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Abstract: Cyclocarya paliurus (Batal.) Iljinskaja is a plant with nutraceutical importance
since its leaves have been used historically as folk medicines for hundreds of years.
The content of 10 phenolic compounds was determined throughout the growing season by
high-performance liquid chromatography (HPLC) with UV detector, while the antioxidant activities
of C. paliurus leaf extracts were evaluated by 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS), and ferric reducing
antioxidant power (FRAP) methods. Seasonal variations in phenolic concentration and antioxidant
activity as well as linkage between the phenolic composition and antioxidant activity were assessed.
A significant seasonal variation of phenolic compounds was observed in the leaves and the highest
content appeared in May, July, and November. Seventy percent ethanol extract of C. paliurus
leaves possessed a good radical scavenging potency. Meanwhile, a significant correlation between
antioxidant activities and contents of phenolics was detected. Results of the relationship between
molecular structures and their antioxidant activities showed that both the number and configuration
of H-donating hydroxyl groups are the main structural features influencing the antioxidant capacity of
phenolics, while glycosylation may reduce the antioxidant capacity. The information provided by this
study not only revealed the accumulative dynamics of phenolic compounds, but also established a
basis for determining the optimal time for harvesting to improve the content of beneficial compounds
in the leaves of C. paliurus in the future.

Keywords: Cyclocarya paliurus; seasonal dynamic; phenolic acids; flavonoids; antioxidant activity;
structure-activity relationship

1. Introduction

Phenolic compounds are known to be food constituents of health-beneficial nature. As a large group
of plant secondary metabolites, they are present in most plants. So far, more than 8000 dietary phenolic
substances have been identified [1,2]. Phenolic compounds have shown diverse pharmaceutical
and health-promoting effects, including antibacterial, anticarcinogenic, antioxidant, antimutagenic,
anti-inflammatory, antiallergic, anti-obesity, and antidiabetic activities [3–5]. Among them, flavonoids
are the largest and predominant group with important health value. There is a lot of research
interest in the antioxidant activity of flavonoids and other plant phenolic compounds owing to their
tremendous potential in health promotion and disease prevention [6–9]. Antioxidant substances are
able to scavenge free radicals through a variety of mechanisms, thereby helping to protect biologically
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important cellular components, such as DNA, proteins, and membrane lipids, from free radical attacks
leading to cell damage, which has been linked to aging, inflammation, atherosclerosis, ischemic injury,
and cancer [7,10,11]. Consequently, phenolic compounds from plants, which were not only used
as functional food ingredients but also for other preparations of health-promoting products, have
become a hot topic for research and development [12]. As a kind of major secondary metabolites, the
biosynthesis and accumulation of phenolic compounds are not only dependent on intrinsic factors
and developmental stage, but they can be greatly influenced also by external factors such as light,
temperature, and wounding, as well as a cultivation technique and the soil permeability and its
depth [13–16].

Cyclocarya paliurus (Batal.) Iljinskaja, a member of Juglandaceae, is naturally scattered in the
highland areas in southern China. Traditionally, C. paliurus leaves have been used as a nutraceutical
tea for a long time in China due to its health promotion effects and special flavor and taste [17,18].
Moreover, the leaves of C. paliurus have been widely used for the treatment of obesity, hypertensive,
lipid peroxidation, and diabetes in Chinese folk medicine [12,19–21]. Additionally, their immunity
enhancement, anti-aging, anti-bacterial, and anti-cancer activities have also been reported [22–24].
It is believed that the physiologically active substances in C. paliurus leaves are responsible for its
therapeutic effects. Recently, 10 phenolic compounds have been isolated and identities from the 70%
ethanol extract of C. paliurus leaves by HPLC-Q-TOF-MS [25]. Previous phytochemical investigation
also reported the presence of some other bioactive nature compounds, such as triterpenoids, steroids,
alkaloids, and polysaccharides, from Cyclocarya species [26–28]. Due to its various benefits to health,
a huge production of C. paliurus leaves is required [29]. Thus, recently, attempts have been made to
develop plantations of C. paliurus as a functional food or an important raw material for pharmaceutical
industry [30]. The accumulation of physiologically active substances in C. paliurus are related to many
factors, but determination of the best harvesting time is one of most important silvicultural practices in
the plantation management.

Temporal variations are quite common for natural compounds. For example, the camptothecin
content in leaves of Camptotheca acuminata showed a reduction trend during the growth season [31],
while the contents of saponins, dencichine, flavonoid, and polysaccharide in root of Panax notoginseng
showed a seasonal variation [32]. The contents of vitamin C and flavonoids in lemon tree were
significantly affected by harvest times [33]. Apparently, temporal variations are related to the plant
species and can contribute to variations of the finished botanical products. Our previous studies also
showed the seasonal variations of water soluble polysaccharides, selected flavonoids, and microelement
contents in C. paliurus leaves [30,34,35]. However, little information about variation in quantities of
phenolic constituents in leaves of C. paliurus during the whole year is available. The objective of the
present study was to investigate temporal variation of phenolic acids and flavonoids contents as well
as their antioxidative effectiveness of C. paliurus leaves collected over the whole growth period and to
illustrate the structure–activity relationship of phenolic compounds in C. paliurus leaves. The results of
the present study may shed light on the accumulative dynamics of phenolic compounds in the leaves
of C. paliurus and provide a valuable reference for determining the appropriate harvesting time.

