antioxidants m\py

Article

Antioxidant and Anti-Proliferative Properties of
Hagenia abyssinica Roots and Their Potentially
Active Components

Minxia Fan »***, Guilin Chen %, Yongli Zhang %, Lutfun Nahar %, Satyajit Dey Sarker ¢,
Guangwan Hu > and Mingquan Guo 34*

1 CAS Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden,

Chinese Academy of Sciences, Wuhan 430074, China; fanminxial4@mails.ucas.ac.cn (MLE);
glchen@wbgcas.cn (G.C.); zhangyongli@wbgcas.cn (Y.Z.); guangwanhu@wbgcas.cn (G.H.)

University of Chinese Academy of Sciences, Beijing 100049, China

3 Sino-Africa Joint Research Center, Chinese Academy of Sciences, Wuhan 430074, China

Innovation Academy for Drug Discovery and Development, Chinese Academy of Sciences,

Shanghai 201203, China

Laboratory of Growth Regulators, Institute of Experimental Botany ASCR & Palacky University,
Slechtitelti 27, 78371 Olomouc, Czech Republic; drnahar@live.co.uk

School of Pharmacy and Biomolecular Sciences, Centre for Natural Products Discovery, Liverpool John
Moores University, James Parsons Building, Byrom Street, Liverpool L3 3AF, UK; S.Sarker@ljmu.ac.uk
Correspondence: guomg@wbgcas.cn

check for
Received: 29 November 2019; Accepted: 2 February 2020; Published: 6 February 2020 updates

Abstract: Hagenia abyssinica (Bruce) J. F. Gmel. is a multipurpose dioecious tree that has been
used to treat various ailments, for example, the flowers of H. abyssinica have been widely used
as a tea to treat intestinal parasites by local residents and the roots of H. abyssinica could also be
used for anticancer purposes. Antioxidant activity could be one of the most important pathways to
suppress cancer and there is hardly any information available on the specific chemical components
corresponding to the bioactivities of H. abyssinica to date. The present study intended to screen and
evaluate the antioxidant and anti-proliferative properties of five different fractions from H. abyssinica
along with their corresponding total flavonoid and phenolic contents and then further identify
those compounds with the most potent antioxidant and anti-proliferative activities using high
performance liquid chromatography (HPLC) coupled to mass spectrometry (MS) and nuclear magnetic
resonance (NMR). The total flavonoid and phenolic content assays showed that the ethyl acetate
(EA) fraction of H. abyssinica had higher flavonoid and phenolic levels than the other four fractions.
Furthermore, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) superoxide radical scavenging abilities, total
antioxidant capacity (TAC) assay with 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS),
and ferric-reducing antioxidant power (FRAP) were measured to evaluate the antioxidant activities
of the five fractions and some pure compounds isolated from the EA fraction, which displayed higher
antioxidant properties than that of the other fractions. Caffeic acid from the EA fraction showed even
stronger DPPH scavenging ability (ICsg 7.858 + 0.31 ug/mL) than that of Vc (ICs 8.27 + 0.11 ng/mL)
as the positive control. The anti-proliferative properties of four fractions and the ethanol extract were
evaluated by the 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay and
the EA fraction exhibited higher anti-proliferative activities against three cancer cell lines than that of
the other fractions. Additionally, the compounds with good antioxidant activity from the EA fraction
of H. abyssinica were screened and identified using LC-MS and NMR and were also found to possess
good anti-proliferative activity. In the MTT assay, the quercetin showed the strongest dose-dependent
anti-proliferative activities to colon cancer cells (HT-29) and liver cancer cells (HepG2) among all of
the compounds isolated. This study provided valuable information on the synergistic antioxidant
and anti-proliferative properties of H. abyssinica.
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1. Introduction

Hagenia abyssinica (Bruce) J. F. Gmel, commonly known as ‘kosso” and ‘African rosewood’, belongs
to the monospecific genus Hagenia of the family Rosaceae [1,2]. The ecological distribution of this plant
starts in northern Ethiopia and ends in southern Zimbabwe and also occurs in Kenya, Tanzania, Uganda,
Sudan, Congo, Malawi, Burundi, and Rwanda [2,3]. H. abyssinica is one of the main medicinal plants
used by Ethiopian rural communities to treat diarrhea, tongue infection, ulcer, and other diseases [4,5].
In particular, a small amount of flowers are boiled as tea and frequently used to treat intestinal parasites
in some places in African countries [6]. Meanwhile, the kosins from the female flowers have been
used to repel intestinal parasites (tapeworms) [5] and have significant cytotoxicity to mouse malignant
adenoma cells [7], while the male flowers of the H. abyssinica have the ability to induce vomiting [8].
As a traditional abortion herbal medicine, H. abyssinica has some potential contraceptive effects [9].
It has also been proven to cause optic atrophy [10], but, on the other hand, it can also be used to treat
eye diseases [11]. In addition, the root of H. abyssinica is used to treat cancer along with other medicinal
plants in Kofele by local doctors [6]. However, H. abyssinica has been overexploited and is regarded as
one of the endangered tree species due to its economic, ecological, and medicinal importance [12].

Reactive oxygen species (ROS), including oxygen and non-radicals, are a constantly generating
collective during physiological process [13,14]. Imbalanced levels of ROS induces oxidative stress that
causes destructive actions on cellular macromolecules, leading to various diseases [14,15]. Excessive
production of ROS that destroy the antioxidant defense system can thereby oxidize the biomolecules
in cells. A large number of studies have shown that ROS are closely related to the development
and progression of carcinogenesis in every aspect, like cell transformation, proliferation, apoptosis,
metastasis, and angiogenesis [16]. Meanwhile, the ROS are shown to cause genotoxic damage, like
DNA damage [17]. Various epidemiological data suggest that antioxidants are the first line of defense
to regulate important signaling transduction pathways, such as mitogen-activated protein kinases
(MAPKSs), phosphatidylinositide 3-kinases/ protein kinase B (PI3K/Akt), nuclear factor kB (NF-kB),
and nuclear factor erythroid-2-related factor 2 (Nrf2), by repairing damaged DNA, reducing cell
proliferation, metastasis, and angiogenesis, and balancing the level of proapoptotic and antiapoptotic
proteins to suppress carcinogenesis initiation [16]. Hence, cancer cells, displaying unrestrained growth
and division, genetic instability, and senescence evasion [18-20], can be effectively prevented and
reversed without harming normal cells by oxidative modifications of DNA, leading to the reduction
of cellular levels of ROS. At present, chemoprevention is an increasingly applied strategy to halt the
development of cancer and natural secondary metabolites as active components have caused great
concern because of their obvious inhibitory or preventive effects on cancer.

The main chemical components of H. abyssinica are phloroglucinol derivatives, phenols, saponins,
flavonoids, anthraquinones, terpenoids, alkaloids, steroids, glycosides, and tannins [21-25]. Numerous
experimental and epidemiological studies have demonstrated that secondary metabolites, such as
phenolics, flavonoids, isoflavones, flavones, anthocyanins, catechin, isocatechin, and carotenoids, were
able to prevent or slow down malignancy by preventing oxidative stress [26]. Hence, we could infer
that H. abyssinica may have potential antioxidant and anti-proliferative activities according to the
structure-activity relationship of its secondary metabolites. Thus, we speculated on the possibility
of using H. abyssinica as a source of chemoprevention agents to prevent or reverse the occurrence
of cancer based on its traditional anticancer application. However, most of the previous studies on
H. abyssinica have focused on its anthelmintic activities [27,28] and very few efforts have been put on
the antioxidant and anti-proliferative properties of H. abyssinica to date.

Therefore, the main goal of this study was to evaluate, for the first time, the antioxidant and
anti-proliferative properties of the ethanol extract and the other four extracted fractions (n-hexane
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(Hex), dichloromethane (DCM), ethyl acetate (EA), and water) of the roots of H. abyssinica to expand
the potential pharmacological activity of this plant. In addition, the total phenolic content (TPC) and
total flavonoid content (TFC) of the fractions above were also measured to reveal their correlations to
the antioxidant activities of those corresponding fractions. Furthermore, the compounds with good
antioxidant and anti-proliferative activity from the EA fraction of H. abyssinica were then isolated,
established, and screened by HPLC, LC-MS, and NMR. At last, the correlations between the antioxidant
properties and anti-proliferative activity were also discussed in this context.

