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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Baccharis trimera (Less.) DC. (Asteraceae), commonly known as “carqueja”, is a
Anti-inflammatory medicinal plant traditionally used in Brazil as an herbal remedy for gastrointestinal disorders. In some regions, its
Elastase

aerial parts are also used to treat skin-related diseases, including wounds. Despite growing interest in discovering

ig;s;nase new cosmeceutical ingredients from traditionally used medicinal plants, knowledge of this species and its po-
. tential skin-related applications remains limited.
Cosmeceutical

Aim of the study: We investigated the aerial parts of B. trimera for their anti-inflammatory, anti-aging, and skin-
whitening properties.

Materials and methods: The ethanolic extract (BtE) was fractionated via liquid-liquid extraction into hexane
(BtEH), dichloromethane (BtED), ethyl acetate (BtEA), and hydroalcoholic (BtEHy) fractions. Chemical der-
eplication of BtE and active fractions (BtEA and BtED) was performed using liquid chromatography coupled with
high-resolution mass spectrometry (LC-HRMS). Enzyme inhibitory activity against tyrosinase and elastase was
evaluated spectrophotometrically. Anti-inflammatory activity was assessed in lipopolysaccharide (LPS)-stimu-
lated THP-1 macrophages by quantifying TNF-a, IL-1p, and IL-6 levels using ELISA.

Results: The crude extract inhibited elastase activity, while its fractions reduced cytokine production and
enhanced tyrosinase inhibition. Among these, the dichloromethane fraction showed the most pronounced effects,
including tyrosinase inhibition, reduced secretion of TNF-qa, IL-1p and IL-6, and a significant decrease in LPS-
induced LDH release. Twenty compounds, including flavonoids, hydroxycinnamic acid derivatives, diterpenes,
phenylpropanoids, and fatty acids, were annotated in the active ethanolic extract and its fractions from Baccharis
trimera, several of which have previously shown anti-inflammatory activity. After fractionation, cirsimaritin,
eupatorin, and jaceosidin were found exclusively in the dichloromethane fraction and may have contributed to
its anti-inflammatory activity. In addition, the anti-tyrosinase activity observed in the medium-polarity fractions
may be associated with the presence of rutin, apigenin flavone glucoside, and 3-hydroxy-copalic acid.
Conclusion: Overall, this study expands the chemical characterization of this medicinal plant and underscores its
potential for skincare applications. Notably, anti-tyrosinase activity was identified in the medium-polar fractions
for the first time, highlighting their potential as a source of bioactive metabolites relevant for cosmetic and skin-
related applications.
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1. Introduction

Baccharis trimera (Less.) DC. (Asteraceae family), commonly known
as carqueja, is a medicinal plant native to South America. Traditional
preparations of the aerial parts include typical infusion, tinctures, and
dry extracts as a digestive, diuretic and for treating several diseases such
as hepatic and gastric disorders (Ministério da Satide, 2025; Silveira
Rabelo and Caldeira Costa, 2018). In Brazil, B. trimera is officially
recognized in the Brazilian Pharmacopeia, where the oral administra-
tion of preparations from its aerial parts are indicated for the treatment
of dyspeptic symptoms (Fitoterapia Brasil, 2025). The species is also
included in the National List of Medicinal Plants of Interest to the Uni-
fied Health System (RENISUS) and the Pharmacotherapeutic Formulary
of the Brazilian Pharmacopeia (Antunes et al., 2024; Ministério da
Satde, 2025). Beyond its gastrointestinal indications, the aerial parts
of B. trimera are traditionally used in Brazil to treat skin conditions,
including skin wounds, ulcers, and inflammatory skin disorders (Castro,
2025; Silveira Rabelo and Caldeira Costa, 2018). Although the tradi-
tional use of B. trimera is not directly related to skin aging or pigmen-
tation disorders, its metabolite profile includes flavonoids,
phenylpropanoids, and terpenoids, which are classes of compounds with
well-documented enzyme inhibitory and anti-inflammatory activities
relevant to these endpoints. This phytochemical profile provides a
rationale for expanding the pharmacological investigation of B. trimera
to include potential cosmeceutical applications.

Skin aging is driven by several factors, including oxidative stress,
pro-inflammatory mediators, and the overexpression of enzymes such as
elastase and tyrosinase (Calleja-Agius et al., 2013). Elastase is a pro-
teolytic enzyme belonging to the serine protease family, and its exces-
sive hydrolytic activity contributes to a loss of skin elasticity while
promoting inflammatory processes in cutaneous tissues (Korkmaz et al.,
2010). Tyrosinase is an essential metalloenzyme in the melanogenesis
pathway, catalyzing the oxidation of the substrates L-tyrosine and L-3,
4-dihydroxyphenylalanine (L-DOPA) (Ismaya et al., 2011; Videira et al.,
2013). Excessive melanin production can lead to dermatological con-
ditions such as melasma, age spots, and skin cancer (Brenner and
Hearing, 2008; Unver et al., 2006). Most modern cosmetics with
skin-lightning properties contain tyrosinase inhibitors (Pillaiyar et al.,
2017). Consequently, elastase and tyrosinase are considered attractive
molecular targets for cosmetic applications, and their inhibitors can be
used as anti-wrinkle and skin-whitening agents, helping to delay skin
aging and supporting the treatment of dermatological disorders
(Chiocchio et al., 2018; Korkmaz et al., 2010; Videira et al., 2013).

Ethnopharmacological surveys and studies on medicinal plants used
for skin disorders and cosmetic purposes have shown that traditional
knowledge frequently guides the discovery of new cosmeceutical in-
gredients, especially those targeting inflammation, tissue repair, and
pigmentation (Pieroni et al., 2004; Pranskuniene et al., 2022). An
increasing use of raw materials derived from natural sources has been
observed in recent years due to their advantageous properties, such as
lower risk of allergic reactions and biodegradability (Silva et al., 2024).
In this context, plant extracts are widely employed as sources of anti-
oxidants, skin-whitening agents, anti-aging compounds, and
anti-inflammatory agents, particularly for applications related to skin
aging and dermatological disorders (Chiocchio et al., 2018; Koch et al.,
2019; Lianza et al., 2020; Pillaiyar et al., 2017; Xue et al., 2017).

Phytochemical studies of B. trimera have revealed a rich metabolic
profile including flavonoids (flavones and flavonols), sesquiterpenes,
saponins, phenolic acids, monoterpenes, and diterpenes (Aboy et al.,
2012; Borella et al., 2006; Caneschi et al., 2015; Duarte et al., 2005;
Rodrigues et al., 2009; Silveira Rabelo and Caldeira Costa, 2018). Many
of these metabolite classes are associated with anti-inflammatory,
antioxidant, and enzyme-modulating activities that are relevant for
skin protection and cosmeceutical applications. This particular species
of Baccharis exhibits a broad range of pharmacological activities,
including analgesic, antioxidant, anti-inflammatory, gastroprotective,
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hepatoprotective, antimicrobial, antifungal, antiparasitic, and
weight-loss-promoting effects, among others (Da Cruz Padua et al.,
2013; Dickel et al., 2007; Oliveira et al., 2012; Silveira Rabelo and
Caldeira Costa, 2018). Although B. trimera has been investigated in
different pharmacological contexts, its potential for skin-related appli-
cations remains poorly explored, particularly regarding enzyme inhibi-
tion associated with pigmentation and skin aging, as well as its
anti-inflammatory activity in human macrophage-based in vitro
models. Macrophages are key mediators of inflammation in wound
healing. They are present in the dermis and subcutaneous tissue, where
they play a central role in regulating inflammatory responses relevant to
skin disorders (Koh and DiPietro, 2011). THP-1-derived macrophages
are a well-established human cell model for evaluating the
anti-inflammatory potential of plant-derived compounds in a standard-
ized manner and represent an appropriate first-line screening model for
assessing the capacity of extracts to modulate pro-inflammatory
signaling pathways (Chanput et al., 2014). Therefore, this study evalu-
ated the crude ethanolic extract and fractions of B. trimera for tyrosinase
and elastase inhibitory activities, as well as their effects on modulation
of inflammatory mediators in THP-1-derived macrophages. In addition,
LC-HRMS-based dereplication of the crude extract and active fractions
was performed to provide a preliminary overview of metabolites that
may be associated with the observed bioactivities.