2. Materials and Methods

2.1. Plant Materials

Seeds of 10 C. paliurus families were collected from natural forests of Lushan, Jiangxi province
(29◦33′ N, 116◦30′ E) in late October 2006. The collected seeds were prepared according to the method
proposed by Fang et al. [17]. After stratification treatment, the germinated seeds were first sown in
plastic containers (5 cm in diameter and 15 cm in height) before being transplanted to the C. paliurus
germplasm nursery when the seedlings were about 6 cm in height. Following one year of growth
in the nursery, seedlings of the 10 families were transplanted to Nanjing Forestry University Base
(31◦66′ N, 119◦01′ E, 368 m about sea level), with an average annual temperature of 15.5 ◦C, average
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annual precipitation of 1037 mm, annual sunshine hour of 2146 h, and an annual frost-free period of
237 days. Briefly, the plantation was established with a planting spacing of 3 × 4 m in 2008 and each
family consisted of 10 to 30 seedlings.

2.2. Sample Collection

To investigate the accumulative dynamic of phenolic in the leaves of C. paliurus during the growing
period, approximately 200 g fresh fully developed leaves of the 10 families were sampled at 4 weeks
intervals from May to November (24 May, 21 June, 19 July, 16 August, 13 September, 11 October,
and 9 November in 2017). For each family, samples were randomly collected from 3 individual trees
with similar canopy, which were mixed to form a pool representing the family.

2.3. Chemical Reagents and Reference

Acetonitrile was of HPLC grade from Tedia (Fairfied, OH, USA); Water was deionized
using a Milli-Q water purification system (Millipore, Millford, MA, USA); formic acid was
purchased from Aladdin Co., Ltd. (Shanghai, China), and other reagents were all of analytical
reagent grade. The following standards were used for quantification of phenolic compounds
including 3-O-caffeoylquinic acid (3-CQA), 4-O-caffeoylquinic acid (4-CQA), 4,5-di-O-caffeoylquinic
acid (4,5-CQA), quercetin-3-O-glucuronide (Q-3-Glu), quercetin-3-O-galactoside (Q-3-Gal),
quercetin-3-O-glucoside (Q-3-Glc) quercetin-3-O-rhamnoside (Q-3-Rha), kaempferol-3-O-glucuronide
(K-3-Glu), kaempferol-3-O-glucoside (K-3-Glc), kaempferol-3-O-rhamnoside (K-3-Rha), quercetin
(Quer), and kaempferol (Kaempf), which were purchased from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China) with purities of over 98%. 1,1-diphenyl-2-picrylhydrazyl (DPPH) was obtained
from Sigma-Aldrich (St. Louis, MO, USA), while the ferric reducing antioxidant power (FRAP) assay
kit and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS)
assay kit were purchased from the Beyotime Institute of Biotechnology (Nantong, China).

All solvents and samples were filtered through 0.22 µm filter before injecting into HPLC.

2.4. Sample and Standard Solutions Preparation

All samples were oven-dried to constant weight at 60 ◦C. Subsequently, the dried leaves were
ground to a fine powder with a tissue grinder. Then the powder samples were stored at room
temperature prior to analysis. Approximately 1 g of leaf powder sample was extracted with 100 mL
of petroleum ether in a soxhlet extractor and refluxed for 4 h in a water bath at 80 ◦C to remove the
fat soluble impurities such as pigment contained in the sample. The extract was discarded, while the
residues were retained and dried at the room temperature. Phenolic compounds in the residue were
extracted using an ultrasonic-assisted method [25]. Briefly, 15 mL of 70% ethanol was added to each
sample and the samples were sonicated in an ultrasonic cleaner (ultrasonic instruments, Kunshan,
China) at 70 ◦C for 45 min and then centrifuged for 10 min in a high-speed centrifuge (10,000 rpm).

Standard solutions were prepared by weighing the 10 reference compounds accurately and
dissolving them in methanol. Then the stock solutions of the 10 reference compounds were further
diluted to appropriate concentrations for establishment of calibration curves. The external standard
calibrations were constructed at six data points covering the concentration range of each compound
according to the levels of these compounds reported by our previous survey for this species. The
calibration regression was plotted after linear regression of the peak areas versus concentrations. All
the solutions were stored in a refrigerator at 4 ◦C and brought to room temperature before use, and
all solvents were filtered with a 0.22 um organic phase filter into an HPLC vial and subjected to
HPLC analysis.

