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Název diplomové práce: Syntéza a in vitro hodnocení nových chelátorů železa odvozených od 

salicylaldehyd isonikotinoyl hydrazonu 

Ionty železa (Fe) jsou klíčovými mikroelementy nezbytnými pro mnoho životně důležitých 

pochodů. Nicméně tento přechodný kov může též katalyzovat vznik toxických reaktivních forem kyslíku 

(ROS). 

Salicylaldehyd isonikotinoyl hydrazon (SIH) je chelátor, který vytváří komplexy selektivně s Fe 

ionty. Díky nízké molekulové hmotnosti a dobré lipofilitě může být podáván perorálně. Plynule pak 

přechází do buněk, kde účinně chelatuje intracelulární Fe ionty, a je tak schopen významně inhibovat 

procesy na železe závislé. Jednak tedy produkci ROS, ale též syntézu některých proteinů i enzymů, a tím 

ovlivňovat procesy, které tyto makromolekuly řídí (například buněčný růst a proliferaci). 

V této práci jsem se věnoval návrhům, syntéze a in vitro hodnocení nových analogů chelátoru SIH. 

Konkrétně se jednalo o přípravu jeho thio-analogu (thioSIH – A) a analogů odvozených od 

(di)hydroxybenzofenonu (B) a 2,6-dihydroxybenzaldehydu (C) (Obrázek 1). 

 
Obrázek 1. Chelátor iontů železa SIH a obecná struktura jeho analogů studovaných v této práci. 

Bylo připraveno celkem šestnáct analogů chelátoru SIH, u kterých byla stanovena jejich schopnost 

chránit H9c2 potkaní kardiomyoblasty před oxidačním poškozením vyvolaným peroxidem vodíku, dále 

byla studována jejich toxicita na téže buněčné linii a také antiproliferativní učinek na buňkách 

cervikálního karcinomu HeLa. Ze studovaných látek prokázaly nejlepší výsledky deriváty odvozené od 

2,6-dihydroxybenzaldehydu. 
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salicylaldehyde isonicotinoyl hydrazone 

Iron ions (Fe) are required in many vital processes. However, this transition metal may also 

catalyze reactions which results in the formation of toxic reactive oxygen species (ROS), e.g. Haber-

Weiss reaction producing highly toxic hydroxyl radicals. 

Salicylaldehyde isonicotinoyl hydrazone (SIH) is a tridental chelator selectively forming complexes 

with Fe ions. As a result of its low molecular weight and good lipophilicity, SIH can be administered 

orally. It readily enters the cells, effectively chelates the intracellular Fe ions, and is therefore able to 

very efficiently inhibit the Fe dependent processes, such as production of ROS, but also the synthesis 

of some proteins and enzymes and the processes they regulate (e.g., cellular growth and proliferation). 

In this work we focused on the design, synthesis and in vitro evaluation of novel SIH analogues, in 

particular the thio analogue of SIH (thioSIH, A), analogues derived from (di)hydroxybenzophenone (B) 

and 2,6-dihydroxybenzaldehyde (C) (Figure 1). 

 
Figure 1. Structures of SIH and its analogues studied in this work. 

Sixteen analogues of SIH were successfully prepared and were evaluated for their ability to protect 

H9c2 cardiomyoblast cells against hydrogen peroxide-induced injury, their toxicity on the same cell 

line and their antiproliferative effects on HeLa (cervical cancer) cell line. Among the studied 

compounds, 2,6-dihydroxybenzaldehyde derivatives showed the most promising results.
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LIST OF ABBREVIATIONS 

BSIH –boronyl salicylaldehyde isonicotinoyl hydrazone 

DHBA – 2,6-dihydroxybenzaldehyde 

DHBP – 2,2'-dihydroxybenzophenone 

DMF – N,N-dimethylformamide 

DTT – dithiothreitol 

HBP – 2-hydroxybenzophenone 

INH – isoniazid 

LIP – labile iron pool 

PIH – pyridoxal isonicotinoyl hydrazone 

ROS – reactive oxygen species 

SAR – structure-activity relationship 

SIH – salicylaldehyde isonicotinoyl hydrazone 
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INTRODUCTION 

Iron and oxidative stress 

Iron (Fe) is an element essential to all living organisms. Clear majority is part of heme and most of 

the rest is stored bound to proteins, predominantly ferritin and hemosiderin. Fe ions are crucial 

components of enzymes involved in vital processes, e.g. cellular respiration, DNA synthesis or protein 

degradation.1, 2 Minor part of Fe ions (<5 %) can be found in so called labile iron pool (LIP), loosely 

bound to organic anions, polypeptides, surface components of membranes etc.3 This minor part of Fe 

ions is still of major importance, since it is able to catalyze reactions generating toxic compounds. 

Reactive oxygen species (ROS) are common products of aerobic metabolism possessing 

indispensable biological functions. These include defense against pathogens or participation in 

signaling pathways, e.g. in cellular growth or apoptosis. But once the anti-oxidant capacity does not 

keep up with the overproduction of ROS, oxidative stress ensues. Subsequent damage to the 

surrounding biological molecules causes severe function impairment and cellular injury.4-6 

Most toxic is the hydroxyl radical. Its formation in biological systems requires Fe as a catalyst. This 

process is known as Haber-Weiss reaction (Scheme 1).7 Thus, removal of Fe ions or inhibition of their 

catalytic activity would moderate this process and prevent serious damage. 

 

Scheme 1. Haber-Weiss reaction. 

Iron chelators 

Chelators are compounds capable of binding metal ions. Formed complexes are known as 

chelates. Based on their number of donor atoms, they can be hexadentate (complexing Fe ions in 

a ratio of 1:1, chelator : Fe ion), tridentate (2:1) or bidentate (3:1). Complexation of ions affects their 

properties and chemical activity, usually suppressing it. 

 

Figure 2. Chemical structures of clinically used Fe chelators. 
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Three Fe chelators are currently used in clinical practice for the treatment of pathological states 

associated with Fe overload: deferoxamine, deferiprone and deferasirox (Figure 2). They are used for 

management of Fe overload diseases. Nonetheless, the chelation of Fe presents promising strategy in 

the treatment or prevention of other Fe-related disorders, e.g. ischemia/reperfusion injury, cardiac 

arrhythmias, congestive heart failure, myocarditis, or toxic cardiomyopathy.8-10 

Also, the mechanism of protection against anthracycline-induced cardiotoxicity by dexrazoxane is 

according to the traditional hypothesis associated with chelating activity of its metabolite ADR-925.11 

 

Figure 3. Dexrazoxane and its metabolite ADR-925. 

