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Abstract: Epigallocatechin gallate (EGCG) and kaempferol exhibit cellular antioxidant activity; how-
ever, their interactive effects in terms of antioxidant actions and underlying mechanisms remain un-
clear. In this study, their cytoprotective effects were examined against 2,2-azobis (2-amidinopropane)
dihydrochloride solution (ABAP)-induced oxidative stress in HepG2 cells. The results showed
that the median effective dose (ECs) of the EGCG and kaempferol (6:1.5, c/c) combination was
3.4 £ 0.1 ug/mlL, with a combination index (Clayg) value of 0.54, which represented a significant
synergistic effect. Further experiments proved that the combined pretreatment with EGCG and
kaempferol exerted protective effects by suppressing reactive oxygen species (ROS) generation,
upregulating cellular antioxidant enzyme activities (superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GSH-Px)) in a dose-dependent manner. The mechanism of synergistic
antioxidant effects of EGCG combined with kaempferol may be due to the up-regulation of higher
antioxidant enzyme activities that improve the antioxidant capacities and balance the cell oxidative
stress. The synergistic antioxidant effect of EGCG and kaempferol can provide a theoretical basis for
the development of formulas of functional food ingredients.
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1. Introduction

Reactive oxygen species (ROS) act as signal molecules in the metabolic oxidation/
antioxidant balance of the body. However, when an imbalance occurs between the gen-
eration and scavenging of ROS, the excessive production of ROS causes oxidative stress,
leading to damage to biomolecules such as DNA, lipids, and proteins. ROS play an impor-
tant role in the diseases in humans, such as cancer, coronary heart diseases, and aging [1-3].
To avoid oxidative damage, the body can produce endogenous antioxidants and enzymes,
such as phenolics, flavonoids, and carotenoids, to catalyze the metabolism of ROS and
eliminate ROS by exogenous antioxidants. Recently, many studies have reported extensive
biological activities of flavonoids and their effects on the prevention and treatment of vari-
ous diseases [4-6]. Dietary flavonoids can increase the antioxidant capacity and scavenge
ROS, leading to restoration of redox homeostasis [7-9]. Numerous studies have begun to
focus on the food system with various co-existing flavonoids owing to health benefits of
the combined effects [10-12]. Therefore, various studies with different models have been
applied to explore the mechanisms of flavonoids combinations [13-16]. This study is based
on this phenomenon, focusing on the synergistic effects of key flavonoids.

Flavonoids are some of the most abundant phenolic compounds in various fruits,
vegetables, grains, spices, beverages, and medicinal plants, which are structured by a
Cg—C3—Cs skeleton labeled with the rings A, B, and C. The subclass includes flavones,
flavonols, flavanones, flavanols, anthocyanidins, and isoflavonoids. In addition, epigal-
locatechin gallate (EGCG, MW = 458.38 g/mol) and kaempferol (MW = 286.23 g/mol)
(Figure 1) are abundant flavonoids and excellent antioxidants in numerous plant-derived
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foods, such as apples, blueberries, tea, citrus, and peppers, which possess beneficial ef-
fects on human health, including health maintenance and disease prevention [17,18]. They
possess multiple hydroxyl groups on the C¢—C3-Cg skeleton, which give them strong antiox-
idant activity. They are an important part of the human diet and have a variety of biological
activities such as antioxidant, anti-inflammatory, and antiproliferative effects [19].
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Figure 1. Structure of EGCG (A) and kaempferol (B).

Due to the diversity of the human diet, various flavonoids commonly coexist in food
or are ingested at the same time in a meal. How these flavonoids affect human health
is not yet clear. Studying the interaction between flavonoid components can reveal their
physiological functions in the body. Compound association may lead to synergic protec-
tive effects at concentrations substantially lower than those used when given separately.
Therefore, to evaluate the synergistic compound combinations, the combination index
(CI) is utilized. The CI quantitatively depicts synergism (CI < 1), additive effect (CI = 1),
and antagonism (CI > 1) [20]. Li et al. found that quercetin with catechin showed syn-
ergistic anti-inflammatory effects, which may be due to the inhibition of the activation
of TLR-MyD88-mediated NF-kappa B and mitogen-activated protein kinases signaling
pathways [20]. The results of a growing number of studies suggest that the combinations
of different flavonoids can enhance biological activity and cause synergistic effects. Colon
et al. found that the SE (synergistic effect) value of quercetin and EGCG was 1.14 £ 0.03,
and the ESC (experimental scavenging capacity) value was significantly higher than the
TSC (theoretical scavenging capacity) value in the DPPH assay. Therefore, the antioxidant
interaction associated with quercetin and the EGCG mixture was a synergistic interaction
in the DPPH assay [21]. Therefore, this study provided a hypothesis that the EGCG and
kaempferol combination may show synergistic effects related to the protein expression
pathway. Those effects may be possible mechanisms that cause antioxidant interactions
on cells.

Therefore, this study aimed to (1) investigate the cellular antioxidant activity (CAA) of
the combined EGCG and kaempferol against 2,2-azobis (2-amidinopropane) dihydrochlo-
ride solution (ABAP)-induced oxidative stress in HepG2 cells; (2) study the synergistic,
antagonistic, and additive interactions resulting from the different ratios of EGCG and
kaempferol combination by the Chou-Talalay combination index (CI) method; and (3) elu-
cidate the mechanism underlying the synergistic effect of the EGCG and kaempferol
combination on ABAP-mediated oxidative stress by antioxidant enzyme activities (superox-
ide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px)). To summarize,
the main target of this work was to know the possible synergistic antioxidant mechanism
of EGCG and kaempferol combinations. The aim of this study was to provide theoretical
guidance for the use of flavonoids in functional foods ingredient formula development and
improve its utilization.
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2. Results and Discussion
2.1. Effects of EGCG and Kaempferol on Cytotoxicity Activity

