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Recent discoveries in the “omics” field and the growing focus on preventive health have opened new avenues for
personalized nutrition (PN), which is becoming an important theme in the strategic plans of organizations that are
active in healthcare, food, and nutrition research. PN holds great potential for individual health optimization,
disease management, public health interventions, and product innovation. However, there are still multiple
challenges to overcome before PN can be truly embraced by the public and healthcare stakeholders. The
diagnosis and management of lactose intolerance (LI), a common condition with a strong inter-individual
component, is explored as an interesting example for the potential role of these technologies and the challenges of
PN. From the development of genetic and metabolomic LI diagnostic tests that can be carried out in the home, to
advances in the understanding of LI pathology and individualized treatment optimization, PN in LI care has shown
substantial progress. However, there are still many research gaps to address, including the understanding of
epigenetic regulation of lactase expression and how lactose is metabolized by the gut microbiota, in order to
achieve better LI detection and effective therapeutic interventions to reverse the potential health consequences of
LI

lactose intolerance lactase persistence genetic testing polymorphisms epigenetic

omics personalized nutrition dairy products functional foods Gut Microbiota

| 1. Introduction

Nutrition is an environmental variable of major importance for optimal health and disease prevention 2. However,
optimizing nutrition for health is challenging due to the highly variable individual response to diet [&, which results
from the combination of internal factors such as a person’s genetics and microbiome, as well as external factors
like stress and physical activity LB, Recent advances in high-throughput “omics” technologies and bioinformatics

tools have helped to better understand the inter-individual variation in response to food intake 1],

The notion of an individual response to diet is a central element of personalized nutrition (PN), also often referred
to as “precision nutrition” or “individualized nutrition”, which can be defined as an approach that uses individual
information, more recently based on “big data”, to develop customized nutritional advice, products, and services 4.
The overall goal of PN is to prevent, manage or treat diseases, optimize health and well-being using clinical

assessments, genetic information, biomarkers, and any other relevant information about individuals Bl The
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diagnosis and management of lactose intolerance (LI), a common condition with a strong inter-individual

component, offers an interesting example for the potential and the challenges of PN.

The typical gastrointestinal symptoms of LI are specifically due to the maldigestion of lactose resulting from a lack
of the lactase enzyme [El. The normal physiological decline in lactase activity during early childhood leads to the
appearance of LI in adults, the lactase non-persistence (LNP) phenotype, due to the inheritance of an autosomal
recessive trait [8. LNP is the ancestral type and most common phenotype associated with lactase gene expression
worldwide, with a global prevalence estimated at 68% [Z. In contrast, lactase production into adulthood, the lactase
persistence (LP) phenotype, is observed in the presence of a gain-of-function mutation and is inherited as an
autosomal dominant trait B, The LP variant is not evenly distributed worldwide: high frequencies are observed in
people from European descent and in populations with a long history of dairying activity 19. The spread of farming
during the Neolithic period correlates with the occurrence of the LP phenotype in human populations, with the
earliest appearance estimated ~8000-9000 years ago in Europeans, ~2700-6800 years ago in African
populations, and ~4000 years ago in Middle Eastern populations 1122 This evolutionary process provides
anthropological evidence for gene-culture co-evolution, with a positive selection on the LP phenotype in relation to
the domestication of dairying animals and consumption of their milk 314I15] |ndeed, LP would have conferred
various selective advantages, including access to a major source of energy to improve nutritional status, but also a
largely pathogen-free source of fluids to prevent dehydration in arid environments, and a valuable source of

calcium for maintaining bone health [L1I23I[16]

The role of lactose metabolism in human evolution and nutrition is a fascinating case that brings together ancient
evolutionary history with recent discoveries on lactase epigenetic regulation, as well as the influence of the gut
microbiota on the LI state and novel PN approaches in LI care. In this context, this article aims to review the current
approaches used for the diagnostic and management of LI, to investigate the impact of LI on human health
focusing on the application of nutrigenomics tools, and to critically discuss how recent development in PN will

impact diagnostic tools and therapeutic interventions for LlI.

