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Abstract 

Conventional chemotherapy for colorectal cancer (CRC) gives only a small increase in 

patient survival, since it is often diagnosed in late stages, when tumor has disseminated to 

other organs. Besides, it is common to observe that malignant cells acquire tumor escape 

mechanisms which leads to therapy resistance. Considering these facts, the discovery of new 

molecules with therapeutic potential has become an invaluable tool in chemoprevention. In 

this context, we previously evaluated two hybrids (SAC-CAFA-MET and SAC-CAFA-

PENT) which exhibited selective cytotoxicity against SW480, with better results than the 

conventional chemotherapeutic agent (5-fluorouracil; 5-FU). Here, we investigated a little 

deeper in the possible mechanism of these molecules to identify potential therapeutic 

alternatives for the treatment of CRC.  Both compounds induced cell damage and reduced 

ROS formation. Further evaluations showed that SAC-CAFA-MET induces cell death 

independent from caspases and p53, but probably mediated by the negative regulation of the 

proapoptotic Bcl-2. In addition, the lack of activation of caspase 8 and the positive regulation 

of caspase 3 induced by SAC-CAFA-PENT suggest this compound acts through an 

apoptotic mechanism, probably initiated by intrinsic pathway. Besides, the down regulation 

of IL-6 by SAC-CAFA-PENT suggests it also induces a significant anti-inflammatory 

process. In addition, docking studies would suggest caspase-3 modulation as the primary 

mechanism by which hybrids elicits apoptosis in human colorectal adenocarcinoma SW480. 

Meanwhile, DFT calculations suggest that hybrids would produce effects in modulation of 

ROS in SW480 cells via hydrogen atom transfer pathway (HAT). Finally, both, SAC-CAFA-

MET and SAC-CAFA-PENT displayed a favorable pharmacokinetic profile. The current 

work highlights the potential of the lead compounds SAC-CAFA-MET and SAC-CAFA-

PENT as potential agents for colorectal cancer chemoprevention. 
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Introduction 

 

Colorectal cancer (CRC) is considered one of the main cancers with modifiable causes, that 

can be highly preventable by living a healthy lifestyle, through minimizing exposure to risk 

factors like avoiding the use of tobacco and alcohol, maintaining a healthy body weight, 

practicing physical activities, including a diet low in red and processed meats and high in 

fiber, vegetables, and fruits [1,2]. Despite this, it is still a leading cancer-related cause of 

death worldwide, being the second most common counting about 935.173 deaths in 2020, 

only preceded by lung cancer, with an estimated of 1’931.590 new cases in the same year 

[3,4]. Due to the widespread occurrence of the risk factors and the increase in the statistics, 

extensive research is ongoing to develop new agents as potential therapeutic alternatives 

against colorectal cancer.  

 

Current treatments for CRC include different regimens with chemotherapeutic agents alone 

or in combination, for example, FOLFOXIRI (folinic acid/5-FU/oxaliplatin/irinotecan) 

FOLFIRI (folic acid/5-FU/irinotecan), FOLFOX (5-FU/leucovorin/oxaliplatin), which are 

composed of 5-fluorouracil as the backbone of the treatment, and XELIRI/CAPIRI 

(Capecitabine with irinotecan), XELOX/CAPEOX (Capecitabine with oxaliplatin), which 

are composed of an oral form of 5-fluorouracil, capecitabine.  Although these conventional 

treatments are effective, all they cause high-grade toxicity including neurological disorders, 

gastrointestinal side-effects, myelosuppression, neutropenia, anemia, among others, which 

many times result in dose limitations or cessation of the anticancer therapy [5-7]. Considering 

this, the search for new therapeutic alternatives becomes necessary. Thereon, 

chemoprevention has been explored for management of different cancers, increasing the 

interest in understanding the biology of carcinogenesis to identify molecular targets to disturb 

this process. This strategy is based on the use of natural, synthetic, or biological agents to 

reverse, suppress or either prevent the steps in tumor initiation, promotion, or progression 

[8,9]. The design and discovery of novel drug candidates represents the initial and hence 

probably the most crucial step in the drug development process since the identification of 

hits and subsequent lead structures is a very risky and expensive process. On the other hand, 

it is well recognized that many diseases are caused for defects in different biological targets, 
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involving a plethora of biochemical and physiological processes that often even occur 

simultaneously.  Besides, it is common that even the most promising hits will only influence 

one biological target and it would probably not be sufficient to effectively combat 

multifactorial diseases like cancer. Because of this, the use of agents with different 

mechanisms of action is one of the methods adopted for treating this disease [10,11]. 

Thereon, the use of hybrid compounds has emerged as promising strategy in medicinal 

chemistry and drug discovery research since these compounds combine two distinct 

biologically active molecules into one entity that could act in different targets, displaying 

dual effect [12-16]. We have previously reported the biological activity of S-allyl cysteine 

ester–caffeic acid amide hybrids using a colon cancer cell line. According to those results, 

some hybrids induced mitochondrial depolarization and cell cycle arrest in G2/M or S-phase, 

suggesting that these molecules  could exert either a cytotoxic or cytostatic effect in SW480 

cell line [17]. In this study we studied the most active molecules to provide a better approach 

to the possible mechanism of action of these hybrid molecules to identify possible therapeutic 

alternatives for the treatment of colorectal cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


Results and discussion 

Considering that conventional chemotherapy induces several side effects which many times 

result in dose limitations or cessation of the anticancer therapy [5,6], the search for new 

therapeutic alternatives becomes necessary. The aim of the present study was to evaluate the 

effect of two S-allyl cysteine ester - caffeic acid amide hybrids in the immunomodulation and 

cell stability of human adenocarcinoma colon cells respect to changes on ROS production, 

apoptotic proteins, inflammation related biomarkers, as well as the effect in the activity of 

matrix metalloproteinase 7 (MMP-7) and MMP-9. In a previous study we found that, the 

hydroxylated compounds SAC-CAFA-MET and SAC-CAFA-PENT (in the precedent 

publication named 9a and 9e, respectively) displayed great selective activity with better 

results than starting compounds and the reference drug 5-FU [17]. Here we make an approach 

to the possible mechanisms involved in the activity of those hybrids to induce cell death using 

human colon cancer cells (SW480).  

 

Source of hybrid molecules 

The synthesis of the hydroxylated compounds SAC-CAFA together with the full 

characterization and other biological activities, were previoulsy reported by Castrillon et al 

(2019) [17]. Scheme 1 shows a brief description of the route used for the synthesis of the 

molecules. The reaction of nucleophilic sustitution between cysteine (1) and allyl bromide 

gived the S-Allyl cysteine (2) which was esterified with  the corresponding alcohol in the 

presence of thionyl chloride, obtaining compound 3. On the other hand, the phenolic 

hydroxyl groups of caffeic acid were protected as TBDMS providing compound 5. Then, 

compounds 3 and 5 were submitted to peptide type-coupling using HBTU as amide bond 

promoter giving compound  6. Finally, hybrids SAC-CAFA were obtained by deprotection 

from compound 7. 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


 

Scheme 1. Synthesis of hybrids SAC-CAFA. This data were taken from the previous report 

of the process made by Castrillon et al (2019).  

 

Effect of SAC-CAFA-MET and SAC-CAFA-PENT on Reactive Oxygen Species (ROS) 

 

There is evidence that supports the role of oxidative stress and ROS (hydrogen peroxide, 

hydroxyl radical, superoxide anion and peroxynitrite) in genotoxicity and the development 

of colon cancer. When ROS are produced in low doses, they play a role in physiological 

functions, and they are essential for regulation of various cellular signaling pathways. 

However, high levels of ROS may react with biomolecules (lipids, carbohydrates, proteins, 

and nucleic acids) interfering with cell function. This resulting oxidative damage is the first 

step involved in mutagenesis and carcinogenesis [18,19]. On the contrary, increasing 

antioxidant activity is seen as a potential strategy to delay the harmful effects of ROS [18,20]. 

