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Abstract

Lingonberry (Vaccinium vitis-idaea L.) extract contains various active ingredients with strong
inhibitory effects on cancer cell growth. HepG2 cells were treated with various concentra-
tions of lingonberry extract, cell inhibition rate was measured by CCK-8 assay, and apopto-
sis rate by annexin-propidium iodide double-staining assay. The cell cycle was analyzed by
flow cytometry, and cell migration and invasion by transwell assay. Real-time reverse tran-
scription-PCR and western blotting were employed to analyze the expression of C-X-C motif
chemokine ligand 3 (CXCL3). Ki-67, TUNEL, and transwell assays were used to verify the
relationship between CXCL3 expression and cell proliferation, apoptosis, migration, and
invasion. The composition of lingonberry extract was: 37.58% cyanidin-3-O-glucoside,
10.96% kaempferol 3-O-arabinoside, 4.52% epicatechin, 4.35% chlorogenic acid, 3.83%
catechinic acid, 1.54% isoquercitrin, 1.05% 4-hydroxycinnamon acid, 1.03% cyanidin chlo-
ride, 0.85% 2,3-dihydroxybenzoic acid, 0.55% quercetin, 0.36% D-(-)-quininic acid, 0.96%
caffeic acid, 0.16% ferulic acid, 0.12% oleanolic acid, and 0.03% ursolic acid. Lingonberry
extract inhibited the proliferation of HepG2 cells in a dose-dependent manner. After 48 h
exposure to 100 pg/mL extract the inhibition rate and ICso were 80.89+6.05% and 22.62 ug/
mL, respectively. Lingonberry extract promoted late apoptosis in HepG2 cells and arrested
the cell cycle at G2/M and S phases. Lingonberry extract also promoted the apoptosis of
HepG2 cancer cells, inhibiting their proliferation, migration, and invasion by regulating the
expression of CXCLS3. This study offers new insight into the antihepatoma activity of lingon-
berry extract and provides a basis for the development of pilot antitumor drugs.

Introduction

Cancer is a major cause of death in humans and hepatocellular carcinoma is one of the most
common fatal malignancies. A large number of people die of hepatomas each year and the
prevalence of hepatomas is increasing year-on-year. China has the highest clinical incidence of
hepatomas among Asian countries [1, 2]. However, the efficiency of hepatoma treatments is
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far from satisfactory. The development of novel and effective drug treatments and research
into new treatment methods are key to lowering increasing hepatoma-related mortality.

It has been demonstrated that natural compounds extracted from plants, vegetables and
fruits can prevent cancer development and reduce tumor growth [3, 4]. Natural extracts from
sugarcane have been shown to inhibit growth of human lung cancer A549 cells and human
ovarian cancer SKOV-3 cells [5]. Cranberry juice has an antiproliferative effect on cervical
cancer cells (HeLa), exhibiting a significant difference compared to a control group at concen-
trations above 0.125 mg/mL [6]. At 1.0 mg/mL, bog bilberry (Vaccinium uliginosum L.)
strongly inhibits the viability of colon cancer cells (Caco-2) and hepatoma cells (HepG2)
treated for 72 h [7]. Cactus extracts suppress the proliferation of human breast cancer cell lines
MCEF-7 and MDA-MB-231 by inducing G2/M cell cycle arrest and apoptosis [8]. The extracts
of Tribulus terrestris fruit and Xanthium strumarium fruit had differential effects on cell pro-
liferation of oral cancer cells. In addition, the fruit extracts hampered cell migration and inva-
sion of oral cancer cells [9].

C-X-C motif chemokine ligand 3 (CXCL3) is a single-stranded protein of the CXC chemo-
kine family. It activates C-X-C motif chemokine receptor 2 (CXCR?2), initiating downstream
signal activation and regulating cell migration and invasion. The CXCL3/CXCR?2 signaling
pathway is associated with a variety of diseases [10, 11] and is important in tumor development
and progression. Overexpression of CXCL3 can increase the risk of prostate cancer tumor for-
mation and plays multiple roles in the progression and metastasis of this cancer [12]. In non-
small-cell lung cancer (NSCLC), circMET promotes proliferation, metastasis, and immune
evasion by regulating Mir-145-5p/CXCL3 [13]. CXCL3 overexpression promotes the onco-
genic potential of uterine cervical cancer cells through the MAPK/ERK pathway [14]. Cancer
cell-derived sST2 upregulates CXCL3 by inhibiting IL-33-ST2L signaling in the pancreatic
cancer microenvironment and enhances tumor growth [15]. There has been little research
into whether CXCL3 is expressed in hepatocellular carcinoma, and more work is needed to
verify if CXCL3 overexpression is a potential tumor marker.

