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Abstract
Lactoferrin is a natural cationic iron-binding glycoprotein of the transferrin family found in bovine milk and other exocrine 
secretions, including lacrimal fluid, saliva, and bile. Lactoferrin has been investigated for its numerous powerful influences, 
including anticancer, anti-inflammatory, anti-oxidant, anti-osteoporotic, antifungal, antibacterial, antiviral, immunomodula-
tory, hepatoprotective, and other beneficial health effects. Lactoferrin demonstrated several nutraceutical and pharmaceutical 
potentials and have a significant impact on improving the health of humans and animals. Lactoferrin plays a critical role 
in keeping the normal physiological homeostasis associated with the development of pathological disorders. The current 
review highlights the medicinal value, nutraceutical role, therapeutic application, and outstanding favorable health sides of 
lactoferrin, which would benefit from more exploration of this glycoprotein for the design of effective medicines, drugs, and 
pharmaceuticals for safeguarding different health issues in animals and humans.
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Introduction

The health of animals and humans is disturbed by several 
microbial agents, and disease is a key constraint on the pro-
ductive performance of animals. Several decades ago, anti-
microbials were widely used for an extended period to pre-
vent and treat infectious disorders in animals and humans. 

With the emergence of side effects of chemosynthetic medi-
cine and antibiotic resistance, there has been a surge in inter-
est among researchers, the general public, and the scientific 
community worldwide in the search for alternative sources 
of therapeutic agents [1–3]. It has been reported that several 
biological compounds found in medicinal plants and their 
derivatives have been extensively studied for their potential 
health benefits and therapeutic properties. These compounds 
can be used in various forms, such as extracts, essential oils, 
and phytochemicals, to treat a wide range of ailments and 
health conditions in both humans and animals [4–9]. Fur-
thermore, with the development of technology and science, 
numerous medicinal compounds, including phytoconstitu-
ents, herbs, phytochemicals, and animal protein, have been 
scientifically validated, promoted, popularized, and applied 
in livestock and humans to treat pathological conditions 
[10–13]. It can be associated with their well-recognized 
and favorable health-promoting applications and therapeutic 
potential against both infectious and non-infectious disorders 
in humans and livestock [14–17].

Lactoferrin is a non-toxic cationic glycosylated globular 
protein, first identified as the red protein of mammalian milk. 
Later on, it has been explained as an iron-binding protein 
owing to its sequestration of  Fe3+ and  Fe2+ free ions and 
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thus is included in the metalloproteins group [18, 19]. The 
molecular weight of lactoferrin is 78 to 80 kDa contain-
ing approximately 690 amino acids (AA) and is found in 
several exocrine secretions of mammals such as colostrum, 
milk, uterine secretions, saliva, tears, and seminal fluid [20]. 
Human and animal colostrum contains higher concentra-
tions of lactoferrin than whole milk. It was reported that the 
concentration of lactoferrin in bovine colostrum is about 
2–5 mg/ml, whereas the concentration of lactoferrin in 
whole milk is about 0.1–0.3 mg/ml, which is much lower 
than human milk (2–3 g/L) [21–23]. Furthermore, second-
ary granules of neutrophils also produce lactoferrin against 
infection and induce immunological responses [24]. Lacto-
ferrin is a safe and potent nutraceutical and pharmaceutical 
protein alternative to chemotherapeutic agents and is readily 
available in the commercial market. Thus, lactoferrin could 
be used as a potential curative agent in veterinary medicine 
and human clinics as an alternative or substitute to synthetic 
antibiotics to treat infectious disorders [25, 26]. Lactoferrin 
can be used as a dietary supplement as a functional food or 
nutraceutical.

Lactoferrin showed potential multidimensional and 
holistic favorable influences, including anti-inflamma-
tory, immunomodulatory, antioxidant, antibacterial, anti-
viral, neuroprotective, bone repairing, and safeguarding 
numerous health disorders such as cancerous conditions 
and lifestyle illnesses like obesity, digestive problems, 
high blood pressure, diabetes, hyperlipidemia, and others 
[27–29]. Lactoferrin has been displayed to be benefi-
cial against emerging pathogens such as coronavirus and 
other naked and enveloped RNA and DNA viruses like 
human immunodeficiency virus (HIV), herpes simplex 
virus, and human papillomavirus [30, 31]. Lactoferrin 
underlying antimicrobial mechanism of action against 
a diverse array of microorganisms is attributed to the 
iron-binding or iron-chelating ability of this protein, 
besides its molecular or cellular interaction with both 

infectious pathogens and the host [32–34]. This review 
aims to provide current knowledge regarding the nutra-
ceutical, pharmacological, pharmaceutical, therapeutic, 
and remedial properties of bovine lactoferrin for treating 
numerous pathological and chronic diseases in animals 
and humans.

History and Chemical Structure of Lactoferrin

Lactoferrin is a multifunctional iron-binding glycopro-
tein that was first discovered in 1939 by Sorensen and 
colleagues while studying the antimicrobial properties of 
bovine milk [35]. It is found in various mammalian secre-
tions, including colostrum, milk, saliva, tears, and mucous, 
where it plays a crucial role in the innate immune defense 
system. Since its discovery, lactoferrin has been the sub-
ject of extensive research, and its biological functions have 
been widely investigated. The protein has been shown to 
exhibit various biological activities, including antimicro-
bial, antiviral, antitumor, anti-inflammatory, and immu-
nomodulatory properties [36]. However, it was not until 
the 1960s that lactoferrin was purified and characterized 
as an iron-binding protein.

The first crystal structure of lactoferrin was determined in 
1984 by Anderson and colleagues [36]. This landmark study 
provided insight into the structural features of the protein 
and helped to explain its diverse biological activities. The 
chemical structure of lactoferrin is composed of a single 
polypeptide chain of approximately 700 amino acids, with a 
molecular weight of approximately 80 kDa. It is folded into 
two lobes, each of which contains an iron-binding site. The 
N-terminal lobe has a higher affinity for iron than the C-ter-
minal lobe [37, 38]. Since then, numerous studies have been 
conducted to elucidate the functional properties of lactofer-
rin and its potential therapeutic applications. The chemical 
structure of lactoferrin is displayed in Fig. 1.

