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Abstract. Silicon is considered an inorganic biostimulant and a prophylactic extracellular agent that allows the stimulation of a 

wide range of natural defences against abiotic and biotic stresses. However, little or no work has focused on the direct action of 
silicon on some enzymes. Indeed, during this study, the action of silicon was studied in vitro by direct contact of this element at 
different doses with the enzymatic extracts of Trigonella foenum-graecum L. (fenugreek) seeds. Our results showed that silicon 
strongly inhibited antioxidant and hydrolytic enzymatic activities. The percentage of this inhibition depends on the dose of silicon 
and the type of enzyme. The most sensitive enzymes to this inhibition were SOD and lipases whose activity was totally inhibited at 
4 mM and 7 mM respectively. However, we report that the inhibitory action of silicon was limited to 50% for GPOX whatever the 
concentration of silicon used, the plateau being reached at 10 mM for GPOX and at 70 mM for proteases. Since these enzymes are 
mainly metallo-dependent, we hypothesize that their inhibition by silicon may be due to interactions between silicon and the metals 
involved in the functioning of each enzyme. Our study shows that silicon can be used as an inhibitor of enzymes involved in certain 
diseases. 
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INTRODUCTION 

 

Silicon (Si) is the second most abundant chemical 
element in the Earth's crust after oxygen. Silicon is 
never found in its free or pure state in nature, but only 
in combinations because it reacts rapidly with water 
and oxygen. It is often associated with oxygen with 
much greater strength than with other elements. It has 
an infinite preference for oxygen. Indeed, all the silicon 
found on earth is saturated with oxygen and is in the 
form of silica (SiO2). Silica is the mineral form of 
silicon and it exists in many forms in nature 
(crystalline or amorphous or combined with other 
oxides). This form is found in certain rocks such as 
quartz, sand, amethyst or opal [78]. Silicon in mineral 
form is characterized by a crystalline structure, it is 
insoluble in water, and is therefore not assimilated by 
the living organism. While the plant feeds on this 
mineral by transforming it into organic silicon. 
Equipped with one or more carbon atoms that make it 
soluble in water, it is then assimilated by the body in 
the form of orthosilicic acid (Si(OH)₄). Plants rich in 
silica are nettle, horsetail, bamboo, diatoms (micro-
algae from the seabed). These plants are widely used in 
herbal medicine and considered to be excellent natural 
remineralizers thanks to their richness in recognizable 
and assimilable silicon [39, 78]. However, silicon is 
not classified as an essential nutrient for plants and is 
considered to have little or no effect on plant 
metabolism in nonstressful situations [51]. However, 
several studies have shown the direct impact of Si on 
more fundamental metabolic processes, allowing 
improved growth and development under favourable 
conditions [25, 28]. However, silicon is best known for 
its beneficial effects on a wide range of plant species 
under environmental constraints [21, 28]. Hence, 
silicon is considered an inorganic biostimulant [70]. 
Indeed, over the past two decades, numerous 
laboratory, greenhouse and field experiments have 

demonstrated that Si is able to mitigate the biotic stress 
caused by plant diseases and pest attacks, as well as 
abiotic stresses such as drought, cold, high 
temperature, UV, salinity, nutrient deficiencies and 
metal toxicity [27]. Therefore, the ability of Si to 
attenuate stress plays a fundamental role in the life 
processes of plants [25, 28]. Si might be an important 
factor in plant functions, but little is known about 
silicon action in nonaccumulating plants or in plants in 
wild ecosystems [40]. 

Si uptake by plants requires a cascade of 
mechanisms. It is highly dependent on the soil type, 
source and amount of Si [21] and even the plant 
species [39]. However, while many studies have 
investigated the impact of Si on whole plants [21, 28], 
very few studies have focused on seed priming with Si 
[27, 30, 46]. This type of treatment may improve 
germination performance and tolerance to water stress 
[30] as well as salt stress [27], cadmium [65] and 
alkaline stress [1]. 

Moreover, sveral authors reported that the 
application of Si had an effect on the activities of 
enzymes, mainly antioxidant enzymes [44]. To this 
end, several authors have shown an increase in the 
activity of superoxide dismutase, peroxidases, phenol 
oxidase, glutathione reductase, phenylalanine ammonia 
lyase (PAL), ureases, acid phosphatases, nitrate 
reductase (NR) and glutamine synthetase under biotic 
and abiotic stress conditions in several plant species, 
including wheat, barley, cucumber and tomato [41]. 
However, in the case of silicosis, Kind el al. (1954) 
[45] observed slight inhibition of pepsin, trypsin, 
amylase, acetylcholinesterase, phosphatases, ureases 
and esterases in vivo. Dmitrenko et al. [26] also noted 
the inhibition of phosphorylase and proteinase. 
Similarly, Umemura et al. [77] reported that both ionic 
silicate and colloidal silica significantly inhibited the 
acid phosphatase activity of potato tubers and rice 
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leaves but not the acid phosphatase activity of sweet 
potato root and yeast hesokinase. 