Because of this, we investigated if SAC-CAFA-MET and SAC-CAFA-PENT could have an 

effect in modulation of ROS in SW480 cells. The results showed that both hybrids 

significantly reduced ROS formation regarding the control, suggesting they could act as 

antioxidants in this model (Figure 1). This is consistent with previous information reported 

for the parental compounds alone. Thus, different authors have reported that S-allylcysteine 

(SAC) possesses strong antioxidant activity by scavenging intracellular ROS [21-23]. 

Similarly, it was reported that SAC reduced oxidative stress in a rat model of focal cerebral 

ischemia [24], a sporadic Alzheimer’s disease model [25] and a mouse model of Parkinson’s 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


disease [26]. Alternatively, different authors have also reported that caffeic acid (CA) 

possesses potential anticancer activity with well-defined pharmacological mechanisms 

associated with the inhibition of ROS production [8]. This information supports our findings, 

suggesting that one possible mechanism of the hybrid molecules SAC-CAFA-MET and 

SAC-CAFA-PENT could be potentiated by the inhibition of oxidative stress in SW80 cells. 

 

 

 

 

 

 

 

 

Figure 1. Intracellular ROS induced by hybrids SAC-CAFA-MET (124.2 µM) and SAC-

CAFA-PENT (118 µM) or DMSO 1% (control) in SW480 cells.  Fluorescent dye CM-

H2DCFDA was used. Data are presented as the mean ± SE of three independent experiments. 

p-values lower than 0.05 were considered  statistically significant (*p<0.05; **p < 0.01). 

 

Effect of SAC-CAFA-MET and SAC-CAFA-PENT in the expression of caspases-3, -7 

and -8.  

 

In normal conditions, the apoptotic pathway is a highly regulated process that culminates in 

the death of a cell, involving different anti-apoptotic and pro-apoptotic proteins together with 

the sequential activation of proteases called caspases, responsible for initiating the hallmarks 

of the degradation phase of apoptosis including cell shrinkage, membrane blebbing and DNA 

fragmentation [27]. Abnormalities in apoptotic function contribute to both the pathogenesis 

of colorectal cancer and its resistance to chemotherapeutic drugs. Thus, the design of 

different anticancer drugs has been focused on the modulation of the different molecules to 

develop more selective agents with increased efficacy and reduced side effects. To 

investigate if the mechanism of action of SAC-CAFA-MET and SAC-CAFA-PENT is 

related to apoptosis in SW480 cells, different biomarkers were evaluated.  
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Caspases can be sub-classified as initiator (caspase-8 and -9) or executioner (caspase-3, -6, 

and -7) [28]. All these proteases are synthesized as proenzymes and require a highly regulated 

process to be activated. Once initiator caspases undergo self-activation, they can activate the 

executioner caspases to start the hydrolysis of different proteins from the cytoskeleton, 

nuclear proteins, and other molecules to initiate the final process of death [29]. Because of 

this, we tested the effect of SAC-CAFA-MET and SAC-CAFA-PENT in the levels of some 

relevant caspases, such as caspase-3 (Figure 2A), caspase-7 (Figure 2B) and caspase-8 

(Figure 2C), to determine the effect on SW480 cells after 48 hours of treatment. First, it was 

evaluated the executioner caspase-3, which is considered one of the most important proteins, 

acting as the primary executioner of apoptotic death doing this process more efficient [27,30]. 

According to the results,  we found that SAC-CAFA-PENT induced a significant increase in 

the active form of this protease, suggesting a possible mechanism related to apoptosis in this 

in vitro model. Besides, considering the previous results reported by our group according to 

the changes induced by this compound in mitochondrial membrane permeability [17] and the 

absence in the activation of caspase-8, we hypothesized that apoptosis induced by this hybrid 

is not triggered by extrinsic pathway. On the other hand, the lack of activation of caspase-3 

by SAC-CAFA-MET suggests that this molecule could involve another type of programmed 

cell death (PCD) which is supported by the previous evidence that reports that PCD can occur 

in complete absence of caspase activation [31,32]. In addition, we observed that none of the 

compounds caused changes on the levels of caspase -7 and -8, which supports the idea that 

SAC-CAFA-MET involves a different mechanism, not related to apoptosis.  
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Figure 2. Level of caspases in SW480 cells 

48 hours post-treatment with SAC-CAFA-

MET (124.2 µM) and SAC-CAFA-PENT 

(118 µM) or DMSO 1% (control). A) 

Caspase-3; B) Caspase-7; C) Caspase-8. 

Data are presented as the mean ± SE of 

three independent experiments (*p<0.05). 

Optical Density is directly proportional to 

the quantity of protein.  

 

Effect of SAC-CAFA-MET and SAC-CAFA-PENT in the expression of apoptotic 

biomarkers  

 

Several apoptotic biomarkers play pivotal roles in different cellular processes. The BcL-2 

family is involved in the regulation of apoptosis and therefore plays a vital role in protecting 

against cancer. Among the genes involved in apoptotic pathway, anti-apoptotic Bcl-2 

contributes to cancer development and progression by promoting the survival of malignant 

cells. Thus, it is a prime target for novel specific anti-cancer therapies [33,34]. The effect of 

A B 

C 
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SAC-CAFA-MET and SAC-CAFA-PENT was tested in SW480 cells 48 hours after 

treatment and results revealed that SAC-CAFA-MET causes a significant down regulation 

of BcL-2 (Figure 3A), besides, considering that this protein suppresses the release of 

Apoptosis Inducing Factor (AIF) from mitochondria, authors hypothesized that the negative 

modulation of this anti-apoptotic biomarker could probably be implicated in a caspase-

independent death process mediated by AIF, causing the loss of mitochondrial membrane 

potential and the canonical changes of cell death characterized by chromatin condensation, 

and DNA fragmentation [35-38]. This is also consistent with previous studies reported by 

our team, where this hybrid displayed mitochondrial depolarization [17]. Other authors 

carried out a different study using one of the precursors of the hybrids evaluated (S-

allylcysteine; SAC) and they reported that it alone suppressed the proliferation of prostate 

cancer cells through down regulation of bcl-2 [39].  On the other hand, it was observed that 

human bid levels were not different from the control (Figure 3B). This was related to other 

results since bid is cleaved by caspase-8 after a death signal mediated by death receptors and 

none of the hybrids caused changes in caspase 8 expression [40]. In addition, considering 

that p53 has an essential role in regulating cell death [41,42], the effect of SAC-CAFA-MET 

and SAC-CAFA-PENT was tested (Figure 3C). According to the results, authors found that 

none of the hybrids evaluated caused significant changes in this protein, which complements 

the information that these hybrids caused tumor cell death through molecular mechanisms 

independent of p53. Other authors reported similar results with different caffeic acid esters, 

suggesting that an active component extracted from honeybee propolis, named caffeic acid 

phenethyl ester (CAPE) induces apoptosis through both p53-dependent and p53-independent 

pathways [43].  
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Figure 3. Level of apoptotic biomarkers in SW480 

cells 48 hours post-treatment with hybrids SAC-

CAFA-MET (124.2 µM) and SAC-CAFA-PENT 

(118 µM) or DMSO 1% (control). A) Level of anti-

apoptotic Bcl-2 protein. B) Level of human bid 

protein. C) Level of TP53. Data are presented as 

the mean ± SE of three independent experiments 

(*p<0.05). Optical Density is directly proportional 

to the quantity of protein.  

 

 

Effect of hybrids SAC-CAFA-MET and SAC-CAFA-PENT in the activity of matrix 

metalloproteinase 7 (MMP-7) and MMP-9 

 

The extracellular matrix (ECM) is composed of different macromolecules and 

minerals, providing a structural and biochemical support for the cells, regulating both 

inter- and intra-cellular signaling for different processes as differentiation, adhesion, 

and invasion. In cancer, malignant cells interact with the ECM causing structural 

remodeling, to facilitate migration from a primary tumor site. Different proteins are 

involved in the ECM remodeling and degradation. Thereon, matrix 

metalloproteinases (MMPs) have been extensively investigated for acting as 

A 

C 

B 
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proteolytic enzymes, with ability to degrade all components of the ECM. Among 

them, MMP7 and MMP9 have long been evaluated in colorectal cancer given the 

existence of a correlation between an increase in these endopeptidases and CRC 

invasion [44,45]. Because of that, authors decided to evaluate if hybrids SAC-CAFA-

MET and SAC-CAFA-PENT could regulate the activity of these enzymes in SW480 

cells. According to the results, none of the compounds caused changes in modulation 

of MMP7/9 (Figure 4A/B), suggesting a different mechanism of action. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Concentration of matrix metalloproteinase 7 (MMP7) and MMP9. Data 

are presented as the mean ± SE of three independent experiments. 

