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INDUCTION OF iNOS AND NO IN PRIMARY RABBIT COSTAL 

CHONDROCYTES BY FLUORIDE
Wen-Wen He,a,b Wen-Yan Wang,a,b Jie Deng,a,b Jie Xiang,a,b Ming-Fen Deng,b,c 

Chuan-Zhi Gui,b,c,* Zhi-Zhong Guana,b,*
Guiyang, Guizhou, People’s Republic of China

ABSTRACT: This research was designed to examine the potential influence of fluoride
exposure on the expression of nitric oxide (NO) and inducible nitric oxide synthase
(iNOS) in rabbit costal cartilage cells, as well as the effects of two inhibitors of iNOS, L-
monomethyl-arginine (L-NMMA) and N-(3-(aminomethyl)benzyl)acetamidine (1400W),
on the toxicity induced by high levels of fluoride. Cultured chondrocytes were exposed
to different concentrations (0.25–8.0 ppm) of fluoride (F-, prepared with NaF) with or
without L-NMMA (0.02 ppm) or 1400W (0.05 ppm). The content of NO and iNOS activity
in both the cells themselves and culture medium were determined by the nitrate
reductase procedure and colorimetric method, respectively; the level of reactive oxygen
species (ROS) in the cells by flow cytometry; and the expression of iNOS, collagen II and
aggrecan proteins by Western blotting. The results showed that the exposure of
chondrocytes to low and high levels of F resulted in significant elevations, in a dose-
dependent manner, in iNOS activity and protein, the content of NO, and the level of ROS,
both in the cells themselves and in their culture medium. In contrast, F inhibited, in a
dose-dependent manner, the synthesis of collagen II and aggrecan proteins.
Interestingly, all of these effects were attenuated significantly by L-NMMA or 1400W.
These findings indicate that the toxic effects of F on chondrocytes, including elevations
of the NO content resulting in a high level of ROS, may be attenuated by inhibitors of
iNOS. 
Key words: Chondrocyte; Collagen II; Fluorosis; Inducible nitric oxide synthase; Nitric oxide;
Reactive oxygen species

INTRODUCTION

Chronic exposure to the fluoride ion (F) can cause adverse dental and skeletal
fluorosis.1 F in the blood is distributed rapidly throughout the body, accumulating to
the greatest extent in calcium-rich tissues such as bones and teeth.2 Although the
effect of F on bone have been studied extensively,3 the molecular mechanisms
underlying toxic bone fluorosis remain unclear.

The short-lived nitric oxide free radical (NO) diffuses freely and, like O2, tends to
partition into the hydrophobic regions of cells, such as cell membranes.4 NO is
generated endogenously by three different enzymes belonging to the family of nitric
oxide synthases (NOS): nNOS/NOS1 (neuronal), iNOS/NOS2 (inducible), and
eNOS/NOS3 (endothelial). The activities of nNOS and eNOS are normally relatively
low and constitutive, requiring Ca2+ for activation and producing NO at nanomolar
levels for short periods of time.4 A constitutive gene is a gene that is transcribed
continually as opposed to a facultative gene which in only transcribed when needed.
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In contrast, iNOS can be induced by various stressors, does not require Ca2+ for
activation, and can generate NO at micromolar levels for much longer periods.5,6 All
three of these enzymes utilize NADPH and O2 to convent L-arginine to citrulline and
NO.6 

NO is a ubiquitous messenger molecule involved in a variety of physiological and
pathological processes.4 Under pathological conditions, the large amounts of NO
produced by iNOS, can not only damage tissues and cells directly, but also easily
generate oxygen free radicals such as peroxynitrite anions (ONOO-), causing
nitrification stress and additional damage.6 Previously, we found that following
exposure of SH-SY5Y cells to high levels of fluoride, the level of NO and the activity
of NOS, in both the cells themselves and their culture medium, and the level of nNOS
protein and cellular apoptosis, were all elevated in a dose-dependent manner.7 

Reactive oxygen species (ROS) produced by various redox reactions, can also be
generated by the NOS system.8 NO can interact with other ROS to form more toxic
substances (e.g., peroxide-nitrite anions) that damage DNA, proteins and membranes
(e.g., resulting in enhanced mitochondrial permeability).9 Some reports indicate that
exposure of BV-2 microglia to excess fluoride increases their levels of ROS, resulting
in cell peroxidation and elevated NO content and iNOS activity.10-12

Chondrocytes synthesize the extracellular matrix (ECM) of cartilage13,14 which is
crucial to their own survival.15,16 Indeed, cartilage itself is composed primarily of
this ECM and chondrocytes, while the matrix consists primarily of collagen and
proteoglycans.17 Previous investigations have indicated that F can alter the
morphology of cartilage, as well as the expression at the gene and/or protein level of
collagen II, aggrecan, and aggrecanases-1.18

