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The aim of the study. Determination of the biological activity of new compounds – 3-hydroxymethylpyridinium hexafluorosilicate 

monohydrate (I) and 4-hydroxymethylpyridinium hexafluorosilicate (II), which we synthesized earlier. 
Materials and methods. The experiments were carried out on 42 white male Wistar rats, divided into 7 equal groups; working groups 

received Stefan’s cariogenic diet. Fluorine-containing salts were used in the composition of gels, with dose of fluorine of 1.00 mg/kg. All rats 
(except Sundays) had applications of gels, covering the teeth and gums. Reference drugs – sodium fluoride and (NH4)2SiF6.

Results and discussion. The caries-preventive efficacy (CPE) of fluorine-containing compounds was calculated. The activity of acid and 
alkaline phosphatases was determined in the incisor pulp homogenate, and the levels of malondialdehyde, elastase, and lysozyme were determined 
in the homogenate of the oral mucosa. Alanine aminotransferase activity was determined in blood serum. The CPE value for II is 41.5%, which is 
1.4 times greater than NaF. A significant positive effect of fluoride agents on the biochemical parameters of the dental pulp and oral mucosa of rats 
(mineralizing index, elastase, urease and lysozyme activities) that received a cariogenic diet was established. Hexafluorosilicates more effectively 
normalize biochemical parameters compared to the action of sodium fluoride in the absence of hepatotoxic effects for all the studied compounds.

Key words: pyridinium hexafluorosilicates, caries-preventive efficacy, mineralizing index, activity of alanine aminotransferase, level of 
malondialdehyde.
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Об’єктами дослідження є дві нові сполуки – 3-гідроксиметилпіридинію (I) і 4-гідроксиметилпіридинію (II) гексафторсилікати. 

Досліди проводили на білих щурах-самцях Вістар; робочі групи отримали карієсогенний раціон Стефана. У складі гелів використовували 
фторвмісні солі з дозою фтору 1,00 мг/кг. Препарати порівняння – фторид натрію та (NH4)2SiF6. Значення карієспрофілактичної 
ефективності (КПЕ) для II становить 41,5%, що в 1,4 раза більше, ніж NaF. Встановлено достовірний позитивний вплив фторвмісних 
препаратів на біохімічні показники пульпи зуба та слизової оболонки порожнини рота щурів. Гексафторсилікати більш ефективно 
нормалізують біохімічні показники порівняно з дією натрію фториду за відсутності гепатотоксичної дії для всіх досліджуваних сполук.

Ключові слова: піридинові гексафторсилікати, карієспрофілактична ефективність, індекс мінералізації, активність 
аланінамінотрансферази, рівень малонового діальдегіду.
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Introduction. Caries – progressive damage to tooth tis-
sues – is one of the most common chronic diseases, and 
this pathology is a problem for health care systems in most 
countries of the world [1]. In the existing schemes for the 
treatment and prevention of caries, the undisputed leader 
is fluoride preparations, mainly inorganic fluorides, as 
well as fluorides with organic ammonium cations, such as 
aminofluoride and fluorinol – 3-hydroxymethylpyridinium 
fluoride [2]. The latter drugs have certain advantages over 
inorganic analogues. Thus, according to in vitro experi-
ments [2], the rate of adsorption and the amount of fluoride 
ions absorbed by the surface of tooth enamel or synthetic 
apatites when using fluorinol significantly exceeds the sim-
ilar effect of sodium fluoride, which indicates the effective-
ness of fluorinol as a remineralizing agent. In recent years, 
ammonium hexafluorosilicates (AHFS) have been actively 
studied as potential anti-caries agents [3], the use of which 
is accompanied by the effect of prolonged occlusion of 
dentinal tubules by calcium fluoride deposits. Of special 
interest are AHFS with biologically active cations: in this 
case, there is a potential opportunity to enhance the car-
ies-preventive effect of the fluorine-containing anion due 
to the positive contribution of the pharmacological action 
of the cation (for example, bactericidal, anti-inflammatory) 
[3]. As evidenced by the results [4; 5], AHFS with substi-
tuted pyridinium cations, which are well soluble in water 
[3], relatively low-toxic and characterized by a wide spec-
trum of biological activity of pyridine ligands. Recently, 
we demonstrated [6] the possibilities of qualitative iden-
tification of a series of AHFS with pyridinium cations. In 
the course of studying this group of AHFS, this publication 
presents the results of determining the biological activity of 
3-hydroxymethylpyridinium hexafluorosilicate monohy-
drate and 4-hydroxymethylpyridinium hexafluorosilicate 
as potential anti-caries agents. 

