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Abstract

This review aims to examine the immunological, anti-inflammatory, antiviral, and antibac-
terial activities of key whey and milk proteins, specifically lactoferrin, glycomacropeptide,
β-lactoglobulin, α-lactalbumin and their derived peptides, particularly lactoferricin and
lactoferrampin, highlighting their potential as preventive or therapeutic agents. Whey
and dairy products represent complex biological matrices that, beyond their high nu-
tritional value, serve as reservoirs of bioactive proteins and peptides with documented
health-promoting properties. It has been reported that certain whey proteins (WPs) and
whey-derived peptides may contribute to improvements in both innate and adaptive
immunity, exert direct antiviral and antibacterial effects while also modulating host de-
fenses through immunoregulatory, antioxidant, and anti-inflammatory activities. These
mechanisms contribute not only to enhanced resistance against viral pathogens but also
to maintaining intestinal homeostasis and microbiota balance, both of which are critical
during infection. In recent years, particularly in the context of the COVID-19 pandemic,
natural bioactive compounds derived from whey, and, more broadly, milk, have attracted
increasing attention as potential adjuncts or alternatives to conventional antivirals, with
reported activity not only against SARS-CoV-2, influenza but also other viral and microbial
infections. Despite encouraging in vitro and in vivo evidence, clinical validation remains
limited, and the antiviral and immunomodulatory effects of WPs still require deeper mech-
anistic clarification. Future research should focus on identifying molecular targets, as well
as characterizing the pharmacokinetics and safety profiles of WPs and WP peptides across
diverse clinical settings. At the same time, attention should be given to optimizing their
application as nutraceuticals or functional dairy ingredients.

Keywords: whey proteins; immunity; antiviral; antimicrobial; anti-inflammatory;
gut microbiota

1. Introduction
The innate immune system provides rapid, nonspecific defense through barriers,

cytokines, and cells such as macrophages, dendritic cells, and NK cells, while the adaptive
system generates antigen-specific and long-lasting protection via T and B lymphocytes,
forming an integrated network essential for host defense [1].

Bioactive milk components, particularly whey proteins (WPs), have emerged as
molecules of interest due to their immune-modulating, antiviral, and anti-inflammatory
properties [2,3]. Other natural compounds, including vitamin D, zinc, selenium, polyphe-
nols, and balanced diets rich in fruit, vegetables, and omega-3 fatty acids, support immune
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and antioxidant defenses, whereas malnutrition and obesity increase susceptibility to severe
infections [4–10].

Since the beginning of the COVID-19 crisis, public interest in hygiene, immunity, and
inflammation has increased. Global mortality remained below 0.1% of the population,
with CFR estimated below ~0.5%, indicating >99.5% survival [11,12]. COVID-19 vaccines
have been reported to reduce severe outcomes, with ongoing evaluation of their global
impact and documented adverse effects [11,13]. Dairy intake, particularly low-fat products,
has been associated with reduced COVID-19 severity and hospitalization [14,15]. More
broadly, diets rich in fruits, vegetables, and omega-3s, and low in processed foods, may
reduce inflammation and infection risk [16–18], whereas malnutrition and obesity impair
immunity and increase COVID-19 severity [19].

Overall, in addition to conventional medical treatments, optimizing nutrition and in-
corporating functional components such as whey proteins, may offer valuable prophylactic
and therapeutic support against infectious and inflammatory diseases by strengthening
immune function and helping to regulate oxidative and inflammatory stress [20–22].

Whey, a by-product of cheese and curd manufacturing formerly considered a waste
product, has been reported to show antiviral and antibacterial properties, including against
SARS-CoV-2 and other pathogenic microorganisms [23,24]. Whey is a milk-derived protein
complex now considered a functional food with multiple potential health benefits [25,26].
Its main bioactive components include β-lactoglobulin (β-Lg, 45–60%) and α-lactalbumin
(α-La, 15–25%), as well as immunoglobulins (IGs, 10–15%), glycomacropeptide (GMP, up
to 25%), serum albumin (SA, ~10%), lactoferrin (Lf, ~1%), and trace amounts of lactoper-
oxidase (<1%). Historically, whey has also been valued for its medicinal properties, being
mentioned since Ancient Greece by Hippocrates and used throughout the Middle Ages for
wound care, vitality, and various ailments [27].

Whey protein is commercially available in several forms, including whey protein
concentrates (WPCs, 25–80% protein), whey protein isolates (WPIs, ≥90%), hydrolyzed
whey proteins, and purified fractions such as β-lactoglobulin (β-Lg), α-lactalbumin (α-La),
and protein-derived peptones [28]. High-quality WPCs and WPIs obtained through low-
temperature membrane filtration may better preserve sensitive amino acids, including
sulfur amino acids (methionine, cysteine) and tryptophan. In contrast, some industrial
processing methods (e.g., heat or ion exchange treatments) can alter protein structure and
reduce the integrity of certain residues [29–31]. These amino acids and bioactive peptides
are considered relevant for immune function and may contribute to host defense against
viral and bacterial infections, including influenza and coronaviruses [32,33].

This review primarily aims to provide a broad and detailed overview of the cellular
and molecular pathways and mechanisms through which whey proteins and their derived
peptides may strengthen immune defenses and regulate immuno-inflammatory responses.

Beyond these insights, this review also aims to raise awareness of the potential value
of nutritional and functional food strategies, alongside conventional treatments, in sup-
porting the prevention and management of infectious and immune-related diseases, while
emphasizing the need for further clinical research in this field.

2. Effects of Whey Protein Intake on Innate and Adaptive Immune Cells
2.1. Glutathione Synthesis Improvement Effect on Immune Cells

Whey proteins have been shown to enhance both innate and adaptive immunity [34].
This effect may be largely mediated through their role in glutathione (GSH) synthesis and
regulation. Their high content of cysteine and methionine provides essential precursors
for GSH production, which is crucial for maintaining intracellular redox balance and
immune cell function [35,36]. Indeed, a reduced GSH state promotes proliferative signaling,
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explaining the mitogenic effect of whey proteins on leukocytes, particularly lymphocytes,
whereas oxidative conditions favor stress responses and apoptosis [35–39].

In the innate immune system, whey proteins, particularly β-lactoglobulin and α-
lactalbumin, have been shown to enhance neutrophil function [40]. Mechanistically, GSH
supports phagocytic cells such as monocytes and macrophages by improving oxidative
killing mechanisms and may also contribute to natural killer (NK) cell activity through
maintenance of redox homeostasis [40–43].

Natural killer (NK) cells are particularly key innate immune effectors involved in
antiviral defense and immunomodulation, and, together with T cells, contribute to tumor
cell elimination [44,45]. In a 12-week trial in patients with chronic hepatitis, supplementa-
tion with 12–20 g/day of non-heated whey proteins increased both hepatic GSH and NK
cell activity, indicating improved redox status and immune recovery, alongside clinical
improvement without major adverse effects [46].

In the adaptive immune system, in vivo and in vitro evidence also supports these ef-
fects. Consistently, whey proteins also stimulated murine splenic lymphocyte proliferation
in vitro [40] and improved T lymphocyte activation and function as reflected by increased
GSH-dependent immune responsiveness [35,38,47].

Finally, modulation of GSH metabolism may also contribute to the selective effects
of WPC on tumor cells, which often exhibit elevated intracellular GSH levels, thereby
increasing their susceptibility to chemotherapy [48].

2.2. Effect of Whey Intake on Innate Immune System

Bovine WPCs (500 mg/mg β-lactoglobulin, 15 mg/mg α-lactalbumin, 100 mg/mg
GMP, 30 mg/mg LF, 20 mg/mg bovine IgG, 9.6 mg/mg bovine serum albumin) have
been shown to prime human neutrophils by enhancing their functions and stimulating
strong production of the anti-inflammatory cytokine IL-1Ra [40,49]. Its active components,
beta-lactoglobulin and alpha-lactalbumin, act additively to reproduce these effects and can
shift the balance toward anti-inflammation (high IL-1Ra:IL-1β ratio) via MAPK and NF-κB
pathways, suggesting immunomodulatory and host defense benefits.

Additionally, as previously mentioned, WPs can reinforce NK cell function. Non-
heated whey proteins (12–20 g/day for 12 weeks) improved immune function in some
chronic hepatitis B patients by increasing NK cell activity and IL-2 levels, while also re-
ducing ALT and oxidative stress [46]. Similarly, a randomized, double-blind trial (n = 80)
showed that 8-week supplementation with 4.2 g/day fermented whey protein significantly
increased NK cell activity across all effector:target ratios (10:1 to 1.25:1) compared with
placebo, with these changes accompanying higher IL-12 levels and significant correlations
between ∆IL-12 and NK activity (r = 0.571, p < 0.001) as well as pre-albumin (r = 0.435,
p = 0.006) [50]. In line with these results, a metabolomics sub-study (n = 50) confirmed
increased NK cell activity together with higher Lp-PLA2 activity (p = 0.021) and IL-1β
levels (p = 0.001), while also identifying 10 significantly altered metabolic pathways, espe-
cially amino acid and sphingolipid metabolism, linking these immune effects to systemic
metabolic reprogramming [51].

Also, in suckling Wistar rats, WPC (0.2 g/kg/day) selectively enhanced mucosal innate
immunity, increasing intestinal NK-associated NKR-P1A+ cells and promoting maturation
of lamina propria NK cells toward an adult-like phenotype, without affecting systemic
antibody responses [52]. In parallel, lactoferrin, a minor whey component, enhances
innate immunity by increasing NK cell activity and supporting Th1-type antiviral immune
responses [53].

These data may be of particular interest in COVID-19 context for example, where NK
cells have been shown to be markedly reduced and functionally exhausted, with decreased
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levels persisting in circulation, tissues, as well as in long COVID, and showing modulation
after vaccination, including a rapid decline of NKG2A+ NK cells after the first dose in some
studies [54–58].

2.3. Effect of Whey Intake on Innate Adaptive System

Whey protein supplementation also modulates adaptive immunity, particularly T
and B lymphocyte responses. In a rat study, dietary supplementation with 1% WPC
enhanced helper T cell activity after antigen exposure, indicating improved adaptive
immune responsiveness [59].

Comparative studies show that whey proteins consistently enhance secondary anti-
body responses following antigen immunization compared with other protein sources such
as soy or ovine colostral whey. Long-term feeding (5–8 weeks) also enhances cell-mediated
immunity, including delayed-type hypersensitivity reactions and splenocyte proliferation,
without adverse effects on general health parameters [60].

At the cellular level, whey protein products and their enzymatic digests stimulate
murine splenocyte proliferation, with microfiltered whey protein isolate enhancing lym-
phocyte proliferation and digestion generating bioactive peptides with strong immunostim-
ulatory activity at low concentrations [61]. In a 21-day study in 45 male mice, undenatured
whey proteins (100 mg/kg) significantly increased peripheral blood mononuclear cell
proliferation and doubled the chemotactic migration of B cells, T cells, and dendritic cells
toward chemokines, indicating enhanced trafficking to secondary lymphoid organs [62].

Lactoferrin further contributes to adaptive immunity by promoting T cell differentia-
tion and activation, including induction of CD4 expression in immature thymocytes and
enhancement of Th2 antigen-presenting interactions [63]. It also supports B cell maturation
and antigen-presenting capacity, enabling stronger humoral immune responses [63,64].
Additionally, human milk lactoferrin enhances antibody responses to T-dependent antigens
up to fivefold, demonstrating potent stimulation of adaptive humoral immunity [64].

3. Impact on Immunoglobulin Production
Another important contribution of whey to immunity is its role in immunoglobulin

production. Whey proteins naturally contain 10–15% immunoglobulins, and although these
proteins are digested into amino acids and bioactive peptides, they provide an optimal
pool and balance of amino acids required for the synthesis of new antibodies. This is
particularly relevant for immunoglobulin A (IgA), abundant in mucosal surfaces such
as the respiratory tract and critical for defense against coronaviruses and influenza, as
well as immunoglobulin G (IgG), the most prevalent antibody in circulation, essential
for protection against both viral and bacterial infections. Studies have shown that WP
supplementation significantly increased immunoglobulin G levels [65,66].

Whey and other milk proteins undergo extensive proteolysis during digestion. In the
acidic environment of the stomach, they are initially hydrolyzed by gastric pepsin and
additional peptidases [67]. In the small intestine, pancreatic and brush border enzymes
break proteins down into oligopeptides, dipeptides, tripeptides, and free amino acids.
Thus, whey immunoglobulins are decomposed in peptide and AAs, which may bring to
the human body an optimal ratio of AAs to synthesize new immunoglobulins.

Whey protein supplementation has been proposed as a strategy to counteract malnu-
trition and immunodeficiency in cancer patients undergoing chemotherapy. In a 12-week
double-blind trial involving 42 patients in Thailand, supplementation with 40 g/day of
WPI enriched with zinc and selenium significantly increased serum albumin (+2.9%) and
immunoglobulin G (+4.8%) levels [65]. Notably, GSH levels rose by 11.7% in the inter-
vention group, whereas they declined by 6.0% in controls. These findings indicate that
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WPs can improve nutritional status, immune function, and antioxidant defenses, thereby
reducing the risk of malnutrition during chemotherapy. In a rat study, diets supplemented
with 1% WPC, providing isocaloric and isonitrogenous conditions compared to controls,
enhanced IgG against antigen by modulating helper T cells which were increased at days
14 and 21 [59].

A study in BALB/c mice examined the effect of dietary bovine WPC on gut mucosal
immunity. Mice were fed a diet containing 20% WPC for 12 weeks and orally immunized
with cholera toxin (CT) and ovalbumin (OVA). WPC-fed mice showed significantly higher
mucosal antibody responses compared to control mice [68]. Also, strong evidence shows
that beyond total protein intake, specific amino acids, especially glutamine, glutamate, and
arginine, and possibly methionine, cysteine, and threonine, are crucial for optimal intestinal
and GALT immune function and WPC is particularly rich in these AAs. They support
epithelial integrity and growth, enhance T cell activity, promote IgA secretion, and help
regulate inflammatory cytokines [69,70]. Also, oral administration of glycomacropeptide
(GMP), another component of whey (up to 25%), stimulates humoral mucosal immunity
through the production of antibodies at the surface of the intestinal barrier and other mu-
cosa (secretory immunoglobulins A or SIgA), which protects it from toxins and pathogenic
microorganisms [71]. These antibodies are crucial for fighting SARS-CoV-2 infection and
COVID-19 efficiently for example [72] or influenza virus [73] but also in mucosal immune
disorders such as inflammatory bowel disease, food allergy, celiac disease, metabolic
dysbiosis, autoimmunity, and respiratory inflammation [74].

4. Antiviral and Antimicrobial Activities of WPs and Derivates
4.1. Antiviral and Antibacterial Spectrum of Whey Proteins

Milk proteins exhibit antiviral and antibacterial properties, partly through bioac-
tive derivatives such as chemically modified proteins and enzymatically generated
peptides [24,75]. When released by digestive enzymes like trypsin or pepsin, these peptides
may contribute to host defense, provided they remain stable in the intestinal environment
long enough to reach their target sites of action [76].

Whey proteins, including lactoferrin, GMP, α-lactalbumin, and β-lactoglobulin, ex-
hibit broad antiviral activity against hepatitis B and C, coronaviruses, avian influenza A,
human immunodeficiency virus, respiratory syncytial virus, adenovirus, cytomegalovirus,
herpes simplex virus, human papillomavirus, enteroviruses, and hantavirus [24,73,77–79].
It also includes an activity on SARS-CoV-2 and improvements in COVID [78,80–82]. Table 1
summarizes how WPs, including global whey fractions as well as specific proteins and
whey-derived peptides, may inhibit viral infections and decrease the severity of the re-
lated diseases.

These studies, which include in vitro, in vivo and a few clinical studies, show inhibi-
tion of viral entry and replication as well as anti-inflammatory effects and protection of
several organs. But more investigations and practical use in clinical studies are needed
to confirm these effects and synergies with usual treatments. Whey proteins also exhibit
activity against several bacteria.

4.2. Antiviral and Antimicrobial Activity of Lactoferrin

Lactoferrin is a protein of particular interest and is the subject of a large number
of studies. Lactoferrin inhibits viral attachment and entry by binding host cell heparan
sulfate proteoglycans or viral envelope proteins, as demonstrated for hepatitis B and C
viruses [24,46], human immunodeficiency virus [24], influenza virus [24,73,83], coron-
aviruses including SARS-CoV-2 [79–82,84–86], adenoviruses [24], enteroviruses [24], han-
taviruses [24], cytomegalovirus [24], and herpes simplex virus [24] (Table 1). Lactoferrin
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also exhibits synergistic antiviral activity with classical antivirals such as acyclovir and
cidofovir against herpes simplex virus and cytomegalovirus, respectively [24].

In influenza A infection, the C-lobe of bovine lactoferrin specifically targets the con-
served HA2 fusion region of hemagglutinin, thereby blocking hemagglutination, viral
fusion, cytopathic effects, and viral replication at femto- to picomolar concentrations [83].
The tetrapeptides VLRP, SLDC, and SKHS were identified as minimal fragments retaining
broad anti-influenza activity.

Lactoferrin exhibits multiple antiviral mechanisms against SARS-CoV-2, including
strong binding to the spike protein [87,88], competition with ACE2 for viral docking [89],
and interference with the furin cleavage site [90]. It further impedes viral entry by inter-
acting with heparan sulfate proteoglycans [91] and sialic acid residues [89], while also
suppressing cathepsin L activity and modulating host immune responses [92]. In one
cohort, lactoferrin-treated patients showed significantly faster viral RNA negativization
than untreated patients (15 vs. 24 days; p < 0.001) [81]. Its antiviral activity was linked
to spike protein binding, inhibition of viral entry, restoration of iron homeostasis, and
anti-inflammatory effects [81].

Against SARS-CoV-2, lactoferrin enhances NK cell and macrophage activity, promotes
Th1 immune responses, reduces IL-6 and TNF-α production, sequesters iron required for
viral growth, and accelerates viral RNA clearance in patients [53,79–82]. In hepatitis infec-
tions, lactoferrin decreases viral load, lowers ALT and inflammatory markers, improves
neutrophil phagocytic activity, and protects against liver injury through IL-11 and BMP2
upregulation [24].

Beyond direct antiviral effects, lactoferrin reduces oxidative stress, limits leukocyte
infiltration and inflammatory cytokine production, and enhances innate and adaptive
immune responses [53,81]. A study administered oral liposomal lactoferrin combined
with zinc and vitamin C to symptomatic COVID-19 patients for 10 days [82]. Common
symptoms included fatigue, anosmia, ageusia, muscle pain, dry cough, and headache, with
all 75 treated patients reportedly improving within 5 days, including 12 patients receiving
lactoferrin alone [82]. Although promising, these findings remain preliminary and require
confirmation through larger controlled clinical trials.

These multifunctional properties make lactoferrin a promising natural therapeutic
candidate for the prevention and adjunctive treatment of viral infections.

Beyond lactoferrin, other milk and WPs display antiviral potential; notably, β-
lactoglobulin-derived peptides ALMPHIR and IPAVFK can disrupt infection by inhibiting
cathepsins and binding to both viral and host receptors [78,88,93].

