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Santa Catarina in Florianópolis, Brazil and a coordinator of the “Instituto de Bioeletricidade Celular
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Editorial

Effects of Plant Extracts on Human Health

Fátima Regina Mena Barreto Silva 1,* and Marcela Aragón Novoa 1,2,*

1 Instituto de Bioeletricidade Celular (IBIOCEL): Ciência & Saúde, Departamento de Bioquímica, Universidade
Federal de Santa Catarina, Florianopólis 88049-900, SC, Brazil

2 Departamento de Farmacia, Universidad Nacional de Colombia, Av. Carrera 30 # 45-03 Edif 450,
Bogota 111321, Colombia

* Correspondence: mena.barreto@ufsc.br (F.R.M.B.S.); dmaragonn@unal.edu.co (M.A.N.)

The extracts of plants exhibit a variety of bioactive compounds (polyphenols,
carotenoids, fibers, essential oils, polysaccharides, alkaloids, and proteins), with the major-
ity having biological effects, but their mechanisms of action are still unknown. Furthermore,
in this kind of sample, the challenge is choosing between the variability of compounds in
the crude extract, which exhibit activity in a selected cellular target for a specific disease of
interest. This Special Issue is based on medicinal plants and explores the potential effect of
their extracts and/or their compounds in specific experimental models of diseases. The
effect of curcumin on hexokinase 2 was studied through cellular adaptation to lactic acido-
sis on intracellular energy metabolism and sensitivity to docetaxel in prostate carcinoma
cells. From this set of data, it was observed that metabolic plasticity through enhanced
glycolysis in lactate-acclimated prostatic cells may be one pathway for docetaxel resistance;
therefore, targeting glycolysis using curcumin may provide potential for drug development
and contribute to advancements in therapy for prostate cancer patients. Additionally, in
an ex vivo model using C57BL/6 male mouse prostate and a prostate cancer cell line, the
protective effects of aged black garlic water extract (ABGE) were evidenced; it exhibited
anti-inflammatory and antioxidant effects in these preclinical models, partly attributed to
catechin and garlic acid. In this ex vivo model, ABGE reduced the gene expression of COX-
2, NF-κB, TNF-α, and IL-6. For in vitro studies, ABGE inhibited cell proliferation, colony
and tumor sphere formation, and the cell migration of prostate cancer cells, emphasizing
its potential therapeutic effects.

Different kinds of natural compounds act to inhibit inflammatory responses, such
as, for example, the natural alkaloid, tryptanthrin. This compound significantly reduced
the mRNA expression of oncostatin M (anti-inflammatory cytokin) in the granulocyte–
macrophage, colony-stimulating factor (GM-CSF)-stimulated, neutrophil-like dHL-60 cells
and inhibited the phosphorylation of phosphatidylinositol 3-kinase (PI3K), AKT, and nu-
clear factor (NF)-κB. In addition, tryptanthrin decreased the oncostatin M production in GM-
CSF-stimulated neutrophils from mouse bone marrow. The potential anti-inflammatory
effect of Colchicum luteum hydroethanolic extract (CLHE) compared with non-steroidal,
anti-inflammatory drugs focused in on COX-2, and TNFα inhibition was studied in a
collagen-induced arthritic mice model. Molecular docking identified that the two main
non-toxic compounds possessed strong binding affinities to COX-2 and TNG-α. Therefore,
as a whole, these data suggest that CLHE is a safer, anti-inflammatory, and multi-targeted
alternative to NSAIDs for rheumatoid arthritis treatment. Another extract (Lysimachia
mauritiana Lam. extract) alleviates the airway inflammation induced by particulate matter
and diesel exhaust particles in mice. Lysimachia mauritiana alleviated the accumulation of
neutrophils and the number of inflammatory cells in the lungs and the bronchoalveolar

Nutrients 2025, 17, 1229 https://doi.org/10.3390/nu17071229
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lavage fluid of the mice exposed to particulate matter with a diameter of less than 10 μm,
and also reduced the release of inflammatory mediators in the bronchoalveolar fluid and
lungs. In addition, this extract inhibited MAPK and NF-κB signaling in the lungs. Alto-
gether, this study indicates that this extract may be a promising therapeutic agent against
inflammatory respiratory diseases.

For hyperuricemia, a metabolic disorder in the purine of the body discussed here,
Portulaca oleracea (PO) inhibits xanthine oxidase activity through the effect of berberine
and stachydrine isolated and purified from this plant and, therefore, reduces uric acid
production. Furthermore, PO may reduce the body’s reabsorption of urate and aid in its
excretion out of the body by inhibiting the urate transporter proteins (GLUT9, URAT1) and
promoting the high expression of urate excretory protein (ABCG2). The results of histology
showed that, compared with the positive drug (allopurinol and benzbromarone) group,
there was no obvious renal injury in the middle- and high-dose groups of PO extract. On
the whole, PO represents a potential functional food for the treatment of hyperuricemia.

Another interesting point were the studies related to hearing loss. The variable etiology
for sensorineural hearing loss includes noises above decibels considered bearable for the ear,
ototoxic agents, and aging, which can damage the inner ear or the auditory nerve. Studies
on Castanopsis echinocarpa explore this medicinal plant as a potential therapeutic agent for
hearing loss via critical neuronal gene regulation. In addition, in vivo experiments using
zebrafish and mouse revealed otic hair cell protection in zebrafish, improved auditory
function, and the protection of cochlear sensory cells in a mouse model with induced
hearing loss, ensuring neuron function and survival.

One of the studies published in this SI investigated whether Selaginella tamariscina has
an antiviral effect against influenza A virus (IAV) infection. They used green fluorescent
protein (GFP)-tagged influenza A virus (IAV) to examine the effect of Selaginella tamariscina
ethanol extract (STE) on influenza viral infection. Fluorescence microscopy and flow
cytometry showed that STE potently represses the GFP expression of the virus in a dose-
dependent manner. STE significantly inhibited the expression of the IAV M2, NP, HA, NA,
NS1, and PB2 proteins. Time-of-addition and hemagglutination inhibition assays showed
that STE showed an inhibitory effect on hemagglutinin and viral binding on the cells at an
early infection stage. In addition, STE exerted a suppressive effect on the neuraminidase
activity of the H1N1 and H3N2 IAVs. Furthermore, in a dose-dependent way, STE inhibited
the cytopathic effect induced by H3N2, as well as by H1N1 IAV. Especially in the presence
of STE, the cytopathic effect was completely blocked. Overall, these data suggest that
STE has antiviral efficacy against IAV infection; thus, it could be developed as a natural
IAV inhibitor.

The study that evaluated the antithrombotic action of Acrocomia aculeata pulp oil
(AAPO) in natura in an in vitro experimental model reported that ADP/epinephrine
induced platelet aggregation after treatment with AAPO, as evaluated using turbidimetry,
and that coagulation was determined by the prothrombin activity time and activated partial
thromboplastin time. Promising results showed that AAPO has major components such as
oleic acid, palmitic acid, lauric acid, caprylic acid, and squalene. AAPO showed no toxicity
in vitro or in vivo. Platelet aggregation decreased against agonists when using treatments
with different concentrations of AAPO. The oil did not interfere with the prothrombin
time or the activated partial thromboplastin time. Moreover, it expressly decreased ROS-
induced platelet activation and P-selectin expression. Therefore, AAPO showed antiplatelet
action, given that it decreased the platelet activation verified by the decrease in P-selectin
expression as well as in ROS production.

The extract from the leaves of Passiflora ligularis (P. ligularis) showed significant effects
on lowering serum glucose levels; it reduced insulin resistance, preserved pancreatic tissue,
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contributed antioxidant effects, and ameliorated the serum lipid profile in studies carried
out in adult mice. Based on this experimental approach, the extract of P. ligularis exhibits a
potential role in the treatment of type 2 diabetes. Finally, this SI discussed the multifaceted
effects of extracts from plants on human health based on Withania somnifera, popularly
known as Ashwagandha. The wide spectrum of action of this plant stems from its observed
anti-inflammatory, neuroprotective, immunomodulatory, hepatoprotective, cardioprotec-
tive, anti-diabetic, adaptogenic, anti-arthritic, anti-stress, and antimicrobial effects.

The description above summarizes the updated data related to the extracts of plants
and, in some cases, highlights specific extracts/plants characterized by major compounds
in different disease models, such as in the prostate cancer cell line and C57BL/6 mouse
prostate, rheumatoid arthritis, respiratory diseases, hyperuricemia, hearing loss, influenza
A, thrombose, and diabetes, as well as reports on the multifaceted effects of extracts on
inflammation, neuroprotection, immunomodulation, hepatoprotection, cardio protection,
diabetes, arthritis, stress, and microbial factors. Therefore, we invite our readers who are
passionate about this area to enjoy a pleasant read.

Author Contributions: Writing—original draft, F.R.M.B.S.; revision and editing, F.R.M.B.S. and
M.A.N. All authors have read and agreed to the published version of the manuscript.
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Ashwagandha’s Multifaceted Effects on Human Health: Impact
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Abstract: Withania somnifera, commonly known as Ashwagandha, has been popular for many
years. Numerous studies have shown that the extract of this plant, due to its wealth of active
substances, can induce anti-inflammatory, neuroprotective, immunomodulatory, hepatoprotective,
cardioprotective, anti-diabetic, adaptogenic, anti-arthritic, anti-stress, and antimicrobial effects. This
review examines the impact of Ashwagandha extract on the vascular endothelium, inflammation,
lipid metabolism, and cardiovascular outcomes. Studies have shown that Ashwagandha extracts
exhibit an anti-angiogenic effect by inhibiting vascular endothelial growth factor (VEGF)-induced
capillary sprouting and formation by lowering the mean density of microvessels. Furthermore, the
results of numerous studies highlight the anti-inflammatory role of Ashwagandha extract, as the
action of this plant causes a decrease in the expression of pro-inflammatory cytokines. Interestingly,
withanolides, present in Ashwagandha root, have shown the ability to inhibit the differentiation of
preadipocytes into adipocytes. Research results have also proved that W. somnifera demonstrates
cardioprotective effects due to its antioxidant properties and reduces ischemia/reperfusion-induced
apoptosis. It seems that this plant can be successfully used as a potential treatment for several
conditions, mainly those with increased inflammation. More research is needed to elucidate the exact
mechanisms by which the substances contained in W. somnifera extracts can act in the human body.

Keywords: ashwagandha; lipid metabolism; inflammation; vascular endothelium; cardiovascular
outcomes

1. Introduction

The increased risk of developing lifestyle diseases in the global population has led
scientists to search for natural products that may have a beneficial effect in treating these
conditions. Preparations of plant origin often seem to be safer than synthetic drugs, which
can cause dangerous side effects and do not change the progression of some diseases in the
long run [1]. Medicinal plant extracts are of great interest as potential drugs and elements
of complementary therapies that can reduce the amount of drugs taken by the patient.
Moreover, substances of plant origin have multidirectional effects, thanks to which they can
be used in preventive treatments, which allows for maintaining appropriate homeostasis

Nutrients 2024, 16, 2481. https://doi.org/10.3390/nu16152481 https://www.mdpi.com/journal/nutrients5
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in the body. Finally, they can be used as a part of conventional treatment, which requires
adequate evidence of their effectiveness [2].

Ashwagandha is the name of Withania somnifera in Sanskrit. Other terms for this
therapeutic plant are Indian ginseng or winter cherry. W. somnifera has been known in
traditional medicine (Ayurveda and Unani Systems of Medicine) for over 5000 years. The
Latin word “somnifera” means “sleep-inducer”, but the therapeutic effects of this plant
have been reported in many different fields of medicine [3,4]. A wide range of treatment
indications is found due to the anti-inflammatory, antihypoxic, antiischemic, neuroprotec-
tive, immunomodulatory, hepatoprotective, cardioprotective, anti-diabetic, adaptogenic,
anti-arthritic, anti-stress, and antimicrobial effects [5–7]. Nowadays, Ashwagandha supple-
mentation is popular mainly as an anti-stress solution and is believed to improve overall
health and longevity.

All parts of the plant (leaves, flowers, seeds, root) have health potential, but the root
is the part that is mostly used medicinally [7]. The major phytochemical components
contained in roots are alkaloids (convolamine, convoline, convolidine, convolvine), with-
anolides (withanolide A, withasomnine, withanosides), sitoindosides (β-sitosterol and
d-glycoside), and steroids [8,9]. Withanolides are responsible for the best-documented
pharmacological activity [9,10]. Withaferin A, one of the most representative withanolides
found in W. somnifera, is well known for its anti-inflammatory, antioxidant, immunomodu-
latory, pro-apoptotic, anti-angiogenesis, and anti-adipogenesis effects [11,12].

This review examines the impact of Ashwagandha extract on the vascular endothe-
lium, inflammation, lipid metabolism, and cardiovascular outcomes. The PubMed and
Google Scholar databases were searched using combinations of the following keywords:
Ashwagandha, Withania somnifera, withanolides, inflammation, lipid metabolism, vascular
endothelium, blood pressure, and cardiovascular outcomes. The search mainly included
research published in the years 2003–2023.

2. Vascular Endothelium

The vascular endothelium, the inner lining of the vascular wall, comprises a single
layer of endothelial cells (ECs), providing a barrier between blood and tissues [13]. ECs are
physiologically active, participating in various critical processes. These include the regulation
of vascular tone, coagulation, platelet adhesion and aggregation, inflammation, immune
responses, cell proliferation, and angiogenesis [13,14]. As a result, ECs play a significant role
in the pathogenesis of conditions such as cardiovascular diseases [15], diabetes mellitus [14],
and cancers [14]. Therefore, this has led to a growing field of research focused on substances
that could potentially target ECs for therapeutic purposes. W. somnifera, for its wealth of active
substances, influences the vascular endothelium through multiple mechanisms.

It is recognized that angiogenesis, the process of forming new capillaries, plays a
crucial role in many diseases [16,17]. This process is facilitated by the angiogenic vascular
endothelial growth factor (VEGF). VEGF interacts with specific receptors—VEGF-1 and
VEGF-2—located on the surface of endothelial cells, leading to the formation of new ves-
sels [18]. Mathur et al. conducted a study investigating the anticancer effects of W. somnifera,
with a particular focus on its impact on angiogenesis [19]. In the chick-chorioallantoic
membrane (CAM) assay, the test group was exposed to 10 ng of VEGF along with extracts
or fractions of W. somnifera at concentrations of 2.5 ng, 5 ng, and 10 ng. Additionally, subcu-
taneous gel foam sponges were implanted in mice using higher concentrations (100 ng of
VEGF in combination with 100 ng of the plant extract) to measure the density and number
of vessels formed. After 12 days of in vitro incubation and 14 days of follow-up in mice, the
results indicated that W. somnifera, particularly at higher concentrations (10 ng in vitro and
100 ng in vivo), inhibited VEGF-induced capillary sprouting and formation by lowering
the mean microvessel density (number of blood vessels per unit area), thereby reinforcing
Ashwagandha’s role as an anti-angiogenic agent [19].

The ubiquitin–proteasome pathway (UPP) is one of the main pathways that selectively
degrades cellular proteins and regulates most processes essential for maintaining cellular
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function balance [20]. This process involves the covalent attachment of ubiquitin to a sub-
strate protein, forming a polyubiquitin chain (ubiquitylation), which signals the proteolysis
of this protein with the involvement of proteasomes [21]. One of the proteins degraded
by the UPP is the hypoxia-inducible factor (HIF), which partially promotes new blood
vessel formation through the transcription of factors such as VEGF [22]. Another example
is the degradation and phosphorylation of nuclear factor kappa B (IκBα), leading to the
activation of nuclear factor κB (NF-κB) and its subsequent role in angiogenesis, the cell
cycle, apoptosis, carcinogenesis, and immune responses [23,24]. NF-κB activation occurs in
response to various factors, including pro-inflammatory cytokines, with tumor necrosis
factor-alpha (TNF-α) being the most extensively studied [25]. Mohan et al. carried out
a study investigating the effect of W. somnifera on these pathways [26]. In their research,
human umbilical vein endothelial cells (HUVECs) were induced by growth factors (FGF-2
at 30 ng/mL) and then treated with various concentrations of Ashwagandha fractions (5,
10, and 50 μg/mL). After 24 h of coincubation, the length and quantity of vessels were
reduced. This study also found out that W. somnifera, at various concentrations (0.2, 1,
5 μM), inhibited NF-κB activation in TNF-α (10 ng/mL)-stimulated HUVECs, as measured
by the electrophoretic mobility shift assay (EMSA). Additionally, there was an increase
in the level of polyubiquitinated proteins, suggesting the involvement of the UPP in the
process of NF-κB inhibition [26].

Further research on Ashwagandha’s role in endothelial-cell-mediated angiogenesis
was conducted by Bargagna-Mohan et al. [27]. They pre-treated human choroidal endothe-
lial cells (HCECs) and HUVECs with different concentrations of Ashwagandha extract (0.25,
0.5, 1 μM) for 30 min and then stimulated with TNF-α (10 ng/mL) for 20 min. The study
discovered that W. somnifera in a dose-dependent manner inhibited the induction of inflam-
matory IκBα degradation and increased the levels of ubiquitinated species, targeting the
UPP and suppressing angiogenic sprouting in an in vitro tube formation assay. Moreover,
the use of W. somnifera resulted in the induction of the expression of the antioxidant enzyme
heme oxygenase-1 (HO-1) in ECs, providing cytoprotective effects and contributing to
maintaining vascular homeostasis [27].

Nitric oxide (NO) is an important compound produced in ECs by the constitu-
tive calcium-dependent enzyme nitric oxide synthase (NOS) [28]. There are three NOS
isoforms—endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) [29].
NO exerts a potent vasodilating and anti-inflammatory effect, contributing to the main-
tenance of vascular homeostasis [30]. In a study using rat aortic rings and a human
endothelial cell line, Pathak et al. presented a significant increase in NO production me-
diated by W. somnifera (more specifically two extracts from Ashwagandha—standardized
root extract of the plant NMITLI-118R (NM) and withanolide A) with the highest NO
generation at a concentration of 50 μg/mL for the NM extract and 5 μg/mL for the with-
anolide A extract [29]. Research has shown that the increase in NO production is mediated
through upregulating the expression of eNOS genes and proteins, as measured by Real-
Time PCR. NO-induced vasorelaxation is achieved by activating guanylyl cyclase, an
enzyme in vascular smooth muscle cells that converts guanosine-5’-triphosphate (GTP)
into cyclic guanosine monophosphate (cGMP). This research underscores Ashwagandha’s
vasoprotective potential [29].

Furthermore, Iuvone et al. explored the plant’s immunostimulating properties [31].
They examined the impact of W. somnifera on NO synthesis in mouse macrophages by stimu-
lating them with various concentrations (1–256 μg/mL) of the Ashwagandha extract. After
24 h, they measured the nitrite levels in the culture and found a significant, concentration-
dependent increase in NO production starting from 4 μg/mL of the extract. They also
observed the upregulation of iNOS, one of the NOS isoforms, typically synthesized by cells
in response to inflammation, possibly mediated through NF-κB transactivation [31].

Endothelial cell dysfunction is triggered by an imbalance between antioxidants and
reactive oxygen species (ROS) [32]. This endothelial activation eventually results in a
decreased bioavailability of NO, impaired vascular tone [32], initiation of EC apoptosis, and

7



Nutrients 2024, 16, 2481

alteration in their angiogenic potential [33]. Khalil et al. carried out a study on rats where
induced myocardial infarction caused oxidative stress by generating free radicals [34].
This led to a reduction in the levels of antioxidant enzymes—specifically superoxide
dismutase (SOD) and glutathione peroxidase (GPx)—which are responsible for scavenging
free radicals. The study showed that treating the animals with 100 mg/kg of W. somnifera
for 4 weeks enhanced the activity of these enzymes, thereby bolstering the endogenous
antioxidant system [34]. A similar study was previously conducted by Kaur et al. on
rats with induced pulmonary hypertension and right ventricular hypertrophy [35]. They
demonstrated that W. somnifera, administered for 5 weeks in doses of 50 and 100 mg/kg,
alleviates oxidative stress (more effectively at higher concentrations) by reducing ROS levels.
This is achieved through an enhancement in endogenous antioxidant enzymes such as SOD,
thereby improving the function of the pulmonary vascular endothelium [35]. Moreover,
the effects of Ashwagandha have been associated with an increase in eNOS expression in
the lungs of rats, which elevates NO levels and exhibits vasodilatory, antiproliferative, and
apoptosis-inducing effects [35]. The results of this study also outlined the anti-inflammatory
role of Ashwagandha extract, as the plant’s action resulted in a decrease in the level of
expression of pro-inflammatory cytokines TNF-α and NF-κB and an increase in the level of
the anti-inflammatory cytokine interleukin-10 (IL-10) [35].

However, not all research findings are consistent with the aforementioned data. For
instance, in the study by Kim et al., AGS human gastric epithelial cell lines infected
with Helicobacter pylori were examined for, among others, VEGF production and HIF-1α
levels in the absence or presence of one of the compounds of W. somnifera—withaferin A
(10–500 nM). The results showed that pre-treatment, as well as co-treatment with withaferin
A, did not inhibit the basal or H. pylori-induced VEGF production and did not affect HIF-1α
stabilization in gastric epithelial cells [36].

Additionally, not every component of W. somnifera exhibits the same effect on the
vascular endothelium. An example is the study by Chaudhary et al., which compared the
properties of withaferin A with its natural and structurally similar analog—2,3-dihydro-3β-
methoxy-withaferin A (3βmWi-A). This study demonstrated that in cancer cells, withaferin
A reduced the level of VEGF, whereas 3βmWi-A did not have this property. Thereby, the
authors of the study suggested that 3βmWi-A does not exhibit anti-metastatic potential [37].

In the studies discussed in this chapter, W. somnifera was mainly used as a standalone
therapeutic agent, so it can be ruled out that the results were due to a more complex
treatment regimen. Despite the promising research results, the referenced studies show
that to assess the role and effects of W. somnifera, it is essential to conduct more studies
that would provide a definitive position on the impact of Ashwagandha on the vascular
endothelium. Most of the conducted studies are in vitro or in vivo in rats. There is a lack of
typical clinical trials that would allow for the prediction of clinical applications in specific
human diseases associated with vascular endothelial dysfunction.

In summary, W. somnifera exerts multiple effects on the vascular endothelium. By
inhibiting VEGF, preventing NF-κB activation, modulating NO production, inducing
antioxidant enzymes like HO-1, SOD, and GPx, and reducing ROS levels, it demonstrates
anti-angiogenic, vasodilatory, and anti-inflammatory properties. These findings suggest
that Ashwagandha may enhance vascular endothelial function, potentially expanding its
medical applications by leveraging its mentioned properties. Table 1 shows a summary of
the research discussed in this chapter.
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Table 1. Summary of reviewed research.

Authors Subject of Study Dose Results

Kaur et al. (2015)
[35]

MCT-challenged rats with PH
(pulmonary hypertension)

W. somnifera root powder
(50 and 100 mg/kg/d, p.o.)

↓ RVP, ↓ RVH;
↑ TUNEL-positive cells, ↓

procaspase-3;
↑ IL-10, ↓ TNF-α, ↓ NF-κB;

↑ eNOS, ↓ HIF-1α

Khalil et al. (2015)
[34] Wistar albino rats (n = 40) WSLEt (100 mg/kg) for 4 weeks

↓ heart weight, ↓ cTnI;
↓ TC, ↓ TGs, ↓ VLDL-C, ↑ HDL-C;
↑ SOD, ↑ GRx, ↑ GPx, ↑ GST, ↓

LPO;
↓ inflammatory cells

Iuvone et al. (2003)
[31]

The monocyte/macrophage cell
line J774 WS (1–256 μg/mL)

↑ NO;
↓ NO synthase inhibitor L-NAME;
↓ TLCK—an inhibitor of NF-κB

activation

Mathur et al. (2006)
[19]

Chick-chorioallantoic membrane
(CAM) with VEGF

2.5, 5, and 10 ng of WS root
extract and fractions

↓ mean microvessel density;
↓ MVD

Subcutaneous implantation of gel
foam sponges with VEGF in male

Swiss albino mice
(25–35 g)

100 ng of WS root extract and
fractions

Mohan et al. (2004)
[26]

Human umbilical vein endothelial
cells induced by FGF-2

5, 10, and 50 μg/mL of WS
fractions; 24 h of coincubation ↓ sprouting index

Human umbilical vein endothelial
cells stimulated with TNF-α

0.2, 1, and 5 μM of withaferin A;
30 min of treatment + 20 min of

TNF-α coincubation

↓ TNF-α-induced NF-κB
activation;

↑ polyubiquitinated proteins

Bargagna-Mohan
et al. (2006)

[27]

Human choroidal endothelial
cells and human umbilical vein

endothelial cells, both stimulated
with TNF-α

0.25, 0.5, and 1 μM of withanolide
D; 30 min of treatment + 20 min of

TNF-α coincubation

↑ IκBα;
↑ ubiquitinated species

Human choroidal endothelial
cells and human umbilical vein

endothelial cells, both stimulated
with VEGF

0.5, 1, and 2 μM of withaferin A;
12 h ↑ HO-1

Pathak et al. (2017)
[29]

Transverse aortic rings (4 mm) of
10-week-old male Wistar rats

(250 g)

0.1–100 μg/mL of standardized
WS root extract (NM) and
0.1–100 μg/mL of marker
compound withanolide A

↑ vasorelaxation

Human endothelial cell line
EA.hy926

3 h of treatment with
0.5–100 μg/mL of NM and

0.5–50 μg/mL of withanolide A

↑ NO;
↑ eNOS

Kim et al. (2015)
[36]

AGS cells infected with H. pylori
in the absence or presence of
withaferin A (pre-treated and

co-treated)

10–500 nM of withaferin A; 24 h
of experiment ↔ VEGF

Chaudhary et al. (2019)
[37]

AGS cells pre-treated with
withaferin A and infected with

H. pylori
Osteosarcoma cell lines treated

with WA and 3βmWi-A

500 nM of withaferin A; 6 h of
experiment;

0.3 and 0.6 μM of withaferin A
and 3βmWi-A for 48 h

↔ HIF-1α;
↓ VEGF (for withaferin A);
↑ VEGF (for 3βmWi-A)

Note: ↓ reduction, ↑ increase, and ↔ irrelevant; abbreviations: RVP—right ventricle pressure; RVH—right
ventricle hypertrophy; cTnI—cardiac troponin I; TC—total cholesterol; TGs—triglycerides; HDL-C—high-density
lipoprotein cholesterol; VLDL-C—very-low-density lipoprotein cholesterol; TLCK—trypsin-like serine protease
inhibitor; MVD—mitral valve disease; WS—W. somnifera.

3. Inflammation

Chronic inflammation underlies various diseases, including cardiovascular disorders,
neurodegenerative conditions, and immune dysfunctions. Also aging, despite the lack of
coexistence of diseases, is now considered to be the result of low-grade inflammation. The
term “inflammaging” was created, describing the deteriorating organ dysfunction with
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age [38]. Key pro-inflammatory cytokines like TNF-α and interleukin-1 (IL-1) exacerbate
these conditions, while anti-inflammatory cytokines such as IL-10 and transforming growth
factor beta (TGF-β) provide a counterbalance [39].

The influence of the external environment, as well as internal processes such as
telomere attrition and genome alterations, are factors that modulate inflammation and
aging [40]. A wide range of studies have shown that extracts of W. somnifera have many
properties which modulate multiple pathways of the immune system in rats [41], cats [42],
and humans [43].

Immunoglobulin E (IgE) recognizes the foreign antigen and informs mast cells and ba-
sophils about it. Subsequent exposure to the same antigen induces a type 2 allergic reaction
aimed at activating T helper 2 (Th2) and B lymphocytes and consecutively producing IgE,
group 2 innate lymphoid cells (ILC2), eosinophils, and elevated Th2 cytokines—interleukins
(IL-4, IL-5, IL-13) [44]. Clinical symptoms of an excessively activated immune system in
this pathway include asthma, skin rash, excessive mucus production, and pollen or food
allergies. W. somnifera has properties that attenuate type 2 allergic reactions by a reduction
in cytokines IL-4, IL-13, TNF-α, and IgE [45,46].

Many of the substances contained in Ashwagandha extract have immunomodulatory
effects [47]. Withanolides, which are steroid derivatives, influence the hypothalamic–
pituitary–adrenal (HPA) axis. Lopresti et al. carried out a double-blind randomized con-
trolled trial (RCT) in which patients took a 240 mg extract of W. somnifera with 84 mg of with-
anolide glycosides. They showed a reduction in morning cortisol and dehydroepiandros-
terone (DHEA) after 15 days of use. Clinically, this was reflected in improved mood and
reduced anxiety, which was measured using the HAM-A (Hamilton Anxiety Rating Scale)
and DASS-21 (Depression Anxiety Stress Scale-21) compared to the placebo group [48]. A
reduction in cortisol levels, as well as stress as measured using the Perceived Stress Scale
(PSS) and HAM-A depending on the dose of W. somnifera extract, was shown in an 8-week
study by Salve J. et al. The researchers divided the participants into groups: the first group
was given a placebo, the second 250 mg, and the third a 600 mg extract of Ashwagandha.
An improvement in emotional state and a reduction in cortisol levels were seen in both
groups receiving the root extract, but the higher dose had a better effect [49].

On the one hand, withanolides diminish the level of cortisol, which has an anti-
inflammatory effect, and on the other hand, selectively block cyclooxygenase-2 (COX2) and
inhibit lipopolysaccharide (LPS)-induced inflammation [50]. Withaferin A inhibits NF-κB,
activator protein 1 (AP1), and alpha-2 macroglobulin [51]. Withaferin A in combination
with withanolide E can silence the proliferation of B and T lymphocytes and affect the
recognition of antigens [26]. The modulation of T lymphocyte activity is based on the effect
of withaferin on blocking the activity of Zap70 kinase. The potential advantage could be
the prevention of autoimmune-mediated pathologies [52].

Singh et al. showed that the extract from W. somnifera root in add-on therapy influ-
ences the improvement in forced expiratory volume in one second—FEV1% (increased by
14.36% after 12 weeks of therapy); quality of life; and exercise tolerance in GOLD 2 and
3 categories of chronic obstructive pulmonary disease (COPD) patients. It was proved
that withanolides are the most potent in inhibiting the activity of angiotensin-converting
enzyme 2 (ACE2), myeloperoxidase (MPO), and interleukin-6 (IL-6), which significantly
enhances lung function. Simultaneous anti-inflammatory and free radical lowering effects
alleviate obstructive symptoms [53].
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The adaptogenic function of W. somnifera was proved in influencing transcription
RNA, resulting in the regulation of cellular metabolism and the maintenance of homeosta-
sis. Advanced glycation end products (AGEs) are secreted by microglia, and they are a
marker of aging and degenerative processes in the brain. They induce iNOS expression
and bind to RAGE in neurons, which leads to cells damage and apoptosis. AGEs cause
the augmentation of the formation of the amyloid-beta precursor protein (APP) and its
derivative amyloid-beta Aβ and tau protein. They create toxins for neuron oligomers. Aβ

similarly to AGEs binds to RAGE and activates the extracellular-signal-regulated kinase
(ERK) 1/2 pathway and further NF-κB. The effect of this is an increase in the expression of
COX2, interleukin-1β (IL-1β), or iNOS. All these factors intensify neuroinflammation [54].
The ability of Ashwagandha to inhibit at a transcriptional level the biosynthesis of Aβ and
IL-1β leads to the suppression of neurodegeneration [55].

Panossian et al. proved the ability of W. somnifera to downregulate the expression
of arachidonate 12-lipoxygenase (ALOX12), leukotriene C4 synthase, and dipeptidase 2
(DPEP2) genes in human neuroglia cells. This leads to the inhibition of neuroinflammation
and neurodegeneration [56].

Extended inflammation contributes to chronic organ dysfunction. Cytokines circu-
lating in the blood and those synthesized by the epithelium of the renal tubes make the
kidneys extremely sensitive to inflammation. In the kidneys, angiotensin II and TNFα
stimulate the signaling pathway of NF-κB [57,58]. The result is the increased expression of
genes C-C Motif Chemokine Ligand 2 (CCL2) and C-C Motif Chemokine Ligand 5 (CCL5)
and further renal fibrosis. The progressive remodeling of kidneys by increasing fibrosis
leads to their loss of function. W. somnifera by the downregulation of TNF-α, CCL2, and
CCL5 protects the kidneys. A study of the effects of various herbal extracts on rat kidney
NRK-52E cells showed that a formulation containing 250 mg of Ashwagandha (including
2.5% withanolides) at a dilution of 1:100 after 24 h of incubation prevents TNF-α- and
LPS-induced CCL5 gene expression [59].

The anti-inflammatory and antioxidant properties of Ashwagandha were proven
in the liver. W. somnifera extract rich in the withanolide fraction reduces the expres-
sion of COX-2, iNOS, IL-1β, and TNFα. This was proved by Devkar et al. in a study
with acetaminophen-treated rats. The hepatoprotective effect of the withanolide-rich ex-
tract was significant and dose-dependent. The doses used in the study were 50 mg/kg,
100 mg/kg, and 200 mg/kg. The downregulation of TNF-α and IL-1β mRNA expression
in a dose-dependent manner was observed. iNOS and COX-2 mRNA expressions were
reduced only when a 200 mg/kg dose was used [60].

Kaileh et al. in their study focused on the discovery of the mechanisms of action of
Ashwagandha and showed using cell cultures (murine fibrosarcoma cells, human kidney
cells, IKK-α- and IKK-β-deficient mouse embryonic fibroblasts, cervix cancer cells, human
breast cancer cells) that the pre-treatment of the leaf extract of W. somnifera blocks the TNF
effect by the inhibition of the IκB kinase (IKK) complex. The task of IKK is to phosphorylate
IκB inhibitor proteins, under the influence of pro-inflammatory factors, and then release
NF-κB. The blockade of this reaction by Ashwagandha prevents NF-κB from entering the
cell nucleus and attaching to DNA [61].

An indispensable element of the human organism’s homeostasis is coping with harm-
ful external factors, inflammation, destructive processes, or aging. W. somnifera is an
adaptogen that helps to adjust and survive the negative effects of damage at the gene
expression level. Improving the functioning of the cells, and secondarily of organs, inhibits
the effects of aging and extends life. Table 2 shows a summary of the research discussed in
this chapter.
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Table 2. Summary of reviewed research.

Authors Subject of Study Dose Results

Lopresti et al. (2019)
[48] Stressed, healthy adults

240 mg of a standardized
Ashwagandha extract

(Shoden)

↓ morning serum cortisol and
↓ DHEA

Salve et al. (2019)
[49] Stressed healthy adults 250 mg and 600 mg of

Ashwagandha extract
↓ morning serum cortisol;

600 mg better effect

Fazil et al. (2021)
[52] T cells 0.3–1.25 μM withaferin A

Inhibition of the ZAP70 kinase
and retardation of T-cell

motility

Singh et al. 2022
[53]

COPD patients qualified as
GOLD 2 and 3 250 mg of WS root capsules ↓ ACE-2, ↓ MPO, and ↓ IL-6

Atluri et al. (2020)
[55] SH-APP cells 50 nM–1 μM of withaferin A ↓ Aβ, ↓ IL-1β, and ↓ NF-κB

Panossian et al. (2018)
[56] Cultivated neuroglial cells

WS (5.0 μg/mL)
corresponding dose in

humans 300 mg;
WSL (1.5 μg/mL)

corresponding dose in
humans 90 mg

↓ ALOX12, ↓ DPEP2, and ↓
leukotriene C4 synthetase

Grunz-Borgmann et al.
(2015)
[59]

Rat kidney NRK-52E cell line
450 mg of a standardized

extract containing a minimum
of 2.5% total withanolides

Inhibition of TNFα on CCL2
and CCL5 gene expression

Devkar et al. (2016)
[60] Male Swiss albino mice

50 mg/kg, 100 mg/kg, and
200 mg/kg of the
withanolide-rich

extract

Every dose: ↓ TNFα and ↓
IL-1β mRNA expression;
200 mg/kg: ↓ iNOS and ↓
COX-2 mRNA expression

Kaileh et al. (2007)
[61]

Murine fibrosarcoma L929sA
cells and human embryonic

kidney 293T cells,
IKK-α- and IKK-β-deficient

mouse embryonic fibroblasts
and cervix cancer cells (HeLa),

and MDA-MB-231 human
breast cancer cells

Withaferin A, withanolide A,
and

12-deoxywithastramonolide
(1 mg/mL)

↓ IL-6;
↓ NFκB B-driven gene

expression;
↑ AP1-driven gene expression;

↓ NFκB/DNA binding;
↓ NFκB translocation;

↓ TNF-induced
phosphorylation and
degradation of IκBα;

↓ TNF-induced IKKβ activity;
↑ induces the phosphorylation

of IKKβ through the
MEK/ERK Pathway

Note: ↓ reduction, ↑ increase; abbreviations: MEK/ERK—mitogen-activated protein kinase/extracellular-signal-
regulated kinase; WS—W. somnifera.

4. Lipid Metabolism Disorders

Lipid metabolism disorders encompass a range of conditions characterized by ab-
normalities in the body’s synthesis, breakdown, and transport of lipids. These disorders
can lead to elevated levels of cholesterol and triglycerides in the blood, contributing to
serious health issues such as cardiovascular disease, diabetes, and metabolic syndrome.
Common lipid metabolism disorders include hyperlipidemia, atherosclerosis, and obe-
sity [62,63]. Hyperlipidemia refers to elevated levels of lipids in the blood, which can
predispose individuals to atherosclerosis. In this condition, plaque builds up in the arterial
walls, leading to reduced blood flow and an increased risk of heart attacks and strokes [64].
Obesity, defined by excessive fat accumulation, further exacerbates these risks and is often
associated with insulin resistance and type 2 diabetes [65].
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The management of lipid metabolism disorders traditionally involves lifestyle modifi-
cations such as diet and exercise and, in many cases, pharmacological treatment. Examples
of substances used in treatment are statins or fibrates [64,66]. However, these treatments
may not be effective for all patients and sometimes can come with significant side effects.
This has spurred interest in complementary therapies, including the use of medicinal
plants. Among these, W. somnifera has emerged as a promising candidate due to its multiple
therapeutic properties.

A pivotal study identified anti-adipogenic withanolides from the root of W. somnifera,
demonstrating their ability to inhibit the differentiation of preadipocytes into adipocytes [10].
This anti-adipogenic effect is significant as it prevents the formation of new fat cells, playing
a crucial role in preventing and managing obesity—a major risk factor for lipid metabolism
disorders. In the study, they used 25 μM of withanolides [10]. Further research has shown
that W. somnifera extract can enhance energy expenditure by improving mitochondrial func-
tion in adipose tissue and skeletal muscle [67]. Enhanced mitochondrial activity leads to a
higher metabolic rate and increased energy expenditure, which helps reduce body fat and
improve lipid profiles. These findings underscore the herb’s potential in addressing metabolic
syndrome, often associated with lipid metabolism disorders.

Another study on Nile tilapia found that dietary supplementation with W. somnifera
improved the fish’s lipid profile and intestinal histomorphology [68]. Additionally, the
study observed a modulation of cytokine responses to Streptococcus iniae infection, suggest-
ing an overall enhancement in health and immune response. It is important to point out
that this research was performed on fish. However, the implications for human health are
still noteworthy, indicating that W. somnifera could also enhance human lipid metabolism
and immune function.

Withaferin A, a bioactive compound in Ashwagandha, modulated oxidative damage
by regulating inflammatory mediators and apoptosis through the phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) signaling pathway in high-cholesterol-induced
atherosclerosis in experimental rats [69]. By reducing oxidative stress and inflammation,
withaferin A helps to mitigate the progression of atherosclerosis and other lipid-related
disorders. This modulation of oxidative damage is crucial for the management of lipid
metabolism disorders, as oxidative stress and inflammation are key contributors to their
pathogenesis. In another significant study, withaferin A demonstrated protective effects
against high-fat-diet-induced obesity by attenuating oxidative stress, inflammation, and
insulin resistance [70]. This protective action is vital for preventing obesity and associated
lipid metabolism disorders. The attenuation of oxidative stress and inflammation, coupled
with improved insulin sensitivity, highlights the comprehensive benefits of W. somnifera in
managing high-fat-diet-related health issues.

Research on withanolide A, another compound from W. somnifera, showed cytopro-
tective effects against 7-ketocholesterol-induced cytotoxicity in human brain endothelial
cells [71]. This protection is essential for maintaining brain health, especially in conditions
where lipid metabolism disorders might lead to neurological complications. By safeguard-
ing brain endothelial cells from lipid-induced damage, withanolide A supports overall
metabolic health and highlights the broad therapeutic potential of Ashwagandha.

A review of traditional knowledge and recent research findings has consolidated
evidence supporting the role of Ashwagandha in managing metabolic syndrome [72].
This review emphasizes the herb’s efficacy in improving various metabolic parameters,
including lipid metabolism, offering a holistic approach to treating metabolic disorders.
The integration of traditional knowledge with contemporary scientific research can pave
the way for novel therapeutic strategies. Additionally, new anti-adipogenic withanolides,
such as withasomniferol D, have been identified from the root of Ashwagandha [73]. These
newly discovered compounds expand the potential therapeutic applications of W. somnifera
in lipid metabolism disorders, presenting new opportunities for research and development.
The study investigated withanolides at a concentration of 25 μM.
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Lastly, an in vitro study demonstrated the hypolipidemic effects of Ashwagandha and
Arjuna, showing a significant reduction in lipid levels [74]. This supports the traditional use
of these herbs in managing hyperlipidemia and underscores the importance of integrating
traditional practices with modern scientific validation.

The accumulating evidence highlights W. somnifera’s multifaceted role in managing
lipid metabolism disorders. Its anti-adipogenic properties, enhancement in energy expen-
diture, improvement in lipid profiles, and protective effects against oxidative stress and
inflammation make it a promising candidate for further research and clinical application.
Integrating traditional knowledge with modern scientific insights can foster the develop-
ment of innovative therapeutic strategies for lipid metabolism disorders, offering hope
for improved management and better health outcomes. Unfortunately, there is a lack of
data on clinical trials testing the potential use of W. somnifera in diseases related to lipid
metabolism, which should be taken into consideration when using extracts of this plant to
improve the organism’s lipid metabolism.

5. Cardiovascular Outcomes

According to the WHO (World Health Organization), cardiovascular diseases are
the leading cause of death worldwide—they cause about 17.9 deaths each year [75]. The
challenge this poses to the world keeps us looking for ways to reduce this statistic.

It is already a well-known fact that blood pressure (BP) is closely related to cardiovas-
cular risk and also to renal function, organs of vision, or endothelial epithelium damage,
as we mentioned before in this article [76–78]. Therefore, the limit of normal values of BP
was determined to be able to start the treatment of hypertension early enough to prevent
the consequences caused by its too-high values and to reduce the cardiovascular risk. We
decided to review the articles to find out whether W. somnifera becoming more and more
popular and its active compounds could be used in hypertension treatment and how its
properties relate to cardiovascular risk. Does it have any potential?

First, it is important to raise the issue that several studies confirm the anti-anxiety and
anti-stress effects of Ashwagandha [79–83]. It is known that prolonged stress is related to
hypertension development and thus bears the risk of cardiovascular events [84,85]. The
question is as follows: could we draw such a far-reaching conclusion that Ashwagandha,
by reducing stress, has a long-term protective effect on vessels and blood pressure and can
reduce cardiovascular risk?

In a randomized, double-blind, placebo-controlled trial scientists investigated the
efficacy and safety of Ashwagandha root extract in adults experiencing high stress and
fatigue. The authors divided 120 overweight or mildly obese women and men feeling
stressed and fatigued into two groups—60 of them received the placebo, and the remaining
60 received 200 mg of W. somnifera root extract standardized to 1.5% total withanolides,
twice daily, for 12 weeks [79]. It turned out that despite a reduction in perceived stress over
time, Ashwagandha did not significantly affect the blood pressure among responders.

Our question is, since the effects of hypertension occur in the long term, should the
trial and observation not take longer? In fact, should we not address how long-term stress
reduction from W. somnifera extract supplementation affects the overall cardiovascular risk?

The results of this study seem to be similar to those of another, in which 40 males
and 40 females took 300 mg of Ashwagandha or placebo, for 8 weeks, twice daily, orally.
According to the scientists, there were no significant changes between these two groups
when it comes to body weight, body temperature, pulse rate, respiratory rate, and most
interesting to us—systolic (SBP) and diastolic (DBP) BP. The measurements were collected
at the baseline and after 8 weeks of supplementation. So, another study does not confirm
the effect of Ashwagandha on BP nor on factors related to cardiovascular risk, such as
weight [86].

However, existing research suggests that Ashwagandha may influence BP. In a further
study, researchers investigated the effect of W. somnifera on a group of 51 people with
hypertension. The first group received 2 g of Ashwagandha root powder with milk, and the
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second group received the same substance but with water. Before supplementation, in both
groups, the mean SBP was, respectively, 164 mmHg and 157 mmHg, and after supplemen-
tation, this decreased to 158 mmHg in the first group and 154 mmHg in the second group.
The difference was not significant. Surprisingly, the mean DBP after supplementation with
Ashwagandha root extract decreased in the first group from 100.5 mmHg to 85 mmHg and
in the second from 101.2 mmHg to 92 mmHg [87]. It seems that the hypotensive effect after
W. somnifera supplementation is significant and more visible when it comes to DBP than
SBP. Moreover, Ashwagandha root extract supplemented with milk is more effective in
decreasing BP in comparison to its supplementation with water. To explain the effect of
W. somnifera action, the authors refer to other studies. They propose that this contributes
to reducing stress by W. somnifera, which in turn decreases activating HPA and oxidative
stress, having a cardioprotective function in this way [87]. Regarding this, we maintain our
earlier consideration that there may be a correlation between the stress-reducing effects of
Ashwagandha and a potential reduced risk of developing cardiovascular disease, but this
requires further research.

The above-mentioned results are quite different to the conclusions from another random-
ized, controlled, parallel-group, single-blinded study, where a group of healthy college-going
young adults between 18 and 25 years old were supplemented with 500 mg capsules of
W. somnifera extract, once daily, for 8 weeks [88]. According to the authors, in the present
study, after the administration of Ashwagandha, the maximum oxygen consumption capacity
increased by 6.8% at a moderate intensity, but no significant change was observed in the
balance and resting BP. What is interesting in the same study was another study group in
which participants were supplemented with Terminalia arjuna—it seems that this plant is
effective in resting SBP reduction, but what is more, the biggest resting SBP reduction was
observed in a group supplemented simultaneously with W. somnifera and Terminalia arjuna
extract [88]. Unfortunately, a few limitations can be noted—the authors did not describe the
used dosage of extracts, and more research is needed to investigate which active substances
cause these effects. Are these substances contained in Terminalia arjuna, or in W. somnifera?
Maybe the active substances from both of these plants interact and thus lower BP?

The studies discussed above show that Ashwagandha’s effect on BP is questionable,
and more research should be conducted to find out how it actually works in this area.
Based on the current state of knowledge, we must conclude that W. somnifera’s effect on BP
is doubtful. More research is needed.

Undeterred by these findings, we went a step further to find out if W. somnifera could
be used in patients with the lethal manifestation of cardiovascular disease which my-
ocardial infarction potentially is. It turns out that in isoprenaline (synthetic, cardiotoxic
catecholamine)-induced myocardial infarction (MI) in rats, Ashwagandha gives cardio-
protective effects. The authors investigated how the markers of myocardial damage were
changing under the influence of Ashwagandha administration [89]. For a better assess-
ment, they take into account the correlation between biochemical parameters (such as lipid
peroxidation product malondialdehyde, endogenous antioxidants such as glutathione,
antioxidant enzymes superoxide dismutase, catalase, and glutathione peroxidase, and
myocardial enzymes creatinine phosphokinase and lactate dehydrogenase), functional pa-
rameters (such as mean arterial pressure, heart rate, left ventricular peak positive pressure
change, left ventricular rate of peak negative pressure change, and elevated left ventricular
end-diastolic pressure), and histopathological parameters in the examined hearts. It turns
out that isoprenaline-induced MI caused a significant decrease in antioxidant enzymes.
Interestingly, in the group treated with W. somnifera, the level of some antioxidant enzymes
increased [89]. These data indicate that Ashwagandha has a protective effect on the my-
ocardium by counteracting the destructive oxidative stress induced by ischemia. However,
when it comes to hemodynamic parameters, as in previous studies, Ashwagandha did not
improve blood pressure recordings significantly as compared to the isoprenaline control
group. It also had no influence on the heart rate, but it has to be mentioned that it reduced
the left ventricular end-diastolic pressure, and the myocardial relaxation (left ventricular
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pressure decline) was notably restored as compared to the isoprenaline control. It also
improved contractility. The effects were dose-dependent.

Finishing, the authors referred to histopathological parameters and remarked that
Ashwagandha did not significantly prevent myofiber loss but significantly prevented
myonecrosis, as indicated by a significant reduction in the infiltration of inflammatory cells
and vascular changes as well as edema as compared to the isoprenaline control group [89].

To consolidate the above knowledge, we will refer to the next study, which confirms
the cardioprotective effect of W. somnifera. The authors divided rats into three groups—a
saline control group (sham group) and an ischemia and reperfusion group (control group)
where on the 31st day rats were given 45 min of left anterior descending (LAD) coronary
artery ligation and 60 min of reperfusion-induced myocardial injury [90]. In the last group,
the rats were administered Ashwagandha extract in a dose of 50 mg/kg, for 30 days, as an
independent treatment of ischemia. On the 31st day, these rats were also given 45 min of
LAD coronary artery ligation and 60 min of reperfusion-induced myocardial injury. The
conclusion was drawn that W. somnifera significantly reduced lipid peroxidation expressed
by a significant reduction in thiobarbituric acid reactive substance (TBARS) levels and
restored the creatinine phosphokinase (CPK) in comparison to the control group. When
it comes to the histological results, in a sham group, the myocardium had an organized
pattern as a normal architecture. In rat hearts subjected to ischemia and reperfusion, the
authors observed edema, myonecrosis, inflammation, and myofiber loss. In contrast to
this, in a group of pre-treated Ashwagandha rats subjected to ischemia and reperfusion,
the occasional focal myofiber loss, necrosis, edema, and inflammation were significantly
less as compared to the control group. To summarize the immunohistochemical results,
it has to be distinguished that in the Ashwagandha-treated group, the Bax (proapoptotic
protein) expression was attenuated in comparison to in the control group (the results of
which, in turn, showed an increase in Bax expression compared to the sham group), which
suggests that W. somnifera may inhibit the apoptosis in injured myocardium. Pre-treatment
with Ashwagandha was also associated with greater Bcl-2 expression, which is in turn an
anti-apoptotic protein, in comparison to the control group [90].

The results from extensive studies present that W. somnifera shows cardioprotective
effects due to its antioxidant properties and reduced ischemic/reperfusion-provoked apop-
tosis, which was confirmed biochemically, histologically, and immunohistochemically.

