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Abstract. Background: Silicon dioxide (SiO2) is an oligomineral found naturally in water, plants, and animals. One 
of the most important sources of this mineral is drinking water, where certain amount of dissolved amorphous silicon 
dioxide can be detected. Lack of SiO2 is associated with moderate disorders in the metabolism of bone tissue. 
Aluminum food intake enhances inflammation and the production of inflammatory cytokines. It is shown that silicon 
dioxide has an antagonistic effect with the aluminum in the body and may have a preventive role in numerous 
diseases. Therefore, the application of natural protectors that have the ability to reduce inflammatory responses and 
other harmful effects of aluminum are of special importance for contemporary nutrition. Aim: The main goal of this 
study was to evaluate the effect of silicon dioxide enriched water during chronic ingestion of aluminum on functional 
characteristics of peritoneal macrophages as one of the best-studied macrophage population. Materials and Methods: 
We used the model of chronic intoxication with aluminum for a period of 90 days by gavages with a solution of 
aluminum chloride in the form of aluminum salt dissolved in distilled water (1.6 mg/kg in 0.5 ml daily water intake). 
In total, 21 female Wistar Albino rats were divided into 3 groups, each consisting of 7 animals: chronically intoxicated 
with aluminum [non-treated (NT) and per os treated (T) with water enriched with silicon dioxide (20 mg/l)] and 
sham-intoxicated (S). PMF (LPS- or PMA-stimulated) were evaluated according to phagocytic activity and metabolic 
activity after 24h cultivation in vitro. The study also included evaluation of supernatant cytokine (TNF-α, soluble (s) 
ICAM-1) concentration in supernatants by ELISA method. Results: PMF from animals chronically intoxicated with 
aluminum (NT) showed lower metabolic viability/activity compared with PMF isolated from sham animals (S). 
Treatment of intoxicated animals with water enriched with SiO2 partially restored metabolic viability. T-PMF had 
higher metabolic viability compared to NT-PMF but still significantly lower than S-PMF. PMF of aluminum-
intoxicated animals (NT-PMF) showed very low phagocytic activity, whereas SiO2 enriched water significantly up-
regulated this activity. A daily intake of aluminum increased the release of TNF-α, while the SiO2 treatment reduced 
these levels. Up-regulated ICAM-1 shredding by T-PMF were followed by the production of TNF-α. Conclusion: Our 
study showed that treatment with water enriched with SiO2 in concentration of 20 mg/L partially normalized 
characteristic of PMF of animals intoxicated with aluminum. We can suggest that SiO2 could be a natural antidote of 
the aluminum and we may presume its possible beneficial role in decreasing the aluminum toxicity commonly present 
in water and food. 
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1. INTRODUCTION 

Silicon dioxide (SiO2), also known as silica, is an 
oligomineral found naturally in water, plants, and 
animals. Along with being found pretty much 
everywhere on Earth, SiO2 is found in small quantities 
in many types of food and supplements. One of the 
most important sources of this mineral is drinking 
water where certain amount of dissolved amorphous 
silicon dioxide can be detected [1]. According to The 
Food and Drug Administration (FDA), there is no 
evidence that SiO2 can affect reproductive health, birth 
weight, or body weight. FDA also described SiO2 as a 
safe food additive, as do the World Health 

Organization (WHO) and the European Food Safety 
Authority (EFSA). Silicon-deficiency studies in growing 
animals in the 1970s and 1980s reported stunted 
growth and profound defects in bone and other 
connective tissues in these animals [2],[3]. However, 
more recent studies have found mild alterations in 
bone metabolism without any adverse health effects, 
thus the biological role of silicon remains unknown 
[4],[5]. 

Aluminum (Al) is ubiquitous and is the most 
abundant metal element in our environment [6], [7] A 
main route of exposure to aluminum is through food 
and water. For many years, exposure to aluminum in 
the form of hydroxide was suggested to favor an 
abnormal immune response in different diseases, 
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including autoimmune conditions, inflammatory bowel 
disease and breast cancer [8]-[10]. Some studies 
described an antagonistic effect of SiO2 and Al, thus 
indicating that silica could have preventive role in 
numerous diseases [11]. Therefore, the applications of 
natural protectors that have the ability to reduce 
harmful effects of aluminum are of special importance 
for contemporary nutrition.  

Peritoneal macrophages (PMF) from experimental 
animals are an exceptionally powerful model system to 
investigate macrophage phenotypes and functions in 
response to specific stimuli, resembling as much as 
possible the conditions observed in various 
pathophysiological settings such as intoxication with 
aluminum. A number of animal experiments proved 
that Al exposure caused inhibitory effects on the 
immune function of different immune cells including 
macrophages [12]. Also, there are data showing that 
capture of crystalline silica by macrophages can modify 
their metabolic activity [13],[14].  

