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HIGHLIGHTS
e CCEO citral isomers increase cell viability and reduce membrane injury.
e CCEO citral isomers decreases ROS and mitochondrial depolarization.

e CCEO citral isomers reduces the release a marker of tubular injury (KIM-1).

Abstract: Ischemia and reoxygenation (I/R) cause acute kidney injury with progression related to oxidative
damage, mitochondrial dysfunction and cell death. Nrf2-Keapl pathway is involved in this process.
Cymbopogon citratus, used in popular medicine, is a promising source of bioactive antioxidant compounds.
This study investigated the cytoprotective effect of C. citratus essential oil (CCEQ) in an I/R model, and the
interaction of CCEO major components with the Nrf2-Keapl pathway in silico. CCEO was characterized by
GC-MS, presenting citral isomers trans-geranial (55.48%) and cis-neral (35.40%). I/R decreased LLC-MK2
kidney cells viability by around 50% (MTT assay); CCEO increased cell viability and decreased loss of
membrane integrity (Flow cytometry with 7-AAD). CCEO decreased ROS and mitochondrial depolarization

Brazilian Archives of Biology and Technology. Vol.68: €25240758, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Lopes de Sousa, D.; et al. 2

and reduced the release of KIM-1, a marker of tubular injury (ELISA). CCEO ameliorated ultrastructural (DCF
and Rhol123 staining) changes induced by I/R saw in scanning electron microscopy, such as volume
retraction, formation of apoptotic bodies, and adhesion to extracellular matrix decrease. The interactions of
citral isomers with Keap1 were made through molecular docking. Geranial and neral demonstrated a AG
around -5.0 kcal/mol with Keapl, binding to some amino acids common to co-crystallized ligand. So, the
cytoprotective effect in renal cells may be related to the interaction of citral (neral and geranial) with the
Nrf2/Keapl pathway.

Keywords: citral; KEAP-1; acute kidney injury; antioxidants.
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INTRODUCTION

Ischemia and reperfusion (I/R) are causes of acute kidney injury (AKI) seen in clinical practice [1],
associated with high morbidity and mortality. This condition can occur in a variety of clinical disorders that
lead to poor tissue perfusion, such as transplantation, shock, trauma and major surgeries [2,3]. It is estimated
that 50% of critically ill patients die because there is no effective therapeutic strategy. Although reperfusion
is necessary, it is known that it enhances oxidative stress, leading to reactive oxygen species (ROS)
formation and an inflammatory response [4]. The excessive ROS generation during reperfusion modifies
proteins, causes damage to the plasmatic membrane, and damages DNA, triggering cell death pathways
[5,6].

It has been demonstrated that natural substances could regulate intracellular signaling cascades that
control responses to stress, inflammation and cellular repair. The MAPK pathway responds to diverse stimuli,
including oxidative stress, and has been implicated in nuclear factor erythroid 2-related factor 2 (Nrf2)
inductions. Nrf2 is a regulator of cellular antioxidant responses, regulated by a protein called Keapl (protein
1 similar to Kelly and associated with ECH), acting as a redox sensor and associated with the pathogenesis
of a variety of diseases [7-10].

Cymbopogon citratus, known as lemon grass, is distributed worldwide in tropical and subtropical areas
and grown mainly to obtain its essential oil [11]. C. citratus leaves are commonly used in popular medicine
due to their variety of therapeutic properties [12] such antitumor [13], anti-inflammatory and antioxidant effects
[11,14]. Citral, the major component of C. citratus essential oil (CCEO), is formed by a mixture of geranial
(trans-citral) and neral (cis-citral) [15]. It was demonstrated that citral has a nephroprotective effect in
segmental and focal glomerulosclerosis models [16] and lupus nephritis [17] by activating the Nfr2 factor and
inhibiting MAPK phosphorylation.