Another study examined the effect of Ashwagandha on ischemic/reperfused myocytes
(MI/R). The subject of the research was primary neonatal cardiomyocytes (NRVMs) isolated
from 1- to 2-day-old Sprague Dawley rats administered withaferin A. The apoptotic death was
induced by simulated ischemia/reperfusion (SI/R) and hydrogen peroxide (H2O2) exposure
(as a model of oxidative stress). The administration of withaferin A in cells under stress
conditions—both SI/R and H2O2 exposure—caused increased lactate dehydrogenase (LDH)
release (as an intracellular enzyme and marker of cell breakdown and apoptosis). When it
comes to the molecular mechanism, the authors propose that withaferin A modulates oxidative
stress/apoptosis by inducing Akt expression, which is a kinase upregulating peroxiredoxins
(Prdx-1), and SOD2 and SOD3 enzymes involved in antioxidant signaling pathways. This
study allows major conclusions to be drawn—oxidative stress is the cause of cell death as a
result of ischemia and reperfusion, which can be prevented by administering withaferin A
which modulates antioxidant processes [91].

It is also worth mentioning a study examining the influence of withaferin A on
MI/R injury in wild-type and AMP-activated protein kinase domain-negative (AMPK-
DN) gene transgenic mice with reduced infarct size and improved cardiac function. The
authors believe that the mechanism behind this effect is the decreased activation of caspase
9 (involved in an intrinsic apoptotic way), upregulating AMP-activated protein kinase
(AMPK) phosphorylation and increasing the MI/R-inhibited ratio of Bcl2/Bax. It turned
out that in AMPK-DN gene transgenic mice, withaferin A administration did not reduce
cardiac dysfunction and infarct size nor did it restore the Bcl2/Bax ratio, which only proves
that the cardioprotective mechanism of this substance’s action in the ischemic myocardium
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is based on the upregulation of the anti-apoptotic mitochondrial pathway in an AMPK-
dependent manner [12].

These studies proved that Ashwagandha and its active compounds via its upregulation
of the anti-apoptotic mitochondrial pathway and antioxidative action play a cardiopro-
tective role. It cannot be ignored that withaferin A is more effective in the case of smaller
doses in both of the research works.

In the studies discussed above, the perceived limitations include the lack of descrip-
tions of the active substances responsible for specific effects, the lack of standardization
of doses, and the limited number of clinical trials conducted on the protective effects of
Ashwagandha on the cardiovascular system. It seems that W. somnifera may have potential
cardioprotective properties, but more research is needed to clarify the mechanisms of its
action and the reasons for the discrepancies in the above-described studies. Table 3 shows
a summary of the research discussed in this chapter.

Table 3. Summary of reviewed research.

Authors Subject of Study Dose Results

Smith et al. (2023)
[79]

120 overweight or mildly obese
women and men

200 mg of WS root extract
standardized to 1.5% total

withanolides, twice daily, for 12 weeks

↓ stress;
No significant change in BP

Verma et al. (2021)
[86]

Randomized, double-blind,
placebo-controlled, and parallel-group

study; 80 healthy participants

Ashwagandha root extract 300 mg for
8 weeks

No AE reported;
↔ BW, BP;

↔ ALT, AST, ALP;
↔ TSH, fT3, fT4

Kushwaha et al. (2012)
[87]

51 stress-oriented hypertensive
subjects in the age group of 40 to

70 years old

2 g Ashwagandha root powder, orally,
for 91 days (with milk or with water)

↔ BMI;
↔ SBP;
↓ DBP

Sandhu et al. (2010)
[88]

Healthy college-going young adults
between 18 and 25 years old

500 mg capsules of WS extract (no
information about used dosage in
capsules) once daily, for 8 weeks

↑ maximum oxygen consumption
capacity at moderate intensity;

No significant change was observed in
balance and resting BP;

↓ resting SBP when supplemented
simultaneously with WS and Terminalia

arjuna extract

Mohanty et al. (2004)
[89] Wistar albino male rats 25, 50, and 100 mg/kg orally for

4 weeks

↑ glutathione (50 and 100 mg/kg);
↑ antioxidant enzyme glutathione

peroxidase;
↑ superoxide dismutase;
↑ lactate dehydrogenase;

↑ creatinine phosphokinase;
↔ blood pressure;

↓ left ventricular end-diastolic
pressure;

↑ myocardial relaxation (left
ventricular pressure decline);
↑ contractility (50 mg/kg);
↓ myonecrosis and ↓ edema

Mohanty et al. (2008)
[90] Adult male Wistar rats Hydro-alcoholic extract of WS (50

mg/kg) orally, for 30 days

↑ GSH, ↓ TBARS, ↑ CPK;
↓ Bax protein, ↑ Bcl-2;
↓ TUNEL-positive cells

Langade et al. (2019)
[83]

Randomized, double-blind,
placebo-controlled study of 60 patients

with insomnia
Ashwagandha root extract, 300 mg

↓ SOL, ↓ WASO;
↑ TST, ↑ TIB, ↑ SE;

↓ PSQI;
↓ HAM-A

Yan et al. (2018)
[91]

Primary neonatal cardiomyocytes
(NRVMs) were isolated from 1- to

2-day-old Sprague Dawley rats;
8–10-week-old wild-type mice

fWFA (0 nM, 100 nM, 1000 nM)

↓ apoptotic cell death;
↑ HO-1, ↑ Prdx-1, ↑ SOD-2 (via

activation of Akt pathway);
↓ ROS

Guo et al. (2019)
[12]

Adult male wild-type (WT) mice and
adult male AMPK-DN mice [dominant

negative α2-subunit (D157A)
of AMPK]

Low-dose (1 mg/kg) or high-dose
(5 mg/kg) WFA

(1 mg/kg) ↑ LVEF, ↑ dP/dtmax and
dP/dtmin, ↓ infarct size;

(5 mg/kg) ↓ dP/dtmax and dP/dtmin
(both) ↓ TUNEL staining, ↓ caspase-3

activity;
↑ Bcl2, ↓ Bcl2/ Bax;

↑ AMPK

Note: ↓ reduction, ↑ increase, and ↔ irrelevant; abbreviations: BW—body weight; ALT—alanine transaminase;
AST—aspartate transaminase; ALP—alkaline phosphatase; TSH—thyroid-stimulating hormone; fT3—free tri-
iodothyronine; fT4—free thyroxine; SOL—sleep onset latency; WASO—wage after sleep onset; TST—total sleep
time; TIB—total time in bed; SE—sleep efficiency; PSQI—Pittsburgh Sleep Quality Index; LVEF—left ventricular
ejection fraction; GSH—glutathione; WS—W. somnifera.

17



Nutrients 2024, 16, 2481

6. Limitations

Despite the promising results of the studies discussed in the chapters above, there are
several limitations worth considering. Data from large clinical trials examining Ashwa-
gandha as a medicine are still lacking. It seems reasonable to ask whether Ashwagandha
extracts can be used as a standalone treatment for a specific condition or rather as a com-
plementary therapy—an adjuvant to conventional treatment. It is also worth mentioning
that most preparations with this plant extract are dietary supplements, which is associated
with an easier registration procedure for such products [92].

Ashwagandha root extract is widely regarded as safe and well tolerated [48,86]. On
the other hand, it is important to note that plant extracts can have many side effects
and contraindications [93]. Recent studies have shown that Ashwagandha is a factor in
herbal-induced liver injury (HILI). Ashwagandha-induced HILI manifests as cholestatic
hepatitis. In addition, it can lead to acute and chronic liver failure syndrome, which
is associated with a high mortality rate. There is an increased risk in people with pre-
existing liver disease [94]. In patients with hyperthyroidism, W. somnifera extracts can
cause symptoms such as irritability, restlessness, nervousness, hand tremors, palpitations,
psychomotor agitation, muscle fatigue, and reduced libido [3]. Due to the enhancement in
testosterone production by Ashwagandha, men with hormone-sensitive prostate cancer
should avoid its use, as it intensifies the progression of the disease [7]. Furthermore, for
women planning pregnancies, the use of higher doses of W. somnifera root extract can
cause miscarriages [7]. Moreover, Ashwagandha has additive effects with anticonvulsants,
anti-anxiety medications, and antidepressants, which may lead to a dangerous increase in
their side effects [95]. Therefore, despite the relative safety of this plant preparation, it is
important to educate patients and medical staff whenever such products are recommended.
Importantly, patients’ self-administration of Ashwagandha runs the risk of not controlling
other therapies they receive [3].

Another important issue regarding W. somnifera is the standardization of the raw
material and the assessment of the bioavailability of the active substances from these
preparations [3]. The studies discussed above often lacked the standardization of the
extracts to a specific content of active substances; hence, the interpretation of the results
and comparison between studies are challenging. Some studies have shown that the active
compounds contained in Ashwagandha extracts, e.g., withaferin A, have low bioavailability.
This fact results in a lower therapeutic effect caused by these substances. Therefore, an
important issue seems to be the development of an appropriate formulation of potential
drugs, which poses a major challenge for subsequent researchers [3,96]. An additional
challenge is that W. somnifera is a plant consisting of various components with differing
properties. This creates a broad scope for further research in this area to enable the use of
W. somnifera for disease prevention or treatment.

7. Conclusions

This review of the research presented above shows the wide range of effects of Ashwa-
gandha extract on metabolism. Several substances in it (alkaloids, steroids, and probably
the most important withanolides) influence various metabolic pathways, thus causing
various effects and possibly modifying the course of diseases.

Ashwagandha has a broad effect on the endothelium. It shows an anti-angiogenic
impact by inhibiting VEGF-induced capillary sprouting and formation by lowering the
mean microvessel density. Also, it causes a significant increase in NO production and
alleviates oxidative stress by reducing reactive oxygen species levels.

The text above discusses research on the multidirectional impact of W. somnifera on the
immune system, producing an anti-inflammatory effect. Ashwagandha has properties that
attenuate type 2 allergic reactions by a reduction in cytokines IL-4, IL-13, TNF-α, and IgE,
reduction in cortisol levels, as well as stress, the selective blocking of COX2 and inhibition of
LPS-induced inflammation, and the inhibition of the activity of ACE2, MPO, and IL-6. Anti-
inflammatory and antioxidant properties were proven in the liver and kidney. Additionally,

18



Nutrients 2024, 16, 2481

the adaptogenic function of W. somnifera was proved to influence transcription RNA, resulting
in the regulation of cellular metabolism and maintenance of homeostasis.

Ashwagandha extract also affects lipid metabolism. It inhibits the differentiation of
preadipocytes into adipocytes, can enhance energy expenditure by improving mitochon-
drial function in adipose tissue and skeletal muscle, and shows a significant reduction in
lipid levels.

These results suggest that Ashwagandha has many benefits. By exhibiting the above-
mentioned effects, this plant can be expected to have a major impact on cardiovascular
disease and thus improve cardiovascular outcomes. However, the implications for human
health are still noteworthy. There are discrepancies in the scientific research performed.

On the one hand, Ashwagandha did not affect significantly blood pressure. The effect
on BP is questionable, and more research should be conducted. There is no significant
effect on body weight, body temperature, pulse rate, or respiratory rate. On the other
hand, Ashwagandha has a protective effect on the myocardium by counteracting the
destructive oxidative stress induced by ischemia. Cardioprotective effects (due to its
antioxidant properties and reduced ischemic/reperfusion-provoked apoptosis) have been
biochemically, histologically, and immunohistochemically proven.

It seems that W. somnifera may have potential mainly anti-inflammatory effects and hence
cardioprotective, immunomodulatory, neuroprotective, hepatoprotective, anti-diabetic, adapto-
genic, anti-arthritic, and anti-stress effects, but it is still unknown to what extent it has a real
impact on the course of diseases. More research is needed to explain the mechanism of action
of the substances contained in Ashwagandha to clarify the reasons for the discrepancies in the
above-described studies and, most importantly, what real impact they have on patients’ health.
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Abstract: Background: Dysregulated cellular metabolism is known to be associated with drug
resistance in cancer treatment. Methods: In this study, we investigated the impact of cellular
adaptation to lactic acidosis on intracellular energy metabolism and sensitivity to docetaxel in
prostate carcinoma (PC) cells. The effects of curcumin and the role of hexokinase 2 (HK2) in this
process were also examined. Results: PC-3AcT and DU145AcT cells that preadapted to lactic acid
displayed increased growth behavior, increased dependence on glycolysis, and reduced sensitivity to
docetaxel compared to parental PC-3 and DU145 cells. Molecular analyses revealed activation of the
c-Raf/MEK/ERK pathway, upregulation of cyclin D1, cyclin B1, and p-cdc2Thr161, and increased
levels and activities of key regulatory enzymes in glycolysis, including HK2, in lactate-acclimated
cells. HK2 knockdown resulted in decreased cell growth and glycolytic activity, decreased levels
of complexes I–V in the mitochondrial electron transport chain, loss of mitochondrial membrane
potential, and depletion of intracellular ATP, ultimately leading to cell death. In a xenograft animal
model, curcumin combined with docetaxel reduced tumor size and weight, induced downregulation
of glycolytic enzymes, and stimulated the upregulation of apoptotic and necroptotic proteins. This
was consistent with the in vitro results from 2D monolayer and 3D spheroid cultures, suggesting that
the efficacy of curcumin is not affected by docetaxel. Conclusions: Overall, our findings suggest that
metabolic plasticity through enhanced glycolysis observed in lactate-acclimated PC cells may be one
of the underlying causes of docetaxel resistance, and targeting glycolysis by curcumin may provide
potential for drug development that could improve treatment outcomes in PC patients.

Keywords: curcumin; glycolysis; lactic acid; prostate cancer cells; chemoresistance; apoptosis;
necroptosis

1. Introduction

Unlike normal cells, cancer cells tend to rely on the low energy yield of glycolysis
to make ATP, even when sufficient levels of oxygen are present [1]. Glycolysis produces
18 times less ATP than mitochondrial oxidation, but is 100 times faster than oxidative
phosphorylation, which may benefit cancer cells by providing them with greater energy [2].
Additionally, the provision of metabolic intermediates or precursors and NADPH generated
from glycolysis and hexose monophosphate shunts can promote rapid cell proliferation of
cancer cells and help maintain intracellular redox status, respectively [3].

High dependence on glycolysis can promote drug resistance, angiogenesis, and
metastatic behavior of cancer cells by releasing excess generated protons into the ex-
tracellular space and maintaining an alkaline intracellular pH and acidic extracellular
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pH [4]. Lactic acid is produced intracellularly as a result of high glycolysis. It is one of
the major metabolites that accumulates in the tumor microenvironment and causes acidi-
fication. Although excess lactic acid can also be utilized for energy provision, increased
lactate production and subsequent acidification of the tumor microenvironment (TME)
appear to promote several important malignant progressions, including angiogenesis,
tissue invasion/metastasis, and drug resistance [4]. Previous studies have demonstrated
that lactic acid levels in prostate cancer (PC) are closely related to cancer progression [5].
While healthy prostate cells produce ATP primarily through glucose oxidation even under
aerobic conditions, prostate cells undergoing neoplastic transformation or early-stage PC
use citric acid from the tricarboxylic acid cycle (TCA) cycle for oxidative phosphorylation.
At advanced stages, PC cells exhibit the glycolysis-dependent Warburg phenotype, thereby
increasing lactate production [6,7]. A systemic increase in lactate is associated with disease
recurrence and is known to have a poor prognosis for survival [8,9]. Therefore, targeting
the glycolytic pathway as a therapeutic strategy to combat cancer may provide an effective
approach for the development of new targeted anticancer drugs in cancers that exhibit a
prevalence of the glycolytic phenotype.

Docetaxel, a semisynthetic analog of the natural product paclitaxel, is the most widely
used chemotherapeutic drug for the treatment of metastatic castrate-resistant PC (mCRPC).
It preferentially binds to β-tubulin, altering cellular microtubule dynamics, thus leading to
cell cycle arrest and apoptosis [10]. Although it has transient efficacy, patients receiving
long-term treatment with docetaxel are known to exhibit drug resistance and systemic
cytotoxicity, limiting the clinical use of taxane-based chemotherapy in CRPC [11]. PC
cells are known to acquire resistance to docetaxel through tubulin alterations, enhanced
survival signaling pathways, decreased drug influx and increased drug efflux, altered
androgen receptor signaling, centrosome clustering, and cancer stem cells [11]. Recently,
there has been increasing evidence that metabolic reprogramming is involved in docetaxel
resistance in PC cells [12,13]. The Warburg effect is a type of metabolic reprogramming
characterized by increased glycolysis and consequently high lactate production. This
change not only allows cancer cells to adapt to various conditions of the TME by providing
them with sufficient energy and metabolic intermediates essential for rapid proliferation
and malignant progression, but also induces immunosuppression and immune evasion of
cancer cells, making them more prone to developing resistance to chemotherapy [14,15].
Moreover, TME components plays a central role in shaping and maintaining these metabolic
changes in cancer cells [16]. However, although direct evidence for metabolic reorganization
and anticancer drug resistance through crosstalk between the TME and cancer cells is
limited and further studies are needed, targeting altered metabolism in conjunction with
chemotherapy might be a rational therapeutic strategy to improve therapeutic response
and overcome drug resistance. Therefore, recent studies have attempted to develop natural-
based agents that can enhance the therapeutic efficacy of conventional chemotherapies
to improve the current cure rates for PCs while minimizing adverse effects on healthy
cells [17].

Curcumin, a flavonoid found in the roots of turmeric or Curcuma longa, has been
shown to have antioxidant, anti-inflammatory, and anti-proliferative properties [18]. Anti-
carcinogenic effects of curcumin have been demonstrated in several cancers, including
PC, by modulating various signaling pathways, including p53, mitogen-activated protein
(MAP) kinase, phosphoinositol-3 kinases/protein kinase B (P13K/Akt), Janus kinase/signal
transducer and activator of transcription (JAK/STAT), sonic hedgehog, and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) pathways [19]. Curcumin is a
natural product that is less toxic and has fewer side effects than existing chemotherapy
drugs and can be used safely. It is also known to be advantageous in sensitizing cancer cells
when used in combination with chemotherapeutic drugs [20]. In previous studies, we first
reported that the preferential cytotoxic effect of curcumin on PC-3AcT cells pre-adapted to
a lactate-containing medium with increased tolerance to docetaxel was associated with its
anti-glycolytic role through inhibition of MEK/ERK signaling, suggesting that there is a
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relationship between the dependence of PC cells on glycolysis and the effect of protecting
them from chemotherapeutic drugs [21,22].

In this study, we performed the following experiments to further confirm the anti-
cancer properties of curcumin, which showed a better killing effect on lactate-acclimated
cells with an increased glycolytic and docetaxel-resistant phenotype. First, we investigated
whether there were differences in cell growth, glycolysis, and bioenergetics at the basal level
between lactate-acclimated PC-3AcT or DU145AcT cells and their parental PC-3 or DU145
cells. Next, by examining the knockdown effect of hexokinase 2 (HK2), a key target of
curcumin’s anti-glycolytic role, we sought to elucidate the importance of this enzyme as an
attractive target for the development of PC therapeutics. Finally, we evaluated whether the
antiglycolytic effects of curcumin demonstrated in 2D monolayer cultures were not affected
by co-treatment with docetaxel in 3D spheroid cultures and a nude mouse xenograft model.

2. Materials and Methods

2.1. Cell Culture and Assays

Human prostate epithelial cell lines HPrEC and RWPE-1 and human PC cell lines
PC-3 and DU145 were purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). Acidic pre-adapted cells designated as PC-3AcT and DU145AcT were
established by continuously exposing PC-3 and DU145 cells, respectively, to lactic acid
(final concentration: 3.8 μM) over four passages for 15 days. Cells were seeded at a density
of 104 cells/well in 96-well cell culture plates and cultured in in Dulbecco’s Modified Eagles
Medium (DMEM, Welgene Inc., Gyeongsan, Republic of Korea) containing lactic acid (final
concentration: 3.8 μM) and 5% fetal bovine serum and cultured at 37 ◦C in a 5% CO2
incubator. They were then treated with fixed (40 μM) or increasing concentrations (0, 5, 10,
20, 40, 80, and 100 μM) of curcumin with or without docetaxel (40 nM) for the cell viability
assay. Negative control cells were treated with 0.1% dimethyl sulfoxide. Cell viability was
determined by MTT assay, as previously described [23]. The effect of combined treatment
of the two compounds was assessed using the combination index (CI), as previously
described [23]. To measure the activities of HK and pyruvate dehydrogenase (PDH), an
HK Colorimetric Assay Kit (cat. no. K789-100) and PDH Activity Colorimetric Assay Kit
(cat. no. K679-100) were used, respectively, according to the manufacturer’s instructions
(BioVision, Inc., Milpotas, CA, USA). Glucose consumption was determined by assessing
glucose contents in the culture media using a Glucose Colorimetric Assay Kit (cat. no.
K606-100; Biovision, Inc., Milpotas, CA, USA) according to the manufacturer’s instructions.
Intracellular ATP content was determined by measuring luminescence using a CellTiter-Glo
Luminescent Cell Viability Assay Kit (Promega Corporation, Madison, WI, USA) according
to the protocols provided by the manufacturer. Absorbance and luminescence values
were measured with a GloMax-Multi microplate multimode reader (Promega Corporation,
Madison, WI, USA).

2.2. Western Blotting

Cells were seeded at a density of 105 cells/well in 6-well cell culture plates, and
cultured in DMEM containing lactic acid (final concentration: 3.8 μM) and 5% fetal bovine
serum at 37 ◦C in a 5% CO2 incubator. After combined treatment with curcumin (40 μM)
and docetaxel (40 nM) for 48 h, whole cell lysates were extracted from samples obtained
from cell culture and animal experiments using 1× RIPA buffer (1× PBS, 0.5% sodium
deoxycholate, 1% NP-40, 0.1% sodium dodecyl sulfate, 10 mg/mL phenylmethylsulfonyl
fluoride). Mitochondrial and cytosolic extracts were prepared with a Mitochondria Isola-
tion Kit for Mammalian Cells according to the instruction provided (cat no. 89874; Thermo
Scientific, Rockford, IL, USA). Protein concentration was determined with a BCA Pro-
tein Assay (cat no. 23225; Thermo Scientific). Forty micrograms of proteins were loaded
onto 4–12% NuPAGE gels (Invitrogen, Carlsbad, CA, USA), separated, and transferred
to a polyvinylidenefluoride membrane (Cytiva Life Sciences, Marlborough, MA, USA).
Blots were blocked with 1× casein solution (cat. no; 37528; Thermo Fisher Scientific, Inc.,
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Waltham, MA, USA) for 2 h at room temperature and then incubated with the primary
antibody overnight at 4 ◦C. After washing three times with 1x PBS-Tween 20, horseradish
peroxidase (HRP)-conjugated secondary antibodies was applied for 2 h at room tempera-
ture. The signal was visualized using an Enhanced Chemiluminescence (ECL) Detection
Kit (cat. no. W1001; Promega). Densitometry was performed on blots using TINA 2.09
software (Raytest Isotopen Messgeraete GmbH, Straubenhardt, Germany) and normalized
to β-actin. Oxphos human WB antibody cocktail (cat. no. 45-8199) and antibodies to
cyclin B1 (cat. no. 4138), phosphorylated (p)-cyclin dependent kinase (CDK) 2, p-Cdc2Thr161

(cat. no. 9114) and p-cdc2Tyr15 (cat. no. 4539), p-mitogen-activated protein kinase 1/2
(p-MEK1/2; cat. no. 9154), p-extracellular-signal-regulated kinase 1/2 (p-ERK1/2; cat. no.
4370), ERK (cat. no. 9102), HK2 (cat. no. 2867), phosphofructokinase platelet (PFKP; cat.
no. 93654), PDH (cat. no. 3205), voltage-dependent anion channel (VDAC; cat. no. 4661),
α-tubulin (cat. no. 2144), p-mixed lineage kinase domain-like (p-MLKL; cat. no. 91689),
MLKL (cat. no. 14993), p-receptor-interacting protein 3 (p-RIP3; cat. no. 93654), RIP3
(cat. no. 13526), B-cell lymphoma 2 (Bcl-2; cat. no. 2870), Bcl-2 associated X (Bax; cat. no.
5023), poly (ADP-ribose) polymerase (PARP; cat. no. 9542), cleaved PARP (cat. no. 9541),
caspase-3 (cat. no. 14220), and cleaved caspase-3 (cat. no. 9664) were purchased from
Cell Signaling Technology, Inc. (Danvers, CO, USA) and diluted 1:500. HRP-coupled goat
anti-rabbit IgG (1:5000; cat. no. sc-2004), goat anti-mouse IgG (1:5000; cat. no. sc-2005), and
antibodies to cyclin D1 (1:500; cat. no. SC-718), p53 (1:500; cat. no. sc-126), and MEK (1:500;
cat. no. SC-436) were purchased from Santa-Cruz Biotechnology, Inc. (Dallas, TX, USA).
Membranes were re-probed with antibodies to β-actin (1000; cat. no. A2228; Sigma-Aldrich,
St. Louis, MO, USA), MEK1/2, ERK1/2, VDAC, α-tubulin, MLKL, and RIP3 as loading
controls.

2.3. Mitochondrial Fractionation

Mitochondrial-enriched fractions were prepared according to the instruction of the
Mitochondria Isolation Kit for Cultured Cells (cat no. 89874; Thermo Scientific). Briefly, cells
(2 × 107) were incubated in 800 μL of Mitochondria Isolation Reagent A on ice for 2 min,
10 μL of Mitochondria Isolation Reagent B on ice for 5 min, and 800 μL of Mitochondria
Isolation Reagent C at 4 ◦C for 10 min. After centrifugation at 700× g for 10 min at 4 ◦C, the
supernatant was transferred to a new 2.0 mL tube and centrifuged at 12,000× g for 15 min
at 4 ◦C. The supernatant was stored as the cytosolic fraction. The pellet was resuspended
in 500 μL Mitochondria Isolation Reagent C, and the mitochondrial pellet was obtained by
centrifugation at 12,000× g for 5 min. This was defined as the mitochondrial fraction and
stored at −80 ◦C for Western blot analysis.

2.4. Mitochondrial Membrane Potential (ΔΨ)

In each well of a 6-well culture plate, cells (1 × 105) were seeded and incubated
overnight in lactic acid-containing DMEM. Cells were then treated with or without 40 nM
docetaxel for 48 h. After trypsinization, cells were harvested by centrifugation at 500× g for
7 min, adjusted to 106 cells/mL, and incubated in serum-free DMEM containing 30 nM rho-
damine 123 (Sigma-Aldrich) at 37 ◦C for 30 min in the dark. Then, the cells were centrifuged
at 500× g for 5 min to discard the supernatant, and washed twice in pre-warmed medium.
The fluorescence intensity of the cells was measured using a MACSQuant analyzer and
MACSQuantify software version 2.5 (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

2.5. Reactive Oxygen Species

Cells (1 × 105) were seeded per well of a 6-well culture plate and incubated overnight
in lactic acid-containing DMEM. Cells were then treated with or without 40 nM doc-
etaxel for 48 h. Trypsinized cells were collected by centrifugation at 500× g for 7 min,
adjusted to 106 cells/mL, and incubated in serum-free DMEM containing 10 μM 2′,7′-
dichlorodihydrofluorescein diacetate (Sigma-Aldrich) at 37 ◦C for 30 min in the dark, and
then the reactive oxygen species (ROS) were measured. The fluorescence intensity of the
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cells was measured using a MACSQuant analyzer and MACSQuantify software version
2.5 (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

2.6. Annexin V-PE/7-AAD Double Staining

To analyze the distribution of apoptotic and necrotic cells, the Muse Annexin V &
Dead Cell Assay Kit (cat. no. MCH100105; Merck KGaA, Darmstadt, Germany) was used
according to the manufacturer’s instructions. Cells were treated with or without 40 nM
docetaxel for 48 h. Cells were then harvested by trypsinization and resuspended in 200 μL
of Muse Annexin V & Dead Cell reagent for 30 min at room temperature in the dark. These
cells were analyzed with a Muse cell analyzer (Merck KGaA). Annexin V-phycoerythrin
(PE)-positive apoptotic and 7-amino-actinomycin D (AAD)-positive necrotic cells were
detected by double staining using Annexin V-PE and 7-AAD.

2.7. Cell Cycle Analysis

The cell cycle distribution at each phase was measured by staining with propidium
iodide (PI). Trypsinized cells were harvested by centrifugation at 500× g for 7 min at 4 ◦C,
and then fixed overnight at −20 ◦C with ice-cold 70% ethanol. Cells (1 × 106) were washed
with 1× phosphate-buffered saline (PBS) and incubated with 200 μL of Muse Cell Cycle
Reagent (cat. no. MCH100106; Merck KGaA) containing PI and RNase for 30 min at room
temperature in the dark. Data from 10,000 cells were analyzed using MACSQuant analyzer
and MACSQuantify software version 2.5 (Miltenyi Biotec GmbH).

2.8. HK2-Targeting siRNA Transfection

RNA interference of HK2 was performed using a HK2-targeting small interfering
RNA (siHK2) duplex from Invitrogen (Oligo ID, HSS179239). Cells (1 × 105) were seeded
into 6-well plates and transfected at 40% confluency with siHK2 using LipofectamineTM

RNAiMAX Transfecton Reagent (Invitrogen) according to the manufacturer’s recommenda-
tions. Stealth RNAi negative control duplex (siC, Oligo ID, 452001) was used as a negative
control. 250 μL. Two hundred and fifty μL of Opti-MEM medium containing siRNAse
(25 pmol) and 7.5 μL of LipofectamineTM RNAiMAX Transfecton Reagent was added to
each well. At 24 h after transfection, cells were treated with or without curcumin for another
48 h and then harvested with trypsin for ΔΨ measurement, Annexin V-PE binding assay,
cell cycle analysis, and Western blot analysis.

2.9. Spheroid Culture and Viability Assay

Spheroid culture was performed in ultra-low attachment 96-well plates, as previously
described [24]. Plates seeded with 1 × 104 cells/well were centrifuged at 500× g for 10 min
to allow cells to cluster in the wells, and then maintained in complete DMEM containing
lactic acid for 5 days. Spheroids were treated with curcumin (40 μM) and docetaxel (40 nM)
for 48 h. To detect live and dead cells, the green fluorescence of fluorescein diacetate (FDA;
Sigma-Aldrich, 5 μg/mL) and red fluorescence for PI (Sigma-Aldrich, 10 μg/mL) were
used, respectively. After staining for 5 min, the spheroids were washed with 1× PBS and
observed using a Leica EL6000 fluorescence microscope (Leica Microsystems GmbH, Wet-
zlar, Germany). Spheroid viability was determined with an Enhanced Cell Viability Assay
Kit (Young In Frontier Co., Ltd., Geumcheon, Republic of Korea) according to the manufac-
turer’s instructions. Briefly, 10 μL of Cellvia solution was added to each well, left at room
temperature for 1 h, and then mixed for 1 min until the formed formazan crystal dissolved.
The amount of formazan formed by living cells was measured spectrophotometrically at
450 nm using a GloMax-Multi microplate multimode reader (Promega Corporation).

2.10. Xenograft Assay Using Nude Mice

Five-week-old male mice (n = 9, starting size 22–24 g), BklNbt:BALB/c/nu/nu, were
acclimated to specific pathogen-free conditions for 1 week, and fed pellets and water ad
libitum. They were then randomly divided into two groups (control, 4 mice; treatment,
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5 mice) and injected subcutaneously with PC-3AcT cells (2 × 106) suspended in 0.2 mL
1× PBS. Among these, mice in which xenografts were not formed or were too small were
excluded, and as a result, 4 mice and 3 mice were used as the control group and the group
administered curcumin and docetaxel together, respectively. Curcumin (15 mg/kg) and
docetaxel (0.5 mg/kg) were administered intratumorally at three-day intervals. Body
weight and tumor growth were observed every 3 days until the 24th day of the experiment.
During the experimental period, the mice were observed for clinical signs of distress,
including posture, movement, ease of handling, fur condition, arousal, and diarrhea.
There were no restrictions on food, water, or exercise during the experimental period,
and no animals were subject to humane endpoints or euthanasia due to extreme pain or
clinical symptoms. Mice were euthanized by cervical dislocation. The excised tumors were
measured for their volume using a Vernier caliper and stored at −80 ◦C for Western blot
analysis. Tumor volume was calculated with the following formula: volume (mm3) = length
(mm) × width (mm) × width (mm)/2. The animal study was approved by the Institutional
Animal Care and Use Committee of Soonchunhyang University on 8 March 2021 (Approval
No. SCH20-0060). Animal welfare and experimental procedures were strictly conducted in
accordance with the Experimental Animal Welfare Guidelines of the Animal Experiment
Center at Soonchunhyang Institute of Medi-Bio Science (Cheonan, Republic of Korea).

2.11. Statistical Analysis

All experimental data were analyzed with SPSS version 17.0 (SPSS, Inc., Chicago, IL,
USA) and expressed as the mean ± standard deviation of three independent experiments.
Comparison between two groups was performed by one-way analysis of variance and
Tukey’s post hoc correction. Statistical significance was considered when the p-value was
less than 0.05.

3. Results

3.1. Preadaptation of PC Cells to Lactic Acid Makes Them Tolerate Docetaxel Better with an
Increase of Glycolytic Flux

To evaluate the effect of pre-adaptation to lactic acid-containing medium for 15 days,
we first measured the growth status and expression of CDKs (p-cdc2Thr161 and p-cdc2Tyr15)
and its regulatory subunits (cyclins D1 and B1) of PC-3AcT and DU145AcT cells while
culturing them in medium containing 3.8 μM lactic acid. On the first day of culture, some
floating cells were observed in the acidic medium, but there was no noticeable difference
in the confluency of adherent cells. Compared with their parental PC-3 and DU145 cells,
PC-3AcT and DU145AcT cells showed significantly faster growth, with an approximate
1.8-fold and 1.4-fold increase at 48 h and 72 h, respectively (p < 0.05, Figure 1A). This was
probably as a result of pre-adaptation to acidic medium containing lactic acid, accompanied
by upregulation of cyclin D1, cyclin B1, and p-cdc2Thr161, and downregulation of p-
cdc2Tyr15 based on Western blot analysis (Figure 1B). The c-Raf/MEK/ERK pathway was
also activated in PC-3AcT and DU145AcT cells, as shown by increased levels of p-MEK1/2
and p-ERK1/2 (Figure 1C).

Next, we analyzed proteins or enzymes that are known to play critical roles in aerobic
glycolysis and oxidative phosphorylation to investigate the effect of lactic acid on bioen-
ergetics. As shown in Figure 1D, higher levels of HK2, PFKP, and PDH were observed
in PC-3AcT and DU145AcT cells than in their parental PC-3 and DU145 cells. After 48 h
of culture, the activities of HK and PDH increased (Figure 1E), consistent with results
of Western blotting, and the glucose concentration in the culture medium decreased by
approximately 74.1% and 69.8% in PC-3AcT and DU145AcT cells compared to PC-3 and
DU145 cells, respectively (Figure 1F).
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Figure 1. Increased glycolytic flux in PC-3AcT and DU145AcT cells pre-adapted to lactic acid.
Cellular responses were examined after culturing cells in DMEM containing 3.8 μM lactic acid for the
indicated time (or 48 h, otherwise). (A) Percent cell viability. (B–D) Western blot analysis of cell cycle-
regulatory (B), MEK/ERK signaling (C), and key regulatory enzymes in glycolysis (D). (E) Activities
of hexokinase and pyruvate dehydrogenase. (F) Changes in glucose concentration in culture medium.
Data are expressed as the mean ± standard deviation of three independent experiments. Statistical
significance comparing respective PC-3 or DU145 cells was considered at * p < 0.05 using one-way
ANOVA and Tukey’s post hoc correction. HK, hexokinase; PFKP, phosphofructokinase platelet; PDH,
pyruvate dehydrogenase.

The proportion of HK2 was increased in the mitochondrial fractions of PC-3AcT and
DU145AcT cells compared to PC-3 and DU145 cells (Figure 2A). Base-level analysis of
the five complexes in the mitochondrial respiratory chain showed no significant changes
except for a slight increase in complex II (SDHB, succinate dehydrogenase subunit B)
(Figure 2B). The fractions of cells showing ΔΨ loss, indicative of mitochondrial dysfunction,
were slightly reduced in PC-3AcT and DU145AcT cells (Figure 2C). During this process,
the ATP contents of these cells were increased significantly, with an approximate 1.2-fold
and 1.3-fold increase in PC-3AcT and DU145AcT, respectively (p < 0.05, Figure 2D). In the
viability assay of PC-3AcT and Du145AcT cells treated with 40 nM docetaxel, both cell lines
(approximately 39% and 34% growth inhibition in PC-3AcT and DU145AcT, respectively)
showed more resistance to docetaxel than their parental cells (approximately 49% and
47% growth inhibition in PC-3 and DU145, respectively) (p < 0.05, Figure 2E). In line with
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this, the percentage of Annexin V-PE positive cells, indicating an apoptotic fraction, and
the percentage of cells with ΔΨ loss, indicating mitochondrial dysfunction, were low in
PC-3AcT and DU145AcT cells in response to docetaxel treatment (Figure 2F,G).

D 

Figure 2. Mitochondrial localization of HK2 and effect of docetaxel treatment on PC-3AcT and
DU145AcT cells. Cells were cultured in DMEM containing 3.8 μM lactic acid with or without
docetaxel (40 nM) for 48 h. (A) Western blot analysis of HK2 in mitochondrial and cytosolic frac-
tions. (B) Western blot analysis of complexes I–V in the mitochondrial electron transport chain. (C)
Measurement of mitochondrial membrane potential after staining cells with rhodamine123. (D)
Changes in intracellular ATP concentration. (E) Percent cell viability for cells treated with or without
40 nM docetaxel. (F) Annexin V-PE binding assay for cells treated with or without 40 nM docetaxel.
(G) Measurements of mitochondrial membrane potential for cells treated with or without 40 nM
docetaxel. Data are expressed as the mean ± standard deviation of three independent experiments.
Statistical significance comparing respective PC-3 or DU145 cells was considered at * p < 0.05 using
one-way ANOVA and Tukey’s post hoc correction. HK2, hexokinase 2; VDAC, voltage-dependent
anion channel; NDUFB8, NADH-ubiquinone oxidoreductase subunit B8 (complex I); SDHB, succi-
nate dehydrogenase complex iron sulfur subunit B (complex II); UQCRC2, ubiquinone-cytochrome
C reductase core protein 2 (complex III); COX II, mitochondrial cytochrome C oxidase subunit II
(complex IV); ATP5A, ATP synthase F1 subunit alpha (complex V); DTX, docetaxel.
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3.2. HK2-Targeting siRNA or Curcumin Inhibits Growth of Glycolytic and Docetaxel-Resistant PC
Cells by Inducing Both Apoptosis and Necroptosis

In our previous paper, we showed that lactate-acclimated PC-3AcT cells (IC50 = 109.57 nM)
were more resistant to docetaxel than parental PC-3 cells (IC50 = 49.83 nM), whereas the
increased sensitivity to curcumin was more evident in PC-3AcT cells (IC50 = 42.19 μM)
compared to PC-3 cells (IC50 = 80.51 μM) [21]. Furthermore, we also found that the prefer-
ential cytotoxicity of curcumin against PC-3AcT cells was associated with the inhibition of
the glycolytic pathway [22]. To investigate the importance of HK2 as a critical modulator of
glycolytic flux in the efficacy of curcumin to preferentially target PC-3AcT and Du145AcT
cells, which exhibit a glycolytic and docetaxel-resistant phenotype, we transfected cells
with HK2-targeting siRNA, after which cells were treated with vehicle (DMSO) or cur-
cumin for 48 h. HK2 silencing alone induced a growth inhibition of approximately 43%
and 40% in PC-3AcT and Du145AcT cells, respectively, compared with the siC group, and
the addition of curcumin significantly induced a growth inhibition of approximately 62%
and 58%, respectively (p < 0.05, Figure 3A). After HK2 was effectively knocked down,
the expression level of HK2 decreased to approximately 35% and 37.8% in PC-3AcT and
Du145AcT cells, respectively. After 48 h of culture, the expression levels of HK2 and PDH
(Figure 3B) also decreased, along with decreased activities of HK and PDH (Figure 3C).
Glucose concentration in the culture media remained increased by 14.9% and 21.6% in
PC-3AcT and Du145AcT cells with HK2 knockdown, respectively, compared to the siC
group (Figure 3D). In line with this, the amount of HK2 in the mitochondrial fraction was
also reduced by HK2 silencing (Figure 3E).

HK2 silencing alone or in combination with curcumin treatment downregulated the
expression of complexes I–V in the respiratory chain (Figure 4A) but increased the propor-
tion of cells with ΔΨ loss, indicative of mitochondrial dysfunction (Figure 4B). During this
process, the ATP content of these cells was significantly reduced in the following order:
HK2 silencing alone < curcumin < HK2 silencing/curcumin (p < 0.05, Figure 4C). Flow
cytometric analysis of cells with HK2 knocked down using HK2-targeting siRNA showed
an increase in the sub-G0/G1 peak, indicative of apoptosis (Figure 4D), accompanied by an
increase in the proportion of apoptotic cells as determined by Annexin V-PE binding assay
(Figure 4E). Consistently, HK2 silencing induced enhanced cleavage of procaspase-3 and
its substrate PARP, and increased the phosphorylation levels of MLKL and RIP3 (Figure 4F)
compared with the siC group. The effects of HK2 silencing alone were further enhanced by
the addition of curcumin.

3.3. Combination Treatment with Curcumin and Docetaxel Inhibits Glycolysis but Increases Both
Apoptosis and Necroptosis in 3D Spheroid Cultures and PC-3AcT Xenografts

To confirm the consistency of the results in 2D monolayer cultures and to assess
whether co-treatment with docetaxel affected the efficacy of curcumin, we investigated
the effect of combined treatment with docetaxel and curcumin in 3D spheroid cultures
and a nude mouse xenograft model. In 2D monolayer cultures, curcumin treatment at
concentrations minimally toxic to normal prostate epithelial cells (HPrEC and RWPE-1)
reduced cell viability in a concentration-dependent manner, and the effect was further
increased by combined treatment with docetaxel (Figure 5A). Curcumin (40 μM) alone
or in combination with docetaxel (40 nM) exhibited growth inhibition of approximately
48% and 74% in PC-3AcT, and 38% and 63% in DU145AcT, respectively. The combination
index calculated by treating curcumin (40 uM) and docetaxel (40 μM) was 0.711 in PC-3AcT
and 0.715 DU145AcT, suggesting that combination treatment synergistically inhibited cell
growth. Consistent with the 2D monolayer culture results, combined treatment with cur-
cumin and docetaxel increased the red fluorescence of PI inside the spheroid, representing
the necrotic core, but decreased the green fluorescence of FDA, representing surrounding
viable cells, and inhibited spheroid growth (Figure 5B). Cell viability of 3D spheroids also
decreased to 46.5% and 51.9% in PC-3AcT and Du145AcT cells, respectively, compared to
the control (Figure 5B). In a xenograft mouse model of PC-3AcT cells, one week after sub-
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cutaneous inoculation of cancer cells (2 × 106) into male nude mice, curcumin (15 mg/kg)
and docetaxel (0.5 mg/kg) were administered intratumorally every three days for a total of
24 days. PC-3AcT tumor volumes grew progressively in mice. However, the combination
treatment with the agents significantly reduced tumor volume and weight during the
experiments without apparent toxicity, as determined by body weight and appearance
(posture, movement, and fur condition, etc.) of mice, indicating that the tumor-bearing
mice tolerated treatment fairly well (Figure 5C).

Figure 3. Effect of HK2 knockdown alone or in combination with curcumin on glucose metabolism
in PC-3AcT and Du145AcT cells. Cells were transfected with 10 nM HK2-targeting siRNA (siHK2)
or stealth RNAi control (siC) for 24 h. They were then treated with or without curcumin (40 μM) in
DMEM containing 3.8 μM lactic acid for 48 h. (A) Percent cell viability. (B) Western blot analysis
of key regulatory enzymes in glycolysis. (C) Activities of hexokinase and pyruvate dehydrogenase.
(D) Changes in glucose concentration in culture medium. (E) Western blot analysis of HK2 in
mitochondrial and cytosolic fractions. The bar graph represents densitometric analysis of Western
blot images normalized to β-actin. Data are expressed as the mean ± standard deviation of three
independent experiments. Statistical significance comparing the respective siC group was considered
at * p < 0.05 using one-way ANOVA and Tukey’s post hoc correction. CCM, curcumin; HK, hexokinase;
PFKP, phosphofructokinase platelet; PDH, pyruvate dehydrogenase.
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Figure 4. Effects of HK2 knockdown alone or in combination with curcumin on mitochondrial
function and programmed cell death in PC-3AcT and Du145AcT cells. Cells were transfected with
10 nM HK2-targeting siRNA (siHK2) or stealth RNAi control (siC) for 24 h. They were then treated
with or without curcumin (40 μM) in DMEM containing 3.8 μM lactic acid for 48 h. (A) Western blot
analysis of complexes I–V in mitochondrial electron transport chain. (B) Measurements of mitochon-
drial membrane potential after staining cells with rhodamine123. (C) Changes in intracellular ATP
concentration. (D) Cell cycle analysis. (E) Annexin V-PE binding assay. (F) Western blot analysis of
apoptosis- and necroptosis-related proteins. Data are expressed as the mean ± standard deviation
of three independent experiments. Statistical significance comparing the respective siC group was
considered at * p < 0.05 using one-way ANOVA and Tukey’s post hoc correction. CCM, curcumin;
NDUFB8, NADH-ubiquinone oxidoreductase subunit B8 (complex I); SDHB, succinate dehydroge-
nase complex iron sulfur subunit B (complex II); UQCRC2, ubiquinone-cytochrome C reductase core
protein 2 (complex III); COX II, mitochondrial cytochrome C oxidase subunit II (complex IV); ATP5A,
ATP synthase F1 subunit alpha (complex V).
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Figure 5. Growth-inhibiting effect of co-treatment with curcumin and docetaxel. (A) Cell viability in
2D monolayer culture. Cells were cultured in DMEM containing 3.8 μM lactic acid with or without
curcumin (40 μM) and docetaxel (40 nM) for 48 h. (B) Vitality staining of spheroids: from left to
right: (i) phase-contrast image, (ii) fluorescent images of fluorescein diacetate(+) living cells in green,
(iii) propidium iodide(+) dead cells in red, and (iv) merged; and spheroid cell viability. Spheroids
were then treated with or without curcumin (40 μM) and docetaxel (40 nM) for 48 h in DMEM
containing 3.8 μM lactic acid. (C) Representative mice, body weight, tumor volume, and tumor
weight in PC-3-xenografted nude mice model. Mice (0.3–0.4 cm wide and 0.3–0.4 cm long) were
injected intratumorally with vehicle or curcumin (15 mg/kg) and docetaxel (0.5 mg/kg) three times
per week for 24 days. Data are expressed as the mean ± standard deviation of three independent
experiments. Statistical significance comparing the respective control group was considered at
* p < 0.05 using one-way ANOVA and Tukey’s post hoc correction. CCM/DTX, co-treatment with
curcumin and docetaxel.

Next, we compared the effects of curcumin and docetaxel on the expression of key
enzymes in glycolysis and programmed cell death. As shown in Figure 6A, downregulation
of the expression levels of HK2, PFKP, and PDH, as well as the phosphorylation level
of ERK1/2 was observed in both 2D and 3D cultures or tumor tissues in nude mouse
xenograft models treated with the combination of two agents (Figure 6A). Additionally,
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along with an increase in the Bax/Bcl-2 ratio, cleaved caspase-3 and cleaved PARP, markers
for apoptosis, and p-MLKL and p-RIP3, markers for necroptosis, were also upregulated
by the combination treatment (Figure 6B). The above results indicate that our in vivo data
reflect the in vitro results, and that the addition of docetaxel did not affect the antiglycolytic
and cell killing effects of curcumin.

 

 

Figure 6. Effects of co-treatment with curcumin and docetaxel on expression of glycolysis-, apoptosis-,
and necroptosis-related key proteins in 2D monolayer, 3D spheroid cultures, and nude mice xenograft
models. Proteins were extracted from cells, spheroids, and tumors described in Figure 5, separated on
4–12% NuPAGE gels, and subjected to Western blot analysis. (A) Expression levels of key regulatory
enzymes of glycolysis. (B) Expression levels of proteins related to apoptosis and necroptosis. The
bar graph represents densitometric analysis of Western blot images normalized to β-actin. Data are
expressed as the mean ± standard deviation of three independent experiments. Statistical significance
comparing the respective control group was considered at * p < 0.05 using one-way ANOVA and
Tukey’s post hoc correction. CCM/DTX, co-treatment with curcumin and docetaxel.
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4. Discussion

We have previously observed preferential cytotoxicity of curcumin against lactate-
acclimated PC-3AcT cells, which showed a higher tolerance to docetaxel than parental
PC-3 cells [20]. In this pre-adaption process, lactic acid might promote resistance to
docetaxel, whereas curcumin was shown to induce ROS generation, DNA damage, and
subsequent mitochondrial dysfunction, ultimately leading to apoptosis and necroptosis of
PC-3AcT cells. In the present study, despite enhanced glycolysis in PC-3AcT and DU145AcT
compared to parental PC-3 and DU145 cells, the basal levels of the five complexes of
the mitochondrial respiratory chain and mitochondrial membrane potential were not
significantly increased. This suggests that lactate-adapted PC cells have more metabolic
dependence on glycolysis for ATP synthesis than on mitochondrial respiration. At basal
levels, PC-3AcT and DU145AcT cells exhibited the following characteristics compared to
PC-3 and Du145 cells: (i) increased cell growth with up-regulation of cyclin D1, cyclin B1,
and p-cdc2Thr161 but down-regulation of p-cdc2Tyr15, (ii) activation of the c-Raf/MEK/ERK
pathway, (iii) increased glucose consumption along with increased levels and activities of
key regulatory enzymes in glucose metabolism, including HK2, and (iv) increased tolerance
to docetaxel.

Cell cycle progression is mediated by the sequential activation of Cdks in association
with their regulatory cyclin subunits, in which phosphorylation or dephosphorylation by
Cdk inhibitors is a major mechanism regulating the activity of Cdks [25]. Upregulation
of cell cycle regulatory proteins cyclin D1 and cyclin B1 is vital in cell cycle progression
in the G0/G1 phase and G2/M transition, respectively. Activation of cdk1 (previously
called cdc2) through phosphorylation of Thr161 and dephosphorylation of Thr14/Tyr15
also promotes subsequent mitotic entry in G2 phase [26,27], ensuring faster proliferation of
PC-3AcT and DU145AcT cells. The ERK1/2 pathway is activated by sequential reactions of
upstream factors p-Raf and p-MEK1/2. In addition to its well-known role in regulating cell
proliferation and survival, the involvement of ERK1/2 signaling in promoting the Warburg-
like metabolism has also been reported by some researchers [28,29]. The MEK/ERK1/2
pathway not only increases the expression of glucose Transporter 1, lactate dehydrogenase
A, and several enzymes in the glycolysis pathway through the role of the transcription
factor c-Myc, but also cooperates with hypoxia-inducible factor-1α to induce HK2 [28]. Cui
et al. have reported that HK2 upregulates cyclin A1 and downregulates p27 by activating
ERK1/2 through the Raf/MEK signaling pathway, further promoting proliferation and
tumor formation of cervical cancer cells [29]. Our previous study has shown that ERK1/2
inhibition by PD98059 (a synthetic inhibitor of MEK1/MEK2) or curcumin could reduce
glucose consumption and downregulate the expression of key regulatory enzymes of
glucose metabolism, including HK2, leading to apoptosis and necroptosis in PC-3AcT and
Du145AcT cells [22]. These results demonstrated by us and others highlight the importance
of the Raf/MEK/ERK pathways in promoting the Warburg effect.

