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Aqueous extracts of lingonberry and blackberry
leaves identified by high-content screening
beneficially act on cholesterol metabolism+
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Decreasing circulating low-density lipoprotein (LDL) cholesterol levels leads to decreased risk of cardio-
vascular diseases. Natural compounds are capable of lowering LDL-cholesterol even on top of lifestyle
modification or medication. To identify novel plant-derived compounds to lower plasma LDL cholesterol
levels, we performed high-content screening based on the transcriptional activation of the promoter of
the LDL receptor (LDLR). The identified hits were thoroughly validated in human hepatic cell lines in terms
of increasing LDLR mRNA and protein levels, lowering cellular cholesterol levels and increasing cellular
LDL uptake. By means of this incremental validation process in vitro, aqueous extracts prepared from
leaves of lingonberries (Vaccinium vitis-idaea) as well as blackberries (Rubus fruticosus) were found to
have effects comparable to lovastatin, a prototypic cholesterol-lowering drug. When applied in vivo in
mice, both extracts induced subtle increases in hepatic LDLR expression. In addition, a significant increase
in high-density lipoprotein (HDL) cholesterol was observed. Taken together, aqueous extracts from lin-
gonberry or blackberry leaves were identified and characterized as strong candidates to provide cardio-

rsc.li/food-function vascular protection.

Introduction

Cardiovascular diseases including ischemic heart disease and
stroke are the major causes of mortality on a global scale."
Low-density lipoprotein (LDL) is the main transport vehicle of
cholesterol in humans. Unequivocal evidence from epidemio-
logic, genetic and clinical intervention studies has identified
LDL as a principal driver in atherosclerosis leading to cardio-
vascular diseases.” LDL—especially when oxidized in the
highly reactive environment of atherosclerotic vessel lesions—
is taken up by intima-resident macrophages in an unregulated
manner, contributes to macrophage cell death, amplifies
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inflammation and additional monocyte invasion and thereby
enhances atherosclerotic plaque formation.®> Therefore, main-
taining adequate circulating LDL-cholesterol levels is
atheroprotective.

Desired LDL-cholesterol levels are dependent on the indi-
vidual’s risk for cardiovascular diseases. While excess LDL-
cholesterol levels make pharmacological cholesterol-lowering
therapy mandatory for many individuals, a variety of persons
will profit from natural cholesterol-lowering compounds.
Consuming plant sterols, for instance, might be advantageous
for individuals (i) with borderline LDL-cholesterol levels at low
or intermediate cardiovascular risk, who do not qualify for
statin treatment; (ii) who are statin-intolerant; and (iii) who
fail to achieve desired LDL-cholesterol levels on pharmacologi-
cal treatment and aim to use natural compounds as adjuvant
therapy.” Indeed, the additive effects of several natural com-
pounds on LDL-cholesterol decrease are observed on top of
lipid lowering clinical drugs as well as on top of other lifestyle
modifications.”

The lipid-lowering effects of soy protein, green tea, plant
sterols, probiotic yogurt, marine-derived omega-3 fatty acids
and lovastatin-containing red yeast rice in persons with dyslipi-
daemia were confirmed with strong evidence by the combi-
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nation of in vitro, in vivo and clinical studies. In addition,
seaweed, berberine, hawthorn and garlic are further promising
natural compounds with lipid lowering effects in select
individuals.®

The regulation of circulating LDL-cholesterol relies on its
uptake into tissues—in particular into the liver—by the LDL
receptor (LDLR). Therefore, hepatic LDLR levels are a major
determinant of plasma LDL cholesterol levels.” When cellular
cholesterol levels decline, the endoplasmic reticulum-resident
transcription factor sterol response element-binding protein 2
(SREBP2) translocates to the Golgi apparatus and further into
the nucleus after proteolytic cleavage.® As depicted in Fig. 1a,
SREBP2 binds to specific DNA sequences (SREs) in the promo-
ter regions of genes involved in cholesterol uptake (LDLR) and
synthesis (HMGCR and HMGCS). Therefore, depletion of cellu-
lar cholesterol in hepatic cells is counteracted by induced LDL
uptake via the LDLR, constituting a crucial step in lowering
systemic LDL-cholesterol. This mechanism is also exploited by
statins, the most frequently described cholesterol lowering
drugs.?

We aimed to identify and characterize novel plant-derived
inducers of LDLR expression in hepatic cells. Therefore, a luci-
ferase-based screening assay was developed to assess the acti-
vation of SRE derived from the LDLR promoter in response to
cellular cholesterol depletion in human hepatic cell lines
(Fig. 1b). A high-content screen with medium throughput was
performed using the PECKISH library as an extensive source of
plant extracts.” The particular strength in using this library is
its broad diversity of plant extracts. It contains—but is not
restricted to—edible and commonly eaten plants. An unbiased
screening strategy without pre-selection of extracts was chosen
in order not to hinder the identification of novel hits. We
focused on aqueous extracts in order to facilitate the sub-
sequent incorporation of identified cholesterol-lowering plant
extracts into functional food or nutritional supplements.
Initial screening results were confirmed by a secondary screen-
ing cycle and positive hits were thoroughly validated in terms

a regulation of LDL uptake
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of elevating LDLR mRNA and protein level, lowering cellular
cholesterol levels and increasing the uptake of LDL.

