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ABSTRACT

MASSARDI, Caroline Tomaz, M.Sc., Universidade Federal de Vigosa, August, 2025.
Cutaneous toxicity of the advanced glycation end products precursor
methylglyoxal and the protective role of Commiphora leptophloeos extracts in
an ex vivo skin model. Adviser: Reggiani Vilela Goncalves. Co-advisers: Manoela
Maciel dos Santos Dias and Monica Morais Santos.

The skin represents the body’s first barrier against the external environment and is
therefore constantly exposed to potentially harmful agents such as pollution,
ultraviolet radiation, microorganisms, and even physical damage (Woodby et al.,
2020). Maintaining skin homeostasis is essential to support the overall homeostasis
of the organism (Dehkordi et al., 2019). This organ, the largest in the human body, is
composed of two principal layers: the epidermis (outer) and the dermis (inner). The
epidermis can be further subdivided into five strata, arranged from the innermost to
the outermost: basal layer, spinous layer, granular layer, lucid layer (present only in
thick skin), and corneal layer. The epidermal cells are predominantly epithelial cells,
or keratinocytes, except in the outermost layer, where they are referred to as
corneocytes. This stratification reflects the progressive differentiation of keratinocytes
until they reach the stratum corneum. The basal layer is characterized by intense
mitotic activity, giving rise to new keratinocytes. The granular layer contains
keratinocytes rich in keratohyalin granules, which are essential for maintaining the
structural integrity, resilience, and hydration of the skin. The stratum corneum,
composed of corneocytes, is distinguished by the absence of nuclei and organelles,
consisting instead of keratin-rich cells. The dermis is composed of connective tissue
and contains nerve endings and blood vessels that provide nutrition and oxygen to
the overlying epithelial cells. It also harbors skin appendages, including glands and
follicles (Junqueira & Carneiro, 2022). It is now well established that inflammation
and oxidative stress are interdependent processes, mutually reinforcing each other.
Reactive species generated by oxidative stress trigger inflammatory responses, while
inflammatory mediators can exacerbate oxidative stress. This feedback loop is
referred to as oxi-inflammation (Farris et al., 2022; Valacchi et al., 2018). Oxi-
inflammation promotes the formation of Advanced Glycation End-products (AGESs)
(Sruthi & Raghu, 2021). AGEs are molecules generated through non-enzymatic
reactions in which glucose reacts with proteins, lipids, or nucleic acids—a process
known as glycation (Singh, 2001). Glycation is harmful because it occurs
spontaneously and uncontrollably, altering the structure of biomolecules and leading
to multiple cellular impairments,



including protein dysfunction, apoptosis, cellular senescence, mitochondrial
disturbances, inflammation, and oxidative stress (Ansari & Dash, 2012). Among the
compounds capable of inducing oxidative stress and inflammatory processes,
methylglyoxal (MGO) is of particular importance (Desai et al., 2010). MGO is an
endogenous aldehyde present in all mammals, produced as a byproduct of glucose
metabolism (Thornalley, 1996). Under physiological conditions, MGO is detoxified by
the glyoxalase system, an enzymatic pathway responsible for its clearance. However,
when cellular homeostasis is disrupted and this pathway becomes impaired, MGO
can accumulate (Polykretis et al., 2020). The danger lies in its high reactivity, as
MGO readily interacts with proteins, lipids, and nucleic acids, acting as a precursor of
AGEs (Lo et al., 1994; Rabbani & Thornalley, 2008). For this reason, MGO is
frequently employed in laboratory models to induce cellular stress. For example, in
order to evaluate the efficacy of antioxidant compounds, it is first necessary to induce
oxidative stress in cells or tissues. Once stressed, the application of candidate
compounds allows the assessment of their potential antioxidant and anti-
inflammatory effects. In recent years, the search for natural compounds capable of
modulating inflammation and oxidative stress has gained increasing attention. One
such plant used in Brazilian folk medicine is Commiphora leptophloeos, commonly
known as Imburana. This species is endemic to the Caatinga biome in northeastern
Brazil (De Melo Alcéntara et al., 2023). Extracts prepared from its leaves and bark
can be tested for biological activity in models of inflamed or stressed tissues (Dantas-
Medeiros et al., 2021). To reduce or replace the use of animal models or direct
human subjects in clinical testing, ex vivo approaches have emerged as valuable
alternatives. These involve the study of tissues removed from the body and
maintained under controlled laboratory conditions while preserving much of their
original physiological properties (Neil et al., 2022). In this study, ex vivo experiments
were conducted using skin explants obtained from patients undergoing elective
plastic surgery in Vigosa. The objective of this dissertation was twofold: first, to
investigate the effects of methylglyoxal on skin tissue and establish a working
concentration for laboratory use; second, to employ this concentration as a stress-
inducing agent in order to evaluate the anti-inflammatory and antioxidant properties
of Imburana leaf and bark extracts in an ex vivo skin model. Accordingly, the
dissertation is divided into two chapters corresponding to separate articles. The first
presents the experiments and results regarding methylglyoxal as a stress-inducing
agent, while the second reports the effects of Imburana extracts on inflamed and
stressed skin tissue using the concentration established in the first study. The articles
are presented in different formats due to the



publication requirements of the journals to which they were submitted.
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RESUMO

MASSARDI, Caroline Tomaz, M.Sc., Universidade Federal de Vigcosa, agosto de
2025. Toxicidade cutanea do precursor dos produtos finais de glicacao
avancada metilglioxal e o papel protetor dos extratos de Commiphora
leptophloeos em um modelo de pele ex vivo. Orientadora: Reggiani Vilela
Goncalves. Coorientadores: Manoela Maciel dos Santos Dias e Monica Morais
Santos.

A pele representa a primeira barreira do corpo contra 0 ambiente externo e, portanto,
esta constantemente exposta a agentes potencialmente nocivos, como poluigéo,
radiacao ultravioleta, microrganismos e até mesmo danos fisicos (Woodby et al.,
2020). Manter a homeostase da pele é essencial para sustentar a homeostase geral
do organismo (Dehkordi et al., 2019). Esse érgdo, o maior do corpo humano, é
composto por duas camadas principais: a epiderme (externa) e a derme (interna). A
epiderme pode ser subdividida em cinco estratos, organizados do mais interno ao
mais externo: camada basal, camada espinhosa, camada granulosa, camada lucida
(presente apenas em pele espessa) e camada cornea. As células epidérmicas sé&o
predominantemente células epiteliais, ou queratindcitos, exceto na camada mais
externa, onde passam a ser chamadas de cornedcitos. Essa estratificagao reflete a
diferenciacao progressiva dos queratindcitos até alcancarem o estrato cérneo. A
camada basal € caracterizada por intensa atividade mitética, dando origem a novos
queratindcitos. A camada granulosa contém queratinécitos ricos em granulos de
guerato-hialina, essenciais para a manutengao da integridade estrutural, resiliéncia e
hidratacdo da pele. O estrato c6rneo, composto por cornedcitos, distingue-se pela
auséncia de nucleos e organelas, consistindo em células ricas em queratina. A
derme é composta por tecido conjuntivo e contém terminacées nervosas e vasos
sanguineos que fornecem nutricdo e oxigénio as células epiteliais sobrejacentes.
Também abriga anexos cutdneos, incluindo glandulas e foliculos (Junqueira &
Carneiro, 2022). Estd bem estabelecido que inflamagao e estresse oxidativo sao
processos interdependentes, que se reforcam mutuamente. Espécies reativas
geradas pelo estresse oxidativo desencadeiam respostas inflamatérias, enquanto
mediadores inflamatérios podem exacerbar o estresse oxidativo. Esse ciclo de
retroalimentacdo é denominado oxi-inflamacao (Farris et al., 2022; Valacchi et al.,
2018). A oxi-inflamagdo promove a formagdo de Produtos Finais de Glicacédo
Avancada (AGEs) (Sruthi & Raghu, 2021). Os AGEs sdao moléculas geradas por
meio de reacdes ndo enzimaticas nas quais a glicose reage com proteinas, lipidios
ou acidos nucleicos — processo conhecido como glicacao (Singh, 2001). A glicacao
€ prejudicial porque ocorre de forma espontdnea e incontrolavel,



alterando a estrutura das biomoléculas e levando a multiplos comprometimentos
celulares, incluindo disfuncéo proteica, apoptose, senescéncia celular, disturbios
mitocondriais, inflamacado e estresse oxidativo (Ansari & Dash, 2012). Entre os
compostos capazes de induzir estresse oxidativo e processos inflamatérios, o
metilglioxal (MGO) é de particular importancia (Desai et al., 2010). O MGO é um
aldeido enddgeno presente em todos os mamiferos, produzido como subproduto do
metabolismo da glicose (Thornalley, 1996). Em condicdes fisiol6gicas, o MGO é
detoxificado pelo sistema glioxalase, uma via enzimatica responsavel pela sua
depuracado. No entanto, quando a homeostase celular € comprometida e essa via se
torna deficiente, o MGO pode se acumular (Polykretis et al., 2020). O perigo reside
em sua alta reatividade, ja que o MGO interage facilmente com proteinas, lipidios e
acidos nucleicos, atuando como precursor dos AGEs (Lo et al.,, 1994; Rabbani &
Thornalley, 2008). Por esse motivo, o MGO é frequentemente empregado em
modelos laboratoriais para induzir estresse celular. Por exemplo, para avaliar a
eficacia de compostos antioxidantes, é necessario primeiro induzir estresse oxidativo
em células ou tecidos. Uma vez estressados, a aplicacdo dos compostos candidatos
permite avaliar seus potenciais efeitos antioxidantes e anti-inflamatérios. Nos ultimos
anos, a busca por compostos naturais capazes de modular inflamacédo e estresse
oxidativo tem recebido crescente atencdo. Uma dessas plantas utilizadas na
medicina popular brasileira € a *Commiphora leptophloeos*, conhecida
popularmente como Imburana. Essa espécie € endémica do bioma Caatinga, no
nordeste do Brasil (De Melo Alcantara et al., 2023). Extratos preparados a partir de
suas folhas e cascas podem ser testados quanto a atividade biolégica em modelos
de tecidos inflamados ou estressados (Dantas-Medeiros et al., 2021). Para reduzir
ou substituir o uso de modelos animais ou de voluntarios humanos em testes
clinicos, abordagens ex vivo surgiram como alternativas valiosas. Essas envolvem o
estudo de tecidos removidos do corpo e mantidos sob condi¢cées laboratoriais
controladas, preservando grande parte de suas propriedades fisioldégicas originais
(Neil et al., 2022). Neste estudo, experimentos ex vivo foram conduzidos utilizando
explantes de pele obtidos de pacientes submetidos a cirurgias plasticas eletivas em
Vicosa. O objetivo desta dissertagdo foi duplo: primeiro, investigar os efeitos do
metilglioxal sobre o tecido cuténeo e estabelecer uma concentragdo de trabalho para
uso laboratorial; segundo, empregar essa concentragdo como agente indutor de
estresse, a fim de avaliar as propriedades anti-inflamatérias e antioxidantes dos
extratos de folhas e cascas de Imburana em um modelo ex vivo de pele. Assim, a
dissertacao esta dividida em dois capitulos correspondentes a artigos distintos. O
primeiro  apresenta 0s  experimentos e  resultados referentes ao



metilglioxal como agente indutor de estresse, enquanto o segundo relata os efeitos
dos extratos de Imburana em tecido cutaneo inflamado e estressado, utilizando a
concentracdo estabelecida no primeiro estudo. Os artigos sdo apresentados em
formatos diferentes devido as exigéncias de publicacdo dos periédicos aos quais
foram submetidos.

Palavras-chave: oxi-inflamacéo; pele; ex vivo; metilglioxal; Commiphora leptophloeos
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1. General Introduction

The skin represents the body’s first barrier against the external environment and is therefore
constantly exposed to potentially harmful agents such as pollution, ultraviolet radiation,
microorganisms, and even physical damage (Woodby et al., 2020). Maintaining skin
homeostasis is essential to support the overall homeostasis of the organism (Dehkordi et al.,
2019). This organ, the largest in the human body, is composed of two principal layers: the

epidermis (outer) and the dermis (inner).

The epidermis can be further subdivided into five strata, arranged from the innermost to the
outermost: basal layer, spinous layer, granular layer, lucid layer (present only in thick skin),
and corneal layer. The epidermal cells are predominantly epithelial cells, or keratinocytes,
except in the outermost layer, where they are referred to as corneocytes. This stratification
reflects the progressive differentiation of keratinocytes until they reach the stratum corneum.
The basal layer is characterized by intense mitotic activity, giving rise to new keratinocytes.
The granular layer contains keratinocytes rich in keratohyalin granules, which are essential for
maintaining the structural integrity, resilience, and hydration of the skin. The stratum corneum,
composed of corneocytes, is distinguished by the absence of nuclei and organelles, consisting

instead of keratin-rich cells.

The dermis is composed of connective tissue and contains nerve endings and blood vessels
that provide nutrition and oxygen to the overlying epithelial cells. It also harbors skin

appendages, including glands and follicles (Junqueira & Carneiro, 2022).

It is now well established that inflammation and oxidative stress are interdependent processes,
mutually reinforcing each other. Reactive species generated by oxidative stress trigger
inflammatory responses, while inflammatory mediators can exacerbate oxidative stress. This

feedback loop is referred to as oxi-inflammation (Farris et al., 2022; Valacchi et al., 2018).

Oxi-inflammation promotes the formation of Advanced Glycation End-products (AGEs)
(Sruthi & Raghu, 2021). AGEs are molecules generated through non-enzymatic reactions in
which glucose reacts with proteins, lipids, or nucleic acids—a process known as glycation
(Singh, 2001). Glycation is harmful because it occurs spontaneously and uncontrollably,

altering the structure of biomolecules and leading to multiple cellular impairments, including
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protein dysfunction, apoptosis, cellular senescence, mitochondrial disturbances, inflammation,

and oxidative stress (Ansari & Dash, 2012).

