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Abstract

A metabolomic study of Uncaria gambir W. Hunter (Roxb.) was conducted to characterize the bioactive compound
profiles present in the roots, stems, leaves, and ethyl acetate extract, while the valuation of its ethyl acetate extract will
be carried out through in vivo antioxidant assays against lead acetate-induced free radicals. The metabolomic workflow
combined systematic sample preparation, UPLC-MS analysis, and downstream bioinformatic processing. Metabolites
were extracted from 50 pg of freeze-dried material using a methanol-water solvent spiked with internal standards.
Samples underwent homogenization, ultrasonication, and centrifugation, after which the supernatant was filtered prior
to LC-MS injection. In vivo assessment of lead and U. gambir ethyl acetate extract was done to 25 mice were assigned to
several treatments: lead acetate alone, or lead acetate combined with U. gambir ethyl acetate extract at concentrations
of 100 mg/L, 200 mg/L, and 300 mg/L for a period of 30 days. this study provides a valuable resource for determining
the most suitable tissue types and processing conditions for maximizing the recovery of specific bioactive classes (e.g.,
catechins versus triterpenoids). This information is essential for ongoing efforts to standardize herbal preparations and to
relate processing step with biological activity and product consistency. Measurements of MDA (malondialdehyde), SOD
(superoxide dismutase), and CAT (catalase) revealed that the 100 mg/L and 200 mg/L doses enhanced endogenous SOD
and CAT enzyme activity in the liver, kidneys, and testes. Furthermore, the 200 mg/L dose resulted in a 17.97% reduction in
hepatocellular death. These findings suggest that the ethyl acetate extract of U. gambir possesses the ability to counteract
lead acetate-induced free radicals and has the potential to be developed as a standardized herbal medicine candidate.

Keywords: cell necrosis, free radical, health, metabolomic, superoxide dismutase.

Resumo

Foi realizado um estudo metaboldémico da Uncaria gambir W. Hunter (Roxb.) para caracterizar os perfis dos compostos
bioativos presentes em raizes, caules, folhas e materiais processados, enquanto a avaliacdo de seu extrato de acetato de etila
foi realizada por meio de ensaios antioxidantes in vivo contra radicais livres induzidos por acetato de chumbo. O fluxo de
trabalho metaboldmico combinou preparagdo sistemdtica de amostras, analise UPLC-MS e processamento bioinformatico
downstream. Os metabdlitos foram extraidos de 50 pg de material liofilizado usando um solvente de metanol-agua
adicionado com padrdes internos. As amostras foram submetidas a homogeneizagdo, ultrassonizagdo e centrifugacao.
Apbs estes processos, o sobrenadante foi filtrado antes da inje¢do em LC-MS. A avaliagdo in vivo do chumbo e do extrato
de acetato de etila de U. gambir foi feita em 25 camundongos que foram designados a vdrios tratamentos: acetato de
chumbo sozinho ou acetato de chumbo combinado com extrato de acetato de etila de U. gambir em concentragdes de
100 mg/L, 200 mg/L e 300 mg/L, por um periodo de 30 dias. Este estudo fornece um recurso valioso para determinar os
tipos de tecido e as condi¢des de processamento mais adequados para maximizar a recuperacdo de classes bioativas
especificas (por exemplo, catequinas versus triterpenoides). Essas informagdes sdo essenciais para os esfor¢os continuos
de padronizagdo das preparagdes a base de ervas e para relacionar a etapa de processamento com a atividade biol6gica e
a consisténcia do produto. Medicdes de MDA (malondialdeido), SOD (superéxido dismutase) e CAT (catalase) revelaram
que as doses de 100 mg/L e 200 mg/L aumentaram a atividade enzimatica endégena da SOD e da CAT no figado, nos rins e
nos testiculos. Além disso, a dose de 200 mg/L resultou em uma reducdo de 17,97% na morte hepatocelular. Esses achados
sugerem que o extrato de acetato de etila de U. gambir possui a capacidade de neutralizar os radicais livres induzidos pelo
acetato de chumbo e tem potencial para ser desenvolvido como um candidato a medicamento fitoterapico padronizado.

Palavras-chave: necrose celular, radical livre, saide, metabolomica, superéxido dismutase.
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1. Introduction

Uncaria gambir (W. Hunter) Roxb. is a plantation crop
extensively utilized as a source of medicinal raw material,
primarily obtained from the sap of its leaves or other plant
parts. Its pharmacological potential is attributed to a diverse
array of secondary metabolites, including alkaloids, flavonoids
(e.g., gambirin), catechins (reaching up to 51%), tannins
(22-40%), natural pigments, and various additional constituents
that remain insufficiently characterized (Saad et al., 2020;
Andasuryani et al., 2014). Traditionally, this plant has been
widely used by local communities as a component of betel quid
preparations, as a treatment for burns, headaches, diarrhea,
dysentery, oral lesions (as a gargling agent), gastritis, and
dermatological disorders, as well as a natural dye for textile
processing (Dhalimi, 2006; Fauza, 2014).

Among the various Uncaria spp. species distributed
across Sumatra, U. gambir cv. Cubadak is the only species
that is currently cultivated. In West Sumatra, the local
community extracts the leaves and twigs of this species
using a hot-water extraction method, followed by drying to
produce the processed leaf material. Currently, no studies
have investigated the bioactive compounds present in the
roots, stems, or fresh leaves of this species. However, the
bioactive constituents of the processed extract have been
characterized, and the ethyl acetate extract of U. gambir cv.
Cubadak has been reported to contain the highest levels
of phenolics, flavonoids, and catechin (Auliana et al., 2022;
Marjonietal.,, 2025; Munggari et al., 2022). A metabolomics
analysis of different plant organs and processed materials of
U. gambir is expected to reveal a diverse array of bioactive
constituents. Moreover, this approach will help determine
whether the bioactive compounds present in the roots, stems,
leaves, and ethyl acetate extract differ from one another.