Materials and methods
Plant extracts

The open access screening library “PECKISH” containing
~4500 extracts from more than 800 different plant species was
used as a starting point for screening. The library contains pri-
marily aqueous and ethanolic extracts at an estimated concen-
tration of 5-10 mg m1™,° which were diluted 1/1000 for screen-
ing and validation purposes.

Plant extracts of interest identified in the screening
approach were then prepared in-house as follows: Dried leaves
of lingonberry (Vaccinium vitis-idaea), dried leaves of black-
berry (Rubus fruticosus) and dried agrimony herb (Agrimonia
eupatoria) were obtained from a local pharmacy. 90 ml of
dH,O0 were boiled on a heat plate. Acetic acid (final concen-
tration 1%) was added to inhibit swelling of the plant material.
10 g of plant material was added and the suspension was
stirred on the heat plate for 20 min without further heating.
Afterwards, the final volume was adjusted to 100 ml with
dH,0 and the suspension was sonicated in an ultrasonic water
bath for 15 min. After centrifugation (1700 g, 10 min, RT), the
supernatant was filtered through a folding filter followed by
another clearing step by centrifugation (10000 g, 2 min, RT).
The supernatants sterile-filtered (PES-membrane,
0.45 pm) and stored in aliquots at —20 °C. The dry matter was
determined using an MA160 Moisture Analyzer (Sartorius,
Goéttingen, Germany) and was found to be 12 mg ml™" (agri-
mony extracts), 26.3 mg ml~" (lingonberry extract) and 17.2 mg
ml™" (blackberry extract).

were

Cell culture

Cell lines were maintained under standard cultivation con-
ditions and were routinely checked for mycoplasma infections.

b screening assay principle

substrate

s
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1 luciferase
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Fig. 1 Regulation of LDL uptake and screening assay principle. (a) Left panel: adequate cellular cholesterol levels render the transcription factor
SREBP2 inactive in the endoplasmic reticulum (ER). Transcription of LDLR and uptake of LDL from the bloodstream is limited. Right panel: low chole-
sterol levels initiate the translocation of SREBP2 from the ER into the nucleus after proteolytic cleavage in the Golgi apparatus. Active SREBP2 binds
to SRE-elements in the promoter region of the LDLR and enhances LDLR transcription and LDL uptake. (b) Left panel: human hepatic Huh-7 cells
are transfected with a luciferase construct under the control of a promoter containing three copies of SREs from the LDLR promoter. Transcription
of the luciferase gene is limited under conditions of sufficient cholesterol. Right panel: low cellular cholesterol levels initiate active SREBP2 to bind
to SREs in the promoter of the luciferase gene and activate its transcription. Luciferase is expressed and can be detected by luminescence.
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Cells were utilized within 15 passages throughout the experi-
ments. HepG2 cells (ATCC: HB-8065) were cultivated in MEM
supplemented with 10% FBS, 1% penicillin/streptomycin and
1% non-essential amino acids (all from Biochrom GmbH,
Berlin, Germany). Huh-7 (ATCC: JCRB-0403) cells were culti-
vated in DMEM containing 10% FBS and 1% penicillin/strep-
tomycin (Biochrom).

Prior to experimental treatments, the cells were washed
once with PBS containing calcium and magnesium (PBS™";
Biochrom). Plant extracts and lovastatin (Sigma-Aldrich, Saint
Louis, Missouri, US) were applied under serum-reduced con-
ditions (media containing 1% FBS).

SRE-screening assay. The firefly luciferase reporter plasmid
designated pSRE-Luc contains three tandem copies of repeats
2 and 3 of the LDL receptor promoter'® and was kindly pro-
vided by Dr Michiyo Amemiya-Kudo (Okinaka Memorial
Institute for Medical Research, Japan). The pGL4.73 vector
encoding the renilla luciferase reporter gene under a constitu-
tive promoter served as a normalization control and was
obtained from Promega (Madison, WI, US).

Huh-7 cells were seeded into 96-well plates at a density of
1.5 x 10* cells on day 0. The outer wells were omitted and
filled with cell culture media only. On day 1, the cells were co-
transfected with 100 ng per well pSRE-Luc and 0.1 ng per well
pGL4.73 using TurboFect (0.25 pl per well; Thermo Fisher
Scientific, Waltham, MA, US). On day 2, the cells were washed
with PBS™" and treated with extracts of the PECKISH library,
which were diluted to 1/1000 in media containing 1% FBS for
24 h. Total media volume was 200 pl per well; lovastatin
(10 uM) was included as a positive control on every plate. On
day 3, luciferase activity was measured by using the Dual-Glo
Luciferase Assay System (Promega) according to the manufac-
turer’s protocol with modifications: 150 pl of media was
removed from the cells and discarded. 50 pl of the luciferase
assay reagent (enabling cell lysis and detection of firefly luci-
ferase) was directly added to the remaining 50 pl followed by
incubation in an orbital shaker for 30 min. 100 pl of cell lysate
was transferred to white microplates (Greiner Bio-One,
Kremsmiinster, Austria) and firefly luminescence was
measured by using a POLARstar Omega microplate reader
(BMG LABTECH, Ortenberg, Germany). Afterwards, 50 pl of
Dual-Glo Stop & Glo reagent were added and Renilla lumine-
scence was measured after 20 min of incubation. Firefly
luminescence originating from pSRE-Luc was normalized to
Renilla luminescence originating from the pGL4.73 control
plasmid.

