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a b s t r a c t

Selenium is an essential trace element for humans and animals. As the active center of selenoproteins,

the addition of selenium is beneficial to enhance the antioxidant ability. However, the high cost limits the

application of organic Se in agriculture animal production. Selenized glucose (SeGlu) is a newly invented

organoselenium material with good stability, low toxicity and low cost. This assay found that SeGlu was

able to increase selenium deposition in liver of newborn broilers, and enhance the antioxidant capacity

of liver by elevating the activities of antioxidant enzymes such as total superoxide dismutase and glu-

tathione peroxidase. This paper as the first example clarifying the mechanism of SeGlu to enhance the

antioxidant ability of chicks, shows that SeGlu can be used as an organic selenium enrichment additive

for early nutrition of poultry. As a cross-discipline study involving chemistry, biology and agriculture an-

imal science, the work may be beneficial for studies in related fields and prompt the development of the

selenium science.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The time for broilers to reach marketing age has been signifi-

cantly shortened. It is consequently necessary to identify new nu-

tritional solutions to improve the growth performance of broiler

chickens [1]. The quality of chicks during the late embryonic and

early hatching stages has an important impact on achieving supe-

rior production performance at marketing age. Unlike mammals,

embryonic development of poultry is completely dependent on the

nutritional reserves in the egg. During the latter stages of incuba-

tion, chicken embryos are exposed to a relatively hypoxic environ-

ment due to the increased demand for autogenous oxygen. At this

time, the respiratory pattern changes from chorioretinal to pul-

monary respiration. Therefore, the embryo is susceptible to oxida-

tive stress during this process [2,3]. Furthermore, oxidative stress

can also be induced by the transition from a hypoxic to a fully

oxygenated environment when newborn broilers emerge from the

shell. This process may lead to a decrease in antioxidant capacity,

growth retardation, and even increased mortality [4,5]. In commer-

cial production, newly hatched chicks usually do not have timely

access to food and water for 24–72h due to shelling time, man-
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agement, and transportation factors [6]. Thus, post-hatch starvation

may exacerbate existing oxidative stress and leading to a reduc-

tion in the antioxidant capacity and growth performance of broil-

ers [7,8].

Oxidative stress is closely associated with tissues of the liver,

which is the main site of the production and consumption of reac-

tive oxygen species (ROS). Inadequate regulation of oxidative stress

increases the production of oxidative substances such as the super-

oxide (O2
.−) and hydroxyl (OH.−), and hydrogen peroxide (H2O2).

These reactive oxygen species can inhibit the activity of antioxi-

dant enzymes and cause oxidative damage in liver tissue [9]. Con-

sequently, it is important to enhance the hepatic antioxidant ca-

pacity of late embryos and neonatal broilers.

In ovo feeding (IOF) is a technique whereby different exogenous

nutrients are injected into eggs via the amniotic cavity. It is typi-

cally performed on the day 17th or 18th of incubation. The principle

is that the amniotic fluid can be swallowed by the embryo during

the later stages of incubation. Hence, the injection solutions con-

taining supplemental nutrients can be directly absorbed and uti-

lized by the embryo, thereby enhancing the growth and develop-

ment of poultry. Numerous researchers have reported that IOF of

exogenous nutrients such as carbohydrates, amino acids, and their
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Table 1

Effects of in ovo feeding of selenized glucose (SeGlu) on hatching weight and selenium (Se) content on liver of chicks.

Items Treatments SEM P-value

Control SeGlu10 SeGlu20 ANOVA Linear Quadratic

Hatching weight (g) 42.03 41.67 41.49 0.575 0.930 0.711 0.945

Se level (μg/kg) 421.00c 685.00b 1108.67a 104.888 0.001 <0.001 0.336

a-c Values within a row with different superscripts differ significantly at P < 0.05.

metabolites can increase hatching weight, liver glycogen reserves,

marketing weight, and breast muscle yield [10,11]. In addition, sup-

plementing vitamin E in eggs can enhance the antioxidant capacity

of chicks [12]. Consequently, using IOF technology could ameliorate

the oxidative stress of late embryonic and neonatal broilers.

Selenium (Se) is a non-metal trace element that plays essen-

tial roles in maintaining the normal physiological functions of the

liver [13]. Se typically occurs as the active center of selenopro-

teins [14]. Se can enhance the activity of selenoproteins such as

glutathione peroxidase (GSH-Px) and thioredoxin reductase (TrxR)

[15]. Se also plays physiological roles as a scavenger of free radi-

cals, thereby preventing lipid peroxidation and promoting antioxi-

dant activity [16]. In nature, Se generally exists in the form of ei-

ther inorganic or organic Se compounds, among which, the former

mainly include sodium selenite and sodium selenate selenium sul-

fide, which are characterized by high toxicity, poor absorption, and

low bioavailability. Contrastingly, organic Se compounds, such as Se

yeast (SY) and seleno-substituted amino acids, are demonstrated to

have minimal toxicity, efficient absorption, and high bioavailability.

