
Regular paper

Bioactive compounds from Lactarius deterrimus interfere with 
the invasive potential of gastric cancer cells*
Kamila Król1, Maciej Pudełek1, Gracjana Krzysiek-Mączka2, Mateusz Wierdak3,  
Bożena Muszyńska4, Katarzyna Sułkowska-Ziaja4, Agata Krakowska5, Damian Ryszawy1† and 
Jarosław Czyż1✉

1Department of Cell Biology, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Kraków, Poland; 2Department of 
Physiology, Faculty of Medicine, Jagiellonian University Medical College, Kraków, Poland; 32nd Department of General Surgery, Faculty of Medi-
cine, Jagiellonian University Medical College, Kraków, Poland; 4Jagiellonian University Medical College, Faculty of Pharmacy, Department of 
Pharmaceutical Botany, Kraków, Poland; 5Jagiellonian University Medical College, Faculty of Pharmacy, Department of Inorganic and Analytical 
Chemistry, Kraków, Poland

†This paper is dedicated to the memory of  
Dr. Damian Ryszawy, PI in this project,  

who suddenly passed away on September 11th, 2020

Stomach cancer is the 4th most common cancer diag-
nosed worldwide. Despite intensive research on its etio-
pathology, its treatment strategies have not changed 
in the last 50 years. Mushrooms have recently attracted 
much attention as the source of bioactive compounds 
that can potentially complement cancer therapies. Here, 
we extracted a phenolic fraction from Lactarius deterri-
mus and analyzed its composition and bioactivity against 
the gastric cancer (AGS) cells. The complexity of L. deter-
rimus compounds was revealed by an HPLC assay, and 
was accompanied by cytostatic, cytotoxic and anti-inva-
sive effects of the L. deterrimus extract (LDE). These are 
illustrated by inhibition of the AGS cells’ proliferation, 
metabolic activity and motility, and by induction of the 
cytoskeleton rearrangements. Apparently, these effects 
are exerted via activation of intracellular oxidative stress 
and decreased ATP production in AGS cells that could 
not be compensated by induction of autophagy. Less 
severe LDE effects were seen on physiology of normal 
gastric fibroblasts; however, inhibition of their motil-
ity indicates that LDE can interfere with gastric cancer 
development via an effect on stromal cells. Along with 
the observed synergy of LDE and cisplatin/5-fluorouracil 
effects on AGS cells, our data show the potential of LDE 
for supplementation of the gastric cancer therapy.
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INTRODUCTION

Despite of progress in the prophylactics, diagnosis and 
treatment of gastric cancer, its incidence is still relative-
ly high (Global Challenges of cancer, Nature Cancer, 2020), 
which makes it the third most common cause of cancer-
related deaths in 2018 (Bray et al., 2018). High incidence 
of gastric cancer is observed in the populations of East 
Asia, Eastern Europe and some regions of Central and 
South America (Brenner et al., 2009), where the 5-years 
survival rate of gastric cancer patients reaches only 
31.5%. It is more frequently diagnosed among men and 
its frequency raises with the age of the patient. These 
facts have attracted much attention to the role of envi-
ronmental factors in the gastric cancer development. Ap-
parently, they increase the risk of its initiation and pre-
sumably include unbalanced diet (high salt content, alco-
hol), smoking and bacterial infections (especially Helico-
bacter pylori) (You et al., 1988; Brenner et al., 2009). Even 
though H. pylori infections are now effectively eliminated, 
surgical resection of the tumor, followed by chemother-
apy and/or radiotherapy, is a primary treatment standard 
against this tumor. However, cytostatics implemented in 
gastric cancer treatment, i.e. 5-fluorouracil, docetaxel, iri-
notecan or cisplatin, must generally be applied for the 
rest of the patient’s life (NCI’s cancer drug information). 
Nowadays, several targeted therapies received licenses 
for gastric cancer treatment, which include application 
of ramucirumab and trastuzumab (Smyth et al., 2020). 
Concomitantly, naturally occurring substances (probiotics 
and symbiotics) have been identified to enhance the ef-
ficiency of chemotherapy in clinical trials (Sobolewska et 
al., 2021).

Due to the adverse effects of these agents, alterna-
tive therapies are desirable, particularly those based on 
metronomic/combined approaches. The location and 
function of the stomach results in a relatively high bio-
availability of orally supplied compounds in the proxim-
ity of gastric cancer niches. This prompts implementa-
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tion of natural substances in its chemotherapy (Passa-
monti et al., 2003; Marchand, 2002; Song et al., 2020). 
Their main sources include plants, snake venoms, frog/
snail toxins and lichens (Hashemi et al., 2011; Jain et 
al., 2012; Gomes et al., 2010; Shrestha et al., 2013). In 
this context, research on the potential of fungi is con-
siderably less intense, even though these organisms are 
relatively rich in steroids, terpenes, fatty acids, alkaloids, 
phenolics, flavonoids, lectins and vitamins (Rayan et al., 
2017; Sułkowska-Ziaja et al., 2017, Lichota & Gwozdz-
inski, 2018; Ijaz et al., 2018). Pharmacokinetic studies on 
fungi, which have been mostly performed in the Asian 
countries, suggest their therapeutic potential that justifies 
their application in anti-diabetic, anti-bacterial, cardio-
protective, immunomodulating and anti-tumor treatment 
strategies (Chatterjee et al., 2017). For instance, Coriolus 
versicolor fruiting bodies contain polysaccharide K (PSK), 
which was shown in vitro, in vivo and in clinical trials to 
act directly on the colon and breast cancer cells, and to 
stimulate the patient’s immune cells. Consequently, PSK 
application can increase the 5-year survival rate of pa-
tients (a 9% absolute reduction in mortality) (Tsukagoshi 
et al., 1984; Habtemariam, 2020). However, still little is 
known on the anti-cancer properties of European fungi.