 

 

Effect of hybrids SAC-CAFA-MET and SAC-CAFA-PENT on expression of 

interleuquin-6 (IL-6) 

 

It has been observed that inflammation can contribute to CRC development and 

progression [46]. Thus, several studies have focusing on the evaluation of a variety 

of cytokines to observe if it is possible to modulate their expression. Some authors 

have reported an increase in the levels of interleuquin-6 (IL-6) in patients with 

colorectal cancer, which is related to the size of the tumor, the severity of the 

pathology and the survival rate [47]. Besides, they mentioned that down regulation 

A B 
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in the expression of this cytokine prevents multiplicity and tumor progresion in 

intestinal cells [48,49]. For those reasons, the study of pro-inflammatory cytokines 

has become an important target in the discovering of molecules with potential 

activity against CRC. Considering these facts, we evaluated if hybrids SAC-CAFA-

MET and SAC-CAFA-PENT could modulate the expression of IL-6 (Figure 5), and 

results displayed that only the second hybrid mentioned is able to induce a significant 

negative regulation of this biomarker, suggesting that it can also acts through anti-

inflammatory mechanisms in this model of colorectal cancer. On the other hand, due 

to the important role of these cytokines in carcinogenesis, we also evaluated the 

response to cyclooxygenase 1 and 2(COX), prostaglandin E2, tumor necrosis factor 

α (TNF α) and interleukin 1β (IL-1 β). However, we observed that none of the hybrids 

evaluated can modulate the expression of these biomarkers (data not shown). Other 

authors have shown similar results when evaluated the precursors used for the 

synthesis of hybrids SAC-CAFA-MET and SAC-CAFA-PENT. For example, You 

et al (2013) [50] reported that SAC showed no inhibitory effect on COX-2 production 

using RAW264.7 monocyte/macrophage-like cells. Unlike this study, Kim et al 

(2013) [23] evaluated SAC and CA in a skin model, and they concluded that both 

compounds display anti-inflammatory activity through modulation of COX-2. 

Besides, Zarezadeh et al. (2017) [51] reported that SAC caused down regulation of 

IL-1β using male Wistar albino rats. All these findings show how different is the 

response between models and complement the possible mechanism of action 

associated to the hybrid molecules evaluated in this study.   
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Figure 5. Level of pro-inflammatory 

cytokine IL-6 in SW480 cells 48 hours 

post-treatment with hybrids SAC-CAFA-

MET (124.2 µM) and SAC-CAFA-PENT 

(118 µM) or DMSO 1% (control). Data are 

presented as the mean ± SE of three 

independent experiments (*p<0.05).  

 

 

Multi-target docking studies and prediction of binding pose 
 

Aiming to investigate the binding mechanism at a molecular level so as to present a 

reasonable explanation by which hybrids 6 (n= 0-4) including promising SAC-CAFA-MET 

and SAC-CAFA-PENT induced SW480 cell death, docking-based target-fishing strategy 

was performed. From the experimental findings, targeting proapoptotic caspase 3 and Bcl-2 

proteins, as well the pro-inflammatory cytokine IL-6, may be responsible for the caused in 

vitro cytotoxic effect of SAC-CAFA-MET and SAC-CAFA-PENT in human colorectal 

adenocarcinoma SW480 cells. In this light, SAC-CAFA-MET and SAC-CAFA-PENT 

hybrids were docked into each catalytic domain of human X-ray crystallographic structures 

of caspase 3, Bcl-2 and IL-6 proteins via grid-based ligand docking with AutoDock Vina, 

and affinity scores along the best binding pose were estimated (Table 1). Interestingly, among 

these targeted proteins, hybrids 6 (n= 0-4) displayed greater binding affinity for human 

caspase-3 (PDB ID: 5I9B) than Bcl-2 (PDB: 4MAN) and IL-6 (PDB: 1ALU). In particular, 

the results indicated that hit-compounds SAC-CAFA-MET and SAC-CAFA-PENT binds to 

the caspase-3 with good binding energy close to −7.3 kcal.mol-1, thereby suggesting these 

compounds could act into the catalytic domain of the enzyme to alter significantly its 

function. Therefore, we hypothesized that modulation of the activity of caspase-3 may be the 

primary biochemical mechanism by which SAC-CAFA-MET and SAC-CAFA-PENT inhibit 

SW480 cell growth.  
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Table 1. Best binding energy (kcal.mol-1) based on AutoDock scoring of the hybrids 6 taken 
from the previous report by Castrillon et al 2019 [17].  
 

Entry Structure 
IC50 (mM) 

 
IS 

Target proteins (docking score, kcal.mol-1) 

Caspase-3  
(PDB ID: 5I9B) 

Bcl-2b 

(PDB: 4MAN) 
IL-6c 

(PDB: 1ALU) 

6, n=0  
(SAC-CAFA-MET) 

 

0.12*  1.5 -7.2 -5.1 -5.3 

6, n=1 S
N
H

OO
O

OH

OH  

0.12*  >83.33 -7.0 -5.1 -5.1 

6, n=2 

 

0.11*  >90.91 -7.1 -5.3 -5.0 

6, n=3 

 

0.15*  >66.67 -7.1 -5.2 -5.2 

6, n=4 
(SAC-CAFA-PENT) 

 
0.12* >83.33 -7.3 -5.4 -5.0 

Venetoclaxa  __ __ __ -10.9 __ 
 

aPotent and selective Bcl-2 inhibitor (EC50 = 4 nM; bBcl-2: B-cell lymphoma-2; cInterleukin-6 receptor.    
 
 

Caspases are a conserved family of cysteine-dependent proteases which are classically 

associated in the execution of apoptosis [52]. Among them, caspase-3 plays an important role 

in regulating and implementing the cell death program during apoptosis event. Caspase-3 

substrate-binding region is characterized by the presence of amino acids residues, Arg64, 

Leu119, Ser120, His121, Gln161, Ala162, Cys163, Ser198, Tyr204, Ser205, Trp206, 

Asn208, Ser209, Trp214, Ser249, Phe250, Ser251 and Phe252 [53].  Thus, we explored the 

binding interactions of the promising SAC-CAFA-MET (in green) and SAC-CAFA-PENT 

(in blue) into the Caspase-3 receptor (PDB: 5I9B) in that domain. The docking results showed 

that in addition to the hybrids bind to Caspase-3 with a good binding affinity in about −7.3 

kcal.mol-1, they fitting-well in the active pocket of Caspase-3, as illustrated in Figure 6. 

Indeed, the best docking conformations obtained for these hybrids were in good agreement 

to that X-ray crystallographic pose of the peptide-based inhibitor Ac-DEVD-CMK (in red).  
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Figure 6. Superposition of the best docked conformations of hybrids SAC-CAFA-MET 

(green) and SAC-CAFA-PENT (blue), and crystallographic binding mode of inhibitor Ac-

DEVD-CMK (red) within the Caspase-3 binding domain. 

 

 

This particular result supports our proposal: SAC-CAFA-MET and SAC-CAFA-PENT 

might block caspase-3 function with good binding affinity preventing the cell growth and 

proliferation. This preliminary finding was also supported by a visual inspection of the 2D 

protein/ligand interaction plot after the docking run (Fig. 7A,B), which revealed that SAC-

CAFA-MET and SAC-CAFA-PENT would form key hydrogen bond interactions with 

His121, Glu123, Arg207, Thr62 and Gly122 residues which play an important role in the 

Caspase-3 function. Besides, one π-anion interaction is seen between the aromatic moiety on 

SAC-CAFA-MET and the essential charged residue Glu123 in the target protein. 

