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ABSTRACT

Infant intestinal development is immature and, thus, 
is vulnerable to bacterial and viral infections, which 
damage intestinal development and even induce acute 
enteritis. Numerous studies have investigated that lac-
toferrin (LF) has protective effects on the intestine and 
may play a role in preventing intestinal inflammation in 
infants. Lactoferrin is divided into 2 types, namely apo-
LF and holo-LF, depending on the degree of iron satu-
ration, which may affect its bioactivities. However, the 
role of LF iron saturation in protecting infant intestinal 
inflammation has not been clearly clarified. Therefore, 
in this study, young mice models with intestinal damage 
induced by lipopolysaccharides (LPS) in vivo and pri-
mary intestinal epithelial cells in vitro were constructed 
to enteritis injury in infants for investigation. The 
apo-LF and holo-LF were subsequently applied to the 
mouse models to investigate and compare their levels 
of protection in the intestinal inflammatory injury, as 
well as to identify which LF was most active. Moreover, 
the specific mechanism of the LF with optimal iron 
saturation was further investigated through Western 
blot assay. Results demonstrated that disease activity 
index, shortened length of colon tissue, and histopatho-
logical score were significantly decreased in the apo-LF 
group compared with those of the LPS group and the 
holo-LF group. In the apo-LF group, the concentration 
of LPS in the intestinal tract and the number of gram-
negative bacteria colonies decreased significantly and 
the expression levels of proinflammatory factors in the 
colon tissue were downregulated, in comparison with 
those in the LPS group. The findings of this study thus 
verify that apo-LF can significantly alleviate enteritis 
injury caused by LPS, through regulating the PPAR-γ/
PFKFB3/NF-κB inflammatory pathway.
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INTRODUCTION

The intestine is one of the largest organs in the body, 
with 60% to 70% of immune cells and a highly complex 
immune barrier system (Grisham and Yamada, 1992; 
Richter et al., 1997; Scaldaferri and Fiocchi, 2007). 
Intestinal epithelial cells can not only respond to ex-
ternal stimuli themselves by stimulating the expression 
of inflammatory factors and chemokines through corre-
sponding signaling pathways, but they can also recruit 
more white blood cells to kill and remove damaged cells 
or foreign pathogens (Peterson and Artis, 2014). Since 
intestinal development in infants is immature, their im-
munity is weak, making them vulnerable to bacterial 
and viral infections, which can cause impaired intestinal 
development and even induce acute enteritis (Battersby 
et al., 2017, 2018). Indeed, acute enteritis is a global 
public health problem and the second highest cause of 
morbidity and death in children under 5 yr of age, caus-
ing more than 1 million deaths annually and accounting 
for approximately 15% of all infant and young child 
deaths (Black et al., 2010). The North American Soci-
ety for Pediatric Gastroenterology and Hepatology and 
Nutrition estimates that the overall annual incidence of 
enteritis in children under 3 yr of age is 1.3 per person 
in developed countries and 3 per person in developing 
countries (Fitzsimons, 2013). Studies have found that 
acute enteritis can damage intestinal villous epithelial 
cells, leading to the malabsorption of nutrients, which 
seriously affects the growth and development of infants 
(Villaseca et al., 2005; Nabulsi et al., 2015). Further-
more, the disease not only causes serious emotional 
distress and fatigue for parents and children, but also 
increases the risk of complications due to malnutrition 
or impaired immune function in children (Nabulsi et 
al., 2015). Therefore, intestinal development is crucial 
to the health of infants and young children and the 
improvement of intestinal immunity in infants has long 
been of scientific concern in the fields of nutrition, food, 
and medicine (Zhou et al., 2015; Yu et al., 2016).

Protective effects of recombinant lactoferrin with different 
iron saturations on enteritis injury in young mice
L. L. Fan,* Q. Q. Yao,* H. M. Wu,  F. Wen, J. Q. Wang,  H. Y. Li,† and N. Zheng†  
Key Laboratory of Quality & Safety Control for Milk and Dairy Products of Ministry of Agriculture and Rural Affairs, Institute of Animal Science, 
Chinese Academy of Agricultural Sciences, Beijing 100193, P. R. China

 

J. Dairy Sci. 105:4791–4803
https://doi.org/10.3168/jds.2021-21428
© 2022, The Authors. Published by Elsevier Inc. and Fass Inc. on behalf of the American Dairy Science Association®. 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Received October 13, 2021.
Accepted February 16, 2022.
*These authors contributed equally to this work.
†Corresponding authors: thufit2012@ 126 .com and zhengnan _1980@ 

126 .com

https://orcid.org/0000-0003-0648-4328
https://orcid.org/0000-0001-8841-0124
https://orcid.org/0000-0002-5365-9680
mailto:thufit2012@126.com
mailto:zhengnan_1980@126.com
mailto:zhengnan_1980@126.com