Previous studies have optimized various extraction
solvents, and the ethyl acetate extract was found to exhibit
the highest antioxidant activity (DPPH), along with the
highest total phenolic, total flavonoid, and catechin contents
(Manuharaetal,, 2022, 2025). These secondary metabolites
are well known for their capacity to scavege reactive oxygen
species (ROS) and to protect cellular components from
oxidative damage including heavy metals (Rudrapal et al.,
2022; Bernatoniené¢ and Kopustinskiene, 2018; Kim et al.,
2020; Rao et al., 2025). To further elevate the valuation
of U. gambir cv. Cubadak, in vivo antioxidant assays are
required (Sharma and Singh, 2014; Andjelkovic et al., 2019;
Sugihartoetal.,, 2022; Zubaidah et al., 2024), in which mice
exposed to lead-induced free radicals are treated with ethyl
acetate extracts at various concentrations to assess their
application as a protective agent against oxidative stress
arising from environmental toxicants, particularly heavy
metals that induce ROS overproduction.

Among heavy metals, lead is one of pervasive and
hazardous environmental pollutants, primarily originatiing
from industrial activities and persisting in the environment
due to its non-biodegradable nature. It is absorbed into the
body through respiration, the ingestion of contaminated
food and dermal exposure. It then accumulates in organs
such as the bone marrow, muscles, brain, kidneys, heart,
spleen and liver. Excessive lead exposure induces oxidative
stress due to the formation of reactive oxygen species (ROS)
(Manuhara et al., 2020). ROS generated during normal
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metabolic processes, particularly within the respiratory
chain, pose significant health risks. In mammals, energy
essential for life is produced in the form of adenosine
triphosphate (ATP) through the utilisation of oxygen.
This process involves the electron transport chain located
in the inner mitochondrial membrane, which produces
both ATP and ROS (Bhatti et al., 2017). If not eliminated
by endogenous antioxidants, excessive free radical
production can trigger lipid peroxidation, affecting the
integrity of the cell membrane and potentially damaging
the cell. Liver cell swelling can result from lead exposure
in mice over a period of 2-4 weeks. This condition is due
to the swelling of intracellular organelles, particularly the
mitochondria and the endoplasmic reticulum. Lead also
inhibits the activity of antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx) (Sugiharto et al., 2022). Furthermore, lead
poisoning induces oxidative stress, as indicated by changes
in haematological parameters and lipid peroxidation in
the blood, liver, and kidneys, as well as decreased GPx-4
expression (Zubaidah et al., 2024). In this context, the
present study aim to evaluate the capacity of U. gambir ethyl
acetate extract to mitigate lead-induced oxidative damage
at the biological level. Specifically, the study investigates
whether secondary metabolites present in the extract can
enhance endogenous antioxidant defenses and reduce
oxidative injury in target organs following lead exposure.

Throughout evolution, humans have developed both
endogenous and exogenous defense mechanisms to
counteract ROS. Endogenous defence systems are primarily
consist of enzymes that regulate intracellular ROS levels,
including superoxide dismutase (SOD), catalase (CAT),
glutathione S-transferase (GST) and glutathione peroxidase
(GPx) (Forman and Zhang, 2021). Exogenous antioxidants,
such as phenolic compounds (e.g., hydroxybenzoic acids
and hydroxycinnamic acids), are obtained through diet
and play a crucial role in mitigating ROS (Albarracin et al.,
2012; Christodoulou et al., 2022; Pérez-Torres et al., 2021).
These compounds are primarily found in plant-based
foods, particularly fruits, vegetables and spices (Gorzynik-
Debicka et al., 2018; Khan and Mukhtar, 2018; Podsedek,
2007; Rasines-Perea and Teissedre, 2017; Wahyuni et al.,
2024). The ethyl acetate extract of U. gambir, which exhibits
strong antioxidant activity in in vitro assays, is expected
to enhance endogenous SOD and CAT enzyme activities
and reduce cellular damage in the hepatic tissue of mice.

Accordingly, this study was designed with two main
objectives: (1) to comprehensively characterize and compare
the secondary metabolite profiles of different Uncaria
gambir organs and processing forms using UPLC-MS-based
untargeted metabolomics, and (2) to evaluate the in vivo
antioxidant efficacy of the ethyl acetate extract, selected
based on its superior in vitro antioxidant activity, against
lead acetate-induced oxidative stress in mice, as determined
by malondialdehyde (MDA) levels, endogenous antioxidant
enzyme activities (SOD and CAT), and histopathological
alterations. By integrating untargeted metabolomic profiling
with functional in vivo validation at the extract level, this
study provides a holistic framework for linking phytochemical
composition to biological efficacy and supports the rational
development and standardization of U. gambir-based
antioxidant preparations.
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2. Material and Method

2.1. Metabolomic analysis

The metabolomic workflow combined systematic
sample preparation, UPLC-MS analysis, and downstream
bioinformatic processing. Metabolites were extracted from
50 g of freeze-dried material using a methanol-water solvent
spiked with internal standards. A total of 50 mg of each sample
was weighed into a 1.5 mL Eppendorf tube for metabolite
extraction. Cold methanol-water (7:3, v/v; =20 °C; 800 pL)
containing internal standards (d,-leucine, *C,-phenylalanine,
d.-tryptophan, and ™C,-progesterone; 20 pL) was added,
together with two stainless steel grinding beads. The mixture
was mechanically disrupted at 50 Hz for 5 min using a tissue
homogenizer followed by ultrasonic treatment at 4 °C for
30 min. Protein precipitation was achieved by incubation
at-20°Cfor 1 h. After centrifugation at 14,000 rpm for 15 min
at 4 °C, 600 pL of the supernatant was filtered through a
0.22 pym membrane and collected for LC-MS measurement.
QCsamples were generated by pooling equal volumes (20 uiL)
from each extract to evaluate instrument performance and
data consistency. Chromatographic separation was carried
out on a Waters UPLC I-Class Plus system coupled with a
Q Exactive mass spectrometer, using a Hypersil GOLD aQ
column. A gradient mobile phase consisting of water with
formic acid (A) and acetonitrile (B) was employed. Mass
spectrometric acquisition was performed in dual-polarity
mode, collecting high-resolution full-scan data along with
targeted MS/MS fragmentation of selected precursor ions
across a predetermined m/z range. Data processing and
metabolite annotation were conducted in Compound
Discoverer 3.3, utilizing several compound databases (BMDB,
MZCloud, and ChemSpider). Annotation levels followed the
Metabolomics Standards Initiative (MSI), with the majority of
detected compounds assigned to Level 2 putatively identified
metabolites supported by MS/MS spectral matching. The
final data matrix, which included peak intensities and
metabolite annotations, was further analyzed using MetaX.
Processing steps included probabilistic quotient normalization,
correction of batch-related variation, and stringent filtering
to exclude metabolites with poor reproducibility. PCA was
applied to assess data integrity and visualize clustering
among sample groups. QC samples were used to evaluate
system performance, with LOESS-based signal correction
implemented to reduce batch effects.