To explore the cytotoxicity of pretreatment of EGCG, kaempferol, and EGCG and
kaempferol combinations on HepG2 cells, the viability rate of HepG2 cells treated with
EGCG, kaempferol, and their combinations was evaluated. The CCK-8 method was used
to evaluate the cytotoxicity of EGCG, kaempferol, and their combinations in different
concentrations [22]. The viability rate of HepG2 cells is presented in Figure 2. As shown in
Figure 2, the cell viability rates of EGCG, kaempferol, and their combinations were found to
be over 90%, with no cytotoxicity. For EGCG or kaempferol, when the sample concentration
was within 5.0 pg/mL, the cell viability did not change with the increase of the sample
concentration. However, when the EGCG concentration reached 5.0-10.0 pg/mL, the cell
viability significantly decreased (p < 0.05), indicating that HepG2 cells had been damaged
under this concentration, but the survival rate was still more than 90%, which was regarded
as the normal rate for cells under this condition (Figure 2A). The cells, treated with the
EGCG and kaempferol combination with different ratios (3:0.75, c¢/c) or less still survived
normally (p > 0.05). However, when the concentration of these combinations exceeded
the ratio (3:0.75), the cell viabilities were significantly decreased (p < 0.05). Moreover, the
cell viability did not change with the different ratios (6:1.5, 6:2, 7:1.5, ¢/ c). To summarize,
Figure 2A—C show that the cell viabilities of EGCG, kaempferol, and EGCG and kaempferol
combinations (6:1.5, 6:2, and 7:1.5) were over 90%. Hence, the results illustrated that the
concentrations of EGCG, kaempferol, and EGCG and kaempferol combinations had no
cytotoxicity effects on HepG2 cells. This finding suggested that EGCG, kaempferol, and
EGCG and kaempferol combinations had no toxic side effects on HepG2 cells within certain
concentration ranges.
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Figure 2. Cell viabilities of HepG2 cells treated with various concentrations of EGCG (A), kaempferol
(B), and EGCG + kaempferol combination (C). Data are shown as the mean + SD from four indepen-
dent experiments. Different letters represent significant differences at p < 0.05.

2.2. EGCG and Kaempferol Combination on Cellular Antioxidant Activity

The cellular oxidative stress due to ROS generated by ABAP was measured spectroflu-
orometrically using the 2,7’-dichlorfluorescin diacetate (DCFH-DA) method. DCFH-DA
diffuses through the cell membrane and is enzymatically hydrolyzed by intracellular es-
terase to non-fluorescent DCF, which can be rapidly oxidized to highly fluorescent DCF in
the presence of ROS. Hence, the level of cellular fluorescence indicates cellular antioxidant
capacity [23].

As shown in Figure 3A, the DCF fluorescence values of HepG2 cells, generated from
the oxidation caused by ABAP-induced peroxyl radicals, were decreased in the presence
of the EGCG and kaempferol combination. The increase in fluorescence from DCF forma-
tion was inhibited by the EGCG and kaempferol combination (6:1.5) in a dose-dependent
manner, as demonstrated by the curves generated from cells treated with the combina-
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tion. The cellular antioxidant activities of EGCG, kaempferol, and their combinations
were assessed at non-cytotoxic concentrations with phosphate buffer solution (PBS) wash
protocols. Figure 3B shows that the median effective dose (ECs5g) of EGCG and kaempferol
were 6.2 £ 0.2 and 1.48 £ 0.1 ug/mL, respectively, which were significant (p < 0.05). In
this study, a combination assay using the Chou-Talalay method was carried out to inves-
tigate whether the EGCG and kaempferol combination could work synergistically. For
specific combination assays, the ECsy values of EGCG and kaempferol were used as a
guide to choose individual concentrations. Each combination was prepared at a ratio
of (ECsp)1/(ECsp)2 so that each compound contributed equally to the antioxidant effect.
Moreover, the other concentration ratios of combinations were slightly modified according
to the (ECsp);1 /(ECsp)2 to obtain a range of CI values. Hence, the concentration ratios of
the combination were 6:1.5, 6:2, and 7:1.5 (c/c), respectively. As shown in Figure 3B, the
EGCG and kaempferol combinations (6:1.5, 6:2, ¢/c) displayed good cellular antioxidant
activity and had significant differences (p < 0.05) compared with EGCG or kaempferol alone.
The ECsp of EGCG and kaempferol combinations were 3.4 & 0.1 (6:1.5), 4.3 &+ 0.2 (6:2),
and 7.5 £ 0.2 (7:1.5) ug/mL, respectively. The EGCG and kaempferol combination (6:1.5)
showed better cellular antioxidant activity (p < 0.05) than other combinations. The ECs
values of combinations were 0.55-, 0.69-, 1.2-fold of that in the EGCG group, respectively.
This showed that the ROS scavenging ability of combinations (6:1.5, 6:2) was significantly
higher than that of EGCG. However, the EC5( values of combinations were significantly
higher (p < 0.05) than that in the kaempferol group, indicating that the ROS scavenging
ability was weaker than that of kaempferol.
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Figure 3. Kinetic curves of ABAP-induced DCF fluorescence and the inhibition of oxidation by the
EGCG and kaempferol (6:1.5) combination (A) on the fluorescence in HepG2 cells with PBS wash.
The ECs of EGCG, kaempferol, and EGCG + kaempferol combinations (B). Different letters represent
significant differences at p < 0.05.