The aim of the work is to study caries preventive effi-
cacy of 3-hydroxymethylpyridinium hexafluorosilicate 
monohydrate (I) and 4-hydroxymethylpyridinium hexafluo-
rosilicate (II) in an experiment on rats fed a cariogenic diet.

Materials and methods. 3-Hydroxymethylpyridinium 
hexafluorosilicate monohydrate (3-HOCH2C5H4NH)2[SiF6] 
H2O and 4-hydroxymethylpyridinium hexafluorosilicate 
(4-HOCH2C5H4NH)2[SiF6] were synthesized and identified 

earlier [6; 7]. Ammonium hexafluorosilicate and sodium 
fluoride are commercial reagents of analytical grade 
(“Reakhim”). Fluorine-containing salts were used in the 
composition of phytogels based on the sodium salt of car-
boxymethyl cellulose [8]. The concentration of substances 
in the gel corresponds to a dose of fluorine 1.00 mg/kg.

Animal experiments were carried out in compliance 
with the provisions of the “European Convention for the 
Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes” (Strasbourg, 1986) and the 
Law of Ukraine “On the Protection of Animals from Cru-
elty” (Ukraine, 2006). The experiments were carried out 
on 42 white Wistar male rats (1.5 months old, body weight 
67–70 g), divided into 7 equal groups. Groups 2–7 received 
Stefan’s Cariogenic Diet (CGD) [9]. 

All rats in control groups 2–7 were given daily (except 
Sundays) applications of phytogels at a dose of 0.3 ml per 
rat, covering teeth and gums. After application, the animals 
were not fed or watered for one hour. Animals were euth-
anized on the 36th day of the experiment using thiopen-
tal anesthesia (20 mg/kg) by total bloodletting from the 
heart. Then the pulp was removed from the incisors, in the 
homogenate of which the activity of acid (AcP) and alka-
line phosphatases (AlP) was determined [10]. The level of 
malondialdehyde (MDA) [10], elastase [10] and lysozyme 
[10] was determined in the homogenate of the oral mucosa. 
Blood serum was obtained, in which the activity of alanine 
aminotransferase (ALT) was determined [11].

The mineralizing index (MI) was calculated based on 
the ratio of alkaline and acid phosphatase [12]. The pulp 
was extracted from the incisors and the number and depth 
of carious lesions of the teeth were counted [13]. Caries 
preventive efficiency (CPE) was calculated according to 
the presented formula (1):

CPE = [(А–B)/А] х 100%, (1)
where A is the average number of carious lesions per rat 

treated with CGD, B is the average number of carious lesions 
per rat treated with CGD and fluoride-containing drugs.

All research results were subjected to statistical pro-
cessing, arithmetic mean (M) and error (±m) were calcu-
lated. Comparisons by groups of indicators were performed 
using Student’s t-test [14].