2.2. Differential metabolite screening

Differential metabolite screening across sample groups
was conducted using a combination of multivariate and
univariate statistical methods within the metaX platform.
Principal Component Analysis (PCA), an unsupervised
multivariate tool, was applied to examine overall variance
and visualize clustering trends among samples. For
univariate comparisons, fold-change (FC) analysis and
Student’s t-tests were used to identify metabolites that
differed significantly between groups.

2.3. In vitro antioxidant activity assay (ABTS)

In vitro antioxidant activity of the samples was evaluated
using the ABTS (2,2'-azinobis-(3-ethylbenzothiazoline)-
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6-sulfonic acid) assay, following the modified method of
Dong et al. (2015). The generation of free radicals was
initiate through the incubation of 7 mM ABTS solution
with 2.45 mM potassium persulfate (K,S,0,) at room
temperature for a period of 12 hours. The ABTS solution
was then diluted with ethanol to obtain an absorbance of
0.7 at 734 nm. Standard BHA (butylated hydroxyanisole)
solutions at various concentrations (5, 10, 25, 50, and
100 mg/L) were prepared by dissolving BHA in ethanol.
Sample solutions were prepared at concentrations of 5,
10, 25, 50, 100, 250, and 500 mg|/L. A total of 200 pL of
the ABTS radical solution was added to 20 pL of each
sample and BHA standard, followed by incubation
at room temperature in the dark for 6 minutes. The
absorbance was then measured at 734 nm. Antioxidant
activity was determined based on the extraction yield
nine extracts as follows: catechu-1 methanolic extract
(G1M), catechu-2 methanolic extract (G2M), dried leaves
methanolic extract (DM), catechu-1 ethyl acetate extract
(G1E), catechu-2 ethyl acetate extract (G2E), dried leaves
ethyl acetate extract (DE), catechu-1 n-hexane extract
(G1H), catechu-2 n-hexane extract (G2H), dried leaves
n-hexane extract (DH), fresh leaves methanolic extract
(FL), fresh twigs methanolic extract (FS), and fresh root
methanolic extract (FR). Ascorbic acid was utilised as a
reference standard.

2.4. In vivo assessment of lead (Pb) acetate and
Gambir ethyl acetate extract

A total of 25 healthy adult male mice (Mus musculus,
Balb/C strain) were obtained from the Faculty of Pharmacy,
Airlangga University. The animals were maintained in
plastic cages, being fed with standard commercial mice
chow, and provided with drinking water ad libitum. The
use of animal subjects in this research does not violate of
animal welfare and have been approved by Faculty of Dental
Medicine Health Research Ethical Clearence, Airlangga
University (certificate no. 0339/HRECC.FODM/IV/2024).
Mice were randomly selected and subsequently divided
into five treatment groups, and each group contained five
mice (n=5), namely:

P1:0.25 mL of sterile distilled water (control);

P2:0.25 mL of lead (Pb) acetate at a concentration of
100 mg/L;

P3:0.25 mL of U. gambir ethyl acetate extract at a
concentration of 100 mg/L and 0.25 mL of Pb acetate
at a concentration of 100 mg/L;

P4:0.25 mL of U. gambir ethyl acetate extract at a
concentration of 200 mg/L and 0.25 mL of Pb acetate
at a concentration of 100 mg/L;

P5:0.25 mL of U. gambir ethyl acetate extract at a
concentration of 300 mg/L and 0.25 mL of Pb acetate
at a concentration of 100 mg/L.

Each morning, the U. gambir ethyl acetate extract was
given orally to the mice, followed two hours later by Pb
acetate. Treatments were conducted daily for 30 days. At
the end of the treatment period, the mice were euthanized
following anesthesia with xylazine. For serum collection,
blood samples were obtained via intracardiac puncture
and centrifuged at 3,000 rpm at 10 °C for 10 minutes.
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The liver, kidneys, and testes were excised for subsequent
MDA, SOD, and CAT analyses. Approximately 70 gram of each
organ was rinsed with phosphate-buffered saline (PBS) to
remove residual blood. The tissues were homogenized in PBS
ata1:10 (w/v)ratio using a homogenizer pre-cooled on ice,
followed by sonication for 6 x 15 seconds and centrifugation
at 2,000 rpm at 4 °C for 20 minutes. The results of liver,
kidney, and testis homogenates were transferred into sterile
1.5-mL microtubes for further analysis.

2.5. MDA (malondialdehyde) assay

The measurement of MDA levels was performed
according to the instructions of the BioAssay TBARS Assay
Kit (DTBA-100). A total of 100 pL of blood serum or liver,
kidney, and testis homogenates was mixed with 200 pL of
10% trichloroacetic acid (TCA) and incubated for 5 minutes on
ice, followed by centrifugation at 14,000 rpm for 5 minutes.
A 200-pL supernatant was transferred into a new tube.
Subsequently, 200 pL of thiobarbituric acid (TBA) was added
to each of the tubes containing the MDA standards and test
samples. The mixture was homogenized and incubated at
100 °C for 60 minutes. Following a cooling period at room
temperature, the solution was the solution was vortexed
and centrifuged at 14,000 rpm for 5 minutes. A volume of
100 pL from each treatment mixture was transferred into a
96-well plate, and the absorbances were measured using a
microplate reader Multiskan Go-Thermo scientific =535 nm.
MDA levels were calculated using the following Formula 1:

[T BARS ] = Rsampel — Rblank -
X n(,uM MDA equivalent)
Slope (,uM_1 )1

2.6. SOD (superoxide dismutase) activity assay

The SOD assay was performed using a SOD ELISA Kit
(E0290Mo) following the manufacturer’s instructions
(BioAssay). A total of 50 pL of standard solution (without
antibody) was added to the standard wells of a 96-well
plate. Approximately 40 pL of serum or liver homogenate
samples was added to the sample wells, followed by the
addition of 10 L of anti-SOD antibody. Subsequently,
50 L of streptavidin-HRP was added to each sample and
control well, and the plate was incubated for 60 minutes
at 37 °C. The plate was then washed five times, with each
wash lasting one minute, using 0.35 mL wash buffer.
After washing, 50 pL of Substrate Solution A and B were
added to each well, and the plate was incubated at 37 °C
for 10 minutes in the dark. Then, approximately 50 pL of
stop solution was added to each well, resulting in a yellow
coloration. Absorbance was measured at A =450 nm using
a Multiskan GO microplate reader (Thermo Scientific). The
values thus obtained were then analysed using regression
analysis of the optical density (OD) values and compared
with the standard curve.

