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Abstract 

 

Interactions of two newly synthesized and six previously reported benzoxanthene lignans (BXLs), analogues of rare natural 

products, with DNA/RNA, G-quadruplex and HSA were evaluated by a set of spectrophotometric methods. Presence/absence of 

methoxy and hydroxy groups on the benzoxanthene core and minor modifications at C-1/C-2 side pendants – presence/absence 

of phenyl ring and presence/absence of methoxy and hydroxy groups on phenyl ring – influenced the binding strength to double-

stranded (ds-) and G-quadruplex structures. Compounds without phenyl ring showed higher binding affinities toward ds-DNA/RNA 

while a derivative with butyl chain displayed DNA (GC-DNA) over RNA selectivity. On the other hand, BXLs with unsubstituted 

phenyl ring showed the best stabilization effects of G-quadruplex. Circular dichroism spectroscopy results suggest intercalation 

to ds-DNA/RNA and end-stacking to top or bottom G-tetrads as the main binding modes of BXLs to those targets. All compounds 

exhibited micromolar binding affinities toward HSA and an increased protein thermal stability. Moderate to strong antiradical 

scavenging activity was observed for all BXLs with hydroxy groups at C-6, C-9 and C-10 positions of the benzoxanthene core, 

except for derivative bearing methoxy groups at these positions. BXLs with unsubstituted or low-substituted phenyl ring and one 

derivative without phenyl ring showed strong growth inhibition of Gram-positive Staphylococcus aureus. 

 

Keywords: DNA/RNA recognition • benzo[k,l]xanthene lignans • G-quadruplex interaction • HSA interaction • Staphylococcus 

aureus growth inhibition  

 

1. Introduction 

 

Dimeric lignans and neolignans are plant secondary metabolites of the phenylpropanoid family with interesting biological activities 

including antioxidant, antitumor, anti-inflammatory, antiangiogenic, cardiovascular, antiviral and antimicrobial.[1-6] In addition, they 

represent a valuable source of building blocks exploitable in the field of organic and medicinal chemistry. Well-known members 

of the lignan family, podophyllotoxin and its derivatives, etoposide and teniposide are used for treating genital warts and as a form 

of chemotherapy for several cancers, administered alone or in combination with other antitumor drugs.[7, 8] Rufescidride, 



2 
 

mongolicumin A and yunnaneic acid H (Figure 1) are few examples of natural products reported in literature that belong to 

benzo[k,l]xanthene lignans.[7, 9]  Biological activity of this group of compounds has not been extensively studied to date due to 

lack of effective synthetic methods and low availability in nature.[10, 11] Nevertheless, a biomimetic procedure for obtaining 

bioinspired benzo[k,l]xanthenes (BXLs), proposed by Tringali's group,  stands out among some other examples in the literature 

for its good to high product yields.[12-14] These synthetic lignans, obtained by oxidative coupling of caffeic esters, have been 

tested for antioxidative, antiangiogenic, antimycotic, anti-inflammatory and antiproliferative properties.[15-20] But, so far their 

antibacterial effects have never been thoroughly examined.  

The golden age of antibiotics, which revealed the majority of antibiotics still in use today, ended because the number of 

new discovered compounds could not keep up with the increasing number of pathogenic bacterial strains, especially Gram 

negative.[21] Consequently, many compounds isolated from plants or modelled upon natural compounds, including lignans, are 

being investigated today as potential antimicrobial agents.[22]  

Further, in order to enlighten the potential basis of their biological activity, several BXLs were screened for DNA 

interactions. STD-NMR experiments and molecular docking showed that benzoxanthenes intercalate into DNA with their planar 

core while the flexible pendants in C-1 and C-2 position bind along the minor groove.[13, 14] The study was carried out with the 

alternating polynucleotide poly(dGdC)2 as a binding model. Due to their crucial roles in biological replication and protein synthesis, 

DNA and RNA are attractive targets for many classes of drugs. Insertion of planar (hetero)-cyclic aromatic chromophores between 

adjacent basepairs – intercalation, binding inside grooves and external binding are the most common drug interactions with DNA 

and RNA.[23] 

One of our intents in this study was to investigate interactions of BXLs with an array of DNA (including G-quadruplex) 

and RNA by a set of spectrophotometric methods – UV/Vis, circular dichroism (CD) and fluorescence. The study included four 

BXLs, previously studied with STD-NMR and molecular docking [13, 14] and four analogues of CT-A2 (two of them newly 

synthesized) which, among studied benzo[k,l]xanthenes, displayed the most prominent antiproliferative activity (Figure 1).[17] CT-

A2 analogues (CT-A19, CT-A22, CT-A23 and CT-A24) differed either in pendant alkyl linkers (methyl or ethyl) in positions 1 and 

2 and/or in the presence of methoxy and/or hydroxy groups on the phenyl ring (Scheme 1). In addition to DNA and RNA, we 

examined interactions of BXLs with the most predominant proteins in blood plasma, human serum albumin (HSA).  

Our second goal was to investigate antiradical, antiproliferative and antibacterial activity of BXLs since their close lead compound 

rufescidride, showed promising antibacterial activity.[24] Antiproliferative activity of these compounds was investigated on human 

hepatocellular carcinoma (HepG2) cell line because CT-A2 was tested previously on that cell line.[13] Thus, activities of CT-A2 

analogues can be compared to their parent compound.  

 

Figure 1. Chemical structures of natural benzo[k,l]xanthenes, rufescidride, mongolicumin A, yunnaneic acid H and synthetic 

benzo[k,l]xanthene CT-A2. 
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2. Results and discussion 

 

2.1 Synthesis and characterization of compounds in aqueous medium 

 

The synthesis of benzo[k,l]xanthene lignans (to the follow benzoxanthenes simply or BXLs) has been carried out as 

previously reported by some of us.[13, 14, 18] As summarized in Scheme 1, these compounds are obtained by oxidative coupling 

of suitable caffeic esters (2a-g) in good yield. Compound CT-A14 has been obtained by methylation of CT-A1. The structures of 

the newly synthetized benzoxanthenes CT-A23 and CT-A24 were determined by analysis of their MS, 1H and 13C NMR spectra, 

and corroborated by two-dimensional NMR experiments (HSQC and HMBC).  

 

Scheme 1. Syntehsis of benzoxanthene lignans. a) H2SO4, alcohol, reflux, 12 h (compounds 2a and 2c), DCC, alcohol, dry THF, 

70 °C, 7 h (compounds 2d-g); b) Mn(OAc)3, CHCl3, rt, 3 h; c) CT-A1, K2CO3, MeI, dry acetone, 56 °C, 12 h. 

