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Abstract: Antarctic krill protein-iron complex and peptide-iron complex were obtained to investigate their iron 

bioavailability, expression of iron-regulated genes, and in vivo antioxidant capacity. Results indicated that 

Antarctic krill peptide-iron complex increased significantly the hemoglobin (Hb), serum iron (SI) and iron 

content in the liver and spleen in iron-deficiency anemia (IDA) mice (P < 0.05) compared with those of Antarctic 

krill protein-iron complex. Despite the gene expressions of divalent metal transporter 1(DMT1), transferrin (Tf) 

and transferrin receptor (TfR) could be better regulated by both Antarctic krill peptide-iron complex and 

protein-iron complex, the relative iron bioavailability of the Antarctic krill peptide-iron complex group (152.53

±21.05%) was significantly higher than that of the protein-iron complex group (112.75±9.60%) (P<0.05). 

Moreover, Antarctic krill peptide-iron complex could enhance the antioxidant enzyme activities of 

superoxidase dismutase (SOD) and glutathione peroxidase (GSH-Px), reduce the malondialdehyde (MDA) 

level in IDA mice compared with the protein-iron complex, reducing the cell damage caused by IDA. Therefore, 

these results demonstrated that Antarctic krill peptide-iron complex could be used as a highly efficient and 

multifunctional iron supplement. 

Keywords: IDA mice; Antarctic krill peptide-iron; iron-regulated genes; iron bioavailability; in vivo antioxidant 

capacity  

 

1. INTRODUCTION 

Many biological processes rely on iron, including oxygen transport and energy metabolism [1]. 

Iron deficiency can cause iron deficiency anemia (IDA), which is one of the most frequent nutritional 

deficiencies, afflicting millions of people around the world, especially infants, children, and pregnant 

women [2]. In addition, iron deficiency can also increase oxidative stress [3], which may be part of 

the pathogenesis of IDA patients [4]. 

Ferric iron is generally accepted to be the most prevalent form of non-heme iron. Cytochrome b 

on the apical surface of intestinal epithelial cells reduces ferric iron to ferrous form [5]. Ferrous ions 

are further transported to intestinal epithelial cells via DMT1[6]. Iron is transported throughout the 

body via transferrin from the sites of absorption [7]. Cells uptake iron via transferrin-bound Ferric 

iron via the transferrin receptor (TfR1) [8]. The bioavailability of dietary iron is very low, ranging 

from 5% to 18% [9]. Intestinal iron absorption is influenced by the solubility and exchange ability of 

iron from the food matrix [10]. In order to address this pressing public health issue, many iron 

supplements have been developed and studied [11,12]. As an iron supplement, FeSO4 is allowed in 

many countries under pharmaceutical and food additive regulations [13]. However, they have the 
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adverse reactions of affecting the intestinal lumen and the intestinal mucosal area by reason of free 

iron dependent on the production of free radicals [14,15]. Therefore, it need reduce the interaction of 

free iron with cells in the gastrointestinal tract during digestion and absorption. In addition to 

reducing the toxicity of free iron, it is also capable of increasing its solubility and bioavailability. 

Absorption of intestinal iron is generally considered to be the only factor controlling iron levels [16]. 

The body maintains homeostasis of iron through upregulation or downregulation of iron absorption 

mechanisms, and it regulates the absorption and never excretes iron [17]. Hence, enhanced intestinal 

iron absorption is crucial for improving blood and peripheral tissue iron levels during IDA. 

In recent years, iron supplements containing iron-chelating proteins or peptides have been 

discovered. For an illustration, iron deficiency anemia induced DMT1, TfR gene mRNA levels were 

significantly reduced by lentil-derived protein–iron complexes [18]. Ovalbumin can enhance 

recovery of the hematocrit, hemoglobin, transferrin saturation level and the hepatic iron content of 

IDA rats [19]. Desalted duck egg white peptides-ferrous chelate significantly increased hematological 

parameters in IDA rats [20]. Peptides from barley proteins can increase iron uptake and ferritin levels 

in Caco-2 cells [21]. Our previous study found that Antarctic krill peptides obtained by enzymolysis 

of Antarctic krill powder with trypsin were rich in aspartic acid and glutamic acid, which could 

enhance iron transport in Caco-2 cells after simulated gastrointestinal digestion [22]. However, the 

effect of Antarctic krill peptides on promoting iron absorption in vivo has not been reported. In 

addition, whether there is a difference for in vivo iron absorption enhancement of Antarctic krill 

peptides compared with their original proteins, needs to be investigated in more depth. 

