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Abstract: Cow’s Milk (CM) is a healthy food consumed worldwide by individuals of all ages. 
Unfortunately, 'lactase deficient' individuals cannot digest milk's carbohydrate lactose depriving 
themselves of highly beneficial milk proteins like casein, lactoalbumin and lactoglobulin, due to 
lactose intolerance (LI), while other individuals develop cow milk allergy specifically against these 
proteins (CMPA). The management of these conditions is distinctly different and an inappropriate 
diagnosis or treatment may have significant implications for the patients, especially if they are 
infants or very young children, resulting in unnecessary dietary restriction or avoidable adverse 
reactions. Omics technologies play a pivotal role in elucidating the intricate interactions between 
nutrients and the human body, spanning from genetic factors to the microbiota profile and 
metabolites. This comprehensive approach enables the precise delineation and identification of 
distinct cohorts of individuals with specific dietary requirements, so that tailored nutrition 
strategies can be developed. This is what is called personalized nutrition or precision nutrition (PN), 
the area of nutrition that focuses on the effects of the nutrients over the genome, proteome and 
metabolome, promoting well-being and health, preventing diseases, reducing chronic disease 
incidence, and so increasing life expectancy. Here, we report the scientific community opinion 
proposing to replace the approach “one size fits all” with tailor-made nutrition programs, designed 
by integrating nutrigenomic data together with clinical parameters and microbiota profiles, taking 
into account the individual lactose tolerance threshold and needs in terms of specific nutrients 
intake. This customized approach could help LI patients to improve their quality of life, overcoming 
depression or anxiety, often resulting from the individual perception of this condition as different 
from a normal state. 

Keywords: cow’s milk; lactose intolerance; microbiota; food allergy; inflammation; omics 

 

1. What is Cow’s Milk made of?  

Cow’s milk (CM) is frequently our first food although, in adulthood and old age, milk and its 
numerous derivatives are still used. However, milk is constantly being debated in the scientific field 
if it's a healthy or avoidable food more than others and its consumption is often a subject of 
controversy.  
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It is true that humans are the only adult mammals who consume milk even after weaning, but 
it’s undeniable that it is a complete food from a nutritional perspective as in regard to its high amount 
of macronutrients, such as proteins, lipids and carbohydrates, and micronutrients like vitamins and 
minerals [1]. An extensive network of production and distribution ensures that milk is available to 
the consumer in all forms, both fresh or long-life, depending on the method of processing. According 
to the “Codex Alimentarius Commission” instituted by the Food and Agriculture Organization of the 
United Nations (FAO) and the World Health Organization (WHO), “Milk is the normal mammary 

secretion of milking animals obtained from one or more milkings without either addition to it or extraction from 

it intended for consumption as liquid milk or for further processing”. (www.fao.org).  
However, there are different types of drinking milk commercially available that meet the needs 

of all consumers. There are, in fact, several types of milk modified in composition by the addition 
and/or withdrawal of some milk constituents such as, low-calorie milk, low-protein infant formula 
and obesity risk milk, completely skimmed milk or Omega 3 fatty acids, calcium and proteins 
supplemented milk. Therefore, milk products come from any milk processing and may contain food 
additives and other functional ingredients necessary for the process. The aims of these adjustments, 
in terms of addition or withdrawal, are to protect the consumer and ensure the correct use of milk 
and milk products at all ages. For example, it has been reported that protein intake during the first 6 
months of life is higher in formula-fed infants (about 70%) when compared to breastfed infants [2].  

It is thought that the lower protein concentration of breast milk can positively influence infants’ 
growth, possibly preventing childhood obesity and adulthood obesity related disorders. Currently, 
research is focused on understanding the underlying mechanisms of early protein intake on later 
health and the most appropriate infant formula, with an improved protein quality together with a 
reduced protein content for an optimal growth, although breast milk remains the gold standard of 
infant nutrition, providing a unique combination of nutrients and beyond. Not surprisingly CM is 
considered the perfect food, not only for its nutritional value, but also for its hydration properties, its 
contribution in maintaining the stability of the intestinal microbiota and priming the immune system 
in infants [3].  

CM and its dairy products have a significant role in providing a high-nutrients intake, having a 
positive impact on human health. The human diet typically includes milk as a source of proteins and 
microelements, as calcium. The composition of bovine milk can vary significantly in relation to many 
variables as cattle breed, lactation period, parity, and the animal’s health status [4]. Several 
environmental factors, as nutrition type, can play a major role in the nutritional and organoleptic 
qualities of milk, both as a drink and as a foundation for dairy products. The chemical composition 
of milk mainly contains over 80% of water, proteins, lipids, sugar, minerals and vitamins. 

Foroutan et al. performed a complete and exhaustive analysis about the chemical composition 
of commercial cow’s milk taking into account the assessment of metabolites and macromolecules. In 
summary, the compositional analysis of milk reveals a set of key constituents, such as: carbohydrates 
as lactose, glucose, and galactose; inorganic ions (potassium and calcium); organic acids (citrate); 
amine containing compounds (creatinine, choline, and urea). Lesser quantities of vitamins, 
triglycerides (the dominant lipid components), di- and monoglycerides, fatty acids (FAs), short chain 
fatty acids (SCFAs), amino acids, and other small bioactive compounds are also evident. In addition, 
milk also contains a number of macromolecules, including DNA, RNA, and several proteins such as 
the bovine casein peptides, β-lactoglobulin and α-lactalbumin [5]. 
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Figure 1. Schematic representation showing the components of cows’ milk. Parts of the figure were 
drawn by using pictures from Server Medical Art. Servier Medical Art by Servier is licensed under a 
Creative Commons Attribution 3.0 Unported License. 

2. Cow’s Milk Proteins 

The milk proteins have a high nutritional value, being rich in essentials amino acids (leucine, 
isoleucine, valine, lysine, histidine, methionine, and phenylalanine) [1]. Milk proteins, separated 
using membrane microfiltration procedures, may be found in the soluble whey fraction (20%), and 
in the insoluble micellar caseins fraction (80%). Whey proteins, also called serum proteins, include β-
lactoglobuline (β-LG), α-lactoalbumine (α-LA), immunoglobulins (IgG1, IgG2, IgA, and IgM), serum 
albumin (BSA), and to a lesser extent, β-lactoferrin (β-LF), lactoperoxidase, lysozyme, vitamin-
binding and metal-binding proteins, and hormones. They all possess a wide variety of biological 
significant functions [6,7], acting as health promoters. In particular, β-LG functions as 
immunoglobulins carrier during colostrum formation, α-LA may act as a lactose synthase component 
also having antimicrobial and anticancer activity, β-LF is a glycoprotein with iron binding and 
delivery functions transferrin-like and, moreover, exerting antimicrobial, antiviral, 
immunomodulatory, antioxidant and antitumor activity, lysozyme has antimicrobial functions, 
immunoglobulins protect the mammary gland from infections, BSA has anticancer and 
immunomodulatory activity and, finally, lactoperoxidase has antimicrobial and antioxidant 
properties. In the soluble fraction containing whey proteins are also found lactose, salts, vitamins, 
and trace of other compounds [8,9].  