In this study, docetaxel resistance in PC-3AcT and DU145AcT cells was manifested by
improved cell viability, reduced apoptosis, and mitochondrial dysfunction compared to
their parental cell lines PC-3 and Du145. Although multiple mechanisms are involved in
the resistance of cancer cells to chemotherapy, our study suggests that increased aerobic
glycolysis is associated with docetaxel resistance in lactate-acclimated PC cells. Aberrant
expression of key regulators of glycolysis, including HK2, pyruvate kinase, PDH, and LDH,
contributes to tumorigenesis and chemoresistance [30]. Additionally, activation of the pen-
tose phosphate pathway through increased glycolytic flux provides reducing equivalents
for protection against ROS [3], which may prevent or reduce oxidative damage caused by
docetaxel in PC-3AcT and DU145AcT cells. Therefore, increased metabolic dependence of
PC-3AcT and DU145AcT cells on glycolysis might prevent or reduce docetaxel-induced
mitochondrial damage and ROS levels.

Overexpression of HK2 during tumor growth is associated with poor patient prognosis,
disease progression, metastasis, and treatment resistance in various malignancies [31,32].
In particular, the localization and attachment of HK2 to the outer mitochondrial membrane
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allow tumor cells to cope with many stressful conditions by intersecting both metabolic
and anti-apoptotic pathways [32]. Binding of HK to the VDAC can facilitate the release of
mitochondrial-generated ATP, making it more readily available for glucose phosphoryla-
tion. It can also stabilize the mitochondrial permeability transition pore (MPTP), providing
cells with protection against apoptotic stimuli [31,32]. Conversely, HK2 deficiency by
knockdown or knockout of HK2 impaired tumor growth or increased treatment sensitivity.
HK2 knockout can inhibit tumorigenesis in mouse models of KRAS-driven lung cancer [33],
ErbB2-driven breast cancer [34], and PTEN-deficient PC [35]. In a mouse model of hepa-
tocarcinoma, deletion or silencing of hepatic HK2 has resulted in reduced tumorigenesis
and increased sensitivity to metformin or sorafenib [36]. Consistent with these reports, we
found that HK2-targeting siRNAs clearly showed a significantly enhanced cell killing effect
against both PC-3AcT and DU145AcT cells. A reduction in cellular ATP content due to the
inhibition of both glycolysis and mitochondrial function appeared to be the main cause
that led to induction of apoptosis and necroptosis. In this process, the effect of curcumin
and HK2 silencing appear to be functionally additive, with curcumin’s anti-glycolytic role
further strengthening the effect of HK2 silencing on PC-3AcT and DU145AcT cells. These
data demonstrate that HK2 has essential functions in regulating the survival and growth of
PC-3AcT and DU145AcT cells, suggesting the potential significance of HK2 targeting by
curcumin as a promising strategy to improve sensitivity to docetaxel.

The preferential cytotoxic effect of curcumin on PC-3AcT cells, which showed an
increased tolerance to docetaxel in our previous study [21], and the better killing effect
of combined treatment with docetaxel and curcumin than either docetaxel or curcumin
observed in this study suggest the potential of curcumin as an adjunctive treatment to doc-
etaxel. The chemo-potentiating effect of curcumin has been shown to be effective without
increasing toxicity when used in combination with other established chemotherapeutic
agents, such as docetaxel for the treatment of metastatic castration-resistant PC [37], cis-
platin in bladder cancer lines [38], doxorubicin in Hodgkin’s lymphoma-derived cell line
L540 [39], 5-fluorouracil in colorectal cancer [40], and metformin in hepatocellular carci-
noma and PC [41,42]. Prior to a full-scale preclinical evaluation of the combination therapy
of curcumin and the anticancer drug docetaxel in animal models, we had the premise that
the antiglycolytic efficacy of curcumin should not be affected by the addition of docetaxel.
In this study, curcumin combined with docetaxel at concentrations that exhibited minimal
cytotoxicity to normal prostate epithelial cells induced a significant cell death of PC-3AcT
and DU145AcT, as evidenced by anti-glycolytic, apoptotic, and necroptotic effects. The
response of cells to combined treatment observed in conventional monolayer cultures
was similar in 3D spheroid cultures and nude mouse xenograft models. In particular,
the antiglycolytic effect of curcumin in 3D spheroid and xenografts was not affected in
the presence of docetaxel, as molecular analysis showed only minor or non-significant
differences compared to the in vitro effect in monolayer culture. Three-dimensional (3D)
spheroid cultures, which better mimic the in vivo microenvironment, generally tend to be
more resistant to anticancer treatment than 2D monolayer cultures. Several factors that lead
to different responses in 3D cultures relative to the 2D cultures include the accumulation
of more quiescent cells in the center of the spheroid, resulting in increased resistance to
chemotherapy [43], enhancement of signaling pathways that participate in drug resistance
due to cell–cell or cell–matrix interactions [44], and poor accessibility of drugs inside the
spheroid [45,46]. In addition, cells in the hypoxic core of spheroids (which are also seen in
solid tumors) are more resistant to therapy and more dependent on anaerobic glycolysis,
so oxygen availability may influence cell viability and expression of glycolytic enzymes in
response to treatment. In this study, the anti-glycolytic and cytotoxic effects of curcumin
and docetaxel in 3D spheroid cultures and xenograft models closely resembled their in vitro
effects in monolayer cultures, with only minor or non-significant differences in molecular
analysis. Our in vitro experimental conditions, which mimic the tumor microenvironment
such as the slightly acidic nature of the lactic acid-containing medium (pH 6.8–7.0), might
have minimized these differences. This result also supports a previous report showing that
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the microenvironment plays a significant role in cellular responses to drugs [47]. Therefore,
studies using lactate-acclimated cell lines might be a useful strategy for understanding
the role of lactic acid in the tumor microenvironment and developing drugs targeting it.
To maintain consistency of drug responses between in vitro and in vivo experiments, it is
necessary to introduce experimental conditions that mimic the tumor microenvironment,
including a hypoxic condition. Together, we plan to conduct more intensive animal model
experiments that take into account in vivo drug efficacy, dose optimization, administration
route, toxicity testing, and safety testing, based on our validated in vitro experimental results.

5. Conclusions

Our results provide evidence that lactic acid may play a role in protecting cells against
docetaxel through activation of glycolysis and the MEK/ERK pathways. Additionally, by
mechanistically elucidating the role of curcumin in inhibiting these pathways, our results
support the findings of a previous study revealing preferential cytotoxicity of curcumin
against PC-3AcT cells showing increased tolerance to docetaxel. The chemo-potentiating
effect of curcumin on PC cells displaying a glycolytic phenotype may help it exert profound
cell killing effects by activating both apoptosis and necroptosis.
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Abstract: Background: Oncostatin M (OSM) is involved in several inflammatory responses. Tryptan-
thrin (TRYP), as a natural alkaloid, is a bioactive compound derived from indigo plants. Objectives/
Methods: The purpose of this study is to investigate the potential inhibitory activity of TRYP on OSM
release from neutrophils using neutrophils-like differentiated (d)HL-60 cells and neutrophils from
mouse bone marrow. Results: The results showed that TRYP reduced the production and mRNA
expression levels of OSM in the granulocyte–macrophage colony-stimulating factor (GM-CSF)-
stimulated neutrophils-like dHL-60 cells. In addition, TRYP decreased the OSM production levels in
the GM-CSF-stimulated neutrophils from mouse bone marrow. TRYP inhibited the phosphorylation
of phosphatidylinositol 3-kinase (PI3K), AKT, and nuclear factor (NF)-κB in the GM-CSF-stimulated
neutrophils-like dHL-60 cells. Conclusions: Therefore, these results reveal for the first time that TRYP
inhibits OSM release via the down-regulation of PI3K-AKT-NF-κB axis from neutrophils, presenting
its potential as a therapeutic agent for inflammatory responses.

Keywords: tryptanthrin; oncostatin M; neutrophils; inflammation

1. Introduction

Inflammation is an immune reaction that results from a wide range of factors [1].
Acute inflammation is caused by infection or exposure to substances and is characterized
by pain, redness, swelling, and heat. However, chronic inflammation can lead to serious
and potentially life-threatening conditions [2,3]. Inflammation is also closely related to
the development and malignant progression of a variety of cancers [4,5]. Oncostatin M
(OSM) is well known to be a growth inhibitor of several types of tumor cells [6]. However,
OSM is an inflammatory cytokine and implicated in the pathogenesis of inflammatory
responses [7,8]. OSM has thus been identified as a therapeutic target for inflammatory
responses as well as several types of cancers [9].

OSM is produced by neutrophils, osteoblasts, or bone marrow macrophages [7].
Neutrophils, as an important component of the innate immune response, are the first line
of defense against pathogens arriving at sites of acute inflammation [10]. Neutrophils also
contribute to the activation of other immune cells in sites of chronic inflammation [11].
Granulocyte macrophage–colony-stimulating factor (GM-CSF) functions as a differentiation
factor for neutrophil precursors; stimulates mature neutrophils; and affects phagocytosis,
degranulation, or transmigration of neutrophils [12]. GM-CSF leads to the release of OSM
from neutrophil granules and augments inflammatory responses [12]. GM-CSF-induced
OSM expression is regulated via the phosphatidylinositol 3-kinase (PI3K), AKT, and nuclear
factor (NF)-κB signaling pathway in neutrophils [13].
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Human promyelocytic leukemia (HL-60) is a commonly used surrogate cell line model
of neutrophils [14]. Treatment of HL-60 cells with dimethyl sulfoxide (DMSO) induces
differentiation into neutrophil-like cells [15,16]. The DMSO-induced neutrophils-like dif-
ferentiated (d) HL-60 cells have already been applied in studies to elucidate neutrophil
functions [15,17]. The bone marrow of mice serves as a reservoir for isolating large num-
bers of neutrophils [18]. The bone marrow-derived neutrophils have also been used in
neutrophil research [19,20].

Tryptanthrin (TRYP), as a natural alkaloid, is a bioactive compound derived from
medicinal indigo plants [21–23]. TRYP has been shown to exert anti-cancer [24], anti-
atherosclerosis [25], anti-atopic dermatitis [26], and anti-neuroinflammatory activities [27].
Regarding neutrophils, there are reports that TRYP exerts pharmacological effects by
regulating leukotriene formation in calcium ionophore or lipopolysaccharides-stimulated
neutrophils [28,29]. However, no studies have investigated the regulatory effect of TRYP
on OSM in GM-CSF-stimulated neutrophils. Considering the pharmacological effects
of TRYP mentioned above, we hypothesized that TRYP may regulate OSM levels in the
GM-CSF-stimulated neutrophils. Here, we demonstrate the effectiveness of TRYP on OSM
in neutrophils-like dHL-60 cells and neutrophils from mouse bone marrow, and we explore
mechanisms underlying these effects.

2. Materials and Methods

2.1. TRYP

TRYP (purity ≥ 99%) was bought from Sigma-Aldrich (St. Louis, MO, USA). It was
dissolved in DMSO and then diluted with culture media.

2.2. Cells

HL-60 cells (Korean Cell Line Bank, Seoul, Republic of Korea) were differentiated
into neutrophil-like dHL-60 cells by treating them with 1.3% v/v DMSO for 7 days. Bone
marrow-derived neutrophils were isolated using the density gradient method according
to an established protocol [18,30], which was approved by the Animal Care Committee
(#KHSASP-24-623). Briefly, bone marrow from male C57BL/6 mice was extracted by flush-
ing with RPMI 1640 (Gibco, Waltham, MA, USA). Neutrophils were enriched by density
centrifugation using Histopaque 1077 (Sigma-Aldrich, Cat. No. 10771) and Histopaque
1119 (Sigma-Aldrich, Cat. No. 11191). Neutrophils were collected from the interphase of
the two Histopaque layers. Both HL-60 cells and bone marrow-derived neutrophils were
cultured in RPMI 1640 with 10% heat-inactivated fetal bovine serum (Merck Millipore,
Burlington, MA, USA) and 1% penicillin/streptomycin antibiotics (Gibco) at 37 ◦C in 5%
CO2 and 95% air.

2.3. Cell Viability Assay

The cell viability was analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay after cells were incubated with TRYP for 1 h and then with recombi-
nant GM-CSF (5 ng/mL, Cat. No. 215-GM (for HL-60 cells, E. coli-derived human GM-CSF
protein Ala18-Glu144), Cat. No. 415-ML (for mouse neutrophils, E. coli-derived mouse
GM-CSF protein Ala18-Lys141, with an N-terminal Met), R&D Systems, Minneapolis, MN,
USA) for an additional 4 h.

3. Results

3.1. Effect of TRYP on OSM Release

The cell viability was first investigated at different concentrations of TRYP in GM-CSF-
stimulated neutrophil-like dHL-60 cells using an MTT assay. Cells were incubated with
TRYP for 1 h and then with recombinant GM-CSF for 4 h. The cell viability was suppressed
at a concentration of 100 μM of TRYP (Figure 1a). The dose–response curve for cell viability
clearly shows the concentration-dependent effects of TRYP on cell viability (Supplementary
Figure S1). In subsequent experiments, we used TRYP at and below 10 μM less than
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100 μM [26,31]. Additionally, we confirmed that TRYP (0.1 μM–10 μM) did not affect the
survival rate at 12 h and 24 h after GM-CSF stimulation (Supplementary Figure S2). We next
assessed the effects of TRYP on OSM release in the GM-CSF-stimulated neutrophil-like dHL-
60 cells. Consistent with previous reports [12,13], the GM-CSF treatment augmented the
OSM release from neutrophil-like dHL-60 cells. However, the treatment with TRYP dose-
dependently reduced the OSM release compared to the GM-CSF-stimulated control group
(Figure 1b). The dose–response curve for OSM release clearly demonstrates a concentration-
dependent inhibitory effect of TRYP on OSM release (Supplementary Figure S3). The
decreased expression levels of OSM by TRYP were visualized by immunofluorescence
microscopy (Figure 1c). Furthermore, GM-CSF treatment resulted in a progressive release
of OSM from bone marrow-derived neutrophils, with peak induction at 4 h (Supplementary
Figure S4a). The treatment with TRYP dose-dependently reduced the OSM release from
bone marrow-derived neutrophils (Supplementary Figure S4b), with no effect on neutrophil
viability (Supplementary Figure S4c). In addition, Figure 2 shows that the GM-CSF-
stimulation significantly increased mRNA expression of OSM. This effect caused by GM-
CSF was clearly reversed by TRYP treatment.

Figure 1. TRYP reduces OSM release. dHL-60 cells were stimulated with GM-CSF, with or without
TRYP, for 4 h. (a) The cell viability was assessed using an MTT assay. (b) OSM production was
examined using ELISA. (c) Representative images for OSM were obtained by confocal microscopy
(scale bar, 10μm). * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 2. TRYP reduces the OSM mRNA levels. dHL-60 cells were stimulated with GM-CSF, with or
without TRYP, for 30 min. OSM mRNA expression was assessed with qPCR. * p < 0.05; ** p < 0.01.
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3.2. Effect of TRYP on Phosphorylation of PI3K

A PI3K inhibitor reduced the OSM expression in several cells, including neutrophils [13,32].
In addition, the authors’ previous report revealed that wortmannin, a PI3K inhibitor,
reduces the GM-CSF-induced OSM levels in neutrophil-like dHL-60 cells [13]. We thus
performed Western blot analysis on the phosphorylation of PI3K in neutrophil-like dHL-60
cells to further elucidate the underlying mechanisms driving the regulatory effect of TRYP
on GM-CSF-induced OSM production. As expected, TRYP significantly suppressed the
phosphorylation levels of PI3K increased by GM-CSF (Figure 3).

Figure 3. TRYP reduces the phosphorylation of PI3K. The phospho-PI3K levels were analyzed using
immunoblots. Quantitative analysis of blots from three independent experiments is displayed in the
right panel. *** p < 0.001.

3.3. Effect of TRYP on Phosphorylation of AKT

AKT, as a key downstream target of PI3K, is a critical component of signaling following
PI3K activation [33]. In addition, MK 2206, an AKT inhibitor, decreased the GM-CSF-
induced OSM levels in neutrophil-like dHL-60 cells [13]. WB analysis demonstrated that
TRYP significantly inhibited the phosphorylation levels of AKT compared to the GM-CSF-
stimulated control group (Figure 4).

Figure 4. TRYP reduces the phosphorylation of AKT. The phospho-AKT levels were measured by
WB analysis. Quantitative analysis of blots from three independent experiments is displayed in the
right panel. *** p < 0.001.

3.4. Effect of TRYP on Phosphorylation of NF-κB

AKT induces phosphorylation of NF-κB and thus modulates the transcriptional activ-
ity of NF-κB [33]. PDTC, a NF-κB inhibitor, suppressed the GM-CSF-induced OSM levels
in neutrophil-like dHL-60 cells [13]. Subsequently, we examined whether TRYP would
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regulate the phosphorylation of NF-κB. TRYP significantly inhibited the phospho-NF-κB
levels increased by GM-CSF (Figure 5). These results (Figures 3–5) indicated that the
anti-inflammatory effect of TRYP resulted from the inhibition of OSM levels regulated by
PI3K-AKT-NF-κB signaling pathways in neutrophils.

Figure 5. TRYP reduces the phosphorylation of NF-κB. The phospho-NF-κB levels were analyzed
using immunoblots. Quantitative analysis of blots from three independent experiments is displayed
in the right panel. *** p < 0.001.

4. Discussion

Medicinal plants are composed of bioactive compounds or secondary metabolites
that possess biological activity [34]. Given the various side effects and drug resistance,
medicinal plants may be a useful alternative treatment [34,35]. Bioactive compounds or phy-
tonutrients, as health-promoting biologically active compounds found in medicinal plants
or plant-based foods, have been actively researched scientifically for human health [36].
Phytonutrients include alkaloids, phenolics, and several other food components [36]. These
have a variety of useful properties for human health, such as inhibition of inflammatory and
oxidative reactions [37,38]. Indigo is commonly used to dye textile products, but it is also
used as a dye in foods and pharmaceuticals [39]. Indigo also contains a significant amount
of phytonutrients such as alkaloid, total phenols, tannins, saponins, and flavonoids [40]
and has various pharmacological efficacy in the inhibition of oxidation, inflammation, and
angiogenesis reactions [23,41]. Alkaloids are used in medicine, particularly for their anes-
thetic, cardioprotective, cytostatic, and anti-inflammatory effects [42]. TRYP is a natural
alkaloid found in medicinal indigo plants [21]. This study revealed a novel pharmacological
effect of TRYP by demonstrating that TRYP inhibits OSM production in neutrophils. This
is the first work to demonstrate the regulatory effect of TRYP on neutrophil-derived OSM.
However, additional experiments are needed to verify the effectiveness of TRYP against
OSM in several inflammatory models.

Inflammation is a complex cellular process that involves immune cells and signaling
molecules [43]. Several immune-related factors are involved in regulating both inflam-
mation and cancer progression [44]. OSM, as a cytokine fulfilling several functions, is
most closely associated with leukemia inhibitory factors [6]. However, a pro-tumorigenic
role of OSM has also been reported in breast cancer or pancreatic cancer [45]. Interest-
ingly, OSM in inflammatory responses plays opposing roles, suggesting that it may vary
depending on the stage of inflammation and the inflammatory environment. The anti-
inflammatory properties of OSM were established in experimental models of rheumatoid
arthritis and lung inflammation [46,47]. In contrast, there is increasing evidence that OSM
has pro-inflammatory properties [6,48,49]. Retrospective studies conducted in Hong Kong
and Atlanta found that increased OSM was correlated with disease severity in COVID-
19 infection [50]. OSM expression was increased in inflamed tissue from patients with
Crohn’s disease and ulcerative colitis compared to non-inflamed colonic lesions of these
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patients [51]. OSM expression was also increased in inflamed tissues of patients with in-
flammatory bowel disease, which was closely related to disease severity [52]. Subcutaneous
injection of OSM induced an acute inflammatory response in mice [48]. There are several
reports suggesting the possibility that TRYP’s effects on OSM may influence current treat-
ments for inflammatory diseases. OSM knockout mice with inflammatory bowel disease
had reduced severity of overall pathology and disease features compared to wild-type
mice [52]. The administration of anti-OSM antibodies to mouse models with arthritis
significantly improved the arthritis severity [53]. In addition, a recent study has shown that
a bioactive compound, berberine, attenuates chronic ulcerative colitis by inhibiting OSM
production [54]. We demonstrated that OSM production was increased in the GM-CSF-
stimulated neutrophil-like dHL-60 cells and neutrophils from mouse bone marrow, and
TRYP decreased the increased OSM production, suggesting an anti-inflammatory effect of
TRYP and its potential applications in various OSM-mediated inflammatory responses in
this study. Nevertheless, further studies are warranted to study the efficacy of TRYP on the
clinical significance of OSM in several OSM-mediated inflammatory models.

The AKT which functions as a critical downstream target of PI3K, and PI3K phospho-
rylate numerous protein targets that regulate several cellular processes [33,55]. In addition,
the PI3K-AKT pathway is part of a signaling pathway required to induce key immune
and inflammatory responses because PI3K-AKT functions as upstream kinases for NF-κB
activation [56,57]. The NF-κB transcription factor is a critical mediator of the inflammatory
responses, and several studies have demonstrated that NF-κB plays an important role in
linking inflammation and cancer [58]. OSM has been reported to be expressed through
the PI3K-AKT-NF-κB signaling pathway in osteoblasts [32]. In our previous report, we
revealed that OSM expression was regulated via the PI3K-AKT-NF-κB signaling pathway in
neutrophils [13]. Binding of GM-CSF to its receptor activates src-tyrosine kinase Lyn (LYN),
which activate PI3K-AKT signaling in human neutrophils [59]. The serine/threonine pro-
tein kinase pim (PIM) and hematopoietic cell kinase (HCK, tyrosine protein kinase) interact
with PI3K-AKT and induce PI3K-AKT phosphorylation [60–62]. Han et al. [63] indicated
that indigo and TRYP potentially bind LYN, PIM1, and HCK and inhibit the expression of
these proteins. We found that TRYP inhibits OSM levels via the PI3K-AKT-NF-κB signaling
pathway in this study. Thus, we suggest that TRYP might down-regulate PI3K-AKT-NF-κB
signaling by interacting with these kinase proteins. However, further studies are needed to
elucidate the exact molecular mechanisms by analyzing the direct binding of TRYP to these
proteins in GM-CSF-stimulated neutrophils.

5. Conclusions

Collectively, this study is the first to demonstrate that TRYP presented a significantly
beneficial effect on neutrophils by regulating the OSM production through the PI3K, AKT,
and NF-κB pathways. Therefore, TRYP may have the potential to treat OSM-mediated
inflammatory diseases. However, this study has a limitation in that no in vivo experiments
were conducted as part of the study. This study focused on the in vitro effects of TRYP
on the OSM release from neutrophils. However, the findings of this study may provide
foundational data and persuasive evidence to support the exploration of TRYP in future
studies of animal models of OSM-mediated inflammatory responses. It also provides
insight into the potential utility of TRYP in addressing OSM-mediated inflammatory
diseases. However, in vivo studies clarifying functional OSM in several inflammation
models are needed to demonstrate the anti-inflammatory effects of TRYP.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16234109/s1, Figure S1: Dose-response curve for cell viability
of TRYP; Figure S2: The effect of TRYP on survival rate; Figure S3: Dose-response curve for OSM
release of TRYP; Figure S4: Effect of TRYP on OSM release from bone marrow-derived neutrophils.
Table S1. PCR primer sequence.

47



Nutrients 2024, 16, 4109

Author Contributions: Conceptualization, N.-R.H., H.-J.P., S.-G.K. and P.-D.M.; methodology, H.-J.P.
and S.-G.K.; formal analysis and data analysis, N.-R.H. and P.-D.M.; writing—original draft, N.-R.H.;
funding acquisition, S.-G.K.; writing—review and editing, P.-D.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1A5A2019413).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets used and/or analyzed during the current study are
available from the corresponding author due to legal reasons.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2017, 9, 7204–7218. [CrossRef] [PubMed]

2. Hannoodee, S.; Nasuruddin, D.N. Acute Inflammatory Response. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2024.

3. Pahwa, R.; Goyal, A.; Jialal, I. Chronic Inflammation. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
4. Zhao, H.; Wu, L.; Yan, G.; Chen, Y.; Zhou, M.; Wu, Y.; Li, Y. Inflammation and tumor progression: Signaling pathways and

targeted intervention. Signal Transduct. Target. Ther. 2021, 6, 263. [CrossRef] [PubMed]
5. Rutter, M.; Saunders, B.; Wilkinson, K.; Rumbles, S.; Schofield, G.; Kamm, M.; Williams, C.; Price, A.; Talbot, I.; Forbes, A. Severity

of inflammation is a risk factor for colorectal neoplasia in ulcerative colitis. Gastroenterology 2004, 126, 451–459. [CrossRef]
[PubMed]

6. Tanaka, M.; Miyajima, A. Oncostatin M, a multifunctional cytokine. Rev. Physiol. Biochem. Pharmacol. 2003, 149, 39–52. [CrossRef]
[PubMed]

7. Sims, N.A.; Lévesque, J.P. Oncostatin M: Dual Regulator of the Skeletal and Hematopoietic Systems. Curr. Osteoporos. Rep. 2024,
22, 80–95. [CrossRef]

8. Verstockt, S.; Verstockt, B.; Machiels, K.; Vancamelbeke, M.; Ferrante, M.; Cleynen, I.; De Hertogh, G.; Vermeire, S. Oncostatin M
Is a Biomarker of Diagnosis, Worse Disease Prognosis, and Therapeutic Nonresponse in Inflammatory Bowel Disease. Inflamm.
Bowel Dis. 2021, 27, 1564–1575. [CrossRef]

9. Wolf, C.L.; Pruett, C.; Lighter, D.; Jorcyk, C.L. The clinical relevance of OSM in inflammatory diseases: A comprehensive review.
Front. Immunol. 2023, 14, 1239732. [CrossRef]

10. Kraus, R.F.; Gruber, M.A. Neutrophils-From Bone Marrow to First-Line Defense of the Innate Immune System. Front. Immunol.
2021, 12, 767175. [CrossRef]

11. Herrero-Cervera, A.; Soehnlein, O.; Kenne, E. Neutrophils in chronic inflammatory diseases. Cell. Mol. Immunol. 2022, 19, 177–191.
[CrossRef]

12. Elbjeirami, W.M.; Donnachie, E.M.; Burns, A.R.; Smith, C.W. Endothelium-derived GM-CSF influences expression of oncostatin
M. Am. J. Physiol. Cell Physiol. 2011, 301, C947–C953. [CrossRef]

13. Han, N.R.; Ko, S.G.; Park, H.J.; Moon, P.D. Dexamethasone Attenuates Oncostatin M Production via Suppressing of PI3K/Akt/NF-
κB Signaling in Neutrophil-like Differentiated HL-60 Cells. Molecules 2022, 27, 129. [CrossRef] [PubMed]

14. Babatunde, K.A.; Wang, X.; Hopke, A.; Lannes, N.; Mantel, P.Y.; Irimia, D. Chemotaxis and swarming in differentiated HL-60
neutrophil-like cells. Sci. Rep. 2021, 11, 778. [CrossRef] [PubMed]

15. Guo, Y.; Gao, F.; Wang, Q.; Wang, K.; Pan, S.; Pan, Z.; Xu, S.; Li, L.; Zhao, D. Differentiation of HL-60 cells in serum-free
hematopoietic cell media enhances the production of neutrophil extracellular traps. Exp. Ther. Med. 2021, 21, 353. [CrossRef]
[PubMed]

16. Wang, D.; Sennari, Y.; Shen, M.; Morita, K.; Kanazawa, T.; Yoshida, Y. ERK is involved in the differentiation and function of
dimethyl sulfoxide-induced HL-60 neutrophil-like cells, which mimic inflammatory neutrophils. Int. Immunopharmacol. 2020, 84,
106510. [CrossRef] [PubMed]

17. Bhakta, S.B.; Lundgren, S.M.; Sesti, B.N.; Flores, B.A.; Akdogan, E.; Collins, S.R.; Mercer, F. Neutrophil-like cells derived from the
HL-60 cell-line as a genetically-tractable model for neutrophil degranulation. PLoS ONE 2024, 19, e0297758. [CrossRef]

18. Wishart, A.L.; Swamydas, M.; Lionakis, M.S. Isolation of Mouse Neutrophils. Curr. Protoc. 2023, 3, e879. [CrossRef]
19. Evrard, M.; Kwok, I.W.H.; Chong, S.Z.; Teng, K.W.W.; Becht, E.; Chen, J.; Sieow, J.L.; Penny, H.L.; Ching, G.C.; Devi, S.; et al.

Developmental Analysis of Bone Marrow Neutrophils Reveals Populations Specialized in Expansion, Trafficking, and Effector
Functions. Immunity 2018, 48, 364–379.e8. [CrossRef]

20. Luo, Z.; Lu, Y.; Shi, Y.; Jiang, M.; Shan, X.; Li, X.; Zhang, J.; Qin, B.; Liu, X.; Guo, X.; et al. Neutrophil hitchhiking for drug delivery
to the bone marrow. Nat. Nanotechnol. 2023, 18, 647–656. [CrossRef]

48



Nutrients 2024, 16, 4109

21. Liao, X.; Zhou, X.; Mak, N.K.; Leung, K.N. Tryptanthrin inhibits angiogenesis by targeting the VEGFR2-mediated ERK1/2
signalling pathway. PLoS ONE 2013, 8, e82294. [CrossRef]

22. Pinheiro, D.; Pineiro, M.; Pina, J.; Brandão, P.; Galvão, A.M.; Seixas de Melo, J.S. Tryptanthrin from indigo: Synthesis, excited state
deactivation routes and efficient singlet oxygen sensitization. Dye. Pigment. 2020, 175, 108125. [CrossRef]

23. Chang, H.N.; Huang, S.T.; Yeh, Y.C.; Wang, H.S.; Wang, T.H.; Wu, Y.H.; Pang, J.H. Indigo naturalis and its component tryptanthrin
exert anti-angiogenic effect by arresting cell cycle and inhibiting Akt and FAK signaling in human vascular endothelial cells. J.
Ethnopharmacol. 2015, 174, 474–481. [CrossRef] [PubMed]

24. Yu, S.T.; Chen, T.M.; Tseng, S.Y.; Chen, Y.H. Tryptanthrin inhibits MDR1 and reverses doxorubicin resistance in breast cancer cells.
Biochem. Biophys. Res. Commun. 2007, 358, 79–84. [CrossRef] [PubMed]

25. Zeng, Q.; Luo, C.; Cho, J.; Lai, D.; Shen, X.; Zhang, X.; Zhou, W. Tryptanthrin exerts anti-breast cancer effects both in vitro and
in vivo through modulating the inflammatory tumor microenvironment. Acta Pharm. 2021, 71, 245–266. [CrossRef] [PubMed]

26. Han, N.R.; Moon, P.D.; Kim, H.M.; Jeong, H.J. Tryptanthrin ameliorates atopic dermatitis through down-regulation of TSLP. Arch.
Biochem. Biophys. 2014, 542, 14–20. [CrossRef] [PubMed]

27. Kwon, Y.W.; Cheon, S.Y.; Park, S.Y.; Song, J.; Lee, J.H. Tryptanthrin Suppresses the Activation of the LPS-Treated BV2 Microglial
Cell Line via Nrf2/HO-1 Antioxidant Signaling. Front. Cell. Neurosci. 2017, 11, 18. [CrossRef]

28. Pergola, C.; Jazzar, B.; Rossi, A.; Northoff, H.; Hamburger, M.; Sautebin, L.; Werz, O. On the inhibition of 5-lipoxygenase product
formation by tryptanthrin: Mechanistic studies and efficacy in vivo. Br. J. Pharmacol. 2012, 165, 765–776. [CrossRef]

29. Danz, H.; Stoyanova, S.; Thomet, O.A.; Simon, H.U.; Dannhardt, G.; Ulbrich, H.; Hamburger, M. Inhibitory activity of tryptanthrin
on prostaglandin and leukotriene synthesis. Planta Med. 2002, 68, 875–880. [CrossRef]

30. Hackert, N.S.; Radtke, F.A.; Exner, T.; Lorenz, H.M.; Müller-Tidow, C.; Nigrovic, P.A.; Wabnitz, G.; Grieshaber-Bouyer, R. Human
and mouse neutrophils share core transcriptional programs in both homeostatic and inflamed contexts. Nat. Commun. 2023, 14,
8133. [CrossRef]

31. Kaur, R.; Manjal, S.K.; Rawal, R.K.; Kumar, K. Recent synthetic and medicinal perspectives of tryptanthrin. Bioorg. Med. Chem.
2017, 25, 4533–4552. [CrossRef]

32. Su, C.M.; Lee, W.L.; Hsu, C.J.; Lu, T.T.; Wang, L.H.; Xu, G.H.; Tang, C.H. Adiponectin Induces Oncostatin M Expression in
Osteoblasts through the PI3K/Akt Signaling Pathway. Int. J. Mol. Sci. 2015, 17, 29. [CrossRef]

33. Bai, D.; Ueno, L.; Vogt, P.K. Akt-mediated regulation of NFkappaB and the essentialness of NFkappaB for the oncogenicity of
PI3K and Akt. Int. J. Cancer 2009, 125, 2863–2870. [CrossRef] [PubMed]

34. Abubakar, A.R.; Haque, M. Preparation of Medicinal Plants: Basic Extraction and Fractionation Procedures for Experimental
Purposes. J. Pharm. Bioallied Sci. 2020, 12, 1–10. [CrossRef] [PubMed]

35. Sasidharan, S.; Chen, Y.; Saravanan, D.; Sundram, K.M.; Yoga Latha, L. Extraction, isolation and characterization of bioactive
compounds from plants’ extracts. Afr. J. Tradit. Complement. Altern. Med. 2011, 8, 1–10. [CrossRef] [PubMed]

36. Kussmann, M.; Abe Cunha, D.H.; Berciano, S. Bioactive compounds for human and planetary health. Front. Nutr. 2023, 10,
1193848. [CrossRef] [PubMed]

37. Hoang, T.; Kim, J. Phytonutrient supplements and metabolic biomarkers of cardiovascular disease: An umbrella review of
meta-analyses of clinical trials. Phytother. Res. 2021, 35, 4171–4182. [CrossRef]

38. Gupta, C.; Prakash, D. Phytonutrients as therapeutic agents. J. Complement. Integr. Med. 2014, 11, 151–169. [CrossRef]
39. Gunun, N.; Kaewpila, C.; Khota, W.; Polyorach, S.; Kimprasit, T.; Phlaetita, W.; Cherdthong, A.; Wanapat, M.; Gunun, P. The Effect

of Indigo (Indigofera tinctoria L.) Waste on Growth Performance, Digestibility, Rumen Fermentation, Hematology and Immune
Response in Growing Beef Cattle. Animals 2022, 13, 84. [CrossRef]

40. Sharma, V.; Agarwal, A. Physicochemical and Antioxidant Assays of Methanol and Hydromethanol Extract of Ariel Parts of
Indigofera tinctoria Linn. Indian. J. Pharm. Sci. 2015, 77, 729–734. [CrossRef]

41. Yang, Q.-Y.; Zhang, T.; He, Y.-N.; Huang, S.-J.; Deng, X.; Han, L.; Xie, C.-G. From natural dye to herbal medicine: A systematic
review of chemical constituents, pharmacological effects and clinical applications of indigo naturalis. Chin. Med. 2020, 15, 127.
[CrossRef]

42. Kukula-Koch, W.A.; Widelski, J. Chapter 9-Alkaloids. In Pharmacognosy Fundamentals, Applications and Strategies; Simone, B.,
Rupika, D., Eds.; Academic Press: San Diego, CA, USA, 2017; pp. 163–198. [CrossRef]

43. Kiss, A.L. Inflammation in Focus: The Beginning and the End. Pathol. Oncol. Res. 2022, 27, 1610136. [CrossRef]
44. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444. [CrossRef] [PubMed]
45. Geethadevi, A.; Ku, Z.; Tsaih, S.W.; Parashar, D.; Kadamberi, I.P.; Xiong, W.; Deng, H.; George, J.; Kumar, S.; Mittal, S.; et al.

Blocking Oncostatin M receptor abrogates STAT3 mediated integrin signaling and overcomes chemoresistance in ovarian cancer.
NPJ Precis. Oncol. 2024, 8, 127. [CrossRef] [PubMed]

46. Wahl, A.F.; Wallace, P.M. Oncostatin M in the anti-inflammatory response. Ann. Rheum. Dis. 2001, 60 (Suppl. 3), iii75–iii80.
[CrossRef]

47. Boutten, A.; Venembre, P.; Seta, N.; Hamelin, J.; Aubier, M.; Durand, G.; Dehoux, M.S. Oncostatin M is a potent stimulator of
alpha1-antitrypsin secretion in lung epithelial cells: Modulation by transforming growth factor-beta and interferon-gamma. Am.
J. Respir. Cell Mol. Biol. 1998, 18, 511–520. [CrossRef]

49



Nutrients 2024, 16, 4109

48. Modur, V.; Feldhaus, M.J.; Weyrich, A.S.; Jicha, D.L.; Prescott, S.M.; Zimmerman, G.A.; McIntyre, T.M. Oncostatin M is a
proinflammatory mediator. In vivo effects correlate with endothelial cell expression of inflammatory cytokines and adhesion
molecules. J. Clin. Investig. 1997, 100, 158–168. [CrossRef]

49. O’Connell, J.; Doherty, J.; Buckley, A.; Cormican, D.; Dunne, C.; Hartery, K.; Larkin, J.; MacCarthy, F.; McCormick, P.; McKiernan,
S.; et al. Colonic oncostatin M expression evaluated by immunohistochemistry and infliximab therapy outcome in corticosteroid-
refractory acute severe ulcerative colitis. Intest. Res. 2022, 20, 381–385. [CrossRef]

50. Arunachalam, P.S.; Wimmers, F.; Mok, C.K.P.; Perera, R.A.P.M.; Scott, M.; Hagan, T.; Sigal, N.; Feng, Y.; Bristow, L.; Tak-Yin Tsang,
O.; et al. Systems biological assessment of immunity to mild versus severe COVID-19 infection in humans. Science 2020, 369,
1210–1220. [CrossRef]

51. Beigel, F.; Friedrich, M.; Probst, C.; Sotlar, K.; Göke, B.; Diegelmann, J.; Brand, S. Oncostatin M mediates STAT3-dependent
intestinal epithelial restitution via increased cell proliferation, decreased apoptosis and upregulation of SERPIN family members.
PLoS ONE 2014, 9, e93498. [CrossRef]

52. West, N.R.; Hegazy, A.N.; Owens, B.M.J.; Bullers, S.J.; Linggi, B.; Buonocore, S.; Coccia, M.; Görtz, D.; This, S.; Stockenhuber, K.;
et al. Oncostatin M drives intestinal inflammation and predicts response to tumor necrosis factor-neutralizing therapy in patients
with inflammatory bowel disease. Nat. Med. 2017, 23, 579–589. [CrossRef]

53. Plater-Zyberk, C.; Buckton, J.; Thompson, S.; Spaull, J.; Zanders, E.; Papworth, J.; Life, P.F. Amelioration of arthritis in two murine
models using antibodies to oncostatin M. Arthritis Rheum. 2001, 44, 2697–2702. [CrossRef]

54. Li, H.; Feng, C.; Fan, C.; Yang, Y.; Yang, X.; Lu, H.; Lu, Q.; Zhu, F.; Xiang, C.; Zhang, Z.; et al. Intervention of oncostatin
M-driven mucosal inflammation by berberine exerts therapeutic property in chronic ulcerative colitis. Cell Death Dis. 2020, 11,
271. [CrossRef] [PubMed]

55. He, Y.; Sun, M.M.; Zhang, G.G.; Yang, J.; Chen, K.S.; Xu, W.W.; Li, B. Targeting PI3K/Akt signal transduction for cancer therapy.
Signal. Transduct. Target. Ther. 2021, 6, 425. [CrossRef] [PubMed]

56. Ozes, O.N.; Mayo, L.D.; Gustin, J.A.; Pfeffer, S.R.; Pfeffer, L.M.; Donner, D.B. NF-kappaB activation by tumour necrosis factor
requires the Akt serine-threonine kinase. Nature 1999, 401, 82–85. [CrossRef]

57. Sun, X.; Wang, X.; Chen, T.; Li, T.; Cao, K.; Lu, A.; Chen, Y.; Sun, D.; Luo, J.; Fan, J.; et al. Myelin activates FAK/Akt/NF-kappaB
pathways and provokes CR3-dependent inflammatory response in murine system. PLoS ONE 2010, 5, e9380. [CrossRef]

58. DiDonato, J.A.; Mercurio, F.; Karin, M. NF-κB and the link between inflammation and cancer. Immunol. Rev. 2012, 246, 379–400.
[CrossRef]

59. Pintard, C.; Ben Khemis, M.; Liu, D.; Dang, P.M.; Hurtado-Nedelec, M.; El-Benna, J. Apocynin prevents GM-CSF-induced-ERK1/2
activation and -neutrophil survival independently of its inhibitory effect on the phagocyte NADPH oxidase NOX2. Biochem.
Pharmacol. 2020, 177, 113950. [CrossRef]

60. Aziz, A.U.R.; Farid, S.; Qin, K.; Wang, H.; Liu, B. PIM Kinases and Their Relevance to the PI3K/AKT/mTOR Pathway in the
Regulation of Ovarian Cancer. Biomolecules 2018, 8, 7. [CrossRef]

61. Roversi, F.M.; Bueno, M.L.P.; da Silva, J.A.F.; Assis-Mendonça, G.R.; Torello, C.O.; Shiraishi, R.N.; Pericole, F.V.; Ferro, K.P.; Duarte,
A.S.S.; Rego, E.M.; et al. Novel inhibitor of hematopoietic cell kinase as a potential therapeutic agent for acute myeloid leukemia.
Cancer Immunol. Immunother. 2022, 71, 1909–1921. [CrossRef]

62. Roversi, F.M.; Pericole, F.V.; Machado-Neto, J.A.; da Silva Santos Duarte, A.; Longhini, A.L.; Corrocher, F.A.; Palodetto, B.; Ferro,
K.P.; Rosa, R.G.; Baratti, M.O.; et al. Hematopoietic cell kinase (HCK) is a potential therapeutic target for dysplastic and leukemic
cells due to integration of erythropoietin/PI3K pathway and regulation of erythropoiesis: HCK in erythropoietin/PI3K pathway.
Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 450–461. [CrossRef]

63. Han, Z.; Song, L.; Qi, K.; Ding, Y.; Wei, M.; Jia, Y. Deciphering the Key Pharmacological Pathways and Targets of Yisui Qinghuang
Powder That Acts on Myelodysplastic Syndromes Using a Network Pharmacology-Based Strategy. Evid. Based Complement.
Alternat. Med. 2020, 2020, 8877295. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

50



Article

Phytochemical, Cytoprotective Profiling, and Anti-Inflammatory
Potential of Colchicum luteum in Rheumatoid Arthritis: An
Experimental and Simulation Study

Huda Abbasi 1, Maria Sharif 1, Peter John 1,*, Attya Bhatti 1, Muhammad Qasim Hayat 1

and Qaisar Mansoor 2

1 Atta ur Rahman School of Applied Biosciences, National University of Sciences and Technology, Sector H-12,
Islamabad 44000, Pakistan; habbasi.phdabs14asab@asab.nust.edu.pk (H.A.);
msharif.phdabs22asab@student.nust.edu.pk (M.S.); attyabhatti@asab.nust.edu.pk (A.B.);
m.qasim@asab.nust.edu.pk (M.Q.H.)

2 Institute of Biomedical and Genetic Engineering (IBGE), Sector G-9/4, Islamabad 44000, Pakistan;
qmibge@gmail.com

* Correspondence: pjohn@asab.nust.edu.pk; Tel.: +92-051-90856151

Abstract: Background: Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized
by severe pain, inflammation, and joint deformity. Currently, it affects 1% of the population, with
a projection to exceed 23 million cases by 2030. Despite significant advancements, non-steroidal
anti-inflammatory drugs (NSAIDs), the first line of treatment, are associated with a range of adverse
effects. Consequently, plant-based derivatives are being utilized as an effective alternative. This
study evaluates the anti-inflammatory and safety profile of Colchicum luteum hydroethanolic extract
(CLHE) in comparison to NSAIDs, with a focus on COX-2 and TNFα inhibition. Methods: CLHE
potential was evaluated by phytochemical screening and in vitro bioactivity assays. Toxicity profile
was conducted in Human Colon Epithelial Cells (HCEC) and Balb/c mice. Anti-inflammatory
potential was explored in a collagen-induced arthritic (CIA) mice model. Bioactive compounds were
identified computationally from GCMS data and subjected to docking and simulation studies against
COX2 and TNFα. Results: CLHE demonstrated significant antioxidant (IC-50 = 6.78 μg/mL) and
anti-inflammatory (IC-50 = 97.39 μg/mL) activity. It maintained 50% cell viability at 78.5 μg/μL
in HCEC cells and exhibited no toxicity at a dose of 5000 mg/kg in mice. In the CIA model,
CLHE significantly reduced paw swelling, arthritic scoring, C-reactive protein levels, and spleen
indices, outperforming ibuprofen. Expression analysis confirmed the downregulation of COX-2,
TNFα, and MMP-9. Histopathological analysis indicated the superior efficacy of CLHE compared
to ibuprofen in reducing inflammation, synovial hyperplasia, and bone erosion. Computational
studies identified compound-15 (CL15), (4-(4,7-dimethoxy-1,3-benzodioxol-5-yl)-2-oxo pyrrolidine-3-
carboxylic acid), a non-toxic compound with strong binding affinities to COX-2 (−12.9 KJ/mol), and
TNF-α (−5.8 KJ/mol). Conclusions: The findings suggest the potential of Colchicum luteum as a safer,
anti-inflammatory, and multi-targeted alternative to NSAIDs for RA treatment.

Keywords: plant extract; anti-inflammatory; NSAIDs; acute toxicity; phytochemicals; bioactive
compound compounds; simulations

1. Introduction

Rheumatoid arthritis (RA) is a progressive chronic disorder affecting bones and carti-
lage, leading to joint deformity and loss of function. It impacts 1% of the global population
and ranks among the top 10 causes of disability worldwide. Furthermore, the trends
of rheumatic diseases in Pakistan have shown an increase in prevalence, deaths, and
disability-adjusted life years (DALYs) over the past 30 years, emphasizing the growing
burden of rheumatic conditions in the country [1]. The onset and progression of RA are
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influenced by genetic predisposition, environmental factors, and lifestyle choices. The
disabilities caused by chronic RA not only impair individual functioning and productivity
but also place a significant economic burden on healthcare systems. Effective management
strategies for RA involve early clinical diagnosis, lifestyle modifications, patient education,
and advancements in therapeutic interventions [2]. Current treatments for inflammation
in rheumatoid arthritis (RA) include disease-modifying antirheumatic drugs (DMARDs)
and non-steroidal anti-inflammatory drugs (NSAIDs). However, both drug classes are
associated with significant adverse effects, such as gastric perforation, renal and liver
damage, and pancytopenia, which limit their long-term use in chronic illness patients [3].
Approximately 20 to 40% of patients experience NSAID-induced abdominal pain and
diarrhea, and 15% of long-term users develop gastrointestinal ulcers and perforations,
with 67% showing elevated bilirubin levels (>2.5 mg/dL). In the past decade, 0.01% of
hospitalizations due to hepatotoxicity have been linked to NSAIDs [4]. Developing novel
therapeutic agents involves a multi-step screening process to identify pharmacologically
active compounds that inhibit biological targets while minimizing harm to healthy cells.
Identifying therapeutic targets is crucial in drug discovery, and more than 1200 receptors
and enzymes have been explored as potential targets for RA [5].

Cyclooxygenase-2 (COX-2), an inducible enzyme and the primary source of prostaglandins,
is considered pathologic due to its role in mediating pain and inflammation [6]. Tumor
necrosis factor-alpha (TNFα) is a key inflammatory cytokine that orchestrates the immune
response in chronic inflammatory disorders such as RA [7]. Both COX-2 and TNFα are cen-
tral to the initiation, progression, and inflammation seen in RA, with evidence suggesting
that TNFα can induce COX-2 expression and vice versa (Figure 1) [8]. This highlights the
importance of targeting these molecules for therapeutic inhibition.

 

Figure 1. Crosstalk interaction between COX-2 and TNFα in a rheumatoid arthritis joint. COX-2
leads to TNFα activation through PGE2 stimulation, while TNFα simultaneously enhances COX-2
expression, creating a feedback loop that amplifies inflammation.

Plant-derived compounds, known for their diverse biological activities and unique
chemical structures, are being investigated as treatments for chronic diseases. Phyto-
derivatives from traditional medicinal herbs, particularly those used in Chinese medicine,
are often employed as complementary therapies in managing inflammatory conditions.
However, the potential toxic effects of these compounds on healthy tissues remain inade-
quately studied [9].

Colchicum luteum is a medicinal herb well-known for its anti-inflammatory and anal-
gesic properties. C. luteum belongs to the Colchicaceae family, which is native to China,
Pakistan, India, Himalayan regions, and regions along the Mediterranean coast. Commonly
known as autumn crocus or meadow saffron, this herb is identified by its characteristic
yellow-colored flowers, alternate or whorled leaves, and corms or starchy rhizomes. The
aerial and root parts of C. luteum are mentioned in Greek, Indian, and Chinese traditional
medicine for their diverse medicinal applications. The corms of C. luteum are extensively
used to treat gastric, hematological, and rheumatic diseases. Colchicum species have been

52



Nutrients 2024, 16, 4020

used in traditional Chinese medicine for their antiproliferative, anti-rheumatic, antifungal,
and antipyretic characteristics, and several compounds have been identified from their
extracts [10–13].

Despite its extensive use in traditional medicine for the treatment of rheumatism and
gout, the efficacy and safety of Colchicum luteum as an individual therapeutic agent for
RA remains underexplored. Previous studies have shown that the methanolic extract of C.
luteum significantly inhibits lipoxygenase activity in vitro [11], demonstrating its potential
anti-inflammatory effects. Additionally, polyherbal formulations containing C. luteum
have been investigated in clinical trials for managing joint deformities [14]. This study
aims to evaluate the toxicity and anti-inflammatory potential of C. luteum hydroethanolic
extract by targeting key RA mediators, particularly COX-2 and TNF-α. By identifying safer
bioactive constituents such as CL15, we seek to establish C. luteum as a viable alternative
to conventional NSAIDs and biologics, offering a promising therapeutic option for the
management of RA.