Interestingly, L-monomethyl-arginine (L-NMMA), a congener of L-arginine that
competes with L-arginine for binding, is a non-selective and universal inhibitor of
iNOS and has been used to assess the influence of NO on chondrocyte apoptosis.19,20

In contrast, N-(3-(aminomethyl)benzyl)acetamidine (1400W) is a highly selective
iNOS inhibitor, that has allowed identification of specific isoforms of NO synthase.21

L-NMMA can inhibit iNOS expression and NO production in rabbit papillary
chondrocytes and 1400W can inhibit NO/iNOS in hippocampal neurons and heart,
kidney, and cancer cells, thereby preventing the development of the related diseases.
22-24 

MATERIALS AND METHODS

Materials: Sodium fluoride, L-NMMA and 1400W (analytical grade) (Sigma-
Aldrich, USA); rabbit polyclonal antibodies directed towards iNOS subunit (Abcam,
USA); rabbit polyclonal anti-β-actin antibodies (Abcam, USA); mouse monoclonal
antibodies directed towards collagen II and the subunit of aggrecan (Novus, USA);
mouse monoclonal anti-β-actin antibodies (Abcam, USA); anti-rabbit IgG and anti-
mouse IgG conjugated with horseradish peroxidase (HRP) (Sigma-Aldrich, USA);
and all other general chemicals and reagents (Sigma-Aldrich, USA) were purchased
from the sources indicated. 

Isolation and expansion of chondrocytes: Eighteen one-month-old New Zealand
white rabbits (half males and half females), each weighing 1000–1500 g, were
purchased from the Animal Experimental Center of Guizhou Medical University,
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China. Tissue from the costal cartilage was washed in sterile phosphate-buffered
saline (PBS) containing 1% penicillin (100 U mL-1) and streptomycin (100 µg mL-1),
weighed, finely diced, and then digested with 0.25% trypsin for 30 min at 37ºC. The
resulting cell suspension was filtered through a sieve with 40 µm-2 pores and
centrifuged at 1000 g for 10 min. The resulting supernatant was removed, and the
numbers and viability of the cells obtained determined using a haemocytometer and
staining with 0.4% trypan blue. The chondrocytes were isolated by digestion with
collagenase type II for 4–8 hr at 37ºC. The resulting cell suspension was passed
through a 40 µm-2 cell, the filtrate centrifuged, and the pellet washed with PBS three
times. Cell number and viability were again determined with a haemocytometer and
0.4% trypan blue. The chondrocytes were plated at a seeding density of 2 × 105 cells
cm-2 and cultured in low-glucose DMEM supplemented with 15% fetal bovine serum
(FBS) and 1% penicillin (100 U mL-1)-streptomycin (100 µg mL-1). These cells were
expanded for 2 passages prior to differentiation.25

Identification of primary chondrocytes by immunofluorescent staining: Adjacent
primary chondrocytes cultured for 3 days were washed three times with PBS prior to
each step, and then fixed with 4% paraformaldehyde for 30 min at room temperature
(RT). Thereafter, these chondrocytes were treated with 0.25% Triton X-100 for 15
min and subsequently incubated with 5% bovine serum albumin (BSA) for 30 min at
RT. Afterwards, the cells were incubated for 4 hr with mouse monoclonal antibodies
against collagen II and vimentin with diluted (1:100 and 1:200, respectively) at RT,
washed with PBS, incubated for 1 hr at RT in the dark with FITC-conjugated HRP
goat anti-mouse IgG antibody (1:500),26-28 and, finally treated with 4’,6-diamidino-
2-phenylindole (DAPI) for 5 min at RT in the dark. Mounting medium was added to
the culture flask, and the cells examined under an inverted fluorescence microscope.

Exposure of chondrocytes to fluoride (F-): The chondrocytes were divided into 6
groups as follows: group I, the control (no addition of F-, L-NMMA, or 1400W);
group II, 1.0 ppm F- (low exposure, LF); group III, 4.0 ppm F- (high exposure, HF);
group IV, 1.0 ppm F- plus 0.02 ppm L-NMMA (LF+L-NMMA) or 1.0 ppm F- plus
0.05 ppm 1400W (LF+1400W); group V, 4.0 ppm F- plus 0.02 ppm L-NMMA
(HF+L-NMMA) or 4.0 ppm F- plus 0.05 ppm 1400W (HF+1400W); and group VI,
0.02 ppm L-NMMA or 0.05 ppm 1400W alone. The chondrocytes were seeded onto
96-well plates (2 × 105 cell/well) and maintained under 5% CO2 incubator at 37ºC for
24 hr. When 80% confluence had been reached, these cells were exposed to various
concentrations (0.25–8.0 ppm) of F- (prepared with NaF) for 24, 48, or 72 hr. On the
basis of their viability (evaluated with the cell counting kit-8 (CCK-8)), 1.0 and 4.0
ppm F- were chosen for 24 hr, the low- and high-dose exposure, respectively. In
addition, the doses of 0.02 ppm L-NMMA or 0.05 ppm 1400W was selected for the
treatment of the cultured cells.29