Also, lactoferrin inhibits bacterial growth through iron sequestration, disrupts bac-
terial membranes, and reduces adhesion to gastric epithelial cells, suggesting a potential
complementary role in the management of H. pylori infection [94].

4.3. Antiviral and Antimicrobial Activity of Glycomacropeptide

Glycomacropeptide (GMP), another peptide of growing interest and the glycosylated
form of caseinomacropeptide (CMP), is a milk-derived bioactive peptide that is released
from κ-casein via enzymatic digestion, either physiologically or in industry during the
cheese-making process [95,96]. GMP, which is present in high amounts in high-quality
sweet whey (15–25%), is rich in branched-chain amino acids (leucine, isoleucine, valine)
and has a high solubility in water, in addition to its heat stability [97]. This carbohydrate-
containing peptide is susceptible to being enzymatically hydrolyzed during digestion
but can also survive gastric transit without hydrolysis and is absorbed intact into the
bloodstream and distributed by blood vessels, or it can reach the large intestine to be
fermented by microbiota [98].
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Glycomacropeptide, particularly κ-casein GMP, exhibits notable antiviral and im-
munomodulatory properties against several viral infections [46,73]. In hepatitis B virus
infection, GMP in combination with lactoferrin interferes with viral attachment and entry
into host cells in vitro, suggesting a protective role during early stages of infection [24].
Against influenza A virus, κ-casein GMP inhibits viral hemagglutination and prevents viral
attachment to host cell receptors, thereby reducing infection efficiency [73]. Due to its high
sialic acid content, GMP can act as a decoy receptor for viral hemagglutinins and other
adhesion proteins, limiting virus–host interactions [73]. Beyond direct antiviral activity,
GMP also displays anti-inflammatory and immunoregulatory effects, including modulation
of cytokine production and support of mucosal immunity, which may contribute to host
defense against respiratory and enteric pathogens [95]. Collectively, these findings identify
GMP as a promising bioactive milk-derived peptide with potential applications in antiviral
nutrition and adjunctive therapeutic strategies [24,46,73].

In vitro and in vivo studies have shown that GMP can bind to a range of pathogenic
bacteria and toxins, including Vibrio cholerae cholera toxin (CT), enterohaemorrhagic
Escherichia coli (EHEC O157) [99], as well as Salmonella enteritidis, Morganella morganii,
Salmonella typhimurium, and Shigella flexneri [75,100,101]. In contrast, no binding has been
observed with the probiotic bacterium Lactobacillus casei [75].

GMP has also demonstrated activity against oral pathogens involved in dental plaque
formation and caries, such as Streptococcus mutans, Streptococcus sanguis, Actinomyces visco-
sus, and Streptococcus sobrinus [102,103].

Furthermore, GMP has been shown to influence the skin microbiota by preventing
colonization by Staphylococcus aureus, which is associated with atopic dermatitis, while also
supporting the growth of beneficial gut bacteria such as Bifidobacterium spp. [104].

In addition, studies have reported a prebiotic effect of GMP, characterized by increased
growth and modulation of gut microbiota, including Bifidobacterium infantis, Bifidobacterium
breve, Bifidobacterium bifidum, and Bifidobacterium lactis [105–108]. This activity is partly
attributed to the sugar composition of GMP, which is particularly rich in sialic acids [109].

In light of the existing evidence, additional clinical research is needed to thoroughly
evaluate the effects of whey proteins on immune enhancement and infection control.

5. Regulation of Gut Health and Microbiota
Another mechanism by which WPs, in particular through certain amino acids (AAs)

such as glutamine, support immune function, is through the maintenance of gut health.
They help preserve intestinal barrier integrity and promote a balanced gut microbiota, both
of which are essential for optimal immune regulation.

5.1. Role of WPs in the Maintenance of a Healthy Gut Microbiota

Studies demonstrate that the gastrointestinal microbiota plays a critical role in systemic
immune adaptation, influencing distant organs such as the lungs [110], which are affected
in coronavirus infections, as well as the kidneys and cardiovascular system. This positions
the gut as a central hub in inter-organ immune crosstalk. Also, emerging evidence indicates
that alterations in the gut microbiome may contribute significantly to the pathogenesis of
autoimmune diseases [111].

The gut microbiota, that some researchers have also called "the forgotten organ", is
the most abundant microbial community in the body, weighing 1–2 kg and comprising
approximately 1014 bacteria, roughly equivalent to the total number of human cells [112].
Notably, around 70% of the body’s immune system resides in the gut, reflecting its essential
role in preventing pathogen colonization and systemic invasion.
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The "Western diet", in particular a low-fiber, high-fat/high-carbohydrate and a diet
rich in sugar like glucose as well as fructose is one factor that can lead to severe dysbiosis
and gut inflammation [113–115]. On the contrary, amino acids (AAs) play a critical role
in maintaining gut microbiota homeostasis, the balanced composition of beneficial and
potentially pathogenic bacteria, fungi, and other microorganisms, which is essential for
optimal immune function and overall health [116].

Current evidence from in vitro, animal, and human studies suggests that WPs can
modulate gut microbiota composition and intestinal function.

In a study of 16 older adults, daily supplementation with 59 g of WPI (35 g protein)
for 3 weeks significantly increased gut microbial diversity, particularly in individuals with
low baseline diversity, with effects observed from day 3. WPI promoted beneficial taxa
including Ruminococcaceae, Faecalibacterium, Christensenella, Lactobacillus, and Lactococcus,
while reducing potentially harmful groups such as Proteobacteria [117].

In vitro fermentation models (gastrointestinal digestion following fecal batch culture
fermentation, mimicking colonic fermentation, and simulator of the human intestinal
microbial ecosystem—SHIME) show that whey substrates promote beneficial genera such
as Bifidobacterium and Lactobacillus and support short-chain fatty acid production and
decreased Bacteroides fragilis and in sulphite-reducing clostridia, especially Clostridium
perfringens [118,119]. Animal studies further indicate that whey supplementation can
reshape microbiota profiles and improve intestinal barrier integrity, even under pathological
or high-fat diet conditions [120,121]. Additionally, WPI supplementation decreased high-fat
diet (HFD)-induced intestinal permeability disruption in the distal ileum; an effect that was
reversed by chronic antibiotic cocktail treatment [120]. In summary, WPI reverses the effects
of HFD on metabolic and physiological functions through mainly microbiota-independent
mechanisms. Moreover, they demonstrated a protective effect of WPI on HFD-induced
inflammation (decrease in the expression of genes encoding pro-inflammatory markers—
MCP-1, TNFα, and CD68) and ileal permeability disruption, with the latter being reversed
by gut microbiota depletion. Additionally, in a valproic-acid-induced autism model, Wistar
rats supplemented with WPs (1.24 mg/g body weight for 24 days) showed increased gut
bacterial diversity, with a predominance of Firmicutes in supplemented groups (p < 0.05).
Whey proteins also improved memory performance in the Y-maze and reduced solitary
behavior in male rats [121].

Systematic reviews confirm that protein source and processing influence microbial
outcomes, with dairy proteins exerting distinct modulatory effects [122,123]. Emerging
research also highlights synergistic effects between WPs and bioactive compounds or
polysaccharides as prebiotics in regulating microbial diversity and inflammatory pathways
including in infants [124,125].

Collectively, these findings support a role for WPs and derived peptides in promoting
gut microbiota balance, enhancing intestinal barrier function, and modulating immune–
metabolic homeostasis.

Approximately 50–70% of the body’s lymphocytes and the majority (around 70–80%)
of antibody-producing plasma cells are located in the gut-associated lymphoid tissue
(GALT) [126]. Consequently, impairment of gastrointestinal integrity may have important
effects on immune homeostasis.

5.2. Role of WPs in the Maintenance of a Healthy Epithelial Barrier

A healthy intestinal barrier relies on tight junctions between epithelial cells to prevent
toxins, allergens, and pathogens from entering the circulation. If the intestine becomes per-
meable, a condition referred to as “leaky gut”, these molecules and bacteria can translocate
into the bloodstream, reach distant organs, and trigger inflammation, allergic reactions,
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and autoimmune responses [127,128]. Increased intestinal permeability has been associated
with food allergy and hypersensitivity. Studies have shown that individuals with these
conditions exhibit significantly greater intestinal permeability than healthy controls, and
that higher permeability correlates with more severe clinical symptoms [53].

When the gastrointestinal system is damaged or inflamed, the body must allocate
additional energy and resources to restore and maintain gut integrity and immune function.
Over time, sustained physiological stress may impair gastrointestinal immune regulation,
which can in turn contribute to broader dysregulation of systemic immune function. This
dysfunction increases susceptibility to infections and is associated with conditions such as
asthma, eczema, allergies, and food sensitivities, in which the immune system overreacts
to specific food components and causes tissue damage.

Some studies show that AAs can really help prevent or reverse intestinal permeability
and improve gut microbiome [129] even if more studies are needed. In the small bowel
mucosa, glutamine, which can be synthesized from glutamic acid (13–17 g/100 g in whey),
is a unique nutrient providing fuel for metabolism, regulating cell proliferation and repair-
ing and maintaining the gut barrier functions [130–134]. Glutamine supplementation also
protects the gut against inflammatory conditions and other stresses [135–138]. In a colitis
model, mice fed glutamine had decreased expression of inflammation receptors and had
less colonic T cell infiltration compared with controls thereby decreasing inflammatory
mediators in treated individuals [139]. Furthermore, depleted levels of glutamine have
been associated with an impaired stress response in human lymphocytes in vitro [140].

Furthermore, other AAs like arginine, glycine, lysine, threonine, and sulfur-containing
amino acids have shown to decrease gut inflammation stage and gut-related
disease [134,139,141]. Arginine has been shown in vitro to improve barrier function in
colon cells injured with a commonly used immunomodulatory medication (methotrex-
ate) [142]. In several animal models of intestinal disease, intestinal permeability was
maintained by arginine administration [143]. Oral arginine supplementation decreased
intestinal mucosal injury following lipopolysaccharide treatment in rats [144].

Glutathione (GSH), which consists of glycine, glutamine, and cysteine, is the major
intracellular low-molecular-weight thiol and plays important roles in antioxidant defense,
nutrient metabolism and cytoprotective events [145]. GSH in the gut lumen and gut cells
(enterocytes) is of critical importance in maintaining normal intestinal function, in part, by
protecting epithelial cells from damage by oxidants and fatty acid hydroperoxides [146].
The major end products of Met and Cys metabolism are GSH, homocysteine (Hcy), and
taurine (Tau), which play important roles in the intestinal immune response [147,148]. Thus,
administration of specific dietary substrates and precursors for GSH synthesis like whey or
N-acetylcysteine (NAC) is an effective strategy to improve gut mucosal functions and may
prevent or treat intestinal diseases [134,144].

The interest in whey for improving epithelial barrier dysfunction has already been
shown by some studies [149,150] and it decreased inflammation [151] even in patients with
Crohn disease where the consumption of 0.5 g/kg of body weight/day of glutamine or for
2 months improved intestinal permeability (assessed by the lactulose mannitol excretion
ratio in urine) and morphology improved significantly in both groups [141].

Interestingly, GMP intake stimulates humoral mucosal immunity through the pro-
duction of antibodies at the surface of the intestinal barrier and other mucosa (secretory
immunoglobulins A or SIgA), which protects it from toxins and pathogenic microorgan-
isms [71].

Furthermore, as already mentioned, studies have demonstrated that GMP exhibits
prebiotic activity by promoting the growth and modulating the composition of gut micro-
biota in both animals and humans, including strains such as Bifidobacterium infantis, B. breve,
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B. bifidum, and B. lactis [105–108]. This prebiotic effect is largely attributed to the sugar
moieties in GMP, which are particularly rich in sialic acids [109].

6. Antioxidant/Anti-Inflammatory Activity of Whey Proteins
6.1. Key Role of Sulfur Amino Acids in Maintaining Redox Balance and Antioxidant Capacity

Thanks to the exceptional richness in the sulfur AAs cysteine and methionine when
compared to other sources of proteins (like vegetal proteins for ex) and bioavailability,
whey protein intake may enhance the synthesis of glutathione (GSH), the body’s primary
intracellular antioxidant. By increasing GSH availability, it can help mitigate oxidative
stress and inflammation, thereby improving overall antioxidant defenses and inflammatory
status [41,152], which has immuno-enhancing effects [60].

Again, intracellular redox balance is primarily controlled by GSH and thioredoxin
(Trx) systems [41], while extracellular redox potential (Eh) is largely governed by the cys-
teine/cystine (Cys/CySS) couple, the main low-molecular-weight thiol/disulfide buffer in
plasma. Additionally, evidence suggests that WPC may selectively target tumor cells, char-
acterized by elevated intracellular GSH, thereby enhancing their sensitivity to chemother-
apy [42,153].

Thus, an improvement in GSH, which regulates oxidative state in all cells of the
organism [41], can also improve the efficiency of all immune cells. The intake of NAC for
example, a cysteine donor, has been shown to prevent replication of viruses like influenza
and other respiratory viruses [154] and potentially attenuate symptoms and improve
survival [155–158]. Furthermore, as prevention, GSH increase can also reduce susceptibility
to influenza or coronavirus infection before we get exposed to viruses [159–161].

6.2. COVID-19 and the Interest of Whey in Modulating Inflammation and Oxidative Stress for
Immune Balance

During viral infections such as SARS-CoV-2, severe disease has been associated
with oxidative stress and inflammatory dysregulation involving the renin–angiotensin,
bradykinin, and complement pathways [13,162]. Oxidative stress and inflammation
are closely interconnected, as excess reactive oxygen species (ROS) may promote pro-
inflammatory signaling and cellular damage, while inflammation further enhances ROS
production [163]. In COVID-19, several oxidative stress biomarkers have been associated
with disease severity and ICU admission [164–167], and spike-protein-induced inflam-
mation has been linked to oxidative stress via these pathways [166]. More generally, in
COVID-19 as in many infectious diseases, infection acts as the trigger, whereas immune–
inflammatory dysregulation contributes to disease progression, severity, and death.

In this context, whey protein (WP) supplementation has been proposed as a sup-
portive nutritional strategy. In ICU settings, adequate WP intake may help meet protein
requirements more rapidly and potentially reduce mechanical ventilation duration, im-
prove inflammatory markers, and support survival outcomes [168,169]. Supporting this, in
22 cystic fibrosis patients with lung inflammation, whey protein isolate (WPI) supplemen-
tation increased lymphocyte GSH by +46.6% from baseline (p < 0.05) after 10 g twice daily
vs. casein over 3 months [170], a pathway also involving NF-κB signaling as in COVID-
19 [171]. In 83 hemodialysis patients, a fermented whey beverage improved nutritional
and inflammatory status, reducing subjective global assessment (SGA: −3.22 vs. +1.56,
p < 0.001) and malnutrition–inflammation score (MIS: −1.83 vs. +1.48, p < 0.001) [172].

More broadly, additional evidence from intervention studies suggests immunomod-
ulatory and antioxidant effects of WP: in an 8-week trial (n = 80), fermented Maillard-
reactive whey proteins (F-MRP, 6 g/day with Lactobacillus plantarum LC01) increased IL-12
(p < 0.001), improved pre-albumin, and enhanced NK cell cytotoxicity at multiple effector-
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to-target ratios (10:1, 5:1, 2.5:1, 1.25:1; p < 0.001), while placebo showed reduced activity at
5:1 [60]. In mice, WP supplementation reduced IL-1α, IL-1β, IL-10, TNF-α, ROS, choles-
terol, and triglycerides, while increasing IL-2, IL-4, IL-7, IL-8, and GSH (100 mg/kg body
weight) [34]. A systematic review and meta-analysis of 31 RCTs further reported that whey
protein reduced IL-6 (MD: −0.79; −0.98 in sarcopenia/pre-frailty) and soy protein reduced
TNF-α (MD: −0.16), with effects influenced by population and intervention duration [173].

6.3. Sarcopenia and Immuno-Inflammation in COVID-19: Emerging Interest of Whey Proteins

Supplementation may be particularly beneficial for sarcopenic individuals. Geriatric
syndromes such as sarcopenia and frailty are especially relevant given the higher COVID-19
mortality observed in older adults. During the pandemic, lockdowns, reduced physical ac-
tivity, altered dietary habits, stress, sleep disturbances, and prolonged hospitalization likely
contributed to muscle loss, functional decline, and higher mortality [174–176]. Importantly,
sarcopenia directly impacts immunity and induces immunosenescence: it is associated
with chronic low-grade inflammation, impaired proliferation of peripheral mononuclear
cells, and altered monocyte activity, all of which compromise the body’s defense against
infections [177,178].

More broadly, preventive strategies targeting sarcopenia, including whey intake,
vitamin D supplementation, and exercise, may therefore contribute to healthier aging and
improved immune resilience [179–181].

6.4. Nitro-Oxidative Stress and Immune Regulation: Modulatory Effects of Whey Proteins

The immune–inflammatory response is closely linked to nitro-oxidative stress, where
ROS/RNS regulate immune cell activation, metabolism, and function via redox-sensitive
pathways including NF-κB, HIF-1α, mTOR, PI3K/Akt, MAPKs, AMPK, and PPAR [182].
Antioxidant systems such as glutathione, thioredoxin, Nrf2, and the HDL/ApoA1/PON1
complex maintain redox balance and regulate macrophage and T cell polarization, cytokine
production, phagocytosis, and immune tolerance. In contrast, chronic nitro-oxidative stress
and hypernitrosylation impair antioxidant defenses, mitochondrial function, and immune
metabolism, leading to immune dysregulation.

Clinically, whey protein (WP) supplementation (20 g/day for 3 weeks) in 42 ischemic
stroke patients (19 WP vs. 21 control receiving routine formula) significantly reduced
NIHSS and mRS scores, as well as TNF-α, IL-6, and hs-CRP (p < 0.05) [183]. In experimental
models, WPs attenuated oxidative-stress-induced skeletal muscle injury and improved
recovery after exercise-induced damage, enhancing cell migration, differentiation, muscle
morphology, function, and protein synthesis [184]. These effects involved activation of the
SIRT1/Nrf2/HO-1 axis and downstream AMPK/TSC2/mTOR/4EBP1 signaling.

6.5. GMP in Immunity, Metabolism, and Mineral Balance

The anti-inflammatory and immunomodulatory effects of GMP have been reported in
animal models of inflammatory bowel disease and in various while blood cells (dendritic
cells, lymphocytes, and macrophages) [185–190]. Furthermore, GMP may have an interest
in diabetes through the management of fasting blood glucose levels, insulin production, and
insulin resistance [71,185,191] and may contribute to a significant part of the anti-diabetes
activity of whey, which we have reviewed recently [26,192].
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Of note, GMP has in vivo remineralizing properties in teeth [193] and more gen-
erally in the body, such as on zinc corporal absorption [194], which is a gatekeeper of
immunity [195], and on calcium incorporation and bone strength [196,197].