Antarctic krill proteins are rich in essential amino acids, and its biological value is higher than 

that of milk protein and other animal proteins [23]. In order to explore which is more effective for the 

recovery of iron deficiency anemia between Antarctic krill protein-iron complex and peptide-iron 

complex, this study prepared Antarctic krill proteins and peptides from Antarctic krill powder and 

evaluated the effects of Antarctic krill proteins and peptides on iron bioavailability, expression of 

iron-regulated genes, and in vivo antioxidant capacity. 

2. MATERIALS AND METHODS 

2.1. Extraction of Antarctic krill proteins and preparation of Antarctic krill peptides 

The extraction method of Antarctic krill proteins was referred to Gao et al [24]. The Antarctic 

krill meat was added to the distilled water with constant stirring and mixing. The pH of the mixture 

was adjusted to 11.5 and continually stirred at 4 °C for 2 h, followed by centrifugation for 10 min at 

4500 r/min to obtain the supernatant. Thereafter, the supernatant was extracted for 2 h at 4 °C and 

pH 4.6 to collect the precipitate. The precipitate was frozen dried and labeled as Antarctic Krill 

proteins.  

In addition, the method of Antarctic krill peptides was according to the following study with 

minor modifications [25]. First, Antarctic krill proteins was dissolved in double distilled water, 

followed by hydrolyzation with alcalase (50 °C, pH 8.5) at a dose of 5000 U/g protein. After 3 h of 

hydrolysis, the enzyme was inactivated by heating at 100 for 10 min in a water bath. The mixture was 

centrifuged at 10,000 g for 20 min at 4 °C to obtain the supernatant and stored at −20 °C for later 
analysis. 

2.2. Preparation of iron complexes with Antarctic krill proteins or peptides 

According to our previous method [25], freeze-dried Antarctic krill proteins or peptides were 

dissolved in deionized water at a concentration of 30 mg/mL, followed by the addition of FeSO4 to a 

final concentration of 50 mM. The mixed system was shaken and reacted for 30 min at 25 °C and pH 

6.0. 
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2.3. Animal care and treatment 

Three-weeks old female C57/B6 mice weighting 13 ± 5 g was obtained from Liaoning 

Changsheng Biotechnology Co., Ltd. (Benxi, Liaoning, China). Standard environmental conditions 

(22±2 °C, 60% ± 5% humidity, 12 hours of darkness and light cycle, and continuous distilled 

deionized water) were maintained for mice. Animal ethics approval was granted by Animal Ethics 

Committee of Dalian Polytechnic University (protocol number: DLPU2022024). A control group of 

ten mice was fed a standard diet containing 45 ppm iron throughout the experiment. In other 

experiments, mice were fed an iron-deficient diet containing 12 ppm iron for 8 weeks in order to 

obtain IDA mice models. To conduct routine blood tests, blood was collected using orbital 

venipuncture after 8 weeks The hemoglobin (Hb) value of less than 100 g/L was taken as indicative 

of an IDA. The IDA mice were randomly divided into four groups of ten mice each after establishing 

the model (0 day of iron supplement): the model group (iron-deficient diet); the positive control 

group was administered FeSO4 (2 mg Fe/kg BW), and the other two groups given Antarctic krill 

protein-iron complex and peptide-iron complex respectively. The same dose of iron was used in both 

groups (2 mg Fe/kg BW). Deionized water was administered only to mice in the control group and 

blank group. During a 3-week period of intragastric administration, food intake and body weight 

were measured weekly. 

