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Abstract: Nano-selenium (Se), with its high bioavailability and low toxicity, has attracted wide 

attention for its potential application in the prevention of oxidative damage in animal tissues. 

However, the effect of nano-Se of different sizes on the intestinal epithelial cells of the crucian 

carp (Carassius auratus gibelio) is poorly understood. Our study showed that different sizes and 

doses of nano-Se have varied effects on the cellular protein contents and the enzyme activities 

of secreted lactate dehydrogenase, intracellular sodium potassium adenosine triphosphatase, 

glutathione peroxidase, and superoxide dismutase. It was also indicated that nano-Se had a 

size-dependent effect on the primary intestinal epithelial cells of the crucian carp. Thus, these 

findings may bring us a step closer to understanding the size effect and the bioavailability of 

nano-Se on the intestinal tract of the crucian carp.
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Introduction
After the nutritional essentiality of selenium (Se) was first shown to prevent diet-induced 

liver necrosis in laboratory animals,1 a growing number of studies have indicated that 

Se plays an important role in many aspects of health.2–11 Indeed, Se, as a component of 

selenoproteins, has shown metabolic function in preventing oxidative damage to body 

tissue.12,13 Nevertheless, the narrow range between its nutritional dosage and the toler-

able upper intake level severely compromises wide applications. It is well-known that 

supplemental Se may be acquired through diet, but Se bioavailability depends on the 

source.14 Therefore, dietary advice concerning the improvement of Se bioavailability 

depends on the Se forms in Se-containing food/feed sources. The novel selenium form, 

Se nanoparticle (nano-Se), was developed for this investigation.10,15–17

Recently, nano-Se has attracted widespread attention, due to its high bioavailabil-

ity and low toxicity11,18,19 since nanometer particulates exhibit novel properties, such 

as high-surface activity, great specific surface area, high catalytic efficiency, a lot of 

surface active centers, and a strong adsorbing ability.20 Ball and Garwin21 pointed out 

that most nano chemical compounds have a size effect; when the size decreases, the 

physical, chemical, and biological properties change. Huang et al also reported that 

there was a potential size-dependent effect on scavenging various free radicals and 

protecting DNA in vitro by nano-Se.22 However, little research has been performed 

to incorporate nano-Se with different sizes into the intestinal tract of the crucian carp 

(Carassius auratus gibelio), one of the most important freshwater finfish cultured 

in Europe and Asia.19 To mimic intestinal effects, the primary cultured intestinal 

epithelial cells of the crucian carp were applied in the present study. Therefore, the 
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objective of this study was to assess and compare the effect 

of nano-Se with different sizes on related enzyme activities 

in the intestinal epithelial cells.

Materials and methods
Nano-Se preparation and cell culture
Nano-Se in different sizes was prepared as described previ-

ously15 by adding bovine serum albumin (BSA) to the redox 

system of selenite and glutathione (GSH). One milliliter of 

25 mM sodium selenite was mixed with 4 mL 25 mM GSH 

containing BSA (200, 20, and 10 mg) for the preparation 

of the nano-Se with different sizes. The pH of the mixture 

was adjusted to 7.2 with 1.0 M sodium hydroxide, when the 

red elemental Se and oxidized glutathione (GSSG) formed. 

The red suspension was dialyzed against doubly distilled 

water for 96 hours, with the water changed every 24 hours 

to separate GSSG from the nano-Se. The final suspension 

containing the nano-Se and the BSA was lyophilized and 

stored at room temperature. The sizes of red elemental Se 

were determined using the Mastersizer particle size and zeta 

potential analyzer (Malvern Instruments, Malvern, UK), with 

the average sizes being 13 nm (T-1), 42 nm (T-2), and 92 nm 

(T-3). All the chemicals used were purchased from Sigma-

Aldrich (St Louis, MO, USA) and Sangon Biotech and Bio 

Basic (Toronto, ON, Canada).