Furthermore, both hybrids show interactions by π-contacts with the residuals around the 

catalytic domain of the enzyme, such as Tyr204, Trp206 and Phe256. Finally, multiples 

hydrophobic interactions surrounded by side chains into the binding cleft were observed 

between hybrids and caspase-3, which potentially stabilize protein-ligand complex upon the 

binding event.  These computational findings suggest that a probable modulation of Caspase-
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3 would be the primary action mechanism for explaining the in vitro cytotoxic response 

registered for SAC-CAFA-MET and SAC-CAFA-PENT hybrids in SW480 colon cancer 

cells, which are in good agreement with the experimental data.  

 

Figure 7. A. 2D protein-ligand interaction plot after docking procedure for SAC-CAFA-
MET. B. 2D ligand-receptor interaction diagram for SAC-CAFA-PENT. Dashed lines 
represent H-bonds and π-contacts. 
 

DFT analysis on the radical scavenging activity of SAC-CAFA-MET and SAC-CAFA-PENT 
 

Excess formation of reactive free radicals by various enzymatic and non-enzymatic processes 

in the body has been found associated the initiation and progression of various cancer types. 

In neoplastic disorders, reactive oxygen species (ROS) overproduction contributed in 

different stage of carcinogenesis event such as cancer development and progression. 

Therefore, investigations addressed on new compounds expressing antioxidant and free 

radical-scavenging effects play a key role in cancer drug development. In this paper, we 

founded that SAC-CAFA-MET and SAC-CAFA-PENT could have an effect in modulation 
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of ROS in SW480 cells in vitro. These findings might suggest that, apart from caspase-3 

modulation, a second possible mechanism for the cytotoxic response of hybrids via 

interrupting cell antioxidant detrimental effects could be also implicated. Thus, in order to 

further understand above mentioned experimental antioxidant properties for hit hybrids, 

quantum-chemical calculations based on the density functional theory (DFT) approach was 

employed to investigate the energetics behavior of their free radical scavenging reactions. 

First at all, three of the most favorable antioxidant mechanisms were investigated as follow: 

hydrogen atom transfer (HAT), single electron transfer-proton transfer (SET-PT), and 

sequential electron transfer – proton transfer (SET-PT) in aqueous medium and in the gas 

phase.  
 

i) Hydrogen atom transfer (HAT): 

R1OH + R2
• → R1O• + R2H    (1) 

ii) Sequential proton transfer – electron transfer (SPT-ET): 

Step 1 R1OH + R2
• → R1O- + R2H•+    (2) 

Step 2 R1O- + R2H•+→ R1O• + R2H    (3) 

iii) Sequential electron transfer – proton transfer (SET-PT):  

Step 1 R1OH + R2
• → R1OH•+ + R2

-    (4) 

Step 2 R1OH•+ + R2
- → R1O• + R2H    (5) 

 

As shown in Table 2, DFT analysis of SAC-CAFA-MET and SAC-CAFA-PENT suggest 

that these compounds would react with free radicals via hydrogen atom transfer (HAT), 

which in turns may be used to explain antioxidant response for hybrids in vitro. Thus, when 

the hydroxyl radical (•OH) was used as radical target in aqueous medium, HAT results 

showed a negative Gibb's free energy value in about -39.0 kcal.mol-1. The highly reactive 

oxidative free radicals (•R) are highly implicated in cancer progression. Free radicals (•R) 

could stimulate lipid peroxidation, oxidative damage to proteins, or induced DNA damage 

leading to fatal lesions in the cell that contribute to cancer initiation, promotion and 

progression. Based on DFT calculations, SAC-CAFA-MET and SAC-CAFA-PENT could 

be interrupting cell oxidative stress through a hydrogen atom transfer pathway (HAT), may 

be explaining their effects in modulation of ROS in SW480 cells. 
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Table 2. Calculated reaction free energies (ΔG, kcal.mol-1) under standard conditions in 
water for HAT, SPT-ET and SET-PT reaction channels between SAC-CAFA-MET, SAC-
CAFA-PENT and selected ROS. 
 

Against ∙OH radical 

   SPT-ET  SET-PT 

 HAT  Step 1 Step 2  Step 1 Step 2 

SAC-CAFA-MET -39.0  49.6 -88.6  8.4 -47.4 
SAC-CAFA-PENT -39.1  51.7 -90.8  4.7 -43.8 

Against O2
∙- 

SAC-CAFA-MET 10.4  7.0 3.4  70.2 -59.8 
SAC-CAFA-PENT 10.3  9.2 1.1  66.5 -56.2 

 

 

In silico pharmacokinetic profile of promising SAC-CAFA-MET and SAC-CAFA-PENT 
 

Early prediction of clinical pharmacokinetic indices is a valuable tool for the initial screening 

of potential therapeutic candidates to be used in cancer development. Herein, physiologically 

based pharmacokinetic (PBPK) modeling was used to predict eleven relevant 

biopharmaceutical properties to the success on cancer drug development [54], among them 

molecular weight, surface area (TPSA), logPo/w, the number of hydrogen bond donor, 

acceptor, human intestinal absorption and binding constant to human serum albumin. As 

listed in Table 3, we focus this study on the promising SAC-CAFA-MET and SAC-CAFA-

PENT hybrids which displayed favorable pharmacokinetics indices with values comparable 

to 95% of known drugs (or recommended ranges for an ideal drug). According to the 

Lipinski's guidelines [55], SAC-CAFA-MET and SAC-CAFA-PENT hybrids have no 

violations of the criteria that would make them a likely orally active drug candidate in 

humans.  
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Table 3. In silico physicochemical and drug-likeness properties for SAC-CAFA-MET and 

SAC-CAFA-PENT 
 

Properties 
 

SAC-CAFA-MET SAC-CAFA-PENT 

M.W a 337.390 393.497   
PSA b 112.443 111.838 

n-Rot Bond (<15) 9 13 
n-ONc 5 5 

n-OHNHd 3 3 
Log Po/w 

e 2.694 4.175 
Log Khsa f -0.002 0.403 

App. Caco-2 g (nm/s) 166 219 
App. MDCKh (nm/s) 97 134 

% GI i 82 93 
Lipinski Rule of five (≤1) 0 0 

a Molecular weight of the molecule; b Polar surface area (PSA) (7.0–200.0 Å2); c n-ON number of 
hydrogen bond acceptors <10; d n-OHNH number of hydrogen bonds donors ≤5; e Predicted octanol–
water partition coefficient (log Po/w) (–2.0 to 6.5); f Logarithm of predicted binding constant to human 
serum albumin (log Khsa) (-1.5 to 1.2); g Predicted human intestinal permeability model (App. Caco-
2) (<25 poor, >500 great); hApparent permeability across cellular membranes of Madin-Darby canine 
kidney (MDCK) cells (<25 poor, >500 great); i Human intestinal absorption (>80% is high, <25% is 
poor). 

 

Regarding the degree of lipophilicity (expressed as logPo/w), hybrids fit well within the ideal 

range for lipid-based formulations (–2.0 to 6.0) [56] with values of 2.694 and 4.175, 

respectively. Additionally, the top-two hybrids exhibited large numbers of human intestinal 

absorption (%GI) up to 82% reflecting that these compounds would have greater chance to 

be absorbed throughout the intestinal segments following oral administration. To contrast 

this parameter, permeation across traditional Caco-2 and MDCK cells models were used, 

which have been of great utility in prediction of intestinal drug absorption [57-59]. Thus, we 

founded that SAC-CAFA-MET and SAC-CAFA-PENT displayed significant permeability 

values in both Caco-2 and MDCK Caco-2/MDCK cells models (166 and 219 nm/s; 97 and 

134 nm/s, respectively). We also computed Polar Surface Area (PSA) parameter that is 

strongly associated with the passive molecular transport through membranes and drug-

membrane interactions. Thus, PSA values for the title hybrids displayed optimal therapeutic 

values of 112.443 and 111.838 Å2, respectively, indicating that these compounds would 

penetrate deep into the tumor tissue. On the other hand, we also examined the drug–plasma 

protein binding (KHSA) which is the major factor affecting drug distribution into the systemic 

circulation. For therapeutic uses, predicted logKHSA profiling between -1.5 to 1.5 are 

recommended for potential drugs candidates [60,61]. SAC-CAFA-MET and SAC-CAFA-
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PENT exhibited affinities with HSA within the recommended range of -0.002 and 0.403 

(expressed as logKhsa). Altogether, merging S-allyl cysteine and caffeic acid sub-units into a 

unique structural core provide cytotoxic compounds with favorable pharmacokinetic profile, 

making this scaffold a valuable starting point for the development of novel agents in anti-

cancer interventions. Combining experimental data and computational methods 

demonstrated that SAC-CAFA-MET and SAC-CAFA-PENT as promising antioxidant and 

caspase-targeting drug candidates towards colorectal cancer with optimal pharmacokinetic 

indices. 