2. Materials and Methods

2.1. Plant Materials

Dried roots of H. abyssinica (7.3 kg) were collected from Mount Kenya (Meru, Kenya) and the
identity of this plant species was confirmed by a senior taxonomist, Professor Guangwan Hu, from
the Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture of Wuhan Botanical
Garden, Chinese Academy of Sciences. The specimens were stored in the herbarium of this Key
Laboratory with the voucher specimen numbers (No. 20140302).

2.2. Chemicals and Reagents

Rutin was purchased from J&K Scientific Ltd. (Beijing, China), 2,2-diphenyl-1-picrylhdrazyl (DPPH),
2,2’-azinobis-(3-ethylbenzthiazoline-6-sulf onic acid) diammonium salt (ABTS), 2,4,6-Tri(2-pyridyl)-
1,3,5-triazine (TPTZ), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), V¢, butylated
hydroxytoluene (BHT), and foline-phenol were purchased from Sigma-Aldrich Corp. (Shanghai, China).
The purity of the related standards above was equal or greater than 99.5%. The HPLC-grade solvents,
such as acetonitrile (ACN), methanol, and formic acid (FA), were obtained from TEDIA Company Inc.
(Fairfield, OH, USA). All of the other solvents were purchased from Shanghai Chemical Reagent Corp.
(Shanghai, China).

2.3. Extraction, Separation and Identification

The dried plant materials (7.3 kg) were powdered and extracted by maceration with 95% ethanol
(3 times, 2 d/time) at room temperature to get ethanol extract (580 g), which was then suspended
in water and extracted with n-hexane, dichloromethane, and ethyl acetate in sequence to obtain
corresponding extracts, n-hexane (Hex) (A, 89.3 g), dichloromethane (DCM) (B, 39.2 g), ethyl acetate
(EA) (C, 233.4 g), and a water layer. The ethanol extract and four fractions (10 g each) were taken for
TFC and TPC assays and analysis.

The LC-MS analysis was conducted on a TSQ Quantum Access MAX mass spectrometer coupled
with an HPLC system (Thermo Accela 600, Thermo Fisher Scientific, San Jose, CA, USA). The conditions
of HPLC were set as follows: 280 nm, ultrapure water (mobile phase A) and acetonitrile (mobile phase
B); 5-10% B in 0-3 min, 10% B in 3-10 min, 10-30% B in 10-80 min, and 30-95% B in 80-120 min (Waters
Symmetry RP-C18 column, 4.6 x 250 mm, 3.5 m, Waters, Milford, MA, USA); 37 °C; 10 uL (injection
volume); and 0.6 mL/min (flow rate). The conditions for MS were the following: negative full scan
and the data-dependent mode; 120 to 1000 (m/z); 3 kV (spray voltage); 350 °C (capillary temperature);
300 °C (vaporizer temperature).

The EA fraction (C 233.4 g) was passed through a silica gel column (200-400 mesh) using
dichloromethane-MeOH (100:0, 15:1, 9:1, 8:2, 7:3, 1:1) to obtain seven sub-fractions (Fr. 1-7). Fr. 6
(32.3 g) was further separated by RP-18 column (open column, YMC, Kyoto, Japan) to get four fractions
(Fr. 6a—d). Fr. 6b (5.2 g) was adsorbed on Sephadex LH-20 and then eluted with methanol-water
(1:1) to obtain three sub-fractions (Fr. 6b1-b3). Fr. 6bl (49 mg) was purified on prep-HPLC with
ACN-water (5:1) as an eluent to yield compounds 6 (3.5 mg), 7 (4.2 mg) and 8 (8.1 mg). In a similar
procedure, compounds 1 (6.1 mg), 3 (3.2 mg), and 5 (4.5 mg) were obtained from Fr. 7; and compounds
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2 (3.1 mg) and 4 (2.9 mg) were obtained from Fr. 6d by HPLC. In addition, compound 9 was purified
from fraction Fr. 6¢ (1.3 mg) on Sephadex LH-20 eluting with methanol-water (1:1).

The 'H NMR (600 MHz) and '3C NMR (125 MHz) spectra were recorded on a Bruker Avance 600.
Column chromatography (CC) was performed on silica gel (200-400 mesh, Merck, Wuhan, China),
Sephadex LH-20 (25-100 um; Pharmacia Fine Chemical Co., Ltd. Uppsala, Sweden), and YMC Gel
RP-18 (12 nm, S-150 um; YMC Co., Kyoto, Japan). Prep-HPLC analysis was performed on a LC6000
(Jiangsu Hanbang Co., Ltd. Jiangsu, China) instrument equipped with a Unitary Cyg column (250 mm
X 10 mm, 5 um).

2.4. In vitro Antioxidant Assays of H. abyssinica

2.4.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical Scavenging Assay

The activities of the ethanol extract and its four solvent fractions were evaluated according to the
previous method [29] with some modifications. Ascorbic acid (Vc) and BHT were used as positive
controls in these assays. 200 uL DPPH-methanol (0.1 mM) was added to 3.8 mL of the adequately
diluted samples (15.625-1000 mg/mL) and the mixtures were incubated at room temperature in
darkness for 30 min. The absorbance was then measured at 517 nm with a multifunctional microplate
reader (Tecan Infinite M200 PRO, TECAN, Mannedorf, Switzerland). All of the samples and controls
were analyzed in triplicate (n = 3). The final results were expressed as inhibition rate (%) and ICs
values. The results of antioxidant activity were calculated from the mean of three replicates (M + SD).
The DPPH free radical scavenging activity was calculated out as:

DPPH-free radical scavenging effect (%) = [(Ag — A)/Ag] X 100%, D)

where Aj and A are the absorbance value of the blank control and tested sample or positive control,
respectively. The ICs5j value represents the 50% inhibition ratio of DPPH activity.

2.4.2. ABTS* Radical Cation Scavenging Activity Assay

ABTS" radical cation scavenging activity assay was carried out following the reported method [30]
with a slight modification. Vc and Trolox were used as positive controls. In brief, the stock solution
of ABTS* (7 mM in H,O) was appropriately diluted with phosphate-buffered saline (pH 7.4) to get
an absorbance of 0.700 + 0.100 at a wavelength of 734 nm. Then, 200 uL of appropriately diluted samples
with methanol were added to 4 mL of ABTS™ solution and shaken gently. The mixture was incubated in
glass tubes for 6 min in darkness. ABTS" scavenging activity was calculated as the scavenging effect in
Equation (1) of Section 2.4.1. Results were expressed as the inhibition rate (%) and ICs( values.

2.4.3. Ferric-Ion Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed in accordance with the method described previously by Benzie
and Szeto [31]. The FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM
TPTZ solution, and 20 mM FeCl;-6H,0 at a ratio of 10:1:1 (v/v/v) and heated at 37 °C for 10 min.
Appropriately diluted samples (0-80 pmol/L) were added to ultrapure water to reach 2 mL liquid
solution, then fresh FRAP was added and incubated at 37 °C for 10 min. The absorbance of the mixture
was recorded at 593 nm by triplicate tests (n = 3). Vc and BHT were used as the positive controls and
FeSO4-7H;0 was used to establish calibration curve. The FRAP activity assay was expressed as mg
Fe?*/g of sample.

2.5. Determinations of Total Phenolic Content (TPC)

The TPC of the ethanol extract and the Hex, DCM, EA, and water fractions from H. abyssinica
was determined by the Folin-Ciocalteu method, according to the determination of polyphenols in
GB/T 8313-2008, and gallic acid was used as the standard. Adequate diluted sample (1-2 mg/mL)
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solution (1 mL) was mixed with 5 mL of Folin-Ciocalteu’s phenol reagent and incubated for 3 min.
Then, 4 mL of sodium carbonate (15% w/v) was added to the mixture and incubated for 1 h in the
dark. The absorbance of the samples was measured at 760 nm with UV/VIS spectrophotometer
(UV-1100, MAPADA, Shanghai, China). The results were presented in the form of mg GAE (gallic acid
equivalent)/g dry weight.

2.6. Determinations of Total Flavonoid Content (TFC)

The TFC of the ethanol extract and the Hex, DCM, EA, and water fractions from H. abyssinica
were measured using the colorimetric assay [14,32]. Briefly, rutin was used as the standard and 2 mL
of adequate diluted (0.5-1.5 mg/mL) sample solution, distilled water (3 mL), and 500 puL of NaNO,
(5% w/v) were put in a 10 mL conical tube. After incubation for 6 min, 500 pL. of AINOj solution (10%
w/v) was added. The sample-NaNO;-AINOj; solution was incubated again for 6 min. Then, 4% NaOH
solution (4 mL) was added to the sample-NaNO,-AINOj solution and incubated for 15 min. The UV/VIS
spectrophotometer (UV-1100, MAPADA, Shanghai, China) was used to measure the resultant absorbance
of the final mixture at 510 nm. The results were expressed as milligrams of rutin equivalent (RE) per
gram of dry weight (mg RE/g dry weight). For each sample, the assay was repeated three times.

