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Highlights of the study 

a. Contradictory to a previous study, we have demonstrated that stigmasterol and -

sitosterol do not possess DPP-4 inhibitory activity 

b. We have identified and quantified the major phytosterols in commercial 

phytosterols supplements and found high phytosterol content  

c. Phytosterols are unlikely to benefit diabetic individuals through a mechanism of 

DPP-4 inhibition 

 

 

Abstract 

 

Background and Aims 

Several commercially available phytosterol supplements are promoted for their cholesterol-lowering 

effects. However, limited information is available about their potential anti-hyperglycaemic effects. 

This study aimed to evaluate the dipeptidyl peptidase-4 (DPP-4) inhibitory effects of phytosterol 

supplements in silico and in vitro to determine their potential for anti-diabetic activity. 

Methods 

Docking studies were carried out in silico to evaluate the potential for interactions between three 

major phytosterol compounds (stigmasterol, -sitosterol, campesterol) and the DPP-4 enzyme, the 

enzyme that is inhibited by the anti-diabetic gliptins. Gas chromatography–tandem mass 



spectrometry (GC-MS/MS) was used to analyse three different supplements for phytosterol content. 

DPP-4 inhibitory activity was tested in vitro for these phytosterol supplements and two major 

phytosterol standards. 

Results 

In silico calculations predicted free binding energies for DPP-4 with the phytosterols to be: 

stigmasterol -8.78 kcal/mol; -sitosterol -8.70 kcal/mol; campesterol -8.40 kcal/mol. These indicated 

a potential for significant DPP-4 inhibition. However, these results were not supported by the in vitro 

studies. Stigmasterol and -sitosterol had an IC50 >50 mg/ml (maximum tested concentration) and the 

supplements Thompson’s Cholesterol Manager® and Mega Strength Beta Sitosterol® gave an IC50 >100 

mg/ml (maximum tested concentration). Blackmores Cholesterol Health® gave an IC50 value of 40 

mg/ml which was attributed to -carotene content.  

Conclusions 

Phytosterol supplements do not appear to offer any anti-diabetic activity potential via pathways that 

involve the inhibition of DPP-4. 
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1.0 Introduction 

 

Type 2 diabetes mellitus is the most common chronic metabolic disease problem of the current time. 

Various prescribed drugs, such as the sulfonylureas and the gliptins, are a common treatment strategy 

[1]. Recently, there is a shift in treatment and approach to natural products because they can be 

purchased without a prescription and can be used as a preventive measure against different chronic 

metabolic diseases [2]. 

Supplementation with phytosterols lowers plasma cholesterol by up to 10% and improves HDL/LDL 

ratios by inhibiting cholesterol’s intestinal absorption [3].  Phytosterols are present in all plant species. 

They are obtained commercially by isolation from vegetable oils including sunflower oil, soybean oil 

and rapeseed (canola) oil. They can also be isolated from wood-processing by-products, such as tall 

oil, produced during the pulping of coniferous wood [4]. The most prevalent phytosterols include -

sitosterol, campesterol and stigmasterol [5]. 

Molecular docking has been used as a benchmark for assessing the properties of drugs and also for 

analysing the properties of various compounds before in vitro or in vivo testing [6].  Our recent study 

used the molecular docking technique to identify the DPP-4 inhibitory activity of citrus bioflavonoids 

as compared to gliptins [7]. DPP-4 inhibitors, such as the gliptins, increase incretin levels, which 

inhibits glucagon release. This increases insulin secretion and decreases gastric emptying, thereby 

decreasing blood glucose levels. DPP-4 is a target for novel anti-diabetic agents [8].  



This study was conducted following the findings of Purnomo and group in 2015.  They claimed that 

the extract from Urena lobata, which contains a mix of bioflavonoids and phytosterols, possesses DPP-

4 inhibitory activities due to the presence of the compounds mangiferin, stigmasterol and -sitosterol. 

These claims were based on a molecular docking study without significant in vitro analysis of individual 

extract constituents. 

We hypothesised that DPP-4 inhibitory activity of phytosterols can be demonstrated through in vitro 

assay thereby showing the potential for the use of phytosterol supplements as anti-diabetic agents. 

 

2.0 Materials and Methods: 

 

2.1 Molecular docking of DPP-4 with different Ligands 

2.1.1 Ligand preparation 

The structures of the phytosterols were downloaded from PubChem 

(https://pubchem.ncbi.nlm.nih.gov). The structures included  -sitosterol (CID: 222284), stigmasterol 

(CID: 5280794) and campesterol (CID: 173183). 

