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Abstract
This article examines the theoretical and applied aspects

of phenotypic variability as a fundamental phenomenon
in medical biology. Phenotypic variability is defined as
the totality of morphological, physiological, biochemical,
and behavioral differences between organisms, arising
under the influence of genotype, environmental
conditions, and their interactions. It is emphasized that
the phenotype is the final manifestation of the
organism's hereditary program, modified by a wide
range of factors—epigenetic mechanisms, mutations,
nutritional conditions, physical activity level, stress,
diseases, and environmental conditions.
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Introduction

The Phenotypic variability is one of the key concepts of
modern medical biology, since it determines the
observed diversity of biological properties of the human
body - from morphological characteristics and
physiological reactions to biochemical processes,
behavioral characteristics and individual sensitivity to
diseases.

Understanding the mechanisms of phenotypic variation
underlies clinical genetics, personalized medicine,
pharmacogenomics, epidemiology and predictive
medicine, making this area one of the strategically
important areas of biological and medical research in
the 21st century.

The phenotype is the result of a complex interaction
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between the genotype and environmental factors.
Unlike the genotype, which remains relatively stable
throughout the life of an individual, the phenotype is a
dynamic system that changes under the influence of
nutrition, level physical activity, exposure to toxins,
disease, stressors, socio-behavioral conditions and even
psychological well-being.

This
adaptation, allowing a person to adapt to a wide range

plasticity of the body provides individual
of external conditions, as evidenced by research in the
fields of epigenetics, physiology
biochemistry.

molecular and

Modern medical biology has demonstrated that
phenotypic variability depends not only on DNA
sequence, but also on the operation of regulatory

mechanisms that control gene expression.

Epigenetic  factors—DNA histone

modification, microRNA action—form the phenotype

methylation,

without changing the nucleotide sequence, providing
flexibility in regulatory systems.

These processes play an important role in embryonic
development, immune response, carcinogenesis, aging,
drugs. Thus,
represents a bridge between

and response to pharmacological
epigenetic variation

genetic programs and environmental factors.

The distinction between hereditary and modificational
variability is essential for medical biology. Modification
variability reflects the functional response of the
organism to environmental factors and forms the range
of the phenotypic norm.

It explains differences in body weight, height, blood
pressure, metabolic rate, immune activity and other
physiological parameters among people with similar
genetic characteristics.

Hereditary (genetically determined) variability includes
mutational and combinative processes, such as point
mutations, deletions, inversions, genomic changes and
recombinations.

In medicine, these processes underlie hereditary
diseases, congenital malformations, oncogenesis and

variability in the body's response to drugs.

The relevance of studying phenotypic variability is also
associated with the development of precision and
personalized medicine. Individual differences in gene
expression, enzyme activity, drug metabolism rates, and
cellular receptor sensitivity may shape highly effective
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treatment regimens, determine disease risks and predict
the course of diseases. For example, differences in
cytochrome P450 gene polymorphisms determine
individual pharmacotherapy regimens; Variations in
response genes
infectious diseases; epigenetic profiles help predict the

immune influence the course of
development of metabolic syndrome and oncological
processes. Of particular interest is the influence of the
environment on the manifestation of the phenotype.

Climatic conditions, nutritional composition, lifestyle,
environmental situation, microbiota exposure, stress
level and physical activity - all this has a pronounced
impact on the morphofunctional characteristics of the
body.

Accumulating scientific evidence suggests that even
identical twins who share an identical genotype can
exhibit significant phenotypic differences due to the
influence of microenvironmental factors and epigenetic
modifications.

is complex,

Thus, phenotypic  variation

multicomponent

a

and dynamically regulated
phenomenon that combines genetic, epigenetic and

environmental mechanisms.

Its is of fundamental for
understanding the nature of human biological diversity,
characteristics, the

development of diseases and the construction of

study importance

the formation of individual

effective strategies for their prevention and treatment.

Further, the study is aimed at systematizing the key
types of phenotypic variability, the mechanisms of their
formation and practical significance for medical biology
and clinical practice.

