South African Journal of Botany 193 (2026) 311-322

= -

Contents lists available at ScienceDirect ;soum ARIcAN
URNAL OF

South African Journal of Botany

journal homepage: www.elsevier.com/locate/sajb

ELSEVIER

Check for

Hepatoprotective potential of Vernonanthura polyanthes against | el
doxorubicin-induced oxidative stress in a murine model

Jamira Dias Rocha “®, Lara Lorhany Gomes da Costa Rodrigues“, Hericles Mesquita Campos b
Robbert Mota Pereira ", Abel Vieira de Melo Bisneto ¢, Samantha Salomao Caramori®®,

Lee Chen-Chen ¢, Paulo César Ghedini ”, Manoel Francisco Biancardi ¢,

Elisa Flavia Luiz Cardoso Bailao ™"

2 Biotechnology Laboratory, Central Campus, State University of Goids, Andpolis, Goids, Brazil

Y Department of Pharmacology, Institute of Biological Sciences, Federal University of Goids, Goiania, GO, Brazil

¢ Radiobiology and Mutagenesis Laboratory, Federal University of Goids, Goiania, Goids, Brazil
4 Department of Histology, Embryology and Cell Biology, Federal University of Goids, Goiania, Goids, Brazil

ARTICLE INFO ABSTRACT

Edited by Dr P. Bhattacharyya The present study aimed to evaluate the redox activity of Vernonanthura polyanthes leaf aqueous extract (VpLAE)

and its n-butanol fraction (n-BF) in mouse liver in the absence or in the presence of doxorubicin (DXR). For this,

Keywords: the concentration of malondialdehyde (MDA), the activities of superoxide dismutase (SOD), catalase (CAT),
4-h¥dr0X¥nonenal labeling glutathione S-transferase (GST), and glutathione peroxidase (GPx) were determined in the liver of Swiss Webster
Adriamycin mice (n = 5 animals per group). Immunohistochemical analyses on hepatocytes labeled with anti-4-
Antioxidant effect . s P . .

Assa-peixe hydroxynonenal (4HNE) were also performed to confirm the decrease in lipid peroxidation in animals treated
Cerrado with DXR and VpLAE or n-BF. MDA levels and GST activity increased in the livers of mice that received just

VpLAE at a dose of 1000 mg/kg compared with the negative control. Moreover, n-BF alone increased CAT ac-
tivity at 250 mg/kg, SOD and GST at 1000 mg/kg, and MDA at 250, 500, and 1000 mg/kg. These data indicate
that VpLAE or n-BF alone can promote oxidative stress in hepatocytes. In contrast, when VpLAE was associated
with DXR in a pre-treatment regimen, or when n-BF was associated with DXR in co- or pre-treatment regimens,
MDA levels decreased, suggesting a protective effect against DXR-induced damage. The decrease in 4HNE la-
beling in the livers of mice treated with DXR and VpLAE or n-BF confirmed that pre-treatment with VpLAE or pre-
and co-treatments with n-BF reduced DXR-induced lipid peroxidation. In conclusion, VpLAE and n-BF could
present a dual behavior, promoting oxidative stress in hepatocytes in the absence of DXR or reducing oxidative
stress in the livers of mice treated with DXR. This shift in perspective motivates future studies of VpLAE and n-BF
as promising candidates to overcome DXR-induced hepatotoxicity.

Lipid peroxidation

1. Introduction protein damage, changes in mitochondrial function, and DNA breaks

(Octavia et al., 2012; Prasanna et al., 2020; Singal and Iliskovic, 1998).

Doxorubicin (DXR), an anthracycline drug, is an antineoplastic agent
widely used to treat hematologic tumors and solid malignancies,
including leukemias, bladder cancer, lung cancer, breast cancer, ovarian
cancer, and lymphomas (Guo et al., 2014; Wattanapitayakul et al.,
2005). There are two proposed pharmacological mechanisms of DXR: (i)
intercalation into DNA and disruption of topoisomerase-II-mediated
DNA repair and (ii) generation of free radicals (Thorn et al., 2011).
These free radicals can cause lipid peroxidation of cell membranes,

The adverse effects of DXR are caused, in part, by an imbalance in the
body's redox system, promoting cellular damage and increased pro-
duction of free radicals, as well as a decrease in endogenous antioxi-
dants, which can lead to toxicity in different organs and tissues,
including the liver (Singal et al., 2000; Xu et al., 2001). Moreover, DXR
disrupts normal cellular iron metabolism, leading to excessive iron
accumulation and the formation of reactive oxygen species (ROS) via the
Fenton reaction (Ye et al., 2024).

* Corresponding author at: Laboratdrio de Biotecnologia, Campus Central, Universidade Estadual de Goias, Andpolis, BR-153, n. 3105, Fazenda Barreiro do Meio,

CEP 75132-903, Goias, Brazil.
E-mail address: elisa.flavia@ueg.br (E.F.L.C. Bailao).

https://doi.org/10.1016/j.sajb.2026.04.014

Received 1 December 2025; Received in revised form 23 March 2026; Accepted 9 April 2026

Available online 28 April 2026
0254-6299/© 2026 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC BY license


https://orcid.org/0000-0003-3439-0433
https://orcid.org/0000-0003-3439-0433
https://orcid.org/0000-0003-2676-8280
https://orcid.org/0000-0003-2676-8280
https://orcid.org/0000-0001-6737-7548
https://orcid.org/0000-0001-6737-7548
mailto:elisa.flavia@ueg.br
www.sciencedirect.com/science/journal/02546299
https://www.elsevier.com/locate/sajb
https://doi.org/10.1016/j.sajb.2026.04.014
https://doi.org/10.1016/j.sajb.2026.04.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sajb.2026.04.014&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.D. Rocha et al.