6.6. Bovine Lactoferrin and Its Anti-Inflammatory Potential

Bovine lactoferrin from milk, a protein present in whey, acts as a natural immunomod-
ulator. In a rat model of rheumatoid arthritis, oral BLF (100 mg/kg) reduced arthritis
development, hyperalgesia, and pain, both preventively and therapeutically [198]. BLF
suppressed pro-inflammatory TNF-alpha and increased anti-inflammatory IL-10 produc-
tion. These findings suggest BLF’s potential as a safe natural treatment for rheumatoid
arthritis, targeting both inflammation and joint pain.

Lactoferrin was tested in murine models of collagen-induced and S. aureus septic
arthritis by periarticular injection (0.5–1 mg). It markedly reduced local inflammation
for up to 3 days, reaching ~71% of corticosteroid efficacy, while ~25% of injected protein
persisted locally after 6 h [199]. Serum IL-6 levels were unaffected, indicating a local rather
than systemic effect. Importantly, in septic arthritis, lactoferrin suppressed inflammation
without promoting bacterial survival, supporting its therapeutic value.

6.7. Lysine and Arginine in Oxidative Stress and Immune Regulation

Furthermore, lysine and arginine, present in high concentrations in WPs, contribute to
non-enzymatic antioxidant defenses by scavenging free radicals and modulating oxidative
reactions [200]. Arginine has been shown to attenuate inflammation and oxidative stress
by activating arginase-1 signaling and reducing LPS-induced ROS and pro-inflammatory
mediators [201]. Through regulation of nitric oxide synthase (NOS) and arginase path-
ways, arginine critically modulates immune and inflammatory responses [202]. Clinically,
the combination of lysine and arginine has been associated with improved neutrophil
migration, chemotaxis, lymphocyte cytotoxicity, and increased IgG levels in patients with
recurrent infections [203]. Together, these findings support a synergistic antioxidant, anti-
inflammatory, and immunomodulatory role for lysine and arginine across cellular and
clinical contexts.

The interplay between oxidative stress, inflammation, and immune regulation is
highly complex, involving tightly interconnected redox-sensitive signaling pathways that
shape immune cell function and metabolic responses. Current evidence suggests that
whey proteins may help modulate this redox–inflammatory–immune axis, but further
mechanistic and well-designed clinical studies are still needed to confirm and refine
these effects.

Figure 1 summarizes how WPs, including global whey fractions as well as specific
proteins and whey-derived peptides, support immune function regarding the elements
discussed in this review. These bioactive components enhance innate and adaptive immu-
nity, exert direct antiviral and antibacterial effects, and modulate host defenses through
immunoregulatory, antioxidant, and anti-inflammatory mechanisms, while also helping
maintain intestinal homeostasis and microbiota balance, which are important for infection
prevention, immune boosting, and responses during infection.

In addition, Table 1 summarizes the potential of whey proteins, including whole whey
fractions as well as specific proteins and bioactive peptides, to inhibit viral infections and
reduce disease severity.
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Figure 1. Mechanisms underlying whey proteins (WPs)–mediated immune enhancement and infec-
tion resistance.

Table 1. Inhibition of viral infections by whey proteins and modes of action.

Target Whey Proteins Mode of Action References

Bloodborne/chronic infections

Hepatitis B virus

Lactoferrin and GMP
Increases hepatic GSH, IL-2, and
NK cell activity (not in hepatitis

C) in men
[46]

Lactoferrin

Reduces inflammation (AST and
ALT) and protects against

hepatitis liver damage (increases
IL-11 and BMP2) in mice

[151]

WPs Interferes with viral attachment
and entry in vitro [24]

Hepatitis C virus
WPs

Decreases viral load, normalizes
serum albumin, and improves

phagocytic function of
neutrophils in humans (decrease
in serum levels of ALT, ICAM-1,

IL-2, and NO).

[204]

Lactoferrin Decreases viral load in humans
(and ALT) [205]

Human immunodeficiency
virus

Chemically altered casein,
β-lactoglobulin, and

α-lactalbumin

HIV-1 replication (binds to HIV-1
gp 120 envelope glycoprotein) [206]

Modified α-lactalbumin Inhibits HIV-1 replication in vitro [207]

WPs

Improves oxidative stress
(glutathione restoration) and

support muscle mass and
nutrition

[208]
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Table 1. Cont.

Target Whey Proteins Mode of Action References

Respiratory viruses

Coronaviruses, SARS-CoV-2

Lactoferrin Increases NK cell activity and
supports Th1-type response [53]

Lactoferrin

Blocks viral entry (binding
heparan sulfate), enhances NK
cell and macrophage activity,

promotes Th1 immune balance
in vitro, reduces inflammatory

cytokines (L-6, TNF-α) in animal
models, sequesters iron

[79,80,82]

Lactoferrin

Fasters SARS-CoV-2 RNA
negativization (about 15 vs. 24

days), symptom reduction
especially in older patients

[81]

Lactoferrin
Rapid symptom improvement

within ~5 days in a small
subgroup (n = 12 subjects)

[82]

WPs
Prevents sarcopenia and frailty in

seniors and elderly which are
associated with higher mortality

[174]

Influenza A virus

K-casein GMP and lactoferrin
Inhibits virus hemagglutination,
blocking viral attachment to host

cells
[73]

Modified β-lactoglobulin

Inhibits influenza A and B by
binding hemagglutinin (HA1)

and blocking viral attachment to
sialic acid receptors; intranasal

administration protects mice from
influenza infection in vivo

[77]

Lactoferrin (especially its
C-lobe)

Binds influenza A hemagglutinin,
inhibitis fusion peptide activity

and viral entry in vitro
[83]

Methylated β-lactoglobulin

Reduces lung inflammation,
leukocyte infiltration, and IL-6
levels in influenza A(H1N1) in

mice
Reduces viral RNA replication

[209]

Lactoferrin
Binds the HA2 region, inhibiting

hemagglutination, cytopathic
effects, and viral infection

[210]

Lactoferrin (particularly its
C-lobe)

Inhibit influenza virus infection
by targeting the conserved HA2
fusion region of hemagglutinin
and blocking multiple stages of

viral entry and cytopathic effects

[211,212]

Respiratory syncytial virus Lactoferrin

Reduces tachypnea and weight
loss in mice (intranasal);
anti-inflammatory and

immunomodulatory

[213]

Adenovirus Lactoferrin

Inhibits viral replication
throughout the viral cycle by

binding viral particles and
targeting structural polypeptides

III and IIIa

[214,215]
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Table 1. Cont.

Target Whey Proteins Mode of Action References

DNA viruses with
latency/persistence

Cytomegalovirus

Methylated alpha-lactalbumin
Interferes with viral genomic

DNA, disrupting replication and
transcription processes

[216]

Lactoferrin

Synergistic antiviral activity with
cidofovir against in vitro by

inhibiting viral entry and DNA
synthesis

[217]

Herpes simplex virus

Chemically modified bovine
serum albumin,
α-lactalbumin,
β-lactoglobulin,

Shows in vitro anti-HSV-1 activity
at multiple stages of infection [77]

Lactoferrin
Binds strongly to heparan sulfatel;

early infection steps and shows
synergistic activity with acyclovir

[218,219]

Human papillomavirus Chemically modified bovine
β-lactoglobulin

Inhibits viral entry and early
stage of viral replication [220,221]

Enteric/systemic viruses

Enteroviruses

Lactoferrin

Prevents viral attachment by
blocking adsorption or

receptor-mediated binding to the
host cell membrane

[222]

Lactoferrin

Partially inhibits Enterovirus E
replication (1–1.1 log) and

reduced intracellular viral RNA
(75%)

[223]

Emerging/zoonotic viruses

Hantavirus Lactoferrin
Blocks viral attachment to host

cells and reduces the shedding of
virus particles in vitro and in mice

[224,225]

Importantly, the antioxidant and anti-inflammatory properties of WPs strongly de-
pend on their processing quality. Low-temperature, non-acidic microfiltration preserves
the native structure of bioactive proteins and protects sensitive amino acids, particularly
sulfur amino acids and tryptophan, essential for glutathione synthesis and redox regula-
tion [26]. In contrast, excessive heat or harsh pH treatments can denature proteins, promote
aggregation and oxidation, and reduce their biological activity, thereby compromising their
antioxidant and immunomodulatory potential [29–31].

7. Antimicrobial Modes of Action of Whey-Protein-Derived Peptides:
Bioavailability, Structure–Activity, and Cellular Interactions
7.1. Bioavailability and Generation of Active Peptides

Whey-protein-derived peptides, particularly lactoferrin fragments, are important
bioactive molecules with antibacterial and antiviral activities. Lactoferricin, lactoferrampin,
and LF1-11 (N-terminal peptide of lactoferrin) are generated through pepsin-mediated
proteolysis of lactoferrin during gastric digestion, supporting their physiological bioavail-
ability in vivo [226–228]. Lactoferricin is a cationic N-terminal peptide 17–41 containing a
disulfide-bonded loop (FKCRRWQWRMKKLGAPSITCVRRAF), whereas lactoferrampin
derives from residues 265–284 of the lactoferrin N1-domain (WKLLSKAQEKFGKNKSR)
and adopts an amphipathic α-helical structure [227,229,230].
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Comparable fragments are also released from α-lactalbumin (GYGGVSLPEWVCTTF
ALCSEK (residues (17–31)S-S(109–114)) and β-lactoglobulin (VAGTWY (residues 15–20),
AASDISLLDAQSAPLR (residues 25–40), IPAVFK (residues 78–83) and VLVLDTDYK
(residues 92–100)) after digestion by pepsin, trypsin, or chymotrypsin, and have been
proposed to be responsible for antimicrobial activity [231,232].

7.2. Structure–Activity Relationships

The antimicrobial activity of WP-derived peptides is mainly determined through
cationicity, amphipathicity, hydrophobicity, and conformational flexibility [228,230]. Lacto-
ferricin contains positively charged Arg and Lys residues together with hydrophobic Trp
and Phe residues that promote membrane binding and destabilization [227,233]. Lactofer-
rampin possesses a positively charged C-terminal region essential for electrostatic attraction
and an N-terminal amphipathic α-helix stabilized by aromatic residues including Trp1
and Phe11 [229,230]. NMR and membrane studies demonstrated preferential interaction
with negatively charged phospholipids and membrane-active conformations after lipid
binding [234].

7.3. Cellular and Membrane-Level Interactions

Whey-protein-derived peptides primarily act through membrane-targeting mecha-
nisms (see Figure 1). Their cationic nature promotes electrostatic interactions with nega-
tively charged microbial surfaces such as lipopolysaccharides (LPSs), phospholipids, and
teichoic acids [228,235,236]. Amphipathic structures then insert into lipid bilayers, causing
membrane permeabilization, depolarization, pore formation, and leakage of intracellular
components. Lactoferricin disrupts bacterial membranes and inhibits macromolecular
synthesis [237,238]. Lactoferrampin rapidly penetrates microbial membranes and induces
ultrastructural damage, including vesicle formation in Candida albicans and membrane
detachment in Escherichia coli [229].

This membrane-disruptive activity confers broad-spectrum efficacy against Gram-
negative (Escherichia coli, Pseudomonas aeruginosa, Salmonella spp., Klebsiella pneumoniae) and
Gram-positive (Staphylococcus aureus, Streptococcus spp., Listeria monocytogenes) bacteria, as
well as Candida albicans, via binding to negatively charged microbial surfaces [227–229,235].

7.4. Antiviral Mechanisms

Lactoferrin-derived peptides exhibit antiviral activity against herpes simplex virus,
human cytomegalovirus, hepatitis C virus, human immunodeficiency virus, and influenza
virus [83,218,219,228,239]. Their principal mechanism involves inhibition of viral attach-
ment and entry through interactions with viral envelope proteins or host cell receptors
such as heparan sulfate proteoglycans. In influenza A virus, the C-lobe of bovine lactoferrin
binds the HA2 fusion domain of hemagglutinin under acidic endosomal conditions, thereby
interfering with membrane fusion [83,240]. Furthermore, minimal tetrapeptides including
VLRP, SLDC, and SKHS retained potent anti-influenza activity [83].

7.5. Endotoxin Neutralization and Immunomodulation

Lactoferricin-derived peptides also exert anti-inflammatory effects through LPS neu-
tralization. Binding to lipid A involves electrostatic interactions mediated by cationic
residues and hydrophobic insertion driven by tryptophan residues [228,236,241]. This
interaction destabilizes LPS aggregates, suppresses endotoxin activity, and reduces IL-6
production [242,243]. Structural studies further demonstrated conformations optimized
for phosphate group recognition within lipid A, explaining its dual antimicrobial and
anti-inflammatory properties [244].
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Overall, whey-protein-derived peptides constitute a multifunctional antimicrobial sys-
tem activated by proteolysis with possible action on parasites [245]. Their activities involve
peptide release, electrostatic membrane recognition, amphipathic insertion, pathogen dis-
ruption, viral entry inhibition, and endotoxin neutralization. Lactoferrin-derived peptides,
particularly lactoferricin and lactoferrampin, therefore represent promising templates for
novel broad-spectrum antimicrobial and antiviral therapeutics.

Table 2 summarizes the current experimental and clinical evidence on the immunomod-
ulatory efficacy of whey proteins and their bioactive peptides in vivo, together with
the mechanisms underlying these effects. The table compiles findings from in vitro,
in vivo, and clinical studies, highlighting the ability of WPs and derived peptides to
modulate immunity.

Table 2. Experimental and clinical evidence on the immunomodulatory efficacy of WPs and peptides
and their underlying mechanisms.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Effects of Whey
Protein Intake on

Innate and
Adaptive

Immune Cells

Whey proteins Animal study
(mice)

Increased
lymphocyte count
and GSH levels in

liver; inhibits
hydroperoxide

and ROS in
leukocytes and

liver

Increased glutathione
(GSH) synthesis via
cysteine/methionine

supply

Moderate–high [35]

Whey proteins Clinical study Increased GSH in
mononuclear cells

Increased glutathione
(GSH) synthesis via
cysteine/methionine

supply

Moderate–high [38]

Whey proteins In vitro/
mechanistic

Enhanced
neutrophil and

macrophage
activity

Activate human
neutrophils;

increasing IL-6, IL-8,
and TNF-α

production and
enhancing neutrophil

priming

Low–moderate [40]

Non-heated whey
proteins

Clinical study
(chronic hepatitis

patients)

Increased hepatic
GSH and NK cell

activity

Immunomodulation
and redox metabolic

reprogramming
Moderate–high [46]

Fermented whey
proteins

Randomized
clinical trial

Increased NK cell
activity and IL-12

Enhanced NK activity,
antioxidant, and

metabolic functions
Moderate–high [50,51]

WPC
supplementation

Animal study
(suckling Wistar

rats)

Enhanced
intestinal NK

cells and CD8αα+

intraepithelial
lymphocytes

Early life
immunonutrition
enhances mucosal

innate immune
maturation

Moderate [52]

WPC
supplementation

Animal study
(rats)

Increased helper
T cells, IL-2/IL-4,

and IgG
production after
antigen exposure

Adaptive immune
activation through

helper T cell
modulation and

enhanced humoral
responses

Moderate [59]

Whey proteins Animal study
(mice)

Enhanced
antibody

production,
lymphocyte

proliferation, and
chemotaxis

Immunomodulation
via cytokine
regulation,

lymphocyte
activation, and

immune-cell
migration

Moderate [60,62]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Lactoferrin In vitro/
mechanistic

Increased T cell
differentiation

and B cell
maturation

Modulation of
antigen presentation
and CD4 expression

Low–moderate [63,64]

Whey proteins vs.
soy protein and

other whey
sources

Animal study
(mice)

Enhanced
secondary

humoral antibody
responses;

delayed-type
hypersensitivity
and lymphocyte

proliferation

Immunoactive whey
fractions (bioactive
proteins/peptides)
modulate systemic

and cellular immune
responses vs. soy

protein isolate and
ovine colostral WPs

Moderate [60]

Whey protein vs.
casein

Animal study
(A/J mice,

dimethylhydrazine-
induced colon

cancer)

Enhanced
humoral

immunity
(plaque-forming

cells) and reduced
tumor incidence

and size vs.
casein and

standard chow

Enhanced immune
surveillance and

tumor suppression
potentially linked to

whey-associated
immunostimulation
and maintenance of
systemic immune
function during

carcinogenic stress

Moderate [153]

GMP and
derivates

In vitro
(U937cells)

Increased
macrophage

proliferation and
phagocytic

activity

Immunomodulation
mediated by sialic

acid-rich
carbohydrate chains

Low–moderate [189]

WPC Clinical study

Reduced viral
load, ALT, AST;

improved
neutrophil

phagocytosis and
albumin

Immunomodulation
and enhanced host

defense
Moderate [204]

Impact on
Immunoglobulin

Production
Whey proteins Clinical trial

(cancer patients)

Increased serum
IgG, GSH levels,
and antioxidant

status

Amino acid supply
and GSH support Moderate–high [65]

WPC
supplementation Animal study

Increased
mucosal antibody

responses

Enhanced
gut-associated

immune activation
Moderate [68]

GMP Animal study
(mice)

Reduced colonic
inflammation;

increased
mucosal IgA;

restored immune
balance

Anti-inflammatory
and mucosal IgA

modulation
(epithelial protection)

Moderate [74]

Antiviral and
Antimicrobial

Activities of WPs
and Derivates

GMP and
lactoferrin

In vitro (hemag-
glutination

inhibition assay
model)

Influenza hemag-
glutination
inhibited

(reduced viral
binding to red

blood cells)

Blocked viral
attachment via
hemagglutinin

binding inhibition
and glycan mimicry

effects

Low–moderate [73]

GMP and
glyco-conjugates

(XOS, CMD)
against intestinal

infection

In vitro (adhesion
assay in Caco-2

cells)

Reduced E. coli
adhesion;

decreased IL-8
response

(Salmonella) and
pathogen binding

Glycan binding;
reduced adhesion;

improved
anti-adhesive and

immune effects

Low–moderate [76]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Chemically
modified WPs

(3-HP
derivatives)

In vitro
(HSV-1/Vero)

Inhibited HSV-1
infection;

antiviral activity
across pre-, co-,

and post-infection
conditions

Enhanced viral/host
interaction

interference;
multi-step inhibition

of HSV-1
entry/replication

Low–moderate [77]

3-HP
β-lactoglobulin

In vitro + in vivo
(mouse intranasal
challenge) study

Inhibited
multiple

influenza strains;
protected mice

from viral
challenge; stable
and safe profile

Binds HA1; blocks
HA–sialic acid

attachment; inhibits
viral entry

Moderate–high [78]

Lactoferrin Retrospective
clinical study

Faster viral
clearance;
reduced

symptoms

Spike and heparan
sulfate binding;

reduced viral entry;
anti-inflammatory
iron homeostasis

effects

Moderate [81]

Liposomal
lactoferrin

Prospective
observational

study

Rapid recovery;
reduced

symptoms,
possible

prevention in
contacts

Antiviral,
immunomodulatory,
anti-inflammatory

effects; entry
inhibition

Moderate [82]

α-lactalbumin
with GMP

In vitro (adhesion
assay in Caco-2

cell)

