
Research report
Fluoride 53(1 Pt 1):40-51

Reactive oxygen species, nitric oxide, and intracellular Ca2+

participate in fluoride-induced yeast cell death
4040

Fluoride 2019 Nov 27.  www.fluorideresearch.online/epub/files/062.pdf [Epub ahead of print]
January 2020 Feng, Meng, Wang, Chen, Yan

REACTIVE OXYGEN SPECIES, NITRIC OXIDE, AND INTRACELLULAR 
Ca2+ PARTICIPATE IN FLUORIDE-INDUCED YEAST CELL DEATH

Jing Feng,a Yang Meng,b Xiaozhu Wang,c Zhaoyang Chen,a Xiaoyan Yand,*
Taiyuan, Suzhou, and Xinzhou, People’s Republic of China

ABSTRACT: Numerous studies have indicated that the chronic intake of an excessive
dose of fluoride has harmful physiological effects and fluorosis has been confirmed in
some models. However, the mechanism underlying fluorosis has not been elucidated.
In this study, we investigated the mechanism of fluoride-induced yeast cell death. For
this, cultured yeast cells were treated with sodium fluoride (NaF) at concentrations of 0,
15, 30, 60, 90, 120, and 150 mM NaF for up to 24 hr. The results showed that NaF inhibits
yeast cell growth, reduces cell viability, inhibits cell division, and increases the levels of
reactive oxygen species (ROS), nitric oxide (NO), and intracellular Ca2+ in yeast cells.
The inhibitory effect of NaF on yeast cells is blocked by antioxidants (ascorbic acid),
Ca2+ antagonists (EGTA), and NO scavengers (hemoglobin). Taken together, these
results indicate that intracellular ROS, NO, and Ca2+ participate in NaF-induced yeast
cell death. Our findings elucidate the signal transduction pathways mediating the
toxicity of fluoride, a common drinking water contaminant, and provides strong
evidence that is relevant tor the study of the effects of fluoride on humans and the
protection of humans from fluoride damage.
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INTRODUCTION

Fluoride is widely distributed in the soil as well as in plants and animal tissues.1
The main sources of fluorine are (i) drinking water, which, in many countries
involves environmentally contaminated ground water, and in other countries, such as
the USA and Canada, drinking water to which fluoride has been added for the
purpose of reducing dental decay, (ii) air, and (iii) food.2 An excessive intake of
fluoride produces DNA damage and affects a variety of cell functions, including
signal transduction and the cell cycle, resulting in the induction of cell death.3-7

Furthermore, a number of studies have indicated that fluoride induces cell death in
human and animal cell cultures.8,9

Yeast is a fungus that exists primarily as a single-celled organism.10 In multicellular
organisms, single-cell controlled suicide is of vital importance in growth and
homeostasis as a mechanism for the removal of unwanted cells.11,12 This mechanism
may additionally enable the removal of injured cells that may damage
biocompatibility.11,12 Saccharomyces cerevisiae (S. cerevisiae), a budding yeast, is
one of the most extensively researched eukaryotes at the cellular and molecular
levels.13

S. cerevisiae, which is used to elucidate the molecular mechanisms underlying cell
death, is a popular eukaryotic model owing to the numerous similarities between
yeast and human cells.14,15 Several studies have demonstrated that apoptosis in S.
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cerevisiae may be activated by various factors such as exposure to hydrogen peroxide
(H2O2), acetic acid, pheromones, and aging inductors such as DNA copy stress,
DNA injury repair defects, aging, and replication.16-20 Yeasts and other eukaryotes
exhibit ready transition from cell multiplication to cell death as a result of the action
of several biochemical factors.21

Reactive oxygen species (ROS), nitric oxide (NO), and intracellular calcium ions
(Ca2+) are important signaling messengers, excessive levels of which lead to cell
death.22,23 In addition, arsenic-induced apoptosis of yeast cells has been shown to be
associated with an increase in intracellular ROS and Ca2+.24 Fluorine and arsenic are
considered critical inorganic pollutants of drinking water in China and around the
world.25 Our previous studies have shown that increased ROS levels are associated
with fluoride-induced cardiomyocyte death.26

However, it remains unclear whether NaF-induced cytotoxicity is related to the
accumulation of ROS, NO, and Ca2+. Further, it is not known how ROS, NO, and
Ca2+signals participate in fluoride-induced yeast cell death. In this study, we
investigate the mechanism by which fluoride induces S. cerevisiae death.

