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Anti‑obesity effects of olivetol 
in adult zebrafish model induced 
by short‑term high‑fat diet
Andukuri Reshma 1, T. Tamilanban 1*, V. Chitra 1, Vetriselvan Subramaniyan 2,3*, 
Gaurav Gupta 4,5, Neeraj Kumar Fuloria 6, Mahendran Sekar 7, Shivkanya Fuloria 6, 
Rakesh Sahu 8, J. Narayanan 1, Srikumar Chakravarthy 9 & Siddharthan Selvaraj 10

Obesity is a complex disease caused by various factors, and synthetic drugs used to treat it can 
have side effects. Natural compounds, such as olivetol, could be a promising alternative. Olivetol is 
a substance found in certain lichen species and has anti-inflammatory and anti-cancer properties. 
In this study, researchers conducted in-silico molecular docking studies and found that olivetol had 
significant binding affinity with receptors involved in obesity. They also investigated the effects 
of olivetol on a diet-induced obese zebrafish model and found that high doses of olivetol reduced 
excessive fat accumulation and triglyceride and lipid accumulation. The low dose of olivetol showed 
a significant reduction in liver enzymes’ levels. However, the high dose of olivetol resulted in a 
significant increase in HMG-CoA levels. These results suggest that olivetol may be a promising anti-
obesity agent for the treatment of hyperlipidemia-related disorders, but further research is necessary 
to understand its full effects on the body.
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PDB	� Protein Data Bank
TC	� Total cholesterol
TG	� Triglyceride
T2D	� Type 2 diabetes

Obesity is becoming more common due to global pollution as the number of chemical compounds in the envi-
ronment continues to increase1. The interplay of genetic, metabolic, social, behavioral, and cultural factors leads 
to the development of obesity, which is a complex, multifactorial disease2. The most common cause of obesity 
is an imbalance between energy intake (dietary intake) and energy expenditure (energy loss via metabolic and 
physical activity). The etiology of obesity is extremely complex and includes genetic, physiological, environmen-
tal, psychological, social, economic, and even political factors that interact to varying degrees to promote its 
development3. It is widely recognized that obesity presents a serious threat to public health, as it increases the 
risks of a variety of diseases such as type II diabetes, cardiovascular disease, hyperlipidemia, hypertension, stroke, 
colon cancer, and degenerative arthritis4,5. Treatment regimens for obesity include exercise, dietary changes, and 
anti-obesity medications. Decreased HDL-c, increased LDL-c, and triglyceride levels are thought to be indicators 
of obesity (Fig. 1). In most instances, there is no relationship between having high cholesterol levels and being 
obese. Pregnancy, hypothyroidism, polycystic ovarian syndrome, and certain medications raise LDL cholesterol 
levels but lower HDL cholesterol is among the conditions that cause elevated cholesterol levels6.

Obesity has a complicated etiology that involves complex interactions among genetics, hormones, and the 
environment7. The pathophysiology of obesity has been linked to numerous candidate genes; however, the results 
are inconsistent. These genes include the beta-3-adrenergic receptor gene, peroxisome-proliferator-activated 
receptor gamma 2 gene, chromosome 10p, melanocortin-4 receptor gene, and other genetic polymorphisms8. 
The most efficient treatment for obesity is hydroxy-methyl glutaryl co-enzyme reductase (HMG CoA) inhibitors, 
which have been found to reduce both body and liver fat that obese rats have accumulated (Fig. 2). HMG CoA 
reductase inhibitors are commonly used in the treatment plans for obesity and have been shown to be effective9.

In-depth studies have investigated the roles of genes associated with obesity and the responses of rodents 
to high-calorie and high-fat diets. These studies have typically shown that food regimens, genetic makeup, 
and knockout gene functioning can all influence the obesity phenotype. This suggests that developing and 

Figure 1.   Obesity is linked to several diseases including cardiovascular disease, type 2 diabetes, and non-
alcoholic fatty liver disease. High levels of LDLc, or "bad" cholesterol, and increased FFA flux are two 
mechanisms linking obesity to these diseases. LDLc can contribute to the formation of plaque in blood vessels, 
while excess FFA can lead to insulin resistance and inflammation. Lifestyle changes such as diet and exercise can 
help manage obesity and reduce the risk of associated diseases.
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investigating models of obesity that are influenced by genetics and nutrition is essential10. It is clear from this 
that models for diet- and genetics-induced obesity are crucial to design and evaluate. Rodent model trials are 
generally labor-intensive, require infrastructure support, and are very expensive, although they have significantly 
contributed to our understanding of human obesity11.

There has been significant research attention focused on exploring the therapeutic potential of cannabi-
noids, specifically in relation to pain management, Anti-inflammatory action, and the maintenance of metabolic 
Haemostasis12. Olivetol, classified as a resorcinolic phenol, acts as a foundational compound for the synthesis 
of cannabinoids. Commonly identified as 5-pentylresorcinol, it is naturally present in lichen species. Within 
the extensive array of natural plant compounds, polyphenols and phenols assume a prominent role due to their 
significant contributions as agents with anti-carcinogenic, anti-inflammatory, antioxidant, and antiviral proper-
ties. Reactive oxygen species (ROS) and the maintenance of metabolic balance are contributing factors to the 
dysfunction of adipose tissue13.

Herbal compounds are considered a crucial focus for drug development due to the diverse range of phyto-
constituents they contain, along with their limited adverse effects14. Medicinal Plants are the sources of many 
bioactive compounds which shows results in managing obesity. Within the secondary metabolites of plants, 
particularly polyphenols and terpenoids, there is notable evidence of their efficacy in promoting effective weight 
management15–17. Certain alkaloids exhibit promising potential for treating obesity; however, the consider-
able toxicity associated with the majority of these compounds limits their applicability. Phytoconstituents exert 
diverse anti-obesity effects, functioning through various mechanisms. These include the inhibition of enzymes 
responsible for metabolizing lipids and carbohydrates, the suppression of appetite and adipogenesis, hindrance of 
lipid absorption, and augmentation of energy metabolism18. The involvement of oxidative stress in the develop-
ment of obesity and its related risk factors were reported in many in-vivo, epidemiological and clinical studies19.

Oxidative stress has the potential to initiate obesity by promoting the accumulation of white adipose tissue 
(WAT) and influencing food consumption19. This stressor can prompt heightened proliferation of preadipocytes, 
facilitate adipocyte differentiation, and contribute to the enlargement of mature adipocyte20–23. Reactive oxygen 
species (ROS) have been identified as contributors to the regulation of body weight through their distinct impacts 
on hypothalamic neurons responsible for governing sensations of satiety and hunger behaviours24. Obesity itself 
can initiate widespread oxidative stress within the body through a variety of biochemical mechanisms. These 
mechanisms include the generation of superoxide from NADPH oxidases (NOX), oxidative phosphorylation, 
auto-oxidation of glyceraldehyde, activation of protein kinase C (PKC), and engagement of the polyol and 

Figure 2.   Alterations in metabolism associated with obesity are linked to increased activity of the HMG-CoA 
enzyme and oxidative stress. HMG-CoA is a key enzyme involved in cholesterol synthesis, and its increased 
activity in obesity can lead to elevated levels of LDLc.
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hexosamine pathways25. Additional factors that contribute to oxidative stress in the context of obesity encompass 
hyperleptinemia, impaired tissue function, diminished antioxidant defences, persistent inflammation, and the 
generation of reactive oxygen species (ROS) following meals26,27.

