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Abstract: Introduction: Discovering compounds with antibacterial activity is crucial in the current fight against 

antibiotic-resistance. Material and Methods: We generate two QSAR model to design six new heteroaryl drug 

candidates; we assessed the antibacterial properties of the compounds against nine ATCC strains, the majority 

being part of the ESKAPE group, that include Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and also Salmonella enterica and Escherichia coli. We performed 

a synergic assay in which we combined PB4, a compound that we have previously tested in published studies, 

with GC-VI-70, one of the new compounds with the best cytotoxicity/MIC profile. We tested sub-MIC concen-

trations of PB4 with five antibiotics (linezolid, gentamycin, ampicillin, erythromycin, rifampin and imipenem) 

to examine the synergic effect on the ATCC strains. To evaluate compounds’ cytotoxicity, we performed a 24-

hour and 48-hour 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on Colorectal 

Adenocarcinoma (CaCo-2) cells. The antibiotics were tested, alone and in combination with PB4. Results: PB4 

lowered the MIC measured for GC-VI-70 and for the various antibiotics employed in clinical use, and all the 

compounds presented in this study have cytotoxic activity against cells. Conclusions: These compounds show 

promising use in combination with antibiotics to improve their effectiveness at low concentrations, to prevent 

unwanted cytotoxic effects.  

Keywords: antimicrobial resistant; heteroaryl-ethylene derivatives; QSAR model; antibiotics;  

antitumour compounds; combination therapy 

 

1. Introduction 

ESKAPE bacteria, comprising Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Salmonella enterica and Escherichia coli, are notorious 

pathogens known for their ability to escape the effects of multiple antibiotics. The rising tide of anti-

biotic resistance among ESKAPE bacteria poses a significant challenge to modern healthcare [1],de-

manding urgent efforts to develop innovative strategies for the discovery of new antibacterial com-

pounds as fundamental tool to combat this growing threat [2]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Multidrug-resistant bacteria (MDR), such as methicillin-resistant Staphylococcus aureus (MRSA) 

[3]and carbapenem-resistant Enterobacterales (CRE) [4] are responsible for a significant number of 

infections worldwide [5]. The overuse and misuse of antibiotics [6], horizontal gene transfer [7], and 

inadequate infection control measures have contributed to the emergence and spread of resistance 

mechanisms among bacterial populations [8]. We recently reported the molecular modelling study 

and the versatile synthetic procedure that allowed us to identify the heteroaromatic stilbene deriva-

tives as a new class of antimicrobial compounds. [9] The most promising compound, namely PB4 (see 

Scheme 1), was able to counteract the growth of Gram-positive and Gram-negative selected ATCC 

strains and, most notably, of high-priority clinical strains. [10] 

 

Scheme 1. Structure of the lead compound PB4. 

Beside the multidrug resistance phenomenon, we have also focused our attention on the devel-

opment of new antineoplastic drugs (both cytotoxic and adjuvant medicines [11–14] Some of the Het-

eroaryl Ethylenes previously reported were highly cytotoxic also against CaCo-2 colon-rectal cancer 

cell line and these data have been used for the construction of an in-house database and perform a 

Structure–Activity Relationship (QSAR) study. The structural design approach has high predictabil-

ity and, when coupled with a set of Partial Least Squares (PLS) analyses to predict some relevant 

absorption, distribution, metabolism and excretion (ADME) and biological properties, can contribute 

to a comprehensive evaluation of the in vitro - in vivo efficacy, both for antimicrobial and antiprolif-

erative activities. [15,16] Then, the next step of this multidisciplinary ongoing project is a combined 

in silico approach based on: i) the extension of the QSAR study to identify new compounds from our 

in-house chemical database able to act antimicrobial agents; ii) the development of a new QSAR 

model for the prediction of the cytotoxic activity towards CaCo-2 colon-rectal cancer cell line and iii) 

the selection of new promising scaffold with sufficient potential to progress to a full drug develop-

ment program. Through multiple in vitro assays, we evaluated the antibacterial activity, toxicity 

properties of these compounds, revealing their effectiveness against a range of ATCC bacterial 

strains. Finally, we tested these compounds, alone and in combination with some recurrent antibiot-

ics in clinical practice (linezolid, gentamycin, ampicillin, erythromycin, rifampin and imipenem) on 

CaCo-2 cells to evaluate cytotoxicity. This study is the third of a series dealing with heteroaryl-eth-

ylene compounds with antibacterial activity and it could have significant implications for the future 

of antibiotic development and the fight against MDR bacterial infections [17,18]. 

2. Results 

2.1. Structural Design and Synthesis of Heteroaryl Ethylenes 

It is well established that the inflammation derived from chronic bacterial infections or an ab-

normal gastrointestinal colonization, is associated with colorectal cancer. [19–21] Understanding 

these interactions will yield future opportunities concerning prevention and treatment of both bacte-

rial infection and colorectal cancer.  

