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Comprehensive phytochemical analysis of
lingonberry (Vaccinium vitis-idaea L.) from different
regions of China and their potential antioxidant and
antiproliferative activitiest
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Lingonberry are underutilised due to the lack of evaluating active compounds in different parts. In this study,
the phytochemical profiles, antioxidant and antiproliferative activities of lingonberry's fruits, leaves and
stems from different regions of China were compared. Ninety-five bioactive compounds were rapidly
identified using a molecular network based on UPLC-Q-Exactive Orbitrap mass spectrometry. The
UPLC-QgQ-MS/MS method combined with principal component analysis (PCA) quantified 18 bioactive
components in 6 classes. The highest content of arbutin (15 mg/100 g DW) was found in leaves of
Huzhong (P6). Ursolic acid and cyanidin-3-O-galactoside were highest in fruits of Tahe (P4) (4.5 mg/
100 g DW and 3.2 mg/100 g DW, respectively). Antioxidant activities determined by DPPH, ABTS* and
FRAP methods were significantly correlated with total phenolic content (TPC), total flavonoid content
(TFC) and total anthocyanin content (TAC). The results indicate that the strongest antioxidant activity and
antiproliferative efficacy are observed in the fruits of Tahe (P4) and leaves of Huzhong (P6), respectively.
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Introduction

Plant-driven natural antioxidant-sourced foods with proven
human health benefits are receiving more attention.' Lingon-
berry (Vaccinium vitis-idaea L.) is a wild evergreen dwarf shrub
known as a “superfood” owing to its high antioxidant content.>
It is widespread in northern and central Europe, Canada and
Asia, including alpine areas such as the Greater Khingan Range
and Lesser Hinggan Mountains in North-eastern China.*> The
fruits and aerial parts of lingonberries are rich in nutrients,
including vitamins C, A, E, fibre and minerals.* In addition to
nutrients, lingonberries are abundant in functional compounds
such as polyphenols, flavonoids, anthocyanins and triterpe-
noids. These compounds have biological activities such as
antioxidant, anti-inflammatory, antimicrobial, antitumour and
vasoprotective effects.”® Given its nutritional and functional
properties, lingonberry has high potential as a functional food.
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Our results provide valuable insights into lingonberry's comprehensive development and utilization.

Plants have inherited genes that regulate their biological
clocks and are able to respond to changes in the external
environment by regulating the synthesis of biologically active
compounds, thus adapting to different growing conditions.’
However, external conditions strongly influence the phyto-
chemical content, quality and safety of plant foods. Plants
exposed to changes in the external environment during the
growing season. The effects of external abiotic stresses on the
transport, accumulation and storage of plant secondary phyto-
metabolites need to be elucidated. They may differ according to
plant species, organ parts and metabolite types.'® Therefore, it
is important to examine the relationship between the external
environment and secondary metabolites from the perspective of
quality."*

It has been shown that different parts of the lingonberry
(fruit, leaves, and stems) are used for other purposes based on
varying chemical contents.” Lingonberry leaves are used as an
important raw material for making tea, as they contain high
levels of polyphenols and possess strong antimicrobial and
antioxidant properties.’* Compared to other parts of the plant,
the fruit of the lingonberry has a higher accumulation of tri-
terpenoid constituents. Plants triterpenoids exist in free and
bound forms with different polarities and solubilities. In
particular, the low-polarity compounds are mainly present in
the edible peel. The epidermis was usually removed during
processing, resulting in a loss of active compounds. For this
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reason, lingonberries with edible peel are of particular interest
when consumed fresh or frozen, and can also be processed into
juices, jams, jellies and pastries. They can be considered as
a dietary source rich in naturally occurring bioactives.* There-
fore, it is imperative to investigate the types of functional agents
present in different parts of lingonberry. Analyzing the content
and efficacy of these components is crucial for both application
and assessment of biosafety in functional foods. In view of this,
an effective analytical strategy must be in place for a compre-
hensive evaluation of the functional constituents of lingonberry
in different geographical regions.'*

However, current studies mainly focus on individual parts of
lingonberries such as fruits, leaves or are reported for a separate
group of components,>" polyphenols, flavonoids and tri-
terpenes.®** In addition, metabolites in plants are influenced by
a number of factors such as genotype, environmental condi-
tions and geographical location.

To our knowledge, there have been no reports on the varying
metabolic profile of lingonberry in different alpine regions in
China. The aim of this study was to carry out the first compar-
ative investigation of the bioactive constituents and their cor-
responding bioactivities in lingonberries from different
geographical regions in China. The extracts of lingonberry were
identified based on a comprehensive strategy of UPLC-Q-
Exactive Orbitrap MS, Global Natural Products Society (GNPS)
molecular network and chemical standards. The target
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compounds were rapidly quantified by UPLC-QqQ-MS/MS. In
vitro antioxidant and antiproliferative activities of lingonberry
extracts were also investigated. Overall, a comparative study of
the functional components and in vitro activities of lingon-
berries from different geographical regions provides new
insights into their comprehensive utilisation.

Experimental
Material and methods

Plant materials. Lingonberry was collected from six major
distribution fields, including P1 (Changbaishan Moutain, Jilin,
Province), P2 (Songling, Heilongjiang, Province), P3 (Huma,
Heilongjiang, Province), P4 (Tahe, Heilongjiang, Province), P5
(Mohe, Heilongjiang, Province) and P6 (Huzhong, Heilongjiang,
Province) (Fig. 1). The fruits, leaves, and stems were lyophilized
under vacuum freeze and ground into a powder of approxi-
mately 60 mesh size. All samples were stocked at —20 °C for
subsequent experiments.