Although it was mentioned that chelators usually suppress the activity of bound ions, there is one 

notable exception. Thiosemicarbazones are currently undergoing clinical trials as promising agents in 

the treatment of cancer. These tridental chelators exert extraordinary antiproliferative activity with 

high selectivity towards cancer cells.12 Employing redox-cycling of chelated Fe or Cu ions they promote 

generation of cytotoxic ROS.6, 13, 14 Development of this group emphasizes the role of donor atoms. As 

the name suggests, for the anti-tumor activity of these chelators is fundamental the 

thiosemicarbazone functional group. Kalinowski et al. studied the structure-activity relationships (SAR) 

of these compounds further and described the importance of soft donor atoms (N and S).15 

 

Figure 4. General structure of thiosemicarbazones with N,N,S-donor atoms 

These chelators can trace their origins to the serendipitous discovery of pyridoxal isonicotinoyl 

hydrazone (PIH) by Ponka et al. during the experiment with reticulocytes.16 They observed 59Fe efflux 

after the cells were treated with pyridoxine and isoniazid. Later it was found that these two compounds 

condensed in situ, forming the chelator PIH.17 

 

Figure 5. Structure of pyridoxal isonicotinoyl hydrazone (PIH). 
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Salicylaldehyde isonicotinoyl hydrazone 

Further optimization of its structure brought SIH, nowadays used as an excellent experimental 

chelator. Due to its lipophilicity and small molecule it can be administered orally. This also allows it to 

pass readily through cell membranes. SIH then efficiently chelates Fe ions from LIP and suppresses 

their activity, hindering the ROS production.10, 18 SIH has shown better chelating activity than the 

clinically used chelators depicted in Figure 2.19 It proved to be able to efficiently inhibit production of 

hydroxyl radicals and demonstrated very good ability to protect cardiac cells (H9c2 cardiomyoblast and 

cardiomyocytes isolated from guinea pig or rat) cells against oxidative injury.10 

On the other hand, SIH suffers from quick decomposition in plasma due to the hydrolysis of 

hydrazone bond. This substantially limits its applicability. Another drawback is that SIH chelates all 

accessible Fe without distinction. Caused Fe-depletion leads to inhibition of Fe-dependent enzymes 

and subsequent cytotoxicity.20 

 

Figure 6. Structure of salicylaldehyde isonicotinoyl hydrazone (SIH). 

SIH became a lead structure for further studies and structure optimizations. In an effort to increase 

its stability after administration, analogues from methyl- and ethylketones instead of salicyladehyde 

were prepared. (E)-N'-(1-(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI) and (E)-N'-(1-(2-

hydroxyphenyl)propylidene)isonicotinohydrazide (HPPI) were shown to be significantly more stable in 

rabbit plasma than SIH. Thus, the protection of hydrazone bond prolongs half-life of the chelator and 

subsequently increase its protective activity against oxidative injury. The most stable compound 

studied in this work was (E)-N'-(1-(2-hydroxy-5-nitrophenyl)ethylidene)isonicotinohydrazide (NHAPI), 

hinting beneficial effect of an electron withdrawing group attached to hydroxyphenyl part.21 

 

Figure 7. SIH analogues with increased stability in plasma.21 

Another descendant of SIH is boronyl salicylaldehyde isonicotinoyl hydrazone (BSIH). BSIH 

contains boronic ester in place of phenolic hydroxyl and acts as a non-chelating prodrug of SIH that is 

activated in the environment with increased oxidative stress.22 Furthermore, BSIH showed prolonged 
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half-life and lower toxicity when compared to parent SIH, whose toxicity is associated with Fe 

deprivation.23  

 

Figure 8. Structure of BSIH. 
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AIM OF THE WORK 

The aim of this work was to synthesize novel iron chelators based on salicylaldehyde isonicotinoyl 

hydrazone and to evaluate their activity in vitro to gain better insight into the SARs of this type of 

compounds. 

This work consists of two main parts. First task was to prepare series of rationally chosen SIH 

analogues with consideration of previous results in this area. Three structural types of compounds 

were prepared (A, B, C). 

Type A was the thio-analogue of SIH (thioSIH). The SAR studies of thiosemicarbazones highlighted 

the importance of donor atom identity and especially demonstrated considerable increase in anti-

tumor activity in compounds containing thiosemicarbazone group instead of semicarbazone.24  As the 

thiohydrazone analogue of SIH was already prepared and studied,24 we decided to change the phenolic 

hydroxyl to thiol group. 

 

Type B compounds, (di)hydroxybenzophenone derivatives, were designed as more stable 

ketohydrazone-type SIH analogues. This approach was successfully utilized in the work of Hrušková et 

al.21 Furthermore, symmetric 2,2’-dihydroxybenzophenone derivatives overcame the problem of E/Z 

isomerism on hydrazone bond maintaining beneficial spatial configuration. The role of additional 

substituents on (di)hydroxybenzophenone group in the biological activity was also studied. 

 

Type C compounds present another approach to symmetry. The additional phenolic hydroxyl 

slightly lowered lipophilicity of the molecule but could also sterically hinder the hydrazone bond and 

lower the probability of chelation-incapable conformation. 

 



13 
 

The second part of this work was to assess ability of these compounds to protect H9c2 

cardiomyoblast cells from oxidative damage induced by hydrogen peroxide, to study their inherent 

toxicity towards H9c2 cells and their antiproliferative effect on HeLa (cervical carcinoma) cells. 
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RESULTS AND DISCUSSION 

Chemistry 

SIH is an excellent experimental chelator able to readily pass through membranes (due to its small 

molecule and good lipophilicity). It also has low toxicity, attributed mainly to nonspecific Fe 

deprivation. But there are also some downsides to this molecule. One of them is isomerism on 

hydrazone bond, since only one of the possible E/Z isomers can act as Fe chelator. Other is poor 

stability of this hydrazone bond, which leads to fast degradation of this chelator in aqueous 

environment and thus its short plasma half-life. Adjustment of these properties could significantly 

improve its therapeutic potential for the treatment of Fe-related disorders.10, 20 

ThioSIH 

Firstly, we decided to prepare SIH analogue with ligating hydroxyl group exchanged for thiol group 

to examine one remaining combination of donor atoms (S, N, O) after the O, N, O; O, N, S; N, N, O; 

N, N, S-donor sets were already explored.24 

We adapted a procedure described by Roberts and Hartley for the synthesis of key intermediate 

3.25 

 

Scheme 2. Preparation of disulfide 3 from 2-mercaptobenzoic acid 1. 

2-Mercaptobenzoic acid (1) was used as a starting material. Lithium aluminium hyride was used 

for the reduction of acid 1 to 2-mercaptobenzyl alcohol (2), and then the reaction with pyridinium 

chlorochromate, an efficient reagent for the oxidation of primary and secondary alcohols to carbonyl 

compounds, led to the formation of 2,2'-dithiodibenzaldehyde (3), because oxidation affected also the 

thiol group. 
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Scheme 3. Preparation of disulfide 4. 

