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ABSTRACT 

Conventional cancer treatments like chemotherapy and radiotherapy are frequently bottlenecked by high 
toxicity, severe side effects, and astronomical development costs. Consequently, plant-derived bioactive 
secondary metabolites have emerged as promising, low-toxicity alternatives in modern drug discovery. 
Saffron (Crocus sativus L.) contains four major therapeutic carotenoids and monoterpene aldehydes: crocin, 
crocetin, picrocrocin, and safranal. This study evaluates their therapeutic efficacy against the tumor 
suppressor protein p53 using an integrated in silico approach pairing molecular docking with Quantitative 
Structure-Activity Relationship (QSAR) modelling. Molecular docking studies revealed that all four 
compounds localized within the vital DNA-binding domain of p53. Picrocrocin demonstrated the highest 
binding affinity (-6.01 kcal/mol), followed by safranal (-5.01 kcal/mol), crocetin (-4.43 kcal/mol), and crocin 
(-4.32 kcal/mol). Refined QSAR equations identified Topological Polar Surface Area (TPSA), octanol-water 
partition coefficient (LogP), and Molecular Refractivity (MR) as pivotal structural descriptors influencing 
biological activity. These computational findings provide a structural roadmap for prioritizing saffron-
derived lead candidates, with safranal and picrocrocin standing out as optimal scaffolds for further preclinical 
optimization. 
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INTRODUCTION 
The scientific exploration of bioactive 
metabolites present in plants is emerging as a 
competent resource in the competition for 
developing new drugs (Somasagara et al., 
2012). Cancer is amongst the major health 
threats claiming millions of lives around the 
world on a regular basis (Jemal et al., 2009). In 
the present decade, the prevalence of cancer, its 
recurrence and severe side-effects of 
chemotherapeutic treatments brought about the 
resurgence of interests making the use of herbal 
preparations as more efficacious drugs with 
meager or no side-effects. Spices are dietetic 
food components ingested by most of the world 
population regularly to heighten the taste and 
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flavour. 1(Premankur and Ramesh, 2010). The 
extracts of typically used condiments was 
shown to have high cytotoxicity on tumoral cell 
cultures (Unnikrishnan and Kuttan, 1988). 
Saffron, included amongst the most expensive 
spices, has been historically employed as a food 
colorant, cosmetic and drug in medicine (Amin 
and      Buratovich, 2002; Samarghandhan and 
Borji,2014). The cultivation of saffron can be 
dated back to 2500-1500 BC and originated 
possibly in Iran, Greece and later became 
widespread in China, India, Eastern Europe and 
Mediterranean region (Tammaro, 1987). It is 
now cultivated diversely all over the world for 
its flavouring and medicinal perspectives. 
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Saffron spice is produced from the parched 
Crocus sativus L. stigmas, belonging to the 
Iridaceae family (Srivastava et al., 2010). In 
addition to riboflavin saffron possesses a rich 
source of carotenoids (Gutheil et al., 2012). C 
sativusis, a stem-less perennial herb (Rios et al., 
1996), prefers infriable, loose, well-watered 
and well-drained calcareous soil. The plant is 
characterized by its narrow leaves and a corm 
which is a fleshy bulb (Kumar et al., 2009). 
According to chemical analyses four principle 
active ingredients isolated from saffron which 
composed of crocin, crocetin, picrocrocin and 
safranal Figure1. Crocin is a 
crocetingentiobiase ester and is water soluble. 
The major component of crocin, crocetin, is a 
diterpenic carotenoid (the aglycon of crocin) is 
88´diapo-88´-carotenoic acid (Giaccio, 2009). 
Picrocrocin is a monoterpene glycoside (4-(β-
D-glucopyranosyloxy)-2,6,6-trimethyl-1-
cyclohexene-1-carboxyaldehyde). Picrocrocin 
is the chemical contributing to the bitter taste of 
saffron. Safranal, (2,6,6-trimethyl cyclohexa-
1,3-dien-1-carboxyaldehyde) which is 
synthesized by the deglucosylation of 
picrocrocrocin (Schmidt et al., 2007; Zhang et 
al., 1994; Nair et al., 1995) constitutes the 
volatile agent of saffron whereas crocin and 
crocetin can be categorized as dyes responsible 
for colouring (Premankur and Ramesh, 2010). 
In addition to other carotenoids crocin, crocetin, 
picrocrocin and safranal are among of the most 
important saffron components to have 
anticancer and antitumor properties (Hosseini 
et al., 2018a; Yao et al., 2018). The method of 
operation of anti-cancerous and tumoricidal 
attributes of the engaging metabolites of 
saffron, crocin, crocetin, picrocrocin, and 
safranal are still unclear (Abdullaev and 
Frenkel, 1999). Crocetin, the major constituent 
of saffron, has sparked research curiosity owing 
to its multiple pharmaceutical impacts, 
including chemotherapeutic properties (Li et 
al., 2017). Additionally, reports claimed that 
carotenoids in saffron induce apoptosis, inhibit 
proliferation and synthesis of DNA, RNA, the 
supressive effect on free radical reactions, and 
proteins in various classes of cancer cells 