Among the compounds capable of inducing oxidative stress and inflammatory processes,
methylglyoxal (MGO) is of particular importance (Desai et al., 2010). MGO is an endogenous
aldehyde present in all mammals, produced as a byproduct of glucose metabolism (Thornalley,
1996). Under physiological conditions, MGO is detoxified by the glyoxalase system, an
enzymatic pathway responsible for its clearance. However, when cellular homeostasis is
disrupted and this pathway becomes impaired, MGO can accumulate (Polykretis et al., 2020).
The danger lies in its high reactivity, as MGO readily interacts with proteins, lipids, and
nucleic acids, acting as a precursor of AGEs (Lo et al., 1994; Rabbani & Thornalley, 2008).
For this reason, MGO is frequently employed in laboratory models to induce cellular stress.
For example, in order to evaluate the efficacy of antioxidant compounds, it is first necessary
to induce oxidative stress in cells or tissues. Once stressed, the application of candidate

compounds allows the assessment of their potential antioxidant and anti-inflammatory effects.

In recent years, the search for natural compounds capable of modulating inflammation and
oxidative stress has gained increasing attention. One such plant used in Brazilian folk
medicine is Commiphora leptophloeos, commonly known as Imburana. This species is
endemic to the Caatinga biome in northeastern Brazil (De Melo Alcantara et al., 2023).
Extracts prepared from its leaves and bark can be tested for biological activity in models of

inflamed or stressed tissues (Dantas-Medeiros et al., 2021).

To reduce or replace the use of animal models or direct human subjects in clinical testing, ex
vivo approaches have emerged as valuable alternatives. These involve the study of tissues
removed from the body and maintained under controlled laboratory conditions while
preserving much of their original physiological properties (Neil et al., 2022). In this study, ex
vivo experiments were conducted using skin explants obtained from patients undergoing

elective plastic surgery in Vigosa.

The objective of this dissertation was twofold: first, to investigate the effects of methylglyoxal
on skin tissue and establish a working concentration for laboratory use; second, to employ this
concentration as a stress-inducing agent in order to evaluate the anti-inflammatory and
antioxidant properties of Imburana leaf and bark extracts in an ex vivo skin model.

Accordingly, the dissertation is divided into two chapters corresponding to separate articles.



PAGE \* MERGEFORMAT 1 16

The first presents the experiments and results regarding methylglyoxal as a stress-inducing
agent, while the second reports the effects of Imburana extracts on inflamed and stressed skin
tissue using the concentration established in the first study. The articles are presented in
different formats due to the publication requirements of the journals to which they were

submitted.
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Abstract

The skin is the largest sensory organ of the human body and serves as the primary
interface with the external environment, rendering it susceptible to various environmental
stressors, including pollution, ultraviolet (UV) radiation, and other physical, chemical, and/or
biological agents. These harmful factors can trigger biochemical alteration within the tissue,
leading to inflammation and oxidative stress through excessive generation of reactive oxygen
species (ROS). This study aimed to evaluate the effects of different concentrations of
methylglyoxal (MGQG), a precursor of advanced glycation end products (AGEs), as a cellular
stressor using in vitro and ex vivo models to understand the skin dose response in term of
OxInflammatory process. Therefore, three MG concentrations (500, 650, and 1000 uM) were
assessed and compared to the control group. The results showed that exposure to 650 uM MG
led to a significant increase in the activities of key antioxidant enzymes such as Catalase
(CAT) and superoxide dismutase (SOD) levels. Additionally, MG was able to alter the levels
of filaggrin, 4HNE and 8-OHDG levels as assessed by immunohistochemical analyses. The
morphological changes were observed by the decrease in collagen I fibers, and mast cells
without promoting a change in blood vessels and epidermis thickness. In gene expression, we
observe an increase in NFR-2 expression.

Keywords: AGEs; Oxidative stress; OxInflammation; Filaggrin; 4HNE.
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1.1. Introduction

Skin is the largest organ of the human body and serves as the primary barrier in contact
with the external environment, being vulnerable to pollution, ultraviolet (UV) radiation, and
other physical, chemical, and/or biological stressors.! These different harmful agents can
promote biochemical changes within the tissue, causing inflammation and oxidative stress
through excessive generation of reactive oxygen species (ROS).?? The process in which there
is an interaction between oxidative stress and inflammation is known as OxInflammation,*>
and can lead to the formation of Advanced Glycation End Products (AGEs).®

Advanced Glycation End Products (AGEs) constitute a heterogeneous group of
molecules derived from a non-enzymatic process known as glycation, wherein glucose
molecules react with free amino groups of proteins and lipids. This reaction proceeds through
a series of chemical steps, initially leading to the formation of Schiff bases and subsequently
Amadori products, which eventually result in the generation of AGEs.” These AGEs exert
multiple detrimental effects on cellular function, including the induction of apoptosis,
inflammation, mitochondrial dysfunction, oxidative stress, and protein malfunction.b

It is well established that various compounds can induce oxidative stress and,
consequently, trigger inflammation in cells and tissues, with methylglyoxal (MG) being one
such molecule.® MG is an endogenous aldehyde present in all mammals,” primarily formed
as a byproduct of glucose metabolism, protein catabolism, and lipid peroxidation.!® Due to its
high reactivity, MG can exert cytotoxic effects if not adequately neutralized by the glyoxalase
system, a key enzymatic pathway responsible for its detoxification.!! The accumulation of
MG can lead to mutagenicity and protein degradation due to its strong reactivity with proteins,
lipids, and fatty acids.'> Furthermore, MG interacts with mitochondria by binding to
mitochondrial proteins and promoting the formation of AGEs, which, in turn, enhance
superoxide production within the organelle.'> These molecular alterations contribute to
oxidative stress and are implicated in the pathogenesis of various diseases, including diabetes,
cancer, and tissue aging.'4

When the skin tissue is compromised by burns, wounds, chemical exposure, pollution,
and others, a cascade of biochemical alterations is triggered, potentially disrupting skin
homeostasis.!> The initial response is the development of inflammation, activating cell
migration and macrophages that will be responsible for the release of respiratory bursts.16
Free radicals and ROS can work as messengers to induce the release of inflammatory markers
and cytokines involved in the OxInflammation process.!” At low levels, ROS can play

essential roles inside the cells, including cell survival, differentiation,'® and modulating
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wound healing and inflammatory process.'” However, if there is an exacerbated levels in ROS,
they can interact with membranes and lipids, leading to permanent and irreversible tissue
damage.?® This response is further modulated by the release of inflammatory mediators,
which act as either inducers (pro- inflammatory mediators) or suppressors (anti-inflammatory
mediators) in the regulation of the inflammatory process.'®

There is a well-established consensus regarding the role of oxidative stress and
subsequent inflammation in cellular and tissue responses following exposure to MG.
However, the optimal concentrations of MG required to induce the OxInflammation process
without triggering extensive cell death or irreversible tissue damage remain unclear.
Furthermore, the key molecular mechanisms activated in response to this optimal MG
concentration have yet to be fully elucidated. To date, no ex vivo studies using human skin
biopsies have been conducted to investigate the molecular pathway activated and the primary
morphological damage induced by exposure to an optimal MG concentration. The ex vivo
model provides a more physiologically relevant representation of skin biochemistry and
structural integrity, while also providing a non-invasive experimental approach.?' Therefore,
this study aimed to evaluate the effects of varying concentrations of MG (500, 650, and 1000
uM) using both in vitro models and human skin biopsies, with the objective of elucidating the
specific impacts of each concentration on cutaneous tissue and establishing reference

parameters for the application of MG in future ex vivo assays.

1.2. Materials and Methods

1.2.1. Ex Vivo Analyses Using Human Skin Biopsies

The skin biopsies used in this study were donated from elective abdominoplasty
procedures performed in Vigosa, Minas Gerais, Brazil. The collection of biological material
and all experimental procedures were approved by the Ethics Committee on Research with
Human Beings (CEP) of the Federal University of Vigosa (approval number
82329224.7.0000.5153). Upon arrival, human skin biopsies (12 mm) were processed by
removing the subcutaneous fat with a scalpel, followed by washing in phosphate-buffered
saline (PBS). The biopsies were then placed in six-well plates and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) High Glucose (GIBCO, USA) supplemented with 1%
Fetal Bovine Serum (FBS; GIBCO, USA), 1% liquid penicillin, and 2.5 pg/mL of
amphotericin B. The samples were incubated for 24 hours (5% CO2, 37°C) for tissue
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recovery.?? Following the recovery period, the biopsies were treated for seven days with a
DMEM High Glucose medium containing 500, 650, and 1000 uM of methylglyoxal. The
experimental groups were designated as follows: CN (Control), MG500 (500 uM MG
exposure), MG650 (650uM MG exposure), and MG1000 (1000uM MG exposure). Negative
controls were maintained in DMEM medium without MG exposure. To ensure consistent
exposure conditions, the culture medium in all MG-treated plates was replaced daily

throughout the experiment.

1.2.2. Cell Culture

The fibroblasts used in the in vitro analyses were derived from primary cell isolated
from the skin biopsies, following the protocol described by Valacchi et al. (2020)>. After
obtaining the skin samples, as described in Section 2.1, tissue fragments were incubated in
six-well plates containing 1.5 mL of low glucose DMEM supplemented with 20% Fetal
Bovine Serum, 1% liquid penicillin, and 2.5 pg/mL of amphotericin B. The plates were
maintained under standard cell culture conditions (5% CO., 37°C) to facilitate fibroblast
migration from the tissue fragments to the culture plate. The culture medium was changed
every 48 hours throughout the migration period. Once fibroblast migration resulted in more
than 90% confluency, the remaining skin fragments were discarded, and the fibroblasts were
transferred to new plates containing the same culture medium. Cell proliferation was repeated

until sufficient fibroblasts were obtained for experimental assays.

1.2.3. Cell Viability

Fibroblasts were seeded in 96-well plates at a density of 2x10* cells/well, using low
glucose medium with 10% Fetal Bovine Serum, 1% liquid penicillin, and 2.5 pg/mL of
amphotericin B (5% CO», 37°C) for 24 hours and exposed to different concentrations of
methylglyoxal for 4 hours to determine the stress-inducing effect of MG. Cell viability was
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction method as described by Mu et al. (2014)**. This colorimetric assay is based on the
reduction of the yellow tetrazolium salt to purple formazan crystals by metabolically active
cells. The control group (100% growth) comprised cells cultured in a medium without MG
exposure. To assess cell viability, 50 uL of supernatant was removed from each well, and an

equal volume (50 pL) of MTT solution (0.5 mg/mL) was added. The cells were then
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incubated at 37°C for 2 hours to allow for formazan crystal formation. Following incubation,
the supernatant was carefully removed, and 100 pL of dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystals. The absorbance was then measured at 570 nm, and

the results were expressed as a percentage of absorbance relative to the control group.

1.2.4. Antioxidant Enzyme Activity

The primary fibroblasts were cultured at a density of 1x10° cells/well in a 96-well plate
for 24 hours under standard conditions (5% CO., 37°C). The culture medium consisted of 199
medium with low glucose, supplemented with 20% Fetal Bovine Serum, 1% liquid penicillin,
and 2.5 pg/mL of amphotericin B. Following the period, the cells were exposed to different
MG concentrations (500, 650, 1000 uM) for 4 hours. Subsequently, the culture medium was
discarded, and the cells were lysed using PBS containing 1% Triton X-100 to facilitate the
assessment of catalase (CAT) and superoxide dismutase (SOD) enzymatic activities. The
CAT activity, defined by the ability to cleave hydrogen peroxide into water and oxygen, was
measured according to the methodology proposed by Aebi (1984)%. A 5 uL aliquot of the
sample was transferred to the wells, followed by 100 uL of a 20 mM H:O: solution. After 3
minutes of reaction, 150 pL of ammonium molybdate was added. A standard curve for H-0-
was prepared, ranging from 20 to 0.078 mM. The absorbance was measured at 374 nm. To
assess SOD catalytic activity, 30 puL of the sample was mixed with 99 pL of phosphate buffer
(0.2 M, pH 8.0), 6 uL. of MTT (1.25 mM), and 15 pL of pyrogallol (100 uM) in a 96-well
plate. The mixture was incubated at 40 °C for 15 minutes. A standard control and a blank
were prepared similarly but without the sample—using 129 pL and 144 pL of buffer,
respectively. Pyrogallol was omitted from the blank. After incubation, the reaction was
stopped by adding 150 pL. of DMSO, and absorbance was recorded at 540 nm using a
Thermo Scientific Multiskan™ GO plate reader.

1.2.5. Human biopsies

1.2.5.1. Antioxidant Enzymes Activity and Oxidative Stress Markers

After the seven-day exposure to MG, the fragments designated for oxidative stress
analysis were immediately frozen in liquid nitrogen (-196°C) and stored in an ultrafreezer (-
80°C) for further analysis. The samples were weighed and manually macerated in liquid

nitrogen using a pestle and homogenized with EDTA buffer - phosphate buffer 0.2 mol/L, 1
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mmol/L of ethylenediaminetetraacetic acid (pH 7.4). After homogenization, the samples were
centrifuged at 15.000g for 10 minutes at 4°C. The supernatants were used to measure CAT
and SOD.

The CAT, defined by the ability to cleave hydrogen peroxide into water and oxygen,
was measured according to methodology proposed by Aebi (1984)%. The SOD activity,
defined by the amount of enzyme that causes a reduction in the auto-oxidation of pyrogallol,

was determined according to the methodology proposed by Dieterich et al. (2000)2°.