Chemicals and reagents. Standard compounds of cyanidin-
3-O-glucoside, cyanidin-3-O-galactoside, cyanidin-3-O-arabino-
side, astragalin, quercetin, (+)-catechin, (—)-epicatechin, ole-
anolic acid, ursolic acid, chlorogenic acid, p-coumaric, benzoic
acid, quinic acid, succinic acid, citric acid, malic acid, ascorbic
acid and arbutin were purchased from Nakeli Biological Tech-
nology Co., Ltd (Chengdu, China). All reference compounds

P N
P6 Q. R4 >
Ry,
I > ‘ o L
‘ol ; | 2
™ | \"\.\ /™~ L// I’\
o o !
=1 3 {,.,\_r\ Heilongjiang J
J , 4
{ { o ® 7=
Py 7 3
a o ~ ~ ‘ p1 .\
T < < A
dikad \ A } ° o 9 h.,{i
{‘.’ ) = /_/' Jilin_#
ey £ - [ Y
S! \.W\- i . : ® /"‘w
c,i) s i ) F
L\._ Population Sample locality Longitude E (°) Latitude N (°) Altitude (m)
P1 Changbaishan Moutain, Jilin Province 128.111803 42.735610 1283.31
a P2 Songling, Heilongjiang Province 124.011806 50.452301 1030.56
(:« P3 Huma, Heilongjiang Province 124.907232 51.801612 270.26
P4 Tahe, Heilongjiang Province 124.634051 52.708824 358.76
Ps Mohe, Heilongjiang Province 122.529570 52.970550 430.92
P6 Huzhong, Heilongjiang Province 123.140593 51.453926 512.30
b ™ ™Y o) °
J"J ’ °
& ® © i
)ri i b I
. ¢ W o,
? Sample location Z, PRawNG T °© st A 1 )
Y t S e 4
1:22 000 000 / A
% I 4
Drawing review number : GS(2016)2885 . ;
y e
Supervised by the Ministry of Natural Resources {

Fig. 1 Geographic conditions of original habitat of lingonberries.
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were identified with a purity higher than 98%. The structures of
all compounds were displayed in Fig. S4.f UPLC-MS grade
acetonitrile, methanol and formic acid were purchased from
Fisher Scientific (Geel, Belglum). The pure water for the analysis
of UPLC-QqQ-MS/MS was obtained from Wahaha Group
Corporation (Hangzhou, China). All samples were filtered
through a 0.22 pm poly tetra fluoroethylene (PTFE) membrane
(Millipore, MA, USA).

Sample preparation. The sample powders were weighed
precisely 3 g, dissolved in 90 mL of ice ethanol water (30 : 70, v/
v), sonicated for 25 min at 4 °C and 300 W, and centrifuged at
10000 rpm for 10 min. After centrifugation for 2 times, the
supernatant was collected. Subsequently, the extracts were
rotary dried under vacuum at 45 °C, redissolved in 10 mL of
methanol solution. Then, 100 pL were piped to a constant
volume of 10 mL, and filtered through a 0.22 um PTFE
membrane, followed by injection into a UPLC-QqQ-MS/MS and
UPLC-Q-Exactive Orbitrap MS system for subsequent analysis.
Water : ethanol (30: 70, v/v) and quality control (QC) samples
were also included for identification of untargeted metabolites.
QC samples were prepared by mixing all samples tested. The
blank and QC samples were placed at the beginning and the end
of the sample sequence of the assay at 10 sample intervals.

Determination of total phenol content (TPC). TPC was
determined according to the method of Gan et al. with modi-
fications as follows." In short, 40 pL of the sample solution was
accurately diluted with 1.8 mL of 20-fold diluted Folin-Cio-
calteu reagent and protected from light for 5 min. A solution of
1.2 mL of 7.5% (w/v) Na,CO; was added and reacted in the dark
at 25 °C for 2 h to determine an absorption wavelength of
760 nm. The blank was used as the control. Gallic acid was used
as a standard (0.03125-1.0 mg mL ', R* = 0.993) and the results
were expressed as mg of gallic acid equivalent (GAE) per
hundred-gram dry weight (mg GAE/100 g DW) of lingonberry.

Determination of total flavonoid content (TFC). TFC was
calculated by referring to Bai et al. with slight modifications.*®
Briefly, 1 mL of diluted sample solution was added to 3.5 mL of
aqueous solution, then 0.3 mL of 5% NaNO, solution was
injected to react for 6 min, and 0.3 mL of 10% AICl; solution was
inserted. Finally, 1 mL of 4% NaOH solution was added and
mixed uniformly, and then the aqueous solution was supple-
mented to a total volume of 10 mL, followed by recording the
absorbance of the blank sample at 510 nm (UV-1800, MAPADA).
Catechin (CE) was used as a standard (0.0625-2.0 mg mL™*, R
= 0.993). The TFC content results were expressed as CE equiv-
alents (mg CE/100 g DW).