MATERIALS AND METHODS

Media and cell growth measurement: In this work, S. cerevisiae (CGMCC2.1882)
(purchased from the Institute of Microbiology, Chinese Academy of Sciences) was
used. This strain was cultured in yeast extract peptone dextrose (YPD) medium,
which includes 10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose. Single
colonies stored on the slopes were selected for activation in YPD liquid medium;
then, an appropriate amount of the activated yeast solution was shaken in fresh liquid
medium at 28ºC, 178 rpm, to log phase. The light absorption value of each
concentration medium at OD600nm was measured every 2hr, and a growth curve was
obtained. The original OD600nm of each medium was equal to or less than 0.1. The
blank culture (0 mM NaF) was used as the control. The OD600nm measurements of
each culture were used to generate growth curves.

Cell viability assay: The cell survival rate was determined by methylene blue
staining. The yeast suspension and methylene blue dye were mixed (v/v 1:1).
Appropriate suspension drops were added to the blood count plates. After staining for
approximately 3 min, the numbers of colored cells and total cells were counted using
a light microscope, and the cell viability was calculated as follows: 

Measurement of cell resistance to NaF: Appropriate cultures, in the logarithmic
phase, were cultured in liquid medium containing different concentrations (0, 30, 90,
and 150 mM) of NaF at 28ºC with shaking at 178 rpm. Physiological saline-diluted
NaF liquid medium (10-fold gradient dilution of 1, 10, 102, and 103) was prepared.
Five microliters of each sample was spotted onto a solid medium plate (from high to
low concentration). After the plate was incubated at 30ºC for 48 hours, colony
growth was observed and photographed. The plates were incubated at 30ºC for 48 hr
and colony growth was observed and photographed.

                                                                Number of colored cells
                 Cell viability (%)    =   1   –                                                ×     100
                                                                 Total number of cells
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ROS measurement: ROS levels were measured using the fluorescent indicator
dichlorofluorescein diacetate (DCFH-DA) according to the method of Chen et al.27 S.
cerevisiae were incubated with DCFH-DA (final concentration, 5 µM) in the dark at
29ºC for 28 min. Intracellular ROS production was detected by flow cytometry.
Following co-treatment of the yeast cells with 90 mM NaF and 0.5 mM ascorbic acid
(AsA), the OD600nm of the yeast cells was measured using a spectrophotometer. In
addition, the effect of inhibitor and NaF co-treatment on S. cerevisiae growth was
determined by plate spotting.

NO assay: NO levels in S. cerevisiae were measured using a NO fluorescent probe
(DAF-FM). Yeast cells were suspended in DAF-FM (final concentration, 5 µM) in
the dark at 30ºC for 18 min, and intracellular NO fluorescence intensity was
measured using flow cytometry. In addition, S. cerevisiae was exposed to 90 mM
NaF and 2.0 µM hemoglobin, and the OD600nm of the yeast cells was measured with
a spectrophotometer. The plate spot method was also used to determine the effect of
the inhibitor on the NaF tolerance of yeast cells.

Detection of intracellular Ca2+: Intracellular Ca2+ levels was detected with the
fluorescent indicator Fluo-3AM. Yeast cells were incubated with Fluo-3AM (final
concentration, 5 µM) in the dark at 29ºC for 28 min. Intracellular Ca2+ production
was detected by flow cytometry. In addition, S. cerevisiae was co-exposed to 90 mM
NaF and 0.5 µM ethylenebis tetraacetic acid (EGTA), and the OD600nm of the yeast
cells was measured using a spectrophotometer. The effect of inhibitor and NaF co-
treatment on S. cerevisiae growth was determined by plate spotting.