Despite the fact, that reverse reduction will need to be done to obtain the desired final product, 

formation of disulfide was in fact desirable, serving to reduce reactivity of thiol group and preventing 

its unwanted interference with another aldehyde or isoniazid in the next step. Therefore the Schiff 

base condensation with isoniazid provided thioSIH disulfide 4 in high yield. The final reduction of 

disulfide bond to obtain thioSIH proved to be little more complicated as the first attempts, employing 

NaBH4 as a reducing agent, resulted only in a mixture of various compounds that were not further 

identified because of their little importance for this work. 

 

Scheme 4. Preparation of thioSIH (5) from the disulfide 4; DTT: dithiothreitol. 

In the next attempt dithiothreitol, mild reducing agent for disulfide bond, was used. This reduction 

provided desired product in high yield and purity. 

Both disulfide 4 and thioSIH (5) were used for in vitro experiments to determine their biological 

properties. Based on the NMR spectra, it seemed that thioSIH slowly decomposed (probably oxidized) 

on air, thus we used freshly prepared compound for the in vitro experiments. 

Benzophenone derivatives 

Type B compounds were based on 2-hydroxybenzophenone (HBP) and 2,2'-

dihydroxybenzophenone (DHBP). 
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Compounds prepared in this series pursued multiple objectives – stabilization of hydrazone bond 

with adjacent bulky substituent (both HBP and DHBP), increased lipophilicity (more HBP than DHBP), 

and prevention of formation of non-chelating isomer on hydrazone bond (DHBP). 

The prepared hydrazones, except for the compounds 6, 12 and 14, were subjected to in vitro 

testing. 

 

Scheme 5. Preparation of HBP-based hydrazone 6. 

We decided to prepare compound 6 as a simple more lipophilic and more stable analogue of SIH 

in which the E/Z isomerism on hydrazone bond still occurs. In this case, the Schiff-base condensation 

was not so quick as in the experiment mentioned previously. The reaction mixture was processed after 

18 days (Scheme 5). But the results of NMR analysis revealed that the reaction didn’t proceed as 

intended. The mixture of isoniazid and product 6 was obtained and the pure product was not isolated. 

 

Scheme 6. Preparation of DHBP-based hydrazones 7 – 10. 

DHBP-derived series of SIH analogues was designed to prevent the role of the isomerism on the 

hydrazone bond, thus supporting the formation of tridentate chelating structure (Scheme 6). Steric 

hindrance of hydrazone bond should also shield it against hydrolysis, suggesting prolongation of its 

plasma half-life. 
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Table 1. Condensations with DHBP – reaction times and yields. 

Compound Reaction time Yield 

7 18 d 57 % 

8 14 d 50 % 

9 14 d 29 % 

10 14 d 60 % 

The time of the reactions was again quite long (Table 1). We decided to proceed even though both 

reactants were still clearly present in the reaction mixture (as shown by TLC). The reaction mixtures 

were diluted with few drops of water to initialize crystallization and cooled to 5 °C. Hydrazones 7, 8 

and 10 crystalized in sufficient purity. Isolation of hydrazone 9 was not so straightforward as no 

crystallization occurred even after addition of water and cooling to 5°C. After evaporation under 

reduced pressure and purification using column chromatography, the product was obtained as 

a brown liquid, which crystallized after contact with spatula. 

Benzophenone derivatives with substituents on aromatic ring(s) 

This subseries of compounds further follows one way suggested by abovementioned results 

obtained in our lab, which showed that nitration of hydroxyphenyl moiety led to increased stability in 

plasma.21 

 

Scheme 7. Nitration of HBP. 

HBP added to a mixture of H2SO4:HNO3, 2:1, formed a clot that dissolved over time in stirring 

solution. After the 2 hours, the reaction mixture was poured on ice and filtered (Scheme 7). 

 

Scheme 8. Preparation of hydrazone 12. 
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Following condensation produced bright orange crystals (Scheme 8). However, their solubility was 

so bad, that NMR analysis was not possible. This also rendered its use for in vitro experiments 

meaningless. 

 

Scheme 9. Nitration of DHBP. 

Similarly to HBP, addition of DHBP into stirring mixture of H2SO4:HNO3, 2:1, produced a clot. That 

was this time rather disrupted by ultrasound.  

This reaction was repeated twice, because the product intended in the beginning was 2,2'-

dihydroxy-5,5'-dinitrobenzophenone. Therefore, in the second attempt DHBP has been added to the 

stirring solution in very slow manner (over 10 minutes) and the reaction mixture was kept all the time 

at 0 °C. Even so, both reactions produced 2,2'-dihydroxy-3,3',5,5'-tetranitrobenzophenone (13, 

Scheme 9) and we decided not to pursue this any further and rather turned our attention to other 

analogues. 

 

Scheme 10. Preparation of hydrazone 14. 

But first, we used the product 13 at least for the synthesis of 2,2'-dihydroxy-3,3',5,5'-

tetranitrobenzophenone isonicotinoyl hydrazone (Scheme 10). However, even this reaction proved to 

be not so simple as expected. According to the NMR spectra, INH attacked not only carbonyl to form 

intended hydrazone, but also probably substituted one of the nitro groups due to strong electron 

withdrawing effects of multiple nitro groups. The signals of two different pyridine moieties was clearly 

found in the 1H NMR spectrum. 
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To further investigate the effect of increased lipophilicity on biological activity, brominated 

analogue was prepared and studied. 

 

Scheme 11. Bromination of DHBP. 

Bromine has been added dropwise to stirring cooled solution of DHBP in acetic acid. Shortly the 

crystallization appeared. After 2 hours the reaction mixture was diluted with water and cooled to 5 °C 

for 25 minutes (Scheme 11). After filtration and washing with water and with a solution of sodium 

thiosulfate, bright yellow crystals were revealed, and NMR spectra proved them to be tetrabromo-

2,2'-dihydroxybenzophenone (15). 

 

Scheme 12. Preparation of brominated hydrazone 16. 

Condensation of isoniazid with tetrabromo-2,2'-dihydroxybenzophenone was done as usual and 

provided desired hydrazone in good yield and purity (Scheme 12). 

Dihydroxybenzadehyde derivatives 

The last of the three series of SIH analogues contained in this work are derivatives of 2,6-

dihydroxybenzaldehyde. This structure was chosen for multiple reasons. First being its simple yet 

symmetric nature, potentially minimizing the effects of free rotation around single bond between 

hydrazone and aryl moieties on chelating activity. The additional phenolic group could also sterically 

shield the vulnerable hydrazone bond. Also, the effects on electron density distribution might carry 

favorable change in properties, mainly regarding the stability of this hydrazone bond. 
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Scheme 13. Preparation of 2,6-dihydroxybenzaldehyde (19) from 1,3-dimethoxybenzaldehyde (17). 