2.5. HPLC Determination of Phenolic Compounds

The quantification of the individual phenolic compounds of C. paliurus was performed on a Waters
e2695 Alliance High Performance Liquid Chromatography (HPLC) system (Waters Crop., Milford, MA,
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USA), consisting of a Waters 2695 separation unit (a quaternary pump solvent management system, an
autosampler, an online degasser, a column heater and a gasket cleaning system), an ultraviolet detector
(Waters 2489) and an Empower 3 data processing system. The quantification of the individual phenolic
compounds was achieved on a reversed-phase X-Bridge C18 column (250 × 4.6 mm internal diameter,
5 µm particle size) with flow rate of 1.0 mL/min and the column was operated at 45 ◦C. The detection
wavelength was kept at 360 nm and the injection volume was 10.0 µL.

The mobile phases were (A) acetonitrile with 0.01% formic acid and (B) water with 0.01% formic
acid. For the analysis of phenolic compounds, a gradient elution protocol as follows was used:
8%–19% A at 0–13 min, 19%–21% A at 13–28 min, 21%–50% A at 28–40 min, and re-equilibration
over 10 min to the initial composition. Contents of individual phenolics were quantified from their
external standards. The representative chromatograms of a sample of C. paliurus and mixed standards
of phenolic compounds are presented in Figure 1.
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Figure 1. The representative HPLC chromatograms of C. paliurus leaf extract (top) and a mixed standards
(bottom). 1. 3-O-caffeoylquinic acid; 2. 4-O-caffeoylquinic acid; 3. quercetin-3-O-glucuronide;
4. quercetin-3-O-galactoside; 5. quercetin-3-O-glucoside; 6. kaempferol-3-O-glucuronide; 7.
kaempferol-3-O-glucoside; 8. quercetin-3-O-rhamnoside; 9. 4,5-di-O-caffeoylquinic acid; 10.
kaempferol-3-O-rhamnoside.

2.6. Measurement of Antioxidant Activities

Leaves collected from family 4# monthly were used as a representative sample to determine the
seasonal variation of antioxidant activity of C. paliurus leaf extracts. Additionally, in order to assess to
what extent these detected phenolics contribute to the antioxidative effectiveness of the leaf extracts;
antioxidant activities were performed on each individual phenolic compound. For this purpose, pure
standard molecules were used. For antioxidant activity assay, all determinations were carried out
in triplicate.

2.6.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging capacities of C. paliurus leaf extracts and phenolic individuals were
determined by using a colorimetric method according to a previous study with slight modification [24].
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Briefly, 100µL of the extracts 70% ethanol solution and phenolic individuals with gradient concentrations
were mixed with ethanol (1.4 mL), respectively. Then all the mixtures were added to 0.004% DPPH (1 mL,
Sigma-Aldrich) in ethanol. The mixtures were shaken vigorously and left to stand in the dark at room
temperature for 30 min, and then the reduction of DPPH radical was evaluated spectrophotometrically
by monitoring the decrease in absorbance at 517 nm against a blank of pure ethanol. The DPPH
radical scavenging activities of each sample were calculated as the percent inhibition according to
the following equation: DPPH radical scavenging (%) = ((A0 − A1)/A0) × 100, where A0 was the
absorbance of the DPPH solution without the sample and A1 was the absorbance of the tested samples.

Finally, the data obtained from above experiments were used to establish calibration curves and
to calculate the IC50 values (µg/mL), which were defined as the concentration of the test material
producing 50% reduction of the DPPH free radical. IC50 was used as an index to compare the
antioxidant activity of individuals.

2.6.2. Ferric Reducing Antioxidant Power (FRAP)

The assay was performed according to the instruction by Beyotime Institute of Biotechnology. Stock
solutions included detective buffer, TPTZ (2,4,6-tripyridyl-s-triazine) solution, TPTZ dilution, 0.5 mL
10 mM FeSO4 solution and 0.1 mL 10 mM Trolox solution. A working solution was prepared freshly
by mixing TPTZ dilution, detective buffer, and TPTZ solution in a ratio of 10:1:1 (v/v), respectively.
The working solution was warmed to 37 ◦C before use. A sample (5 µL) was mixed with 180 µL
of FRAP working solution and kept for 5 min at 37 ◦C. The absorbance of the reaction mixture was
then monitored at 593 nm. Trolox, a water-soluble analogue of vitamin E, was used as the reference
compound to prepare a calibration curve for a concentration range of 0.15–1.5 mM. Results were
expressed as trolox equivalent antioxidant capacity (TEAC), which was defined as the mmol of
trolox whose antioxidant activity is equivalent to the activity of 1 g of extracts. Higher TEAC values
demonstrate higher antioxidant activity.