Lactarius deterrimus is an edible mushroom of the Rus-
sulaceae family. It is widespread in Europe, where it lives 
in forests and forms mycorrhizae with spruce (Giollant 
et al., 1993). Its fruiting bodies are characterized by or-
angish caps with green spots and they normally secrete 
light-orange latex after injury (Nuytinck, 2005). Previ-
ous research showed that L. deterrimus extracts are rich 
in sesquiterpenes (Bergendorff & Sterner, 1988), lectins 
(Giollant et al., 1993) and indole compounds (Muszyńska, 
2007). Apparently, these compounds are responsible for 
L. deterrimus antioxidative potential (Sarikurkcu et al., 
2008), protective effects against streptozotocin-induced 
oxidative stress and pancreatic β-cell death (Grdović et 
al., 2012; Mihailović et al., 2015), and antimicrobial ac-
tivity (Dulger et al., 2002). However, anti-cancer activ-
ity of L. deterrimus compounds has not been addressed 
so far. In this study, we filled this gap by focusing on 
the anticancer properties of L. deterrimus compounds. In 
particular, we tested the effects of the L. deterrimus ex-
tract (LDE) on the viability/invasive potential of gastric 
cancer cells, scrutinized the mechanisms underlying these 
effects and analyzed the synergy of LDE activity with 
conventional chemotherapeutics.

MATERIALS AND METHODS

Preparation and characterization of ethanol extracts 
from L. deterrimus

The fruiting bodies of Lactarius deterrimus were har-
vested in its natural environment (49°85’41.99’’N, 
19°73’56.26’’E). Samples were dried at 50°C for 12 
hours in an MPM MSG-01 dryer and shredded with 
mortar and pestle. EtOH (99.7%; Merck, Darmstadt, 
Germany) was used as a solvent for extraction. 2 grams 
of the mushroom powder were stored in EtOH for 24 
hours (at room temperature, in darkness/airtight glass 
bottle). Then, the solution was centrifuged at 4000g for 
10 minutes (5804 Centrifuge; Eppendorf), and the su-
pernatant was collected and evaporated in a water bath 
(to 0.12 g of the dry mass). The extract was diluted in 
99.7% ethanol to obtain stock solutions of the Lactarius 
deterrimus extract (LDE; 50 mg/ml). The final LDE con-

centrations ranging from 50 to 200 µg/ml of the culture 
medium were tested in the experiments.

Cell cultures

Human stomach cancer AGS cells (ATCC, CRL-
1739) were cultured under standard conditions (5% CO2, 
37°C) in RPMI/F12 complete medium (Sigma), supple-
mented with 10% fetal bovine serum (FBS; Gibco) and 
1% Antibiotic-Antimycotic Solution (Sigma). For their 
propagation, the cells were harvested with Ca2+/Mg2+-
free PBS (Corning) supplemented with 0.5 mM EDTA 
(UltraPureTM; Invitrogen), counted with the Z2 particle 
counter (Beckman Coulter) and seeded into (multi-well) 
tissue culture plates (Eppendorf). Human gastric fibro-
blasts (HGFs) were isolated from human gastric biop-
sies of patients free of systemic inflammatory diseases 
and Helicobacter pylori (Hp) infection. The patients were 
qualified for laparoscopic sleeve gastrectomy at the De-
partment of Endoscopic, Metabolic and Soft Tissue Ma-
lignancies Surgery, the Jagiellonian University Medical 
College in Cracow. Gastric biopsies were minced into 
1–2 mm3 pieces and placed in sterile tissue culture flasks 
in DMEM supplemented with 10% fetal bovine serum 
(FBS, Sigma) and antibiotics. The flasks were maintained 
in a humidified atmosphere (5% CO2 at 37°C) and the 
medium was changed every 2 days. At 80% confluence, 
the cultures were detached with a standard trypsiniza-
tion technique to establish a secondary cell culture. For 
endpoint experiments, cells were seeded into (multi-well) 
tissue culture plates (Eppendorf), cultivated for 24 hours 
before administration of the medium supplemented with 
LDE (50-200 µg/ml), cytostatic drugs - cisplatin (cisPt; 
Sigma; No. 400033; 1 µg/ml) and 5-fluorouracil (5-FU; 
Sigma; No. F6627 10 µM), and N-Acetyl-L-cysteine 
(NAC; Sigma; No. A9165; 1mM). Experiments were 
approved by a local ethics commission (Decision No. 
1072.6120.263.2020).

Cell proliferation and viability

Cells were seeded into 12- or 24-well plates (Eppen-
dorf) at a density of 1×104 cells/cm2, incubated for 
24 hours before addition of the LDE-supplemented 
medium (50–200 µg/ml) and/or 5-fluorouracil/cisplatin. 
Every 24 hours, the cells were harvested and counted 
with the Z2 particle counter (Coulter). The data were 
processed with the Origin Pro 2016 software to calcu-
late the population doubling times. Cell viability was es-
timated with the Trypan blue (Sigma; No. T8154) assay 
using a Būrker chamber as described before (Ryszawy et 
al., 2019a). MTT assay was applied to estimate relative 
rates of metabolic activity. Cells were seeded into 96-well 
plate (Eppendorf) at a density of 5×103/well, treated 
with appropriate agents for 48 hours, and followed by 
incubation with the thiazolyl blue tetrazolium bromide 
(Sigma; No. M5655) solution in water (0.5 mg/ml) for 
2–3 hours at 37°C. Subsequently, the cells were imaged 
using the Leica DMI6000B microscope to visualize the 
intracellular accumulation of formazan, followed by dis-
solution of each well content with isopropanol. Absor-
bance of the reaction product was measured at 570 nm 
(MultiskanTM FC Microplate Reader; Thermo Fisher Sci-
entific).