In this sense, although DXR is a highly effective chemotherapeutic
agent, its clinical use is hampered by its toxic effects on non-target cells
(Forrest et al., 2012; Prasanna et al., 2020). An injectable DXR may be
the primary cause of hepatotoxicity in approximately 30.4% of breast
cancer patients treated with this drug, since there is a strong correlation
between the use of injectable DXR and the risk of developing hepato-
toxicity (Damodar et al., 2014; Shivakumar et al., 2012).

Several signaling pathways have been proposed to underlie DXR-
induced hepatotoxicity, including mitochondrial dysfunction, redox
imbalance, and cell death (Alherz et al., 2023; Prasanna et al., 2020).
Following administration, DXR is metabolized to doxorubicinol by liver
tissue, which can cause severe liver damage, usually due to the forma-
tion of ROS (Camaggi et al., 1988; Rehman et al., 2014). DXR undergoes
redox cycling, creating superoxide radicals that destroy cellular struc-
tures, initiate lipid peroxidation, and trigger cell death pathways
(Songbo et al., 2019). In this context, oxidative stress, primarily driven
by excessive mitochondrial ROS generation, is the primary mechanism
of DXR hepatotoxicity.

Strategies to protect against DXR-induced hepatotoxicity and
improve the effectiveness of therapies have been extensively studied
(Radeva and Yoncheva, 2025). The use of liposomal DXR or the re-
striction of cumulative doses often fails to completely eliminate liver
damage and may interfere with the drug’s antitumor efficacy (Radeva
and Yoncheva, 2025). Administration of natural products rich in
non-enzymatic antioxidants may be a potential strategy for preventing
or mitigating oxidative stress, including DXR-induced damage (Aguiar
et al., 2024; Rocha et al., 2022; Samare-Najaf et al., 2020; Wattanapi-
tayakul et al., 2005). Phenolic compounds and flavonoids demonstrated
strong cytoprotective effects against DXR-induced side effects, including
hepatotoxicity (Abbas et al., 2021; Cheng et al., 2022; Halil et al., 2021;
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Rocha et al.,, 2022). Plant extracts exhibit varying degrees of hep-
atoprotective properties, suggesting that antioxidants from natural
sources may help protect against hepatotoxicity in patients receiving
DXR (Damodar et al., 2014; Mahmoudi et al., 2023). However, it is
important to highlight the ambivalent properties of polyphenols, which
can act simultaneously as antioxidants and pro-oxidants. Understanding
this dual role will enable the development of specific therapies that can
serve science and medicine (Andrés et al., 2023).

Vernonanthura polyanthes (Spreng.) A.J. Vega & Dematt. belongs to
the Asteraceae family and is popularly known as assa-peixe. It is an
emerging invasive alien plant found in a Zimbabwean upland landscape
(Kachena and Shackleton, 2024). Its leaves are widely used in traditional
medicine to treat respiratory tract diseases (Chaves et al., 2015; Lorenzi
and Matos, 2002; Tribess et al., 2015). Recently, it has been shown that
the aqueous extract of V. polyanthes leaves (VpLAE) and its n-butanol
fraction (n-BF) can reduce the cytogenotoxic effects caused by DXR
(Rocha et al., 2022). The cytoprotective effect of V. polyanthes may be
related to its phytochemical composition, as flavonoids and chlorogenic
acids were identified in VpLAE and n-BF (Rocha et al., 2022). Potential
antimutagenic, anticancer, antineoplastic, chemoprotective, antioxi-
dant, and free-radical-scavenging effects were attributed to metabolites
identified in VpLAE and n-BF through predictive analysis (Rocha et al.,
2022). Some molecules identified in VpLAE and n-BF have been shown
to modulate enzymes involved in antioxidant processes. Among the
metabolites detected in VpLAE and n-BF, quercetin-3-O-rutinoside
(rutin) appears to be the most active, based on the antioxidant and
chemopreventive parameters analyzed using in silico tools (Aguiar et al.,
2024; Rocha et al., 2022).

However, the effects of V. polyanthes on the liver tissue remain un-
known. Therefore, this study aimed to evaluate the redox activity of
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Fig. 1. Schematic illustration of the experimental design. After acclimatization, the animals were then randomly distributed into 28 groups (n = 5 animals per
group). The control groups received water by gavage or 15 mg/kg doxorubicin (DXR) i.p., and after 24 h the animals were euthanized. The groups that received doses
of 250, 500, or 1000 mg/kg of aqueous extract of Vernonanthura polyanthes (VpLAE) or its n-butanol fraction (n-BF) alone were euthanized after 24 h of treatment.
The co-treatment groups received 250, 500, or 1000 mg/kg of VpLAE or n-BF and 15 mg/kg DXR i.p., and the animals were euthanized after 24 h. The pre-treatment
was carried out by administering 250, 500, or 1000 mg/kg of VpLAE or n-BF for 5 days (one dose per day), and on the fifth day, the animals received 15 mg/kg DXR i.
p., and 24 h later, the animals were euthanized. The post-treatment groups received 15 mg/kg DXR i.p., and after 6 and 12 h, received 250, 500, or 1000 mg/kg of
VpLAE or n-BF, and 24 h later, the animals were euthanized. After euthanasia, the liver was dissected and immediately conserved in liquid nitrogen and, subse-
quently, in an ultrafreezer (—80 °C) until the biochemical analysis, or fixed in formaldehyde solution (10%) for 24 h to immunohistochemical analysis. The com-
ponents of the figure were created using icons from the online design tool BioRender (https://www.biorender.com).
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VpLAE and n-BF in the livers of Swiss Webster mice in the absence or
presence of DXR. The hypothesis is that VpLAE and n-BF are potential
candidates to mitigate DXR-induced hepatotoxicity.