2.6.3. ABTS Radical Cation Scavenging Activity

The total antioxidant capacity of each sample was determined by a total antioxidant capacity
assay kit with the ABTS method (Beyotime Institute of Biotechnology, Shanghai, China). ABTS assay is
based on the inhibition by antioxidants of the absorbance of ABTS+ and this inhibition depends on the
antioxidant capacity of the tested sample. The stock solutions included ABTS solution and oxidant
solution. The working solution was prepared by mixing the two stock solutions at a ratio of 1:1 (v/v),
and the mixture was incubated in the dark at room temperature for 12 to 16 h before use. The resulting
ABTS+ solution was then diluted with 80% ethanol to obtain an absorbance value of 0.70 ± 0.05 at
734 nm. A fresh ABTS+ solution was prepared for each assay. Plant extracts or phenolic individuals
(10 µL) were mixed with 200 µL of the diluted ABTS+ solution for 6 min in the dark at room temperature.
Then the absorbance of the mixture was recorded at 734 nm. The ABTS radical scavenging activity of
the sample was calculated as follows: ABTS radical scavenging (%) = ((A0 − A1)/A0) × 100, where A0

is the absorbance of the control (ABTS solution without test sample) and A1 is the absorbance in the
presence of the test sample. Trolox was used as the reference compound to prepare a calibration curve
for a concentration range of 0.15 to 1.5 mM. Results were expressed as trolox equivalent antioxidant
capacity (TEAC), too. Higher TEAC values demonstrate higher antioxidant activity.

2.7. Data Analysis

Data are expressed as the mean ± standard deviation (SD) of samples of the ten families. All
statistical was performed using the SPSS 19.0 statistical software program (SPSS Inc., Chicago, IL, USA).
A one-way analysis of variance (ANOVA) was conducted to compare the contents of phenolics in C.
paliurus leaves collected monthly, followed by Duncan’s multiple-range test. Different superscripts
within columns represent significant differences at p < 0.05. Pearson correlation coefficient was used to
reflect relationship between contents of phenolics and antioxidant activities.
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Contents of total phenolic acids (TPA), total quercetin glycoside (TQ), total kaempferol glycosides
(TK), and total flavonoids (TF) were calculated as the sums of their corresponding individuals.

3. Results

3.1. Seasonal Variation of Phenolic Acids Contents

The seasonal fluctuation patterns of phenolic acids content were almost synchronous among the
10 families we investigated. Therefore, the seasonal dynamics of leaf phenolic acids contents in C.
paliurus are presented as the means of ten families and are given in Figure 2. The results revealed that
the accumulation of phenolic acids in leaves of C. paliurus was significantly affected by the sampling
time. 3-O-caffeoylquinic acid (3-CQA) was always the major phenolic acid during the whole growth
period, and the content of 4-O-caffeoylquinic acid (4-CQA) was always higher than the content of
4,5-di-O-caffeoylquinic acid (4,5-CQA), except that of November.
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Figure 2. Seasonal variation of phenolic acids in leaves of C. paliurus (mean ± SD). 3-CQA, 4-CQA,
4,5-CQA, and TPA represent 3-O-caffeoylquinic acid, 4-O-caffeoylquinic acid, 4,5-di-O-caffeoylquinic
acid, and total phenolic aids, respectively. Different letters in this figure indicate significant differences
between the sampling times for the same category according to Duncan’s test (p < 0.05). Each value
presented is the mean of the 10 sampled families.

The 3-CQA contents showed a clear seasonal variation, ranging from 0.24 to 2.22 mg/g. The
highest content of 3-CQA was measured in November, followed by July, while the lowest one was
monitored in June and September. 4-CQA exhibited generally similar seasonal variation patterns as
that of 3-CQA. The highest content of 4-CQA was found in May, up to 0.54 mg/g, followed by July and
November, while the lowest one was measured in June, which was less than 0.10 mg/g. Among the
three tested phenolic acids, 4,5-CQA levels varied most noticeably, approximately 64-fold. The highest
content of 4,5-CQA was recorded in November, reaching 0.57 mg/g, whereas the lowest one was
detected in June with 0.009 mg/g. The contents of 4,5-CQA in May and July were in the moderate level.
Moreover, the total phenolic acid (TPA) content was calculated by summing the individual phenolic
acid compounds based on HPLC determination of individuals. TPA also changed considerably during
the year. The highest content of TPA was found in May and November, more than 3.10 mg/g, followed
by July, while the lowest one was measured in June, less than 0.35 mg/g.
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3.2. Seasonal Variation of Flavonoids Content

