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Abstract

Apigenin is a kind of flavonoid with many beneficial biological effects. It not only has direct cytotoxicity to tumor cells, but also can
boost the antitumor effect of immune cells by modulating immune system. The purpose of this study was to investigate the
proliferation of NK cells treated with apigenin and its cytotoxicity to pancreatic cancer cells in vitro, and explore its potential
molecular mechanism. In this study, the effect of apigenin on NK cell proliferation and killing pancreatic cancer cells were
measured by CCK-8 assay. Perforin, granzyme B (Gran B), CD 107a, and NKG2D expressions of NK cells induced with apigenin
were detected by flow cytometry (FCM). The mRNA expression of Bcl-2, Bax and protein expression of Bcl-2, Bax, p-ERK, and
p-JNK in NK cells were evaluated by qRT-PCR and western blotting analysis, respectively. The results showed that appropriate
concentration of apigenin could significantly promote the proliferation of NK cells in vitro and enhance the killing activity of NK
cells against pancreatic cancer cells. The expressions of surface antigen NKG2D and intracellular antigen perforin and Gran B of
NK cells were upregulated after treating with apigenin. Bcl-2 mRNA expression was increased, while Bax mRNA expression was
decreased. Similarly, the expression of Bcl-2, p-JNK, and p-ERK protein was upregulated, and the expression of Bax protein was
downregulated. The molecular mechanism of the immunopotentiation effects of apigenin may be that it up-regulates Bcl-2 and
down-regulates Bax expression at the gene and protein levels to facilitate NK cell proliferation, and up-regulates the expression
of perforin, Gran B, and NKG2D through the activation of JNK and ERK pathways to enhance NK cell cytotoxicity.
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Introduction

Pancreatic cancer is a highly malignant tumor of the di-
gestive tract with rapid progress and poor prognosis char-
acteristics. The global incidence of pancreatic cancer is on
the rise over recent years. Cancer statistics in the United
States shows that the 5-year relative survival rate is lowest
for cancers of the pancreas (10%).' However, in China, the
5-year survival rate is lower, only 7.2%.” At present, pan-
creatic cancer is mainly treated by surgery in clinical
practice, combined with chemotherapy, radiotherapy, and
targeted therapy, but the therapeutic effect is still not very
good. Recently the emergence of immunotherapy has pro-
vided a new direction for the treatment of pancreatic cancer.

Apigenin is a natural bioactive flavone with rich sources,
which is known to exist in many kinds of vegetables and
fruits, such as parsley, onion, grape, and apple. Apigenin has
many beneficial biological activities, such as antitumor, an-
tivirus, anti-inflammation, anti-oxidation, and neuroprotective
effects, while it has low cytotoxicity to human normal cells.*
The direct cytotoxic effect of apigenin on tumor cell prolif-
eration, metastasis, and invasion has been confirmed by many
studies.” In recent years, more and more evidences indicate
that apigenin has important immunomodulatory effects and
shows positive regulatory effects in a variety of antitumor
effector cells. It is reported that apigenin exerts its immu-
noregulatory effect in vivo through modulating NF-«xB.®
Apigenin can restrict melanoma growth by suppressing
programmed cell death ligand-1 (PD-L1) expression in
melanoma and host dendritic cells to elicit synergistic ther-
apeutic effects.” Villalobos-Ayala et al.'® reported that
apigenin could increase Src Homology-2 (SH2) domain-
containing inositol  5'-Phosphatase-1(SHIP-1)expression
which correlated with the expansion of tumoricidal macro-
phages (TAM) and improve antitumor immune responses in
the TME of mice with pancreatic cancer. New evidence
confirms that apigenin can promote the proliferation and
activation of NK cells and CD8"T cells, proving its ability to
stimulate antitumor immunity."' Lee et al. revealed that
apigenin can enhance NK cell cytotoxicity to hepatocellular
carcinoma (HCC) cells expressing HIF-lo through high
expression of CD95 L on the surface of NK cells.'?