The insoluble micellar fraction of milk proteins is constituted by caseins that are present in milk 
in form of self-assembled colloidal particles of 50-600 nm in diameter, known as “casein micelles”, 
and distinguished in αs1-casein, αs2-casein, β-casein, γ-casein, and κ-casein [10]. Casein micelles are 
structurally complex and are able to carry calcium and phosphate, with κ-casein located on the 
globules surface, determining the size of the micelle, as well as preventing their aggregation.  

The micellar protein fraction has many bioactive functions and is responsible for several 
characteristics of milk, such as white color or coagulation capacity or heath resistance [11]. Moreover, 
it was reported that α-caseins, β-caseins, and β-lactoglobulin inhibit cellular senescence having a 
protective role from oxidative damage of cellular components that results from the accumulation of 
Radical Oxygen Species (ROS), namely oxidative stress, thus preventing aging-associated diseases, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 December 2023                   doi:10.20944/preprints202312.2347.v1

https://doi.org/10.20944/preprints202312.2347.v1


 4 

 

or skeletal muscle loss. In addition, the enzymatic hydrolysis of several proteins generates many 
bioactive peptides that can exert protective functions, enhancing human well-being and health [12]. 

3. Cow’s Milk Fats and Micronutrients 

CM fats are mainly constituted by Triacylglycerols (TAGs) (98%), diacylglycerols (DAGs) (2%), 
cholesterol (0.5%), phospholipids (1%), and free FAs (0.1%). The wide presence of phospholipids in 
milk provides numerous benefits on human health, owing to their structural and functional role in 
cell membrane and in cell signaling, respectively. In milk, there are more than 30 kinds of 
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, and 
sphingophospholipid. In particular, these molecules are found within two fractions of milk: in the 
trilayer membrane surrounding fat globule and in nanovesicles secreted into milk by cells of the 
mammary gland [13]. To date, special attention is given to milk derived exosomes (MDEs), 
phospholipid bilayer nanovesicles released from breast in milk. MDEs have been found as in humans, 
cows, pigs, and rats and due to their contents, seems to are involved in multiple biological processes. 
Exosome cargos contain proteins, lipids, DNA, mRNA, microRNA and long noncoding RNA 
(lncRNA) that are protected against enzymatic and non-enzymatic degradation.  Their presence 
varies at different periods of lactation such as colostrum or mature milk. MDEs have emerging role 
as messengers between cells and could play an essential role in cell-to-cell communication. Although 
little information is available about the role of lncRNA in MDE, they deserve special attention given 
their key role in gene expression and development [13]. Feng et al. reported that MDEs play an 
important role in the development and immune functions of the digestive tract thanks to their 
capacity to transfer to the cytoplasm cell targets by endocytosis. Moreover, they report the hypothesis 
of their application as nanodevices for the development of new chemotherapeutic/chemopreventive 
carriers [14]. 

Sphingophospholipid is the major fat type present in milk [15] which exerts various important 
roles for human health. In particular, high concentration of sphingomyelin present in the 
phospholipid fraction of milk is important for neuronal development and protection from bacterial 
infections of neonates. In this fraction are also represented gangliosides, another kind of sphingolipid, 
that have potential bioactivities in brain function and the immune system [16,17].  

The high complexity of fat milk derives from the wide variety of FAs bound to either the glycerol 
or sphingosine backbone. There are many variables that can be connected with FAs amount and 
composition in bovine milk, because they can be derived from either food or rumen microbiota 
activity and influenced by animal origin, stage of lactation, seasons and also mastitis. Generally, 
composition of fat fraction is: 70% of saturated (palmitic, myristic, stearic and short chain fatty acids) 
and 30% of unsaturated FAs (oleic, linoleic, a-linolenic) and a certain amount of trans-fatty acids 
(vaccenic acid).  

Carbon chains length of FAs can vary from C2 to C24 and they can be saturated (SFA), mono-
insaturated (MUFA) or poly-unsaturated (PUFA) due to the presence of single, for saturated, or at 
least one or more double bonds between the carbons for MUFA and PUFA, respectively. PUFA, like 
omega-3 FA having their last double bond at the third carbon from the omega end of the chain, and 
omega-6, having the double bond at the sixth carbon from the omega end of the chain, are considered 
“good” fats and an important part of a healthy diet because they are “essential” since humans, and 
other animals, cannot synthesize them and must introduce them with the diet. The "optimal" ratio of 
omega-6 to omega-3, as proposed by Benbrook et al., is suggested to be around 2:1 [18]. This balance 
is crucial, as an excess of omega-6 fatty acids can impede the effective utilization of omega-3s, 
consequently restricting their manifold health advantages. These benefits include mitigating the risk 
of cardiovascular disease, diabetes, and obesity. Although milk can be fortified with plant-based 
omega-3 fats, researchers are currently investigating the potential benefits of fortifying dairy cattle 
diets with omega-3s to influence the proportion of these healthy fats in milk.  

The question arises whether an increased intake of omega-3s by cows translate into a 
corresponding elevation of omega-3s in their milk. While this relationship is true in humans and most 
other mammals, the dynamics between diet and milk composition in cows are complex and require 
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further exploration [19]. As cows digest the fats in their food, the microbial activity in their rumen 
converts the double bonds of PUFA into single bonds, turning them into saturated FAs [18]. To this 
end, researchers are currently experimenting different cows feeding with different combinations and 
concentrations of various vegetable sources of omega-3 FAs and the results are promising. 

Finally, in CM are also present trace amounts of hydro-carbons, fat-soluble vitamins, flavor 
compounds, and a wide range of micronutrients, including minerals, like calcium, phosphorus, 
potassium, magnesium, iron, zinc, selenium and vitamins, such as vitamin A, E and carotenoids [20]. 
Some of them, like selenium, zinc, vitamin E, C, beta-carotene and sulphur containing amino acids 
found in micellar and soluble proteins, exert an important antioxidant activity themselves or as 
cofactors of antioxidant enzymes, like glutathione peroxidase, superoxide dismutase and catalase. 

Therefore, several milk constituents have a crucial antioxidant activity that prevents the 
oxidative stress, thus protecting the consumers by metabolic and chronic disease ROS-related such 
as diabetes, atherosclerosis and cancer.  

Furthermore, milk consumption is recommended for its high calcium content, resulting in bone 
density increase and thus preventing the onset of osteoporosis, although there is considerable debate 
concerning the effect of calcium supplementation by itself in bone mass [21]. In this regard, recent 
studies have linked calcium supplements with an increased risk of colon polyps, kidney stones and 
cardiovascular disease risk [22,23] .   

In addition, although its well documented beneficial effects on human health, some studies 
reported that milk consumption could increase the risk of several Western diseases, including 
metabolic diseases as diabetes or cancer [24–26]. Nonetheless, it is unquestionable that the chemical 
and biochemical composition suggests that CM and its derivatives are a source of important macro 
and micronutrients, suggesting that its consumption is crucial for the development during the first 
years of life and still relevant in adulthood [27].   