Determination of total anthocyanin content (TAC). TAC in
the samples was determined by pH difference method with
slight modification according to reported."” Briefly, the buffer
solutions were prepared as follows: KCl and CH;COONa solu-
tion were adjusted to pH 1.0 and pH 4.5 with HCI solution,
respectively. Then 200 pL of the sample solution was added to
5 mL of pH 1 KCI solution and pH 4.5 CH3;COONa solution,
mixed well and protected from light for 15 minutes. Finally, the
absorbance A was evaluated at 510 nm and 700 nm, respectively,
and measured according to the following eqn (1) and (2). The
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TAC content results were expressed as cyanidin-3-O-glucoside
(C3G) equivalents.

A = absorbance (A510-A700 nm) pH 1.0
— (A510-A700 nm) pH 4.5 (1)

TAC (mg g ') = (4 x MW x DF x1000)/e x L x Wt  (2)

where molecular weight (MW) of anthocyanin (cyanidin-3-0O-
glucoside) = 449.2 ¢ mol™', A = absorbance A, L = optical
distance, 1.0 cm, extraction coefficient (¢) = 29600, DF =
diluted factor, and Wt = sample weight (g).

UPLC-Q-Exactive Orbitrap MS analysis. Ultrahigh perfor-
mance liquid chromatography (Thermo, USA) equipped with
quadrupole electrostatic field Orbitrap high-resolution mass
spectrometry (UPLC-Q-Exactive Orbitrap MS, USA). The chro-
matographic separation was performed on a Hypers 11 GOLG
C18 (2.1 x 100 mm, 1.9 pm) with the following settings: column
temperature 30 °C, flow rate 0.35 mL min~'; mobile phase A,
water containing 0.1% (v/v) formic acid; mobile phase B,
acetonitrile; injection volume, 3.5 pL. The gradient condition
was: 0-9 min, 2-98% B; 9-12 min, 98-98% B; 12-15 min, 98-2%
B. In this mode, the acquisition software (Compound Discov-
erer 3.3, USA) will continuously evaluate the full scan survey MS
data according to the preselected criteria, while collecting and
triggering the MS/MS spectrum acquisition.

The MS conditions were set as follows: positive and negative
ion switch mode, scanning range: m/z 80-1200; curtain gas
(CUR): 40 psi; the temperature of the ion source (TEM): 550 °C
or 600 °C and voltage of the ion source (IS): —3000 V or 3800V in
negative or positive modes, respectively; first order scanning:
declustering potential (DP): 130 V; collision voltage (CE): 10 V;
second order scanning: Q-Exactive Orbitrap Product Ion mode
was used to collect MS data, collision energy (CE) was 20, 40 and
60 V.»?

Thermo Compound Discoverer™ 3.0 software (Thermo
Fisher Science) was used to process raw data from 54 lingon-
berry fruit, leaf and stem profiles (27 samples and their repli-
cates) analysed by UPLC-Q-Exactive Orbitrap MS. The specific
parameters were set as follows: the RT alignment was set to
2 min and the m/z tolerance was set to 5 ppm; the signal-to-
noise ratio (S/N) for feature detection was set to 3; the inten-
sity threshold of the target peak was set to 1 000 000; and the
additive ions were set to [2M + H]', [2M — H] ", [M + H]', [M —
H] . The following databases included in the Component Dis-
coverer™ software were then used to identify the raw MS data:
Thermo Fisher, Nature Chemical Biology, Nature Chemistry,
MassBank, KEGG, Food and Agriculture Organisation of the
United Nations, ChemBank. Finally, blanks were added for
background filtering and gap filling to refine the data, and the
sample data were normalised using the median, and the filtered
data were used for further chemometric analysis.

An online workflow on the Platform (GNPS) (http:/
gnps.ucsd.edu) was used to construct MS/MS molecular
networks.® To accurately use high-resolution mass spectrom-
etry MS/MS data, system annotations for GNPS were set as
follows: precursor ion mass tolerance set to 2.0 Da, fragment

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimized parameters of targeted compounds for quantitative analysis in MRM mode

RT Molecular ~ Precursor Product Fragmentor  Collision Monitoring

No.  Compound name Formula (min) mass ion (m/z) ion (m/z) (V) energy (V)  ion

1 Ascorbic acid CeHgOg 0.43 176.12 175.00 115.00 80 4 M —H|”
2 Malic acid C4HgO5 0.44 134.09 132.90 115.00 70 5 M - H]”
3 Citric acid CeHgO 0.53 192.12 191.10 110.20 85 5 M —-H]
4 Succinic acid C,HgOy4 0.56 118.09 117.00 73.00 70 12 M —H]”
5 Quinic acid C,H,,0, 1.23 192.17 191.00 84.90 83 24 M —H|
6 Cyanidin-3-O-glucoside C51H,101, 1.42 449.39 449.00 287.00 100 10 M +H]
7 Cyanidin-3-O-galactoside C51H»:011 1.55 449.38 449.00 287.00 120 10 M +H]
8 Arbutin C,H;0,  1.75 272.20 274.30 105.70 140 12 [M — H]~
9 Cyanidin-3-O- CyoH19010  2.03 419.81 421.20 287.00 140 21 M + H]

arabinoside

10 Chlorogenic acid C16H1500 2.22 354.31 352.80 191.10 100 10 M —H]
11 (+)-Catechin Cy;sH, 06  2.41 290.27 291.00 139.00 100 9 M + H]*
12 (—)-Epicatechin Cy5H;,06 2.49 290.27 291.00 139.00 110 13 M + H]
13 Quercetin Cy5H;,0; 2.55 302.24 301.00 151.00 148 23 M —H]
14 P-Coumaric acid CoHgO3 2.69 164.16 162.90 119.00 75 16 M —-H]”
15 Astragalin CyHpO1;  2.87 448.40 447.00 284.00 165 30 M — H]”
16 Benzoic acid C;HeO, 3.04 122.12 121.00 77.00 75 15 M —H]
17 Oleanolic acid Ci0H,50; 5.78 456.70 457.30 411.10 140 10 M + H]
18 Ursolic acid Ci0H4505 5.83 456.70 457.30 411.10 120 15 M +H]

ion mass tolerance set to 0.5 Da, minimum pairwise cos 0.6,
minimum matched fragment ion 2, minimum cluster size 1.