2.4. Hematological test 

The hemoglobin (Hb), serum iron (SI) concentration and total iron binding capacity (TIBC) levels 

were measured using kits (Nanjing Jiancheng Bioengineering Inst., Nanjing, China). 

2.5. relative biological value and Hb regeneration efficiency  

In order to determine the Hb iron pool (mg), we assumed a total blood volume of 6.7% BW and 

a Hb iron concentration of 0.335% [26]. The related formula is as follows: 

Hb iron pool (mg) = BW (kg)×0.067×Hb concentration (g/L) ×3.35 

Hb regeneration efficiency (%) = [final Hb iron pool (mg) - initial Hb iron pool (mg)] 

                           /total consumed iron (mg)×100 

Relative biological value (%) = Hb regeneration efficiency of each animal 

                         /Hb regeneration efficiency of the FeSO4 group×100 

2.6. Analysis of iron content in liver and spleen 

0.1 g liver and spleen were digested with nitric acid/perchloric acid (20: 1, v/v) at 300 °C for 30–
40 min until the solution became clear. The content of iron was determined using ICP-OES 

(PerkinElmer, Waltham, USA). 

2.7. Real-time (RT) PCR analysis 

A quantitative real-time polymerase chain reaction (RT-PCR) was used to determine liver 

DMT1, Tf, and TfR expression and mRNA levels. The GAPDH was used as the internal reference. 

Gene expression levels were measured using the ΔΔCt method in relation to 𝛽-actin levels. Table 1 

displays the primer sequences. Quantitative RT-PCR was performed using three biological samples 

and three technical replications. 

Table 1. Primers for quantitative PCR. 

Gens Primers Sequences Products (bp) 

Tf 
Forward 

GCAGTGTCAGAGCACGAGAATA

C 
156 

Reverse GGTCATAGCATCGGCTTCACTT  

TfR Forward CGTGGAGACTACTTCCGTGCTAC 139 
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Reverse 
GAGATACATAGGGCGACAGGAA

G 
 

DMT1 
Forward CTGCCTACAGCAACTCATCCCT 136 

Reverse GTGAACGCCCAGAGTTTACGA  

2.8. The detection of the SOD, GSH-PX and MDA levels in the gastric tissue 

0.1 g of mice gastric tissue was taken, followed by homogenization with ice saline, and 

centrifugation at 5000 rpm for 15 min at 4 °C. The kits (Nanjing Jiancheng Bioengineering Institute, 

Nanjing City, China) were used to determine the levels of superoxide dismutase (SOD), glutathione 

peroxidase (GSH-Px), and malondialdehyde (MDA) in gastric tissue. 

2.9. Histopathological observation 

Firstly, the liver and spleen of each group of mice were soaked in 10% formalin. Tissue samples 

were then dehydrated with an ethanol gradient, cleared with xylene, followed by being embedded 

in paraffin. Afterwards, tissue samples were stained with hematoxylin and eosin. Slices were 

observed with an optical microscope with a × 400 magnification. 

2.10. Statistical analysis 

Data from experiments were represented as the mean ± standard deviation (SD). Comparison 

between any two groups was performed with one-way analysis of variance (ANOVA), followed by 

Duncan’s multiple comparison tests. P < 0.05 was used to determine statistically significant 

differences between groups. 

3. RESULTS AND DISCUSSION 

3.1. The growth of IDA mice during iron supplementation 

In this experiment, an iron-deficient diet was used to establish the IDA mouse model and then 

the therapeutic effect of Antarctic krill peptide-iron complex and protein-iron complex on IDA mice 

was explored, and the mouse serum was obtained (Figure 1A). During this period, the body weight 

was measured regularly. The mice in the model group lost weight significantly after 8 weeks of iron-

deficient diet feeding (P < 0.05) as compared with those in the control group (Figure 1B). Additionally, 

there was no significant difference in body weight between groups treated with iron-deficient diet (P 