Heteroaryl ethylene compounds occupy a relative niche position in the fields of electronic ma-

terials thanks to their electrochemical and optoelectronic properties and, although their precise mech-

anism of action is not known, our recent studies are attempting to widen their fields of interest to-

wards biomedical applications [9,10,14]. This prompted us to perform a systematic investigation on 

the relationships between molecular structure and their biological activity. We have now extended 

our multidisciplinary study starting from an in-silico selection of new Heteroaryl Ethylenes as anti-

microbial and antitumor agents. 
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Predicting the biological properties of the Heteroaryl ethylene derivatives is not a standard pro-

cedure due to a limited number of research results, thus our QSAR models were developed using 

literary few data for the inhibitors of S. aureus and an in-house dataset of compounds for the anti-

tumor activity against the colon-rectal cancer cell line.  The new drug candidates have been selected 

to retain some structural figures of the lead compound PB4, namely the double branched D-π-A-π-

D motif, through the insertion of different donor units (GC-VI-10, GC-VI-70, GC-VII-39 and BCM6), 

or the 4-(dimethylamino) styryl unit through the variation of the acceptor moiety (GC-VII-50 and 

BCM4). 

2.1.1. QSAR model for the screening of the in vitro activity against S. aureus ATCC29213 

The data regarding the antimicrobial activity, expressed as MIC (mg/L), of 53 Heteroaromatic 

compounds tested against S. aureus ATCC29213 define our library for the prediction of the antibac-

terial activity; this dataset includes 40 compounds employed in our previous QSAR study and the 8 

Heteroaryl Ethylenes tested in the same study [9], 3 compounds of our in-house database already 

tested against S. aureus ATCC29213 and some recently reported styryl derivatives [22].  

Overall, the PLS model has been improved by the insertion of the new 13 compounds, mainly 

Heteroaryl Ethylenes molecules with different donor-bridge-acceptor (D-π-A) motif (see Table S1). 

The PLS 3D score plot (Figure 1) shows that the most active compounds are located on the left-hand 

side of the plot with negative LV1 scores and, overall, the model has a good correlation between 

experimental and predicted activity (R2=0.88). The Leave One Out (LOO) procedure allowed the in-

ternal validation of the model: the predictive ability has significantly increased up to a Q2 value of 

0.59 (see Figure S2 for R2 vs Q2 plot). 

 

Figure 1. Scores plot at the third latent variable (LV1 vs LV2 vs LV3) of the PLS S. aureus -MIC activity 

model. Compounds are color-coded by their activity values, using a scale from red (actives) to blue 

(inactives), according to the experimental MIC values. The projections of the new compounds are 

indicated by the yellow circles. 

This molecular modelling approach provide information about key molecular properties, as mo-

lecular interaction fields (MIFs)-based descriptors, that correlate with the biological activity (see Var-

iable Influence on Projection VIP and Weights plot in Figure S3 and S4). Amongst the 128 VS+ de-

scriptors, the bacteriostatic activity against S. aureus ATCC 29213 is highly influenced by the percent-

age of unionized species at higher pH (%FU), 3D pharmacophoric descriptors for H-bond donor re-

gions (DODODO, ACDODO, and DRDODO), H-bond donors volume (WO), physicochemical prop-

erties such as distance of the hydrophobic volume from the center of mass (ID), the partition coeffi-

cient water/cyclohexane (LogPc-Hex) as well as ADME properties such as skin and CACO-2 cells 

permeability (SKIN and CACO-2). The improved PLS model highlights also the correlation of the 

activity with the compound’s solubilities computed at various pH and the corresponding shape of 

the solubility profile curve (LnLgS and LgS).To highlight new promising scaffold, we used this model 

for the external prediction of the bacteriostatic activity of the new six structures (Scheme 2) from our 
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in-house database of heteroaryl-ethylenes (yellow circles in Figure 1 inset indicate the predicted com-

pounds). Compound GC-VI-10 is located out of the 95% degree of confidence of the Scores plot while 

the remaining candidates are located within the 99% degree of confidence, moreover the most signif-

icant figure is their projections in the region of active antimicrobial compounds active against S. au-

reus ATCC 29213. 

 

Scheme 2. Structures of the candidate antimicrobial/antitumor compounds. 

2.1.2. QSAR model for cytotoxic activity towards CaCo2 colon-rectal cancer cell line 

For the development of the QSAR model to evaluate the cytotoxic activity, we resorted to an in-

house dataset of compounds previously synthesized and tested by our groups for their potential an-

titumor activity against the CaCo-2 colon-rectal cancer cell line. Based on these results, we create a 

database composed by 38 heteroaryl ethylene compounds and their antiproliferative effect against 

CaCo-2 (Table S2). 

A preliminary Principal Components Analysis (PCA) applied to the X-matrix of the VolSurf+ 

descriptors allowed us an overview of the extended dataset. The first three principal components 

explained 66.9% of variance and the PCA score plot is shown in Figure S5. Only three compounds 

are located at the border of the 95% degree of confidence of the plot, while the remaining 35 com-

pounds are located within the 99% degree of confidence. Neither classification of compounds nor any 

training information is given to the PCA model but, interestingly, active and inactive compounds can 

be nicely discriminated by the first two PC.  