UPLC-QqQ-MS/MS analysis. An Agilent 1290 Infinity UPLC
system equipped with an electrospray ionization source (ESI)
was coupled with an Agilent 6460 triple quadrupole mass
spectrometer (Agilent Technologies, USA) for UPLC-MS/MS
analysis. Analyte separation was performed on an Agilent
ZORBAX Eclipse Plus C18 column (50 mm, 2.1 mm L.D., 1.8 pm)
at 30 °C with a thermostat chamber. The mobile phase
composition was A: 0.1% formic acid aqueous solution (V/V)
and B: acetonitrile, and a gradient elution was set up with
a flow rate of 0.3 mL min~': 0-1 min, 95-95% A; 1-5 min, 95-
10% A; 5-6 min, 10-95% A; 6-10 min, 95-5% A; 10-11 min, 5-
95% A and 11-12 min, 95-95% A. The sample injection volume
was set to 3 uL, and the separated solution was introduced into
the triple quadrupole mass spectrometer for subsequent anal-
ysis. Mass spectrometry was combined with multiple reaction
monitoring (MRM) mode. The general parameters were set as
follows: capillary voltage 4 kv (ESI+) and 3.5 kv (ESI-), gas
temperature 330 °C, gas flow 10 L min~"; nebulizer pressure 50
psi, and cell acceleration voltage 4 V. To obtain the strongest
quantitative conversion, the specific MRM parameters of each
analyte were optimized by using Agilent Mass Hunter worksta-
tion software (version B.07.00), such as precursor/product ion
combination, fragment voltage and collision energy. The opti-
mized values of these critical parameters for the 18 target
compounds are listed in Table 1.

Antioxidant activity. According to the assay method reported
by Yang et al.* Briefly, the antioxidant activity of lingonberry
extracts was evaluated employing free radical scavenging
activity (1,1-diphenyl-2-picrylhydrazyl) DPPH and (2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)) ABTS' assay, and
the results were expressed as mol Trolox/g DW.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The (ferric ion reducing antioxidant power) FRAP test was
conducted in accordance with the approach reported with
a minor modification.?® In a nutshell, the FRAP solution con-
sisted of 2.5 mL TPTZ (2,4,6-tripyridyl-s-triazine) solution (10
mM) added to HCI solution (40 mM), 2.5 mL ferric chloride
(FeCl;-6H,0) (20 mM) and 25 mL acetate buffer (0.3 M). Store
mixed solutions at 37 °C for use. Subsequently, the sample
solution (0.1 mL) was thoroughly mixed with FRAP solution (0.9
mL) and left at room temperature for 30 min, and the absor-
bance was measured at 593 nm.

Antiproliferative activity. The antiproliferative activity of
lingonberry extract was assessed based on the MTT method as
reported with slight modifications.” HeLa (ATCC CCL-2) and
HepG-2 (ATCC HB-8065) were used as human tumor cell lines.
Briefly, the tumor cell lines were treated with various concen-
trations of lingonberry extract. After the mixture was incubated
for 48 h, the MTT solution was incorporated and stored for 4 h
at 37 °C. The absorbance was determined at 590 nm and the
ICs5, value was measured. The inhibition rate was calculated as
follows:

Inhibition rate (%) = ((Acontrol — Asample) Acontrol) X 100%.

Statistical analysis. Data were statistically analyzed using
one-way ANOVA with a post hoc Tukey test based on the
statistical software SPSS Statistics 25 (IBM, USA). Clustered heat
maps were generated using the TBtools-II (Toolbox for Biolo-
gists v1.120) tool. Principal component analysis (PCA) was
performed using SIMCA (14.1) and Origin pro 2021 (OriginLab,
USA) was used for the remainder of the image production. All
experiments were performed with three replications, and all
results were expressed as mean =+ standard deviation (SD), with
differences considered statistically significant at p < 0.05.
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Fig.2 Total polyphenol, total flavonoid and total anthocyanin content of lingonberry's fruits, stems and leaves. (A) Contents of total phenolic; (B)
contents of total flavonoid; (C) contents of total anthocyanin. Bars labelled with different letters represent statistical differences (p < 0.05)
between samples calculated from the sum of the total content of all fruit, leaf and stem compounds.

