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ABSTRACT

Quercetin (Q) is a prominent flavonoid with a remarkable spectrum of biochemical activities. Its
impact on human health as well as its endogenous role in the development of plants have been
studied extensively. However, the impact of exogenous quercetin on plant cells is still uncharted.
In this study, the influence of exogenous quercetin on Nicotiana tabacum, L. cv Bright Yellow 2
cell growth, viability, morphology and DNA content was investigated. The cells were exposed to
quercetin at different concentrations (0.001, 0.01, 0.1 and 1 mM) during two phases of cell
growth: from the start of a new culture (day 0), that is during the lag phase, when the cells are
transferred to a new medium and they adapt to new growth conditions (model A), and on the
fourth day after passaging (day 4) during the logarithmic phase of growth (the log phase), when
the number of new cells appearing per unit time is proportional to the present population
(model B). This is a period of intensive proliferation. The BY-2 cultures were maintained for
8 days. The proliferation level of BY-2 cells as well as their viability were analyzed every day
during the experiment. The results showed that quercetin in a dose below 0.1 mM stimulated
cell proliferation and viability, thus it could be a promising biostimulator. On the other hand,
the highest concentration (1 mM) arrested the cell cycle in G2 phase and led to cell death.
Application of 1 mM Q during the lag phase dramatically increased cell mortality and at the
end of the experiment all BY-2 cells were dead, whereas an application during the log phase had
a significantly milder effect; under the same concentration only 34% of cells were dead at the
end of the stationary phase of growth. Thus, the results suggest that Q was less toxic even in
very high concentrations when it was added to cells in the log phase of growth. This is probably
related to the transfer of cells to a fresh medium, which causes great stress and supplementa-
tion with a high concentration of @ seems to aggravate this stress.
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INTRODUCTION

Quercetin (Q; 3,3’,4’,5,7-pentahydroxyflavone), a plant flavonoid, is a
widespread compound in the plant kingdom and occurs naturally in a broad
range of fruit and vegetables. Its most important function consists in provid-
ing communication with the environment and ensuring plant protection,
mainly through its antioxidant action, i.e. protection against photosynthetic
stress and reactive oxygen species (ROS), which can damage the cell’s DNA.
Moreover, Q can chelate transitive metal ions responsible for ROS generation.
On the other hand, at high concentrations @ demonstrates also pro-oxidative
features. The presence of flavonoids (including Q) is widespread among plants
and plant products (e.g. fermented and processed foods). There has been a
growing body of research on the biological properties of Q and other flavo-
noids in recent years. These compounds are thought to possess anti-inflamma-
tory, antioxidant, antiviral, anticarcinogenic and antithrombotic activities
(MippLETTON et al. 2000; CARRIERI et al. 2013). Quercetin is a secondary metab-
olite synthesized at a particular stage of plant growth and development and
also during biotic and abiotic stresses (Yanc et al. 2001). The secondary me-
tabolites (1) participate in the light-dependent phase of photosynthesis, dur-
ing which they catalyze electron transport (MASTRANGELO et al. 2006), (2) de-
termine the dynamics of carbon metabolism by changing the rates of reducer
accumulation and photophosphorylation and also by changing the enzyme
activities, (3) low doses of exogenous Q enhance gluconeogenesis and suppress
glycolysis resulting in significantly increased monosaccharide content in to-
mato fruits of various cultivars (STakHOV et al. 2000, StakHOVA et al. 2001).