qRT-PCR and immunoblotting

Cells (Huh-7: 2 x 10°> and HepG2 5 x 10> cells per well) were
seeded into 6-well plates on day 0. On day 2, the cells were
washed with PBS™* and treated with plant extracts or lovastatin
under serum-reduced conditions (1% FBS). Extracts from the
screening library were diluted to 1/1000 and extracts prepared
in-house were applied at the indicated concentrations.
Lovastatin (10 uM, diluted in DMSO) was used as a positive
control. The final DMSO concentration was 0.1% and did not
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influence LDLR expression (data not shown). After 24 h, cells
were processed for RNA isolation or protein isolation.

RNA isolation, ¢cDNA synthesis and qRT-PCR were per-
formed according to standard methods using tagman-probes
(Thermo Fisher Scientific) against LDLR (Hs00181192_m1)
and ABCA1 (Hs00194045_m1). Expression was normalized to
two housekeeping genes, ACTB (Hs99999903_m1) and GAPDH
(Hs99999905_m1).

Proteins were isolated using a cell lysis buffer (Cell
Signaling Technology, Danvers, MA, USA) according to the
manufacturer’s instructions. Protein concentrations were
determined using a Micro BCA Protein Assay Kit (Thermo
Fisher Scientific). Twenty pg of protein was mixed with the
Laemmli sample buffer containing mercaptoethanol without
boiling and was separated by SDS-PAGE (separation gel: 7.5%
acrylamide). Afterwards, the samples were blotted onto a PVDF
membrane (0.2 pm; Bio-Rad Laboratories; Hercules, CA, US). A
western blocking reagent (Roche Diagnostics, Mannheim,
Germany) was used as the reagent for blocking, washing and
antibody dilution according to the manufacturer’s instruc-
tions. The membranes were incubated with primary antibodies
against LDLR'' [1/400] and B-actin (1/1000; Cell Signaling
Technology #49678S, lot #11) at 4 °C overnight. The membranes
were incubated with appropriate peroxidase-labeled secondary
antibodies and staining was detected by chemiluminescence
using the Clarity Max Western ECL substrate and a ChemiDoc
MP imager (both from Bio-Rad Laboratories). Band intensities
were semi-quantitatively analyzed by densitometry using
Image ] (NIH, USA; version 1.52d).

Gas chromatography

The content of free and esterified cholesterol was directly ana-
lyzed by gas chromatography.'> Huh-7 cells were seeded into
6 cm dishes at a density of 5 x 10° cells per dish on day 0. On
day 2, the cells were washed with PBS”* and incubated with
lovastatin or plant extracts at the indicated concentration
under serum-reduced conditions for 24 h. Afterwards, the cells
were washed, detached by trypsin/EDTA, re-suspended in PBS
and centrifuged (4 °C, 200g, 5 min). The lipids were isolated
from cell pellets by standard Folch extraction. An aliquot of
the pellet was used for cell protein determination by the
Bradford assay. The lipids were separated using a GC-2010 gas
chromatograph (Shimadzu, Kyoto, Japan) equipped with a pro-
grammed temperature vaporizer injector, a ZB-5HT capillary
column (15 m x 0.32 mm x 0.1 pm; Phenomenex,
Aschaffenburg, Germany) and an FID detector. Tridecanoyl gly-
cerol and cholesteryl myristate (both from Sigma-Aldrich) were
used as standards for free and esterified cholesterol, respect-
ively. Chromatograms were analyzed using GC Solutions 2.3
(Shimadzu) and the values were normalized to cell protein.

LDL uptake

To measure the cellular uptake of fluorescently labeled LDL, a
previously published protocol™® was applied with modifi-
cations. First, LDL was isolated from healthy normolipidemic
volunteers by sequential flotation ultracentrifugation.'® The
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isolation of LDL from human subjects was approved by the
ethics committee of the Medical University of Vienna (#1414/
2016). One mg of LDL (diluted to 2 mg ml™" in PBS) was
labeled with 50 pg DyLight 488 NHS ester (Thermo Fisher
Scientific) in the presence of NaHCO; (final concentration:
100 mM) at room temperature for 1 h. Then, the unbound dye
was removed by extensive dialysis against PBS.