Thus, practically no other work has shown an 
inhibitory effect of silicon on plant enzymes in general 
or in vitro in particular. 

The question that then arises is how Si acts on these 
enzymes. Is it a direct action that would inhibit this 
activity or indirect through other mechanisms? The aim 
of this work was to try to answer these questions 
through the study of the action of Si in vitro on several 
seed enzymes of Trigonella foenum-graecum L. 
(fenugreek). This action was studied in vitro via direct 
contact of this element at different doses with the 
enzymatic extracts from the seeds of Trigonella 

foenum-graecum L. We chose to work on soaked seeds 
with strong hydrolytic and antioxidant activities. The 
first group of enzymes concerns the enzymes involved 
in the hydrolysis of seed residues such as amylases 
(breakdown of starch into soluble sugars), lipase 
(hydrolyzes ester bonds of triglycerides) and proteases 
(breakdown of proteins into amino acids) and. 
Antioxidants are the second group of enzymes studied 
in the work, focusing on superoxide dismutase 
(dismutation of superoxide anion into hydrogen 
peroxide), catalase, ascorbate peroxidase and guaiacol 
peroxidase (elimination of hydrogen peroxide). To our 
knowledge, this study has never been carried out 
before. 
 

MATERIALS AND METHODS 

 

Plant material 

Trigonella foenum-graecum (L), also known as 
fenugreek, is a legume plant well known for its 
therapeutic and nutritional properties. Trigonella 

foenum-greacum L. seeds are from a local variety 
(Halba) from eastern Algeria. Seeds were selected for 
their homogenous size prior to disinfection by 
bleaching. 

Experimental protocol 

The seeds were soaked for six hours in distilled 
water to facilitate grinding and activate the enzymatic 
activities studied. Afterward, 100 mg of fresh seed 
tissue was ground in a refrigerated (on ice) mortar 
using a pestle in 1.5 mL of 0.1 M Tris-HCl buffer, pH 
8.1. Centrifugation was then carried out at 12000 rpm 
for 20 min at 4°C. For SOD, Cat and APX, the 
activities were measured on the same extracts of total 
proteins. These proteins were measured using the 
Bradford method (1976) [15] in order to calculate the 
enzymatic activities. 

Silicon, in the form of sodium silicate (Na2SiO3, 
Sigma-Aldrich), was used because it is much more 
soluble than SiO2. In addition, in in vitro experiments, 
SiO2 poses a problem for reading the absorbance given 
the cloudiness of the solution. 

For this in vitro study, the enzymatic extract of 
soaked seeds was mixed with a sodium silicate 
(Na2SiO3) solution (1:1 ratio, v/v) from 0.025 mM to 
100 mM. This mixture was used for the measurement 

of the enzymatic activities studied as described below. 
To account for the high pH of the silicate solution, the 
pH of the reaction medium was adjusted prior to any 
measurement of enzymatic activity. The concentrations 
of the sodium silicate solutions shown on the graphs 
were calculated relative to the total volume of the 
reaction medium. The quantity of silicon alone is only 
a quarter of the amount of silicate compound 
(Na2SiO3). 

Antioxydant enzyme activity assays 

Measurements of superoxide dismutase (SOD), 
catalase (Cat), ascorbate peroxidase (APX), and 
guaiacol peroxidase (GPOX) activities were carried out 
in vitro on enzymatic extracts of fenugreek seeds. 

Superoxide dismutase (SOD) (EC 1.15.1.1)  
The SOD assay was carried out according to the 

method of Marklund and Marklund (1974) [54], 
slightly modified by Boucelha et al. [13]. The principle 
of the assay is based on the competition between the 
oxidation of pyrogallol by O2

- and the 
disproportionation of O2

- by SOD. The evaluation of 
the autooxidation of pyrogallol was carried out via 
differential measurements between a control and a test. 
The control cuvette contained 2.1 mL of 50 mM Tris-
HCl buffer (pH 8.2) and 1 mM EDTA. The reaction 
was initiated by adding 100 μL of 1 mM pyrogallol 
(prepared in 0.01 N HCl). The increase in absorbance 
at 420 nm was due to the autooxidation of pyrogallol. 
The change in absorbance was measured every 30 
seconds for four minutes. The test cuvette contained 2 
mL of 50 mM Tris-HCl buffer at 50 mM pH 8.2, 1 mM 
EDTA and 100 µL of seed extract. The reaction was 
initiated by adding 100 μL of 1 mM pyrogallol. The 
change in absorbance was measured a second time. 
The % inhibition for one minute was calculated 
according to the following equation: [(ΔABScontrol - 
ΔABStest) / ΔABScontrol]×100.  