Based on the above results, the EGCG and kaempferol combinations (6:1.5, 6:2, ¢/c)
inhibited ROS generation to protect HepG2 cells from ABAP-induced oxidative damage.
Among them, the EGCG and kaempferol combination (6:1.5) showed stronger antioxidant
activity. Similar results could be observed in the study of flavonoid combinations. Saw et al.
discovered that low concentrations of quercetin + kaempferol, kaempferol + pterostibene,
and pterostilbene + quercetin combinations exhibited synergistic effects in protecting
HepG2-C8 cells against oxidative stress by increasing NAD(P)H dehydrogenase [quinone]
1 (NQO1) and superoxide dismutase 1 (SOD1) protein expression [24]. Wang et al. found
that a quercetin and catechin combination up-regulated the expression of let-7a-5p and
miR-25-3p to inhibit the BACH1 activity, which could promote ROS accumulation and
inhibit cell growth in HepG2 cells [7]. Thus, our results of the cellular antioxidant activity
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assay suggest that combinations of EGCG and kaempferol may have potential uses as
antioxidants as well, which needs further investigation.

2.3. Synergistic Effect of EGCG and Kaempferol Combination

The combination index (CI) method was introduced by Chou and Talalay to quantita-
tively describe drug combination effects as synergism (CI < 1), additive effect (CI = 1), or
antagonism (CI > 1). With the development of Chou-Talalay theory, the CompuSyn soft-
ware for dose—effect analysis, CI calculation, and Fa—CI plot simulation was developed [24].
In this study, a combination assay using the Chou-Talalay method was carried out to inves-
tigate whether the EGCG and kaempferol combinations could work synergistically. For
specific combination assays, the EC5( values of EGCG and kaempferol were used as a guide
to choose individual concentrations. The CI value was evaluated by CompuSyn software
using the following formula: CI = (D);/(Dx)1 + (D)2/(Dx)2, in which (Dx)1 and (Dx)»
are the concentrations of compound 1 and compound 2, respectively, where the cellular
antioxidant effect is x%. Similarly, (D); and (D), show the respective dose of compound 1
and compound 2 in which their combination antioxidant activity is x%. The CI values of
the EGCG and kaempferol combination at 50%, 75%, and 90% antioxidant effect (Glsg, Glys,
and Glgg) are shown in Table 1.

Table 1. The CI values of EGCG + kaempferol on cellular antioxidant activity.

. CI
Compound Proportion CIavg
(c/c) Glsg Glys Glgg
6:2 1.07 £0.02 0.89 £ 0.01 0.74 £ 0.01 0.852
EGCG + b
Kk 6:1.5 0.58 + 0.01 0.55 £ 0.02 0.52 £0.01 0.54
aempferol
7:1.5 >1 >1 >1 >1

CI values of each compound are presented at 50%, 75%, and 90% of antioxidant effect (GIsp, GI7s, and Glgg). Clayg
= (ClI5p + 2Cly5 + 3Clgg) /6, is the weighted average CI, and CI < 1, CI = 1, and CI > 1 represent synergism, additive
effect, and antagonism, respectively. The results are represented as means + SD (n = 3). The values having no
letters in common are significantly different (p < 0.05).

The CAA units of EGCG, kaempferol, and their combinations are displayed in Figure 4.
The tested ratios of EGCG and kaempferol combinations were 6:2, 6:1.5, and 7:1.5. The
cellular antioxidant activity of EGCG, kaempferol, and their combination showed a dose—
effect relationship. For the combinations (Figure 4A-C), when the sample concentration was
within 1.0-2.0 pg/mL, the CAA unit of kaempferol was significantly higher (p < 0.05) than
EGCG and EGCG and kaempferol combinations. Moreover, when the sample concentration
reached 2.0-8.0 ug/mL, the CAA unit of the EGCG and kaempferol combination (6:1.5)
was higher (p < 0.05) than that of EGCG or kaempferol. Similarly, when the sample
concentration reached 8.0 ug/mL, the CAA unit of the EGCG and kaempferol combination
(6:2) was 70.1 = 3.2%, showing a significant increase (p < 0.05) with respect to kaempferol.
However, when the sample concentration within 2.0-8.5 ug/mL, the CAA unit of the
EGCG and kaempferol combination (7:1.5) was lower (p > 0.05) than that of kaempferol.
The results indicated that the EGCG and kaempferol combinations (6:2, 6:1.5) may possess
synergistic effects.

According to the CAA unit of each compound and their combinations at the corre-
sponding concentration, the CI values of the EGCG and kaempferol combinations were
calculated by CompuSyn software [25]. The EGCG and kaempferol combination (6:1.5, 6:2)
displayed synergistic effects, having the weighted average CI (Clayg) values all below 0.9.
The combination (6:1.5) exhibited the strongest synergy at different levels of antioxidant ac-
tivity (Glso, Gl7s, and Glgg; Table 1), which resulted in a Clayg of 0.54. The combination (6:2)
was also able to work synergistically (Clayg = 0.85). The Clayg of the EGCG and kaempferol
combination (6:1.5) was significantly higher (p < 0.05) than the combination (6:2). However,
the combination (7:1.5) showed an antagonistic effect (Clayg > 1). The combination index
(CI) for each combination usually has a different value at a different effect level. The plot of
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CI values at different effect levels could be obtained by CompuSyn software, which was
named the Fa—CI plot. As an example, the Fa—CI plot for combination (6:1.5) was simulated
by CompuSyn software and is shown in Figure 4D. The plot clearly illustrated that the CI
value showed a decreasing trend with an increase in Fa value, indicating that the higher
synergistic effect level was observed at the higher cellular antioxidant effect level for the
EGCG and kaempferol combination. The results showed that the EGCG and kaempferol
combination had synergistic antioxidant protection on the HepG2 cells in certain concentra-
tion ranges. According to the results, the dose—effect relationship of EGCG and kaempferol
combinations was significant (p < 0.05). The CI value was lower than others, showing a
significant synergistic effect. The combination of EGCG and kaempferol (6:1.5) was selected
to conduct the follow-up experiment.
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Figure 4. The CAA values of EGCG, kaempferol, and EGCG + kaempferol combinations at different
proportions (A-C); (D) the Fa—ClI plot of EGCG + kaempferol (6:1.5). * p < 0.05.