Cell migration

Cells were seeded and treated as described above. 
24 hours after extract/cisplatin/5-fluorouracil/NAC ad-
ministration, time-lapse imaging of their movement was 
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performed (Sroka et al., 2007; Ryszawy et al., 2019b). 
Briefly, cell images were recorded for 8 hours with 
5 min time interval using the Leica DMI6000B micro-
scope equipped with integrated modulation contrast 
(IMC) optics and CO2 (~5%)/temperature (37oC) cham-
ber. Sequences of images were further analyzed with the 
Hiro v.1.0.0.4 software (written by W. Czapla) by manu-
al cell trajectory tracking, followed by calculation of cell 
motility parameters: speed of cell motility [V; µm/min] 
and cell displacement [D; µm]).

Immunocytochemistry

For immunofluorescence studies, the cells were treated 
with LDE and/or cisplatin/5-fluorouracil for 48 hours 
in 12-well plates on UVC-sterilized coverslips. Then, 
they were fixed with 3.7% formaldehyde and permeabi-
lized with 0.1% Triton X-100. Blocking of non-specific 
binding sites was performed with 2% BSA (30-45 min. 
in 37oC), followed by cell incubation in the presence of 
mouse monoclonal anti-vinculin IgG (Sigma; No. V9131; 
1:300; 45 min.) diluted in 2% BSA/0.01% Tween. Then, 
AlexaFluor488-conjugated donkey anti-mouse IgG (In-
vitrogen; No. A21202), AlexaFluor546-conjugated phal-
loidin (Invitrogen, No. A22283; F-actin visualization) 
and Hoechst 33258 (Sigma; for DNA staining) were 
applied for 45 min. Images were acquired with the Lei-
ca DMI6000B fluorescence microscope equipped with 
DFC360FX CCD camera and total internal reflection 
fluorescence (TIRF) module. Raw photos were further 
processed (contrast adjustment, background subtraction) 
with the ImageJ software (Pudełek et al., 2019).

Autophagy

Cells were seeded into fluorescence imaging-dedicated 
24-well plates (Eppendorf, No. 0030741005) at a densi-
ty of 104 cells/cm2, treated with LDE for 2–48 hours, 
incubated with Detection Reagent (Autophagy level de-
termination kit; Sigma; No. MAK138) according to the 
manufacturer’s recommendation and examined with the 
Leica DMI6000B microscope in the presence of 5% 
CO2/37°C. For each specimen, pictures from at least 10 
randomly chosen areas (N>30) were taken for fluorimet-
ric analysis (fluorescence intensity, background subtrac-
tion) performed with the ImageJ software.

Mitochondrial ROS production and membrane potential 
measurements

Cells were seeded into fluorescence imaging-dedicated 
24-well plates (Eppendorf, No. 0030741005) and treat-
ed with LDE for 24 hours. For the analyses of mito-
chondrial ROS levels, the cells were incubated with 1 
µl/ml of CellROX Orange Reagent (Invitrogen; No. 
C10443) for 30 min, followed by the application of Flu-
oroBriteTM DMEM (Gibco; supplemented with 10% FBS 
and 1% GlutaMax). Images were acquired with the Leica 
DMI6000B microscope (ex. 546 nm) in 5% CO2/37°C. 
Fluorimetric analysis (fluorescence intensity, background 
subtraction) was performed with the ImageJ software. 
For the analyses of the mitochondrial membrane poten-
tial, the cells were incubated with 2 µM JC-1 (Thermo 
Fisher Scientific; No. T3168) in 37°C/5% CO2 for 20 
minutes, washed with PBS and immersed in Fluoro-
BriteTM DMEM (Gibco; supplemented with 10% FBS 
and 1% GlutaMax (Pudełek et al., 2019)). Signal detec-
tion was performed using the Leica DMI6000B micro-
scope.

Calcium flux detection

Cells were seeded into cell imaging dishes (Eppendorf, 
Cat. No. 0030740009) at a density of 1.5×104 cells/cm2 

and cultivated for 24 hours. Afterwards, the cells were 
incubated with Fluo-4 AM (2 µM) for 30 minutes and 
standard culture medium was replaced with Fluoro-
BriteTM DMEM as described above. Analysis was per-
formed with time-lapse module (10s time step, 11 min) 
using the Leica DMI6000B microscope (ex. 546 nm) 
equipped with CO2 (5%) chamber and temperature 
(37°C) stabilizing system. Cells were exposed to single 
dose of LDE (final concentration 200 µg/ml) or 0.02% 
EtOH (vehicle control). The images were processed with 
the LAS X and ImageJ software to calculate the relative 
change of fluo-4 fluorescence intensity (ΔRFU).

HPLC-DAD analysis

Identification of phenolic compounds was performed 
according to the procedure described previously (Ziaja 
et al., 2017). HPLC analyses were performed using a 
Hitachi HPLC VWR apparatus: L-2130 pump, RP-18e 
column (250×4 mm, 5 µm) thermostated at 25°C and 
a diode array detector (DAD) L-2455 in the UV range 
200–400 nm. The gradient program was as follows: 0–20 
min., 0% B; 20–35 min, 0–20% B; 35–45 min, 20–30% 
B; 45–55 min, 30–40% B; 55–60 min., 40–50% B, 60–65 
min., 50–75% B; and 65–70 min., 75–100% B, with a 
hold time of 15 min., at 25°C. The flow rate was 1.0 
mL/min. Comparison of the UV spectra at λ=254 nm 
and the retention times with the standard compounds 
allowed for identification of phenolic acids present in 
the analyzed samples. Phenolic acid standards were pur-
chased from Fluka (Chemie AG) and Sigma (St. Louis, 
USA).