NK cells are important effector cells to exert innate
immunity and are the first line of defense against viruses and
tumors for its recognizing antigens without prior sensitization,
despite their small number in the peripheral blood."* NK cell
activation does not depend on antigen processing and pre-
sentation. However, it exerts cytotoxic activity similar to that
of CDS'T cells against tumor cells and target cells infected by
viruses, that is, it lyse target cells by releasing cytotoxic
granules (perforin and granzyme). In addition, activated NK
cells regulate adaptive immune response through secreting
tumor necrosis factor- a and interferon- y or other cytokines.
With the development of NK cell research, the safety and

efficacy of tumor immunotherapy based on NK cell have been
continuously verified."*

In the present study, we attempted to investigate the
immunoregulatory effect of apigenin on NK cell in terms of
proliferation and killing effect on pancreatic cancer cells and
explore the potential molecular mechanisms. The results
showed that apigenin is an immunopotentiator of NK cells,
which can facilitate the proliferation of NK cells and enhance
their killing activity against pancreatic cancer cells. The
current research adds new reference data for further under-
standing the immunoregulatory effect of apigenin.

Materials and methods

Reagents and antibodies

Apigenin was purchased from Sigma-Aldrich. Recombi-
nant human IL-2 (rhIL-2) and recombinant human IL-15
(rhIL-15) were purchased from Xiamen Amoytop Biotech
Co., Ltd Stem cell growth medium (SCGM) was purchased
from CellGenix GmbH. Dulbecco’s modified eagle me-
dium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Thermo scientific. FITC-anti-human CD56,
PerCP-CyS5.5-anti-human CD3, APC-anti-human CD107a,
PE-anti-human Gran B, PE-anti-human Perforin, PE-anti-
human NKG2D, and isotype controls were obtained from
BD Biosciences. Trizol and SYBR Green PCR Master Mix
were purchased from Thermo Fisher Scientific. Prime-
Script™RT reagent Kit was purchased from Takara Bio
Inc. The antibodies of Bcl-2, Bax, and GAPDH were
obtained from Proteintech Group, Inc. phospho-SAPK/
JNK and phospho-ERK antibodies were got from Cell
Signaling Technology, Inc. AP-labed Goat anti-Rabbit [gG
(H+L), AP-labed Goat anti-Mouse IgG (H + L), and CCK-
8 kit were got from Beyotime Institute of Biotechnology.

Cell culture

On the basis of the NK cell culture method previously
established by our research group, we slightly improved the
NK cell culture technology and added IL-15 to obtain
higher amplification efficiency.'” In brief, peripheral blood
mononuclear cells (PBMCs) isolated from 20 mL of
heparin anticoagulant of healthy donors were cultured in a
stem cell growth medium (SCGM) supplemented with
500U/ml rhIL-2, 10 ng/mL rhIL-15 and 10% autologous
serum at 37°C in the humidified atmosphere of 5% CO, for
12 d. The SCGM was replaced every 2 days. After 12 days
of culture, the morphological characteristics of cells were
observed and photographed under an inverted phase
contrast microscope. Pancreatic cancer cells (PANC-1,
SW1990, BxPC-3) were purchased from Shanghai Insti-
tute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China) and cultured in DMEM
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supplemented with 10% FBS at 37°C in 5% CO,. The
culture medium was replaced every 2 days.

Purification of NK cells

After 12 days, the cells cultured in SCGM were collected
and washed twice by sterile phosphate buffered saline
(PBS), and then were resuspended in sterile PBS con-
taining 0.5% bovine serum albumin and 2 mm EDTA.
Subsequent negative selection and positive selection were
carried out using magnetic beads coated with anti-human
CD3 and anti-human CD56 according to the cell selection
protocol, respectively (Miltenyi Biotec Inc).'® The cells
before and after purification were stained with FITC-anti-
human CD56, PerCP-CyS5.5-anti-human CD3 for flow cy-
tometry (FCM) analysis. Corresponding fluorescent labeled
mouse-IgG1 or mouse-IgG2b was used as isotype control.

Proliferation assay

The purified NK cells were collected and resuspended in
SCGM containing IL-2 and IL-15 with a cell density of
2.5 x 10°/ml. Different concentrations of apigenin obtained
by multiple dilution method were incubated with previ-
ously purified NK cells in a 96-well plate at 37°C in 5%
CO, for 24 h, 48 h, and 72 h, respectively. The final
apigenin concentrations of apigenin in different experi-
mental groups were 40, 20, 10, 5, 2.5, 1.25, and 0.62 uM,
respectively. Control group without apigenin was set at the
same time and each group was set with three repeated
wells. According to the operating instructions, 20 pL of
CCK-8 solution was added into each well and cultured for
another 4 h in the dark at 37°C in 5% CO,. To evaluate cell
proliferation rate of NK cells, the OD value was measured
with a microplate reader at the 450 nm wavelength.'’
According to cell proliferation results, NK cell treated
with apigenin (final concentration: 2.5, 5, 10, and 20 pM)
for 72 h was selected in the next study.