Table 1
Caries-prophylactic effectiveness of fluorine-containing compounds

No. 
i/o Groups Number of lesions Depth of lesions CPE, %

1. Intact 6.4±0.3 7.0±0.3 –

2. CGD + gel-placebo 8.2±0.4 р<0.002 8.5±0.4 
р<0.02 –

3. CGD + gel-NaF 5.8±0.4 
р>0.4; р1<0.002

6.4±0.6 
р>0.4; 

р1<0.01
29.3

4. CGD + gel-(NH4)2SiF6 5.6±0.7 р>0.4; р1<0.02
6.9±0.2 
р>0.8 

р1<0.002
31.7

5. CGD + gel-I 5.6±0.8 р>0.4; р1<0.02
6.6±0.4 
р>0.4 

р1<0.002
31.7

6. CGD + gel-II 4.8±0.6 р<0.01; р1<0.001 5.6±0.5 р<0.02; р1<0.01 41.5
Note: p – compared to group 1; p1 – compared to group 2.
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Results and discussion 
The table 1 and Fig. 1 show the results of the determi-

nation of dental caries and the calculated CPE values of the 
studied fluorine-containing salts.
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Fig. 1. CPE of fluoride preparations.  
Note: 1 – CGD + gel-NaF; 2 – CGD + gel-(NH4)2SiF6; 

3 – CGD + gel-I; CGD + gel-II

Table 1 demonstrates that the use of CGD significantly 
increases the incidence of dental caries. On the contrary, all 
fluoride preparations investigated in the experiment show 
a caries-prophylactic effect. The maximum CPE value was 
found for compound II, which 1.4 times exceeds the value 
for sodium fluoride. However, the use of gel with com-
pound I leads to slight increase in CPE relative to sodium 
fluoride (29.3% and 31.7%, respectively). 

The results of determining the activity of acid and alkaline 
phosphatases and the calculated indicators of MI of the dental 
pulp in rats that received CGD under the influence of fluo-
rine-containing compounds are shown in table 2 and Fig. 2.
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Fig. 2. The effect of fluorine-containing compounds on 
MI pulp in rats treated with CGD. Note: 1 – intact;  

2 – CGD + gel-placebo; 3 – CGD + gel-NaF;  
4 – CGD + gel-(NH4)2SiF6; 5 – CGD + gel-I;  

6 – CGD + gel-II

As a result of the action of CGD, there is a signifi-
cant decrease in the activity of alkaline phosphatase and 
an increase in the activity of AcP; at the same time, the 
value of MI decreases 4 times. When using gels with fluo-
ride preparations, an effective increase in AlP activity and a 
decrease in AcP activity were recorded, so that all relevant 
MI values exceeded this indicator for the group of intact 
animals; all studied AHFS show a more significant increase 
in MI compared to the similar effect of sodium fluoride. 
The maximum value of MI was recorded when using a gel 
with complex II, which 1.25 times exceeds that for sodium 
fluoride.

The table 3 shows the results of determining the level 
of inflammatory markers (elastase activity and MDA level) 
in the homogenate of the oral mucosa and the “hepatic” 

Table 2
The effect of fluorine-containing compounds on the activity of phosphatase and MI of dental pulp in rats 

receiving a cariogenic diet

№ i/o Groups AlP,
μ-kat/kg

AcP,
μ-kat/kg МІ

1. Intact 26.30±0.10 36.22±0.18 72.61±4.82

2. CGD + gel-placebo 12.60±0.09
р<0.002

68.32±0.28
р<0.001

18.44±1.05
р<0.001

3. CGD + gel-NaF
22.30±0.09

р<0.002
р1<0.02

26.53±0.18
р<0.001
р1<0.001

84.06±5.86
р>0.2

р1<0.001

4. CGD + gel-(NH4)2SiF6 

25.00±0.08
р>0.3

р1<0.001
р2<0.02

24.65±0.16
р<0.001
р1<0.001
р2<0.001

101.42±5.84
р<0.002
р1<0.001
р2<0.05

5. CGD + gel-I

26.90±0.10
р>0.7

р1<0.001
р2<0.002

28.15±0.12
р<0.001
р1<0.001
р2<0.002

95.56±6.52
р<0.01

р1<0.001
р2>0.2

6. CGD + gel-II

25.50±0.08
р>0.5

р1<0.001
р2<0.02

24.25±0.20
р<0.001
р1<0.001
р2<0.002

105.15±7.53
р<0.002
р1<0.001
р2<0.05

Notes: p – In comparison with gr. 1; p1 – In comparison with gr. 2; p2 – In comparison with gr. 3.
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marker (ALT activity) in the blood serum of rats treated 
with CGD and fluorine-containing salts.