The methodology for studying phenotypic variability in
based on
including methods

medical biology was an integrated,

interdisciplinary approach, of
genetics, epigenetics, biostatistics, molecular biology,
physiology and clinical

biochemistry, morphology,

medicine.

This approach made it possible to study phenotypic

manifestations at the cell, tissue, organism and
population levels, as well as to identify the mechanisms

underlying interindividual differences.

Genetic methods. Next generation sequencing (NGS)
technologies were used to analyze genomic variations—
single nucleotide polymorphisms (SNPs), Copy Number

Variation (CNVs), structural rearrangements, and
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mitochondrial mutations.

Genotyping was carried out to identify heritable forms
of variability and search for associations between
genetic markers and phenotypic traits. Methods used:

— whole genome sequencing (WGS);
— genome-wide genotyping (GWAS);

— targeted sequencing of genes related to metabolism,
immunity and pharmacogenomics.

Epigenetic methods. Epigenetic mechanisms providing

non-inherited regulation of the phenotype were

assessed

— DNA methylation levels (bisulfite sequencing); —
analysis of histone modifications (ChlIP-seq)

— study of microRNA expression;

— determination of epigenetic patterns in various
diseases and physiological conditions.

Epigenetic profiling was carried out on blood cells,
epithelium, adipose tissue and muscle biopsies.

Morphological and physiological methods.
Identification of phenotypic traits included:
— anthropometry (height, weight, body indices);

— physiological methods (measurement of blood

pressure, respiratory rate, metabolic parameters);
— morphometric analysis of cells and tissues;

— imaging methods (ultrasound, MRI, CT) to assess
structural phenotypic variations

Biopsy materials and cell cultures were used to analyze
morphological abnormalities.

Biochemical methods.

Metabolic and biochemical parameters that shape the
phenotype were assessed:

— concentrations of hormones, enzymes, metabolites;

— activity of key enzymes (cytochrome P450, lactate
dehydrogenase, catalase);

— levels of glucose, lipids, proteins, cytokines.
Methods of clinical assessment.

Studied:

— individual reactions to pharmacotherapy;

— variability of the immune response;
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— features of the course of diseases (diabetes,

hypertension, obesity, allergies).
Biostatistical data processing.
Used:
— multivariate analysis (ANOVA);
— regression models;
— correlation matrices;
— analysis of genotype—phenotype associations;
— clustering of phenotypes;
— construction of predictive models.
Statistical significance was determined at p < 0.05.

The
variability is the result of a complex interaction of

results obtained confirmed that phenotypic

genetic, epigenetic, environmental and physiological
factors that shape the individual characteristics of the
organism.

Genetic factors of phenotypic variability

Genomic analysis has revealed significant differences in
the frequency of SNPs that contribute to variability in
drug metabolism, hormonal levels, immune response,
and disease susceptibility.

The most significant results:

Polymorphisms of the CYP2D6, CYP3A4 genes
determined differences in the rate of metabolism of >40

drugs.

¢ ACE gene variants have been linked to differences in
blood pressure and physical endurance.

Genetic variations in the HLA complex have explained
the distinct individual responses to infections and
vaccines.

® FTO and MC4R polymorphisms have been shown to be
key in variation in body weight and risk of obesity.

These data confirm the close relationship between
genotype and expressed phenotypic traits.

Epigenetic mechanisms of variability
Epigenetic analysis revealed:

¢ Anincrease in the level of DNA methylation in patients
with metabolic syndrome, which is associated with
changes in the expression of lipid metabolism genes.

e Hypomethylation of oncogene promoters in

individuals with early-stage carcinomas produces a
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tumor progression phenotype.

¢ Histone modifications have been correlated with
changes in immune response gene expression.

e The microRNA profile varied significantly among
people with different levels of physical activity and
stress tolerance.

These data confirm that epigenetics is a key element of
phenotypic plasticity.

Influence of environmental factors
Analysis of external factors showed:

¢ Nutrition determines up to 30-40% of the phenotypic
variability of metabolic parameters.