In the pursuit of developing novel pharmaceuticals for combating obesity, the endogenous cannabinoid system 
(ECS) continues to be a prominent area of interest. The endogenous cannabinoid system (ECS) is extensively 
present in both the central nervous system and peripheral tissues. Its involvement in physiological processes 
related to food consumption and energy balance primarily occurs through the cannabinoid type 1 receptor (CB1). 
Inhibition of the CB1 receptor leads to weight reduction, enhances cardio metabolic risk factors and insulin 
sensitivity, and produces positive metabolic outcomes. This increases the possibility of utilizing CB1 receptor 
blockade as a therapeutic approach for addressing obesity.

Olivetol, functioning as a natural phytomolecule, exhibits antioxidant attributes that can effectively diminish 
reactive oxygen species (ROS)28. Furthermore, olivetol acts as a competitive inhibitor of cannabinoid receptors 
CB1 and CB2. Hence, the primary focus of this research is to assess the anti-obesity effects of olivetol, examining 
its capability to inhibit cannabinoid receptors while concurrently exploring its potential to diminish reactive 
oxygen species (ROS).

To complement the current rodent models, it has been proposed to create simple and economical animal mod-
els of obesity. Recent studies on worms, flies, and zebrafish energy homeostasis have revealed that these less com-
plex creatures can be used to explore the metabolic pathways underlying obesity29,30. Zebrafish are vertebrates, 
and unlike worms and flies, they share several anatomical characteristics with humans. For instance, the skeletal 
muscle, adipose tissue, and digestive organs of zebrafish are physically comparable to those of humans30–33. A 
zebrafish model for diet-induced obesity was developed by Takehiko Okada et al., and the model was validated 
using a variety of techniques, including diet therapies, histological, and biochemical examinations. This research 
showed common pathophysiological pathways between diet-induced obesity in zebrafish and obese mammals, 
indicating that zebrafish may be a more useful model for diet-induced obesity than previously thought10. In 
particular lichen species, Olivetol is a naturally occurring organic compound that can easily be extracted.

To better understand human obesity and disorders associated with it such as type 2 diabetes, visceral adiposity, 
and atherosclerosis, zebrafish (Danio rerio) are being employed as models. Oka et al. established the DIO model 
in zebrafish in 2010. To induce obesity in adult Zebrafish, 60 mg of Artemia/brine shrimp (150 cal) were fed to 
each fish daily, and for non-induced fish, 20 cal of the same feed in 5 mg form were used. In comparison with 
zebrafish that were fed normally, the overfed fish had higher BMIs, hypertriglyceridemia, and hepatic steatosis. 
This model had been validated by several biochemical and histological techniques, which also showed that obese 
mammals and DIO zebrafish share most of the physiological mechanisms associated with obesity. In addition 
to overfeeding shrimp, various methods have been employed to make Zebrafish obese. Meguro et al. developed 
20% corn oil or lard-based high-fat Zebrafish diets in 2015. They demonstrated that these high-fat diets cause 
obesity in zebrafish34.

According to research, obesity brought on by the consumption of a high-fat diet differs significantly from that 
caused by consuming an excessive amount of a normal-fat diet. A 2017 study by Landgraf et al. compared the 
metabolic profile of zebrafish overfed with a high-fat diet (HFD; 59% fat) and zebrafish overfed with a normal 
fat diet (NFD; shrimp, 22% fat) to generate obese zebrafish. Although both diets led to adiposity, fish overfed 
with NFD were metabolically healthier than fish overfed with HFD, which were shown to have obesity-related 
indicators such as elevated glucose intolerance, fatty liver, and a preferential increase in visceral fat35.

BMI, triglyceride, cholesterol, and HMG-CoA reductase levels are common measurements used to confirm 
obesity10. Using oil red O staining, lipid and triglyceride accumulations were observed across the entire body 
of zebrafish36–38. The DIO model has been previously used to investigate the anti-obesity effects of natural sub-
stances. In a 2015 study by Meguro et al., green tea extract was given to DIO zebrafish. The extract was revealed 
to have an anti-obesity effect, and this research also showed that a fat-rich diet with low amounts of protein 
and carbohydrates induced excessive body fat accumulation in zebrafish in ways that were similar to those that 
occur in mammals39. Using DIO zebrafish and mouse models, different research on the anti-obesity properties 
of Palmariamollis (PM) revealed that it could drastically lower visceral adiposity and hepatic steatosis10. Thus, it 
has been proven that the DIO model of zebrafish is suitable for studying the impacts of several supplements on 
the accumulation of body fat40. Adult zebrafish were provided with a diet high in fat and calories to induce the 
DIO model for this investigation. Using the well-known DIO model, Olivetol’s anti-obesity properties were evalu-
ated, and the outcomes were compared with those of a conventional statin medicine. The current study would 
be a starting point for further investigation to find a potential phytochemical that may be used to treat obesity.

The objective of the current research was to investigate the hypothesis that obesity increases hepatic cho-
lesterol production. The activity of the rate-limiting enzymatic step in cholesterol biosynthesis, 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase, was assayed in liver microsomes from morbidly obese 
zebrafish and normal weight controls41.

The prevailing strategy for the management of hypercholesterolemia is the use of HMG-CoA reductase inhibi-
tors which work by inhibiting cholesterol synthesis by HMG-CoA reductase in the liver and removal of excess 
cholesterol level in peripheral circulation by several mechanisms of reverse cholesterol transport41.

CCK or Cholecystokinin plays a role in the acute regulation of appetite and energy intake and abnormali-
ties in CCK, or its actions, on gastrointestinal function and appetite, may contribute to the development and 
maintenance of obesity42.

GLP-1, a 30- or 31-amino-acid-long peptide hormone, is a gastrointestinal peptide secreted by the intestinal 
tract that potentiates insulin release and reduces glucagon’s concentration in physiological conditions. GLP-1 is 
necessary for standard glucose tolerance and functions through specific GLP-1Rs, which belong to the G-protein-
coupled glucagon receptor family, expressed in islet β-cells and stomach, small intestine, mucosa, heart, and 
other cell types43,44.
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Myeloperoxidase (MPO) is abundantly expressed in neutrophils and has been implicated in the initiation of 
the inflammatory response in adipose tissue. Therefore the following four receptors were selected for the study 
which includes HMG Co-A, CCK, GLP-1, and MPO.

Materials and methods
The test compound evaluated was Olivetol. Molecular docking scores were compared for receptors such as HMG 
Co-A, CCK, GLP-1, and MPO. The docking scores were used to determine the compound’s ADMET properties 
and evaluated using the in-vivo zebrafish model23.

In‑silico screening
Docking
The target protein selected for analysis was downloaded in ".pdb" format from the RCSB PDB (Protein Data 
Bank). The ligand structure was designed using the ChemSketch molecular modeling program. The interaction 
between proteins such as CCK, HMG-CoA, GLP, and MPO with the PDB ID: 1D6G, 1HW9, 5VAI, and 5FIW 
was examined. The ligand was screened and saved in "mol" format. To run the AutoDock 1.5.7 software, pdbqt 
files of the ligand and protein were required24. The results were then analyzed, and the interactions were observed 
using the Molegro molecular viewer45.

Preparation of protein
The Protein Data Bank (PDB) was used to search and download the 2D structure of the protein in pdb format. 
The file was imported, and all residues were removed using the hierarchy option. Polar hydrogens were added, 
and the file was saved in .pdb format. The optimized target was then opened in the PyRx tool and converted to 
“.pdbqt” format46.

Preparation of ligand
The PubChem ligand database was used to search for ligands and identify their 2D structure. The file was saved 
in mol format. Next, the saved file was imported into Molegro molecular viewer and the molecule was exported 
in .pdb format47.

Virtual screening of docking analysis
The selected ligand with optimized structures was analyzed and screened by running Autodock software on 
the target proteins (PDB ID: 1HW9, 1D6G, 5VAI, and 5FIW). After docking, the binding affinity results were 
obtained. The target protein was retrieved from RCSB PDB (Protein Data Bank) in .pdb format48.