> 0.05). Many studies have reported that IDA can affect the growth of mice [12,27], which is consistent 

with the experimental result. Moreover, IDA mice were in poor health during the development of 

iron deficiency model, presented by pale skin, rough hair, slow growth and loss of appetite. Estimates 

of these parameters also got worse as the feeding time increased due to lack of iron intake. Similar 

results were found by Liu et al [28]and Zielińska-Dawidziak et al [29]. During iron supplementation, 

a significant improvement in their health was observed. At the end of the iron supplementation (3 

weeks), the treatment groups reported significant increases in body weight compared with the model 

group (P < 0.05), and there were no significant differences between the Antarctic krill protein-iron 

complex group and the peptide-iron complex group (P > 0.05). The results showed that iron 

supplementation promoted the growth of mice compared with the IDA group, and Antarctic krill 

protein-iron complex and peptide-iron complex relieved IDA symptoms more effectively than FeSO4. 
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Figure 1. Mice experimental protocol(A) and body weight changes in mice (B). 

3.2. Hematological parameters analysis 

In this study, we examined hematological indicators associated with iron status, including Hb, 

SI and TIBC. Hb levels before and after iron supplement are shown in Figure 2A. IDA can cause a 

decrease in Hb [30]. Due to dietary iron deficiency, the Hb levels in the IDA group were significantly 

lower than those in the control group (P<0.05). This is because an iron deficiency causes the functional 

iron level in the blood to decrease, which decreases Hb levels [31]. The Hb content in the iron‐
supplemented groups and the IDA group were not significantly different at the beginning of oral 

administration (P > 0.05). Following iron supplementation, the Hb levels of the mice in the iron-

supplemented groups were dramatically increased, and gradually approached to the control group. 

Among them, the Hb concentration of the Antarctic krill peptide-iron complex group (169.23±5.87 

g/L) and the protein-iron complex group (149.19±2.78 g/L) were significantly higher than that of the 

FeSO4 group (135.13±2.56 g/L) (P < 0.05). Indeed, the Hb levels would return to near normal levels 

with improved iron status [32].   

The determination of SI and TIBC is of great significance to the clinical diagnosis of IDA [33]. SI 

reflects iron absorption in the intestine by measuring the amount of circulating iron bound to 

transferrin [34]. It can be seen from Figure 2B that iron deficiency anemia has the greater impact on 

SI concentration in mice, resulting in lower SI concentration (19.05±0.73 µmol/L). However, Antarctic 

krill peptide-iron complex and protein-iron complex significantly increased SI concentrations in IDA 
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mice (P < 0.05). In the iron supplementation group, the mice in the Antarctic krill peptide-iron 

complex group had the higher SI concentration (34.55±4.96 µmol/L), followed by the Antarctic krill 

protein-iron complex group (30.54±2.57 µmol/L). The mice in the FeSO4 group had the lower serum 

iron concentration (26.60±1.65 µmol/L).  

TIBC reflects the ability of blood to bind iron with transferrin, and it often increases when iron 

deficiency is present [35]. It was shown in Figure 2C that IDA mice had significantly higher TIBC 

levels (P < 0.05) (465.92±56.30 µmol/L). After iron supplementation, the TIBC level in anemic mice 

significantly decreased (P < 0.05). The TIBC levels of mice in the Antarctic krill peptide-iron complex 

group, the protein-iron complex group and the FeSO4 group were nearly to the control group. 

Moreover, as compared to the control group, there were no significant differences between the 

Antarctic krill peptide iron complex group and the protein-iron complex group (P > 0.05). In contrast, 

there was significant difference between the Antarctic krill peptide-iron complex group and the 

FeSO4 group (P < 0.05). In addition, among in the iron supplementation group, the TIBC levels of 

mice in the Antarctic krill peptide-iron complex group (204.95±13.31 µmol/L) was lower than that of 

the Antarctic krill protein-iron complex group (255.86±5.35 µmol/L) and the FeSO4 group 

(322.04±21.64 µmol/L) (P < 0.05). 