2. Materials and methods
2.1. Chemicals and reagents

Mushroom tyrosinase enzyme (EC 1.14.18.1), porcine pancreatic
elastase enzyme (E.C.3.4.21.36), N-succinyl-Ala-Ala-Ala-p-nitroanilide
(sucAlaz-pNA, S4760), L-3,4-dihydroxyphenylalanine (L-DOPA,
D9628), kojic acid, quercetin hydrate >95% (337951), and trizma
buffer were obtained from Sigma-Aldrich (San Luis, MO, USA). Anhy-
drous monobasic potassium phosphate buffer was purchased from
Exodo Cientifica (Sumaré, SP, Brazil).

2.2. General experimental procedures

All solvents used in the extraction and fractionation procedures were
purchased from Dinamica, Synth and Vetec (Indaiatuba, SP, Brazil). The
LC-HRMS system was composed of a LC, 1290 Infinity II system (Agilent,
Barueri, SP, Brazil), equipped with a high-resolution mass spectrometer
(HRMS) with a quadrupole time-of-flight mass analyzer (QTOF, Impact
HD) and electrospray ionization (ESI) source (Bruker Daltonics, Bremen,
Germany) (FAPESP, 2014/50244-6). For the analysis of the fractions, an
Orbitrap Exploris 240 mass spectrometer equipped with a heated elec-
trospray ionization (ESI) interface and coupled to a Vanquish Flex HPLC
system (Thermo Fisher Scientific, Waltham, MA, USA) was used. Enzy-
matic assays were performed at a spectrophotometer Cary 60 UV-Vis
model G6860A (MY24239213) (Agilent Technologies, Santa Clara,
CA, USA).

2.3. Plant material

Access to the genetic heritage was registered in SISGEN (htt
ps://sisgen.gov.br/) under code A9D0265. A voucher specimen of the
species was deposited in the Herbarium of the Federal University of
Goids (no. 71186).

2.4. Extraction and sample preparation

An ethanolic extract from fresh leaves of Baccharis trimera was pro-
vided by Livealoe. The company's extraction procedure for fresh plants
began with washing the harvested leaves with water, detergent, and 1%
hypochlorite, followed by rinsing with potable water. The leaves were
then placed on a tray for 30 min to remove excess moisture. A second
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cleaning was carried out with 70% alcohol for 20 min. Subsequently,
4 kg of fresh leaves were blended with 96% ethanol, and the mixture was
transferred to glass jars wrapped with non-woven fabric to protect it
from light. The material was subjected to maceration for 30 min, and
this procedure was repeated daily for 20 days. After the extraction
period, the plant material was filtered. Solvent removal was performed
at LaBiOrg (Laboratory of Biochemistry and Organic Chemistry, UFCAT)
using a rotary evaporator under reduced pressure at 40 °C, yielding
124.1 g of crude ethanolic extract (BtE; yield = 3.1%, based on fresh leaf
weight). Fractionation of the crude extract (BtE, 50 g) was carried out by
liquid-liquid partitioning. The extract was initially suspended in meth-
anol/water (3:7, v/v) and sequentially extracted with hexane (700 mL),
dichloromethane (900 mL), and ethyl acetate (800 mL). Solvent removal
under reduced pressure yielded 2.7 g of the hexane fraction (BtEH;
yield = 5.4%), 4.4 g of the dichloromethane fraction (BtED;
yield = 8.7%), and 5.94 g of the ethyl acetate fraction (BtEA;
yield = 11.9%). In addition, 1.0 g of the hydroalcoholic fraction (BtEHy;
yield = 2.0%) was obtained after lyophilization. Fraction yields were
calculated based on the weight of the crude extract.

The ethanolic extract (BtE) and all fractions were stored at —20 °C
until use.

2.5. LC-HRMS analysis

A stock solution of the crude extract BtE was prepared by dissolving
5 mg of extract in 1 mL of water/methanol/isopropanol (4:3:3). For the
analysis, the stock solution was diluted to 0.5 mg/mL in the same solvent
mixture, and 1 pL was injected into the LC-HRMS system. Stock solutions
of the derived fractions (BtEH, BtED, BtEA, and BtEHy) were prepared at
a concentration of 100 mg/mL in DMSO/ethanol (1:1) and sonicated in
an ultrasonic bath for 10 min. The resulting solutions were filtered using
a 0.22 pm nylon membrane filter and subsequently diluted to 10 mg/mL
using methanol/water (8:2). A volume of 1 pL of each diluted solution
was then injected into the LC-HRMS system.

Analysis of BtE was performed using a linear gradient (AB 5-100%)
over 20 min and a flow rate of 0.4 mL min " at 40 °C using a Cortecs™
C18+ analytical column (2.7 pm particle size; 100 x 2.1 mm; Waters,
Milford, MA, USA). The mobile phase consisted of 0.1% formic acid in
water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).

Ionization experiments were conducted in positive ion mode [M +
H]", with the following ESI source parameters: capillary voltage,
4500 V; quadrupole energy, 5 eV; collision cell energy, 5 eV; transfer
time, 50 and 90 ps; pre-pulse time: 6 ps; nebulization pressure, 4 bar;
drying gas flow, 8 L/min; and source temperature, 180 °C. Full-scan
HRMS data were acquired over an m/z range of 100-1000. Data
dependent MS/MS acquisition was performed in automatic mode with
collision energies of 30 and 50 eV applied across the full m/z range.
Compound identification from the crude extract was performed using
Bruker Smart Formula 3D, CompoundCrawler and DataAnalysis 4.0
software (Bruker Daltonics, Bremen, Germany). The chromatographic
conditions for fraction analysis were as follows: separation was per-
formed on a Kinetex C18 column (50 x 2.1 mm, 2.6 pm, 100 ;\, Phe-
nomenex), using a gradient of 5-100% acetonitrile in water (both
containing 0.1% formic acid) at a flow rate of 0.4 mL/min over 16 min,
followed by 100% acetonitrile for 4 min.

HRMS data were acquired in both positive and negative ionization
mode with ESI spray voltage 3.5 kV and —2.5 kV, respectively. The
capillary temperature was set at 350 °C, the sheath gas flow rate at 40 L/
min, and the auxiliary gas flow rate 5 L/min. Full-scan spectra were
acquired from m/z 133.4 to 2000 at a resolution of 35,000 (at m/z 200),
with an automatic gain control (AGC) 5 x 10° and a maximum injection
time of 120 ms. MS/MS spectra were acquired in data-dependent
acquisition mode (dd-MS?), using stepped collision energies of 30, 60,
and 75 eV (resulting in a normalized collision energy of 55 eV), a res-
olution of 17,500 (at m/z 200), an AGC of 2 x 10°, and a maximum
injection time of 75 ms. A TopN experiment (N = 5, loop count = 5) was
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implemented for triggering ddMS? acquisition.