 

Solubility and UV/Vis characterization of BXLs were examined prior to DNA/RNA binding study. Benzoxanthenes were 

soluble in DMSO (up to c = 5  10-3 mol dm-3). DMSO stock solutions of BXLs were stable during a few weeks in dark/refrigerator. 

All measurements were recorded in Na-cacodylate buffer (I = 0.05 M for DNA/RNA/HSA measurements or I = 0.1 M for G-

quadruplex) at pH 7. The volume ratio of DMSO was up to 1% for thermal melting experiments (Tm) and CD titrations and 0.5‰ 

for fluorimetric titrations. Absorbancies of aqueous solutions of BXLs were proportional to their concentrations up to concentrations 

c = 3  10-5 mol dm-3 (Supporting information, SI) suggesting that studied compounds do not aggregate by intermolecular stacking 

at experimental conditions used. Absorption maxima and corresponding molar extinction coefficients () are given in Table S1 

(SI). Excitation spectra of BXLs were in acceptable agreement with their UV/Vis spectra (see spectra in SI). 
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2.2. Binding study of BXLs with double-stranded (ds-) DNA/RNA 

 

Binding of BXLs to DNA and RNA polynucleotides (at the excess of a polynucleotide) was monitored with the 

fluorescence spectroscopy. Among ds-polynucleotides, we chose calf thymus DNA (ctDNA, 58% AT and 42% GC) and poly A – 

poly U (RNA), as models for a classical B-helix and characteristic A-helical structure, respectively.[25] After acquiring preliminary 

results with these polynucleotides, we selected those compounds exhibiting sufficient fluorescence changes with ctDNA and 

significant binding activity to perform additional experiments with synthetic DNA polynucleotides, poly(dAdT)2 and 

poly(dGdC)2.[26]  

In some titration experiments, the fluorescence of BXLs was quenched by the addition of ds-polynucleotide, which was 

accompanied by a hypsochromic (blue) shift of emission maximum (2-30 nm). On the contrary, the polynucleotide addition to the 

aqueous buffer solution of CT-A1 and CT-A2 resulted in an increase of the fluorescence (SI). The fluorescence changes of the 

majority of benzoxanthenes with studied polynucleotides were not dependent on the structure of polynucleotide added. Exceptions 

to that were CT-A22 and CT-A24 where the increase and decrease of their fluorescence was observed on their addition to ctDNA 

and poly A-poly U solutions, respectively (SI). In almost all titrations with ds-polynucleotides, the fluorescence changes of CT-A4 

were too small for the accurate calculation of binding constants. Similar small changes were noticed in titrations of CT-A19, CT-

A22, CT-A23 and CT-A24 with ctDNA and CT-A19 with poly A – poly U. It was noted that CT-A1 and CT-A14 which differ only in 

one type of substituent (-OH vs –OCH3) attached on C-6, C-9 and C-10 positions of benzoxanthene ring, caused opposite 

fluorimetric changes upon interaction with polynucleotides. While CT-A1 caused the increase of fluorescence in the presence of 

DNA/RNA, CT-A14 (SI) caused a decrease which probably can be ascribed to electron-donor properties of methoxy groups. 

The binding constants Ks and ratios n[bound compound]/ [DNA/RNA] obtained by processing of fluorimetric titration data with 

Scatchard equation[27, 28] are summarized in Table 1. Regardless of small differences in binding affinities of CT-A1 and CT-A14 

toward ds-polynucleotides, it can be observed that both compounds exhibited higher affinity toward AT-DNA than GC-DNA. 

Contrary to CT-A1 and CT-A14, CT-A2 and CT-A4 showed DNA selectivity, especially CT-A4 that showed significant changes 

only upon addition of GC-DNA (Figure 2). On the other hand, the CT-A2 analogues, CT-A22 and CT-A24 showed sufficient 

emission changes and hence binding activity only toward RNA (poly A – poly U) while CT-A19 displayed such changes toward 

ctDNA.  

Table 1. Binding constants (logKs)a and ratios nb ([bound compound]/ [polynucleotide phosphate]) calculated from the 

fluorescence titrations of BXLs with ds- polynucleotides at pH = 7.0 (buffer sodium cacodylate, I = 0.05 mol dm-3).  

 

 
ctDNA poly A - poly U p(dAdT)2 p(dGdC)2 

logKs n I/I0
c logKs n I/I0

c logKs n I/I0
c logKs n I/I0

c 

CT-A1 6.0  0.1 2.2 5.9  0.1 1.6 5.9  0.1 2.5 5.2  0.1 2.0 

CT-A2 5.0 0.1 2.4 -d -d -d 5.3  0.1 1.9 5.1  0.1 1.9 

CT-A4 -d -d -d -d -d -d -d -d -d 6.0 0.6 0.2 

CT-A14 6.4 0.2 0.6 5.2 0.2 0.3 6.3 0.3 0.75 5.6 0.5 0.6 

CT-A19 5.8 0.25b 0.7 -d -d -d -e 
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CT-A22 -d -d -d 5.2 0.25b 0.8 -e 

CT-A23 -d -d -d -d -d -d -e 

CT-A24 -d -d -d 5.6 0.25b 0.5 -e 

 

a Correlation coefficients were 0.99 for most of calculated Ka. 

b Processing of titration data by means of Scatchard equation[27] gave values of ratio n[bound compound]/[polynucleotide except 

in titrations with CT-A19, CT-A22 and CT-A24 with poly A – poly U or ctDNA where ratio n had to be fixed to 0.25 

c I0 – starting fluorescence intensity of BXL; I – fluorescence intensity of BXL /polynucleotide complex calculated by Scatchard 

equation.[27] 

d small /linear fluorescence change / no fluorescence change / high divergences of fluorescence intensities disabled calculation 

of stability constant  

e not determined due to small changes in fluorescence with ctDNA 
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Figure 2. Changes in fluorescence spectrum of CT-A4 (c= 2.0  10-6 mol dm-3, exc=398 nm) upon titration with poly(dGdC)2 (c= 2 

 10-6 –2.2  10-5 mol dm-3); Inset: Dependence of CT-A4 fluorescence at max  = 550 nm on c(poly(dGdC)2), at pH=7, sodium 

cacodylate buffer, I = 0.05 mol dm-3.  