Pharmacokinetic analysis
Calculation of molecular properties and bioactivity scores
Molinspiration Cheminformatics was used to manipulate and process the ligand molecule, including converting 
SMILES, normalizing molecules, and calculating various molecular properties. The canonical SMILES of the 
ligand were entered to calculate the molecular properties and bioactivity score using Molinspiration chemin-
formatics software49.

Swiss ADME
The assessment of ADME was generated using the SWISS ADME web tool. The one-panel-per-molecule is headed 
by the name of the molecule and divided into different sections. The chemical structure of Olivetol is initially 
described, followed by its canonical SMILES and bioavailability. The boiled-egg representation is an intuitive 
method to simultaneously predict two key parameters, namely, passive gastrointestinal absorption (HIA) and 
brain access (BBB). The egg-shaped classification plot includes the yolk, describing the physiochemical space for 
highly probable BBB permeation, and the white portion describes the physicochemical space for highly probable 
human gastrointestinal absorption (HIA)50.

In‑vivo study
The test drug Olivetol was purchased from SISCO, South India Surgical Co. Ltd. The medication was dissolved 
in water and given at appropriate doses. Zebrafish were chosen as the animal model to investigate Olivetol’s anti-
obesity effects since it is a suitable alternative animal model for such research. The zebrafish were procured from 
Local supplier. The corn oil was obtained from Sigma Aldrich, India. The feeding and artemia for the fishes were 
standard diet feed obtained from the supplier. 

Ethics statement
All procedures complied with the regulations covering animal experimentation within SRM Institute of Science 
and Technology (SRMIST) Institutional Animal Ethics Committee (IAEC), India. The reference number for 
this compliance is IAEC/302/2022. The authors have confirmed that this study was reported in accordance with 
ARRIVE guidelines.

Establishment of adult zebrafish model of diet‑induced obesity
Method: Ninety fish were fed brine shrimp for seventy days, along with a regular diet and 20% corn oil feed, 
providing 450 cal per fish per day. It was calculated that 1 mg of shrimp is equal to 5 cal (450 cal equal 90 mg of 
shrimp). The standard meal was delivered twice daily, and in addition to 20% corn oil at the end of the day, the 
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zebrafish also received 30 mg of artemia three times per day. After feeding, any leftover food was removed, and 
the water was changed after fifteen minutes. The zebrafish were then separated into groups and placed in separate 
tanks11. Table 1 shows how the different groups were created in the in-vivo study.

Grouping for in‑vivo studies
Treatment with Olivetol
Different groups of obese Zebrafish were divided and given Olivetol treatment at two different concentrations: 
0.001 g dissolved in 1 ml distilled water as the low dose, and 0.001 g drug dissolved in 0.5 ml distilled water as 
the high dose concentration. For 14 days, the fish were exposed to Olivetol for four hours each day. After the 
treatment, the water in the tank was changed, and all the fish were given normal feed at regular intervals. The 
OECD guidelines for using adult zebrafish were followed to determine the dose51.

Treatment with standard drug Simvastatin
Simvastatin was bought from a neighborhood pharmacy, and 1 mg of it was weighed in 1 ml of distilled water to 
make the stock solution. Simvastatin was administered to the fish in the positive control group at a dose of 1mg/
ml (stock concentration) per liter of water. For 14 days, the medication was administered to the zebrafish for four 
hours each day. After treatment, the water in the tank was changed, and the fish were fed at regular intervals52.

Biochemical analysis
The methods for the estimation of cholesterol, triglyceride, HMG-CoA reductase assay, AST, ALT, and ALP were 
the same as those mentioned by Nagaraj, Anushree, et al. in 202151. The kits for the assay of AST, ALT and ALP 
were procured from Sigma Aldrich, India52.

Oil Red O staining
With 4% formaldehyde solution in PBS, the fish were preserved. According to Oka T et al. in 2010, the fixed 
samples were quickly frozen in liquid nitrogen-cooled isopentane and the following procedures were carried 
out11. The histopathological analysis was carried out under 40 × magnification.

Statistical analysis
Data were analyzed by GraphPad Prism (GraphPad Prism V7.0). One-way ANOVA followed by NewmaneKeul’s 
post hoc test for multiple comparisons was utilised. The p values less than 0.05 were considered significant. 
Results are expressed as mean ± standard deviation (SD).

Results
In‑silico
Docking results using AutoDock 1.5.7 software
The docking analysis was performed for Simvastatin and Olivetol against four different target proteins under 
the prescribed parameters. The interaction of Olivetol and Simvastatin with HMG-CoA is shown in Figs. 3 and 
4. Olivetol was docked with predicted targets such as CCK, HMG CoA, and GLP receptors, which are involved 
in anti-obesity activity and are recorded in Table 2.

Pharmacokinetic analysis
Prediction of molecular properties and bioactivity score
A graphical plot within the pinkish area predicts that Olivetol has excellent bioavailability, with significant 
absorption and distribution throughout the body. Based on the bioactivity score, Olivetol is predicted to treat 
obesity by acting as an enzyme inhibitor. The test drug also has effective blood–brain barrier penetration and 
gastrointestinal absorption capabilities. It is considered a drug-like compound as it satisfies Lipinski’s rule. The 
significant outcomes for Olivetol were obtained using in-silico tools such as Molinspiration cheminformatics, 
and the results from SwissADME are shown in Figs. 3, 4, 5, 6 and Tables 3, 4, 5, 6, 7, 8.

Diet‑induced obesity (DIO) model
The zebrafish were made obese by feeding them a diet high in fat and calories. The body weight was assessed 
both before and following treatment with low and high concentrations of olive oil, and it was compared to both 
the groups receiving Simvastatin as the standard treatment and to the normal control. Figure 7b shows obesity 

Table 1.   Grouping for in-vivo studies.

Group No Group Category of Fish Drug treatment No.of. animals No.of. days

I Normal group Non-obese – 12 14

II Negative control (Obese) Obesity-induced fish – 12 14

III Positive control (Standard) Obesity-induced fish Simvastatin (0.1 mg/1 ml) 12 14

IV Low dose of Olivetol Obesity-induced fish Low dose of Olivetol (0.001 g in 1 ml) 12 14

V High dose of Olivetol Obesity-induced fish High dose of Olivetol (0.001 g in 
0.5 ml) 12 14
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Figure 3.   (a)–(h) Interaction of Olivetol & Simvastatin with CCK, HMG CoA, and GLP receptors. (a) 
Interaction of Olivetol with Cholecystokinin A Receptor. (b) Interaction of Olivetol with 3-hydroxy-3-methyl 
(HMG) Coenzyme A. (c) Interaction of Olivetol with Myeloperoxidase. (d) Interaction of Olivetol with 
Glucagon-Like Peptide-1. (e) Interaction of Simvastatin with Cholecystokinin A Receptor. (f) Interaction 
of Simvastatin with 3-hydroxy-3-methyl (HMG) Coenzyme A. (g) Interaction of Simvastatin with 
Myeloperoxidase. (h) Interaction of Simvastatin with Glucagon-Like Peptide-1.
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Figure 3.   (continued)
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Figure 3.   (continued)

Figure 4.   Molinspiration molecular properties of Olivetol.

Table 2.   Table of docking results using Autodock.

S.No Proteins PDB ID Binding score for Simvastatin Binding score for Olivetol

1 3-Hydroxy-3-methyl (HMG) Coenzyme A 4I6Y − 7.42 − 5.05

2 Cholecystokinin A Receptor 1D6G − 6.07 − 4.46

3 Glucagon-Like Peptide-1 5VAI − 7.26 − 4.42

4 Myeloperoxidase 5FIW − 6.03 − 4.41
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Figure 5.   Bioactivity score of Olivetol.