Cytotoxicity assay

NK cells incubated with various concentrations of apigenin
for 72 h were harvested and used as effector cells after
being washed three times with PBS. Pancreatic cancer cells
(PANC-1, SW1990, BxPC-3 cells) in logarithmic growth
phase were used as target cells. NK cells induced with
various concentrations of apigenin were co-incubated with
pancreatic cancer cells (effector/target ratio = 10:1) in a 96-
well plate at 37°C in 5% CO, for 24 h. The experimental
group, effector cell control group, and target cell control
group were, respectively, provided with three wells. Then,
24 h later, 20 pL of CCK-8 solution was added into each
well and incubated for further 4 h. The value of OD could
be assessed with a microplate reader at a wavelength of

450 nm. Cytotoxicity was calculated with the following
formula.'’

OD(mixed) — OD(effector)

%100
OD(target) @

Cytotoxicity = |1 —

Flow cytometric analysis

NK cells induced with various concentrations of apigenin
for 72 h in a 6-well plate at the density of 2.5 x 10° cells/ml
were harvested by centrifugation. NK cells were stained
with 20 pL FITC—anti-CD56 and 20 pL PerCP-CyS5.5-anti-
CD3 in a dark place at room temperature for 15 min, and
then fixed and permeabilized by treating with Cell Per-
meabilization Kit (ANDER GRUB, Austria) for 15 min.
According to manufacturer’s instructions, 5 pL PE-anti-
Gran B or 5 pL PE-anti-perforin and isotype-matched
control were added together with permeabilization re-
agents and incubated for 15 min. In the same way, NK cells
were incubated with 20 uLL. FITC-anti-CD56, 20 puL PerCP-
Cy5.5-anti-CD3, 5 puL. PE-anti-NKG2D, or 5 pL. APC-anti-
CD107a in the dark for 15 min. Fluorescent stained cells
were washed twice by PBS and detected by FCM.'®

Quantitative real time-PCR (qRT-PCR)

The qRT PCR and primer sequences were referenced from
Tano et al.'® After incubation with different concentrations
of apigenin for 72 h, NK cells in each group were collected
and washed with PBS, and then total RNA of NK cells
harvested was extracted with Trizol. According to the in-
structions of reverse transcription kit purchased from Ther-
moFisher Scientific, Inc, cDNA was synthetized. The mRNA
levels of Bcl-2 and Bax were detected using SYBR Green
PCR Master Mix with real-time PCR system (Bio-Rad,
CFX96 Real-Time system). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) acted as a housekeeping
gene and internal control. The primer pairs of Bcl-2, Bax,
and GAPDH mRNA were as follows: Bcl-2 forward,
5"-GTGGAGGAGCTCTTCAGGGA-3’, and reverse,
5'-AGGCACCCAGGGTGAGCAA-3’, Bax forward,
5'-GGCCCACCAGCTCTGAGCAGA-3' and reverse,
5'-GCCACGTGGGCGGTCCCAAAGT-3', GAPDH for-
ward, 5'-GAAATCCCAGCACCATCTTCCCAGG-3' and re-
verse, 5'-GTGGTGGACCTCATGGCCCACCATG-3'. The
2722 method was utilized to analyze relative gene expression
levels.”® The expression level of Bcl-2 and Bax mRNA was
evaluated with GAPDH mRNA expression as the standard.

Western blotting analysis

NK cells treated with apigenin for 72 h were harvested and
washed twice with precooled PBS. Cells were lysed in
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protein extraction regent. The lysate samples were
separated by SDS-PAGE, and blotted onto a poly-
vinylidene difluoride membrane. After being blocked
with 1% BSA in TBST at room temperature, the
membranes were incubated with primary antibodies for
Bcl-2, Bax, p-JNK, and p-ERK overnight at 4°C. The
membranes were then incubated with an alkaline
phosphatase peroxidase-conjugated secondary antibody.
Detection was performed by the BCIP/NBT Alkaline
Phosphatase Color Development Kit. The recorded
protein bands were captured by a digital camera. The
gray value was analyzed with Image J software.?!

