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ABSTRACT

Micronuclei can form in any dividing cell. These are small
cytoplasmic bodies containing DNA that cause major pleiotropic
problems. They are one of the most studied biomarkers of
genotoxicity, instability, and genetic chaos. The micronuclear
membrane is easily ruptured and when DNA is released into
the cytoplasm, it then chronically stimulates the innate immune
system, senescence, and apoptosis. DNA has the potential
for massive rearrangements and, during mitosis or meiosis,
to reincorporate into the nucleus and thus in a single event
introduce multiple mutations to daughter cells, generating
genomic instability and chaos; thus allowing them to rapidly
become malignant. Specifically, the micronucleated cells of the
oral epithelium are an early “internal sensor” for these types
of impairment. If 90 % of all cancers are of epithelial origin,
then the oral mucosa offers a unique, highly efficient, painless,
easy-to-perform, and inexpensive opportunity to monitor at-
risk individuals; it even allows the evaluation of genotoxicity
and cytotoxicity biomarkers. Therefore, this review aims to
highlight the causes and consequences of micronuclei and
their applicability in oral mucosa for the timely detection of
individuals highly susceptible to genomic instability.

KEY WORDS: Micronuclei, genotoxicity, genomic
instability, susceptibility, oral epithelium.
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RESUMEN

Los micronucleos pueden formarse en cualquier célula en division. Estos son pequefios
cuerpos citoplasmaticos que contienen DNA que causan grandes problemas pleiotrépicos. Son
uno de los biomarcadores mas estudiados de genotoxicidad, inestabilidad y caos genético. La
membrana micronuclear se rompe con facilidad y al liberar al DNA al citoplasma, entonces este
estimula cronicamente al sistema inmunitario innato, la senescencia y la apoptosis. EI DNA
tiene el potencial de reorganizaciones masivas y durante la mitosis o meiosis re-incorporarse
al nucleo y asi en un solo evento introducir multiples mutaciones a las células hijas, generar
inestabilidad y caos gendmico; propiciando entonces que estas rapidamente se puedan malignizar.
Especificamente, las células micronucleadas del epitelio oral son un “sensor interno” temprano
a estos tipos de dano y si el 90 % de todos los canceres son de origen epitelial, entonces la
mucosa bucal ofrece una oportunidad unica altamente eficiente, indolora, de facil ejecucién y
econdmica para monitorear a individuos en riesgo; incluso permite evaluar otros biomarcadores
de genotoxicidad y citotoxicidad. Por ello, el objetivo de esta revision-opinidén es destacar causas
y consecuencias de los micronucleos, y su aplicabilidad en mucosa oral en la deteccion oportuna
de individuos altamente susceptibles a la inestabilidad gendmica.

PALABRAS CLAVE:Micronucleos, genotoxicidad, inestabilidad genémica,
susceptibilidad, epitelio oral.

Introduction

DNA carries and transmits genetic information from generation to generation, and damage
to this biomolecule causes cell degeneration that accompanies pathological processes of aging
and apoptosis. Therefore, its imbalance has great consequences for both the functionality and the
preservation of the cell and organisms.

Genomic instability is characterized by an increase in the normal rate of mutations, random,
permanent, and heritable DNA changes in somatic or germ cells, which usually have deleterious
effects on cellular functions (Lopez-Gil et al., 2023). It is a distinctive feature of some hereditary,
chronic degenerative diseases such as autoimmune diseases and cancer, in which it defines their
genomic composition and determines their behavior, aggressiveness, and treatment response
(Chen et al., 2022; Lépez-Gil et al., 2023; Di Bona & Bakhoum, 2024). The genomic instability
causes can be genomic and epigenetic alterations, repair defects, replication stress, spindle
disassembly, and micronucleus formation. While the association between genomic instability,
cancer, and micronuclei has long been recognized, it is nowadays that the mechanisms leading
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to micronuclei formation and their role in tumor progression are better understood (Di Bona &
Bakhoum, 2024).

A biomarker is defined as “a characteristic at the cellular or molecular level that objectively
measures and evaluates normal biological processes, pathogenic processes, or responses to an
exposure or even therapeutic interventions”. This is interpreted as an indicator of health status, life
expectancy, or disease risk and is classified as exposure, effect, and susceptibility (Sauer et al.,
2018; Strimbu & Tavel, 2010).

« Biomarkers of exposure; allow the assessment of the presence of xenobiotics, metabolites,
or by-products in an organism (Sauer et al., 2018; Strimbu & Tavel, 2010).

» Effect biomarkers; assess the biochemical, physiological, or behavioral alterations
produced in the organism as a result of xenobiotic exposure and are associated with pathological
processes (Sauer et al., 2018; Strimbu & Tavel, 2010).

+ Susceptibility biomarkers; indicate individual sensitivity, which is the ability of an organism
to respond to exposure to a foreign agent (Sauer et al., 2018; Strimbu & Tavel, 2010).