 

Usually, non-covalent binding of small molecules to ds-polynucleotides affect the thermal stability of helices, thus giving different 

melting temperature (Tm) values. Tm value is the difference between the Tm value of free polynucleotide and that obtained in a 

complex with a small molecule.[29] 

Almost all benzoxanthenes showed the small stabilization effect (≤ 1°C) of mixed DNA basepairs (ctDNA composition, 58% AT, 

42% GC), among them, only CT-A1 and CT-A14 stabilize AT-DNA (SI, Table S2). None of the studied compounds showed any 

stabilization effect of AU basepairs except CT-A14 (Tm = +0.9°C). 
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CD spectroscopy is a sensitive technique for monitoring DNA conformational changes resulting from small molecule 

binding.[30] Additional information of the small molecule-polynucleotide complexes can be acquired via an induced CD (ICD) 

signal of achiral small molecules when they form complexes with ds-polynucleotides.[31, 32] Further, since polynucleotides do not 

absorb in the area above 300 nm while compounds display the UV/Vis spectra until 600 nm, the most reliable information on 

compounds’ interaction with polynucleotides can be obtained in this area (Figure 3, SI). 
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Figure 3. CD titration of poly(dAdT)2 (c = 3.0  10-5 mol dm-3) with CT-A1 at molar ratios r = [compound] / [polynucleotide] (pH = 

7.0, buffer sodium cacodylate, I = 0.05 mol dm-3). 

 

The addition of the majority of benzoxanthenes resulted in a small decrease in CD spectra of DNA and RNA 

polynucleotides (Figure 3, SI). Weak negative induced CD (ICD) signal located around 300 nm were mainly visible in titrations 

with DNA polynucleotides, only in few cases with poly A – poly U. Some compounds like CT-A1 and CT-A4 showed additional 

weak negative ICD signals around 400 nm with poly(dAdT)2 and poly(dGdC)2, respectively. Unlike other compounds, CT-A2 

showed a significant increase of CD spectra of GC-DNA. Additionally, a clear isodichroic point observed for CT-A1 and AT-DNA 

strongly suggests one dominant interaction mode of this compound with the DNA chiral axis (Figure 3, SI).[32]  

Weak negative ICD sign, resulting from the “parallel” orientation of the long axis of ligand to the long axis of adjacent 

base-pairs is a strong indication of intercalative binding.[30, 31, 33] This is additionally supported by the binding constants  10µM 

(Table 1, SI) and thermal stabilization of ds-polynucleotides. Despite the strong binding indicated by fluorescence spectroscopy, 

some complexes like CT-A1 or CT-A14 with poly A – poly U, produced negligible ICD intensities. Such changes are most probably 

a result of intercalation where the long axis of the aromatic core is positioned at some angle to the long axis of adjoining basepairs 

resulting in the abolishment of positive and negative contribution.[33]  

Observed intercalative mode of binding of benzoxanthenes suggested by CD spectroscopy agrees nicely with results 

of DF-STD analysis obtained for CT-A1, CT-A2, and CT-A4.[13, 14] BMI (binding mode indexes) values, calculated on the base 

of the relative intensities of STD effects, indicated intercalation of the planar benzoxanthene core between the base pairs of the 

GC-DNA. Nevertheless, subsidiary BMI’ values referring to the chemical appendages in positions C-1 and C-2 of the 

benzoxanthene core implied another mode of binding, the interaction inside the minor groove. However, instead of positive ICD 
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signals typical for minor groove binding, only weak negative ICD effects characteristic for intercalation were noticed in titrations of 

CT-A1, CT-A2 and CT-A4 with studied DNA and RNA. While BMI values in most cases straightforwardly point to one dominant 

mode of binding (intercalation or minor groove binding or external backbone binding), conclusions of additional binding mode 

supported solely on BMI’ values can be more ambiguous.[34] It is always recommendable to combine more methods for 

characterization of small molecule-DNA complexes, preferentially CD spectroscopy as a sensitive indicator of conformational 

changes of nucleic acid upon interaction with ligands. Thus, taking into account BMI’ values for CT-A1, CT-A2 and CT-A4, 

structural features of studied benzoxanthenes and their CD/ICD signals, it may be concluded that compounds intercalate with 

their core between adjacent basepairs while at the same time pendants at C-1 and C-2 positions most probably form favourable 

interactions (van der Waals contacts, hydrogen bonds) in the vicinity of the minor groove. Compared to CT-A2, smaller emission 

changes and slightly weaker binding towards polynucleotides can be noticed with CT-A2 analogues (CT-A19, CT-A22, CT-A23 

and CT-A24). Thus, either pendant alkyl linker in positions 1 and 2 (methyl linkers in CT-A19, CT-A22 and CT-A24) or presence 

of methoxy and/or hydroxy groups on phenyl ring (CT-A22, CT-A23 and CT-A24) affect the strength of noncovalent interactions.  

 

2.3. Interaction of BXLs with G-quadruplex  

 

Lots of studies support the involvement of G-quadruplex structures in important biological processes like as DNA replication, 

recombination, expression of some oncogenes, epigenetic regulation, maintenance of telomeres stability and telomerase inhibition 

in cancer cells.[35]   

Except with alternating AT- and GC-DNA copolymers, the interaction of BXLs has been investigated with DNA quadruplex using 

oligonucleotide Tel22, which is frequently used as in vitro model for the formation of such structures in the human telomere.[36, 

37] In Na+ solutions intramolecularly folded Tel22 consists of three stacked G-tetrads connected by two lateral loops and a central 

diagonal loop.[38] 

Interactions of BXLs with Tel 22 were studied by fluorimetric and CD titrations and thermal melting experiments. 

Fluorescence spectra of BXLs changed (increase or quenching) upon addition of G-quadruplex solution. The binding constants 

and stoichiometries of complexes were calculated for concentration range corresponding to 20-80% complex formed using non-

linear least-square program SPECFIT.[39] For all fluorimetric titrations, the best fit was obtained for 1:1 benzoxanthene – Tel22 

stoichiometry (Table 2, Figure 4, SI). Compared to other analogues, the smallest affinities toward Tel22 showed CT-A23 and CT-

A24 possessing more substituted phenyl ring. 

All studied BXLs, except CT-A4, showed stabilization effect of Tel22 (Table 2). Regardless of the pendant alkyl linkers (methyl or 

ethyl linker on C-1 and C-2 pendants), the largest stabilizations of Tel22 exhibited CT-A2 and CT-A19 with unsubstituted phenyl 

ring (Figure 5). All compounds displayed negligible changes (small decrease) of CD spectra of Tel22 (Figure 5, SI). Taking into 

account the binding affinities and 1:1 benzoxanthene – Tel22 binding stoichiometry, stabilization effects of quadruplex structure 

and negligible changes of CD spectra of Tel22, it can be concluded that benzoxanthenes most likely bind via end-stacking π-π 

interactions with the top or bottom quartets of Tel22.[35, 40] 

 