Reduced bacterial
association with

intestinal
epithelial cells

Competitive
inhibition of pathogen

adhesion;
digestion-resistant

peptides retain
anti-adhesive activity

Low–moderate [100]

GMP
In vitro/porcine

cells + animal
study (piglets)

Reduced E. coli
adhesion;
increased

Lactobacillus,
decreased

enterobacteria

Inhibited mucosal
adhesion, shifted

microbiota toward
beneficial bacteria

Moderate [101]

GMP

In vitro (salivary
pellicle model +
ex vivo dental
enamel model,

electron
microscopy)

Reduced
adhesion of
Streptococcus
mutans and S.

sobrinus; altered
oral biofilm
composition

Incorporation into
salivary pellicle;
blocked bacterial

binding sites; altered
biofilm ecology

Moderate [103]

GMP
In vitro (human

keratinocyte
model)

Reduced
inflammation
(TSLP, IL33,

TARC, MDC) and
oxidative stress;
improved cell
survival and

wound healing

Inflammatory
mediator suppression,

oxidative stress
reduction, migration,

and tissue repair
promotion

Moderate [104]

GMP

In vitro
(Bifidobacterium
growth assay +

transcriptomics)

Increased
bacterial growth;

altered gene
expression linked
to carbohydrate

utilization

O-linked
glycan–dependent

utilization, activation
of glycoside

hydrolase pathways,
and metabolic gene

regulation

Moderate–high [109]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Regulation of Gut
Health and
Microbiota

GMP In vitro (growth
assay)

Enhanced
probiotic bacterial

growth
(Lactobacillus

rhamnosus and
Bifidobacterium
thermophilum)

Acts as a
growth-promoting

substrate for probiotic
bacteria

independently of
glycosylation

Low [107]

GMP
In vitro (artificial
colon model, fecal

fermentation)

Increased
microbiota
diversity;

enrichment of
beneficial taxa;

reduced
Proteobacteria

expansion

Prebiotic fermentation
effects shaping

microbial
composition and
metabolic output

Moderate [108]

Whey proteins Clinical study
(older adults)

Increased
diversity, icreased
Faecalibacterium,
Ruminococcaceae,
Christensenella,
Lactobacillus;

decreased
Proteobacteria,

Streptococcaceae

Diet-driven
microbiota

modulation, selective
fermentation favoring

beneficial taxa

Moderate–high [117]

WPI and whey
retentate

In vitro fecal
batch

fermentation
(human donors:

normal-weight &
obese)

Increased
Bifidobacterium,

Lactobacillus
(especially in
obese donors)

and SCFA
production;

altered
SCFA/BCFA

profiles;
decreased obesity-

associated
bacteria

Prebiotic fermentation
of whey selectively

stimulates beneficial
microbiota and SCFA

production,
suppressing

pathogenic/obesity-
associated taxa

Moderate [118,119]

WPI

Animal study
(mice) with
microbiota
depletion

(antibiotics)

Reduced ileal and
adipose

inflammation
(MCP-1, TNFα,

CD68); improved
intestinal

permeability
(ileum)

Mainly microbiota-
independent

metabolic and
anti-inflammatory
effects, partial gut
barrier protection,
mixed microbiota

dependence

Moderate–high [120]

Whey proteins Animal study (rat
ASD model)

Increased
microbiota

diversity and
Firmicutes;
improved

memory and
social behavior

Gut–brain axis
modulation via

microbiota changes,
microbiota-driven
neurobehavioral

improvement

Moderate [121]

Whey and
glutamine

Clinical study
(patients with

Crohn’s disease)

Improved
intestinal

permeability and
villous

morphology from
baseline; whey as

efficient as
glutamine

Supports enterocyte
metabolism, epithelial

repair, and barrier
integrity

Moderate–high [141]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Minimally
processed WPC

versus
conventional

WPC

Animal study
(preterm pig

model)

Minimally
processed WPC
improved gut
structure and

barrier integrity
versus

conventional
WPC

Preservation of
heat-sensitive whey

bioactives supporting
epithelial maturation
and barrier function

Moderate–high [150]

Antioxidant/Anti-
inflammatory

Activity of Whey
Proteins

Whey proteins
Clinical study

(sedentary
subjects)

Increased GSH in
mononuclear cells

Increased glutathione
(GSH) synthesis via
cysteine/methionine

supply

Moderate–high [38]

Whey proteins Animal study
(mice)

Increased
lymphocytes

count and GSH
level in liver;

inhibits
hydroperoxide

and ROS in
leukocytes and

liver

Increased glutathione
(GSH) synthesis via
cysteine/methionine

supply

Moderate–high [35]

Lactoferrin
Animal study

(multiple mouse
hepatitis models)

Reduced liver
injury and

inflammation and
improved
survival in

hepatitis models

Upregulation of
intestinal IL-11 and
protective immune
signaling pathways

Moderate [151]

Undenatured
WPC vs. casein

and control WPC

Animal study
(C3H/HeJ mice)

Undenatured
whey protein

enhanced
immune response

and tissue
glutathione levels

vs. casein and
control WPC

Preserved whey
bioactives (e.g.,

immunoglobulins,
BSA); supported

glutathione synthesis
and immune function

Moderate [152]

Whey-protein-
enriched

nutritional
support

Clinical study
(ICU COVID

patients)

Reduced CRP
increased

pre-albumin and
albumin, and

shorter
ventilation,
improved
survival

Improved protein
intake supporting

nutrition and
reducing

inflammation in
critical illness

Moderate–high [168]

Whey protein +
vitamin E

Randomized
controlled trial
(hemodialysis
patients with
malnutrition)

Improved
malnutrition

scores SGA and
MIS versus

control with WPs
(best with WPs +

vit E)

Protein and
antioxidant support

reducing
inflammation and
oxidative stress in
dialysis patients

Moderate–high [172]

Whey vs. soy
protein

Systematic review
+ meta-analysis of

RCTs (31 trials)

Reduced IL-6
(stronger in

sarcopenic/pre-
frail individuals),
no effect on CRP
and TNF-α (soy

effective on TNF-
α)

Whey-mediated
modulation of
inflammatory

signaling pathways

Moderate–high [173]

Whey protein
Clinical study
(RCT, patients
with stroke)

Decreased IL-6,
TNf-α, hs-CRP,

NIHSSn
improved mRS,

no effect on
albumin, MDA

Anti-inflammatory
nutritional support

cytokine modulation
Moderate–high [183]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Whey protein

Animal study
(skeletal muscle
oxidative stress

model)

Reduced
oxidative stress

injury, improved
muscle

morphology, and
protein synthesis

SIRT1/Nrf2/HO-1
activation and

AMPK/TSC2/mTOR/4EBP1
signaling

Moderate [184]

GMP
Animal study

(mice, high-fat,
high-fructose)

Reduced obesity,
insulin resistance,

inflammation,
oxidative stress

and hepatic
steatosis

Improved insulin
sensitivity and

reduced ER
stress/inflammation

Moderate [185]

GMP
Animal study
(rats, colitis

model)

Reduced colonic
inflammation

(colonic alkaline
phosphatase
activity and

interleukin 1);
anorexia and

tissue damage

Immune cell
inhibition and

reduced inflammatory
mediators

Moderate [186]

GMP Animal study
(rats)

Reduced ileal
inflammation,
IL-1β, TNF-α,

and IL-17

Downregulation of
Th17-related
inflammatory

response

Moderate [187]

GMP

Animal study
(mice C57BL/6J,
streptozotocin-
induced T2D)

Reduced
hyperglycemia,

inflammation and
dyslipidemia;

improved insulin
sensitivity

IRS-1/PI3K/Akt
signaling regulation
and gut microbiota

modulation

Moderate [191]

Lactoferrin
Animal study

(rats, rheumatoid
arthritis model)

Reduced arthritis,
hyperalgesia and
TNF-α, increased

IL-10

Immunomodulation
and opioid-receptor-
mediated analgesia

Moderate [198]

Lactoferrin

Animal study
(DBA/1 mice,
Staphylococcus
aureus septic

arthritis)

Reduced local
articular

inflammation in
autoimmune and

septic arthritis

Local
anti-inflammatory

action without
promoting bacterial

survival

Moderate [199]

Antimicrobial
Modes of Action
of Whey-Protein-
Derived Peptides

Lactoferricin Human gastric
digestion study

Generation of
antimicrobial
lactoferricin
peptides in

stomach

Pepsin-mediated
lactoferrin hydrolysis
producing bioactive

antimicrobial
peptides

Moderate–high [226]

Lactoferricin B
and

lactoferrampin

In vitro
(disrupting
membrane
integrity)

Disrupted
membranes of

Candida albicans
and E. coli

Membrane
permeabilization and
structural disruption

Moderate–high [229]

Lactoferrampin
Structural/
membrane

interaction study

Antimicrobial
interaction with

bacterial
membranes

Two-step
antimicrobial

mechanism: initial
electrostatic attraction
via positively charged
C-terminus followed
by N-terminal α-helix

binding to the
bacterial lipid bilayer

Moderate–high [230]

α-lactalbumin-
digested peptides

In vitro (bacterial
growth

inhibition)

Bactericidal
activity mainly

against
Gram-positive

bacteria

Release of
antimicrobial peptide

domains after
proteolysis

Moderate [231]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

β-lactoglobulin-
digested peptides

In vitro (bacterial
growth

inhibition)

VAGTWY,
AASDISLL-

DAQSAPLR,
IPAVFK,

VLVLDTDYK
peptides had
bactericidal

activity against
Gram-positive

bacteria; modified
peptide extended

activity to
Gram-negative

Proteolytic release
and

sequence-dependent
membrane-targeting
antimicrobial activity

Moderate [232]

Lactoferricin
(lactoferrin

antimicrobial
domain)

Peptide isolation
and antimicrobial

study

Potent
bactericidal

activity against
Gram-positive

and
Gram-negative

bacteria

N-terminal
disulfide-bonded

antimicrobial domain
disrupting bacterial

viability

Moderate–high [233]

Lactoferrampin B
Structural and

membrane
interaction study

Membrane
defects; ion
leakage and

strong affinity for
acidic

phospholipids in
bacterial

membrane
models

α-helical peptide
insertion and
electrostatic

interaction with acidic
bacterial membranes

Moderate–high [234]

Lactoferrin and
lactoferricin

Antimicrobial
peptide/LPS

interaction study

LPS release;
membrane blister

formation and
bactericidal

activity against
Gram-negative

bacteria

Outer membrane
disruption through

LPS binding and
membrane

destabilization

Moderate–high [235]

Lactoferricin-
derived peptides

Antimicrobial
peptide/LPS

interaction study

Antimicrobial
activity

associated with
bovine-derived

and chimeric
peptides

Cationic arginine-rich
residues bind

negatively charged
LPS, disrupting
membranes and

promoting
tryptophan-mediated

hydrophobic
interactions with lipid

A

Moderate [236]

Lactoferricin-
derived peptide

Membrane
permeabilization

study

Cytoplasmic
membrane

depolarization;
loss of pH

gradient and
bactericidal

activity against E.
coli

Inner membrane
permeabilization

causing
transmembrane ion

flux disruption

Moderate [237]

Lactoferricin B
Antimicrobial/

macromolecular
synthesis study

Inhibited DNA,
RNA, and protein
synthesis in E. coli

and B. subtilis

Intracellular targeting
impairing bacterial

macromolecular
synthesis

Moderate–high [238]

Lactoferrin and
cyclic lactoferricin

In vitro (human
fibroblast)

Reduced HCMV
antigen

expression; viral
entry and

infectious viral
progeny

Inhibition of viral
entry into host

fibroblasts
Moderate [239]
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Table 2. Cont.

Section Topic/WP
Component Study Type Biological Effect

Reported
Proposed

Mechanism Evidence Level References

Lactoferrin and
lactoferricin B

In vitro
(monocytic cell

study)

Suppressed
endotoxin-

induced IL-6
production;

lactoferricin B
was the strongest

inhibitor

Inhibition of
LPS-triggered
inflammatory
signaling in

monocytic cells

Moderate [242]

LF11 peptide
(lactoferrin-

derived)

Structural and
biophysical study

Endotoxin
neutralization

and antimicrobial
activity against
Gram-negative

bacteria

Defined amphipathic
structure enabling
electrostatic and

hydrophobic
interaction with LPS

Moderate [244]

Lactoferricin In vitro (human
fibroblast)

Reduced
infectivity and

host cell
penetration of

Toxoplasma gondii
and Eimeria stiedai

sporozoite;
improved
survival

outcomes

Direct inhibition of
parasite invasion and

infectivity
Moderate–high [245]

Key outcomes include effects on innate and adaptive immune cells, impact on im-
munoglobulin production, antiviral and antimicrobial activities, regulation of gut health
and microbiota, and antioxidant and anti-inflammatory activity underlying immunomod-
ulatory efficacy. Mechanisms of action include glutathione-mediated redox regulation,
immune cell and cytokine modulation, direct antimicrobial/antiviral effects via membrane
disruption and binding inhibition, and gut microbiota and epithelial barrier modulation
leading to reduced inflammation.

8. Discussion
Whey proteins, the most abundant proteins in human milk (60–80%), support innate

mucosal immunity in early life, including colostrum, and may have protective effects in
certain immune disorders [246,247]. Their conserved structure, high essential amino acid
content, and evolutionary adaptation for efficient digestion and utilization of whey and
casein support their nutritional relevance beyond infancy.

Whey proteins are "fast" proteins, producing a rapid postprandial rise in plasma amino
acids due to faster gastric emptying and digestion than casein and other
proteins [26,248–250], and are highly efficient for stimulating muscle protein synthesis.

Animal whey proteins (WPs) constitute a bioactive milk fraction with marked molecu-
lar heterogeneity and structural flexibility that underlies their immunomodulatory activity.
Major components (β-lactoglobulin, α-lactalbumin, glycomacropeptide, immunoglobu-
lins, lactoferrin) contain structural motifs controlling stability, receptor interaction, and
proteolysis, leading to bioactive peptide release and regulation of immune functions (redox
balance, cytokine signaling, antimicrobial defense). Detailed characterization of composi-
tion and processing-induced structural changes is required to clarify their roles in innate
and adaptive immunity and in protection against viral and bacterial infections.

As described in this review, WPs can modulate the immune system through multiple
pathways, which collectively may provide significant benefits to overall immune health.
We have categorized these benefits through reinforcement of immune cell production and
efficiency, regulation of gut health and microbiota, and antioxidant/anti-inflammatory activity.
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First, various in vitro and in vivo studies suggest that WPCs enhance innate and
adaptive immunity by increasing lymphocyte proliferation, chemotaxis, and neutrophil
function [34–36] and support T and B cell maturation and migration [62,63]. Cysteine and
methionine support glutathione synthesis in all immune cells, supporting the regulation of
NK and T cell activity for example [40,51]. Also, animal studies show enhanced mucosal
NK and helper T cell responses [56,57].

In parallel, WPs support immunoglobulin synthesis by providing an amino acid
profile that promotes IgA at mucosal surfaces and circulating IgG despite being digested
into peptides and amino acids [67]. Whey increases serum IgG and antioxidant status
in immunocompromised patients [65,66], while animal studies show enhanced antigen-
specific IgG and mucosal antibody responses [57,68]. Rich in glutamine, arginine, and
cysteine, WPs support gut-associated lymphoid tissue and IgA secretion [69,70], and GMP
further stimulates secretory IgA, reinforcing mucosal antiviral defense [71,72].

Furthermore, WPs support immune function via intestinal barrier integrity and gut
microbiota modulation, key in systemic immunity [110,112]. WPI increases microbial
diversity, promotes Ruminococcaceae, Faecalibacterium, Lactobacillus, and Bifidobacterium,
enhances short-chain fatty acids, and reduces pathobionts [118,251]. Glutamine and cys-
teine strengthen tight junctions, reduce permeability, and enhance glutathione antioxidant
defense [130,144] and supplementation attenuates inflammation and barrier dysfunction
in colitis and high-fat diet models via pro-inflammatory mediator modulation [120,139],
helping prevent intestinal permeability [141,149]. GMP shows prebiotic and mucosal
immunostimulatory effects, promoting beneficial microbiota and secretory IgA [109].

Milk and whey proteins (WPs) exert antibacterial and antiviral effects through native
proteins and bioactive peptides [24,74]. Lactoferrin, α-lactalbumin, β-lactoglobulin, and
GMP inhibit viral attachment and replication against hepatitis B and C, coronaviruses and
COVID-19, avian influenza A, human immunodeficiency virus, respiratory syncytial virus,
adenovirus, cytomegalovirus, herpes simplex virus, human papillomavirus, enteroviruses,
and hantavirus as summarized in Table 1 [23,24,62,77].

In the COVID context, lactoferrin, which binds viral proteins, has been suggested
to compete with ACE2, regulates iron homeostasis, enhances NK/Th1 responses, and
induces IFN-α and dendritic cells [81,82,89,252]. Meta-analysis data suggest lactoferrin
(≈100–1000 mg/day) may reduce COVID-19-related fatigue, although evidence remains
limited and heterogeneous [253,254].

Glycomacropeptide also shows antimicrobial, anti-adhesive, and prebiotic effects,
promoting beneficial microbiota such as Bifidobacterium spp. [75,105,109]. Overall, WPs are
multifunctional bioactive components with potential roles in infection control requiring
further clinical investigation.

Finally, effective immunity depends on a balance between inflammatory and oxida-
tive responses, where physiological ROS support antimicrobial defense, while chronic
oxidative stress drives immune dysfunction and tissue damage. Nutrition contributes
to immune and antioxidant regulation via vitamins, trace elements, omega-3 fatty acids,
and cytoprotective pathways [255–258]. COVID-19 severity has been linked to impaired
baseline redox and immune status with dysregulated immuno-inflammatory responses [13].
During the COVID-19 pandemic, public health strategies primarily focused on pharma-
ceutical interventions and vaccination, while comparatively less attention was given to ap-
proaches aimed at supporting baseline immune function and oxidative balance in high-risk
populations [21,259]. This review highlights the potential of functional foods as comple-
mentary approaches to conventional therapies for preventing and managing infectious
and immune-related diseases, which implies the need for further research, particularly
well-designed clinical studies.
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Whey proteins (WPs) exert antioxidant and anti-inflammatory effects mainly via
cysteine- and methionine-driven glutathione synthesis and redox regulation [26,41,58,152].
Evidence shows reduced inflammatory and oxidative markers with improved GSH and NK
activity in conditions such as COVID-19, stroke, cystic fibrosis, and
hemodialysis [164,166,170,173,183]. Lactoferrin and glycomacropeptide further provide
immunomodulatory effects in inflammatory and metabolic disorders [26,185,198], while
preservation of native whey structure is important for maintaining bioactivity [26,29].

Accordingly, WPs also show beneficial effects in cardiovascular, intestinal, rheumatic,
and age-related inflammatory conditions [141,149–151,260–265]. Overall, reviews suggest
dairy, particularly WPs, generally exerts beneficial or neutral effects on inflammatory
biomarkers and immune pathways [266–270]. Bioactive components of milk can mod-
ulate immune pathways such as Toll-like receptor signaling, influencing inflammatory
responses [263]. Experimental studies additionally indicate potential neuroprotective and
anticancer effects, although human evidence remains limited [271–276].