SOD activity is expressed in units of SOD per 
minute and per milligram of protein. 

Catalase (Cat) (EC 1.11.1.6) 

CAT activity was determined by monitoring the 
decomposition of H2O2 at 240 nm (ε = 36 µM-1‧cm-1) 
[6]. The reaction medium consisted of 2 mL of 100 
mM potassium phosphate buffer (pH 7) and seed 
extract containing the enzyme (50 μL). The reaction 
was initiated by adding 10 mM H2O2. The activity was 
expressed in nanomoles of H2O2 degraded per minute 
and per milligram of protein. 

Ascorbate peroxidase (APX) (EC 1.11.1.11) 

Although the extraction was carried out without 
ascorbate, we can consider, at the level of the seeds, 
that it was the total APX activity since the APX 
chloroplasts are non-existent in these organs. 
Ascorbate peroxidase (APX) activity was measured 
according to the method of Nakano and Asada (1981) 
[60] by following the oxidation of ascorbate by 
hydrogen peroxide at a wavelength of 290 nm. The 
reaction medium consisted of 100 mM potassium 
phosphate buffer (pH 7) containing 1 mM Na4EDTA 
and 10 mM H2O2. The reaction was initiated by adding 
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10 µL of ascorbate (50 mM). The enzyme activity was 
expressed as mmol of oxidized ascorbate‧min-1‧mg-1 
protein. This activity was calculated using the 
extinction coefficient of ascorbate, which is 2.8 mM-

1‧cm-1. 
Guaiacol peroxidase (GPOX) (EC 1.11.1.7) 

The activity of guaiacol peroxidase was determined 
according to the method of MacAdam et al. [53], with 
slight modifications to that of Boucelha et al. [13]. 
This technique is based on the increase in absorbance 
at 470 nm due to the polymerization of guaiacol to 
tetraguaiacol (oxidation), which results in an orange 
color in the presence of hydrogen peroxide. The 
extraction of the enzyme was carried out from 150 mg 
of cold-ground plant material in 2 mL of 0.1 M 
phosphate-potassium buffer pH 6.5 followed by 
centrifugation for 20 min at 12000 rpm at 4°C. The 
activity was measured on 100 μL of the enzymatic 
extract, to which 2 mL of the same phosphate buffer 
used for the extraction and 10 mM H2O2 were added. 
The reaction started as soon as 100 μL guaiacol was 
added to the reaction mixture. The activity was 
monitored as a function of time and was expressed in 
μmoles of oxidized guaiacol per minute and per mg of 
protein, using the molar extinction coefficient of 
tetraguaiacol (ε=26.6 mM-1‧cm-1). 

Hydrolase activities assays. Each enzyme has 
undergone a specific extraction. 

Alpha-amylase (EC 3.2.1.1) 

Alpha-amylase activity was estimated by the rate of 
starch hydrolysis. The residual starch content was 
measured according to the method of Shuster and 
Gifford (1962) [72] with slight modifications and was 
based is based on color development that results from 
iodine binding to starch polymers, forming a brown 
complex that absorbs at 620 nm. The extraction of the 
enzyme was carried out from 0.1 g of finely ground 
fresh plant material in the presence of 1 mL of acetate 
buffer (pH 5.6) at low temperature. The ground 
material was then centrifuged at 4°C for 15 minutes at 
12000 rpm. The supernatant, which represented the 
extract, was retained for the amylase assay. For the 
measurement of α-amylase activity, 0.1 mL of 
enzymatic extract was added to 0.8 mL of 1% starch. 
The mixture was incubated at 37°C for 30 minutes. At 
the end of this period, the reaction was stopped 
immediately by the addition of 0.1 mL of 0.2 N 
sulfuric acid. The color reaction was carried out by 
adding 2.4 mL of iodine solution reagent to 0.4 mL of 
the incubated and nonincubated samples. The 
absorbance was read at 620 nm. A blank was made 
with 2.4 mL of iodine solution reagent and 0.4 mL of 
distilled water. The difference between the absorbances 
of the pure and incubated samples corresponded to the 
amount of degraded starch. The activity was expressed 
as mg of degraded starch per hour and per mg of 
protein. 