Huh-7 cells were seeded in 24-well plates at a density of 5 x
10" cells per well on day 0. On day 2, the cells were washed with
PBS"* and incubated with lovastatin or plant extracts at the indi-
cated concentration under serum-reduced conditions for 24 h.
On day 3, the cells were washed twice with PBS”" and incubated
with 10 ug ml™" DyLight-LDL in media containing 0.5% BSA for
2 h. Wells containing 200 pg ml™" unlabeled LDL in addition to
10 pg ml~" DyLight-LDL were included as controls to determine
specific LDL uptake. After 2 h, the cells were washed, lyzed, and
processed as described.'® Specific LDL uptake was calculated by
subtracting the fluorescence of wells containing excess unlabeled
LDL. The values were normalized to cell protein as determined
by the Micro BCA Protein Assay Kit.

In vivo experiments

Animal experiments were conducted at the Medical University
of Vienna in accordance with Austrian laws and guidelines
(licence #BMBWF-66.009/0333-V/3b/2019 approved by the
Animal Ethics Committee of the Medical University of Vienna
and the Federal Ministry for Education, Science and Research).
Male C57BL/6 mice (eight weeks of age, six mice per group)
were obtained from the Center of Biomedical Research
(Medical University of Vienna) and housed under standard lab-
oratory conditions. The mice received water and rodent chow
ad libitum. Plant extracts or water was applied by daily oral
gavage (250 pl per mouse) for five days. After the last appli-
cation of plant extracts, the animals were restricted from food
intake for four hours. Afterwards, the animals were anesthe-
tized, blood was collected by retro-orbital bleeding, animals
were sacrificed by cervical dislocation and the liver was col-
lected. Total cholesterol was determined from plasma using a
CHOD-PAP kit (Greiner Bio-One). HDL-cholesterol was
measured from plasma using an HDL-C Immuno FS Kit
(DiaSys, Holzheim, Germany). Cholesterol present as VLDL or
LDL was calculated by subtracting HDL-cholesterol from total
cholesterol.

HPLC-MS analysis

Extract analyses were performed by reversed-phase chromato-
graphy using a Surveyor HPLC (Thermo Fisher Scientific)
equipped with an Accucore C18 column (150 mm x 3.0 mm
i.d., 2.6 pm particle size; Thermo Fisher Scientific).'> The
column temperature was set to 40 °C and the injection volume
was 1 pl. The analytes were separated by gradient elution with
mobile phase A containing 0.1% formic acid (FA) in water and
mobile phase B containing 0.1% FA in acetonitrile at a flow
rate of 0.5 ml min~". The elution gradient starting conditions
were 95% A and 5% B. After 5 min of equilibration time, the
proportion of B was increased to 20% at 8 min and to 40% at
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12 min, followed by 60% at 15 min and 80% at 17 min for
3 min. B was reduced to 5% at 20 min until 25 min.

High-resolution mass spectra were recorded using an LTQ
Orbitrap Velios (Thermo Fisher Scientific) with an APCI source
operated in the positive and negative ionization modes. The
resolution was set to 30000 and diisooctylphthalate (m/z =
391.2843) was used as the internal standard for mass cali-
bration. The spectra were collected from 80-1000 m/z and MS>
spectra were automatically recorded from the most intense
peaks. Data were analyzed using Xcalibur (Thermo Fisher
Scientific; version 2.2 SP1.48. Chromatograms are depicted in
Fig. S1 and S2.7

Statistics

If not otherwise indicated, data are expressed as the mean *
SD. Statistical analysis was performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA; version 8.0.2). Two-
sided t-tests were applied to compare two experimental
groups. ANOVA followed by Tukey’s multiple testing correc-
tions was used to compare more than two experimental
groups. Significant p-values are indicated as * (<0.05), **
(<0.01), or *** (<0.001).

Results
Screening for natural extracts that increase SRE-activity

In order to identify novel plant-based cholesterol-lowering
drugs, we established a screening assay based on the measure-
ment of the activity of the LDLR promoter. SRE-containing
regulatory regions in the 5 UTR of the LDLR promoter were
chosen for this study. These SREs are bound by SREBP2 in
response to declining cellular cholesterol levels and mediate
the induction of LDLR expression. This induction of LDLR
expression for reducing circulating LDL is especially relevant
in the liver. Therefore, human hepatocyte-derived Huh-7 cells
that mimic native hepatocytes in various characteristics of
lipid metabolism, for instance in the secretion of lipopro-
teins,'® were selected. The level of SRE-driven luciferase
expression was utilized as a readout for cellular cholesterol
depletion and increased LDLR expression (Fig. 1b).

To this end, ~200 aqueous plant extracts of the open source
library PECKISH® were screened for their ability to induce tran-
scriptional activation of the LDLR promoter (Fig. 2a and
Table S1t). Notably, 24 extracts exhibited increases in SRE-
activity by 1.5-fold or higher. Validation of the top 34 extracts
in a secondary screening cycle revealed that 20 extracts acti-
vated the LDLR-promoter by 1.5-fold or higher with 14 plant
extracts being more effective than lovastatin (Fig. 2b and
Table S17). Six plant extracts being initially effective displayed
low (<1.2-fold) activity in the second screening round, indicat-
ing that ~80% of the initial hits could be confirmed.