Table 2. Binding constants (logKs)a for 1:1 complexes of BXL-Tel22 and changes of fluorescence intensity I/I0
b calculated from 

the fluorescence titrations and Tm
d values (°C) of Tel22 upon addition of ratioe r = 0.3 of BXLs at pH = 7.0 (sodium cacodylate 

buffer, I = 0.1 mol dm-3).  
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compound logKs I/I0
b Tm / 

oC 

CT-A1 4.37±0.04 3.3 1.2 

CT-A2 5.13±0.04 5.1 14 

CT-A4 >5c <1c 0.1 

CT-A14 5.86±0.04 0.2 2.3 

CT-A19 4.26±0.16 5.4 8.8 

CT-A22 5.64±0.07 0.8 3.3 

CT-A23 4.03±0.10 13.9 1.8 

CT-A24 <4c >1c 2.1 

 

a Stability constant Ks and stoichiometry calculated by processing the titration data SPECFIT program[39]Error! Bookmark not defined. 

b Changes in fluorescence of BXLs induced by complex formation (I0 was emission intensity of free compound and Ilim was emission 

intensity of a complex, calculated by processing the titration data SPECFIT program).[39]Error! Bookmark not defined. 

c Small/linear fluorescence change disabled calculation/enabled only estimation of stability constant 

d Error in Tm:  0.5 °C; 

e r = [compound]/[polynucleotide] 
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Figure 4. Changes in fluorescence spectrum of CT-A14 (c= 2.0  10-6 mol dm-3, exc=394 nm) upon titration with Tel22 (c= 4.5  

10-6 – 6.2  10-5 mol dm-3); Inset: Experimental () and calculated (―) fluorescence intensities of CT-A14 at λem = 550 nm upon 

addition of Tel22 (pH = 7.0, Na cacodylate buffer, I = 0.1 mol dm-3). 
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Figure 5. Left: Melting curves of Tel22 upon addition of CT-A2; c (Tel22) =1.4 ×10-6 M; ratio, r =[compound] / [oligonucleotide]=0.3. 

Right: CD titration of Tel22 (c = 3.0  10-5 mol dm-3) with CT-A2 at molar ratios r = [compound] / [polynucleotide] indicated in the 

graph legend (pH = 7.0, buffer sodium cacodylate, I = 0.1 mol dm-3). 

 

2.4. HSA binding study 

 

HSA is a major plasma protein participating in binding and transfer of many different substances, including drugs.[41] Since 

binding to HSA affects the active concentration of drug in cell compartments, it is beneficial to characterize the interaction of 

biologically active small molecules with this protein. Fluorescence spectroscopy and differential scanning calorimetry (DSC) have 

been used for characterization of benzoxantheneHSA complexes. 

Titrations with human serum albumin yielded emission increase of all studied BXLs (Figure 6, SI). BXLs showed rather 

high binding affinities toward HSA (Table 3). The greatest affinity among benzoxanthenes exhibited CT-A4 and CT-A22 while the 

weakest one was calculated for CT-A14. Despite the small difference on C-6, C-9 and C-10 positions of benzoxanthene core (–

OH vs –OCH3), the binding affinity of CT-A1 was two orders of magnitude bigger than of CT-A14. The number of binding sites on 

HSA calculated based on Scatchard equation ranged from 1 to 4 (Table 3). CT-A22 and CT-A4 with the highest binding affinities 

have one and two binding sites on HSA, respectively. Two main drug binding sites are known from the literature as site 1 located 

in subdomain IIA and site 2 in subdomain IIIA.[42, 43] Taking into account the structural study of compounds bound to these sites, 

site 1 is most probably the main binding site of benzoxanthenes.[44, 45]  

Table 3. Binding constants (logKs)a and ratios nb ([bound compound]/[HSA]) calculated from the fluorescence titrations of BXLs 

with HSA at pH = 7.0 (buffer sodium cacodylate, I = 0.05 mol dm-3).  

 HSA 

compound logKs n I/I0
c 

CT-A1 6.6 3.9 2.3 

CT-A2 5.8 3.9 3.7 

CT-A4 7.5 2.1 2.2 
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CT-A14 4.7 3.9 2.1 

CT-A19 6.5 3d 1.6 

CT-A22 7.1 1.3 1.8 

CT-A23 5.3 3d 4.6 

CT-A24 6.8 3d 1.5 

 

a Accuracy of n  10 - 30%, consequently logKs values vary in the same order of magnitude; 

b Processing of titration data by means of Scatchard equation gave values of ratio n[bound compound]/[polynucleotide]; 

c I0 – starting fluorescence intensity of BXL; I – fluorescence intensity of BXL /HSA complex calculated by Scatchard equation. 

d n ratio was fixed to 3 
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Figure 6. Changes in fluorescence spectrum of CT-A1 (c= 2  10-6 mol dm-3, exc=393 nm) upon titration with HSA (c= 7.5  10-8 

– 1.3  10-6 mol dm-3); Inset: Dependence of CT-A1 fluorescence at max =534 nm on c(HSA), at pH=7,sodium cacodylate buffer, 

I=0.05 mol dm-3.  

 

The binding of a drug to protein causes changes in protein structure. Besides, the formation of protein-small molecule 

complex is driven by enthalpic and entropic contributions, whose balance determine free Gibbs energy of interaction.[46] Thus, 

drug binding causes changes in thermostability of protein that can be monitored by differential scanning calorimetry (DSC). Single 

HSA, as well as benzoxanthene  HSA complexes, showed broad, bimodal endothermic transitions connected with albumin 

denaturation.[47, 48] Two transitions were attributed to the first and the second denaturation temperature. Addition of different 

BXLs generally caused small change (positive or negative) of the first transition temperature, except for CT-A14 while the changes 

of the second transition were more significant especially for CT-A1, CT-A2, CT-A4 and CT-A24 (SI, Table S3). These results are 

in accordance with micromolar affinities for benzoxanthene  HSA complexes calculated from the fluorimetric titrations.  
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2.5. Antibacterial effects of BXLs 

 

Preliminary studies of the antibacterial activity of benzoxanthene-related compounds have not shown significant results, except 

for rufescidride, which was isolated from plants Cordia rufescens and Taraxum mongolicum.[9, 14, 24] However, the studies with 

the compounds used in this work have not been thoroughly conducted to date. 

The antibacterial effect was examined on Gram positive (Staphylococcus aureus) and Gram negative (Escherichia coli K-12 

MG1655, Salmonella enterica serovar serotype Typhimurium LT21 and Salmonella enterica serotype Typhimurium TA100, a 

mutant strain with damaged structure of cell wall) bacteria (Figure 7).  
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Figure 7. The effect of BXLs on the viability of different G- (A, B) and G+ (C) bacteria. The viability was determined after 1 h 

exposure period to 50 µM of BXLs or negative control (red dotted line). Standard deviations are presented by error bars. Different 

letters indicate significantly different values at P < 0.05 according to ANOVA. 