Statistical analysis

Data were described as mean + standard deviation (SD),
no less than triplicate determinations were indepen-
dently carried out in all experiments. Statistical analysis
was performed by one-way ANOVA using SPSS 16.0
software, Duncan’s test was employed for multiple
comparisons, and Dunnett’s test was used to compare
the differences between experimental groups and the
control group. GraphPad Prism 6.0 software was uti-
lized to draw statistical graph. p values <0.05 were
considered statistically significant.

Results

Identification of NK cells

PBMCs derived from healthy donors were induced in vitro
with rthIL-2 and rhIL-15 in a stem cell growth medium
(SCGM) for 12 days. Under the inverted phase contrast
microscope, the cultured cells were crystal clear, showing
different morphologies such as spherical, ovoid, fusiform,
and a large number of cell colonies of different sizes. A
small number of cells adhered to the culture flask and had
adhesion ability (Figure 1(a) and 1(b)). CD3~CD56" is the
characteristic molecular marker of NK cells. The results of
flow cytometry analysis showed that the average per-
centage of cells expressing CD3~CD56" surface molecules
was 74.25% + 3.37% (Figure 1(c)), suggesting that NK
cells were efficiently expanded through the above culture
protocol. After magnetic cell sorting, the desired NK cell
population with purity of 96.31% =+ 2.07% was obtained.
This will be conducive to subsequent experimental re-
search. (Figure 1(d)).

Effect of apigenin on proliferation of NK cells

NK cells were co-incubated with apigenin at different
doses for 24 h, 48 h, and 72 h. The results showed that
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Figure 1. Morphological characteristics and phenotypic identification of NK cells after expansion. a: Cellular morphologies of NK cells
in suspension growth state after 12 days of expansion (200x). b: Cellular morphologies of NK cells adhering to the wall of the culture
flask (400%). c: Representative dot plot depicting the percentage of NK cells within the cultured PBMCs. d: Representative dot plot of

NK cell percentage after magnetic cell sorting.
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apigenin-induced NK cell proliferation was shown to be a
bell-shape response. Specifically, apigenin could promote
NK cell proliferation within the concentration range of
2.5 uM-20 pM (Figure 2); within the concentration range
of2.5 uM—10 pM, the cell proliferation effect became more
and more obvious with the increase of dose. However, the
proliferation effect decreased at 20 puM. Compared with
24 h and 48 h, 72 h was more significant in cell proliferation
induced by the same dose of apigenin. Therefore, in the
following study, 2.5 uM—20 pM concentration and 72 h
were used as the concentration range and time point to
study the effect of apigenin on NK cell function change.

Cytotoxicity of NK cells to pancreatic cancer cells

After treatment with different concentrations of apigenin
for 72 h, NK cells were co-incubated with pancreatic cancer
cells at the effect: target ratio of 10:1. As shown in Figure 3,
the killing activity of NK cells induced by apigenin to three
pancreatic cancer cell lines (PANC-1 cells, SW1990 cells,
and BxPC-3 cells) was increased to varying degrees.
Compared with the control group, the concentration range
of apigenin that significantly enhanced NK cell killing
activity was 2.5-10 pM, 5-10 pM, and 5-10 pM, re-
spectively. After treatment with apigenin, the killing ac-
tivity of NK cells was enhanced within a certain
concentration range. The cytotoxic activity of NK cells
induced by apigenin to three pancreatic cancer cell lines
(PANC-1 cells, SW1990 cells, BxPC-3 cells) was increased
to varying degrees. The concentration range of apigenin
that significantly enhances the cytotoxicity of NK cells
against PANC-1 cells, SW1990 cells, and BxPC-3 cells
was 2.5 uM-10 pM, 5 pM-10 pM, and 5 pM-10 uM,

1.0
] 24h E3 46h HE 72h
s
0.8 ——
e
0.6
- -
o
0.4pF
0.2
il 1
0.0 0 062 1.25 2.5 5 10
Apigenin (pM)

Figure 2. Effect of apigenin on proliferation of NK cells. NK cells
were cultured with apigenin at concentrations of 0, 2.5, 5, 10,
20,40 uM for 24 h, 48 h, and 72 h. Data are presented as mean *
standard deviation (SD). *p < 0.05, *p < 0.01, **p < 0.001
compared with the respective control group (0 uM group).
OD, optical density.