Healthy crucian carp (body weight 32.5 ± 3.4 g) were 

obtained from a local hatchery (Fish Hatchery of Xiaoshan, 

Hangzhou, People’s Republic of China) and anesthetized in 

diluted MS-222 (ethyl 3-aminobenzoate methanesulfonate 

[Tricaine] 1:2,500; Sigma-Aldrich). The intestinal epithelia 

from the carp were isolated and cultured in 24-well plates, 

as described elsewhere,23 with minor modification. In brief, 

the carps were decapitated, and the intestines were excised 

from the bodies and rinsed twice, 10 minutes each rinse, 

with 10 mL phosphate buffered saline (PBS) (without Ca2+ 

and Mg2+), which contained 200 µg/mL penicillin/streptomy-

cin, 400 µg/mL gentamicin, and 250 µg/mL Fungizone®. The 

intestines were then transferred to 5 mL of a trypsin solution 

(PBS without Ca2+ and Mg2+, 0.05% trypsin, 0.02% EDTA 

[ethylenediaminetetraacetic acid]) and incubated on a rotating 

wheel (test tube HZ-9201 K rotator, Taicang Experimental 

Equipment Factory, Taicang, People’s Republic of China) 

for 20 minutes. The cell suspension was aspirated from the 

tubes and filtrated through a 100 µm nylon cell strainer into a 

stopping solution (PBS [Gibco/Life Technologies, Carlsbad, 

CA, USA] containing 10% fetal bovine serum [FBS; Gibco]). 

Thereafter, the cell pellet was resuspended in culture medium 

(Dulbecco’s Modified Eagle’s Medium [Gibco], supplemented 

with 2 mmol/L L-glutamine, 5% FBS, 100 µg/mL penicillin/

streptomycin, and 200 µg/mL gentamicin). The cells were 

maintained in 24-well plates (EMD Millipore, Millipore, 

Billerica, MA, USA) at 28°C in a 5% CO
2
 atmosphere. The 

cells were rinsed twice with PBS after 24 hours of incubation 

to remove unattached cells, and the medium was changed 

every second day. After 72  hours, all of the cells grown 

in the same medium supplemented with different sizes of 

nano-Se (T-1, T-2, and T-3, respectively) were incubated at 

the above conditions for a period of 48 hours. In addition, 

three treatments groups (T-1, T-2, and T-3) were all used at 

the same nano-Se concentrations (0.0, 0.5, 1.0, 2.0, 3.0, and 

5.0 µg/mL) in the present study.

Related enzyme assay
Lactate dehydrogenase (LDH) activity in the culture medium 

was measured as previously described.24 To assess the cellular 

enzyme activity, the cells were rinsed with cold PBS and 

homogenized in an ultrasonicator in 10 mM sodium maleate 

buffer (pH 6.5).25 The homogenate was spun at 15,000 g at 

4°C for 20 minutes. The supernatant was analyzed for enzyme 

activity and protein concentration. Protein concentrations in 

the cell extracts were determined by a Bradford dye-binding 

assay (Bio-Rad Laboratories, Hercules, CA, USA), using the 

BSA as a standard. The glutathione peroxidase (GSH-Px) 

activity was assayed by the described method.26 Oxidation 

of nicotine adenine disphosphonucleotide, reduced, was 

continuously monitored, using a GSH–GSSG glutathione 

reductase model at 340 nm with an ultraviolet spectropho-

tometer (Hitachi Ltd, Tokyo, Japan). The nonenzymatic reac-

tion rate was correspondingly assayed by replacing the cell 

lysate with a phosphate buffer. The activity of GSH-Px was 

expressed as specific activity (U mg−1 protein). To determine 

the activities of the sodium–potassium adenosine triphos-

phatase (Na+/K+-ATPase) and the superoxide dismutase 

(SOD), the corresponding testing kit was purchased from 

Nanjing Jiancheng Biochemical Co, Ltd (Nanjing, People’s 

Republic of China), and the activities were also expressed as 

U mg−1 protein. For the assay of GSH in the cultured cells, 

GSH reductase was used for the quantification of GSH (mg 

g−1 protein), based on the instruction of a Glutathione Assay 

Kit (Cayman Chemical Company, Ann Arbor, MI, USA).