4. IgE-mediated immune response to cow’s milk proteins  

As a pivotal element in the human diet, CM stands as a significant factor contributing to 
numerous gastrointestinal disorders [28]. Several constituents found in CM, including lactose and 
bovine milk proteins, have been identified as potential triggers for gastrointestinal discomfort and 
disorders. Among the prevalent conditions associated with milk intake are Cow's Milk Protein 
Allergy (CMPA) and Lactose Intolerance (LI).  

CMPA is the predominant food allergy observed during infancy and early childhood, exhibiting 
an estimated prevalence among children under three years ranging from 0.5% to 3% in developed 
nations [29,30]. In general, CMPA typically manifests within the initial year of life, showing an 
average onset age of 3.9 months and exhibiting a promising prognosis, as the majority of affected 
children tend to develop tolerance by the age of four [31–33]. Nevertheless, within a subset of 
patients, CMPA persists into adolescence and adulhood, leading to severe allergic responses even 
upon exposure to minute traces of milk [34]. 
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Figure 2. Adverse effects that may occur following milk intake in some predisposed individuals Parts 
of the figure were drawn by using BioRender.com. 

CMPA represents an immunopathogenic reaction elicited by milk proteins. Following initial 
exposure to specific milk proteins, the immune system identifies them as allergens, subsequently 
prompting the manifestation of CMPA signs and symptoms. CMPA is categorized into three distinct 
types of contingent upon the nature of the immune response: i) Immunoglobulin E (IgE)-mediated, 
with IgE antibodies directed against milk proteins. ii) Non-IgE (or cell-mediated), wherein the allergic 
reaction is orchestrated by the cellular immune system, particularly T cells, and (iii) mixed-type 
reaction, characterized by the involvement of both IgE antibodies and immune cells in the allergic 
response [35]. 

CM consists of an array of over 20 protein fractions. The predominant allergens are caseins (α1-
, α2-, β, and κ-casein), constituting 20% of the total protein, and whey proteins. Many individuals 
sensitive to CM proteins exhibit reactivity to both of them. Each protein possesses the potential to act 
as an allergen, provoking both IgE- and non-IgE-mediated immune responses, consequently 
triggering a diverse array of clinical manifestations and distinctive phenotypes [36]. 

The predominant form of CMPA is the IgE-mediated variant, constituting roughly 60% of all 
allergic reactions induced by CM [37]. This allergic reaction is initiated by the generation of specific 
IgE antibodies targeting CM proteins, which subsequently bind to high-affinity IgE receptors (FεRI) 
found on basophils and mast cells. Upon contact with CM proteins, two or more specific IgE 
antibodies bind to FεRI, leading to receptor cross-linking and subsequent activation of mast cells in 
the skin, gut, respiratory, and cardiovascular systems. This activation prompts the release of 
mediators like histamine, leukotrienes, and cytokines, which orchestrate an inflammatory cascade.  

IgE-mediated responses commonly manifest immediately following CM ingestion or within a 
span of 1 to 2 hours. The mediators released initiate vasodilation, triggering acute manifestations; the 
skin may exhibit localized reactions like hives or rashes, while the gastrointestinal tract might 
manifest symptoms like nausea, vomiting, or diarrhea. Respiratory responses can include coughing, 
wheezing, or shortness of breath, while the cardiovascular system may experience changes in blood 
pressure or heart rate. 
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This reactivity, termed an allergic reaction, is an adaptive defense mechanism of the body but 
can result in discomfort or, in severe cases, life-threatening conditions such as anaphylaxis[35,38]. 
The diagnosis of IgE-mediated CMPA relies on a comprehensive assessment, combining a history of 
indicative symptoms, physical examinations, and the identification of CM sensitization through the 
detection of specific CM proteins IgE. This determination is achieved via skin prick tests to observe 
the presence of CM-specific IgE in mast cells within the skin or through serum analysis [39]. 

Differently from IgE-mediated CMPA, the non-IgE-mediated immune response impacts various 
segments of the gastrointestinal tract (GT) and is characterized by symptoms that manifest with a 
delayed onset, occurring anywhere from 2 hours to several days following CM ingestion. Clinical 
manifestations of this response include allergic proctocolitis, induced enterocolitis syndrome, and 
induced enteropathy. 

Mixed types of food allergies are characterized by the involvement of both IgE antibodies and 
various immune cells including eosinophils, T lymphocytes, and dendritic cells resulting in a diverse 
range of symptoms affecting multiple organ systems. These cells further exacerbate the immune 
reaction by releasing additional inflammatory factors, amplifying the overall immune response, and 
potentially causing prolonged or more severe allergic manifestations. Particularly food allergy driven 
by Th2 responses, marked by elevated levels of IL-5, IL-13, and IL-9; this condition exhibits increased 
numbers of eosinophils, mucosal mast cells, and CD4+ T cells within the specific tissue[40]. 

This kind of reaction encompasses a cluster of conditions commonly categorized under 
eosinophilic gastrointestinal disorders (EGID), which include ailments like eosinophilic esophagitis, 
gastritis, gastroenteritis, and colitis [41]. 

The onset of all food allergies is shaped by a combination of genetic factors, environmental 
elements, and genome-environment interplays, incorporating significant epigenetic influences. 
Certain unmodifiable risk factors heighten the susceptibility to developing food allergies, including 
gender (male predominance in children), racial or ethnic background (higher prevalence observed 
among Asian and black children in comparison to white children), and familial history of atopic 
conditions [42]. Additional potential risk factors warranting examination for the reduction or 
prevention of food allergies include heightened hygiene practices, the impact of the microbiota [43], 
dietary fat, diminished consumption of antioxidants, heightened utilization of antacids (impacting 
allergen digestion), obesity (associated with an inflammatory state), and the timing of food 
introduction in the diet. Delayed oral exposure to allergens in the absence of concomitant 
environmental exposure may lead to sensitization and subsequent development of allergies. For this 
reason, a progressive introduction of foods diversity is recommended during weaning. Indeed, 
several studies have indicated that a protective element against sensitization and the consequent 
allergic response lies in the diversification of foods introduced during early childhood [44]. 

The introduction of multiple allergenic foods by the age of 6 months seems feasible, as several 
studies have indicated [45]. Children exposed to a diverse range of foods and food allergens during 
their first year of life might experience a reduced risk of developing food allergies throughout the 
initial decade of life [46].     

It’s estimated that the risk of developing a food allergy escalates to 40% in individuals with a 
single immediate family member affected by any allergic disease. In cases where two immediate 
family members are impacted by allergic conditions, this risk spikes to 80%, contrasting significantly 
with children lacking a family history of allergies [47]. As observed for all food allergies, it's widely 
acknowledged that atopic conditions, especially atopic dermatitis, constitute a significant risk factor 
for IgE-mediated CMPA [48]. 