Having that in mind, main goal of our study was to 
evaluate the effect of water enriched in soluble SiO2 
during chronic ingestion of aluminum on functional 
characteristics of peritoneal macrophages as a one of 
the best-studied macrophage population. 

2. MATERIALS AND METHODS 

We used model of chronic intoxication with 
aluminum for a period of 90 days by gavages with a 
solution of aluminum chloride in the form of aluminum 
salt dissolved in distilled water (1.6 mg/kg in 0.5 mL 
daily water intake). In total, 21 female Wistar Albino 
rats, 2 months old, were divided into 3 groups, each 
consisting of 7 animals: chronically intoxicated with a 
soluble aluminum [non-treated (NT) and per os treated 
(T) with water enriched in soluble form of silicon 
dioxide (20 mg/l)] and sham-intoxicated (S). After 90 
days of treatment, the animals were anesthetized by 
Ketamin HCl (50 mg/kg). 

2.1. Isolation of peritoneal cells 

Peritoneal cells were harvested by peritoneal lavage 
with 20 ml of ice cold PBS/NaEDTA. Harvested cells 
were purified using 40% OptiPrep gradient. The purity 
of peritoneal macrophage population obtained by this 
method was 85%, according to staining with FITC-
conjugated anti-CD68 antibodies (AbD Serotec,Oxford, 
UK). After that, cells were seeded in 96 well plates, 105 
cells per well and cultured in standard conditions 
(5%CO2, 37oC). Parallel set of cultures was placed 
where macrophages were stimulated by 
lipopolysaccharide (LPS) (10µg/µl). Phagocytic 
activity, metabolic activity, nitric-oxide (NO) 
production and cytokine releasing by PMF were 
measured after 24h cultivation in vitro. 

2.2. MTT assay 

Metabolic activity was measured by MTT assay. 
Briefly, MTT (Invitrogen) was added in final 
concentration 0.5 mg/ml and incubated for 4h. 
Formed formazan crystals were dissolved by adding 
SDS-HCl (100ul/well). Optical density was measured 
at 570/650 nm using an ELISA plate reader. All 
determinations were conducted in quadruplicate. 

2.3. Phagocytosis assay 

Phagocytsis assay was carried out according to the 
technique described by Chen et al. [15]. Supernatants 
were collected and 50µl /well of neutral red (1:300) 
was added, and incubated for 4 h. The supernatant was 
discarded and cells were washed three times with PBS. 
After that, 100 µl/well of cell lysing solution (ethanol 
and 1% acetic acid at the ratio of 1:1) was added. The 
absorbance was measured at 540/650 nm using an 
ELISA reader. All determinations were conducted in 
quadruplicate. 

2.4. NO production 

Nitric oxide (NO), quantified by the accumulation 
of nitrite as a stable end-product, was determined by a 
Greiss reaction assay. Briefly, 50-µl samples 
supernatans were removed from the PMF culture and 
incubated with an equal volume of Griess reagent 
[0.35% 4-aminophenyl sulfone (Sigma-Aldrich, 
Germany), 0.1% N-(1-naphthyl)ethylenediamine 
dihydrochloride in 1M HCl (POCh, Poland)] at room 
temperature for 10 min. The absorbance at 540/650 
nm was measured and the concentration of nitrite was 
calculated with a help of a sodium nitrite standard 
curve. 

2.5. Detection of cytokines 

Evaluation of cytokines (TNF-α, IL-10, soluble (s) 
ICAM-1) released by PMF was done by detecting their 
concentration in supernatants by ELISA method 
according to the manufactures instruction (R&D 
Systems, Minneapolis, USA). 

2.6. Statistical analysis  

The differences in parameters between 
experimental and control groups were evaluated using 
Student’s t-test or one-way ANOVA. Values of p<0.05 
or less were considered as statistically significant. 

3. RESULTS AND DISCUSSION 

Macrophages are resident cells found in almost all 
tissues of the body with numerous functions such as 
promotion of innate immune response and 
enhancement of organism's defense capabilities by 
phagocytosis and secreting cytokines [16-18]. 
Peritoneal macrophages play key roles in the control of 
infections, different environmental negative influence 
and different inflammatory pathologies, as well as in 
the maintenance of immune response robustness and 
homeostasis [19], [20].  

It is known that chronic aluminum ingestion by 
water causes macrophages dysfunction in vivo [21]. 
Results obtained in this study showed that treatment 
with water highly enriched in SiO2 decreases the 
effects of Al exposure and partially restores functional 
characteristics of PMF measured by their metabolic 
activity, phagocytosis capacity, NO and TNF-α 
production. 

