ca. 2 g, conversion with loss on drying) was
extracted with 20 mL of three solvent systems (methanol, 50% aqueous methanol, or water) under two
conditions (reflux for 120 min or sonication for 30 min, each twice). The extracts were combined and
centrifuged at 3000 rpm for 5 min, then the supernatants were diluted to 100 mL with the extraction
solvent. An aliquot (1 mL) of the extract solution was transferred into a 10 mL volumetric flask and
50% aqueous methanol was added to make up the volume. The solution was filtered through a syringe
filter (0.45 μm), and an aliquot of 2 μL was subjected to the HPLC analysis. To calculate the extraction
yields, the remaining extraction solution (90 mL) was evaporated in vacuo (Table 1).

3.5. HPLC Instruments and Conditions

All analytical experiments in this study were performed with an LC-20A series Prominence HPLC
system (Shimadzu Co., Kyoto, Japan), which consists of a UV-VIS detector, a binary pump, a degasser,
an autosampler, a thermostated column compartment, and a control module. The chromatographic
separation was performed on an Inertsil ODS-3 column (3 μm particle size, 2.1 mm i.d. × 100 mm,
GL Sciences Inc., Tokyo, Japan) operated at 40 ◦C with mobile phase A (acetonitrile) and B (H2O
containing 0.1% formic acid). The gradient program was as follows: 0 min (A:B = 10:90, v/v) → 20 min
(30:70, v/v) → 30–40 min (50:50, v/v, hold). The flow rate was 0.2 mL/min with UV detection at
284 nm and the injection volume was 2 μL.

3.6. Calibration and Validation

The standard curves were prepared with four concentration levels in the range of 0.5–50 μg/mL.
Standard curves were made on each day of analysis. Linearity for each compound was plotted using
linear regression of the peak area versus concentration. The coefficient of correlation (R2) was used
to judge the linearity. The detection and quantitation limits for each analyte were determined by the
signal-to-noise (S/N) ratio for each analyte by analyzing a series of diluted standard solutions until
the S/N ratios were about 3 and 10, respectively, based on a 2 μL injection. Precision and accuracy of
the analytical method were tested using a methanol under reflux extract of the bark of S. roxburghii.
The intra- and inter-day precisions were determined by estimating the corresponding responses five
times on the same day and on five different days, respectively (Table 2). The recovery rates were
determined by adding analytes of two different concentrations (50 and 125 μg/mL) to the sample
solution of the homogeneous extract (Table 3).

3.7. Reagents for Bioassays

LPS (from Salmonella enteritidis), minimum essential medium (MEM), and William’s E medium
were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA); fetal bovine serum (FBS) was
from Life Technologies (Rockville, MD, USA); other chemicals were from Nakalai Tesque Inc. (Kyoto,

158



Int. J. Mol. Sci. 2017, 18, 451

Japan) or Wako Pure Chemical Industries, Co., Ltd. (Osaka, Japan). The 96-well microplates were
purchased from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan).

3.8. Animals

Male ddY mice were purchased from Kiwa Laboratory Animal Co., Ltd. (Wakayama, Japan).
The animals were housed at a constant temperature of 23 ± 2 ◦C and fed a standard laboratory chow
(MF, Oriental Yeast Co., Ltd., Tokyo, Japan). All experiments were performed with conscious mice
unless otherwise noted. The experimental protocol was approved by Kindai University’s Committee
for the Care and Use of Laboratory Animals (KAPR-26-001, 1 April 2014).

3.9. Effects on D-GalN/LPS-Induced Liver Injury in Mice

Protective effects on D-GalN/LPS-induced liver injury in mice were determined according
to the previously described protocol [27]. Trans-resveratrol, curcumin, and silybin were used as
reference compounds.

3.10. Effects on Cytotoxicity Induced by D-GalN in Primary Cultured Mouse Hepatocytes

Hepatoprotective effects on D-GalN-induced cytotoxicity in primary cultured mouse hepatocytes
were determined according to the protocol described previously [27]. Trans-resveratrol, curcumin, and
silybin were used as reference compounds.

3.11. Effects on Production of NO in LPS-Induced Mouse Peritoneal Macrophages

Assays for NO production in TGC-induced mouse peritoneal macrophages were performed as
described previously [27]. Trans-resveratrol, NG-Monomethyl-L-arginine (L-NMMA), and caffeic acid
phenethyl ester (CAPE) were used as reference compounds.

3.12. Effects on Cytotoxicity Induced by TNF-α in L929 Cells

Inhibitory effects on TNF-α-induced cytotoxicity in L929 cells were determined according to the
protocol described previously [27]. Trans-resveratrol and silybin were used as reference compounds.

3.13. Statistics

Values are expressed as means ± SEM. One-way analysis of variance (ANOVA) followed
by Dunnett’s test was used for statistical analysis. Probability (p) values less than 0.05 were
considered significant.

4. Conclusions

We have developed a practical method for the simultaneous quantitative determination of
13 stilbenoids, (−)-hopeaphenol (1), (+)-isohopeaphenol (2), hemsleyanol D (3), (−)-ampelopsin
H (4), vaticanols A (5), E (6), and G (7), (+)-α-viniferin (8), pauciflorol A (9), hopeafuran (10),
(−)-balanocarpol (11), (−)-ampelopsin A (12), and trans-resveratrol 10-C-β-D-glucopyranoside (13),
and two dihydroisocoumarins, phayomphenols A1 (14) and A2 (15), in the bark and wood parts of
Shorea roxburghii and Cotylelobium melanoxylon. The method was validated with respect to linearity,
detection limit, precision, and accuracy. The assay was reproducible and precise, and could be useful
to obtain abundant resources of the bioactive oligostilbenoids. Among the isolates from the bark
of S. roxburghii, the principal polyphenols (1, 2, 8, and 13–15) exhibited protective effects against
liver injury induced by D-GalN/LPS in mice at a dose of 100 or 200 mg/kg, p.o. The mechanisms
of action are likely dependent on inhibition of LPS-induced macrophage activation and a reduction
in sensitivity of hepatocytes to TNF-α. They did not affect the reduction of cytotoxicity caused by
D-GalN, as summarized in Figure 3. It is well known that activation of NF-κB is a key factor in both
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activation of macrophages and TNF-α-induced cell death. The detailed mechanisms of action for the
hepatoprotective effects, including the influence on NF-κB activation, require further study.

Figure 3. Plausible mechanisms of action of stilbenoids on D-GalN/LPS-induced liver injury.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/2/451/s1.
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Abstract: Recent studies have shown that vanillin has anti-cancer, anti-mutagenic, and anti-metastatic
activity; however, the precise molecular mechanism whereby vanillin inhibits metastasis and cancer
progression is not fully elucidated. In this study, we examined whether vanillin has anti-cancer and
anti-metastatic activities via inhibition of hypoxia-inducible factor-1α (HIF-1α) in A2058 and A375
human malignant melanoma cells. Immunoblotting and quantitative real time (RT)-PCR analysis
revealed that vanillin down-regulates HIF-1α protein accumulation and the transcripts of HIF-1α
target genes related to cancer metastasis including fibronectin 1 (FN1), lysyl oxidase-like 2 (LOXL2),
and urokinase plasminogen activator receptor (uPAR). It was also found that vanillin significantly
suppresses HIF-1α mRNA expression and de novo HIF-1α protein synthesis. To understand the
suppressive mechanism of vanillin on HIF-1α expression, chromatin immunoprecipitation was
performed. Consequently, it was found that vanillin causes inhibition of promoter occupancy
by signal transducer and activator of transcription 3 (STAT3), but not nuclear factor-κB (NF-κB),
on HIF1A. Furthermore, an in vitro migration assay revealed that the motility of melanoma cells
stimulated by hypoxia was attenuated by vanillin treatment. In conclusion, we demonstrate that
vanillin might be a potential anti-metastatic agent that suppresses metastatic gene expression and
migration activity under hypoxia via the STAT3-HIF-1α signaling pathway.

Keywords: vanillin; HIF-1α; STAT3; migration; melanoma

1. Introduction

Malignant melanoma is a skin cancer that develops from the abnormal growth and differentiation
of melanocytes with hyperpigmentation; the incidence of melanoma cases has been increasing, and this
particular skin cancer is associated with a high rate of mortality caused by early and rapid metastasis [1].
Significant therapeutic advances have been made using small molecule inhibitors that target melanoma,
but challenges to eradicate these solid tumors still persist.

Given the fact that a hypoxic microenvironment is a major feature in multiple types of solid cancers
including melanoma, hypoxia-inducible factor-1 (HIF-1) composed of α and β subunits is a pivotal
transcription factor in the adaptation of cells to low oxygen conditions. HIF-1α protein is tightly
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regulated by oxygen levels despite the constitutive expression of HIF-1α mRNA. Under normoxic
conditions, HIF-1α gets degraded before it can be translocated to the nucleus, associate with HIF-1β,
and begin the hypoxic response that is conducive to tumor formation. For this degradation to occur,
HIF-1α is hydroxylated by the prolyl 4-hydroxylase (P4H) enzyme into proline 402 and 564 residues,
which cause HIF-1α to bind to the von Hippel-Lindau protein (VHL) E3-ubiquitin ligase complex,
leading to ubiquitination of this complex and subsequent signaling for proteasomal degradation.
Conversely, hypoxic conditions arrest this oxygen-dependent reaction, resulting in the dimerization
of α and β subunits in the nucleus. Additionally, oncogenic signaling pathways such as the PI3K
(phosphoinositide 3-kinase)-AKT-mTOR (mammalian target of rapamycin )axis and mitogen-activated
protein kinase (MAPK) pathway are involved in de novo HIF-1α protein synthesis via 5′-cap-dependent
translation initiation [2,3], and various transcription factors including signal transducer and activator
of transcription 3 (STAT3) and nuclear factor-κB (NF-κB) are critical for regulating HIF-1α mRNA
expression with promoter occupancy at the proximal region of HIF1A [4–7]. The HIF-1α and HIF-1β
complex binds to the hypoxia-response element (HRE), thereby affecting various downstream genes
associated with cancer cell angiogenesis, migration, and metastasis. During cancer metastasis, HIF-1α
in hypoxic microenvironments transcriptionally increases various transcripts related to stimulation of
cell migration and invasion, including fibronectin 1 (FN1), urokinase plasminogen activator receptor
(uPAR), lysyl oxidase-like 2 (LOXL2), and matrix metalloproteinases (MMPs) [8].

Vanillin is a major component of vanilla bean extract and is widely used as a flavoring in
foods. Because of its antioxidant properties, many biological activities of vanillin have been studied.
Vanillin inhibited mutagen induced-DNA damage or spontaneous mutation in bacteria and human
cells by eliciting DNA repair [9–11]. Recent reports have shown that vanillin has anti-cancer
effects through increased apoptosis and cell cycle arrest in melanoma, colon, and cervical cancer
cells [12–14]. In addition, vanillin has also been reported to exhibit anti-invasive and anti-metastatic
activities by suppressing the phosphoinositide 3-kinase (PI3K) and NF-κB signaling pathways in
lung, breast, and liver cancer cells [15–17]. Nevertheless, the precise molecular mechanism by which
vanillin suppresses cancer growth and metastatic potential has not yet been elucidated. Taking into
consideration all of the above facts, this study focused on the role of vanillin in the suppression of
cancer cell motility and the mechanism of HIF-1α inhibition under hypoxic environments in A2058
and A375 malignant melanoma cells.

In the present study, we evaluated the inhibitory effects of vanillin on hypoxia-inducible factor
(HIF)-1α accumulation and cancer cell motility under hypoxia by abrogating STAT3-mediated HIF1A
mRNA expression. Our results suggest that vanillin is a potential therapeutic compound that can be
used to develop anti-metastatic agents or preventive functional foods for malignant melanoma.

2. Results

2.1. Anti-Cancer Effects of Vanillin in Human A2058 and A375 Malignant Melanoma Cells

Because the anti-cancer effect of vanillin under hypoxic conditions has not been previously
reported, we measured cell viability under both normoxia and hypoxia in the absence or presence of
vanillin. Vanillin did not have any significant effect on the viability of A2058 and A375 melanoma cells
under hypoxia (Figure 1).
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Figure 1. Anti-cancer effects of vanillin upon normoxia or hypoxia. Anti-cancer effects of vanillin in
A375 and A2058 malignant melanoma cells. Cells were incubated with 1.6, 2.5, 3.3, 4.1, and 5.0 mM of
vanillin for 12 h or 24 h under normoxic (N) or hypoxic (H) condition. Cell viability was measured by
crystal violet assay as described in the materials and methods section.

2.2. Vanillin Decreases HIF-1α Protein Levels under Hypoxia in A2058 and A375 Malignant Melanoma Cells

We investigated the inhibitory effect of vanillin on hypoxia-induced HIF-1α accumulation.
Based on our results, vanillin strongly suppressed hypoxia-induced HIF-1α accumulation, and this
effect was independent of any toxicity to A2058 and A375 cells (Figure 2A). To determine whether
vanillin also decreases nuclear HIF-1α protein, we measured nuclear HIF-1α protein levels under
both normoxia and hypoxia in the absence or presence of vanillin. We found that vanillin inhibits
HIF-1α accumulation in the nucleus (Figure 2B), suggesting that vanillin could suppress both HIF-1α
transcriptional activity and HIF-1α protein levels. In addition, HIF-1β protein levels were slightly
increased under vanillin treatment in the cytoplasm, but decreased in the nucleus. Because HIF-1β is
translocated into the nucleus through its interaction with HIF-1α, the suppression of HIF-1α protein
levels by vanillin treatment may change HIF-1β protein levels in the cytoplasm and nucleus (Figure 2B).

Figure 2. Vanillin decreases hypoxia-inducible factor (HIF)-1α protein levels upon hypoxia. (A) Vanillin
suppresses hypoxia-induced HIF-1α protein levels. Cells were incubated in the absence or presence
of vanillin for 8 h under normoxic or hypoxic condition. HIF-1α protein levels were measured by
immunoblotting using anti-HIF-1α antibody; (B) Nuclear HIF-1α protein was decreased by vanillin
treatment under hypoxia. Protein levels were quantified using Image J 1.49v software (National
Institutes of Health, Bethesda, MD, USA). Values represent the mean ± standard deviations of three
independent experiments performed.

2.3. Vanillin Attenuates HIF-1α Protein Synthesis

To understand the suppression mechanism of vanillin on HIF-1α accumulation, we investigated
whether the presence of vanillin could decrease HIF-1α whose increased levels were induced by using
an iron chelator and 26S proteasome inhibition. Consequently, increased HIF-1α expression by both
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iron chelator (Figure 3A) and proteasome inhibitor (Figure 3B), as observed in the control cells, was also
dramatically decreased by vanillin treatment, suggesting that neither hydroxylation nor proteasomal
degradation of HIF-1α is associated with the suppressive effect of vanillin on HIF-1α accumulation.
Therefore, we next investigated whether vanillin could attenuate de novo protein synthesis of HIF-1α.
The results, shown in Figure 3C, demonstrate that vanillin strongly attenuates HIF-1α accumulation
increased by MG132 (which blocks all proteolytic activity of the 26S proteasome complex) after blocking
the de novo synthesis of HIF-1α by using CHX, as protein translation inhibitor, in both A2058 and A375
melanoma cells, suggesting that vanillin causes inhibition of de novo HIF-1α protein synthesis. Because
the mammalian target of rapamycin (mTOR)-mediated phosphorylation of eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1), eukaryotic translation initiation factor 4E (eIF4E), and S6
kinase ribosomal protein stimulate de novo HIF-1α protein synthesis [2,3], we further elucidated the
phosphorylation status of 4E-BP1, eIF4E, and S6 kinase after vanillin treatment. From Figure 3D, it was
observed that vanillin does not alter phosphorylation of 4E-BP1, eIF4E, and S6 kinase, suggesting
that mTOR-mediated de novo HIF-1α protein synthesis is not responsible for the reduction of HIF-1α
by vanillin.

Figure 3. Vanillin attenuates HIF-1α protein synthesis. (A) Vanillin suppresses HIF-1α increased
by treatment with the iron chelator, deferoxamine (DFO), under normoxic condition. A2058 and
A375 cells were pre-incubated with 2.5 mM of vanillin for 1 h, and then further incubated in the
absence or presence of 50 μM of DFO for 6 h; (B) Vanillin suppresses HIF-1α increased by proteasome
inhibitor (MG132) treatment. Cells were pre-incubated with 2.5 mM of vanillin for 1 h, and then further
incubated in the absence or presence of 20 μM of MG132 for 6 h; (C) Vanillin attenuates de novo
HIF-1α protein synthesis. Cells were pre-incubated with 100 μM cycloheximide (CHX) for 12 h and
then washed with phosphate-buffered saline (PBS). Cells were incubated with fresh culture medium
containing 20 μM of MG132 and 2.5 mM of vanillin (or dimethyl sulfoxide (DMSO)) for indicated
time. HIF-1α protein levels were detected by immunoblotting, and then protein levels were quantified
using Image J software; (D) Vanillin does not regulate the signal transduction pathway related to
5′-cap-dependent translation.

2.4. Vanillin Decreases HIF-1α mRNA Levels by Inhibiting Promoter Occupancy of STAT3 at HIF1A

Because decreased mRNA levels also cause retardation of de novo protein synthesis, we next
measured the HIF-1α mRNA levels after vanillin treatment of A2058 and A375 melanoma cells.
We found that the HIF-1α mRNA levels were significantly decreased by vanillin treatment (Figure 4A).
It is becoming clear that STAT3 and NF-κB are critical transcription factors for HIF-1α mRNA
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expression through direct interaction with the proximal promoter of HIF1A [5–7]. Therefore,
we investigated the suppressive effect of vanillin on STAT3 activation and its promoter occupancy on
HIF1A. Vanillin significantly decreases STAT3 phosphorylation in both A2058 and A375 melanoma
cells (Figure 4B). In addition, it was also found that the proximal promoter of HIF1A is dissociated
from STAT3, but not from NF-κB (Figure 4C). These results suggest that the inactivation of STAT3 is
responsible for the decreased HIF-1α levels in response to treatment with vanillin.

Figure 4. Vanillin decreases HIF-1α mRNA expression by inhibiting signal transducer and activator
of transcription 3 (STAT3). (A) Vanillin decreases HIF-1α mRNA levels in A2058 and A375 human
melanoma cells. Cells were incubated in the absence or presence of vanillin for 8 h or 16 h under
hypoxic condition. HIF-1α mRNA levels were measured using quantitative real time (RT)-PCR.
Values represent the mean ± SD of three independent experiments performed in duplicate; * p < 0.05;
(B) Vanillin decreases STAT3 phosphorylation under hypoxia. A2058 and A375 melanoma cells were
incubated with vanillin for 8 h under hypoxia. STAT3 protein levels were detected by immunoblotting,
and then protein levels were quantified using Image J software. Values represent the mean ± SD of
three independent experiments performed; * p < 0.05; (C) Vanillin causes dissociation of STAT3 from
the HIF-1α promoter region. A2058 cells were incubated with 2.5 mM of vanillin for 8 h and then
fixed with formalin. Chromatin was immunoprecipitated with non-immunized serum (IgG) or the
antisera as indicated. The proximal region of HIF-1α promoter was amplified using quantitative PCR.
Values represent the mean ± SD of two independent experiments performed in triplicate; * p < 0.05.

2.5. Vanillin Down-Regulates HIF-1α Target Gene Expression and Causes Suppression of Cell Motility

To determine whether vanillin functionally suppresses HIF-1α transcriptional activity as well
as protein levels, HIF-1α responsive promoter activity (HRE- or vascular endothelial growth factor
(VEGF)-luciferase) was measured. In this case, vanillin dramatically down-regulates HIF-1α promoter
activity (Figure 5A) and its target genes involved in glycolytic metabolism (CA-IX, PDK1, GLUT1,
and LDHA: carbonic anhydrase 9, pyruvate dehydrogenase kinase 1, glucose transporter 1, and lactate
dehydrogenase A) and cancer metastasis (FN1, LOXL2, and uPAR) under hypoxia in A2058 and A375
cells (Figure 5B,C). Because HIF-1α stimulates cancer cell motility and invasiveness under hypoxia [8],
the inhibitory effect of vanillin on cell migration increased by hypoxia was tested. Consequently,
it was found that vanillin strongly attenuates cell migration under hypoxia in A2058 and A375 cells
(Figure 5D). These results demonstrate that vanillin suppresses cancer cell motility by inhibiting
HIF-1α target gene expression associated with cancer metastasis.
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Figure 5. Vanillin inhibits HIF-1α transcriptional activity and cell motility in malignant melanoma
cells. (A) Inhibitory effect of vanillin on HIF-1α transcriptional activity. A2058 cells were transiently
transfected with the hypoxia-responsive element (HRE) or vascular endothelial growth factor
(VEGF)–luciferase vector and then incubated for 24 h. Transfected cells were incubated under
normoxia or hypoxia in the absence or presence of vanillin (2.5 mM) for 24 h. Values represent
the mean ± standard deviation of three independent experiments performed in duplicate; * p < 0.05;
(B,C) Vanillin suppresses hypoxia-induced HIF-1α target gene expression. A2058 and A375 cells
were incubated under normoxia or hypoxia in the absence or presence of vanillin (2.5 mM) for
24 h. HIF-1α target gene expression was measured using quantitative RT-PCR. Values represent
the mean ± standard deviation of two independent experiments performed in triplicate; * p < 0.05,
** p < 0.01, and *** p < 0.001; (D) Inhibitory effect of vanillin on cell migration. A2058 and A375 cells
were seeded into transwell chambers and incubated under normoxia or hypoxia for 16 h in the absence
or presence of vanillin (2.5 mM). Scale bar representing 200 μm. Migrated cell numbers were counted
and values represent the mean ± standard deviation of two independent experiments performed in
triplicate; * p < 0.05 and ** p < 0.01.

3. Discussion

Because intratumoral hypoxia causes HIF-1α overexpression, genetic alterations of HIF-1α
are commonly observed in malignant solid cancers and closely associated with treatment failure
and increased mortality; therefore, it is important to identify HIF-1α inhibitors and test their
efficacy as anticancer therapeutics [8]. A growing number of HIF-1α inhibitors derived from
natural products, low molecular weight secondary metabolites produced by plants and microbes,
have recently been identified as HIF-1α inhibitors [18]. For example, it has been reported that
apigenin (4′,5,7-trihydroxyflavone) and resveratrol (trans-3,4,5′-trihydroxystilbene) promote HIF-1α
protein degradation in a manner that is independent of the microenvironment oxygen levels [19,20].
Pleurotin and genistein (4′,5,7-Trihydroxyisoflavone) inhibit the accumulation of HIF-1α protein by
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suppressing protein synthesis under both normoxic and hypoxic conditions [21,22]. Many of the
currently identified HIF-1α inhibitors derived from natural products affect protein accumulation or
degradation. Interestingly, we propose that vanillin may be a promising HIF-1α inhibitor that acts to
reduce HIF-1α levels by suppressing HIF-1α mRNA expression.

Vanillin, a widely used flavoring agent from vanilla, has been shown to exhibit multiple biological
effects, including anti-cancer, anti-mutagenic, and anti-bacterial activity in mammalian cells [9,14,23].
In this study, we demonstrate that vanillin effectively decreases HIF-1α protein levels and the
expression of its target genes related to cell motility, angiogenesis, and glycolytic metabolism in
A2058 and A375 malignant melanoma cells.

To understand the precise molecular mechanism by which vanillin decreases HIF-1α protein
levels, we investigated whether vanillin attenuates HIF-1α protein synthesis or promotes proteasomal
degradation. We found that vanillin dramatically attenuates de novo HIF-1α protein synthesis.
In addition, MG132, a 26S proteasome inhibitor, did not rescue vanillin-mediated HIF-1α reduction
in melanoma cells, suggesting that vanillin reduces HIF-1α using a mechanism that is independent
of proteasomal degradation. Because the growth factor-mediated PI3K-mTOR signaling pathway
activates HIF-1α protein synthesis via 4E-BP1, eIF4E, and S6 kinase linked 5′-cap-dependent translation
initiation [2,3], we tested whether vanillin regulates the phosphorylation status of 4E-BP1, eIF4E, and S6
kinase using torin1, a selective mTOR inhibitor, as a positive control. Unlike torin1, vanillin did not alter
the phosphorylation status of 4E-BP1, eIF4E, and S6 kinase, suggesting that vanillin does not participate
in PI3K-mTOR-mediated protein synthesis. Therefore, we further investigated the inhibitory effect of
vanillin on HIF-1α mRNA expression. Interestingly, HIF-1α mRNA was significantly decreased by
vanillin treatment in A2058 melanoma cells.

How does vanillin decrease HIF-1α mRNA expression? To answer this question, we investigated
the inhibitory effect of vanillin on STAT3-mediated HIF-1α mRNA expression, because STAT3 is one of
the transcription factors that is associated with the proximal promoter of HIF1A [5,6]. Vanillin reduces
STAT3 phosphorylation and promoter occupancy on the 5′-flank of HIF1A. These results suggest that
vanillin decreases HIF-1α by suppressing STAT3-mediated transcription. Nevertheless, we did not
provide a precise molecular mechanism to explain how vanillin inhibits STAT3 phosphorylation and
proximal promoter occupancy on the 5′ flanking region of HIF1A. Therefore, how vanillin suppresses
STAT3 phosphorylation and transcriptional activity should be further investigated.

Although the anti-metastatic effect of vanillin by inhibiting MMP-9 expression in breast and
hepatocellular carcinoma cells has recently been reported, the molecular mechanism by which vanillin
attenuates migration and invasion in cancer cells is not fully demonstrated [15–17]. In the present
study, we provide insight into some part of the mechanism that involves the STAT3-HIF-1α axis on
the vanillin-mediated suppression of cancer cell migration and invasion. Indeed, cell migration was
significantly decreased by vanillin by approximately 50% under normoxic condition. Under hypoxia,
vanillin suppressed cell migration by approximately 75%, suggesting that vanillin could sensitively
block cell motility in malignant tumors with hypoxic microenvironments.

On the basis of previous studies of the anti-metastatic effects of millimolar-range vanillin used to
treat cells in vivo, mice were administered 100 mg/kg/day vanillin. Although 100 mg/kg/day can be
regarded as a high concentration, no side effects were observed [17]. Variable concentrations below
100 mg/kg/day can be considered for animal studies. Several methods can be used to determine the
effects low-concentration vanillin. Vanillin derivatives can be developed to improve delivery efficacy at
low concentrations, which are more effective for preventing malignant melanoma metastasis. Indeed,
a recent report showed that 60 mg/kg/day of o-vanillin, a vanillin isomer, strongly suppressed tumor
growth in mice bearing A375 human malignant melanoma xenografts [14]. For clinical application,
it should be further evaluated whether o-vanillin has anti-metastatic effects via the inhibition of HIF-1α
accumulation. In addition, vanillin may be useful as a functional food and not limited to chemotherapy.
Our results provide a foundation for further analysis of vanillin for the prevention and treatment of
malignant melanoma.
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4. Materials and Methods

4.1. Reagents and Antibodies

Vanillin (V1104), deferoxamine (D9533), MG132 (M7449), dimethyl sulfoxide (DMSO), protease
inhibitor cocktail, and cycloheximide (01810) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibodies against 4E-BP1 (9452), phospho-4E-BP1 (2855), eIF4E (9742), phospho-eIF4E (9741),
phospho-S6 (4857), STAT3 (12640), and phospho-STAT3 (9131) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against β-tubulin (sc-9104) and β-actin (sc-47778) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-HIF-1α and anti-HIF-1β
antibodies were kindly provided by Jong-Wan Park of Seoul National University, Seoul, Korea.

4.2. Cell Culture and Treatment

A2058 and A375 melanoma cell lines were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) and 25 mM glucose in
a humidified atmosphere of 5% CO2 at 37 ◦C. The oxygen level in the hypoxia incubator chamber
was maintained at 1% by continuously injecting N2 gas. Vanillin at various stock concentrations
(0.8, 1.6, 2.5 M) was dissolved in dimethyl sulfoxide (DMSO) and diluted into culture medium prior
to treatment.

4.3. Cell Viability Assay

To determine the cell viability, we used crystal violet staining in this study. Cells were seeded in
24-well plates, and incubated for 24 h, followed by treatment with vanillin in increasing concentrations
for 12 and 24 h at 20% (normoxia) or 1% (hypoxia) oxygen conditions. The cells were fixed with
4% paraformaldehyde for 15 min and stained with 0.05% crystal violet staining solution (HT90132,
Sigma-Aldrich) for 15 min. To measure optical density, 1% sodium dodecyl sulfate (SDS) solution was
added to the cells, and these were further incubated for 15 min at room temperature. The dissolved
solutions were transferred to a 96-well plate and measured at 595 nm using a microplate reader (BioTek,
Winooski, VT, USA).

4.4. Cytosolic and Nuclear Extract Preparation

Cells were washed using cold phosphate-buffered saline and harvested by centrifugation at
1000 rpm for 5 min at 4 ◦C. The harvested cell pellets were resuspended and incubated with ice-cold
buffer A (20 mM Tris at pH 7.8, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM ethylenediaminetetraacetic acid
(EDTA), 0.5 mM dithiothreitol (DTT), and protease inhibitor cocktail) for 5 min on ice, and then cells
were collected by centrifugation at 1000 rpm for 5 min at 4 ◦C. Next, the cell pellets were lysed using
0.06% NP-40 containing buffer A for 10 min on ice. The cell lysates were centrifuged at 3000 rpm
for 5 min, and then the supernatants containing cytosolic proteins were frozen. After obtaining the
cytosolic fraction, the pellets were incubated and lysed using buffer B (20 mM Tris-Cl at pH 7.8, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 20% glycerol) containing 400 mM NaCl for 30 min on ice.
During incubation, the cells were homogenized with a glass homogenizer. The incubated samples were
centrifuged at 14,000 rpm for 30 min at 4 ◦C, and then supernatants containing the nuclear proteins
were transferred into fresh tubes.

4.5. Immunoblotting

Total proteins were extracted using cell lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris
pH 7.4, 2 mM EDTA, and protease inhibitor cocktail). Cell lysates were separated by 7.5% or
10% SDS-polyacrylamide gel electrophoresis (PAGE). Separated proteins were transferred onto an
Immobilon-P membrane (Millipore, Billerica, MA, USA). The transferred membranes were blocked
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with 5% skim milk in Tris-buffered saline containing 0.05% Tween-20 (TBS-T) for 1 h at room
temperature, and then incubated overnight with primary antibodies diluted at 1:1000 or 1:5000
in 5% skim milk in TBS-T at 4 ◦C. Horseradish peroxidase-conjugated secondary antibodies were
incubated for 1 h at room temperature, and then protein levels were visualized using an Enhanced
Chemiluminescence Prime kit (GE Healthcare, Little Chalfont, UK).

4.6. Quantitative Real-Time PCR

Total RNA was isolated with TRIzol and 2 μg of this RNA was used to synthesize cDNA using
a high capacity cDNA reverse transcription kit (Applied Biosystems). The cDNA was amplified over
40 cycles (95 ◦C for 15 s, 60 ◦C for 1 min). Experimental Cq values were normalized to H36B4 and
relative mRNA levels were calculated on the basis of H36B4 mRNA levels. The sequences of the PCR
primers (5′–3′) were: ATGGAGCCCAGCAGCAA and GGCATTGATGACTCCAGTGTT for GLUT1;
CCACTCCAGCAGGGAAGG and GCGACGCAGCCTTTGAAT for CA-IX; TGAACATTCTGGCT
GGTGACAGGA and ATGATGTCATTCCCACAATGGCCC for PDK1; CTACCTCCACCATGCCAAGT
and AGCTGCGCTGATAGACATCC for VEGF; CCATAAAGGGCAACCAAGAG and ACCTCGG
TGTTGTAAGGTGG for FN1; CACTGCGGATCCCTGAAAC and CCTGTCTTCGGGCTGATG for
LOXL2; AGCCTTACCGAGGTTGTGTG and AAATGCATTCGAGGTAACGG for uPAR.

4.7. In Vitro Migration Assay

In vitro cell migration assays were performed using a Transwell chamber from Sigma-Aldrich
(St. Louis, MO, USA). The underside of the Transwell insert membrane was coated with collagen
and incubated at room temperature until it was dry. Cells in 0.1 mL of fetal bovine serum-free
medium were seeded into the upper chamber, and the lower chamber was filled with 6% fetal bovine
serum-containing medium as a chemotactic source, and then cells were incubated for 16 h at 37 ◦C.
After incubation, the Transwell chambers were quickly washed using phosphate-buffered saline and
stained with hematoxylin and eosin. The Transwell insert membranes, containing the migrated cells,
were placed on a slide glass and analyzed using a microscope (Olympus, Tokyo, Japan). To quantify
the migrated cell numbers, two random fields under 40× magnification were quantified by counting
the cell numbers.

4.8. Chromatin Immunoprecipitation

Cultured cells were fixed with 1% formaldehyde to cross-link chromatin and proteins, and soluble
chromatin and protein complex samples were incubated overnight at 4 ◦C with antibodies against
STAT3 and NF-κB p65. STAT3 or NF-κB p65 interacting DNA was eluted, and then occupancy of STAT3
on the proximal region of the HIF-1α promoter was measured using quantitative PCR. The sequences
of PCR primers for the quantitative ChIP assay (5′–3′) are ATCTGAGCAACGAGACCAAA
and CACGTGCTCGTCTGTGTTTA.

4.9. Luciferase Activity Assay

Hypoxia-responsive element (HRE) or VEGF (vascular endothelial growth factor)
promoter-luciferase reporter plasmids were a gift from Navdeep Chandel (Addgene plasmid
# 26731) and Jong-Wan Park (Seoul National University, Korea). Cells were transfected with reporter
plasmids using Polyfect (QIAGEN, Valencia, CA, USA) and then incubated for 48 h for stabilization.
After incubation, luciferase activity was measured using a luminometer (Berthold Technologies,
Bad Wildbad, Germany) and normalized against β-gal activities to account for transfection efficiency.

4.10. Statistical Analysis

All data were analyzed using an unpaired Student’s t-test for two experimental comparisons and
a one-way ANOVA (analysis of variance) followed by Tukey’s post hoc test for multiple comparisons
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using GraphPad Prism 5.01 (GraphPad Software Inc., La Jolla, CA, USA). Data are represented as
means ± standard deviations (SDs). Differences between mean values were considered statistically
significant when the associated p-value was less than 0.05.

5. Conclusions

In the present study, the major findings were that vanillin: (i) decreases HIF-1α protein levels and
that this effect is independent of proteasomal degradation; (ii) suppresses STAT3 phosphorylation
and its promoter occupancy on the proximal region of HIF-1α; and (iii) attenuates cell migration by
down-regulating HIF-1α target genes associated with cancer metastasis in A375 and A2058 human
malignant melanoma cells. Taken together, these results may provide useful information for the
development of vanillin derivatives as anti-metastatic agents or functional foods for preventing
malignant melanoma metastasis.
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HIF-1α Hypoxia-inducible factor-1α
STAT3 Signal transducer and activator of transcription 3
NF-κB Nuclear factor-κB
FN1 Fibronectin 1
LOXL2 Lysyl oxidase-like 2
uPAR Urokinase plasminogen activator receptor
VHL Von Hippel-Lindau protein
MAPK Mitogen activated protein kinase
HRE Hypoxia-response element
MMPs Matrix metalloproteinases
PI3K Phosphoinositide 3-kinase
mTOR Mammalian target of rapamycin
4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1
eIF4E Eukaryotic translation initiation factor 4E
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Abstract: Nymphaea candida was used to treat hepatitis in Ugyhur medicine, and nicotiflorin
(kaempferol 3-O-β-rutinoside) is the main characteristic component in this plant. In this study,
The the hepatoprotective activities of nicotiflorin from N. candida were investigated by Concanavalin A
(Con A, 20 mg/kg bw)- and D-Galactosamine (D-GalN, 800 mg/kg bw)-induced acute liver injury
in mice. Pretreatment with nicotiflorin (25, 50, 100 mg/kg bw/day, p.o.) for ten days significantly
reduced the impact of Con A toxicity (20 mg/kg bw) on the serum markers of liver injury, aspartate
aminotransferase (AST), and alanine aminotransferase (ALT). The hepatic anti-oxidant parameters
(malondialdehyde, MDA; superoxide dismutase, SOD; glutathione, GSH; and nitric oxide, NO) in
mice with nicotiflorin treatment were significantly antagonized for the pro-oxidant effects of Con A.
Moreover, pretreatment with nicotiflorin (100 mg/kg bw) significantly decreased Con A-induced
elevation in the serum levels of pro-inflammatory cytokines interleukin-1β (IL-1β), interleukin-6
(IL-6), tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) (p < 0.05). A protective effect was
reconfirmed against D-GalN-induced chemical liver injury, elevated serum enzymatic and cytokines
levels were significantly decreased by nicotiflorin, and liver homogenate antioxidant indicators
were significantly restored toward normal levels. Both histopathological studies also supported the
protective effects of nicotiflorin. Therefore, the presented results suggest that nicotiflorin is the potent
hepatoprotective agent that could protect the liver against acute immunological and chemical injury;
this ability might be attributed to its antioxidant and immunoregulation potential.

Keywords: nicotiflorin; Nymphaea candida; hepatoprotective; Concanavalin A; D-galactosamine

1. Introduction

Liver, the major organ for the detoxification and metabolism of xenobiotics, is susceptibly injured
by various factors such as toxic chemicals, excess consumption of alcohol, infections, and autoimmune
disorders [1]. Moreover, liver injury is also a commonly pathological state of various liver diseases,
and its long-term existence often leads to liver fibrosis, liver cirrhosis, and liver cancer [2]. Therefore,
the prevention of liver injury is an important means of liver disease treatment [3]. It has always
been one of focuses of pharmaceutical research to find significant hepatoprotective compounds from
natural plants and traditional folk medicine. In recent years, more and more natural products with
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hepatoprotection have been isolated from various medicinal plants, such as silymarin, oleanolic acid,
and curcumin [4–6].

In Xinjiang, China, Nymphaea candida has been used as a folk medicine for head pains, coughs,
hepatitis, and hypertension [7]. The previous study showed that extracts from the flowers of N. candida
Presl have better free radical scavenging and hepatoprotective activities, and nicotiflorin was one of
the main characteristic compounds in this plant [8]. Nicotiflorin (Figure 1), namely kaempferol
3-O-β-rutinoside, a flavonol glycoside isolated from a variety of plants (Edgeworthia chrysantha,
Carthamus tinctorius, N. candida, etc.) [9–11], has been reported to have various pharmaceutical effects,
such as antioxidant, anti-inflammatory, and neuroprotective effects [12–15]. In the previous study,
nicotiflorin at the doses of 200 and 400 mg/kg bw showed preventive effects on CCl4-induced liver
injury in mice [16]. This study aimed to investigate further the hepatoprotective effects of nicotiflorin
(Doses as 25, 50 and 100 mg/kg bw) and its mechanisms by Concanavalin A (Con A)-induced and
D-galactosamine (D-GalN)-induced liver injury in mice for the development and application of this
compound as well as N. candida.

 

Figure 1. Chemical structure of nicotiflorin.

2. Results and Discussion

2.1. Protective Effect of Nicotiflorin on Con A Induced Hepatotoxicity in Mice

Concanavalin A (Con A), a lectin derived from jack bean seeds, has been widely used to establish
an experimental murine model of hepatitis, and this model can mimic many pathological features of
viral and autoimmune hepatitis in humans [17,18]. This reproducible liver injury is easily induced
by a one-shot intravenous injection of Con A, and this damage could significantly increase the
serum levels of transaminases as well as the filtration of neutrophils, macrophages, and T cells [19].
As a T cell mitogen, Con A can activate T cells to proliferate and produce pro-inflammatory cytokines
including tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-1 (IL-1), and interleukin-6
(IL-6) [20].

The serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities are
biochemical markers of liver damage [21]. Figure 2 shows that, after Con A injection, a statistically
significant increasement in the serum ALT and AST levels was observed at 8 h, compared to the control
group, as well as the liver index and spleen index (p < 0.01). After treatment with the drug for ten
consecutive days, nicotiflorin at three different doses (25, 50 and 100 mg/kg bw) could remarkably
prevent the Con A-induced increases of the serum activities of ALT and AST (p < 0.01, p < 0.05, Figure 2).
Organ indexes of the liver and spleen were evaluated in mice. Compared with the Con A group, the
elevated liver index and spleen index were also significantly reduced by nicotiflorin at different doses
(25, 50, and 100 mg/kg bw) (p < 0.01, Table 1). Moreover, there were no significant differences in the
changes of body weight before and after the experiment between each group (p > 0.05, Table 1).
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Table 1. Effects of nicotiflorin on the body weight and liver, speen index in Concanavalin A
(Con A)-intoxicated mice.

Group Inital BW (g) Final BW (g) Liver Index Speen Index

Control 19.83 ± 0.37 26.49 ± 0.39 48.12 ± 0.80 3.65 ± 0.18
Con A 20.41 ± 0.49 27.44 ± 0.65 79.59 ± 2.20 ## 7.19 ± 1.42 ##

DDB (150 mg/kg bw) + Con A 20.01 ± 0.53 26.53 ± 0.57 55.82 ± 0.63 ** 5.01 ± 0.22 **
nicotiflorin (25 mg/kg bw) + Con A 19.84 ± 0.47 26.64 ± 0.40 61.82 ± 1.22 ** 5.48 ± 0.27 **
nicotiflorin (50 mg/kg bw) + Con A 20.11 ± 0.70 27.09 ± 0.41 57.39 ± 2.15 ** 4.89 ± 0.36 **
nicotiflorin (100 mg/kg bw) + Con A 21.69 ± 0.31 28.18 ± 0.37 53.98 ± 1.13 ** 4.24 ± 0.20 **

Values are mean ± S.E.M., n = 10; ## p < 0.01 compared with control group; ** p < 0.01 compared with Con A group;
BW, body weight.

Histological changes in liver tissues shown by hematoxylin-eosin (HE) staining confirmed the
preventive effect of nicotiflorin against Con A-induced immunological liver injury (Figure 3). For livers
in the control group, the extent of liver injury was grade 0; the hepatic lobule structure integrity, and
a well-preserved cytoplasm, prominent nucleus, and nucleolus were shown (Figure 2A). After Con A
injection, liver sections in the model group revealed extensive liver damage such as liver cells with
severe edema, condensed nuclei, increased vacuole formation, acidophilic degeneration, inflammatory
cells infiltration, centrilobular fatty changes, and widespread hepatocellular necrosis (grades III,
Figure 3B). In contrast, mice pretreated with nicotiflorin (25, 50, and 100 mg/kg bw, Figure 3D–F),
showed protective effects, and the injury scores of vacuole formation and hepatocellular necrosis were
significantly decreased, with main liver damage grades of 0 and I (Table 2). The positive control drug,
biphenyl dicarboxylate (DDB, 150 mg/kg bw), also significantly ameliorated liver damage induced by
Con A (p < 0.05).

Figure 2. Effects of nicotiflorin on serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in Con A- intoxicated mice. (A) Control group; (B) Con A-treated group;
(C) Con A and biphenyl dicarboxylate (DDB, 150 mg/kg bw)-treated group; (D) Con A and nicotiflorin
(25 mg/kg bw)-treated group; (E) Con A and nicotiflorin (50 mg/kg bw)-treated group; and (F) Con A
and nicotiflorin (100 mg/kg bw)-treated group. Values are mean ± S.E.M., n = 10. ## p < 0.01 compared
with control group; * p < 0.05, ** p < 0.01 compared with Con A group.

Table 2. Effects of nicotiflorin on the pathological grading of Con A-intoxicated mice.

Group 0 I II III p-Value

Control 10 0 0 0 -
Con A 0 0 2 8 #

DDB (150 mg/kg bw) + Con A 1 5 2 2 *
nicotiflorin (25 mg/kg bw) + Con A 2 6 1 1 *
nicotiflorin (50 mg/kg bw) + Con A 2 5 2 1 *
nicotiflorin (100 mg/kg bw) + Con A 2 6 1 1 *

n = 10; # p < 0.01 compared with control group; * p < 0.05, compared with Con A group.
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Malondialdehyde (MDA), a major degradation product of lipid hydroperoxides, has attracted
much attention as a indicator for assessing the extent of lipid peroxidation in oxidative liver damage.
In this study, the hepatic level of malondialdehyde (MDA) was analyzed by the thiobarbituric acid
(TBA) method [22]. Con A treatment markedly increased the hepatic MDA level compared with the
control group, whereas the pre-administration of nicotiflorin (25, 50, and 100 mg/kg bw) significantly
decreased the MDA levels (p < 0.05, Figure 4). The antioxidant (glutathione, GSH) content and
antioxidant enzyme (superoxide dismutase, SOD) activity in the liver was also measured. The hepatic
levels of GSH and SOD were conspicuously decreased in Con A-treated mice compared with those in
the control group, whereas the pre-administration of nicotiflorin significantly reversed the decreased
activities of GSH and SOD (p < 0.05, p < 0.01, Figure 4). Compared with control group, Con A injection
significantly increased hepatic homogenate nitric oxide (NO) content (p < 0.01, Figure 4). Pretreatment
with nicotiflorin (50 and 100 mg/kg) significantly decreased serum NO content (p < 0.05, p < 0.01,
Figure 4). The positive control drug, DDB (150 mg/kg), also significantly decreased serum NO content
(p < 0.05).

 
Figure 3. Histological analysis of the livers after Con A administration. Typical images were
chosen from the different experimental groups (original magnification 10 × 20). (A) Control group;
(B) Con A-treated group; (C) Con A and DDB (150 mg/kg bw)-treated group; (D) Con A and
nicotiflorin (25 mg/kg bw)-treated group; (E) Con A and nicotiflorin (50 mg/kg bw)-treated group;
and (F) Con A and nicotiflorin (100 mg/kg bw)-treated group.

The hepatic natural killer T cells play important roles in Con A-induced liver injury by releasing
a variety of cytokines, such as IFN-γ, TNF-α, IL-1β, and IL-6 [23]. Among the various cytokines
released by Con A-activated T-cells, TNF-α and IFN-γ are considered to play critical roles in the
development of massive hepatocellular apoptosis and necrosis [24]. In this study, compared with the
Con A group, pretreatment with nicotiflorin at the middle and high doses (50 and 100 mg/kg bw)
significantly decreased serum IL-1β (p < 0.01) and TNF-α (p < 0.01) levels, of which nicotiflorin at the
low dose (25 mg/kg bw) also significantly decreased serum IL-1β levels (p < 0.05) (Figure 5). Moreover,
nicotiflorin (100 mg/kg bw) could significantly decrease the elevated serum IFN-γ level by Con A
(p < 0.01). The positive control drug, DDB, also significantly decreased serum IL-1β, TNF-α and IFN-γ
levels compared to the Con A group (p < 0.05). Therefore, nicotiflorin might alleviate the uncontrolled
immune response through immunomodulation to play a role of hepatoprotection.
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Figure 4. Effects of nicotiflorin on hepatic homogenate superoxide dismutase (SOD), malondialdehyde
(MDA), glutathione (GSH), and nitric oxide (NO) in Con A-intoxicated mice. (A) Control group;
(B) Con A-treated group; (C) Con A and DDB (150 mg/kg bw)-treated group; (D) Con A and nicotiflorin
(25 mg/kg bw)-treated group; (E) Con A and nicotiflorin (50 mg/kg bw)-treated group; and (F) Con A
and nicotiflorin (100 mg/kg bw)-treated group. Values are mean ± S.E.M., n = 10. ## p < 0.01 compared
with the control group; * p < 0.05, ** p < 0.01 compared with the Con A group.

2.2. Protective Effect of Nicotiflorin on D-GalN-Induced Hepatotoxicity in Mice

To further confirm the hepatoprotective activity of nicotiflorin, we investigated whether
nicotiflorin protects against D-GalN-induced acute chemical liver injury. As a well-established
hepatotoxicant, D-GalN can induce a liver injury similar to human viral hepatitis in its morphologic
and functional features. Therefore, it is very useful for the evaluation of hepatoprotection to construct
a liver injury model by D-GalN [25–27]. In this study, mice intoxicated with D-GalN developed severe
hepatocellular injuries with a significant elevation in serum AST and ALT activities when compared to
the control group (p < 0.01). Treatment with nicotiflorin at all doses (25, 50, 100 mg/kg bw) significantly
prevented the elevation of serum AST compared to the D-GalN group (p < 0.01); and nicotiflorin at a
high dose (100 mg/kg bw) significantly prevented the elevation of serum ALT compared to the D-GalN
group (p < 0.05) (Figure 6). Moreover, nicotiflorin at all doses (25, 50, 100 mg/kg bw) significantly
decreased the elevation of the liver index and speen index compared to the D-GalN group. The changes
of body weight before and after the experiment did not show a significant difference between the
groups (p > 0.05, Table 3).

Table 3. Effects of nicotiflorin on the body weight and the liver and speen indexes in
D-GalN-intoxicated mice.

Group Inital BW (g) Final BW (g) Liver Index Speen Index

Control 20.72 ± 0.59 25.02 ± 1.11 45.12 ± 1.13 4.25 ± 0.22
D-GalN 20.28 ± 0.34 26.35 ± 0.72 84.44 ± 1.47 ## 8.26 ± 0.20 ##

DDB (150 mg/kg bw) + D-GalN 21.36 ± 0.42 26.38 ± 0.58 53.75 ± 1.09 ** 5.54 ± 0.18 **
nicotiflorin (25 mg/kg bw) + D-GalN 21.25 ± 0.48 25.64 ± 0.46 65.44 ± 0.89 ** 6.43 ± 0.57 **
nicotiflorin (50 mg/kg bw) + D-GalN 21.26 ± 0.59 26.13 ± 0.80 57.48 ± 2.46 ** 5.55 ± 0.30 **
nicotiflorin (100 mg/kg bw) + D-GalN 20.71 ± 0.59 26.75 ± 0.56 49.35 ± 1.50 ** 4.88 ± 0.23 **

Values are mean ± S.E.M., n = 10. ## p < 0.01 compared with the control group. ** p < 0.01 compared with the Con A
group. BW, body weight.
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In this study, we further examined liver histopathological characters to explore the protective
effects of nicotiflorin on D-GalN-intoxicated mice. A photomicrograph of control mice liver showed
the hepatic lobule structure integrity and the liver cells in mice to radiate out from central vein at the
center (Figure 7A). A photomicrograph of D-GalN-intoxicated mice liver section showed swelling,
loose cytoplasm, acidophilic degeneration, visible extensive hepatocytesteatosis, and lymphocytic
infiltration (grade III, Figure 7B). As demonstrated in Table 4 and Figure 7D–F, nicotiflorin at different
doses (25, 50, and 100 mg/kg bw) showed liver structure damage prevention effects at various levels
against a D-GalN challenge. The histological observations basically supported the results obtained
from biochemical index.

 

 
Figure 5. Effects of nicotiflorin on the serum interleukin-1β (IL-1β), tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and interferon-γ (IFN-γ) in Con A-intoxicated mice. (A) Control
group; (B) Con A-treated group; (C) Con A and DDB (150 mg/kg bw)-treated group. (D) Con A
and nicotiflorin (25 mg/kg bw)-treated group; (E) Con A and nicotiflorin (50 mg/kg bw)-treated groupl
and (F) Con A and nicotiflorin (100 mg/kg bw)-treated group. Values are mean ± S.E.M., n = 10.
## p < 0.01 compared with the control group. * p < 0.05, ** p < 0.01 compared with the Con A group.

Table 4. Effects of nicotiflorin on the pathological grading of D-GalN-intoxicated mice.

Group 0 I II III p-Value

Control 10 0 0 0 -
D-GalN 0 0 3 7 #

DDB (150 mg/kg bw) + D-GalN 1 6 2 1 *
nicotiflorin (25 mg/kg bw) + D-GalN 1 5 3 1 *
nicotiflorin (50 mg/kg bw) + D-GalN 2 4 3 1 *

nicotiflorin (100 mg/kg bw) + D-GalN 3 5 1 1 *

n = 10; # p < 0.01 compared with control group; * p < 0.05, compared with D-GalN group.

Liver injury induced by D-GalN provoked a significant reduction of SOD and GSH activities
(p < 0.01) and a significant increment of MDA and NO content (p < 0.01) in the liver homogenate of the
D-GalN group as compared to the control group (Figure 8). The results showed that the content of
GSH was significantly increased by nicotiflorin at the doses of 25, 50, and 100 mg/kg bw (p < 0.05,
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p < 0.01). Treatment with nicotiflorin (50 and 100 mg/kg bw) significantly prevented the reduction of
SOD activity (p < 0.05, p < 0.01) and the increase of MDA content (p < 0.05, p < 0.01) induced by D-GalN
intoxication. Compared with control group, Con A significantly increased hepatic homogenate NO
content (p < 0.01). Nicotiflorin (25, 50, 100 mg/kg bw) could significantly decrease serum NO content
compared to the D-GalN group (p < 0.01), and the positive control drug, DDB (150 mg/kg bw), also
significantly decreased serum NO levels (p < 0.01). In the D-GalN group, the serum IL-1β, IL-6, TNF-α,
and IFN-γ levels were significantly higher than that of the control group (p < 0.01). Treatment with
nicotiflorin (50, 100 mg/kg bw) significantly reduced the increased serum IL-1β by D-GalN (p < 0.01).
Moreover, compared with the D-GalN group, nicotiflorin (100 mg/kg bw) could significantly decrease
serum TNF-α, IL-6 and IFN-γ levels (p < 0.05) (Figure 9).

Figure 6. Effects of nicotiflorin on hepatic homogenate ALT and AST in D-GalN-intoxicated mice.
(A) Control group; (B) D-GalN-treated group; (C) D-GalN and DDB (150 mg/kg bw)-treated group;
(D) D-GalN and nicotiflorin (25 mg/kg bw)-treated group; (E) D-GalN and nicotiflorin (50 mg/kg
bw)-treated group; and (F) D-GalN and nicotiflorin (100 mg/kg bw)-treated group. Values are
mean ± S.E.M., n = 10. # p < 0.05, ## p < 0.01 compared with the control group. * p < 0.01, ** p < 0.01
compared with the D-GalN group.

Figure 7. Histological analysis of the livers after D-GalN administration. Typical images were
chosen from the different experimental groups (original magnification 10 × 20). (A) Control group;
(B) D-GalN-treated group; (C) D-GalN and DDB (150 mg/kg bw)-treated group; (D) D-GalN and
nicotiflorin (25 mg/kg bw)-treated group; (E) D-GalN and nicotiflorin (50 mg/kg bw)-treated group;
and (F) D-GalN and nicotiflorin (100 mg/kg bw)-treated group.
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Figure 8. Effects of nicotiflorin on hepatic homogenate SOD, MDA, GSH, and NO in D-GalN-intoxicated
mice. (A) Control group; (B) D-GalN-treated group; (C) D-GalN and DDB (150 mg/kg bw)-treated
group; (D) D-GalN and nicotiflorin (25 mg/kg bw)-treated group; (E) D-GalN and nicotiflorin (50 mg/kg
bw)-treated group; and (F) D-GalN and nicotiflorin (100 mg/kg bw)-treated group. Values are
mean ± S.E.M., n = 10. ## p < 0.01 compared with the control group. * p < 0.05, ** p < 0.01 compared
with the D-GalN group.

 

 

Figure 9. Effects of nicotiflorin on the serum IL-1β, TNF-α, IL-6, and IFN-γ in D-GalN-intoxicated
mice. (A) Control group; (B) D-GalN-treated group; (C) D-GalN and DDB (150 mg/kg)-treated group;
(D) D-GalN and nicotiflorin (25 mg/kg bw)-treated group; (E) D-GalN and nicotiflorin (50 mg/kg
bw)-treated group; and (F) D-GalN and nicotiflorin (100 mg/kg bw)-treated group. Values are
mean ± S.E.M., n = 10. # p < 0.05, ## p < 0.01 compared with the control group. * p < 0.05, ** p < 0.01
compared with the D-GalN group.
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3. Materials and Methods

3.1. Chemicals and Reagents

Concanavalin A (Con A) and D-galactosamine (D-GalN) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Biphenyl dicarboxylate (DDB) was obtained from Dezhou Deyao Pharmaceutical
Co. Assay kits for aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were
provided by Zhongsheng Tech. (Beijing, China). Commercial kits used for determining (MDA),
superoxide dismutase (SOD), glutathione (GSH), and nitric oxide (NO) activities were obtained
from the Jiancheng Institute of Biotechnology (Nanjing, China). Elisa kits for interleukin-1β (IL-1β),
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interferon-γ (INF-γ) were supplied by
Biosource Co. (St. Louis, MO, USA). All other chemicals were of analytical grade and were purchased
from a local reagent retailer.

3.2. Plant Material and Preparation of Nicotiflorin

The dried flower buds of N. candida were purchased from the Traditional Uighur Medicine
Hospital in Urumqi and identified by associate researcher Jiang He, Institute of Materia Medica of
Xingjiang in China. Ten kilograms of this plant were extracted with 70% ethanol under reflux for
1 h three times, and 70% ethanol extracts was evaporated under vacuum. The 70% ethanol extracts
were purified by D101 resin to obtain the extracts as follows: water and 30%, 50%, and 95% ethanol
eluates, of which 50% of the ethanol eluates were applied to an ODS RP-18 column and eluted with
mixtures of MeOH/H2O (0%–100%) successively. Nicotiflorin was obtained from 40% methanol
eluates by Sephadex LH-20 chromatography repeatedly. The chromatographic analysis of nicotiflorin
was performed using an high performance liquid chromatography (HPLC) system consisting of
a Shimadzu LC-10ATvp and Phenomenex Gemini column (250 mm × 4.6 mm, 5 μm, with precolumn).
The mobile phase was composed of A: 0.2% phosphoric acid aqueous solution and B: acetonitrile.
The gradient program was set as follows; 0–5 min, 5% B in A; 5–10 min, 5%–11% B in A; 10–30 min,
11%–14% B in A; 30–60 min, and 14%–20% B in A. The detection wavelength was 266 nm, and the
flow rate was 1.0 mL/min. The nicotiflorin purity content was quantified as 98.12% by peak area
normalization method.

3.3. Animals

Kunming mice, weighing 20.0 ± 2.0 g, supplied by the Experimental Animal Centre of Xinjiang
Medical University in China (No. SYXK(xin) 2011-0004). The mice were housed in plastic cages
with a room temperature of 25 ± 1 ◦C under a 12 h light–dark cycle and were provided with rodent
chow and water ad libitum. All procedures were approved by the Animal Care and Used Committee
(No. 20150812-1; 12 August 2015) of Institute of Materia Medica of Xinjiang (Urumqi, China).

3.4. Concanavalin A (Con A)-Induced Hepatotoxicity

The mice were randomly divided into six groups; the control group, the Con A-induced liver
injury model group, the positive control group (DDB, 150 mg/kg bw), and the nicotiflorin groups
(25, 50, and 100 mg/kg bw). Mice in the control and model groups were given distilled water by
intragastric administration (ig) (0.2 mL/10 g bw, once daily). Mice in the DDB and nicotiflorin groups
received DDB (150 mg/kg bw, ig, once daily) and nicotiflorin (25, 50, and 100 mg/kg bw, ig, once
daily), respectively. All administrations were conducted for ten consecutive days. One hour after the
last administration on the seventh day, mice in the control group received saline (0.1 mL/10 g bw, iv)
while mice in the other groups were injected with Con A (20 mg/kg bw) [28]. Mice were sacrificed
after fasting for 8 h, blood samples were collected, and serum was isolated for further tests; the livers
were removed for biochemical studies and histopathological analysis.
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3.5. D-Galactosamine (D-GalN)-Induced Hepatotoxicity

To study the effect of nicotiflorin on D-GalN-induced liver injury, mice were randomly divided
into six groups with 10 mice per group as follows; control group, model group, DDB group (150 mg/kg
bw), and the nicotiflorin groups (25, 50 or 100 mg/kg bw). The mice in the pre-treatment groups were
administered by intragastric gavage (0.1 mL/10 g bw) with different doses of nicotiflorin, respectively,
once a day for 7 days, while the control and model groups were given distilled water only. On the
seventh day, 1 h after of the last administration, mice in various groups were given an intraperitoneal
injection of D-GalN in normal saline (800 mg/kg, 0.2 mL/10 g b.w.), while the control group was
injected intraperitoneally with an equal amount of normal saline solution. Mice were sacrificed after
fasting for 8 h. Blood samples were collected and serum was isolated for further tests. The livers were
removed for biochemical studies and histopathological analysis [29].

3.6. Measurement of Liver Index, Spleen Index and Body Weight in Mice

The body weight of the animals was weighed before and after the experiment. The liver index
and spleen index were calculated as liver weight (mg) and spleen weight (mg) divided by the body
weight of the mice (10 g), respectively.

3.7. Measurement of Aminotransferase and Cytokine Levels in the Serum

The blood samples were collected by retroorbital bleeding, the collected blood was centrifuged at
3000 r/min for 10 min and 4 ◦C, and serum was obtained. The activities of serum enzymes alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were determined using the commercial
assay kits. Enzyme activities were expressed as an international unit (U/L). The levels of IL-1β, IL-4,
TNF-α, and IFN-γ in plasma were determined using enzyme-linked immunosorbent assay (ELISA)
kits according to the kit introduction.

3.8. Measurement of Liver Homogenate Contents of MDA, SOD, GSH and NO

Liver samples were homogenized in normal saline to give a 10% (w/v) liver homogenate and then
centrifuged at 3000 rpm for 10 min at 4 ◦C. Supernatant was used to determine the MDA, GSH, SOD,
and total protein concentrations by using the detection kits according to the manufacturer’s protocols.
The levels of NO in liver homogenate were measured using nitrate reductase assay according to the
kit introduction.

3.9. Histopathological Examination

For the histological investigations, liver tissues were removed from a portion of the left lobe,
fixed in 10% formalin, embedded in paraffin, sliced in 5 μm sections, and stained with hematoxylin
and eosin (H and E) according to standard protocols. The slides were observed for conventional
morphological evaluation under a light microscope (Olympus BX43, Olympus, Tokyo, Japan) and
photographed at 10 × 20 magnification. The degree of liver histological damage was scored as follows
on a scale of 0–III: grade 0, no necrosis with normal liver tissue structure; I, part of the liver tissue
swelling accompanied with sporadic dotted necrosis and necrosis <1/4 of the hepatic lobule area;
grade II, liver cell swelling, visible in the spotty necrosis and minimal necrosis, inflammatory cells
infiltration in the portal area, and necrosis <1/2 of the hepatic lobule area; III, liver cell swelling,
massive necrosis, inflammatory cell infiltration, and necrosis >1/2 of the hepatic lobule area [30].

3.10. Statistical Analysis

All data were expressed as the mean ± standard error (S.E.M.). The differences between different
groups were analyzed using one-way analysis of variance (ANOVA) (SPSS software package for
windows, version 13.0, Chicago, IL, USA). * p < 0.05 and ** p < 0.01 were taken as statistically significant.
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4. Conclusions

The present study clearly demonstrates that nicotiflorin possess significant in vivo anti-hepatotoxic
activities, and this is confirmed in two experimental animal models. Therefore, nicotiflorin could be
used as a protective agent against acute liver injury, and its mechanism might be attributed to its
antioxidant and immunoregulatory capacities.
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Abstract: Polyphenol compositions and concentrations in skins and seeds of five muscadine
grapes (cv. “Noble”, “Alachua”, “Carlos”, “Fry”, and “Granny Val”) cultivated in the United
States (Tallahassee-Florida, TA-FL) and South China (Nanning-Guangxi, NN-GX and Pu’er-Yunnan,
PE-YN) were investigated, using ultra performance liquid chromatography tandem triple quadrupole
time-of-flight mass spectrometry (UPLC Triple TOF MS/MS). Fourteen ellagitannins were newly
identified in these muscadine grapes. The grapes grown in NN-GX accumulated higher
levels of ellagic acid, methyl brevifolin carboxylate, and ellagic acid glucoside in skins, and
penta-O-galloyl-glucose in seeds. In PE-YN, more flavonols were detected in skins, and higher
contents of flavan-3-ols, ellagic acid, and methyl gallate were identified in seeds. Abundant seed gallic
acid and flavonols were found among the grapes grown in TA-FL. Based on principal component
analysis (PCA) of 54 evaluation parameters, various cultivars grown in different locations could be
grouped together and vice versa for the same cultivar cultivated in different regions. This is the result
of the interaction between genotype and environmental conditions, which apparently influences the
polyphenol synthesis and accumulation.

Keywords: polyphenols; ellagic acids; muscadine grapes; geographical location; UPLC-Triple TOF-MS/MS

1. Introduction

Muscadinia rotundifolia Michx., commonly called as muscadine grape, is a genus from the Vitaceae
family. Muscadine grapes are indigenous to the southeast United States and are well-adapted to
the warm, humid environment [1,2]. They have important economic value, mainly due to their
resistance to Pierce’s disease (Xylella fastidiosa), Plasmopara viticola, and Elsinoe ampelina [3–6]. They also
have multiple health benefits, including antioxidant, antiviral agents, anticancer, antibacterial, and
anti-inflammatory properties [7–9]. The muscadine grape currently comprises over 100 cultivars such
as “Noble”, “Alachua”, “Carlos”, “Fry”, and “Granny Val”, among many others [2]. All commercial
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muscadine grape production occurs in the United States [7,10]. Recently, some of these muscadine
grape cultivars have been introduced to South China for the first time. These cultivars provide better
possibilities, adapting to local climates for table and wine grape production in areas unsuitable for the
growth of Vitis vinifera [11,12].

Polyphenol compounds are secondary metabolites and represent the third most abundant
constituent in grapes after carbohydrates and fruit acids. They are mainly distributed in seeds
(60%–70%) and skins (28%–35%), with less than 10% in pulp [5,13]. Major polyphenols present
in muscadine grapes have been previously reported. For example, the skins and seeds of these
grapes contained large amounts of ellagic acids (ellagic acid derivatives and ellagitannins) [13,14].
The anthocyanin levels in red skins of “Noble” and “Alachua” ranged from 292.0 to 554.9 mg as
malvidin-3-glucoside per 100 g dry weight (DM) [12]. In addition, their skins also had flavonols
such as glycosides of quercetin, kaempferol, and myricetin [3,5]. Meanwhile, abundant flavan-3-ols
like procyanidins (epicatechin and epicatechin gallate) and condensed tannins were identified in
muscadine seeds [13,15,16]. However, these identifications have not been fully elucidated, and the
contents varied greatly in different reports [1,10,13,14,17]. These differences were mainly because of
the complexity, diversity, and polymeric and isomeric forms of large size of these compounds, as well
as the lack of complete fragmentation data and suitable quantitative standards [18,19]. In addition,
materials from different growing conditions may also contribute to the variance.

The synthesis and accumulation of polyphenol compounds in fruits are regulated by genetic and
climatic conditions, as well as agricultural practices [20]. Marshall et al. [5] examined the polyphenol
concentrations in muscadine fruits of 21 cultivars, and found that the stilbene, ellagic acid, and flavonol
differed significantly among cultivars. Chen [7] investigated skin extracts among 17 muscadine
cultivars (6 bronze and 11 dark) and discovered that dark-skinned cultivars had higher contents than
the bronze ones with respect to polyphenol and ellagic acids. Meanwhile, the impact of climatic factors
on polyphenol compositions and concentrations of grape berries has been widely studied. It was
reported that these compounds of grape berries varied in different vineyards, and variations were
also presented among cultivars being grown in the same vineyard for two consecutive years [21].
Additionally, agronomic strategies such as alteration of environmental conditions (light, temperature,
mineral nutrition, and water management), application of elicitors, stimulating agents and plant
activators have been employed to enhance the biosynthesis of polyphenols [18,22–25].

To our knowledge, the muscadine grapes have never been reported as growing commercially in
countries outside the United States. Therefore, the aim of this study is to characterize and distinguish
the polyphenol compositions of five muscadine grape cultivars grown in China (Nanning-Guangxi
and Pu’er-Yunnan) and the native United States (Tallahassee-Florida), respectively, and to link the
differences to the growing conditions in different geographical regions in order to elucidate factors
related to the polyphenol accumulation. The overall goal of this study is to develop a strategy to grow
muscadine grapes with richer polyphenol compositions in China.

2. Results

2.1. Total Phenolic Content (TPC)

Muscadine grapes cv. “Noble”, “Alachua”, “Carlos”, and “Fry” harvested in 2012 season from
Nanning-Guangxi (NN-GX) and Pu’er-Yunnan (PE-YN), China, had higher total phenolic content
(TPC) in skins and lower in seeds than those grown in their native origin of Tallahassee-Florida
(TA-FL), United States (Table 1). “Granny Val”, as an exception, had less TPC in skins but was richer
in TPC in its seeds in China than in the USA. Nevertheless, the combined TPCs of the muscadine
grape skins and seeds grown in China were a little bit lower than those of grapes grown in the USA.
For all cultivars grown in China and USA, TPCs of grape seeds were about 3-fold higher than those
of skins. For example, the TPC in “Noble” seeds was 96.65 mg gallic acid equivalent (GAE)/g dry
weight (DW), while in skins it was 38.96 mg GAE/g DW. This is because the precursors of ellagic acid
biosynthesis and condensed tannins were mainly detected in seeds, which resulting a higher TPC in
seeds than in skins.
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Table 1. Total phenolic content (TPC) in skins and seeds of five muscadine grapes cultivated in three
different regions.

Cultivar Region Year
TPC (mg GAE/g DW)

Skins Seeds Skins + Seeds

Red cultivars

Noble (N)

TA-FL 2012 38.96 ± 2.57 d 96.65 ± 3.30 a 135.61 ± 5.17 c

NN-GX
2012 42.06 ± 2.00 c 82.10 ± 5.15 b 124.16 ± 6.55 d

2013 48.08 ± 0.67 b 95.07 ± 1.07 a 143.14 ± 0.95 b

PE-YN
2012 41.40 ± 1.93 c 85.44 ± 3.40 b 126.84 ± 4.32 d

2013 52.68 ± 1.91 a 97.55 ± 3.04 a 150.23 ± 3.19 a

Sig. a ** *** ***

Alachua (A)

TA-FL 2012 36.21 ± 1.70 b 118.59 ± 2.51 a 154.80 ± 3.33 b

NN-GX
2012 45.03 ± 1.35 a 107.05 ± 3.48 b 152.08 ± 4.28 b

2013 46.12 ± 2.82 a 119.41 ± 4.14 a 165.53 ± 1.49 a

Sig. a *** *** ns
Sig. b **, ** ***, *** ***, ***

Bronze cultivars

Carlos (C)

TA-FL 2012 30.86 ± 4.88 c 103.74 ± 4.50 b 134.60 ± 7.92 c

NN-GX
2012 35.98 ± 1.58 b 90.32 ± 5.06 c 126.30 ± 5.38 d

2013 56.44 ± 1.37 a 122.55 ± 1.61 a 178.99 ± 1.96 a

PE-YN
2012 30.22 ± 1.50 c 83.83 ± 4.80 d 114.05 ± 4.94 e

2013 57.33 ± 2.07 a 102.87 ± 3.01 b 160.20 ± 3.58 b

Sig. a *** *** ***

Fry (F)

TA-FL 2012 27.43 ± 4.25 b 118.74 ± 3.47 a 146.17 ± 6.69 b

NN-GX
2012 38.68 ± 1.83 a 77.88 ± 3.81 c 116.56 ± 3.54 c

2013 39.80 ± 2.02 a 113.49 ± 2.78 b 153.29 ± 3.70 a

Sig. a *** *** ***

Granny Val (G)

TA-FL 2012 34.44 ± 2.02 b 76.56 ± 2.28 d 111.00 ± 3.83 c

NN-GX
2012 29.34 ± 2.41 c 81.14 ± 1.73 c 110.48 ± 3.21 c

2013 44.92 ± 1.08 a 116.36 ± 1.21 a 161.28 ± 0.94 a

PE-YN
2012 20.53 ± 0.78 d 85.78 ± 2.94 b 106.31 ± 3.24 d

2013 35.38 ± 1.08 b 114.13 ± 3.46 a 149.51 ± 3.85 b

Sig. a *** *** *
Sig. b ***, *** ***, *** ***, ***

Values are expressed as means of triplicate determinations ± standard deviation S.D. For each cultivar, different
small letters within column indicate significant differences (Duncan’s test, p = 0.05). Significance among different
regions for each cultivar in the 2012 season (Sig. a), and among different color cultivars grown in TA-FL and NN-GX
in 2012 (Sig. b) was tested for p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and not significant (ns), respectively. TA-FL:
Tallahassee-Florida; NN-GX: Nanning, Guangxi; PE-YN: Pu’er-Yunnan; GAE: gallic acid equivalent.

2.2. Polyphenol Composition and Accumulation

2.2.1. Ellagic Acids and Precursors Profiles

Ellagic acids (ellagic acid derivatives and ellagitannins) and their precursors (gallic acid
derivatives) were the chief polyphenol compounds identified in muscadine skins and seeds (Table 2).
In 2012 season, the grapes grown in China exhibited significantly higher contents of ellagic acids and
precursors than those grown in the USA, except “Noble”, which possessed significantly lower levels
of ellagic acids and precursors in seeds. The highest values of skin ellagic acids and precursors were
observed in cultivars “Granny Val” and “Alachua” from NN-GX (248.73 and 220.99 mg GAE/100 g
DW, respectively), whereas the lowest were found in cultivar “Granny Val” from TA-FL (85.42 mg
GAE/100 g DW). The seeds of red cultivars from TA-FL and NN-GX exhibited higher contents of
ellagic acids and precursors than those in PE-YN. For instance, “Noble” from TA-FL had 636.75 mg
GAE/100 g DW, while this value was 380.61 mg GAE/100 g DW in PE-YN.
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A total of 46 different ellagic acids and precursors were identified in 2012’s skin samples, whereas
only 33 different kinds were detected in seeds (Tables S1–S3). These compounds varied among
muscadine grape cultivars. The “Noble” had more ellagic acids and precursors in both skins and
seeds than the other cultivars. For example, there were 40 different compounds in skins and 26 in
seeds of “Noble” grape grown in PE-YN. The constituents of ellagic acids and precursors differed
between the skins and seeds. For example, the ellagic acid derivatives were the primary form found in
skins (Figure 1a), while the precursors were the main type detected in seeds (Figure 1b). Significant
content variations of precursors were found among cultivars growing in different regions. For example,
“Alachua” from NN-GX contained the highest level of seed precursors (514.99 mg GAE/100 g DW),
whereas “Granny Val” from TA-FL had the lowest (129.29 mg GAE/100 g DW).

 

Figure 1. Ellagic acids and precursors distribution in five muscadine skins (a) and seeds (b),
and galloyl-glucoses distribution in muscadine seeds (c), among three different regions in the 2012
season. On the top of each column, standard deviation is show for the total content, and different
small letters indicate significant differences (Duncan’s test, p = 0.05). See Table 1 for the abbreviation of
cultivars and regions.
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Skin ellagic acid accounted for over 55% of total ellagic acids and precursors in all of the muscadine
grapes grown in China and USA (Tables S1–S3). Methyl brevifolin carboxylate and tri-O-methyl ellagic
acid were common in the grapes from TA-FL and NN-GX, whereas ducheside A and B were identified
mostly from PE-YN. Ellagic acid glucoside and diglucoside were both detected in skins, and the
glucoside/diglucoside ratio was higher in NN-GX.

Thirteen unknown ellagitannins with m/z 443 to 957 were first reported in muscadine skins from
this study. Among them, ellagitannin m/z 643 was the most common one, particularly in “Noble”
grapes grown in PE-YN. In addition, mono-O-methy ellagic acid, ellagitannin m/z 681 and 689 were
almost exclusively found in red cultivars, yet tri-O-galloyl-glucose was only detected in bronze ones
among samples from all the growing regions.