Lipase (EC 3.1.1.3) 

The activity of the lipase (triacylglycerol 
acylhydrolase) was determined by the method of 

Achakzai et al. [2] with slight modifications. This 
technique is based on colorimetric quantification of the 
nitrophenol released following the degradation of 
nitrophenyl-palmitate (substrate). The enzyme was 
extracted from 0.2 g of fresh plant material ground in 1 
mL of 50 mM phosphate buffer, pH 8.0. After 
centrifugation for 20 min at 12000 rpm at 4°C, 3.75 
mL of 48% ammonium sulfate was added to 1.5 mL of 
the supernatant, and the mixture was stirred for 30 min 
at 4°C. Then, the samples were centrifuged at 5000 
rpm for 30 min. The supernatant was discarded, and 
the precipitate was dissolved in 1 mL of 50 mM 
phosphate buffer, pH 8.0. The solution obtained 
represented the enzymatic extract. The reaction mixture 
contained 0.1 mL of enzyme extract, 2.3 mL of 0.1 M 
Tris-HCl buffer (pH 9.0) and 0.6 mL of 4-nitrophenyl-
palimitate. This substrate was obtained by adding 1 mL 
of the nitrophenol-palimitic acid complex, which was 
prepared at 20 mM in acetone, 8 mL of 0.1 M acetate 
buffer, pH 3.8 and 4 mL of 1% polyvinyl alcohol. The 
solution was adjusted to 20 mL with 0.1 M acetate 
buffer, pH 3.8. The samples were incubated for 1 h at 
30°C, after which the absorbance was measured by 
spectrophotometry at 405 nm. Enzyme activity was 
calculated per mmol of p-nitrophenol released per hour 
and per mg protein. For this purpose, a standard curve 
of nitrophenol was produced. 

Proteases (EC 3.4) 

The protease activity was determined according to 
the method of McDonald and Chen (1965) [56]. This 
technique is based on a colorimetric assay of the 
tyrosine released following the degradation of casein 
(substrate). The extraction of the enzymes was carried 
out by grinding 150 mg of fresh plant material at low 
temperature in 1.5 mL of 50 mM Tris-HCl buffer at 50 
mM pH 7.2 containing 0.01% ascorbic acid and 0.1% 
polyvinylpolypyrrolidone. After centrifugation at 4°C 
for 20 min at 12000 rpm, the supernatant (the enzyme 
extract) was recovered and kept cold until use. The 
reaction mixture contained 100 μL of enzymatic 
extract, 0.5 mL of Tris-HCl buffer (50 mM pH 7.2) and 
0.5 mL of 2% casein dissolved in citrate phosphate 
buffer (50 mM pH 6.8). The mixture was incubated at 
37°C for 1 h, and the reaction was stopped by crushing 
on ice and adding 1 mL of cold 10% TCA. 
Unhydrolysed casein substrate, if any, was removed by 
centrifugation at 5000 rpm for 5 min. An aliquot (0.5 
mL) of the supernatant was taken, to which 2.5 mL of 
reagent containing 2.9% Na2CO3 and 0.3 N NaOH was 
added, followed by the addition of 0.75 mL of Folin 
Cioalteu's phenol reagent (Folin phenol: distilled water; 
1:3). The samples were incubated at 37°C for 20 min, 
and the absorbance was read at 650 nm using a 
spectrophotometer. A standard curve constructed with 
tyrosine (1 mg‧mL-1 in 0.2 M HCl) was used to 
calculate the protease activity. The activity was 
expressed as mg of tyrosine released per h-1‧mg-1 
protein. 
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Variation percentage and statistical test 

The percentage variation was calculated for each 
parameter studied according to the following 
relationship: Variation percentage = (Assay - Control) 
×100 / Control. 

The experiments were repeated at least five times. 
Student tests were carried out by Excel 2007 software.  

 

RESULTS 

 

Superoxide dismutase (SOD) activity 

The results indicated that sodium silicate strongly 
inhibited SOD activity in vitro. We observed that the 
activity of SOD began to be inhibited at low 
concentrations of sodium silicate (5% inhibition at 0.2 
mM) and reached 100% inhibition at 5 mM (Fig. 1). 

Catalase activity (Cat) 

The kinetics of catalase inhibition in vitro by 
sodium silicate were not linear. The enzyme began to 
be inhibited (6%) by 0.2 mM Na2SiO3 but in a slow 
manner, and it reached 100% inhibition at 15 mM (Fig. 
1). 