Validation of the most promising extracts

The most effective extracts from the secondary screening
rounds were chosen to analyze their potential to increase

Food Funct, 2021,12,10432-10442 | 10435


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo01169c

Open Access Article. Published on 07 October 2021. Downloaded on 10/20/2025 2:31:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Food & Function

b

primary screening
of plant-derived extracts

secondary screening
of plant-derived extracts

3]
= ‘Q lovastatin > 4
.‘; 2 [0 ] E
; 8
e w
? ’ 2
k] Ty B i — 24
2 1 I s 3
untreated = 0.
untreated -
0- 0-

extracts in rank order extracts in rank order

Fig. 2 Screening of plant extracts promoting transcriptional activation of LDLR. Huh-7 cells were transfected with luciferase-based reporter con-
structs containing three SRE elements derived from the LDLR promoter. After 24 h, the cells were treated with plant extracts (~5-10 ug ml™) or
lovastatin (10 puM) under serum-reduced conditions (1% FBS) for another 24 h. Luciferase activity was measured and normalized to the activity of a

constitutively expressed control vector. (a) Initial screening of 200 aqueous plant extracts. (b) Secondary screening to confirm positive hits.

LDLR mRNA expression. Extracts of lingonberry leaves
(Vaccinium vitis-idaea), blackberry leaves (Rubus fruticosus) and
agrimony (Agrimonia eupatoria) increased LDLR mRNA
expression in Huh-7 cells comparably to lovastatin or in a
more pronounced way (Fig. 3a). Eight of the extracts tested
increased LDL mRNA in a less pronounced way (1.1 to 1.3-
fold). Of note, limited amounts of plant extract provided by the
screening library did not allow for an independent repetition
of this experiment and thus a proper statistical analysis of
these effects was not feasible.

Subsequently, LDLR protein expression was determined
after incubation with the most effective extracts. Increased

a

LDLR mRNA expression

mRNA expression translated into considerably pronounced
increases in LDLR protein expression for extracts of agrimony,
lingonberry and blackberry (Fig. 3b).

Given the limited amounts of extracts in the screening
library, aqueous extracts of lingonberry leaves, blackberry
leaves and agrimony were prepared in-house. The extraction
protocols (see methods section) were chosen to closely
match the protocol applied to the extracts of the screening
library. The extract prepared from agrimony dose-depen-
dently induced the expression of LDLR mRNA as well as
protein (Fig. 4a and d). The expression of ABCA1, which
is positively regulated by increased cellular cholesterol

1.0 26 34 p,
lingonberry (Vaccinium vitis-idaea)- H LDLR IEI_1 50
blackberry (Rubus fructicosus) I
lovastatin- EE——] p-actin [N ./
agrimony (Agrimonia eupatoria){ T H < ,5\\(\ 0(‘*
angostura (Cusparia febrifuga){ T (,0(\ & é\é\
blackhaw (Viburnum prunifolium){ T — © @
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summer savory (Satureja hortensis)JI T H LDLR | e — - |-150
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chondodendron (Chondrodendron tomentosum){ S € &
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00 05

1.0 1.5 20

rel. mMRNA expression

Fig. 3 Validation of screening results in terms of LDLR expression. Huh-7 cells were treated with plant extracts of the screening library under
serum-reduced conditions (~5-10 pg ml™* in media containing 1% FBS) for 24 h. Lovastatin (10 uM) was used as the positive control. (a) LDLR mRNA
expression was quantitated by qRT-PCR; data show one experiment performed in biological duplicate. (b) LDLR protein expression was analyzed by
immunoblotting. Relative fold-changes are indicated above the blots. Experiments were performed once because of the limited amount of plant
extracts contained in the screening library.
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Fig. 4 Plant extracts increase LDLR expression in hepatic cells. Huh-7 cells (a—f) were treated with the indicated concentrations of aqueous plant
extracts under serum-reduced conditions (1% FBS) for 24 h. (a—c) LDLR and ABCA1 mRNA expression was quantitated by qRT-PCR. Pooled data of
two independent experiments performed in duplicate are shown. (d—f) LDLR protein expression was analyzed by immunoblot. Lovastatin (10 pM)
served as a positive control. Relative fold-changes were calculated from two to three independent experiments and are indicated above the blots.

(g) HepG2 cells were treated with plant extracts (agrimony: 50 pg ml™?,

lingonberry: 25 pug ml™, and blackberry: 100 ug ml™ dry matter) under

serum reduced conditions (1% FBS) for 24 h. Gene expression was quantitated by qRT-PCR. Pooled data of two independent experiments performed

in duplicate are shown.

levels and counteracts LDLR action by exporting
cholesterol to extracellular acceptors,'”” tended to be
decreased. Lingonberry leaf extract applied at a concen-
tration of 50 pg ml™' induced LDLR mRNA and protein
expression by 1.7-fold and 5.1-fold, respectively, while
ABCA1 expression was decreased (Fig. 4b and e). Blackberry
leaf extract likewise induced LDLR mRNA dose-depen-
dently, whereas ABCA1 expression was unaltered (Fig. 4c).
LDLR protein expression was increased 3.4-fold at 50 pg
ml™" (Fig. 4f).