4792

Journal of Dairy Science Vol. 105 No. 6, 2022

A nonheme iron binding glycoprotein and a member 
of the transferrin family, with a molecular weight of 80 
kDa, lactoferrin (LF) is mainly expressed and secreted 
by mammary epithelial cells. Lactoferrin exhibits a 
variety of biological activities, including participating 
in iron metabolism, antiinflammatory, antibacterial, 
antiviral, anticancer, and antioxidant functions, and 
the regulation of immunity (Hering et al., 2017; Li et 
al., 2019; Niaz et al., 2019) and is, therefore, considered 
a milk protein with great research and development 
prospects. Due to its ability to stably and reversibly 
bind 2 ferric ions (Fe3+; Baker and Baker, 2004), LF 
is considered to have 2 different iron binding states: 
iron-deficient lactoferrin (apo-LF) and iron-saturated 
lactoferrin (holo-LF). Studies have shown that the 
conformation of LF changes greatly as it binds and 
releases iron. Compared with apo-LF, holo-LF has 
a more stable and compact structure (Grossmann et 
al., 1992). Furthermore, LF’s level of iron saturation 
has been found to affect its physiological functioning. 
Lu et al. (2008) showed that with the increase of iron 
saturation, the bacteriostatic ability of LF decreased. 
Through the construction of breast tumor models, it 
was also found that iron saturation had an effect on 
the tumor inhibition activity of LF, in which apo-LF is 
strongest (Kanwar et al., 2015). Jiang and Lönnerdal 
showed that apo-LF stimulated crypt cell proliferation 
significantly more than holo-LF in an in vitro test. 
However, holo-LF maintains high stability, especially 
when heated and stored for a long time, and it does 
not easily form polymers or degrade. For these reasons, 
holo-type LF is often added to milk products such as 
infant’s powder (Jiang and Lönnerdal, 2012).

Based on the above introductory data, animal and 
cell models of an LPS-induced intestinal inflammation 
in infants were simulated and constructed in this study 
to verify the protective effects of LF with different 
iron saturations via the regulation of the PPAR-γ/
PFKFB3/NF-κB signaling pathway and also to ana-
lyze their interaction mechanisms.

MATERIALS AND METHODS

Chemicals

Human recombinant lactoferrin (holo-LF) expressed 
in rice was purchased from Sigma (L1294–1G, the pu-
rity ≥90%). Using holo-LF as raw material, apo-LF 
was prepared according to the patent “a method for 
preparing lactoferrin with required iron saturation” 
(Luo et al., 2020). By adding citrate buffer (0.5 M) 
with a pH of 2 to the holo-LF solution (0.1 M), the 
molar volume ratio of citrate buffer to holo-LF was 
3:1, then adjusting the pH value of the solution to 5; 

next, the LF solution could be made into a sample with 
an iron saturation of 4.1%, which was regarded as the 
apo-type LF in the present study (Luo et al., 2020). 
Lipopolysaccharide (L8880–10 mg, purity ≥99%) and 
inflammatory cytokine kits (mouse IL-1β ELISA kit, 
mouse IL-6 ELISA kit, mouse TNF-α ELISA kit, and 
mouse IFNγ ELISA kit) were purchased from Beijing 
Solarbio Technology Co. Ltd., and a cell counting kit-8 
(CCK-8) was purchased from Solarbio. Hematoxylin-
eosin (HE) and 3,3′-diaminobenzidine (DAB) staining 
kits were from Wuhan Seville Biotechnology Co. Ltd.

Animal Experiments

Forty-eight 2-wk-old male C57BL/6J mice weighing 
about 13 g were purchased from Beijing Weishenghe 
Experimental Animal Technology Co., Ltd. (Beijing, 
China; license no. scxk 2012–0001). The mice were ran-
domly divided into 6 groups: apo-LF group, holo-LF 
group, LPS group, apo-LF+LPS group, holo-LF+LPS 
group, and control group, with 8 mice in each group (n 
= 8).

During the 14-d experiment period, mice in both the 
apo-LF group and the holo-LF group were intragas-
trically administered daily with LF (100 mg/kg BW). 
Mice in the LPS treatment group were intraperitoneally 
injected with LPS (10 mg/kg BW) daily on d 10 to 14. 
Mice in the apo-LF+LPS treatment group and holo-
LF+LPS treatment group were gavaged with LF (100 
mg/kg BW) every day for 1 to 14 d, and these mice 
were also intraperitoneally injected with LPS (10 mg/
kg BW) every day on d 10 to 14. Mice in the control 
group were fed normally. On d 15, the mice were killed 
by cervical dislocation, and their colon and intestinal 
tissues were collected. The experiment design is shown 
in Figure 1A. Before the formal experiment, these mice 
were fed normally for 5 d. The protocols in this study 
are those approved by the Committee on the Ethics of 
Animal Experiments of the Chinese Academy of Agri-
cultural Sciences (Beijing, China; permission number: 
IAS202104), conforming to internationally accepted 
principles for the care and use of experimental animals 
(NRC, 2001). Surgical procedures were performed un-
der inhalational anesthesia with ether and all efforts 
were made to minimize the suffering of the mice.