Statistical analysis
All experiments were replicated three times or more, and the 

data are given as the mean ± standard deviation (SD) of n 

experiments. Statistically significant differences (P,0.05) 

were determined with the Student’s t-test if the overall 
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Table 1 Effect of nano-Se with different sizes on the LDH (U/g protein) activity in the medium of primary cultured intestinal epithelial 
cells of the crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 40.26a,A ± 5.18 41.37a,A ± 5.56 41.87a,A ± 5.89 42.22a,A ± 6.04 51.67a,A ± 6.22 71.21b,A ± 7.54
T-2 39.37a,A ± 5.79 40.28a,A ± 5.24 40.89a,A ± 6.13 41.18a,A ± 5.96 43.81a,A ± 4.61 49.90a,B ± 7.09
T-3 40.30a,A ± 5.09 40.60a,A ± 5.69 41.58a,A ± 5.33 42.11a,A ± 5.80 43.31a,A ± 6.29 50.71a,B ± 5.75

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. Means (± SD) in the same row and column with different lowercase and capital letter were significantly different (P,0.05). The lowercase indicates differences 
between concentrations for the same average size and capitals between sizes for the same Se concentration.
Abbreviations: LDH, lactate dehydrogenase; SD, standard deviation.
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analysis of variance was statistically significant. All calcula-

tions were performed using the analytical software Statisti-

cal Product and Service Solutions (SPSS) for Windows, 

version 11.5 (IBM Corporation, Armonk, NY, USA).

Results
Addition of the nano-Se with different sizes (13 nm, 42 nm, 

and 92 nm, designated as T-1, T-2, and T-3, respectively) to 

the primary cultured intestinal epithelial cells of the crucian 

carp changed the LDH activities in the medium (Table 1). At 

the same supplemented nano-Se concentration (5.0 µg/mL), 

the highest LDH activity (P,0.05) was obtained in T-1, 

compared to the other groups (T-2 and T-3). However, there 

were no significant differences among these three treatments 

groups at the other supplemented nano-Se concentrations. 

In addition, no difference was noted in the LDH activities 

between T-2 and T-3. As for the T-1 group (nano-Se 13 nm), 

the LDH activities increased by adding concentrations from 

0.0–5.0 µg/mL. A significant difference (P,0.05) was only 

found in the cell medium treated at 5.0 µg/mL. Different 

concentrations of nano-Se with sizes of 42 nm and 92 nm 

did not significantly affect the LDH activities.

The results presented in Table 2 showed the effect of the 

nano-Se with different sizes on the protein contents of the 

primary cultured intestinal epithelial cells of the crucian 

carp. The sizes of the nano-Se had an influence on the cell 

protein content, and the lowest values were observed in the 

cells supplemented with a 13 nm nano-Se (P,0.05) at 3.0 and 

5.0 µg/mL, compared with those groups treated with 42 nm 

and 92  nm nano-Se at the corresponding concentrations. 

However, there was no significant difference in the protein 

content of T-2 and T-3. Besides, the protein contents of 

the intestinal epithelial cells had been associated with the 

additional concentrations of nano-Se. In the T-1 group, the 

highest protein content (P,0.05) was observed in the cells 

supplemented with 2.0 µg/mL nano-Se. As for the groups of 

T-2 and T-3, the highest protein content was observed in the 

cells supplemented with 3.0 µg/mL nano-Se.

The Na+/K+-ATPase activities in the T-1 treatment are 

remarkably high (P,0.05) at the concentrations of 1.0 and 

2.0 µg/mL nano-Se, while those in the T-2 and T-3 groups were 

high with concentrations of $2.0 µg/mL (Table 3). Besides, 

at the concentration of 1.0 µg/mL, the smaller size of nano-Se 

has more effective promotion in the Na+/K+-ATPase activ-

ity, but the contrary phenomenon could be observed when 

supplemented with 3.0 and 5.0 µg/mL nano-Se. As shown 

in Table 4, the SOD activity of T-1 significantly decreased 

(P,0.05) at a concentration of 5.0 µg/mL, compared with 

that of T-2 and T-3. However, within this group (T-1), the SOD 

activity of the 5.0 µg/mL did not exhibit statistical differences 

with the groups 0.0, 0.5, or 3.0 µg/mL. With the increase of 

supplemented nano-Se concentration, the GSH-Px activities 

are gradually enhanced and then reduced to a stable level in 

all the groups (Table 5). Obviously, at the concentrations of 

3.0 and 5.0 µg/mL, GSH-Px activities in larger size treatment 

(T-2 and T-3) are remarkably higher (P,0.05) than those in 

the smaller one (T-1). However, there were no differences of 

GSH contents in cells supplemented with different sizes and 

concentrations of nano-Se particles (Table 6).