This study investigated the cytoprotective effect of CCEO on LLC-MK2 renal cells exposed to I/R. The
interactions between citral isomers and Nrf2-Keapl were evaluated by molecular docking.
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MATERIAL AND METHODS

Essential oil Collection and Extraction by steam-dragging

The C. citratus specimens (exsiccate registration #54263) were collected at the Francisco José de Abreu
Matos Medicinal Plants Garden (Geographical coordinates: -3.7456214227893363, -38.57757958465461
at 8:00 a.m. in September 2019) and CCEO was extracted at the Garden Natural Products Laboratory from
the Federal University of Ceara. The extraction took place through the use of 1000 g of dried leaves, crushed,
and placed separately in a vial coupled to a condenser and a source of water vapor to extract the essential
oil by steam-dragging. The extraction lasted for 2 hours, under a controlled temperature of approximately
100 °C, consistent with the boiling point of water under atmospheric pressure. After, CCEO was treated with
sodium sulfate anhydrous, in order to remove moisture, and analyzed by Gas Chromatography coupled to
Mass Spectrometer (GC-MS).

A CCEO aliquot was dissolved in dichloromethane/hexane 1:1-Chromatographic grade (1:100). A GC-
MS detector Shimadzu QP-2010 plus was used, applying helium-dragging gas. The column used was Equit-
5 (30 cm x 25 mm x 25 um). The temperature programming started with 60 °C to 246 °C at a rate of 3 °C/min,
totaling 62 min. The detector voltage used was 70 eV, with a mass range ranging from 30 to 500 m/z. The
ionization source and interface temperature was 240 °C. The injector temperature was 220 °C with a 1:10
split injection mode. The injection volume was 1uL. The compounds were identified by similarity with the
NIST (National Institute of Standards and Technology) database mass spectra.

LLC-MK2 cell culture

LLC-MK2 kidney cells (ATCC CCL-7) [18], were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, USA) with antibiotics and 10% fetal bovine serum (FBS) at 37 °C and 5% CO2.

In vitro I/R model

For ischemia induction, the culture medium was replaced by DMEM without glucose, pyruvate and FBS,
so the plates were incubated in an anaerobic chamber for 24 hours. After that, the reoxygenation was
performed by adding a complete DMEM and returning the cells to the 5% CO2 atmosphere for 3 hours [19].
Then, cells were treated with CCEO (250; 125; 62.5; 31.25; 15.6; 7.8; and 3.9 ug/ml) for 24 hours after
reoxygenation.

Cell viabily evaluation

Cell viability was assessed by the MTT reduction assay. After treatment with CCEO for 24 hours, MTT
(0.25 mg/mL) was added and incubated at 37 °C for 4 hours. In the presence of living cells, the yellow,
insoluble MTT salt is converted to purple formazan, read at 570 nm [20].

The 7-AAD marker, a fluorescent DNA intercalator able to assess cell membrane fragmentation, was
used by flow cytometry (FACSCalibur, BD Biosciences). Treated LLC-MK2 cells were labeled with 7-AAD
and analyzed considering the percentage of labeled cells [21].

Proximal tubular injury marker determination (KIM-1)
KIM-1 levels were determined in the LLC-MK2 cells supernatant through a commercial enzyme-linked
immunosorbent assay (ELISA) (R & D Systems, Inc - Cat. DY1750, Minneapolis, MN) [22].

Scanning electron microscopy (SEM)

LLC-MK2 cells were cultured on sterile circular glass slides. The samples were fixed with 2.5%
glutaraldehyde 0.1 M (pH 7.2 at room temperature, for 2 hours). For SEM analysis, the fixed samples were
dehydrated with crescent concentrations of ethanol, coated with a 20 nm gold layer in a QT150 ES-Quorum
ion spray device, and evaluated in Quanta 450 FEG-FEI equipment (Thermo Fisher Scientific, Waltham,
USA) [23].

CCEO redox potential analysis by flow cytometry

For assessment of intracellular ROS, the dye DCFH2-DA (2’,7’-dichlorofluorescein diacetate) was used.
Cytosolic ROS oxidize DCFH, forming the fluorescent molecule DCFH-Ox, which exhibits a green
fluorescence (FL1). LLC-MK2 cells were labeled with DCFH-DA (100 uM), as described elsewhere [24].
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Mitochondrial depolarization was assessed with rhodamine 123 (Rho123) (Sigma-Aldrich, St. Louis, MO,
USA). Cells were washed with PBS and stained with Rho123 (10 pyg/mL) for thirty minutes. Then, the cells
were analyzed by flow cytometry to measure the accumulation of Rho123 in viable mitochondria (FL2).
Results were determined considering the change in the fold signal intensity geometric mean (relative
fluorescence intensity) [25].