(Bathaie et al., 2013).It is an established fact 
that the cellular ratio of Bcl-2/Bax makes a cell 
either prone to cell proliferation or apoptosis, 
i.e., a higher Bcl-2/Bax ratio prevents a cell 
from undergoing apoptosis since Bcl-2 is part 
of the anti-apoptotic family whereas Bax is pro-
apoptotic. Therefore, a lower Bcl-2/Bax ratio 
will induce cell death (Sarbia et al., 1997; 
Sedlak et al., 1995). Therefore, from literature 
survey, research indicates that crocetin, which 
is a key bioactive metabolite of saffron, 
increases cell permeability and induces cell 
death (Escribano et al., 1996). The remaining 
carotenoids have been reported to restrain DNA 
and protein synthesis (Abdullaev and Espinosa-
Aguirre,2004). P53, commonly regarded as the 
“guardian of the genome” is a nuclear 
transcription factor. It is observed to have been 
mutated in every kind of cancer. p53 is also pro-
apoptotic i.e in cells which have DNA damage 
or are undergoing stress, p53 is found to induce 
apoptosis (Sionoy and Haupt, 1999; Prives and 
Hall,1999; Vousden and Lu, 2002; Lacroix et 
al., 2006; El-Deiry,2003).  In this study the 
therapeutic efficiency of the bioactive 
metabolites of saffron, crocin, crocetin, 
picrocrocin and safranal have been studied to 
discover whether these metabolites can induce 
p53-mediated apoptosis in cancer cells. 
Molecular docking is used to model interactions 
of the receptor which is generally a protein and 
a ligand which might be another protein or any 
small molecule such as a drug etc. and predicts 
the different ligand conformations on the 
catalytic site of the protein. The finest docked 
configuration can be chosen based on some 
docking scores generated by the tool being used 
such as ligand’s binding energy, its efficiency 
and other parameters based on the acquired 
attributes of the tool being used (Meng et al., 
2011). The docking tool uses different 
algorithms and most popularly used is Genetic 
Algorithm. Since, the bioactive components are 
probable anti-tumour agents therefore 
Quantitative Structure-Activity Relationship, 
QSAR, evaluation was executed to determine 
their chemical attributes along with varying 
biochemical functions such asLD50 and IC50 
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values. To develop an association between the 
chemical properties of substances to their 
biological activities and to attain a reliable 
paradigm for prognostication of new chemical 
entities’ activitieson which QSAR can be 
performed (Patel et al., 2014). 
METHODOLOGY 
Retrieval of frameworks of the bioactive 
metabolites  
The carotenoids’ three-dimensional 
frameworks namely crocin and crocetin, and 
the monoterpene aldehydes namely picrocrocin 
and safranal were retrieved from ChemSpider 
(Pence and William, 2010) with ChemSpider 
ID 4444645 for crocin, 4444644 for crocetin, 
115678 for picrocrocin and 55000 for safranal. 
The structures from ChemSpider were in MOL 
format and were therefore transformed to PDB 
format using the offline variant of the software 
Open Babel; OpenBabel-2.4.0 (O’Boyle et al., 
2011). The 3D organization visualization of the 
carotenoids was done with the aid of UCSF 
Chimera; Chimera 1.11.2 (Pettersen et al., 
2004). 
Physiochemical properties 
The physicochemical attributes of the four 
metabolites of saffron had been retrieved from 
PubChem (Kim et al., 2016) in the form of 
melting point, molecular weight, molecular 
formula, number of hydrogen bond’s donor and 
acceptor, number of rotatable bonds, TPSA, 
monoisotopic mass, XLogP3-AA, in addition to 
number of heavy atoms, numbers of 
stereocenter for defined atoms and defined 
bonds and covalently bonded atom count. The 
attributes mentioned were used for comparison 
among the compounds in terms of drug-likeness 
and structural diversity. 
Molecular Binding Prediction: Molecular 
Docking 
The structure of p53 protein was retrieved from 
Protein Data Bank (Protein ID- 1TUP) and 
preparation was accomplished by the standard 
steps required for docking. Ligand- receptor 
molecular binding inquiry was executed using 
offline AutoDockTools-1.5.6 (Morris et al., 
1996) on windows platform. The employment 
of Auto Dock Tools was achieved with the 