2.6. MS/MS data processing

2.6.1. Crude extract data analysis

The standard protocol (https://ccms-ucsd.github.io/GNPSDocum
entation/) available at the GNPS platform was used for MS/MS data
treatment (Wang et al., 2016). Data processing included the following
sequential steps (Da Mendes et al., 2023), converting experimental
MS/MS data into.mzML (data files) by using the MSConvert software.
Afterwards, the data were compressed by employing the program
WinSCP client FTP and uploaded to the workflow at the GNPS platform
(http://gnps.ucsd.edu) and Data Analysis 4.0 (Bruker Daltonics, Bre-
men, Germany). The data files deposited at the GNPS platform can be
accessed at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=f40
344ef922244b48c3b88f14cb4a5ff.

After the spectral clustering algorithm (software MS-Cluster) was
run, datasets were downloaded from GNPS pages into Cytoscape
(version 3.10.1) together with MS/MS features. The clusters were con-
structed by product ion similarities joining the nodes by edges. For
molecular networking the mass tolerance of 0.02 Da was used for both
precursor peaks and the MS/MS fragment ions. The edges were filtered
to have a cosine score above 0.7 and over six matched peaks. The
bordering of molecular family was defined as 100. The network spectra
were considered to match the library spectra when the score was above
0.7 and there were at least six matched peaks.

The product ion spectra were compared to the spectra available at
free online compound screening libraries by using the software tools
CompoundCrawler (https://massbank.eu/; http://mona.fiehnlab.uc
davis.edu/; https://metlin.scripps.edu), Data Analysis 4.0, and the
GNPS platform (http://gnps.ucsd.edu) (Allard et al., 2017; Gongcalves
Neto et al., 2020). SIRIUS (6.3.3) was also used as an additional tool
following (Bocker et al., 2009; Diihrkop et al., 2015, 2019, 2021; Kim
et al., 2021; Ludwig et al., 2020) pre-processing using MZmine
(version 4.8.5) (Schmid et al., 2023). In addition, annotated compounds
were analyzed and compared to literature data to confirm annotation.
All compounds were annotated at MSI Levels 2 and 2a. These levels
correspond to putative identifications based on spectral library match-
ing and literature data, without confirmation using authentic reference
standards (Table 18).

2.6.2. Fraction data analysis

Raw MS data files were converted to.mzML files and filtered by po-
larity to separate positive and negative ion mode scans using msConvert
(ProteoWizard, version 3.0). Only the positive ion mode data were used
for analyses. Raw data processing was performed using MZmine (version
4.19.4) utilizing several modules for feature processing, alignment,
grouping, and ion identity networking. Additionally, a spectral library
search was performed using open access spectral libraries, including
MSnLib (https://doi.org/10.5281/zenodo.16984129), MassBank of

Table 1
Percentage of inhibition (%) of enzymes obtained from fractions and ethanolic
extract of B. trimera (BtE).

Extract Inhibition (%) Inhibition (%)
Tyrosinase (100 pg/mL) Elastase (100 pg/mL)

BtE 12+ 2 30.4+£1.2

BtEH 5.7 £0.7 No inhibition

BtED 69.7 + 3.2 6.7 £ 0.5

BtEA 65.3 + 0.5 29.8 +2.2

BtEHy 7.3+ 0.5 17.6 + 0.9

Kojic acid 86.5 + 1.3 n.d.

Quercetin n.d. 97.1 £ 2.6

BtEH: hexane, BtEA: ethyl acetate, BtEHy: hydroalcoholic fractions; Quercetin
(positive control of elastase), and Kojic acid (positive control for tyrosinase). nd:
not determined.
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North America, MassBankEU, and GNPS (ALL_GNPS_NO_PROPO-
GATED). The exact processing workflow is provided as an. mzbatch file
in the supplementary information. Exported feature lists were annotated
using SIRIUS (version 6.3.4) and its associated tools, including SIRIUS
(Diihrkop et al., 2019), ZODIAC (Ludwig et al., 2020), CSL:FingerID
fingerprint prediction (Shen et al., 2014; Diihrkop et al., 2015),
CANOPUS (Diihrkop et al., 2021), NPClassifier (Kim et al., 2021), and
CSI:FingerID structure database search. Results were exported as.tsv
files and merged with the feature quantification table created in
MZmine. Features grouped by the MZmine modules metaCorrelate and
ion identity networking were subsequently merged to harmonize an-
notations across different adducts and ion-source modifications. When
multiple adducts or in-source fragments were annotated within the same
feature group, the feature with the highest confidence score was
selected, and its annotation was assigned to the remaining features in
that group.

2.7. Invitro bioactivity assays

2.7.1. Culture of THP-1 cell line

The human monocytic leukemia cell line THP-1 (ACC 16) was ob-
tained from the German Collection of Microorganisms and Cell Cultures
GmbH, Braunschweig, Germany. Cells were cultured in RPMI 1640
medium with GlutaMAX (Gibco, New York, USA) and supplemented
with 10% fetal bovine serum (Bio&Sell, Feucht, Germany) in T-75 flasks
in a humidified incubator at 37 °C and 5% COs. Subculturing was per-
formed twice a week to maintain cell density within the recommended
range of 1x10° to 1x10° cells/mL. Cultures were periodically tested for
the absence of mycoplasma contamination using a Polymerase Chain
Reaction based mycoplasma detection kit (Applied Biological Materials,
Richmond, Canada).

2.7.2. THP-1 macrophage pro-inflammatory response assay

To achieve differentiation of THP-1 cells, 2 x 10° cells were seeded in
each well of a 48-well multiwell plate in complete media supplemented
with 50 ng/mL Phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich,
Germany). After 48 h of incubation, the media was aspirated and the
cells were gently washed three times with DPBS, followed by 24 h of
incubation in complete media without PMA. Cells were treated with
different concentrations of plant extracts, vehicle control, 0.5 pM
dexamethasone as positive control and full media as negative control.
After 1 h of pre-treatment, 100 ng/mL LPS from E. coli 0111:B4 (Sigma
Aldrich, Germany) was added from a stock solution. Samples for cyto-
kine determination and LDH assay (Cytotoxicity Detection Kit LDH,
Roche Diagnostics, Mannheim, Germany) were collected from the cul-
ture supernatants after 4 h (TNF-a) and 24 h (IL-6, IL-1p, LDH), centri-
fuged and cytokine samples were stored at —70 °C until analysis. After
removal of all supernatants, 200 pL of media containing 0.5 mM WST-8
(Abcr Germany) and 40 pM Menadione (Sigma Aldrich, Germany) was
added to each well. The plate was then incubated for 1 h before absor-
bance measurement using a microplate reader at 450 nm with a refer-
ence wavelength of 600 nm. One well containing no cells was used as a
blank and its value was then subtracted from all values. LDH assay was
performed using 100 pL supernatant from each well according to the
manufacturer's instructions. Wells without LPS addition were used as
low control while 50 pg/mL Digitonin (Carl Roth, Germany) was used as
high control to calculate percent Cytotoxicity. For both assays values
were normalized to the untreated control (LPS+) of each assay plate and
represent viability and cytotoxicity respectively. Each assay plate con-
tained three technical replicates for LPS + control and experimental
conditions. For vehicle control, dexamethasone, Digitonin and LPS- two
technical replicates were performed on each 48-well plate.