Previous studies reported that the EGCG and quercetin combination and the quercetin
and kaempferol combination showed synergistic effects. Their synergistic mechanisms
also illustrated that the combinations up-regulated the protein or genes of pathways to
increase the capacity of scavenging reactive oxygen species (ROS) [20,24]. However, these
results indicated that the level of synergism for each combination did not correlate with the
antioxidant effect of individual compounds. The dose—effect relationship did not illustrate
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the mechanism. It only showed the mass-action law parameters, which is a complicated
issue [26]. Based on the above results, the potential synergistic mechanism of EGCG and
kaempferol combinations needed to be explored further.

2.4. Effect on Antioxidant Enzymes

The antioxidant enzyme system plays an important defensive role against oxidative
stress injury. In order to evaluate whether the antioxidant enzyme system played a role in
HepG2 cells, the activities of antioxidant enzymes (SOD, CAT, and GSH-Px), which play
an important role in balancing oxidative stress in the human body [27], were measured.
Therefore, changes in the activity of these intracellular antioxidant enzymes can reflect the
capacity to inhibit the reactive oxygen species (ROS) in HepG2 cells.

To further illustrate the antioxidant mechanism of the EGCG and kaempferol combi-
nation (6:1.5), the activities of SOD, GSH-Px, and CAT were evaluated. The control was
treated without compound and ABAP, while the negative control (ABAP group) was treated
with ABAP but not compound. The results are shown in Table 2. The SOD, GSH-Px, and
CAT activities of the ABAP group were 51.2 &+ 3.1%, 53.5 £ 2.3%, and 57.1 &£ 2.7% of the
control group, respectively, which indicated that ABAP caused oxidant damage to HepG2
cells. When cells were pretreated with the EGCG and kaempferol combination (6:1.5)
before ABAP treatment, however, the antioxidant enzymes activities increased compared
to the ABAP group. The cells incubated with EGCG and kaempferol (1.5 + 0.375 pg/mL)
showed an insignificant increase in SOD, CAT, and GSH-Px activities, while dramatically
increased activity was found at higher concentrations. The CAT and GSH-Px activities were
similar to those of SOD. The GSH-Px activities were increased by 7.6 £ 1.1%, 27.8 4 1.3%,
and 57.6 & 2.4%, and the CAT activities were increased by 5.9 & 0.2%, 24.2 £ 1.1%, and
42.1 +2.2% of the ABAP group value, respectively. The cells pretreated with EGCG
(6 pg/mL) and kaempferol (1.5 pg/mL) showed a significant increase (p < 0.05) in SOD,
CAT, and GSH-Px activities compared to the ABAP group. Similarly, the high concentration
combination (3 + 0.75, 6 + 1.5 ng/mL) had better activities (p < 0.05) of SOD, CAT, and
GSH-Px than did the individual EGCG or kaempferol. However, the low concentration
of the combination (1.5 + 0.375 ug/mL) exhibited an insignificant increase (p > 0.05) in
GSH-Px and CAT activities compared to EGCG or kaempferol. The results were consistent
with the CAA assay. The compounds had better cellular antioxidant activities, and enzymes
activities were higher.

Table 2. Effect of EGCG + kaempferol (6:1.5) on activities of antioxidant enzymes in the presence
of ABAP.

Compound (ug/mL) SOD GSH-Px CAT
(U/mg Protein) (mU/mg Protein) (U/mg Protein)
control 293 +222 3105+ 542 613 +3.12
ABAP 143 +11f 1333 +2.3¢ 2854+22¢
1.5+ 0.375 152 +0.8¢ 1434 +4.14 302 +1.24d
3+0.75 182 +1.3¢ 170.3 +£3.7¢ 354 +24°¢
6+15 226+ 15P 2101 +4.8b 405+ 25P
6 165+ 1.24 1502 +£2.54 31.3+1.34d
1.5 154+ 0.6° 1484 + 254 305 +054d

Different letters represent significant differences at p < 0.05. The initial concentrations of EGCG and kaempferol
were 6 and 1.5 pg/mL, respectively.

Based on the above results, the EGCG and kaempferol combination (6:1.5) could in-
hibit ABAP-induced oxidant stress in HepG2 cells by modulating the antioxidant enzymes
activities. Moreover, the high concentrations of combinations showed the best activity of
SOD, CAT, and GSH-Px in the sample groups. The results indicated that the appropriate
concentration of combinations exhibited better antioxidant enzyme activity than the sin-
gle compound, which suggested that the higher enzyme activity of combinations is the
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mechanism of synergy in the CAA assay. Wen et al. found that the cinnamtanin B1 from
litchi leaf exhibited strong intracellular antioxidant activity by up-regulating the SOD, CAT,
and GSH-Px activities [28]. Jiang et al. reported that the peptides from Jiupei had good
cellular antioxidant activities, and the SOD, CAT, and GSH-Px activities increased in a
dose-dependent manner [29]. Zhou et al. found that the antioxidant peptide from Pinctada
martensii meat could significantly enhance the production of glutathione (GSH) and catalase
(CAT) in HepG2 cells, as well as the expression of genes in the Nrf2 signaling pathway [30].
Similarly, Huo et al. also reported that antioxidant peptides from Chinese baijiu exerted
protective effects by scavenging the reactive oxygen species (ROS) and up-regulating cel-
lular antioxidant enzyme (SOD, CAT, and GSH-Px) activities [31]. As shown in Figure 5,
the EGCG and kaempferol combination can cross the cell membrane and increase the
SOD, CAT, and GSH-Px activities to scavenge together the reactive oxidative species (ROS).
Considering our results, we realize that the EGCG and kaempferol combination was more
effective on the antioxidant enzymes in HepG2 cells. Therefore, the synergistic mechanism
of the EGCG and kaempferol combination could be to up-regulate the higher SOD, CAT,
and GSH-Px activities to achieve the effect of balancing the oxidative stress.