2.1.2 Receptor preparation 

The DPP-4 crystal structure (PDB ID-2ONC) was obtained from the Protein Data Bank (PDB) 

(https://www.rcsb.org/pdb/home/home.do). 

2.1.3 Molecular Docking 

The docking was performed using Docking Server with Autodock Vina software [9]. The docking was 

carried out with the default parameters: GA (genetic algorithm), tstep=0.2, qstep=5.0 and dstep=5.0. 

The root mean square deviation value was 2.0. The GA population size was 150, GA number of energy 

evaluations was 2500000, GA number of generations was 540000 and GA docking run was 100 for 

each docking analysis. The optimal free binding energy and inhibition constant were determined for 

all the ligands. 

 

2.2  Gas Chromatography/Mass Spectrometry 

 

2.2.1 Chemicals and reagents 

All the standards and reagents were analytical grade. -sitosterol and campesterol were purchased 

from Aktin Chemicals Inc. (Chengdu, China). Stigmasterol was from Sigma-Aldrich (Castle Hill, NSW, 

Australia). 

2.2.2 GC-MS/MS analysis 

Sterol samples prepared in hexane were evaporated to dryness under a stream of nitrogen gas and 

derivatised to trimethylsilyl (TMS) ethers by addition of N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) reagent (50 l) and chloroform (50 l). Samples were 

reacted at 50°C overnight, evaporated to dryness, as above, and dissolved in chloroform. Sterols were 

analysed by a Varian CP-3800 gas chromatograph (Agilent technologies, California, USA) coupled to a 

https://www.rcsb.org/pdb/home/home.do)


Bruker 300MS triple quadrupole mass spectrometer (Bruker Corporation, Massachusetts, USA) fitted 

with an Agilent DB-5MS column 30 m x 0.25 mm; 0.25 m film thickness (Agilent technologies GC 

columns, California, USA). Helium was used as the carrier gas with a flow of 1.2 ml/min. Initial column 

temperature was 45°C, held for 1 min before increasing at 30°C/min to 120°C and then 4°C/min to 

320°C, which was maintained for 20 min. Injector temperature was 290°C with a 10:1 split. Electron 

ionisation mass spectra were recorded in full scan mode over the range (m/z) 40 to 600. Ion source 

temperature was 220°C and transfer line temperature was maintained at 290°C. Individual sterols 

were identified by comparison of their retention times and MS data with those of laboratory 

standards. Quantitation was achieved by five-point external calibration curves for each analyte. Peaks 

were computed using MS Workstation Version 7.  

 

2.3 Dipeptidyl peptidase-4 fluorometric assay 

 

2.3.1 Supplements  

The supplements investigated in this study were: Thompson’s Cholesterol Manager® (CM)  containing 

phytosterol complex-conifer 450 mg (Integria Healthcare, Eight Mile Plains, QLD, Australia); 

Blackmores Cholesterol Health® (CH) containing 1000 mg vegetable oil phytosterol esters and 1.5 mg 

-carotene  (Blackmores, Warriewood, NSW, Australia); and  Mega Strength Beta Sitosterol® (BS) 

containing 375 mg -sitosterol, 187 mg campesterol, 131 mg stigmasterol, 60 mg calcium (Source 

Naturals, Scotts Valley, CA, USA). 

2.3.2 Sample preparation 

Five tablets of each supplement were weighed and then ground using a mortar and pestle. Because 

CH was in gel form, 5 capsules were cut open and emptied from which we obtained 100 mg of gel.  

Each supplement (100 mg) was transferred into an Eppendorf tube and 1 ml of dimethyl sulfoxide 

(DMSO) was added. These mixtures were vortex mixed for 2 minutes, sonicated for 30 minutes and 

left overnight at room temperature to dissolve the samples. The next day, using a half-log dilution 

scheme, descending concentrations from each sample were prepared. The maximum concentration 

was 100 mg/ml. 

 

2.3.3 Preparation of phytosterol standards for analysis 

Fifty milligrams of stigmasterol and -sitosterol standards were dissolved in 1 ml of DMSO, with 15 

minutes of sonication. Seven half-log dilutions were prepared of each standard to be used in the DPP-

4 assay. The maximum concentration was 50 mg/ml. Insufficient campesterol was available to perform 

the assay. 