To exclude the effects limited to a single cell line, the
extracts were applied to HepG2 cells, another human hepato-
cyte-derived cell line that retains various aspects of chole-
sterol and lipoprotein metabolism.'® Comparably to Huh-7
cells, all the extracts tested significantly induced the
expression of LDLR mRNA ~3-fold, while ABCA1 expression
was unchanged or slightly decreased (Fig. 4g). Altogether,
these data indicated that extracts of agrimony, lingonberry
leaves or blackberry leaves increase LDLR expression in
hepatic cells.

This journal is © The Royal Society of Chemistry 2021

Functional validation of cholesterol levels and LDL uptake

In a subsequent step, the identified extracts of interest were
validated in terms of functionally altering cellular cholesterol
homeostasis. Depletion of cellular cholesterol is the basis for
compensatory induction of LDLR expression. We therefore
quantitated cellular cholesterol levels in response to treatment
with extracts of agrimony, blackberry leaves and lingonberry
leaves. Free cholesterol, which is not esterified to fatty acids
and is predominantly localized in cellular membranes,
accounted for the majority of cellular cholesterol in Huh-7
cells under the experimental conditions (Fig. 5a-c). Cellular
free cholesterol was significantly reduced by all the extracts
tested to an extent comparable to or greater than lovastatin
(Fig. 5a). Cholesteryl esters, which consist of cholesterol esteri-
fied to fatty acids and represent the storage form of cholesterol
in lipid droplets, were reduced by agrimony and lingonberry
extracts, but not by blackberry extracts (Fig. 5b). The total
cholesterol levels (i.e. free cholesterol plus esterified chole-
sterol) decreased by ~30% after incubation with plant extracts
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Fig. 5 Plant extracts decrease cellular cholesterol levels. Huh-7 cells were treated with plant extracts (agrimony: 100 ug ml™2, lingonberry: 50 pg
ml~, and blackberry: 100 pg ml™ dry matter) or lovastatin (10 uM) under serum-reduced conditions (1% FBS) for 24 h. Lipids were extracted and
quantitated by gas chromatography and values were normalized to cell protein levels. Free cholesterol (a) and esterified cholesterol (b) were direcly
quantitated, whereas total cholesterol (c) was calculated. Pooled data from two independent experiments performed in duplicate are shown.

(Fig. 5c). These data suggest that the increase in LDLR
expression observed after treatment with these extracts is in
fact caused by the depletion of cellular cholesterol levels.

Statins mediate increased LDLR-mediated clearance of cir-
culating LDL into the liver, which constitutes their main
atheroprotective effects. The uptake of human LDL was thus
measured in Huh-7 cells after incubation with plant extracts.
LDL uptake was increased ~2.3-fold after treatment with lovas-
tatin (Fig. 6). The extracts of lingonberry and blackberry leaves
resulted in comparable increases in LDL uptake. However,
incubation with the agrimony extract did not result in
enhanced LDL uptake. Taken together, plant extracts prepared
from lingonberry and blackberry leaves lower cellular chole-
sterol levels, increase LDLR mRNA and protein expression and
increase LDL uptake comparably to lovastatin.

Biological effects of extracts in vivo

Next, a proof-of-concept study was conducted in mice to inves-
tigate whether these extracts exert biological activity in vivo.

LDL uptake
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Fig. 6 Plant extracts increase LDL uptake. Huh-7 cells were incubated
with plant extracts (agrimony: 100 ug ml™2, lingonberry: 50 pg ml™, and
blackberry: 100 ug ml™* dry matter) or lovastatin (10 uM) under serum-
reduced conditions (1% FBS) for 24 h. Afterwards, LDL uptake was
assessed for 2 h using fluorescently labeled human LDL. Values were
normalized to cell protein values.
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Extracts from lingonberry and blackberry leaves were fed to
wild-type mice for five consecutive days. Unexpectedly, total
plasma cholesterol was increased after treatment with both
extracts (Fig. 7a). This increase was due to an increase in chole-
sterol transported via HDL (Fig. 7b), which is the main carrier
of cholesterol in mice. The remaining cholesterol—i.e. chole-
sterol transported via VLDL and LDL—was not altered
(Fig. 7¢). Compared to the LDLR-increasing effect in vitro, both
extracts only tended to increase LDLR mRNA expression in the
murine liver (Fig. 7d). Similarly, LDLR protein was not signifi-
cantly altered (Fig. S11). However, the expression of hepatic
ABCAL1 was considerably augmented (Fig. 7e), which is consist-
ent with the elevated HDL-cholesterol levels in mice treated
with the extracts of lingonberry or blackberry leaves.

Analysis of putative active compounds

Finally, we aimed to identify the biologically active com-
pounds that exert cholesterol-lowering effects in the extracts
of lingonberry and blackberry leaves. Therefore, HPLC-MS
analyses were performed and the identified compounds are
summarized in Table 1 (also see Tables S2 and S3 and Fig. S2
and S371 for more details). In lingonberry leaf extracts, various
compounds identified could be attributed to flavonols. In
particular, glycosides of quercetin, including quercetin rham-
nosides (also referred to as quercitrin) were detected
(Table 1). In addition, kaempferol-3-hydroxy-3-methyl-
glutaroyl-rhamnoside was identified. The existence of these
compounds as glycosides is consistent with the aqueous
nature of the prepared extract.