2. Methodology
2.1. Chemicals

1-chloro-2,4-dinitrobenzene (CDNB), hydrogen peroxide (H05),
sodium azide, reduced glutathione (GSH), nicotinamide adenine dinu-
cleotide phosphate (NADPH), glutathione reductase (GR), trichloro-
acetic acid, ketamine, xylazine hydrochloride, epinephrine bitartrate,
malondialdehyde (MDA), bovine serum albumin (BSA) and sodium
dodecyl sulfate (SDS) were obtained from Sigma Chemical (St. Louis,
MO, USA). Doxorubicin (DXR) (CAS: 23214-92-8) was obtained from
Glenmark Pharmaceuticals LTDA (Sao Paulo, BRA). All other chemicals
were obtained in an analytical grade or from other standard commercial
suppliers.

2.2. Botanical material

V. polyanthes leaves were collected at the Central Campus, in
Andpolis, Goias, Brazil (S 16 2300.16"/W 48 56,037.8", 1073 m) in
November 2018. The botanical identification of this specimen was car-
ried out by Dr. Aristonio Magalhaes Teles from the Federal University of
Goids, and an exsiccate (N° 10,512) was deposited in the Herbarium of
the State University of Goias. The botanical material was dried at room
temperature and pulverized in a knife mill E-625 (Tecnal Ltda, Piraci-
caba, SP, Brazil). The powdered material was stored in a sheltered
location to protect it from light and moisture for subsequent use. Ac-
cording to popular usage, the aqueous extract was prepared by infusing
V. polyanthes leaves at a ratio of 0.02 g of dried and pulverized plant
material per mL of water (Brasil, 2011). The samples were previously
frozen and lyophilized. Part of the lyophilizate was reconstituted in a
methanol/water mixture and subjected to liquid/liquid partitioning
with solvents of increasing polarity (n-butanol and ethyl acetate). After
rotary evaporation, three fractions (n-butanol, ethyl acetate, and
aqueous) were obtained and stored at —20 °C for biological testing
(Rocha et al., 2020). The n-BF was selected to continue the experiments
because it exhibited the highest total phenolic, flavonoid, and tannin
contents and the highest antioxidant activity, according to previous
work (Rocha et al., 2020). The chemical profiles of VpLAE and n-BF were
previously evaluated by liquid chromatography coupled to mass spec-
trometry, confirming the presence of phenolic compounds (flavonoid
and chlorogenic acids) (Rocha et al., 2022).

2.3. Selection of doses used in this study

The doses were selected from the study by Jorgetto et al. (2011),
which tested 3 doses (1000, 1500, and 2000 mg/kg body weight) of
V. polyanthes extract, in accordance with OECD 423 (OECD, 2001). The
results showed that the V. polyanthes extract presented moderate clas-
togenic and/or aneugenic effects at 2000 mg/Kg. In this sense, we
decided to limit our study to the lowest dose used by Jorgetto et al.
(2011) (1000 mg/kg). Thus, doses of 250, 500, and 1000 mg/kg of
VpLAE or n-BF were selected for this study, as previously described
(Rocha et al., 2022).

2.4. In vivo experimental procedures

The experiments with male Mus musculus (Swiss Webster) were
approved by the Animal Research Ethics Committee of the Federal
University of Goids (CEUA/UFG), protocol number 069/18, and were
carried out as previously described (Rocha et al., 2022). Before con-
ducting the experiments, the animals were acclimated for 7 days in the
Radiobiology and Mutagenesis Laboratory at the Federal University of
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Goias (Fig. 1). The animals were housed in polypropylene cages (Length:
40 cm, Width: 30 cm, and Height: 16 cm), with 5 animals in each cage.
The cages were lined with wood shavings, which were changed every
two days, and the animals were fed commercial food and offered filtered
water ad libitum. The animals were maintained at room temperature,
with a humidity of 50% =+ 20%, and a 12 h light/dark cycle. The animals
were divided into 28 groups, as previously described (Rocha et al., 2022;
Silva et al., 2023), each containing five mice, in accordance with OECD
474 (OECD, 2016). The animals were weighed before the administration
of VpLAE or n-BF at doses of 250, 500, and 1000 mg/kg via gavage with
or without DXR (15 mg/kg) intraperitoneally (ip) (Fig. 1 and Supp.
Table S1), as indicated below:

— Group 1, negative control: received water via gavage in the same
volume used to administer VpLAE or n-BF.

Group 2, positive control: received an acute dose of DXR (15 mg/kg)
ip. Selected based on the study by Husna et al. (2022), which high-
lighted the hepatotoxicity of the drug.

Groups 3 to 10, treatment: received only VpLAE or n-BF by gavage in
different doses (250, 500, or 1000 mg/kg).

Groups 11 to 16, co-treatment: received VpLAE or n-BF (250, 500, or
1000 mg/kg) via gavage simultaneously with 15 mg/kg DXR via ip.
Groups 17 to 22, pre-treatment: received VpLAE or n-BF (250, 500,
or 1000 mg/kg) for 5 days (120 h), and on the fifth day, two hours
after administration of V. polyanthes, received 15 mg/kg DXR via ip.
Groups 23 to 28, post-treatment: received 15 mg/kg DXR ip and
after 6 h and 12 h, received VpLAE or n-BF (250, 500, or 1000 mg/
kg) via gavage.