Quantification of iNOS, collagen II, and aggrecan protein by Western blotting:
Chondrocytes were washed twice with PBS; disrupted in 0.1 mL lysis buffer,
centrifuged at 12,000 g for 20 min at 4ºC, and the protein concentration of the
supernatant thus obtained determined using the BCA assay kit. The proteins were
then separated by 8% SDS-PAGE and blotted onto polyvinylidene difluoride (PVDF)
membranes employing a transfer unit (Bio-Rad Inc., USA). For quantification of
iNOS, collagen II, aggrecan, and β-actin, these membranes incubated with the
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appropriate antibodies (diluted 1:1000, 1:1000, 1:100, and 1:10000, respectively), at
4ºC overnight. After washing, the membranes were incubated with HRP-conjugated
anti-rabbit (1:5000) or anti-mouse IgG (1:10000) for 60 min. Finally, the membranes
were incubated in ECL Plus reagent for 3 min and the signals thus produced
visualized by exposure to Hyper Performance Chemiluminescence film.29

Determination of the content of NO content and NOS activity: The contents of NO
in the cultured cells and their medium were determined by the enzymatic nitrate
reductive procedure (Nanjing Jiancheng Biological company, China).30,31 The
reaction was monitored at 550 nm by a microplate spectrophotometer for 10 min at
RT, and the content was then used to calculate the results. NOS activity was assayed
colorimetrically (Nanjing Jiancheng Biological company, China) by monitoring the
production of L-citrulline from L-arginine, as described previously.30,31 This reaction
was following by a microplate spectrophotometer reader at 530 nm at RT. 

Determination of the level of ROS: The levels of ROS in the cultured cells were
quantified by the active oxygen detection method (Nanjing Jiancheng Biological
company, China). The cells were incubated with 50 µM of the fluorescent probe
DCHF-DA for 30 min at 37ºC and the resulting fluorescence determined (490 nm
excitation, 526 nm emission) by flow cytometry (FACS Calibur; Becton-Dickinson,
USA).32

Statistical analyses: Values are expressed as means±SD, and were examined for
significant differences by analysis of variance (ANOVA). Correlations between the
levels of iNOS, collagen II, and aggrecan protein, as well as between cell viability
and the levels of iNOS and ROS in chondrocytes were analyzed employing the
Pearson correlation test and SPSS 24.0 software (SPSS Inc., USA). 

RESULTS

Purity of the primary chondrocytes: The primary cultured rabbit chondrocytes were
labelled with antibodies against collagen II and the fibroblasts with antibodies against
the marker vimentin. Under the fluorescence microscope, the cytoplasm of
chondrocytes appeared bright fluorescent red under green light (Figure 1A), while
the cytoplasm of fibroblasts was displayed as bright green under blue light (Figure
1B). In addition, we used labelling with DAPI, which can penetrate membranes and
bind to double-stranded DNA, resulting in strong blue fluorescence in the nuclei
(Figure 1C). Approximately 80% of the cells could be identified as chondrocytes
(Figure 1E).
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Figure 1. The numbers of chondrocytes and fibroblasts among primary cultures of rabbit costal
cartilage cells. Chondrocytes were stained red with antibodies against collagen II, fibroblasts
green with antibodies against vimentin, and the DNA in cell nuclei blue with DAPI (4',6-diamidino-
2-phenylindole). 1A: staining for collagen II (x200); 1B: vimentin (x200); 1C: DAPI (x200); 1D:
merging of 1A, 1B and 1C (x200); 1E: the numbers of collagen II-positive and vimentin-positive
cells in 10 fields.
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The effect of F-, L-NMMA, and 1400W on chondrocytes viability: As shown in
Figure 2A, the viability of the chondrocytes declined significantly upon exposure to
1.0–8.0 ppm F-, and this was even more obvious upon treatment with higher levels of
fluoride for 48 and 72 hr. Moreover, 0.02 ppm L-NMMA and 0.05 ppm 1400W, also
attenuated the chondrocytes viability (Figures 2B and 2C).