Disease Activity Index Calculation  
and Colon Length Measurement

Body weight, fecal traits, and recessive or dominant 
fecal bleeding were recorded daily. Disease activity 
indices (DAI) of the mice in each group were calcu-
lated according to the classical method (Murano et al., 
2001), and scoring criteria are presented in Table 1. 
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The colitis DAI was calculated as (weight loss + stool 
traits + bleeding)/3. Colon lengths were measured us-
ing a Vernier caliper.

Detection of LPS Concentration  
in Intestinal Contents

Following euthanasia, we mainly took the tissue 
(about 2 cm) away from the middle part of the colon. 

The contents of the mouse colon were removed and 
we weighed 100 mg accurately, and normal saline was 
added into the colon tissue to prepare 10% homogenate 
and centrifuged (4°C, 1,000 × g, 10 min). Next, 0.5 mL 
of supernatant was measured, 0.5 mL of normal saline 
was added into the supernatant to dilute it, and the 
prepared samples and standards were used to detect 
LPS concentration according to the lipopolysaccharide 
ELISA kit. The values at 450 nm were read with a 
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Figure 1. (A) Animal experiment design, (B) colons of young mice, (C) LPS concentrations in intestinal contents, and (D) changes in gram 
(G)-negative bacteria. EU = endotoxin units. The data are shown as mean ± SD. Differences between groups were analyzed using Student’s 
t-test. **P < 0.01, compared with the control, n = 8. apo-LF = iron-deficient lactoferrin; holo-LF = iron-saturated lactoferrin.
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Microplate Reader (Thermo Scientific). The result is 
finally expressed in endotoxin units per gram (Li et al., 
2021a; Xia et al., 2021).

Detection of Gram-Negative Bacteria Colonies

Following euthanasia, the contents of the mouse 
colon tissue were removed and 100 mg was weighed 
accurately; normal saline was added into the sample to 
prepare 10% homogenate, and then it was centrifuged 
(4°C, 1,000 × g, 10 min). The supernatant was poured 
into the plate with broth medium and cultured for 24 
h in the anaerobic incubator (Plas-Lab 855-AC and 
855-ACB; Plas Labs Inc.). Then, a small number of 
bacteria was picked up with an inoculation ring and 
evenly coated on clean slides. Bacteria were stained 
with ammonium oxalate crystal violet for 1 min, and 
normal saline was used to wash the floating color. The 
slides were soaked in potassium iodide solution for 1 
min and then decolorized with ethanol (95%) for 30 s. 
The gram-negative bacteria colonies were observed and 
counted using a microscope (Zhao et al., 2015; Zhang 
et al., 2018).

Detection of Serum Inflammatory Cytokines

The concentrations of IL-1β, IL-6, TNF-α, and 
INF-γ factors in the mice colon tissue were measured 
via ELISA, according to the ELISA kit instructions. 
Briefly, 500 μL of serum was mixed with a cocktail of 
biotinylated detection antibodies and incubated with a 
membrane spotted with capture antibodies. Unbound 
material was washed off and the bound cytokines 
were measured by the chemiluminescence method as 
instructed. The orifice plate was then placed in the 
multifunction enzyme label (Microplate Reader) instru-
ment and the absorbance (optical density value) of each 
orifice was measured at the wavelength of 450 nm.

HE and DAB Staining

For the HE stains, sections of the colonic tissues 
of the mice were fixed in 4% paraformaldehyde, then 

dehydrated, embedded in paraffin, sectioned, stained, 
and sealed with neutral gum. The morphology of the 
colonic mucosa was observed under light microscope.

For DAB detection, sections of the colonic tissue of 
the young mice were fixed in 4% paraformaldehyde, 
then dehydrated, embedded in paraffin, sectioned, and 
stained. The DAB was then quickly added to observe 
the staining, whereafter the dye solution was poured 
out. The time for color development was controlled 
within 3 to 10 min.

Isolation and Culture of Primary  
Intestinal Epithelial Cells

The intestines of young mice were excised under ster-
ile conditions and the mesentery was removed, washed 
with PBS, and centrifuged at 1,500 × g for 5 min at 
4°C; the course was repeated for about 3 times until 
the supernatant was transparent. The intestines were 
washed with a serum-free Dulbecco’s Modified Eagle 
Medium (DMEM)/F12 medium containing double 
antibodies (penicillin-streptomycin solution, 100×) 3 
times, and then cut into fragments of approximately 
1 mm3. The mesenteric supernatant was then washed 
with a serum-free DMEM/F12 medium containing 
penicillin-streptomycin solution (100×) and centrifuged 
at 1,000 × g for 3 min at 4°C. Thereafter, an enzymatic 
digestion solution (300 U/mL collagenase XI, 0.1 mg/
mL neutral protease) was added. The mixture was os-
cillated at 37°C for digestion for 30 min; then, fetal 
bovine serum was added to terminate the digestion and 
the mixture was centrifuged at 1,000 × g for 15 min at 
4°C, whereafter the supernatant was discarded. Next, 
the cells were inoculated in a 10-cm-diameter cell dish 
and cultured at 37°C in a 5% CO2 incubator. After the 
cells adhered to the dish wall, we observed the dish 
with an optical microscope, drew the small intestinal 
epithelial cell colonies with a marker pen, and scraped 
the fibroblast area with a glass scraper. The cells were 
washed with PBS and the supernatant was discarded, 
the epithelial cells were digested with trypsin-EDTA, 
and the suspension was collected into the centrifuge 
tube and centrifuged for 5 min at 1,000 × g at 4°C. 
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Table 1. Disease activity indices1