Fig. 1  Crystal structure of 
bovine lactoferrin (PBD 
code = 1BLF), human lacto-
ferrin (1B0L). Adopted from 
Vogel (2012) [24]. Pink spheres 
represents the ferric ion (Fe+3) 
binding sites
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Sources of Lactoferrin

Lactoferrin is a key constituent of innate immune function 
that leads to the activation of the adaptive immune system. It 
is constantly produced and released into the exocrine secre-
tion, including tears, saliva, vaginal, and seminal fluid. How-
ever, milk is a significant source of lactoferrin, secreted from 
the mammary glands via glandular epithelial cells. Table 1 
shows the sources and concentration of lactoferrin in differ-
ent types of milk and colostrum. The amount of lactoferrin 
in milk varies depending on the several factors, including the 

lactation stage, health status, and animal species. Lactoferrin 
is present in high concentrations in human colostrum, with 
levels ranging from 5 to 6 g per liter; however, the mature 
milk and secretion contains much lower level depending 
on the stage of lactation and other factors. The concentra-
tion of lactoferrin in human colostrum can range from 1 to 
2 g per liter, which is significantly higher than the levels 
found in mature milk [39]. Another study found that the 
concentration of lactoferrin in human milk varied between 
Chinese populations during lactation. The colostrum sam-
ples had the highest concentration of lactoferrin (3.16 g/L), 
followed by transitional milk and mature milk (1.73 g/L and 
0.90 g/L, respectively) [40]. Despite the nutraceutical role 
of lactoferrin, it has been demonstrated to have multiple 
health-promoting and pharmaceutical potentials. For these 
reasons, lactoferrin was isolated from the milk of numer-
ous animal species, including camels, bovines, goats, and 
humans (Fig. 2). The potential biological impacts of milk-
derived lactoferrin are summarized in Table 2.

Nutraceutical Role of Lactoferrin

Recently, nutraceuticals, including carbohydrates, proteins, 
amino acids, vitamins, and minerals, have gained more 
attention due to various health and nutritional benefits, for 
instance, preventing disease, maintaining normal physiolog-
ical status, and thus boosting the productive performance 
and health status of animals and humans [69–73]. Lacto-
ferrin is known as the red fraction of milk, is a non-heme 

Table 1  Sources and concentration of lactoferrin in different types of 
colostrum, milk and secretions

Milk type Lactoferrin concentration 
(mg/mL)

References

Human colostrum 5.80 [39]
Bovine colostrum 0.82 [41]
Camel colostrum 0.81 [42]
Goat colostrum 0.39 [43]
Human milk 2–3 [44]
Bovine milk 0.1–1.5 [45]
Goat milk 0.2–2.2 [43]
Sheep milk 0.5–2.5 [46]
Buffalo milk 1.2–2.0 [47]
Camel milk 0.4–3.3 [48]
Human tears 1.13 [49]

Fig. 2  A schematic diagram 
illustrating various therapeu-
tic effects of lactoferrin and 
underlying mechanism of action 
[27, 50–55]
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iron-binding glycoprotein, and is newly considered a nutra-
ceutical protein [74]. Lactoferrin act as an important com-
ponent of the innate immune system and has a wide range 
of biological functions [75]. Previously, it was reported 
that lactoferrin supplementation led to changes in the com-
position and diversity of the gut microbiota, including an 
increase in beneficial bacteria such as Bifidobacterium and 
Lactobacillus, and a decrease in potentially harmful bacteria 
such as Enterobacteriaceae [76]. Another study found that 
lactoferrin can enhance both innate and adaptive immune 
responses, including the activation of immune cells such as 
macrophages, dendritic cells, and T cells [77]. According 
to Konstanti et al. [76], bovine lactoferrin supplementation 
to healthy elderly women increased Holdemanella’s relative 
abundance. Moreover, adding active galactooligosaccharides 
(GOS), 2.64 g/day simultaneously for a further 3 weeks, 
increased the relative abundance of Bifidobacterium in the 
fecal microbiota. Aside from that, the assessed gut indicators 
and the prebiotic activity of GOS were unaffected by adding 
bovine lactoferrin supplementation, which was not harmful 
to intestinal health.

For instance, bone fragility is a significant issue for 
laying hens kept in cages; therefore, lactoferrin, one of 
the bone anabolic components, was successful in increas-
ing the strength and weight of tibia bones as well as the 
weight of eggs in laying hens by injecting lactoferrin into 
their eggs at a rate of 67.5 g per egg [78]. In the Humphrey 
et al. [79] study, chicks were given rice that had been geneti-
cally modified to express human lysozyme and lactoferrin 
with a total amount of transgenic plus conventional rice of 
20% in corn soya-based ration to evaluate the impact on 
growth performance and intestinal health. The chicks fed 
5% lactoferrin + 10% lysozyme + 5% conventional rice ration 
outperformed those fed the 20% conventional rice ration in 
terms of lamina propria thickness in the duodenum and feed 
efficiency.

Lactoferrin is a potent antimicrobial constituent against a 
wide range of pathogens and contributes to specific immune 
responses [38, 75]. The bioavailability of lactoferrin would 
be a significant concern when used as a nutraceutical supple-
ment for treating infectious diseases. It has been suggested 
that the external coating of lactoferrin improves the uptake 
of lactoferrin in the small intestine [80]. Enteric coating 

Table 2  Various sources of milk derived lactoferrin and their biological roles

S. no Source of lactoferrin Action Biological effects Study model References

1 Human lactoferrin (hLf) Antimicrobial ↓ The growth of Streptococcus,  
Salmonella, Shigella,  
Staphylococcus, and Enterobacter

↑ Bacterial death

Varity of microorganisms [56]

Anti-inflammatory ↑ Immune status and anti-inflamma-
tory cytokines

↓ Pro-inflammatory response in 
monocyte derived macrophages

Monocyte-derived macrophages [57]

Immunomodulation ↓ The formation of neutrophil extra-
cellular traps

Macrophages [58]

2 Camel lactoferrin (cLf) Anti-viral ↓ Infection rate of hepatitis C and B 
virus

↑ Hepatoprotective effect

Human hepatocyte and human 
peripheral blood leukocytes

[59, 60]

Anti-diabetic ↑ Cure rate of both type 1 and type 
2 diabetes. Further research are 
required to elucidate the potential 
anti-diabetic potential of Lf

24 diabetic patients [61]

3 Bovine lactoferrin (bLf) Anticancer ↑ Anticancer activities against  
colorectal cancer and lung cancer

Mice, human and colon cancer stem 
cells

[62–64]

