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Abstract

Chitosan is a natural active product obtained from the deacetylation of chitin,
characterized by mucoadhesive properties and positive charge, which can effec-
tively promote intestinal nutrient absorption and the proliferation and differ-
entiation of mammary epithelial cells, thereby exerting protective effects on
intestinal and mammary tissues. Dietary supplementation of chitosan can alter
rumen fermentation patterns and microbial community structure in dairy cows,
reduce ruminal methane production, and improve production performance and
immune function. Furthermore, chitosan offers advantages such as no drug resis-
tance, safety, and no residues; it not only inhibits the growth of major pathogens
causing mastitis in dairy cows but also effectively enhances the antioxidant ca-
pacity of mastitic cows and promotes inflammatory recovery, conferring broad
application prospects in dairy production practice. This review summarizes the
biological functions of chitosan in dairy cows and research progress on its appli-
cation in production, providing theoretical support for the further application
of chitosan in dairy production practice.
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Abstract: Chitosan is a natural bioactive product derived from the deacetyla-
tion of chitin. Due to its mucoadhesive properties and positive charge, chitosan
can effectively promote intestinal nutrient absorption and stimulate the prolif-
eration and differentiation of mammary epithelial cells, thereby exerting protec-
tive effects on intestinal and mammary tissues. Dietary supplementation with
chitosan can alter rumen fermentation patterns and microbial community struc-
ture, reduce methane production, and improve both productive performance and
immune function in dairy cows. Moreover, chitosan offers advantages such as no
drug resistance, safety, and absence of residues. It not only inhibits the growth
of major pathogens causing mastitis but also effectively enhances the antioxidant
capacity of affected cows and promotes inflammatory recovery, demonstrating
broad application prospects in dairy production. This review synthesizes cur-
rent research progress on the biological functions of chitosan in dairy cows and
its practical applications, providing theoretical support for further utilization in
dairy production.
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Chitosan is obtained through the deacetylation of chitin, chemically known as
-(1,4)-2-amino-2-deoxy-D-glucose. Chitin, the primary component of exoskele-
tons in arthropods and fungi, consists of N-acetyl-D-glucosamine monomer units
linked by -1,4-glycosidic bonds. At room temperature, chitosan appears as a
white, translucent solid with a pearly luster. It is insoluble in alkaline solutions
and strong acids but dissolves readily in dilute hydrochloric acid and most or-
ganic acids. Chitosan exhibits excellent adsorption, hygroscopicity, film-forming
ability, permeability, biocompatibility, and biodegradability, making it a non-
toxic, environmentally friendly material widely used in textiles, medicine, food,
and cosmetics. While chitin monomers are acetylglucosamine with minimal
solubility, chitosan monomers are glucosamine containing hydroxyl and amino
groups, resulting in significantly greater chemical activity and solubility than
chitin, which expands its practical applications considerably.

The degree of deacetylation substantially influences chitosan’ s physicochem-
ical properties and its ability to regulate various signals and factors in vivo,
including solubility, ion-binding capacity, flocculation power, and N-selective
acylation ability. Research indicates that lower molecular weight chitosan ex-
hibits more pronounced antibacterial effects against F. coli. Protonated chitosan
can bind to negatively charged molecules such as growth factors, nucleic acids,
and cytokines both in vivo and in vitro, interacting with various bioactive fac-
tors to enhance specific cell proliferation or induce stem cell differentiation into
functional cells. Arkoun et al. demonstrated that chitosan disrupts negatively
charged bacterial cell membranes, causing the release of intracellular proteins
and DNA, establishing its role as a bacterial membrane disruptor and perfora-
tor.
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1 Effects of Chitosan on Bovine Intestinal and Mammary
Epithelial Cells

The regulatory effects of chitosan on epithelial cells have been extensively stud-
ied. Due to its mucoadhesive properties and positive charge, chitosan effectively
promotes intestinal nutrient absorption and improves intestinal health by acti-
vating the AMPK signaling pathway in intestinal epithelial cells. Chitosan also
stimulates proliferation of various embryonic and adult mammary epithelial
cells. Chitosan-based formulations can modify cell adhesion peptides and other
conjugates, significantly enhancing their capacity to support cell growth and
maintain homeostasis. Studies have shown that chitosan stimulates cell surface
receptors, acts as a ligand binding integrin complexes, and initiates downstream
signaling cascades that exert morphogenetic effects on mammary epithelial cells
while regulating their growth, polarity, morphology, and differentiation.