Results and discussion

Total phenolic, flavonoid, and anthocyanin contents in
lingonberry fruits, leaves and stems

Polyphenols are widely found in a variety plants, many of which
have been identified in food crops.”* In general, plant genetics
affects the distribution of secondary metabolites, while external
environmental factors can induce significant changes in
metabolite composition.”” In this study, we found significant
differences in the accumulation of phytochemical components
in the different parts of the lingonberry, with TAC being the
most abundant in the fruits, while TPC and TFC were accu-
mulated to a greater extent in the leaves. Specifically, the lowest
TPC in P4 stems was 44.94 mg GAE/100 g DW, whereas the
highest TPC in P6 leaves was 461.55 mg GAE/100 g DW, a 10-fold
difference (Fig. 2A), suggesting that plants genetically regulate
phytochemical synthesis and transport to adapt to the external
environment.>

Moreover, altitude is an important environmental factor
influencing the distribution of plant metabolites, with a gradual
decrease in temperature and an increase in the intensity of
visible light with increasing altitude. In bilberry berries, higher
levels of TPC and TAC were found at 600 m altitude, and
metabolite contents decreased sharply at both lower altitudes
(450 m altitude) and excessive altitudes (from 800 m to 1500
altitude).”* In the present study, we found that TAC was highest
in fruits at P4 (358.76 m altitude), whereas TPC and TFC were
more in leaves at P6 (512.30 m altitude) compared to other parts
of the plant (Fig. 1 and 2). Therefore, the external environment
has an effect on the accumulation of most phenolic
compounds, which may be a positive response to the defence
mechanism against a negative external environment.’

Identification of metabolites in fruits, leaves and stems of
lingonberry

To further characterize the phytochemical composition of
lingonberry fruits, leaves, and stems from different regions,
UPLC-Q-Exactive Orbitrap MS was performed in a positive and
negative ion mode.

The metabolites were identified by comparing the precursor
ions, MS> fragmentation ions, accurate molecular weight and
retention time with the standard databases of mzVault,

29442 | RSC Adv, 2023, 13, 29438-29449

mzCloud and BGI high resolution accurate mass plant metab-
olome database (BGI HRAM-PMDB). The GNPS platform is an
open-access database of existing prevalent MS/MS spectral
libraries that facilitate rapid compound identification based on
MS/MS similarity networks by executing Proteowizard software
to convert raw MS/MS files into mzXML data.”® After con-
structing a molecular network using raw MS/MS data of ling-
onberry extracts, data visualization was performed using
Cytoscape 3.8.2 software, 1411 precursor ions of metabolites
were observed, which were divided into 95 clusters (nodes = 2)
and 780 single nodes with a threshold cosine value of 0.7
(Fig. 3A).

After analysis of metabolites from various parts of lingon-
berries, a total of 95 metabolites were identified, as shown in
Table S1.t Thereinto, 54 metabolites were identified through
the GNPS library, and 23 known compounds were identified by
comparison with the chemical standards. Additionally, in
combination with the Compound Discovery 3.0 software
mzCloud database, 20 metabolites identified by
comparing MS> fragmentation patterns. The analysis results
indicated that 37 flavonoids, 12 phenylethanoids, 11 fatty acids,
9 terpenoids, 5 phenolic acids, 5 organic acids, 4 saccharides, 3
coumarins, 3 anthocyanins, 2 lipids, 1 polyketide, and 3
compounds belonged to others (Fig. 3B).

In previous reports, investigations of lingonberry phyto-
chemicals have focused on mixtures from localized sources and
lacked criteria to assess their overall quality control.*® Based on
this, this study conducted qualitative and quantitative analysis
on lingonberry from different regions in China, with the aim of
revealing the distribution characteristics of bioactive compo-
nents in lingonberry and providing a basis for product devel-
opment and biological breeding.

were

Quantification and distribution of the constituents in fruits,
leaves and stems of lingonberry

Although 95 components were initially identified based on
untargeted methods, quantification of all metabolites was
challenging due to trace content and the absence of available
reference substances. Therefore, to obtain accurate quantitative
results, we used a targeted LC-QqQ-MS/MS method combined
with chemical standards to quantify 18 target metabolites from
6 classes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Identified metabolites in lingonberry (fruits, leaves and stems) and chemical marker selection. (A) The molecular network of primarily

targeted metabolites; (B) classification of compounds; (C) cluster heat map target compound distribution.

First, critical parameters of chromatographic separation,
such as column, mobile phase and elution efficiency, were
optimized to achieve favorable peak shapes and reproducible
separations, thus improving sensitivity and reliability. In addi-
tion, the full-scan MS method was used to detect in both posi-
tive and negative ionization modes. Based on this, the highest
and most stable MRM leap response signal was obtained with
the combination of adjusting the standard solution fragmen-
tation voltage and collision energy to suit all analytes. Finally,
the analytes were scanned and identified after manually opti-
mising the parameters of the system's MRM mode. The cali-
bration curve of the signal intensity (peak area) of the MRM
transition to the six concentration gradients of the standard
solution was plotted. The limits of LOD (S/N = 3) and LOQ (S/N
= 10) results for each analyte were below 0.3 ng mL ™" and 0.7 ng
mL ", respectively. The intra-day RSD of the peak area was less
than 4.21%, and the daytime RSD was less than 3.45% (Table
S27). In conclusion, the established UPLC-QqQ-MS/MS method
was satisfactory linearity, sensitivity, precision, accuracy, and
stability for the simultaneous determination of 18 compounds

© 2023 The Author(s). Published by the Royal Society of Chemistry

in complex lingonberry-related matrices (fruits, leaves and
stems).

To evaluate the distributional capacity of different parts,
a clustering heat map model was developed. The results are
shown in Fig. 3C, where triplicates from several same
geographical regions were successfully clustered, further
demonstrating the reliability of the method.