However, the excessive costs limit the application of organic Se in

livestock production [17]. Selenized glucose (SeGlu) is a newly in-

vented organoselenium material [18] with high chemical stability

and low toxicity [19]. It has already been widely applied in pro-

ducing the Se-enriched agricultural products [20], which are popu-

lar nowadays because selenium is a key element for the health of

human nervous, cardiovascular and hepatobiliary systems [21,22].

Studies have shown that dietary supplementation with SeGlu can

enhance the antioxidant activity of egg yolk and liver antioxidant

capacity in laying hens [23,24]. On the basis of these observations,

we hypothesized that IOF of SeGlu would enhance Se reserves

and antioxidant ability in newborn chicks. In this study, we thus

sought to confirm this supposition by evaluating the influence of

IOF of SeGlu on the antioxidant capacity of liver in neonatal broil-

ers (Fig. 1).

Compared with the control group (0.75% physiological saline),

we found that the SeGlu10 (IOF of 10μg Se from SeGlu) and

Fig. 1. Flowchart of in ovo feeding of selenized glucose and incubated in neonatal

broilers.

SeGlu20 (IOF of 20μg Se from SeGlu) treatments promoted signif-

icant increases in the Se content of broiler livers (Table 1). In re-

sponse to an increase in SeGlu concentration, we detected a linear

change pattern in the Se contents of livers in newborn broilers.

However, there were no significant differences among the three

treatment groups with respect to the hatching weight of broiler

chicks.

As shown in Table 2, compared with control group birds, broil-

ers in the SeGlu20 group were characterized by significant in-

creases in GSH-Px activity. Polynomial orthogonal contrast analysis

revealed that the effects of SeGlu concentration on GSH-Px activ-

ity were both linear and quadratic, and that the latter model pro-

vided a better fit to the data. Compared with the control group,

IOF of 10μg Se was found to promote a significant reduction in

liver glutathione (GSH) concentration, and we established that the

response of GSH levels to an increase in SeGlu concentration was

quadratic. Contrastingly, we detected no appreciable differences

among treatment groups on glutathione reductase (GR) and TrxR

activity.

The effects of in ovo SeGlu administration on the free radical

scavenging capacity of livers in newborn broilers are shown in

Table 3. In response to an increase in SeGlu levels, we detected

a linear increase in liver total superoxide dismutase (T-SOD) ac-

tivity in newly hatched chicks, whereas in contrast, there was no

clear difference among the three treatments on liver total antioxi-

dant capacity (T-AOC) activity. When administered at a concentra-

tion of 10μg, Se was observed to promote a significant increase in

the scavenging of O2
.− in liver compared with that detected in the

other two groups, whereas we observed no significant difference

among the three groups with respect to OH.− scavenging ability.

Additionally, compared with control group broilers, those in the

SeGlu10 group were found to have lower liver concentrations of

malondialdehyde (MDA), and we established that MDA levels re-

sponded to SeGlu dosage in significant quadratic manner.

As shown in Fig. 2, IOF of SeGlu decreased the mRNA expression

of GPX-1, TXNRD1, and SOD2 mRNAs, whereas these treatments ap-

peared to have no appreciable effect on IL-1β transcript levels.

Previous studies have established that dietary supplementation

with Se can increase the Se content in tissues and eggs, thereby

indicating that supplementary feeding can enrich Se levels in ani-

mals [25,26]. Although Se is an essential trace nutrient in poultry

production, chicken embryos do not have access to exogenous Se

during the period of incubation [27]. Se concentrations in fertilized

eggs are essentially determined by its level in the diet of laying

hens [28]. Consequently, supplementation of maternal feed with Se

is the traditional approach employed to enhance Se storage in em-

bryonic chicks. However, Ohta et al. found that in ovo administra-

tion of amino acids can contribute to enhancing the corresponding

levels of amino acids in broiler embryos [29]. Similarly, Saeed et

al. demonstrated that the injection of 80 or 120μg folic acid ele-

vated folic acid concentrations in the blood of broilers measured

on day 42 post-hatch [30]. Furthermore, several researchers indi-

cated that injecting of carbohydrates, including sucrose and mal-

tose, can enhance the glycogen reserves of domestic pigeons and

broilers [31,32]. These findings imply that IOF of exogenous nu-

trients into avian eggs could serve as an alternative approach to
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Table 2

Effects of in ovo feeding of SeGlu on the GSH-system and thioredoxin-reductase enzyme in liver of chicks.