However, stem cell transplantation research often faces challenges from dam-
aged microenvironments that ultimately lead to rejection or immunogenic re-
sponses. To create a more suitable microenvironment for transplanted cells,
chitosan can interact with extracellular matrix (ECM) components in mam-
mary tissue, including collagen IV, laminin, tenascin, fibrin, and proteoglycans,
thereby providing protective effects. Nelson et al. reported that mammary
epithelial cells suspended in micro-collagen chambers can assemble basement
membranes and polarize into epithelial cells within 24 hours in vitro. Nowak et
al. found that culturing mammary epithelial cells in chitosan-containing matri-
ces activates hemidesmosomal 6 1 integrin heterodimers, influencing mammary
epithelial cell survival and differentiation. Yang et al. demonstrated that under
serum-free conditions, chitosan biomaterials exhibit broad application potential
in mammary tissue engineering. The interaction between chitosan and various
growth factors has been attributed to chitosan’ s cationic nature, which allows
it to interact with various anionic molecules and growth factors. Nevertheless,
the effects and mechanisms of chitosan and its derivatives on bovine mammary
epithelial cells require further investigation.

2.1 Effects on Rumen Fermentation

Research has shown that chitosan can alter rumen fermentation patterns by
shifting volatile fatty acid (VFA) profiles and increasing propionate concen-
tration, thereby affecting acetate and butyrate production, reducing ruminal
methane output, and decreasing energy loss during feed intake. Chitosan re-
portedly acts on the cell walls of Gram-positive hydrogen-producing bacteria,
interfering with ion flux and reducing the acetate-to-propionate ratio in the
rumen, which consequently lowers intestinal methane emissions. Studies have
demonstrated that chitosan promotes a shift in rumen fermentation patterns,
increasing propionate concentration while decreasing acetate concentration and
methane production. It also enhances microbial protein synthesis and fiber
degradation, modifies rumen microbial community structure, improves dairy
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cow performance, immune function, and antioxidant capacity, and positively
influences hindgut microbial structure.

Goiri et al. reported that in vitro experiments showed increased propionate and
decreased acetate concentrations when chitosan was applied to starch-based but
not cellulose-based matrices. Mingoti et al. also observed a linear increase in
propionate concentration with increasing dietary chitosan levels in dairy cows.
Chitosan has been shown to reduce amino acid deamination in the rumen, as
evidenced by decreased concentrations of isobutyric and isovaleric acids derived
from isoleucine and valine deamination. Reduced ruminal amino acid deam-
ination allows more amino acids to reach the duodenum, thereby improving
amino acid utilization. Additionally, chitosan can increase milk nitrogen ex-
cretion without altering nitrogen intake, thereby improving nitrogen utilization
efficiency.

2.2 Effects on Immune Regulation

As a safe, non-toxic feed additive, chitosan has been extensively studied and
applied in monogastric animals, where it has been shown to improve growth
performance and immunity in pigs, and enhance growth performance, nutrient
metabolism, gastrointestinal environment, and antioxidant capacity in poultry.
In contrast, research on chitosan’s effects in ruminants remains relatively limited.
Existing studies have demonstrated that chitosan exerts immunomodulatory
effects on bovine mastitis. Dietary supplementation with 0.1% chitosan has
been reported to increase serum immunoglobulin G (IgG) and immunoglobulin
M (IgM) levels, total blood lymphocyte count, lymphocyte percentage, and
lymphocyte transformation rate, thereby enhancing humoral immune function
in dairy cows.