Figure 6.   Graphical representation of BOILED-Egg which is an intuitive method to predict simultaneously two 
key ADME parameters, i.e. passive gastrointestinal absorption and brain access (BBB).

Table 3.   Physicochemical properties of olivetol using the SwissADME web tool.

Physicochemical Properties

Formula C11H16O2

Molecular weight 180.24 g/mol

Num. heavy atoms 13

Num. arom. heavy atoms 6

Fraction Csp3 0.45

Num. rotatable bonds 4

Num. H-bond acceptors 2

Num. H-bond donors 2

Molar Refractivity 54.68

TPSA 40.46 A2



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18449  | https://doi.org/10.1038/s41598-023-44462-3

www.nature.com/scientificreports/

when compared to the total body weights from other groups. Negative control groups exhibited significantly 
greater weight, which was alleviated by treatment with both low and high concentrations of Olivetol and by the 
standard drug Simvastatin.

Table 4.   Water solubility profile of Olivetol using the SwissADME web tool.

Water solubility

Log S (ESOL) − 3.2

Solubility 8.59e−02 mg/ml; 4.76e−04 mol/l

Class Soluble

Log S (Ali) − 4.17

Solubility 1.23e−02 mg/ml; 6.80e−05 mol/l

Class Moderately soluble

Log S (SILOCOS-IT) − 3.25

Solubility 1.01e−01 mg/ml; 560e−04 mol/l

Class Soluble

Table 5.   Lipophilicity of olivetol using the SwissADME web tool.

Lipophilicity

Log Po/w (iLOGP) 2.04

Log Po/w (XLOGP3) 3.63

Log Po/w (WLOGP) 2.83

Log Po/w (MLOGP) 2.39

Log Po/w (SILICOS-IT) 2.71

Consensus Log Po/w 2.72

Table 6.   Pharmacokinetic properties of olivetol using the SwissADME web tool.

Pharmacokinetics

GI Absorption High

BBB permeant Yes

P-gp substrate No

CYP1A2 inhibitor Yes

CYP2C19 inhibitor No

CYP2C9 inhibitor No

CYP2D6 inhibitor Yes

CYP3A4 inhibitor No

Log kp (skin permeation)

Table 7.   Druglikeness of olivetol using the SwissADME web tool.

Druglikeness

Lipinski Yes; 0 violation

Ghose Yes

Verber Yes

Egan Yes

Muegge No; 1 violation: MW < 200

Bioavailability score 0.55
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Estimation of body weight
The average body weight of zebrafish was measured and recorded in Table 9. The body weight of male and 
female zebrafish in the positive control group, classified as obese, was higher than that of the Olivetol-treated test 
groups. Figures 7 and 8 depict the body weight comparisons of different fish groups before and after treatment. 
The results indicate that the groups treated with Olivetol exhibited a dose-dependent decrease in body weight.

Table 8.   Medicinal chemistry properties of olivetol using the SwissADME web tool.

Medicinal chemistry

PAINS 0 altert

Brenk 0 altert

Lead likeness No; 2 violations: MW < 250, XLOGP3 > 3.5

Synthetic accessibility 1.47

Figure 7.   (a)–(e) Group of Adult Zebrafish. (a) Fish from group I, (b) Fish from group II, (c) Fish from group 
III, (d) Fish from group IV, (e) Fish from group V.
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Estimation of tissue cholesterol
Figure 9 provide a visual representation of the tissue cholesterol levels. The study compared the total cholesterol 
(TC) level between the standard and drug-treated groups. Results showed that the obese fish from the Olivetol-
treated test groups displayed a dose-dependent decline in cholesterol levels, in contrast to the Simvastatin-treated 
negative control group.

Determination of triglycerides
Figure 10 display the visual representation of the TG levels. The results showed traces of higher TG levels in 
the obese group. However, fish treated with Olivetol exhibited decreased TG levels compared to the standard 
control group. Furthermore, following Olivetol administration, the TG levels significantly decreased in a dose-
dependent manner.

Determination of HMG‑CoA Reductase
The negative control group exhibited the least level of enzyme activity, but it was enhanced in the Simvastatin-
treated group. Results depicted in Fig. 11 indicated that the positive control group was less effective in lowering 
the activity. In contrast, the groups treated with Olivetol caused a significant decrease in HMG-CoA reductase 
activity.

Assay of ALT
The levels of ALT were higher within the standard control group. The positive control group of obese fish had 
higher levels of ALT. The levels of ALT are graphically shown in Fig. 12. The obese groups were treated with con-
ventional medicine, whereas the Olivetol-treated groups showed a dose-dependent reduction in the levels of ALT.

Table 9.   Average measurement of body weight of the groups. *Data represented as mean ± SD. p < 0.05 using 
one-way ANOVA.

Group Day 0 (gm) Day 3 (gm) Day 5 (gm) Day 7 (gm)

I 0.56 ± 0.01 0.59 ± 0.02 0.52 ± 0.08 0.53 ± 0.01

II 0.38 ± 0.03 0.56 ± 0.03 0.70 ± 0.01 0.63 ± 0.03

III 0.82 ± 0.01 0.90 ± 0.04 0.50 ± 0.04 0.52 ± 0.05

IV 0.52 ± 0.02 1.01 ± 0.06 0.41 ± 0.03* 0.54 ± 0.07*

V 0.70 ± 0.01 0.97 ± 0.05 0.49 ± 0.01* 0.60 ± 0.05*
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Figure 8.   Average Body weight measurement of the groups. Data represented as Mean ± SD. p < 0.05 using one-
way ANOVA.
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Assay of AST and ALP
The AST level is shown in Fig. 13. The Obese fish from the positive control group had higher AST levels which 
were treated with Simvastatin. The levels for the groups receiving Olivetol-treatment decreased in a dose-depend-
ent manner. The fishes treated with Olivetol had lower AST levels than fish in the control groups. The ALP levels 
were represented graphically in Fig. 14. The standard positive control group treated with Simvastatin showed 
higher ALP levels as compared to the Olivetol-treated test groups.

Histopathology of zebrafish liver
The modifications detected in this organ also act as early indicators of harm to the animal’s health because they 
are typically simpler to spot than functional ones53. Hepatocytes emerging from the central portal vein were 
observed in Group-I. All the cells in the tissue were intact and plump (Fig. 15). In Group-II, contact between 
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Figure 9.   Estimation of Cholesterol. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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Figure 10.   Estimation of Triglycerides. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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the cells became loose. Severe vacuolization was seen, with lipid accumulation more than 80% in extracellular 
vacuoles, and nucleus shrinkage (Fig. 16). Lipid accumulation was less (25%) compared to the negative and 
mild vacuolization was seen in Group-III (Fig. 17). In Group-IV, slight reduced vacuolization and cytoplasm 
loss were observed (Fig. 18). The histological score showed 55% lipid accumulation, with inflammation and 
vacuolization observed. In Group V, the normal hepatocytes regenerated and the hepatic portal vein appeared 
almost normal (Fig. 19). Compared to Group IV, the lipid content in the zebrafish liver of Group V was low with 
a lipid accumulation of 45%.
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Figure 11.   Estimation of HMG CoA. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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Figure 12.   Estimation of ALT. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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Discussion
Obesity is a chronic condition that requires constant monitoring. It favors a chronic low-grade inflammatory state 
that is associated with metabolic dysfunction, multiple organ damage, and thrombotic disorders54. These physi-
ological effects have a considerable impact on mortality and contribute significantly to the emergence of various 
morbidities, such as cardiovascular disease, type 2 diabetes, obstructive sleep apnea, and several malignancies55. 
Anti-obesity medications with higher effectiveness and better tolerability are required, especially when combined 
with dietary, behavioral, and exercise therapy. Sibutramine and orlistat have been shown to result in weight loss 
of up to 10%56. Recent advancements in the field of the peptidergic signaling of hunger and satiety from the gas-
trointestinal tract, which is mediated by ghrelin, HMG-CoA, CCK, and GLP-1, have unveiled new possibilities57. 
HMG-CoA reductase is the main enzyme in the cholesterol-producing mevalonate pathway, and its inhibition 
leads to reduced cholesterol generation in the liver. Statins, a class of synthetic medications, are frequently used 
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Figure 13.   Estimation of AST. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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Figure 14.   Estimation of ALP. Data represented as Mean ± SD. p < 0.05 using one-way ANOVA.
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Figure 15.   Liver section of the Group I (normal control).