2. Materials and Methods

2.1. The Phytochemical Analysis and Characterization of the Extract
2.1.1. Identification of Colchicum luteum Herb and Extract Preparation

C. luteum was collected from Islamabad, Pakistan (33◦42′35′′ N 73◦5′45′′ E), during
the fall season, from October to November 2022, as this is its flowering season. The
plant was verified by taxonomists from NUST Islamabad, Pakistan. The specimen was
compared to the herbarium vouchers 26,049 (RAW), 2522 (RAW), and 8457 (RAW) and
confirmed to be a Colchicum luteum Baker (Colchicaceae). The herbarium number for
Colchicum luteum was HUP0001096 and the taxonomy ID was 225785. The morphological
and botanical information is provided on eFolras.org. For extract preparation, the corms of
Colchicum luteum were dried and ground into a fine powder for hydroethanolic extraction
(1:1 v/v), following a previously reported method with slight modifications. The mixture
was macerated in the dark for two weeks and subsequently filtered using Whatman filter
paper no. 1. The filtrate was then air-dried in a biosafety cabinet for 48 h [15]. The yield of
the plant extract was calculated with the following formula:

Yield(%) = weight o f pure extract/weight o f dried plant part × 100

2.1.2. Phytochemical Screening

Phytochemical analysis of the crude extract was conducted using a previously re-
ported protocol with slight modifications [15]. An additional step involving chloroform
removal through N-hexane separation was added to reduce the color intensity of the
extract. The colorimetric method was used for the qualitative identification of alkaloids,
phenols, flavonoids, anthocyanins, leucoanthocyanins, tannins, phlobatannins, coumarins,
terpenoids, steroids, saponins, and emodin.

2.1.3. Total Phenolic and Flavonoid Content

Total phenolic content was calculated using the Folin–Ciocalteu (FC) method [16]. A
mixture of FC reagent (2.5 mL), NaHCO3 (2.5 mL), and the extract (0.5 mL) was incubated
at room temperature for 30 min. Gallic acid served as the standard, and absorbance
was measured at 765 nm using a UV-vis spectrophotometer. Results were expressed as
milligrams of gallic acid equivalent (GAE) per gram of dry sample.

The total flavonoid content of CLHE was quantified by the aluminum chloride (AlCl3)
method [16]. After serial dilution of the extract, 5% sodium nitrite was added and incubated
for 5 min at 25 ◦C. Then, 10% AlCl3 was added, followed by sodium hydroxide. A
calibration curve was prepared using rutin as the standard, and absorbance was measured
at 510 nm. The results were expressed as milligrams of rutin equivalent per gram of
dry extract.
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2.1.4. Chromatographic Characterization

The dried extract was dissolved in the methanol in the ratio of 1:1, which was injected
into a capillary column fused with 1,4-bis (dimethyl-siloxy) phenylene dimethyl polysilox-
ane (0.25 μm × 20 m × 0.25 mm). The gas chromatograph was coupled with an SH-Rxi-5Sil
mass spectrometer (QP-2020, SHIMADZU (Kyoto, Japan). The system was run with 70 eV
ionization energy for 38 min at 1 mL/min gas flow rate and 100 ◦C final oven temperature.
Mass spectrometry data was verified by the NIST (2017) library.

2.2. Evaluation of the Biological Activity of CLHE
2.2.1. Inhibition of Protein Denaturation

The protein denaturation inhibition assay was performed with albumin [17]. Albumin
was dissolved in distilled water at 1:1 w/v concentration and mixed with 2.8 mL phosphate-
buffered saline (pH 6.4). The extract was serially diluted (50, 100, 150, 200, and 250 μL) and
added to the albumin–PBS mixture, followed by a 15 min incubation at 37 ◦C. The solution
was heated to 70 ◦C for 5 min and then cooled to room temperature. The commercially
prescribed anti-inflammatory agent ibuprofen was used as a control and processed similarly
to CHLE. The absorbance was measured at 660 nm using a UV-vis spectrophotometer, and
percentage denaturation was calculated with the following formula:

Denaturation (%) = 1 − (Absorbance o f control/Absorbance o f sample)× 100 (1)

2.2.2. Free Radical Scavenging Activity

Radical scavenging or antioxidant activity was established by free radical scavenging
activity using DPPH. A previously reported methodology was used with slight modifi-
cations [17]. CLHE concentrations of 10, 30, 50, 70, 90, and 110 μL were tested against
identical dilutions of ibuprofen. The absorbance was measured at 570 nm using a UV-vis
spectrophotometer. The percentage scavenging was calculated with the following formula:

Scavenging (%) = 1 − (Absorbance o f control/Absorbance o f sample)× 100 (2)

2.3. Experimental Animals

Female BALB/c mice (8–12 weeks old) were obtained and housed at the animal house
laboratory of ASAB, NUST. Mice weighing 30–35 g were kept in metal cages. All the
obtained animals, i.e., experimental and control groups, were provided with a temperature-
(25 ◦C ± 2) and humidity-regulated, pathogen-free environment. The acclimatization
period was ten days. The Institutional Review Board (IRB No. 11-2020-01/04) of ASAB,
NUST approved the study protocol. All experimental methods were carried out per the
standards established by the Institute of Laboratory Animal Research, Division on Earth
and Life Sciences, National Institute of Health, United States (Guide for the Care and Use
of Laboratory Animals). All the mice included in the study were carefully examined for
any pathological anomalies; initial inspections focused on characteristics like hair and coat
color as well as the lack of any tissue damage.

2.4. Cell Lines

The Human Colon Epithelial Cells (HCEC) were provided by the Institute of Biotech-
nology and Genetic Engineering (IBGE), Islamabad. The cell lines were grown in Dulbecco’s
Modified Eagle Media (DMEM) (Gibco) with 10% FBS and 0.1% Penicillin/Streptomycin
(Sigma Aldrich, Taufkirchen, Germany) at 35 ◦C in 5% CO2.

2.5. Toxicology Profile of CLHE
2.5.1. In Vitro Toxicity Studies

To determine the cytotoxicity of plant extract MTT (3-(4,5-dimethyl thiazolyl-2)-2,5-
diphenyltetrazolium bromide) assay (Sigma Aldrich, Germany) was performed to evaluate
cell growth and viability. In a 96-well plate, 100 μL HCEC were cultured, and serially
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diluted CLHE extract was added followed by incubation. After 48 h, 20 μL MTT solution
and 50 μL solubilization solution were mixed in by pipetting. The plate was incubated in the
dark for 30 min and absorbance was measured at 570 nm using a UV-vis spectrophotometer.

2.5.2. In Vivo Toxicity Studies

Acute toxicity was measured with the Enegide method in healthy, 3–6-week-old,
female Balb/c mice [18]. CLHE was orally administered in three phases in gradually
increasing concentrations. After each phase, the mice were subjected to a 12 h fasting
period to excrete the previous dose from the system. After each administration, the mice
were observed for up to 6 h for signs of acute toxicity. After 24 h, mice were sacrificed,
and their blood was collected via cardiac puncture to evaluate serum bilirubin, urea, and
creatinine levels.

2.6. Analysis of Anti-Inflammatory Activity in Arthritic Mice Model
2.6.1. Collagen Induced Arthritis (CIA) Model Development

Female mice were divided into 4 groups (1: healthy control; 2: disease control; 3:
CLHE-treated; and 4: ibuprofen-treated). A CIA mice model was developed by the admin-
istration of type II collagenase, Freud Adjuvant, and bovine serum albumin via transdermal
injection. At the end of week 2, the paws of immunized mice were observed for signs of
edema and inflammation [19]. The mice showing arthritic indexes of 3 and 4 were selected
for further study. Groups 3 and 4 were given CLHE (5000 mg/kg) and ibuprofen solution
(636 mg/kg), respectively, as a treatment for 10 days. The selected dose of CLHE
(5000 mg/kg) was based on previous acute toxicity studies, which demonstrated no signif-
icant adverse effects at this concentration, making it suitable for evaluating the extract’s
therapeutic and safety profile [20]. The ibuprofen solution (636 mg/kg) was chosen to
correspond to its established therapeutic dose in animal models, allowing for a comparative
analysis of anti-inflammatory effects between CLHE and a standard NSAID.

2.6.2. Arthritis Index

Inflammatory edema and arthritic index were used as markers of localized inflamma-
tion. Edema was assessed via paw volume measured using a Vernier caliper (Mitutoyo,
Aurora, IL, USA). The arthritis index was measured by observing the paws of groups
1–4 and graded according to the digital arthritic index [19].

2.6.3. Spleen Indices

For spleen indices, the weight of the spleen was divided by the body weight of
the mice.

2.6.4. Serum Antibody Analysis

C-reactive protein (CRP) was used as a marker for systemic inflammation. Mouse
blood was drawn using cardiac puncture and collected in EDTA tubes. The test was
performed by the ASAB Diagnostic Lab (NUST, Islamabad, Pakistan) by employing com-
mercial ELISA kits (Elabscience) according to the manufacturer’s protocol. The levels of
antibodies were examined to determine the extent of the inflammation caused by arthritis
and the efficacy of the extracts in alleviating these levels.

2.6.5. Quantitative Real-Time PCR Analysis

Gene expression was carried out via qPCR (Applied Biosystems, Thermo Fischer
Scientific, Waltham, MA, USA). GAPDH was used as the housekeeping gene, and the
relative expression of TNFα, COX-2, and MMP-9 were analyzed and recorded as fold
change. The RNA was isolated by the TRIzol (Thermo Fischer Scientific, USA) method,
and the cDNA was synthesized according to previously reported protocols [19].
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2.6.6. Histological Analysis

Hematoxylin and eosin (H&E) staining was employed for the histopathology analysis
of the joints. The paw and tarsal joints were collected and stored in a 10% Formalin solution.
The specimens were prepared according to the previously reported protocol. Samples
were observed under the light microscope at 10× and 40× resolution. The parameters of
inflammation, membrane infiltration, and bone erosion were studied and scored [19].

2.7. In Silico Analysis of C. luteum Bioactive Compound
2.7.1. ADMET Screening of Bioactive Compounds

Canonical SMILES (Simplified Molecular Input Line Entry System) of GC–MS data and
the structure of all the phyto-compounds were retrieved from the PubChem database. The
bioactive compounds were shortlisted based on physicochemical parameters of molecular
mass, blood–brain barrier permeability, and druggability using SwissADME (2017) and
ADMET Lab 3.0 [21].

2.7.2. Toxicology Profiling of Shortlisted Compounds

The virtual lab ProTox 3.0 was used to predict hepatotoxicity, immunotoxicity, cy-
totoxicity, and lethal dose (LD50). The toxicity levels were used to categorize shortlisted
compounds into toxicological classes I, II (fatal), III (toxic), IV (harmful), and V (non-
toxic) [22].

2.7.3. Target Preparation

The 3D crystal structures of target proteins COX-2 (PDB ID: 5F19) and TNFα (PDB
ID: 2AZ5) were retrieved from the RCSB-protein databank. The proteins were prepared in
BIOVIA discovery studio v. 21.1.0.20298 (2020) by removing water molecules, steric clashes,
and pre-docked ligands. The polar hydrogens and Kollman charges were added.

2.7.4. Molecular Docking

Molecular docking was performed on AutoDock Vina v.4.2.0 [23]. The Lamarckian
genetic algorithm was used, and results were analyzed by docking score (Gibbs Free energy).
The protein targets COX-2 and TNFα were used as macromolecules. The protein–ligand
complex with the lowest RMSD and binding energy from the top 10 poses were selected
for molecular dynamics simulation (MDS).

2.7.5. Molecular Dynamic Simulation

The MDS was performed on the GROMACS (2020.4) [24]. The protein–ligand in-
teraction was observed for 100 ns using CHARMM36m forcefield (2020). The trajectory
and energy files were written every 10 ps. The production run for simulation was carried
out at a constant temperature of 300 K and a pressure of 1 atm (NPT). The MDS results
were analyzed based on root mean square deviation (RMSD), the radius of gyration (RoG),
and the number and strength of H-bonds. The conformational change of ligand–protein
complexes was analyzed on a time scale of 0, 50, and 100 ns.

2.7.6. Binding Free Energy Calculation

The binding free energies (DG) were calculated by the MMGBSA approach. The net
DG of the system was determined by finding the difference in DG between the ligand only,
the protein only, and their complex, as expressed in the following equation:

ΔG bind = ΔG complex − ΔG receptor − ΔG ligand
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This DG represents Gibb’s free energy, which is measured via MMGBSA, as shown in
the following equation:

ΔG = ΔE gas + ΔG Solv − ΔTS solute

The above equation represents the DG calculation, with E gas representing the energy
from the molecular mechanics force field and “T” and “S” representing the temperature and
entropy of ligand binding, respectively. The E gas term encompasses electrostatic energies,
internal energy, and van der Waals interactions.

2.8. Statistical Analysis

All data were expressed as mean ± standard deviation (SD). The data from the
antioxidant and protein stability assays were analyzed via the nonlinear regression method.
The data for paw volume, spleen size, blood CRP, histology scores, and cell viability
were analyzed in GraphPad Prism v.8.0.1 by one-way and two-way ANOVA. The level of
significance was p < 0.05.

3. Results

3.1. CLHE Phytochemical Screening, Quantification and Characterization

The identification of C. luteum was confirmed through its characteristic yellow flow-
ers (Figure 2a), and the corms were selected for extract preparation (Figure 2b). This
process yielded a 21% dried extract from 315 g of corms, reflecting efficient extraction of
bioactive constituents from the corms. The yield indicates the richness of the corms in
potentially active compounds, making them suitable for further biochemical and
pharmacological evaluation.

Figure 2. Colchicum luteum identification by (a) flower and stem, (b) corm.

A qualitative analysis of the secondary metabolites present in the CLHE of the corms
is summarized in Table 1. The results revealed an abundance of phenols, alongside the
presence of alkaloids, anthocyanins, leucoanthocyanin, coumarins, saponins, emodins,
sterols, and glycosides. In contrast, tannins, phlobatannins, terpenoids, steroids, and amino
acids were absent in the extract. The presence of these bioactive compounds underscores
the medicinal potential of the corm extract.

The total phenolic content of CLHE was calculated by analyzing the absorbance of the
extract on the standard gallic acid curve. The total phenolic content was 4.91 ± 0.085 mg
of GAE/gram of extract. Total flavonoid content was calculated using the rutin cali-
bration curve. The corms of C. luteum were estimated to have a flavonoid content of
2.01 ± 0.0424 mg (R2 = 0.98).
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Table 1. Phytochemical constituents of C. luteum corms extract: (+) present, ++ (abundant), and
(-) absent.

S. No. Secondary Metabolites C. luteum Hydroalcoholic Extract

1 Alkaloids +
2 Phenols ++
3 Flavonoids +
4 Anthocyanins +
5 Leucoanthocyanins +
6 Tannins -
7 Phlobatannins -
8 Coumarins +
9 Terpenoids -

10 Steroids -
11 Saponins +
12 Emodins +
13 Amino acids -
14 Sterols +
15 Glycosides +

The GC-MS chromatographic analysis of CLHE separated 600 volatile compounds,
among which phenolics, flavonoids, alkaloids, and sequesterpine hydrocarbons were no-
tably abundant, comprising 10.8%, 10%, 8.5%, and 3% of the extract, respectively. From
the total pool, select compounds with previously reported medicinal properties were
highlighted. For phenolics, 2,3-dihydrobenzoic acid, thymol TBDMS derivative, quinol,
and mandelic acid were identified, each known for antioxidant, antimicrobial, and anti-
tumor effects [25–28]. Alkaloid analysis revealed N-alpha-methylhistamine, 1-(5-fluoro-
2-nitrophenyl)piperidine, and tetraponerine T4, compounds linked to neurotherapeu-
tic, anti-inflammatory, and anticancer activities [29–31]. Flavonoids such as 2-formyl-
9-[β-d-ribofuranosyl]hypoxanthine, 6-chloro-2-cyclohexyl quinazolin-4(3h)-one, and 12-
cinnolinedicarboxylic acid were detected, known for their anti-neurodegenerative, seda-
tive, and antimicrobial effects [32–35]. Additionally, the sequesterpine hydrocarbon gin-
senol, with antiviral and antifungal properties [36], was noted. The full list of identified
compounds, along with their retention times and peak areas, has been provided in the
Supplementary Table S1 for further reference. These selected compounds were discussed
to illustrate the therapeutic potential of the CLHE extract.

3.2. CLHE Biological Potential

The plant extract prevents the denaturation of the protein by heat. The percent-
age of inhibition increases with the increase in concentration, exhibiting extract anti-
inflammatory potential. The percentage inhibition at the highest concentration of 550 was
53% ± 0.007 and 60% ± 0.006 for CLHE and aspirin (Figure 3a). IC-50 for CLHE was
calculated as 97.39 (R2 = 0.99), while for aspirin, it was 292.2 (R2 = 0.99).

DPPH was utilized to detect the presence of antioxidants in the plant extracts. The
higher the percentage of inhibition, the higher the antioxidant properties exhibited by the
plant. The percentage of inhibition showed that the plant extract scavenged free radicals
in a dose-dependent manner (10–90 μg/mL). The antioxidant capacity of CLHE was
recorded as higher than ascorbic acid (Figure 3b). The IC50 was for CLHE was calculated as
6.78 (R2 = 0.86), while for ascorbic acid, it was 99.85 (R2 = 0.80).
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Figure 3. Biological potential of CLHE expressed as (a) DPPH assay: The radical scavenging
potential of CLHE shows a concentration-dependent increase comparable to ibuprofen. (b) Pro-
tein denaturation assay: Protein denaturation inhibition activity is significantly increased with
extract concentration. CLHE is a significant inhibitor of protein denaturation at 250 μg/mL (n = 3)
(R2 = 0.96).

3.3. Invitro Cytotoxicity Effect of CLHE

The potential cytotoxic effect of CLHE was evaluated on HCEC cell lines via MTT
assay for 48 h. CLHE was tested at concentrations ranging from 2 to 20 μg/mL, with
results depicted in Figure 4. Cell viability was significantly reduced with increasing
concentrations (p < 0.0001), with CLHE exhibiting toxicity at doses greater than 10 μg/μL.
The concentration of CLHE responsible for a 50% reduction in cell viability (IC50) was
calculated to be 78.5 μg/mL for the HCEC cell line, highlighting the significant safety
profile of CLHE. Control cells, treated with the same solvent without CLHE, demonstrated
100% viability, providing a baseline for comparison.

Figure 4. Cytoprotective activity of CLHE expressed as cell viability % in HCEC cells R2 = 0.9 Statisti-
cal significance was determined by one-way ANOVA, followed by Bonferroni multiple comparison
test where ns = non-significant and **** p < 0.0001.

3.4. In Vivo Acute Toxicity Effect of CLHE

The acute lethal toxicity results show that CLHE does not cause any death in any of
the phases. Even at the highest dose of 5000 mg/kg, no death or noticeable physical or
behavioral changes were observed, suggesting that the extract is safe for oral administration.
Except for increased motor activity in the Dose II group, none showed abnormal physical
and behavioral changes (Table 2). Moreover, no significant difference was detected in the
creatinine, urea, and total bilirubin levels of mice treated with CLHE, as shown in Table 3.
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Table 2. Acute toxicity evaluation of CLHE.

Signs of Acute Toxicity
Dose I:

800 mg/kg
Dose II:

2000 mg/kg
Dose III:

5000 mg/kg

Sedation - - -
Respiratory distress - - -

Salivation - - -
Hyperesthesia - - -

Diarrhea - - -
Blanching - - -

Increased motor activity - + -
Writhing/twisting - - -

Straub reaction - - -
Tremors - - -

Arching and rolling - - -
Tonic convulsions - - -

Tonic extension - - -
Lacrimation - - -

Cyanosis - - -
Number of deaths 0 0 0

+ indicates presence of symptoms and - indicates absence of symptoms

Table 3. Creatinine, urea, and total bilirubin levels of CLHE treated mice.

Test Name Control CLHE

T. Bilirubin 0.6 0.5
Urea 36 45

Creatinine 0.33 0.20

3.5. Effect of CHLE on Paw Swelling and Arthritic Index

A CIA model was developed to evaluate the therapeutic effect of C luteum. Immu-
nization with CII leads to the development of CIA models with significant paw swelling
and inflammation (Figure 5a). There was a significant increase in the paw size from
week 1 to 4 (p < 0.0001) in group 2 as compared to the healthy control (Figure 5b). A
significant thickness in the paws of mice was observed between 1.5 and 2 weeks. The paw
volume increased with time in all groups. However, after the treatment, the paw volume
significantly decreased for both CLHE and ibuprofen as compared to the arthritic control
(p < 0.0001).

The arthritis score was determined after regular intervals of 7 days. The scoring
ranges from 0 to 4 and is linked to clinical observations. According to this criterion,
the mice with maximum scores of 3 and 4 were selected for further experimentation.
All three groups showed visible swelling on the entire paw extending to the tarsal joint.
Moreover, the selected mice were unable to hold cage wires with the swollen paw, indicating
restriction in paw function. The joint swelling and damage were significant on day 7 and
boosted substantially for the arthritic control throughout the study (p < 0.0001). However,
a significant reduction was observed in the treatment groups, i.e., fever clinical signs of
inflammation. The extract-treated group showed a greater reduction in arthritic index
(p < 0.0001) than the standard ibuprofen-treated group (p < 0.001) (Figure 5c).
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Figure 5. Anti arthritic activity of CLHE. (a) Experimental design, (b) paw edema, (c) arthritic index,
(d) paw at the end of the experiment, (e) blood CRP levels, (f) spleen indices, (g) expression analysis
of COX2, TNFα, and MMP9. Statistical significance was determined by two-way ANOVA or one-way
ANOVA, wherever applicable, followed by Bonferroni multiple comparison test where * p < 0.01,
** p < 0.001, *** p = 0.0001 **** p < 0.0001 represents control group vs. disease control group and
## p < 0.001, ### p = 0.0001 and #### p < 0.0001 represents disease control group vs. treatment groups.

3.6. Effect of CHLE on C-Reactive Protein

CLHE reduces CIA-induced inflammation by decreasing the serum levels of CRP.
Results showed that the arthritic mice model had elevated levels of CRP as compared to
the healthy control (p < 0.0001). Treatment with the extract and ibuprofen significantly
reduced the level of CRP as compared to the arthritic group p < 0.0001, i.e., both ibuprofen
and extract showed comparable results in reducing the levels of CRP (Figure 5e).

3.7. Effect of CHLE on Spleen Indices

An enlarged spleen is indicative of an inflated immune response and inflammation. To
evaluate the severity of arthritis in animal models, spleen indices were conducted. Spleen
indices were significantly increased in the CIA model (p < 0.001). No significant difference
was found between the CLHE- and ibuprofen-treated groups in comparison to the arthritic
group. However, spleen indices were significantly more increased for ibuprofen (p < 0.0001)
than extract (p < 0.01) as compared to the healthy mice (Figure 5f).

3.8. Effect of CLHE on Inflammatory Biomarkers

The expression of TNFα, COX-2, and MMP-9 genes was analyzed by qPCR. Group 1
showed basal level expression while group 2 showed a significant upregulation of COX2,
TNFα, and MMP9 (p < 0.0001) compared to the healthy mice. The expressions of COX2,
TNFα, and MMP9 significantly decreased in both CLHE-treated and ibuprofen-treated
groups. Interestingly both extract and ibuprofen showed comparable results (Figure 5g).

3.9. Effect of CLHE on Histopathological Changes

Histopathological analysis of the arthritic mice showed visible signs of inflammation,
immunocyte infiltration, synovial hyperplasia, and bone erosion. However, treatment
with extracts alleviated the arthritic symptoms significantly (Figure 6). Enlarged and
effused joints indicate hyperplastic and hypertrophic synovium, which was observed in
the arthritic group. The joint enlargement was reduced in the CHLE joint, where relatively
smoother membrane boundaries were observed. Treatment with the extract significantly
reduced inflammation (p < 0.001), immune infiltration (p < 0.0001), and synovial hyperplasia
(p < 0.0001) as compared to ibuprofen (p < 0.01). Similarly, in the CLHE-treated group, a
significant reduction in the reversal of bone erosion was also recorded (p < 0.001), whereas
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the ibuprofen-treated group showed a non-significant reduction as compared to the arthritic
control (Figure 6i–l).

Figure 6. H&E-stained tissue of the tarsal joint of CIA Balb/c mice. (a–c) Group 1: (a) inflammation,
(b) immune cell infiltration and synovial hyperplasia, (c) bone erosion represented by black arrows.
(d–f) Group 2: (d) inflammation, (e) immune cell infiltration and synovial hyperplasia, (f) bone
erosion represented by black arrows. (g–i) Group 3: (g) inflammation, (h) immune cell infiltration and
synovial hyperplasia, (i) bone erosion represented by black arrows. (j–l). Group 4: (j) inflammation,
(k) immune cell infiltration and synovial hyperplasia, (l) bone erosion represented by black arrows.
Figures were scaled to 100 μm and original magnifications were 20× and 40×. (m) Histopathological
scoring; statistical significance was determined by one-way ANOVA, followed by Bonferroni multiple
comparison test where *** p = 0.0001, **** p < 0.0001 represents control group vs. disease control
group and # p < 0.01, ## p < 0.001, ### p = 0.0001 and #### p < 0.0001 represents disease control group
vs. treatment groups where ns = non-significant.

3.10. In Silico Analysis of C. luteum Bioactive Compounds
3.10.1. Screening of Bioactive Compounds

GCMS analysis identified 600 phytocompounds. Out of the 600 CLHE-derived nat-
ural compounds, pharmacokinetic screening identified 15 phytoconstituents (CL01 to
CL15) that fulfilled the parameters of absorption, distribution, metabolism, and excretion
(Figure 7). Out of these fifteen compounds, CL-1, -4, -5, -10, -11, and -13 presented a Lip-
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inski violation (molecular weight > 350 g/mol). CL-2 presented low GI absorption. CL-3
was identified as a natural toxin. CL-6 was an interfering or “promiscuous” compound
with potential off-target effects identified by pan-assay interference structure (PAINS).
CL- 7, -8, -9, and -14 presented lower Log S values, rendering them moderately soluble.
CL-12 was a chemically reactive and metabolically unstable moiety identified by Brenk
alert (Supplementary Table S2). However, compound 15 (CL15) was screened as an ideal
candidate for evaluation as it fulfilled the ideal physicochemical profile of absorption,
distribution, metabolism, excretion, and toxicity (Table 4).

 

Figure 7. Bioactive natural compounds identified in CHLE through GC-MS from CL01 to CL15.

Table 4. Pharmacokinetic profile of CL15 compared to the accepted values of ADMET.

PK Category Parameters CL15 Accepted Value

Absorption HIA 0.1 0 ≥ 30%
1 ≤ 30%

Distribution
Volume distribution 0.247 0.04–20 L/kg

BBB penetration 0.28 The value corresponds
to the probability

Metabolism

CYP1A2 0.496 >0.0
CYP2C19 0.214 >0.0
CYP2D6 0.005 >0.0
CYP3A4 0.100 >0.0

Excretion
Clearance 1.34 5–15 mL/min/kg
Half-life 1.58 0–3 h

Drug-likeness

Molecular weight 309.08 100–600
Polar surface area 103.32 0–140

H-bond donors 2 0–7
H-bond acceptors 8 0–12

No. of rotatable bonds 4 0–11
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3.10.2. Toxicity Profiling of Bioactive Compound

The toxicity analysis of CL15 classified it as non-toxic, placing it within the class
IV toxicity category according to the Globally Harmonized System (GHS) for chemical
classification and labeling. Compounds in this category are considered non-toxic but may
pose a risk if ingested. The predicted lethal oral dose for CL15 was determined to be
450 mg/kg, with a 0.7 probability of causing immunotoxicity (Figure 8).

Figure 8. ProTox 3.0 indicating safety of CL15 in all parameters except slight immunotoxicity (p = 0.7).

3.10.3. Molecular Docking

Molecular docking analysis revealed a strong binding affinity of CL15 with COX-2
(−12.5 Kcal/mol) and TNFα (−5.8 Kcal/mol). CL15 interacts with COX-2 with four H-
bonds at ARG120, SER119, and LYS83 residues (Figure 9a), while with TNFα, it interacts
with seven H-bonds at PRO91, ARG94, PRO104, THR96, and LYS103 residues (Figure 9b).

 

Figure 9. Molecular interaction of CL15 with (a) COX-2 and (b) TNFα.
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3.10.4. Molecular Dynamics Simulation

Protein–ligand complexes of CL15 with COX2 (complex 1) and TNF α (complex 2)
were further evaluated for 100 ns simulation. For complex 1, the mean RMSD was
0.28 ± 0.03 nm, with a rising trend after 30 ns. Complex 1 underwent a conformational
change from 70 to 90 ns; however, the changes remained within the acceptable values
(0.12 nm). For complex 2, the average RMSD was 0.16 ± 0.02 nm, with minimum fluctua-
tion throughout the simulation. The complex showed minor fluctuations at the beginning
of the simulation; however, the complex remained stable after 7 ns (Figure 10a).

Figure 10. Molecular dynamics simulation graphically representing (a) RMSD, (b) RoG, (c) H-bond,
and (d) MMGBPSA, where red represents complex 1 and black represents complex 2.

The RoG for complex 1 was 2.44 ± 0.01 nm, and no significant changes were observed
in the compactness of the complex. The RoG for complex 2 was 1.68 ± 0.01 nm. A slight
decrease in complex 2 radii was observed at 80 ns; however, the compactness of the complex
was not affected (Figure 10b).

The H-bond strength was calculated as the average number of bonds within the
complexes. Complex 1 shows consistent bond formation throughout the simulation, valued
at 1.70 ± 0.67. The density of the graph indicates the strength of H-bonds. For complex 2,
consistent, but low-strength, H-bonds were observed throughout the simulation after 5 ns.
The average number of H-bonds in complex 2 was 1.66 ± 0.5 (Figure 10c).

Binding free energies were estimated by employing MMGBSA methods to better
understand the complexes’ binding abilities with target proteins. Stable complexes were
generated because all the binding interactions were energetically favorable, and Table 5
displays the results of these experiments. The net energy in MMGBSA for COX2-CL15 and
TNFα-CL15 were calculated as −12.72 (5.98 ± 0.59) and −14.42 (8.12 ± 0.25) kcal/mol,
respectively. Moreover, the ΔG graph remained stable throughout the simulation
(Figure 10d).
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Table 5. Binding free energies (Kcal/mol) and the individual energetic terms for the systems using
the MMPBSA method.

Parameters

COX-2 TNFα

CL15 Avg. Binding Energy (Std. Dev ± Std.
Err. of Mean

CL15 avg. Binding Energy (Std. Dev ± Std.
Err. of Mean

Van der Waals (EVDW) 31.91 (2.99 ± 0.29) 27.11 (8.68 ± 0.27)
Electrostatic (EEL) 11.07 (8.19 ± 0.81) 15.94 (8.63 ± 0.27)

Polar (EPB) 33.89 (7.62 ± 0.75) 31.57 (9.36 ± 0.29)
Non-polar (ENPOLAR) −3.62 (0.13 ± 0.01) −2.94 (0.44 ± 0.01)

EDISPER 0.00 0.00
Delta G (gas) −42.98 (9.63 ± 0.95) −43.06 (13.95 ± 0.44)
Delta G (sol) 30.26 (7.56 ± 0.75) 28.63 (9.02 ± 0.28)
Delta Total −12.72 (5.98 ± 0.59) −14.42 (8.12 ± 0.25)

The conformation of the complexes was observed from 0 to 100 ns. An N-terminal shift
was observed in complex 1; however, CL15 remained stably bound to the substrate-binding
domain of COX-2 (Figure 11a). Conformation changes of complex 2 also showed the stable
binding of CL15 with the binding pocket of TNFα (Figure 11b).

Figure 11. Conformational change and structural rotation of (a) complex 1 and (b) complex 2.

4. Discussion

RA is a chronic autoimmune disorder marked by severe pain, inflammation, and
progressive joint deterioration. Its global incidence is rising rapidly, yet current treatment
options remain limited. NSAIDs, commonly used as the first line of treatment, are asso-
ciated with significant side effects such as gastrointestinal bleeding and cardiovascular
risks. Advanced therapies, including biologics, are costly, target only specific pathways,
and also carry the risk of adverse effects [37]. As a result, there is a growing shift toward
alternative therapeutic strategies to address these limitations. Medicinal plants have long
been explored as potential remedies for RA. However, their widespread use, often regarded
as safe, is frequently based on incomplete knowledge of their chemical makeup and a
lack of understanding about proper dosing and toxicity risks. To identify viable drug

66



Nutrients 2024, 16, 4020

candidates, it is crucial to thoroughly examine the chemical composition, safe dosage
levels, and toxicity profiles of these plants. This study aims to evaluate the safety and
anti-inflammatory effects of C. luteum while identifying safer and more effective bioactive
compounds for RA treatment through in vitro, in vivo, and in silico methodologies.

C. luteum extract was analyzed for secondary metabolites, revealing the presence
of pharmacologically important compounds such as flavonoids, phenols, and emodin
(Table 1). Nearly 20% of the metabolites identified through GC-MS analysis were phenolics
and flavonoids, indicating a strong antioxidant profile. Additionally, 8.5% of the identified
compounds were alkaloids and their derivatives. Notably, colchicine was not detected
in the extract, which is significant given its high toxicity that limits its therapeutic use,
particularly as an anti-tumor agent [38]. This absence suggests a safer pharmacological
profile for CLHE, enhancing its therapeutic potential while mitigating the risks associated
with colchicine itself, thereby making CLHE a more favorable option for therapeutic
applications.

Both phenols and flavonoids play a key role in providing antioxidant and anti-
inflammatory effects [39]. CLHE demonstrated substantial concentrations of these phyto-
chemicals, which aligned with its biological activity in antioxidant and anti-inflammatory
assays. The DPPH assay, used in this study, specifically measures the radical scavenging
activity of the extract. While the assay does not directly quantify antioxidant capacity, radi-
cal scavenging is a key mechanism through which antioxidants function, as it neutralizes
free radicals that contribute to oxidative stress. Thus, the DPPH assay provides valuable
insight into the antioxidant potential of CLHE. Previous studies have validated the use of
DPPH as an indicator of antioxidant properties in biological samples [40], supporting its
relevance to the current study.

Notably, CLHE demonstrated superior effectiveness in inhibiting protein denaturation
compared to ibuprofen, suggesting its better potential to protect cells from inflammation-
induced damage. Furthermore, its enhanced ability to scavenge and stabilize free radicals
beyond that of the standard control highlights its promising role in reducing oxidative
stress and preventing cellular harm.

In drug design and development, toxicology is as crucial as efficacy. The cytotoxicity
of CLHE was assessed using the HCEC cell line, which originates from a healthy adult’s
colonic biopsy and is widely used as an in vitro model for studying intestinal absorption
and toxicology studies [41]. After 48 h of treatment with CLHE, 48% cell viability was
observed at the highest concentration (20 μg/mL) (Figure 5a). These findings suggest
that CLHE is non-toxic to healthy organs and gastrointestinal tissues. The acute toxicity
assessment, using the Enegide method, provided a reliable and reproducible approach
with minimal animal use, reducing the need for excessive animal testing [42]. Oral admin-
istration of CLHE did not result in any behavioral or neurological abnormalities, and its
high LD50 (5000 mg/kg) confirms its safety at elevated doses. Additionally, fasting for
12 h prior to dosing ensures no interference from previous feed intake (Table 2). The lack
of significant changes in serum urea, bilirubin, or creatinine levels, compared to healthy
controls, further supports the non-toxic profile of CLHE [43]. Nasir et al. previously con-
ducted an acute toxicity study of C. luteum on mice, with a maximum dose of 2000 mg/kg,
reporting no adverse effects [44]. Our findings extend this, demonstrating that even at a
dose of 5000 mg/kg, CLHE remains safe, validating the earlier study.

Once the safety of CHLE was established, its anti-inflammatory potential was evalu-
ated in a CIA mice model, using ibuprofen as a reference NSAID. Previous studies have
explored the effects of C. luteum in arthritis models, but its comparison against any NSAID
has not been established [45]. In this study, oral administration of CLHE resulted in a
significant reduction in both systemic and localized inflammation in the arthritic mice.
Peripheral edema, a key indicator of inflammation, directly correlates with disease severity
and progression [46]. In the post-treatment groups, the reduction in paw volume in group
3 highlights the ability of CLHE to effectively reduce edema. Interestingly, CLHE demon-
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strated a greater reduction in arthritic scores compared to ibuprofen, indicating its superior
efficacy in reducing both inflammation and arthritis-related symptoms.

At the organ level, spleen size is an important indicator of inflammation. During
inflammation, the spleen is enlarged to cater to the increased circulation of cytokines [47]. In
the disease model, the spleen size increased to maximum of 1 mm, which was significantly
reduced in the post-treatment groups. Notably, spleen indices were markedly higher
in the ibuprofen-treated group (p < 0.0001) than in the CLHE-treated group (p < 0.01),
further emphasizing CLHE’s enhanced anti-inflammatory potency. CRP is a systemic
inflammatory marker whose concentration increases in response to tissue damage and
inflammation [48]. While CRP levels were significantly elevated during the inflammatory
phase, the post-treatment groups showed marked reductions in CRP concentrations. The
observed decrease in CRP in groups 3 and 4 suggests that the anti-inflammatory effects of
CLHE are comparable to those of ibuprofen.

Further assessment of the anti-inflammatory effects of CLHE was conducted via the
expression of key inflammation-related genes. CLHE significantly downregulated the
expression of COX-2, TNFα, and MMP-9, all of which play critical roles in RA-induced
inflammation [49]. TNFα, produced by T-lymphocytes and macrophages, is involved in
joint damage and immune cell activation [50]. Its upregulation leads to increased COX-2
expression, which promotes prostaglandin synthesis. MMP-9, activated by both TNFα and
COX-2, is a key enzyme responsible for cartilage degradation and bone erosion [51,52].
The comparable reduction of COX-2, TNFα, and MMP-9 by both CLHE and ibuprofen
suggests that CLHE effectively reduces immune cell activation and offers protection against
joint damage. Similar results were confirmed by histopathological analysis of the paw,
where the immunomodulatory potential of the CLHE-treated group showed reversal of
bone erosion and alleviation of arthritic-induced inflammation, immunocyte infiltration,
and synovial hyperplasia to a greater degree than ibuprofen. Therefore, CHLE can be
considered as a therapeutic with a comparatively safer profile as compared to NSAIDs
with severe cytotoxic side effects.

The use of in silico studies to evaluate the toxicity of drug or plant-based compounds
has become increasingly popular due to their cost- and time-effectiveness [53]. Following
GC–MS analysis, an in silico approach is commonly employed for the initial screening of
phytochemicals from medicinal plants [54]. To explore the mechanism of action for safer,
non-toxic bioactive compounds, the library of CLHE constituents identified via GC-MS
was subjected to ADMET screening. This computational tool assesses the pharmacokinetic
profiles of compounds, focusing on absorption, distribution, metabolism, and excretion,
which are direct predictors of biological activity. Among the natural compounds derived
from CLHE, fifteen met the ADMET criteria, but only one compound, CL15, satisfied all
the parameters for drug-likeness.

Further toxicity analysis of CL15, conducted through the Protox 3.0 tool, revealed its
safety across various toxicological endpoints, including hepatic, neurological, cardiac, and
respiratory systems, characterizing it as non-toxic. To evaluate its potential as an alternative
to NSAIDs, CL15 was docked with COX-2 and TNFα, two key targets in inflammation.
COX-2 is the primary target for NSAIDs in reducing inflammatory symptoms, while
TNFα induces COX-2 expression [37]. CL15 exhibited significant pharmacological and
anti-inflammatory potential through its strong binding affinity with both COX-2 and TNFα,
which was further validated by stable simulations of these complexes. In the case of
TNFα, CL15 binds at positions 91 and 94, which is closer to a structurally important
residue at position 90. Position 90 is a key residue that is involved in maintaining the
TNFα loop structure and contributes to receptor binding activity, as shown in amino acid
substitution models [55]. Hydrogen bond formation at residues 91, 94, 96, and 104 with
sufficient stability within the protein structure potentially exerts anti-inflammatory effects,
as observed in the in vivo evaluations. The interaction between CL15 and TNFα remained
stable throughout the simulation, suggesting that CL15 may modulate TNFα activity
effectively. Similarly, in the case of COX-2, CL15 demonstrated a very stable interaction
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throughout the simulation. Moreover, low ΔG for both the complex suggested high
stability in the molecular environment and minimal conformational changes over the 0–100
ns MD period.

In COX-2, ARG120 is one of the three conserved residues within the active site, re-
sponsible for binding the physiological substrate, arachidonic acid, as well as NSAIDs [56].
CL15 binds to ARG120 through both covalent (H-bond) and ionic (salt bridge) bonds
(Figure 9a). These salt bridges serve as “molecular clips” that stabilize the conformation
of the protein–ligand complex, a critical factor in rational drug design [57]. This dual
interaction, combined with an additional H-bond at SER119, allows CL15 to occupy much
of the COX-2 active site, consistent with the number and strength of H-bonds. Notably,
SER119, located at the entrance of the active site, is unique to COX-2, as COX-1 has a
VAL119 residue instead. The targeted interaction of CL15 with SER119 contributes to its
selective inhibition of COX-2 [56]. Thus, this study suggests that CL15 has the potential to
overcome the limitations of current RA treatments. NSAIDs, which are commonly used as
the first line of therapy, carry significant risks, while biologics, though effective in targeting
TNFα, are expensive and often cause side effects. CL15, with its targeting of both COX-2
and TNFα, offers a more comprehensive and safer alternative; however, further wet lab
experiments are needed to quantify and validate its therapeutic potential.

5. Conclusions

Our study demonstrates the therapeutic potential of CLHE in the management of
RA. Through a combination of in vitro, in vivo, and computational analyses, we identified
CLHE’s anti-inflammatory and antioxidant properties, along with its safety profile at
high doses. Specifically, we found that CLHE significantly reduced inflammation and
arthritic symptoms in a collagen-induced arthritis model without inducing toxicity. The
identification of CL15 as a selective inhibitor of COX-2 and TNFα, key mediators in RA,
further underscores the therapeutic promise of Colchicum luteum. These findings suggest
that CLHE could serve as a safer alternative to NSAIDs, offering multi-targeted efficacy for
RA management. However, further clinical studies are required to validate its effectiveness
in humans.
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Abbreviations

Arg Arginine
CLHE Colchicum luteum hydroethanolic extract
COX-2 Cyclooxygenase 2
CRP C-reactive protein
DMARDs Disease-modifying anti-rheumatic drugs
DMEM Dulbecco’s modified Eagle medium
DPPH 2,2-diphenyl-1-picrylhydrazyl
FBS Fetal bovine serum
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GC-MS Gas chromatography-mass spectrometry
GHS Globally harmonized system
H&E Hematoxylin and eosin
H-bond Hydrogen bond
HCEC Human colon epithelial cells
IC50 Half maximal inhibitory concentration
LD50 Lethal dose 50%
MDS Molecular dynamics simulation
MMP-9 Matrix metalloproteinase 9
MTT 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
NSAIDs Non-steroidal anti-inflammatory drugs
Pro Proline
qPCR Quantitative polymerase chain reaction
RA Rheumatoid arthritis
RMSD Root mean square deviation
RMSF Root mean square fluctuation
RNA Ribose nucleic acid
RoG Radius of gyration
Ser Serine
TNFα Tumor necrosis factor-alpha
UV-vis Ultraviolet-visible
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Abstract: Exposure to air pollution poses a risk to human respiratory health, and a preventive and
therapeutic remedy against fine dust-induced respiratory disease is needed. Background/Objectives:
The respiratory-protective effects of Lysimachia mauritiana (LM) against airway inflammation were
evaluated in a mouse model exposed to a fine dust mixture of diesel exhaust particles and particulate
matter with a diameter of less than 10 μm (PM10D). Methods: To induce airway inflammation,
PM10D was intranasally injected into BALB/c mice three times a day for 12 days, and LM extracts
were given orally once per day. The immune cell subtypes, histopathology, and expression of
inflammatory mediators were analyzed from the bronchoalveolar lavage fluid (BALF) and lungs.
Results: LM alleviated the accumulation of neutrophils and the number of inflammatory cells in
the lungs and the BALF of the PM10D-exposed mice. LM also reduced the release of inflammatory
mediators (MIP-2, IL-17, IL-1α, CXCL1, TNF-α, MUC5AC, and TRP receptor channels) in the BALF
and lungs. Lung histopathology was used to examine airway inflammation and the accumulation of
collagen fibers and inflammatory cells after PM10D exposure and showed that LM administration
improved this inflammation. Furthermore, LM extract inhibited the MAPK and NF-κB signaling
pathway in the lungs and improved expectoration activity through an increase in phenol red release
from the trachea. Conclusions: LM alleviated PM10D-exposed neutrophilic airway inflammation
by suppressing MAPK/NF-κB activation. This study indicates that LM extract may be an effective
therapeutic agent against inflammatory respiratory diseases.

Keywords: airway inflammation; lung; neutrophil; PM10D; respiratory disease

1. Introduction

The presence of fine particulate matter (PM), a type of air pollution, poses a danger
to human health by damaging the respiratory system, including the airway and lungs [1].
PM with a diameter of 2.5–10 μm includes diverse chemical constituents, such as sulfates,
nitrates, ammonium, organic and elemental carbon, biological compounds, organic com-
pounds (e.g., polycyclic aromatic hydrocarbons), and metals (e.g., copper, nickel, vanadium,
zinc, and cadmium) [2]. Diesel exhaust particles (DEPs), consisting of a combination of ele-
mental carbon, organic compounds (including polycyclic aromatic hydrocarbons), sulfates,
nitrates, and metals, are the main constituent of PM with a diameter of less than 2.5 μm
(PM2.5) and are associated with airway inflammation and remodeling as well as heart
dysfunction [3]. Because this fine PM can cause chronic respiratory diseases, it is crucial to
investigate ways to prevent and treat respiratory disorders caused by air pollution [4].
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Lysimachia mauritiana (LM) is a dicotyledonous plant found in coastal rocky areas in
the southern region of South Korea, including Jeju Island, Dokdo Island, and Ulleung
Island [5,6]. LM-containing Lysimachia plants, known as seagrass, pearls vegetables, and
beach pearls grass, live in relatively dry conditions, such as rocky crevices along the coast,
and are considered to be medical plants due to their antioxidant, anticancer, antibacterial,
and antiviral activities from the large amounts of flavonol glycosides (quercetin, kaempferol,
and myricetin types) they contain [7–10]. Flavonol glycosides of hyperin and kaempferol-
3-O-rhamnosyl-galactosides have been isolated from the whole plant of LM [7]. The
young leaves and shoots of LM are eaten as vegetables, and the plant is also used for
ornamental purposes. In oriental herbal medicine, LM is mainly used as a diuretic and
for urinary diseases, menstrual irregularities, and labor pains. It is also known to be
effective for trauma, high blood pressure, diabetes, constipation, swelling, bruising, and
sore throat [11,12]. However, although LM has been used for respiratory diseases, the
effect of LM on airway inflammation has not been examined. Thus, this study investigated
the possible effects of LM extract on mice with airway inflammation induced by exposure
to a fine dust mixture: a mixture of PM with a diameter of less than 10 μm (PM10) and
DEP (PM10D).

2. Materials and Methods

2.1. Preparation of Lysimachia mauritiana and UPLC-QTof MS Analysis

LM extract was provided by Dongkook Pharmaceutical (Seoul, Republic of Korea).
The LM extract was extracted from air-dried aerial parts (leaves) with 50% ethanol for 5-h.
The extract was filtered, concentrated under reduced pressure, and then after mixing the
food-grade maltodextrin, the mixture was spray-dried to obtain a powdered sample (code
name DKB-139, batch No. 240425-001, S&D Co., Ltd, Cheongju-si, Chungcheongbuk-do,
Republic of Korea). The 50% ethanol extract from L. mauritiana was analyzed using an
AQUITYTM UPLC system (Waters Corp., Milford, MA, USA) equipped with a binary
gradient system, an auto-injector, and a UV-Visible detector. The sample (2.0 μL) was
separated on a BEH C18 column (2.1 × 100 mm, 1.7 μm) at a flow rate of 0.4 mL/min
and eluted using a linear gradient of two mobile phases containing 0.1% formic acid (A:
water; B: acetonitrile). A chromatographic gradient was optimized as follows: 0 min, 10%
B; 0–8 min, 10–30% B; 8–11 min, 30–90% B; 11–12 min, 90–100% B; 12–13.3 min, 100% B;
and at 13.4 min, it returned to 10% B and was maintained until the 15 min mark. Mass
spectrometry analysis was conducted using a quadrupole time-of-flight mass spectrometer
(Xevo G2 QToF, Waters Corp., Milford, MA, USA) with an electrospray ionization (ESI)
interface operating in negative ion mode. The system was configured with the following
settings: a cone voltage of 40 V, a capillary voltage of 2500 V, a source temperature at 110 ◦C,
and a desolvation temperature at 350 ◦C. Leucine-enkephalin ([M−H]− m/z 554.2615) was
used as the lock mass with a sprayer reference solution. All solvents used for extraction
and chromatography were of a LC/GC-MS grade (J. T. Baker, Phillipsburg, NJ, USA).

2.2. Animal Experiments

Experiment 1: Seven-week-old male BALB/c mice (Orient Bio, Seongnam, Republic
of Korea) were maintained in the specific pathogen-free facility at 60% ± 10% humidity
and 21 ◦C ± 2 ◦C. The experiment was performed according to the Guide for the Care and
Use of Laboratory Animals and approved by the Committee for Animal Welfare at Daejeon
University (DJUARB2022-041). Respiratory damage was induced by intranasal injection of
PM10D (MilliporeSigma, Burlington, MA, USA) in aluminum hydroxide (1%) gel adjuvant,
which included PM10 (ERMCZ120; 3 mg/mL) and DEP (NIST2975; 0.6 mg/mL), on days
4, 7, and 10 [13]. The mice were divided into five groups (n = 6/group): normal, PM10D
control, PM10D and 3 mg dexamethasone/kg, PM10D and 50 mg LM extract/kg, and
PM10D and 100 mg LM extract/kg [13]. The doses were determined from preliminary
dose-dependent experiments. Dexamethasone (as a positive control) or LM extract was
orally administered every day for 12 days. After completing the experiment, blood, bron-
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choalveolar lavage fluid (BALF), and tissues were isolated from the mice of each group
under euthanasia. Figure 1A shows the schedule for determining the preventive effects of
LM using an animal model of respiratory damage.

 

Figure 1. Chemical structure of mauritianin (MT). Comparison of UPLC DAD chromatograms of the
50% ethanol extract from Lysimachia mauritiana (A), MS (B), and MS/MS (C) data for the qualitative
analysis of major chemical constituents. The UPLC chromatogram was acquired at 265 nm.