In this context, micronuclei, since they are derived from cytogenetic damage, are traditionally
used as biomarkers of “genotoxic effect’” and are perhaps the most widely used. However, due to
their causes and consequences, they are also used as exposure and susceptibility biomarkers.

Micronuclei: characteristics

Among the most studied biomarkers of DNA damage and chromosomal instability are
micronuclei, which are derived from chromosomal missegregation and therefore are small
masses of nuclear DNA that are erroneously found in the cytoplasm, without connection to the
nucleus. Through microscopy, they are observed as tiny bodies similar to the nucleus but smaller,
hence their designation. Historically, they have been used as biomarkers of cytogenetic damage.
However, it was recently discovered that they are an active structure that causes major pleiotropic
complications [pleio (many) and trepein (influences)], as they activate chronic inflammatory
signaling sensors and induce premature senescence, apoptosis, and genetic chaos (Lopez-Gil
et al., 2023; Chen et al., 2022; Guo et al., 2019; Krupina et al., 2021). Therefore, assessing the
micronucleated cells frequency in vulnerable populations to genotoxicants is a preventive, low-
cost alternative, with many technical facilities to be applied to both individuals and populations at
risk (Figure 1) (Fenech et al., 2020; Torres-Bugarin & Arias-Ruiz, 2023).

Although the particular characteristics of micronuclei are very diverse, such as size,
origin, chromatin condensation, presence of nuclear lamina, or gene expression, some general
characteristics can define them (Shimizu, 2011; Schmid, 1975).

Definition: a micronucleus, or Howell-Jolly body, is a small chromatin body with a high
probability of genomic rearrangement, erroneously located in the cytoplasm and enveloped in
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an imperfect membrane. It has a similar texture, focal plane, and staining to the main nucleus,

but as a rule, it is smaller and unlinked to the main nucleus; therefore, it is called a micronucleus
(Schmid, 1975).

Size: less than one-third of the size of the main nucleus (Schmid, 1975).

Figure 1. Frequency of micronucleated cells in different study groups.

Attention to values outside the mean, these are the cases of interest, as they are highly vulnerable

individuals to genomic instability (QT-Chemotherapy, Ifo-Ifosfamide, Epi-Epirubicin, CaCu-Cervical

Cancer). The number in square brackets is the data source. (Jara-Ettinger et al., 2015 [1]; Vizcarra,

2005 [2]; Torres-Bugarin et al., 2007 [3]; Torres-Bugarin et al.,1998 [4]; Torres-Bugarin et al., 2016 [5]; Molina-

Noyola et al., 2019 [6]; Castafieda-Yslas et al., 2016 [7]; Ramos-Remus et al., 2002 [8]; Rodriguez-Vazquez et

al., 2000 [9]; Torres-Bugarin et al., 2000 [10]; Torres-Bugarin et al., 2003 [11]; Torres-Bugarin et al., 2013c [12],
Flores-Garcia et al., 2018 [13]).

Origin: they can originate at any cell cycle stage, during mitosis or in pre-mitosis, post-
mitosis, and even interphase (Guo et al.,, 2019; Guo et al.,, 2020). The causes are various
aneugenic or clastogenic agents, and the effects of these can be differentiated by the size of
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the micronucleus and the centromere or kinetochore presence (Migliore et al., 1996; Afshari et
al., 1994). Aneugenic agents cause anaphase delay of whole chromosomes, either by damage
to the mitotic spindle, defect in sister chromatid cohesion, inadequate microtubule-kinetochore
bonding, chromosome condensation defect, or abnormal cytokinesis. Clastogens cause the loss
of acentric chromatin fragments by double-strand breaks (Schmid, 1975; Guo et al., 2019). Other
mechanisms described are repair errors, chromatin bridging during anaphase resulting in dicentric
chromosomes (Shimizu, 2011), fragile sites that promote the formation of double-strand breaks
and bridges (Li & Wu, 2020; Umnreit et al., 2020), and gene amplification in interphase cells termed
double-minutes. These circular extrachromosomal bodies lack centromeres and telomeres, can
attach to daughter cell chromosomes, stably segregate, and are prevalent in cancer cells (Shimizu,
2011; Maass et al., 2018).

Fate: once the micronucleus is formed, the genetic material it contains can be reorganized,
and in subsequent cell cycles, it can be excluded from the cell or incorporated into the genome of
daughter cells during the next cell division; even these phenomena could be intertwined (Kirsch-
Volders et al., 2020).

Chromatin: some micronuclei exhibit highly condensed chromatin, making expression or
replication improbable (Maass et al., 2018). These can form from chromatin bridges (Shimizu,
2011). Where chromatin is highly relaxed, transcription and replication could occur (Hintzsche et
al., 2017; Shimizu, 2011).