Overall, the evidence points toward potential anti-inflammatory effects, although
further well-designed studies with standardized protocols are still needed.

In the future, mechanistic and clinical research should particularly focus on short
bioactive peptides contained in WPs. Indeed, whey-protein-derived peptides, mainly
generated by gastrointestinal proteolysis of lactoferrin, α-lactalbumin, and β-lactoglobulin,
include bioactive fragments such as lactoferricin, lactoferrampin, and related peptides with
demonstrated antimicrobial and antiviral potential [226–228].

Their activity is largely driven by structural features including cationicity, amphi-
pathicity, and hydrophobic residues, which enable strong interactions with microbial
membranes [228,230,233]. These peptides bind negatively charged bacterial surfaces (e.g.,
LPS and phospholipids), leading to membrane disruption, pore formation, and intracellu-
lar leakage [228,235]. Lactoferricin additionally inhibits macromolecular synthesis, while
lactoferrampin induces membrane deformation and ultrastructural damage in bacteria and
fungi [229,238]. Beyond antibacterial effects, they also block viral attachment and entry
by targeting viral envelope proteins or host receptors such as heparan sulfate proteogly-
cans [239,240]. Lactoferrin-derived peptides further neutralize endotoxins by binding lipid
A and suppressing pro-inflammatory cytokine production such as IL-6 [236,242].

Overall, these peptides act through combined membrane-targeting, antiviral entry
inhibition, and immunomodulatory mechanisms, conferring broad-spectrum antimicrobial
activity which could be key in the explanation of WPs’ efficiency in vivo [227,228].

Of note, immune imbalance and deficiency are particularly relevant in relation with
aging and immune aging, also referred to as immunosenescence, and characterized by
structural and functional alterations in immune organs affecting both innate and adaptive
immunity, which may significantly contribute to the development of sarcopenia [277,278].

WPs and their amino acids efficiently support immune cell synthesis and function,
which is particularly relevant in aging and immunosenescence, a decline in innate and
adaptive immunity contributing to sarcopenia [277,278]. Current recommendations for
older adults suggest ~0.4 g protein/kg per meal or up to 1.2–1.6 g/kg/day [279]. However,
aging-related mastication impairment can reduce protein absorption and postprandial
protein synthesis, as shown in denture wearers consuming beef [280].

The 2025–2030 Dietary Guidelines for Americans, recently released by the U.S. De-
partments of Agriculture (USDA) and Health and Human Services (HHS), recommend a
daily protein intake of 1.2–1.6 g/kg body weight, an increase from the previous 0.8 g/kg
minimum, representing a meaningful advancement, particularly for older adults [281].
These recommendations therefore emphasize the importance of high-quality, digestible
protein sources to preserve muscle mass and metabolic health during aging.
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In contrast, many plant proteins show lower digestibility because of anti-nutritional
compounds such as phytates, lectins, saponins, and tannins, which impair protein and
mineral absorption and may contribute to essential amino acid deficiencies, particularly in
vegans [282–289]. Consequently, WPs appear to be a valuable protein source for supporting
healthy aging, including prevention of immunosenescence and sarcopenia [253].

To conclude, and importantly, the best WPCs and WPIs are obtained with high-quality
milk from grass-fed cows processed by ultra- and microfiltration at low temperature (cold-
process), without applying extreme pH (acid or basic), as is it used in "ion exchange"
processes, in order to protect the most sensitive amino acids (AAs) such as sulfur amino
acids (sAAs), lysine, arginine, and others. However, most of the whey encountered on the
market are processed with heat and/or with strong acids or bases (in presence of solvents),
both of which can denature the 3D structure of proteins and may oxidize some key AAs
that have strong health benefits for humans [29–31].

These AAs in particular, as well as several biopeptides, can contribute efficiently to
boosting the immune system and help the body fight against pathogen infections like
influenza, coronaviruses, as well as bacteria through different pathways [32,33]. This may
be relevant for the general population, and particularly for athletes, in whom strenuous or
prolonged exercise can induce transient immune alterations and increase the risk of upper
respiratory tract infections (URTIs) [290].

Given their rich and diverse bioactive composition, WPs and WPCs represent promis-
ing dietary supplements for supporting immune health and overall well-being, owing
to their immunomodulatory, antimicrobial, and antioxidant properties; however, further
well-designed clinical studies are required to confirm these effects and fully elucidate their
mechanisms of action in humans.
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79. Çakır, B.; Okuyan, B.; Şener, G.; Tunali-Akbay, T. Investigation of beta-lactoglobulin derived bioactive peptides against SARS-
CoV-2 (COVID-19): In silico analysis. Eur. J. Pharmacol. 2021, 891, 173781. [CrossRef] [PubMed]

80. Chang, R.; Ng, T.B.; Sun, W.Z. Lactoferrin as potential preventative and adjunct treatment for COVID-19. Int. J. Antimicrob. Agents
2020, 56, 106118. [CrossRef] [PubMed]

81. Rosa, L.; Tripepi, G.; Naldi, E.; Aimati, M.; Santangeli, S.; Venditto, F.; Caldarelli, M.; Valenti, P. Ambulatory COVID-19 Patients
Treated with Lactoferrin as a Supplementary Antiviral Agent: A Preliminary Study. J. Clin. Med. 2021, 10, 4276. [CrossRef]

82. Serrano, G.; Kochergina, I.; Albors, A.; Diaz, E.; Oroval, M.; Hueso, G.; Serrano, J.M. Liposomal Lactoferrin as Potential
Preventative and Cure for COVID-19. Int. J. Res. Health Sci. 2020, 8, 8–15. [CrossRef]

83. Scala, M.C.; Sala, M.; Pietrantoni, A.; Spensiero, A.; Di Micco, S.; Agamennone, M.; Bertamino, A.; Novellino, E.; Bifulco, G.;
Gomez-Monterrey, I.M.; et al. Lactoferrin-derived Peptides Active towards Influenza: Identification of Three Potent Tetrapeptide
Inhibitors. Sci. Rep. 2017, 7, 10593. [CrossRef] [PubMed]

84. Mattar, E.H.; Elrashdy, F.; Almehdar, H.A.; Uversky, V.N.; Redwan, E.M. Natural resources to control COVID-19: Could lactoferrin
amend SARS-CoV-2 infectivity? PeerJ 2021, 9, e11303. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1016/j.idairyj.2003.08.003
https://doi.org/10.1016/j.jnutbio.2011.11.006
https://doi.org/10.1016/0165-2478(91)90099-V
https://www.ncbi.nlm.nih.gov/pubmed/1683650
https://doi.org/10.1089/jmf.2017.4080
https://doi.org/10.1016/j.idairyj.2006.06.014
https://doi.org/10.1017/S0954422416000032
https://www.ncbi.nlm.nih.gov/pubmed/27109024
https://doi.org/10.1080/09540100120094519
https://doi.org/10.1186/2049-1891-4-27
https://doi.org/10.1017/S0007114517003786
https://doi.org/10.3390/nu11030598
https://www.ncbi.nlm.nih.gov/pubmed/30870995
https://doi.org/10.1126/scitranslmed.abd2223
https://www.ncbi.nlm.nih.gov/pubmed/33288662
https://doi.org/10.1271/bbb.57.1214
https://doi.org/10.1371/journal.pone.0181075
https://doi.org/10.2174/1381612033454810
https://doi.org/10.1271/bbb.69.2294
https://doi.org/10.1016/S0166-3542(03)00010-X
https://doi.org/10.3390/v14092055
https://doi.org/10.1016/j.ejphar.2020.173781
https://www.ncbi.nlm.nih.gov/pubmed/33271151
https://doi.org/10.1016/j.ijantimicag.2020.106118
https://www.ncbi.nlm.nih.gov/pubmed/32738305
https://doi.org/10.3390/jcm10184276
https://doi.org/10.5530/ijrhs.8.1.3
https://doi.org/10.1038/s41598-017-10492-x
https://www.ncbi.nlm.nih.gov/pubmed/28878220
https://doi.org/10.7717/peerj.11303
https://www.ncbi.nlm.nih.gov/pubmed/33954061
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 31 of 39

85. Wang, Y.; Wang, P.; Wang, H.; Luo, Y.; Wan, L.; Jiang, M.; Chu, Y. Lactoferrin for the treatment of COVID-19 (Review). Exp. Ther.
Med. 2020, 20, 272. [CrossRef] [PubMed]

86. Sokolov, A.V.; Isakova-Sivak, I.N.; Mezhenskaya, D.A.; Kostevich, V.A.; Gorbunov, N.P.; Elizarova, A.Y.; Matyushenko, V.A.;
Berson, Y.M.; Grudinina, N.A.; Kolmakov, N.N.; et al. Molecular mimicry of the receptor-binding domain of the SARS-CoV-2
spike protein: From the interaction of spike-specific antibodies with transferrin and lactoferrin to the antiviral effects of human
recombinant lactoferrin. Biometals 2023, 36, 437–462. [CrossRef] [PubMed]

87. Campione, E.; Lanna, C.; Cosio, T.; Rosa, L.; Conte, M.P.; Iacovelli, F.; Romeo, A.; Falconi, M.; Del Vecchio, C.; Franchin, E.; et al.
Lactoferrin against SARS-CoV-2: In Vitro and In Silico Evidences. Front. Pharmacol. 2021, 12, 666600. [CrossRef]

88. Santos, I.; Silva, M.; Grácio, M.; Pedroso, L.; Lima, A. Milk Antiviral Proteins and Derived Peptides against Zoonoses. Int. J. Mol.
Sci. 2024, 25, 1842. [CrossRef]

89. Miotto, M.; Di Rienzo, L.; Bò, L.; Boffi, A.; Ruocco, G.; Milanetti, E. Molecular Mechanisms behind Anti SARS-CoV-2 Action of
Lactoferrin. Front. Mol. Biosci. 2021, 8, 607443. [CrossRef]

90. Naidu, S.A.G.; Clemens, R.A.; Pressman, P.; Zaigham, M.; Davies, K.J.A.; Naidu, A.S. COVID-19 during Pregnancy and
Postpartum. J. Diet. Suppl. 2022, 19, 78–114. [CrossRef]

91. Hu, Y.; Meng, X.; Zhang, F.; Xiang, Y.; Wang, J. The in Vitro Antiviral Activity of Lactoferrin against Common Human
Coronaviruses and SARS-CoV-2 Is Mediated by Targeting the Heparan Sulfate Co-Receptor. Emerg. Microbes Infect. 2021,
10, 317–330. [CrossRef]

92. Salaris, C.; Scarpa, M.; Elli, M.; Bertolini, A.; Guglielmetti, S.; Pregliasco, F.; Blandizzi, C.; Brun, P.; Castagliuolo, I. Protective
Effects of Lactoferrin against SARS-CoV-2 Infection In Vitro. Nutrients 2021, 13, 328. [CrossRef]

93. Pradeep, H.; Najma, U.; Aparna, H.S. Milk Peptides as Novel Multi-Targeted Therapeutic Candidates for SARS-CoV-2. Protein J.
2021, 40, 310–327. [CrossRef] [PubMed]

94. Imoto, I.; Yasuma, T.; D’Alessandro-Gabazza, C.N.; Oka, S.; Misaki, M.; Horiki, N.; Gabazza, E.C. Antimicrobial Effects of
Lactoferrin against Helicobacter pylori Infection. Pathogens 2023, 12, 599. [CrossRef]

95. Brody, E.P. Biological activities of bovine glycomacropeptide. Br. J. Nutr. 2000, 84, 39–46. [CrossRef] [PubMed]
96. Yvon, M.; Beucher, S.; Guilloteau, P.; Le Huerou-Luron, I.; Corring, T. Effects of caseinomacropeptide (CMP) on digestion

regulation. Reprod. Nutr. Dev. 1994, 34, 527–537. [CrossRef]
97. Thomä-Worringer, C.; Sørensen, J.; López-Fandiño, R. Health effects and technological features of caseinomacropeptide. Int.

Dairy J. 2006, 16, 1324–1333. [CrossRef]
98. Chabance, B.; Marteau, P.; Rambaud, J.; Migliore-Samour, D.; Boynard, M.; Perrotin, P.; Guillet, R.; Jolles, P.; Fiat, A.J.B. Casein

peptide release and passage to the blood in humans during digestion of milk or yogurt. Biochimie 1998, 80, 155–165. [CrossRef]
99. Isoda, H.; Kawasaki, Y.; Tanimoto, M.; Dosako, S.; Idota, T. Use of Compounds Containing or Binding Sialic Acid to Neutralize

Bacterial Toxins. European Patent EP0385118A2, 5 September 1990.
100. Brück, W.M.; Kelleher, S.L.; Gibson, G.R.; Graverholt, G.; Lönnerdal, B.L. The effects of a-lactalbumin and glycomacropeptide

on the association of CaCo-2 cells by enteropathogenic Escherichia coli, Salmonella typhimurium and Shigella flexneri. FEMS
Microbiol. Lett. 2006, 259, 158–162. [CrossRef]

101. Gustavo Hermes, R.; Molist, F.; Francisco Pérez, J.; Gómez de Segura, A.; Ywazaki, M.; Davin, R.; Nofrarías, M.; Korhonen, T.K.;
Virkola, R.; Martín-Orúe, S.M. Casein glycomacropeptide in the diet may reduce Escherichia coli attachment to the intestinal
mucosa and increase the intestinal lactobacilli of early weaned piglets after an enterotoxigenic E. coli K88 challenge. Br. J. Nutr.
2013, 109, 1001–1012. [CrossRef] [PubMed]

102. Neeser, J.R. Dental Anti-Plaque and Anti-Caries Agent. U.S. Patent US4992420A, 12 February 1991.
103. Schüpbach, P.; Neeser, J.R.; Golliard, M.; Rouvet, M.; Guggenheim, B. Incorporation of caseinoglycomacropeptide and ca-

seinophosphopeptide into the salivary pellicle inhibits adherence of mutans streptococci. J. Dent. Res. 1996, 75, 1779–1788.
[CrossRef]

104. Gallegos-Alcalá, P.; Jiménez, M.; Cervantes-García, D.; Córdova-Dávalos, L.E.; Gonzalez-Curiel, I.; Salinas, E. Glycomacropeptide
Protects against Inflammation and Oxidative Stress, and Promotes Wound Healing in an Atopic Dermatitis Model of Human
Keratinocytes. Foods 2023, 12, 1932. [CrossRef]

105. Azuma, N.; Yamauchi, K.; Mitsuoka, T. Bifidus growth-promoting activity of a glycomacropeptide derived from human K-casein.
Agric. Biol. Chem. 1984, 48, 2159–2162. [CrossRef]

106. Janer, C.; Peláez, C.; Requena, T. Caseinomacropeptide and whey protein concentrate enhance Bifidobacterium lactis growth in
milk. Food Chem. 2004, 86, 263–267. [CrossRef]

107. Robitaille, G. Growth-promoting effects of caseinomacropeptide from cow and goat milk on probiotics. J. Dairy Res. 2013, 80,
58–63. [CrossRef]

108. Ntemeri, A.; Chonchúir, F.N.; O’Callagan, T.F.; Stanton, C.; Ross, R.P.; O’Toole, P.W. Glycomacropeptide sustains microbiota
diversity and promotes specific taxa in an artificial colon model of elderly gut microbiota. J. Agric. Food Chem. 2017, 65, 1836–1846.
[CrossRef]

https://doi.org/10.3390/nu18111770

https://doi.org/10.3892/etm.2020.9402
https://www.ncbi.nlm.nih.gov/pubmed/33199997
https://doi.org/10.1007/s10534-022-00458-6
https://www.ncbi.nlm.nih.gov/pubmed/36334191
https://doi.org/10.3389/fphar.2021.666600
https://doi.org/10.3390/ijms25031842
https://doi.org/10.3389/fmolb.2021.607443
https://doi.org/10.1080/19390211.2020.1834047
https://doi.org/10.1080/22221751.2021.1888660
https://doi.org/10.3390/nu13020328
https://doi.org/10.1007/s10930-021-09983-8
https://www.ncbi.nlm.nih.gov/pubmed/33840006
https://doi.org/10.3390/pathogens12040599
https://doi.org/10.1017/S0007114500002233
https://www.ncbi.nlm.nih.gov/pubmed/11242445
https://doi.org/10.1051/rnd:19940602
https://doi.org/10.1016/j.idairyj.2006.06.012
https://doi.org/10.1016/S0300-9084(98)80022-9
https://doi.org/10.1111/j.1574-6968.2006.00268.x
https://doi.org/10.1017/S0007114512002978
https://www.ncbi.nlm.nih.gov/pubmed/22850079
https://doi.org/10.1177/00220345960750101101
https://doi.org/10.3390/foods12101932
https://doi.org/10.1080/00021369.1984.10866469
https://doi.org/10.1016/j.foodchem.2003.09.034
https://doi.org/10.1017/S0022029912000660
https://doi.org/10.1021/acs.jafc.6b05434
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 32 of 39

109. O’Riordan, N.; O’Callagan, J.; Buttò, L.F.; Kilcoyne, M.; Joshi, L.; Hickey, R.M. Bovine glycomacropeptide promotes the growth of
Bifidobacterium longum ssp. infantis and modulates its gene expression. J. Dairy Sci. 2018, 101, 6730–6741. [CrossRef]

110. Samuelson, D.R.; Welsh, D.A.; Shellito, J.E. Regulation of lung immunity and host defense by the intestinal microbiota. Front
Microbiol. 2015, 6, 1085. [CrossRef]

111. McLean, M.H.; Dieguez, D., Jr.; Miller, L.M.; Young, H.A. Does the microbiota play a role in the pathogenesis of autoimmune
diseases? Gut 2015, 64, 332–341. [CrossRef]

112. O’Hara, A.M.; Shanahan, F. The gut flora as a forgotten organ. EMBO Rep. 2006, 7, 688–693. [CrossRef]
113. Tomasello, G.; Mazzola, M.; Leone, A.; Sinagra, E.; Zummo, G.; Farina, F.; Damiani, P.; Cappello, F.; Gerges Geagea, A.; Jurjus, A.;

et al. Nutrition, oxidative stress and intestinal dysbiosis: Influence of diet on gut microbiota in inflammatory bowel diseases.
BioMed Pap. Med. Fac. Univ. Palacky. Olomouc Czech. Repub. 2016, 160, 461–466. [CrossRef]

114. Stecher, B. The Roles of Inflammation, Nutrient Availability and the Commensal Microbiota in Enteric Pathogen Infection.
Microbiol. Spectr. 2015, 3, 297–320. [CrossRef]

115. Lambertz, J.; Weiskirchen, S.; Landert, S.; Weiskirchen, R. Fructose: A Dietary Sugar in Crosstalk with Microbiota Contributing to
the Development and Progression of Non-Alcoholic Liver Disease. Front Immunol. 2017, 8, 1159. [CrossRef]