Ascorbate peroxidase (APX) activity 

The in vitro results revealed that sodium silicate 
inhibited the enzymatic activity of APX in a linear 
manner with a strong correlation. This activity began to 
be inhibited (4%) by 0.5 mM Na2SiO3 and reached 
100% inhibition at 25 mM (Fig. 1). 

Guaiacol peroxidase (GPOX) activity 

 The in vitro results confirmed that sodium silicate 
inhibited lipase activity. The curve was not linear; the 
activity of the lipase began to be inhibited at low 
concentrations of sodium silicate (6% inhibition at 0.28 
mM) and reached 100% inhibition at 7 mM (Fig. 1). 

Amylase activity 

The curve was linear with a strong correlation. The 
enzyme began to be inhibited very rapidly at very low 
concentrations (0.05 mM) and gradually reached 100% 
inhibition at 35 mM (Fig. 2). 

Lipase activity 

The in vitro results showed that sodium silicate 
inhibited lipase activity. The curve was not linear; the 
activity of the lipase began to be inhibited at low 
concentrations of sodium silicate (6% inhibition at 0.28 
mM), reaching 100% inhibition at 7 mM (Fig. 2). 
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Figure 1. Curves representing the percentage of in vitro inhibition of the antioxidant activities of SOD, Cat, APX and GPOX in fenugreek seeds by 
different concentrations of sodium silicate. 
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Figure 2. Curves representing the percentage of in vitro inhibition of the hydrolytic activities of amylase, lipases and proteases in fenugreek seeds by 
different concentrations of sodium silicate. 

 

Protease activity 

The results indicated that sodium silicate inhibited 
proteases in vitro. The kinetics were not linear. The 
enzyme began to be inhibited rapidly at very low 
concentrations (4% at 0.1 mM), but at 5 mM, the 
inhibition began to gradually slow, stopping at 48% of 
the maximum inhibition, reaching a plateau at 70 mM 
(Fig. 2). 
 

DISCUSSION 

 

We can assume that the quantities of sodium 
provided in the form of Na2SiO3 are not particularly 
toxic since they remain at physiological levels. Indeed, 
specialists agree on a maximum concentration of 30 
mM in the cytosol [10, 74]. Furthermore, for all the 
enzymes tested in this study, inhibition begins at Na+ 
values well below this threshold. 

The objective of this in vitro study was to 
investigate the direct effect of silicon on enzymatic 
extracts of fenugreek seeds. The results showed that 
sodium silicate inhibited the enzymatic activities of 
antioxidants (SOD, CAT, APX and GPOX) and 

hydrolases (amylases, proteases, and lipases). 
However, the percentage of inhibition differed from 
one enzyme to another and depended on the 
concentration of the sodium silicate solution used. 
Since these enzymes are mainly metallo-dependent, we 
assume that their inhibition by silicon may be due to 
interactions between silicon and the other metals 
involved in the functioning of each enzyme. Moreover, 
several studies have shown that silicon reduces the 
toxicity caused by metal pollution in plants. However, 
the mechanisms of silicon action in plants are poorly 
understood [17, 57, 61, 62]. Several researchers accept 
that transition metals are essential to all forms of life. 
Iron, zinc, manganese, copper, and cobalt are essential 
trace elements in living beings [47]. Most of these 
metals are found in metalloproteins, which most often 
have an electron transfer function (ferredoxin, 
cupredoxins) or a catalysis function (metalloenzymes). 
In metalloproteins, metal ions can be coordinated 
directly with residues of the polypeptide chain or 
complexed by ligands that are themselves incorporated 
into the protein [37]. The definition of a catalytic site 
of an enzyme is a track that has attracted the attention 

Amylases 

Lipase 

Proteases 
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of many scientists in regard to understanding the 
function of an enzyme or designing an inhibitor 
molecule. The situation is more complex when the 
active site includes a metal center, and the catalytic 
process involves coordination between the arrival of a 
substrate and intramolecular transfers of electrons and 
protons [4]. 

In light of our results and existing data on silicon, 
we can assume that this redistribution of metals under 
the effect of silicon would disturb the chemical bonds 
that bind the enzymes and these metals, which play 
essential roles at the level of the active sites of these 
enzymes. 

Superoxide dismutase (SOD) 

Superoxide dismutases are nonheme 
metalloenzymes found throughout the living world, 
except in a few microorganisms [5]. Plants have three 
types of SODs containing prosthetic groups containing 
different metals: iron (Fe-SOD), manganese (Mn-SOD) 
or copper and zinc (Cu/Zn-SOD) [7, 14]. 