Interestingly, no tetra- and penta-O-galloyl-glucoses were detected in the muscadine skins, while
five galloyl-glucoses (from mono- to penta-O-) were identified in the seeds, of which the overall sum
of the five galloyl-glucoses accounted for above 50% of the total seed ellagic acids and precursors in
the three regions (Figure 1c). Additionally, muscadine grapes in NN-GX demonstrated the highest
content of penta-O-galloyl-glucose, while the grapes in TA-FL exhibited higher levels of gallic acid,
and methyl gallate was dominant among the muscadine grapes produced in PE-YN. Moreover,
an unkown ellagitannin m/z 967 was quantified in muscadine seeds for the first time.

2.2.2. Flavonols Profiles

Flavonols were the second-highest polyphenol in terms of content detected in muscadine skins
in our study, whereas their contents in seeds were relatively low (Table 2). The cultivar “Noble”
from PE-YN and “Fry” from NN-GX were characterized with significantly higher skin flavonols
(38.92 and 38.89 mg rutin equivalent (RE)/100 g DW, respectively) than others. However, the seed
flavonols significantly differed among the growing regions. In general, higher flavonols were found
among grape cultivars grown in the USA. (10.17–27.89 mg RE/100 g DW in TA-FL) than in China
(10.48–14.47 mg RE/100 g DW in PE-YN, and 7.03–10.52 mg RE/100 g DW in NN-GX).

The contents of skin flavonol glycosides ranked in order as following: aglycones > monoglucosides
> acylates > diglucosides, according to the concentrations (Tables S1–S3). The region of PE-YN
exhibited significantly higher contents of aglycones in comparison to other regions. Additionally, the
monoglucosides (glucoside and glucuronide) were richer in red cultivars than in bronze ones, while the
diglucosides (quercetin-3,4′-O-diglucoside) were only present in red cultivars, consistently in China
and USA. Interestingly, the ratio of mono-/di- glucoside flavonols varied among the muscadine grapes
growing in different regions, for example, the ratio ranged from 2.3 in TA-FL growing “Noble” to 7.9 in
NN-GX growing “Alachua”. Furthermore, a higher content of acylated form was identified in “Noble”
grape, which was likely benefited from a richer content of dihydroquercetin caffeoyl glucoside.

Myricetin derivative was the dominant type among the skin flavonol derivatives, followed by
quercetin, syringetin and kaempferol derivatives, which differed among cultivars and growing regions.
Myricetin derivative was significantly higher in cv. “Fry” and “Granny Val” from NN-GX (Figure 2a),
while the quercetin derivative was higher in “Noble” grape. Interestingly, kaempferol derivative was
mainly observed in red cultivars from TA-FL, whereas the syringetin derivative was significantly
accumulated in bronze cultivars from PE-YN. Quercetin, isorhamnetin and kaempferol derivatives
were the main flavonols in the muscadine seeds.

The 3′,4′,5′-substituted flavonol (myricetin, laricitrin, and syringetin derivatives) content was the
highest in skins (Figure 2b). This substituted flavonol was significantly higher in bronze cultivars than
the red ones. However, the 3′,4′-substituted (quercetin and isorhamnetin derivatives) was the second
most common flavonol, particularly in red cultivars. In addition, 3′,4′-substituted flavonol was the
main one in seeds, followed by 4′-substituted flavonol (kaempferol derivatives).

191



Int. J. Mol. Sci. 2017, 18, 631

 

Figure 2. Flavonols derivatives (a) and substituted flavonols (b) distribution in five muscadine grape
skins among three different regions in the 2012 season. On the top of each column, standard deviation
is shown for the total content, and different small letters indicate significant differences (Duncan’s test,
p = 0.05). See Table 1 for the abbreviation of cultivars and regions.

2.2.3. Benzoic Acid Profiles

There were great differences of benzoic acids contents among the muscadine grapes growing
in the three regions (Table 2). In the 2012 season, the grapes from NN-GX showed the highest levels
of skin benzoic acids, especially for “Noble” cultivar that had 36.60 mg GAE/100 g DW. This result
may be due to the higher brevifolin carboxylic acid content in the muscadine skins from NN-GX
(Table S2). The seeds possessed significantly lower content of benzoic acids in comparison to the skins.
In addition, both di- and mono- hydroxy benzoic acid were detected among the muscadine grapes
investigated. There was higher ratio of di-/mono- hydroxy benzoic acid in the skins than in the seeds.

2.2.4. Flavan-3-ols Profiles

A small amount of flavan-3-ols was detected in muscadine skins (<0.1 mg (−)-epicatechin
equivalent (EE)/100 g DW), while flavan-3-ols was the second highest polyphenol found in the
seeds (> 89 mg EE/100 g DW) (Table 2). The seed flavan-3-ols levels also varied significantly among
cultivars grown in China and the USA, with the exception of “Alachua”, which were consistent
among all the regions studied in the 2012 season. Overall, with a few exceptions, the bronze cultivars
possessed higher contents of flavan-3-ols than the red ones. For instance, the “Granny Val” in PE-YN
had 312.45 mg EE/100 g DW of seed flavan-3-ols.

For flavan-3-ols constitutes, seven flavan-3-ols, mostly in their monomer forms (Tables S1–S3),
were found in the skin samples. On the other hand, there were eleven flavan-3-ols detected
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in muscadine seeds, including two monomers, three gallates, one hexoside, three dimers,
and two trimers. Monomers and gallates were the major types in all of the tested samples, accounting
for 52.44%–71.27% and 18.66%–41.15% of total flavan-3-ols, respectively (Figure 3). Furthermore, the
highest and lowest monomers were observed in cultivar “Granny Val” from PE-YN and “Noble” from
TA-FL, respectively, whereas cultivars “Noble” and “Fry” from TA-FL showed extremely high and low
levels of gallates, respectively.

Figure 3. Flavan-3-ols distribution in five muscadine seeds among three different regions in the 2012
season. On the top of each column, standard deviation is show for the total content, and different
small letters indicate significant differences (Duncan’s test, p = 0.05). See Table 1 for the abbreviation of
cultivars and regions.

2.2.5. Stilbenes and Cinnamon Acids Profiles

The stilbene contents in the five muscadine skins ranging from 0 to 0.24 mg resveratrol equivalent
(REE)/100 g DW among different samples, were considerably low in this study (Table 2). The ‘Carlos’
from NN-GX had the highest levels of skin stilbenes (0.18 and 0.24 mg REE/100 g DW in 2012 and 2013
season, respectively) than others. With the two individual stilbenes, resveratrol was commonly found
in all the cultivars, whereas resveratrol-3-O-glucoside was only detected in “Carlos” from NN-GX
(Table S2). A small amount of cinnamon acids was only discovered for bronze cultivars in 2012 season.
Nevertheless, the stilbenes and cinnamic acids were not identified in seeds in our study.

2.3. Principal Component Analysis (PCA)

Fifty-four evaluation parameters (Table 3) in all the samples studied were subjected to principal
component analysis (PCA), in order to separate grapes according to their polyphenol characteristics.
In the skins, the first three principal components (PCs) explained 83.7% of total variance (56.4%,
14.4%, and 12.9% for PC1, PC2, and PC3, respectively), which indicated that these factors were
sufficient for further discussion. Figure 4a shows the skin distribution of the PCA biplot (loadings
plot combined with scores plot) in two-dimensional space for PC1 and PC2. In this figure it
is possible to note that the skin samples revealed three distinct groups. Group A, located in
quadrants II and III, included three bronze cultivars from TA-FL and cultivar ‘Carlos’ from PE-YN.
This group was matched through low values of total ellagic acids and precursors, total ellagic
acid derivatives, total ellagitannins, ellagic acid, and ellagic acid glucoside/diglucoside (Table 3).
Group B, in quadrant IV, was comprised of cultivar “Fry” from NN-GX, and “Granny Val” from
NN-GX and PE-YN. This group was correlated with high total ellagic acids and precursors, total
ellagic acid derivatives, ellagic acid, ellagic acid glucoside/diglucoside, ducheside B, total flavonols,
myricetin derivatives, and 3′,4′,5′-substituted flavonols, and low TPC. Red cultivars from all the three
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regions and “Carlos” form NN-GX comprised group C, located in quadrants I and II. This group was
characterized by the abundant TPC, total ellagitannins, and quercetin derivatives, as well as the lower
ducheside B and 3′,4′,5′-substituted flavonols.

Figure 4. PCA biplot of loadings plot (triangle, polyphenol compounds, see Table 3) and scores plot
(box, cultivars and regions) of five muscadine grape skins (a) and seeds (b). The dates were pareto
scaled and the groups were classed by HCA through Ward's method. N (A, C, F, G)-FL (GX, YN):
cv. “Noble” (“Alachua”, “Carlos”, “Fry”, “Granny Val”) from Tallahassee- Florida (Nanning-Guangxi,
Pu’er-Yunnan).
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For the seeds, the first two PCs described 83.8% of total variance (55.2% for PC1, and 28.6% for
PC2). The PCA biplots of seed samples also were classified into three distinct groups (Figure 4b).
Group A, consisting of cultivar “Noble” from TA-FL and NN-GX, located in quadrant I, profited
from high values of total ellagic acids and precursors, total ellagic acid derivatives, total ellagitannins,
ellagic acid, sum of three methyl-ellagic acids, ducheside B, and low levels of total flavan-3-ols,
monomer and gallate of flavan-3-ols (Table 3). Group B, in quadrant IV, was comprised of
cultivars “Alachua” and “Fry” from TA-FL and NN-GX. This group was contributed mostly not
only by high contents of total ellagic acids and precursors, total gallic acid derivatives, sum of five
galloyl-glucoses, and penta-O-galloyl-glucose, and also by low total ellagic acid derivatives, and
ellagic acid. Others comprised group C, located in quadrants II, III, and IV, and were linked by low
levels of total ellagic acids and precursors, total gallic acid derivatives, sum of five galloyl-glucoses,
and penta-O-galloyl-glucose.

3. Discussion

The chemical diversity of grapes is mostly affected by secondary metabolites represented
by different phytochemical groups such as polyphenols, terpenoids, and tannins, among others,
which have been attracted research interest owing to their biological activity [26]. As expected,
polyphenol synthesis and accumulation in grapes is influenced by multiple factors, for instance,
genotype/cultivar, geographic origin, and environmental conditions [27]. Among them, genotype
plays a pivotal role in the polyphenol contents of grapes [5,7,12,28]. In this study, “Alachua” possessed
the highest TPC among the muscadine cultivars investigated, which is in agreement with the findings
of Sandhu and Gu [13].

Grape polyphenol compounds are greatly affected by environmental conditions such as
temperature, solar radiation, sunshine duration, and rainfall [11,21]. However, a quick search of
the literature demonstrates that only a few reports have addressed the effects of these parameters on
TPC, ellagic acids and precursors concentration in muscadine grapes. Seasonal changes in temperature
and day length are considered to be the main factors influencing the content of ellagic acids [29].
For example, there were negative correlations of overall average temperature with TPC, total tannin,
and punicalagin concentration in pomegranate, which means the lower average temperature during
maturing and harvest periods could promote primary polyphenol accumulation [30]. The day and
night temperatures as well as the difference between them were found to play an important role
in polyphenol accumulation of Vitis grapes [11]. Wang and Camp [29] investigated the influence of
day/night temperature combinations after blooming on strawberry growth and fruit quality, and found
the fruit grown at 18/12 ◦C contained greater amounts of ellagic acid. As the day/night temperature
increased, fruit ellagic acid content decreased, while the anthocyanin content increased. This finding
showed that the decrease in ellagic acid at high temperature may be due to the inhibition of ellagic acid
biosynthesis or enhancement of degradation. In this sense, the average temperature and the difference
between day and night in TA-FL of the USA (33.4/22.2 ◦C, range of temperature 11.2 ◦C) was larger
than that in PE-YN (26.3/19.4 ◦C, range of temperature 6.9 ◦C) and NN-GX (32.9/25.4 ◦C, range of
temperature 7.5 ◦C) of China before 30 days of harvest, which might lead to lower total and individual
ellagic acids contents in muscadine grape skins from TA-FL.

Solar radiation and sunshine duration influence grape polyphenol synthesis and accumulation [11].
The relatively long illumination time could accumulate higher polyphenol in grapes [23,31].
For example, grapes exposed to increased daylight are capable of increased flavan-3-ol biosynthesis [32].
However, the stronger sunlight intensity results in higher berry temperature, which could cause
a decrease of polyphenol in the berry [11,33]. Based on this concern, in the three regions, PE-YN
(22.82◦ N) and NN-GX (22.47◦ N) was in the south of TA-FL (30.43◦ N), in addition, the sunshine
duration for the Hengduan Mountains Region of PE-YN in the southwest of China was longer (average
annual sunshine 2038.4 h), contrasting with other two plain regions of NN-GX and TA-FL (1585 and
1883 h, respectively), therefore, the former two had abundant solar radiation and sunshine duration.
These differentiations should be considered as an important factor leading to increase photosynthesis
and result in higher seed flavan-3-ol contents in PE-YN.
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Water availability is another climatic factor affecting the synthesis and accumulation of polyphenol
in grape berries. Appropriate vine water stress could lead to high anthocyanin and tannin contents [34].
One possible explanation for these results is the enhancement of TPC in water-stressed berries
triggered by a reduced berry size and weight, followed by a higher proportion of fruit achene to
flesh [35]. Another reason is that under these conditions, carbon should be preferentially allocated
to the synthesis of primary metabolites, the level of which are not detrimental but promote the
synthesis of carbon-based secondary metabolites, primarily polyphenols [30]. In addition, water
deficits also increased the expression of many genes responsible for the biosynthesis of trihydroxylated
anthocyanins in grape berries [36]. In our study, the average monthly rainfall before 30 days of
harvest in the USA (TA-FL) was 184.9 mm (average of 1981–2010), which was lower than in China
(218.8 mm in NN-GX, and 324.3 mm in PE-YN), as was the content of accumulated abundant upstream
trihydroxylated anthocyanin compounds such as 3′,4′,5′-droxylated flavonols in TA-FL seeds. It is
noteworthy that less than 100 mm of rainfall between veraison and maturing is an important indicator
for the selection of superior wine-producing areas in V. vinifera [11], whereas the muscadine grapes
could exhibit dominant polyphenol with the rainfall over 180 mm. This appeared to reflect better
potentialities for adapting to humid climates for muscadine grapes.

In general, less is known about the impact of altitude factor on phytochemical composition.
Doumet et al. [37] considered no significant differences were detected with respect to polyphenol
contents and radical scavenging activity, in Fragaria vesca grown under the same environmental
conditions but different altitude. Nevertheless, Guerrero–Chavez et al. [38] found anthocyanin
concentration correlated negatively with the increase of altitude, and the strawberry antioxidant
potential, measured by flow injection analysis with amperometric detection, was lower in fruits
grown at higher altitude (900 vs. 1500 m). In our study, PE-YN had the highest flavonols of
syringetin derivatives, which might due to the higher altitude (>1300 m) in comparison to NN-GX and
TA-FL (<80 m).

However, the variation in metabolite content of ellagic acids is often correlated with data derived
from genetics, transcriptomics, and environmental factors. Based on PCA and hierarchical cluster
analysis (HCA), various cultivars grown in different locations could be grouped together and vice
versa. The same cultivars could fall in different groups when they were cultivated in different regions.
This is the result of interaction between genotype and environmental conditions which apparently
influence the polyphenol synthesis and accumulation. More research is needed and multiple factors
must be coordinately considered at the same time, in order to better understand the role played by
the independent and/or mutual influence factors of ellagic acids biosynthesis in muscadine grapes,
especially when global warming is intensifying, which affects many viticulture areas in the world.

4. Materials and Methods

4.1. Chemicals

All chemicals and standards mentioned below were of HPLC grade. Acetonitrile and methanol
were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Formic acid was supplied from
VWR (Helsinki, Finland). Standard caffeic acid (≥98%), ellagic acid (≥98%), (−)-epicatechin (≥90%),
gallic acid (≥98%), kaempferol (≥97%), myricetin (≥96%), quercetin (≥98%), and rutin (≥95%) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Penta-O-galloyl-glucose (≥99%) and resveratrol
(≥98%) were purchased from Solarbio (Beijing, China). Ultra-pure water from a Millipore Synergy
water purification system (Merck KGaA, Darmstadt, Germany) with conductivity of 18 MΩ was
used throughout. Other reagents were analytical pure and obtained from Beijing Chemical Works
(Beijing, China).
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4.2. Grape Materials

Fruits of five fully ripened muscadine grape cultivars (red cv. “Noble” and “Alachua”, and bronze
cv. ”Carlos”, “Fry”, and “Granny Val”) were collected from Tallahassee-Florida, United States (TA-FL)
and Nanning-Guangxi, China (NN-GX), likewise, grapes of three cultivars (cv. “Noble”, “Carlos”,
and “Granny Val”) were obtained from Pu’er-Yunnan, China (PE-YN), for two consecutive years
(2012 and 2013). Grapes from three to four clusters per vine, and ten vines per target cultivar were
picked randomly throughout the vineyard, taking into account the balance between shadow and
sun exposure, and following a z-shaped pattern to avoid edge and center effects [26]. Samples were
transported immediately under refrigeration (ca. 2–5 ◦C) to the laboratory. Skin and seed fractions
were separated manually, freeze-dried (LGJ-18, Songyuan Huaxing Biotechnology Co., LTD, Beijing,
China) 48 h, and stored at −80 ◦C.

To illustrate the regional difference of the three sampling locations, consider the geographical
distribution presented in Figure 5. Based on the data from the America’s National Oceanic and
Atmospheric Administration and China Meteorological National Administration (1981–2010), all these
regions have a warm and humid subtropical climate, with long summers and short, mild winters.
TA-FL is located at 30.43◦ N latitude, 84.26◦ W longitude, and has an altitude of 62 m. The annual
average temperature is 19.8 ◦C (27.8 ◦C in July, and 10.7 ◦C in January), the annual rainfall is 1506 mm,
and the sunshine lasts 1883 h. NN-GX is located at 22.47◦ N latitude, 108.21◦ E longitude, with
an altitude of 80 m. The annual average temperature is 21.8 ◦C (28.4 ◦C in July, and 12.9 ◦C in
January), the annual rainfall is 1310 mm, and the sunshine lasts 1585 h. PE-YN is located at 22.82◦ N
latitude, 100.97◦ E longitude, and has an altitude above 1306 m. The annual average temperature is
19.5 ◦C (23.2 ◦C in July, and 13.7 ◦C in January), the annual rainfall is 1497 mm, and the city receives
2038 hours of bright sunshine annually.

 

Figure 5. The three region distribution of muscadine grapes used in this study.

4.3. Extraction and Determination of Polyphenol in Muscadine Grapes

4.3.1. Preparation of Berries Extraction

Freeze-dried grape seeds were crushed and then defatted as previously reported [11,39]. Briefly,
freeze dried grape seeds were moderately crushed by a stainless-steel grinder (FW-135, Tester Co.,
LTD, Tianjin, China), then defatted with petroleum ether at a ratio of 1:20 (w/v). After 12 h extraction
at room temperature and in the dark, the liquid was separated from the solid by vacuum filtration
(T-50, Jinteng Experiment Equipment Co., LTD, Tianjin, China) through a sintered glass filter (Pyrex,
porosity 10–15 μm). The defatted procedure was carried out twice and the solid residue was evenly
distributed over a culture dish, then kept in dark 6 h for evaporation of petroleum ether. The ultimate
defatted grape seeds were put into a mortar containing liquid nitrogen and ground into powder as
fine as possible. Freeze-dried grape skins were ground with the stainless-steel grinder to pass 60 sieve
sizes (0.25 mm), then both were stored at −80 ◦C.
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4.3.2. Extraction of Polyphenols in Muscadine Grapes

Polyphenol compounds were extracted from skins and seeds as previously reported in our
laboratory [11,39]. Briefly, 0.5 g freeze-dried skins or defatted seeds were placed into a 50-mL centrifuge
tube with methanol/water/hydrochloric acid (70:29:1, v/v/v) at a ratio of 1:30 (w/v), vortexed for
15 s (HMQL-VORTEX-5, Midwest Group, Beijing, China), then extracted at 616 W for 28 min in
an ultrasonic cleaning machine (SB-5200, Ningbo Scientz Biotechnology Co., LTD, Ningbo, China)
at 25 ◦C. After centrifuging at 7600 rpm for 20 min (Allegra X-30R, Beckman Coulter Inc.,
Brea, CA, USA), the supernatant was collected and the precipitate was re-extracted two more
times. The supernatant was combined and the solvent was removed by vacuum evaporation
(RE-52, Shanghai YaRong Biochemical Instrument Factory, Shanghai, China) at 35 ◦C. The solids
obtained after evaporation were re-dissolved in 5 mL of methanol (1% formic acid) and stored
at −80 ◦C. Extractions were performed in three replicates for all individual samples. Samples were
filtered by 0.22 μm of cellulose membrane (Jinteng Experiment Equipment Co., LTD, Tianjin, China)
and then detected by UPLC Triple TOF-MS/MS.

4.3.3. Determination of TPC

The TPC was determined by Folin–Ciocalteu colourimetric method as previously reported in our
laboratory [11,39]. Briefly, all samples were diluted. Folin–Ciocalteu reagent and sodium carbonate
were successively added. The solution was reacted at 40 ◦C for 30 min, and then the absorbance was
read at 760 nm by a UV-2800 spectrometer (UNICO, Suite E Dayton, NJ, USA). Gallic acid was used as
standard and values were expressed as gallic acid equivalent dry weight (mg GAE/g DW), with the
linearity range 50–1000 μg/mL (R2 > 0.999).

4.3.4. UPLC-Triple TOF-MS/MS Analysis

Sample analysis was carried out using an Eksigent ultraLC 110 and a Triple TOF 4600-MS/MS
(AB SCIEX, Framingham, MA, USA) coupled with a Duospray Ion Source interface and automatic
Calibrant Delivery System (CDS). The ultraLC 110 includes an online degasser, a double pump,
an autosampler, and a thermostatic column control system, all of which were controlled by Analyst®

TF 1.6 software. The UPLC separation was performed on a reversed-phase Zorbax SB-C18 column
(2.1 mm × 150 mm × 5 μm, Agilent Technologies, Santa Clara, CA, USA) at 35 ◦C. The mobile phase
was water with 0.5% formic acid (A) and acetonitrile (B) at the following gradient: 0–1 min, 5% B;
1–20 min, 5%–60% B; 20–21 min, 60%–95% B; 21–30 min, column wash and stabilization. The flow
rate was 0.3 mL/min and the injection volume was 10 μL. MS conditions: ion source gas 1 and 2
(air), 55 psi; curtain gas (N2), 30 psi; source temperature, 550 ◦C; ionspray voltage, −4.5 kv; collision
energy, −40 ± 10 eV, scan from m/z 100 to 2000. Tuning Solution in Installation Kit and APCI Negative
Calibration Solution (AB SCIEX) were used to monitor the stability of the ionization efficiency of the
mass spectrometer and the m/z values of Triple TOF systems.

Data acquisition and processing was performed using Peak View 2.0 and Marker View 1.2.1
software (AB SCIEX). The polyphenol compounds were identified based on total ion chromatogram,
retention time, exact molecular weight, and Triple TOF MS/MS fragmentation characteristics, such as
the representative description in Figures S1–S3 and Table S4.

Multi Quant 3.0 software (AB SCIEX) was used for quantitative analysis. Caffeic acid, ellagic acid,
(−)-epicatechin, gallic acid, kaempferol, myricetin, penta-O-galloyl-glucose, quercetin, resveratrol,
and rutin were quantified by their standards, respectively, and expressed as mg/100 g DW.
Other benzoic acids, cinnamic acids, ellagic acids, flavan-3-ols, flavonols, and stilbens were respectively
expressed as micrograms of gallic acid equivalent (GAE), caffeic acid equivalent (CAE), GAE,
(−)-epicatechin equivalent (EE), rutin equivalent (RE), and resveratrol equivalent (REE)/100 g DW.
The CDS was adjusted every five hours when sample running, the standard curves were produced
every day with three parallel measurements. The linear ranges of different standards were 0–5, 0–10,
and 10–50 mg/L, corresponding to the concentrations (R2 > 0.999).
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4.4. Statistical Analysis

Results were expressed as means of three parallel measurements ± S.D. Microsoft Excel
2010, SPSS 20.0 (IBM, Armonk, NY, USA), and Origin 8.5 (Origin Lab, Northampton, MA, USA)
software were used for data processing and graphing. Significance difference was tested by ANOVA
(Duncan’s test, p = 0.05). Principal component analysis (PCA) and hierarchical cluster analysis (HCA)
were performed by SIMCA-P 13.0 (Umetrics, Malmö, Sweden).

5. Conclusions

Ellagic acids and precursors were the characteristic polyphenols detected in muscadine grapes.
Our research was the first study to analyze the ellagic acids and precursor composition and
accumulation in muscadine grapes grown in South China (NN-GX, and PE-YN). Fourteen new
ellagitannins (thirteen in skins, and one in seeds) were identified in muscadine grapes for the first
time. Multiple factors influenced the polyphenol synthesis and accumulation. Differences were
observed varied within and between grape genotype/cultivars (white and red) and grape fractions
(skins and seeds), as well as in different regions under different environmental conditions. Based on
PCA, the cultivars from different regions were classified into three distinct groups, in both skins and
seeds, presenting characteristic and discriminative variances. These results indicated that muscadine
grapes could be grown well in countries besides the USA.
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Abstract: Many approaches to cancer management are often ineffective due to adverse reactions, drug
resistance, or inadequate target specificity of single anti-cancer agents. In contrast, a combinatorial
approach with the application of two or more anti-cancer agents at their respective effective dosages
can achieve a synergistic effect that boosts cytotoxicity to cancer cells. In cancer, aberrant apoptotic
pathways allow cells that should be killed to survive with genetic abnormalities, leading to cancer
progression. Mutations in apoptotic mechanism arising during the treatment of cancer through
cancer progression can consequently lead to chemoresistance. Natural compound mixtures that are
believed to have multiple specific targets with minimal acceptable side-effects are now of interest
to many researchers due to their cytotoxic and chemosensitizing activities. Synergistic interactions
within a drug mixture enhance the search for potential molecular targets in cancer cells. Nonetheless,
biased/flawed scientific evidence from natural products can suggest false positive therapeutic benefits
during drug screening. In this review, we have taken these factors into consideration when discussing
the evidence for these compounds and their synergistic therapeutic benefits in cancer. While there is
limited evidence for clinical efficacy for these mixtures, in vitro data suggest that these preparations
merit further investigation, both in vitro and in vivo.

Keywords: cancer; apoptosis; chemosensitization; microRNA; natural compound mixtures; metal
derivatized natural compounds

1. Introduction

Cancer remains one of the highest causes of death globally. Various types of chemotherapies
fail due to adverse reactions, drug resistance, and target specificity of some types of drugs. There is
now emerging interest in developing drugs that overcome the problems stated above by using natural
compounds, which may affect multiple targets with reduced side effects and which are effective
against several cancer types. Natural compounds from various sources including plants, animals,
and microorganisms offer a great opportunity for discovery of novel therapeutic candidates for the
treatment of cancer [1]. Apoptosis is a self-destructive programmed sequence of signal transduction
events that destroys cells that become a threat, or are no longer necessary to the organism [2].
When there is aberrant apoptosis, cells that should be killed instead become immortal, leading to the
pathogenesis of many diseases including cancer.

Apoptosis falls into two categories: extrinsic and intrinsic apoptosis. Extrinsic apoptosis occurs
when cell death is triggered by binding of extracellular stress ligands to transmembrane receptors such
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as death receptors CD95 (APO-1/Fas) and tumor necrosis factor (receptor1) [3] as well as dependence
receptors such as netrin-1 receptor UNC5H4 [4,5]. In contrast, intrinsic apoptosis occurs in the
mitochondria through heterogeneous signaling cascades dependent or independent of caspases [4].
Failure to trigger complete apoptosis in the unhealthy cell population is a cause for cells to grow out
of control, leading to cancer [6]. When apoptosis is defective in one of the main apoptotic pathways,
it increases the likelihood of the cell becoming cancerous. Various well-established treatments have
been designed to destroy cancer cells through apoptosis. Another important mechanism of cell death
in cancer cells in response to chemotherapy is autophagy, which takes places in the lysosome by
self-degrading intracellular proteins and organelles. It triggers cell death in the absence of apoptotic
regulators, but in the presence of important autophagy-regulated genes such as BECN1 [7] and ATG5 [8].
In this review, we primarily confine our discussion to apoptotic cell death and autophagic cell death
caused by natural chemotherapeutic agents in the context of cancer.

Resistance to treatments that target apoptotic cell death is indicative of treatment failure.
Anti-apoptotic mutations during cancer progression reduce chemotherapy-induced apoptosis in
spontaneous murine tumors [9] and produce multi-drug resistance [10]. Therefore, understanding
how to induce cell cytotoxicity via chemosensitization is as important as how to trigger apoptosis in
cancer cells with chemotherapies. It has been reported that natural compounds such as quercetin [11]
and tetrandrine [12], known to have anti-tumor activities, are able to not only kill cancer cells but
also restore drug sensitivity [13,14]. Moreover, there is evidence that natural compounds including
rhamnetin and cirsiliol can radiosensitize in non-small cell lung cancer (NSCLC) [15]. This suggests
that natural compounds can have therapeutic effects in cancer chemo-radiotherapy.

Effective development of an anti-cancer drug needs to consider different sets of upregulated,
downregulated, and mutated genes and their regulatory pathways in cancer cells. Computational
genomics is a powerful tool to identify differential gene expression based on cancer treatment, as it
improves our understanding of challenging mechanistic changes in cancer cells and facilitates treatment
with a wide range of molecular targets. Whole transcriptome sequencing comprehensively investigates
messenger RNA (mRNA)-Seq and small/non-coding RNA-sequencing (RNA-Seq), analyzing tens
of thousands of RNA transcripts to uncover their genetic functions. Transcriptomic results subjected
to Gene Ontology (GO) clustering and annotation identify differentially expressed genes and can
further identify candidate target pathways [16]. Here we highlight the efficacy of complex natural
compound mixtures by using molecular approaches with specific emphasis on cancer apoptosis
and chemosensitization.

2. Treatment of Cancer through Targeting Apoptosis

There are many therapies for treating cancer, including surgery, radiation therapy, hormone
therapy, chemotherapy, and targeted therapies such as immunotherapy and monoclonal antibody
therapy. Depending on the type of cancer and underlying biological conditions in the patient, therapy
consists of either a single or combination of classical treatments such as surgery, chemotherapy,
and/or radiotherapy.

Chemotherapy is a treatment that uses anti-cancer drugs to damage DNA in unhealthy and
rapidly dividing cancer cells. Chemotherapy with a defined dosage is usually used to trigger cancer
cell cytotoxicity at desirable apoptotic rates. The effectiveness of chemotherapeutic agents depends on
their type, dosage, and any adverse reactions in patients. There are several anti-cancer drugs used
alone or in combination with other agents to kill cancerous cells. Chemotherapeutic drugs that include
synthetic, semi-synthetic, and naturally occurring compounds are cytotoxic, and can destroy both
cancerous cells and rapidly dividing normal cells. These agents signal through both death receptors and
mitochondrial pathways to induce one or more of the apoptotic pathways [17]. They are characterized
based on their structure, derivation, and mechanism of action. Some affect parts of the cell cycle,
while others are not phase specific. Depending on the mechanism of action, they are categorized
into different groups including alkylating antineoplastic agents, kinase inhibitors, vinca alkaloids,
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anthracyclines, antimetabolites, aromatase inhibitors, and topoisomerase inhibitors [18]. Nonetheless,
the pharmacokinetic variability of synthetic drugs in patients often limits optimal effectiveness with
minimal toxic side effects. On the other hand, treatment of cancer by natural compounds and
their semi-synthetic analogues both in vitro and in vivo shows promising results against different
malignancies [19,20]. Natural compounds such as sesquiterpenes, flavonoids, alkaloids, diterpenoids,
saponins, and polyphenolic compounds [11,21] can be substituted for, or applied in combination with,
existing drugs.

3. Natural Compounds as Anti-Cancer Agents

Natural compounds with potent anti-cancer activities are widely available from different plant
tissues. Eighty percent of the population worldwide traditionally use natural compounds contained
in medicinal plants [22] and are largely dependent on them. Naturally occurring compounds target
tumor cells by regulating cell death pathways such as extrinsic and intrinsic apoptosis pathways
and autophagic pathways. Evidence from in vitro and in vivo studies in prostate cancer treatment
with isoflavones and phytoestrogens from soy showed NF-κB deactivation, apoptosis induction,
and angiogenesis inhibition [23,24]. A collection of plant-derived natural anti-cancer compounds
can be found at Naturally Occurring Plant-based Anti-cancer Compound-Activity-Target Database
(NPACT, http://crdd.osdd.net/raghava/npact/) where approximately 1980 experimentally validated
compound-target interactions are documented [25]. Millimouno et al. also reviewed promising natural
compounds and their related natural sources, pharmacological actions, and molecular targets in
details [21].

4. Traditional Chinese Medicines (TCMs) as Anti-Cancer Agents

Due to the complex etiology and pathophysiology of cancer, it is relatively difficult to treat the
disease with just single target drugs. Moreover, regardless of the specificity and efficiency of single
target therapy, it is difficult to achieve optimal cytotoxic effects on cancer cells because of their rapid
molecular adaptations. In contrast, synergistic interactions within multi-component drug preparations
allow us to broaden the search for potential molecular targets in cancer cells. Traditional Chinese
Medicines (TCM) is formulated based on the compatibility and interrelationships between herbal
ingredients that render synergistic therapeutic benefits [26]. TCM uses a combinatorial approach
where the application of two or more agents at their respective effective concentrations achieves a
synergistic effect that boosts cytotoxicity to cancer cells and can have additional effects on the tumor
environment and the immune response to tumors. Therefore, TCM has been used as an alternative or
complementary medicine worldwide, and has long been used to treat cancer in China. Chinese herbal
medicinal products have been used for cancer prevention and treatment for many years [27], and there
is evidence to suggest that TCMs are effective against cancer recurrence and metastasis and can enhance
quality of life (QoL), and prolong survival time [27]. For instance, Bioactive polysaccharides with β-1,3,
β-1,4, and β-1,6 side branches in TCM stimulate the immune system, thereby indirectly suppressing
tumors [28]. TCM is also used to reduce the side effects of conventional chemotherapy for advanced
pancreatic cancer, advanced colorectal cancer, and breast cancer [29–31]. There are a range of TCM
extracts from Anemarrhena asphodeloides, Artemisia argyi, Commiphora myrrha, Duchesnea indica, Gleditsia
sinensis, Ligustrum lucidum, Rheum palmatum, Rubia cordifolia, Salvia chinensis, Scutellaria barbata, and
Uncaria rhychophylla that specifically inhibit cancer cell proliferation from breast, lung, pancreas, and
prostate tissues of human and mouse, but show limited inhibition against normal human mammary
epithelial cell growth [32]. Artemisinin derivatives artesunate (ART) and dihydroartemisinin have
been shown to inhibit cancer cell proliferation and suppress angiogenesis in cervical, uterus chorion,
embryo transversal cancer, and ovarian cancer [33]. Because naturally occurring compounds such
as plant extracts in TCM are highly chemically diverse, they have become highly significant in the
discovery and development of effective therapeutic anti-cancer drugs. TCM preparations can contain
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alkaloids, flavonoids, saponins, terpenes, polyphenols, fatty acids, and essential oils as bioactive
ingredients [34,35].

4.1. Natural Compounds from TCM as Cancer Therapeutics

The main components of TCM such as alkaloids, flavonoids, and saponins are used either
individually or as mixtures to treat different types of cancer. Below we list compounds contained in
various TCMs that have been found to have anti-cancer activities, including triggering apoptosis.

4.2. Alkaloids

Alkaloids are more abundantly found in broad ranges of the plant kingdom than other classes of
natural plant products [36] and are active against various cancers. Alkaloids commonly consist of a
nitrogen atom within a heterocyclic ring [37] and are of relatively low toxicity. Several alkaloids have a
wide range of significant biological functions including anti-inflammatory, anti-bacterial, anti-diabetic,
and anti-cancer activities [38–40]. Some well-developed semi-synthetic anti-cancer drugs are alkaloid
derivatives including vinblastine, vinorelbine, vincristine, and vindesine. They are the most important
active ingredients in traditional medicine and have been approved for cancer treatment in the United
States and Europe [41].

Matrine is a major quinolizindine alkaloid found in the Sophora flavescens Aiton plant [42]. Matrine
stimulates major apoptotic cascades by upregulating Fas/FasL and Bax, and downregulating Bcl-2
leading to the activation of caspase-3, -8, and -9 in MG-63, U-2OS, Saos-2, and MNNG/HOS human
osteosarcoma cells [43]. It also represses cancer metastasis via vascular endothelial growth factor
(VEGF)-Protein Kinase B (Akt)-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling in MDA-MB-231 breast cancer cells. The reduction of Bcl-2/Bax protein and mRNA levels by
matrine leads to an increase of cell cycle arrest in cancer cells [44]. In human medulloblastoma D341
cells, increased expression of Bcl-2 and decreased expression of Bax is triggered by matrine through
caspase-3 and -9 mediated apoptotic pathways [45]. In HepG2 cells, matrine induces tumor suppressor
transcription factor p53 through the adenosine monophosphate-activated protein kinase (AMPK)
signal transduction pathway, resulting in autophagic cell death through the p53/AMPK signaling
pathway [46]. Interestingly, this research reported that downregulation of AMPK leads to a switch
to apoptotic cell death from autophagic cell death [46]. The sequential signal transduction leading
from autophagy to apoptosis via the activation of p53 was discussed by Guillermo Mariño et al. [47].
Furthermore, metabolomics analysis of matrine treated HepG2 cells identified lipid droplet metabolites,
which are substrates for macro autophagy that may partly drive immunity and apoptosis [48]. Li et al.
also reported that matrine treatment reduced the level of glutathione (GSH), and the elevated level
of GSH is related to chemoresistance in cancer [49]. The above results provide evidence that matrine
alone can induce cell death and can be effective against various tumor types.

Oxymatrine is another major quinolizindine alkaloid found in the Sophora flavescens Aiton plant.
It is cytotoxic to SW1116 human colon cancer cells by downregulating human telomerase reverse
transcriptase (hTERT) and upregulating p53 as well as mad1 in a concentration dependent manner [50].
It also inhibits the growth of GBC-SD and SGC-996 gallbladder cancer cells via the activation of
caspase-3 together with Bax and the suppression of Bcl-2 and NF-κB [51]. It is also known that a
mixture of oxymatrine and micellar nanoparticles is an effective proliferation inhibitor of SMM7721
cells [52]. Oxymatrine treatment significantly induces apoptosis by increasing Bax protein expression
and reducing Bcl-2 in human lung cancer A549 cells [53]. Proteomic analysis has shown that oxymatrine
induces apoptosis in HeLa cells by inhibiting inosine monophosphate dehydrogenase type II (IMPDH2),
mitochondrial related apoptotic protein [54]. These studies suggest that oxymatrine may be a useful
drug candidate for cancer therapy.

Another type of natural alkaloid is tetrandrine, contained in the Chinese medicinal plant
Hang-Fang-Chi, Radix Stephania tetrandra S. Moore. This compound has anti-inflammatory,
immunosuppressive, and anti-cancer activities [55]. It was reported that a derivative (H1) of tetrandrine
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has the ability to reverse multi-drug resistance [56]. It inhibits cancer cell proliferation and induces
apoptosis in human esophageal cancer cell lines ECa109, Eca109-C3, and human monoblastic leukemic
U937 cells. It is also effective in reversing multi-drug resistance in Adriamycin-resistant human breast
cancer MCF-7/Adr and human nasopharyngeal cancer KBv200 [12]. The molecular mechanisms of
action of tetrandrine in cancer cells include upregulation of Bax, Bak, Bad, and apaf-1, downregulation
of Bcl-2 and Bcl-xl, releasing cytochrome c, and activation of caspase-3 and -9 in the apoptotic
mitochondrial pathway [56]. The efficacy of tetrandrine with respect to activation of the intrinsic
apoptosis pathway highlights its potential importance as a therapeutic agent.

The semi-synthetic alkaloid analogue vinblastine is an anti-mitotic drug that was originally
isolated from the periwinkle plant Catharanthus roseus (L.) G. Don. It kills cancer cells by shortening
microtubules, disrupting microtubule function resulting in the disappearance of the mitotic spindle,
thereby inhibiting cell proliferation [57]. Low concentrations of vinblastine have been shown to slow
down or block mitosis in HeLa and BSC cells [57]. Vinblastine is highly potent in relapsed/refractory
anaplastic large-cell lymphoma (ALCL) with 65% five-year overall survival [58].

4.3. Flavonoids

Flavonoids are plant secondary metabolites, widely present in fruits and vegetables that are
consumed daily. They generally have a sixteen-carbon skeleton and the structures vary around
the heterocyclic oxygen ring [59]. Research has shown that flavonoids inhibit cell proliferation and
angiogenesis, cause cell cycle arrest, induce cell apoptosis, and reverse multi-drug resistance and/or a
combination of the aforementioned mechanisms [60].

Trifolirhizin, a pterocarpan flavonoid, is present in the Sophora flavescens Aiton plant. It was
shown that trifolirhizin reduces the expression of pro-inflammatory cytokines such as TNF-α,
cyclooxygenase-2 (COX-2) and IL6 in experimentally lipopolysaccharide (LPS)-stimulated mouse
J774A.1 macrophage [61]. Zhou et al. also showed that it was able to inhibit the growth of human
ovarian A2780 and lung H23 cancer cells in vitro. The compound also has anti-proliferative activity in
oral carcinoma SCC2095 cells [62]. A combination of trifolirhizin together with maackiain (a constituent
of Trifolium pratense) has been shown to induce apoptosis in human leukemia HL-60cells. This mixture
of compounds resulted in the degradation of DNA into oligonucleosome-size fragments in a time- and
dose- dependent manner [63]. These results suggest that trifolirhizin may possibly be developed as an
anti-inflammatory nutraceutical for cancer prevention as well as for the mitigation of DNA damage
through apoptosis.

Curcumin is a traditional medicine and main curcuminoid of Curcuma longa and has been
implicated in the perturbation of several genetic pathways [64,65]. It was reported that it selectively
targets tumor cells rather than normal cells in vitro and activates different apoptotic pathways
including caspase, induction of death receptors and DNA fragmentation, mitochondrial activation,
autophagy pathways, inhibition of NF-κB, and inhibition of COX-2 and 5 LOX [65]. In proteomic
identification of curcumin treated MCF-7 cells, 3-PGDH and ERP29 were found to be upregulated
and TDP-43, SF2/ASF, and eIF3i were downregulated, suggesting curcumin induced apoptosis in
breast cancer [64]. However, due to its lack of aqueous solubility, high concentrations are required
to demonstrate potential chemotherapeutic efficacy [66]. While many researchers are optimistic
regarding curcumin’s potential effectiveness against cancer, there is evidence to show that curcumin
has no therapeutic benefits despite many published articles and clinical trials [67]. Skepticism about
curcumin is based on both poor characterization of curcumin and pan-assay interference in many
experiments that indicated that curcumin was a promising compound for cancer treatment. Yet, in spite
of no significant effects in trials, researchers still think that because curcumin can interact with many
proteins and because of suggestive trends in trial results, there is still justification for further study [68].
Until better experiments are carried out, the anti-cancer activity of curcumin remains unconfirmed.

A flavonoid, quercetin, is abundant in daily-consumed foods such as onions (Allium cepa) with
a wide range of anecdotally reported health benefits that include anti-oxidant, anti-inflammatory,
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and anti-cancer activities in vitro and is effective against various cancer cells [69]. Quercetin mainly
targets the cell cycle at G1/S and G2/M check points by inducing the p21 CDK inhibitor while
decreasing pRb phosphorylation, thereby blocking E2F1, which is an important transcription factor of
DNA synthesis proteins [70]. Deng et al. reported that apoptosis-mediated cell death from quercetin
treatment resulted from arresting the cell cycle at G0/G1 phase in MCF-7 breast cancer cells. They also
showed that increasing concentrations of quercetin were directly proportional to the decreasing
concentrations of survivin, a member of a protein family that negatively regulates apoptosis [71].
Proteomic analysis revealed that quercetin treatment suppressed cell proliferation while arresting
mitosis leading to apoptosis by downregulating IQGAP1 and β-tubulin and their interactions with
other proteins in HepG2 cells [72]. Despite the abundance of quercetin, it has not been investigated in
cancer clinical trials.

4.4. Saponins

Saponins are found not only in a wide range of plants but also in animals, and have different
carbon backbones that classify them as either steroids or triterpenes. They are secondary metabolites
with potent biological functions. These compounds are active against several tumors not only as
single compounds but also in combination with conventional therapies by causing cell cycle arrest and
triggering apoptosis [73].

Chikusetsusaponin IVa butyl ester (CS-IVa-Be) is an apoptotic triterpenoid saponin extracted from
Acanthopanas gracilistylus herb. The extract from this Chinese medicinal herb has been found to cause
cell cycle arrest at G0/G1 stage in a variety of cancer cell lines including MT-2, Raji, HL-60, TMK-1, and
HSC-2 [74]. The compound induces apoptosis in MDA-MB-231 cells by inhibiting IL-6 family induced
STAT3 activity through the IL-6/JAK/STAT3 signaling pathway. It also sensitizes the Tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL), a specific inducer of cancer cell apoptosis,
in TRAIL resistant MDA-MB-231 cells by upregulating death receptor 5 (DR5) [75]. Because of this,
CS-IVa-Be induces apoptosis upon treatment with TRAIL in TRAIL resistant MDA-MB-231 cells.

Polyphyllin D is a promising anti-proliferative steroidal saponin extracted from the traditional
Chinese medicinal plant Paris polyphylla. The cytotoxic activity of polyphyllin D was observed via
induction of DNA fragmentation and dissipation of mitochondrial membrane potential Δψm, resulting
in mitochondrial dysfunction and loss of membrane integrity in MCF-7 and MDA-MB-231 cells [76].
A 50% reduction in tumor growth from 10 consecutive days of polyphyllin D administration in mice
was also documented.

Diosgenin is effective against HCT-116 human colon cancer cells by reducing both mRNA
and protein expression of 3-hydroxy-3-methylglutaryl CoA reductase, resulting in apoptosis [77].
It truncated the poly (ADP-ribose) polymerase protein from 116-kDa to an 85 kDA fragment, which
leads to the induction of apoptosis. This indicates that Diosgenin is a potent apoptosis inducer in
HCT-116 cancer cells. Diosgenin arrested the cell cycle at sub-G1 phase, suppressed FAS expression,
and inhibited mammalian target of rapamycin (mTOR) phosphorylation in HER2 overexpressing
human AU565 breast cancer cells, inhibiting cell proliferation [78].

Another apoptotic triterpenoid saponin is Macranthoside B (MB), extracted from
Lonicera macranthoids. It is strongly effective in various tumors via mitochondrially mediated
apoptosis resulting from an increased Bax/Bcl-2 ratio [79]. Furthermore, MB induced apoptosis via
autophagy through the ROS/AMPK/mTOR pathway, while elevating reactive oxygen species (ROS)
together with 5′ AMPK, and reducing mTOR in human ovarian cancer A2780 cells [80].

With respect to the cytotoxic properties of saponins, a wide range of these compounds has been
tested, with some shown to be potent apoptotic inducers. Yet the potential of this class of compounds
remains to be fully explored, and they may also be effective in combination with other agents to
synergistically enhance their therapeutic effect in cancer.
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4.5. Drugs Based on Mixtures of Compounds

Compound Kushen Injection (CKI), approved by the State Food and Drug Administration
of China, has been used to treat different types of cancer, including liver, gastric, and non-small
cell lung carcinoma in combination with Western anti-cancer agents [81]. It contains alkaloids,
flavonoids, saccharides, and organic acids [82] and is extracted from two medical herbs including Radix
Sophorae flavescentis and Rhizoma Smilacis Glabrae [83]. It modulates immunity, decreases inflammation,
relieves cancer pain, and, most importantly, has anti-neoplastic activity [83]. For example, CKI
downregulates β-catenin through the Wnt signaling pathway, which in turn targets the oncogenes
c-MYC and CyclinD1 [84], leading to suppression of MCF-7 cancer stem cell-like side population (SP)
cells [85]. A systematic review and meta-analysis reported that CKI could reduce adverse effects in
cancer patients and improved total pain relief and QoL [86]. Transcriptome analysis of CKI treated
MCF-7 cells by Qu et al. revealed that the mixture inhibited cell proliferation and induced apoptosis in
a concentration-dependent manner by primarily targeting the cell cycle in MCF-7 cells [87]. Qu et al.
also showed that long non-coding RNA (lncRNA) H19 was dramatically downregulated in MCF-7
cells treated with CKI [87]. H19 is overexpressed in several cancer types and is associated with tumor
metastasis, for example, where lncRNA H19 suppresses miR-630, perturbing the inhibition of EZH2 in
nasopharyngeal carcinoma [88]. The primary effect of CKI on cancer cells is through the cell cycle, but
it also affects many other pathways and it may be useful as both an anticancer and anti-inflammatory
agent. It was claimed that CKI is effective in inhibiting metastasis and reversing multi-drug resistance
(MDR) as well [83]. Yet, there is currently no research evidence supporting the effectiveness of CKI
on reversing MDR in English-language journals. Therefore, in vivo and clinical relevance of the drug
should be researched to establish the effective usage of CKI with respect to chemosensitizing activities.

Anti-tumor B (ATB), known as Zeng Sheng Ping, is also an herbal medicine which is formulated
from six different medicinal plants, and its main constituents are flavones, alkaloids, phytosterols,
sapogenins, triterpenes, and triterpenoids [89]. ATB decreased lung tumor load by approximately
60% in both wild-type and Ink4a/Arf tumor suppressor gene-deficient mice and 90% in p53
transgenic mice [89]. The drug markedly reduced cell proliferation by inhibiting the mitogen-activated
protein kinase (MAPK) pathway while increasing apoptosis by reducing Bcl-2 in oral cancer in
hamsters [90]. Lim et al. also showed that the Notch2 receptor, which is an important signaling
regulator of brain tumors, and its downstream effector gene Hes1 were downregulated by ATB [91].
ATB induced apoptosis in both U87 glioblastoma and DAOY medulloblastoma cells [91], suggesting
that ATB might be effective against multiple tumors. Based on the results from animal models,
ATB has shown chemo-preventive activities in hamsters and mice with carcinogen-induced oral
cancers [92]. Microarrays, combined with GenMAPP analysis of mouse lung tumor models, showed
that multiple genes affected by herbal medicine ATB are members of different genetic pathways such as
ubiquitin-proteasome, Notch, Ras-MAPK, and G13 pathways [89], which are important in mitogenesis,
neoplastic transformation [93] and apoptosis [94]. This gene expression microarray study showed
that ATB is a potential tumor suppressor capable of targeting cell proliferation, differentiation, and
apoptosis [89].

The proteomic profile of MCF-7 cells treated with Zilongjin, an herbal antitumor medicine, showed
the downregulation of HSP27, a blocker of apoptosis [95]. Zilongjin also suppressed the expression of
eIF3I and eIF1AY proteins, which are important regulators of translation initiation [95]. Collectively,
the proteomic approach can identify translational perturbations in cancer cells and protein-wide
changes from these perturbations in response to stimuli. Microarray based gene expression analysis
of four different lung cancer cell lines treated by Zilongjin showed that 170 genes were upregulated
and 313 were downregulated by the drug. Of these 483 genes, eleven genes including HELLS, JUN,
XIAP, MCM6, CDKN2C, CCNE2, HN1L, TFDP2, CCNG2, GADD45A, and CDKN1A were found to be
involved in cancer-related pathways such as apoptosis, cell cycle, and MAPK cascade [96].

Taken together, the findings based on the molecular and ‘–omics approaches’ suggest that natural
compound mixtures have multiple targets in cancer cells. Combined compounds from two or more
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sources are potential resources for the development of multi-targeted anti-cancer therapeutics and
have a broader range of molecular targets in cancer cells. It is important to bear in mind that the clinical
effectiveness of some of these combined drugs have only been reported in non-English language
papers and these often lack compelling clinical data. Therefore, more work is needed to evaluate
natural compound mixtures as cancer treatments. Figure 1 shows the molecular targets of two groups
of single compounds, alkaloids and flavonoids, compared to a compound mixture, CKI, that contains
both groups of natural compounds in an in vitro setting. Summaries of therapeutic effects from single
or mixtures of natural compounds and their possible cellular mechanisms are shown in Table 1.

Figure 1. Differential gene expression in different cancer cell lines induced by flavonoids and
alkaloids as well as Compound Kushen Injection (CKI). Left hand axis shows differentially
expressed genes, bottom axis shows natural anti-cancer agent treatments (Quercetin, Curcumin,
Trifolirhizin = flavonoids), (Vinblastine, Tetrandrine, Matrine, Oxymatrine = alkaloids), and
(compound mixture = CKI) and the right hand axis shows Gene Ontology (GO) clustering and
annotation of differentially expressed genes. Up and down-regulated genes (up = YELLOW and
down = BLUE) known to be affected by natural compound anti-cancer agents were obtained from
http://crdd.osdd.net/raghava/npact/browse.php and significantly differentially expressed genes
from CKI treated MCF-7 cells were obtained from RNA-Seq experiments conducted by Qu et al. [87].
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Table 1. Reported therapeutic effects by single or mixtures of natural compounds in different stages of
cellular mechanisms.

Ref. Herbal Medicines Types of Cancer Cell Lines/Model Mechanisms of Actions

[97] Curcumin Colorectal Colorectal cancer
stem cells (CCSCs) Apoptosis

[98] Ginsenoside Rg3 Liver Tumor bearing rats Apoptosis, Immune responses

[99] Curcumin Breast MCF-7 Anti-inflammation

[100] Matrine Lung HepG2 Proliferation and metastasis
chemosensitization

[72] Quercetin Lung HepG2 Apoptosis

[95] Zilongjin Breast MCF-7 Inhibits malignant proliferation, apoptosis

[101] Triterpenes from
Ganoderma lucidum Cervical HeLa Cell death, oxidative stress, calcium

signaling, and ER stress

[64] Curcumin Breast MCF-7 Apoptosis

[102] Triterpenes from
Patrinia heterophylla Leukemia K562

Energy metabolism, oxidative stress, signal
transduction, differential induction, protein

biosynthesis, and apoptosis

[54] Oxymatrine Cervical HeLa Inhibits proliferation, apoptosis

[103] Sanguinarine from
Papaveraceae family Pancreatic BxPC-3, MIA

PaCa-2

Decreases cellular hypoxia and cell
proliferation, induces apoptosis leading to

cancer cells inhibition

[89] Zeng Sheng Ping
(Antitumor B) Lung Mouse lung

Ubiquitin-proteasome, Notch, Ras-MAPK,
G13 pathway, cell proliferation,
differentiation, and apoptosis

[104] Aidi injection Breast MCF-7 Inhibits proliferation, apoptosis

[96] Zilongjin Lung A549, H446, H460,
and H520

Cell cycle regulation, MAPK cascade,
and apoptosis

[87] Compound Kushen
Injection Breast MCF-7 Cell cycle regulation, cell growth

related pathway

5. Alternative Approach of Triggering Apoptosis Using Metal-Derivatized Natural Compounds

Structurally modified anti-cancer compounds can be highly effective in treating cancer due to
their controlling chemo-, site- selectivity in cells. The heavy metal-based compound, cisplatin, has a
broad spectrum of cytotoxicity that makes it among the most popular and effective chemotherapy
drugs. Cisplatin and compounds of this type are used to treat approximately 50%–70% of all
cancer patients [105]. Although metal-based anti-cancer drugs show significant effectiveness against
cancer, they can also have severe adverse effects. Moreover, different mechanisms are used by
cancer cells to resist cytotoxic drugs, complicating the development of novel potent anti-cancer
drugs. Natural compounds have been shown to have low adverse reactions in normal cells of
cancer patients, and natural compound-metal complexes have been confirmed as potential (pro)
drugs [106]. The alkaloid liriodenine has anti-tumor activity and when combined with platinum (II) and
ruthenium (II), the liriodenine-metal complexes covalently bind to DNA and enhance the cytotoxicity
of liriodenine. When Gallium (III) and Tin (IV) are combined with matrine, these combinations
further modulate cell cycle arrest at the G2/M phase, and Gold (III)-matrine complexes inhibit
topoisomerase I [106], thereby causing DNA replication processes in cancer cells to malfunction.
The actions of these different metal-based compounds vary depending on cell type. For instance,
Gallium III-matrine and Gold III-matrine compounds have significant anti-proliferative activities in
SW480 cells, HeLa cells, HepG2 cells, and MCF-7 cells, respectively [106]. It is worth noting that the
efficacy of synthetic metal-natural compounds in vitro greatly exceeds those of cisplatin and matrine
alone. These results indicate that metal-based cytotoxic natural compounds may hold promise as
anti-cancer therapeutics, based on their multi-targeting effects on cancer cell regulatory networks.
A summary of therapeutic effects by metal-derivatized natural compounds and their mechanisms of
actions compared to their original forms and/or existing metal-based anticancer drugs are shown in
Table 2.
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Table 2. Mechanisms of action of metal-derivatized natural compounds compared to their original
forms and/or existing metal-based anticancer drugs.

Groups of
Natural

Compounds

Metal Derivatized
Natural

Compounds
Source

Cell
Lines/Model

Mechanisms of
Actions

Remarks Ref.

Alkaloids

GL331

Compound:
Podophyllotoxin

Plant: Podophyllum
species

KB/VCR,
MCF-7/ADR,

and HL60/VCR

TOPO II inhibitor, cell
cycle arrest at G2, cause

DNA breakage and
apoptosis via inhibiting
protein tyrosine kinase

GL331 shows greater
cytotoxicity in vitro and
in vivo, and overcomes
multi-drug resistance
(MDR) compared to

etoposide. GL331 is now in
phase II clinical trial

[107]

[H-MT][GaCl4]
[H-MT][AuCl4]
[Sn(H-MT)Cl5]

Compound:
MT (Matrine)

Plant:
Sophora flavescens

SW480, HeLa,
HepG2, and

MCF-7

Cell cycle arrest at the
G2/M phase

MT + Gallium (GaCl4) and
MT + Gold (AuCl4)

enhanced the cytotoxicity
better than MT alone

and cisplatin

[108]

[Ru(N–N)2
(Norharman)2]

(SO3CF3)2

Compound:
Norharman

Plant:
Peganum harmala L.

HepG2, HeLa,
MCF-7, and
MCF-10A

Cell cycle arrest at
G0/G1, apoptosis via

mitochondrial
dysfunction and

ROS accumulation

IC50 value of the complex is
much lower and the

anti-proliferative activity is
much higher than those of
Norharman and cisplatin

[109]

[L+H][AuCl4]
[AuCl3 L]

Compound:
Liriodenine (L)

Plant:
Zanthoxylum nitidum

MCF-7 TOPO I inhibitor, cell
cycle arrest at S phase

Higher anti-proliferative
activity than cisplatin,

Adriamycin, liriodenine
alone, and NaAuCl4

[110]

Flavonoids

hesperetin
[CuL2(H2O)2]nH2O

Compound:
hesperetin,

Plant:
Stilbella fimetaria

HepG2, and
SGC-7901 Growth inhibition

DNA binding affinity of
hesperetin-Cu(II) complex

is stronger than that of
free hesperetin

[111]

Zn(morin)2.3H2O
Cu(morin)2.2H2O

Compound: Morin
Plant:

Maclura pomifera

Hep-2, BBHK-2,
BHK21, and

HL-60

In vitro
antitumor activity

Higher anti-proliferative
activity than morin alone [106]

Cu(Que)2(H2O)2

Compound:
quercetin,

Plant: various fruits
and vegetables

A549

DNA breakage,
apoptosis via

generation of ROS and
intercalation into DNA

Higher cytotoxic activity
than that of quercetin alone [112]

6. Chemoresistance in Cancer and Chemosensitization by Natural Compounds

The main reason for cancer treatment failure by chemotherapy is the emergence of drug-resistance
during cancer progression. Collectively, MDR occurs when ABC transporters become overexpressed.
Out of 48 human ABC transporters, the mechanisms of actions of P-gp, MDR1, ABCB1, MRP1/ABCC1,
and ABCG2 have been widely reported clinically [113]. However, additional ABC transporters have
been explored as targets for cancer therapeutics in drug discovery. For instance, four ABC transporter
genes (ABCA4, ABCC3, ABCC5, and ABCC8) were upregulated in resistant MCF-7/AdVp3000
cells, whereas complete or partial downregulation of these genes was observed in the revertant
MCF-7/AdVpRev cells [114]. Overexpression of drug resistance associated genes ABCA4 [113,114]
and ABCA12 [115,116] were observed in human pancreatic cancers and MCF-7 breast cancer cell lines,
respectively. Therefore, it might be productive to scrutinize the mechanisms of actions of less commonly
studied ABC transporters from drug resistant cancer cell lines when treated with natural compounds.

To overcome drug resistance, natural compounds such as sesquiterpenes, flavonoids, alkaloids,
diterpenoids, saponins, and polyphenolic compounds [11,21] are substituted or applied in combination
with existing drugs. These compounds are known to have anti-tumor activities and can not only
kill cancer cells but also restore drug sensitivity. For example, tetrandrine (bioactive alkaloid)
modulates P-gp-mediated drug efflux in vitro and has anti-neoplastic activity when given together
with doxorubicin to mice bearing resistant MCF-1/DOX cells in vivo [13,14]. Another natural
product is Quercetin (a flavonoid [11]), which blocks MDR1 transcription, thereby suppressing P-gp
expression [117] and restoring daunorubicin chemosensitivity in HL-60/DOX and K562/DOX cell
lines [118,119].

A different flavonoid, curcumin, inhibits the main ABC transporters such as P-gp, MRP1,
and ABCG2, and increases vincristine chemosensitivity in SGC7901/VCR cell lines [120,121].
20(S)-Ginsenoside Rg3 (saponins) chemosensitizes vincristine, doxorubicin, etoposide, and colchicine
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resistant KBV20 cell lines in a time- and dose-dependent manner [11]. Oxymatrine chemosensitizes
cisplatin resistant HeLa/DDP cells by suppressing inosine monophosphate dehydrogenase type II
(IMPDH2) levels and inducing apoptosis through the mitochondrial pathway [54]. CKI may also act
as a stimulator of drug resistance reversal and chemosensitization in cancer. Transcriptome analysis
from Qu et al. revealed that two drug resistant ABC transporter genes, ABCA12 and ABCA4, were
significantly downregulated in CKI treated MCF-7 cells [87]. These results support the assertion that
natural compounds can reverse or alter chemoresistance.

7. Apoptosis in MDR Cells through Modulation of MicroRNA (miRNA) Networks by
Natural Compounds

The compelling link between possible successful cancer chemotherapy and triggering apoptosis
by chemosensitization is connected in this review by the involvement of microRNAs. miRNAs are
highly conserved small non-coding RNA molecules that directly interact with their target mRNA,
causing either mRNA transcriptional degradation or translational repression that results in the
reduction of gene expression [122]. miRNAs have emerged as both potential therapeutic agents
and biomarkers [123]. Some have oncogenic properties while others act as tumor suppressors.
Miller et al. reported that eight upregulated miRNAs and seven downregulated miRNAs were found
in tamoxifen resistant human breast cancer MCF-7 cells [124]. Moreover, increased expression of
miR-415 is correlated with the decreased expression of MDR1 genes and seems to elevate sensitivity to
doxorubicin in DOX-resistant breast cancer cells [125]. In tumors, epithelial-to-mesenchymal transition
(EMT) plays an important role of tumor invasion/migration and metastasis [126]. ZEB1 and ZEB2
repress E-cadherin expression [127,128] and downregulation of E-cadherin allows epithelial cells to
undergo EMT, which contributes resistance to EGFR-directed therapy in cancer. Members of the
miR-200 family, particularly miR-200c and miR-200b, target ZEB1 and ZEB2 and control EMT to
sensitize EGFR therapy [129].

Growing evidence indicates that natural compounds are important regulators of miRNA mediated
genetic pathways in cancer. For example, matrine significantly reduces the overexpression of
miRNA-21 and stimulates apoptosis in HepG2 and Hep3B cells [130]. Matrine also downregulated
14 miRNAs and upregulated their target genes in the MAPK signaling pathway in SGC7901
human gastric cancer cells [131]. Another natural compound, oxymatrine, acts on human ovarian
cancer OVCAR3 cells by upregulating miR-29b, which downregulates the expression level of
matrix metalloproteinase-2 and induces apoptosis [132]. In the microarray analysis of MCF-7 cells,
upregulation of 45 miRNAs was shown after treatment with TCM Aidi injection. Of these, miRNA-126
was found to be a suppressor of proliferation of MCF-7 cells [104]. Research showed that inhibition
of miRNA-25 by a natural phenol, isoliquiritigenin, leads to autophagy in MCF-7/ADR cells via
increased expression of autophagy regulator ULK1 [133]. In the transcriptome of CKI treated MCF-7
cells, the upregulation of hsa-miR-6879 and downregulation of its target drug resistant gene ABCA12
were observed [87]. However, the prediction of the role of pre-miR-6879 in terms of the regulation of
ABC transporters still needs to be experimentally confirmed. The link between natural compounds
inducing miRNA mediated drug resistance reversal and chemosensitization, leading to cancer cells
autophagy and apoptosis, supports the investigation of natural compounds in drug resistant cancer
chemosensitization therapy. Whilst it is known that miRNAs are important in phytochemically
mediated cancer cell death, little is known about full or partial reversal of MDR via the regulation of
miRNAs by natural compounds. Hence, there is a gap between the use of natural compounds that
regulate miRNA and MDR that is not well understood. A model of the regulatory interactions between
drugs, miRNA, and target genes in the context of autophagy, drug resistance reversal, and apoptosis is
shown in Figure 2.
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Figure 2. Three panels (A–C) show the influence of natural compounds on gene expression in terms of
MDR regulation. (A) Treatment of Isoliquiritigenin blocks binding of autophagy-related miR-25 to the 3′

UTR region of ULK-1, LC3-II, and BECN-1 in killing drug-resistant breast cancer cells [133]; (B) Matrine
and indirubin-3′-monoxime (IRO) reverse chemoresistance of paclitaxel (TAX) by downregulating the
expression of Sox-2, Survivin, and Oct-4 proteins in human squamous cell carcinoma [134]; (C) CKI
suppresses the expression of the drug resistant related genes ABCA12 and ABCA4 in cancer cell
apoptosis. The involvement of miRNAs in the regulation of these genes with respect to drug resistance
has not yet been confirmed [87].

8. Conclusions

Despite significant progress in the fields of cancer diagnosis and chemotherapy, cancer remains
one of the greatest causes of death worldwide. Novel approaches to cancer management often fail due
to frequent genetic alterations and mutations in cancer genomes. Because of the high frequency of side
effects caused by chemotherapy, metastatic cancers still need new, more effective chemotherapeutics.
There is emerging interest in developing drugs to tackle these problems by using natural compounds,
which may affect multiple targets with lower side effects and be effective against several cancer types.
Despite attempts in chemotherapy using natural compounds, many questions remain regarding their
efficacy and potential modes of action. From the medicinal chemistry point of view, an important fact
when applying the natural compounds to consider is the impurities of the extracted herbal medicine
that have their own biological activity which may provide false positive signal of the molecules during
drug screening. In addition, flawed scientific evidence from natural product mixtures can suggest
false positive therapeutic benefits. Therefore, careful examination to approve the molecular target
engagement while researching drug discovery is necessary. The best possible drug combinations are
based on the understanding of the cancer-specific context of mutated oncogenes, tumor suppressor
genes, and their regulatory pathways. To evaluate novel treatment approaches involving the use of
mixtures of natural compounds, we must understand how coding and non-coding RNAs, oncogenes,
downregulated tumor suppressor genes, and mutated genes, as well as their signal transduction
pathways, respond to these drugs. Systems biology can help characterize the roles of functionally
cryptic elements such as long and short ncRNAs in cancer. We have reviewed the effectiveness of
natural compounds in cancer cells in terms of triggering apoptosis and chemosensitization through the
application of molecular genetic and “-omics” approaches. There is evidence to suggest that natural
compounds might be effective and less toxic in some circumstances. Furthermore, metal-derivatized
natural compounds can also trigger apoptosis and natural compound-metal complexes have been
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confirmed as potential (pro) drugs [106]. This suggests that natural compounds and their derivatives
merit further investigation as anti-cancer therapeutics.

The effect of multi-drug resistance during cancer progression is another important hurdle for
chemotherapy. In resistance to chemotherapy-induced cancer cell death, genetic alterations in the
drug-induced apoptotic program also cause MDR to biochemically unrelated drugs [135]. This is
illustrated by the relationship between chemoresistance and targeted upregulation of apoptosis
regulator bcl-2 by multiple DNA damaging stimuli [135]. Therefore, it is important to study
the role of natural compounds in chemosensitization, since this may create new avenues for
novel drug development in cancer treatment. The investigation of natural compound mixtures
as apoptosis-inducing and chemosensitizing cancer therapeutics will improve our understanding of
the molecular changes in cancer cells and should provide clues about how the disease can be controlled.
Our current knowledge of natural compounds’ effects on cancer is mainly from cell-based experiments
and partly from in vivo experiments. To date, the clinical effectiveness of some of these combined
drugs has not been robustly demonstrated. As a result, additional research using in vivo systems and
better clinical trials is needed to determine the safety and clinical usefulness of these drugs.
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Abstract: Jatropha (Jatropha curcas L.) is a plant native of Central and South America, but widely
distributed in the wild or semi-cultivated areas in Africa, India, and South East Asia. Although
studies are available in literature on the polyphenolic content and bioactivity of Jatropha curcas L.,
no information is currently available on plants grown in pedoclimatic and soil conditions different
from the autochthon regions. The aim of the present work was to characterize the antioxidant system
developed by the plant under a new growing condition and to evaluate the polyphenol amount
in a methanolic extract of leaves. Along with these analyses we have also tested the antioxidant
and cytoprotective activities on lymphocytes. RP-HPLC-DAD analysis of flavonoids revealed a
chromatographic profile dominated by the presence of flavone C-glucosydes. Vitexin is the most
abundant identified compound followed by vicenin-2, stellarin-2, rhoifolin, and traces of isovitexin
and isorhoifolin. Methanolic extract had high scavenging activity in all antioxidant assays tested and
cytoprotective activity on lymphocytes exposed to tertz-buthylhydroperoxide. The results highlighted
a well-defined mechanism of adaptation of the plant and a significant content of secondary metabolites
with antioxidant properties, which are of interest for their potential uses, especially as a rich source
of biologically active products.

Keywords: Jatropha curcas L.; RP-HPLC-DAD analysis of flavonoids; cytoprotective activities;
antioxidant; polyphenols

1. Introduction

Jatropha curcas L. also known as physic nut (family Euphorbiaceae) can be classified as a large
shrub or a small perennial tree able to reach a height between three and ten meters [1]. This plant is
widespread in tropical and subtropical regions of Southeast Africa, Central and Latin America, Asia
and India. Jatropha curcas L. is a species that is able to grow in dry and hot conditions, as, for instance,
in fringe areas of semi-arid regions, where many species do not survive [2,3].

The result of adaptations to living in relatively harsh environmental conditions is a crop that
is useful for the study of key physiological mechanisms adopted by plant to overcome multiple
stresses [3].

The main interest for this plant is in regards to its great potential for biodiesel production. In fact,
the high content of oil in Jatropha curcas L. seeds (up to 60% dependent on geographical and climatic
conditions) can be used directly or in transesterified form as a biodiesel [4,5]. In addition, this plant
is gaining a lot of attention because of its multipurpose and noteworthy economic potential [6].
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The coagulant capacity, for instance, of industrial effluent obtained by grounded seeds is well known
for the control of environmental pollution [7]. For centuries preparations of all parts of the plant (such
as seed, leaf, stem bark, fruit, and latex) have found wide utilization in traditional medicine and for
veterinary purposes. Detoxified oil of Jatropha curcas L. represents a rich protein supplement in animal
feed [8]. In the literature, several biological effects were reported for the plant such as wound-healing,
anti-inflammatory, antimalaria, antiparasitic, antimicrobial, insecticidal, antioxidant, and anticancer
activity [9–16]. Literature data are available on the composition and biomedical applications of Jatropha
curcas L. leaves and the identified compounds include cyclic triterpenes, alkaloids, and flavonoids [17].
The leaves were used as remedy for malaria, rheumatic, and muscular pains [18,19].

In vivo studies on antihyperglycemic activity of methanolic extract of leaves of Jatropha curcas. L
were also reported [20]. Knnappan et al. [21], demonstrated the in vivo antiulcer activity of alcoholic
extract of leaves. Furthermore, methanolic and aqueous extracts of leaves of Jatropha curcas L. have
been found to inhibit drug-resistant HIV strains and hemagglutinin protein of influenza virus [22,23].

The present study is part of a research project, funded by the Calabria Region, aimed to promote
the cultivation of Jatropha curcas L. in Calabrian marginal areas, for agriculture and bioenergy purposes.
The considerable potential of this plant, the low input requirements, and its lower CO2 footprint in
comparison with other oil-bearing crops, as well as the ability to prevent soil erosion problems, are the
main advantages and the main reasons to promote Jatropha curcas L. cultivation in Calabrian marginal
soils [24,25]. Jatropha curcas L. plants, originating from seeds of Kenyan trees were grown in hot and
arid climatic conditions in Melito di Porto Salvo (Reggio Calabria, Italy) on a sandy-loam moderately
alkaline soil. The objective was to evaluate phytochemical content and enzymatic mechanisms carried
out by Jatropha curcas L. as strategies for its environmental adaptability. In order to improve the
knowledge and to valorize this Calabrian population as a source of natural bioactive molecules, we
have performed RP-HPLC-DAD analysis of a leaf methanol extract to evaluate polyphenol amount and,
jointly, we have also tested antioxidant and cytoprotective activities on lymphocytes and erythrocyte
membranes treated with tert-butylhydroperoxide (t-BOOH).

2. Results and Discussion

Jatropha curcas L. has a life expectancy of up to 50 years and is able to grow under a wide range
of soil regimes (such as in deep, fertile, and loose soil), but it does not tolerate sticky, impermeable,
and waterlogged soils. This plant requires sufficient sunshine, and cannot grow well under shade [2].
In this study we investigated how Jatropha curcas L. plants, originating from seeds of Kenyan trees,
have adapted in Southern Italy, precisely in Melito Porto Salvo (Reggio Calabria). In this country the
climate is warm, with an average temperature of about 18 ◦C and annual average rainfall of 767 mm.
Chemical and physical characteristics of Melito soil evidenced a sandy-loam, moderately alkaline soil,
with a low content of carbonates and a low salinity (Table 1). The amount and composition of soil
organic matter (SOM) is strictly related to the performance of soil, in terms of quality and fertility,
and a two percent SOM content (Table 1) is considered sufficient in these soils. The ratio of total
organic carbon and total nitrogen (C/N ratio) is a traditional indicator to quantify the nature and the
humification level of the organic matter present in soil. In general, in soils with a C/N ratio between 9
and 11, organic matter is well humified and quantitatively fairly stable over time. Results showed a
C/N ratio lower than 9–10 indicating in Melito soil a prevalence of oxidation reactions leading to a
decrease of the content of organic substance and in nitrogen release (Table 1).

Table 1. Chemical and physical characteristics of field for Jatropha curcas L. cultivation.