Figure 16.   Liver section of Group II (negative control).

Figure 17.   Liver section of Group III (positive control).

Figure 18.   Liver section of Group IV (low dose of OL).
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to treat hypercholesterolemia. Phytoconstituents such as phenol 2,6-bis[1,1-dimethyl], 1-heptatriacotanol, oleic 
acid, eicosyl ester, naringin, apigenin, luteolin, ascorbic acid, and tocopherol have shown positive benefits in 
treating hypercholesterolemia and associated disorders58.

The current approach to address hypercholesterolemia primarily involves the administration of HMG-CoA 
reductase inhibitors. These medications function by obstructing cholesterol synthesis through the inhibition of 
HMG-CoA reductase in the liver, as well as facilitating the elimination of surplus cholesterol from the peripheral 
circulation through various mechanisms of reverse cholesterol transport. Cholecystokinin (CCK) is involved in 
promptly regulating appetite and energy consumption. Dysfunctions in CCK or its effects on gastrointestinal 
function and appetite could potentially contribute to the initiation and persistence of obesity. GLP-1, a peptide 
hormone consisting of either 30 or 31 amino acids, is secreted by the intestinal tract. This hormone enhances the 
release of insulin and lowers the concentration of glucagon under normal physiological circumstances. GLP-1 
plays a critical role in maintaining normal glucose tolerance. GLP-1 actions are mediated by specific GLP-1 
receptors (GLP-1Rs), which are part of the G-protein-coupled glucagon receptor family. These receptors are 
expressed in various tissues, including islet, small intestine, stomach, β-cells, mucosal cells, heart, and other cell 
types. Myeloperoxidase (MPO) is prominently present in neutrophils and has been associated with triggering 
the inflammatory response within adipose tissue. Hence, the study focused on investigating four receptors: HMG 
Co-A, CCK, GLP-1, and MPO.

The present study provides preliminary data that suggest Olivetol is capable of lowering cholesterol levels by 
inhibiting the activity of HMG-CoA reductase. In-silico molecular docking studies have been utilized to identify 
better binding scores for Olivetol with receptors such as CCK, GLP, and HMG Co-A. Based on the results of 
the in-silico molecular docking studies, Olivetol has shown better efficacy in these receptors. The pharmacoki-
netic study was performed using the preADMET web-based tool and the SwissADME web-based tool59. The 
bioavailability and molecular weight of Olivetol were estimated using a graphical RADAR plot. According to 
the molinspiration result, Olivetol has strong bioavailability, significant absorption, and dispersion in the body. 
Olivetol was primarily predicted to reduce obesity by inhibiting an enzyme, as indicated by the bioactivity score. 
It exhibits effective pharmacokinetic characteristics, including gastrointestinal absorption and blood–brain bar-
rier re-penetration, and is considered to be drug-like as it satisfies Lipinski’s rule. Olivetol showed positive results 
for drug-likeness, good bioavailability, absorption, and distribution, as well as a remarkable bioactivity score. 
In-vivo studies were performed in adult zebrafish with a diet-induced obesity (DIO) model to investigate the 
effects of Olivetol on the HMG-CoA receptor. Biomarkers associated with obesity were analyzed ex-vivo through 
biochemical and histopathological methods60.

The body weight of five groups of fish was measured before and after treatment with Olivetol, showing a 
significant reduction in weight.

Cholesterol, a fundamental constituent of all cells in the body, is synthesized within liver cells and acquired 
through dietary intake. Cholesterol commonly resides within the phospholipid bilayer of the cell membrane. Cho-
lesterol serves as the precursor for all steroid hormones, cholesterol esters, and bile acids, while also functioning 
as a constituent of the plasma membrane. Due to its insoluble nature, cholesterol is transported throughout the 
body via lipoproteins. The lipoproteins encompass Low-Density Lipoprotein (LDL), High-Density Lipoprotein 
(HDL), and Very-Low Density Lipoproteins (VLDL). These lipoproteins package phospholipids, free cholesterol, 
and cholesterol esters, which are incorporated within VLDL. The quantification of total cholesterol within the 
bloodstream serves as an indicator of hyperlipidemia. Elevated cholesterol concentrations can restrict blood 
flow, consequently heightening the risk of coronary vascular diseases.

Reduced levels of HDL and elevated levels of triglycerides or LDL are also associated with dyslipidaemia, a 
distinctive feature in the progression of obesity. Persistent dyslipidemia plays a substantial role in the emergence 
of cardiovascular issues, notably atherosclerosis. In the ongoing investigation, a noteworthy elevation in total 
cholesterol and LDL levels has been identified, accompanied by an increase in HDL levels within the group of 
obese fishes.

In the present research, the administration of Olivetol treatment resulted in a reduction of total cholesterol 
levels, while simultaneously enhancing the levels of high-density lipoprotein (HDL) / good cholesterol. Con-
sidering that a decreased level of total HDL cholesterol is closely associated with the development of athero-
sclerosis, implementing therapeutic measures to elevate HDL-cholesterol can subsequently lead to a reduction 

Figure 19.   Liver section of High dose group V (high dose of OL).
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in LDL-cholesterol. This beneficially impacts mitochondria function by aiding the conversion of food into 
energy. This approach also holds relevance in treating congenital heart disease, as it contributes to cholesterol 
metabolism.

Aminotransferase enzymes of clinical significance encompass ALT (Alanine Aminotransferase) and AST 
(Aspartate Aminotransferase). Levels of aspartate and alanine aminotransferase in the bloodstream can be uti-
lized to assess instances of liver and heart injury61. Chronic kidney disease (CKD) has been linked to insulin 
resistance, which was associated with alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 
to ALT ratio (AST/ALT ratio). Extensive research has been conducted regarding the levels of ALT and AST in 
blood serum. Building upon this, the current study aimed to investigate the concentrations of ALT in liver tis-
sues and AST in kidney tissues.

Olivetol could be explored to understand its distinctive impact on enzymes in the liver and heart, as well as its 
influence on blood components. The hepatic enzymes, including Alanine aminotransferase (ALT), Aspartate ami-
notransferase (AST), and Gamma-glutamyl transferase (GGT), collectively fall under the category of transferases. 
This provides insight into the potential therapeutic application of Olivetol in case of liver-related conditions.

Previous research has indicated that animals exhibiting excessive body weight demonstrate various alterations 
in organs such as the heart, brain, liver, Kidneys as well as the testis in males and ovaries in females. This sug-
gests that Olivetol has a significant effect on lipid profiles by reducing body weight and fat distribution in both 
male and female zebrafish. The estimation of total cholesterol (TC) in five groups of fish revealed that Olivetol 
has a significant effect in lowering TC levels. The assessment of triglyceride levels in five groups of fish showed a 
dramatic decrease after treatment with Olivetol. These results demonstrate that the test substance has a significant 
impact on reducing triglyceride levels.