The first step for the preparation of the basic building block for this series was adapted from 

Fuchibe et al.26 Lithiation of 1,3-dimethoxybenzene (17) by dropwise addition of BuLi solution in 

hexane succeeded by formylation with N,N-dimethylformamide (DMF) produced 2,6-

dimethoxybenzaldehyde (18). As already described by Dube et al.,27 methyl groups were cleaved under 

mild reaction conditions by excess aluminum chloride, finishing the preparation of 2,6-

dihydroxybenzaldehyde (19, scheme 13). 

 

Scheme 14. General scheme of 2,6-dihydroxybenzadehyde condensation with different hydrazides. 

Schiff-base condensation of 2,6-dihydroxybenzaldehyde (19) with selected hydrazides provided a 

series of final hydrazones 20-27 for in vitro experiments (Scheme 14, 15, Table 2). More details can be 

found in the attached manuscript. 

 

Scheme 15. 2,6-Dihydroxybenzadehyde derived SIH analogues. 
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Table 2. Condensations with DHBA – reaction times and yields. 

Compound Reaction time Yield 

20 24 h 97 % 

21 6 h 81 % 

22 24 h 57 % 

23 2 h 92 % 

24 24 h 53 % 

25 4 h 76 % 

26 2 h 85 % 

27 4 h 72 % 

28 7 h 32 % 

Biological evaluation 

Chelation efficiency 

Since the activity of our new compounds was supposed to be based on their qualities as chelators, 

it was fundamental to evaluate their chelation efficiency in buffered solution (pH 7.2).  Then we 

evaluate their ability to chelate intercellular Fe. Calcein assays were used for this purpose.28 The results 

expressed as mean changes in fluorescence intensity after 10 min are shown in Table 3. 

In solution, thioSIH (5) and its disulfide (4) exhibited only half the efficiency compared to SIH. All 

other studied compounds demonstrated efficiency similar to SIH. The best chelation activity was 

shown by the analogues derived from DHBA, except for the compound 23, containing aliphatic alkanoyl 

moiety, which showed significantly lower chelation efficiency than SIH. 

Intracellular chelation efficiency of thioSIH (5) and its disulfide (4) was comparable to SIH. DHBP 

derivatives showed lower efficiency than SIH. Chelation efficiency of all the DHBA derived analogues 

was similar to SIH, except for compounds 24 and 25 whose efficiency was significantly lower. 

The results of thioSIH and its disulfide show that despite lower chelating activity in solution, their 

intracellular efficiency is one of the best among studied compounds. These finding support the idea 

that substitution of phenol group for thiol facilitates passage through the plasma membrane. The 

DHBA derivatives 20-28 demonstrated generally good chelating activity in solution. But their ability to 

chelate intracellular Fe was slightly lower than that of SIH. This corresponds with the anticipation that 

additional phenolic group improves chelating potential, but also increases hydrophilicity of molecule 

hindering passage through the membrane. Interestingly the biggest decrease of chelation efficiency 

relative to SIH was observed with the chloro-substituted analogues. 
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Table 3. Calcein fluorescence intensity indicating chelating activity of tested compounds 

  Fluorescence intensity [% of SIH] 

  in solution in H9c2 cells 

SIH 100 100 

4 50.3 ± 2.5 100.4 ± 8.7 

5 49.8 ± 1.6 91.5 ± 4.2 

7 91.3 ± 4.9 66.8 ± 2.0 

8 102.6 ± 7.2 83.1 ± 4.9 

9 95.1 ± 2.7 78.9 ± 1.5 

10 107.5 ± 7.6 76.3 ± 1.5 

16 82.5 ± 4.7 89.7 ± 3.9 

20 118.4 ± 3.4 95.1 ± 6.3 

21 106.7 ± 2.3 96.5 ± 5.8 

22 125.6 ± 0.8 93.1 ± 2.9 

23 87.0 ± 2.9 94.2 ± 6.6 

24 107.5 ± 1.4 81.9 ± 10.1 

25 112.2 ± 5.4 83.4 ± 4.2 

26 101.9 ± 1.8 103.0 ± 2.0 

27 113.8 ± 1.8 97.5 ± 5.6 

28 108.1 ± 1.0 88.7 ± 2.4 

Mean changes in fluorescence intensity after 10 min incubation with 
studied compounds (all 100 μM). The fluorescence intensity is 
expressed compared to SIH at t = 10 min (100 %). 
Data are presented as means ± SD; n = 4; statistical significance 
(ANOVA, p ≤ 0.05): * compared to control; # compared to SIH group. 

Inherent toxicity 

Inherent toxicity of studied compounds was assessed as loss of viability of H9c2 cells after 72 h 

incubation. Neutral red uptake assay was used for this purpose. Results are shown in Figure 9 and 

Figure 10. Concentrations causing 50% viability loss of H9c2 cells after 72 h incubation (TC50) are listed 

in Table 4. 

All the studied compounds induced dose-dependent decreases in cellular viability. Only 

compounds 4, 5 and 25 were significantly more toxic than parent chelator SIH. Significantly less toxic 

than SIH were compounds 9, 10, 27 and 28. 

The thiol group is obviously responsible for the substantially increased toxicity of compounds 4 

and 5. 



23 
 

 

Figure 9. Inherent toxicities of the tested compounds: SIH (A), 4 (B), 5 (C), 7 (D), 8 (E), 9 (F), 10 (G) and 
16 (H). H9c2 cells were incubated with graduated concentrations of the tested compounds for 72 h. 
Cellular viability was measured using the neutral red uptake assay and the results are expressed as 
percentage of the untreated control group (100 %). Data are presented as means ± SD; n = 3 4; 
statistical significance (ANOVA, p ≤ 0.05): * compared to the control. 
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Figure 10. Inherent toxicities of the tested compounds: SIH (A), DHBA (B), 20 (C), 21 (D), 22 (E), 23 (F), 
24 (G), 25 (H), 26 (I), 27 (J) and 28 (K). H9c2 cells were incubated with graduated concentrations of the 
tested compounds for 72 h. Cellular viability was measured using the neutral red uptake assay and the 
results are expressed as percentage of the untreated control group (100 %). Data are presented as 
means ± SD; n = 3 4; statistical significance (ANOVA, p ≤ 0.05): * compared to the control. 

Cytoprotective activity 

H2O2 (200 µM) was used to induce model oxidative injury in H9c2 cells. The ability of studied 

compounds to prevent this injury over 24 h exposure was evaluated using neutral red uptake assay. 