 

The cytotoxic effect of benzoxanthenes was evaluated by one hour incubation of bacterial strains and tested compounds, prior to 

seeding to the plates. The concentration of BXLs was 5 × 10-6 M. After incubation at 37 °C for 24 h, the number of grown bacterial 

colonies was counted and the survival was expressed as a percentage (compared to the negative control). Majority of studied 

benzoxanthenes showed weak inhibitory effects on Escherichia coli K-12 MG1655 growth (Figure 7A). Only CT-A2 showed small 

effect, with the inhibition of bacteria growth of 30%. On the other hand, CT-A14 and CT-A23 showed significant cytotoxic effect 

(growth inhibition ≤ 70%) against another Gram-negative bacteria, S. enterica Typhimurium LT21 (Figure 7B).[49, 50] Even CT-

A19 and CT-A22 showed moderate inhibitory effect on that bacterial strain. Thus, almost all CT-A2 analogues were active except 

CT-A24 and their parent compound CT-A2. Interestingly, CT-A14 with methoxy groups on C-6, C-9 and C-10 positions of 

benzoxanthene core was, beside CT-A23, the most active while CT-A24 had no activity. Obviously, presence of methoxy groups 

on benzoxanthene core or methyl linkers in positions 1 and 2 act favorably on growth inhibiton while multiply substituted phenyl 

ring of CT-A24 hamper such favourable activity. All studied benzoxanthenes showed very strong inhibitory effect against S. 

enterica Typhimurium TA100 cells with survival less than 10%. Such drastic effect had proven that the first and major obstacle to 

the antibacterial action of benzoxanthenes on Gram-negative bacteria is their cell wall.  

Results on S. aureus revealed moderate to strong antibacterial effect (growth inhibition between 60 and 90%) of BXLs (Figure 

7C). CT-A19, CT-A22 and especially CT-A1 and CT-A2 (bacteria survival < 10%) significantly inhibited the growth of S. aureus. 

This result suggests that presence of  unsubstituted or low substituted phenyl on C-1 and C-2 positions is important for such 

activity. 

CT-A1 has no phenyl-including pendants like CT-A2 and other CT-A2 analogues and is structurally very similar to rufescidride 

which was found to be active against S. aureus as well.[9, 24]  

Low growth inhibition on Gram-negative bacteria especially E.coli of majority of studied benzoxanthenes could be ascribed to 

hydrophobic nature of benzoxanthene core that hampers entering the specific cell wall structure. S. aureus is a Gram-positive 

bacterium that does not contain the outer lipopolysaccharide layer in the walls like Gram-negative bacteria.[51] Although Gram-

positive bacteria contain a thicker peptidoglycan layer, they are still much more susceptible to the action of large hydrophobic 

compounds. 

 

2.6. Antiproliferative effect of BXLs on HepG2 cells 

 

Antiproliferative activity of benzoxanthenes was investigated only on one cancer cell line, human hepatocellular carcinoma 

(HepG2) cell line so we can compare activities of CT-A2 analogues to CT-A2 which was tested previously on that cell line (Figure 

8).[13]  
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Figure 8. The effect of BXLs on the viability of HepG2 cells. The viability was determined after 24 h exposure period to 50 µM of 

BXLs or negative control (red dotted line). Standard deviations are presented by error bars. Different letters indicate significantly 

different values at P < 0.05 according to ANOVA. 

 

Concentration of BXLs was 5 × 10-6 M. After 24 h treatment, all compounds, except CT-A4, exerted moderate to strong 

antiproliferative effect. Nevertheless, CT-A2 caused the highest antiproliferative effect among all studied benzoxanthenes (Figure 

8). These results agree with moderate and high antiproliferative activity of CT-A1 and CT-A2, respectively from previous studies 

on HepG2 cell line.[13] In addition, CT-A2 was found to be more effective in inhibiting the growth of intestinal and lung tumor cells 

than 5-fluorouracil.[14]  

However, CT-A14 was previously inactive on this cell line which is contradictory to our result. CT-A4 had no activity on HepG2 

cells, actually it induced cell proliferation. CT-A4 possesses butyl groups on C-1 and C-2 appendages and is the most lipophilic 

among studied compounds which is probably the reason of its inactivity. 

It can be noted that CT-A2 showed higher activity compared to its analogues, especially CT-A23, at least against this cell line. It 

seems that presence of methyl linker, but most importantly  presence of substituents on phenyl ring diminish antiproliferative 

activity.  

 

2.7. Free radical scavenging activity of BXLs 

 

Imbalance between excessive production of ROS and their immediate neutralization by antioxidative system can lead to 

disintegration of membrane lipids and damage to membrane proteins and nucleic acids. Such injury of cellular components often 

results in aging and contributes to the development of many human diseases including cancer.[52] In this study, the commonly 

accepted assays DPPH and ABTS were used for the evaluation of total antioxidant activity of benzoxanthene compounds (Figure 

9). In general, all BXLs (except CT-A14) showed moderate to strong antiradical activity, especially with DPPH assay. CT-A1 and 

CT-A14 compounds recorded the highest and the lowest antiradical scavenging capacity, measured by either DPPH or ABTS 

assay, compared to other compounds. Since CT-A1 and CT-A14  differ only in one type of  substituent at C-6, C-9 and C-10 

positions of benzoxanthene ring (–OH vs –OCH3), it is evident that the extremely low antioxidant activity of CT-A14 is due to the 
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presence of the methoxy instead hydroxy groups on these positions. The antioxidant activity of phenolic compounds has long 

since been related to the presence and number of hydroxy groups, and to double bond conjugation and resonance effects.[53] 

Several studies found that electron-donating hydroxy substituents on the aromatic ring lower the O–H bond dissociation enthalpies 

(BDE) value thus enhancing the antiradical activity. Such activity is stronger for rings with pyrogallol- and catechol-like than phenol-

like groups; former groups can produce highly reactive hydroxyquinone intermediates[54, 55] and can form intramolecular 

hydrogen bonds as well as the intermolecular hydrogen bonds with polar solvents.[54]Error! Bookmark not defined. A good agreement 

between DPPH and ABTS assays was also observed for CT-A2, CT-A4 and CT-A23. However, the latter two benzoxanthenes 

exhibited better antiradical activity than CT-A2. Thus, it seems that butyl linkers at C-1 and C-2 positions (CT-A4) cause less 

steric hindrance for either DPPH or ABTS radical than ethyl linkers with unsubstituted phenyl ring on those positions (CT-A2).  