1.2.5.2. Histopathological processing

For histopathological and immunohistochemical analyses, the skin biopsy specimens
were fixed in 10% buffered neutral formalin overnight, followed by dehydration through a
graded series of ethanol concentrations. The samples were then cleared in xylene and
embedded in paraffin baths before being molded into paraffin blocks, as described by Morais-
Santos et al., (2018)?’. Serial sections of 5 um thickness were obtained using a Leica Multicut
2045 microtome (Reichert-Jung Products, Germany) and placed on silanized slides for
immunohistochemical analysis and on standard glass slides for histological evaluation. The
obtained slides were incubated in a 37°C oven overnight to ensure complete drying and
optimal adherence of the tissue sections to the glass. Histological parameters, including blood
vessel density and epidermal thickness, were assessed using hematoxylin and eosin (HE)
staining.”® Mast cell quantification was performed using toluidine blue staining.?’

Differentiation of type I collagen fibers was achieved through Sirius Red staining 3°.

1.2.5.3. Immunohistochemistry

Immunohistochemistry was performed to assess MG-induced tissue damage using
markers of oxidative stress (SOHdG, 4HNE, catalase) and skin integrity (filaggrin), as
described by Morais-Santos et al. (2018).27. Tissue sections (5 um) were deparaffinized,
rehydrated, washed in PBS, and subjected to endogenous peroxidase blocking to minimize
nonspecific staining. Following antigen retrieval induced by heat treatment (20 minutes in a
microwave) using sodium citrate buffer (0.1 M, pH 6.0), tissue sections were incubated with
5% BSA for one hour in a humid chamber to block nonspecific binding. After BSA removal,
primary antibodies were applied: mouse anti-catalase [1:50, sc-271803], mouse anti-filaggrin
[1:250, sc-66192], mouse anti-8OHAG [1:250, sc-393871] and goat anti-4HNE [1:50,
AB5605]. The sections were then incubated overnight at 4°C in a humid chamber. Negative
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controls were prepared by replacing the primary antibodies with PBS to confirm the
specificity of the immunohistochemical reaction. After incubating, the sections were
incubated with secondary antibodies - rabbit anti-goat (ab6721) for 4HNE detection and goat
anti-mouse (12352203-Sigma) for catalase, filaggrin and 8OHdG - each conjugated to
horseradish peroxidase (HRP), for 1 hour, followed by washing. Then, the slides were
immersed in a developing solution containing 0.05%  3,3'-diaminobenzidine
tetrahydrochloride (DAB) and 0.01% hydrogen peroxide in a Tris-HCI buffer (0.05 M, pH
7.4) to visualize the immunoreactivity. Finally, the sections were counterstained with Harris

Hematoxylin.

1.2.5.4. Histological and Immunohistochemical sections analyses

The histological sections were captured at 40x magnification using a photomicroscope
(EVOS™ M5000 Imaging System from Thermo Fisher Scientific) equipped with a digital
camera (3® -QColor Olympus). A total of 10 images per slide were acquired for analysis, and
tissue structures were manually quantified using a 300-point grid with the Image-Pro Plus 4.5
imaging software (Media Cybernetics, Silver Spring, USA). Epidermal thickness (in um) was
subsequently determined using the ImageJ version 1.53a software (National Institutes of

Health, Rockville, MD, USA).

1.2.6. RNA Extraction and Quantitative Reverse Transcription PCR (RT-qPCR)

Skin samples were preserved in an RNA later solution (Invitrogen, Thermo Fisher
Scientific) until processing. The samples were manually macerated in liquid nitrogen using a
mortar and pestle to ensure tissue disruption for RNA extraction. Total RNA was then
isolated using the PureLink™ RNA Mini Kit (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer's protocol. The macerated tissue was immediately
homogenized in a lysis buffer containing 2-mercaptoethanol. The resulting lysate was
clarified by centrifugation to remove cellular debris. RNA purification was performed by
adding 70% ethanol to the supernatant and then transferring it to a spin column for selective
RNA binding. The column was sequentially washed with the appropriate buffers, and total
RNA was eluted in 20 pL of nuclease-free water. The quality and concentration of the
extracted RNA were determined by spectrophotometry using the Multiskan SkyHigh system
(Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, 1 pg of total RNA from each
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sample was reverse transcribed into ¢cDNA wusing the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). The mRNA expression
levels of NFR-2 were quantified by real-time polymerase chain reaction (qQPCR) using the
PowerTrack™ SYBR™ Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA)
on a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA), following the manufacturer's protocol. Gene expression was quantified based on the
number of cycles required for each sample to reach its predetermined threshold value (Ct
value). GAPDH was used as an internal reference gene for normalization. Data were analyzed
using the relative standard curve method. The primers used in the real-time PCR assays had
the following sequences: NRF-2-F: "TTC CCG GTC ACA TCG AGA G" NRF-2- R: " TCC
TGT TGC ATA CCG TCT AAA TC" 3.,

1.2.7. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad
Software Inc., Boston, MA, USA). Data were expressed as mean and standard deviation
(mean = SD). The distribution of the data was assessed using the Kolmogorov-Smirnov test.
For parametric data, comparisons were performed using one-way ANOVA, followed by the
Tukey test. Non- parametric data were analyzed using the Kruskal-Wallis test. Statistical

significance was defined as p < 0.05 for all analyses.

1.3. Results

1.3.1. Cell Viability

In the in vitro analyses, a decrease in cell viability in the MG1000 group was higher
than the control group after 4h of exposure (p<0.05). In the MG 500 and MG 650 groups,

there was no difference from the control group (p>0.05).
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Figure 1. Cell viability at 4h after exposure to methylglyoxal at different concentrations. CN:
control group, without methylglyoxal; MG500, MG650, and MG1000: exposure to
methylglyoxal groups at concentrations of 500 pM, 650 pM, and 1000 pM,
respectively.Different letters indicate statistically significant differences according to Tukey’s

post hoc test (p < 0.05).

1.3.2. Antioxidant Enzyme Activity In Vitro

There was an increase in the SOD enzyme activity in the MG650 group and a decrease
in the MG500 group compared to the control group. The CAT activity enzymes increased the
MG500 and MG1000 compared to the control group.
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Figure 2. Antioxidant enzymes activity in vitro. (A) Superoxide dismutase (SOD) and (B)
Catalase (CAT). CN: fibroblasts not exposed to methylglyoxal; MG500, MG650, and
MG1000: fibroblasts exposed to methylglyoxal at concentrations of 500 uM, 650 uM, and
1000 uM, respectively. According to the Tukey test, groups with different letters exhibit
statistically significant differences (p<0.05).

1.3.3. Antioxidant Enzymes Activity and Oxidative stress markers from cultured

human skin fragments

There was an increase in the SOD enzyme activity in the MG650 group and MG500
group compared to the control group, with a more pronounced increase in the MG 650 group.

The catalase activity enzymes increased in the MG650 group compared to the control group.
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Figure 3. Effects of methylglyoxal administration at different concentrations on ex vivo skin
samples. (A) Superoxide dismutase enzyme activity. (B) Catalase enzyme activity. CN:
tissues without methylglyoxal exposure; MG500: tissues exposed to methylglyoxal at a
concentration of 500 uM; MG650: tissues exposed to methylglyoxal at a concentration of 650
uM; MG1000: tissues exposed to methylglyoxal at a concentration of 1000 uM. According to
the Tukey test, groups with different letters exhibit statistically significant differences
(p<0.05).

1.3.4. Immunohistochemistry

In immunohistochemistry, the filaggrin immunomarker decreased after MG exposure at
all concentrations, with the worst results presented after MG500, MG1000 and MG 650
exposure, respectively (Figure 4). There was an increase in catalase activity after exposure to
MG650 compared to all groups (Figure 5). Immunostaining of the 8OHdAG was higher at the
MG650 and MG1000 concentrations, with a more pronounced increase in the MG1000 group
(Figure 6). 4-HNE immunostaining revealed an increase compared to the control at MG 650
and MG 1000 concentrations. No significant difference was observed at MG 500 relative to

the negative control. (Figure 7).
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Figure 4. Quantification of immunostaining for filaggrin (A) in ex vivo skin fragments
exposed to different concentrations of methylglyoxal. CN: skin fragments not exposed to
methylglyoxal (culture medium only); MG500: skin fragments exposed to methylglyoxal at a
concentration of 500 uM; MG650: skin fragments exposed to methylglyoxal at a
concentration of 650 puM; MG1000: skin fragments exposed to methylglyoxal at a
concentration of 1000 uM. According to the Tukey test, groups with different letters exhibit
statistically significant differences (p<0.05). B-E Photomicrograph of skin with
immunohistochemical staining for filaggrin. Control group = Skin fragments not exposed to
methylglyoxal (B), skin fragments exposed to methylglyoxal at concentrations of 500 uM (C),
650 uM (D), and 1000 uM (E). Black arrows: filaggrin immunostaining; yellow arrows:

epidermis; red asterisks: dermis. Scale bar =200 um.
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Figure 5. Quantification of immunostaining for catalase enzyme (A) in ex vivo skin
fragments exposed to different concentrations of methylglyoxal. CN: skin fragments not
exposed to methylglyoxal (culture medium only); MG500: skin fragments exposed to
methylglyoxal at a concentration of 500 uM; MG650: skin fragments exposed to
methylglyoxal at a concentration of 650 uM; MGI1000: skin fragments exposed to
methylglyoxal at a concentration of 1000 uM. According to the Tukey test, groups with
different letters exhibit statistically significant differences (p<0.05). B-E Photomicrograph of
skin with immunohistochemical staining for catalase. Control group = Skin fragments not
exposed to methylglyoxal (A); skin fragments exposed to methylglyoxal at concentrations of
500 uM (B); skin fragments exposed to methylglyoxal at concentrations of 650 uM (C); skin
fragments exposed to methylglyoxal at concentrations of 1000 uM (D). Black arrows:
immunostaining for catalase in epidermis; yellow arrows: epidermis; red asterisks: dermis.

Scale bar = 100 pm.
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Figure 6. Quantification of immunostaining for 8 OHdG (A) in ex vivo skin fragments
exposed to different concentrations of methylglyoxal. CN: skin fragments not exposed to
methylglyoxal (culture medium only); MG500: skin fragments exposed to methylglyoxal at a
concentration of 500 uM; MG650: skin fragments exposed to methylglyoxal at a
concentration of 650 puM; MG1000: skin fragments exposed to methylglyoxal at a
concentration of 1000 uM. According to the Tukey test, groups with different letters exhibit
statistically significant differences (p<0.05). B-E Photomicrograph of skin with
immunohistochemical staining for 8 OHdG. Control group = Skin fragments not exposed to
methylglyoxal (A); skin fragments exposed to methylglyoxal at concentrations of 500 uM
(B); skin fragments exposed to methylglyoxal at concentrations of 650 uM (C); skin
fragments exposed to methylglyoxal at concentrations of 1000 uM (D). Black arrowheads:
immunostained cell nuclei; red arrowheads: normal cell nuclei;yellow arrows: epidermis; red

asterisks: dermis. Scale bar = 100
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pm. F
igure 7. Quantification of immunostaining for 4HNE (A) in ex vivo skin fragments exposed
to different concentrations of methylglyoxal. CN: skin fragments not exposed to
methylglyoxal (culture medium only); MG500: skin fragments exposed to methylglyoxal at a
concentration of 500 uM; MG650: skin fragments exposed to methylglyoxal at a
concentration of 650 puM; MG1000: skin fragments exposed to methylglyoxal at a
concentration of 1000 uM. According to the Tukey test, groups with different letters exhibit
statistically ~significant differences (p<0.05). B-E Photomicrograph of skin with
immunohistochemical staining for 4HNE. Control group = Skin fragments not exposed to
methylglyoxal (B); skin fragments exposed to methylglyoxal at concentrations 500 puM
(C); skin fragments exposed to methylglyoxal at concentrations 650 uM (D); skin fragments
exposed to methylglyoxal at concentrations 1000 uM (E). Black arrows: immunostaining for

4HNE in epidermis.yellow arrows: epidermis; red asterisks: dermis. Scale bar = 100 pm.

1.3.5. Histological Analyses

In the histochemical analyses, we observed a decrease in type I collagen levels at MG

500 and MG 650 concentrations compared to the control group (Figure 8).
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Figure 8. Effects of different concentrations of methylglyoxal on the structural protein of the
dermis in skin fragments. (A) Percentage of type I collagen. CN: skin fragments without
exposure to methylglyoxal (culture medium only); MGS500: fragments exposed to
methylglyoxal at a concentration of 500 uM; MG650: fragments exposed to methylglyoxal at
a concentration of 650 uM; MG1000: fragments exposed to methylglyoxal at a concentration
of 1000 uM. According to the Tukey test, groups with different letters exhibit statistically
significant differences (p<0.05). (B,C,D and E) Photomicrograph of epithelial tissue stained
with Sirius Red type I collagen. Control group = Skin fragments not exposed to
methylglyoxal (B); skin fragments exposed to methylglyoxal at concentrations 500 puM
(C); skin fragments exposed to methylglyoxal at concentrations 650 pM (D); skin fragments
exposed to methylglyoxal at concentrations 1000 uM (E). Orange or red staining indicates

type I collagen. Scale bar = 100 um

A higher density of mast cells was observed in the dermis of skin fragments at the 500 uM
concentration of methylglyoxal, while the concentrations of 650 and 1000 uM showed no
significant differences compared to the control group. However, MG1000 group exhibited a
statistically significant difference from the MG500 group, displaying a lower mast cell
density (Figure 9).
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Figure 9. Effects of different concentrations of methylglyoxal on the number of mast cells in
skin fragments. CN: skin fragments without methylglyoxal (only culture medium); MG500:
skin fragments containing methylglyoxal at a concentration of 500 puM; MG650: skin
fragments containing methylglyoxal at a concentration of 650 uM; MG1000: skin fragments
containing methylglyoxal at a concentration of 1000 uM. The presence of different letters
(a,b) in the columns indicates statistically significant differences (p<0.05) between groups.
According to the Tukey test, groups with different letters exhibit statistically significant
differences (p<0.05), highlighting the practical relevance of our findings.