Score Weight loss (%)  Stool2 consistency  Occult or gross bleeding

0 (−) Normal  Normal
1 1–5    
2 5–10 Loose  Guaiac (+)
3 11–15    
4 >15 Diarrhea  Gross bleeding
1Disease activity indices = sum of weight loss, stool consistency, and bleeding scores/3.
2Normal: well-formed pellets; loose: pasty stools that do not stick to the anus; diarrhea: liquid stools that stick 
to the anus.
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The precipitate was resuspended with fresh DMEM/
F12 culture medium, which was transferred to a new 
culture dish for further culturing. The above steps were 
repeated 3 to 5 times until the microscopic field of vi-
sion was basically all epithelial cells.

Cell Culture and Cell Viability Assay

The primary intestinal epithelial cells were cultured 
in DMEM/F12 medium (containing 10% PBS, 500 μL 
of penicillin and streptomycin) in an incubator (37°C, 
5% CO2). Cells were planted into 96-well plates and 
cultured for at least 24 h. Thereafter, cells were first 
exposed to apo-LF (10 g/L) for 4 h, and LPS (1 mg/L) 
was added and they were cocultured together for an-
other 48 h. A cell counting kit-8 (CCK-8) was used to 
detect cell viability, and the appropriate dose of LF 
was further selected to detect the cell viability with 
the combination of apo-LF+LPS, to further verify the 
protective effect of LF.

Quantitative PCR and Western Blotting Used  
to Select the Appropriate LF Agent for Cells

In the cell model test, we seeded the mouse intestinal 
epithelial cells, and the cell density reached about 80%. 
The cells were divided into 8 groups (n = 3/group), con-
trol group (without any drugs), LF (1 g/L) group, LF 
(5 g/L) group, LF (10 g/L) group, LPS group, LPS+LF 
(1 g/L) group, LPS+LF (5 g/L) group, and LPS+LF 
(10 g/L) group. The cells were cultured for 48 h, and 
the cells were collected for western blotting (WB) and 
quantitative PCR (q-PCR) tests. The q-PCR method 
was as follows: we extracted the RNA of cells by the 
Trizol method, added 0.2 mL of chloroform, and mixed 
vigorously for 15 s at 4°C, 12,000 × g, for 10 min. We 
carefully took the upper water sample layer (the volume 
is about 60% of the added Trizol) and transferred it to 
a new Eppendorf tube. We did not absorb the protein. 
We added 0.5 mL of isopropanol, mixed it upside down, 
and placed it at 25°C for 10 min and at 4°C, 12,000 × 
g, for 10 min (or until colloidal flake precipitation could 
be seen at the bottom of the tube), and removed the 
supernatant. Then, 1 mL of 75% ethanol precipitated 
RNA (the same amount as Trizol), and we shook and 
mixed the sample. At 4°C, 10,000 × g, 10 min, the su-
pernatant was absorbed as thoroughly as possible, but 
loss of RNA precipitation was prevented, and it was al-
lowed to stand to volatilize the ethanol. Finally, 50 μL 
of DEPC water was added to dissolve RNA. We used 
the 2−∆∆Ct method to quantify the relevant expression 
of the target gene and normalized it to the expression 
of β-actin. To detect the inflammatory signaling path-
ways in the primary intestinal epithelial cells, western 

blotting assays were performed. After 48 h of LF (1, 5, 
and 10 g/L) treatment, 4 types of cells were collected, 
namely the apo-LF cells, LPS cells, apo-LF+LPS 
cells, and the control. Total protein in the cell samples 
was extracted using a protein extraction kit (Beijing 
Solarbio Science) and determined via a BCA protein 
assay kit (Beijing Solarbio Science). After heat treat-
ment at 95°C for 10 min, protein samples were added 
to 10% SDS-polyacrylamide gel and electrophoresis 
was performed. Proteins were then transferred to the 
nitrocellulose membrane via trans-blot (Tanon) and the 
filter was sealed in a Tris-buffered saline with Tween 
solution with 2% BSA at room temperature for 1.5 h. 
Thereafter, primary antibodies PPAR-γ, PFKFB3, NF-
κB, IL-6, TNF-α, and internal reference β-actin were 
added to the proteins and they were incubated at room 
temperature for 120 min. The membrane was washed 
with phosphate buffered solution with Tween 20, the 
secondary antibody was added, and the membrane was 
co-incubated at room temperature for 60 min. Finally, 
the membrane was detected with enhanced chemilumi-
nescence reagent and image analysis software (Image 
J1.53a; National Institutes of Health) was used for 
color exposure.