The results exhibited that there was a significant improvement in Hb, SI, and TIBC levels after 

administration of the Antarctic krill peptide-iron complex and protein-iron complex. Specifically, the 

Antarctic krill peptide-iron complex showed a better therapeutic effect. This may be related to the 

structure and amino acid composition of Antarctic krill proteins and peptides. Wang et al found that 

after Antarctic krill powder was hydrolyzed by trypsin, and Asp, Glu and His content on Antarctic 

krill peptides are positively correlated with iron-binding activity [22]. It has been shown that peptides 

rich in these amino acids promote iron absorption [36,37]. Therefore, Antarctic krill peptide-iron 

complex can be used as an effective iron supplement.  
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Figure 2. Hematological parameters of mice in different groups:(A) The hemoglobin changes of mice 

in different groups before and after iron supplementation; (B) SI level of mice in different groups; (C) 

TIBC level of mice in different groups. 

3.3. Iron content in the liver and spleen of mice 

Figure 3 shows the accumulation of iron in the liver and spleen. As shown in Figure 3A, the iron 

content of liver in the IDA mice (31.93±0.52 mg/kg) was significantly lower than those in the control 

group (105.49±0.68 mg/kg) (P < 0.05). The iron content of liver in the Antarctic krill peptide-iron 

complex group (106.766±0.53 mg/kg) gradually near the control group after iron supplementation, 

and there was no significant difference between each of them (P > 0.05). Moreover, the iron content 

of liver in the Antarctic krill peptide-iron complex group was significantly higher than that in the 

Antarctic krill protein-iron complex group (89.94±3.37 mg/kg) and the FeSO4 group (83.67±1.34 

mg/kg) (P < 0.05), and the difference between the Antarctic krill protein-iron complex group and the 

FeSO4 group was not significant (P > 0.05). In addition, the iron content in the spleen has a similar 

trend to that in the liver. The iron content of spleen in the Antarctic krill peptide-iron complex group 

(254.54±1.35 mg/kg) was significantly higher than those in the control group (197.74±7.46 mg/kg), the 

Antarctic krill protein-iron complex group (199.26±3.30 mg/kg), and the FeSO4 group (165.80±1.43 

mg/kg) (Figure 3B). The difference between the Antarctic krill protein-iron complex group and the 

control group was not significant (P > 0.05), but the iron content of spleen in the Antarctic krill 

protein-iron complex group higher than that of the FeSO4 group. 

The liver and spleen are major iron storage tissues and play a vital role in iron homeostasis [38]. 

As a rule, IDA mice use iron stored in the liver and spleen for transport to maintain serum iron 

balance [39]. Therefore, IDA mice generally had lower levels of liver iron than the other groups of 

mice. This is consistent with the results observed by Zhang et al [40]. Study has confirmed that in 

order to compensate for iron deficiency and Hb reduction, the body activates haemolytic states under 

iron deficiency, which lead to hypertrophy of the liver and spleen [30]. This phenomenon has been 

observed in our experiment [41]. In addition, the amino acid composition in the diet may also affect 

the accumulation of iron in the liver and spleen. Ma et al demonstrated that glutamate-rich peptides 

reduce the production of transferrin, which favors iron storage in the liver and spleen [41]. This may 

be the reason why peptide-iron complex are more favorable for iron storage than protein-iron 

complex. 
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Figure 3. Iron contents of mice in the liver (A) and spleen(B) in different groups. 

3.4. Hemoglobin regeneration efficiency and relative biological value  

The Hb regeneration efficiency is shown in Figure 4A. Oral administration of the Antarctic krill 

peptide-iron complex (24.10±3.33%) was the most efficient than that of the protein-iron complex 

(17.82±1.52%). The Hb regeneration efficiency of the FeSO4 group was lower (15.80±1.46%). There was 

no significant difference in the Hb regeneration efficiency between the Antarctic krill protein-iron 

complex group and the FeSO4 group (P>0.05). Using the Hb regeneration efficiency of FeSO4 as a 

reference (100%), the relative biological value of the iron-supplemented group was calculated (Figure 

4B). The relative bioavailability of iron in the Antarctic krill peptide-iron complex group 

(152.53±21.05%) was significantly higher than those in the protein-iron complex group (112.75±9.60%) 

(P<0.05). Interestingly, the relative biological value of the Antarctic krill peptide-iron complex group 
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was 39.78% higher than that of the protein-iron complex group. Combined with the results of the 

hematological indicators, iron content of liver and spleen, and hemoglobin regeneration efficiency, 

the Antarctic krill peptide-iron complex is a better iron supplement compared with protein-iron 

complex. 
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Figure 4. Hemoglobin regeneration efficiency(A) and relative biological value (B). of iron-supplement 

groups. 