2.7. Anti-Proliferative Activity of H. abyssinica

The anti-proliferative activity was investigated according to the MTT assay, as previously
described with minor modifications [33]. Liver cancer (HepG2), colon cancer (HT-29), and gastric
tumor (SGC-7901) cell lines were obtained from the American Type Culture Collection (ATCC)and
plated in 96-well microplates. All of the cells above were cultured in DMEM medium (GIBCO, Nanjing,
China) and supplemented with 10% calf serum (SIJIQING, Nanjing, China). Cell suspension (100 uL)
was added to each well of the 96-well cell culture plates and then the 96-well cell culture plates were
cultured in 5% CO, incubator (37 °C) for 24 h. Then, 100 pL of different concentrations of samples
(9.375, 18.75, 37.5, 75, and 150 mg/mL) were added to the corresponding wells of the 96-well plate
in triplicates and the negative control group was also set up. After 72 h incubation, 20 uL of MTT
(5 mg/mL) was added to each well at 37 °C and incubated for 4 h. Then, 150 mL DMSO was added to
each well after the supernatant was discarded. After shaking for 15 min, the absorbance of the sample
was measured at 590 nm with a microplate reader (Tecan Infinite M200 PRO, TECAN, Méannedorf,
Switzerland). Graphpad Prism software 6.0 (GraphPad Software Inc., San Diego, CA, USA) was used
to calculate the IC5( values.

2.8. Statistical Analysis

Each sample testing was repeated three times. All results were presented as means + standard
deviation. Experimental data were subjected to Origin 8.0 (OriginLab Corporation, Northampton,
MA, USA), Graphpad Prism software 6.0, SPSS 19.0 (SPSS Inc., Chicago, IL, USA) and Chemdraw 14.0
(CambridgeSoft Corp., Cambridge, MA, USA). For all of the analyses, the differences were considered
statistically significant at the p < 0.01 level.

3. Results and Discussion

3.1. In Vitro Antioxidant Activity of H. abyssinica

To fully evaluate antioxidant activity, a series of methods were used in parallel due to the different
scavenging modes of ROS and the complexity of natural phytochemicals [34]. In this work, the three most
representative assays (DPPH, ABTS, FRAP) were implemented to assess and compare the antioxidant
potential of the ethanol extract and its Hex, DCM, EA, and water fractions of H. abyssinica. Figure 1
shows that the ethanol extract, together with its Hex, DCM, EA, and water fractions, had some
definite scavenging effect on DPPH (Figure 1a) and ABTS (Figure 1b) and the scavenging rate was
dose-dependent. As shown in Figure 2, the EA fraction showed significant activities in DPPH and ABTS
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radical scavenging assays (Figure 2a,b) with ICs values of 99.700 + 0.013 g/mL and 31.200 + 0.001 g/mL,
as compared to the positive controls (Trolox with ICsy = 198.680 + 0.010 and 64.760 + 0.003 g/mL,
respectively). Moreover, the results of FRAP (Figure 2c) revealed that the reduction ability was the
strongest in the ethanol extract with 3.478 mg Fe?*/g, followed by the EA and water fractions. Despite
the differences in antioxidant capacity of the ethanol extract and the Hex, DCM, EA, and water fractions
observed in the three methods (DPPH, ABST, and FRAP), the EA fraction integrally exhibited better
antioxidant potential than the other three fractions and the ethanol extract of H. abyssinica. Hence,

the phytochemical study of EA fraction was then conducted to reveal the specific compounds with the
best antioxidant activity.
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Figure 1. The scavenging rate (%) of the ethanol extract, n-hexane (Hex), dichloromethane (DCM), ethyl
acetate (EA), and water fractions of H. abyssinica: (a) the radical scavenging rate (%) of 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and (b) the radical scavenging rate (%) of 2,2’-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid (ABTS). All of the values in the figure are expressed as means (%) and SD of triplicated
experiments. & p < 0.05, & p < 0.01, compared with the ethanol extract.
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Figure 2. Antioxidant activity of the ethanol extract, n-hexane (Hex), dichloromethane (DCM), ethyl
acetate (EA) and water fractions of H. abyssinica: (a) The ICs5q value of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay, (b) The ICsy value of 2,2"-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid (ABTS) radical scavenging assay, and (c) ferric-ion reducing antioxidant power (FRAP) assay.

#t p <0.01,**p<0.01, ee p <0.01, and && p <0.01, as compared with the positive controls Trolox, BHT,
V¢, and ethanol extract, respectively.
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3.2. Total Phenolic and Flavonoid Contents of H. abyssinica

In order to further explore the potentially active compounds in H. abyssinica with antioxidant
activity, the TPC in the ethanol extract and Hex, DCM, EA, and water fractions were determined using
the equation (y = 0.0096x + 0.1279, R? = 0.9977) obtained by calibration curves and the TFC was y =
0.0025x + 0.1005, R% = 0.9994. The results in Figure 3 showed that H. abyssinica had high flavonoids
and polyphenols. The TPC assay (Figure 3a) revealed that the greatest accumulation of phenolics
occurred in EA (57.193 + 0.001 ug GAE/g), followed by the ethanol extract (51.347 + 0.001 ug GAE/g)
and Hex (36.573 + 0.001 pg GAE/g). Similarly, EA contained the most abundant flavonoids
(365.091 + 0.001 ng RE/g). This level was 5.4-times higher than that in DCM (67.190 + 0.001 pg RE/g)
and 4.2-times higher than that in Hex (86.733 + 0.001 ug RE/g) (Figure 3b). The content of flavonoids
and polyphenols had a certain degree of positive correlation with the antioxidant effect. Hence, it could
be assumed that TPC and TFC in the H. abyssinica extract might be related to the ability of scavenging
free radicals.
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Figure 3. (a)Total phenolics contents (TPC) and (b) total flavonoids contents (TFC) of H. abyssinica.
GAE/g dw: gallic acid equivalent per gram of dry weight; RE/g dw: rutin equivalent per gram of dry
weight. && p <0.01, as compared with the ethanol extract.

3.3. Anti-Proliferative Activity of H. abyssinica

Anti-proliferative activity was strongly associated with antioxidant activity because antioxidants
can effectively restrain the formation and occurrence of cancers caused by oxidative stress, which may
lead to metabolic malfunctions and oxidative damage of biological macromolecules [15]. Extensive
investigations revealed that regulation of the level of ROS could reduce the incidence of cancers and
could also be useful in the treatment of cancers. Paul et al. [35] identified a SIRT3 pathway by which
the survival and proliferation of tumor cells were suppressed through ROS regulation. Li et al. [36]
investigated the effects of dalbinol, which could induce apoptosis of human colon cancer cells through
the ROS/Dv]/GSK-33/p-catenin pathway. Hence, it was necessary to conduct the anti-proliferative
assay to assess the potential relationship between antioxidant and anti-proliferative activity of the
ethanol extract and the Hex, DCM, EA, and water fractions of the roots of H. abyssinica with the MTT
method. Figure 4 shows that the Hex and EA fractions of the plant possessed better anti-proliferative
activities with a higher inhibition rate (50 pg/mL) to Hep G2, SGC-7901 and HT-29 cell lines than the
other three samples. Previous reports have shown that H. abyssinica had a certain inhibitory effect on
leukemia, but the potential anti-proliferative activities of H. abyssinica were rarely reported to date.
Figure 4 showed that H. abyssinica had potential anti-proliferative activities. Hence, it further proved
that the main active substances with antioxidant and anti-proliferative activities could be enriched in
the EA fraction.
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Figure 4. Anti-proliferative activity of the ethanol extract, Hex, DCM, EA, and water fractions of
H. abyssinica: (a) The inhibition ratio of SGC-7901, HT-29, and HepG2 cells treated by the ethanol extract,
Hex, DCM, EA, and water fractions of H. abyssinica; and (b) The ICsg value of the ethanol extract, Hex,
and EA. All of the values in the figure are expressed as means (%) and standard deviation of triplicate
experiments. && p < 0.01, as compared with the ethanol extract.