Obviously, the results showed that 7 flavonoids (cyanidin-3-
O-glucoside, cyanidin-3-O-galactoside and cyanidin-3-O-arabi-
noside, quercetin, (+)-catechin, (—)-epicatechin and astragalin),
1 phenylpropanoid (chlorogenic acid), 2 triterpenes (ursolic
acid and oleanolic acid), 2 phenolic acids (benzoic acid and p-
coumaric acid) and 5 organic acids (succinic acid, quinic acid,
malic acid, citric acid, and ascorbic acid) and 1 polyphenols
(arbutin) were the dominant components in lingonberry, which
could be used as marker compounds for quality control. To the
best of our knowledge, aerial parts of lingonberry are enriched
with bioactive components, which are utilized in functional
food materials.”®
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Fig. 4 The distribution of dominant compounds in lingonberry collected from different regions. (A) Cyanidin-3-O-glucoside; (B) cyanidin-3-O-

galactoside; (C) cyanidin-3-O-arabinoside; (D) astragalin; (E) quercetin; (F) (+)-catechin; (G) (—)-epicatechin; (H) oleanolic acid; (I) ursolic acid; (J)

chlorogenic acid; (K) P-coumaric acid; (L) benzoic acid; (M) citric acid; (N) quininic acid; (O) malic acid; (P) succinic acid; (Q) ascorbic acid; (R)

arbutin. Bars labelled with different letters represent statistical differences (p < 0.05) between samples calculated from the sum of the total

content of all fruit, leaf and stem compounds.
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Previous findings have suggested that lingonberries contain
a variety of bioactive phytochemicals including anthocyanins,
flavonoids, flavanols, triterpenes and organic acids.” The
anthocyanins in lingonberry fruits are based on the parent
nucleus of cyanidin with different glycoside compositions, as
reported by Michiels et al.?® It has the highest content with
strong antioxidant activity. In particular, we found that antho-
cyanidins accumulate most in fruits, with cyanidin-3-O-galac-
toside content up to 3.27 mg/100 g DW, and mature fruits show
red cyanidin consistent with anthocyanidin causing.*® In addi-
tion, the content of triterpene acid in lingonberries had the
highest percentage of the total triterpenoids and was signifi-
cantly affected by the harvesting period.* In the present study,
we can conclude that the highest content of ursolic acid in the
fruits (P4) was 4.23 mg/100 g DW, in contrast to chlorogenic
acid (P2) which was the highest at 0.35 mg/100 g DW, indicating
that the geographical location has a significant effect on the
accumulation of active compounds (Fig. 4]). Furthermore, the
organic acid content of the lingonberry fruits was important
factor in the sensory characteristics of the fruits. It even has
a significant influence on consumer acceptance.’>** The results
showed that phenolic and organic acids had the highest
percentage of fruits composition, mainly dominated by citric
acid (10.51 mg/100 g DW), quinic acid (1.92 mg/100 g DW),
while benzoic acid (13.45 mg/100 g DW) was only detected in
fruits, the main source of fruits acidity (Fig. 4L-N). In industrial
production, acids are used as antioxidants, preservatives,
acidulants and drug absorption modifiers.*> They are also used
to maintain the quality and nutritional value of the fruits
therefore, as a good source of acidic constituents for flavour and
nutritional control, lingonberry fruits are an important indi-
cator of berry quality parameters and a reasonable target for
crop improvement.*

Lingonberry leaves contain a wide variety of chemical
constituents compared to the fruits. Flavonoid glycosides are
the most abundant phenolic compounds in lingonberry. They
have astringent, antitussive, urinary antiseptic, diuretic, neu-
roprotective, antioxidant and anti-inflammatory effects, and
possibly inhibitory effects on cancer cell growth.* The results of
this study showed that astragalin and quercetin, (+)-catechin
and (—)-epicatechin were ranked in different parts: leaves >
fruits > stems (Fig. 4D-G), with the highest content in the region
P6. In addition, we found that the highest TFC was in the leaves
(Fig. 2A), suggesting that the leaves are a potential site of
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application for flavonoid constituents, which correlates with the
role of leaves in resistance defense.>*** Interestingly, we found
that the highest content of arbutin in leaves was up to 16.4 mg/
100 g DW, which is 10 times higher than that in fruits. Ling-
onberry leaves are usually regarded as food waste and underu-
tilised, with the advantage of being a potential low-cost source
of food and medicine that avoids harming the plant.**

Compared to the fruits and leaves, the stems were found to
contain fewer active compounds. As shown in Fig. S3A,t flavo-
noids were distributed in small amounts in the stems, while the
chlorogenic acid content was similar to that of its parts. The
bioactive compounds were mainly derived from the bark.>

In conclusion, the highest levels of anthocyanins, ursolic
acid and phenolic acids were found in the fruits from the P4
region, while the leaves from the P6 region were more favour-
able for accumulating flavonoids and arbutin compounds,
potentially serving as the best collecting point for the material.

Predominant chemical markers selection through
multivariate statistical analysis

To visualize the comparison of quantitative data of the target
compounds in fruits, leaves and stems, the PCA models were
established (Fig. 5A). The results of the PCA indicated a strong
separation trend of three parts (fruits, leaves and stems) from
different geographical regions, which were clustered in three
groups, indicating similarity in metabolite components and
contents between the samples of the groups. Cyanidin-3-O-
glucoside, cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside,
chlorogenic acid, ursolic acid, oleanolic acid, citric acid, quinic
acid, p-coumaric acid, benzoic acid and ascorbic acid were
responsible for the formation of the group I (fruits). Leaves in
the group II were characterized by (+)-catechin, (—)-epicatechin,
malic acid, quercetin, astragalin, succinic acid and arbutin.