2.7. CAT (catalase) activity assay

The CAT assay was performed using a CAT ELISA Kit
(E00776Mo) following the manufacturer’s instructions
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(BioAssay). A total of 50 pL of standard solution (without
antibody) was added to the standard wells of a 96-well
plate, while 40 pL of serum or liver homogenate was
added to the sample wells, together with 10 pL of anti-CAT
antibody. Subsequently, 50 pL of streptavidin-HRP was
added to each sample and control well, and the plate was
incubated at 37 °C for 60 minutes. The plate was then
washed five times, each wash lasting 1 minute, using
0.35 mL wash buffer. After washing, 50 uL of Substrate
Solution A and B were added to each well, followed by
incubation at 37 °C for 10 minutes in the dark. Then, 50 pL
of stop solution was added to each well until a yellow color
developed. Absorbance was measured at =450 nm using
a microplate reader (Multiskan Go-Thermo scientific).

2.8. Histological of hepatic cell

Histopathological observations of the liver, kidneys, and
testis were conducted by preparing histological sections.
The sequential procedures for histological preparation
included: dissection of mice, fixation, dehydration, clearing,
infiltration, embedding, sectioning, affixing, staining with
hematoxylin-eosin (H&E), labeling, microscopic examination
at 400x magnification using a binocular microscope, and
documentation. Histopathological evaluation of structural
damage to the liver, kidneys, and testes was conducted
microscopically by counting the number of normal cells
and cells exhibiting varying degrees of damage, with the
following criteria: Damage I: cellular swelling characterized
by the presence of cytoplasmic granules, vacuolization, or
hydropic degeneration, observable as enlarged vacuoles,
swollen cells, and pale, homogeneous cytoplasm. Damage II:
necrosis, indicated by cell shrinkage, nuclear condensation,
or nuclear fragmentation. Cell damage quantification was
performed using a microscope equipped with a graticule.
The numbers of normal, swollen/hydropic, and necrotic
cells were counted and expressed as cells/cm?. Each sample
was examined to three times in different fields of view,
and a total of 15 observations were conducted for each
treatment group.

2.9. Statistical analysis

All data are presented as mean + standard deviation (SD)
from three replicates. Statistical analysis was performed
using SPSS version 27 through one-way ANOVA followed
by Duncan’s post hoc test at a significance level of 5%.
A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Metabolite profile of Uncaria gambir organs

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based metabolomic analysis was conducted
to characterize the distribution of bioactive compounds
in U. gambir leaf, stem, and root tissues. The analysis
identified 5.681 distinct metabolites in accross all
tissue types (as shown in Figure 1). The metabolome of
U. gambir exhibited extensive chemical diversity with
compounds distributed across multiple metabolite classes.

Braz. ]. Biol., 2026, vol. 86, 303070
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Figure 1. Metabolite composition in the organs of Uncaria gambir.

Compound classified as lipids emerged as the predominant
metabolite family, with 452 unique compounds. Secondary
metabolites were also abundant and well-represented by
terpenoids (201 compounds), followed by flavonoids (118
compounds), and Alkaloids (96 compounds). This analysis
also revealed substantial populations of benzene and its
derivates (129 compounds), amino acids and peptides
(69 compounds), and carbohydrates (53 compounds).
Additional secondary metabolite families included lignans
(25 compounds), phenylpropanoids (21 compounds),
coumarins (18 compounds), and quinone (16 compounds).
Among the secondary metabolites, catechin, D-(-)-quinic
acid, rauwolcine, palmitic acid, 6-Methylquinoline, and
L-(-)-Malic acid were identified as the most abundant
compounds, indicating their major contribution to the
metabolic profile. Minor but significant contributions
from tannins, cinnamyl alcohol, and imidazole derivates
contributed to the metabolic landscape, demonstrating
the complex phytochemical composition of U. gambir
(as shown in Figure 1).

3.2. Metabolite composition across organ types and
preparation methods

The PCA plot (Figure 2) showed a clear separation
of U. gambir samples according to both organ type and
preparation method, including fresh root (FR), fresh
shoot (FS), fresh leaf (FL), dried leaf (DL), and processed
leaf (PLS) or ethyl acetate leaves extract. Notably, FR
formed a distinct cluster, indicating that roots possess
a unique metabolite profile that differentiates them
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Figure 2. Principal Component Analysis (PCA) of Uncaria gambir
metabolites from different organ types and processing methods.
FR: fresh root; FS: fresh stem; FL: fresh leaf; DL: dried leaf; PLS:
processed leaf.

from the other sample groups. Likewise. PLS samples
also showed clear separation from the other groups,
indicating that the heat and water-based processing used
to produce the concentrated extract significantly altered
the metabolite composition of the leaves. Furthermore,
FL, DL, and FS samples clustered relatively close to one
another, although a noticeable separation among these
groups was still evident (Figure 2). Overall, the PCA
plot highlighted substantial differences in metabolite
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composition between organ types, as well as the strong  Eupachloroxin, Oleanoic acid, and Deoxyloganetin, whereas
influence of sample processing on metabolite profiles. = Methyl rosmarinate, Methylquinoline, and Mulberrin were
While air-drying appeared to have only a minor effecton ~ among the major downregulated metabolites. These results
leaf metabolites, heat-based extraction produced marked =~ emphasize the notable shifts in metabolite expression
alterations in metabolite composition. patterns across different U. gambir organs, underscoring

the organ-specific specialization of metabolic pathways
3.3. Differential metabolite composition across organ types and the distinct biochemical functions associated with

Expanding on the PCA findings, which revealed distinct each tissue type.