Molecular docking study

To determine the citral's isomers potential binding with the Keapl protein, molecular docking studies
were carried out with the AutodockVina software. Keapl (PDB:4IQK) crystal structure with their respective
ligands was recovered from the RSCB Protein Data Bank. Geranial (ICD: 638011) and Neral (ICD: 643779)
ligands were obtained from the PUBCHEM database.

For the fitting studies, water molecules and the protein co-crystallized ligand were removed, and polar
hydrogen atoms were added to the protein. Gasteiger charges were added to each atom, the non-polar
hydrogen atoms were dissolved with the protein structure, and the grid box was settered (90 x 80 x 80 A
along the x, y, z and grid center -35.687, 0.38 and -16.998 A). Results (free binding energy — AG) were
validated by a redocking protocol with the co-crystallized protein ligand. Visualization and analysis of
simulations were performed by PyMol and Discovery Studio Visualizer 2020.

Statistical analysis

All data were expressed as the mean * standard error of the mean. Statistical comparisons were
performed by One-way ANOVA with Bonferroni post-test and p <0.05 as significant criteria. Statistical
analyzes were performed using the GraphPad Prism5.0 software (USA).

RESULTS

CCEO chemical composition

CCEO extraction resulted in 1.98% (volume/weight) of yield. CCEO is mainly constituted (90.88%) by the
monoterpenes citral aldehyde, formed by geranial (55.48%) and neral (35.40%). Additionaly, it has chemical
composition: nerol (3.49%), beta myrcene (3.49%), 6-methyl-5-hepten-2-one (0.46%) and diacetone alcohol
(1.68%) demonstrated in Figure 1.
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Figure 1. C. citratus essential oil chromatogram.
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Cell viability assays

The MTT assay showed that the two higher concentrations of CCEO decreased the cell viability. I/R
protocol reduced cell viability by around 50% when compared to the control. Cells treated with CCEO at 125
pg/mL and 250 pg/mL after I/R showed an increase in cell viability of 20% (Figure 2).
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Figure 2. LLC-MK2 cell viability by MTT assay. (A) Cytotoxicity; CT: = Negative control; *p<0.05; regarding the C.
citratus EO concentrations. (B) Cell viability of cells subjected to ischemia and reperfusion (I/R). The results are shown
as mean + SEM. p <0.05 vs. control group (CT); #p< 0.05 vs. I/R group.

The cell membrane fragmentation assay (Figure 3) showed a decrease in cell viability in the I/R group,
48.88% when compared to the control, while treatment with CCEO (125 and 250 pg/mL) decreased the

damage in LLC-MK2 caused by I/R.
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Figure 3. Membrane fragmentation assay. (A) Statistical analysis and event distribution percent (cells). B and C
histogram analysis - The population highlighted by the black line represents the control; the cells in red are those
subjected to ischemia/reperfusion; the cells in blue are those treated with C. citratus essential oil at 125 pg/mL and 250
pg/mL concentrations, respectively. The data are expressed as fluorescence ratio when compared to control + SEM. p
<0.05 vs. control group (CT); #p <0.05 vs. I/R group.
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Proximal tubular injury marker KIM-1

In I/R group supernatant (68 ng/mg * 2.73), KIM-1 levels were more than doubled when compared to
the control group (29.19 ng/mg + 3.52). The CCEO 125 pg/mL treatment was able to decrease KIM-1 levels
(22.24 ng/mg + 2.59).

Scanning electron microscopy

Cells subjected to the I/R had ultrastructural changes, such as cell volume retraction, formation of
apoptotic bodies by cytoplasmic fragmentation, and a decrease in adhesion to the extracellular matrix (Figure
4). The CCEO treatments at 125 yg/mL and 250 ug/mL were able to partially reverse the changes observed.

(b)

(©) (d)

Figure 4. Scanning electron microscopy in in vitro I/R (Ischemia/Reperfusion) model using LLC-MK2 cells. (A) Control
group; (B) I/R group; (C and D) I/R after treatment with C. citratus EO at 125 pug/mL and 250 y/mL concentrations,
respectively.