Identification of sterols was performed according to 
the procedure developed by Yuan (Yuan et al., 2008) 
with some modifications to the gradient procedure. The 
mobile phase consisted of solvent A: methanol/water 
80:20 (v/v) and solvent B: methanol/dichlorometh-
ane 75:25 (v/v). The gradient program was as follows: 
0–10 min, 80: 20% B; 10–35 min, 40–60% B; 35–50 
min, 0–100% B; 50–55 min, 80–20% B; with a hold 
time of 15 min at 25°C. The flow rate was 1.0 mL/
min. Chromatographic peaks were recorded at a wave-
length of 280 nm. Sterol standards were purchased 
from Fluka (Chemie AG).

Identification of indole compounds was performed 
according to the procedure described by Muszyńska 
(Muszyńska et al., 2020). Briefly, the conditions were 
as follows: Hitachi HPLC; pump L-7100; Puro-
spher RP-18 column (250×4 mm, 5 µm). An iso-
cratic separation was used, and the mobile phase was 
methanol:water:ammonium acetate 15:14:1 (v/v/v); flow 
1 mL/min. The chromatographic peaks were recorded 
at a wavelength of 280 nm. Indole standards were pur-
chased from Sigma (St. Louis, USA).

F-AAS analysis of bioelements

For mineralization, ethanol extract of L. deterrimus 
was transferred to Teflon vessels, to which 2 mL of 
30% H2O2 solution (Merck, Darmstadt, Germany) 
and 4 mL of concentrated 65% HNO3 solution were 
added (Merck, Darmstadt, Germany). Mineralization 
was carried out in a Magnum II microwave apparatus 
(ERTEC) in three stages, each for 10 min., at a power 
of 70% and 100%, respectively, maintaining the tem-
perature of the device at 290°C. After mineralization, 
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the solutions were transferred to quartz evaporators 
and evaporated on a heating plate at 150°C to remove 
excess reagents and water. The residue was quantita-
tively transferred to 10 mL volumetric flasks with four-
time-distilled water. Bioelement analysis was carried out 
using flame atomic absorption spectroscopy (F-AAS) 
with an AAS iCE3300 Thermo Scientific™ spectropho-
tometer (UK).

Statistical analysis

Statistical analysis was performed with data from at 
least 3 independent experiments (N>3) with the Orig-
inPro 2016 software using ANOVA/non-parametric 
Mann-Whitney U test (*P<0.05; error bars illustrate 
SEM) or with Statgraphics Centurion XVIII (for LDE 
content analysis).

RESULTS

LDE exerts cytostatic effects in gastric stomach AGS 
model in vitro

Generally, anti-cancer agents are expected to selective-
ly interfere with the welfare of cancer cells. Therefore, 
our initial analyses were aimed at estimating the dose-
dependent Lactarius deterrimus extract (LDE) effects on 
the viability of gastric cancer AGS cells. A dose-depend-
ent attenuation of these cells’ metabolism was illustrated 
by the ATP and MTT assay in the presence of LDE 
(Fig. 1A). Concomitant studies of AGS growth kinetics 
showed inhibition of AGS proliferation in the presence 
of LDE administered at the concentration of 200 µg/ml 
(Fig. 1B). This is also illustrated by comparison of the 

doubling time/growth rate of control and LDE-treated 
cells (Fig. 1C). Microscopic analyses showed noticeable 
transition of the AGS cells towards a spindle-shape mor-
phology in the presence of LDE (Fig. 1D). This was 
accompanied by vacuolization of the LDE-treated cells. 
Collectively, our data indicate that LDE exerts a consid-
erable cytotoxic stress in AGS cells that is not compen-
sated by autophagy.

LDE impairs invasiveness of AGS cell in  
a ROS-dependent manner

Stomach cancer may spread systemically via lymph 
nodes and blood vessels. The most common sites of me-
tastasis are liver, peritoneum, lungs and bones (Riihimäki 
et al., 2016). To verify the significance of cytostatic LDE 
effects and their consequences for gastric tumor progres-
sion, we further concentrated on the anti-invasive prop-
erties of LDE. For this purpose, motility of AGS cells 
was analyzed with time-lapse videomicroscopy, beginning 
24 hours after LDE administration (Fig. 2). An inhibito-
ry effect of LDE on this parameter was illustrated at the 
single cell (Fig. 2A) and population levels (Fig. 2B) by 
considerably lower values of averaged speed and cell dis-
placement in the presence of LDE. Approximately 60% 
decrease in AGS motility was observed in the presence 
of 200 µM LDE, whereas LDE reduced AGS displace-
ment by ca 40%. These effects were correlated with ac-
quisition of spindle shapes and remodeling/disruption of 
microfilaments in AGS cells under LDE stress (Fig. 2C). 
Also, the LDE-induced inhibition of AGS proliferation 
(Fig. 1) and motility was accompanied by ROS up-regu-
lation. This is illustrated by increased ROS levels in the 
LDE-treated AGS cells (Fig. 2D). Collectively, these data 
indicate that the cytostatic and anti-invasive effects of 

Figure 1. Cytostatic effects of LDE on human gastric cancer AGS cells. 
(A) Viability of AGS cells under LDE treatment estimated with Trypan blue and ATP assay (insert). (B) AGS cells were incubated in the 
presence of 200 µg/ml LDE. Their proliferation was estimated in the next 24–96 hours with Coulter Counter to calculate the population 
doubling times (C). (D) Morphology of AGS under control conditions (left) and in the presence of 200 µg/ml LDE. Scale bar – 100 µm. 
Statistical significance was calculated with ANOVA/non-parametric Mann-Whitney test, *p<0.05 vs control. Data representative for 3 inde-
pendent experiments. Note the inhibitory effect of LDE on the viability and proliferation of gastric cancer cells.
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LDE in the AGS model are related to the ROS-depend-
ent mechanism(s).