Experiment 2: The study of phenol red secretion for expectorant activity was carried
out as previously reported [14]. The experiment was approved by the Animal Ethics
Committee for the Korea Institute of Oriental Medicine (approval code 23-054). Seven-
week-old male ICR mice (Orients Bio, Seongnam-Si, Republic of Korea) were divided
into five groups (n = 12): normal, phenol red control, phenol red and 200 mg Levosol/kg
(PharmGen Science, Seoul, Republic of Korea), phenol red and 50 mg LM extract/kg, and
phenol red and 100 mg LM extract/kg. Levosol or LM extract was administered orally once
a day for 3 days. The vehicle was administered to normal and control mice. Except for the
normal group, phenol red (5%) was injected intraperitoneally in each mouse on day 3. The
trachea was removed after 60 min and incubated in saline (1 mL) for 1 h to extract phenol
red and then treated with sodium hydroxide (0.1 mL) to stop the reaction. The amount of
secreted phenol red was quantified by measuring the absorbance at 546 nm.

2.3. Collection of Cells from BALF and Lung

The BALF was collected by trachea cannulation and aspiration. The differential
cell count was examined in a cytospin with Diff-Quick staining. The lungs were treated
with collagenase IV (1 mg/mL), then filtered and centrifuged, and the lung cells were
collected [4].

2.4. Flow Cytometry Analysis

The lung cells or BALF cells were incubated with individual fluorescent-conjugated
antibodies against lymphocytes, T cells, and B cells, and the cells were analyzed on a
FACSCalibur (BD, Seoul, Republic of Korea) as performed in a previous study [14].
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2.5. Release of Cytokines

The secretion levels of IL-17, IL-1α, macrophage inflammatory protein-2 (MIP-2),
CXCL-1, and TNF-α in the BALF were measured using an enzyme-linked immunosor-
bent assay (R&D Systems, Minneapolis, MN, USA), and the absorbance at 450 nm was
determined (Molecular Devices, San Jose, CA, USA).

2.6. Histopathological Analysis

The removed lungs were fixed, paraffinized, sectioned to a 5 μm thickness, and stained
with Masson’s trichrome solution to examine collagen fiber formation or hematoxylin
and eosin (H and E) solution to examine inflammation. The inflammatory severity was
determined in a double-blind manner and rated on a subjective scale of 0–2 [13].

2.7. Quantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from the removed lungs using a HiGene precipitation assay
(BIOFACT, Daejeon, Republic of Korea). The gene expression was quantified by quantitative
reverse transcription-polymerase chain reaction with an SYBR Green Master Mix and
primers using an Applied Biosystems 7500 Fast (Thermo Fisher Scientific, Waltham, MA,
USA). The sequence of the primers is shown in Table 1 [13]. The transcript was expressed
as ΔΔCt, normalized to β-actin.

Table 1. Primers’ sequence used in qRT-PCR analysis.

Gene Primer Oligonucleotide Sequence (5′-3′)

Actin
F TGGAATCCTGTGGCATCCAT
R TAAAACGCAGCTCGTAACAG

TNF-α
F CCTGTAGCCCACGTCGTAGC
R TTGACCTCAGCGCTGAGTTG

MIP-2
F ATGCCTGAAGACCCTGCCAAG
R GGTCAGTTAGCCTTGCCTTTG

CXCL1
F CCGAAGTCATAGCCACAC
R GTGCCATCAGAGCAGTCT

MUC5AC
F AGAATATCTTTCAGGACCCCT
R ACACCAGTGCTGAGCATACTT

TRPV1
F CATCTTCACCACGGCTGCTTAC
R CAGACAGGATCTCTCCAGTGAC

TRPA1
F TGAGATCGACCGGAGT
R TGCTGAAGGCATCTTG

Abbreviations: F, forward; R, reverse.

2.8. Western Blot

Proteins from the lungs were extracted using PRO-PREP solution (Intron, Seongnam,
Republic of Korea), and gel electrophoresis and membrane transfer were performed using a
Bio-Rad Trans-Blot transfer system (Hercules, CA, USA). The membrane was blocked using
a blocking buffer (EzBlock Chemi, ATTO, Daejeon, Republic of Korea) and then treated
with phospho-NF-κB, -JNK, -p38, or -ERK and total-NF-κB, -ERK, -p38, or -JNK antibodies
(Cell Signaling Technology, Danvers, MA, USA, 1:1000) for 24 h. The band was detected
with chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA) and evaluated by
ImageJ 7 software. The protein expression was expressed relative to β-actin.

2.9. Statistical Analysis

The data are expressed as the mean ± standard error of the mean. Statistical testing
was performed by one-way analysis of variance and Duncan’s multiple comparison test
using GraphPad Prism 7.0 software. p-values less than 0.05 were considered to demonstrate
significant differences.
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3. Results

3.1. Effects of LM Extract on Neutrophil Accumulation in PM10D-Exposed Mice

As shown in Figure 1, the major phytochemical from LM was identified by UPLC-
QTof MS analysis. The details for the identification were as follows. The peak had an
[M–H]− at m/z 739.2084 and fragment ions at m/z 285 for the aglycon kaempferol (loss
of 454 amu for di-rhamnosyl-galactoside). On the basis of this information, the peak
was assigned to kaempferol-3-O-(2,6-di-O-α-rhamnopyranosyl-β-galactopyranoside), a
well-known compound in L. mauritiana, and was tentatively identified as mauritianin (MT).

The effect of LM on airway inflammation was investigated in PM10D-exposed mice.
Body weight change and food intake were not significantly different among groups. All
mice survived and there were no other abnormal symptoms during the experiment. Airway
neutrophilia, a common feature of chronic respiratory inflammation disease, is associated
with disease progression [15]. Figure 2B–D shows the number of neutrophils in the BALF
and the total numbers of BALF cells and lung cells after administering the LM extract in
an animal model of respiratory damage. The exposure of the mice to PM10D for 12 days
increased the number of neutrophils in the BALF, and this neutrophil infiltration was
limited following the administration of LM extract (Figure 2B). Similarly, the total numbers
of BALF and lung cells increased following exposure to PM10D, and the increased cell
numbers decreased in LM extract–treated mice (Figure 2C,D).

Figure 2. Experimental setup and the effect of Lysimachia mauritiana extract on total and immune
cell numbers in a model of airway inflammation induced by particulate matter with a diameter less
than 10 μm plus diesel exhaust particles (PM10D) [13]. (A) Experimental setup; (B) neutrophils in
bronchoalveolar lavage fluid (BALF) cytospin (magnification: 200×); total numbers of (C) BALF cells
and (D) lung cells. N = 6/group. ### p < 0.001 vs. normal. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs.
PM10D control (CTL).
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3.2. Effects of LM Extract on the Number of White Blood Cells

As immune cells such as CD4 T cells migrate to lung tissue due to the lung inflamma-
tion caused by PM10D, the hematological analysis of white blood cells showed a reduced
cell number following PM10D exposure. However, these levels recovered following admin-
istration of dexamethasone and LM extract (Figure 3A). WBC differential counting results
indicate the percentages of each type of leukocytes (neutrophils, lymphocytes, monocytes,
eosinophils, and basophils) that are present in the blood. The number of neutrophils in
particular increased in PM10D-exposed mice and significantly decreased following the
administration of dexamethasone or LM extract (Figure 3B). These results are consistent
with an increase in neutrophils in BALF as seen in Figure 1B. Furthermore, the decreased
number of lymphocytes in PM10D-exposed mice recovered following LM administra-
tion (Figure 3B). The levels of other white blood cells (i.e., eosinophils, monocytes, and
basophils) did not change (Figure 3C).

Figure 3. Effect of Lysimachia mauritiana extract on (A) the number of white blood cells (WBCs) and
(B,C) WBC differential cell counting. N = 6/group. ### p < 0.001 vs. normal. * p < 0.05, ** p < 0.01
and *** p < 0.001 vs. particulate matter with a diameter less than 10 μm plus diesel exhaust particles
(PM10D) control (CTL).
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3.3. Effects of LM Extract on the Secretion of Inflammatory Mediators in BALF

The secretion of mediators containing cytokines and chemokines contributes to the
pathology of airway inflammatory [16]. Figure 4A–E shows that IL-1α, IL-17, CXCL1, TNF-
α, and MIP-2 levels in the BALF were elevated by PM10D exposure and then significantly
inhibited by the administration of dexamethasone or LM extract. This effect was dose-
dependent and the high dose of LM exerted almost the same effect as dexamethasone.

Figure 4. Effect of Lysimachia mauritiana extract on the release of cytokines and chemokines in
bronchoalveolar lavage fluid (BALF) in a model of airway inflammation induced by particulate
matter with a diameter less than 10 μm plus diesel exhaust particles (PM10D). BALF production of
(A) IL-1α, (B) CXCL1, (C) TNF-α, (D) IL-17, and (E) MIP-2 (n = 6/group). ## p < 0.01 and ### p < 0.001
vs. normal. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. PM10D control (CTL).

3.4. Effect of LM Extract on Lung Histopathology

To investigate the activities of LM extract in the histopathological analysis of PM10D-
induced airway inflammation, the lungs were stained using Masson’s trichrome or H and
E. Thickening of the airway wall, inflammatory cell infiltration around the airway, and
collagen fibrosis were observed in the lung sections of the PM10D-treated group, and
this airway inflammation was reduced in the mice treated with dexamethasone or LM
extract (Figure 5A,B). These results indicate that LM extract prevented the histopathological
changes in airway inflammation in the lungs of PM10D-treated mice.

3.5. Effects of LM Extract on the Expression of Inflammatory Mediators in the Lungs

To examine the effects of LM extract on airway inflammation, the mRNA expression
levels of inflammation-related genes were investigated in the lung tissue. Figure 6 shows
that mRNA expression of CXCL1, transient receptor potential (TRP) vanilloid 1 (TRPV1),
TRP ankyrin 1 (TRPA1), MIP-2, TNF-α, and mucin 5AC (MUC5AC) was elevated in
the lung tissues from the group treated only with PM10D compared with the standard
(healthy normal control) group and was significantly suppressed by the administration of
dexamethasone or LM extract. This effect on the mRNA expression was dose-dependent
and the high dose of LM exerted almost the same effect as dexamethasone.
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Figure 5. Effect of Lysimachia mauritiana extract on lung histopathology. (A) Hematoxylin and eosin
(H and E) staining and Masson’s trichrome (MT) staining of the lung tissue of mice with airway
inflammation induced by particulate matter with a diameter less than 10 μm plus diesel exhaust
particles (PM10D) (magnification: 200×) (n = 6). (B) Histopathological cell damage. ### p < 0.001 vs.
normal., ** p < 0.01 and *** p < 0.001 vs. PM10D control (CTL).

3.6. Effects of LM Extract on Immune Cell Numbers in the BALF and Lungs

The effect of LM extract on the change in immune cell numbers was investigated
through flow cytometry analysis of the BALF and lungs. The numbers of neutrophils in the
BALF and lungs were elevated following exposure to PM10D and were reduced following
the administration of LM extract (50 or 100 mg/kg) (Table 2). The absolute number of CD4+,
CD8+, and CD62L−/CD44high+-activated T lymphocytes and Gr-1+SiglecF− cells in the
BALF increased following PM10D exposure and decreased following the administration
of dexamethasone or LM extract (50 or 100 mg/kg). In addition, the absolute numbers of
CD62L−/CD44high+ T cells, Gr-1+SiglecF− neutrophils, CD21+/CD35+ B220+ B cells, and
Gr-1+CD11b+ myeloid cells in the lungs were elevated by PM10D exposure and decreased
following the administration of dexamethasone or LM extract (50 or 100 mg/kg). These
results indicate that LM extract ameliorated the neutrophil-dependent airway inflammation
caused by exposure to PM10D.
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Figure 6. Effect of Lysimachia mauritiana extract on the mRNA expression of airway inflammation–
related genes in the lung tissue of mice with airway inflammation induced by particulate matter
with a diameter less than 10 μm plus diesel exhaust particles (PM10D). mRNA expression levels of
(A) TRPA1, (B) MUC5AC, (C) CXCL1, (D) TRPV1, (E) TNF-α, and (F) MIP-2 (n = 6). ## p < 0.01 and
### p < 0.001 vs. normal. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. PM10D control (CTL).

Table 2. The effects of LM extract on airway immune cell numbers and neutrophilic airway inflam-
mation in PM10D-induced inflammation model; fluorescence-activated cell sorting (FACS) analysis.

Cell Types

Absolute No. (Mean ± Standard Error of the Mean)

Balb/c
Normal

PM10D-CTL
PM10D-Dexa

3 mg/kg
PM10D-LM

50 mg/kg
PM10D-LM
100 mg/kg

BALF

Lymphocytes (×104 cells) 2.73 ± 0.68 7.45 ± 1.76 # 4.20 ± 1.02 4.46 ± 0.35 3.06 ± 0.26 *
Neutrophils (×104 cells) 5.41 ± 1.14 53.09 ± 6.44 ### 21.19 ± 5.56 ** 26.32 ± 6.81 ** 9.98 ± 2.49 ***
Eosinophils (×104 cells) 11.74 ± 3.89 48.90 ± 12.93 ## 44.74 ± 16.68 34.26 ± 10.56 27.26 ± 3.56

CD4+ (×104 cells) 0.55 ± 0.25 31.56 ± 8.11 ## 10.51 ± 2.32 ** 14.63 ± 3.60 6.85 ± 0.61 **
CD8+ (×104 cells) 0.10 ± 0.06 17.01 ± 2.15 ### 3.98 ± 1.01 *** 6.92 ± 1.47 ** 5.23 ± 2.68 **

CD62L−/CD44high+(×104cells) 1.64 ± 0.39 89.75 ± 15.92 ### 55.28 ± 15.35 44.74 ± 11.58 25.01 ± 2.27 ***
Gr-1+SiglecF− (× 104 cells) 1.09 ± 0.53 53.18 ± 9.61 ### 14.35 ± 4.32 ** 25.72 ± 6.35 * 6.91 ± 2.42 ***

Lung

Lymphocytes (× 104 cells) 14.46 ± 1.96 24.06 ± 4.26 # 33.31 ± 2.46 21.02 ± 4.11 21.75 ± 0.65
Neutrophils (× 104 cells) 24.15 ± 5.70 81.34 ± 17.00 ## 50.86 ± 2.19 47.85 ± 6.31 42.20 ± 5.42 *
Eosinophils (× 104 cells) 5.96 ± 0.73 12.20 ± 2.48 # 12.53 ± 0.55 9.37 ± 0.37 12.10 ± 0.99

CD4+ (× 104 cells) 15.94 ± 3.51 34.79 ± 5.47 ## 33.93 ± 1.28 31.43 ± 4.08 31.49 ± 2.09
CD8+ (× 104 cells) 6.68 ± 1.49 21.77 ± 4.24 ## 17.45 ± 0.79 13.71 ± 2.12 12.80 ± 1.41 *

CD4+CD69+ (× 104 cells) 1.38 ± 0.44 4.06 ± 0.67 ## 2.41 ± 0.34 * 3.54 ± 0.47 2.56 ± 0.42
CD62L−/CD44high+(× 104 cells) 3.88 ± 0.76 17.88 ± 1.47 ### 9.00 ± 1.01 *** 11.62 ± 3.24 10.03 ± 2.06 **

CD21+/CD35+B220+ (× 104 cells) 4.33 ± 2.15 21.08 ± 4.84 ## 8.09 ± 2.14 * 9.99 ± 1.05 * 6.59 ± 0.16 **
Gr-1+SiglecF− (× 104 cells) 9.49 ± 2.76 41.83 ± 3.15 ### 19.26 ± 2.26 *** 25.51 ± 2.61 ** 17.64 ± 3.23 ***
Gr-1+CD11b+ (×104 cells) 15.58 ± 3.13 56.92 ± 7.92 ### 28.78 ± 2.15 ** 33.84 ± 5.44 * 25.32 ± 4.35 **

Abbreviations: CTL, control; Dexa, dexamethasone. The data are presented as means ± SEM (n = 8). # p < 0.05,
## p < 0.01, ### p < 0.001 versus the Normal group, and * p < 0.05, ** p < 0.01, *** p < 0.001 versus the CTL group, as
determined by analyses of variance (ANOVA) followed by Duncan’s multiple range tests.
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3.7. Effects of LM Extract on the MAPK/NF-κB Pathway

To identify the potential pathways responsible for regulating the inhibitory effects of
LM extract on the airway inflammatory responses in PM10D-induced mice, we analyzed
the MAPK/NF-κB pathway in the lungs (Figure 7, Supplementary Figure S1). Dexametha-
sone as a positive control is a glucocorticoid that is available and is used for the treatment of
various inflammatory conditions. The phosphorylation of p38, ERK, and JNK was elevated
by PM10D exposure and suppressed to the normal (negative control) level by dexametha-
sone or LM extract (100 mg/kg) administration. The low dose of LM decreased the p-p38
level significantly, but this effect was less potent than that observed by the high dose. This
effect on the phosphorylation of p38, ERK, and JNK was dose-dependent and the high dose
of LM exerted almost the same effect as dexamethasone. NF-κB–p65 phosphorylation was
also increased by PM10D exposure and decreased to the normal (negative control) level
following the administration of dexamethasone or LM extract (50 and 100 mg/kg). The
protective effects of LM were similar to those of dexamethasone. These results demonstrate
that the inhibitory effects of LM extract on airway inflammation are due to the suppression
of phosphorylation of p38, ERK, JNK, and NF-κB in the MAPK/NF-κB signaling pathway.

Figure 7. Effect of Lysimachia mauritiana extract on mitogen-activated protein kinase (MAPK)/nuclear
factor-kappa B (NF-κB) signaling induced by particulate matter with a diameter less than 10 μm plus
diesel exhaust particles (PM10D) in the lung tissue of mice with PM10D-induced airway inflammation.
(A) Protein expression of phospho-ERK, ERK, phospho-p38, p38, phospho-JNK, JNK, phospho-p65,
p65, and β-actin. (B) Quantitative analysis of each protein band using ImageJ (n = 3). # p < 0.05 and
## p < 0.01vs. normal. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. PM10D control (CTL).

3.8. Expectorant Effect of LM Extract According to Phenol Red Secretion

To evaluate the effect of LM extract on expectoration, the sputum excretion content in
the trachea was measured using the phenol red secretion method in ICR mice. Since phenol
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red is a carcinogen that can cause toxicity, the ICR mouse model, a model commonly used
in toxicity studies, was used. Oral administration of 200 mg of Levosol/kg (the positive
control) and 100 mg of LM extract/kg significantly increased phenol red release compared
with the control (1.37-fold and 1.57-fold, respectively) (Figure 8). These results illustrate
the expectorant activity of LM extract.

Figure 8. Effect of Lysimachia mauritiana extract on phenol red secretion in ICR mice. The amount
of phenol red secretion in the airways was measured by injecting 5% phenol red into mice treated
with Levosol (positive control) or LM extract for 3 days. N = 12/group. # p < 0.05 vs. normal, and
* p < 0.05 vs. control.

4. Discussion

Airway inflammation, characterized by the mobilization and activation of immune
cells (mainly neutrophils) and the immoderate production of molecular mediators, is
considered a primary component of the pathogenesis of lung parenchymal destruction
(emphysema) and airway remodeling (chronic bronchitis) in respiratory disorders such
as chronic obstructive pulmonary disease (COPD) [17]. Neutrophils must be inhibited in
inflamed airways to allow individuals to recover from lung damage in chronic respiratory
disease [18].

Some pathological features similar to COPD were reproduced in PM10D-exposed
experimental mice, including the agglutination and penetration of immune cells, the steno-
sis of the small airway, airway wall thickening, and pulmonary collagen fibrosis [19–21].
However, the histopathological changes in the lungs improved in the groups that re-
ceived LM extract compared with the PM10D control group. The differential immune
cell counts demonstrated that the BALF of normal mice had few neutrophils, eosinophils,
and lymphocytes and that PM10D exposure obviously changed this cell composition. The
numbers of eosinophils, lymphocytes, and, predominantly, neutrophils were increased
in PM10D-exposed control mice. Furthermore, the infiltration and persistent recruitment
of neutrophils were induced in the lung tissues, a typical feature of COPD. Compared
with the PM10D controls, the elevated number of neutrophils and the increased expres-
sion of inflammatory cytokines (such as IL-1α, IL-17, MIP-2, CXCL1, and TNF-α) in the
lungs and BALF were obviously lower in the LM groups, markedly reducing neutrophilic
inflammation.

Previous studies have indicated that PM-induced respiratory inflammation mainly re-
lates to small airway disease, lung parenchyma, and chronic bronchitis and is characterized
by the recruitment and persistence of immune cells, predominantly neutrophils [22,23].
Neutrophils contribute to airway remodeling by producing proinflammatory cytokines
containing TNF-α and IL-1 [24]. The functions of neutrophils and proinflammatory medi-
ators in the pathophysiology of airway inflammatory disease are well known. TNF-α is
a major neutrophil chemoattractant and multifunctional proinflammatory cytokine [25].
IL-1α stimulates the migration of neutrophils by inducing CXCL1, a key chemoattractant of
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neutrophils [26]. Studies have shown that IL-17(A) and TNF-α increase endothelial expres-
sion of the neutrophilic chemokines CXCL2 (MIP-2), CXCL1, and CXCL5 and enhance the
influx of neutrophils to inflammation sites [27,28]. In this study, the increased expression
levels of TRPA1, TRPV1, and MUC5AC in the lungs of PM10D-exposed control mice were
inhibited by the administration of LM extract. The TRP receptor proteins (e.g., TRPV1
and TRPA1), which are irritant-sensing ion channels expressed in airway chemosensory
nerves, are related to leukocyte infiltration in the airway, cytokine production, and cough
response [29,30]. MUC5AC mucin is a main constituent of airway mucus, and mucus hy-
persecretion is a pathological feature of airway diseases [31]. Thus, the decrease in TRPA1,
TRPV1, and MUC5AC in the lungs following the administration of LM extract should
improve respiratory disease symptoms, such as cough and mucus production, in mice.

In the present study, we determined the mechanism responsible for these effects of
LM. We investigated the activation of the MAPK/NF-κB signaling pathway in the lungs
of PM10D-exposed mice and found that the increased ERK/p-38/JNK MAPK and NF-
κB signals were suppressed by the administration of LM extract. These pathways are
responsible for regulating the production of inflammatory mediators and the consequential
neutrophilic infiltration and activation in chronic pulmonary disease [32]. Therefore,
our results suggest that the reduction in neutrophilic airway inflammation following
the administration of LM extract may be majorly attributed to the suppression of the
MAPK/NF-κB signaling pathway.

According to the UPLC-QTof MS analysis, kaempferol 3-O-(2,6-di-O-α-rhamnopyranosyl)-
β-galactopyranoside, also termed mauritianin, was the main flavonoid glycoside found
in LM. From the whole plant of LM, mauritianin was isolated together with kaempferol-
3-O-α-rhamnopyranosyl-(1–2)-β-galactopyranoside, kaempferol-3-O-robinobioside, and
hyperin [7]. Mauritianin is a flavonoid that is rare in plants. As previously reported, mau-
ritianin showed cytoprotective, antioxidant, neuroprotective, and antitumor-promoting
activities [33–35]. However, mauritianin has not yet been reported to have effects against
airway inflammation or related pulmonary diseases. Previous phytochemical investigations
showed that Lysimachia species contain triterpenoid saponins and flavonoids [36]. Saponins
in plants are important natural anti-inflammatory compounds that act on the activity of
several proinflammatory cytokines in various inflammatory models [37]. These findings
suggest that these compounds from LM could be potential anti-inflammatory agents for the
protection of respiratory diseases. To our knowledge, this is the first study to demonstrate
that LM exhibits an anti-inflammatory effect against inflammation-induced respiratory
disease. Further investigation into the effects of other compounds with mauritianin from
LM on airway inflammation is therefore required.

5. Conclusions

LM extract ameliorated neutrophilic airway inflammation via the suppression of
the MAPK/NF-κB signaling pathway in mice with PM10D-induced respiratory inflam-
mation. The results of our study suggest that LM may be an effective candidate for the
prevention/treatment of respiratory disease.
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Abstract: Background/Objectives: Hyperuricemia (HUA) is a common metabolic disease caused
by purine metabolic disorders in the body. Portulaca oleracea L. (PO) is an edible wild vegetable.
Methods: In this study, the regulatory effect of PO on HUA and its potential mechanism were initially
elucidated through network pharmacology and experimental validation. Results: The results showed
that PO from Sichuan province was superior to the plant collected from other habitats in inhibiting
xanthine oxidase (XOD) activity. Berberine and stachydrine were isolated and identified from PO for
the first time by UPLC-Q-Exactive Orbitrap MS. The potential molecular targets and related signaling
pathways were predicted by network pharmacology and molecular docking techniques. Molecular
docking showed that berberine had strong docking activity with XOD, and the results of in vitro
experiments verified this prediction. Through experimental analysis of HUA mice, we found that PO
can reduce the production of uric acid (UA) in the organism by inhibiting XOD activity. On the other
hand, PO can reduce the body ‘s reabsorption of urate and aid in its excretion out of the body by
inhibiting the urate transporter proteins (GLUT9, URAT1) and promoting the high expression of urate
excretory protein (ABCG2). The results of H/E staining showed that, compared with the positive
drug (allopurinol and benzbromarone) group, there was no obvious renal injury in the middle- and
high-dose groups of PO extract. Conclusions: In summary, our findings reveal the potential of wild
plant PO as a functional food for the treatment of hyperuricemia.

Keywords: hyperuricemia; Portulaca oleracea; xanthine oxidase; ABCG2; berberine

1. Introduction

With the improvement of modern living standards, people‘s dietary patterns have
begun to develop towards high purines, and the number of patients with hyperuricemia
(HUA) has, accordingly, also increased [1,2]. Many studies have shown that HUA is due
to the disorder of the purine metabolism or the obstruction of UA excretion in the body,
which eventually leads to a high concentration of UA in serum, which then evolves into a
metabolic disease that endangers human health [3,4].

Uric acid (UA) is the end-product of a purine metabolism series in the body [5]. UA
homeostasis is maintained by multiple organs in the body. After UA is formed, about 1/3
of it is excreted through the gastrointestinal tract and 2/3 is excreted through the kidney
tissue [6]. Eventually, the remainder is reabsorbed into the bloodstream [7]. Researchers
have found that with an increase of UA levels, urate crystals gradually formed in the
tubules and interstitia of the kidneys, ultimately leading to pathological damage to kidney
tissue [8,9]. Excessive accumulation of urate may trigger diseases such as gout, which
seriously affects the daily lives of patients [10].
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The main factor contributing to the cause of HUA is a dysfunction of urate transport
in the kidneys or a blockage of the transport pathway. In renal tissues, urate transporter
proteins include URAT1 (SLC22A12), OAT4 (SLC22A11), OAT10 (SLC22A13), and GLUT9
(SLC2A9). Excretory proteins include ABCG2, ABCC4, and NPT1 (SLC17A1). OAT1
(SLC22A6), OAT2 (SLC22A7), and OAT3 (SLC22A8) proteins, on the outside of the cellular
basement membrane, are similarly involved in urate transport [11–15]. In addition, XOD,
as a key enzyme in UA production, is often considered an important target in HUA
studies [16]. Allopurinol, benzbromarone, and febuxostat, which are widely used in clinical
practice, have been associated with serious adverse effects [17–20]. In contrast, natural
drug preparations often have the advantages of multi-target regulation and low levels
of side-effects, and have shown great potential in the field of HUA treatment in recent
years [21–23].

Portulaca oleracea L. (PO) is an annual herb of Caryophyllaceae and Portulacaceae,
with fleshy, branched, and light-red stems. It is distributed all over the world, mainly in
temperate and tropical regions, and is distributed throughout many provinces in China.
It is an edible wild plant [24]. People in many countries, such as Spain, Greece, Italy,
Turkey, the United States, and China, cook it as a traditional dish. It is one of the famous
medicinal and edible wild plants in China, one which is called the “longevity vegetable”
in traditional folklore [25–28]. PO is rich in a variety of bioactive substances, including
polysaccharides, alkaloids, unsaturated fatty acids, flavonoids, terpenoids, proteins, vita-
mins, and minerals [29,30]. In ancient Chinese traditional prescriptions, it has the functions
of detoxification, detumescence, anti-inflammation, diuresis, and so on. In folk medicine, it
is used to treat bloody diarrhea [28,31]. In recent years, studies have found that the extracts
of PO have a wide range of pharmacological activities, including anti-inflammatory [32],
anti-diabetic [33], anti-bacterial [34], anti-ulcer [35], anti-oxidation, and immunomodula-
tory effects [36]. However, there have not yet been any clinical reports demonstrating its
efficacy in lowering UA.

Within the realm of traditional Chinese medicine, considerable emphasis is placed on
authentic medicinal materials, denoting those cultivated in specific regions and possessing
superior therapeutic efficacy and a more stable quality compared with the same herbs from
other origins. Consequently, we meticulously chose four emblematic regions across China,
varying in both longitude and latitude, specifically, Sichuan, Henan, Guangdong, and Jilin,
to meticulously analyze and juxtapose the inhibitory prowess of PO against XOD, whilst
theoretically forecasting PO’s plausible targets in HUA treatment through the application of
LC-MS technology, network pharmacology, and molecular docking. Finally, the pertinent
mechanism was further elucidated by in vivo experiments.

2. Materials and Methods

2.1. Materials

The aerial parts of PO were harvested from four distinct locations: Mianyang City,
Sichuan Province (104◦44′ E, 31◦53′ N); Luoyang City, Henan Province (112◦4′ E,
34◦20′ N); Guangzhou City, Guangdong Province (113◦15′ E, 23◦06′ N); and Changchun
City, Jilin Province (125◦42′ E, 31◦53′ N). These specimens were meticulously identified by
Professor Shuwen Guan of the College of Life Sciences, Jilin University.

XOD and xanthine (XA) were purchased from Shanghai Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). Methanol and formic acid were purchased from ThermoFisher,
Waltham, MA, USA. Berberine (HPLC ≥ 98%) and stachydrine (HPLC ≥ 98%) were pur-
chased from Aladdin Reagent Co., Ltd. (Shanghai, China). Yeast extract was purchased
from Beijing Oberstar Biotechnology Co., Ltd. (Beijing, China). Allopurinol was pur-
chased from Jiangsu World Trade Tianjie Pharmaceutical Co., Ltd. (Yancheng, China).
Benzbromarone was purchased from Herman Pharma Kft. (Hungary, Germany). UA,
XOD, blood urea nitrogen (BUN), and serum creatinine (SCr) kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The following primary anti-
bodies were purchased from Proteintech Group, Inc. (Wuhan, China): ABCG2 (27286-1-AP,
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1:1000), GLUT9 (26486-1-AP, 1:600), and URAT1 (14937-1-AP, 1:1500). The β-actin (GB15003,
1:2000) and horseradish peroxidase (HRP)-labeled anti-rabbit IgG (GB23303, 1:5000) were
purchased from Wuhan Servicebio Technology Co., Ltd. (Wuhan, China).

2.2. Preparation of PO Extract

The aerial parts of freshly picked PO were dried and crushed, and then passed through
a 60-mesh sieve. PO powder was mixed with distilled water at a ratio of 1:12 (w/v) and
extracted at 60 ◦C for 3 h. During the extraction, PO water extract and water-extract residue
were obtained by ultrasonic-assisted extraction and vacuum filtration. Then, ethanol was
used to extract the water extraction-filter residue under the same conditions to obtain the
ethanol extract. The water extract and the ethanol extract were then mixed and, following
this, concentrated using a vacuum rotary evaporator, and the PO extract was obtained
after vacuum drying. Subsequently, the extract was resuspended in ultrapure water for
subsequent experiments.

2.3. XOD Inhibition-Ability Experiment

Based on the formation of UA catalyzed by XOD, a stable enzymatic reaction system
was established [37]. Firstly, 0.08 U/mL XOD was added to the system containing substrate
(1.5 mm xanthine, XA) and inhibitor (sample concentrations were 1000, 500, 400, 250, 200,
and 100 μg/mL, respectively), and then the catalytic reaction was carried out at 37 ◦C for
30 min. Subsequently, the absorbance was measured by a spectrophotometer at 295 nm,
and the XOD inhibition rate was calculated according to the following formula:

XOD Inhibition rate (%) =
(A − B)− (C − D)

A − B
× 100%

A: OD295 nm solution containing XA and XOD.
B: OD295 nm solution containing only XA.
C: OD295 nm solution containing inhibitors, XA, and XOD.
D: OD295 nm solution containing inhibitors and XA.

2.4. Compositional Analysis

PO extracts were identified by UPLC-Q-Exactive Orbitrap MS [38]. A sample of 0.15 g
was weighed, and 1000 μL 80% methanol and grinding beads were added. Grinding pro-
ceeded for 5 min, and then the mixture was vortexed for 10 min. During the centrifugation
at 4 ◦C for 10 min, the centrifugal force was 20,000× g. The supernatant was then filtered
and injected for analysis.

An Ultimate AQ-C18 chromatographic column (150 × 2.1 mm, 1.8 μm, Welch Technol-
ogy (SHANGHAI) Co., Ltd., Shanghai, China) was used in this study. The mobile phase A
was composed of 0.1% (v/v) formic acid and water. The B phase was methanol. Gradient
elution was performed under the following conditions: 98% A phase (0–1 min), 98–80%
A phase (1–5 min), 80–50% A phase (5–10 min), 50–20% A phase (10–15 min), 20–5% A
phase (15–20 min), 5% A phase (20–27 min), 5–98% A phase (27–28 min), and 98% A phase
(28–30 min). The fixed flow rate was 0.30 mL/min, the temperature of the automatic sam-
pler was 10.0 ◦C, the column temperature was 35 ◦C, and the injection volume was 5.00 μL.
The mass spectrometer was equipped with a Q Exactive ESI source with a scan range of m/z
150–2000. The detection method selected was data-dependent tandem mass spectrometry
(dd-MS2) for full-mass scanning. The resolution of the full-mass scanning was 70,000, and
the resolution for the dd-MS2 was 17,500. The voltage of the ion jet needle was 3.2 kV
(positive). The capillary temperature was 300 ◦C. The collision gas was high-purity argon
(purity ≥ 99.999%). The sheath gas was nitrogen (purity ≥ 99.999%) 40 Arb; the auxiliary
gas was nitrogen (purity ≥ 99.999%), 15 Arb; and the heater temperature was 350 ◦C. The
data acquisition time was 30.0 min.

The analysis of berberine and stachydrine in the PO was based on the methods of Ren
et al. [39] and Yan et al. [40]. Berberine (HPLC ≥ 98%) and stachydrine (HPLC ≥ 98%)
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were dissolved in methanol and treated with ultrasound for 5 min to prepare a standard
stock solution, with a concentration of 5 μg/mL, for subsequent analysis.

2.5. Identification of Candidate Targets of PO with Effects on HUA

The PO potential targets were predicted by the TCMSP database [41] (https://tcmsp-
e.com/index.php/, accessed on 12 March 2024), Targetnet database [42], and SwissTarget-
Prediction [43] (http://www.swisstargetprediction.ch/, accessed on 12 March 2024). The
above collected targets were merged and de-weighted using the UniProt database [44] (http:
//www.uniprot.org, accessed on 12 March 2024) and further standardized into official gene
names for subsequent analysis. Employing “hyperuricemia” as the search term, disease-
associated targets were explored within the CTD [45] (http://ctdbase.org/, accessed on 12
March 2024), OMIM [46] (https://omim.org/, accessed on 12 March 2024), and DisGeNET
databases [47] (https://www.disgenet.org/, accessed on 12 March 2024), with the results
subsequently being merged and de-duplicated to procure hyperuricemia-associated targets.
Finally, the Venny2.1.0 online utility (https://bioinfogp.cnb.csic.es/tools/venny, accessed
on 12 March 2024) was employed for visual examination of the intersecting elements
between the disease-associated and PO targets. The members of the intersecting target
ensemble were regarded as putative therapeutic targets for both PO and HUA.

2.6. Analysis of Protein−Protein Interaction Network

The collected intersecting targets were imported into the String database [48] (https://cn.
string-db.org/, accessed on 12 March 2024), the free genes were removed, and confidence levels
were selected to obtain a PPI network graph for PO treatment of HUA, in which the nodes
represent the potential targets and the connecting lines represent their interactions. The nodes
were saved and imported into Cytoscape 3.7.1 software [49] for visualization and analysis, and
the importance of the nodes in the network was evaluated by using the degree value after
the topological network analysis; the larger the value of the degree was, the greater was the
relevance and the more effective the effect of the node in the network.

2.7. Construction of Gene Enrichment Analysis

The bioinformatics analysis platform DAVID database [50] (https://david.ncifcrf.
gov/, accessed on 13 March 2024) was used to perform GO annotation of biological
processes, cellular components, and molecular functions, in addition to KEGG pathway
enrichment analysis of the above PO and HUA intersection targets. The obtained results
were arranged in descending order according to their −lg(P) values, and the results were
visualized and analyzed using the microbiology platform (https://www.bioinformatics.
com.cn/login/, accessed on 13 March 2024) in order to explore the relevant mechanism of
action of PO in treating HUA.

2.8. Molecular Docking Validation

The 3D structural information associated with the berberine molecule was downloaded
using the PubChem database [51] (pubchem.ncbi.nlm.nih.gov/, accessed on 13 March 2024),
and the XOD protein and its ligand complexes were obtained from the PDB protein structure
database (htps://www.rcsb.org/, accessed on 13 March 2024); water molecules and ligands
of target proteins were removed using PyMOL 2.5.7 software, the 3D structure of SDF was
converted to PDB format, and the receptor and ligand were pre-processed using AutbDock
Tools and then saved in PDBQT format for use. Finally, molecular docking of the ligand and
receptor was performed using AutoDock 4.2.6 software [52]. It is generally accepted that
when the docking score is less than −7.0, it indicates significant binding activity between
the active ingredient and the target; less than −5.0 indicates good binding activity between
the two; less than −4.25 indicates the presence of some binding activity [53].
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2.9. Establishment of HUA Mouse Model

All experimental procedures involving animals adhered strictly to the guiding prin-
ciples for animal care and use outlined by the Animal Experiment Ethics Committee of
Jilin University (Changchun, China), in accordance with the regulations stipulated by
the Committee for Animal Use and Care and the principles established in the Helsinki
Declaration. SPF-grade male C57BL/6J mice, aged 4–6 weeks, weighing 20 ± 2 g, were
purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Shenyang, China), under
license number SCXK (Liao) 2020-0001. The experimental animals were not genetically
modified during the experiment. The mice were accommodated in the Jilin University
Experimental Animal Platform, where they had unrestricted access to sterile water and
food. The animals were maintained under controlled conditions of (22 ± 2) ◦C and 60%
humidity, and subjected to a 12 h light/dark cycle. After 1 week of adaptive feeding, the
mice were randomly divided into groups. The change in body weight of each mouse was
recorded for subsequent equivalent dose conversion based on body weight.

Referring to the method of Dai et al. [54], the HUA mouse model was induced using
gastric gavage with yeast paste. Except for the control group (n = 8), the mice received daily
gastric gavage of yeast paste at a dosage of 20 g/kg. After 14 days of pretreatment, the mice
were randomly divided into six groups as follows: the model group; the allopurinol group
(7.6 mg/kg); the benzbromarone group (7.6 mg/kg); and low-, medium-, and high-dose
PO groups (0.5, 1, and 2 g/kg, LPO, MPO, HPO, respectively) (n = 8 per group). Following
this, daily gastric gavage with yeast paste was performed every morning to sustain clinical
manifestations of HUA, followed by daily drug administration for 7 consecutive days in
the afternoon. On the final day of treatment, mice were euthanized with carbon dioxide
2 h after administration. Blood samples were collected and centrifuged at 3000 rpm, 4 ◦C
for 15 min to separate serum. The levels of UA, XOD, creatinine (SCr), and urea nitrogen
(BUN) in serum were detected by detection kit. Following extraction, mice liver and kidney
tissues were rinsed with physiological saline, air-dried, and weighed post-absorption of
moisture; the left kidney tissues were fixed in 4% paraformaldehyde for histopathological
examination, and the right kidney tissues were stored at −80 ◦C for subsequent analysis.

2.10. Western Blot Analysis

Kidney tissues were subjected to lysis utilizing RIPA buffer supplemented with pro-
tease inhibitors. Protein concentration was quantified employing the bicinchoninic acid
(BCA) protein assay kit. Subsequently, proteins were fractionated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto
polyvinylidene difluoride (PVDF) membranes. Following blocking with 5% non-fat milk
for 2 h, the membranes were then incubated overnight at 4 ◦C with antibodies targeting
ABCG2, GLUT9, and URAT1. Subsequent to this, the membranes were exposed to sec-
ondary antibodies for a duration of 1.5 h. Lastly, the membranes underwent washing and
imaging utilizing an enhanced chemiluminescence (ECL) detection kit. Band intensities
were quantified utilizing Image J software (version 1.54).

2.11. H/E Staining and IHC Analysis

The kidney tissues, fixed and embedded, underwent precision slicing into 4 μm
sections. Following meticulous deparaffinization employing a gradient of xylene and
ethanol, the sections underwent staining with hematoxylin/eosin (H/E).

Upon deparaffinization, endogenous peroxidase activity was effectively inhibited
using 3% hydrogen peroxide, and subsequent blocking of the sections was achieved with 3%
BSA. Subsequently, the sections were incubated overnight at 4 ◦C with primary antibodies
targeting ABCG2, GLUT9, and URAT1. Following this, the sections were subjected to a 1 h
incubation at room temperature with secondary antibodies, followed by detection utilizing
DAB chromogen and subsequent counterstaining with hematoxylin.
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2.12. Statistical Analysis

The values are expressed as the mean ± SEM/SD in multigroup animal experiments.
One-way ANOVA was used to analyze the significance of differences, and a value of
p < 0.05 was considered statistically significant; highly significant differences were indicated
at p < 0.01. All statistical analyses were performed using GraphPad Prism 8 software. IHC
and Western Blot analyses were performed by Image J, and subsequently employed for
densitometric analysis.

3. Results

3.1. In Vitro XOD Inhibition Experiment

Figure 1 demonstrates the inhibition effect of PO on XOD for the Sichuan, Henan,
Guangdong, and Jilin samples; the degree of inhibition of XOD by PO extracts from
different geographical regions and different concentrations was calculated based on the
absorbance (OD) at 295 nm of the reaction systems of each group. The corresponding
IC50 inhibition curves were plotted using GraphPad Prism 8. According to the enzyme
inhibition rate curves, it can be seen that the PO extracts showed concentration dependence,
and the best inhibition of XOD was achieved by the PO from Sichuan, with an IC50 value
of 160 μg/mL; we therefore chose the PO from Sichuan for the subsequent experiments.

 

(A) (B) 

 
(C) 

Figure 1. (A) Photograph of the aerial parts of Portulaca Oleracea. (B) Mechanism map of purine
metabolism and uric acid excretion pathway (Created in bioRender). (C) Inhibitory effect of PO
extracts from different producing areas on XOD, in vitro.
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3.2. Analysis of PO Components from Sichuan

UPLC-Q-Orbitrap MS was used to characterize the major components in the PO
extract in both positive and negative ion modes. The total ion chromatogram of PO is
shown in Figure 2A. The compounds with the best matching score for mzCloud (above 90)
in the possible molecular formula deduced from the high-resolution mass spectrometry
information were selected and analyzed, in combination with data from the literature.
Trigonelline, betaine, stachydrine, berberine, salsolinol, baicalin, tangeritin, nobiletin, cur-
cumin, scopoletin, vanillin, lupeol, cafestol, oleanolic acid, salsolinol, and other components
were screened. Among them, stachydrine and berberine were, for the first time, detected
in PO, in the sample produced in Sichuan. Berberine has broad-spectrum antibacterial
activity and can potentially be used as a drug for the treatment of various diseases [55].
Stachydrine is a multifunctional bioactive substance with great potential in the treatment
of many diseases [56].

In order to verify the presence of stachydrine and berberine in PO samples more accu-
rately, they were compared with the corresponding standards using the LC-MS technique.
In Figure 2B,C, the retention times of the samples showed RT1 = 2.36 min and RT2 = 3.41
min, values which were consistent with the retention times of the standards, which were
Rt = 2.37 and 3.41 min, respectively. Furthermore, in the MS2 spectra shown in
Figure 2D,E, target compound 1 was found to produce ions at m/z 144.10 [M + H],
m/z 84.24, m/z 58.33 and m/z 42.48, yielding fragment ions in agreement with the stachy-
drine standard comparison. Similarly, target compound 2 produced fragment ions at m/z
336.12 [M + H], m/z 320.17, and m/z 292.10, in agreement with the berberine standards.
Eventually, the two compounds were identified as stachydrine and berberine.

(A) 

Figure 2. Cont.
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(B) 

(C) 

(D) 

(E) 

Figure 2. PO component analysis by UPLC-Q-Orbitrap MS. (A) Total ion chromatogram (TIC).
(B) LC-MS chromatograms of the stachydrine (RT: 2.37) and berberine (RT: 3.41) standards.
(C) LC-MS chromatograms of the stachydrine (RT: 2.36) and berberine (RT: 3.41) in the sample.
(D) LC-MS chromatograms of the stachydrine ion channel (left) and MS2 spectra (right) for the
separated sample. (E) Ion channel chromatogram (left) and MS2 spectra (right) of berberine in the
separated sample.
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3.3. Construction of the Component–Target–Disease Network and Analysis of the PPI Network

A total of 82 cross-targets were screened by the Venn intersection of PO component-
related targets and HUA disease-related targets which had been identified as potential
therapeutic targets for HUA (Figure 3A). The interactions between target proteins are
shown in Figure 3B. The PPI network contained 82 nodes and 712 edges. After processing,
a total of 15 key targets were obtained: ABCG2, PPARG, HMGCR, CASP3, PARP1, MCL1,
BCL2, ESR1, TNF, ACE, SIRT1, ICAM1, REN, PTGS2, GCG. Through the analysis of
these key targets, it was found that the XDH (XOD), ABCG2 protein and its associated
SLC22A12 (URAT1) protein were closely related to urate transport, anion transport, small
molecule transport, and purine-containing compound metabolism, which are common
targets in HUA research. Therefore, we selected proteins such as ABCG2 and URAT1 for
further study.

 

(A) (B) 

(C) 

Figure 3. PPI network of PO active-compound targets. (A) Venn diagram of active compounds in PO
and intersection targets in HUA. (B) Potential-target PPI network diagram. (C) Component–target–
pathway network diagram for PO in the treatment of HUA.
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The intricate network depicting the components, targets, and pathways influenced by
PO in addressing HUA is visually represented in Figure 3C. The left side, depicted in orange,
signifies the active constituents present in PO, while the right side, in green, delineates
the pertinent signaling pathways identified through KEGG enrichment analysis. The
intersecting targets of these components and pathways are depicted in blue. Subsequent
topological analysis, facilitated by plugins, unveiled potential biological impacts of PO on
HUA, targeting key elements like RELA, CASP9, BCL2, CASP3, CDK4, and TNF. These
interactions are implicated in pivotal signaling cascades, encompassing the cancer, PI3K-
Akt, p53, and NF-κB pathways, among others.

3.4. Enrichment Analysis of Related Pathways and the Biological Process

The comprehensive GO analysis resulted in the identification of a remarkable
1124 entries related to biological processes (BP), encompassing a diverse array of phe-
nomena ranging from rhythmic processes to intricate hormonal regulatory mechanisms
and responsive reactions to organic substances, among others (as illustrated in Figure 4A).
Moreover, the analysis unveiled 46 distinct entries associated with cellular components
(CC), spanning crucial entities like the cytoplasm, receptors, and extracellular regions. Ad-
ditionally, it elucidated 97 entries pertaining to molecular functions (MF), exemplified by
crucial interactions such as protein kinase binding, chromatin binding, and oxidoreductase
activity, among others.

 

(A) (B) 

(C) 

Figure 4. (A) GO function annotation. (B) KEGG pathway enrichment analysis. (C) Visualization of
berberine and XOD molecular docking results. The white structure represents the ABCG2 protein,
the yellow structure represents the active compound, and the green structure represents the binding
site between the two. The value represents the binding affinity, and the unit is kcal/mol.
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Subsequent enrichment analysis of KEGG pathways unveiled their intricate associa-
tion with various critical signaling cascades, notably encompassing cancer-related path-
ways, the AGE-RAGE signaling pathway implicated in diabetic complications, the pivotal
PI3K-Akt signaling cascade, the regulatory p53 signaling pathway, and the intricate NF-κB
signaling pathway, among others (as depicted in Figure 4B).

3.5. Molecular Docking and Residue Interaction

With the aid of PyMOL software, the binding pocket of the berberine–XOD complex
was visualized (Figure 4C), having a binding energy of approximately −10.00 kJ-mol−1,
in which amino acid residues located within approximately 4.0 Å (Å) of the berberine
have been highlighted. After careful screening, we have targeted a series of key active
site residues, including THR262, SER347, and LEU404, which are uniquely located and
surrounded near the active center of molybdenum chalcogenide, and the results indicate
that berberine has strong docking activity with XOD. The binding energy of stachydrine
with XOD was about −3.51 kJ-mol−1, which is a weak binding ability. Therefore, according
to the experimental steps described in Section 2.3, the IC50 value of berberine was about
74 μg/mL, demonstrating a good inhibitory effect on XOD in vitro (Figure S1).

3.6. In Vivo Studies on the Reduction of Uric Acid

UA levels in serum samples from each group of mice were measured using the
colorimetric method to compare the changes in serum-UA levels in mice after drug admin-
istration. After 14 days of modeling, compared with the control group, the serum UA in the
model group was significantly increased (### p < 0.001), indicating that the model construc-
tion method used was effective and successful. The serum-UA levels of mice in different
treatment groups showed a decreasing trend after gavage administration, among which
the positive control group and the HPO group showed excellent UA-lowering efficacy
(*** p < 0.001); no statistically significant difference was observed in the comparison between
the groups (Figure 5A).

 
(A) (B) 

Figure 5. Serum levels of UA and XOD in mice after intragastric administration. (A) Serum uric acid
level in mice after intragastric administration. (B) The level of XOD in serum of mice after intragastric
administration. ### p < 0.001 compared with the control group. * p < 0.05, ** p < 0.01, and *** p < 0.001,
compared with the model group. ns (no significance).

Since the level of XOD activity is proportional to the rate of UA production, we
measured the XOD activity in the serums of mice to reflect the level of XOD inhibition of
the drug. The results of the XOD activity assay showed that the treatment of yeast-paste
gavage modeling resulted in a significant effect on the XOD activity of the mice in each
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group (### p < 0.001); this is because, after the mice received yeast paste gastric gavage,
the purine-like substances in the body accumulated in large quantities, which led to the
elevation of XOD activity in the body and the production of large quantities of UA. The
XOD-inhibitor allopurinol group and the HPO group showed significantly inhibited levels
of XOD activity and lowered serum-UA levels, and there were no statistically significant
differences compared with the control group (Figure 5B).