OH
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HO_~, ,.EJ\.,[:\,LOH HO\[»\\ N Y /l
e L
3 o-i o JOH i o
\H j OH O
~F “OH ;
EGCG H Synergistic effect KNl
ROS
caTt GSH-Pxt
soD t

Figure 5. The possible mechanisms of EGCG and kaempferol combination antioxidant activities in
HepG2 cells. The red arrow represent the activities of SOD, CAT, AND GSH-Px increase.

3. Materials and Methods
3.1. Chemicals and Reagents

Dimethyl sulfoxide (DMSO), 2/,7’-dichlorfluorescin diacetate (DCFH-DA), and 2,2-
azobis (2-amidinopropane) dihydrochloride solution (ABAP) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Epigallocatechin gallate (EGCG, HPLC grade, purity > 98%)
and kaempferol (HPLC grade, purity > 98%) were obtained from Solarbio Science & Technol-
ogy Co., Ltd. (Beijing, China). EGCG and kaempferol were dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mg/mL and then freshly diluted in culture medium.
The final concentration of DMSO in culture medium was below 0.05% (v/v). Phosphate
buffer solution (PBS), minimum Eagle’s medium (MEM), fetal bovine serum (FBS), 0.05%
trypsin—-EDTA solution, penicillin (10,000 u/mL), and streptomycin (10,000 pg/mL) were
purchased from HyClone (Logan, UT, USA). The Cell Counting Kit-8 (CCK-8) was obtained
from Dojindo China Co., Ltd. (Shanghai, China). The BCA protein concentration test kit;
cell lysis buffer for Western and IP; and phenylmethanesulfonyl fluoride (PMSF, 100 mM),
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase (CAT) assay
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kits were purchased from Beyotime Biotechnology (Shanghai, China). All other chemicals
and reagents with analytical grade used in this study were obtained from Sinopharm Group
Chemical Reagents Co. Ltd. (Beijing, China).

3.2. Cell Culture

The HepG2 cell line was purchased from the Kunming Institute of Zoology, Chinese
Academy of Sciences (Kunming, China). Briefly, HepG2 cells were cultured in minimum
Eagle’s medium (MEM) at 37 °C with 5% CO,, along with 10% (v/v) FBS, and 1% (v/v)
penicillin (1000 units/mL) and streptomycin (1000 png/mL). Logarithmic growth phase
cells were used for the follow-up experiments.

3.3. Cytotoxicity Assay

To determine the suitable concentrations of EGCG, kaempferol, and EGCG and
kaempferol combinations for subsequent experiments, the cytotoxicity of EGCG,
kaempferol, and their combinations was evaluated using the CCK-8 assay [32]. The HepG2
cells were cultivated with MEM medium mixed with 10% (v/v) FBS, and a 1% (v/v)
penicillin—streptomycin solution in a humidified incubator containing 5% CO, at 37 °C.
The HepG2 cells were harvested by trypsinization and seeded into a 96-well microplate at a
concentration of 4 x 10* cells/well. The cells were pretreated with different concentrations
of EGCG (0.625, 1.25, 2.5, 5, 10 pg/mL) and kaempferol (0.625, 1.25, 2.5, 5, 10 pg/mL)
and with different combinations of EGCG and kaempferol (6:2, 6:1.5, 7:1.5, c/c) for 24 h.
After being incubated for 24 h, the cellular morphologies were observed by microscope.
The CCK-8 solution (10 pL) was added to the wells, and the absorbance of each well was
measured at 450 nm by a microplate reader (SpectraMax i3x, Molecular Devices, LLC, San
Jose, CA, USA). The cell viability was evaluated according to the above absorbance. The
cell viability of the tested compounds was calculated as

Cell viability (%) = (1 — ODgample/ ODcontrol) X 100% 1)

where ODgample is the absorbance of the well with compounds; ODoniro is the absorbance
of the control.

3.4. Cellular Antioxidant Activity (CAA) Assay

The CAA assay was conducted as described previously [33,34] with slight modification.
HepG2 cells were seeded at 5 x 10* cells/well in a 96-well microplate with 100 uL of
growth medium/well. The outside wells of the plate were filled only with PBS in order
to avoid the influence of the edge. After being incubated for 24 h, the growth medium
was removed, and the wells were washed with PBS. Then, the cells were pretreated with
different concentrations of EGCG (1, 2, 4, 8 ug/mL) and kaempferol (0.25, 0.5, 1, 2 pg/mL)
and in different combinations (6:2, 6:1.5, 7:1.5, ¢/c) containing DCFH-DA (25 uM) for
1 h at 37 °C. After 1 h, the wells were washed thrice with PBS. Then 100 uL of 600 uM
ABAP was added to the cells, and the 96-well microplate was immediately placed into the
multifunctional microplate detector at 37 °C. The emission at 535 nm was detected with
excitation at 485 nm every 5 min for 1 h. Control wells contained cells treated with DCFH-
DA and ABAP. Blank wells contained cells treated with PBS without ABAP. The measured
fluorescence values were converted into CAA units according to the following formula:

CAA unit (%) = (1 — / SA/ / CA) x 100
where [SA is the integrated area under the sample fluorescence versus time curve, and

f CA is the integrated area from the control curve. The median effective dose (ECsp) was
measured for the median effect plot of log[(CAA unit/(1 — CAA unit)] versus log (dose).
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3.5. Determination of Combination Index (CI) Values

To evaluate the interaction of EGCG and kaempferol combinations, the Chou-Talalay
method, which was based on the median-effect equation, was used to measure the com-
bination index (CI) values by describing the dose—effect curves of individual compounds
and their combinations. Therefore, the EGCG and kaempferol interaction effects were
evaluated as CI using CompuSyn software, CompuSyn, Inc., Paramus, NJ, USA [35]. In the
present study, the combinations were composed of two compounds, and their CI values
were evaluated by the CompuSyn software using the following formula: CI = (D) /(Dx); +
(D), /(Dx)2, in which the (Dx); and (Dx); are the concentration, respectively, of sample 1
and sample 2 alone in which the cellular antioxidant effect is x%. Similarly, the (D); and
(D), show the respective doses of sample 1 and sample 2, in which their combination
antioxidant activity is x%. When CI = 1, the interaction between EGCG and kaempferol was
an additive effect; when CI < 1, the interaction between EGCG and kaempferol indicated a
synergistic effect, with the smaller CI showing the stronger synergistic effect; when CI > 1,
the interaction between EGCG and kaempferol reflected an antagonistic effect [36].