3.5. Expression of iron-regulated genes 

The transmembrane protein DMT1 transports non-heme iron across the apical membrane of 

enterocytes [42]. Researchers have found that rats fed iron-deficient diets had significantly higher 

renal DMT1 levels, while rats fed iron-enriched diets showed significantly lower levels [43]. As 

shown in Figure 5A, there was a significant increase in DMT1 mRNA levels in the model group (P < 

0.05) compared with those in the other groups. The decrease in DMT1 mRNA level indicated an 

increase in iron absorption from the intestinal segment. In this study, after gavage of FeSO4, Antarctic 

krill protein-iron complex, and peptide-iron complex to mice, there was a return to normal levels of 

gene expression for DMT1. The ranking of the DMT1 gene expression levels is Antarctic krill peptide-

iron complex＜protein-iron complex＜FeSO4. 

The main source of iron for most tissues is iron-loaded Tf. Tf originates in the liver and transports 

iron from the site of absorption to almost all tissues. In iron-deficient states, its synthesis is markedly 

increased by unknown mechanisms. Most cells facilitate iron uptake by Tf bound ferric iron via TfR 

[44]. Tf with high iron binds to TfR on the surface of red blood cells and enters the cell through 

pinocytosis [45,46]. As shown in Figure 5B,5C, as compared with the control group, the level of Tf 

and TfR mRNA increased significantly in the model group (P < 0.05). Several studies have shown an 

inverse correlation between Tf and its mRNA in response to iron deficiency [47], which is consistent 

with our findings. In addition, the Tf and TfR genes expression levels of the FeSO4 group, the 

Antarctic krill protein-iron group, and the peptide-iron group decreased to the normal levels by oral 

iron supplementation, in which the Tf and TfR gene expression levels decreased more rapidly after 

oral administration of the Antarctic krill protein-iron complex and the peptide-iron complex as 

compared to those in the FeSO4 group, indicating an increase in the absorption of iron by the intestine. 

Moreover, no significant difference on the Tf and TfR gene expression levels between the Antarctic 

krill protein-iron group and the peptide-iron group (P > 0.05).  

The absorption mechanism of inorganic ferrous ions was not similar to that of organic complex. 

There is a possibility that iron from Antarctic krill protein-iron complex, peptide-iron complex and 

FeSO4 enters the common matrix for efflux into the blood. Regulation of DMT1, Tf and TfR mRNA 

expression revealed good bioavailability of Antarctic krill protein-iron complex, peptide-iron 

complex and FeSO4 in mice. The Antarctic krill protein-iron complex and peptide-iron complex 

groups had lower DMT1, Tf and TfR mRNA levels in liver compared with the FeSO4 group at the 

same doses. Furthermore, the Antarctic krill peptide-iron complex group had lower DMT1, equal Tf 

and TfR mRNA levels compared with the Antarctic krill protein-iron complex group at the same 

doses, indicating that the Antarctic krill peptide-iron complex is easier to be absorbed by the small 

intestine than the protein-iron complex and FeSO4. 
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Figure 5. Effects of in the iron‐supplemented group on genes mRNA expression of iron-regulated 

genes in the liver: (A) DMT1; (B) Tf; (C) TfR. Asterisks indicate significant differences (P < 0.05). 