The strong inhibition of SOD by low concentrations 
of silicon could be due to the direct action of Si on the 
metal atoms of SOD (Fe, Mn, Zn and Cu). Indeed, 
studies on rice suggest that silicon application 
increases the ability of roots to oxidize iron, converting 
ferrous ions (Fe2+) to ferric ions (Fe3+) [64]. We 
speculate that this ability of silicon to translocate and 
oxidize iron could cause the destruction of its 
functional bond with SOD. Silicon increases the 
binding of manganese to cell walls, thus limiting its 
cytoplasmic concentration [48]. For this purpose, we 
hypothesize that stimulation of silicon to form strong 
bonds between manganese and cell walls would 
prevent the binding of Mn with SOD, since Mn-SODs 
are located mainly in the mitochondrial matrix [14, 23], 
in the matrix of glyoxisomes or bound to the 
peroxisome membrane of leaf cells [23]. 

On the other hand, Neumann and zur Nieden (2001) 
[61] suggested that intracellular silicon forms Zn-
silicate complexes in the leaf cytoplasm, leading to less 
soluble zinc in cells. These silicates are then 
transformed into SiO2 in the cytoplasm, while metals, 
particularly zinc and copper, are sequestered in the 
vacuole. This induces a decrease in the mobility of 
these metal ions in plants treated with silicon [29, 64], 
and Si significantly decreases the Zn content in several 
plant species, even in the presence of sufficient 
amounts of Zn in the soil. These authors concluded that 
the binding of Zn with Si in the roots prevents the 
translocation of Zn to the leaves. For copper, the 
deposition of silicon in plant cells causes the 
immobilization of copper ions, increasing the capacity 
of cell walls to bind with this metallic cation and 
contributing to the regulation of intracellular copper 
homeostasis [12, 64]. Additionally, silicon stimulates 
the synthesis of copper-binding molecules in roots and 
leaves, such as chelating proteins, amino acids and 
organic acids. Research has revealed that Si decreases 
the expression levels of two copper transporter genes in 
Arabidopsis roots [46]. 

On the basis of these observations, we can assume 
that the lack of availability of zinc and copper in the 
cytoplasm under the effect of Si would cause the 
inactivation of Cu/Zn-SOD. Thus, we explain the 
inhibition of this enzyme in the presence of Si by the 
binding of metal ions to the cell wall, whereas Cu/Zn-
SODs are essentially found in free form in the cytosol 
[14], peroxisomes or apoplast [63]. 

Catalase (CAT) 

Catalases are predominantly peroxisomal enzymes 
that catalyze the dismutation of hydrogen peroxide [7]. 
They are formed of four polypeptide chains, each 
comprising a heme group comprising an iron atom. 
These hemes and their protein environments are the 
active sites of the enzyme [49]. Moreover, studies have 
shown that the increase in the expression of Si 
transporters after its application can modulate the 
absorption and translocation of iron from the root to 
the plant by increasing the oxidative capacity of the 
roots, which transforms ferrous iron (Fe+2) to ferric 
iron (Fe+3) [64]. These characteristics can be explained 
by the influence of silicon on the regulation of the 
expression of genes involved in the strategy based on 
the reduction of iron acquisition, as well as genes 
involved in the biosynthesis of iron-chelating 
compounds (for example, organic acids and phenolic 
compounds) [62]. In this sense, several recent studies 
on rice [18] and cucumber [34] reported that the 
contribution of Si in the growth phase caused the 
formation of an iron deposit and a decrease in its 
absorption, supporting the hypothesis proposed by 
Coskun et al. [21] that silicon can cause apoplastic 
obstruction. 

Chaiwong et al. [19] reported that there are strong 
signalling pathways between silicon and iron at the 
plant level; thus, we assume that the signalling between 
these two elements would cause biochemical and 
metabolic modifications at the cellular level. On the 
basis of these data, we propose that the inhibition of 
catalase by silicon is due to the capacity of the latter to 
oxidize and retranslocate the iron involved actively in 
the function of this enzyme. The oxidation or 
destabilization of ferric heme would induce the loss of 
its functional properties within the active site of 
catalase. 

Additionally, Keilin and Hartree (1945) [42], 
Murali and Patel (2017) [59] reported that catalase 
inactivation requires oxygen and is greatly accelerated 
by the presence of metal ions such as cadmium, lead, 
zinc and mercury. This positive effect could thus be 
annihilated by silicon. 