Membrane: the function of the nuclear membrane is to protect the genome; in contrast, the
micronuclear membrane does not fulfill this function since it is very fragile and is destined to break
without the possibility of being repaired. By its nature, it is highly unstable as it is not connected
to the nucleus or the endoplasmic reticulum and presents major deficiencies of structural proteins
and pores; these are generally disarticulated (Maass et al., 2018). Due to its obvious fragility, DNA
leakage into the cytoplasm is inexorable, a fact that plays a crucial role in pathological processes,
senescence, and apoptosis (Guo et al., 2019, 2020; Maass et al., 2018).

Transport: since the pores do not function properly, transport cannot be regulated (Hintzsche
etal., 2017).

Proteasome: they are present only in some micronuclei but are not active due to the lack
of processing subunits and ubiquitination factors (Maass et al., 2018).

Gene expression and repair: in the micronucleus, gene expression and DNA repair are
reduced, defective, and asynchronous. This is due in part to the significant decrease or absence of
replication initiation factors and enzymes required for replication. Although there is no replication
in micronuclei lacking lamins (Hintzsche et al., 2017). Chromosomes that underwent genomic
rearrangement are unevenly distributed among daughter cells, causing copy asymmetry (Hintzsche
et al., 2017; Zhang, 2015). Transcription has been observed only in micronuclei containing
complete or double-minute-derived chromosomes (Shimizu, 2000).
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Micronucleus test: methodologically, its evaluation is simple, and its application is very
versatile. It allows cross-sectional as well as longitudinal studies, and its results are highly reliable
and obtained in short periods. Another advantage is that, compared to other cytogenetic studies,
the costs are relatively inexpensive (Torres-Bugarin et al., 2014a; Torres-Bugarin et al., 2015). ltis
used in vitro and in vivo in the laboratory or field to reveal genotoxic, mutagenic, and teratogenic
effects. It is even a test protocol established by the Organization for Economic Cooperation and
Development (OECD) (OECD, 2016).

Micronuclei: biological consequences

Although some of the mechanisms underlying the micronuclei formation are understood,
and the elimination processes are being unraveled, their functional organization and consequences
are still difficult to understand. The main problem lies in knowing the fate of the micronuclei, as
their biological consequences. In general, these biomarkers disturb different cellular functions,
which can trigger apoptosis, senescence, alterations in cell cycle checkpoints and repair systems,
massive and chaotic DNA rearrangement, as well as cytoplasmic changes and overexpression
of free radicals. They can also turn on and chronically activate the innate immune response and
inflammatory processes. All this highlights the role of micronuclei in pathological processes (Guo
et al.,, 2019; Maass et al., 2018; Terradas et al., 2010).

Micronucleated cells may not represent a risk if the cell does not survive, but everything will
be different if cell division continues. In any case, their fate differs according to the micronucleogenic
inducer (clastogenic or aneugenic), their lineage (primary or tumor), the extent of genomic
damage, the kinetochore functionality, or the micronuclear membrane. Thus, a micronucleus can
be removed by extrusion or eliminated “in situ” by lysosomal or apoptotic-specific mechanisms.
However, if it persists in the next division, two cells without or with micronucleus could originate
(Maass, 2018; Shimizu, 2011).

On the other hand, if the micronucleus remains in the cytoplasm, it may prevent or delay
the next mitosis. If the membrane is ruptured, then DNA escapes into the cytoplasm and triggers
warning signals, such as chronic innate immune response and inflammation, or it may induce
early autophagy, senescence, or apoptosis. Thus, the micronucleus itself could become a direct
inducer of the process of controlling and eliminating micronucleated cells (Sommer et al., 2020;
Mohr et al., 2021).

Another point is that micronuclear DNA can undergo massive rearrangements and
significant genomic losses through chromoanagenesis (chromoplexy, chromothripsis, and
chromosynthesis). During the next cell division, it could be reintegrated into metaphase and, at
the end of mitosis, be included in the nucleus of the daughter cells, which would not be genetically
identical. They would suffer chaos and genetic instability and have a high risk of malignancy. On
the other hand, and no less important, is what happens with the sister cells that have lost genetic
material given the micronuclei formation. If these cells are not eliminated, they will perpetuate cell
lines with incomplete genetic material (Hintzsche et al., 2017; Kirsch-Volders et al., 2020; Yasui
et al., 2010).

Revista Bio Ciencias 11, e1650. 6



Torres Bugarin et al., 2024.