Comorbid atopic conditions like asthma, particularly when poorly managed, correlate with 
frequent and severe reactions to milk [49]. 

5. Non-IgE-mediated immune response to milk proteins  

CMPA can manifest also through non-IgE-mediated immune responses, which are different 
from the typical IgE-mediated allergic reactions seen in immediate hypersensitivity reactions [50]. 
Non-IgE-mediated cow milk allergies often involve delayed and chronic symptoms and are less 
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common than IgE-mediated allergies and the immunological mechanisms involved are not well 
understood. In non-IgE-mediated CMPA, T cells play a significant role.  

When cow milk proteins are ingested, T cells can react against them, triggering inflammation 
and immune responses. This response is delayed and can lead to various symptoms, including 
gastrointestinal issues, such as chronic diarrhea, abdominal pain, and malabsorption of nutrients [51]. 
Limited research has demonstrated the generation of Th1 polarization cytokines (including IFN-γ, 
TNF-α, IL-1β, and IL-6) in CMPA [52]. The transition of CD4+ lymphocytes towards a Th1 response, 
triggered by IL-12, might also contribute to the pathogenesis [53]. Several studies propose that 
beyond the Th2-mediated immune responses involving the production of IL-4, IL-5, and IL-13, there 
may be additional mechanisms at play. One such mechanism involves alterations in intestinal 
motility, believed to arise from the intricate interplay between lymphocytes, mastocytes, and the 
enteric nervous system [50–52].  

Previous studies have indicated elevated IFN-γ production in duodenal biopsies among 
children afflicted with both food allergies and CMPA [54,55] and recent studies revealed heightened 
levels of IL-6 and CCR4 along with reduced levels of IL-18 and IL-2 in duodenal biopsies from 
children experiencing non-IgE-mediated CMPA [56]. 

Th17 polarization has yet to be observed in the context of food allergy. Among the central 
cytokines produced by Th17 subpopulations, IL-17 stands out. This cytokine family consists of six 
distinct subtypes, ranging from IL-17A to IL-17F. Although IL-17A and IL-17F share a significant 
portion of their amino acids, their functions diverge. While IL-17A is implicated in inflammatory 
processes such as autoimmunity, cancer immunity, and defense against bacterial and fungal 
infections, IL-17F is specifically associated with mucosal immunity and amplifying the Th2 response. 
Given these distinctions, it can be considered essential to investigate the response of IL-17F in patients 
with CMPA [57].  

In another recent study, researchers examined the differential gene expression of Th1, Th2, and 
Th17 cytokines in the duodenum and rectum of patients under 2 years old with non-IgE-mediated 
CMPA. Taken together, all these findings suggest that the immune response in these patients is 
influenced by this specific cytokine profile, with the rectum identified as the primary affected site 
[51].  

In addition, CMPA can also involve IgG-mediated immune responses, which are different from 
the classic IgE-mediated allergies and non-IgE-mediated immune responses. Also IgG-mediated 
immune responses are generally associated with delayed or non-immediate allergic reactions, and 
their role in CMPA is a subject of ongoing research.  Recently, two research groups have 
documented the existence of specific IgG4 (sIgG4) antibodies targeting food extracts [58,59], although 
sIgG4 possess structural attributes that facilitate their anti-inflammatory activity, positioning them 
as mediators associated with the tolerance of allergens [60]. Despite these findings, the clinical 
implications remain unclear. This ambiguity is partly attributed to the insufficient understanding of 
the prevalence in the general population of sIgG4 antibodies against food proteins combined with a 
lack of a concurrent analysis of IgE antibodies, which are traditionally associated with immediate 
allergic reactions. 
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Figure 3. Model for the onset of IgE- and non-IgE-mediated cow's milk protein allergy. Parts of the 
figure were drawn by using pictures from Server Medical Art. Servier Medical Art by Servier is 
licensed under a Creative Commons Attribution 3.0 Unported License. 

6. Microbiota and Lactose Intolerance   

Nutrients introduced with food interact with the human body in the GT, by their digestion and 
absorption [61]. GT is a sort of physical barrier against many potentially harmful ingested substances 
whose integrity is crucially involved in the health and defense of the human body. Nowadays, it is 
well known that everything that in any way alters or disrupts microbiota composition, such as 
molecules from foods, chemical substances, or other types of stressors, has the potential to change its 
functionality, harming people's health [62]. However, dietary nutrients and their interactions with 
bacteria colonizing GT are responsible for health benefit for the host, named “symbiosis”, such as the 
ability to metabolize lactose and other carbohydrates in the small intestine to generate glucose as 
energy source. Otherwise, alterations in the composition and functions of gut microbiota, named 
“dysbiosis” may lead to the insurgence of chronic metabolic or immune-related disorders, and also 
to several nutrients intolerance, such as LI [63]. 

GT is inhabited by a diverse array of microorganisms, primarily bacteria, which play crucial 
roles in metabolic, immunological, and gut protective functions. The composition of these intricate 
microbial communities exhibits variation along the GT, with the colon showcasing heightened 
diversity, reaching a bacterial density of 1012-1014 colony-forming units (CFU)/mL. The intestinal 
microbiota is established at birth and undergoes dynamic changes, particularly during the initial 
years of life. In neonates, it is initially dominated by Proteobacteria, notably Escherichia, and 
Actinobacteria, including in particular Bifidobacterium. The composition of the microbiota 
undergoes continuous fluctuations and increases in diversity throughout childhood, achieving 
significant maturity by the age of two to three years. Following this phase, it tends to adopt a more 
stable composition, with Firmicutes and Bacteroidetes emerging as dominant phyla, each 
characterized by distinct functions [64].  

Despite this diversity, the human gut predominantly comprises six major phyla: Firmicutes, 
Bacteroidetes, Actinobacteria, Proteobacteria, Tenericutes and Fusobacteria [65–67]. However, these 
values exhibit variations in the infant intestine, where Actinobacteria, particularly the genus 
Bifidobacterium, typically dominate. Furthermore, the adult gut microbiota is characterized by 
greater complexity in terms of both total bacterial abundance and the encountered diversity of 
microbial taxa. A comparable pattern is noted in the gut microbiota of the elderly population, where 
microbial intestinal communities seem to display reduced diversity [67]. Nonetheless, the precise 
taxonomic makeup is contingent on various host-related factors, including genetic variation, age, 
diet, and geographic location, leading to significant variability among healthy individuals [68]. In 
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particular bacterial communities exhibit both quantitative and qualitative variations influenced by 
host-related chemical-physical factors (for example bile acids, pH, transit time and mucus), 
environmental factors (for example drugs and foods), and microbial factors (for example bacterial 
enzymes, adhesion capability and metabolic strategies) [67].  Thus, lactose assumes a pivotal role in 
the intestinal microbiota from the early years of life as a structural component of human milk 
oligosaccharides (HMO). Each HMO molecule contains a lactose core, subject to cleavage by 
Bifidobacteria, including Bifidobacterium brevis, B. infantis, B. longum, and B. lactis, facilitated by 
the enzyme β-hexosaminidase. Then, β-galactosidase comes into play, hydrolyzing lactose into 
glucose and galactose [69].    The intestinal microbiota thus holds a central position in carbohydrate 
breakdown, particularly for complex vegetable carbohydrates that evade host digestion. 
Simultaneously, it contributes significantly to the proper development of the immune system, acting 
as a defense against pathogens.  