 

Conclusion  

In summary, we have identified two hybrid molecules possessing potent chemopreventive 

activity in colorectal cancer. Some approaches to the possible mechanism of action of these 

molecules based on S-allyl Cysteine Ester - Caffeic Acid Amide, were made.  Both 

compounds induced cell damage and reduce ROS formation, however, despite that both share 

a similar chemical nature, it was observed that they act through different mechanisms. Firstly, 

SAC-CAFA-PENT induced apoptosis mediated by caspase 3 but independent of p53, 

probably triggered by intrinsic route, with changes in mitochondrial membrane potential and 

a lack of activation of caspase-8. Besides, it was hypothesized that this hybrid induced anti-

inflammatory effect mediated by down regulation of IL-6. In contrast, SAC-CAFA-MET 

induced cell death independent of caspases and p53, mediated by down regulation of BcL-2, 

besides, considering the lack of modulation of biomarkers related to extrinsic route, we 

hypothesized that this hybrid could induce the release of AIF from mitochondria, causing the 

loss of mitochondrial membrane potential and the canonical changes of cell death 

characterized by chromatin condensation, and DNA fragmentation. In addition, docking 

studies would suggest caspase-3 modulation as the primary mechanism by which hybrids 

elicit apoptosis in human colorectal adenocarcinoma SW480 cells. Meanwhile, DFT 

calculations suggest that hybrids would produce effects in modulation of ROS in SW480 

cells via hydrogen atom transfer pathway (HAT). Finally, both, SAC-CAFA-MET and SAC-

CAFA-PENT displayed a favorable pharmacokinetic profile. However, it is necessary to 

carry out further investigations to explore more deeply the potential benefits of these novel 

hybrids in different types of cancers. 
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Materials and methods 

In vitro biological assays 

Cell line and culture medium 

SW480 (human colon cancer) and CHO-K1 cells (Chinese hamster ovary, non-malignant) 

were obtained from The European Collection of Authenticated Cell Cultures (ECACC, 

England). Cells were grown in 25-cm2 Falcon flasks containing Dulbecco’s Modified Eagle 

Medium, supplemented with 10% heat-inactivated (56°C) horse serum, 1% non-essential 

amino acids and 1% penicillin/streptomycin procured from Gibco Invitrogen (Carlsbad, 

USA). Cells were incubated at 37°C in a humidified atmosphere of 5% CO2. For all 

experiments, horse serum was reduced to 3%, and the medium was supplemented with 5 

mg/ml transferrin, 5 ng/ml selenium and 10 mg/ml insulin (ITS-defined medium; Gibco, 

Invitrogen, Carlsbad, USA) [62-64]. 

 

Determination of ROS 

Intracellular levels of ROS were determined as previously reported [65]. SW480 cells were 

seeded at a density of 2.5 x 105 cells/well in 6-well tissue culture plates allowing them to 

grow for 24 hours, afterwards, they were treated for 48 hours with either DMSO 1% (control) 

or hybrids SAC-CAFA-MET (124.2 µM) and SAC-CAFA-PENT (118 µM). CM-

H2DCFDA was then added at a final concentration of 8 μM and incubated for 30 min at 

37°C, protected from light. Analysis was made by flow cytometry. ROS production was 

expressed as percentage (%) increase in fluorescence relative to untreated control cells. 

 

Determination of inflammatory cytokines and apoptotic proteins 

Tumor cells (SW480) were cultured as previously described and then treated with hybrids 

SAC-CAFA-MET (124.2 µM) and SAC-CAFA-PENT (118 µM) for 48 hours. Afterwards, 

cells were collected by scraping and lysed with Cell Lysis Buffer (1X, Ref. #9803). The 

supernatant was used to determine the effect of the hybrids on the modulation of 

inflammatory cytokines, apoptotic biomarkers, and enzymes. The kits for detecting COX 1, 

COX2, IL-1β, IL6, TNFα were provided by Cayman Chemical Company (Ann Arbor, MI, 

USA); PGE2, caspase-7, caspase-8, MMP7 and MMP9 were obtained from Elabscience 

Biotechnology Co., (China); the determination of Bid was carried out through G-
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Biosciences, Inc. USA, whereas cleaved caspase-3, p53 and Bcl-2, were obtained from Cell-

Signaling Technology (Danvers, Massachusetts, USA). The assays were performed 

according to manufacturer's instructions. 

 

Statistical analysis 

All experiments were performed at least three times. Data are reported as 

mean ± SE (standard error). Statistical differences between control group (non-treated) and 

treated ones were evaluated by one-way ANOVA followed by the Dunnett's test. Values with 

p ≤ 0.05 were considered significant. Data were analyzed with GraphPad Prism version 7.04 

for Windows (Graph Pad Software, San Diego, California, USA). 

 

Source of the hybrid molecules 

All compounds were synthesized by the group “Química de Plantas Colombianas”, Faculty 

of Exact and Natural Sciences from the University of Antioquia (Medellín, Colombia). These 

were characterized by spectroscopic techniques as infrared (IR) and nuclear magnetic 

resonance (NMR). The synthesis and cytotoxic activity of these hybrids was previously 

reported [17]. 

 

Computational methods 
 

Chemical structure of hybrids 6, including SAC-CAFA-MET and SAC-CAFA-PENT, as 

well as inhibitors Venetoclax and Ac-DEVD-CMK, were ligands used in these computational 

approaches. Their 2D structures were drawn in the ChemDraw 17.0 software (Cambridge 

Soft, USA) and saved as MDL MoL files. The Chem3D 17.0 (Cambridge Soft, USA) was 

used to generate 3D structures of all ligands and energetically minimize them by the MM2 

force field. The discovery studies visualizer program was used to rewrite the data files into 

pdb format. AutodockTools were used to parameterized ligands structures through compute 

Gasteiger partial atomic charges and to add full hydrogens, as well as to assign rotatable 

bonds. Resulting structure was saved in the required format for use with AutoDock. Then, 

AUTOTUTORS in AutoDockTools was used to defined all possible flexible torsions of 

selected ligands to favor the computed binding with the receptor structure [66]. Caspase-3 

(PDB ID: 5I9B), Bcl-2 (PDB: 4MAN) and IL-6 (PDB: 1ALU) crystal structures were 
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downloaded from the Protein Data Bank (https://rcsb.org), and all bounded ligands, ions, and 

solvent molecules were manually removed using the DS Visualizer 2.5 program. For docking 

studies, the structure of selected proteins was parameterized using AutoDock Tools [67]. To 

facilitate the formation of hydrogen bonds, polar hydrogens were added. AutoDock Vina 

software was used to perform molecular docking and default procedures for docking a 

flexible ligand to a rigid protein. Then, ligands were centered at the binding site located into 

the binding cavity of the caspase-3, Bcl-2 and IL-6 proteins at x, y, and z coordinates of 1.5, 

-8.1and -13.4; -11.252, 13.128 and 5.816; -5.433, -12.86 and 0.496, respectively. In detail, 

docking studies involved a grid box which was identified by using Autodock Vina 1.1.2 and 

exhaustiveness was 20 for each protein-compound pair [67]. Catalytic active site was 

surrounded by a docking grid of 36 x 36 x 36 Å (for caspase-3), 32 x 32 x 32 Å (for Bcl-2) 

and 40 x 40 x 40 Å (for IL-6) with a grid spacing of 1Å. Ligand-binding affinities (in 

kcal.mol-1) was estimated by AutoDock Vina and ranked based on the free-energy binding 

theory. Then, docking solutions were graphically inspected by using the DS Visualizer 2.5 

(http://3dsbiovia.com/products/) to provide a 2D-ligand interaction plot, while ribbon surface 

representation of 3D model was explored by using The PyMOL Molecular Graphics System 

2.0 programs. 
 