Peroxidases (APX and GPOX) 

Plant peroxidases (POX) are a large multigenic 
family of heme enzymes whose primary function is to 
remove hydrogen peroxide (H2O2) generated during 
many reactions with O2 [75]. There are three main 
classes of peroxidases whose molecular structures 
differ essentially at the ferric heme level [79]. 
Ascorbate peroxidase (APX), a class I peroxidase, is a 
metalloenzyme containing a ferriprotoporphyrin IX 
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group [66]. It is an intracellular, nonglycosylated 
peroxidase without a calcium or disulfide bridge [81]. 
Guaiacol peroxidase (GPOX) is a class of 
glycoproteins (class III peroxidase or secreted 
peroxidase) typical of green plants and belongs to a 
large family of multigenic proteins [58]. All class III 
peroxidases have a signal peptide at their N-terminal 
end [24]. 

A characteristic of extracellular peroxidases (class 
III) is the existence of two calcium binding sites, one in 
each conserved domain, that are essential for the 
proper functioning of the protein. Their absence 
notably decreases the activity of horseradish 
peroxidase (HRP) [32], and a change in the redox 
properties of the iron atom is then observed [71]. The 
absence of calcium atoms likely leads to major 
modifications in the structure of the active site. The 
active site of peroxidases is centered around heme, 
which is a protoporphyrin IX associated with a ferric 
iron atom [24]. Therefore, for the inhibition of these 
peroxidases by silicon, we propose the same 
explanation suggested in the case of catalase 
inactivation concerning ferric heme. Thus, we assume 
that the inhibition of peroxidases by silicon may also 
be due to a negative interaction (antagonism) between 
silicon and calcium involved in the functions of these 
enzymes. Indeed, studies have demonstrated the link 
between silicon accumulation and tissue calcium 
accumulation in several crop species [22, 52]. Silicon 
also acts on calcium by decreasing its activity, as 
shown by Bosnic et al. [12], in a Na+ rich nutrient 
solution. 

On the other hand, our results indicate that the 
inhibition of GPOX did not exceed 55% regardless of 
the concentration of sodium silicate used. To this end, 
we assume that the inability of silicon to completely 
inhibit the activity of GPOX is linked to the existence 
of several isoenzymes with different regulatory effects. 
These can be generated by posttranscriptional and 
posttranslational modifications [75]. GPOX signalling 
is certainly variable, but it seems that it can be refined 
by measuring isoforms [20]. 

Amylases 

These enzymes are a relatively large class of 
hydrolytic enzymes called glycosidases. Alpha-
amylases (α-1,4-glucan-4-glucanohydrolase, EC 
3.2.1.1) are ubiquitous enzymes synthesized in all 
kinds of life [38]. Alpha-amylase can breakdown long-
chain carbohydrates, such as starch amylose, into 
maltotriose and maltose or amylopectin into maltose, 
glucose and limited dextrin, whereas beta (β)-amylase 
is considered a major enzyme involved in seed 
germination and fruit ripening. β-amylase catalyzes the 
enzymatic degradation of the second α-1,4 glycosidic 
bond of nonreducing sugars, thereby removing maltose 
immediately. β-amylase breaks down starch into 
maltose [67]. 

All alpha-amylases bind to their active site a highly 
conserved Ca2+ ion, which is essential for structural 
integrity and for enzyme activity [3]. Calcium ions 

often play crucial roles in the structure, function and 
stability of α-amylase [76]. They are considered 
important for maintaining protein structures in their 
correct conformations [43]. The removal of calcium 
ions from barley α-amylase has been shown to 
irreversibly inactivate the enzyme, whereas bacterial α-
amylase activity is restored after the addition of 
calcium ions [17]. Some reports indicate that the role 
of calcium ions in α-amylase is primarily structural, as 
their catalytic sites are distant from calcium binding 
sites [16]. 

In light of this knowledge, we can link the 
inhibition of amylases by silicon to the antagonism 
between this element and calcium, suggesting the same 
explanation suggested in the case of peroxidases. 
Additionally, Sarowar-Jahan et al. [69] reported that 
amylases are inhibited by heavy metal ions such as 
Ag+, Hg2+, Cu2+, and Fe2+. Similarly, silicon could have 
the same inhibitory effect on amylases as these heavy 
metals, but the mechanisms are not yet well defined. 

Lipases 

They belong to the subclass of hydrolases specific 
for carboxylic esters [68]. The lipase mechanism shows 
some similarities with that of active serine proteases, 
Beer et al. [9] indicating that the reaction is initiated by 
the attack of the carbon of the carboxylic function of 
the substrate by the hydroxyl group of the serine of the 
enzyme to form a first tetrahedral intermediate. 