Autophagy is induced in LDE-treated AGS cells

Further studies were performed to gain insight into 
the mechanisms of AGS self-defense responses to 
the cytostatic/pro-oxidative LDE-induced stress. Au-
tophagy is a natural process that helps the cells to 
remove damaged or unnecessary components of the 
cytoplasm. It is a regular response of tumor cells that 
enables them to withstand and survive the cytostatic 
stress (Li et al., 2017), whereas excessive autophagy 
typically results in cell death. In fact, quantification 

of this process by immunofluorescence-assisted fluor-
imetry demonstrated a continuously intensifying au-
tophagy in AGS cells treated with 200 µg/ml LDE 
(Fig. 3). The intensity of this process in the AGS cells 
decreased after 72 hours of LDE treatment. In con-
junction with the data on cell viability (Fig. 1A), this 
observation indicates that autophagic cell death is in-
duced by LDE.

Cytostatic LDE properties are related to mitochondrial 
stress

LDE-induced ROS production and suicidal au-
tophagy of LDE-treated AGS cells prompted us to 

Figure 2. Effect of LDE on the motility, morphology and ROS levels in AGS cells. 
(A) AGS cells were seeded at a density of 2000 cells/well into 12-well plates and incubated for 24 hours before administration of 200 
µg/ml LDE. Their motility was estimated with time-lapse video microscopy after 24 hours of incubation in the presence of LDE. Circular 
diagrams and dot-plots show trajectories and movement parameters (Displacement and total lengths of cell trajectories) of single cells. 
(B) Averaged movement parameters of AGS cells (Speed of movement and Displacement) under LDE stress. (C) AGS cells were incubated 
in the presence of 200 µg/ml LDE for 48 hours and stained against actin (red)/DNA (blue). (D) Cells were treated with 50–200 µg/ml LDE 
for 24 hours, suspended and stained with 1 µl/ml of CellROX Orange for ROS analyses with ImageStreamX® cytometer. Bar graph shows 
averaged ROS-specific fluorescence intensities (± S.E.M.; Ncells>2500). Statistical significance was calculated with ANOVA/non-parametric 
Mann-Whitney test, *p<0.05 vs control. Data representative for 3 independent experiments. Note the correlation between inhibited cell 
motility and ROS up-regulation.

Figure 3. LDE induces a transient autophagic response in AGS cells. 
AGS cells were cultivated in the presence of 200 µg/ml LDE for 2, 24, 48 and 72 hours, and the intensity of autophagy was estimated at 
these time-points with the autophagy level determination kit and the microscope – assisted fluorimetry. Scale bar – 25 µm. Statistical 
significance was calculated with ANOVA/non-parametric Mann-Whitney test, *p<0.05 vs control. Data representative for 3 independent 
experiments. Note that LDE-induced autophagy correlates with the reduced viability of LDE-treated AGS cells (cf. Fig. 1).



508           2021K. Król and others

focus on the mechanisms underlying their excessive 
ROS production. Mitochondrial dysfunction is often 
a source of ROS; therefore it might also account for 
oxidative stress in AGS cells subjected to LDE. In 
fact, our fluorimetric assays demonstrated an instant 
induction of calcium levels upon addition of LDE 
(200 µg/ml), whereas a corresponding amount of the 
EtOH vehicle (2‰) had no effect on the calcium 
fluxes in the AGS cells (Fig. 4A). Subsequent analy-
sis of the mitochondrial morphology revealed signs of 
mitochondrial fusion/lengthening in the LDE-treated 
cells. They are characteristic for the mitochondrial 
stress and accompanied by increased potential of mi-
tochondrial membranes (Fig. 4B, C). Further tests 
revealed an induction of the ROS production in the 
mitochondria of LDE-treated cells (Fig. 4D), where-
as ROS scavenging by NAC (N-acetyl-l-cysteine) re-
duced AGS reactivity to LDE. This is illustrated by 
time-lapse studies of AGS motility (Fig. 4E), which 
revealed relatively high AGS displacement in the pres-
ence of NAC/LDE, even though migration of the 
NAC/LDE-treated cells was still lower than that of 
control cells (Fig. 4F). These data indicate that LDE 
exerts its cytostatic effects predominantly through in-
duction of mitochondrial dysfunction and oxidative 
stress.

LDE attenuates proliferation and motility of human 
gastric fibroblasts

To further examine therapeutic potential of LDE, we 
focused on reactivity of the human gastric fibroblasts 
(HGFs) to LDE. These studies demonstrated an inhibi-
tory effect of LDE on HGF proliferation (Fig. 5A), in 
the absence of any considerable inhibitory effect on their 
viability (Fig. 5B). This was accompanied by shifts in 
LDE-treated HGF morphology towards non-polarized/
spindle-like shapes (Fig. 5C, D) and by inhibition of 
HGF motility (Fig. 5E). These data show that normal 
cells are still susceptible to the LDE action, even though 
the magnitude of HGF reactions to LDE was consider-
ably lower than the one revealed for AGS cells. Due to 
a possible role of these cells in gastric cancer develop-
ment, these cytostatic effects may additionally interfere 
with gastric cancer homeostasis, contributing to the po-
tential of LDE in gastric cancer treatment.