Regarding the proportion of blood vessels, a higher amount of these components was
detected in the skin fragments exposed to the 500 and 650 uM of methylglyoxal exposure
compared to the control group (Figure 10 A). In the investigation of the interference of
methylglyoxal on epidermal thickness, no significant changes were observed at any

concentration of the stressor agent (Figure 10 B).
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Figure 10. Percentage of blood vessels (A) and epidermal thickness (B) in histological
sections. CN: skin fragments without methylglyoxal (culture medium only); MGS500: skin
fragments containing methylglyoxal at a concentration of 500 pM; MG650: skin fragments
containing methylglyoxal at a concentration of 650 uM; MG1000: skin fragments containing
methylglyoxal at a concentration of 1000 uM. According to the Tukey test, groups with
different letters exhibit statistically significant differences (p<0.05). C-F photomicrograph of
skin stained with hematoxylin and eosin. Skin fragments are not exposed to methylglyoxal
(C); skin fragment exposed to methylglyoxal at concentrations of 500 uM (D); skin fragment
exposed to methylglyoxal at concentrations of 650 uM (E); skin fragment exposed to
methylglyoxal at concentrations of 1000 pM (F). Yellow arrows: epidermis; red asterisks:
dermis; black arrowheads: blood vessels; double red arrows: epidermal thickness; Scale bar =

200 pm.

1.3.6. NRF2 Expression

Through molecular analysis, we observed that the use of methylglyoxal at the three
chosen concentrations resulted in an approximately 1.5-fold increase in the expression of
transcription factor NRF2, responsible for regulating the cellular antioxidant response, at
concentrations of 650 and 1000 puM, with a more pronounced effect at the 650 uM

concentration compared to the control group (Figure 11).
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Figure 11. Graph bars indicate NRF2 gene expression. CN: control sample, without
methylglyoxal; MG500: sample containing methylglyoxal at a concentration of 500 pM;
MG650: sample containing methylglyoxal at a concentration of 650 uM; MG1000: sample
containing methylglyoxal at a concentration of 1000 puM. According to the Tukey's test,
groups with different letters (a,b) exhibit statistically significant differences (p<0.05).

1.4. Discussion

MG is a highly reactive dicarbonyl compound physiologically produced by cells as a
byproduct of glucose metabolism, particularly during glycolysis.’?>  Its excessive
accumulation has been associated with several pathologies, especially related to pathological
processes, including oxidative stress and inflammation responsible for cellular apoptosis,
biomolecular damage, and gene expression modulation 3. Additionally, MG plays a key role
in forming AGEs, which contribute to cellular aging and the development of chronic
diseases**. However, despite the growing recognition of MG’s systemic impact, there is still
no consensus in the literature regarding its physiological and pathological concentrations in
the skin nor its specific effects on cell viability and the functional integrity of cutaneous
tissue. Therefore, our study aimed to elucidate the interaction of different concentrations of
MGO and its consequences for the skin.

In the present study, we assessed the cytotoxic effects of varying MG concentrations in
dermal fibroblasts following exposure durations of 4 hours. Our findings indicate that
exposure to 1000 uM MG significantly reduced cell viability after 4 hours, suggesting that

this concentration elicits an acute cellular response and permanent damage to the cells. These
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results are consistent with the findings of Prestes et al. (2022)*, who reported that
mitochondria of cells exposed to elevated MG concentrations (0.1-10 mM) for a short
duration exhibited decreased viability and disruption of mitochondrial membrane potential. In
contrast, no significant changes in viability were observed at 500 uM and 650 pM at this time
point.

After analyzing the reduction in cell viability in fibroblasts, the next step was to
investigate the potential of different MG concentrations to induce oxidative stress, as
previously reported by Wang et al., (2022)*. SOD and CAT activity were measured in vitro
and ex vivo. The observed reduction in cell viability, especially with 1000 pM MG exposure,
may be linked to the alterations induced by oxidative stress. Notably, in vitro, the increase in
SOD activity at 650 pM and the increase in catalase activity at both 650 uM and 1000 pM
suggest that the cells are activating their antioxidant defenses in response to oxidative damage.
The immunohistochemical analyses that were done in our study proved that after 650 uM MG
exposure, the antioxidant enzyme system was activated, without promoting enzymatic
exhaustion. Conversely, the decrease in SOD activity at 500 uM suggests a less effective
antioxidant response. These findings highlight how cellular stress induced by MG exposure
can impair metabolic pathways and cellular function. In the ex vivo skin analysis, a similar
oxidative stress response was observed. Under normal conditions, when there is an increase in
markers of oxidative damage, antioxidant systems are activated to combat free radicals,
reducing signs of oxidative stress in tissues. However, when the impact of an aggressive agent
is too strong, the antioxidant systems may not be sufficient to neutralize the excessive
production of reactive oxygen species (ROS), which can lead to morphological and functional
changes in the tissues.’

Given the oxidative stress and metabolic changes induced by MG exposure, we
evaluated the expression of key markers involved in skin integrity and cellular response in ex
vivo tissue samples. The markers assessed were filaggrin, a fundamental structural protein
rich in histidine, abundantly present in keratinocytes during their final maturation stages. It is
derived from profilaggrin, which, during the terminal differentiation of keratinocytes, is
phosphorylated to produce filaggrin.*® This protein is crucial for developing and maintaining
the skin barrier and forming corneocytes. Its cellular levels are regulated by genetic factors,
inflammatory processes, and stress agents.*® A deficiency in filaggrin results in various
biochemical and physiological alterations in the skin barrier, impairing its protective function
against environmental factors and water loss. For instance, this deficiency can lead to the

release of pro-inflammatory factors by keratinocytes, triggering an inflammatory response.*°
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Despite its importance in skin homeostasis, filaggrin accumulation can be harmful,
disrupting intermediate filaments, breaking cell junctions, and leading to programmed cell
death.*! Filaggrin expression increases during normal keratinocyte differentiation until it
reaches a local concentration limit. Once this limit is exceeded, unsequestered profilaggrin
molecules can escape into the cytosol, forming bonds and becoming active. Because high
levels of this protein need to be regulated, an active mechanism removes excess
unsequestered profilaggrins during cellular differentiation to prevent potential damage.** In
our results, the negative control, representing normal skin conditions, showed a high presence
of filaggrin. However, this rate reduced drastically to a concentration of 500 puM of
methylglyoxal. This result suggests that the cells activated the active mechanism for
removing excess unsequestered profilaggrin during methylglyoxal-induced stress, decreasing
protein levels. At higher concentrations of the stress agent, it is possible that the cellular
protective system was overwhelmed and unable to adequately remove unsequestered
molecules. These molecules likely became reactivated, forming filaggrin again, but without
reaching the normal levels observed in the negative control.

In the immunohistochemical assays, we also analyzed the presence of nuclear damage
through labeling with the anti-8-hydroxyguanosine (8-OHdG) antibody, an RNA nucleoside
resulting from the oxidation of guanosine.*? This oxidation generates the compound 8-
hydroxy-2'-deoxyguanosine, which serves as a marker for oxidative damage in DNA
molecules.** In our results, we observed that the levels of this marker were significantly
upregulated at concentrations of 650 and 1000 uM, compared to the control. We believe that
the oxidative damage to DNA molecules at higher concentrations of MG is related to the
known ability of this compound to interact with arginine and lysine molecules, causing post-
translational modifications that affect the stability, structure, and function of proteins crucial
for maintaining genomic integrity, such as histones.*> The 500 uM concentration did not
show significant differences from the control, which we believe is due to the efficiency of the
glyoxalase system in metabolizing the compound, under conditions closer to physiological
normality, acting as a dose-dependent defense mechanism.*¢

Furthermore, we analyzed the presence of 4-hydroxy-2-nonenal (4HNE), an important
and indicative of lipid peroxidation (LPO). Fatty acids undergo autooxidation under oxidative
stress conditions, forming highly reactive carbonyl species (RCS) that can interact with and
modify biological macromolecules, altering their structure and function.*’ In our studies, we
analyzed the presence of the 4HNE compound through immunohistochemical analysis, and

we observed a significant increase after 650 and 1000 MG exposure These findings support
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our other previously discussed results regarding the higher oxidative stress at these two
concentrations and show us that the lipid peroxidation is higher in these concentrations,
probably due to the increase in free radicals and ROS production. On the other hand, the 500
uM concentration did not show a significant difference from the control. We believe that, at
this concentration, the antioxidant mechanisms, including the GSH enzyme, which is capable
of neutralizing RCS, managed to detoxify most of the reactive molecules in the tissue. 3

Type I collagen fibers are essential for maintaining the normal architecture of the
extracellular matrix in connective tissue, providing resistance to mechanical forces.* Type I
collagen is the most abundant protein in human skin, organizing with fibrillar collagens, such
as types III and V, to form larger collagen fibers. These fibers create a network that sustains
mechanical tension supplied by fibroblasts, which produce them, thus maintaining skin health.
Oxidative damage results in irreversible functional impairment of fibroblasts and is a major
contributor to skin aging. Under stress conditions, excessive collagen fragmentation leads to
reduced collagen production by skin fibroblasts.’® Moreover, disturbances in the fibroblast
microenvironment reduce their mechanical tension, potentially causing fibroblast collapse,
thereby reducing skin collagen levels. This process is accompanied by an increase in
collagenase levels, which degrade the accumulated collagen.®® As discussed earlier, MG
damages the skin tissue by inducing an excessive production of reactive oxygen species
(ROS), leading to oxidative stress.

As previously mentioned, MG is a precursor in the formation of AGEs. When collagen
interacts with these AGEs, chemical modifications occur, leading to the formation of
irreversible cross-links between collagen fibers. This process compromises the structural
organization of the extracellular matrix, resulting in fiber deformation and the loss of
biomechanical properties.®? These effects justify the reduction in type I collagen levels
observed at MG concentrations of 500 uM and 650 uM, as the increased cross-linking
impairs collagen synthesis and homeostasis. Moreover, exposure to high concentrations of
MG can interfere with collagen degradation, as the irreversible modification of proteins may
impair the activity of enzymes responsible for this process, such as matrix metalloproteinases
(MMPs) and hyaluronidase. This mechanism may explain why, at a concentration of 1000
uM of MG, type I collagen levels remained similar to those of the control group, suggesting a
compensatory effect within the extracellular matrix.

Another histological criterion we analyzed was the presence and quantification of
mast cells, understanding that these cells play an important role in both physiological and

pathological processes and mediate allergic reactions. They originate from mononuclear
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precursors in the bone marrow, migrate, and undergo differentiation in situ, influenced by
local tissue cytokines.>* In the skin, mast cells are found in the dermis, distributed around
blood vessels, and can migrate to the epidermis in response to certain pathologies.’* Another
significant role of these cells is in inflammation, activated by non-allergic triggers, releasing
pro-inflammatory mediators.>> The release of these mediators recruits other inflammatory
cells; however, this mechanism can be detrimental to tissue due to an exaggerated
inflammatory response.’® In our study, we observed that the concentration of 500 pM
methylglyoxal increased the levels of mast cells found in the skin. This increase can be
attributed to the inflammatory process induced by MG. However, at higher concentrations of
the stressor, the levels of mast cells remained similar to those in the control group, indicating
that further studies are needed to understand the mechanisms activated by the cells at these
concentrations.

Our findings on blood vessels formation indicate a significant increase in angiogenesis
at MG concentrations of 500 pM and 650 uM compared to the control group. Angiogenesis is
an important process for maintaining microvasculature and, consequently, for tissue health.
This process is directly regulated by growth factors, and their reduced availability can impair
angiogenesis.’’ One essential growth factor for angiogenesis is transforming growth factor-
beta (TGF-B) and its co-receptor, the molecule endoglin, which promotes endothelial
proliferation and migration, supporting vessel survival. Endoglin is known to be present at
high levels in inflamed tissues, indicating an endothelial repair strategy and the formation of
new blood vessels as an attempt to support tissue survival.®® Based on our findings, we
suggest an attempt to mitigate inflammation and ensure tissue survival in response to the
stress caused by methylglyoxal, enhancing white blood cell infiltration at the site of
inflammation.> Our results also indicate no histological alterations in epidermal thickness.
The epidermis, as the outermost layer of the skin, playing a crucial role as a protective barrier
against harmful environmental agents and regulating water and electrolyte loss, preventing
dehydration.®® Its morphology is directly related to its function, where increased rigidity
reduces its ability to deform.®! A reduction in epidermal thickness and structural changes
contribute to skin fragility, increasing the risk of injuries such as skin lacerations.®? Therefore,
our results suggest that methylglyoxal did not induce significant structural damage to the
epidermis.

The effects of stress-inducing agents, such as methylglyoxal (MG), activate redox-
sensitive transcription factors like Nuclear Factor Erythroid 2-Related Factor 2 (NRF2) and

cellular survival pathways.®® NRF2 plays a crucial role in upregulating cellular defense
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mechanisms against oxidative damage by upregulating the expression of antioxidant and
detoxification enzymes. Under stress conditions, NRF2 translocates to the nucleus and binds
to antioxidant response elements (AREs) within the promoter regions of target genes, thereby
mitigating oxidative stress, inhibiting apoptosis, and promoting cellular survival.** Consistent
with these findings, our data suggest that NRF2 was overexpressed in response to MG-
induced stress, particularly at a concentration of 650 uM, which correlated with increased
levels of antioxidant enzymes. However, despite the upregulation of NRF2 at 1000 uM MG,
antioxidant enzymes levels remained, in most assays, comparable to those observed in the
control group. This suggests a possible saturation or impairment of the antioxidant response
at higher MG concentrations. When a cell is exposed to stress beyond its threshold, it
activates programmed cell death pathways.®> We observed this process in some tests
conducted with the 1000 uM concentration of methylglyoxal, where cell survival rates were
significantly lower than at the other concentrations. The overexpression of NRF2 at the 650
UM concentration allowed us to observe the expression of anti-apoptotic genes involved in
ROS elimination, in an attempt to delay and/or prevent cell death.