Anti-microbial Effective against oral candidiasis, 
influenza virus pneumonia, and 
skin infections due to herpes virus

Salmonella typhimurium [65]

Immunomodulation ↑ Host immune response
↓ Inflammatory process and pro-

inflammatory cytokines production

Human peripheral blood  
mononuclear cells and human 
Caco-2 cells

[66, 67]

4 Goat lactoferrin (gLf) Anticancer ↓ Cancer cell proliferation Rat embryo fibroblast and AMN-3 
cell line

[68]

Ongoing research Further studies are required to  
validate the potential biological 
effects of gLf

––––––- [43]
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protects the enzymatic degradation of lactoferrin in the 
stomach and allows it to bind to small intestine lactoferrin 
receptors for absorption and transit into the systemic circula-
tion [80]. Another study found that enteric-coated lactofer-
rin had significantly higher bioavailability and absorption 
(approximately ten times higher) than non-coated lacto-
ferrin [81]. Given the previous literature, we assumed that 
enteric-coated lactoferrin has superior biological properties 
than regular lactoferrin concerning bioavailability, leading 
to therapeutic potential against infectious disorders.

Recombinant Human Lactoferrin, Production, 
and Application

Recombinant human lactoferrin (rhLF) is a protein that 
is produced using genetic engineering techniques. It has 
been found to have several nutraceutical roles, which 
means it has potential health benefits beyond basic nutri-
tion [82]. Recombinant human lactoferrin is produced by 
introducing the gene for lactoferrin into a host cell, such 
as a bacterial or mammalian cell, which then produces the 
lactoferrin protein. This protein can be purified and used 
for various purposes, such as in medical research or as 
a supplement. Table 3 summarizes the various attempts 
made to produce recombinant human lactoferrin using 
different expression systems. Among the various expres-
sion systems, only a few have been successfully scaled 
up at industrial level. These include rhLF from Asper-
gillus awamori, which is produced by Agennix (Houston, 
TX, USA); rhLF from rice, which is produced by Ventria 

Bioscience (Sacramento, CA, USA); and rhLF from trans-
genic cows, which is produced by Pharming (Leiden, The 
Netherlands). These successful production methods have 
the potential to provide a sustainable source of rhLF for 
various applications, such as in infant formula, dietary 
supplements, and medical treatments [83].

In recent years, there has been growing interest in the 
use of transgenic animals, fungi, higher plants, and cell 
cultures for the production of recombinant human lacto-
ferrin [83]. Published studies have suggested that rhLF 
derived from transgenic cow milk is quite similar to the 
natural human lactoferrin in concentration (1.5–3.4 g/L) 
and in biological properties [106]; however, other trans-
genic animals showed similar or even higher expression 
[107]. It was reported that mammalian expression systems 
have potential disadvantages, such as viral contamination 
of target proteins and bioethical concerns, which may lead 
some researchers to explore alternative expression systems 
such as yeast, filamentous fungi, and higher plants. Inter-
estingly, it has been found that rice could be the promising 
plant system for the synthesis of rhLF owing to the higher 
production level (5.0 g/kg). Additionally, rice plant system 
is more appealing option for the production of safe and 
hypoallergic rhLF compared to other plants or microbial 
systems [108]. However, researchers continuously explore 
different expression systems to find the most efficient and 
effective way to produce important proteins like rhLF. 
Recent study has been reported that cell culture–derived 
rhLF produced through cell culture techniques may be 
introduced as bio-similar compound in the near future 
[83]. However, the commercial production bio-similar 
compound of rhLF has not yet been started.

Recombinant human lactoferrin is a protein that has 
been extensively studied for its potential therapeutic effects 
in various pathophysiological and conditions, and shown 
similar biological activities to native lactoferrin, making it 
a promising alternative for pharmaceutical and nutraceuti-
cal applications. In the pharmaceutical industry, rhLF has 
been investigated as a potent therapeutic compound for the 
treatment of various diseases [74]. Research has shown that 
this protein effectively inhibits the growth of Escherichia 
coli and herpes simplex virus, among other pathogens. In 
addition to its antimicrobial properties, this compound also 
used to correct the abnormal inflammatory conditions such 
as arthritis and colitis [109]. The rhLF also promoted the 
growth of gut beneficial bacteria leading to enhance the 
absorption of available iron. It may also have potential ben-
efits for athletes, as it has been shown to reduce oxidative 
stress and improve exercise performance. In conclusion, the 
rhLF is a potent iron bearing protein with superior functional 
and pharmaceutical properties [110]. The multiple health 
benefits of this compound make it a promising candidate 
for future research.

Table 3  Various sources of recombinant human lactoferrin (rhLF)

Source of rhLF Study model References

Bacteria E. coli [84]
Viruses Baculovirus

Pseudoadenovirus
[85]
[86]

Yeast S. cerevisiae
P. pastoris

[87]
[88]

Insect cells Cultured insect cells [89]
Animals Transgenic cow

Transgenic goats
Transgenic rabbits
Transgenic mice
Silkworm larvae

[90, 91]
[92, 93]
[94]
[95]
[96]

Plants Transgenic rice
Transgenic tobacco
Transgenic potato
Transgenic tomato

[97, 98]
[99]
[100]
[101]

Fungi A. awamori
Pichia pastoris

[102]
[88]

Cell culture Baby-hamster kidney cells
Tobacco cells
Sweet potato cells

[103]
[104]
[105]
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Therapeutic Potential of Lactoferrin

In recent years, lactoferrin has gained much attention 
towards research community owing to the potential thera-
peutic properties against numbers of pathophysiological 
disorders. The important biological functions associated 
with lactoferrin supplementation are illustrated in Fig. 2. 
Guo et al. [111] reported that dietary lactoferrin improves 
bone mass, bone strength, and bone mineral density, lead-
ing to the restoration of the microarchitecture of bone in 
ovariectomized rats. Additionally, another study showed that 
formulated lactoferrin (milk ribonuclease-enriched lactofer-
rin) improved bone mineralization and bone turnover in 38 
healthy postmenopausal women [112]. It has been demon-
strated that lactoferrin supplementation minimizes the inci-
dence of osteoporosis, but more investigations are required 
to confirm these effects [113]. Maternal iron binding lacto-
ferrin supplementation improved human fetal growth [114, 
115].