Then we perform the PLS regression using VolSurf+: the PLS 3D score plot (Figure 2) shows that 

the chemical space is properly explored and provides a good discrimination between inactive (blue 

circles) and active compounds (red circles), with the latter being positioned in the lower-left side of 

the 3D plot. 
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Figure 2. Scores plot at the third latent variable (LV1 vs LV2 vs LV3) of the PLS CaCo-2 activity model. 

Compounds are color-coded by their activity values, using a scale from red (actives) to blue (inac-

tives), according to the experimental logIC50 values. The projections of the new compounds are indi-

cated by the yellow circles. 

The PLS model for cytotoxic activity towards CaCo-2 colon-rectal cancer cell line was validated 

using the Leave One Out (LOO) method and presented the following values of statistical coefficients 

(see Figure S6): R2 = 0.86 and Q2 = 0.56. The analysis of the Weights and VIP plots (Figure S7 and S8) 

revealed that descriptors for H-bond acceptor regions (WN and DRACACAC), CaCo-2 cells perme-

ability (CACO-2), physicochemical properties such as distance of the hydrophobic volume from the 

center of mass (ID) and hydrophobic volume (CW) are directly related with activity; descriptors for 

ADME properties such as skin permeability and volume of distribution (SKIN and VD), physico-

chemical properties used for hydrophobic volumes (CD and DD) or Polar Surface Area (PSAR) and 

the ratio between the hydrophilic and lipophilic part of a molecule (CP) are inversely correlated with 

the cytotoxic activity towards CaCo-2 colon-rectal cancer cell line. 

Since the model seems to clearly separate active from inactive heteroaryl ethylene compounds, 

we projected the six compounds previously selected into the model for cytotoxic activity prediction. 

Surprisingly, the picture that emerges follow the results given in the previous PLS model: compound 

GC-VI-10 is located out of the 95% degree of confidence of the Scores plot while the remaining can-

didates projected in the region of the most active antimicrobial compounds active towards CaCo-2 

colon-rectal cancer cell line. 

2.2. Impact on Biological Activity and Antimicrobial Susceptibility Test 

The compounds selected through the QSAR procedure have been tested to determine the Mini-

mum Inhibitory Concentration (MIC). Our results, reported in Table 1, shown that heteroaryl-ethyl-

enes are active against S. aureus (ATCC 29213, ATCC 12598, ATCC BAA-1556), E. faecalis (ATCC 

29212), E. coli (ATCC 25922), and A. baumannii (ATCC 17978). The two heteroaryl-ethylene molecules 

that reported the best results are PB4 and GC-VI-70: the former is  our ‘lead’ compounds [9], the 

latter, GC-VI-70, possess the same double branched D-π-A-π-D structure but two bis-thiophene het-

eroaryl donor groups.   

Surprisingly, BCM4 and GC-VII-39, showed MIC levels ranging from 16 mg/L to ≥ 128 mg/L for 

all tested strains. BCM6 was ineffective against Gram-negative bacteria (MIC values from 64 to ≥ 128 

mg/L) whereas showed lower MIC values for Gram-positives (from 4 to 8 mg/L), except for E. faecalis 

ATCC 29212 which reported a MIC value of 32 mg/L. The same trend was also reported for GC-VII-

50 (MIC values from 0,25 to 8 mg/L). GC-VI-70 displayed high MIC values for Gram-negative bacteria 

and a better antibacterial activity against Gram-positive with MIC values ranging from 2 up to 16 

mg/L. Moreover, all tested strains showed high MIC levels for GC-VI-10, except for E. faecalis ATCC 

29212 whose MIC value is 4 mg/L. All MIC values are listed in Table 1.
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Table 1. Activity of all tested molecules on ATCC bacterial strains. All MIC values are expressed in mg/L and µM. The most promising MIC values are highlighted in bold. 