The discrepancy between the two methods can be seen for CT-A19, CT-A22 and CT-A24, which all displayed at least two times 

stronger antioxidative activity in DPPH compared to ABTS radical. The reason for that might lie in shorter (methyl) linkers at C-1 

and C-2 positions of those CT-A2 analogues, which present greater steric hindrance for ABTS radical. It is interesting that CT-

A22 exerted higher antioxidant activity in DPPH assay compared not only to CT-A19 and CT-A24, but also to CT-A2, CT-A4 and 

CT-A23. Such a result could possibly be explained as a compromise between the number of methoxy/hydroxy groups on phenyl 

ring and pendant alkyl linkers at C-1 and C-2 positions.  

 

 

Figure 9. Antiradical activity (%) of benzoxanthene compounds using DPPH and ABTS radicals. Trolox was used as a standard 

antioxidant and reached 99.96 and 99.06 % antioxidant activity using DPPH and ABTS, respectively. Standard deviations are 

presented by error bars. Different letters indicate significantly different values at P < 0.05 according to ANOVA. 

 

3. Conclusion 

 

Until recently, there were only a few studies concerning the biological activity and possible mechanisms of action of 

benzoxanthenes mostly due to inefficient synthetic methods. Owing to the simple biomimetic methodology proposed by Tringali's 

group, this class of compounds became more available. Since the benzoxanthene CT-A2 showed, among else, prospective 

antiproliferative activity and DNA damaging property, Tringali's group prepared a small series of CT-A2 analogues varying either 
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in pendant alkyl linker at C-1 and C-2 (methyl or ethyl) and/or presence of methoxy/hydroxy groups on the phenyl ring. In addition, 

we included in the present study benzoxanthenes without phenyl ring at C-1 and C-2 side chains (CT-A1, CT-A4 and CT-A14) 

not only for comparison reasons but due to the fact that their interactions with DNA were in the previous study evaluated only with 

a poly(dGdC)2 as a binding model.[14]  

Summarised results (small negative ICD spectra, moderate to high binding affinities, stabilization effects of DNA) of 

DNA/RNA study suggest that intercalation is the dominant binding mode of the majority of BXLs into ds-polynucleotides. These 

results agree with previously published STD-NMR analysis (BMI values) obtained for CT-A1, CT-A2 and CT-A4.[14] Study with 

Tel 22 revealed big stabilization effects of G-quadruplex displayed especially by CT-A2 and CT-A19 and weaker binding affinities 

of CT-A23 and CT-A24. Observed 1:1 BXL-Tel22 binding stoichiometry and negligible changes in CD spectra of Tel22 suggests 

π-π stacking with the top or bottom quartet as the dominant interaction of benzoxanthenes. Considering the results with ds-

polynucleotides and G-quadruplex, it is noticeable that CT-A23 and CT-A24 bind weaker to those targets compared to other 

analogues, which is probably caused by steric hindrance of multiple hydroxy/methoxy substituents on the phenyl ring. 

Almost all benzoxanthenes showed micromolar binding affinities toward HSA and increased protein thermal stability. 

Knowledge of ligand binding to HSA is useful information for all biologically active compounds because HSA affects ligand 

distribution in vivo.  

Regarding free radical scavenging activity, all compounds (except CT-A14) displayed moderate to strong antioxidative 

activity with DPPH and ABTS assays, which could be related to the presence of hydroxy groups at C-6, C-9 and C-10 positions 

of the benzoxanthene core. CT-A1 and CT-A2, in addition to CT-A19 and CT-A22 may be promising lead compounds for 

development of new antibiotics against S.aureus. All examined compounds, except CT-A4, showed a significant antiproliferative 

effect on human liver cancer cells after 24 h. CT-A2 was more active on this cell line compared to its analogues, especially CT-

A23 probably due to unsubstituted phenyl ring. 

Our results imply that double-stranded or G-quadruplex structures are possible cell targets of benzoxanthenes, and this 

could be the basis of their antiproliferative[17] activity, and possibly antibacterial. Further tuning of benzoxantene structural 

features, particularly BXLs with unsubstituted phenyl ring or without phenyl ring linked to carboxyl ester groups at C-1 and C-2 

appendages, could improve selectivity to ds-DNA/RNA and also preferably increase G-quadruplex over ds-DNA selectivity. This 

could be primarily achieved by incorporation of positive charges, i.e. cationic side chains at C-1 and C-2 positions that could 

interact with DNA grooves and the negatively charged phosphate backbones of both double-stranded and G-quadruplex 

structures. In addition, such change in structure could further improve activity to S. aureus (electrostatic interactions with negatively 

charged teichonic acids in the cell wall)[51] but more importantly to Gram-negative bacteria.  

 

4. Materials and Methods: 

 

4.1. Materials and spectrophotometric methods 

 

NMR spectra were run on a Varian Unity Inova spectrometer (Milan, Italy) operating at 499.86 (1H) and 125.70 MHz (13C). 

Chemical shifts (δ, ppm) were referenced to TMS using the residual solvent signal of acetone-d6 (2.05 ppm). All NMR experiments, 

including 2D spectra, were performed using software supplied by the manufacturer and acquired at a constant temperature (300 

K).  
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High-resolution mass spectra were acquired with an Orbitrap Fusion Tribrid®(Q-OT-qIT) mass spectrometer (Thermo Fisher 

Scientific, Bremen, Germany) equipped with an ESI ion source operating in positive or negative mode. Samples were directly 

infused and converted to the gas phase using the following parameters: source voltage, 2.6 kV; sheath gas flow rate, 25 au; and 

auxiliary gas, 8 au. The ions were introduced into the mass spectrometer through a heated ion transfer tube (300 oC). Survey 

scan was performed from m/z 150 to 1000 at 500k resolution (@ 200 m/z) using the following parameters: RF lens, 60%; auto 

gain control target, 20,000. 

Caffeic acid, caffeic acid phenethyl ester (2b), MeI, Mn(OAc)3 and the alcohols employed in the esterification were purchased 

from Sigma Aldrich. N,N'-dicyclohexylcarbodiimide (DCC) was purchased from TCI. 

The UV/vis spectra were recorded on a Varian Cary 100 Bio spectrophotometer, CD spectra on JASCO J815 spectrophotometer 

and fluorescence spectra on a Varian Cary Eclipse spectrophotometer at 25 oC using appropriate 1cm path quartz cuvettes. 

Polynucleotides were purchased as noted: poly A–poly U, poly(dAdT)2, poly(dGdC)2 and calf thymus ctDNA (Sigma-Aldrich). 