LDE contains an array of anticancer compounds

Further analyses were performed to identify the 
compounds responsible for the cytostatic effects of 
LDE. HPLC analyses showed the presence of numer-
ous organic compounds and bioelements in L. deterri-
mus fruiting bodies (Table 1). For instance, we detected 
the presence of 3 indoles: L-tryptophan, tryptamine and 

Figure 4. Effect of LDE on the mitochondrial welfare in AGS cells. 
(A) AGS cells were seeded at a density of 2000 cells/cm2 cultivated for 24 hours, stained with Fluo-4, before administration of 200 µg/
ml LDE. Relative cytosolic Ca2+ concentrations were then estimated with microscopy-assisted fluorimetric approach. Scale bar – 25 µm. 
(B) Cells were treated with 200 µg/ml LDE and stained with MITOX to visualize mitochondrial membrane potential. Scale bar – 50 µm. 
(C) Correlation between the potential and the length of mitochondria. Averaged lengths of mitochondria were estimated with morpho-
metric approach. (D) LDE-treated cells were incubated with 1 µl/ml of CellROX Orange. Images of mitochondrial ROS were acquired with 
the Leica DMI6000B microscope and analyzed with ImageJ software. (E) AGS cells were seeded at a density of 2000 cells/well in 12-well 
plates and incubated for 24 hours before administration of 200 µg/ml LDE and/or 5 mM NAC. Their motility was estimated with time-
lapse video microscopy. Circular diagrams and dot-plots show trajectories and movement parameters (distance and displacement) at a 
single cell level. (F) Averaged movement parameters of AGS cells under LDE stress. Statistical significance was calculated with ANOVA/
non-parametric Mann-Whitney test, *p<0.05 vs control. Data representative for 3 independent experiments. Note that NAC interferes with 
the LDE-induced inhibition of AGS motility.
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5-hydroxy-L-tryptophan, which are precursors of neu-
rotransmitters: melatonin and serotonin (Muszyńska et 
al., 2015). This finding confirms the nutritional value of 
LDE. Among the potentially anti-cancer compounds, 
we detected an array of phenolic compounds and ster-

ols. These include considerable amounts of p-hydroxy-
benzoic-acid, phenylalanine, cinnamic acid and catechin 
in LDE. Another group of organic LDE compounds 
are sterols that include ergosterol and ergosterol per-
oxide (Kang et al., 2015; Tan et al., 2017). Dry fruit-

Figure 5. Cytostatic effects of LDE on human gastric fibroblasts (HGFs). 
(A) Dose-dependence of HGF survival under LDE stress estimated with Trypan blue assay. (B) HGFs were incubated in the presence of 
200 µg/ml LDE. Their proliferation was estimated in the next 24-96 hours with Coulter Counter. (C–D) Morphology and cytoskeleton ar-
chitecture of HGFs in control conditions (left) and in the presence of 200 µg/ml LDE. (E) HGFs were seeded at a density of 2000 cells/
well in 12-well plates and incubated for 24 hours before administration of 200 µg/ml LDE. Their motility was estimated with time-lapse 
video microscopy. Circular diagrams and dot-plots show trajectories and movement parameters (distance and displacement) at a single 
cell level. Bar graphs show averaged movement parameters of AGS cells under LDE stress. Scale bar – 50 µm. Statistical significance was 
calculated with ANOVA/non-parametric Mann-Whitney test, *p<0.05 vs control. Data representative for 3 independent experiments. Note 
the inhibitory effect of LDE on proliferation and motility of gastric fibroblasts.

Figure 6. Effect of LDE on the sensitivity of AGS ce lls to cytostatics. 
(A) AGS cells were cultivated in the presence of 200 µg/ml LDE and cytostatics, and their survival rate was estimated after 48 hours with 
Trypan blue assay. (B) AGS cells were incubated as in A and their proliferation was estimated in the next 24–96 hours with Coulter Counter 
to calculate the population doubling times. (C) Cells were seeded at a density of 2000 cells/well in 12-well plates and incubated for 24 hours 
before administration of LDE and analyses of ATP levels. (D) Actin cytoskeleton architecture of AGS cells under control conditions (left) and 
in the presence of 200 µg/ml/cytostatics (F-actin-red, DNA-blue). Scale bar – 50 µm. (E) Cells were treated as in A and their motility was 
estimated with time-lapse video microscopy. Circular diagrams and dot-plots show trajectories and movement parameters (distance and dis-
placement) at a single cell level. Statistical significance was calculated with ANOVA/non-parametric Mann-Whitney test, *p<0.05 vs control. 
Data representative for 3 independent experiments. Note that LDE increases sensitivity of AGS cells to cytostatics.
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ing bodies of L. deterrimus are also rich in bioelements. 
High concentrations of potassium, sodium, magnesium, 
calcium, zinc and iron were detected in the HPLC as-
say. Notably, they were accompanied by relatively high 
levels of heavy metals, including copper, cadmium and 
lead. Because anticancer action of organic compounds 
was demonstrated in numerous cellular models, these 
data indicate that the anti-cancer potential of LDE is 
related to the network of synergistic effects of bioac-
tive LDE compounds. On the other hand, attention 
must be paid to environmental factors that can result 
in accumulation of heavy ions.

Synergy of LDE with 5-FU and cisPt in their action on 
AGS cells

Finally, we focused our attention on the effect of 
LDE on the effective doses of chemotherapeutics. LDE 
(200 µg/ml) enhanced the cytostatic effect of cisplatin 
(cisPt) and 5-fluorouracil (5-FU). This is illustrated by 
synergy of the inhibitory effects of LDE (especially at 
50 µg/ml) and cytostatics (especially 5-FU) on AGS vi-
ability/metabolism (Fig. 6A). Concomitantly, the synergy 

of cytostatic effects of LDE and both tested drugs has 
been confirmed by increased AGS doubling times under 
the double-drug stress (Fig. 6B). The combined LDE/5-
FU treatment was more effective than LDE/cisPt ad-
ministration. Even though increased ATP production 
was observed in cisplatin and 5-fluorouracil-treated cells 
(Fig. 6C), the cells that underwent double-treatment 
displayed a reduction in the ATP levels. These effects 
were also correlated with shifts in the morphology/cy-
toskeleton architecture and inhibition of AGS motility 
(Fig. 6D, E).