Lingonberry (Vaccinium vitis-idaea L.) is a plant of the azalea family. Vaccinium are found
in northeast China, Russia’s alpine region, the Korean Peninsula, North America, and north-
ern Europe [3, 16]. Lingonberry fruit are considered a natural, safe food eaten whole or pro-
cessed, since they contain a variety of health-promoting functional ingredients. The biological
and antioxidant activities of phenolic compounds in lingonberry fruit have been studied [17-
19]. Lingonberry exhibits antidiabetic properties in obese mice [20], while lingonberry antho-
cyanin protects myocardial cells from oxidative stress-induced apoptosis [21]. It inhibits the
expression of inflammatory cytokines [22], inhibits tumorigenesis and cancer cell growth, and
has antiproliferative effects on the digestive tract [23]. Fermented lingonberry juice signifi-
cantly weakens the proliferation and invasion of SCC-25 human oral cancer cells [24].

The antihepatoma mechanisms of functional components of lingonberry have only recently
been studied [25]. The present study examines the functional potential of lingonberry extracts
by exposing human hepatoma HepG2 cells to various concentrations in vitro. The effects of
the extracts on the proliferation, apoptosis, migration, and invasion of HepG2 cells and on
CXCL3 expression levels are monitored, providing a theoretical basis for the inhibitory effects
of lingonberry extracts on HepG2 proliferation.

Materials and methods
Reagents and instruments

Hepatoma cells (HepG2), colon cancer cells (DLD-1), and breast cancer cells (MCF-7) were
provided by the Second Hospital of Harbin (China). All cell lines were mycoplasma-free and
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were authenticated using short tandem repeat (STR) genotyping within the last three years
and were verified as being identical to STR profiles in comparable databases (Zhejiang Ruyao
Biotechnology Science and Technology Company Limited). Dulbecco’s modified eagle
medium (DMEM) with high glucose was sourced from Gibco (USA), Roswell Park Memorial
Institute (RPMI) 1640 medium from BioReagent, and fetal bovine serum (FBS) from Invitro-
gen (USA). Penicillin-streptomycin and phosphate buffered saline (PBS) were purchased from
Sigma and Gibco, respectively. Trypsin (0.25%) was obtained from HyClone (USA), and
96-well tissue culture plates from Corning (USA). Cell counting kit-8 (CCK-8) and cell cycle
assay kits were purchased from Dojindo Laboratories (Japan) and Shanghai Ruian Biological
Engineering Co. Ltd., respectively. AnnexinV-fluorescein isothiocyanate (FITC) and propi-
dium iodide (PI) apoptosis assay kits were obtained from Beyotime Biotechnology. The Q
Exactive and Ultimate 3000 UPLC systems were sourced from Thermo Fisher Scientific.

Preparation of berry extracts

Lingonberry was crushed and extracted twice with 80% ethanol at a solid-liquid ratio of 1:15
(w/v). The extracts were combined and the solvent was removed by rotational evaporation.
Extract powder was obtained by YWDO07 macroporous resin purification, decompression con-
centration, and vacuum freeze drying. This was then dissolved in PBS and passed through a
0.22 um filter membrane. Bog bilberry and frozen cranberry fruit extracts were also prepared
using the above protocol.

Cell culture

HepG2 and MCEF-7 cells were cultured in DMEM containing 10% FBS. DLD-1 cells were cul-
tured in RPMI 1640 with 10% FBS. All cell lines were grown in a 5% CO, thermostatic incuba-
torat 37°C.