Lactoferrin Is a Key Ingredient for Infant Formula

Lactoferrin is an important ingredient in some infant for-
mulas. In breast milk, lactoferrin is present in relatively 
high concentrations and has been shown to provide various 
health benefits to infants, including improved gut health and 
immunity [116]. Infant formula manufacturers have there-
fore sought to include lactoferrin in their products to try 
and replicate some of these benefits [117]. However, the 
levels of lactoferrin in most infant formulas are much lower 
than those in breast milk, and it is not clear to what extent 
lactoferrin supplementation in formula can provide the same 
benefits as natural lactoferrin in breast milk. King Jr et al. 
[118] suggested that bovine lactoferrin supplementation at 
the level of 850 mg/l could be safe and well-tolerated in 
bottle-fed infants. However, there was non-significant dif-
ference in the incidence of gastrointestinal and respiratory 
tract infections between the lactoferrin and placebo groups. 
Moreover, non-significant effect was also observed on the 
growth parameters between the two groups. A double-blind, 
randomized, controlled trial, investigated the growth and tol-
erance of infants fed formula containing bovine lactoferrin 
(0.6 or 1.0 g/L); the infants were monitored for 1 year, and 
their growth and tolerance of the formulas were assessed 
[119]. Results showed non-significant differences in growth 
between the infants who were fed the standard formula and 
those who were fed the lactoferrin-enriched formula. How-
ever, the infants who were fed the lactoferrin-enriched for-
mula had fewer episodes of diarrhea and respiratory infec-
tions compared to those who were fed the standard formula 
[119]. Li et al. [117] investigated the biological effect of 
adding bovine milk fat globule membrane and lactofer-
rin (0.6 g/L) to infant formula in infants. It was found that 

infants who received the experimental formula had signifi-
cantly better cognitive, language, and motor development 
scores at 12 months of age compared to those who received 
the control formula. Chen et al. [120] investigated the effect 
of graded level of bovine lactoferrin on the iron metabolism 
of anemic infants. The results indicated that both lactoferrin-
fortified groups had significantly higher levels of serum iron, 
ferritin, and transferrin saturation compared to the control 
group at the 12th week. However, there was non-significant 
difference between the low-dose and high-dose groups, sug-
gesting that 25 mg/L of lactoferrin was sufficient to improve 
iron metabolism in anemic infants. Similarly, another study 
demonstrated that the supplementation of lactoferrin and/
or galacto-oligosaccharides to the infant formulas may have 
improved the bio-accessibility of iron by enhancing its solu-
bility and availability for absorption [121].

Currently, lactoferrin has been added to infant formula 
due to its potential benefits for infants. The European Food 
Safety Authority (EFSA) is a scientific body that evaluates 
the safety of food and food ingredients in the European 
Union. In 2012, EFSA concluded that bovine lactoferrin 
was safe as a novel food ingredient when added to infant 
formula at the level of 1000 mg/L. EFSA also estimated that 
the highest intake of bovine lactoferrin for infants would be 
1.1 g/day [122]. The United States Food and Drug Admin-
istration (FDA) has approved that only bovine lactoferrin 
is considered generally recognized as safe for use in infant 
formula. This determination was made after reviewing sci-
entific data and information on the safety of bovine lactofer-
rin in infant formula. The FDA has set a maximum amount 
of added bovine lactoferrin allowed in infant formula at 
100 mg/100 g. This means that manufacturers of infant for-
mula can add up to 100 mg of bovine lactoferrin per 100 g 
of formula without exceeding the FDA’s safety standards. 
Numerous randomized clinical trials have suggested that the 
FDA recommended dose of bovine lactoferrin in infant for-
mula offers limited beneficial effect, while the added dosage 
reached at the level of 600 mg/kg/day or 850 mg/l induced 
desire effects [118, 123]. However, the specific dosage and 
its effects may vary depending on the study design and the 
population being studied. Based on the published literature, 
it was concluded that further in-depth research are required 
to determine the efficacy and safety of bovine lactoferrin 
supplementation in commercially available infant formula. 
The current low levels of lactoferrin supplement may not be 
sufficient to produce the desired effect, and it is important to 
evaluate the existing limits to ensure the recommended dose 
is accurate and effective.

Immunomodulatory Impacts of Lactoferrin

The immune system is a complex network of cells, tissues, 
and organs that work together to defend the body against 
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harmful pathogens, such as bacteria, viruses, fungi, and 
parasites [124]. Inflammation is the tissue and body’s first 
biological response to harmful stimuli like tissue or cell 
injury, oxidative stress, pathogenic bacteria, and disease [10, 
125]. Moreover, this defensive reaction of the body includes 
stimulating immune cells and activating chemical mediators 
such as cytokines and blood vessels that aid the removal of 
the inflammation. Some researchers and health organizations 
indicated that the regular consumption of phytochemicals 
and functional foods diminishes the occurrence of chronic 
diseases and inflammatory processes [11, 121, 126, 127]. 
Since the invention and molecular characterization of lacto-
ferrin, several biological properties of this protein have been 
displayed in the literature. The immunomodulatory function 
of lactoferrin has been extensively explored and considered a 
key feature due to its nutritional benefits, gaining more atten-
tion in the pharmaceutical industry and research community. 
It is well known that lactoferrin is a powerful therapeutic 
agent to inhibit the growth and multiplication of pathogens, 
besides reducing inflammatory disorders in arthritis, allergy, 
and cancerous conditions [128, 129]. Siqueiros-Cendón et al. 
[130] suggested that lactoferrin significantly upregulated the 
adaptive and innate immune responses in neurodegenera-
tive and inflammatory conditions by increasing lactoferrin 
secretion. Lactoferrin possesses anti-inflammatory and 
pro-inflammatory potential and can up- and downregulate 
endogenous inflammatory responses [131].