available MGL tools. Docking of the four 
bioactive compounds crocin, crocetin, 
picrocrocin and safranal against p53 was 
completed with the aid of Lamarckian Genetic 
Algorithm. The p53 was kept as the 
macromolecule which has been kept as rigid 
and the ligands i.e. crocin, crocetin, picrocrocin 
and safranal were kept flexible. The grid was 
maintained in a specific manner so that the 
macromolecule and the ligands were 
submerged within the given grid parameters for 
the four individual ligands against the 
macromolecule. 
Quantitative Structure Activity 
Relationship Investigation 
Quantitative structure Activity Relationship, 
QSAR was completed with a non-networked 
software tool Easy QSAR (Asthana et al., 
2014). Crocin, crocetin, picrocrocin and 
safranal were analysed in relation to their 
molecular properties. The activity used for 
crocin, picrocrocin and safranal was Lethal 
Dose 50, LD50 (Abdullaev and Espinosa-
Aguirre, 2004) whereas the activity used for 
crocin and crocetin was Inhibitory 
Concentration IC50 (Kim et al., 2016). The 
molecular features used as descriptors were 
created for the individual metabolites using 
Custom Computation in ChemDes (Jie et al., 
2015). The molecular properties used as 
descriptors were Topological Polar Surface 
Area (TPSA), squared Moriguchioctanol-water 
partition coefficient (logP2), hydrophilic factor 
(Hy), Unsaturation index (Ui), 
Morguchioctanol-water partition coefficient 
(logP), and molecular refractivity (MR). The 
input files provided for the generation of 
descriptor files were first and foremost 
transformed from mol format into smiles 
format. 
RESULTS  
Physiochemical properties 
The physiochemical properties of the four 
bioactive metabolites are mentioned in the 
table, some of which were also salvaged 
fromChemSpider, apart from PubChem 
database (Table 1). The metabolites were found 
to exhibit discrepancy in polarity, molecular 
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size and flexibility with crocin representing the 
largest polar compound and safranal reportedly 
small and least polar.

 

(A)  (B)   

(C)  (D)  
Figure1: Showing the four bioactive compounds found in saffron namely:  crocin, crocetin picrocrocin and           

safranal. 

Molecular Docking Analyses 
In this current study molecular docking of p53 
with the four individual metabolites crocin, 
crocetin, picrocrocin, and safranal was 
performed employing AutoDock Tools and 10 
docking conformations were developed for all 
the four metabolites. However, the conformer 
with the greatest bonding energy has been 
reported. The factors reported in Table 2 are 
ligand proficiency, bonding energy, inhibition 
constant, inter-molecular energy, vdw-hb-
desolving energy, unbound energy, total 
intrinsic energy, rotational energy, clRMS, ref 
RMS. The maximum binding energy was 
noticed in picrocrocin with -6.01 followed by 
safranal with -5.01, crocetin with -4.43 and 
crocin with -4.32 respectively. The docking 
conformations which are represented in Figure 
3, shows crocin, crocetin, picrocrocin, and 
safranal interacting with the DNA-binding 

junction of the p53 molecule. This observation 
could be accounted for, because the active 
metabolites of saffron inhibit cancer growth and 
proliferation by inhibiting DNA and RNA 
synthesis. Therefore, from the binding energies 
of all the four bioactive metabolites, 
picrocrocin shows maximum binding affinity 
with the most favourable predicted binding 
affinity and was tailed by safranal, crocetin and 
crocin. The graph of binding energy versus 
conformations had been generated for the total 
four bioactive metabolites and is represented 
via Figure 2. Mostly the interactions between 
p53 and the carotenoids revealed Vander Waals 
interactivity and few alkyl residues in addition 
to hydrogen bonded interactions. The amino 
acid interaction of p53 and the carotenoids are 
presented in Table 3, with picrocrocin showing 
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interactions with Gln A:167, Ala B:276, Cys 
B:277, Ser B:121, Thr B: 123, and Gln B136.
 