The positive control group had significantly higher levels of HMG-CoA reductase compared to the Olivetol 
treated test groups. As a result, Olivetol was very effective in significantly decreasing the activity of the HMG 
CoA reductase. The positive control group of obese fish had higher levels of ALT. Olivetol-treated groups showed 
a dose dependent reduction.

The groups tested for AST levels resulted from the treatment with Olivetol having considerably lowered 
AST while having no effect on the standard group. This implies that Olivetol has a significant effect on AST. In 
comparison to the test groups, ALP the standard group was found to be significantly increased. For histological 
examination, zebrafish were euthanized using a higher concentration of MS-222, dissected, and tissues (liver) 
were fixed in fixative for further analysis. Dehydration of tissue was carried out using a graded series of ethanol, 
cleared in xylene, and embedded in paraffin. Sections of 1-4µm thickness were prepared from paraffin blocks 
using a microtome and then differential staining was performed using hematoxylin and eosin. To analyze lipid 
content in the tissues, oil red staining was performed. Histopathological changes were examined under a micro-
scope. Histological alterations were scored as: (-) no histopathology; ( +) histopathology in < 25% of the field, 
(+ +) histopathology in > 75% of the field, and (+ + +) histopathology in all fields (Table 10).

Hepatic cells with varying degrees of vacuolization in the cytoplasm were found in the livers of negative and 
test low zebrafish. The vacuolization on the H&E stained paraffin section was most likely caused by lipid droplet 
accumulation in the hepatocytes. In H&E stained sections of normal and standard zebrafish, hepatic lobules 
and cells showed well-preserved cytoplasm and a prominent nucleus. The liver of the zebrafish in test high had 
fewer vacuoles than the liver of the zebrafish in test low. However, mild hepatocellular inflammation caused by 
lipid accumulation was observed in both test low and high zebrafish liver tissue when compared to the standard. 
In normal liver, the cells were intact and plump. In the negative zebrafish liver, contact between cells became 
loose, the cytoplasm was lost, the nucleus shrank, and vacuoles formed. Massive red staining was observed in the 
negative liver, indicating the presence of lipid droplets. Lipid content was lower in the following order: standard, 
test high, and test low, when compared to negative. The zebrafish liver histopathology provided the observation 
of sinusoid spaces, hepatocytes, and vacuoles. High sinusoid spaces, moderate hepatocytes, and vacuoles were 
also observed in the high dose of olivetol. This proves that Olivetol has a significant impact on obesity and can 
be explored further for its anti-obesity potential using animal models.

Conclusion
A dose-dependent decrease in triglycerides, HMG-CoA reductase, and cholesterol was observed after treatment 
with Olivetol. Olivetol was able to inhibit the storage of excess fat in the liver caused by obesity (steatohepatitis) 
by lowering the levels of liver enzymes. Based on the results of the biochemical tests and experimental data, it can 
be concluded that Olivetol has a beneficial impact on obesity. However, further research is required to determine 
the individual and/or synergistic effects of this compound.

Table 10.   Histopathology scoring of oil red-stained liver tissue.

Group samples Hisopathology scores

I (normal) −

II (negative-Obesity) +++

III (positive control of Simvastatin) +

IV (low dose of OL) ++

V (high dose OL) ++



20

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18449  | https://doi.org/10.1038/s41598-023-44462-3

www.nature.com/scientificreports/

Data availability
All data generated or analyzed during this study are included in this article.

Received: 4 April 2023; Accepted: 9 October 2023

References
	 1.	 Yang, Z., Song, Q., Li, J. & Zhang, Y. Air pollution as a cause of obesity: micro-level evidence from Chinese cities. Int. J. Environ. 

Res. Public Health 16(21), 4296. https://​doi.​org/​10.​3390/​ijerp​h1621​4296 (2019).
	 2.	 Loos, R. J. F. & Yeo, G. S. H. The genetics of obesity: from discovery to biology. Nat. Rev. Genet. 23(2), 120–133. https://​doi.​org/​

10.​1038/​s41576-​021-​00414-z (2022).
	 3.	 Dettoni, R., Bahamondes, C., Yevenes, C., Cespedes, C. & Espinosa, J. The effect of obesity on chronic diseases in USA: A flexible 

copula approach. Sci. Rep. 13(1), 1831. https://​doi.​org/​10.​1038/​s41598-​023-​28920-6 (2023).
	 4.	 El-Ouady, F., Lahrach, N., Ajebli, M., Haidani, A. E. & Eddouks, M. Antihyperglycemic effect of the aqueous extract of foeniculum 

vulgare in normal and streptozotocin-induced diabetic rats. Cardiovasc. Hematol. Disord. Drug Targets 20(1), 54–63. https://​doi.​
org/​10.​2174/​18715​25717​66619​06121​21516 (2020).

	 5.	 Wells, J. C. K. The evolution of human adiposity and obesity: where did it all go wrong?. Dis. Models Mech. 5(5), 595–607. https://​
doi.​org/​10.​1242/​dmm.​009613 (2012).

	 6.	 Ganesan, K. & Xu, B. Anti-obesity effects of medicinal and edible mushrooms. Molecules 23(11), 2880. https://​doi.​org/​10.​3390/​
molec​ules2​31128​80 (2018).

	 7.	 Thaker, V. V. Genetic and epigenetic causes of obesity. Adolesc. Med. State Art. Rev. 28(2), 379–405 (2017).
	 8.	 Aguirre, L. et al. Several statins increase body and liver fat accumulation in a model of metabolic syndrome. J. Physiol. Pharmacol. 

64(3), 281–288 (2013).
	 9.	 Kothari, S., Dhami-Shah, H. & Shah, S. R. Antidiabetic drugs and statins in nonalcoholic fatty liver disease. J. Clin. Exp. Hepatol. 

9(6), 723–730. https://​doi.​org/​10.​1016/j.​jceh.​2019.​06.​003 (2019).
	10.	 Khanna, D., Peltzer, C., Kahar, P. & Parmar, M. S. Body Mass Index (BMI): a screening tool analysis. Cureus 14(2), e22119. https://​

doi.​org/​10.​7759/​cureus.​22119 (2022).
	11.	 Li, X., Ge, G., Song, G., Li, Q. & Cui, Z. Effects of nutritionally induced obesity on metabolic pathways of zebrafish. Int. J. Mol. Sci. 

24(3), 1850. https://​doi.​org/​10.​3390/​ijms2​40318​50 (2023).
	12.	 Kogan, N. M. et al. Novel CBG derivatives can reduce inflammation, pain and obesity. Molecules 26(18), 5601. https://​doi.​org/​10.​

3390/​molec​ules2​61856​01 (2021).
	13.	 Manna, P. & Jain, S. K. Obesity, oxidative stress, adipose tissue dysfunction, and the associated health risks: causes and therapeutic 

strategies. Metab. Syndr. Relat. Disord. 13(10), 423–444. https://​doi.​org/​10.​1089/​met.​2015.​0095 (2015).
	14.	 Rahman, M. M. et al. The multifunctional role of herbal products in the management of diabetes and obesity: A comprehensive 

review. Molecules 27, 1713 (2022).
	15.	 Bhardwaj, M. et al. A review on obesity management through natural compounds and a Green nanomedicine-based approach. 