Cell Inhibition rate by CCK-8 assay

HepG2, MCF-7, and DLD-1 cells in the logarithmic growth phase were seeded into 96-well
plates (1x10* cells/well) and cultured overnight in a 5% CO, thermostatic incubator at 37°C.
Upon cell attachment, the medium was discarded and 200 pL of medium containing various
concentrations of lingonberry, bog bilberry, or cranberry extract was added (20, 40, 60, 80 or
100 pg/mL). The same volume of medium was added to a control group. Six replicate wells
were prepared at each concentration. After culturing for 48 h the medium was discarded.
Fresh medium (100 pL) and CCK-8 assay solution (10 uL) were added and incubated for 2 h at
37°C. The absorbance at 490 nm was measured in each well using a microplate reader.

Cell apoptosis rate by annexin-PI double staining assay

HepG2 cells in the logarithmic growth phase were digested using 0.25% trypsin, transferred to
single-cell suspension in medium containing 10% FBS and inoculated into 24-well plates. Cell
concentration was adjusted to 2x10° cells/well, cultured for 24 h, and the original medium
removed following cell attachment. Medium containing Vaccinium vitis-idaea L. extract (20,
40, 60, 80 or 100 pg/mL) was added to the HepG2 cells and cultured in 5% CO, at 37°C for 48
h (an equal volume of DMEM was added to the control group). Suspended cells were harvested
by centrifugation at 2000 r/min for 5 min. Adhered cells (1 to 5x10° cells) were harvested by
0.25% trypsin digestion, washing with pre-cooled PBS, and re-suspension in 500 pL buffer.
Cells were mixed with 5 uL Annexin V-FITC, stained for 20 min in the dark at room
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temperature, then mixed with 5 pL PI for 5-15 min in the same environment. Flow cytometry
was performed within 1 h [8, 11].

Cell cycle by flow cytometry

HepG2 cells were seeded into 6-well plates at a density of 1x10° cells/well and cultured over-
night. Lingonberry extract was added at 20, 40, 60, 80 or 100 ug/mL alongside the control
group. After 48 h the cells were harvested using 0.25% trypsin, centrifugation at 1000 r/min for
5 min, washing twice in pre-cooled PBS, and fixing in 70% ice-cold ethanol at 4°C overnight.
Cells were centrifuged again to remove ethanol, washed twice in PBS, incubated with fluores-
cent dye at room temperature in the dark for 30 min, and the cell cycle was detected by flow
cytometry [25, 34].

Cell migration and invasion by transwell assay

HepG2 cells were treated with lingonberry extract at 20, 40, 60, 80 or 100 ug/mL (no extract in
the control group) for 48 h. Cells were seeded into the upper chamber at 2x10* cells/mL while
the lower chamber contained 600 uL of medium with 10% FBS. After 24 h the cells in the
upper chamber were wiped off using cotton swabs, fixed in methanol for 30 min, and stained
with 0.1% crystal violet for 10 min. After washing in PBS, the cells were observed under a
microscope and immediately photographed in randomly-selected visual fields. For the cell
invasion experiment, Matrigel glue was added to the upper layer of the chamber and polymer-
ized at 37°C for 30 min. Excess liquid was absorbed and the upper chamber was air-dried on
an ultra-clean stage for 1 h. HepG2 cells treated with extracts (20, 40, 60, 80, or 100 pg/mL) for
48 h were inoculated into the upper chamber at a density of 2x10* cells/mL, and 600 pL
medium containing 10% FBS was added to the lower chamber. Other procedures were as for
the cell migration test [11, 13].

CXCL3 expression in cancer cells by western blotting

HepG2 cells were treated with lingonberry extract (20, 40, 60, 80, or 100 pg/mL; zero in the
control group) for 48 h. Radio-immunoprecipitation assay lysis buffer was added and the con-
centration of proteins was determined by bicinchoninic acid kit. SDS-PAGE was performed
and the resulting protein samples were transferred onto a polyvinylidene fluoride membrane
which was blocked with 5% skimmed milk powder at room temperature for 1 h. Samples were
incubated with primary antibody at 4°C overnight and the membrane washed with tris-buft-
ered saline-Tween 20 (TBST). Samples were then incubated with secondary antibody at room
temperature for 2 h and washed three times with TBST. After exposure, images were developed
in a dark room, immersed in fixation solution, and film was processed using Quantity One gel
analysis software.