Data Analysis

All data are expressed as means and standard de-
viations. Data analysis was performed using GraphPad 
Prism 6.0 software (GraphPad). Student’s t-test and 
one-way ANOVA were used for statistical analyses, and 
P < 0.05 was considered to indicate a significant differ-
ence between the groups.

RESULTS

DAI of Young Mice With Enteritis

As the results shown in Table 2 demonstrate, the 
mice in the control group, the separate apo-LF group, 
and the holo-LF group exhibited normal activities, 
weight gain, and stools, and their DAI were found to 
be stable and to have low levels. However, it is obvious 
that the DAI of young mice in the apo-LF group was 
better than that in the holo-LF group.

Colon Length Comparison Among Different Groups

The average colon length of mice in the normal, apo-
LF, and holo-LF groups was approximately 8.5 cm, 
whereas that of the LPS group had shortened to 6.0 cm, 
which was significantly shorter than that of the control 
group (P < 0.05; Figure 1B). Compared with the con-
trol group, the average colon length of the mice in the 
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apo-LF+LPS and holo-LF+LPS groups had shortened 
by 1.0 cm (P < 0.05), but this was still significantly (P 
< 0.05) longer than that of the LPS group (Figure 1B). 
These results, thus, indicate that apo-LF and holo-LF 
significantly reduced colon shortening in the mice with 
LPS-induced enteritis.

LPS Concentration in Intestinal Contents

As shown in Figure 1C, the LPS concentration in 
the intestines of the LPS group was found to be sig-
nificantly higher than that in the control group. More-
over, compared with that of the LPS group, the LPS 
in the intestinal contents of the apo-LF+LPS group 
had significantly decreased. These results indicate that 
apo-LF significantly downregulated the LPS concentra-
tion in intestinal contents; however, the improvement of 
intestinal LPS concentration in holo-LF group was not 
significant (Figure 1C).

Analysis of Gram-Negative Bacteria Colonies  
in Mice Feces

The number of gram-negative bacteria colonies in 
the intestinal tracts of the mice in the LPS group had 
increased significantly, whereas the number of gram-
negative bacteria in the apo-LF+LPS group were 
significantly lower, indicating that apo-LF inhibited 
the growth of gram-negative bacteria (Figure 1D). The 
number of gram-negative bacteria in the holo-LF+LPS 
group was not significantly different from that of the 
LPS group; however, it was significantly higher than 
that of the apo-LF+LPS group, and it can be seen from 
the figure that the effect of apo-LF was better than 
that in the holo-LF group (Figure 1D).

Expression of Inflammatory Factors in Colonic 
Tissue of Young Mice

As shown in Figure 2, the expression levels of TNF-α, 
IL-1β, and IL-6 in the LPS group were significantly 
higher than those of the control group (P < 0.05). The 
levels of these inflammatory factors in the apo-LF+LPS 
group were significantly lower than those in the LPS 

group, and there were no obvious differences between 
the levels of these factors in the holo-LF+LPS and LPS 
groups (P > 0.05; Figure 2A–C). The inhibitory effect 
of apo-LF on the expression of proinflammatory factors 
was, thus, significantly stronger than that in the holo-
LF group. The expression level of antiinflammatory 
factor INF-γ in the colon tissue of the LPS group was 
significantly lower than that of the normal group (P 
< 0.05; Figure 2D), thus verifying that the inhibitory 
effect of apo-LF on the expression of antiinflammatory 
factors was significantly stronger than that of holo-LF.

HE Stain of Colonic Tissue

The pathological staining results demonstrated that 
the structure of the colon tissue in the control group 
consisted of regular glands, and no inflammatory cell 
infiltration, edema, congestion, erosion, ulceration, or 
other conditions were observed (Figure 3A). In the 
LPS group, the colonic mucosal epithelium was found 
to be partially defective, the glands were reduced and 
disorderly, mucosal edema and congestion were obvi-
ous, a large number of inflammatory cells had been 
infiltrated, goblet cells were reduced, and ulcer lesions 
had formed (Figure 3A). Pathological results in both 
the apo-LF+LPS and holo-LF+LPS groups showed al-
leviated colonic tissue damage, reduced mucosal ulcers, 
regular glandular structures, and reduced congestion 
and edema, accompanied by a small amount of inflam-
matory cell infiltration. Furthermore, the protective ef-
fect of the apo-LF was significantly more obvious than 
in the holo-LF group (Figure 3A).