Plant production technologies based only on the improvement of plants
themselves encounter some obstacles due to natural limitations of the biolog-
ical potential in cultivars. Hence, the constant search for new substances to
ensure more favourable conditions for plant growth and development, even
by reducing various biological and abiotic stresses, and ultimately to increase
yield. The best solution seems to be using biostimulators which are able to
provide optimal growth conditions and protection against environmental
stress. Biostimulators are natural growth regulators or chemicals. Effects of
these components increase physiological activities in plants, first of all pro-
tein synthesis. They are also used to protect fruit plants from spring frost
damage. They are frequently applied in horticulture. For almost twenty
years, it has been known that addition of some well-assimilated nutritive
substances is advantageous for plants as it helps them to overcome the her-
bicide stress. For instance, application of a combination of Aminosol (a blend
of amino acids and peptides, referred to as a stress-countering compound)
and herbicides for sugar beet is recommended in Germany (SIMETH 1996).
When applied in stressogenic conditions created by abiotic factors (salinity,
extreme temperatures, drought, etc.), amino acid mixtures reduce crop losses
by stimulating the innate plant defensive responses.
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Numerous studies have demonstrated that flavonoids were able to con-
trol the level of plant growth and differentiation. For example, a mixture of
phenolic compounds such as the biostimulator Asahi is well documented as
an agent raising plant protection against herbicide stress. Thus, the present
study has been designed to establish if exogenous @ (naturally occurring in
plants, inexpensive and commercially available substance) is able to act as a
biostimulator or biofertilizer to increase plant growth and yield. For this re-
search, Nicotiana tabacum L.cv Bright Yellow 2 (BY-2) suspension cells were
used. Tobacco BY-2 cells are fast growing plant cells, which are used as mod-
el systems for higher plants because of their relatively high homogeneity and
high growth rate, yet manifesting the general behaviour of plant cell (NAGATA
et al. 1992). The diversity of cell types within any part of an in vivo grown
plant makes it very difficult to investigate and understand some general bi-
ochemical phenomena of living plant cells. Cell suspension cultures, e.g. to-
bacco BY-2, are a model plant system comparable to HeLa cells for human
research. They provide good model systems for plant physiology and molecu-
lar biology studies at the level of a single cell and its compartments because
tobacco BY-2 cells behave very similarly to one another (NacaTA et al. 1992).

The objective of this work was to analyze the response of BY-2 cells after
treatment with a wide range of Q concentrations, and the sensitivity of BY-2
cells exposed to this flavonoid depending on their growth phase.

MATERIAL AND METHODS

BY-2 tobacco cells (Nicotiana tabacum L. cv Bright Yellow 2) were culti-
vated in Linsmaier and Skoog basal medium (LS) (LINSMAIER, SKOOG 1965)
supplemented with 87 mM sucrose, 1 pM 2,4-dichlorophenoxyacetic acid (2,4-D;
synthetic auxin), 3 pM thiamine, 0.55 mM myoinositol and 10* M KH,PO,.
The initial pH of the medium was established as 5.3.

BY-2 cell cultures at the stationary growth phase were passaged into a
fresh LS medium as a control and LS with Q with the final concentration in
media: 0.001 mM, 0.01 mM, 0.1 mM, and 1 mM.

Quercetin was added during two phases of cell growth:

model A — Q was added from the start of a new culture (day 0) — during
the lag phase when plant cells adapt themselves to growth
conditions. During the lag phase, synthesis of RNA, enzymes
and other molecules occurs.

model B — Q was added on the fourth day after passaging (day 4) during
the logarithmic phase of growth (the log phase), when the
number of new cells appearing per unit time is proportional
to the present population. During this phase, the growth of
cells is not limited.
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The flasks were kept on a rotary shaker, 100 rpm, at 24°C in darkness.
The experiments were continued for 8 days.

The cell number was determined with the use of a Fuchs-Rosenthal ha-
emocytometer under a light microscope; additionally the number of dead
cells was assessed after selective staining with methylene blue. The number
of cells and their viability were analyzed every experimental day. The mor-
phology, total phenolics concentration and DNA content were analyzed at the
end of the log phase, i.e. on the 6% day.

Morphology of the control and Q treated cells was examined under an
Olimpus CX-31 light microscope equipped with a MicroScan v.15. digital
system of image analysis. To detect the morphological changes in the Q-expo-
sed cells versus the control ones, the methylene blue staining method was
used. Living cells do not take up the stain and retain their natural colour
whereas damaged cells are stained blue as they are unable to keep methyle-
ne blue from penetrating their membranes.

