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Abstract: Lactose intolerance is a prevalent condition characterized by the inability to digest lactose, a sugar in milk
and dairy products, due to a deficiency in the lactase enzyme. This condition is influenced by genetic variations near
the lactase gene (LCT), particularly single-nucleotide polymorphisms (SNPs) such as -13910 C>T and -22018 G>A,
which are associated with lactase persistence. These genetic variants have undergone positive selection in populations
with a history of dairy farming, such as Northern Europeans, some African, and Middle Eastern groups, allowing
them to digest lactose into adulthood. The prevalence of lactose intolerance varies significantly across populations,
with higher rates in groups without a history of dairy farming, such as Native Americans and East Asians. Symptoms
include gastrointestinal complaints like bloating, gas, diarrhea, and abdominal pain following lactose consumption.
The regulation of the LCT gene involves complex interactions with enhancer sequences and regulators like
peroxisome proliferator-activated receptor gamma (PPARy). Future treatments may include gene editing
technologies and modulation of the gut microbiome. Understanding genetic and environmental factors can inform
personalized nutrition recommendations and public health strategies, highlighting the dynamic interplay between
genes and environment in lactose intolerance

Keywords: lactose intolerance, lactase persistence, LCT gene, genetic diagnosis, genetic variations, gene-environment
interaction.

I. INTRODUCTION

Lactose intolerance is a prevailing condition in which a person has difficulties to efficiently digesting lactose, which is the
sugar that occurs in milk and dairy products. When this happens, lactase deficiency leads to the disintegration of lactose
into sugars that are more readily absorbed (Bogdanova et al., 2020; Leszkowicz et al., 2022). The illness can give rise to
various abdominal complaints such as nausea, cramps in the abdomen, and pain when foods containing lactose are eaten.
The extent to which it may be inherited has a great influence on the ability of an individual’s digestive system in breaking
down lactose; some genetic variation near the gene for lactase (LCT) is strongly linked with persistence of this enzyme into
adulthood. There exists significant variability in populations’ prevalence rates of lactose intolerance, which can be attributed
to complex interactions between genetic factors, evolutionary forces and environmental influences (Campbell & Matthews
2005; Buzas 2015).
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The main aim of this review is to unravel the genetics and evolution behind lactase persistence among human populations.
This will involve examination of genetic variations associated with ability to digest lactose, especially single-nucleotide
polymorphisms (SNPs) close to LCT gene. It will also examine how these genetic variants are distributed within different
ethnic groups.

Il. LACTOSE TOLERANCE AND THE LCT GENE

Lactase, an enzyme that breaks down lactose into glucose and galactose, is absent in those who are lactose intolerant
(Bogdanova et al. 2020; Leszkowicz et al. 2022). Lactase, an enzyme encoded by the LCT gene, is a necessary part of
lactose tolerance. The LCT gene is located on chromosome 2g21.3 and is substantially conserved in mammals (Spena et al.
2022).

The LCT gene has several genetic variants that are connected to lactose tolerance. For instance, the LCT gene's -13910 C>T
polymorphism is one of the most important variations. Because the CC genotype is linked to hypolactasia, a disorder marked
by the inability to digest lactose in adulthood, this variant is linked to lactose intolerance (Kowalowka et al. 2023; Sadigova
et al. 2024; Morus et al. 2018). On the other hand, lactose persistence—which permits lactose digestion throughout
adulthood—is linked to the TT genotype (Kowalowka et al. 2023; Sadigova et al. 2024; Morus et al. 2018). In people with
adult-type primary lactase insufficiency, this variant is substantially linked to reduced consumption of milk and dairy
products (Kowalowka et al. 2023). Furthermore, Bosnian subjects have the -22018G>A polymorphism, another variant
linked to LP (Adler et al. 2017). These genetic variations are frequently employed as markers for lactose tolerance in genetic
studies because it has been proven that they are strongly associated with lactose tolerance. (Adler et al. 2017; Valencia et
al. 2017).

An essential component of lactose digestion is the lactase gene (LCT). Several variables influence the intricate regulation
of LCT gene expression. One important regulator of LCT gene expression has been found as peroxisome proliferator-
activated receptor gamma (PPARY). It has been shown that PPARy agonists enhance LCT expression and function both in
vivo and in vitro, indicating that regulating intestinal PPARy activity could be a potential treatment approach for lactose
malabsorption (Fumery et al. 2017). Enhancer sequences, which have undergone numerous separate alterations to achieve
high frequency in various groups, also regulate the LCT gene (Leseva et al. 2017). Strong positive selection has been acting
on these alterations, because of the health advantages of milk consumption.