Texture pH E.C. (mS/cm) Total Carbonates (%) TOC (%) SOM (%) N (g/kg) C/N

Loam-sandy 8.20 1.65 2.00 14.06 2.60 1.82 7.73

Electrical conductivity (E.C.); Soil organic matter (SOM); total organic carbon (TOC); Nitrogen (N); ratio of total
carbon and total nitrogen (C/N).
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2.1. Phytochemical Screening and Antioxidant Activity

In order to assess the degree of adaptation of Jatropha curcas L. plants located in Melito Porto
Salvo, a phytochemical screening was performed. Since photosynthesis is one of the primary processes
most affected by abiotic stresses [26,27], the evaluation of photosynthetic pigments and reactive
oxygen species (ROS) content are considered traditional parameters to evaluate the performance and
adaptation degree of a species. The high detected level of chlorophylls confirmed a good adaptation of
plants in these soil and climatic conditions. ROS are generated as natural products of plant cellular
photosynthetic and aerobic metabolism. Chloroplasts are a major site of ROS produced by energy
transfer in photosynthetic electron transfer chains [28]. Peroxisomes and glyoxysomes also generate
reactive oxygen species during metabolic pathways of photorespiration and fatty acid oxidation [29].
ROS have different roles in the organism and, at low concentration, for example, they behave as
signal molecules for the activation/block of metabolic processes [30,31]. This mechanism of ROS
homeostasis is maintained by enzymatic components such as superoxide dismutase (SOD), ascorbate
peroxidase (APX), and catalase (CAT), and non-enzymatic compounds like ascorbic acid (ASA),
reduced glutathione, a-tocopherol, carotenoids, phenolics, and flavonoids [32]. SODs are the only plant
enzymes able to scavenge the superoxide anion. Moreover, in different cell compartments, Cat or APX
(which utilize ascorbate as a reductant) eliminate H2O2 produced in the reaction catalyzed by SOD [33].
Catalase is unique among antioxidant enzymes in not requiring a reducing equivalent [34]. H2O2, being
moderately reactive, does not cause extensive damage by itself; it can cross membranes and traverse
considerable distance within the cell. At low concentration, H2O2 acts as regulatory signal for essential
physiological processes, cell cycle, growth, and development [35]. Results on antioxidant enzymes
showed significant modifications of dehydroascorbate reductase (DHA Rd), peroxidases (POX), and
ascorbate peroxidase (APX) enzymes. Moreover, APX activity and ascorbate-glutathione cycle have a
fundamental role in several cellular compartments such us peroxisomes, cytosol, chloroplasts, and
mitochondria [33]. DHA Rd enzyme is responsible for the regeneration of ascorbic acid from an
oxidized state in a reaction requiring glutathione. CAT activity in fresh leaves of Jatropha curcas L. was
very low compared to other enzymes. However, CAT activity is generally low under normal growth
conditions and it increases only at relatively high H2O2 concentrations or under stress conditions
to support APX, SOD, and other peroxidases primarily involved in ROS homeostasis. The values
obtained for APX and DHA Rd activities are in line with a high content of reduced glutathione and
ascorbic acid detected in leaves of Jatropha curcas L. (Table 2). The amount of carotenoids, anthocyanins,
and glutathione, and also a high ascorbic acid content with respect to the dehydroascorbic acid
concentration (Table 2), indicate how the plant has developed its antioxidative defense system in the
acclimation process for controlling ROS homeostasis. Plant phenolics constitute one of major groups
of compounds acting as primary antioxidant or free radical terminators [32,36–46]. The leaf extracts
of Jatropha curcas L. are also rich in phenolic compounds and tartaric acid ester derivatives (Table 2),
which further contribute to the health promoting properties of this plant. The total amount of phenolic
compounds are in line with the amounts detected in other water extracts of jatropha plants collected in
different seasons [47], but are obviously inferior to the one obtained in organic solvent, where the total
amount is notoriously higher than water extract [48–51]. The analyses of enzymatic and non-enzymatic
antioxidants results show that in Jatropha curcas L. leaves there are remarkable amounts of these active
components, allowing us to hypothesize a direct role in the ability of the plant to resist environmental
stresses and improve survival potentiality in the new habitat.
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Table 2. Analysis of phytochemical composition and enzymatic antioxidants of leaves of Jatropha curcas
L. Value were expressed as mean ± standard error (n = 3).

Phytochemical Screening of Jatropha curcas L. Leaf Value

Chlorophyll a (mg·g−1 Fresh Weight) 1.60 ± 0.10
Chlorophyll b (mg·g−1 Fresh Weight) 0.90 ± 0.03

Catalase (CAT) activity (nmol H2O2·g−1 Fresh Weight) 14.75 ± 1.20
Peroxidases (POX) activity (μmol guaiacol·g−1 Fresh Weight) 1.06 ± 0.04

Ascorbate peroxidase (APX) activity (μmol H2O2·g−1 Fresh Weight) 1.30 ± 0.04
Dehydroascorbate reductase (DHA-Rd) activity (μmol ASA·g−1 Fresh Weight) 0.77 ± 7.10

Ascorbic acid (ASA) (μmol ascorbic acid/g Dry Weight) 3.78 ± 0.19
Dehydroascorbic acid (μmol dehydroascorbic acid/g Dry Weight) 2.34 ± 0.20

Reduced glutathione (μmol GSH/g Dry Weight) 1.75 ± 0.14
Total phenols (mg tannic acid/g Dry Weight) 7.36 ± 0.60

Total carotenoids (mg/g Fresh Weight) 0.20 ± 0.03
Anthocyanins (μg anthocyanin·g−1 Fresh Weight) 9.42 ± 2.30

Tartaric acid esters derivatives (μg caffeic acid·g−1 Fresh Weight) 23.00 ± 0.10

2.2. Analysis of Anti-Peroxidative and Cytoprotective Activity

The health promoting properties of the compounds present in the methanol extract were also
analyzed to check their anti-peroxidative and cytoprotective ability on erythrocyte membranes
and lymphocytes treated with tert-butylhydroperoxide (t-BOOH). Erythrocyte membrane lipid
peroxidation has been performed by TBARS assay, analyzing the amount of malondialdehyde
formation. t-BOOH (100 μM) is able to induce a remarkable amount of damage corresponding to the
formation of ~1.22 ± 0.1 μM of malondialdehyde. The compounds present in the methanol extract of
jatropha are able to reduce ~40, 33, 10, and 1% the formation of this compound utilizing 1.0, 0.5, 025,
and 0.1 μM gallic acid equivalents (GAE), respectively (Figure 1). This activity is most probably due to
the flavanone structure identified by chromatographic separation and in particular to the presence
of apigenin derivatives. These results have been further supported by the analysis of cytoprotective
activity of the extract against lymphocyte- t-BOOH treatment. A preliminary evaluation, obtained
via incubating the cells with the same final gallic acid equivalent of methanol extract utilized in our
work, shows no effects on lymphocytes (data not shown). As can be seen in Figure 2, the incubation of
lymphocytes for 24 h at 37 ◦C in the presence of this strong oxidant (100 μM) induced a decrease of
cellular vitality by up to 62%. The presence of methanol extract (at the final concentration of 1.0 and
0.5 μM GAE) remarkably improved cell survival with an increase of viable cells by ~1.9 and 1.3-fold,
respectively, following treatment with t-BOOH. It was observed that 0.25–0.1 μM GAE have few or
no effects on the process, resulting in values almost completely superimposable to the one obtained
with cells incubated in the presence of only t-BOOH in the case of 0.1 μM GAE. The cytoprotective
effects of the compounds present in the extract have been further analyzed taking into account the
release of lactate dehydrogenase (LDH) from lymphocytes and the inhibition of caspase 3 activation.
As can be seen in Figure 2, we highlight a decrease in the amount of LDH released in the samples
incubated with t-BOOH in the presence of 1.0 and 0.5 μM GAE of methanol extract, as well as in the
activation of caspase 3 in the same samples. Lower concentrations (0.25 and 0.1 μM GAE) were not
able to induce statistically significant changes in the two enzymes analyzed. LDH is a marker of cell
survival and compound toxicity due to its release outside the cells upon membrane damage, while
caspases are one of the main markers of apoptosis onset. The decrease in the LDH release supports the
hypothesis that the compounds present in the extract can directly act on t-BOOH by decreasing its
strong oxidant activity, well evident at level of fatty acids peroxidation, and scavenging the reactive
species that originated at the membrane level. This action is further confirmed by the process of
caspase 3 activation, where the elimination of reactive species cannot be the trigger for its activation.
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Figure 1. Inhibition (%) of erythrocyte membranes lipid peroxidation by Jatropha curcas L. methanol
extract. Hemolysates plus 100 μM of tert-butylhydroperoxide (t-BOOH) were incubated for 30 min
in the absence (a) or in the presence of 1.0, 0.5, 0.25, and 0.1 μM GAE (c–f). To check the possible
influence of the solvent present in the extract, we incubated the hemolysates in the presence of the
same amounts of methanol present in the samples (b). The values are expressed as mean ± SD (n = 3).
The ** shows significant statistical differences (p < 0.05) with respect to erythrocyte membranes treated
in the presence of only t-BOOH.

Figure 2. Cytoprotective effects of Jatropha curcas L. methanol extract on lymphocytes. Lymphocytes
plus 100 μM of t-BOOH were incubated for 24 h in the absence (b) or in the presence of 1.0, 0.5, 0.25, and
0.1 μM GAE (c–f). To check the possible influence of the solvent present in the extract, we incubated the
lymphocytes in the presence of the same amounts of methanol present in the samples (a). Cell vitality,
integrity, and apoptotic events were analyzed by trypan blue staining (A); lactate dehydrogenase
(LDH) release (B) and caspase 3 activation (C), respectively. The samples were analyzed by one-way
ANOVA, followed by Tukey’s test. Asterisks ** indicate significant differences (p < 0.05) with respect to
lymphocytes treated in the presence of only t-BOOH. Each value represents mean ± SD (n = 3).
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2.3. RP-DAD-HPLC Separation and Identification of Flavonoids Derivatives

In order to shed some light on the compounds that are present in the extract and responsible of
such activities, we have performed a RP-DAD-HPLC separation to identify the presence of flavone and
flavanone derivatives. The methanol extract was characterized by the presence of several well defined
peaks belonging to flavonoids, as shown in the chromatograms recorded at 280 and 325 nm (Figure 3).
This first approach let us to perform a preliminary screening based on the intense absorptions in the
270–280 nm region (Band II) of flavanone derivatives and the absorbance at the 320–330 nm region
(Band I) where, principally, flavones and flavonols have remarkable absorption. The analyses of
UV/visible spectrum of each peak show the presence of only flavone derivatives. Moreover, the
identification of the compounds has been performed by means of acid hydrolysis and subsequent
analysis of the aglycones and sugars. The chromatogram recorded for crude extracts after acidic
hydrolysis (not shown) revealed that compounds 1–4 were resistant to HCl treatment, whereas 5–6
were hydrolyzed, providing evidence that the former flavonoids possessed C-linked saccharide
moieties, whereas the latter bear O-linked glycosyl substituents. Moreover, the presence of a single
aglycon molecule in the chromatograms revealed a pattern characterized by the presence of apigenin
derivatives with the presence of glucose and rhamnose. The characteristic UV spectra, their retention
time and co-elution with authentication standard let us to identify compounds as vicenin-2 (1);
stellarin-2 (2); vitexin (3); isovitexin (4); isorhoifolin (5); and rhoifolin (6). Several of these compounds
have already been reported in other leaves of Jatropha curcas L. (although grown in conditions different
from the one tested in our experiment) and Jatropha genus suggesting a common pattern of flavonoids
that are conserved in the species and may represent an indication of the endogenous adaptation of the
plant to Calabrian marginal areas [17,52–58].

Figure 3. Representative HPLC chromatograms of flavonoids derivatives of Jatropha curcas L. methanol
extract: absorbance at 278 nm (A) and 325 nm (B). Peak identification was performed by matching
retention time and UV spectra against commercially available reference compounds. Peaks: vicenin-2
(1); stellarin-2 (2); vitexin (3); isovitexin (4); isorhoifolin (5); and rhoifolin (6).

The quantifications of the identified flavonoids are depicted in Table 3.
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Table 3. Flavonoids content in methanol extract of Jatropha curcas L. leaves.

Compounds mg/kg F.W.

Vicenin-2 3.7 ± 0.41
Stellarin-2 1.2 ± 0.23

Vitexin 6.0 ± 0.52
Isovitexin 0.13 ± 0.04

Isorhoifolin Trace
Rhoifolin 2.2 ± 0.25

2.4. Antioxidant Capacity

On the basis of the remarkable content of flavonoids and the presence of substituted flavone
structures in the methanolic extract obtained from the leaves, we performed an in vitro biological
assay in order to evaluate the antioxidant (DPPH, ABTS, FRAP, Ferrozine assay) and the cytoprotective
activity of this extract. The DPPH is a stable radical frequently used to examine radical scavenging
activity of natural compounds, and it is one of the starting points to check propensity of compounds
or extracts to react with radicals. It has a strong absorbance at 517 nm due to its unpaired electron,
giving the radical a purple color. Upon reduction with an antioxidant, its absorption decreases due
to the formation of its non-radical form, DPPH-H. The activities of crude methanolic extracts in the
scavenging of DPPH radical were concentration dependent. For instance (Figure 4A), the samples with
10 μL of methanol extract were able to reach up to ~65% of inhibition, corresponding to 14.7 μM trolox
equivalents (TE). These results (IC50 = 58.8 TE μg/mL) are in line with the one obtained from ethanolic
extract from the leaves of plants grown in Java, inferior to the ones obtained from the methanolic
extract of leaves collected from plants grown in Malaysia and Egypt, but higher than the one obtained
with plants grown in Iraq [48–50,59]. According to the ability of compounds present in methanolic
extract to scavenge DPPH, ABTS radical formation was also inhibited with an activity corresponding
to 16.25 ± 0.68 μM TE. These results suggest that the methanolic extract of Jatropha curcas L. leaves
contains compounds capable of donating hydrogen to a free radical to eliminate its reactivity. Iron
has a pivotal role in the wellness of organisms and it is also one of the main elements involved in the
formation of radical species, so we tested the capability of the compounds present in the methanol
extract while maintaining it in ferrous state and chelating it. The Fe3+–Fe2+ reducing power method
is usually used in the determination of reducing power. The amount of Fe2+ can be determined by
measuring the generation of Perl’s Prussian blue at 593 nm. The reducing power of 2.5 μL of the
extract corresponds to 15.48 ± 2.9 μM of ascorbic acid equivalent. The chelating power of the extract
was also tested using the ferrozine assay. Free transition metals can give rise to the generation of
several ROS, in living organisms, through the oxidation of lipids, proteins and genetic materials;
The presence of chelating agents can help organisms to stabilize and decrease the reactivity of these
elements. As can be seen in Figure 4B, the decrease of the ferrozine–Fe2+ complex is influenced by the
presence of the extract, although its activity is clearly lower than that of ethylenediaminetetraacetic
acid (EDTA) utilized as positive control able to chelate all the ferrous present in the solution. The
calculation of Oxygen Radical Absorbance Capacity (ORAC), utilizing a calibration curve obtained
with trolox, showed a value of 7.71 ± 0.68 μmol TE/mg. This value is comparable to the one obtained
for acetate, ethanol, and water extracts of Jatropha curcas L. seed shell [60].

By four different methods of antioxidant activity determination, we can see that the extract of J.
curcas leaves exhibited relatively strong antioxidant activities, which may be due, at least in part, to
their high phenolic content. In particular, the flavone derivatives characterized by the presence of a
double bond at the 2, 3 position of the C ring conjugated with the 4-oxo group in position 4 may have
a pivotal role in the process [41–44]. Recent studies indicate that all parts of this plant are valuable for
multiple purposes, improving its valorization for large-scale plantation.
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Figure 4. DPPH (A) and ferrozine assay (B) obtained with different amounts of Jatropha curcas L.
methanol extract of Jatropha curcas L. leaves. Ferrozine assay without (a) or with 10 μL of methanol
extract (b) or EDTA (c).

3. Materials and Methods

3.1. Reagents, Chemicals, and Instrumentation

HPLC-grade acetonitrile and methanol, as well as vicenin-2, vitexin, isovitexin, roipholin,
isorhoifolin, and apigenin, were supplied by Sigma-Aldrich (St. Louis, MO, USA), while
dimethylformamide (DMF) was supplied by Carlo Erba (Milano, Italy). All the other reagents and
chemicals used in this study were of analytical grade and were purchased from Sigma (Sigma-Aldrich
GmbH, Sternheim, Germany).

3.2. Chlorophyll and Carotenoid Pigments

Fresh leaves (0.050 g) were mixed with 2.5 mL of 100% ethanol in the dark for 24 h at 4 ◦C.
Upon the conclusion of the incubation time the samples were centrifuged for 10 min at 7000 rpm.
Lichtenthaler’s equation was employed to analyze the concentration of chlorophyll and carotenoid,
based on absorbance at 649, 665, and 470 nm.

3.3. Anthocyanins

Fresh leaves (0.02 g) were extracted with 0.5 mL of a methanol:HCl solution (99:1, v:v) and
centrifuged at 4 ◦C for 10 min at 7000 rpm. The absorbance of the supernatant was recorded at 530 and
657 nm and anthocyanin concentration was calculated according to the Equation (1):

[A530 nm − (0.025 × A657 nm) × mL extract]/g fresh weight (1)

3.4. Tartaric Acid Esters and Total Phenols

Tartaric acid esters were tested by monitoring the absorbance change at 320 nm based on the
procedure described by Romani et al. [61]. Fresh leaves (0.5 g) were extracted with 2 mL of methanol
and centrifuged at 4 ◦C for 15 at 14,000 g. An aliquot of 25 μL of supernatant was diluted with
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225 μL of 10% ethanol and 250 μL of 0.1% HCl in 95% ethanol, and 1 μL of 2% HCl was then added.
The solution was mixed and tartaric acid ester were calculated at 320 nm as micrograms of caffeic
acid/g fresh weight.

Total phenolic compounds have been analyzed by the Folin–Ciocalteu colorimetric method based
on the procedure of Singleton et al. [62]. Dry leaves were extracted in water and the absorbance was
recorded against blank at 765 nm and total phenols were expressed as mg tannic acid/g dry weight.

3.5. Reduced Glutathione

Reduced glutathione (GSH) level was determined by the method described by Jollow et al. [63].
Fresh leaf (0.5 g) homogenates in 3% of trichloroacetic acid were centrifugated at 3000 rpm at 4 ◦C. The
supernatant was mixed with Ellman’s reagent and the absorbance of supernatant recorded at 412 nm
and related to a calibration curve of GSH solutions (0–500 μg/mL).

3.6. Ascorbic and Dehydroascorbic Acid

Fresh leaves (0.5 g) were extracted in a chilled mortar with 5% metaphosphoric acid at 4 ◦C. After
centrifugation at 18,000 rpm at 4 ◦C the supernatant was used for the determination of dehydroascorbic
acid (DHA) and ascorbic acid (ASC) according to Law et al. [64].

3.7. Enzyme Assays

Fresh leaves were ground using a chilled mortar and pestle and homogenized in 0.1 M phosphate
buffer solution (pH 7.0) containing 100 mg soluble polyvinylpolypyrrolidone (PVPP) and 0.1 mM
ethylenediaminetetraacetic acid (EDTA). The homogenate was filtered through two layers of muslin
cloth and centrifuged at 10,000 rpm for 20 min at 4 ◦C. The resulting supernatant was used for
all assays.

Catalase (CAT, EC 1.11.1.6). The disappearance of H2O2 at 240 nm was determined according
to Beaumont et al. [65] by using extinction coefficient (ε) = 0.036 mM−1·cm−1. The reaction mixture
contained 1 mL potassium phosphate buffer (50 mM, pH 7.0), 40 μL enzyme extract, and 5 μL H2O2.

Peroxidase (POX, EC 1.11.1.7). The reduction in guaiacol concentration was determined by
reading the absorbance at 436 nm continuously for 90 s. POX activity was quantified by the
amount of tetraguaiacol formed using its extinction coefficient (ε) = 25.5 mM−1·cm−1 according
to Panda et al. [66].

Dehydroascorbate reductase (DHA-Rd, EC 1.8.5.1). The reaction mixture contained 0.1 M
K-phosphate buffer pH 6.5, 1 mM GSH, and 1 mM DHA. The activity was assayed following the
increase in absorbance at 265 nm due to the production of ASC [67].

Ascorbate peroxidase (APX, EC 1.11.1.11). The decrease in absorbance at 290 nm, due to
oxidation of ascorbate was determined according to Amako et al. [68]. The reaction mixture
was 0.1 M K-phosphate buffer pH 6.5, 90 mM H2O2, and 50 mM ascorbate. Absorbance was
recorded continuously for 90 s and APX activity was quantified by using the extinction coefficient,
14 mM−1·cm−1.

3.8. Preparation of Methanol Extract

The fresh leaves of Jatropha curcas L., harvested in summer 2013, were frozen at −20 ◦C. The frozen
leaves were ground to a powder with a frozen mortar and ~10.0 g were extracted at room temperature
under continuous stirring for 6 h with methanol (1:20 w:v). The samples were then centrifugated at
2500 rpm for 10 min and the supernatants were filtered with filter paper and evaporated to dryness in
a rotavapor. This procedure was repeated three times and the powders obtained were resuspended
in methanol to obtain a w:v ratio with the starting fresh leaves material of 1:1, with the end product
utilized for RP-HPLC-DAD separation, antioxidant, and cytoprotective assays.
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3.9. DPPH Radical Scavenging Assay

The antioxidant activity against 2,2-diphenyl-1-picrylhydrazyl DPPH radical was performed
according to Molineux [69]. The assays were carried out by adding fixed amounts of extracts (0–60
μL) with DPPH solution (80 μM), resulting in the final volume of 1.0 mL. The reaction mixture
was incubated for 30 min at 37 ◦C and, upon finishing the incubation time, the absorbance changes
were recorded at 517 nm. The decrease in absorbance in percentage was analyzed utilizing the
following equation:

Absorbance decrease (%) = 100 × (Ac − As)/Ac (2)

where Ac is the absorbance of the control and As is the absorbance of the sample. Results have been
expressed as Trolox equivalent (TE).

3.10. ABTS Radical Scavenging Assay

The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid ABTS free radical-scavenging activity
was carried out by a decolorization assay according to Re et al. [70]. Fixed amounts of the samples
were added with the radical cation ABTS+ and the absorbance changes at 734 nm were recorded in a
spectrophotometer after 6 min. The activity was expressed as inhibition in percentage at 734 nm using
Trolox (1.1, 1.7, 2.3, 2.9, 3.5 μg/mL) as the reference compound.

3.11. Ferric-Reducing Antioxidant Power (FRAP) Assay

The ferric reducing antioxidant power assay was performed according to the method described by
Benzie and Strain [71]. The samples were repeated in triplicate and the absorbance recorded at 593 nm
after 4 min incubation at 37 ◦C. The antioxidant abilities of the extracts were expressed as equivalents
of ascorbic acid utilizing a calibration curve obtained with fresh solutions of known ascorbic acid
concentrations (0.005–0.02 mM).

3.12. Ferrozine Assay

The potential chelating activity of the extracts toward ferrous ions was analyzed by the method
of Dorman et al. [72] with little modifications. As a reference compound we utilized EDTA (0.1 mM
final concentration). The activity of the extract was performed by adding 10 μL to a solution of 0.5 mM
FeSO4 (0.01 mL). After the addition of 5.0 mM ferrozine (0.4 mL) solution, the samples were shaken
and left for 10 min at room temperature (RT). Finally, the absorbance at 562 nm was recorded with a
spectrophotometer. The inhibition (%) of ferrozine Fe2+ complex formation was obtained using the
following equation:

% Inhibition = [(Ac − As)/Ac] × 100 (3)

where Ac is the absorbance of the control and As is the absorbance of the samples in the presence of
the extracts.

3.13. Flavonoids Profile Identification

The identification of flavonoids present in the methanol extract was performed by utilizing
a Shimazu Reverse Phase–Diode Array Detection–High Performance Liquid Chromatography
(Shimadzu, Kyoto, Japan) with injection loop of 20 μL. The column was a BioDiscovery C18 (Supelco,
Bellefonte, PA, USA) of 250 mm × 4.6 mm i.d., 5 μm and equipped with a 20 mm × 4.0 mm
guard column. The temperature was set at 30 ◦C and flow-rate at 1.0 mL/min. The separation
was performed utilizing a linear gradient of acetonitrile in H2O as mobile phase. The gradient was:
0–15 min (5%–20% of acenitrile), 15–20 min (20%–30% of acetonitrile), 20–35 min (30%–100% of
acetonitrile), 35–40 min (100% of acetonitrile), 40–45 min (100%–5% of acetonitrile), and 45–55 min (5%
of acetonitrile). The chromatograms were recorded at 278 and 325 nm and UV/visible spectra of each
peak were between 200 and 450 nm. The identification of the compounds were performed according
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to retention time, UV spectra, and co-elution with authentication standards. Quantitative analysis was
carried out by integration of the areas of the peaks from the chromatogram at 325 nm and comparison
with calibration curves obtained with the known concentration of a commercially available standard
(0.1–10 mg/L).

3.14. Acid Hydrolysis

Acid hydrolysis of the samples was performed according to Hertog et al. [73].

3.15. Erythrocytes Lipid Peroxidation Assay

Hemolysates were prepared according to Barreca et al. [38] and lipid peroxidation was analyzed
by thiobarbituric acid reactive substance (TBARS) assay [74].

3.16. Lymphocyte Isolation

Lymphocytes were isolated according to Barreca et al. [42,44,45] and utilized in the following tests.

3.17. Cytotoxicity Assays

To perform the cytotoxicity assay, we treated cells (1 × 106/mL) with 100 μM of t-BOOH in the
absence or in the presence of 1.0, 0.5, 0.25, and 0.1 μM gallic acid equivalents (GAE) of the extracts for
24 h. Parallel controls were performed without t-BOOH, but in the presence of the same final gallic
acid equivalents of methanol extract utilized during experimentation. Moreover, in all experiments
blanks, without t-BOOH, were performed [38,75]. The cell viability, after finishing the incubation
period were established with trypan blue staining. The cells were diluted 1:1 (v:v) with 0.4% trypan
blue and counted with an haemocytometer. Results are expressed as the percentage of live or dead
cells (ratio of unstained or stained cells to the total number of cells, respectively). To check cytotoxicity
we also analyzed lactate dehydrogenase (LDH) release from damaged cells into culture medium with
a commercially available kit from BioSystems (Barcelona, Spain). Extracts did not show interference
with the determination of LDH at the concentration utilized in the experiments. For caspase activity
determination, we followed the procedures described by Bellocco et al. [45].

3.18. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC assay was performed according to Dàvalos et al. [76] with few modifications.
Twenty microliters of methanol extract were added to 120 μL of fresh fluorescein solution
(117 nM). After a preincubation time of 15 min at 37 ◦C, we added 60 μL of freshly prepared
2,2′-Azobis(2-methylpropionamidine)dihydrochloride (AAPH) solution (40 mM). Fluorescence was
recorded every 30 s for 90 min (λex: 485; λem: 520). A blank using 20 μL of methanol instead of the
sample was also analyzed, along with a reference calibration curve with Trolox (10–100 μM). The
ORAC value was expressed as μmoles of Trolox Equivalent (TE)/mg of fresh weight (F.W.) sample.
All assays were carried out in triplicate.

3.19. Statistical Analysis

The values of the data are expressed as means ± standard deviation. One-way analysis of variance
(ANOVA) was performed on the obtained results. Tukey’s test was run to check the significance of
the difference between the samples and the respective controls. A p < 0.05 value indicates statistically
significant difference.

4. Conclusions

In this study the obtained results concerning a phytochemical and enzymatic screening suggested
that the Jatropha curcas L. plants, originated from Kenya and grown in Melito Porto Salvo, are well
suited to the typical Mediterranean climate of Southern Italy. Moreover, the methanolic extract of
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the leaves shows very interesting antioxidant and cytoprotective activities, which can be attributed
also to its flavonoids profile, which is dominated by the presence of flavone compounds, one of
the most studied and promising forms of secondary metabolites for potential use as nutraceuticals.
Therefore, methanolic extracts of Jatropha curcas L. leaves could represent a promising source of natural
antioxidants compounds to employ in the pharmaceutical and cosmetic industries.
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Abstract: Paenibacillus sp. TKU042, a bacterium isolated from Taiwanese soil, produced α-glucosidase
inhibitors (aGIs) in the culture supernatant when commercial nutrient broth (NB) was used as the
medium for fermentation. The supernatant of fermented NB (FNB) showed stronger inhibitory
activities than acarbose, a commercial anti-diabetic drug. The IC50 and maximum α-glucosidase
inhibitory activities (aGIA) of FNB and acarbose against α-glucosidase were 81 μg/mL, 92% and
1395 μg/mL, 63%, respectively. FNB was found to be strongly thermostable, retaining 95% of its
relative activity, even after heating at 100 ◦C for 30 min. FNB was also stable at various pH values.
Furthermore, FNB demonstrated antioxidant activity (IC50 = 2.23 mg/mL). In animal tests, FNB
showed remarkable reductions in the plasma glucose of ICR (Institute of Cancer Research) mice
at a concentration of 200 mg/kg. Combining FNB and acarbose enhanced the effect even more,
with an added advantage of eliminating diarrhea. According to HPLC (High-performance liquid
chromatography) fingerprinting, the Paenibacillus sp. TKU042 aGIs were not acarbose. All of the
results suggest that Paenibacillus sp. TKU042 FNB could have potential use as a health food or to treat
type 2 diabetes.

Keywords: α-glucosidase inhibitor; Paenibacillus; type 2 diabetes; acarbose; plasma glucose

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder and a serious worldwide health problem.
DM is commonly classified as either type 1 (insulin-dependent diabetes mellitus, IDDM) or type 2
(non-insulin-dependent diabetes mellitus, NIDDM). Among diagnosed cases of DM, more than 90%
are type 2 [1]. The estimated number of people worldwide suffering from type 2 diabetes will exceed
330 million by 2030 [2]. It has been reported that type 2 diabetes can be treated with α-glucosidase
inhibitors (aGIs) [3]. Even now, some commercial aGIs, such as acarbose, miglitol, and voglibose, are
used for the treatment of type 2 diabetes. However, these treatments have several side effects, including
diarrhea, flatulence, and abdominal discomfort, prompting the exploration of original, sufficient, and
natural sources of aGIs instead.

Various natural aGIs have been extracted from medicinal plants [4]. However, these aGIs are not
easy to isolate or acquire on a large scale [5,6]. Though chemically synthesized aGIs can be obtained
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in great amounts, they may also result in hepatic disorders and other adverse effects [7]. Biological
synthesis, on the other hand, may have potential as an alternative means of acquiring natural aGIs.

So far, aGIs have been described as being produced by microorganisms, including bacteria [8–16]
and fungi [5,17–19]. Among these aGIs-producing microbes, only strains of Streptomyces [8,9],
bacillus [8,10–14], Stenotrophomonas maltrophilia [15], and Actinoplanes spp. SE-50 [16] have been studied
extensively. To the best of our knowledge, there are no reports in the literature on aGIs-producing
strains belonging to the genus Paenibacillus.

According to our recent literature review, Paenibacillus species have rarely been reported to
produce materials detrimental to humans [20,21]. Our preceding studies revealed that Paenibacillus
strains isolated using squid pen powder (SPP) as the sole source of carbon/nitrogen (C/N) were able
to transform SPP into bioactive materials, such as exopolysaccharides by P. mucilaginosus TKU032 [22],
and P. macerans TKU029 [23], antioxidants by Paenibacillus sp. TKU036 [20], and biosurfactants
by P. macerans TKU029 [23]. In this study, we isolated and identified an aGI-producing strain of
Paenibacillus sp. TKU042 which secreted acarbose-comparable aGIs in the fermented nutrient broth
(FNB). The optimization of culture conditions, pH and thermal stabilities, as well as the effects of FNB
on mice, were subsequently explored.

2. Results and Discussion

2.1. Isolation, Screening, and Identification of Strain TKU042

More than 600 bacterial strains were isolated from the soils of Northern Taiwan using a medium
that contained 1% squid pen powder (SPP) as the sole source of carbon/nitrogen. Of these, TKU042
demonstrated the strongest inhibitory activity (97%) with an IC50 value of 3.9 ± 0.12 mg/mL; it was,
therefore, chosen for further investigation. This potent strain was initially identified as Paenibacillus sp.
based on 16S rDNA sequences. The name of the species was identified using an analytical profile index
(API); however no match was found. Therefore, the TKU042 strain was simply labeled as Paenibacillus
sp. Many strains of Paenibacillus have been reported as possessing potential industrial, agricultural,
medical, and health food applications, such as the production of enzymes from P. curdlanolyticus
B-6 [24], P. barengoltzii [25], P. barengoltzii [26], and P. ehimensis MA2012 [27], exopolysaccharides
from P. mucilaginosus TKU032 [22] and P. macerans TKU029 [23], antioxidants from Paenibacillus sp.
TKU036 [20], biosurfactants from P. macerans TKU029 [23], biological control agents from P. ehimensis
MA2012 [27] and P. polymyxa AC-1 [28] or biofertizlizers from P. polymyxa [29,30]. Based on our recent
literature review, the biosynthesis of aGIs by the genus Paenibacillus has not yet been reported.

2.2. Effects of the C/N (Carbon/Nitrogen) Source on aGIs Production

During fermentation, the source of C/N was proposed as the significant factor in the synthesis of
aGIs since it could influence the production of some aGI-related enzymes [31]. Similar phenomena were
found in our previous reports, which showed SPP as the most suitable C/N source for the production
of exopolysaccharides and antioxidants by isolated strains of Paenibacillus [20–23]. Three sources of
C/N: 1% SPP, 1% shrimp head powder (SHP), and 0.8% nutrient broth (NB), were investigated for the
production of aGIs by Paenibacillus sp. TKU042 (Figure 1). The inhibitory activities of the fermented
NB, SPP, and SHP reached 100% (at day 1), 100% (at day 3), and 70% (at day 9), respectively (Figure 1A).
To analyze aGI productivity, the culture supernatants were diluted appropriately to obtain aGI activity,
and expressed as U/mL. As shown in Figure 1B, there were remarkable differences among the three
culture supernatants. NB seemed to be the best C/N source for aGI production, showing productivity
(1200 U/mL at day 4) approximately 5.3- and 10-fold higher than those of SPP (220 U/mL at day 3) and
SHP (120 U/mL at day 6), respectively. Throughout fermentation, the cell growth of Paenibacillus sp.
TKU 042 was also monitored by measuring the absorbance of the cell solution at 660 nm. As shown in
Figure 1C, there was no relationship between cell growth and aGI productivity.
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Soybean has been widely used in many studies as the sole source of C/N to synthesize
aGIs [8,11,12,17,18]. To enhance aGI production, the soybean-containing medium has been
supplemented with various carbohydrates. For example, Streptomyces lavendulae GC-148 produced
an aGI in medium containing 2% glucose and 1.5% soybean [8], and the Bacillus species required 4%
soybean peptone supplemented with 5% carbon source (glucose, galactose, lactose, or sorbitol) [11].
In this study, Paenibacillus sp. TKU 042 used NB for aGI production, diverging from the other reports.
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Figure 1. Screening C/N sources for fermentation. SPP, SHP (shrimp head powder), and NB were
used as the sole sources of C/N with concentrations of 1%, 1% and 0.8%, respectively. Fermentation
conditions were set at 30 ◦C, shaking speed of 150 rpm, 100/250 mL for the medium/flask volume
ratio, and 1 mL of bacterial seed solution (OD660nm = 0.38). The inhibition against yeast α-glucosidase
was then tested and calculated in % (A) or U/mL (B); the growth of Paenibacillus sp. TKU042 was
detected at OD660nm (C). To eliminate the influence of SHP and SPP on OD660nm adsorption, any
residual SHP and SPP present after fermentation were removed by centrifugation at 500 rpm for 10 min.
Saccharomyces cerevisiae α-glucosidase was used to test aGI activity.

2.3. Optimization of Culture Conditions

NB was confirmed as the best source of C/N, and chosen to establish optimal parameters,
including cultivation temperature, culture volume, concentration of NB, and the amount of seed
culture inoculated (Figure 2).

The results showed that aGI productivity was highest on the sixth day of cultivation at 25 ◦C
(1700 U/mL) and the fourth day of cultivation at 30 ◦C (1550 U/mL) (Figure 2A). Taking cultivation
time into account, 30 ◦C was selected to study the effects of culture volume. As shown in Figure 2B,
aGI productivity was highest on the sixth day of cultivation in 50 mL-medium (1800 U/mL) followed
by the fourth day of cultivation in 100 mL-medium (1600 U/mL). After considering the recovered
volume of culture supernatant, 100 mL-medium (at 30 ◦C) was selected to investigate the effects of NB
concentration on aGI productivity. As seen in Figure 2C, the highest aGI productivity was found on
the fourth day when either 0.4% or 0.8% NB was used. 0.8% NB was ultimately selected for further
research since aGI productivity declined slightly after day 4 when 0.4% NB was used. The inoculated
volume of the seed culture had no significant effect on aGI production (Figure 2D).

Overall, aGIs were effectively produced by Paenibacillus sp. TKU042 in the 0.8% NB-containing
medium (100 mL of medium in a 250 mL-Erlenmeyer flask) at 30 ◦C and an initial pH of 6.85, using a
reciprocal shaker at 150 rpm for 4 days. The culture conditions before and after the optimization study
are summarized in Table 1; in short, the IC50 and productivity of Paenibacillus sp. TKU 042 aGIs were
increased approximately 23-fold after optimization.
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Figure 2. The effects of some parameters on aGIs production. (A) The effect of incubation temperature
on aGI activity: Fermentation was conducted using 150 rpm shaking speed, a medium/flask volume
ratio of 100/250 mL, 0.8% NB (C/N source), and 1 mL of seed culture (OD660nm = 0.38); (B) the effect of
medium/flask volume ratio on aGI productivity: fermentation was conducted at 30 ◦C, with a shaking
speed of 150 rpm, and using 0.8% NB (C/N source), and 1 mL of seed culture (OD660nm = 0.38); (C) the
effect of NB concentration on aGI productivity: fermentation conducted at 30 ◦C, with a shaking speed
of 150 rpm, a medium/flask volume ratio of 100/250 mL, and 1 mL of seed culture (OD660nm = 0.38);
and (D) the effect of seed culture volume on aGI productivity: fermentation was conducted at 30 ◦C,
with a shaking speed of 150 rpm, a medium/flask volume ratio of 100/250 mL, and using 0.8% NB
(C/N source). Saccharomyces cerevisiae α-glucosidase was then used to analyze the aGIA.

Table 1. Comparison of culture conditions before and after optimization.

Compared Factors Before Optimization After Optimization

C/N source SPP NB
Cultivation temperature (◦C) 37 30

C/N Concentration (%) 1 0.8–1.2
Medium/flask volume ratio 2/5 2/5

Seed culture (%) 1 1
Inhibition (IC50 μg/mL) 3900 ± 120 81 ± 4.3

aGIs Productivity (U/mL) 220 5000

2.4. Specific aGI Activity and Antioxidant Activity of FNB

To evaluate the potential of Paenibacillus sp. TKU 042 aGIs as anti-diabetic drugs, the inhibitory
specificity of FNB was tested against eight kinds of commercial enzymes. As shown in Table 2,
FNB showed strong inhibitory activity against bacterial (Bacillus stearothermophilus) α-glucosidase
(IC50 = 36.7 ± 1.7 μg/mL), yeast (Saccharomyces cerevisiae) α-glucosidase (IC50 = 81 ± 4.3 μg/mL),
and rat α-glucosidase (IC50 = 101 ± 5.1 μg/mL), but had a weaker response against rice
α-glucosidase (IC50 = 508 ± 17 μg/mL). On the other hand, the anti-diabetic drug acarbose
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demonstrated better inhibitory activity against α-glucosidases from bacteria (0.012 ± 0.001 μg/mL),
rice (2.92 ± 0.67 μg/mL), and rat (107 ± 2.5 μg/mL), but showed weaker inhibitory activity against
yeast α-glucosidase (1395 ± 5 μg/mL).

α-Glucosidase from S. cerevisiae has been commonly used to evaluate aGI activity in many
studies [18,32–34]. Compared to yeast and other sources of α-glucosidases, rats may be a more
valuable resource since the animal enzyme is closer to that of humans [32]. In this study, both FNB
and acarbose inhibited α-glucosidases originating from rats and yeast. Among them, FNB showed
much stronger aGI activity than acarbose against α-glucosidase from yeast but approximately the
same amount of inhibition against rat α-glucosidase. Therefore, FNB could be a potential candidate
for α-glucosidase inhibition.

α-Amylase inhibitors have been reported to be a useful treatment for type 2 diabetes [35].
Consequently, the inhibitory activities of FNB against α-amylases were also studied. As shown
in Table 2, FNB showed no inhibitory activity against porcine pancreatic and B. subtilis α-amylases.
Similarly, FNB demonstrated no inhibitory activity against proteases from bromelain or papain. It is
well-known that there are several proteases in the gastrointestinal tract to help ingest proteins. Since
FNB showed no inhibitory activity against these tested proteases, it may have the potential to avoid
disturbing the ingestion of proteins by the use of aGIs.

Table 2. Specific inhibitory activity of FNB and acarbose against enzymes.

Enzyme n
Inhibition of FNB Inhibition of Acarbose

IC50 (μg/mL)
Maximum Inhibitory

Activity (%)
IC50 (μg/mL)

Maximum Inhibitory
Activity (%)

S. cerevisiae α-glucosidase 3 81 ± 4.3 c,d 92 ± 3.2 1395 ± 5 a 63 ± 2.5
Rat α-glucosidase 3 101 ± 5.1 c 95 ± 2.1 107 ± 2.5 c 89 ± 2.4

B. stearothermophilus
α-glucosidase 3 36.7 ± 1.7 c,d 98.2 ± 1.3 0.012 ± 0.001 d 100 ± 1.2

Rice α-glucosidase 3 508 ± 17 b 94 ± 2.3 2.92 ± 0.67 d 100 ± 1.4
Porcine pancreatic α-amylase 3 - - ND ND

B. subtilis α-amylase 3 - - ND ND
Papain protease 3 - - ND ND

Bromelain protease 3 - - ND ND

(-) no inhibition; ND: not determined; CV = 12.74; LSD0.01 = 86.385; n = 3: triplicates of each experiment. Mean of
IC50 values with the different letters are significantly different based on t test ranking.

Several previous studies [20,22] suggested that antioxidant compounds could be produced
by the genus Paenibacillus. Therefore, the antioxidant property of FNB was also tested, using the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity assay mentioned in the experimental
methods section, to provide more bioactive proof of FNB’s usefulness. The antioxidant activity was
calculated as both a percentage and IC50 value. α-Tocopherol, a commercial antioxidant compound,
showed stronger activity than FNB, generating IC50 values of 0.0247 ± 0.0012 and 2.23 ± 0.14 mg/mL,
respectively. However, FNB can achieve the same amount of activity (approximately 100%) as
α-tocopherol. Overall, FNB could be used as a health food due to its valuable bio-functions, including
its potential for α-glucosidase inhibition and acceptable antioxidant activity.

2.5. Confirmation that aGIs Contained in FNB Were Produced during NB Fermentation

The same concentrations (20 mg/mL) of unfermented NB (UNB) and fermented NB (FNB)
solutions were analyzed by HPLC. The differences in the HPLC finger prints of NB before and after
fermentation are clearly observed in Figure 3. After fermentation, some major peaks disappeared (the
peaks at retention times of 6, 13.5, and 17.5 min) or reduced their area (the peak at 11 min), while
some new peaks appeared at 6.5 and 13.2 min, and the peak at 17.3 min, enhanced its area. UNB was
tested for α-glucosidase inhibition but no activity was observed. The differences in both the HPLC
finger prints and the inhibitory activity of UNB and FNB suggest that the aGIs were produced by
fermentation, since none existed in the NB beforehand. Each fraction of aGI activity in FNB was
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analyzed on the HPLC finger print; three fractions showed aGI activity (≥85% at the concentration of
200 μg/mL). The isolation and identification of these aGIs will eventually be conducted. The HPLC
finger print of acarbose was also analyzed; based on the difference in retention time, we confirmed
that the active compound in FNB aGIs was not acarbose.

Figure 3. The HPLC finger prints of unfermented and fermented NB. Analysis conditions: mobile phase:
0–5′ (1% Acetonitrile (ACN), 5–20′ (1%–10% ACN), 20–25′ (10%–40% ACN), 25–40′ (40%–50% ACN);
Ultraviolet (UV) detector: 240 nm; flow rate 0.8 mL/min, column temperature: 25 ◦C, using C18 column.

2.6. The Thermal and pH Stabilities of FNB aGIs

The thermal stability of FNB aGIs was determined by first treating FNB at 40–100 ◦C for 30 min,
and then testing the residual aGI activity. FNB aGIs were strongly thermostable at all temperatures,
with relative activities greater than 95% (Figure 4A). They maintained a relative activity of 92% even
when heated at 100 ◦C for 30 min. The high thermal stability of FNB aGIs suggests they may have the
potential to remain active for a long time.

 
 

 

 

 

 

 

 

 

Figure 4. Thermal and pH stability of FNB. Thermal stability (A) was tested by treating FNB for 30 min
at 40–100 ◦C and pH 6.8; the residual aGI activity was analyzed at 37 ◦C; The pH stability (B) was
tested by treating FNB to a pH range of 1–13 at 37 ◦C for 30 min then evaluating the residual aGI
activity at pH 6.8.

pH stability is also an important factor. After treating FNB with a large range of pH values at
37 ◦C for 30 min, the residual aGI activity was analyzed at pH 6.8. As shown in Figure 4B, aGI activity
remained at 87%–96% after 30 min pre-incubation at pH ranges from 1–13. It is well-known that
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the stomach is very acidic; therefore, potential aGIs should be stable and able to work well in the
acidic environments of the gastrointestinal tract. Bacteria-produced aGIs that show thermal and pH
stability are rarely reported. In the previous reports [32,35], aGIs from ELC, a methanolic extract from
a medicinal plant (Euonymus laxiflorus Champ), were reported to be heat-stable at 97 ± 3 ◦C (heating
30 min) with a relative activity of 90%, demonstrating the same thermal stability as FNB. However, the
relative activity of this extract (50%) was lower than that of FNB (80%–93%) in the acidic environment
(pH 4–6).

2.7. The Effects of FNB on Reducing Plasma Glucose in the Mouse Model

Three doses of FNB (100, 200, and 400 mg/kg) were used on ICR mice to evaluate their impact
on plasma glucose. As shown in Figure 5A, significant reductions in plasma glucose were observed
0.5 and 1 h after sucrose loading for 100 and 400 mg/kg.
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Figure 5. Effects of FNB and acarbose, alone or in combination, on the increase in plasma glucose
levels following oral sucrose loading in ICR mice. (A) Oral FNB administration; (B) Oral acarbose
administration; (C) Combined FNB and acarbose administration. FNB (100, 200, and 400 mg/kg bw),
acarbose (12.5, 25 and 50 mg/kg bw), and a combination of FNB (100 and 200 mg/kg bw) and acarbose
(12.5 mg/kg bw) were administered to mice ( , n = 8). In the control groups (◦, n = 8), distilled water
was administered. After loading the sample (or acarbose or distilled water) for 25 min, sucrose solution
was orally administered at a concentration of 3 g/kg bw; blood was sampled and measured 0.5, 1, 1.5
and 2 h, thereafter. Statistical analyses were conducted using the Least Significant Difference (LSD)
test. The significant differences for each experimental mean (in the comparison with its control) are
illustrated with (*) at p < 0.05 and (**) at p < 0.01.
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The FNB with 200 mg/kg body weight (bw) was ultimately the best, as it reduced blood sugar
for 1.5 h. This result is comparable with a dose of acarbose at 25 mg/kg, but better than acarbose at
12.5 mg/kg (Figure 5B).

In the combined FNB and acarbose group, two doses of FNB (100 and 200 mg/kg) and one dose
of acarbose (12.5 mg/kg) were used (Figure 5C). The combination of FNB at 100 mg and acarbose at
12.5 mg had no effect compared to acarbose (12.5 mg/kg) administration alone. On the other hand, the
combination of FNB at 200 mg/kg and acarbose at 12.5 mg/kg was much better at reducing blood
glucose than acarbose alone at 12.5 mg/kg, slightly higher than acarbose at 25 mg/kg, and comparable
to arcabose at 50 mg/kg. The number of mice with diarrhea was also recorded. No ill effects were
observed in the control, FNB at 100, 200, or 400 mg, acarbose at 12.5 mg or the combination of FNB (100,
200 mg) with acarbose at 12.5 mg. However, for the groups who received 25 and 50 mg of acarbose,
diarrhea was observed in 3/8 mice (37.5%) and 5/8 mice (62.5%), respectively.

These results show that oral FNB loading can reduce plasma glucose levels in mice, and the
combination of FNB (200 mg/kg) and acarbose (12.5 mg/kg) can produce approximately the same
effect as acarbose alone at 25 and 50 mg. As such, the acarbose dosage can be reduced two- to four-fold,
resulting in reduced side effects.

3. Materials and Methods

3.1. Materials

Nutrient broth was purchased from Creative Life Science Co., Taipei, Taiwan, squid pens were
acquired from Shin-Ma Frozen Food Co. (Yilan, Taiwan), and shrimp head power (SHP) was obtained
from Fwu-Sow Industry (Taichun, Taiwan). Rat α-glucosidase (intestinal acetone powders from rat)
was purchased from Sigma Aldrich, Singapore. Acarbose, Saccharomyces cerevisiae α-glucosidase,
Bacillus stearothermophilus α-glucosidase, and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) were purchased
from Sigma Chemical Co., St. Louis, MO, USA. Rice α-glucosidase (Type 4) and porcine pancreatic
α-amylase (Type VI-B) were purchased from Sigma Aldrich, St. Louis, MO, USA. The proteases of
bromelain and papain were obtained from Challenge Bioproducts Co., Ltd., Yunlin, Taiwan. When
possible, reagents, solvents and other common chemicals were obtained at the highest grade.

3.2. Measurement of Rat α-Glucosidase Inhibition

To determine rat intestinal α-glucosidase inhibition, the techniques from the previous report were
followed [36], with modifications. One hundred mg of rat-intestinal acetone powder was suspended
in 4 mL of 0.1 mol/L potassium phosphate buffer (NPB), pH 7. The suspension was sonicated several
times for 12 s at 4 ◦C and then centrifuged for 20 min at 10,000× g. The residues were twice suspended
with 3 mL of 0.1 mol/L NPB at pH 7, as described above. The resulting supernatant was mixed
together and dialyzed for 12 h at 4–6 ◦C, and then used for the assay. The α-glucosidase, sample
solutions and buffer were pre-mixed at volumes of 50, 50 and 100 μL, respectively. After pre-incubation
at 37 ◦C for 20 min, the reaction started when 50 μL of p-nitrophenyl glucopyranoside (10 mmol/L)
was added to the mixture. After 20 min at 37 ◦C, 100 μL Na2CO3 solution (1 mol/L) was added to
terminate the reaction. The absorbance of the final mixture was measured at 410 nm [37] and used to
calculate inhibition (%) using the following equation:

α− glucosidase inhibitory activity (%) = (A − B)/A × 100

where “A” is the absorbance of the control (buffer was used instead of sample with the same volume)
and “B” is the absorbance of the final mixture containing the sample and α-glucosidase [38]. The IC50

value was defined and determined as per the previous study [32]. The α-glucosidase and the samples
were prepared in 0.1 mol/L potassium phosphate buffer (pH 7).
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General α-glucosidase and α-amylase inhibition assays were carried out as described in our
previous papers ([32,35], respectively). Acarbose dissolved in the same buffer (pH 7) was also analyzed
as a control.

3.3. DPPH Radical Scavenging Activity Assay

One hundred and twenty microliters of each sample (at different concentrations) was mixed with
30 μL of a methanolic solution containing 0.75 mM DPPH radicals in the well of a plate with 96 wells.
The mixture was kept in the dark for 30 min before absorbance at 517 nm was measured [39]. Radical
scavenging activity was calculated using the following formula:

Antioxidant activity (%) = [(AB − AA)/AB] × 100

where AB and AA stand for absorption of the blank sample (t = 0 min) and absorption of the tested
sample solution (t = 30 min), respectively. α-Tocopherol dissolved in MeOH was also analyzed as
a control.

3.4. Isolation and Screening of aGI-Producing Strains

About 60 soil samples were randomly collected from Northern Taiwan. For convenience, half
of the soil samples were collected from the campus of Tamkang University (Tamsui, New Taipei
City, Taiwan). Ten milliliters of sterile distilled water was added to 1 g of ground soil and stirred.
Half a milliliter of the soil suspension was then added to medium containing 0.1% K2HPO4, 0.05%
MgSO4·7H2O, and 1% squid pen powder (SPP), supplemented with 1.5% agar in a plastic Petri dish
containing 10 mL of medium (pH 7.2). After 1–3 days of incubation at 37 ◦C, the single bacterial
colonies that appeared were sub-cultured several times on the same medium.

All of the isolated strains were incubated in a 250-mL Erlenmeyer flask with 50 mL of the same
medium, but without agar. Fermentation was performed at 37 ◦C and a 150 rpm shaking speed. After
1–4 days of fermentation, the culture was centrifuged at 500 rpm for 10 min to remove the medium
residue. The solution was then centrifuged again at 4000 rpm for 20 min to separate the cells from
the culture supernatant. The supernatant was then used to test yeast α-glucosidase inhibitory activity.
The cells were dissolved in the same volume of distilled water as the supernatant and measured at
660 nm to detect bacterial growth. The screening of active bacteria was based on the inhibitory activity
of the supernatant.

3.5. Optimization of Culture Conditions for Synthesis of aGIs

Three sources of C/N (1% SPP, 1% SHP, and 0.8% NB) were used to cultivate Paenibacillus sp.
TKU042; conditions were set at 30 ◦C, a shaking speed of 150 rpm and a 100/250 mL medium/flask
volume ratio for nine days. NB appeared to be most suitable for synthesizing aGIs and was chosen
to test optimization of specific parameters, including concentration of NB (0.4%, 0.8%, 1.2%, 1.6%,
2.0% w/v), medium volume (50, 100, 150, and 200 mL), culture temperature (25, 30, and 37 ◦C) and
the amount of seed culture (0.5, 1, 1.5, 2, 3, and 5 mL of bacterial seed solution at OD660nm = 0.38).
The culture supernatant obtained was centrifuged again at 4000 rpm for 20 min, then used to test yeast
α-glucosidase inhibitory activity.

3.6. Measurement of Inhibitor Stability

The pH stability of the sample was determined as per the methods described in our previous
paper [35]. To determine thermal stability, the sample was exposed to a temperature range of 40–100 ◦C
for 30 min before testing for inhibition against yeast α-glucosidase, using the general α-glucosidase
inhibition assay [32].
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3.7. Experimental Animal Protocol

Seventy-two seven week-old male ICR mice obtained from The National Laboratory Animal
Center (No. 128, Sec. 2, Academia Rd., Nangang Dist., Taipei City 11529, Taiwan) were randomly
divided into nine groups (8 mice per group). All had equivalent mean plasma glucose levels and
body weights, including the control group (orally administered with distilled water only). Three
experimental groups received oral FNB (100, 200, or 400/kg), three experimental groups received
oral acarbose (12.5, 25 or 50 mg/kg), and two experimental groups received both FNB and acarbose
(100 mg of FNB combined with 12.5 mg of acarbose, or 200 mg of FNB combined with 12.5 mg of
acarbose). This animal study was conducted in accordance with the guidelines and approval of the
Institutional Animal Care and Use Committee of the National Research Institute of Chinese Medicine,
Ministry of Health and Welfare. (IACUC No.104-706-1, 29 December 2014).

The sucrose tolerance test was performed following the methods described in the previous
report [40], with slight modifications. Mice were fasted for 16 h and were then given different
concentrations of distilled water (control group), acarbose, or mixtures of the solutions described in
detail above for 20 min. A sucrose solution was orally administered at 3 g/kg bw and blood was
sampled and measured after 0.5, 1, 1.5 and 2 h.

Statistical Analysis Software (SAS-9.4, provided by SAS Institute Taiwan Ltd, Minsheng East
Road, section 2, Taipei, Taiwan 149-8) was used to analyze the significant differences of the calculated
IC50 values, the α-glucosidase inhibition (%) and the plasma glucose levels.

4. Conclusions

Of more than 600 bacterial strains isolated from Taiwanese soils, Paenibacillus sp. TKU042 showed
the best potential as a source of aGIs. This bacterium produced aGIs and antioxidants when NB was
used as the sole source of C/N. The aGIs of the fermented product (FNB) showed higher inhibitory
activity than acarbose against rat and yeast α-glucosidases. The FNB aGIs also showed high thermal
and pH stability, even when pre-incubated at 100 ◦C or exposed to acidic conditions (pH 1) for 30 min.
FNB also had an acceptable effect on reducing plasma glucose in mice. All of these results suggest
that NB is a potential carbon/nitrogen source for producing aGIs using Paenibacillus sp. TKU 042.
Furthermore, the aGIs produced might be useful candidates for treating type 2 diabetes and obesity, as
well as future use as a health food.
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Abstract: Wedelolactone is a multi-target natural plant coumestan exhibiting cytotoxicity towards
cancer cells. Although several molecular targets of wedelolactone have been recognized, the molecular
mechanism of its cytotoxicity has not yet been elucidated. In this study, we show that wedelolactone
acts as an inhibitor of chymotrypsin-like, trypsin-like, and caspase-like activities of proteasome in
breast cancer cells. The proteasome inhibitory effect of wedelolactone was documented by (i) reduced
cleavage of fluorogenic proteasome substrates; (ii) accumulation of polyubiquitinated proteins and
proteins with rapid turnover in tumor cells; and (iii) molecular docking of wedelolactone into
the active sites of proteasome catalytic subunits. Inhibition of proteasome by wedelolactone was
independent on its ability to induce reactive oxygen species production by redox cycling with copper
ions, suggesting that wedelolactone acts as copper-independent proteasome inhibitor. We conclude
that the cytotoxicity of wedelolactone to breast cancer cells is partially mediated by targeting
proteasomal protein degradation pathway. Understanding the structural basis for inhibitory mode
of wedelolactone might help to open up new avenues for design of novel compounds efficiently
inhibiting cancer cells.

Keywords: breast cancer; copper; proteasome; reactive oxygen species; wedelolactone

1. Introduction

The ubiquitin-proteasome system (UPS) controls a highly complex and tightly regulated process
of cellular protein degradation. In contrast to rather non-specific extracellular/membrane protein
degradation by lysosomes, the proteasomes destroy proteins labelled with polyubiquitin chains.
UPS consists of numerous protein components (E1, E2, E3 enzymes, proteasome, deubiquitinases).
The mammalian cytosolic 26S proteasome complex contains the core 20S proteasome capped with one
or two 19S regulatory subunit(s). The proteolytic activities are located in β1, β2, and β5 subunits of
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the core 20S proteasome complex [1–3]. The eukaryotic proteasome possesses at least three distinct
protease activities: chymotrypsin-like (cleavage after hydrophobic residues, located in β5 subunit),
trypsin-like (cleavage after basic residues, located in β2 subunit), and caspase-like (cleavage after acidic
residues, located in β1 subunit) [4]. The chymotrypsin-like activity is usually the strongest one [5].

Deregulation of UPS has severe effect on cellular function and homeostasis. Over 80% of
cellular proteins are degraded via UPS including those involved in regulation of cell proliferation,
differentiation, immune signaling, and cell response to stress [3,6]. Emerging evidence show that the
targeting of UPS degradation pathway might be a viable anticancer strategy. Due to increased rate
of genomic mutations, transformed cells accumulate large quantities of misfolded or overexpressed
proteins. In response to such accumulation, malignant cells enhance the expression and activity of
UPS [5,7]. Preclinical studies have confirmed a higher susceptibility of malignant cells to cytotoxic
effects of UPS inhibitors when compared to normal cells [6,8]. Pertinent to this, several proteasome
inhibitors have entered clinical trials, and some have already been approved for the treatment of
aggressive hematopoietic tumors [9,10]. However, tumor cell resistance and high toxicity remain an
issue in solid tumors leading to search for new UPS inhibitors [5].

Wedelolactone, a natural coumestan, is one of the bioactive compounds found in extracts of Eclipta
alba and Wedelia calendulacea [11]. Recently, in vitro and in vivo anti-cancer properties of wedelolactone
in solid tumors including breast, colon, prostate, hepatocellular, pituitary cancers, and neuroblastoma
were described in a number of reports [12–19]. Wedelolactone is clearly a multi-target compound and
its anti-cancer properties were primarily attributed to the inhibition of multiple kinases, androgen
receptor, 5-lipoxygenase, and the c-Myc protein [13,15,17–21]. However, it was found recently that
wedelolactone also inhibits topoisomerase IIα activity and blocks DNA synthesis in the breast cancer
cells, and that these effects are promoted by copper ions, at least partially via redox interactions [12,22].

This study shows that wedelolactone acts as inhibitor of 20S/26S proteasome chymotrypsin-like
and to lesser extent also trypsin-like and caspase-like activities. Treatment of breast cancer cells with
wedelolactone resulted in accumulation of ubiquitinated proteins and proteins representing typical
proteasomal targets, such as p21, p27, p53, and Bax. Molecular docking revealed a productive binding
of wedelolactone to the active sites of β1, β2, and β5 proteasomal subunits with a stronger preference
for β5 subunit. The proteasome inhibition by wedelolactone is not dependent on cellular copper level
in breast cancer cells. This study concludes that wedelolactone acts as copper-independent inhibitor
of proteasome.

2. Results

2.1. Wedelolactone Inhibits Proteolytic Activities of Proteasome in Breast Cancer Cell Lines

MDA-MB-231, MDA-MB-468, and T47D cells were exposed to increasing concentrations of
wedelolactone to study its effect on proteasome in breast cancer cells. Chymotrypsin-like, trypsin-like
and caspase-like activities of proteasome were evaluated in cell extracts using the activity-specific
fluorogenic substrates. Wedelolactone inhibited all three proteolytic activities of proteasome with the
highest potency for the chymotrypsin-like activity (IC50 values 27.8 μM for MDA-MB-231, 12.78 μM
for MDA-MB-468 and 19.45 μM for T47D) (Figure 1).
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Figure 1. Wedelolactone inhibits chymotrypsin-like, trypsin-like and caspase-like activities in breast
cancer cells. MDA-MB-231 (A); MDA-MB-468 (B); and T47D (C) cells were treated with various
concentrations of wedelolactone (w) for 10 h. Proteasome activities were evaluated in cell extracts using
the activity-specific fluorogenic substrates (Suc-LLVY-AMC for testing chymotrypsin-like, Z-LLE-AMC
for caspase-like, and Boc-LRR-AMC for trypsin-like activities). Treatment with MG132 served as
a positive control. The data represent the mean values from three independent experiments. Error bars
indicate the SD. * indicates a significant (p < 0.05) difference between wedelolactone-/MG132- and
DMSO-treated cells.

2.2. Wedelolactone Inhibits Proteolytic Activities of Purified 20S and 26S Proteasome Complexes In Vitro

The 26S proteasome purified from MDA-MB-231 cells and the commercially available
20S proteasome were incubated separately with the activity-specific fluorogenic substrates and
wedelolactone in various concentrations to evaluate the ability of wedelolactone to inhibit their
chymotrypsin-like, trypsin-like, and caspase-like activities. Wedelolactone inhibited all three
proteasomal activities in vitro in a dose-dependent manner with the highest potency against the
chymotrypsin-like activity (IC50 values 9.97 μM for 26S and 6.13 μM for 20S proteasome) (Figure 2).

Figure 2. Wedelolactone inhibits chymotrypsin-like, trypsin-like, and caspase-like activities of
purified 26S and 20S proteasome complexes in vitro. Wedelolactone (w) was added at various
concentrations to reaction mixture containing either (A) 26S proteasome purified from MDA-MB-231
cells or (B) commercially available 20S proteasome, and fluorogenic substrate (Suc-LLVY-AMC for
testing chymotrypsin-like, Z-LLE-AMC for caspase-like, and Boc-LRR-AMC for trypsin-like activities).
Fluorescence was measured after 1 h incubation. MG132 was used as a positive control. The data
represent the mean values from three independent experiments. Error bars indicate the SD. * indicates
a significant (p < 0.05) difference in proteolytic activities between reaction mixtures containing
wedelolactone/MG132 and DMSO.
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2.3. Wedelolactone Causes Accumulation of Polyubiquitinated and Short-Lived Proteins in Breast Cancer Cells

The level of polyubiquitinated proteins and p21, p27, p53, and Bax proteins in wedelolactone-treated
MDA-MB-231, MDA-MB-468, and T47D breast cancer cells were analyzed by immunoblotting to
further confirm the inhibitory effect of wedelolactone on proteasome. We found the dose-dependent
accumulation of p21, p27, p53, Bax as well as multiubiquitinated proteins occurring in all three cell
lines tested (Figure 3A). To confirm that the wedelolactone-induced accumulation of p21, p27, p53,
and Bax proteins is not caused by increased rate of their transcription/expression, the transcripts of
corresponding genes were quantified using quantitative polymerase chain reaction (qPCR). We found
that wedelolactone did not affect expression of any of these genes in all three breast cancer cell lines
(Figure 3B).

 

Figure 3. Multiubiquitinated and high turnover proteins accumulate in wedelolactone-treated breast
cancer cells. MDA-MB-231, MDA-MB-468, and T47D cells were treated with various concentrations
of wedelolactone or solvent for 10 h. (A) Protein extracts were subsequently analyzed by SDS-PAGE
and immunoblotting using p21-, p27-, p53-, Bax-, and ubiquitin-specific antibodies. Treatment with
MG132 served as a positive control; (B) Transcripts of CDKN1A, CDKN1B, TP53 and BAX genes were
quantified using qPCR.

2.4. Cytotoxicity of Wedelolactone Increases for Cells with High Content of Intracellular Copper

The authors of this study suggested previously that cytotoxicity of wedelolactone can be at least
partly explained by redox-cycling with copper ions, reactive oxygen species (ROS) generation and
promoted oxidative stress [22]. To confirm the role of copper ions in cytotoxicity of wedelolactone,
breast cancer cells were transiently transfected with plasmid coding for human copper transporter
CTR1. The transfection efficiency determined by flow-cytometry was 65.6% ± 3.7%, 43.6% ± 4.2%, and
46.6% ± 3.8% in MDA-MB-231, MDA-MB-468, and T47D cells, respectively (Figure S1). Expression
of exogenous CTR1 protein was confirmed by immunoblotting (Figure 4A). Transfected cells were
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exposed to copper sulfate for 24 h or left untreated. Analysis of relative copper concentrations
in cell lysates revealed that only combination of CTR1 overexpression/copper supplementation
efficiently increases copper-loading of all three cell lines (Figure 4B). Therefore, for next set of
experiments, copper-loaded cells were prepared by simultaneous CTR1 overexpression/copper
supplementation. Copper-loaded and control cells (both over-expressing exogenous CTR1) were
exposed to wedelolactone or DMSO for 48 h and their mortality was assessed by PI exclusion assay
using flow-cytometry. In agreement with our hypothesis, cytotoxicity induced by wedelolactone
was enhanced by copper loading (Figure 4C, Figure S2). Furthermore, to analyze whether copper
loading enhances the wedelolactone-induced ROS production, copper-loaded and control cells (both
over-expressing exogenous CTR1) were treated with wedelolactone or solvent for 10 h and ROS
production was analyzed after DHE staining by flow-cytometry. Copper-loaded cells produced more
ROS in response to wedelolactone than controls (Figure 4D, Figure S3). No significant differences in
cell mortality or ROS production was observed in mock-transfected cells that were either pre-incubated
with copper or left untreated and subsequently exposed to wedelolactone (Figure S4). It is hypothesized
that intracellular level of copper did not reach the required threshold in this case. These results
support previous findings that cytotoxicity of wedelolactone is at least partially mediated via (redox)
interactions with copper ions.

Figure 4. Copper loading enhances cytotoxicity and ROS production in wedelolactone-treated
breast cancer cells. MDA-MB-231, MDA-MB-468, and T47D cells were transiently transfected with
pCNDA3.1-hCTR1-N-Myc (CTR1) or control pCDNA3.1 plasmids (cmv), pretreated with copper sulfate
(Cu) for 24 h and subsequently treated with wedelolactone (w) or solvent (DMSO) in fresh media.
(A) Cells were harvested and expression of exogenous CTR1 protein was confirmed by SDS-PAGE
followed by immunoblotting with the Myc-Tag antibody; (B) Relative copper concentration in cell
lysates was analyzed by SALD ICP MS. Data for copper are presented as an integrated 63Cu/60Ni
signal ratio. (C) Cell mortality and (D) ROS production were evaluated after PI/DHE staining using
flow-cytometry. The data represent the mean values from three independent experiments. Error bars
indicate the SD. * indicates a significant (p < 0.05) difference.
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2.5. Copper Does Not Affect the Inhibition of Proteasome Activity by Wedelolactone in Breast Cancer Cell Lines

There are several copper-interacting compounds that have been shown to inhibit proteasome [23,24].
To analyze whether the inhibitory effect of wedelolactone on proteolytic activities of proteasome is
also mediated by copper, we compared chymotrypsin-like, trypsin-like and caspase-like proteolytic
activities of proteasome in copper-loaded and control breast cancer cells (both overexpressing
exogenous CTR1). The inhibition of all three proteolytic activities by wedelolactone were found
to be similar in copper-loaded and control cells (Figure 5), suggesting that the inhibition of proteasome
activities by wedelolactone is a copper-independent process. No significant differences in proteolytic
activities were observed in mock-transfected cells that were either pre-incubated with copper or left
untreated and subsequently exposed to wedelolactone (Figure S5).

Figure 5. Copper loading does not affect inhibition of proteasome by wedelolactone. Cells were transfected
with the pCNDA3.1-hCTR1-N-Myc plasmid, loaded with copper (Cu) or left untreated and exposed to
various concentrations of wedelolactone (w) or solvent (DMSO) for 10 h. Proteasome activities were
evaluated in cell extracts using the activity-specific fluorogenic substrates (Suc-LLVY-AMC for testing
chymotrypsin-like (A), Z-LLE-AMC for caspase-like (B), and Boc-LRR-AMC for trypsin-like activities
(C)). The data represent the mean values from three independent experiments. Error bars indicate the
SD. * indicates a significant (p < 0.05) difference.

2.6. Molecular Docking of Wedelolactone to the Active Sites of Proteasome

To reveal the mechanism of proteasome inhibition by wedelolactone, in silico docking analysis
was performed. Since the functional units of proteasome are located at each of the inner β rings, the
blind docking was initially performed to assess the specificity of wedelolactone to the active sites.
This analysis revealed that wedelolactone occupied the active site of the β5 subunit at least three times
more often than the active sites in other units of the protein.
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The focused docking identified similar binding mode of wedelolactone in the β1 and β2 subunits.
Aside from the hydrophobic contacts, wedelolactone formed specific H-bond with the backbone of
Thr21 and Gly47 in both subunits. Moreover, wedelolactone formed an additional H-bond with the
side-chain of Thr20 in the β1 subunit. Wedelolactone sterically blocked the catalytic residue Thr1
in both β1 and β2 subunits, possibly modulating its proteolytic activity (Figure 6A,B). The focused
docking identified a different binding mode of wedelolactone in the β5 subunit. Aside from the
specific H-bond with the backbone of Gly47, two hydroxyl groups of wedelolactone were able to form
H-bond with the catalytic residue Thr1 (Figure 6C). This specific interaction might be responsible for
the preferred binding to the β5 active site over the β1 and β2 active sites, observed in the blind docking.
Beside the steric hindrance, the interaction with the catalytic residue Thr1 might be responsible for the
elevated inhibition of chymotrypsin-like activity observed experimentally.

Figure 6. The binding modes of wedelolactone in the β1 (A), β2 (B), and β5 (C) subunits of the
yeast 20S proteasome. Wedelolactone is represented as magenta sticks, β1, β2, and β5 subunits are
represented as blue, red, and green, respectively. Dashed lines represent the specific H-bonds to the
active sites residues. The catalytic residue Thr1 is represented as orange sticks.

3. Discussion

Wedelolactone is a natural polyphenolic catechol-type compound with anti-cancer effects that
are exerted via multiple mechanisms/targets [12–21]. In our previous studies, we reported that
cytotoxic effect of wedelolactone can be partially attributed to its pro-oxidative and DNA damage
activity that is promoted by copper ions. Such activities most likely involve production of ROS
and (semi)quinones [22] and were previously described for other polyphenolic compounds [25–27].
Very recently, copper-mediated cytotoxicity was confirmed also for coumestrol, another coumestan
with structure similar to that of wedelolactone [28]. In accordance with this, cytotoxicity of
wedelolactone was enhanced here by copper loading in three breast cancer cell lines. Previously,
quinones and ROS, formed by oxidative metabolism of catechol-type polyphenol dopamine, were
reported to act as proteasome inhibitors [29]. We found that copper overloading significantly
enhanced wedelolactone-induced ROS production and cytotoxicity but it did not further enhance
its proteasome inhibitory properties, suggesting the copper-independent mechanism of proteasome
inhibition by wedelolactone.
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The structural basis of proteasome inhibition by wedelolactone was subsequently revealed by
molecular docking. Molecular structure of the core 20S proteasome is extremely conserved and
is organized in four stacked rings, each formed by seven subunits in an α7β7β7α7 configuration.
Seven distinct β subunits are carrying the enzyme active sites, specifically β1 carries caspase-like
activity, β2 is responsible for trypsin-like activity and β5 encodes chymotrypsin-like activity [30].
Protein degradation is facilitated by nucleophilic N-terminal threonine (Thr1) residues of catalytic β

subunits, in which the side chain hydroxyl group reacts with peptide bonds of substrates as well as
functional groups of inhibitors [31]. Inhibitors of the 20S proteasome can be divided into two main
groups based on whether or not they form a covalent bond with the active site Thr1 according to
classification proposed by Kisselev et al. [10]. Molecular docking revealed that wedelolactone occupies
the active sites of β1, β2, and β5 proteasomal subunits. While similar binding mode was predicted for
β1 and β2 subunit, a specific interaction between both hydroxyl groups of wedelolactone with catalytic
residue Thr1 was observed only in β5 subunit. These differences in binding modes are probably
responsible also for predicted favored interaction with β5 subunit and might explain a stronger
inhibition of proteasomal chymotrypsin-like activity compared to trypsin- and caspase-like activities.

The observed IC50 values for chymotrypsin-like inhibitory activity of wedelolactone were below
10 μM in vitro and within 10–25 μM range in cells. It is noteworthy that wedelolactone induced growth
arrest and apoptosis in all three breast cancer cell line tested at concentrations corresponding to the
above mentioned IC50 values [12,22]. This suggests that inhibition of proteasome may contribute
significantly to cytotoxicity of this compound.

Inhibition of proteasome results in increased levels of polyubiquitinated proteins because most of
the proteasome-mediated protein degradation pathways require ubiquitination [32]. Moreover proteins
with high turnover, including p21, p27, p53, and Bax accumulates in cells in response to proteasomal
inhibition [33–35]. Such accumulation was clearly documented here in wedelolactone-treated cells.
It is important to note that some previous studies showing connection between the treatment with
wedelolactone and altered expression of numerous proteins should be interpreted with caution as
wedelolactone can affect not only protein expression but also protein degradation pathway.

This study concluded that natural coumestan wedelolactone acts as a copper-independent
proteasome inhibitor with potency similar to other flavonoids. As cancer cells were reported to
be more sensitive to proteasome inhibition, this novel function of wedelolactone might explain its
preferred toxicity towards cancer cells observed previously [20]. Understanding a structural basis for
inhibitory mode of wedelolactone might help to open up new avenues for design of novel compounds
efficiently inhibiting cancer cells.

4. Material and Methods

4.1. Chemicals and Plasmids

Chemicals were obtained from commercial providers: wedelolactone, dimethyl sulfoxide (DMSO),
propidium iodide (PI), and copper sulfate (Sigma-Aldrich, St. Louis, MO, USA), dihydroethidium
(DHE; Cayman Pharma, Ann Arbor, MI, USA), Proteasome Activity Fluorometric Assay Kit
II (UPBio, Aurora, CO, USA). The pCNDA3.1-hCTR1-N-Myc plasmid was kindly provided by
Dennis J. Thiele [36].

4.2. Cell Culture

The human breast cancer cell lines MDA-MB-231, MDA-MB-468, and T47D were cultured in
HEPES-modified RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS,
Sigma-Aldrich), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Lonza,
Verviers, Belgium) in a humidified atmosphere of 5% CO2 at 37 ◦C. In all experiments, wedelolactone
was applied at concentrations that have been shown previously to effectively induce cell death in
breast cancer cell lines [12,22].
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4.3. Proteasome Activity Assay

4.3.1. Purification of 26S Proteasome from MDA-MB-231 Cells

Human 26S proteasome was purified from 8 × 106 of MDA-MB-231 cells using The Rapid 26S
Proteasome Purification Kit (J4310, UBPBio) according to manufacturer’s instructions.