3.6. Cellular Antioxidant Enzymes Activities of SOD, GSH-Px, and CAT

HepG2 cells were inoculated at a density of 1 x 10° cells/well into the 6-well plate and
cultured in a humidified incubator containing 5% CO; at 37 °C for 24 h. After being washed
thrice with PBS, the cells were treated with different concentration of EGCG (6 ug/mL),
kaempferol (1.5 ng/mL), and a EGCG and kaempferol combination (6:1.5) for 1 h. After
that, the cells were washed twice with PBS. Then the ABAP group was treated with 600 pM
ABAP to induced oxidative stress, and the control group only contained an equal volume
of MEM medium. All groups were then incubated for 1 h. The different groups were
washed with PBS and then lysed with cell lysis buffer for Western blot and IP containing
1.0 mmol/L phenylmethane sulfonyl fluoride (PMSF) at 4 °C for 30 min. The lysed cells
were centrifuged at 10,000 x g for 10 min to gain the supernatant. Finally, the SOD, GSH-Px,
and CAT assay kits were used to evaluated antioxidant enzyme activities. The protein
concentrations were quantified using a BCA protein concentration test kit [37].

3.7. Statistical Analyses

All the experiments were performed in triplicate (n = 3), and data were reported as
mean =+ standard deviation (SD). The Duncan test of one-way ANOVA was used to analyze
the significant differences among results. The significant difference was set as p < 0.05.

4. Conclusions

In this study, we found that EGCG and kaempferol combinations (6:1.5, 6:2) had
synergistic cellular antioxidant activity in HepG2 cells. Moreover, these combinations
protected HepG2 cells against ABAP-induced oxidative stress by scavenging ROS and
up-regulating higher cellular antioxidant enzyme activities, including SOD, CAT, and
GSH-Px, in a dose-dependent manner. Accordingly, this research presents the feasibility
of combined dietary flavonoids, which show some beneficial functions with synergistic
effects. The synergistic antioxidant effects of EGCG and kaempferol combinations provide
a theoretical basis for the development of functional food ingredients.

Author Contributions: Conceptualization, Q.Z., H.L. and Z.J.; methodology, Q.Z. and J.P; software,
Q.Z,; validation, Q.Z. and ].P.; formal analysis, Q.Z.; investigation, Q.Z.; resources, Q.Z. and H.L.;
data curation, Q.Z. and J.P,; writing—original draft preparation, Q.Z.; writing—review and editing,
Z.].; visualization, Q.Z.; supervision, Z.J.; project administration, H.L. and Z.J.; funding acquisition,
Q.Z. and Z.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by The National Key Research and Development Program
(2022YFD1600700), the Natural Science Foundation of Henan (No. 222300420383), the Agricultural
Science and Technology Innovation Program of the Chinese Academy of Agricultural Sciences



Molecules 2023, 28, 5265 11 of 12

(CAAS-ASTIP-ZFRI), and the Strategic Co-operation Project between Chongqing Municipal People’s
Government and Chinese Academy of Agricultural Sciences (CQ-CAAS-08).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors would like to thank Bao Yang for proofreading the manuscript.
The authors thank the National Key Research and Development Program (2022YFD1600700), the
Natural Science Foundation of Henan (No. 222300420383), the Agricultural Science and Technology
Innovation Program of the Chinese Academy of Agricultural Sciences (CAAS-ASTIP-ZFRI), and the
Strategic Co-operation Project between Chongqing Municipal People’s Government and Chinese
Academy of Agricultural Sciences (CQ-CAAS-08).

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

Sample Availability: Not applicable.

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sies, H.; Belousov, V.V.; Chandel, N.S.; Davies, M.].; Jones, D.P.; Mann, G.E.; Murphy, M.P.; Yamamoto, M.; Winterbourn, C.
Defining roles of specific reactive oxygen species (ROS) in cell biology and physiology. Nat. Rev. Mol. Cell Biol. 2022, 23, 499-515.
[CrossRef]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020,
21, 363-383. [CrossRef]

Aldosari, S.; Awad, M.; Harrington, E.O.; Sellke, EW.; Abid, M.R. Subcellular reactive oxygen species (ROS) in cardiovascular
pathophysiology. Antioxidants 2018, 7, 14. [CrossRef]

Varshney, R.; Mishra, R.; Das, N.; Sircar, D.; Roy, P. A comparative analysis of various flavonoids in the regulation of obesity and
diabetes: An in vitro and in vivo study. J. Funct. Foods 2019, 59, 194-205. [CrossRef]

Maleki, S.J.; Crespo, J.E.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]

Liu, Z.Q. What about the progress in the synthesis of flavonoid from 2020? Eur. J. Med. Chem. 2022, 243, 114671. [CrossRef]
Wang, D.; Jiang, Y.; Sun-Waterhouse, D.X.; Zhai, H.; Guan, H.; Rong, X,; Li, E; Yu, J.C.; Li, D.P. MicroRNA-based regulatory
mechanisms underlying the synergistic antioxidant action of quercetin and catechin in HyO,-stimulated HepG2 cells: Roles of
BACHI1 in Nrf2-dependent pathways. Free Radic. Biol. Med. 2020, 153, 122-131. [CrossRef]

Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.]J. Flavonoid antioxidants: Chemistry, metabolism and structure-activity relationships.
J. Nutr. Biochem. 2002, 13, 572-584. [CrossRef]