 

2.3.4 DPP-4 Fluorometric assay  

DPP-4 enzymatic activity was measured using a DPP-4 fluorometric assay kit (Abcam, Cambridge, 

United Kingdom). Samples were analysed in duplicate using the standard protocol described in the kit 

instructions. A fluorescent microplate reader was used to read the assayed plate at the excitation 



wavelength of 360 nm and emission wavelength of 465 nm. IC50 values were determined using 

GraphPad Prism software (version 7.0).  

 

3.0 Results: 

 

3.1 In silico molecular docking and in vitro DPP-4 inhibition  

The free binding energy (FBD) is a measure of the binding affinity of a ligand to a target protein. The 

FBD is presented in kcal/mol and the more negative the value the stronger the binding. The inhibition 

constant (IC50) is the concentration of ligand at which enzyme activity is reduced by 50%. The IC50 can 

be predicted from the FBD and can also be determined experimentally by in vitro testing. The 

predicted values of FBD and IC50 are given in Table 1 together with IC50 values determined 

experimentally, Table 1. 

 

GC MS/MS analysis of the phytosterol supplements demonstrated the presence of only three major 

phytosterols: campesterol, stigmasterol and -sitosterol. The proportion of each phytosterol was 

similar for BS and CH with almost 50% -sitosterol, 29% campesterol and 22% stigmasterol. The third 

supplement (CM) had a higher level of -sitosterol (92.6%) with less campesterol (7%) and negligible 

stigmasterol (0.4%). These analyses and the content of phytosterols in each supplement are presented 

in Table 2. This table also includes results from the in vitro experimental determination of DPP-4 

inhibition for the supplements, Table 2. 

 

 

4.0 Discussion 

 

Purnomo et al. (2015) attributed DPP-4 inhibitory activities of Urena lobata extract to the presence of 

the compounds mangiferin, stigmasterol and -sitosterol based on docking results using Docking 

Server. They found binding energies for stigmasterol and -sitosterol of -7.42 and -6.59 kcal/mol 

respectively. These results compare with values of -8.78 and -8.70 kcal/mol respectively in our study. 

The results were different and the reason could be that despite using the same software, the 

parameters used for the docking analysis were probably different. There are several user-defined 

parameters, such as the root mean square deviation, population size, number of energy evaluations, 

number of generations and number of docking run. These parameters can affect the values of the 

calculated binding energies. Since Purnomo et al. have not described the docking parameters they 

used, it is not possible to compare the parameters they used with our own and thereby verify this 

explanation. 

Despite the differences in values for the calculated binding energies from the two studies, both studies 

predicted significant binding, with the weakest predicted binding energy being -6.59 kcal/mol.  

Our previous molecular docking studies of the gliptins gave free binding energies of -10.33, -9.93 and 

-8.84 kcal/mol for sitagliptin, saxagliptin and vildagliptin respectively [7]. These data indicated that 

while the phytosterols may not be quite as potent inhibitors of DPP-4 as the gliptins, there was likely 



to be significant inhibition. For example, vildagliptin (-8.84 kcal/mol) and stigmasterol (-8.78 kcal/mol) 

had similar predicted DPP-4 binding energies. These molecular docking studies provided a strong case 

for proceeding with in vitro analysis for assessing the DPP-4 inhibitory activity of the phytosterols. 

The in vitro analysis of phytosterol standards and phytosterol supplements at prepared maximum 

concentrations of 50 mg/ml and 100 mg/ml respectively, showed no evidence of DPP-4 inhibitory 

activity. The in vitro results were contradictory to the molecular docking studies, thus evidently ruling 

out significant inhibition of DPP-4 by the phytosterols. 

According to Chen (2015), molecular docking is a cost-effective technique but should be performed 

with caution and needs to be supported and explained by in vitro analysis because molecular docking 

studies are unreliable on their own [10]. A recent study described the use of molecular docking studies 

with the support of in vitro studies to confirm the DPP-4 inhibitory activity of chrysin [11]. By contrast, 

Purnomo et al. prematurely stated the DPP-4 inhibitory activity of phytosterols based only on docking 

studies instead of identifying individual elements of Urena lobata extract responsible for DPP-4 

inhibition through confirmatory in vitro studies. 