DAB Staining Analysis of the Intestinal Tracts  
of Young Mice

As shown by the DAB staining results in Figure 
3B, compared with the normal group, the LPS group 
showed a large area of brown positive reaction and 
obvious inflammation to inflammatory factors. The 
PPAR-γ, PFKFB3, and NF-κB of the LPS group and 
normal group showed significant (P < 0.05) differences 
in B levels, indicating that these factors were involved 
in LPS-induced colon tissue inflammation (Figure 3B). 
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Table 2. Disease activity indices (DAI) of mice with enteritis (mean ± SD)1

Item Control Apo-LF Holo-LF LPS Apo-LF+LPS Holo-LF+LPS

DAI score 0 ± 0.19a 0 ± 0.20a 0.3 ± 0.08a 9.5 ± 0.42b 5.5 ± 0.33c 8.9 ± 0.16b

Colon length 8.0 ± 0.51a 8.01 ± 0.49a 8.0 ± 0.48a 5.0 ± 0.69b 6.5 ± 0.77c 6.0 ± 0.96b

Histopathological score 0.17 ± 0.01a 0.15 ± 0.01a 0.18 ± 0.02a 3.71 ± 0.30b 2.79 ± 0.42c 3.58 ± 0.37b

a–cData within a row with different letters indicate significant differences (P < 0.05).
1Apo-LF = iron-deficient lactoferrin; holo-LF = iron-saturated lactoferrin.
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In the apo-LF+LPS group, the brown granules were 
partially reduced and the inflammatory injury was re-
duced, thus proving the regulatory role of apo-LF in 
protecting colon tissue from LPS stimulation (Figure 
3B).

Apo-LF Suppression of Apo-LPS-Induced Enteritis Via 
the Regulation of the PPAR-γ/PFKFB3/NF-κB Pathway

In the intestinal epithelial cell model in vitro, 3 
doses of LF and 3 doses of LF+LPS reaction (1, 5, 
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Figure 2. Expressions of inflammatory factors in colon tissue of young mice detected by ELISA methods. (A) The level of TNF-α (pg/mL) 
in colon tissue, (B) level of IL-1β (pg/mL) in colon tissue, (C) level of IL-6 (pg/mL) in colon tissue, and (D) level of INF-γ (pg/mL) in colon 
tissue. The data are shown as mean ± SD. Differences between groups were analyzed using Student’s t-test. *P < 0.05, **P < 0.01, compared 
with the control, n = 8. apo-LF = iron-deficient lactoferrin; holo-LF = iron-saturated lactoferrin.
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Figure 3. Pathological conditions of colon tissue and intestine tissue of young mice, stained by hematoxylin and eosin (HE) or 3,3′-diamino-
benzidine (DAB). (A) The HE-stained sections of colon tissue in young mice, and (B) DAB staining results of mice colon tissue. The figures in 
each group were randomly captured under a 200× microscope, n = 3. apo-LF = iron-deficient lactoferrin; holo-LF = iron-saturated lactoferrin.
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and 10 g/L) were given at a single time. After 48 h, 
the intestinal epithelial cells were collected, and the 
related proteins and genes were detected by WB and 
q-PCR. The results showed that of the 3 dose levels (1, 
5, and 10 g/L) in PPAR-γ, PFKFB3, NF-κB, TNF-α, 
and IL-1β, the dose of 10 g/L was the most appropri-
ate. Therefore, in a further cell model, 10 g/L BW was 
selected as the appropriate dose of LF. Compared with 
the control, the mRNA and protein expression levels of 
PPAR-γ, PFKFB3, NF-κB, TNF-α, and IL-1β proteins 
in apo-LF group showed no significant differences (Fig-
ure 4). The mRNA and levels of PPAR-γ and PFKFB3 
proteins were significantly decreased in the LPS group, 
whereas NF-κB, TNF-α, and IL-1β levels were signifi-
cantly increased when compared with the control group 
(P < 0.01; Figure 4A, C). In the LPS+LF treatment 
group, mRNA and PPAR-γ and PFKFB3 protein levels 
significantly decreased, whereas the level of NF-κB sig-
nificantly increased, and the levels of TNF-α and IL-1β 
were significantly downregulated (P < 0.01; Figure 4A, 
C). These results further proved that apo-LF protects 
against LPS-induced intestinal inflammation injury by 
regulating PPAR-γ, PFKFB3, and NF-κB pathways.

DISCUSSION

Our experimental results show that both apo-LF and 
holo-LF can improve the intestinal inflammation of 
young mice induced by LPS, but the effect of apo-LF 
is stronger than holo-LF. This is consistent with the 
previously reported results of LF with different iron 
saturation (apo-LF and holo-LF stimulated promotion 
of mouse crypt cells but through different cellular sig-
naling pathways). The experimental results show that 
apo-LF has a more obvious effect on stimulating the 
proliferation of crypt cells. The different effects of apo-
LF and holo-LF may be due to the different molecular 
conformations caused by their different iron saturation, 
and the different physicochemical properties of LF that 
may affect the 2 iron saturations. In this study, in our 
in vitro model of young mice, holo-LF comes from pur-
chase. The literature reports that its saturation is about 
95%. The apo-LF was prepared according to the patent 
and its saturation was 4.1% (Sui et al., 2010; Bokkhim 
et al., 2013; Voswinkel et al., 2016). We mainly studied 
the improvement of 2 kinds of iron saturation on in-
testinal inflammation in young mice, according to the 
intestinal histopathological score of young mice. The 
most suitable type of LF was apo-LF. In the in vitro 
model, we stimulated primary intestinal epithelial cells 
of young mice with LPS and intervened with apo-LF. 
The DAB staining and WB results showed that apo-LF 
could effectively improve the inflammatory response of 
intestinal epithelial cells of young mice.