3.7. Renal Protection Properties of PO

The centrifuged serums were immediately, and following the operating instructions
in the biochemical kit, tested for the determination of SCr levels, as shown in Figure 6A;
the SCr values in the model group of mice showed a significantly higher trend compared
with the normal group (### p < 0.001), and after the administration of the drug, the SCr
levels in the allopurinol group, the benzbromarone group, the MPO group, and the HPO
group were significantly decreased (* p < 0.05, ** p < 0.01, *** p < 0.001), and there was no
significant difference in SCr value between the HPO group and the control group. BUN
levels were measured by the 96-well plate colorimetric method (Figure 6B), and from the
results returned by the biochemical assay kit, it could be seen that the BUN levels of mice
in the model group were significantly higher than those in the control group (### p < 0.001),
while after the administration of the drug, the BUN levels of the mice in all the groups
appeared to be reduced to varying degrees; the dose-dependencies between the various
administration groups of PO are presented, and the BUN levels of the HPO group can be
seen to be significantly lower than those of the model group (*** p < 0.001).

 
(A) (B) 

Figure 6. Serum levels of SCr and BUN in mice after intragastric administration. (A) The level of
SCr in serum of mice after intragastric administration. (B) The level of BUN in serum of mice after
intragastric administration. ### p < 0.001 compared with the control group. * p < 0.05, ** p < 0.01, and
*** p < 0.001, compared with the model group. ns (no significance).

3.8. Effects of PO on Renal Histopathology

Illustrated in Figure 7, the histological analysis of renal tissues from individual mouse
cohorts subsequent to H/E staining illuminated that within the control cohort, renal tubules
manifested an exemplary preservation of morphology, which was characterized by proxi-
mal epithelial cells presenting a plump appearance and the renal interstitia being densely
populated. Nonetheless, subsequent to gastric gavage with yeast paste to instigate the
experimental model, the experimental cohort displayed conspicuous eosinophilia along-
side pronounced tubular vacuolization. Analogous eosinophilic modifications, coupled
with a degree of tubular vacuolization, were discernible within the allopurinol cohort,
the benzbromarone cohort, and the LPO cohort, coinciding with a concurrent relaxation
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of tissue architecture. Conversely, there was an absence of noteworthy morphological
aberrations concerning tubular cell integrity and tissue structure within the MPO and HPO
cohorts when juxtaposed with the pristine control cohort.

 

 

 

 

 

Figure 7. H/E-stained pathological sections of mouse kidney tissue (400×).

3.9. Western Blot Analysis of Kidney Tissues

The expression level of urate transporters in the kidney tissue for each group of mice
was obtained by Western Blot, as shown in Figure 8A. The relative content of the protein
sample can be obtained by comparing the gray value of the protein index with the gray
value of the internal reference band. By analyzing these data, the expression level of urate
transporter in the kidney tissue of HUA mice was explored. Compared with the normal
group, the expression of ABCG2 protein in the model group was significantly decreased
(## p < 0.01), while the expression intensity of ABCG2 protein in the PO group was dose-
dependent, and there was no significant difference in the expression level between the
high-dose group and the normal group, indicating that PO can increase the excretion
of UA in mice by promoting the expression of ABCG2 protein (Figure 8B). Compared
with the model group, GLUT9 protein levels were significantly down-regulated in the
allopurinol group, benzbromarone group, MPO group, and HPO group (** p < 0.01)
(Figure 8C). Compared with the control group, the expression of URAT1 protein in the
model group was significantly up-regulated (## p < 0.01), while benzbromarone, as an
inhibitor of URAT1 protein, significantly down-regulated its expression level. In addition,
the PO administration group showed a dose-dependent downward trend, and there was
no statistical difference in the expression level of URAT1 protein between the HPO group
and the control group (Figure 8D).
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(A) (B) 

 
(C) (D) 

Figure 8. (A) Western Blot analysis of kidney tissues after drug administration in each group of
mice. (B) ABCG2 protein expression level. (C) GLUT9 protein expression level. (D) URAT1 protein
expression level. ## p < 0.01 compared with the control group. * p < 0.05 and ** p < 0.01, compared
with the model. ns (no significance).

3.10. Effects of PO on Urate Transport Proteins

IHC analysis was performed on the kidney tissue sections of mice in each experimental
group. The brown specific staining area observed by the microscope indicated the positive
reaction of antigen–antibody binding, while the light yellow area represented the back-
ground color. According to the staining area and depth, the intensity of antigen–antibody
binding can be intuitively reflected.

As shown in Figure 9A–C, the renal cortex region showed different degrees of positive
reaction. URAT1 protein was widely expressed in renal tubular cells, and the expression
levels of the benzbromarone group and HPO group were significantly lower than that of
the model group. The ABCG2 protein was widely expressed in the cytoplasm of the renal
tubular epithelial cells in each group. Compared with the model group, the control group
and the HPO group had stronger positive localization.
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Figure 9. IHC analysis of renal tissues after drug administration in each group of mice (200×).
(A) ABCG2 protein IHC expression level. (B) GLUT9 protein IHC expression level. (C) URAT1
protein IHC expression level. ### p < 0.001 vs. control. * p < 0.05 and *** p < 0.001, vs. model. Positive
area values were analyzed by Image.
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IHC results showed that the ABCG2 protein was widely distributed in the kidney of
PO-treated mice, covering the renal cortex and renal tubular cells, and was more dense than
that of the HUA model mice in the control group. This indicates that the ABCG2 protein
can maintain the homeostasis of UA in the body by promoting UA excretion. In the IHC
test results of the HPO group, the expression intensity levels of the URAT1 and GLUT9
proteins were the same as those shown in the Western Blot results, further confirming that
the HPO group indeed exerted a significant regulatory effect on the urate transporters.

4. Discussion

Currently, allopurinol, benzbromarone, febuxostat, and other drugs are extensively
utilized in the clinical management of HUA [19,57]. Nevertheless, due to varying degrees
of adverse reactions associated with these agents, there is a growing interest in natural
remedies with diminished side effects [58,59]. Studies have found that many plants that
people eat daily have been found to have uric acid-lowering effects [60]. In addition, some
traditional Chinese herbal medicines have been shown to have some effect in alleviating
hyperuricemia, especially in the protection of liver and kidney function [61]. Among
them, many plant-based active ingredients such as flavonoids, phenolic acids, saponins,
etc., have been shown to reduce uric acid levels in a variety of ways without obvious side
effects [62,63]. In summary, plant-derived functional foods and their active ingredients have
shown potential in the treatment of hyperuricemia. These findings provide a treatment
plan with small side effects, good therapeutic effects, and easier acceptance for people, and
one which may become a safe and effective natural alternative therapy for hyperuricemia.

Studies have shown that the same plant in different habitats may have different
pharmacological effects, and the theory of dao-di herbs is also mentioned in the field of
traditional Chinese medicine [64,65]. In order to further study the active substances and
pharmacological effects of PO, we meticulously procured fresh PO samples from four
provinces in China with great climate differences, including Sichuan, Henan, Guangdong,
and Jilin, for subsequent extraction and purification. Employing LC-MS technology along-
side the XOD enzymatic reaction system enabled thorough identification and comparative
analysis. Notably, findings revealed a marginally superior XOD inhibition efficacy in
Sichuan specimens compared to samples of the plant collected from other habitats. Studies
have reported that different conditions of cultivation and crop management lead to changes
in PO’s active ingredients [27,66]. At the same time, our findings also reveal that different
geographical and climatic conditions may be one of the reasons for the changes in bioactive
substances in PO, which also confirms the dao-di herbs theory in the field of traditional
Chinese medicine.

Furthermore, subsequent to the analysis of Liquid Chromatography-Mass Spectrom-
etry (LC-MS) identification outcomes and the review of pertinent literature, berberine
and stachydrine were discerned within Sichuan-derived PO. Subsequently, we verified
the presence of these two components in PO by standard control. This is the first time
that berberine and stachydrine were identified from PO. Many studies have shown that
berberine [55,67–69] and stachydrine [56,70–72] have a variety of physiological activities,
which lays a theoretical foundation for further study of the effective components of PO
and the related mechanism of network pharmacology. At the same time, the results of
molecular docking showed that berberine had strong docking activity with XOD, and
the studies reported in [73,74] also showed that berberine had the effect of reducing uric
acid. Therefore, we speculated that berberine was one of the active substances of PO in the
reduction of uric acid.

With the development of modern society, people‘s eating habits have gradually shown
a trend of high levels of purine [75]. Studies have shown that the risk of hyperuricemia
is positively correlated with red meat, seafood, alcohol, and fructose intake [76]. In order
to more accurately replicate the physiological conversion of exogenous purines into UA
within the human body, we employed the technique of gavaging yeast paste to establish an
experimental model of HUA mice [54]. In addition, we selected the XOD inhibitor allopuri-
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nol and the uric acid-promoting drug benzbromarone as two positive drug groups to better
study the uric acid-lowering mechanism of PO. By assessing serum biochemical indices in
the murine bloodstream, we observed a gradual normalization of serum-UA levels in mice
administered medium (1 g/kg) and high (2 g/kg) doses of PO after one week (** p < 0.01),
with no statistical variance compared to either the allopurinol or benzbromarone groups.
Furthermore, compared with the model group, the content levels of SCr and BUN also
decreased significantly (** p < 0.01), and the BUN level in the HPO group was more similar
to that in the control group, which indicated that PO had weaker hepatorenal toxicity than
did allopurinol or benzbromarone. Studies have shown that elevated serum-UA levels are
a risk factor for decreased renal function, and elevated UA levels can lead to a series of
immune and inflammatory responses [77,78]. Our in vivo results showed that PO extract
effectively inhibited XOD activity, and potential renal tissue damage caused by elevated
UA levels was effectively alleviated in mice.

At present, XOD inhibitors and uric acid excretory drugs are often used in clinical
treatment of gout patients, but these drugs can also cause certain forms of damage to
the kidney [79,80]. Allopurinol can inhibit XOD activity and prevent the conversion of
hypoxanthine and xanthine to UA [81]. Benzbromarone can promote UA excretion by
inhibiting URAT1 transporters [82]. In vivo experiments and serum XOD activity analysis
showed that the XOD activity of the HPO group (** p < 0.01) was significantly reduced,
and there was no significant difference from the allopurinol group, indicating that the HPO
group had good XOD inhibition performance. Through histological examination utilizing
H/E staining of murine renal tissues, the model group exhibited notable pathological
alterations, including eosinophilic degeneration resultant from urate accumulation and
pronounced dilatation of renal tubules. Conversely, the MPO and HPO groups displayed
no discernible morphological aberrations within renal tubular cells or tissue architecture,
which indicated that the PO extract had no obvious nephrotoxicity. The above results
show that PO extract is safer than allopurinol and benzbromarone and has better clinical
application value.

Studies have shown that various urate transporters in the kidney are involved in
the regulation of serum-UA levels [83]. Investigation into hyperuricemia-induced renal
tissue in mice revealed that PO exerts efficacious synergistic regulation over UA excretion
protein ABCG2 and urate transporters URAT1 and GLUT9, thereby preserving murine
UA homeostasis. Consequently, we posit that PO has the dual capacity to attenuate UA
synthesis by suppressing XOD activity and to diminish UA reabsorption while facilitat-
ing its excretion by modulating the overexpression of urate transporters and bolstering
UA excretion proteins. In general, PO effectively reduces serum-UA levels through the
synergistic effects of various components, targets, and pathways, thereby maintaining
UA homeostasis.

5. Conclusions

In this study, we first screened the PO from Sichuan, determining that it demonstrated
the best in vitro XOD inhibitory activity among the plant samples from the four habitats,
and berberine and stachydrine were isolated and identified from this PO for the first time.
This finding reveals that different geographical and climatic conditions may be one of
the reasons for the changes of bioactive substances in PO. Then ABCG2, URAT1, and
other proteins were screened out as research targets by network pharmacology. Molecular
docking prediction and in vitro verification showed that berberine had strong docking
activity with XOD. Finally, in vivo results showed that PO could inhibit excessive uric
acid production and promote uric acid excretion by inhibiting XOD activity, inhibiting the
expression of uric acid transporters (GLUT9, URAT1) and promoting the expression of
uric acid excretion protein (ABCG2), and thereby effectively reducing serum-UA levels in
mouse models. In addition, compared with positive drugs, PO extracts showed less nephro-
toxicity and increased safety. In summary, our study showed the potential of purslane to
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reduce uric acid, and provided a theoretical basis for the development of the edible wild
plant purslane.

6. Patents

An extraction method of effective components of purslane and its application in
reducing uric acid. Bo Gao; Yiming Zhang; Fei Ye; Ming Kang; Zhenlong Ge; Shengying
Zhu; Yanjing Feng; Hao Chang. ZL 2024 1 0543667.X.
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Abstract: Chronic inflammation is a recognized risk factor for various cancers, including prostate
cancer (PCa). We aim to explore the potential protective effects of aged black garlic extract (ABGE)
against inflammation-induced prostate damage and its impact on prostate cancer cell lines. We
used an ex vivo model of inflammation induced by Escherichia coli lipopolysaccharide (LPS) on
C57BL/6 male mouse prostate specimens to investigate the anti-inflammatory properties of ABGE.
The gene expression levels of pro-inflammatory biomarkers (COX-2, NF-κB, and TNF-α, IL-6) were
measured. Additionally, we evaluated ABGE’s therapeutic effects on the prostate cancer cell lines
through in vitro functional assays, including colony formation, tumorsphere formation, migration
assays, and phosphorylation arrays to assess the signaling pathways (MAPK, AKT, JAK/STAT, and
TGF-β). ABGE demonstrated significant anti-inflammatory and antioxidant effects in preclinical
models, partly attributed to its polyphenolic content, notably catechin and gallic acid. In the ex vivo
model, ABGE reduced the gene expression levels of COX-2, NF-κB, TNF-α, and IL-6. The in vitro
studies showed that ABGE inhibited cell proliferation, colony and tumorsphere formation, and cell
migration in the prostate cancer cells, suggesting its potential as a therapeutic agent. ABGE exhibits
promising anti-inflammatory and anti-cancer properties, supporting further investigation into ABGE
as a potential agent for managing inflammation and prostate cancer.

Keywords: ABGE; prostate; inflammation; cancer

1. Introduction

Prostatitis is a prostate gland inflammation, which encompasses a range of disorders,
such as acute and chronic bacterial prostatitis. These conditions can be caused by bacterial
infections, immune responses, or non-infectious factors such as trauma or stress [1].

In particular, acute prostatic inflammation in mice induced an epithelial transforma-
tion, named proliferative inflammatory atrophy, which could promote prostatic intraep-
ithelial neoplasia [1].
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In this context, chronic inflammation is often linked with the process of carcinogenesis
and is recognized as both a hallmark and a potential risk factor for various cancers [2].
Specifically, for prostate cancer (PCa), chronic inflammation is suggested as a bridge
between environmental factors and tumor development [3–5].

Numerous studies have explored the relationship between prostate gland abnor-
malities and the inflammatory process, showing a strong prevalence of mild chronic
inflammation in PCa [6].

Chronic inflammation can create a microenvironment conducive to carcinogenesis by
producing pro-inflammatory cytokines, reactive oxygen species, and DNA damage [7].

In line with this, NLRP3 inflammasome is critically involved in PCa aggressiveness [8].
Altogether, the presented evidence indicates the proficient pro-oncogenic role of

certain inflammatory processes in PCa [9,10].
Various biomarkers, such as tumor necrosis factor (TNF)-α, nuclear factor (NF)-kB,

interleukin (IL)-6, and cyclooxygenase (COX)-2, play a critical role in inflammatory re-
sponses. In particular, Baud and their collaborators (2001) reported that TNF-α is a potent
pro-inflammatory cytokine whose involvement in inflammation, cell proliferation, differen-
tiation, and apoptosis is well known. Increased serum levels of pro-inflammatory markers
such as TNF-α are related to accelerated progression and a poor prognosis in PCa [11,12].

Furthermore, NF-κB is essential for regulating both the innate and adaptive immune
responses, particularly in inflammation. Besides its role in the survival and activation of
immune cells, NF-κB stimulates the release of pro-inflammatory genes, including cytokines
and chemokines, and regulates inflammasome activity. Moreover, the dysregulation of
NF-κB contributes to various inflammatory diseases, including rheumatic diseases and
asthma [13,14]. Interestingly, a wide body of evidence suggested that NF-κB activation,
as well as various signals linked to inflammation, are well known to be involved in the
modulation of PCa malignancy [15]. In particular, NF-κB activation exerts modulatory
effects on the expression of the cytokines and factors involved in cancer development and
progression, including IL-6 [15]. Moreover, the activation of IL-6 signaling was found to
induce growth, proliferative activity, and the migration of PCa cells [16].

COX-2 is also critically involved in carcinogenesis in various tissues, including breasts
and lungs, as well as the prostate [17].

Various studies suggested the potential activity of a number of herbal extracts com-
monly used in traditional medicine as well as natural compounds exhibiting an innovative
action mode as a possible remedy for PCa [18,19].

In this context, aged black garlic (ABG) has garnered attention for its bioactive com-
pound profile and biological activities [20].

ABG is produced by fermenting fresh garlic at controlled high humidity (80–90%)
and temperature (60–90 ◦C) conditions over several weeks. As previously reported [20],
the temperature and humidity conditions of the thermal treatment chosen during ABG
production are strongly involved in the quality of ABG.

This process alters garlic’s organoleptic properties, making it sweeter and less pun-
gent, and increases the concentration of bioactive compounds, such as S-allylcysteine,
polyphenols, and flavonoids [21]. These compounds were found to be able to exert various
beneficial effects, including the suppression of cell proliferative activity, as well as the
stimulation of apoptosis and the modulation of the cell cycle, all of which are relevant in
cancer prevention and treatment [22,23].

Interestingly, in the previous studies of ours, a water extract of ABG (ABGE) showed
anti-inflammatory and antioxidant effects in preclinical models [24,25]. In particular, the
protective effects induced by ABGE were suggested to be partly related to the polyphenolic
content in the same extract, notably catechin and gallic acid [24,25]. We previously per-
formed the quantification of polyphenolic content in the extract using high-performance
liquid chromatography coupled with a photo diode array detector (HPLC-DAD) analytical
method. In particular, various compounds were identified in ABGE, with gallic acid and
catechin being the more representative phytochemicals [26].
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This research aims to explore the potential benefits of ABGE on inflammation and
prostate cancer. Building on these findings, we sought to explore the potential protective
effects of ABGE against inflammation-induced prostate damage using an ex vivo experi-
mental model, as well as its impact on prostate cancer cell lines through in vitro studies.
We investigated the anti-inflammatory properties of ABGE using a well-established ex
vivo model of inflammation composed of mouse prostate specimens exposed to Escherichia
coli lipopolysaccharide (LPS) [26,27]. In this setting, we examined the gene expression
levels of the key pro-inflammatory biomarkers, including COX-2, NF-κB, TNF-α, and IL-6.
Furthermore, we assessed the potential therapeutic effects of ABGE on the prostate cancer
cell lines using in vitro experimental models through functional parameters (colony forma-
tion, tumorsphere formation, and a migration assay) and molecular studies to evaluate the
potential involvement of different signaling pathways, such as mitogen-activated protein
kinase (MAPK), protein kinase B (AKT), Janus kinases/the signal transducer and activator
of transcription proteins (JAK/STAT), and transforming growth factor (TGF-β).

2. Materials and Methods

2.1. Extraction and Sample Preparation of ABGE

Dried ABG cloves were provided by il Grappolo S.r.l. (Soliera, Modena, Italy). The
preparation of ABGE followed the method described in the previous studies [24,28,29].

A detailed protocol is included in the Supplementary Materials.

2.2. Ex Vivo Studies

Adult C57BL/6 male mice (3 months old, weight 20–25 g, n = 25) were housed and
maintained as described in the Supplementary Materials Section. The housing conditions
and experimentation procedures were strictly in agreement with the European Community
ethical regulations (EU Directive no. 26/2014) for the care of animals for scientific research.
In agreement with the recognized principles of “Replacement, Refinement and Reduction
in Animals in Research”, prostate specimens were obtained as residual materials from
the vehicle-treated mice randomized in our previous experiments, approved by the local
ethical committee (‘G. d’Annunzio’ University, Chieti, Italy) and the Italian Health Ministry
(Project no. 885/2018-PR).

Mouse sacrifice was performed by CO2 inhalation (100% CO2 at a flow rate of 20%
of the chamber volume per min). After collection, the isolated prostate specimens were
maintained in a humidified incubator with 5% CO2 at 37 ◦C for 4 h, as previously de-
scribed [26,30] and reported in the Supplementary Materials Section.

Total RNA was extracted from the prostate specimens using TRI reagent (Sigma-
Aldrich, St. Louis, MO, USA) following the manufacturer’s protocol. The gene expression
of COX-2, NF-kB, TNF-α, and iNOS was quantified by real-time PCR with TaqMan probe-
based chemistry, as previously described [27,31,32]. The detailed protocol can be found in
the Supplementary Materials Section.

2.3. Cell Culture

Cell lines from control prostate (PNT-2), androgen-dependent PCa (LNCaP), and
androgen-independent PCa (PC-3) (American Type Culture Collection, Manassas, VA,
USA) were maintained in a humidified incubator with 5% CO2 at 37 ◦C following the man-
ufacturer’s guidelines as previously outlined [33,34] (Supplementary Materials Section).

2.4. Cell Proliferation

Cell proliferation was evaluated using resazurin reagent (Canvax Biotech, Cordoba,
Spain) [33]. Cell proliferation was measured at the start and after 24, 48, and 72 h of
treatment (Supplementary Materials Section).
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2.5. Clonogenic Assay

A clonogenic assay was performed on the LNCaP and PC-3 PCa cells treated with 1000
μg/mL of ABGE and incubated for 10 days. The results were expressed as a percentage of
the number of colonies relative to the control [34] (Supplementary Materials Section).

2.6. Tumorsphere Formation

The tumorsphere formation assay was conducted as previously described on LNCaP
and PC-3 [35,36]. A minimum of three experiments with two replicates for each condition
were performed. The results are expressed as a percentage of tumorsphere area relative to
the control [35] (Supplementary Materials Section).

2.7. Cell Migration Assay

Cell migration was assessed using a wound healing assay as previously detailed [33,35,36].
The results are presented as the percentage of the migration rate relative to the control. A
minimum of three experiments with three replicates for each condition were performed.
This experiment was conducted using PC-3 cell lines, but not LNCaP cells due to their
lower migration capacity (Supplementary Materials Section).

2.8. Phosphorylation Array

Protein extracts from the LNCaP cells were collected in lysis buffer from 6-well plates
after 24 h of treatment with 1000 μg/mL ABGE. The determination of protein content
was conducted using a Pierce BCA Protein assay (ThermoFisher Scientific, Madrid, Spain)
and adjusted with assay buffer. The data were normalized following the manufacturer’s
instructions. In brief, the membranes designed for the semi-quantitative detection of 55
phosphorylated human proteins, which are part of the MAPK, AKT, JAK/STAT, and TGF-β
signaling pathways, were incubated with blocking buffer for 30 min at 25 ◦C. The array
spots’ densitometric analysis was performed using ImageJ software (version number 1.54j),
with positive control spots used for normalization. The results are expressed as the log2
Fold Change in each protein signal relative to the control signal, with a log2 Fold Change
of 0.2 set as the threshold [37] (Supplementary Materials Section).

2.9. Statistical Analysis

To calculate sample size, we performed power analysis by using G*Power 3.1.9.4
software (effect size = 0.6, α = 0.05, power = 0.85) [38]. As for the ex vivo evaluations, the
experimental procedures were performed by a researcher blinded to the treatment. All
experiments were conducted at least three times independently (n ≥ 3). The results from ex
vivo and in vitro studies are expressed as means ± SEM. Statistical differences between the
two groups were evaluated using either an unpaired parametric t-test or a nonparametric
Mann–Whitney U test, depending on normality as determined by a Kolmogorov–Smirnov
test. For comparisons involving more than two groups, a One-Way ANOVA was employed.
Statistical significance was set at p < 0.05. All statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA).

3. Results and Discussion

In the present study, we aimed to study the potential effects of ABGE on proliferation,
colony formation, tumor spheroid formation, cell migration, and the phosphorylation array
in three prostate cell lines: PNT-2, LNCaP, and PC-3.

3.1. Ex Vivo Studies

Considering the critical role of chronic inflammation in PCa, we first investigated
the potential beneficial activities exerted by ABGE (10–1000 μg/mL) as a validated ex-
perimental model of inflammation [24,39]. We studied the effects of ABGE on the gene
expression of pro-inflammatory mediators, including COX-2, NF-kB, TNF-α, and IL-6, on
isolated LPS-stimulated prostate specimens by RT-PCR. In this context, we found that
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ABGE (10–1000 μg/mL) was able to inhibit gene expression of all the markers investigated,
with 1000 μg/mL being the most effective dose (Figure 1a–d).

Figure 1. Effects of aged black garlic water extract (ABGE) (10–1000 μg/mL) on LPS-induced
cyclooxygenase (COX)-2 (a), nuclear factor kappa (NF-κ) B (b), tumor necrosis factor (TNF)-α (c), and
interleukin (IL)-6 (d) gene expression (RQ, relative quantification) in mouse prostate specimens. Data
shown are means ± SEM of two independent experiments with triplicate determinations. ANOVA,
* p < 0.05, ** p < 0.005; and *** p < 0.001 vs. LPS.

Various pro-inflammatory markers were shown to be implicated in prostatic inflamma-
tion. In this context, different phytochemicals, such as catechins, were found to modulate
a number of inflammation targets, including TNF-α, COX-2, and interleukins. In the
previous studies, we demonstrated that ABGE induced protective activities on colon and
heart tissues treated ex vivo with LPS, which have been hypothesized to be related, at
least partially, to its polyphenolic composition, with particular regards to gallic acid and
catechin [24,25]. Accordingly, BenSaad et al. (2017) found that gallic acid suppressed the
LPS-induced production of prostaglandin E2 and IL-6 in RAW264.7 cells [40].

Furthermore, we previously found that ABGE (1 g kg−1) exerted protective effects in
rats in vivo [25] in a dose which could be translated to 1 g day in humans.

3.2. Cell Proliferation in Basal Conditions

Cell proliferation was measured after 24, 48, and 72 h of the treatment with ABGE
(10, 100, 500, and 1000 μg/mL) in basal conditions. The non-tumor prostate cell line PNT-2
was used as the control cell line. In the control prostate line PNT-2, ABGE (10–1000 μg/mL)
did not affect cell proliferation more compared to that of the control group at any concentra-
tion at the different times. In agreement, we previously reported that ABGE did not modify
the viability of cardiomyoblast (H9c2) cells or the human fibroblast HFF-1 cell line [24,25]
(Figure 2a).
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Figure 2. Effects of aged black garlic water extract (ABGE) on cell proliferation of control prostate
(PNT-2) (a), androgen-dependent (LNCaP) (b), and androgen-independent (PC-3) (c) prostate cancer
(PCa) cells. Cell proliferation and growth were evaluated by resazurin reagent after incubation for 24,
48, and 72 h of PNT-2, LNCaP, and PC-3 cell lines with ABGE at different concentrations (10, 100,
500, and 1000 μg/mL) or vehicle. Data shown are means ± SEM of 3 independent experiments with
3 replicates of each condition. ANOVA, * p < 0.05, *** p = 0.001, **** p < 0.0001 vs. vehicle.

The LNCaP cell line is derived from lymph node metastasis specimens of individuals
with prostate cancer [41].
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It retains the characteristics of prostate cancer tumor cytology as well as its early
differentiation function, which represents the early androgen-dependent notable features
of prostate cancer.

On the other hand, ABGE (10–1000 μg/mL) was able to significantly suppress LNCaP
cell proliferation. Interestingly, the inhibitory effect on cell proliferation was dose-dependent,
with a greater reduction at higher concentrations and longer exposure times (Figure 2b).
Figure 2b shows inhibitory effects in cell proliferation after just 24 h, starting at a concen-
tration of 100 μg/mL. The inhibition induced by the extract is also confirmed following
48 and 72 h of treatment at 500 and 1000 μg/mL concentrations.

The PC-3 cell line was isolated from human prostate cancer bone metastases with a
low differentiation degree [42] and represents an androgen-independent prostate cancer
cell with moderate metastatic potential in the absence of endogenous androgen receptors.

Similarly, the PC-3 cell line showed a significant reduction in cell proliferation follow-
ing the treatment with ABGE (10–1000 μg/mL) compared to that of the control, with a
greater decrease at higher concentrations (Figure 2c), thus confirming its antiproliferative
activity also against androgen-independent cancer cells. After 48 h, we showed a significant
decrease in cell proliferation starting from 100 μg/mL.

The mechanism underlying the inhibition of cell proliferation induced by ABGE is
not yet clear. Dong and their collaborators (2014) demonstrated that an alcohol extract of
ABG inhibited the growth of HT129 colon cancer cells probably by the inhibition of the
PI3K/Akt pathway [22].

Additionally, Wang and their collaborators (2012) have demonstrated that aged black
garlic water extract can inhibit the growth of gastric cancer cells in both in vitro and
in vivo [23].

Moreover, an aged black garlic water extract showed dose-dependent apoptosis in
human gastric cancer cell lines [23]. Notably, the extract in the prostate did not induce
apoptosis in the LNCaP cells (Figure S1, Supplementary Materials).

Meanwhile, in vivo study highlighted the anti-cancer properties of the extract, includ-
ing the inhibition of tumor growth in mice with tumors. The researchers proposed that
the anti-cancer effects of the aged black garlic extract might be due to its antioxidant and
immunomodulatory characteristics [23].

Multiple studies have indicated that black garlic possesses anti-tumor properties
by inhibiting cell proliferation in both colon and gastric cancers. Jikihara et al. (2014)
have performed an experiment using aged garlic extract on F344 rats and DLD-1 human
colon cancer cells. The findings revealed antiproliferative effects in both adenoma and
adenocarcinoma lesions [43].

3.3. Colony Formation

The analysis of the colony-forming ability of the LNCaP and PC-3 cell lines was
performed after the treatment with ABGE (1000 μg/mL) or the vehicle. The highest
concentration was chosen because it proved to be the most effective, while remaining
biocompatible. In the LNCaP cell line (Figure 3a), the treatment with 1000 μg/mL of
ABGE significantly reduced number of colonies formed compared to that of the control,
suggesting that ABGE is effective in decreasing the long-term proliferative capacity of
androgen-dependent cancer cells. Similarly, in the PC-3 cell line, the treatment with ABGE
(1000 μg/mL) (Figure 3b) led to more inhibitory effects in colony formation compared to
those of the control, further supporting the potential activity of the extract as an anti-tumor
agent. These effects might be due to the presence of polyphenolic compounds in ABGE. In
agreement, Jang et al. (2020) demonstrated that gallic acid can inhibit colony formation in
various cancer cell lines [40].
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Figure 3. Effects of aged black garlic water extract (ABGE) on colony formation of LNCaP (a) and
PC-3 (b) cell lines in response to ABGE at 1000 μg/mL or vehicle. Data shown are means ± SEM of
3 independent experiments with 3 replicates of each condition. ANOVA, **** p < 0.0001 vs. vehicle.

3.4. Tumor Spheroid Formation

Tumor spheroid formation was assessed by measuring the number of spheroids
after the treatment with ABGE (1000 μg/mL) or the vehicle in the LNCaP and PC-3 cell
lines. In the LNCaP cells (Figure 4a), the treatment with ABGE (1000 μg/mL) did not
significantly affect the number of spheroids, which remained unchanged compared to that
of the vehicle. However, our present findings also showed that in the PC-3 cells (Figure 4b),
ABGE (1000 μg/mL) significantly reduced the number of spheroids compared to that of
the control, suggesting that ABGE impedes the proliferation of cancer cells.

Figure 4. Cont.
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Figure 4. Effects of aged black garlic water extract (ABGE) on tumor spheroid formation of LNCaP
(a,a.1) and PC-3 (b,b.1) cell line with ABGE at 1000 μg/mL or vehicle. Data shown are means ± SEM
of 3 independent experiments with 3 replicates of each condition. ANOVA, * p < 0.05 vs. vehicle.

3.5. Migration Assay

The cell migration assay was conducted only on the PC-3 cell line because the mor-
phology of LNCaP cells does not allow for accurate migration assessment. The treatment
with 1000 μg/mL of ABGE more significantly reduced the cell migration rate compared to
that of the control after 24 h of incubation. The reduction in cell migration in PC-3 (Figure 5)
suggests that ABGE may also limit the capacity of cancer cells to spread. In agreement,
recently, ABG (dissolved in 0.9% normal saline) extract was found able to impede cell
migration in breast cancer cells [44].

Figure 5. Effects of aged black garlic water extract (ABGE) on migration of PC-3 cell line with ABGE
at 1000 μg/mL or vehicle for 24 h. Data shown are means ± SEM of 3 independent experiments with
3 replicates of each condition. ANOVA, **** p < 0.0001 vs. vehicle.

3.6. Cell Proliferation after LPS Pre-Treatment

Considering the previously found effects of ABGE into a pro-inflammatory cell con-
text [18], we then decided to evaluate its potential interaction with LPS. We studied the
effects of ABGE (10–1000 μg/mL) on LPS-treated cell proliferation in the PC-3 line (Fig-
ure 6), which was chosen for its higher aggressiveness compared to that of the LNCaP
cell line, as supported by previous studies [45]. In this context, Xu and their collaborators
(2021) showed that LPS combined with ATP significantly increased the proliferation and
migration of PC-3 cells, reducing apoptosis. This effect was related to the stimulation of the
NLRP3/caspase-1 inflammasome, hypothesizing that inflammation plays a crucial role in
prostate cancer progression [8]. Interestingly, our data indicate that the LPS pre-treatment
may sensitize the PCa cells to ABGE (Figure 6).
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Figure 6. Effects of aged black garlic water extract (ABGE) in combination to LPS on cell proliferation
of androgen-independent PC-3 cells. Cell proliferation was evaluated by resazurin reagent after
incubation for 24, 48, and 72 h of PC-3 cell line with ABGE at 1000 μg/mL or vehicle. Data shown are
means ± SEM of 3 independent experiments with 3 replicates of each condition. ANOVA, * p < 0.05,
** p < 0.005 vs. vehicle. ANOVA, # p < 0.05, ## p < 0.005 vs. ABGE.

Gallic acid and catechin, which are the main components of ABGE, as previously
shown [24,25], are well known to suppress, proliferate, and stimulate the apoptosis of PCa
cells [39,40].

Moreover, a previous study showed that gallic acid decreased the viability of PCa
cell lines, but not normal cells’ viability [46]. In agreement, we could suggest the potential
involvement of polyphenolic compounds, with particular regards to gallic acid and catechin,
due to the beneficial effects induced by ABGE on PCa proliferation.

3.7. Phosphorylation Array

A wide body of evidence shows that the MAPK, AKT, JAK/STAT, and TGF-β path-
ways play a key role in cell proliferation, survival, apoptosis, and growth [23,39–41]. In
our study, we analyzed the phosphorylation of the key proteins that participate in these
signaling pathways in response to the treatment with ABGE (1000 μg/mL) or the vehicle
using a phosphorylation array.

Specifically, the MAPK signaling pathway showed significant modulation in response
to the treatment with ABGE (Figure 7). Proteins such as ERK1/2 and JNK showed reduced
phosphorylation, suggesting that ABGE (1000 μg/mL) could inhibit these signaling path-
ways. In this context, the MAPK signaling pathway is critically related to cell proliferation
and survival [47]. Furthermore, the reduced phosphorylation of ERK1/2 (T202/Y204) and
JNK (T183/Y185) suggests reduced cell proliferation and the potential inhibition of the
apoptotic response [48].

p53 is involved in regulation of cell growth, DNA repair, survival, cycle, autophagy,
senescence, and apoptosis [49,50].

After the injection of knockdown of ribosomal S6 protein kinases (RSK) 1 and RSK2
in mouse femurs, there was a reduction in osteolytic lesions in the PC3 cells compared to
those in the control cells [51].

In our present study, we found that ABGE increased the quantity of LPS-treated p53,
while decreased the RSK2 phosphorylation levels (Figure 7), which could be related to the
anti-cancer properties of the extract.

The role of AKT signaling pathway in cell survival and growth is also well known [23].
ABGE (1000 μg/mL) showed variable effects on the phosphorylation of both the AKT and
downstream proteins (Figure 8).
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Figure 7. The MAPK signaling pathway in the phosphoprotein array in response to 24 h treatment of
1000 μg/mL ABGE. The log2 Fold Change in the phosphorylation protein level in comparison with
that for the control condition (threshold: log2 Fold Change = 0.2).

Figure 8. The AKT signaling pathway in the phosphoprotein array in response to 24 h treatment of
1000 μg/mL ABGE. The log2 Fold Change in the phosphorylation protein level in comparison with
that for the control condition (threshold: log2 Fold Change = 0.2).

The reduced phosphorylation of mTOR suggests decreased protein synthesis and cell
growth [52]. mTOR activation has been shown to induce the phosphorylation of many
substrates, such as eukaryotic translation initiation factor 4E (eIF4E)-binding proteins
(4E-BP1), and mTOR kinase inhibitors have been reported to block p4E-BP1 [53].

Our findings show that ABGE reduced the LPS-treated mTOR and 4E-BP1 phosphory-
lation levels. In agreement, considering that high levels of 4E-BP1 have been measured in
prostate cancer cells, we can speculate that mTOR and 4E-BP1 could be involved, at least in
part, in the beneficial effects induced by ABGE [54].

Moreover, ABGE also lowers the LPS-treated levels of glycogen synthase kinase (GSK)-
3, phosphatase, tensin-homolog in chromosome 10 (PTEN), and serine/threonine kinase
Raf-1 (RAF-1), which are involved in cancer development and progression [55–57].

On the other hand, ABGE increased the LPS-treated levels of p27 and AMP-activated
protein kinase (AMPK), which possess a well-known suppressor role in carcinogene-
sis [58,59].

The JAK/STAT signaling pathway plays a key role in numerous essential biological
processes, such as differentiation, cell proliferation, immune regulation, and apoptosis [48].

The inactivation of Src induced a reduction in the migration and growth in PCa cell
lines [60,61].

In addition, the reduced phosphorylation of STAT1, STAT2, STAT3, and STAT5
(Figure 9) indicates a potential decrease in proliferative signaling and cancer develop-
ment [62–65].
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Figure 9. The JAK/STAT signaling pathway in the phosphoprotein array in response to 24 h treatment
of 1000 μg/mL ABGE. The log2 Fold Change in the phosphorylation protein level in comparison
with that for the control condition (threshold: log2 Fold Change = 0.2).

Moreover, the decreased phosphorylation of JAK1 and JAK2 suggests decreased signal
transduction promoting prostate cancer cell proliferation and survival [66,67].

In agreement, TYK2 signaling promotes the invasiveness of prostate cancer cells [68].
Accordingly, the involvement of SHP2 in several cancer-related processes has been

reported [69].
Actually, our findings, showing that ABGE decreased the LPS-treated Src, STAT1,

STAT2, STAT3, STAT5, JAK1, JAK 2, TYK2, and SHP2 phosphorylation levels, could
suggest the potential protective role of the extract in PC-3 cells.

Regarding the TGF-β pathway (Figure 10) involved in cell growth regulation and tu-
mor progression [49], we showed that ABGE (1000 μg/mL) decreased the phosphorylation
of SMAD1, suggesting reduced TGF-β signaling, which may be associated with reduced
cell invasiveness [70].

Figure 10. The TGF-β pathway in the phosphoprotein array in response to 24 h treatment of
1000 μg/mL ABGE. The log2 Fold Change in the phosphorylation protein level in comparison with
that for the control condition (threshold: log2 Fold Change = 0.2).

The previous studies reported a correlation between SMAD2 and SMAD4, which are
involved in the inhibition of cell growth [71].

ATF2 has been found as a tumor promoter in various human cancers, such as prostate
cancer [72].

Furthermore, c-Jun or c-Fos overexpression has been directly related with PCa cell line
invasiveness, and the phosphorylated c-Jun levels are high in PCa [73].

In our study, we showed that ABGE decreased the quantity of LPS-treated SMAD1,
while it increased the SMAD2, SMAD4, AFT2, c-Jun, and c-Fos phosphorylation levels,
further confirming the potential protective role of the extract.
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In the literature, there are not many studies about the effects of ABGE on the prostate;
thus, its mechanisms are not particularly well known.

4. Conclusions

In conclusion, our results showed the potential anti-inflammatory and anti-proliferative
effects of ABGE on prostate cancer. In this context, ABGE reduced the gene expression
of the different biomarkers involved in inflammatory response, such as COX-2, TNF-α,
IL-6, and NF-kB, also modulating relevant signaling pathways, including AKT, MAPK,
TGF-β, and JAK/STAT. Furthermore, we performed different in vitro assays, where ABGE
had beneficial effects on both the prostate cancer lines. Therefore, our results suggest that
ABGE might be potentially used as a diet supplement for health promotion and a source of
bio-organic compounds with antitumor properties in PCa.

A limitation of our study is that we have not evaluated specific targeting, as well as
the signaling pathways modulating the potential anti-inflammatory and anti-cancer effects
of the extract. However, further studies are needed in the future to accurately evaluate
the in vivo activity of ABGE in reducing inflammation and cancer, as well as its potential
negative effects on the body.
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Abstract: Sensorineural hearing loss (SNHL), characterized by damage to the inner ear or auditory
nerve, is a prevalent auditory disorder. This study explores the potential of Castanopsis echinocarpa
(CAE) as a therapeutic agent for SNHL. In vivo experiments were conducted using zebrafish and
mouse models. Zebrafish with neomycin-induced ototoxicity were treated with CAE, resulting
in otic hair cell protection with an EC50 of 0.49 μg/mL and a therapeutic index of 1020. CAE
treatment improved auditory function and protected cochlear sensory cells in a mouse model after
noise-induced hearing loss (NIHL). RNA sequencing of NIHL mouse cochleae revealed that CAE up-
regulates genes involved in neurotransmitter synthesis, secretion, transport, and neuronal survival.
Real-time qPCR validation showed that NIHL decreased the mRNA expression of genes related to
neuronal function, such as Gabra1, Gad1, Slc32a1, CaMK2b, CaMKIV, and Slc17a7, while the CAE
treatment significantly elevated these levels. In conclusion, our findings provide strong evidence that
CAE protects against hearing loss by promoting sensory cell protection and enhancing the expression
of genes critical for neuronal function and survival.

Keywords: sensorineural hearing loss; Castanopsis echinocarpa; ototoxicity; noise-induced hearing
loss; neuronal function and survival

1. Introduction

Sensorineural hearing loss (SNHL) is a major global health concern, with its prevalence
significantly increasing over the past decade. This rise appears to be correlated with
increased exposure to hazardous noise levels in daily life, ototoxic agents, and aging [1].
Currently, more than 466 million people worldwide suffer from hearing loss, which is
projected to keep rising. Notably, excessive occupational noise exposure is a critical health
hazard, accounting for 16% of adult hearing loss cases, as reported by the World Health
Organization [2].

Auditory functions require complex interactions among the sensory cells in the inner
ear, specifically involving otic hair cells and spiral ganglion neurons. In noise-induced
hearing loss (NIHL), high-frequency sounds damage the cochlear sensory cells, which lack
the capacity to regenerate [3]. Therefore, hearing loss prevention strategies are crucial to
attenuate cochlear sensory cell loss by blocking several cellular mechanisms that contribute
to premature hearing impairment [4–6]. Recently, neuroprotective drugs, antioxidants,
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anti-inflammatory, and anti-apoptotic agents have been widely used to improve hearing
deficits in NIHL [7]. Specifically, polyphenols have been shown to protect sensory cells
and improve hearing function [8,9]. However, natural products have not been studied
extensively as potential treatments. Thus, we have been studying natural products with
high polyphenol content as candidates for hearing loss prevention [10,11].

Recently, growing research has focused on herbal species as multi-target approaches
to treat sensorineural hearing loss in vitro and in vivo. Currently, clinical trials have been
carried out using different traditional herbs, including Ginkgo biloba, Panax ginseng, and
Astragalus propinquus [12]. The molecular mechanisms of natural products on protection
and recovery from auditory insults involve targeting several pathophysiological states
such as oxidative damage, inflammation, disruption of ion homeostasis, pro-apoptotic
and apoptotic mediators, and decreased survival regulation. Such a multi-target approach
on the inner ear makes natural products important for drug discovery on hearing impair-
ments [12]. We previously demonstrated SNHL amelioration by using natural products.
To name a few, Curculigo orchioides showed protective efficacy from ototoxicity through
a reduction in oxidative stress and increased scavenging activity against free radicals
in vitro [13] and improved auditory function on NIHL in vivo [14]; Scutellaria baicalensis
showed improved auditory function on different models of SNHL in vivo through lipoxy-
genase inhibition [11]; and avocado oil (Persea ameriacana) demonstrated efficacy against
SNHL in vitro and in vivo by reducing the altered gene expression related to oxidative
stress, cytokine production, and protein synthesis [15].

After extensive screening, we identified Castanopsis echinocarpa (CAE)’s potential as
a therapy for SNHL. Despite recent interest in Castanopsis species, they have not yet
been widely studied. The leaves of these species are reported to be rich in polyphenols,
such as galloyl quinic acids, triterpene hexahydroxydiphenoyl esters, ellagitannins, phenol
glucosides, condensed tannins, and flavonol glycosides. Some species have already been
reported to possess powerful antioxidant properties, effective against oxidative stress
and inflammation and preventive against apoptosis [16–19]. Currently, no studies have
investigated Castanopsis species in the context of SNHL, and specifically, CAE has not
reported any pharmacological activity. Therefore, our aim is to demonstrate CAE’s efficacy
on different models of SNHL in vivo and to elucidate its mode of action.

In this study, we investigated the protective effect of CAE on different models of
SNHL in vivo, using the neomycin (NM)-induced ototoxicity model in zebrafish and the
NIHL model in mice. CAE demonstrated significant improvement in auditory function
and protective effects on auditory structures. To further assess CAE’s mechanism of action,
we identified differentially expressed genes in the cochlea of NIHL mice treated with CAE
using RNA sequencing. Then, for data validation, we performed real-time quantitative
PCR. We found that the protective effect of CAE on SNHL might be explained by the
up-regulation of gene expression related to neural functions, such as genes involved in
neurotransmitter synthesis, transport and release, and neuronal survival.

Recent research has demonstrated that the loss of hearing function is also related to
the damage in synaptic connections among cochlear hair cells and spiral ganglion neurons;
such damage can occur much earlier than otic hair cell death [20]. This study thus proposes
a therapeutic approach based on recent perspectives to treat hearing impairments.

2. Materials and Methods

2.1. Plant Collection and Voucher Specimen Information

The plant extract of Castanopsis echinocarpa Miq. (FBM070-066) used in this research
was obtained from the International Biological Material Research Center at the Korea
Research Institute of Bioscience and Biotechnology (Daejeon, Republic of Korea). The plant
was collected in Menglun Mengla district, Xishuangbanna, Yunnan province of China, in
December 2009. A voucher specimen (KRIB 0062375) is kept in the herbarium of the Korea
Research Institute of Bioscience and Biotechnology.
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2.2. Extraction Procedure for Castanopsis Echinocarpa (CAE)

The raw material was stored at room temperature until extraction. The extraction
process comprised two phases. Initially, we placed 1 kg of the aerial parts in a commercial
extractor (KS220, Kyungseo E&P Co., Ltd., Incheon, Republic of Korea) with 8 L of 70%
ethanol for 2 h. Subsequently, an additional 4 L of 70% ethanol was added, and the
extraction continued for another hour. The extract was filtered and concentrated, then
frozen at −50 ◦C for 24 h and freeze-dried in a rotary evaporator (HS-2001NS, Hahanshin
Scientific, Gimpo-si, Republic of Korea) for 7 days. The final yield of CAE was 15.5%, and
the product was stored at −20 ◦C.

2.3. Animals

Adult zebrafish (Danio rerio), wild-type strain, were housed in an S-type
1500(W) × 400(D) × 2050(H) mm system (WoojungBio, Inc., Suwon, Republic of Ko-
rea). Spawning and egg collection followed established protocols [15]. Embryos were
maintained under a 14 h light/10 h dark cycle at 28.5 ◦C ± 0.5 until 6 days post-fertilization,
after which they were randomly selected for experiments.

Six-week-old male mice, ICR strain, were obtained from Orient Bio, Inc. (Seongnam,
Republic of Korea). They were housed under a 12 h light/dark cycle with food and water ad
libitum and environmental conditions as follows: 23.0 ± 2.0 ◦C temperature and 50.0 ± 5.0%
humidity. Following a week of acclimation, mice were evaluated by auditory brainstem
response (ABR) test to confirm normal hearing (≤25 dB), representing the inclusion criteria
as described in previous studies [15].

2.4. Ethical Statement

All the procedures involving zebrafish and mice were conducted following protocols
approved by the Animal Care and Use Committee of Kyung Hee University [KHUASP-21-
230 and KHUASP-21-229, respectively].

2.5. Neomycin-Induced Ototoxicity in a Zebrafish Model

Zebrafish larvae were exposed to Neomycin sulfate (MB Cell Co., Irvine, CA, USA)
to induce ototoxicity, following established methods [15]. Post-exposure, larvae were first
rinsed and then treated with 0.03% sea salt solution and CAE for 6 h at 28 ◦C, respectively.
Post-treatment, larvae were stained with 0.1% YO-PRO-1 (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) for 30 min for otic hair cell visualization, anesthetized with
0.04% tricaine, and examined using a fluorescence microscope (Olympus 1 × 70; Olympus
Co., Tokyo, Japan). Images were analyzed with Focus Lite software (Focus Co., Daejeon,
Republic of Korea).

2.6. The 50% Effective Concentration (EC50)

Varying concentrations (0.01 to 10 μg/mL) of CAE were defined to treat zebrafish
larvae. EC50 values were determined by non-linear regression using GraphPad Prism
version 5.01 software (Graph Pad Software, San Diego, CA, USA).

2.7. The 50% Lethal Concentration (LC50)

Varying concentrations (50 to 1000 μg/mL) of CAE were defined to treat zebrafish
larvae. LC50 values were determined by non-linear regression using GraphPad Prism
version 5.01 software (Graph Pad Software, San Diego, CA, USA).

2.8. Therapeutic Index (TI)

The therapeutic index (TI) was calculated to define the safety margin of CAE.

TI = LC50/EC50
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2.9. Noise-Induced Hearing Loss (NIHL) in Mice

NIHL procedures were performed as previously described [15]. Briefly, mice were
exposed to 115 dB sound pressure level (SPL) broadband noise (100 Hz to 10 kHz) for
90 min. Post-exposure, mice were divided into four groups (n = 10/group) and treated
orally once a day, as follows: control (0.3 mL distilled water), 100 mg/kg (CAE 100),
300 mg/kg (CAE 300), and 500 mg/kg (CAE 500) of CAE in distilled water, starting one
day after noise exposure.