In general, flavonoids are present as glycosides in plants, usually conjugated with glucose. In our
experiment, seven individual flavonoid compounds, namely quercetin-3-O-glucuronide (Q-3-Glu),
quercetin-3-O-galactoside (Q-3-Gal), quercetin-3-O-glucoside (Q-3-Glc), quercetin-3-O-rhamnoside
(Q-3-Rha), kaempferol-3-O-glucuronide (K-3-Glu), kaempferol-3-O-glucoside (K-3-Glc), and
kaempferol-3-O-rhamnoside (K-3-Rha), were detected in C. paliurus leaves. The seasonal variation
patterns of the investigated flavonoids were almost synchronous among the 10 sampled families. Thus,
the seasonal fluctuations of leaf flavonoids content are shown in Figure 3 based on the means of the
10 families. The results of ANOVA indicated that the contents of flavonoids in C. paliurus leaves were
statistically significantly influenced by seasonal progression. Q-3-Glu was considered as the major
flavonoid compound and the crucial component in C. paliurus leaves, ranging from 1.61 (June) to
4.36 (July) mg/g. However, the seasonal variation of the other three quercetin glycosides in C. paliurus
leaves was found to a slight difference (Figure 3). The contents of Q-3-Gal, Q-3-Glc and Q-3-Rha were
at a low level until the last sampling time. Their highest contents were all achieved in November, and
the lowest in June. Among the three quercetin glycosides, content of Q-3-Glc varied to a relatively
large extent during the year, and its content in November was 83-fold larger compared to the content
in June. For kaempferol glycosides, the contents of K-3-Glu and K-3-Rha were notably higher than that
of K-3-Glc. The contents of K-3-Glu and K-3-Rha were at a high level in July, August and November.
Compared to K-3-Glu and K-3-Rha contents, the content of K-3-Glc showed a relatively large extent
variation throughout the growing period, ranging from 0.05 (June) to 0.5 (November) mg/g.

The total content of the four quercetin glycosides determined in this study was defined as TQ.
Similarly, TK was defined as the total content of the three kaempferol glycosides investigated. Therefore,
the total content of all the flavonoid individuals measured in this study was defined as TF. As shown
in Figure 3C, contents of TQ, TK, and TF in November were the highest, and the lowest contents were
detected in June and September. Interestingly, the content of TQ was always higher than TK during
the seasonal progression except for June, and the difference was statistically significant in May, July,
August, and November.

3.3. Seasonal Variation of Antioxidant Activities

Significant seasonal fluctuations of antioxidant activities were observed in C. paliurus leaf extracts
(Figure 4). Samples collected in May, July, August, and November showed good performance in the
three antioxidant activities assays (DPPH, FRAP, and ABTS). Generally, these three assays showed
consistent results with the seasonal variations of phenolic acids and flavonoids, as shown in Figures 2
and 3. The higher antioxidant activities of the samples collected in May, July, August, and November
might be attributed to higher phenolic contents at those periods.
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Figure 3. Seasonal variation of quercetin glycosides (A), kaempferol glycosides (B) and total
flavonoids (C) in leaves of C. paliurus (mean ± SD). Q-3-Glu, Q-3-Gal, Q-3-Glc, Q-3-Rha, K-3-Glu,
K-3-Glc, K-3-Rha, TK, TQ, and TF represent quercetin-3-O-glucuronide, quercetin-3-O-galactoside,
quercetin-3-O-glucoside, quercetin-3-O-rhamnoside, kaempferol-3-O-glucuronide, kaempferol-3-O-
glucoside, kaempferol-3-O-rhamnoside, total quercetin glycosides, total kaempferol glycosides, and
total flavonoids, respectively. Different letters in this figure indicate significant differences between the
sampling times for the same category according to Duncan’s test (p < 0.05). Each value presented is the
mean of 10 families. * and ** indicate variation between total content of quercetin glycosides and total
content of kaempferol glycosides in the same month is significant at the 0.05 and 0.01 level, respectively.



Forests 2019, 10, 624 9 of 17

Forests 2019, 10, x FOR PEER REVIEW 9 of 17 

 

3.3. Seasonal Variation of Antioxidant Activities 

Significant seasonal fluctuations of antioxidant activities were observed in C. paliurus leaf 
extracts (Figure 4). Samples collected in May, July, August, and November showed good 
performance in the three antioxidant activities assays (DPPH, FRAP, and ABTS). Generally, these 
three assays showed consistent results with the seasonal variations of phenolic acids and flavonoids, 
as shown in Figures 2 and 3. The higher antioxidant activities of the samples collected in May, July, 
August, and November might be attributed to higher phenolic contents at those periods. 

 

Figure 4. Seasonal variation of antioxidant activities of C. paliurus leaf extracts (mean ± SD). Different 
letters in this figure indicate significant differences between the sampling times for the same category 
according to Duncan’s test (p < 0.05). Each value presented is the mean of triplicate of family of 4#. 