Multiple factors have a complex role in the regulation of LCT gene expression. Peroxisome proliferator-activated receptor
gamma (PPARY) is one major regulator that has been demonstrated to control the expression and function of the LCT gene
positively. It has been observed that PPARy agonists enhance lactase activity and LCT gene expression, both in vivo and
in vitro, indicating that PPARy activity modulation may be a viable treatment approach for lactose intolerance (Fumery et
al. 2017).

Apart from PPARy, enhancer regions that have experienced numerous separate alterations in various ethnicities also
regulate the LCT gene. Strong positive selection has probably been acting on these mutations because of the advantages of
having the ability to digest milk and dairy products. Another important factor in lactose digestion is the interaction between
the LCT gene and the gut bacteria.

In most humans, lactase production declines after weaning, leading to the inability to digest lactose as adults. However,
certain genetic variations in the LCT gene can allow for continued lactase production and lactose tolerance into adulthood
(Fumery et al. 2017; Kowalowka et al. 2023).

Enhancer sequences that have undergone numerous separate mutations in various populations regulate the LCT gene. Strong
positive selection has likely been acting on these mutations because of the advantages of having the ability to digest dairy
products and milk (Fumery et al. 2017; Kowalowka et al. 2023). Furthermore, the peroxisome proliferator-activated receptor
gamma (PPARY) has been demonstrated to affect the expression and activity of the LCT gene positively, and so has an
impact on the regulation of the LCT gene. PPARy agonists have been reported to boost LCT gene expression and lactase
function, both in vitro and in vivo, suggesting that regulating PPARY activity could be a possible treatment method for
lactose intolerance (Fumery et al. 2017; Hankel et al. 2020). The interplay between the LCT gene and the gut microbiota
also plays a crucial role in lactose digestion, as the microbiota can compensate for the inability to break down lactose in
populations lacking the lactase gene (Fumery et al. 2017; Kowalowka et al. 2023).
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The future implications of lactose tolerance research are significant. Advances in gene editing technologies, such as
CRISPR, could potentially be used to correct genetic defects leading to lactose intolerance. For instance, CRISPR/Cas9 has
been used to edit the LCT gene in mice, resulting in the production of lactase enzymes and improved lactose tolerance
(Uddin et al. 2020). Additionally, the development of probiotics and prebiotics could help alleviate symptoms of lactose
intolerance by modulating the gut microbiome (Shao et al. 2023). Furthermore, understanding the genetic and environmental
factors influencing lactose tolerance could inform strategies for improving public health and reducing the prevalence of
lactose intolerance. For instance, identifying genetic variants associated with lactose tolerance could inform personalized
nutrition recommendations and help individuals make informed choices about their diet (Sadigova et al. 2024; Leontiadis
& Longstreth 2022; Schulz & Rizvi 2021).

I11. LACTOSE INTOLERANCE PREVALENCE ACROSS POPULATION

Between 30 and 50 million Americans have the potential for lactose intolerance (Nicklas et al. 2009). The 2005 Dietary
Guidelines for Americans states that the “nutrients of concern”, essential nutrients, seem to be lacking in adult Americans
diets; calcium, potassium, magnesium, and vitamin A (Nicklas et al. 2009). Dairy foods help decrease the risk of multiple
chronic diseases and contribute a unique nutrient package to a healthy diet. However, some individuals limit or avoid
consuming dairy because of lactose intolerance, which may have long-term effects on diet quality, bone strength, and
metabolism, as well as overall health (Nicklas et al. 2009).

Lactose is a disaccharide sugar found in milk, which is broken down into glucose and galactose by the enzyme lactase
(Anguilla-Ruiz et al. 2020). Congenital lactase deficiency and lactase non-persistence are two different conditions that affect
the ability of a person to digest lactose (Sollid 2024).

Lactose intolerance is a gastrointestinal symptom, such as cramps, abdominal discomfort, and nausea, all associated with
lactose maldigestion, which occurs when more lactose is consumed than the existing lactase enzyme can hydrolyze (Fisher
2018). It is crucial to understand that lactose intolerance is not the same as having a food allergy to milk (Hopkins 2024).
Based on studies, lactose intolerance in Americans occurs in about 15% of whites, 50% of Mexican Americans, and 80%
of African Americans (Nicklas et al. 2009).