(A)  (B)  

(C)  (D)   

 

Figure 2: The graph of binding energy vs. conformations (2.0 clustering) of (A) crocin, (B) crocetin, (C) 
picrocrocin, (D) safranal. This was generated by the integrated commands in AutoDock tools after the 
conformations were formed. Out of 10 conformations, the best pose was selected based on their binding energies. 
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Figure3: Docking results of the four bioactive metabolites of saffron, crocin, crocetin, picrocrocin, safranal with 
p53 as generated using AutoDockTools-1.5.6.Lamarkian Genetic algorithm was chosen while carrying out the 
molecular docking sessions between the rigid macromolecule (p53) and the flexible ligands (i.e crocin, crocetin, 
picrocrocin and safranal respectively). 

  

 
 

Figure 4. Quantitative structure–activity relationship 
(QSAR) models for predicting acute toxicity (LD₅₀) 
based on selected molecular descriptors. Actual 
versus predicted LD₅₀ plots demonstrating the 
predictive performance of the developed multiple 
linear regression models. (i) Six-descriptor model 
incorporating topological polar surface area (TPSA), 
LogP², hydrophobicity (Hy), unsaturation index (UI), 
LogP, and molar refractivity (MR), represented by the 
equation: LD₅₀ = −15 + 312.5(TPSA) + 0(LogP²) − 
10(Hy) + 0(UI) − 4(LogP) − 0.1328(MR). 
(ii) Reduced three-descriptor model incorporating 
TPSA, LogP, and MR, represented by the equation: 
LD₅₀ = 5.5313 − 0.0195(TPSA) − 1.2500(LogP) − 
0.0313(MR). 
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Table 1: The chemical and physical properties of crocin, crocetin, picrocrocin have been summarized in the table. 

Sl. 

No. 

 

Parameters 

Bioactive compounds 

Crocin Crocetin Picrocrocin Safranal 

1 PubChem CID 5281233 5281232 130796 61041 
2 Molecular Formula C44H64O24 C20H24O4 C16H26O7 C10H14O 
3 Molecular Weight (g/mol) 976.972 328.408 330.377 150.221 
4 Melting Point 185˚C 285˚C * 209.65˚C * < 25˚C 
5 Hydrogen Bond Donor Count 14 2 4 0 
6 Hydrogen Bond Acceptor Count 24 4 7 1 
7 Rotatable Bond Count 20 8 4 1 
8 TPSA 391 A^2 74.6 A^2 116 A^2 17.1 A^2 
9 Monoisotropic mass (g/mol) 976.3799 328.167 330.168 150.104 
10 XLogP3-AA -2.5 5.4 -0.5 2.1 
11 Heavy atom count 68 24 23 11 
12 Defined Atom Stereocenter Count 20 0 6 0 
13 Defined Bond Stereocenter Count 7 7 0 0 
14 Covalently Bonded Unit 

Count 
1 1 1 1 

* The melting points of crocetin and picrocin have been retrieved from ChemSpider. 

 

Table 2: The different parameters generated because of docking p53 with the different ligands (crocin, crocetin, 
picrocrocin, safranal) have been computed and listed above. The values were computed with Auto Dock tools 
while generating the conformations along with their binding energies and other computation values. 
 

Receptor 1TUP 
Ligand Crocin Crocetin Picrocrocin Safranal 

Binding energy -4.32 -4.43 -6.01 -5.01 
Ligand efficiency -0.06 -0.18 -0.26 -0.46 

Inhibition  constant (µmol) 686.82 570.48 39.45 211.05 

Intermolar energy -9.68 -7.41 -7.2 -5.01 

vdw-hb-desolving energy -0.96 -6.75 -7.12 -4.96 

Electrostatic Energy -0.06 -0.66 -0.08 -0.05 
Total internal energy -7.95 -0.71 -0.28 0 

Torsional energy 5.37 2.98 1.19 0 

Unbound energy -7.95 -0.71 -0.28 0 
clRMS 0 0 0 0 

refRMS 24.33 34.03 35.66 31.77 
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Table 3: Showing the amino acids interacting with the p53 (1TUP) molecule, along with their position, chain and 
the type of interactions. 
 