After the treatment, the animals were euthanized by cervical dislo-
cation. The liver was dissected and immediately conserved in liquid
nitrogen and, subsequently, in an ultrafreezer (—80 °C) until the
biochemical analysis, or fixed in formaldehyde solution (10%) for 24 h
to immunohistochemical analysis.

2.5. Sample preparation for biochemical analysis

For the biochemical analysis, the liver samples were homogenized in
50 mM Tris-HCl buffer (pH 7.4) at a 1:6 (w/v) sample-to-buffer ratio.
The total homogenate (TH) was centrifuged at 8000 rpm for 10 min at 4
°C to acquire the low-speed supernatant (S1). Both the TH and S1
fractions were preserved and used in subsequent biochemical
procedures.

2.6. Superoxide dismutase (SOD) activity

SOD activity was determined spectrophotometrically. The principle
of this method is that the enzyme superoxide dismutase inhibits the
autoxidation of epinephrine. The S1 liver fractions were incubated with
60 mmol/L epinephrine bitartrate, and the color intensity of the sample
was measured at 480 nm. Enzymatic activity is expressed in units (U) of
SOD/mg of protein (Campos et al., 2024).

2.7. Catalase (CAT) activity

CAT activity was determined spectrophotometrically by decompos-
ing H204 at 240 nm, as described by Campos et al. (2024). The S1 liver
fractions were incubated with 86 mmol/L H30; in sodium phosphate
buffer (pH 7.0). Enzymatic activity is expressed in U of CAT/mg of
protein. One U of enzyme decomposes 1 pmol of HoOy/min at pH 7.0 at
25 °C.

2.8. Glutathione peroxidase (GPx) activity

GPx activity was determined using the method described by Okoh
et al. (2024), with some modifications. The following reagents were
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Fig. 2. Biochemical alterations in the liver of mice treated with different doses (250, 500, and 1000 mg/kg) of the (a) Vernonanthura polyanthes leaf aqueous extract
(VpLAE) or the (b) n-butanol fraction (n-BF). Control: negative control (mineral water). DXR: positive control (doxorubicin 15 mg/kg ip). The results are expressed as
mean + standard deviation. The groups were compared by ANOVA followed by the Tukey test (n = 5 animals per group). Different letters indicate statistically
significant differences between groups (p < 0.05). The abbreviations SOD, CAT, GST, GPx, and MDA mean superoxide dismutase, catalase, glutathione S-transferase,

glutathione peroxidase, and malondialdehyde, respectively.

added to the reaction medium: 4.28 mM sodium azide, 6 mM GSH, 0.9
mM NADPH, 2 U/ml GR, phosphate buffer 50 mM potassium. The S1
liver fractions or Tris—HCI buffer (blank) were added and, to start the
reaction, 4 mm of H,O, was added. Activities were evaluated over 5 min
at 340 nm, with measurements taken every 15 s. Enzymatic activity was
expressed as GPx activity (U/mg protein). One U of enzyme will thus
decompose 1 pmol of NADPH/min at pH 7.0 and 25 °C.

2.9. Glutathione S-transferase (GST) activity

GST activity was determined using the method described by Kato and
Naito (1999), with some modifications. S1 liver fractions were added to
Tris—HCI buffer (white), 50 mM CDNB dissolved in methanol, and 5 mM
GSH dissolved in 100 mM Tris-HCI (pH 7.0). Reactions were monitored
every 15 s for 5 min at 340 nm. The concentration of the product formed
was calculated using the molar extinction coefficient of 9.6 mM-1.cm-1
for S-(2,4-dinitrophenyl glutathione). Specific activity will be defined as
U of GST/mg of protein. One U of enzyme conjugates 1 pmol of
CDNB/min at pH 7.0 and 25 °C.

2.10. Levels of lipid peroxidation (LPO)

To measure LPO, the thiobarbituric acid reactive substances (TBARS)
method was used. MDA estimation was performed spectrophotometri-
cally following the method described by Campos et al. (2024). The liver
TH samples were incubated with thiobarbituric acid, acetic acid (pH
3.4), and SDS at 95 °C for 60 min. The reaction product was determined
at 532 nm. To interpret the results, an MDA curve was performed, and
the data are expressed as MDA equivalents in nmol /mg of protein.

2.11. Determination of protein content

The total protein concentration of TH or S1 fractions was measured
using the method described by Bradford (1976), with BSA as the stan-
dard. A BSA standard curve was used to determine the protein concen-
tration in the samples.
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2.12. Immunohistochemical: detection of 4-hydroxynonenal (4HNE)
protein adducts

The livers fixed in formaldehyde solution (10%) for 24 h were
gradually dehydrated in increasing alcohol solutions (70%, 80%, and
95%) for 1 h each step and then in absolute alcohol three times for 1 h
each. Subsequently, the tissues were cleared with xylene for 2 h and then
immersed in paraffin.