Congenital Lactase Deficiency

Congenital lactase deficiency is a rare genetic disorder caused by variants in the LCT gene, which encodes the lactase
enzyme. These variants interfere and mess with the processing of lactase, resulting in an impaired ability to digest lactose.
The LCT gene is responsible for the production of lactase, which is needed for the digestion of lactose (Fisher 2018; Wanes
2019). Variants in the LCT gene can lead to a range of lactose intolerance, from mild to severe (Robayo-Torres et al. 2007).

Lactase Non-Persistence

Lactase non-persistence is a condition characterized by the gradually decreasing activity of the LCT gene after infancy
(Labrie et al. 2016; Fisher 2018). This decrease is because of the genetic variations in the MCM®6 gene, which encodes a
transcription factor that regulates lactase expression (Labrie et al. 2016). People with these variations have lactase
production in the small intestine, which allows them to digest lactose throughout life. However, individuals without these
variations have a reduced ability to digest lactose as they get older, resulting in the signs and symptoms of lactase non-
persistence (Labrie et al. 2016).

The prevalence of lactose intolerance varies significantly across different populations. A recent study estimated that 68%
of the world's population is lactose intolerant, with the highest prevalence found in the Middle East and the lowest in
Western Europe (Storhaug et al. 2017). Another study found that in a national Canadian survey, 16% of participants
perceived that they had lactose intolerance (Barr 2013).

Evolution and Variants Associated with Lactose Intolerance

The LCT gene on chromosome 2 encodes the lactase enzyme. Regulatory regions near the LCT gene, particularly within
the MCM6 gene, play a key role in lactase expression. Single nucleotide polymorphisms (SNPs) within these regulatory
regions act as genetic switches, influencing the level of lactase production (Anguita-Ruiz et al. 2020).

The most well-studied polymorphisms associated with lactase persistence include C/T—13910 and G/A-22018. The
ancestral allele (C) at the C/T—13910 locus is linked to a decrease in lactase expression after weaning, while the derived
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allele (T) is associated with continued lactase production (Baffour-Awuah et al. 2016). Similarly, the G allele at the G/A-
22018 locus promotes lactase persistence (Enattah et al. 2008).

Researchers have identified additional lactose persistence-related polymorphisms, such as G/C*-14010, C/G*-13907, and
T/G*-13915. These variants often appear together in specific populations, forming a compound allele that acts as a stronger
genetic determinant for lactase persistence (Hassan et al. 2016). The inheritance pattern of lactase persistence is complex,
exhibiting characteristics of both dominant and codominant inheritance. While some individuals with just one copy of the
lactase persistence allele have sufficient lactase activity, others may require two copies for full lactose tolerance (Wells et
al. 2021). This explains the observed spectrum of lactase levels, ranging from very low in individuals homozygous for the
non-persistence variants to high levels in those with the persistence variants (Smith et al. 2006).

The global geographical diversity in the genetic foundations of the LP phenotype indicates that this trait emerged
independently multiple times throughout human history. Moreover, various independent mutations associated with regional
social dynamics, local cultural practices, behavior, and pre-existing genetic diversity have contributed to its present-day
multiethnic distribution (Jackson 2014). By utilizing genetic data and historical knowledge, the researchers can enhance
and broaden our understanding of the social implications of these behavioral and cultural changes and their impact on
regional development and health, underscoring the dynamic interplay between "genes" and "environment” (Jackson 2014).

Lactose Intolerance and Evolution History

Lactose intolerance is closely linked to the evolution of lactase persistence, the ability to produce the lactase enzyme into
adulthood. The prevalence of lactose intolerance varies among different populations and is thought to have evolved in
populations with a history of dairy farming (Campbell & Matthews 2005; Buzas 2015).

The genetic variants associated with lactase persistence have undergone positive selection in certain populations, such as
Northern Europeans and some African and Middle Eastern groups, as it provided a selective advantage by allowing them
to obtain nutrients from milk throughout their lifespan (Campbell & Matthews 2005; Buzas 2015).

The evolution of lactase persistence is believed to have occurred relatively recently, within the last 10,000 years, coinciding
with the development of dairy farming in these regions (Campbell & Matthews 2005; Buzés 2015). Populations without a
history of dairy farming, such as Native Americans and East Asians, generally have a higher prevalence of lactose
intolerance (Campbell & Matthews 2005; Buzas 2015; Lukito et al. 2015).