Fluoride concentration
               

Figure 2. The viability of chondrocytes exposure to fluoride, L-NMMA or 1400W. 2A: exposure to
various concentrations of NaF for 24 hr, 48 hr, and 72 hr; B: exposure to different concentrations
of L-NMMA for 24 hr; C: exposure to different concentrations of 1400W for 24 hr. Cell viability was
determined with the CCK-8 kit, and is presented as a percentage of the control. The values
presented are means±SD (n=6). **p<0.01 compared to the control group; ##p<0.01 compared to
24 hr; ♦♦   p<0.01 compared to 24 hr and 48 hr; ??   p<0.01 compared to the control group;
♦♦p<0.01 compared to the control group.

mpare
; p
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Increase in the level of iNOS protein in chondrocytes: The level of iNOS protein
in chondrocytes treated with F- was increased significantly, while F- in
combination with L-NMMA or 1400W attenuated this level (Figure 3).

 

Figure 3. The level of iNOS protein in cultured chondrocytes exposed to F or inhibitors of iNOS.
3A: Western blotting of cells exposure to no F (NC, control), LF (1.0 ppm), HF (4.0 ppm), LF or
HF plus L-NMMA (0.02 ppm), or L-NMMA alone; 3B: as in 3A, but with 1400W (0.05 ppm) instead
of L-NMMA. The values presented are means±SD (n=6). **p<0.01 compared to the control group;
##p<0.01 compared to the LF group;  ??    p<0.01 compared to the HF group, as determined by
analysis of variance (ANOVA). Representative Western blots are shown beneath the graphs.

hr;
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Levels of collagen II and aggrecan protein in chondrocytes: The protein levels of
collagen II and aggrecan proteins in the cells were decreased significantly by F-, an
effect virtually abolished by L-NMMA and 1400W (Figure 4).

 

Figure 4. The levels of collagen II and aggrecan protein in cultured chondrocytes exposed to F
or inhibitors of iNOS. The levels of collagen II (4A) and aggrecan (4B) were determined by
Western blotting of cells exposure to no F (NC, control), LF (1.0 ppm), HF (4.0 ppm), LF or HF
plus L-NMMA (0.02 ppm), or L-NMMA alone, 4C (collagen II) and 4D (aggrecan) as in 4A and 4B,
but with 1400W (0.05 ppm) instead of L-NMMA. The values presented are means±SD (n=6).
**p<0.01 compared to the control group; ##p<0.01 compared to the LF group;   ??      p<0.01
compared to the HF group as determined by analysis of variance (ANOVA). Representative
Western blots are shown beneath the graphs.

esented
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The content of NO and iNOS activity in chondrocytes: Upon either low or high
exposure to F-, both the NO content and the iNOS activity in the cells and culture
medium were increased significantly in a dose-dependent manner, an effect again
attenuated by the combination of F- with L-NMMA or 1400W (Figures 5 and 6).

Figure 5. The iNOS activity and content of NO in chondrocytes and their culture medium upon
exposure to F and/or L-NMMA. 5A: the activity of iNOS in the cells; 5B: the activity of iNOS in the
medium; 5C: NO content in the cells; 5D: NO content in the medium. The iNOS activity and
content of NO were determined by the nitrate reductase procedure and a colorimetric method,
respectively, in chondrocytes and their medium following exposure to no F (NC, control), LF (1.0
ppm), HF (4.0 ppm), LF or HF plus L-NMMA (0.02 ppm), or L-NMMA alone, respectively. The
values presented are means±SD of the optical density (OD) values (n=6). **p<0.01 compared to
the control group; #p<0.05 and ##p<0.01 compared to the LF group; ??      p<0.01 compared to
the HF group, as determined by analysis of variance (ANOVA).

; 
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ROS levels in chondrocytes: As shown in Figures 7 and 8, the levels of ROS in
chondrocytes exposed to low or high levels of F- were elevated significantly in a
dose-dependent manner, an effect attenuated significantly by the combination of F-

with L-NMMA or 1400W.

Figure 6. The iNOS activity and content of NO in chondrocytes and their culture medium upon
exposure F and/or 1400W. 6A: the activity of iNOS in the cells; 6B: the activity of iNOS in the
medium; 6C: NO content in the cells; 6D: NO content in the medium. The iNOS activity and
content of NO were determined by the nitrate reductase method procedure and a colorimetric
method, respectively, in chondrocytes and their culture medium following exposure to F (NC,
control), LF (1.0 ppm), HF (4.0 ppm), LF or HF plus 1400W (0.05 ppm), or 1400W alone. The
values presented are means±SD of the optical density (OD) values (n=6). *p<0.05 and **p<0.01
compared to the control group; ##p<0.01 compared to the LF group;  ??    p<0.01 compared to
the HF group, as determined by analysis of variance (ANOVA).

;
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.

Correlation between the levels of ECM protein and iNOS in the chondrocytes:
There was a significant negative correlation between the level of ECM protein and
iNOS in rabbit chondrocytes after exposure to F- plus an inhibitor of iNOS (Figure
9).