2.7.3. Determination of cytokine secretion
Cytokine concentrations in the supernatant were determined using
commercially available ELISA kits for TNF-a, IL-1f, and IL-6 (Invitrogen,
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Life Technologies). All samples and standards were tested in duplicate
according to the manufacturer's instructions. Signals below the lower
limit of quantification (LLOQ) were assigned a value of zero. Values
were normalized to the LPS + control of each assay plate.

2.7.4. Elastase inhibitory assay

Samples (extracts and fractions) were tested at a concentration of
100 pg/mL (1.6% DMSO:water). A 10 pL aliquot of each sample was
added to the enzyme solution in a 96-well plate containing 280 pL of
Trizma buffer (85 mM, pH 8.0), 10 pL of elastase solution (0.2 pg/mL).
After 15 min of incubation at room temperature, 20 pL of the chromo-
genic substrate N-succinyl-Ala-Ala-Ala-p-nitroanilide (Suc-Alas-pNA,
0.3 mM) was added to initiate the reaction. Assays were performed in
triplicate and included the following controls: blank (buffer with 1.6%
DMSO), negative control (buffer, 1.6% DMSO, and enzyme solution),
sample control (buffer and extract or fraction), and positive control
(buffer, quercetin, and enzyme solution). Absorbance at 410 nm was
monitored after 15 min using a UV-Vis spectrophotometer, according to
previously established procedure (Chiocchio et al., 2018; Da Silva et al.,
2025). Enzyme inhibition was calculated using Eq. (1): Inhibition
(%) = 100 — {100 x[(Af — Ai)/(Afc — Aic)]}, where A; and A¢ represent
the absorbance values of the sample containing the extract/fraction and
sample control, respectively, and A;. and A correspond to the absor-
bance values of the negative control and blank, respectively.

2.7.5. Tyrosinase inhibitory assay

The tyrosinase inhibitory activity of the extracts and fractions was
evaluated using a spectrophotometric method with L-DOPA as the
substrate, following previously described protocols (Da Silva et al.,
2025; Hwang and Lee, 2007; Kanlayavattanakul et al., 2018). An
enzyme solution (tyrosinase, 30 U/mL in 20 mM phosphate buffer, pH
6.5, 18 pL) was added to a 96-well plate containing the sample solutions
at a concentration of 100 pg/mL (124 pL phosphate buffer, 113.6 pL
ultrapure water, and 10 pL sample). The assay was performed in tripli-
cate and included the following controls: blank (buffer and 1.6%
DMSO), negative control (buffer, 1.6% DMSO, and tyrosinase solution),
sample control (buffer and sample solution), and positive control
(buffer, kojic acid, and tyrosinase solution). After incubation for 30 min
at room temperature, 44.4 uL of L-DOPA (final concentration: 0.5 mM)
was added to each well before analysis. Absorbance at 475 nm was
monitored after 5 min at room temperature. Enzyme inhibition was
calculated using Eq. (1), as described for the elastase inhibitory assay.

For ICs( determination, the procedure described above was followed
using a serial dilution of the active fractions BtED and BtEA, ranging
from 15.7 pg/mL to 1000 pg/mL. The ICsy values were determined by
fitting the inhibition data to a two-parameter sigmoidal equation, with
the lower and upper asymptotes fixed at 0 and 100, respectively, after

background correction. The equation used, y = %, assumes that y

represents the percentage inhibition, x the concentration, and s the slope
factor. This model assumes that y decreases as x increases. Data are
expressed as the mean of three independent assays. Curve fitting and
data analysis were performed using GraFit® software (version 5.0.13,
Erithacus Software, United Kingdom).

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 10. For
cell-based assays, group differences were evaluated using the Brown-
Forsythe and Welch ANOVA test corrected for multiple comparisons
using the Dunnett T3 test.
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3. Results and discussion
3.1. Enzyme inhibition

The crude extract showed low tyrosinase inhibition at 100 pg/mL,
however, after fractionation, the dichloromethane (BtED) and ethyl
acetate fraction (BtEA) showed 69.7% and 65.3% anti-tyrosinase ac-
tivity, respectively (Table 1). In elastase assays BtE showed 30.4% in-
hibition, while its fractions did not enhance the inhibitory potential. A
previous study reported 82.9% elastase inhibition for a 100% ethanolic
extract of B. trimera at a concentration of 1 mg/mL (Song et al., 2023).
This inhibitory potential was attributed to the metabolites luteolin and
caffeic acid, which exhibited 37.4% and 65.8% inhibition, respectively,
at 250 pg/mL (Song et al., 2023).

The ICso values were determined for the fractions with anti-
tyrosinase activity BtED and BtEA, revealing potencies of
41.2 + 3.7 pg/mL and 132.8 + 18.4 pg/mlL, respectively. The ethyl
acetate fraction reached a maximal inhibition of approximately 70%.
The plateau observed in the dose-response curve may be related to a
saturation effect or interference from compounds within the complex
mixture at higher concentrations. Previous screening of 33 extracts of
Cerrado plant species identified Stryphnodendron adstringens, Pouteria
torta and Eugenia dysenterica as the most active extracts against tyrosi-
nase, with ICso values below <48.45 pg/mL (Zolghadri et al., 2019).
Thus, BtED exhibited strong tyrosinase inhibitory activity, whereas BtEA
showed moderate activity compared with the positive control, kojic acid
(ICsp = 13.14 pg/mlL), and the other previously evaluated extracts
(Zolghadri et al., 2019).

3.2. Cytotoxicity and anti-inflammatory activity

Anti-inflammatory activity was evaluated using PMA-differentiated
THP-1 cells stimulated with LPS following pretreatment with different
concentrations of crude extracts and fractions. Since plant extracts and
fractions may affect cell viability, potentially causing non-specific
changes in cytokine secretion, cell viability and cytotoxicity were
determined in parallel using the WST-8 and LDH assays, respectively.

350+ =
250- %
150 1

normalized viability/cytotoxicity (%)
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Digitonin was used as a positive control for both cytotoxicity readouts: it
causes necrotic cell lysis, resulting in drastically reduced metabolic ac-
tivity (WST-8) and maximum LDH release due to membrane disruption.
LPS treated cells showed an increase in LDH release indicating inflam-
matory cell death under our experimental conditions, thus all data
points were normalized to the LPS control of each assay plate.

The crude extract (BtE) significantly reduced viability in the WST-8
assay at 100 pg/mL (p < 0.0001), yet none of the derived fractions
showed a reduction in viability (Fig. 1). BtE exhibited only a slight and
non-significant increase in LDH release compared to the vehicle control
despite the nearly complete loss of the WST-8 signal. This discrepancy
between the two cytotoxicity readouts suggests that BtE does not induce
classical necrotic cell death at this concentration because lytic necrosis
would produce a proportional increase in LDH release (Filipova et al.,
2018). The mechanism underlying the reduction in WST-8 remains un-
clear and could reflect interference with mitochondrial dehydrogenase
activity, non-lytic cell cycle arrest, or an alternative form of cell death.
Further experiments are required to distinguish between these
possibilities.

BtED and BtEH significantly reduced LDH release relative to the LPS
+ control. This finding is consistent with their cytokine-inhibitory ac-
tivity and suggests attenuation of LPS-induced inflammatory cell death.
LPS stimulation triggers inflammatory cell death in macrophages,
measurable by LDH release (Kang et al., 2022; Rayamajhi et al., 2013).
The reduction observed here may therefore reflect a broader
anti-inflammatory effect of these fractions, although the specific
mechanism was not investigated. In addition to cytokine quantification,
LDH release may serve as a complementary readout for
anti-inflammatory activity in macrophage-based assays.