Lactose intolerance is caused by the inability to produce enough lactase, the enzyme responsible for breaking down lactose
(Buzas 2015; Marginean et al. 2017).

In individuals with lactose intolerance, undigested lactose can cause symptoms such as bloating, gas, diarrhea, and
abdominal pain after consuming dairy products (Buzas 2015; Marginean et al. 2017).

Interestingly, Charles Darwin's mystery illness, which he suffered from for over 40 years, has been suggested to be a case
of systemic lactose intolerance (Campbell & Matthews 2005). His symptoms, including vomiting, gut pain, headaches, and
severe tiredness, matched those of lactose intolerance, and he only got better when he stopped taking milk and cream
(Campbell & Matthews 2005; Geoghegan & Webb 2017).

Gene-Environment Interactions in Lactose Intolerance

To understand the etiology of a disease, genetic-environment interactions are one of the most interesting and very complex
factors that contribute to a given disease or phenotype via the molecular process (Virolainen et al. 2023).

Gene-environment interaction review

According to Carolyn M. Hutter, the Division of Genome Sciences director, “Gene-environment interaction refers to the
interplay of genes and the physical and social environment”. For instance, Environmental risk factors include physical
elements like radiation and temperature, chemical substances such as polycyclic aromatic hydrocarbons, and biological
agents like viruses. Additionally, behavioral patterns like delayed age at first pregnancy and significant life events such as
job loss or injury contribute to this complex landscape of risk factors. Comparably genetic risk factors can involve an
autosomal or X-linked major gene, a polygenic model, or an epistatic model (Ottman 2010).
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Explain lactose intolerance via genetic-environment interaction

In humans, the ability to digest milk lactose is governed by an enzyme called lactase-phlorizin hydrolase (LPH), specifically
a B-galactosidase enzyme (Montgomery 1991). Following the weaning phase, approximately two-thirds of humankind
experience a drastic decline in the levels of this enzyme, a trait known as lactase non-persistence (LNP). However, some
individuals can maintain high levels of LPH throughout their lives, a condition called lactase persistence (LP) (Rossi 1997).
Remarkably, it has been hypothesized that LP may arise independently due to the influence of five or more single nucleotide
polymorphisms (SNPs) within a regulatory region known as MCM6 (minichromosome maintenance complex component
6). This region, positioned upstream of the LCT gene, serves as a transcriptional enhancer, potentially contributing to the
sustained expression of lactase in individuals with LP (Liebert et al. 2017).

Thoroughly, it has been discovered that among humans, high lactose digestion capacity after weaning is common only in
certain North Atlantic European, Mediterranean, Central Asian, and some selected African populations. It is widely believed
to represent an evolutionary adaptation developed over millennia of consuming milk from domesticated animals (Holden
& Mace 1997). Therefore, using such terms as adult “lactose intolerance” or “adult lactase deficiency” describes a person
with this symptom, in fact, this trait is the plesiomorphic trait that appears in most mammals and humans (Jackson 2014).

The global geographical diversity in the genetic foundations of the LP phenotype indicates that this trait emerged
independently multiple times throughout human history. Moreover, various independent mutations associated with regional
social dynamics, local cultural practices, behavior, and pre-existing genetic diversity have contributed to its present-day
multiethnic distribution (Jackson 2014). By utilizing genetic data and historical knowledge, the researchers can enhance
and broaden our understanding of the social implications of these behavioral and cultural changes and their impact on
regional development and health, underscoring the dynamic interplay between "genes" and "environment” (Jackson 2014).

In European dairying populations and their descendants, the widespread LP phenotype is primarily attributed to a single
genetic mutation located 13.9 kb upstream from the LCT gene (-13910T) (Anagnostou et al. 2009), forming an extended
haplotype of 500 kb or more. Similarly, in Central Asia, LP is linked to the same mutation (-13910C > T, rs4988235) (Heyer
et al. 2011), suggesting genetic diffusion between these regions. However, among other milk-consuming groups, various
mutations are associated with LP. For instance, in certain South Africans, the -14010C allele is linked to LP (Jensen et al.
2011), while in East Africa, the primary mutation appears to be (-13907G) (Enattah et al. 2008). Interestingly, the European
and East African alleles share a common ancestral background, potentially linked to shared social and behavioral histories
related to cattle domestication. In Saudi Arabia, the absence of the European allele (-13910T) is compensated by two new
mutations forming a compound allele (-13915T/G and a synonymous SNP in exon 17 of MCM®). This unique compound
allele, prevalent among Arab populations, indicates a divergent ancestral haplotype possibly shaped by camel domestication
and milk consumption (Enattah et al. 2008).