In the figure below, we illustrate the action process of methylglyoxal on epithelial

tissue cells and highlight the main results found.
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1.5. Conclusion

Our findings help to elucidate the consequences caused by methylglyoxal in skin tissue.
As observed, the concentration of 650 uM of methylglyoxal inducing stress in both ex vivo
and cell culture experiments. At this concentration, tissue stress was evident while
maintaining cell viability. This effect could be associated with an increase in NRF2
expression, leading to the upregulation of antioxidant enzymes, as well as enhanced filaggrin
expression and blood vessel responses to stress. Although the 500 pM concentration induced
some stress while preserving cell viability, it did not produce significant differences
compared to the control in several assays. In contrast, the 1000 uM concentration resulted in

substantial tissue damage, preventing further experimentation.
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Abstract

The skin serves as the primary protective barrier of the body against various external harmful
agents, such as pollution and ultraviolet (UVA and UVB) radiation. When intact and
functional, this barrier contributes to the maintenance of systemic homeostasis in the face of
daily challenges. However, exposure to stressors—whether internal or external—can trigger a

process known as oxi-inflammation. This phenomenon is characterized by a positive feedback
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loop between oxidative stress and inflammation, leading to a sustained cycle of tissue damage.
Among the known stress-inducing agents, methylglyoxal stands out as a reactive compound
capable of disrupting biochemical balance, thereby promoting oxi-inflammatory conditions. In
this context, the search for natural products that support cutaneous homeostasis has gained
increasing attention, particularly those derived from plants used in traditional medicine. In
line with this aim, the present study investigated the efficacy of leaf and bark extracts of
Commiphora leptophloeos—a species native to the northeastern Brazilian caatinga and widely
recognized for its anti-inflammatory and antioxidant properties—under methylglyoxal-
induced stress. Two concentrations of each plant part were tested: leaves at 350 and 500
ug/mL, and bark at 50 and 100 pg/mL, using an ex vivo experimental model. Analyses
included the quantification of antioxidant enzymes and oxidative stress markers,
histopathological and immunohistochemical evaluations, PCR, and skin permeation assays.
The results demonstrated that C. leptophloeos extracts exert multifaceted effects on tissue
undergoing oxi-inflammation. The leaf extract at 500 pg/mL and the bark extract at 100
nug/mL showed the most pronounced anti-inflammatory activity, while the leaf extract at 500
pg/mL and the bark extracts at 50 and 100 pg/mL exhibited superior antioxidant effects.
Overall, the leaf extract at 500 pg/mL emerged as the most effective in protecting skin tissue

from oxidative and glycative stress.
Keywords: Commiphora leptophloeos, ex vivo, oxi-inflammation, methylglyoxal, antioxidant

2.1. Introduction

The skin is our primary interface with the external environment. As such a vital barrier,
healthy skin provides a more effective defense against daily external challenges, contributing
to the maintenance of overall physiological homeostasis (Dehkordi et al., 2019). In addition to
exogenous stressors, the body also produces endogenous ones, which can negatively affect
skin health by triggering inflammation and oxidative stress (Majtan et al., 2021).

A key process involved in this imbalance is OxInflammation, defined as the interactive
outcome of oxidative stress and inflammation in a self-sustaining positive feedback loop
(Chiarello et al., 2023; Sharma et al., 2022; Fraile-Ramos et al.,2023). Oxidative stress arises
when the equilibrium between oxidant molecules—mainly reactive oxygen species (ROS)—
and antioxidant defenses shifts in favor of the oxidants. ROS are capable of activating

transcription factors such as NF-kB, thereby initiating inflammatory signaling pathways. In
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turn, these inflammatory responses promote the release of cytokines and other mediators that
further stimulate ROS production, exacerbating oxidative stress (Valacchi et al., 2016).
Among the exogenous stressors implicated in this process, methylglyoxal (MG) stands out as
a particularly potent agent. MG is a highly reactive byproduct of glucose metabolism, and is
also present in the environmental sources such as cigarette smoke, rainwater, and various
food products. It readily interacts with proteins and other biomolecules, forming advanced
glycation end-products (AGEs), which bind to RAGEs (receptors for AGEs) expressed on
multiple cell types, triggering diverse pathological processes (Sartori & Berchara, 2010). The
accumulation of AGEs further amplifies inflammation by inducing the expression of pro-
inflammatory cytokines, intensifying oxidative stress in a vicious cycle (Desai et al., 2010).
Given its high reactivity and well-documented capacity to disrupt redox homeostasis (Wang et
al., 2022; Sugiura et al., 2021), MG was selected as the cellular stressor in this study.

In alignment with global efforts to reduce and ultimately replace the use of animal models in
pharmacological research, this study employed an ex vivo methodology, which has garnered
increasing recognition for its ability to preserve key physiological and biochemical
characteristics of native tissue (Neil et al., 2022). This approach involves the use of small
fragments of human skin obtained from elective surgeries, maintained in culture media under
controlled conditions to enable the evaluation of therapeutic interventions in a context that
closely mimics in vivo physiology.

In the context of searching for natural compounds capable of supporting skin tissue
homeostasis, Commiphora leptophloeos - a plant endemic to the Caatinga biome in
northeastern Brazil (De Melo Alcantara et al., 2023) - was selected as the focus of
investigation os this study. In traditional medicine, extracts from the leaves and bark of this
plant have been used to treat inflammatory disorders , edema, infections, and related ailments
(Dantas-Medeiros et al., 2021). However, despite its relevance, studies involving
Commiphora leptophloeos extracts have so far been limited to in vivo and in vitro models.
This approach provided an opportunity to evaluate its effects in a more physiologically
relevant ex vivo model, using human biological tissue — which directly represents the
potential target of any pharmaceutical or cosmetic formulations developed from the extracts.
Accordingly, the present study aims to evaluate the anti-inflammatory and antioxidant
properties of two concentrations of C. leptophloeos leaf extract—L350 and L500 (350 and
500 pg/mL, respectively)—and two concentrations of bark extract—B50 and B100 (50 and
100 pg/mL, respectively)—in human skin biopsies subjected to oxidative stress induced by

650 uM of methylglyoxal, a concentration previously validated by our research group with the
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ability to generate oxidative and inflammatory damage, without causing loss of cellular
predictions (results not yet published). This investigation aims to expand the pharmacological
understanding of C. leptophloeos while contributing to the development of alternative models

in dermatological research.

2.2. Materials and Methods

2.2.1. Plant Material Collection

The bark and leaves of Commiphora leptophloeos (Mart.) J.B. Gillett were collected in July
2019 from the rural community of Carao, located in the municipality of Altinho, Pernambuco,
Brazil (geographic coordinates: 8°29'32"S, 36°03'03"W). Botanical identification was carried
out at the Geraldo Mariz Herbarium of the Federal University of Pernambuco (UFPE), where
the specimen was cataloged under the number 46,191. The collection was authorized by the
Biodiversity Authorization and Information System (SISBIO), under process number 35017.
The scientific research involving this plant material was registered and approved by the
National System for the Management of Genetic Heritage and Associated Traditional

Knowledge (SISGEN), under registration number A618873.

2.2.2. Preparation of Hydroethanolic Extracts

The collected bark and leaf samples were dried in a forced-air circulation oven at 45 °C and
subsequently ground using a knife mill. For each plant part, 200 grams of powdered material
were weighed and subjected to static maceration in a hydroethanolic solution (ethanol:water,
70:30 v/v) at a plant-to-solvent ratio of 1:10 (w/v) for 48 hours (first extraction). After this
period, the extracts were filtered through Whatman™ No. 1 filter paper. The remaining plant
residue was then re-extracted (second extraction) under the same conditions to maximize yield.
The two resulting extracts (first and second) were combined and concentrated under reduced
pressure using a rotary evaporator (Buchi, Model V-700, Altendorfer Str. 3, Essen, Germany),
keeping the temperature below 35°C to ensure the removal of organic solvents. The
concentrated extract was then frozen and lyophilized under a pressure of 200 mT at —20 °C for
72 hours (Model 101, Liotop®, Sao Carlos, Sao Paulo, Brazil).

This process yielded 13.0 g (6.5%) of leaf extract and 25.6 g (12.8%) of bark extract.
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2.2.3. Sample Preparation

For phytochemical analysis, the leaf and bark extracts of Commiphora leptophloeos were
subjected to solid-phase extraction (SPE) pre-treatment using Chromabond® cartridges (45
um, 500 mg, 6 mL), followed by drying under a nitrogen (N2) atmosphere, according to a
protocol adapted from Dantas-Medeiros et al. (2021).

For the pharmacological activity assays, stock solutions of bark extracts (50 and 100 pg/mL)
and leaf extracts (350 and 500 pg/mL) were prepared based on previously established
protocols for use in ex vivo experiments. These concentrations were chosen from previous
studies (unpublished data).

To ensure consistency in terminology throughout this study, the bark extracts were designated
as B50 and B100, corresponding to concentrations of 50 and 100 pg/mL, respectively, and the
leaf extracts were labeled as L350 and L500, referring to concentrations of 350 and 500

pug/mL.

2.2.4. Phytochemical Characterization of Commiphora leptophloeos Extracts

The phytochemical analysis of the leaf and bark extracts of Commiphora leptophloeos was
performed using sequential mass spectrometry with an ion trap, employing electrospray
ionization and direct flow injection (FIA-ESI-IT-MS/MS) (Thermo Scientific®, San Jose,
California, USA), according to the methodology described by Dantas-Medeiros et al. (2021).

For the analyses, the extracts were diluted in absolute methanol to a final concentration of 10
ppm. The operational parameters included: ion source temperature of 280 °C, spray voltage of
5.00 kV, capillary voltage of -47 V, tube lens voltage of -226 V, pump flow rate of 5.0
uL/min, with negative ionization mode. The analysis range was set between m/z 100 and 2000,
performing full scan acquisition for MS spectra. Subsequently, MS/MS spectra were obtained
for selected precursor ions using collision-induced dissociation (CID) with a collision energy
of 30 V. Data acquisition and processing were conducted using Xcalibur™ software version

1.3 (Thermo Scientific®).

2.2.5. Quantification of Total Phenolic Content (TPC) and Total Flavonoid Content
(TFC)

The total phenolic content (TPC) was quantified using the Folin-Ciocalteu method, as
described by Dantas-Medeiros et al. (2021). Solutions of each dry extract (leaves and bark)
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were prepared at a concentration of 2 mg/mL, and 25 pL of each solution was added to a 96-
well plate. To each well, 125 pL of Folin-Ciocalteu reagent (v/v) and 100 pL of 7.5% Na2COs
solution were added. The samples were incubated at 25 + 2°C for 30 minutes, protected from
light. Absorbance was measured using an ELISA microplate reader at 765 nm. The phenolic
content was calculated based on a gallic acid (GAE) calibration curve (R* = 0.9925) and
expressed as milligrams of gallic acid equivalents per gram of extract (mg GAE/g extract).

The total flavonoid content (TFC) was determined using the aluminum chloride method, as
described by Da Silva et al. (2024), with a quercetin (QE) standard curve (R? = 0.9903).
Absorbance readings were performed on a spectrophotometer at 415 nm. The results were
expressed as milligrams of quercetin equivalents per gram of extract (mg QE/g extract). All

experiments were performed in triplicate, with three independent biological samples (n = 9).

2.2.6. Ex Vivo Analysis with Human Skin Biopsies

For this study, we collected human skin biopsies donated from elective surgeries performed
at a local hospital in Vigosa, Minas Gerais. Approval was obtained from the Ethics Committee
on Human Research (CEP) of the Federal University of Vigosa (approval number
82329224.7.0000.5153) for the collection and experimental procedures. The biopsies,
measuring 12 mm in diameter, were processed by removing the subcutaneous adipose tissue
using a scalpel and then washed with phosphate-buffered saline (PBS).

Following these initial procedures, the biopsies were placed in six-well plates containing
Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (GIBCO, USA),
supplemented with 1% fetal bovine serum (FBS; GIBCO, USA), 2.5 pg/mL amphotericin B,
and 1% liquid penicillin. The plates were incubated for 24 hours at 37°C with 5% CO2 to
allow for recovery and acclimatization (Ferrara et al., 2020).

After this incubation period, the medium was supplemented with the stressor methylglyoxal at
a concentration of 650 uM. The methyl concentration was determined in a previous study
(unpublished data - submitted for review). Leaf extracts of Commiphora leptophloeos were
applied at concentrations of 350 and 500 pg/mL, and bark extracts at concentrations of 50 and
100 pg/mL. In addition, biopsies were maintained as negative controls, containing DMEM
without methylglyoxal, and as positive controls, containing DMEM with methylglyoxal but
no extract treatment. The biopsies received the respective treatments for seven consecutive

days, with culture media being renewed daily.
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2.2.7. Antioxidant Enzyme Activities and Oxidative Stress Markers

To assess the activity of antioxidant enzymes and oxidative stress markers, the designated
skin biopsy fragments were collected after seven days of treatment, immediately frozen in
liquid nitrogen (-196 °C), and stored in an ultrafreezer (-80°C). The samples were manually
macerated using a pestle in the presence of an EDTA buffer (0.2 mol/L phosphate buffer, 1
mmol/L ethylenediaminetetraacetic acid, pH 7.4), then centrifuged at 15.000 g for 10 minutes
at 4°C. The supernatant was separated for the analysis of antioxidant enzyme activities,
including catalase (CAT), superoxide dismutase (SOD), and glutathione S-transferase (GST),
while the pellet was used for the analysis of carbonylated proteins (PC).