metabolite composition differences between organ types,
we further performed differential metabolite analysis ~ 3-4 Impact of processing methods on differential
across these groups. A total of 2,007 metabolites showed ~ Metabolite composition
significant differences in abundance between fresh shoot Besides the differences observed between organ
(FS) and fresh leaf (FL). Of these, 1,114 metabolites were  types, the PCA analysis also revealed clear variations in
upregulated in FS, whereas 893 were downregulated  metabolite composition among leaf samples subjected
(Figure 3A). Notable upregulated metabolitesin FSincluded  to different processing methods. Fresh leaf samples (FL)
Etoposide, Phenyl-2-propenoyl, 4-fluorophenyl, and  clustered distinctly from both air-dried leaves (DL) and
Geissoschizine, while major downregulated metabolites ~ heat-processed concentrated leaf extracts (PLS). A total of
included Isoschaftoside, Caudatin, and Robinin. 3,762 metabolites were differentially expressed between FL
Comparison between fresh root (FR) and fresh leaf  and DL, with 2,511 upregulated and 1,251 downregulated in
(FL) revealed 3,894 differentially expressed metabolites, DL (Figure 4A). Notable upregulated metabolites included
with 2,201 upregulated in FR and 1,693 downregulated  Dianthramine, Oleanoic acid, and various diterpenoids,
(Figure 3B). Key upregulated metabolites in FR included ~ whereas Calocarpin, Phylloflavan, and Propylparaben were
Oleanoic acid, Clitoriacetal, and Xanthurenic acid, while  among the major downregulated compounds.
Deacetylisoipecoside, Phylloflavan, and Kaempferol were Comparison between PLS and FL identified 4,104
among the major downregulated compounds. Lastly, the  differentially expressed metabolites, of which 2,315 were
comparison between FR and FS identified 4,045 metabolites ~ upregulated and 1,789 downregulated in PLS DL (Figure 4B).
with significant differential expression, of which 2,208  Key upregulated metabolites included Norcimifugin,
were upregulated and 1,837 were downregulated in FR ~ Amarogentin, and Baicalin, while Propylparaben, Arctigenin,
(Figure 3C). Prominent upregulated metabolites included  and Flavonol represented major downregulated metabolites.
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Figure 3. Analysis of differential metabolites between Uncaria gambir organ types. FS: fresh stem; FL: fresh leaf; FR: fresh root.
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Table 1. Antioxidant activity of various U. gambir cv. Cubadak
extracts from different sample types and solvents based on the
ABTS method.

No. Sample IC,, (ng/mL)
1 BHA 2744
2 G1M 10.57
3 G2M 10.19
4 DM 37.65
5 G1E 9.26
6 G2E 8.09
7 DE 33.37
8 G1H 35.79
9 G2H 31.19
10 DH 33.67
1 FL 30.58
12 FS 28.16
13 FR 43.53
14 Ascorbic acid 10.00

Between PLS and DL, 4,117 metabolites showed significant
differential expression, with 1,865 upregulated and 2,252
downregulated in PLS (Figure 4C). Important upregulated
metabolites included Amarogentin, Norcimifugin, and
Daidzein, whereas Myristic acid, Montanol, and several
diterpenoids were prominently downregulated. These
results demonstrate that different processing methods
markedly alter the leaf metabolite profile, with heat-based
extraction causing the most substantial changes compared
to air-drying and fresh tissue.

3.5. Antioxidant activity of U. gambir cv. Cubadak

The results of the antioxidant activity assay using the
ABTS method are presented in Table 1. The antioxidant
activity measurements of various U. gambir cv. Cubadak
extracts showed that all extract types exhibited IC,, values
below 50 pug/mlL, indicating very strong antioxidant activity.
Among the extracts, the catechu-2 ethyl acetate extract
(G2E) showed the strongest antioxidant activity, with anIC,,
value of 8.09 pg/mL, which was even higher than ascorbic
acid (10.00 pg/mL). Antioxidant activity analysis using
the DPPH method also demonstrated that the catechu-2
ethyl acetate extract had the strongest antioxidant activity,
with an IC, value of 8.82 pg/mL (Manuhara et al., 2025).
The use of the ABTS method to measure antioxidant
activity was intended to confirm the results obtained
using the DPPH method. According to Knez et al. (2025),
the DPPH assay exhibits the highest degree of variability
among antioxidant assessment approaches, involving
methodological differences and unit inconsistencies that
do not accurately reflect true antioxidant activity. Their
study demonstrated that any variation in these factors
can substantially increase uncertainty levels, with relative
standard deviations reaching up to 11%, depending on
the compound being tested (Shimamura et al., 2014).

Braz. ]. Biol., 2026, vol. 86, €303070

Table 2. Correlation between IC,, and the secondary metabolites
detected in U. gambir.

No Metabolites r value
1 Catechin -0.9977***
2 D-(-)-Quinic acid 0.1988"
3 Rauwolscine 0.1000m
4 Palmitic acid 0.6200"
5 6-Methylquinonline -4.000™
6 L-(-)-Malic acid 0.01039"
7 Naringenin chalcone -0.9433*
8 2,3-Dihydroxybenzoic acid -0.1000™
9 Citric acid 0.003844"
10 Yohimbine 0.4000™
1 Norcimifugin -0.1000™
12 Procyanidin B1 -0.9355*
13 Methyl ibogamine-18-carboxylate 0.5521"
14 Butein -0.8000™
15 Chlorogenic acind -0.9153*
16 Adenine -0.01833m
17 4-Hydroxybenzoic acid -0.2980™
18 Stearic acid 0.3790"
19 4-Hydroxyphenylacetic acid -5.000™

20 Coumarin -0.9603**

* ok

Note: ™ indicates non-significant results, while *, **, and *** indicate
statistical significance at p < 0.05, p < 0.01, and p<0.001 respectively.