Statistical analysis: The data, which were expressed as mean ± SD, was the average
number of individual studies which were carried out at least in triplicate. The
Student’s t-test was used to determine significant differences between the control and
treatment groups, as well as between the remission (NaF + inhibitor) and NaF-alone
treatment groups. p<0.05 was deemed to represent a significant difference, as
denoted by *; p< 0.01 was considered to indicate an extremely significant difference,
as denoted by **.

RESULTS

Effect of NaF on S. cerevisiae growth: The effects of various concentrations of NaF
on the growth of S. cerevisiae were studied by determining the OD600nm of blast
cells. The growth of yeast cells was negatively correlated with the concentration of
NaF (Figure 1). After 24 hours of exposure to 120 and 150 mM NaF, the growth of
yeast cells was completely inhibited. This result is in contrast to the density of cells
treated with low concentrations of NaF. These findings indicate that NaF inhibits S.
cerevisiae growth in a concentration-dependent manner.

NaF-induced yeast cell death: S. cerevisiae cell death was detected following
exposure to NaF (30, 90, and 150 mM) for 6–24 hr. NaF inhibited the viability of S.
cerevisiae in a time- and concentration-dependent manner (Figure 2).

Yeast cell resistance to NaF: S. cerevisiae cell growth decreased with increasing
fluoride concentrations (Figure 3). Exposure to 30, 90, and 150 mM NaF inhibited
yeast growth. However, when NaF was diluted 10, 102, and 103-fold, fewer colonies
appeared on the medium. In particular, exposure to 150 mM NaF (diluted 102–103-
fold) completely inhibited yeast growth, and only small colonies grew on the
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medium. These results indicate that NaF inhibits cell division and development. With
increasing fluoride concentrations, the inhibitory effect was enhanced.

Time (hours)

 Time (hours)

Figure 1. Growth curve of yeast cells exposed to various concentrations of sodium fluoride. 

Figure 2. Effect of different concentrations of NaF and varying exposure time on yeast cell
survival.
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NaF-induced intracellular ROS production in yeast cells: ROS production was
elevated as the NaF concentration increased. After 24 hours of exposure to 30, 90,
and 150 mM NaF, significant differences were found between the control and treated
groups (Figure 4A). 

 A 

              NaF concentration (mM)

                              Figure 3. Tolerance of yeast to various concentrations of NaF.
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Figure 4A. ROS levels in yeast cells after 24 hours of treatment with NaF are expressed as mean
fluorescence intensity. Compared with the control group: **p<0.01.
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When 0.5 mM AsA was added together with 90 mM NaF, fluoride-induced cell
death (including effects on yeast colony growth) was effectively prevented (Figures
4B and 4C). These data show that the ROS level in S. cerevisiae cells is positively
correlated with cell death, indicating that elevated ROS levels significantly affect
fluoride-induced S. cerevisiae death.

NaF-induced NO levels in yeast cells: NO production was elevated as the NaF
concentration increased. After 24 hours of exposure to 30, 90, and 150 mM NaF,
significant differences were observed between the control and treated groups (Figure
5A). When S. cerevisiae was treated with 90 mM NaF and 2.0 µM hemoglobin,
fluoride-induced cell death (including effects on yeast colony growth) was effectively
blocked (Figures 5B and 5C). These findings demonstrate that fluoride-induced S.
cerevisiae death is associated with elevated NO levels. 