Metabolic activity and viability of the cells are very 
important for their normal functioning and it is one of 
the first cell characteristics to check when we want to 
investigate the effect of certain substance. PMF from 
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animals chronically intoxicated with aluminum (NT) 
showed lower metabolic viability/activity compared 
with PMF isolated from sham animals (S) (see Fig. 1). 
Our results are in accordance with literature data 
which show that aluminum suppress macrophage 
function both in vitro and in vivo [12],[22]-[25]. 
Treatment of intoxicated animals with water enriched 
in SiO2 partially restores metabolic viability. T-PMF 
have higher metabolic viability compared to NT-PMF 
but still significantly lower than S-PMF. 

 
Figure 1. Metabolic activity of tested PMF 

Metabolic activity was measured by MTT assay. Briefly, MTT 
was added in final concentration 0.5 mg/ml and incubated for 
4h. Formed formazan crystals were dissolved by adding SDS-
HCl (100µl/well). Optical density was measured at 540 nm 
using an ELISA reader. S- Sham, NT- Al intoxicated, non-

treated, T-Al intoxicated, treated with water enriched in SiO2 
Values are means ± S.E. (n=3), * P<0. 05 vs. S, +< 0.05 vs. 

NT 

Phagocytosis is important function of macrophages. 
Phagocytosis of pathogens by macrophages initiates 
the innate immune response, which in turn 
orchestrates the adaptive response [26]. PMF of 
aluminum-intoxicated animals (NT-PMF) showed very 
low phagocytic activity as shown in Figure 2. Other 
researchers [12] also showed that Al exposure 
decreases macrophage phagocytosis capacity. On the 
other hand, treatment of such intoxicated animals with 
water enriched with silicon dioxide significantly up-
regulated their PMF phagocytic activity. Slight increase 
of this characteristic in T group is in agreement with 
the fact that SiO2 stimulates phagocytic activity of 
PMF against BCG strain mycobacteria [27]. 

Activation of macrophages is also related with the 
increased level of NO production. This molecule has 
microbicide potential and can act as a messenger in 
inflammation [28]. Unless stimulated, PMF produce 
very low, undetectable level of NO in all groups (data 
not shown). When stimulated, S-PMF and T-PMF start 
to produce certain level of NO, but this is not a note for 
NT-PMF (see Fig.3). These results are expected 
because Al also caused suppression of other 
macrophage function (metabolic activity, phagocytosis, 
etc.) in our study. Detected increase of NO production 
by T-PMF compared to NT-PMF may be consequence 
of SiO2 induced activation of PMF. Literature data 
show that silica nanoparticles may induce pro-
inflammatory response of PMF [29]. 

A daily intake of aluminum also affects the release 
of proinflammatory cytokines such as TNF-α (see Fig. 
4). TNF-α is a cytokine involved in inflammation and is 
produced mainly by activated macrophages. It plays a 
critical role in a pathophysiology of various diseases, 
including inflammatory bowel disease [30], 

Alzheimer's disease [31], cancer [32]. On the other 
hand, recent studies are indicating a possible 
involvement of aluminum in development of these 
diseases. Namely, de Chambrun et al. [9] have shown 
deleterious effects of aluminum on intestinal 
inflammation and mucosal repair suggesting it as an 
inflammatory bowel diseases risk factor. In addition, 
Mannello and Canale showed an involvement of 
aluminum ions in oxidative and inflammatory status 
perturbations of breast cancer microenvironment [10]. 
A 15-Year Follow-up of the PAQUID Cohort study 
pointed that high daily intake of aluminum was 
significantly associated with increased risk of dementia 
[11]. Our finding of decreased levels of TNF-α 
production by NT-PMF correlates with lower metabolic 
activity of these cells. Also it is consistent with other 
researchers’ data that showed that Al exposure leads to 
decrease of TNF-α mRNA expression in PMF and 
serum TNF-α level. However, an important finding of 
our study refers to normalizing TNF-α production by 
PMF isolated from T animals. This finding can be 
explained with the results of Park and Park [29]. They 
showed that treatment with silica increases the level of 
IL-1, IL-6, TNF-α, iNOS, and COX-2 mRNA expression 
and it may trigger pro-inflammatory responses both in 
vivo and in vitro. 

 
Figure 2. Phagocytic activity of tested PMF 

Phagocytotic/pinocityc activity was assessed by Neutral red 
uptake. Cells were placed in a 96-well plate and cultured at 37 

°C, 5% CO2 for 72 h. Culture media were removed and 100 
µL/well of neutral red added, and incubated for 4 h. Media 
were discarded, and macrophages were washed for three 
times with PBS (pH 7.2–7.4).Washed macrophages were 
resuspended in 100 µL/well of cell lysing solution and 

cultured for 2 h. The phagocytic level was measured as the 
absorbance at 540 nm. S- Sham, NT- Al intoxicated, non-

treated, T-Al intoxicated, treated with water enriched in SiO2 
Values are means ± S.E. (n=3), * P<0. 05 vs. S, +< 0.05 vs. 