Upon stimulation with LPS, THP-1-derived macrophages showed an
increase in secretion of the pro-inflammatory cytokines TNF-a, IL-1$ and
IL-6. Dexamethasone, a common anti-inflammatory drug, was used as a
positive control and significantly inhibited the secretion of all three
cytokines (Fig. 2). To contextualize the normalized data, mean + SD
absolute cytokine concentrations in LPS-stimulated cells were
4973.3 £+ 970.0 pg/mL for TNF-a, 89.1 + 23.5 pg/mL for IL-1f, and
15.0 £ 4.5 pg/mL for IL-6. Dexamethasone (0.5 pM) treatment reduced

B WST-8 [J LDH

Fig. 1. Viability and Cytotoxicity of THP-1 macrophages in response to crude extract and fractions of Baccharis trimera determined by WST-8 and LDH assay,
respectively. Data were normalized to the LPS + control of each assay plate and bars represent means + SD from at least 3 independent biological experiments (3
technical replicates each, minimum n = 9 per condition); individual dots represent technical replicates. Dex. = 0.5 pM Dexamethasone; Dig. = 50 pg/mL Digitonin.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the vehicle control as determined using Brown-Forsythe and Welch ANOVA test corrected for
multiple comparisons using Dunnett T3 test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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E TNF-a [ IL-1B

1.6

normalized cytokine secretion [%)]

Fig. 2. Cytokine secretion of THP-1 macrophages in response to crude extract and fractions of Baccharis trimera determined by ELISA. Data were normalized to the
LPS + control of each assay plate and bars represent means + SD from at least 3 independent biological experiments (3 technical replicates each, minimum n = 9 per
condition); individual dots represent technical replicates. Dex. = 0.5 pM Dexamethasone; Dig. = 50 pg/mL Digitonin. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 compared to the vehicle control as determined using Brown-Forsythe and Welch ANOVA test corrected for multiple comparisons using Dunnett T3 test. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

TNF-a, IL-1B, and IL-6 to 536.7 + 232.6 pg/mL, 19.6 + 6.7 pg/mL, and
0.5 + 0.3 pg/mL, respectively. BtE showed significant reduction of two
cytokines, highlighting the importance of a parallel viability readout to
rule out non-specific effects on cytokine secretion due to cytotoxicity.
BtED significantly reduced all three tested cytokines at 100 pg/mL while
BtEH was able to significantly inhibit TNF-a and IL-6 at 100 pg/mL.

The active compounds were of moderate to low polarity, as they
preferentially partitioned into the dichloromethane fraction rather than
the hexane or ethyl acetate fractions. BtED was the only fraction that
significantly inhibited IL-1p, suggesting the presence of compounds that
selectively target upstream regulators of IL-1f maturation and secretion.
Since IL-1p processing depends on inflammasome activation, these re-
sults warrant further investigation into the potential effects on the NOD-,
LRR- and pyrin domain-containing protein (NLRP3) pathway (Nunes
and Souza, 2013). However, since the present study did not assess
inflammasome-specific markers, such as caspase-1 activity or gasdermin
D cleavage, any association between the observed IL-1p modulation and
NLRP3 activation remains speculative and would require
pathway-specific experiments for confirmation.

Taken together, the cytokine and LDH data suggest that BtED exerts a
broad inhibitory effect on LPS-induced inflammatory responses in THP-
1-derived macrophages. The inhibition of TNF-a, IL-6, and IL-1§
observed in this study is consistent with the traditional use of B. trimera
for wound healing and inflammatory skin conditions, providing pre-
liminary in vitro support for this ethnopharmacological application.
Although this model does not fully replicate the complexity of the
cutaneous microenvironment, macrophages play a key role in dermal
and wound-related inflammation. Inhibiting TNF-a, IL-6 and IL-1p
suggests interference with conserved pro-inflammatory pathways that
are relevant to multiple cell types. However, these results represent
preliminary evidence and cannot be extrapolated to clinical efficacy
without further validation in more complex biological models. Further
research in skin-relevant models, such as keratinocytes or dermal fi-
broblasts, is required to establish whether the activity observed here can
be applied to a broader cosmeceutical context.

3.3. Dereplication of compounds from crude extract and active fractions

LC-HRMS and MS/MS data analysis of BtE enabled the annotation of
fourteen secondary metabolites: 4',8-dihydroxy-6,7-dimethoxyflavone
(1), isokaempferide (2), eupatorin (3), 5-hydroxy-3',4’,6,7-tetrame-
thoxyflavone (4), isoshaftoside (5), apigenin-6,8-di-C-hexoside (vicenin
2) (6), apigenin-8-C-hexoside (7), rutin (8), dicaffeoylquinic acid (9),
octadecatrienoic acid (10) gibberellin A53 (11), annoglabasin C (12),
copalic acid (13) and 3-hydroxy-copalic acid (14) (Figs. 1S-19S;
Table 18).

Additionally, an untargeted investigation of the active fractions BtED
and BtEA was conducted to identify other compounds that may
contribute to the observed biological activities. Among the dereplicated
compounds, eight were annotated in both BtE and active fractions (1,
3-6, 9, 11 and 13), and six additional compounds were revealed in the
active fractions: jaceosidin (15), 5,4-dihydroxy-6,7,3-trimethoxy-
flavone (cirsilineol) 4-monoglucoside (16), 6-hydroxyluteolin 6,4'-
dimethyl ether 7-rutinoside (17), 2,3-di(octadeca-9,12-dienoyloxy)
propyl octadec-11-enoate (18), eugenyl O-p-apiofuranosyl-O-p-hex-
opyranoside (19), and eugenyl hexoside (20) (Figs. 20S-31S; Table 2S).

Compounds 1-10 were directly annotated by GNPS (Global Natural
Products Social Molecular Networking) platform (http://gnps.ucsd.edu)
(Allard et al., 2017; Da Mendes et al., 2023; Goncalves Neto et al., 2020).
The molecular networking analysis was further extended using SIRIUS
(Bocker et al., 2009; Diihrkop et al., 2015, 2019, 2021; Kim et al., 2021;
Ludwig et al., 2020), resulting in the annotation of compounds 1-6 and
9-20; however, alternative isomers were suggested for some com-
pounds, such as hispidulin and chrysoeriol for compound 2 and vicenin
2 for compound 6 (Table 1S and Fig. 1S). Additionally, compounds
(1-14) were manually dereplicated using the software tools Com-
poundCrawler (https://massbank.eu/; http://mona.fiehnlab.ucdavis.ed
u/; https://metlin.scripps.edu) and Data Analysis 4.0 (Bruker Daltonics,
Bremen, Germany).

To facilitate the annotation of compounds and compound classes
potentially associated with these activities, CANOPUS was used as an
additional tool for the MS/MS data analysis of the fractions. CANOPUS is
a computational tool that predicts compound classes for metabolite
features based on their MS/MS spectra, enabling the classification of
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metabolites detected in LC-HRMS experiments, even when their struc-
tures have not been previously reported or are not available in reference
databases (Diihrkop et al., 2021).

High resolution mass spectrometry data obtained in positive ESI ion
mode [M + H]" were compared with literature data. This comparison,
together with manual dereplication, enabled the differentiation of
several isomer annotations (Abdel Ghani et al., 2023; Beelders et al.,
2014; Colombo et al., 2008; Jan and Gavahian, 2024; Li et al., 2019;
Raju et al., 2015; Razgonova et al., 2022; Satheeshkumar et al., 2014;
Shawl et al., 1988; Wu et al., 2007).