On another hand, quantum calculations by means density functional theory (DFT) were 

performed to get a deeper insight of the relationship between SAC-CAFA-MET and SAC-

CAFA-PENT hybrids structure and their antioxidant activity against ROS production in 

SW80 cells. The structures of all reactants and products were optimized using the 

Minnesota’s M06-2X [68] DFT functional in conjunction with the 6-31++G(2d,p) basis set 

[68-72]. We choose this functional because it has shown to give good thermochemical results 

in reactions between phenolic-like compounds and free radicals [73-74].  All calculations 

were performed with the Gamess-US program [75]. Frequencies were calculated in order to 

characterize all minima stationary points (e.g. zero imaginary frequencies). Thermal 

correction, zero-point energies and entropy contributions were used to calculate Gibbs free 

energies at 298.15 K and 1 atm.  In addition, aqueous media contribution to the Gibbs energy 

was included with the SMD (continuum solvation model) from single point calculations at 

the DFT optimized geometry in vacuum. 
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Finally, eight pharmaceutical relevant properties were screened for active hybrids SAC-

CAFA-MET and SAC-CAFA-PENT by combining several opensource cheminformatics 

toolkits such us Molinspiration software, ALOGPS 2.1 algorithm from the Virtual 

Computational Chemistry Laboratory and Pre-ADMET 2.0 program.  

 

Acknowledgment 

The authors thank COLCIENCIAS (Grant No. 247-2016, code: 111571249830) and 

University of Antioquia for financial support. 

 

Compliance with ethical standards: This article does not contain any studies with human 

participants or animals performed by any of the authors. 

 

Conflict of interest: The authors declare no competing interests. 

 

Publisher’ s note Springer Nature remains neutral regarding jurisdictional claims in published 

maps and institutional affiliations. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


References 

1. Hull R, Francies FZ, Oyomno M, Dlamini Z. Colorectal Cancer Genetics, Incidence and 

Risk Factors: In Search for Targeted Therapies. Cancer Manag Res. 2020;12: 9869–82. 

https://doi.org/10.2147/CMAR.S251223 

 

2. Anand P, Kunnumakkara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, Sung 

B, Aggarwal BB. Cancer is a Preventable Disease that Requires Major Lifestyle 

Changes. Pharm Res. 2008;25: 2097-2116. https://doi.org/10.1007/s11095-008-9661-9 

 

3. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global 

Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide 

for 36 Cancers in 185 Countries. CA Cancer J Clin. 2020;70:313. https://doi.org/doi: 

10.3322/caac.21609. 

 

4. Globocan 2021. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 

Mortality Worldwide for 36 Cancers in 185 Countries. International Agency for 

Research on Cancer, World Health Organization. Available from: URL: 

https://gco.iarc.fr/today/data/factsheets/populations/900-world-fact-sheets.pdf 

(accessed in October 2021). 

 

5. Alam W,  Bouferraa Y, Haibe Y, Mukherji D, Shamseddine A. Management of colorectal 

cancer in the era of COVID-19_Challenges and suggestions. Sci Prog. 2021;104: 1–26. 

https://doi.org/10.1177/00368504211010626. 

 

6. Pointet AL, Taieb J. Cáncer de colon. EMC - Tratado De Med. 2017;21:1–7. 

https://doi.org/10.1016/S1636-5410(16)81792-4 

 

7. McQuade RM, Bornstein JC, Nurgali K. Anti-colorectal cancer chemotherapy-induced 

diarrhoea: current treatments and side effects. Int J Clin Med. 2014;5:393–406. 

https://doi.org/10.4236/ijcm.2014.57054 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


8. Ismail T, Donati-Zeppa S, Akhtar S, Turrini E, Layla A, Sestili P,  Fimognari C. Coffee in 

cancer chemoprevention: an updated review. Expert Opin Drug Metab Toxicol. 2020; 

17:1, 69–85.  https://doi.org/10.1080/17425255.2021.1839412 

 

9. Steward WP, Brown K. Cancer chemoprevention: a rapidly evolving field. Br. J. Cancer. 

2013;109:1–7. https://doi.org/10.1038/bjc.2013.280 

 

10. Kerru N, Singh P, Koorbanally N, Raj R, Kumar V. Recent advances (2015-2016) in 

anticancer hybrids. Eur J Med Chem. 2017;142: 179-212. 

https://doi.org/10.1016/j.ejmech.2017.07.033 

 

11. Nepali K, Sharma S, Sharma M, Bedi PM, Dhar KL. Rational approaches, design 

strategies, structure activity relationship and mechanistic insights for anticancer hybrids. 

Eur J Med Chem. 2014;22: 422–87. https://doi.org/10.1016/j.ejmech.2014.03.018 

 

12. Cardona-G W, Herrera-R A, Castrillón-L W, Ramírez-Malule H. Chemistry and 

Anticancer Activity of Hybrid Molecules and Derivatives Based on 5-Fluorouracil. Curr 

Med Chem. 2021; 28:1-53. https://doi.org/10.2174/0929867328666210211164314 

 

13. Decker M (2017) Design of Hybrid Molecules for Drug Development. Editorial Project 

Manager. Elsevier. United States. ISBN: 978-0-08-101011-2 

 

14. Shaveta SM, Singh P. Hybrid molecules: the privileged scaffolds for various 

pharmaceuticals. Eur J Med Chem. 2016:124: 500-36. 

https://doi.org/10.1016/j.ejmech.2016.08.039 

 

15. Tsogoeva SB. Recent progress in the development of synthetic hybrids of natural or 

unnatural bioactive compounds for medicinal chemistry. Mini Rev Med Chem. 2010; 

10: 773–93. https://doi.org/10.2174/138955710791608280 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


16. Meunier B. Hybrid molecules with a dual mode of action: dream or reality? Acc Chem 

Res. 2008;41:69-77. https://doi.org/10.1021/ar7000843 

 

17. Castrillón W, Herrera-R A, Prieto LJ, Conesa-Milián L, Carda M, Naranjo T, Maldonado 

ME, Cardona-G W. Synthesis and in-vitro Evaluation of S-allyl Cysteine Ester - Caffeic 

Acid Amide Hybrids as Potential Anticancer Agents. Iran J Pharm Sci. 2019; 18:4:1770-

89. https://doi.org/10.22037/ijpr.2019.15184.12921 

 

18. Carini F, Mazzola M, Rappa F, Jurjus A, Geagea Ag, Al Kattar S, Bou-Assi T, Jurjus R, 

Damiani P, Leone A, Tomasello G. Colorectal Carcinogenesis: Role of Oxidative Stress 

and Antioxidants. Anticancer Res. 2017;37: 4759-66. 

https://doi.org/10.21873/anticanres.11882 

 

19. Oparka M, Walczak J, Malinska D, van Oppen LMPE, Szczepanowska J, Koopman 

WJH, Wieckowski MR. Quantifying ROS levels using CM-H2DCFDA and HyPer. 

Methods 2016;109:3-11. https://doi.org/10.1016/j.ymeth.2016.06.008 

 

20. Stone WL, Krishnan K, Campbell SE, Palau VE. The role of antioxidants and pro-

oxidants in colon cancer. World J Gastrointest Oncol. 2014;6: 55-66. 

https://doi.org/10.4251/wjgo.v6.i3.55 

 

21. Shang A, Cao SY, Xu XY, Gan RY, Tang GY, Corke H, Mavumengwana V, Li HB 

Bioactive Compounds and Biological Functions of Garlic (Allium sativum L.). Foods 

2019;8:246. https://doi.org/10.3390/foods8070246.  