Figure 7A. The level of ROS in chondrocytes exposed to F and/or L-NMMA. 7A: Fluorescence (as
determined by flow cytometry) of cells exposure to a), no F- or L-NMMA (NC control group); b), LF
(1.0 ppm F-); c), HF (4.0 ppm F-); d), LF plus L-NMMA (0.02 ppm); e), HF plus L-NMMA; f), L-NMMA
alone. 

7A
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 Figure 7B. The level of ROS in chondrocytes exposed to F and/or L-NMMA. 7B. Relative
quantitative of the fluorescence (as determined by flow cytometry) of cells exposure to a), no F- or
L-NMMA (NC control group); b), LF (1.0 ppm F-); c), HF (4.0 ppm F-); d), LF plus L-NMMA (0.02
ppm); e), HF plus L-NMMA; f), L-NMMA alone. The values presented are means±SD of the
fluorescent values (n=6). **p<0.01 compared to the control group, #p<0.05 compared to the LF
group,  ??  p<0.01 compared to the HF group, as determined by analysis of variance (ANOVA).;

7B
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Figure 8A. The level of ROS in chondrocytes exposed to F and/or 1400W. 8A: Fluorescence
(as determined by flow cytometry) of cells exposure to a), no F- or 1400W (NC control group);
b), LF (1.0 ppm F-); c), HF (4.0 ppm F-); d), LF plus 1400W (0.05 ppm); e), HF plus 1400W; f)
1400W alone.

8A

http://www.fluorideresearch.online/epub/files/073.pdf
http://www.fluorideresearch.online/epub/files/074.pdf


Research report
Fluoride 53(2 Pt 1):220-238

iNOS inhibitors attenuate the induction of iNOS and NO by fluoride
He, Wang, Deng, Xiang, Deng, Gui, Guan

233233

[Now published in full after the initial publication as an Epub ahead of print on Feb 15, 2020, at  
www.fluorideresearch.online/epub/files/074.pdf]
April-June 2020

Figure 8B. The level of ROS in chondrocytes exposed to F and/or 1400W. 8B: Relative
quantitation of fluorescence (as determined by flow cytometry) of cells exposure to a), no F- or
1400W (NC control group); b), LF (1.0 ppm F-); c), HF (4.0 ppm F-); d), LF plus 1400W (0.05
ppm); e), HF plus 1400W; f) 1400W alone. The values presented are means±SD of the
fluorescent values (n=6). **p<0.01 compared to the control group, ##p<0.01 compared to the
LF group,  ??   p<0.01 compared to the HF group, as determined by analysis of variance
(ANOVA).
 

hr;

8B
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Correlation between the levels of ECM protein and iNOS in the chondrocytes:
There was a significant negative correlation between the level of ECM protein and
iNOS in rabbit chondrocytes after exposure to F- plus an inhibitor of iNOS (Figure
9).

Correlation between the level of ROS and iNOS activity in the chondrocytes: There
was a significant positive correlation between the level of ROS and the activity of
iNOS in the rabbit chondrocytes after exposure to F- plus an inhibitor of iNOS
(Figure 10).

Figure 9. Correlations between the level of collage II or aggrecan protein in the extracellular
matrix of chondrocytes and iNOS activity in these same cells upon exposure to F and/or L-NMMA
or 1400W. 9A: the correlation between collagen II and iNOS upon exposure to F and L-NMMA;
9B: the correlation between aggrecan and iNOS upon exposure to F and L-NMMA; 9C: the
correlation between collagen II and iNOS upon exposure to F and 1400W; 9D: the correlation
between aggrecan and iNOS upon exposure to F and 1400W. The values from 6 independent
experiments were examined with the Pearson correlation test. 
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DISCUSSION

The major health problems associated with excessive intake of F are skeletal and
dental fluorosis.33,34 Early clinical symptoms of skeletal fluorosis include stiffness
and pain in the joints, while advanced stages involve impairment of movement,
calcification of muscle ligaments, enhanced osteosclerosis, and the formation of
cancellous bone. In addition, joint movement is limited, there is muscle wasting, and
crippling deformities occur in bone, the spine, and the major joints.33,34

Production of NO, a messenger implicated in both chondrocyte death and
protection from oxidative damage, can be controlled by iNOS.35 In addition, NO
plays an important role in the destruction of articular cartilage and chondrocyte
apoptosis.20 

The current investigation reveals that after the exposure of chondrocytes to
fluoride, cell proliferation was inhibited and the level of NO and iNOS activity was
increased. Therefore, an elevated content of NO in cartilage could be one cause of F-
induced cartilage damage. Although normally iNOS is never or only rarely expressed
in chondrocytes,36 under pathological conditions, cytokines such as IL-1 can
stimulate the expression of this enzyme.37 Once iNOS protein has been synthesized,
it can be active in a manner which is independent of Ca2+.36 Increased NO levels in
combination with various cytokines can result in damage to cartilage.36,37 Here, we
found that both low and high levels of F- increased the activity of iNOS in
chondrocytes, which may lead to oxidative injury and thereby inhibit cell
proliferation. 