NT 

 
Figure 3. Production of NO by tested PMF 

Production of NO was measured by Greiss reaction. Briefly, 
50 ul of supernatans was mixed with 50ul og Greiss reagens. 
Optical density was measured after 10 min at 540 nm using 
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an ELISA reader. S- Sham, NT- Al intoxicated, non-treated, 
T-Al intoxicated, treated with water enriched in SiO2 

Values are means ± S.E. (n=3), * P<0. 05 vs. S, +< 0.05 vs. 
NT 

 
Figure 4. Production of TNF-α by tested PMF 

Cytokine concentration of TNF-α was measured in cell 
supernatants by ELISA method according to the 

manufacturer’s instructions. S- Sham, NT- Al intoxicated, 
non-treated, T-Al intoxicated, treated with water enriched in 

SiO2 
Values are means ± S.E. (n=3), * P<0. 05 vs. S, +< 0.05 vs. 

NT 

Beyond its classically described functions as an 
adhesion molecule, ICAM-1 has now been 
characterized as possessing a role in signal 
transduction. Such function of ICAM-1 seems to be 
associated with pro-inflammatory pathways. In 
particular, ICAM-1 signaling seems to produce a 
recruitment of inflammatory macrophages [33], [34].  
Up-regulated ICAM-1 shredding by T-PMF in our study 
(see Fig. 5) are in agreement with studies where it 
follows the production of pro-inflammatory TNF-α 
[35]. Additionally, Hubbard and Giardina showed that 
silica increases ICAM-1 expression significantly by 48 h 
of in vitro stimulation [36].  

 
Figure 5. Shedding of ICAM-1 by tested PMF 

Concentration of solubile ICAM-1 was measured in cell 
supernatants by ELISA method according to the 

manufacturer’s instructions 
Values are means ± S.E. (n=3), * P<0. 05 vs. S, +< 0.05 vs. 

NT  

In this research, we wanted to see if application of 
natural protectors such as water highly enriched in 
SiO2 has the ability to recover different PMF functions. 
Silica is a common component of the diet found mainly 
in plant-based foods (cereal grains and some fruits and 
vegetables), drinking water and some alcoholic 
beverages, notably beer. Currently there are no 
recommended intakes for dietary silica. Its absorption 
depends on the food source, with silicon in drinking 
water being particularly well-absorbed (>50% of the 
total silica content in the food) [4].Our study showed 
that treatment with water enriched with silicium 

dioxide in concentration of 20 mg/L partially 
normalized characteristic of PMF of animals 
intoxicated with aluminum. Silicon present in drinking 
water may be protective with respect to the decrease of 
cognitive function as it was suggested by several studies 
[11], [38]. The silica is probably the natural antidote of 
the aluminum and could play a benefit role by 
decreasing the toxicity of aluminum [38].  On the other 
hand, SiO2 are also associated with silicosis. The main 
feature of silicosis is high degree of inflammation and 
substantially scaring in lungs. There are several reports 
on the pathogenesis of silicosis induced by crystalline 
silica. Investigators have studied the effects of 
crystalline silica particles on the expression of 
cytokines, chemokines, reactive oxygen species (ROS), 
reactive nitrogen species (RNS), and NO generated 
mainly through iNOS [39], [40]. Park and Park [29] 
showed that silica in high concentration (50, 100, and 
250 mg/kg) can be toxic to macrophages and other cell 
types due to high ROS, RNS, and NO effects. However, 
Arkhipov showed that i.p. injection of SiO2 in the low 
concentration (1.7 mg/ml) have no cytotoxic effect on 
PMF but enhances phagocytosis activity [27].  
Probably, we may assume that the effect of silica 
depends on its form, applied concentration and route 
of entrance to organism.  

Exley group suggest that silicic acid in interaction 
with Al form hydroxyaluminosilicates, which could 
explain the influence of silicic acid on the absorption 
and urinary excretion of Al [41]. Their further results 
confirmed that regular drinking of silicic acid-rich 
potable waters may be an effective mechanism whereby 
Al might be purged from the body and the body burden 
of Al retained at a lowest possible level. [42] This is in 
accordance with our results where we showed 
protective role of silica in decreasing the aluminum 
toxicity. 

Finally, results of this study may be explained with 
the fact that Al exposure causes immunosuppression, 
and that SiO2 in low doses (as it was in our study) may 
have stimulatory effects which as final outcome has 
partial restoration of PMF function. Regarding that, 
our results suggest that silicon dioxide is a natural 
antidote of the aluminum and we may presume its 
possible benefit role in decreasing the aluminum 
toxicity commonly present in water and food. 
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