CXCL3 expression in cancer cells by Real-time Reverse Transcription-
Polymerase Chain Reaction (RT-PCR)

Total ribonucleic acids were extracted and identified. Complementary deoxyribonucleic acids
(cDNAs) were synthesized as follows: mixtures were prepared in 0.2 mL RNase-free Eppendorf
tubes and reacted at 37°C for 15 min, 85°C for 5 s, and 4°C for 60 min. The resulting cDNAs
were diluted with 180 uL of ddH,O and stored at -20°C for second strand cDNA synthesis or
PCR amplification. The primer sequences for quantitative PCR were as follows: -actin-F
GGCTGTGCTATCCCTGTACG, B-actin-R AGGTAGTCAGTCAGGTCCCG, CXCL3-F
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TGTGAATGTAAGGTCCCCCG, and CXCL3-R TTGGTGCTCCCCTTGTTCAG. The PCR pro-

gram was set up for amplification and relative expression levels were calculated using 274",

Cell transfection and grouping

A Lenti-Pac HIV Expression Packaging Kit (GeneCopoeia, China) was used for overexpression
of CXCL3 and mock transfection of HepG2 cells in five groups [26]: control (no treatment),
extract group (treated with 80 pg/mL lingonberry extract), negative control (NC; transfected
with NC empty plasmid), overexpression group (OE-CXCL3; transfected with overexpressed
CXCL3 plasmid), and extract with overexpression group (OE-CXCL3; treated with 80 pg/mL
lingonberry extract and transfected with overexpressed CXCL3 plasmid). The expression of
CXCLS3 after transfection was determined by RT-PCR and Western blotting. The migration and
invasion capabilities of the HepG2 cells were measured as described above [13, 14].

Cell proliferation Ki-67 assay

The five HepG2 groups were fixed with 4% paraformaldehyde for 15 min, permeabilized with
0.2% Triton X-100 for 5 min, and blocked with 1% FCS for 1 h at room temperature. The cells
were labeled with mouse anti-human Ki-67 monoclonal antibody at 1:50 dilution in 1% FCS,
incubated at 4°C overnight, and stained with goat anti-mouse IgG (H+L) secondary antibody
conjugated to Alexa Fluor Plus 488 at a dilution of 1:1000 for 45 min at room temperature.
Nuclei were stained with 5 pug/mL final concentration of DAPI for 30 min. Samples were
washed three times with PBS and cells were examined by fluorescence microscopy [27].

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay

The five HepG2 groups were placed in a 96-well plate at 1 x 10 cells/well and cultured for 2 h
before 50 ul TUNEL reaction solution was added and incubated for 60 min. After rinsing, con-
version solution was added to the cells which were incubated 60 min, then stained with DAB
for 30 min, and examined by light microscopy. Red granules in the nuclei indicated apoptotic
cells [28].

Lingonberry extract composition

An Ultimate 3000 UPLC system and Thermo Scientific Q Exactive were used for analysis of
the composition of lingonberry extract. Chromatography parameters were as follows: Hypersil
Gold 100x2.1 mm, 3 pm column (Thermo Scientific, Germany) at 25°C; 0.1% acetic acid in
acetylene (mobile phase A) and 0.1% acetic acid in water (mobile phase B) with the gradient
elution A = 5-20-90-90-5-5% at time 0-4-15-18-18.1-25 min; detection wavelength 280 nm;
and flow rate 0.25 mL/min. An m/z mass spectrometry scan was performed under electrospray
ionization.

Statistical analysis

Statistical analyses were carried out using SPSS 17.0 software. Unpaired ¢-tests were applied to
evaluate significant differences. Statistically significant differences were defined as p < 0.05 (*)
and strongly significant differences as p < 0.01 (**). In cell culture experiments, culture bottles
were randomly numbered and randomly selected. The cells in culture bottles were digested
and counted on plates, corresponding to the experimental groups with various concentrations
from left to right. All data are expressed as mean + standard deviation of at least three indepen-
dent experiments.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270677  July 8, 2022 5/19


https://doi.org/10.1371/journal.pone.0270677

PLOS ONE

Inhibitory effect of lingonberry extract on HepG2 cell

Results
Inhibitory effect of lingonberry on HepG2 proliferation

Inhibitory effect of lingonberry on proliferation of various cancer cells. CCK-8 assay
results (Fig 1) show that increasing the concentration of lingonberry extract (48 h exposure)
gradually increased its inhibitory effects on the cancer cells HepG2, DLD-1 and MCE-7.