Thus, many studies have focused on lipase 
inhibitors and have provided information on their 
modes of action. Some of these inhibitors are capable 
of bonding covalently with catalytic serine, and this 
bond is possibly reversible in some cases [11]. 
Tetrahydrolipstatin (THL), a potent active site-directed 
lipase inhibitor, contains a β-lactone ring that is 
attacked by the catalytic serine of the active site of the 
lipase [50], resulting in the opening of this ring and the 
formation of a covalent bond with the enzyme, with the 
acylation of a hydroxyl group at the active site of the 
lipase. On the basis of these findings, we assume that 
the strong inhibition of lipase activity in fenugreek 
seeds is due to the ability of silicon to bind with serine, 
thereby inactivating the lipase, given that it was shown 
by Teschner et al. [73] that treatment with finely 
divided silicon dioxide allows the elimination of serine 
proteases from the plasma-derived protein 
composition. 

Proteases 

Proteolytic enzymes are ubiquitous hydrolases 
constituting a complex group of enzymes that differ in 
their properties, such as substrate specificity, active site 
and catalytic mechanism, optimum pH, temperature, 
and stability [8, 55]. Metalloproteases are 
constitutively present in all plant species [80]. They 
contain a metal ion at their active site, which acts as a 
catalyst on the peptide bonds of hydrolases [36]. The 
most widespread metal ion metalloproteases are zinc 
(Zn2+) containing metalloproteases [33]. Other 
transition metals, such as Co2+ and Mn2+, have been 
found at active sites, and some have been used to 



Boucelha, L., Djebbar, R., Abrous-Belbachir, O. - Silicon is an inhibitor of certain enzymes in vitro 

 39

restore the function of zinc metalloproteases, in which 
the Zn2+ nucleus has been chelated or removed [43]. 

Moreover, Hangauer et al. [31] reported that 
elimination of Zn2+ causes inactivation of 
metalloproteases. Indeed, the use of metal ion chelators 
such as EDTA allows the complete inhibition of these 
enzymes [35]. In light of these data and the results 
obtained in this study, we can link the inhibition of 
proteases by silicon to the capacity of the latter to 
interact with intracellular zinc, maintaining the same 
explanation suggested above, in the case of Zn-SOD. 

On the other hand, our study revealed that the 
inhibition of proteases did not exceed 50% regardless 
of the concentration of sodium silicate used. We could 
explain this result by the fact that fenugreek seeds in 
the germination phase contain not only 
metalloproteases but also metal-independent proteases, 
particularly cysteine proteases. Moreover, several 
authors have shown that the proteases most involved in 
germination are cysteine proteases (CysProt) [55]. 

In conclusion, we assume that our in vitro study of 
the direct action of silicon at different doses on some 
antioxidant and hydrolytic activities of fenugreek seeds 
revealed that silicon seems strongly inhibits the 
activities of catalase, APX, GPOX, amylases, lipase 
and proteases, and the percentage of this inhibition 
depends on the concentration of silicon and types the 
enzyme. Our study showed that superoxide dismutase 
and lipases are the most sensitive enzymes to the 
inhibitory action of silicon, reaching 100% inhibition at 
low concentrations between 4 mM and 7 mM. While 
guaiacol peroxidase and proteases their inhibition 
remains stationary at 50% from 10 mM for GPOX and 
70 mM for proteases.We hypothesize that this 
inhibition is linked to the interaction of silicon with the 
metals involved in the activities of these enzymes (Fig. 
3).  This  discovery  on  the  inhibition  of  enzymes  by 
 

 
 

Figure 3. Model explaining the implication of silicon on the 
inhibition of enzymes in vitro. Silicon strongly inhibits the 
activities of catalase, APX, GPOX, amylases, lipase and 
proteases by interacting with metals involved in the 
activities of these enzymes. The result of this competition 
is the inactivation of their active site. 

silicon can be used to treat certain diseases involving 
enzymes such as cancer and infectious and mental 
pathologies. This study represents only the beginning 
of long-term work aimed at better understanding the 
mechanisms involved in the inhibition of these 
enzymes by silicon. It would be necessary to carry out 
an in-depth study of the interaction of silicon with 
different enzymatic cofactors and to study the effects 
of this mineral on other enzymes, particularly 
phosphatases, ATP synthases and ATPases. 
 

Abreviations. EC: The EC nomenclature (EC stands for 
Enzyme Commission numbers) is a numerical classification of 
enzymes, based on the chemical reaction they catalyze. As a 
nomenclature system for enzymes, each EC number is associated 
with a recommended name for the corresponding enzyme: EC 1 = 
Oxidoreducatases; EC 1.11 = Peroxidases; EC 1.15 = Dismutase; 
EC 3 = Hydrolases. 
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