DPPH

 Sampling times (month)
May Jun Jul Aug Sept Oct Nov

D
PP

H
 sc

av
en

gi
ng

 ac
tiv

ity
 (%

)

0

20

40

60

80

100

FRAP

Sampling times (month)
May Jun Jul Aug Sept Oct Nov

A
bs

or
ba

nc
e a

t 5
93

 n
m

0

1

2

3

4

5

ABTS

 Sampling times (month)
May Jun Jul Aug Sept Oct Nov

A
BT

S 
sc

av
eg

in
g 

ac
tiv

ity
 (%

)

0

20

40

60

80

100

a

b

a a

b
b

a

a

a a

c

b

c c

a

b

a a

b b

a

Figure 4. Seasonal variation of antioxidant activities of C. paliurus leaf extracts (mean ± SD). Different
letters in this figure indicate significant differences between the sampling times for the same category
according to Duncan’s test (p < 0.05). Each value presented is the mean of triplicate of family of 4#.

3.4. Correlation between Contents of Phenolic Compounds and Antioxidant Activity

In order to determine the possible association between phenolic contents and antioxidant capacities
of the leaf extracts, Pearson’s correlation analysis was conducted based on the results of phenolic
contents and antioxidant activities we investigated at seven sampling times (Table 1 and Supplementary
Materials Table S1). Strong correlations between antioxidant activities and contents of phenolic acids as
well as flavonoids were observed in DPPH, FRAP, and ABTS assays. Moreover, Pearson’s correlation
coefficients between antioxidant activities and total phenolic acid contents or total quercetin glycosides
contents were higher than that between antioxidant activities and total kaempferol glycosides, indicating
that the contribution of quercetin glycosides and phenolic acids to antioxidant activity was greater
than that of kaempferol glycosides.
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Table 1. Pearson correlation coefficients between phenolic contents in C. paliurus leaves and antioxidant
activities of C. paliurus leaf extracts (n = 21).

Compounds DPPH FRAP ABTS

Total phenolic aids 0.71 * 0.80 * 0.85 **
Total quercetin glycosides 0.73 * 0.86 ** 0.91 **

Total kaempferol glycosides 0.6 0.76 * 0.74 *
Total flavonoids 0.7 0.85 ** 0.90 **

* and ** indicate correlation is significant at the 0.05 and 0.01 level, respectively. DPPH: 1,1-diphenyl-2-picrylhydrazyl.
ABTS: 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation. FRAP: ferric reducing
antioxidant power.

3.5. Effects of Individual Phenolic Compounds on Antioxidant Capacity

In order to evaluate to what extent these identified phenolic substances contribute to the
antioxidative effectiveness of C. paliurus extracts, antioxidant capacity assays were performed on
each individual phenolic compound by DPPH, ABTS, and FRAP methods (Table 2). It was observed
that quercetin exerted the strongest antioxidant activity in DPPH radical scavenging assay with the
lowest IC50 value of 0.008 mg/mL, followed by quercetin glycosides. Kaempferol and three phenolic
acids also showed good DPPH radical scavenging capacity, while a striking difference between DPPH
assay results of kaempferol and kaempferol-glycosides was observed, and kaempferol-glycosides
were practically invisible to DPPH. Consistent results were observed in the FRAP and ABTS assays.
These results indicated that quercetin and its glycosides as well as phenolic acids might be the main
contributors to the antioxidant capacity for C. paliurus extracts.

Table 2. The antioxidant performances of different phenolic compounds in C. paliurus leaves.

Compounds DPPH
(IC50 mg/mL)

FRAP
(mmol TEAC/g)

ABTS
(mmol TEAC/g)

3-O-caffeoylquinic acid 0.24 ± 0.003 3.51 ± 0.02 4.58 ± 0.03
4-O-caffeoylquinic acid 0.17 ± 0.001 3.38 ± 0.06 4.91 ± 0.07

4,5-di-O-caffeoylquinic acid 0.24 ± 0.002 4.70 ± 0.04 5.13 ± 0.03
Quercetin-3-O-glucuronide 0. 12 ± 0.000 3.77 ± 0.02 4.44 ± 0.04
Quercetin-3-O-galactoside 0.13 ± 0.002 3.33 ± 0.01 4.41 ± 0.01
Quercetin-3-O-glucoside 0.13 ± 0.002 2.80 ± 0.03 4.27 ± 0.06

Quercetin-3-O-rhamnoside 0.13 ± 0.000 2.65 ± 0.02 4.39 ± 0.06
Kaempferol-3-O-glucuronide inactive 0.22 ± 0.00 0.55 ± 0.01
Kaempferol-3-O-glucoside inactive 0.30 ± 0.0 0.57 ± 0.00

Kaempferol-3-O-rhamnoside inactive 0.30 ± 0.03 0.68 ± 0.04
Quercetin 0.008 ± 0.000 11.25 ± 0.24 6.37 ± 0.21