The flavonoid 1 was assigned based on its molecular ion at m/z
315.0871(C17H140¢) and its characteristic product ions (Table 1S). Loss
of two methoxy groups afforded the fragment ion at m/z 254.0577,
which, after retro-Diels-Alder (RDA) fragmentation, produced the ion
fragment at m/z 136.0159 and m/z 108.0209. This fragmentation
pattern is consistent with a flavone bearing two methoxy groups and one
hydroxy group on ring A, and one hydroxy group on ring B (Raju et al.,
2015; Shawl et al., 1988). However, GNPS suggested a structure with
ring B positioned at C-3, corresponding to 4',5-dihydroxy-6,7-dime-
thoxyisoflavone (Fig. 1S). From a chemotaxonomic perspective, iso-
flavones are uncommon in the Asteraceae family, which further supports
the flavone annotation (Sareedenchai and Zidorn, 2010). Subsequent
spectral library matching in MZmine and in-silico structure prediction
using SIRIUS consistently returned cirsimaritin (4',5-dihydroxy-6,
7-dimethoxyflavone) as the highest-scoring candidate (Table 2S;
Fig. 26S). Although cirsimaritin was consistently annotated by multiple
analytical tools, the position of hydroxy group on ring A cannot be un-
equivocally confirmed without orthogonal validation using an authentic
reference standard. Consequently, the 4',8-dihydroxy isomer cannot be
fully excluded.

Dereplication of the other flavones (2-7) was performed using their
protonated molecular ions [M + H]T at m/z 301.0707 (C16H1206),
345.0975 (C18H1607), 359.1125 (C19H1807), 565.1556 (Ca6H2s014),
595.1656 (Ca7H30015), and 433.1115 (Cp1H20010), respectively, with
fragment ions (Table 1S) compared to literature data. For compound 2,
the MS? spectrum displayed ions at m/z 258.0520 [M + H — CH3 — CO]*
and 229.0495 (RDA cleavage) (Razgonova et al., 2022), allowing dif-
ferentiation from hispidulin and chrysoeriol (SIRIUS), in which methoxy
group is located on rings A and B, respectively, whereas in iso-
kaempferide it is located on ring C. Isokaempferide (2) has been previ-
ously identified in Baccharis conferta (Cortes-Morales et al., 2019).

For compound 3, characteristic product ions appeared at m/z
284.0682 [M + H — CO]" derived from the precursor ion at m/z
312.0627, as well as at m/z 148.0522 (RDA cleavage in ring C of the
flavonoid) (Li et al., 2019). The flavonoid 3 was assigned as eupatorin,
as it has previously been identified in B. trimera and is recognized as a
phytochemical marker of the genus Baccharis (Della Sahid et al., 2022;
Verdi et al., 2005). The loss of methyl group and CO is a common
fragmentation pathway in methoxylated flavonoids. For compound 4,
characteristic product ions were observed, including the B-ring RDA
fragment at m/z 162.0677. Additionally, the ion at m/z 108.0206 was
generated by the subsequent loss of CO5 from the RDA fragment (Jan
and Gavahian, 2024). Polymethoxylated flavonoids are very common
in Baccharis spp. (Della Sahid et al., 2022).

For compound 5, the MS? spectrum showed ions at m/z 379.0811 [M
+H-186]", 325.0702 [M + H - 240]" and 295.0601 [M + H - 270]",
corresponding to further fragmentations of the sugar moieties (Colombo
et al., 2008). This flavonoid was annotated as isoshaftoside and it has
previously been identified in B. trimera by (Ximenes et al., 2022).

For compound 6, the fragment ion at m/z 325.0699 [M + H -
C15H1005] ™" represents the loss of the apigenin aglycone moiety. SIRIUS
suggested vicenin 2, whereas GNPS annotation placed the hexose units
at different positions on ring A, consistent with apigenin-5,7-di-C-
hexoside (Beelders et al., 2014). Compound 7 showed fragment ions at
m/z416.1035 [M + H-17]", 313.0696 [M + H —120]", and the ion at
m/z 284.0586 was generated by the loss of CHO (—29 Da) from the ion
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at m/z 313.0696 (Colombo et al., 2008). Apigenin C-hexoside de-
rivatives have been reported in B. trimera, as well as compounds 5, 6,
and 7, and this class is considered as phytochemical marker of the genus
Baccharis (Budel et al., 2018; Ximenes et al., 2022).

Flavonol 8 exhibited an [M + H] " ion at m/z 611.1632 (Co7H30016)
and showed a characteristic fragmentation pathway involving the loss of
a hexoside and a methyl pentoside moiety, with ions at m/z 465.1021
(loss of CgH1204) and m/z 303.0500 (loss of C12H250g9) (Satheeshkumar
et al., 2014). The presence of a disaccharide rutinose moiety was sug-
gested for compound 8, since rutin has previously been identified in
B. trimera (Sabir et al., 2017; Ximenes et al., 2022).

Compound 9 displayed a molecular ion at m/z 517.1346 (Ca5H24012)
and product ions characteristic of dicaffeoylquinic acid, such as m/z
499.1237 [M + H —18]", formed by water loss, and m/z 163.0392,
associated with the presence of a caffeoyl unit. The ion at m/z 319.0809
was produced by the loss of caffeoyl acid from the fragment ion at m/z
499.1237 (Wu et al., 2007). Dicaffeoylquinic acids have previously been
identified in B. trimera such as 3,4-, 3,5- and 4,5-dicaffeoylquinic acid
(Ximenes et al., 2022) and 1,5-dicaffeoylquinic acid (cynarin) (Aboy
et al., 2012).

Compound 10 is an octadecatrienoic acid annotated as linolenic acid
(C18H3002) (Abdel Ghani et al., 2023) based on its protonated molecular
ion at m/z 279.2314 and its MS? data, which included fragment ions at
m/z149.0241, 223.1689 [M + H-56]" (loss of CO and rearrangement),
and 261.2223 [M + H - 18] ™. Linolenic acid was previously identified in
the seeds of Baccharis dracunculifolia (Morais and Castanha, 2011). A
compound structurally related to linoleic acid (19), with a molecular ion
at m/z 898.7856 (Cs7H1000¢), was annotated as 2,3-di(octadeca-9,
12-dienoyloxy) propyl octadec-11-enoate and detected in both active
fractions, BtEA and BtED. Although no previous reports of this exact
structure were found, triacylglycerols containing linoleic acid moieties
are widely distributed in seed and vegetative tissues of the Asteraceae
family.

Among the annotated diterpenes, compound 11 was annotated as a
gibberellin A53, a phytohormone typically present in plant tissues at
trace levels. The molecular ion at m/z 349.2013 (CyoHgg0s5) was
detected, along with fragment ions at m/z 331.1908 [M + H —18]",
313.1805 [M + H - 2H;0]", and 285.1853 [M + H - 2H,0 - CO]™,
consistent with the annotation of gibberellins (Frusciante et al., 2024).
Compound 12 was annotated based on its molecular ion at m/z
407.2442 (Cy3H340¢) and its corresponding fragment ions (Table 1S)
(Chen et al., 2000). The ent-kaurane skeleton is a fundamental biosyn-
thetic precursor in the gibberellin metabolic pathway and has been
identified in Baccharis ramosissima, Baccharis truncata (Bohlmann et al.,
1981), Baccharis lateralis, and Baccharis retusa (Silva et al., 2022).