  
PB4 BCM4 BCM6 GC-VII-39 GC-VI-70 GC-VII-50 GC-VI-10 

Species Strain mg/L µM mg/L µM mg/L µM mg/L µM mg/L µM mg/L µM mg/L µM 

E. faecalis ATCC 29212 0.5 0.98 ≥128 ≥349.5 32 65.93 16 30.45 2* 3.32 8* 18.5 4* 5.2 

S. aureus ATCC 29213 0.125 0.24 128 349.5 4* 8.2 128 243.6 16 26.6 0.5* 1.1 128 168.9 

S. aureus ATCC 12598 0.25 0.49 64 174.7 4* 8.23 32 60.9 16 26.6 0.25* 0.5 64 84.4 

S. aureus ATCC BAA-1556 USA300 ≤0.125 ≤0.24 64 174.7 8* 16.4 >128 >243.6 4* 6.65 2* 4.6 128 168.9 

K. pneumoniae ATCC 700603 64 125.1 >128 ≥349.5 >128 >263.7 ≥128 ≥243.6 >128 >212.7 >128 >297.4 >128 >168.9 

A. baumannii ATCC 17978 ≤0.125 ≤0.24 ≥128 ≥349.5 64 131.8 ≥128 ≥243.6 32 53.19 16 37.18 >128 >168.9 

P. aeruginosa ATCC 27853 >128 >250.2 >128 ≥349.5 >128 >263.7 ≥128 ≥243.6 >128 >212.7 >128 >297.4 >128 >168.9 

S. enterica ATCC 14028 64 125.1 >128 ≥349.5 >128 >263.7 ≥128 ≥243.6 >128 >212.7 >128 >297.4 >128 >168.9 

E. coli ATCC 25922 2 3.91 ≥128 ≥349.5 128 263.7 ≥128 ≥128 128 212.7 64 148.7 >128 >168.9 
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2.2.1. Impact on Biological Activity and Antimicrobial Susceptibility Test 

Due to its promising antimicrobial activity as well as its previously determined cytotoxic profile 

[9,10], PB4 was selected to perform Broth Microdilution (BMD) in combination with commonly used 

antibiotics such as linezolid, rifampin and erythromycin for Gram positive, imipenem for Gram neg-

ative and gentamycin and ampicillin for both, in order to examine a potential synergism.  

Data reported in Table 2 evidenced that PB4 led to a significant rifampin MIC reduction for S. 

aureus USA 300 (4-fold log reduction) and for E. faecalis ATCC 29212 (2-fold log reduction). Moreo-

ver, the combination with gentamycin led to 2-fold log MIC reduction for K. pneumoniae ATCC 

700603, P. aeruginosa ATCC 27853 and E. faecalis ATCC 29212. No significant MIC reductions have 

been reported for the combinations with linezolid, erythromycin, ampicillin, and imipenem, for all 

tested bacterial strains. Specifically, when combined with ampicillin, PB4 demonstrated a two-dilu-

tion decrease in MIC for several bacterial strains, including P. aeruginosa ATCC 27853, K. pneumoniae 

ATCC 700603, and E. faecalis ATCC 29212. Particularly, in association with rifampicin, PB4 decreased 

the MIC of E. faecalis ATCC 29212 by 5 dilutions (from 0.125 mg/L to 0.006 mg/L); in combination 

with ampicillin, decreased MICs by two dilutions on P. aeruginosa ATCC 27853 (2 mg/L to 0.5 mg/L), 

K. pneumoniae ATCC 700603 (8 mg/L to 2 mg/L) and E. faecalis ATCC 29212 (4 mg/L to 1 mg/L). Ad-

ditionally, a synergism between PB4 and the newly tested GC-VI-70 was demonstrated, with a three-

dilution decrease in the MIC of PB4 against E. faecalis ATCC 29212 (from 0.5 mg/L to 0.06 mg/L) and 

a two-dilution decrease against S. aureus ATCC 12598 (from 0.25 mg/L to 0.06 mg/L). Furthermore, 

since GC-VI-70 displayed the best MIC/cytotoxicity profile (see Section 3.4), with the lowest MIC 

value (2 mg/L) reported for E. faecalis ATCC 29212  and an IC50 value on Caco-2 cells of 0.32 µM, it 

was selected to evaluate a potential synergism in combination with PB4 against Gram-positive bac-

teria. The combination of the two molecules revealed a significant synergistic effect, reducing PB4 

MIC values by 2 logs for E. faecalis ATCC 29212 and for S. aureus ATCC 12598 (see Table 3).
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Table 2. Antimicrobial activity of PB4 in combination with commonly used antibiotics on E. faecalis ATCC 29212. MIC values are expressed in mg/L. Data in  bold and with asterisks 

indicate the most significant decreases. 

Species Strain LNZ LNZ + PB4 RD RD + PB4 E E + PB4 CN CN + PB4 AMP AMP + PB4 IMI IMI + PB4 

E. faecalis ATCC 29212 4 2 0,25* 0,06* 2 1 4* 1* 0,25 0,125 - - 

              

S. aureus 

ATCC 29213 4 4 0,125 0,125 0,5 0,5 0,5 0,5 2 8 - - 

ATCC 12598 4 4 0,125 0,125 0,5 0,5 0,5 0,5 0,125 0,125 - - 

USA 300 2 1 0,125* 0,006* 32 32 0,5 0,5 8 8 - - 

              

K. pneumoniae ATCC 700603 - - - - - - 8* 2* > 128 > 128 0,03 0,03 

A. baumannii ATCC 17978 - - - - - - 2 2 32 32 0,06 0,06 

P. aeruginosa ATCC 27853 - - - - - - 2* 0,5* > 128 > 128 0,25 0,25 

S. enterica ATCC 14028 - - - - - - 1 1 2 2 0,06 0,06 

E. coli ATCC 25922 - - - - - - 0,5 0,5 8 8 0,06 0,06 

LNZ: Linezolid CN: Gentamycin AMP: Ampicillin E: Erythromycin RD: Rifampin IMI: Imipenem. 
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Table 3. Synergistic activity of PB4 in combination with GC-VI-70 on Gram-positive bacterial strains. 