ROS production

Figure 5 (A-C) shows that I/R increased ROS levels. Only CCEO 250 ug/mL was able to attenuate the
fluorescence intensity by 43.3% compared to the I/R group. Figure 5 (D-F) showed a decrease in Rho123
fluorescence emission in I/R when compared to the control (64%). CCEO (250 pg/mL) improved
transmembrane potential when compared to the I/R group.
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Figure 5. Oxidative stress analysis by flow cytometry. (A) Analysis of reactive oxygen species production by DCFH-DA.
(B and C). Histogram analysis of representative reactive oxygen species in the population of cells treated with C. citratus
essential oil at 125 and 250pg/mL, respectively. D analysis of mitochondrial transmembrane potential by rhodamine 123
labeling. (E and F) Histogram analysis of the representative mitochondrial transmembrane potential in the cell population
treated with essential oil at 125 and 250ug/mL, respectively. The data are expressed as fluorescence ratio when
compared to control £+ SEM * P <0.05 vs . control; #P <0.05 vs. I/R Group.

Interaction with Keapl protein

Table 1 shows the scoring parameters of ligands and their intermolecular interactions with the Keapl
protein. Geranial and neral showed similar AG values, -5.5 and -5.2 kcal/mol, respectively. The geranial
isomer showed more hydrophobic bonds than neral. It is noteworthy that the geranial isomers have bound to
some amino acids common to the co-crystallized ligand (TYR 572 and TYR 344). The regions of interaction
between ligands and Keap1l are displayed in Figure 6.
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Table 1. Binding free energy from molecular fitting and intermolecular interaction data between Keapl protein (PDB:
41QK)), citral isomers and co-crystallized ligand to the protein.

Ligand H Bonds Distance (A) HydBrgﬁg:bic Distance (A) (kcaAII(:noI)
TYR 572 4.25
TYR 572 4.16
Geranial (Trans citral) ASN 414 4.68 PRE 577 6.3
PHE 577 6.0
TYR 344 4.92 -5.5
TYR 344 4.83
VAL 512 4.31
Neral (Cis citral) ILE 416 3.94 ILE 559 4.81 -5.2
ALA 366 5.43
TYR 525 4.19
ARG 415 4.02
ARG 415 4.39
ARG 483 5.83 ALA 556 4.09
4- . SER308 3.72 ALA 556 4.31
methoxybenzosulfonamide
(co-crystallized ligand) GLY 364 410 GLY 603 3.49 104
ASN 382 5.36 SER 363 3.31
TYR 334 4.37
TYR 334 543
TYR 572 5.52

AG — Binding energy; A — Angstrom; kcal — kilocalorie; ALA — Alanine; ARG — Arginine; ASN — Asparagine; GLY —
Glycine; H Bonds — hydrogen bond; ILE — Isoleucine; PHE — Phenylalanine; SER — Serine; TYR — Tyrosine; VAL —
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Figure 6. Citral isomer and Keapl protein complexes (3D diagrams). Legend: (A): Geranial-Keapl complex 3D
schematic; (B): Neral-Keapl complex 3D schematic; (C): co-crystallized ligand-Keap1l.
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DISCUSSION

The role of ROS produced by dysfunctional mitochondria during renal I/R is recognized as an important
pathophysiological mechanism [26]. ROS increase during reperfusion intensifies the inflammatory response,
causing damage to the cell membrane and DNA and triggering mitochondrial alterations and the apoptotic
cell death pathway. Numerous mechanisms of tissue protection against oxidative damage, immune response
and inflammation have been proposed [27-29]. Regarding that, natural substances with defense
mechanisms against I/R injury are highlighted, such as monoterpenes, widely found in essential oils from
several plants [30,31].

This study sought to investigate the cytoprotective and antioxidant effects of CCEO against I/R-induced
kidney injury. The oil chemical composition analysis of CCEO showed that geranial and neral isomers, also
known as citral, are the main components of essential oil, which are involved in its antioxidant effect. These
findings corroborate previous studies with lemon grass essential oil terpenoids [32,33]. The LCC-MK2
proximal tubular epithelial cell line was used in this model in order to mimic the damage caused by the I/R
process on the kidney. In this study, we have seen that CCEO, in a concentration-dependent manner,
increased cell viability after ischemia, reduced membrane fragmentation, prevented cell death by apoptosis
by reducing KIM-1, and decreased ultrastructural changes.