3.4. Potential Antioxidants and Anti-Proliferative Compounds

Phenols and flavones are usually suggested to be the major compounds with antioxidant capacity
in plants [37]. The results of the TPC and TFC from H. abyssinica further showed that phenols and
flavones were the main substances displaying antioxidant activity. Meanwhile, the EA fraction of
H. abyssinica showed stronger antioxidant activity when compared with the other four samples, as seen
in on Figure 2. At present, there is no report on the systematic separation of the EA fraction and
only a few phenols and flavone compounds were reported from H. abyssinica. In this study, the EA
fraction was firstly subjected to HPLC-UV/ESI-MS/MS analysis (Figure 5 and Table 1), then the specific
antioxidants compounds were isolated and identified. As shown in Figure 6, five flavonoids and four
phenolics, namely dihydroquercetin (1), acacetin (2), quercetin (3), isoquercitin (4), dehydrodicatechin
A (5), trans-ferulic acid (6), caffeic acid (7), 3,4-dihydroxybenzoic acid (8), and 2-methoxyterephthalic
acid (9), were separated from the EA fraction of H. abyssinica,. Their structures were elucidated based
on NMR and other spectroscopic methods. Compounds 1-3, 5-7, and 9 were identified for the first
time from H. abyssinica as well as from the Hagen genera.

Intensity 16

10 12

min

Figure 5. The LC-MS base peak chromatogram (BPC) of H. abyssinica (EA fraction) in the negative
ion mode.

Table 1. The LC-MS/MS data of nine compounds in the EA fraction of H. abyssinica.

Compound Peak No. Rt/min [M-H]- MS/MS Spectrum Identification Ref.
285.13, 241.10,

1 6 46.47 303.24 217.08, 199.16, dihydroquercetin [38]
174.68,125.18
268.06, 240.03,

239.03, 211.03,
212.04, 151.00,
117.03,107.01
3 8 66.76 301.50 179.11,151.07 quercetin [40]

2 9 76.12 283.23 acacetin [39]
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Table 1. Cont.

Compound PeakNo. Rt/min [M-H]- MS/MS Spectrum Identification Ref.
4 5 42.90 463.23 301.24, 300.14 isoquercitin [41]
445.00, 423.00,
394.00, 271.00, . .
5 7 56.62 575.06 243.00, 229.00, dehydrodicatechin A [42]
137.00, 125.00
6 4 35.78 193.10 178.10,149.12,134.08  trans-ferulic acid [43]
7 2 24.15 179.48 135.21 caffeic acid [44]
8 1 14.55 153.11 109.02 3, 4-dihydroxybenzoic acid [45]
9 3 29.22 195.16 180.23, 136.11 2-methoxyterephthalic acid [46]

The compound 5 (yellow powder) was obtained as the oxidation product of (+)-catechin and the
spectroscopic data of NMR (*H, 13C, HMBC, COSY, NOESY) were consistent with that of dehydrodicatechin
A [47,48], as shown in Table 2. The carbon resonances (0c: 27 to 84) in the heterocyclic C and F rings
presented as twin peaks with comparable abundance, which implied that compound 5 had a pair of
catechin carbon signals when combined with the '>*C-NMR and distortionless enhancement by polarization
transfer spectrum (DEPT-NMR) [38]. In addition, the carbonyl signal at 5c: 194.13, methylene group at oc:
45.96, two quaternary carbons at 6c: 89.86 and 95.28, and two olefin carbons at 5¢: 112.85 and 164.37 from
the B ring were the major differences from the un-substituted aromatic carbon of the E ring. Meanwhile,
the F-ring signals 6gy: 2.60 (1H, dd, ] = 7.5, 16.5 Hz, H-4axF), 2.85 (1H, dd, | = 5.0, 16.5 Hz, H-4exF), 4.11
(1H, m, H-3F), and 4.93 (1H, d, | = 6.5 Hz, H-2F) in the IH-NMR spectrum were similar to C-ring signals at
oy: 2.50 (1H, m, H-4axC), 2.94 (1H, m, H-4exC), 3.98 (1H, m, H-2C), and 3.98 (1H, m, H-3C). In addition,
the E-ring aromatic signals 6gy: 6.84 (1H, d, ] = 2.0 Hz, H-2’E), 6.74 (1H, dd, ] = 2.0, 8.0 Hz, H-6'E), and
6.79 (1H, dd, ] = 8.0 Hz, H-5"E) showed obvious differences from B-ring signals at 6¢y: 6.43 (1H, s, H-5’B),
2.67 (1H, m, H-2'B), and 2.50 (1H, m, H-2'B). The two methenyl group signals at 6y5: 5.54 (1H, d, | =
2.0 Hz, H-8A) and 5.90 (1H, d, ] = 2.0 Hz, H-6A) belonged to the A-ring, while the methenyl group signal
at op: 6.12 (1H, s, H-6D) belonged to the D-ring. The reference stereochemistry of compound 5 was
also confirmed by the circular dichroism (CD) spectrum and the nuclear overhauser effect spectroscopy
(NOE) experiment and the values of oty and 6c were recorded by reference (Methanol-dy: 611 3.31/6¢ 49.0),
as shown in Table 2.

HO
|O |

OH O
HOH,C
, OH
0~
H
2 Vs COOH
~_/—~OH Y\/@[O”
o
N OH
OH OCH,4
HO OH
OCH,
( 7

OH COOH
8

N OH  terminal unit

5 9

Figure 6. The nine compounds as potential antioxidants from H. abyssinica.
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Table 2. 600 MHz "H-NMR and 150 MHz '3C-NMR data of compound 5 in Methanol-dy.

1H-NMR 1H-'H COSY? 13C-NMR HMBC? (H—C)
2C 3.98 (1H, m) 4C-H 79.5 C-3C, 4C, 6'B
3C 3.98 (1H, m) 3C-H 66.9 C-2C, 4C, 1'B

Ha: 2.50 (1H, m, 4axC)

4C Hb: 2.94 (1H, m, 4exC) 3C-H 27.8 C-2C, 3C, 4aA, 5A
4aA - 100.5 -

5A - 156.4 -

6A 554 (1H,d,] =2.0 Hz) 8A 97.1 C-4aA, 5A,7A, 8A
7A - 157.7 -

8A 590 (1H, d, ] =2.0 Hz) 6A 95.8 C-4aA, 6A,7A, 8aA
8aA - 158.0 -

1'B - 89.9 -

, Ha: 2.50 (1H, m) , o o o
2'B Hb: 2.67 (1H, m) 3’B-H 459 C-2C,1'B, 3B, 6'B
3'B - 2'B-H, 4'B-H 95.3 -
4B - 3’B-H 194.1 -
5B 6.43 (1H, s) 3'B-H 1129 C-2'B,1’B, 3'B, 6'B
6'B - 164.4 -
2F 493 (1H,d, ] = 6.5 Hz) 83.5 C-3F, 4F, 1’E, 2’E, 6'E, 8aD
3F 4.11 (1H, m) 67.9 C-4aD

Ha: 2.60 (1H, dd, ] = 7.5, 16.5 Hz, 4axF)
4 Hb: 285 (1H, dd, ] = 5.0, 16,5 Hz, 4exF) 283 (C-2F, 3F, 4aD, 5D, 8aD
4aD - 103.9
5D - 166.2
6D 6.16 (1H, s) 90.9 C-5D, 8D
7D - 168.1
8D - 105.6
8aD - 155.1
1’E - 131.3
2’E 6.84 (1H, d, ] = 2.0 Hz, H-2’E) 5'E 114.8 C-2E 4’E, 6'E
3'E - 146.5
4E - 146.6
5E 6.79 (1H, dd, ] = 8.0 Hz, H-) 2'E, 6'E 116.3 C-1'E, 3’E
6'E 6.74 (1H, dd, ] = 2.0, 8.0 Hz) 5'E 119.7 C-2F, 2'E,4'E
a; TH-TH Correlation Spectroscopy; ?: Heteronuclear Multiple Bond Correlation; “-”: No associated carbon and
hydrogen signals.