Micronuclei: cytoplasmic DNA and innate immune response

The genetic material of eukaryotes is primarily located in the nucleus, mitochondria, or
chloroplasts. Its cytosolic presence can occur due to damage in any of these organelles, rupture
of the micronucleus membrane, or pathogenic invasion. Thus, DNA presence in the cytoplasm
serves as a danger signal and is detected and eliminated by the innate immune system, particularly
by the cGAS-STING (cyclic GMP-AMP synthase - STimulator of INterferon Genes; STING or
INF) axis. This axis identifies invading pathogens or both foreign and self-double-stranded DNA
(dsDNA). Specifically, the cGAS enzyme identifies and binds to cytosolic DNA, initiating the cell
signaling process for immune activation that specifically targets and destroys this DNA. However,
activation of the cGAS-STING signaling pathway leads to a proinflammatory immune response
and prolonged activation of cGAS. This process induces the expression of a group of genes and
increases interferons, interleukins IL-6, IL-8, and other chemokines associated with senescence
and a high risk of autoimmune disorders (Hintzsche et al., 2017; Kirsch-Volders et al., 2020). If
these cells are not detected and chemokine production is not resolved, the proinflammatory state
persists, generating a vicious cycle of inflammation and oxidative damage that eventually affects
DNA. Such damage induces micronuclei formation and activates chromoanagenesis. These
events tend to increase with age, are gender-dependent, and contribute to autoimmune diseases,
likely due to the inability of the immune system to distinguish self-released DNA and nuclear
proteins associated with foreign antigens (Kirsch-Volders et al., 2020).

Micronuclei: genomic instability

Genomic instability involves increased punctual, numerical, and structural changes and
is characteristic of early tumorigenesis. It facilitates uncontrolled cell growth, cancer progression,
and genetic heterogeneity, and is associated with antineoplastic resistance (Siri et al., 2021).
Cancer development occurs through mutation accumulation, which could occur progressively or
all at once (Siri et al., 2021; Levine & Holland, 2018). Micronuclei were once considered passive
biomarkers of DNA damage, but today it is known that they are also promoters of chromosomal
instability. These structures are prone to rearrangement and massive loss of genetic material.
During cell division, they can incorporate into daughter nuclei, causing two cells to acquire multiple
mutations simultaneously (Terradas et al., 2016). Such events can occur spontaneously or after
exposure to xenobiotics or stressors such as genetic, metabolic, psychosocial, environmental, or
lifestyle factors (Figure 1) (Torres-Bugarin et al., 2015; Ramos-Ibarra et al., 2020). For example,
micronucleated cells have been detected in day laborers and their children exposed to high
pesticide concentrations (Castafieda-Yslas et al., 2016), fire-eaters exposed to hydrocarbons
(Torres-Bugarin et al., 1998), welders exposed to heavy metal vapors (Jara-Ettinger et al., 2015),
dentists and dental technicians (Molina-Noyola et al., 2019), anesthesiologists (Torres-Bugarin
et al., 2016), and bodybuilders who use anabolics (Torres-Bugarin et al., 2007). Additionally,
micronuclei have been identified in people with eating disorders such as bulimia and anorexia
(Torres-Bugarin et al., 2009; Torres-Bugarin et al., 2014b). Similarly, they have been found in
individuals suffering from various chronic degenerative diseases, including genomic instability
syndromes such as Bloom syndrome (Gratia et al., 2019), spinocerebellar ataxia type 2 (Cuello-
Almaraes et al., 2017), cancer (Wu & Lu, 2012; Flores-Garcia et al., 2014; Flores-Garcia et al.,
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2018), autoimmune diseases (Torres-Bugarin et al., 2015; Mihaljevic et al., 2018), renal diseases
(Pastor et al., 2018), neurodegenerative diseases (including Ataxia telangiectasia, Parkinson’s
disease, Alzheimer’s, as well as Down, Cockayne, and Werner syndromes) (Petrozzi et al.,
2002; Migliore et al., 2011; Thomas & Fenech, 2015), sickle cell disease (Naga et al., 2016),
cardiovascular diseases (Andreassi et al., 2011), periodontitis (Borba et al., 2019; Tadin et al,,
2019), Hunter-type mucopolysaccharidoses (Diaz-Jacques et al., 2018), and polycystic ovary
syndrome (Karatayl et al., 2017), among many others.

Micronucleus testing: use of models, organs and tissues

For the application of the micronucleus test, there are multiple models and a wide range of
organs and tissues, among which the following are prominent:

Erythrocytes from bone marrow and peripheral blood: the micronucleus technique was
initially developed for use in bone marrow erythrocytes but was later modified to be applied in
peripheral blood and other tissues. The use of bone marrow erythrocytes implies sacrificing the
organism, limiting the test to laboratory species, or using samples obtained for diagnostic purposes.
In contrast, the technique performed in peripheral blood can be applied without risking the life of
an organism, as only a few drops of blood are required. This technique is easily reproducible and
allows for cross-sectional and longitudinal studies in any vertebrate that meets the characteristics
of a good biomarker. Both young erythrocytes (polychromatic) are counted to evaluate acute
genotoxicity and cytotoxicity (myelosuppression), as well as normochromic erythrocytes, for
chronic exposure (Fenech et al., 2020; Kasamoto et al., 2013).