 

22. Kim JM, Lee JC, Chang N, Chun HS, Kim WK. S-Allyl-L-cysteine attenuates cerebral 

ischemic injury by scavenging peroxynitrite and inhibiting the activity of extracellular 

signal-regulated kinase. Free Radic Res. 2006;40:827-35. 

https://doi.org/10.1016/j.freeradbiomed.2005.10.034.  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


23. Kim SR, Jung YR, An HJ, Kim DH, Jang EJ, Choi YJ, Moon KM, Park MH, Park CH, 

Chung KW, Bae HR, Choi YW, Kim ND, Chung HY. Anti-Wrinkle and Anti-

Inflammatory Effects of Active Garlic Components and the Inhibition of MMPs via NF-

κB Signaling. PLOS ONE 2013;8: e73877. 

https://doi.org/10.1371/journal.pone.0073877 

  

24. Ashafaq, M., Khan, M.M., Shadab Raza, S., Ahmad, A., Khuwaja, G., Javed, H., Khan, 

A., Islam, F., Siddiqui, M.S., Safhi, M.M., Islam, F. S-allyl cysteine mitigates oxidative 

damage and improves neurologic deficit in a rat model of focal cerebral ischemia. Nutr. 

Res. 2012;32:133–143. https://doi.org/10.1016/j.nutres.2011.12.014 

 

25. Javed H, Khan MM, Khan A, Vaibhav K, Ahmad A, Khuwaja G, Ahmed ME, Raza SS, 

Ashafaq M, Tabassum R, Siddiqui MS, El-Agnaf OM, Safhi MM, Islam F. S-allyl 

cysteine attenuates oxidative stress associated cognitive impairment and 

neurodegeneration in mouse model of streptozotocin-induced experimental dementia of 

Alzheimer's type. Brain Res. 2011;1389:133–142. 

https://doi.org/10.1016/j.brainres.2011.02.072 

 

26. Rojas P, Serrano-García  N, Medina-Campos ON, Pedraza-Chaverri J, Maldonado PD, 

Ruiz-Sánchez E. S-Allylcysteine, a garlic compound, protects against oxidative stress 1-

methyl-4-phenylpyridinium-induced parkinsonism in mice. J Nutr Biochem. 2011;22: 

937 – 44. https://doi.org/10.1016/j.jnutbio.2010.08.005 

 

27. Brentnall M, Rodriguez-Menocal L, De Guevara RL, Cepero E, Boise LH. Caspase-9, 

caspase-3 and caspase-7 have distinct roles during intrinsic apoptosis. BMC Cell Biol. 

2013;14:32. https://doi.org/10.1186/1471-2121-14-32 

 

28. Alotaibi MR, Hassan ZK, Al-Rejaie SS, Alshammari MA, Almutairi MM, Alhoshani 

AR, Alanazi WA, Hafez MM. Al-Shabanah OA. Characterization of Apoptosis in a 

Breast Cancer Cell Line after IL-10 Silencing. Asian Pac J Cancer Prev. 2018;19: 777-

83. https://doi.org/10.22034/APJCP.2018.19.3.777 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


29. Park HH.  Structural Features of Caspase-Activating Complexes. Int J Mol Sci. 2012;13: 

4807-18. https://doi.org/10.3390/ijms13044807 

 

30. Shalini S, Dorstyn L, Dawar S, Kumar S. Old, new and emerging functions of caspases. 

Cell Death Differ. 2015;22:526–39. https://doi.org/10.1038/cdd.2014.216 

 

31. Bröker LE, Kruyt FAE, Giaccone G. Cell Death Independent of Caspases: A Review. 

Clin Cancer Res. 2005;11: 3155-62. https://doi.org/10.1158/1078-0432.CCR-04-2223 

 

32. Constantinou C, Papas KA, Constantinou AI. Caspase-Independent Pathways of 

Programmed Cell Death: The Unraveling of New Targets of Cancer Therapy? Curr 

Cancer Drug Targets. 2009;9:717-28. https://doi.org/10.2174/156800909789271512 

 

33. Warren CFA, Wong-Brown MW, Bowden NA. BCL-2 family isoforms in apoptosis and 

cancer. Cell Death Dis. 2019;10:177. https://doi.org/10.1038/s41419-019-1407-6 

 

34. Akl H, Vervloessem T, Kiviluoto S, Bittremieux M, Parys JB, De Smedt H, Bultynck G. 

A dual role for the anti-apoptotic Bcl-2 protein in cancer: Mitochondria versus 

endoplasmic reticulum. Biochim Biophys Acta. 2014;1843:2240–52. 

https://doi.org/10.1016/j.bbamcr.2014.04.017 

 

35. Popgeorgiev N, Jabbour L, Gillet G. Subcellular Localization and Dynamics of the Bcl-

2 Family of Proteins. Front. Cell Dev. Biol. 2018;6:13.  

https://doi.org/10.3389/fcell.2018.00013. 

 

36. Fatokun AA, Dawson VL, Dawson TM. Parthanatos: mitochondrial-linked 

mechanisms and therapeuti opportunitis. Br J Pharmacol. 2014;171:2000-16. 

https://doi.org/10.1111/bph.12416 

 

37. Martin LJ. Biology of Mitochondria in Neurodegenerative Diseases. Prog Mol Biol 

Transl Sci. 2012;107:355-415. https://doi.org/10.1016/B978-0-12-385883-2.00005-9. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


38. Galluzzi L, Blomgren K, Kroemer G. Mitochondrial membrane permeabilization in 

neuronal injury. Nat Rev Neurosci. 2009;10:481-94. https://doi.org/10.1038/nrn2665. 

 

39. Liu Z, Li M, Chen K, Yang J, Chen R, Wang T, Liu J, Yang W, Ye Z. S-allylcysteine 

induces cell cycle arrest and apoptosis in androgen-independent human prostate cancer 

cells. Mol Med Rep. 2012;5:439-43. https://doi.org/10.3892/mmr.2011.658. 

 

40. Kirkin V, Joos S, Zörnig M. The role of Bcl-2 family members in tumorigenesis. Biochim 

Biophys Acta. 2004;1644(2-3):229-49. https://doi.org/10.1016/j.bbamcr.2003.08.009. 

 

41. Mantovani F, Collavin L, Del Sal G. Mutant p53 as a guardian of the cancer cell. Cell 

Death Differ. 2019;26:199-212. https://doi.org/10.1038/s41418-018-0246-9.  

 

42. Xie S, Wang Q, Wu H, Cogswell J, Lu L, Jhanwar-Uniyal M, Dai W. Reactive Oxygen 

Species-induced Phosphorylation of p53 on Serine 20 Is Mediated in Part by Polo-like 

Kinase-3. J Biol Chem. 2001;276:36194-9. https://doi.org/10.1074/jbc.M104157200. 

 

43. Nomura M, Kaji A, Ma W-y, Miyamoto K-i, and Dong Z. Suppression of Cell 

Transformation and Induction of Apoptosis by Caffeic Acid Phenethyl Ester. Mol 

Carcinog. 2001;31:83-9. https://doi.org/10.1002/mc.1043. 

 

44. Liao HY, et al Da CM, Liao B, Zhang HH. Roles of matrix metalloproteinase-7 (MMP-

7) in cancer. Clin Biochem. 2021;92:9-18. 

https://doi.org/10.1016/j.clinbiochem.2021.03.003. 

 

45. Said AH, Raufman JP and Xie G. The Role of Matrix Metalloproteinases in Colorectal 

Cancer. Cancers 2014;6:366-75. https://doi.org/10.3390/cancers6010366 

 

46. Tanaka T. Colorectal carcinogenesis: Review of human and experimental animal studies. 

J Carcinog. 2009;8:5. https://doi.org/10.4103/1477-3163.49014. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


47. Lin Y, He Z, Ye J, Liu Z, She X, Gao X, Liang R. Progress in Understanding the IL-6-

STAT3 Pathway in Colorectal Cancer. Onco Targets Ther. 2020;13:13023-32. 

https://doi.org/10.2147/OTT.S278013. 

 

48. Knüpfer H, Preiss R. Serum interleukin-6 levels in colorectal cancer patients--a summary 

of published results. Int J Colorectal Dis. 2009;25:135-40. 

https://doi.org/10.1007/s00384-009-0818-8. 

 

49. Galizia G, Orditura M, Romano C, Lieto E, Castellano P, Pelosio L, Imperatore V, 

Catalano G, Pignatelli C, De Vita F. Prognostic significance of circulating IL-10 and IL-

6 serum levels in colon cancer patients undergoing surgery. Clin Immunol. 

2002;102:169-78. https://doi.org/10.1006/clim.2001.5163. 