At 80 pg/mL, lingonberry inhibited HepG2 cells by 78.34+3.55% with a half-maximal inhib-
itory concentration (ICsg) of 22.62 ug/mL. DLD-1 cells were inhibited by 61.58+7.46% with an
ICsq of 49.86 ug/mL. When the concentration was increased to 100 ug/mL, the inhibition rates
of HepG2 and DLD-1 cells increased but were not significantly higher than at 80 ug/mL. At
100 pg/mL, inhibition rate was 80.89+6.05% for HepG2 cells and 64.93+2.64% for DLD-1
cells.

At 60 pg/mL, lingonberry exhibited an inhibition rate of 60.54+5.83% and an ICs, of
33.91 pug/mL with MCEF-7 cells. At higher concentrations the inhibition rate increased, but not
significantly above that at 60 pg/mL. At 100 pg/mL, the MCF-7 inhibition rate was 70.23
+4.54%.

These data demonstrate that at fixed exposure times and concentrations, lingonberry
extract had the greatest inhibitory effect on HepG2 cells.

Inhibitory effect of various vaccinium berries on HepG2 proliferation. CCK-8 assay
(Fig 2) shows that different Vaccinium berry extracts had significant inhibitory effects on the
proliferation of HepG2 cells and this effect increased at higher concentrations.

When cells were treated with extracts for 48 h, lingonberry had an inhibition rate of 78.34
+3.55% and ICs, of 22.62 ug/mL at 80 pg/mL. Inhibition rate increased at higher concentra-
tions, but not significantly above that at 80 pg/mL. At 100 pg/mL, the inhibition rate was 80.89
+6.05%.

100+
o HepG2

80- # DLD-1
-+ MCF-7
60+
40+

20-

Cell inhibition rate(%o)

0 20 40 60 80 100
ng/mL

Fig 1. Inhibition rates of lingonberry extract on proliferation of various cancer cells.

https://doi.org/10.1371/journal.pone.0270677.9001
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Fig 2. Inhibition rates of various Vaccinium berry extracts on proliferation of HepG2 cells.

https://doi.org/10.1371/journal.pone.0270677.9002

When the concentration of cranberry extract reached 60 pg/mL, inhibition rate and ICs,
were 61.98+2.74% and 33.06 ug/mL, respectively. With increasing concentration the inhibition
rate increased, but not significantly above that at 60 pg/mL, reaching 68.93+2.67% at 100 ug/
mL.

Bog bilberry extract achieved an inhibition rate of 51.47+2.01% and an ICs, of 42.55 ug/mL
at 40 pg/mL. Inhibition increased as concentration increased, but not significantly above that
at 40 pg/mL (inhibition rate reached 60.35+2.94% at 100 pg/mL). Of the three Vaccinium
berry extracts, lingonberry exhibited the strongest inhibitory effect on HepG2 cells.

Inhibitory effect of lingonberry treatment duration on HepG2 proliferation. The
CCK-8 assay data in Fig 3 show that the inhibitory effect of lingonberry extracts on the prolif-
eration of HepG2 cells increased with extended exposure time. After 24 h treatment at 100 pg/
mL, the inhibition rate and IC5, reached 51.99+6.16% and 88.39 pg/mL, respectively. After 48
h at 100 pg/mL, inhibition and ICs, reached 80.89+6.05% and 22.62 ug/mL, respectively.
These data demonstrate that lingonberry extract inhibits HepG2 cells in a dose- and time-
dependent manner.

Effect of lingonberry extracts on HepG2 cell apoptosis. The effect of lingonberry
extracts on HepG2 cell apoptosis was evaluated using flow cytometry. In Fig 4, quadrant 2
(Q2) represents late apoptosis and Q3 early apoptosis. Exposure to Vaccinium vitis-idaea L.
increased the number of early and late apoptotic HepG2 cells, with a greater increase in late
apoptotic cells as the extract concentration increased (Fig 4A). The apoptosis rate in all lingon-
berry-treated groups was considerably higher than the control group (Fig 4B). Treatment with
100 pg/mL extract for 48 h produced an apoptosis rate of 71.22+3.58%, suggesting that the
inhibitory effect of lingonberry extract on HepG2 cells is associated with the induction of cell
apoptosis.