Molecules 26, 3278 (2021).
	16.	 Gasmi, A. et al. Polyphenols in metabolic diseases. Molecules 27, 6280 (2022).
	17.	 Yang, X.-D., Ge, X.-C., Jiang, S.-Y. & Yang, Y.-Y. Potential lipolytic regulators derived from natural products as effective approaches 

to treat obesity. Front. Endocrinol. 13, 1000739 (2022).
	18.	 Chu, W.-L. & Phang, S.-M. Marine algae as a potential source for anti-obesity agents. Mar. Drugs 14, 222 (2016).
	19.	 Savini, I. et al. Obesity-associated oxidative stress: Strategies finalized to improve redox state. Int. J. Mol. Sci. 14, 10497–10538 

(2013).
	20.	 Furukawa, S. et al. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Invest. 114, 1752–1761 

(2004).
	21.	 Lee, H. et al. Reactive oxygen species facilitate adipocyte differentiation by accelerating mitotic clonal expansion. J. Biol. Chem. 

284, 10601–10609 (2009).
	22.	 Higuchi, M. et al. Differentiation of human adipose-derived stem cells into fat involves reactive oxygen species and Forkhead box 

O1 mediated upregulation of antioxidant enzymes. Stem Cells Dev. 22, 878–888 (2013).
	23.	 Horvath, T. L., Andrews, Z. B. & Diano, S. Fuel utilization by hypothalamic neurons: Roles for ROS. Trends Endocrinol. Metab. 20, 

78–87 (2009).
	24.	 Serra, D. et al. Mitochondrial fatty acid oxidation in obesity. Antioxid. Redox Signal 19, 269–284 (2013).
	25.	 Beltowski, J. Leptin and the regulation of endothelial function in physiological and pathological conditions. Clin. Exp. Pharmacol. 

Physiol. 39, 168–178 (2012).
	26.	 Chrysohoou, C. et al. The implication of obesity on total antioxidant capacity in apparently healthy men and women: The ATTICA 

study. Nutr. Metab. Cardiovasc. Dis. 17, 590–597 (2007).
	27.	 Patel, C. et al. Prolonged reactive oxygen species generation and nuclear factor-kappaB activation after a high-fat, high-carbohydrate 

meal in the obese. J. Clin. Endocrinol. Metab. 92, 4476–4479 (2007).
	28.	 Taslimi, P. & Gulçin, İ. Antioxidant and anticholinergic properties of olivetol. J. Food Biochem. 42, e12516. https://​doi.​org/​10.​1111/​

jfbc.​12516 (2018).
	29.	 Nagaraj, A., Wilson, S. A. & Vaidyanathan, L. Anti-obesity properties of Calocybe Indica in zebra fishes with short-term high-fat 

diet induction. Biomed. Pharmacol. J. 14(1), 411–423. https://​doi.​org/​10.​13005/​bpj/​2141 (2021).
	30.	 Dai, M., Yang, X., Yu, Y. & Pan, W. Helminth and host crosstalk: new insight into treatment of obesity and its associated metabolic 

syndromes. Front. Immunol. 13, 827486. https://​doi.​org/​10.​3389/​fimmu.​2022.​827486 (2022).
	31.	 Schlegel, A. & Stainier, D. Y. R. Lessons from “lower” organisms: what worms, flies, and zebrafish can teach us about human energy 

metabolism. PLoS Genetics 3(11), e199. https://​doi.​org/​10.​1371/​journ​al.​pgen.​00301​99 (2007).
	32.	 Montalbano, G. et al. Zebrafish and flavonoids: Adjuvants against obesity. Molecules 26(10), 3014. https://​doi.​org/​10.​3390/​molec​

ules2​61030​14 (2021).
	33.	 Meguro, S., Hasumura, T. & Hase, T. Body fat accumulation in zebrafish is induced by a diet rich in fat and reduced by supple-

mentation with green tea extract. PLOS ONE 10(3), e0120142. https://​doi.​org/​10.​1371/​journ​al.​pone.​01201​42 (2015).
	34.	 Landgraf, K. et al. Short-term overfeeding of zebrafish with normal or high-fat diet as a model for the development of metabolically 

healthy versus unhealthy obesity. BMC Physiol. 17(1), 4. https://​doi.​org/​10.​1186/​s12899-​017-​0031-x (2017).
	35.	 Venkateshan, S., Subramaniyan, V., Chinnasamy, V. & Chandiran, S. Anti-oxidant and anti-hyperlipidemic activity of Hemidesmus 

indicus in rats fed with high-fat diet. Avicenna J. Phytomed. 6(5), 516–525 (2016).
	36.	 Nyangasa, M. A. et al. Association between cardiometabolic risk factors and body mass index, waist circumferences and body fat 

in a Zanzibari cross-sectional study. BMJ Open 9(7), e025397. https://​doi.​org/​10.​1136/​bmjop​en-​2018-​025397 (2019).
	37.	 Pose, E., Trebicka, J., Mookerjee, R. P., Angeli, P. & Ginès, P. Statins: Old drugs as new therapy for liver diseases?. J. Hepatol. 70(1), 

194–202. https://​doi.​org/​10.​1016/j.​jhep.​2018.​07.​019 (2019).

https://doi.org/10.3390/ijerph16214296
https://doi.org/10.1038/s41576-021-00414-z
https://doi.org/10.1038/s41576-021-00414-z
https://doi.org/10.1038/s41598-023-28920-6
https://doi.org/10.2174/1871525717666190612121516
https://doi.org/10.2174/1871525717666190612121516
https://doi.org/10.1242/dmm.009613
https://doi.org/10.1242/dmm.009613
https://doi.org/10.3390/molecules23112880
https://doi.org/10.3390/molecules23112880
https://doi.org/10.1016/j.jceh.2019.06.003
https://doi.org/10.7759/cureus.22119
https://doi.org/10.7759/cureus.22119
https://doi.org/10.3390/ijms24031850
https://doi.org/10.3390/molecules26185601
https://doi.org/10.3390/molecules26185601
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.1111/jfbc.12516
https://doi.org/10.1111/jfbc.12516
https://doi.org/10.13005/bpj/2141
https://doi.org/10.3389/fimmu.2022.827486
https://doi.org/10.1371/journal.pgen.0030199
https://doi.org/10.3390/molecules26103014
https://doi.org/10.3390/molecules26103014
https://doi.org/10.1371/journal.pone.0120142
https://doi.org/10.1186/s12899-017-0031-x
https://doi.org/10.1136/bmjopen-2018-025397
https://doi.org/10.1016/j.jhep.2018.07.019


21

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18449  | https://doi.org/10.1038/s41598-023-44462-3

www.nature.com/scientificreports/

	38.	 Ali, N. et al. Assessment of the relationship of serum liver enzymes activity with general and abdominal obesity in an urban 
Bangladeshi population. Sci. Rep. 11(1), 6640. https://​doi.​org/​10.​1038/​s41598-​021-​86216-z (2021).

	39.	 Jalili, V. et al. The association between obesity with serum levels of liver enzymes, alanine aminotransferase, aspartate aminotrans-
ferase, alkaline phosphatase and gamma-glutamyl transferase in adult women. Endocrinol. Diabetes Metab. 5(6), e367. https://​doi.​
org/​10.​1002/​edm2.​367 (2022).

	40.	 Burg, J. S. & Espenshade, P. J. Regulation of HMG-CoA reductase in mammals and yeast. Prog. Lipid Res. 50(4), 403–410. https://​
doi.​org/​10.​1016/j.​plipr​es.​2011.​07.​002 (2011).

	41.	 Wang, J. Y. et al. GLP-1 receptor agonists for the treatment of obesity: Role as a promising approach. Front. Endocrinol. (Lausanne) 
14, 1085799. https://​doi.​org/​10.​3389/​fendo.​2023.​10857​99 (2023).