Clustering heat maps and projection variable importance
(VIP) values were also employed to identify differences between
parts. The loading plot metabolites with VIP values > 1
combined with clustering heatmaps compound abundances
were considered as potential chemical makers that could be
characterised for differences in phytochemical composition
between fruits, leaves and stems (Fig. 5B). Among these
compounds, cyanidin-3-O-galactoside, ursolic acid, (+)-cate-
chin, arbutin, benzoic acid, citric acid and astragalin as prin-
cipal chemical markers for their high abundance in the various
parts.

A ® Fruit B oleanolic acid ) )
\ : g“teal‘ ‘ chlorogenic acid ‘malic acid
44 an 0.4 4 ascorbicacid @ ~ N <
3] eqc ] ‘ }// u.rsolic acid] arbutin® astragali
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Fig. 5 The PCA of lingonberry's fruits, stems and leaves from different regions (A) PCA score scatter plot; (B) loading plot.
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Leaves Stems
DPPH ABTS FRAP DPPH ABTS FRAP

FRAP

ABTS

Fruits
DPPH

Table 2 Antioxidant properties of lingonberry's fruit, leaf and stem extracts®
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Antioxidant activity

As potential antioxidant active substances in various sites, DPPH,
ABTS' and FRAP assays were performed to monitor their activity.
The results of DPPH, ABTS' and FRAP showed a similar trend in
the following order: fruits > leaves > stems (Table 2). It has been
shown that catechins and flavonols contain a catechol structure
in the b-ring and three hydroxyl groups in the c-ring.*® In the
present study, although the flavonoid content of the leaves was
high, the antioxidant value was lower than that of the fruits. They
have strong antioxidant activity. The fruits were thought to
contain other antioxidant substances such as anthocyanin.
Interestingly, the highest values for DPPH, ABTS' and FRAP were
all observed at the fruits in the P4 region, with 269.34 mol Trolox/
g DW, 363.16 mol Trolox/g DW and 102.13 mol Trolox/g DW
respectively. On the other hand, the antioxidant activity of crude
plant extracts is related to the bioactive ingredients and is influ-
enced by both external biotic and abiotic factors.”® In addition,
compared to stems and leaves, the fruits represent a food and
medicinal source with the advantage of avoided plant damage.
Therefore, the fruits of the P4 region could be the best potential
collection site for antioxidant material.

Antiproliferative activity

The antiproliferative activity of lingonberry from various origins
was evaluated by MTT method. The results are shown in Fig. 6A
and B, the lingonberry extracts showed strong antiproliferative
effects on both HeLa and HepG-2 cell lines with ICs, values less
than 400 pg mL ™. Notably, the leaves have the strongest anti-
proliferation effect, followed by the fruits and then the stems. It
has been shown that arbutin and flavonoids are inhibitors of
cancer cell proliferation.’” Of all the regions, we found the
lowest ICs, values for leaves in the P6 region. This correlates
with the high levels of arbutin and flavonoids in this region. As
a result, potential pharmaceutical and healthcare products are
also collected at the P6 site.

Pearson correlation between bioactive compounds and
bioactivities
It has been suggested that polyphenol content in plants has
a positive correlation with antioxidant capacity.™ In this study,
Pearson correlation analysis was performed to reveal the
potential correlation between bioactive compounds and anti-
oxidant activity in order to characterise the important antioxi-
dant properties in different parts. As shown in Table 3, TPC,
TAC, and TFC were significantly and positively correlated with
DPPH, ABTS" and FRAP activities in fruits, leaves and stems, in
agreement with previous reports.™

It has been shown that anthocyanins have good antioxidant
effects and have a protective effect on plants.*® In the fruits, the
levels of anthocyanins (cyanidin-3-O-glucoside, cyanidin-3-O-
galactoside and cyanidin-3-O-arabinoside), phenolic acids (p-
coumaric and benzoic acid) and triterpenes (oleanolic acid and
ursolic acid) were high and significantly and positively corre-
lated with antioxidant activity, indicated that lingonberry fruit
has antioxidant activity associated with a variety of bioactive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Antiproliferative efficacy of lingonberry's fruits, leaves and stems of different origins. (A) HEPG-2 assay; (B) HELA assay. Bars marked with
different letters indicate statistical differences (p < 0.05) in the content of compounds in fruits, leaves and stems between the different sites.