116. Boscaini, S.; Skuse, P.; Nilaweera, K.N.; Cryan, J.F.; Cotter, P.D. The ‘Whey’ to Good Health: Whey Protein and Its Beneficial Effect
on Metabolism, Gut Microbiota and Mental Health. Trends Food Sci. Technol. 2023, 133, 1–14. [CrossRef]

117. Rackerby, B.; Kim, E.; Bobe, G.; Dallas, D.C.; Park, S.H. Effects of whey protein isolate on the human gut microbiota and intestinal
function in older adults. J. Dairy Sci. 2026, 109, 1065–1081. [CrossRef]

118. Sánchez-Moya, T.; López-Nicolás, R.; Planes, D.; González-Bermúdez, C.A.; Ros-Berruezo, G.; Frontela-Saseta, C. In vitro
modulation of gut microbiota by whey protein to preserve intestinal health. Food Funct. 2017, 8, 3053–3063. [CrossRef]

119. Meddah, A.T.; Yazourh, A.; Desm, I.; Risbourg, B.; Verstraete, W.; Romond, M.B. The regulatory effects of whey retentive from
bifidobacteria fermented milk on the microbiota of the simulator of the human intestinal microbial ecosystem (SHIME). J. Appl.
Microbiol. 2001, 91, 1110–1117. [CrossRef]

120. Boscaini, S.; Cabrera-Rubio, R.; Golubeva, A.; Nychyk, O.; Fülling, C.; Speakman, J.R.; Cotter, P.D.; Cryan, J.F.; Nilaweera, K.N.
Depletion of the gut microbiota differentially affects the impact of whey protein on high-fat diet-induced obesity and intestinal
permeability. Physiol. Rep. 2021, 9, e14867. [CrossRef]

121. Jones Severino Vasconcelos, Q.D.; Silva Frederico, M.J.; Sousa Alves, R.; Jesus Pinheiro Gomes Bandeira, T.; Amaral de Moraes,
M.E.; Aragão, G.F. Effects of whey protein supplementation on gut microbiota of Wistar rats with valproic acid-induced autism
symptoms. Future Microbiol. 2024, 19, 213–226.0. [CrossRef]

122. Wu, S.; Bhat, Z.F.; Gounder, R.S.; Mohamed Ahmed, I.A.; Al-Juhaimi, F.Y.; Ding, Y.; Bekhit, A.E.A. Effect of Dietary Protein and
Processing on Gut Microbiota-A Systematic Review. Nutrients 2022, 14, 453. [CrossRef]

123. Aslam, H.; Marx, W.; Rocks, T.; Loughman, A.; Chandrasekaran, V.; Ruusunen, A.; Dawson, S.L.; West, M.; Mullarkey, E.; Pasco,
J.A.; et al. The effects of dairy and dairy derivatives on the gut microbiota: A systematic literature review. Gut Microbes 2020, 12,
1799533. [CrossRef] [PubMed]

124. Al-Wraikat, M.; Zhang, L.; Li, L.; Abubaker, M.A.; Liu, Y. Recent advances in wolfberry polysaccharides and whey protein-based
biopolymers for regulating the diversity of gut microbiota and its mechanism: A review. Int. J. Biol. Macromol. 2024, 281, 136401.
[CrossRef]

125. Gallo, V.; Arienzo, A.; Tomassetti, F.; Antonini, G. Milk Bioactive Compounds and Gut Microbiota Modulation: The Role of Whey
Proteins and Milk Oligosaccharides. Foods 2024, 13, 907. [CrossRef]

126. Mörbe, U.M.; Jørgensen, P.B.; Fenton, T.M.; von Burg, N.; Riis, L.B.; Spencer, J.; Agace, W.W. Human gut-associated lymphoid
tissues (GALT); diversity, structure, and function. Mucosal Immunol. 2021, 14, 793–802. [CrossRef] [PubMed]

127. Nagpal, R.; Yadav, H. Bacterial Translocation from the Gut to the Distant Organs: An Overview. Ann. Nutr. Metab. 2017, 71, 11–16.
[CrossRef]

128. Lee, S.H. Intestinal permeability regulation by tight junction: Implication on inflammatory bowel diseases. Intest. Res. 2015, 13,
11–18. [CrossRef]

129. Dai, Z.L.; Wu, G.; Zhu, W.Y. Amino acid metabolism in intestinal bacteria: Links between gut ecology and host health. Front.
Biosci. 2011, 16, 1768–1786. [CrossRef] [PubMed]

130. Rao, R.; Samak, G. Role of glutamine in protection of intestinal epithelial tight junctions. J. Epithel. Biol. Pharmacol. 2012, 5, 47–54.
[CrossRef]

131. Andrade, M.E.; Araujo, R.S.; de Barros, P.A.; Soares, A.D.; Abrantes, F.A.; Generoso Sde, V.; Fernandes, S.O.A.; Cardoso, V.N. The
role of immunomodulators on intestinal barrier homeostasis in experimental models. Clin. Nutr. 2015, 34, 1080–1087. [CrossRef]

132. Reeds, P.J.; Burrin, D.G. The gut and amino acid homeostasis. Nutrition 2000, 16, 666–668. [CrossRef]
133. Cruzat, V.; Macedo Rogero, M.; Noel Keane, K.; Curi, R.; Newsholme, P. Glutamine: Metabolism and Immune Function

Supplementation and Clinical Translation. Nutrients 2018, 10, 1564. [CrossRef]
134. Wang, W.; Qiao, S.; Li, D. Amino acids and gut function. Amino Acids 2009, 37, 105–110. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18111770

https://doi.org/10.3168/jds.2018-14499
https://doi.org/10.3389/fmicb.2015.01085
https://doi.org/10.1136/gutjnl-2014-308514
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.5507/bp.2016.052
https://doi.org/10.1128/microbiolspec.MBP-0008-2014
https://doi.org/10.3389/fimmu.2017.01159
https://doi.org/10.1016/j.tifs.2022.12.009
https://doi.org/10.3168/jds.2025-27204
https://doi.org/10.1039/C7FO00197E
https://doi.org/10.1046/j.1365-2672.2001.01482.x
https://doi.org/10.14814/phy2.14867
https://doi.org/10.2217/fmb-2023-0051
https://doi.org/10.3390/nu14030453
https://doi.org/10.1080/19490976.2020.1799533
https://www.ncbi.nlm.nih.gov/pubmed/32835617
https://doi.org/10.1016/j.ijbiomac.2024.136401
https://doi.org/10.3390/foods13060907
https://doi.org/10.1038/s41385-021-00389-4
https://www.ncbi.nlm.nih.gov/pubmed/33753873
https://doi.org/10.1159/000479918
https://doi.org/10.5217/ir.2015.13.1.11
https://doi.org/10.2741/3820
https://www.ncbi.nlm.nih.gov/pubmed/21196263
https://doi.org/10.2174/1875044301205010047
https://doi.org/10.1016/j.clnu.2015.01.012
https://doi.org/10.1016/S0899-9007(00)00354-3
https://doi.org/10.3390/nu10111564
https://doi.org/10.1007/s00726-008-0152-4
https://www.ncbi.nlm.nih.gov/pubmed/18670730
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 33 of 39

135. Wu, G.; Meier, S.A.; Knabe, D.A. Dietary glutamine supplementation prevents jejunal atrophy in weaned pigs. J. Nutr. 1996, 126,
2578–2584. [CrossRef]

136. Wang, J.; Chen, L.; Li, P.; Li, X.; Zhou, H.; Wang, F.; Li, D.; Yin, Y.; Wu, G. Gene expression is altered in piglet small intestine by
weaning and dietary glutamine supplementation. J. Nutr. 2008, 138, 1025–1032. [CrossRef] [PubMed]

137. Mondello, S.; Galuppo, M.; Mazzon, E.; Domenico, I.; Mondello, P.; Carmela, A.; Cuzzocrea, S. Glutamine treatment attenuates
the development of ischaemia/reperfusion injury of the gut. Eur. J. Pharmacol. 2010, 643, 304–315. [CrossRef] [PubMed]

138. Chow, A.; Zhang, R. Glutamine reduces heat shock-induced cell death in rat intestinal epithelial cells. J. Nutr. 1998, 128, 1296–1301.
[CrossRef]

139. Hou, Y.C.; Wu, J.M.; Wang, M.Y.; Wu, M.H.; Chen, K.Y.; Yeh, S.L.; Lin, M.T. Glutamine supplementation attenuates expressions of
adhesion molecules and chemokine receptors on T cells in a murine model of acute colitis. Mediat. Inflamm. 2014, 2014, 837107.
[CrossRef]

140. Oehler, R.; Pusch, E.; Dungel, P.; Zellner, M.; Eliasen, M.M.; Brabec, M.; Roth, E. Glutamine depletion impairs cellular stress
response in human leucocytes. Br. J. Nutr. 2002, 87, S17–S21. [CrossRef]

141. Benjamin, J.; Makharia, G.; Ahuja, V.; Anand Rajan, K.D.; Kalaivani, M.; Gupta, S.D.; Joshi, Y.K. Glutamine and whey protein
improve intestinal permeability and morphology in patients with Crohn’s disease: A randomized controlled trial. Dig. Dis. Sci.
2012, 57, 1000–1012. [CrossRef]

142. Beutheu, S.; Ghouzali, I.; Galas, L.; Dechelotte, P.; Coeffier, M. Glutamine and arginine improve permeability and tight junction
protein expression in methotrexate-treated Caco-2 cells. Clin. Nutr. 2013, 32, 863–869. [CrossRef]

143. Wu, G.; Morris, S.M., Jr. Arginine metabolism: Nitric oxide and beyond. Biochem J. 1998, 336, 1–17. [CrossRef]
144. Sukhotnik, I.; Mogilner, J.; Krausz, M.M.; Lurie, M.; Hirsh, M.; Coran, A.G.; Shiloni, E. Oral arginine reduces gut mucosal injury

caused by lipopolysaccharide endotoxemia in rat. J. Surg. Res. 2004, 122, 256–262. [CrossRef]
145. Wu, G.; Fang, Y.Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for health. J. Nutr. 2004, 134,

489–492. [CrossRef]
146. Aw, T.Y.; Williams, M.W.; Gray, L. Absorption and lymphatic transport of peroxidized lipids by rat small intestine in vivo: Role of

mucosal GSH. Am. J. Physiol. 1992, 262, G99–G106. [CrossRef]
147. Grimble, R.F. The effects of sulfur amino acids intake on immune function in humans. J. Nutr. 2006, 136, 1660S–1665S. [CrossRef]
148. Bischoff, S.C.; Barbara, G.; Buurman, W.; Ockhuizen, T.; Schulzke, J.D.; Serino, M. Intestinal permeability—A new target for

disease prevention and therapy. BMC Gastroenterol. 2014, 14, 189. [CrossRef] [PubMed]
149. Brimelow, R.E.; West, N.P.; Williams, L.T.; Cripps, A.W.; Cox, A.J. A role for whey-derived lactoferrin and immunoglobulins in

the attenuation of obesity-related inflammation and disease. Crit. Rev. Food Sci. Nutr. 2017, 57, 1593–1602. [CrossRef]
150. Li, Y.; Østergaard, M.V.; Jiang, P.; Chatterton, D.E.; Thymann, T.; Kvistgaard, A.S.; Sangild, P.T. Whey protein processing influences

formula-induced gut maturation in preterm pigs. J. Nutr. 2013, 143, 1934–1942. [CrossRef]
151. Kuhara, T.; Tanaka, A.; Yamauchi, K.; Iwatsuki, K. Bovine lactoferrin ingestion protects against inflammation via IL-11 induction

in the small intestine of mice with hepatitis. Br. J. Nutr. 2014, 111, 1801–1810. [CrossRef] [PubMed]
152. Bounous, G.; Gold, P. The biological activity of undenatured dietary whey proteins: Role of glutathione. Clin. Invest Med. 1991, 14,

296–309. [PubMed]
153. Bounous, G.; Papenburg, R.; Kongshavn, P.A.; Gold, P.; Fleiszer, D. Dietary whey protein inhibits the development of dimethylhy-

drazine induced malignancy. Clin. Investig. Med. 1988, 11, 213–217.
154. Geiler, J.; Michaelis, M.; Naczk, P.; Leutz, A.; Langer, K.; Doerr, H.W.; Cinatl, J., Jr. N-acetyl-l-cysteine (NAC) inhibits virus

replication and expression of pro-inflammatory molecules in A549 cells infected with highly pathogenic H5N1 influenza A virus.
Biochem. Pharmacol. 2010, 79, 413–420. [CrossRef]

155. McCarty, M.F.; Barroso-Aranda, J.; Contreras, F. Practical strategies for targeting NF-kappaB and NADPH oxidase may improve
survival during lethal influenza epidemics. Med. Hypotheses 2010, 74, 18–20. [CrossRef]

156. De Flora, S.; Grassi, C.; Carati, L. Attenuation of influenza-like symptomatology and improvement of cell-mediated immunity
with long-term N-acetylcysteine treatment. Eur. Respir. J. 1997, 10, 1535–1541. [CrossRef]

157. Mata, M.; Sarrion, I.; Armengot, M.; Carda, C.; Martinez, I.; Melero, J.A.; Cortijo, J. Respiratory syncytial virus inhibits ciliagenesis
in differentiated normal human bronchial epithelial cells: Effectiveness of N-acetylcysteine. PLoS ONE 2012, 7, e48037. [CrossRef]
[PubMed]

158. Nencioni, L.; Iuvara, A.; Aquilano, K.; Ciriolo, M.R.; Cozzolino, F.; Rotilio, G.; Garaci, E.; Palamara, A.T. Influenza A virus
replication is dependent on an antioxidant pathway that involves GSH and Bcl-2. FASEB J. 2003, 17, 758–760. [CrossRef]

159. Cai, J.; Chen, Y.; Seth, S.; Furukawa, S.; Compans, R.W.; Jones, D.P. Inhibition of influenza infection by glutathione. Free Radic.
Biol. Med. 2003, 34, 928–936. [CrossRef] [PubMed]

160. Khomich, O.A.; Kochetkov, S.N.; Bartosch, B.; Ivanov, A.V. Redox Biology of Respiratory Viral Infections. Viruses 2018, 10, 392.
[CrossRef]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1093/jn/126.10.2578
https://doi.org/10.1093/jn/138.6.1025
https://www.ncbi.nlm.nih.gov/pubmed/18492829
https://doi.org/10.1016/j.ejphar.2010.06.044
https://www.ncbi.nlm.nih.gov/pubmed/20599905
https://doi.org/10.1093/jn/128.8.1296
https://doi.org/10.1155/2014/837107
https://doi.org/10.1079/BJN2001453
https://doi.org/10.1007/s10620-011-1947-9
https://doi.org/10.1016/j.clnu.2013.01.014
https://doi.org/10.1042/bj3360001
https://doi.org/10.1016/j.jss.2004.07.004
https://doi.org/10.1093/jn/134.3.489
https://doi.org/10.1152/ajpgi.1992.262.1.G99
https://doi.org/10.1093/jn/136.6.1660S
https://doi.org/10.1186/s12876-014-0189-7
https://www.ncbi.nlm.nih.gov/pubmed/25407511
https://doi.org/10.1080/10408398.2014.995264
https://doi.org/10.3945/jn.113.182931
https://doi.org/10.1017/S0007114513004315
https://www.ncbi.nlm.nih.gov/pubmed/24472388
https://www.ncbi.nlm.nih.gov/pubmed/1782728
https://doi.org/10.1016/j.bcp.2009.08.025
https://doi.org/10.1016/j.mehy.2009.04.052
https://doi.org/10.1183/09031936.97.10071535
https://doi.org/10.1371/journal.pone.0048037
https://www.ncbi.nlm.nih.gov/pubmed/23118923
https://doi.org/10.1096/fj.02-0508fje
https://doi.org/10.1016/S0891-5849(03)00023-6
https://www.ncbi.nlm.nih.gov/pubmed/12654482
https://doi.org/10.3390/v10080392
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 34 of 39

161. Ghezzi, P.; Ungheri, D. Synergistic combination of N-acetylcysteine and ribavirin to protect from lethal influenza viral infection in
a mouse model. Int. J. Immunopathol. Pharmacol. 2004, 17, 99–102. [CrossRef]

162. Mahmudpour, M.; Roozbeh, J.; Keshavarz, M.; Farrokhi, S.; Nabipour, I. COVID-19 cytokine storm: The anger of inflammation.
Cytokine 2020, 133, 155151. [CrossRef]

163. Manful, C.F.; Fordjour, E.; Ikumoinein, E.; Abbey, L.; Thomas, R. Therapeutic Strategies Targeting Oxidative Stress and Inflamma-
tion: A Narrative Review. BioChem. 2025, 5, 35. [CrossRef]

164. Cecchini, R.; Cecchini, A.L. SARS-CoV-2 infection pathogenesis is related to oxidative stress as a response to aggression. Med.
Hypotheses 2020, 143, 110102. [CrossRef]

165. Delgado-Roche, L.; Mesta, F. Oxidative Stress as Key Player in Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
Infection. Arch. Med. Res. 2020, 51, 384–387. [CrossRef]

166. Ducastel, M.; Chenevier-Gobeaux, C.; Ballaa, Y.; Meritet, J.F.; Brack, M.; Chapuis, N.; Pene, F.; Carlier, N.; Szwebel, T.A.; Roche,
N.; et al. Oxidative Stress and Inflammatory Biomarkers for the Prediction of Severity and ICU Admission in Unselected Patients
Hospitalized with COVID-19. Int. J. Mol. Sci. 2021, 22, 7462. [CrossRef]

167. Ntyonga-Pono, M.P. COVID-19 infection and oxidative stress: An under-explored approach for prevention and treatment? Pan
Afr. Med. J. 2020, 35, 12. [CrossRef]

168. Scarcella, M.; Scarpellini, E.; Ascani, A.; Commissari, R.; Scorcella, C.; Zanetti, M.; Parisi, A.; Monti, R.; Milic, N.; Donati, A.;
et al. Effect of Whey Proteins on Malnutrition and Extubating Time of Critically Ill COVID-19 Patients. Nutrients 2022, 14, 437.
[CrossRef]

169. Hinkelmann, J.V.; de Oliveira, N.A.; Marcato, D.F.; Costa, A.R.R.O.; Ferreira, A.M.; Tomaz, M.; Rodrigues, T.J.; Mendes, A.P.
Nutritional support protocol for patients with COVID-19. Clin. Nutr. ESPEN 2022, 49, 544–550. [CrossRef] [PubMed]

170. Grey, V.; Mohammed, S.R.; Smountas, A.A.; Bahlool, R.; Lands, L.C. Improved glutathione status in young adult patients with
cystic fibrosis supplemented with whey protein. J. Cyst. Fibros 2003, 2, 195–198. [CrossRef] [PubMed]

171. Blackwell, T.S.; Stecenko, A.A.; Christman, J.W. Dysregulated NF-kappaB activation in cystic fibrosis: Evidence for a primary
inflammatory disorder. Am. J. Physiol. Lung Cell Mol. Physiol. 2001, 281, L69–L70. [CrossRef] [PubMed]