Phenolic compounds were extracted with pure methanol from the control
and Q treated cells, at the end of the log phase of growth, i.e. on the 6 day
of experiment. After centrifugation (1500 x g, 10 min), the control and Q
exposed BY-2 suspension cultures were re-suspended in methanol (10 ml
methanol/ 0.2 g cells) and kept in darkness for 24 h on a rotary shaker 100
rpm at room temperature.

After the next centrifugation (1500 x g, 10 min), the supernatants were
collected. The total phenolic content was estimated by the Folin-Ciocalteu me-
thod using gallic acid as a standard (SLINCARD, SINGLETON 1977). 50 ul of the
extract were combined with 1.55 ml of distilled water, 100 ul of Folin-Ciocal-
teu’s reagent and 300 ul of 20% Na,CO,. The mixture was vortexed thoroughly
and, after incubation at 40°C for 30 min, the absorbance was measured at
765 nm against a ‘blank’ without the sample extract. Quantification was done
on the basis of the standard curve of gallic acid (solution 0.25 - 5 pg ml?).
The results were expressed as mg of gallic acid equivalents (GAE) per g of cells.

The control and Q exposed BY-2 cells from the end of the log phase (6%
day of growth) in model B were fixed in cold 3:1 absolute alcohol/glacial
acetic acid mixture (Carnoy solution) for 1h, washed and kept in 70% etha-
nol. The choice of model B was dictated by the fact that at the end of the log
phase in model A the cells treated with the highest concentration of Q were
mostly dead. The samples were hydrolyzed in 4 N HCI for 1 h at room tem-
perature and stained with Schiff’s reagent (prepared from basic fuchsine) for
1 h for cytophotometric estimation of 2C, 2-4C and 4C nuclear DNA contents.
The stained cells were washed three times in water for 10 min each and
dried briefly on absorbent paper. Dark-stained cells were smeared in a drop
of acetic acid and left on dry ice for 15 min. Then, the cells were washed in
70% ethanol and embedded in Canada Balsam. Scoring was done from 5 dif-
ferent samples of randomly selected 100 nuclei each, using a MicroScan v5
cytophotometer set at a wavelength of 555 nm. On average, 20 prophase and
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20 telophase nuclei were measured in each of five replicates of the control
and all experimental samples.

The data represent the means + standard deviation (=SD). Each variant
of culture was replicated 5 times and three independent samples were used
for measurements. The significance of differences between mean values was
compared by Student’s ¢-test with P < 0.05.

RESULTS AND DISCUSSION

It has been reported that flavonoids (including Q) function in the plant
kingdom as UV protectants, pollinator attractants and antimicrobial compo-
unds. Although flavonoids are a large group of polyphenolic compounds found
in fruit and vegetables, their exogenous influence on plant cells and mecha-
nism of their action have still not been identified. As it has already been re-
ported, Q has a protective role against chromosome aberrations induced by
herbicides (MASTRANGELO et al. 2006). The recent data have shown that phe-
nol derivatives act as active biostimulators for a broad spectrum of plants,
for example the commercially available biostimulator Asahi consists of nitro-
phenols, which occur naturally in plants.

The present study has been designed to assessed if exogenous Q is able
to act as an effective biostimulator to increase plant growth and yield.

The influence of Q on the growth of BY-2 suspension culture was analy-
zed in two models: from the start of a new culture, that is in the lag phase
(model A), and in the log phase of growth (model B). These models were cho-
sen to check the sensitivity of suspension cells in different phases of their
growth. The cultures exposed to Q at different concentrations (0.001-1 mM)
were compared with the non-treated - control ones. The greatest differences
between both models were noted in the log phase of growth. The results re-
vealed that at the end of the log phase of culture (day 6) the low concentra-
tions (0.001 mM and 0.01 mM) of Q applied in model A increased the cell
number versus the control by 3% and 5% respectively, whereas the high
concentrations (0.1 mM and 1 mM) of this flavonoid inhibited cell proliferation
and on day 6 the numbers of cells were by 70% and 96% lower than in the
control for 0.1 mM and 1 mM respectively (Figure 1a). In model B, when the
low doses of Q were added in the log phase of cell growth, they stimulated
the plant growth. After an application of 0.001 mM and 0.01 mM Q, at the
end of the log phase (day 6) the counts of BY-2 cells were higher than in
the control by 19% and 30% respectively.