Earlier in  vitro and in  vivo investigations suggested 
that lactoferrin induces immunomodulatory responses via 
multiple mechanisms. It acts as an immunological media-
tor, naturally triggering both adaptive and innate immune 
responses [77], although the exact molecular mechanism of 
action behind the immunomodulatory lactoferrin influence 
has not been fully explored [128, 132]. According to Yen 
et al. [133], lactoferrin is a feedstuff additive that improves 
avian immunity. This finding highlights the effectiveness of 
the body’s natural immune defense mechanisms and sug-
gests that secretory IgA and lysozyme may be able to prevent 
pathogen invasion from the gastrointestinal tract. Moreover, 
lactoferrin could work in conjunction with other bioactive 
compounds found in nature, including lysozyme, or it could 
prepare macrophages to eliminate E. coli in vivo [134]. 
Previously, it has been demonstrated that oral supplemen-
tation of bovine lactoferrin may have immune modulating 
properties and antioxidant activity in humans. The results 
showed significant increases in total T cell activation, helper 
T cell activation, cytotoxic T cell activation, and hydrophilic 
antioxidant capacity after supplementation with 200 mg of 
lactoferrin in health human [135]. Since 2020, with the out-
break of COVID-19 pandemic, it was reported that lactofer-
rin may have potential in preventing SARS-CoV-2 infection 
via preventing the entry of virus into host cell and improving 
the immunity of COVID-19 patients [136].

Badr et al. [137] measured the lysozyme and NO con-
centrations in the blood of broiler chicks experimentally 
challenged with E. coli and supplemented with lactofer-
rin in the ration. Lysozyme concentrations were increased 
numerically, but the NO had significantly larger levels com-
pared to the non-supplemented lactoferrin group, indicating 
provoking of the non-specific immune response. Similarly, 
ovotransferrin (Otrf), an avian-like mammalian lactoferrin, 
significantly increased the generation and release of nitric 
oxide (NO) in MDCC-MSB1 cells, an avian lymphoblas-
toid cell line infected by Marek’s disease virus (MDV). A 
co-stimulatory impact of NO generation by IL-8 + lactofer-
rin and IFN-γ + Otrf was also noted [138]. NO has antiviral 
effects on many viruses, including MDV. This activity is 
owing to proteases with cysteine residues involved in viral 
replication and appear to be candidates for NO nitrosyla-
tion [138]. According to Hwang et al. [139], lactoferrin is 
a practical and efficient adjuvant that boosts the immune 
response to the Bacillus Calmette-Guerin vaccine and may 
even lessen tissue damage in the process.

In chickens immunized against the virus of infectious 
bursal disease (IBD), recombinant porcine lactoferrin 
dietary supplementation significantly elevated the expres-
sion of IL-12 and IFN-γ as well as augmented IBD-specific 
antibody titers and serum IgG values [140]. Additionally, 
recombinant porcine lactoferrin was supposed to work har-
moniously with IFN-γ and IL-12 to enhance immune func-
tion. After an antigen is assaulted, recombinant porcine 
lactoferrin has been found to trigger producing adequate 
amounts of IL-12 and INF-γ, which may favor the formation 
of the Th1 lineage in lymphocyte subsets [140]. Lactofer-
rin thus suggests a potential function in a supplementary or 
alternative therapy against viral spreading, whether alone or 
in combination with cytokines.

Lactoferrin stimulated the antibody response via acti-
vating antigen-presenting cells (B-lymphocytes), which 
subsequently interacted with T-lymphocytes and pro-
moted the T cell precursors’ maturation into competent 
helper cells [141]. Moreover, Dhennin-Duthille et  al. 
[142] reported that the lactoferrin derived from bovine 
and human milk is capable of binding to surface receptors 
of T-lymphocytes (Jurkat cell line), and the molecular 
expression of lactoferrin receptors has also been found in 
all subsets of T-lymphocytes [130]. Additionally, lacto-
ferrin can modulate the physiological functions, matura-
tion, and migration of immune cells at the molecular level 
[143]. Furthermore, lactoferrin modulates the physiologi-
cal functions of dendritic cells, initiating T cell activation 
[144]. Again, another clinical study showed that lactofer-
rin prevented sepsis via the neutralization of microbial 
antigens, thus effectively downregulating the pro-inflam-
matory effects [28].
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Anti‑inflammatory Impact of Lactoferrin

Recently, inflammation has been discussed as complex 
pathophysiological and physiological responses of the body 
to several non-infectious and infectious conditions. Although 
inflammation plays a decisive role in repairing tissues and 
eliminating pathogenic factors, when it is not controlled or 
restricted in time, it may be injurious and develop into severe 
systemic and chronic inflammatory cases. It is well known 
that inflammation produces important immune mediators 
such as chemokines and cytokines, which are responsible 
for stimulating innate immune cells, including macrophages, 
dendritic cells, and neutrophils, leading to the release and 
production of secondary immune mediators and conse-
quently activating the adaptive immune response [145, 146]. 
Lactoferrin is categorized as a small family protein and acts 
as an “alarmin” released by immune cells during pathologi-
cal conditions and plays a vital role in immunomodulation 
to control pathological and clinical situations [147, 148]. 
Lactoferrin can develop the conditional interaction between 
dendritic cells and neutrophils, activating innate and adap-
tive immune responses [149].

Furthermore, lactoferrin serves as a natural adjuvant, 
involving the modulation of immune responses against all 
pathophysiological conditions from infancy onwards. Mother 
milk contains abundant lactoferrin, which is responsible for 
providing protective immunity against infections during the 
initial stage of growth and development. There is a pleth-
ora of evidence in the literature that supports the protective 
effects of lactoferrin in various inflammatory cases. These 
findings are important for developing therapeutic tools and 
protocols to eliminate abnormal damage and treat specific 
diseases [150–152]. Okubo et al. [58] clarified that lactofer-
rin significantly inhibited releasing neutrophil extracellular 
traps (NETs) that are released during microbial infection and 
are involved in developing thrombosis and inflammatory dis-
eases. Therefore, lactoferrin controls the release of NETs in 
autoimmune and other inflammatory conditions. Madkour 
et al. [153] assessed lactoferrin renoprotective effect against 
rats’ glycerol-induced rhabdomyolysis (RM). Administration 
of lactoferrin produced a robust and dose-dependent effect 
on Reno protection against RM. The primary mechanisms 
through which it exerts its renoprotective effects are its anti-
inflammatory roles, as seen in the markedly decreased serum 
levels of IL-1β and kidney levels of CD68, NF-KB, NLRP3, 
and TXNIP; its antiapoptotic role, as seen in the significantly 
reduced kidney caspase-3 activity; and its concurrent anti-
oxidant roles, as seen in its capacity to restore renal NRF2 
expression. Consequently, lactoferrin can be recommended 
as an additional remedy and a strategy to lessen acute renal 
injury, especially in high-risk individuals. Numerous types 
of research examined the possibility that lactoferrin pro-
tects the intestine and may help avoid newborn intestinal 

inflammation. In the lipopolysaccharide (LPS)-induced acute 
abdominal inflammation model, lactoferrin utilizes its anti-
inflammatory effects via reducing levels of the macrophage-
related chemokines Ccl5 and Ccl2, as well as highly acti-
vated p65 signaling in lactoferrin supplemented mice, which 
is in charge of elevated levels of Ccl5 and Ccl2 expression 
by inhibiting NF-KB signaling. Thus, a lack of lactoferrin 
exacerbated the inflammatory response and encouraged mac-
rophage chemotaxis to the site of inflammation [154].