Right away, the histological sections (30 sections/experimental
group; n = 5 animals/group) of the livers, fixed in 10% formaldehyde,
were deparaffinized in three xylene batteries, the first lasting 20 min and
the other two lasting 10 min, followed by rehydration. Subsequently, the
sections were subjected to antigen recovery in citrate buffer pH 6.0 at
100 °C for 45 min in an electric cooker. Next, the sections were washed
thrice in phosphate-buffered saline (PBS) for 5 min each. From this stage
onwards, the Leica Biosystems NovoLink Polymer Detection System kit
(RE7150-K, Leica, United Kingdom) was used to detect the primary
antibodies. Thus, endogenous peroxidases were blocked using Novoas-
tra Peroxidase Block for 5 min, and the sections were then washed 3
times in PBS for 5 min each. Non-specific binding was inhibited using
Novocastra protein block for 5 min, followed by 3 washes of 5 min in
PBS. Then, the polyclonal anti-4-hydroxynonenal (4HNE) primary
antibody (Rabbit polyclonal, BS-6313R, Bioss, USA) was used at a
dilution of 1:100 and incubated overnight at 4 °C. The following day, the
sections were washed three times in PBS for 5 min each and incubated
with secondary antibodies Novocastra Post Primary and Novolink
Polymer, both for 1 h at room temperature, with three 5-minute washes
in PBS buffer interspersed between incubations. Finally, the sections
were developed with diaminobenzidine (DAB), counterstained with
Harris hematoxylin, dehydrated in ethanol, followed by xylene, and
mounted in Entellan (Merck). Microscopic analysis was conducted using
an optical microscope (Primo Star, Carl Zeiss), and photomicrographs
were captured with a camera module (Axiocan 105 color, Carl Zeiss).

4-hydroxynonenal (4HNE) was quantified using 30 microscopic
fields (n = 5 animals per group) for each experimental group. In each
field, optical densitometry was used to measure immunostaining
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Fig. 3. Biochemical changes in the liver of mice treated with different doses (250, 500, and 1000 mg/kg) of the aqueous extract of the leaves of Vernonanthura
polyanthes (VpLAE) associated with doxorubicin (DXR) in several different treatments. Control: negative control (mineral water) and DXR: positive control (doxo-
rubicin 15 mg/kg ip). The results are expressed as mean -+ standard deviation. The groups were compared by ANOVA followed by Tukey's test (n = 5 animals per
group). Different letters indicate statistically significant differences between the groups (p < 0.05). The abbreviations SOD, CAT, GST, GPx, and MDA mean su-
peroxide dismutase, catalase, glutathione S-transferase, glutathione peroxidase, and malondialdehyde, respectively.

intensity. We used the "mean gray value" measurement for quantifica-
tion, and the system was calibrated with the optical density tablet. Since
the original images were counterstained with hematoxylin, we used
color deconvolution to obtain the 3,3-diaminobenzidine (DAB) channel
to quantify staining intensity (optical density, OD), expressed in arbi-
trary units (au). All analyses were performed using the Fiji/ImageJ
image analysis system (Schindelin et al., 2012).

3. Results

3.1. Biochemical analysis of liver from mice treated with Vernonanthura
polyanthes leaf aqueous extract (VpLAE) or its n-butanol fraction (n-BF)
alone

The GST activity (in 24 h) and the quantity of MDA (in 24 and 120 h)
increased in the liver of mice that received VpLAE at the highest dose
(1000 mg/kg) when compared to the negative control (Fig. 2A). On the
other hand, the n-BF increased the SOD and the GST activities at 1000
mg/kg (in 24 h for SOD, and 24 e 120 h for GST), the CAT activity at 250
mg/kg, and the MDA quantity at 250 and 500 mg/kg in 24 h and at 1000
mg/kg in 120 h treatments (Fig. 2B). These data indicate that VpLAE and
n-BF can promote oxidative stress in hepatocytes, with VpLAE causing
fewer changes in biochemical parameters than n-BF.
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3.2. Biochemical analysis of the co-treatment regimen of Vernonanthura
polyanthes leaf aqueous extract (VpLAE) or its n-butanol fraction (n-BF)
with doxorubicin (DXR)

When VpLAE was co-treated with DXR, SOD activity increased at
1000 mg/kg compared to the SOD activity in the group exposed to DXR
alone (positive control). Meanwhile, CAT (at all concentrations) and
GST (at 1000 mg/kg) had decreased activity (Fig. 3).

When n-BF was co-treated with DXR, SOD activity increased at all
doses (250, 500, and 1000 mg/kg) compared with the SOD activity in
the group exposed to DXR alone (positive control). Additionally, all
doses significantly reduced MDA levels compared to the positive control
(DXR alone), suggesting that n-BF effectively reduced DXR-induced
oxidative damage (Fig. 4).

3.3. Biochemical analysis of the pre-treatment regimen of Vernonanthura
polyanthes leaf aqueous extract (VpLAE) or its n-butanol fraction (n-BF)
with doxorubicin (DXR)

In the pre-treatment, VpLAE reduced lipid peroxidation levels
(MDA), especially at lower doses (250 and 500 mg/kg), indicating a
protective effect of the pre-treatment with VpLAE against the damage
caused by DXR (Fig. 3).

In the pre-treatment, n-BF increased SOD activity (at all doses) and
GPx activity (at 250 mg/kg). MDA levels were reduced at 500 mg/kg,
suggesting that intermediate doses of n-BF are effective in mitigating
DXR-induced lipid peroxidation (Fig. 4). This suggests a non-linear dose-
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Fig. 4. Biochemical changes in the liver of mice treated with different doses (250, 500, and 1000 mg/kg) of the n-butanol fraction (n-BF) from the aqueous extract of
the leaves of Vernonanthura polyanthes associated with doxorubicin (DXR) in several different treatments. Control: negative control (mineral water) and DXR: positive
control (doxorubicin 15 mg/kg ip). The results are expressed as mean + standard deviation. The groups were compared by ANOVA followed by Tukey's test (n = 5
animals per group). Different letters indicate statistically significant differences between groups (p < 0.05). The abbreviations SOD, CAT, GST, GPX and MDA mean
superoxide dismutase, catalase, glutathione S-transferase, glutathione peroxidase, and malondialdehyde, respectively.

response relationship, consistent with a hormetic pattern.