IV. THE ROLE OF GUT MICROBIOME IN LACTOSE INTOLERANCE

The gut microbiota, a complex community of microorganisms residing in the gastrointestinal tract, significantly influences
human health. This community is predominantly bacterial and plays crucial roles in digestion, immune protection, vitamin
synthesis, and the production of metabolic byproducts such as short-chain fatty acids (SCFAs) (Hills et al. 2019; Riccio &
Rossano 2020; Valdes et al. 2018). One area of interest is how the gut microbiome affects lactose intolerance (LI), a
condition marked by gastrointestinal symptoms following lactose ingestion (Malik & Panuganti 2023).

Lactose, the primary sugar in mammal milk, is hydrolyzed by lactase (B-galactosidase) into glucose and galactose for
absorption in the small intestine. However, not all ingested lactose is metabolized; some reaches the colon, where gut
microbes possessing B-galactosidase can further hydrolyze lactose, producing byproducts like lactate, SCFAS, hydrogen,
carbon dioxide, and methane (Ayivi et al. 2020; Forsgard 2019). This process suggests that lactose consumption impacts
gut microbiota composition and function.

Misselwitz et al. (2019) have highlighted the multifactorial nature of LI, pointing to genetic makeup and dietary patterns as
significant factors influencing gastrointestinal symptoms. They identified the presence of lactose-fermenting bacteria like
Bifidobacterium in the gut, which can affect lactose levels. However, the impact of the gut microbiome on the occurrence
of LI symptoms is still unclear.

Afterward, Brandao Gois et al. (2022) further explored the interplay between LI genetic variants, dairy intake, and gut
microbiome composition, focusing on Bifidobacterium. The research found a higher abundance of Bifidobacterium in LI
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individuals compared to non-LI individuals, which was positively correlated with dairy intake in the LI group. Likewise,
the abundance of Bifidobacterium was also positively correlated with the total score of gastrointestinal complaints in LI
individuals, particularly abdominal pain, discomfort, and bloating.

These findings suggest that the gut symptoms experienced by LI patients may be linked to the abundance of Bifidobacterium
rather than directly to lactose intake. This supports the hypothesis that metabolic products of lactose-fermenting bacteria
could be related to LI symptom occurrence. Furthermore, Brandao Gois performed a mediation analysis indicating that the
association between dairy intake and gastrointestinal complaints in LI individuals was partially mediated by
Bifidobacterium abundance.

Diet is a major factor in gut microbiota composition and function. Various dietary patterns, including high-fat, high-sugar,
and plant-based diets, can significantly alter the microbial community structure (Leeming et al. 2019; Bibbo et al. 2016).
Furthermore, studies have shown that lactose can function as a prebiotic, promoting the growth of beneficial bacteria like
Bifidobacterium and Lactobacillus, which in turn produce metabolites such as SCFAs that are beneficial for gut health
(Angima et al. 2024; Aslam et al. 2020).

Genetic factors also play a role in lactose intolerance and gut microbiome composition. Variants in the lactase gene (LCT),
such as the rs4988235 variant, have been associated with lactase persistence and gut microbiome Bifidobacterium
abundance (Bonder et al. 2016). The rs4988235 variant is known to cause lactase persistence in adults of European ancestry,
and studies have consistently shown a strong association between this variant and increased levels of Bifidobacterium in
the gut microbiome (Kato et al. 2018; Qin et al. 2024).