All MIC values are expressed in mg/L and µM. In bold and with asterisks the significant decreases. 

2.3. Evaluation of Heteroaryl-Ethylenes compounds Cell Cytotoxicity 

To fully assess the biological activity of the new molecules, they were tested at different concen-

tration on CaCo-2 (ATCC HTB-37) colon-rectal cancer cell line. These human cancer cells were treated 

with compound solutions ranging in concentration from 100 µM to 0.01 µM. The reference compound 

for these assays was 5-Fluorouracil (5-FU), a pyrimidine analogue from the antimetabolite family. 

After 24 and 48 hours of incubation, the antiproliferative activity was evaluated by MTT assays to 

obtain cell growth curves and half maximal inhibitory concentration (IC50) valuesand the results are 

shown in Figure 1 and in Table 4, respectively. 

 

Figure 1. Dose-response curve for each compound tested in the evaluation of cytotoxicity at 24 (A) 

and 48 (B) hours. 

  PB4 GC-VI-70 
PB4 +  

GC-VI-70 

Species Strain mg/L µM mg/L µM mg/L µM 

E. faecalis ATCC 29212 0,5 0,98 2 3,3 0,06* 0,2* 

S. aureus ATCC 29213 0,125 0,24 16 26,5 1 1,66 

S. aureus ATCC 12598 0,25 0,49 16 26,5 0,06* 0,2* 

S. aureus ATCC BAA-1556 USA 300 ≤0,125 ≤0,24 4 6,6 2 3,3 
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The results of the MTT assay showed that all heteroaryl-ethylene compounds are significantly 

more cytotoxic than 5-FU [23], which is used in the assay as a reference antitumor compound. The 

compounds that reported the highest activity at 24 hours were BCM6, GC-VII-39 and GC-VII-50 with 

IC50 of 0.16, 0.23 and 0.17 µM, respectively. For comparison, 5-FU reported a 24-hour IC50 of about 

27 µM. Due to the low cytotoxicity, we have evaluated the synergistic effects, as antimicrobial, when 

combining GC-VI-70 with PB4 (see Section 2.2.1 and Table 3) 

Table 4. IC50 (µM) for all tested molecules on CaCo-2 cell line after 24 and 48 hours of treatment. 

Molecule IC50 at 24 hours (µM) IC50 at 48 hours (µM) 

BCM4 0,72 0,10 

BCM6 0,16 0,18 

GC-VII-39 0,23 0,18 

GC-VII-50 0,17 0,07 

GC-VI-70 0,94 3,76 

GC-VI-10 1,35 0,99 

5-FU 27,36 12,91 

PB4 0,31 0,3 

2.3.1. Evaluation of Antibiotics Cytotoxicity 

The MTT assay was performed also for the selected antibiotics to evaluate the effect of a com-

bined treatment with PB4. The results are expressed as a percentage of cell growth compared to con-

trol, and not as IC50 (µM) values since only two concentrations have been tested rather than a defined 

range as in the case of heteroaryl-ethylene compounds. The results are shown in Figure 2 and Table 

3. Since we are setting up a co-culture model employing E. faecalis ATCC 29212 and CaCo-2 cells, the 

antibiotic concentrations chosen for cytotoxicity tests were only two: MIC and sub-MIC concentra-

tions reported for E. faecalis ATCC 29212 (Table 1). The use of PB4 as adjuvant to standard antibiotics 

has a dual purpose: i) contain bacterial proliferation, trying to use concentrations of both compounds 

that do not exert cytotoxic activity on the cells and ii) propose a new solution to emerging antibiotic 

resistance.  

After 48 hours of treatment, no antibiotic alters the physiological cell growth (Table 5), which 

indeed exceeds T0 and in some cases even doubles (Ampicillin-MIC 48 hours, 189,3%). Regarding the 

combination of antibiotics and PB4 0.2 µM, no significant difference was noted compared to cells 

treated with just PB4, and growth is greatly inhibited compared to solutions containing only antibi-

otic (mean of 77,7% and 80,7% at 24 and 48 hours compared to 87,3% and 158,5%).  

A Dunnett's multiple comparisons test was performed to highlight any statistical differences 

between treated and untreated cells (Table S3). No remarkable statistical differences emerged for the 

cells treated with antibiotics alone, the only exception being observed between untreated cells and 

cells treated with Ampicillin at MIC concentration after 48 h. When cells are treated with antibiotics 

and PB4, after 24 hours, there is a statistical difference only with cells treated with gentamicin MIC, 

erythromycin subMIC and rifampicin MIC. All these differences, however, have a barely satisfactory 

P value. Nevertheless, the cells treated with Antibiotic and PB4 after 48 hours exhibited significant 

statistical differences with untreated cells, except rifampicin-treated cells at MIC and subMIC con-

centrations, and erythromycin-treated cells at subMIC concentrations. 
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Figure 2. Percentage of cell growth compared to T0 with antibiotics and cells treated with antibiotics 

and 0.2 µM of PB4 at 24 (above) and 48 (under) hours. 