Literature evidence supports the notion that the intestinal microbiota induces the production of 
IgA, thereby preserving the homeostasis of various populations of intestinal immune cells, including 
regulatory T cells (Tregs), a T cell subset specialized in suppressing immune response and 
maintaining self-tolerance and tissue homeostasis, helper T cells, and MAIT cells [67,70,71]. Indeed, 
the composition of nutrients intricately interacts with the immune defenses of the intestinal mucosa 
and both inflammatory and non-inflammatory cells, shaping their responses. For instance, the fibers 
and starches present in vegetables and fruits serve as substrates for the production of SCFAs by 
intestinal microbes. Among these SCFAs, butyrate, a by-product of dietary fiber digestion by the 
intestinal microbiota, but also produced by lactose fermenting colonic commensal bacteria, assumes 
a pivotal role in the immune system. It stimulates the production of Tregs in the lamina propria, 
enhancing the barrier function of gut epithelium, while inhibiting the transcription of inflammatory 
cytokines [72,73]. 

Not only is butyrate a preferred energy source for enterocytes, but it also holds significant 
importance in maintaining epithelial homeostasis. Diminished levels of butyrate and dietary fiber, in 
general, expedite catabolism at the mucosal level, leading to heightened intestinal permeability. This 
increased permeability renders the mucosa more susceptible to potential luminal pathogenic bacteria 
[74,75]. 

As reported by Zhong and colleagues, an increased amount of colonic bacteria with a higher 
lactose fermenting ability seems to be related to a reduction of LI symptoms, as diarrhea occurrence 
[76]. This finding explains why some prebiotics, such as galacto-oligosaccharides (GOS), a substrate 
selectively employed by host microorganisms to impart a health benefit, ameliorate LI symptoms, 
being fermented by specific species of commensal colonic bacteria, such as Lactobacillus and 
Bifidobacterium [77,78]. It has been reported that GOS stimulate the growth and the activity of colonic 
bacteria that metabolize lactose by increasing its fermentation into glucose, galactose and SCFAs [78]. 
This process, called “colonic adaptation”, improve lactose digestion and tolerance, leading to a 
consequent reduction of gas production in the large intestine [79].  

Differently, probiotics are live microorganisms, usually yeasts and bacteria, with the ability to 
promote a proper balance among the species colonizing our gut and ensuring health benefits, like 
improving nutrients digestion and strengthening the immune system, and for this reason today 
considered useful therapeutic nutritional tools [80]. Some of them, such as Lactobacillus acidophilus 
that we introduce by eating yogurt, own a beta-galactosidase hydrolytic activity able to relieve LI 
symptoms enhancing lactose metabolism [81] and the effectiveness is increased by the combination 
of several strains owning this hydrolytic activity [82]. It would therefore be ideal to design therapeutic 
LI strategies that make use of both probiotics and prebiotics selected to improve lactose digestion in 
order to alleviate LI symptoms [83]. 

Notably, there exists substantial variability in the severity of LI clinical manifestations both 
within and between individuals. It is crucial to recognize that these gastrointestinal symptoms may 
resemble those of CMPA, potentially leading to mislabeling as "milk allergy." However, it is 
imperative to distinguish between LI and CMPA, as they represent distinct conditions. Enhancing 
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the comprehension of these disparities is vital to prevent misunderstandings in both the diagnostic 
process and the management of these conditions [84]. 

Differently from LI, CMPA can produce different effects on the intestinal microbiota. In 
particular, many researchers have shown that individuals with CMPA may have differences in the 
composition of their intestinal microbiota compared to those without allergy. These differences can 
include alterations in the abundance of certain bacterial species or changes in overall microbial 
diversity [85]. Furthermore, several studies propose that individuals affected by CMPA may exhibit 
a lower grade diversity of gut microbiota. A decrease in microbial diversity has been linked to various 
health issues and could contribute to the onset of intestinal inflammation and allergies. Additionally, 
the gut microbiota plays a pivotal role in instructing and adjusting the immune system. Alterations 
in the microbiota composition in individuals with CMPA may impact the immune response, 
potentially leading to allergic reactions [85,86]. 

Finally, the gut microbiota is crucial for maintaining the integrity of the intestinal barrier. CMPA 
can result in intestinal inflammation, which may compromise the function of the gut barrier. A 
compromised gut barrier facilitates the easier passage of allergens, thereby intensifying the allergic 
response. Notably, certain beneficial bacteria, such as Lactobacillus and Bifidobacterium species, are 
prevalent in the faecal microbiota of healthy breastfed infants. In contrast, individuals with CMPA 
exhibit gut dysbiosis and an increased likelihood of developing other allergic conditions during later 
childhood. Although the hypothesis regarding causality requires further assessment, it is plausible 
that early gut dysbiosis disrupts regulatory mechanisms in the immune response, triggering pro-
allergic processes and elevating the risk of allergies [87,88]. 

In the pursuit of precise and personalized medicine or precision nutrition (PN), investigating 
the modification of the gut microbiota emerges as a potential strategy in managing CMPA [85]. 
Dietary restrictions stemming from CMPA can exert a profound influence on the composition of the 
gut microbiota. Alterations in the diet, particularly the exclusion of CM and dairy products, have the 
potential to reshape the types of bacteria thriving in the gastrointestinal tract. Notably, this also 
includes the use of probiotics, and prebiotics as potential strategy helping us to rejuvenate a more 
robust intestinal microbiota. The objective is to foster a microbial environment conducive to overall 
well-being, specifically in addressing the complexities associated with CMPA [89]. 

7. Lactase Deficiency and Lactose Intolerance 

In mammalian milk lactose is a major component, the main carbohydrate and energy source as 
well as an important constituent of human diet. Lactose is a disaccharide made up of two 
monosaccharides, glucose and galactose, linked together by a β-1-4 glycosidic bond. To take benefit 
from lactose contained in milk and be easily absorbed from the small intestine, mammals have to first 
hydrolyze lactose into these two monosaccharides. In humans, hydrolysis of such bond requires a 
specific enzyme, a β-galactosidase called lactase-phlorizin hydrolase (LPH) (Figure 4A). The activity 
of intestinal lactase has a higher peak at birth, and then it reduces progressively after weaning, 
although it can persist also in adulthood [90,91]. In particular, it was observed that, in the fetal 
intestine lactase activity can be found at 8 weeks of gestation increasing considerably until 40 weeks 
of gestation. 