Compounds 13 and 14 are labdane-type diterpenes previously
identified in Baccharis dracunculifolia (Midorikawa et al., 2003) and are
widely distributed among other Baccharis species (Martinez et al., 2005).
These compounds were annotated based on their molecular ions at m/z
305.2470 (C20H3202) and m/z 321.2427 (CyoH3203), respectively, along
with their expected structural fragmentation patterns (Aguiar et al.,
2018). Dehydration and decarboxylation pathways are consistent with
labdane-type carboxylic acid diterpenes, as evidenced by fragment ions
at m/z 287.2364 [M + H - Hy0]" and 269.2259 [M + H - 2H;0]" for
compound 13, and m/z 303.2317 [M + H - H,0] " and 285.2204 [M + H
— 2H,0]" for compound 14.

Flavones with molecular ions at m/z 331.0813 (C17H1407), m/z
507.1497 (Ca4H26012), and 639.1916 (Ca9H34016), together with their
characteristic product ions and comparison with literature data (Es-Safi
et al., 2005; Song et al., 2009; Zhang et al., 2018), were annotated as
jaceosidin (15), 5,4-dihydroxy-6,7,3-trimethoxyflavone (cirsilineol)
4'-monoglucoside (16) and 6-hydroxyluteolin 6,4-dimethyl ether 7-ruti-
noside (17), respectively. The product ions at m/z 316.0569 [M + H —
CHs]™, m/z 301.0349 [M + H - 2CH3]", and m/z 168.0055 (RDA
fragment) were observed for jaceosidin. For compound 16 and 17,
sequential sugar losses followed by characteristic fragmentation of the
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methoxylated flavone skeleton were observed, consistent with the
fragmentation behavior reported for 6-hydroxyluteolin glycosides
(Es-Safi et al., 2005). This was evidenced by the fragment ions at m/z
345.0960 [M + H - 162]* and m/z 330.0721 [M + H - CH3]" for
compound 16. Compound 16 was detected in both active fractions,
whereas flavone 17 was annotated only in BtEA and compound 15 only
in BtED. Compound 16, annotated as 5,4'-dihydroxy-6,7,3-trimethoxy-
flavone (cirsilineol) 4-monoglucoside, has previously been reported in
another genus of the Asteraceae family, Cirsium, specifically in Cirsium
lineare (Morita et al., 1973). Although the structure of compound 17 has
not been previously reported, flavones are widely distributed in Bac-
charis species, including structurally related derivatives (Budel et al.,
2018; Ximenes et al., 2022). Notably, jaceosidin (15), previously iso-
lated from Baccharis grisebachii and Baccharis gaudichaudiana, is recog-
nized as a phytochemical marker of the genus (Ramos Campos et al.,
2016).

The phenylpropanoids detected as ammoniated adducts, [M +
NH4]Jr at m/z 476.2124 (C21H30011) and m/z 344.1703 (C16H2207),
were annotated as eugenyl O-p-apiofuranosyl-O-p-hexopyranoside (19)
and eugenyl hexoside (20), respectively, and were present in both
fractions. The characteristic fragmentation pattern of eugenol was
observed (Salem et al., 2021), including the ion at m/z 165.0911
(Figs. 245 and 25S). Eugenyl glycoside (citrusin) has previously been
isolated and characterized from the roots of Lactuca virosa (Asteraceae),
whereas compound 20 has been reported in Tinospora sinensis (Menis-
permaceae) (Kisiel and Barszcz, 1997), a Chinese medicinal plant with
recognized anti-inflammatory potential (Li et al., 2004).

Most of the annotated compounds have been reported to possess
anti-inflammatory potential (1-3, 5, 8-10, and 12-15 and 20)
(Al-Dhabi et al., 2015; Almeida et al., 2021; Calder, 2017; Clavin et al.,
2007; Da Kim et al., 2022; Guan et al., 2022; Laavola et al., 2012; Leal
et al., 2009; Lee and Bae, 2016; Li et al., 2019; Serhan, 2014; Shin et al.,
2017; Song et al., 2009; Verdi et al., 2005; Ximenes et al., 2022; Yang
et al.,, 2022), which provides a plausible chemical rationale for the
bioactivity observed for BtED and BtEA. Cirsimaritin (1), one of the
compounds enriched in BtED, has previously been shown to inhibit IL-6
and TNF-a secretion in LPS-stimulated RAW264.7 macrophages by
acting upstream and suppressing NF-kB/IkBa signaling and STAT3
activation (Shin et al., 2017). Pharmacological studies have demon-
strated the effectiveness of compound 2 in reducing acute inflammation
in rodents, particularly in the carrageenan-induced paw edema model. A
key cellular mechanism underlying this effect is its ability to directly
inhibit myeloperoxidase activity in human neutrophils (Leal et al.,
2009). In addition to these effects, compound 3 has demonstrated
leishmanicidal activity against amastigotes, making it a promising
candidate for the development of drugs targeting cutaneous leishmani-
asis (Della Sahid et al., 2022). Its anti-inflammatory activity is mainly
associated with the inhibition of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) expression, as well as the suppression of
nitric oxide (NO), TNF-a, and prostaglandin E2 (PGE2) production
(Laavola et al., 2012).

Similarly, isoshaftoside (5), a C-glycoside of apigenin, exhibits
potent anti-inflammatory and immunomodulatory activity. This com-
pound suppresses the production of pro-inflammatory mediators,
including iNOS, TNF-a, IL-1p, and COX-2, thereby contributing to its
anti-neuroinflammatory effects (Guan et al., 2022). In a comparable
manner, the anti-inflammatory effect of rutin (8) has been attributed to
its ability to inhibit the expression of COX-2 and inducible iNOS in ul-
traviolet B-irradiated mouse skin (Al-Dhabi et al., 2015), which may
further contribute to the anti-inflammatory properties observed for BtEA
and BtED. Although there are no reports of anti-inflammatory activity
for the other glycosylated flavonoids, compounds 16 and 17, luteolin
and its derivatives, such as luteolin-7-O-glucoside, have shown
anti-inflammatory potential (Aziz et al., 2018; Wu et al., 2025).

Jaceosidin (flavone 15), exclusively detected in the most active
fraction BtED, has previously been reported to exhibit anti-inflammatory
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activity in the TPA induced mouse ear edema model. This effect has been
associated with the inhibition of nitric oxide and prostaglandin E2
production, as well as suppression of cyclooxygenase-2 (COX-2) activity
(Kim et al., 2008; Song et al., 2009). This flavone has also been reported
to inhibit NF-kB activation and nitric oxide production in
LPS-stimulated macrophages (Clavin et al., 2007; Song et al., 2009).

In a study investigating the anti-melanogenic effect of jaceosidin, the
compound was not effective in primary human melanocytes and did not
inhibit tyrosinase when evaluated at concentrations ranging from 5 to
30 pM, showing no influence on monophenolase activity (Goenka,
2025).

Additionally, a dicaffeoylquinic acid (9) was annotated in the extract
and BtEA. Notably, 1,5-dicaffeoylquinic acid (cynarin) has previously
demonstrated the ability to reduce endothelial inflammation (Da Kim
et al, 2022), suggesting that compounds of this class may also
contribute to the biological activity observed.