Polynucleotides were dissolved in Na-cacodylate buffer, I=0.05 mol dm-3, pH=7. The calf thymus ctDNA was additionally sonicated 

and filtered through a 0.45 mm filter.[56] Polynucleotide concentration was determined spectroscopically[57, 58] as the 

concentration of phosphates. Spectrophotometric titrations were performed at pH=7 (I=0.05 mol dm-3, sodium cacodylate buffer) 

by adding portions of the polynucleotide solution into the solution of the studied compound for fluorimetric experiments and for 

CD experiments were done by adding portions of the compound stock solution into the solution of a polynucleotide. In fluorimetric 

experiments excitation wavelength of exc=302 and 393-400 nm was used to avoid the inner filter effect caused due to increasing 

absorbance of the polynucleotide. Emission was collected in the range em=450–650 nm. Values for Ks obtained by processing 

titration data by means of Scatchard equation (Tables 1 and 3), all have satisfactory correlation coefficients (>0.99). Thermal 

melting curves for DNA, RNA and their complexes with studied compounds were determined as previously described by following 

the absorption change around 260 nm as a function of temperature. The absorbance of the ligands was subtracted from every 

curve, and the absorbance scale was normalized. Tm values are the midpoints of the transition curves determined from the 

maximum of the first derivative and checked graphically by the tangent method. The Tm values were calculated subtracting Tm 

of the free nucleic acid from Tm of the complex. Every Tm value here reported was the average of at least two measurements. 

The error in Tm is ±0.5oC. 5’- AGGG(TTAGGG)3–3’ (Tel22) was obtained from IDT (Integrated DNA Technologies), USA. Tel22 

was dissolved in 0.1 M sodium cacodylate buffer. The starting Tel22 oligonucleotide solution was first heated up to 95 °C for 10 

minutes and then slowly cooled to 10 °C at the cooling rate of 1 °C/ min to allow DNA oligonucleotide to adopt G-quadruplex 

structure.[59] The G-quadruplex structure was confirmed by thermal melting and CD spectra.[60, 61] The concentration of G-

quadruplex was expressed in term of oligonucleotide structure for calculations of stability constants from fluorimetric titrations. For 

thermal melting experiments and CD titrations, the concentration of G-quadruplex was expressed in terms of a monomeric unit 

(G-quartet). In fluorimetric titrations, aliquots of Tel 22 solution were added to the solution of BXLs (c=2-310-6 M). Human serum 

albumin was purchased from Sigma-Aldrich and dissolved in 0.05 M sodium cacodylate buffer.  

 

4.2. Synthesis of benzoxanthene lignans 

 

Caffeoyl esters 2a and 2c were obtained by treating caffeic acid with methanol or butyl alcol as previously reported.[14] The esters 

2d-g were obtained by Steglich reaction, as previously described.[18] Briefly, caffeic acid (500 mg, 2.7 mmol) was solubilised in 

dry THF (20 mL) and treated with DCC (1.2 equiv) under stirring at 70 °C for 10 min. The proper alcohol was added and the 
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mixture was refluxed for 8 h. The mixture was filtered off and the crude was purified by column chromatography on diol silica gel. 

The spectral data of esters 2d-g were in agreement with those previously reported.[62]   

Benzoxanthene lignans were obtained as previously reported[62]: each ester 2a-g (1.0 mmol) was treated with a suspension of 

Mn(OAc(3) in CHCl3 (4.0 mmol in 50 mL). The mixture was stirred at rt for 3 h. The reaction was quenched with a saturated 

ascorbic acid solution and the two phases were recovered. The aqueous layer was partitioned with CH2Cl2 (three times) and the 

combined organic phase was dried over Na2SO4 anhydrous, filtered and took to dry.  The proper benzoxanthene was recovered 

from organic phase by column chromatography on Diol silica gel. The spectral data of CT-A1, CT-A2, CT-A4, CT-A19, CT-A22 

were in agreement with those previously reported.[13, 14, 18]  

Compound CT-A23 was obtained with 38.8%. 1H NMR  (500 MHz, acetone-d6) δ 8.11 (s, 1H, H-3), 7.47 (d, J = 8.7 Hz, 1H, H-4), 

7.32 (J = 8.7 Hz, 1H, H-5), 7.28 (s, 1H, H-11), 6.96 (bs, 1H, H-2'''),  6.89 (bs, 1H, H-2''), 6.78 (s, 2H, H-8 and H-6'''), 6.74 (bs, 1H, 

H-6''), 6.73 (bs, 1H, H-5''), 6.71 (bs 1H, H-5'''), 4.57 (t, J = 7.0 Hz, 2H, CH2-8''), 4.40 (t, J = 7.0 Hz, 2H, CH2-8'''),  3.81 (s, 3H, 

OCH3), 3.76 (s, 3H, OCH3), 3.00 (m, 4H, CH2-7'' and CH2-7'''. 13C NMR (125 MHz, acetone-d6) δ 170.7 (C, C-1'), 166.6 (C, C-2'), 

149.1 (C, C-9), 148.3 (C, C-3'''), 148.2 (C, C-3''), 147.8 (C, C-10), 146.2 (C, C-4'''), 146.1 (C, C-4''), 142.8 (C, C-6), 142.6 (C, C-

6a), 137.7 (C, C-7), 130.2 (C, C-1'''), 130.1 (C, C-1''), 129.6 (CH, C-3), 127.6 (C, C-3a), 126.2 (CH, C-4),       125.1 (C, C-11b), 

124.2 (C, C-11c), 122.4 (CH, C-6'''), 122.2 (C, C-2 and CH, C-6''), 122.1 (C, C-1), 120.7 (CH, C-5), 115.8 (CH, C-5'''), 115.7 (CH, 

C-5''), 113.5 (CH, H-2''), 113.4 (CH, H-2'''), 112.4 (CH, C-11), 111.0 (C, C-11a), 104.8 (CH, C-8), 67.1 (CH2, C-8''), 66.9 (CH2, C-

8'''), 56.2 (CH3, OCH3), 56.1 (CH3, OCH3), 35.3 (CH2, C-7'''), 34.8 (CH2, C-7'''). HRESIMS m/z 653.1682 [M-H]- (calcd for C36H29O12: 

653.1659). 