KIM-1 acts as a phagocytic receptor for apoptotic cells that must be replaced during cell repair [34]. It
has been used as a sensitive early marker to assess the nephroprotective effect of bioactive substances,
including those from medicinal plants [35]. In our study, we have seen that CCEO was able to reduce this
marker. This effect can be related to a reduction in the apoptotic pathway. The SEM results reinforce these
findings. There was a reduction in apoptotic bodies after treatment.

Recently, non-phenolic components have been reported as strong antioxidants. Citral, for example, in
the presence of ROS, can be a co-oxidizing agent and prevent oxidative damage [36]. Several mechanisms
have justified citral cytoprotective roles [15,37]. This direct antioxidant effect may justify the partial protective
effect of CCEO. However, previous studies have shown that scavenger antioxidants are ineffective in
achieving complete recovery from damage after I/R [38]. Therefore, it is suggested that citral would act as an
indirect antioxidant and anti-inflammatory, acting on signaling pathways such as Nrf2 and MAPK, which might
justify the mechanisms behind the effects of CCEO concentrations [16,17].

Nrf2 is a transcription factor responsible for regulating cellular redox balance by increasing the
expression of antioxidant and detoxification enzymes. Its expression is regulated by a repressor protein called
Keapl, which prevents Nrf2 translocation to the nucleus, promoting its degradation by ubiquitination [39]. So,
substances that impair the Nrf2-Keapl interaction promote cell protection against I/R-induced oxidative
damage [40]. Additionally, recent evidence shows that Nrf2 upregulation might suppress Nf-kB factor
transcription, inhibiting Ras and MAPK [8].

To assess the potential citral/neral-Keapl interactions, molecular docking simulations were conducted.
This assay showed that the geranial isomer had a greater number of hydrophobic bonds than the neral
isomer. Previously, geranial was described as a potential Nrf2 pathway activator [41]. Additionally, only the
geranial was able to bind to TYR 572 and TYR 344 residues. These are key residues for Keapl interaction,
involved in potential Nrf2 activity, supporting our hypothesis that geranial would be active in this pathway
[42]. Otherwise, neral interacted with the residues ALA366 and ILE559, commonly described as potential
Keap1l inhibitors [27,43].

Further, we demonstrated that citral isomers have common amino acids with the Keapl co-crystallized
ligand. The ability of citral isomers to be in the same binding site as other Nrf2 activators suggests their
Keap1-Nrf2 activator potential. Some characteristics, such as AG (>-6kcal/mol) and the presence of abundant
oxygen, have been shown to be necessary for potential Nrf2 pathway activators through Keapl inhibition
[27]. However, it does not completely exclude the possibility of activating this pathway. Some natural
electrophilic compounds activate Nrf2-regulated genes and increase the cytoprotective response [44]. This
may be one of the main antioxidant mechanisms of citral.

MAPK pathway activation has been related to an intense response to tubular epithelial cell injury during
ischemic injury with KIM-1 increase [34]. It is activated along with Nf- kB transcription factor in response to
stress and inflammation and has become a target for medicines with anti-inflammatory potential [45].

Although the antioxidant mechanism is important in the effect of C. citratus essential olil, it was found that
the oil has reparative effects independent of antioxidant action. The results of this study showed that the citral
isomers have a greater affinity with the Keapl protein. Finally, this study sought to clarify the possible C.
citratus essential oil cytoprotective mechanisms of action. The search for new substances able to act in cell
signaling pathways may help to better understand I/R injury pathophysiology and be important in developing
new drugs against this condition. Although this was an in vitro study and further tests are needed to deepen
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the findings of the work, the results presented are positive, as they point to the translational potential of the
plant and its components as medicinal agents.

CONCLUSION

CCEO showed a cytoprotective and antioxidant effect in I/R-induced acute kidney injury model. This
might be related to the difference in affinity of the citral to some intracellular signaling pathways. This was a
preliminary study of the possible interactions between this monoterpene isomers and Nrf2- Keapl proteins.
New works should be developed to understand the role of these pathways in citral cytoprotective action.
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