V. DIAGNOSING LACTOSE INTOLERANCE (GENETIC AND CLINICAL FACTORS)

There are several diagnostic tests available to confirm lactose intolerance. Firstly, the Hydrogen Breath Test (HBT) is a test
that measures the amount of hydrogen in the breath after consuming lactose. It is collected after the patient drinks a lactose
product. The level of hydrogen collected implies that lactose is not being properly digested and absorbed, leading to
malabsorption and symptoms of lactose intolerance (Amieva-Balmori et al. 2019; Shafi & Husain 2022). Secondly, the
Lactose Intolerance Test is a test that measures patient symptoms and blood glucose levels after consuming lactose products.
If the result shows that patients have a low blood glucose level, lactose is not properly digested and absorbed into the
bloodstream (Shafi & Husain 2022). Another test is the Genetic Test which identifies genetic mutations that affect lactase
enzyme production, which is necessary for lactose digestion. It can help diagnose lactose intolerance by recognizing patients
who have more possibility to experience symptoms due to their genetic weakness (Santonocito et al. 2015). Lastly, Intestinal
Biopsy is a test used to examine the presence and function of lactase enzyme by using a tissue sample from the small
intestine, the test. It can help diagnose lactose intolerance by identifying lactase enzyme deficiency in the human body.
These tests diagnose lactose intolerance and differentiate it from other conditions that may cause similar symptoms, such
as small intestinal bacterial overgrowth (SIBO) (Shafi & Husain 2022).

Looking deeper into Treatment and Management, Individuals with lactose intolerance can prevent their symptoms, allergies,
by consuming lactose-free or low-lactose products, such as lactase-treated milk, hard cheeses and plant-based milk
(Misselwitz et al. 2019). Lactase enzyme supplements can also help digest lactose in foods.

In Clinical and Experimental Gastroenterology, lactose intolerance is a global health issue, so diagnosis and management
are important for affected individuals. The review discusses the lactase-persistence alleles that have occurred among people
around the world, the diagnosis of lactose intolerance, and its symptomatology and management (Lomer et al. 2007).

Precision nutrition, which focuses on the effects of nutrients on the genome, proteome, and metabolome, can help manage
lactose intolerance (Pratelli et al. 2024). Omics technologies play an important role in explaining the complex interactions
between nutrients and the human body, enabling the precise delineation and identification of distinct cohorts of individuals
with specific dietary requirements.

Genetic Test for Lactose Intolerance

Given that genetic testing identifies genetic changes linked to the conditions, it is a useful diagnostic technique for lactose
intolerance (Brasen et al. 2017). In contrast to the lactose hydrogen breath test, the genetic test is an uncomplicated,
noninvasive, and more comfortable examination that does not trigger lactose intolerance symptoms (Biining et al. 2005;
Nilsson & Olsson 2008). It also requires fewer preparations because it is simple to transfer a venous blood sample to the
laboratory (Mattar et al. 2008; Hdgenauer et al. 2005). Analyzing the lactase gene (LCT) to identify single nucleotide
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polymorphisms (SNPs) is the standard procedure for the genetic test for lactose intolerance. The SNPs that are most
frequently researched are G/A_ 22018, C/T_13910, and C/G_13907 (Rollan et al. 2012). These SNPs are linked to the small
intestine's continued or decreased lactase enzyme activity (Baffour-Awuah 2015). The test includes isolating DNA from a
blood sample, followed by polymerase chain reaction (PCR) amplification of the LCT gene. Following that, the amplified
DNA is examined using methods like sequencing or restriction fragment length polymorphism (RFLP) to determine whether
the SNPs are present (Ponte et al. 2016).

Genetic Diagnosis and Prevalence

Genetic testing for lactose intolerance is very reliable in determining the disease. When a study was done through which
genetic test was compared to other diagnostic methods, it was discovered that it had 97% sensitivity and 93% specificity.
Moreover, another research found that 52.5% of patients had lactose intolerance as identified by the genetic test with a
positive likelihood ratio of >10 and a negative likelihood ratio of <0.1 (Rollan et al. 2012). Consequently, among
populations who are not European there exists variation in the occurrence of lactose intolerance.

Lactose Intolerance in Specific Populations

Populations with high inflammatory bowel disease (IBD) prevalence show high lactose intolerance cases. The prevalence
of lactose intolerance in a study on IBD patients was found to be 64.8% through the hydrogen breath test; a similar
prevalence existed among the control population as well (Nardone et al. 2021). Similarly, this research also established that
the majority of IBD patients, 85.2%, possessed wild genotypes and tested positive for lactose intolerance utilizing genetic
testing (Nardone et al. 2021).

VI. MANAGING LACTOSE INTOLERANCE (GENETIC AND DIETARY APPROACHES)

Lactose intolerance can be controlled by completely avoiding lactose-containing products or taking supplements of lactase
(Facioni et al. 2020; Szilagyi & Ishayek 2018). In some cases, a lactose-free diet could be necessary.