3.5. The Structural Features and the Antioxidant and Anti-Proliferative Activities of Potential
Active Compounds

The core structure of flavones is two benzene rings, A and B, linked by a heterocyclic pyrane C
ring (C6-C3-C6), and the functional groups of flavones are hydroxy, carbonyl, and conjugated double
bonds [49,50]. The antioxidant and anti-proliferative effects of flavones are closely related to their
structures, such as (1) the difference of various flavones mother nucleus, (2) the position, number, and
degree of hydroxyls, (3) C-2,3 double bonds, and (4) the other modifications [51,52]. Habtemariam
et al. [53] found that eriodictyol with 3’,4’-OH showed the strongest protective effect on L-929 cells
from tumor necrosis factor (TNF)-induced cell death, while hesperidin (with 3’-OH but without 4'-OH)
had no protective effect. It indicated that the flavones with 3’,4’-OH had strong antioxidant activity,
like dihydroquercetin and quercetin (compounds 1 and 3) [54-57]. Dihydroquercetin (compound
1) as well-known antioxidants protect DNA from oxidative damage and against oxidative stress by
stimulating the expression of HO-1 and NQO1 through the Nrf2-dependent antioxidant pathway [58].
Saelooom Lee et al. found that IM3829 is a promising radio-sensitizer to human lung cancer cells by
blocking the antioxidant responses (Nrf2-dependent), which further demonstrates that the regulation
of the anti-oxidation pathway can effectively prevent the occurrence and development of cancer [59].
Gulati et al. found quercetin (compound 3) as an anti-oxidative flavonoid showed anti-proliferative
effect on cancer cells by inhibiting the PI3K-Akt/PKB pathway, the major target of antioxidants [60]
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and Hsu et al. found quercetin inhibited the proliferation of Hep G2 by increasing the expression of
P53 and p21/WAF], leading to cell cycle stagnation and apoptosis of Hep G2 [61].

The glycosylation of C-3 hydroxyl led to a mild effect on the antioxidant and anti-proliferative
activity of flavones. On the contrary, the isoquercitin (compound 4) showed significant antioxidant
activity and the capacity to reduce glioblastoma cell proliferation and change (3-catenin cellular
localization, which may be due to the 3',4’-OH and C-2,3 double bonds in terms of the structure-activity
relationship [51,62-64]. Previous studies have suggested that ring A is not easily oxidized, so it does
not directly participate in antioxidant reactions. However, recent studies have shown that the A ring is
also involved in antioxidant activity and the presence of the C-5 and C-7 hydroxyl groups on the A
ring are beneficial to antioxidant activity [65]. Lopez-Posadas et al. found that C-2,3 double bonds
and 3’,4’-OH could enhance the anti-proliferative activity of flavones [66]. So the antioxidant and
anti-proliferation activity of acacetin (compound 2) could most likely be due to the present of C-5, C-7
hydroxyl groups in the A ring and 3’,4’-OH, 3-OH and the C-2,3 double bond [47,67]. Meanwhile,
Shen et al. [68] discovered acacetin could inhibit the human prostate cancer DU145 cells by regulating
and controlling the antioxidants-related signaling pathways-p38 MAPK.

Up to now, diflavones with strong antioxidant and anti-proliferative activity have been
reported [69,70], for example, compound 5 with ortho-hydroxyl structures showed significant
antioxidant activity and protective effects on anoxia-induced injury in the cultivation of ECV304
or PC12 cells with the IC5 at 50 pg/mL [47,48,71]. There is an important relationship between the
antioxidant activity of polyphenol and its hydroxyl groups [72], where the higher the number of
phenolic acid hydroxyl groups, the stronger the antioxidant activity of polyphenol. Phenolic acids
were divided into several types, such as cinnamic acid, benzoic acid, and ethyl acid. Chen et al. [73]
found that the phenolic acid type was an important factor affecting antioxidant activity, for example,
the type of cinnamic acid (trans-ferulic acid, caffeic acid) had stronger antioxidant activity than
benzoic acid (3,4-dihydroxybenzoic acid, 2-methoxyterephthalic acid). 3,4-dihydroxybenzoic acid
(compound 8) enriched in anti-oxidative foods, like fruits and vegetables, could prevent the growth
of carcinogenesis in vivo through controlling the phosphorylation and activation of JNK and p38
MAPK signal pathway [74]. In addition, synergistic antioxidant effects of flavones and phenolic acids
further indicated that total flavonoids and total polyphenols could be the main active components of
antioxidants [75,76]. At present, the anticancer properties of phenolic acids are increasingly studied
and some have shown potential anti-proliferative activities [64].

The antioxidant and anti-proliferative activities of those compounds from the active fraction tested
were also evaluated with the same methods in Section 2.4 (DPPH, ABTS, FRAP) and Section 2.6 (MTT)
in order to further verify the relationships between the activity and structure of those compounds.
The results are shown in Figures 7 and 8. The compound 7, with cinnamic acid structure, showed the
strongest DPPH scavenging ability with an ICsq value of 7.858 + 0.31 ug/mL, which was even better than
the positive control (Vc, IC5q 8.27 + 0.11 ng/mL) and the result agreed with Gong et al. [77]. Acacetin had
the lowest DPPH scavenging ability with an ICsg value of 54.749 + 1.2 ug/mL. Meanwhile, compound
3,4, and 6 had similar clearance rates to DPPH (13.984 + 0.21, 12.913 + 0.11, and 13.548 + 0.19 pg/mL,
respectively). As shown in Figure 7b, compound 1, 3, and 5 showed stronger antioxidant activity than
that of other compounds in ABST* scavenging abilities with ICs, values of 9.978 + 0.17, 7.885 + 0.23,
and 9.041 + 0.77 pg/mL, respectively. As seen in Figure 7c, compound 3 (7.492 mg Fe?*/g) exhibited
the strongest reducing power among all the compounds tested, which was even stronger than BHT
(6.228 mg Fe?t/g). Others were weaker than BHT and Vc (6.228 mg Fe?*/g and 10.388 mg Fe?*/g).
Acacetin exhibited the lowest reducing power with an ICsg of 1.076 mg Fe?*/g, as shown in Figure 7c.
In a word, the compounds with 3’,4’-OH and the C-2,3 double bones, like 1, 3, and 4, showed
strong oxidative resistance in DPPH, ABST, and FRAP assays. Meanwhile, the anti-proliferation
activity, shown in Figure 8a,b, showed that dihydroquercetin, acacetin, quercetin, and isoquercitin had
concentration-dependent inhibitory effects on HT-29 and Hep G2 cells to some extent and compound 3
showed relatively stronger inhibitory activity compared with the other three.
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Figure 7. The antioxidant activity of compounds from the EA fraction, C1 = dihydroquercetin, C2 =
acacetin, C3 = quercetin, C4 = isoquercitin, C5 = dehydrodicatechin A, C6 = trans-ferulic acid, and C7
= caffeic acid. (a) The IC5g value of DPPH radical scavenging assay, (b) The ICs5, value of ABST radical
scavenging assay, and (c) ferric-ion reducing antioxidant power (FRAP) assay. # p < 0.01 compared
with the positive control of BHT.
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Figure 8. Anti-proliferative activity of some compounds from the EA fraction of H. abyssinica, C1 =
dihydroquercetin, C2 = acacetin, C3 = quercetin, and C4 = isoquercitin. (a) The inhibition ratio of
HT-29 treated by compounds C1-C4 of H. abyssinica. (b) The inhibition ratio of HepG2 treated by
compounds C1-C4 of H. abyssinica. All of the values in the figure are expressed as means (%) and

standard deviation of triplicated experiments.
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4. Conclusions

H. abyssinica can be used as a potential medicinal resource for chemoprevention partly due to
those potential active compounds from its roots with good antioxidant and anti-proliferative properties.
In this study, the antioxidant activities of different extracts and subsequent fractions were measured
with DPPH, ABTS, and FRAP methods, along with the anti-proliferative activity, tested by MTT. For
the first time, the correlations among antioxidant, anti-proliferative activities, and phytochemical
compounds of H. abyssinica were demonstrated. The results showed that the concentration-dependent
antioxidant properties of the EA fraction had the best antioxidant activity because of the presence
of higher levels of phenylpropanoids, which are the largest group of plant secondary metabolites
and are naturally occurring antioxidants. The EA fraction was also found to possess significant
anti-proliferative properties, with the highest TPC and TFC contents. These facts can partly explain its
greater anti-proliferative and antioxidant effects than that of the other fractions. More importantly,
nine compounds from the EA fraction, including 4 phenolic compounds and 5 flavonoids, were then
isolated and identified to be the main active components, contributing to both anti-oxidative and
anti-proliferative activities. It was then revealed that caffeic acid (compound 7) showed stronger
DPPH scavenging ability (ICsq 7.858 + 0.31 ug/mL) when compared with the positive control (Vc, ICsg
8.27 £ 0.11 ug/mL) and quercetin (compound 3) showed relatively stronger antioxidant activities than
the other six compounds in the ABTS and FRAP assay. Meanwhile, the quercetin showed the strongest
concentration-dependent anti-proliferative activities on the HT-29 and HepG2 cells among all of the
compounds tested.