Moreover, its activity increases markedly after the first feeding with human milk reaching about 
totally efficiency in the first 5 days of life. In addition, it was proved that preterm infants receiving 
early enteral feeding gain a fully enzyme activity compared to those who delay in feeding and that, 
breastfed infants show higher lactase levels than infants who received infant formula, at 10 days of 
life [91]. In the small intestine, on the brush border of villi, lactose is the main substrate of LPH where 
it is hydrolyzed and absorbed (Figure 4B). LPH, which crosses the enterocytes apical membrane, 
consists of two identical extracellular polypeptide chains and a short intracytoplasmic portion. 
However, LPH is a multifunctional enzyme with several substrates and, in addition to lactose, it can 
also hydrolyze cellotriose, lactosylceramide, flavonoid glucosides, cellobiose, and phlorizin. 

Lactose is cleaved into the monosaccharides, glucose and galactose, which are actively 
transported into enterocytes by the sodium/glucose co-transporter (SGLT1) and by the second 
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facilitative transporter (GLUT2) when their concentrations become higher. Subsequentially, the 
glucose reaches the circulatory system by the capillaries [79].  

Globally, about 70% of the adult population, among different countries, is unable to digest 
lactose, the sugar present in milk, completely. This condition, also called lactose malabsorption (LM), 
is mainly due to limited expression of lactase enzyme in the small intestine and known as lactase 
deficiency (LD) which may lead to LI. People with LI show symptoms such as bloating, gas and 
diarrhea or dyspepsia following lactose intake as well as it may also lead to inflammatory cell changes 
in the colonic mucosa. However, individuals suffering from LI might manifest also extra-intestinal 
symptoms, based on the amount of lactose introduced with the diet as well as on the lactase activity 
[92,93]. 

On the other hand, although the mainly LI treatment are a lactose-restricted diet, lactase 
supplementation, fermented dairy products and use of probiotics and prebiotics to induce colon 
microbiota recovery which may reduce or make disappear the symptomatology [80,81,94], often 
symptoms might persist in LI patients, even if the aforementioned precautions are taken. For this 
reason, new treatments, such as use of “selected” probiotics, are always being developed. In this 
scenario, Vitellio et al. highlighted the importance of Bifidobacterium longum and Lactobacillus 
rhamnosus and vitamin B6 to mitigate gut dysbiosis and the related symptoms in LI patients with 
persistent functional gastrointestinal symptoms [95].  

Several studies shown the correlation between LI and some other gastrointestinal disorders such 
as irritable bowel syndrome (IBS), celiac disease (CD), non-celiac gluten sensitivity (NCGS) [96–99] 
as well as small intestinal bacterial overgrowth (SIBO) [100]. In these cases, a lactose-restricted diet is 
often recommended, although it can potentially carry out to some nutrient deficiencies and 
compliances as bone health. In fact, LI may predispose individuals to low calcium intake and vitamin 
deficiency with consequent predisposition to osteoporosis as well as other gastrointestinal diseases, 
including like Crohn's disease and ulcerative colitis, are risk factors for osteoporosis [101–103]. 

LI is characterized by specific signs and symptoms, including bloating, abdominal pain, and 
diarrhea, caused by lactose intake in individuals with LM. However, individuals with LM do not 
always develop LI. For this reason, although LM is a necessary precondition for LI, it is not sufficient 
since LM can have primary or secondary causes. In addition, there is no matching between 
symptomatology and a positive test for LI [104]. Lactase non-persistence (LNP) is the primary cause 
of LM, due to reduction in expression of lactase levels during the first two decades of life, while 
lactase persistence (LP) derives from specific mutations. Moreover, recent research showed that LPN 
may be an ancestral condition that following Mendelian genetics and its prevalence is based not only 
on individual genetics but also on region of origin, with higher frequency in individuals of Asian, 
African, and South American, and lower in those of northwestern and Indian northern European 
origin [79,104]. Different causes lead to LD, which distinguish each of the distinct four types: 

Primary Lactase Deficiency: defined also as adult-type lactase deficiency, is a common 
autosomal recessive inherited condition characterized by a progressive reduction in lactase activity; 
in fact, it results from a regulated change of the lactase gene expression during the life span 
[84,105,106].  

Secondary Lactase Deficiency: is a transient condition caused from damage to the intestinal 
epithelium following to several diseases including infections, small bowel bacterial overgrowth, 
AIDS, malnutrition, Crohn’s disease, IBS, antibiotic usage, celiac disease, radiation/chemotherapy, 
rotavirus gastroenteritis, food allergy, and antibiotic usage. However, the reduction in lactase activity 
is transient and reversible and improves once the intestinal damage is resolved [84,105,106]. 

Congenital Lactase Deficiency: is a pediatric autosomal recessive inherited disease that affects 
infants and leads to a reduced or absent lactase activity at birth. This is an extremely rare disorder 
resulting in severe and potentially lethal symptoms with serious difficulties in growth and 
development after birth [84,105,106].  

Developmental Lactase Deficiency: is a condition observed in premature neonates born between 
28 to 37 weeks of gestation. These neonates generally have incomplete development of the enzyme 
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or insufficient intestinal lactase activity. This condition can improve with age as well as intestine 
matures and with feeding [84,105,106]. 

Nowadays, to confirm the different types of LD with LI symptomatology, diagnostic clinical 
tests as well as histological exams are available such as blood, biopsy, genetic, and breath tests (Table 
1). 

Table 1. Diagnostic tests currently used for detecting LM/LI. 

        TEST APPLICATION TEST PRINCIPLE 

Hydrogen  

breath test (HBT) 

Test of choice for the 

diagnosis of LM/LI 

Detection of increase H2  

in expiratory air after 

lactose intake 

Lactose  

tolerance test 

LM epidemiology,   

low sensitivity and specificity 

Increase in blood 

sugar after lactose intake 

Lactase Activity 

of Jejunum 

If gastroscopy is carried out 

for other investigations,  

invasive and expensive 

Evaluation of lactase enzymatic  

activity in duodenal biopsy sample 

Genetic Test LD/LNP 
Test for detection of  

−13910:C>T polymorphism 

Serum gaxilose or 

urine galactose test 

Used for the diagnosis of  

small intestine diseases  

(intestinal malabsorption) 

Evaluation of D-xylose in plasma or  

galactose in urine after cleavage by 

lactase of 4-galactosylxylose oral 

administration  

The LPH enzyme is encoded by the LCT gene which is located on chromosome 2q21 and consists 
of 17 exons extended for 49 kb, approximately, and originating a mRNA of slightly more than 6 kb. 
The monomeric pro-LPH form consists of four domains (I-IV) while, following proteolytic cleavage, 
the final mature LPH protein is characterized by two domains (III-IV) (Figure 4C).   
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Figure 4. Intestinal digestion and absorption of lactose: The α-glucosidase lactase phlorizin 
hydrolase (LPH) breaks down lactose into glucose and galactose in the brush border microvilli (BBM) 
on the apical surface of the small intestine enterocytes (A). Here, monosaccharides are actively 
transported into enterocytes by the Na+/glucose co-transporter (blue oval) together with H2O 
molecules, rapidly absorbed into the surrounding capillaries by facilitated diffusion and transported 
in the bloodstream (B). LPH is synthesized as monomeric pro-LPH which consists of four domains (I-
IV), proteolytically activated first in the endoplasmic reticulum and in the Golgi apparatus of the 
enterocytes for cleavage of domains I and then sorted to BBM where also domains II are cleaved to 
final mature LPH form (C). 