Receptor Ligand Amino acid position Type of interaction 
1TUP Crocin Lys C: 120, Glu C: 198, Thr 

B: 211, Ser B: 96, Glu B: 
171 

Unfavourable donor-donor 
interactions 

Asn B: 210, Gly C: 199 Conventional hydrogen bond 
His B, 168, Lys C: 139 Alkyl 

Cys C: 277, Asn C: 235, Ser 
C: 121, Thr C: 123, Arg B: 

249, Gln B: 167, Thr C: 140, 
Val B: 97, Leu C: 201, Thr 
B: 170, Phe B: 212, Arg B: 
213, Val B: 172, Arg C: 196 

Van der Waals 

Crocetin Arg B: 248 Hydrogen bond 
Picrocrocin Gln A: 167, Ala B: 276, Cys 

B: 277, Ser B: 121, Thr B: 
123, Gln B: 136 

Van der Waals 

Ser A: 166 Unfavourable donor-donor 
bond 

Lys B: 139 Alkyl 
Safranal Ser A: 166, Gln A: 165, Gln 

A: 167, Gln B: 136, Ser B: 
121, Lys B: 120 

Van der Waals 

Ala B: 276, Cys B: 277 Alkyl 
 
Quantitative Structure Activity 
Relationship Analyses 
Since crocin, crocetin, picrocrocin, safranal can 
be potential drug candidates therefore 
Quantitative Structure-Activity Relationship, 
QSAR was carried out to anticipate their 
biological action with the chemical structures. 
Crocin, picrocrocin and safranal were analysed 
in relation to their molecular properties i.e the 
descriptor file contained molecular properties 
as generated from ChemDes and the activity 
chosen was LD50. After performing QSAR 
studies a statistical analysis was initiated from 
which the F statistics calculated was 0.733 with 
a critical F of 19.33. The percentage 
contribution of each descriptor to activity was 
49.75% of TPSA, 9.48% of LogP2, 25.19% of 
Hy, 8.33% of UI, 63% of LogP, and 41.68% of 
MR. Also, the correlation of descriptors with 
activity generated was 0.71 for TPSA, 0.31 for 
LogP2,-0.50 for Hy, 0.29 for UI, -0.79 for 
LogP, and 0.65 for MR. A plot was generated 
of actual vs. predicted activity with the QSAR 
equation Figure 4 (i). The actual values were 
3mM, 3mM, and 0.8mM for crocin, picrocrocin 

and safranal respectively and the predicted 
values were 14.02, 5.06 and -7.12. Since for a 
better prediction the percentage contribution of 
descriptor to activity is around 50% and for a 
good correlation the threshold chosen was 
around 0.7 therefore the analysis was re-
executed by taking only TPSA, LogP and MR 
as descriptors. A plot was generated for the real 
versus expected activity with the generated 
QSAR equation Figure 4 (ii). The F statistics 
calculated was 0.28 and the critical F value was 
19.16. The predicted values were -2.69, 1.36 
and 0.64. Using IC50 values of crocin and 
crocetin QSAR studies was again carried out to 
summarize their activity with their chemical 
structure. The F statistics calculated was 0.32 
and the critical F value was 233.39. The 
percentage contribution of each descriptor to 
activity and correlation of descriptors with 
activity was not reported. This could have been 
an outcome resulting from fewer number of 
parameters chosen for the study. The actual IC50 