| 2. Physiology and Pathophysiology of Lactose Intolerance

The digestion and metabolism of the disaccharide lactose, requires the hydrolysis of the glycosidic bond
connecting its monosaccharides, galactose and glucose, by the enzyme lactase-phlorizin hydrolase, commonly
known as lactase, which belongs to the beta-galactosidase family 4. The lactase encoding gene (LCT) is
localized on the long arm of chromosome 2 in position 21 (2g21). On the same chromosome, MCM6 encodes the
minichromosome maintenance complex component 6, a regulatory element that controls the expression of LCT &
(28] |nitially, lactase is synthesized as pre-pro-lactase, which contains a signal sequence that is then cleaved in the
endoplasmic reticulum to form pro-lactase. During intracellular transport, pro-lactase becomes N- and O-
glycosylated in the endoplasmic reticulum and Golgi apparatus leading to the mature form of lactase, which is then

exported and anchored to the apical brush border membrane of the intestinal epithelial cells 29,
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The lactase enzyme is abundantly present in the proximal part of the jejunum, while its presence progressively
declines towards the ileum 29, After hydrolysis, galactose and glucose sugars are actively absorbed across the
intestinal epithelial cells and transported into the bloodstream to be used as a source of energy (Figure 1). When
lactase is absent or deficient, unhydrolyzed lactose is able to reach the terminal ileum and subsequently enters the
colon. An excess of undigested and therefore non-absorbable lactose will draw water from the bloodstream into the
intestinal lumen via an osmotic effect, causing loose stools or watery diarrhea 1721, Within the large intestine, the
undigested lactose is then cleaved into monosaccharides by the colonic microbiota. This bacterial fermentation
process forms short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate. SCFAs can either be
used by the intestinal epithelial cells or excreted in the feces. In addition, gases are produced from the bacterial
fermentation of lactose, primarily hydrogen (H,), carbon dioxide (CO,), and methane (CH,), which increase
intracolonic pressure. All these factors lead to gastrointestinal symptoms including flatulence, bloating, abdominal
pain, cramps, and nausea 22238l However, the severity of the symptoms after lactose ingestion depends on the
amount of lactose ingested, intestinal transit time, lactase expression, variability of intestinal microbiota, individual
sensitivity, and psychological factors [21]124],
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Figure 1. Normal lactose digestion and lactose intolerance.

Currently, the exact prevalence of LI remains unknown, but it is acknowledged that it varies considerably among
different ethnic populations 2. LP and LNP are determined by assessing genetic polymorphisms associated with
LP. At least five single nucleotide polymorphisms (SNPs) occurring upstream of the LCT gene have been
associated with LP into adulthood: LCT-13910C/T and LCT-22018G/A in populations of European descent, LCT-
13915T/G in African and Middle Eastern populations, LCT-14010G/C and LCT-13907C/G in some African tribes 19
(L1[25](26][27] For the most common SNPs associated with LP in the European population (LCT-13910C/T and LCT-
22018G/A), homozygotes (TT and AA) and heterozygotes (CT and GA) are indicative of LP, whereas the wild type
(CC and GG) results in LNP 28291 |n consequence, homozygous carriers of LCT-13910C/C and LCT-22018G/G
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are typically found to develop LI. Interestingly, heterozygous carriers of LCT-13910C/T and LCT-22018G/A have
shown intermediate enzymatic activity with the occurrence of LI symptoms during situations of stress or with
intestinal infections BYE1, The currently known SNPs only provide a partial description of the mechanisms involved

in the development of LI and the exact process by which the lactase is downregulated in early childhood still
remains unclear [231281[32][33]

| 3. Types of Lactose Intolerance

The complete or partial inability to digest lactose often leads to the same clinical manifestations of LI, though the
causes of lactose maldigestion differ. LI refers to a syndrome in which the lactose maldigestion causes an onset of
gastrointestinal symptoms including diarrhea, bloating, flatulence, nausea, abdominal pain, and cramps 24 (Table
1). It should not be confused with milk or dairy allergies that are characterized by an abnormal immunologic
response that can develop into severe life-threatening anaphylaxis 221, L1 is typically caused by lactase deficiency
(LD) which implies a reduced or absent lactase enzyme activity in the small intestinal mucosa. There are three
main forms of lactase deficiency: congenital, primary, and secondary. Congenital lactase deficiency (alactasia) is a
rare autosomal recessive pediatric disorder associated with an absence of lactase expression in newborns.
Primary lactase deficiency (adult-onset hypolactasia) is the condition resulting from the progressive and
physiological decline of lactase enzyme activity that typically occurs during childhood. Conversely, secondary
lactase deficiency (acquired LI) is induced by small intestine disease or injury such as gastroenteritis, celiac
disease, inflammatory bowel disease, chemotherapy, and antibiotics treatment (2134 Of note, ethnicity has been
shown to be a more important determinant of susceptibility to developing lactase deficiency in many patients with
inflammatory bowel disease rather than disease markers (particularly for cases of ulcerative colitis and Crohn’s
disease that does not involve the small intestine, distal obstruction, or bacterial overgrowth) 837 Generally, the

non-genetic aetiologies of LI can be reversed if the cause can be eliminated.