The analysis of the lactase gene for specific SNPs associated with the condition is one of the most important uses of genetic
testing in diagnosing people with lactose intolerance. The diagnostic value of this test is high due to its high sensitivity and
specificity. Moreover, there is a wide range of variation in terms of the prevalence of lactose among population groups,
with populations that are not from Europe having higher rates. Additionally, through genetic testing, it would be possible
to identify those individuals who are more likely to develop the disease before time thereby allowing early intervention and
management (Porzi et al. 2021).

Genetic Approaches

Lactose intolerance is a genetic condition, with most individuals losing the ability to digest lactose after infancy (Liebert et
al. 2017). Genetic variations, such as lactase persistence, allow some individuals to continue producing lactase enzymes
into adulthood, enabling them to digest lactose effectively. Understanding the genetic basis of lactose intolerance is crucial
for developing effective management strategies (Angima et al. 2024).

Pharmacological approach

Another important approach for preventing LI is to use lactase from nonhuman sources as part of enzyme replacement
treatment to hydrolyze lactose. Multiple lactase supplements that are sold commercially come in different amounts of beta-
galactosidase derived from different sources (Usai-Satta et al. 2012).

Dietary Approaches

Lactose intolerance is a genetic disease but can be a short-term result of an infection or other insult to the jejunal mucosa.
It is crucial to recognize this common condition since it is easily treated with simple dietary changes (Swagerty Jr et al.
2002). Considering that there are simple dietary approaches to building lactose tolerance and that avoiding dairy products
can result in nutritional deficiencies, several public health organizations advise everyone, including those who are lactose
intolerant, to consume three servings of dairy products daily to ensure sufficient nutritional intake and optimal bone health.
Most individuals with LI can tolerate up to 12 grams of lactose daily in a single dose (Hodges et al. 2019). To address this,
dairy products can be consumed by people with LI as part of a strategy that includes yogurts and cheeses that are matured
to have minimal lactose content (Santos et al. 2019). The initial recommendation for managing lactose intolerance is to
temporarily refrain from milk and dairy products in an effort to relieve symptoms. Most people with lactose malabsorption,
as previously stated, are able to take up to 12 g of lactose without experiencing serious symptoms (Mattar et al. 2012).
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Prebiotic Strategies (Sub)

Prebiotic approaches, including the consumption of galactooligosaccharides (GOSs) and low levels of lactose, have been
shown to shift the gut microbiome and mitigate symptoms of lactose intolerance. Prebiotics may serve as a therapeutic to
mitigate symptoms in people with lactose intolerance. GOS can enhance the growth of colonic Bifidobacterium. Feeding
GOS to subjects with lactose intolerance enhances the relative abundance of Bifidobacterium and has been associated with
symptom reduction (Angima et al. 2024).

FODMAPs and Irritable Bowel Syndrome

FODMAPs (fermentable oligo-, di-, and monosaccharides and polyols) are a group of carbohydrates that can worsen
symptoms of lactose intolerance. A low FODMAP diet has been shown to be effective in managing symptoms of irritable
bowel syndrome (IBS), which often co-occurs with lactose intolerance. The idea that starting with a low-FODMAPS diet
should be the first dietary strategy is supported by the evidence for this diet. Still, there are a lot of things that need to be
made clear, such as how serious the potential nutrition concerns are (Mansueto et al. 2015). Understanding the biological
mechanisms underlying food intolerance to lactose and FODMAPS can aid clinicians in providing an accurate diagnosis
and directing rational dietary and medical management (Deng et al. 2015).

Nutrigenomics and Personalized Nutrition (Sub)

Lactose intolerance is a monogenic disease where diet influences phenotypic expression. Nutrigenomics provides powerful
approaches to unravel the complex relationships between bioactive molecules, genetic polymorphisms, and biological
systems, leading to personalized nutrition and dietary recommendations. In lactose intolerance, early identification of
specific mutations or haplotype combinations that modulate dietary response can improve prevention or treatment (Gorduza
et al. 2008).

VIl. DISCUSSION

Understanding the genetic basis of lactose intolerance has significant scientific implications. It sheds light on human
adaptation to dietary changes throughout history and the interplay between genes and environment (Deng et al. 2015).
Studying these polymorphisms can provide insights into gene regulation mechanisms and the development of personalized
dietary recommendations (Kiani et al. 2022). While genetic testing for lactase persistence variants is not a routine diagnostic
tool, it can be helpful in specific situations, such as differentiating between lactose intolerance and other digestive disorders
(Mattar travel al. 2012). Continued research on the genetics of lactase persistence promises to deepen our understanding of
this common condition and its impact on human health and evolution.