Linolenic acid (10) is widely recognized for its role in modulating
inflammatory responses and serves as a metabolic precursor for the
synthesis of long-chain fatty acids, including eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). These fatty acids are subse-
quently converted into bioactive lipid mediators that inhibit inflam-
mation, promote neutrophil clearance, facilitate the removal of cellular
debris, and restore tissue homeostasis, constituting a highly effective
anti-inflammatory mechanism (Calder, 2017; Serhan, 2014).

In addition to phenolic and fatty acid derivatives, diterpenoids
containing the ent-kaurane skeleton, such as compound 12, also exhibit
potent immunomodulatory activity. Mechanistically, these compounds
act by inhibiting the synthesis of key pro-inflammatory mediators,
particularly through the suppression of NF-kB-inducing kinase (NIK)
(Castrillo et al., 2001). Compounds analogous to annoglabasin C (12),
which share the ent-kaurane skeleton, were previously isolated from
Annona glabra fruits and shown to inhibit NO production in
LPS-stimulated RAW264.7 macrophages (Nhiem et al., 2015).

Copalic acid (13) and its derivative, compound 14, are well known
for their pharmacological potential, including notable anti-
inflammatory effects (Medeiros et al., 2021; Souza et al., 2020).

Eugenyl hexoside (20), also known as citrusin, was detected in both
BtED and BtEA. Previous studies have reported anti-inflammatory ac-
tivity for this compound, including significant inhibition of LPS-induced
nitric oxide production in RAW 264.7 macrophages (Xu et al., 2022),
suggesting that its presence in the active fractions may contribute to
their observed anti-inflammatory effects.

Among the compounds dereplicated from BtE, BtED, and BtEA,
several bioactive metabolites with anti-inflammatory potential were
annotated in both the crude extract and the active fractions, including
cirsimaritin (1) eupatorin (3), isoshaftoside (5), dicaffeoylquinic acid
(9), and copalic acid (13), which may contribute to the observed bio-
logical activity. In addition, following extract fractionation, other
bioactive compounds were annotated. Cirsimaritin (1), eupatorin (3)
and jaceosidin (15), annotated exclusively in BtED, and citrusin (20),
annotated in both BtED and BtEA, are well-documented anti-inflam-
matory agents. Their presence may be associated with the enhanced
anti-inflammatory activity observed in the fractions, particularly in
BtED. Assessment of the relative distribution of annotated metabolites
using SIRIUS CSI:FingerID and CANOPUS revealed differences among
the fractions, with active fractions showing a greater representation of
bioactive compound classes (Table S2). However, these findings should
not be interpreted as quantitative evidence of metabolite enrichment, as
MS signal intensities are affected by multiple factors, including ioniza-
tion efficiency and matrix effects. Confirmation of differences in
metabolite abundance will require targeted quantitative analyses using
authentic standards.

Using the results obtained from NPClassifier, the relative composi-
tion of metabolite chemical classes was calculated for the crude extracts
and fractions. This analysis showed that the most representative classes
in the active fractions BtEA and BtED were diterpenoids and flavonoids,
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with phenylpropanoids representing an additional major class in BtEA
(Table S3). Diterpenoids and flavonoids are classes of secondary me-
tabolites widely recognized for their anti-inflammatory potential
(Al-Khayri et al., 2022; Ge et al., 2022). Therefore, their annotation in
the active fractions is noteworthy and consistent with the more pro-
nounced anti-inflammatory activity observed in these fractions.

Beyond anti-inflammatory properties, several compounds annotated
in the extract are also associated with enzyme inhibitory activities.
Numerous flavonoids, for example, are known to exhibit anti-elastase
activity. Apigenin 6-C-glucoside showed an ICsy of 4.34 pM, demon-
strating greater inhibitory potency than its aglycone against elastase
(Jakimiuk et al., 2021). Therefore, the presence of compound 6 may
contribute to the anti-elastase activity observed in the BtE extract
(Jakimiuk et al., 2021). Although the crude extract did not exhibit
pronounced anti-tyrosinase activity, the fractions BtED and BtEA
demonstrated inhibitory potential, which may be associated with a
higher concentration of active compounds after fractionation. For
instance, vitexin (7), an apigenin flavone glucoside, and rutin (8), both
annotated in BtE, have previously shown ICsy values of 0.35 mM and
57.98 pM, respectively, in tyrosinase inhibition assays (Karaoglan and
Koca, 2020; Kim and Kang, 2015; Zhang et al., 2021). Additionally,
3-hydroxy-copalic acid (14) has been reported to inhibit tyrosinase ac-
tivity, achieving 64% + 1.5% inhibition at a concentration of 250 pM
(Souza Vargas et al., 2015).

4. Conclusions

Baccharis trimera is a medicinal species of recognized ethno-
pharmacological relevance in Brazil and remains a valuable source of
bioactive metabolites. In the present study, the crude ethanolic extract
and its fractions were evaluated for in vitro skin-related bioactivities,
and the dichloromethane fraction displayed the most consistent profile,
combining marked tyrosinase inhibition with significant reduction in
TNF-a, IL-16, and IL-6 secretion, as well as decreased LPS-induced LDH
release in THP-1-derived macrophages.

LC-HRMS-based dereplication of the crude extract and active frac-
tions enabled the annotation of twenty metabolites, including flavo-
noids, hydroxycinnamic acid derivatives, diterpenes, phenylpropanoids,
and fatty acids, several of which have previously been associated with
anti-inflammatory or enzyme-inhibitory activities. These annotations
provide a preliminary chemical basis for the observed bioactivities. In
particular, the metabolites with anti-inflammatory potential annotated
after fractionation, especially cirsimaritin, eupatorin and jaceosidin,
which were exclusively annotated in the dichloromethane fraction, may
help explain the pronounced enhancement in anti-inflammatory activity
observed in this fraction.

Overall, the results indicate that fractionation strongly influences the
bioactivity profile of B. trimera extracts and that medium-to low-polarity
fractions deserve further investigation. The anti-tyrosinase activity
observed for BtED and BtEA represents a relevant finding for future
studies on cosmetic and skin-related applications.
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Abbreviations

LC-HRMS liquid chromatography-high resolution mass spectrometry
LPS lipopolysaccharide

LDH lactate dehydrogenase

L-DOPA L-3,4-dihydroxyphenylalanine

HRMS  high resolution mass spectrometry

ESI electrospray ionization

AGC automatic gain control

dd-MS? data-dependent acquisition mode

BtE Baccharis trimera ethanolic extract

BtEH Baccharis trimera hexane fraction

BtED Baccharis trimera dichloromethane fraction
BtEA Baccharis trimera ethyl acetate fraction
BtEHy  Baccharis trimera hydroalcoholic fraction

PMA Phorbol 12-myristate 13-acetate

NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
NF-xB nuclear factor kappa B

RDA retro-Diels-Alder

iNOS inducible nitric oxide synthase
COX-2  cyclooxygenase-2

NO nitric oxide

PGE2 prostaglandin E2

NIK NF-kB-inducing kinase

EPA eicosapentaenoic acid

DHA docosahexaenoic acid

RENISUS Medicinal Plants of Interest to the Unified Health System

SISGEN National System for the Management of Genetic Heritage and
Associated Traditional Knowledge

sucAlas-pNA N-succinyl-Ala-Ala-Ala-p-nitroanilide

THP-1  human monocytic leukemia cell line

TNF-a  tumor necrosis factor alpha

IL-6 interleukin 6

IL-1B interleukin 1P

WST-8  water-soluble tetrazolium-8

DPBS Dulbecco's phosphate-buffered saline
DMSO  dimethyl sulfoxide
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