2.10. Auditory Brainstem Response (ABR) Test

Auditory function was measured using channel recording (Intelligent Hearing Sys-
tems, Miami, FL, USA) as previously described [15]. Hearing thresholds were evaluated
with ABR using clicks, 8 kHz, and 16 kHz stimuli at 1, 10, and 20 days post-noise exposure.

2.11. Evaluation of Otoprotective Effects of Cochlear Hair Cells

After 20 days of drug administration, the cochleae were harvested, fixed, decalcified,
and microdissected as described previously [15]. Cochleae were stained for hair cell
visualization with 5 U/mL rhodamine phalloidin (Thermo Fisher Scientific Inc., Gainesville,
FL, USA), and outer hair cells (OHCs) at the apex, middle, and base of the cochlea were
identified and counted in a 1 mm strip. Hair cells were evaluated in three groups: control,
NIHL, and NIHL + CAE (n = 6 per group) using fluorescence microscopy.

2.12. mRNA Sequencing and Pathway Analysis

Twenty days post-administration, the cochleae were harvested for RNA extraction
using TRIzol™ reagent (Thermo Fisher Scientific Korea Ltd., Seoul, Republic of Korea)
and purified with a RNeasy mini kit (QIAGEN, Hilden, Germany). For sampling, both
right and left cochleae were collected from 3 animals in each group. RNA quality and
quantity were assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Sequencing libraries were prepared with the TruSeq Stranded mRNA Sample Preparation
kit (Illumina, San Diego, CA, USA) per the manufacturer’s instructions. Libraries were
evaluated with an Agilent 2100 bioanalyzer and quantified by qPCR using the CFX96 Real
Time System (Bio-Rad, Hercules, CA, USA), then sequenced on a NextSeq500 sequencer
(Agilent, Santa Clara, CA, USA) with a paired-end 75 bp plus single 8 bp index read run.
The raw data from the RNA analysis were converted into sequence data and stored as
FASTQ files. Differentially expressed genes (DEGs) were determined based on an absolute
fold change (FC) greater than 1.4 and a p < 0.05. Reactome Pathway analysis was performed
to identify significant DEGs using Enrichr (2016) [21]. The 3 animals per group were pooled
into 1 biological replicate.

2.13. Quantitative PCR (qPCR)

Twenty days post-administration, total RNA was extracted from mice cochleae using
TRIzol™ reagent (Thermo Fisher Scientific Korea Ltd., Seoul, Republic of Korea) per the
manufacturer’s protocol. Briefly, 1 μg of total RNA was reverse-transcribed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Korea Ltd., Seoul,
Republic of Korea). Relative mRNA expression was measured by qPCR, normalized to
β-actin. qPCR reactions contained 5 μL SYBR Select Master Mix (Applied Biosystems,
Thermo Fisher Scientific Korea Ltd., Seoul, Republic of Korea), 1 μL cDNA template,
1 μL each of forward and reverse primers (10 pmol each), and 2 μL RNAse-free water. The
qPCR parameters were initial denaturation at 95 ◦C for 5 min, followed by 45 cycles of
95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 20 s, with a melting step at 73 ◦C for 5 min. Gene
expression was analyzed using the 2−ΔΔCt method. Primer sequences are listed in Table 1.
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Table 1. Primers for qPCR.

Gene Name Forward Sequence Reverse Sequence

β-Actin GAAGAGCTATGAGCTGCCTGA TGATCCACATCTGCTGGAAGG
Gabra1 AATGGGCGGATTGGTGTC TCATCTTGGGAGGGCTGT
Gad1 GCCTGGAAGAGAAGAGTCGT TCCCCGTTCTTAGCTGGAAG

Slc17a7 TGGCTGTGTCATCTTCGTGAGG TTGCCAGCCGACTCCGTTCTAA
Camk4 GGAGAAGGGATACTACAGTGAGC CTGGTTTGAGGTCACGATGGAC
Camk2b CCTACGGCAAACCTGTGGACAT GCCTTGATCTGCTGGTACAGCT
Slc32a1 GGCTGGAACGTGACAAATGCCA TACAGGCACGCGATGAGGATCT

2.14. Statistical Analyses

Statistical analyses were performed using GraphPad Prism version 5.01 software
(GraphPad Software, San Diego, CA, USA). All data are expressed as the mean ± standard
error of the mean (SEM). The statistical significance between groups was determined using
a paired t-test or a one-way repeated measures ANOVA followed by Tukey’s post hoc test.
Statistical significance was set at p < 0.05.

3. Results

3.1. CAE’s Efficacy on Otic Hair Cell Protection after NM-Induced Ototoxicity in Zebrafish

The efficacy of CAE on otic neuromast hair cell protection was assessed following
exposure to the ototoxic drug neomycin (NM) using zebrafish. Hair cells within the otic
(O1) neuromast were damaged after NM exposure (Figure 1). NM exposure significantly
reduced (p < 0.001) the number of otic hair cells. In contrast, the CAE treatment significantly
promoted hair cell protection in a dose-dependent manner (p < 0.05, p < 0.01, and p < 0.001)
compared to the control. These findings indicate that CAE is effective in facilitating otic
hair cell protection following ototoxicity induced by NM.

 

Figure 1. CAE’s efficacy on otic hair cell protection after neomycin-induced ototoxicity in zebrafish
model. (A) Number of otic hair cells in the untreated group (NM) and the treated groups (0.5, 1,
5, and 10 μg/mL of CAE). (B) Fluorescence images of otic hair cells in the normal (NOR), control
(NM), and treated groups. Hair cells were stained with YO-PRO-1 at 0.1%. Data are presented as
means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 (control vs. treated groups). ### p < 0.001 (normal
vs. control group). n = 10 per group.

3.2. EC50, LC50, and TI Values of CAE in Zebrafish

To determine the EC50 value of CAE in NM-induced ototoxicity, a dose–response curve
was generated for CAE-treated zebrafish at varying concentrations (0.01 to 10 μg/mL). The
EC50 value of CAE was defined as 0.497 μg/mL (Figure 2A).
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Figure 2. Dose–response curves and therapeutic index of CAE. (A) The EC50 value of CAE in
neomycin (NM)-induced ototoxicity was defined as 0.497 μg/mL. (B) The LC50 value of zebrafish
embryos exposed to CAE for 48 h was defined as 500 μg/mL. (C) The therapeutic index (TI) of CAE
was calculated to be 1020, indicating a high level of drug safety. Data are presented as means ± SEM.
Conc. = concentration; EC50 = 50% effective concentration; LC50 = 50% lethal concentration. n = 10
per group for EC50; n = 20 per group for LC50.

To assess the LC50 value, mortality rates were examined in zebrafish exposed to CAE
at varying concentrations (50 to 1000 μg/mL). The LC50 value of CAE was defined as
500 μg/mL (Figure 2B).

The therapeutic index (TI) of CAE was then calculated; TI is defined as the ratio
of LC50 to EC50 (LC50/EC50). The TI is an index of drug safety, with higher TI values
indicating greater safety. The TI of CAE was calculated to be 1020, indicating a high level
of therapeutic safety for the use of CAE (Figure 2C).

3.3. Toxicity Evaluation of CAE

To evaluate CAE toxicity in zebrafish embryos, we investigated the hatching rate,
heartbeat, body length, and morphological changes in zebrafish embryos after 48 h of
exposure (Figure 3). A significant decrease in the hatching rate was observed in zebrafish
treated with CAE at concentrations of 500 μg/mL or higher. However, no significant differ-
ences were detected between the CAE-treated and non-treated groups at concentrations
up to 400 μg/mL (Figure 3A). Additionally, no significant differences were found in the
heartbeat and body length of zebrafish treated with CAE compared to the non-treated
group at concentrations up to 400 μg/mL (Figure 3B,C). These results indicate that CAE
does not exhibit toxicity at concentrations up to 400 μg/mL.
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Figure 3. Toxicity evaluation of CAE based on zebrafish embryo testing. Data represent 48 h
of exposure. (A) Hatching rate of zebrafish embryos exposed to CAE at varying concentrations:
10–1000 μg/mL. (B) Heartbeat rate (beats per minute) of zebrafish treated with CAE at varying con-
centrations: 10–400 μg/mL. (C) Body length of zebrafish treated with CAE at varying concentrations:
10–400 μg/mL. Data are presented as means ± SEM. n = 20 per group.

3.4. CAE Effects on Auditory Function in NIHL Mouse Model

We assessed the impact of CAE on auditory function using the auditory brainstem
response (ABR) test (Figure 4). The ABR thresholds prior to noise exposure were within nor-
mal ranges across the evaluated frequencies for all mice included in this study. Threshold
shifts were elevated on day 1 post-noise exposure. However, 20 days post-administration
of CAE treatment at various concentrations, the threshold shifts significantly decreased
(p < 0.05, p < 0.01, and p < 0.001) compared to the control group in response to click, 8 kHz,
and 16 kHz stimuli. Additionally, CAE exhibited a dose-dependent efficacy for click thresh-
olds (Figure 4A). In contrast, at 8 and 16 kHz, the 100 μg/mL CAE treatment demonstrated
a greater effect than higher concentrations (Figure 4B,C).
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Figure 4. Effects of CAE on auditory function in NIHL mouse model. No-treatment (NIHL) and
CAE-treated groups were compared. Auditory brainstem response (ABR) threshold shifts with click
stimulus (A), 8 kHz tone burst (B), and 16 kHz tone burst (C) in mouse model at 10 days (10 D)
and 20 days (20 D) after noise insult. Data are presented as means ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001 (NIHL group vs. CAE-treated groups). CAE 100, 100 mg/kg; CAE 300, 300 mg/kg; CAE
500, 500 mg/kg. n = 10 per group.

3.5. CAE Alleviation of Cochlear Hair Cell Damage in NIHL Mice

Given that CAE at 100 mg/kg demonstrated superior efficacy in improving hearing
function, we evaluated its effects on cochlear hair cells at the apex, middle, and base
following noise-induced damage (Figure 5). Noise exposure resulted in a significant loss
of outer hair cells (OHCs) in the NIHL group (p < 0.01, p < 0.001), particularly in the
base of the cochlea (Figure 5A). In contrast, CAE administration after NIHL substantially
protected hair cells from noise-induced damage (Figure 5B). As shown in Figure 5A, the
quantification of OHCs revealed significantly higher numbers of OHCs (p < 0.05, p < 0.01)
in the CAE-treated mice compared to the untreated NIHL group. These results indicate
that CAE has therapeutic potential in hair cell protection.

Figure 5. CAE alleviated cochlear hair cell damage in NIHL mice. (A) Outer hair cell (OHC) survival
in 1 mm segments from the apex, middle, and base of the cochlea (n = 6 per group). (B) Fluorescence
images of the outer (OHC) and inner (IHC) hair cells at the apex, middle, and base of the cochlea
by Rhodamine phalloidin staining. Scale bar = 50 μm. ## p < 0.01, ### p < 0.001 (normal group vs.
NIHL group). * p < 0.05, ** p < 0.01 (NIHL group vs. CAE-treated group). NOR = normal. CAE 100,
100 mg/kg. White triangles indicate the locations where the loss of outer hair cells occurred.
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3.6. Differential Gene Expression by CAE Treatment in the Cochlea of NIHL Mice

To further investigate the protective mechanism of CAE in noise-induced hair cell
damage, we conducted a transcriptome analysis to identify genes affected by CAE. RNA
sequencing was performed to monitor differential gene expression in the cochlea of NIHL
mice treated with CAE 100 mg/kg. Of the total genes expressed in the cochlea, 211 genes
were differentially expressed (with false discovery rate (FDR) adjusted Q < 0.01, |fold
change| ≥ 2.0) by the CAE treatment. Among these, 204 genes were up-regulated and
7 genes were down-regulated (Figure 6).

Figure 6. Differential gene expression induced by CAE treatment in the cochlea of NIHL mice
(n = 3 per group) using Reactome Pathway analysis. Heat map based on RNA-seq analysis of gene
expression in the mouse cochlea and Venn diagram showing the overlap of RNA-seq results for
the regulated gene set of CAE vs. NIHL group. Genes were categorized into CAE-induced and
CAE-repressed groups. Of the total genes, 211 were significantly altered by CAE treatment (false
discovery rate (FDR) adjusted Q < 0.01, |fold change| ≥ 2.0).

A Reactome Pathway analysis was performed to identify the functional pathways
(Figure 7). We focused on the genes up-regulated by the CAE treatment that were enriched
in the transmission across chemical synapses (p value 8.74 × 10−21; Q value 1.21 × 10−18;
Enrichment score 101.5087) and the neuronal system (p value 2.92 × 10−22; Q value
8.09 × 10−20; Enrichment score 110.3959) pathways.
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Figure 7. Functional categorization of genes up-regulated by CAE 100 mg/kg using Reactome
Pathway analysis (n = 3 per group). Heat map generated from RNA-seq data showing gene sets
involved in transmission across chemical synapses (p value 8.74 × 10−21; Q value 1.21 × 10−18;
Enrichment score 101.5087) and the neuronal system (p value 2.92 × 10−22; Q value 8.09 × 10−20;
Enrichment score 110.3959).

3.7. CAE Effects on Neurotransmitter Synthesis, Secretion, Transport, and Neuronal Survival
Gene Expression in NIHL Mice

To validate the RNA-seq results, we examined the effect of NIHL on the expression of
genes affected by the CAE treatment (Figure 8). NIHL mice showed decreased expression
of genes related to neuronal function compared to normal mice. Specifically, the expression
of genes related to inhibitory synaptic transmission (Gabra1, Gad1, and Slc32a1), neuronal
survival (CaMK2b and CaMKIV), and synaptic function (CaMK2b and Slc17a7) were signifi-
cantly decreased by NIHL, suggesting that noise exposure reduces markers of neuronal
function and survival. Moreover, these genes’ expression was significantly increased by
CAE compared to the NIHL group. These results corroborate the RNA-seq findings and
suggest that the protective mechanism of CAE may involve the enhancement of neuronal
function and survival.
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Figure 8. Changes in the expression of neuronal function-related genes in NIHL mice treated
with CAE 100 mg/kg. Gene expression changes were evaluated by qPCR 20 days after noise
insult. The effects of CAE treatment on genes related to inhibitory synaptic transmission (A–C),
neuronal survival (D,E), and synaptic function (E,F) are shown. Data are presented as means ± SEM.
### p < 0.001 (NOR group vs. NIHL group); ** p < 0.01, *** p < 0.001 (NIHL group vs. CAE-treated
group). NOR = normal.

4. Discussion

In the present study, we evaluated the potential efficacy of CAE, given that certain
species of the genus Castanopsis are known to be rich in polyphenols such as flavonoids and
have demonstrated activity against oxidative stress, inflammation, and apoptosis [16–19],
which are key pharmacological targets in SNHL. However, there are no studies of Castanopsis
species effects on SNHL. Specifically, CAE has not been reported to have any pharmacological
activity. Therefore, we assessed the efficacy of CAE in two models of SNHL: one induced
by ototoxic agents and the other by noise exposure. Additionally, we sought to elucidate its
possible mode of action.

Protecting sensory hair cells has become a crucial target in the treatment of SNHL, as
the condition often results from hair cell loss [6,22,23]. The zebrafish lateral line has gained
prominence as a model system due to its morphological and physiological similarities to
mammalian cochlear hair cells. This model is valuable for investigating the underlying
mechanisms of pathology and for easily screening new candidates with potential activity
as SNHL treatments [24,25]. In this study, we evaluated the effect of CAE on otic hair cell
protection following ototoxicity induced by neomycin. Aminoglycoside ototoxicity, such as
that caused by neomycin, is well known to damage sensory hair cells through mechanisms
like those observed in NIHL [26]. Our results demonstrated that CAE significantly promotes
otic hair cell protection, with an EC50 value of 0.497 μg/mL. Additionally, our investigation
into the toxicity of CAE revealed that it is a safe drug, as indicated by its high therapeutic
index (TI) value of 1020.

Because noise exposure is one of the most prevalent forms of SNHL [23], we evaluated
CAE’s activity on auditory function in an NIHL mouse model. It is well known that NIHL
causes an increase in auditory thresholds and alterations in the waveforms of the ABR,
indicating a reduced response in different regions of the auditory pathway [27]. Our results
demonstrated that different doses of CAE were effective at the click, 8 kHz, and 16 kHz
frequencies, as evidenced by decreased hearing thresholds in the ABR. CAE significantly
improved auditory function after 20 days of treatment and also exhibited a protective effect
on sensory hair cells in the apex, middle, and base of the cochlea, as shown by rhodamine

134



Nutrients 2024, 16, 2716

phalloidin staining. Specifically, the effect of CAE was greater with the click stimulus.
The click stimulus contains several frequencies along the cochlear traveling wave [28]. In
contrast, tone bursts specifically represent 8 and 16 kHz. Our findings in the click stimulus
may also be related to higher frequencies not considered in this study. As shown in the ABR
data, the effect of CAE was greater at 16 kHz tone burst thresholds than at 8 kHz, which
could support the hypothesis of its efficacy at higher frequencies. This study provides
compelling evidence for the potential of CAE as a treatment for SNHL.

To elucidate the mode of action of CAE, we assessed the differential expression of
genes in NIHL mice following CAE treatment using RNA-seq. Among the genes affected by
CAE, we focused specifically on those involved in hearing impairments. The up-regulated
genes of interest were enriched in pathways related to chemical synaptic transmission and
the neuronal system.

Interestingly, we observed that the enriched genes were involved in neuronal function,
neuronal survival, and GABA inhibitory mechanisms. CAE up-regulated genes involved
in GABAergic inhibition, including GABA receptor genes (Gabrd, Gabra6, Gabrb2, Gabra1,
Gabrg2); glutamate decarboxylase genes (Gad1, Gad2), which catalyze the production of
GABA from L-glutamic acid; and a GABA transporter-related gene (Slc32a1). Impairments
in GABA-mediated synaptic transmission have been implicated in the pathogenesis of
auditory disorders [29]. A significant reduction in GABA receptors has been reported in
both noise-induced and age-related hearing loss, and increasing the expression of GABA
receptors has been suggested as a potential target for NIHL treatment to enhance auditory
function [30–32]. Additionally, Gad1 expression has been reported to decrease in the
cochlear nucleus and the inferior colliculus in hearing loss models [33].

Furthermore, CAE up-regulated genes related to synaptic function, such as Slc17a7
and CaMK2b. Synaptic transmission at cochlear hair cells and spiral ganglion neurons is
crucial for normal hearing function. The Slc17a7 gene, also known as Vglut1, encodes the
vesicular glutamate transporter 1 (VGLUT1) protein, which is required for the transmission
of sound-induced signals from the cochlea to the central auditory pathway. Cochlear
damage induced by noise or ototoxic drugs results in decreased Vglut1 expression [34,35].
The CaMK2b gene encodes the calcium/calmodulin-dependent protein kinase II beta
(CaMKIIβ) protein. Genes related to calcium homeostasis, such as CaMK2b, are important
in ototoxic insults, including cisplatin exposure, which leads to the decreased expression
of genes related to neurotransmitter secretion and transport [36]. The up-regulation of
these genes has been associated with increased survival of cochlear hair cells and spiral
ganglion neurons after cisplatin ototoxicity, making this an interesting pharmacological
approach [36].

As mentioned previously, SNHL results from damage to otic hair cells and cochlear
spiral ganglion neurons. In vivo studies have demonstrated that it is possible to coun-
teract this damage by enhancing survival mechanisms, such as growth factors [34]. Both
Ca2+/calmodulin-dependent protein kinases II and IV (CaMKII and CaMKIV) have shown
survival-promoting effects on spiral ganglion neurons in vitro [37–39]. CAE up-regulated
both CaMKII and CaMKIV, suggesting that its mechanism of action might also involve
improved survival of cochlear spiral ganglion neurons.

To validate the RNA-seq results, we selected six neuronal function-related genes
identified in the cochlea of CAE-treated mice for qPCR analysis. The target genes were
related to GABA inhibitory action (Gabra1, Gad1, and Slc32a1), neuronal survival (CaMK2b
and CaMKIV), and synaptic function (CaMK2b and Slc17a7). As expected, NIHL mice
showed significantly decreased mRNA expression of genes related to neuronal function
and survival compared to normal mice, whereas the CAE treatment significantly increased
the mRNA levels of these genes.

5. Conclusions

Our data suggest that auditory function improvement and protection of sensory cells
by CAE might be explained through increased genes related to synthesis, secretion, and
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transport of neurotransmitters and neuronal survival. In addition, this study provides
more evidence about changes in genes related to neuronal function in the mice cochlea
after noise-induced hearing loss. Thus, we propose a therapeutic approach based on
recent perspectives to treat hearing impairments by improving neuronal function and
survival. However, a limitation of this study is the lack of sufficient evidence to support
proceeding to clinical trials, necessitating additional research on toxicity, pharmacokinetics,
pharmacodynamics, and dosage optimization. Another limitation in this study is the lack
of data demonstrating the difference in gene expression between the normal and NIHL
groups, which represents an opportunity for further studies. It would be necessary to
conduct a timeline study of the up-regulated and down-regulated genes in NIHL compared
to normal mice to better understand the optimal intervention with natural products, mainly
to translate these studies into clinical trials. Additionally, in subsequent studies, we will
characterize this extract to find the main compounds responsible for the therapeutic efficacy
of CAE and their potential synergistic effects.
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Abstract: Selaginella tamariscina is a perennial plant that is used for diverse diseases. This study
investigated whether Selaginella tamariscina has an antiviral effect against influenza A virus (IAV)
infection. We used green fluorescent protein (GFP)-tagged influenza A virus (IAV) to examine
the effect of Selaginella tamariscina ethanol extract (STE) on influenza viral infection. Fluorescence
microscopy and flow cytometry showed that STE potently represses GFP expression by the virus,
dose-dependently. STE significantly inhibited the expression of the IAV M2, NP, HA, NA, NS1,
and PB2 proteins. Time-of-addition and hemagglutination inhibition assays showed that STE has
an inhibitory effect on hemagglutinin and viral binding on the cells at an early infection time. In
addition, STE exerted a suppressive effect on the neuraminidase activity of the H1N1 and H3N2
IAVs. Furthermore, dose-dependently, STE inhibited the cytopathic effect induced by H3N2, as well
as by H1N1 IAV. Especially in the presence of 200 μg/mL STE, the cytopathic effect was completely
blocked. Our findings suggest that STE has antiviral efficacy against IAV infection; thus, it could be
developed as a natural IAV inhibitor.

Keywords: Selaginella tamariscina; influenza A virus; cytopathic effect; hemagglutinin; neuraminidase

1. Introduction

Influenza viruses are responsible for respiratory diseases that cause symptoms such
as coughing, fever, sore throat, chills, muscle pain, and fatigue. Millions of people become
infected with the influenza viruses, resulting in up to 650,000 deaths in the world every
year [1]. Influenza viruses have segmented negative single-strand RNA and belong to
the Orthomyxoviridae family [2]. Influenza A virus (IAV) is the major causing agent of
human flu and is classified into subtypes based on hemagglutinin (HA) and neuraminidase
(NA) [2,3]. The segmented genome of IAV frequently produces gene reassortment events
such as antigenic drift and shift during viral RNA gene expression [4]. Antigenic drift and
shift in the HA and NA of IAV make new types of viruses unpredictable each year [5].
NA inhibitors, such as zanamivir, oseltamivir, and peramivir, and PA inhibitors, such
as baloxavir, are used to treat IAV infections. Still, the variants caused by mutations in
viral RNA replication or resistance to NA inhibitors pose a challenge in the treatment of
IAV-related diseases [6–8]. To date, many types of natural herbs have been reported to have
the potential to prevent IAV infection by targeting IAV proteins, including NA, NS1, HA,
NP, PA, and PB [9–13]. However, a perfect natural antiviral agent that can overcome the
shortcomings of NA inhibitors has still not been developed.

Selaginella tamariscina (ST), an evergreen perennial plant widely grown in East Asia,
has long been utilized to treat various diseases, including hemoptysis in pulmonary disease,
traumatic and gastrointestinal bleeding, leukorrhea, and cancer [14]. ST is currently used
as a component of traditional Chinese medicine to treat rhinitis/sinusitis, arthritis, and
hemorrhoids in China [14]. In addition to medicine, ST is used as an ingredient in cosmetics,
food, and tea. Several studies have reported that ST has antiviral effects against the
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respiratory syncytial virus [15], hepatitis B [16], and coxsackie viruses [17]. However, the
inhibitory effect of ST on IAV has not been investigated so far. Here, we report for the first
time that Selaginella tamariscina ethanol extract directly inhibits influenza A virus infection,
by not only interfering with hemagglutinin but also by inhibiting neuraminidase activities.

2. Materials and Methods

2.1. Herbal Extract Preparation and HPLC Analysis

The preparation of Selaginella tamariscina ethanol extract (STE) and the HPLC analysis
to verify STE were described in a previous report [18] by our research group. Briefly, dried
ST was obtained from YeongCheon Hyundai Herbal Market (Yeongcheon, Republic of
Korea) and verified by Professor Ki Hwan Bae of the College of Pharmacy, Chungnam
National University (Daejeon, Republic of Korea). An amount of 50 g of ST was extracted
by shaking in 70% ethanol at 40 ◦C for 24 h. After filtration with 150 μm testing sieves
(Retsch, Haan, Germany), the solution was freeze-dried to evaporate the ethanol solution
and stored at −20 ◦C. For antiviral experiments, STE was dissolved at 100 mg/mL in
50% DMSO. To identify the main compound in STE, an HPLC analysis was conducted as
described in the previous report [18]. Amentoflavone was detected as a major compound
at 43.00 min in an HPLC chromatogram. The content of amentoflavone was 4.65%.

2.2. Cell Culture and Influenza Viruses

The RPMI (Le Roswell Park Memorial Institute medium, Hyclone, Logan, UT, USA),
containing fetal bovine serum (10%) and penicillin and streptomycin (100 U/mL), was
used for the culture of RAW 264.7 cells (ATCC TIB-71). The influenza A/PR8/34 (H1N1)
and green fluorescent protein (GFP)-expressing influenza A/PR8/34 viruses were kindly
provided by Professor Jong-Soo Lee (Chungnam National University, Daejeon, Republic of
Korea), and the HBPV-VR-32 (H3N2) influenza virus was obtained from the Korea Bank
for Pathogenic Viruses (KBPV). The viruses were propagated using the allantoic fluid of a
10-day-old chicken embryo.

2.3. Cytotoxicity Assays

CCK-8 assay was used to check the toxicity of STE on the cells according to the
manufacturer’s instructions (Dojindo, Rockville, MD, USA). RAW 264.7 cells grown in a
96-well plate (1 × 105 cells/well) were treated with STE (1 to 1000 μg/mL) and incubated
for 24 h at 37 ◦C. After the addition of 10 μL of the CCK-8 reagent to the cells for 2 h,
the absorbance at 450 nm was determined by a spectrophotometer (Promega, Madison,
WI, USA).

2.4. Anti-Influenza Viral Assay

The PR8-GFP, H1N1, or H3N2 IAVs were mixed with STE for 1 h at 4 ◦C. The mixtures
were added to the cells for 2 h at 37 ◦C and the cells were washed with PBS to remove the
remaining virus. The cells were further incubated until the formation of the cytopathic
effect (CPE) or the expression of GFP. GFP expression was evaluated using FACS analysis,
and CPE reduction was examined using a CCK-8 assay.

2.5. Immunofluorescence Staining

The RAW 264.7 cells, cotreated with a mixture of STE (100 μg/mL) and PR8-GFP
IAV (10 MOI), were fixed with methanol for 10 min and 4% paraformaldehyde at room
temperature. The cells were washed three times with PBS and blocked with PBS containing
1% BSA for 30 min. The cells were incubated with primary antibodies specific for IAV
proteins, including M2, NP, NS1, HA, NA, and PB2 (GeneTex, Irvine, CA, USA), overnight
at 4 ◦C. After washing with 0.05% Tween 20-containing PBS (PBST), the cells were incubated
with an Alexa Fluor 594-conjugated secondary antibody (Thermo Fisher Scientific, Waltham,
MA, USA) for 1 h in the dark. The cells were further incubated with Hoechst 33342 for
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5 min in the dark. The images of the red color of the IAV proteins and the blue color of the
nuclei were obtained by fluorescence microscopy.

2.6. Flow Cytometry

The cells coinfected with PR8-GFP IAV and STE were collected and washed three
times with PBS. The cells fixed in 4% paraformaldehyde were analyzed by a CytoPLEX
flow cell counter (Beckman Coulter Inc., Pasadena, CA, USA).

2.7. Time-of-Addition Assay

A time-of-addition assay was conducted as described in a previous study [19]. Briefly,
for the virus attachment step, RAW 264.7 cells in 12 wells (5 × 105 cells/well) were coincu-
bated with 100 μg/mL STE and 10 MOI PR8-GFP IAV for 30 min at 4 ◦C. After removing
the mixture with PBS washing, the cells were incubated for 24 h at 37 ◦C. For the virus entry
step, STE was added to the cells, which were preincubated with PR8-GFP IAV for 30 min
at 4 ◦C. After further incubation for 30 min at 37 ◦C, the cells were washed with PBS and
further incubated for 24 h at 37 ◦C. For the virucidal effect, STE, PR8-GFP IAV and STE were
preincubated for 30 min at 4 ◦C, and the cells were coinfected with the mixtures for 30 min
at 37 ◦C. After washing with PBS, the cells were further incubated for 24 h at 37 ◦C. The
images of the cells were captured by fluorescence microscopy (200× magnification). The
expression of GFP was analyzed using flow cytometry with paraformaldehyde-fixed cells.

2.8. Hemagglutination (HA) Assay

The H1N1 IAV (10 MOI) and STE were mixed for 1 h at 4 ◦C. The cells were cotreated
with the mixtures and incubated for 2 h at 37 ◦C. After the removal of the remaining virus
and STE with PBS washing, the cells were incubated for 24 h at 37 ◦C. Serially diluted
supernatant and 1% chicken RBCs (Innovative Research, Inc., Southfield, MI, USA) were
mixed and incubated in a round-bottomed 96-well plate for 1 h at room temperature. The
images of the plates with red blood cell agglutination were obtained photographically.

2.9. Neuraminidase (NA) Inhibition Assay

The neuraminidase (NA) inhibition assay was performed using the NA-Fluor in-
fluenza Neuraminidase Assay Kit (Life Technologies, Carlsbad, CA, USA). Briefly, STE or
oseltamivir carboxylate (as a positive control), which was serially diluted with buffer, was
added to a 96-well black plate. The H1N1 or H3N2 IAV was added to each well, mixed,
and incubated for 30 min at 37 ◦C. Each sample was incubated with NA-Fluor substrate
for 1 h at 37 ◦C and terminated using the stop solution. NA activity was measured using a
fluorescence spectrometer (Promega, Madison, WI, USA), with an excitation of 365 nm and
an emission of 445 nm.

3. Results

3.1. STE Inhibits Influenza A Viral Infection in a Dose-Dependent Manner

Before investigating the effect of STE on influenza virus infection, we examined
the toxicity on the RAW 264.7 cells. As presented in Figure 1A, STE was found to be
nontoxic up to 500 μg/mL in the cells; therefore, we explored the effect of STE on IAV
infection up to 200 μg/mL. The anti-viral effect of STE was examined in RAW 264.7 cells
using the GFP-tagged influenza A virus (PR8-GFP IAV). Most studies use MDCK or A549
cells for influenza virus infection experiments. However, in this study, we used RAW
264.7 cells because they are also readily infected with IAV and their small cell size facilitates
relative comparisons in dose-dependent experiments. As shown in Figure 1B, PR8-GFP
IAV expressed high levels of GFP in the absence of STE. However, GFP expression was
significantly reduced by STE, in a concentration-dependent manner. The effect of STE
on PR8-GFP IAV infection was confirmed by FACS analysis. Figure 1C shows that STE
significantly reduces GFP expression by viral infection, consistent with Figure 1B. STE
showed a 50% effective concentration (EC50) of 14.5 ± 2.0 μg/mL on GFP expression by
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viral infection. We also confirmed dose-dependent the anti-influenza viral effect of STE in
MDCK and A549 cells after checking the cytotoxicity on them (Figures S1 and S2). These
results suggest that STE has a potent anti-viral effect against PR8-GFP IAV infection.

Figure 1. Cytotoxicity and antiviral effect of Selaginella tamariscina ethanol extract (STE) in RAW 264.7
cells. (A) The toxicity of STE in the cells was evaluated using a CCK-8 assay. The data represent the
mean ± SD from three independent experiments. The unpaired Student t-test was used to assess
the statistical significance. * P < 0.5, ** P < 0.05, and *** P < 0.005, compared with the untreated
control. (B,C) The cells were cotreated with PR8-GFP IAV and STE. The effect of STE on PR8-GFP IAV
infection was evaluated by comparing GFP expression using a fluorescence microscope (B) and FACS
analysis (C). The data represent the mean ± SD from three independent experiments. The unpaired
Student t-test was used to assess the statistical significance. ** P < 0.005, and *** P < 0.0005, compared
with the virus-infected control.

3.2. Inhibitory Effect of STE on Influenza H1N1 and H3N2 Viruses

To investigate whether STE could inhibit other types of influenza viral infection, we
checked the effect of STE on wild-type IAV infection by comparing the cytopathic effect.
In the absence of STE, the H1N1 and H3N2 IAVs induced cytopathic effects in the cells
(Figure 2). The viability of cells infected with H1N1 or H3N2 IAV was reduced to 30%,
compared to the uninfected cells. However, in the presence of STE, the cell viability was
significantly increased through the blockage of the cytopathic effect by viral replication,
dose-dependently. Especially at a concentration of 200 μg/mL of STE, the cell viabilities in
the cells infected with the H1N1 or H3N2 IAV were recovered up to 100%, compared to the
uninfected cells. These results indicate that STE has a potent inhibitory effect against both
H1N1 and H3N2 influenza virus infections.
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Figure 2. STE protects the cells from the cytopathic effect induced by H1N1 (A) and H3N2 (B) in-
fluenza virus infection. STE at the indicated concentrations or medium (mock) was mixed with H1N1
or H3N2 IAV before infection of the cells. The cells infected with the mixture were incubated until
the cytopathic effect formed. The cell viability was determined via a CCK-8 assay. The data represent
the mean ± SD from three independent experiments. The unpaired Student t-test was used to assess
the statistical significance. * P < 0.05, ** P < 0.005; NS, no significance.

3.3. STE Represses Influenza Viral Protein Expression

Next, we explored the effect of STE on IAV protein expression using the cells infected
with PR8-GFP IAV, with or without STE. Immunofluorescence analysis with antibodies
specific for IAV proteins showed that STE significantly decreased IAV proteins, including
M2, NP, NS1, HA, NA, and PB2 (Figure 3). This result suggests that STE strongly represses
influenza A viral protein expression.

 

Figure 3. STE suppresses IAV protein expression. STE and PR8-GFP IAV were incubated for 1 h at
4 ◦C. The cells were coinfected with the mixture for 24 h at 37 ◦C. The cells were fixed and detected
with antibodies against IAV proteins, including M2, NP, NS1, NA, HA, and PB2 (red color). To detect
the nuclei, the cells were stained with Hoechst 33342 (blue color). The co-localization images of red
viral proteins and blue nuclei were captured using a fluorescence microscope.
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3.4. Effect of STE on Viral Attachment, Entry, or Virucidal Stages

Because STE exhibited a potent inhibitory effect against IAV infection in the cotreat-
ment condition, we conducted a time-of-addition experiment to elucidate whether STE
could affect viral binding and entry on the cells at an early infection time. In addition,
we checked whether STE has a virucidal activity on IAV. FACS analysis and fluorescence
microscopy results showed that, in the presence of STE, the IAV attachment was signif-
icantly suppressed and that the viral entry was slightly reduced (Figure 4). In addition,
STE exerted moderate virucidal activity. These results imply that STE has a substantial
inhibitory effect against IAV infection by hindering viral binding to the cells and inducing
virucidal action.

Figure 4. STE affects the virus attachment and entry and directly kills the virus at an early phase. The
cells were cotreated with STE (100 μg/mL) and PR8-GFP IAV (10 MOI) to examine the effect of STE
on viral attachment, entry, or virucidal stage. The detailed time-of-addition methods were described
in the Materials and Methods Section. The images of GFP-expressing cells were obtained using
brightfield and fluorescence microscopy (A). The cells fixed with paraformaldehyde were analyzed
by flow cytometry (B). The data represent the mean ± SD from three independent experiments. The
unpaired Student t-test was used to assess the statistical significance. ** P < 0.005, *** P < 0.0005; NS,
no significance.

3.5. STE Inhibits Hemagglutination

Hemagglutination induced by IAV hemagglutinin, which is closely related to viral
binding to the cells, is a main target for anti-influenza viral drugs. As we found that STE
has an inhibitory effect on IAV binding to the cells, we next explored whether STE could
repress IAV hemagglutination on red blood cells (RBCs). As presented in Figure 5, STE
dose-dependently decreased the HA units of the H1N1 IAV. The HA units of the control
H1N1 IAV were 8 units. However, in the presence of 100 μg/mL or 200 μg/mL of STE,
the HA units of the virus were 4 or 2 units, respectively. STE decreased the HA units by 2-
or 4-fold compared to the virus-infected control. These results imply that STE exerts an
inhibitory effect on hemagglutination at concentrations of 100 or 200 μg/mL.
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Figure 5. STE reduces the HA unit of influenza viruses (A,B). The cells were cotreated with STE at
the indicated concentrations and H1N1 IAV for 24 h at 37 ◦C. The 2-fold serially diluted supernatants
and chicken RBC cells were mixed in round 96-well plates for 1 h at room temperature. The red circle
indicates hemagglutination (HA) units.

3.6. STE Represses Neuraminidase Activity of H1N1 and H3N2 IAVs

Since the neuraminidase activity is indispensable for viral progeny release from the
cells after replication, we next examined whether STE could inhibit the NA activities of
H1N1 and H3N2 influenza viruses. Figure 6A presents that STE dose-dependently reduces
the NA activities of H1N1 and H3N2 IAVs. In particular, STE at 500 μg/mL potently
inhibited the NA activities of more than 50% of the virus-infected control. Oseltamivir
carboxylate, a positive control, exerted a potent inhibitory effect on the NA activities of
H1N1 and H3N2, dose-dependently (Figure 6B).

Figure 6. STE dose-dependently represses the neuraminidase activities of H1N1 and H3N2 IAVs.
Serially diluted STE (A) or oseltamivir carboxylate (B) was mixed with H1N1 or H3N2 IAV in 96-well
black plates. The detailed neuraminidase activity assay was described in materials and methods. The
data represent the mean ± SD from three independent experiments. The unpaired Student t-test was
used to assess the statistical significance. * P < 0.05, ** P < 0.005, and *** P < 0.0005, compared with
the H1N1 virus-infected group. # P < 0.05, ## P < 0.005, and ### P < 0.0005, compared with the H3N2
virus-infected group.

4. Discussion

ST is known as a medicinal herb effective on various ailments. Our research group has
demonstrated that ST has a neuroprotective effect and an inhibitory effect on osteoclastoge-
nesis in previous reports. Several research groups have demonstrated that ST has antiviral
efficacy against herpes and coxsackie viruses. However, the inhibitory effect of STE against
the influenza virus was not revealed until now. In this study, we discovered that STE has
an inhibitory impact against influenza virus infection. The CPE inhibition assay showed
that STE significantly protected the cells from the H1N1 and H3N2 IAVs, as well as from
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PR8-GFP IAV infection. The time-of-addition assay showed that the anti-viral effect of STE
arises from blocking viral binding to the cells and inducing the direct killing of the virus at
an early phase upon infection. When we conducted the hemagglutination inhibition assay
to address whether ST could affect HA, which is critical for IAV binding to the cells, we
found that STE significantly blocked the HA of IAV. These results imply that STE inhibits
the virus binding to the cells by interfering with the HA of IAV. Several reports have
shown that the inhibitory effect of herbal extracts, such as Eupatorium perfoliatum L., Paeonia
lactiflora, Isatidis Radix, Alpinia katsumadai, Alchemilla mollis, Jatropha curcas Linn. leaf, against
NA of IAV, is closely related to viral binding to the cell membrane [20–27]. We also demon-
strated that medicinal herbal extracts, including Thuja orientalis folium [19] and Hoveniae
Semen Seu Fructus [28], attenuate IAV infection by modulating HA. STE dose-dependently
repressed the neuraminidase activities of H1N1 and H3N2 IAVs. Neuraminidase is the key
enzyme for the release of viral progeny in the later stages of IAV infection. Most antiviral
drugs for IAV, including oseltamivir or zanamivir, target the NA of IAV. Natural products
such as Geranii herba [10], Rhus verniciflua [29], Salvia plebeia R. Br. [30], and chemicals, in-
cluding chlorogenic acid, catechin, fucoidan, isoimperatorin, and oroxylin A [31–35], were
reported to repress the neuraminidase of IAV. STE also exhibited the direct killing effect
at the early stage of IAV infection. The virucidal effect has been reported to be related to
certain components in the extract that directly bind to viruses and block viral particles from
attaching to cells [25,36,37]. In the previous report, amentoflavone was identified as the
main compound of ST in HPLC analysis [18]. Additionally, we found that amentoflavone
was one of the anti-influenza viral components of Thuja orientalis folium [19]. These results
suggest that amentoflavone may play a role in anti-influenza viral activity in ST. Bailly
C. reported that ST, which contains many phenolic compounds, is used in traditional
medicine and in cosmetics to protect the skin and has applications in vegetable dishes and
beverages [14]. Although further studies are needed to determine which ingredients in
ST are involved in inhibiting influenza virus infection, ST has the potential to be utilized
as a material to inhibit the influenza virus. In summary, ST exerts its antiviral activity by
inhibiting HA and NA, thereby impairing the attachment and release of influenza viruses.

5. Conclusions

STE exerted a potent anti-influenza A viral activity. STE significantly blocked influenza
virus infection via the inhibition of hemagglutinin, which is involved in virus attachment.
Further, STE inhibited the activity of the IAV neuraminidase. Our results suggest that STE
could be used as an anti-influenza viral ingredient in vegetable dishes, beverages, or teas,
as well as a natural agent against influenza virus infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16142377/s1. Figure S1: Cytotoxicity of STE on MDCK and
A549 cells; Figure S2: The inhibitory effect of STE against PR8-GFP IAV infection in MDCK and
A549 cells.
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Abstract: The study aimed to evaluate the antithrombotic action of Acrocomia aculeata pulp oil (AAPO)
in natura, in an in vitro experimental model. AAPO was obtained by solvent extraction, and its
chemical characterization was performed by gas chromatography coupled to a mass spectrometer
(GC-MS). In vitro toxicity was evaluated with the Trypan Blue exclusion test and in vivo by the
Galleria mellonella model. ADP/epinephrine-induced platelet aggregation after treatment with AAPO
(50, 100, 200, 400, and 800 μg/mL) was evaluated by turbidimetry, and coagulation was determined by
prothrombin activity time (PT) and activated partial thromboplastin time (aPTT). Platelet activation
was measured by expression of P-selectin on the platelet surface by flow cytometry and intraplatelet
content of reactive oxygen species (ROS) by fluorimetry. The results showed that AAPO has as major
components such as oleic acid, palmitic acid, lauric acid, caprylic acid, and squalene. AAPO showed
no toxicity in vitro or in vivo. Platelet aggregation decreased against agonists using treatment with
different concentrations of AAPO. Oil did not interfere in PT and aPTT. Moreover, it expressively
decreased ROS-induced platelet activation and P-selectin expression. Therefore, AAPO showed
antiplatelet action since it decreased platelet activation verified by the decrease in P-selectin expression
as well as in ROS production.

Keywords: Acrocomia aculeata; toxicity; cardiovascular disease; reactive oxygen species; antiaggre-
gant; antioxidant

1. Introduction

Cardiovascular diseases are one of the main causes of death in the world, and platelets
play an important role in thrombosis and atherosclerosis [1]. Platelets are small cellular
fragments derived from medullary polyploid megakaryocytes responsible for controlling
processes related to health and disease [2], and reactive oxygen species (ROS) play an
important role in regulating their function [3]. An imbalanced ROS production and deficits
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of antioxidants lead to hemostatic instabilities, which are responsible for increasing the risk
of developing thrombotic and cardiovascular diseases [3,4].

Platelet activity differs among various human populations, which could explain
the variability in cardiovascular diseases [5]. Moreover, antiplatelet therapy presents
numerous difficulties and limitations, such as drug and nutritional interactions and a
narrow therapeutic window, resulting in the need to investigate antiplatelet agents with
greater efficacy and safety [6,7].

Brazil has one of the greatest biodiversities in the world and may be a source of
natural bioactive compounds [8]. Among the promising plants for the development of
natural products is Acrocomia aculeata (Jacq.) Lodd. ex Mart., popularly known as bocaiúva
or macaúba [9]. It is a palm tree belonging to the Arecaceae family, native to tropical
regions, and prevalently occurs in South America, mainly in the Brazilian Cerrado and
Pantanal [9,10].

The bocaiúva pulp has great economic, industrial, and nutritional importance [11].
Traditionally, bocaiúva pulp is consumed in natura or in the form of sweets, ice cream, and
flour [11]. In addition, it is widely recognized in folk medicine for its analgesic, healing,
and laxative effects [12]. The pulp oil of A. aculeata (AAPO) is rich in compounds with
antioxidant action [8,11], such as β-carotene, tocopherols, and fatty acids, such as oleic and
palmitic acid [8,12].

Several studies have already demonstrated the beneficial effects of bioactive com-
pounds derived from A. aculeata, such as hypoglycemic [13], neuroprotective [14], and
antioxidant effects [15,16]. However, the antiaggregant and anticoagulant action of AAPO
lacks additional studies. Thus, due to its antioxidant activity, we hypothesize that AAPO
may have effects on human hemostasis, and these properties were investigated by using an
in vitro experimental model.

2. Materials and Methods

2.1. Obtaining the Oil from the Pulp of A. aculeata (AAPO)

Ripe fruits of A. aculeata, intact and without signs of contamination and/or phys-
ical damage, were collected in January 2019, the period of greatest fruiting, in Campo
Grande, Mato Grosso do Sul (20◦27′54◦39′′ S54◦38′43.732′′ O), under authorization from
the National System for the Management of Genetic Heritage and Associated Traditional
Knowledge (SISGEN; nº A0F9FD6).

The fruit pulp was dehydrated (50 ◦C) in a tray dryer at an airflow of 0.5 m/s for 18 h,
and AAPO was obtained by solvent extraction using the exhaust method for 48 h with
petroleum ether and hexane (2:1). The extracted oil was evaporated in a rotary evaporator,
placed under a nitrogen flow (30 min), kept in a desiccator for 2 h, and stored in an amber
bottle, protected from light in a cool place (10 ◦C) until analysis [14,17]. For the tests,
dimethyl sulfoxide (DMSO 0.5%) was used as a vehicle.

2.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

AAPO was analyzed by gas chromatography (Shimadzu QP2010, Shimadzu®, Tokyo,
Japan) coupled to a mass spectrometer (GC-MS) equipped with a COA-20i autoinjector
(Shimadzu, Kyoto, Japan). The carrier gas was helium and the pressure was 79.7 kPa.
The injection temperature was 250 ◦C, and the temperature program was the following:
60–240 ◦C increasing 3 ◦C.min−1, 240–310 ◦C increasing 15 ◦C.min−1, and 310 ◦C for 10 min
(isothermic). An RTx-5MS capillary column (30 mm × 0.25 mm × 0.25 μm) was used, and
the mass spectra were obtained by electron ionization (EI), applying the energy 70 eV. The
retention indices (RIs) were calculated using C8–C40 alkane standards (Sigma-Aldrich®,
Cotia, São Paulo, Brazil). Identification of constituents was performed by comparing the
mass spectra registered with NIST, WILEY, and FFNSC libraries, and retention indices
described according to the literature [18].
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2.3. Blood Collection and Obtaining Plasma

Human blood samples (5 mL) were collected in the same proportion by venipunc-
ture from 20 healthy men and women, aged between 18 and 40 years, with no history
of bleeding or thrombosis, after prior consent. Blood collection was performed using
trisodium citrate (nine parts of blood and one part of 3.8% trisodium citrate) as an anticoag-
ulant. PRP (platelet-rich plasma) was obtained after centrifugation for 10 min at 123× g
at room temperature, and a PPP (platelet-poor plasma) containing approximately 10,000
platelets was obtained by diluting PRP in saline. The study protocol was approved by the
Ethics Committee of the Federal University of Mato Grosso do Sul (CAAE protocol No.
57842022.2.0000.0021, approval opinion No. 5.445.802), in accordance with national and
international standards for research involving human subjects.

2.4. Toxicity Assays
2.4.1. Evaluation of In Vitro Toxicity by the Trypan Blue Exclusion Test

For the experiment, 400 μL of PRP pool was incubated (37 ◦C for 5 min) with 5 μL of
different AAPO concentrations (50, 100, 200, 400, and 800 μg/mL) and controls; positive
control: Triton X100 (1%, v/v) and negative control: DMSO (0.6%). Then, 50 μL of Trypan
blue (0.4%) was added to an equal volume of PRP incubated with compounds and controls.
Subsequently, they were transferred to a Neubauer chamber, and the viable and non-
viable platelets were quantified. The results were expressed as the mean percentage of
platelet viability. All experiments were performed in triplicate, not exceeding 3 h after
collection [19].

2.4.2. Evaluation of In Vivo Systemic Toxicity in Galleria Mellonella Model

For the experiment, 10 μL of AAPO of the two smallest and the two largest concentra-
tions, yielding a final amount of 0.5, 1.0, 4.0, and 8.0 μg per larvae, or controls was injected
into the hemocoel of each larva through the last left proleg using a Hamilton® syringe
(Hamilton Inc.®, Reno, NV, USA). Ten larvae weighing between 0.2 and 0.3 g without signs
of melanization were used per group. Saline and DMSO (100%) were used as negative
and positive controls, respectively. The larvae were incubated in the dark at 37 ◦C, and
their survival was recorded at selected intervals for 72 h, where larvae that showed no
movement to touch and high levels of melanization were counted as dead [20].

2.5. Determination of Platelet Aggregation

Platelet aggregation was assessed by turbidimetry using a semi-automatic aggregome-
ter (EasyAgreg 4.0, Qualiterm®, São Paulo, Brazil) [21]. Platelets were counted in automatic
counting equipment (Sysmex XP-300, Sysmex, Kobe, Japan) and adjusted with saline so-
lution, obtaining a value between 200,000 and 250,000 platelets/mm3. Aliquots of 400
and 600 μL of the PRP pool were used for aggregation with adenosine diphosphate (ADP,
30 μM; Calbiochem®, Burlington, ON, Canada) or epinephrine (5 μg/mL; Hipolabor®, Belo
Horizonte, Minas Gerais, Brazil), respectively. ADP is diluted in purified distilled water.
The PRP pool was pre-incubated with 5 μL of AAPO (50, 100, 200, 400, and 800 μg/mL) at
37 ◦C for 5 min. Aggregation was measured in percentage (%) and recorded continuously
for 5 or 10 min after the addition of agonists. DMSO (0.6%) was used as a negative control,
and its average aggregation percentage was assumed to be 100%. PPP was used to adjust
the baseline turbidity of the sample and Ticlopidine (10 μM) as a positive control. All tests
were performed in triplicate on three independent days, not exceeding 3 h after collection.