LPH is expressed in the small intestine exclusively. It known that LP could be caused by 
mutations in particular, five or more single nucleotide polymorphisms (SNPs) can occur in a 
regulatory region, located upstream of the LCT gene, called MCM6 (minichromosome maintenance 
complex component 6). Although MCM6 is a regulatory enhancer of LCT and that these two genes 
are close together, some evidences indicate that they are regulated in an independent manner 
[107,108].  

Several studies were highlighting the genetic basis to identify human lactase phenotypes of both 
in LP and LNP. Until today, numerous genetic variants responsible for LNP and LP were identified. 
Among all polymorphisms, the −13910:C>T (rs4988235) variant is the most widespread in some parts 
of Europe, while other variants including −14009:T>G (rs869051967), −13907:C>G (rs41525747), 
−14010:G>C (rs145946881) and −13915:T>G (rs41380347) are found in Africa and the Middle East, with 
mutable frequency and, still others  have low or rare frequencies. Moreover, SNP frequencies 
variability differ not only between different countries but also between sub-populations within the 
same geographical area. The −13910:C>T (rs4988235) and –22018:G>A (rs182549) are the more studied 
variants, are present in many ethnic groups and show complete co-segregation with LNP/LP in 
Europeans. Moreover, is well known the relation between these two polymorphisms and their 
incidence in hypolactasia [79,107–109].  

The polymorphic variant −13910:C>T (rs4988235) arises from CC, CT or TT genotype. While the 
CC genotype is a predictor of low intestinal lactase expression, the TT genotype is a predictor of high 
lactase expression. On the other hand, the CT genotype indicates an intermediate amount of lactase 
expression, sufficient to digest lactose [109]. The main variants are summarized in Table 2. 

Table 2. SNPs, variants and the geographic region of identification. 

     SNP  VARIANT GEOGRPHIC REGION 

rs4988235  −13910:C>T Europe 

rs869051967  −14009:T>G Middle East 

rs4988236  −13908:G>A Far East 

rs773131166        −13914:C>T East Europe 

rs41380347        −13915:A>C Middle East 

rs41525747  −13907:G>C Middle East 

rs820486563        −14009:T>G Ethiopia and Sudan 

rs182549  –22018:G>A Europe 

rs41456145  −13913:A>G Africa 

rs145946881 −14010:C>G Kenya, Tanzania and  
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South Africa 

Several variants have been characterized and associated with congenital lactase deficiency. 
Marten et al. have studied the effects of some LCT variants frequently detected in congenital lactase 
deficiency and have proven that, analyzing the cellular LCT levels, these mutants are totally transport 
incompetent, enzymatically inactive and some of which readily degraded [110]. Moreover, Hoang et 
al. have observed and suggest an association between maternal LD, with rs4988235 genotype, and 
risk of neural tube defects in the mother’s progeny among Caucasians and Hispanics [111].  

The polymorphic variant −13910:C>T seem to be also correlated to nutritional deficiencies such 
as vitamin D and calcium. In a preliminary study, Kowalówka et al. observed that young Polish 
adults with polymorphic variant −13910:C>T showed lower levels of vitamin D and calcium in LNP 
subjects compared with those with the −13910:T>T variant [112]. Moreover Domżał-Magrowska et 
al., based on the results of the hydrogen breath test, observed not statistically significant differences 
between IBS patients who had the C/T-13910 and G/A-22018 polymorphism compared with control 
group reporting hypolactasia [113]. 

8. Omics Tools: Nutrigenetics and Epigenetics Approaches for Lactose Intolerance Management  

The omics technologies, such as genomics, epigenomics and metabolomics, shading some light 
on the complex interactions between our body and nutrients, can help us to diagnose and treat LI 
[114,115]. Polymorphisms frequency is analyzed in a given population through nutrigenetics and 
predicts our metabolic response according to our individual genotype [116]. To date, only few genetic 
tests are offered by clinicians in order to translate and integrate genetic information into a 
personalized healthier diet for their patients [115]. The polymorphisms in regulatory sequences of 
the LCT gene most frequently associated with LI in the European population are LCT-13910C/T and 
LCT-22018G/A and their genetic tests are available in Europe [117,118]. 

Nevertheless, only these SNPs cannot be used as a worldwide diagnostic tool, because they 
represent a small percentage of all the twenty-three LP variants to date identified in the MCM6 gene 
in different geographic regions and populations [107,117,119]. Direct-to-consumer genetic testing 
(DTC-GT) are currently available to customers by specialized companies giving access to nutrigenetic 
information without the help of specialized health personnel [120], allowing them to investigate their 
genetic susceptibility in order to make a diet tailored to their needs [121]. Customers can buy these 
tests on-line together with sample collection kits. Then, collected sample (saliva or cheek swab) is 
sent to the company for analysis and the results will be finally sent to customers by mail or online 
account, providing information on LI, or other monogenic disorders, risk and selling personalized 
feeding strategies, dietary supplements and/or physical training programs [121].  

Unfortunately, it is very easy to make mistakes in the genetic data interpretation, thus leading 
to unnecessary dietary restrictions making the advice of a health professional expert very useful 
[122,123]. Self-reported LI and genetic test results are often unrelated and people choose to avoid 
foods containing lactose only on the basis of symptoms appearance after eating them [92,124,125]. In 
addition, a recent report on DTC-GT relative to LI highlighted the presence of numerous false 
positives (40%) among the genetic results, making it further difficult to establish their scientific 
reliability [120,126]. Thus, it becomes increasingly clear that DTC-GT have to be improved in 
sensitivity and specificity with the aim of providing information more accurate on LCT gene variant 
tested and its correlation with LI or other diseases, so as to prevent the consumer from being subjected 
to unnecessary diets and restrictions. 

In addition to the existence of LCT gene variants, epigenetics processes could be responsible for 
the onset of LI in adulthood as well as the progressive reduction of lactase levels during childhood 
[107,127]. To confirm this hypothesis, recently Labrie and colleagues reported that when epigenetic 
changes, like DNA methylation, accumulate in senescent cells they modify the expression of lactase 
depending on the genetic variants that regulate the expression of the LCT gene [128]. In the specific, 
DNA methylation means addition of a methyl group to the DNA cytosine with a consequent 
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repression of gene expression. LNP individuals are characterized by methylation in both the MCM6 
and LCT genes, resulting in low LCT expression levels and the occurrence of LI getting older, while 
LP individuals are not developing LI symptoms with age, because their DNA seems not to undergo 
epigenetic changes, such as cytosine methylation [128].  