Kaempferol 0. 26 ± 0.002 3.36 ± 0.05 3.67 ± 0.09

4. Discussion

4.1. Effects of Environment and Development Phase on Leaf Phenolic Accumulation

Phenolic compounds distribute ubiquitously in the plants kingdom [1,2,36,37]. Many studies
have reported phenolic compounds possess various biological activities [3–5,23,24]. For the plant itself,
one of the well-known and important functions of phenolic compounds is their role in plant defense
mechanisms [14,38,39]. As in the case of other plant secondary metabolites, the biosynthesis and
accumulation of phenolic compounds can be greatly influenced by many endogenous and exogenous
factors. The intrinsic factors contain genotype and physiological condition [15,30,33]. The exogenous
factors reflect the biotic and abiotic environmental stimuli that occur during the plant growing period,
including feeding of phytophagous insects or herbivorous animals, the availability of light and water,
soil composition, temperature, and interaction with pathogens and parasites [13–16,39,40]. In our
study, the phenolic profiles were similar in terms of chemical composition throughout the growing
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season in C. paliurus leaves, but they were significantly different in terms of quantity. All families we
investigated presented higher values of phenolic substances in May and July. The temporal variation
pattern in phenolic compounds presented here is partly in tune with the results of Amaral et al., who
attributed the increase in phenolics in walnut in July to the higher solar radiation level [15]. In our
previous study, the accumulation of selected flavonoids in C. paliurus was found to be stimulated under
higher radiation [41]. Tsormpatsisidis et al. (2008) found the contents of total flavonoids in Lollo Rosso
lettuce “Revolution” in June was lower compared to that of July, due to the higher radiation levels
in July [42]. Phenolics are responsible for protecting the plants from damage caused by radiation, in
particular UV-B. Accordingly, exposure to global radiation stimulated the synthesis and accumulation
of these shielding compounds, such as flavonoids, especially in the epidermis of fully developed
leaves [43]. It is reported that Ligustrum vulgare leaves grown under full sunlight exposure contained
three-fold more polyphenols than those from the shade side of a bush [44]. Wang et al. also found that
the contents of anthocyanin and flavanol in Vaccinium uliginosum berries show a growing trend with
increase in altitude [45]. In leaves of bilberry (Vaccinium myrtillus) exposed to sunlight, an increasing
expression of genes encoding phenylalanine ammonium lyase, chalcone synthase, and flavanone
3-β-hydroxylase was found, owing to higher level of reactive oxygen species (ROS) [46].

Reyes et al. reported that the phenolic content of potato tubers can be affected both by longer
days and cooler temperature [47]. An enhancement of the total flavonoids in winter wheat was also
determined at lower temperatures during cultivation [48], as we found for flavonoids in C. paliurus
leaves gathered in November. Lower temperatures are related to higher concentrations of flavonoids
due to the higher level of ROS [48]. Flavonoids act directly as antioxidants, as they are strong scavengers
of ROS. It’s reported the mRNAs of phenylalanine ammonia lyase and chalcone synthase are enhanced
or accumulated in maize seedlings and Arabidopsis thaliana at lower temperatures [49,50]. Herein, it
could be concluded that cooler climate might promote the formation of flavonoids in the leaves of
C. paliurus.

It is well known that plants produce ROS during normal metabolism and under various
environmental stress conditions. Additionally, with ongoing plant development an increasing ROS is
accompanied by physiological aging [51]. There is increasing evidence that phenolic compounds may
act as antioxidants under certain physiological conditions and, thereby, protect plants against oxidative
stress [52]. Camptothecin contents in Camptotheca acuminata leaves exhibited a decreasing trend as
leaves age as well as seasonal progression [53]. Both concentration and composition of secondary
metabolites are usually different during tree ontogeny, and can interfere with the quality of medicinal
plants [30]. In our study, the higher phenolics content in early November infers that increased phenolic
accumulation is likely in senescent leaves of C. paliurus.

Previous studies have demonstrated that primary and secondary metabolisms share the common
precursors and intermediates, which results in competition for common substrates in the processes
of phenolic biosynthesis and growth [54–56]. Ma et al. found the quercetin contents decreased
significantly in the leaves of both Apocynum venetum and Poacynum hendersonii after flowering, because
a considerable amount of photosynthates flows into reproductive organs when plants come into
reproductive growth [57]. Amaral et al. also indicated the association between the decline of phenolic
content in the walnut leaves in June and the rapid development of the fruits at the time, because most
of the nutrients and photosynthetic products are employed in fruit growth [40]. In C. paliurus, reduced
accumulation of phenolics in June implies that higher quantities of photoassimilates are allocated for
vegetative growth and reproductive growth. Taken the growth of C. paliurus into consideration, the
collection of C. paliurus leaves should be performed in early November when the weather began to
turn cold.