172. Sohrabi, Z.; Eftekhari, M.H.; Eskandari, M.H.; Rezaianzadeh, A.; Sagheb, M.M. Intradialytic Oral protein supplementation and
nutritional and inflammation outcomes in hemodialysis: A randomized controlled trial. Am. J. Kidney Dis. 2016, 68, 122–130.
[CrossRef]

173. Prokopidis, K.; Mazidi, M.; Sankaranarayanan, R.; Tajik, B.; McArdle, A.; Isanejad, M. Effects of whey and soy protein supple-
mentation on inflammatory cytokines in older adults: A systematic review and meta-analysis. Br. J. Nutr. 2023, 129, 759–770.
[CrossRef]

174. Ekiz, T.; Kara, M.; Özçakar, L. Fighting against frailty and sarcopenia-As well as COVID-19? Med. Hypotheses 2020, 144, 109911.
[CrossRef]

175. Koff, W.C.; Williams, M.A. Covid-19 and Immunity in Aging Populations-A New Research Agenda. N. Engl. J. Med. 2020, 383,
804–805. [CrossRef] [PubMed]

176. Kirwan, R.; McCullough, D.; Butler, T.; Perez de Heredia, F.; Davies, I.G.; Stewart, C. Sarcopenia during COVID-19 lockdown
restrictions: Long-term health effects of short-term muscle loss. GeroScience 2020, 42, 1547–1578. [CrossRef]

177. Cheng, Y.; Lin, S.; Cao, Z.; Yu, R.; Fan, Y.; Chen, J. The role of chronic low-grade inflammation in the development of sarcopenia:
Advances in molecular mechanisms. Int. Immunopharmacol. 2025, 147, 114056. [CrossRef] [PubMed]

178. Liu, Z.; Liang, Q.; Ren, Y.; Guo, C.; Ge, X.; Wang, L.; Cheng, Q.; Luo, P.; Zhang, Y.; Han, X. Immunosenescence: Molecular
mechanisms and diseases. Signal Transduct. Target Ther. 2023, 8, 200. [CrossRef]

179. Rieu, I.; Balage, M.; Sornet, C.; Debras, E.; Ripes, S.; Rochon-Bonhomme, C.; Pouyet, C.; Grizard, J.; Dardevet, D. Increased
availability of leucine with leucine-rich whey proteins improves postprandial muscle protein synthesis in aging rats. Nutrition
2007, 23, 323–331. [CrossRef] [PubMed]

180. Fuentes-Barría, H.; Aguilera-Eguía, R.; Angarita-Davila, L.; Rojas-Gómez, D.; Alarcón-Rivera, M.; López-Soto, O.; Maureira-
Sánchez, J.; Bermúdez, V.; Rivera-Porras, D.; Contreras-Velázquez, J.C. Vitamin D and Sarcopenia: Implications for Muscle Health.
Biomedicines 2025, 13, 1863. [CrossRef]

181. Kim, H.; Kim, M.; Kojima, N.; Fujino, K.; Hosoi, E.; Kobayashi, H.; Somekawa, S.; Niki, Y.; Yamashiro, Y.; Yoshida, H. Exercise
and Nutritional Supplementation on Community-Dwelling Elderly Japanese Women With Sarcopenic Obesity: A Randomized
Controlled Trial. J. Am. Med. Dir. Assoc. 2016, 17, 1011–1019. [CrossRef]

182. Morris, G.; Gevezova, M.; Sarafian, V.; Maes, M. Redox regulation of the immune response. Cell. Mol. Immunol. 2022, 19,
1079–1101. [CrossRef]

183. Hashemilar, M.; Khalili, M.; Rezaeimanesh, N.; Sadeghi Hokmabadi, E.; Rasulzade, S.; Shamshirgaran, S.M.; Taheraghdam, A.;
Farhoudi, M.; Shaafi, S.; Shakouri, S.K.; et al. Effect of Whey Protein Supplementation on Inflammatory and Antioxidant Markers,
and Clinical Prognosis in Acute Ischemic Stroke (TNS Trial): A Randomized, Double Blind, Controlled, Clinical Trial. Adv. Pharm.
Bull. 2020, 10, 135–140. [CrossRef]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1177/039463200401700114
https://doi.org/10.1016/j.cyto.2020.155151
https://doi.org/10.3390/biochem5040035
https://doi.org/10.1016/j.mehy.2020.110102
https://doi.org/10.1016/j.arcmed.2020.04.019
https://doi.org/10.3390/ijms22147462
https://doi.org/10.11604/pamj.supp.2020.35.2.22877
https://doi.org/10.3390/nu14030437
https://doi.org/10.1016/j.clnesp.2022.03.002
https://www.ncbi.nlm.nih.gov/pubmed/35623865
https://doi.org/10.1016/S1569-1993(03)00097-3
https://www.ncbi.nlm.nih.gov/pubmed/15463873
https://doi.org/10.1152/ajplung.2001.281.1.L69
https://www.ncbi.nlm.nih.gov/pubmed/11404247
https://doi.org/10.1053/j.ajkd.2016.02.050
https://doi.org/10.1017/S0007114522001787
https://doi.org/10.1016/j.mehy.2020.109911
https://doi.org/10.1056/NEJMp2006761
https://www.ncbi.nlm.nih.gov/pubmed/32302079
https://doi.org/10.1007/s11357-020-00272-3
https://doi.org/10.1016/j.intimp.2025.114056
https://www.ncbi.nlm.nih.gov/pubmed/39799736
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1016/j.nut.2006.12.013
https://www.ncbi.nlm.nih.gov/pubmed/17367997
https://doi.org/10.3390/biomedicines13081863
https://doi.org/10.1016/j.jamda.2016.06.016
https://doi.org/10.1038/s41423-022-00902-0
https://doi.org/10.15171/apb.2020.018
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 35 of 39

184. Li, G.; Shang, L.; Wang, X.; Zhang, L.; Zhao, Y.; Ni, W.; Bai, X.; Liu, J. Whey Protein Mitigates Oxidative Stress Injury and Improves
Protein Synthesis in Mouse Skeletal Muscle by Regulating the SIRT1/Nrf2/HO-1 Axis and AMPK/TSC2/mTOR/4EBP1 Pathway.
J. Food Sci. 2025, 90, e70286. [CrossRef]

185. Foisy-Sauvé, M.; Ahmarani, L.; Delvin, E.; Sané, A.T.; Spahis, S.; Levy, E. Glycomacropeptide Prevents Iron/Ascorbate-Induced
Oxidative Stress, Inflammation and Insulin Sensitivity with an Impact on Lipoprotein Production in Intestinal Caco-2/15 Cells.
Nutrients 2020, 12, 1175. [CrossRef]

186. Daddaoua, A.; Puerta, V.; Zarzuelo, A.; Suarez, M.D.; Sanchez de Medina, F.; Martinez-Augustin, O. Bovine glycomacropeptide is
anti-inflammatory in rats with hapten-induced colitis. J. Nutr. 2005, 135, 1164–1170. [CrossRef]

187. Requena, P.; Daddaoua, A.; Martínez-Plata, E.; González, M.; Zarzuelo, A.; Suárez, M.D.; Sánchez de Medina, F.; Martínez-
Augustin, O. Bovine glycomacropeptide ameliorates experimental rat ileitis by mechanisms involving downregulation of
interleukin 17. Br. J. Pharmacol. 2008, 154, 825–832. [CrossRef]

188. Mikkelsen, T.L.; Bakman, S.; Sørensen, E.S.; Barkholt, V.; Frøkiær, H.; Chemistry, F. Sialic acid-containing milk proteins show
differential immunomodulatory activities independent of sialic acid. J. Agric. Food Chem. 2005, 53, 7673–7680. [CrossRef]

189. Li, E.W.; Mine, Y.J.; Chemistry, F. Immunoenhancing effects of bovine glycomacropeptide and its derivatives on the proliferative
response and phagocytic activities of human macrophagelike cells, U937. J. Agric. Food Chem. 2004, 52, 2704–2708. [CrossRef]

190. Otani, H.; Horimoto, Y.; Monnai, M.J.B. Suppression of interleukin-2 receptor expression on mouse CD4+ T cells by bovine
κ-caseinoglycopeptide. Biosci. Biotechnol. Biochem. 1996, 60, 1017–1019. [CrossRef]

191. Yuan, Q.; Zhan, B.; Chang, R.; Du, M.; Mao, X. Antidiabetic Effect of Casein Glycomacropeptide Hydrolysates on High-Fat Diet
and STZ-Induced Diabetic Mice via Regulating Insulin Signaling in Skeletal Muscle and Modulating Gut Microbiota. Nutrients
2020, 12, 220. [CrossRef]

192. Hoefle, A.S.; Bangert, A.M.; Rist, M.J.; Gedrich, K.; Lee, Y.M.; Skurk, T.; Danier, J.; Schwarzenbolz, U.; Daniel, H. Postprandial
metabolic responses to ingestion of bovine glycomacropeptide compared to a whey protein isolate in prediabetic volunteers. Eur.
J. Nutr. 2018, 58, 2067–2077. [CrossRef]

193. Zhang, Y.P.; Gaffar, A. Fluoride Free Dental Remineralization. U.S. Patent US6207138B1, 27 March 2001.
194. Kelleher, S.L.; Chatterton, D.; Nielsen, K.; Lönnerdal, B. Glycomacropeptide and alpha-lactalbumin supplementation of infant

formula affects growth and nutritional status in infant rhesus monkeys. Am. J. Clin. Nutr. 2003, 77, 1261–1268. [CrossRef]
195. Wessels, I.; Maywald, M.; Rink, L. Zinc as a Gatekeeper of Immune Function. Nutrients 2017, 9, 1286. [CrossRef]
196. Solverson, P.; Murali, S.G.; Litscher, S.J.; Blank, R.D.; Ney, D.M. Low bone strength is a manifestation of phenylketonuria in mice

and is attenuated by a glycomacropeptide diet. PLoS ONE 2012, 7, e45165. [CrossRef]
197. Burns, P.; Binetti, A.; Torti, P.; Kulozik, U.; Forzani, L.; Renzulli, E.; Vinderola, G.; Reinheimer, J. Administration of

caseinomacropeptide-enriched extract to mice enhances the calcium content of femur in a low-calcium diet. Int. Dairy J.
2015, 44, 15–20. [CrossRef]

198. Hayashida, K.; Kaneko, T.; Takeuchi, T.; Shimizu, H.; Ando, K.; Harada, E. Oral administration of lactoferrin inhibits inflammation
and nociception in rat adjuvant-induced arthritis. J. Vet. Med. Sci. 2004, 66, 149–154. [CrossRef]

199. Guillen, C.; McInnes, I.B.; Vaughan, D.; Speekenbrink, A.B.; Brock, J.H. The effects of local administration of lactoferrin on
inflammation in murine autoimmune and infectious arthritis. Arthritis Rheum. 2000, 43, 2073–2080. [CrossRef]

200. Dyachenko, E.I.; Bel’skaya, L.V. The Role of Amino Acids in Non-Enzymatic Antioxidant Mechanisms in Cancer: A Review.
Metabolites 2024, 14, 28. [CrossRef]

201. Qiu, Y.; Yang, X.; Wang, L.; Gao, K.; Jiang, Z. L-Arginine Inhibited Inflammatory Response and Oxidative Stress Induced by
Lipopolysaccharide via Arginase-1 Signaling in IPEC-J2 Cells. Int. J. Mol. Sci. 2019, 20, 1800. [CrossRef]

202. Dimeji, I.Y.; Abass, K.S.; Audu, N.M.; Ayodeji, A.S. L-Arginine and immune modulation: A pharmacological perspective on
inflammation and autoimmune disorders. Eur. J. Pharmacol. 2025, 997, 177615. [CrossRef]

203. Azzarà, A.; Carulli, G.; Sbrana, S.; Rizzuti-Gullaci, A.; Minnucci, S.; Natale, M.; Ambrogi, F. Effects of lysine-arginine association
on immune functions in patients with recurrent infections. Drugs Exp. Clin. Res. 1995, 21, 71–78.

204. Elattar, G.; Saleh, Z.; El-Shebini, S.; Farrag, A.; Zoheiry, M.; Hassanein, A.; El-Ghannam, M.; Shendy, S.; El-Dabaa, E.; Zahran,
N. The use of whey protein concentrate in management of chronic hepatitis C virus-a pilot study. Arch. Med. Sci. AMS 2010, 6,
748–755. [CrossRef] [PubMed]

205. Tanaka, K.; Ikeda, M.; Nozaki, A.; Kato, N.; Tsuda, H.; Saito, S.; Sekihara, H. Lactoferrin inhibits hepatitis C virus viremia in
patients with chronic hepatitis C: A pilot study. Cancer Sci. 1999, 90, 367–371. [CrossRef] [PubMed]

206. Neurath, A.R.; Debnath, A.K.; Strick, N.; Li, Y.Y.; Lin, K.; Jiang, S. Blocking of CD4 cell receptors for the human immunodeficiency
virus type 1 (HIV-1) by chemically modified bovine milk proteins: Potential for AIDS prophylaxis. J. Mol. Recognit. 1995, 8,
304–316. [CrossRef]

207. Berkhout, B.; Derksen, G.C.; Back, N.K.; Klaver, B.; de Kruif, C.G.; Visser, S. Structural and functional analysis of negatively
charged milk proteins with anti-HIV activity. AIDS Res. Hum. Retroviruses 1997, 13, 1101–1107. [CrossRef]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1111/1750-3841.70286
https://doi.org/10.3390/nu12041175
https://doi.org/10.1093/jn/135.5.1164
https://doi.org/10.1038/bjp.2008.138
https://doi.org/10.1021/jf050398o
https://doi.org/10.1021/jf0355102
https://doi.org/10.1271/bbb.60.1017
https://doi.org/10.3390/nu12010220
https://doi.org/10.1007/s00394-018-1763-5
https://doi.org/10.1093/ajcn/77.5.1261
https://doi.org/10.3390/nu9121286
https://doi.org/10.1371/journal.pone.0045165
https://doi.org/10.1016/j.idairyj.2014.12.005
https://doi.org/10.1292/jvms.66.149
https://doi.org/10.1002/1529-0131(200009)43:9%3C2073::AID-ANR19%3E3.0.CO;2-U
https://doi.org/10.3390/metabo14010028
https://doi.org/10.3390/ijms20071800
https://doi.org/10.1016/j.ejphar.2025.177615
https://doi.org/10.5114/aoms.2010.17091
https://www.ncbi.nlm.nih.gov/pubmed/22419935
https://doi.org/10.1111/j.1349-7006.1999.tb00756.x
https://www.ncbi.nlm.nih.gov/pubmed/10363572
https://doi.org/10.1002/jmr.300080504
https://doi.org/10.1089/aid.1997.13.1101
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 36 of 39

208. Micke, P.; Beeh, K.M.; Schlaak, J.F.; Buhl, R. Oral supplementation with whey proteins increases plasma glutathione levels of
HIV-infected patients. Eur. J. Clin. Investig. 2001, 31, 171–178. [CrossRef]

209. Shin, K.; Wakabayashi, H.; Yamauchi, K.; Teraguchi, S.; Tamura, Y.; Kurokawa, M.; Shiraki, K. Effects of orally administered
bovine lactoferrin and lactoperoxidase on influenza virus infection in mice. J. Med. Microbiol. 2005, 54, 717–723. [CrossRef]

210. Sitohy, M.; Scanu, M.; Besse, B.; Mollat, C.; Billaudel, S.; Haertlé, T.; Chobert, J.M. Influenza virus A subtype H1N1 is inhibited by
methylated β-lactoglobulin. J. Dairy Res. 2010, 77, 411–418. [CrossRef]

211. Ammendolia, M.G.; Agamennone, M.; Pietrantoni, A.; Lannutti, F.; Siciliano, R.A.; DeGiulio, B.; Amici, C.; Superti, F. Bovine
lactoferrin-derived peptides as novel broad-spectrum inhibitors of influenza virus. Pathog. Glob. Health 2012, 106, 12–19.
[CrossRef]

212. Pietrantoni, A.; Ammendolia, M.G.; Superti, F. Bovine lactoferrin: Involvement of metal saturation and carbohydrates in the
inhibition of influenza virus infection. Biochem Cell Biol. 2012, 90, 442–448. [CrossRef]

213. Welliver, R.; Hintz, K.; Shalwitz, R. Lactoferrin Reverses Respiratory Abnormalities in Respiratory Syncytial Virus (RSV) Infection
of Mice. Pediatr. Res. 1999, 45, 178. [CrossRef]

214. Pietrantoni, A.; Di Biase, A.M.; Tinari, A.; Marchetti, M.; Valenti, P.; Seganti, L.; Superti, F. Bovine lactoferrin inhibits adenovirus
infection by interacting with viral structural polypeptides. Antimicrob. Agents Chemother. 2003, 47, 2688–2691. [CrossRef]

215. Arnold, D.; Di Biase, A.M.; Marchetti, M.; Pietrantoni, A.; Valenti, P.; Seganti, L.; Superti, F. Antiadenovirus activity of milk
proteins: Lactoferrin prevents viral infection. Antivir. Res. 2002, 53, 153–158. [CrossRef]

216. Chobert, J.M.; Sitohy, M.; Billaudel, S.; Dalgalarrondo, M.; Haertlé, T. Anticytomegaloviral activity of esterified milk proteins and
L-polylysines. J. Mol. Microbiol. Biotechnol. 2007, 13, 255–258. [CrossRef]

217. van der Strate, B.W.; De Boer, F.M.; Bakker, H.I.; Meijer, D.K.; Molema, G.; Harmsen, M.C. Synergy of bovine lactoferrin with the
anti-cytomegalovirus drug cidofovir in vitro. Antivir. Res. 2003, 58, 159–165. [CrossRef] [PubMed]

218. Andersen, J.H.; Jenssen, H.; Gutteberg, T.J. Lactoferrin and lactoferricin inhibit Herpes simplex 1 and 2 infection and exhibit
synergy when combined with acyclovir. Antivir. Res. 2003, 58, 209–215. [CrossRef]

219. Jenssen, H. Anti herpes simplex virus activity of lactoferrin/lactoferricin—An example of antiviral activity of antimicrobial
protein/peptide. Cell. Mol. Life Sci. 2005, 62, 3002–3013. [CrossRef]

220. Lu, L.; Yang, X.; Li, Y.; Jiang, S. Chemically modified bovine beta-lactoglobulin inhibits human papillomavirus infection. Microbes
Infect. 2013, 15, 506–510. [CrossRef] [PubMed]

221. Hua, C.; Zhu, Y.; Wu, C.; Si, L.; Wang, Q.; Sui, L.; Jiang, S. The Underlying Mechanism of 3-Hydroxyphthalic Anhydride-Modified
Bovine Beta-Lactoglobulin to Block Human Papillomavirus Entry Into the Host Cell. Front. Microbiol. 2019, 10, 2188. [CrossRef]
[PubMed]

222. Chen, H.L.; Wang, L.C.; Chang, C.H.; Yen, C.C.; Cheng, W.T.; Wu, S.C.; Hung, C.M.; Kuo, M.F.; Chen, C.M. Recombinant porcine
lactoferrin expressed in the milk of transgenic mice protectsneonatal mice from a lethal challenge with enterovirus type 71.
Vaccine 2008, 26, 891–898. [CrossRef]