3.6. In vivo antioxidant activities 

Cells and their structures can be disrupted by accumulating reactive oxygen species (ROS). In 

the presence of superoxide dismutase (SOD), superoxide anion was catalyzed it to hydrogen peroxide 

(H2O2), which is then disintegrated into H2O by catalase [48]. In addition, glutathione peroxidase acts 

directly as an antioxidant by reacting with superoxide radicals, peroxyl radicals and singlet oxygen 

molecules [49]. A variety of cellular functions are regulated by these enzymes, and they protect cells 

against oxidative damage in organisms. Studies have reported that iron deficiency anemia-induced 

oxidative stress can damage gastric mucosal tissue [50,51]. In order to explore the protective effect of 

Antarctic krill protein-iron complex and peptide-iron complex on the gastric mucosa of IDA mice, 

the SOD activity, the glutathione peroxidase (GSH-Px) activity and the malondialdehyde (MDA) 

concentration of gastric tissue were determined.  

It can be seen from Figure 6A that the SOD activity of anemic mice (132.03±2.95 U/mL) was 

significantly lower than that of normal mice or iron-supplemented mice. The activity of the SOD 

activity of the Antarctic krill protein-iron group (136.85±4.27 U/mL) was comparable to that in the 

FeSO4 group (138.44±1.17 U/mL) and the difference was not significant (P > 0.05). The SOD activity 

of the mice in the Antarctic krill peptide-iron group (143.38±1.39 U/mL) was higher (P < 0.05). 

Nevertheless, the difference was not significant as compared with those in the control group (P > 

0.05). As shown in Figure 6B, as compared with those in the normal group or iron-supplemented 

groups, the activity of GSH-Px of the anemic mice (73.85± 19.07) was the lowest (P < 0.05). In addition, 

the GSH-Px activity of the mice was higher in the Antarctic krill peptide-iron complex group 

(237.84±23.93) compared with those in the control group and there was no significant difference (P > 

0.05). Moreover, among the iron-supplemented mice, the GSH-Px activity of mice in the FeSO4 group 

(132. 42±7.14) was lower. In general, decreased levels of SOD and GSH-Px activity are the main 

manifestation of iron deficiency anemia [52]. Our study suggests that iron deficiency anemia reduces 

the activity of antioxidant enzyme. Gavage administration of the Antarctic krill protein-iron complex, 

the peptide-iron complex and FeSO4 significantly increased the activity of antioxidant enzyme and 

gradually returned to near-normal levels. As compared with traditional FeSO4 treatment, Antarctic 
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krill protein-iron complex treatment and peptide-iron complex treatment were more effective, in 

which Antarctic krill peptide-iron complex had higher in vivo antioxidant activity. This showed that 

the antioxidant activity of the enzymatic hydrolyzate obtained by proteolysis was improved.  

As a product of lipid peroxidation, malonaldehyde (MDA) is typically used to estimate the 

extent of lipid peroxidation in biological systems [53]. Oral iron supplementation has not been 

extensively studied despite extensive literature on iron and lipid peroxidation. In this study, the 

average concentration of MDA in normal mice was 21.26±0.64 nmol/mL (Figure 6C). The 

concentration of MDA was significantly increased in anemic mice (26.83±0.51 nmol/mL) (P < 0.05). 

Furthermore, the concentration of MDA in the Antarctic krill protein-iron complex group (21.13±0.11 

nmol/mL) and the peptide-iron complex group (20.53±0.25 nmol/mL) was significantly lower than 

that in the IDA group (P < 0.05), but not significantly different from the normal mice (P > 0.05). In 

general, the Antarctic krill protein-iron complex and the peptide-iron complex could enhance the 

activity of antioxidant enzymes, reduce the malondialdehyde level in the IDA mice, in which the 

Antarctic krill peptide-iron complex exhibited higher in vivo antioxidant activity than that of the 

protein-iron complex. 