Moreover, the impact of lactoferrin iron saturation (two 
lactoferrin forms: holo-lactoferrin and apo-lactoferrin) in 
preventing newborn LPS-induced intestinal inflammation 
as well as in vitro (primary intestinal epithelial cells) was 
examined [155]. The apo-lactoferrin outperformed the holo-
lactoferrin in preventing colon mucosal inflammation and 
Gram-negative bacterial growth by decreasing the source 
of LPS and repairing mucosal injury by controlling the 
expression of the PFKFB3, PPAR-γ, and NF-KB genes. 
Fan and his co-authors investigated the protective effects of 
recombinant lactoferrin with different iron saturations (refers 
to the amount iron present in blood) on enteritis injury in 
young mice [155]. The results showed that rLF with higher 
iron saturation had a stronger protective effect on enteritis 
injury in young mice. Specifically, the mice treated with rLF 
with higher iron saturation had lower disease activity index 
scores, reduced intestinal inflammation, and lower levels of 
pro-inflammatory cytokines compared to the mice treated 
with rLF with lower iron saturation or no treatment Lacto-
ferrin anti-inflammatory properties provide a new possible 
treatment for acute inflammatory illnesses [155].

Antioxidant Impact of Lactoferrin

Oxidative stress initiates the development of some chronic 
degenerative disorders like inflammation, cancer, neurode-
generative diseases, atherosclerosis, aging, and a defense 
against pathogens [156, 157]. Some pathophysiological and 
physiological conditions create abnormal levels of reactive 
oxygen species (ROS), which increases oxidative stress. 
Under natural physiological cases, the balance between ROS 
formation and their removal is controlled via various antioxi-
dant enzymes, for instance, glutathione peroxidase, superox-
ide dismutase (SOD), and catalase. These enzymes convert 
the superoxide radicals into hydrogen peroxide radicals and 
transform reactive hydrogen peroxide into molecular oxygen 
and water [145].

Chelation of iron is the most important biological func-
tion of lactoferrin, which is essential for antimicrobial 
effects. It is also involved in antioxidant defense [158]. 
Inflamed tissues and cells release and produce an abundant 
amount of ROS, which has antimicrobial activities and 
causes tissue necrosis and apoptosis. Furthermore, injured 
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tissue discharges ferrous and ferric iron that contributes to 
the Haber-Weiss reaction and releases unique free radicals. 
The iron-scavenging potential of lactoferrin strongly con-
tributes to mitigating oxidative stress [159]. Antioxidant 
and cytoprotective influences of lactoferrin against oxida-
tive stress induced by  H2O2 were detected in human umbili-
cal vein endothelial cells. Pretreatment of these cells with 
25–100 μg/ml of lactoferrin declined the  H2O2 cytotoxicity 
with increasing lactoferrin concentrations. Lactoferrin pre-
treatment at different levels also augmented the ferric-reduc-
ing antioxidant power value and decreased the  H2O2 level 
in both extra- and intra-cellular assays [160]. Oral bovine 
lactoferrin (30, 100, 300 mg/kg) enormously improved anti-
oxidant capacity and reduced the creation of ROS and blood 
pressure in dexamethasone-induced hypertension when used 
by 30 μg/kg/day subcutaneously [161]. On the other hand, 
lactoferrin is utilized to encapsulate polyphenolic flavonoids 
like quercetin as protein nanoparticles. For the creation of 
an easily scalable nanoparticles-in-protein gel, Raychaud-
huri et al. [162] examined the interaction of quercetin with 
lactoferrin. This combination demonstrated a more substan-
tial impact of the lactoferrin on the activity of antioxidant 
enzymes (SOD, catalase, and malondialdehyde).

Anticancer Effects of Lactoferrin

Cancer is a multi-mechanism chronic procedure that 
leads to the uncontrolled and abnormal proliferation of 
cells owing to many unknown and etiological elements. 
The cancerous cells rapidly invade other tissues and 
develop a generalized case. It has been displayed that 
lactoferrin-derived peptides, including LfcinB-CLICK 
and LFcinB, cure cancerous conditions [163]. Li et al. 
[164] investigated the anticancer influence of lactoferrin 
on tumors HT29 and HCT8 and colon cancer cells. The 
results indicated that lactoferrin (5–100 mg/ml) inhibited 
cell survival and migration by downregulating VEGFA, 
VEGFR2, pPI3K, pErK1/2, and pAKt protein expression. 
Li et al. [165] tested bovine lactoferrin in a cell model of 
esophageal cancer. Lactoferrin decreased the viability, 
motility, and invasion of KYSE450 cells and triggered 
apoptosis, whether used alone or in conjunction with lino-
lenic acid. Through lowering lithocholyltaurine levels and 
consequently preventing the phosphorylation of JAK2/
STAT3/Erk/AKT proteins, the combination of linolenic 
acid and lactoferrin demonstrated an additive impact in 
decreasing KYSE450 tumor growth.