4.3.2. Proteasome Activity In Vitro

Chymotrypsin-like, trypsin-like and caspase-like proteasome activities were determined using
Proteasome Activity Fluorometric Assay Kit II (J4120, UBPBio) according to manufacturer’s
instructions. Briefly, wedelolactone was added at various concentrations to 150 μL reaction
mixture containing either purified 10 nM bovine 20S proteasome (A1400, UBPBio) or 5 μg of
MDA-MB-231-purified 26S proteasome complex, and 50 μM fluorogenic substrate (Suc-LLVY-AMC to
test chymotrypsin-like activity, Z-LLE-AMC to test caspase-like activity and Boc-LRR-AMC to test
trypsin-like activity) in 1× Proteasome Assay Buffer (40 mM Tris, pH 7.1, 2 mM β-mercaptoethanol;
UBPBio). MG132 at concentration of 10 μM and aliquots of DMSO were used as positive and negative
controls, respectively. Fluorescence was measured by TECAN infinite 200 plate reader (TECAN,
Mannedorf, Switzerland) for 1 h at 37 ◦C.

4.3.3. Proteasome Activity in Cancer Cell Lines

MDA-MB-231, MDA-MB-468 and T47D (6 × 105) cells were seeded in 5 mL of culture media,
exposed to various concentrations of wedelolactone, DMSO or 10 μM MG132 for 10 h. Cells were
harvested, resuspended in cell lysis buffer (40 mM Tris, pH 7.2, 50 mM NaCl, 2 mM β-mercaptoethanol,
2 mM ATP, 5 mM MgCl, 10% Glycerol) and briefly sonicated using an Ultrasonic Processor UP100H
(Hielscher, Ringwood, NJ, USA). Cell lysates were cleared by centrifugation and protein concentration
in supernatant was determined using DC protein assay (Biorad, Hercules, CA, USA). Protein extract
(50 μg) was mixed with 50 μM of fluorogenic substrates (UBPBio) in 1× Proteasome Assay Buffer in
a total volume of 100 μL. Fluorescence was measured by TECAN infinite 200 plate reader (TECAN) for
1 h at 37 ◦C.

4.3.4. Proteasome Activity after Copper-Overloading

MDA-MB-231, MDA-MB-468, and T47D cells (6 × 105) were seeded in 5 mL of culture media.
Next day, transient transfection was performed, using 4 μL of Lipofectamine LTX reagent (Invitrogen,
Carlsbad, CA, USA) with a mixture containing 2 μg of pCDNA3.1-hCTR1-N-Myc or control pCDNA3.1
plasmid and 2 μL of PLUS reagent (Invitrogen). Six hours later, the medium was replaced, cells were
treated with 25 μM copper sulfate or left untreated for 24 h, and then were exposed to wedelolactone
or DMSO for 10 h in fresh media. Cells were then harvested and proteasome activity was analyzed as
described in 4.3.3.

4.4. Immunoblotting

5 × 105 cells were seeded in 6-well plates. The next day, the cells were exposed to various
concentrations of wedelolactone, DMSO, or 10 μM MG132 for 10 h. Cells were harvested and
lysed as described previously [37]. Cell lysates were subjected to SDS–PAGE and immunoblotted.
Sample loading was normalized according to protein concentration determined by DC protein
assay (Biorad). Blots were probed with anti-ubiquitin (3933S; Cell Signaling Technology, Inc.,
Beverly, MA, USA), anti-p21, anti-p27 (sc-817 and sc-528; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), anti-p53, anti-Bax or anti-Myc-Tag (9282, 5023 and 2276S; Cell Signaling Technology),
anti-α-tubulin antibodies (T9026; Sigma-Aldrich), and secondary antibodies conjugated with
peroxidase (Sigma-Aldrich). Blots were developed with a standard ECL procedure with Immobilon
Western Chemiluminiscent HRP Substrate (Millipore, Billerica, MA, USA).
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4.5. RNA Isolation, cDNA Synthesis and qPCR

1 × 106 cells were seeded in 5 mL dishes. Next day, the cells were exposed to various
concentrations of wedelolactone or DMSO for 10 h. Cells were harvested and total RNA was isolated
using GenElute Mammalian Total RNA Miniprep kit (Sigma-Aldrich). For cDNA synthesis, 1 μg of
total RNA was reverse-transcribed using the QuantiTect Reverse Transcription kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions in a final reaction volume of 20 μL. Expression
of CDKN1A, CDKN1B, TP53 and BAX genes was determined using the target-specific primers (Table S1)
and KAPA SYBR FAST qPCR MASTER MIX (KK460, Kapa Biosystems, Cambridge, MA, USA) on
LightCycler 480 II (Roche, Basel, Switzerland). Expression of the reference GAPDH gene (probe
4326317E, ThermoFisher Scientific, Waltham, MA, USA) was used for data normalization.

4.6. Cell Mortality

3 × 105 cells were seeded in 6-well plates. After 24 h, transient transfection was performed,
using 3 μL of Lipofectamine LTX reagent (Invitrogen) with a mixture containing 1.5 μg of
pCNDA3.1-hCTR1-N-Myc or control pCDNA3.1 plasmid and 1.5 μL of PLUS reagent (Invitrogen).
Six hours later, the medium was replaced, cells were either exposed to 25 μM copper sulfate for 24 h
or left untreated and subsequently subjected to wedelolactone or DMSO for 48 h in fresh media.
Cytotoxicity of wedelolactone was analyzed 48 h later by PI staining (1 μg/mL) using flow-cytometry
as described previously [38].

4.7. Reactive Oxygen Species Production Analysis

3 × 105 cells were seeded in 6-well plates. After 24 h, transient transfection was performed as
described in chapter 4.6. Medium was replaced after 6 h, cells were left untreated or pretreated with
25 μM copper sulfate for 24 h, and subsequently exposed to wedelolactone or DMSO for 10 h in fresh
media. The cells were washed with PBS and stained with 10 μM DHE for 20 min at 37 ◦C in the dark.
Reactive oxygen species (ROS) were measured using flow-cytometry (BD FACSVerse, BD Biosciences,
Franklin Lakes, NJ, USA) at an excitation wavelength of 485 nm and an emission wavelength of 538 nm.
Data were analyzed using BD FACSuite software (BD Biosciences).

4.8. Analysis of Copper Concentrations in Cells

For detection of intracellular copper concentrations, 6 × 105 cells were seeded in 5 mL of growth
medium. The next day, the cells were transiently transfected with CTR1 or control pCDNA3.1 vector.
Transfection was performed using 4 μL of the Lipofectamine LTX reagent (Invitrogen) with a mixture
containing 2 μg of plasmid and 2 μL of PLUS reagent (Invitrogen). Six hours later, the medium was
replaced with fresh one and cells were pretreated with 25 μM copper sulfate or left untreated for 24 h.
Then, the cells were exposed to 25 μM wedelolactone or DMSO for 10 h in fresh media. Cells were
harvested and cell lysates prepared as described previously [39]. Briefly, pelleted cells were washed
twice with 1 × PBS and 1.0 × 106 cell were lysed in a mixture of 3 M HCl/10% trichloroacetic acid
at room temperature for 3 h followed by incubation at 70 ◦C for 5 h. The lysate was centrifuged
(600 g/5 min) to remove cell debris and the total amount of copper in supernatant was determined by
substrate-assisted laser desorption inductively-coupled plasma mass spectrometry (SALD ICP MS) [40].

Each sample was mixed with 400 μg/L aqueous solution containing nickel as an internal standard
(ASTASOL-®Ni, CRM, ANALYTIKA®, Prague, Czech Republic) in the 1:1 ratio and spotted by
a micropipette onto a polyethylene terephthalate plate (PET) as a 200 nL droplet in seven replicates.
The sample plate was inserted into an ablation system (model UP 213, New Wave, Fremont, CA, USA)
and spots were scanned by an Nd:YAG 213 nm laser beam in a zig-zag shaped raster with the raster
spacing 190 μm; the laser beam waist was adjusted to the size ~250 μm. Size of the raster was selected
according to the spot diameter to desorb the entire sample (typical spot diameter ~1.4 mm), and the
analysis time of each sample was approximately 2 min. The ablation cell was flushed with a carrier
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gas (helium, flow rate 1.0 L/min), which transported the aerosol to an ICP mass spectrometer (model
7500CE, Agilent Technologies, Santa Clara, CA, USA). A sample gas flow of argon was admixed to
the helium carrier gas flow subsequent to the laser ablation cell (0.6 L/min). Optimization of LA ICP
MS conditions (gas flow rates, sampling depth, electrostatic lens voltages of the MS) was performed
with the glass reference material NIST SRM 612 regarding the maximum signal-to-noise ratio and
minimum oxide formation (ThO+/Th+ counts ratio 0.2%, U+/Th+ counts ratio 1.1%). Other ICP MS
parameters were adjusted in compliance with the manufacturer’s recommendations. The laser fluence
was ~0.75 J/cm2, the repetition rate 10 Hz, and the scan rate 160 μm/s. The ions were measured with
an integration time 0.1 s. Both the flush time and the laser warm-up time were set to 10 s. The ion signal
of two copper isotopes, 63Cu and 65Cu, was monitored to reveal possible polyatomic interferences.
The signal ratio of the most abundant isotopes, 63Cu and 60Ni as the internal standard was used for
data evaluation.

4.9. Molecular Docking

The three-dimensional structure of wedelolactone was downloaded from ZINC database [41],
(ZINC ID: ZINC6483512). The output file in Sybyl mol2 format was converted into AutoDock Vina [42]
compliant pdbqt format by MGLTools [43]. The crystal structure of yeast 20S proteasome (PDB ID:
5CZ4) was used as a target in molecular docking. All ligands and water molecules were removed
from the target molecule. The hydrogen atoms were added to the target by PyMol [44]. The Gasteiger
charges and AutoDock atom types were assigned to targets by MGLTools. The active site of β1
(caspase-like activity), β2 (trypsin-like activity) and β5 (chymotrypsin-like activity) subunits and both
inner β rings were selected as target regions for molecular docking performed by AutoDock Vina.
The region selected for focused docking was represented by a box of 22.5 Å × 22.5 Å × 22.5 Å centered
at the catalytic residue Thr1. The entire protein surface was selected for a blind docking to assess
the specificity of wedelolactone towards the enzyme active sites. The region selected for the blind
docking was represented by a box with 87.5 Å × 87.5 Å × 87.5 Å dimension centered at the middle
of the two inner β rings harboring the active sites. Ten and twenty conformations were produced
by AutoDock Vina in the focused and blind docking, respectively. The docked conformations were
re-scored by NNScore 2.0 [45], which predicts binding affinity of the conformation as an average over
20 distinct neural-networks.

4.10. Statistics

Values were expressed as means ± standard deviations (SD). To determine statistical significance,
the values were compared using a two-tailed t-test for unpaired samples. Differences were considered
to be statistically significant with the p-value < 0.05. IC50 values were determined by nonlinear
regression using GraphPad PRISM 6 software (GraphPad-San Diego, CA, USA). All results were
reproduced at least in three independent experiments.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/4/729/s1.
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and Jan Preisler wrote and revised the manuscript; Petr Beneš, Jan Šmarda, Jan Preisler, and Jiří Damborský
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Abbreviations

DHE Dihydroethidium
DMSO Dimethyl sulfoxide
ECL Enhanced chemiluminescence
FCS Fetal calf serum
CTR1 Human copper transporter 1
PDB Protein data bank
PI Propidium iodide
ROS Reactive oxygen species
SALD ICP MS Substrate-assisted laser desorption inductively-coupled plasma mass spectrometry
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
qPCR Quantitative polymerase chain reaction
UPS Ubiquitin-proteasome system
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Abstract: Acteoside and isoacteoside, two phenylethanoid glycosides, coexist in some plants. This study
investigates the memory-improving and cytoprotective effects of acteoside and isoacteoside in amyloid
β peptide 1-42 (Aβ 1-42)-infused rats and Aβ 1-42-treated SH-SY5Y cells. It further elucidates the
role of amyloid cascade and central neuronal function in these effects. Acteoside and isoacteoside
ameliorated cognitive deficits, decreased amyloid deposition, and reversed central cholinergic
dysfunction that were caused by Aβ 1-42 in rats. Acteoside and isoacteoside further decreased
extracellular Aβ 1-40 production and restored the cell viability that was decreased by Aβ 1-42 in
SH-SY5Y cells. Acteoside and isoacteoside also promoted Aβ 1-40 degradation and inhibited Aβ 1-42
oligomerization in vitro. However, the memory-improving and cytoprotective effects of isoacteoside
exceeded those of acteoside. Isoacteoside promoted exploratory behavior and restored cortical and
hippocampal dopamine levels, but acteoside did not. We suggest that acteoside and isoacteoside
ameliorated the cognitive dysfunction that was caused by Aβ 1-42 by blocking amyloid deposition
via preventing amyloid oligomerization, and reversing central neuronal function via counteracting
amyloid cytotoxicity.

Keywords: acteoside; isoacetoside; amyloid β peptide; Morris water maze; acetylcholine;
amyloid cascade

1. Introduction

Alzheimer’s disease (AD), the most epidemic progressive neurodegenerative disorder, is
characterized by behavioral disturbances such as cognitive deficits and neuropathological symptoms
such as neuronal loss, senile plaques and neurofibrillary tangles [1]. Senile plaque contains fibrils that
are compounds of amyloid β peptide (Aβ), which is formed from amyloid precursor protein (APP) via
the amyloidogenic pathway [1,2]. When Aβ is oligomerized to amyloid fibrils and deposited in the
brain especial entorhinal cortex and hippocampus, it causes cerebral neuronal loss, and particularly the
degeneration of cholinergic neuronal circuits in the basal forebrain (BF) (cholinergic dysfunction) [3].
Therefore, recent researchers have suggested potential therapeutic approaches against AD that involve
several disease-modifying strategies, such as blocking the cellular production of Aβ, preventing Aβ

oligomerization, promoting Aβ degradation, and counteracting Aβ cytotoxicity [2].
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Acteoside and its isomeric phenylethanoid glycoside, isoacteoside, (Figure 1) co-exist in various
plants, such as Cistanches spp., Castilleja spp. and Plantago spp. [4,5]. Acteoside has been found to have
antioxidative, anti-inflammatory, anti-nociceptive, anti-metastatic, hepatoprotective and cytoprotective
activities [6–12]. Reports have shown that acteoside can alleviate acquired learning disability in mice that
is induced by scopolamine [13], and reduce cerebral injury in mice that is induced by D-galactose [14,15].
Acteoside also shortens the escape latency in the Morris water maze (MWM) and reduces the number of
retention errors in the step-down test in D-galactose plus AlCl3-induced mouse senescence model [16,17].
Acteoside protects neuronal damage caused by Aβ 25-35 in SH-SY5Y neuroblastoma cells [10,18]
and inhibits the aggregation of Aβ 1-42 in vitro [19]. However, few studies have shown the effects
of acteoside on Aβ 1-42-induced cognitive dysfunction in vivo and the pharmacological activities
of isoacteoside. Therefore, this study investigates the effects of acteoside and isoacteoside on Aβ

1-42-induced behavioral changes following the osmotic intracisternal infusion of Aβ 1-42 into the
lateral ventricle in rats. A meta-analysis of four behavioral tasks by Myhrer [20], acetylcholinergic
and catecholaminergic activities strongly affect learning and memory. Aβ 1-42-infusion causes central
acetylcholinergic and catecholaminergic dysfunction, which is closely related to memory deficits [21,22].
Therefore, this study further investigates the role of the central neurotransmitters in the acteoside- or
isoacteoside-induced reversal of cognitive dysfunction that is caused by Aβ 1-42 infusion by measuring
the levels of central neurotransmitters and the activities of related enzymes. Cognitive dysfunction
and neurotransmitter disturbances in AD patients are closely associated with an amyloid cascade
that involves amyloid generation, amyloid oligomerization and amyloid cytotoxicity [1,2,22].
The effects of acteoside and isoacteoside on amyloid generation, amyloid oligomerization and amyloid
cytotoxicity are investigated in vitro to elucidate their memory-improving effects on Aβ 1-42-induced
cognitive dysfunction.

Figure 1. Structures of: (A) acteoside; and (B) isoacteoside.

2. Results

2.1. In Vivo Aβ 1-42-Infusion Model

2.1.1. Effects of Acteoside and Isoacteoside on Behavioral Dysfunction Induced by Aβ 1-42 in Rats

Aβ 1-42 infusion reduced the index of exploratory behavior, which incorporates time spent in the
hole and the number of entries into the hole (p < 0.01, p < 0.001) (Figure 2A–C), but Aβ 1-42 infusion
did not alter the movement time, distance or velocity of rats (Figure S1). Acteoside (2.5 mg/kg) or
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isoacteoside (2.5, 5.0 mg/kg) increased the time spent in the hole and the number of entry into the hole
of Aβ 1-42-infused rats (p < 0.01) (Figure 2A,B), but only isoacteoside (2.5, 5.0 mg/kg) resorted the
index of exploratory behavior (p < 0.05, p < 0.01) (Figure 2C). Neither acteoside nor isoacteoside at any
dosage altered the motor activities of Aβ 1-42-infused rats (Figure S1).

Figure 2. Effects of acteoside or isoacteoside (2.5, 5.0 mg/kg; po) on: (A) the number of entries into
holes; and (B) time spent in holes; and (C) index of exploratory behavior in Aβ 1-42-infused rats.
Exploratory test was performed on Day 7 following Aβ 1-42 infusion. Acteoside or isoacteoside was
continuously administered after Aβ 1-42 infusion until all rats were sacrificed. Columns indicate
mean ± SEM (n = 12). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with Aβ 1-42-infused rats.

In a passive avoidance test, Aβ 1-42 shortened the latency of retention trial relative to the sham
group (p < 0.001). Acteoside or isoacteoside (2.5, 5.0 mg/kg) prolonged the latency of retention trial
in Aβ 1-42-infused rats (p < 0.01, p < 0.001) (Figure 3A). In MWM, the Aβ 1-42-infused group had
a longer escape latency over eight trials on four training days (from Day 10 to Day 13 following Aβ

1-42 infusion) than the sham group (p < 0.05, p < 0.01). Aβ 1-42 infusion also shortened the time
spent in the platform-quadrant from that of the sham group (p < 0.001) (Figure 3B,C). Both acteoside
(5.0 mg/kg) and isoacteoside (2.5, 5.0 mg/kg) shortened the increase in escape latency that was
caused by Aβ 1-42 infusion (p < 0.05, p < 0.01). Both acteoside and isoacteoside (2.5, 5.0 mg/kg)
also prolonged the time spent in the platform-quadrant relative to Aβ 1-42-infused group (p < 0.001)
(Figure 3B,C). However, the sham, Aβ 1-42-infused, acteoside- or isoacteoside-treated groups did not
vary in swimming velocity (Figure 3D).
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Figure 3. Effects of acteoside or isoacteoside (2.5, 5.0 mg/kg; po) on: (A) step-through latency (STL)
of passive avoidance task; (B) spatial performance; (C) probe test; and (D) swimming velocity of
MWM in Aβ 1-42-infused rats. Passive avoidance test was performed on Days 8–9 following Aβ 1-42
infusion. Spatial performance and probe test of MWM were performed on Days 10–14 following Aβ

1-42 infusion. Acteoside or isoacteoside was continuously administered after Aβ 1-42 infusion until all
rats were sacrificed. Columns indicate mean ± SEM (n = 12). ** p < 0.01, *** p < 0.001 compared with
Aβ 1-42-infused rats.
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2.1.2. Effects of Acteoside and Isoacteoside on Amyloid Deposition and Neurochemical Disturbances
Induced by Aβ 1-42 in Rats

Figure 4 displays photographs of immunological staining and ratio of Aβ 1-42 deposition in the
brain. The Aβ 1-42-infused group exhibited a significantly greater ratio of Aβ 1-42 deposition in the
brain than the sham group (p < 0.01). Acteoside (5.0 mg/kg) or isoacteoside (2.5, 5.0 mg/kg) reduced
the ratio of Aβ 1-42 deposition in the brain (p < 0.01, p < 0.001) (Figure 4G).

Figure 4. Effects of acteoside or isoacteoside (2.5, 5.0 mg/kg; po) on Aβ 1-42 deposition in Aβ

1-42-infused rats: (A) sham group; (B) Aβ 1-42-infused group; (C) acteoside (2.5 mg/kg)-treated group;
(D) acteoside (5.0 mg/kg)-treated group; (E) isoacteoside (2.5 mg/kg)-treated group; and (F) isoacteoside
(5.0 mg/kg)-treated group; and (G) ratio of amyloid deposition. Acteoside or isoacteoside was
continuously administered after Aβ 1-42 infusion until all rats were sacrificed. Columns indicate
mean ± SEM (n = 6). ** p < 0.01, *** p < 0.001 compared with Aβ 1-42-infused rats.

Aβ 1-42 infusion decreased the levels of cortical and hippocampal acetylcholine (Ach) (p < 0.05,
p < 0.001) as well as hippocampal choline (Ch) (p < 0.01) (Figure 5A,B). Both acteoside and isoacteoside
(2.5, 5.0 mg/kg) reversed the decline in hippocampal Ach levels that were caused by Aβ 1-42 infusion
(p < 0.05, p < 0.01, p < 0.001), but only a dose of 5.0 mg/kg reversed the decrease in cortical Ach levels
that was caused by Aβ 1-42 infusion (p < 0.05) (Figure 5B). Aβ 1-42 infusion reduced cortical and
hippocampal dopamine (DA) levels (p < 0.01, p < 0.001), but only reduced hippocampal norepinephrine
(NE) levels (p < 0.01) (Table 1). Only isoacteoside (2.5, 5.0 mg/kg) reversed the decline in hippocampal
DA levels that was caused by Aβ 1-42 infusion (p < 0.001) (Table 1).

Aβ 1-42 infusion increased cortical and hippocampal acetylcholinesterase (AChE) activities
(p < 0.05, p < 0.01). Both acteoside and isoacteoside (2.5, 5.0 mg/kg) prevented that increase in
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cortical and hippocampal AChE activity that would otherwise have been caused by Aβ 1-42 infusion
(p < 0.05) (Figure 6A). Aβ 1-42 increased cortical monoamine oxidase-A (MAO-A) and MAO-B activities
(p < 0.05, p < 0.01), but reduced hippocampal MAO-A and MAO-B activities in the rats (p < 0.05)
(Figure 6B–C). Only isoacteoside at 5.0 mg/kg reversed the decrease in hippocampal MAO-A activity
in Aβ 1-42-infused rats (p < 0.01) (Figure 6B,C).

Figure 5. Effects of acteoside or isoacteoside (2.5, 5.0 mg/kg; po) on: (A) choline (Ch) levels;
(B) acetylcholine (Ach) levels; and (C) ratio of Ch to Ach in cortex and hippocampus of Aβ 1-42-infused
rats. Acteoside or isoacteoside was continuously administered after Aβ 1-42 infusion until all rats were
sacrificed. Columns indicate mean ± SEM (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
Aβ 1-42-infused rats.

Figure 6. Cont.
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Figure 6. Effects of acteoside or isoacteoside (2.5, 5.0 mg/kg; po) on: (A) AChE; (B) MAO-A; and
(C) MAO-B activities in cortex and hippocampus of Aβ 1-42-infused rats. Acteoside or isoacteoside
was continuously administered after Aβ 1-42 infusion until all rats were sacrificed. Columns indicate
mean ± SEM (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with Aβ 1-42-infused rats.

Table 1. Effects of acteoside and isoacteoside (2.5, 5.0 mg/kg; po) on the levels of cortical and
hippocampal neurotransmitters and their metabolites in Aβ 1-42-infused rats.

The Levels of Cortical Neurotransmitters and Their Metabolites (ng/g Protein)

- MHPG NE DOPAC HVA DA
Vehicle 26.05 ± 1.11 * 15.63 ± 0.41 17.13 ± 0.85 * 3.76 ± 0.78 ** 3.83 ± 0.16 **
Aβ 1-42 22.87 ± 0.81 13.61 ± 1.20 11.97 ± 0.66 2.90 ± 0.23 2.18 ± 0.11

Acteoside
2.5 mg/kg 22.40 ± 1.24 13.08 ± 1.06 12.91 ± 0.66 2.87 ± 0.11 2.26 ± 0.06
5.0 mg/kg 23.84 ± 1.94 12.91 ± 0.67 13.25 ± 1.07 2.90 ± 0.15 2.23 ± 0.15

Isoacteoside
2.5 mg/kg 31.71 ± 3.21 * 12.60 ± 1.56 12.53 ± 3.33 2.91 ± 0.58 2.67 ± 0.43
5.0 mg/kg 34.41 ± 4.81 * 14.18 ± 1.01 13.80 ± 3.03 2.74 ± 0.69 3.84 ± 0.47 *

The Levels of Hippocampal Neurotransmitters and Their Metabolites (ng/g Protein)

MHPG NE DOPAC HVA DA
Vehicle 622.30 ± 17.58 64.49 ± 1.65 ** 5.90 ± 0.39 3.60 ± 0.20 5.41 ± 0.35 ***
Aβ 1-42 620.97 ± 25.79 51.96 ± 1.54 5.12 ± 0.36 3.24 ± 0.16 0.97 ± 0.07

Acteoside
2.5 mg/kg 641.15 ± 23.10 53.16 ± 2.29 5.22 ± 0.27 3.26 ± 0.12 1.07 ± 0.15
5.0 mg/kg 631.13 ± 36.81 53.53 ± 1.83 5.32 ± 0.14 3.34 ± 0.10 1.17 ± 0.13

Isoacteoside
2.5 mg/kg 689.99 ± 79.95 54.01 ± 6.20 4.98 ± 1.15 3.68 ± 0.46 5.28 ± 0.83 ***
5.0 mg/kg 574.02 ± 54.16 45.13 ± 3.36 4.13 ± 0.45 3.29 ± 0.25 5.66 ± 0.36 ***

Acteoside or isoacteoside was continuously administered after Aβ 1-42 infusion until all rats were sacrificed.
Columns indicate mean ± SEM (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with Aβ 1-42-infused rats.

2.2. In Vitro Test on Amyloid Cacade

2.2.1. Effects of Acteoside and Isoacteoside on Neuronal Damage Induced by Aβ 1-42, and
Intracellular and Extracellular Aβ 1-40 Levels in SH-SY5Y Cells

Incubation of SH-SY5Y cells with 20 μM Aβ 1-42 for 24 h reduced the cell viability to 52.73%
of that of control cells (p < 0.001). Treatment with acteoside (50 μg/mL) or isoacteoside (50 μg/mL)
recovered the cell viability that was reduced by Aβ 1-42 (20 μM) (p < 0.001) (Figure 7A). Both acteoside
(50 μg/mL) and isoacteoside (50 μg/mL) reduced the extracellular Aβ 1-40 levels in SH-SY5Y cells
(p < 0.05, p < 0.001), but did not alter the intracellular Aβ 1-40 levels (Figure 7B,C).
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Figure 7. Effects of acteoside or isoacteoside (25, 50 μg/mL) on Aβ 1-42 toxicity, and extracellular
and intracellular Aβ 1-40 levels in SH-SY5Y cells: (A) cell viability; (B) Aβ 1-40 levels in extracellular
culture medium; and (C) Aβ 1-40 levels in cell lysate. Acteoside or isoacteoside was administered 1 h
before treatment with Aβ 1-42. Columns indicate mean ± SD (n = 4). * p < 0.05, *** p < 0.001 compared
with (A) Aβ 1-42-treated group or (B,C) vehicle group.

2.2.2. Effects of Acteoside and Isoacteoside on Aβ 1-40 Degradation and Aβ 1-42 Oligomerization In Vitro

Both acteoside (50 μg/mL) and isoacteoside (50 μg/mL) increased the degradation of added
synthetic Aβ 1-40 (10 ng) in SH-SY5Y-conditioned cell free medium in vitro (p < 0.05) (Figure 8A).
Both acteoside (50 μg/mL) and isoacteoside (50 μg/mL) also reduced Aβ 1-42 oligomerization, as
determined from the thioflavin T (ThT) binding fluorescence intensity in vitro (p < 0.001) (Figure 8B).

Figure 8. Effects of acteoside or isoacteoside (50 μg/mL) on: (A) Aβ 1-40 degradation; and (B) Aβ 1-42
oligomerization in vitro. Acteoside or isoacteoside was co-cultured with Aβ 1-40 or Aβ 1-42. Columns
indicate mean ± SD (n = 4). * p < 0.05, *** p < 0.001 compared with vehicle group.
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3. Discussion

Based on AD pathology, Aβ 1-42 is the critical protein in AD and intracisternal injection with
Aβ 1-42 into rats produced memory impairment, morphological changes in the brain, and neuronal
degeneration including cholinergic and monoaminergic systems [22,23]. The presented data reveal
that intracisternal Aβ 1-42 infusion caused behavioral deficits including in the exploratory behavior,
passive avoidance response, and spatial performance of MWM in rats. These results are consistent
with our previous report and other reports [22–24]. Acteoside at a dose of 2.5–5.0 mg/kg ameliorated
the deficits of passive avoidance learning and reference memory that were caused by Aβ 1-42, but
only a dose of 5.0 mg/kg ameliorated the impairment of spatial performance. However, no dose of
acteoside improved exploratory behavior. These memory-improving effects of acteoside are similar to
those identified in other reports, which found that acteoside at 1.0–120 mg/kg reversed the memory
impairment that was induced by scopolamine, D-galactose or D-galactose plus AlCl3 [13,14,16,17,25].
This difference between the results obtained herein with those other reports may be related to the
given route and duration, and various models. Isoacteoside at 2.5–5.0 mg/kg exhibited a similar
therapeutic potential against Aβ 1-42-induced behavioral dysfunction, but this effect of isoacteoside
may differ from that of acteoside because isoacteoside reversed memory impairment partially by
promoting exploratory behavior. Thus, we suggest that acteoside and isoacteoside may be potential
anti-dementia phenylethanoid glycosides, and that these two stereoisomeric compounds exhibit similar
memory-improving potentials but different behavioral-improving patterns against Aβ 1-42-induced
behavioral dysfunction.

AD patients have complex neurochemical disturbances including of the catecholaminergic,
cholinergic and glutaminergic neuronal systems [26]. AD patients have higher MAO-B activity than
healthy controls, and this increased MAO-B activity may reflect abnormalities in the dopaminergic
system [27]. In an AD-like animal model, Aβ 1-42 infusion into the lateral ventricle also caused
memory deficits which were closely related to Aβ deposition and a subsequent cascade that caused, for
example central cholinergic dysfunction in BF, including a decline in Ach levels and an up-regulation
of AChE activity [22,28]. Thus, we further investigated the effects of acteoside and isoacteoside on
Aβ-induced pathological changes, including amyloid deposition and neurochemical disturbances in
rats. Our present data revealed similar pathological and neurochemical symptoms. Additionally, Aβ

1-42 infusion herein reduced cortical and hippocampal DA levels and hippocampal NE levels.
The neurochemical changes were similar to those observed elsewhere [3,21,24]. Aβ 1-42 infusion
was also found to cause a differential alteration of cortical and hippocampal MAO activities, mainly
by elevating cortical MAO activities and reducing hippocampal MAO activities. Most related
investigations have indicated that MAO-B activity was elevated around Aβ plaques (especially
plaque-associated astrocytes), and have suggested the existence of a close positive correlation between
MAO-B activity and amyloid plaques in the frontal cortex [27,29,30]. However, immunohistochemical
studies have demonstrated MAO-B activities reflect disease-specific cellular changes in AD brain,
and reduced MAO-B activities in advanced AD patients [31]. Researchers hole differing opinions
regarding the alteration of MAO-A activities in AD patient. Recent reports have indicated that the
alteration of MAO-A activities in AD patients may be related to presenilin-1 variants. Based on
our results and others, we suggest that the alteration of regional MAO-A/B activities following Aβ

1-42 infusion may involve the regional activation of astrocytes around plaques sites and the loss of
astrocytes/neurons with the progress of AD [27,31]. Aβ deposition causes up-regulates AChE activity
around senile plaques, which favors the assembly of Aβ into fibrils, which cause Aβ cytotoxicity
and, in particular, cholinergic and dopaminergic dysfunction [3]. Acteoside at 2.5–5.0 mg/kg reversed
hippocampal Ach levels and inhibited the up-regulation of hippocampal AChE activity, but only
at 5.0 mg/kg did it reduce Aβ deposition and reverse the disturbances of cortical Ach levels in Aβ

1-42-infused rats. Isoacteoside at 2.5–5.0 mg/kg reduced Aβ deposition and restored hippocampal
cholinergic and dopaminergic neuronal function, including by blocking AChE up-regulating activity,
but only at 5.0 mg/kg did it reverse the alteration of cortical and hippocampal MAO activities in Aβ
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1-42-infused rats. Furthermore, acteoside at 5.0 mg/kg only restored the turnover rate of cortical Ach
in Aβ 1-42-infused rats, whereas isoacteoside at 5.0 mg/kg restored the turnover rate of both cortical
and hippocampal Ach (Figure 5C). From these above results, we suggest that the effects of acteoside
and isoacteoside against Aβ 1-42-induced cognitive deficit may be related to reducing Aβ deposition,
and then leading to a reversal of cortical cholinergic function, including an increase in the cortical
Ach levels and a decrease in the Ach utility, by inhibiting AChE activity. Isoacteoside reduces Aβ

deposition and Ach utility more than does acteoside. Unlike acteoside, isoacteoside restored cortical
and hippocampal DA levels that were decreased by Aβ 1-42 infusion. Some researchers have pointed
out that frontal and striatal DA levels are related to exploratory behavior [32–34]. Therefore, the
memory-improving effects of isoacteoside may be further related to an improvement in exploratory
behavior by the restoration of the dopaminergic function.

According to the amyloid cascade hypothesis, Aβ monomers are generated from APP via
amyloidogenic pathway and secreted into the extracellular medium. Aβ monomers aggregated to form
progressively larger species such as Aβ oligomers or fibrils under various physiological conditions, and
are then deposited into senile plaques, causing neuronal dysfunction, such as neuronal apoptosis, and
a decrease in long-term potentiation [2,3]. The results in this study reveal that acteoside at 50 μg/mL
protected SH-SY5Y cells against Aβ 1-42-induced neural damage and inhibited Aβ 1-42 oligomerization,
are revealed by ThT fluorescent staining. These results were consistent with earlier reports that acteoside
protects Aβ 25-35-induced neural damage in SH-SY5Y and PC12 cells [10,18] and inhibits the fibril
formation of Aβ 1-42 in vitro [19]. Acteoside was further found herein to reduce extracellular but
not intracellular levels of Aβ 1-40, which was produced by amyloidogenic pathway in SH-SY5Y
cells, and promoted Aβ 1-40 degradation in vitro. Hence, acteoside reduced extracellular Aβ 1-40
levels mainly by promoting Aβ 1-40 degradation. Isoacteoside possessed the same pharmacological
potential to inhibit the amyloid cascade. The inhibiting by isoacteoside of amyloidogenesis and
amyloid oligomerization exceeded that by acteoside. Some reports have indicated that acteoside has
cytoprotective effects against Aβ 25-35, glutamate, okadaic acid, and MPP+ in vitro, and this effect may
be mediated by their antioxidant and antiapoptotic activities by maintaining mitochondrial function
and the activities of antioxidative enzymes, decreasing intracellular oxidative stress and Bax/Bcl-2 ratio,
and inhibiting caspase-3 activity [9,10,18,35,36]. Other reports have indicated that acteoside protects
Aβ 25-35-induced neuronal damage by inducting heme oxygenase-1 (HO-1) and the activation of
transcription factor NF-E2-related factor 2 (Nrf2) by extracellular signal–regulated kinases (ERKs) and
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling [18], and restored the expression
of neurotrophins including nerve growth factor (NGF), neurotrophin 3 (NT-3), and tropomyosin
receptor kinase A (TrkA) in a D-galactose or D-galactose plus AlCl3-induced mouse senescence
model [15,17]. NGF and NT-3 exhibited a neuroprotective function with therapeutic potential against
neurodegenerative diseases [37]. NGF is synthesized by cortical and hippocampal neurons and
retrogradely transported to BF cholinergic neurons through cholinergic projections that bearing the
TrkA and low-affinity p75 neurotrophin receptor [38]. NGF maintains the survival of BF cholinergic
neurons and enhances cholinergic neurotransmission through acute neurotransmitter-like and classical
trophic mechanisms [39]. Accumulating evidence indicates that NGF improves the survival of
cholinergic neurons and reduces cognitive decline in humans with mild AD [40]. Therefore, the
linkage of NGF and ERK/Akt-Nrf2 signaling pathway on the memory-improving and cytoprotective
effects of acteoside against Aβ 1-42 must be clarified and the cytoprotective mechanism of isoacteoside
against Aβ-induced neural damage shall be investigated in the future.

4. Materials and Methods

4.1. Animals

Male Sprague-Dawley rats (300–350 g) were obtained from BioLASCO Taiwan Co., Ltd. They were
housed in groups of four, chosen at random, in wire-mesh cages (39 cm × 26 cm × 21 cm) in a temperature
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(23 ± 1 ◦C) and humidity (60%) regulated environment with a 12 h–12 h light/dark cycle (light phase:
08:00 to 20:00). The Institutional Animal Care and Use Committee of China Medical University approved
the experimental protocol (Protocol No. 99-127-B), and the animals were cared according to the Guiding
Principles for the Care and Use of Laboratory Animals. After one week of acclimatization, the rats
were used in the experiments that are described below.

4.2. Drugs

Acteoside and isoacteoside (with purities of greater than 98%) were kindly provided by Sinphar
Pharmaceutical Co., Ltd. (I-Lan, Taiwan) and freshly dissolved in sterile distilled water. Synthesized
human Aβ 1-42 and Aβ 1-40 were purchased from Tocris Bioscience (Ellisville, MO, USA). Aβ 1-42 was
freshly dissolved with 35% acetonitrile/0.1% trifluoroacetic acid at a concentration of 250 pmol/μL
and used to fill into mini-osmotic pump (Alzet 2002; Alza, Palo Alto, CA, USA) in vivo test. Aβ 1-42
and Aβ 1-40 were prepared with sterile phosphate buffer saline (PBS) in vitro test.

4.3. In Vivo Aβ 1-42-Infused Model

An Aβ 1-42-infused rat model was developed by infusing Aβ 1-42 into the cerebral ventricle via
a mini-osmotic pump, as described elsewhere [23]. Briefly, rats were anesthetized with phenobarbital
(45 mg/kg, i.p.) and placed in a David Kopf stereotaxic instrument. An infusion cannula was implanted
into the left cerebral ventricle (AP-1.5, ML + 0.9, V-3.6 from Bregma), and a continual infusion of Aβ

1-42 (300 pmol/day) was maintained for at least two weeks by attaching an infusion cannula to the
mini-osmotic pump. Sham group was infused with 35% acetonitrile/0.1% trifluoroacetic acid.

4.3.1. Schedule of Aβ 1-42-Infused Model

Surgery, drug treatment, and behavioral tests were scheduled as in our previous report [24].
After implantation, Aβ 1-42 infusion began on a day that was designated as Day 0. On the next day (Day 1),
the rats were orally administered with vehicle, acteoside or isoacteoside (2.5, 5.0 mg/kg) throughout Aβ

1-42 infusion period. The behavioral tests were carried out from Day 7 to Day 14 after Aβ 1-42 infusion, in
the order, locomotor and exploratory tests (Day 7), passive avoidance test (Days 8–9), spatial performance
test in MWM (Days 10–13), and probe test in MWM (Day 14). On Day 15 after Aβ 1-42 infusion, the
rats were killed 1 h after their final treatment with acteoside or isoacteoside to measure AChE and MAO
activities, levels of neurotransmitters and the metabolites in the brain.

4.3.2. Behavioral Tests

The behavioral tests were performed as described in our previous report [23]. On Day 7, locomotor
and exploratory tests were simultaneously performed with open-field task (Coulbourn Instruments
L.L.C., Holliston, MA, USA). Each rat was observed for 10 min to record the movement time, distance
and velocity (locomotor activity), the number of entries it made into the hole and the time spent
(exploratory activity) using TruScan software v 2.07 (Coulbourn Instruments L.L.C.) [24]. On Day 8, the
training trial of passive avoidance test was performed with passive avoidance apparatus (Coulbourn
Instruments L.L.C.). When the rat entered the dark compartment from the light compartment, the door
was closed and an inescapable foot shock (0.8 mA for 2 s) was delivered through the grid floor. On the
following day (Day 9), the retention trial of passive avoidance test was conducted. The rat was again
placed in the light compartment and the latency was recorded [24]. An upper cut-off time of 300 s was
set. On Days 10–13, the spatial performance in MWM was tested using a black circular stainless pool
(with a diameter of 165 cm and a height of 60 cm) that was filled with water at 23 ± 1 ◦C to a depth of
35 cm. Each rat underwent eight training sessions over four consecutive days to find the Plexiglass
hidden platform (with a diameter of 10 cm) that was submerged 1.0 cm below the surface of the water.
The swim path and escape latency to the platform of a white rat in the black pool were recorded using
a video camera and an automated video tracking system device equipped with EthoVision XT software
(Noldus Information Technology, Leesburg, VA, USA) [24]. On the following day (Day 14), the probe

275



Int. J. Mol. Sci. 2017, 18, 895

test was performed to measure the reference memory. The platform was removed and the parameters,
including the time spent and distance moved in each quadrant while searching for the platform [24].

4.3.3. Assessment of Aβ 1-42 Deposition, Neurotransmitter Levels, and AChE and MAO Activity in Brain

The rats in each group were separated into three groups: one for assaying Aβ 1-42 deposition,
one for measuring neurotransmitter levels, one for measuring biochemical activities. To assay Aβ

1-42 deposition in the rat brain, the paraffin brain slices of rat were prepared and cut into sections
(10 μm) using a microtome (Leica 2030 Biocut, Nussloch, Germany). The sections were labeled with
a mouse anti-human amyloid β protein 17–24 monoclonal antibody (1:300, Dakopatts A/C; Glostrup,
Denmark) and developed with 0.05% diaminobenzidine using a Vectastain kit (Vector Laboratories,
Burlingame, CA, USA). The Aβ 1-42 labeled plaques at least 20 fields of each brain section were
counted under 40× magnification using an image analyzer (Leica, Q500MC, Nussloch, Germany).
The ratio of Aβ 1-42 deposition was obtained from Aβ 1-42 labeled plaques for each brain section.
To measure the neurotransmitter levels, all rats were sacrificed and their brains were separated
into cortex and hippocampus, which were placed on ice, according to the protocol of Glowinski
and Iversen [41]. The supernatants of the brain tissues were prepared through homogenization,
filtration and centrifugation, and then the neurotransmitter (and their metabolite) concentrations of
brain supernatants were measured by high-performance liquid chromatography with electrochemical
detection (EICOM HTEC-500, Kyoto, Japan). To measure brain AChE and MAO activities, all brains
also were cut into cortex and hippocampus, and then the brain supernatants were prepared by
homogenization and centrifugation. The brain supernatants and recombinant AChE enzyme were
incubated with 5,5′-dithiobis(2-nitrobenzoic acid), and the absorbance at 412 nm was measured
following the addition of acetylthiocholine. AChE activity was expressed as U AChE per mg protein.
Brain homogenates were incubated with 5 U/mL horseradish peroxidase, 100 μM amplex red, and
the substrate (5 mM serotonin for MAO-A or 5 mM benzylamine for MAO-B) at 25 ◦C for 60 min.
The fluorescence intensity was measured, and MAO-A and MAO-B activities were expressed as
percentage of the corresponding values for sham rats [24]. The protein content of brain supernatants
was quantified using Bio-Rad protein assay kit.

4.4. In Vitro Test on Amyloid Cacade

Human SH-SY5Y neuroblastoma cells were cultured in DMEM that was supplemented with
10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL streptomycin in a water-saturated
atmosphere with 5% CO2 at 37 ◦C. Experiments were performed 24 h after the cells were seeded
in 96- or 24-well sterile clear-bottom plates. For cytoprotective and amyloidogenic-inhibiting tests,
acteoside or isoacteoside (25, 50 μg/mL) was dissolved with culture medium. For amyloid degradation
and oligomerization, acteoside or isoacteoside (50 μg/mL) was dissolved with sterile phosphate
buffer saline.

4.4.1. Assessment of Cytoprotective Effect in SH-SY5Y Cells

Acteoside or isoacteoside was treated 1 h before Aβ 1-42 (20 μM). The reduction of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) to insoluble formazan was used to
evaluate cell viability. Briefly, 24 h after exposure to Aβ 1-42 in 96-well plate, the medium was replaced
and MTT (0.5 mg/mL) was added to each well. After incubation for 2 h at 37 ◦C, the cells were washed
with PBS, and DMSO was added. The absorbance at 570 nm was measured using an ELISA reader.
Cell viability was expressed as a percentage of corresponding value for untreated cells, which served
as the control group (designated 100% viable). Each of four independent experiments was performed
in triplicate.
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4.4.2. Assessment of Intracellular and Extracellular Aβ 1-40 Levels in SH-SY5Y Cells

Following treatment with acteoside or isoacteoside, culture media and SH-SY5Y cells were
collected separately and the levels of Aβ 1-40 therein were determined using human Aβ 1-40
immunoassay kits (Invitrogen, Carlsbad, CA, USA). Experiments were performed according to the
protocol of the manufacturer of the kits.

4.4.3. Assessment of Cell-Free Aβ 1-40 Degradation In Vitro

The culture medium that contained the proteases to degrade Aβ was collected and used for the
cell-free assay of Aβ degradation. Ten nanograms of Aβ 1-40 was added to 300 μL culture medium
that contained acteoside or isoacteoside, and incubated at 37 ◦C for 24 h. The remaining Aβ was then
quantified using human Aβ 1-40 immunoassay kits.

4.4.4. Assessment of Aβ 1-42 Oligomerization In Vitro

Aβ 1-42 (100 μM) was dissolved in F-12 medium that contained acteoside or isoacteoside, and
incubated at 4 ◦C for 24 h to accelerate Aβ oligomerization. The reaction solution was mixed with
5 μM ThT, and was then incubated for 30 min. The intensity of fluorescence at an emission wavelength
of 485 nm was measured under excitation at a wavelength of 450 nm.

4.5. Statistical Analysis

The data of passive avoidance response were analyzed by performing a Kruskal-Wallis
non-parametric one-way analysis of variance, followed by Dunn’s test. One-way analysis of variance
(ANOVA) and then Scheff’s test were applied to data concerning spatial performance, probe test, the ratio
of amyloid deposition, the activities of AChE and MAO, the levels of central neurotransmitters and their
metabolites, and cell viability and amyloidogenic test. Significant differences in all statistical evaluations
were calculated using SPSS software (version 22, IBM, Armonk, NY, USA) and p-values < 0.05 were
considered significance.

5. Conclusions

Based on our results and those presented elsewhere [13,16,18,19,35], we suggest that acteoside
and isoacteoside are potential therapeutic phenylethanoid glycosides for AD. The memory-improving
mechanism of acteoside and isoacteoside involves reducing Aβ deposition and Aβ cytotoxicity by
inhibiting Aβ oligomerization through the catechol moiety [19] and promoting Aβ degradation, and then
reversing cortical cholinergic dysfunction, which includes the inhibition of AChE activity. Isoacteoside
is more effective than acteoside with respect to amyloidogenesis and amyloid oligomerization, and
it exhibits a different behavioral-improving pattern against Aβ 1-42-induced behavioral dysfunction.
In the future, molecular docking studies of acteoside and isoacteoside against amyloid protein should be
conducted and the interaction between phenylethanoid glycosides and amyloid protein must be assayed.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/4/895/s1.
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Abbreviations

Aβ Amyloid β peptide
Ach Acetylcholine
AChE Acetylcholinesterase
AD Alzheimer’s disease
APP Amyloid precursor protein
BF Basal forebrain
Ch Choline
DA Dopamine
MAO Monoamine oxidase
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
MWM Morris water maze
NE Norepinephrine
PBS Phosphate buffer saline
ThT Thioflavin T
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Abstract: Glucosinolates, their hydrolysis products and primary metabolites were analyzed in
five pak choi cultivars to determine the effect of methyl jasmonate (MeJA) on metabolite flux from
primary metabolites to glucosinolates and their hydrolysis products. Among detected glucosinolates
(total 14 glucosinolates; 9 aliphatic, 4 indole and 1 aromatic glucosinolates), indole glucosinolate
concentrations (153–229%) and their hydrolysis products increased with MeJA treatment. Changes in
the total isothiocyanates by MeJA were associated with epithiospecifier protein activity estimated as
nitrile formation. Goitrin, a goitrogenic compound, significantly decreased by MeJA treatment in
all cultivars. Changes in glucosinolates, especially aliphatic, significantly differed among cultivars.
Primary metabolites including amino acids, organic acids and sugars also changed with MeJA
treatment in a cultivar-specific manner. A decreased sugar level suggests that they might be a
carbon source for secondary metabolite biosynthesis in MeJA-treated pak choi. The result of the
present study suggests that MeJA can be an effective agent to elevate indole glucosinolates and their
hydrolysis products and to reduce a goitrogenic compound in pak choi. The total glucosinolate
concentration was the highest in “Chinese cabbage” in the control group (32.5 μmol/g DW), but
indole glucosinolates increased the greatest in “Asian” when treated with MeJA.

Keywords: glucosinolate; isothiocyanate; methyl jasmonate; pak choi; Brassica rapa

1. Introduction

Pak choi (Brassica rapa, Chinensis group) is a cool-season crop similar to many other Brassica
vegetables, such as kale and broccoli, and was domesticated in China [1]. Pak choi is a
popularly-consumed vegetable in China and is showing an increase in consumption in Europe and
North America, primarily due to its comparatively mild flavor [1,2]. In the U.S., its production is
increasing for farmer’s markets and community-supported agriculture [1]. As a Brassica vegetable,
pak choi provides a number of phytonutrients, in particular glucosinolates (19.36–63.43 μmol/g DW
according to Wiesner et al. [3]). Although its popularity is increasing, the nutritional quality of pak
choi has not been thoroughly investigated, and only a few studies have reported glucosinolate profiles
from pak choi [3,4].

Pak choi contains a number of glucosinolates including gluconapin, glucobrassicanapin,
progoitrin, glucobrassicin and neoglucobrassicin [3,4]. Glucosinolates are nitrogen- and
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sulfur-containing secondary metabolites derived from amino acids. Depending on their structure and
precursor amino acid, glucosinolates are classified into three major groups: aliphatic (from methionine),
indole (from tryptophan) and aromatic (from phenylalanine or tyrosine) glucosinolates (Figure 1) [5].
The first two steps in the biosynthetic pathway facilitate chain elongation and core structure formation,
converting the precursor amino acid into desulfoglucosinolates after which final products are
formed through secondary structural modifications [6]. Once formed and stored in the vacuoles of
cells, glucosinolates can be hydrolyzed by an endogenous enzyme myrosinase following cellular
disruption [7]. After glucosinolate hydrolysis, a few forms of hydrolysis products including
isothiocyanates, nitriles, epithionitriles, thiocyanates and indoles are formed. The concentrations
of specific hydrolysis products are determined by a number of factors including the activity of
epithiospecifier protein (ESP) and epithiospecifier protein modifier 1, pH and the presence and
concentration of certain metal ions (Figure 1). The potential health benefits and bioactivity of
glucosinolates are attributed to their hydrolysis products, not the parent glucosinolates. A number of
cell culture and pre-clinical studies have reported that Brassica vegetables and glucosinolate hydrolysis
products are beneficial against carcinogenesis [8–10]. However, it was also shown that glucosinolate
concentration was positively correlated with quinone reductase-inducing activity, a biomarker for
anti-carcinogenic activity, in arugula (Eruca sativa) and horseradish (Armoracia rusticana) [11,12].
Therefore, increasing glucosinolate concentration could be a good strategy to enhance the potential
health benefits of Brassica vegetables including pak choi.

Glucosinolates are a secondary metabolite whose biosynthesis can be induced by various
biotic and abiotic factors [13]. Since glucosinolates are involved in plant defense, insect damage
or physical wounding can induce glucosinolate biosynthesis. Glucosinolate concentrations can
also be regulated by sulfur and nitrogen fertilization. In addition, growing degree days, solar
radiation, number of days after transplanting and precipitation have been shown to affect glucosinolate
biosynthesis [14]. These studies suggest that cultural practices that are effective and economic to
apply can be developed to increase glucosinolate concentration and to improve the potential health
benefits of glucosinolate-containing crops. It has been suggested that aliphatic, indole and aromatic
glucosinolates biosynthesis have different regulatory mechanisms. Brown et al. [15] have reported
that in broccoli, aliphatic glucosinolates are primarily controlled by genetic factors (accounting for
>60% of the total variance), whereas indole glucosinolates are inducible compounds that are primarily
influenced by the environment and cultural conditions or insect damage [14]. This report found that
indole glucosinolates are relatively easier to increase by manipulating cultural conditions compared to
aliphatic glucosinolates. In addition, conventional production systems minimize plant biotic stress
by applying fungicides and insecticides, resulting in lower concentrations of indole glucosinolates in
Brassica crops.
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Figure 1. Schematic biosynthetic pathway of aliphatic and indole glucosinolates and involved genes
(modified from Yi et al. [16]). Genes following numbers in brackets are analyzed in this study (Table
S1). Gene names in light blue without a number were not analyzed in this study. The dashed line
separates the biosynthesis pathway into three sections—chain elongation, core-structure biosynthesis,
and secondary modification with addition of glucosinolate hydrolysis products. The dashed lines
between compounds are to clarify and group the compounds from the same precursor or in the same
group. Dotted arrow indicates another reaction pathway without involving of ESP. ESM1 regulates
ESP (bar and dash).

Previous studies have found that exogenous treatment of methyl jasmonate (MeJA) can induce
indole glucosinolate biosynthesis in Brassica vegetables [14,17,18]. MeJA is registered in the
Environmental Protection Agency (EPA) and is certified as a safe compound for all food commodities
when applied preharvest [19]. Additionally, only 2–4 days are needed to elevate indole glucosinolate
concentration prior to harvest in Brassica oleracea or B. rapa. [4,17] and, therefore, does not affect
crop yield. Indole glucosinolates such as neoglucobrassicin are normally not accumulated at higher
concentrations without severe herbivore or tissue damage, but can be regulated by MeJA. Ku et al. [18]
have reported increased concentrations of glucobrassicin, an indole glucosinolate, by MeJA in the leaf
tissues of the kale cultivars “Dwarf Blue Curled Vates” and “Red Winter” (98–166% of increase) in a
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two-year study while no significant change in aliphatic glucosinolate concentrations was observed.
In the leaves of “Green Magic” and “VI-158” broccoli, indole glucosinolates also increased by MeJA
treatment, whereas aliphatic glucosinolates were much less affected [17].

Although MeJA effects on pak choi glucosinolates have previously been reported [4,20], these
studies only focused on major glucosinolates or analyzed one cultivar. Moreover, the profile of
glucosinolate hydrolysis products, which are ultimately responsible for the bioactivity and potential
health benefits, has not been investigated in pak choi. Considering its increasing popularity, pak choi
merits further study on nutritional composition and the strategies to improve its health-promoting
value. The objective of this study was to determine the metabolite changes in pak choi associated with
foliar application of MeJA. Glucosinolates and their hydrolysis products, as well as the expression of
genes in glucosinolate biosynthesis were analyzed in five pak choi cultivars to evaluate the effect of
MeJA treatment on glucosinolate metabolism. Primary metabolites including amino acids, organic
acids, sugars and sugar derivatives were analyzed to better understand how MeJA treatment changes
metabolite flux from primary to secondary metabolites in pak choi.

2. Results and Discussions

2.1. Glucosinolate Concentrations

A total of 14 glucosinolates were detected with gluconapin and glucobrassicanapin as the
predominant glucosinolates, representing 7–54% and 14–31% of the total glucosinolate concentration,
respectively, depending on cultivar and treatment (Figure 2). Other aliphatic glucosinolates detected
in pak choi included glucoiberin, progoitrin, glucoalyssin, gluconapoleiferin, glucoraphanin, sinigrin
and glucoerucin (Table S2). The indole glucosinolates 4-hydroxyglucobrassicin, glucobrassicin,
4-methoxyglucobrassicin and neoglucobrassicin and aromatic glucosinolate gluconasturtiin were
also present in the five pak choi cultivars. Our results are in agreement with a previous
study that reported gluconapin and glucobrassicanapin as the major glucosinolates in pak
choi [3]. Glucosinolate composition differed among cultivars and treatments. Gluconapin and
glucobrassicanapin concentrations in the control ranged from 1.03 to 17.46 μmol/g DW and from
1.41 to 8.65 μmol/g DW, respectively (Figure 2). Sinigrin was only detected in control “Baby bok
choy” (Supplementary Table S2). Glucoraphanin and glucoerucin were also detected in selected
cultivars. These results agree with a previous report showing significant variation in glucosinolate
concentrations among different pak choi cultivars [3,4]. Additionally, Wiesner et al. [3] reported that
aliphatic glucosinolates represented 92–98% of the total glucosinolates, similar to our result (51–91%
depending on cultivar and treatment). The control “Chinese cabbage” was found to contain the
highest concentration of total glucosinolates, suggesting that this cultivar may possess the greatest
glucosinolate-related health-promoting properties under standard production conditions among the
five cultivars investigated in this study.

Glucosinolate composition changed in response to MeJA treatment differentially among cultivars
(Figure 2). For example, gluconapin and glucobrassicanapin decreased in “Baby bok choy”,
“Chinese cabbage” and “Pak choi pechay”, while increasing in ”Asian” with MeJA treatment. Similarly,
progoitrin increased in ‘Baby bok choy’ and ‘Asian’, but decreased in the other cultivars when
treated with MeJA. However, neoglucobrassicin, an indole glucosinolate, increased in all cultivars
after MeJA treatment by 153–229%. Glucobrassicin also increased in “Asian”, “Col baby choi” and
“Pak choi pechay”, while a decreasing 4-methoxyglucobrassicin concentration was found in “Baby bok
choy” and “Chinese cabbage”. Our result is in agreement with the report by Zang et al. [4] who
showed a significant increase in indole glucosinolate concentrations with MeJA treatment in four
pak choi cultivars. However, they found increased aliphatic glucosinolates in only one cultivar,
indicating that aliphatic glucosinolate concentrations are less affected by MeJA compared to indole
glucosinolates, and their change could be cultivar specific, consistent with our result. MeJA’s effect
on glucosinolates has been reported in other Brassica vegetables, including broccoli, kale, cauliflower
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and Chinese cabbage [17,18,21,22]. These studies reported that indole glucosinolates, in particular
neoglucobrassicin, increased while aliphatic glucosinolates were less influenced by MeJA. However,
we found that aliphatic glucosinolates can also significantly change in response to MeJA in pak choi,
with variation in their change depending on compound and cultivar, indicating that glucosinolate
changes by MeJA treatment differ among species, crops and cultivars. When treated with MeJA,
“Asian” showed the greatest increase in the total glucosinolate concentration (2.7-fold), indicating
that this cultivar has the greatest sensitivity to MeJA treatment among the investigated cultivars, and
thus, MeJA can be an effective agent to elevate glucosinolates of this pak choi cultivar. Additionally,
changes in glucosinolate concentrations were partially associated with differential expression levels of
genes involved in glucosinolate biosynthesis in response to MeJA treatment, depending on cultivar.
In particular, the expression level of OH1, a gene converting gluconapin to progoitrin (Figure 1),
increased by 14.4-, 49.8- and 7.3-fold in “Baby bok choy”, “Asian” and “Pak choi pechay”, respectively
(Supplementary Table S1). The expression level of OH1 was positively correlated with progoitrin (r =
0.902, p = 0.0004, n = 10). Gluconapoleiferin, where the same genes are responsible for its biosynthesis,
increased in “Baby bok choy”, “Asian” and “Pak choi pechay” with upregulation of those genes (Table
S1). The expression level of OH1 was also positively correlated with gluconapoleiferin (r = 0.846, p =
0.0021, n = 10). Although indole glucosinolates, in particular neoglucobrassicin, were more affected by
MeJA than aliphatic glucosinolates, changes in indole glucosinolate concentration and related gene
expression have been reported [17,20]. However, how aliphatic glucosinolates are affected by MeJA
has been less elucidated.
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2.2. Glucosinolate Hydrolysis Products

We detected 14 hydrolysis products including isothiocyanates, nitriles, indoles and
oxazolidine-thione (as shown by Rask et al. [23]) and their changing concentrations related to
MeJA treatment depended on cultivar, similar to the glucosinolates (Table 1). The 3-butenyl
isothiocyanate, 4-pentenyl isothiocyanate and phenethyl isothiocyanate, the hydrolysis product of
gluconapin, glucobrassicanapin and gluconasturtiin, respectively, decreased with MeJA treatment in
all cultivars, except for increased 4-pentenyl isothiocyanate and phenethyl isothiocyanate in “Asian”.
However, nitriles, including crambene (from progoitrin), 1-cyano-3,4-epithiobutane (from gluconapin),
1-cyano-4,5-epithiopentane (from glucobrassicanapin), 1-cyano-2-hydroxy-3,4-epithiobutane
(from progoitrin) and an oxazolidine-thione goitrin (from progoitrin), changed differentially
among cultivars with MeJA treatment. Most nitriles increased in “Asian”but goitrin decreased
in all cultivars with MeJA treatment. Crambene increased in “Baby bok choy” and “Asian”,
but decreased in “Chinese cabbage” and “Col baby choi”. In contrast to isothiocyanates and
nitriles, 1-methoxyindole-3-carbinol, a hydrolysis product of neoglucobrassicin, and other
compounds, including 1-methoxyindole-3-carboxaldehyde, 1-methoxyindole-3-acetonitrile and
indole-3-acetonitrile, significantly increased in all five cultivars, except for no statistical change in
1-methoxyindole-3-carbinol in “Chinese cabbage”.

Although the glucosinolate profile and hydrolysis products from indole glucosinolates have
been investigated [3], a full profile of glucosinolate hydrolysis products has not been reported for
pak choi. Ku et al. [18] observed differential hydrolysis product composition between “Dwarf Blue
Curled Vates” and “Red Winter” kale and a significant increase in 1-methoxyindole-3-carbinol in
both cultivars with MeJA treatment. Jasmonic acid also increased 1-methoxyindole-3-carbinol in
“VI-158” and “Green Magic” broccoli, but depending on the concentration of MeJA [17]. Glucosinolate
hydrolysis product concentrations clearly change with MeJA treatment, in particular the hydrolysis
products of neoglucobrassicin.

In addition to an increased amount of the hydrolysis product of neoglucobrassicin, we also found
that hydrolysis products from aliphatic glucosinolates changed with MeJA treatment. For instance,
3-butenyl and 4-pentenyl isothiocyanates decreased by MeJA in all cultivars except for increased
4-pentenyl isothiocyanate in “Asian” (Table 1). This is probably related to the activity of ESP, which
enhances the formation of epithionitriles over isothiocyanates [24]. We indirectly measured the ESP
activity by incubating pak choi protein extract with the extract of horseradish, which has a simple
glucosinolate profile [11], and found that nitrile formation (%) increased in all cultivars when treated
with MeJA except for “Chinese cabbage” and “Asian” for the hydrolysis of gluconasturtiin (Figure 3).
Although nitrile formation (%) of MeJA-treated “Asian” was significantly higher than control according
to allyl isothiocyanate (from sinigrin), there was no significant difference in phenethyl isothiocyanate
(from gluconasturtiin) (Figure 3). There was a significant correlation (r = 0.700, p = 0.0239, n = 10)
between nitrile formation from sinigrin and nitrile formation from gluconasturtiin. Additionally, we
found a significant correlation (r = 0.925, p < 0.0001, n = 10) between nitrile formation from sinigrin
and nitrile formation from neoglucobrassicin, where the nitrile formation (%) from neoglucobrassicin
was determined as the percentage of 1-metoxyindole-3-acetonitrile to the total hydrolysis products
(Table 1). Other compounds, such as crambene, 1-cyano-3,4-epithiobutane, 1-cyano-4,5-epithiopentane
and 1-cyano-2-hydroxy-3,4-epithiobutane, also changed with MeJA treatment depending on cultivar.
These results indicate that ESP activity in general increased with MeJA in most pak choi cultivars and
thus partially explains why isothiocyanates tended to decrease with MeJA application. We also found
that MeJA treatment significantly reduced myrosinase activity in “Baby bok choy”, “Chinese cabbage”
and “Pak choi pechay” cultivars, indicating a cultivar-specific response to MeJA (Supplementary
Figure S1). Regardless of cultivar, goitrin, an oxazolidine-thione from progoitrin, decreased by MeJA.
This is significant because goitrin is a goitrogenic compound that can disrupt hormone production in
the thyroid gland by inhibiting uptake of iodine [25], and therefore, high level of goitrin intake could
be a problem, especially under iodine malnutrition.
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Figure 3. Nitrile formation (%) of control and MeJA-treated pak choi. Nitrile formation (%) is shown as
the relative ratio of nitrile to the total hydrolysis product formed (sum of isothiocyanates and nitriles).
Data are presented as the mean concentration ± standard error (n = 3). Asterisks (*) above the error bar
indicate a significant difference between treatments within same glucosinolates substrate by Student’s
t-test at p ≤ 0.05. z Substrate glucosinolate used in the estimation of nitrile formation activity [nitrile
percentage (%) out of total hydrolysis products].

Hydrolysis products of glucosinolates have been considered to reduce the risk of degenerative
diseases, especially against carcinogenesis. The 3-butenyl isothiocyanate, a hydrolysis product of
gluconapin, has shown anti-proliferative activity against various cancer cell lines including human
prostate, lung, cervical, liver and breast cancers, as well as human neuroblastoma and osteosarcoma cell
lines [8]. In particular, prostate cancer PC-3 cells had the greatest inhibition by 3-butenyl isothiocyanate
with IC50 (50% inhibitory concentration) and IC70 values of 0.041 and 0.060 μg/mL, respectively,
compared to the positive control camptothecin (IC50 of 121.60 μM; 42.36 μg/mL). Isothiocyanates have
been generally accepted to possess a greater bioactivity compared to other forms of glucosinolate
hydrolysis products, but some compounds in other forms have also been studied for their potential
health benefits. Crambene, a nitrile from progoitrin, was reported to increase mRNA expression of
quinone reductase, as well as the activity of quinone reductase and glutathione-S-transferase [26,27]
in mouse hepatoma Hepa1c1c7 cells (0.1–10 mM) or in adult male CDF 344 rats (fed 50 mg/kg of
crambene for seven days), indicating a potential anticarcinogenic property of crambene. Another
compound, 1-methoxyindole-3-carbinol, a hydrolysis product of neoglucobrassicin, inhibited the
growth of human colon cancer DLD-1 and HCT-116 cells in a dose-dependent manner at 10–100 μM [9].
However, the effect of 1-methoxyondole-3-carbinol on carcinogenesis is inconclusive. When applied
to murine hepatoma Hepa1c1c7 cells at 50 μM or administered to Winster rat at 570 μmol/kg
body weight, 1-methoxyindole-3-carbinol significantly increased cytochrome P-450 1A1, indicating
that this compound may help carcinogenesis [28]. Another study reported that male transgenic
C57BL/6-Tg(TRAMP)8247Ng/J mouse (transgenic adenocarcinoma of mouse prostate) fed a diet
containing 10% of indole glucosinolate-elevated broccoli powder showed no difference from the
mouse fed a diet containing normal broccoli powder in the reduction of prostate carcinogenesis [29].
Although not analyzed in this study, indole-3-carbinol, generated from glucobrassicin, has been
reported for its potential anticarcinogenic activity in cell culture and preclinical studies, and it is
sometimes reported that 1-methoxyindole-3-carbinol may possess a greater bioactivity compared
to indole-3-carbinol [9,30–32]. It was suggested that methylation increases hydrophobicity of the
compound and enhances cell membrane penetration, and therefore, 1-methoxyindole-3-carbinol may
have a greater bioactivity [17]. The concentration of 1-methoxyindole-3-acetonitrile was significantly
increased by MeJA treatment due to the upregulation of neoglucobrassicin synthesis and high ESP
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activity (indirectly estimated as nitrile formation), but there was no report on a health-promoting effect
of this compound; therefore, further studies are needed.

This study revealed that MeJA not only increases total glucosinolates, but also changes hydrolysis
product concentrations. Isothiocyanates were in general reduced, but 1-methoxyindole-3-acetonitrile
increased in all five cultivars, and 1-methoxyindole-3-carbinol increased in four cultivars. Goitrin,
a goitrogenic compound, decreased in all cultivars. In particular, “Asian” had increased 4-pentenyl
isothiocyanate, crambene and 1-methoxyindole-3-carbinol, but decreased goitrin by MeJA. Our results
suggest that MeJA can significantly change glucosinolate metabolites, and “Asian” is specifically
responsive to MeJA. Based on the metabolite changes in “Asian” by MeJA, “Asian” might be an
excellent choice to improve the health-promoting values of pak choi using MeJA.

2.3. Primary Metabolites

It has been suggested that exogenous MeJA can alter primary metabolites, such as sugars, organic
acids and amino acids, and these changes may affect glucosinolate biosynthesis [33]. Therefore,
analysis of these metabolites may help to understand their further transition to secondary metabolites.
Although the MeJA effect on glucosinolate has been studied in a few Brassica crops, how MeJA affects
primary metabolism has not been well reported. Primary metabolites with variable importance in
projection (VIP) scores over 1.0 were selected based on the cut-off value for VIP advocated by Wold [34]
to separate terms that do not make an important contribution to the dimensionality reduction involved
in PLS (partial least squares) (VIP < 0.8) from those that might (VIP ≥ 0.8) (Table 2). A higher VIP
score indicates a greater difference between treatments and, therefore, can be useful in selecting a
biomarker that differs between treatments. According to the VIP scores, three amino acids (alanine,
valine, glutamic acid), two organic acids (citric acid and cinnamic acid) and five sugars and sugar
derivatives (glycerol, fructose, myo-inositol, galactose and maltose) among detected compounds were
the most important primary metabolites that differentiate MeJA-treated pak choi from control plants
(Table 2). A high VIP score of these compounds indicates that these compounds are more important
biomarkers that describe the variation in the primary metabolites of pak choi.

Individual metabolites varied with MeJA treatment among cultivars (Table 2 and Table S3).
Among the metabolites with VIP score >1.0, levels of the amino acids alanine, valine and glutamic
acid were significantly higher when treated with MeJA in “Pak choi pechay” (Table 2). In contrast,
glutamic acid decreased in “Chinese cabbage” and “Col baby choi”. Organic acids also varied with
MeJA treatment depending on cultivar. Citric acid increased in all cultivars with MeJA treatment.
Cultivar-dependent changes with MeJA were also observed for sugar levels. MeJA treatment reduced
fructose, maltose and galactose in “Asian”, but fructose increased in “Col baby choi”. Glycerol and
myo-inositol increased in four cultivars. Among the selected metabolites, we found a general increase
or no change in alanine and valine, increases in organic acids, decreases in mono- and di-saccharide
sugars and elevated sugar alcohols. Although we observed increases in some amino acids depending
on cultivar, Tytgat et al. [35] reported decreased amino acids in jasmonic acid-treated B. oleracea
plants. They also reported reduced sugar concentration with jasmonic acid treatment, similar to our
observations. Kim [33] reported reduced levels of hexose sugars and TCA cycle intermediates in
MeJA-treated “Green Magic” broccoli leaves. These results and our data indicate that exogenous
MeJA can decrease sugar levels and changes in secondary metabolism might partially be attributed to
reduction of sugars, as sugars may provide the carbon skeleton for secondary metabolite biosynthesis
(Figure 4). Since MeJA is synthesized from linolenic acid, MeJA may also affect fatty acid metabolism.
When treated with MeJA, linolenic acid concentration, as well as fatty acid composition changed in
mature green tomatoes [36]. When treated with MeJA, linolenic acid increased, while linoleic acid
was reduced, suggesting a possible MeJA effect on fatty acids and their derivatives. In addition,
changes in sugar metabolism could also have affected sugar alcohol biosynthesis, such as glycerol and
myo-inositol.
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To our knowledge, changes in primary metabolites in response to MeJA treatment have not been
reported in pak choi. Additionally, information of primary metabolite changes by MeJA treatment
in other Brassica crops is also lacking. Liang et al. [37] applied MeJA to turnip (B. rapa var. rapa) and
found that most sugars and amino acids analyzed using nuclear magnetic resonance spectroscopy
were reduced by MeJA, in contrast to our results. This difference from our result indicates that MeJA
might affect primary metabolism differentially among crops. Moreover, our result shows that the
MeJA effect varied among the five pak choi cultivars.

Many of the primary metabolites analyzed in this study play an important role in human diets.
For instance, amino acids, in general, are involved in various biochemical mechanisms, such as protein
synthesis, cell signaling, osmoregulation and metabolic regulation [38] with some amino acids also
associated with mammalian immune systems [39]. Moreover, hexose sugars and organic acids are
involved in the primary metabolisms such as the TCA cycle and are used as a precursor of amino acids
and secondary metabolites (Figure 4). Therefore, understanding how these primary metabolites change
by MeJA treatment in addition to secondary metabolites are important to improve the nutritional value
of foods and for developing cultivation regimes to enhance the nutritional properties.

 

Figure 4. Summary of MeJA effect on primary and secondary metabolites. All data were compared
to control by Student’s t-test at p ≤ 0.05. GS, glucosinolate; 1-MI3C, 1-methoxyindole-3-carbinol. P1,
“Baby bok choy”; P2, “Chinese cabbage”; P3, ”Asian“; P4, “Col baby choi”; P5, “Pak choi pechay”;
x 1-methoxyindole-3-carbinol; y based on compound concentration; w 1-methoxyindole-3-acetonitrile;
z Based on peak intensity. The dotted line indicates the conversion is simplified biosynthesis
without intermediates.
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3. Materials and Methods

3.1. Plant Materials

The pak choi cultivars used in this experiment were “Baby bok choy” (Lake Valley Inc.,
Boulder, CO, USA), “Chinese cabbage” (Heirloom; Lake Valley Inc., Boulder, CO, USA), “Asian”
(Livingston Seed, Columbus, OH, USA), “Col baby choi” (Burpee Seeds, Warminster, PA, USA)
and “Pak choi pechay” (Burpee Seeds, Warminster, PA, USA). Seeds of each pak choi cultivar were
germinated in a 32-cell plug tray filled with Sunshine LC1 professional soil mix (Sun Gro Horticulture,
Vancouver, BC, Canada). Plants were grown in a greenhouse at the University of Illinois at
Urbana-Champaign under a 25/18 ◦C and 14/10 h: day/night temperature and light regimes
with additional HID (high-intensity discharge) lighting provided for 14 h (from 06:00 to 20:00).
Four weeks after germination, plants in the vegetative growth stage were transplanted to a 1-L
pot in the greenhouse and grown under the same environmental conditions. After four weeks, all
aerial parts of the pak choi cultivars were sprayed with 500 μM MeJA in 0.1% ethanol. Control plants
were applied with 0.1% ethanol. Then, nine pak choi plants were harvested for each treatment with
three plants in each of three biological replicates, two days after spray. All of the samples were
freeze-dried, ground to a fine powder and stored at <−20 ◦C prior to extraction.