Compound CT-A24 was obtained with 35.4%. 1H NMR  (500 MHz, acetone-d6) δ 8.19 (s, 1H, H-3), 7.52 (d, J = 9.5 Hz, 1H, H-4), 

7.33 (s, 1H, H-11), 7.31 (J = 9.5 Hz, 1H, H-5), 6.72 (s, 1H, H-8), 6.84 (s, 2H, H-2'''/H-6'''), 6.64 (s 2H, H-2''/H-6''), 5.26 (s, 2H, H-

7'''), 5.15 (s, 2H, H-7''), 3.85 (s, 6H, OCH3 at C-3'''/C-5'''), 3.74 (s, 6H, OCH3 at C-3''/C-5''), 3.73 (s, 3H, OCH3 at C-4'''), 3.67 (s, 

3H, OCH3 at C-4''). 13C NMR (125 MHz, acetone-d6) δ 172.5 (C, C-1'), 168.6 (C, C-2'), 156.2 (C, C-3'''/C-5'''), 156.1 (C, C-3''/C-

5''), 150.8 (C, C-9), 149.6 (C, C-10), 144.5 (C, C-6), 144.3 (C, C-7a), 141.0 (C, C-4'''), 140.8 (C, C-4''), 139.3 (C, C-6a), 134.0 (C, 

C-1'''), 133.5 (C, C-1''), 131.6 (CH, C-3), 129.3 (C, C-3a), 128.0 (C, C-2), 127.0 (C, C-11b), 125.9 (C, C-11c), 124.0 (CH, C-4), 

123.2 (C, C-1), 122.4 (CH, C-5), 114.0 (CH, C-11), 112.7 (C, C-11a), 108.7 (CH, C-2'''/C-6'''), 108.6 (CH, C-2''/C-6''), 106.5 (CH, 

H-8), 70.2 (CH2, C-7''), 69.8 (CH2, C-7'''),  62.3 (CH3, 4'''-OCH3), 62.1 (CH3, 4''-OCH3), 58.2 (CH3, 3'''/5'''-OCH3), 58.0 (CH3, 3''/5''-

OCH3). HRESIMS m/z 713.1829 [M-H]- (calcd for C38H33O14: 713.1870). 

Compound CT-A14 was obtained as previously reported.[13]  

 

4.3. Differential scanning calorimetry (DSC) 

 

Changes in the thermostability of HSA in the absence and presence of studied benzoxanthene compounds were monitored using 

DSC. DSC analyses of HSA solutions and benzoxanthene-HSA complexes were done using TA Instruments Nano DSC device. 

All solutions were degassed before measurement for 15 min each. Measurements were carried out over temperature range 20-

95 °C following equilibration for 10 min at 20 °C. The temperature scan rate was 1 °C/min. Cell volume was 0.3 mL. The 

concentration of HSA was 2 x 10-5 M for all measurements, while concentrations of benzoxanthene compounds varied (410-5 M 

– 1.210-4 M), resulting with r values ([compound]/ [HSA]) = 1-4. Values r [compound]/ [HSA] for each complex were chosen 

according to results of fluorimetric titrations. DSC curves were analysed with TA NanoAnalyse software. Buffer scan was 
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subtracted from every thermogram, while calorimetric data were also corrected for the difference in heat capacity between the 

initial and the final state by using a sigmoidal baseline. The results were shown in the form of heat capacity at constant pressure 

(Cp, p= 3 atm) vs temperature curves (DSC thermograms, SI). 

 

4.4. Cytotoxic effect of benzoxantane lignans 

 

Bacterial strains used in this work are a part of microorganism collection kept and maintained in Laboratory for biology and 

microbial genetics, Faculty of food technology and biotechnology, Zagreb. All strains were deposited at -80 ˚C in liquid media and 

presence of 10 % of glycerol. Prior to experiments, 100 μL of bacterial strain was inoculated into 20 mL of fresh medium and 

grown at optimal growth temperature to exponential growth phase.  

Cytototoxic effect of benzoxantane lignans was determined on E. coli K-12 MG1655, S. enterica serovar Typhimurium LT21, S. 

enterica serotip Typhimurium TA100, S. aureus.  

Briefly, 20 μL of cell suspension grown to exponential phase was seeded in microtiter plates. Cells were treated with 20 μL of 

examined compound at final concentration of 50 μM. As a negative control, phosphate buffer was added instead of benzoxantane 

lignans. Cells were treated for 1 h. Afterward, microdillutions of preincubation mixtures were prepared and cells were seeded onto 

agar plates. After 24 h of incubation at 37 °C, the number of grown cells was counted, compared to negative control and 

percentage of cell survival was counted. Each compound was tested in triplicate and experiments were repeated for three times. 

 

4.5. Antiproliferative effect of benzoxantane lignans 

 

Antiproliferative effect of examined compounds was tested on human hepatic carcinoma cell line HepG2 by Neutral red (NR) 

method.[63] This cell line is deposited in bank of human cell lines in Laboratory for biology and microbial genetics, Faculty of food 

technology and biotechnology, Zagreb, Croatia. Cells were grown and propagated in RPMI 1640 medium supplemented with 10 

% of foetal bovine serum in 5% CO2 atmosphere. Briefly, 100 μL cell suspension was seeded into microtiter plates, grown to 

subconfluency afterward medium was removed and was replaced by medium containing investigated compounds in concentration 

of 50 μM. Cells were treated for 24 hours. After treatment, in each well, NR at final concentration of 50μM was added. Accumulated 

NR was extracted from the cells by unstaining solution after 45 minutes of incubation and absorbance was measured at 520 nm. 

Intesity of cell survival is proportional to the apsorbance of accumulated NR. Cell survival was calculated by dividing measured 

apsorbances in treated cells and negative control. Each concentration was examined in tetraplicate, and experiments were 

repeated for three times. 

 

4.6. Antiradical activity 

 

BXLs were dissolved in DMSO to a concentration of 2 mM. Total antioxidant capacity of BXLs was assessed in their final 

concentration of 0.01 mM using a stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) or 2,2-azino-bis(3-ethylbenzothiazoline-

6-sulphonic acid (ABTS). In both assays, Trolox (dissolved in DMSO) was used as a standard antioxidant compound in the same 

final concentration (0.01 mM) as BXLs. The DPPH assay was perfomed following the method of Germano et al.[64] with slight 
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modifications. Briefly, 0.01 ml of each BXL or Trolox was added to freshly prepared 0.1 mM methanolic DPPH solution (final 

volume 2 ml) and incubated in the dark for 30 min at 25 C. The absorbance was measured at 515 nm.  

The radical scavenging activities were calculated according to equation: % inhibition = (A0 ˗ At/A0) × 100, where A0 is the 

absorbance of the control (blank, without either BXLs or Trolox) and At is the absorbance in the presence of either BXLs or Trolox.  

The ABTS assay was carried out according to Re et al.[65]  Each BXL or Trolox (0.01 ml) was added to ABTS solution (final 

volume 2 ml), incubated for 30 min at 25 C and absorbance was read at 734 nm. The radical scavenging capacity was calculated 

as percent of DPPH inhibition, according to equation described above. All absorbance measurements were performed on a 

spectrophotometer (Analytik Jena Specord 40, Analytik Jena, Upland, CA, USA). 

 

4.7. Statistical analysis 

Results for antiproliferative and antioxidative activity were evaluated using the software package Statistica 13.3 (TIBCO Software 

Inc., United States). Results were subjected to one-way ANOVA for comparison of means and significant differences were 

calculated according to Duncan’s multiple range test. Data were considered statistically significant at P < 0.05. Different letters 

indicate significant difference at P < 0.05. 
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