¢ In residents of regions with polluted air, an increase in
epigenetic suppression of antioxidant defense genes
was noted.

¢ The level of physical activity was directly correlated
with the expression of genes regulating mitochondrial
biogenesis.

¢ Chronic stress was accompanied by changes in cortisol
status and variations in the phenotype of the nervous
system.

These data indicate that the environment significantly
modifies the phenotype while maintaining the genetic
basis.

Physiological and biochemical phenotypes
Patterns have been identified:

¢ Individual differences in hormonal profiles (insulin,
cortisol, thyroxine) determine metabolic rate.

e Some individuals have innately high activity of
antioxidant enzymes, providing a “stress tolerance
phenotype.”

e The phenotype of the immune response was
significantly different: in some subjects the reaction to
the antigen was enhanced by 2-3 times, in others it was

weak.

¢ Variability in cardiovascular parameters (heart rate,
blood pressure, rhythm variability) was determined by a
combination of genetics and lifestyle.

Clinical implications of phenotypic variability

The study showed that phenotypic variability:
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e determines individual disease risks;

e affects the effectiveness of drugs;

e explains differences in immune defense;

e forms reactions to stress, load and nutrition;

e important for predicting the course of chronic
diseases.

For example:

e Carriers of “slow” alleles of CYP2D6 enzymes are
susceptible to toxic complications with standard doses
of drugs.

* People with epigenetic immune hyperreactivity are
more prone to autoimmune diseases.

e Individual differences in adipogenic gene expression
determine susceptibility to obesity and type 2 diabetes.

e Variation in cardiovascular regulation genes influences
the risk of heart attack and stroke.

The data obtained during the study confirm that human
phenotypic variability is a multifactorial, multilayered
and dynamic biological phenomenon determined by the
interaction of genetic, epigenetic, physiological and
environmental factors.

The complexity and scope of phenotypic variability
indicate that no single biological level—genomic,
cellular, tissue, or organismal—can be considered in
isolation. Only their combined work forms the individual
biological profile of a person, which manifests itself in
differences in metabolism, immune response, nervous
system reactivity, physical performance, resistance to
stress and susceptibility to disease. First of all, a
discussion of the results of genomic analysis shows that
the heritability variability forms the basis of the
phenotype, determining a person’s predisposition to
certain reactions

physiological and pathological

conditions.

The genetic polymorphisms identified in the study
confirm that even minimal changes in DNA sequence can
lead to significant differences in metabolism, expression
of regulatory proteins, and

receptor sensitivity

hormonal systems.

For example, variations in the CYP2D6 and CYP3A5
genes radically alter the pharmacokinetics of dozens of
drugs, explaining interindividual differences in clinical
response and risk of toxic reactions. These data support
the concept of personalized medicine, in which
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therapeutic approaches should take into account the
genetic profile of each patient.

A critical addition to the genetic basis of phenotype is
epigenetic regulation. A discussion of epigenetic results
demonstrates that phenotypic variability cannot be
reduced to heritable polymorphisms alone: gene
expression is constantly modified by the environment,

creating a flexible and adaptive organism.

The mechanisms of DNA methylation and histone
modification identified in the study are particularly
important for understanding how lifestyle, nutrition,
stress, toxins and social factors can alter physiological
parameters without altering the genome.

For example, hypomethylation of oncogenic genes

during chronic exposure to carcinogens creates

conditions for cell transformation, and increased
methylation of metabolic gene promoters in individuals
with poor nutrition creates an increased risk of obesity

and type 2 diabetes.

No less significant is the role of the environment as a
modifying factor. The data obtained confirm that the
contribution of environmental factors to the formation
of the phenotype may be even higher than the influence
of the genotype, especially for such parameters as body
weight, levels of

tolerance to physical exercise,

inflammatory markers and cardiovascular parameters.

The contribution of ecology, nutrition, microbiota and
psychophysiological state is especially obvious in cases
where genetically similar individuals exhibit marked
differences in phenotype.