Viability of H9c2 cells treated with graduated concentrations of studied compounds compared to 

control is shown in Figure 11 and Figure 12. Concentrations able to protect 50% of H9c2 cells against 

H2O2 induced viability loss over 24 h incubation (EC50) are listed in Table 4. 
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DHBA derived hydrazones (20-28) and hydrazone 7 protected H9c2 cells against H2O2 induced loss 

of viability in dose-dependent manner, similarly to SIH. Unlike SIH, 7 of the tested compounds (4, 5, 

20-24) were able to preserve 50% viability (compared to untreated control) in tested range of 

concentrations. SIH and compounds 16 and 20-27 caused significant increase in viability compared to 

just H2O2 treated group. Lowest EC50 was demonstrated by compound 24 (EC50 = 18.2 ± 3.8). 

 

Figure 11. Cytoprotective effect of compounds SIH (A), 4 (B), 5 (C), 7 (D), 8 (E), 9 (F), 10 (G) and 16 (H) 
against viability loss of H9c2 cells induced by 24 h incubation with H2O2 (200 µM). Cellular viability was 
measured using the neutral red uptake assay and the results are expressed as percentage of the 
untreated control group (100 %). The data are presented as means ± SD; n = 3-4; statistical significance 
(ANOVA, p ≤ 0.05): * compared to the control; # compared to the group treated with just H2O2. 
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Figure 12. Cytoprotective effect of compounds SIH (A), DHBA (B), 20 (C), 21 (D), 22 (E), 23 (F), 24 (G), 
25 (H), 26 (I), 27 (J) and 28 (K) against viability loss of H9c2 cells induced by 24 h incubation with H2O2 
(200 µM). Cellular viability was measured using the neutral red uptake assay and the results are 
expressed as percentage of the untreated control group (100 %). The data are presented as means ± 
SD; n = 3-4; statistical significance (ANOVA, p ≤ 0.05): * compared to the control; # compared to the 
group treated with just H2O2. 

Antiproliferative activity 

Due to high Fe demand of cancerous cells and necessity of Fe for the activity of ribonucleotide 

reductase, Fe chelators have been studied for possible application in treatment of cancer.29, 30 SIH has 

previously demonstrated moderate cytotoxic activity, compared to other drugs.31, 32 



27 
 

HeLa cervical carcinoma cell line was used to assess antiproliferative activity of studied chelators. 

Neutral red uptake assay was used to measure cellular viability of treated HeLa cells after 72 h 

incubation. Concentrations inducing after 72 h incubation 50% decrease in viability of HeLa cells (IC50) 

and their selectivity ratios were calculated and are listed in Table 4. 

Compounds 10 and 27 demonstrated only poor antiproliferative activity. Other studied 

compounds displayed results similar or slightly better than SIH. However, no meaningful activity was 

observed, considering the poor selectivity ratios of all the tested compounds. 

 

Figure 13. Antiproliferative effect of graduated concentrations of tested compounds SIH (A), 4 (B), 
5 (C), 7 (D), 8 (E), 9 (F), 10 (G) and 16 (H) on HeLa cells determined in the end of 72 h coincubation. 
Cellular viability was measured using the neutral red uptake assay and the results are expressed as 
percentage of the untreated control group (100 %). The data are presented as means ± SD; n = 3-4; 
statistical significance (ANOVA, p ≤ 0.05): * compared to the control. 
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Figure 14. Antiproliferative effect of graduated concentrations of tested compounds SIH (A), DHBA (B), 
20 (C), 21 (D), 22 (E), 23 (F), 24 (G), 25 (H), 26 (I), 27 (J) and 28 (K) on HeLa cells determined in the end 
of 72 h coincubation. Cellular viability was measured using the neutral red uptake assay and the results 
are expressed as percentage of the untreated control group (100 %). The data are presented as means 
± SD; n = 3-4; statistical significance (ANOVA, p ≤ 0.05): * compared to the control. 
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Table 4. Summarization of values obtained by in vitro experiments. 

    H9c2 H9c2 HeLa H9c2/HeLa 

  CLogP* EC50 [µM] TC50 [µM] IC50 [µM] TC50/IC50 

SIH 2.07 N/A 15.3 ± 2.2 56.9 ± 6.7 0.29 

4 2.58 94.6 ± 4.7 0.3 ± 0.1 31.8 ± 4.9 0.01 

5 2.16 88.6 ± 9.4 0.9 ± 0.2 29.3 ± 4.0 0.03 

7 4.24 N/A 12.0 ± 1.1 33.9 ± 1.9 0.35 

8 4.99 N/A 11.6 ± 1.3 11.2 ± 1.6 1.04 

9 4.66 N/A 30.2 ± 2.2 36.4 ± 12.2 0.83 

10 2.30 N/A 73.8 ± 11.8 109.0 ± 5.2 0.68 

16 7.93 N/A 12.2 ± 0.8 20.8 ± 2.2 0.59 

20 2.18 40.7 ± 4.2 20.1 ± 1.3 69.7 ± 3.2 0.29 

21 2.18 64.3 ± 2.1 22.5 ± 5.7 78.2 ± 13.8 0.29 

22 3.34 38.5 ± 7.0 21.0 ± 2.6 62.8 ± 5.9 0.33 

23 3.84 125.6 ± 8.0 13.2 ± 1.5 25.0 ± 12.2 0.53 

24 4.15 18.2 ± 3.8 15.2 ± 3.5 18.7 ± 1.2 0.81 

25 4.15 N/A 6.5 ± 0.8 56.0 ± 17.6 0.12 

26 4.30 N/A 11.2 ± 1.4 21.4 ± 5.0 0.52 

27 1.67 N/A 36.4 ± 6.4 109.1 ± 16.5 0.33 

28 3.95 N/A 87.2 ± 9.6 84.0 ± 11.5 1.04 

CLogP* values were calculated using ChemDraw Professional 16. 

Table 4 summarizes CLogP values of studied compounds and their concentrations able to protect 

50% of H9c2 cells against H2O2 induced viability loss during 24 h incubation (EC50), concentrations 

causing 50% viability loss of H9c2 cells after 72 h incubation (TC50), concentrations inducing after 72 h 

incubation 50% decrease in viability of HeLa cells (IC50) and their selectivity ratios calculated from EC50 

and IC50. 
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EXPERIMENTAL SECTION 

Chemistry 

The structures of the prepared compounds were identified using 1H NMR and 13C NMR 

spectroscopy. The purity of all compounds reported was determined by elemental analysis. All 

chemicals were obtained from Sigma-Aldrich (Schnelldorf, Germany) and were used without further 

purification. TLC was performed on Merck aluminum plates with silica gel 60 F254. Merck Kieselgel 60 

(0.040-0.063 mm) was used for column chromatography. Melting points were recorded using Kofler 

block and are uncorrected. 1H and 13C NMR spectra were recorded by VNMR S500 NMR spectrometer 

(Varian, Palo Alto, CA, USA). Chemical shifts were reported as δ values in parts per million (ppm) and 

were indirectly referenced to tetramethylsilane via the solvent signal. The elemental analysis was 

carried out on an Automatic Microanalyser EA1110CE (Fisons Instruments S.p.A., Milano, Italy). 