Quercetin changed the cycle of culture growth in the phase-of-growth-
and concentration-dependent manner. In model A, when tobacco cells where
treated with 0.1 mM and 1 mM concentrations, a characteristic curve of cell
growth disappeared. The former dose eliminated both typical log and stationary
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Fig. 1. BY-2 cell culture growth rate after exposure to: 0 (control), 0.001, 0.01, 0.1 and 1 mM of
quercetin. Q was added according to two models: A — from the start of a new culture
(day 0) — during the lag phase; B — on the fourth day after passaging (day 4) — in the log phase
of growth; Q — time of quercetin application. Studies were performed for 8 days.
Each value is the mean +SD (n = 5)

phases, whereas the latter was lethal (Figure 1a). In model B (Figure 1b), the
same concentrations accelerated the beginning of the stationary phase and
made it longer than in the control. Unfortunately, similarly to the model A,
a decreased cell number was observed in the presence of the highest concen-
tration of Q (Figure 1la, d).

Positive results were obtained when Q was applied in low doses. On day 8,
when the untreated cells finished the stationary phase and started the death
phase, the number of cells after Q treatment at concentrations below 0.1 mM
was significantly higher: by about 10% and 20% in model A, and by 30% and
40% in model B versus the control for 0.001 mM and 0.01 mM, respectively
(Figure 1a, b).
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The effect of Q on the BY-2 cell culture viability was also investigated.
Dead cells were analyzed every experimental day during the 8-day culture
after selective staining with methylene blue.

In the control — throughout the period of cell growth — a gradual incre-
ase in the dead cell count was observed. It was especially visible in the sta-
tionary phase of growth, which is a physiological stage of cell growth due to
the consumption of nutrients. At the end of culture, 23% of cells were dead
(Figure 2a, b). The low doses of Q (0.001 mM and 0.01 mM) seemed to act
not only as a proliferation stimulator but also a pro-survival agent. The cell
mortality at the end of the experiment was lower by 5-25% (in model A) or
even by 70% (in model B) compared to the control. The sensitivity of BY-2
cells was much higher in model A then in B. This is probably related to the
a
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Fig. 2. Mortality of BY-2 cell treated with: O (control), 0.001, 0.01, 0.1 and 1 mM of quercetin
after selective staining with methylene blue. Q was added according to two models:
A — from the start of a new culture (day 0) — during the lag phase; B — on the fourth day after
passaging (day 4) — in the log phase of growth; Q — time of quercetin application. Studies were
performed for 8 days. Each value is the mean +SD (n = 5)
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transfer of cells to a fresh medium (in model A), which causes great stress
and supplementation with the high concentration of Q seems to exacerbate
this stress.

Similar results were obtained for the human K562 erythroleukemia cell
line (Csokay et al. 1997). Csocay et al. (1997) showed that in K562 cells 0.55
and 5 pM Q concentrations induced differentiation whereas higher concen-
trations, such as 55 and 550 uM, exerted opposite effects and cells were un-
dergoing programmed cell death (PCD). Ambiguous results were also obta-
ined for glioblastoma cells treated with Q and isoquercitrin; low
concentrations enhanced cell proliferation whereas 0.1 mM resulted in time
-dependent inhibition of cell proliferation (AMapo et al. 2009).

The present results clearly show that Q at low doses stimulated prolife-
ration of plant cells, but concentrations higher than 0.1 mM blocked cell di-
vision. The experimental data indicated that toxicity of high concentrations
of Q depended on the phase of cell growth in which they were treated, thus
tobacco BY-2 cells seemed to have considerably greater resistance to a high
concentration of Q when it was applied during the log phase of growth.