A more versatile pattern of secondary plant compounds was
identified in extracts prepared from blackberry leaves.
Comparable to lingonberry, glycosides of quercetin and
kaempferol were detected in blackberry extract (Table 1). In
addition, apigenin glycosides, ellagic acid, caffeic acid,
caffeoylquinic acids and valoneic acid isomers were identified.

In summary, we have characterized diverse as well as over-
lapping compounds (i.e. derivatives of quercetin and kaemp-
ferol) in lingonberry and blackberry leaf extracts.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Biological effects of plant extracts in vivo. Extracts of lingonberry or blackberry leaves were fed to C57/BL6 mice for five days. Total chole-
sterol (a) and HDL cholesterol (b) were measured from plasma. Cholesterol transported via VLDL or LDL (c) was calculated accordingly. gRT-PCR
(d, e) was performed from liver tissue. n = 4-6.

Table 1 LC-MS analysis of lingonberry and blackberry leaf extracts. Compounds were assigned according to recently published analyses

33,34

Compound name

tr (UV) [min]

Exact mass m/z [MH]"

Exact mass m/z [M — H]|~

Lingonberry

Blackberry

Quercetin-hexoside
Quercetin-hexoside
Quercetin-pentoside
Quercetin-pentoside
Quercetin-pentoside
Quercetin-3-O-rhamnoside

Quercetin-3-0-4"-(3-hydroxy-3-methylglutaroyl)-rhamnoside
Kaempferol-3-hydroxy-3-methylglutaroyl-rhamnoside

Caffeoylquinic acid isomer
Caffeic acid hexoside isomer
Apigenin 7-O-hexuronide
Caffeoylquinic acid isomer
Caffeoylquinic acid isomer
Apigenin 7-O-hexuronide
Valoneic acid dilactone isomer
Ellagic acid
Quercetin-hexuronide
Kaempferol 7-O-hexuronide
Quercetin 3-O-pentoside
Kaempferol 7-O-hexuronide
Apigenin 7-O-hexuronide
Kaempferol hexoside isomer

This journal is © The Royal Society of Chemistry 2021

9.01
9.20
9.57
9.77
9.96
10.28
11.53
12.25
3.31
4.65
5.23
5.76
6.50
7.15
7.82
9.24
9.64
9.90
10.24
10.58
10.98
12.53

465.1015
465.1015
435.0918
435.0918
435.0918
449.1072
593.1433
577.1262
355.1025
343.1022
447.0560
355.1024
355.1024
445.0403
471.0195
303.0136
479.0819
463.0871
435.0923
463.0869
447.0822
595.1443

353.0886
341.0887
445.0423
353.0886
353.0889
443.0272
469.0559
300.9990
477.0669
461.0749
433.0792
461.0725
445.0770
593.1321
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Subsequently, quercetin, kaempferol and selected glyco-
sides thereof were tested for their ability to mimic the biologi-
cal effects of lingonberry and blackberry leaf extracts. However,
only quercetin was found to significantly increase LDLR
expression while kaempferol and glycosides of both com-
pounds failed to do so (Fig. S41).

Discussion

It is well established that lowering circulating LDL-cholesterol
levels protects from atherosclerosis and cardiovascular dis-
eases. Natural compounds have been shown to effectively
lower circulating LDL-cholesterol either alone or in combi-
nation with lifestyle modifications or even on top of pharma-
ceutical intervention.” Here, we identified novel aqueous,
plant-derived extracts as modulators of the hepatic cholesterol
metabolism in vitro.

Extracts of both lingonberry and blackberry leaves robustly
induced LDLR mRNA and protein expression, lowered cellular
cholesterol and enhanced the uptake of LDL in a manner com-
parable to lovastatin, a member of the prototypical cholesterol-
lowering drugs.

Identification of these extracts was enabled by a luciferase-
based reporter gene assay applied in a 96-well format allowing
for reliable screening under medium-throughput conditions.
We anticipate that this assay will also be applicable for auto-
mated high-throughput screenings after minor adaptions.
Through incremental validations, we have confirmed the
screening results and identified the compounds that are most
likely to be active in follow up in vivo studies. This screening
assay was designed for high specificity as the reporter vector
contains three repeats of SREs, which respond to declining cel-
lular cholesterol levels followed by the activation of SREBP2.
Indeed, it has been shown that this vector more actively
responds to SREBPs than the native LDLR promoter.'® This is
probably the reason why a large percentage of plant extracts
was identified as positive after the initial screening assay.
However, the increase in LDLR expression exerted by some of
these positive extracts was rather low and likely translated into
neglectable inductions of LDLR mRNA levels (compare Fig. 3).
An alternative explanation for the high number of screening
results is to identify the compounds that are most likely to be
active in follow up in vivo studies. This screening assay was
designed for high specificity as the reporter vector contains
three repeats of SREs, which respond to declining cellular
cholesterol levels followed by the activation of SREBP2.
Indeed, it has been shown that this vector more actively
responds to SREBPs than the native LDLR promoter.'® This is
probably the reason why a large percentage of plant extracts
was identified as positive after the initial screening assay.
However, the increase in LDLR expression exerted by some of
these positive extracts was rather low and likely translated into
neglectable inductions of LDLR mRNA levels (compare Fig. 3).
An alternative explanation for the high number of initially posi-
tive results might be that SREPB2 is also activated by factors
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other than the declining cellular cholesterol levels. For instance,
others and ourselves have shown that the unfolded protein
response enhances the transcriptional activity of SREBP2.'%'°