values were 3.35 mmol/l and 0.19 mmol/l, and 
the predicted values calculated were 2.29 and -
0.05 for crocin and crocetin respectively. A plot 
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was generated for actual vs. predicted activity 
along with the QSAR equation Figure 5 (iii). 
DISCUSSIONS 
The survey on the naturopathic treatment using 
saffron to obviate and in curing of cancer was 
rooted on the extract from the parched Crocus 
sativus stigmas having anti-cancerous 
properties (Srivastava et al., 2010; Zhang et al., 
1994). This study explored the anticancer 
potential of saffron metabolites through 
docking and QSAR analysis. The four active 
carotenoid secondary metabolites of saffron 
viz. crocin, crocetin, safranal and picrocrocin 
reportedly possess diverse pharmacological 
impacts including cytoprotective, antioxidant 
as well as antitumor effects via inhibition of cell 
growth, apoptosis, etc. (Abdullaev and 
Frenkel,1999; Amin and Buratovich, 2007). 
p53 typically regarded as the “guardian of the 
genome” is a gene regulating cellular stress and 
genetic damage and is found to have oncogenic 
potential when mutated. p53 is found to induce 
its pro-apoptotic functions in response to 
cellular insults such as DNA damage (Sionoy 
and Haupt, 1999; Vousden and Lu, 2009). It is 
well documented that all the four bioactive 
metabolites of saffron can suppress the 
proliferation of cancer cells both in-vitro and 
in-vivo. Crocetin has been evidenced to hamper 
the multiplication of tumor cells by enhancing 
the proportion of Bax/Bcl-2, which in turn 
induces apoptosis and ultimately tumour 
formation (Sarbia et al,.1997; Sedlak et al., 
1995). From the studies, the discrepancy of the 
predicted LD50 from actual LD50 value was the 
least insafranal followed by the actual and 
predicted IC50 value of crocetin, crocin and 
LD50 value of picrocrocin and crocin. 
Therefore, safranal can be further tested for 
potential anti-cancer and anti-tumor drug 
candidate.  
Despite saffron and its components possessing 
many therapeutic effects they do also posses 
stheir fair share of limitations. Safranal, though 
show several pharmacological effects such as 
inflammation and antioxidant activity, it is an 
aromatic substance and therefore represent a 
major volatile component of saffron 

(Esmaealzadehet al., 2023). Crocin had been 
studied extensively and was found to exhibit 
pharmacological effects as a cardioprotectant 
and neuroprotectant and is also water soluble, 
but has poor oral absorptivity (Song et al., 
2021). In the intestine crocin is broken down 
into crocetin and this substance can reach CNS 
by penetrating blood-brain barrier transcellular 
diffusion hence is effective in 
neurodegeneration, but its plasma 
concentration level is low (Hosseini et al., 
2018b). Additionally, since very limited 
numbers of compounds were used for QSAR 
analysis there is a constrained factor in the 
model stability. With few data points the model 
statistics can be unstable, and a single deviant 
can distort the apparent relationship between 
structure and activity. 
Regardless, the study presents a relevant and 
worthwhile preliminary computational 
investigation into the anticancer potential of 
saffron-derived metabolites and further 
analysis can be carried out such as checking 
which metabolite is acting against which form 
of cancer and how much is their potential to 
curb the disease. Additionally, the compounds 
can be considered promising leads as 
therapeutic candidates and could be explored 
more in this direction. Picrocrocin is relatively 
less studied and its binding affinity with p53 
being the highest in this study has open a way 
for more exploration on this compound. 
CONCLUSIONS 
The present study accentuates the promising 
anti-cancer quality of saffron’s bioactive 
compounds specifically crocetin, crocin, 
picrocrocin and safranal, by means of 
physicochemical properties, molecular docking 
simulations and QSAR analyses. Pubchem and 
Chemspider obtained data inveterate effective 
drug-like properties supported by molecular 
docking analyses with binding energies of -6.01 
kcal/mol (picrocrocin), -5.01 kcal/mol 
(safranal), -4.43 kcal/mol (crocetin), and -4.32 
kcal/mol (crocin), predominantly driven 
through van der Waals, alkyl, and interactions 
between hydrogen bridge with key residues 
(Table 3). These binding energies suggest 
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effective inhibition and blockage of DNA and 
RNA synthesis mechanisms successfully 
curbing cancer cells proliferation and induce 
apoptosis. Refined key descriptors such as 
TPSA, LogP, and MR in QSAR analyses 
yielded F-statistics up to 0.733 and correlations 
≥0.65 further validating structure activity 
correlations between the actual and predicted 
values, underscoring their structural stability as 
drug candidates. To summarize, saffron’s 
metabolites have promising potential as tumor 
suppressants with safranal as the most viable 
candidate warranting further preclinical 
validation because of its superior predictive 
binding accuracy. Further research could be 
done by evaluating combinations with other 
chemotherapeutics or natural products to 
increase these metabolites’ effectiveness.  
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