The genetic basis of lactase persistence has been extensively studied, revealing significant insights into human evolution
and population genetics. One of the key findings is the identification of several single-nucleotide polymorphisms (SNPs)
associated with lactase persistence, particularly in populations with a long history of dairy consumption. The most studied
SNP, located in the regulatory region upstream of the LCT gene (rs4988235), is strongly associated with lactase persistence
in European populations. This SNP is thought to have arisen around 7,500 years ago, coinciding with the advent of dairy
farming in Europe (Ingram et al. 2009).

Interestingly, different genetic variants associated with lactase persistence have been identified in African and Middle
Eastern populations, suggesting multiple, independent evolutionary events. For instance, the SNP -14010*C is prevalent in
pastoralist groups in East Africa, while other variants are found in Saudi Arabia and northern India (Tishkoff et al. 2007).
This indicates that lactase persistence is a prime example of convergent evolution, where different genetic adaptations have
arisen in response to similar selective pressures, namely the dietary reliance on milk.

The evolutionary advantage of lactase persistence likely stems from the nutritional benefits of milk, particularly in
environments where other food sources are scarce. Milk provides a rich source of calories, protein, and essential
micronutrients, which would have been especially valuable in early agrarian societies and during periods of famine. The
ability to digest lactose also offers a significant hydration advantage, as milk is a sterile liquid source, which could be crucial
in arid environments (Gerbault et al. 2011).

Despite the clear genetic basis for lactase persistence, the condition of lactose intolerance remains prevalent worldwide.
This highlights the importance of understanding the gut microbiome's role in lactose digestion. Certain bacterial strains in
the gut can ferment lactose, producing short-chain fatty acids and gases, which can mitigate the symptoms of lactose
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intolerance (He et al. 2020). Probiotic treatments and dietary adjustments that promote beneficial gut bacteria are promising
strategies for managing lactose intolerance symptoms.

The variability in lactose tolerance also underscores the complex interplay between genetics and environment. Cultural
practices, such as the traditional fermentation of milk into yogurt or cheese, can reduce lactose content and make dairy
products more digestible for lactose-intolerant individuals. This cultural adaptation demonstrates how human populations
have historically mitigated the limitations imposed by genetic predispositions.

Looking forward, advances in genetic research and personalized medicine hold promise for developing targeted
interventions for lactose intolerance. Genetic screening can identify individuals at risk of lactose intolerance, enabling
personalized dietary recommendations. Furthermore, understanding the gut microbiome's role in lactose digestion could
lead to the development of probiotic therapies tailored to individual microbiome compositions (Szilagyi 2015).

In conclusion, lactose intolerance is a widespread condition that affects the ability to digest lactose. The prevalence of
lactose intolerance varies significantly across different populations, with genetic and molecular mechanisms playing a
crucial role in its development. Lactase persistence research provides valuable insights into human genetic diversity,
evolutionary biology, and the intricate relationship between genetics, diet, and culture. As we continue to unravel the genetic
and microbiological underpinnings of lactose intolerance, we can develop more effective strategies to improve the health
and well-being of individuals affected by this condition.

VIIl. CONCLUSION

Genetic factors are the main determinants of lactose intolerance. Lactase persistence, the capacity to digest lactose into
adulthood, has developed in societies with a history of dairy farming. Lactase production is influenced by genetic variants
in the LCT gene, specifically in the regulatory region MCM6.

Genetic testing, which identifies particular SNPs in the LCT gene, is used to diagnose lactose intolerance. Tests for lactose
intolerance and hydrogen breath are two further diagnostic techniques. Dietary adjustments, such as avoiding lactose-
containing foods or ingesting lactose-free alternatives, are usually necessary to manage lactose sensitivity. Prebiotic
methods and lactase enzyme supplements can also help reduce discomfort.

Therefore, learning about the genetic and evolutionary aspects of lactose intolerance can help with management and
prevalence estimations. Researchers can enhance public health efforts and create tailored nutrition recommendations by
identifying genetic polymorphisms linked to lactase persistence. The lactose intolerance research also provides information
on the intricate interactions that shape human behavior and health between genetic, environmental, and cultural factors.
Investigating innovative techniques for treating lactose intolerance and improving the health of those who are impacted is
crucial as our knowledge of the problem deepens.
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