2.6. Evaluation of Blood Coagulation

For coagulation evaluation, prothrombin time (PT) and activated partial thrombo-
plastin time (aPTT) were measured following the manufacturer’s guidelines (Wiener
Lab®, Rosario, Argentina) in triplicate and using a semi-automated coagulation system
(CLOTimer®, Quick Timer, São Paulo, Brazil). Briefly, a PPP pool was obtained after cen-
trifugation for 15 min at 1107× g and 8 ◦C of human blood samples collected with sodium
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citrate (3.8%) (9:1; m/v). About 100 μL of PPP was pre-incubated with 1.3 μL of AAPO
at different concentrations (50–1000 μg/mL) or controls for 5 min at 37 ◦C. For normal
(standard) and positive controls, plasma without added vehicle and/or treatment and
heparin (17 IU/mL blood) were used, respectively. DMSO (0.6%) was used as a negative
control [21].

2.7. Platelet Activation
2.7.1. Expression of Platelet Surface P-Selectin

Platelet surface P-selectin expression was determined after incubation of PRP (400 μL)
pool with 5 μL of AAPO (50, 100, 200, 400, and 800 μg/mL) or DMSO (0.6%) for 5 min
at room temperature. Subsequently, the samples were stimulated with ADP (30 μM) and
incubated for 5 min. Activated platelets were then labeled with fluorescein isothiocyanate
(FITC) mouse anti-human CD42b (5 μL) and P-selectin with phycoerythrin (PE) mouse
anti-human CD62P (5 μL) and remained in the shelter of light for 15 min. Unlabeled
controls, samples labeled only with CD42b-FITC, and only CD62P-PE were used for data
calibration. The assay was performed on a CytoFLEX flow cytometer (CytoFLEX, Beckman
Coulter®, Brea, CA, USA), and 10,000 events were collected; the data were analyzed in
FlowJo® v10.8 software (BD Life Sciences, Franklin Lakes, NJ, USA) [22].

2.7.2. Assessment of Platelet Activation by Intraplatelet Content of ROS

To evaluate platelet activation by intraplatelet content of ROS, concentrations of 50, 100,
200, 400, and 800 μg/mL of AAPO were used. DMSO (vehicle, 0.6%) was used as a negative
control, and hydrogen peroxide (H2O2) as a positive control. A pool of PRP (200 μL) was
incubated with 2.5 μL of AAPO concentrations or controls for 5 min. ROS content was
determined by fluorescence intensity at 485 nm (excitation) and 520 nm (emission) using a
multimode microplate reader (Synergy™ H1, BioTek Instruments®, Winooski, VT, USA)
after 30 min of incubation with 10 μL 2′,7′dichlorodihydrofluorescein-diacetate (DCFH-DA,
10 μM) [23].

2.8. Statistical Analysis

Statistical analysis was performed using multiple comparisons of analysis of variance
(ANOVA), complemented by the Tukey–Kramer test, when necessary, assuming a minimum
significance level of p < 0.05 between different concentrations of AAPO and controls. For
the G. mellonella model, differences in survival were compared using the log-rank test. The
software used was GraphPad® Prism version 8.0.2.

3. Results and Discussion

3.1. Chemical Analyses of AAPO

Oilseed plants can be affected by different environmental, climatic, cultivation, har-
vesting, processing, and storage factors, consequently changing the chemical composition
of the extracted oils [24,25]. Despite this, the main compounds observed in AAPO by
GC-MS were similar to those found in the literature [26,27] and are summarized in Table 1.
Oleic acid (51.25%) was predominant, followed by palmitic acid (21.51%), and other fatty
acids were also observed to a minor extent, such as ethyl oleate (8.45%), lauric acid (3.58%),
caprylic acid (3.09%), and squalene (2.37%).

Recently, SANT’ANA and collaborators (2023) [15] observed an oleic acid content
of approximately 49.32% in AAPO, which reflected a greater total antioxidant capacity
in C57Bl/6 mice [15]. In addition, the study by PERDOMO and collaborators (2015) [28]
suggested that oleic acid reduces PAI-1 levels (plasminogen activator-1 inhibitor) induced
by TNF-α in vascular smooth muscle cells, thereby protecting the endothelium and modu-
lating inflammation.

In addition, pre-treatment with physiological concentrations of oleic and palmitic acid
maintains glutathione (GSH) levels and protects human endothelial cells from oxidative
stress [29]. Palmitic acid is a fatty acid responsible for the palmitoylation of proteins (a
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reversible process involving the addition of palmitic acid to specific cysteines through
a thioester bond, which provides dynamic regulation of protein functions, including
processes such as phosphorylation and ubiquitination) and the biosynthesis of palmi-
toylethanolamine, which has neuroprotective and anti-inflammatory capacity [30]. Our
findings corroborate those found by COSTA and collaborators (2020), where a concentration
of approximately 15.80% palmitic acid was observed in AAPO [12].

Although less prevalent, medium-chain fatty acids lauric and caprylic, as well as
squalene, a triterpene present in several vegetable oils, such as soybean oil, have already
been reported to have the ability to attenuate oxidative stress [31–33]. Furthermore, a
previous study demonstrated a concentration of approximately 31.2 mg/100 g of ascorbic
acid, 46.9 mg/100 g of β-carotene, and 12.6 mg/100 g of α-tocopherol in the pulp oil of A.
aculeata [14].

Table 1. Constituents identified from AAPO by GC-MS.

Peak 1RT (min) Compound Area (%) 2RI

1 6.66 Caproic acid 2.00 991
2 6.87 β-Myrcene 0.27 1002
3 8.05 β-phellandrene 1.73 1034
4 13.58 Caprylic acid 3.09 1186
5 14.21 Ethyl octanoate 0.16 1200
6 21.36 Capric acid 0.38 1375
7 29.24 Lauric acid 3.58 1573
8 36.35 Myristic acid 1.01 1768
9 39.82 Isobutyl phthalate 0.30 1870

10 41.47 β-Springene 0.55 1920
11 42.32 Palmitoleic acid 1.45 1947
12 43.16 Palmitic acid 21.51 1973
13 43.91 Ethyl palmitate 0.28 1996
14 49.19 Linoleic acid 0.24 2137
15 48.66 Oleic acid 51.25 2154
16 49.13 Ethyl oleate 8.45 2169
17 61.15 Hexacosane 0.77 2619
18 62.76 Heptacosane 0.14 2700
19 65.20 Squalene 2.37 2831
20 66.37 Nonacosane 0.46 2901

1RT: retention time; 2RI: retention indices on RTx-5MS capillary column.

3.2. In Vitro and In Vivo Toxicity

The panoply of bioactive compounds present in different plant products may impact
positively or negatively human and animal health [34]. The hematopoietic system is one
of the most sensitive targets for toxic substances [34]; for this reason, the in vitro and
in vivo toxicological assays have been performed to establish the safety criteria, quality,
and efficacy, as well as to select the suitable concentrations for their therapeutic use [35].

The in vitro toxicity results showed no toxicity to human platelets at the tested AAPO
concentrations (50, 100, 200, 400, and 800 μg/mL) (Figure 1A). There was no significant
difference between concentrations and the negative control (NC), and the percentage range
of platelet viability obtained fell between 97.4% and 99.1%. The in vivo toxicity test using
G. mellonella larvae confirmed the absence of systemic toxicity at the concentrations tested
(50, 100, 400, and 800 μg/mL), being equivalent to the NC (Figure 1B), without high levels
of melanization or larvae death.
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Figure 1. Toxicity in human platelets and systemic in G. mellonella. (A) Percentage (%) of human
platelet viability obtained in PRP treated with Acrocomia aculeata (AAPO) pulp oil at different concen-
trations (50, 100, 200, 400, and 800 μg/mL); negative control (NC): vehicle (DMSO, 0.6%) and positive
control (PC): Triton X100 (1%). (***) indicates statistical difference with p < 0.001 compared to NC.
(B) In vivo systemic toxicity in G. mellonella model treated with different concentrations (50, 100, 400,
and 800 μg/mL) of AAPO. The percentage of survival was evaluated for 72 h; negative control (NC):
saline and positive control: DMSO (100%). Difference estimates in survival were compared using a
p < 0.05 log-rank test.

These results corroborate the data found by Traesel and colleagues (2014) [17], who
demonstrated through an in vivo model using Wistar rats, low acute and subacute (28
days) toxicity of AAPO on blood cells, suggesting toxicity only at high concentrations of
AAPO (50% oral lethal dose higher than 2000 mg/kg).

3.3. Effect of AAPO on Human Platelet Aggregation

ADP is concentrated in the dense granules of platelets, when released it binds to two
purinergic receptors, P2Y12 and P2Y1 [36]. The first mediates the inhibition of adenylyl
cyclase activity, activates phosphatidylinositol 3-kinase (PI3-K), and promotes the activa-
tion and amplification of platelet aggregation, forming stable thrombi [36]. On the other
hand, P2Y1 leads to increased intracellular calcium, altered platelet shape, and reversible
aggregation [37]. The results obtained in this study demonstrated significant inhibition of
this aggregation pathway in AAPO-treated PRP, with the highest inhibitory percentage
(34%) at a concentration of 800 μg/mL (Figure 2A,B).
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Figure 2. Effect of AAPO on platelet aggregation induced by ADP and epinephrine. Percentage
(%) of platelet aggregation at different concentrations of AAPO (50, 100, 200, 400, and 800 μg/mL),
induced by ADP (30 μM) (A,B) and epinephrine (5 μg/mL) (C,D) for 5 and 10 min, respectively;
negative control—NC (DMSO 0.6%) and positive control—PC (Ticlopidine 10 μM). (***) The statistical
difference with p < 0.001 compared to negative control (NC). (#) The statistical difference with
p < 0.001 compared to positive control (PC).

Like ADP, AAPO showed antithrombotic action when epinephrine was used as an
agonist. In addition to acting synergistically with other platelet agonists, epinephrine
may assist in decreasing the concentration of cyclic adenosine monophosphate (cAMP)
and activation of PI3-K, facilitating the thrombus formation process by binding to the
adrenergic receptor (α2A) exposed on the platelet membrane [38]. Aggregation induced by
this pathway was inhibited by more than 50% at all concentrations tested, with the highest
percentage of inhibition (≈87%) in platelets treated with 400 μg/mL of bocaiúva pulp oil
(Figure 2C,D).

No previous investigations on the antiplatelet effects of AAPO were found, making it
difficult to compare the data with other studies. Nevertheless, antiaggregant effects have
been previously reported in platelets treated with oil extract of the buriti fruit peel (Mauritia
flexuosa L. F.), a palm species of the Arecaceae family, with 50% inhibitory concentrations
(IC50) of 0.65 mg/mL for ADP and 0.93 mg/mL with collagen [39]. In our study, CI50 of
AAPO against ADP-induced aggregation was 590 μg/mL (or 0.59 mg/mL), showing to
be more potent than the oil extracts tested in those previous works. On the other hand,
AAPO IC50 against epinephrine-induced aggregation was not possible to calculate, since
all concentrations are capable of inhibiting more than 50% of platelet aggregation, showing
an even more potent antiplatelet effect when compared to ADP.

However, the ability of oleic acid to modulate the action of receptors coupled to
G proteins, mainly adrenoreceptors, and consequently its influence on adenylyl cyclase
activity, has been previously reported [40]. In our study, we can observe that oleic acid
is the most significant compound of AAPO (Table 1), thus, corroborating the antiplatelet
activity of bocaiúva oil, especially when epinephrine is used as an agonist.

3.4. Effect of AAPO on Blood Coagulation

The anticoagulant activity of AAPO was analyzed by aTTP, which evaluates the
integrity of the intrinsic and common coagulation pathways, and by PT, which evaluates
changes in the coagulation factors of the extrinsic pathway [41].

Although prolongation in PT and aTTP was reported in the plasma of mice treated
with flour from the mesocarp of a palm tree of the Arecaceae, Orbignya phalerata Mart. [42],
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AAPO in natura did not significantly increase PT time and aTTP at any of the concentrations
tested (Table 2).

Table 2. PT and aPTT coagulation parameters measured in human plasma treated with heparin and
AAPO.

Sample 1

Blood Coagulation Test 2

PT aPTT

Time (s) IRN 3 Time (s) Ratio 4

Normal control (Standard) 14 ± 0.32 - 28 ± 2.20 -
Negative control 15 ± 0.22 1.1 26 ± 1.53 0.9

AAPO (50 μg/mL) 16 ± 2.63 1.2 30 ± 0.62 1.1
AAPO (100 μg/mL) 17 ± 1.57 1.2 28 ± 1.24 1.0
AAPO (200 μg/mL) 17 ± 1.22 1.2 26 ± 3.93 0.9
AAPO (400 μg/mL) 17± 1.17 1.3 27 ± 1.12 1.0
AAPO (800 μg/mL) 16 ± 0.76 1.2 24 ± 2.08 0.8

Heparin (17 IU/mL of blood) >100 - >100 -
1 Oil from A. aculeata pulp (AAPO) at different concentrations (50, 100, 200, 400, and 800 μg/mL); negative
control (vehicle, 0.6% DMSO) and heparin (positive control). 2 Prothrombin time (PT) and activated partial
thromboplastin time (aPTT) values in seconds (s) measured in AAPO-treated human plasma and expressed
as mean ± SD. 3 International normalized ratio (INR) calculated based on PT results, used to monitor the
effectiveness of anticoagulants. 4 Relationship between the time values of concentrations and the time (s) of the
controls.

3.5. Platelet Activation
3.5.1. Effects of AAPO on Platelet Surface P-Selectin Expression

P-selectin is a transmembrane protein stored in platelet alpha granules and Weibel-
Palade bodies in endothelial cells [43]. Different platelet agonists and high shear stress
contribute to the exteriorization of P-selectin in the cell membrane [44]. When bound
to PSGL-1 (P-selectin-1 glycoprotein ligand) and platelet glycoprotein (Gp)Ib, it plays
an important role in leukocyte and platelet adhesion and rolling, microparticle release,
expression of monocyte tissue factor [43], and in the size and stabilization of thrombi
mediated by the Gp IIb/IIa–fibrinogen interaction [22].

We evaluated the expression of P-selectin in the membrane of activated platelets after
exposure to AAPO (Figure 3) using the flow cytometry technique. As a result, we observed
a significant reduction at concentrations of 400 and 800 μg/mL of AAPO. When compared
to the results of platelet aggregation tests (Figure 2), it is observed that concentrations of
400 and 800 μg/mL present better results.

Furthermore, Fuentes and colleagues (2013) observed thrombin-induced inhibition
of P-selectin expression in platelets treated with buriti oil extracts, where concentrations
of 0.1 and 1 mg/mL inhibited approximately 18% and 29% of the expression of P-selectin,
respectively [39].

3.5.2. Content of ROS Produced by Platelets after Exposure to AAPO

The results obtained showed that concentrations of 50, 100, 300, and 400 μg/mL of
AAPO significantly decreased (p < 0.001) the production of ROS when compared to the
negative control (Figure 4). However, the same result was not observed in plasma treated
with a concentration of 800 μg/mL. Physiologically, ROS are necessary for the maintenance
of cellular function, while an imbalance between pro-oxidants and antioxidants generates a
state of oxidative stress [45]. Increased platelet activation is directly associated with ROS
generation and platelet adhesion receptor expression [2], so the use of ROS scavengers
preserves platelet adhesion to collagen [46].
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Figure 3. Expression of platelet surface P-selectin after exposure of platelets to AAPO. (A) Rep-
resentative dot plots generated by FlowJo software. The gate shows the platelet population. (B)
Representative dot plot showing a platelet-positive population (CD42b-FITC). (C) Representative
histograms showing the activation of platelets incubated with AAPO and stimulated by ADP (30 μM)
for 5 min. Activated platelets were labeled with CD42b-FITC (5 μL) and CD62P (CD62P-PE, 5 μL)
and kept in the dark for 15 min. (D) Mean fluorescence intensity (MFI) of CD62P-PE expressed on
the membrane of activated platelets treated with different concentrations of AAPO (50, 100, 200, 400,
and 800 μg/mL). DMSO (0.6%): negative control; ADP (30 μM): positive control. Three independent
experiments were performed. (***) The statistical difference with p < 0.001 compared to negative
control. (##) The statistical difference with p < 0.01 and (###) statistical difference with p < 0.001
compared to ADP group.

Figure 4. Intraplatelet content of ROS in AAPO-treated platelets. Intraplatelet ROS content after
30 min of incubation with DCFH-DA (10 μM), in platelets treated with 50, 100, 200, 400, and
800 μg/mL of A. aculeata pulp oil (AAPO) or controls; negative control—NC (DMSO 0.6%) and
positive control—PC (hydrogen peroxide, H2O2). (***) The statistical difference with p < 0.001
compared to negative control (NC). (#) The statistical difference with p < 0.001 compared to positive
control (PC).
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Recently, a higher total antioxidant capacity of bocaiúva pulp oil was reported in
mice fed a high-fat diet [15]. In addition, the aqueous extract of dried leaves of Acro-
comia aculeata (EA-Aa) revealed protective and hypoglycemic effects in type 2 diabetes
promoted by polyphenols present in macaúba extracts (at concentrations of 125, 250,
and 500 μg.mL−1) [16]. EA-Aa was able to protect against H2O2 at a concentration of
125 μg.mL−1 in human dermal microvascular endothelial cells and also in histological
slices of liver, kidney, and aorta from Wistar and Goto-Kakizaki, whereas the antioxi-
dant effect of EA-Aa on the vascular wall was also revealed in a tissue-specific manner
in microvascular endothelial cell line represented by an improvement (≈22%) in cell vi-
ability [16]. Furthermore, our research group previously demonstrated that AAPO has
a neuroprotective effect, being able to protect brain structures from oxidative damage
induced by chronic restriction stress in Wistar rats, and effect attributable to the relatively
high levels of α-tocopherol, β-carotene, and ascorbic acid found in AAPO [14].

Therefore, the data obtained here corroborate those found in the literature and high-
light the present results regarding the antiaggregant potential of AAPO, which can be
related to its promising ability to inhibit the production and release of ROS by platelets.
This beneficial effect, as well as those demonstrated in related studies, is mainly attributable
to the high concentration of compounds that possess a significant antioxidant capacity
present in the macaúba fruit.

4. Conclusions

AAPO showed no toxicity in vitro or in vivo. It significantly inhibited platelet aggre-
gation triggered by ADP and epinephrine in most of the concentrations tested, but it was
unable to change coagulation parameters. In addition, AAPO decreased the expression
of P-selectin on the platelet membrane and in the intraplatelet production of ROS, thus
preventing platelet activation resulting in an antithrombotic effect.
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Abstract: Type 2 diabetes mellitus (T2DM) is a major global public health concern, prompting the
ongoing search for new treatment options. Medicinal plants have emerged as one such alternative.
Our objective was to evaluate the antidiabetic effect of an extract from the leaves of Passiflora ligularis
(P. ligularis). For this purpose, T2DM was first induced in mice using a high-fat diet and low doses
of streptozotocin. Subsequently, an aqueous extract or an ethanolic extract of P. ligularis leaves
was administered for 21 days. The following relevant results were found: fasting blood glucose
levels were reduced by up to 41%, and by 29% after an oral glucose overload. The homeostasis
model assessment of insulin resistance (HOMA-IR) was reduced by 59%. Histopathologically, better
preservation of pancreatic tissue was observed. Regarding oxidative stress parameters, there was an
increase of up to 48% in superoxide dismutase (SOD), an increase in catalase (CAT) activity by 35%
to 80%, and a decrease in lipid peroxidation (MDA) by 35% to 80% in the liver, kidney, or pancreas.
Lastly, regarding the lipid profile, triglycerides (TG) were reduced by up to 30%, total cholesterol (TC)
by 35%, and low-density lipoproteins (LDL) by up to 32%, while treatments increased high-density
lipoproteins (HDL) by up to 35%. With all the above, we can conclude that P. ligularis leaves showed
antihyperglycemic, hypolipidemic, and antioxidant effects, making this species promising for the
treatment of T2DM.

Keywords: Passiflora ligularis; antidiabetic; flavonoids-O-glucoside; antihyperglycemic; antioxidant;
antihyperlipidemic

1. Introduction

T2DM is considered a public health problem since it affects 6.28% of the world’s
population, its prevalence rate is 2.5% per year, and it is increasing at a much faster rate in
developed countries; therefore, it is necessary to take prevention and treatment measures
urgently [1,2]. T2DM is characterized by defective insulin secretion by pancreatic β cells and
tissue resistance to insulin responses, causing hyperglycemia, hyperinsulinemia, increased
reactive oxygen species (ROS), oxidative stress, and adipose tissue hypertrophy, among
other metabolic changes [3,4].

Due to the previous metabolic changes, the treatment of T2DM requires not only
the reduction of blood glucose but also the improvement of the lipid profile and insulin
resistance index, among others, so the treatment involves lifestyle changes, oral medi-
cations, and in some cases, injectable drugs [5,6]. Despite these therapeutic alternatives,
the WHO estimates that 80% of the world’s population uses traditional medicine to treat
diseases such as T2DM, and in recent years, studies have increased on plants with potential
antidiabetic activity, their main bioactive compounds, and their possible mechanisms of
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action involved [7,8]. The main bioactive compounds that have shown antidiabetic activity
are flavonoids, polyphenols, terpenoids, and alkaloids [9,10].

Although various authors have reported a diversity of medicinal plant species with
antidiabetic activity, one of the most extensively studied genus has been Passiflora [11–13].
Specifically, our research group has focused its attention on the study of P. ligularis and
its potential use in the treatment of T2DM [14,15]. Although the antihyperglycemic effect
of the aqueous extract and ethanol fraction of P. ligularis leaves were demonstrated in
normoglycemic animals subjected to an oral glucose tolerance test [16,17], it is important to
highlight that the normoglycemic conditions are characterized by a better physiological
functionality. Therefore, to demonstrate the antidiabetic effect, it is necessary to conduct
tests in an animal model in which diabetes has been induced and mimic the pathogenesis
of the disease [18].

Given the importance of not only studying the antidiabetic effect of a medicinal plant
but also identifying its bioactive compounds, it should be noted that previously, astragalin
and isoquercetin, metabolites of the extract and fraction of P. ligularis leaves, were shown
to improve glucose homeostasis through insulin secretion in isolated rat pancreatic islets
and glucose uptake in the soleus muscle, respectively [19,20]. Therefore, it is interesting
to evaluate the antidiabetic effect of the extract and fraction where both compounds are
found in greater proportion.

Finally, as mentioned above, given the importance of simulating the pathophysiology
and symptomatology of T2DM, there are several animal biomodels that involve genetically
modified rodents, but one of the most used biomodels is the induction of obesity and
chemical pancreatic damage [21,22]. These models used in the present study combine a
high-fat diet with low-dose streptozotocin (HFD/STZ) which mimics the generation of
insulin resistance, β-cell dysfunction, the metabolic characteristics, cytokine levels, and
oxidative stress similar to those observed in patients with T2DM [23,24].

This research aimed to evaluate the antidiabetic activity of the aqueous extract of P.
ligularis leaves and its respective ethanol fraction obtained using the XAD2 resin. A chronic
model of diabetes induced by HFD/STZ was selected to evaluate this pharmacological
activity monitoring the blood glucose levels. Likewise, parameters related to oxidative
stress and lipid profile were assessed. A histopathological evaluation of the pancreas was
performed too.

2. Materials and Methods

2.1. Chemicals

Ethanol 99.5% (PanReac AppliChem, Darmstadt, Germany) was employed in the
process of obtaining the ethanol fraction of P. ligularis extract. Formic acid reagent grade
85% (Carlo Erba, Milan, Italy), Acetonitrile HPLC Grade (Merck Rahway, NJ, USA), and
ultrapure water (Milli-Q system Millipore® (Merck, Rahway, NJ, USA) were used for liquid
chromatographic analysis. Regarding the analytical standards, isoquercetin (Quercetin-3-
glucoside, ≥90%, HPLC), astragalin (Kaempferol 3-glucoside, ≥97.0% HPLC), and chrysin
(≥98%, HPLC) were acquired from Sigma-Aldrich® (Sigma Chemical Company, St. Louis,
MO, USA).

Streptozotocin (572201), glucose (G7021), carboxymethyl cellulose (CMC) (419273),
Lipid Peroxidation (MDA) Assay Kit (MAK085), Catalase Assay Kit (CAT100), and SOD As-
say Kit (19160) were purchased from Sigma (St. Louis, MO, USA). An ELISA kit, Monobind
(2425-300A), was used to determine the serum insulin levels. Cholesterol MR kit (1118005),
HDL-Cholesterol kit (1133010), Triglycerides MR kit, and LDL-Cholesterol kit (1133105)
were used to measure lipid markers and were acquired from Linear Chemicals S.L.U.
Pentobarbital (Montgat, Spain). (Euthanex®) used for animal sacrifice was manufactured
by INVET S. A. and purchased from a veterinary establishment.
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2.2. Preparation of the Extract and Fraction of Passiflora ligularis

The leaves of P. ligularis were collected in Anolaima, Cundinamarca-Colombia (Lon-
gitude: 74◦29.97′ W; Latitude: 4◦50.0172′ N; Altitude: 1850 m.a.s.l.) through the sample
collection permit granted by the Autoridad Nacional de Licencias Ambientales (ANLA)
and the Ministerio de Ambiente y Desarrollo, code 38024, resolution 0699 of 26 April 2018.
A voucher copy was deposited in the National Herbarium of Colombia (COL 602878).

Obtaining the extract was carried out as described by Rey et al., 2020 [20]., where the
leaves of P. ligularis were collected in the municipality of Anolaima in the Department of
Cundinamarca, Colombia. After collection, the leaves were dried at room temperature and
subsequently pulverized using a knife mill. The aqueous extract was prepared by steeping
the plant material in water at 90 ◦C. To obtain the ethanol fraction, the crude extract was
agitated with XAD-2 resin and then washed with ethanol.

2.3. Chemical Characterization and Quantification of Flavonoids in the Extract and Ethanolic
Fraction of P. ligularis Leaves

The total flavonoid content, isoquercetin, and astragalin were quantified using high-
performance liquid chromatography (HPLC) following the methodology previously de-
scribed [17]. The HPLC was performed on an Agilent 1260 Infinity LC system coupled with
a diode array detector (DAD). A Phenomenex-Luna® C18 column (150 × 4.6 mm × 5 μm)
was used as the stationary phase at a temperature of 45 ◦C. Quantification was carried out at
wavelengths of 260 nm, 265 nm, and 350 nm for isoquercitrin, astragalin, and total flavonoids,
respectively. Chrysin was identified and detected at 267 nm using chrysin ≥ 98%, HPLC
grade, as an external standard.

2.4. Induction of T2DM and Experimental Design

A total of 30 female Swiss mice between 14 and 16 weeks old, were used in the experi-
ment. Of these, 6 animals (n = 6) were randomly selected to constitute the normoglycemic
control group throughout the study period, receiving a standard diet. This group was
not induced with diabetes nor administered any treatment. The remaining 24 animals
were fed a high-fat diet for 8 weeks and then received two low doses of streptozotocin
(STZ 40 mg/kg) intraperitoneally, dissolved in citrate buffer (pH 4.5), with a 5-day interval
between doses. The animals were provided with a 5% glucose solution overnight to pre-
vent drug-induced hypoglycemia [25]. Three days after administering the second dose of
STZ, blood glucose levels (BGL) were measured using Accu-Chek Performa® equipment,
collecting blood samples from the lateral tail vein through a small incision. Animals with
BGLs above 150 mg/dL were considered for further experimentation. These 24 diabetic
mice were then randomly divided into 4 groups (n = 6) and received the following by oral
gavage for the next 21 days:

Vehicle group: Diabetic control mice receiving the vehicle (0.5% CMC w/v and 0.5% Tween
80 w/v).
Metformin group: Diabetic mice receiving metformin (250 mg/kg) as a positive control.
Aqueous extract group: Diabetic mice receiving the aqueous extract of leaves of P. ligularis
(500 mg/kg).
Ethanolic fraction group: Diabetic mice receiving the ethanolic fraction of P. ligularis
(250 mg/kg).

It is worth mentioning that during the 21-day treatment period, diabetic mice con-
tinued to receive a high-fat diet. Additionally, the normoglycemic group was injected
with saline instead of STZ and orally administered the vehicle for 21 days to ensure they
experienced the same stress conditions as the diabetic mice.

At the end of the experiment, all the animals were anesthetized with pentobarbital
(60 mg/kg) and then sacrificed by cervical decapitation [26]. Once the blood samples
were obtained, these were centrifuged (3500 rpm, 10 min) and the serum supernatant was
collected. The blood and organ samples were conserved to −80 ◦C until the lipid profile
analysis or serum insulin measurement.
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2.5. Oral Glucose Tolerance Test

This assay was carried out on the 21st day of administering the treatments, following
the methodology previously developed in our research group [27]. Animals were fasted
four hours before the test. Oral glucose overload (2000 mg glucose/kg) was administered
30 min after each treatment, and BGLs were measured before and after (30, 60, and 90 min)
the overload, using the Accu-Check Performa® (Roche Diagnostics, Basel, Switzerland)
equipment.

2.6. Insulin Resistance Index (HOMA-IR)

For determining the serum insulin levels, an ELISA kit was used. Insulin resistance
(IR) was determined according to the homeostasis model assessment index calculated using
Equation (1) [28]:

HOMA − IR =
(plasma insulin level [μU/mL]× f asting plasma glucose [mg/dL])

405
(1)

2.7. Histopathological Examination

After being sacrificed, the pancreas was quickly removed, weighed, and placed in a
10% phosphate-buffered formaldehyde solution in a 1:20 ratio to histopathological studies.
According to the standard procedure, the samples were embedded in paraffin, cut into
5 μm thick sections, and stained with hematoxylin and eosin stain according to widely
known protocols [29].

2.8. Biochemical Parameters
2.8.1. Analysis of Oxidative Stress Parameters

At the end of the bioassay, the organs collected (liver, pancreas, and kidney) were
used for the estimation of biochemical parameters of superoxide dismutase (SOD) and
catalase (CAT) using commercial kits. A commercial kit was employed to estimate the lipid
peroxidation as the MDA (Malondialdehyde) levels in the tissue homogenate.

2.8.2. Serum Lipid Profile

The triglycerides (TG), total cholesterol (TC), high-density lipoprotein (HDL), and
low-density lipoprotein (LDL) levels were estimated using diagnostic kits.

2.9. Statistical Analysis

GraphPad Prism® software (version 6, San Diego, CA, USA) was employed for data
analysis. All results are expressed as mean ± SEM (blood glucose levels, oxidative stress
parameters) or mean ± SD (serum lipid profile, fasting glucose, fasting insulin, and HOMA
index). We use two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test
to analyze the data of Figures 1–3, and use a one-way ANOVA followed by post-test Dunnet
for the data of Figures 4 and 5, Tables 1 and 2. Differences were considered significant at
p ≤ 0.05. The assumptions of ANOVA’s test were evaluated by the software GraphPad
prism 6® by the Brown–Forsythe test and Bartlett test for ANOVA.

Table 1. Effect of the aqueous extract and ethanol fraction of P. ligularis on fasting glucose, fasting
insulin, and HOMA index.

TREATMENT
Fasting Glucose

mg/dL
Insulin Levels (μUI/mL) HOMA-IR

Normoglycemic 105.600 ± 7.579 **** 2.267 ± 0.332 **** 0.591 ± 0.086 ****
vehicle 434.000 ± 26.069 23.178 ± 2.527 24.830 ± 2.421

Metformin 250 mg/kg 347.286 ± 19.499 **** 15.877 ± 1.752 **** 13.610 ± 1.343 ****
Aqueous extract 500 mg/kg 333.800 ± 15.766 **** 12.493 ± 1.407 **** 10.294 ± 1.037 ****
Ethanol fraction 250 mg/kg 292.600 ± 27.207 **** 12.986 ± 1.217 **** 9.379 ± 0.786 ****

Data are expressed as mean ± SD. n = 6 animals per group. One-way ANOVA post-test Dunnet; **** p < 0.0001
with respect to the vehicle group.
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Figure 1. Chromatographic profile of aqueous extract of Passiflora ligularis leaves (blue) and an
ethanol fraction of Passiflora ligularis leaves (pink) at 350 nm. Chromatographic signal 1 corresponds
to isoquercetin, signal 2 corresponds to astragalin, and signal 3 corresponds to chrysin. The analytical
method used was previously described in the methodology section.

Figure 2. Difference between day 0 and 7, 14, and 21 days in blood glucose levels (BGLs) of the
experimental mice. Normoglycemic (blue), vehicle (red), metformin 250 mg/kg (purple), aqueous
extract 500 mg/kg (yellow), ethanol fraction 250 mg/kg (green). Data are expressed as mean ± SEM,
n = 6 animals per group. Two-way ANOVA post-test Bonferroni; **** p < 0.0001 with respect to the
vehicle group.

Figure 3. Oral glucose overload test. Normoglycemic (blue), vehicle (red), metformin 250 mg/kg
(purple), aqueous extract of P. ligularis 500 mg/kg (yellow), ethanol fraction of P. ligularis 250 mg/kg
(green). Data are expressed as mean ± SEM, n = 6 animals per group. Two-way ANOVA post-test
Bonferroni; **** p < 0.0001 with respect to the vehicle group.
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Figure 4. Photomicrographs of pancreatic tissues from different experimental groups were stained
by hematoxylin and eosin (H&E) and examined with magnifying power (40×). (a) Normoglycemic
group, (b) Vehicle, (c) Metformin, (d) Aqueous extract of P. ligularis, (e) Ethanol fraction of P. ligularis.
Arrows show the presence of Langerhans islets.

Figure 5. Effect of P. ligularis on oxidative stress parameters. Normoglycemic (blue), vehicle (red),
metformin 250 mg/kg (purple), aqueous extract of P. ligularis 500 mg/kg (yellow), ethanol fraction of
P. ligularis 250 mg/kg (green). SOD activity: (a) liver, (b) kidney, (c) pancreas; CAT activity: (d) liver,
(e) kidney, (f) pancreas; MDA levels: (g) liver, (h) kidney, (i) pancreas. Data are expressed as mean ±
SEM, n = 6 animals per group. One-way ANOVA post-test Dunnet; * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 with respect to the vehicle group.
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Table 2. Effect of aqueous extract P. ligularis 500 mg/kg and ethanol fraction P. ligularis on serum
lipid profile in diabetic mice.

TREATMENT
Triglyceride (TG)

mg/dL
Total Cholesterol

mg/dL
LDL-C
mg/dL

HDL-C
mg/dL

Normoglycemic 96.870 ± 2.230 140.280 ± 15.345 88.820 ± 25.778 37.843 ± 1.926
vehicle 225.506 ± 13.345 252.076 ± 5.479 174.658 ± 17.526 28.923 ± 0.081

Metformin 250 mg/kg 169.606 ± 3.615 **** 159.775 ± 4.805 **** 98.438 ± 13.633 *** 36.727 ± 4.824 **
Aqueous extract 500 mg/kg 159.450 ± 7.070 **** 207.410 ± 17.580 * 131.464 ± 25.953 * 34.263 ± 2.206 *
Extract fraction 250 mg/kg 157.160 ± 0.430 **** 162.700 ± 13.790 **** 117.336 ± 2.449 ** 36.237 ± 1.980 **

LDL-C—low-density lipoprotein cholesterol, HDL-C—high-density lipoprotein cholesterol. Data are expressed as
mean ± SD. n = 6 animals per group. One-way ANOVA post-test Dunnet; * p < 0.05, ** p < 0.01, *** p < 0.001 and
**** p < 0.0001 with respect to the vehicle group.

3. Results

3.1. Chemical Characterization

Chromatographic analysis was performed for the aqueous extract and ethanol fraction.
A concentration of total flavonoids of 60.983 ± 0.755 μg-equivalent of isoquercetin/mg
extract was quantified for the aqueous extract, while for the ethanol fraction, the value
was 134.998 ± 0.489 μg-equivalent of isoquercetin/mg fraction. As shown in Figure 1,
isoquercetin, astragalin, and chrysin in the ethanol fraction showed a significant increase
concerning the aqueous extract. The quantified values for isoquercetin and astragalin in the
aqueous extract were 12.890 ± 0.376 μg of isoquercetin/mg extract and 4.190 ± 0.042 μg
of astragalin/mg extract, respectively. In the ethanol fraction, the content of isoquercetin
increased by 241.8% and astragalin by 227.3%, concerning the concentrations found in the
aqueous extract of P. ligularis.

3.2. Effect of P. ligularis on Blood Glucose Levels

Figure 2 presents the fasting blood glucose levels (BGLs) at 7, 14, and 21 days of
treatment. As expected, metformin reduced BGLs throughout treatment, the aqueous
extract reduced the BGLs by 34%, 27%, and 31% at 7, 14, and 21 days of treatment compared
to the vehicle, and the ethanolic fraction reduced BGLs by 36%, 33%, and 41% in the same
days in comparison to the vehicle.

3.3. Oral Glucose Tolerance Test (OGTT)

In Figure 3, it is possible to see that the normoglycemic mice presented significant
differences at all times compared to the vehicle group after oral glucose overload car-
ried out on day 21 after diabetes induction. In contrast, all diabetic mice that received
treatment presented with a decrease in BGLs at 60 min. While the vehicle group raised
500.7 ± 23 mg/dL of BGLs, treatments reduced BGLs by 27% for metformin, 25% for
the aqueous extract, and 29% for the ethanol fraction of P. ligularis with respect to the
vehicle group.

3.4. Insulin Resistance Index (HOMA-IR)

To measure insulin resistance in HFD/STZ-induced diabetes models, the homeostasis
model assessment of insulin resistance (HOMA-IR) is commonly used [30].

According to the results described in Table 1, after 21 days of treatment, fasting
glucose decreased by 23% with the aqueous extract and by 32% with the ethanol fraction;
meanwhile, fasting insulin decreased by 46% and by 43% for the aqueous extract and
ethanol fraction, respectively. The HOMA index decreased by 58% for the extract and
59% for the ethanol fraction; metformin also caused a significant decrease in the three
parameters compared to the vehicle group.

3.5. Histopathological Examination

According to the photomicrograph shown in Figure 4, it can be observed that diabetic
mice, after 21 days of treatment with metformin, aqueous extract, and the ethanol fraction
of P. ligularis, showed significant preservation of pancreatic islets and exocrine tissue
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in comparison with the diabetic mice that did not receive treatment. Image A shows
normal islets in which the insulin secretion has not been over-stimulated, keeping its
structure and size. Micrograph B corresponding to the vehicle group showed cytoplasmic
vacuolar degeneration, not the endocrine component. Image C shows a not proliferated
islet compared with the other treatments. Image D shows endocrine tissue which is not
hypertrophic compared to Figure 4e, which shows a diffused and hypertrophic structure
with remarkable preservation of the pancreatic islets compared to the untreated animals.
Histological analysis showed that aqueous extract and the ethanol fraction of P. ligularis
caused a remarkable preservation of pancreatic islets compared to the untreated animals,
without an endocrine component.

3.6. Analysis of Oxidative Stress Parameters

SOD activity is shown in Figure 5b,c. Significant differences were found between
the normoglycemic and vehicle groups in kidney and pancreas tissues. In liver tissue
(Figure 5a), the activity of this enzyme increased by 39% for the aqueous extract, 48% for
the fraction, and 50% for metformin compared to the vehicle.

Respecting the CAT activity, as shown in Figure 5d, in the liver, the aqueous extract
increased the catalase activity by 35%, while the ethanol fraction increased it by 38%
compared to the vehicle. According to Figure 4e, in the kidney, the catalase activity
increased by 44% in the aqueous extract and 51% for the ethanol fraction compared to the
vehicle. Finally, according to Figure 5f, although the aqueous extract did not increase the
catalase activity in the pancreas, the ethanol fraction did increase it by 80% with respect to
the vehicle. Metformin improved catalase activity in all organs.

Concerning MDA levels, as shown in Figure 5g, the aqueous extract decreased the
levels of MDA by 35% and the fraction by 37% compared to the vehicle group. According
to Figure 5h, in the kidney, the aqueous extract decreased the levels of MDA by 42% and
the fraction by 55% concerning diabetic mice without treatment. Finally, in the pancreas
(Figure 5i), the aqueous extract decreased the levels of MDA by 70% and the ethanol
fraction by 80% compared to the vehicle. As expected, normoglycemic mice showed higher
catalase and SOD activity and lower MDA levels in all organs.

3.7. Effect of P. ligularis on Serum Lipid Profile

Due to the relationship between diabetes and hyperlipidemia, the quantification of
total triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,
and total cholesterol were considered in this study (Table 2).

According to Table 2, TG decreased by 29% for the aqueous extract and by 30% for
the ethanol fraction. The total cholesterol parameter decreased by 17% and 35% for the
aqueous extract and ethanol fraction, respectively. The LDL-C levels decreased by 24% for
the aqueous extract and 32% for the ethanol fraction. Finally, HDL-C increased by 18% for
the aqueous extract and 25% for the ethanol fraction compared to the vehicle. For its part,
metformin also showed an improvement in the lipid profile.

This effect could be related to the protective effect of the aqueous extract and the
ethanol fraction of P. ligularis leaves on the pancreas. Figure 4d,e showed that both treat-
ments found endocrine components associated with pancreatic islets. When insulin pro-
duction or release is deficient, the lipolysis process is not inhibited, causing hyperlipidemia.
However, our results showed that the animals treated with the aqueous extract and the
ethanol fraction of P. ligularis attenuated insulin resistance, which could be related to the
decrease in TG, total cholesterol, and LDL-C with the increase in HDL-C compared to
diabetic animals administered with the vehicle.

167



Nutrients 2024, 16, 1669

4. Discussion

The effect of P. ligularis leaves in HFD/STZ-induced diabetic mice was evaluated.
The extract and ethanol fraction were assessed for phytochemical identification purposes.
According to the chromatographic analysis, isoquercetin, astragalin, and chrysin in the
ethanol fraction were found in major amounts compared to the aqueous extract. These
findings are in contrast with previous analyses obtained by our research group. It is
evident that these flavonoids are found in greater proportion in the fraction, in which,
given the nature of the XAD resin, they were expected to be enriched with these polar
compounds [31,32].

Other tests were carried out in order to identify changes in diabetic mice after treatment
administration. BGL differences were found from day 7. Previously, an extract of P.
glandulosa fruit showed an antihyperglycemic effect in streptozotocin-induced diabetic
mice at 15, 21, and 28 days of treatment, an effect attributed mainly to the presence of
flavonoids [33]. The effect of P. ligularis on the control of this parameter can also be
attributed to flavonoids in the aqueous extract and the ethanol fraction, especially O-
glycosyl flavonoids such as isoquercetin, astragalin, and chrysin which have been reported
previously [15].

With respect to the results obtained in the OGTT test, this test in rodents is a usual
test employed to determine if a mouse is glucose intolerant and diabetic. However, this
is also useful to determine the hypoglycemic or antihyperglycemic effect of drugs and
extracts, among others [34]. Other species of Passiflora have been reported to have a
similar antihyperglycemic effect in diabetic models, for example, ethanol extracts of P.
edulis, methanolic extract of leaves of P. incarnata, and P. foetida maintain blood glucose
levels, improving the oral glucose tolerance in streptozotocin-induced diabetic mice or
alloxan diabetic rats [35,36].

In previous studies, the aqueous extract and ethanol fraction of P. ligularis leaves
demonstrated an antihyperglycemic effect in normoglycemic rats after an oral glucose
overload and an increase in glycogenesis [20]. It is noteworthy that this study confirms
this effect in diabetic mice after receiving 21 days of treatment considering that the ethanol
fraction had a more significant effect. It has been shown that the fraction is rich in flavonoids
such as isoquercetin, astragalin, and chrysin [20,37]. This effect may be due to flavonoids
since isoquercetin has been shown to decrease BGLs after an oral overload of glucose in
diabetic mice associated with an inhibition of the enzyme dipeptidyl peptidase IV (DPP IV)
and an increase in serum levels of glucagon-like peptide (GLP-1) and insulin [38].

Another flavonoid that may be involved in the process is astragalin, which has demon-
strated a hypoglycemic effect after an oral glucose overload in normoglycemic rats linked to
an insulin secretagogue [19]. On the other hand, chrysin also showed an effect of reduction
of glucose levels at 60 min after an oral glucose overload in diabetic rats after 30 days
of treatment, an effect associated with an increase in the sensitivity of insulin receptors,
GLUT-4 glucose transporters, and an increase in muscle glycogen [39].

Given the above, we can suggest that the effects of the aqueous extract and ethanol
fraction of P. ligularis improve glucose intolerance induced by T2DM and are associated
with the presence of the flavonoids mentioned previously.

The homeostasis model assessment of insulin resistance (HOMA-IR) is the most
widely used model to determine insulin resistance in rodent models of diabetes since it is
a simple, accurate method and causes minimal stress to the animals. This mathematical
model relates insulin and fasting plasma glucose with the hyperinsulinemic euglycemic
glucose clamp (HEGC) [40]. According to the HOMA-IR results obtained, the extract
and the fraction decreased insulin resistance, and this effect had already been evidenced
in other passifloras species. For example, the consumption of P. setacea juice decreased
HOMA-IR in humans, fasting as well as 3 h after consumption [41]. Likewise, the extract of
P. incarnata leaves prevents insulin resistance, and its effect was strongly associated with the
presence of flavonoids [42]. Our results are according to previous reports in the literature
since the ethanol fraction decreased HOMA-IR values slightly. In addition, in previous
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studies, isoquercetin has been shown to decrease HOMA-IR in a dose-dependent manner
in type-2-diabetes-induced hepatic injury in rats [43]. Finally, an extract with rich contents
of astragalin has also been shown to decrease insulin resistance in a model of diabetes
induced with a high-fat diet in rats [44].

According to the previous results, we can suggest that the aqueous extract and es-
pecially the ethanolic fraction of P. ligularis leaves improved the HOMA index, an effect
that can be attributed to the presence of astragalin since it has been shown to increase
insulin secretion in the pancreatic tissue by stimulating calcium influx through K+

ATP,
L-VDCC channels, and activating protein kinases PKC and PKA [19]. This effect can also
be associated with glucose uptake by peripheral tissues such as skeletal muscle, given that
isoquercetin, another of the major components, has an insulinomimetic effect by activating
the PI3K, MAPK, and MEK/ERK pathways, and de novo protein synthesis of the GLUT-4
transporter [20].

Regarding the histopathological analysis, the disturbance of islet proliferation was
observed as result of the diabetes model, which is coherent with previous studies that
showed high glucose levels in mice fed with an HFD on islet proliferation but inhibited
by metformin administration [45]. Previously, isoquercetin showed protective activity
in pancreatic islets showing a similar morphology to normal ones [43]. The results are
expected according to the concentration of this molecule within the fraction with respect to
the aqueous extract of P. ligularis.

Regarding the analysis of the results obtained related to oxidative stress, these pa-
rameters were measured since SOD and CAT are antioxidant enzymes that decrease the
production of reactive oxygen species (ROS), protect against oxidative stress, nephropathy,
and other T2DM complications. CAT also protects pancreatic beta cells from damage
caused by hydrogen peroxide (H2O2). The increase in MDA levels in diabetics suggests
that peroxidative lesions are related to the development of diabetic complications and a
decrease in antioxidant mechanisms [46].

In this study, only the ethanol fraction was shown to improve the activity of hepatic
SOD; however, CAT showed an improvement in all the organs studied, indicating that the
antioxidant effect is more related to the metabolism of H2O2. This effect is evidenced with
a higher proportion at the pancreatic level comparable to the normoglycemic group, which
confirms the results obtained at the histopathological level. Likewise, since the ethanol
fraction had a more significant antioxidant effect, it can be associated with flavonoids such
as chrysin, which may be responsible for this effect since it has previously shown a decrease
in MDA levels and an increase in SOD and CAT activity in the liver, brain, and pancreas
of diabetic rats after 4 weeks of treatment [47]. In the same way, the aqueous extract of M.
oleifera leaves rich in flavonoids such as isoquercetin and astragalin has shown an increase
in the levels of CAT and SOD, and decreased to reduce MDA levels at the liver and kidney
level in diabetic rats [48]. Also, an extract of P. incarnata extract with flavonoids such as
quercetin and kaempferol showed after 30 days of treatment a decrease in the levels of
MDA at the liver level in mice that received a high-fat diet [42].

The above information leads us to conclude that P. ligularis treatments ameliorate
oxidative stress in tissues such as the pancreas, liver, and kidney, which in turn can prevent
the onset of complications such as nephropathy, which, as mentioned above, is related to
ROS. This effect can be attributed to the presence of isoquercetin or astragalin, although
their molecular mechanisms must be studied in depth in future research.

In relation to the results obtained in the lipid profile, is well known that defects in in-
sulin action or hyperglycemia could be associated with changes in plasma lipid/lipoprotein
metabolism in patients with diabetes [49]. Hypertriglyceridemia and reduced plasma high-
density lipoprotein cholesterol are the most common lipid abnormalities in T2DM [50].

Previous reports have shown that different species of Passiflora generate changes in the
serum lipid profile of rodents. Passiflora incarnata L. decreased the impact of a high-fat diet in
insulin-resistant mice, reducing total cholesterol and triglycerides levels and increasing the
concentration of high-density lipoproteins (HDL) [42]. Similar behavior was also reported
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for different extracts of P. edulis in diabetic rats, attributed to glycosyl flavonoids [51,52].
Improvements in the lipid profile have been demonstrated by P. ligularis in obese rats
and is correlated with the decrease in hepatic steatosis [53]. The results of the present
study are according to previous studies which demonstrated the antilipidemic activity of
isoquercetin in a dependent dosage which attenuated triglycerides and cholesterol levels
in diabetic mice [38]. Additionally, an extract with rich contents of astragalin has been
shown to decrease cholesterol, triglycerides, LDL, and increase HDL in high-fat-induced
and fructose-diet-induced diabetes in Wistar rats [43].

5. Conclusions

The results of this study suggest that the aqueous extract and the ethanolic fraction of
P. ligularis leaves are promising as a complementary or adjuvant treatment for T2DM, since
they are not only limited to controlling glucose levels in streptozotocin-induced diabetic
mice, but also improve oxidative stress parameters in organs such as the kidney, pancreas,
or liver, as well as improve the lipid profile by reducing levels of TG, TC, LDL-C, and
increasing levels of HDL-C. Likewise, the oxidative stress parameters were improved,
increasing the enzyme activity of SOD and CAT and decreasing the MDA values. It is
important to highlight that this would be the first time that an extract from P. ligularis
leaves has been determined to have a positive effect on several relevant outcomes in the
control of T2DM. It is also important to keep in mind that the leaves of this species are
generally discarded after the fruit has been grown, so they would also become a usable
resource. For subsequent studies, it is recommended to design a formulation through
which to administer the extract and carry out studies in humans.
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