The LPS-induced colitis mouse model is mature 
and widely accepted, as its clinical manifestations 
and pathological changes are similar to those of hu-
man ulcerative colitis (Lönnerdal and Iyer, 1995). In 
in vitro and in vivo acute lung inflammation models, 
the concentrations of LPS were 1 mg/L in pulmonary 
cells and 10 mg/kg BW in mice, respectively (Li et al., 
2021b). Thus, in the present study, primary intestinal 
epithelial cells were treated with LPS (1 mg/L), and 
C57BL/6J male mice were intraperitoneally injected 
with LPS solution (10 mg/kg BW) for 10 d to construct 
in vitro and in vivo intestinal inflammation damage 
models. Furthermore, the concentrations of LF in in 
vitro and in vivo acute lung inflammation models were 
10 g/L and 100 mg/kg BW, respectively; therefore, we 
also used these 2 concentrations in this study (Li et al., 
2021c). The mice in the LPS group developed typical 
features of ulcerative colitis, such as diarrhea, occult 
hematochezia, and gross hematochezia, among other 
symptoms. Colon tissues were found to be damaged 
in mucosa and glands. Under the light microscope, HE 
stains revealed a large number of inflammatory cell 
infiltrations and DAB staining revealed a large number 
of positive areas, confirming the successful construction 
of the animal model. Although the typical symptoms 
of colitis were also observed in the apo-LF+LPS mice, 
their symptoms of diarrhea, occult hematochezia, 
and gross hematochezia were significantly relieved in 
comparison to those of the LPS group. Moreover, their 
DAI and histopathological scores were significantly 
lower than those in the LPS group, and the pathologi-
cal symptoms of intestinal mucosal inflammation and 
colon shortening were also significantly improved. The 
holo-LF+LPS mice were given intragastric administra-
tion and no difference was found between that group 
and the LPS group of mice. These results showed that, 
although LF could not prevent the occurrence of coli-
tis, apo-LF had a significant colitis-alleviating effect, 
whereas holo-LF had no significant effect. Iron satura-
tion was, thus, shown to have an effect on the alleviat-
ing effect of LF on ulcerative colitis. Therefore, in the 
animal experimental model in vitro, we selected apo-LF 
as the LF with the optimal iron saturation through 
intestinal tissue score, HE staining, and intestinal LPS 
concentration, so as to further verify the role of apo-LF 
in cells.

Intestinal immunity plays a significant role in the 
pathogenesis of ulcerative colitis (Dong et al., 2020), 
and proinflammatory cytokines TNF-α, IL-1β, IL-6, 
and INF-γ are important mediators of immune response 
(Dinarello, 2011; Hermanns et al., 2016; Lazaridis et al., 
2017; Nikolaus et al., 2018). In LPS-induced ulcerative 
colitis, a large number of inflammatory infiltrating 
cells secrete high levels of proinflammatory cytokines. 
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Figure 4. Expression levels of PPAR-γ, PFKFB3, NF-κB, TNF-α, and IL-1β in colon tissues of young mice: (A) mRNA level of PPAR-γ, 
PFKFB3, NF-κB, TNF-α, and IL-1β detected by reverse-transcription PCR; (B) protein bands of PPAR-γ, PFKFB3, NF-κB, TNF-α, and IL-
1β captured by a chemiluminescence apparatus; and (C) protein levels of PPAR-γ, PFKFB3, NF-κB, TNF-α, and IL-1β detected by western 
blot. c = control; LF = lactoferrin. The data were analyzed by Image J software (Image J1.53a; National Institutes of Health) and are shown 
as mean ± SD. Differences between groups were analyzed using Student’s t-test. *P < 0.05 compared with the control, #P < 0.05 compared 
with the LPS group, n = 3.
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Proinflammatory factors such as TNF-α and IL-1β 
induce inflammation by aggregating multinucleated 
cells in colon tissue, which is the direct pathogenesis 
of colitis (Cai et al., 2018). It was previously found 
that the inhibition of TNF-α and IL-6 expression is 
one of the antiinflammatory effects of LF in mice with 
LPS-induced ulcerative colitis (Kruzel et al., 2002). In 
this study, the expression levels of TNF-α, IL-1β and 
IL-1β in the colon tissues of the LPS group of mice were 
significantly decreased by the intragastric administra-
tion of apo-LF, whereas the expression levels of INF-γ 
were significantly increased. No significant differences 
were observed between the holo-LF and LPS groups, 
which suggests that the differences between apo-LF 
and holo-LF in the mitigation of colitis may be due to 
the different effects of apo-LF on the expression of in-
flammatory factors. Other studies (Mu and Pang, 2011) 
reported that LF can bind to LF receptors on intestinal 
mucosa to regulate the intestinal immune response. The 
degree to which LF binds with intestinal LF receptors 
differs depending on its iron saturation and consequent 
structure, thus triggering different degrees of intestinal 
immune response, which may be one of the reasons for 
the differences in the colitis-alleviating effects of apo-
LF and holo-LF.