Oxidative stress can be caused by dysregulation of iron pathways. The main cause of oxidative 

stress is the generation of hydroxyl radicals and the oxidation of lipids [54]. Several studies have 

demonstrated that animal proteins and/or its antioxidative peptides may reduce oxidative stress by 

hydrolyzation [55]. Rahimpour et al also confirmed that Antarctic krill hydrolyzate has certain 

antioxidant activity [56]. Ferrous iron chelators form coordination bonds with ferrous ion, which 

lowers the redox potential of the ferrous ion, thereby stabilizing the oxidized form of ferrous ion. This 

property gives ferrous iron chelators effective secondary antioxidant capacity [57]. Since the iron-

binding activity of Antarctic krill hydrolysates gradually increased with the time of hydrolysis [22], 

the antioxidant capacity of the Antarctic krill peptide-iron complex was higher than that of the 

protein-iron complex. 
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Figure 6. Effects of iron‐supplemented group on in vivo antioxidant enzymes activity and level of 

mice: (A) SOD; (B) GSH-Px;(C) MDA. 

3.7. Histopathological observation 

For this purpose of investigating the protective effect of Antarctic krill proteins and peptides on 

the tissue damage of liver and spleen caused by IDA, HE staining was used in this experiment and 

the paraffin sections of liver and spleen were observed under a microscope. As shown in Figure 7, 

histological evaluation of the liver showed iron-deficiency anemia-induced hepatic injury, including 

monocyte infiltration in the portal area and fine hemosiderin pigment deposited in individual 

macrophages (black arrows). In addition, there is a phenomenon of reunion. After treatment with 

Antarctic krill peptide-iron complex or protein-iron complex, no evidence of organ damage or 

inflammation was observed in liver tissue from mice. Moreover, the liver tissue of mice treated with 

FeSO4 showed agglomerated particles. As for the spleen tissue, the microscope of the control group 

(normal) showed that the spleen cell structure was intact. Spleen injury caused by iron deficiency 

anemia is manifested by the obvious appearance of tangible body macrophages and inflammatory 

cells (black arrows). Moreover, tangible body macrophages were observed in liver tissue of mice 

treated with FeSO4. Antarctic krill protein-iron complex group and peptide-iron complex groups 

showed normal spleen tissue structure without detectable lesions. FeSO4 causes splenic lesions in the 

FeSO4 group, confirming its toxic effects. 

It has been shown that iron deficiency can cause oxidative stress, which is closely related to the 

production of reactive oxygen species (ROS) [58]. Highly reactive ROS damage cells by oxidizing and 

destroying biomacromolecules. Diet may be an important regulator of cellular redox status and 

protect cells from oxidative stress-induced apoptosis. FeSO4 can aggravate oxidative stress in vivo 

and its histopathological damage [59]. In this study, administration of Antarctic krill peptide-iron 

complex or protein-iron complex significantly reduced the extent of iron deficiency-induced 

macroscopic and microscopic spleen tissue damage. 
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Figure 7. Effect of iron supplementation on histopathology changes in the liver and spleen in mice 

(HE staining): (A) control group; (B) model group; (C) protein-iron group; (D) peptide-iron group; (E) 

FeSO4 group. 

In summary, the Antarctic krill peptide-iron complex was found to be more effective than the 

protein-iron complex and FeSO4 in iron absorption and utilization by evaluating the body weight, 

blood parameters, iron content in the liver and spleen of the mice. Results indicated that Antarctic 

krill peptide-iron complex increased significantly the hemoglobin, serum iron and iron content in the 

liver and spleen in iron-deficiency anemia mice (P < 0.05) compared with Antarctic krill protein-iron 
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complex. Despite the gene expressions of divalent metal transporter 1, transferrin and transferrin 

receptor could be better regulated by Antarctic krill peptide-iron complex and protein-iron complex, 

the relative bioavailability of iron in the Antarctic krill peptide-iron complex group (152.53±21.05%) 

was significantly higher than in the protein-iron complex (112.75±9.60%) (P<0.05). Moreover, 

Antarctic krill peptide-iron complex could enhance the antioxidant enzyme activities of superoxidase 

dismutase and glutathione peroxidase in gastric tissue, reduce the malondialdehyde level in IDA 

mice compared with the protein-iron complex, reducing the cell damage caused by IDA. These 

findings suggest that Antarctic krill peptide-iron complex is an effective source of iron 

supplementation for IDA mice. Further study is needed to investigate mechanism of Antarctic krill 

peptide-iron complex for improving iron deficiency. 
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