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ARTICLE INFO ABSTRACT
Article history: Non-alcoholic fatty liver disease (NAFLD) is one of the most common complications of a metabolic syn-
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- ‘ Orthosiphon aristatus is a medicinal plant with possible potential beneficial effects on various metabolic
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disorders. This study aims to investigate the in vitro inhibitory effects of O. stamineus on hepatic fat accu-
mulation and to further use the computational systems pharmacology approach to identify the pharma-
cokinetic properties of the bioactive compounds of O. stamineus and to predict their molecular
mechanisms against NAFLD. Methods: The effects of an ethanolic extract of O. stamineus leaves on cyto-
toxicity, fat accumulation and antioxidant activity were assessed using HepG2 cells. The bioactive com-
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Systems pharmacology pounds of O. stamineus were identified using LC/MS and two bioinformatics databases, namely the
Non-alcoholic fatty liver disease Traditional Chinese Medicine Integrated Database (TCMID) and the Bioinformatics Analysis Tool for the
Cellular target Molecular Mechanism of Traditional Chinese Medicine (BATMAN-TCM). Pathway enrichment analysis
Pathway enrichment analysis was performed on the predicted targets of the bioactive compounds to provide a systematic overview
Protein-protein interaction of the molecular mechanism of action, while molecular docking was used to validate the predicted tar-
Molecular docking gets. Results: A total of 27 bioactive compounds corresponding to 50 potential NAFLD-related targets

Oxidative stress

> were identified. O. stamineus exerts its anti-NAFLD effects by modulating a variety of cellular processes,
Inflammation

including oxidative stress, mitochondrial B-oxidation, inflammatory signalling pathways, insulin sig-
nalling, and fatty acid homeostasis pathways. O. stamineus is significantly targeting many oxidative stress
regulators, including JNK, mammalian target of rapamycin (mTOR), NFKB1, PPAR, and AKT1. Molecular
docking analysis confirmed the expected high affinity for the potential targets, while the in vitro assay
indicates the ability of O. stamineus to inhibit hepatic fat accumulation. Conclusion: Using the computa-
tional systems pharmacology approach, the potentially beneficial effect of O. stamineus in NAFLD was
indicated through the combination of multiple compounds, multiple targets, and multicellular
components.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fibrosis (Alshawsh et al., 2022). NAFLD may worsen clinical out-
comes by progressing from simple steatosis to hepatocyte damage,
liver inflammation, fibrosis, and cirrhosis (Forlano et al., 2022).
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NAFLD is significantly associated with metabolic syndrome
traits, including insulin resistance, abdominal overweight and
hyperlipidaemia (Paschos and Paletas, 2009). Furthermore, the
triggering and progression of NAFLD are according to a multi-hit
theory, which is based on the linkage of multiple biological pro-
cesses, including dysregulation of lipogenesis and lipolysis, oxida-
tive stress, inflammation, insulin resistance, glucose intolerance,
mitochondrial dysfunction, and apoptosis, among other factors
(Buzzetti et al., 2016).

Increased cellular oxidative stress and reduced antioxidant
capacity are associated with the inflammatory process (Chen
et al., 2020). Inflammation, in which the immune response to
harmful stimuli, initiates a cascade of chemicals mediated by
pro-inflammatory cytokines. However, persistent inflammation
contributes to epithelial dysplasia triggered by nitrogen and reac-
tive oxygen species (ROS) (Cheng et al., 2021). In addition, ROS is
produced by alternating mitochondria, and endoplasmic reticulum,
specifically by affecting the B-oxidation process. Essentially, the
elevated levels of ROS modulate lipid metabolism and insulin sig-
nalling. Therefore, oxidative stress and inflammation play a central
role in the pathogenesis of NAFLD (Alshehade et al., 2022; Chen
et al., 2020).

Presently, there is no effective treatment for NAFLD; only
weight loss, reduced intake of fat and sugar and administration
of probiotics are the current management options (Schuppan and
Schattenberg, 2013). As a result, it is important to search for a
potential agent to treat NAFLD and avoid the onset of the severe
condition (Alshawsh et al., 2022). Naturopathy and herbal products
are the main resources for the development of hepatoprotective
drugs (Ali et al., 2018). Orthosiphon stamineus (Blume) Miq. (Ortho-
siphon aristatus) is traditionally used in Southeast Asia as an herbal
tea to treat several disorders, including kidney disorders, gastroin-
testinal tract disorders, obesity, and diabetes (Ashraf et al., 2018).

Previous phytochemical studies on O. stamineus have reported
that the leaves contain high levels of flavones, polyphenols, bioac-
tive proteins, glycosides, essential oils, and large amounts of potas-
sium (Saidan et al., 2015; Seyedan et al., 2017). Twenty phenolic
compounds have been isolated, including nine lipophilic flavones,
two flavanol glycosides, and nine caffeic acid derivatives. The
leaves contain a high concentration of phenolic compounds. There-
fore, rosmarinic acid (RA), 3-hydroxy-5,6,7,4-tetramethoxyflavone,
sinensetin, and eupatorin were considered marker compounds for
the standardization of different O. stamineus leaf extracts (Saidan
et al.,, 2015; Seyedan et al., 2017).

Furthermore, O. stamineus has been shown to have pharmaco-
logical effects in rat models such as anti-inflammatory, antioxi-
dant, and anti-angiogenesis properties (Alshawsh et al.,, 2012;
Ashraf et al., 2018; Sahib et al., 2009). More importantly, O. stami-
neus showed a hepatoprotective effect in Sprague Dawley rats
(Alshawsh et al., 2011; Seyedan et al., 2017). It was also observed
that O. stamineus extract reduced the necrotic changes in the liver
tissue and reduced serum levels of aspartate transaminase and ala-
nine transaminase (Seyedan et al.,, 2017). The beneficial hepatic
effect is believed to be due to its antioxidant effects and the ability
to prevent the depletion of glutathione levels (Alshawsh et al.,
2012; Ashraf et al., 2018).

Systems pharmacology is an emerging and novel approach
based on bioinformatics and computational chemistry, which is
used to predict the biological targets of small bioactive compounds
or drugs. Biological networks are considered complex system that
interacts rather than single transduction pathways. Such interac-
tions are relevant when drugs act on multiple targets in the net-
work (Danhof, 2016). Systems pharmacology is a promising
approach for the next-generation drug discovery model, especially
because it analyses multiple target regulations and seeks the cellu-
lar mechanism of action, in contrast to the traditional, time-
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consuming and costly approach (Liu et al., 2013). Hence, in this
study, we used computational systems pharmacology approach,
molecular docking, and in vitro assays to explore the bioactive
compounds of O. stamineus and to predict, and elucidate the cellu-
lar targets and molecular mechanisms of action of O. stamineus
against NAFLD.

2. Materials and Methods
2.1. Plant’s extraction preparation

The fresh leaves of O. stamineus were collected from the botan-
ical garden at the University of Malaya (UM) and then identified by
the KLU Herbarium (code: KLU49065). The leaves were dried in an
oven (40 °C) and ground to a coarse powder. Subsequently, 400 g of
powdered O. stamineus leaves were extracted with 4 L of ethanol
(100 %) (R&M Chemical, UK) at room temperature with occasional
shaking for three days by the maceration method (Abubakar and
Haque, 2020). The O. stamineus crude extract was filtered with
Whatman Grade 1 filter paper and then concentrated with a vac-
uum rotary evaporator (Biichi-R-200, Switzerland).

2.2. In vitro fat accumulation assessment

2.2.1. Cell culture

HepG2 cells were obtained from ATCC, USA. After thawing, the
cells were cultured in Eagle’s minimal essential medium (EMEM:
ATCC, Cat. 30-2003), 1X non-essential amino acids (SAFC, USA,
Cat. M7145), penicillin-streptomycin solution (100 IU/mL and
100 pg/mL, respectively; ATCC, Cat. 30-2300), growth was at
37 °C in a humidified atmosphere of 5 % CO,. At confluence, cells
were trypsinized (0.05 % trypsin/0.53 mM EDTA).