It is known that the degree of lipid peroxidation (LPO) 
in biological objects can be evaluated by the level of MDA 
[15]. Under the influence of CGD, a significant increase in 
the level of inflammatory markers is observed: in particu-
lar, the content of MDA, one of the main products of lipids, 
almost 2 times increases compared to the norm. The use 
of gel applications with fluorine-containing preparations 
was accompanied by a significant decrease of this indicator 
to values close to the norm, and all studied AHFS more 
effectively normalized the level of elastase compared to 
sodium fluoride (Fig. 3). As for the results of determining 
the activity of ALT (Table 3), which is a sensitive marker 
of hepatotoxicity of drugs [16], the obtained data indicate 
the absence of hepatotoxic effects for all the studied com-
pounds.
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Fig. 3. Effect of fluorine-containing salts on the level 
of inflammatory markers in rats fed a cariogenic diet. 
Note: 1 – intact; 2 – CGD + gel-placebo; 3 – CGD + 

gel-NaF; 4 – CGD + gel-(NH4)2SiF6; 5 – CGD + gel-I; 
6 – CGD + gel-II

The results of determining the activity of urease and 
lysozyme in the homogenate of the mucous membrane of the 
oral cavity of rats that received CGD are presented in table 4.  
As you know, lysozyme activity is an indicator of the state 
of the antimicrobial systems of the microorganism [13], and 
urease activity indirectly characterizes the degree of microbial 
contamination of the oral cavity [13]. According to the data in 
table 4, a significant increase in urease activity is observed in 
rats treated with CGD, which indicates an increase in microbial 
contamination of the oral cavity. All investigated fluorine-con-
taining compounds effectively reduce urease activity, and the 
maximum effect is achieved when compound II is used.

In contrast, lysozyme activity in the oral cavity is signif-
icantly reduced in rats treated with CGD and increased after 
the use of gels with fluorine-containing drugs. At the same 
time, all AHFS increase the activity of lysozyme to a greater 
extent compared to the similar effect of sodium fluoride. 

Judging by the data [4, 5] and the results of this work, 
AHFS with substituted pyridinium cations in an experiment 
on rats have a higher CPE compared to sodium fluoride 
and in some cases (NH4)2SiF6. In particular, the CPE value 
of 4-carboxymethylpyridinium, 3-carboxyethylpyridinium 
salts of the composition [X-HO(O)C(CH2)nC5H4NH]2SiF6 
(X = 4, n = 1, III; X = 3, n = 2, IV) and 4-hydroxym-
ethylpyridinium (4-HOCH2C5H4NH)2SiF6, I, 5, 1.75 and  
1.4 times higher than for sodium fluoride, respectively [4; 5].  
In addition, as stated in [4], the presence of pharmacoph-
ores of anti-inflammatory activity in the cations of salts 
III and IV – residues of acetic and propionic acids can be 
accompanied by the realization of the corresponding phar-
macological effect and indirectly lead to an increase in the 
anti-caries effect of compounds III and IV. However, to 
confirm the presence of anti-inflammatory activity in an 
experiment on the carrageenan model of inflammation 
for a series of compounds [X-HO(O)CCH2C5H4NH]2SiF6  

Table 3
The effect of fluorine-containing salts on the level of inflammatory markers (oral mucosa homogenate) and ALT 