Lymphocyte culture with cytokinesis block (CBMN - cytokinesis-block micronucleus): this
is a validated test used to evaluate mutagenicity in binucleated cells. It measures chromosomal
breakage or loss, nucleoplasmic bridges, and nuclear buds (Fenech, 2020).

Exfoliated epithelial cells: obtaining samples from exfoliated epithelial cells is easily
accessible, minimally invasive, and relatively low in cost. This method is applicable in non-
keratinized stratified epithelia such as oral mucosa (cheeks, lips, gums, tongue), nasal passages,
bladder, and cervix. Specifically, in oral mucosal tissue, micronuclei are formed in the dividing
cells of the basal layer, which migrate to the surface over a period of 4 to 14 days. This migration
timeline should be considered when interpreting results (Torres-Bugarin & Arias-Ruiz, 2023).

Other less commonly used organs and tissues

Skin: this technique allows for the assessment of in vivo and in vitro photogenotoxicity
risks associated with exposure to chemical and physical agents. The EpiDerm™ model involves
a human epidermis reconstructed from normal human keratinocytes cultured on a collagen matrix
at the air-liquid interface. This model is histologically similar to the human epidermis in vivo. In this
model, cultures are exposed to the agent being tested, and the replication rate is calculated in 500
cells to assess cytotoxicity and in 1000 binucleated cells to assess genotoxicity. For this purpose,
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cells are harvested from the basal cell layer, resuspended, centrifuged, and smears are prepared
with the cellular button for analysis (Kidd et al., 2021).

Colonandintestine: these organs are exposed to numerous carcinogens through substances
entering the organism via the food chain, such as pesticides, additives, preservatives, and drugs.
Evaluation of associated risks with these substances is crucial. In this case, the micronucleus
assay is applied to histological sections stained with hematoxylin and eosin. Columnar epithelial
cells from the colon lumen are counted. Alternatively, the colon can be introduced into a hypotonic
solution to separate epithelial cells from the smooth muscle through washes. The isolated cells
are then suspended, centrifuged, and smears are prepared from the cell button. The frequency of
micronucleated cells is set to at least 1,000 cells (Morita et al., 2011; Ohyama, 2019; Fenech et
al., 1993).

Liver: the liver is highly responsive to carcinogens, but in adult animals, liver cells replicate
very slowly. Therefore, the micronucleus assay is applied in organisms with partial hepatectomy
or with hepatotoxic drugs to stimulate cell division. Alternatively, the liver of young rodents (5-6
weeks of age) with active cell division can be used. Hepatocytes are isolated, suspended, and
centrifuged. The button is resuspended with buffer, and then cell spreads are made, fixing at least
1,000 hepatocytes, staining, and analyzing them through microscopy (Morita et al., 2011; Uno et
al., 2015).

Spleen (reticulocytes - splenocytes): the spleen, being a lymphoid organ, is excellent
for studying reticulocytes. The spleen is washed with phosphate-buffered saline with 10 % fetal
bovine serum, and the cells are dissociated with this serum, then centrifuged at 800 rpm/5 min.
For splenocytes, the spleen is removed, macerated, centrifuged, and cultured for subsequent
analysis (Moore et al., 1995; Shindo et al., 1983).

Lung: It is one of the target organs of inhaled carcinogens, for its study the procedures are
similar to those used in hepatocytes (Xi et al., 2021).

Micronuclei and nuclear abnormalities in exfoliated cells

Stich et al (1982) developed the protocol for the micronucleus assay in exfoliated oral
mucosal cells to assess exposure to cellular stressors related to work and lifestyles (). Since then,
this test has been widely used with great success and has become one of the most commonly
employed tests. Its applications have even been extended to other mucosal tissues, albeit with
varying degrees of success, including nasal, esophageal, bronchial, cervical, and bladder mucosa
(Nersesyan et al., 2006; Sommer et al., 2020).

The advantages include, in parallel with the micronucleated cell count, that other
complementary toxicological biomarkers can be evaluated (other nuclear abnormalities, figures 2
and 3). Besides, the collection process is minimally invasive and painless, minimizing bioethical
implications. The methodology is relatively simple, not requiring cell cultures or specialized
facilities. Sample storage is comparatively straightforward, and the analysis of cell spreads does
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not necessitate extensive training time. Moreover, the results are highly reliable and can be
obtained within short time frames. Furthermore, it is a relatively inexpensive methodology (Torres-
Bugarin et al., 2014; Sommer et al., 2020). While this assay can be applied to all vertebrates, the
vast majority of published articles focus on humans, with only a small percentage performed on
other organisms (Benvindo-Souza et al., 2017). Thus, the application of micronucleus testing and
other nuclear abnormalities in exfoliated cells serves as a frequently used tool to assess damage
to genetic material and thereby monitor populations at high risk. Consequently, the frequency of
micronuclei and other nuclear abnormalities in exfoliated cells functions as an “internal dosimeter” to
estimate chromosomal damage, identify genomic instability, genotoxicity, cytotoxicity, proliferation,
and cell death (Benvindo-Souza et al., 2017).