Table 5. Percentage of growth compared to control of cells treated with antibiotics and with the anti-

biotic/PB4 combination 0.2 µM after 24 and 48 hours. The same percentage is also reported for the 

percentage of cell growth at the point of IC50 reported, to demonstrate that the inhibition of growth 

in antibiotic/PB4 combination is dictated solely by the presence of the heteroaryl-ethylene compound. 

 
Antibiotic 

Antibiotic +  

PB4 0,2 µM 

24h 48h 24h 48h 

Linezolid 
MIC 153,5 252,9 144,0 145,7 

subMIC 143,4 247,6 132,0 130,6 

Gentamicin 
MIC 158,2 247,5 125,6 141,1 

subMIC 132,3 271,7 132,4 99,2 

Ampicillin MIC 147,7 321,1 133,8 127,7 
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subMIC 155,6 247,5 135,6 137,0 

Erythromycin 
MIC 148,2 269,0 133,6 117,5 

subMIC 159,5 280,6 124,9 155,8 

Rifampin 
MIC 133,7 282,6 126,9 158,9 

subMIC 146,6 265,6 130,6 163,7 

Mean 147,9 268,6 131,9 137,7 

PB4 0,2 µM 

24h 48h 

68,8 72,7 

3. Discussion 

One approach to address antimicrobial resistance relay on the design and synthesis of novel 

molecules with antimicrobial properties exploring novel approaches based on rational in-silico de-

sign [24,25]. Taking advantage of a large in-house database of heteroaryl-ethylene molecule, we de-

veloped two QSAR models to selected six compounds and started the experimental study by testing 

their antibacterial activity against a range of Gram-positive and Gram-negative bacterial strains. The 

results revealed promising antimicrobial activity for these molecules and a good agreement with the 

QSAR model for antimicrobial activity against S. aureus ATCC 29213. Furthermore, their effectiveness 

in combination therapy with commonly used antibiotics was investigated to explore possible syner-

gistic interactions. Combination therapy, involving these molecules as adjuvants to existing antibiot-

ics showed interesting results: the addition of PB4 significantly reduced the MIC of different antibi-

otic acting on the protein synthesis such as Rifampin in S. aureus and E. faecalis, gentamicin against E. 

faecalis, K. pneumoniae and P. aeruginosa. 

Overall, these results provide us important preliminary data to set up a eukaryotic-prokaryotic 

co-culture employing E. faecalis ATCC 29212 and CaCo-2 cells. E. faecalis co-culture with human in-

testinal epithelial cells has been used in several studies to investigate the bacterial ability to adhere 

to, penetrate, and destroy the host epithelium [26,27]. In the context of this infection model, the use 

of molecules such as PB4 or GC-VI-70 in combination with antibiotics may allow us to prolong the 

co-culture model avoiding both uncontrolled bacterial proliferation and cytotoxic outcomes. As 

shown, the combination of antibiotics such as gentamicin and rifampicin with PB4 can lead to signif-

icant decreases in MIC values, leaving cellular metabolism almost unchanged. Combinations like this 

will be crucial for setting up the coculture experiments as all heteroaryl compounds presented in this 

study exhibit high cytotoxic activity against colorectal cancer cells.  

Taken together, these results encouraged us to focus our research on heteroaryl-ethylene struc-

tures for the development of drugs with multitarget biological activity and particular attention has 

to be paid to the design of compounds active against Gram negative strains [11,28]. The biological 

activity of PB4, will be the main focus of the studies of this multidisciplinary research group, to un-

derstand the mechanisms by which this substance proves to be antimicrobial and cytotoxic. Despite 

their cytotoxicity, this compound showed to be promising for combination therapies with common 

antibiotics, in order to enhance their effectiveness also when used at very low concentrations that do 

not show cytotoxic effects [29–31]  

The development of new synthetic molecules with antibacterial activity is of paramount im-

portance, as they offer the potential to overcome existing resistance mechanisms, provide broad-spec-

trum activity, and reduce toxicity [32]. At the same time, is noteworthy that the mechanisms of action 
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should be evaluated in terms of the observed synergistic effects. In addition, in vivo studies will be 

useful to assess the safety, pharmacokinetics, and efficacy of these molecules in more complex bio-

logical systems. It becomes so undeniable how further research and investment in the discovery and 

development of such molecules are crucial to combating the threat of antibiotic resistance and ensur-

ing effective treatment options for multidrug-resistant bacterial infections [33,34]. This work high-

lights an important awareness: the design of new chemical compounds is of dominant importance 

for medicine [35]. It enables the development of innovative drugs with enhanced efficacy and re-

duced side effects. 