respectively. The killing efficiency of NK cells at these
concentrations was significantly higher than that of the
corresponding control group (24.1% + 1.3%, 33.6% +
1.8%, and 35.8% + 2.4%, respectively). At the concen-
tration of 5 uM apigenin, the cytotoxic activity of NK cells
to PANC-1 cells and BxBC-3 cells was 44.5% + 1.9% and
48.2% =+ 3.0%, respectively, reaching the peak value.
Similarly, the cytotoxic activity of NK cells to SW1990
cells reached a peak value of 56.6% + 2.2% at the con-
centration of 10 uM of apigenin, and compared with
cytotoxic activity of NK cells at 5 uM of apigenin (55.4% +
2.1%), there is no significant difference between the two
groups.

Surface and intracellular antigen expression of
NK cells

Perforin and granzyme B are important effector mole-
cules for NK cells to exert cytotoxic function, and their
expression level reflects the cytotoxic activity of NK
cells. After incubation with apigenin for 72 h, the ex-
pression of perforin in NK cells increased significantly
within the concentration range of 2.5 pM—10 puM, and the
expression of granzyme B increased significantly within
the concentration range of 5 pM—10 pM. Both of them
reached the peak at the concentration of 5 uM, which
were 74.4% + 1.5% and 69.2% + 1.8%, respectively,
significantly higher than the corresponding control
group (39.0% =+ 1.3% and 48.3% + 0.9%) without api-
genin induction (Figures 4(a) and (b)). NK cells can exert
cytotoxic effects on target cells through the interaction of
NKG2D and its ligand NKG2DL. In the range of

80 (M oFZAa 2500 5 @@ 10 WA 20 (LM)

Hokk

60+ ®ok
20

U I
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40+

Cytotoxicity (%)
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Figure 3. The cytotoxic activity of NK cells treated with
apigenin for 72 h to three pancreatic cancer cell lines (PANC-1,
SW1990 and BxPC-3). NK cells treated with various
concentrations of apigenin were used as effector cells, and
pancreatic cancer cells (PANC-1, SW1990, and BxPC-3) were
used as target cells (E: T=10: I). The cytotoxicity of NK cells
against three pancreatic cancer cell lines was markedly enhanced
after treatment with apigenin at the dose of 5 pM and 10 pM,
and significantly higher than that of the corresponding control
group.®p < 0.01, ***p < 0.001.
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Figure 4. The expression of surface and intracellular antigen molecules on/in NK cells incubated with apigenin for 72h. a, b, ¢, and d
represent the expression of perforin, Gran B, NKG2D, and CD107a infon NK cells with apigenin treatment, respectively.
Representative dot plot depicting the expression percentage of surface and intracellular antigen molecules on/in NK cells in the three
columns on the left (from left to right, isotype control, 0 uM control group, and 5 uM treatment group). In the rightmost column,
histograms describing the expression of perforin, Gran B, NKG2D, and CD107a on/in NK cells treated with various concentrations of
apigenin are shown. Data are displayed in mean + SD. *p < 0.05, *p < 0.0 compared with the 0 uM control group.

2.5 pM-10 pM, the expression of NKG2D on NK cells
induced by apigenin was significantly higher than that in
the control group. At the concentration of 5 uM, the
expression of NKG2D was the highest, reaching 63.2% +
2.3%, while the control group was only 39.0% + 3.4%
(Figure 4(c)). CD107a has been proved to be an im-
portant marker of NK cell cytotoxicity. Our results
showed that the expression of CD107a on the surface of
NK cells was 74.1% =+ 0.9%, significantly higher than
that of the control group (58.2% + 1.3%). Although the

expression of CD107a was also higher than that of the
control group at 2.5 uM and 10 uM concentrations, it was
not statistically significant (Figure 4(d)).

Expression of Bcl-2 and Bax mRNA in NK cells

The expression of Bcl-2 and Bax mRNA in NK cells in-
duced by apigenin was detected by qRT-PCR. The results
showed that the expression of Bcl-2 mRNA in NK cells
was significantly enhanced by the concentration of 5 uM
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and 10 pM apigenin compared with NK cells without
apigenin treatment. On the contrary, the same concentration
of apigenin showed a significant down-regulation effect on
the expression of Bax mRNA in NK cells. The changes of
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Figure 5. The mRNA expression of Bax and Bcl-2 in NK cells after
treatment with apigenin for 72 h. The mRNA levels of Bcl-2 at

5 uMand 10 uM doses of apigenin were significantly higher than that
of the control group. The change of Bax mRNA expression was
contrary to that of Bcl-2, and the expression level decreased
significantly at 5 M and 10 1M doses. Results were expressed as
mean * SD, ***p < 0.001 VS compared with the 0 uM control group.