Table 1. Glossary of terms and definitions used to describe lactose digestion and metabolism [H29[21][34]

Term Definition
Lactose . . . .
. Failure to digest/absorb lactose due to primary or secondary lactase deficiency.
malabsorption
Lactose intolerance Clinical syndrome in which the ingestion of lactose causes typical gastrointestinal
(LI symptoms such as diarrhea, bloating, flatulence, nausea, abdominal pain, cramps.
Self-reported LI Individuals who perceive themselves as being LI without medical diagnosis.
Lactase deficiency Lack or absence of intestinal lactase enzyme activity.

Congenital lactase o . . . .
g - Rare genetic disorder in which lactase is already absent at birth.

deficiency

Primary lactase

deficiency Progressive decline of lactase enzyme activity with age.
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Term Definition
Secondary lactase Reversible condition caused by iliness or injury of the small intestine and resulting in
deficiency deficiency of intestinal lactase enzyme activity.
Lactase non- Most common phenotype associated with lactase gene expression worldwide.
persistence (LNP) Characterized by lactase activity decline during early childhood.
Lactase persistence Phenotype expressed by the continued activity of the lactase enzyme throughout
(LP) adulthood.

| 4. Diagnosis of Lactose Intolerance

The diagnosis of LI relies in part upon the development of gastrointestinal symptoms resulting from lactose
ingestion, not all of which can be assessed objectively and many which overlap with other conditions, notably
irritable bowel syndrome in which lactose maldigestion may be accompanied by sensitivity to other fermentable
carbohydrates described as FODMAPs (fermentable oligosaccharide, disaccharide, monosaccharide, and polyols)
[BI38]291[40] |y practice, the diagnosis of LI is usually made on the basis of clinical suspicion supported by the
positive response to a dietary challenge such as a trial period of a lactose-free diet 41 However, several clinical
diagnostic tests are available including blood, breath, and genetic tests, which can confirm a diagnosis even in the

absence of gastrointestinal symptoms.

Diagnosis of LI confirmed by a jejunal biopsy for the in vitro assessment of lactase activity 2, is regarded as the
“gold standard” test for LI diagnosis and can be used to exclude other gastrointestinal conditions. False positives
are rare for this method but false negatives may occur due to irregular dissemination of lactase in the intestine.
However, this method is almost exclusively used in clinical research because of its high cost, invasiveness, and
need for highly specialized equipment 221, |n contrast, the oral lactose tolerance test (LTT) is a minimally invasive
metabolic test, which consists in the determination of blood glucose levels at various times, following the
administration of an oral overload of lactose (25-50 g). As the digestion of lactose results in an elevation of serum
glucose, lactose malabsorption is indicated by a failure in blood glucose level to rise = 1.1 mmol/L above the basal
value, 60-120 min after lactose ingestion 1721 However, due to individual variability in the gastrointestinal transit
time and glucose metabolism, false-positive and false-negative test results are relatively frequent for the LTT,
reducing its use in clinical practice 43 Alternatively, the lactose hydrogen breath test (HBT) has been widely
adopted for the detection of an increase in Hy in expired air at several time points, after an oral lactose challenge
(25-50 g). Hy is produced due to bacterial fermentation of non-digested lactose in the colon and can be indirectly
assessed in breath (Figure 1). A rise of exhaled H> of 220 ppm from baseline within 90 min after lactose ingestion
is indicative of lactose malabsorption [44]145]  Eyen though this test accuracy is influenced by the gut microbiome,

relatively high sensitivity and specificity have been reported for HBT, making it the most common type of LI test
used today 2143146147