3.4. Biochemical analysis of the post-treatment regimen of Vernonanthura
polyanthes leaf aqueous extract (VpLAE) or its n-butanol fraction (n-BF)
with doxorubicin (DXR)

In the post-treatment with VpLAE, CAT had decreased activity at 500
and 1000 mg/kg; and GPx had increased activity at 1000 mg/kg (Fig. 3).

In the post-treatment, n-BF also increased SOD (at 500 and 1000 mg/
kg) and GPx (at 250 mg/kg) activities. However, MDA levels were equal
to those presented by DXR alone (Fig. 4).

3.5. 4-hydroxy-2-nonenal (4HNE) immunohistochemistry

The labeling decrease of 4HNE, an important marker of lipid per-
oxidation, in the liver of mice treated with DXR and VpLAE or n-BF
(Figs. 5-7) confirmed that the pre-treatment with VpLAE (Fig. 5) and the
co- (Fig. 6) and pre-treatments (Fig. 7) with n-BF reduced DXR-induced
lipid peroxidation. Immunolabeling in the DXR groups (Figs. 5a, 6a, and
7a) showed a stronger peroxidase reaction, as indicated by the darker
brown staining and confirmed by optical density quantification
(Figs. 5d, 6d, and 7d). However, this parameter decreased in the groups
supplemented with VpLAE or n-BF (Figs. 5b,c, 6b,c, and 7b,c). As ex-
pected, 4HNE immunolabeling was correlated with the reduced levels of
lipid peroxidation (MDA) observed in these VpLAE- or n-BF-treated
groups.
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4. Discussion

Several strategies can help reduce oxidative stress caused by DRX,
including the use of natural antioxidants (silymarin, naringin, resvera-
trol, and curcumin). These approaches can reduce not only oxidative
stress but also inflammation and apoptosis (Zobeydi et al., 2025).
V. polyanthes is being investigated as a possible chemotherapy adjuvant
to overcome DXR side effects (Rocha et al., 2022). Previous phyto-
chemical studies of V. polyanthes have identified several secondary
metabolites, including polyphenols (flavonoids and phenolic acids),
saponins, triterpenes, and sesquiterpene lactones (Bohlmann et al.,
1981; Gallon et al., 2018; Igual et al., 2013; Rocha et al., 2022).

Polyphenols are a heterogeneous group of secondary metabolites
that have in common the presence in their structure of one or more
phenol groups. They can be divided into flavonoids and non-flavonoids,
such as phenolic acids. Polyphenols can act as antioxidants or pro-
oxidants, depending on concentration, structure, and the cellular envi-
ronment, such as pH and the balance of redox-active transition metals
(Dzah et al., 2024; Le6n-Gonzélez et al., 2015).

In this sense, first, the toxicity of VpLAE and n-BF alone was inves-
tigated on the mouse liver tissue. Although only isolated increases in the
analyzed antioxidant enzymes were observed, VpLAE at the highest dose
tested (1000 mg/kg) or n-BF at all tested doses increased oxidative stress
in the livers of mice in a non-linear manner. VpLAE also exhibited a toxic
effect on Artemia salina and Allium cepa (Almeida et al., 2021; Kachena
and Shackleton, 2024). For A. cepa, extract concentrations above 20 mg/
mL were toxic to root cells, and cell division decreased at 40 mg/mL
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Fig. 5. Immunohistochemical staining and optical density (OD) quantification of 4-hydroxynonenal (4HNE) in liver tissue of mice pre-treated with the Vernonanthura
polyanthes leaf aqueous extract (VpLAE) and, after, doxorubicin (DXR). Representative photomicrographs of 4-hydroxynonenal (4HNE) immunostaining visualized
with DAB and counterstained with hematoxylin from (a) liver tissues treated with DXR; (b) liver tissues pre-treated with 250 mg/kg VpLAE; and (c) liver tissues pre-
treated with 500 mg/kg VpLAE. (d) optical density (mean gray value) obtained by color deconvolution analysis. The bars in the optical density graph (d) represent
the mean + SD (n = 6). Statistical significance (p < 0.05) was determined by one-way ANOVA and Tukey's post hoc test. There is no statistical difference between
bars labeled with the same letter on the graphic. The scale bar corresponds to 10 um and is the same for all figures. Arrows indicate hepatocyte nuclei, and asterisks
indicate sinusoids. Brown marking shows a 4HNE-positive event. (au) stands for arbitrary units.

VpLAE. For A. salina, 24 mg/mL VpLAE killed 50% of the nauplii
(Almeida et al., 2021). Similarly, the cytotoxicity of V. polyanthes leaf
hydroalcoholic and alcoholic extracts has been previously demonstrated
against mouse bone marrow erythrocytes (> 1000 mg/kg) (Jorgetto
et al.,, 2011) and human lymphocytes (ICsg = 46.42 + 3.50 pg/mL)
(Feleti et al., 2020), respectively.

The cytotoxic effects of V. polyanthes may be related to the presence
of polyphenols and their pro-oxidant mechanisms, such as (i) chemical
instability; (ii) cellular glutathione depletion; (iii) autoxidation; (iv)
generation of cytotoxic semiquinone radical; (v) direct generation of
ROS; and (vi) reduction of metal ions involved in redox-cycling and
generation of hydroxyl radicals through Fenton and Fenton-like re-
actions, in higher doses/concentrations (Jain et al., 2025; Leon--
Gonzalez et al., 2015). Flavonoid prooxidant properties seem to be
concentration-dependent (Prochazkova et al.,, 2011). However, the
pro-oxidant potential of polyphenols does not diminish their health
benefits, especially at physiologically relevant concentrations (Jain
et al., 2025). The potential of polyphenols at low doses to induce a mild
oxidative stress response in normal cells, thereby activating endogenous
antioxidant systems and other protective mechanisms (i.e., adaptive
responses), is known as hormesis and can result in a cytoprotective effect
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(Jain et al., 2025).