Discussion
The in vitro culture of partial intestinal epithelial cells has 

been developed to evaluate nutrient safety and to define 

the specific mechanisms of nutrient metabolism, because 

it was difficult to control various in vivo environmental 

parameters of intestine. Numerous experimental studies 

had suggested that the intestinal epithelial cell as a model of 

intestinal metabolism had been successfully used for trace 

elements.27–30 In the present study, the primary cultured 

intestinal epithelial cells of the crucian carp, Carassius 

auratus gibelio, were used to evaluate the effect of nano-Se 

with different sizes and concentrations on related enzyme 

activities and protein contents.

According to the results determined in the present study, 

the nano-Se with the different sizes showed the different 

influence on the intestinal epithelial cells. Similar results 
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Table 2 Effect of nano-Se with different sizes on the protein contents (mg mL-1) of the primary cultured intestinal epithelial cells of 
the crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 1.42a,c,A ± 0.09 1.44a,c,A ± 0.10  1.54a,b,A ± 0.07  1.55b,A ± 0.07 1.42a,c,A ± 0.03   1.35c,A ± 0.09
T-2  1.41a,A ± 0.09 1.42a,b,A ± 0.09 1.46a–c,A ± 0.10 1.62b,c,A ± 0.09  1.66c,B ± 0.09 1.60a–c,B ± 0.10
T-3  1.40a,A ± 0.09 1.43a,b,A ± 0.09  1.45a,b,A ± 0.08 1.61b,c,A ± 0.09  1.68c,B ± 0.07   1.64c,B ± 0.07

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. Means (± SD) in the same row and column with different lowercase and capital letter were significantly different (P,0.05). The lowercase indicates differences 
between concentrations for the same average size and capitals between sizes for the same Se concentration.
Abbreviation: SD, standard deviation.

Table 3 Effect of nano-Se with different sizes on the Na+/K+-ATPase activities (U mg-1 protein) of the primary cultured intestinal 
epithelial cells of crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 0.15a,A ± 0.03 0.16a,A ± 0.02 0.24b,A ± 0.02 0.24b,A ± 0.03 0.16a,A ± 0.03 0.13a,A ± 0.01
T-2 0.16a,A ± 0.02 0.16a,A ± 0.03 0.18a,B ± 0.02 0.26b,A ± 0.02 0.25b,B ± 0.03 0.24b,B ± 0.02
T-3 0.15a,A ± 0.02 0.16a,A ± 0.02 0.17a,B ± 0.03 0.24b,A ± 0.02 0.25b,B ± 0.03 0.24b,B ± 0.01

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. Means (± SD) in the same row and column with different lowercase and capital letter were significantly different (P,0.05). The lowercase indicates differences 
between concentrations for the same average size and capitals between sizes for the same Se concentration.
Abbreviations: Na+/K+-ATPase, sodium potassium adenosine triphosphatase; SD, standard deviation.

Table 4 Effect of nano-Se with different sizes on the SOD activities (U mg-1 protein) of the primary cultured intestinal epithelial cells 
of crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 15.39a,b,A ± 1.48 15.99a,b,A ± 1.29 17.68a,A ± 1.10 17.93a,A ± 1.26 15.02a,b,A ± 1.29 13.53b,A ± 1.19
T-2  15.42a,A ± 1.01  15.73a,A ± 1.51 16.44a,A ± 0.79 17.87a,A ± 1.57  17.82a,A ± 1.46 17.65a,B ± 1.54
T-3  15.40a,A ± 1.46  15.54a,A ± 1.18 16.60a,A ± 0.92 17.96a,A ± 1.20  17.86a,A ± 1.36 17.25a,B ± 1.52

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. Means (± SD) in the same row and column with different lowercase and capital letter were significantly different (P,0.05). The lowercase indicates differences 
between concentrations for the same average size and capitals between sizes for the same Se concentration.
Abbreviation: SOD, superoxide dismutase.