 

Salicylaldehyde isonicotinoyl hydrazone (SIH). Salicylaldehyde (0.47 g, 3.8 mmol) and isonicotinoyl 

hydrazide (0.54 g, 3.9 mmol) were dissolved in ethanol (96%, 10 mL) and five drops of conc. acetic acid 

were added. The reaction mixture was refluxed for 4 h, then diluted with water to initiate 

crystallization, cooled to 5 °C and kept at this temperature for 24 h. The crystallized product was 

isolated by filtration, washed with cold ethanol and dried. Yield: 94% as a white solid. The 

characterization data match the literature data.33 1H NMR (500 MHz, DMSO-d6) δ 12.29 (s, 1H), 11.07 

(s, 1H), 8.80 (d, J = 6.0 Hz, 2H), 8.68 (s, 1H), 7.84 (d, J = 6.1 Hz, 2H), 7.60 (dd, J = 7.7, 1.7 Hz, 1H), 7.39 – 

7.25 (m, 1H), 6.97 – 6.89 (m, 2H). 

Synthesis of thioSIH 

First two reactions were performed as described previously.25 

2-Mercaptobenzyl alcohol (2). 2-Mercaptobenzoic acid (8.0 g, 51.9 mmol) in THF (100 mL) was 

added dropwise to the solution of lithium aluminium hydride (3.40 g, 89.5 mol) in THF (100 mL) at rt. 

The reaction mixture was stirred for 2.5 h at rt and kept under argon. Then ethyl acetate (100 mL) was 

added to the mixture. Afterwards, conc. hydrochloric acid (15 mL) was added dropwise, resulting in 

formation of greyish clot. The reaction mixture was washed with water and brine (3 × 150 mL). The 

organic phase was dried over sodium sulfate and evaporated under reduced pressure. The product 

was washed with cold ethanol and used directly for the next reaction without further purification or 

quantification. 

2,2'-Dithiodibenzaldehyde (3). Product of previous reaction (2) was dissolved in CH2Cl2 under argon 

and PCC (31.54 g, 146.3 mmol) adsorbed to silica gel and finely powdered was added to the stirring 

solution and stirred for 3 hours. Then, the mixture was filtered through silica gel and evaporated under 
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reduced pressure. The product was purified using column chromatography (mobile phase: CH2Cl2). 

Overall yield from those two reactions: 57 % as a yellowish solid. Mp 146-148 °C. 1H NMR (500 MHz, 

CDCl3) δ 10.22 (s, 2H), 7.87 (dd, J = 7.5, 1.6 Hz, 2H), 7.79 – 7.76 (m, 2H), 7.49 (ddd, J = 8.1, 7.3, 1.6 Hz, 

2H), 7.39 (td, J = 7.4, 1.1 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 191.76, 139.95, 134.64, 134.22, 133.77, 

126.65, 126.28. 

Bis((E)-2-((2-isonicotinoylhydrazono)methyl)phenyl)disulfide (4). 2,2'-Dithiodibenzaldehyde 

(0.40 g, 1.5 mmol) and isoniazid (0.44 g, 3.2 mmol) were dissolved in ethanol (10 mL) and five drops of 

conc. acetic acid were added. The reaction mixture was refluxed for 4 h, then cooled to 5 °C and left 

at this temperature for 2 days. The crystallized product was filtered, washed with cold ethanol and 

dried. Yield: 90 % as a yellowish solid. Mp 149-150 °C. 1H NMR (500 MHz, DMSO-d6) δ 12.24 (s, 2H), 

8.89 (s, 2H), 8.80 (d, J = 6.1 Hz, 4H), 7.88 (dd, J = 7.4, 1.8 Hz, 2H), 7.84 (d, J = 6.1 Hz, 4H), 7.71 – 7.61 

(m, 4H), 7.49 – 7.37 (m, 4H). 

2-Mercaptobenzaldehyde isonicotinoyl hydrazone (5). Dithiothreitol (0.08 g, 0.5 mmol) and bis((E)-

2-((2-isonicotinoylhydrazono)methyl)phenyl)disulfide (4; 0.10 g, 0.2 mmol) were dissolved in dry DMF 

(5 mL) under argon and stirred for 4 h. The reaction mixture was then evaporated under reduced 

pressure giving a reddish liquid. Dilution with water resulted in formation of yellow crystals, which 

were filtered, washed with cold ethanol and dried. Yield: 96 % as a yellowish solid. Mp 138-139 °C. 

1H NMR (500 MHz, DMSO-d6) δ 8.79 (d, J = 6.0 Hz, 2H), 8.72 (s, 1H), 7.84 (d, J = 6.0 Hz, 2H), 7.75 (d, J = 

7.5 Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.29 (t, J = 7.2 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H). 13C NMR (126 MHz, 

DMSO-d6) δ 161.74, 150.54, 149.72, 147.88, 140.42, 133.98, 131.20, 130.66, 130.40, 129.01, 125.55, 

123.07, 121.73. 

Benzophenone derivatives 

2-Hydroxybenzophenone isonicotinoyl hydrazone (6). 2-Hydroxybenzophenone (0.52 g, 2.6 mmol) 

and isoniazid (0.44 g, 3.2 mmol) were dissolved in ethanol (20 mL) and five drops of conc. acetic acid 

were added. The reaction mixture was refluxed for 18 days, then cooled to 5 °C for 24 h. 

The crystallized product was filtered, washed with cold ethanol and dried. According to NMR, the 

product was a mixture of INH and product 6. 

2,2'-Dihydroxybenzophenone isonicotinoyl hydrazone (7). 2,2'-Dihydroxybenzophenone (0.50 g, 

2.3 mmol) and isoniazid (0.39 g, 2.8 mmol) were dissolved in ethanol (20 mL) and five drops of 

conc. acetic acid were added. The reaction mixture was refluxed for 18 days, then cooled to 5 °C for 

24 h. The crystallized product was filtered, washed with cold ethanol and dried. Yield: 57 % as a white 

solid. Mp 251-253 °C. 1H NMR (500 MHz, DMSO-d6) δ 12.98 (s, 1H), 11.01 (s, 1H), 10.10 (s, 1H), 8.71 (d, 

J = 4.7 Hz, 2H), 7.55 (d, J = 6.0 Hz, 2H), 7.44 – 7.38 (m, 1H), 7.33 – 7.27 (m, 1H), 7.19 (dd, J = 7.5, 1.7 Hz, 

1H), 7.06 (dd, J = 8.3, 1.0 Hz, 1H), 7.03 – 6.96 (m, 2H), 6.85 – 6.74 (m, 2H). 13C NMR (126 MHz, DMSO-
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d6) δ 163.07, 158.99, 157.50, 154.96, 150.21, 140.48, 131.81, 131.57, 130.49, 130.03, 122.04, 119.70, 

119.34, 118.74, 117.44, 117.25, 116.71. 