2.2.2. Cytotoxicity assay

Cytotoxicity was assessed using the CCK-8 assay (MedChem
Express, USA, Cat. HY-K0301) by utilising the highly water-
soluble tetrazolium salt WST-8, which produces a water-soluble
formazan dye (Zhang et al., 2020). HepG2 cells were seeded in trip-
licates at 4000 cells/well in 96-well plates with 100 pl of the med-
ium in each well. The serial concentrations of O. stamineus crude
extract (1000, 500, 250, 125, 62.5, 31.25, 15.6 ng/ml) were pre-
pared in 1X PBS (Sigma-Aldrich, USA, Cat. P4417). Treatment was
added after 12 h of seeding and carried out for three-time points
(i.e., 24 h, 48 h, and 72 h). A fresh culture medium alone was used
as a negative control. Then, each plate was incubated at 37 °C with
10 pl of CCK-8 solution for 2 h, and the absorbance was measured
at 450 nm using a microplate reader (VersaMax, USA). Equation (1)
was used to calculate the cell cytotoxicity percentage (CT%).

CT% = M % 100
CAbs

(1)

where Caps is the mean absorbance value of the negative control,
and Spps is the mean absorbance value of the sample.

2.2.3. Detection of intracellular fat accumulation

At 50 % confluence, cells were exposed to a 1:2 mixture of pal-
mitic acid (Sigma-Aldrich, USA, Cat. P0500) and oleic acid (Alfa
Aesar, Cat. ALF 031997.06) conjugated to a BSA ratio of 1:5
(Pingitore et al., 2019). Post-steatotic, cells were exposed to the
treatment for three-time points (i.e., 24 h, 48 h, and 72 h). The
post-treatment medium was removed from each well and gently
washed with 1x PBS. Then, a 100 pl Nile Red working solution
(300 ng/mL Nile Red (Sigma, USA, Cat 19123) and 1 png/mL Hoechst
33,342 (Sigma, USA, Cat B2261) in PBS was added and incubated at
37 °C with 5 % CO, for 15 min. Then, cells were washed with 1x PBS
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and fat accumulated droplets were imaged directly with a fluores-
cence microscope with excitation and emission maxima of
488/550 nm for the Nile Red and 350/461 nm for Hoechst 33,342
(Greenspan et al., 1985).

2.2.4. The antioxidant activity of O. stamineus

Cells were seeded in a T-25 flask in uniform numbers, after
reaching 50 % confluency, the cells were exposed to 0.5 mM FA
for 24 h, then treated with filtered O. stamineus (53, 75, 150 ug/
ml) for another 24 h. Then the cells were collected and lysed by
1 % SDS. The total protein content in each sample was quantified
using the Bradford assay (Ernst and Zor, 2010). Lipid peroxidation
was measured in the cell lysate by a thiobarbituric acid reaction
(Ohkawa et al., 1979) using a malondialdehyde (MDA) colourimet-
ric assay kit (Elabscience, China, Cat. E-BC-K025-S). In addition, the
total superoxide dismutase (SOD) (Canvax Biotech, Spain, Cat.
CA061) and glutathione peroxidase (GPx) (Elabscience, China,
Cat. E-BC-K096-S) were measured with colourimetric assay Kkits.
All the assays were performed according to the manufacturer’s
protocol.

2.3. Identifying the bioactive compounds of O. stamineus

2.3.1. LG/MS analysis

The analysis method was adapted from an earlier study (Saidan
et al.,, 2015; Sawada and Hirai, 2013). Briefly, a filtered stock solu-
tion (1 mg/mL) of O. stamineus extract was prepared in methanol:
water (1:1). The chromatographic separation was carried out using
a C18 column and high-performance liquid chromatography device
equipped with the Agilent 6500 series Q-TOF LC/MS system
(Sawada and Hirai, 2013). The entire analysis time was 20 min at
a flow rate of 1 mL/min.

2.3.2. Bioactive compounds screening libraries

The bioactive compounds of O. stamineus from different plant
parts were screened using two libraries. The first was the Tradi-
tional Chinese Medicine Integrated Database (TCMID; http://
bidd.group/TCMID/ access date: 30/06/2022), which is a unique
systems pharmacology platform for Chinese herbal medicines that
explores the relationships between drugs, targets, and diseases.
The second was the Bioinformatics Analysis Tool For The Molecular
Mechanism Of Traditional Chinese Medicine (BATMAN-TCM;
http://bionet.ncpsb.org.cn/batman-tcm/) (Liu et al., 2016), which
is the first online bioinformatics tool developed on the Internet,
to study the molecular mechanisms of herbal medicine, and the
search was conducted using the Chinese name of O. stamineus
(Xiong Rui Zhuang Zhi Guan Cao).

2.3.3. Bioactive compounds filtration

The potential bioactive compounds of O. stamineus were filtered
based on oral bioavailability score (OB > 50 %) (Martin, 2005) and
drug-likeness score (DL > 0.18) (Hu et al., 2018). The Drug Likeness
Score was determined using the Molsoft platform (https://mol-
soft.com/), which uses a machine learning model based on 5,000
marketed drugs from the World Drug Index (Positives) and
10,000 carefully selected non-drug compounds (Negatives) (Hu
et al., 2018). SwissADME was used to investigate the physicochem-
ical descriptors and predict pharmacokinetic properties, i.e.,
absorption, distribution, metabolism, and excretion (http://www.
swissadme.ch) (Daina et al., 2017).

2.4. Toxicity
Predicting compound toxicities is an important part of the

drug design development process. Toxic doses are often given
as LD50 values in mg/kg body weight. The LD50 is the median

1574

Saudi Pharmaceutical Journal 30 (2022) 1572-1588

lethal dose, which indicates the dose at which 50 % of test sub-
jects die upon exposure to a compound. Toxicity classes are
defined according to the globally harmonized system of classifi-
cation and labelling of chemicals. In this study, we used ProTox-
II (https://tox-new.charite.de/protox_II/) to estimate the toxicity
of O. stamineus bioactive compounds using molecular similarity,
fragment propensities, most frequent characteristics, and
machine-learning (Banerjee et al., 2018). In addition, a decision
tree approach model was used for the toxicity pathway, depict-
ing the first key events in the adverse pathway. The tested sub-
stances are divided into six main classes, and these classes are
further subdivided into a total of 25 subclasses. This model is
mainly based on toxicity data from various in vivo models, which
can provide a mechanistic understanding of empirical results and
can help to strengthen risk assessment (Bauer et al., 2018). We
used the iSafeRat® tool (https://www.isaferat.kreatis.eu/), which
offers reliable in silico approaches with endpoint values equal
to those obtained from experimental models, with reduced costs
and time.

2.5. NAFLD-related genes

The genes associated with NAFLD were identified using the
human disease database known as MalaCards (https://
www.malacards.org; ID: FTT008 & NNLOO5), which is an integrated
human disease database (Rappaport et al., 2017). In addition, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) disease data-
base (Release 98.0; https://www.genome.jp/kegg/disease/) was
also used to retrieve NAFLD-related genes (ID: H01333). KEGG is
a database resource for understanding high-level functions of bio-
logical systems and the utility of molecular-level information, par-
ticularly large-scale molecular datasets generated by genome
sequencing and other high-throughput experimental technologies
(Kanehisa et al., 2017). Moreover, Online Mendelian Inheritance
in Man (OMIM) database (https://www.omim.org/entry/613282)
was also used to have a comprehensive search of the NAFLD-
related genes.