Earlier studies suggested that bovine lactoferrin inhib-
ited the plasma membrane V-ATPase activity, leading to a 
decrease in the tumor microenvironment acidity and, ulti-
mately, suppression of cancer metastasis and growth [166, 
167]. Furthermore, lactoferrin-mediated apoptosis in can-
cer cells has also been revealed to be indirectly associated 

with the inhibition of apoptosis inhibitors. Numerous can-
cer cells contain survivin, which is responsible for inhibit-
ing the caspase effect, causing cancer to evade apoptosis 
[168]. Lactoferrin significantly decreases the expression 
of the Survivin gene. Nano-formulated bovine lactoferrin 
also inhibited the anti-Survivin activity in colon CSCs and 
tumors [168]. Lactoferrin enhances the caspase cleavage, 
especially caspases 3, 8, and 9, by increasing the concen-
tration of mitochondrial protease inhibitors IAP, HTRA2, 
and SMAC. However, the apoptosis induction in cancer 
cells by lactoferrin was mainly attributed to the IAP pro-
tease inhibition [169]. Lactoferrin increases the sensitivity 
of chemo-resistant tumor cells by swift internalization and 
increases the sensitivity to antitumor drugs (doxorubicin), 
thus overcoming chemoresistance [170]. Recently, a lacto-
ferrin nanocarrier significantly increased the expression 
level of the cytokines IFN- and TNF-, improving anticancer 
activity [171]. Furthermore, iron-saturated lactoferrin dem-
onstrated more substantial anticancer effects than regular 
lactoferrin [171].

Antibacterial Effects of Lactoferrin

The antimicrobial potential of lactoferrin is mainly attrib-
uted to its ability to bind to iron and make it unavailable to 
bacteria. Lactoferrin is a critical constituent of the immu-
nomodulatory response; the antibacterial role of lactoferrin 
is a key element of the innate immune response of animals 
and humans [172]. Lactoferrin shows antimicrobial effects 
against many pathogens, including fungi, parasites, viruses, 
and bacteria, via two different mechanisms [173, 174]: (i) 
the antibacterial mechanism of action of lactoferrin varies 
depending on its iron saturation state. In holo-lactoferrin, the 
iron is sequestered in the protein’s binding sites, preventing 
bacteria from accessing it. This deprives the bacteria of a 
vital nutrient, which can limit their growth and survival. 
Additionally, the iron-binding sites in lactoferrin have been 
shown to bind to bacterial cell walls, disrupting their integ-
rity and leading to bacterial death. (ii) Bactericidal lactofer-
rin activity is primarily attributed to bacterial cell membrane 
damage caused by direct interaction with the highly cationic 
N-terminus with negatively charged LPS of Gram-negative 
bacteria [175].

It is well documented that lactoferrin shows antibacte-
rial potential against numerous bacteria such as Y. pestis, 
S. canis, S. pyogenes, Proteus sp., S. agalactiae, S. zooepi-
demicus, K. pneumoniae, and C. albicans [18, 176]. Dietary 
lactoferrin supplementation effectively reduces the danger 
of necrotizing enterocolitis by manipulating the gastric 
microbiota in immature infants [177]. Moreover, synthetic 
lactoferrin peptides induce bactericidal action by damaging 
the bacterial membrane, followed by intracellular internali-
zation [178]. Furthermore, the therapeutic application of 
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lactoferrin downregulated the expression of the luxS gene, 
inhibiting the biofilm formation [179]. Bellés et al. [180] 
found that native and iron-saturated lactoferrin restored the 
average numbers of these bacteria and TLR expression in 
a mouse model of intestinal dysbiosis caused by clindamy-
cin, where Bacteroidaceae, Prevotellaceae, and Rikenellacea 
were diminished. Therefore, to make functional food, lacto-
ferrin might be an excellent element to use. Al-Nabulsi and 
Holley [181] reported the synergistic bactericidal effects of 
bovine lactoferrin, sodium lactate, and NaCl as a chelating 
agent against E. coli 0157:H7 stain. Similarly, another study 
demonstrated the synergistic antibacterial effects of human 
apo-lactoferrin and lysozyme enzymes against S. pneumo-
niae. Results indicated that apo-lactoferin and lysozyme 
had a robust bactericidal effect compared to the lysozyme 
alone, reducing bacterial multiplication [182]. Furthermore, 
a novel recombinant mouse lactoferrin was tested against 
methicillin-resistant Staphylococcus aureus (MRSA) in the 
mouse peritonitis model. The results showed that recombi-
nant mouse lactoferrin improved immune response by low-
ering the bacterial load and decreasing cytokine concentra-
tions such as IL-17 and IL-6 in post-challenge mice [183]. 
Similarly, Redwan et al. [184] investigated the synergistic 
bactericidal influences of camel lactoferrin along with anti-
biotics against MRSA and observed that camel lactoferrin 
in combination with oxacillin or vancomycin significantly 
increased the antibacterial response against MRSA in com-
parison with each agent alone. Finally, lactoferrin antimicro-
bial efficacy is tested against human pathogens and applied 
in agriculture and crop sciences [185]. The plants were chal-
lenged with Ps. Syringae pv. tabaci and Botrytis cinereal 
revealed that lactoferrin increased transgenic plants’ survival 
rate up to 30 days after infection, while the wild-type plants 
died due to pathogen injury.

Additionally, the minimum inhibitory level of lactofer-
rin and gellan gum complex nanoparticles (9:1 particles) 
against E. coli and S. aureus was six times lower (0.3 mg/
ml) than the concentration of pure lactoferrin (2 mg/ml). In 
the presence of carboxymethyl cellulose, lactoferrin nano-
particles on strawberries increased fruit shelf-life by up to 
6 days. Therefore, it was determined that lactoferrin gel-
lan gum complexation was a potential method for enhanc-
ing lactoferrin’s antibacterial effect and expanding its use 
as a food preservative [186]. Lactoferrin was identified as 
an effective prebiotic feed additive by 0.1 g/kg that can be 
used for prophylaxis or treatment of chicks experimentally 
challenged with multidrug-resistant E. coli [137]. In this 
study, lactoferrin improved chick performance, prevented 
death and clinical signs, and eliminated the bacteria from 
the liver. Bovine lactoferrin has also been reported to elimi-
nate the bacterial infection caused by E. coli in cattle [187]. 
Yen et al. [188] experimented on mice by infecting them 
with pathogenic strains of S. aureus, E. coli, and Candida 

albicans and giving them milk fortified with porcine lacto-
ferrin. This porcine lactoferrin demonstrated broad-spectrum 
antibacterial activity in the intestine; markedly enhanced 
weight growth; lowered bacterial counts in the liver, blood, 
and intestinal fluid; and improved microvilli health in the 
alveoli in the lungs and small intestine. Using the expres-
sion system based on polyethylene terephthalate, a chimeric 
peptide from camel lactoferrin was created in the periplas-
mic space of Escherichia coli and demonstrated antibacterial 
influences on both Gram-negative and Gram-positive avian 
pathogen bacteria (S. aureus, P. aeruginosa, S. epidermidis), 
and avian pathogenic E. coli and S. enteritidis, while having 
little hemolysis activity in chicken blood and high serum 
stability [189].