Nevertheless, the result of antioxidant potency assays
have generally shown a positive correlation, supporting
the rationale for using multiple methods to obtain a more
reliable assessment (Chaves et al., 2020). In the context of
radical-based techniques, the ABTS assay has been shown
to exhibit higher repeatability and stability compared with
DPPH, which is highly prone to environmental factors
(Knez et al., 2025).The choice of extraction solvent had a
significant effect on the antioxidant activity of the samples.
Extracts obtained using n-hexane displayed substantially
lower antioxidant activity compared with those extracted
with ethyl acetate or methanol (31.19-33.67 pg/mL).
Furthermore, The antioxidant activity assays conducted
on different U. gambir sample types revealed that fresh
materials (FL, FS, FR) exhibited lower antioxidant activity
compared with the other sample categories. Nevertheless,
all U. gambir extracts, regardless of sample type or extraction
solvent, consistently demonstrated strong to very strong
antioxidant activity. Based on these findings, the ethyl
acetate extract of U. gambir was selected for subsequent
in vivo evaluation to assess its protective antioxidant
potential against Pb acetate-induced oxidative stress in
mice. To further elucidate the chemical basis underlying
the antioxidant activity, correlation analysis was conducted
between IC,; values and the metabolites detected in
U. gambir extracts (Table 2).
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Correlation analysis between ABTS IC, values and the
relative abundance of selected secondary metabolites
revealed several strong and statistically significant
negative relationships (Table 2). Catechin exhibited the
strongest negative correlation with IC,, (r = -0.9977),
indicating that higher catechin abundance was strongly
associated with lower IC,, values and thus higher
antioxidant activity. Significant negative correlations
were also observed for naringenin chalcone (r =-0.9433),
procyanidin B1 (r=-0.9355), chlorogenic acid (r=-0.9153),
and coumarin (r = —0.9603). In contrast, other detected
metabolites, including organic acids (e.g., citric acid, malic
acid), fatty acids, alkaloids, and several phenolic acids,
showed weak or non-significant correlations with IC,,
values. These results indicate that only specific phenolic and
flavonoid compounds are closely linked to the antioxidant
potency of U. gambir extracts.

3.6. Effects of U. gambir cv Cubadak ethyl acetate extract
on MDA levels and endogenous enzyme activity in liver,
kidney, and testis homogenates

The effects of the ethyl acetate extract of U. gambir cv.
Cubadak on MDA levels and endogenous antioxidant
enzyme activity (SOD and CAT) were evaluated in liver,
kidney, and testis homogenates of mice. Oxidative stress
induced by heavy metal accumulation can be detected by
an increase in MDA levels and a decrease in the activity
of antioxidant enzymes such as SOD and CAT. Reactive
oxygen species (ROS) stimulate the elevation of MDA
levels through enhanced lipid peroxidation, whereas SOD
and CAT function to reduce ROS formation and mitigate
oxidative stress resulting from excessive lipid peroxidation.
The in vivo antioxidant effects of the U. gambir ethyl
acetate extract on MDA, SOD, and CAT activity in liver
homogenates (see Figure 5).

MDA levels in the liver of mice showed an increase,
with the highest level observed in the Pb acetate-only
group (P2). However, this increase was not statistically
significant (p < 0.05) when compared with the other
treatment groups and the control (P1, P3, P4, and P5).
This indicates that reactive oxygen species are capable of
elevating MDA levels through enhanced lipid peroxidation.
The SOD measurements showed a significant increase
(p < 0.05) in hepatic SOD activity in the control group
(P1) and in all groups receiving Pb acetate together with
U. gambir extract (P3, P4, and P5), compared with the Pb
acetate-only group (P2). In contrast, the CAT levels in the
liver did not differ significantly (p > 0.05) between the
control and treatment groups.

SOD plays an essential role in reducing the formation
of ROS and mitigating oxidative stress resulting from
elevated lipid peroxidation. SOD functions by catalyzing
the dismutation of superoxide radicals (0,*") into
molecular oxygen (0,) or hydrogen peroxide (H,0,),
whereas CAT decreases ROS levels by facilitating the
conversion of H,0, into water (H,0). The activities of
these antioxidant enzymes are capable of reducing lipid
peroxidation by approximately 70-90% (Ighodaro and
Akinloye, 2018; Seifried et al., 2017; Sheng et al., 2014;
Zulaikhah, 2017).
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Under normal conditions, the elevated production of
ROS is counterbalanced by the presence of enzymatic
antioxidants (SOD, CAT, GPx) and non-enzymatic
antioxidants (GSH, vitamins C and E). In mammals, three
types of SOD enzymes are distinguished based on their
metal cofactors: SOD-1 (Cu/Zn SOD), SOD-2 (Mn SOD), dan
SOD-3 (extracellular SOD) (Kim et al., 2018). One approach
to counteracting oxidative stress caused by heavy metals
is to increase the intake of essential bioelements (Ca, Fe, P,
K, Se, Mn, Zn), which function as cofactors for endogenous
antioxidant enzymes, along with dietary supplementation
of antioxidant compounds such as vitamins C and E, as well
as phenolic and flavonoid compounds that can chelate Fe
ions in the intestine (Anantharajuetal., 2016; Genchi et al.,
2020; Kumar et al., 2020).

Measurements of MDA, SOD, and CAT levels were
also performed on kidney homogenates. The results for
renal MDA, SOD, and CAT across the different treatment
groups are presented in Figure 6. In the kidneys of mice,
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Figure 5. Levels of MDA (A), SOD (B), and CAT (C) in liver
homogenates of mice subjected to different treatments with
U. gambir cv. Cubadak ethyl acetate extract. P1: positive control
(sterile distilled water), P2: negative control (Pb acetate only), P3:
U. gambir ethyl acetate extract 100 mg/L + Pb acetate 100 mg/L, P4:
U. gambir ethyl acetate extract 200 mg/L + Pb acetate 100 mg/L, P5:
U. gambir ethyl acetate extract 300 mg/L + Pb acetate 100 mg|/L.
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oral galvage of the U. gambir ethyl acetate extract exerted
asignificant effect on MDA, SOD, and CAT levels (p < 0.05).
The highest MDA levels were observed in the negative
control group (P2), in which mice received only Pb acetate.
In contrast, treatment with U. gambir ethyl acetate extract
at concentrations of 200 mg/L and 300 mg/L resulted in a
significant reduction in MDA levels (p < 0.05). At 100 mg/L,
however, MDA levels were comparable to those of the
control group that did not receive Pb acetate. The highest
SOD and CAT activities in kidney tissue were obtained from
the group treated with U. gambir ethyl acetate extract at
200 mg/L.