Author Contributions: M.G. conceived of, designed, and supervised the study. M.E. and Y.Z. performed the
experiments, analyzed the data, and wrote the manuscript. G.C. participated in the chemical assays and revised
the manuscript for submission. In addition to advisory role in the project, L.N., S.D.S. and G.H. contributed to
the design of the study and preparation and editing of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by the Major Project for Special Technology Innovation of Hubei
Province (Grant No. 2017AHB054 to M. Guo). In addition, L. Nahar gratefully acknowledges the financial support
of the European Regional Development Fund -Project ENOCH (No. CZ.02.1.01/0.0/0.0/16_019/0000868).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feyissa, T.; Zhu, L.H.; Negash, L.; Welander, M. Regeneration and genetic transformation of Hagenia abyssinica
(Bruce) J.F. Gmel. (Rosaceae) with rolB gene. Plant Cell Tiss. Organ Cult. 2007, 88, 277-288. [CrossRef]

2. Negash, L. Indigenous Trees of Ethiopia: Biology, Uses and Propagation Techniques; The SLU Reprocentralen:
Umea, Sweden, 1995; pp. 125-147.

3.  Ayele, T.B.; Gailing, O.; Umer, M. Chloroplast DNA haplotype diversity and postglacial recolonization of
Hagenia abyssinica (Bruce) J.F. Gmel. In Ethiopia. Plant Syst. Evol. 2009, 280, 175-185. [CrossRef]

4. Kokwaro, J.O. Medicinal Plants of East Africa; East African Literature Bureau: Nairobi, Kenya, 1976; pp. 292-294.

5. Beentje, H.; Adamson, J.; Bhanderi, D. Kenya Trees Shrubs and Lianas; National Museums of Kenya: Nairobi,
Kenya, 1994.

6.  Assefa, B,; Glatzel, G.; Buchmann, C. Ethnomedicinal uses of Hagenia abyssinica (Bruce) ].F. Gmel. Among
rural communities of Ethiopia. J. Ethnobiolo. Ethnomed. 2010, 6, 20. [CrossRef]

7. Woldemariam, T.Z.; Fell, A.F,; Linley, P.A.; Bibby, M.C.; Phillips, R.M. Evaluation of the anti-tumour action
and acute toxicity of kosins from Hagenia abyssinica. ]. Pharmaceut. Biomed. 1992, 10, 555-560. [CrossRef]

8.  Watt, ].M.; Breyer-Brandwijk, M.G. The Medicinal and Poisonous Plants of Southern and Eastern Africa, 2nd ed.;
E. & S. Livingstone Ltd.: Scotland, UK, 1962.

9.  Farnsworth, N.R; Bingel, A.S.; Cordell, G.A.; Crane, FA.; Fong, F.A. Potential value of plants as source of
new, antifertility agents I. ]. Pharmacol. Sci. 1975, 64, 535-598. [CrossRef]

10. Low, G.; Rogers, L.J.; Brumley, S.P; Ehrlich, D. Visual deficits and retinotoxicity caused by the naturally
occurring anthelmintics, Embelia ribes and Hagenia abyssinica. Toxicol. Appl. Pharmacol. 1985, 81, 220-230.
[CrossRef]


http://dx.doi.org/10.1007/s11240-006-9200-5
http://dx.doi.org/10.1007/s00606-009-0177-5
http://dx.doi.org/10.1186/1746-4269-6-20
http://dx.doi.org/10.1016/0731-7085(92)80080-7
http://dx.doi.org/10.1002/jps.2600640404
http://dx.doi.org/10.1016/0041-008X(85)90158-9

Antioxidants 2020, 9, 143 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Abebe, D.; Ayehu, A. Medicinal plants and enigmatic health practices of Northern Ethiopia; Birhanena Selam
Printing Enterprise: Addis Ababa, Ethiopia, 1993.

Fassil, K.; Getachew, A. Utilization and conservation of medicinal plants in Ethiopia. In Proceedings of the
Workshop on Development Utilization of Herbal Remedies in Ethiopia; Ethiopian Health and nutrition
Institute: Addis Ababa, Ethiopia, 1996; pp. 46-52.

Thomas, C. Oxygen Radicals and the Disease Process; CRC Press: Amsterdam, The Netherlands, 1998; pp. 1-282.
Park, C.; Yeo, H.; Baskar, T,; Park, Y.; Park, J.; Lee, S.; Park, S. In vitro antioxidant and Antimicrobial properties
of flower, leaf, and stem extracts of Korean Mint. Antioxidants 2019, 8, 75. [CrossRef] [PubMed]

Matés, ].M.; Pérez-Gomez, C.; De Castro, LN. Antioxidant enzymes and human diseases. Clin. Biochem. 1999,
32, 595-603. [CrossRef]

Khan, N.; Afaq, F.; Mukhtar, H. Cancer chemoprevention through dietary antioxidants: Progress and promise.
Antioxid. Redox Sign. 2008, 10, 475-510. [CrossRef] [PubMed]

Lopez-Lazaro, M. Excessive superoxide anion generation plays a key role in carcinogenesis. Int. J. Cancer
2007, 120, 1378-1380. [CrossRef]

Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical
therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579-591. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Trachootham, D.; Zhou, Y.; Zhang, H.; Demizu, Y.; Chen, Z.; Pelicano, H.; Chiao, PJ.; Achanta, G;
Arlinghaus, R.B; Liu, ].; et al. Selective killing of oncogenically transformed cells through a ROS-mediated
mechanism by S-phenylethyl isothiocyanate. Cancer Cell 2006, 10, 241-252. [CrossRef] [PubMed]

Nibret, E.; Wink, M. Trypanocidal and antileukaemic effects of the essential oils of Hagenia abyssinica, Leonotis
ocymifolia, Moringa stenopetala, and their main individual constituents. Phytomedicine 2010, 17, 911-920.
[CrossRef] [PubMed]

Lounasmaa, M.; Widén, C.J.; Huhtikangas, A. Phloroglucinol derivatives of Hagenia abyssinica. Phytochemistry
1973, 12, 2017-2025. [CrossRef]

Lounasmaa, M.; Widén, C.J.; Huhtikangas, A. Phloroglucinol derivatives of Hagenia abyssinica. II. The structure
determination of kosotoxin and protokosin. Acta Chem. Scand. B 1974, 28, 1200-1208. [CrossRef] [PubMed]
Lounasmaa, M.; Varenne, P. Dérivés phloroglucinoliques d” Hagenia abyssinica V1. Planta Med. 1978, 34,
153-159. [CrossRef]

Wolde, T.; Bizuayehu, B.; Hailemariam, T.; Tiruha, K. Phytochemical analysis and antimicrobial activity of
Hagenia abyssinica. Indian J. Pharm. Pharmacol. 2016, 3, 127-134. [CrossRef]

Gul, M.Z.; Ahmad, F; Kondapi, A.K.; Qureshi, I.A.; Ghazi, .A. Antioxidant and anti-proliferative activities
of Abrus precatorius leaf extracts-an in vitro study. BMC Complem. Altern. Med. 2013, 13, 53. [CrossRef]
Tuasha, N.; Petros, B.; Asfaw, Z. Medicinal plants used by traditional healers to treat malignancies and other
human ailments in Dalle District, Sidama Zone, Ethiopia. J. Ethnobiol. Ethnomed. 2018, 14, 15. [CrossRef]
Yonas, A.; Zeleke, M.; Ahmed, Z.; Moti, Y.; Abdissa, B.; Sultan, S. Anti-schistosomal activities of Echinops
kebericho Mesfin root and Hagenia abyssinica (Bruce) ].F Gmel flower part crude extracts in Swiss albino mice.
Asian Pac. ]. Trop. Med. 2018, 11, 26-31.

Xu, Y.B.; Chen, G.L.; Guo, M.Q. Antioxidant and anti-inflammatory activities of the crude extracts of Moringa
oleifera from Kenya and their correlations with flavonoids. Antioxidants 2019, 8, 296. [CrossRef] [PubMed]
Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef]
Benzi, L.LEF; Strain, ].J. The ferric reducing ability of plasma (FRAP) as ameasure of ‘antioxidant power”: The
FRAP assay. Anal. Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Kim, D.O.; Jeong, S.W.; Lee, C.Y. Antioxidant capacity of phenolic phytochemicals from various cultivars of
plums. Food Chem. 2003, 81, 321-326. [CrossRef]

Anjum, S.; Gani, A.; Ahmad, M.; Shah, A.; Masoodi, F.A.; Shah, Y.; Asir, G. Antioxidant and anti-proliferative
activity of walnut extract (Juglans regia L.) processed by different methods and identification of compounds
using GC/MS and LC/MS technique. . Food Process. Pres. 2016, 41, 1-9.