Thus, it is recommended that using lactoferrin either by 
itself or in conjunction with antibiotics is a crucial tactic for 
treating bacterial infections, particularly those brought on 
by resistant strains. Additionally, purified lactoferrin was 
digested with pepsin to produce peptide extracts (cationic 
peptide extract (CPE) and total peptide extract (TPE)) and 
showed antibacterial activity against avian pathogens (S. 
typhimurium, S. enteritidis, two E. coli strains, TK3 O1:K1 
and O78:H80, and S. aureus). The most effective extract 
was lactoferrin CPE, which killed four strains at levels of 
2.5 and 5 mg/ml (viability equal 0), and S. Typhimurium 
viability only reached 288 log CFU/ml with 5 mg CPE/ml. 
In addition, for TPE to have equivalent bactericidal effects as 
CPE, its concentration needed to be two to four times higher 
[190]. Lactoferrin also contains several natural peptides 
that have been shown to have potent antibacterial activity. 
These peptides include lactoferricin-, lactoferrampin-, and 
lactoferrin-derived peptides. These peptides showed strong 
antibacterial effects against a wide range of bacteria, includ-
ing Gram-positive and Gram-negative bacteria, as well as 
antibiotic-resistant strains. It has been reported that lacto-
ferricin and lactoferrampin have powerful antibacterial effect 
against various foodborne pathogens such as Escherichia 
coli, Listeria monocytogenes, and Staphylococcus aureus 
[191]. These peptides have also been shown to have antivi-
ral activity against several viruses, including herpes simplex 
virus type 1 and type 2, and human cytomegalovirus [192].

Bovine lactoferrin, human lactoferrin, and its avian 
homolog ovotransferrin were found to have an anti-
chlamydial action [193]. According to their findings, 
ovotransferrin and lactoferrin have bactericidal effects on 
extracellular Chlamydophila Psittaci (Cp.), an obligate intra-
cellular pathogen, which reduced the infection rate in HD11 
chicken macrophages and Buffalo Green Monkey kidney 
cells, which were used as artificial hosts. Ovotransferrin, 
however, has had a more significant impact on Cp. Psitta-
ci’s demise. Furthermore, since cell infection was stopped 
at a concentration ten times lower than that of human and 
bovine lactoferrin, voTF’s non-bactericidal dose was more 



66 M. F. Ashraf et al.

1 3

efficient in blocking irreversible bacterial attachment and 
cell entrance to HD11 chicken macrophages. Nevertheless, 
transferrins did not appear to have any impact on intracel-
lular replication. The investigators speculated that ovoTF, 
which is only found in birds, may be better suited to anni-
hilating avian infections because they could not explain the 
differences in the anti-chlamydial action of transferrins. 
According to this study, transferrins may help prevent Cp. 
psittaci infection in birds with high zoonotic potential.

Antiviral Effects of Lactoferrin

Lactoferrin exhibits a sturdy antiviral response against a 
wide array of enveloped and naked RNA and DNA viruses, 
including HCV, HIV, HBV, HPV, influenza virus, and 
poliovirus, through direct binding with virus surfaces and 
iron competition or scavenging for binding with host cells 
[194–196]. Pups consuming recombinant porcine lacto-
ferrin–enriched milk had a considerably more significant 
survival percentage and reduced viral genomic RNA con-
tent after being inoculated with enterovirus type 71 (EV71) 
4 days after birth, demonstrating that porcine lactoferrin had 
a blocking influence on viral infection EV71 [197]. It has 
been proposed that lactoferrin prevents the cellular internali-
zation of virus particles in host cells either by direct attach-
ment to the virus particles or by blocking the cellular recep-
tors [198]. Lactoferrin directly inhibits the entry of some 
viruses into host cells, including HIV, herpes simplex virus, 
human papillomavirus, and rotavirus [30, 199, 200]. Addi-
tionally, it was mentioned that lactoferrin could inhibit the 
caspase-3 response and mitigate the host apoptosis induced 
by the influenza virus [201].

Moreover, lactoferrin neutralizes the Adenovirus infec-
tion via binding to viral IIIa and III polypeptides. However, 
the anti-HCV effect of lactoferrin is attributed to decreas-
ing the RNA titer, indicating the active use of lactoferrin 
as an adjuvant remedy for interferon and ribavirin in treat-
ing HCV [202, 203]. In an in vitro study using hepatocytes 
(HepG2 cell line) infected with HBV and observing that the 
treatment with lactoferrin significantly reduced the multipli-
cation of the virus, it was suggested that lactoferrin might 
apply for anti-hepatitis B virus therapy [204]. On the other 
hand, lactoferrin inhibits interleukin-6 synthesis, which is 
involved in disorders of iron homeostasis and leads to an 
excess of intracellular iron, which is favorable to viral infec-
tion and replication. The known antiviral action of lacto-
ferrin has been established against DNA, RNA, and naked 
and enveloped viruses, and lactoferrin may be effective in 
combating SARS-CoV-2 infection besides other viral infec-
tions [205]. Lactoferrin plays a significant role in improving 
immunity and has moderate influences on the infection of 
SARS-CoV-2 [206]. Lactoferrin have been demonstrated to 
inhibit the infection of SARS-CoV-2 in all cell models in the 

nanomolar range. These mechanisms include blocking virus 
binding to cellular heparan sulfate and enhancing interferon 
response [207].

Conclusion

Due to the emergence of antibiotic resistance, the utilization 
of nutraceuticals is gaining more attention as an alternative 
strategy for diverse biomedical applications. Lactoferrin is a 
natural iron-binding glycoprotein and cell secretory mediator 
extensively present in bovine milk and other exocrine secre-
tions of humans and animals. Lactoferrin is also known for 
its potent antibacterial, antiviral, antioxidant, anti-inflamma-
tory, immune-modulatory, and anticancer alternatives with 
integrated inhibitory paths similar to the effects of synthetic 
chemotherapeutic medicines and minimum adverse effects. 
Lactoferrin has the potential to boost the immune response 
against numerous pathological conditions caused by infec-
tious and non-infectious agents. Interest in exploring the 
therapeutic potential of lactoferrin among researchers has 
increased due to its multiple medical applications.
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