Hoskin, D.W.; Coombs, M.R.P. Editorial: Immune modulation by flavonoids. Front. Immunol. 2022, 13, 899577. [CrossRef]
Jacobs, D.R,, Jr.; Gross, M.D.; Tapsell, L.C. Food synergy: An operational concept for understanding nutrition. Am. J. Clin. Nutr.
2009, 89, 15435-1548S. [CrossRef]

Lan, H.N,; Liu, R.Y;; Liu, Z.H.; Li, X; Li, B.Z.; Yuan, Y.J. Biological valorization of lignin to flavonoids. Biotechnol. Adv. 2023,
64,108107. [CrossRef]

Li, Z;; Ren, Z.; Zhao, L.; Chen, L.; Yu, Y.; Wang, D.; Mao, X.; Cao, G.; Zhao, Z.; Yang, H. Unique roles in health promotion of dietary
flavonoids through gut microbiota regulation: Current understanding and future perspectives. Food Chem. 2023, 399, 133959.
[CrossRef]

Liu, H.; Guan, H.; Tan, X;; Jiang, Y.; Li, E; Sun-Waterhouse, D.; Li, D. Enhanced alleviation of insulin resistance via the IRS-
1/Akt/FOXO1 pathway by combining quercetin and EGCG and involving miR-27a-3p and miR-96-5p. Free Radic. Biol. Med.
2022, 181, 105-117. [CrossRef]

Wang, H.; Du, YJ.; Song, H.C. a-Glucosidase and a-amylase inhibitory activities of guava leaves. Food Chem. 2010, 123, 6-13.
[CrossRef]

Wang, Y.; Chen, L.; Liu, H,; Xie, J.; Yin, W.; Xu, Z.; Ma, H.; Wu, W.; Zheng, M.; Liu, M.; et al. Characterization of the synergistic
inhibitory effect of cyanidin-3-O-glucoside and catechin on pancreatic lipase. Food Chem. 2023, 404, 134672. [CrossRef]

Li, K; Yu, X.H.; Maskey, A.R.; Musa, I.; Wang, Z.Z.; Garcia, V.; Guo, A.; Yang, N.; Srivastava, K.; Dunkin, D.; et al. Cytochrome
P450 3A4 suppression by epimedium and active compound kaempferol leads to synergistic anti-inflammatory effect with
corticosteroid. Front. Pharmacol. 2022, 13, 1042756. [CrossRef]

Gan, RY,; Li, H.B,; Sui, Z.Q.; Corke, H. Absorption, metabolism, anti-cancer effect and molecular targets of epigallocatechin
gallate (EGCG): An updated review. Crit. Rev. Food Sci. Nutr. 2018, 58, 924-941. [CrossRef]

Bergsten, T.M.; Li, K,; Lantvit, D.D.; Murphy, B.T.; Burdette, ].E. Kaempferol, a phytoprogestin, induces a subset of progesterone-
regulated genes in the uterus. Nutrients 2023, 15, 1407. [CrossRef]

Peng, Y.; Shi, Y.; Zhang, H.; Mine, Y.; Tsao, R. Anti-inflammatory and anti-oxidative activities of daidzein and its sulfonic acid
ester derivatives. J. Funct. Foods 2017, 35, 635-640. [CrossRef]

Li, T; Li, E; Liu, X.Y,; Liu, ].H.; Li, D.P. Synergistic anti-inflammatory effects of quercetin and catechin via inhibiting activation of
TLR4-MyD88-mediated NF-kappa B and MAPK signaling pathways. Phytother. Res. 2019, 33, 756-767. [CrossRef]


https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.3390/antiox7010014
https://doi.org/10.1016/j.jff.2019.05.004
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1016/j.ejmech.2022.114671
https://doi.org/10.1016/j.freeradbiomed.2020.04.018
https://doi.org/10.1016/S0955-2863(02)00208-5
https://doi.org/10.3389/fimmu.2022.899577
https://doi.org/10.3945/ajcn.2009.26736B
https://doi.org/10.1016/j.biotechadv.2023.108107
https://doi.org/10.1016/j.foodchem.2022.133959
https://doi.org/10.1016/j.freeradbiomed.2022.02.002
https://doi.org/10.1016/j.foodchem.2010.03.088
https://doi.org/10.1016/j.foodchem.2022.134672
https://doi.org/10.3389/fphar.2022.1042756
https://doi.org/10.1080/10408398.2016.1231168
https://doi.org/10.3390/nu15061407
https://doi.org/10.1016/j.jff.2017.06.027
https://doi.org/10.1002/ptr.6268

Molecules 2023, 28, 5265 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Colon, M.; Nerin, C. Synergistic, antagonistic and additive interactions of green tea polyphenols. Eur. Food Res. Technol. 2016,
242,211-220. [CrossRef]

Liu, Z,; Li, G,; Long, C.; Xu, J.; Cen, J.; Yang, X. The antioxidant activity and genotoxicity of isogarcinol. Food Chem. 2018, 253, 5-12.
[CrossRef] [PubMed]

Zhou, J.; Gao, G.; Zhang, S.; Wang, H.; Ke, L.; Zhou, J.; Rao, P.; Wang, Q.; Li, J. Influences of calcium and magnesium ions on
cellular antioxidant activity (CAA) determination. Food Chem. 2020, 320, 126625. [CrossRef]

Saw, C.L.; Guo, Y.; Yang, A.Y,; Paredes, X.; Ramirez, C.; Pung, D.; Kong, A.T. The berry constituents quercetin, kaempferol, and
pterostilbene synergistically attenuate reactive oxygen species: Involvement of the Nrf2-ARE signaling pathway. Food Chem.
Toxicol. 2014, 72, 303-311. [CrossRef] [PubMed]