Zhu, M.Z; Wu, W,; Jiao, L.L.; Yang, PE.,; Guo, M.Q. Analysis of flavonoids in lotus (Nelumbo nucifera) leaves
and their antioxidant activity using macroporous resin chromatography coupled with LC-MS/MS and
antioxidant biochemical assays. Molecules 2015, 20, 10553-10565. [CrossRef]


http://dx.doi.org/10.3390/antiox8030075
http://www.ncbi.nlm.nih.gov/pubmed/30917545
http://dx.doi.org/10.1016/S0009-9120(99)00075-2
http://dx.doi.org/10.1089/ars.2007.1740
http://www.ncbi.nlm.nih.gov/pubmed/18154485
http://dx.doi.org/10.1002/ijc.22493
http://dx.doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/19478820
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/j.ccr.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16959615
http://dx.doi.org/10.1016/j.phymed.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20359874
http://dx.doi.org/10.1016/S0031-9422(00)91527-9
http://dx.doi.org/10.3891/acta.chem.scand.28b-1200
http://www.ncbi.nlm.nih.gov/pubmed/4462358
http://dx.doi.org/10.1055/s-0028-1097427
http://dx.doi.org/10.5958/2393-9087.2016.00028.5
http://dx.doi.org/10.1186/1472-6882-13-53
http://dx.doi.org/10.1186/s13002-018-0213-z
http://dx.doi.org/10.3390/antiox8080296
http://www.ncbi.nlm.nih.gov/pubmed/31404978
http://dx.doi.org/10.1016/S0891-5849(98)00315-3
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://dx.doi.org/10.1016/S0308-8146(02)00423-5
http://dx.doi.org/10.3390/molecules200610553

Antioxidants 2020, 9, 143 15 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Schumacker, P.T. Sirt3 controls cancer metabolic reprogramming by regulating ROS and HIF. Cancer Cell
2011, 19, 299-300. [CrossRef]

Li, EL; WU, X,; Liao, H.B.; Qiu, S.L.; Zhu, X.H.; Cui, L.; Wu, H. Dalbinol induces apoptosis of human colon
cancer cells through ROS/ DVL/GSK-33/3-catenin pathway. Chin. Pharm. Bull. 2016, 32, 1694-1698.
Othman, A.; Mukhtar, N.J.; Ismail, N.S.; Chang, S.K. Phenolics, flavonoids content and antioxidant activities
of 4 Malaysian herbal plants. Int. Food Res. ]. 2014, 21, 759-766.

Ma, Y.; Zhao, L.E; Lv, Z.Y,; Sun, L.; Wu, W.; Liu, S.Y. Analysis of flavonoids and polyphenols in mulberry
extracts by high-performance liquid chromatography quadrupole-qrbitrap mass spectrometry. J. Chin. Mass
Spectrom. Soc. 2017, 38, 46-51.

Yin, J.T,; Ma, Y.L,; Liang, C.; Gao, J.; Wang, H.R.; Zhang, L.T. A systematic study on the metabolites of
dietary acacetin in vivo and in vitro based on UHPLC-Q-TOF-MS/MS analysis. J. Agric. Food Chem. 2019, 67,
5530-5543. [CrossRef] [PubMed]

Marles, M.A.S.; Gruber, M.Y,; Scoles, G.J.; Muir, A.D. Pigmentation in the developing seed coat and seedling
leaves of Brassica carinatais controlled at the dihydroflavonol reductase locus. Phytochemistry 2003, 62, 663—672.
[CrossRef]

Chang, C.C.; Lee, S.S. Rapid identification of flavonoid glycosides in Pasania kawakamii and Cyclobalanopsis
morii via HPLC/MS and HPLC-SPE-NMR. Chem. Nat. Compd. 2012, 48, 689-692. [CrossRef]

Guyot, S.; Vercauteren, J.; Cheynier, V. Structural determination of colourless and yellow dimers resulting from
(+)-catechin coupling catalysed by grape polyphenoloxidase. Phytochemistry 1996, 42, 1279-1288. [CrossRef]
Song, X.F; Fan, B.L.; Zeng, X.L.; Li, T.T.; Shi, YM.; Zou, ].J.; Yang, J.; Chen, H.G. Simultaneous determination
of seven active polyphenols in different Osmanthus fragrans cultivars by HPLC-MS/MS. Chin. ]. Pharm. Anal.
2019, 39, 1811-1820.

Sun, J.P; Liang, F; Yan, B.; Ping, L.; Duan, C.Q. Screening Non-colored Phenolics in red wines using liquid
chromatography/ultraviolet and mass spectrometry/mass spectrometry libraries. Molecules 2007, 12, 679—-693.
[CrossRef]

Zhang, L.; Li, Y,;; Liang, Y; Liang, K.; Zhang, F; Xu, T.; Wang, M.; Song, H.; Liu, X; Lu, B. Determination
of phenolic acid profiles by HPLC-MS in vegetables commonly consumed in China. Food Chem. 2019, 276,
538-546. [CrossRef]

Zhu, H.; Ma, X,; Kong, ].Y.; Zhang, M.L.; Kenttimaa, H.I. Identification of carboxylate, phosphate, and
phenoxide functionalities in deprotonated molecules related to drug metabolites via ion-molecule reactions
with water and diethylhydroxyborane. J. Am. Soc. Mass Spectrom. 2017, 28, 2189-2200. [CrossRef]

Dao, PT.A.; Quan, T.L.; Mai, N.T.T. Antioxidant constituents from the stem of Tetrastigma erusbescense Planch.
(Vitaceae). Nat. Prod. Sci. 2014, 20, 22-28.

Li, CW.; Cui, C.B. One new and nine known flavonoids from choerospondias axillaries and their in vitro
antitumor, anti-hypoxia and antibacterial activities. Molecules 2014, 19, 21363-21377. [CrossRef] [PubMed]
Fan, M.X.; Chen, G.L.; Sun, B.Q.; Wu, J.L.; Guo, M.Q. Screening for natural inhibitors of human topoisomerases
from medicinal plants with bio-affinity ultrafiltration and LC-MS. Phytochem. Rev. 2019, 1-31. [CrossRef]
Singh, M.; Kaur, M.; Silakari, O. Flavones: An important scaffold for medicinal chemistry. Eur. ]. Med. Chem.
2014, 84, 206-239. [CrossRef] [PubMed]

Zhao, X.W.; Liu, PY,; Liu, D.; Sun, S.S.; Zhen, L.; YU, K.X.; Zhang, M.L.; Shi, Q.W. Research progress in
structure-activity relationship of flavonoids. Chin. Tradit. Herb. Drugs 2015, 46, 3264-3271.

Lopezlazaro, M. Flavonoids as anticancer agents: Structure-activity relationship study. Curr. Med. Chem.
2002, 2, 691.

Habtemariam, S. Flavonoids as inhibitors or enhancers of the cytotoxicity of tumor necrosis factor-« in L-929
tumor cells. J. Nat. Prod. 1997, 60, 775-778. [CrossRef]

Kurth, E.E; Chan, EL. Dihydroquercetin as an antioxidant. J. Am. Oil Chem. Soc. 1951, 28, 433-436. [CrossRef]
Coskun, O.; Kanter, M.; Korkmaz, A.; Oter, S. Quercetin, a flavonoid antioxidant, prevents and protects
streptozotocin-induced oxidative stress and (3-cell damage in rat pancreas. Pharm. Res. 2005, 51, 117-123.
[CrossRef]

Fadeev, R.S.; Kaptsov, V.V,; Uminsky, A.A.; Akatov, V.S. Cytotoxic effect of dihydroquercetin and its derivatives
in liposomal form and in the form of fat nanoscale emulsions. Biochem. Supp. 2011, 5, 45-50. [CrossRef]
Massi, A.; Bortolini, O.; Ragno, D.; Bernardi, T.; Sacchetti, G.; Tacchini, M.; De Risi, C. Research progress in
the modification of quercetin leading to anticancer agents. Molecules 2017, 22, 1270. [CrossRef]


http://dx.doi.org/10.1016/j.ccr.2011.03.001
http://dx.doi.org/10.1021/acs.jafc.9b00330
http://www.ncbi.nlm.nih.gov/pubmed/31025561
http://dx.doi.org/10.1016/S0031-9422(02)00488-0
http://dx.doi.org/10.1007/s10600-012-0352-8
http://dx.doi.org/10.1016/0031-9422(96)00127-6
http://dx.doi.org/10.3390/12030679
http://dx.doi.org/10.1016/j.foodchem.2018.10.074
http://dx.doi.org/10.1007/s13361-017-1713-0
http://dx.doi.org/10.3390/molecules191221363
http://www.ncbi.nlm.nih.gov/pubmed/25532836
http://dx.doi.org/10.1007/s11101-019-09635-x
http://dx.doi.org/10.1016/j.ejmech.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25019478
http://dx.doi.org/10.1021/np960581z
http://dx.doi.org/10.1007/BF02589681
http://dx.doi.org/10.1016/j.phrs.2004.06.002
http://dx.doi.org/10.1134/S1990747811010053
http://dx.doi.org/10.3390/molecules22081270