2,2'-Dihydroxybenzophenone benzohydrazone (8). 2,2'-Dihydroxybenzophenone (0.30 g, 

1.4 mmol) and benzohydrazide (0.20 g, 1.5 mmol) were dissolved in ethanol (10 mL) and five drops of 

conc. acetic acid were added. The reaction mixture was refluxed for 14 days, then cooled to 5 °C for 

5 days. The crystallized product was filtered, washed with cold ethanol and dried. Yield: 50 % as a white 

solid. Mp 245-246 °C. 1H NMR (500 MHz, DMSO-d6) δ 13.01 (s, 1H), 10.49 (s, 1H), 10.19 (s, 1H), 7.67 – 

7.63 (m, 2H), 7.59 – 7.54 (m, 1H), 7.50 – 7.45 (m, 2H), 7.45 – 7.40 (m, 1H), 7.29 (ddd, J = 8.6, 7.1, 1.8 

Hz, 1H), 7.20 (dd, J = 7.6, 1.7 Hz, 1H), 7.10 (dd, J = 8.3, 1.0 Hz, 1H), 7.04 – 6.96 (m, 2H), 6.85 – 6.83 (m, 

1H), 6.80 – 6.75 (m, 1H). 13C NMR (126 MHz, DMSO) δ 163.83, 158.89, 156.33, 154.82, 133.04, 132.17, 

131.86, 131.33, 130.33, 130.08, 128.67, 127.83, 119.81, 119.44, 118.70, 117.38, 117.08, 116.72. 

2,2'-Dihydroxybenzophenone 4-hydroxybenzohydrazone (9). 2,2'-Dihydroxybenzophenone 

(0.26 g, 1.2 mmol) and 4-hydroxybenzohydrazide (0.20 g, 1.3 mmol) were dissolved in ethanol (10 mL) 

and five drops of conc. acetic acid were added. The reaction mixture was refluxed for 14 days, then 

cooled to 5 °C. After 3 days the solution was diluted with water to initialize crystallization and kept 

at 5 °C for another 4 days. But no crystallization occurred. The mixture was evaporated under reduced 

pressure and the product was purified using column chromatography (mobile phase: hexane/ethyl 

acetate, 1:1). Yield: 29 % as a brownish solid. Mp 252-254 °C. 1H NMR (500 MHz, DMSO-d6) δ 12.97 (s, 

1H), 10.21 (s, 1H), 10.19 (s, 1H), 10.08 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.47 – 7.41 (m, 1H), 7.30 – 7.24 

(m, 1H), 7.19 (dd, J = 7.6, 1.7 Hz, 1H), 7.10 (dd, J = 8.3, 1.0 Hz, 1H), 7.06 – 7.00 (m, 1H), 6.97 (dd, J = 8.2, 

1.2 Hz, 1H), 6.85 – 6.79 (m, 3H), 6.79 – 6.74 (m, 1H). 13C NMR (126 MHz, DMSO-d6) δ 161.27, 158.79, 

155.31, 154.73, 131.90, 131.16, 130.19, 130.09, 129.81, 123.17, 119.91, 119.52, 118.67, 117.35, 

116.98, 116.75, 115.38, 115.30. 

2,2'-Dihydroxybenzophenone 6-hydroxyhexanehydrazone (10). 2,2'-Dihydroxybenzophenone 

(0.27 g, 1.3 mmol) and 6-hydroxyhexanehydrazide (0.20 g, 1.4 mmol) were dissolved in ethanol 

(10 mL) and five drops of conc. acetic acid were added. The reaction mixture was refluxed for 14 days, 

then cooled to 5 °C for 5 days. The crystallized product was filtered, washed with cold ethanol and 

dried. Yield: 60 % as a white solid. Mp 164-166 °C. 1H NMR (500 MHz, DMSO-d6) δ 13.10 (s, 1H), 10.29 

(s, 1H), 9.88 (s, 1H), 7.43 – 7.37 (m, 1H), 7.25 – 7.19 (m, 1H), 7.10 – 7.02 (m, 2H), 7.01 – 6.95 (m, 1H), 

6.91 (dd, J = 8.2, 1.1 Hz, 1H), 6.73 – 6.65 (m, 2H), 4.33 (d, J = 5.1 Hz, 1H), 3.47 – 3.35 (m, 2H), 2.26 (t, 

J = 7.5 Hz, 2H), 1.51 (p, J = 7.6 Hz, 2H), 1.45 – 1.33 (m, 2H), 1.31 – 1.22 (m, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 169.66, 158.70, 154.97, 153.52, 131.46, 130.81, 129.83, 129.77, 119.71, 119.67, 118.45, 

117.37, 117.22, 116.59, 60.75, 33.53, 32.45, 25.40, 25.09. 

2-Hydroxy-3,5-dinitrobenzophenone (11). 2-Hydroxybenzophenone (0.51 g, 2.6 mmol) was added 

to the stirring mixture of H2SO4 (96%, 4 mL) and HNO3 (65%, 4 mL) at 0°C, after the addition the cooling 
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was stopped, and the mixture was stirred for 2 hours at rt. Then, the mixture was poured in cold water 

and the product was filtered, washed with water and dried. Obtained solid was without purification 

used for the next reaction. 

2-Hydroxy-3,5-dinitrobenzophenone isonicotinoyl hydrazone (12). Crude 2-hydroxy-3,5-

dinitrobenzophenone (11; 0.71 g, 2.5 mmol) and isoniazid (0.53 g, 3.9 mmol) were dissolved in ethanol 

(15 mL) and five drops of conc. acetic acid were added. The reaction mixture was refluxed for 3 days, 

then the crystallized product was filtered, washed with cold ethanol and dried. Compound 12 was not 

isolated. Unidentified product as a bright orange solid. Mp 259-260 °C. NMR spectra were not 

measured because of insolubility of the compound. 

2,2'-Dihydroxy-3,3',5,5'-tetranitrobenzophenone (13). 2,2'-Dihydroxybenzophenone (0.50 g, 

2.3 mmol) was added to the stirring mixture of H2SO4 (96%, 4 mL) and HNO3 (65%, 4 mL) at 0°C, after 

the addition the cooling was stopped and the mixture was stirred for 2 hours at rt. Then, the mixture 

was poured in cold water and the product was filtered, washed with water and dried. Yield: 71 % as an 

orange solid. Mp 187-189 °C. 1H NMR (500 MHz, DMSO-d6) δ 8.72 (d, J = 3.1 Hz, 2H), 8.39 (d, J = 3.1 Hz, 

2H). 