Effect of lingonberry extract on HepG2 cell cycle. Fig 5 illustrates the effect of lingon-
berry extract on the HepG2 cell cycle. As the concentration of extract increased, apoptosis of
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Fig 3. Inhibition rates of lingonberry extracts on proliferation of HepG2 cells treated for 24 h and 48 h.
https://doi.org/10.1371/journal.pone.0270677.g003

HepG2 cells increased, with the number of cells at G1/GO0 phase declining and cells at S and
G2/M phases gradually increasing. At 40, 60, 80, and 100 pg/mL, the numbers of cells at S and
G2/M phases were significantly higher than in the control group. This suggests that lingon-
berry extract arrests the cell cycle predominantly at the G2/M and S phases.

Effect of lingonberry extracts on HepG2 cell migration and invasion. A transwell assay
was conducted to observe the effects of lingonberry extract on the migration and invasion
capabilities of HepG2 cells. Compared with the control group (Fig 6), the number of migrating
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Fig 4. Effect of lingonberry extract on the apoptosis rate of HepG2 cells. (a) Effect of extract concentration on apoptosis. (b) Analysis of cell apoptosis rates
in lingonberry treatment and control groups (** p < 0.01 compared to the control group).

https://doi.org/10.1371/journal.pone.0270677.9004
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https://doi.org/10.1371/journal.pone.0270677.9005

and invading extract-treated HepG2 cells decreased significantly as extract concentration
increased, indicating that lingonberry extract significantly inhibits the migration and invasion
of HepG2 cells, proportional to the extract concentration.

Effect of lingonberry extract on expression of CXCL3 in HepG2 cells. Western blotting
showed that the expression of CXCL3 decreased as lingonberry extract concentration
increased compared with the control group (Fig 7A). Thus, lingonberry extract affects the pro-
tein expression of CXCL3 in a dose-dependent manner.

Fig 7B shows that CXCL3 expression declined in all lingonberry extract treatment groups
compared with the control (0 pg/mL). Expression of CXCL3 was significantly suppressed in
the 40 pg/mL group and strongly significantly suppressed in the 60, 80, and 100 pg/mL groups.
There was no significant difference between the 80 and 100 pg/mL groups, so 80 pg/mL was
selected for subsequent experiments.

Western blotting and PCR show that CXCL3 expression in the 80 pg/mL extract group was
significantly lower than in the control and NC groups. CXCL3 expression was significantly
lower in the extract+OE-CXCL3 group than the OE-CXCL3 group (Fig 8A and 8B), demon-
strating that lingonberry extract inhibits the expression of CXCL3 protein.

Effect of lingonberry extract on proliferation, apoptosis, migration, and invasion of
HepG2 cells via regulation of CXCL3 expression. Ki-67 assay data (Fig 9) show that the Ki-
67 positive cell rate in the extract group was significantly lower than the control group, and the
extract+OE-CXCL3 group was significantly lower than the OE-CXCL3 group. This indicates
that lingonberry extract can inhibit cell proliferation by regulating the expression of CXCL3.

TUNEL assay data (Fig 10) show that the TUNEL positive cell rate was significantly higher
in the extract group than the control and NC groups, and the extract+OE-CXCL3 group was
significantly higher than the OE-CXCL3 group. This indicates that lingonberry extract can
accelerate the apoptosis of HepG2 cells by regulating the expression of CXCL3.