Leseva et al, through an epigenome-wide approach, characterized the position in the LCT 
promoter with an inverse correlation between methylation levels and lactase enzymatic activity, 
suggesting that using epigenetic and genetic data information together can be more helpful in 
detecting LI than using them individually [129]. They also reported a correlation between changes in 
DNA methylation at the LCT promoter and lactase-mRNA levels in intestinal cells, as they found a 
significant reduction of its levels with age only in LNP subjects. In addition, they also reported that 
in these individuals, further epigenetics changes occurring in histone proteins, altering the structure 
of chromatin and DNA accessibility, could contribute to LCT gene repression [128]. Taken together, 
these findings have brought to light how the LI development may result from the coexistence in time 
of genetic polymorphisms and epigenetic modifications. 

Unfortunately, little is known about a possible correlation between weaning and reduction of 
lactase activity, probably due, as demonstrated in rats, to a reduction of transcription levels of the 
gene that codifies for LPH enzyme, process absolutely unrelated to stopping milk intake [130,131]. 
Experimental evidences rather suggest not only a transcriptional regulation for lactase activity in 
humans occurring after weaning but also an additional regulation at the post-translational level, even 
though it has yet to be understood and demonstrated [132]. Furthermore, epigenetic modifications 
too may be involved in the regulation of lactase activity in infants who are weaned. 

9. Precision Nutrition through Metabolomics Approaches  

Metabolomics approach enables us to make precise chemical analyses of up to a thousand of 
metabolites, to investigate how they are affected by gene mutations causing proteins changes and to 
characterize metabolic processes that underlie several pathologies with the goal to find new 
functional food biomarkers, or therapeutic targets, of disease, with a leading role in our metabolism 
[133]. Moreover, metabolomics it could help us to monitor dietary biomarkers over time and also 
metabolites found in biological fluids, such as blood or urine, and their changes by dietary 
interventions [134]. 

We can use metabolomics approach to quantify the serum levels of lactose after dairy intake, as 
reported by Pimentel et al. [135] 

Generally, lactose is not absorbed in the form of disaccharide by intestinal cells because they 
don’t have the appropriate carriers for it, but sometimes little traces of it are found in blood and urine 
after eating [135]. In addition, metabolomics analysis allows us to identify galactitol and galactonate, 
two metabolites produced by hepatic galactose metabolism, whose serum and urine postprandial 
levels increase in LP, but not in LNP, subjects who ingested lactose, being proposed as novel and 
non-invasive lactose digestion test for LI screening [136]. Therefore, metabolomics help us to analyze 
the effect of single nutrients, and their metabolic products, on individual’s health, leading to 
comprehend how the same foods are metabolized differently by different individuals in healthy or 
unhealthy conditions, such as LI, and so to plan a personalized nutrition or PN program [137].  

Biological variability between individuals in response to nutrition is the basis of PN [138]. This 
area of nutrition focuses on the effects of the nutrients over the genome, proteome and metabolome 
[139], trying to clarify how genes expression may be affected by nutrients introduced with the diet, 
in order to promote well-being and health, to prevent diseases, especially reducing chronic disease 
incidence, and to increase life expectancy [140]. Nutrigenomics, if applied to LI research field, could 
help with the identification of groups of individuals, among different populations, characterized by 
high prevalence of LNP, suggesting them dietary restrictions ensuring an optimal nutrients and daily 
energy intake, some kind of guidelines promoting healthy eating or “Dietary Reference Values 
(DRVs) [141].  

PN improves public health nutrition through defining and identifying groups of individuals 
with specific distinct dietary requirements as for LNP subjects with a lower calcium intake when 
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compared to LP subjects [142]. This can be overcome by consuming dairy products, with or without 
lactose, with adaptation strategies or promoting alternative dietary calcium sources for this sub-
population.  

PN is used to create dietary strategies different for each group of individuals on the basis of the 
different individual lactose tolerance threshold and taking into account their needs in terms of 
specific nutrients intake. Finally, nutrigenomics research is crucial to define lactose malabsorption 
from other physiological processes that could determine the appearance of adverse gastrointestinal 
consequences in LI population. 

Omics technologies help us to investigate why and how the individual responses to diet are 
different and the mechanisms that regulate these differences. Thus, PN replaces the approach “one 
size fits all” offering individual dietary interventions through the integration of nutrigenomic data 
together with clinical parameters and microbiota profiles to design a customized diet. Modulating 
gut microbiota seems to be a promising therapeutic strategy for LI, along with progressive and 
regular intake of lactose as well as the ingestion of GOS in combination with pre- and probiotics 
specific for each microbiota profile [78,90,143].  

Furthermore, the progress made by the research on gene-diet interactions and the identification 
of SNPs that modulate the individual response to specific nutrients, and their possible influence on 
disease risk, is helpful to develop PN recommendations for the management of monogenic condition 
caused by single gene mutation and its correlation to single diet component ingestion, rather than for 
polygenic disorders [114,115,144]. Indeed, when multiple SNPs are associated with environmental 
factors, such as for polygenic disorders like cancer, obesity or metabolic syndrome, it can be very 
difficult develop a genetically-tailored diet and translate genetic research into PN [115].  

LI, although its onset may be due to the interaction of many polymorphisms still uncharacterized 
affecting LCT gene expression with epigenetic changes and gut microbiota alterations, is considered 
a monogenic disorder that could be easily treated through a diet lactose-free or through the ingestion 
of reduced amount of lactose, providing a simple model for the implementation of genetic research 
within PN [115]. LI DTC-GT tests are often expensive (from $100 up to $200) and not covered by 
health insurance, being available not to all individuals or societies. Thus, they could be distributed in 
pharmacies with the aim to overcome the problems of accessibility of PN to all LI individuals, even 
the most socioeconomically disadvantaged, providing genetic information integrated by artificial 
intelligence and diet-related tailor-made recommendations in the form of 24-hour smartphone apps, 
creating a real lifestyle market for LI [139]. 

10. Conclusions 

Omics data management is very complex: genetic results have to be well interpretated and 
integrated into effective and practical PN recommendations [115], often requiring the involvement of 
a trained medical staff.  

Everything gets more complicated with the recent findings on epigenetics and gut microbiota 
involvement in LI, leading to the understanding that LI can’t be no longer considered to be caused 
by a single penetrant genetic polymorphism. Furthermore, another challenge occurring when we try 
to apply PN for the management of LI is the lack of regulation of certain food labels, being no 
agreement on a specific lactose-free or reduced-lactose label since there is no precise cut-off value for 
establishing a lactose-free labeling policy, except for infants formula [92,145]. Thus, consumers are 
not adequately protected and they lose the personal freedom of choosing foods to eat because the 
amount of lactose present is not precisely declared [146,147].  

Finally, LI is often considered to be something different from a normal state and the perception 
of this condition from each individual has a psychological impact on quality of life scores [148], with 
higher risk of depression or anxiety [149]. Thus, implementing PN should take into account the need 
for an increased availability of diagnostic tools, personalized dietary recommendations and 
psychological support. 
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