2.6. Identifying the molecular targets of O. stamineus

Due to the diversity of O. stamineus compounds, the extract
can target multiple proteins, making target identification a cru-
cial step in understanding the molecular mechanism underlying
the beneficial effects of O. stamineus. The 3D structures of the
compounds were obtained from PubChem (https://pubchem.
ncbi.nlm.nih.gov/). Prediction of the targets of the compounds
was performed with BATMAN-TCM (Liu et al., 2016), which uses
a similarity-based method to predict potential targets of bioac-
tive plant compounds (Perlman et al.,, 2011). The score cut-off
was chosen to be 20 and the adjusted P-value < 0.05. Addition-
ally, the Swiss target prediction platform (Daina et al., 2019)
(http://www.swisstargetprediction.ch/) was used to predict the
molecular targets, which uses computational predictions of
bioactive molecular targets based on similarity to known ligands
(Gfeller et al., 2013). The potential targets of the bioactive com-
pounds to treat NAFLD were retrieved by matching the predicted
target of each compound to the NAFLD-related gene list. The offi-
cial symbols of the targets of O. stamineus compounds were
retrieved from NCBI; https://www.ncbi.nlm.nih.gov/gene. In addi-
tion, to get an overview of the interaction between the potential
targets and the bioactive compounds of O. stamineus, an interac-
tion network was constructed with STRING (https://string-db.org/
) (Szklarczyk et al., 2015), mapped with Cytoscape (V. 3.8.2)
(Doncheva et al., 2019) and clustered by Markov clustering algo-
rithm (Brohée and van Helden, 2006).
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2.7. Pathway enrichment analysis Lastly, the Reactome database (https://reactome.org/; release 76)
was used to analyse the general targets of O. stamineus compounds

The associated molecular pathways of potential targets of O. (without matching with NAFLD-related genes). Reactome is an
stamineus were analysed using three bioinformatics databases to open-source, manually curated, and peer-reviewed pathway data-
better understand the biological processes. Firstly, protein analysis base (Jassal et al., 2020). A false discovery rate (FDR) < 0.05 was

through evolutionary relationships (PANTHER) (http://pantherdb. selected, and the species was only limited to “Homo sapiens”.
org/) was used to classify proteins (and their genes), which is typ-

ically used to aid in high-throughput analysis (Mi et al., 2019). Sec-

ondly, KEGG pathway enrichment was performed to study the  2.8. Molecular docking of bioactive compounds

biological effects of the O. stamineus compounds at the pathway

level using DAVID (database for annotation, visualization, and inte- ~ The bioactive compounds of O. stamineus were docked to poten-
grated discovery; https://david.ncifcrf.gov/) (Huang et al., 2009). tial targets to confirm the interaction between the receptor and the
ligand. The candidate compounds and the crystal structure of the
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Fig. 1. Cytotoxicity and intracellular fat content of fatty acid mixture (FA) and O. stamineus extract at three-time points (24 h, 48 h, and 72 h). A: Cytotoxicity of palmitic acid
and oleic acid mixture (1:2) against HepG2 cells expressed as inhibition of viability. B: Cytotoxicity of O. stamineus against HepG2 cells expressed as inhibition of viability.
Concentration scales were logarithmised to obtain the relative response curves. Values were represented as mean + SD, n = 3. C: Intracellular fat accumulation after treatment
of the cells with different FA concentrations compared to the negative control (1 %BSA). The data were presented as mean +* SD, n = 3. ### p < 0.001. D: Intracellular fat
accumulation after treating the cells with different concentrations of O. stamineus extract compared to the negative control (0.5 mM FA). (*) indicates the level of significance
when compared to the negative control at the corresponding time point, and (#) indicates the level of significance when compared to the corresponding groups as indicated.
The total fluorescence intensity of the Nile Red, as an indicator of the intracellular fat content, was normalized to the cell number and then compared to the corresponding
negative control by calculating the log2 (fold change). Data were presented as mean = SD, n = 3. * p < 0.05, *** p < 0.001, ### p < 0.001. E, F, G: Green colour is Nile Red stain
(FITC filter), and blue colour is Hoechst 33,342 (DAPI filter) indicating nuclear counterstain.
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target proteins were downloaded from the PubChem database and
RCSB protein data bank (https://www.rcsb.org/) respectively, and
then prepared with PyMOL (V. 2.4). Docking was done with Auto-
dock Vina (V. 1.1.2) (Sharoen Y. M. Lim et al., 2022; Sharoen Yu
Ming Lim et al., 2022; Trott and Olson, 2010). The water molecules
have been removed, and the hydrogen atoms added. The exhaus-
tiveness was set to 20, the number of modes was 50, and the
energy range was 3.0 kcal/mol. Docking was performed blindly
by adjusting the grid box based on the whole protein. The ligand
bond was kept rotatable except for the double and triple bonds,
and the energy was minimized by 5000 steps. Docking conforma-
tions with the lowest binding energy were selected and visualized
using a Discovery Studio visualizer (V. 21.1).

2.9. Construction of the NAFLD pathway

An integrated “NAFLD pathway” was manually developed based
on protein-protein interaction (PPI) network data to better under-
stand the mechanisms underlying O. stamineus’s beneficial effects
against NAFLD (Cui et al., 2021).

2.10. Statistical analysis

The in vitro data analysis was performed using the two-way
ANOVA followed by Tukey’s multiple comparisons test. GraphPad
Prism version 8.0.2 for Windows (GraphPad Software, USA) was
used to perform statistical analysis. The Homo sapiens was chosen
for all the pathway enrichment analyses, which were performed
using the annotated genes with Benjamini-Hochberg FDR as multi-
ple test correction. P-values < 0.05 were considered statistically
significant.

3. Results
3.1. The in vitro results

3.1.1. Cytotoxicity and intracellular fat accumulation

As shown in Fig. 1A, the fatty acid mixture (FA) was relatively
safe with<6 % inhibition of cells proliferation even after 72 h, while
the ICsq of O. stamineus was 476.2 + 18.4 ng/ml after 24 h of the
treatment (Fig. 1B). After examining cytotoxicity, the intracellular
fat accumulation was assessed over three-time points (24 h,
48 h, and 72 h). Various FA concentrations were used to determine
the best concentration that effectively induces intracellular fat
accumulation. As shown in Fig. 1C, 0.5 mM of FA significantly
revealed a higher intracellular fat accumulation compared to
0.25 mM of FA, and there was no significant difference between
0.5 mM and 1 mM of FA after 24 h of fatty acid exposure
(Fig. 1C). In addition, there was no significant difference between
24 and 48 h of 0.5 mM FA treatment. Hence, this concentration
(0.5 mM) of FA was chosen to induce fat accumulation in HepG2
cells for 24 h, then the cells were treated with non-cytotoxic doses
(35, 75, and 150 pg/ml) of O. stamineus extract (Fig. 1D). The high-
est dose (150 pg/ml) showed a significant reduction in intracellular
fat accumulation at all tested time points when compared to the
negative control (0.5 mM FA) at the same time point (Fig. 1D).
Interestingly, the effect of reducing the intracellular fat accumula-
tion by treating with 150 pg/ml O. stamineus extract for 24 h was
significantly greater than the effect of the other two doses when
compared at the same time point (Fig. 1D).

3.1.2. The antioxidant activities of O. stamineus

As shown in Fig. 2, the O. stamineus showed good antioxidant
activity. Both GPx and SOD enzymes were increased significantly
after treating the cells with medium and high concentrations (75
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Fig. 2. The antioxidant and anti-lipid peroxidation activity of the O. stamineus
extract in fatty acid-induced HepG2 cells. Intracellular fat accumulation was
induced by treating cells with 0.5 mM fatty acid mixture (FA) for 24 h and then
treating with different concentrations of O. stamineus (35, 75, and 150 pg/ml) for an
additional 24 h. Data were presented as mean + SD, n = 3, ** p < 0.01, and ***
p < 0.001 compared to 0.5 mM FA control.

and 150 pg/ml, respectively). In addition, cells induced with
0.5 mM FA showed a significant increase in MDA compared to
the non-induced cells (1 % BSA). Lipid peroxidation was alleviated
by the high dose of O. stamineus (150 pg/ml) as indicated by the
lower MDA levels; however, the difference compared to the
untreated control (0.5 mM FA) was not significant.

3.2. Identification of the bioactive compounds of O. stamineus

A total of 136 O. stamineus compounds were identified using LC/
MS analysis of the ethanolic plant extract, online databases (TCMSP
and BATMAN-TCM) and literature searches. Finally, after filtering
the compounds based on OB > 50 % and DL > 0.18, a total of 27
compounds were found (Table 1) and considered to be bioactive
compounds that are mainly responsible for the beneficial effects
of O. stamineus.