	42.	 Peikin, S. R. Role of cholecystokinin in the control of food intake. Gastroenterol. Clin. N. Am. 18(4), 757–775 (1989).
	43.	 Wang, Q. et al. Myeloperoxidase deletion prevents high-fat diet-induced obesity and insulin resistance. Diabetes 63(12), 4172–4185. 

https://​doi.​org/​10.​2337/​db14-​0026 (2014).
	44.	 Gothwal, S. K. et al. Estimating the correlation between TYG and CIMT in non-diabetic adult patients. Obesity Med. 35, 100460 

(2022).
	45.	 Bender, B. J. et al. A practical guide to large-scale docking. Nat. Protoc. 16(10), 4799–4832. https://​doi.​org/​10.​1038/​s41596-​021-​

00597-z (2021).
	46.	 Burley, S. K. et al. RCSB Protein Data Bank: biological macromolecular structures enabling research and education in fundamental 

biology, biomedicine, biotechnology and energy. Nucleic Acids Res. 47(D1), D464–D474. https://​doi.​org/​10.​1093/​nar/​gky10​04 
(2019).

	47.	 Kim, S. Getting the most out of PubChem for virtual screening. Expert Opin. Drug. Discov. 11(9), 843–855 (2016).
	48.	 Yang, C., Chen, E. A. & Zhang, Y. Protein-ligand docking in the machine-learning era. Molecules 27(14), 4568 (2022).
	49.	 Srivastava, R. Theoretical studies on the molecular properties, toxicity, and biological efficacy of 21 new chemical entities. ACS 

Omega 6(38), 24891–24901 (2021).
	50.	 Tripathi, P., Ghosh, S., & Nath Talapatra, S. Bioavailability prediction of phytochemicals present in Calotropis procera (Aiton) R. 

Br. by using Swiss-ADME tool. World Scientific News, 131(June), 147–163 (2019). Retrieved from www.​world​scien​tific​news.​com
	51.	 Busquet, F. et al. OECD validation study to assess intra- and inter-laboratory reproducibility of the zebrafish embryo toxicity test 

for acute aquatic toxicity testing. Regul. Toxicol. Pharmacol. 69(3), 496–511. https://​doi.​org/​10.​1016/j.​yrtph.​2014.​05.​018 (2014).
	52.	 Idrus, L., Fakri, F., Hartati, R., Saraswaty, V., & Adnyana, I.K. Ameliorative effect of Etlingera calophrys (K.Schum.) Rhizome 

Ethanolic Extract on High Fat Diet-Induced Obese Zebrafish. Sains Malaysiana 49, 389–397 (2020). https://​doi.​org/​10.​17576/​
jsm-​2020-​4902-​17.

	53.	 Vliegenthart, A. D. B., Tucker, C. S., Del Pozo, J. & Dear, J. W. Zebrafish as model organisms for studying drug-induced liver injury. 
Br. J. Clin. Pharmacol. 78(6), 1217–1227. https://​doi.​org/​10.​1111/​bcp.​12408 (2014).

	54.	 Fruh, S. M. Obesity. J. Am. Assoc. Nurse Practition. 29(S1), S3–S14. https://​doi.​org/​10.​1002/​2327-​6924.​12510 (2017).
	55.	 Yun, J. W. Possible anti-obesity therapeutics from nature—A review. Phytochemistry 71(14–15), 1625–1641. https://​doi.​org/​10.​

1016/j.​phyto​chem.​2010.​07.​011 (2010).
	56.	 Müller, T. D., Blüher, M., Tschöp, M. H. & DiMarchi, R. D. Anti-obesity drug discovery: advances and challenges. Nat. Rev. Drug 

Discov. 21(3), 201–223. https://​doi.​org/​10.​1038/​s41573-​021-​00337-8.​PMC86​09996 (2022).
	57.	 Baskaran, G. et al. HMG-CoA reductase inhibitory activity and phytocomponent investigation of Basella alba leaf extract as a 

treatment for hypercholesterolemia. Drug Des. Dev. Ther. https://​doi.​org/​10.​2147/​DDDT.​S75056 (2015).
	58.	 Daina, A., Michielin, O. & Zoete, V. SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness and medicinal 

chemistry friendliness of small molecules. Sci. Rep. 7, 42717. https://​doi.​org/​10.​1038/​srep4​2717 (2017).
	59.	 Htun, K. T. et al. Identification of metabolic phenotypes in Young adults with obesity by 1H NMR metabolomics of blood serum. 

Life (Basel) 11(6), 574. https://​doi.​org/​10.​3390/​life1​10605​74 (2021).
	60.	 Das, A., Nair, M. S. & Peter, S. D. Computer-aided histopathological image analysis techniques for automated nuclear atypia scoring 

of breast cancer: a review. J. Digit Imaging 33(5), 1091–1121. https://​doi.​org/​10.​1007/​s10278-​019-​00295-z (2020).
	61.	 Subramaniyan, V. et al. Alcohol-associated liver disease: A review on its pathophysiology, diagnosis and drug therapy. Toxicol. Rep. 

8, 376–385. https://​doi.​org/​10.​1016/j.​toxrep.​2021.​02.​010 (2021).

Author contributions
The study’s conception was contributed by A.R., T.T., CV., and V.S., who also developed the project plan, super-
vised the work, processed the observational data, developed a part of the coding, performed the analysis, inter-
preted the results, drafted the manuscript, and designed the figures. G.G., N.K.F., M.S., and S.F. were involved in 
the planning phase, drafted the manuscript, participated in editing, and assisted in drawing the primary conclu-
sions. R.S., N.J., S.S., and S.S. helped with the analysis and interpretation of the results. All authors participated 
in the discussion of the results and provided feedback on the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.T. or V.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-021-86216-z
https://doi.org/10.1002/edm2.367
https://doi.org/10.1002/edm2.367
https://doi.org/10.1016/j.plipres.2011.07.002
https://doi.org/10.1016/j.plipres.2011.07.002
https://doi.org/10.3389/fendo.2023.1085799
https://doi.org/10.2337/db14-0026
https://doi.org/10.1038/s41596-021-00597-z
https://doi.org/10.1038/s41596-021-00597-z
https://doi.org/10.1093/nar/gky1004
http://www.worldscientificnews.com
https://doi.org/10.1016/j.yrtph.2014.05.018
https://doi.org/10.17576/jsm-2020-4902-17
https://doi.org/10.17576/jsm-2020-4902-17
https://doi.org/10.1111/bcp.12408
https://doi.org/10.1002/2327-6924.12510
https://doi.org/10.1016/j.phytochem.2010.07.011
https://doi.org/10.1016/j.phytochem.2010.07.011
https://doi.org/10.1038/s41573-021-00337-8.PMC8609996
https://doi.org/10.2147/DDDT.S75056
https://doi.org/10.1038/srep42717
https://doi.org/10.3390/life11060574
https://doi.org/10.1007/s10278-019-00295-z
https://doi.org/10.1016/j.toxrep.2021.02.010
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anti-obesity effects of olivetol in adult zebrafish model induced by short-term high-fat diet
	Materials and methods
	In-silico screening
	Docking
	Preparation of protein
	Preparation of ligand
	Virtual screening of docking analysis

	Pharmacokinetic analysis
	Calculation of molecular properties and bioactivity scores
	Swiss ADME
	In-vivo study

	Ethics statement
	Establishment of adult zebrafish model of diet-induced obesity
	Grouping for in-vivo studies
	Treatment with Olivetol
	Treatment with standard drug Simvastatin
	Biochemical analysis
	Oil Red O staining

	Statistical analysis

	Results
	In-silico
	Docking results using AutoDock 1.5.7 software

	Pharmacokinetic analysis
	Prediction of molecular properties and bioactivity score
	Diet-induced obesity (DIO) model
	Estimation of body weight
	Estimation of tissue cholesterol
	Determination of triglycerides
	Determination of HMG-CoA Reductase
	Assay of ALT
	Assay of AST and ALP

	Histopathology of zebrafish liver

	Discussion
	Conclusion
	References