SOD activity was measured following the protocol described by Dieterich et al. (2000),
which is based on the reduction of the auto-oxidation of pyrogallol.

CAT activity was determined using the method proposed by Aebi (1984), in which enzyme
activity is defined by its ability to decompose hydrogen peroxide into water and oxygen.

For GST activity, we followed the method described by Habig et al. (1981), which measures
the enzyme’s ability to metabolize 1-chloro-2,4-dinitrobenzene (CDNB) conjugated with
reduced glutathione.

Lastly, the analysis of carbonylated proteins was performed according to the protocol
described by Levine (1990), which quantifies the amount of carbonylated proteins in the
sample. To normalize the results, the total protein content in the supernatant was measured

using the Bradford reagent.

2.2.8. Explant preparation

The biopsies designated for histopathological and immunohistochemistry assays were
collected after seven days of treatment and fixed in 10% formalin overnight, following the
protocol described by Morais-Santos et al. (2018). The following day, the samples were
washed in PBS, dehydrated through a series of ethanol concentrations, cleared with xylene
and embedded in paraffin for further processing. The paraffin blocks containing the biopsies
were sectioned using a Leica Multicut 2045 microtome (Reichert-Jung Products, Germany),
obtaining 5 um thick tissue sections. The sections intended for immunohistochemical analysis
were placed on silanized slides, while those for histological assays were placed on standard

glass slides.
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2.2.8.1. Histological Analysis

In the histological assays, we evaluated and quantified mast cells (Churukian & Schenk, 1981),
blood vessels (Gongalves et al., 2010), and type III and type I collagen fibers (Cupertino et al.,
2013). All slides were deparaffinized in a series of xylene gradients and rehydrated with
ethanol before being subjected to specific staining procedures.

For this analysis, mast cells were identified using toluidine blue staining, while blood vessels
were visualized through hematoxylin and eosin (H&E) staining. Type III and type I collagen
fibers were analyzed using Sirius Red staining. Following the staining procedures, the slides

were rehydrated, mounted with coverslips, and prepared for microscopic analysis.

2.2.8.2. Immunohistochemical Analysis

Immunohistochemical analyses were conducted to evaluate the effectiveness of the extracts in
protecting the tissue samples from the damage induced by methylglyoxal (MG), using
markers of skin integrity and oxidative stress, as outlined in the protocol established by
Morais-Santos et al. (2018). Tissue sections (5 um) were deparaffinized, rehydrated, and
washed in phosphate-buffered saline (PBS), followed by blocking of endogenous peroxidase
to prevent nonspecific background staining. Antigen retrieval was performed using heat-
induced epitope retrieval (HIER) in 0.1 M sodium citrate buffer (pH 6.0) in a microwave oven

for 20 minutes.

To block nonspecific binding, the sections were incubated with 5% bovine serum albumin
(BSA) for 1 hour. After the BSA solution was removed, primary antibodies were applied:
anti-catalase (mouse or rabbit, 1:50, sc-271803), anti-filaggrin (mouse or rabbit, 1:250, sc-
66192), anti-8OHdG (mouse or rabbit, 1:250, sc-393871), and anti-4HNE (goat, 1:50,
AB5605). Incubation was carried out overnight at 4°C in a humid chamber. Negative controls
were prepared by substituting the primary antibodies with PBS to validate the specificity of

the immunostaining.

Following incubation with the primary antibodies, the sections were treated with secondary
antibodies conjugated to horseradish peroxidase (HRP) as specified by the manufacturer, for 1
hour at room temperature. Immunoreactivity was visualized using a chromogenic solution

containing 0.05% diaminobenzidine tetrahydrochloride (DAB) and 0.01% hydrogen peroxide
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in 0.05 M Tris-HCI buffer (pH 7.4). Finally, the slides were counterstained with Harris

hematoxylin for nuclear contrast.

2.2.8.3. Analysis of Histological and Immunohistochemical Sections

For both methodologies, images were captured using a photomicroscope (EVOS™ M5000
Imaging System from Thermo Fisher Scientific) coupled with a digital camera (3® -QColor
Olympus) at a magnification of 40x. Ten images per sample were taken and analyzed using
the Image-Pro Plus 4.5 imaging software (Media Cybernetics, Silver Spring, USA), with a

grid of 300 points for counting the structures of interest.

2.2.9. RNA Extraction and Quantitative Reverse Transcription PCR (RT-qPCR)

RNA extraction from human skin biopsies was performed using TRIzol™ reagent (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA). Briefly, skin samples were placed in
microtubes containing 1 mL of TRIzol, and the tissues were homogenized using an Omni
International sample homogenizer (Tissue Master 125). Then, 140 pL of RNase-free
chloroform was added to each microtube, followed by centrifugation for 15 minutes at 12,000
x g at 4°C. The aqueous phase containing RNA was transferred to a new tube, and the
chloroform extraction step was repeated. RNA precipitation was performed by adding 500 pL
of RNase-free isopropanol and centrifuging at 12,000 x g at 4°C for 30 minutes. The RNA
pellet was washed three times with 75% ethanol and centrifuged at 10,000 x g at 4°C for 10
minutes. The pellet was then resuspended in 20 pL of nuclease-free water and quantified
using a Multiskan SkyHigh spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA).

Subsequently, 1 pg of total RNA from each sample was reverse-transcribed into
complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer's protocol. The
mRNA levels of TLR-4, NF-kB, COX2, NRF-2, and HO-1 were analyzed by quantitative
real-time PCR (qPCR) using the PowerTrack™ SYBR™ Green Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) on a QuantStudio™ 3 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer's guidelines. Gene
expression was quantified based on the number of cycles required to reach a predefined

threshold value (Ct value) for each sample, with glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH) used as the housekeeping gene. After normalization, the fold change was
determined using the relative standard curve method.

The specific primers sequences are presented in Table 1.

Table 1. Genes and primer sequences used.

Gene Sequence 5’- 3’ References

TLR-4 F. TGG TGT CCC AGC ACT TCA TC Dias, M., M., S. et al
Human R. GCC AGG TCT GAG CAATCT CAT A |2015

NF-kB F-TGG GAA TGG TGA GGT CACTCT Dias, M., M.. S. et al
Human R- TCC TGA ACT CCA GCA CTCTCT TC 2014

F-AGG GTT GCT GGT GGT AGG AA Dias, M., M., S. et al.
COX-2 R- GGT CAA TGG AAG CCT GTG ATA CT 2014

Human

NRF-2 F-TTC CCG GTC ACATCG AGA G Golpour et al., 2020
Human R- TCC TGT TGC ATA CCG TCT AAA TC

HO-1 F-TCC GAT GGG TCC TTA CACTC Min et al., 2022
Human R- TAA GGA AGC CAG CCA AGA GA

F-TCG GAG TCA ACG GAT TTG GT Ivarsson et al., 2023
GAPDH R-TTC CCG TTC TCA GCC TTG AC

Human

2.3. Skin Permeation

The evaluation of permeation through a biological barrier was conducted using a Franz
diffusion cell with human skin biopsies as the membrane (n = 2), following a methodology
adapted from Andrade et al. (2024). The skin was properly prepared and adjusted to fit the
shape of the diffusion cell. In the donor compartments, 1 mL of leaf (350 and 500 pg/mL) and
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bark (50, and 100 ng/mL) extracts was applied onto the skin surface. As the receptor phase, a
phosphate-buffered saline (PBS) solution with pH 7.4 was used. The assay was conducted at a
controlled temperature of 37.0 £ 0.5 °C for a period of 24 hours. After this period, the
different layers of the skin were separated to evaluate the retention of the compound. The
extract from the stratum corneum was removed using the tape-stripping technique. The
epidermis was separated after immersion in deionized water at 60°C for 45 seconds, followed
by scraping with a scalpel. The remaining dermal tissue was cut into cubes. Each layer was
placed in tubes containing acetonitrile, subjected to vigorous vortex shaking for 2 minutes,
and then treated in an ultrasonic bath for 30 minutes. The obtained samples were quantified by
UV/Vis spectrophotometry at A = 197 nm (Leaf) and A = 195 nm (Bark), using analytical
calibration curves with standard concentrations ranging from 0.006 to 1.000 pg/mL (Bark)

and 0.006 to 0.700 pg/mL (Leaf).

2.3.1. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad Software
Inc., Boston, MA, USA). Results are expressed as mean + standard deviation (SD). Data
distribution was assessed using the Kolmogorov-Smirnov test. For normally distributed
(parametric) data, group comparisons were made using one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test. For non-parametric data, the Kruskal-Wallis test

was applied. A p-value of less than 0.05 was considered statistically significant.

2.4. Results

2.4.1. Antioxidant Enzyme Activities and Oxidative Stress Markers

Oxidative stress assays were performed to assess the potential antioxidant activity of
Commiphora leptophloeos leaf and bark extracts. In the analysis of SOD activity, it was
observed that the bark extracts at concentrations of 50 and 100 pg/mL maintained enzymatic
activity similar to the negative control parameters. On the other hand, the concentrations of
350 and 500 pg/mL of leaf extract showed an increase in SOD activity, with the 350 ng/mL
concentration being even higher than the positive control. CAT activity differed from both the
positive and negative controls at all concentrations of leaf and bark extracts, with the lowest
enzymatic activity observed at B50 and the highest at L350. For glutathione-S-transferase

activity, the two concentrations of leaf extract maintained activity similar to the positive



PAGE \* MERGEFORMAT 1 61

control, while the two concentrations of bark extract indicated higher levels of enzymatic

activity. All extracts reduced carbonylated proteins levels compared to the positive control.
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Figure 1. Effects of Commiphora leptophloeos bark and leaf extracts, administered at
different concentrations on ex vivo skin samples, on oxidative stress biomarkers and
antioxidant enzymes. (A) Superoxide dismutase enzyme activity, (B) catalase enzyme activity,
(C) glutathione-S-transferase activity, and (D) carbonylated protein concentration. C- refers to
skin not exposed to methylglyoxal; C+ refers to skin exposed only to methylglyoxal at a
concentration of 650 uM without treatment with extracts. B50, B100, L350 and L500, ,
refers to skin exposed to methylglyoxal and treated with bark (50 and 100 pg/mL) and leaf
(350 and 500pg/mL) extracts of Commiphora leptophloeos.According to the Tukey test,

means indicated with different letters show statistically significant differences (p<0.05).
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2.4.2. Histological Assays.

In the histological analyses, no alterations were observed in the quantification of mast cells at

any concentration of the extracts compared to the positive and negative controls.

Mast cells (N° of cells)

Extracts concentrations (pg/mL)

Figure 2. Proportion of mast cell in skin samples treated with bark and leaves extracts of
Commiphora leptophloeos at different concentrations evaluated histologically. C-: tissues not
exposed to methylglyoxal; C+: tissues exposed only to methylglyoxal at a concentration of
650 uM. L350, L500, B50, and B100: tissues exposed to methylglyoxal and treated with leaf
(350 and 500pg/mL) and bark extracts (50, and 100 pg/mL) of Commiphora leptophloeos.
According to Tukey's test, means with the same letter do not show statistically significant

differences (p>0.05).

The quantification of blood vessels in the samples also did not reveal any significant
differences between the extracts and the negative control, maintaining lower levels of
angiogenesis compared to the positive control. The concentration of B100 was the one that

showed the lowest levels.
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Figure 3. Analysis of blood vessels in skin samples exposed to methylglyoxal and treated
with leaf and bark extracts of Commiphora leptophloeos. (A) Percentage of blood vessels. (B)
Photomicrograph of skin of negative control - tissues not exposed to methylglyoxal; (C)
Photomicrograph of skin of positive control - exposed only to methylglyoxal at a
concentration of 650 uM; (D) skis exposed to methylglyoxal and treated with bark extracts at
a concentration of 50 ug/mL; (F) skin fragments exposed to methylglyoxal and treated with
bark extracts at a concentration of 100 pg/mL. The skins were stained with hematoxylin and
eosin (H&E). According to the Tukey test, means with different letters show statistically

significant differences (p<0.05). Red arrowheads indicate blood vessels. Scale bar =200 um

Analysis of dermal structural proteins showed a reduction of type III collagen in all treatments,
compared to negative control, and a reduction of type I collagen in all treatments, compared
with negative and positive controls. The reduction in type III collagen was less pronounced in
the two concentrations of bark extract tested. In contrast, for type I collagen, the

concentrations that exhibited a less pronounced reduction were L500 and B50.



PAGE \* MERGEFORMAT 1 64

Type lll collagen (%)

C+ L350 L500 BS0 B100
Extracts concentrations (ug/mL)

B)

Type | collagen (%)

L350 Ls500 BS50 B100
Extracts concentrations (ng/mL)

Figure 4. (A) Proportion of type III collagen and (B) type I collagen in skin samples exposed
to methylglyoxal and treated with leaf and bark extracts of Commiphora leptophloeos. C-:
skin fragments without exposure to methylglyoxal (culture medium only); C+: fragments
exposed to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and B100: tissues
exposed to methylglyoxal and treated with leaf (350 and 500 pg/mL) and bark extracts (50,
and 100 pg/mL) of Commiphora leptophloeos. According to the Tukey test, means with
different letters exhibit statistically significant differences (p<0.05).