Table 5 Effect of nano-Se with different sizes on the GSH-Px activities (U mg-1 protein) of primary cultured intestinal epithelial cells 
of crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 180.38a,c,A ± 14.92 204.07a,c,A ± 18.36  256.40b,A ± 18.23 253.86b,A ± 19.87 217.02a,b,A ± 16.38 169.29c,A ± 13.04
T-2  180.89a,A ± 16.68 193.16a,b,A ± 19.43 225.62b,c,A ± 21.32 258.34c,A ± 21.88  270.44c,B ± 22.99 252.67c,B ± 22.80
T-3  180.71a,A ± 15.45 193.67a,b,A ± 17.31 231.39b,c,A ± 22.90 256.60c,A ± 20.97  263.08c,B ± 17.39 258.96c,B ± 15.45

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. Means (± SD) in the same row and column with different lowercase and capital letter were significantly different (P,0.05). The lowercase indicates differences 
between concentrations for the same average size and capitals between sizes for the same Se concentration.
Abbreviations: GSH-Px, glutathione peroxidase; SD, standard deviation.

Table 6 Effect of nano-Se with different sizes on the GSH contents (mg/g protein) of the primary cultured intestinal epithelial cells of 
the crucian carp, Carassius auratus gibelio

Group 0.0 μg/mL 0.5 μg/mL 1.0 μg/mL 2.0 μg/mL 3.0 μg/mL 5.0 μg/mL

T-1 6.37 ± 0.78 6.55 ± 0.90 7.88 ± 0.96 7.67 ± 0.93 6.93 ± 1.06 6.13 ± 0.82
T-2 6.36 ± 0.81 6.44 ± 0.82 6.54 ± 0.91 7.95 ± 1.06 8.23 ± 0.99 7.87 ± 0.94
T-3 6.35 ± 0.77 6.44 ± 0.91 6.53 ± 0.95 8.07 ± 1.04 7.94 ± 0.92 7.73 ± 0.91

Notes: Treatments groups of T-1, T-2, and T-3 were supplemented with different concentrations (μg/mL) of nano-Se with average sizes being 13 nm, 42 nm, and 92 nm, 
respectively. There were no significant differences (P,0.05) among all the groups.
Abbreviation: GSH, glutathione.
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were reported by Huang et al,22 who proved that nano-Se had 

potential size-dependent characteristics on scavenging the 

free radicals, and the smaller size particles had better effects. 

It was indicated that nano-Se in the small size with the large 

surface area had more atoms exposed to free radicals for 

the electron exchanger, with a high efficacy for scavenging 

multiple free radicals compared to that in the larger size.

It is also necessary, however, to consider the possibil-

ity of cell differences, as suggested by Zhang et al.31 They 

observed that there was no significant size effect of nano-Se 

from 5–200 nm in the induction of GSH-Px, phospholipid 

hydroperoxide GSH-Px and thioredoxin reductase-1  in 

human hepatoma HepG2  cells. It might be related to the 

reason that the nano-Se particles in different sizes could 

be taken and subsequently metabolized into Se-containing 

enzymes by cultured cells. In addition, the different additional 

concentrations of nano-Se at the same size also showed the 

different results in the intestinal epithelial cells. It is sug-

gested that the supplemented concentration of nano-Se can 

be another factor to influence the enzyme activities of the 

intestinal epithelial cells from the crucian carp.

LDH was a soluble cytosolic enzyme that was released 

into the culture medium following the loss of membrane 

integrity, resulting from either apoptosis or necrosis.32 

LDH activity, therefore, could be used as an indicator of 

cell membrane integrity and serve as a general means to 

assess cytotoxicity resulting from chemical compounds or 

environmental toxic factors.33 In the present study, the sig-

nificantly higher LDH activities were only observed in the 

intestinal epithelial cells treated with 5.0 µg/mL nano-Se at 

the average size 13 nm. Based on a previous study, Se could 

be toxic at a certain level that is not much higher than the 

beneficial dose, although it is an essential trace element.34 

In addition, the present study also showed that nano-Se had 

the potential size-dependent characteristic on the regulation 

of LDH activity, and it could be associated with the nano-

Se sizes. At the same treatment concentration (5.0 µg/mL), 

only the small nano-Se significantly increased LDH activity 

in the culture medium. It could be explained that the smaller 

nano-Se passed more easily through the cell membrane and 

thus more nano-Se particles accumulated inside the cells 

beyond the processing capabilities of the cells themselves. 