3.2. Analysis of Glucosinolates

Extraction and quantification of glucosinolates using HPLC were performed following a
previously published protocol [18]. Freeze-dried pak choi powder (0.2 g) and 2 mL of 70% methanol
were added to a 10-mL tube (Nalgene, Rochester, NY, USA) and heated on a heating block at 95 ◦C
for 10 min. After cooling on ice, 0.5 mL of glucosinalbin (1 mM; purified from seeds of Sinapis alba;
and the concentration was confirmed using sinigrin standard (Sigma-Aldrich, St. Louis, MO, USA))
were added as an internal standard, and the mixture was centrifuged at 8000× g for 5 min at 4 ◦C.
The supernatant was collected, and the pellet was re-extracted with 2 mL of 70% methanol at 95 ◦C
for 10 min. A subsample (1 mL) from each pooled extract was transferred to a 2-mL microcentrifuge
tube (Fisher Scientific, Waltham, MA, USA). A mixture of 1 M lead acetate and 1 M barium acetate
(1:1, v/v) (0.15 mL) was added to precipitate protein. After centrifugation at 12,000× g for 1 min, each
sample was loaded onto a column containing DEAE Sephadex A-25 resin that was pre-charged with
1 M NaOH and 1 M pyridine acetate (GE Healthcare, Piscataway, NJ, USA). Samples were incubated
for 18 h with Helix pomatia Type-1 arylsulfatase (Sigma-Aldrich, St. Louis, MO, USA) for desulfation,
and the desulfo-glucosinolates were eluted with 3 mL of Millipore-filtered deionized distilled water.
Samples (100 μL) were injected to a high performance liquid chromatography (Agilent 1100 HPLC
system, Agilent Technologies, Santa Clara, CA, USA) equipped with a binary pump (G1311A, Agilent
Technologies, St. Clara, CA, USA), a vacuum degasser (G1322A, Agilent Technologies), a thermostatic
column compartment (G1316A, Agilent Technologies), a diode array detector (G1315B, Agilent
Technologies) and an autosampler (HP 1100 series G1313A, Agilent Technologies, Santa Clara, CA,
USA). An all-guard cartridge pre-column (Alltech, Lexington, KY, USA) and a Kromasil RP-C18 column
(250 mm × 4.6 mm, 5-μm particle size, Supelco, Bellefonte, PA, USA) were used for glucosinolate
separation. The flow rate was 1 mL/min with mobile Phase A (1 mM ammonium acetate containing
1% acetonitrile (v/v)) and B (100% acetonitrile), with the following elution profile: 0 min 0% B, 7 min
4% B, 20 min 20% B, 35 min 25% B, 36 min 80% B, 40 min 80% B, 41 min 0% B, and 50 min 0% B.
The glucosinolates were detected at 229 nm. The UV response factor for each glucosinolate was used
for quantification (Clarke, 2010). The identification of desulfo-glucosinolate profiles was validated
using LC-tandem mass spectrometer (MS) (32 Q-Tof Ultima spectrometer, Waters Corp., Milford, MA,
USA) coupled to HPLC (1525 HPLC system, Waters Corp.). The molecular ion and fragmentation
patterns of individual desulfo-glucosinolates were compared to a previously published report [40].
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3.3. Quantification of Glucosinolate Hydrolysis Products

Freeze-dried pak choi powder (50 mg) was suspended in 1 mL distilled water in a 2-mL
microcentrifuge tube (Fisher Scientific, Waltham, MA, USA). Hydrolysis products were generated
naturally by endogenous myrosinase in the absence of light at room temperature for 24 h. After
adding 1 mL of dichloromethane, the samples were centrifuged at 12,000× g for 2 min, and the lower
organic layer was collected. A gas chromatograph (GC) (6890N, Agilent Technologies) coupled to a MS
detector (5975B, Agilent Technologies) equipped with an auto sampler (7683B, Agilent Technologies)
and a capillary column (30 m × 0.32 mm × 0.25 μm J&W HP-5, Agilent Technologies) was used to
determine glucosinolate hydrolysis products. A 1-μL sample of the dichloromethane extract was
injected to the GC-MS with the split ratio of 1:1. After an initial temperature held at 40 ◦C for 2 min,
the oven temperature was increased to 260 ◦C at 10 ◦C/min and held for 10 min [41]. Injector and
detector temperatures were set at 200 and 280 ◦C, respectively. The flow rate of the helium carrier
gas was set at 1.1 mL/min. Peaks were identified using standard compounds (goitrin, crambene,
indole-3-acetonitrile and 3-butenyl isothiocyanate) or by comparing with the National Institute of
Standards and Technology (NIST) library or previous publications [42,43] (Table S4).

3.4. Measurement of Nitrile Formation and Myrosinase Activity

Nitrile formation (%) was measured to estimate the ESP activity as ESP enhances the formation
of nitriles over isothiocyanates. The nitrile formation of each pak choi cultivar was determined by
incubating concentrated horseradish root extract with protein extract of pak choi. The horseradish
extract was used as an exogenous substrate source of sinigrin and gluconasturtiin at the saturated
level in order to minimize the reaction of pak choi protein with endogenous glucosinolates substrate.
Subsequently, only hydrolysis products from sinigrin and gluconasturtiin were dominant compounds
detected from GC-MS (Figure S2).

To measure the nitrile formation and myrosinase activity, freeze-dried pak choi powder (75 mg)
was mixed with 1.5 mL of concentrated “1091” horseradish root extract [11] in 2-mL microcentrifuge
tubes (10 g of horseradish were mixed with 100 mL of 70% methanol. This solution was centrifuged at
4000× g for 5 min. The supernatant of horseradish root extract was transferred to a beaker and boiled
until all solvent was evaporated, then reconstituted with 50 mL of deionized water). The sinigrin
and gluconasturtiin concentrations were 74 and 7 μmol/g DW, respectively. After centrifugation
at 12,000× g for 2 min, 0.6 mL supernatant were transferred to a 1.5-mL Teflon centrifuge tube
(Savillex Corporation, Eden Prairie, MN, USA), and then, 0.6 mL of dichloromethane were added.
The tubes were placed upside down to minimize the loss of volatile compounds at room temperature
for an hour. Then, tubes were vortexed and centrifuged at 12,000× g for 2 min. The dichloromethane
organic layer was injected to GC-MS (Trace 1310 GC, Thermo Fisher Scientific, Waltham, MA,
USA) coupled to a MS detector system (ISQ QD, Thermo Fisher Scientific, Waltham, MA, USA)
and an auto sampler (Triplus RSH, Thermo Fisher ScientificA capillary column (DB-5MS, Agilent
Technologies; 30 m × 0.25 mm × 0.25 μm capillary column) was used to determine glucosinolate
hydrolysis products. After an initial temperature held at 40 ◦C for 2 min, the oven temperature was
increased to 320 ◦C at 15 ◦C/min and held for 4 min. Injector and detector temperatures were set at
270 ◦C and 275 ◦C, respectively. The flow rate of the helium carrier gas was set at 1.2 mL/min. Standard
curves of allyl isothiocyanate, 2-phenthyl isothiocyanate and 3-phenylpropionitrile (Sigma-Aldrich)
were used for quantification, and the relative ratio of nitrile to the total hydrolysis products was
calculated to determine ESP activity. The standard curve from allyl isothiocyanate was applied to
quantify of 1-cyano-2,3-epithiopropane. Myrosinase activity was estimated as the total amount of
hydrolysis products produced within 60 min [41]. One unit was defined as 1 μmole of the above four
hydrolysis products released per min.
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3.5. RNA Extraction and Quantitative Real-Time-PCR

Total RNA was isolated from control and MeJA-treated pak choi plants using RNeasy Mini
Kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions. The quantity of
RNA was measured using a NanoDrop 3300 spectrophotometer (Thermo Scientific, Waltham, MA,
USA). One microgram of RNA was reverse-transcribed with Superscript™ III First-Strand Synthesis
SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The qRT-PCR was carried out with the Power SYBR® Green RT-PCR Master Mix (QIAGEN) using an
ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) following the
manufacturer’s instructions. The resulting cDNA samples were diluted to 1/10 (v/v) for qRT-PCR.
The primer sets of glucosinolate biosynthesis genes, hydrolysis genes and transcription factor
genes were designed based on the sequences published in the online database (Available online:
http://www.ocri-genomics.org/bolbase/index.html) [6]. The primers were synthesized by Integrated
DNA Technologies (Coralville, IA, USA). A final list of the primers used, the gene models from which
they were created and classifications of the genes can be found in Supplementary Table S5. The results
were expressed after normalization to the Brassica rapa actin gene (BrACT1) [3,17]. The relative
expression ratio was determined with the equation 2−ΔΔCt using the BrACT1 normalized ΔCt values
generated by the ABI 7900HT Sequence Detection System Software 2.4 (Applied Biosystems).

3.6. Primary Metabolites Analysis by GC-Time-of-Flight-MS

Primary metabolites were analyzed following the method of Ku et al. [44] with minor
modifications. Freeze-dried powder of pak choi (400 mg) was extracted with 10 mL of a mixture of
methanol, deionized distilled water and chloroform (2.5:1:1, v/v/v) for 24 h using a Twist Shaker
(Biofree, Seoul, Korea). The resulting mixture was centrifuged at 5000 rpm for 5 min (Universal 320,
Hettich Zentrifugen, Tuttlingen, Germany). The supernatant of 900 μL was transferred to a 1.5-mL
microcentrifuge tube. After adding of 400 μL distilled water and centrifugation at 5000 rpm for
5 min, 400 μL of the polar phase were transferred to another 1.5-mL tube and then concentrated using
Modulspin 31 speed-vacuum concentrator (Biotron, Seoul, Korea). For the GC-MS analysis, the dried
extract was oximated with 50 μL methoxyamine hydrochloride in pyridine (20 mg/mL) for 90 min at
30 ◦C using a thermomixer (Eppendoft, Hamburg, Germany), followed by silylation with 50 μL of
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) (Sigma-Aldrich) for 30 min at 37 ◦C using a
thermomixer. The final concentration of the samples was 2.5 mg/mL for GC-time-of-flight (TOF)-MS
analysis. The samples were then filtered through a 0.2-μm PTFE filter. Each biological replication
(n = 3) from each pak choi cultivar sample (1 μL) was injected in triplicate with the split ratio of 1:5.

A GC system (7890A, Agilent Technologies), equipped with an autosampler (7693, Agilent
Technologies) and a Pegasus HT TOF-MS (Leco Corporation, St. Joseph, MI, USA), and a capillary
column (HP-5MS, 30 m × 0.25 mm × 0.25 μm, Agilent Technologies) were used for analysis.
Chromatographic-grade helium with a constant flow of 1.0 mL/min was used as the carrier gas.
The injector and transfer line temperatures were both set at 240 ◦C. The oven temperature was initially
held at 75 ◦C for 2 min, then ramped to 300 ◦C at a rate of 15 ◦C/min and maintained at 300 ◦C
for 3 min. The mass data collected in the electron ionization mode with 70 eV of ionization energy
were used to conduct a mass scan ranges at m/z 50–1000. The average value from three analytical
replications for each biological replication was used for statistical analysis. Identification of compounds
was done by comparing with standard compounds or the NIST library (Table S3).

3.7. Statistical Analysis

All analyses were done with three biological replications (three plants per replication). Univariate
analysis of variance (ANOVA) and Student’s t-test were performed using JMP Pro 12 (SAS Institute,
Cary, NC, USA) to determine the MeJA effect on primary and secondary metabolites and gene
expression changes. For primary metabolite data, raw data files were converted to CDF format
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(*.cdf) using the Leco ChromaTOF software program (Version 4.44, Leco Corp, Warrendale, PA, USA).
After conversion, the MS data were processed using the metAlign software package (Available online:
http://www.metalign.nl) to obtain a data matrix containing retention times, accurate masses and
normalized peak intensities. The resulting data were exported to Excel (Microsoft, Redmond, WA,
USA) for further analysis using MetaboAnalyst 3.0 (Available online: http://www.metaboanalyst.ca/
faces/home.xhtml).

4. Conclusions

In the present study, the effects of foliar application of MeJA on glucosinolates, their hydrolysis
products and primary metabolites were analyzed in five pak choi cultivars. The MeJA treatment
significantly changed primary and secondary metabolite composition with the response to MeJA
treatment differing among cultivars. In general, indole glucosinolates and their hydrolysis products
were significantly increased by MeJA treatment, whereas other glucosinolates, in particular aliphatic
glucosinolates, changed differentially depending on cultivar. Moreover, MeJA reduced goitrin, a
goitrogenic compound produced from an aliphatic glucosinolate progoitrin, in all five cultivars.
Amino acids, organic acids and sugar alcohols tended to increase, but mono- and di-saccharide sugars
decreased with MeJA treatment, suggesting that the sugars may be a carbon source for secondary
metabolite biosynthesis induced by MeJA treatment (Figure 4). Some gene expression data supported
glucosinolate changes, for instance OH1 for progoitrin biosynthesis. In conclusion, the results of
this study suggest that MeJA treatment can act as an agent to regulate the primary and secondary
metabolites in pak choi, and cultivar-specific responses to MeJA were found among the five pak choi
cultivars. Additionally, these results can be used in developing cultural practice strategies to enhance
nutritional value of pak choi and in breeding to develop a pak choi cultivar with improved nutritional
properties. Specifically, “Asian” was found to be the most responsive to MeJA among investigated
cultivars, with increase in glucosinolates and hydrolysis products that are potentially anticarcinogenic
and a reduction in a goitrogen compound.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/18/5/1004/s1.
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Abstract: Although the chemical composition and biological properties of some species of the
genus Pistacia has been investigated, studies on hull essential oil of Pistacia vera L. variety Bronte
(HEO) are currently lacking. In this work, we have carried out an in-depth phytochemical profile
elucidation by Gas Chromatography-Mass Spectrometry (GC-MS) analysis, and an evaluation
of antioxidant scavenging properties of HEO, using several different in vitro methods, checking
also its cytoprotective potential on lymphocytes treated with tert-butyl hydroperoxide. Moreover,
the antimicrobial activity against Gram-positive and Gram-negative strains, both American Type
Culture Collection (ATCC) and clinical isolates, was also investigated. GC-MS analysis highlighted
the richness of this complex matrix, with the identification of 40 derivatives. The major components
identified were 4-Carene (31.743%), α-Pinene (23.584%), D-Limonene (8.002%), and 3-Carene (7.731%).
The HEO showed a strong iron chelating activity and was found to be markedly active against
hydroxyl radical, while scarce effects were found against 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical. Moreover, pre-treatment with HEO was observed to significantly increase the cell viability,
decreasing the lactate dehydrogenase (LDH) release. HEO was bactericidal against all the tested
strains at the concentration of 7.11 mg/mL, with the exception of Pseudomonas aeruginosa ATCC 9027.
The obtained results demonstrate the strong free-radical scavenging activity of HEO along with
remarkable cytoprotective and antimicrobial properties.

Keywords: Pistacia vera L. variety Bronte; essential oil; antioxidant; cytoprotective activity;
antimicrobial activity

1. Introduction

Plants producing essential oils represent a large part of natural flora and an important resource
in various fields such as the pharmaceutical, food, and cosmetic industries, thanks to their flavour,
fragrance, and biological activities [1]. Essential oils are a complex mixture of hydrocarbons and
oxygenated hydrocarbons arising from the isoprenoid pathways and secreted by glandular trichomes
disseminated mainly onto the surface of plant organs; therefore, they have a pivotal role in the growth
and colonization of plants, conferring colour and scent to reproductive organs, attracting pollinators
and favouring seed dispersal [2]. Furthermore, they seem to mediate the plant relationship with abiotic
(e.g., light, temperature, and so on) and biotic factors, playing a defensive role against herbivores,
harmful insects, and microbial pathogens [2].
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More than 250 types of essential oils are commercialized annually on the international market,
some of which are employed in aromatherapy and for the treatment of several diseases including
cardiovascular and neurological diseases, diabetes, and cancer [1]. Moreover, the antimicrobial
properties of essential oils have been widely recognized [3–6] thanks to several studies which showed
a synergistic effect of several components of essential oils against various human pathogens [1].
Essential oils have been used since ancient times, in folk medicine throughout the world, to preserve
a good health status [6–9]. Presently, several properties and therapeutic effects have been ascribed to
essential oils such as antibiotic, rubefacient, anaesthetic, antispasmodic, balmy-expectorant, repellent,
carminative, as well as beneficial effects on the central and peripheral nervous system [10–15].

Recently, antimicrobial drug resistance has brought researchers to evaluate novel antimicrobial
lead molecules to treat various human pathogens. Synthetic drugs have often failed this goal, if not for a
lack of efficacy, because of the greater risk to which the patient was exposed (acute and chronic toxicity
and environmental hazard potential), leading the researchers to better explore natural remedies [1].
From this point of view, the study of essential oils has undergone a remarkable growth, and many new
plants producing essential oil have been evaluated [16–20]. Among these, the authors decided to put
their attention on Pistacia vera L., a nut tree that belongs to the Anacardiaceae family [21] cultivated in
Iran, Turkey, the USA, Syria, Italy, Tunisia, and Greece.

In Italy, pistachio crops are typically Sicilian, mainly grown in the territory of Bronte (CT),
situated on the eastern part of Sicily and characterized by lava-rich soils and very particular
climatic conditions [21,22] which confer to the pistachio nuts superior organoleptic and nutritional
characteristics. For this reason, the European Union recognized the variety Bronte as a D.O.P.
(Protected Designation of Origin) product. Pistachio nuts are considered a rich source of many
important biofunctional compounds that are useful for the human diet and known for their
various pharmacological properties such as antimicrobial, anti-inflammatory, insecticidal, and
anti-nociceptive activities [23]. Recently, we analysed and described the nutraceutical, antioxidant, and
cytoprotective activity of crude phenols and anthocyanins-rich extracts derived from ripe pistachio
hulls (Pistacia vera L., variety Bronte), a by-product of the pistachio industry [23,24]. These studies
managed to identify this matrix as a promising source of healthy compounds. The results obtained
highlighted antioxidant and cytoprotective properties directly correlated to the high total phenol
content, in particular flavonols, phenolic acid, and flavan-3-ols and, among anthocyanins, to the high
content of cyanidyn-3-O-galactoside [23,24]. The presence of these compounds makes pistachio hulls
an attractive source of health-promoting compounds, which are potentially helpful against several
oxidative stress-related diseases.

Despite the well-known ethnopharmacological relevance of some essential oils derived from some
species of the genus Pistacia (P. atlantica Desf and P. integerrima J.L. Stewart ex Brandis) against several
diseases, particularly those affecting the respiratory and the gastrointestinal tract [25–28], no literature
data concerning the hull essential oil composition and biological properties of Pistacia vera L., variety
Bronte, are today available.

Having considered the above, we have for the first time performed, a phytochemical characterization
of ripe pistachio hull essential oil followed by the evaluation of antioxidant, cytoprotective,
and antiperoxidative properties through cell-free and cell-based assays. The antimicrobial activity against
some Gram-positive and Gram-negative standard and clinical bacterial has also been investigated.

2. Results and Discussion

2.1. Essential Oil Composition

The yield of hull essential oil of Pistacia vera L. variety Bronte (HEO) was 0.25% (v/w fresh material),
well above others reported in literature (>3.50 times) [20], demonstrating how the Bronte variety
possesses a much higher content of essential oil, probably due to characteristic pedoclimatic conditions
of growth and probably to the extraction carried out immediately after harvest, which allowed for
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an increase in the extraction efficiency. This practice also led to a reduced formation of peroxidation,
isomerization, or rearrangement of products due to temperature, light, and oxygen availability [29].

The essential oil composition, with retention indices and percentages, was reported in Table 1.

Table 1. Chemical composition of Pistacia vera L. variety Bronte hull essential oil.

# KI a Compound Area b (%)

1 916 Bornylene 0.035
2 923 Tricyclene 0.709
3 935 α-Pinene 23.584
4 950 Camphene 4.133
5 978 β-Pinene 1.062
6 993 β-Myrcene 2.393
7 995 2-Carene 1.152
8 1006 α-Phellandrene 0.456
9 1011 δ-3-Carene 7.731

10 1018 α-Terpinene 2.195
11 1027 p-Cymene 1.621
12 1031 D-Limonene 8.002
13 1050 trans-β-Ocimene 0.509
14 1056 cis-β-Ocimene 0.412
15 1061 γ-Terpinene 0.582
16 1082 4-Carene 31.743
17 1096 α-Pinene oxide 0.787
18 1101 Linalol 0.278
19 1107 2-Fenchanol 0.385
20 1130 1,3,8-p-Menthatriene 0.225
21 1148 Camphor 0.236
22 1150 Menthone 0.031
23 1169 Borneol 0.831
24 1188 p-Cymen-8-ol 0.692
25 1194 α-Terpineol 4.036
26 1197 Myrtenal 0.011
27 1202 Myrtenol 0.082
28 1210 α-Methylcynnamaldehyde 0.016
29 1250 Piperitone 0.687
30 1232 Nerol 0.272
31 1285 Bornyl acetate 2.430
32 1365 Nerol acetate 0.136
33 1513 β-Bisabolene 0.010
34 1525 γ-Selinene 0.005
35 1530 δ-Cadinene 0.028
36 1568 cis-5-Dodecenoic acid 0.225
37 1810 1,13-Tetradecadiene 1.528
38 1880 1-Hexadecanol 0.160
39 1957 Palmitic acid 0.015
40 2549 1,15-Hexadecadiene 0.430
41 2106 Unknown 0.013
42 2111 Unknown 0.129

Monoterpene Hydrocarbons 86.591
Oxygenated Monoterpenes 8.235
Sesquiterpenes 0.056
Others 5.115

#: Components are listed in their elution order from HP-5 MS column; a: Retention index (KI) relative to
standard mixture of n-alkanes on HP-5MS column; b: values (relative peak area percentage) represent averages of
three determinations.

A total of 40 volatile constituents were identified, fully characterized, and grouped in
four classes: monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpenes, and others
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(non-terpenoidic compounds). The major components of HEO were 4-Carene (31.743%), α-Pinene
(23.584%), D-Limonene (8.002%), and 3-Carene (7.731%), all monoterpenes hydrocarbons that
represented 86.591% of the HEO, followed by oxygenated monoterpenes, which presented an average
value of 8.235% with α-Terpineol (4.036%), Borneol (0.831%), and α-Pinene oxide (0.787%) as the
main compounds.

Although the monoterpenes hydrocarbons remained the most abundant family, followed by
oxygenated monoterpenes (reflecting the results reported in the literature [20]), the characteristic
absence of oxygenated sesquiterpenes and the very low presence of non-oxygenated sesquiterpenes,
makes the essential oil of Bronte pistachio hulls easily recognized and distinguishable from essential
oils derived from other pistachio hull varieties.

2.2. Antioxidant Activities

Reactive oxygen species are involved in the pathological development of many important human
diseases, thus antioxidants play a crucial role in human health due to their unquestionable beneficial
effects on living organisms that enable them to overcome oxidative injuries, and modulate biological
pathways and membrane functionality [23]. In this article, the authors conducted the analysis of
antioxidant and free radical scavenging properties of HEO by using several antioxidant assays
(hydrogen atom transfer and electron transfer-based methods) in order to check their behaviour
under different reaction environments and mechanism typologies. This aspect is often overlooked but
is critical in order to establish the structure-scavenging activity relationship of the major components
of the phytocomplex investigated [24]. Figure 1 shows the antioxidant and free radical-scavenging
potential of HEO towards Fe3+-TPTZ (A), ABTS•+ (B), and 2,2-diphenyl-1-picrylhydrazyl (DPPH)• (C)
as well as its iron chelating capacity (D). Moreover, the antiradical properties of HEO against two of
the most common and dangerous reactive oxygen species produced in the organisms, superoxide
anion (O2

•−) and hydroxyl radical (•OH), was investigated and reported in Figure 2A,B. As can be
seen in Figures 1 and 2, the HEO showed a remarkable dose-dependent antioxidant and free-radical
scavenging activity towards all assays performed, with the following order of potency, expressed
as the half maximal inhibitory concentration (IC50), •OH (IC50 0.003 mg/mL) > Ferric Reducing
Antioxidant Power (FRAP; IC50 0.063 mg/mL) > Trolox Equivalent Antioxidant Capacity (TEAC; IC50

0.128 mg/mL) > DPPH (IC50 0.878 mg/mL) as well as having showed a strong iron chelating capacity
(IC50 0.017 mg/mL). The strong antioxidant activity was also confirmed by Folin-Ciocalteu assay
results (1278.44 ± 41.79 mg gallic acid equivalents (GAE)/100 g of HEO).

The ability to scavenge different reactive species makes the HEO an important source of
antioxidants that are potentially useful in the detoxification mechanisms of living organism. Primary
and relative weak antioxidants (such as O2

•−), in fact, can be the precursor or be combined with
others (e.g., nitric oxide) to give rise to very dangerous reactive species (hydrogen peroxide, hydroxyl
radical, singlet oxygen, peroxynitric radical, and so on). Furthermore, HEO, acting as a strong chelating
agent, may reduce the availability of transition metals and inhibit the radical-mediated oxidative
chain reactions in biological systems preserving the integrity and consequently the functionality
of membranes. As showed in β-carotene bleaching assay (Figure 3), in fact, the presence of these
antioxidant compounds in HEO, mainly p-Cymene, Borneol, and β-Myrcene, are able to form radical
adduct with peroxyl radical [30]; the compounds exhibit antioxidant properties and are capable of
preventing oxidative damage from free radical-mediated oxidation in a dose-dependent manner.

These activities are predominantly attributable to the high amount of monoterpenes hydrocarbons
found in HEO. In fact, it has widely been demonstrated that monoterpene hydrocarbons are better
antioxidant compounds in respect to sesquiterpenes and particularly those with strongly activated
methylene groups in their structure, such as 4-Carene, α-Terpinene, and γ-Terpinene, were the most
active. So, in agreement with the data reported in literature [31], among oxygenated monoterpenes,
the following order of effectiveness in antioxidant assays can be also hypothesised in our work:
monoterpene phenols > allylic alcohols > monoterpenes aldehydes and ketones.
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Figure 1. Antioxidant and free radical-scavenging activity of hull essential oil of Pistacia vera L.
variety Bronte (HEO) towards Fe3+-TPTZ (A); ABTS•+ (B); DPPH• (C); and iron chelating capacity (D).
The asterisks (**) indicate significant differences (p < 0.05).
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Figure 2. Superoxide anion (A) scavenging assay in the absence (a) or in the presence of 60, 30, 15, 7.5,
and 3.7 μg/mL of HEO (b–f, respectively); Hydroxyl radical (B) scavenging assay in the absence (a)
or in the presence of 15, 7.50, 3.75, 1.85, and 0.92 μg/mL of HEO (b–f, respectively). The asterisks (**)
indicate significant differences (p < 0.05). Each value represents mean ± SD (n = 3).
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Figure 3. Beta-carotene bleaching curves of hull essential oil of Pistacia vera L. variety Bronte (HEO) at
concentration range 0.5–4 mg/mL in respect to the reference compound butylated hydroxytoluene
(BHT) (2 mg/mL). Results are expressed as mean (n = 3) of three independent experiments.

Concerning the sesquiterpene group, the radical scavenging properties of the hydrocarbons-type
were quite low and lower than that of the monoterpene hydrocarbons group, whereas among the
oxygenated type, mainly allylic alcohols showed good scavenging properties, similar to those of
oxygenated monoterpenes [31], but they are completely lacking in this essential oil.

However, being a very complex matrix, the antioxidant properties of the essential oil do not
always depend on the antioxidant activity of its main components and can be modulated by several
mechanisms, so concepts of synergism and antagonism can be very relevant [30].

2.3. Cytoprotective Activity

The potential protective influences of the compounds present in HEO were analysed on
lymphocytes treated with tert-butyl hydroperoxide (t-BOOH). A preliminary evaluation, obtained by
incubating the cells with the essential oil at the concentration utilized in our work, shows no cytotoxicity
effects of lymphocytes (data not shown). As can be seen in Figure 4, the treatment of lymphocytes with
t-BOOH resulted in a net increase of cell mortality (~41% fall in cell viability vs. controls). The presence
of 20, 17.5, 15, and 12.5 μg/mL of essential oil significantly increased cell viability by ~1.50, 1.40,
1.20, and 1.12-fold, respectively, compared cells treated only with t-BOOH (Figure 4A). Below this
concentration, the effects were almost completely absent, with results superimposable with the ones
obtained with lymphocytes treated with t-BOOH. The protective influences of the compounds present
in the essential oil were also evident by monitoring lactate dehydrogenase (LDH) release in cell culture
medium. In fact, this enzyme is commonly utilized as a marker of cell integrity and cytotoxicity,
following oxidative burden, membrane damages, activation of apoptotic, and/or necrotic events.
As we expected (Figure 4B), the incubation of lymphocytes with t-BOOH resulted in a remarkable
increase of LDH release into the media (~4.2-fold higher than the control). The presence of 20 μg/mL of
essential oil resulted in the complete absence of LDH release, confirming the data obtained with trypan
blue coloration. The presence of 17.5, 15, 12, and 10 μg/mL of essential oil decreased enzyme release
by ~66%, 52%, 31%, and 6%, respectively, in comparison to the sample treated with only t-BOOH,
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while concentrations below 10 μg/mL did not show a significant decrease of LDH release. Overall,
the compounds present in the hull essential oil showed dose-response activity whereby they increased
cell survival and prevented damages due to the presence of the strong antioxidant.
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Figure 4. Cytoprotective effects of HEO on tert-butyl hydroperoxide (t-BOOH) treated lymphocytes.
Lymphocytes plus 100 μM of t-BOOH were incubated for 24 h in the absence (b) or in the presence
of 20, 17.5, 15, 12.5, 10, 7.5, 5, or 1 μg/mL of essential oil (c–l, respectively). Lymphocytes incubated
under the same experimental condition without t-BOOH (a). Cell vitality and integrity were analysed
by trypan blue staining (A) and lactate dehydrogenase (LDH) release (B). The asterisks (**) indicate
significant differences (p < 0.05). Each value represents mean ± SD (n = 3).

2.4. Antimicrobial Activities

The minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs)
values of HEO against the American Type Culture Collection (ATCC) and clinical isolates tested bacteria
are reported in Table 2. Results of negative controls indicated the complete absence of inhibition of all
the strains tested (data not shown). A concentration of 7.11 mg/mL inhibited the growth of all the tested
strains with the exception of Pseudomonas aeruginosa ATCC 9027. The same concentration was found
to be bactericidal against all strains. Several studies have previously demonstrated the antimicrobial
activity of plant essential oils [32–34]. The compound 4-carene, also identified amongst the main
constituents of the Iranian Cymbobogon Olivieri essential oil, has been implicated in the antimicrobial
activity against Gram-positive bacteria, Gram-negative bacteria, and the yeast Candida albicans [35].

Table 2. Minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs) of
HEO (expressed as mg/mL) against Gram-positive and Gram-negative bacteria.

Bacterial Strain MIC MBC

S. aureus ATCC 6538 7.11 7.11
E. coli ATCC 10,536 7.11 7.11

P. aeruginosa ATCC 9027 na na
S. aureus ATCC 43,300 (MRSA) 7.11 7.11

S. aureus 74CCH 7.11 7.11
S. aureus 7786 7.11 7.11
S. aureus 815 7.11 7.11

HEO, hull essential oil; na, not active.

The seed oil from the Tunisian endemic Ferula tunetana Pomel ex Batt. containing α-pinene (39.8%)
was also found active against Salmonella typhimurium LT2 DT104 and Bacillus cereus ATCC 14,579,
with inhibition zones of 16.2 ± 1.0 mm and 15.8 ± 1.0 mm, respectively [36]. Although we have not
performed any mechanistic investigation in the present study, we believe the polyphenols present in
HEO damaged the cell wall or cell membrane.
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3. Materials and Methods

3.1. Chemicals

Folin-Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), potassium peroxydisulfate,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS•+), 2,4,6-Tris(2-pyridyl)-
S-triazina (TPTZ), ethylenediaminetetraacetic acid (EDTA), iron sulphate heptahydrate, ferrozine,
potassium peroxydisulfate, sodium phosphate dibasic, potassium phosphate monobasic, sodium acetate,
iron(III) chloride hexahydrate, iron(II) chloride tetrahydrate, and C7–C40 saturated alkane standard were
purchased from Sigma-Aldrich (Milan, Italy). α-Pinene, 2-Carene, 3-Carene, β-Myrcene, and D-limonene
were purchased from Extrasynthese (Lyon, France). Dichloromethane was GC-grade and was purchased
from Merck (Darmstadt, Germany). All other chemicals and solvents used were of analytical grade.

3.2. Plant Material and Isolation of Essential Oil

The ripe pistachio hulls (P. vera L., variety Bronte) were harvested on 3 October 2016 by a local
farmer in Bronte (Catania, Italy) and immediately sent to the laboratory. Four hundred grams (400 g)
of fresh pistachio hulls were manually separated from the inner woody shells and subjected to
hydrodistillation, according to the current European Pharmacopoeia method, until no significant increase
in the volume of the collected oil was observed (3 h). The HEOs were dried on Na2SO4 and stored in
a sealed vial under N2 until analysis.

3.3. GC/MS Analysis

Gas chromatographic (GC) analysis was performed on Agilent gas chromatograph, Model 7890A,
equipped with a flame ionization detector (FID). Analytical conditions were HP-5MS capillary column
(30 m × 0.25 mm coated with 5% phenyl methyl silicone, 95% dimethyl polysiloxane, 0.25 μm
film thickness) and helium as the carrier gas (1 mL/min). Injection was done in split mode (1:60),
injected volume was 1 μL (10% essential oil/CH2Cl2 v/v), and the injector and detector temperatures
were 250 ◦C and 280 ◦C, respectively. The oven temperature was held at 50 ◦C for 1 min, then increased
to 240 ◦C at 5 ◦C/min and held at 240 ◦C for 5 min. Percentages of compounds were determined from
their peak areas in the GC-FID profiles.

Gas chromatography-mass spectrometry (GC-MS) analysis was carried out on the same
instrument described above coupled with an Agilent 5975C mass detector (Santa Clara, CA, USA),
with the same column and the same operative conditions used for the analytical GC. We adjusted the
ionization voltage to 70 eV, the electron multiplier to 900 V, and the ion source temperature to 230 ◦C.
Mass spectra data were acquired in the scan mode in an m/z range of 40–300. The compounds were
identified based on: their GC retention index (relative to C9–C22 n-alkanes on the HP-5MS column),
values reported in the literature, the computer matching of their mass spectral data with those of
the MS library (NIST 08), the comparison of their MS fragmentation patterns with those reported
in literature, and, whenever possible, the co-injection with authentic standards (α-Pinene, 2-Carene,
3-Carene, β-Myrcene and D-limonene).

3.4. Screening of Antioxidant and Free-Radical Scavenging Properties

3.4.1. Determination of Total Phenolic Compounds

The total phenols content was determined according to Smeriglio et al. [37] using gallic acid as
the reference compound and the results were expressed as mg of gallic acid equivalents (GAE)/100 g
of essential oil.

3.4.2. DPPH Assay

The DPPH free radical scavenging activity was evaluated according to Bellocco et al. [24].
Briefly, freshly DPPH methanol solution (10−4 M), was mixed with 37.5 μL of sample solution
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(range 2.4–0.300 mg/mL), and the mixture was vortexed for 10 s at room temperature (RT). The decrease
in absorption at 517 nm, against blank, was measured after 20 min using an UV-VIS Spectrophotometer
(Shimadzu UV-1601, Kyoto, Japan). The inhibition (%) of radical scavenging activity was calculated by
the following equation:

Inhibition (%) =
A0 − AS

A0
× 100 (1)

where A0 is absorbance of the control and AS is absorbance of the sample after 20 min incubation.

3.4.3. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The antioxidant activity against ABTS•+ radical was carried out according to Smeriglio et al. [37].
Briefly, the reaction mixture (4.3 mM potassium persulfate and 1.7 mM ABTS solution 1:5, v/v) was
incubated for 12–16 h in the dark at room temperature, and was diluted, before use, with phosphate
buffer (pH 7.4) in order to obtain an absorbance at 734 nm of 0.7 ± 0.02. Fifty microliters (50 μL)
of sample solution (range 300–50 μg/mL) was added to 1 mL of reaction mixture and incubated
in the dark at room temperature for 6 min; the absorbance was then recorded at 734 nm using
an UV-VIS Spectrophotometer (Shimadzu UV-1601). The inhibition (%) of radical scavenging activity
was calculated using Equation (1).

3.4.4. Ferric Reducing Antioxidant Power (FRAP)

The free-radical scavenging capacity against TPTZ radical was performed according to
Smeriglio et al. [37]. Twenty-five microliters (25 μL) of sample solution (range 150–25 μg/mL) was
added to 1.5 mL of daily fresh FRAP reagent pre-warmed at 37 ◦C, and the absorbance was recorded
at 593 nm by an UV-VIS Spectrophotometer (Shimadzu UV-1601) after an incubation time of 4 min
at 20 ◦C, with the FRAP reagent used as blank. The inhibition (%) of radical scavenging activity was
calculated using Equation (1).

3.4.5. Chelating Capacity on Fe2+

Fe2+ chelating capacity was evaluated as described by Smeriglio et al. [37] with some
modifications. Briefly, 25 μL of FeCl2·4H2O solution (1.8 mM) was added to 50 μL of sample solution
(range 60–7.5 μg/mL) and incubated at RT for 5 min. Following, 50 μL of a ferrozine solution (4 mM)
was added to the reaction mixture, and the sample volume was diluted to 1.5 mL with deionized water.
After that, the mixture was vortexed and incubated for 10 min at room temperature. The absorbance
was read at 562 nm using an UV/VIS Spectrophotometer (Shimadzu UV-1601). The inhibition (%) of
Fe2+ chelating capacity was calculated using Equation (1).

3.4.6. β-Carotene Bleaching

The β-carotene bleaching assay was performed using an emulsion prepared according to
Smeriglio et al. [37]. Aliquots of this emulsion (7.0 mL) were mixed with 0.28 mL of sample solution
(range 4–0.5 mg/mL). An emulsion without β-carotene was used as control. The reaction mixture was
initially recorded at the starting time (t = 0) at 470 nm and then incubated at 50 ◦C in a water bath
for 120 min, with the absorbance recorded every 20 min. Butylated hydroxytoluene (BHT) was used
as the reference compound and the results were expressed as inhibition (%) of β-carotene bleaching
using Equation (1).

3.4.7. Superoxide Anion (O2
•−) Scavenging Assay

The superoxide anion scavenging activity of the sample was determined according to
Barreca et al. [23]. The reaction mix was composed of 1.0 mL of nitroblue tetrazolium (NBT) solution
(156 μM NBT in 100 mM phosphate buffer, pH 7.4), 1.0 mL of β-nicotinamide adenine dinucleotide
(NADH) solution (468 μM in 100 mM phosphate buffer, pH 7.4), and 20 μL of sample solution
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(range 60–3.75 μg/mL). The reaction was started by adding 100 μL phenazine methosulphate (PMS)
solution (60 μM PMS in 100 mM phosphate buffer, pH 7.4) to the mixture. The reaction mixture was
incubated at 25 ◦C for 5 min, and absorbance at 560 nm was measured against blank samples with
a Varian Cary 50 UV-VIS spectrophotometer. The inhibition (%) of radical scavenging activity was
calculated using Equation (1).

3.4.8. Hydroxyl Radical (•OH) Scavenging Assay

The hydroxyl radical scavenging assay was performed as described by Tellone et al. [38].
This assay is based on quantification of the degradation product of 2-deoxyribose by condensation
with thiobarbituric acid (TBA). The reaction mixture contained the following in the final volume of
1.0 mL: 2.8 mM 2-deoxy-2-ribose, 10 mM phosphate buffer pH 7.4, 25 μM FeCl3, 100 μM EDTA, 2.8 mM
H2O2, 100 μM ascorbic acid and sample solution in order to obtain the final concentration range of
15–0.92 μg/mL. The samples were incubated for 1 h at 37 ± 0.5 ◦C in a water bath. Then 1.0 mL of 1%
(w/v) TBA was added to each mixture followed by the addition of 1 mL of 2.8% (w/v) trichloroacetic
acid (TCA). The solutions were heated in a water bath at 100 ◦C for 15 min to develop the pink coloured
malondialdehyde–thiobarbituric acid adduct. After cooling, the absorbance was measured at 532 nm
against an appropriate blank solution. The inhibition (%) of radical scavenging activity was calculated
using Equation (1).

3.5. Evaluation of Cytoprotective Properties

3.5.1. Lymphocyte Isolation

Lymphocytes were isolated from heparinized whole blood collected from healthy volunteers,
who provided written medical histories through a standardized questionnaire and had not taken
anti-inflammatory medication or nutritional supplements. Blood samples were diluted with equal
volumes of balanced salt solution, layered over Histopaque-1077 in centrifuge tubes and centrifuged
at 400× g for 30–40 min at 25 ◦C. The peripheral blood mononuclear cell (PBMC) layer was removed
with a pipette and washed by centrifugation. The PBMCs were passed through a Percoll gradient
according to Repnik et al. [39] to enrich the fraction in lymphocytes. Lymphocytes (viability > 90%)
were counted on a haemocytometer and suspended in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units/mL penicillin G
and streptomycin. Cell concentration was adjusted to 1 × 105 cells/mL.

3.5.2. Cytotoxicity Assays

For the cytotoxicity assay, cells (1 × 105/mL) were incubated in complete medium without or
with 20, 17.5, 15, 12.5, 10, 7.5, 5, or 1 μg/mL of sample solution for 24 h in the presence of 100 μM
tert-butyl hydroperoxide (t-BOOH). The stock solution of HEO in dimethyl sulphoxide (DMSO) were
conveniently diluted with phosphate saline buffer to maintain the concentration of the DMSO below
0.1% in the reaction mixture. Parallel controls were performed without t-BOOH and in the presence of
the final concentrations of HEO. After incubation, cell viability was assessed by trypan blue staining.
Briefly, an aliquot of the cell suspension was diluted 1:1 (v/v) with 0.4% trypan blue and the cells
were counted using a haemocytometer. Results were expressed as the percentage of viable or dead
cells (ratio of unstained or stained cells to the total number of cells, respectively). Cytotoxicity was
also measured by lactate dehydrogenase (LDH) release from damaged cells into culture medium and
expressed as a percentage of total cellular activity. LDH activity in the medium was determined using
a commercially available kit from BioSystems S.A (Barcelona, Spain) and expressed as a function of the
total amount of the enzyme present in the t-BOOH-no treated cells obtained after total cell lysis by
sonication. At the concentration tested, HEO does not show any interference with the LDH assay.
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3.6. Antimicrobial Activity

The following strains, obtained from the in-house culture collection of the University of
Messina (Messina, Italy), were used for antimicrobial testing: Staphylococcus aureus ATCC 6538P,
Staphylococcus aureus MRSA ATCC 43,300, three clinical isolates of S. aureus (of which two were
methicillin resistant), Escherichia coli ATCC 10536, and Pseudomonas aeruginosa ATCC 9027.

Cultures for antimicrobial activity tests were grown in Mueller–Hinton Broth (MHB, Oxoid,
CM0405) at 37 ◦C (24 h). For solid media, 1.5% (w/v) agar (Difco) was added.

The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC)
of HEO were determined by the broth microdilution method, according to CLSI (2009). MBCs were
determined by seeding 20 mL from all clear MIC wells onto Mueller–Hinton agar (MHA, Oxoid) plates.
The MBC was defined as the lowest extract concentration which killed 99.9% of the final inocula after
24 h incubation at 37 ◦C.

All experiments were performed in triplicate on three independent days. A number of positive
and negative controls with selected antibiotics and solvent (DMSO) were included in each assay.

3.7. Statistical Analysis

Results (inhibition %) were expressed as mean ± standard deviation (S.D.) of three independent
experiments in triplicate (n = 3) and as concentration inhibiting 50% of the initial activity (IC50).
Data were analysed by one-way analysis of variance (ANOVA). The significance of the difference from
the respective controls for each experimental test condition was assayed by using Tukey’s test for each
paired experiment. Statistical significance was considered at p < 0.05. IC50 values were calculated by
Graphpad Prism software (version 5.0, GraphPad Software Inc., La Jolla, CA, USA).

4. Conclusions

In the present study, we analysed, for the first time, the composition, as well as the antioxidant and
biological potential of essential oil obtained from the hull of Pistacia vera L. variety Bronte. GC-MS analysis
shed some light on its composition, allowing for the identification of 40 derivatives, characterized by
the abundance of monoterpene hydrocarbons and oxygenated monoterpenes, both of which are some
of the most studied and promising forms of secondary metabolites due to their remarkable and different
biological properties. In fact, in the obtained results, the essential oil showed remarkable antioxidant
and cytoprotective activities, which can also be attributed to its richness in monoterpene derivatives,
which is dominated by the presence of 4-Carene, α-Pinene, D-Limonene, and 3-Carene. Therefore,
this complex matrix could represent a suitable natural source of nutraceutical compounds to be
employed in cosmetics, pharmaceutics, food preservation, and biotechnology applications.
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Abstract: Infectious diseases caused by pathogens and food poisoning caused by spoilage
microorganisms are threatening human health all over the world. The efficacies of some antimicrobial
agents, which are currently used to extend shelf-life and increase the safety of food products in
food industry and to inhibit disease-causing microorganisms in medicine, have been weakened by
microbial resistance. Therefore, new antimicrobial agents that could overcome this resistance need
to be discovered. Many spices—such as clove, oregano, thyme, cinnamon, and cumin—possessed
significant antibacterial and antifungal activities against food spoilage bacteria like Bacillus subtilis
and Pseudomonas fluorescens, pathogens like Staphylococcus aureus and Vibrio parahaemolyticus, harmful
fungi like Aspergillus flavus, even antibiotic resistant microorganisms such as methicillin resistant
Staphylococcus aureus. Therefore, spices have a great potential to be developed as new and safe
antimicrobial agents. This review summarizes scientific studies on the antibacterial and antifungal
activities of several spices and their derivatives.

Keywords: spice; antibacterial activity; antifungal effect; antimicrobial property; essential oil; clove;
oregano; thyme

1. Introduction

Microbial pathogens in food may cause spoilage and contribute to foodborne disease
incidence, and the emergence of multidrug resistant and disinfectant resistant bacteria—such as
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and Pseudomonas aeruginosa (P. aeruginosa)—has
increased rapidly, causing the increase of morbidity and mortality [1]. Weak acids such as benzoic
and sorbic acids [2], which are commonly applied in food industry as chemical preservatives to
increase the safety and stability of manufactured foods on its whole shelf-life by controlling pathogenic
and spoilage food-related microorganisms [3], can result in the development of microbiological
resistance [4]. Moreover, chemical preservatives cannot completely eliminate several pathogenic
bacteria like Listeria monocytogenes (L. monocytogenes) in food products or delay the growth of
spoilage microorganisms [5]. Natural products, as substitutes of synthetic chemical preservatives, are
increasingly accepted because they are innately better tolerated in human body and have inherent
superiorities for food industry [4]. The antimicrobial activities of natural products are necessary to be
studied and applied in food industry.

Morbidity and mortality are mainly caused by infectious diseases all over the world. The World
Health Organization reported that 55 million people died worldwide in 2011, with one-third of the
deaths owing to infectious diseases [6]. Antibiotic resistant microorganisms can increase mortality
rates because they can survive and recover through their ability to acquire and transmit resistance
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after exposure to antibiotic drugs, which are one of the therapies to infectious diseases [7]. Antibiotic
resistant bacteria threaten the antibiotic effectiveness and limit the therapeutic options even for
common infections [8]. The decline in research and development of new antibacterial agents, which
are able to inhibit antibiotic resistant disease-causing microorganisms such as S. aureus, aggravates
the emerging antibiotic resistance [9]. Therefore, much attention should be paid to natural products,
which could be used as effective drugs to treat human diseases, with high efficacy against pathogens
and negligible side effects.

Spices have been used as food and flavoring since ancient times [10], and as medicine and food
preservatives in recent decades [11,12]. Many spices—such as clove, oregano, thyme, cinnamon, and
cumin—have been applied to treat infectious diseases or protect food because they were experimentally
proved to possess antimicrobial activities against pathogenic and spoilage fungi and bacteria [10,13,14].
Moreover, the secondary metabolites of these spices are known as antimicrobial agents, the majority
of which are generally recognized as safe materials for food with insignificant adverse effects [11].
Therefore, spices could be candidates to discover and develop new antimicrobial agents against
foodborne and human pathogens.

This review summarizes the scientific studies on the antibacterial and antifungal activities of
spices and their derivatives, and some suggestions and prospects are offered for future studies.

2. Clove

Clove (Eugenia caryohyllata), belonging to family Myrtaceae, is widely used in medicine as
antiseptic against infectious diseases like periodontal disease due to the antimicrobial activities against
oral bacteria [15]. Clove is also commonly applied in food industry as a natural additive or antiseptic
to increase shelf-life due to the effective antimicrobial activities against some foodborne pathogens [16].
The main active component of clove oil and extract was found, i.e., eugenol [15,17].

2.1. Antimicrobial Activities of Clove

Antimicrobial activities of clove water extract were studied in vitro and in vivo against pathogenic
microorganisms (S. aureus and E. coli, in a model of pyelonephritis) [18]. An in vitro study
was conducted with the agar well diffusion method, and the results suggested that clove water
extract showed antibacterial activity against S. aureus (minimum inhibitory concentration (MIC):
2 mg/mL) and E. coli (MIC: 2.5 mg/mL). While in vivo, the study was conducted in 40 adult
male albino rats, and the results confirmed the efficacy of clove extract as natural antimicrobials.
The direct antimicrobial activities of ultra-fine powders of ball-milled cinnamon and clove were
tested by Kuang et al. [19] against E. coli, S. aureus, Brochothrix thermosphacta (B. thermosphacta),
Lactobacillus rhamnosus (L. rhamnosus), and Pseudomonas fluorescens (P. fluorescens) from meat, using broth
dilution method. Clove powder showed strong inhibitory effects on five microorganisms tested with
the MICs ranging from 1.0% w/v (L. rhamnosus and B. thermosphacta ) to 2.0% w/v (P. fluorescens), and
the inhibitory effects were positively associated with the concentrations of powder, which increased
from 0.5% to 2.5% w/v.

Clove could destroy cell walls and membranes of microorganisms, and permeate the cytoplasmic
membranes or enter the cells, then inhibit the normal synthesis of DNA and proteins [16]. Eugenol,
the major component of clove, could inhibit the production of amylase and proteases in Bacillus cereus
(B. cereus) and has the ability of cell wall deterioration and cell lysis [20].

2.2. Comparison of Antimicrobial Activities of Clove and Other Spices

Badei et al. [21] tested the antimicrobial activities of cardamom, cinnamon and clove essential
oils (EOs) against nine Gram-positive bacterial strains, four Gram-negative bacterial strains, seven
molds, and two yeasts, compared with phenol, using the disc diffusion method. Clove EO showed
the highest antimicrobial activity, and the antimicrobial spectra (diameter of inhibition zones) of
10% clove EO was 1.48 times as that of 10% phenol. Schmidt et al. [22] evaluated the antifungal
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effects of eugenol-containing EOs of 4 spices on 38 Candida albicans (C. albicans) isolates, of which
12 were isolated from oropharynges, 16 from vaginas, and 10 from damaged skin, using the
microdilution method. Clove EO possessed the strongest antifungal activities against all C. albicans
strains among the tested spices. Pure eugenol alone exhibited weaker antifungal activities than clove
leaf EO. Angienda et al. [23] investigated the antimicrobial activities of EOs of four spices against
Salmonella typhimurium (S. typhimurium), E. coli, B. cereus, and Listeria innocua (L. innocua) by agar
diffusion test. Clove EO showed the most effective inhibition against both Gram-positive bacteria
and Gram-negative bacteria compared with three other EOs, with the MICs ranging from 1.25% v/v
(B. cereus) to 2.50% v/v (S. typhimurium and E. coli). Lomarat et al. [17] reported the antimicrobial
activities of EOs from nine spices against histamine-producing bacteria including Morganella morganii
(M. morganii), by determining MICs and minimum bactericidal concentrations (MBCs) using the broth
dilution assay, and also found the antibacterial compounds of EOs by bioautography-guided isolation.
The results indicated that the clove EO was the most effective against M. morganii among nine tested
spices with MIC 0.13% v/v and MBC 0.25% v/v. The eugenol was identified as the active component
of clove EO by thin layer chromatography bioautography assay.

Shan et al. [24] tested the antibacterial activities of ethanol extracts from five spices and herbs
against L. monocytogenes, S. aureus, and Salmonella enterica (S. enterica) in raw pork by counting
bacterial enumeration. When treated with clove extract, raw pork samples were found with the
fewest colonies of tested bacteria. Bayoub et al. [25] reported the antimicrobial activities of ethanol
extracts of 13 plants including clove against L. monocytogenes, the MICs were determined by agar
well diffusion test. The results showed that clove extract was the most effective inhibitor against
L. monocytogenes compared with the other 12 selected plant ethanol extracts, with the MIC 0.24 mg/mL.
Cui et al. [26] tested the antimicrobial activities of 90 plant extracts (water and 99.5% ethanol extracts)
against Clostridium spp. Clove water extract was found with the greatest antimicrobial activity against
Clostridium botulinum in trypticase peptone glucose yeast extract broth (pH = 7.0) among all the
water extracts, and the MICs of clove extract ranged from 0.1% to 0.2% against Clostridium spp.
Antimicrobial effects of 3 extracts (ethyl acetate, acetone, and methanol extracts) of 12 plants were
tested on 2 fungi (Kluyveromyces marxianus (K. marxianus) and Rhodotorula rubra (R. rubra)) and 8 bacteria
(Klebsiella pneumoniae (K. pneumoniae), Bacillus megaterium (B. megaterium), P. aeruginosa, S. aureus, E. coli,
Enterobacter cloacae (E. cloacae), Corynebacterium xerosis (C. xerosis), and Streptococcus faecalis (S. faecalis))
by the disc diffusion method [27]. Clove exhibited the most effective inhibitory impacts. The methanol
extract from clove showed inhibition against microorganisms (diameter of inhibition zones (DIZs):
8–24 mm) tested except K. pneumoniae. The acetone extract showed inhibition against microorganisms
(DIZs: 8–18 mm) tested except R. rubra and K. pneumoniae. The ethyl acetate extract only showed
antibacterial activity against B. megaterium (DIZ: 7 mm). Liang et al. [28] observed the antimicrobial
activities of seven spices, and different concentrations of extracts and EOs in each spice were used to
test the effects on the growth of spoilage microorganisms in apple cider by total plate counts. Clove
products showed the strongest antimicrobial activities compared with other spices tested. Nearly seven
log reduction of microorganisms was observed at 0.8% v/v in the cider for clove oil and 2% w/w for
clove powder at room temperature. Badhe et al. [29] tested the antimicrobial activities of many spice
and herb powders against S. aureus, S. typhimurium, E. coli, and B. cereus at refrigerated temperature
(8 ± 2 ◦C) for intervals of 0, 3, 6, 12, 24, and 48 h. The results indicated that at the concentration of 2%,
clove powder showed highest effect on S. aureus followed by E.coli and S. typhimurium, and at 24 h
under refrigeration, clove powder led to a significant reduction of bacteria counting.

2.3. The Application of Clove as Antimicrobial Agents in Food Packaging

Clove EO and its functional extracts have been incorporated into films, the antimicrobial activities
of which have been evaluated in some studies. In a study, chitosan at high, moderate and low molecular
mass were elaborated with antimicrobial films which were incorporated with EOs and extracts from
two spices [30]. Then the antimicrobial effects of the films were investigated on E. coli, S. typhimurium,
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S. aureus, B. cereus, and L. monocytogenes. The films prepared by low molecular mass chitosan with
2% EO and ethyl heptanoate extract from clove showed antimicrobial activities against a majority
of the tested strains. In another study, the researchers tested the antimicrobial activities of EOs and
functional extracts of cumin, clove, and elecampane against E. coli, S. typhimurium, B. cereus, S. aureus,
and L. monocytogenes by determining the MICs and MBCs [31]. They also evaluated the antibacterial
activities of edible films prepared by EOs and functional extracts of spices based on chitosan polymeric
structure against the same bacteria by determining the DIZs. Clove EO showed the best inhibitory
effects with the MIC of 500 mg/L on all the bacteria tested, clove extracts showed very similar MICs
to those of EO, except ethyl caproate extract of clove against L. monocytogenes (MIC of 750 mg/L)
and ethyl heptanoate extract of clove against B. cereus (MIC of 250 mg/L). Among the chitosan films
added with EOs, only clove showed inhibition zones of all tested bacteria except L. monocytogenes. The
ethyl heptanoate extract of clove film also possessed antibacterial activities against all tested bacteria,
weaker than those of clove EO though. Liu et al. [32] evaluated the antimicrobial activities of spice
EOs against microbial populations in chilled pork stored in PE film antimicrobial package using the
disk diffusion method to determine the DIZs and serial dilution assay to determine the MICs. Clove
EO was the most effective against microorganisms tested among all the spice EOs tested. The MICs of
clove EO were 0.10%, 0.10%, and 0.30% v/v against Enterobacteriaceae, S. aureus, and Pseudomonas sp.,
respectively. Spice EOs possessed the ability to decrease the number of spoilage populations, but not
the species diversity of spoilage microbiota.

Collectively, clove EO and extracts could prevent against some food spoilage and foodborne
pathogens (Table 1), especially Gram-positive bacteria. The MICs of clove were less than 2.5% against
tested microorganisms like P. fluorescens, S. typhimurium, E. coli, B. cereus, and L. innocua. Generally
speaking, the qualities of the papers cited are good and the results are reliable.

314



Int. J. Mol. Sci. 2017, 18, 1283

T
a

b
le

1
.

A
nt

ib
ac

te
ri

al
an

d
an

ti
fu

ng
al

ac
ti

vi
ti

es
of

cl
ov

e.

T
y

p
e

o
f

S
a

m
p

le
s

B
a

ct
e

ri
a

a
n

d
F

u
n

g
i

M
a

in
R

e
su

lt
s

R
e

fe
re

n
ce

C
lo

ve
an

d
ci

nn
am

on
w

at
er

ex
tr

ac
ts

St
ap

hy
lo

co
cc

us
au

re
us

an
d

Es
ch

er
ic

hi
a

co
li

Bo
th

in
vi

vo
an

d
in

vi
tr

o
re

su
lt

s
co

nfi
rm

ed
th

e
ef

fic
ac

y
of

cl
ov

e
ex

tr
ac

ta
s

na
tu

ra
la

nt
im

ic
ro

bi
al

s.
[1

8]

U
lt

ra
-fi

ne
po

w
de

rs
of

ba
ll-

m
ill

ed
cl

ov
e

E.
co

li,
S.

au
re

us
,B

ro
ch

ot
hr

ix
th

er
m

os
ph

ac
ta

,
La

ct
ob

ac
ill

us
rh

am
no

su
s,

Ps
eu

do
m

on
as

flu
or

es
ce

ns

C
lo

ve
po

w
de

r
sh

ow
ed

a
st

ro
ng

in
hi

bi
to

ry
ef

fe
ct

w
it

h
th

e
m

in
im

um
in

hi
bi

to
ry

co
nc

en
tr

at
io

ns
(M

IC
s)

ra
ng

in
g

fr
om

1.
0%

to
2.

0%
w

/v
.

[1
9]

C
ar

da
m

om
,c

in
na

m
on

,c
lo

ve
es

se
nt

ia
lo

ils
(E

O
s)

an
d

ph
en

ol
13

ba
ct

er
ia

ls
tr

ai
ns

,7
m

ol
ds

an
d

2
ye

as
ts

C
lo

ve
EO

po
ss

es
se

d
th

e
hi

gh
es

ta
nt

im
ic

ro
bi

al
ac

ti
vi

ti
es

.
[2

1]

4
sp

ic
e

EO
s

C
an

di
da

al
bi

ca
ns

C
lo

ve
EO

po
ss

es
se

d
th

e
st

ro
ng

es
ta

ct
iv

it
ie

s
ag

ai
ns

ta
ll

C
.a

lb
ic

an
s

st
ra

in
s.

[2
2]

4
sp

ic
e

EO
s

Sa
lm

on
el

la
ty

ph
im

ur
iu

m
,E

.c
ol

i,
Ba

ci
llu

s
ce

re
us

,
Li

st
er

ia
in

no
cu

a
C

lo
ve

EO
sh

ow
ed

th
e

m
os

te
ff

ec
ti

ve
in

hi
bi

ti
on

w
it

h
th

e
M

IC
s

ra
ng

in
g

fr
om

1.
25

%
to

2.
50

%
v/

v.
[2

3]

9
sp

ic
e

EO
s

M
or

ga
ne

lla
m

or
ga

ni
i

C
lo

ve
EO

w
as

th
e

m
os

te
ff

ec
ti

ve
w

it
h

M
IC

of
0.

13
%

v/
v.

[1
7]

Et
ha

no
le

xt
ra

ct
s

fr
om

5
sp

ic
es

an
d

he
rb

s
Li

st
er

ia
m

on
oc

yt
og

en
es

,S
.a

ur
eu

s,
Sa

lm
on

el
la

en
te

ri
ca

C
lo

ve
ex

tr
ac

tw
as

th
e

m
os

te
ff

ec
ti

ve
ag

ai
ns

tb
ac

te
ri

a
te

st
ed

.
[2

4]

13
pl

an
te

th
an

ol
ex

tr
ac

ts
L.

m
on

oc
yt

og
en

es
C

lo
ve

ex
tr

ac
tw

as
th

e
m

os
te

ff
ec

tiv
e

w
ith

th
e

M
IC

of
0.

24
m

g/
m

L.
[2

5]

90
pl

an
te

xt
ra

ct
s

C
lo

st
ri

di
um

sp
p.

C
lo

ve
w

at
er

ex
tr

ac
tw

as
th

e
m

os
te

ff
ec

ti
ve

am
on

g
al

lt
he

w
at

er
ex

tr
ac

ts
w

it
h

th
e

M
IC

ra
ng

in
g

fr
om

0.
1%

to
0.

2%
.

[2
6]

Et
hy

la
ce

ta
te

,a
ce

to
ne

an
d

m
et

ha
no

l
ex

tr
ac

ts
of

12
pl

an
ts

pe
ci

es

K
lu

yv
er

om
yc

es
m

ar
xi

an
us

,R
ho

do
to

ru
la

ru
br

a,
K

le
bs

ie
lla

pn
eu

m
on

ia
e,

Ba
ci

llu
s

m
eg

at
er

iu
m

,P
se

ud
om

on
as

ae
ru

gi
no

sa
,S

.a
ur

eu
s,

E.
co

li,
En

te
ro

ba
ct

er
cl

oa
ca

e,
C

or
yn

eb
ac

te
ri

um
xe

ro
si

s,
St

re
pt

oc
oc

cu
s

fa
ec

al
is

C
lo

ve
po

ss
es

se
d

th
e

m
os

te
ff

ec
ti

ve
in

hi
bi

to
ry

ef
fe

ct
s.

[2
7]

7
sp

ic
es

,t
he

ir
ex

tr
ac

ts
an

d
EO

s
M

ic
ro

or
ga

ni
sm

s
in

ap
pl

e
ci

de
r

C
lo

ve
pr

od
uc

ts
ha

d
th

e
st

ro
ng

es
ta

nt
im

ic
ro

bi
al

ac
ti

vi
ti

es
co

m
pa

re
d

w
it

h
ot

he
r

sp
ic

es
te

st
ed

.
[2

8]

M
an

y
sp

ic
e

an
d

he
rb

po
w

de
rs

S.
au

re
us

,S
.t

yp
hi

m
ur

iu
m

,E
.c

ol
i,

B.
ce

re
us

2%
le

ve
lo

fc
lo

ve
po

w
de

r
w

as
m

or
e

ef
fe

ct
iv

e
ag

ai
ns

tS
.a

ur
eu

s
fo

llo
w

ed
by

E.
co

li
an

d
S.

ty
ph

im
ur

iu
m

un
de

r
re

fr
ig

er
at

io
n.

[2
9]

EO
s

an
d

fu
nc

ti
on

al
ex

tr
ac

ts
of

cu
m

in
an

d
cl

ov
e.

E.
co

li,
S.

ty
ph

im
ur

iu
m

,S
.a

ur
eu

s,
B.

ce
re

us
,

L.
m

on
oc

yt
og

en
es

Th
e

fil
m

s
of

lo
w

m
ol

ec
ul

ar
w

ei
gh

tc
hi

to
sa

n
w

it
h

a
co

nc
en

tr
at

io
n

of
2%

of
EO

of
cl

ov
e

an
d

cl
ov

e
et

hy
lh

ep
ta

no
at

e
ex

tr
ac

th
ad

an
ti

m
ic

ro
bi

al
ac

ti
vi

ti
es

ag
ai

ns
tm

os
ts

tr
ai

ns
te

st
ed

.
[3

0]

EO
s

an
d

fu
nc

ti
on

al
ex

tr
ac

ts
of

cu
m

in
,c

lo
ve

,a
nd

el
ec

am
pa

ne
E.

co
li,

S.
ty

ph
im

ur
iu

m
,B

.c
er

eu
s,

S.
au

re
us

,
L.

m
on

oc
yt

og
en

es
C

hi
to

sa
n

fil
m

s
ad

de
d

w
it

h
cl

ov
e

EO
sh

ow
ed

th
e

be
st

in
hi

bi
to

ry
ef

fe
ct

s
w

it
h

th
e

M
IC

s
of

50
0

m
g/

L.
[3

1]

3
sp

ic
e

EO
s

En
te

ro
ba

ct
er

ia
ce

ae
,S

.a
ur

eu
s,

Ps
eu

do
m

on
as

sp
.,

La
ct

ic
ac

id
ba

ct
er

ia
,B

ro
ci

th
ri

x
th

er
m

os
ph

ac
ta

C
lo

ve
EO

w
as

th
e

m
os

te
ff

ec
ti

ve
ag

ai
ns

tm
ic

ro
or

ga
ni

sm
s

te
st

ed
.

[3
2]

315



Int. J. Mol. Sci. 2017, 18, 1283

3. Oregano

Oregano (Origanum vulgare), belonging to family Lamiaceae, has been used as food seasoning and
flavoring for a long time. The major components associated with antimicrobial activities in oregano
EO were proved to be carvacrol and thymol [33].

3.1. Antimicrobial Activities of Oregano

Babacan et al. [34] evaluated the antimicrobial activities of oregano extract against various
Salmonella serotypes by evaluating the bacterial growth with disc diffusion method. The results
showed that DIZs of oregano were 15, 19, and 16 mm for Salmonella gallinarum (S. gallinarum),
Salmonella enteritidis (S. enteritidis), and S. typhimurium, respectively. Santoyo et al. [35] observed the
antimicrobial activities of EO-rich fractions of oregano which were selectively precipitated in the second
separator in different conditions against six microorganism strains (S. aureus, Bacillus subtilis (B. subtilis),
E. coli, P. aeruginosa, C. albicans, and Aspergillus niger (A. niger)), using the disk diffusion and broth
dilution methods. The results showed that all of the supercritical fluid extraction fractions exhibited
antimicrobial effects on tested microorganisms, and the most efficient fraction was obtained with 7%
ethanol at 150 bar and 40 ◦C. De Souza et al. [36] evaluated the effects of heating (at the temperatures
of 60, 80, 100, and 120 ◦C, at a duration of 1 h for each) on the antimicrobial activities of oregano EO
against 9 microorganism strains (C. albicans, Candida krusei (C. krusei), Candida tropicalis (C. tropicalis),
B. cereus, E. coli, S. aureus, Yersinia enterocolitica (Y. enterocolitica), S. enterica, and Serratia marcescens
(S. marcescens)), using the solid medium diffusion procedure. The results indicated that heating
treatment showed no significant effects on the antimicrobial activities of EO, with the DIZs and MICs
of heated EO close to those of EO kept at room temperature (MICs ranging from 10 to 40 μL/mL).

Oregano could bind to sterols in the fungal membranes of C. albicans strains [37], but the exact
mechanisms of action on other microorganisms are to be further studied. Carvacrol, one of the major
components of oregano, could interact with cell membranes through changing the permeability for
small cations [38]. As the chemical compounds in EO and extracts of oregano are complex, they could
inhibit microorganisms through different cell targets.

3.2. Comparison of Antimicrobial Activities of Oregano and Other Spices

Ozcan et al. [39] investigated the antifungal activities of four spice decoctions against six molds
(Fusarium oxysporum f. sp. phaseoli, Macrophomina phaseoli (M. phaseoli), Botrytis cinerea (B. cinerea),
Rhizoctonia solani (R. solani), Alternaria solani (A. solani), and Alternaria parasiticus (A. parasiticus)). The
results showed that the mycelial growth were 100% inhibited by 10% oregano decoction in culture
medium. Ai-Turki et al. [40] tested the antimicrobial activities of aqueous extracts of four plants against
E. coli and B. subtilis using the disc diffusion method. Oregano extract showed the best antibacterial
effects on two bacteria compared with three other spice extracts, and B. subtilis showed more sensitivity
than E. coli. Marques et al. [41] assessed the antimicrobial activities of the EOs of oregano and marjoram
against S. aureus isolated from poultry meat using the disk diffusion method, and the MICs and MBCs
were tested using the microdilution technique. All the S. aureus strains were susceptible to oregano EO
with the MICs ranging from 6.25 to 25 μL/mL, but four of the isolates were resistant to ampicillin and
one was resistant to tetracycline. Bozin et al. [42] investigated the antimicrobial activities of 3 spice EOs
against 13 bacterial strains using the hole-plate agar diffusion method and 6 fungi by the microdilution
technique. The results indicated that the most effective antibacterial activities were expressed by
oregano EO, even on multiresistant strains of P. aeruginosa and E. coli. Viuda-Martos et al. [43] studied
the antimicrobial activities of EOs from six spices against six bacteria (Lactobacillus curvatus (L. curvatus),
Lactobacillus sakei (L. sakei), Staphylococcus carnosus (S. carnosus), Staphylococcus xylosus (S. xylosus),
Enterobacter gergoviae (E. gergoviae) and Enterobacter amnigenus (E. amnigenus)), using the disc diffusion
method. Oregano EO was the most effective against bacteria tested, with DIZs ranging from 35.29 mm
(S. xylosus) to 57.90 mm (E. amnigenus). Santurio et al. [44] reported the antimicrobial activities of
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EOs of eight spices against E. coli strains isolated from poultry and cattle faeces by determining the
MICs using the broth microdilution technique. The results showed that the most effective against all
E. coli strains in the study was oregano EO. Khosravi et al. [45] investigated the antifungal activities
of Artemisia sieberi and oregano EOs against Candida glabrata (C. glabrata) isolated from patients with
vulvovaginal candidiasis by determining the MICs and minimal fungicidal concentrations (MFCs),
using the broth macrodilution method. The results indicated that the EOs inhibited all tested C. glabrata
isolates concentration-dependently, with the MICs ranging from 0.5 to 1100 μg/mL (mean: 340.2
μg/mL) for oregano. Dal Pozzo et al. [46] studied the antimicrobial activities of 7 spice EOs, and
some majority constituents of these spices such as carvacrol, thymol, cinnamaldehyde, and cineole
against 33 Staphylococcus spp. isolates from herds of dairy goats, by determining the MICs and MBCs
using the broth microdilution method. Oregano and thyme possessed equally strong antimicrobial
activities among EOs. Santos et al. [47] evaluated the antimicrobial activities of four spices against
several bacteria like S. aureus and E. coli isolated from vongole and bacteria standard ATCC (American
Type Culture Collection): E. coli, S. aureus, and Salmonella choleraesuis (S. choleraesuis), by determining
the MICs using diffusion test. Oregano and clove EOs presented antimicrobial activities against all
tested bacteria, but oregano presented larger DIZs of 26.7 mm (E. coli) and 29.3 mm (S. aureus).
Hyun et al. [48] tested the antibacterial effects of various spice EOs including oregano on total
mesophilic microorganisms in products (fresh leaf lettuce and radish sprouts) using the dipping
method. One species of oregano (in the USA) EO showed the best effects on maintaining reduced
levels of total mesophilic microorganisms in fresh leaf lettuce and radish sprouts compared with
the control.

3.3. The Application of Oregano as Antimicrobial Agents in Food Packaging

The antimicrobial effects of pure EOs of four spices and chitosan-EOs films on L. monocytogenes
and E. coli were evaluated in vitro by agar diffusion test [49]. The antimicrobial activities of EOs alone
and incorporated in the films were similar following the order: oregano >> coriander > basil > anise.
When used in inoculated bologna samples at 10 ◦C and stored for five days, pure chitosan films led
to 2 log reduction of L. monocytogenes, 3.6–4 log reduction of L. monocytogenes, and 3 log reduction of
E. coli were observed in films incorporated with 1% and 2% oregano EO.

All the above studies are of good quality, and oregano showed strong antimicrobial activities
against microorganism strains such as Staphylococcus spp. and S. aureus isolates with larger DIZs and
lower MICs, MBCs, and MFCs compared with several other spices (Table 2). Future studies could
focus on the application of oregano and its EO in food industry, and also the possible mode of action.
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4. Thyme

Thyme (Thymus vulgaris), belonging to family Lamiaceae, is a subshrub native to the western
Mediterranean region. Thyme is widely used as a spice to add special flavor to foods. In recent studies,
thyme was found to possess efficient antimicrobial activities and was used in some foods to extend the
shelf-life [50].

4.1. Antimicrobial Activities of Thyme

A study evaluated the antimicrobial activities of thyme EO against bacteria (B. subtilis,
S. aureus, Staphylococcus epidermidis (S. epidermidis), P. aeruginosa, E. coli, and Mycobacterium smegmatis
(M. smegmatis)) and fungal strains (C. albicans and Candida vaginalis) [51]. Thyme EO showed effective
bactericidal and antifungal activities against tested microorganism strains with MICs ranging from 75
to 1100 μg/mL for bacteria, and from 80 to 97 μg/mL for fungi. In another study, EOs obtained from
thyme harvested at four ontogenetic stages were tested for their antibacterial activities against nine
strains of Gram-negative bacteria and six strains of Gram-positive bacteria using the bioimpedance
method to test the bacteriostatic activities and plate counting technique to study the inhibitory effects
by direct contact [52]. The results indicated that all the thyme EOs had significant bacteriostatic
activities against the microorganisms tested. Furthermore, the antimicrobial activities of EOs of four
Thymus species (T. vulgaris, T. serpyllum, T. pulegioides, and T. glabrescens) were determined by agar
diffusion method [53]. T. vulgaris and T. serpyllum EOs were the most efficient as they inhibited all the
tested bacteria (P. aeruginosa, Cronobacter sakazakii (C. sakazakii), L. innocua, and Streptococcus pyogenes
(S. pyogenes)) and yeasts (C. albicans and Saccharomyces cerevisiae (S. cerevisiae)) both at original and
half-diluted concentrations. P. aeruginosa, L. innocua, and S. pyogenes were highly and equally sensitive
to the Thymus oils, while C. sakazakii exhibited limited sensitivity, and the sensitivity of the two yeast
strains were similar to that of C. sakazakii, but S. cerevisiae was a little more sensitive than C. albicans.

The major active compound of thyme is thymol, which exerted its antimicrobial action through
binding to membrane proteins by hydrophobic bonding and hydrogen bonding, and then changing
the permeability of the membranes [20]. Thymol also decreased intracellular adenosine triphosphate
(ATP) content of E. coli and increased extracellular ATP, which could disrupt the function of plasma
membranes [54]. As thymol was proved to act differently against Gram-positive and Gram-negative
bacteria [20], the exact mechanisms of antimicrobial action should be further studied.