(C, D, E and F) Representative photomicrographs obtained by polarized microscopy of
samples stained with Sirius Red. (C) Negative control; (D) Positive control; (E) skin
fragments exposed to methylglyoxal and treated with leaf extracts at a concentration of 350
ug/mL; (F) skin fragments exposed to methylglyoxal and treated with bark extracts at a
concentration of 50 pg/mL. Green shades indicate the presence of type III collagen (reticular

fibers), while red to yellow shades indicate type I collagen. Scale bar = 100 pm

2.4.3. Immunohistochemical Assay

In the immunohistochemical assays, we observed a reduction in filaggrin protein levels in all

concentrations of bark and leaf extracts tested, when compared to the positive controls.
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Figure 5. (A) Proportion of filaggrin evidenced by immunostaining in ex vivo skin fragments
exposed to methylglyoxal and treated with leaf and bark extracts of Commiphora leptophloeos.
(B, C and D) Representative photomicrograph of filaggrin immunostaining of skin. C-: skin
fragments not exposed to methylglyoxal (culture medium only); C+: skin fragments exposed
to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and B100: tissues exposed
to methylglyoxal and treated with leaf (350 and 500pg/mL) and bark extracts (50, and 100
ug/mL) of Commiphora leptophloeos. According to the Tukey test, means with different
letters exhibit statistically significant differences (p<0.05). (B) skin fragments not exposed to
methylglyoxal, (C) skin fragments exposed to methylglyoxal at concentrations of 650 uM, (D)
skin fragments exposed to methylglyoxal and treated with leaf extract at 350 ug/mL, (E) skin
fragments exposed to methylglyoxal and treated with bark extract at 50 pg/mL. Black arrows
indicate fillagrin, yellow arrows indicate epidermis and red asterisks indicate dermis. Scale

bar =200 pm.
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In catalase immunostaining, we observed reduced catalase levels for most extract

concentrations tested, except for BS0, when compared to the positive control.
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Figure 6. (A) Proportion of catalase evidenced by immunostaining in ex vivo skin fragments
exposed to methylglyoxal and treated with leaf and bark extracts of Commiphora leptophloeos.
C- skin fragments not exposed to methylglyoxal (culture medium only); C+: skin fragments
exposed to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and B100: tissues
exposed to methylglyoxal and treated with leaf (350 and 500pg/mL) and bark extracts (50,
and 100 pg/mL) of Commiphora leptophloeos. According to the Tukey test, groups with
different letters exhibit statistically significant differences (p<0.05). (B, C, D and E)
Representative photomicrograph of catalase immunostaining of skin. (B) skin fragments not
exposed to methylglyoxal, (C) skin fragments exposed to methylglyoxal at concentrations of
650 uM, (D) skin fragments exposed to methylglyoxal and treated with leaf extract at 350
ug/mL, (E) skin fragments exposed to methylglyoxal and treated with bark extract at 50
ug/mL. Black arrows indicate immunohistochemical signal for catalase in the epidermis.

Scale bar = 100 um.
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All treatments reduced the 8 OHdG immunostaining levels compared to the positive control,

except for the treatment L350.
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Figure 7. (A) Proportion of SOHdG evidenced by immunostaining in ex vivo skin fragments
exposed to methylglyoxal and treated with leaf and bark extracts of Commiphora leptophloeos.
C-: skin fragments not exposed to methylglyoxal (culture medium only); C+: skin fragments
exposed to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and B100: tissues
exposed to methylglyoxal and treated with leaf (350 and 500pg/mL) and bark extracts (50,
and 100 pg/mL) of Commiphora leptophloeos. According to the Tukey test, means with
different letters exhibit statistically significant differences (p<0.05). Photomicrograph of
epithelial tissue with immunohistochemical staining for 8 OHdG and hematoxylin staining.
Control group = Skin fragments not exposed to methylglyoxal (B), skin fragments exposed to
methylglyoxal at concentrations of 650 uM (C), skin fragments exposed to methylglyoxal and
treated with leaf extract at 500 pg/mL (D), skin fragments exposed to methylglyoxal and
treated with bark extract at 50 pg/mL (E). Black arrows indicate immunostained cell nuclei.

Yellow arrowheads indicate unaffected nucleus. Scale bar = 100 um.

In the 4HNE analysis, the immunomarker levels showed no significant differences compared
to the positive and negative controls. With the exception of L350, which maintained the levels

of the positive control.
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Figure 8. (A) Proportion of 4HNE evidenced by immunostaining in ex vivo skin fragments
exposed to methylglyoxal and treated with leaf and bark extracts of Commiphora leptophloeos.
(B, C and D) Representative photomicrograph of 4HNE immunostaining of skin C-: skin
fragments not exposed to methylglyoxal (culture medium only); C+: skin fragments exposed
to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and B100: tissues exposed
to methylglyoxal and treated with leaf (350 and 500 pg/mL) and bark extracts (50, and 100
ug/mL) of Commiphora leptophloeos. According to the Tukey test, groups with different
letters exhibit statistically significant differences (p<0.05). Photomicrograph of epithelial
tissue with immunohistochemical staining for 4HNE and hematoxylin staining. Control group
= Skin fragments not exposed to methylglyoxal (B), skin fragments exposed to methylglyoxal
at concentrations of 650 uM (C), skin fragments exposed to methylglyoxal and treated with
leaf extract at 350 pg/mL (D), skin fragments exposed to methylglyoxal and treated with bark
extract at 100 pg/mL (E). Black arrows indicate immunohistochemical signal for 4HNE in the

epidermis. Red asterisks indicate dermis. Scale bar = 100 pm.

2.4.4. RNA Extraction and Quantitative Reverse Transcription PCR (RT-qPCR)
Considering the real-time qPCR results, we can observe a downregulation of TLR-4 at B100
and of NFk-B and COX-2 expression at L500 and B100 concentrations (figure 9 A, B and C).

In figure 9 D and E, we observe the upregulation of the NRF-2 and HO-1 gene expression at
L500.
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Figure 9. Gene amplification by real-time PCR. Expression of the TLR-4 gene (A);
Expression of NFk-B (B); Expression of COX-2 (C); Expression of NRF-2 (D); Expression of
HO-1 (E). C-: skin fragments not exposed to methylglyoxal (culture medium only); C+: skin
fragments exposed to methylglyoxal at a concentration of 650 uM; L350, L500, B50, and
B100: tissues exposed to methylglyoxal and treated with leaf (350 and 500pg/mL) and bark
extracts (50, and 100 pg/mL) of Commiphora leptophloeos.. According to the Tukey test,
groups indicated with different letters exhibit statistically significant differences (p<0.05).

2.4.5. Skin Permeation

The permeation study through a biological barrier was conducted to evaluate the penetration
potential of Commiphora leptophloeos leaf and bark extracts across the skin, as well as their
retention in the different skin layers. The levels of L350, L500, B50, and B100 found in the
skin layers and the receptor solution after 24 hours are illustrated in Table 2 and Figure 10.
From the total amount of L350 applied to the skin, a concentration of 48,12% was found in
the receptor solution (RS), 0,09% was quantified in the stratum corneum (SC) layer, and
0,03% in the epidermis (EP). Approximately a concentration of 0,12% was observed in the
dermis (DE). From the total amount of L500 applied to the skin, a concentration of 35,86%
was found in the receptor solution (RS), 0,002% was quantified in the stratum corneum (SC)
layer, and 0,001% in the epidermis (EP). Approximately a concentration of 0,003% was
observed in the dermis (DE). From the total amount of B50 applied to the skin, a

concentration of 0,53% was found in the receptor solution (RS), 11,95% was quantified in the
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stratum corneum (SC) layer, and 1,29% in the epidermis (EP). Approximately a concentration
of 7,68% was observed in the dermis (DE). From the total amount of B100 applied to the skin,
a concentration of 0,09% was found in the receptor solution (RS), 2,90% was quantified in the
stratum corneum (SC) layer, and 0,01% in the epidermis (EP). Approximately a concentration

01 0,09% was observed in the dermis (DE).

The analytical curves used showed a satisfactory linear relationship, with linear equations for
bark extract: y = 11.792x — 0.0002 in PBS (0.006-0.060 pg mL™", R* = 0.9988) and y =
0.6452x + 0.0232 in acetonitrile (0.300-1.000 pg mL™', R* =0.9976). Similarly, a satisfactory
linear relationship was observed for the leaf extract with the equation: y = 0.2536x + 0.035 in
PBS (0.020-0.700 pg mL™*, R? = 0.9649) and y = 47.907x — 0.1251 in acetonitrile (0.006-
0.020 pg mL™', R*=0.9955).

Table 2. Concentration of extracts found in the skin layers and receptor solution.

Bark
Stratum Receiving
Initial Epidermis  Dermis
corneum solution
ng/m
L 50,00 5,97+0,88 0,64 0,06 3,84+1,39 0,26+0,004
% 100 11,95+ 1,77 1,29+0,12 7,68+2,78  0,53+0,01
pg/m  100,0
L 0 2,90 + 1,02 0,01 £0,06 294+141 0,09+0,002
% 100 2,90 = 1,02 0,01 £0,06 294+141 0,09+0,002
Leaf
Stratum Receiving
Initial Epidermis  Dermis
corneum solution
pg/m  350,0
L 0 0,30 0,07 0,10+0,04 042+0,14 168,40+11,22
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% 100 0,09 + 0,02 0,03+0,01 0,12+0,04 48,12+3,21

pg/m  500,0

L 0,010 = 0,005 0,004 £0,01 0,018+0,02 146,81 +41,17
0,001 + 0,004 +

% 100 0,002 £ 0,001 35,86 + 8,23

0,001 0,003

The percentages of skin permeation of the leaf and bark extracts of Commiphora leptophloeos

is presented in Figure 10
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Figure 10. Cutaneous permeation levels of Commiphora leptophloeos leaf extracts at
concentrations of 350 and 500 pg/mL (A and B) and bark extracts at concentrations of 50 and

100 pg/mL (C and D). EC - stratum corneum; EP - epidermis; DE - dermis; SR - receptor
solution.
2.5. Discussion

Commiphora leptophloeos contains bioactive compounds widely used in traditional medicine,

such as gallic acid, protocatechuic acid, and chlorogenic acid, which are known for their
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antioxidant, anti-inflammatory, antiproliferative, and antimicrobial properties (De Souza
Pereira et al., 2017). Based on this information, our group developed, for the first time, an ex
vivo study using the aforementioned extracts to investigate these properties and assess

whether they could protect the skin from external stressors.

Considering the ability of methylglyoxal to induce oxidative stress (Sugiura et al., 2021), we
evaluated how stressed tissue, treated with Commiphora leptophloeos extracts, affected the
activity of antioxidant enzymes and the expression of oxidative stress markers, such as the
activity of SOD, CAT, and glutathione S-transferase (GST), as well as the presence of

carbonylated proteins.

We observed that SOD, CAT, and GST activities increased upon exposure to MG (positive
control). This increase in antioxidant enzymes induced by methylglyoxal has also been
reported in other studies using human skin fibroblast and epithelial cell cultures and
macrophages (Sejersen & Rattan, 2009; Costa et al., 2025), supporting the notion that the

compound is capable of inducing continuous oxidative stress in the experimental model used.

On the other hand, a reduction in SOD and CAT activity was detected at B5S0 and B100 bark
extract concentrations compared to the positive control, while GST activity for these extracts
was increased. The decrease in SOD and CAT activity accompanied by an increase in GST at
B50 and B100 concentrations suggests a selective antioxidant response, favoring the
glutathione pathway. Plant extracts rich in phenolic compounds and terpenes, such as those
from C. leptophloeos (Cordeiro et al., 2021; Muzykiewicz-Szymanska et al., 2024), have been
described as modulators that primarily stimulate the expression of genes related to glutathione
synthesis (Ma, 2013), which would explain this increase at the expense of other enzymes.
Additionally, C. leptophloeos has shown superoxide radical scavenging activity (Cordeiro et
al., 2021), which may also account for the differences observed among the antioxidant

enzymes.

Conversely, the 350 pg/mL concentration of the leaf extract (L350) increased SOD and CAT
activity levels beyond the positive control. This suggests that, at this concentration, the extract
may not be capable of effectively scavenging superoxide radicals, resulting in increased

enzyme activity to neutralize the excess free radicals induced by methylglyoxal.
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GST activity levels did not show significant differences compared to the positive control in
the L350 and L500 treatments; however, higher enzymatic activity was observed in the B50

and B100 treatments.

Regarding the damage marker, a higher amount of carbonylated protein was detected in the
positive control, reaffirming the ability of methylglyoxal to induce oxidative damage to the
tissue — as expected, since it generates advanced glycation end products (AGEs) and
promotes the formation of reactive oxygen species (ROS), leading to protein oxidation

(Wattanapitayakul et al., 2023).

On the other hand, all tested compounds were effective against protein carbonylation,
maintaining levels similar to those of the negative control. This result, combined with the
antioxidant enzyme data, suggests that the extracts were able to prevent oxidative damage,

possibly through different mechanisms.

Plants contain intermediate metabolites capable of acting intracellularly to maintain
homeostasis and protect cells against damage caused by various factors (Hussain et al., 2016).
Previous studies have identified phenolic compounds in Commiphora leptophloeos whose
molecular targets are associated with antioxidant defense and inflammatory responses. In
addition to these compounds, flavonoids such as rutin have also been reported in this species
(Cordeiro et al., 2021). Rutin is widely recognized for its broad biological activity, notably its

antioxidant, anti-inflammatory, and cytoprotective properties (Ghorbani, 2017).

To investigate the potential of our extracts in protecting cells against oxidative stress and
excessive inflammation, we selected, for PCR analysis, inflammatory mediators including

TLR-4, NF-kB, and COX-2, as well as antioxidant mediators such as NRF2 and HO-1.