Enhanced oxidative stress due to an imbalance between oxidation and antioxidation
involving elevated levels of ROS induces NO production in cells.38-39 Increased

Figure 10. Correlations between the level of ROS and iNOS activity in the chondrocytes upon
exposure to F and/or L-NMMA or 1400W. 10A: the correlation between ROS and iNOS upon
exposure to F and L-NMMA; 10B: the correlation between ROS and iNOS upon exposure to F
and 1400W. The values obtained from 6 independent experiments were examined with the
Pearson correlation test. 
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contents of ROS and NO in chondrocytes may promote cellular and tissue damage.39

We found that the level of iNOS protein in chondrocytes exposed to high levels of F
was significantly higher than in controls. In addition, the significantly increased level
of ROS in chondrocytes exposed to a low or high concentration of F- may be result of
the enhanced content of NO.

Importantly, excessive degradation and loss of proteoglycan is the earliest
metabolic change detectable in association with an imbalance in cartilage
metabolism.40 In the case of osteoarthritis, this degradation persists, and may cause
an excessive loss of the collagen in the articular cartilage, as well as changes in the
cell phenotype.37,40-41 Here, the levels of collagen II and aggrecan proteins were
lowered by the exposure of chondrocytes to low or high concentrations of F-,
possibly indicating damage to the ECM.41 Interestingly, we examined the potential
protection of the cultured chondrocytes exposed to high levels of F by L-NMMA or
1400W. Both of these inhibitors attenuated the overexpression of iNOS protein,
overproduction of NO, and enhanced expression of collagen II and aggrecan protein
levels caused by F. Furthermore, these effects of L-NMMA or 1400W may arise from
interactions with pathways involving NO, and protect the ECM of cartilage to a
certain extent.

CONCLUSION

In conclusion, the results showed that the exposure of chondrocytes to low and high
levels of F resulted in significant elevations, in a dose-dependent manner, in iNOS
activity and protein, the content of NO, and the level of ROS, both in the cells
themselves and in their culture medium. In contrast, F inhibited, in a dose-dependent
manner, the synthesis of collagen II and aggrecan proteins. Interestingly, all of these
effects were attenuated significantly by L-NMMA or 1400W. These findings indicate
that the toxic effects of F on chondrocytes, including elevations of the NO content
resulting in a high level of ROS, may be attenuated by inhibitors of iNOS.

ACKNOWLEDGMENTS

This work was financed by grants from the Natural Science Foundation of China
(81760571) and the Foundation of Guizhou Province of China (2019-0908, 2014-06,
2014-6008, and 2016-4001).

REFERENCE
1 Anderson M, Dahllöf G, Soares FC, Grindefjord M. Impact of biannual treatment with fluoride

varnish on tooth-surface-level caries progression in children aged 1–3 years. Journal of
Dentistry 2017;65:83-8.

2 Wang J, Niu R, Sun Z, Lv L, Smith GW. Effects of protein and calcium supplementation on
bone metabolism and thyroid function in protein and calcium deficient rabbits exposed to
fluoride. Fluoride 2008;41:283-91. 

3 Pei J, Li B, Gao Y, Wei Y, Zhou L, Yao H, et al. Fluoride decreased osteoclastic bone resorption
through the inhibition of NFATc1 gene expression. Environmental Toxicology 2014,29:588-95.

4 Thomas DD, Liu X, Kantrow SP, Lancaster JR Jr. The biological lifetime of nitric oxide:
Implications for the perivascular dynamics of NO and O2. Proceedings of the National
Academy of Sciences USA 2001;98:355-60.

5 Geller DA, Billiar RR. Molecular biology of nitric oxide synthases. Cancer and Metastasis
Reviews 1998;17:7-23. 

http://www.fluorideresearch.online/epub/files/073.pdf
http://www.fluorideresearch.online/epub/files/074.pdf


Research report
Fluoride 53(2 Pt 1):220-238

iNOS inhibitors attenuate the induction of iNOS and NO by fluoride
He, Wang, Deng, Xiang, Deng, Gui, Guan

237237

[Now published in full after the initial publication as an Epub ahead of print on Feb 15, 2020, at  
www.fluorideresearch.online/epub/files/074.pdf]
April-June 2020

6 Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: Structure, function and
inhibition. Biochemical Journal 2001;357:593-615. 