Collectively, our data indicate that LDE can increase 
sensitivity of AGS to chemotherapeutics, presumably 
through ROS-related interference with ATP production.

DISCUSSION

Till now, research on application of mushrooms in 
cancer treatment was predominantly undertaken in the 
Asian countries and concerned Asian mushroom spe-
cies, pinpointing some of them as a potential source of 
anti-cancer agents. For instance, Agaricus blazei extract 
increases NK cell activity and reduces chemotherapy-
associated side effects (Ahn et al., 2004). Similarly, the 
extract from Grifola frondosa (Maitake) has been shown to 
induce apoptosis of breast cancer cells by Bak-1 gene ac-
tivation (Soares et al., 2011). Cordyceps (Khan et al., 2018) 
and Coriolus versicolor compounds exert cytostatic effects 
on cancer cells while stimulating activity of immune cells 
(Cui & Chisti, 2003). Therefore, Krestin (prepared on 
the basis of polysaccharide K) has been approved for 
supplementation of cancer chemotherapy and radiother-
apy (Tsukagoshi et al., 1984). All of these capacities are 
related to the activity of the active compounds and bio-
elements present in the mushroom extracts. Our study 
is perhaps the first to focus on the anti-cancer activity 
of a mushroom from Eastern Europe. It shows strong 
and dose-dependent cytostatic/cytotoxic effects of the 
phenolics/sterol-rich Lactarius deterrimus extract (LDE) on 
gastric cancer cells, which apparently depend on LDE-
induced, ROS-mediated mitochondrial dysfunction. Con-
comitant synergy of its effects with chemotherapeutics 
confirms that LDE can be used as a supplement for tra-
ditional strategies of gastric cancer chemotherapy.

In our hands, LDE inhibited proliferation of AGS 
cells and decreased their viability. Due to the significance 
of both parameters for cancer promotion, these data 
indicate that LDE can be helpful in delaying the out-
growth of gastric tumors. Cytostatic effects of LDE were 
accompanied by inhibition of gastric cancer cell motility; 
thereby LDE apparently reduces AGS invasive and met-
astatic potential, thus potentially interfering with gastric 
cancer progression. Actin polymerization/depolymeriza-
tion cycles allow for continuous turn-over of actin fila-
ments, crucial for cell migration and for penetration of 
the tissue barriers (Pollard, 1986). Induction of cytoskel-
eton rearrangements by LDE, which is illustrated by a 
reduced number of stress fibers in AGS cells, indicates 
that the LDE compounds may act similarly to the other 
compounds that selectively affect cancer cells’ cytoskele-
ton. For instance, cytochalasin D (isolated from Metarrhi-
zium sp.) is known to disorganize the actin cytoskeleton 
and to induce expression of E-cadherin. Thus, it can in-
terfere with EMT (epithelial-mesenchymal transition) of 
cancer cells (Shankar & Nabi, 2015). Additionally, these 
compounds predominantly affect malignant cancer cells, 
while remaining relatively neutral to normal epithelial and 
immune cells (Trendowski, 2015). In our hands, cytostat-

Table 1. Organic compounds and bioelements in extracts from 
Lactarius deterrimus fruiting bodies [mg/100 g dry weight]

Lactarius deterrimus fruiting bodies

Phenolic compounds

p-Hydroxybenzoic acid 4.67±0.33a

Phenyloalanine 220.1±33.12b

Cinnamic acid 1.61±0.14a,b,c

Catechin 165.8±12.5a.b.c

Sterols

Ergosterol 22.05±0.18

Ergosterol peroxide 23.15±5.79

Indole compounds

L-tryptophan 8.05±0.52a

Tryptamine 6.56±0.02a,b

5-Hydroxy-L-tryptophan 0.31±0.01a,b

Bioelements

Ca 456±27a

Cd 3.19±0.31a,b

Cu 0.82±0.02a,c

Fe 4.28±0.02a,d

K 623±44a,b,c,d,e

Na 942±38a,b,c,d,e,f

Mg 435±15b,c,d,e,f,g

Pb 4.94±0.02a,e,f,g

Zn 11.56±1.16a,e,f,g

*under the limit of detection; values marked with (a,b,c,d,e,f,g) within 
the same row are significantly different (p<0.05); N=6
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ic effects of LDE on normal gastric fibroblasts were less 
intense than in cancer cell populations and were observ-
able at the highest LDE concentrations. These data are 
in agreement with other observations on the reactivity of 
normal cells to phytochemicals. For instance, curcumin 
inhibits normal cell proliferation (Jackson et al., 2013), 
but this activity does not deny its therapeutic potential. 
In the stomach systems, stromal fibroblasts play a crucial 
role in formulation of the gastric cancer microenviron-
ment (Krzysiek-Mączka et al., 2018; Krzysiek-Mączka et 
al., 2019; Krzysiek-Mączka et al., 2020). LDE can inter-
fere with this activity of cancer-associated fibroblasts but 
whether these benefits outweigh the side effects of LDE 
requires further (in vivo) study. In any case, we show that 
the LDE compounds may not only delay gastric cancer 
development but also reduce its invasiveness/malignan-
cy.