Feeding chitosan to mastitic cows has been shown to significantly increase the
number of active T and B lymphocytes while decreasing neutrophil phagocytic
rate and index, indicating that chitosan can resist inflammation, clear circulat-
ing immune complexes, regulate neutrophil phagocytic activity, and enhance
both humoral and cellular immune functions. The mechanism may involve chi-
tosan’ s amino groups accepting protons in the body, elevating bodily fluid
pH and creating an environment that activates lymphocytes, thereby enhanc-
ing cellular immunity, humoral immunity, and natural killer cell function while
strengthening immune surveillance. Additionally, chitosan can indirectly mod-
ulate the immune system by promoting the growth and reproduction of Bifi-
dobacterium, as it serves as a growth factor for these bacteria. Bifidobacterium
can activate the intestinal mucosal immune system by stimulating Paneth cells,
promoting immunoglobulin A (IgA) secretion. Simultaneously, Bifidobacterium
can enhance the cytotoxic activity of intraepithelial lymphocytes in the small
intestine, strengthening immune surveillance in the intestinal tract and thereby
improving overall immune function.
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3 Antibacterial Effects of Chitosan and Its Therapeutic
Role in Bovine Mastitis

Chitosan exhibits multiple biological functions, including inhibiting bacterial
growth and activity, enhancing immunity, antiviral effects, and lipid reduction,
demonstrating antibiotic-like characteristics. With its safety, lack of residues,
and low potential for resistance development, chitosan has become a research
focus for mastitis prevention and treatment. Currently, antibiotics remain the
primary approach for preventing and treating mastitis, but their long-term, high-
dose clinical use has led to enhanced microbial resistance, reduced antibiotic
efficacy, and serious problems with antibiotic residues in dairy products. There-
fore, effective control of bovine mastitis is crucial for the healthy and rapid
development of the dairy industry.

3.1 Antibacterial Effects

Chitosan’ s antimicrobial properties are particularly prominent, demonstrat-
ing strong antibacterial activity. This is primarily attributed to its proto-
nated ammonium groups that ionize in slightly acidic solutions, conferring a
positive charge that interacts with negatively charged substances on bacterial
cell membranes, disrupting membrane stability and inhibiting normal micro-
bial metabolism. Reportedly, chitosan exerts its effects through three levels
of interaction: with outer cellular components, with cell membranes, and with
cytoplasmic components. Electron microscopic examination of various microor-
ganisms treated with chitosan indicates that its action occurs at the microbial
cell surface. The properties and structure of bacterial cell membranes play a
crucial role, with Gram-positive bacteria being more sensitive to chitosan than
Gram-negative bacteria. This difference primarily stems from distinct cell wall
and membrane architectures. Gram-positive bacterial cell walls consist of a
thick, dense layer of peptidoglycan and teichoic acid, with peptide chains cross-
linked by 5-75 glycine residues, whereas Gram-negative bacterial cell walls are
multilayered structures comprising the cell wall, cytoplasmic membrane, and
a semi-permeable bilayer lipid outer membrane. Consequently, differences in
negative charge accumulation on cell walls determine microbial sensitivity to
chitosan.

Generally, chitosan’ s polycationic nature, delivered by positively charged glu-
cosamine, induces multifaceted changes on the cell surface, causing intracellular
material leakage and ultimately lethal damage to bacterial activity. The initial
contact between polycationic chitosan macromolecules and bacterial cells most
likely occurs through electrostatic reactions mediated by negatively charged te-
ichoic acids on Gram-positive bacteria. This aligns with findings from Senel et
al. and Lanctot et al., which demonstrated strong antibacterial effects of chi-
tosan against Gram-positive bacteria. Additionally, some studies have indicated
that when environmental pH exceeds 6.3, chitosan’ s hydrophobic and chelating
effects influence antibacterial activity; however, De Paiva et al. showed that
chitosan is unaffected by ruminal pH, yielding slightly different results between
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studies. Positively charged chitosan may be absorbed by cells and interact with
fungal and bacterial DNA, thereby inhibiting DNA and RNA transcription and
protein synthesis. Previous reports have suggested that chitosan can penetrate
plant cells, based on detection of chitosan in plant cytoplasm and nuclei within
15 minutes of application to plant tissue surfaces. Therefore, the mechanisms
involve: (1) electrostatic reactions between chitosan and negatively charged cell
membrane components (phospholipids and proteins); (2) reactions with amino
acids in Gram-positive bacterial cell walls; and (3) reactions with lipopolysac-
charides in Gram-negative bacterial outer membranes, thereby affecting cell
membrane integrity and permeability. In summary, cell membrane charge con-
tributes to chitosan’ s antibacterial activity.