A glycolipid occurring on the walls of most gram-neg-
ative bacteria, LPS is a potential and important source 
of inflammation. The interaction of LPS with a series of 
protein molecules leads eventually to the release of a va-
riety of inflammatory cytokines and effector molecules, 
thereby promoting the adhesion of inflammatory cells 
(Holst et al., 1996; Rice et al., 2003). Previous studies 
(Puddu et al., 2010) have shown that the N-terminal 
positively charged region of LF can bind with nega-
tively charged LPS, thereby blocking the activation of 
proinflammatory factor expression pathways and re-
ducing the risk of inflammation. In this study, apo-LF 
was found to significantly reduce the concentration of 
LPS in the intestinal tracts of mice in the apo-LF group 
by inhibiting the growth of gram-negative bacteria to 
reduce the source of LPS and by combining with LPS, 
thus indicating its role in alleviating the inflammatory 
response. Furthermore, research (Bellamy et al., 1992) 
has confirmed that the binding of LF and LPS occurs 
in a different region from the iron binding site. The in 
vitro test of this study also proved that, although no 
significant difference was observed in the binding abili-
ties of apo-LF and holo-LF to LPS, there was also no 
significant difference in the LPS concentrations in the 
intestines of the holo-LF and control groups. This may 
be due to the weak inhibition ability of holo-LF against 
gram-negative bacteria and the absence of a significant 
reduction in the source of LPS.

In the past decade, it has been found that programmed 
cell necrosis requires PPAR-γ, PFKFB3, and NF-κB 
proteins, which can be activated by interferon, death 
receptors, and intracellular RNA and DNA sensors, 
among others. PPARγ is induced before the transcrip-
tional activation of many adipocyte genes and plays 
an important role in cell differentiation (Houseknecht 
et al., 2002). Furthermore, its antiproliferation, preset 
apoptosis, and differentiation functions (Bishop-Bailey 
et al., 2003) indicate the comprehensive anticancer 
activity of PPARγ. Ulcerative colitis is closely related 
to the occurrence of colon cancer, and PPAR-γ ago-
nists can inhibit the activation of macrophages and the 
generation of inflammatory cytokines, and inhibit the 
progression of inflammation and tumorigenesis (Ricote 
et al., 1998). In addition, PFKFB3 was found to be 
highly expressed in proliferating tissues, transformed 
cells, solid tumors, and leukemia cells. The expression 
of PFKFB3 can be upregulated in response to mitotic, 
inflammatory, and hypoxic stimuli, as well as during 
the DNA synthesis phase of the cell cycle (Atsumi et 
al., 2002). However, the role of PFKFB3 in intestinal 
inflammation damage, which may also be one of the 
pathways regulating inflammatory damage, has not 
been fully investigated. The NF-κB signaling pathway 
is one of the important pathways for the regulation of 
inflammatory responses. As a key factor in this path-
way, NF-κB subunit NF-κBp65 is highly expressed in 
the colonic mucosa of patients with ulcerative colitis, 
thereby damaging the physiological barrier of mucosa, 
leading to increased colonic permeability and promot-
ing the progression of ulcerative colitis (Williams et al., 
2013). NF-κB signaling in immune cells drives the ex-
pression of proinflammatory cytokines such as TNF-α 
or IL-1β, which then activate NF-κB in intestinal epi-
thelial cells, thereby promoting cell survival (Williams 
et al., 2013). In support of this, TNF-α administration 
of NF-κB1 mice has been reported to demonstrate in-
creased intestinal epithelial apoptosis (Williams et al., 
2013).

In this study, the optimal type of LF was selected as 
apo-LF in the animal models to guide the in vitro cell 
experiments, and the protective effect of apo-LF on in-
testinal epithelial cells was further verified via primary 
intestinal epithelial cells. By immune imprinting, we 
found that the expressions of PPAR-γ, PFKFB3, and 
NF-κB genes and proteins in the intestinal epithelial 
cells of the mice were altered, which could inhibit the 
inflammation of colon mucosa and repair mucosal in-
jury. The results showed that the protein expression of 
NF-κB was high in the LPS group, whereas the protein 
expressions of PPAR-γ and PFKFB3 were low. After 
apo-LF treatment, the protein expression of NF-κB was 
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significantly downregulated, whereas those of PPAR-γ 
and PFKFB3 were upregulated. These results suggest 
that apo-LF may reduce the release of inflammatory 
factors by inhibiting the NF-κB signaling pathway and 
activating PPAR-γ and PFKFB3 signaling pathways, 
thereby reducing intestinal mucosal inflammation and 
repairing intestinal mucosal injury.

In conclusion, the optimal type of LF protein was 
selected as apo-LF in the mouse animal model, and 
we found that apo-LF could inhibit colon mucosal in-
flammation and repair mucosal injury by regulating the 
expressions of PPAR-γ, PFKFB3 and NF-κB genes and 
proteins. Finally, the mechanism by which LF protects 
intestinal inflammation injury in infants and young 
children was analyzed.
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