It's important to consider that the oral cavity serves as a vulnerable point or target for many
exogenous agents due to direct contact, inhalation, or ingestion. It also reflects changes indicative
of health or disease and can reveal systemic conditions or nutritional deficiencies. Additionally,
it shows the side effects of certain drugs or drug addiction, some of which are significant public
health problems. Specifically, the oral mucosal epithelium, being of ectodermal origin, presents
unique advantages for the application of the micronucleus test. The oral mucosal epithelium
is stratified and non-keratinized, with characteristics that include high proliferation and a low
DNA repair rate (Hovhannisyan et al., 2018; Holland et al., 2008; Tolbert et al.,1991). Moreover,
the epithelial cells are large enough to easily identify micronuclei and nuclear abnormalities,
and upon desquamation, these cells retain the nucleus and are easily stained (Squier &
Kremer, 2001).

In addition to normal cells, biomarkers of genotoxicity and cytotoxicity that can be assessed
include lobulated nuclei reflecting DNA damage and binucleated cells originating from damage
to cytokinesis. These additional markers provide valuable insights into cellular responses to
countless stressors (Figure 2a-d).

Also, some cell death markers such as karyorrhexis, condensed chromatin, pyknosis and

karyolysis (Figure 3a-d) can be assessed (Torres-Bugarin et al., 2013a; Torres-Bugarin et al.,
2013b; Torres-Bugarin et al., 2014a; Bonassi et al., 2011; Nersesyan, 2005).
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Figure 2. Exfoliated cells of oral mucosa.

a) Normal: These cells are completely differentiated, characterized by their large size, well-defined oval nucleus,
and uniform staining. b) Micronucleated: These cells exhibit a main nucleus along with one or more smaller
structures known as micronuclei. Micronuclei are typically between s and % the size of the main nucleus.
They share similar staining intensity, texture, and focal plane with the main nucleus, without overlapping or
bridging. ¢) Lobulated nucleus “broken egg”: This anomaly is characterized by the presence of constrictions
in the nucleus, with staining intensity between nuclear lobes being similar. d) Binucleate: These cells contain
two nuclei of the same shape, staining, and focal plane, and they may be may be in contact. Due to alterations
in cytokinesis. Stained with acridine orange, 100x optical magnification with Carl Zeiss IVFL Axiostar Plus
microscope, 450-490 nm fluorescence filters. Microphotographs taken and donated by Olivia Torres Bugarin,
PhD, from Laboratory of Evaluaciéon de Genotdxicos. UAG.

Figure 3. Exfoliated cells of oral mucosa.

a) Karyorrhexis: both the nucleus and the membrane are observed fragmented (like a puzzle whose pieces
are dispersed), it is indicative of cell death. b). Condensed chromatin: the membrane is observed well defined,
but the nucleus with agglutinated aggregates of chromatin and intensely stained. c). Pyknotic nucleus: nucleus
smaller than a normal nucleus and more intensely stained. d) Karyolysis: cells with a nucleus devoid of
genetic material (DNA), associated with cell death at a more advanced stage. Stained with acridine orange,
100x optical magnification with Carl Zeiss IVFL Axiostar Plus microscope, 450-490 nm fluorescence filters.
Microphotographs taken and donated by Olivia Torres Bugarin, PhD, from Laboratory Genotoxics Evaluation.
UAG.

Micronuclei: factors influencing their frequency
To study and validate the frequency of micronuclei in oral exfoliated cells as a biomarker for

cancer risk in at-risk populations, the collaborative project “HUman MicroNucleus (HUMNXL)” was
initiated. This projectis an extension of the HUMN project, originally designed for the in vitro analysis
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of binucleated lymphocytes. Among its objectives, the project aimed to identify confounding factors
influencing the frequency of micronucleated cells, such as lifestyle, host factors, occupational
exposures, and health status (Fenech et al., 1999, Fenech et al., 2011; Bonassi et al., 2019). The
results of this effort revealed that the spontaneous frequency of micronucleated cells (baseline
values) in healthy individuals not exposed to genotoxic chemical agents or radiation is 0.74 %
(95 % CI: 0.52-1.05), with arange between 0.3 % and 1.7 %. There were no spontaneous differences
observed between sexes, and a notable trend showed that the frequency of micronucleated cells
increased with age (p-trend test < 0.007).