Transwell assay data (Fig 11A and 11C) show that the migration cell count was significantly
lower in the extract group than the control and NC groups, and the extract+OE-CXCL3 group
was significantly lower than the OE-CXCL3 group. This indicates that lingonberry extract can
inhibit cell migration by regulating the expression of CXCL3. Transwell data (Fig 11B and
11D) also show that the invasion cell count in the extract group was significantly lower than
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Fig 6. Effects of lingonberry extract on the migration and invasion of HepG2 cells. (a) Effects of extract
concentration on the migration of HepG2 cells. (b) Effects of extract concentration on the invasion of HepG2. (c)
Analysis of cell migration in lingonberry treatment and control groups. (d) Analysis of cell invasion in lingonberry
treatment and control groups (** p < 0.01 compared to the control group).

https://doi.org/10.1371/journal.pone.0270677.9006

the NC group, and the extract+OE-CXCI3 group was significantly lower than the OE-CXCL3
group. These results demonstrate that lingonberry extract inhibits both migration and inva-
sion of HepG2 cells by regulating CXCL3 expression.
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Fig 7. Effects of lingonberry extract on the protein expression of CXCL3. (a) Protein expression of CXCL3 detected
by western blotting. (b) Relative expression of CXCL3 determined by real-time PCR (* p < 0.05, ** p < 0.01 compared
to the control group).

https://doi.org/10.1371/journal.pone.0270677.9007
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Fig 8. Expression of CXCL3 in control, extract, and transfection groups. (a) Protein expression of CXCL3 detected by
western blotting. (b) Relative expression of CXCL3 determined by real-time PCR. (** p < 0.01 compared to the extract group).

https://doi.org/10.1371/journal.pone.0270677.9008
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Fig 9. Proliferation of HepG2 cells in control, extract, and transfection groups. (a) x400 magnification fluorescence micrographs of the effects of treatment
on HepG2 cell proliferation. (b) Ki-67 positive cell rates (* p < 0.05, ** p < 0.01 compared to the extract group).

https://doi.org/10.1371/journal.pone.0270677.g009

Lingonberry extract composition. These components were present in the following pro-
portions (Fig 12): 195.88 pg/mg cyanidin-3-O-glucoside chloride (37.58%), 57.13 pg/mg
kaempferol 3-O-arabinoside (10.96%), 23.56 ug/mg epicatechin (4.52%), 22.67 pg/mg chloro-
genic acid (4.35%), 19.96 ug/mg catechinic acid (3.83%), 8.03 pg/mg isoquercitrin (1.54%),
5.47 pug/mg 4-hydroxycinnamic acid (1.05%), 5.37 ug/mg cyanidin chloride (1.03%), 4.43 pg/
mg 2,3-dihydroxybenzoic acid (0.85%), 2.87 ug/mg quercetin (0.55%), 1.88 pg/mg D-(-)-qui-
nic acid (0.36%), 1.20 ug/mg caffeic acid (0.96%), 0.83 pg/mg ferulic acid (0.16%), 0.63 pg/mg
oleanolic acid (0.12%), and 0.17 pug/mg ursolic acid (0.03%).
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Fig 10. Apoptosis of HepG2 cells in control, extract, and transfection groups. (a) X400 magnification light micrographs of the effects
of treatment on HepG2 cell apoptosis. (b) TUNEL apoptosis positive cell rates (* p < 0.05, ** p < 0.01 compared to the extract group).

https://doi.org/10.1371/journal.pone.0270677.g010
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Fig 11. Migration and invasion of HepG2 cells in control, extract, and transfection groups. (a) x200 magnification micrographs of the effects of
treatment on HepG2 cell migration. (b) x200 magnification micrographs of the effects of treatment on HepG2 cell invasion. (c) Migration cell counts.
(d) Invasion cell counts. (* p < 0.05, " p < 0.01 compared to the extract group).

https://doi.org/10.1371/journal.pone.0270677.9011

Discussion

Lingonberry extract contains a large number of polyphenols, comprised mainly of cyanidin-
3-O-glucoside chloride, kaempferol 3-O-arabinoside, catechinic acid, quercetin, and chloro-
genic acid. Catechinic acid, quercetin, and phenolic acids such as caffeic acid and ferulic acid
can suppress the growth of cancer cells [29]. This study demonstrates that lingonberry extract
rich in these functional components had different degrees of inhibitory effects on liver, colon
and breast cancer cells, with the strongest effect on the proliferation of HepG2 cells. The
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Fig 12. UV-Vis spectrum at 280 nm of lingonberry extract.
https://doi.org/10.1371/journal.pone.0270677.g012