Quercetin in low doses may also prevent oxidative stress in plants. This
flavonoid was found in exudates of Haplopappus multifolius and it could ac-
count for the protection of these plants against oxidative stress (TORRES et al.
2006). The protective role of Q against oxidative stress was also analyzed in
ethanol-induced gastric mucosal lesion. In that study, Q reduced lipid peroxi-
dation and increased the activity of antioxidant enzymes.

However, the action of Q is complex and paradoxical. The influence of Q
on enzymes associated with oxidative stress was observed during cucumber
mosaic virus (CMV) infection of Nicotiana megalosiphon host plants. RIEDLE
-BAUER (2000) observed enhanced peroxidase activities in CMV-infected Cu-
cumis sativus plants, whereas Rusak et al. (2007) demonstrated significantly
decreased total peroxidase activities in Q-treated infected plants. Similar
results were shown in human cervical cancer, osteosarcoma and liver hepa-
tocellular carcinoma cells, where Q-induced decrease in cell viability was
accompanied with an induction of apoptosis (PRIJADARSINI et al. 2010, SUH et
al. 2010).

Quercetin-triggered cell death was connected with a rapid reduction of
inositol-1,4,5-trisphosphate and decrease in c-myc and Ki-ras oncogenes,
which were overexpressed in K562 cells (Csoxay et al. 1997). Moreover, the
induction of apoptosis after an application of Q triggers changes in the
expression of proteins involved in the apoptosis program, such as a signifi-
cant decrease in the expression of survivin, Bel-2, Bel-xL, Mcl-1, p-Bad and
mitochondrial cytochrome c in cells treated with Q as compared to the untre-
ated control. Moreover, under the same conditions, a considerable increase in
the expression of Bax, Bad, cytosolic cytochrome ¢, Apaf-1, caspase -9 and -3,
and PARP cleavage was noted (PRIJADARSINI et al. 2010, N1u et al. 2011).

Our studies revealed that exogenous Q had ambiguous effects on plant
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cells. It could be an effective biostimulator but in excessive doses it signifi-
cantly decreased both proliferation and viability of BY-2 cell. Under the hi-
ghest concentration, many morphological changes appeared in BY-2 cells:
shrunken cells with nuclei irregular in shape and constricted cytoplasm were
observed. The plasma membrane moved away from the cell wall leaving visi-
ble space (Figure 3). The microscopic picture of the cells treated with the

W4 &

IR 40 o4 7 2
Fig. 3. Morphological alterations of tobacco BY-2 cells stained with
methylene blue: A — untreated (control) cells, B — morphology of
BY-2 cells treated with 1 mM of quercetin. The 6-day-old cells were
stained with methylene blue and photographed under light micro-
scopy. Bar = 15 um, N — nucleus, CW — cell wall, V — vacuole
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high doses of Q seemed to be similar to those presented in the literature fo-
cusing on the changes of morphology in BY-2 cells undergoing PCD (Vacca et
al. 2004, Huanc et al. 2009), although they should be supplemented with
molecular and biochemical markers of PCD. These observations showed that
high concentrations of Q were toxic and induced changes in cells’ morphology.

Quercetin plays an important protective role against stress factors. In
Arabidopsis with overexpression of PAPI gene (Production of Anthocyanin
Pigments 1), a higher synthesis of quercetin 3-O-glucoside, a strong antioxi-
dant, was observed alomgside an inhibited synthesis of kaemferol 3-O-gluco-
side, which 1s a weaker antioxidant (TorRrEs et al. 2006). Thus, the accumu-
lation of antioxidant agents can play a key role in understanding why at the
same concentrations of Q, BY-2 cells’ viability was different and depended on
the phase of cell growth. It is important to find out at which point of a cell
culture Q should be added to be non-toxic. Plants have evolved a complex
array of non-enzymatic and enzymatic detoxification mechanisms to protect
themselves from oxidative damage. In this area, phenolic compounds may
play an important role as scavengers of free radicals and other oxidative
species (TorRrEs et al. 2006).