2,2'-Dihydroxy-3,3',5,5'-tetranitrobenzophenone isonicotinoyl hydrazone (14). 2,2'-Dihydroxy-

3,3',5,5'-tetranitrobenzophenone (13; 1.02 g, 2.6 mmol) and isoniazid (0.52 g, 3.8 mmol) were 

dissolved in ethanol (20 mL) and five drops of conc. acetic acid were added. The reaction mixture was 

refluxed for 3 days, then the crystallized product was filtered, washed with cold ethanol and dried. 

Product 14 was not isolated. 

A by-product, an orange crystalline solid, was obtained, with following characteristics: 

Mp 262-263 °C. 1H NMR (500 MHz, DMSO-d6) δ 8.95 – 8.85 (m, 4H), 8.80 (t, J = 3.6 Hz, 2H), 8.30 

(d, J = 3.1 Hz, 1H), 8.12 (d, J = 2.8 Hz, 1H), 7.96 (d, J = 5.5 Hz, 2H), 7.93 (d, J = 6.3 Hz, 2H). 13C NMR (126 

MHz, DMSO-d6) δ 164.64, 164.09, 162.80, 159.03, 154.32, 149.08, 146.98, 143.94, 139.81, 138.70, 

136.77, 130.71, 128.97, 125.47, 124.49, 123.88, 122.78, 122.66, 122.54. 

3,3',5,5'-tetrabromo-2,2'-dihydroxybenzophenone (15). Bromine (4.04 g, 25.3 mmol) was added 

dropwise to the stirring solution of 2,2'-dihydroxybenzophenone (1.15 g, 5.4 mmol) in acetic acid 

(20 mL) at 0°C over 30 minutes. The mixture was then stirred for another 3 hours at rt, after which 

water (5 mL) was added and the mixture was cooled to 5°C and kept at this temperature for 

25 minutes. The product was filtered, washed with water and with the solution of sodium thiosulfate 

and dried. Yield: 88 % as a bright yellow solid. Mp 178-180 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.44 (s, 

2H), 8.05 (d, J = 2.4 Hz, 2H), 7.49 (d, J = 2.4 Hz, 2H). 

3,3',5,5'-tetrabromo-2,2'-dihydroxybenzophenone isonicotinoyl hydrazone (16). 3,3',5,5'-

Tetrabromo-2,2'-dihydroxybenzophenone (15; 0.50 g, 0.9 mmol) and isoniazid (0.194 g, 1.4 mmol) 

were dissolved in ethanol (18 mL) and five drops of conc. acetic acid were added. The reaction mixture 
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was refluxed for 7 days, then cooled to 5 °C for 48 h. The crystallized product was filtered, washed with 

cold ethanol and dried. Yield: 89 % as a deep yellow solid. Mp 310-311 °C. 1H NMR (500 MHz, DMSO-d6) 

δ 13.94 (s, 1H), 11.77 (s, 1H), 10.16 (s, 1H), 8.91 – 8.55 (m, 2H), 7.97 (d, J = 2.4 Hz, 1H), 7.86 (d, J = 2.4 

Hz, 1H), 7.59 (d, J = 6.1 Hz, 2H), 7.57 (d, J = 2.4 Hz, 1H), 6.80 (d, J = 2.4 Hz, 1H). 13C NMR (126 MHz, 

DMSO-d6) δ 164.07, 154.72, 151.45, 151.26, 150.21, 140.08, 137.14, 136.08, 131.73, 130.91, 122.33, 

121.74, 120.85, 113.97, 112.29, 111.79, 109.61. 

Dihydroxybenzaldehyde derivatives 

The preparation of dihydroxybenzaldehyde derived analogues of SIH is described in the attached 

manuscript. 

Biological evaluation 

Cell culture 

The cell cultures were used as described in the attached manuscript. 

In this work, experiments concerning inherent toxicity of studied hydrazones and their ability to 

protect against oxidative stress were done on embryonic rat heart derived cell line H9c2. 

Human cervical carcinoma (HeLa) cell line was used for evaluation of antiproliferative effect of 

studied chelators. 

All tested compounds were dissolved in DMSO, which was used at final concentration of 0.2 % in 

all experimental groups. At this concentration, DMSO had no effect on cellular viability. 

Chelation efficiency 

To determine efficiency of Fe chelation, calcein assay was used. Calcein is a fluorescent probe 

easily binding Fe2+ and Fe3+. Formation of complex quenches it fluorescence. Therefore, when 

Fe-chelator is added to the complex of calcein with Fe, it causes removal of Fe from this complex and 

thus dequenches the fluorescence of calcein. Fluorescence of free calcein can be measured by 

fluorimetry (λex = 486 nm, λem = 517 nm), which can be used to evaluate chelating activity of studied 

compounds and kinetics of this process. 

For measurement of intracellular chelation efficiency, H9c2 cells were preincubated with ferric 

ammonium citrate in serum-free medium for 24 h and then washed. Calcein green acetoxymethyl 

ester (Calcein-AM) was used instead of calcein. Calcein-AM can permeate through cell membranes. 

Once inside, the intracellular esterases transform it into calcein that is unable to pass through the cell 

membrane, staying trapped inside the cell. 

For further details see the attached manuscript. 
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Neutral red uptake assay for assessment of cellular viability 

To evaluate viability of H9c2 and HeLa cells, neutral red uptake assay was used.34 Basis for this 

assay is that viable cells incorporate the supravital dye neutral red in their lysosomes. Absorption at 

λ = 540 nm is then measured to quantify the results. The viability of experimental groups was 

expressed as a percentage of the untreated control (100 %). For detailed description see the attached 

manuscript. 

Data analysis 

SigmaStat for Windows 3.5 (SPSS, USA) was used for statistics in this work. Data are presented as 

mean ± standard deviation (SD). Statistical significance was determined using ANOVA with 

a Bonferroni post hoc test. Results were considered statistically significant for p < 0.05. CalcuSyn 2.0 

(Biosoft, UK) was used to calculate TC50, IC50 and EC50 of tested compounds. The graphs were made in 

GraphPad Prism 7 For Windows (GraphPad Software, USA). 
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CONCLUSION 

16 SIH analogues were prepared and evaluated for their toxicity in H9c2 cardiomyoblast cells, 

cytoprotective effect against hydrogen peroxide-induced injury in the same cell line and 

antiproliferative effect in HeLa cervical cancer cells. 

DHBA derived analogues showed most promising results. The compound that demonstrated the 

highest protection against hydrogen peroxide-induced injury and represents therefore lead candidate 

for further studies is 2,6-dihydroxybenzaldehyde 4-chlorobenzohydrazone. 

Additional phenolic group proved to be overall beneficial for the chelation-associated activity 

despite the slight increase in hydrophilicity. The thiol group on the other hand rendered the 

compounds significantly more toxic against H9c2 cells.  

Some studied compounds provided better antiproliferative effect than SIH, but still insufficient for 

further pursuit. 
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