223. Wróbel, M.; Małaczewska, J.; Kaczorek-Łukowska, E. Antiviral Effect of Bovine Lactoferrin against Enterovirus E. Molecules 2022,
27, 5569. [CrossRef]

224. Murphy, M.E.; Kariwa, H.; Mizutani, T.; Yoshimatsu, K.; Arikawa, J.; Takashima, I. In vitro antiviral activity of lactoferrin and
ribavirin upon hantavirus. Arch. Virol. 2000, 145, 1571–1582. [CrossRef]

225. Murphy, M.E.; Kariwa, H.; Mizutani, T.; Tanabe, H.; Yoshimatsu, K.; Arikawa, J.; Takashima, I. Characterization of in vitro and
in vivo antiviral activity of lactoferrin and ribavirin upon hantavirus. J. Vet. Med. Sci. 2001, 63, 637–645. [CrossRef]

226. Kuwata, H.; Yip, T.T.; Tomita, M.; Hutchens, T.W. Direct evidence of the generation in human stomach of an antimicrobial peptide
domain (lactoferricin) from ingested lactoferrin. Biochim. Biophys. Acta 1998, 1429, 129–141. [CrossRef]

227. Sinha, M.; Kaushik, S.; Kaur, P.; Sharma, S.; Singh, T.P. Antimicrobial lactoferrin peptides: The hidden players in the protective
function of a multifunctional protein. Int. J. Pept. 2013, 2013, 390230. [CrossRef]

228. Gruden, Š.; Poklar Ulrih, N. Diverse Mechanisms of Antimicrobial Activities of Lactoferrins, Lactoferricins, and Other Lactoferrin-
Derived Peptides. Int. J. Mol. Sci. 2021, 22, 11264. [CrossRef]

229. van der Kraan, M.I.A.; van Marle, J.; Nazmi, K.; Groenink, J.; van’t Hof, W.; Veerman, E.C.; Bolscher, J.G.; Amerongen, A.V.N.
Ultrastructural effects of antimicrobial peptides from bovine lactoferrin on the membranes of Candida albicans and Escherichia
coli. Peptides 2005, 26, 1537–1542. [CrossRef] [PubMed]

230. Haney, E.F.; Lau, F.; Vogel, H.J. Solution structures and model membrane interactions of lactoferrampin, an antimicrobial peptide
derived from bovine lactoferrin. Biochim. Biophys. Acta 2007, 1768, 2355–2364. [CrossRef] [PubMed]

231. Pellegrini, A.; Thomas, U.; Bramaz, N.; Hunziker, P.; von Fellenberg, R. Isolation and identification of three bactericidal domains
in the bovine α-lactalbumin molecule. Biochim. Biophys. Acta 1999, 1426, 439–448. [CrossRef]

232. Pellegrini, A.; Dettling, C.; Thomas, U.; Hunziker, P. Isolation and characterization of four bactericidal domains in the bovine
β-lactoglobulin. Biochim. Biophys. Acta 2001, 1526, 131–140. [CrossRef] [PubMed]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1046/j.1365-2362.2001.00781.x
https://doi.org/10.1099/jmm.0.46018-0
https://doi.org/10.1017/S0022029910000592
https://doi.org/10.1179/2047773212Y.0000000004
https://doi.org/10.1139/o11-072
https://doi.org/10.1203/00006450-199904020-01056
https://doi.org/10.1128/AAC.47.8.2688-2691.2003
https://doi.org/10.1016/S0166-3542(01)00197-8
https://doi.org/10.1159/000104755
https://doi.org/10.1016/S0166-3542(02)00211-5
https://www.ncbi.nlm.nih.gov/pubmed/12742576
https://doi.org/10.1016/S0166-3542(02)00214-0
https://doi.org/10.1007/s00018-005-5228-7
https://doi.org/10.1016/j.micinf.2013.03.003
https://www.ncbi.nlm.nih.gov/pubmed/23518265
https://doi.org/10.3389/fmicb.2019.02188
https://www.ncbi.nlm.nih.gov/pubmed/31611852
https://doi.org/10.1016/j.vaccine.2007.12.013
https://doi.org/10.3390/molecules27175569
https://doi.org/10.1007/s007050070077
https://doi.org/10.1292/jvms.63.637
https://doi.org/10.1016/S0167-4838(98)00224-6
https://doi.org/10.1155/2013/390230
https://doi.org/10.3390/ijms222011264
https://doi.org/10.1016/j.peptides.2005.02.011
https://www.ncbi.nlm.nih.gov/pubmed/16112390
https://doi.org/10.1016/j.bbamem.2007.04.018
https://www.ncbi.nlm.nih.gov/pubmed/17560539
https://doi.org/10.1016/S0304-4165(98)00165-2
https://doi.org/10.1016/S0304-4165(01)00116-7
https://www.ncbi.nlm.nih.gov/pubmed/11325534
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 37 of 39

233. Bellamy, W.; Takase, M.; Yamauchi, K.; Wakabayashi, H.; Kawase, K.; Tomita, M. Identification of the bactericidal domain of
lactoferrin. Biochim. Biophys. Acta 1992, 1121, 130–136. [CrossRef]

234. Tsutsumi, A.; Javkhlantugs, N.; Kira, A.; Umeyama, M.; Kawamura, I.; Nishimura, K.; Ueda, K.; Naito, A. Structure and
orientation of bovine lactoferrampin in the mimetic bacterial membrane as revealed by solid-state NMR and molecular dynamics
simulation. Biophys. J. 2012, 103, 1735–1743. [CrossRef]

235. Yamauchi, K.; Tomita, M.; Giehl, T.J.; Ellison, R.T. Antibacterial activity of lactoferrin and a pepsin-derived lactoferrin peptide
fragment. Infect. Immun. 1993, 61, 719–728. [CrossRef]

236. Farnaud, S.; Spiller, C.; Moriarty, L.C.; Patel, A.; Gant, V.; Odell, E.W.; Evans, R.W. Interactions of lactoferricin-derived peptides
with LPS and antimicrobial activity. FEMS Microbiol. Lett. 2004, 233, 193–199. [CrossRef] [PubMed]

237. Aguilera, O.; Ostolaza, H.; Quirós, L.M.; Fierro, J.F. Permeabilizing action of an antimicrobial lactoferricin-derived peptide on
bacterial and artificial membranes. FEBS Lett. 1999, 462, 273–277. [CrossRef]

238. Ulvatne, H.; Samuelsen, Ø.; Haukland, H.H.; Krämer, M.; Vorland, L.H. Lactoferricin B inhibits bacterial macromolecular
synthesis in Escherichia coli and Bacillus subtilis. FEMS Microbiol. Lett. 2004, 237, 377–384. [CrossRef] [PubMed]

239. Andersen, J.H.; Osbakk, S.A.; Vorland, L.H.; Traavik, T.; Gutteberg, T.J. Lactoferrin and cyclic lactoferricin inhibit the entry of
human cytomegalovirus into human fibroblasts. Antivir. Res. 2001, 51, 141–149. [CrossRef]

240. Superti, F.; Agamennone, M.; Pietrantoni, A.; Ammendolia, M.G. Bovine Lactoferrin Prevents Influenza A Virus Infection by
Interfering with the Fusogenic Function of Viral Hemagglutinin. Viruses 2019, 11, 51. [CrossRef]

241. Appelmelk, B.J.; An, Y.Q.; Geerts, M.; Thijs, B.G.; de Boer, H.A.; MacLaren, D.M.; de Graaff, J.; Nuijens, J.H. Lactoferrin is a lipid
A-binding protein. Infect. Immun. 1994, 62, 2628–2632. [CrossRef] [PubMed]

242. Mattsby-Baltzer, I.; Roseanu, A.; Motas, C.; Elverfors, J.; Engberg, I.; Hanson, L.Å. Lactoferrin or a fragment thereof inhibits the
endotoxin-induced interleukin-6 response in human monocytic cells. Pediatr. Res. 1996, 40, 257–262. [CrossRef] [PubMed]

243. Zhang, G.H.; Mann, D.M.; Tsai, C.M. Neutralization of endotoxin in vitro and in vivo by a human lactoferrin-derived peptide.
Infect. Immun. 1999, 67, 1353–1358. [CrossRef]

244. Japelj, B.; Pristovšek, P.; Majerle, A.; Jerala, R. Structural origin of endotoxin neutralization and antimicrobial activity of a
lactoferrin-based peptide. J. Biol. Chem. 2005, 280, 16955–16961. [CrossRef] [PubMed]

245. Omata, Y.; Satake, M.; Maeda, R.; Saito, A.; Shimazaki, K.; Uzuka, Y.; Tanabe, S.; Sarashina, T.; Mikami, T.; Yamauchi, K. Reduction
of the infectivity of Toxoplasma gondii and Eimeria stiedai sporozoites by treatment with bovine lactoferricin. J. Vet. Med. Sci.
2001, 63, 187–190. [CrossRef]

246. Li, X.; Zhang, X.; Zhang, M.; Liu, X.; Gao, Z.; Zhao, J.; Qiao, W.; Chen, L. Human milk whey proteins: Constituents, influencing
factors, detection methods, and comparative analysis with other sources. Food Chem. X 2024, 25, 102082. [CrossRef] [PubMed]

247. Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. N. Am. 2013, 60, 49–74.
[CrossRef]

248. Boirie, Y.; Dangin, M.; Gachon, P.; Vasson, M.P.; Maubois, J.L.; Beaufrère, B. Slow and fast dietary proteins differently modulate
postprandial protein accretion. Proc. Natl. Acad. Sci. USA 1997, 94, 14930–14935. [CrossRef]

249. Hoffman, J.R.; Falvo, M.J. Protein-Which is Best? J. Sports Sci. Med. 2004, 3, 118–130.
250. Devries, M.C.; Phillips, S.M. Supplemental protein in support of muscle mass and health: Advantage whey. J. Food Sci. 2015, 80,

A8–A15. [CrossRef]
251. Rackerby, B.; Le, H.N.M.; Haymowicz, A.; Dallas, D.C.; Park, S.H. Potential Prebiotic Properties of Whey Protein and Glyco-

macropeptide in Gut Microbiome. Food Sci. Anim. Resour. 2024, 44, 299–308. [CrossRef]
252. Kubo, S.; Miyakawa, M.; Tada, A.; Oda, H.; Motobayashi, H.; Iwabuchi, S.; Tamura, S.; Tanaka, M.; Hashimoto, S. Lactoferrin

and its digestive peptides induce interferon-α production and activate plasmacytoid dendritic cells ex vivo. Biometals 2023, 36,
563–573. [CrossRef]

253. Palacios-Rosas, E.; Palacios, A.; Cuautle, M.; Abdulaziz-Almughanam, T.; Pérez-Urquieta, Z.P.; López-López, E.A.; García-
Montejano, A.S. COVID-19 and Lactoferrin: A Systematic Review and Meta-Analysis. COVID 2025, 5, 176. [CrossRef]

254. Einerhand, A.W.C.; van Loo-Bouwman, C.A.; Weiss, G.A.; Wang, C.; Ba, G.; Fan, Q.; He, B.; Smit, G. Can Lactoferrin, a Natural
Mammalian Milk Protein, Assist in the Battle against COVID-19? Nutrients 2022, 14, 5274. [CrossRef]

255. Calder, P.C. Omega-3 fatty acids and inflammatory processes: From molecules to man. Biochem Soc. Trans. 2017, 45, 1105–1115.
[CrossRef]

256. Lesgards, J.F.; Lehucher-Michel, M.P.; Vidal, N.; Prost, M.; Stocker, P. Assessment of antioxidative activity of lipid- and water-
soluble vitamins in human whole blood. Comparative analysis between a biological test and chemical methods. Int. J. Vitam.
Nutr. Res. 2005, 75, 11–18. [CrossRef]

257. Lesgards, J.F.; Durand, P.; Lassarre, M.; Stocker, P.; Lesgards, G.; Lanteaume, A.; Prost, M.; Lehucher-Michel, M.P. Assessment of
lifestyle effects on the overall antioxidant capacity of healthy subjects. Environ. Health Perspect. 2002, 110, 479–486. [CrossRef]

258. Dinkova-Kostova, A.T.; Talalay, P. Direct and indirect antioxidant properties of inducers of cytoprotective proteins. Mol. Nutr.
Food Res. 2008, 52, S128–S138. [CrossRef]

https://doi.org/10.3390/nu18111770

https://doi.org/10.1016/0167-4838(92)90346-F
https://doi.org/10.1016/j.bpj.2012.09.010
https://doi.org/10.1128/iai.61.2.719-728.1993
https://doi.org/10.1111/j.1574-6968.2004.tb09482.x
https://www.ncbi.nlm.nih.gov/pubmed/15063486
https://doi.org/10.1016/S0014-5793(99)01545-8
https://doi.org/10.1111/j.1574-6968.2004.tb09720.x
https://www.ncbi.nlm.nih.gov/pubmed/15321686
https://doi.org/10.1016/S0166-3542(01)00146-2
https://doi.org/10.3390/v11010051
https://doi.org/10.1128/iai.62.6.2628-2632.1994
https://www.ncbi.nlm.nih.gov/pubmed/8188389
https://doi.org/10.1203/00006450-199608000-00011
https://www.ncbi.nlm.nih.gov/pubmed/8827774
https://doi.org/10.1128/IAI.67.3.1353-1358.1999
https://doi.org/10.1074/jbc.M500266200
https://www.ncbi.nlm.nih.gov/pubmed/15687491
https://doi.org/10.1292/jvms.63.187
https://doi.org/10.1016/j.fochx.2024.102082
https://www.ncbi.nlm.nih.gov/pubmed/39807410
https://doi.org/10.1016/j.pcl.2012.10.002
https://doi.org/10.1073/pnas.94.26.14930
https://doi.org/10.1111/1750-3841.12802
https://doi.org/10.5851/kosfa.2024.e12
https://doi.org/10.1007/s10534-022-00436-y
https://doi.org/10.3390/covid5100176
https://doi.org/10.3390/nu14245274
https://doi.org/10.1042/BST20160474
https://doi.org/10.1024/0300-9831.75.1.11
https://doi.org/10.1289/ehp.02110479
https://doi.org/10.1002/mnfr.200700195
https://doi.org/10.3390/nu18111770


Nutrients 2026, 18, 1770 38 of 39

259. Lacout, A.; Azalbert, X.; Reverbel, C.; Lesgards, J.F.; Cerdan, D.; Lounnas, V.; Guillaume, G.; Zizi, M.; Perronne, C. Comment on:
Antiviral effect of Evusheld in COVID-19 hospitalized patients infected with pre-Omicron or Omicron variants: A modelling
analysis of the randomized DisCoVeRy trial. J. Antimicrob. Chemother. 2025, 80, 891–892. [CrossRef]

260. Fekete, Á.A.; Givens, D.I.; Lovegrove, J.A. Can milk proteins be a useful tool in the management of cardiometabolic health? An
updated review of human intervention trials. Proc. Nutr. Soc. 2016, 75, 328–341. [CrossRef]

261. Pal, S.; Ellis, V. The chronic effects of whey proteins on blood pressure, vascular function, and inflammatory markers in overweight
individuals. Obesity 2010, 18, 1354–1359. [CrossRef]

262. Yudoh, K.; Nguyen, T.; Nakamura, H.; Hongo-Masuko, K.; Kato, T.; Nishioka, K. Potential involvement of oxidative stress
in cartilage senescence and development of osteoarthritis: Oxidative stress induces chondrocyte telomere instability and
downregulation of chondrocyte function. Arthritis Res. Ther. 2005, 7, R380–R391. [CrossRef]

263. Katayama, K.; Matsuno, T.; Waritani, T.; Terato, K.; Shionoya, H. Supplemental treatment of rheumatoid arthritis with natural
milk antibodies against enteromicrobes and their toxins: Results of an open-labelled pilot study. Nutr. J. 2011, 10, 2. [CrossRef]

264. Draganidis, D.; Karagounis, L.G.; Athanailidis, I.; Chatzinikolaou, A.; Jamurtas, A.Z.; Fatouros, I.G. Inflammaging and Skeletal
Muscle: Can Protein Intake Make a Difference? J. Nutr. 2016, 146, 1940–1952. [CrossRef]

265. Mikkelsen, U.R.; Dideriksen, K.; Andersen, M.B.; Boesen, A.; Malmgaard-Clausen, N.M.; Sørensen, I.J.; Schjerling, P.; Kjær, M.;
Holm, L. Preserved skeletal muscle protein anabolic response to acute exercise and protein intake in well-treated rheumatoid
arthritis patients. Arthritis Res. Ther. 2015, 17, 271. [CrossRef]

266. Bordoni, A.; Danesi, F.; Dardevet, D.; Dupont, D.; Fernandez, A.S.; Gille, D.; Nunes Dos Santos, C.; Pinto, P.; Re, R.; Rémond, D.;
et al. Dairy products and inflammation: A review of the clinical evidence. Crit. Rev. Food Sci. Nutr. 2017, 57, 2497–2525. [CrossRef]

267. Ulven, S.M.; Holven, K.B.; Gil, A.; Rangel-Huerta, O.D. Milk and Dairy Product Consumption and Inflammatory Biomarkers: An
Updated Systematic Review of Randomized Clinical Trials. Adv. Nutr. 2019, 10, S239–S250. [CrossRef]

268. Nieman, K.; Anderson, B.; Cifelli, C. The effects of dairy product and dairy protein intake on inflammation: A systematic review
of the literature. J. Am. Coll. Nutr. 2020, 40, 571–582. [CrossRef]

269. Mohanty, D.P.; Mohapatra, S.; Misra, S.; Sahu, P.S. Milk derived bioactive peptides and their impact on human health—A review.
Saudi J. Biol. Sci. 2016, 23, 577–583. [CrossRef]

270. He, Y.; Lawlor, N.T.; Newburg, D.S. Human Milk Components Modulate Toll-Like Receptor-Mediated Inflammation. Adv. Nutr.
2016, 7, 102–111. [CrossRef]

271. Galland, F.; de Espindola, J.S.; Sacilotto, E.S.; Almeida, L.G.V.C.; Morari, J.; Velloso, L.A.; Dos Santos, L.D.; Rossini, B.C.;
Bertoldo Pacheco, M.T. Digestion of whey peptide induces antioxidant and anti-inflammatory bioactivity on glial cells: Sequences
identification and structural activity analysis. Food Res. Int. 2024, 188, 114433. [CrossRef]

272. McIntosh, G.H.; Regester, G.O.; Le Leu, R.K.; Royle, P.J.; Smithers, G.W. Dietary proteins protect against dimethylhydrazine-
induced intestinal cancers in rats. J. Nutr. 1995, 125, 809–816. [CrossRef]

273. Hakkak, R.; Korourian, S.; Ronis, M.J.; Johnston, J.M.; Badger, T.M. Dietary whey protein protects against azoxymethane-induced
colon tumors in male rats. Cancer Epidemiol. Biomark. Prev. 2001, 10, 555–558.
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