4. Materials and Methods 

4.1. Dataset of the QSAR models 

The Principal Component Analysis (PCA) and a PLS models were performed through the Vol-

surf+ (VS+) software, developed by Molecular Discovery (see Supplementary Materials for further 

details). [36,37] 

The dataset of the QSAR model for antimicrobial activity comprised 53 Heteroaromatic com-

pounds (Table S1) with experimental values for antimicrobial activity against S. aureus ATCC29213. 

The antimicrobial activity was evaluated by means of standard MIC (minimal inhibition concentra-

tion, mg/L).  

For the development of the QSAR model for cytotoxic activity, the in-house dataset comprised 

38 Heteroaryl Ethylenes (Table S2) with experimental in-vitro activity values, expressed as logGI50, 

against CaCo-2 colon-rectal cancer cell line. 

4.2. Compounds Synthesis 

Compounds BCM4, BCM6, GC-VII-39, GC-VII-50, GC-VI-70, GC-VI-10 were synthesized via 

base-catalysed Knoevenagel condensation between the proper pyridinium/quinolinium ions, as their 

iodide salts, and the corresponding aldehyde following previously reported procedures. [11,12,38–

41] 

4.3. Bacterial Strains 

To assess the antibacterial properties and the spectrum of activity of the six new synthetic chem-

ical compounds as well as our lead compound, PB4, nine ATCC bacterial strains, both Gram-positive 

and Gram-negative, were selected (Table 6). For S. aureus were selected two methicillin-susceptible 

Staphylococcus aureus (MSSA) and 1 MRSA (ATCC BAA-1556). All the control strains were provided 

by the American Type Culture Collection (Manassas, VA, USA). All tests were conducted in duplicate 

and both replicates showed the same MIC values. 

Table 6. ATCC bacterial strains selected for antimicrobial susceptibility tests. 

 Strain Species 

Gram + 

ATCC 29212 Enterococcus faecalis 

ATCC 29213 Staphylococcus aureus 

ATCC 12598 Staphylococcus aureus 

ATCC BAA-1556 
Staphylococcus aureus  

sub. Rosenbach (USA300 clone) 

Gram - 

ATCC 700603 Klebsiella pneumoniae 

ATCC 17978 Acinetobacter baumannii 

ATCC 27853 Pseudomonas aeruginosa 
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ATCC 14028 Salmonella enterica 

ATCC 25922 Escherichia coli 

4.4. Bacterial Growth Conditions 

S. aureus and E. faecalis strains were cultivated respectively on Mannitol Salt Agar (Cat. No. 

CM0085B) and Bile Aesculin Agar (Cat. No. CM0888), whereas E. coli, A. baumannii, P. aeruginosa, K. 

pneumoniae and S. enterica on MacConkey Agar (Cat. No. CM0007). All bacterial strains were incu-

bated O/N at 37°C. All culture media were purchased from Thermo ScientificTM OxoidTM, Basing-

stoke, UK. 

4.5. Antimicrobial Susceptibility Test 

The Antimicrobial Susceptibility Test (AST) was conducted performing Broth Microdilution 

(BMD) to determine the Minimum Inhibitory Concentration (MIC) of the selected compounds and 

PB4, as well as of some well-known antibiotics such as linezolid (Cat. No. 460592500), gentamicin 

(Cat. No. 15750037), ampicillin (Cat. No. J60977.06), erythromycin (Cat. No. J62279.09), and rifampin 

(Cat. No. J60836.03). All antibiotics were provided by Thermo ScientificTM OxoidTM, Basingstoke, 

UK. The tested concentrations range from 128 to 0,125 mg/L.  

We tested the combination of PB4 and the five antibiotics to examine their synergic effects on 

the ATCC 29212 E. faecalis strain. PB4 was used at fixed concentration of 0,125 µg/mL (0,24 µM), 

corresponding to a quarter of MIC value, whereas antibiotics concentrations range from 128 to 0,125 

mg/L. BMD was performed using Cation-Adjusted Müeller Hinton Broth (CA-MHB) (Cat. No. 

212322, BD BBLTM, Franklin Lakes, NJ, USA) according to standard methods. [42] All antibiotics 

were solved in appropriate solvent according to CLSI guidelines. [43] All heteroaryl-ethylenes com-

pounds were solved in 100% DimethylSulfoxide (DMSO) (Cat. No. 85190, Thermo ScientificTM Ox-

oidTM, Basingstoke, UK) obtaining a starting concentration of 8000 mg/L. Intermediate dilutions 

were carried out using CA-MHB in order to reduce final DMSO concentration. The highest concen-

tration of tested compounds was 128 mg/L, with a final DMSO concentration in the well of almost 1,6 

%. As described in literature, this DMSO concentration was shown to be well-tolerated by bacteria 

and it is comparable to the concentration of 1% recommended by CLSI guidelines [42]. Additionally, 

a synergic assay was also performed to assess the effectiveness of PB4/GC-VI-70 combination which 

are, respectively, a heteroaryl-ethylene compound, previously tested in published studies [9], and 

one of the six tested compounds that showed the best cytotoxicity/MIC profile. The synergism was 

assessed by BMD on Gram-positive ATCC strains: ATCC 29231, ATCC 12598, ATCC BAA-1556 (S. 

aureus) and ATCC 29212 (E. faecalis). PB4 was used at fixed concentration equal to the MIC value for 

the specific strain, whereas GC-VI-70 tested concentrations range from 128 to 0,125 mg/L. 