When mice were treated with DXR, administration of VpLAE or n-BF
caused little variation in the antioxidant enzymes analyzed, particularly
CAT, SOD, and GPx. However, VpLAE or n-BF reduced MDA levels, a
product of lipid peroxidation, especially the pre-treatment with VpLAE
(250 and 500 mg/kg) and co- (500 and 1000 mg/kg) and pre-treatments
(250 and 500 mg/kg) with n-BF. These data were corroborated by a
decrease in 4HNE labeling, another important marker of lipid peroxi-
dation (Ayala et al., 2014). Lipid peroxidation is a process in which
oxidants, such as free radicals, can initiate the oxidative decomposition
of cell membranes. In this process, a wide variety of reactive aldehydes
are produced intracellularly, including MDA and 4HNE (Ayala et al.,
2014). In this context, the TBARS assay, which measures MDA, can be
used in combination with other lipid peroxidation indices, such as 4HNE
immunohistochemical labeling, to assess oxidative stress status in a
tissue (Endale et al., 2023; Grotto et al., 2009).

As antioxidants, polyphenols can function through different path-
ways, such as (i) scavenging oxidants (sharing lone-pair electrons to
complex other pro-oxidants and/ or transition metals or donating their
hydrogen atoms to free radicals, such as ROS); (ii) chelating metals that
promote oxidative stress; and/or (iii) inducing the expression of genes
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Fig. 6. Immunohistochemical staining and optical density (OD) value of 4-hydroxynonenal (4HNE) in liver tissue of mice co-treated with the n-butanol fraction (n-
BF) of the Vernonanthura polyanthes leaf aqueous extract and doxorubicin (DXR). Representative photomicrographs of 4-hydroxynonenal (4HNE) immunostaining
visualized with DAB and counterstained with hematoxylin from (a) liver tissues treated with DXR; (b) liver tissues treated with 500 mg/kg n-BF and DXR; and (c)
liver tissues treated with 1000 mg/kg n-BF and DXR. (d) optical density (mean gray value) obtained by color deconvolution analysis. The bars in the optical density
graph (d) represent the mean + SD (n = 6). Statistical significance (p < 0.05) was determined by one-way ANOVA and Tukey's post hoc test. There is no statistical
difference between bars labeled with the same letter on the graphic. The scale bar corresponds to 10 um and is the same for all figures. Arrows indicate hepatocyte
nuclei, and asterisks indicate sinusoids. Brown marking shows a 4HNE-positive event. (au) stands for arbitrary units.

encoding detoxifying enzymes (Bolanos-Cardet et al., 2026; Dai and
Mumper, 2010; Dzah et al., 2024). In this way, the co-administration of
polyphenols with conventional cancer chemotherapic drugs, such as
DXR, which disrupts normal cellular iron metabolism (Ye et al., 2024),
has been proposed as a promising strategy in order to increase selectivity
against cancer cells, to reduce drug resistance, and to prevent the
deleterious effects of the anticancer therapy on normal -cells
(Pratheeshkumar et al., 2012).

The hepatoprotective potential of V. polyanthes against DXR-induced
oxidative stress corroborates previous data showing that VpLAE and n-
BF exhibited high cytoprotective potential against the toxic effects of
DXR (Rocha et al., 2022). This cytoprotective activity may be correlated
with the antioxidant potential of the phenolic compounds present in
VpLAE and n-BF (Igual et al., 2013; Rocha et al., 2022; Rodrigues and
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Carvalho, 2001). V. polyanthes also demonstrated antigenotoxic prop-
erties, maybe due to the presence of compounds with antioxidant
properties that impair DNA damage (Rocha et al., 2022).

According to computational data prediction, the metabolites iden-
tified in VpLAE and n-BF exhibited antioxidant and chemoprotective
potential, with rutin, a glycosylated quercetin, being particularly note-
worthy (Aguiar et al., 2024; Rocha et al., 2022). Rutin can directly
eliminate ROS, playing a fundamental role in reducing oxidative stress
(Pravin et al., 2024). A series of studies have demonstrated its high
antioxidant potential, which triggers an increase in the activity of
antioxidant enzymes such as GST, CAT, GPx, SOD, and GR (Glutathione
Reductase), increasing GSH (Glutathione) content and reducing MDA (Li
etal., 2022), similar to what was observed in this work. Rutin attenuated
the toxic effects of DXR in cardiac and renal tissues by enhancing the
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Fig. 7. Immunohistochemical staining and optical density (OD) value of 4-hydroxynonenal (4HNE) in liver tissue of mice pre-treated with the n-butanol fraction (n-
BF) of the Vernonanthura polyanthes leaf aqueous extract and, after, doxorubicin (DXR). Representative photomicrographs of 4-hydroxynonenal (4HNE) immuno-
staining visualized with DAB and counterstained with hematoxylin from (a) liver tissues treated with DXR; (b) liver tissues pre-treated with 250 mg/kg n-BF; and (c)
liver tissues pre-treated with 500 mg/kg n-BF. (d) optical density (mean gray value) obtained by color deconvolution analysis. The bars in the optical density graph
(d) represent the mean + SD (n = 6). Statistical significance (p < 0.05) was determined by one-way ANOVA and Tukey's post hoc test. There is no statistical dif-
ference between bars labeled with the same letter on the graphic. The scale bar corresponds to 10 um and is the same for all figures. Arrows indicate hepatocyte
nuclei, and asterisks indicate sinusoids. Brown marking shows a 4HNE-positive event. (au) stands for arbitrary units.

cellular antioxidant status (Mahmoud et al., 2020; Rocha et al., 2022).
Rutin and its aglycone, quercetin, are capable of suppressing free radical
processes in three stages: the formation of superoxide ions, the genera-
tion of hydroxyl radicals, and the Fenton reaction, since they are able to
chelate and oxidize transition metal ions (Afanas’ev et al., 1989; Dzah
et al., 2024).