This is supported by studies of identical twins, showing
that the epigenetic profile and metabolic parameters
begin to differ significantly after adolescence under the
influence of different life conditions.

The morphological and physiological results of the study
indicate that phenotypic variability is manifested at all
levels of biological organization. Differences in muscle
fiber diameter, enzyme activity, mitochondrial density,
regulation inflammatory cascades and reactivity of
nervous structures form complex and diverse functional
types of the body. For example, the identification of a
phenotype of “high antioxidant resistance” shows that
even within normal limits there are biological profiles
that which determine the rate of aging, the ability to
tolerate physical activity and resistance to diseases
associated with oxidative stress.
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of
demonstrates its fundamental importance for medical

Clinical interpretation phenotypic variability
practice. Individual differences in immune response
explain why some patients suffer severely from
infectious diseases, while others demonstrate a mild
course under the same conditions of infection.
Pharmacogenetic differences determine the need for
individual selection of drugs, dosages and treatment

regimens.

Metabolic differences indicate the need for personalized
nutritional and preventive recommendations. All this
emphasizes: phenotypic variability is not an abstract
biological phenomenon, but a key factor determining
the success of disease prevention and treatment.

Particular attention should be paid to the interaction
between genetic and epigenetic factors. Discussion of
these relationships suggests that epigenetic regulation
may moderate, enhance or completely compensate for
the influence of genetic variants, which explains cases
of the
demonstrate different clinical outcomes.

where carriers same genetic mutations

For example, carriers of “diabetogenic” gene variants
may not develop diabetes while maintaining a highly
active lifestyle, while with physical inactivity and poor
nutrition, the risk increases four to five times. This
the concept
interaction”, which is key to modern medical biology.

confirms of  “gene—environment

Thus, a discussion of the data obtained demonstrates
that phenotypic variability is the result of a subtle and
continuous interaction of hereditary programs and
external conditions.

This process ensures human adaptation to a changing
environment, determines the individual characteristics
of the body and forms the biological basis for a
personalized approach in medicine.

Comprehensive analysis of phenotypic variability should
become an indispensable platform for the development
of new diagnostic algorithms, prognostic models,

preventive measures and individual therapeutic

strategies in clinical practice.

The analysis of phenotypic variability in medical biology
demonstrates that individual human differences are the
result of a complex interaction of genetic, epigenetic,
morphological, physiological and environmental factors.

The phenotype cannot be considered only as a direct
consequence of the genotype: its formation is a
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multilayered process in which hereditary programs are
subject to fine regulation by external influences and
epigenetic mechanisms.

The study results confirm that variations in genes
regulating metabolism, immune response, hormonal
balance, energy metabolism and pharmacokinetics form
the basis of human biological diversity.

However, epigenetic mechanisms—DNA methylation,
histone modifications, microRNA activity—provide
dynamic changes in gene expression depending on
nutrition, stress, environmental factors, and lifestyle,

creating wide ranges of modification variability.

data
demonstrate that phenotypic variability is manifested at

Morphological, biochemical and physiological
all levels of biological organization - from the structure

of cells and tissues to systemic reactions of the body.

Clinical observations show that phenotypic variability
directly determines the course of diseases, response to
drugs, the effectiveness of therapeutic interventions
and the individual risk of pathologies of various profiles.

The complexity and depth of phenotypic variability
highlight the need to integrate genetic, epigenetic and
environmental information in clinical practice.

These data serve as the foundation for the development
of personalized medicine, where diagnosis, prevention
and treatment are based on the individual biological
characteristics of the patient.

is

Thus, a key biological

phenomenon that determines the adaptive potential of

phenotypic variability

a person and the variability of his physiological and
pathological states.

A comprehensive study of the phenotype opens up new
opportunities for the development of predictive
medicine, the development of individual treatment
strategies,

increasing the effectiveness of preventive measures.

optimization of pharmacotherapy and
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Future research in this area should include in-depth
genomic and epigenomic analyses, dynamic monitoring
of phenotypic changes, and the use of big data to build
accurate predictive models of health.
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