7 Deng MF, Zhu D, Liu YP, He WW, Gui CZ, Guan ZZ. Attenuation by 7-Nitroindazole of fluoride-
induced toxicity in SH-SY5Y cells exposed to high fluoride: effects of nitric oxide, nitric oxide
synthetase activity, nNOS and apoptosis. Fluoride 2017;51:328-39.

8 Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nature Reviews Immunology
2004;4:181-9.

9 Alvarez S, Boveris A. Mitochondrial nitric oxide metabolism in rat muscle during endotoxemia.
Free Radical Biology and Medicine 2004;37:1472-8. 

10 Haas J, Storch-Hagenlocher B, Biessmann A. Inducible nitric oxide synthase and
arginosuccinate synthetase: co-induced in brain tissue of patients with Alzheimer’s dementia
and following stimulation with β-amyloid 1-42 in vitro. Neuroscience Letters 2002;322:121-5.

11 Golden TR, Pater M. Catalytic antioxidants and neurodegeneration. Antioxidants and Redox
Signaling 2009;11:555-69.

12 Irani K. Oxidant signaling in vascular cell growth, death, and survival: a review of the roles of
reactive oxygen species in smooth muscle and endothelial cell mitogenic and apoptotic
signaling. Circulation Research 2000;87:179-83.

13 Blanco FJ, Guitian R, Vázquez-Martul E, de Toro FJ, Galdo F. Osteoarthritis chondrocytes die
by apoptosis: A possible pathway for osteoarthritis pathology. Arthritis and Rheumatism
1998;41:284-9. 

14 Hashimoto S, Ochs RL, Komiya S, Lotz M. Linkage of chondrocyte apoptosis and cartilage
degradation in human osteoarthritis. Arthritis and Rheumatism 1998;41:1632-8. 

15 Peters HC, Otto TJ, Enders JT, Jin W, Moed BR, Zhang Z. The protective role of the
pericellular matrix in chondrocyte apoptosis. Tissue Engineering Part A 2011;17:2017-24. 

16 Thomas CM, Fuller CJ, Whittles CE, Sharif M. Chondrocyte death by apoptosis is associated
with cartilage matrix degradation. Osteoarthritis and Cartilage 2015;9:27-34.

17 Hufschmid J, Beveridge I, Coulson G, Walker G, Shen P, Reynolds E, et al. Skeletal pathology
of eastern grey kangaroos exposed to high environmental fluoride levels in South-Eastern
Australia. Journal of Comparative Pathology 2015;153:167-84 

18 Zhao Y, Hao J, Wang J. Effect of choline on the composition and degradation enzyme of
extracellular matrix of mice chondrocytes exposed to fluoride. Biological Trace Element
Research 2016;175:414-20.

19 Wu GJ, Chen TG, Chang HC. Nitric oxide from both exogenous and endogenous sources
activates mitochondrial-dependent events and induces insults to human chondrocytes. Journal
of Cellular Biochemistry 2007;101:152-3. 

20 Pulsatelli L, Dolzani P, Silvestri T, Frizziero L, Facchini A, Meliconi R. Vascular endothelial
growth factor activities on osteoarthritic chondrocytes. Clinical and Experimental
Rheumatology 2005;23:487-93.

21 Garvey EP, Oplinger JA, Furfine ES, Kiff RJ, Laszlo F, Whittle BJ, et al.1400W is a slow, tight
binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo.
Journal of Biological Chemistry 1997;272:4959-63.

22 Wang ZB, Lu QY, LI ZC, Chen ZH, Liao WM, Kuang GZ, Wu ZP. L-Monomethyl-arginine
decreases apoptosis of chondrocytes by altering Bax and Bcl-2 expression in osteoarthritis of
rabbit knee. African Journal of Biotechnology April 2012;11(27):7094-7. 

23 Zhong M, Wike LJ, Ryaby JT, Carney DH, Boyan BD, Schwartz Z. Thrombin peptide TP508
prevents nitric oxide mediated apoptosis in chondrocytes in the endochondrial developmental
pathway. Biochimica et Biophysica Acta 2008;1783:12-22. 

24 Ersoz N, Guven A, Cayci T, Uysal B, Turk E, Oztas E, et al. Comparison of the efficacy of
melatonin and 1400W on renal ischemia/reperfusion injury: A role for inhibiting iNOS. Renal
Failure 2009;31:704-10. 

http://www.fluorideresearch.online/epub/files/073.pdf
http://www.fluorideresearch.online/epub/files/074.pdf


Research report
Fluoride 53(2 Pt 1):220-238

iNOS inhibitors attenuate the induction of iNOS and NO by fluoride
He, Wang, Deng, Xiang, Deng, Gui, Guan

238238

[Now published in full after the initial publication as an Epub ahead of print on Feb 15, 2020, at  
www.fluorideresearch.online/epub/files/074.pdf]
April-June 2020

25 Critchley SE, Eswaramoorthy R, Kelly DJ. Low-oxygen conditions promote synergistic
increases in chondrogenesis during co-culture of human osteoarthritic stem cells and
chondrocytes. Journal of Tissue Engineering and Regeneration 2018;12:1074-84.