The BOILED-EGG model (Daina and Zoete, 2016) is used to pre-
dict the most active compounds that could be passively absorbed
by the gut. As shown in Fig. 3, about eight compounds can pas-
sively cross through the blood-brain barrier. However, some com-
pounds (e.g., Cirsimaritin, No. 14) have been predicted to be
effluated from the central nervous system through p-
glycoprotein action.

3.3. Target identification and analysis

The human molecular targets for each bioactive compound
were predicted using two different databases (BATMAN-TCM and
Swiss Target Prediction Platform), and the P-value was set to be
<0.05. Consequently, Gene Cards and OMIM databases were used
to search for NAFLD-related genes. A total of 264 genes were
obtained. A total of 50 potential targets of O. stamineus against
NAFLD were identified by overlap, the significantly predicted tar-
gets of the bioactive compounds with the NAFLD-related genes.
The interaction network between the potential targets and the
bioactive compounds of O. stamineus is shown in Fig. 4.

3.4. Pathway analysis of the potential targets

The pathway enrichment analysis was performed using multi-
ple database analyses to deepen molecular processes and the
development of relationships between the potential targets of
0. stamineus bioactive compounds.
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Table 1

The properties of the filtered bioactive compounds of O. stamineus.

No. Compound LC/MS * PubChem DL* OB° Formula iSafeRat © Toxicity class LDsy ®  References
7
RT ! MW % Ion Fragmentation pattern (m/z) 1D
Mode
1 3,7-Dimethyluric acid 3.01 196.06 + 74; 142; 161; 196; 198 91,611 037 55% C7H8N403 2.1 & p6.5 3 800 LC/MS
2 P-Coumaric Acid 422 164.16 - 93; 101; 119; 163 637,542 —-0.81 85% C9H803 3.2 5 2850 (Ashraf et al., 2018)
3 Protocatechuic Acid 5.61 15412 - 108; 110; 123; 153; 154 72 023 56% C7H604 52 4 2000 (Bakr et al., 2016)
4 N-(Hydrocinchonidin-8'- 6.85 59812 + 59; 217; 327, 486; 574, 599 656,579 112 56% C26H27IN6O3 6.6 4 600 LC/MS
yl)-4-azido-2-
hydroxybenzamide
5 Hinokiflavone 712  538.09 + 270; 283; 335; 377; 403; 479; 539 5,281,627 0.66 55% (C30H18010 1.2 5 4000 LC/MS
6 Dipyrocetyl 795 238,05 + 43; 126; 154; 196; 238 68,093 038 56% C11H1006 5.2 5 2021 LC/MS
7 Phylloflavan 9.11 498.15 + 68; 73; 129; 135; 175; 189; 319; 408; 457,885 126 55% (C26H26010 43 & 44 4 1000 LC/MS
497
8 Rosmarinic Acid 9.21 360.08 + 139; 159; 171; 197; 361 5,281,792 037 56% C18H1608 3.2 5 5000 LC/MS, (Akowuah et al.,
2004; Nishizawa et al.,
1990; Sumaryono et al.,
1991)
9 Disopyramide 9.55 33923 + 72; 91; 114; 195; 239; 339 3114 0.72 55% (C21H29N30 1.2&52/ 3 343 LC/MS
an6.2
10  Cryptotanshinone 9.55 296.36 + 51; 77; 105; 210 160,254 -0.16 85% C19H2003 32&44 6 8000 LC/MS, (Liang et al.,
2017)
11  Oxyayanin-B 9.72  360.08 + 121; 139; 233; 361 442,621 034 55% C18H1608 43&44 5 5000 LC/MS
12 Pachypodol 10.26 344.09 - 270; 298; 313; 328; 343 5,281,677 028 55% C18H1607 1.2 & m4.3 5 5000 LC/MS
13 Sinensetin 1226 37237 - 59; 136; 164; 262; 372 145,659 029 55% (C20H2007 1.1. 5 5000 LC/MS, (Akowuah et al.,
2004; Guo et al., 2019;
Malterud et al., 1989)
14  Cirsimaritin 12.79 31429 + 167; 272; 285; 300; 315 188,323 047 55% C17H1406 1.2 & m4.3 5 4000 LC/MS, (Guo et al.,
2019)
15  Hydroxy-Octadecatrienoic 1447 29443 - 177; 193; 203; 221; 236; 257; 275; 5,312,775 -0.51 85% C18H3003 52 6 20,000 LC/MS, (Ji et al., 2017)
Acid 293
16  Propanoylagmatine 15.75 186.15 + 93; 137; 186; 209 (M + Na)+ 439,760 042 55% C8H18N40 2.1 4 700 LC/MS
17  Embelin 1593 294.18 - 137; 150; 179; 294 3218 -0.02 85% C17H2604 32&44 4 2000 LC/MS
18  5,7-Dihydroxyflavone 7- 16.25 358.08 + 135; 147; 153; 187; 211; 277; 258 5,575,368 035 55% (C22H1405 1.2 5 4000 LC/MS
benzoate
19 3’-Hydroxy-5,6,7,4'- 16.3 35834 + 165; 284; 299; 342; 257 7,020,615 044 55% C19H1807 1.2& m4.3 5 4000 (Liu et al., 2017; Yam
Tetramethoxyflavone et al., 2007)
20  7,3',4'-Tri-O-Methylluteolin NA 32832 NA NA 5,272,653 023 55% C18H1606 1.2 5 4000 (Tezuka et al., 2000)
21 Betulinic Acid NA 456.70 NA NA 64,971 0.25 85% (C30H4803 5.2 5 2610 (Ashraf et al., 2018)
22 Danshensu NA 31433 NA NA 11,600,642 0.57 55% C18H1805 3.2 5 4500 (Li et al., 2016; Liang
etal, 2017; Zhou et al.,
2011)
23 Dihydrotanshinone I NA 27830 NA NA 11,425,923 -048 85% C18H1403 32&44 6 8000 (Liang et al., 2017)
24  Eupatorin NA 34432 NA NA 97,214 046 55% C18H1607 1.2 & m4.3 5 4000 BATMAN-TCM, TCMID,
(Akowuah et al., 2004;
Malterud et al., 1989;
Sumaryono et al., 1991;
Zhou et al., 2011)
25 Ladanein NA 572.64 NA NA 3,084,066 041 55% (C31H40010 2.1 5 3700 BATMAN-TCM, TCMID,
(Malterud et al., 1989;
Zhou et al., 2011)
26  Salvigenin NA 32832 NA NA 161,271 045 55% C18H1606 1.2 & m4.3 5 4000 (Tezuka et al., 2000)

(continued on next page)
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3.4.1. KEGG enrichment analysis

The pathways associated with O. stamineus in NAFLD treatment
were elucidated by KEGG enrichment pathway analysis. The signif-
icantly enriched signalling pathways (FDR < 0.001) are shown in
Table 2. These genes directly contributed to the progression of
NAFLD and many related signalling pathways, including inflamma-
tion, insulin resistance, and the PPAR pathways.

(Ji et al., 2017; Xie

References
et al., 2017)

3.4.2. Reactome analysis of potential targets

The potential targets were analysed using the Reactome plat-
form. Multiple signalling pathways have been found to be associ-
ated with NAFLD, including fatty acid metabolism, lipid
metabolism, insulin signalling and inflammation-related signalling
pathways, such as the interleukins IL4 and IL13. Even more impor-
tant is oxidative stress by significantly targeting key proteins such
as cytochrome C (CYCS), glycogen synthase kinase-3 beta (GSK3B),
interleukin 6 (IL6), mitogen-activated protein kinase-8 (MAPK8)/c-
Jun N-terminal kinase (JNK1), mitogen-activated protein kinase-9
(MAPK9)/c-Jun N-terminal kinase (JNK2), mitogen-activated
protein kinase-10 (MAPK10)/c-Jun N-terminal kinase (JNK3),
mammalian target of rapamycin (MTOR), nuclear factor kappa B
subunit 1 (NFKB1), v-rel avian reticuloendotheliosis viral oncogene
homolog A (RELA), and sirtuin 1 (SIRT1). However, compared to the
Reactome analysis of the total predicted targets, this is generally
involved in the apoptosis and cell cycle-related signalling path-
ways. On the other hand, potential target pathways are more likely
to cause metabolic disorders and cancer.