However, rutin and quercetin tested over a wide range of concen-
trations (50 - 4000 mol/L) exhibited dual pro-oxidant and antioxidant
activity, consisting of the enhancement or suppression of MDA forma-
tion, respectively (Fukumoto and Mazza, 2000). Quercetin in the range
of 25-200 pM increased H,0,, superoxide anion radical, and TBARS in a
linear behavior in human lymphocytes (Yen et al., 2003). Similarly,
quercetin at 100 pM increased oxidative DNA damage in human leu-
cocytes (Wilms et al., 2008). These results were supported by electron
spin resonance findings for quercetin in solution, which also showed a
pro-oxidant effect at 100 pM (Wilms et al., 2008). Quercetin at 100 pM
also greatly enhanced hydroxyl radical formation up to eight-fold in rat
liver microsomes (Laughton et al., 1989). In contrast, quercetin inhibi-
ted iron-induced lipid peroxidation in rat liver microsomes (Laughton
et al., 1989) and reduced oxidative DNA damage in human leucocytes
(Wilms et al., 2008) at low micromolar concentrations (<1.5 pM and
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1-50 pM, respectively). However, it is important to note that quercetin
and rutin do not exhibit the same behavior in all situations, suggesting
that structural modification also alters the pro-oxidant pattern
(Prochazkova et al., 2011).

The relationship between the structure of rutin, quercetin, and its
methyl ethyl and hydroxyl-ethyl derivatives and their scavenging ac-
tivity against superoxide, hydroxyl, and peroxyl radicals was studied
(Kessler et al., 2003). Alkylation of the hydroxyl at position 7 increased
free radical scavenging. On the other hand, some rutin derivatives with a
free catechol moiety or a free hydroxyl group at position 3 (or both)
were pro-oxidants, producing superoxide radicals and hydrogen
peroxide. It appears that, to prevent pro-oxidant behavior, the hydroxyl
group at position 3 must be blocked to avoid its auto-oxidation (Kessler
et al., 2003).

A similar behavior was observed for chlorogenic acids, also detected
in VpLAE and n-BF (Rocha et al., 2022). They can shift their activity from
pro-oxidant to antioxidant (or vice versa) as the concentration increases
from 5 to 50 mol/L. This dual behavior could be explained by the
presence of catechol or methoxyphenol in the backbone structures of
phenolics, which efficiently scavenge ®OH radicals (antioxidant activ-
ity) and regenerate Fe?* by the reduction of Fe>" (pro-oxidant activity)
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(Nowak et al., 2022).

This ambivalent character of polyphenols, which can act simulta-
neously as antioxidants and pro-oxidants (Andrés et al., 2023), may
explain the toxicity observed by VpLAE and n-BF on the mouse liver in
higher doses; and their hepatoprotective potential of V. polyanthes
against DXR-induced oxidative stress. Therefore, evaluating the overall
antioxidant capacity of polyphenols requires considering the interplay
of diverse factors, along with the specific cellular context (Jain et al.,
2025). Additionally, numerous points still remain to be clarified in this
polyphenol-rich extracts as adjuvants in cancer therapy strategy, such as
(i) the bioavailability of polyphenols, affected by the interaction with
other dietary components and the gut microbiota (Hussain et al., 2016);
(ii) the polyphenols pharmocodynamics, such as absorption, meta-
bolism, distribution, and excretion within the body (Jain et al., 2025);
(iii) the best concentration and molecular structure of the active poly-
phenols; (iv) the role of polyphenolic metabolites; (v) the clinical evi-
dence of their therapeutic potential (Leon-Gonzalez et al., 2015); (vi)
and the administration regimen (pre-, co-, or post-treatment). Under-
standing these complex tasks involving the pharmacological use of
polyphenols will allow the design of specific therapies that can serve
science and medicine (Andrés et al., 2023).

5. Conclusion

VpLAE at 250 and 500 mg/kg and n-BF at 1000 mg/kg did not in-
crease MDA levels in the livers of mice. The pre-treatment with VpLAE
(250 and 500 mg/kg), and the co- (500 and 1000 mg/kg) and pre-
treatments (250 and 500 mg/kg) with n-BF reduced MDA levels and
4HNE labeling in the livers of mice also treated with DXR, indicating a
reduction in lipid peroxidation promoted by DXR. Based on the gathered
data, these treatment regimens could confer a protective effect against
oxidative damage caused by DXR in mice livers. However, the data
obtained at this moment are exploratory and require further comple-
mentary studies. The biochemical data did not show a dose-response
relationship and revealed dual effects in the presence and absence of
DXR, reinforcing the ambivalent character of polyphenols, which can act
as both antioxidants and pro-oxidants. Moreover, these analyses should
be extended to cancer cell lines to test the hypothesis that VpLAE or n-BF
could be promising candidates for counteracting DXR side effects.
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