However, while no significant differences were observed 

between treatments, there was a tendency for differences. It 

is suggested that a certain concentration of nano-Se with the 

average sizes of 42 nm and 92 nm had no influence on the 

membrane integrity and viability of the intestinal epithelial 

cells of the crucian carp.

Protein synthesis was the molecular biological basis of 

cell growth and, thus, the increase of intracellular protein 

was one of the important indicators to evaluate cell growth 

conditions.35 In the present study, a certain concentration of 

nano-Se increased the protein contents of intestinal epithelial 

cells, and it could be associated with the biological functions 

of Se as a component of the amino acids selenocysteine and 

selenomethionine. In addition, significantly higher protein 

contents were observed in T-2 and T-3 – compared with that of 

T-1 – and this could be explained by the changes in the partial 

cells’ membrane integrity and the viability indicated through 

the results of LDH activities. As for the Na+/K+-ATPase, its 

activity provided the driving force for a secondary active 

transport of solutes, such as amino acids, phosphate, vita-

mins and, in epithelial cells, glucose.36 According to previous 

studies, intestinal digestion products, such as glucose and 

amino acids, are dependent on the Na+/K+-ATPase; thus, its 

activity could reflect the level of cell metabolism at a certain 

extent.37 The results of the Na+/K+-ATPase activities obtained 

in the present study were consistent with the determined 

LDH activities and protein contents. The relatively higher 

Na+/K+-ATPase activities were shown in groups at a certain 

concentration of nano-Se, and it was indicated that the 

increased enzyme activities improved the intestinal epithelial 

cell metabolism and thus accelerated the metabolism of Se in 

the cells. In other words, the accumulation and the toxicity 

of Se decreased in the cells.

The quantity of Se in the cells is an important regulator 

of the GSH-Px activity; it was proved that the activity of 

this enzyme could be increased up to 1,000×  in the pres-

ence of selenocysteine in the enzyme active site.38 The in 

vitro experiment showed that the activity of GSH-Px was 

markedly enhanced by increasing the Se concentration in 

the culture medium of primary rabbit hepatocytes.39 We 

also demonstrated that the addition of Se could increase 

the activities of GSH-Px of the primary intestinal epithelial 

cells of the crucian carp. Similar results were also observed 

by Ebert et  al,40 who reported that GSH-Px activity was 

enhanced 1.8-fold in bone marrow stromal cells that were 

cultured in the presence of 100 nm Se, supplied as Na
2
SeO

3
. 

As for the sizes of nano-Se, significantly higher GSH-Px 

activities were found in the groups of T-2 and T-3 than 

that of T-1. It was also suggested that in primary intestinal 

epithelial cells, both the nano-Se concentration and size 

were the critical regulation factors of GSH-Px activities. 

In addition, the SOD activities of cells supplemented with 

nano-Se with different sizes at 5.0 µg/mL were shown the 

similar trends with GSH-Px activities. Indeed, SOD was an 
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important antioxidant defense in most kinds of cells exposed 

to oxygen. Therefore, a certain concentration of nano-Se 

with average sizes of 42 nm and 92 nm could have potential 

beneficial effects to the cells.

A ubiquitous thiol-containing tripeptide, GSH is one of 

the most potent cellular antioxidants and is mainly associated 

with the thiol group of the cysteine residue.41 According to the 

report of Wu et al,42 the incubation of bovine hepatocytes for 

24 hours with Se supplied as selenomethionine, Na
2
SeO

3
, or 

kappa selenocarrageenan at doses of 0.5–5.0 µmol/L, reduced 

intracellular GSH concentrations compared with controls. 

Previous research has also indicated that increasing the 

Na
2
SeO

3
 concentration in the culture medium decreased the 

level of intracellular GSH in rabbit hepatocytes.39 However, 

based on the findings of our study, no significant differences 

were obtained across all the groups. The discrepancy might 

be attributed to the different effects on GSH activity of cell 

culture between nano-Se and the other Se forms.

In conclusion, our results suggested that different sizes 

and doses of nano-Se have varied effects on the protein 

contents and activities of secreted LDH, intracellular Na+/

K+-ATPase, GSH-Px, and SOD. However, the detailed meta-

bolic pathways of nano-Se with different sizes were still not 

well-investigated, and this would be of further interest.
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