activity (blood serum) in rats fed a cariogenic diet

№ i/o Groups Elastase activity, 
μ-kat/kg

MDA level,
mmol/kg

ALT activity,
μ-cat/l

1. Intact 55.38±3.62 27.74±1.10 0.254±0.005

2. CGD + gel-placebo 69.19±2.83
р<0.002

51.92±2.32
р<0.001

0.316±0.002
р<0.001

3. CGD + gel-NaF
58.33±3.3

р>0.8
р1<0.02

33.46±1.22
р<0.001
р1<0.001

0.421±0.007
р<0.001
р1<0.001

4. CGD + gel-(NH4)2SiF6 
52.14±1.45

р>0.8
р1<0.001

р2>0.1

31.25±1.56
р>0.1

р1<0.001
р2>0.2

0.360±0.009
р<0.001
р1<0.001
р2<0.001

5. CGD + gel-I
50.33±2.0

р>0.8
р1<0.001
р2<0.05

31.73±1.48
р<0.05

р1<0.001
р2>0.4

0.313±0.010
р<0.001
р1>0.6

р2<0.001

6. CGD + gel-II
50.43±2.60

р>0.8
р1<0.001

р2>0.1

33.12±1.24
р<0.02

р1<0.001
р2>0.8

0.329±0.008
р<0.001
р1>0.2

р2<0.001

Notes: p – In comparison with gr. 1; p1 – In comparison with gr. 2; p2 – In comparison with gr. 3.
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(X = 2, 3, 4) did not succeed. In the context of evaluating 
the prospects for the use of compounds I and II as anti-car-
ies agents, it should be emphasized that these complexes 
do not have a hepatotoxic effect. Note that the absence of 
manifestations of hepatotoxic activity was also previously 
established for hexafluorosilicates of other substituted 
pyridinium cations – 2-, 3-, 4-carboxymethylpyridinium 
[4], 2-, 3-, 4-carboxyethylpyridinium [5]. 

Along with the caries-prophylactic effect, the effect of 
the fluorine-containing salts studied in the work, including 
salts I and II, is accompanied by a significant improvement 
in the biochemical parameters of the dental pulp and the 
homogenate of the oral mucosa of rats treated with CGD. 
In addition, the normalization of MI indicators, elastase, 
urease and lysozyme activity when using gels of hexafluo-
rosilicates (NH4)2SiF6, I and II is more effective compared 
to the action of sodium fluoride.

Table 4
The effect of fluorine-containing salts on the activity of urease and lysozyme in the homogenate of the mucous 

oral cavity of rats receiving a cariogenic diet

№ i/o Groups Urease activity, 
μ-kat/kg Lysozyme activity, units/kg

1. Intact 0.215±0.009 99±4

2. CGD + gel-placebo 0.618±0.012
р<0.001

31±1
р<0.001

3. CGD + gel-NaF
0.327±0.009

р<0.001
р1<0.001

67±3
р<0.001
р1<0.001

4. CGD + gel-(NH4)2SiF6 

0.281±0.008
р<0.001
р1<0.001
р2<0.002

88±3
р<0.05

р1<0.001
р2<0.001

5. CGD + gel-I

0.280±0.008
р<0.001
р1<0.001
р2<0.002

88±4
р<0.05

р1<0.001
р2<0.002

6. CGD + gel-II

0.268±0.007
р<0.001
р1<0.001
р2<0.002

87±4
р<0.05

р1<0.001
р2<0.002

Notes: p – In comparison with gr. 1; p1 – In comparison with gr. 2; p2 – In comparison with gr. 3.

Conclusions. Thus, salts I and II in the composition of 
phytogels in the conditions of the model of experimental caries 
in rats demonstrate a caries-prophylactic effect in the absence 
of manifestations of hepatotoxicity. Salt I and (NH4)2SiF6 are 
similar in their caries prevention parameters and slightly dif-
ferent from sodium fluoride, while complex II shows a more 
pronounced anti-caries effect: CPE II 1.4 times exceeds that 
of sodium fluoride. The investigated hexafluorosilicates I and 
II more effectively normalize the biochemical parameters of 
the dental pulp and the homogenate of the mucous membrane 
of the oral cavity of rats compared to sodium fluoride; accord-
ing to some indicators, the use of complex II leads to the best 
results. The previously published [3] characteristics of solu-
bility and hydrolytic instability of salt II and the results of this 
work make it possible to consider 4-hydroxymethylpyridin-
ium hexafluorosilicate a promising object for further in-depth 
study as an anti-caries agent.
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