However, there is wide variability between populations, this fact must be considered.
On the other hand, it has been observed that this biomarker is highly sensitive to occupational
exposure. The frequency of micronucleated buccal cells is significantly higher in occupational
groups exposed to solvents, polycyclic aromatic hydrocarbons (PAH), gasoline, arsenic, and
antineoplastic drugs compared to the reference group. Regarding the effect of diseases,
oncologic conditions, not necessarily confined to the head and neck area, have been significantly
associated with a higher frequency of micronuclei. For oropharyngeal cancers, the frequency
ratio (FR) was 1.72 (95 % CI: 1.19-2.49), for respiratory cancers it was 1.40 (95 % CI: 1.06-1.86),
and for other oncologic diseases combined, it was 1.94 (95 % CI: 1.46-2.59). Smoking was
found to induce significant genotoxicity when more than 40 cigarettes per day were consumed
(FR=1.37; 95 % Cl 1.03-1.82). No association was detected between chewing tobacco or betel
and the micronuclei frequency, although the univariate mean value of chewers was twice that of
controls. Additionally, no association was found between alcohol consumption and the frequency
of micronuclei. On the other hand, the consumption of fruits and green leafy vegetables has been
shown to have cytoprotective effects. For consumers compared to non-consumers, the frequency
of micronuclei was 1.17 % vs. 1.99 % for fruits and 1.80 % vs. 2.33 % for vegetables, respectively
(Figure 1) (Fenech et al., 1999, Fenech et al., 1999, 2011; Bonassi et al., 2019). Notwithstanding,
the consequences of micronucleus formation generally remain uncertain (Terradas et al., 2016).

Discussion

Genomic stability is crucial for the proper functioning and overall health of any organism.
However, throughout life, we are continuously exposed to multiple genotoxicants, including
xenobiotics or cellular metabolism byproducts. Often, these agents silently undermine genomic
stability, and by the time the damage becomes evident, it may be irreversible. Moreover, the impact
of genotoxicants varies between species and individuals, influenced by genetic, environmental,
and lifestyle factors, among others (see Figure 1).

Identifying mutations that induce chromosomal instability or disease could serve as a
diagnostic criterion for understanding pathological processes and guiding treatment decisions. The
key question is how to promptly identify individuals who are more susceptible to genetic damage,
thereby being at higher risk for developing oncological problems, complex diseases, or premature
aging. Hence, there is an urgent need for easy-to-perform and relatively inexpensive biomarker-
based techniques to identify those most vulnerable to genetic damage. The micronucleus test and
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other nuclear abnormalities in buccal mucosa offer a promising solution. Widely used worldwide,
this technique boasts numerous advantages, including methodological simplicity, minimal
invasiveness, painlessness during sample collection, sensitivity, and cost-effectiveness. However,
despite these benefits, it is important to highlight some considerations.

In situations where studies of at-risk populations are conducted to investigate genotoxic
effects, statistical methods often struggle to specifically identify cases with micronucleus and
nuclear abnormality values that exceed confidence intervals (Cl = p + o) or interquartile range
(IR =m = Q). Instead, descriptive measures such as means, standard deviations, or medians
are typically calculated, along with measures of dispersion to illustrate the distribution variability.
Relevant statistical tests like Student’'s t-test or Mann-Whitney U-test are then employed to
determine if significant differences exist between study groups. Based on these tests, conclusions
can be drawn regarding whether the object of study is genotoxic or has a cytoprotective effect,
depending on the research objective.

However, a question arises concerning the fate of outlier cases, or “outliers,” in each study
group that occurs beyond the CI or IR, particularly those whose values exceed the mean plus
one standard deviation or the third quartile. For instance, if no significant differences are detected
between groups, can it be inferred that they have not experienced harm due to the absence of
statistical effects (p < 0.05)?

Indeed, there is no doubt that “outliers” can significantly impact the results of a statistical
analysis or may even indicate data errors, such as incorrect measurements or data entry. Therefore,
identifying and addressing outliers can enhance data quality and prevent misleading conclusions.
However, it is crucial to consider that the handling of outliers depends on the context and objectives
of the statistical analysis. In some cases, eliminating or correcting them may be appropriate, while
in other cases, they may be of interest and should be analyzed in detail. In many cases, outliers
in the biomedical field may contain additional information or represent exceptional or unique
situations in the data. Rather than eliminating them, their inclusion in the analysis may provide
a more complete understanding of the phenomena studied. This underscores the importance
of interpreting outliers with care and considering them in the appropriate clinical and scientific
context. For instance, outliers may indicate the presence of rare genetic mutations or unique
genetic variants associated with specific diseases or conditions in clinical trials and drug efficacy
studies. They may also signal an unexpected or exceptional response to treatment, prompting
further investigation into variability in patient response to certain treatments. Additionally, outliers
in pharmacovigilance and adverse event detection may indicate unusual or serious reactions to
drugs or therapies. By identifying these outliers, researchers can uncover rare but significant side
effects and enhance the safety and efficacy of medical treatments (Guan & Tibshirani., 2022;
Tibshirani, & Hastie, 2007).