Vaccinium berries bog bilberry, cranberry and lingonberry all inhibited the growth of HepG2
hepatoma cells, with lingonberry having the strongest effect. Lingonberry contains the highest
proportion of procyanidins (818 pg/mg) compared with cranberry (690 ug/mg) and bog bil-
berry (255 pg/mg), whilst (+)-catechin is also highest in lingonberry (584 ug/mg), followed by
cranberry (417 ug/mg) and bog bilberry (70 pg/mg) [30]. These differences are likely to
account for the different inhibitory effects on cancer cell proliferation. Phenolic acids and fla-
vonoids in berries can penetrate the cell membrane of cancer cells, producing a strong antipro-
liferative effect [31]. As the concentration of lingonberry increased, these various components
synergistically enhanced their inhibitory effect on HepG2 cells. However, it remains to be
experimentally verified which specific components are responsible for suppressing HepG2
growth.

Under normal physiological and pathological conditions, apoptosis is a spontaneous pro-
cess of cell death that can be activated by various stimuli. One mechanism of action of many
antitumor drugs is to induce abnormal cell apoptosis, thereby interfering with tumor growth
[32-35]. This study demonstrates that lingonberry extract can suppress the proliferation of
HepG2 cells in a dose-dependent manner by inducing apoptosis in vitro. It produces a higher
response in late apoptosis than early apoptosis, with the late apoptosis rate rising significantly
as lingonberry extract concentration increases. This suggests that lingonberry extract has a
stronger inductive effect on the late apoptosis of HepG2 cells and has a positive dose-response
correlation.

The effect of lingonberry extract on the HepG2 cell cycle was also studied. The proportion
of treated HepG2 cells at G2/M and S phases gradually increased, indicating cell cycle arrest
and proving that lingonberry extract suppresses HepG2 by regulating the cell cycle. Aristotelia
chilensis (maqui) berry arrests the cycle of Ishikawa cells at G2/M phase [36]. Cyanidin 3-sam-
bubioside weakens cell viability and arrests the cell cycle of human leukemia-60 cells at G2/M
phase [37]. Kaempferol induces G2/M cell cycle arrest and promotes apoptosis of A2780/CP70
human ovarian cancer cells [38]. Quercetin inhibits the proliferation of HT29 colon cancer
cells and, in combination with Adriamycin, can arrest the G2/M phase [39]. These reports are
in line with the present study indicating that the active ingredients of lingonberry extract
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largely determine how it suppresses cell proliferation. Lingonberry extract was also proven to
suppress HepG2 cell migration and invasion, preventing cells from passing through the cham-
ber. Higher lingonberry doses had stronger inhibitory effects on HepG2 migration and
invasion.

CXCL3 is closely related to tumor growth and can affect the proliferation, invasion, and
migration of tumor cells by activating relevant cell pathways in combination with their recep-
tors [40]. CXCL3 and CXCL8 are the key genes that affect the diagnosis and prognosis of
colon adenocarcinoma [41]. Overexpressed CXCL3 can heighten the risk of tumorigenesis in
prostate cancer and cervical cancer [12, 14]. An increasing number of studies suggest that
CXCL3 can serve as a novel predictor of tumor progression. In this study, western blotting and
PCR analysis demonstrated that lingonberry extract significantly reduces the expression of
CXCL3 in HepG2 cells. To further elucidate the relationship between CXCL3 expression and
cell proliferation, apoptosis, migration, and invasion, experiments were conducted after cell
transfection using Ki-67, TUNEL, and transwell assays. Data indicated that inhibition of
CXCL3 expression promoted apoptosis of HepG2 cells and inhibited proliferation, migration,
and invasion of HepG2 cells. Thus, lingonberry extract can inhibit the proliferation, migration,
and invasion of HepG2 cells and promote their apoptosis by regulating the expression of
CXCL3. This study provides a new direction for the treatment of hepatoma (utilizing the
inhibitory effects of lingonberry extract on the chemokine CXCL3), offers new insight into the
study of lingonberry’s antihepatoma properties, and provides a basis for the development of
pilot antitumor drugs.

Conclusions

Lingonberry extract contains a variety of functional components. It can inhibit the growth,
proliferation, apoptosis, migration, and invasion of human hepatoma HepG2 cells by inhibit-
ing the expression of chemokine CXCL3. This finding provides a foundation for the potential
development of new anti-liver cancer drugs.
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