4.2. Comparison of Antimicrobial Activities of Thyme and Other Spices

Al-Turki et al. [55] reported the antibacterial activities of thyme, peppermint, sage, black pepper
and garlic hydrosols against B. subtilis and S. enteritidis, using the agar disk diffusion method. Thyme
hydrosol demonstrated more significant inhibitory effects on B. subtilis and S. enteritidis than sage,
peppermint, and black pepper hydrosols, with the mean DIZs 20 mm for B. subtilis and 15 mm
for S. enteritidis. According to another study, the antimicrobial effects of the six plant hydrosols on
S. aureus, E. coli, S. typhimurium, P. aerugenosa, and C. albicans were tested by determining the microbial
growth zones on hydrosol agar plates and control agar plates [56]. The results showed that at 15%
thyme hydrosol completely inhibited E. coli and S. typhimurium, but C. albicans was inactive to the
tested hydrosols. Girova et al. [57] assessed the antimicrobial activities of five plant EOs against
psychrotrophic microorganisms (P. fluorescens, Pseudomonas putida (P. putida), P. fragi, B. thermosphacta,
and C. albicans) isolated from spoiled chilled meat products and some reference strains (P. fluorescens
ATCC 17397, P. putida NBIMCC (National Bank for Industrial Microorganisms and Cell Cultures) 561,
P. aeruginosa ATCC 9027, and C. albicans ATCC 10231) using the method of disc diffusion and serial
broth dilution. The results indicated that the antimicrobial effects of the EOs were equal at 37 ◦C and
4 ◦C. Thyme EO exhibited the highest antimicrobial activities with the MICs ranging from 0.05% to
0.8% w/v. Hajlaoui et al. [58] observed the anti-Vibrio alginolyticus (V. alginolyticus) activities of five
aromatic plant EOs using agar well diffusion test, and the MICs and MBCs were examined using the
broth microdilution susceptibility method. Thyme EO was proved to be the most efficient against 13
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V. alginolyticus strains compared with 4 other EOs, with the MICs ranges of 0.078–0.31 mg/mL and
MBCs ranges of 0.31–1.25 mg/mL. Also, Viuda-Martos et al. [59] assessed the growth inhibition of some
indicators of spoilage bacteria strains (L. innocua, S. marcescens, and P. fluorescens) and the concentration
effects of five spice EOs using the agar disc diffusion method. Only the EO of thyme showed inhibitive
effects on all tested bacteria at all added doses (100%, 50%, 25%, 12.5%, and 5%). Aliakbarlu et al. [60]
evaluated the antibacterial activities of EOs from thyme, Thymus kotschyanus, Ziziphora tenuior, and
Ziziphora clinopodioides, against two Gram-positive bacteria (B. cereus and L. monocytogenes) and two
Gram-negative bacteria (S. typhimurium and E. coli), using the agar disc diffusion and micro-well
dilution assay. The EO of thyme showed the highest antibacterial activities, with the widest inhibition
zones and the lowest MICs (0.312–1.25 μL/mL), and B. cereus was the most sensitive bacterium tested.
Hyun et al. [48] investigated the antibacterial effects of several EOs on 18 pathogenic bacteria and 15
spoilage bacteria by agar disc diffusion test. The results showed that thyme-1 (T. vulgaris) EO and
thyme-2 (T. vulgaris ct linalool) EO exerted the highest antibacterial activities against 18 pathogenic
bacteria strains compared with other spices, except for P. aeruginosa. Thyme-1 EO also demonstrated
the best antibacterial effects on spoilage bacteria. In addition, the antimicrobial effects of 17 spices
and herbs against Shigella strains were tested in another study [61]. The MICs were determined by
the agar dilution method with dried ground spices and herbs added to the broth and agar, and the
results showed that MICs of thyme were 0.5–1% w/v for the Shigella strains. The study also used
various combinations of temperatures (12, 22, and 37 ◦C), pH values (5.0, 5.5, and 6.0), and NaCl
concentrations (1%, 2%, 3%, and 4% w/v), and the inclusion or exclusion of thyme or basil at 1% w/v in
a Mueller–Hinton agar model system to test the inhibitory effects of thyme and basil. In the presence of
thyme, Shigella flexneri (S. flexneri) did not develop Colony-Forming Units (CFU) during the seven-day
incubation period for 16 of the 18 tested combinations.

Some studies compared the antimicrobial activities of different extracts of thyme. Martins et al. [62]
evaluated and compared the antimicrobial activities of the infusion, decoction, and hydroalcoholic
extracts prepared from thyme against S. aureus, S. epidermidis, E. coli, Klebsiella spp., P. aeruginosa,
Enterobacter aerogenes (E. aerogenes), Proteus vulgaris (P. vulgaris), and Enterobacter sakazakii (E. sakazakii)
using the disc diffusion halo test. For Gram-positive species, thyme extracts only presented activity
against S. epidermidis, and hydroalcoholic extract showed a lower antibacterial activity than decoction
and infusion extracts, which showed the similar activities. For Gram-negative species, thyme extracts
showed antimicrobial activities in the order of E. coli > P. vulgaris, P. aeruginosa > E. aerogenes =
E. sakazakii; decoction and hydroalcoholic extracts had similar effects against the bacteria except
P. aeruginosa, while the lowest activity was observed in infusion extracts. Moreover, the antifungal
effects of thyme EO, hydrosol and propolis extracts on natural mycobiota on the surface of sucuk were
evaluated [63]. The results showed that potassium sorbate (15% w/v, in water), thyme EO (10 mg/mL,
in dimethyl sulfoxide), and propolis extract (50 mg/mL, in dimethyl sulfoxide) reduced by 4.88, 2.45,
and 2.05 log CFU/g in yeast-mold counting compared with sterile water, respectively.

Aman et al. [64] analyzed the polyphenolic fractions and oil fractions of oilseeds from
4 spices, including thyme, for their antimicrobial activities against 35 bacterial strains. The
results showed that oil fractions of all spice oilseeds were more active than their polyphenolic
fractions, and thyme oil fraction had the highest antibacterial activities compared with other spice
oilseeds. Aznar et al. [65] studied the growth of Candida lusitaniae (C. lusitaniae) on different
concentrations of nisin (0.1–3 mmol/L), thymol (0.02–1.5 mmol/L), carvacrol (0.02–1 mmol/L), or
cymene (0.02–3 mmol/L) in broths (pH = 5, 25 ◦C), and also evaluated the inhibitory activity of thymol
against C. lusitaniae in tomato juice. Thymol, carvacrol, and cymene totally inhibited the yeast growth
for more than 21 days at 25 ◦C when the concentrations were higher than 1 mmol/L. Compared with
the control without thymol, the activity of thymol against C. lusitaniae in tomato juice was significant.

In conclusion, the results obtained from a number of investigations with good quality indicated
that thyme possessed effective antimicrobial activities against several pathogenic and spoilage bacteria
and fungi, like S. aureus and E. coli, with low MICs (≤1100 μL/mL) (Table 3).

320



Int. J. Mol. Sci. 2017, 18, 1283

T
a

b
le

3
.

A
nt

ib
ac

te
ri

al
an

d
an

ti
fu

ng
al

ac
ti

vi
ti

es
of

th
ym

e.

T
y

p
e

o
f

S
a

m
p

le
s

T
e

st
e

d
B

a
ct

e
ri

a
a

n
d

F
u

n
g

i
M

a
in

R
e

su
lt

s
R

e
fe

re
n

ce

Th
ym

e
EO

B.
su

bt
ili

s,
S.

au
re

us
,S

ta
ph

yl
oc

oc
cu

s
ep

id
er

m
id

is
,

P.
ae

ru
gi

no
sa

,E
.c

ol
i,

M
yc

ob
ac

te
ri

um
sm

eg
m

at
is

,
C

.a
lb

ic
an

s,
C

an
di

da
va

gi
na

lis

M
IC

s
ra

ng
ed

fr
om

75
to

11
00

μ
g/

m
L

fo
r

ba
ct

er
ia

,a
nd

fr
om

80
to

97
μ

g/
m

L
fo

r
fu

ng
i.

[5
1]

Th
ym

e
EO

s
of

4
on

to
ge

ne
ti

c
st

ag
es

E.
co

li,
Pr

ot
eu

s
m

ir
ab

ili
s,

Pr
ot

eu
s

vu
lg

ar
is

,S
.t

yp
hi

m
ur

iu
m

,
S.

m
ar

ce
sc

en
s,

Y
.e

nt
er

oc
ol

iti
ca

,P
.fl

uo
re

sc
en

s,
Ps

eu
do

m
on

as
pu

tid
a,

M
ic

ro
co

cc
us

sp
p.

,S
.fl

av
a,

S.
au

re
us

,
Ba

ci
llu

s
lic

he
ni

fo
rm

is
,B

ac
ill

us
th

ur
in

gi
en

si
s,

L.
in

no
cu

a

A
ll

th
e

th
ym

e
EO

s
ha

d
si

gn
ifi

ca
nt

an
ti

ba
ct

er
ia

la
ct

iv
it

ie
s

ag
ai

ns
t

th
e

m
ic

ro
or

ga
ni

sm
s

te
st

ed
.

[5
2]

4
Th

ym
us

sp
ec

ie
s

EO
s

P.
ae

ru
gi

no
sa

,C
ro

no
ba

ct
er

sa
ka

za
ki

i,
L.

in
no

cu
a,

St
re

pt
oc

oc
cu

s
py

og
en

es
,C

.a
lb

ic
an

s,
Sa

cc
ha

ro
m

yc
es

ce
re

vi
si

ae

Th
ym

e
EO

w
as

th
e

m
os

te
ffi

ci
en

to
n

al
lt

he
te

st
ed

ba
ct

er
ia

an
d

ye
as

tb
ot

h
in

or
ig

in
al

an
d

ha
lf

-d
ilu

te
d

co
nc

en
tr

at
io

ns
.

[5
3]

5
sp

ic
e

hy
dr

os
ol

s
B.

su
bt

ili
s

an
d

S.
en

te
ri

tid
is

Th
ym

e
hy

dr
os

ol
w

as
m

or
e

ef
fe

ct
iv

e
th

an
sa

ge
,p

ep
pe

rm
in

t,
an

d
bl

ac
k

pe
pp

er
.

[5
5]

6
pl

an
th

yd
ro

so
ls

S.
au

re
us

,E
.c

ol
i,

S.
ty

ph
im

ur
iu

m
,P

.a
er

ug
in

os
a,

C
.a

lb
ic

an
s

15
%

hy
dr

os
ol

co
nc

en
tr

at
io

n
of

th
ym

e
co

m
pl

et
el

y
in

hi
bi

te
d

E.
co

li
an

d
S.

ty
ph

im
ur

iu
m

.
[5

6]

5
pl

an
tE

O
s

P.
flu

or
es

ce
ns

,P
.p

ut
id

a,
Ps

eu
do

m
on

as
fr

ag
i,

Br
oc

ho
th

ri
x

th
er

m
os

ph
ac

ta
C

.a
lb

ic
an

s,
P.

ae
ru

gi
no

sa
Th

ym
e

EO
sh

ow
ed

th
e

hi
gh

es
ta

nt
im

ic
ro

bi
al

ac
tiv

iti
es

w
ith

M
IC

s
ra

ng
in

g
fr

om
0.

05
%

to
0.

8%
w

/v
.

[5
7]

5
ar

om
at

ic
pl

an
tE

O
s

13
V

ib
ri

o
al

gi
no

ly
tic

us
st

ra
in

s
Th

e
M

IC
s

of
th

ym
e

EO
ra

ng
ed

fr
om

0.
07

8
to

0.
31

m
g/

m
L,

an
d

M
BC

s
ra

ng
ed

fr
om

0.
31

to
1.

25
m

g/
m

L.
[5

8]

5
sp

ic
e

EO
s

L.
in

no
cu

a,
S.

m
ar

ce
sc

en
s,

P.
flu

or
es

ce
ns

O
nl

y
th

e
th

ym
e

EO
sh

ow
ed

in
hi

bi
tio

n
ef

fe
ct

s
on

al
lt

es
te

d
ba

ct
er

ia
at

al
la

dd
ed

do
se

s.
[5

9]

4
sp

ic
e

EO
s

B.
ce

re
us

,L
.m

on
oc

yt
og

en
es

,S
.t

yp
hi

m
ur

iu
m

,E
.c

ol
i

M
IC

s
of

th
ym

e
EO

ra
ng

ed
fr

om
0.

31
2

to
1.

25
μ

L/
m

L.
[6

0]

V
ar

io
us

EO
s

18
pa

th
og

en
s

an
d

15
sp

oi
la

ge
ba

ct
er

ia
Th

ym
e

EO
sh

ow
ed

th
e

st
ro

ng
es

ta
nt

ib
ac

te
ri

al
ac

ti
vi

ti
es

ag
ai

ns
t

sp
oi

la
ge

ba
ct

er
ia

.
[4

8]

17
sp

ic
es

an
d

he
rb

s
Sh

ig
el

la
so

nn
ei

an
d

Sh
ig

el
la

fle
xn

er
i

M
IC

s
of

th
ym

e
ra

ng
ed

fr
om

0.
5%

to
1%

(w
/v

)d
ep

en
di

ng
on

th
e

Sh
ig

el
la

st
ra

in
s

us
ed

.
[6

1]

Th
ym

e
in

fu
si

on
,d

ec
oc

ti
on

an
d

hy
dr

oa
lc

oh
ol

ic
ex

tr
ac

ts

S.
au

re
us

,S
.e

pi
de

rm
id

is
,E

.c
ol

i,
K

le
bs

ie
lla

sp
p.

,
P.

ae
ru

gi
no

sa
,E

nt
er

ob
ac

te
r

ae
ro

ge
ne

s,
P.

vu
lg

ar
is

,
En

te
ro

ba
ct

er
sa

ka
za

ki
i

D
ec

oc
ti

on
pr

es
en

te
d

th
e

m
os

tp
ro

no
un

ce
d

ef
fe

ct
s.

[6
2]

Th
ym

e
EO

,h
yd

ro
so

la
nd

pr
op

ol
is

ex
tr

ac
ts

N
at

ur
al

m
yc

ob
io

ta
on

th
e

su
rf

ac
e

of
su

cu
k

Th
ym

e
EO

an
d

pr
op

ol
is

ex
tr

ac
tp

ro
vi

de
d

re
du

ct
io

ns
of

2.
45

an
d

2.
05

lo
g

C
FU

/g
in

ye
as

t-
m

ol
d

co
un

ts
re

sp
ec

ti
ve

ly
.

[6
3]

Po
ly

ph
en

ol
ic

fr
ac

ti
on

s
an

d
oi

l
fr

ac
ti

on
s

fr
om

4
sp

ic
e

oi
ls

ee
ds

35
ba

ct
er

ia
ls

tr
ai

ns
Th

ym
e

oi
lf

ra
ct

io
n

ha
d

th
e

hi
gh

es
ta

nt
ib

ac
te

ri
al

ac
ti

vi
ti

es
co

m
pa

ri
ng

w
it

h
ot

he
r

sp
ic

es
oi

ls
ee

ds
.

[6
4]

Th
ym

ol
,n

is
in

,c
ar

va
cr

ol
,c

ym
en

e
C

an
di

da
lu

si
ta

ni
ae

Th
ym

ol
co

m
pl

et
el

y
in

hi
bi

te
d

th
e

ye
as

tg
ro

w
th

at
co

nc
en

tr
at

io
ns

ov
er

1
m

m
ol

/L
fo

r
at

le
as

t2
1

da
ys

at
25

◦ C
.

[6
5]

321



Int. J. Mol. Sci. 2017, 18, 1283

5. Cinnamon

Cinnamon (Cinnamomum zeylanicum), belonging to family Lauraceae, is widely applied in savory
dishes, pickles, and soups [66]. Cinnamaldehyde, cinnamyl acetate, and cinnamyl alcohol are the
three main compounds of cinnamon [67]. Due to its antimicrobial activities, cinnamon is also used
in cosmetics or food products [11], and also used as health-promoting agents to treat diseases like
inflammation, gastrointestinal disorders, and urinary infections [68,69].

5.1. Antimicrobial Activities of Cinnamon

The antimicrobial activities of cinnamon were evaluated in some studies. Gupta et al. [70]
compared the antimicrobial activities of cinnamon extract (50% ethanol) and EO against 10 bacteria
and 7 fungi by the agar well diffusion method. Cinnamon EO was more effective than cinnamon
extract against tested microorganisms, with the MICs ranging from 1.25% to 5% v/v. Cinnamon EO
exerted the strongest effect on B. cereus among bacteria, and Rhizomucor sp. among fungi. Cinnamon
extract showed the highest activities against B. cereus among bacteria, and Penicillium sp. among fungi.
Ceylan et al. [71] tested the antibacterial effects of cinnamon, sodium benzoate, potassium sorbate,
and their combinations on E. coli at 8 and 25 ◦C in apple juice. The results showed that 0.3% w/v
cinnamon provided 1.6 log CFU/mL reduction on E. coli at 8 ◦C and 2.0 log CFU/mL reduction at
25 ◦C. Cinnamon had synergistic effects with sodium benzoate and potassium sorbate on E. coli at 8
and 25 ◦C. Recently, the anti-biofilm effects of cinnamon EO and liposome-encapsulated cinnamon EO
on methicillin resistant S. aureus (MRSA) were evaluated in a study by scanning electron microscopy
and laser scanning confocal microscopy analyses [72]. Cinnamon EO possessed effective antibacterial
activity and prominent anti-biofilm activity against MRSA. In the presence of liposomes, the stability
and the acting time of cinnamon EO were further improved.

The major component of cinnamon, cinnamaldehyde, possesses antimicrobial effects on
microorganisms, as it inhibited cell wall biosynthesis, membrane function, and specific enzyme
activities. More specific cellular targets of cinnamaldehyde are still required to be studied in detail [73].

5.2. Comparison of Antimicrobial Activities of Cinnamon and Other Spices

Mvuemba et al. [74] evaluated the inhibitory effects of aqueous extracts of four spices (cinnamon,
ginger, nutmeg, and horseradish) on the growth of mycelial of various spoilage pathogens (A. niger,
Fusarium sambucinum (F. sambucinum), Pythium sulcatum (P. sulcatum), and Rhizopus stolonifera
(R. stolonifera)). At the concentration of 0.05 g/mL, cinnamon extract totally inhibited A. niger
and P. sulcatum, while at the level of 0.10 and 0.15 g/mL F. sambucinum and R. stolonifer were
completely inhibited, respectively. Another study conducted by Wang et al. [75] tested the antibacterial
effects of five plant aqueous extracts on five bacteria (S. aureus, Lactobacillus sp., B. thermosphacta,
Pseudomonas spp., and E. coli) by the aerobic plate count method and disc diffusion. Cinnamon aqueous
extract was the only one to inhibit all the tested microorganisms at the concentration of 1% w/v. The
inhibitory effects were stronger with the increase of extract concentrations from 1% to 5% w/v. In the
same way, the antimicrobial activities of the hydrosols of six spices (basil, clove, cardamom, cinnamon,
mustard, and thyme) against five microorganisms (S. aureus, E. coli, S. typhimurium, P. aeruginosa, and
C. albicans) were tested [56]. The inhibition percentage of cinnamon hydrosol was 10–33.8% at 5% v/v
hydrosol, 10–66.5% at 10% v/v hydrosol, and 10–100% at 15% v/v hydrosol against microorganisms
tested except C. albicans. Moreover, S. aureus was the most sensitive strain to cinnamon hydrosol, while
P. aeruginosa was the least sensitive strain. Agaoglu et al. [76] examined the antimicrobial activities of
diethyl ether extracts of six spices used in meat products against eight strains of bacteria (S. aureus,
K. pneumoniae, P. aeruginosa, E. coli, Enterococcus faecalis (E. faecalis), M. smegmatis, Micrococcus luteus
(M. luteus), and C. albicans), by the disc diffusion. Among all the spices tested, only cinnamon exerted
inhibitory activities against all the tested microorganisms. S. aureus and C. albicans were the most
sensitive to cinnamon, while E. coli was the least. Keskin et al. [27] investigated the antimicrobial
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effects of the ethyl acetate, acetone, and methanol extracts of 12 plant species on 8 bacterial and 2 fungi
species using the disc assay. Cinnamon methanol extract exerted antimicrobial effects on all tested
microorganisms, while the ethyl acetate extract showed inhibition against tested microorganisms except
P. aeruginosa and R. rubra, and the acetone extract showed inhibition against tested microorganisms
except R. rubra. Revati et al. [77] explored the antimicrobial activities of seven Indian spice ethanol
extracts against Enterococci (including 215 enterococcal strains) isolated from human clinical samples
with the agar well diffusion method. Crude ethanol extract of cinnamon was the most effective
against all the clinical isolates of Enterococci, with the DIZs ranging from 31 to 34 mm. Moreover, the
antimicrobial activities of 8 spice EOs against 6 bacterial species and 10 fungal species were tested in
a study using the disk diffusion assay and MICs were determined using the agar dilution test [78].
Cinnamon EO possessed the strongest inhibition effects on all tested microorganisms among all spices
examined with the MICs ranges of 0.015–2.0 mg/mL. Compared with bacteria, fungi were more
sensitive to cinnamon EO.

Collectively, all the mentioned studies with good quality demonstrated that cinnamon showed
antimicrobial activities covering a wide range of species, such as MRSA and A. niger, at low MICs
(Table 4), indicating that cinnamon had great potential to provide health benefits through application
in food industry.
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6. Cumin

Cumin (Cuminum cyminum) is an aromatic plant belonging to the Apiaceae family. Cumin has
been used since ancient time as an ingredient in foods in Middle East, and cumin seeds have long
been used as antiseptic and disinfectant in India [80]. Cuminaldehyde, cymene, and terpenoids are the
major bioactive constituents of cumin EOs [81].

6.1. Antimicrobial Activities of Cumin

In a study, the antimicrobial activities of cumin EO against E. coli, S. aureus, S. faecalis, P. aeruginosa,
and K. pneumoniae were investigated by agar diffusion and dilution methods [81]. E. coli, S. aureus, and
S. faecalis were susceptive to various cumin EO dilutions while P. aeruginosa and K. pneumoniae were
resistant. In another study, the antifungal activities of cumin seeds EO against 1230 fungi isolated from
food samples were tested [82]. The EO was fungicidal to most of the fungal species, and exerted a
broad spectrum of fungal toxicity at MIC (0.6 μL/mL) against all 19 foodborne fungi strains except
R. stolonifer. Furthermore, Abd El Mageed et al. [83] explored the effects of microwaves on EO of cumin
seeds on its antimicrobial activities against E. coli, S. aureus, P. aeruginosa, A. niger, A. parasiticus, and
C. albicans using the disk diffusion method. Both microwave and conventionally (oven) roasted cumin
oils had similar antimicrobial effects on microorganisms tested and were more effective than those
of raw oils. Reza et al. [80] studied the effects of ã-irradiation (10 and 25 kGy) on the antibacterial
activities of cumin against E. coli, P. aeruginosa, B. cereus, and S. aureus, by the agar well diffusion
method and disk diffusion method. The results indicated that cumin EO exerted antibacterial effects
on bacteria tested, and ã-irradiation (10 and 25 kGy) to cumin seeds had no significant effects on the
antimicrobial activities of cumin.

6.2. Comparison of Antimicrobial Activities of Cumin and Other Spices

Chaudhry et al. [84] determined the antibacterial effects of aqueous infusions and aqueous
decoctions of 3 spices on 188 bacteria from 11 genera isolated from oral cavity of apparently healthy
individuals, by the disc diffusion test. Aqueous decoction of cumin possessed the highest antimicrobial
activities for it showed inhibitory effects on 73% of the bacteria strains tested. Cumin EO was also
more effective than some spice EOs as reported. Iacobellis et al. [85] evaluated the antimicrobial
activities of EOs of cumin and Carum carvi L. against E. coli and the genera Pseudomonas, Clavibacter,
Curtobacterium, Rhodococcus, Erwinia, Xanthomonas, Ralstonia, and Agrobacterium using the agar diffusion
test. Cumin EO showed antibacterial effects on both Gram-positive and Gram-negative bacteria except
Pseudomonas viridiflava, which was resistant to 8 μL EO, the highest level tested. Ozcan et al. [86]
examined the antimicrobial activities of nine spice EOs at three concentrations (1%, 10%, and 15% v/v)
against S. typhimurium, B. cereus, S. aureus, E. faecalis, E. coli. Y. enterocolitica, S. cerevisiae, Candida rugosa,
Rhizopus oryzae, and A. niger. The results showed that cumin EO was effective against all tested
bacterial species as well as S. cerevisiae and Candida rugosa among fungi. Stefanini et al. [87] analyzed
the antimicrobial activities of EOs of spices (fennel seeds, dill, cumin, and coriander) by determining
the DIZs. The results indicated that cumin was effective against E. coli, P. aeruginosa, and Salmonella
sp. with DIZs of 18, 10, and 23 mm, respectively. In another study, the antimicrobial activities of EOs
of six spices against L. curvatus, L. sakei, S. carnosus, S. xylosus, E. gergoviae, and E. amnigenus were
assessed using the agar disc diffusion method [43]. Cumin EO was the second effective against bacteria
tested with DIZs ranging from 31.23 mm (L. sakei) to 38.17 mm (E. gergoviae). Moreover, another
study evaluated the antimicrobial activities of EOs of five spices against different microorganism
species by the disc diffusion method and discussed the possible effects in vitro between plants
and antibiotics [88]. Cumin inhibited all tested bacteria and fungi. The application of cumin with
gentamicin, cephalothin, and ceftriaxone showed synergistic effects against Pseudomonas pyocyaneus
(P. pyocyaneus) and Aeromonas hydrophila (A. hydrophila), but showed antagonistic effects against other
bacteria tested. Similarly, the possible synergistic interactions of some spice EOs on antibacterial
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activities against six foodborne bacteria—B. cereus, L. monocytogenes, M. luteus, S. aureus, E. coli,
and S. typhimurium—were evaluated by micro broth dilution, checkerboard titration, and time-kill
methods [89]. The results showed that coriander and cumin seed oil combination exhibited synergistic
interactions on antibacterial activities.

Consequently, cumin had antimicrobial effects on several microorganisms like E. coli, S. aureus,
and S. faecalis at low concentrations (Table 5). In the future, the mechanisms of antimicrobial action of
cumin and its major components—cuminaldehyde and cymene—on other microorganisms should be
further studied.
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7. Rosemary

Rosemary (Rosmarinus officinalis), belonging to the Lamiaceae family, is a perennial shrub with
pleasant smell and grows all over the world. Rosemary has been used in pharmaceutical products and
traditional medicine, and also used as a flavoring agent in food products due to its desirable flavor,
antioxidant activities, and antimicrobial activities [90,91].

7.1. Antimicrobial Activities of Rosemary

Tavassoli et al. [91] reported rosemary EO suppressed Leuconostoc mesenteroides, Lactobacillus
delbruekii, S. cerevisia, and C. krusei. The results indicated that rosemary EO showed higher inhibitory
effects on bacteria (MICs: 0.5–1.5 mg/mL) tested than on yeasts. Bozin et al. [92] identified the
antimicrobial activities of EOs of rosemary and sage against 13 bacterial strains and 6 fungi by the
microdilution technique. Compared with bifonazole, rosemary EO showed better antifungal activities
especially against C. albicans, Trichophyton tonsurans (T. tonsurans), and Trichophyton rubrum at lower
MICs (15.0–30.2 μL). Rosemary EO also expressed important antibacterial activities on E. coli, S.
typhimurium, S. enteritidis, and Shigella sonei. Weerakkody et al. [93] compared the antibacterial effects
of extracts from seven spices and herbs on E. coli, S. typhimurium, L. monocytogenes, and S. aureus by the
agar disc diffusion and broth dilution assay. The results of both methods indicated that hexane extract
of rosemary exhibited significantly higher antibacterial activities than ethanol and water extracts
against all bacteria tested except S. typhimurium with the MICs ranging from 1.25 to 5.0 mg/mL.

7.2. Comparison of Antimicrobial Activities of Rosemary and Other Spices

Additionally, Krajcova et al. [94] observed the antimicrobial activities of five plant ethanol extracts
against B. cereus, E. coli, P. aeruginosa, S. aureus, and L. monocytogenes using the dilution method and
the description of growth curves of the tested bacteria. Rosemary extract was proved to be the most
effective at all concentrations (0.1%, 0.05%, 0.02%, and 0.01% w/w). At the concentration of 0.01%
w/w, rosemary extract only inhibited P. aeruginosa and E. coli, while the higher extract concentrations
were effective against all other bacteria. Zhang et al. [95] examined the antimicrobial effects of 14
spice ethanol extracts and their mixtures on L. monocytogenes, E. coli, P. fluorescens, and L. sake using
the well diffusion test. Individual extract of rosemary showed strong antimicrobial activities, and
the combination of rosemary and liquorice extracts showed the best inhibitory effects on all tested
microorganisms. Kozlowska et al. [96] tested the antimicrobial activities of aqueous extracts from 5
spices against 8 Gram-positive bacteria and 12 Gram-negative bacteria by the disc diffusion assay.
Rosemary exhibited its inhibitory effects with a broader spectrum than the other four spices, as the
MICs were 0.125–0.5 mg/mL for all the tested Gram-positive bacteria and 0.25–0.5 mg/mL for four
Gram-negative bacteria. Weerakkody et al. [97] studied the antimicrobial activities of two extract
combinations against L. monocytogenes and S. aureus and naturally spoilage microflora on instant shrimp
stored for 16 days at 4 or 8 ◦C. Both combinations (galangal, rosemary, and lemon; galangal and
rosemary) significantly decreased the levels of aerobic bacteria and lactic acid bacteria, but showed
no effects on L. monocytogenes or S. aureus. Azizkhani et al. [90] evaluated the antimicrobial effects
of rosemary, mint, and a mixture of tocopherols against microorganisms from the sausages. The
application of rosemary significantly inhibited the growth of microorganisms and the lowest microbial
counts were obtained in samples containing both rosemary and mint, indicating the possible synergistic
effects. Toroglu [88] evaluated the antimicrobial activities of five spice EOs by the disc diffusion method
and discussed possible effects of plants and antibiotics. Rosemary had antimicrobial effects on all tested
fungi and bacteria. The combination of rosemary EO and cephalothin antibiotics showed synergic
effects on S. aureus, while the combination of rosemary EO and ceftriaxone antibiotics showed no effect.

Above all, the papers cited are of good quality and indicated that rosemary EO and extracts were
found antimicrobial at low MICs against some bacteria and fungi, especially Gram-positive bacteria
such as S. aureus (Table 6). Some studies indicated that rosemary showed synergic effects with some
spices and antibiotics such as galangal and cephalothin. The mechanisms of antimicrobial action of
both rosemary and its major components should be further studied.

328



Int. J. Mol. Sci. 2017, 18, 1283

T
a

b
le

6
.

A
nt

ib
ac

te
ri

al
an

d
an

ti
fu

ng
al

ac
ti

vi
ti

es
of

ro
se

m
ar

y.

T
y

p
e

o
f

S
tu

d
y

B
a
ct

e
ri

a
a
n

d
F

u
n

g
i

M
a
in

R
e
su

lt
s

R
e
fe

re
n

ce

R
os

em
ar

y
EO

Le
uc

on
os

to
c

m
es

en
te

ro
id

es
,L

ac
to

ba
ci

llu
s

de
lb

ru
ek

ii,
S.

ce
re

vi
si

ae
,C

.k
ru

se
i

R
os

em
ar

y
EO

sh
ow

ed
hi

gh
er

ef
fe

ct
s

ag
ai

ns
tb

ac
te

ri
a

te
st

ed
th

an
ye

as
ts

.
[9

1]

R
os

em
ar

y
an

d
sa

ge
EO

s

C
.a

lb
ic

an
s,

Tr
ic

ho
ph

yt
on

m
en

ta
gr

op
hy

te
s,

Tr
ic

ho
ph

yt
on

to
ns

ur
an

s,
Tr

ic
ho

ph
yt

on
ru

br
um

,E
pi

de
rm

op
hy

to
n

flo
cc

os
um

,M
ic

ro
sp

or
um

ca
ni

s,
P.

ae
ru

gi
no

sa
,E

.c
ol

i,
S.

ty
ph

im
ur

iu
m

,S
.e

nt
er

iti
di

s,
Sh

ig
el

la
so

ne
i,

M
ic

ro
co

cc
us

fla
vu

s,
Sa

rc
in

a
lu

te
a,

S.
au

re
us

,S
.e

pi
de

rm
id

is
,B

.s
ub

til
is

Th
e

EO
of

ro
se

m
ar

y
sh

ow
ed

si
gn

ifi
ca

nt
an

ti
fu

ng
al

ac
ti

vi
ti

es
an

d
an

ti
ba

ct
er

ia
la

ct
iv

it
ie

s.
[9

2]

7
sp

ic
e

an
d

he
rb

ex
tr

ac
ts

E.
co

li,
S.

ty
ph

im
ur

iu
m

,L
.m

on
oc

yt
og

en
es

,S
.a

ur
eu

s
Th

e
he

xa
ne

ex
tr

ac
to

fr
os

em
ar

y
ex

hi
bi

te
d

si
gn

ifi
ca

nt
ly

hi
gh

er
an

ti
ba

ct
er

ia
la

ct
iv

it
ie

s
th

an
et

ha
no

la
nd

w
at

er
ex

tr
ac

ts
.

[9
3]

5
pl

an
te

th
an

ol
ex

tr
ac

ts
B.

ce
re

us
,E

.c
ol

i,
P.

ae
ru

gi
no

sa
,S

.a
ur

eu
s,

L.
m

on
oc

yt
og

en
es

R
os

em
ar

y
ex

tr
ac

tw
as

th
e

m
os

te
ff

ec
ti

ve
ag

ai
ns

ta
ll

th
e

te
st

ed
m

ic
ro

or
ga

ni
sm

s.
[9

4]

14
sp

ic
e

et
ha

no
le

xt
ra

ct
s

an
d

th
ei

r
m

ix
tu

re
L.

m
on

oc
yt

og
en

es
,E

.c
ol

i,
P.

flu
or

es
ce

ns
,L

.s
ak

e
Th

e
m

ix
tu

re
of

ro
se

m
ar

y
an

d
liq

uo
ri

ce
ex

tr
ac

ts
w

as
th

e
m

os
t

ef
fe

ct
iv

e
ag

ai
ns

ta
ll

te
st

ed
ba

ct
er

ia
.

[9
5]

5
sp

ic
e

aq
ue

ou
s

ex
tr

ac
ts

8
G

ra
m

-p
os

it
iv

e
ba

ct
er

ia
an

d
12

G
ra

m
-n

eg
at

iv
e

ba
ct

er
ia

M
IC

s
ra

ng
ed

fr
om

0.
12

5
to

0.
5

m
g/

m
L

fo
r

G
ra

m
-p

os
iti

ve
ba

ct
er

ia
an

d
0.

25
–0

.5
m

g/
m

L
fo

r
G

ra
m

-n
eg

at
iv

e
ba

ct
er

ia
.

[9
6]

2
sp

ic
e

an
d

he
rb

ex
tr

ac
t

co
m

bi
na

ti
on

s

L.
m

on
oc

yt
og

en
es

,S
.a

ur
eu

s
an

d
na

tu
ra

lly
pr

es
en

t
sp

oi
la

ge
m

ic
ro

flo
ra

on
co

ok
ed

re
ad

y-
to

-e
at

sh
ri

m
p

st
or

ed
fo

r
16

da
ys

at
4

or
8
◦ C

Bo
th

co
m

bi
na

ti
on

of
ga

la
ng

al
,r

os
em

ar
y,

an
d

le
m

on
an

d
co

m
bi

na
ti

on
of

ga
la

ng
al

an
d

ro
se

m
ar

y
si

gn
ifi

ca
nt

ly
re

du
ce

d
le

ve
ls

of
ae

ro
bi

c
ba

ct
er

ia
an

d
la

ct
ic

ac
id

ba
ct

er
ia

.
[9

7]

R
os

em
ar

y,
m

in
ta

nd
a

m
ix

tu
re

of
to

co
ph

er
ol

s
M

ic
ro

or
ga

ni
sm

s
fr

om
th

e
sa

us
ag

es
Th

e
ad

di
ti

on
of

ro
se

m
ar

y
re

su
lt

ed
in

si
gn

ifi
ca

nt
in

hi
bi

ti
on

of
m

ic
ro

bi
al

gr
ow

th
an

d
sh

ow
ed

po
ss

ib
le

sy
ne

rg
is

ti
c

ef
fe

ct
s

w
it

h
m

in
t.

[9
0]

5
sp

ic
e

EO
s

M
.l

ut
eu

s,
B.

m
eg

at
er

iu
m

,B
.b

re
vi

s,
E.

fa
ec

al
is

,
P.

py
oc

ya
ne

us
,M

.s
m

eg
m

at
is

,E
.c

ol
i,

A
.h

yd
ro

ph
ila

,
Y.

en
te

ro
co

lit
ic

a,
S.

au
re

us
,S

.f
ae

ca
lis

,S
.c

er
ev

is
ia

e,
K

.f
ra

gi
lis

R
os

em
ar

y
EO

sh
ow

ed
sy

ne
rg

ic
ef

fe
ct

s
w

it
h

ce
ph

al
ot

hi
n.

[8
8]

329



Int. J. Mol. Sci. 2017, 18, 1283

8. Garlic

Garlic (Allium sativum) belongs to the Liliaceae family [98]. The antimicrobial activities of garlic
have been recognized for many years, and the active component was identified as allicin, a diallyl
thiosulfinate (2-propenyl-2-propenethiol sulfonate) [99].

8.1. Antimicrobial Activities of Garlic

In a study, Sallam et al. [100] examined the antimicrobial effects of fresh garlic, garlic powder,
and garlic oil on microorganisms in raw chicken sausage by aerobic plate count. Garlic materials
showed antimicrobial activities in such an order: fresh garlic > garlic powder > garlic oil > butylated
hydroxyanisole. Another study also assessed the antimicrobial activities of dried garlic powders made
by different drying methods against S. aureus, E. coli, S. typhimurium, B. cereus and a mixed lactic culture
containing Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus [99]. Fresh garlic
exhibited the highest activities followed by freeze-dried powder. The retaining of active components
responsible for antimicrobial activities was mainly affected by both drying temperature and time.

Chopped garlic at concentrations from 0% to 10% were investigated for the antimicrobial effects
in ground beef (stored at refrigerator and ambient temperatures) and raw meatballs (stored at room
temperature) by determining the colony counts of total aerobic mesophilic bacteria, yeast, and molds
at 2, 6, 12, and 24 h after storage [101]. The results indicated that chopped garlic delayed the growth of
microorganisms in ground meat, which depended on the garlic concentrations. The addition of garlic
(5% or 10%) to the raw meatball mix reduced the microorganism counting, in terms of total aerobic
mesophilic bacteria, yeast, and mold counts.

Garlic EO penetrated the cellular membranes and even the menbranes of organelles like
mitochondria, damaged organelles, and resulted in the death of C. albicans [102]. Furthermore,
garlic EO induced differential expression of several critical genes including those involved in
oxidation-reduction processes, and cellular response to drugs and starvation.

8.2. Comparison of Antimicrobial Activities of Garlic and Other Spices

Some studies compared the antimicrobial activities of different spices. Indu et al. [103] studied
the antimicrobial effects of 5 spice extracts on 20 serogroups of E. coli, 8 serotypes of Salmonella,
L. monocytogenes and A. hydrophila using the agar well method and filter paper method. Garlic extract
exhibited significant antibacterial activities at all concentrations (100%, 75%, 50%, and 25%) against all
test microorganisms except L. monocytogenes, and the activity against E. coli was linearly dependent
with concentration. Joe et al. [104] reported the antimicrobial effects of garlic, ginger, and pepper
ethanol extracts on K. pneumoniae, S. aureus, M. morgani, C. albicans, E. coli, and P. vulgaris using the
filter paper assay. Garlic extract exerted superior antibacterial activities at all concentrations (1000,
1500, and 2000 ppm), especially against P. vulgaris and M. morgani, and the activities were a linear
function of concentrations. Geremew et al. [105] examined the antimicrobial activities of six spice crude
extracts (acetone, ethanol, and hexane extracts) against E. coli, S. aureus, S. flexneri, and Streptococcus
pneumoniae by the agar well diffusion method. Garlic was the most effective against all tested pathogens
except S. flexneri. Among different solvent extracts used, garlic acetone extract exhibited the highest
antibacterial activities. Touba et al. [106] tested the antimicrobial activities of crude extracts of seven
spices against three Roselle pathogens by poisoned food technique. The results indicated that the
cold water extract of garlic exhibited good antifungal activities against all three tested fungi, and hot
water extract of garlic showed the best antifungal activities. Nejad et al. [98] reported the antibacterial
effect of garlic aqueous extract on S. aureus in hamburger. Samples treated with garlic aqueous extract
were kept in refrigerator for one and two weeks, and were frozen for one, two, and three months,
before being tested by the microbial counts. The first- and second-week samples were significantly
reduced by all the 1, 2, and 3-mL extracts, which were added to 100 g hamburger samples, respectively,
showing 2 and 3-mL extracts were more effective. In treatment of one, two, and three-month samples,
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the growth of S. aureus was significantly decreased by the 2 and 3-mL extracts. Al-Turki [55] explored
the antimicrobial activities of five spice hydrosols (thyme, peppermint, sage, black pepper, and garlic)
against B. subtilis and S. enteritidis using the agar disk diffusion method. Garlic hydrosol exhibited
stronger antibacterial activities against B. subtilis and S. enteritidis compared with thyme, peppermint,
sage, and black pepper hydrosols.

In conclusion, garlic showed great antimicrobial activities at low concentrations against several
pathogenic microorganisms like E. coli and S. aureus (Table 7). Fresh garlic was found to possess higher
antimicrobial activities than garlic powder and oil.
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9. Ginger

Ginger (Zingiber officinale), belonging to the family of Zingiberaceae [107], is widely used as
an ingredient in food, pharmaceutical, cosmetic, and other industries. Some volatile compounds
which are responsible for antimicrobial activities in ginger were á-pinene, borneol, camphene, and
linalool [108].

9.1. Antimicrobial Activities of Ginger

Ginger was proved to possess antimicrobial activities in several studies. Singh et al. [109]
determined the antifungal activities of EO and oleoresin of ginger against Aspergillus terrus, A. niger,
Aspergillus flavus (A. flavus), Trichothecium roseum (T. roseum), Fusarium graminearum (F. graminearum),
F. oxysporum, Fusarium oxysporum (F. monoliforme), and Curvularia palliscens, by food poison and
inverted petri-plate technique. The results showed that the EO 100% inhibited F. oxysporum, while
the oleoresin 100% inhibited A. niger. Park et al. [107] compared the ethanol and n-hexane extracts of
ginger and five ginger constituents against three anaerobic Gram-negative bacteria, Porphyromonas
gingivalis (P. gingivalis), Porphyromonas endodontalis, and Prevotella intermedia. The results indicated that
ginger extracts exhibited antibacterial activities against three tested bacteria. Two highly alkylated
gingerols showed significant inhibition against the growth of these oral pathogens with the MICs
ranging from 6 to 30 μg/mL, and also killed the oral pathogens at a MBC range of 4–20 μg/mL.
Sa-Nguanpuag et al. [108] evaluated the in vitro and in vivo antimicrobial activities of ginger oils
which were obtained by hydrodistillation and solvent extraction method. The results showed that
the oils extracted by both methods possessed antimicrobial activities against B. subtilis, Bacillus
nutto, P. aerugenosa, Rhodoturola sp., Samonella newport, S. enteritidis, and Fusarium sp.; except E. coli,
Campylobactor coli, and Campylobactor jejuni (C. jejuni) in vitro. In the case of shredded green papaya,
when the package was added with 5 and 10 μL ginger oils the growth of microorganisms was inhibited
well, while with 15 μL ginger oil a reduction in growth rate was observed.

9.2. Comparison of Antimicrobial Activities of Ginger and Other Spices

Yoo et al. [110] investigated the antibacterial activities of EOs from ginger and mustard against
Vibrio species at various temperatures. The results indicated that EOs from ginger and mustard could
inhibit the growth of Vibrio parahaemolyticus and Vibrio vulnificus at 5 ◦C of storage. Indu et al. [103]
tested the antibacterial activities of 5 spice extracts against 20 serogroups of E. coli, 8 serotypes of
Salmonella, L. monocytogenes, and A. hydrophila by the agar well method and filter paper method.
The results indicated that ginger extract possessed inhibitory effects on two serogroups of E. coli.
Mvuemba et al. [74] assessed the antimicrobial activities of four spice water extracts against the
mycelial growth of A. niger, F. sambucinum, P. sulcatum, or R. stolonifera. The results demonstrated that
ginger extract significantly suppressed the mycelial growth of tested microorganisms, and P. sulcatum
was 100% inhibited by 0.05 g/mL of ginger extract. Touba et al. [106] tested the antifungal activities
of crude extracts of seven spices made by cold water and hot water against Phoma exigua (P. exigua),
Fusarium nygamai (F. nygamai), and R. solani by poisoned food technique. The results showed that hot
water extracts from garlic and ginger possessed the best antifungal activities. Cold water extracts
were commonly more effective than hot water extracts on tested pathogens. In another study, the
antibacterial activities of 7 ethanol extracts of spices against 215 high levels gentamicin resistant
enterococcal strains isolated from clinical samples were evaluated by the well diffusion method [77].
The results indicated that only cinnamon and ginger extracts were found to have activities against all
the isolates, with the DIZs of ginger ranged from 27 to 30 mm.

Collectively, ginger was proved to possess significant antimicrobial activities against some
common microorganisms such as P. aerugenosa both in vivo and in vitro at low concentrations (Table 8).
Ginger could also inhibit pathgens like P. gingivalis and enterococcal isolates with low MICs and
MBCs. The exact mechanisms of action of ginger on bacteria and fungi were rarely studied and need
futher exploration.
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10. Basil

Basil (Ocimum basilicum) is one of the oldest spices, which is widely used in the flavoring of
confectionary, baked goods, condiments, etc. Basil oil was also used in perfumery, as well as in dental
and oral products [112]. Basil is a natural spice which possesses antimicrobial activities as many
studies have reported.

10.1. Antimicrobial Activities of Basil

In a study, the antimicrobial activities of EOs from aerial parts of basil (collected at full
flowering stage during summer, autumn, winter, and spring) against S. aureus, E. coli, B. subtilis,
and Pasteurella multocida, as well as pathogenic fungi A. niger, Mucor mucedo, Fusarium solani (F. solani),
Botryodiplodia theobromae, and R. solani were assessed by the disc diffusion method and the MICs were
determined by a microdilution broth susceptibility assay [113]. The results indicated that basil EOs
possessed antimicrobial activities against all tested microorganisms. Antimicrobial activities of the
EOs varied significantly as seasons changed, and EOs from winter and autumn crops exhibited greater
antimicrobial activities. In another study, the antimicrobial activities of chloroform, acetone and 2
different concentrations of methanol extracts of basil against 10 bacteria and 4 yeasts were determined
by the disc diffusion assay [114]. Methanol extracts provided inhibition zones on P. aeruginosa,
Shigella sp., L. monocytogenes, S. aureus, and two strains of E. coli, but the chloroform and acetone
extracts exhibited no effects. Kocic-Tanackov et al. [115] reported the antifungal effects of basil extract
on Fusarium species (Fusarium oxysporum, Fusarium proliferatum, Fusarium subglutinans, and Fusarium
verticillioides isolated from cakes), by the agar plate test. Basil extract showed significant activities
against F. proliferatum and F. subglutinans at the concentration of 0.35 and 0.70% v/v, but showed lower
activities against other tested Fusarium species. Basil extract 100% inhibited aerial mycelium of all
tested Fusarium spp. at 1.50% v/v. Beatovic et al. [116] investigated the antimicrobial activities of EOs of
12 basil cultivars against 8 bacterial species (B. cereus, Micrococcus flavus, S. aureus and E. faecalis, E. coli,
P. aeruginosa, S. typhimurium, and L. monocytogenes) and 7 fungi (Aspergillus fumigatus (A. fumigatus),
A. niger, Aspergillus versicolor (A. versicolor), Aspergillus ochraceus (A. ochraceus), Penicillium funiculosum,
Penicillium ochrochloron, and Trichoderma viride) by a modified microdilution technique. All basil EOs
tested showed significant antimicrobial activities, with MICs ranging from 0.009 to 23.48 μg/mL for
bacteria and 0.08–5.00 μg/mL for fungi. All the EOs showed 100-fold higher antibacterial activities
than ampicillin for some bacteria, and 10- to 100-fold higher antifungal activities than the commercial
antifungal agents, e.g., ketoconazole and bifonazole.

10.2. Comparison of Antimicrobial Activities of Basil and Other Spices

El-Habib [117] investigated the antifungal activities of seven spice EOs against A. flavus and
aflatoxin producted by A. flavus strain. The results showed that basil EO delayed the growth of
A. flavus. At 150 μL/100 mL, basil EO completely inhibited A. flavus, and effectively controlled the
aflatoxin B1 production. Lomarat et al. [17] tested the antibacterial activities of eight EOs against
M. morganii, a histidine decarboxylase producing bacteria, by microdilution assay. Basil EO possessed
the antibacterial activity against M. morganii (MIC: 2.39 mg/mL, MBC: 4.77 mg/mL), and the active
compound of basil oil was methyl chavicol.

Generally, basil has been proved to possess effects of inhibiting some microorganisms at low
MICs especially fungi like A. flavus (Table 9), but the mechanisms of action have been rarely explored.
Therefore, future studies are needed.
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11. Fennel

Fennel (Foeniculum vulgare), belonging to family Umbellifarae [118], is widely planted in temperate
zones and the tropical belt for its aromatic fruits, and is used as an ingredient in the cooking [119]. The
EO of fennel seeds has been reported with significant antifungal activities and antibacterial activities.

11.1. Antimicrobial Activities of Fennel

In a study, the antibacterial activities of fennel seeds EO against Streptococcus mutans (S. mutans)
strains were tested [120]. The results showed that growths of all S. mutans strains tested were
completely inhibited by fennel seeds EOs at concentrations higher than 80 ppm. Diao et al. [119] also
determined the antibacterial activities of EO from fennel seeds against several foodborne pathogens
by the kill-time curve assay method. The results showed that fennel seeds EO exerted antibacterial
effects on Streptomyces albus (S. albus), B. subtilis, S. typhimurium, Shigella dysenteriae (S. dysenteriae).
and E. coli, among which S. dysenteriae was the most sensitive with the lowest MIC (0.125 mg/mL)
and MBC (0.25 mg/mL). In another study, the antimicrobial activities of crude extract of fennel was
determined using the agar diffusion method against E. coli, S. blanc, P. merabilis, P. vulgaris, S. epidemidis,
S. saprophyticus, A. versicolor, A. fumigates, and Penicilium camemberti [121]. The results indicated that
the crude extract of fennel had a great potential as an antimicrobial material against all the nine
microorganisms tested, especially fungal strains. Some studies also tested the methanol, ethanol, and
acetone extracts of fennel. In a study, the antifungal activities of EO and acetone extract of fennel
against 10 fungi were assessed by the inverted petriplate method [118]. The results showed that fennel
EO completely inhibited A. niger, A. flavus, F. graminearum, and Fusarium moniliforme (F. moniliforme) at
6 μL (in 20 mL culture medium), and it was effective on A. niger even at 4 μL.

Fennel seed EO could break the permeability of cell membrane of S. dysenteriae and result
in the leakage of electrolytes, losses of proteins, reducing sugars, etc., and eventually lead to the
decomposition and death of cells [119].

11.2. Comparison of Antimicrobial Activities of Fennel and Other Spices

The antimicrobial activities of cumin and fennel EOs on S. typhimurium and E. coli were compared
by the disc diffusion method and dilution method [122]. Fennel EO was more effective than
cumin EO, with the lowest MICs of 0.031% and 0.062% v/v against S. typhimurium and E. coli,
respectively. Nguyen et al. [123] evaluated the antimicrobial activities of methanol and ethanol
extracts of eight spices against B. subtilis, E. faecalis, L. innocua, E. coli, P. putida, Providencia stuartii,
and Acetobacter calcoaceticus (A. calcoaceticus) by the Kirby-Bauer disc diffusion method. Methanol and
ethanol extracts from fennel seeds exhibited the best antimicrobial effects with the largest DIZs on six
out of the seven bacteria except E. coli.

Fennel EO and extracts were effective against several foodborne pathogens with low MICs and
MBCs such as S. dysenteriae, S. typhimurium, and E. coli (Table 10). The mechanisms of fennel and its
major components need further studies.
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Table 10. Antibacterial and antifungal activities of fennel.

Type of Sample Bacteria and Fungi Main Results Reference

Fennel seeds EO Streptococcus mutans MICs: 80 ppm [120]

Fennel seeds EO
Streptomyces albus, B. subtilis, S.
typhimurium, P. aeruginosa,
Shigella dysenteriae, E. coli

EO of fennel seeds inhibited
several foodborne pathogens with
lowest MIC of 0.125 mg/mL.

[119]

Fennel crude extract

E. coli, S. blanc, P. merabilis,
P. vulgaris, S. epidemidis,
Staphylococcus saprophyticus,
A. versicolor, A. fumigates,
Penicilium camemberti

Fennel crude extract had
antimicrobial activities against all
nine microorganisms, especially
fungi.

[121]

Fennel EO and
acetone extract

A. niger, A. flavus , Aspergillus oryzae,
A. ochraceus, F. graminearum,
F. moniliforme, P. ctrium,
Penicillium viridicatum,
Penicillium madriti, Curvularia lunata

Fennel EO showed complete zone
inhibition against several strains
at 6 μL dose.

[118]

Cumin and fennel
EOs S. typhimurium and E. coli

The MICs of fennel EO was
0.031% v/v against S. typhimurium
and 0.062% v/v E. coli.

[122]

8 spice methanol and
ethanol extracts

B. subtilis, E. faecalis, L. innocua,
E. coli, P. putida, Providencia stuartii,
Acetobacter calcoaceticus

Fennel seeds extracts showed the
largest zones of inhibitions in six
out of the seven bacteria.

[123]

12. Coriander

Coriander (Coriandrum sativum), belonging to family Umbelliferae, is a native plant of the
Mediterranean region and is widely cultivated in India, Russia, Central Europe, Asia, and Morocco.
Coriander was widely applied in producing chutneys and sauces, flavoring pastry, cookies, buns,
and tobacco products, and extensively employed for preparation of curry powder, pickling spices,
sausages, seasonings, and food preservatives [4,118].

12.1. Antimicrobial Activities of Coriander

Duarte et al. [124] investigated the antimicrobial activities of coriander EO and its major
compound, linalool, against C. jejuni and C. coli strains by the disc diffusion test, vapor-phase method
and microdilution method. The MICs of coriander EO and linalool against C. jejuni and C. coli
strains ranged between 0.5 and 1 μL/mL. Coriander EO also showed inhibitory effects on the biofilim
formation of Campylobacter spp. Also, the antimicrobial activities of coriander EO against multidrug
resistant pathogen, Acinetobacter baumannii (A. baumannii), were tested [125]. The MICs and MBCs were
determined by a microdilution broth susceptibility assay. The MICs and MBCs of coriander EO against
A. baumannii strains both ranged between 1 and 4 μL/mL. Another study investigated the synergistic
antibacterial effects of coriander EO and six antibacterial drugs (cefoperazone, chloramphenicol,
ciprofloxacin, gentamicin, tetracycline, and piperacillin) against two A. baumannii strains [126]. The
results indicated that coriander EO showed synergistic action with chloramphenicol, ciprofloxacin,
and tetracycline, and contributed to resensitizing A. baumannii to the action of chloramphenicol.
Freires et al. [127] investigated the antifungal activities of EO from coriander leaves against Candida
spp. The results showed that the MICs ranged from 15.6 to 31.2 μg/mL, and MFCs ranged from 31.2
to 62.5 μg/mL against Candida spp. for coriander EO. Sliva et al. [128] assessed the bacterial activities
of coriander EO against 12 bacterial strains by microdilution broth susceptibility assay. The results
indicated that coriander EO showed antimicrobial activities against all tested bacteria and showed
bactericidal activities against bacteria except B. cereus and E. faecalis. The MICs of coriander against
all tested bacteria ranged from 0.1% to 1.6% v/v, and MBCs ranged from 0.1% to 3.2% v/v except
B. cereus and E. faecalis. Acimovic et al. [129] assessed the antifungal activities of EOs of six coriander
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accessions of different origins against Colletotrichum acutatum and Colletotrichum gloeosporioides using
the inverted petriplate method. The results indicated that coriander EOs could inhibit Colletotrichum
genus at higher application rates (≥0.16 μL/mL of air).

Singh et al. [130] reported the antifungal effects of coriander EO and oleoresin on eight fungi by
the inverted petriplate and food poison techniques. The results of the former method showed that
EO was highly active against Curpularia palliscens, F. oxysporum, Fusarium monitiforme, and Aspergillus
terreus (A. terreus), and the oleoresin inhibited more than 50% mycelial zones for F. oxysporum, A. niger,
and A. terreus. The results of the latter method indicated that EO 100% inhibited the growth of
A. terreus, A. niger, F. graminearum, and F. oxysporum, but the oleoresin exhibited weaker fungitoxic
activities, which only 100% inhibited the growth of F. oxysporum. In another study, the antimicrobial
activities of ethanol and aqueous-ethanol extracts of coriander were investigated against B. subtilis,
S. aureus, P. vulgaris, E. coil, P. aeruginosa, K. peunomonia, L. monocytogenes, and C. albicans [131]. Ethanol
extract revealed the elevated antimicrobial activities against P. vulgaris and C. albicans, and was more
potent against tested microorganisms. Besides, aqueous-ethanol extract exhibited the highest activities
against B. subtilis and L. monocytogenes. Furthermore, the effect of microwaves on EO of coriander on
its antimicrobial activities was also tested [83]. The antimicrobial effects against microorganisms of
both microwave and conventionally roasted oils were similar and more effective than those of raw oils.

Coriander EO permeated the cell membranes, resulting in the loss of all cellular functions [4]. The
mechanisms of antibacterial action of coriander EO on Gram-positive and Gram-negative bacteria are
different and need further exploring. Coriander EO was found to bind to membrane ergosterol and
increase ionic permeability, ultimately causing cell death of C. albicans [127].

12.2. Comparison of Antimicrobial Activities of Coriander and Other Spices

The antimicrobial activities of four spice EOs against isolated clinical specimens were compared
using the diffusion method [87], and the results showed that coriander oil was active only against
Salmonella sp. Dimic et al. [132] tested the antifungal activities of lemon EO, coriander extract and
cinnamon extract against five molds (A. parasiticus, Cladosporium cladosporioides (C. cladosporioides),
Eurotium herbariorum, Penicillium chrysogenum, and Aspergillus carbonarius) by the agar dilution method
and vapor phase method. The results indicated that coriander extract had the best antifungal activities
in the vapor phase as it completely inhibited A. parasiticus, C. cladosporioides, E. herbariorum, and
P. chrysogenum at 4.17 μL/mL.

The papers cited are of high quality and indicated that coriander possessed significant
antimicrobial activities at low concentrations against several pathogens such as A. baumannii,
Campylobacter spp. at low MICs, MBCs, and MFCs (Table 11).
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13. Galangal

Galangal (Alpinia galangal) (Table 12) has been used as a food additive in Thailand and other
Asian countries since ancient time [133]. In a study, the antimicrobial activities of extracts of seven
spices and herbs against E. coli, S. typhimurium, L. monocytogenes, and S. aureus were compared by
the agar disc diffusion and broth dilution assays [93]. The hexane and ethanol extracts of galangal
had strong antimicrobial activities against S. aureus (MIC < 0.625 mg/mL) and L. monocytogenes (MIC
< 0.625 mg/mL at 24 h and 1.25 mg/mL at 48 h). Moreover, the synergistic antimicrobial effects of
extract combination (galangal, rosemary, and lemon iron bark) on S. aureus, L. monocytogenes, E. coli,
S. typhimurium, and Clostridium perfringens were evaluated [134]. Galangal and rosemary showed
synergistic activities against S. aureus and L. monocytogenes, while galangal and lemon iron bark
showed synergistic activities against E. coli and S. typhimurium. Additionally, Rao et al. [133] tested
the antibacterial activities of galangal methanol, acetone, and diethyl ether extracts against B. subtilis,
E. aerogenes, E. cloacae, E. faecalis, E. coli, K. pneumoniae, P. aeruginosa, S. typhimurium, S. aureus, and
S. epidermis using agar well diffusion method and macrodilution method. Among the three solvents
used, the activities of methanol extract at pH 5.5 were excellent against all the pathogens (MIC:
0.04–1.28 mg/mL, MBCs: 0.08–2.56 mg/mL). Another study also evaluated the antimicrobial activities
of methanol extracts of four Alpinia strains against six strains of bacteria and four strains of fungi,
using the disc diffusion assay [135]. The results demonstrated that galangal flower possessed the best
effects on M. luteus and only the extract from galangal rhizome showed antifungal activity toward
A. niger. The mechanisms of action of galangal have been rarely explored up till now.

Table 12. Antibacterial and antifungal activities of galangal.

Type of Sample Bacteria and Fungi Main Results Reference

7 spice and herb
extracts

E. coli, S. typhimurium,
L. monocytogenes, S. aureus

Galangal hexane and ethanol
extracts had strong antimicrobial
activities against S. aureus and
L. monocytogenes.

[93]

Combination of
extracts from
galangal, rosemary
and lemon iron bark

S. aureus, L. monocytogenes, E. coli,
S. typhimurium, Clostridium
perfringens

Galangal showed synergistic
activities against tested
microorganisms with rosemary
and lemon iron bark.

[134]

Galangal methanol,
acetone and diethyl
ether extracts

B. subtilis, E. aerogenes, E. cloacae,
E. faecalis, E. coli, K. pneumoniae,
P. aeruginosa, S. typhimurium,
S. aureus, S. epidermis

The activities of methanol extract
at pH 5.5 were excellent with
MICs ranging from 0.04 to
1.28 mg/mL.

[133]

4 Alpinia strains
methanol extracts

6 strains of bacteria and 4 strains
of fungi

Galangal flower possessed the
highest activity against M. luteus
and only the extract from galangal
rhizome showed antifungal
activity toward A. niger.

[135]
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14. Black Pepper

Black pepper (Piper nigrum) (Table 13) is largely used as a flavoring agent in foods. The antifungal
effects of EO and acetone extract of black pepper on various pathogenic fungi were tested by the
inverted petriplate technique and food poisoning technique [136]. The results showed that the EO
was 100% controlled the mycelial growth of F. graminearum, while the acetone extract 100% inhibited
mycelial growth of Penicillium viridcatum and A. ochraceus. In another study, the bacterial effects of EOs
and acetone extracts of four spices on S. aureus, B. cereus, B. subtilis, E. coli, S. typhi, and P. aeruginosa
were studied using the disk diffusion and poison food assay [137]. The results showed that black
pepper extracts completely reduced colonies of S. aureus, B. cereus, and B. subtilis at 5 and 10 μL levels
using the poison food method. Zarai et al. [138] evaluated the antimicrobial effects of various solvent
extracts, piperine, and piperic acid from pepper against E. coli, K. pneumonia, S. enterica, S. aureus,
S. epidermidis, E. faecalis, and B. subtilis by the agar diffusion assay and micro-well dilution assay. The
results showed that the ethanol extract was the most effective to the tested bacteria with the MICs
ranging from 156.25 μg/mL (S. aureus and B. subtilus) to 1250 μg/mL (E. coli and K. pneumonia).

Table 13. Antibacterial and antifungal activities of black pepper

Type of Samples Bacteria and Fungi Main Results Reference

Black pepper EO and
acetone extract

A. flavus, A. ochraceus, A.oryzae,
A. niger, F. moniliforme, F. graminearum,
Penicillium citrinum, Penicillium
viridcatum, P. madriti, Curvularia lunata

The EO was effective against
F. graminearum, while the acetone
extract was effective against
P. viridcatum and A. ochraceus.

[136]

4 spice EOs and acetone
extracts

S. aureus, B. cereus, B. subtilis, E. coli,
S. typhimurium, P. aeruginosa

Black pepper extracts showed
complete reduction of colonies
against tested bacterial strains at 5
and 10 μL levels.

[137]

Various solvent extracts,
piperine and piperic acid
from pepper

E. coli, K. pneumonia, S. enterica,
S. aureus, S. epidermidis, E. faecalis,
B. subtilis

The ethanol extract was the most
effective with the MICs ranging
from 156.25 to 1250 μg/mL.

[138]

Black pepper EO could cause physical and morphological alterations in the cell walls and
membranes of E. coli, and then result in the leakage of electrolytes, ATP, proteins, and DNA
materials [139]. Chemical components of black pepper and its mechanisms of antimicrobial action
need further exploration.

15. Other Spices

The antimicrobial activities of the spices mentioned above against several common
microorganisms are summarized in Table 14. Other spices—such as Allium roseum L., Cinnamomum
verum, Laurus nobilis, Myristica fragrans, and Pimpinella anisum—were also proved to possess significant
antifungal and antibacterial activities (Table 15).
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Table 14. Antimicrobial activities of spices against several common microorganisms.

Bacteria and Fungi Spices Type of Samples Reference

E. coli

Clove

Aqueous extract [18]
Acetone extract [27]

EO [23,30,31]
Ethyl acetate extract [27]

Ethyl heptanoate extract [30]
Methanol extract [27]

Powder [19,29]

Oregano
Aqueous extract [40]

EO [36,44,47,49]
EO-rich fractions [35]

Thyme

Decoction [62]
EO [51,52,60]

Hydroalcoholic extract [62]
Hydrosol [56]
Infusion [62]

Cinnamon

Acetone extract [27]
Aqueous extract [75]

Diethyl ether extract [76]
EO [78,79]

Ethyl acetate extract [27]
Hydrosol [56]

Methanol extract [27]
Powder [71]

Cumin EO [80,81,83,85–89]

Rosemary

Aqueous extract [93]
EO [88,92]

Ethanol extract [93–95]
Hexane extract [93]

Garlic

Acetone extract [105]
Aqueous extract [103]
Ethanol extract [104,105]
Hexane extract [105]

Powder [99]

Ginger Aqueous extract [103]

Basil

Acetone extract [114]
Chloroform extract [114]

EO [113,116]
Methanol extract [114]

Fennel

Crude extract [121]
EO [121,122]

Ethanol extract [123]
Methanol extract [123]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

Galangal

Acetone extract [133]
Diethyl ether extract [133]

Hexane extract [134]
Methanol extract [133]

Black pepper
Acetone extract [137]

EO [137]
Ethanol extract [138]
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Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

S. aureus

Clove

Acetone extract [27]
Aqueous extract [18]

EO [30–32]
Ethanol extract [24]

Ethyl heptanoate extract [30,31]
Methanol extract [27]

Powder [19,29]

Oregano EO [36,41,47]
EO-rich fractions [35]

Thyme

Decoction [62]
EO [51,52]

Hydroalcoholic extract [62]
Infusion [62]

Cinnamon

Acetone extract [27]
Aqueous extract [75]

Diethyl ether extract [76]
EO [72,78,79]

Ethyl acetate extract [27]
Hydrosol [56]

Methanol extract [27]

Cumin EO [80,81,83,86,88,89]

Rosemary
EO [88,92]

Ethanol extract [94,97]
Hexane extract [93]

Garlic

Aqueous extract [98]
Acetone extract [105]
Ethanol extract [104,105]
Hexane extract [105]

Powder [99]

Basil

Acetone extract [114]
Chloroform extract [114]

EO [113,116]
Methanol extract [114]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

Galangal

Acetone extract [133]
Diethyl ether extract [133]

Ethanol extract [93]
Hexane extract [93,134]

Methanol [133]

Black pepper
Acetone extract [137]

EO [137]
Ethanol extract [138]

344



Int. J. Mol. Sci. 2017, 18, 1283

Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

L. monocytogenes

Clove
Ethanol extract [24,25]

Ethyl heptanoate extract [30,31]
EO [30,31]

Oregano EO [49]
Thyme EO [60]

Cinnamon EO [78,79]
Cumin EO [89]

Rosemary
Aqueous extract [93]
Ethanol extract [93–95,97]
Hexane extract [93]

Garlic Aqueous extract [103]
Ginger EO [111]

Basil

Acetone extract [114]
Chloroform [114]

EO [116]
Methanol extract [114]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

Galangal Ethanol extract [93]
Hexane extract [93,134]

S. typhimurium

Clove
EO [23,30,31]

Ethyl heptanoate extract [30]
Powder [29]

Oregano Extract [34]

Thyme EO [52,60]
Hydrosol [56]

Cumin EO [86,89]

Rosemary

Aqueous extract [93]
EO [92]

Ethanol extract [93]
Hexane extract [93]

Garlic Powder [99]
Basil EO [116]

Fennel EO [121,122]

Galangal

Acetone extract [133]
Diethyl ether extract [133]

Hexane extract [134]
Methanol extract [133]

Black pepper Acetone extract [137]
EO [137]

P. aeruginosa

Clove

Acetone extract [27]
EO [32]

Ethyl acetate extract [27]
Methanol extract [27]

Oregano EO-rich fractions [35]

Thyme

Decoction [62]
EO [51,53,57]

Hydroalcoholic extract [62]
Infusion [62]

Cinnamon

Diethyl ether extract [76]
EO [79]

Hydrosol [56]
Methanol extract [27]
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Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

P. aeruginosa

Cumin EO [83,87]

Rosemary EO [92]

Ethanol extract [94]

Ginger EO [108]

Basil

Acetone extract [114]
Chloroform [114]

EO [116]
Methanol extract [114]

Fennel EO [121]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

Galangal
Acetone extract [133]

Diethyl ether extract [133]
Methanol extract [133]

Black pepper Acetone extract [137]
EO [137]

B. subtilis

Oregano Aqueous extract [40]
EO-rich fractions [35]

Thyme EO [51]
Hydrosol [55]

Cinnamon EO [79]
Rosemary EO [92]

Garlic Hydrosol [55]
Ginger EO [108]
Basil EO [113]

Fennel
EO [121]

Ethanol extract [123]
Methanol extract [123]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

Galangal
Acetone extract [133]

Diethyl ether extract [133]
Methanol extract [133]

Black pepper
Acetone extract [137]

EO [137]
Ethanol extract [138]

B. cereus

Clove
EO [23,30,31]

Ethyl heptanoate extract [30]

Oregano EO [36]
Thyme EO [60]

Cinnamon EO [78,79]
Cumin EO [80,86,89]

Rosemary Ethanol extract [94]
Garlic Powder [99]
Basil EO [116]

Black pepper Acetone extract [137]
EO [137]
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Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

E. faecalis

Cinnamon Diethyl ether extract [76]
Cumin EO [86,88]

Rosemary EO [88]
Basil EO [116]

Fennel
Ethanol extract [123]

Methanol extract [123]

Galangal
Acetone extract [133]

Diethyl ether extract [133]
Methanol extract [133]

Black pepper Ethanol extract [138]

E. faecalis

Cinnamon Diethyl ether extract [76]
Cumin EO [86,88]
Basil EO [116]

Fennel
Ethanol extract [123]

Methanol extract [123]

Galangal
Acetone extract [133]

Diethyl ether extract [133]
Methanol extract [133]

Black pepper Ethanol extract [138]

K. pneumoniae

Clove
Acetone extract [27]

Ethyl acetate [27]
Methanol extract [27]

Cinnamon

Acetone extract [27]
Diethyl ether extract [76]

EO [79]
Ethyl acetate [27]

Methanol extract [27]

Garlic Ethanol extract [104]

Galangal
Acetone extract [133]

Diethyl ether extract [133]
Methanol extract [133]

Black pepper Ethanol extract [138]

P. vulgaris

Thyme

Decoction [62]
EO [52]

Hydroalcoholic extract [62]
Infusion [62]

Garlic Ethanol extract [104]
Fennel Crude extract [121]

Coriander
Aqueous-ethanol extract [131]

Ethanol extract [131]

P. fluorescens

Clove Powder [19]
Thyme EO [52,57,59]

Cinnamon EO [78]
Rosemary Ethanol extract [95]

L. innocua

Clove EO [23]
Thyme EO [52,52,59]

Fennel
Ethanol extract [123]

Methanol extract [123]
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Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

S. faecalis

Clove
Acetone extract [27]

Ethyl acetate [27]
Methanol extract [27]

Cinnamon
Acetone extract [27]

Ethyl acetate [27]
Methanol extract [27]

Cumin
Decoctions [81]

EO [88]
Infusions [81]

S. enteritidis
Thyme Hydrosol [55]
Garlic Hydrosol [55]
Ginger EO [108]

M. luteus
Cinnamon Diethyl ether extract [76]

Cumin EO [88]
Galangal Methanol extract [135]

B. megaterium

Clove
Acetone extract [27]

Ethyl acetate [27]
Methanol extract [27]

Cinnamon
Acetone extract [27]

Ethyl acetate [27]
Methanol extract [27]

Cumin EO [88]

A. hydrophila Cumin EO [88]
Garlic Aqueous extract [103]

S. epidermidis Thyme

Decoction [62]
EO [51]

Hydroalcoholic extract [62]

Infusion [62]

Black pepper Ethanol extract [138]

C. albicans

Clove EO [22]
Oregano EO [35,36]
Thyme EO [51,57]

Cinnamon
Hydrosol [56,76]

Diethyl ether extract [76]

Cumin EO [83]
Rosemary EO [92]

Garlic Ethanol extract [104]

Coriander
Aqueous-ethanol extract [131]

EO [127]
Ethanol extract [131]
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Table 14. Cont.

Bacteria and Fungi Spices Type of Samples Reference

A. niger

Oregano EO-rich fraction [35]
Cinnamon Aqueous extract [74]

Cumin EO [83]

Ginger
Aqueous extract [74,109]

EO [109]
Oleoresin [109]

Basil EO [113,116]

Fennel
Acetone extract [118]

EO [118]

Coriander EO [130]
Galangal Methanol extract [135]

A. flavus
Basil EO [117]

Fennel
Acetone extract [118]

EO [118]

F. oxysporum

oregano Decoction [39]
ginger EO [109]
basil Extract [115]

coriander
EO [130]

Oleoresin [130]

F. graminearum

Fennel
Acetone extract [118]

EO [118]

Coriander
EO [130]

Oleoresin [130]

Black pepper Acetone extract [136]
EO [136]

S. cerevisiae
Thyme EO [52]
Cumin EO [86]
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16. Conclusions

The antibacterial and antifungal activities of commonly used spices have been summarized.
Several spices—such as clove, oregano, thyme, cinnamon, and cumin—have exhibited significant
antimicrobial activities against food spoilage bacteria like B. subtilis and P. fluorescens; pathogens like
S. aureus, V. parahaemolyticus, and S. typhimurium; harmful fungi like A. flavus and A. niger; and even
antibiotic resistant microorganisms such as MRSA. Therefore, these spices could be used to decrease
the possibility of food poisoning and spoilage, to increase the food safety and shelf-life of products,
and to treat some infectious diseases. In the future, as the combinations of several spices were proven
to possess higher inhibitory effects on specific bacteria than those of individual spices, the interactions
of more spices should be studied and evaluated to inhibit different microorganisms in different food
products. Additionally, spices could be used in food packaging as published, but more studies are
required to take the other aspects into consideration, such as how to prevent odor/flavor transferring
from packages containing natural spice extracts to the packaged foods. Furthermore, spice products
may be considered as an alternative to common antibiotics to treat infectious diseases. As the majority
of the studies focused on the in vitro activities of spices against human pathogenic bacteria, in vivo
studies and clinical trials are needed to be conducted in future. The mechanisms of antimicrobial action
of spices remain to be clarified in order to make the best use of spices. Furthermore, the potential
toxicity of spices on humans should be evaluated.
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Abstract: Fucaceae is the most dominant algae family along the intertidal areas of the Northern
Hemisphere shorelines, being part of human customs for centuries with applications as a food source
either for humans or animals, in agriculture and as remedies in folk medicine. These macroalgae are
endowed with several phytochemicals of great industrial interest from which phlorotannins, a class
of marine-exclusive polyphenols, have gathered much attention during the last few years due to their
numerous possible therapeutic properties. These compounds are very abundant in brown seaweeds
such as Fucaceae and have been demonstrated to possess numerous health-promoting properties,
including antioxidant effects through scavenging of reactive oxygen species (ROS) or enhancement
of intracellular antioxidant defenses, antidiabetic properties through their acarbose-like activity,
stimulation of adipocytes glucose uptake and protection of β-pancreatic cells against high-glucose
oxidative stress; anti-inflammatory effects through inhibition of several pro-inflammatory mediators;
antitumor properties by activation of apoptosis on cancerous cells and metastasis inhibition, among
others. These multiple health properties render phlorotannins great potential for application in
numerous therapeutical approaches. This review addresses the major contribution of phlototannins
for the biological effects that have been described for seaweeds from Fucaceae. In addition,
the bioavailability of this group of phenolic compounds is discussed.