Bcl-2 and Bax mRNA expression were most significant at
5 uM (Figure 5).

Protein expression of Bcl-2, p-JNK, and p-ERK in
NK cells

Bcl-2 and Bax are proteins associated with apoptosis. As
shown in Figure 6, anti-apoptotic protein Bcl-2 ex-
pression was significantly enhanced by apigenin at a
dose of 5 uM, while pro-apoptotic protein Bax expres-
sion was decreased at a dose of 5 uM. The Bcl-2 to Bax
protein ratio in NK cells treated with apigenin of 5 uM
was significantly higher than that in the control group.
Although the ratio of Bcl-2 to Bax protein in the 10 uM
group and the 20 uM group was lower than that in the
5 uM group, it was still significantly higher than that in
the control group. The JNK and ERK pathways play an
important role in many physiological and pathological
processes. The expression of p-ERK protein in NK cells
was significantly higher than that in the untreated control
group after being treated with apigenin at a concentration
of 2.5 uM-10 uM for 72 h, while the expression of p-
JNK protein was significantly higher than that in the
control group only at a concentration of 5 uM.
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Figure 6. The protein expression of Bax, Bcl-2, p-ERK, p-JNK, and GAPDH in NK cells after treatment with apigenin for 72 h.
a: Western blot analysis for Bax, Bcl-2, p-ERK, p-JNK, and GAPDH expression in NK cells treated with apigenin at concentrations of 0,
2.5,5, 10, and 20 UM, respectively. b: Protein activation analysis of NK cells treated with apigenin at different concentrations, the means
and standard deviation are depicted as diagrams. c: The ratio of Bcl-2 and Bax in NK cells. *p < 0.05, **p < 0.01, ***p < 0.001 versus the

0 uM control group.
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Discussion

Traditional Chinese medicines (TCMs) have a long history
in treating diseases in China and other Asian countries.
They have been identified to possess functions of anti-
oxidant, immunoregulation, and reducing the risk of
chronic disease.”” Evidences have shown that some TCMs
may activate or inhibit human immune cells and induce
immune cells to produce cytokines with different effects in
participating in the human immunity.>* NK cells, one of the
important members of innate immunity, play a vital role in
monitoring and resisting tumor and virus infection. Many
studies have revealed that TCMs can regulate the immune
function of NK cells. Luo et al.** found that Yu-ping-feng
could promote NK cells infiltration into tumor, increase the
number of NK cells in spleen, and enhance antitumor effect
of NK cells. Li et al.>” reported that shikonin could increase
the expression of Gran B and perforin in NK cells, which
was related to the activation of p-ERK1/2 and P-Akt.
Apigenin, recognized as a kind of bioactive flavonoid,
shows to possess various pharmacological activities, not
only can restrict tumor growth through multiple mecha-
nisms but also modulate immune cell function under dif-
ferent body conditions.”**’ Martinez et al.*® considered
that apigenin is the most potent flavonoid in inflammation
that can modify immune responses. Therefore, the question
of whether apigenin has immunopotentiation effects on NK
cells and its possible molecular mechanism has attracted
our attention. In this study, the immunomodulation of
apigenin on NK cells has been discussed.

Cell counting kit-8 (CCK-8) has been used by many
researchers to evaluate cell proliferation.””~° Hence, based
on the successful expansion of NK cells in vitro, we ob-
served the effect of apigenin on the proliferation of NK
cells by CCK-8 method and found that apigenin promoted
the proliferation of NK cells within the dose range of
2.5 uM-20 puM. Bcl-2 is one of the most important on-
cogenes in cell apoptosis study, exhibiting inhibition of
apoptosis, while Bax is reverse.’' Bcl-2 and Bax are im-
portant factors affecting the survival and proliferation of
NK cells, as well as other lymphocytes.>**> In order to
understand the proliferation-related signaling pathway, we
detected the expression of Bcl-2 and Bax both in mRNA
and protein levels in NK cells induced by apigenin, and the
Bcl-2 to Bax ratio was analyzed in this study. The results of
gRT-PCR and Western blotting analysis showed that api-
genin could inhibit gene and protein expression of Bax in
NK cells after 72 h induction, especially in 5 pM and
10 uM dose groups. On the contrary, the gene and protein
expression of Bcl-2 were increased. Not only that, the ratio
of Bel-2 to Bax in NK cells was significantly elevated in
5 uM and 10 uM treated groups. The expression of these
related genes and proteins was consistent with the results of

proliferation analysis, which could be considered as the
molecular mechanism.