B 

C 

Figures 4B and 4C. Changes in the OD600nm and colony growth of yeast cells exposed to 90
mM NaF with or without 0.5 mM ascorbic acid (AsA). 
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Figures 5A and 5B. 5A: Average fluorescence intensity indicating NO levels in yeast cells after
24 hours of treatment with NaF; 5B: Changes in the OD600nm of yeast cells exposed to 90 mM
NaF with and without 2.0 µM hemoglobin. Compared with the control group: **p<0.01.
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NaF-induced intracellular Ca2+elevation in yeast cells: After 24 hours of treatment
with 90 mM and 150 mM NaF, the average fluorescence intensity of intracellular
Ca2+ was observably increased in S. cerevisiae (Figure 6A). 

When S. cerevisiae was treated with 90 mM NaF and 0.5 µM EGTA, NaF-induced
cell death (including effects on yeast colony growth) was blocked (Figures 6B and
6C). These results indicate that elevated calcium levels play a role in NaF-induced
cell death in S. cerevisiae. 

C  

Figures 5C. Changes in the colony growth of yeast cells exposed to 90 mM NaF with and without
2.0 µM hemoglobin. 
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Figure 6A. Average fluorescence intensity indicating Ca2+ levels in S. cerevisiae after 24 hours
of treatment with NaF. Compared with the control group: **p<0.01.
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DISCUSSION

The present work aimed to obtain insights into the mechanism by which fluoride
damages yeast cells and causes fluorosis. ROS and NO are cell metabolites whose
synthesis is inducible by biological and abiotic stresses.28,29 ROS, NO, and
intracellular messenger Ca2+ play an significant role in many cellular functions
involved in survival and proliferation.30 The present work additionally shows that
intracellular ROS, NO, and Ca2+play an important role in fluoride-induced death in
S. cerevisiae.

    Dilution of NaF liquid medium with physiological saline (-fold)

Figures 6B and 6C. Changes in the OD600nm and colony growth of yeast cells exposed to 90
mM NaF with and without 0.5 µM EGTA [ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid, egtazic acid] and Ca2+. Compared with the control group: **p<0.01.

B 

C 

       Time (hours)

N
aF

 c
on

ce
nt

ra
tio

n 
(m

M
)

± 
E

G
TA

± 
C

a2+

   6C

O
D

60
0n

m

6B

http://www.fluorideresearch.online/epub/files/062.pdf


Research report
Fluoride 53(1 Pt 1):40-51

Reactive oxygen species, nitric oxide, and intracellular Ca2+

participate in fluoride-induced yeast cell death
4949

Fluoride 2019 Nov 27.  www.fluorideresearch.online/epub/files/062.pdf [Epub ahead of print]
January 2020 Feng, Meng, Wang, Chen, Yan

The results of this study indicate that there is a correlation between ROS, NO, and
Ca2+ levels and sodium fluoride-induced yeast cell death, with an upstream-
downstream relationship involved. As shown here, ROS levels were significantly
increased at an NaF concentration of 30 mM, and NO and Ca2+ levels were
significantly increased at NaF concentrations of 90 and 150 mM. These findings
indicate that the possible signal transduction pathways of the three factors involved in
yeast cell death are as follows: NaF exposure in yeast cells induces an increase in
intracellular ROS levels, further inducing an increase in NO and Ca2+ levels.

Previous research has shown that ROS is generated before NO; then, NO induces
Ca2+ release,31, 32which is consistent with the present findings. However, a number
of studies have also found that Ca2+ is located upstream of ROS, and that there is an
interaction between ROS and NO.33,34 Therefore, it is hypothesized that the
upstream signal promotes an increase in the downstream signal level, while the
downstream signal exerts feedback regulation on the upstream signal, further
stimulating the synthesis of the upstream signal.

CONCLUSIONS

In summary, our results indicate that ROS, NO, and Ca2+ are involved in NaF-
induced cell death in yeast. A possible molecular mechanism by which NaF induces
yeast cell death is as follows: ROS→NO→Ca2+; this in turn activates downstream
signal transduction pathways, thus regulating cell death. However, the mechanisms
underlying NO and Ca2+ feedback regulation of ROS require further verification.
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