Further studies revealed a reduced ATP production in 
the LDE-treated AGS cells, which was correlated with 
their attenuated metabolic activity (estimated by MTT 
test) and with intensified autophagy. Normally, intrinsic 
or stress-induced autophagy eliminates damaged/exces-
sive organelles from the cells. In cancer systems, au-
tophagy may thus enhance cellular drug-resistance (Sui 
et al., 2013; Li et al., 2019). However, the imbalance be-
tween catabolic processes during autophagy (mainly al-
lowing for cell survival) and cell metabolism (Mathew et 
al., 2007; Levy & Thorburn, 2020) may also result in cell 
apoptosis. In our hands, autophagic responses are appar-
ently not sufficient for AGS cells to survive the LDE 
stress, even though we observed discrete AGS subpopu-
lations characterized by different levels of ROS. Conse-
quently, L. deterrimus extracts deteriorate gastric cancer 
cells’ welfare (Chaabane et al., 2013).

Our mechanistic analyses revealed generally increased 
calcium and ROS levels, and the signs of mitochon-
drial stress, in particular mitochondrial fusions in the 
LDE-treated AGS cells. This points to the dysfunction 
of oxidative phosphorylation (OXPHOS) machinery as 
a possible primary source of the observed cytostatic/
cytotoxic effects of LDE. Mitochondria are crucial for 
many cellular processes, including metabolism, calcium 
homeostasis, proliferation, differentiation, migration or 
apoptosis (Zhao et al., 2013). Calcium fluxes from mito-
chondria and/or from the endoplasmatic reticulum may 
initiate activation of signaling pathways that further lead 
to cell death under the LDE stress (Clapham et al., 1995; 
Danese et al., 2017). Whereas the mitochondrial fission 
might increase invasive potential of cancer cells, mito-
chondrial fusion under stressful conditions is thought to 
allow them to adapt to stress conditions, including mtD-
NA damage. In agreement with our data, mitochondrial 
fusion participates in cellular adaptation to stress, inhibits 
cell proliferation and intensifies autophagy in the cancer 
cells (Grandemange et al., 2009). Previously, over-expres-
sion of mitofusins has been also demonstrated to inhibit 
cell apoptosis (Chan, 2006; Santin et al., 2013; Miret-
Casalas et al., 2018). Because we observed the signs of 
mitofusion in LDE-treated populations, this process can 
represent an adaptation mechanism which helps the cells 
to at least survive the short-term LDE stress. However, 
low viability of long-term LDE-treated AGS cells con-
firms that these defense mechanisms are insufficient to 
fully counteract the LDE stress.

Until the end of the 20th century, stomach cancer 
was a predominant cancer type among men in Poland. 
Nowadays, it is less common than the lung, prostate 
and colon tumors. On the other hand, morbidity due to 
stomach cancer in Poland is 25% higher than in the Eu-

ropean Union. Whereas therapeutic approaches against 
early-diagnosed tumor practically guarantee full recovery, 
chemotherapy of malignant tumors does not give suffi-
cient effects because only 14% of patients survive 5 years 
after diagnosis (Polish National Cancer Registry). These 
facts justify the search for new gastric cancer treatment 
strategies. Collectively, our data show an efficient anti-
gastric cancer action of LDE in vitro that is mediated by 
mitochondrial ROS and remains insensitive to the cel-
lular self-defense systems that depend on mitochondrial 
fusion and autophagy. Not surprisingly, these activities 
of LDE were translated into additive/synergic effects 
with chemotherapeutic agents that are commonly used 
in the gastric cancer therapy. In fact, LDE increased the 
action of 5-fluorouracil and cisplatin (Hohenberger & 
Gretschel, 2003; Efferth & Koch, 2011). Notwithstand-
ing the environmental factors that can affect LDE com-
position (including concentrations of heavy ions) and 
limit their pharmaceutical potential, our data underline 
the potential of LDE extracts for supplementation of 
standard chemotherapeutic approaches.

LIMITATIONS AND OUTLOOK

Plant extracts represent complex mixtures of organic 
substances and simple chemical compounds. Although 
mushrooms are rich in chemical compounds that can 
be used for versatile purposes (including cancer treat-
ment), their therapeutic potential is still underestimated. 
This may result from the relative lack of knowledge (i) 
on the specific compounds responsible for the potential 
anti-cancer properties of the mushroom extract; (ii) in-
teractions between these compounds enhancing/deterio-
rating their biological activities, (iii) their bioavailability 
and (iv) interactions of these compounds with existing 
cancer therapies. Our studies show that the compounds 
from L. deterrimus extracts exert cytostatic, cytotoxic 
and anti-invasive effects on the gastric cancer cells in 
vitro. Together with the observed synergy of LDE and 
cisplatin/5-fluorouracil effects on AGS cells our data 
show the potential of LDE as a supplement in tradition-
al chemotherapy strategies of gastric cancer treatment. 
Additive/synergic effects exerted by these compounds 
may rely on their functional cooperation; for instance, 
perforation of the cell membranes by one compound, 
followed by intracellular action of other compounds 
(Efferth & Koch, 2011). Potentially, they may increase 
the efficiency of other individually targeted therapies, 
thus reducing their adverse effects. On the other hand, 
there are several restrictions that should be considered 
when assessing the consequences of this study. First, the 
in vitro data must be confirmed by ex vivo/in vivo animal 
models. Furthermore, the bioavailability of LDE com-
pounds in the gastric cancer niches requires experimental 
verification. An open question remains whether mush-
rooms can exert similar (homeopatic) effects when taken 
with everyday diet or if their activity is restricted to the 
EtOH extracts. Potentially, the epidemiologic data on 
the possible correlation between L. deterrimus consump-
tion and gastric cancer incidence would add to its recog-
nition as a potentially valuable diet component. Last but 
not least, accumulation of heavy ions may be limiting for 
pharmaceutical applications of this species. Accordingly, 
its fruiting bodies must be collected from non-polluted 
places or produced by biotechnological methods. Fur-
ther studies on these topics are crucial for extending the 
promising perspective of L. deterrimus application in can-
cer prevention.
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