The GC-MS/MS analyses of the commercial phytosterol formulations confirmed the profile and overall 

content of the main phytosterols in these products. In vitro testing showed that there was no 

measurable DPP-4 inhibitory activity in the formulations CM and BS at the maximum concentration 

(100 mg/ml) but CH gave an IC50 value of 40 mg/ml. The formulation CH had a similar phytosterol 

profile to that of BS, indicating that both were sourced from a similar vegetable oil source. CH 

contained a higher overall content of phytosterols (76.0%) compared with BS (41.3%) but this is 

unlikely to have been the reason for its IC50 value of 40 mg/ml, since 40 mg represents 30.4 mg of 

phytosterols, whereas BS at 100 mg/ml (no DPP-4 inhibition) was equivalent to 41.3 mg phytosterols 

at essentially an identical profile. Some, if not all, of the observed DPP-4 inhibition of formulation CH, 

can be attributable to -carotene, which was reportedly present in the formulation at a level of 1.5 

mg per capsule.  We determined that -carotene does inhibit DPP-4 in vitro. The value we obtained 

for the IC50 of this inhibition was 1.25 mg/ml, however, this value is unlikely to be reliable due to the 

low solubility of -carotene in the aqueous buffer used in the assay. If -carotene does not account 

for all of the DPP-4 inhibitory activity, there could be other compounds responsible. However, it does 

not appear that the DPP-4 inhibition is due to the presence of phytosterols.  Asemi et al. have provided 

evidence, through a clinical trial, that dietary -carotene does have anti-diabetic activity [12]. 

This is the first study of its type to evaluate the potential of phytosterol supplements as natural anti-

diabetic agents through DPP-4 inhibition. The findings of this study are not supportive for the clinical 

use of phytosterol supplements in controlling blood glucose levels via DPP-4 inhibition in patients with 

prediabetes and type 2 diabetes. However, this does not ignore the potential benefit of phytosterols 

as antioxidants and lipid lowering agents. Various other naturally derived products such as citrus 

bioflavonoid-containing supplements may have a greater potential for use as anti-diabetic agents. 

 

5.0 Limitations of Study 

The docking study results were limited by the restricted parameter changes allowed by the Docking 

Server software 

 



The in vitro IC50 determinations were limited by the maximum tested concentration of the 

supplements that could be achieved in solution. However, the tested concentration covered the 

biologically relevant concentration range. 

 

6.0 Conclusion 

Molecular docking studies suggested that phytosterols had the potential for anti-diabetic activity 

through the inhibition of DPP-4 enzyme. However, in vitro studies of pure phytosterols and three 

commercial formulations (CM, BS and CH) containing phytosterols contradicted the in silico results by 

failing to demonstrate any significant inhibition of DPP-4 activity. It appears unlikely that phytosterol 

supplements have the potential to benefit users with respect to glycaemic control mediated through 

DPP-4 inhibition. Even if phytosterols do possess antidiabetic activity, the pathway is unlikely to be 

through DPP-4 inhibition and other anti-diabetic pathways need to be elucidated for these 

compounds. 
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Tables and Figures 

 

Table 1: DPP-4 inhibitory activity of phytosterols and -Carotene from molecular modelling (in silico) 

and  experimental (in vitro) studies 

Compound FBD kcal/mol 

in silico 

IC50 µg/ml 

 in silico 

IC50 mg/ml 

in vitro 

Stigmasterol -8.78 0.152 >50 

-sitosterol -8.70 0.173 >50 

Campesterol -8.40 0.276 Not Determined 

-Carotene Not Determined Not Determined 1.25 

FBD (free binding energy), IC50 (inhibition constant at 50% inhibition) 

 

Table 2: Phytosterol supplement analysis by GC-MS/MS and DPP-4 inhibition by these supplements 

determined using in vitro fluorometric assay 

Formulation Campesterol Stigmasterol % -sitosterol 

% 

Phytosterol 

content in 

Tablets/Gel 

%W/W 

IC50 

in vitro 

Mega Strength 

Beta Sitosterol® 

(BS) 

28.7 21.7 49.6 41.3% >100 

mg/ml 

Thompson’s 

Cholesterol 

Manager® (CM) 

7.0 0.4 92.6 46.4% >100 

mg/ml 

Blackmores 

Cholesterol 

Health® (CH) 

28.6 21.8 49.6 76% 40 

mg/ml 

%W/W (percent by weight), IC50 (inhibition constant at 50% inhibition) 
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