Antioxidants 2020, 9, 143 16 of 16

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Liang, L.; Gao, C.; Luo, M.; Wang, W.; Zhao, C.; Zu, Y,; Efferth, T.; Fu, Y. Dihydroquercetin (DHQ) induced
HO-1 and NQOT1 expression against oxidative stress through the NRF2-dependent antioxidant pathway.
J. Agric. Food Chem. 2013, 61, 2755-2761. [CrossRef] [PubMed]

Lee, S.; Lim, M.J.; Kim, M.H.; Yu, C.H.; Yun, Y.S.; Ahn, J.; Song, ].Y. An effective strategy for increasing the
radiosensitivity of human lung cancer cells by blocking nrf2-dependent antioxidant responses. Free Radic.
Biol. Med. 2012, 53, 807-816. [CrossRef] [PubMed]

Gulati, N.; Laudet, B.; Zohrabian, V.M.; Murali, R.; Jhanwaruniyal, M. The anti-proliferative effect of quercetin
in cancer cells is mediated via inhibition of the PI3K-AKT/PKB pathway. Anticancer Res. 2006, 26, 1177-1181.
[PubMed]

Hsu, Y.L.; Kuo, PL.; Lin, C.C. Acacetin inhibits the proliferation of HepG2 by blocking cell cycle progression
and inducing apoptosis. Biochem. Pharmacol. 2004, 67, 823-829. [CrossRef]

Vijai, K.A.; Hala, N.E.; Shabana, L.K,; Troy, J.S.; Ikhlas, A.K.; Larry, A.W. Antioxidant constituents of Nymphaea
caerulea flowers. Phytochemistry 2008, 69, 2061-2066.

Amado, N.G.; Cerqueira, D.M.; Menezes, ES.; Da, S.J.; Neto, V.M.; Abreu, ].G. Isoquercitrin isolated
from Hyptis fasciculata reduces glioblastoma cell proliferation and changes 3-catenin cellular localization.
Anticancer Drug 2009, 20, 543-552. [CrossRef]

Zhang, N; Du, L.L.; Wang, D.; Liu, X.Q. Research progress of phenolic acids in traditional Chinese medicine.
Mod. Chin. Med. 2006, 8, 25-28.

Zhang, Y.; Wu, X.Q.; Ding, X.L. Study on the relationship between the structure of flavonoids and the
scavenging efficacy of reactive oxygen species. Nat. Prod. Res. Dev. 1998, 10, 26-33.

Lépez-Posadas, R.; Ballester, I.; Abadia-Molina, A.C.; Suarez, M.D.; Zarzuelo, A.; Martinez-Augustin, O.;
de Medina, ES. Effectof flavonoids on rat splenocytes, a structure—activity relationship study. Biochem.
Pharmacol. 2008, 76, 495-506. [CrossRef]

Sun, J.; Huang, Y.; Sun, G.B.; Sun, X.B.; Qin, M.; Zhao, D. Study on in vitro antioxidant activity of flavonoids
contained in hebei balmy chrysanthemum and structure-activity relationship. China J. Chin. Mater. Med.
2012, 37, 1958.

Shen, K.H.; Hung, S.H.; Yin, L.T.; Huang, C.S.; Chao, C.H.; Liu, C.L.; Shih, Y.W. Acacetin, a flavonoid, inhibits
the invasion and migration of human prostate cancer du145 cells via inactivation of the p38 MAPK signaling
pathway. Mol. Cell. Biochem. 2010, 333, 279-291. [CrossRef] [PubMed]

Jeong, E.J.; Hwang, L.; Lee, M,; Lee, K.Y.; Ahn, M.].; Sung, S.H. Neur-oprotective biflavonoids of Chamaecyparis
obtusa leaves against glutamate-induced oxidative stress in HT22 hippocampal cells. Food Chem. Toxicol.
2014, 64, 397-402. [CrossRef] [PubMed]

Pradhan, D.; Panda, PK.; Tripathy, G.; Pattanayak, ].R.N. Anticancer activity of biflavonoids from lonicera
japonica and benincasa hispida on human cancer cell lines. J. Pharm. Res. 2009, 2, 983-985.

Han, J.; Weng, X.; Bi, K. Antioxidants from a Chinese medicinal herb-Lithospermum erythrorhizon. Food Chem.
2008, 106, 2-10. [CrossRef]

Balasundram, N.; Sundram, K.; Samman, S. Phenolic compounds in plants and AGRI-industrial by-products:
Antioxidant activity, occurrence, and potential uses. Food Chem. 2006, 99, 191-203. [CrossRef]

Chen, Y,; Xu, K.Z; Song, ].R.; Hang, J.; Nie, W. Theoretical study on antioxidant activity of five phenolic
acids. Food Sci. 2011, 32, 36-39.

Lin, H.H.; Chen, ].H.; Huang, C.C.; Wang, C.J. Apoptotic effect of 3,4-dihydroxybenzoic acid on human gastric
carcinoma cells involving JNK/p38 mapk signaling activation. Int. J. Cancer 2007, 120, 2306-2316. [CrossRef]
Xiao, X.N.; Xu, W.H.; Zuo, D,; Liao, X.; Ming, J. The syner gistic antioxidant effect and structure-activity
relationship of six flavonoids. Food Mach. 2017, 11, 7-10.

Riceevans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of flavonoids and
phenolic acids. Free Radic. Biol. Med. 1996, 20, 933-956. [CrossRef]

Gong, ].Y,; Huang, J.; Xiao, G.N.; Chen, F; Lee, B.; Ge, Q.; You, Y.; Liu, S. Antioxidant capacities of fractions
of bamboo shaving extract and their antioxidant components. Molecules 2016, 21, 996. [CrossRef]

® © 2020 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/).


http://dx.doi.org/10.1021/jf304768p
http://www.ncbi.nlm.nih.gov/pubmed/23419114
http://dx.doi.org/10.1016/j.freeradbiomed.2012.05.038
http://www.ncbi.nlm.nih.gov/pubmed/22684019
http://www.ncbi.nlm.nih.gov/pubmed/16619521
http://dx.doi.org/10.1016/j.bcp.2003.09.042
http://dx.doi.org/10.1097/CAD.0b013e32832d1149
http://dx.doi.org/10.1016/j.bcp.2008.06.001
http://dx.doi.org/10.1007/s11010-009-0229-8
http://www.ncbi.nlm.nih.gov/pubmed/19693651
http://dx.doi.org/10.1016/j.fct.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24315869
http://dx.doi.org/10.1016/j.foodchem.2007.01.031
http://dx.doi.org/10.1016/j.foodchem.2005.07.042
http://dx.doi.org/10.1002/ijc.22571
http://dx.doi.org/10.1016/0891-5849(95)02227-9
http://dx.doi.org/10.3390/molecules21080996
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials 
	Chemicals and Reagents 
	Extraction, Separation and Identification 
	In vitro Antioxidant Assays of H. abyssinica 
	2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical Scavenging Assay 
	ABTS+ Radical Cation Scavenging Activity Assay 
	Ferric-Ion Reducing Antioxidant Power (FRAP) Assay 

	Determinations of Total Phenolic Content (TPC) 
	Determinations of Total Flavonoid Content (TFC) 
	Anti-Proliferative Activity of H. abyssinica 
	Statistical Analysis 

	Results and Discussion 
	In Vitro Antioxidant Activity of H. abyssinica 
	Total Phenolic and Flavonoid Contents of H. abyssinica 
	Anti-Proliferative Activity of H. abyssinica 
	Potential Antioxidants and Anti-Proliferative Compounds 
	The Structural Features and the Antioxidant and Anti-Proliferative Activities of Potential Active Compounds 

	Conclusions 
	References