LDsg &
8000

Toxicity class

7
6

iSafeRat ©
32&44

Formula
C19H1804

OB °
85%

DL*
-0.15

3.4.3. PANTHER analysis

The potential targets were also analysed using the PANTHER
(Protein Analysis Through Evolutionary Relationships) database,
which is based on bioinformatic algorithms developed to classify
proteins (and their genes) to facilitate high-throughput analysis
(Mi et al., 2013; Thomas et al., 2003). Fig. 5 shows the connections
between a potential target and known signalling pathways investi-
gated with PANTHER. A variety of signalling pathways related to
NAFLD were significantly associated, including oxidative stress
by affecting the proteins MAPK8 (JNK1), MAPK9 (JNK2), and
MAPK10 (JNK3) and chemokine and cytokine-mediated inflamma-
tion by affecting C—C Motif Chemokine Ligand 2 (CCL2), inhibitor
of kappa light polypeptide gene enhancer in B-cells, kinase beta
(IKBKB), cyclooxygenase-2 (COX2), AKT Serine/Threonine Kinase
2 (AKT2), RELA, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Alpha (PIK3CA), AKT Serine/Threonine Kinase 1
(AKT1), Nuclear Factor Kappa B Subunit 1 (NFKB1), IL6, and
Interleukin-1 beta (IL1B). In addition, we found that angiogenesis,
hypoxia, and insulin signalling pathways are significantly involved.
Surprisingly, multiple pathways related to neurological diseases
such as Parkinson’s, Alzheimer’s, and Huntington’s have been
implicated, possibly related to the agents that can cross the BBB.
For example, dihydrotanshinone I was found to be able to cross
the BBB by BOILED-EGG model and a recent study suggested using
this compound to treat Alzheimer’s disease as it was found to
increase amyloid-B clearance and decrease Tau phosphorylation
via autophagy enhancing involved with AMPK/mTOR pathway
(Bao et al., 2020). Furthermore, dihydrotanshinone I alleviated
the pathological damage caused by spinal cord injury and pro-
moted the neuronal functional recovery (Yu and Qian, 2020). In
addition, recent evidence has identified liver dysfunction as a
new player in Alzheimer’s progression (Estrada et al., 2019). An
interesting point is the positive effect of the bioactive compounds
on both diseases. However, this assumption has to be validated
experimentally.

PubChem

ID
124,268

Fragmentation pattern (m/z)
NA

lon
Mode

310.34 NA

MW 2

LC/MS *
RT !
NA

Tanshinoldehyde

Compound

No.
2
Class (1.1) indicates non-polar narcosis for all species; class (1.2 & 5.2 / an6.2) indicates probable binding to ACh receptors (muscarinic or nicotinic) disrupting the normal nerve signal transmissions for animals & alkalinization of

cells, corrosion if directly applied, for all species; class (1.2 & m4.3) indicates o-demethylation, then RedOx cycle between reduced and oxidized quinone for mammals. Polar narcosis for all species; class (1.2) indicates polar
narcosis for all species; class (2.1 & p6.5) indicates blocking of electron transfer at the photosystem II > inhibits O, production for plants & hydrolytic pro-destabilisation for all species; class (2.1) indicates enzymatic hydrolysis to

acid & alcohol/amine + narcosis of the parent compound, for all species; class (3.2 & 4.4) indicates soft electrophile reactivity and RedOx cycling for all species; class (3.2) indicates Michaél addition with proteins residues,

generating adducts for all species; class (4.3 & 4.4) indicates oxidation by tyrosinase/CYP450 to quinone > protein & DNA adducts & RedOx cycling for all species; class (5.2) indicates release of protons in the cytosol of cells for all
Class (1) indicates fatal if swallowed (LDsy < 5 mg/kg); class (2) indicates fatal if swallowed (5 < LDso < 50 mg/kg); class (3) indicates toxic if swallowed (50 < LDsq < 300 mg/kg); class (4) indicates harmful if swallowed

(300 < LDsg < 2000 mg/kg); class (5) indicates may be harmful if swallowed (2000 < LDsg < 5000 mg/kg); class (6) indicates non-toxic (LDsg > 5000 mg/Kg).

NA: Non-applicable.
5 Oral bioavailability score (only compounds with OB > 50 % were included).

6 jSafeRat mechanism of action class.

3 The MS spectra can be found in the supplementary data (Table S1).
7 Toxicity class.

4 Drug-likeness score (only compounds with DL > 0.18 were included).

species; class (6.6) indicates binding at opioid receptors for animals.

- iSafeRat mechanism of action classes:
- Toxicity classes:

1 Retention Time (min).
2 Molecular Weight (g/mol).
8 Lethal dose (mg/kg).

Table 1 (continued)
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BOILED-EGG Model of the bioactive compounds of O. aristatus
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Fig. 3. The Boiled-Egg construction model. The compounds within the green area are predicted to be passively absorbed from the gastrointestinal tract. Compounds within
the yellow area are predicted to passively cross the blood-brain barrier (e.g. dihydrotanshinone I). The compound number is given in Table 1.
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Table 2
Top significant pathways of KEGG enrichment analysis of the potential targets of O. stamineus.

Term name Term ID Adjusted p-value -LOGo(adjusted p-value) T! Q2 TnQ?3
Non-alcoholic fatty liver disease KEGG:04932 2.026E-38 37.69 150 49 30
Lipid and atherosclerosis KEGG:05417 1.688E—-23 22.77 214 49 24
Alzheimer disease KEGG:05010 5.894E-18 17.23 369 49 24
Chagas disease KEGG:05142 1.412E-17 16.85 101 49 16
Insulin resistance KEGG:04931 3.498E-17 16.46 108 49 16
Apoptosis KEGG:04210 3.976E-17 16.40 136 49 17
TNF signalling pathway KEGG:04668 4.374E-17 16.36 112 49 16
Adipocytokine signalling pathway KEGG:04920 1.988E-15 14.70 69 49 13
Hepatitis B KEGG:05161 1.157E-14 13.94 162 49 16
IL-17 signalling pathway KEGG:04657 6.252E-14 13.20 92 49 13
Pathways in cancer KEGG:05200 6.534E-14 13.18 529 49 23
Hepatitis C KEGG:05160 1.287E-13 12.89 157 49 15
Diabetic cardiomyopathy KEGG:05415 2.841E-13 12.55 203 49 16
Colorectal cancer KEGG:05210 5.861E-13 12.23 86 49 12
Insulin signalling pathway KEGG:04910 1.079E-10 9.97 137 49 12
MAPK signalling pathway KEGG:04010 4.601E-08 7.34 294 49 13
Parkinson disease KEGG:05012 5.983E-07 6.22 249 49 11
cAMP signalling pathway KEGG:04024 1.190E-05 4.92 216 49 9
PPAR signalling pathway KEGG:03320 1.277E-05 4.89 75 49 6
Hepatocellular carcinoma KEGG:05225 1.198E-04 3.92 166 49 7

1: The total pathway protein 2: The quantity of tested proteins 3: the total involved tested proteins in the pathway.

3.4.4. Gene Ontology analysis

Further analysis using the Gene Ontology (GO) database
describes the biological domain in terms of three aspects, namely,
biological process, cellular component, and molecular function.

3.4.4.1. Biological process. The larger biological processes are
accomplished through multiple molecular activities such as signal
transduction or glucose transmembrane transport. Taking that a
biological process is not equivalent to a pathway, as it represents
the dynamics of multiple molecular activities that would describe
a pathway. The potential founded targets involved in biological
processes, such as lipids and fatty acids biosynthesis and home-
ostasis, as well as biological processes related to inflammation
such as Nuclear Factor Kappa B (NF-kB) signalling (Table 3).

3.4.4.2. Cellular component. Unlike the other GO aspects, cellular
component classes do not relate to processes but cellular anatomy.
The major cellular components associated with the potential tar-
gets of O. stamineus are related to the mitochondria, justifying
the involvement of the bioactive compounds in the oxidative stress
and inflammatory pathways, as demonstrated earlier.