Hence, it is precisely these cases that now draw our attention (Figure 1). A question
arises because, in this type of study, each point particularly represents a person in whom the
damage indeed exists, and the genomic instability in these individuals is real; they are highly
susceptible people who require special attention. Although the effects that the instability of the
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hereditary material may generate in the future are unknown with precision, it is known that the risk
of carcinogenesis is greater, as well as the development of chronic degenerative diseases. These
individuals may not be given the importance that is required, as their data is missing in a statistical
analysis, which expresses the general behavior of a population.

Therefore, these study subjects are the ones that should be well-thought-out as perfect
candidates to take preventive measures since the number of micronuclei is a biomarker that can be
modified through different preventive measures and healthy habits, such as supplementation with
different antioxidants like folic acid (Goémez-Cabrera et al., 2024; ZufAiga-Gonzalez et al., 2007).
This finding becomes transcendent because of the application of the use of these biomarkers not
only in research projects but also in clinical practice.

Thus, micronucleus frequency as a predictive biomarker of genomic instability and its
pathological consequences is also useful for monitoring the efficacy and safety of interventions
aimed at improving genomic health. For example, micronutrient deficiency or excess can
have modifying effects on genomic integrity, since, micronutrients provide cofactors necessary
for the proper function of enzymes involved in DNA repair, detoxification, or maintenance of
genome methylation (Fenech et al., 2021; Bonassi & Fenech, 2021). Therefore, antioxidant
supplementation, dietary and lifestyle interventions, and other epigenetic factors can contribute to
reducing, protecting, or favorably modifying genome stability, and should even be a priority in public
health since prevention is the best intervention. It is known that in some processes, the frequency
of micronucleated cells is modifiable through different strategies such as the antioxidants use.
For example, patients with Parkinson’s disease characterized by high levels of oxidative stress
who were given I-dopa and carbidopa showed potent antimicronucleogenic effects (Colamartino
et al., 2017). Similarly, folic acid supplementation (516 micrograms/day) in menopausal women
significantly reduced micronucleus frequency (p = 0.010) (Titenko-Holland et al., 1998), as did
supplementation with 5 mg/3 times per day in patients with diabetes mellitus, where genotoxic
damage was reduced by 50 % (Gomez-Meda et al., 2016; Zuhiga-Gonzalez et al., 2007; Mullner
et al., 2014). Even under hemodialysis treatment, similar effects are observed with Brazil nut
(Bertholletia excelsa) consumption (Macan et al., 2024). This effect was also determined with the
use of statins (5-10 mg/day rosuvastatin or 10-20 mg/day atorvastatin) in dyslipidemic patients
(Donmez-Altuntas et al., 2019). Additionally, in the case of patients with obesity who underwent
bariatric surgery, the frequency of micronucleated lymphocytes decreased, along with weight,
with the additional benefit of a decreased frequency of apoptosis and increased mitotic index
(Bankoglu et al., 2018). For patients infected with Schistosoma haematobium and treated with
praziquantel (40 mg/kg/body weight), this drug was identified to decrease the frequency of
urothelial exfoliated micronucleated cells 8-fold (Anwar & Rosin, 1993). On the other hand, the
treatment of mitochondrial diseases with ubidecarenone, a coenzyme Q10 analog, decreased the
frequency of micronucleated lymphocytes by 50 % (Migliore et al., 2004). Similarly, in the case of
chronic kidney disease, treatment with unfermented grape juice was observed to reduce genomic
damage (Corredor et al., 2016). Additionally, benfotiamine reduced genomic damage in peripheral
lymphocytes of hemodialysis patients (Schupp et al., 2008), while the use of alpha-tocopherol in
the preventive treatment of oral leukoplakia showed efficacy (Benner et al., 1994). Furthermore,
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beta-carotene supplementation reduced micronuclei in patients with oral lichen planus (Buajeeb
et al., 2008).

In this context, it is crucial to highlight that early detection of vulnerable individuals is
a fundamental element. Identifying these individuals not only represents a unique opportunity
to apply preventive medicine but also offers the possibility of intervening proactively in their
health. The evidence available so far suggests that it is feasible to modify micronucleated cell
frequencies using a variety of agents. This finding underscores the importance of identifying
susceptible individuals while opening the door to the implementation of personalized and strategic
interventions that could mitigate or prevent adverse effects. Ultimately, these findings provide a
deeper understanding of the underlying mechanisms and allow us to more effectively address
challenges related to the health and well-being of the at-risk population.

Conclusions

Despite the diversity of factors contributing to the variability in the frequency of micronuclei
and nuclear abnormalities, including genetic, health conditions, metabolic factors, environmental
influences, lifestyle choices, and methodological considerations such as data collection and sample
processing techniques, micronucleus testing in oral mucosa tissue remains an effective biomarker
for identifying vulnerable individuals. This testing method holds promise for detecting individuals
susceptible to genotoxicity and cytotoxicity, with significant potential for modification through
interventions such as antioxidant supplementation and the adoption of healthier lifestyle habits.
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