Items Treatments SEM P-value

Control SeGlu10 SeGlu20 ANOVA Linear Quadratic

GSH-Px (U/mg protein) 22.97b 18.21b 31.62a 1.837 0.002 0.011 0.003

GSH (mg/g protein) 7.65a 4.07b 8.09a 0.548 <0.001 0.545 <0.001

GR (U/g protein) 5.91 5.81 5.25 0.200 0.378 0.202 0.596

TrxR (U/mg protein) 1.13 1.01 1.19 0.048 0.329 0.587 0.170

a-c Values within a row with different superscripts differ significantly at P < 0.05.

Table 3

Effects of in ovo feeding of SeGlu on free radical scavenging capacity in liver of chicks.

Items Treatments SEM P-value

Control SeGlu10 SeGlu20 ANOVA Linear Quadratic

T-SOD (U/mg protein) 187.71b 241.45a 253.54a 10.760 0.015 0.006 0.253

T-AOC (U/mg protein) 0.25 0.22 0.21 0.011 0.203 0.089 0.638

O2
•− (U/g protein) 559.97b 741.37a 693.33ab 31.928 0.041 0.062 0.063

OH•− (U/mg protein) 156.76 142.06 137.44 6.398 0.470 0.280 0.721

H2O2 (mmol/g protein) 21.43 21.46 18.18 1.013 0.340 0.210 0.451

MDA (nmol/mgprotein) 1.01a 0.62b 0.97a 0.062 0.008 0.681 0.003

a–c Values within a row with different superscripts differ significantly at P < 0.05.

Fig. 2. The effects of in ovo feeding of SeGlu on mRNA expression levels in the

liver of chicks. a,b Different letters indicate significant differences among the three

treatments (P < 0.05).

enhancing the nutritional status of embryos and hatchlings. In line

with expectation, we established that IOF of SeGlu promoted a lin-

ear increase in Se contents in the livers of newborn broilers. Sim-

ilarly, in our previous studies, we found that SeGlu supplementa-

tion contributed to elevating Se levels in the eggs, liver, oviduct,

and spleen of laying hens [23,24].

Se deficiency has been established to adversely affect the ex-

pression of selenoproteins in immune-related organs, thereby in-

hibiting the pleiotropic regulatory mechanisms of organisms in re-

sponse to oxidative stress [33]. However, excessive intake of Se

may also cause toxicity, which can lead to severe immunosuppres-

sive effects and disease in animals [34]. In the present study, we

found that injection of 10 or 20μg Se from SeGlu had no signifi-

cant effect on either the hatchability (data not shown) or weight

of newborn broilers. These results are consistent with those re-

ported by Lee et al. [35], who found that IOF of Se at concentra-

tions ranging from 0.075μg to 20μg per egg had no evident influ-

ence on the hatchability or body weight of broilers on the day of

hatching. These findings indicate that the dosages of SeGlu used

in the present study are safe for the nutrient supplementation of

broiler embryos. It is well established that the physiological ef-

fects of Se in animals are mediated primarily via the activity of

this element as a functional component of selenoproteins [14]. The

major sources of organic Se additive in poultry production are Se-

containing amino acids, such as selenomethionine, selenocystine,

and selenocysteine [18]. Our observations indicate that glucose can

also be used as the carrier of elemental Se. The reason may be the

catabolic intermediates of glucose can serve as the carbon skele-

tons for synthesizing amino acids. Accordingly, IOF of SeGlu can be

considered a further effective approach for enhancing Se reserves

in the livers of neonatal broilers.

In addition to being the main site for regulating the effects of

oxidative stress, the liver also carries out the synthetic metabolism

of Se to selenoproteins [36]. The endogenous antioxidant system of

animals is dependent on the selenoprotein system, which consists

mainly of enzymes in the GSH and TrxR families [27,37]. In par-

ticular, GSH-Px and TrxR can assist in catalyzing the reduction of

H2O2 and organic peroxides. TrxR uses nicotinamide adenine dinu-

cleotide phosphate to maintain the reduced state of thioredoxin,

and also plays roles in scavenging ROS, thereby protecting cells

from the oxidative damage caused by free radicals [38]. It has pre-

viously been shown that IOF of nano-selenium produced by lac-

tic acid bacteria can significantly increase the activities of antiox-

idant enzymes such as catalase, SOD, and GSH-Px in chicks [39].