3.4.4.3. Molecular function. Molecular function describes activities
at the molecular level, such as “catalysis” or “transport,” while
the GO molecular function term represents activities rather than
the entities (molecules or complexes) that perform the actions
and does not specify where, when, or in what context the action
occurs. These actions are described from two distinct but related
points of view: (1) biochemical activity and (2) a role as a compo-
nent in a larger system/process. The results can be found in the, the
potential targets of O. stamineus mostly function via threonine/ser-
ine kinase activity, which is a family of enzymes that play a role in
the regulation of cell proliferation, programmed cell death (apop-
tosis), cell differentiation and energy homeostasis (Nuflez-Duran
et al.,, 2018).

3.5. Molecular docking

Molecular docking was used to assess and validate the interac-
tions between the O. stamineus’ bioactive compounds and the
potential targets. A total of nine bioactive compounds were
selected based on the degree of interaction, including 3’-hydrox
y-5,6,7,4'-tetramethoxyflavone, 7,3’,4'-tri-o-methylluteolin, betuli-
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nic acid, cirsimaritin, danshensu, eupatorin, rosmarinic acid, salvi-
genin, and sinensetin. Ten potential targets of the selected
bioactive compounds have been implicated in NAFLD, including
glycogen synthase kinase-3 beta (GSK3B), lipoprotein lipase
(LPL), matrix metalloproteinase-9 (MMP9), microsomal triglyc-
eride transfer protein (MTTP), NF-xB1, PIK3, peroxisome
proliferator-activated receptor alpha (PPARA), peroxisome
proliferator- activated receptor gamma (PPARG), retinoid X receptor
alpha (RXRA), and tumor necrosis factor (TNF). The proteins tar-
geted by only one compound were excluded since the anti-
NAFLD activity is thought to result mainly from hitting multiple
targets. The binding affinity of the ligand-protein complex was
evaluated (Table 4). Binding energy less than —6 was recognized
as high affinity.

In addition, the inhibition constant (Ki) was calculated, which
reflects the binding affinity of the inhibitor and provides an indica-
tion for future research on this compound. The smaller the Ki, the
higher the binding affinity (Bachmann and Lewis, 2005). For exam-
ple, all the compounds targeting glycogen synthase kinase-3 beta
(GSK3B) had a good affinity, but cirsimaritin had the lowest Ki val-
ues, outperforming the other compounds. Also, the nuclear factor
kappa B subunit 1 (NF-xB1) ligands have almost the same affinity,
but the Ki constant signifies the good competitor. However, three
of them had almost similar values (~17 pM); in this case, we
believe that the best competitor is the one that has the highest
concentration in the administered O. stamineus extract. The confor-
mations with the highest affinity are shown in Fig. 6.

4. Discussion

Orthosiphon stamineus, commonly known as Java tea, is a popu-
lar herbal plant grown in East Asia. Its extract is traditionally used
to improve several disorders, as it shows anti-inflammatory, anal-
gesic, hypoglycaemic, hypolipidemic, and anti-obesity effects
(Ashraf et al., 2018; Seyedan et al., 2017). Due to the high phenol
content of O. stamineus, including lipophilic flavones (e.g., sinense-
tin, 3’-hydroxy-5,6,7,4'-tetramethoxyflavone, and eupatorin), gly-
cosides (e.g., orthosiphonin), and caffeic acid derivatives (e.g.,
rosmarinic acid), there is a rising interest in studying the benefits
of O. stamineus (Ashraf et al., 2018). Consequently, it is strongly
believed that O. stamineus has pharmacological effects in the treat-
ment of one of the main complications of metabolic syndrome, i.e.,
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Fig. 5. The top 25 pathways of the PANTHER analysis of the potential targets of O. stamineus.

NAFLD. In this study, we used emerging computational systems
pharmacology to predict and explore the effects and molecular
mechanisms of and investigate how the bioactive compounds of
the O. stamineus could improve NAFLD progression, which could
facilitate the development of novel therapies and may improve
responses to currently available therapies.

Computational systems pharmacology is an emerging approach
that is widely used to predict and illustrate the mechanism of
action, pharmacological activity, and protein-protein/RNA interac-
tion network (Gao et al., 2020; Sookoian et al., 2020). Therefore,
this approach provides a novel, time, and cost-saving method. This
study is one of the first to use a systems pharmacology approach to
investigate the beneficial effects and cellular mechanisms of action
of O. stamineus against NAFLD.

1581

The in vitro assays showed a significant reduction in the intra-
cellular fat accumulation after treatment with O. stamineus extract
in HepG2 cells. Although in this study the characterization of the
HepG2 cells was not carried out, previous studies revealed that
the in vitro fatty acid-induced HepG2 mimics steatosis and has a
similar pattern of molecular mechanism as NAFLD (Miiller and
Sturla, 2019). Several studies showed that fatty acid-induced
HepG2 is dose-dependent characterized by increased expression
of sterol regulatory element-binding transcription factor 1, CD36,
diacylglycerol transferase 2, and other genes involved in de novo
lipogenesis. In addition, the intracellular fat accumulation induces
the production of tumour necrosis factor-alpha, and other pro-
inflammatory cytokines (Cui et al., 2010; Miiller and Sturla,
2019; Su et al, 2019). Also, the reduction of intracellular fat by
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Table 3
The top biological processes that related to the potential targets of O. stamineus.
Term name Term ID Adjusted p-value -LOGo(adjusted p-value) T! Q2 TnQ?
Cellular response to chemical stimulus G0:0070887 2.646E-22 21.58 3443 50 44
Response to oxygen-containing compound G0:1901700 2.105E-21 20.68 1748 50 35
Response to chemical G0:0042221 7.474E-21 20.13 4829 50 47
Positive regulation of metabolic process G0:0009893 8.140E-21 20.09 3873 50 44
Cell death G0:0008219 4.464E-19 18.35 2306 50 36
Response to organic substance G0:0010033 5.722E-19 18.24 3457 50 41
Apoptotic process G0:0006915 8.065E—-19 18.09 1998 50 34
Positive regulation of macromolecule metabolic process G0:0010604 1.380E-18 17.86 3568 50 41
Positive regulation of cellular metabolic process G0:0031325 1.784E-18 17.75 3342 50 40
Programmed cell death G0:0012501 6.730E-18 1717 2158 50 34
Cellular response to organonitrogen compound G0:0071417 9.522E-18 17.02 671 50 23
Regulation of cell death G0:0010941 2.795E-17 16.55 1740 50 31
Positive regulation of nitrogen compound metabolic process G0:0051173 3.288E-17 16.48 3143 50 38
Negative regulation of apoptotic process G0:0043066 3.319E-17 16.48 928 50 25
Negative regulation of programmed cell death G0:0043069 5.159E-17 16.29 952 50 25
Regulation of protein metabolic process G0:0051246 4.850E-15 14.31 2759 50 34
Response to hormone G0:0009725 7.989E-15 14.10 958 50 23
Cellular response to chemical stress G0:0062197 3.759E-14 13.42 356 50 16
Cellular response to lipid G0:0071396 9.061E-13 12.04 617 50 18
Lipid localization G0:0010876 2.440E-12 11.61 464 50 16

T The total pathway protein.
2 The quantity of tested proteins.
3 The total involved tested proteins in the pathway.