As highlighted by Ferrara et al. (2021), methylglyoxal (MGO), through its stress-inducing
capability, activates transcription factors related to cellular survival, such as nuclear factor
erythroid 2-related factor 2 (NRF2). NRF2 plays a central role in the rapid cellular response
to oxidative stress by upregulating the expression of endogenous antioxidant defenses
(Johnson et al., 2008). Under homeostatic conditions, NRF2 remains inactive; however, under
stress, it translocates to the nucleus and activates the transcription of antioxidant response
elements (AREs), leading to the induction of a wide array of protective proteins, antioxidant

enzymes, and factors that enhance cellular metabolism, thereby promoting the elimination of
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reactive species and toxic metabolites that threaten cellular homeostasis (Cichon & Brown,

2014; Ying et al., 2024).

Toll-like receptors (TLRs) are transmembrane proteins that function as pattern recognition
receptors (PRRs), primarily recognizing pathogen-associated molecular patterns (PAMPs),
and are essential components of the innate immune response (Kawai & Akira, 2010). There is
a well-established interaction between TLR-4 and the NF-kB signaling pathway. Upon PAMP
recognition, TLR-4 triggers a cascade of intracellular events that culminate in NF-kB
activation, resulting in the production of pro-inflammatory cytokines (Babu et al., 2024) and
induction of cyclooxygenase-2 (COX-2), which synthesizes prostaglandins — key
inflammatory mediators (Liu et al., 2017). This relationship is reflected in our results, where
all extract concentrations showing elevated TLR-4 expression also demonstrated increased

levels of NF-kB and COX-2.

There is also a well-documented crosstalk between NRF2 and NF-kB pathways, in which
NRF2 negatively regulates NF-kB activity. In other words, higher NRF2 expression is
generally associated with reduced NF-«kB activation (Ahmed et al., 2017). Furthermore, the
NRF2 pathway is closely linked to the expression of heme oxygenase-1 (HO-1), as NRF2
directly induces the expression of this cytoprotective enzyme. Our findings support this
regulatory relationship: the L500 extract, which showed the highest NRF2 expression levels,
also exhibited lower expression of pro-inflammatory mediators and elevated HO-1 expression.
Conversely, the L350 extract, which showed the highest permeation among all tested
concentrations, had lower NRF2 expression and higher levels of pro-inflammatory markers,
along with reduced HO-1 expression. This inverse regulatory pattern was also evident in the

positive control group, further supporting the interplay between these molecular pathways.

Mast cells are well-characterized immune effector cells, primarily recognized for their roles in
host defense against pathogens, modulation of both innate and adaptive immune responses,
allergic reactions, and toxin neutralization (DeBruin et al., 2014). Due to their ability to
release a broad spectrum of pro-inflammatory cytokines, an increased presence of mast cells

is commonly observed at sites of inflammation (Theoharides et al., 2012).

In the present study, we did not observe a significant increase in mast cell numbers across any
of the tested extract concentrations, including the positive control group. Regarding the

treatments, the low number of mast cells observed in the extract-treated groups is likely
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associated with the well-documented anti-inflammatory properties of Commiphora

leptophloeos (De Souza Pereira et al., 2017).

Interestingly, the unexpectedly low mast cell counts in the positive control group may be
attributed to the ability of advanced glycation end-products (AGEs), such as methylglyoxal
(MGO), to rapidly trigger mast cell degranulation (Sick et al., 2010). This rapid release of
granule contents could result in a transient presence of intact mast cells, thereby making their

quantification less apparent under our experimental conditions.

Angiogenesis is a critical physiological process responsible for preserving microvascular
integrity and, consequently, maintaining tissue homeostasis. This process is tightly regulated
by a range of growth factors, and any reduction in their availability can significantly impair

angiogenic activity (Bentov & Reed, 2015).

Among these factors, transforming growth factor-beta (TGF-B) and its co-receptor endoglin,
play central roles by stimulating endothelial cell proliferation and migration—key events for
the stabilization and survival of blood vessels. Elevated expression of endoglin in inflamed
tissues is widely recognized as a marker of endothelial repair responses, facilitating
neovascularization as a compensatory mechanism to preserve tissue viability (Russell et al.,

2015).

As previously demonstrated, methylglyoxal induces oxidative stress (Desai et al., 2010), and
it is well established that oxidative stress and inflammation can engage in a self-amplifying
loop, leading to a state of “oxi-inflammation™ (Valacchi et al., 2018). This interplay likely
accounts for the elevated vascular density observed in the positive control group. In contrast,
tissue samples treated with Commiphora leptophloeos extracts exhibited a marked reduction
in blood vessel formation, maintaining levels comparable to the negative control. These
findings suggest a potent anti-inflammatory effect of the extracts, capable of attenuating the

inflammatory angiogenic response.

According to Sugiura et al. (2021), the constant presence of methylglyoxal (MG) in the skin
can lead to the formation of advanced glycation end-products (AGEs) in collagen. The
accumulation of carbonylated collagen, according to the authors, can result in skin aging,
fibroblast apoptosis, and increased stiffness due to the reduction in elasticity. Collagen fibers
are essential structural components of the extracellular matrix (ECM) in connective tissues,

providing tensile strength and contributing to biomechanical resilience—functions primarily
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attributed to type I collagen. Type III collagen, on the other hand, plays a crucial role in tissue
repair and remodeling during the healing process (Lopez De Padilla et al., 2021). Type I
collagen is the most abundant protein in the human dermis, organizing with other fibrillar
collagens, such as types Il and V, to form bundles of mature and resilient fibers. These
collagen structures are actively synthesized and organized by dermal fibroblasts, being
fundamental for the integrity and mechanical homeostasis of the skin. However, oxidative
stress induces irreversible dysfunctions in fibroblasts, representing one of the main factors
associated with skin aging. Under stress conditions, collagen fragmentation increases, while
collagen biosynthesis by fibroblasts is reduced (Fisher et al., 2008). Alterations in the
fibroblast microenvironment impair their mechanical tension, which can lead to fibroblast
inactivation or apoptosis, further exacerbating ECM degradation. This process is often
accompanied by increased collagenase activity, which accelerates the breakdown of structural
collagen fibers (Varani et al., 2006). It is noteworthy that the increased expression of type III
collagen is a common marker in various human fibrotic diseases (Kuivaniemi et al., 2020).
According to our results, the B50 and B100 concentrations led to an increase in type III
collagen expression, suggesting a response to stress (Kuivaniemi et al., 2019).

As previously described, methylglyoxal (MQG) acts as a critical intermediate in the formation
of Advanced Glycation End Products (AGEs). The interaction of collagen with these AGEs
induces chemical modifications that lead to the formation of irreversible cross-links between
collagen fibers. This process significantly compromises the structural integrity of the
extracellular matrix, resulting in the deformation of fibers and the loss of their essential
biomechanical properties (Chen et al., 2022). These effects explain the reduction in type I
collagen levels observed across all tested concentrations, as the increase in cross-links
negatively interferes with collagen synthesis and homeostasis. Our experiment lasted for
seven days, which is why our group hypothesizes that low levels of type I collagen were
observed even in treated samples, as this time may not have been sufficient for the recovery of
the fibers.

We also performed immunohistochemistry analyses to evaluate and visualize the effects of
methylglyoxal and the extracts of C. leptophloeos in our experimental model, focusing on the
analysis of filaggrin, catalase, 8 OHdG e 4 HNE. Filaggrin is a crucial protein for skin health,
playing a key role in corneocyte formation and producing metabolites that assist in epidermal
hydration and protection (Thyssen et al., 2014). Filaggrin levels can be reduced due to
oxidative stress, and inflammation can lead to various consequences for the tissue, such as

atopic dermatitis and dryness (Howell et al., 2009). Our analyses support these findings, as we



77

observed a reduction in filaggrin immunoexpression in the positive control. Studies
employing glyoxal in tissue engineered in vitro models have also reported such a reduction,
that was reduced following the administration of the anti-glycation compound (Cadau et al,
2015). Intriguingly, we also detected an even pronounced decrease in immunostaining at the
different treatments with the extracts. Ex vivo human skin explant models have emerged as
valuable tools for investigating biologia mecanisms and assessing the effects of bioactive
compounds in a setting that closely mimic human physiological conditions (Neil et al., 2022).
However, this model presents inherent limitations that may explain the reduction in filaggrin
levels observed in our study following extracts treatment. It is estimated that the epidermis
turns over every 40-56 days in humans (Koster, 2009). Moreover, an ex vivo human skin
study demonstrated that filaggrin recovery in the epithelial tissue required approximately 10
days post injury (Rakita et al, 2020). These findings suggest that the restoration of structural
and differentiation related protein involvedes time dependent processes, including active
synthesis and cellular proliferation and differentiation, which may be compromised in explant
cultures. Furthermore, given that our experimental protocol lasted 7 days, it is possible that
there was insufficient time for filaggrin to be structurally reestablished following exposure to

methylglyoxal and subsequent treatment with the extracts.

We also analyzed the potential of the extracts to prevent DNA damage in the cells by
immunohistocchemistry. To this purpose, we used a well-established marker for oxidative
damage to DNA, the 8-hydroxy-2-deoxyguanosine (8-OHdG). This marker is an oxidized
derivative of guanosine and is widely recognized as a sensitive biomarker for oxidative stress-
induced genotoxicity (Shekaftik & Nasirzadeh, 2021; Kim et al., 2010). Our findings revealed
that treatment with the extracts at all tested concentrations significantly reduced nuclear
immunostaining levels associated with DNA damage, except for L350. This protective effect
was especially prominent at the highest concentrations from each extract group, L500 and
B100. We attribute these results to the known antioxidant properties of Commiphora
leptophloeos (Cordeiro et al., 2021), which likely enhance cellular defense mechanisms in a
dose-dependent manner, possibly by supporting endogenous systems such as the glyoxalase
pathway (Seo et al.,, 2014). This dose-responsiveness may explain the greater efficacy

observed at elevated extract concentrations.

Methylglyoxal (MGO) is recognized as a key initiator of metabolic disturbances that can lead
to the peroxidation of membrane lipids, a process strongly associated with oxidative damage

(Dmitriev & Titov, 2009) which in turn, results in reactive carbonyl species (RCS), such as 4-
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hydroxy-2-nonenal (4HNE), which can bind to and modify almost all types of proteins
(Moldogazieva et al., 2023). The accumulation of 4HNE in the body can lead to cell death
and various diseases, such as cardiovascular disorders, cancer, diabetes, Alzheimer’s, and
Parkinson’s (Kiyuna et al., 2023; Lou et al., 2020). This mechanism likely accounts for the
elevated levels of the lipid peroxidation marker 4-HNE, observed in the positive control group.
At the L350 concentration, 4-HNE levels were comparable to those in the positive control,
suggesting that at this dose, the leaf extract failed to effectively activate cellular defense
mechanisms, such as the glyoxalase system, which is crucial for MGO detoxification (Honek,
2015). At the other concentrations, the extracts did not show statistically significant changes
compared to either control. This suggests that, under the experimental conditions used, the
extract did not exert a clear protective or harmful effect. Subtle or transient effects may have

occurred, indicating the need for further studies focusing on this marker.

Interestingly, an inverse trend was observed for the bark extracts: the lower concentration
proved more effective in mitigating lipid peroxidation. This may be explained by the PCR
analysis, previously discussed, of the B100 condition, in which no expression of oxidative
stress- or inflammation-related genes was detected, suggesting an alternative mechanism of

action or efficient baseline suppression of cellular stress responses at this dose.

Regarding the cutaneous permeation index of the extracts, it is well established that plants
contain active compounds capable of penetrating the skin at varying concentrations,
depending on their physicochemical properties and the delivery vehicle used (Muzykiewicz-

Szymanska et al., 2024).

According to Nowak et al. (2021), greater accumulation of these substances in the deeper
layers of the skin enhances their antioxidant efficacy. However, Bertges et al. (2020) suggest
that, in certain contexts such as cosmetics, antioxidant activity on the skin surface is amplified

when permeation into deeper layers is reduced.

Supporting this, our analyses showed that the concentrations with the lowest permeation—
specifically L500 and B50, corresponding to the leaf and bark groups—exhibited higher
expression levels of antioxidant defense genes (NRF-2 and HO-1). Conversely, the
concentrations with the highest permeation (L350 and B100) demonstrated the opposite effect.
Notably, the L350 concentration, which exhibited the greatest permeation among all tested

extracts, yielded comparatively unsatisfactory results across the assays conducted in this study.
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2.6. Conclusion

In this study, it was observed that the various extracts of C. leptophloeos exhibit multifaceted
effects on human skin subjected to glycation-induced stress. The extracts demonstrated
significant antioxidant properties, likely mediated by distinct mechanisms—particularly at the
concentrations of L500, B50, and B100—as evidenced by oxidative stress assays. This
antioxidant effect was further supported by the reduction in carbonylated protein detection
across the tested extracts, as well as by the observed decrease in oxidative DNA damage

through immunohistochemical analysis at the concentrations of L500, C50, and B100.

Moreover, the extracts exhibited anti-inflammatory potential, with the most pronounced
effects seen at the higher concentrations of leaf and bark extracts (L500 and B100,
respectively), as indicated by the downregulation of TLR-4, NF-kB, and COX-2—key genes
in the inflammatory response. Although mast cell quantification did not mirror this trend, it is
important to consider that molecular and biochemical changes often precede morphological

alterations, which may not yet be apparent in histological analyses.

In this context, the increased expression of Nrf2, along with elevated HO-1 levels at the F500
concentration, suggests the activation of protective cellular stress response pathways. Overall,
among the tested extracts, the leaf extract at 500 pg/mL (L500) emerged as the most
promising candidate, warranting further investigation into the protective effects of C.

leptophloeos against oxidative and glycative skin damage.
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