Similarly, IOF of sodium selenite, selenium yeast or selenomethio-

nine has been shown to be beneficial in enhancing the antioxi-

dant capacity and immune function of chicks [40]. In the present

study, we found that IOF of SeGlu promoted an increase in the

GSH-Px activity of broiler livers, and similar effects have been re-

ported in laying hens fed SeGlu-supplemented diets [23,41]. More-

over, Yuan et al. have found that selenium yeast can significantly

enhance GSH-Px mRNA expression in broiler livers [42]. Xiao et al.

found that dietary supplementation with Se enhances GSH-Px and

TrxR activities and the levels of GPX1 and TXNRD1 mRNA expres-

sion [43]. Interestingly, in the current study, IOF of SeGlu increased

GSH-Px activity, but resulted in a decrease in GPX1, TXNRD1 mRNA

expression in the liver of broilers. Moreover, previous researchers

indicated that the activities of GR and TrxR, as well as T-AOC in

chicken were significantly elevated after Se supplementation in the

diet [44,45]. However, neither the activities of GR and TrxR nor T-

AOC in liver was altered by SeGlu injection. We suspect that these

discrepant observations could be associated with the breed of test

3
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chicken, length of experimental observations, method of adminis-

tration, or may indeed be attributable to differences in metabolic

pathways of the administered form of Se. Consequently, we spec-

ulate that SeGlu administered via the in ovo route may primarily

enhance the antioxidant capacity of chicks by elevating the enzy-

matic activity of the GSH system.

The amount of MDA is often negatively correlated with the

GSH-Px activity and can reflect the antioxidant status of the body

[46]. We found that IOF of 10μg Se reduced the MDA contents in

the liver of broiler chicks. This is consistent with the findings of

Wang and Xu [47], who demonstrated that Se enhances antioxi-

dant activities in the serum and liver of animals. These findings

provide evidence to indicate that in ovo administration of SeGlu

enhances the efficacy of the liver’s antioxidant defense system. It is

well established that the three endogenous reactive oxygen species

O2
.−, OH.−, and H2O2 are the main sources of ROS-associated ox-

idative stress in cells. Excessive ROS production induces DNA dam-

age, apoptosis, and inflammation [48,49]. Therefore, the antioxi-

dant mechanism of scavenging endogenous ROS is essential for the

health of the organism, and the FRSC of oxygen radical in the or-

ganism can reflect the antioxidant capacity of the animal [50]. In

the present study, we detected elevated levels of O2
.− scavenging

in the livers of chicks that had been subjected to the SeGlu10 treat-

ment, which is consistent with the observation of Chen et al. [51],

who detected an enhancement of free radical scavenging capacity

in response to the administration of Se. Therefore, IOF of SeGlu can

enhance the antioxidant capacity of chick livers and also reduce

the sensitivity to tissue peroxidation.

As an important natural antioxidant enzyme, SOD plays key

roles in the association between oxidation and antioxidant bal-

ance in animals. SOD acts as the first line of the antioxidant de-

fense system by promoting the degradation of superoxide anions

[52]. Of the three SOD isoforms found in animals, SOD2 occurs

mainly in the mitochondrial matrix [53]. ROS are primarily re-

leased into the mitochondrial matrix, so SOD activity and SOD2

expression are generally closely associated with cellular antioxi-

dant capacity. Guido et al. [43] found that dietary supplementation

with organic Se can contribute to a significant increase in SOD ac-

tivity in the livers of laying hens, which is similar to the findings

of Xiao et al. [54]. In the current study, the chicks in SeGlu treat-

ment had relatively high T-SOD activity but reduced SOD2 mRNA

expression. This suggests that IOF of SeGlu can increase T-SOD ac-

tivity to scavenge ROS. Hence, IOF of SeGlu may increase the an-

tioxidant ability of liver through enhancing the T-SOD activity in

broilers.

SeGlu is a newly invented organoselenium material and is

widely used. However, its mechanism was not deeply studied in

previous works. This paper provided an in-depth study on the

mechanism of SeGlu to enhance the antioxidant capacity of liver of

newborn chicks using in ovo technology. In summary, IOF of SeGlu

can promote increases in selenium contents in the livers of neona-

tal broilers, and can also contribute to enhancing the antioxidant

capacity and decreasing the MDA level by elevating the activities

of antioxidant enzymes such as T-SOD and GSH-Px. These findings

provide a basis for subsequent work on the study of Se-enriched

additive in agricultural animal.
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