Table 4
Molecular docking of the selected bioactive compounds of O. stamineus and NAFLD targets.
No. PDB ID Protein Symbol Ligand Affinity (kcal/mol) Ki (uM) Number of H-Bonds
1. 5HLN GSK3B Eupatorin -8.34 0.86 3
3’-Hydroxy-5,6,7,4’-Tetramethoxyflavone -7.52 345 4
7,3',4'-Tri-O-Methylluteolin -8.31 0.80 2
Cirsimaritin -8.81 0.33 4
Sinensetin -7.29 4.49 2
Salvigenin -8.04 1.27 3
2. 6WN4 LPL Danshensu -6.51 16.73 2
Rosmarinic Acid -7.57 2.78 9
3. 1GKC MMP9 Eupatorin -8.48 0.59 6
Danshensu -7.57 2.79 5
Rosmarinic Acid -9.41 0.12 6
3’-Hydroxy-5,6,7,4’-Tetramethoxyflavone -8.11 1.14 7
4. 617S MTTP Eupatorin 7.81 1.89 9
Rosmarinic Acid -8.30 0.82 7
3’-Hydroxy-5,6,7,4’-Tetramethoxyflavone -7.70 2.23 7
7,3',4'-Tri-O-Methylluteolin -7.57 2.81 7
Cirsimaritin —-8.06 1.22 6
Sinensetin —7.42 3.60 6
Salvigenin -7.71 2.19 6
5. Isvc NF-xB1 Eupatorin —6.48 17.72 4
3’-Hydroxy-5,6,7,4’-Tetramethoxyflavone -6.29 24.14 3
7,3",4'-Tri-O-Methylluteolin -6.39 20.67 4
Cirsimaritin —6.48 17.72 4
Sinensetin -5.82 53.53 5
Salvigenin -6.51 17.07 5
6. 4AWWP PIK3 Danshensu —6.81 10.28 5
3’-Hydroxy-5,6,7,4'-Tetramethoxyflavone —7.601 2.68 8
7,3',4'-Tri-O-Methylluteolin -8.27 0.85 6
Cirsimaritin -8.01 1.35 4
Sinensetin -7.61 2.62 8
7. 2REW PPARA Danshensu —6.58 14.81 2
Rosmarinic Acid -8.88 0.30 4
8. 3ADS PPARG Danshensu -6.24 26.39 3
Rosmarinic Acid -7.73 2.13 6
9. 2ZY0 RXRA Eupatorin -7.35 4.038 2
3’-Hydroxy-5,6,7,4'-Tetramethoxyflavone 7.04 6.83 2
7,3',4'-Tri-O-Methylluteolin —7.46 3.36 1
Cirsimaritin -7.82 1.83 1
Salvigenin -7.12 6.01 1
10. ATWT TNF Eupatorin —7.43 3.57 4
Danshensu -6.21 28.27 4
Rosmarinic Acid —6.66 13.11 3
3’-Hydroxy-5,6,7,4'-Tetramethoxyflavone -7.13 5.92 6
7,3',4'-Tri-O-Methylluteolin —6.54 15.96 2
Cirsimaritin —6.51 16.64 4
Sinensetin —6.32 23.18 2
Salvigenin -6.45 18.52 0

PDB ID: Protein Data Bank ID (https://www.rcsb.org/); Ki: inhibitor constant.
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Fig. 6. Top three ligand-targets confirmation that had the highest affinity.

0. stamineus is aligned with antioxidant activity, specifically, the

GPx and SOD enzymes activity.
As liver damage is associated with an increase in tissue lipid
peroxidation as MDA and a decrease in tissue glutathione levels
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that are caused by oxidative stress (Ali et al., 2018), the antioxidant
properties of O. stamineus have been proposed as a mechanism of
the hepatoprotective properties of O. stamineus (Alshawsh et al.,
2011). Furthermore, the reduction in the intracellular fat
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accumulation by O. stamineus can be contributed to affecting fatty
acid biosynthesis drives lipogenesis associated phenotypes such as
increased lipid droplets accumulation and hepatocyte hypertrophy
(Smith et al., 2020). Essentially, the final step in fatty acid biosyn-
thesis is regulated by fatty acid synthase (FASN) catalysts and is
believed to be a major determinant of hepatic fatty acids produc-
tion by de novo lipogenesis (Dorn et al., 2010). Furthermore, cluster
1 of the targeted protein (Fig. 4) revealed that FASN and the other
co-expressed proteins regulate lipid hemostasis, and this cluster is
targeted by 19 bioactive compounds, suggesting an important role
of 0. stamineus in the regulation of lipid hemostasis. Based on pre-
vious studies, fatty acid-induced steatosis in cells was associated
with fat accumulation and hypertrophy (Cetrullo et al., 2020).
Since the results of our in vitro study showed that O. stamineus
inhibits intracellular fat accumulation in HepG2 cells, this would
be reflected in a reduction in hepatocyte hypertrophy.

The composition of O. stamineus was identified using LC/MS
analysis combined with various databases, as well as assessed of
its pharmacokinetic properties (e.g., absorption, lipophilicity,
bioavailability, and toxicity). About two-thirds (n = 96) of the com-
pounds were predicted to be absorbed from the gastrointestinal
tract, and seven of them had a highly oral bioavailability rate
(85 %). The molecular descriptors of the identified compounds
were done according to different theoretical rules of medicinal
chemistry (Lipinski, Ghose, Veber, Egan and Muegge). We have
found that 18 compounds did not violate any of the DL rules, indi-
cating a high ability to be biologically active.

The majority of the compounds were relatively safe, having a
toxicity class of 5, indicating a low probability of being harmful if
swallowed (Banerjee et al., 2018). The biochemical properties of
bioactive compounds predict promised pharmacological effects in
the human body, and are considered lead substances for the devel-
opment and design of new drugs. The targets of the bioactive com-
pounds and the NAFLD-related genes were identified through a
combination of bioinformatics-based platforms. Potential targets
were mainly involved in inflammatory and oxidative phosphoryla-
tion pathways and functions, mainly in the mitochondria. Based on
these data, we propose that anti-NAFLD activity might be mediated
through antioxidant and anti-inflammatory activities.

A total of 136 compounds of O. stamineus were identified in the
present study. 27 bioactive compounds were filtered out, with 50
predicted potential targets related to NAFLD (Fig. 4). The regulation
of these proteins is mainly responsible for the beneficial anti-
NAFLD effects of O. stamineus, which rely on a multi-targeting
effect. As shown in Fig. 4, multiple bioactive compounds were
found to target the same protein, and the size of the illustrated tar-
gets (node) is correlated with the number of targeted bioactive
compounds. For example, the microsomal triglyceride transfer pro-
tein (MTTP) is targeted by seven compounds, 18 compounds target
glycogen synthase kinase-3 beta (GSK3B), and 6 compounds target
peroxisome proliferator-activated receptor alpha (PPARA). Also,
compounds like p-coumaric acid can target 18 proteins, and 12
proteins are hit by rosmarinic acid. These valuable data indicate
that the bioactive compounds of O. stamineus could synergistically
affect multiple proteins, besides justifying the traditional use of the
plant to treat multiple diseases.

The network interactions revealed that acetyl-co A carboxylase
alpha (ACACA) is targeted by 14-deoxo-14-o-acetylorthosiphol Y,
and orthosiphol Y. ACACA is a cytosolic enzyme that catalyses
the carboxylation of acetyl-CoA to malonyl-CoA, the first and
rate-limiting step of de novo fatty acid biosynthesis (Colbert
et al,, 2010). ACACA has been identified as a key hub node with
the highest connecting degree in NAFLD development (Liu et al.,
2020).

Interestingly, network interactions revealed that PPARG and
TNF are regulated by eight and nine bioactive compounds, respec-
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tively. It was reposted that PPARG and TNF as being associated
with NAFLD development (Alshawsh et al, 2022; Alshehade
et al.,, 2022). When the nuclear receptor, PPAR, is activated, it mod-
ulates the transcription of its target genes, such as acyl-CoA oxi-
dase, alleviating hepatic steatosis by increasing fatty acid B-
oxidation (Ables, 2012). In addition, activation of pro-
inflammatory cytokines such as TNF, in adipose and liver tissues
is implicated in playing an important role in NAFLD pathogenesis.
Also, higher TNF serum levels were correlated with insulin resis-
tance in NASH patients compared to patients with simple steatosis
(Abiru et al., 2006).

NF-xB is a transcription factor that is the endpoint of a series of
signal transduction events initiated by several biological processes,
including inflammation, immunity, cell growth, and apoptosis (Beg
and Baldwin, 1994). NF-xB is a homo- or heterodimeric complex
formed by the rel-like domain-containing proteins, including RELA
and NF-kB1, which are shown to be regulated by p-coumaric acid
and seven compounds, respectively. NF-kB is controlled by various
mechanisms of post-translational modification and subcellular
compartmentalization as well as by interactions with other cofac-
tors or corepressors. NF-kB complexes are held in the cytoplasm in
an inactive state complexed with the NF-xB inhibitor, including
IKBKB (inhibitor of nuclear factor-kappa B kinase subunit beta),
which is hit by six compounds.