Keywords: seaweeds; algae; Fucaceae; phlorotannins; bioactivities; antioxidant; antidiabetes;
anti-inflammatory; antitumor; bioavailability

1. Introduction

Fucaceae is a family of brown algae containing five subordinate taxa currently recognized,
including Ascophyllum, Fucus, Pelvetia, Pelvetiopsis and Silvetia (Figure 1), which dominate the biomass
in the intertidal areas of many cold and warm temperate regions in the Northern Hemisphere, being
distributed along the Northeast-Atlantic coastlines, from the White Sea to the south of the Canary
Islands, and the Northwest-Atlantic, from south Greenland to North Carolina, as well as along the
Northeast-Pacific coastline, extending from Alaska to California [1,2]. Fucus is undoubtedly the most
prominent genus from this family. It currently comprises 66 taxonomically accepted species, which are
characterized by a greenish brown trisected thallus, i.e., a structure consisting of a holdfast, a small
stipe and flattened dichotomously-branched blades with terminal receptacles that swell during the
reproductive season. The blades usually have a central-thickened area called the midrib, and in some
species, such as F. vesiculosus, air bladders can be found to keep them floating in a vertical position
when submerged [3]. This is also the most widely-distributed genus from Fucaceae being scattered
throughout all of the regions covered by this family [4,5]. The most well-known species of this genus is
F. vesiculosus, that commonly dominates the shallow macroalgae communities growing on high salinity
waters from 0.5–4 m in depth and forming large belts that constitute the habitats for species-rich
epiphytic and epibenthic communities [6,7].
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Figure 1. Type species of each genus composing the Fucaceae family. (A) Fucus vesiculosus L., photo by
Emőke Dénes licenced by CC BY-SA/resized from the original; (B) Ascophyllum nodosum (L.) Le Jolis,
photo by Anne Burgess licensed by CC BY-SA/resized from the original; (C) Pelvetia canaliculata
(L.) Decaisne & Thuret, photo by Tom Corser licensed by CC BY-SA/resized from the original;
(D) Silvetia compressa (J. Agardh) E. Serrão, T.O. Cho, S.M. Boo & Brawley, photo by Plocamium
licensed by CC BY-NC/resized from the original; and (E) Pelvetiopsis limitata (Setchell) N.L. Gardner,
photo by Peter D. Tillman licensed by CC BY/resized from the original.

Ascophyllum and Pelvetia are two monotypic genera, i.e., each comprises solely one species, namely
A. nodosum and P. canaliculata, respectively, and are both exclusive to the North-Atlantic, although the
latter is only found in the European coastlines [1,5,8–10]. As the most tolerant species to the exposure
conditions, P. canaliculata forms a zone at the upper region of the shore, sometimes growing among
coarse grass and other longshore angiosperms [11].

On the other hand, Pelvetiopsis and Silvetia are two genera from Fucaceae that are exclusive to the
North-Pacific, the former distributed from south Canada to north California, while the latter covers
the west coast of North America and has also been reported to occur in the Japan, China and Korea
coastlines [10,12,13]. Silvetia species were originally classified as members of Pelvetia; however, owing
to differences in oogonium structures and rDNA sequences, the new genus was created in 1999 [14].
Due to the lack of scientific interest in these two genera, little is known about them.

The use of Fucaceae, alongside other seaweeds, has long been part of human activities with
applications in the most varied fields. Historically, Ascophyllum, Fucus, Pelvetia and Silvetia have been
harvested and used as a food source for humans, typically in countries from Far East Asia, where
seaweed consumption is part of their culture. Furthermore, although with less incidence, some Fucus
species have also been consumed as foods in coastal countries of Western Europe and Alaska [15].
In the Azores Islands, the swollen receptacles of F. spiralis are a popular delicacy, known as sea lupines
and eaten fresh [16].

Besides being used as food, Ascophyllum sp. and Fucus spp. have been used for distinct purposes
over the centuries. Note that these seaweeds are often known as kelp, which is the name of the alkaline
ashes produced from brown algae and used as an alkali agent for soap, paper and glass production,
dying and in linen bleaching during the eighteenth–nineteenth centuries [17,18]. Later in the 1940s,
A. nodosum was the most important feedstock for the business of alginate production in countries
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such as Ireland, Scotland and Norway, which were the principal suppliers of this phycocolloid [18,19].
However, because this species is relatively costly to harvest and it has a lower extract quality compared
to other species, its use for this purpose has dramatically decreased during the recent years and been
replaced by more attractive and versatile seaweeds including Laminaria hyperborea and Lessonia spp. [20].
Nevertheless, due to their combination of macro- and micro-nutrients, as well as the presence of natural
plant growth hormones and other biostimulants, A. nodosum and, to a lesser extent, Fucus spp. continue
to be used as biofertilizers [21–24], animal nutrition [25–27] and pest control [28–31]. Indeed, nowadays,
A. nodosum has found its major application in the fertilizers, animal feed and phytopharmaceuticals
industries, it being possible to find a series of A. nodosum-based products, such Acadian®, Agri-Gro
Ultra, Alg-A-Mic, Maxicrop, Nitrozime, Soluble Seaweed Extract, Stimplex®, Tasco® and several others
currently available on the market.

In turn, the current most popular application of Fucus spp. is for the treatment of goiter,
i.e., the swelling of thyroid, and thyroid-related complications caused by iodine deficits. In fact,
F. vesiculosus along with Laminaria sp. were the original sources of iodine, found in 1811 by Bernard
Courtois [32]. This element was further described by Moro and Basile [33] as the most important
active principle of F. vesiculosus, since it is essential for the production of thyroid hormones, which
in turn are responsible for the increase of the metabolism in most tissues and consequently raise
the basal metabolic rate [32]. Because of that, F. vesiculosus supplements are commonly used not
only for the treatment of goiter, but also for treating obesity [34]. F. vesiculosus has also been
commonly used for the treatment of rheumatoid arthritis, asthma, atherosclerosis, psoriasis and
skin diseases, as well as several other complications [35–37]. Likewise, Ascophyllum and Pelvetia
are endowed with several medicinal properties including antioxidant [38,39], anticoagulant [40,41],
anti-inflammatory [41,42], antitumor [43,44] and antidiabetic [45–47], among others. In addition, these
Fucaceae can be currently found in the ingredient labels of a dozen cosmetic products used as antiaging,
anti-wrinkle, anti-photoaging, slimming, moisturizing and skin-whitening agents [48,49].

Among the various Fucaceae secondary metabolites, one can detach the importance of the
phlorotannins, i.e., a class of phenolic compounds that is found exclusively in marine organisms,
particularly in brown macroalgae [50]. These are very hydrophilic compounds, consisting of
dehydro-oligomers or dehydro-polymers formed through C–C and/or C–O–C oxidative coupling
of phloroglucinol (1,3,5-trihydroxybenzene) monomeric units, which are biosynthesized through the
acetate–malonate pathway [51]. Phlorotannins may be found in a wide range of molecular sizes,
comprised between 126 Da and 650 kDa [52], and according to the number of hydroxyl groups and
nature of the structural linkages between phloroglucinol units, they can be characterized into four
different subclasses: fuhalols and phlorethols (possessing an ether linkage), fucols (possessing an aryl
linkage), fucophlorethols (possessing an ether and aryl linkage) and eckols and carmalols (possessing
a dibenzodioxin linkage) [53]. From these subclasses, the most commonly found in Fucaceae are fucols
and fucophlorethols (Figure 2).

Phlorotannins have been suggested to be multifunctional in brown seaweeds, with putative
roles as primary cell wall components also involved in its biosynthesis and defensive mediators
against natural enemies, working as herbivore deterrents, digestive inhibitors and as antibacterial and
antifouling agents [54–56]. Besides, they also contribute to the protection of algae against ultraviolet
radiation (UV-B) and may act as chelators of metal ions [57–59]. These compounds are known to
accumulate mainly in the cell cytoplasm in specialized membrane-bound vesicles named physodes,
representing up to 25% of seaweed´s dry weight (DW) [54].

During the last few years, an increasing interest has been paid to these algal metabolites since
they have been demonstrated to exert numerous biological activities with potential application in
food, pharmaceutical and cosmetic industries, among others. Because of their high abundance in
phlorotannins, most studies involving the bioactivities of these phenolic compounds have been
performed mainly with Laminariales, particularly those belonging to the Lessoniaceae family including
Ecklonia spp. and Eisenia spp., while other algae families, such as Sargassaceae or Fucaceae, which
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could also represent a good source of these compounds, remain virtually unexploited. In this context,
Fucaceae is of particular interest since, contrary to Sargassaceae (with some exceptions), most of the
species from this family are considered edible. Therefore, and because of Fucaceae’s abundance in
phlorotannins, these seaweeds might be of particular economic interest as they own great potential to
be used as natural raw ingredients in foods, nutraceutical or pharmaceutical industries [60]. In this
context, this manuscript revises the major biological properties described so far for the Fucaceae
family, with special focus on their phlorotannin composition and importance for such effects, hoping
to contribute to boost their industrial interest and utilization.

Figure 2. Structure of phlorotannins isolated from algae belonging to Fucaceae: (1) phloroglucinol;
(2) diphlorethol; (3) hydroxytrifuhalol; (4) difucol; (5) trifucol; (6) tetrafucol A; (7) tetrafucol
B; (8) fucophlorethol; (9) fucodiphlorethol; (10) fucotriphlorethol A; (11) fucotriphlorethol E;
(12) trifucodiphlorethol A; (13) trifucotriphlorethol A; (14) 7-hydroxyeckol; and (15) phloroglucinol
C–O–C dimer.
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2. Phlorotannins from Fucaceae

Although some authors have reported the presence of phenolic acids and flavonoids in brown
algae [61,62], phlorotannins represent their major phenolic constituents and, therefore, also in
Fucaceae [63]. In fact, phlorotannins have been reported as the only phenolic compounds in
F. vesiculosus [64,65]. According to what was revised by Holdt et al. [60], the highest phlorotannin
contents registered for A. nodosum and Fucus sp. are 14% and 12% dry weight, respectively. Nevertheless,
Fucaceae phlorotannins are very susceptible to inter-species variations. Connan et al. [66] observed that
species such as A. nodosum and F. vesiculosus growing in the mid-tide zone have the highest content in
phenolics (about 5.8% dry weight), while those growing in the lower intertidal level, such as F. serratus,
have a lower phenolic content (4.3% dry weight), and the species growing at the upper level of the
intertidal zone, such as F. spiralis and P. canaliculata, contain the lowest phenolic content (3.9% and
3.4% dry weight, respectively). Moreover, phlorotannins are also subject to significant intra-species
variability depending on several factors such as algae size, age, tissue type and environmental
factors, including nutrients, light, salinity, water depth and season [67]. The seasonal variations
observed by Ragan and Jensen for A. nodosum and F. vesiculosus indicated that the polyphenols
content was minimum (approximately 9–10% and 8–10% of dry matter, respectively) at the end of
spring, during the period of fertility, and maximum (approximately 12–14% and 11–13% of dry matter,
respectively) during the winter [68]. However, contradictory results were later reported, revealing that
the phlorotannin peak of these Fucaceae occurs during the summer, matching with the higher solar
exposure period and thus agreeing with the UV-protective functions invoked for these compounds [66].
Likewise, in Pavia and Toth’s [67] experiments, the authors observed that the thalli from A. nodosum
and F. vesiculosus that had been exposed to sunlight contained higher phlorotannins than the shaded
ones. Observations of maximum phlorotannin content in the summer, when the irradiance is highest,
has been described for other Fucales as well [69–71], and current evidence suggests that the production
of phlorotannins by seaweeds is tightly correlated with UV radiation [72–74].

Salinity is another parameter considered determinant for phlorotannin concentrations in seaweeds
since, according to Pedersen [75], the phenolic content of A. nodosum and F. vesiculosus increases with
increasing salinity in their habitats. Further research confirmed that the decrease of the salinity
coincided with high exudation of A. nodosum and F. vesiculosus phenolics into the surrounding water,
thus resulting in a significant reduction of the phenolic content of these two species [58].

Identification and characterization of phlorotannins from brown algae has been a challenging
subject since, in addition to their high susceptibility to oxidation and lack of commercially available
standards, the large size and complexity, structural similarity and reactivity with other compounds
make them very difficult to isolate and purify from such polymeric mixtures as crude seaweed
extracts [76,77]. Therefore, the exact characterization of phlorotannins commonly requires the
combination of ultra-performance liquid chromatography (UPLC) (equipped with column technologies
capable of resolving extremely polar complex polymer mixtures) with mass spectrometry (MS) and
nuclear magnetic resonance (NMR) techniques [78,79]. Nevertheless, a few works have already
focused on the phlorotannin profile from Fucus spp., Pelvetia canaliculata and Ascophyllum nodosum in
terms of degree of polymerization (DP). In A. nodosum and P. canaliculata, phlorotannins of DP 6–13
were found to be predominant, while F. spiralis was particularly rich in compounds with lower DP
(4–6) [79]. Similarly, Steevensz et al. [80] reported that higher DP phlorotannins were observed with
more abundance in P. canaliculata > F. vesiculosus > A. nodosum > F. spiralis. Interestingly, phloroglucinol
monomers up to 39 units were detected in all of these seaweeds, except P. canaliculata, which contained
phlorotannins composing up to 49 monomeric units. This fact has been hypothesized by the authors to
be correlated with the higher exposure of this species to extreme conditions, consequently requiring
more complex phlorotannin structures for their protection.

In addition to DP studies, some authors were also able to isolate and identify phlorotannins
from F. vesiculosus including phloroglucinol (1 in Figure 2), difucol, trifucol and tetrafucols A and
B; fucophlorethol, fucodiphlorethol and fucotriphlorethols A and E; trifucodiphlorethol A and
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trifucotriphlorethol A (4–13, respectively, in Figure 2) [77,81–84]. More recently, compounds such as
hydroxyfuhalol A, difucol/diphlorethol, tetrafucol, fucodiphlorethol, 7-hydroxyeckol and the C–O–C
dimer of phloroglucinol (2–4, 6, 9, 14 and 15, respectively, in Figure 2) were identified in A. nodosum
extracts, as well [85].

3. Biological Activities

Although phlorotannins have been subject to thorough research focusing on their numerous
potential biological activities, the majority of these studies have been performed with extracts from
Ecklonia spp. or Eisenia bicyclis [52]. Still, interesting results focusing on phlorotannins extracted from
brown algae belonging to Fucaceae, mostly from Fucus spp. and Ascophyllum nodosum, have arisen.
Phenolic extracts from these algae have been demonstrated to exhibit various biological activities
including antioxidant, anti-inflammatory, antimicrobial, antidiabetic and several others that could
be of great interest for the development of new functional and/or therapeutic agents with high
value for the food and pharmaceutical industries, thus strengthening the commercial exploitation of
such macroalgae.

3.1. Antioxidant Activity

As phenolic compounds, the most characteristic biological effect of phlorotannins is the
antioxidant activity. Among four species of brown algae, including Cystoseira nodicaulis,
Himanthalia elongata, F. serratus and F. vesiculosus, the latter exhibited a total phenolic content (TPC) of
232.0 μg phloroglucinol equivalents (PE)/mg ethanolic extract, corresponding to the extract with the
highest phenolic abundance, and the strongest activity in ferric reducing antioxidant power (FRAP)
and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH ) assays (307.3 μg trolox equivalents (TE)/mg
extract and IC50 = 4 μg/mL, respectively). In turn, C. nodicaulis ethanolic extract, which yields the
lowest phenolic content (89.1 μg PE/mg extract), tendentially revealed the lowest antioxidant activity
in these two methods (101.4 μg TE/mg extract and IC50 = 28.0 μg/mL, respectively) [86]. A similar
study performed with ten species belonging either to green, red or brown algae revealed that the
group of Fucaceae (F. vesiculosus, F. serratus and A. nodosum) gave origin to the richest acetone (70%, v:v)
extracts in terms of phenolic content, representing 24.2, 24.0 and 15.9 g PE/100 g extract, respectively.
Likewise, these three were the most active antioxidant extracts, revealing EC50 values of 10.7, 11.0 and
18.5 μg/mL, respectively, in DPPH and oxygen radical antioxidant capacity (ORAC) values of 2.57,
2.55 and 1.42, respectively, against the >25.8 μg/mL and >0.98 mmol TE/g extract observed for the
remaining extracts [87]. Nevertheless, although this evidence indicates a strong correlation between
antioxidant activity and total phenolic content, this might not always be true in every case. In fact,
according to O’Sullivan and co-workers [88], despite that the total phenolic content of the methanolic
extract (60%, v:v) from F. vesiculosus only accounted for 2.5 mg gallic acid equivalents (GAE)/g DW,
this exhibited an overall antioxidant activity in the FRAP (109.8 μM ascorbic acid/g DW), DPPH
(31.2% radical scavenging) and β-carotene bleaching inhibition (71.2% protection) assays, which was
better than the equivalent extracts from A. nodosum (81.0 μM ascorbic acid/g DW, 25.6 and 76.3%,
respectively), P. canaliculata (71.5 μM ascorbic acid/g DW, 7.3 and 53.9%, respectively) and F. serratus
(113.5 μM ascorbic acid/g DW, 5.5 and 62.2%, respectively), all containing approximately 4 mg GAE/g
DW. Although this fact could result from the contribution of non-phenolic compounds present in
the extract, it may also suggest that more important than the total phenolics content in the extract
is the nature of such compounds. Indeed, when considering the specific activity of phlorotannins,
Breton et al. [89] observed that the oligophenols fraction (<2 kDa) from A. nodosum methanol 100%
extract revealed an antioxidant index (AI50) values (i.e., the amount of phenols in μg contained in the
fraction necessary to obtain 50% of inhibition in the DPPH assay) below 20 μg, whereas the fraction
of >50 kDa phenols exhibited AI50 values of 34 μg, thus evidencing the importance of the molecular
weight for the physiological roles and putative function of phlorotannins. Through an electrochemical
approach, the specific activity was also found stronger for subfractions of 2–50 kDa and <2 kDa isolated
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from A. nodosum methanol 100% extracts, rather than subfractions over 50 kDa (AI50 = 0.24, 0.78 and
1.24 × 103 μM PE/L, respectively), and 1–4-times more active than the corresponding subfractions
obtained from the crude methanol 50% extract, indicating differences on phlorotannins activity based
on polarity [90]. However, when testing the relationships between the degree of polymerization,
molecular size and antioxidant activity of different molecular weight subfractions obtained from
F. vesiculosus ethanol 80% extracts, no clear correlations were found, except for the Fe2+ chelating ability,
which was greater for the 100–300 and >300 kDa subfractions (47.6 and 45.1%, respectively) than for
the 30–100, 5–30 and <5 kDa subfractions (36.6, 33.7 and 25.1%, respectively) [91].

Cérantola et al. [92] showed that fucol and fucophlorethol polymers, both isolated from F. spiralis,
presented identical Q50 values (approximately 33 μg), i.e., the amount of compound in μg necessary to
obtain 50% of inhibition in DPPH assay, which in turn were lower than those obtained for ascorbic acid
and phloroglucinol (38.2 and 41.7 μg, respectively), thus evidencing higher antioxidant activity than
these two reference compounds. More recently, positive results were observed for three phlorotannins
isolated from F. vesiculosus, namely trifucodiphlorethol A, trifucotriphlorethol A and fucotriphlorethol
A, which revealed good DPPH scavenging activity (IC50 = 14.4, 13.8 and 10.0 μg/mL, respectively)
comparable to that of phloroglucinol (IC50 = 13.2 μg/mL), as well as a potential for scavenging peroxyl
radical three-times more strongly than that of trolox in the ORAC assay. Additionally, moderate
inhibitory effects towards xanthine oxidase activity were observed for trifucotriphlorethol A [84].

Because of these promising antioxidant effects, Fucaceae seaweeds are endowed with a great
potential for the development of novel antioxidant products with high commercial interest for
pharmaceutical, nutraceutical, cosmetic and especially food industries. Indeed, the introduction
of Fucaceae phlorotannin extracts in food matrixes has already been demonstrated to effectively
act as rancidification inhibitors/retarders, thus contributing for the enhancement of their shelf-lives
and standing out as good candidates for exploitation as natural food additives. In this context,
Honold et al. [93] found that introducing 1.5–2 g/kg of F. vesiculosus ethanol 80% or acetone 70%
extracts in fish-oil-mayonnaise resulted in a significant enhancement of the product’s oxidative stability
by reducing the hydroperoxides’ formation and lipid oxidation reactions. In a similar study conducted
with fish muscle, the addition of 300 mg/kg muscle of oligomeric purified phlorotannin subfractions
from F. vesiculosus was capable of inhibiting the lipid peroxidation of the product, demonstrating an
effectiveness comparable to that of 100 mg/kg propyl gallate, one of the most potent antioxidant
additives in food systems [94]. O’Sullivan et al. [95] also observed that the introduction of 0.5%
(w/w) of F. vesiculosus ethanolic extracts into raw milk had promising effects against lipid oxidation
of this dairy product, although it was not well accepted from a sensorial perspective due to the
green/yellowish color and fishy taste. Further studies conducted by the same research group showed
that the incorporation of 0.5% (w/w) A. nodosum or F. vesiculosus extracts (ethanolic 80% and 60%,
respectively) into yogurts resulted in good inhibitory effects against lipid oxidation, without affecting
the product’s acidity, microbiology or whey separation parameters. Once again, introduction of
F. vesiculosus extract was sensorially rejected, while yogurts with A. nodosum extract were generally
well accepted by the panelists [96]. The promising antioxidant effects of Fucaceae phenolic extracts
have also been demonstrated in cellular models (Table 1).

In Wang et al. work [91], five phlorotannin subfractions from F. vesiculosus (separated by dialysis
according to their different molecular weights) produced a decrease in ROS production inversely
proportional to the compounds molecular weight in phorbol-12-myristate-13-acetate (PMA)-induced
human mononuclear cell primary cultures. Indeed, incubation of Raw 264.7 macrophages with
two F. vesiculosus ethanolic extracts (Ext1, 35%, and Ext2, 70%) resulted in the reduction of
PMA or lipopolysaccharide (LPS)-stimulated O2

− production, the former showing IC50 values of
approximately 38 μg/mL in both assays, while the latter was more effective towards PMA rather than
LPS stimulation (IC50 = 31 and 68 μg/mL, respectively) [97]. A. nodosum phlorotannin extract at 0.2%
was also shown to significantly reduce the tert-butyl hydroperoxide (t-BHP)-induced ROS production
in epithelial cells to levels close to the negative control [38].
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Quéguineur et al. [99] further observed that a digested-dialyzed phlorotannin extract (rich in
compounds over 1 kDa) from A. nodosum not only caused the reduction of intracellular ROS and lipid
peroxidation in t-BHP-induced HepG-2 cells, as also enhanced their endogenous antioxidant defenses
by increasing the levels of glutathione (GSH) and the enzyme activities of GSH-peroxidase (GSH-px),
GSH-reductase (GSH-red) and GSH-S-transferase (GSH-tr). Augmented levels of GSH (32–39% higher
than the control) were observed as well on Caco-2 cells incubated not only in the presence of A. nodosum
hydromethanolic extract at 100 μg/mL, but also with those of P. canaliculata, F. vesiculosus and F. serratus.
Furthermore, all of these extracts, particularly that of P. canaliculata, could almost completely restore the
H2O2-induced depletion of superoxide dismutase (SOD) activity, although only two Fucaceae extracts,
namely F. serratus followed by F. vesiculosus, exhibited a reduction of H2O2-induced oxidative damage
to DNA (from 63% in control to 53% and 50%, respectively) [88]. The same F. serratus and F. vesiculosus
methanolic 50% extracts were posteriorly confirmed to exhibit DNA protective effects in Caco-2 cells
treated with H2O2, but not with t-BHP, although both F. serratus alongside with P. canaliculata extracts
completely restored the SOD activity that was impaired by the t-BHP stimulation [39]. However, when
testing extracts obtained by different procedures, instead of observing DNA protective effect against
H2O2-induced oxidative damage, F. serratus (aqueous and ethanolic 80% extracts) and F. vesiculosus
(methanolic 60% extract) revealed a decrease of the t-BHP-induced DNA damage of approximately
50% compared to the non-treated Caco-2 cells, most likely due to the extraction of phlorotannins with
different polarities. In turn, A. nodosum ethanolic 80% extracts exhibited DNA protective effects either
in the presence of H2O2 or t-BHP, while the ethanol 60% extract was only active against H2O2 and
the aqueous extract was effective against t-BHP [98]. Hence, overall, the above-mentioned works
point out the promising effects of phlorotannins of Fucaceae origin towards distinct oxidative stress
events. Still, it is relevant to note a common flaw in all of these studies, i.e., the lack of comparison
of the antioxidant activities of these seaweed extracts and/or phlorotannin compounds with that
of well-known compounds. The gathering of this information would be helpful to achieve a better
comprehension of the actual potential of these compounds.

In vivo experiments conducted by Zaragozá et al. [97] revealed that the feeding of
Sprague–Dawley rats with F. vesiculosus phenolic extracts resulted in an increased blood plasma
antioxidant activity slightly better than that of phloroglucinol, which is commonly used as a standard
compound. In more detail, after a four-week oral treatment of 200 mg/kg body weight/day of
F. vesiculosus ethanol 70% extract, the reducing power, paraoxonase 1 (PON-1) activity and O2

•−

scavenging activity in the plasma were increased by 29%, 33% and 25%, respectively. Phloroglucinol
administered in the same conditions also produced positive, although slightly lower effects in these
parameters, causing a 31% and 12% increase of reducing power and PON-1 activity, respectively, and
no activity against O2

•−. The fact that thiobarbituric acid reactive substances (TBARS) were also
reduced by 17% in the F. vesiculosus-treated rats and 12% in phloroglucinol-treated group might be a
consequence not only the plasma’s increased ability to scavenge free radicals, but also PON-1’s greater
hydrolytic activity. Particularly, in the phloroglucinol-treated group, in which no effects were seen on
O2

•−, the increase of this enzyme activity might be the major cause for TBARS reduction since this
enzyme is known for protecting low-density lipoproteins from oxidative modification by ROS and
contributing for the degradation of hydrogen peroxide (peroxidase activity) [100].

In several studies, phloroglucinol was proven to display a very pleiotropic role in oxidative stress
events. Indeed, this compound was shown to reduce several oxidative stress hallmarks in numerous
cell lines, stimulate the intracellular antioxidant defenses including the activation of nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) [101–106] and even positively contribute for photoprotective effects
on skin [107] and improvement of motor functions and oxidative damage in the brain of animal models
of Parkinson’s disease [105,108].
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3.2. Antidiabetic Activity

In 2012, diabetes mellitus was the direct cause of 1.5 million deaths, reaching an estimated
prevalence of approximately 9% among the worldwide adult population in 2014. Moreover, in 2030,
it is projected that this disease will be the 7th main cause of death in the world [109]. In the specific case
of type 2 diabetes mellitus, the most common therapeutic targets are α-amylase and α-glucosidase,
two enzymes responsible for the starch hydrolysis releasing the glucose monomers for subsequent
absorption by the small intestine. Therefore, the inhibition of these enzymes reduces the availability of
free glucose monomers and consequently decreases the postprandial peak of blood glucose levels [110].

In this context, phenolic extracts from Fucus spp. and particularly from A. nodosum have
demonstrated promising effects against these enzymes (Table 2). Per Zhang et al. [45], the inhibitory
effects of different fractions from A. nodosum ethanol 50% extracts towards α-glucosidase activity
was highly correlated with their phlorotannin content, as the lowest IC50 value (24.0 μg/mL) was
observed for the C18 purified ethyl acetate fraction (TPC = 70.2% PE), followed by non-purified ethyl
acetate fraction (IC50 = 38.0 μg/mL; TPC = 39.8% PE) and crude ethanol extract (IC50 = 77.0 μg/mL;
TPC = 22.5% PE). When comparing the α-glucosidase inhibitory activities of ethanol 96% and acetone
70% extracts from A. nodosum and F. vesiculosus, both rich in phlorotannins, to that of acarbose (i.e.,
a well-known inhibitor of α-glucosidase and α-amylase currently used as an antidiabetic drug), IC50

values of 8.9 and 0.72 μg/mL, respectively, for the former, and 4.4 and 0.34 μg/mL, respectively, for
the latter were obtained, corresponding to an inhibitory activity 160–2000-times stronger than that of
acarbose (IC50 = 720 μg/mL) [111]. The methanolic extract of P. siliquosa (currently S. siliquosa), also
rich in phlorotannins, was shown to be an effective inhibitor of α-glucosidase, as well [112]. It should
be noted that the biological effects of Fucaceae algae towards this enzyme can be significantly affected
depending on the harvesting season. In the specific case of A. nodosum, the highest inhibitory activity
against α-glucosidase was observed during the summer, more precisely in July, when the authors
found the highest phlorotannin accumulation for this species [113].

In addition to the strong inhibitory effect against α-glucosidase, A. nodosum extracts were also
proven to display inhibition towards α-amylase [46]. Indeed, an acetonitrile 50% extract from
A. nodosum purified in a solid-phase extraction (SPE) column was shown to exert higher inhibitory
activity on α-amylase rather than on α-glucosidase, with an IC50 value eight-times lower than that
of acarbose (0.8 μg/mL) [114]. Similar results were described for phlorotannin-purified fractions of
an extract from F. distichus, which were capable of reducing the activity of both α-glucosidase and
α-amylase 126- and 10-times more effectively than the above-mentioned pharmaceutical drug [115].
The aqueous and ethanolic 80% extracts of A. nodosum, F. vesiculosus, F. serratus, F. spiralis and
P. canaliculata presented inhibitory properties against these two enzymes comparable to that of acarbose
as well, although depending on the extract procedure, some differences could be observed. In particular,
for the aqueous extracts, the strongest α-amylase inhibitor was A. nodosum (IC50 = 53.6 μg/mL),
followed by F. vesiculosus > P. canaliculata > F. serratus > F. spiralis, while for the ethanol extracts,
A. nodosum (IC50 = 44.7 μg/mL) still exhibited the best activity, but the P. canaliculata extract was more
active than that of F. vesiculosus. These differences were more evident in the case of α-glucosidase.
The aqueous extracts from F. vesiculosus and P. canaliculata exhibited similar inhibitory activity (IC50

approximately 0.3 μg/mL), followed by A. nodosum > F. serratus > F. spiralis, while for the ethanol
extract, F. vesiculosus maintained the strongest activity (IC50 = 0.49 μg/mL), but P. canaliculata activity
was only followed by that of F. spiralis. It is worth noting that overall, the ethanol extracts were more
effective against α-amylase, while the opposite was observable for α-glucosidase. Nevertheless, with
the exception of F. spiralis, α-amylase inhibitory profiles of all aqueous and ethanolic extracts were
very similar to that of acarbose. Notably, both F. vesiculosus extracts exhibited stronger α-glucosidase
inhibitory activity than that of the pharmaceutical drug [47].
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In Roy et al. [119], the incubation of α-amylase and α-glucosidase with a commercial mixture
of A. nodosum and F. vesiculosus phlorotannin extract resulted in inhibitions of approximately 100%
at concentrations below 0.2 μM. Furthermore, the immediate postprandial blood glucose levels of
Wistar rats orally treated with this mixture (7.5 mg/kg) were decreased by 90%, and the peak increase
of insulin secretion was reduced by 22%. In addition, in a previous study, the oral administration
of 200 mg/kg/day of two different A. nodosum phlorotannin extracts (crude ethanol 50% extract
and a HP-20 column purified ethanol 50% extract) to streptozotocin-diabetic mice fed with sucrose
during four weeks was shown to improve the fasting serum glucose levels and lower the postprandial
blood glucose level at the 14th day by 27% and 25% comparing to the diabetic controls [45]. Identical
results were described for P. siliquosa (currently S. siliquosa) methanolic 70% extracts, which not only
suppressed the enzymatic activities of sucrase and maltase in vitro (IC50 = 2.24 and 2.84 mg/mL), but
also reduced the postprandial blood glucose levels in vivo on sucrose-fed Wistar rats orally treated
with 1 g/kg body weight of this extract [112].

All these evidences suggest that the extracts from A. nodosum and/or Fucus spp. have
great potential to be used either as an anti-diabetic therapeutic approach targeting α-glucosidase
and α-amylase and/or as a co-ingredient of already existent pharmaceutical drugs. Indeed,
Pantidos et al. [118] demonstrated that the combination of acarbose with a purified phlorotannin-rich
fraction from A. nodosum exerted a synergistic inhibitory effect towards these two enzymes, thus
allowing one to reduce the concentration of acarbose necessary for obtaining an effective inhibitory
activity from 1.0–0.5 μg/mL. Moreover, in a human clinical trial, the single ingestion of 500 mg of a
commercial extract mixture from A. nodosum and F. vesiculosus 30 min prior to the consumption of 50 g
of carbohydrates was associated with a 12.1% reduction in the insulin incremental area of the curve
and a 7.9% increase in insulin sensitivity [120].

Although the Fucaceae phenolic extracts have been mainly described for their acarbose-like effects
when evaluating their anti-diabetic effects, other possible mechanisms were also reported. For example,
the phenolic-rich ethanol extract from A. nodosum was shown to stimulate the basal glucose uptake
into 3T3-L1 adipocytes, thus contributing to the reduction of blood glucose levels and the amelioration
of hyperglycemia [45]. Furthermore, phloroglucinol alongside with four purified phlorotannin (from
F. vesiculosus acetone 70% extract) fractions demonstrated very effective inhibitory activities against
the bovine serum albumin (BSA)-methylglyoxal assay (IC50 = 58 μg/mL for phloroglucinol and
approximately 160 μg/mL for algal fractions) and the BSA-glucose assay (IC50 = 68 μg/mL for
phloroglucinol and 45–1526 μg/mL for algal fractions) and, therefore, a promising anti-advanced
glycated end-products (AGEs) formation activity, i.e., a class of compounds generated by the exposure
of proteins and other endogenous molecules to reducing sugars [116]. Due to the high blood glucose
levels on diabetic patients, AGEs are produced in concentrations beyond the normal levels, thus
leading to pathological consequences that are on the basis of the diabetic complications like retinopathy,
nephropathy, neuropathy and cardiomyopathy [121]. Therefore, the ability of phloroglucinol and
F. vesiculosus phlorotannins to prevent their formation indicate that they may contribute to the
protection against the diabetic-related pathologies. Other studies with phloroglucinol demonstrated
that it has the capacity to protect pancreatic β-cells from high glucose-induced oxidative stress and
consequent apoptosis [122].

3.3. Anti-Inflammatory Activity

In addition to the previously mentioned biological activities, phlorotannins have also been closely
related to the targeting of numerous inflammatory events. Note that inflammation is a complex
and coordinated immunological response of the organism to harmful stimuli, consisting of a tightly
regulated signaling cascade that is orchestrated by a series of pro-inflammatory mediators including
cytokines, chemokines, adhesion molecules, enzymes and others [123]. Among these mediators,
one can highlight the importance of tumor necrosis factor-α (TNF-α), whose main function is the
activation of nuclear factor-κB [124], which in turn is responsible for the transcription of several genes
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encoding other pro-inflammatory mediators including TNF-α itself, interleukins (ILs), chemokines,
adhesion molecules and key inflammatory enzymes including cyclooxygenase-2 and inducible nitric
oxide synthase (COX-2 and iNOS, respectively), which further disseminate the pro-inflammatory
stimuli [125]. Therefore, the described anti-inflammatory activities of Fucaceae phlorotannins are
based on the screening of their ability to target one or multiple of these mediators (Table 3).

According to Zaragozá et al. [97], the production of NO (i.e., a pivotal free radical involved in
the signaling and pathogenesis of inflammation) in PMA-stimulated RAW 264.7 cells was inhibited in
a dose-dependent fashion by a phlorotannin-rich F. vesiculosus ethanol 35% extract (IC50 of 37 μg/mL).
Likewise, a phlorotannin extract from A. nodosum was shown to dose-dependently decrease the
LPS-induced expression of TNF-α and IL-6 in U937 macrophages [38]. Similar results were later
observed in an identical cellular model, thus endorsing the hypothesis that phenolic extracts of this
species could act as anti-inflammatory agents by blocking the propagation of the pro-inflammatory
stimuli [126]. Bahar and co-workers [42] reported that the treatment of porcine colonic tissues ex vivo
either with A. nodosum ethanol 80% or F. serratus aqueous extracts, caused a significant downregulation
of the LPS-induced pro-inflammatory genes including IL6, IL8 and TNFA (encoding for the cytokines
IL-6, IL-8 and TNF-α, respectively), comparable to that of dexamethasone (i.e., a corticosteroid
medication used for the treatment of inflammation and autoimmune diseases). More recently, this
research group also observed that the treatment of TNF-α-challenged Caco-2 cells with an ethanol
80% extract of A. nodosum significantly suppressed the expression of several pro-inflammatory genes
encoding cytokines (IL8, TNFA, IL1B, IL18 and CSF1), chemokines (CXCL10, CCL5), components of the
NF-κB pathway (NFKB2 and IKBKB) and other mediators (PTGS2 and MIF) by more than two-fold
compared to the negative control. Further experiments in LPS-stimulated porcine colonic tissue ex vivo
revealed that this A. nodosum extract caused the downregulation of immune-related genes, including
LYZ, IL8, PTGS2, TLR6, CXCL10, IL6, CXCL11, ICAM, NFKB1 and CXCL2 [127]. Identical results were
also reported for a cold water extract of F. vesiculosus, which inhibited the expressions (>2-fold) of
the genes IL17A and IL8 (encoding for cytokines), CCL2, CXCL2, CXCL10 and CXCL11 (encoding for
chemokines), ICAM1 and VCAM1 (encoding for cell adhesion molecules), TLR4 and TLR7 (encoding for
Toll-like receptors), NFKB1 and RELB (encoding for NF-κB components), MAP3K8 and CJUN (encoding
for mitogen activated protein kinases and activator protein-1 components, respectively) and PTGS2,
C5 and LYZ (encoding for other pro-inflammatory mediators), in the same ex vivo model. Notably,
Toll-like receptor 4 (TLR-4) was identified in this study as an important target for the anti-inflammatory
effect of this extract [128]. It is interesting to note that dexamethasone (as shown in pig or in rat colonic
tissue models) does not seem to interfere with the expression of TLR-4 [129,130]. However, further
investigations are still needed in order to understand whether the A. nodosum anti-inflammatory
bioactivity mediated through inhibition of TLR-4 expression has any distinct advantage over the
inflammatory immune diseases treatments based on dexamethasone.

Such a broad spectrum of anti-inflammatory bioactivity of A. nodosum and F. vesiculosus suggests
that there is a great potential for future exploitation of these seaweeds as therapeutic agents for the
treatment of inflammatory conditions, particularly those related with mammalian intestine diseases,
although further studies, namely in vivo, would be necessary to better evaluate the feasibility of
these results.
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F. distichus is another example of a Fucaceae with promising anti-inflammatory properties,
comparable to those of dexamethasone. Kellogg et al. [131] reported that the fucophlorethols-rich
fraction isolated from a methanolic 80% extract of this seaweed was remarkably effective against
the expression of an array of inflammatory markers triggered by LPS-stimulation of RAW 264.7
macrophages, showing particular high activity towards COX-2, iNOS, IL-1β, IL-6, TNF-α, intercellular
adhesion molecule-1 and TLR-4, reducing their expression to below 10% at 50 μg/mL when
comparing to the LPS control. Monocyte chemoattractant protein-1, IL-17 and TLR-9 were also
found strongly inhibited, below 60%, for the same concentration. Based on this data and on the fact
that fucophlorethols are one of the most abundant phlorotannin groups in Fucaceae, it is possible to
suggest that these compounds might be important contributors for the anti-inflammatory activity that
has been observed for the phenolic extracts from this family.

3.4. Antitumor Activity

Both oxidative stress and inflammation have long been associated with the development of
cancer. The production of ROS, including hydroxyl radical (OH ) and superoxide (O2

−), and reactive
nitrogen species (RNS), such as nitric oxide (NO ) and peroxynitrite (ONOO-), associated with chronic
inflammatory states may lead to environments that foster genomic lesions and tumor initiation [132].
In this field, reported data suggest that Fucaceae phlorotannins can exert important chemopreventive
and antiproliferative effects against some cancer cell lines (Table 4).

According to Nwosu et al. [114], a purified phlorotannin extract from A. nodosum origin was
shown to strongly inhibit the proliferation of colon cancer cells in a dose-responsive manner, with
IC50 values of 33 μg/mL. Likewise, an HPLC fraction obtained from an F. vesiculosus acetone extract
was reported to have potent anti-proliferative effects on different pancreatic cancer cell lines, showing
EC50 values between 17.4 and 28.9 μg/mL. The authors also mentioned that this extract affected only
proliferating, but not resting cells through stimulation of cell cycle arrest, which is comparable to
the effects of common chemotherapeutic drugs clinically used, such as gemcitabine [133]. Further
studies from this research group concluded that the multistep fractionation of F. vesiculosus acetone
extract through precipitation, normal phase HPLC and reversed phase HPLC could result in the
obtainment of two active fractions (F15/16 and F36/37) against human pancreatic cancer (Panc89)
(EC50 of approximately 16 and 47 μg/mL for F15/16 and F36/37, respectively) and human pancreatic
cancer PancTu1 (EC50 of approximately 17 and 80 μg/mL for F15/16 and F36/37, respectively),
despite that their anti-proliferative effects were far from those of the chemotherapeutic gemcitabine
(EC50 = 3.5 ng/mL and 14 ng/mL against Panc89 and PancTu1 cells, respectively) commonly used
as a first line treatment for pancreatic cancer [134]. Antitumor activity against HeLa cells was
reported for an F. spiralis dichloromethane extract, which reduced their proliferation by 50% at
10.7 μg/mL. However, the phenolic content of this extract was only 13 μg GAE/mg extract, which
makes phlorotannins unlikely to contribute for these results [135]. Nevertheless, a phlorotannin
extract from this species, particularly abundant in fucophlorethols, was shown to inhibit the activity of
hyaluronidase, an enzyme overexpressed in breast cancer, revealing an IC50 of 0.73 mg/mL DW, which
was 2–4-times lower than the results observed for three other Fucales, namely Cystoseira nodicaulis,
C. usneoides and C. tamariscifolia [136]. Still, one should note that these inhibitory effects are considerably
lower when comparing with the IC50 reported for other compounds such as catechin (0.18 mg/mL),
epigallocatechin gallate (0.09 mg/mL) or sodium cromoglycate (0.14 mg/mL), known as good
inhibitors of this enzyme [137].

Focusing three fucophlorethols isolated from F. vesiculosus, namely trifucodiphlorethol A,
trifucotriphlorethol A and fucotriphlorethol A, Parys et al. [84] reported that the good chemopreventive
properties of these compounds were due to their capacity to inhibit the activity of aromatase (an enzyme
also involved in the carcinogenesis from breast and other estrogen-related cancers) and CYP1A, which
is an enzyme belonging to the cytochrome P450 family and known to be involved in carcinogen
activation of mutagens derived from cooked food.
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These data suggest that A. nodosum and Fucus spp. phenolic compounds could represent possible
new agents with therapeutic applications on the treatment of pancreatic and colon cancer, the former
being one of the most aggressive cancer entities and the latter one of the most incident cancers
worldwide [138]. Still, much work needs to be carried out in order to prove both the efficacy and safety
of these agents in vivo.

3.5. Other Biological Activities

The typical phlorotannin profile from brown algal with antimicrobial activity mainly consists
of phloroglucinol, eckol and dieckol [139,140]. Fucaceae seaweeds are, however, more prevalent in
fucols and fucophlorethols. Yet, some positive results in this field have already been reported. Indeed,
Sandsdalen et al. [141] have shown that a fucophlorethol derivative isolated from F. vesiculosus was a
potent bactericidal agent against both Gram-positive (Staphylococcus aureus, Staphylococcus epidermidis)
and Gram-negative (Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa) bacteria, reducing their
growth by 85% compared to the controls. Likewise, the phlorotannins purified from F. spiralis
acetone 70% extract showed antibacterial effects against Gram-positive bacteria, exhibiting minimum
inhibitory concentrations of 2 mg/mL for Micrococcus luteus, 2 mg/mL for S. epidermidis, 7.8 mg/mL
for S. aureus and Bacillus cereus and 15.6 mg/mL for Enterococcus faecalis, while no activity was
observed for the Gram-negative ones [142]. Identical results were observed for an acetone extract
from A. nodosum, which also produced more effective inhibition towards Gram-positive (MIC of
0.25 and 0.2 mg/mL for M. luteus and S. aureus, respectively) than Gram-negative (MIC of 0.4
and 0.5 mg/mL for E. coli and Enterococcus aerogenes, respectively) bacteria. Notably, the inhibitory
effectiveness of this extract towards Gram-positive and Gram-negative bacteria was respectively 25–30-
and 12–15-times stronger than those of ethylparaben, sodium benzoate and potassium sorbate, which
are three important bactericides used as food preservatives [143]. On the other hand, Wang et al. [144]
observed that a purified phlorotannin extract of A. nodosum origin exhibited strong bactericidal
activity against E. coli O157:H7, and a complete eradication of this microorganism was observed
after 6 h treatment with extract at 50 μg/mL. Furthermore, in combination with a silver-zeolite,
A. nodosum aqueous phenolic-rich extract obtained by alginate precipitation and a series of filtrations
resulted in a complete inhibition of the film formation of Streptococcus gordonii alone and altered
the film formation of co-cultured Porphyromonas gingivalis and S. gordonii, thus indicating a possible
therapeutic approach for preventing and/or treating periodontal diseases [126]. Fungicidal properties
were described for F. spiralis phlorotannin-purified acetone 70% extract, which exhibited particular
inhibitory effects against the growth of several dermatophytes, revealing MICs of 3.9–31.3 mg/mL DW
for Trichophyton rubrum > Epidermophyton floccosum > Trichophyton mentagrophytes = Microsporum canis
> Microsporum gypseum, thus being of some interest for the development of skincare products for
the treatment of dermatophytosis [145]. In addition, F. vesiculosus was shown to be a rich source of
polysaccharides and polyphenols with the capacity to inhibit both HIV-induced syncytium formation
and reverse transcriptase activity [146].

Photoprotective activity is another biological property that has been described for phenolics
from Fucaceae as well. The phenolic-rich water-soluble fraction from F. vesiculosus and A. nodosum
acetone 70% extracts revealed moderate photoprotective effects in vivo, as they could prevent the
UV-B-exposed zebrafish embryos from dying, although a big percentage of these embryos presented
low-level malformations. Notwithstanding, the number of normal embryos was higher in the presence
0.4 mg PE/mL of F. vesiculosus extract (17%) than in the presence of the same concentration of
A. nodosum (8.3%), which is very likely due to the differences in the phenolic profile between species
and consequently their different radical scavenging activities [147].

Consumption of Fucaceae seaweeds may also have a significant impact on the control of
hypertensive conditions. In this context, a methanolic extract from F. spiralis was reported for its
capacity to inhibit angiotensin I-converting enzyme, a key player in the control of blood pressure, by
approximately 80%. In addition, the fractionation of this extract according to their molecular weight

391



Int. J. Mol. Sci. 2017, 18, 1327

(<1 kDa, 1–3 kDa and >3 kDa) resulted in distinct inhibition abilities towards the enzyme, being the
strongest (almost 90% inhibition) observed for the >3 kDa fraction at 200 μg/mL, which was almost
as effective as captopril (i.e., a pharmaceutical anti-hypertensive agent) that caused 97% of inhibition
for the same concentration [148]. S. siliquosa ethanol 95% extract has shown good inhibitory effects
towards this enzyme as well (45% at 164 μg/mL), although this was considerably less effective than
captopril (33% inhibition at 1.6 ng/mL) [149].

Recently, Kellogg et al. [131] observed that the treatment of 3T3-L1 adipocytes with 100 μg/mL
of an ethyl acetate fraction that was obtained from a F. distichus crude methanolic extract resulted in
a reduction of cellular lipid accumulation to 77.5%. Moreover, the authors further observed that, at
50 μg/mL, a fucophlorethol-rich subfraction obtained by an addition purifying step onto a Sephadex
LH-20 column not only reduced lipid accumulation in the same cellular model down to 45.9%, but also
had the capacity to inhibit leptin mRNA expression close to 0% and enhance that of adiponectin in 20%
compared to the untreated control. These results were even more pronounced than those obtained
for dexamethasone, which only caused a 20% reduction of the leptin and negatively interfered with
the adiponectin expression, reducing it by approximately 50%. Therefore, these data suggest that
F. distichus phlorotannins may exert anti-obesity effects through regulation of lipid metabolism.

It should be noted that phlorotannins are endowed with several other biological properties such
as neuroprotective, cardioprotective, antiallergic, anti-arthritis and many others. However, it must also
be emphasized that these properties are very frequently reported for phlorotannins from brown algae
species such as Ecklonia spp., Eisenia spp. and Ishige okamurae, which are abundant in phlorotannins
(such as eckol, dieckol and several derivatives) that have different structural features when compared
to the typical phlorotannins found in Fucaceae [52,150,151]. Hence, further studies are necessary in
order to clarify the possible targeting of Fucaceae typical phlorotannins in such mechanisms.

4. Bioavailability

Dietary habits are the major source of polyphenols. However, the biological activity of these
compounds in vivo is critically influenced by their bioaccessibility, absorption and metabolism [152].
Since very few data concerning the bioavailability of phlorotannins are currently available, it is common
to consider that this group of compounds follow an identical behavior to that of plant polyphenols,
which are better absorbed in the large intestine after undergoing an extensive transformation by
enzymatic activity or colon microbial fermentation [153,154].

Until recently, the bioavailability of phlorotannins was still an unexplored subject. However,
the earliest studies in this field are already emerging. A preliminary approach was carried out by
Bangoura et al. [155,156], who observed that the phlorotannin concentration in the flesh of abalones
was raised after feeding them either with Ecklonia cava or Ecklonia stolonifera, i.e., two brown algae
species rich in these compounds.

More recently, Corona and co-workers [85] conducted a study aiming to determine the
gastrointestinal stability and bioavailability of a food-grade phlorotannin extract from A. nodosum.
In more detail, this extract was submitted to an in vitro gastric and ileal digestion followed by
colonic bacteria fermentation and, ultimately, a dialysis filtration to simulate the absorption into
the circulation. Through HPLC-MS, the authors could identify 11 compounds in the dialysate, four of
them corresponding to hydroxytrifuhalol A, a C–O–C dimer of phloroglucinol, diphlorethol/difucol
and 7-hydroxyeckol, which had been previously identified in the crude extract of A. nodosum, and seven
new uncharacterized compounds that corresponded to in vitro-absorbed metabolites. Some of these
compounds were further detected on urine samples of human volunteers who were administered with
a single capsule containing 100 mg of the A. nodosum extract, thus confirming that they were absorbed
into the blood circulation in vivo. In plasma, the total level of phlorotannins/metabolites detected
varied between 0.011 and 7.757 μg/mL, while in urine, the values ranged between 0.15–33.52 μg/mL,
and although some metabolites were found in samples collected at 2–4 h after capsule ingestion, the
majority were detected at late time points, indicating that the high molecular weight phlorotannins
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were poorly absorbed in the upper tract and went through colonic fermentation, which resulted in the
formation of lower molecular weight derivatives that were more likely to be absorbed. During
the passage through the digestive tract, phenolic compounds are known to undergo extensive
modification by glucosidase enzymes, phase I enzymes, including cytochrome P450, and phase
II enzymes (glucuronosyltransferases, sulfotransferases) found both in the small intestine and the
liver [157]. Indeed, in this work, the authors found that some metabolites were only detectable in
blood or urine samples after an enzymatic treatment with glucuronidase or sulfatase, while others
were only observable in untreated samples, indicating that these compounds corresponded to the
conjugated metabolites. On the other hand, some compounds were detected in samples either with or
without enzymatic treatment, which means that these were the unconjugated metabolites [85].

Based on these data, it seems that, similarly to what happens to plant polyphenols, phlorotannins
may undergo different modifications during their transit in the gastrointestinal tract, and the resultant
metabolites might represent active forms that will pass through the gut barrier and exert their
physiological and biological functions in the organism [158,159].

5. Concluding Remarks

In conclusion, Fucaceae seaweeds are a valuable source of phlorotannins, which have drawn
much attention during recent years due to their numerous possible therapeutic properties. Common
features of phlorotannin extracts from Fucaceae include antioxidant effects through scavenging of
ROS or enhancement of intracellular antioxidant defenses, antidiabetic properties through their
acarbose-like activity and capacity to increase adipocytes glucose uptake and β-pancreatic cells
resistance to high-glucose oxidative stress, anti-inflammatory effects through inhibition of several
pro-inflammatory mediators and antitumor properties through activation of apoptosis on cancerous
cells and inhibition of metastasis. Other important biological activities have been demonstrated, such as
antimicrobial, anti-hypertensive, anti-obesity and photoprotective activities. Besides, the bioavailability
of phlorotannins is presently suggested to resemble that of plant tannins, with the majority of these
compounds being modified by the gut microflora and the resultant metabolites possibly representing
true bioactive forms. In sum, it can be suggested that Fucaceae phlorotannins present powerful and
versatile bioactivities that grant them great potential for exploitation as renewable feedstocks for the
development of new nutraceutical, cosmetic and pharmaceutical products.

Acknowledgments: Thanks are due to University of Aveiro, Science and Technology Foundation/Ministry of
Education and Science (FCT/MEC) for the financial support to the Organic Chemistry, Natural Products and
Food Stuffs Research Unit (QOPNA) research Unit (FCT UID/QUI/00062/2013), through national funds and,
where applicable, co-financed by the European Regional Development Fund (FEDER), within the Portugal 2020
(PT2020) Partnership Agreement. The authors also acknowledge the funding through the Project Seaweed
for Healthier Traditional Products (SHARP), Research & Development Co-promotion No. 3419, supported by
European structural and investment funds (FEEI) under the Program “Portugal 2020”. Marcelo D. Catarino and
Susana M. Cardoso acknowledge FCT for financial support (PD/BD/114577/2016 and SFRH/BPD/113080/2015
fellowships, respectively).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AGEs Advanced Glycated End-Products
BSA Bovine Serum Albumin
CAT Catalase
COX-2 Cyclooxygenase-2
DP Degree of Polymerization
DPPH 1,1-Diphenyl-2-Picrylhydrazyl Radical
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FRAP Ferric Reducing Antioxidant Power
GAE Gallic Acid Equivalents
GSH Glutathione
GSH-px Glutathione Peroxidase
GSH-red Glutathione Reductase
GSH-tr Glutathione Transferase
HPLC High Performance Liquid Chromatography
IL Interleukin
iNOS Inducible Nitric Oxide Synthase
LPS Lipopolysaccharide
MIC Minimum Inhibitory Concentration
MS Mass Spectrometry
NF-κB Nuclear Factor-κB
NMR Nuclear Magnetic Spectroscopy
Nrf2 Nuclear Factor (Erythroid-Derived 2)-Like 2
ORAC Oxygen Radical Absorbance Capacity
PE Phloroglucinol Equivalents
PMA Phorbol-12-Myristate-13-Acetate
PON-1 Paraoxonase-1
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SOD Superoxide Dismutase
SPE Solid Phase Extraction
t-BHP tert-Butyl Hydroperoxide
TBARS Thiobarbituric Acid Reactive Substances
TE Trolox Equivalents
TLR Toll-Like Receptor
TNF-α Tumor Necrosis Factor-α
TPC Total Phenolic Content
UV Ultraviolet
UPLC Ultra-Performance Liquid Chromatography
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Abstract: Sodium arsenite (NaAsO2) has been recognized as a worldwide health concern.
Hydrangea macrophylla (HM) is used as traditional Chinese medicine possessing antioxidant activities.
The study was performed to investigate the therapeutic role and underlying molecular
mechanism of HM on NaAsO2-induced toxicity in human liver cancer (HepG2) cells
and liver in mice. The hepatoprotective role of HM in HepG2 cells was assessed by using
3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT), reactive oxygen species (ROS),
and lactate dehydrogenase (LDH) assays. Histopathology, lipid peroxidation, serum biochemistry,
quantitative real-time polymerase chain reaction (qPCR) and Western blot analyses were performed
to determine the protective role of HM against NaAsO2 intoxication in liver tissue. In this study,
we found that co-treatment with HM significantly attenuated the NaAsO2-induced cell viability
loss, intracellular ROS, and LDH release in HepG2 cells in a dose-dependent manner. Hepatic
histopathology, lipid peroxidation, and the serum biochemical parameters alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were notably improved by HM. HM effectively
downregulated the both gene and protein expression level of the mitogen-activated protein
kinase (MAPK) cascade. Moreover, HM well-regulated the Bcl-2-associated X protein (Bax)/B-cell
lymphoma-2 (Bcl-2) ratio, remarkably suppressed the release of cytochrome c, and blocked the
expression of the post-apoptotic transcription factor caspase-3. Therefore, our study provides new
insights into the hepatoprotective role of HM through its reduction in apoptosis, which likely involves
in the modulation of MAPK/caspase-3 signaling pathways.

Keywords: hepatoprotection; Hydrangea macrophylla; NaAsO2; mitogen-activated protein kinase
(MAPK); caspase-3

1. Introduction

Inorganic arsenic compounds are heavy metal toxicants recognized as human carcinogens [1,2].
Among them, sodium arsenite is the most hazardous inorganic arsenic compound for human and
animal health [3]. Arsenic is found in the environment surrounding the industrial and natural sources,
raising eco-friendly public health concerns due to modern globalization [4]. Trivalent arsenical
(arsenite) in ground water is the foremost source of arsenicosis, affecting more than 140 million
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people globally, particularly in India, Bangladesh, and neighboring countries [5]. Epidemiological
investigations reveal links between arsenicosis and pathogenesis of various adverse health effects such
as liver disorders, vascular diseases, diabetes, and cancer [6,7]. Studies at the molecular and cellular
level show that arsenicosis enhances the production of reactive oxygen species (ROS) that causes DNA
methylation, lipid peroxidation, increase oxidation of protein and disrupt enzymes [8,9]. Among them,
oxidative stress due to the excessive release of free radicals has been implicated in NaAsO2-mediated
damage in liver, kidney, heart, brain, skin and other tissues [10].

Oxidative stress is a fairly new but widely standard theory of NaAsO2-induced hepatotoxicity [11].
The increasing oxidative stress and thereby reduction of the endogenous antioxidant system during
arsenic intoxication assists as a crucial factor in liver disorders. Particularly, it may lead to the
several pathological conditions such as hepatic degeneration, alteration of lipid status and progressive
fibrosis [12]. Generation of intracellular ROS leads to disruption in the matrix metalloproteinase
(MMP), lipid peroxidation, carbonylation of protein, an imbalance in the Bcl-2-associated X protein
(Bax)/B-cell lymphoma-2 (Bcl-2) ratio, and releases of cytochrome c following stimulation of the
mitogen-activated protein kinase (MAPK) cascade [13]. Arsenic-mediated oxidative stress stimulates
the MAPK cascade and induces apoptosis in hepatocytes via the mitochondria-dependent caspase
signaling pathway [14,15].

Antioxidants have been recognized as favorable for mitigating arsenic-mediated oxidative stress
in liver [16]. Naturally-found phytomedicine and their active ingredients have received significant
attention as antioxidant agents and might offer some protection against oxidative stress, thus having
a potential role in reducing the toxicity of trivalent arsenite [17]. Traditional herbal phytomedicine
has received much attention as effective and alternative remedies for liver diseases [18]. In this study,
we emphasize for the first time a simple and competent process of obtaining an extract from Hydrangea
macrophylla (HM) seeds that have strong efficacy on NaAsO2-induced hepatotoxicity in vitro and
in vivo. HM is a Hydrangeaceae plant native to the Korean mountains known as “soogook”, and
is traditionally used as a folk medicine to treat many diseases such as diabetes and liver disorders.
The major components of the HM extract such as phyllodulcin, hydrangenol, and hydrangeic acid
has been determined by the high-performance liquid chromatography method [19]. The biological
properties of HM and its active compounds have been reported with respect to antioxidant [20]
anti-diabetic [21] and anti-malarial [22] activities. However, to our knowledge, HM has not been
previously reported for its hepatoprotective effect. Therefore, based on the traditional uses and
pharmacological actions of the active component of HM, our study investigates the hepatoprotective
activities of HM and underlying molecular mechanisms involved in the action of NaAsO2-induced
oxidative stress in liver.

2. Results

2.1. Analysis of Total Phenolic and Flavonoid Content of HM

Phenolic and flavonoid contents are the secondary metabolites of the plant, which exhibits a series
of biological activities, and certainly, has antioxidant properties. The total phenolic and flavonoid
contents of HM were investigated and are presented in Table 1.

Table 1. Total phenolics, flavonoids and extraction yield of Hydrangea macrophylla (HM).

Plant Extract Total Phenolics (mg Gallic Acid Equivalent/g Extract) Total Flavonoids (mg Rutin/g Extract) Total Yield (%)

HM extract 92.358 ± 0.342 220.725 ± 3.263 26.9

2.2. HM Reduced NaAsO2-Induced Oxidative Stress in Human Liver Cancer (HepG2) Cells

We performed the 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT) assay
to evaluate the hepatoprotective effects of HM against NaAsO2-induced cytotoxicity in HepG2 cells.
We first determined the optimum concentration of the HM extract and found that cell viability was more
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than 90% after 24 h of incubation with various concentrations of HM (5, 10, 20, and 30 μg/mL) (Figure 1a).
After that, NaAsO2 markedly (p < 0.05) decreased cell viability as compared to the control. We found
that HM (10, 20 and 30 μg/mL) significantly (p < 0.05) protected HepG2 cells against NaAsO2-mediated
oxidative damage in a dose-dependent manner (Figure 1b). Likewise, the morphology of HepG2 cells
was improved by co-treatment of the HM (Figure 1c). Additionally, HM (30 μg/mL) did not show any
detrimental effect on HepG2 cells viability and morphology.

 

Figure 1. Hepatoprotective effects of HM against NaAsO2-induced oxidative stress in human
liver cancer (HepG2) cells. (a) Cytotoxicity and (b) cell viability were measured by the
3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT) assay; (c) observation of HepG2 cell
morphology. Cells were pretreated with different concentrations of HM for 1 h, followed by co-treatment
with NaAsO2 for 24 h. Scale bar: 200 μM. Data are expressed as mean ± standard error mean (SEM) of three
independent experiments. # p < 0.05 compared with the control and NaAsO2 group, and * p < 0.05 compared
with the NaAsO2 and HM extract-treated groups.

2.3. HM Decreased the Intracellular ROS Generation

Intracellular ROS generation followed by accumulation of free radicals is supposed to be an important
marker for understanding NaAsO2-induced hepatic cell death. To investigate the role of HM on
NaAsO2-induced ROS generation, HepG2 cells were pretreated with HM (10, 20, and 30 μg/mL) for
1 h and subsequently exposed to HM and NaAsO2 (10 μM) for another 24 h. NaAsO2 markedly
(p < 0.05) increased the generation of intercellular ROS as compared to the control. Conversely,
co-treatment with the HM (20 and 30 μg/mL) significantly (p < 0.05) and dose-dependently reduced
ROS generation (Figure 2a). Also, HM (30 μg/mL) did not show any effects on the intracellular ROS
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generation. These data showed that HM protects hepatic cells from the oxidative damaging effect
caused by NaAsO2.

Figure 2. HM inhibited the reactive oxygen species (ROS) and lactate dehydrogenase (LDH) release
in HepG2 cells. (a) Intracellular ROS and (b) LDH levels were measured. Cells were pretreated
with different concentrations of HM (10, 20, and 30 μg/mL) for 1 h, followed by co-treatment with
10 μM NaAsO2 for another 24 h. Data are expressed as mean ± standard error mean (SEM) of three
independent experiments. # p < 0.05 compared with the control and NaAsO2 group, and * p < 0.05
compared with the NaAsO2 and HM extract-treated groups.

2.4. HM Inhibited the Lactate Dehydrogenase (LDH) Release

In vitro hepatoprotective effect of HM was determined by performing LDH assay using HepG2
cells culture supernatant. The LDH level was significantly (p < 0.05) increased in NaAsO2 exposed
cells compared to the control; however, co-treatment with the HM (20 and 30 μg/mL) significantly
(p < 0.05) and dose-dependently reduced the LDH release (Figure 2b). Besides, HM (30 μg/mL) alone
did not show any effect on the LDH release. Our data revealed that HM protects the HepG2 cells from
cytotoxicity caused by NaAsO2.

2.5. HM Improved the Liver Histopathology and Body Weight

NaAsO2-mediated liver damage and its protection by HM treatment in mice were confirmed
by microscopic evaluation of histopathological changes. Microscopic analysis of the liver indicated
a normal structure of hepatocytes arranged around the portal vein in the control mice liver (Figure 3a);
however, the NaAsO2-exposed group showed damage in the hepatic lobules surrounding the hepatic artery,
degenerated nuclei, a dilated portal vein, and blurred cytoplasm (Figure 3b). The histopathological
changes induced by NaAsO2 were considerably improved by co-treatment with the HM (Figure 3c).
The dilated portal vein diameter was also markedly (p < 0.05) reduced by HM co-treatment (Figure 3d).
Moreover, arsenic-exposed mice showed a significant (p < 0.05) decline in body weight compared to
normal control mice, whereas co-administration of HM and NaAsO2 effectively (p < 0.05) increased
body weight compared to treatment with NaAsO2 alone (Figure 3e).
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Figure 3. HM improved the liver histology and body weight in experimental mice. Untreated mice
were used as a control to compare histological changes induced by NaAsO2. (a) Normal control;
(b) NaAsO2 (10 mg/kg); (c) Co-treatment with HM (30 mg/kg) + NaAsO2 (10 mg/kg); (d) portal
vein diameter; and (e) Body weight. In the NaAsO2 group, the white arrow indicates the degenerative
nucleus, the yellow arrow indicates the blurred cytoplasm and the black arrow indicates the damaged
hepatic lobule surrounding hepatic artery. In contrast, co-treatment with HM improved histological
changes compared to NaAsO2 alone. Portal vein diameter and body weight also significantly decreases
and increased in HM-treated mice, respectively. Data are expressed as mean ± standard error mean
(SEM) of three independent experiments. Scale bar: 200 μM. # p < 0.05 compared with the control and
NaAsO2 group, and * p < 0.05 compared with the NaAsO2 and HM extract-treated group.

2.6. HM Regulated the Serum Biochemical Parameters

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were investigated
as biomarkers of liver cell integrity. The levels of the serum cytosolic enzymes ALT and AST were
considerably (p < 0.05) higher in NaAsO2-intoxicated mice than in normal control. We found that
co-treatment with HM significantly (p < 0.05) improved liver physiology by reducing the level of ALT
and AST as compared to NaAsO2 alone (Figure 4a,b). These data indicate that HM improves the liver
physiology in NaAsO2-mediated hepatotoxicity.

 

Figure 4. Effect of HM on serum markers and lipid peroxidation in experimental mice. (a) Serum
alanine aminotransferase (ALT); (b) serum aspartate aminotransferase (AST), and (c) Malondialdehyde
(MDA) levels in liver tissue. ALT, AST and MDA levels were increased in NaAsO2-intoxicated mice.
Co-treatment with HM significantly decreased the serum ALT and AST and tissue MDA levels as
compared to NaAsO2 alone. Data are expressed as mean ± standard error mean (SEM) of three
independent experiments. # p < 0.05 compared with the control and NaAsO2 group, and * p < 0.05
compared with the NaAsO2 and HM extract-treated group.
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2.7. HM Controlled the Lipid Peroxidation Production

Thiobarbituric acid reactive substances (TBARS) concentration was evaluated to determine the
level of malondialdehyde (MDA) in liver samples, which is the end-product of lipid peroxidation
in oxidative stress. The MDA level in the NaAsO2 group was significantly (p < 0.05) higher than
in the control. The elevated level of MDA was markedly (p < 0.05) reduced after co-treatment
with the HM (Figure 4c). This result suggested that HM might have anti-oxidative effect against
NaAsO2-induced hepatic damage in mice.

2.8. HM Suppressed the Gene Expression of MAPKs (Extracellular Signal-Regulated Kinases (ERK), C-Jun
N-Terminal Kinases (JNK), and p38)

To reveal the possible molecular pathways of hepatoprotection by HM, we evaluated gene
expression in liver homogenates by quantitative real-time polymerase chain reaction (qPCR) analysis.
Treatment with NaAsO2 markedly (p < 0.05) increased the gene expression level of ERK, JNK, and p38
compared to the control, and these higher gene expression level were significantly (p < 0.05) attenuated
by co-treatment with HM compared with NaAsO2 alone (Figure 5). These effects suggest that HM
significantly inhibits the gene expression of MAPKs, thereby reducing liver damage caused by NaAsO2.

 

Figure 5. HM attenuated the gene expression of mitogen-activated protein kinase (MAPK) (extracellular
signal-regulated kinases (ERK), C-Jun N-terminal kinases (JNK), and p38) in liver tissue. The expression
level of MAPK genes was significantly upregulated in NaAsO2-exposed liver tissue, but co-treatment
with HM effectively downregulated the gene expression. Data are expressed as mean ± standard error
mean (SEM) of three independent experiments. # p < 0.05 compared with the control and NaAsO2

group, and * p < 0.05 compared with the NaAsO2 and HM extract-treated group.

2.9. HM Mitigated NaAsO2-Mediated Hepatotoxicity by Regulating Anti-Apoptotic Signaling Pathways

Mitochondrial damage is an important marker of apoptotic cell death and is executed through
ROS-mediated oxidative stress [23]. Here, we evaluated the involvement of the mitochondrial pathway
of hepatic apoptosis by western blot analysis. Our results revealed that NaAsO2 markedly (p < 0.05)
upregulated phosphorylation of the MAPK cascade (pERK1/2, pJNK, and pp38), whereas co-treatment
with HM effectively (p < 0.05) downregulated the phosphorylation level (Figure 6). The expression
ratio of the Bax/Bcl-2 family protein was also significantly (p < 0.05) controlled by HM co-treatment.
Meanwhile, the expression of cytochrome c and activated caspase-3 was also remarkably (p < 0.05)
increased with NaAsO2 treatment. However, HM co-treatment significantly (p < 0.05) attenuated the
cytochrome c and activated caspase-3 expression (Figure 7). Together, these results supported that HM
considerably regulates the mitochondrial-dependent hepatic damage caused by NaAsO2.
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Figure 6. Effect of HM on the MAPK (pERK1/2, pJNK, and pp38) signaling pathway in liver tissue.
The expression of pERK, pJNK, and pp38 in liver tissue was analyzed by Western blot. Co-treatment
with HM significantly downregulated the expression level of pERK1/2, pJNK, and pp38. Data are
expressed as mean ± standard error mean (SEM) of three independent experiments. # p < 0.05
compared with the control and NaAsO2 group, and * p < 0.05 compared with the NaAsO2- and HM
extract-treated group.

 

Figure 7. Effect of HM on the apoptotic signaling pathways in response to NaAsO2 and HM
exposure. The expression of Bcl-2-associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), cytochrome c,
and caspase-3 in liver tissue was analyzed by Western blot analysis. Co-treatment with HM effectively
regulated the Bax/Bcl-2 ratio and notably downregulated the expression of cytochrome c, and cleaved
caspase-3. Data are expressed as mean ± standard error mean (SEM) of three independent experiments.
# p < 0.05 compared with the control and NaAsO2 group, and * p < 0.05 compared with the NaAsO2

and HM extract-treated group.
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3. Discussion

Sodium arsenite (NaAsO2) is a ubiquitous environmental stressor that has become a danger to
human and animal health [24]. Long-term exposure to arsenic compounds has been directly related to
major health disorders such as hepatitis, hepatic cancer, diabetes, coronary disease, stroke, peripheral
vascular disease, and skin disease [25,26]. Among them, the liver is the most target site for arsenic
toxicity due to its physiology, particularly for biochemical alteration of arsenic metabolites. Oxidative
injury plays a vital role in such kinds of alteration-related pathophysiology. Treatment preventing
the hepatic damage may lead to prospective therapeutic strategies against the hepatic disorders and
HM extract may provide a novel therapeutic candidate. Evidence has stated that extract from HM
has potential antioxidative properties [21]. In this study, we demonstrated that HM can be used as
a novel indigenous phytomedicine due to its strong hepatoprotective effects against NaAsO2-mediated
oxidative stress in vitro and in vivo.

Phenolics and flavonoids are the most important plant secondary metabolites and have the
strong antioxidant capacity [27,28]. Their antioxidant ability is mainly due to their redox properties,
which allow them to act as reducing agents, oxygen scavengers and transition metal ions chelator [29].
In our study, we found a considerable amount of phenolic and flavonoid content in HM extract that
may be the major contributor for the antioxidant role against oxidative stress-induced hepatic damage.
NaAsO2-mediated cytotoxicity is mainly associated with the generation of ROS, increase in lipid
peroxidation, DNA dysfunction, cell cycle disruption, and apoptotic cell death [30,31]. An in vitro
hepatocellular model, HepG2 cells were exposed to NaAsO2 and led to cell death by oxidative stress.
However, with pretreatment with HM, the cell viability was restored, indicating its hepatoprotective
role. Intracellular ROS release and LDH production have established a mechanism that is associated
with hepatic cell death [5]. Excessive accumulation of intracellular ROS and LDH production may
accelerate unstable cellular homeostasis that leads to mitochondrial membrane dysfunction [32].
Natural phytomedicine, with the capability for scavenging free radicals, may reduce conditions
correlated to oxidative stress. We found that exposure to NaAsO2 in HepG2 cells considerably
increased the ROS and LDH release that boosted the oxidative stress and prompted cell apoptosis.
However, dose-dependent and significant inhibition of ROS generation and LDH leakage in HepG2
cells were observed after HM treatment. Therefore, HM may protect the cells against NaAsO2-induced
oxidative stress via its antioxidant capacity.

To evaluate either HM exhibits the same defensive role in vivo, NaAsO2-intoxicated mice were
studied. In an attempt to assess the internal hepatotoxicity by NaAsO2, the histopathological changes
were evaluated. We observed that arsenic caused hepatic tissue destruction, degenerated the nucleus,
dilated the portal vein, and blurred cytoplasm, perhaps due to the accumulation of free radicals and
following lipid peroxidation. Such findings are related to the previous study [33]. Co-treatment with
HM during arsenic exposure effectively improved the hepatic histological architecture. The serum
biochemical indicators ALT and AST were positively correlated with hepatic histopathology [34].
The activities of ALT and AST are frequently used as a diagnostic marker of liver damage since they
are linked with liver physiology [35]. Increased levels of ALT and AST in the bloodstream damage the
hepatic cell integrity. We found HM was effective in restoring the serum enzyme biomarkers. MDA is
the end product of lipid peroxidation and is a well-established and standard mechanism of cellular
injury used as an indicator of oxidative stress in cells and tissues [36]. We found the significant increase
of MDA level in arsenic-exposed liver suggested higher lipid peroxidation, leading to tissue damage.
However, HM treatment effectively attenuated the MDA that plays an important role in inhibiting
oxidative stress [37]. At the end of the experiment, a significant increase in body weight was recorded
in HM-treated mice compared to the NaAsO2 group alone.

Multiple biological mechanisms and molecular signaling pathways are involved in apoptotic cell
death [38]. Mitochondria play a crucial role in the induction of cellular apoptosis [39]. Cytotoxic ROS
activate mitochondrial-dependent apoptosis via stimulation of the MAPK cascade and subsequent
modulation of the pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2, followed by cytochrome
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c release, and finally executes hepatic cell death by activation of the caspase cascade pathway [25,40].
The relevant observation was confirmed in this study. We observed that NaAsO2 markedly increased
the gene expression and phosphorylation of the MAPK cascade that ultimately leads to apoptosis,
while HM effectively reduced both the gene expression and phosphorylation of the MAPK cascade in
arsenic-exposed liver tissue. Likewise, HM notably decreased the expression of Bax and increased
expression of the Bcl-2 protein, subsequently controlling the release of cytosolic cytochrome c.
These findings suggest that HM positively regulates the NaAsO2-induced mitochondrial-dependent
apoptotic signaling pathway. It is well established that Bax/Bcl-2 proteins control permeabilization of
the mitochondrial membrane and thus control the release of apoptotic factors from the intermembrane
space of mitochondria [25].