Liu, L.L.; Liu, Q.; Li, P; Liu, E.H. Discovery of synergistic anti-inflammatory compound combination from herbal formula GuGe
FengTong Tablet. Chin. ]. Nat. Med. 2018, 16, 683-692. [CrossRef] [PubMed]

Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharmacol. Rev. 2006, 58, 621-681. [CrossRef] [PubMed]

Chen, X,; Li, H.; Zhang, B.; Deng, Z. The synergistic and antagonistic antioxidant interactions of dietary phytochemical
combinations. Crit. Rev. Food Sci. Nutr. 2022, 62, 5658-5677. [CrossRef]

Wen, L.; You, L.; Yang, X,; Yang, ].; Chen, F; Jiang, Y.; Yang, B. Identification of phenolics in litchi and evaluation of anticancer cell
proliferation activity and intracellular antioxidant activity. Free Radic. Biol. Med. 2015, 84, 171-184. [CrossRef]

Jiang, Y.; Zhao, D.; Sun, J.; Luo, X,; Li, H.; Sun, X.; Zheng, F. Analysis of antioxidant effect of two tripeptides isolated from
fermented grains (Jiupei) and the antioxidative interaction with 4-methylguaiacol, 4-ethylguaiacol, and vanillin. Food Sci. Nutr.
2019, 7, 2391-2403. [CrossRef]

Zhou, J.; Wei, M.F,; You, L.J. Protective effect of peptides from Pinctada martensii meat on the HyO,-induced oxidative injured
HepG2 cells. Antioxidants 2023, 12, 12020535. [CrossRef]

Huo, J.; Ming, Y,; Li, H.; Li, A,; Zhao, J.; Huang, M.; Sun, W.; Wu, J.; Zhang, J. The protective effects of peptides from Chinese baijiu
on AAPH-induced oxidative stress in HepG2 cells via Nrf2-mediated signaling pathway. Food Sci. Hum. Well. 2022, 11, 1527-1538.
[CrossRef]

Zhang, Q.; Yang, W.B.; Liu, J.C.; Liu, H.; Lv, Z.Z.; Zhang, C.L.; Chen, D.L.; Jiao, Z.G. Identification of sis flavonoids as novel
cellular antioxidants and their structure-activity relationship. Oxid. Med. Cell. Longev. 2020, 2020, 4150897. [CrossRef] [PubMed]
Wolfe, K.L.; Kang, X.M.; He, X.U.; Dong, M.; Zhang, Q.Y.; Liu, R.H. Cellular antioxidant activity of common fruits. J. Agric. Food
Chem. 2008, 56, 8418-8426. [CrossRef] [PubMed]

Huang, Z.; Chen, Y.; Huang, R.; Zhao, Z. Identification and structure-activity relationship of recovered phenolics with antioxidant
and antihyperglycemic potential from sugarcane molasses vinasse. Foods 2022, 11, 3131. [CrossRef]

Banerjee, V.; Sharda, N.; Huse, J.; Singh, D.; Sokolov, D.; Czinn, S.J.; Blanchard, T.G.; Banerjee, A. Synergistic potential of dual
andrographolide and melatonin targeting of metastatic colon cancer cells: Using the Chou-Talalay combination index method.
Eur. J. Pharmacol. 2021, 897, 173919. [CrossRef] [PubMed]

Del Rio, B.; Redruello, B.; Linares, D.M.; Ladero, V.; Fernandez, M.; Martin, M.C.; Ruas-Madiedo, P.; Alvarez, M.A. The dietary
biogenic amines tyramine and histamine show synergistic toxicity towards intestinal cells in culture. Food Chem. 2017, 218, 249-255.
[CrossRef]

Shi, D.; Yang, J.; Jiang, Y.; Wen, L.; Wang, Z.; Yang, B. The antioxidant activity and neuroprotective mechanism of isoliquiritigenin.
Free Radic. Biol. Med. 2020, 152, 207-215. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00217-015-2532-9
https://doi.org/10.1016/j.foodchem.2018.01.074
https://www.ncbi.nlm.nih.gov/pubmed/29502843
https://doi.org/10.1016/j.foodchem.2020.126625
https://doi.org/10.1016/j.fct.2014.07.038
https://www.ncbi.nlm.nih.gov/pubmed/25111660
https://doi.org/10.1016/S1875-5364(18)30108-0
https://www.ncbi.nlm.nih.gov/pubmed/30269845
https://doi.org/10.1124/pr.58.3.10
https://www.ncbi.nlm.nih.gov/pubmed/16968952
https://doi.org/10.1080/10408398.2021.1888693
https://doi.org/10.1016/j.freeradbiomed.2015.03.023
https://doi.org/10.1002/fsn3.1100
https://doi.org/10.3390/antiox12020535
https://doi.org/10.1016/j.fshw.2022.06.010
https://doi.org/10.1155/2020/4150897
https://www.ncbi.nlm.nih.gov/pubmed/33014269
https://doi.org/10.1021/jf801381y
https://www.ncbi.nlm.nih.gov/pubmed/18759450
https://doi.org/10.3390/foods11193131
https://doi.org/10.1016/j.ejphar.2021.173919
https://www.ncbi.nlm.nih.gov/pubmed/33577837
https://doi.org/10.1016/j.foodchem.2016.09.046
https://doi.org/10.1016/j.freeradbiomed.2020.03.016

	Introduction 
	Results and Discussion 
	Effects of EGCG and Kaempferol on Cytotoxicity Activity 
	EGCG and Kaempferol Combination on Cellular Antioxidant Activity 
	Synergistic Effect of EGCG and Kaempferol Combination 
	Effect on Antioxidant Enzymes 

	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cytotoxicity Assay 
	Cellular Antioxidant Activity (CAA) Assay 
	Determination of Combination Index (CI) Values 
	Cellular Antioxidant Enzymes Activities of SOD, GSH-Px, and CAT 
	Statistical Analyses 

	Conclusions 
	References