Apigenin has direct antitumor effect. Woo et al.*® re-
ported that apigenin could inhibit the proliferation of
melanoma cells through regulating Akt and mitogen-
activated protein kinase signal pathways to induce apo-
ptosis. However, our study showed that apigenin increased
the killing activity of NK cells against pancreatic cancer
cells, suggesting that apigenin exerts indirect antitumor
effect by activating NK cells. Activated NK cells release
perforin and granzyme after contacting with target cells.
Perforin makes the target cells to appear with holes, which
creates a prerequisite for the granzyme to enter the target
cells. After entering the target cell, granzyme starts the
apoptosis program of the target cell by combining with the
key substrates in the target cell, leading to the apoptosis of
the target cell.>>~*® Perforin/granzyme pathway is one of the
important pathways for cytotoxic lymphocytes to induce
apoptosis and kill tumor cells and virus infected cells.?’
Fisher et al.*® revealed that while increasing the intracel-
lular level of perforin and Gran B in NK cells, the killing
effect of NK cells was improved, which proved the rela-
tionship between perforin/granzyme pathway and cyto-
toxic activity. NKG2D molecule is an important factor that
determines the activation state of NK cells.”” Through
binding to NKG2D ligands, expressing mainly on tumor
cells, NKG2D plays an important role in the immune re-
sponse, including immune surveillance, antimicrobial, and
antitumor effects. The activation of NKG2D can enhance
the killing activity of NK cells against many tumor cells
expressing corresponding ligands.*® In our study, the ex-
pression of perforin, Gran B, and NKG2D in/on NK cells
was significantly upregulated after treatment with apigenin
at doses of 2.5 uM-10 puM. The results suggested that
apigenin could regulate the activation and killing function
of NK cell. Studies have shown that CD107a is a marker of
NK cell functional activity.*' Our results showed that the
expression of CD107a on NK cells was obviously in-
creased after apigenin treatment, which was consistent with
its killing effect to pancreatic cancer cells.

As the intermediate link of MAPK signaling pathway,
ERK, JNK, and p38 pathways are closely related to the
granular polarization in NK cells.**** Furthermore, some
previous studies have shown that NKG2D-mediated an-
titumor activity is achieved by activating ERK and JNK
MAP kinases.*****® Teng et al.*’ proved the correlation
between ERK pathway and NK cytotoxic activity from the
opposite perspective, that is, the expression level of
phosphorylated ERK (p-ERK) decreased, and the cytotoxic
activity of NK cells decreased. Western blotting analysis
was used to examine the effect of apigenin on NK
cytotoxicity-related signal pathway. As observed in this
study, apigenin can activate ERK and JNK signal pathways
in NK cell within a certain concentration range, which
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preliminarily revealed the molecular mechanism of api-
genin enhancing the cytotoxicity of NK cell against cancer
cell. However, the secretion of immunoregulation-related
cytokines has not been detected, which needs further re-
search. Of course, in addition to apigenin, there are many
flavonoids with similar biological activities and pharma-
cological effects, such as quercetin, baicalin, myricetin, and
luteolin. Hence, another limitation of this study is that only
apigenin has been studied, and several flavonoids have not
been selected for comparative study at the same time,
which needs further research in the next step.

Conclusion

To sum up, the current study confirmed that apigenin in a
certain concentration range can promote proliferation of
NK cells and enhance its cytotoxicity to pancreatic cancer
cells, playing a positive immunoregulation. Apigenin may
play a critical role in promoting NK cell proliferation by
upregulating Bcl-2 and downregulating Bax expression at
both mRNA and protein levels. Moreover, apigenin can
upregulate the expression of perforin, Gran B, and
NKG2D, possibly by activating JNK and ERK pathways,
thereby enhancing the killing activity of NK cells against
pancreatic cancer cells.
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