MDA levels in the testis of mice were significantly
different from the control in all treatment groups, except
for the group receiving U. gambir ethyl acetate extract
at 200 mg/L (P4), which did not differ significantly
(p < 0.05) (Figure 7A). In this group, oral galgave of the
U. gambir extract reduced MDA levels to nearly the same
level as the positive control (no Pb acetate exposure).
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Figure 6. MDA (A), SOD (B), and CAT (C) levels in kidney homogenates
of mice subjected to different treatments with U. gambir ethyl
acetate extract. P1: positive control (sterile distilled water), P2:
negative control (Pb acetate only), P3: U. gambir ethyl acetate
extract 100 mg/L + Pb acetate 100 mg/L, P4: U. gambir ethyl acetate
extract 200mg/L + Pb acetate 100 mg/L, P5: U. gambir ethyl acetate
extract 300 mg/L + Pb acetate 100 mg/L.
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In contrast, MDA levels in P3 and P5 were higher than the
control, although still lower than those in the negative
control (P2). The highest SOD activity was observed in
the P4 group (200 mg/L U. gambir ethyl acetate extract),
whereas P3 and P5 also showed elevated SOD levels
compared with the negative control. The negative control
exhibited the lowest SOD activity (Figure 7B). These findings
indicate that the U. gambir ethyl acetate extract is capable
of enhancing antioxidant enzyme activity to counteract
Pb acetate-induced free radicals. For CAT activity, groups
P4 and P5 did not differ significantly from the positive
control (no Pb acetate), whereas P3 showed the highest
CAT level (Figure 7C). This suggests that administration of
the U. gambir ethyl acetate extract can increase endogenous
antioxidant enzyme levels in the testis to combat Pb
acetate-induced oxidative stress.

3.7. Effects of U. gambir cv. Cubadak ethyl acetate extract
on liver histology in mice

The histological observations of mice liver tissue,
showing the percentages of normal cells, swollen cells, and
necrotic cells (see Figure 8). Representative liver histology
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Figure 7. MDA (A), SOD (B), and CAT (C) levels in testis homogenates
of mice subjected to different treatments with U. gambir ethyl
acetate extract. P1: positive control (sterile distilled water), P2:
negative control (Pb acetate only), P3: U. gambir ethyl acetate
extract 100 mg/L +Pb acetate 100 mg/L, P4: U. gambir ethyl acetate
extract 200 mg/L + Pb acetate 100 mg/L, P5: U. gambir ethyl acetate
extract 300 mg/L + Pb acetate 100 mg\L.
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images from mice treated with different concentrations
of U. gambir ethyl acetate extract (see Figure 9).

Microscopic examination of hepatic cells showed that
oral administration of the U. gambir ethyl acetate extract
at different concentrations did not have a significant
effect on the occurrence of cellular swelling (statistical
analysis, p > 0.05). However, it had a significant effect on
the formation of necrotic liver cells (p < 0.05) (Figure 8).
The highest level of cell death was observed in the group
receiving Pb acetate alone, The highest level of cell
death occurred in the group that received Pb acetate
alone, whereas lower levels of cell death were observed
in the control group (sterile distilled water) as well as
in P3 and P4, which received 100 mg/L and 200 mg/L
of U. gambir extract in combination with 100 mg/L Pb
acetate, respectively. In the control group, cell death
reached 13.86%, while in the Pb acetate group, cell death
increased markedly to 38.44%. These findings indicate
that Pb acetate induces the formation of free radicals,
leading to damage of cellular membranes and leading
to cell death (necrosis).

Oral administration of U. gambir ethyl acetate extract
at 100 mg/L (P3) in mice exposed to Pb acetate reduced
cell death by 15.46%, whereas treatment with 200 mg/L
(P4) reduced cell death by 17.97%. These findings are
supported by the significant increase in hepatic SOD
activity observed in P3 and P4 (Figure 6) compared with
P2 (Pb acetate only). Moreover, oral administration of
U. gambir ethyl acetate extract at 200 mg/L achieved a
greater reduction in cell death than methanolic extracts
of Gynura procumbens at 300 mg/L, which decreased
cell death by less than 10% (Sugiharto et al., 2022).
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Similarly, treatment with a methanolic extract combination
of Zingiber officinale and Boesenbergia rotunda (1:1) was
able to reduce cell death by only 6.77% (Sugiharto et al.,
2022). The administration of a 300 mg/L U. gambir extract
dose did not yield a positive response in the livers of rats.
A similar observation was made in the administration of
Gynura procumbens extract, where a 300 mg/L dose did
not yield a positive response (Sugiharto et al., 2022). The
administration of herbal formulas containing gambier
and Caesalpiniasappan extracts at doses of 300 mg and
1,200 mg/kgBW also resulted in the induction of lesions
in the liver, kidneys, and heart of male and female mice,
particularly at higher doses (Armenia et al., 2021).

4. Discussion

Our comprehensive untargeted metabolomic survey
extends previous phytochemical studies on Uncaria gambir,
which have largely relied on targeted approaches such as
the isolation and quantification of catechins, tannins, and
selected flavonoids, as well as pharmacological evaluations
of plant extracts. Earlier reviews consistently describe
U. gambir as rich in flavonoids, phenolics (particularly
catechins), alkaloids, and terpenoids, emphasizing its
traditional medicinal applications and antioxidant and
anti-inflammatory activities. In contrast, our dataset
comprising 5,681 metabolites detected across multiple
organs and processing methods greatly expands this
foundation by revealing far broader chemical diversity,
including numerous lipids, terpenoids, flavonoids,
and alkaloids.
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The organ-specific metabolite patterns observed here
align with findings from other medicinal plants, in which
roots typically accumulate triterpenoids and other defense
or storage-related metabolites, whereas aerial tissues are
enriched in flavonoids and phenolic compounds associated
with photoprotection, signaling, and environmental
responsiveness.

Regarding processing effects, our observation that
air-drying caused relatively lower alterations in leaf
metabolite profiles, while heat-based extraction (PLS)
led to extensive compositional changes, is consistent
with metabolomics studies in other species. These studies
have shown that drying, especially thermal extraction,
can selectively concentrate heat-stable metabolites