Finally, we ended up with three plant extracts that robustly
augmented LDLR mRNA and protein expression and lowered
cellular cholesterol levels. However, while extracts of lingon-
berry and blackberry leaves increased cellular uptake of LDL,
an extract of agrimony was inactive. This might be explained
by the fact that LDL uptake is not only regulated by transcrip-
tional and posttranscriptional mechanisms determining the
expression of the LDLR but also by endosomal sorting of the
LDLR. The multi-subunit protein complexes CCC and WASH,
for instance, have been shown to regulate proper LDLR cell
surface  expression. An altered function of these
complexes leads to reduced cell surface expression of the
LDLR accompanied by reduced LDL uptake without changes
in total cellular protein expression of the LDLR.*° Altogether,
this highlights the importance of a stringent validation of
screening results by functional assays, as performed in our
study.

The fruits of lingonberries are known to beneficially
affect cholesterol levels in animal experiments, exemplified
by the findings that lingonberries reduced serum cholesterol
in a mouse model of obesity>® and reduced atherosclerosis
in apoE™~ mice.?> However, to the best of our knowledge,
lingonberry leaves have never been investigated in the
context of cholesterol lowering. Regarding blackberry leaf
extracts, a study in rats focusing on non-alcoholic fatty liver
disease showed that an ethanolic extract, besides
affecting neutral lipid metabolism, also lowered LDL-
cholesterol.”?

Given the overlapping presence of quercetin and kaemp-
ferol glycosides in the extracts of both, lingonberry and black-
berry leaf extracts, together with similar effects on LDLR
expression, cellular cholesterol levels and LDL uptake, we
initially hypothesized that quercetin and kaempferol glyco-
sides are the biologically active compounds of both extracts.
Quercetin and kaempferol have cardioprotective and hyperten-
sive properties in animal studies.”* Quercetin as well as quer-
cetin-3-O-glycoside (also known as isoquercitrin), increase the
expression of LDLR in human hepatic cell lines.”>?°
Interestingly, quercetin also increases the expression of para-
oxonase 1, an enzyme inhibiting the oxidation of LDL.*’

However, in our experiments, only the quercetin aglycon
increased LDLR expression when applied as an isolated com-
pound. Therefore, other secondary plant components likely
contribute to the cholesterol-modifying effect of the
identified extracts. It cannot be excluded that the analytical
methodology applied in our study fails to detect certain com-
pounds; for instance, high-molecular-weight saponins.
Alternatively, additive or even synergistic actions of various
polyphenols present in the extracts may lead to the observed
biological effects.

Our in vivo studies in mice revealed that an increase in
hepatic LDLR expression by both plant extracts was limited.
These studies did not involve dietary modifications to increase

This journal is © The Royal Society of Chemistry 2021
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plasma cholesterol. Notably, the application of isoquercitrin to
mice increased the expression of the hepatic LDLR only when
the mice were challenged with a high-cholesterol diet, but not
a standard rodent diet.?® Moreover, mice are not ideal models
for studying LDL-cholesterol lowering interventions because
HDL is the main carrier of cholesterol in mice.>® Although
mouse models with elevated LDL-cholesterol are commonly
available, these models harbour mutations in the LDLR or its
ligands and are therefore not suitable to study the regulation
of LDLR per se. More complex model systems such as rabbits
or primates would thus be necessary to definitely prove the
LDL-cholesterol lowering properties of the plant extracts inves-
tigated in our study.

Most interestingly, our animal study revealed an increase in
plasma cholesterol due to an increase in HDL-cholesterol,
which is considered atheroprotective. Augmented HDL levels
were accompanied by increased expressions of hepatic ABCA1,
a key factor in HDL biogenesis.>® This increase in ABCA1
expression was not apparent from our in vitro studies. It
should be noted that dietary polyphenols, including quercetin
derivatives, undergo extensive modifications by human and
microbiome-derived enzymes,*' which might explain the dis-
crepancies between the in vivo and in vitro findings in terms of
ABCA1 regulation.

Conclusions

Our findings derived from screening and thorough validation
warrant the investigation of the cholesterol-modifying effects
of lingonberry and blackberry leaf extracts in follow-up studies
in pre-clinical models such as cholesterol-fed rabbits. The
aqueous nature of the extracts identified in our study makes
them easily accessible through simple extraction methods, for
instance, to be applied as tea. Of note, berry leaves and teas
thereof are widely used in traditional medicine.*> Taken
together, we have identified aqueous lingonberry and black-
berry leaf extracts as novel potential natural atheroprotective
agents.
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