The gaxilose test is a more recent and non-invasive diagnostic test based on oral administration of 4-

galactosylxylose (gaxilose), a synthetic disaccharide and structural analogue of lactose. The intestinal lactase
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hydrolyzes the gaxilose compound into D-xylose, which is then absorbed into the blood and subsequently excreted
in the urine. The D-xylose levels in urine or serum can be quantified by colorimetric methods “&l. Besides its high
sensitivity and specificity, the gaxilose test is easy to use, does not require specialized equipment, and only
induces minimal subject discomfort 22, Genetic testing has also emerged as a less invasive tool for supporting the
diagnosis of LI and tests based on the most common SNPs that are linked to LP in the Caucasian population (LCT-
13910C/T and LCT-22018G/A) have been developed 22. However, the use of these SNPs cannot be applied as a
global diagnostic tool, as other polymorphisms that confer LP have been identified in several African and Arabian
populations B2 Moreover, this method may not detect all SNPs associated with LI that exist within multi-ethnic
populations 231 Cyrrently genetic tests have a limited role in diagnosing LI in the clinical setting, as none of

them achieve perfect sensitivity and specificity and the results do not always correlate with clinical symptoms &I,

| 5. Management of Lactose Intolerance

The main treatment options for LI consists in preventing gastrointestinal symptoms by reducing or eliminating the
amount of lactose in the diet or by taking oral enzyme replacement therapy. In order to manage their symptoms,
people with LI should avoid eating high-lactose foods, such as fresh milk or cream B, while ensuring an adequate
intake of nutrients from other foods 22, It is also recommended that individuals with LI eat lactose-containing foods
together with other foods and that they favor small repeated intakes of lactose over one single meal with a high
amount of lactose (231, Fermented dairy products like hard cheese, quark, or yogurt are suitable for the majority of
individuals with LI B4, In fact, most aged hard cheeses naturally contain very little, if any lactose 11, Yogurt usually
still contains an appreciable amount of lactose, but delivers lactic acid bacteria with beta-galactosidase activity

known to improve lactose digestion (211521551,

It should also be noted that lactose is a common additive in many processed foods, such as frozen meals, sweets,
cakes, and sauces B2l This so-called “hidden lactose” is used for its texture and flavor enhancing properties.
Moreover, lactose is commonly used in the pharmaceutical industry as an excipient for oral medications 28, The
dose of lactose in oral solid-dosage form is generally small as most pharmaceuticals provide less than 2 g of
lactose per day. Nevertheless, alternative medications might be necessary for individuals suffering from severe LI
71, Overall, individuals with LI should be aware of these hidden or added sources of lactose and their possible

impact on LI symptoms when combined.

To support the management of LI, alternative foods that are naturally lactose-free, such as soy products (e.g., tofu,
edamame) and plant-based drinks (e.g., soy, almond, and rice drink) are often recommended as an alternative for
high-lactose foods 8. In addition, the food industry has developed many “low-lactose” and “lactose-free” products
using diverse processes to remove lactose from lactose-rich dairy foods 52, Lactose can be physically removed
from milk using ultrafiltration or chromatographic separation followed by subsequent hydrolysis of the remaining
lactose 2. Thus, the sensory properties of lactose-free milk produced are not affected, but this process may also
remove some valuable minerals, like calcium 9. Alternatively, lactose-free milk can be obtained by enzymatic
hydrolysis of lactose to its monosaccharides, glucose and galactose, using microbial beta-galactosidase B9, This

process is known to generate extra sweetness and may also have an impact on the nutritional value of the
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hydrolyzed milk B2, More recently, the use of “A2 milk” has been shown to reduce some of the gastrointestinal
discomfort associated with drinking ordinary cow’s milk in individuals with LI . “A2 milk” is a variety of cow’s milk
containing mostly A2 beta-casein (like human milk, sheep and goat’s milk) that does not metabolize to the peptide
beta-casomorphin-7 (BMC-7), which is implicated in adverse gastrointestinal effects, including inflammation 21,
Interestingly, the gastrointestinal symptoms resulting from the ingestion of cow’s milk in LI individuals are
decreased when milk enriched in A2 beta-casein is consumed in place of regular milk (which contains Al beta-
casein) 4. This indicates that the gastrointestinal symptoms due to LI might be confounded by the beta-casein

variant present in milk.

Finally, in the case where food-based approaches to manage LI are insufficient or not feasible, lactase enzyme
replacements may be taken prior to consuming a lactose-containing meal (3. This therapeutic option uses
exogenous lactase for lactose digestion, like the fungal beta-galactosidase tilactase, which may be helpful as an

alternative to dietary restriction and thus avoid possible nutritional deficiencies [64165],
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