The contents of Q-3-Glu, Q-3-Glc, Q-3-Rha, K-3-Glu, K-3-Glc, and K-3-Rha have already been
described in C. paliurus leaves, but no information is published about their ratios. In the current study,
we investigated seasonal changes of ratios of Q-3-Glu/K-3-Glu, Q-3-Glc/K-3-Glc, and Q-3-Rha/K-3-Rha.
As shown in Figure 5, the ratios of Q-3-Glu/K-3-Glu, Q-3-Glc/K-3-Glc, and Q-3-Rha/K-3-Rha ranged
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from 1.43 to 2.46, 0.22 to 3.34, 0.15 and 0.40, respectively, demonstrating a wider range of seasonal
variation with exception of Q-3-Rha/K-3-Rha. These results revealed that the flavonoid composition
ratios in C. paliurus leaves were markedly affected by environmental factors, even if the detailed
mechanisms affecting this are not very clear. The value of Q-3-Glu/K-3-Glu was always more than
1.0 during the whole growing season, indicating that Q-3-Glu became the predominant flavonoid
accompanied with changed environment. It is reported that a more pronounced increase of quercetin
glycosides than that of kaempferol glycosides was induced by ultraviolet light [58]. Schmidt et al.
also found the responding of quercetin and kaempferol to radiation was different, and quercetin may
be more sensitive to the variation of environmental factors, as shown in the present studies, but the
detailed mechanisms are not very clear [59].
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Figure 5. Seasonal variation in ratios of quercetin glycosides to kaempferol glycosides for the leaves of
C. paliurus. The meaning of Q-3-Glu, Q-3-Glc, Q-3-Rha, K-3-Glu, K-3-Glc, K-3-Rha, TQ, and TK is the
same as Figure 3. Each value presented is the mean of 10 families.

4.2. Relationship between Phenolic Composition and Antioxidant Capacity

As an ingredient of dietary or traditional medicine, both flavonoids and phenolic acids possess
high antioxidant capacities and hence protect humans against free radical-induced diseases [59,60]. In
C. paliurus, flavonoids are generally present as quercetin glycosides and kaempferol glycosides, while
the aglycones of quercetin and kaempferol are found in quantitatively non-detectable traces [25]. Our
results found the antioxidant activity of flavonoids glycosides was dramatically reduced compared to
its aglycone (Table 2). Furthermore, a positive correlation between antioxidant activity and contents of
phenolic acids as well as flavonoids was observed in DPPH, FRAP, and ABTS assays (Table 1). Our
result was in accordance with the recent publications, which suggested the higher the phenolic content,
the stronger the antioxidant activity [61,62]. Therefore, the C. paliurus leaves with the high content of
phenolic compounds showed a great potential as a natural source of antioxidant for health promotion.

The different antioxidant capacity presented by phenolic compounds is closely related to their
chemical structures in regard to the number and location of phenolic hydroxyl groups [63]. The
flavonoids are a series of compounds consisting of a backbone with two benzene rings linked by a pyran
chain (C6-C3-C6) (Figure 6). It is well-known that hydroxyl substitution is essential for the antioxidant
activity of a flavonoid [64]. Generally, compounds with more hydroxyl substitutions on the B ring
might show stronger antioxidant activity [65]. Accordingly, quercetin with a 3′,4′-catechol substitution
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in the B ring revealed more effective radical scavenging capacity than kaempferol that has a single
4′-hydroxy in the B ring (Table 2). However, flavonoids are generally present as glycosides in plants,
whereas glycosylated flavonoids were found have lower antioxidant capacity than their corresponding
aglycones, which was conformable to our result [64,66]. In addition, there were likely synergistic
interactions among the phenolics in C. paliurus leaves that contribute to its excellent antioxidant
capacity, but further research is needed to illuminate the synergistic effects of phenolics in C. paliurus
leaf extracts.
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5. Conclusions

In conclusion, our results clearly demonstrated that there existed higher content of phenolics
in leaves of C. paliurus, and relatively higher antioxidant activities were observed in C. paliurus leaf
extract. Both phenolic concentrations and antioxidant activities in the C. paliurus extracts showed
a significant seasonal variation, and variation patterns were similar. The contents of phenolic
compounds in C. paliurus leaf extract were strongly correlated with antioxidant activities, indicating
that extracts with higher phenolic contents had higher antioxidant activities. Moreover, the antioxidant
capacity of phenolics is dependent upon the arrangement of functional group on the nuclear structure.
Overall, harvest season significantly impacts the contents of phenolics in the leaves of C. paliurus, and
consequently affects the antioxidant activity. Based on the results, we suggest early November is the
optimal time to harvest C. paliurus leaves. As a potential source of natural antioxidants, C. paliurus
could be very useful supplements for pharmaceutical products and functional food ingredients in both
nutraceutical and food industries.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/8/624/s1,
Table S1: Pearson correlation coefficients between contents of individual phenolics in C. paliurus leaves and
antioxidant activities of C. paliurus leaf extracts (n = 21).
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