Table 3 Pearson correlation analysis of bioactive compounds with antioxidant and antiproliferative activities®

Fruit Leaf Stem
HEPG2 HELA HEPG2 HELA HEPG2 HELA

DPPH ABTS FRAP (ICs,) (ICso) DPPH  ABTS FRAP (ICs) (ICsp) DPPH ABTS FRAP (ICs,) (ICso)
TPC 0.793%% 0.785%* 0.529*% 0.489* 0.358 0.482*  0.839** 0.609%* 0.141 0.063  0.529*% 0.486* 0.533* 0.311 0.376
TFC 0.662%* 0.700** 0.426  0.454 0.346 0.352 0.695** 0.521* —0.143 —0.118 0.589* 0.505* 0.532* 0.466 0.508*
TAC 0.775%* 0.850%* 0.586* 0.491* 0.327 0.677** 0.536* 0.552* 0.155 0.130  0.452 0.505* 0.568* —0.414 —0.528%
Anthocyanin  0.746** 0.641%** 0.855** —0.283 —0.147 0.615** 0.749** 0.689** —0.024 —0.037 —0.159 —0.352 —0.295 0.281 0.296
Flavonols 0.150 0.220 0.152 0.131 0.174 0.095 0.567*% 0.448 —0.071 —0.067 0.560% 0.406 0.432 0.293 0.238
Flavanols 0.302  0.631** 0.521* —0.201 —0.283 0.649** 0.634** 0.737** —0.324 —0.297 —0.076 —0.609 —0.147 —0.091 —0.026
Flavonoids  0.548* 0.430  0.594** —0.129 —0.010 0.550*  0.756** 0.556% —0.544%* —0.448* 0.549* 0.530*% 0.534* —0.082 —0.018
Phenyl —0.118 0.178 0.104 —0.032 —0.369 —0.235 0.183 0.148 —0.161 —0.116 0.479* 0.216 0.463 —0.323 —0.207
propanoids
Phenolic acid 0.477* 0.597** 0.476* —0.046 —0.147 0.435 0.125 0.234 —0.415 —0.360 0.207 0.082 0.199 —0.114 —0.075
Polyphenols 0.588* 0.547* 0.659** —0.132 —0.073 0.580*  0.663** 0.493* —0.041 —0.035 0.652** 0.621** 0.734** —0.095 —0.027
Triterpene  0.472* 0.560* 0.520* 0.242 0.133 —0.251 0.310 0.165 —0.055 —0.078 0.157 0.009 0.076 —0.438 —0.565*
Organic acid 0.067 0.106 —0.167 0.061 0.080 —0.606** —0.226 —0.329 —0.181 —0.224 0.231 0.321 0.276 —0.117 —0.282
TCM 0.509* 0.492* 0.470* 0.145 0.100 —0.005 0.597** 0.397 —0.012 —0.030 0.684** 0.655** 0.766** —0.128 —0.083

“ Asterisks indicate significant differences (*P < 0.05, **P < 0.01). Anthocyanins

cyanidin-3-O-arabinoside; flavonols contain astragalin and quercetin;
include chlorogenic acid; triterpene contain oleanolic acid and ursolic

contain cyanidin-3-O-glucoside, cyanidin-3-O-galactoside and
flavanols contain (+)-catechin and (—)-epicatechin; phenylpropanoids
acid; phenolic acid contain p-coumaric and benzoic acid; organic acid

contain quinic acid, citric acid, succinic acid and malic acid; flavonoids contain anthocyanins, flavonols and flavanols; polyphenols contain
arbutin, flavonoids, phenylpropanoids and phenolic acids; TCM contains polyphenols, triterpenes and organic acids.

compounds, which is consistent with previous reports.** Alti-
tude is an important environmental factor affecting the accu-
mulation of metabolic substances in plants. In this study, we
found that antioxidant activity (DPPH, ABTS', FRAT) was
strongest in lingonberry fruits at P4 (Table 2), and correlation
analyses showed that phenolic and anthocyanin components
were significantly and positively correlated with antioxidant
activity (DPPH, ABTS", FRAT) (Table 3), suggesting that altitude
affects antioxidant activity of resistant plants through the
accumulation of phytochemicals, which is in accordance with
previous reports.*

Similarly, the flavonoids in lingonberry leaves showed
a significant positive correlation with antioxidant capacity,
while the DPPH assay revealed a weak correlation (r = 0.352),
indicating that there were other undetected compounds (Table
3). In comparison, flavanols (catechins and epicatechins) in the

© 2023 The Author(s). Published by the Royal Society of Chemistry

leaves were significantly positively correlated with antioxidant
activity, in agreement with previous reports.*’

Flavonoids found in berries have been shown to penetrate
the cell membranes of cancer cells and have a powerful anti-
proliferative effect.*' Flavonoids exhibited a significant negative
correlation with ICs, values of HeLa and HepG-2 cell lines (r =
—0.544, —0.448), while flavanols showed a weak negative
correlation (r = —0.324, —0.297), indicating the existence of
other antiproliferative constituents in the leaves. Furthermore,
arbutin in the leaves showed cytotoxic activity and non-
toxicity.”

Conclusions
This study provides the first insight into the phytochemical

composition and bioactivities of lingonberry fruits, leaves and
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stems from different regions based on an integrated strategy.
The results of comparative analyses showed that habitat influ-
enced the distribution of secondary metabolites in lingonberry.
Flavanols and arbutin were higher in leaves, and anthocyanins,
triterpenoids and organic acids were mainly present in fruits. In
particular, the highest arbutin content was present in Huzhong
(P6) at 15 mg/100 g DW. The highest content of ursolic acid and
cyanidin-3-O-galactoside (4.5 mg/100 g DW and 3.2 mg/100 g
DW, respectively) was found in the fruits of Tahe (P4). In
addition, antioxidant and antiproliferative assays revealed that
fruits (P4) exhibited the strongest antioxidant properties, while
leaves (P6) had antiproliferative activity. In conclusion, this
work identifies potential applications for lingonberries in the
food and pharmaceutical industries. Further studies will
continue to assess toxicity and explore key compounds with
antioxidant activity.
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