4.6. Evaluation of the Cytotoxic Activity of the compounds on Human Colorectal Adenocarcinoma Cells 

To evaluate the effect of the Heteroaryl-Ethylenes compounds and the antibiotics, an MTT ([3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay was performed as previously de-

scribed [10]. Briefly, human colorectal adenocarcinoma cells (CaCo-2 HTB-37TM, American Type 

Culture Collection, Manassas, VA, USA) were grown in Dulbecco’s MEM (DMEM) with 10% heat-

inactivated fetal bovine serum, 2 mM L-Alanyl-L-Glutamine, penicillin-streptomycin (50 units-50 µg 

for mL, just for cells treated with Heteroaryl-Ethylenes compounds) and incubated at 37 °C in a hu-

midified atmosphere of 5% CO2, 95% air. CaCo-2 cells were plated in 96 well pates and incubated at 

37 °C. The Heteroaryl-Ethylenes solutions and 5-FU (Cat. No. F6627, Merck KGaA, Darmstadt, Ger-

many) were prepared as a 1 mM solution in 10 mL with 0.01% DMSO. In addition to this, the cytotoxic 

activity of five common antibiotics, linezolid (Cat. No. 460592500), gentamicin (Cat. No. 15750037), 

ampicillin (Cat. No. J60977.06), erythromycin (Cat. No. J62279.09) and rifampin (Cat. No. J60836.03), 

was also tested, treating cells at two concentrations corresponding to MIC and half-MIC values ob-

tained for ATCC 29212 E. faecalis strain. Both concentrations were also tested in combination with 

PB4 0,2 µM. All antibiotics were provided by Thermo ScientificTM OxoidTM, Basingstoke, UK. A 
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summary of solutions tested, and their relatives’ concentrations are reported in Table 7. Twenty-four 

hours after plating, cells were treated with 20 µL of each solution. Untreated cells were used as con-

trols. Microplates were incubated at 37 °C in a humidified atmosphere of 5% CO2, 95% air for 24 h, 

and then cytotoxicity was measured with colorimetric assay based on the use of tetrazolium salt MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. IC50: this parameter expresses the 

concentration of the tested compound necessary to kill half of the cell population after 24 and 48 h of 

incubation relative to untreated controls. The absorbance values at 569 nm were obtained using mul-

tiwell plate reader (Synergy H1, Biotek, Via Rodolfo Farneti, 8, 20129 Milano MI). Each value stems 

from the average of four wells. The IC50 values were calculated by nonlinear regression analysis 

using the GraphPad Prism 6.0 software. 

Table 7. Compounds and concentrations used in cytotoxicity tests. 

Compound   

 PB4 BCM4 BCM6 

GC-

VII-

39 

GC-

VII-

50 

GC-

VI-

10 

5-FU 

GC-

VI-

70 

  

Concentration 

Tested 
100 µM, 10 µM, 1 µM, 0.1 µM and 0.01 µM   

 Antibiotic 

 Linezolid Gentamicin Ampicillin 
Erythromy-

cin 
Rifampin 

 mg/L µM mg/L µM mg/L µM mg/L µM mg/L µM 

MIC Concentra-

tion Tested 
4 11.85 4 7.74 0.25 0.72 2 2.73 0.25 0.30 

Sub-MIC Concen-

tration Tested 
2 5.93 2 3.87 0.125 0.36 1 1.36 0.125 0.15 

5. Conclusions 

These compounds serve as building blocks for designing novel therapeutic agents [44], targeting 

previously untreatable diseases. The easy end versatile synthetic process allows for optimization of 

drug properties, such as solubility [45], stability [46], and bioavailability [47], leading to better drug 

formulations. Additionally, new chemical compounds offer opportunities for discovering new mech-

anisms of action, expanding the understanding of disease biology, and ultimately advancing medical 

treatment [24]. The application of combination therapy employing novel molecules as adjuvants to 

existing antibiotics offers several advantages. Firstly, it may restore or enhance the effectiveness of 

existing antibiotics that have lost their efficacy against resistant strains. Secondly, it can help reducing 

the overall dosage of antibiotic compounds, potentially minimizing the risk of adverse side effects 

and decreasing the selective pressure for resistance development. Moreover, the use of synergistic 

combinations can potentially overcome existing resistance mechanisms, providing an effective treat-

ment option against multidrug-resistant bacteria. 
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