In a conventional activation pathway, I-kappa-B is phosphory-
lated by I-kappa-B kinases (IKKs) in response to different activators
and subsequently degraded, thus liberating the active NF-kB com-
plex translocation to the nucleus (Luedde and Schwabe, 2011). It
was found that inhibiting the nuclear transcriptional activity of
NF-xB will suppress inflammatory responses and prevent NAFLD’s
development and progression into NASH (Sun et al., 2021). NF-xB1
has important regulatory functions in inflammatory responses by
acting as transcriptional activators promoting memory T-cell acti-
vation and regulating pro-inflammatory genes (e.g., TNF, and CCL2)
expression in activated hepatic stellate cells (Locatelli et al., 2013).
In relation, we have found that CCL2 is targeted by dihydrotanshi-
none I and tanshinoldehyde, indicating that the beneficial effects of
0. stamineus result from targeting many targets in the inflamma-
tion pathways.

A previous experimental study confirmed the anti-
inflammatory effects of eupatorin and sinensetin present in O. sta-
mineus by suppressing the expression of the inflammatory genes,
including iNOS, COX2 and TNF, and the production of inflammatory
mediators such as nitric oxide (NO) (Laavola et al., 2012). Further-
more, the molecular docking analysis confirmed the good affinity
of the bioactive compounds, which validated the target prediction
method and confirmed the effectiveness of targeting NAFLD-
related proteins.

To understand the cellular pathways involved in the pharmaco-
logical anti-NAFLD effects of O. stamineus, we used several well-
known platforms to perform pathway enrichment analysis. Based
on KEGG enrichment analysis, the top signalling pathways mainly
focused on different kinase activities (mitogen-activated protein
kinase (MAPK), PI3K-AKkt, insulin, and AMP-activated protein kinase
(AMPK) signalling pathways). Protein kinases (PKs), one of the lar-
gest protein families, play a crucial role in the pathophysiology of
metabolic disorders, including NAFLD (Alshehade et al., 2022). PKs
activate various intracellular signals by covalently binding phos-
phate to the side chains of serine, threonine, or tyrosine of the sub-
strate proteins and can induce gluco- lipo-neogenesis,
inflammation, cell differentiation, and apoptosis (Alshehade et al.,
2022; Jiménez-Castro et al,, 2019). In addition, KEGG analysis
revealed the involvement of insulin-related signalling pathways (in-
sulin resistance, type I, and type Il diabetes mellitus). Inflammation-
related pathways were also one of the dominant ones, i.e. NF-kB,
mTOR, Toll-like receptors and TNF signalling pathways.
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In addition, the Panther pathway analysis provides additional
information over KEGG, such as involving the oxidative stress sig-
nalling pathway and apoptosis signalling pathways, which are both
important in the progression of NAFLD. NAFLD is believed to be
developed by the multiple-hit theory, assuming that liver damage
is triggered by multiple factors, including oxidative stress-induced
mitochondrial dysfunction, endoplasmic reticulum stress,
endotoxin-induced, and inflammatory cytokines, among many
others (Alshehade et al., 2022; Buzzetti et al., 2016). In addition,
the Panther analysis showed that 11 genes are associated with
angiogenesis, in which the formation of new blood vessels from
pre-existing ones is an important pathophysiological mechanism
contributing to the progression of NAFLD. Many factors that trigger
NAFLD include tissue hypoxia (Lefere et al., 2020), which is also
regulated by O. stamineus by targeting the HIF activation pathway.
Therefore, it is not surprising that O. stamineus can exert anti-
NAFLD effects through multiple signalling pathways. Further anal-
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ysis using the GO database was also performed, the biological pro-
cess analysis showed trends consistent with KEGG and Panther
analysis. The disruption of lipid metabolic balance in the liver is
not only directly related to lipid metabolism, lipopolysaccharide-
mediated signalling pathway and lipid biosynthesis process, but
also with inflammation, and oxidative stress (Pei et al., 2020).

Previous studies showed a reduction in the serum levels of
triglyceride, total cholesterol, and low-density lipoprotein in mice
fed a high-fat diet and orally administered with O. stamineus
extract and rosmarinic acid (Sahib et al., 2009). Furthermore, the
main cellular components targeted by O. stamineus are the mito-
chondria, which support anti-oxidant and anti-inflammatory activ-
ities as the main pharmacological activities.

Furthermore, the general mechanistic mind map (Fig. 7)
revealed the multifactorial contribution of O. stamineus bioactive
compounds against NAFDL progression through regulation of
many signalling pathways. In particular, the improvement in
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Fig. 7. Mind map of the molecular mechanism of action of O. stamineus in improving NAFLD.
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hepatic insulin resistance in adipose tissue and liver through the
regulation of AKT and GSK3 nodes was supported by a previous
study showing that O. stamineus possessed significant antidiabetic
activity by attenuating glucose-6-phosphate dehydrogenase,
glycogen storage, and glucose-6-phosphatase activity (Koteswara
Rao et al., 2014). In addition, the regulation of many signalling
pathways, including oxidative stress, and inflammation, has been
widely implicated in ameliorating NAFLD and preventing its pro-
gression to the advanced stage, i.e., NASH. TNFa is regulated at
both the upstream and downstream levels, as well as NF-kB, toll-
like receptor 4 (TLR4), and Caspase-3,-7,-8, which is supported by
a recent study published in Neoplasia that found rosmarinic acid,
the main compound of O. stamineus, attenuates the expression of
anti-apoptotic factors, by modulating TLR4, NF-xB and STAT3 acti-
vation (Jin et al., 2021). Furthermore, enhancing NAFLD contributes
to the regulation of PPAR, AMPK, ACACA and FASN.

This study is limited by the nature of the in silico molecular
docking, as it predicts the bioactive compounds that exert their
effects by binding to specific targets and provides evidence of bind-
ing conformation, pattern, and affinity, but the directions of inter-
action (inhibition/stimulation) need to be confirmed using an
appropriate animal or cell line models, particularly, as there are
many factors influencing the final beneficial/adverse effects. For
example, the variation of the concentrations of the compounds in
the extract, the possibility of competitive binding interaction,
antagonistic/additive/synergistic effects between the compounds
and negative regulatory pathways. However, a well-designed study
is needed to examine the mechanism of the compounds alone and
in combination.

5. Conclusions

The systems pharmacology approach was used in this study to
identify the bioactive compounds of O. stamineus (n = 27) and to
predict their potential targets (n = 50) involved in the progression
of NAFLD. O. stamineus’ compounds were relatively safe. Network
analysis indicated that the O. stamineus might exert anti-NAFLD
effects by regulating key proteins, such as JNK, AKT1, FASN,
IKBKB, IL1A, MTOR, NF-xB1, PPARA, PPARG, PRKAA1, TLR4 and
TNF. The analysis of the enrichment pathways of the potential tar-
gets using several databases (i.e., KEGG, Reactome, Panther, Go)
revealed that the O. stamineus pharmacological activity derives
from the regulation of various cellular pathways, including oxida-
tive stress (JNK and NF-xB1), protein kinase activity (e.g., PI3K-
AKT and AMPK), insulin signalling, PPAR signalling, fatty acid
metabolism, and inflammation-related signalling pathways, such
as interleukin signalling. Overall, this study provides a successful
and novel approach to systematically predict the beneficial effects
and the molecular mechanism of action of O. stamineus against
NAFLD. In addition, the in vitro assay demonstrated a reduction
in the intracellular fat accumulation after treatment with O. sta-
mineus extract in HepG2 cells. From these results, it is concluded
that O. stamineus offers good beneficial effects to improve NAFLD
by containing multi-target compounds with antioxidant and anti-
inflammatory activities. This research is the first step towards a
more profound understanding of the molecular mechanism of
action of this medicinal plant. Despite the success demonstrated,
the main limitation relates to the computational nature of this
study; therefore, follow-up mechanistic experimental investiga-
tions are necessary.
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