An imbalance in the Bax/Bcl-2 ratio leads to the production of cytochrome c from mitochondria
and subsequently activates the apoptotic protein caspase to trigger cellular apoptosis [41,42].
Cytochrome c promotes the ATP-dependent formation of the apoptosome, resulting in activation
of the caspase cascade via a mitochondrial-dependent pathway [43]. Predominantly, overactivation
of caspase-3 indicates pathogenesis in hepatic cell death [5,44]. We found that NaAsO2 markedly
upregulated the expression of caspase-3, whereas notable attenuation of caspase-3 was found after
co-treatment with HM. This result was supported by earlier investigation [45]. Therefore, our data
revealed that HM could protect the liver from NaAsO2-induced oxidative stress through the
mitochondria-dependent pathway, indicating that the radical scavenging potency of HM is responsible
for its anti-apoptotic activity.

4. Materials and Methods

4.1. Chemicals and Antibodies

The highest analytical grades of all chemicals were used. Sodium arsenite (NaAsO2),
3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT), penicillin/streptomycin, gallic
acid, rutin, hematoxylin, eosin, and protease inhibitor were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM),
and other cell culture reagents were obtained from Gibco (Carlsbad, CA, USA). Dimethyl sulfoxide
(DMSO) was obtained from Bioshop (Burlington, ON, Canada). RNA extraction kits were
purchased from RiboEx and Hybrid-R (Gene All, Seoul, South Korea). Tissue protein extraction
reagent (T-PER), complementary DNA (cDNA) synthesis (ReverTra Ace® qPCR RT Kit, Toyobo,
Osaka, Japan), and bicinchoninic acid (BCA) protein assay kits were purchased from Thermo Scientific
(Waltham, MA, USA). The SYBR Green qPCR kit was purchased from Toyobo (Osaka, Japan). Primary
antibodies (pERK1/2, pJNK, pp38, tERK1/2, tJNK, tp38, Bax, Bcl-2, cytochrome c, cleaved caspase-3,
and caspase-3) and β-actin were purchased from Cell Signaling (Danvers, MA, USA). The goat
anti-rabbit immunoglobulin G horseradish peroxidase (IgG-HRP) secondary antibody was purchased
from Santa Cruz (Santa Cruz, CA, USA). The WESTSAVE Gold Enhanced Chemiluminescence (ECL)
detection kit was acquired from Abfrontire (Seoul, Korea), and the ALT and AST kits were from ASAN
(Hwaseong, Korea). LDH cytotoxicity assay kit was obtained from TAKARA (Tokyo, Japan), and the
ROS-Glo H2O2 assay kit was from Promega (Madison, WI, USA). Zoletil 50 was supplied by Virbac
S.A (Carros, France).

4.2. Preparation of Hydrangea Macrophylla Seed Extract

The seeds of Hydrangea macrophylla (HM) plant were collected from Jirisan located in the southern
part of South Korea and authenticated based on its microscopic and macroscopic features by the Korea
Institute of Oriental Medicine. We prepared HM seeds extract according to the previously described
method with minor modifications [46]. Briefly, the plant seeds were sliced and dried completely.
The extract was prepared by maceration of seeds sample with 70% ethanol (twice for 2 h reflux),
and then filtered extract was concentrated under vacuum centrifuge and dehydrated with a lyophilizer.
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The powder extract was liquefied in DMSO and sterilized using a 0.22-μm syringe filter. The dried
extract was kept at −20 ◦C. The study was conducted using a single batch of plant extract to avoid
batch-to-batch variation and maximize the product constancy.

4.3. Determination of Total Phenolic and Flavonoid Content

Total phenolic and flavonoid content of HM extract was measured according to the previously
described method [47].

4.4. Cell Culture

HepG2 cells were maintained at 37 ◦C in a 5% CO2 humidified incubator. Cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin and streptomycin. The cell culture medium was
changed for every 2 days, and the cells were subcultured when they reached about 90% confluency in
the culture flask.

4.5. Assessment of Cell Viability

MTT assay was used to measure cell viability. HepG2 cells were seeded (1 × 104 cells/well in
96-well plates) and cultured in a 37 ◦C incubator overnight. For evaluating the cytotoxicity of HM,
cells were treated with HM (5, 10, 20, 30 and 40 μg/mL) for 24 h. In contrast, measuring the cell
viability, cells were pretreated for 1 h with different concentrations of HM (10, 20 and 30 μg/mL) and
then co-incubated with HM and NaAsO2 (10 μM) for an additional 24 h. The medium was replaced
with 0.5 mg/mL of the MTT working solution and incubated for 2 h. The blue formazan crystals were
solubilized by DMSO. Optical density was measured at 570 nm absorbance by a tunable versa max
microplate reader (Molecular Devices, Sunnyvale, CA, USA). Similarly, for observation of HepG2 cell
morphology, the image of the cell was captured by an inverted microscope (Olympus, CKX41, Tokyo, Japan)
at fixed 100× magnification.

4.6. Measurement of Reactive Oxygen Species (ROS) Generation

To evaluate the level of intracellular ROS, HepG2 cells (1 × 104 cells/well) were cultured in
96-well plates overnight. After adherence, cells were pretreated for 1 h with different concentrations of
HM (10, 20 and 30 μg/mL) and then co-incubated with HM and NaAsO2 (10 μM) for an additional
24 h. The intracellular ROS level was measured according to the manufacturers’ procedure for the kit,
and the absorbance was measured at 490 nm using a tunable versa max microplate reader.

4.7. Determination of Lactate Dehydrogenase (LDH) Release

To measure the level of extracellular LDH release, HepG2 cells (1 × 104 cells/well) were cultured in
96-well plates overnight. After adherence, cells were pretreated for 1 h with different concentrations of
HM (10, 20 and 30 μg/mL) and then co-incubated with HM and NaAsO2 (10 μM) for an additional 24 h.
The LDH level was measured according to the manufacturers’ procedure of kit, and the absorbance
was measured at 490 nm using a tunable versa max microplate reader.

4.8. Mice Management and Experimental Design

Male ICR mice (6 weeks old) were maintained in accordance with the animal welfare regulations
of the Institutional Animal Care and Use Committee (IACUC; CBNU 2016-68), Chonbuk National
University Laboratory Animal Centre, South Korea. Mice were kept in standard mouse cages with
an ad libitum supply of food and distilled water. Ideal conditions for temperature (23 ± 2 ◦C),
humidity (35–60%), and photoperiod cycle (12 h light and 12 h dark) were maintained over the
experimental period. Mice were adapted to the laboratory conditions for 1 week before starting the
experiment. A total of 36 mice were randomly divided into three groups: (1) normal control mice
were treated with saline; (2) toxic control mice were treated with NaAsO2 once daily (10 mg/kg body
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weight, (per os/orally) p.o., for 10 days); and (3) experimental mice were treated with HM once daily
(30 mg/kg body weight, p.o., for 15 days) prior to treatment with NaAsO2 (10 mg/kg body weight,
p.o., for 10 days). After the experimental period, mice were fasted overnight and anesthetized with
Zoletil 50.

4.9. Histopathological Study of the Liver

Mice liver was collected for histopathological examination. Liver samples were immediately
fixed in 10% neutral buffered formalin (NBF) and processed in an auto processor (Excelsior ES,
Thermo Scientific, Waltham, MA, USA). After embedding in paraffin, 5-μm sections were stained
with hematoxylin and eosin and mounted on glass slides. Digital images were obtained using
a Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany) at a fixed 200× magnification.
The diameter of the portal vein was measured using image measurement software (v 22.1., iSolution
DTM, Vancouver, BC, Canada).

4.10. Serum Biochemical Analysis

The levels of the basic liver function biomarker enzymes serum ALT and AST was examined.
Blood samples were collected from the mouse and incubated for 30 min at room temperature. Blood
was centrifuged at 3000 rpm for 15 min at 4 ◦C to collect the serum. ALT and AST levels were analyzed
according to the manufacturer’s recommendation.

4.11. Lipid Peroxidation Assay

The level of MDA is an important marker of oxidative stress condition. MDA concentration was
measured in the liver tissue. The samples homogenized in a ratio of 1/10 in 1.15% (w/v) ice-cold KCl
solution with the aid of the thiobarbituric acid (TBA) established method [48]. The standards of 2.5,
5, 10 and 20 nmol/mL tetra ethoxy propane (TEP) were used. The results were expressed as nmol
MDA/mg protein.

4.12. Quantitative Real-Time Polymerase Chain Reaction (qPCR) Analysis

Total RNA was isolated from mouse liver tissue according to the manufacturer’s instructions, and RNA
concentration was quantified using a BioSpec-nano spectrophotometer (Shimadzu Biotech, Tokyo, Japan)
at a 260/280 nm ratio. For cDNA synthesis, 3 μg of total RNA was used, and the cDNA synthesis
procedure was performed according to the manufacturer’s instructions. qPCR was performed using
the SYBR Green Real-Time PCR master mix with the Roche LightCyclerTM, and the conditions were
maintained according to the manufacturer’s instructions. β-Actin was used as the housekeeping gene.
Relative expression of target genes was normalized with reference gene (β-actin). The nucleotide
sequences of the primers are presented in Table 2 [49].

Table 2. Nucleotide sequences of the primers for qPCR

Gene Primers Sequence (5′–3′) Size (bp) Genebank Accession No.

ERK TCAGAGGCAGGTGGATCTCT
ACGGGGAGGACTCTGTTTTT 109 NM_011949.3

JNK CGGAACACCTTGTCCTGAAT
CACATCGGGGAACAGTTTCT 93 NM_016700.4

p38 AGCCAATTCCAGTGTTGGAC
TTCTGGGCTCCAAATGATTC 120 NM_011951.3

β-actin AGAAGATCTGGCACCACACC
TACGACCAGAGGCATACAGG 195 NM_007393.5
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4.13. Western Blot Analysis

Liver lysates were prepared in ice-cold lysis buffer containing tissue protein extraction reagent
(T-PER), phenylmethanesulfonyl (PMSF), Na3VO4 (sodium orthovanadate), and protease inhibitor
cocktail. The lysate was centrifuged at 12,000 rpm for 20 min at 4 ◦C, and the supernatant was collected.
The total protein concentration of the lysate supernatant was measured using the BCA protein assay
kit. An equal amount of protein was separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. The membrane was blocked
with a regular blocking solution (5% non-fat skim milk in Tris-buffered saline (TBST)) for 1 h at room
temperature, followed by incubation with primary antibodies against pERK, pJNK, pp38, Bax, Bcl-2,
cytochrome c, caspase-3, cleaved caspase-3, and β-actin overnight at 4 ◦C. The blot was washed and
then incubated with anti-rabbit secondary antibodies for 1 h at room temperature. Protein band was
detected using an ECL detection kit, and images were obtained using an imaging system (LAS-400
image system, GE Healthcare, UK). β-actin was used as the control.

4.14. Statistical Analysis

Data were analyzed with Graph Pad Prism 7.0 (La Jolla, CA, USA) and expressed as mean ± standard
error mean (SEM). Group comparisons were performed using analysis of variance (ANOVA), followed by
Tukey’s multiple comparisons tests. The minimum statistical significance was considered p < 0.05 for
all analyses.

5. Conclusions

In conclusion, both in vitro and in vivo findings offer evidence of the hepatoprotective potency of
HM on NaAsO2-mediated oxidative damage via attenuation of free radical generation, restoration
of hepatic physiology, and reduction in mitochondrial-dependent apoptosis. Thus, HM is a natural
phytomedicine that seems to be a promising therapeutic agent for treatment of hepatic disorders by
targeting oxidative stress.
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Abstract: The Alternaria mycotoxins alternariol (AOH) and alternariol monomethyl ether (AME)
have been shown to possess genotoxic and cytotoxic properties. In this study, the ability of AOH
and AME to modulate innate immunity in the human bronchial epithelial cell line (BEAS-2B) and
mouse macrophage cell line (RAW264.7) were investigated. During these studies, it was discovered
that AOH and to a lesser extent AME potently suppressed lipopolysaccharide (LPS)-induced innate
immune responses in a dose-dependent manner. Treatment of BEAS-2B cells with AOH resulted
in morphological changes including a detached pattern of growth as well as elongated arms.
AOH/AME-related immune suppression and morphological changes were linked to the ability
of these mycotoxins to cause cell cycle arrest at the G2/M phase. This model was also used to
investigate the AOH/AME mechanism of immune suppression in relation to aryl hydrocarbon
receptor (AhR). AhR was not found to be important for the immunosuppressive properties of
AOH/AME, but appeared important for the low levels of cell death observed in BEAS-2B cells.

Keywords: Alternaria alternata; alternariol; innate immunity; immunosuppression

1. Introduction

The fungal genus Alternaria harbors many plant and human pathogens, saprophytes, and
allergenic species, and has been shown to be a prolific producer of secondary metabolites [1]. Alternaria
spores are ubiquitous, and exposure has been clinically associated with the development, onset, and
exacerbation of allergic diseases such as allergic rhinitis, asthma, and chronic rhinosinusitis (CRS) [2–7].
Indeed, up to 70% of mold allergy patients have skin test reactivity to Alternaria. Over 10 allergen
proteins have been described from Alternaria, however, the secreted major allergen, Alt a 1, produces a
prolonged and intense IgE-mediated reaction in sensitized patients [3–6]. Despite the well-documented
clinical relevance of proteinaceous allergens, no small molecules (secondary metabolites) from
Alternaria have been studied in regard to lung epithelium, inflammation, and immune responses.

Fungal mycotoxins are products of their secondary metabolism that can often cause deleterious
effects in vertebrates. These secondary metabolites belong to different chemical classes such as steroids
quinones, pyrones, peptides, phenolics, and the fumonisin-like toxins. These toxins can enter the body
through skin, mucous, airways, and ingestion. Constant exposure can lead to hypersensitivity and
mycotoxicosis, leading to a potentially compromised immune system and the onset of other illnesses
and infections (HIV, kidney and liver damage) [7,8]. However, of all the mycotoxins known, only a few
are subject to regular monitoring of contamination and level intake such as aflatoxins from Aspergillus
spp., and fumonisins, deoxyivalenol, zearlenone, and ochratoxin-A from other fungi like Fusarium spp.
Legal authorities from both food and feed industries acknowledge the importance of detecting and
quantifying mycotoxin levels and identifying the effects of their contamination [9].
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Besides producing deleterious mycotoxins, fungi are also an important resource of potential
beneficial compounds with therapeutic properties. Ever since the discovery of penicillin from
Penicillium notatum in 1929, the importance of elucidating the potential of fungal secondary metabolites
has been beyond question [10]. Alternaria metabolites have exhibited a variety of therapeutic and
biological properties such as phytotoxicity, cytotoxicity, anti-HIV, anti-cancer, and anti-microbial
properties, to name a few, all of which have generated considerable research interest worldwide.
For example, porritoxin from Alternaria porri is a likely cancer chemo-preventive agent, and depudecin
from Alternaria brassicicola is an inhibitor of histone deacetylase [11–14].

The most well-studied deleterious Alternaria mycotoxins alternariol (AOH) and alternariol methyl
ether (AME) have been detected in most foods and grains, often at high concentrations (Figure 1) [15].
Foods such as apples, apple products, mandarins, olives, pepper, tomatoes, oilseed, sunflower seeds,
sorghum, wheat, edible oils, citrus fruits, melons, pears, prune nectar, raspberries, red currant, carrots,
barley, oats, red wine, and lentils are known to be frequently contaminated with AOH/AME. The
maximum levels reported are in the range of 1–103 μg/kg, with higher levels found in food products
visibly rotted with Alternaria [15]. However, as of yet, no data concerning tissue levels of AOH exists
in animals and humans [13,16].

Figure 1. Chemical structure of alternariol (AOH) and alternariol monomethyl ether (AME).

AOH was shown to cause mutagenicity and cytotoxicity in Chinese hamster V79 cells [17,18].
AOH is also known to cause the formation of micronuclei (MN) in V79 and human endometrial
adenocarcinoma cell line (Ishikawa cells) [17,18]. Treatment of AOH on murine macrophage cell line
RAW 264.7 showed cytotoxicity and DNA strand breakage, as well as oxidative damage, cellular stress,
and cell cycle arrest in the G2/M phase [18]. Human adenocarcinoma cells (HT29) treated with AOH
indicated that the toxin modulates levels of reactive oxygen species (ROS) [19].

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that often binds to
environmental toxins and subsequently modulates the downstream expression of genes involved in
detoxification and transport [20]. It has been studied in relation to various environmental contaminants
such as the xenobiotic compound TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) [21]. Binding of the AhR
to the ligand causes the translocation of the complex to the nucleus and binding with AhR nucleus
translocator (ARNT) [20]. The AhR-ARNT complex then binds to various xenobiotic response elements
(XREs) and modulates the induction of genes, for instance the cytochrome P450 family [20]. AhR is a
potential receptor for AOH and AME. The CYP450 family of genes, including the highly expressed
CYP1A1, are a major target of the AhR-ARNT complex and often mediate toxin hydroxylation and
further metabolism [21,22]. AOH has a planar structure that is similar to other AhR ligands and
may be a substrate of CYP1A1. Further evidence of this was substantiated by the treatment of AOH
on murine hepatoma cells, resulting in the differential expression of CYP1A1 in the presence and
absence of activated and inactivated AhR [21,22]. This study is the first attempt at providing an
experimental framework to investigate the immune-modulatory properties and potential clinical
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importance of Alternaria secondary metabolites, the mycotoxins alternariol (AOH) and alternariol
methyl ether (AME).

2. Results

2.1. Alternariol Suppresses Innate Immune Responses in Human Lung Epithelial and Mouse Macrophage
Cell Lines

We first sought to characterize the response of the mammalian innate immune system by
quantifying cytokine and chemokine inflammatory markers upon AOH treatment on airway epithelial
cells. We profiled cytokine interleukin-6 (IL6) in addition to chemokines interleukin-8 (IL8) and
monocyte chemoattractant protein-1 (MCP-1/CCL2), which have been shown to be highly induced in
many inflammatory diseases including sepsis [23].

We hypothesized initially that AOH/AME would have proinflammatory effects on cells.
We evaluated the protein and mRNA levels of IL6 and IL8 after the treatment of bronchial epithelial
cells (BEAS-2B) with AOH. Surprisingly, we found that AOH did not cause an increase in the protein
levels of IL6 and IL8, but resulted in downregulation at the mRNA level after 6, 12, and 24 h of
incubation. This data is summarized in Appendix A, Table A1. Because AOH may not be able to
induce the primary inflammation markers (IL6, IL8, MCP-1/CCL2); we also examined other cytokine
and chemokine markers that might be stimulated by AOH. We subsequently analyzed the protein
levels of thymic stromal lymphopoietin (TSLP), tumor necrosis factor α (TNF-α), interleukin-1 β

(IL-1β), interleukin-10 (IL-10), and transforming growth factor β (TGF-β), but no induction was
observed. Primer sequences for gene expression analyses performed throughout the study are shown
in Appendix A, Table A2.

Upon discovering that AOH treatment resulted in the downregulation of IL6 and IL8 genes at
the mRNA level, we next used the proinflammatory bacterial cell wall lipopolysaccharide (LPS) as an
inducer of innate immunity. In the presence of 10 μM AOH and 10 μg/mL of LPS at 24 h, the levels
of IL6, IL8, and MCP-1/CCL2 were reduced by several fold (Figure 2). In AME (10 μM)-treated
cells, basal and LPS-induced cytokine and chemokine levels were reduced approximately half as
much as compared to AOH-treated cells, leading to the conclusion that both AOH and AME have
immunosuppressive properties, although AOH is the far more potent molecule of the two. We repeated
this experimental design with mouse macrophage RAW264.7 cell line and observed similar results.
In macrophages, LPS-induced IL6 was completely suppressed at a dose of 10 μM AOH (Figure 2).

Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) was used
to detect changes in mRNA abundance as a measure of gene expression induced by AOH, in the
presence and absence of LPS. Chemokine and cytokine gene expression profiles after normalization
to the control housekeeping gene GAPDH were generated in this study for the investigation of
the AOH (10 μM dose) phenotype response after a 24-h treatment in the presence and absence of
10 μg LPS. LPS-induced IL6 mRNA levels were reduced two-fold in presence of AOH. LPS-induced
chemokines IL8 and MCP-1/CCL2 showed a four-fold decrease in the presence of AOH. While
MCP-1/CCL2 qRT-PCR analysis showed a similar decrease of LPS-induced inflammation, it showed
downregulation of the gene in the presence of AOH alone. Furthermore, we analyzed caspase 1.
Caspase 1 aids in the formation of mature peptides for inflammatory cytokines interleukin-1β and
interleukin-18, and is also involved in cell death and inflammasome (NLRP1 multi-molecular complex)
formation [24,25]. An AOH dose of 10 μM upregulated caspase-1 but downregulated LPS-induced
caspase 1 by almost five-fold, suggesting a complex mode of regulation (Figure 3). Interestingly,
we observed that AOH induced cytochrome P450 CYP1A1 gene expression and partially prevented
LPS-induced downregulation.
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Figure 2. Alternariol (AOH) and alternariol monomethyl ether (AME) suppress lipopolysaccharide
(LPS)-induced innate immunity. BEAS-2B airway epithelial cells (panels a, c, and d) and RAW 264.7
mouse macrophages (panel b) at a density of 5 × 105 cells/well were treated with 10 μM of AOH
and 10 μM of AME in the presence and absence of 10 μg of LPS and incubated for 24 h under
normal conditions at 37 ◦C, 5% CO2. Supernatants were subsequently analyzed using enzyme-linked
immunosorbent assay (ELISA) (a) IL8 BEAS-2B cells, (b) IL6 in RAW264.7 cells, (c) IL6 BEAS-2B
cells, and (d) CCL2/MCP-1 BEAS-2B cells. An * indicates p < 0.05 according to Student’s t-test when
comparing AOH/AME + LPS to LPS-induced controls. DMSO, dimethyl sulfoxide.
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Figure 3. Airway epithelium treated with alternariol (AOH) and alternariol monomethyl ether
(AME) results in the downregulation of LPS-induced mRNAs. BEAS-2B cells seeded at a density
of 5 × 105 cells/well were treated with 10 μM AOH and 10 μg LPS for 24 h. The resulting RNA was
harvested and measured with quantitative real-time reverse transcription-polymerase chain reaction
(qRT-PCR). Each graph here demonstrates the upregulation and downregulation (fold change) of gene
expression by normalization with the control GAPDH. (a) IL8, (b) CCL2, (c) IL6, (d) Caspase 1, and (e)
CYP1A1 fold change. An * indicates p < 0.05 according to Student’s t-test when comparing AOH to
dimethyl sulfoxide (DMSO) control and AOH + LPS to LPS corresponding control.
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2.2. Dose-Dependent Analysis of Alternariol (AOH) and Lipopolysaccharide (LPS)

We next evaluated varying doses of AOH and LPS in order to determine minimum concentrations
of AOH with immunosuppressive activity. We found that AOH is highly immunosuppressive in a
dose-dependent manner in both BEAS-2B and RAW264.7 cells (Figure 4). IL8 protein levels were
measured in BEAS-2B cells. BEAS-2B supernatants following AOH doses of 10, 100 nM, 1, 5, and
10 μM were analyzed by enzyme-linked immunosorbent assay (ELISA). As expected, we observed
an AOH dose-dependent decrease in LPS (10 μg)-induced inflammation in BEAS-2B cells. Although
in all the above-mentioned doses IL8 was not detected with AOH alone, significant LPS-induced IL8
suppression was observed starting at the 5 μM dosage. A dose of 10 μM showed the highest amount of
IL8 suppression. IL8 levels in LPS-induced cells treated with 10 μM AOH were equivalent or less than
the levels in untreated cells (Figure 4). Similar results were observed in experiments using RAW264.7
macrophages (see Appendix A, Figure A3).
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Figure 4. Dose-dependent response of airway epithelium cells (BEAS-2B) after treatment with
alternariol (AOH) and lipopolysaccharide (LPS). (a) BEAS-2B cells were treated with (5–10 μM) of
AOH in the presence and absence of 10 μg of LPS to measure IL8 levels released. Cell densities
were 5 × 105 cells/well and were incubated for 24 h under normal conditions at 37 ◦C, 5% CO2 after
treatment; (b) BEAS-2B cells were treated with (10 nM–10 μM) of AOH in the presence and absence of
10 μg of LPS to measure IL8 levels released in supernatants using enzyme-linked immunosorbent assay
(ELISA). Cell densities were 5 × 105 cells/well and were incubated for 24 h under normal conditions at
37 ◦C, 5% CO2 after treatment. An * indicates p < 0.05 according to Student’s t-test when comparing
AOH + LPS treatments to LPS-induced control.

To further investigate the dose-dependent response of AOH, we conducted an experiment
to investigate LPS doses on bronchial lung epithelial cells (BEAS-2B). Our previous experimental
design of a 24-h cell treatment was applied to evaluate the protein levels of IL6 and IL8 using ELISA.
We tested LPS doses including 10ng, 50 ng, 100ng, 500 ng, 1 μg, 5 μg, and 10 μg (Figure 5). A dose
of 10 μg of LPS resulted in the induction of 132 pg/mL of IL6 and 221 pg/mL of IL8. With these
results, we validated the doses of 10 μg of LPS and 10 μM of AOH as sufficiently substantiated for
further experiments. Similar results were observed in experiments with RAW264.7 macrophages
(see Appendix A, Figure A3).
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Figure 5. Dose-dependent response of bronchial epithelial BEAS2-B cells to LPS. LPS was added
to BEAS-2B cells at a density of 500,000 cells/well for 24 h. (a) IL6 measured by enzyme-linked
immunosorbent assay (ELISA); (b) IL8 measured by ELISA. An * indicates p < 0.05 according to
Student’s t-test comparing individual treatments to phospho-buffered saline (PBS) control.

To test whether AOH-induced immune suppression is dependent on the timing of LPS addition,
we treated BEAS-2B cells with AOH and added LPS two hours later. A range of doses of AOH
(10–100 μM) and AME (1–30 μM) were tested on BEAS-2B cells. All treatments resulted in a marked
decrease in IL6, IL8, and MCP-1/CCL2 in the presence of LPS, indicating that AOH can prevent
LPS-induced innate immune response when LPS is added after several hours (see Appendix A,
Figure A1).

2.3. Cell Morphology Alterations in Response to AOH

Up until this time, no microscopic studies have been performed on AOH-treated mammalian lung
epithelial cells. Multiple morphological changes were observed in the cells after treatment with AOH.
BEAS-2B cells treated with AOH showed a marked change after 24 h (Figure 6). The cells demonstrated
a more detached and spread out pattern of growth as well as elongated arms. This indicates that
the cell cycle arrest at the G2/M phase reported in earlier studies with other cell types could be an
underlying cause of cell stress observed in BEAS-2B cells, and therefore could be responsible for the
change in morphology.
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Figure 6. Human airway epithelial cells in the presence of alternariol (AOH). BEAS-2B cells were
incubated with 10 μM of AOH for 24 h under normal conditions at 37 ◦C, 5% CO2. The images
were taken with confocal microscopy with a cell density of 5 × 105 cells/well (magnification 200×).
(a) Untreated BEAS-2B cells at 24 h in color (upper left panel) and grey-scale (upper right panel);
(b) BEAS-2B with 10 μM AOH at 24 h in color (lower left panel) and grey-scale (lower right panel).
Scale bar = 100 μm.

2.4. AOH Inhibits Cell Proliferation and Has Minimal Effects on Cell Death in BEAS-2B Cells

Previous studies have emphasized the ability of AOH to cause cell death and cell cycle
arrest [16–19]. Hence, a colorimetric MTT assay was performed in order to first investigate cell
proliferation with doses ranging from 1 to 100 μM of AOH. In the MTT assay, the yellow MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide is reduced to purple formazan in the
mitochondria of living cells. At a concentration of 10 μM of AOH, proliferation was 56% compared
to control cells. It was further reduced to 23% at 20 μM and at 100 μM; only 12% of the cells were
proliferating compared to controls (Figure 7).
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Figure 7. Cell proliferation and cell death analysis of BEAS-2B cells treated with alternariol (AOH).
(a) A dose-dependent analysis of cell proliferation of BEAS-2B cells after treatment with AOH was
performed by MTT assay. Cells were seeded at a density of 500,000 cells/well for 24 h; (b) A dose curve
of lactate dehydrogenase (LDH) assay to measure the amount of LDH released by dead cells upon
treatment with AOH for 24 h at a cell density of 20,000 cells/well. An * indicates p < 0.05 according to
Student’s t-test for AOH treatments compared to dimethyl sulfoxide (DMSO)-treated controls.

Next, we employed a lactate dehydrogenase (LDH) assay to measure cell death. Less than 10%
cell death was detected at 10 μM AOH-treated cells compared to control cells. Collectively, the MTT
and LDH assay results suggest that cell cycle arrest, not cell death, is most likely responsible for the
ability of AOH to suppress LPS-induced innate immune responses.

2.5. AOH Causes Cell Cycle Arrest in Lung Epithelium

The reduction in cell proliferation may be an intrinsic property of AOH, caused by the short and
yet reversible arrest in the G2/M phase of the cell cycle. To further investigate whether or not cell
cycle arrest may be the cause of immune suppression observed in our studies, we used the compound
RO-3306, a selective ATP-competitive inhibitor of the cyclin dependent kinase, CDK1 [26]. 1 CDK1 is a
serine/threonine kinase that controls the progression of cell cycle through each checkpoint (courtesy
of the Cimini Lab, Virginia Tech, Blacksburg, VA, USA). RO-3306 has been identified to cause cell
cycle arrest at the G2/M phase, similar to what has been reported for AOH at a dose of 10 μM [18,26].
Hence, we treated BEAS-2B cells with 10 μM AOH and 10 μM RO-3306 in the presence and absence of
10 μg LPS. We profiled the IL8 protein levels using ELISA. The data showed that RO-3306 exhibited
similar immune suppressive properties as AOH (revealing a reduction of LPS-induced IL8), but was
less potent. No IL8 induction was seen in cells treated with RO-3306 alone (Figure 8). These data
suggest that the ability of AOH to suppress IL8 may be at least partially dependent upon its ability to
cause cell cycle arrest.
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Figure 8. Treatment of airway epithelium cells by alternariol (AOH), RO-3306, and lipopolysaccharide
(LPS). BEAS-2B cells seeded at a density of 5 × 105 cells/well were treated with 10 μM of AOH or
10 μM of RO-3306 in the presence and absence of 10 μg of LPS and incubated for 24h. Supernatants
were analyzed using enzyme-linked immunosorbent assay (ELISA). An * indicates p < 0.05 according
to Student’s t-test for AOH/LPS and RO/LPS treatments compared to the LPS treatment alone.

2.6. Aryl Hydrocarbon Receptor Analysis and Mechanism of AOH-Induced Immune Suppression

Next, we hypothesized that the aryl hydrocarbon receptor (AhR) is the target receptor for AOH
that triggers downstream signaling related to its immunosuppressive properties. RNA silencing
was used to knockdown the gene encoding AhR in BEAS-2B cells. Following optimization, we
typically obtained a minimum of 70% knockdown of AhR using gene-specific siRNAs (see Appendix A,
Figure A2). After AhR knockdown using gene-specific siRNAs, BEAS-2B cells were treated with AOH
in the presence and absence of LPS for 24 h, and supernatants were then subject to ELISA. No change
was observed that correlated with the silenced AhR gene, suggesting that this receptor may not be
important for the ability of AOH to suppress LPS-induced immunity in BEAS-2B cells (Figure 9).

Finally, we attempted to determine whether the modest cell death-inducing property of AOH is
dependent upon AhR in BEAS-2B cells. Significant differences were detected in cell death after AOH
treatments when comparing AhR silenced cells to scrambled controls, indicating that AhR may be
important in causing cell death in BEAS-2B cells (Figure 10).
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Figure 9. RNA silencing of the aryl hydrocarbon receptor (AhR) gene followed by treatment with
lipopolysaccharide (LPS) and alternariol (AOH) in BEAS-2B cells. Cells were seeded at a density of
150,000 cells/well. Cells were treated with AhR siRNA for 24 h twice to successfully knockdown AhR.
(a) IL8, and (b) IL6 released upon treatment with 10 μM AOH and 10 μg LPS for 24 h as measured by
enzyme-linked immunosorbent assay (ELISA). An * indicates p < 0.05 according to Student’s t-test for
AOH treatments (Scr or SiRNA) compared to LPS (Scr) or LPS (siRNA) controls, respectively.
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Figure 10. Alternariol (AOH) induced cell death is dependent upon the aryl hydrocarbon receptor
(AhR). An LDH assay was performed on BEAS-2B cells with silenced AhR, 10 μM AOH, and 10 μg
lipopolysaccharide (LPS). An * indicates p < 0.05 according to Student’s t-test when comparing AhR
gene-specific (siRNA) treatments to their appropriate scrambled siRNA (SCR) controls.
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3. Discussion

This is the first study to investigate the immunomodulatory effects of AOH/AME on mammalian
cells. Collectively, our data shows that AOH/AME caused a decrease in inflammatory responses in
BEAS-2B bronchial epithelial cells and murine RAW264.7 macrophages when stimulated with LPS.
Our data implicated that the immunosuppressive property of AOH/AME may be associated with cell
cycle arrest at the G2 phase. The cell proliferation and cell death assays conducted in this study raised
our understanding of the cytotoxic effects of this compound at various doses in lung epithelial cells.
For example, the MTT assay results in BEAS-2B cells suggest that AOH decreased cell proliferation
by almost 50% at a 10 μM dose. Along with our experiments using the G2 phase cell cycle arresting
agent RO-3306, this may further implicate that the immunosuppressive properties of AOH may be
related to its ability to cause cell cycle arrest. The cell death assay showed that AOH is cytotoxic to
lung epithelial cells, primarily at a dose of 20 μM or higher. Results of our experiments using the
10 μM dose provides evidence that the cell death at this concentration is minimal and thus has little
effect on the immunosuppressive properties of AOH. Our data using an siRNA knockdown approach
also indicates that the modest cell death caused by AOH but not immunosuppression in BEAS-2B cells
is most likely dependent on the AhR receptor.

In the context of allergic disease, our results suggest that AOH/AME are not plausible targets for
designing therapeutics for reducing Alternaria-induced inflammation. In fact, the opposite may be true.
Further supporting the results of this study, preliminary experiments utilizing AOH/AME-deficient
Alternaria mutant spores have shown that they cause dramatically increased innate immune responses
in BEAS-2B cells compared to wild-type fungal strains that produce normal levels of AOH/AME [27].

4. Materials and Methods

4.1. Materials

Alternariol (AOH) (Cayman Chemical, Ann Arbor, MI, USA) was reconstituted at 1 mg/mL in
DMSO (Sigma-Aldrich, St. Louis, MO, USA). Alternariol monomethyl ether (AME) (Sigma-Aldrich)
was reconstituted at 1 mg/mL in methanol. Ultrapure bacterial endotoxin Lipopolysaccharide
(Sigma-Aldrich), cell culture grade, was reconstituted to a final concentration of 1 mg/mL in
phosphate buffered saline (PBS) (Fisher Scientific, Pittsburgh, PA, USA). RO-3306 (Sigma-Aldrich) was
reconstituted at 1 mg/mL in DMSO. The stock solutions were stored at −20 ◦C until further use.

4.2. Cell Culture and Cell Lines

BEAS-2B, a human bronchial lung epithelial cell line and mouse macrophage raw 264.7 cell lines
were maintained in RPMI-1640 culture medium (Fisher Scientific) with 10% heat-inactivated fetal
bovine serum (FBS) (Fisher Scientific) and 1% penicillin-streptomycin (ThermoFisher, Pittsburgh, PA,
USA) in round bottom tissue culture-treated plates (Fisher Scientific). BEAS-2B and macrophages were
incubated in 5% CO2 at 37 ◦C. Both above-mentioned cell lines were starved for 2 h before treatment
with secondary metabolites in RPMI-1640 and 1% penicillin-streptomycin. BEAS-2B and macrophage
cells were seeded at a density of 500,000 cells/well in 6-well tissue culture plates prior to treatment,
unless indicated otherwise.

4.3. Quantification of Protein Levels of Cytokines and Chemokines

The cells in 6-well plates were seeded in 1.5 mL RPMI-1640 media and cells in 12-well plates were
seeded in 1 mL RPMI-1640 media. BEAS-2B cells were seeded on the plates in triplicates and, after an
overnight incubation at 37 ◦C and 5% CO2, washed with Dulbecco’s phosphate-buffered saline (DPBS)
(Fisher Scientific). The cells were then placed in the starve media for 2 h, after which they were washed
again with DPBS before being placed in fresh RPMI-1640 media. AOH, AME, and LPS were then
added to the media. BEAS-2B cells were incubated for 24 h. The resulting supernatant and genetic
material were collected with trypsin (Sigma-Aldrich) and stored at −80 ◦C. The protein levels in the
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cells were analyzed with enzyme-linked immunosorbent assay (ELISA) kits (Biolegend, San Diego,
CA, USA) and (ThermoFisher, Pittsburgh, PA USA) following the instructions of the manufacturers.
The absorbance was recorded with a microplate reader at 450 nm.

4.4. Quantitatification of Gene Expression

The RNA samples were isolated by applying trypsin (Sigma-Aldrich) to the
AOH/AME/LPS-treated BEAS-2B or RAW264.7 cells and RNA was extracted using mammalian
RNA extraction kits and manufacturer protocols (Qiagen, Valencia, CA, USA). The samples were
processed into cDNA following the manufacturer’s instructions from the Bioline Tetro cDNA synthesis
kit, and then stored at −20 ◦C (Bioline, London, UK). All the qRT-PCR reactions for the biological
triplicates were performed as technical duplicates using the cDNA as a template. GAPDH was used as
a control housekeeping gene for all experiments, as it has a continuous expression in mammalian cell
lines. A BIO-RAD Iq5 Multicolor Real-Time PCR Detection System machine was used to conduct the
qRT-PCR reaction (Bio-Rad, Hercules, CA, USA). All reactions were carried out at 20 μL volume with
SYBR Green (Bioline) as the fluorescent reporter molecule. Relative fold change in gene expression
was calculated using the 2(-Delta Delta C(T)) method and Pfaffl equation by normalization to GAPDH,
as suggested by Bio-Rad protocols.

4.5. Analysis of Cell Death and Proliferation

The 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) solution was added to
50 μL of RPMI-1640 starve media harvested from cells treated with AOH at the 24-h time point. The
plates were incubated at 37 ◦C for 4 h for the reduction of MTT formazan. Subsequently, 100 μL of
DMSO was used to stop the reaction. Absorbance was measured at a wavelength of 570 nm using a
microplate reader. The lactate dehydrogenase (LDH) assay was performed using the Pierce™ LDH
Cytotoxicity Assay Kit (ThermoFisher). Cells were seeded at a density of 10,000 cells/well in 100 μL
RPMI-1640 media, in 96-well flat bottom plates and incubated overnight at 37 ◦C and 5% CO2. After a
24-h treatment, 50 μL of media from each well was transferred to a new plate and 50 μL of LDH reaction
mixture was added. To measure LDH activity, the reaction was stopped after a 30-min incubation and
the absorbance measured at 490 nm was subtracted from the absorbance measured at 680 nm. All
treatments were performed in biological triplicates and technical replicates. Percent cytotoxicity was
calculated using the formula:

% Cytotoxicity = Compound−treated LDH activity – Spontaneous LDH activity DH activity
Maximum LDH activity – Spontaneous L × 100

4.6. Microscopy

The surface morphology of bronchial lung epithelial cells was imaged by a Nikon Eclipse
TE2000-U Inverted Microscope (Nikon, Tokyo, Japan). Cells were seeded at a density of 500,000
cells/wells and treated with 10 μM AOH for 24 h before imaging.

4.7. RNA Silencing

Cells were seeded at a density of 125,000 cells/well. Silencing of AhR receptor was performed
using a target-specific 19–25 nucleotide siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
designed to knockdown its gene expression. The siRNA reagent was mixed with HiPerFect Transfection
Reagent (Qiagen) for transfection. BEAS-2B cells were treated with two consecutive doses of 1 nM of
siRNA for 24 h to achieve a knockdown efficiency of >70%. Cells were then treated with AOH, AME,
and LPS for 24 h. All experiments were performed in biological triplicates, along with a scrambled
siRNA control (Santa Cruz Biotechnology). Primer pair human AHR_F and human AHR_R were used
for determining knockdown efficiency.
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4.8. Statistical Analysis

All tests were performed as biological triplicates and technical triplicates. Standard deviation was
calculated from among biological replicates. The difference between individual treatment groups was
validated using an unpaired Student’s t test for independent samples, including LPS alone and LPS
stimulation in the presence of AOH. A p-value < 0.05 was regarded as statistically significant.

5. Conclusions

In conclusion, this is the first study to demonstrate that the mycotoxins AOH and AME from the
fungus Alternaria are capable of preventing LPS-induced inflammatory responses in both a human
bronchial epithelial cell line (BEAS-2B) and a mouse macrophage cell line (RAW264.7). It will be
interesting in the future to further dissect the role of AOH/AME in the context of allergic inflammation
in Alternaria-mouse models of allergy and asthma. From a broad perspective, AOH/AME may have
potential and serve as the structural basis for designing new anti-inflammatory therapeutics.
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Appendix A

Table A1. Summary of alternariol (AOH) dosage and treatment conditions for BEAS-2B cells. No IL6
and IL8 protein level production was observed. IL6 and IL8 mRNAs were found to be downregulated
upon stimulation with AOH in BEAS-2B cells.

AOH Dose Time IL6 (Protein) IL6 (Gene) IL8 (Protein) IL8 (Gene)

25, 50, 100 μM 6 h No Induction Downregulation No Induction Downregulation
25, 50, 100 μM 12 h No Induction Downregulation No Induction Downregulation
25, 50, 100 μM 24 h No Induction Downregulation No Induction Downregulation

Table A2. Primers used in this study.

Gene Primer Name Primer Sequence

Human AHR_F 5′ TGGTTGTGATGCCAAAGGAAG 3′
Human AHR_R 5′ GACCCAAGTCCATCGGTTGTT 3′

Human CYP1A1_F 5′ GAACCTTCCCTGATCCTTGTG 3′
Human CYP1A1_R 5′ CCCTGATTACCCAGAATACCAG 3′
Human Caspase1_F 5′ GTTCCTGGTGTTCATGTCTCA 3′
Human Caspase1_R 5′ CCTACTGAATCTTTAAACCACACC 3′

Human IL6_F 5′ GACAGCCACTCACCTCTT 3′
Human IL6_R 5′ TGTTTTCTGCCAGTGCC 3′
Human IL8_F 5′ TCCTGATTTCTGCAGCTCTG 3′
Human IL8_R 5′ GTCCACTCTCAATCACTCTCAG 3′

Human MCP-1/CCL2_F 5′ TGTCCCAAAGAAGCTGTGATC 3′
Human MCP-1/CCL2_R 5′ ATTCTTGGGTTGTGGAGTGAG 3′
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Figure A1. Dose-dependent analysis of the alternariol (AOH) response. Lipopolysaccharide (LPS)
was added 2 h after AOH. BEAS-2B cells were seeded at a density of 500,000 cells/well. Cells were
treated with 0.5–10 μM of AOH in the presence and absence of 10 μg of LPS to measure the cytokine
levels released. Cell densities were 5 × 105 cells/well, and they were incubated for 24 h under normal
conditions at 37 ◦C, 5% CO2. Cells treated with AOH showed a marked suppression of cytokines both
in the presence and absence of LPS. (a) IL6 measured by enzyme-linked immunosorbent assay (ELISA);
(b) IL8 measured by ELISA. An * indicates p < 0.05 according to Student’s t-test when comparing LPS +
AOH treatments to LPS-induced control.
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Figure A2. Quantitiatve real-time reverse transcription polymerase chain reaction (qRT-PCR) analysis
of doses for aryl hydrocarbon receptor (AhR) silencing. Cells were seeded with a density of
150,000 cells/well. Cells were treated with AhR siRNA for 24 h. A dose curve was performed to
elucidate the concentration required for AhR silencing in lung epithelial cells BEAS-2B. An * indicates
p < 0.05 according to Student’s t-test for AhR-specific siRNA treatments compared to the scrambled
siRNA control.
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Figure A3. Dose-dependent response of mouse macrophages (RAW264.7) after treatment with
alternariol (AOH) and lipopolysaccharide (LPS). Cells were treated with 50–10μM of AOH in
the presence and absence of 50 ng of LPS to measure the IL6 levels released by enzyme-linked
immunosorbent assay (ELISA). Cell densities were 5 × 105 cells/well, and they were incubated
for 24 h under normal conditions at 37 ◦C, 5% CO2 after treatment. An * indicates p < 0.05 according to
Student’s t-test when comparing LPS + AOH treatments to LPS-induced control.

Abbreviations

AhR Aryl hydrocarbon Receptor
ARNT Aryl hydrocarbon Receptor Nuclear Translocator
AOH Alternariol
AME Alternariol Monomethyl ether
BEAS-2B Bronchial Lung Epithelial Cells
CCL2 Chemokine (C–C motif) Ligand 2
cDNA Complementary DNA
CDK1 Cyclin-Dependent Kinase 1
DMSO Dimethyl Sulfoxide
DPBS Dulbecco’s Phosphate-Buffered Saline
DNA Deoxyribonucleic Acid
ELISA Enzyme-Linked Immunosorbent Assay
FBS Fetal Bovine Serum
GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase
HT29 Human Adenocarcinoma Cells
IL-1β Interleukin-1 β

IL6 Interleukin 6
IL8 Interleukin 8
IgE Immunoglobulin E
LDH Lactate Dehydrogenase
LPS Lipopolysaccharide
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
MN Micronucleus Assay
MLC Mouse Lymphoma Cell Line
PBS Phosphate-Buffered Saline
RNA Ribonucleic Acid
ROS Reactive Oxygen Species
siRNA Small Interfering RNA
TCDD 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
TGF-β Transforming Growth Factor β
TNF-α Tumor Necrosis Factor α
qRT-PCR Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction
XRE Xenobiotic Response Element
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Abstract: We assessed the immunomodulatory and anti-inflammatory effects of 9,11-dihydrogracilin
A (DHG), a molecule derived from the Antarctic marine sponge Dendrilla membranosa. We used
in vitro and in vivo approaches to establish DHG properties. Human peripheral blood mononuclear
cells (PBMC) and human keratinocytes cell line (HaCaT cells) were used as in vitro system, whereas
a model of murine cutaneous irritation was adopted for in vivo studies. We observed that DHG
reduces dose dependently the proliferative response and viability of mitogen stimulated PBMC.
In addition, DHG induces apoptosis as revealed by AnnexinV staining and downregulates the
phosphorylation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), signal
transducer and activator of transcription (STAT) and extracellular signal–regulated kinase (ERK)
at late time points. These effects were accompanied by down-regulation of interleukin 6 (IL-6)
production, slight decrease of IL-10 and no inhibition of tumor necrosis factor-alpha (TNF-α)
secretion. To assess potential properties of DHG in epidermal inflammation we used HaCaT cells;
this compound reduces cell growth, viability and migration. Finally, we adopted for the in vivo study
the croton oil-induced ear dermatitis murine model of inflammation. Of note, topical use of DHG
significantly decreased mouse ear edema. These results suggest that DHG exerts anti-inflammatory
effects and its anti-edema activity in vivo strongly supports its potential therapeutic application in
inflammatory cutaneous diseases.
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1. Introduction

Sponges, seaweeds, snails and soft corals are marine organisms representing an unexploited
source of novel compounds with promising application to human wellbeing [1,2]. These metabolites
exhibit various bioactivities and potential pharmacological properties, and many of them are currently
on the market or clinical trials as anti-cancer, analgesic, immunomodulatory or anti-inflammatory
agents [3–11]. Among the natural products, one of the most studied groups of molecules is represented
by terpenes [12], secondary metabolites formed by repetitions of C5 isoprene units that derive from
two distinct biochemical routes named mevalonate or non-mevalonate pathways [13–16]. Terpenes are
generally classified into hemi, mono, sesqui, di, sester, or tri based according to the number of
the isoprene units. These compounds have been found largely in higher plants [17,18] and in
lower invertebrates including marine organisms [19–24]. Marine diterpenoids embrace a diverse
and promising class of molecules exhibiting a range of effects including antiviral, antibacterial,
antiparasite, anticancer, and anti-inflammatory activity [19,25–29]. Studies suggested that briarane-or
cembrane-type diterpenes exert anti-inflammatory activity as they inhibit pro-inflammatory enzymes,
such as cyclooxygenase (COX-2) and inducible nitric oxide synthase (iNOS) in murine macrophages
activated with lipopolysaccharide (LPS) [30–33]. Cembranoids such as gibberosenes, grandilobatin,
sarcocrassocolides, querciformolides, crassarines, crassumolides, sinularolides, durumolides and
columnariols have shown capacity to block the expression of iNOS and/or COX-2 by LPS-activated
RAW264.7 cells [34]. Some cembranoids have been identified as modulators of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway [35–37]. Indeed, in recent
years, anti-inflammatory activity for eunicellin-based diterpenoids isolated from soft corals, has
been described [38,39]. Marine diterpene glycosides are characterized by a diterpene aglycone core
and a carbohydrate moiety. Among these compounds, glycosides, eleutherobin, fuscosides, and
pseudopterosins are the most studied [40]. Eleutherobin is a microtubule-targeted agent currently used
in preclinical studies [41,42]. The pseudopterosins have been described as molecules with important
anti-inflammatory and analgesic properties [43,44]. Fuscosides A and B when topically applied,
decrease phorbol myristate acetate (PMA)-induced edema in mouse ears by blocking neutrophil
infiltration. Fuscoside B blocks the synthesis of leukotriene C4 in calcium ionophore-activated murine
macrophages [45,46]. Another family of diterpenoids, verticillane-based diterpenoids, have recently
demonstrated anti-inflammatory properties, members of this family inhibit iNOS in LPS-stimulated
RAW264.7 cells [47]. Furthermore, a tricyclic brominated diterpenoid, the neorogioltriol isolated from
algae, inhibited the activation of NF-κB and the secretion of tumor necrosis factor-alpha (TNF-α), nitric
oxide (NO), and COX-2 in LPS stimulated macrophages. In an animal model of carrageenan-induced
local inflammation, neorogioltriol decreased edema formation [48]. Mollusc derived dolabellane
diterpenoids, also isolated from plants, exert antiprotozoa [49], antiviral [50], and antibacterial [51]
activities [52]. Dolabelladienetriol has been suggested to have anti-inflammatory properties as
downregulates the secretion of TNF-α and NO through the inhibition of NF-κB activation in
Leishmania amazonensis infected and uninfected macrophages [53].

In a recent work about a novel platform of drug discovery based on an automatic fractionation
of marine samples by a simple and versatile protocol of solid-phase extraction [54], we reported
that the diterpenoid 9,11-dihydrogracilin (DHG) [55] from the Antarctic sponge Dendrilla membranosa
stimulated the response of human peripheral blood mononuclear cells (PBMCs). DHG belongs to the
spongiane family, a very large class of sponge-derived natural products showing several promising
activities [56]. Here, we investigate the immunomodulatory and anti-inflammatory properties of DHG
by in vitro and in vivo models. The effects exhibited by this compound support its potential as novel
anti-inflammatory drug.
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2. Results

2.1. 9,11-Dihydrogracilin A (DHG)-Mediated Inhibition of Human Peripheral Blood Mononuclear Cells
(PBMC) Proliferation and Viability

First we asked if the immuno-modulatory potential of DHG could affect mitosis of CD3
monoclonal antibody (OKT3)- and Phytohemagglutinin (PHA)-activated healthy-PBMC. Proliferation
of PBMC was determined after 4 or 6 days of stimulation with OKT3 (1 μg/mL) and PHA (1.5%)
respectively, by measuring [3H]-thymidine incorporation. As shown in Figure 1A,B, all mitogenic
stimuli induced a significant proliferation of PBMC. The co-treatment with DHG at selected
concentrations, ranging from 0.3 to 10 μM, resulted in a dose-response inhibition of mitosis of PHA
and to a more extent of OKT3-stimulated PBMC. A better dose–response profile was observed using
PHA as stimulus, thus for further experiments we used only PHA.

In order to assess whether besides inhibition of DNA synthesis, DHG could affect cell viability of
PBMC, we counted the cells after the staining with trypan blue. DHG decreased the number of viable
cells in a concentration-dependent manner (Figure 1C), specifically, at 10 μM, it significantly reduced
viable cell number of 73 ± 2.4%. Of note the viability of DHG-treated resting cells was not significantly
affected, thus excluding its possible toxic effect. Then, to better characterize the nature of cytotoxic
effects mediated by DHG in activated PBMC, we next performed cell death assays by Annexin-V and
propidium iodide double staining (Supplementary Figure S1). Here, we registered a dose-dependent
induction of apoptosis, resulting in the death of 43.1 ± 2.4% of cells already after 48h exposure at the
highest dose of 10 μM DHG (Figure 1D).

2.2. DHG Effects on Signaling Pathways

Since signal transducer and activator of transcription 5 (STAT5), extracellular signal–regulated
kinase (ERK), and NF-κB signaling pathways are critical for PBMC activation following stimulation
with PHA, we moved to investigate whether and in which way these signaling events were affected by
increasing doses of DHG at early time points. As reported in Figure 2A, ERK was phosphorylated
in response to 30 min-PHA stimulation. However, DHG 10 μM led to significantly greater levels of
phospho-extracellular signal–regulated kinase (p-ERK) compared with the effect observed in response
to the mitogen alone. On the other hand, phospho-nuclear factor kappa-light-chain-enhancer of
activated B cells (p-NF-κB) was not affected by DHG treatment. Moreover, no signals were observed
in the activation of STAT5 pathway at this early time point. On the contrary, as expected, after
in vitro stimulation for 120 min, PHA enhanced tyrosine phosphorylation of STAT5, which is instead
significantly inhibited by DHG co-treatment. Similarly, DHG at the highest dose decreased ERK and
NF-κB activity, compared to control PHA-activated cells (Figure 2B). Kinetic studies (Supplementary
Figure S2) revealed that inhibition of NF-κB phosphorylation by DHG co-treatment at all the
concentrations used was still observed after 5 days of stimulation, suggesting a long lasting effect of
the compound.
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Figure 1. 9,11-Dihydrogracilin A (DHG) inhibits Peripheral Blood Mononuclear Cells (PBMC)
proliferation and viability and induces apoptosis. (A) Unstimulated PBMC and phytohemagglutinin
(PHA)-activated PBMC from healthy donors were treated with DHG at the indicated concentrations.
Proliferation was measured after 18h of 3H-thymidine incorporation (1 μCi). The counts per
minutes (c.p.m.) ± the SD of the triplicates of five independent experiments are shown. (ANOVA
* p < 0.05, *** p < 0.001, ** p < 0.01 versus PHA-treated PBMC); (B) Unstimulated PBMC and CD3
monoclonal antibody (OKT3)-activated PBMC of healthy donors were treated with DHG at the
indicated concentrations. Proliferation was measured after 18h of 3H-thymidine incorporation (1 μCi).
The c.p.m. ± the SD of the triplicates of five independent experiments are shown. (ANOVA * p < 0.05,
*** p < 0.001, ** p < 0.01 versus OKT3-treated PBMC); (C) Unstimulated PBMC and PHA-activated
PBMC from healthy donors were treated with DHG, cultured for 6 days and stained with trypan
blue. Cell viability was compared to that observed in PHA-activated PBMC (ANOVA * p < 0.05,
** p < 0.01). The histogram reported show the percent of live PBMC; (D) Induction of apoptosis was
measured by annexin V and propidium iodide (PI) double staining through fluorescence-activated
cell sorting (FACS) analysis in DHG-treated healthy donor PBMC, after 48 h. The panel reporting
representative dot plots of 4 different experiments performed with similar results is included in the
supplementary section (Supplementary Figure S1). Histograms in D indicate total percentage of early
(Annexin V-positive cells/PI-negative cells) and late apoptotic events (Annexin V/PI-double positive
cells) as well as necrotic cells (Annexin V-negative cells/PI-positive cells). Results are representative of
4 independent experiments and expressed as mean ± SD (ANOVA, *** p < 0.001, ** p < 0.01). DMSO,
dimethyl sulfoxide.
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Figure 2. DHG effects on NF-κB, Signal Transducer and Activator of Transcription 5 (STAT5) and
Extracellular Signal–regulated Kinase (ERK) phosphorylation. Western blot analysis performed on
whole cell extracts from 30 min (A) and 120 min (B) of culture in the presence and in the absence of
DHG at the indicated concentrations. α-tubulin was used as control of protein loading. Panels show
representative results from 3 different experiments performed independently. Histograms below
represent mean ± SD in densitometry units of scanned immunoblots from the 3 different experiments
(ANOVA, *** p < 0.001, ** p < 0.01, * p < 0.05).

2.3. Cytokine Production by DHG-Treated PBMC upon Phytohemagglutinin (PHA) Stimulation

After proper activation, PBMC can secrete numerous cytokines, through which they coordinate
immune response, such as interleukin 6 (IL-6), TNF-α and IL-10 [57,58]. After 24h of incubation,
we then assessed the capacity of DHG-treated PBMC to produce these soluble factors. As expected,
stimulation of PBMC by PHA induced secretion of all soluble factors tested. Notably, the treatment
with DHG, at the concentration of 3 μM significantly inhibited the production of IL-6 (Figure 3A),
without interfering with the levels of the other pro-inflammatory factor TNF-α (Figure 3B). Finally,
a‘slight decrease in the level of the contro-regulatory action of IL-10 was also documented (Figure 3C).

2.4. DHG Effects on Activation Marker Surface Expression in T and Natural Killer (NK) Cell Compartments

All these results suggest an anti-inflammatory action of DHG. So, we asked which particular
lymphocyte cell subset could be affected by DHG. In particular, we focused both on T cells
(CD3+/CD56−) and natural killer (NK) cell (CD3−/CD56+) compartments. It is well known that in
activation state, CD25 and CD69 are induced in lymphocytes as classical markers to monitor T and NK
cell reactivity. Therefore, by fluorescence-activated cell sorting (FACS) analysis we determined the
level of PBMC activation from healthy donors treated with DHG at a selected concentration (3 μM)
following PHA stimulation. In samples treated with DHG compared to the control, we documented
a significant decrease of the percent of CD25+ NK cells (Figure 4A) but not in T cell population.
At the same way, we reported no significant difference in the surface level of CD69 in regard to the
percentage of CD3+ T cells expressing the activation marker following DHG treatment, while the same
compound significantly reduces the number of CD69+ NK cells (Figure 4B), suggesting a possible
specific inhibition of NK cell activation that needs to be underpinned in the near future.
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Figure 3. Cytokine secretion profile of DHG-treated PBMC. PBMC of healthy donors (n = 4) were
activated with PHA (1.5%) for 24 h in the presence and in the absence of DHG at the indicated
concentrations. Unstimulated cells are included as control (PBMC) in the figure. Supernatants were
harvested and the concentrations of interleukin 6 (IL-6) (A), tumor necrosis factor-alpha (TNF-α) (B)
and IL-10 (C) determined by ELISA immunoassay. Values reported refer to mean ± SD of four different
donors. Statistical analyses are reported (ANOVA; * p < 0.05; *** p < 0.001).
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Figure 4. Flow cytometric analysis of CD25 and CD69 surface expression on DHG-treated PBMC.
PBMC from healthy donors (n = 7) were stimulated with PHA (1.5%) in the presence and in the
absence of DHG. Unstimulated cells are included as control (PBMC) in the figure. Following 24 h of
activation, CD3+/CD56− (black bars) and CD3−/CD56+ (gray bars) populations were analyzed for
CD25+ expression (A) and CD69+ expression (B) and compared by ANOVA (* p < 0.05, compared with
untreated PHA-activated cells). Bar graphs report mean values ± SD.

2.5. Mitogenic and Migratory Capacity of Human Keratinocytes Cell Line (HaCaT) Exposed to DHG

Then we asked if the DHG action was confined to immune compartment or if it might interfere
also with proliferation and function of other cell lines. To this end, we moved to gain insight into
DHG effects on keratinocyte activity, by testing its ability to modulate the viability and growth of
the spontaneously immortalized human keratinocytes cell line (HaCaT) cell line, a well-established
keratinocyte model, easy to propagate and near to a normal phenotype.

Cell counting using Trypan Blue viability dye and sulforhodamine B assay revealed respectively a
reduced viability (Figure 5A) and cell growth rate (Figure 5B) of HaCaT cells exposed to 48 h treatment
with increasing concentrations of DHG.

Then, to evaluate the potential interference of DHG with the migratory function of HaCaT cells,
we assessed a scratch wound assay using a micropipette tip. After 24 h of cell culture, whereas serum
10% favored narrowing of the scratch wound, in the presence of DHG, the wounded cells resulted in a
less enhancement of wound healing to all doses tested (Figure 5C,D).
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Figure 5. DHG effects on cell vitality and migration of HaCaT cells. (A) HaCaT cells were treated with
vehicle alone (DMSO) or DHG at the reported concentrations, cultured for 48 h and stained with trypan
blue as described in material and methods. Control cells without vehicle are also included in the figure
(CTR). Cells were counted and the percent of cell viability was calculated compared to untreated cells
(ANOVA * p < 0.05; *** p < 0.001); (B) HaCaT cells were treated with DMSO or DHG at the indicated
concentrations, cultured for 48 h and next the sulforhodamine B assay was performed as described in
material and methods (ANOVA * p < 0.05 and *** p < 0.001 versus DMSO-treated cells); (C) Wound
healing assay performed in HaCaT cells treated for 24 h with vehicle (CTR) or DHG (0.3–10 μM)
in complete medium. Representative light microscope images from three independent experiments
are shown. Dotted white lines indicate the wounded area from the initial scratch. Magnification,
× 20. Basal bar = 348.5 μm; (D) Histograms represent the mean scratch area observed in HaCaT cells
expressed as percent of initial area. The measurement was made in three different experiments. Results
are presented as mean ± standard error (ANOVA *** p < 0.001).
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2.6. Topical Anti-Inflammatory Action of DHG In Vivo

In view of the immunomodulatory potential of DHG along with its effect on hyper-activation
of keratinocytes, we finally tested the marine compound in vivo in a murine model of inflammation,
the croton oil ear test to evaluate its topical anti-inflammatory effect at the non-toxic dose of
1 μmol/cm2. This dose was selected on the basis of our experience on doses range of natural
compounds active as anti-inflammatory agents in this in vivo model of skin inflammation. Interestingly,
after 6 h, when oedema is already formed [59,60], DHG treatment was able to induce its significant
reduction (Table 1). In particular, the oedema was decreased to about 58%, comparable to the activity
of indomethacin, the reference non-steroidal anti-inflammatory drug (NSAID).

Table 1. Anti-inflammatory activity of DHG in a murine model of dermatitis. Dose-dependent anti-oedema
activity of topically administered DHG (1 μmol/cm2) and indomethacin (0.3 μmol/cm2) in croton
oil-induced ear dermatitis after 6 h. * p < 0.001 at the analysis of variance, as compared to controls.

Substance Dose (μmol/cm2) Number of Animals Edema (mg) Reduction (%) p

Controls - 10 8.5 ± 0.2 - -
DHG 1.0 10 3.6 ± 0.2 * 58 0.001

Indomethacin 0.3 10 3.7 ± 0.3 * 56 0.001

3. Discussion

Inflammation plays a crucial role in many physio/pathological states, and different cell
populations are involved in all phases of inflammatory process, including neutrophils, dendritic cells,
monocytes/macrophages, and lymphocytes. Previous findings suggested that marine diterpenoids
elicit among numerous activities, anti-inflammatory effects on murine macrophages [30–37,47,53].
In this study, starting from a previous drug discovery study aimed to fractionate marine samples, we
successfully demonstrated that the sponge metabolite DHG possesses promising anti-inflammatory
properties in vitro and in vivo. Firstly, we assessed the ability of this natural product to reduce cell
proliferation induced by different mitogens. We described efficacy of DHG to reduce dose dependently
PBMC proliferation and viability (Figure 1A,B). To further investigate cellular effects of DHG, we
evaluated if cell death might be caused by apoptosis. As reported in Figure 1D, we ascertained that
DHG induced apoptosis in PBMC, and such effect was dose dependent as more apoptotic cells were
detected at the highest concentrations of DHG. These effects are accompanied by DHG down-regulation
of NF-κB, STAT and ERK phosphorylation at later time points. It is of note that the enhancement of ERK
activation by 30 min treatment of DHG confirms the early apoptotic events observed (Figure 1D) and
may reflect the contro-regulatory actions between these signaling events in lymphocytes biology [59].
Indeed, a prolonged and intense activation of the ERK pathway, as that in response to strong T-cell
receptor (TCR) signals results in transient inhibition of IL-2-mediated activation of STAT5. In contrast,
when cells receive weak signals, as that achieved by DHG low doses, the degree of activation of the
ERK pathway is not strong enough to block STAT5 activation in response to small amounts of IL-2
secreted by T cells in an autocrine fashion. Our data are also in agreement with previous studies
showing modulation of NF-κB, a key regulator in inflammatory processes, by several classes of marine
diterpenoids in murine macrophages [35–37,53]. Our assays provided an initial evidence of the
anti-inflammatory properties of this compound. It is well established that activated PBMC produce
soluble factors that play relevant role in inflammation. Thus, cytokine secretion was assessed and
the results obtained corroborate our findings. We selected three cytokines IL-6, TNF-α and IL-10.
In particular, IL-6 and TNF-α are inflammatory cytokines, while IL-10 is an anti-inflammatory cytokine.
The results obtained show that DHG down-regulates the expression of IL-6 that is a cytokine known to
be active during inflammation, it does not affect TNF-α, thus suggesting a specific effect on particular
cytokines like IL-6 and it slightly affected IL-10 secretion. The reduction of IL-10 is unexpected since it
is an anti-inflammatory cytokine, however, the inhibition is very weak compared to the strong effect
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observed on IL-6. To establish if the effects observed on cell proliferation might be due to a reduced
activation state of PBMC induced by DHG, we examined the expression of CD69, a well-known T
and NKT cell early activation marker. We found that NK cell (CD3−/CD56+) compartment was
affected by DHG since a reduced expression of this marker was observed. This finding is of particular
interest because in agreement with previous reports describing that NK cells are protagonists of
inflammatory skin diseases like psoriasis [60,61], a chronic relapsing-remitting inflammatory skin
pathology characterized by thickened epidermis, as the result of keratinocyte hyper-proliferation and
abnormal differentiation, increased vascularity and accumulation of inflammatory infiltrates.

Our findings are in agreement with previous studies that, in the past years, have offered suggestions
that compounds from marine organisms, in particular diterpenoids, might found application in
inflammatory disorders. In marine species, the ability to produce some compounds is evolutionarily
selected as a substantial characteristic of defense from natural competitors. In recent years, the various
properties of some natural substances, mainly of terpenoids, have made these compounds a good source
of products potentially exploitable in several pharmacological applications. Published studies mainly
described the effects of these molecules in murine macrophages. Here, we provided the first evidence
that a diterpenoid affects also human lymphocytes. In order to investigate potential application of
DHG in dermatological inflammation we analyzed its effect on immortalized keratinocytes. In these
cells, we confirmed that DHG inhibits cell viability and it is also able to precociously decrease cell
migration without affecting cell survival. Finally, we used an in vivo model of skin inflammation to
establish a potential anti-inflammatory activity of DHG related to epidermal dysfunction. As expected,
in the murine model of acute inflammation used [60,62], we observed that DHG elicited a significant
anti-edema effect comparable to that of indomethacin after the induction of dermatitis.

In conclusion, our findings show that DHG reduces lymphocyte and keratinocyte proliferation
and viability. In PBMC, DHG induces apoptosis reducing cell activation in a specific cell population,
interferes with cytokine secretion and inhibits inflammatory pathways. In keratinocytes DHG reduces
cell migration and croton oil-induced ear dermatitis in mice. Overall our results suggest a potential
therapeutic use of DHG as a topical anti-inflammatory agent.

4. Materials and Methods

4.1. Reagents and Antibodies (Abs)

DHG was isolated from D. membranosa according to the recently described solid phase extraction
(HRX-SPE) method [54]. The product (2.2 mg) was solubilized in dimethyl sulfoxide (DMSO) (0.01%
in our assays) and added to cell cultures at the reported concentrations. Phytohemagglutinin (PHA)
and OKT3 monoclonal antibody were from Sigma-Aldrich (St. Louis, MO, USA) and used at 1.5% and
1 μg/mL respectively.

For western blot analysis, rabbit polyclonal anti-human β-actin was purchased from Abcam
(Cambridge, UK); rabbit monoclonal anti-human p-NF-κB, rabbit monoclonal anti-human NF-κB and
the secondary HRP-linked antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA), rabbit monoclonal anti-human p-STAT5 (Tyr 694), rabbit polyclonal anti-human STAT5, rabbit
monoclonal anti-human p-p44/42 MAPK (p-ERK, Thr202/Tyr 204), rabbit monoclonal anti-human
p44/42 MAPK were purchased from Cell Signaling Technology (Danvers, MA, USA); mouse
monoclonal anti-human α-tubulin from Sigma-Aldrich Inc. (St. Louis, MO, USA).

The following mAbs were used for immunostaining or as blocking Abs: anti-CD56/PerCP/Cy5.5,
anti-CD69/PE, anti-AnnexinV/FITC, anti-CD25 from BioLegend (San Diego, CA, USA);
anti-CD3/FITC from BD Pharmingen (San Jose, CA, USA). FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA) was used for data collection. For data analysis Cell Quest
Pro program (BD Biosciences, San Jose, CA, USA) was used. Data are reported as logarithmic values
of fluorescence intensity.
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4.2. Cells

Healthy peripheral blood mononuclear cells were separated over Ficoll-Hypaque gradients (MP
Biomedicals, Aurora, OH, USA). PBMC were grown in RPMI 1640 (Invitrogen, San Diego, CA, USA),
supplemented with 2 mM L-glutamine, 50 ng/mL, streptomycin, 50 units/mL penicillin, and 10%
heat-inactivated fetal bovine serum (Hyclone Laboratories, Logan, UT, USA). All volunteers provided
written informed consent in agreement with the Declaration of Helsinki to the use of their residual
buffy coats for research aims with approval from the University Hospital of Salerno Review Board.

Human immortalized keratinocytes (HaCaT) were grown in Dulbecco’s modified Eagle’s medium
(DMEM, GIBCO, Grand Island, NY, USA) supplemented with 2 mM L-glutamine, 50 ng/mL, streptomycin,
50 units/mL penicillin, and 10% heat-inactivated fetal bovine serum (Hyclone Laboratories, Logan, UT,
USA). HaCaT cells were kindly provided by Giuseppe Monfrecola (Department of Experimental
Dermatology, University of Naples, Naples, Italy).

4.3. Proliferation, Cell Viability and Sulforhodamine B Assays

PBMC isolated from ten healthy donors (2 × 105 cells per well) were cultured in triplicate in
round bottom 96-well plates in a final volume of 200 μL of RPMI 10% FBS. Cells were activated with
OKT3 or PHA. DHG was then added to the cells at the indicated concentration and its effects on
proliferation were measured by the procedure described in detail elsewhere [63]. Viability of healthy
PBMC (2 × 105 cells per well) activated with PHA and cultured in 96-well plates in the presence and
in the absence of DHG was determined by trypan blue staining and haemocytometer counting after
6 days of incubation. Unstimulated PBMC were used as control, a further control was the solvent
DMSO in the presence of our stimuli (OKT3 and/or PHA). Cell viability of HaCaT cells (4 × 103/well)
incubated with increasing doses of DHG for 48 h was also determined by trypan blue staining and
haemocytometer counting. In particular, cells were plated in 48-well plates after 24h to let them to
adhere to the plastic, we added DHG at the doses indicated and after further 48h cells were detached
with trypsin, stained with trypan blue and counted.

For the Sulforhodamine B assays HaCaT cells were plated in 96-well plates at a density of 2000 cells
per well and after 24 h of incubation, to allow cells to adhere to the plate, DHG was added to the
cells at shown concentrations. After 48 h, the supernatant was eliminated, cells were washed with
PBS and finally, trichloroacetic acid (TCA) at 10% was added for one hour under stirring at 4 ◦C.
After incubation, TCA was deleted and several washes with water were made. After drying the
plates, the sulforhodamine B was added and the cells were incubated at RT for 30 min. After having
eliminated the dye, washes were made with 1% acetic acid, until the removal of the unbound dye
and the plates were left to dry. In the next step, the dye was solubilized with a solution of TRIS HCL
10 mM. The reading was performed at 570 nm using the spectrophotometer.

4.4. Scratch Wound Healing Assay

To evaluate the effect of DHG on HaCaT cell migration, the cells were plated in 6-well plates at
a density of 5 × 103 cells/well. After 6 days, the confluent cells formed a homogeneous carpet and
a vertical wound in the wells was performed using a 200 μL tip. After a wash to remove the cells
detached from the plate, culture medium containing DHG (10–0.3 μM) or the vehicle alone was added
to the wells. The wound area was recorded immediately and after 24 h through microscope analysis.

4.5. Apoptosis Analysis

The determination of apoptosis of PBMC was conducted by Annexin V (BioLegend, San Diego,
CA, USA) and PI staining. PBMC isolated from ten healthy donors (2 × 105 cells per well) were
cultured in a final volume of 200 μL of RPMI 10% FBS in triplicate in round bottom 96-well plates.
Cells were activated with PHA (1.5%) in the presence or in the absence of increasing concentrations of
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DHG. After 48 h of incubation, PBMC were washed in PBS and subjected to apoptosis determination
by the procedure described in detail elsewhere [64].

4.6. Flow Cytometric Assay

PBMC were cultured in medium, activated with PHA in the presence and in the absence of
DHG 3 μM, in U-bottom 96-well plates. After 24 h, cells were washed with PBS 2% FBS, stained with
anti-CD3 FITC (BD Biosciences) and anti-CD56 PE-Cy5 (BD Biosciences). The cells were acquired by
flow cytometer and analyzed by Cell-Quest Pro software (BD Biosciences, San Jose, CA, USA). Results
are reported as logarithmic values of fluorescence intensity.

4.7. Cytokine Secretion Measurement

PBMC isolated from ten healthy donors (2 × 105 cells per well) were cultured in a final volume
of 200 μL of complete medium in triplicate in round bottomed 96-well plates. PBMC were incubated
with DHG for 24 h. Thereafter, supernatant was collected and the concentrations of TNF-α, IL-6 and
IL-10 evaluated by enzyme-linked immunosorbent assay (ELISA), according to the manufacturers’
instruction (R&D Systems, Minneapolis, MN, USA; and BioSource International, Camarillo, CA, USA).
Of note, the remaining cell pellets were used to analyze the surface expression of the CD3, CD69
and CD56.

4.8. Western Blot (WB) Analysis

PBMC (1 × 106) were serum starved for 4h in T25 flasks and pre-treated with DHG at different
concentrations and then activated with 1.5% PHA in sterile eppendorf for 30 min and 120 min in RPMI
free medium. Then cells were centrifuged, cell pellets were lysed in ice-cold lysis buffer (20% SDS,
50% Tris, HCl 1 M, pH 6.8, 5%-ME, 25% glycerol, bromophenol blue) and then assayed for WB by the
procedure described in detail elsewhere [60].

4.9. Topical Anti-Inflammatory Activity

DHG topical anti-inflammatory effect was reported as block of the croton oil-induced ear
dermatitis in mice by the procedure described in detail elsewhere [59,60]. All the in vivo assays
complied with the Italian Decree n. 116/1992 (as well as the EU Directive 2010/63/EU) and the
European Convention ETS 123.

4.10. Statistical Analysis

In all experiments statistical analysis was performed by GraphPad prism 6.0 software for Windows
(GraphPad Software Inc., La Jolla, CA, USA). Results from multiple experiments are calculated as
mean ± SD and analyzed for statistical significance using the 2-tailed Student t-test, for independent
groups, or ANOVA followed by Bonferroni correction for multiple comparisons. p values less than
0.05 were considered significant.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1643/s1.
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