Guan Ming et al. developed a dairy cow hoof care solution containing water-
soluble chitosan that effectively kills infectious pathogens causing hoof diseases,
promotes wound healing, prevents and treats various hoof diseases, and en-
hances cows’ autoimmunity and disease resistance. Despite chitosan’ s strong
antibacterial activity, feeding chitosan does not alter microbial protein synthe-
sis, and Del Valle et al. reported no impairment of milk quality or yield in dairy
cows. According to Tian Feng et al., supplementation with 15 g/d of chitosan
increased milk production by an average of 1.8 kg per cow per day compared to
the control group without chitosan.

3.2 Therapeutic Effects on Bovine Mastitis

Research has shown that chitosan produces no side effects when used to treat
clinical mastitis in dairy cows. In vitro antibacterial tests have demonstrated
that water-soluble chitosan exhibits varying degrees of inhibition against
Streptococcus agalactiae, Pseudomonas aeruginosa, Staphylococcus aureus,
E. coli, Salmonella, and Streptococcus species. Freter et al. confirmed that
low-concentration chitosan exhibits the strongest antibacterial activity, as it
can neutralize the negative charges on bacterial cell surfaces, causing bacterial
cells to aggregate. In contrast, high concentrations may impart positive charges
to bacterial surfaces, keeping cells in suspension rather than aggregating them,
thereby reducing antibacterial efficacy.

For cows with subclinical mastitis, dietary supplementation with different con-
centrations of chitosan has been shown to significantly reduce somatic cell counts
in milk at a dosage of 5 g/d. Asli et al. found that intramammary injection of
2.6 kDa molecular weight chitosan inhibited Staphylococcus aureus activity in a
dose-dependent manner. Antioxidant capacity plays a crucial role when masti-
tis occurs. Under normal conditions, the production, utilization, and clearance
of free radicals maintain dynamic equilibrium. During mastitis, specific im-
mune cells introduce substantial numbers of free radicals to aid in pathogen
elimination. However, excessive free radical production coupled with weakened
clearance capacity causes lipid peroxidation, destroys biological membrane struc-
tures, and exacerbates mammary infection severity. Studies on feeding chitosan
to mastitic cows have demonstrated its antioxidant function in regulating free
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radical levels and promoting mammary inflammation recovery.

Research by Shang Changfa et al. and Ren Haijun has shown that dietary chi-
tosan supplementation stimulates antioxidant function, improves health status,
reduces milk somatic cell counts, and decreases the likelihood of mammary tissue
infection. Guo Xiaoping et al. similarly reported that chitosan oligosaccharides
improved milk performance and reduced somatic cell counts in cows with sub-
clinical mastitis.

5 Summary

Chitosan holds broad application prospects in dairy production. It can modify
rumen fermentation patterns, reduce methane production, decrease energy loss
during feed intake, and improve feed conversion efficiency. Due to its safety,
non-toxicity, and antibacterial properties, chitosan has become a research focus
for mastitis treatment. However, the mechanisms underlying chitosan’ s effects
on bovine mammary epithelial cells, its regulation of immune responses, and
its signaling pathway modulation require further investigation. Additionally,
safety studies on chitosan application in dairy production necessitate deeper
exploration.
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