26 Zhang H, Chen F, Liang ZH, Wu Y, Pi JS. Isolation, culture, and identification of duck intestinal
epithelial cells and oxidative stress model constructed. In Vitro Cellular and Developmental
Biology-Animal 2019;8:388-96.

27 Reiisi S, Esmaeili F, Shirazi A. Isolation, culture and identification of epidermal stem cells from
newborn mouse skin. In Vitro Cellular and Developmental Biology-Animal 2010;2046:54-9.

28 Wang J, Hu G, Lin Z, He L, Xu L, Zhang Y. Characteristic and functional analysis of a newly
established porcine small intestinal epithelial cell line. PLOS One 2014;9:e110916.

29 Zhang Y, You B, Liu X, Chen J, Peng Y, Yuan Z. High-Mobility Group Box1 (HMGB1) induces
migration of endothelial progenitor cell via Receptor for Advanced Glycation End-Products
(RAGE)-Dependent PI3K/Akt/eNOS Signaling Pathway. Medical Science Monitor
2019,25:6462-73.

30 Xi SH, Liu ZY, Yan L, Wang F, Sun GF. A role of fluoride on free radical generation and
oxidative stress in BV-2 microglia cells. Mediators of Inflammation 2012;2012:1-8.

31 Bush PA, Gonzalez NE, Griscavage JM, Ignarro LJ. Nitric oxide synthase from cerebellum
catalyzes the formation of equimolar quantities of nitric oxide and citrulline from L-arginine.
Biochemical and Biophysical Research Communication 1992;185:960-6. 

32 Jung CH, Kim JH, Park S, Kweon DH, Kim SH, Ko SG. Inhibitory effect of Ledeb on
inflammation by suppression of iNOS and ROS production. Immunological Investigations
2010;39:159-70. 

33 Fawell J, Bailey K. Chilton J, Dahi E, Fewtrell L, Magara Y. Fluoride in drinking-water. London,
UK: IWA Publishing on behalf of the World Health Organization, 2006.

34 Zohoori FV, Duckworth RM. Fluoride: intake and metabolism, therapeutic and toxicological
consequences. In: Collins JF, editor. Molecular, genetic, and nutritional aspects of major and
trace minerals. Chapter 44. Waltham, MA, USA: Academic Press, an imprint of Elsevier; 2017.
pp. 539-50. 

35 Pelletier JP, Lascau-Coman V, Jovanovic D, Fernandes JC, Manning P, Connor JR, et al.
Selective inhibition of inducible nitric oxide synthase in experimental osteoarthritis is
associated with reduction in tissue levels of catabolic factors. Journal of Rheumatology
1999;26:2002-14.

36 Lingaraj K, Poh CK, Wang W. Vascular endothelial growth factor is expressed during articular
cartilage growth and re-expressed in osteoarthritis. Annals of the Academy of Medicine-
Singapore 2010;39:399-403.

37 Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of proinflammatory
cytokines in the pathophysiology of osteoarthritis. Nature Reviews Rheumatology 2011;7:33-
42.

38 Di Meo S, Reed TT, Venditti P, Victor VM. Role of ROS and RNS sources in physiological and
pathological conditions. Oxidative Medicine and Cellular Longevity 2016;2016:1-44.

39 Feelisch M. The chemical biology of nitric oxide: an outsider’s reflections about its role in
osteoarthritis. Osteoarthritis and Cartilage 2008;16:S3-S13.

40 Lee YH, Woo JH, Choi SJ, Ji JD, Song GG. Effect of glucosamine or chondroitin sulfate on the
osteoarthritis progression: a meta-analysis. Rheumatology International 2010;30:357-63.

41 Harrison-Brown M, Scholes C, Hafsi K, Marenah M, Li J, Hassan F, et al. Efficacy and safely of
culture-expanded, mesenchymal stem/stromal cells for the treatment of knee osteoarthritis: a
systematic review protocol. Journal of Orthopaedic Surgery and Research 2019;14:34.

Copyright © 2020, ISFR, www.fluorideresearch.online, Dunedin, New Zealand

http://fluorideresearch.online
http://www.fluorideresearch.online/epub/files/073.pdf
http://www.fluorideresearch.online/epub/files/074.pdf

	ABSTRACT: This research was designed to examine the potential influence of fluoride exposure on the expression of nitric oxide (NO) and inducible nitric oxide synthase (iNOS) in rabbit costal cartilage cells, as well as the effects of two inh...