Figure 9. Histological features of mice liver under different treatments with Pb acetate and U. gambir ethyl acetate extract, stained with
hematoxylin and eosin. A: normal cells; B: swollen cells; C: necrotic cells. P1: positive control (sterile distilled water), P2: negative control
(Pb acetate only), P3: U. gambir ethyl acetate extract 100 mg/L + Pb acetate 100 mg/L, P4: U. gambir ethyl acetate extract 200 mg/L + Pb
acetate 100 mg/L, P5: U. gambir ethyl acetate extract 300 mg/L + Pb acetate 100 mg/L. Magnification: 400x.
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while degrading or transforming heat-labile compounds.
In agreement with this pattern, we found strong enrichment
of thermostable metabolites such as derivatives of
amarogentin, norcimifugin, and baicalin in PLS samples,
accompanied by the depletion of several flavonols
and other heat-sensitive compounds. Amarogentin,
a secoiridoid glycoside detected in the metabolomics
profile, has been reported to exhibit diverse protective and
regulatory biological activities. Previous studies indicate
that amarogentin is involved in metabolic and vascular
regulation through activation of AMP-activated protein
kinase (AMPK) signaling, which contributes to improved
glucose and lipid metabolism. In addition, amarogentin
has been associated with neuroprotective and anti-
inflammatory effects, mediated through the modulation
of oxidative stress- and inflammation-related pathways.
The presence and upregulation of this secoiridoid glycoside
may therefore contribute to the observed bioactivity by
supporting antioxidant capacity and cellular protection
under stress conditions. (Potunuru et al., 2019; Song and
Zhou.2022; Singh et al., 2025). Norcimifugin, classified as
a chromone-type phenolic compound, and dianthramine,
an alkaloid, were detected in the metabolomics analysis.
As specific functional studies on these individual
metabolites remain limited, their biological relevance can
be inferred at the metabolite-class level. Chromone-derived
phenolic compounds in plants are generally associated
with antioxidant and anti-inflammatory properties
and are known to contribute to chemical defense, often
exhibiting antimicrobial and cytotoxic activities in vitro.
The upregulation of such compounds is commonly linked
to enhanced resistance against environmental stressors
and pathogenic challenges (Lewandowski et al., 2020;
Gao et al., 2025; Liu et al., 2025)

Altogether, this study provides a valuable resource for
determining the most suitable tissue types and processing
conditions for maximizing the recovery of specific
bioactive classes (e.g., catechins versus triterpenoids). This
information is essential for ongoing efforts to standardize
herbal preparations and to relate processing step with
biological activity and product consistency.

Lead (Pb) exposure in the body has been demonstrated
to induce the formation of ROS. In instances where ROS
production exceeds the threshold that can be neutralised
by endogenous antioxidants, an imbalance between
oxidants and antioxidants ensues, giving rise to oxidative
stress. This condition is reflected by an increase in MDA
levels. The elevated MDA concentration observed in
the negative control group (P2) suggests a correlation
between high MDA levels and the degree of hepatocellular
death. Similar findings were reported in mice exposed to
cadmium (Cd) (Sugiharto et al., 2022). Cd accumulation
causes severe organ damage and induces rigidity of the
cell membrane, leading to increased extracellular fluid
influx into the cell, cellular swelling, and cell death,
particularly in the liver and kidneys (Kerek et al., 2018;
Khalesi et al., 2017). Lead toxicity could induce oxidative
stress and caused lipid peroxidation in cell membrane.
Thereby increasing cells damage, especially in liver and
kidney. Similar to present study, Zidi [ (2014) reported
administration of lead acetate 2 g/L for 35 days increased
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hypertrophy of hepatic cells and accompanied by an
increase in AST and ALT levels. Administration of lead
acetate 20 mg/kg BW for 3 weeks increased necrotic of
hepatic cells, MDA levels, AST (aspartate aminotransferase),
and ALT (alanine aminotransfer ase). levels as indicators
of damage in liver cells (Yuniarti et al., 2021). The strong
and significant negative correlations between IC, values
and the abundance of catechin, naringenin chalcone,
procyanidin B1, chlorogenic acid, and coumarin clearly
indicate that these compounds play a major role in
determining the antioxidant activity of U. gambir extracts.
Because lower IC, values correspond to higher antioxidant
capacity, the observed inverse relationships suggest that
increased concentrations of these metabolites directly
enhance radical-scavenging efficiency in the ABTS assay
(Frediansyah et al., 2021)

Catechin emerged as the most influential contributor,
consistent with previous reports identifying catechins as
the dominant antioxidants in U. gambir (Manuhara et al.,
2025). Similarly, procyanidin B1, a condensed tannin
dimer composed of catechin units, is well known for
its high radical-scavenging capacity, supporting its
significant association with low IC,, values (Gao et al,
2021). Naringenin chalcone and chlorogenic acid are
phenolic compounds that act as efficient antioxidants
through both direct radical scavenging and metal-chelating
mechanisms (Abbasi-Parizad et al., 2020). Their significant
negative correlations with IC,; values indicate that,
although present at lower abundance than catechin,
they contribute synergistically to the overall antioxidant
capacity of the extract. Coumarin also showed a strong
inverse correlation with IC,, suggesting a meaningful role
in antioxidant activity, potentially through stabilization of
radical intermediates and modulation of redox reactions
(Mohammadnia et al., 2025). Overall, the correlation
analysis supports the conclusion that the high antioxidant
activity of U. gambir ethyl acetate extract is primarily
driven by a specific group of phenolic and flavonoid
compounds rather than by the total metabolite pool. These
findings provide a clear chemical basis for the strong
antioxidant activity observed in vitro and support the
use of catechin-rich U. gambir extracts as candidates for
standardized antioxidant formulations.

5. Conclusion

Based on metabolite composition across organ types
and preparation methods this research obtained substantial
differences in metabolite composition between organ
types, as well as the strong influence of sample processing
on metabolite profiles. While air-drying appeared to
have only a minor effect on leaf metabolites, heat-based
extraction produced marked alterations in metabolite
composition. Different processing methods markedly alter
the leaf metabolite profile, with heat-based extraction
causing the most substantial changes compared to air-
drying and fresh tissue. This study provides a valuable
resource for determining the most suitable tissue types
and processing conditions for maximizing the recovery
of specific bioactive classes.
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Oral administration of the U. gambir ethyl acetate
extract to mice exposed to lead acetate was able to
decrease MDA levels in the kidney and testis, although no
reduction was observed in the liver. The extract effectively
increased SOD activity in the liver, kidney, and testis,
while CAT activity increased in the kidney and testis.
Histological analysis of the liver revealed that treatment
with 100 mg/L and 200 mg/L of the ethyl acetate extract
reduced hepatocellular death by 15.46% and 17.97%,
respectively. The findings suggest that the U. gambir ethyl
acetate extract possesses the potential to counteract lead
acetate-induced oxidative stress, indicating its suitability
as a candidate for development as a standardized herbal
therapeutic agent.
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