In plants, flavonoids have been shown to localize to different cell com-
partments, indicating multiple physiological roles. Subcellular sites of flavo-
noid accumulation include the nucleus, where some of the biosynthetic enzy-
mes are also found. These findings are consistent with the idea that some
flavonoids could exert direct control on the transcription of genes involved in
plant growth and development. BEsseaU et al. (2007) revealed that flavonoid
accumulation in Arabidopsis repressed plant growth, but there are no data
showing how exogenous Q may affect intracellular polyphenol levels. Poly-
phenols are micronutrients abundant in our diet and there are many studies
on their bioavailability and bio-efficacy in humans. There is some evidence
that Q is rapidly metabolized and does not accumulate in human cells, but
there are no similar data for plants (YANG et al. 2006).

The total phenolics content in the extracts of the untreated and 0.001 - 1 mM
Q treated BY-2 cells was assessed. Quercetin concentrations ranging
from 0.001 to 0.1 mM did not considerably change the total phenolic level,
regardless of the phase-of-growth, as the results for both phases were compa-
rable. However, the highest concentration of Q (1 mM) caused significant
differences in the phenolic level depending on the phase of growth of tobacco
suspension cells (P < 0.05). Our analyses demonstrated that the accumula-
tion of total phenolics was over double in model A and nearly triple in model B
than in the control. These data indicate that the amount of total phenolics
depended on the phase of growth of BY-2 suspended cells and it was correla-
ted with the sensitivity of exposed cells (Figure 4). It has been hypothesized
that high doses of exogenous Q are the cause of cell stresses, which is de-
monstrated by an increase in the total phenolic level. According to BESSEAU
et al. (2007), inhibition of plant growth resulting from accumulation of flavo-
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noids may be connected with some blockade of auxin transport. However,
accumulation of phenolic compounds in the cells treated with the highest
concentration of Q was probably their response to the increase in ROS and
the reason for the repressed plant growth. Interestingly, the amount of total
phenolics was 30% higher when the Q exposition started from the loga-
rithmic phase of growth. This may be explained by the fact that cells exposed
to the highest dose of Q in model A were mostly dead in the examined time.
It may have resulted in an increased cell wall permeability and leakage of
the cell contents to the culture medium.

Quercetin 1s a bioactive plant flavonoid which is able to inhibit cell pro-
liferation in several cancer cells. Investigations into molecular mechanisms
underlying the inhibition of cell proliferation showed that treatment with Q
could arrest the cell cycle at G1/S and/or G2/M phase transition and sub-
sequently activate caspase cascade and apoptosis (SuH et al. 2010).

The DNA content in the nuclei of untreated and Q-treated BY-2 cells
was only in model B investigated (model A was excluded from analyses be-
cause most cells in model A at the examined time of culture were dead). The
comparison of the DNA content in the telophase (2C) and prophase (4C) of
BY-2 cells in the control and in the Q-exposed material showed that the hi-
ghest of the selected concentrations (1 mM) induced cell cycle arrest in G2
phase, an event which was accompanied with a nearly five-fold increase in
the frequency of 4C DNA nuclei. However, the presence of Q in the culture
medium in doses below 0.1 mM did not cause significant changes of the DNA
content (Figure 5). Literature data point to similar effects observed in diffe-
rent cancer lines. It was documented that @ inhibited cell proliferation thro-
ugh a cell cycle arrest at G2/M phase in NCI-H209, K-562, HepG2 and Hel.a
cells (MANAcH et al. 2005, PRIJADARSINI et al. 2010, N1u et al. 2011).
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CONCLUSIONS

It can be concluded that at low concentrations (especially at 0.01 mM) Q
acts as a biostimulator and great inducer of cell division as well as a pro
-survival agent in a phase-of-growth-dependent manner. The highest dose
(1 mM) arrests the cell cycle in G2 phase and destroys BY-2 cells.
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