 

50. You S, Nakanishi E, Kuwata H, Chen J, Nakasone Y, He X, He J, Liu X,  Zhang S, Zhang 

B, Hou D-X. Inhibitory effects and molecular mechanisms of garlic organosulfur 

compounds on the production of inflammatory mediators. Mol. Nutr. Food Res. 2013; 

57:2049–60. https://doi.org/10.1002/mnfr.201200843 

 

51. Zarezadeh M, Baluchnejadmojarad T, Kiasalari Z, Afshin-Majd S, Roghani M. Garlic 

active constituent S-allyl cysteine protects against lipopolysaccharide-induced cognitive 

deficits in the rat: Possible involved mechanisms. Eur J Pharmacol. 2017;795: 13–21.  

https://doi.org/10.1016/j.ejphar.2016.11.051 

 

 

52. Van Opdenbosch N, Lamkanfi M Caspases in Cell Death, Inflammation, and Disease. 

Immunity. 2019;50(18):1352-1364. https://doi.org/10.1016/j.immuni.2019.05.020 

 

53. Maciag J, Mackenzie SH., Tucker MB., Schipper JL, Swartz PD, Clark AC. Tunable 

allosteric library of caspase-3 identifies coupling between conserved water molecules 

and conformational selection. Proc Natl Acad Sci. 2016;113:6080-6088. 

https://doi.org/10.1073/pnas.1603549113. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


54. Undevia SD, Gomez-Abuin G, Ratain MJ. Pharmacokinetic variability of anticancer 

agents. Nat Rev Cancer. 2005;5(6):447-58. https://doi.org/10.1038/nrc1629. 

 

55. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational 

approaches to estimate solubility and permeability in drug discovery and development 

settings. Adv Drug Deliv Rev. 1997;23:3-25. https://doi.org/10.1016/s0169-

409x(00)00129-0. 

56. Ditzinger F, Price DJ, Ilie AR, Köhl NJ, Jankovic S, Tsakiridou G, Aleandri S, Kalantzi 

L, Holm R, Nair A, Saal C, Griffin B, Kuentz M. Lipophilicity and hydrophobicity 

considerations in bio-enabling oral formulations approaches - a PEARRL review. J Pharm 

Pharmacol, 2019; 71:464-482. https://doi.org/10.1111/jphp.12984.  

 

57. Pham-The H, Cabrera-Pérez MÁ, Nam NH, et al. In Silico Assessment of ADME 

Properties: Advances in Caco-2 Cell Monolayer Permeability Modeling. Curr Top Med 

Chem, 2018; 18(26):2209-2229. https://doi.org/10.2174/1568026619666181130140350. 

 

58. Broccatelli F, Salphati L, Plise E, et al. Predicting Passive Permeability of Drug-like 

Molecules from Chemical Structure: Where Are We?. Mol Pharm, 2016; 13(12):4199-

4208. https://doi.org/10.1021/acs.molpharmaceut.6b00836. 

 

59. Press B, Di Grandi D. Permeability for intestinal absorption: Caco-2 assay and related 

issues. Curr Drug Metab, 2008; 9(9):893-900. 

https://doi.org/10.2174/138920008786485119. 

 

60. Zhivkova ZD. Studies on drug-human serum albumin binding: the current state of the 

matter. Curr Pharm Des. 2015;21(14):1817-1830. 

https://doi.org/10.2174/1381612821666150302113710. 

 

61. Colmenarejo G. In silico prediction of drug-binding strengths to human serum albumin. 

Med Res Rev. 2003; 23(3):275-301. 

https://doi.org/10.2174/1381612821666150302113710. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


62. Herrera-R A, Castrillón W, Otero E, Ruiz E, Carda M, Agut R, Naranjo T, Moreno G, 

Maldonado ME, Cardona-G W. Synthesis and antiproliferative activity of 3- and 7-

styrylcoumarins. Med Chem Res. 2018;27:1893–1905. https://doi.org/10.1007/s00044-

018-2202-0. 

 

63. Pérez JM, Maldonado ME, Rojano BA, Alzate F, Sáez J, Cardona W. Comparative 

Antioxidant, Antiproliferative and Apoptotic Effects of Ilex laurina and Ilex 

paraguariensis on Colon Cancer Cells. Trop J Pharm Res. 2014;13:1279-1286. 

https://doi.org/10.4314/tjpr.v13i8.12 

 

64. Massagué J.  G1 cell-cycle control and cancer. Nature 2004;432: 298 – 306. 

https://doi.org/10.1038/nature03094 

 

65. Herrera-R A., Cardona-G W., Maldonado ME., Naranjo T. and Moreno-Q G. 

Styrylcoumarin 7-SC2 Induces Cell Death in SW480 Human Colon Adenocarcinoma 

Cells and Inhibits Azoxymethane-Induced Aberrant Crypt Foci Formation in BALB/c 

mice. Med Chem Res. 2019;29:377–95. https://doi.org/10.1007/s00044-019-02487-2 

 

66. Morris GM, Goodshell DS, Halliday RS, Huey R, Hart WE, Belew RK, Olson AJ. 
Automated Docking Using a Lamarckian Genetic Algorithm and Empirical Binding Free 
Energy Function. J Comput Chem 1998;19:1639-62. https://doi.org/10.1002/(SICI)1096-

987X(19981115)19:14<1639::AID-JCC10>3.0.CO;2-B. 
 

67. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a 
new scoring function, efficient optimization and multithreading. J. Comput. Chem. 
2010;3:455-61. https://doi.org/10.1002/jcc.21334. 

 

68. Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group 

Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, 

and Transition Elements: Two New Functionals and Systematic Testing of Four M06-

Class Functionals and 12 Other Function. Theor. Chem. Acc. 2007, 120 (1–3), 215–241. 

https://doi.org/10.1007/s00214-007-0310-x. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1


69. Ditchfield, R.; Hehre, W. J.; Pople, J. A. Self‐Consistent Molecular‐Orbital Methods. IX. 

An Extended Gaussian‐Type Basis for Molecular‐Orbital Studies of Organic Molecules. 

J. Chem. Phys. 1971, 54 (2), 724–728. https://doi.org/10.1063/1.1674902. 

 

70. Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self—Consistent Molecular Orbital Methods. 

XII. Further Extensions of Gaussian—Type Basis Sets for Use in Molecular Orbital 

Studies of Organic Molecules. J. Chem. Phys. 1972, 56 (5), 2257–2261. 

https://doi.org/10.1063/1.1677527. 

 

71. Hariharan, P. C.; Pople, J. A. The Influence of Polarization Functions on Molecular 

Orbital Hydrogenation Energies. Theor. Chim. Acta 1973, 28 (3), 213–222. 

https://doi.org/10.1007/BF00533485. 

 

72. Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self‐consistent Molecular Orbital Methods 25. 

Supplementary Functions for Gaussian Basis Sets. J. Chem. Phys. 1984, 80 (7), 3265–

3269. https://doi.org/10.1063/1.447079. 

 

73. Tishchenko, O.; Truhlar, D. G. Benchmark Ab Initio Calculations of the Barrier Height 

and Transition-State Geometry for Hydrogen Abstraction from a Phenolic Antioxidant 

by a Peroxy Radical and Its Use to Assess the Performance of Density Functionals. J. 

Phys. Chem. Lett. 2012, 3 (19), 2834–2839. https://doi.org/10.1021/jz3011817. 

 

74. Zheng, J.; Zhao, Y.; Truhlar, D. G. Thermochemical Kinetics of Hydrogen-Atom 

Transfers between Methyl, Methane, Ethynyl, Ethyne, and Hydrogen. J. Phys. Chem. A 

2007, 111 (21), 4632–4642. https://doi.org/10.1021/jp070252n. 

 

75. Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M. S.; Jensen, J. 

H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus, T. L.; Dupuis, M.; 

Montgomery, J. A. General Atomic and Molecular Electronic Structure System. J. 

Comput. Chem. 1993, 14 (11), 1347–1363. https://doi.org/10.1002/jcc.540141112. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2022                   doi:10.20944/preprints202204.0063.v1

https://doi.org/10.20944/preprints202204.0063.v1

